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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



2

Current knowledge 
of neutrino 
properties:

• 2 mass squared 
differences 

• 3 sizable mixing 
angles, 

• some hints of CPV

M. C. Gonzalez-Garcia et al., 1811.05487

Neutrino properties 
after Neutrino 2018

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

masses and 
mix!

NuFIT 4.0 (2018)
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Normal Ordering (best fit) Inverted Ordering (��2 = 4.7)

bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓12 0.310+0.013
�0.012 0.275 ! 0.350 0.310+0.013

�0.012 0.275 ! 0.350

✓12/
� 33.82+0.78

�0.76 31.61 ! 36.27 33.82+0.78
�0.76 31.61 ! 36.27

sin2 ✓23 0.580+0.017
�0.021 0.418 ! 0.627 0.584+0.016

�0.020 0.423 ! 0.629

✓23/
� 49.6+1.0

�1.2 40.3 ! 52.4 49.8+1.0
�1.1 40.6 ! 52.5

sin2 ✓13 0.02241+0.00065
�0.00065 0.02045 ! 0.02439 0.02264+0.00066

�0.00066 0.02068 ! 0.02463

✓13/
� 8.61+0.13

�0.13 8.22 ! 8.99 8.65+0.13
�0.13 8.27 ! 9.03

�CP/
� 215+40

�29 125 ! 392 284+27
�29 196 ! 360

�m2
21

10�5 eV2 7.39+0.21
�0.20 6.79 ! 8.01 7.39+0.21

�0.20 6.79 ! 8.01

�m2
3`

10�3 eV2 +2.525+0.033
�0.032 +2.427 ! +2.625 �2.512+0.034

�0.032 �2.611 ! �2.412
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Normal Ordering (best fit) Inverted Ordering (��2 = 9.3)

bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓12 0.310+0.013
�0.012 0.275 ! 0.350 0.310+0.013

�0.012 0.275 ! 0.350

✓12/
� 33.82+0.78

�0.76 31.61 ! 36.27 33.82+0.78
�0.75 31.62 ! 36.27

sin2 ✓23 0.582+0.015
�0.019 0.428 ! 0.624 0.582+0.015

�0.018 0.433 ! 0.623

✓23/
� 49.7+0.9

�1.1 40.9 ! 52.2 49.7+0.9
�1.0 41.2 ! 52.1

sin2 ✓13 0.02240+0.00065
�0.00066 0.02044 ! 0.02437 0.02263+0.00065

�0.00066 0.02067 ! 0.02461

✓13/
� 8.61+0.12

�0.13 8.22 ! 8.98 8.65+0.12
�0.13 8.27 ! 9.03

�CP/
� 217+40

�28 135 ! 366 280+25
�28 196 ! 351

�m2
21

10�5 eV2 7.39+0.21
�0.20 6.79 ! 8.01 7.39+0.21

�0.20 6.79 ! 8.01

�m2
3`

10�3 eV2 +2.525+0.033
�0.031 +2.431 ! +2.622 �2.512+0.034

�0.031 �2.606 ! �2.413

See E. Lisi’s talk

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


Neutrino pheno Figure 2

1
2

3
1
2

3

Normal 
ordering

Inverted 
ordering

Ne
ut

rin
o m

as
s

Fig. 6: Fractional flavour content, |U↵i|2 (↵ = e, µ, ⌧ ) of the three mass eigenstates ⌫i, based on the current best-fit
values of the mixing angles. � is varied from 0 (bottom of each coloured band) to 180� (top of coloured band), for
normal and inverted mass ordering on the left and right, respectively. The different colours correspond to the ⌫e

fraction (green), ⌫µ (blue) and ⌫⌧ (red).

affected by the theoretical evaluation of the NME. At present there are still large uncertainties in their
computation and a strong theoretical effort is needed. Limits on |hmi| are given as a range which accounts
for the uncertainty on the NME in the literature for a given nucleus.

5 Neutrino properties and open questions
The information on the mass squared differences from neutrino oscillation experiments indicates that
there are three massive neutrinos and that we can order them in two ways13:

– normal ordering (NO): m1 < m2 < m3, i.e. �m2
31 > 0,

– inverted ordering (IO): m3 < m1 < m2, i.e. �m2
32 < 0.

