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Dear Colleague,

On 19-20 December 2013 the  first  NuPhys  workshop will  be held  at  the Institute  of  Physics,  

London, UK.

In this conference we will discuss the current status and prospectives of the future experiments, 
their performance and physics reach. This conference will  be unique in addressing the synergy 
between the planned experiments  and their  phenomenological  aspects and is  timely as these 
experiments are currently  being  designed.  A dedicated poster  session has been organised for 
December 19. Speakers include leading scientists from the UK, Europe, US, China and Japan: F. 
Feruglio,  E.  Lisi,  Y.  Wang,  M.  Fallot,  P.  Huber,  S.  Soldner-Rembold,  T.  Nakaya,  D.  Wark,  C. 
Backhouse, R. Wilson, T. Katori, A. Bross, A. Blondel, J. Kopp, M. Pallavicini, G. Drexlin, M. Chen, 
F. Simkovic, F. Deppisch, L. Verde, J. Miller and C. Kee.

 

The conference website, including travel details, can be found at 

http://nuphys2013.iopconfs.org 

As co-Chair of the Organising Committee I would like to ask you to display the workshop poster 

and to convey the information about the event to all  interested parties.  Participation by young 

researchers is particularly encouraged.

Best wishes,

                                   Shaped by the past, creating the future

mass



1. Present status of neutrinos

2. Neutrinos and physics BSM
- The origin of neutrino masses
- Leptonic flavor (very briefly)

3. Searching for the new physics scale:
- CLFV
- Leptogenesis
- Direct searches at colliders

4. An example of complementarity/
synergy between different signatures

5. Conclusions
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2 mass squared 
differences and 3 

sizable mixing 
angles, some weak 

hints of CPV
M. C. Gonzalez-Garcia et al., 1409.5439

Neutrino properties 
after NOW 2014

http://www.nu-fit.org/
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Normal Ordering (��2 = 0.97)

bfp ±1⇥ 3⇥ range

sin2 ⇤12 0.304+0.013
�0.012 0.270 � 0.344

⇤12/
⇥ 33.48+0.78

�0.75 31.29 � 35.91

sin2 ⇤23 0.452+0.052
�0.028 0.382 � 0.643

⇤23/
⇥ 42.3+3.0

�1.6 38.2 � 53.3

sin2 ⇤13 0.0218+0.0010
�0.0010 0.0186 � 0.0250

⇤13/
⇥ 8.50+0.20

�0.21 7.85 � 9.10

⌅CP/
⇥ 306+39

�70 0 � 360

�m2
21

10�5 eV2 7.50+0.19
�0.17 7.02 � 8.09

�m2
3�

10�3 eV2 +2.457+0.047
�0.047 +2.317 � +2.607

http://www.nu-fit.org/
http://www.nu-fit.org/


�m2
s � �m2

A implies at least 3 massive neutrinos. 

m1 = mmin m3 = mmin

m2 =
�

m2
min + �m2

sol m1 =
�

m2
min+�m2

A��m2
sol

m3 =
�

m2
min + �m2

A m2 =
�

m2
min + �m2

A

Measuring the masses requires: 
● the mass scale:
● the mass ordering. 

Measuring the masses requires: 
● the mass scale:
● the mass ordering. 

Measuring the masses requires: 
● the mass scale:
● the mass ordering. 

Measuring the masses requires: 
● the mass scale:
● the mass ordering. 

mmin
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1. What is the nature of neutrinos? 

2. What are the values of the masses? Absolute 
scale (KATRIN, ...?) and the ordering.

3. Is there CP-violation? 

4. What are the precise 
values of mixing angles?

5. Is the standard picture correct? Are there NSI? 
Sterile neutrinos? Other effects?

•

•

•

•

•

Phenomenology questions for the future

5

Very exciting experimental programme now 
and for the future. 
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Very exciting experimental programme now 
and for the future. 

LBL: T2K, NOvA, 
DUNE, T2HK, 
ESSnuSB, Daedalus, 
nuFACT..., PINGU

MINOS+, MicroBooNE, SoLid,  ...

Neutrinoless 
dbeta decay

reactor SBL and MBL, 
atm, LBL, ...

See talks by Messier, Heeger, Gratta, 
Marisic, Link, Barbeau, Wongjirad
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Neutrino oscillations imply that 
neutrinos have mass and mix.

