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SM+3 massive neutrinos 

Imaginary entries in leptonic mixing matrix imply violation  
of CP!  

More fundamental parameters in the SM: 3 angles, 3 masses, 1 or 3 phases 



CP violation in oscillations 

CP-even �

CP-odd �

P (⌫↵ ! ⌫�) 6= P (⌫̄↵ ! ⌫̄�)



SM+3 massive neutrinos: Global Fits  



The flavour puzzle 



CKM 

Why so different mixing ? 

NuFIT 2.1 (2016)
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Where the mixing comes from ? 

Discrete or continuous symmetries                                   	  Anarchy for leptons ?  



The open questions  

Absolute mass scale:  minimum mν  
 
What is the neutrino ordering normal or inverted ? 
 
Is there leptonic CP violation ?  
 
Are neutrinos Majorana and if so, what new physics lies 
behind this fact ? 
 
Can neutrinos explain  the matter-antimatter asymmetry 
in the Universe ? 
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Absolute mass scale 
Best constraints at present from cosmology 



Cosmological neutrinos 

Neutrinos have left many traces in the history of the Universe 

Galaxy distribution (LSS)  	  	  
Nucleosynthesis (synthesis of light nuclei)	


Cosmic Microwave 
background	  



Neutrinos @ nucleosynthesis (BBN) 
Before LEP, the best constraint on Nν came from Big Bang nucleosynthesis! �
��
Neutrinos decouple from the plasma  @Tν∼1MeV  �
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g⇤(T ) ⌘ #of relativistic degrees of freedom

Each neutrino species counts like one relativistic d.o.f.: 
 

                      g* depends on Nν=> Τν(Νν)	




Neutrinos @nucleosynthesis 

Y4He =
Mass of 4He

Total Mass
=

2Nn

Np +Nn

Nn

Np
= exp
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At                                    the ratio neutrons/protons freezes and light elements start to 
form: 
 
  
 
 
 
 
The abundance of light nuclei depends strongly on the ratio of n/p 

@Tν  ∼1MeV    	  



Neutrinos as DM 

Neutrino distribution gets frozen at BBN when they are still relativistic �
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Gershtein, Zeldovich 

    Massive neutrinos O(eV) contribute significantly to  Ωm 
 
    They tend to produce a Universe with too little structure at small scales 



Neutrinos as light as 0.1-1eV modify the large scale structure and CMB 

Absolute mass scale 

Planck Collaboration: Cosmological parameters

Fig. 29. Samples from the Planck TT+lowP posterior in theP
m⌫–H0 plane, colour-coded by �8. Higher

P
m⌫ damps

the matter fluctuation amplitude �8, but also decreases H0
(grey bands show the direct measurement H0 = (70.6 ±
3.3) km s�1Mpc�1, Eq. 30). Solid black contours show the con-
straint from Planck TT+lowP+lensing (which mildly prefers
larger masses), and filled contours show the constraints from
Planck TT+lowP+lensing+BAO.

high multipoles produces a relatively small improvement to the
Planck TT+lowP+BAO constraint (and the improvement is even
smaller with the alternative CamSpec likelihood) so we consider
the TT results to be our most reliable constraints.

The constraint of Eq. (54b) is consistent with the 95 % limit
of
P

m⌫ < 0.23 eV reported in PCP13 for Planck+BAO. The
limits are similar because the linear CMB is insensitive to the
mass of neutrinos that are relativistic at recombination. There is
little to be gained from improved measurement of the CMB tem-
perature power spectra, though improved external data can help
to break the geometric degeneracy to higher precision. CMB
lensing can also provide additional information at lower red-
shifts, and future high-resolution CMB polarization measure-
ments that accurately reconstruct the lensing potential can probe
much smaller masses (see e.g. Abazajian et al. 2015b).

