
LECTURE II 

•  The standard 3ν scenario and its unknowns  

•  Experimental prospects to discover leptonic CP and 
determine the neutrino hierarchy 

 
•  Neutrinos and beyond the Standard Model physics 



Stars shine neutrinos  
1939 Bethe  �

Stablishes the theory of stelar nucleosynthesis 

Nobel 1967�



¿How many neutrinos from the Sun ? 

Bahcall (died 2005)�



Nobel 2002�
Raymond Davies    �

1966  he detects for the first time solar neutrinos in  
a tank of 400000 liters 1280m underground 
(Homestake mine)   
	  

The hero of the caves 

Did not convince because he saw 0.4 of the expected…. 

Problem in detector ? In solar model  ? In  neutrinos ? 

Other radiochemical experiments: Gallium with lower-threshold confirmed 



Koshiba (Nobel 2002) �

Underground cathedrals of light 

Allows to reconstruct velocity and direction, e/µ particle identification 



e-‐	   n	  

SuperKamiokande (22.5 kton!) �
SNO�

Neutrinography of the  
sun 



Flavour of solar neutrinos 

Can be tested in the Earth with  
Reines&Cowen experiment ! 
�
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KamLAND: solar oscillation  
Reines&Cowan experiment ½ century afterwards  
at 170 km from Japenese reactors … 

�m2

solar

' 8⇥ 10�5 eV 2

Large mixing 



Large	  mixing	  

Solar neutrinos and MSW 

Exercise:	  from	  what	  we	  saw	  yesterday	  and	  this	  plot	  es:mate	  the	  mixing	  angle	  



Atmospheric Neutrinos 

Produced in the atmosphere when primary cosmic rays collide with it,  
producing π,	  K	  

⌫µ/⌫e ⇠ 2



Atmospheric Neutrinos 



Atmospheric Neutrinos 

e	  events	   µ	  events	  



Atmospheric Oscillation 

Reines&Cowan experiment at 1km! 

Lederman&co experiment  at 1000km! 

�m2
atm = 2.5⇥ 10�3eV 2Large	  mixing	  	  
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Lederman&co neutrinos oscillate with the 
atmospheric wave length 

Pulsed neutrino beams to 700 km baselines 

OPERA	  

MINOS	  

|�m2

atmos

| ⇥ 2.5� 10�3 eV 2

⌫µ ! ⌫⌧



T2K 

⌫µ ! ⌫e

@ATM	  

Using the SuperKamiokande detector!  



Reines&Cowan (reactor)  neutrinos oscillate with 
atmospheric wave length 

Daya Bay �

Two different wave lengths 

2012  Double Chooz, Daya Bay, RENO  

@ATM	  

 10% effect �

Modern copies of the influential experiment Chooz that barely missed  
the effect and set a limit  



Standard 3ν scenario 

Solar and atmospheric osc. decouple as 2x2 mixing phenomena: 
 �
•  hierarchy 

•  small    �
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Experiments in the atmospheric are described approximately by 2x2 mixing with  
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Experiments in the solar range are described approximately by 2x2 mixing with  
	  

The measuremed oscillation of ne in T2K, DayaBay, RENO and Dchooz implies  
gives ✓13 ⇠ 9�



?	  

Gonzalez-Garcia et al 1209.3023�
�m2

13 > 0 �m2
13 < 0

Standard 3ν scenario 
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Can we measure the hierarchy with existing 
neutrino sources ? 



Spectacular MSW effect at O(6GeV) and very long baselines: no need for  
spectral info nor two channels  

Hierarchy through MSW @Earth 

1	  

0	  

Mikheev, Smirnov; Wolfenstein �



Hierarchy from atmospherics ? the hard way… �
�e, �̄e, �µ, �̄µ

Atmospheric data contain the golden signal but hard to dig… 
neutrino telescopes (PINGU, ORCA) or improved atmospheric detectors 
(HyperK, INO) 
 

    �
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 Hierarchy from reactor ν’s �
Petcov, Piai; Choubey et al; Learned et al �

L = 50 km�



Hierarchy propects    

 

 

Future prospects

Blennow, Coloma, Huber and Schwetz, 1311.1822 [hep-ph]
Blennow, Coloma, Huber, Schwetz 1311.1822�



Leptonic CP violation (in vacuum) 

P atmos � P solar @E/L ⇠ �23

Best S/N: 



