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What will you learn from this lecture?

!   Origin of neutrino masses and leptonic mixing
    - Type of neutrino masses

 - Models BSM for neutrino masses
    - See-saw mechanism
    - How to explain the observed mixing structure 
and Flavour symmetry models (very brießy)

!  Neutrinos in cosmology
   - neutrinos in the Early Universe
   - Leptogenesis and the baryon asymmetry
   - Sterile neutrinos as WDM (in additional material)
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The ultimate goal is to 
understand

- where do neutrino 
masses come from?

- why there is leptonic 
mixing? and what is at the 

origin of the observed 
structure?
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Neutrinos give a new perspective on physics BSM.

This information is complementary with the one from 
ßavour physics experiments and from colliders.

1. Origin of masses 2. Problem of ßavour

Open window on Physics beyond the SM

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

! "#$ ! "

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

Why leptonic mixing 
is so different from 
quark mixing?
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What kind of masses can 
neutrinos have? 

First step: 
We need to augment the SM Lagrangian with terms 
which describe neutrino masses. 



! L ! ei (+1) ! ! L

! R ! ei (?) ! ! R
@Silvia Pascoli7

A mass term for a fermion connects a left-handed Þeld 
with a right-handed one. For example the ÒusualÓ Dirac 
mass

Dirac masses 
This is the simplest case. We assume that we have two 
independent Weyl Þelds: 
and we can write down the term as above.

Does it conserve lepton number?

m! ( ø! R ! L + h .c.) = m!
ø!!

Exercise 
check this formula

! L , ! R

L mD = ! m! (ø! R ! L + h .c.)

Neutrino masses in the nuSM lagrangian
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A mass term for a fermion connects a left-handed Þeld 
with a right-handed one. For example the ÒusualÓ Dirac 
mass

Dirac masses 
This is the simplest case. We assume that we have two 
independent Weyl Þelds: 
and we can write down the term as above.

This conserves lepton number!

m! ( ø! R ! L + h .c.) = m!
ø!!

Exercise 
check this formula

! L , ! R

L mD = ! m! (ø! R ! L + h .c.)

Neutrino masses in the nuSM lagrangian

L mD ! L mD
! L ! ei! ! L

! R ! ei! ! R



Diagonalize a Dirac mass term

If there are several Þelds, there will be a Dirac mass 
matrix. 

This requires two unitary mixing matrices to 
diagonalise it

and the massive states are

@Silvia Pascoli9

L mD = ! ø! Ra (mD )ab ! Lb + h .c.

nL = U  ! L nR = V   ! R

mD = V mdiag U 

This is the mixing matrix which enters in neutrino 
oscillations. So the form of the mass matrix 
determines the mixing pattern.



Majorana masses 
If we have only the left-handed Þeld, we can still write 
down a mass term, called Majorana mass term. We use 
the fact that

then the mass term is 

This breaks lepton number!
! L ! ei! ! L

! R ! ei! ! R

ø! c
L ! L = ( Cø! T

L )  " 0! L = ø! !
L C  " 0! L

= ! T
L " 0! C  " 0! L = ! ! T

L C" 1! L

L mM ! e2i! L mM

@Silvia Pascoli10

(! L )c = ( ! c)R

Exercise 
Show that these two 
formulations are 
equivalent.Hint:

L mM ! " M M ø! c
L ! L + h .c. = M M ! T

L C! 1! L



Diagonalize a Majorana mass term

If there are several Þelds, there will be a Majorana mass 
matrix. We can show that it is symmetric.

This implies that only one unitary mixing matrix is 
required to diagonalise it

! T
L M M C! 1! L = ( ! T

L M M C! 1! L )T

= ! ! T
L M T

M C! 1,T ! L = ! T
L M T

M C! 1! L

@Silvia Pascoli11

In fact:

M M = M T
M

M M = ( U  )T mdiag U 



The massive Þelds are related to the ßavour ones as

and the Lagrangian can be rewritten in terms of a 
Majorana Þeld

with

A Majorana mass term (breaks L) leads to Majorana 
neutrinos (breaks L).

L M = !
1
2

ønc
L mdiag nL !

1
2

ønL mdiag nc
L = !

1
2

ø!m diag !

@Silvia Pascoli12

! ! nL + nc
L " ! = ! c

nL = U  ! L



Dirac + Majorana masses 
If we have both the left-handed and right-handed Þelds, 
we can write down three mass terms:
- a Dirac mass term
- a Majorana mass term for the left-handed Þeld and
- a Majorana mass term for the right-handed Þeld.

What do we expect the massive neutrinos to be?  
Dirac, Majorana, both? 

@Silvia Pascoli13

L mD + M = ! m! ø! R ! L !
1
2

! T
L M M,L C! 1! L !

1
2

! T
R M M,R C! 1! R + h .c.



Dirac + Majorana masses 
If we have both the left-handed and right-handed Þelds, 
we can write down three mass terms:
- a Dirac mass term
- a Majorana mass term for the left-handed Þeld and
- a Majorana mass term for the right-handed Þeld.

@Silvia Pascoli14

L mD + M = ! m! ø! R ! L !
1
2

! T
L M M,L C! 1! L !

1
2

! T
R M M,R C! 1! R + h .c.

This breaks lepton number, in both the Majorana 
mass terms. 

The expectation is that, as lepton number is not 
conserved, neutrinos will be Majorana particles.
LetÕs prove it.