As discussed in detail in PCP13 and Sect. 5.1, the Planck
CMB power spectra prefer somewhat more lensing smoothing
than predicted in⇤CDM (allowing the lensing amplitude to vary
gives AL > 1 at just over 2�). The neutrino mass constraint
from the power spectra is therefore quite tight, since increas-
ing the neutrino mass lowers the predicted smoothing even fur-
ther compared to base ⇤CDM. On the other hand the lensing
reconstruction data, which directly probes the lensing power,
prefers lensing amplitudes slightly below (but consistent with)
the base ⇤CDM prediction (Eq. 18). The Planck+lensing con-
straint therefore pulls the constraints slightly away from zero to-
wards higher neutrino masses, as shown in Fig. 30. Although the
posterior has less weight at zero, the lensing data are incompati-
ble with very large neutrino masses so the Planck+lensing 95 %
limit is actually tighter than the Planck TT+lowP result:

X
m⌫ < 0.68 eV (95%,Planck TT+lowP+lensing). (55)

Fig. 30. Constraints on
P

m⌫ for various data combinations.

Adding the polarization spectra improves this constraint slightly
to
X

m⌫ < 0.59 eV (95%,Planck TT,TE,EE+lowP+lensing).
(56)

We take the combined constraint further including BAO, JLA,
and H0 (“ext”) as our best limit
X

m⌫ < 0.23 eV

⌦⌫h2 < 0.0025

9>>=
>>; 95%, Planck TT+lowP+lensing+ext.

(57)
This is slightly weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO, (which is tighter in both the
CamSpec and Plik likelihoods) but is immune to low level sys-
tematics that might a↵ect the constraints from the Planck polar-
ization spectra. Equation (57) is therefore a conservative limit.
Marginalizing over the range of neutrino masses, the Planck con-
straints on the late-time parameters are23

H0 = 67.7 ± 0.6

�8 = 0.810+0.015
�0.012

9>=
>; Planck TT+lowP+lensing+ext. (58)

For this restricted range of neutrino masses, the impact on the
other cosmological parameters is small and, in particular, low
values of �8 will remain in tension with the parameter space
preferred by Planck.

The constraint of Eq. (57) is weaker than the constraint of
Eq. (54b) excluding lensing, but there is no good reason to disre-
gard the Planck lensing information while retaining other astro-
physical data. The CMB lensing signal probes very-nearly lin-
ear scales and passes many consistency checks over the multi-
pole range used in the Planck lensing likelihood (see Sect. 5.1
and Planck Collaboration XV 2015). The situation with galaxy
weak lensing is rather di↵erent, as discussed in Sect. 5.5.2. In
addition to possible observational systematics, the weak lensing
data probe lower redshifts than CMB lensing, and smaller spa-
tial scales where uncertainties in modelling nonlinearities in the
matter power spectrum and baryonic feedback become impor-
tant (Harnois-Déraps et al. 2014).

23To simplify the displayed equations, H0 is given in units of
km s�1Mpc�1 in this section.
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Neutrino ordering from MSW 

Solar resonance 
Atmospheric resonance 
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Earth density, Eres ~ few GeV !  Solar density, Eres ~ few MeV !  
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Spectacular MSW effect at O(6GeV) and very long baselines 

Hierarchy through MSW @Earth 

1	  

0	  



NOνA First attempt at the hierarchy: 

L=810km 

Contours 

¨  Fit for hierarchy, "CP, sin2θ23 

¤  Constrain Δm2 and sin2θ23 with NOvA 
disappearance results 

¤  Not a full joint fit, systematics and other 
oscillation parameters not correlated  

¨  Global best fit Normal Hierarchy 
 

 

¤  best fit IH-NH,  Δ!2=0.47 

¤  both octants and hierarchies allowed at 1σ 
¤  3σ exclusion in IH, lower octant around 
"CP=π/2   

 

P. Vahle, Neutrino 2016 27 

Antineutrino data will help resolve degeneracies, 
particularly for non-maximal mixing 

Planned for Spring 2017 
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Hierarchy propects    

 

 

Future prospects

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



Leptonic CP violation 
CP violation shows up in a difference between  

Golden channel: 