In Fig. 6 we show the flavour content of each massive neutrino ⌫i corresponding to |U↵i|2.
For each ordering14 the three neutrino masses can be expressed in term of just one unknown

parameter, the lightest neutrino mass, mMIN , see Fig. 7. We have

m1 = mMIN , m2 =
q

m2
MIN

+ �m2
21, m3 =

q
m2

MIN
+ �m2

31, for NO; (63)

m3 = mMIN , m1 =
q

m2
MIN

+ |�m2
32| � �m2

21, m2 =
q

m2
MIN

+ |�m2
32|, for IO. (64)

Therefore, determining the value of neutrino masses requires to establish the neutrino mass ordering and
the absolute mass scale. Three different limiting cases can be identified:

– Normal Hierarchical Spectrum (NH). For mMIN ! 0, for NO we have m1 ⌧ m2 ⌧ m3, with
m1 ⌘ mMIN , m2

⇠=
p

�m2
21 and m3

⇠=
p

�m2
31.

– Inverted Hierarchical Spectrum (IH). In the limit mMIN ! 0, for IO we have m3 ⌧ m1 < m2,
with m1,2

⇠=
p

|�m2
32| and m3 ⌘ mMIN .

– Quasi-Degenerate Spectrum (QD). For large values of mMIN (mMIN �
p

|�m2
31|) the three mass

eigenstates are almost degenerate, m2
i ' mMIN ⌘ m0, i = 1, 2, 3.

13The convention of ordering the masses depends on the definition of the mixing angles, e.g. the correspondence between
the solar mixing angle and ✓12. We adopt here the most widely used convention for which the meaning of the mixing angles
does not change between the NO and IO.

14We prefer the use of “ordering” rather than hierarchy for neutrino masses, as it has not yet been established that they are
indeed hierarchical.

23

�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. Some preference for NO.

mmin

3

Fractional flavour content of massive neutrinos

|Uei|2

|Uµi|2

|U⌧i|2
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Neutrino masses



The Pontecorvo-Maki-Nakagawa-Sakata matrix

CPV?

4

U =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13ei�

0 1 0
�s13e�i� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
1 0 0
0 ei↵21/2 0
0 0 ei↵31/2

1

A

-      maximal or close to maximal
-      large but significantly different from maximal
-     quite large: challenge to flavour models 
- Mixings very different from those in the quark sector
- Possibly, large leptonic CPV.  This is a fundamental 

question, possibly related to the origin of the baryon 
asymmetry and to the origin of the flavour structure.

✓23

✓12

✓13

Leptonic Mixing and CP-violation



1. What is the nature of neutrinos?  

2. What are the values of the masses? Absolute 
scale 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? Non-unitarity? Other effects?

5

Very exciting experimental programme now 
and for the future. 

Phenomenology questions for the future



1. What is the nature of neutrinos?  
Neutrinos can be Majorana or Dirac particles. 
The nature of neutrinos is linked to the conservation of 
Lepton number (L) => Key symmetry for physics 
BSM and necessary condition for Leptogenesis. 

● Tests of LNV: 
 - Most sensitive: neutrinoless double beta decay,
 - LNV tau and meson decays, collider searches. 

6
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Neutrinoless double beta decay, Figure 2

Fig. 5: The effective Majorana mass |hmi| at 2� as a function of the smallest neutrino mass mMIN. The Majorana
phases ↵21 and ↵31, and �, are varied within their allowed intervals [0, 180�].

In the most general case, varying the minimal value of neutrino masses, we show in Fig. 5 the current
predictions for |hmi| for the two mass orderings.

As it was noticed in Ref. [?] (see also Refs. [?, ?]), in the case of large but non-maximal solar
mixing angle, there is significant lower bound on |hmi| for IO given by

|hmi|IO �
q

|�m2
32| cos 2✓12 ' 15 meV . (62)

In the case of NO the effective Majorana mass can be zero even if neutrinos are Majorana particles due
a cancellation for values of mMIN ⇠ 0.005 eV, as shown in Fig. 5.