First particle physics evidence of 
physics 

beyond the SM. 

The ultimate goal is to 
understand

- where do neutrino masses come 
from?

- what is the origin of leptonic 
mixing?



0

@
0.8 0.5 0.16
�0.4 0.5 �0.7
�0.4 0.5 0.7

1

A

0

@
⇠ 1 � �3

� ⇠ 1 �2

�3 �2 ⇠ 1

1

A � ⇠ 0.2

Neutrinos give a different perspective on physics BSM.
1. Origin of masses 2. Problem of flavour

Open window on Physics beyond the SM

Why are neutrinos so much lighter ?�
Neutral vs charged hierarchy ?�

mf$~ λ#

Why neutrinos have mass? 
and why are they so light?
and why their hierarchy is at 
most mild?

Why leptonic mixing is 
so different from 
quark mixing?

8
MeV GeV TeV GUT scalekeVeVsub-eV
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1. Origin of masses 2. Problem of flavour

Open window on Physics beyond the SM

Why are neutrinos so much lighter ?�
Neutral vs charged hierarchy ?�

mf$~ λ#

Why leptonic mixing is 
so different from 
quark mixing? 
Is there CP violation in 
the lepton sector?

9

Neutrinos give a different perspective on physics BSM.

Why neutrinos have mass? 
and why are they so lighter?
and why their hierarchy is at 
most mild?
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mf$~ λ#

Why neutrinos have mass? 
and why are they so light?
and why their hierarchy is at 
most mild?
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2. Problem of flavour

Why leptonic mixing is 
so different from 
quark mixing?

MeV GeV TeV GUT scalekeVeVsub-eV



L = �y⌫L̄ · H̃⌫R + h.c.

If we introduce a right-handed neutrino, then an 
interaction with the Higgs boson is allowed.

Dirac Masses

11

This conserves lepton 
number!

Masses and Mixing emerge from diagonalising this matrix.

nL = U †⌫L nR = V †⌫RmD = y⌫v = V mdiagU
†

Tiny couplings!y⌫ ⇠
p
2m⌫

vH
⇠ 0.2 eV

200 GeV
⇠ 10�12

- why the coupling is so small????
- why the mixing angles are large?
- why neutrino masses have at most a mild hierarchy? 

Neutrino Masses in the SM and beyond



�L = �
L ·HL ·H

M
=

�v2H
M

⌫TLC
†⌫L

Majorana Masses

D=5 term

If neutrino are Majorana particles, a Majorana mass 
can arise as the low energy realisation of a higher 
energy theory (new mass scale!).

12

In order to have an SU(2) invariant mass term for 
neutrinos, it is necessary to introduce a Dimension 5 
operator (or to allow new scalar fields, e.g. a triplet):

Lepton number
violation!

Masses and mixing come from diagonalising the mass matrix

MM = (U †)TmdiagU
† nL = U †⌫L

Weinberg operator, PRL 43



H

H

H

H

H

H

H
H

Fermion
singlet Scalar

triplet

Fermion
triplet

See-saw Type I See-saw Type II See-saw Type III

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

Magg, Wetterich, Lazarides,
Shafi. Mohapatra, Senjanovic,
Schecter, Valle 

Ma, Roy, Senjanovic, 
Hambye

13

�L = �
L ·HL ·H

M
=

�v2H
M

⌫TLC
†⌫L
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Neutrino masses BSM: see saw mechanism type I

m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

l Introduce a right handed 
neutrino N
l Being a gauge singlet it 
can have a Majorana mass
l Couple it to the Higgs

�
0 mD

mT
D MN

⇥

See-saw type I models can be embedded in GUT and  
explain the baryon asymmetry via leptogenesis. There is 
no strong theoretical motivation for the mass scale.

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

2



Pros:
- they explain “naturally” the smallness of masses.
- can be embedded in GUT theories!
- have several phenomenological consequences 
(depending on the mass scale), e.g. leptogenesis, CLFV

Cons:
- the new particles are typically too heavy to be 
produced at colliders (but TeV scale see-saws)
- the mixing with the new states are tiny
- many more parameters than measurable
- in general: difficult to test

The resulting massive states are Majorana particles and 

⌫active = Ui ni,light + Uk Nk,heavy

Non unitarity
Active and heavy 
neutrino mixing:

15

sin2 ✓ ' m⌫

M
⇠ 0.1 eV

1TeV
= 10�13



L� / y�L
TC�1�i�iL+ h.c.

