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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
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What will you learn from this lecture?

●  The problem of leptonic mixing
    - Current status
    - Prospects to discover leptonic CPV and 
measure with precision the oscillation parameters
    - How to explain the observed mixing structure 
and Flavour symmetry models

● Neutrinos in cosmology
   - neutrinos in the Early Universe
   - sterile neutrinos as WDM
   - Leptogenesis and the baryon asymmetry
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Plan of lecture III

●  The problem of leptonic mixing
    - Current status
    - Prospects to discover leptonic CPV and 
measure with precision the oscillation parameters
    - How to explain the observed mixing structure 
and Flavour symmetry models

● Neutrinos in cosmology
   - neutrinos in the Early Universe
   - sterile neutrinos as WDM
   - Leptogenesis and the baryon asymmetry
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Important aspects:
-      maximal or close to maximal

-      significantly different from maximal
-       quite large. This poses some 
challenges for understanding the origin of the flavour 
structure
- Mixings very different from quark sector
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Figure 1: Global 3⌫ oscillation analysis. Each panels shows two-dimensional projection of the
allowed six-dimensional region after marginalization with respect to the undisplayed parameters.
The di↵erent contours correspond to the two-dimensional allowed regions at 1�, 90%, 2�, 99%
and 3� CL (2 dof). Results for di↵erent assumptions concerning the analysis of data from reactor
experiments are shown: full regions correspond to analysis with the normalization of reactor fluxes
left free and data from short-baseline (less than 100 m) reactor experiments are included. For
void regions short-baseline reactor data are not included but reactor fluxes as predicted in [42] are
assumed. Note that as atmospheric mass-squared splitting we use �m2

31

for NO and �m2

32

for IO.
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NuFit 3.0: M. C. Gonzalez-
Garcia et al., 1611.01514

See also F. Capozzi et al., 
1703.04471

Recap of neutrino mixing



There is a slight 
preference for CP-
violation, which is 
mainly due to the 
combination of T2K 
a n d r e a c t o r 
neutrino data.
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FIG. 6: As in Fig. 4, but in the plane (sin2 θ13, δ/π).
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FIG. 7: As in Fig. 4, but in the plane (sin2 θ23, δ/π).

F. Capozzi et al., 1312.2878
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FIG. 3: Left panels: contour regions with ∆χ2 = 1, 4, 9 in the θ13-δ plane from the analysis of LBL data alone (lines) and from

the combined global analysis (coloured regions). Right panels: ∆χ2 as a function of the CP-violating phase δ from the analysis

of LBL data (dashed line) as well as from the global analysis (solid line). Upper (lower) figures correspond to NH (IH).

and 1σ errors on δ are given by:

δ = (1.34+0.64
−0.38)π (normal hierarchy) (3)

δ = (1.48+0.34
−0.32)π (inverted hierarchy) (4)

Comparing now with other global neutrino oscillation analyses in the literature we find our results on the CP phase

qualitatively agree with the ones in the updated version of [38] available in [39]. The agreement holds for their global

analysis without atmospheric data. Note, however, that these authors have also included the effect of the δ in the

atmospheric data sample, not included in the official Super-Kamiokande analysis we adopt here. As a result, their

global fit results show a somewhat stronger rejection against δ ≃ π/2 than we find, as expected. Turning now to the

results of the analysis given in Ref. [40] we find, in contrast, that their agreement with our results is worse.

C. Summary of global fit

In this section we summarize the results obtained in our global analysis to neutrino oscillations. In Fig. 4 we

present the ∆χ2 profiles as a function of all neutrino oscillation parameters. In the panels with two lines, the solid

one corresponds to normal hierarchy while the dashed one gives the result for inverted mass hierarchy. Best fit values

as well as 1, 2 and 3σ allowed ranges for all the neutrino oscillation parameters are reported in Table I.

D. V. Forero et al., 1405.7540

NO NO

NO

IO

Neutrino 2014 Daya Bay results Neutrino 2014 RENO results

Hints of CP-violation
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Figure 1: Global 3⌫ oscillation analysis. Each panels shows two-dimensional projection of the
allowed six-dimensional region after marginalization with respect to the undisplayed parameters.
The di↵erent contours correspond to the two-dimensional allowed regions at 1�, 90%, 2�, 99%
and 3� CL (2 dof). Results for di↵erent assumptions concerning the analysis of data from reactor
experiments are shown: full regions correspond to analysis with the normalization of reactor fluxes
left free and data from short-baseline (less than 100 m) reactor experiments are included. For
void regions short-baseline reactor data are not included but reactor fluxes as predicted in [42] are
assumed. Note that as atmospheric mass-squared splitting we use �m2

31

for NO and �m2

32

for IO.
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NuFit 3.0: M. C. Gonzalez-
Garcia et al., 1611.01514

2016 results



1. Different flavour models can lead to specific 
predictions for the value of the delta phase:
● Sum rules: 
● discrete symmetries models
● charged lepton corrections to       : UPMNS = U †

eU⌫U⌫
e.g. M.-C. Chen and Mahanthappa; Girardi et al.; Petcov; Alonso, Gavela, Isidori, Maiani; Ding et al.; Ma; 
Hernandez, Smirnov; Feruglio et al.; Mohapatra, Nishi;  Holthausen, Lindner, Schmidt; and others

sin ✓23 �
1p
2

= a0 + � sin ✓13 cos � + higher orders

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

- B (or L) violation;

- C, CP violation;

- departure from thermal equilibrium.
Leptogenesis in models of neutrino masses

Neutrinoless double beta decay

LBL

Expansion of the Universe
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CP-violation will manifest itself in neutrino oscillations, due 
to the delta phase. The CP-asymmetry:

● CP-violation requires all angles to be nonzero.

● It is proportional to the sin of the delta phase.

● If one can neglects         , the asymmetry goes to zero: 
effective 2-neutrino probabilities are CP-symmetric.

�m2
21

P (⌫µ ! ⌫e; t)� P (⌫̄µ ! ⌫̄e; t) =

CP-violation in LBL experiments
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CPV needs to be searched for in long baseline neutrino 
experiments which have access to 3-neutrino oscillations. 

●  The CP asymmetry peaks for 
sin^2 2 theta13 ~0.001. Large 
theta13 makes i ts searches 
possible but not ideal.
● Crucial to know mass ordering.
● CPV effects more pronounced at 
low energy.

P. Coloma, E. Fernandez-Martinez, JHEP1204

A. Cervera et al., hep-ph/0002108;
K. Asano, H. Minakata, 1103.4387;
S. K. Agarwalla et al., 1302.6773...
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FIG. 1: Terms of the oscillation probability in vacuum as a function of L/E for θ13 = 1◦ (left)

and θ13 = 10◦ (right). Notice the different scales in the Y-axis between the two panels. The

terms driven by the “atmospheric” (green) and “solar” (red) oscillation frequencies as well as the

CP-violating interference (without the cos(±δ − ∆31 L
2 ) term) between the two (blue) are shown.

P±
eµ ≡ P (( )νe →

( )νµ) = s223 sin2 2θ13 sin2

(

∆31 L

2

)

+ c223 sin2 2θ12 sin2

(

∆21 L

2

)

+ J̃ cos

(

±δ −
∆31 L

2

)

sin

(

∆21 L

2

)

sin

(

∆31 L

2

)

, (1)

where the upper/lower sign in the formula refers to neutrinos/antineutrinos, J̃ ≡

c13 sin 2θ12 sin 2θ23 sin 2θ13 and ∆ij ≡
∆m2

ij

2Eν
. We will refer to the three terms in Eq. (1)

as “atmospheric”, “solar” and “CP interference” terms, respectively.

