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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

The new Standard Model will contain 
● new particles at a new physics scale 
● new interactions.

3

GUT see-saw I

TeV see-saw I (small couplings)

II, III extended-type

See-saw I (tiny couplings)

The new physics scale might be tested by looking at 
different signatures of the models: CLFV, leptogenesis, 
collider searches...

Radiative masses, SUSY RV
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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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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

NuFit: M. C. Gonzalez-Garcia et al., 1209.3023
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Recap of neutrino mixing and masses

✓23 = 36.7o � 54.0o

✓12 = 31.38o � 36.01o

✓13 = 7.29o � 9.96o

✓23

✓12

✓13
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Masses have at most a mild hierarchy

5

q
�m2

�
p

�m2
A

⇠ 5.7

Masses can have 
some hierarchy 
or be nearly 
degenerate. 

Normal hierarchical spectrum (NH):

Inverted hierarchical spectrum (IH):

Quasi-degenerate spectrum (QD):

m1 ' m2 '
q

�m2
A � m3

m1 ' m2 ' m3 �
q

�m2
�,

q
�m2

A

-1

m1 ⌧ m2 '
q

�m2
� ⌧ m3 '

q
�m2

A
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Neutrino masses and mixing

Recall that the mixing matrix arises from the 
diagonalisation of the mass matrix 

so the form of the mass matrix will lead to specific values 
of the angles.

The massive fields are related to the flavour ones as

@Silvia Pascoli6

MM = (U †)TmdiagU
†

nL = U †⌫L
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Let’s look at an example, in the diagonal basis for the 
leptons

the angle can be found to be

with this tuning of a and c, we get for the masses 

The simplest case would be to have QD neutrinos, 
unless a+c=2b, in which a cancellation in one of the 
masses lead to a NH spectrum.

Large mixing and hierarchical masses pose challenges.

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
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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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Models relating mixing and ratios of masses 

If the mass matrix contains several zeros, the number of 
parameters is severely reduced and the models are very 
predictive. A useful ansatz is the Fritzsch one:

The ratio of neutrino masses can be related to the 
mixing angles as

This predicts a mild hierarchy 
between m1 and m2, no 
neutrinoless double beta decay 
and a rather large value of theta13.

M⌫ =

0

@
0 ... 0
. . . 0 ...
0 . . . . . .

1

A

m1

m3
⇠ tan ✓12 tan ✓23 sin ✓13

m2

m3
⇠ cot ✓12 tan ✓23 sin ✓13
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Figure 3: Pattern A2 of Mν : allowed ranges of flavor mixing angles (θ12, θ23, θ13) versus the

Dirac CP-violating phase δ at the 3σ level, where the probability distribution of three angles

are shown in the left panel.

30

Figure 1: Pattern A1 of Mν : allowed ranges of flavor mixing angles (θ12, θ23, θ13) versus the

Dirac CP-violating phase δ at the 3σ level, where the probability distribution of three angles

are shown in the left panel.

28

Fritzsch, Xing, Zhou, 2011
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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
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What kind of leading matrices have been considered?

Democratic mixing pattern

The perturbations are all of the same order.

Bimaximal mixing

In this case, theta23 requires small perturbations.
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✓23|0 = 45o ✓12|0 = 45o ✓13|0 = 0
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Three other patterns lead to values of theta12 which are 
closer to the observed value: tribimaximal, golden ratio 
(                 ),  and hexagonal (           ) mixing patterns.

Tribimaximal mixing pattern

This pattern is very popular as it might indicate an 
underlying symmetry. In fact the neutrino mass matrix 
can be written in terms of components which possess a 
S3 and a mu-tau symmetry.

tan ✓12|0 =
2

1 +
p
5

✓12|0 = 30o
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Example 1: mu-tau symmetry

Large theta23 motivates to consider the mu-tau 
symmetry.
For simplicity in 2 generations

We get that

and

This matrix is symmetric under the exchange of mu and 
tau.