�i =

0

@
�++

�+

�0

1

A

m⌫ ⇠ y�v�

HH

We introduce a Higgs triplet which 
couples to the Higgs and left handed 
neutrinos. It has hypercharge 2.

with

Once the Higgs triplet gets a vev, 
Majorana neutrino masses arise: 

Cons: why the vev is very small?
Pros: the component of the Higgs triplet could tested 
directly at the LHC.

Similar considerations apply to see-saw type III.

Neutrino masses BSM: see saw mechanism type II, III

16



Models in which it is possible to lower the mass scale 
(e.g. TeV or below), keeping large Yukawa couplings have 
been studied. Examples: inverse and extended see-saw.

Let’s introduce two right-handed singlet neutrinos.
L = Y L̄ ·HN1 + Y2L̄ ·HN c

2 + ⇤N̄1N2 + µ0NT
1 CN1 + µNT

2 CN2

Extensions of the see saw mechanism

0

@
0 Y v Y2v
Y v µ0 ⇤
Y2v ⇤ µ

1

A

doDirac limit). In fact, in Ref. [24] it is shown how the constraints from neutrino oscillation

experiments leave those limits as the only allowed regions for n = n0 = 1 and M̃
1

= M̃
2

.

The region of the parameter space in between is ruled out and only the pseudoDirac and

seesaw limits survive. Reasonably extrapolating these results to the more general case with

M̃
1

6= M̃
2

studied here, leaves the seesaw limit (M̃i � m̃D) as the only relevant part of the

parameter space in the 0⌫�� decay context2. From now on, we will focus on the seesaw

limit. Notice, however, that this does not necessarily mean that M̃i have to be at the GUT

or the TeV scale and can be considerably lighter [25–27].

IV. LIGHT NEUTRINO MASSES AND 0⌫�� DECAY

For M̃i � m̃D, the light neutrino mass matrix is given at tree level by

mtree ' �mT
DM

�1mD ' v2

2(⇤2 � µ0µ)

�
µY T

1

Y
1

+ ✏2µ0Y T
2

Y
2

� ⇤✏(Y T
2

Y
1

+ Y T
1

Y
2

)
�
, (12)

where mD and M are the 2 ⇥ 3 Dirac and 2 ⇥ 2 Majorana sub-matrices respectively in

Eq. (8) for n = n0 = 1. Here, we have performed the standard “see-saw” mD/M expansion

keeping the leading order terms. We will discuss later if the higher order corrections can be

relevant. The contribution of the light mostly-active neutrinos to the 0⌫�� decay amplitude

is proportional to the “ee” element of this e↵ective mass matrix as

Alight /
3X

i=1

miU
2

eiM0⌫��(0) ⇡ �
�
mT

DM
�1mD

�
ee
M0⌫��(0) =

=
µY 2

1e + ✏Y
2e (✏µ0Y

2e � 2⇤Y
1e)

2(⇤2 � µ0µ)
v2M0⌫��(0) . (13)

Therefore, the light neutrino contribution is strictly cancelled as long as the parameters of

the model satisfy the following relation

µY 2

1e + ✏Y
2e (✏µ

0Y
2e � 2⇤Y

1e) = 0 . (14)

This condition is fulfilled for

✏ = µ = 0 . (15)

2 Of course, the Dirac limit will not be considered in this analysis where the 0⌫�� decay phenomenology is

studied.

9

Small neutrino masses emerge due to cancellations 
between the contributions of the two sterile neutrinos 
(typically associated to small breaking of some L).

See e.g. Gavela et al., 0906.1461; 
Ibarra, Molinaro, Petcov, 
1103.6217; Kang, Kim, 2007; 
Majee et al., 2008; Mitra, 
Senjanovic, Vissani, 1108.0004; 
Malinsky, Romao, Valle, 2005

17



Radiative masses
If neutrino masses emerge via loops, in models in which 
Dirac masses are forbidden, there
is an additional suppression.
Some of these models have 
also dark matter candidates.

R-parity violating SUSY
In the MSSM, there are no neutrino masses. But it is 
possible to introduce terms which violate R (and L).