In Fig. 1 the three terms in Eq. (1) are depicted as a function of L/E. The left panel shows

the case of θ13 = 1◦, while the right panel corresponds to θ13 = 10◦ (close to the best fit of

T2K). For the CP-violating interference term only the coefficient in front of cos
(

±δ − ∆31 L
2

)

has been shown. As can be seen, for θ13 = 1◦ the choice of the first oscillation peak is

indeed very favorable for the exploration of CP violation, since the coefficient multiplying

the CP-violating term is larger than either the solar or the atmospheric CP-conserving

terms. On the other hand, for θ13 = 10◦ the first oscillation peak is dominated by the

atmospheric term whereas the CP interference term is only a subleading component of the

3
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CPV Searches

Near future: T2K 
and NOvA. Some 
sensitivity to CPV

Category Experiment Status Oscillation parameters

Accelerator MINOS+ [74] Data-taking MH/CP/octant

Accelerator T2K [21] Data-taking MH/CP/octant

Accelerator NOvA [108] Commissioning MH/CP/octant

Accelerator RADAR [76] Design/ R&D MH/CP/octant

Accelerator CHIPS [75] Design/ R&D MH/CP/octant

Accelerator LBNE [87] Design/ R&D MH/CP/octant

Accelerator Hyper-K [97] Design/ R&D MH/CP/octant

Accelerator LBNO [109] Design/ R&D MH/CP/octant

Accelerator ESS⌫SB [110] Design/ R&D MH/CP/octant

Accelerator DAE�ALUS [111] Design/ R&D CP

Reactor JUNO [44] Design/R&D MH

Reactor RENO-50 [45] Design/R&D MH

Atmospheric Super-K [56] Data-taking MH/CP/octant

Atmospheric Hyper-K [97] Design/R&D MH/CP/octant

Atmospheric LBNE [87] Design/R&D MH/CP/octant

Atmospheric ICAL [95] Design/R&D MH/octant

Atmospheric PINGU [101] Design/R&D MH

Atmospheric ORCA [99] Design/R&D MH

Atmospheric LAGUNA [112] Design/R&D MH/CP/octant

Supernova Existing and future [106] N/A MH

Table 4: Ongoing and proposed oscillation experiments for the measurement of neutrino oscillation param-
eters. The last column indicates sensitivity to unknown oscillation parameters. (Note that many of these
experiments can improve precision on known parameters as well.)
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Figure 3: The percent of �CP values for which
NOvA can establish CP violation at 95% C.L.
or better.

configuration report [6] which found Ash River
to be the site with maximum CP reach assum-
ing that the mass hierarchy is resolved by the
experiments planned for this decade (eg. NOvA,
Pingu, Daya Bay II). A 5 kt liquid argon TPC at
the Ash River site, either in the NOvA labora-
tory or in a new facility which reuses the infras-
tructure supporting the NOvA laboratory, e↵ec-
tively increases the NOvA exposure by a factor
of 4 given the improved performance of liquid
argon detectors.

Figures 1-3 outline what is possible with ad-
ditional exposure. Figure 1 shows the extended
reach for resolving the nature of ⌫3 relative to the
current knowledge of sin2 ✓23 following Neutrino
2012. NOvA’s baseline measurement covers 64%
of the currently allowed 90% C.L. region at 95%
C.L. or better. With 2⇥ the exposure this in-
creases to 75% and 80% for 4⇥. Figure 2 shows
the improvement in mass hierarchy resolution.
With additional exposure, a significant amount
of coverage is obtained at > 3 � over the base-

line experiment. Finally, NOvA’s reach for CP
violation increases rapidly with exposure in Fig-
ure 3. NOvA’s baseline exposure enables a first
measurement of �CP but the precision will not be
enough to establish CP violation. CP violation
can be established with 95% C.L. for 20% of the
�CP space for 2⇥ the exposure, increasing to 45%
for 4⇥ the exposure.

In summary, a modest investment to extend
the NOvA exposure to 2⇥ its baseline through a
combination of detector mass and running time
would yield qualitative improvements in the ex-
periment’s hierarchy and CP violation reach. A
5 kt liquid argon TPC at the Ash River site
could extend the physics reach further in a sec-
ond phase. These extensions would leverage the
investments made in the NOvA factories, the
Ash River laboratory, and the NuMI beam.
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Figure 1: Simulated neutrino energy spectra for ⌫µ charged current
interactions in detectors sited 0, 7, 14, and 21 mrad o↵ the NuMI
beam axis. NOvA sits at 14 mrad.

Figure 1 shows how the energy spectrum for ⌫µ charged
current (CC) events varies with detector position. The
suppressed high-energy tail at NOvA’s o↵-axis location
reduces neutral current backgrounds in the visible en-
ergy range of 1 to 3 GeV where the appearance of ⌫

e

CC events should occur.
The NuMI source is undergoing upgrades to increase

its average beam power from 350 kW to 700 kW. Much
of the increased power comes from a reduction in the
Main Injector cycle time, which will drop from 2.2 sec-
onds to 1.3 seconds. This cycle time reduction is in turn
made possible by reconfiguring the antiproton Recycler
as a proton injection ring, thereby allowing ramping in
the Main Injector to occur concurrently with the next
injection. The NuMI upgrades are scheduled to last 12
months, ending May 2013.

3. Detectors

The NOvA detectors are highly segmented, highly ac-
tive tracking calorimeters. The segmentation and the
overall mechanical structure of the detectors are pro-
vided by a lattice of PVC cells with cross sectional size
(6 cm)⇥(4 cm). Each cell extends the full width or
height of the detector – 15.6 m in the FD, 4.1 m in the
ND – and is filled with liquid scintillator. Light pro-
duced by the scintillator is collected and transported to
the end of the cell by a wavelength-shifting fiber that
terminates on a pixel of a 32-channel avalanche pho-
todiode. Figure 2 shows a sketch of the FD and ND
along with a cut-away view of the PVC lattice. Each

Figure 2: NOvA detectors, with a human figure shown for scale. The
FD di↵ers from the ND only in the length of its PVC cells and the
number of layers present. Each layer in the detectors is oriented or-
thogonally to adjacent ones to provide 3D event reconstruction. (In-

set) A cut-away view of the PVC cellular structure.

of the 928 layers of the FD has 384 cells, for ⇠360,000
total channels of readout. The ND has 206 layers each
with 96 cells plus a muon range stack at the downstream
end (not shown in the figure) made by interleaving steel
plates with standard detector layers.

Figure 3 shows three simulated events in the NOvA
ND. Muons are clearly identifiable as long, straight
tracks with appropriate energy deposition per unit path-
length ( dE

dx

). Proton tracks can be separated from other
hadron tracks by their dE

dx

profiles. The NOvA detector
technology is particularly well-suited for electromag-
netic shower identification, as the radiation length in the
detector (38 cm) is many times larger than the relevant
PVC cell dimensions. This level of granularity helps
⇡0 decays stand out, as the decay photons leave telltale
gaps in detector activity between the neutrino interac-
tion location and the photon conversion point, as in the
bottom panel of Figure 3.

Since November 2010, NOvA has operated a proto-
type detector, dubbed the Near Detector on the Surface
(NDOS), that has allowed full-scale detector assembly
and integration tests, electronics and data acquisition
development, calibration R&D, Monte Carlo simula-
tion tuning, and early analysis R&D. The NDOS sits
110 mrad o↵ the NuMI beam axis and approximately on
the Booster beam axis and is identical in size to the ND
except in its width, with 64 cells spanning it horizontally
rather than 96. With the NDOS, NOvA has recorded
hundreds of neutrino interactions from both the NuMI
and Booster sources and has collected millions of cos-
mic ray interactions. Figure 4 shows two distributions
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FIG. 3: CP violation discovery (upper row) and 90% C.L. δCP precision (middle and lower rows) for T2K

(left panels) and T2K + NOνA (right panels) for θµµ = 39o, sin2 2θ13 = 0.1 and true NH.