Golden Channel in matter   

In matter: 

B± �
⇥
2GFne ±�13

Cervera et al, 2000�



Golden Channel in matter   

In matter: 

B± �
⇥
2GFne ±�13

Cervera et al 00�
�

Parameter degeneracies (eg. neutrino hierarchy, octant) compromise δ 
sensitivity 

Burguet et al; Minakata, Nunokawa; �
Barger, Marfatia, Whisnant �
Minakata, Parke �

Hierarchy dependence�Octant dependence�



Stat�only
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L=650km	  

L=1300km	  

Naive scaling of S/N assuming statistical errors dominate … 

@	  

To maximize sensitivity to CP violation don’t go too far  



Hierarchy + CP in one go… 
             superbeams+superdectectors  

Europe LBNO: 2300km 

USA LBNE: 1300km Japan HK: 230km 



	  
	  

Compiled by P. Coloma �

4.5y of LBNO beam �

O(10kton) LAr can do the job easily 

In 20 years from now with conventional beams…  
 �



In 20 years from now with conventional beams…  
 �

Courtesy	  of	  P.	  Coloma	  
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Why are neutrinos so much lighter ? 
Neutral vs charged hierarchy ? 

mf	  	




CKM 

PMNS  

Why so different mixing ? 

3σ	




?	  

SM	  

νSM	  

Neutrinos have tiny masses -> a new physics scale, what ? 



                         What is this ν scale? 

Example: Type I seesaw model (interchange heavy singlet fermions)  

L = LSM �
nRX

i=1

l̄�LY
�i�̃�iR �

nRX

i,j=1

1

2
�̄icRM ij

N �jR + h.c.

 
 

Minkowski; Gell-Mann, Ramond Slansky; Yanagida, Glashow…	


mν	


MN �

�

⇤
⌘ Y T

N
1

MN
YN



Charged/neutral hierarchy in seesaw (I)    

 MN = GUT�

 ΜΝ= TeV �
ν	


Yukawa	  

Yukawa	  

 ΜΝ= GUT�
ν	




New physics scale 

 
 

Type III see-saw: interchange a heavy triplet fermion 

Foot et al; Ma; Bajc, Senjanovic…�



New physics scale 

 
 

Type II see-saw: interchange a heavy triplet scalar 

Konetschny, Kummer; Cheng, Li; Lazarides, Shafi, Wetterich …	




New physics scale 

 
 

Also from loops ! 
	  
	


Zee-Babu	




Pinning down the New physics scale  

GeV	  MeV	  keV	  eV	  

Hierarchy	  problem	  or	  SUSY	  ?	  

meV	  

H	   H	  

N	  

ν	


The new scale is stable under radiative corrections due to Lepton Number  
symmetry but the EW is not! 

Λ	


�m2
H =

Y †Y

4⇡2
M2

N log

MN

µ

not natural in the absence of SUSY MN � mH

TeV	  



Pinning down the New physics scale  

Robust predictions of high (and not so high) scale  
�
        there is neutrinoless double beta decay at some level (Λ > 100MeV)  
 
           �
        a matter-antimatter asymmetry if there is CP violation in the  
lepton sector: leptogenesis  
 
            there are other states out there at scale Λ: new physics beyond  
neutrino masses  
      �
        �
       �
�

N	  
H	   H	  

TeV	  GeV	  MeV	  keV	  eV	  

Hierarchy	  problem	  or	  SUSY	  ?	  

meV	  
Λ	


νSM	  



 Majorana nature: ββ0ν	

Plethora of experiments with different techniques/systematics: EXO,�
 KAMLAND-ZEN, GERDA, CUORE, NEXT, SuperNEMO, LUCIFER…	  

Updated by Gonzalez-Garcia et al, 2012�

If Λ > 100MeV �

Post-‐Planck	  

Vissani 2002, Fogli et al, �



Type I Seesaw Model 
Most general (renormalizable) Lagrangian compatible with SM  
gauge symmetries: 
 

Y: 3 x nR         MN: nRx nR  �

L = LSM �
nRX

i=1

l̄�LY
�i�̃�iR �

nRX

i,j=1

1

2
�̄icRM ij

N �jR + h.c.