The bilinear term induces mixing between neutrinos 
and higgsinos, the trilinear term masses at loop-level.

Other models of neutrino masses

m⌫ / g2

16⇡2
f(M,µ2

�)

V = . . . � µH1H2 + ✏iL̃iH2 + �0
ijkL̃iL̃jẼk + ...

18

See Ma, PRL81; also e.g. Boehm et al., 
PRD77; ...

See e.g.  Aulakh, Mohapatra, PLB119; Hall, Suzuki, NPB231; Ross, Valle, PLB151; Ellis et al., NPB261; ... 
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GUT see-saw ILow energy 
See-saw

Neutrino masses
and mixing

TeV see-saw I
see-saw II, see-saw III

extended-type seesaws
radiative models
R-parity V SUSY...

What is the new physics?

MeV GeV TeV GUT scalekeVeVsub-eV
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GUT see-saw ILow energy 
See-saw

Neutrino masses
and mixing

TeV see-saw I
see-saw II, see-saw III

extended-type seesaws
radiative models
R-parity V SUSY...

What is the new physics?

MeV GeV TeV GUT scalekeVeVsub-eV

? ? ?



Complementarity with other searches

Signatures

Neutrino 
masses

Charged lepton 
flavour violation

Leptogenesis

Indirect signals 
(proton decay)

21

There are many (direct and indirect) signatures of 
these extensions of the SM.

Direct signals in 
colliders

Peak searches

Nuless 2beta decay
Kinks in beta 

decay

Establishing the origin of neutrino masses requires to 
have as much information as possible about the masses 
and to combine it with other signatures of the models.



Neutrino masses induce very suppressed LFV processes.

e
⌫i

W

µ

�

Br(µ ! e�) ⇠ 3↵
32⇡ (

P
i=2,3 U

⇤
µiUei

�2mi1

m2
W

)2 ⇠ 10�53

Br(µ ! e�) ⇠ 3↵
32⇡ (

P
i=2,3 U

⇤
µiUei

�2mi1

m2
W

)2 ⇠ 10�53

Charged lepton flavour violation

Any observation of CLFV would show new physics BSM 
and provide clues on the origin of neutrino masses.

Br(µ ! e�) ⇠ 3↵
8⇡ (

P
j U

⇤
µjUejg(

M2
N

m2
W
))2

Example: extension 
of the SM with 
singlet 
N

N
e

W

µ

� Br ⇠ 10�5 m4
W

M4
SUSY

|
m̃2

eµ

m2
`

|2 tan2 �/ |
X

N

Y ⇤
NµYNe ln(m0/mN )|2

Example: SUSY see-saw

�̃

⌫̃µ ⌫̃e
eµ

�

The same       
parameters 

enter in LFV, 
nu masses and 

leptogenesis.
Borzumati, Masiero, PRL 5722

S. Petcov, SJNP 25 (1977)

See talk by Casey
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Leptogenesis and the Baryon asymmetry

In order to generate dynamically a baryon asymmetry, 
the Sakharov’s conditions need to be satisfied:

- B (or L) violation
typically present in BSM 
models.

- C, CP violation;

- departure from thermal 
equilibrium. Xc $ q̄q

X $ `q

Xc $ ¯̀̄q

X $ q̄q

X $ `q
X $ q̄q

X ! `q

X ! `q

X ! q̄q

X ! q̄q

Xc ! q̄q

Xc ! ¯̀̄q

X ! `q

X ! `q

X ! q̄q

X ! q̄q

Xc ! q̄q

Xc ! ¯̀̄q

dB

dt
/ �(Xc ! Y c +Bc)� �(X ! Y +B)

dB

dt
/ �(Xc ! Y c +Bc)� �(X ! Y +B)
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Leptogenesis and the Baryon asymmetry

In order to generate dynamically a baryon asymmetry, 
the Sakharov’s conditions need to be satisfied:

- B (or L) violation
typically present in BSM 
models.

- C, CP violation;

- departure from thermal 
equilibrium.