“NOvAplus”

T2K

WG Report: Neutrinos,  de Gouvea (Convener) et al., 1310.4340

NOvA Coll., 1308.0106

M. Gosh et al., 
1401.7243; see 
also Machado 
et al.; Huber et 
al.

T2K

NOvA
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Comparisons should be made with great care as they 
critically depend on:
- setup assumed: detector and its performance, beam...
- values of oscillation parameters and their errors
- treatment of backgrounds and systematic errors.
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Plan of lecture III

●  The problem of leptonic mixing
    - Current status
    - Prospects to discover leptonic CPV and 
measure with precision the oscillation parameters
    - How to explain the observed mixing structure 
and Flavour symmetry models

● Neutrinos in cosmology
   - neutrinos in the Early Universe
   - sterile neutrinos as WDM
   - Leptogenesis and the baryon asymmetry



Neutrino masses and the mixing matrix arises from the 
diagonalisation of the mass matrix 
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MM = (U †)TmdiagU
† nL = U †⌫L

Example. In the diagonal basis for the leptons

the angle is

and masses

M⌫ =

✓
a b
b c

◆

tan 2✓ =

2b

a� c
� 1 for a ⇠ c and, or a, c ⌧ b

m1,2 ' a+ c± 2b

2

Theory Experiments

Masses and mixing from the mass matrix
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In a model of flavour, both the mass matrix for leptons and 
neutrinos will be predicted and need to be diagonalised:
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In a model of flavour, both the mass matrix for leptons and 
neutrinos will be predicted and need to be diagonalised:

in the CC interactions (and oscillations):
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Phenomenological approaches 

Various strategies and ideas can be employed to 
understand the observed pattern (many many 
models!).
- Mixing related to mass ratios

- Flavour symmetries

- Complementarity between quarks and leptons

- Anarchy (all elements of the matrix of the same 
order).

✓12 + ✓
C

' 45o

✓12,23,13 = function(

me

mµ
, . . . ,

m1

m2
)

too small
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Symmetry approach 

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

- Use the fact that the see-saw mechanism leads to

- Obtain the zero-order matrix

- Add perturbations (coming from breaking of the 
symmetry or quantum corrections) to obtain the 
observed values.

      
      poses new challenges as it is not very small. 

U⌫ 6= VL

µ� ⌧

U0

U = U
0

+ U
perturbations

✓13

small



Example: Tribimaximal mixing

Large corrections to theta13 are needed.
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U0 =
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Other possibilities: bimaximal mixing  (            ), 
golden ratio (                 ),  and hexagonal (           ).tan ✓12|0 =

2

1 +
p
5

✓12|0 = 30o

Harrison, Perkins, Scott

✓12|0 = 45o

Corrections to the basic pattern leads to predictions 
for the parameters and relations among them:
● Sum rules: 
● charged lepton corrections to       :

sin ✓23 �
1p
2

= a0 + � sin ✓13 cos � + higher orders

UPMNS = U †
eU⌫U⌫

What kind of leading matrices have been considered?



Example I: mu-tau symmetry

Large theta23 motivates to consider the mu-tau 
symmetry.

The mixing is given by 

For 3 generations, this mass matrix respects the 
symmetry

leading to

The large value of theta13 needs more corrections.

M⌫ =

✓
a b
b a

◆

tan 2✓ =
2b

0
= 1 ) ✓23 = 45o
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Example 2: a discrete symmetry A4

An example of discrete symmetry: Z2 (reflections).

A4 is the group of even 
permutations of (1234). 
This is a very studied 
example of discrete symmetry.
It is the invariant group of a
tetrahedron.

There are 12 elements:
1=1234, T=2314, S=4321, ST, TS, STS...
with S^2=1, T^3=1, (ST^3)=1.

It has the following representations: 1, 1’, 1’’, and 3, 
distinguished by how S and T behave on it.

@Silvia Pascoli19



L ! 3

eR ! 1

µR ! 10

⌧R ! 100

10 ⇥ 10 = 100

100 ⇥ 100 = 10

10 ⇥ 100 = 1

3⇥ 3 = 1 + 10 + 100 + 3 + 3

@Silvia Pascoli20

We need to assign fermions to the representations:

As usual, masses require the “product” of two fermions:

In order to break the symmetry, scalars (called ‘flavons’) 
are needed: �(3), �0(3), ⇠(1)
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Requiring that the Lagrangian is invariant w.r.t. the 
flavour symmetry, the allowed interactions are fixed:

The flavons get a vev

and the resulting mass matrices are

1 (33)1        1’ (33)1‘         1’’ (33)1’‘      1 (33)1            (333)1

h�i = (v, v, v) h�0i = (v0, 0, 0) h⇠i = u
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vHd
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@
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1

A M⌫ =
v2u
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@
a 0 0
0 a d
0 d a

1

A
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Finally, the two matrices can be diagonalised and the 
resulting mixing matrix is the TBM one.

There are two major issues:

- the vacuum alignment. Without the specific choice of 
the vevs of the flavons, the required form of the mass 
matrix could not be achieved. Arranging for the 
potential to lead to such vevs is highly non trivial.

- the value of theta13.
Due to the measured value of theta13, large deviations 
from TBM are required and this poses some challenges 
to this approach. Extensions are being considered (e.g. 
Dirac neutrinos, additional flavons...)



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

19

Two necessary 
ingredients for testing 
flavour models:

● Precision 
measurements of the 
oscillation parameters.

● The determination of 
the mass ordering and 
of the neutrino mass 
spectrum. Reactor 
neutrinos, LBL 
experiments (DUNE 
and T2HK), Atm nu 
experiments Albright, Chen, PRD 7423

Tests of flavour models
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Typically, the models considered have a reduced number 
of parameters, leading to relations between the masses 
and/or mixing angles.
Examples are the mixing-mass ratio relations and the 
so-called sumrules, e.g.:

Atmospheric sum rules:

Solar sum rules:

sin ✓23 �
1p
2

= sin ✓13 cos �

April 28, 2017 10:59 ws-rv9x6 Book Title MOCPVfinal page 8

8 P. Coloma and S. Pascoli

3.2. CP violation and flavour symmetries

The neutrino mass matrix is also responsible for the mixing structure, as
discussed above. Motivated by the observed values of the mixing angles,
in particular ✓23 being (nearly) maximal and ✓13 being much smaller than
the other two angles, specific patterns have been considered for the mixing
matrix. Among these, the most studied patterns include the tri-bimaximal
(TBM) one,14 with sin2 2✓23 = 1, sin2 ✓12 = 1

3 , sin
2 ✓13 = 0 and the bimax-

imal (BM) one,15 with sin2 2✓23 = 1, sin2 2✓12 = 1, sin2 ✓13 = 0 . Other
well-studied examples are the golden ratio, trimaximal or hexagonal mix-
ing, see e.g. Ref. 16. The basic idea is to employ a flavour symmetry which
can lead to the above structures at leading order, introducing afterwards a
set of corrections which shift the angles, in particular ✓13, bringing them
in agreement with their experimentally observed values.17–19 These cor-
rections typically depend on very few parameters, leading to correlations
between the mixing parameters, specifically the mixing angles and the CPV
phases. Such correlations are commonly known as sum rules. They are typ-
ically divided into two main categories:

• atmospheric sum rules18 of the type sin2 ✓23 = 1/2+⇣ sin ✓13 cos �, with ⇣
a real parameter specified by the model. As a relevant example, we men-
tion trimaximal mixing, which can be obtained from TBM mixing using
a rotation in the 2-3 or 1-3 plane leading to the atmospheric sum rules:
sin2 ✓23 = 1/2 � p

2 sin ✓13 cos � and sin2 ✓23 = 1/2 + 1/
p
2 sin ✓13 cos �,

respectively.
• solar sum rules19–21 for which sin2 ✓12 = 1/3 + ⇣ 0 sin2 ✓13 cos �, with ⇣ 0 a
real parameter predicted by the model. They typically apply to models
in which the leading-order mixing matrix receives corrections from the
charged lepton sector. In the first studies, motivated by Grand Unified
Theories (GUTs) in which the charged lepton mass matrix is related
to the down-type quark one, U` receives corrections of the order of the
Cabibbo angle.