We start by rewriting

with

Then, we need to diagonalise the full mass matrix, and 
we Þnd the Majorana massive states, in analogy to what 
we have done for the Majorana mass case.

The difference is that 

L mD + M = !
1
2

ø! c
L M ! L + h .c.

! L !
!

" L

" c
R

"
and M !

!
M M,L mT

D
mD M M,R

"

ø! c
L mT

D ! c
R = ø! R mD ! L

! ! nL + nc
L " ! = ! c

@Silvia Pascoli15

L mD + M = !
1
2

ø! c
L M M,L ! L !

1
2

ø! R M M,R ! R ! ø! R mD ! L + h .c.
In fact

and one can use
Exercise 

Show that these two 
formulations are 
equivalent.

nL = Uj ! L + Uk ! c
R

Not unitary Mixing between mass states and 
sterile neutrinos
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Summary of neutrino mass terms 

Dirac masses 
L mD = ! m! (ø! R ! L + h .c.)

This term conserves lepton number.

Majorana masses 

L mM ! " M M ø! c
L ! L + h .c. = M M ! T

L C! 1! L

Lepton number is broken -> Majorana neutrinos.

Dirac + Majorana masses 

L mD + M = ! m! ø! R ! L !
1
2

! T
L M M,L C! 1! L !

1
2

! T
R M M,R C! 1! R + h .c.

This term breaks lepton number.
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Can neutrino masses arise in 
the SM? and if not, how can 

we extend the SM to 
generate them? 



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

!  like the other fermions as there are no right-handed 
neutrinos.

Solution:   Introduce         for Dirac masses

!  they do not have a Majorana mass term

as this term breaks the SU(2) gauge symmetry.
Solution: Introduce an SU(2) scalar triplet or gauge 
invariant non-renormalisable terms (D>4). This term 
breaks Lepton Number.

meøeL eR m! ø! L ! R

! R

M ! T
L C! L

18

Neutrino masses in the SM and beyond



L = ! y! øL á ÷H! R + h .c.

L =
!

! L

eL

"
and ÷H =

!
H 0,!

! H "

"

If we introduce a right-handed neutrino, then a 
lepton-number conserving interaction with the Higgs 
boson emerges.

Thanks to 
H. Murayama

Dirac Masses

19

This term is 
- SU(2) invariant and 
- respects lepton number

with
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Tiny couplings!

When the neutral component of the Higgs Þeld gets 
a vev, a Dirac mass term for neutrinos is generated.

It follows that

L !H = ! y! (ø! L , ø"L ) á
!

H 0!

! H "

"
! R + h .c.

= ! y! (ø! L H 0! ! ø"L H " )! R + h .c.

= ! y!
vH"

2
ø! L ! R + h .c. + . . .

H 0 !
vH"

2
+ h0

y! !

"
2m!

vH
!

0.2 eV
200 GeV

! 10! 12
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Many theorists consider this explanation of 
neutrino masses not satisfactory. We would expect 
this Yukawa couplings to be similar to the ones in 
the quark sector:

1. why the coupling is so small????
2. why the mixings are large? (instead of small as in 
the quark sector)
3. why neutrino masses have at most a mild 
hierarchy if they are not quasi-degenerate? instead 
of what happens to quarks?

Dirac masses are strictly linked to lepton number 
conservation. But this is an accidental global 
symmetry. Should it be conserved at high scales?

21



Majorana Masses

D=5 term

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

22

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

!L = !
L áHL áH

M
=

!v 2
H

M
" T

L C  " L

Lepton number
violation!

Weinberg operator, PRL 43



L ! GF (øeL ! µ " L )(ø" L ! µ eL ) L SM ! gø! L " µ eL Wµ " GF !
g2

m2
W

!L = !
L áHL áH

M
=

!v 2
H

M
" T

L C  " L

?

e f f e c t i v e 
theory

S t a n d a r d 
Model:
W exchange

H

H

Neutrino mass
New theory:
new par t ic le 
exchange with 
mass M

23



H

H

H

H

H

H

H
H

Fermion
singlet Scalar

triplet

Fermion
triplet

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

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

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

Ma, Roy, Senjanovic, 
Hambye

24

!L = !
L áHL áH

M
=

!v 2
H

M
" T

L C  " L
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!  Introduce a right 
handed neutrino N 
(sterile neutrino)  
!  Couple it to the Higgs 
and left handed neutrinos"

The Lagrangian is
breaks lepton number

Models of neutrino masses BSM

See-saw type I
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!
!
!
!

! ! m D

mD M ! !

!
!
!
! = 0

! 2 ! M! ! m2
D = 0

When the Higgs boson gets a vev, Dirac masses will be 
generated. The mass matrix will be (for one generation)

This is of the Dirac+Majorana type we discussed earlier. 
So we know that the massive states are found by 
diagonalising the mass matrix and the massive states will 
be Majorana neutrinos.
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One massive state remains very heavy, the light 
neutrino masses acquires a tiny mass!

Mixing between active neutrinos and heavy neutrinos 
will emerge but it will be typically very small

and can be related to neutrino masses

m! !
m2

D

M
"

1 GeV2

1010 GeV
" 0.1 eV

! 1,2 =
M ±

!
M 2 + 4m2

D

2
!