It follows that neutrinoless double beta decay can provide information on the neutrino mass spec-
trum [?, ?, ?, ?]. In the ideal case of perfectly known NME, a measurement of |hmi| > 0.1 eV would
imply that the spectrum is QD. For values of |hmi| < 15 meV the ordering would necessarily be normal.
For values in between, both orderings are possible, but with constraints on the masses. For instance, for
15 meV  |hmi|  50 meV, the neutrino mass spectrum could be inverted hierarchical or with NO and
partial hierarchy with m1 > 15 meV. Similar, although somewhat weaker, conclusions can be obtained
once the uncertainties on the NME and the experimental error on |hmi| are taken into account.

In principle, neutrinoless double beta decay could also tell us something about CP violation due to
Majorana phases [?, ?, ?, ?]. A very precise measurement of |hmi| and an accurate determination of the
neutrino masses would open this possibility. However, this search is extremely challenging as it would
require to know the NME with a very small error, at most at the few 10% level, which at present seems
difficult to achieve.

21

Talk by S. 
Mertens



2. What are the values of the masses? 
●  Mass ordering via neutrino oscillation in matter 
(DUNE, atmospheric neutrinos) or in vacuum (JUNO).  
Discovery expected within 10 years.

● Absolute mass scale.

7

Talk by M. Mezzetto

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–20

Figure 3.7 shows the significance with which the MH can be determined as a function of the value
of ”CP, for an exposure of 300 kt · MW · year, which corresponds to seven years of data (3.5 years in
neutrino mode plus 3.5 years in antineutrino mode) with a 40-kt detector and a 1.07-MW 80-GeV
beam. For this exposure, the MH is determined with a minimum significance of

Ò
�‰2 = 5 for

100% of the ”CP values for the optimized beam design and nearly 100% of ”CP values for the CDR
reference beam design. Figure 3.8 shows the significance with which the MH can be determined for
0% (most optimistic), 50% and 100% of ”CP values as a function of exposure. Minimum exposures
of approximately 400 kt · MW · year and 230 kt · MW · year are required to determine the MH with
a significance of

Ò
�‰2 = 5 for 100% of ”CP values for the CDR reference beam design and the

optimized beam design, respectively.
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Figure 3.7: The significance with which the mass hierarchy 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.

Figures 3.9, 3.10, and 3.11 show the variation in the MH sensitivity due to di�erent values of ◊23,
◊13, and �m2

31 within the allowed ranges. The value of ◊23 has the biggest impact on the sensitivity,
and the least favorable scenario corresponds to a true value of ”CP in which the MH asymmetry
is maximally o�set by the leptonic CP asymmetry, and where, independently, sin2 ◊23 takes on a
value at the low end of its experimentally allowed range.

Studies have indicated that special attention must be paid to the statistical interpretation of MH
sensitivities [21, 22]. In general, if an experiment is repeated many times, a distribution of �‰2

values will appear due to statistical fluctuations. It is usually assumed that the �‰2 metric follows
the expected chi-squared function for one degree of freedom, which has a mean of �‰2 and can be
interpreted using a Gaussian distribution with a standard deviation of

Ò
|�‰2|. In assessing the

MH sensitivity of future experiments, it is common practice to generate a simulated data set (for
an assumed true MH) that does not include statistical fluctuations. In this typical case, �‰2 is
reported as the expected sensitivity, where �‰2 is representative of the mean value of �‰2 that

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report

n

2 – Neutrino masses

(ββ)0ν -decay

neutrinoless double beta decay : (A,Z) → (A,Z + 2) + 2e−, is the
most sensitive of processes (∆L = 2) which can probe the nature of
neutrinos (Dirac vs Majorana).

✲

✲ ❤

❤

❄✻✟✟✟✯

❍❍❍❥

❍❍❥

✟✟✯

n

n
ν e−

p

e−

p

(ββ)0ν -decay has a special role in the study of neutrino properties, as it
probes the violation of global lepton number, and it might provide
information on the neutrino mass spectrum, absolute neutrino mass
scale and CP-V.

n p

p
W
W

Neutrinoless double beta decay, Figure 1

e

e-

-

DUNE CDR

Beta decay 
(KATRIN, Project 8)

Cosmology
Neutrinoless double beta decayTalk by S. Mertens

E-E0

m⌫ = 0
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δCP= 0.17π 
sin2θ23 = 0.58±0.03 (UO)  
Δm232 = (2.51+0.12-0.08)⋅10−3 eV2

see poster #81
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3. Is there CP-violation?  
4. What are the precise values of the mixing 
parameters? 