Given the known values of the mixing angles, these sum rules can be
rephrased as predictions for the values of the � phase which are determined
by the flavour symmetry. In the case of solar sum rules, in which we require
only that there are no 1-3 rotations at leading order in either U⌫ or U`, cos �
is predicted to be22

cos � =
t23 sin

2✓12 + sin2 ✓13 cos2✓12/t23 � sin2 ✓⌫12(t23 + sin2 ✓13/t23)

sin 2✓12 sin ✓13
, (7)
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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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P. Ballett et al., 1410.7573
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Future experimental strategy:

theta23: LBL experiments
theta13: reactor experiments
theta12: reactor experiments
delta: LBL experiments

Physics Reach 

2013-6-27 25 

Thanks to a large θ13  

Current  Daya Bay II 
 'm2

12 3% 0.6% 
 'm2

23 5% 0.6% 
sin2T12 6% 0.7% 
sin2T23 20% N/A 
sin2T13 14%Î 4% ~ 15% 

• Mass hierarchy 
• Precision measurement of 

mixing parameters 
• Supernova neutrinos 
• Geoneutrinos 
• Sterile neutrinos  
•…… 

For 6 years，mass hierarchy cab be 
determined at 4V level, if Δm2

PP can be 
determined at 1% level 

Detector size: 20kt  
Energy resolution: 3%/�E 
Thermal power: 36 GW 

Y.F. Li et al., arXiv:1303.6733 

Y. Wang, LP13
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Figure 7: The allowed regions of true parameter space in the ✓12� � plane for TBM (left) and GR1 (right) after
6 years of data taken by a medium-baseline reactor experiment (MR) and 10 years by a wide-band superbeam
with an upgraded 70 kton detector (WBB70kt).

the (square of the) absolute value of the (i, j) entry with the corresponding entry in the PDG
parameterisation of U . From U⌧3 we find the first exact sum rule involving the atmospheric
angle

c13c23 = a+ . (17)

Similarly we get from U⌧2

c223s
2
12s

2
13 + s223c

2
12 + 2s23c23s12c12s13 cos � =

1

3
. (18)

Solving Eq. (17) for ✓23 and inserting the result into Eq. (18) gives rise to the sum rule involving
✓12, ✓13 and �,

cos � =
c213 � 3a2+s

2
12s

2
13 � 3c212(c

2
13 � a2+)

6a+s12c12s13
p
c213 � a2+

. (19)

Satisfying both of these constraints simultaneously is very di�cult with the known global data
on the mixing angles: cos � is only well defined for large values of ✓13 and small values of ✓12,
but the constraint of Eq. (17) requires that ✓13 and ✓23 are at the low-valued extremes of their
allowed parameter space. This tension may be alleviated by introducing further corrections to
these predictions, for example the renormalisation e↵ects.

5 Renormalisation group corrections

In this analysis we have ignored the e↵ects of renormalisation group (RG) corrections to mixing
angles. Although this is generally a good approximation, it is useful to be aware of the typical
magnitudes of such corrections and when they might be important. In this section, we briefly
review such issues. For previous discussion of RG corrections in this context see e.g. Ref. [54]
for a discussion in case of Cabibbo-like charged lepton correction to BM mixing and charged
lepton corrections to TBM in Ref. [55].
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Plan of lecture III

●  The problem of leptonic mixing
    - Current status
    - Prospects to discover leptonic CPV and 
measure with precision the oscillation parameters
    - How to explain the observed mixing structure 
and Flavour symmetry models

● Neutrinos in cosmology
   - neutrinos in the Early Universe
   - sterile neutrinos as WDM
   - Leptogenesis and the baryon asymmetry



Useful formulae 

Particles in a thermal bath are described by 

The number densities are given by

Entropy

s =
2⇡2

45
g⇤T

3

@Silvia Pascoli27

feq =

1

exp(

p�µ⌫

T )± 1

neq ' g

✓
mT

2⇡

◆3/2

e�
m
T

neq ' gT 3

Non relativistic

Relativistic
Internal d.o.f.

Relativistic d.o.f.
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Plan of lecture III

●  The problem of leptonic mixing
    - Current status
    - Prospects to discover leptonic CPV and 
measure with precision the oscillation parameters
    - How to explain the observed mixing structure 
and Flavour symmetry models

● Neutrinos in cosmology
   - neutrinos in the Early Universe
   - sterile neutrinos as WDM
   - Leptogenesis and the baryon asymmetry
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Freeze-out 

Typically, particles were in thermal equilibrium for T 
above their mass, if the interactions were fast enough. 

As the Universe expands, the T drops and interactions 
slow down and the particles decouple. Then their 
number density is redshifted and a relic remains (ex., 
neutrinos, DM). The condition for freezeout is

where
                          interaction rate
                          expansion rate 

� ⇠ H

� = h�ni
H =

r
8⇡GN

3
⇢2 ' T 2

mPl For radiation domination

��$   ̄



� = G2
FT

2

n ⇠ gT 3

H ' T 2

mPl

� ⇠ H ) T '
✓

1

G2
FmPl

◆1/3

⇠ 1 MeV

@Silvia Pascoli30

Hot relic 

A cold relic is a particle with decouples when 
relativistic.

The typical example is neutrinos.

Exercise 
Compute T more precisely.



Y ⌘ n

s a�3

⌦⌫h
2 =

⇢⌫
⇢cr

h2 =
n⌫m⌫

⇢cr
h2 =

m⌫

91.5 eV

@Silvia Pascoli31

In order to compute their contribution to the 
energy density of the Universe, let’s consider the 
comoving number density (for entropy conservation)

So

both scale as

Y
today

= Y
freeze�out

In general, the hot relic density abundance scales 
linearly with the mass.

Exercise 
Derive



Neutrinos have played an important role in shaping 
the Universe.

How many relic neutrinos are in a cup 
of tea?            
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Neutrinos have played an important role in shaping 
the Universe.

How many relic neutrinos are in a cup 
of tea?            
5600!
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New Scientist 05 March 2008: Universe submerged in a sea of 
chilled neutrinos

Image credit: ESA/NASA/WMAP

Image credit: NASA/WMAP

Neutrinos are the only known 
component of Dark Matter.34



Neutrino masses suppress the matter power 
spectrum at small scales due to their free-streaming.

kfs = 0.11

rP
i mi

1 eV

5

1 + z
Mpc�1
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Fig. 13. Ratio of the matter power spectrum including three degenerate massive
neutrinos with density fraction fν to that with three massless neutrinos. The pa-
rameters (ωm, ΩΛ) = (0.147, 0.70) are kept fixed, and from top to bottom the curves
correspond to fν = 0.01, 0.02, 0.03, . . . , 0.10. The individual masses mν range from
0.046 eV to 0.46 eV, and the scale knr from 2.1×10−3hMpc−1 to 6.7×10−3hMpc−1

as shown on the top of the figure. keq is approximately equal to 1.5× 10−2hMpc−1.