M
M ! M

2 " 4m 2
D

4M = " m 2
D

M

tan 2! =
2mD

M
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Pros and cons of type I see-saw models

Pros:
- they explain ÒnaturallyÓ the smallness of neutrino 
masses.
- can be embedded in GUT theories!
- neutrino masses are a indirect test of GUT theories
- have several phenomenological consequences 
(depending on the mass scale), e.g. leptogenesis, LFV

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

28



GUT theories and the see-saw mechanism

29

6 15. Grand UniÞed Theories

Figure 15.1: Gauge coupling uniÞcation in non-SUSY GUTs on the left vs. SUSY
GUTs on the right using the LEP data as of 1991. Note, the di! erence in the
running for SUSY is the inclusion of supersymmetric partners of standard model
particles at scales of order a TeV (Fig. taken from Ref. 24). Given the present
accurate measurements of the three low energy couplings, inparticular ! s(M Z ),
GUT scale threshold corrections are now needed to preciselyÞt the low energy data.
The dark blob in the plot on the right represents these model dependent corrections.

when is the SUSY breaking scale too high. A conservative bound would suggest that the
third generation quarks and leptons must be lighter than about 1 TeV, in order that the
one loop corrections to the Higgs mass from Yukawa interactions remains of order the
Higgs mass bound itself.

At present gauge coupling uniÞcation within SUSY GUTs works extremely well. Exact
uniÞcation at M G, with two loop renormalization group running from M G to M Z , and
one loop threshold corrections at the weak scale, Þts to within 3 " of the present precise
low energy data. A small threshold correction at M G (#3 ! - 3% to - 4%) is su" cient
to Þt the low energy data precisely [25,26,27]. 2 This may be compared to non-SUSY
GUTs where the Þt misses by! 12 " and a precise Þt requires new weak scale states in

2 This result implicitly assumes universal GUT boundary conditions for soft SUSY
breaking parameters atM G. In the simplest case we have a universal gaugino massM 1/ 2,
a universal mass for squarks and sleptonsm16 and a universal Higgs massm10, as motivated
by SO(10). In some cases, threshold corrections to gauge coupling uniÞcation can be
exchanged for threshold corrections to soft SUSY parameters. See for example, Ref. 28
and references therein.

June 18, 2012 16:19

S. Rabi, PDG

The SM has a very complex gauge structure (3 gauge 
couplings) and charge assignments for the Þelds. 
GUTs aim at providing a uniÞed picture.

Due to the renormalisation of the couplings, they ÒrunÓ 
and unify at a very high energy scale, typically        GeV.
Proton decay is predicted and is the main signature of 
these models.

1016



L ! ! y! L T C! 1! i ! i L + h .c.

! i =

!

"
! ++

! +

! 0

#

$

m! ! y! v!

@Silvia Pascoli

HH

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

with

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

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

See-saw type II

30



T =
!

T0 T+

T ! ! T0

"
L T ! yT øL!H áT + h .c.

@Silvia Pascoli

We introduce a fermionic triplet 
which has hypercharge 0.

with

Majorana neutrino masses are 
generated as in see-saw type I:

Pros: the component of the fermionic triplet have 
gauge interactions and can be produced at the LHC 
Cons: why the mass of T is very large?

m! ! " yT
T M ! 1

T yT v2
H

H

H

Fermion
triplet T

See-saw type III

31



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

LetÕs introduce two right-handed singlet neutrinos.

L = Y øL áHN 1 + Y2 øL áHN c
2 + ! øN1N2 + µ!N T

1 CN1 + µN T
2 CN2

Extensions of the see saw mechanism

!

"
0 Y v Y2v

Y v µ! !
Y2v ! µ

#

$

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

experiments leave those limits as the only allowed regions forn = n! = 1 and ÷M1 = ÷M2.

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

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

÷M1 != ÷M2 studied here, leaves the seesaw limit (÷Mi " ÷mD ) as the only relevant part of the

parameter space in the 0!"" decay context2. From now on, we will focus on theseesaw

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

or the TeV scale and can be considerably lighter [25Ð27].

IV. LIGHT NEUTRINO MASSES AND 0!"" DECAY

For ÷Mi " ÷mD , the light neutrino mass matrix is given at tree level by

mtree # $ mT
D M " 1mD #

v2

2(! 2 $ µ!µ)

!
µY T

1 Y1 + #2µ!Y T
2 Y2 $ ! #(Y T

2 Y1 + Y T
1 Y2)

"
, (12)

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

Eq. (8) for n = n! = 1. Here, we have performed the standard Òsee-sawÓmD /M expansion

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

relevant. The contribution of the light mostly-active neutrinos to the 0!"" decay amplitude

is proportional to the ÒeeÓ element of this e" ective mass matrix as

Alight &
3#

i =1

mi U2
eiM

0!"" (0) ' $
!
mT

D M " 1mD
"

ee
M 0!"" (0) =

=
µY 2

1e + #Y2e (#µ!Y2e $ 2! Y1e)
2(! 2 $ µ!µ)

v2M 0!"" (0) . (13)

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

the model satisfy the following relation

µY 2
1e + #Y2e (#µ!Y2e $ 2! Y1e) = 0 . (14)

This condition is fulÞlled for

#= µ = 0 . (15)

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

studied.

9

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

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

32



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

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

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

Other models of neutrino masses

m! !
g2

16! 2 f (M, µ 2
" )

V = . . . ! µH 1H2 + ! i ÷L i H2 + " !
ijk

÷L i ÷L j ÷Ek + ...