Phenomenology and predictivity depends on nR  and  global 
symmetries (patterns in Y and MN)  



Minimal models 
Most general (renormalizable) Lagrangian compatible with SM  
gauge symmetries: 
	


Y: 3 x nR            MN: nRx nR  �

nR Li # zero modes # masses # angles # CP phases

1 - 2 2 2 0

+1 2 1 2 0

2 - 1 4 4 3

(+1,+1) 1 2 3 1

(+1,-1) 3 1 3 1

3 - 0 6 6 6

(+1,+1,+1) 0 3 3 1

(+1,-1,+1) 2 2 6 4

(+1,-1,-1) 4 1 4 1

Table 1: Spectrum and number of independent angles and phases for the models with nR = 1, 2
without and with global lepton number symmetries. The second column shows the lepton number,
L, charge assignments of the extra singlets., Li Only charge assignments were none of the extra
singlets gets completely decoupled are considered.

and atmospheric oscillations. On the other hand the model without the global symmetry

contains in principle sufficient parameters (two mass eigenstates and two angles) to explain

both oscillations lengths.

The model with nR = 2 and no lepton number symmetries, gives rise to a spectrum

including four massive and one massless neutrino. There are also four physical angles and

three CP violating phases.

Simplifications also occur when lepton number symmetries are imposed. For nR = 2

there are two choices for the lepton number charge assignments that allow renormalizable

couplings between the extra singlet fermions and the SM neutrinos. One obvious choice

is to give both of the sterile fields lepton number charge +1. In this case, the spectrum

degenerates into a massless neutrino and two massive Dirac neutrinos. The number of

physical angles gets reduced to three and there is only one physical CP phase. Obviously

this choice is as good as the standard three-neutrino mixing model to accommodate existing

oscillation data.

The other choice for the charge assignments is to give charge +1 only to one of the extra

fields and -1 to the other. In this case, the spectrum consist of three massless neutrinos and

one massive Dirac one. The number of physical angles is reduced to two and there is no

CP violation. This model with just one mass cannot explain oscillation data. However, a

small perturbation that breaks the lepton number symmetry is again as rich as the generic

case of nR = 2, but with some strong hierarchies, naturally preserved by the approximate

lepton number symmetry. This is the minimal flavour violating seesaw model considered

in [?] (see also [?]). For nR = 3, there are many more possibilities, listed in Table ??.

3. Parametrization

Consider the generic mass matrix corresponding to the model with three left-handed neu-

– 5 –

Number of Physical Parameters 

L = LSM �
nRX

i=1

l̄�LY
�i�̃�iR �

nRX

i,j=1

1

2
�̄icRM ij

N �jR + h.c.

1 Dirac�

2 Dirac�

3 Dirac�
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3+2 Minimal�

3+3 Minimal�



Minimal models 
Most general (renormalizable) Lagrangian compatible with SM  
gauge symmetries: 
	

L = LSM �

nRX

i=1

l̄�LY
�i�̃�iR �

nRX

i,j=1

1

2
�̄icRM ij

N �jR + h.c.

= LSM � 1

2
nTM⌫ Cn+ h.c.

n =

✓
⌫L
⌫cR

◆

M� =

✓
0 mD

mT
D MN

◆

mD ⌘ Y ⇤ vp
2

MN =diag(M1,M2,…)	




Spectrum: 3+nR Majoranas 

If mD << MN UTMU '
✓

ml 0
0 mh

◆

To leading order in  ✏ ⌘ m⇤
DM�1

N

ml = �mDM�1
N mT

D +O(✏2)

mh = MN +O(✏2)

-3 light states (mostly active with O(ε) admixture of sterile): 

-nR heavy ones (mostly sterile with O(ε) admixture of active): 



m1
m2

m3

M1

M2

M3

MN

 �

•  kinematically allowed (the lower the mass the better) 
•  they mix significantly with the rest of the SM 
 (the lower the mass the better) 

|U↵si |2 ⇠ ml

Mi

Spectrum: nR=3 

Dirac	  limit	   Seesaw	  limit	  



Casas&Ibarra parametrization 
• Physical parameters only  
• Convenient to impose existing constraints 

ml = �mDM�1
N mT

D +O(✏2)

ml = U⇤
PMNSDiag(m1,m2,m3)U

+
PMNS

1 = RRT R = im1/2
⌫ UT

PMNSmDM�1/2
N

mD = U⇤
PMNSm

�1/2
⌫ RM�1/2

N

Light	  neutrino	  masses	  &	  mixings	   Heavy	  neutrino	  masses	  

General	  orthogonal	  3	  x	  nR	  matrix	  



Baryon asymmetry  

The Universe seems to be made of matter 

WMAP�



Baryon asymmetry  

Can it arise from a symmetric initial condition with same  
matter & antimatter ?  