Looking now at all wavenumbers, we plot in Fig. 12 the ratio of the matter
power spectrum for ΛMDM over that of ΛCDM, for different values of fν ,
but for fixed parameters (ωm, ΩΛ). Here again, the ΛMDM model has three
degenerate massive neutrinos. As expected from the analytical results, this
ratio is a step-like function, equal to one for k < knr and to a constant for
k ≫ keq. The value of the small-scale suppression factor is plotted in Fig. 13
as a function of fν and of the number Nν of degenerate massive neutrinos, still
for fixed (ωm, ΩΛ). The numerical result is found to be in excellent agreement
with the analytical prediction of Eq. (141). For simplicity, the growth factor
g(a0) ≃ 0.8 can even be replaced by one in Eq. (141) without changing the
result significantly. The well-known formula P (k)fν/P (k)fν=0 ≃ −8 fν is a
reasonable first-order approximation for 0 < fν < 0.07.

4.6 Summary of the neutrino mass effects

4.6.1 Effects on CMB and LSS power spectra for fixed (ωm, ΩΛ) and degen-
erate masses

In Fig. 14, we show CT
l and P (k) for two models: ΛCDM with fν = 0 and

ΛMDM with Nν = 3 massive neutrinos and a total density fraction fν = 0.1.
We also display for comparison the neutrinoless model of Sec. 4.4.6. In all
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J. Lesgourgues and S. Pastor, PRept 2006
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Fig. 14. CMB temperature anisotropy spectrum CT
l and matter power spectrum

P (k) for three models: the neutrinoless ΛCDM model of section 4.4.6, a more re-
alistic ΛCDM model with three massless neutrinos (fν ≃ 0), and finally a ΛMDM
model with three massive degenerate neutrinos and a total density fraction fν = 0.1.
In all models, the values of (ωb, ωm, ΩΛ, As, n, τ) have been kept fixed.
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Fig. 15. CMB temperature anisotropy spectrum CT
l and matter power spectrum

P (k) for three models: the same ΛCDM model as in the previous figure, with three
massless neutrinos (fν ≃ 0); and two models with three massive degenerate neutri-
nos and a total density fraction fν = 0.1, sharing the same value of ωb and ωcdm as
the massless model, which implies a shift either in h (green dashed) or in ΩΛ (blue
dotted).

models, the values of (ωb, ωm, ΩΛ, As, n, τ) have been kept fixed, with the
increase in ων being compensated by a decrease in ωcdm. There is a clear
difference between the neutrinoless and massless neutrino cases, caused by a
large change in the time of equality and by the role of the neutrino energy-
momentum fluctuations in the perturbed Einstein equation [91]. However our
purpose is to focus on the impact of the mass, i.e. on the difference between
the solid (red) and thick dashed (green) curves in Fig. 14.

Impact on the CMB temperature spectrum. For fν ≤ 0.1, the three
neutrino species are still relativistic at the time of decoupling, and the di-
rect effect of free-streaming neutrinos on the evolution of the baryon-photon
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Loss of power on scales:



Way to probe the matter power spectrum:
● galaxy surveys, such as SDSS, BOSS, HETDEX...U. Seljak 
et al., PRD 2005; F. De Bernardis et al., PRD 2008; S. Hannestad and Y.Y.Y. Wong, JCAP 2007; de 
Putter et al., 2012; G-B. Zhao et al., MNRAS 2013; ... 

● Lyman alpha: this traces the intergalactic low density 
gas. J. Lesgourgues and S. Pastor, PRept 2006; M. Viel et al., JCAP 2010; S. Gratton, A. Lewis, G. 
Efstathiou PRD 2008,...

●  21 cm lines: MWA, SKA and FFTT. Y. Mao et al., PRD 2008; M. 
McQuinn et al., AJ 2008; E. Visbal et al., JCAP 2009; J. R. Pritchard and E. Pierpaoli, PRD 2008.

- problem of non-linearity. 
- problem of bias: 36

X

i

mi ⇠ 0.02 eV � 0.003 eV

X

i

mi < 0.11 eV � 0.17 eV

X

i

mi < 0.1 eV � 0.2 eV

Ptracer = b2(k)PDM(k)



● Lensing of galaxies

By using the cosmic shear, it is possible to reconstruct 
the matter distribution at different redshifts. A. Cooray, AA 
1999; K. Ichiki et al., PRD 2009; Hamann et al., 1209.1043; LSST; EUCLID... and many others
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Figure 4. Marginalised joint two-dimensional 68% and 95% credible contours from the CMB+clusters
data set (“ccl”, blue), CMB+shear+galaxies (“csgx”, green), and all data sets (“csgxcl”, black) for
various parameters, using the default binning configuration of Nbin = 10 for the cluster data.

fluctuation amplitude.
Interestingly, a non-standard radiation content as parameterised by N

ml

e↵

, although it has
no direct e↵ect on the late-time expansion or growth history, is exceptionally well constrained
by CMB+clusters. This can be understood as follows: using CMB data alone, Nml

e↵

is strongly
degenerate with !

m

and h. However, because the cluster mass function is directly sensitive
to !

m

and h, it very e↵ectively lifts any degeneracy of these parameters with N

ml

e↵

when used
in combination with CMB data. As shown in the lower right panel of figure 4, very little
degeneracy remains between N

ml

e↵

and !

m

for the CMB+clusters data set. A more telling
illustration of how the binned cluster data removes the (N

e↵

,!

m

)-degeneracy can be found
in the right panel of figure 3: Here, when only one redshift and mass bin is used, the cluster
mass function is primarily sensitive to the fluctuation amplitude on small scales so that the
(N

e↵

,!

m

)-degeneracy persists in the CMB+clusters fit. However, as soon as access to the
linear growth function and some shape information become available through as little as
Nz = N

m

= 2 bins, the degeneracy becomes broken because of the growth function’s direct
dependence on ⌦

m

and of the normalisation’s dependence on !

m

.

7.3 Combining all data sets: constraints on neutrino parameters

Perhaps the most noteworthy result of table 1 is that, while CMB+shear+galaxies (“csgx”)
and CMB+clusters (“ccl”) are well-suited to measuring di↵erent parameters and are hence in
a sense complementary to each other, the combined usage of all data sets, i.e., the “csgxcl”

– 13 –

CMB+shear+galaxies
CMB+clusters
combined

T. Basse et al, 1304.2321

Theoretical modeling on non-linear scales (k>0.1 
Mpc^-1) at 1% level will be crucial.
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Different effects can be degenerate with the 
measurement of neutrino masses, which therefore 
relies on assumptions on the cosmological model.

6

Planck+WP+lensing Planck+WP +lensing Planck+WP+lensing
(+HST) +DR8 (+HST) +DR9 (+HST)

Σmν [eV ] < 1.11 (0.22) < 0.98 (0.23) < 0.39 (0.23)

TABLE IV: 95% CL upper bounds on Σmν in a ΛCDM model from the different data combinations considered here, with
(without) the HST prior on the Hubble constant H0. The results with DR8 (DR9) data sets include the shot noise (the
systematic corrections) parameters.
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FIG. 1: Left panel: the red contours show the 68% and 95% CL allowed regions from the PLANCK data set in the (
∑

mν ,
w) plane, while the blue and green contours show the impact of the addition of the DR9 BAO signature and the full shape
of DR9 galaxy clustering measurements respectively. The magenta contours depict the combination of PLANCK with DR9
galaxy clustering data and SNLS3 measurements. Right panel: as in the left panel but in the (

∑
mν , Ωk) plane (note the

absence of the case with SNLS3 data in the analyses presented in this figure).

ence for w < −1, allowing therefore for a larger neutrino
mass. We also investigate the impact of adding Super-
novae Ia luminosity distance constraints to the combina-
tion of PLANCK and DR9 galaxy clustering data sets:
while the impact on the sum of the neutrino mass bound
is negligible, the errors on the dark energy equation of
state parameter w are reduced by a factor of three.