M⌫ =

✓
a b
b a

◆

tan 2✓ =
2b

0
= 1 ) ✓23 = 45o

a ' b ) m2 ⌧ m3

M⌫ =
q
�m2

A

✓
1 + ✏ 1
1 1 + ✏

◆
) ✏ =

s
�m2

�
�m2

A

⇠ 1

5.7
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M⌫ =
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In 3 generations, the following mass matrix respects the 
mu-tau symmetry

and leads to

The large value of theta13 is a challenge for this model as 
additional perturbations are required.
Typically they lead to correlations between different 
parameters (specifically for the deviations from special 
values such as 0 and 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 Pascoli17
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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 Pascoli18

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)

Monday, 12 August 13
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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

Ml = v
vHd

⇤

0

@
ye ye ye
yµ yµei4⇡/3 yµei2⇡/3

y⌧ y⌧ei2⇡/3 y⌧ei4⇡/3

1

A M⌫ =
v2u
⇤2

0

@
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...)
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Tests of flavour models

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.:

Two necessary ingredients for testing flavour models:
- Precision measurements of the oscillation parameters 
at future experiments. 
- The determination of the mass hierarchy and of the 
neutrino mass spectrum.

sin ✓23 �
1p
2

= sin ✓13 cos �
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Future experimental strategy:

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

mass hierarchy: atmospheric, LBL, reactor (JUNO) 
neutrinos.

Ballet at al. preliminary
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FIG. 3. The sensitivity of the next-generation facilities to the a, r and cos δ parameters. In all of the plots, the shaded regions
progressively show the 1σ, 3σ and 5σ regions for the WBB 70kt (top row) or the LENF with 70 kt magnetized LAr (bottom
row), whilst the solid lines are the equivalent envelopes for the WBB 35kt (top row) or the LENF with MIND (bottom row).
The leftmost plot shows the sensitivity to a, whilst the central (rightmost) plot shows the sensitivity to r (cos δ). Just to
confirm: is it 70 kt mLAr for the LENF? The eps file names say differently?

tematic uncertainty on both the signal and backgrounds,
and a 2% uncertainty on the matter density. The LENF
operates with a stored-muon energy of 10 GeV and a
baseline distance of 2000 km. These have been shown to
be near optimal choices for large θ13 [23, 26, 30]. Sim-
ilar parameter choices have recently been recommended
by the EUROnu Design Study [31], and coincide with
the expected specifications of the International Design
Study for the Neutrino Factory [32]. Our model of the
WBB design is based on Ref. [27], and assumes 1021 pro-
tons on target per year at 50 GeV, a baseline distance
of 2300 km and a 70 kton liquid Argon detector similar
to the GLACIER [33] design. The fluxes for this set-up
are taken from Ref. [34] (for discussion see Ref. [35]). We
have assumed a 90% detection efficiency and the back-
grounds are taken as arising from a combination of the
contamination of the beam and 0.5% of neutral-current
events at the detector. The detector has a low-energy
threshold of 100 MeV with an energy resolution taken to
be a flat 150 MeV for electrons and 0.2

√
E Is it possible

to express this so that the units make sense? for muons.
An error of 5% has been imposed on the signal and back-
ground, and a 2% uncertainty on the matter density.
The background to the appearance signals caused by

ντ particles incident on the detectors, which produce elec-
trons and muons by τ decay, is known as τ -contamination
[36, 37]. It is known that this background affects the
attainable sensitivity to the oscillation parameters, caus-

ing significant systematic shifts if not properly taken into
account [38]. The degree with which an experiment can
control the τ background differs by design. At the LENF,
the dominant τ particles are right-sign, and only signifi-
cantly impact the disappearance channel measurements.
Under the assumption that cos δ will introduce the dom-
inant uncertainty in the measurement of sum rules, we
can conclude that the impact of τ -contamination should
be slight. For the WBB, the τ -contamination will af-
fect both appearance and disappearance channels. How-
ever, the greater kinematic information attainable with
LAr detectors can significantly reduce the impact of this
background: a cut-based analysis on transverse momen-
tum is very effective at removing leptons originating
from τ decay [39]. Therefore, to fairly implement the τ -
contamination effect, we must use information from the
experimental groups working on these detectors. This
information is not available for LAr detectors, and we
have chosen to omit the τ -background at all of the fa-
cilities when we are making a direct comparison of per-
formance. The full implementation of τ -contamination is
possible for the LENF with MIND, and we have checked
that there is no significant impact on our conclusions.