Hints of leptonic CPV have already been found. T2K and 
NOvA have been approved for extended running. DUNE 
and T2HK will get to 5 sigma for a large range of delta. 

Once we see CPV, the key issue will be the precise 
measurement of     ,     ,   . Should we start thinking about 
the following step? Upgrades? ESSnuSB, P2O, Nu factory? 8
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5. Is the standard 3-neutrino picture correct?  

Neutrinos are the least known of the SM fermions.

Sterile neutrinos: The experimental strategy depends on 
their mass. Hints for eV sterile neutrinos are present but 
controversial. SBL oscillations (MicroBooNE, SBN, 
reactor neutrino exp…) can test these.

Non standard interactions: brief introduction later.

Dark sector connection (with dark photons, FIPs): 
neutrino facilities, cosmology, astrophysics.

Other exotic effects (decoherence, Lorentz violation…)

The discovery of any signature beyond 3-neutrinos, 
would be game-changing for experiments and theory.
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Neutrino Non Standard Interactions 

Neutrinos are one of the key portals to new physics 
(together with scalar and vector ones).

Generically, gauge invariance implies new interactions for 
charged leptons, which are very constrained. These can 
be avoided invoking neutrino mixing.

It is possible to achieve viable large NSI in specific models 
typically introducing a light new sector.10
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New neutrino interactions would lead to effects in 
neutrino oscillations, the so-called NSI.

NSI can be tested in SBL (CC in production and 
detection) and LBL (for NC in propagation) experiments.
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FIG. 1: Expected frequentist allowed regions at the 1�, 90% and 2� C.L. for DUNE. All new

physics parameters are assumed to be zero so as to obtain the expected sensitivities. The left panels

(ND averaged) correspond to the non-unitarity case, or to the sterile case when the light-heavy

oscillations are averaged out in the near and far detectors. The right panels (ND undeveloped)

give the sensitivity for the sterile case when the light-heavy oscillations have not yet developed in

the near detector, but are averaged out in the far. The solid lines correspond to the analysis of

DUNE data alone, while the dashed lines include the present constraints on sterile neutrino mixing

from the middle and right columns in Tab. I for the NS averaged and ND undeveloped scenarios

respectively.
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M. Blennow et al., JHEP 1704 (2017)

DUNE sensitivity

Non-Standard Interactions (NSI)

• Coherent forward scattering in matter due to new mediator (e.g. Z’) 
produces new term(s) in matter potential 

• First IceCube analysis constrains εμτ under assumption all other terms are 
zero – more general analysis under development

Phys. Rev. D97, 072009 (2018)NC NSI affected oscillations

IceCube coll., Phys. Rev. D 97



Complementarity

Tests of standard neutrino paradigm: SBL oscillations (SBN, 
reactor exp), LBL/atm oscillations, neutrino less DBD, beta decays, 
cosmology (BBN, CMB, LSS), dedicated searches.

✓12

✓23

⌫
✓13

MO
CPV

nature

Reactor 
neutrinos:
JUNO

LBL exp:
DUNE, T2HK, 
(ESSnuSB, ???) 

Atmospheric neutrinos

        Neutrinoless
double beta decay

masses
Cosmology 

Direct search

12

HK, ORCA, 
IceCube Gen2, 
INO
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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?
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Neutrinos give a different perspective on physics BSM.

1. Origin of masses 2. Problem of flavour
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?
Why CPV, if found?

14
MeV GeV TeV GUT scalekeVeVsub-eV

Open window on the Physics BSM
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Neutrinos give a different perspective on physics BSM.

1. Origin of masses
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?

15

2. Problem of flavour

Why leptonic mixing is 
so different from 
quark mixing?
Why CPV, if found?

MeV GeV TeV GUT scalekeVeVsub-eV

Open window on the Physics BSM



Neutrino Masses in the SM and beyond

In the SM, neutrinos do not acquire mass and mixing.

● Dirac masses do not arise as there are no right-handed 
neutrinos.

If there are RH neutrinos, lepton number would have to 
be a fundamental symmetry to avoid RH Majorana mass.