C. Curvature and massive neutrinos

We present here the constraints on neutrino masses
in the context of a non flat universe, allowing for a non
negligible curvature component, see Tab. I for the priors
adopted in the curvature component. Table VI shows our
constraints for the PLANCK data set, PLANCK plus
DR8 angular power spectrum data and PLANCK plus
DR9 galaxy clustering measurements with and without
a prior on the Hubble constant H0 from HST. In this non
flat model, DR8 angular clustering measurements com-
bined with PLANCK reduce the constraint on

∑

mν ,
from

∑

mν < 1.36 eV to
∑

mν < 0.92 eV (both at
95% CL). This constraint is very similar to the one ob-
tained if the BAO DR8 geometrical information is used,

∑

mν < 0.80 eV. Adding the HST prior to DR8 angular
power spectrum measurements improves significantly the
constraints: the 95% CL upper limit is

∑

mν < 0.33 eV.

DR9 3D power spectrum measurements greatly im-
prove the results from the PLANCK data set: when
combined with our basic PLANCK dataset, the 95% CL
bounds without the HST prior are

∑

mν < 0.35 eV
with systematic uncertainties. If HST data is included
as well in the analysis, the former 95% CL bound trans-
lates into

∑

mν < 0.26 eV. These limits are better than
those obtained from the combination of the PLANCK
data set with the DR9 BAO measurement, which is
∑

mν < 0.47 eV without the HST prior. Therefore,
this non flat model, together with the wCDM one, is a
working example in which constraints from full shape 3D
power-spectrum measurements provide significant extra
information than those from BAO signature alone.

Figure 1, right panel, shows the 68% and 95% CL
allowed regions in the (

∑

mν , Ωk) plane from the
PLANCK data set described in Sec. III, and from the
combination of the former data set with DR9 BAO mea-
surements, and DR9 galaxy clustering information. No-
tice that the neutrino mass constraint arising from the
clustering measurements is more powerful than those ob-

E. Giusarma et al., 1306.5544

Combining different searches will play a crucial role.

6 M. Baldi et al.
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z = 1.3

Figure 2. The nonlinear matter power spectrum ratio with respect to
the fiducial model for different values of the total neutrino mass as la-
belled. The different panels refer to z = 0 (top), z = 0.6 (middle), and
z = 1.3 (bottom). The grey shaded area represents the region obtained
with CAMB and HALOFIT by setting all cosmological parameters to their
fiducial Planck values except σ8 which is allowed to vary within its 2-σ
confidence interval.
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z = 1.3

Figure 3. As Fig. 2 but for the combined simulations of f(R) gravity and
massive neutrinos.
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z = 1.3

Figure 2. The nonlinear matter power spectrum ratio with respect to
the fiducial model for different values of the total neutrino mass as la-
belled. The different panels refer to z = 0 (top), z = 0.6 (middle), and
z = 1.3 (bottom). The grey shaded area represents the region obtained
with CAMB and HALOFIT by setting all cosmological parameters to their
fiducial Planck values except σ8 which is allowed to vary within its 2-σ
confidence interval.
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Figure 3. As Fig. 2 but for the combined simulations of f(R) gravity and
massive neutrinos.
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Plan of lecture III

●  The problem of leptonic mixing
    - Current status
    - Prospects to discover leptonic CPV and 
measure with precision the oscillation parameters
    - How to explain the observed mixing structure 
and Flavour symmetry models

● Neutrinos in cosmology
   - neutrinos in the Early Universe
   - sterile neutrinos as WDM
   - Leptogenesis and the baryon asymmetry
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Warm Dark Matter 

DM candidates with clustering properties 
intermediate between hot dark matter and cold dark 
matter is named warm dark matter. For a standard 
distribution, the mass is in the keV range.

A prime candidate are sterile neutrinos. In the right 
range of masses and mixing angles, sterile neutrinos 
can be “stable” on the cosmic timescales.

11 – Indirect searches

11 – Indirect searches

Although nearly stable on cosmological time scales, N4 can decay into 3νa

and νaγ due to the mixing with active neutrinos. [Boehm and Vogel, 1987; Barger et

al., 1995; Pal, Wolfenstein, 1982]

The decay rate is given by

Γ3ν ≃ sin2 2θ G2
F

m5
4

768π3 ∼ 10−30s−1 sin2 2θ
10−10

(

m4
keV

)5

Γνγ ≃ sin2 2θ αG2
F

9m5
4

2048π4 ∼ 10−32s−1 sin2 2θ
10−10

(

m4
keV

)5

The photon from the decay carries away an energy Eγ = m4
2

10 – Large scale structure formation constraints

10 – Large scale structure formation constraints

KeV sterile neutrinos behave as a WDM component: at large scales the
formation of structure happens as for CDM but perturbations at small scales
get erased due to the free-streaming.

[see, e.g. Haehnelt]

See, e.g. 
Haehnelt, Frenk 
et al., B. Moore 
et al.....



Their production is different from active neutrinos as 
they were never in equilibrium with the thermal 
plasma. In an interaction involving active neutrinos, a 
heavy neutrino would be produced via loss of 
coherence.

These oscillations happen in the thermal plasma, so 
the mixing angle will be in matter.

@Silvia Pascoli41

3 – Sterile neutrino production in the EU

In an interaction involving active neutrinos, a N4 can be produced due to
loss of coherence

e−

e+

Z νa

ν̄a

N4

The ”sterile” neutrino N4 production

• depends on sin2 θ

• is controlled by Γa and will stop at Tdec

3 – Sterile neutrino production in the EU

The mixing angle in the EU depends on

• matter effects due to an asymmetry in the weakly interacting particles

VD ∼ 2
√

2ζ(3)
π2 GFT 3(L± η/4)

with L = (nνa − nν̄a)/νγ

• finite temperature effects
|VT | = −CaG2

F T 4E/α

We have (∆(p) = m2
4/(2E))

sin2 2θm = ∆2(p) sin2 2θ
∆2(p) sin2 2θ+D2+(∆(p) cos 2θ−VD+|VT |)2

Analogue to matter effects in 
the earth and depend on the 
lepton asymmetry.

Genuine thermal effects. 
They always suppress the 
oscillations.



The production will depend on the mixing angle and 
on the interaction rate of the active neutrinos. A 
detailed computation requires to solve the associated 
Boltzmann equation for their distribution:

with                                   .

The final abundance is 

@

@t
fs(p, t)�Hp

@

@p
fs(p, t) '

�a

2
hP (⌫a ! ⌫s; p, t)i(fa(p, t)� fs(p, t))

fa(p, t) = (1 + eE/T )�1
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3 – Sterile neutrino production in the EU

The final abundance is Ω4h2 ≃ 0.3
sin2 2θ

10−8

(

m4

10keV

)2

1e-11 1e-10 1e-09 1e-08 1e-07
sin2

θ

1

10

m
 s  [

ke
V

]

pulsar kick

Ω  = 0.3

Ω  > 0.3

ν

pulsar kick and dark matter

ν1

2

[Fuller, Kusenko, Mocioiu, S.P., 2003; see also Dodelson, Widrow, 1992; Abazajian et al. 2001]

In presence of a large 
asymmetry, even smaller 
angles are required 
thanks to the resonant 
enhancement of the 
production.