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% 
sin212 6% 0.7% 
sin223 20% N/A 
sin213 14% 4% ~ 15% 

• Mass hierarchy 
• Precision measurement of 

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

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

 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

Future prospects: Daya Bay 
 Calibration & maintenance 

completed last summer.  
 Full detector operational since 

Oct. 2012 
 Precision measurements in the 

next 3-5 years 

2013-6-27 20 

8 AD 
run 

We are 
here now 

Y. Wang, LP13

Daya Bay
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Sterile neutrinos (eV-GeV scale)

The scale of the new physics responsible for neutrino 
masses is unconstrained and could be as low as the eV 
scale.

On the other side, possible hints of light sterile 
neutrinos have been found in various experiments 
although their validity is under discussion.

Two approaches:
1. explain why sterile neutrinos are so light
2. use light sterile neutrinos in models to generate light 
neutrino masses.
At times the two approaches are related.

MeV GeV TeV GUT scalekeVeVsub-eV

(see Kayser’s and Soler’s lectures)
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Approach 1

This is motivated by the phenomenology and cosmology 
of sterile neutrinos. The idea is to try to explain the 
lightness of sterile neutrinos (not necessarily in 
conjunction with the one of light neutrinos). These 
models are not as developed as the ones for active 
neutrinos and typically borrow similar ideas.

Example. The split see-saw mechanism.

In the low energy effective theory, the Yukawa coupling 
and the mass of the sterile neutrino are suppressed.

SM brane⌫L⌫R
N sterile  brane
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Approach 2

Example. Low energy see-saw

@Silvia Pascoli25
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Figure 4. Left: possible values of the Yukawa couplings and Majorana masses of the sterile neutrinos in
seesaw models. Right: the table shows whether the corresponding choice of the mass for Majorana fermions
may explain neutrino masses and oscillations, accommodate eV neutrino anomalies, lead to baryogenesis,
provide the dark matter candidate, ensure the stability of the Higgs mass against radiative corrections, and
be directly searched at some experiments.

where Lold is the standard model Lagrangian in the absence of gauge singlet fermions, y↵i are
the neutrino Yukawa couplings, and M are the right-handed neutrino Majorana mass parameters.
Eq. (29) is expressed in the weak basis where the Majorana mass matrix for the right-handed
neutrinos is diagonal.

The seesaw formula allows the mass of singlet neutrinos to be a free parameter: Multiplying mD
by any number x and MR by x2 does not change the right-hand side of the formula. Therefore,
the choice of MR is a matter of theoretical prejudice that cannot be fixed by active-neutrino ex-
periments alone. A possible approach is to choose these parameters so that they explain certain
phenomena and aspects beyond-the-standard model, for example, provide a dark matter candidate
or a mechanism of baryogenesis. The most often considered standard approach takes Yukawa cou-
plings y↵I ⇠ 1 and the Majorana masses in the range MN ⇠ 1010 � 1015 GeV. Models with this
choice of parameters give rise to baryogenesis through leptogenesis [6]. For a review of the GUT-
scale seesaw and the thermal leptogenesis scenario associated with it see e.g. [7]. Here we would
like to focus on variants at lower energy scales.

Figure 4 summarizes various choices of combination of mass/Yukawa couplings of sterile neu-
trinos in seesaw models. The right panel summarizes properties of resulting seesaw models, their
ability to solve various beyond-the-SM problems and anomalies, and their testability.

The main generic prediction of Eq. (29) is the existence of 3 + nR Majorana neutrinos, most of
them massive. All of these “contain” the three active neutrino flavors and hence can, in principle,
be observed experimentally. One exception is the case MR = 0. In this case, the massive Majorana
neutrinos “pair up” into at most three massive Dirac fermions.7 The neutrino data can determine
all physically observable values of yv = mD – the neutrino masses and the elements of the neutrino
mixing matrix, three angles and one CP-odd Dirac phase. Qualitatively, the neutrino data require
mD ⇠ 10�3 eV to ⇠ 10�1 eV. The case M ⌧ mD, as far as observations are concerned, is similar

7In the case nR = 2, there are two massive Dirac neutrinos and one massless neutrino. In the case nR > 3, there are
three massive Dirac neutrinos and nR � 3 massless gauge singlet, bona fide sterile, neutrinos that do not mix with any
of the active states and are completely unobservable.

17

As the sterile mass becomes 
very small, tiny couplings are 
required.

Models in which the new masses and mixing angles 
explain on one side the oscillation data (LSND...) and 
on the other the mass splittings and mixing angles 
have been considered. 
It has been shown that 3+2 see-saw scheme could 
work and provide a good fit to the data, despite being 
quite constrained. But further studies are required.