Sakharov’s necessary conditions for baryogenesis  

ü 	  Baryon number violation (B+L violated in the Standard Model) 
ü  C and CP violation (both violated in the SM) 
ü  Deviation from thermal equilibrium (at least once: electroweak  
                                             phase transition) 

It does not seem to work in the SM with massless neutrinos …  

CP violation in quark sector far to small, EW phase transition too weak… 



L, C and CP violation 

New sources of CP violation and L violation  in the neutrino sector 
can induce CP asymmetries in decays of heavy Majorana ν	  

Generic and robust feature of see-saw models   

Fukuyita, Yanagida�



Lepton asymmetry 

M 2,3 >> M1	  

Different combinations 

Even if we know the neutrino mass we cannot predict the asymmetry  
quantitatively… 



?	  

 Can we see them ? 

N1	  	  	  N2	  	  	  N3	  	  	  
	  



Pinning down the New physics scale  

TeV	  GeV	  MeV	  keV	  eV	  

CMB,	  LSS,DM	   Leptogenesis	  

CLFV	  processes,	  rare	  decays,	  	  EW	  
Precision	  tests,	  LHC	  	   Hierarchy	  problem	  or	  SUSY	  ?	  

SUSY	  GUTs	  

meV	  

Neutrino	  osc.	  	  

Nucleosynthesis,	  SNs	  

ββ0ν	


Baryogenesis	  

Could have very important implications in cosmology and rare processes  



Cosmological neutrinos 
Neutrinos have left many traces in the history of the Universe, because 
in a radiation dominated Universe they are in important fraction of 
the radiation component 

Galaxy distribution (LSS)  <-‐>	  	  
Nucleosynthesis <->	  Nν	


X

i

mi

CMB <-‐>	  Nν	  	  

⌦⌫,0h
2 =

X

i

m⌫i

94eV



Sterile neutrinos @ early Universe 

The extra states  contribute to the energy density of the Universe: 
T < TEW produced via mixing…  

�si '
X

↵

hP (⌫↵ ! ⌫si)i ⇥ �⌫↵

Barbieri&Dolgov; Kainulainen �

Neutrinos propagation is modified by forward scattering on the plasma particles 

V↵ / GF

M2
W

T 5

Notzold, Raffelt �

Thermalisation will occur if for some T:   �si(T )

H(T )
� 1



�si(T )

H(T )
reaches a maximum at  T

max

⇠ (M2

i M
2

W /GF )
1/6

�si(Tmax

)

H(T
max

)
⇠

P
↵ |U↵si |2Mip
g⇤(Tmax

)

If this combination > 1, the sterile neutrino reaches full thermalization:  
very strong constraints from cosmology in a wide range of masses  

Sterile neutrinos @ early Universe 
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Seesaw scale vs cosmology 

 With the naive seesaw scaling law  

PH, M. Kekic, J. López-Pavon  �

�si(Tmax

)

H(T
max

)
⇠

P
↵ |U↵si |2Mip
g⇤(Tmax

)

thermalisation independent of seesaw scale !!  

|U↵si |2 ⇠ ml

Mi

Is approximately fixed by the light neutrino masses:	  



Minimal model: N =2  

N1	  	  	  	  

N2	  	  	  	  



Minimal model: N =3 

N1	  	  	  	  

N2	  	  	  	  

m1	  >	  3.2	  	  x	  10-‐3	  eV	  	  

N3	  	  	  	  



Minimal model: N =3 

N1	  	  	  	  

N2	  	  	  	  

m1	  <	  3.2	  	  x	  10-‐3	  eV	  	  

N3	  	  	  	  



Other states out there ? 

	  	  

NHIH
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Below eV, strong constraints from oscillations… 
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Other states out there ? 