Exercise 
It can be solved analytically
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Figure 4: Shown here are sterile neutrino momentum space distributions at close of production at T = 10 MeV for parameters
consistent with the candidate signal at 3.5 keV. For reference we show the momentum space distribution for the active neutrinos,
as the dotted line. The dark matter has a “colder” distribution with hpsterilei < hpactivei. Parameters here are shown as stars
in Fig. 6. This figure is from Ref. [102].

One possibility in the case of oscillation-based production is that the Universe never heated up to the
full peak-production temperatures of the given production mechanism. In this case, large mixing angles can
produce the proper production levels because of the reduction of the level of a strong thermal bath [125],
and therefore make the sterile neutrino dark matter’s large mixing angle much more accessible to laboratory
experiments like �-decay or K-capture [126, 127, 128, 129, 130].

5.2. Non-oscillation Production: Particle Decays

In addition to the non-resonant and resonant oscillation production models, a few other production
mechanisms have been proposed via particle decays. For most cases, a generic scalar S-particle is introduced
with an interaction Lagrangian

Lint =
y

2
(⌫

R

)c⌫
R

S + h.c. (43)

S-particles are created in some process in the early Universe and could decay into sterile neutrinos at some
later point. Clearly, the abundance is now independent of the active-sterile mixing angle, but in general, if
this mechanism is responsible for the bulk of production, the mixing angle must be below that produced by
non-resonant thermal production. In addition, depending on the nature of the mechanism, the scalar-decay
sterile neutrino dark matter could be “warmer” or “colder” than in oscillation production. A thorough
review of these production mechanisms is given in Ref. [59], and we provide a brief overview here.

Regardless of the mechanism, if the active-sterile mixing is large enough for Dodelson-Widrow or Shi-
Fuller production to be significant, that has to be included. In the various particle-decay mechanisms,
the “parent” S-particle can itself be in or out of thermal equilibrium at the time the sterile neutrinos are

17



⌫4 ! ⌫a� E� = m4/2 Br(⌫�) ⇠ 0.01
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Bounds on these DM candidates:

- Structure formation. If their mass is too low, they will 
behave too much as HDM erasing the structure at 
intermediate scales. This allows to put a bound in the 
several keV range.

- x-ray searches. Although 
nearly sterile, their small 
mixing with active neutrinos 
make them decay in photons:

with andFigure 5: The full parameter space for sterile neutrino dark matter is shown. Among the most stringent constraints at low
energies and masses are constraints from X-ray observations M31 Horiuchi et al. [159], as well as stacked dwarfs [193]. Also
shown are constraints from the di↵use X-ray background [186], and individual clusters “Coma+Virgo” [197]. At higher masses
and energies, we show the limits from Fermi GBM [195] and INTEGRAL [196]. The signals near 3.5 keV from M31 and stacked
clusters are also shown [28, 29]. The vertical mass constraint only directly applies to the Dodelson-Widrow model being all
of the dark matter, labeled “DW,” which is now excluded as all of the dark matter. The Dodelson-Widrow model could still
produce sterile neutrinos as a fraction of the dark matter. We also show forecast sensitivity of the planned Athena X-ray

Telescope [198].

signature decay in the cosmic X-ray background [186], clusters of galaxies [187], individual dwarf galaxies
[188, 189, 190, 191], the Andromeda galaxy [187, 159] and the Milky Way [192]. Among the best current
constraints is that from an analysis of Chandra X-ray observations of the Andromeda galaxy by Horiuchi
et al. [159]. Constraints from stacked dwarf galaxy observations are comparable in strength [193]. There
are also constraints from Perseus observations from Suzaku which extend to higher energies and masses
[194]. At the highest energies, constraints exist from the Fermi Gamma-Ray Space Telescope Gamma-Ray
Burst Monitor (GBM) [195] and INTEGRAL observations of the Milky Way halo [196]. Several of these
constraints are shown in Fig. 5. For a considerable amount of time since these methods were proposed, no
significant detections of unidentified candidate dark matter lines had been found, with only upper limits to
the decay flux.

In early 2014, Bulbul et al. [28] used stacked cluster observations totaling over 6 Ms in exposure time
and detected an unidentified line near 3.55 keV in energy at high significance, 4 to 5�, using both the PN
and MOS CCDs aboard XMM-Newton. The signal was also detected in Chandra observations of the Perseus
cluster, at 2.2� in that work. As seen in Fig. 6, the signal immediately straddled the robust constraints
from M31 [159], which used Chandra data and were available even at that time. The Bulbul et al. analysis
was quite thorough in studying the possible atomic and instrumental sources of the line, and anticipated
much of the followup work. They showed that potassium lines are far too low in emissivity and relative
abundance to account for the line, and that limits on partner lines of Ar XVII and Cl XVII with stronger

22
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Figure 6: X-ray line detections consistent with sterile neutrino dark matter are shown here. The dark colored regions are 1, 2
and 3 � from the MOS (blue) and PN (red) stacked clusters by Bulbul et al. [28], the Bulbul et al. core-removed Perseus
cluster (green), and M31 (orange) from Boyarsky et al. [29]. Also shown are the 1 and 2 � regions of the detection in the
Galactic Center (GC) [199] as well as the >2� line detections in 1. Abell 85; 2. Abell 2199; 3. Abell 496 (MOS); 4. Abell 496
(PN); 5. Abell 3266; 6. Abell S805; 7. Coma; 8. Abell 2319; 9. Perseus by Iakubovskyi et al. [204]. Numbers in the plot mark
the centroid of the regions, with MOS detections in orange and PN in purple. We also show, in purple, the region consistent
with the signal in Chandra Deep Field observations, with errors given by the flux uncertainty, i.e., not including dark matter
profile uncertainties [205]. The lines show constraints at the 90% level from Chandra observations of M31 (14) [159], stacked
dwarf galaxies (M14) [193], and Suzaku observations of Perseus (T15) [194]. Stars mark the models shown in Fig. 4.

the exposure was equivalent to 70 ks of normal operations, which was far short of what would be needed
to be highly sensitive. Ref. [211] analyzed XMM-Newton MOS data in the fame field of view as the Hitomi
data, and found the MOS data to have a higher flux within that field. Hitomi excluded the central value of
the new MOS detection by 3�. The prior detections were not appreciably constrained by the Hitomi data,
as shown in Fig. 6.

The NuSTAR telescope was found to be su�ciently sensitive to 3.5 keV photons, with a wide field of
view, ⇠37 deg2, from “zero bounce” photons allowed into the detector because the design of the telescope’s
optical bench allows for these photons in without passing through the telescope’s optics [213, 214]. This was
used by Neronov et al. [213] to place constraints in the high mass range of sterile neutrino decay parameters
space with NuSTAR data toward the COSMOS and CDFS empty sky fields. A few unidentified lines that
could be due to instrumental e↵ects were also detected. A line at 3.51 ± 0.02 keV was detected at 11.1�
in that work, which is consistent with flux expected from previous detections given the dark matter in the
field of view. The response of NuSTAR is very poorly known at the lower energies near 3-4 keV, and it
is thought that the line is likely instrumental since the line is seen in Earth occulted data [214]. Perez et
al. [214] placed constraints from observations of the Galactic Center, which are shown in Fig. 5.