White paper on sterile neutrinos
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Approach 1+2

Example 1. Use of symmetries
For active neutrinos we have seen that some 
symmetries lead to a massless eigenstate. A prime 
example is                      .
The idea is to use the same symmetry also in the sterile 
neutrino sector.

The symmetry is then slightly broken to generate both 
the mass of the sterile neutrino and the splitting 
between m2 and m3 and the correct pattern of mixing.

Le � Lµ � L⌧ ) m1 = 0, m2 = m3 (IH)

) M1 = 0, M2 = M3

@Silvia Pascoli26

Le � Lµ � L⌧
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Example 2. Extended see-saw

We have introduced two right-handed singlet neutrinos.

This results in a very heavy neutrino, one light sterile 
neutrino and light neutrino masses. 

For typical values

and large mixing.

Of course, it may also be satisfied for other choices of parameters, but ✏ = µ = 0 is the

most stable one under radiative corrections and higher order terms in the expansion, as we

will show later. From now on we will assume that this cancellation condition is fulfilled.

Obviously, setting ✏ and µ to zero leads to vanishing tree level active neutrino masses as

well. However, the light neutrino masses can be generated at one-loop as we will see.

One could naively think that taking into account Eq. (3) would lead us to the same

cancellation for the heavy neutrinos (see Eq. (2)), however, the dependence of the NME on

mI avoids a complete cancellation, if the heavy neutrinos are not very degenerate.

When the heavy neutrinos are above the 0⌫�� scale, m
4

,m
5

� 100 MeV, the heavy

contribution to the 0⌫�� decay amplitude can be approximated as

Aextra /
extraX

I

mIU
2

eIM0⌫��(mI) / �
�
mT

DM
�3mD

�
ee

(16)

= v2
�
µ3 + ⇤2(2µ+ µ0)

�
Y 2

1e � 2✏⇤
�
⇤2 + µ02 + µ2 + µµ0�Y

1eY2e +
�
µ02 + ⇤2(µ+ 2µ0)

�
✏2Y 2

2e

2 (⇤2 � µµ0)3
,

which reduces to

Aextra /
v2µ0Y 2

1e

2⇤4

. (17)

if the light neutrino contribution is cancelled (✏ = µ = 0). Apparently, the above expression

indicates that for large values of µ0 and/or small enough ⇤ the heavy neutrinos may give a

relevant contribution to the 0⌫�� decay at tree level. At this point two interesting limits of

Eq. (8) arise:

• Extended seesaw limit (ESS limit): µ0 � ⇤, mD. In view of Eq. (17), this possibility

appears quite appealing. This limit matches the so-called extended seesaw models [28]

and corresponds to a hierarchical spectrum for the heavy neutrinos:

m
4

⇡ M̃
1

⇡ �⇤2/µ0, Ue4 ⇡ Y
1ev/

p
2⇤,

m
5

⇡ M̃
2

⇡ µ0, Ue5 ⇡ Y
1ev/

p
2µ0,

(18)

where we also show the corresponding mixing with the active neutrinos. In this regime,

the lightest of the two heavy neutrinos dominates the heavy contribution. Moreover,

for large enough values of µ0, m
4

becomes lighter than 100 MeV, the NME takes its

maximum value and the heavy contribution to the 0⌫�� decay becomes independent

of ⇤:

Aextra / U2

e4m4

M0⌫��(0) ⇡ �Y 2

1ev
2

2µ0 M0⌫��(0) . (19)

10

µ0 � ⇤, µ

0

@
0 Y v Y2v
Y v µ0 ⇤
Y2v ⇤ µ

1

A with

m4 ⇠ (102 GeV)2

1010 GeV
⇠ 1 keV
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How are we going to test these models?

We search for sterile neutrino signatures.
As their parameters might be related to neutrino 
masses, the predictions can be more constrained than in 
general.

MeV GeV TeV GUT scalekeVeVsub-eV

Signatures

Neutrino 
masses

Peak searches

Neutrinoless double 
beta decay

Kinks in beta 
decay

Dark Matter, 
WDM, HDM

Nu oscillations
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MeV GeV TeV GUT scalekeVeVsub-eV

eV scale: Neutrino oscillations etc.