33

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

See e.g.  Aulakh, Mohapatra, PLB119; Hall, Suzuki, NPB231; Ross, Valle, PLB151; Ellis et al., 
NPB261; Dawson, PRD57, ...
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GUT see-saw ILow energy 
See-saw

Neutrino masses
and mixing

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

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

What is the new physics?

MeV GeV TeV GUT scalekeVeVsub-eV



35

GUT see-saw ILow energy 
See-saw

Neutrino masses
and mixing

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

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

What is the new physics?

MeV GeV TeV GUT scalekeVeVsub-eV

? ? ?



Complementarity with other searches

Signatures

Neutrino 
masses

Charged lepton 
ßavour violation

Leptogenesis

Indirect signals 
(proton decay)

36

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

Direct signals in 
colliders

Peak searches

Nuless 2beta decay
Kinks in beta 

decay

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



Neutrino masses induce very suppressed LFV processes.

e
! i

W
µ

!

Br (µ ! e! ) " 3!
32" (

P
i =2 ,3 U!

µi Uei
! 2 m i 1

m 2
W

)2 " 10" 53

Br (µ ! e! ) " 3!
32" (

P
i =2 ,3 U!

µi Uei
! 2 m i 1

m 2
W

)2 " 10" 53

Charged lepton ßavour violation

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

Br (µ ! e! ) " 3!
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The same       
parameters 

enter in LFV, nu 
masses and 

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

Signatures of TeV scale see-saw

The characteristic signatures are LNV (same-sign 
dileptons and no missing ET), LFV (trileptons with 
different ßavours), displaced vertices (for low mass N).
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A note: In see-saw type I, Lepton number violating 
signatures are typically suppressed because they are 
related to neutrino masses (which are tiny). But other 
production mechanisms are present in many BSM models:

Gauge B-L:  pp #  Z' #  N N
See-saw type II: Scalar Triplets
Triplet see-saw. 
Left-Right models via WR
Inverse see-saw

X
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Searches for LNV and LFV processes at colliders

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

with higher luminosity 
signiÞcantly stronger 

bounds can be obtained.

CMS PAS EXO-17-028
From B. Dev talk at Neutrino 2018

PRL 120 2018
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Figure 8:Observed and expected 95% conÞdence level upper limits on the cross-section times branching ratio for
the production of mTISM heavy Majorana neutrinos as a function of the heavy neutrino mass for (a) theeechannel
and (c) theµµ channel. The limits on the mixing between the heavy Majorana neutrinos and the SM neutrinos are
shown in (b) and (d). Values larger than the solid black line are excluded by this analysis.

7.2 Results in the LRSM signal region

The observed and expected numbers of events for the LRSM signal regions are shown in table5. There
are no excesses observed above the expected numbers of background events.

The LRSM signal is expected to produce a peak in the invariant mass of the decay products of the heavy
gauge boson. This would be observed in the invariant mass distributionm!! j( j) (m!! j j ( j j )) in theWR (Z!)
signal regions, as described in section4. The observed and predicted distributions are shown in Þgures9
and10. Binned likelihood Þts are performed to the invariant mass distributions and the proÞle-likelihood
test statistic is used to assess the compatibility of the data with the background-only and signal-plus-
background hypotheses. No signiÞcant excess is observed in the data compared to the background ex-
pectation and 95% CL upper limits on the cross-section of the production of heavy gauge bosons decaying
to heavy neutrinos within the LRSM are set using theCLs method. The expected and observed cross-
section exclusion limits as a function of the masses of the heavy gauge bosons and heavy neutrino are
shown for example mass points for both channels,eeandµµ, in table6. The full cross-section limits
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Same-sign dilepton plus jets without /ET

2 1 Introduction

where j runs over heavy neutrino flavour states. However, the neutrinoless double beta decay
experiments can only set limits on mixing with first generation leptons. Collider experiments
on the other hand can also search for mixing with second and third generation fermions. If VeNj

saturates ! ee in Eq. (2), the limit on VeN from neutrinoless double beta decay can be satisfied
either by demanding that mN is beyond the TeV scale, or that there are cancellations among
the different terms in Eq. (3), as may happen in certain models [27]. Other models with heavy
neutrinos have also been examined. The ATLAS and CMS collaborations at the LHC have
reported limits on heavy Majorana neutrino production in the context of the Left-Right Sym-
metric Model [28, 29]. The ATLAS experiment also set limits based on an effective Lagrangian
approach [28].

Because of the Majorana nature of the heavy neutrino considered here, both opposite- and
same-sign lepton pairs can be produced. This search concentrates on the same-sign dilepton
signatures since these final states have very low SM backgrounds. In addition to these leptons,
the Majorana neutrino also produces an accompanying W boson when it decays. We search for
W decays to two jets, as this allows reconstruction of the mass of the heavy neutrino without
missing any transverse momentum associated with SM neutrinos.

The dominant production mode of the heavy neutrino under consideration is shown in Fig. 1.
In this process the heavy Majorana neutrino is produced by s-channel production of a W boson,

!"

!

#
$ %&

%&

%&

$ %
!
!