● They do not have a Majorana mass term

as this term breaks the SU(2) gauge symmetry.
This term breaks Lepton Number.

meēLeR m� �̄L�R

M�T
L C�L

16



L = �y⌫L̄ · H̃⌫R + h.c.

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

Dirac Masses

17

This conserves 
lepton number! 

mD = 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 leptonic mixing angles are large?
- why neutrino masses have at most a mild hierarchy?
- why no Majorana mass term for RH neutrinos? We 

need to impose L as a fundamental symmetry (BSM).



�L = �
L ·HL ·H

M
=

�v2H
M

⌫TLC
†⌫L

Majorana Masses

Only D=5 
term 
allowed for 
the SM

18

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):

This term breaks lepton number and induces Majorana 
masses and Majorana neutrinos.

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…

19

H

H A Majorana mass can arise 
as the low energy realisation 
of a higher energy theory 
(new mass scale!).
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Neutrino masses BSM: 
“vanilla” see saw mechanism type I

m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

l Introduce a right handed 
neutrino N 
l It couples to the Higgs 
and has a Majorana mass

�
0 mD

mT
D MN

⇥

As a result, neutrinos can have naturally small masses 
and are Majorana particles.

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

2

Symmetry magazine

Particle 
zoo



Pros: 
- they explain “naturally” the smallness of masses
- they can be embedded in GUT theories!
- leptogenesis can be embedded in this framework
- they can have many phenomenological signatures, e.g. 

CLFV, SHIP, DUNE, … , LNV and LFV at colliders….

Cons: 
- the mass scale can go from eV to GUTs (also in Pros)
- if M very heavy, the new particles cannot be tested 
directly, or the mixing with the new states is tiny
- many more parameters than measurable

21

Many other testable models:
- TeV scale see-saw (II and III) 
- Inverse, extended, linear s.-saw:
- radiative neutrino masses
- R-parity violating SUSY…

0

@
0 Y vH ✏Y vH

Y vH µ0 ⇤
✏Y vH ⇤ µ

1

A
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In order to generate it dynamically in the Early 
Universe, the Sakharov’s conditions need to be satisfied:

- B (or L) violation;

- C, CP violation;

- departure from thermal equilibrium.

22

X ! `q

X ! `q

X ! q̄q

X ! q̄q

Xc ! q̄q
Xc ! ¯̀̄q

Leptogenesis in see-saw models

There is evidence of the baryon asymmetry:

⌘B ⌘ nB � nB̄

n�
= (6.18± 0.06)⇥ 10�10

Planck, 1502.01589, AA 594



● At T>M, 
N are in 
equilibrium:

● At T<M, 
N drops out
 of equilibrium:

● A lepton asymmetry can be generated if 

● 

N $ `H

�(N ! `H) 6= �(N ! `cHc)

Leptogenesis

23

T

-M

-T=100 
GeV

N $ `H
N $ `H

N $ `H

N $ `H

N ! `H N ! `cHc

N ! `cHcN ! `cHc
N ! `H

�L
sphalerons�������! �B
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The observation of L violation and of CPV in the lepton sector 
would be a strong indication (even if not a proof) of 
leptogenesis as the origin of the baryon asymmetry.
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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 scale?

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate scale
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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 scale?

? ? ?

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate scale



The need for a multi prong approach

26

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

Leptogenesis

Indirect signals 
(proton decay)

Charged lepton 
flavour violation

Direct search 
in colliders

Peak 
searches

Nuless 2beta decay

Kinks

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.

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate scale

Oscillations

Non-unitarity

Beam-dump like 
searches

Cosmology
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Searches for heavy neutrinos (keV to TeV)

Ballett, Boschi, SP, 1905.0284
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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.

– 17 –

Alonso et 
al., 
1209.2679

Kinks in the keV mass range

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

Decays at beam dump exp (including 
neutrino facilities) and colliders 
(LNV, LFV), depending on mass.