Sterile neutrinos with eV masses will induce neutrino 
oscillations in short baseline oscillations . This is the most 
sensitive search. (see Kayser’s and Soler’s lectures)

Other signatures are present:
- eV sterile neutrinos, if in equilibrium in the Early Universe 
contribute to the HDM and to the number of relativistic 
degrees of freedom at the CMB. (see Adam’s lectures)

- they contribute to neutrinoless double beta decay (see 
later).

- They might be seen in beta decays.
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13 – Laboratory constraints

1e-08 1e-06 0.0001 0.01
m4 [GeV]

0.0001

0.01

1

|V
e4

|2
187Re
63Ni
3H
35S
20F
Fermi2

[Atre, Han, SP, Zhang, 2009]

keV scale: Kinks and dark matter

Sterile neutrinos with keV masses have attracted a lot of 
attention because they constitute the favoured warm dark 
matter candidate. Their phenomenology depends critically 
on the mixing angles.

- Kinks in beta decays.

@Silvia Pascoli30

MeV GeV TeV GUT scalekeVeVsub-eV

13 – Laboratory constraints

Kinks in the electron β-spectrum

For masses m ∼ 10 eV–1 MeV, the search of kinks in the β− spectrum is
very sensitive to an admixture of heavy neutrinos in νe.

Atre et al., 2009
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Warm Dark Matter

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

Therefore they have been considered as a DM 
candidate, with clustering properties intermediate 
between hot dark matter and cold dark matter (hence 
the name warm dark matter).

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...

(see Adam’s lectures)
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Their production is different from active neutrinos as 
they were never in equilibrium with the thermal 
plasma. They got produced via loss of coherence in 
oscillations, decays of heavier particles, etc...

Production via oscillations. Active neutrinos were kept 
in equilibrium with the other particles till

3 – Sterile neutrino production in the EU

3 – Sterile neutrino production in the EU

The simplest mechanism of νs production in the EU is via oscillations.
[Dodelson and Widrow, 1992]

νa are kept in equilibrium due to the weak interaction with the other particles
in the bath (e±...) till

Γweak ∼ H

• Γweak = 〈σ〉n ∼ G2
FT 2T 3

• H =
√

4π3g∗
45

T 2

mPl

This corresponds to a temperature: Tdec ∼ MeV

3 – Sterile neutrino production in the EU

3 – Sterile neutrino production in the EU

The simplest mechanism of νs production in the EU is via oscillations.
[Dodelson and Widrow, 1992]

νa are kept in equilibrium due to the weak interaction with the other particles
in the bath (e±...) till

Γweak ∼ H

• Γweak = 〈σ〉n ∼ G2
FT 2T 3

• H =
√

4π3g∗
45

T 2

mPl

This corresponds to a temperature: Tdec ∼ MeV

with
Exercise

Compute the neutrino 
decoupling temperature

which corresponds to a decoupling temperature of MeV.
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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

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.

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.
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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

@Silvia Pascoli34

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]

6 – Sterile neutrino resonant production

• The production (both resonant and incoherent) is enhanced with respect to
the case of negligible lepton asymmetry and much smaller values of the
vacuum mixing angles are required.

[Abazajian et al., 2001; see also Shi, Fuller, 1998, Kishimoto, Fuller, 2008]

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

Abazajian et al., 2001
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⌫4 ! ⌫a� E� = m4/2 Br(⌫�) ⇠ 0.01
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Bounds on these DM candidates are derived from their 
effect on structure formation in the Early Universe and 
from indirect searches of their decays.

- 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 ~5 
KeV range.
This bound can be relaxed if the production mechanism 
makes the sterile neutrinos “cooler”, eg. in resonance 
production or from decays of heavy particles.

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

with and
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The resulting bounds are very stringent.

There is some tension between x-ray searches and 
structure formation bounds, unless the other 
production mechanisms are invoked.

Recently WDM simulations of large scale structure 
formation have gained renewed interest.

12 – Tension between LSS and x-ray constraints

This tension can be avoided if a colder DM component is present or it the
spectrum is peaked at smaller p (as in RP or boson decay).

[Boyarsky et al., 2009]

Boyarsky et al., 2009
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MeV-100 GeV scale: peak searches and decays

Sterile neutrinos with MeV masses require not too Yukawa 
small couplings.