'%#
%

'%#
%

"

Figure 1: The Feynman diagram for resonant production of a Majorana neutrino (N). The
charge-conjugate diagram results in a ! ! ! ! qq" final state.

which decays via W+ # N! + . The N can decay via N # W! ! + with W! # qq", resulting in a
! + ! + qq" final state. The charge-conjugate decay chain also contributes and results in a ! ! ! ! qq"

final state. In the this analysis, only ! = e or µ is considered. In a previous publication [30]
by the CMS Collaboration a search for heavy neutrinos in events with a dimuon final state
was reported. In the present paper the search is expanded to include events with e± e± qq"

and e± µ± qq" final states. These decay modes are referred to as the dielectron and electron-
muon channels, respectively. The lowest order parton subprocess cross section !̂ ( ŝ) for qq" #
(W± )$ # N! ± at a parton center-of-mass energy

%
ŝ is given by is given [31] by:

!̂ ( ŝ) =
"# 2

W

72ŝ2
!
ŝ ! (mW ! i

2 " W)2
" |V! N|2(ŝ ! m2

N)2(2ŝ+ m2
N), (4)

where #W is the weak coupling constant, and mW and " W are the W boson mass and width,
respectively.

Observation of a ! ! ! (")! qq" signature would constitute direct evidence of lepton number vi-
olation. The study of this process in different dilepton channels brings greater likelihood for
the discovery of a Majorana neutrino, and constrains the mixing elements. The dielectron and
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8 Summary

A search for heavy Majorana neutrinos in the Þnal states with same-sign dileptons and jet(s)
has been performed in proton-proton collisions at a center-of-mass energy of 13 TeV, using
a data set corresponding to an integrated luminosity of 35.9 fb " 1. No signiÞcant excess of
events compared to the expected standard model background prediction is observed. Up-
per limits at 95% CL are set on the mixing matrix element between standard model neutrinos
and heavy Majorana neutrino ( |V! N |), as a function of heavy Majorana neutrino mass, mN .
The analysis improved on previous searches by adding single-jet events into the signal region,
which improved sensitivities for the lowest and and highest mass regions. For mN = 40 GeV
the observed (expected) limits are |VeN|2 < 9.5 (8.0) # 10" 5, |VµN |2 < 2.0 (2.4) # 10" 5, and
|VeNV!

µN |2/ (|VeN|2 + |VµN |2) < 2.74 (2.84) # 10" 5. While for mN = 1000 GeV the limits are

|VeN|2 < 0.43(0.32), |VµN |2 < 0.27(0.16), and |VeNV!
µN |2/ (|VeN|2 + |VµN |2) < 0.14(0.13). The

search is sensitive to masses of heavy neutrinos up to 1600 GeV. The limits on the mixing ma-
trix elements were placed up to 1430 GeV for the |VµN |2, 1240 GeV for|VeN|2, and 1600 GeV for
|VeNV !

µN |2/ (|VeN|2 + |VµN |2). These limits are the most restrictive direct limits for heavy Majo-
rana neutrino masses above 430 GeV. These are the Þrst limits on the heavy neutrino mixing
parameters with the standard model neutrinos for Majorana neutrino masses above 1200 GeV.
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Probes (sub) TeV scale heavy Majorana neutrinos with ÔlargeÕ active-sterile mixing.
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replica PDF sets generated using weights, giving a PDF probability distribution centered on
the nominal PDF set [95].

The limited statistical precision of the available MC samples leads to an additional uncertainty
of 1Ð30%, depending on the process and search region.

The expected and observed yields together with the relative contributions of the different back-
ground sources in each search region, are shown in Fig. 1. Tabulated results and enlarged ver-
sions of Fig. 1, with potential signals superimposed, are provided in Appendix A. We see no
evidence for a signiÞcant excess in data beyond the expected SM background. We compute
95% conÞdence level (CL) upper limits on |VeN|2 and |VµN |2 separately, while assuming other
matrix elements to be 0, using the CLs criterion [96, 97] under the asymptotic approximation for
the test statistic [98, 99]. A simultaneous Þt of all search regions is performed and all systematic
uncertainties are treated as log-normal nuisance parameters in the Þt.

The interpretation of the results is presented in Fig. 2. The N lifetime is inversely proportional
to m5

N |V! N |2 [53, 59]. At low masses this becomes signiÞcant, resulting in displaced decays and
lower efÞciency than if the decays were prompt, illustrated by comparison of the black dotted
line in Fig. 2 (prompt assumption) with the Þnal result. This is accounted for by calculating the
efÞciency vs. N lifetime, and propagating this to the limits on mixing parameter vs. mass.

1 10 210 310
 (GeV)Nm

5!10

4!10

3!10

2!10

1!10

12 |
eN

|V

95% CL upper limits
Expected
 2 std. deviation±
 1 std. deviation±

Observed

decays
prompt N
Observed,

DELPHI prompt
DELPHI long-lived
L3
ATLAS
CMS 8 TeV

CMS

 (13 TeV)-135.9 fb

1 10 210 310
 (GeV)Nm

5!10

4!10

3!10

2!10

1!10

12 |
Nµ

|V

95% CL upper limits
Expected
 2 std. deviation±
 1 std. deviation±

Observed

decays
prompt N
Observed,

DELPHI prompt
DELPHI long-lived
CMS 8 TeV
ATLAS

CMS

 (13 TeV)-135.9 fb

Figure 2: Exclusion region at 95% CL in the |VeN|2 vs. mN (left) and |VµN |2 vs. mN (right) planes.
The dashed black curve is the expected upper limit, with one and two standard-deviation
bands shown in dark green and light yellow, respectively. The solid black curve is the ob-
served upper limit, while the dotted black curve is the observed limit in the approximation of
prompt N decays. Also shown are the best upper limits at 95% CL from other collider searches
in L3 [41], DELPHI [38], ATLAS [28], and CMS [27].