The Deep Field exposures of the Chandra telescope were studied to be potentially very sensitive to dark
matter decays, and placed limits on the parameter space [215]. Recent work by Cappelluti et al. [205] used
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In 2014 two independent groups presented 
indications of a line around 7 keV.14
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Figure 6. 3�4 keV band of the rebinned XMM-Newton spectra of the detections.The spectra were rebinned to make the excess at ⇠3.57
keV more apparent. (APJ VERSION INCLUDES ONLY THE REBINNED MOS SPECTRUM OF THE FULL SAMPLE).

nax dwarf galaxies (Boyarsky et al. 2010; Watson et al.
2012), as showin in Figure 13(a). It is in marginal (⇠90%
significance) tension with the most recent Chandra limit
from M31 (Horiuchi et al. 2014), as shown in Figure
13(b).
For the PN flux for the line fixed at the best-fit MOS

energy, the corresponding mixing angle is sin2(2✓) =
4.3+1.2

�1.0 (+1.8
�1.7) ⇥ 10�11. This measurement is consistent

with that obtained from the stacked MOS observations

at a 1� level. Since the most confident measurements
are provided by the highest signal-to-noise ratio stacked
MOS observations of the full sample, we will use the flux
at energy 3.57 keV when comparing the mixing angle
measurements for the sterile neutrino interpretation of
this line.

3.2. Excluding Bright Nearby Clusters from the Sample

If interpreted as sterile 
neutrinos, this would 
correspond to a 3.5 keV 
neutrino with a mixing 

E. Bulbul et al., 1402.2301. See also, A. Boyarsky 
et al., 1402.4119

They analysed the 
emissions of several 
clusters.

K. Abazajian, 1705.01837
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Plan of lecture III

●  The problem of leptonic mixing
    - Current status
    - Prospects to discover leptonic CPV and 
measure with precision the oscillation parameters
    - How to explain the observed mixing structure 
and Flavour symmetry models

● Neutrinos in cosmology
   - neutrinos in the Early Universe
   - sterile neutrinos as WDM
   - 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;

- C, CP violation;

- departure from thermal equilibrium.

46

The baryon asymmetry. The theory



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

- B (or L) violation;

47

The baryon asymmetry. The theory

In the SM also L is violated at the non-perturbative 
level.  A lepton asymmetry is converted into a baryon 
asymmetry by sphaleron effects.

If neutrinos are Majorana particles, L is violated. 

See-saw models require L violation (typically the 
Majorana mass of a heavy right-handed neutrino).
In SUSY models without R-parity, L can be violated and 
neutrino masses generated.



dB

dt
/ �(Xc ! Y c +Bc)� �(X ! Y +B)

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

- C, CP violation;

48

If C were conserved:

and no baryon asymmetry generated:

We have observed CPV in quark sector (too small) and 
we can search for it in the leptonic sector.

�(Xc ! Y c +Bc) = �(X ! Y +B)

The baryon asymmetry. The theory



�(X ! Y +B) = �(Y +B ! X)

T < MX

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

- out of equilibrium

49

In equilibrium

A generated baryon asymmetry is cancelled exactly by 
the antibaryon asymmetry.
When particles get out of equilibrium, this does not 
happen.

The baryon asymmetry. The theory



�B = (B1 �B2)(r � r̄)
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Baryogenesis

Let’s consider a boson X, very heavy with BV couplings:

The baryon number produced in the X and X decays

The total lepton number produced is then

X ! lq B1 Br(1) = r
X ! qq̄ B2 Br(2) = 1� r

B
x

=B1r +B2(1� r)

B
X̄

=�B1r̄ �B2(1� r̄)



�B = (B1 �B2)(r � r̄)
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Baryogenesis

Let’s consider a boson X, very heavy with BV couplings:

The baryon number produced in the X and X decays

The total lepton number produced is then

X ! lq B1 Br(1) = r
X ! qq̄ B2 Br(2) = 1� r

B
x

=B1r +B2(1� r)

B
X̄

=�B1r̄ �B2(1� r̄)

B violation CP violation Out of equilibrium
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The excess of quarks can be explained by 
Leptogenesis (Fukugita, Yanagida): the heavy N 
responsible for neutrino masses generate a lepton 
asymmetry.

l Introduce a right handed neutrino N 
l Couple it to the Higgs

Recall: See saw mechanism type I

Leptogenesis



● 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 if 

● Sphalerons convert it into a baryon asymmetry.

N $ `H

N ! `H

�(N ! `H) 6= �(N ! `cHc)

53 Fukugita, Yanagida, PLB 174; Covi, Roulet, Vissani; Buchmuller, Plumacher; Abada et al., ...

N ! `cHc

T

-T=M

-
T=100 
GeV



✏1 ⌘ �(N1 ! lH)� �(N1 ! l̄Hc)

�(N1 ! lH) + �(N1 ! l̄Hc)

YB =
k

g⇤
cs✏1 ⇠ 10�3 � 10�4✏1
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In order to compute the baryon asymmetry: 

1. evaluate the CP-asymmetry:

2. solve the Boltzmann equation to take into account 
the wash-out of the asymmetry with a k washout factor:

3. convert the lepton asymmetry into baryon 
asymmetry.

[Fukugita, Yanagida; Covi, Roulet, Vissani; Buchmuller, Plumacher]

YL = k✏1



Is there a connection 
between low energy CPV 

and the baryon 
asymmetry?

55



     depends on the CPV phases in 

and in the U mixing matrix via the see-saw formula.

Let’s consider see-saw type I with 3 NRs.

3 phases missing!

✏ /
X

j

=(Y⌫Y
†
⌫ )

2
1j
Mj

M1

m⌫ = U⇤miU
† = �Y T

⌫ M�1
R Y⌫v

2

MR 3 0
Y⌫ 9 6

mi 3 0
U 3 3

56

The general picture

✏

High energy Low energy

Y⌫



In understanding the origin of the flavour structure, the 
see-saw models have a reduced number of parameters.

It may be possible to predict the baryon asymmetry from 
the Dirac and Majorana phases.

57

Specific flavour models6 – Leptogenesis

In understanding the origin of the flavour structure, the see-saw models have
a reduced number of parameters, with no independent R.

In some cases, it is possible to predict

the baryon asymmetry from the Dirac and/or Majorana phases.

ν

FLAVOUR P.
Leptogenesis

masses
mixing (U)

models
See saw



It has been shown that, thanks to flavour effects, the low 
energy phases enter directly the baryon asymmetry. 
Example in see-saw type I, with NH (m1<< m2 <<m3), M1<M2<M3, M1~5 
10^11 GeV:

58

Does observing low energy CPV imply a baryon asymmetry?

7 – Observing low-energy CPV implies leptogenesis?

Leptogenesis due uniquely to the Dirac phase.
|YB| ∝ c2

23 s12 s13 |sin δ|.

For R2
12 = 0.85, R2

13 = 0.15, we get
|YB| ∼= 2.8 × 10−11 | sin δ|

(
s13

0.2

) (
M1

1011 GeV

)
.

Imposing M1 < 5 × 1011 GeV for flavour effects to be important, we find
| sin θ13 sin δ| >∼ 0.11 , sin θ13

>∼ 0.11 .

!11.5 !11 !10.5 !10 !9.5 !9
Log10YB

!0.04

!0.02

0

0.02

0.04

J CP

Large theta13 implies that delta can give an important 
(even dominant) contribution to the baryon asymmetry.    
Large CPV is needed and a NH spectrum. 

SP, Petcov, Riotto, 
PRD75 and NPB774
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Conclusions (with some personal views)

1. Neutrinos have masses and mix and a wide experimental 
programme will measure their parameters with precision.

2. Neutrino masses cannot be accommodated in the Standard 
Model: extensions can lead to Dirac or Majorana neutrinos, with 
the latter the most studied cases. See-saw models are 
particularly favoured.

3. The main question concerns the energy scale of the new 
physics. Neutrino masses cannot pin it down by themselves and 
other signatures should be studied (leptogenesis, CLFV, collider 
LNV for TeV scale models, ...)

4. Models of flavour have typically a reduced number of 
parameters which can lead to relations testable in present and 
future experiments. Precision measurements will play a crucial 
role to disentangle various models.
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