- Peak searches. In pion and kaon decays, if a heavy 
neutrino is emitted, the energy of the muon or electron 
will present a peak at smaller energy.

@Silvia Pascoli37

MeV GeV TeV GUT scalekeVeVsub-eV

Atre et al., 2009
m= 0.1 eV

m= 1 eV
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- Decays.
Via mixing the heavy neutrino will be produced in SM 
processes, e.g. pion decays, and then can decay in visible 
particles inside the detector (electrons, muons, pions....).

0.1 1 10 100
m4 (GeV)
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10-4

10-3

10-2
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100

|V
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NA3

PS 191

NuTeV

BEBC

CHARM II

FMMF

K -->  µ ν

DELPHI

Figure 4: Limits on |Vµ4|2 versus m4 in the mass range 100 MeV–100 GeV come from peak
searches and from N4 decays. The area with solid (black) contour labeled K → µν [92] is excluded
by peak searches. The bounds indicated by contours labeled by PS191 [86], NA3 [87], BEBC [93],
FMMF [94], NuTeV [95] and CHARMII [96] are at 90% C.L., while DELPHI [89] and L3 [90] are
at 95% C.L. and are deduced from searches of visible products in N4 decays. For the beam dump
experiments, NA3, PS191, BEBC, FMMF and NuTeV we give an estimate of the upper limit for
the excluded values of the mixing angle.

The µ− e universality test, done by comparing the decay rate of pions into eν̄ and µν̄, can
be used to constrain the ratio

1 − |Ve4|2

1 − |Vµ4|2
, (2.11)

for m4 > mπ [70, 71]. The analysis of experimental data leads to 1−|Vµ4|2

1−|Ve4|2
= 1.0012±0.0016

[71], which implies |Ve4|2 < 0.004 at 2σ for the least conservative case of |Vµ4|2 = 0. For
m4 > mτ , the µ − τ universality sets limits on:

1 − |Vτ4|2

1 − |Vµ4|2
, (2.12)

and can be tested by looking at the τ leptonic and hadronic decays which give |Vτ4|2 −
|Vµ4|2 = 0.0057 ± 0.0065 [71] and |Vτ4|2 − |Ve4|2 = 0.0054 ± 0.0064 [71]. The most con-
straining bound on |Vτ4|2 is obtained for |Ve4|2, |Vµ4|2 = 0 and reads |Vτ4|2 < 0.018 at 2σ.
The unitarity constraint on the first row of the CKM matrix [99] reads

∑

i=1,2,3

|V CKM
ui |2 =

1

1 − |Vµ4|2
= 0.9992 ± 0.0011, (2.13)

– 11 –

The production is 
controlled by the 
mixing angle and so 
is the decay length.

m= 0.1 eV
m= 1 eV
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- Tau and Meson LNV decays. They get resonantly 
enhanced for M~ 100 MeV - 1 GeV.

Atre, Han, Pascoli, Zhang, 0901.3589

m= 0.1 
eV

m= 1 eV

Monday, 12 August 13



Neutrinoless double beta decay

As for light neutrinos, sterile neutrinos, if Majorana, will 
induce neutrinoless double beta decay.

(T 1/2
0⌫ )�1 / G0⌫

�����NMElight

X

i

miU
2
ei +NMElightm4U

2
e4 +NMEheavymhU

2
eh

�����

2

@Silvia Pascoli40

MeV GeV TeV GUT scalekeVeVsub-eV

(see Kayser’s and Yang’s lectures)

The half-life time depends on neutrino properties.
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M2
i � p2

Nuclear Matrix Element (NME)

Data available @ 
http://www.th.mppmu.mpg.de/members/blennow/nme_mnu.dat  

● Two different 
regions separated
by nuclear scale

● Mild dependece
on the nuclei

Nuclear Matrix Element (NME)

Data available @ 
http://www.th.mppmu.mpg.de/members/blennow/nme_mnu.dat  

● Two different 
regions separated
by nuclear scale

● Mild dependece
on the nuclei

The NME behaviour changes at p~100 MeV, the scale 
of the process. In most cases they are subdominant as 
the NME for heavy particles suppress their 
contribution w.r.t. the long range processes.

So if the new neutrinos are >> 100 MeV, typically their 
effects will be suppressed (there are exceptions).

m2
i ⌧ p2
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If the masses are below 100 MeV, their effects are not 
suppressed and the effective Majorana mass is 
modified by the contribution due to sterile neutrinos.