X ! `q

X ! `q

X ! q̄q

X ! q̄q

Xc ! q̄q

Xc ! ¯̀̄qdB

dt
/ �(Xc ! Y c +Bc)� �(X ! Y +B)

X ! `q

X ! `q

X ! q̄q

X ! q̄q

Xc ! q̄q

Xc ! ¯̀̄q

X ! `q

X ! `q

X ! q̄q

X ! q̄q

Xc ! q̄q

Xc ! ¯̀̄q

�(X ! Y +B) = �(Y +B ! X)

dB

dt
/ �(Xc ! Y c +Bc)� �(X ! Y +B)



- B (or L) violation;

- C, CP violation;

- departure from thermal equilibrium.

25

Neutrinoless double beta decay

Long baseline oscillation 
exp: DUNE, T2HK

An observation of LNV and leptonic CPV 
would be a hint in favor of leptogenesis.

1e-05 0.0001 0.001 0.01 0.1 1

m
MIN

   [eV]

0.001

0.01

0.1

1

|<
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>
|  

 [
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]
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QD

SP from Nakamura, 
Petcov review in PDG

QD

IH

NH

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–28
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Figure 3.13: The significance with which the CP violation can be determined as a function of the value
of ”CP for an exposure of 300 kt · MW · year assuming normal MH (left) or inverted MH (right). The
shaded region represents the range in sensitivity due to potential variations in the beam design.

Table 3.7: The minimum exposure required to determine CP violation with a significance of 3‡ for 75%
of ”CP values or 5‡ for 50% of ”CP values for the CDR reference beam design and the optimized beam
design.

Significance CDR Reference Design Optimized Design
3‡ for 75% of ”CP values 1320 kt · MW · year 850 kt · MW · year
5‡ for 50% of ”CP values 810 kt · MW · year 550 kt · MW · year
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● At T>M, the right-handed neutrinos N are in 
equilibrium thanks to the processes which produce 
and destroy them:

● When T<M, N drops out of equilibrium

● A lepton asymmetry can be generated:

● Sphalerons convert it into a baryon asymmetry.

N $ `H

N ! `H

Leptogenesis in see-saw type I

26 Fukugita, Yanagida, PLB 174; Covi, Roulet, Vissani; Buchmuller, Plumacher; Abada et al., ...
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Proton decayChapter 4: Nucleon Decay and Atmospheric Neutrinos 4–68

Figure 4.4: Proton decay lifetime limit for p æ K+‹ as a function of time for underground LArTPCs
starting with an initial 10 kt and adding another 10 kt each year for four years, for a total of 40 kt. For
comparison, the current limit from SK and a projected limit from Hyper-K is also shown. The limits are
at 90% C.L., calculated for a Poisson process including background, assuming that the detected events
equal the expected background.

4.2 Atmospheric Neutrinos

Atmospheric neutrinos provide a unique tool to study neutrino oscillations: the oscillated flux con-
tains all flavors of neutrinos and antineutrinos, is very sensitive to matter e�ects and to both �m2

values, and covers a wide range of L/E. In principle, all oscillation parameters could be measured,
with high complementarity to measurements performed with a neutrino beam. Atmospheric neu-
trinos are of course available all the time, which is particularly important before the beam becomes
operational. They also provide a laboratory in which to search for exotic phenomena where the
dependence of the flavor-transition and survival probabilities on energy and path length can be
defined. The DUNE far detector, with its large mass and the overburden to protect it from back-
grounds, is an ideal tool for these studies. The following discussion will focus on the measurement
of the oscillation parameters in which the role of atmospheric neutrinos is most important.

The sensitivity to oscillation parameters has been evaluated with a dedicated simulation, recon-
struction and analysis chain. The fluxes of each neutrino species were computed at the far detector
location, after oscillation. Interactions in the LAr medium were simulated with the GENIE event
generator. Detection thresholds and energy resolutions based on full simulations were applied to
the outgoing particles, to take into account detector e�ects. Events were classified as Fully Con-
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@Silvia Pascoli29

One would need to probe:
1) the existence of (multiple) N;
2) the LNV parameter (Majorana mass for N);
3) the interaction LHN

1) Once produced, N can decay via mixing and the 
decay products detected.

Signatures of TeV scale see-saw



@Silvia Pascoli30

2) The characteristic signature is LNV which 
shows up as a same-sign dilepton signal with 
no missing energy.

l LNV effects due to active neutrinos will depend on m1, 
m2, m3. Completely negligible in colliders.

l But can be relevant if heavy sterile neutrinos are present.