CLFV (does not depend on LNV 
but requires LFV):
Br(µ ! e�) ⇠ 3↵

8⇡ (
P

j U
⇤
µjUejg(

M2
N

m2
W
))2

Resonant or ASR leptogenesis
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Fig. 8. The 90 % C.L. sensitivity regions for dominant mixings |UeN |2 (top left), |UµN |2 (top
right), and |U⌧N |2 (bottom) are presented combining results for channels with good detection
prospects. The study is performed for Majorana neutrinos (solid) and Dirac neutrinos (dashed),
assuming no background. The region excluded by experimental constraints (brown) is obtained by
combining the results from PS191 [56, 57], peak searches [52, 54, 55], CHARM [59], NuTeV [61],
DELPHI [60], and T2K [73]. The sensitivity for DUNE ND (black) is compared to the predictions
of future experiments, SBN [74] (blue), SHiP [110] (red), and NA62 [106] (green). The shaded
areas corresponds to possible neutrino mass models considered in this article: the simulations of
the ISS (2,2) and ISS (2,3) models where the lightest pseudo-Dirac pair is the neutrino decaying in
the ND (cyan); the ISS (2,3) scenario when the single Majorana state is responsible for a signal
(magenta); the type I seesaw scenario with a neutrino mass starting from 20 meV to 0.2 eV (yellow).

sufficient precision. The neutrino spectrum component coming from the D
s

meson allows
for weaker sensitivity to masses above the neutral kaon mass. We conducted the sensitivity
study for both scenarios, in which either a Majorana or a Dirac neutrino is the decaying
particle.

To appreciate the ND performance, we make a comparison with results of previous ex-
periments, in particular PS191 [56, 57], peak searches [52, 54, 55], CHARM [59], NuTeV [61],

– 32 –

Peak searches

Talk by N. Serra
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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?
Why CPV, if found?

28

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?

This points towards a different origin of neutrino 
masses and leptonic mixing from the ones for quarks.



Masses and mixing from the mass matrix

Neutrino masses and the mixing matrix arises from the 
diagonalisation of the neutrino mass matrix 

29

MM = (U †)TmdiagU
† nL = U †⌫L

Example. In the diagonal basis for the leptons

the angle is

M⌫ =

✓
a b
b c

◆

tan 2✓ =

2b

a� c
� 1 for a ⇠ c and, or a, c ⌧ b

Theory Experiments

) gp
2
(ēL, µ̄L, ⌧̄L)�

µU
osc

0

@
⌫
1L

⌫
2L

⌫
3L

1

AWµLCC =
gp
2
(ē0L, µ̄

0
L, ⌧̄

0
L)�

µ

0

@
⌫eL
⌫µL
⌫⌧L

1

AWµ U
osc

= V †
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Various strategies and ideas can be employed to 
understand the observed pattern (many many models!): 
anarchy, texture zeros, symmetry approach, …

Symmetry approach 

- Choose a leptonic symmetry (e.g. A4, S4, A5,         …)

- Use the fact that one can 
arrange for

- Obtain the mixing matrix 
(possibly invoking corrections).

@Silvia Pascoli30

U⌫ 6= VL

µ� ⌧

E.g. Tribimaximal mixing
0

@
|Ue1|2 |Ue2|2 |Ue3|2
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@Silvia Pascoli31

Tests of flavour models 

Typically, the models considered have a reduced 
number of parameters, leading to relations between 
the masses and/or mixing angles and CPV phase.

Examples are the so-called sumrules, e.g.:

sin ✓23 �
1p
2

= sin ✓13 cos �
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GR1
GR3
GR2
HEX
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Figure 3: Posterior probability density functions for cos � for each of the solar sum rules considered in Section 3.1.
The patterned regions are unphysical, which shows that the BM and GR3 sum rules could only be consistent
with the known data if there is a significant deviation from the current best-fit values.

Gaussian distributions centred on the current best-fit values and with the widths of the global
minima. We take a flat prior in sin2 ✓ij, although we have checked that flat priors in ✓ij do not
significantly change the result. This helps to see the most reasonable predictions produced by
each sum rule if the parameters take values close to their current best-fits.
In summary, we find that of the four patterns well motivated by symmetry (BM, TBM, GR1
and GR3) only TBM and GR1 are consistent in a reasonable part of the parameter space.
The predictions associated with BM and GR3 are only consistent in the far corners of the 3�
intervals, where they predict maximal values of | cos �|. For the rest of this work, we shall
assume that the solar sum rules derived from BM and GR3 are excluded.