Neutrino anomalies ?�

Oscilla:ons	   Hierarchy	  problem	  or	  SUSY	  ?	  Cosmology	  

TeV	  GeV	  MeV	  keV	  eV	  meV	  



Outliers: LSND anomaly  

-‐	  

LSND vs KARMEN �

Appearance signal with very different  



Neutrino anomalies  

-‐	  

LSND 

Reactors P(	  νµ ->νe	  )	  =	  O(|Uei|2	  |Uµi|2)	   P(νe	  	  -‐>	  νe)	  =	  O(|Uei|2)	  

T. A. Mueller et al;  P. Huber�

+Gallium anomaly+ MiniBOONE low-energy excess… 

|�m2| ⇠ O(MeV )

O(1� 10m)
⇠ O(1GeV )

O(1� 10km)



Neutrino anomalies  
Smoking gun still not there…  

O(1eV) seesaw scale models provide similar fits to the data while being much 
more constrained  

Kopp et al; Conrad et al, �
Archidiacono et al�

Donini, PH, Lopez-Pavon, Maltoni; Fan, Langacker;  �

Consistent with  |U↵si |2 ⇠ ml

Mi

	  
	  	  
P(νe	  	  -‐>	  νe)	  =	  O(|Uei|2)	  
	  
P(νµ	  	  -‐>	  νµ)	  =	  O(|Uµi|2)	  
	  

P(νe	  	  -‐>	  νµ)	  =O(|Uei|2	  |Uµi|2)	  	  
	  

✔	  
✔	  

✗	  



Other states out there ? 

Hierarchy	  problem	  or	  SUSY	  ?	  

Warm DM (N>2)�

Dodelson, Widrow �
Fuller et al�

TeV	  GeV	  MeV	  keV	  eV	  meV	  

Non-trivial thermalization mechanism required: large lepton asymmetries  
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Figure 5. Top panels: 3�4 keV band of the stacked MOS (left panel) and stacked PN (right panel) spectra of the samples. The figures
show the energy band where the new spectral feature is detected. The Gaussian lines with maximum values of the flux normalizations of K
xviii and Ar xvii estimated using AtomDB were included in the models. The red lines in the top panels (shown only for the full sample)
show the model and the excess emission. The blue lines show the total model after another Gaussian line is added, representing the new
line. Middle panels shows the residuals before (red) and after (blue) the Gaussian line is added. The bottom panels show the e↵ective area
curves (the corresponding ARF). Redshift smearing greatly reduces variations of the e↵ective area in the high-z sample.

bution of each cluster i to the total DM line flux in the
stacked spectrum is

!i,dm =
Mproj

i,DM (< Rext)(1 + zi)

4⇡D2
i,L

ei
etot

. (4)

where zi is the redshift of ith cluster, and ei and etot are
the exposure time of ith cluster and the total exposure
time of the sample.
The dark matter mass within the extraction radius is

7 keV neutrino ? 

Ms ' 7keV, sin2 2✓ = 7⇥ 10�11 |U↵s|2 ⌧
p

�m2
atm

Ms

22

Figure 12. Recent constraints on sterile neutrino production
models, assuming sterile neutrinos constitute dark matter (Abaza-
jian et al. 2007). Straight lines in black show theoretical predictions
assuming sterile neutrinos constitute the dark matter with lepton
number L = 0, L = 0.003, L = 0.01, L = 0.1. Constraints from the
cosmic X-ray background are shown in the solid (blue and hatched
regions). The region is solid green is excluded based upon obser-
vations of the di↵use X-ray background (Abazajian et al. 2007).
Individual galaxy cluster constraints from XMM-Newton observa-
tions of the Coma and Virgo clusters are shown in light blue (Bo-
yarsky et al. 2006). The horizontal pink band shows the mass scale
consistent with producing a 100�300 pc core in the Fornax dwarf
galaxy (Strigari et al. 2006), and limits from the Milky Way by
Boyarsky et al. (2006) is indicated with BMW. The orange region
at m

s

< 0.4 keV is ruled out by an application of the Tremaine-
Gunn bound (Bode et al. 2001). Our measurement obtained from
the full sample which is marked with the star in red, is consistent
with previous upper limits.