From a phenomenological point of view, the new 
mass, mixing angle and phase are free parameters and 
one can find typical bounds:

But this is not the case in specific cases. Light see-saw:

13 – Laboratory constraints

The half-life time, T1/2
0ν , of the (ββ)0ν -decay can be factorized as:

[

T1/2
0ν (0+ → 0+)

]−1
∝ |MF − g2

AMGT |2 |<m>| 2

• MF , MGT are nuclear matrix elements.

• | < m > | is the effective Majorana mass parameter:

|<m>| ≡
∣

∣

∣

∑

light miU2
ei + m4|Ue4|2eiα41

∣

∣

∣ ,

|<m>| contains all the dependence of T1/2
0ν on the neutrino parameters.

Uej are the elements of the lepton mixing matrix UPMNS, mj the masses of
the massive neutrinos νj , αj1 the CP-violating phases.

13 – Laboratory constraints

• These bounds translate into a limit on sin θ as a function of the sterile
mass:

sin2 θ <∼
|<m>|

m4
∼ 10−4 3 keV

m4

• For more than one sterile neutrino, it is possible to have cancellations
among different terms due to the additional CPV phases and the bounds can
be strongly weakened.

✓
0 mD

mT
D M

◆
= U

total

✓
m

light

0
0 m

4

◆
UT
total

0 =
X

i

UeimiUei
Although Majorana neutrinos, no signal 
in neutrinoless double beta decay!
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The nuMSM

This is the minimal extension of the SM which 
incorporates neutrino masses, dark matter and the 
baryon asymmetry. It requires 3 sterile neutrinos:
- N4 is the DM candidate with mass ~keV;
- N5 and N6 have masses in the GeV-100 GeV range to 
generate the baryon asymmetry and neutrino masses.

There is no explanation for the smallness of the mass 
of N4 and for the scale of N5 and N6. 

See e.g. Shaposhnikov et al.
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Figure 7. The allowed region of parameters of two sterile neutrinos in the ⌫MSM, responsible for neutrino
oscillations (region above dotted line “seesaw”) and for baryo/leptogenesis (region between two black solid
lines). The hatched region “BBN” is excluded from primordial nucleosynthesis [141, 142]. Accelerator
experiments, searching for heavy neutral leptons exclude regions above blue solid lines (see [143] for up-
to-date details). Prospects for sterile neutrino searches with the LBNE experiment are showed in red dashed
line [137].

D. Sterile Neutrino Dark Matter

The nature of Dark Matter (DM) is among the most intriguing questions of modern physics. Its
resolution will have a profound impact on the development of particle physics. Indeed, massive
neutrinos of the Standard Model were among the first dark matter candidates. However, it was
understood that in a Universe filled with such hot dark matter particles, large scale structure would
be incompatible with observations [144]. Standard model neutrinos turned out to be too light to
be viable dark matter candidate. As a result, the DM particle hypothesis necessarily implies an
extension of the standard model. Candidate DM particles in such hypothetical standard model
extensions di↵er drastically in their properties (such as mass, interaction strength, clustering prop-
erties) and therefore in their observational signatures.

Sterile neutrinos (that have very weak interaction with the ordinary matter, exactly as DM does)
are attractive dark matter candidates if the model provides

Su�cient stability.: This originates from the requirement that the dark matter candidate lives at
least as long as the age of the Universe and, what is perhaps more important, from astro-
physical X-ray bounds. This requirement poses strict bound on the sterile neutrino Yukawa
couplings and on interactions beyond those of the SM (if any are present).

Production mechanism.: This may be the most complicated problem with the sterile neutrino
DM. Depending on the model, this may give further requirements on the DM neutrino
Yukawa couplings, and constrain properties of other particles (for example other sterile neu-
trinos).

Specific mass scale.: The mass scale of the DM neutrino is bounded from several considerations.
A lower bound is provided by the structure formation in the Universe, in a way that is
dependent on the neutrino momentum distribution, which itself depends on the production
mechanism. In specific models, di↵erent additional requirements may appear for the masses
of the non-DM sterile neutrinos.

23

The heavier particles 
are testable in future 
experiments.
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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. Large theta13 poses challenges to many flavour models.

44
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Flavour models: 
S. Luo, Z.-Z. Xing, 1211.4331
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