@Silvia Pascoli31

2) The characteristic signature is LNV which 
shows up as a same-sign dilepton signal with 
no missing energy.

l LNV effects due to active neutrinos will depend on m1, 
m2, m3. Completely negligible in colliders.

l But can be relevant if heavy sterile neutrinos are present.

mixing



The production due to mixing is very suppressed by the 
constraints due to neutrino masses (                   ). 
Sufficient N production can be achieved if Ns have 
additional interactions and the relation between LNV at 
collider and in neutrino masses is broken.

@Silvia Pascoli32

Gauge B-L:  pp → Z' → N N

See-saw type II: Scalar Triplets

Triplet see-saw. Triplet N produced in gauge interactions

Left-Right models via WR

Inverse or extended see-saw models

R-parity violating SUSY

•

•

•

•

•

•
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Searches for LNV decays at colliders

ATLAS, CMS and LHC-b 
have put new bounds and 

with higher luminosity 
significantly stronger 

bounds can be obtained.

12 6 Summary
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Figure 4: Exclusion region at 95% CL in the square of the heavy Majorana neutrino mixing
parameter as a function of the heavy Majorana neutrino mass: (|VµN|2 vs. mN). The long-
dashed black curve is the expected upper limit, with one and two standard-deviation bands
shown in dark green and light yellow, respectively. The solid black curve is the observed upper
limit. Also shown are the upper limits from other direct searches: L3 [20], DELPHI [21], and
the upper limits from CMS obtained with the 2011 LHC data at

p
s = 7 TeV [22]. The regions

above the exclusion curves are ruled out at 95% CL. The lower panel shows an expanded view
of the region 40 GeV < mN < 250 GeV.

CMS, 1501.05566
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Figure 17. At 14 TeV, (a) same as figure 16(a); (b) same as figure 16(c).

we find sensitivity to be Sµµ = 8× 10−3 (1.1 × 10−4). The optimistic (pessimistic) bound is

given by the solid (short-dash) horizontal line. Sensitivity to Sµµ at 14 TeV is summarized in

Table 10.

In figure 17(b), we plot as a function of mN the required luminosity for a 3σ (circle) and 5σ

(star) discovery in the µµ channel for the optimistic (red, dash) and pessimistic (purple, dash-

dot) mixing scenarios. With 100 fb−1 (1 ab−1) and in the optimistic scenario, a Majorana

neutrino with mN = 270 (530) GeV can be discovered at 5σ significance; in the pessimistic

scenario, the reach is mN = 135 (280) GeV. In the optimistic (pessimistic) scenario, for the

375 GeV benchmark, a 5σ discovery can be achieved with 300 (2600) fb−1; for 500 GeV, this

is 810 (6900) fb−1. Sensitivity to mN at 14 TeV is summarized in Table 11.

4 SUMMARY

The search for a heavy Majorana neutrino at the LHC is of fundamental importance. It is

complimentary to the neutrino oscillation programs and, in particular, neutrinoless double-

beta decay experiments. We have studied the production of a heavy Majorana neutrino at

hadron colliders and its lepton-number violating decay as in Eq. (3.1), including the NNLO DY

contribution, the elastic and inelastic pγ → N#j processes, and the DIS pp → N#jj process

via Wγ∗ fusion. We have determined the discovery potential of the same-sign dilepton signal

at a future 100 TeV pp collider, and updated the results at the 14 TeV LHC. We summarize

our findings as follows:

• Vector boson fusion processes,e.g., Wγ → N#, become increasingly more important at

higher collider energies and larger mass scales due to collinear logarithmic enhancements

of the cross section. At the 14 TeV LHC, the three contributing channels of elastic, in-
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Figure 8: Observed and expected 95% confidence level upper limits on the cross-section times branching ratio for
the production of mTISM heavy Majorana neutrinos as a function of the heavy neutrino mass for (a) the ee channel
and (c) the µµ channel. The limits on the mixing between the heavy Majorana neutrinos and the SM neutrinos are
shown in (b) and (d). Values larger than the solid black line are excluded by this analysis.

7.2 Results in the LRSM signal region

The observed and expected numbers of events for the LRSM signal regions are shown in table 5. There
are no excesses observed above the expected numbers of background events.