are unable to collisionally excite any Ar XVII lines, but
dielectronic recombination is still possible. Examining
the satellite line data in the AtomDB, taken from Vain-
shtein & Safronova (1980), shows that even in this case
the maximum ratio is only 7%, as there are DR satellite
lines at the energies of the Ar XVII triplet as well and
these lines would also be excited in such a case. While
not physically impossible if there was a significant and
unexpected error in the atomic physics calculations, we
have no reason to believe this has occurred.
We also note that our assumptions regarding rela-

tive line strengths have assumed the ICM is in thermal
equilibrium or close to it. Charge exchange (CX) be-
tween highly-ionized ions and neutral hydrogen or he-
lium could also create X-ray emission lines with di↵erent
ratios (Smith et al. 2012). This could a↵ect our assump-
tion of equilibrium line ratios, although we have included
a substantial range around the equilibrium values. It is
important to note that these CX lines are not ‘new, but
rather the same lines occurring in di↵erent ratios. Due
to its large cross section relative to electron excitation
rates, astrophysical CX can occur only in a thin sheet
where ions and neutrals interact directly, limiting its to-
tal emission relative to the large ICM volume. In certain

cases, such as the core of the Perseus cluster where many
neutral filaments are known, it is possible that CX could
be large enough to create a small fraction of the total
X-ray emission, although it would not create or enhance
a line at 3.57 keV or the DR line at 3.62 keV. CX could
not dominate the overall emission, however, as it would
also create Fe XVII and other lines that are not detected.

5.2. Sterile neutrino decay line?

An interesting interpretation of the line is the decay
signature of the sterile neutrino, a long-sought dark mat-
ter particle candidate (Boyarsky et al. (e.g., 2009), see
our §1). The mass of the sterile neutrino would be dou-
ble the decay photon energy, ms =7.1 keV. The line flux
detected in our full sample corresponds to a mixing angle
for the decay sin2(2✓) ⇠ 7 ⇥ 10�11. This value is below
the upper limits placed by the previous searches, shown
in Fig. 12. Our detection from the stacked XMM-Newton
MOS observations galaxy clusters are shown with a star
in red in that figure. Figure 13 shows the detections and
upper limits we obtained from our various subsamples we
used in this work (based on the included cluster masses
and distances), as well as a comparison with previous up-
per limit placed using the Bullet cluster by Boyarsky et
al. (2008) at 3.57 keV, which is the most relevant earlier
constraint for us. Since the mixing angle is a universal
quantity, all the subsample measurements must agree.
The line in the subsample of fainter 69 clusters (full

sample sans Perseus, Coma, Ophiuchus and Centaurus)
corresponds to a mixing angle that is consistent with
the full sample; the same is seen (though with a mild
1.5� tension) for the subsample of bright nearby clusters
Coma+Centaurus+Ophiuchus. However, the brightness
of the new line in the XMM-Newton spectrum of Perseus
corresponds to a significantly higher mixing angle than
that for the full sample (by factor 8 for the MOS spec-
trum), which poses a problem in need of further investi-
gation.
We tried to excise the central 10 region of the Perseus

cluster, to see if the flux originates in the cool core of the
cluster. Indeed, this decreased the flux in the line in half
and removed most of the tension with the other measure-
ments. However, this suggests that either some of the line
flux is astrophysical in origin (at least in Perseus), or the
cool gas in the core of the cluster a↵ects our ability to
measure the continuum and the fluxes of the nearby K
xviii and Ar xvii lines, in the end resulting in an over-
estimate of the flux of our detected line. It appears that
in Preseus, there is an anomalously strong line at the po-
sition of the Ar xvii dielectronic recombination line at
3.62 keV.
With this knowledge, we have tried to add this anoma-

lous 3.62 keV line in the model for the full sample, where
we have the most statistically significant line detection.
The additional line is still required, albeit at a lower sig-
nificance and a slightly lower energy of 3.55± 0.03 keV.
Note that the sample of bright clusters is dominated by
the emission from the cool cores of Ophiuchus and Cen-
taurus cluster, if this Ar 3.62 keV line anomaly is typical
of cool cores, they may also be a↵ected. However, free-
ing the flux of the 3.62 keV line in the MOS full-sample
fit did not require additional contribution from clusters
other than Perseus, though the constraints are obviously
weak.

Bulbul et al 1402.2301 �

The νMSM

There are 3 RH ν’s: N1, N2, N3 and the see-saw mechanism
But the Ni masses are all below the EW scale
Actually N1 ~ o(1-10) keV, and N2,3 ~ GeV with eV splitting
Very small Yukawa couplings are assumed to explain the

small active ν masses

The phenomenology of ν oscillations can be reproduced
N1 can explain (warm) DM
N2,3 can explain the Baryon Asymmetry in the Universe

Shaposhnikov et al

N1 decay produces a distinct X-ray line

N2,3 could be detected by dedicated accelerator experiments
(eg in B decays, Br ~ 10-10)
A LOI for the CERN SPS has been presented
Bonivento et al, ArXiv:1310.1762

N1-> ν+γ   (Eγ = mN/2)



Other states out there ? 