In summary, a search has been performed for a heavy neutral lepton N of Majorana nature
produced in the decays of a W boson, with subsequent prompt decays of N to W ! , where the
vector boson decays to ! ! . The event signature consists of three charged leptons in any com-
bination of electrons and muons. No statistically signiÞcant excess of events over the expected
standard model background is observed.

Upper limits at 95% conÞdence level are set on the mixing parameters |VeN|2 and |VµN |2, rang-

ing between 1.2! 10" 5 and 1.8 for N masses in the range 1 GeV< mN < 1.2 TeV. These results
surpass those obtained in previous searches carried out by the ATLAS [28] and CMS [27, 29]
Collaborations, and are the Þrst direct limits for mN > 500 GeV. This search also provides the
Þrst probes for low masses (mN < 40 GeV) at the LHC, improving on the limits set previously
by the L3 [34] and DELPHI [38] Collaborations. For N masses below 3 GeV, the most stringent
limits to date are obtained from the beam-dump experiments: CHARM [31, 36], BEBC [30],
FMMF [37], and NuTeV [39].

[Phys. Rev. Lett. 120, 221801 (2018); Poster #94 by S. Oh]
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@Silvia Pascoli

Neutrinos give a new perspective on physics BSM.

This information is complementary with the one from 
ßavour physics experiments and from colliders.

1. Origin of masses 2. Problem of ßavour

Open window on Physics beyond the SM

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

! "#$ ! "

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

Why leptonic mixing 
is so different from 
quark mixing?

41
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Why do we observe a 
speciÞc pattern of mixing 

angles? Is there an 
underlying principle? 



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

43

M M = ( U  )T mdiag U  nL = U  ! L

Example. In the diagonal basis for the charged 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 ßavour, both the mass matrix for leptons and 
neutrinos will be predicted and need to be diagonalised:
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In a model of ßavour, both the mass matrix for leptons and 
neutrinos will be predicted and need to be diagonalised:

in the CC interactions (and oscillations):



Phenomenological approaches 

Various strategies and ideas can be employed to 
understand the observed pattern (many many 
models!).

- Flavour symmetries: continous, discrete (A4, A5, S4É)

- Complementarity between quarks and leptons

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

- OtherÉ.
@Silvia Pascoli46
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What will you learn from this lecture?

!   Origin of neutrino masses and leptonic mixing
    - Type of neutrino masses

 - Models BSM for neutrino masses
    - See-saw mechanism
    - How to explain the observed mixing structure 
and Flavour symmetry models (very brießy)

!  Neutrinos in cosmology
   - neutrinos in the Early Universe
   - Leptogenesis and the baryon asymmetry
   - Sterile neutrinos as WDM (in additional material)



Useful formulae 

Particles in a thermal bath are described by 

The number densities are given by

Entropy

s =
2! 2

45
g! T3

@Silvia Pascoli48

f eq =
1

exp(p! µ !
T ) ± 1

neq ! g
!

mT
2!

" 3/ 2

e! m
T

neq ! gT3

Non relativistic

Relativistic
Internal d.o.f.

Relativistic d.o.f.
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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

! = ! !n "

H =

!
8!G N

3
" 2 !

T2

mPl For radiation domination

!! ! " ø"



! = G2
F T2

n ! gT3

H "
T2

mPl

! ! H " T #
!

1
G2

F mPl

" 1/ 3

! 1 MeV
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Hot relic 

A hot relic is a particle with decouples when 
relativistic.

The typical example is neutrinos.

Exercise 
Compute T more precisely.



Y !
n
s a! 3

! ! h2 =
! !

! cr
h2 =

n! m!

! cr
h2 =

m!

91.5 eV

@Silvia Pascoli51

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

So

both scale as

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

kfs = 0 .11

! "
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 f ! to that with three massless neutrinos. The pa-
rameters (! m, ! ! ) = (0 .147, 0.70) are kept Þxed, and from top to bottom the curves
correspond to f ! = 0 .01, 0.02, 0.03, . . . , 0.10. The individual massesm! range from
0.046 eV to 0.46 eV, and the scaleknr from 2.1! 10! 3h Mpc! 1 to 6.7! 10! 3h Mpc! 1

as shown on the top of the Þgure.keq is approximately equal to 1.5! 10! 2h Mpc! 1.

Looking now at all wavenumbers, we plot in Fig. 12 the ratio ofthe matter
power spectrum for! MDM over that of ! CDM, for di " erent values of f ! ,
but for Þxed parameters (! m, # ! ). Here again, the! MDM model has three
degenerate massive neutrinos. As expected from the analytical results, this
ratio is a step-like function, equal to one fork < k nr and to a constant for
k " keq. The value of the small-scale suppression factor is plottedin Fig. 13
as a function off ! and of the numberN! of degenerate massive neutrinos, still
for Þxed (! m, # ! ). 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 signiÞcantly. The well-known formulaP(k)f ! /P (k)f ! =0 # $ 8f ! is a
reasonable Þrst-order approximation for 0< f ! < 0.07.