3.2 Simulation details

We simulate the combination of a medium-baseline reactor (MR) experiment and a wide-
band superbeam (WBB). This combination of experiments is particularly interesting for the
investigation of solar sum rules as MR is expected to improve the current knowledge on ✓12,
whilst the superbeam should allow � to be constrained at a significant level for the first time.
There are two proposals for a MR with comparable designs, JUNO and RENO-50, and also two
candidates for a next generation WBB, LBNE and LBNO. Both MRs and WBBs have similar
performance targets; however, to keep our simulations concrete and relevant to experimental
work, we will base our simulations on the JUNO and LBNO designs, and in this subsection we
will discuss the details of our simulations of these facilties. We would like to stress that this is a
purely illustrative choice, and any combination of a MR and WBB can be expected to perform
similarly.
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Ballet at al., JHEP 1412, 
See also Petcov et al.

extra complex phases,

U e
23 =
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With these definitions, it is simple enough to compute the explicit form of the PMNS matrix.
However, our derivation focuses only on the first two elements of the bottom row of the physical
PMNS matrix, which are found to be

U⌧1 = s⌫12(s
⌫
23c

e
23 � c⌫23s

e
23e

i�e23),

U⌧2 = �c⌫12(s
⌫
23c

e
23 � c⌫23s

e
23e

i�e23).
(8)

By comparing Eq. (8) to the PDG parameterisation of U [42], we find the relations between
the physical parameters and our internal parameters,

|U⌧1| = |s23s12 � s13c23c12e
i�| = |s⌫12(s⌫23ce23 � c⌫23s

e
23e

i�e23)| ,
|U⌧2| = |s23c12 + s13c23s12e

i�| = |c⌫12(s⌫23ce23 � c⌫23s
e
23e

i�e23)| .
As the ratio of these two equations is independent of the values of the parameters in U e

23 and
U e
12, we are left with a correlation between observable parameters and the value of the neutrino

mixing parameter ✓⌫12,
|U⌧1|
|U⌧2| =

|s23s12 � s13c23c12ei�|
|s23c12 + s13c23s12ei�| = t⌫12. (9)

This correlation will be referred to as the solar mixing sum rule. It can be viewed as a predictive
statement about the physical CPV phase: squaring both sides of Eq. (9) and solving for cos �
leads us to the expression in Eq. (6), which we repeat below,

cos � =
t23s212 + s213c

2
12/t23 � s⌫212(t23 + s213/t23)

sin 2✓12s13
. (10)

An equivalent correlation has been derived previously using a lengthier argument in Refs. [21]
and [22]. Understanding its application to specific models, its compatibility with global data
and its potential use as a signature of new physics will be the focus of the rest of this article.
The correlation in Eq. (6) is in fact the full non-linear version of a more familiar first-order
relation. We collect a number of phenomenologically interesting approximations in Appendix A.
If we expand Eq. (6) in a small parameter ", assumed to control the deviation from a leading-
order neutrino mixing pattern with maximal atmospheric mixing,

✓13 ⇠ |✓12 � ✓⌫12| ⇠
���✓23 � ⇡

4

��� ⇠ ", (11)

we find the well-known first-order relation [7, 18, 19],

✓12 = ✓⌫12 + ✓13 cos � +O("2). (12)

5



TABLE I: Mixing Angles for Models with Lepton Flavor Symmetry.

Reference Hierarchy sin2 2θ23 tan2 θ12 sin2
θ13

Anarchy Model:

dGM [18] Either ≥ 0.011 @ 2σ

Le − Lµ − Lτ Models:

BM [35] Inverted 0.00029

BCM [36] Inverted 0.00063

GMN1 [37] Inverted ≥ 0.52 ≤ 0.01

GL [38] Inverted 0

PR [39] Inverted ≤ 0.58 ≥ 0.007

S3 and S4 Models:

CFM [40] Normal 0.00006 - 0.001

HLM [41] Normal 1.0 0.43 0.0044

Normal 1.0 0.44 0.0034

KMM [42] Inverted 1.0 0.000012

MN [43] Normal 0.0024

MNY [44] Normal 0.000004 - 0.000036

MPR [45] Normal 0.006 - 0.01

RS [46] Inverted θ23 ≥ 45◦ ≤ 0.02

Normal θ23 ≤ 45◦ 0

TY [47] Inverted 0.93 0.43 0.0025

T [48] Normal 0.0016 - 0.0036

A4 Tetrahedral Models:

ABGMP [49] Normal 0.997 - 1.0 0.365 - 0.438 0.00069 - 0.0037

AKKL [50] Normal 0.006 - 0.04

Ma [51] Normal 1.0 0.45 0

SO(3) Models:

M [52] Normal 0.87 - 1.0 0.46 0.00005

Texture Zero Models:

CPP [53] Normal 0.007 - 0.008

Inverted ≥ 0.00005

Inverted ≥ 0.032

WY [54] Either 0.0006 - 0.003

Either 0.002 - 0.02

Either 0.02 - 0.15
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Needed:
● A precise measurement 

of the oscillation 
parameters (including the 
delta phase). Essential to 
guide the theoretical 
effort!

● Mass ordering and 
neutrino mass spectrum.

● Useful information can 
come from CLFV.

Albright, Chen, PRD 74 (2006)32

Is the precision reachable at 
DUNE and T2HK enough or 
should we start thinking about 
the following step? Talk by M. 

Mezzetto
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Conclusions
●  Neutrino masses are the first particle physics 
evidence of Physics BSM. Neutrinos provide a new 
complementary window w.r.t. collider and flavour 
physics searches.

●  It is necessary to known the values of the masses 
and of the mixing angles and CPV phase (with 
precision). This is crucial to understand the origin of 
the leptonic flavour structure (e.g. flavour symmetries).

●  Determining the New Standard Model (nuSM), 
responsible also 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. SBL experiments)… 
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● Has leptogenesis anything to do with the low energy 
delta phase? Generically, NO. Many models, lots of 
parameters…

An interesting example. Vanilla high-energy see-saw type I:
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A detailed study shows that 
delta can give an important 
(even dominant) contribution 
to the baryon asymmetry. 
For Majorana CPV, effects 
enhanced by a factor of ~10.
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Figure 3: The baryon asymmetry with M1 = 5.13⇥ 10

10 GeV and CP violation provided
solely by �. The Majorana phases are fixed at ↵21 = 180

� and ↵31 = 0

�. The red band
indicates the 1� observed values for ⌘BCMB

with the best-fit value indicated by the horizontal
black dotted line. Left: The final baryon asymmetry as a function of � with exact CP -
invariance when � = 0

� and 180

� (vertical black dotted line). Right: A parametric plot of
⌘B against JCP as � is varied. See the text for further details.

At the benchmark point for normal ordering defined in Table 2, which we will use in
the further analyses in the present section, we have:

Y⌧1 = 1.37 ⇥ 10

�3 � 1.67 ⇥ 10

�4ei�,

Y⌧1 = 6.64 ⇥ 10

�4 � 8.74 ⇥ 10

�4ei
↵21+⇡

2 ,

Y⌧1 = 4.71 ⇥ 10

�4
+ 1.07 ⇥ 10

�3e
i↵31
2 ,

(3.5)

for CP violation from �, ↵21 and ↵31 respectively. For the case in which � provides the
CP violation in Eq. (3.5), this phase gives a subdominant contribution to |Y⌧1|. As can be
shown, P 0(1)

⌧⌧ is similarly weakly dependent on the phases. Thus, the phase dependence of
the solutions of Eq. (3.3) does not come predominantly from the flavour factor �F but from
the CP -asymmetry ✏

(1)
⌧⌧ . However, in the case of ↵21 providing the CP violation, the two

terms of Eq. (3.5) are similar in magnitude and we may get a strong enhancement in �F .
The final case where ↵31 provides the CP violation is intermediate and should experience
a slight phase-dependent enhancement from �F .

3.2.1 Dirac Phase CP Violation

In this subsection, we consider deviations from the benchmark point of Table 2 where we
allow � to vary but fix ↵21 = 180

� and ↵31 = 0

�. Given the pattern of R-matrix angles,
this ensures that any CP violation comes solely from �. In this case, the ⌧⌧ -component of
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M1 = 5 1010GeV
M3= 3M2= 9M1

Moffat, SP, Petcov, Turner, PRD 98, JHEP 1903

The observation of L violation and of CPV in the lepton sector 
would be a strong indication (even if not a proof) of 
leptogenesis as the origin of the baryon asymmetry.