Hierarchy	  problem	  or	  SUSY	  ?	  

Leptogenesis in �
production (oscillations)�

Akhmedov, Smirnov; �
Shaposnikov et al�
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Other states out there ? 

TeV	  GeV	  MeV	  keV	  eV	  

Hierarchy	  problem	  or	  SUSY	  ?	  

meV	  
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Mi

too small couplings unless…. 

Can we produce them in colliders or rare decays ?   



Two scale see-saw models  (approx) Lepton number 
	  

mν	


M2
N/µ	


Inverse	  Seesaw	  

Y  unsuppressed:      -> LFV effects large m-> e g, etc 
                          -> heavier spectrum MN, Y v, at LHC  
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L=	  	  +1	  	  	  	  	  	  -‐1	  	  	  	  	  +1	  

Wyler, Wolfenstein; Mohapatra, Valle; �
Branco, Grimus, Lavoura, Malinsky, Romao,…�

Kersten,Smirnov 07; Abada et al 07; Gavela,et al 09 �



Charged/neutral hierarchy in seesaw     

 MN = GUT�

ν	


Yukawa	  

 Μ ≤ TeV + aprox. U(1)L �

 Μ = TeV �

ν	


Yukawa	  

Eg: Inverse seesaw/direct seesaw �



Other states out there: other constraints ? 

Direct production at LHC of heavy states ? Keung, Senjanovic;…	  

Generically it is needed 
 
•  Gauge interactions of extra fields for large enough production  
(ex. type II and type III or type I +W’, Z’) 
 
•  Flavour effects unsuppressed by small Yukawas: approximate 
U(1)L 

�
Han et al; Garayoa, Schwetz; Kadastik,et al ; Akeroyd, et al; Fileviez et 
al, del Aguila et al; Franceschini et al; Aguilar-Saavedra et al;Arhrib et 
al; Eboli et al…; Tello et al. 	


Stringent constraints from peak and decay searches, unitarity, EW… 



pp-> H++ H-- -> l+l+l-l-	  



Rich phenomenology of low-scale models with U(1) 

µ	  -‐>	  e	  γ	
 µ->	  e	  conversion �µ->	  eee	


recent analysis Alonso et al 2012�

Detecting such a signal would be a breakthrough to pin down the new scale 



CKM�

PMNS �

Why so different mixing ? 

3σ	




What about mixing ? 

Discrete symmetries (TB mixing) not particularly motivated with large θ13  
�
                                                  	  
Dynamical origin of Yukawas 

Anarchy for leptons ? �



What about flavour ? 

A “natural” landscape ?  
	  

V (Ii(YD,YU ,YE ,Y⌫)), i = 1, .., Ninvariants

Natural/generic extrema <-> those at boundaries (invariance groups) �

[SU(3)]5 ⌦O(3)

Quarks:   (0,0,1)  hierarchy + unit CKM 
Leptons:     degenerate neutrino spectrum  
                   + large mixings 
                   + π/2 Majorana phase 
	  	  	  

R. Alonso, et al, 1306.5927 and 1306.5922�



• 	  The results of many beautiful experiments have demonstrated that n are 
(for the time-being) the less standard of the SM particles  
 
•  Many fundamental questions remain to be answered however: 
Majorana nature of neutrinos and scale of new physics? CP violation in 
the lepton sector? Source of the matter-antimatter asymmetry ?  
Lepton vs quark flavour ? 
 
•  A rich experimental programme lies ahead where fundamental physics 
discoveries are very likely (almost warrantied) … 
�
	  



These elusive pieces of reality have brought many surprises, maybe  
they will continue with their tradition… 



Some extraterrestial ν’s in ICECUBE 

1km3 Neutrino telescope 

Neutrinos are most likely to point at the source 



Bert	  	   Ernie	   Big	  Bird	  

1PeV	   1.1PeV	   2.2PeV	  

The highest energy neutrinos ever recorded 



28 events: 21 cascades, 7 muons �

Origin still unknown… 