The LRSM signal is expected to produce a peak in the invariant mass of the decay products of the heavy
gauge boson. This would be observed in the invariant mass distribution m`` j( j) (m`` j j( j j)) in the WR (Z0)
signal regions, as described in section 4. The observed and predicted distributions are shown in figures 9
and 10. Binned likelihood fits are performed to the invariant mass distributions and the profile-likelihood
test statistic is used to assess the compatibility of the data with the background-only and signal-plus-
background hypotheses. No significant excess is observed in the data compared to the background ex-
pectation and 95% CL upper limits on the cross-section of the production of heavy gauge bosons decaying
to heavy neutrinos within the LRSM are set using the CLs method. The expected and observed cross-
section exclusion limits as a function of the masses of the heavy gauge bosons and heavy neutrino are
shown for example mass points for both channels, ee and µµ, in table 6. The full cross-section limits
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Conclusions
● Neutrino masses are the first evidence of Physics 
BSM and they provide a new complementary window 
w.r.t. collider and flavour physics searches.

● It is necessary to have precise information on the 
values of the masses and on the mixing angles and CPV 
phase. This is crucial to understand the origin of the 
leptonic flavour structure (e.g. flavour symmetries).

● Determining the New Standard Model (nuSM), 
responsible for neutrino masses, is the ultimate goal. It 
requires complementary information: CLFV, 
leptogenesis, direct searches at TeV scale and below, 
low energy probes (e.g. short baseline neutrino 
oscillations). 
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Figure 6. The left panel shows the |Pi UeNiU
⇤
µNi

| versus mass sensitivity regions for present (contin-
uous curves) and future (dashed curves) e� µ flavour experiments. Black, red, green and blue curves
result from Br(µ ! e�), Br(µ ! eee), RAl

µ!e and RTi
µ!e, respectively. The regions already excluded

by non-unitarity limits, ⇡ and K peak searches, ⇡, K, D, Z decay searches, BBN, SN1987A and LHC
collider searches (dotted lines) are also indicated. Shaded areas signal the regions already excluded
experimentally. The right panel shows the maximum allowed flavour changing rates compatible with
the bounds of the first panel. The horizontal lines give the present (solid [7, 56, 59]) and future
(dashed [2–4, 55, 58]) sensitivities of the different experiments.

as KARMEN [60] and NOMAD [61] ) also sets constraints on the mixing elements [23].
Stronger constraints follow nevertheless in that region, mainly from “peak" and “decay"
search experiments.

• Peak experiments explore the direct production of light (< m
K

,m
⇡

) extra singlet fermions
in two-body (`N

i

) particle decays of light mesons. From pion [62] and kaon decays [63,
64], the absence of a monochromatic line -or peak- in the charged lepton energy spec-
trum at (m2

K,⇡

+m2
`

�m2
Ni
)/2m

K,⇡

12, excludes at present the 30 MeV< m
N

< 400 MeV
region. Decay searches provide even stronger constraints.

• Decay experiments including more than 2 particles in the final state look for the effects of
the production and decay of massive neutrinos. The relevant processes for constraining
P

i

U
eNiU

⇤
µNi

are K,⇡, D ! `N
i

! ` `0⌫
`

0`00 with `, `0, `00 = e, µ. Their non observation
sets very strong constraints in the range 1 MeV< m

N

< 2 GeV [65–68]. Similarly
searches for a Z ! N

i

⌫ decay sets interesting constraints below the M
Z

mass [69]. For

12In the rest frame of the decaying meson.
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Neutrino masses ⇠ U↵4U
⇤
�4m4

Neutrinoless double beta decay 
(LNV): usually subdominant 
contribution w.r.t. light masses

Decays at colliders (multileptons and 
same sign leptons, LNV): can test the 
existence of the Ns if production is 
enhanced by additional interactions 
(Z’, triplets...). LNV typically strongly 
constrained by neutrino masses and 
difficult to observe. Interaction with 
Higgs very difficult to test as the 
Yukawa couplings are typically small.

CLFV (depends on LFV):

Br(µ ! e�) ⇠ 3↵
8⇡ (

P
j U

⇤
µjUejg(

M2
N

m2
W
))2

Resonant leptogenesis (CPV, LNV)

Various signatures provide information on different 
parameters: complementarity.

Connecting different signatures: Ex. TeV see-saw