4.6 Summary of the neutrino mass e! ects

4.6.1 E! ects on CMB and LSS power spectra for Þxed(! m, # ! ) and degen-
erate masses

In Fig. 14, we showCT
l and P(k) for two models: ! CDM with f ! = 0 and

! MDM with N! = 3 massive neutrinos and a total density fractionf ! = 0.1.
We also display for comparison the neutrinoless model of Sec. 4.4.6. In all
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Fig. 14. CMB temperature anisotropy spectrum CT
l and matter power spectrum

P(k) for three models: the neutrinoless! CDM model of section 4.4.6, a more re-
alistic ! CDM model with three massless neutrinos (f ! ! 0), and Þnally a ! MDM
model with three massive degenerate neutrinos and a total density fraction f ! = 0 .1.
In all models, the values of (! b, ! m, " ! , As, n, " ) have been kept Þxed.
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Fig. 15. CMB temperature anisotropy spectrum CT
l and matter power spectrum

P(k) for three models: the same! CDM model as in the previous Þgure, with three
massless neutrinos (f ! ! 0); and two models with three massive degenerate neutri-
nos and a total density fraction f ! = 0 .1, sharing the same value of! b and ! cdm as
the massless model, which implies a shift either inh (green dashed) or in" ! (blue
dotted).

models, the values of (! b, ! m, ! ! , As, n, " ) have been kept Þxed, with the
increase in! ! being compensated by a decrease in! cdm. There is a clear
di" erence 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 ßuctuations in the perturbed Einstein equation [91]. However our
purpose is to focus on the impact of the mass, i.e. on the di" erence between
the solid (red) and thick dashed (green) curves in Fig. 14.

Impact on the CMB temperature spectrum. For f ! " 0.1, the three
neutrino species are still relativistic at the time of decoupling, and the di-
rect e" ect 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...

!  Lyman alpha: this traces the intergalactic low density 
gas.

!  21 cm lines: MWA, SKA and FFTT. 
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!

i

mi ! 0.02 eV " 0.003 eV

!

i

mi < 0.11 eV ! 0.17 eV

!

i

mi < 0.1 eV ! 0.2 eV

!  Lensing of galaxies

By using the cosmic shear, it is possible to reconstruct 
the matter distribution at different redshifts.
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What will you learn from this lecture?

!   Origin of neutrino masses and leptonic mixing
    - Type of neutrino masses

 - Models BSM for neutrino masses
    - See-saw mechanism
    - How to explain the observed mixing structure 
and Flavour symmetry models (very brießy)

!  Neutrinos in cosmology
   - neutrinos in the Early Universe
   - Leptogenesis and the baryon asymmetry
   - Sterile neutrinos as WDM (in additional material)



In order to generate dynamically a baryon asymmetry, 
the SakharovÕs conditions need to be satisÞed:

- B (or L) violation;

- C, CP violation;

- departure from thermal equilibrium.

58

The baryon asymmetry. The theory



In order to generate dynamically a baryon asymmetry, 
the SakharovÕs conditions need to be satisÞed:

- B (or L) violation;
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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

! !( X c " Y c + B c) # !( X " Y + B )

In order to generate dynamically a baryon asymmetry, 
the SakharovÕs conditions need to be satisÞed:

- C, CP violation;
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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.

!( X c ! Y c + B c) = !( X ! Y + B )

The baryon asymmetry. The theory



!( X ! Y + B ) = !( Y + B ! X )

T < M X

In order to generate dynamically a baryon asymmetry, 
the SakharovÕs conditions need to be satisÞed:

- out of equilibrium
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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 ! ør )

@Silvia Pascoli62

Baryogenesis

LetÕs 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 ! qøq B2 Br (2) = 1 " r

Bx = B1r + B2(1 ! r )

B øX = ! B1ør ! B2(1 ! ør )



! B = ( B1 ! B2)( r ! ør )
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Baryogenesis

LetÕs 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 ! qøq B2 Br (2) = 1 " r

Bx = B1r + B2(1 ! r )

B øX = ! B1ør ! B2(1 ! ør )

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.

!  Introduce a right handed neutrino N 
!  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 ) "= !( N ! ! cH c)

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

N ! ! cH c

T

-T=M

-
T=100 
GeV



! 1 !
!( N1 " lH ) # !( N1 " ølH c)
!( N1 " lH ) + !( N1 " ølH c)

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



@Silvia Pascoli

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, LFV for TeV scale models, ...)

4. Neutrinos were in equilibrium in the Early Universe. They 
decoupled around 1 MeV and since then they impacted 
signiÞcantly on the evolution of the Universe (BBN, CMB, LSS).
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Leptogenesis
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70

What will you learn from this lecture?

!   Origin of neutrino masses and leptonic mixing
    - Type of neutrino masses

 - Models BSM for neutrino masses
    - See-saw mechanism
    - How to explain the observed mixing structure 
and Flavour symmetry models (very brießy)

!  Neutrinos in cosmology
   - neutrinos in the Early Universe
   - Leptogenesis and the baryon asymmetry
   - Sterile neutrinos as WDM (in additional material)
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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 ÒstableÓ on the cosmic timescales.

11 Ð Indirect searches

11 Ð Indirect searches

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

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

al., 1995; Pal, Wolfenstein, 1982]

The decay rate is given by

! 3! ! sin2 2#G2
F

m5
4

768" 3 " 10! 30s! 1 sin2 2#
10! 10

!
m4
keV

" 5

! !$ ! sin2 2# $G2
F

9m5
4

2048" 4 " 10! 32s! 1 sin2 2#
10! 10

!
m4
keV

" 5

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

10 Ð Large scale structure formation constraints

10 Ð 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 Pascoli72

3 Ð 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 ! a

ø! a

N4

The ÓsterileÓ neutrinoN4 production

¥ depends on sin2 "

¥ is controlled by ! a and will stop at Tdec

3 Ð 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
!

2! (3)
" 2 GF T3(L ± ! / 4)

with L = ( n#a " nø#a )/ " $

¥ Þnite temperature effects

|VT | = " CaG2
F T4E/ #

We have (! (p) = m2
4/ (2E))

sin2 2$m = ! 2(p) sin2 2%
! 2(p) sin2 2%+ D 2+( ! (p) cos 2%" 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 Þnal abundance is 

!
!t

f s(p, t) ! Hp
!
!p

f s(p, t) "
! a

2
#P(" a $ " s; p, t)%(f a(p, t) ! f s(p, t))

f a(p, t) = (1 + eE/T )! 1
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3 Ð Sterile neutrino production in the EU

The Þnal abundance is ! 4h2 ! 0.3
sin2 2!
10! 8

! m4

10keV

" 2

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

sin
2
!

1

10

m
 s
  [

ke
V

]

pulsar kick

"   = 0.3

"   > 0.3

#

pulsar kick and dark m
atter

#1

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 ÒcolderÓ distribution with !psterile " < !pactive ". Parameters here are shown as stars
in Fig. 6. This Þgure 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 matterÕs 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 scalarS-particle is introduced
with an interaction Lagrangian

L int =
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 ÒwarmerÓ or ÒcolderÓ 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 signiÞcant, that has to be included. In the various particle-decay mechanisms,
the ÒparentÓS-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 ÒComa+VirgoÓ [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 ÒDW,Ó 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 fromSuzakuwhich extend to higher energies and masses
[194]. At the highest energies, constraints exist from theFermi Gamma-Ray Space TelescopeGamma-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
signiÞcant detections of unidentiÞed candidate dark matter lines had been found, with only upper limits to
the decay ßux.

In early 2014, Bulbul et al. [28] used stacked cluster observations totaling over 6 Ms in exposure time
and detected an unidentiÞed line near 3.55 keV in energy at high signiÞcance, 4 to 5! , using both the PN
and MOS CCDs aboardXMM-Newton. The signal was also detected inChandra 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 usedChandra 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 ßux uncertainty, i.e. , not including dark matter
proÞle 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] analyzedXMM-Newton MOS data in the fame Þeld of view as theHitomi
data, and found the MOS data to have a higher ßux within that Þeld. Hitomi excluded the central value of
the new MOS detection by 3! . The prior detections were not appreciably constrained by theHitomi data,
as shown in Fig. 6.

The NuSTAR telescope was found to be su! ciently sensitive to 3.5 keV photons, with a wide Þeld of
view, ! 37 deg2, from Òzero bounceÓ photons allowed into the detector because the design of the telescopeÕs
optical bench allows for these photons in without passing through the telescopeÕs 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 Þelds. A few unidentiÞed 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 ßux expected from previous detections given the dark matter in the
Þeld of view. The response ofNuSTAR 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 theChandra 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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sin2 2! ! 7 " 10! 11
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In 2014 two independent groups presented 
indications of a line around 3.5 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%
signiÞcance) tension with the most recentChandra limit
from M31 (Horiuchi et al. 2014), as shown in Figure
13(b).

For the PN ßux for the line Þxed at the best-Þt 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 conÞdent measurements
are provided by the highest signal-to-noise ratio stacked
MOS observations of the full sample, we will use the ßux
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 7 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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Neutrinoscope App

Physicists know that neutrinos exist thanks to very large and complex detectors, 
but these particles are not rare. In fact, most natural objects emit neutrinos: 
every second, your own body ! res off around 8000 of them!

!"#$%&!'()'*"+

Then, turn the camera on the world 
around you and see what you can see! 
As you pan around, you will see the 
known sources of neutrinos in your 
current location. What can you ! nd?

With the NeutrinoScope app, we invite you to explore the sources of neutrinos 
around you. First, you can see simulations of some of the most important 
sources of neutrinos: the Sun, the atmosphere, radioactivity.

,-./0120345..-.67

89:.;95/0 !<=>?-.9(49@<0 ,9?0
,?<<0,?9A0>B<0C@@;<05@@0

3>9?<0.9:+

For more information visit www.ghostsintheuniverse.org
        @IPPP_Durham #ghostsintheuniverse
        @neutrinosQMUL #ghostsintheuniverse

'?0D-3->7
:::E6B93>3-.>B<=.-D<?3<E49AF.5A<G9,G65A<

NeutrinoScope was 
developed in partnership 
with Cambridge Consultants, 
a world leader in disruptive 
innovation and technology-
based consulting. For more 
information, visit www.
cambridgeconsultants.com
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Neutrino game: NuOdyssey

!"#$%&'%()*##"#+,
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When a neutrino is produced, it travels through space close to the speed of light, nearly unstopped.

In fact, billions of neutrinos are going through you right now without you noticing them!

Nevertheless, as they travel, once in a while, they would interact with different types of particles in various ways.

You can explore how a neutrino interacts in this game! Would you be able to reach Super-Kamiokande and be detected? 

9:;<=>>?=