P (⌫↵ ! ⌫�) 6= P (⌫̄↵ ! ⌫̄�)

simultaneous sensitivity to both splittings is needed 	  



Hierarchy + CP in one go… 
             superbeams+superdectectors  

USA DUNE: 1300km 

Japan Hyper-Kamiokande: 230km 



Leptonic CP violation 

DUNE 

LBNF	  

T2HK	  

T2K-‐NOVA	  

 10  

   
FIGURE 3: Expected sensitivity of ELBNF to determination of the neutrino mass 
hierarchy (left) and discovery of CP violation, i.e. δCP  0	   or	   π,	   (right)	   for	   a	   40-kt 
fiducial mass LAr TPC and an 80-GeV, 1.07-MW beam from FNAL to SURF with three 
years of running in neutrino and three years in antineutrino mode. The Nu-Fit central 
value for 23 (solid line) is shown in comparison with other values of 23 The width of 
the	  band	  corresponds	   to	   the	  3σ	  range	  allowed	  by	  Nu-Fit. Note that the sensitivity to 
MH increases for increasing values of 23 while the corresponding sensitivity to CP 
violation decreases. Sensitivities are for true normal hierarchy; neutrino mass 
hierarchy is assumed to be unknown in the CPV fits. 
 
 
 
 
 
 
TABLE 3: Expected number of νe appearance signal and background events in the 
energy range 0.5-10.0 GeV at the far detector after detector smearing and event 
selection. The signal events are shown for δCP = -π/2,	  0,	  and	  π/2,	   for	  a	  40-kt fiducial 
mass LAr TPC and an 80-GeV, 1.07-MW beam from FNAL to SURF with three years of 
running in neutrino and three years in antineutrino mode. Neutrino and antineutrino 
events are combined for both signal and background. Normal hierarchy is assumed. 
 

Run Mode Signal Events Background Events 
 δCP     
 −π/2 0 π/2 νμ NC νμ CC νe Beam ντ CC 

 Neutrino  1068  864  649  72  83  182  55 
Antineutrino  166  213  231  41  42  107  33 
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Fig. 19: Expected significance to exclude sin �CP = 0. Top: normal hierarchy case. Bottom:

inverted hierarchy case.
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Hyper Kamiokande 



Majorana nature ? 
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Heavy states

Plus non-oscillation searches: 
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Majorana neutrinos -> a new physics scale  



          Neutrino BSM: the Seesaw Model 

SM  +  heavy singlet fermions  
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Minkowski; Gell-Mann, Ramond Slansky; Yanagida, Glashow; Mohapatra, Senjanovic… 
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Minkowski; Gell-Mann, Ramond Slansky; Yanagida, Glashow; Mohapatra, Senjanovic… 
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SM  +   3 singlet Majorana fermions  



Pinning down the new physics scale: naturalness 

 MN = GUT�

ΜΝ ~ TeV 
ν	


Yukawa	  

Yukawa	  

 ΜΝ ~ GUT 
ν	




Spectra of the seesaw model 

 �
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 nR =3 : 18 free parameters (6 masses+6 angles+6 phases)  out of which 
we have measured 2 mass diferences and 3 angles… 
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Spectra of seesaw models 

 �

•  the lower kinematical threshold to produce new states   
•  the larger mixing with flavour states 

The lower the seesaw scale MN   
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Searching for heavy Majorana neutrinos 

eV keV MeV GeV TeV MPlanck
MN



eV keV MeV GeV TeV MPlanck
MN

Hierarchy	  problem	  

H	   H	  

N	  

ν	


�m2
H =

Y †Y

4⇡2
M2

N log

MN

µ

MN � mH
Requires a fine-tunning of the Higgs mass in the  
absense of other physics, like SUSY 

Searching for heavy Majorana neutrinos 



eV keV MeV GeV TeV MPlanck
MN

OscillaJons,	  Cosmology	  

These heavy states can contribute as DM (ΩDM ) and/or extra radiation (ΔNeff)  
	  	  

Hierarchy	  problem	  

One exception: the lighter of the heavy states could be at keV and be the Dark Matter  

Searching for heavy Majorana neutrinos 



Neutrino Warm Dark Matter ? 

Next step for 3.5 keV line: Astro-H

I Astro-H – new generation X-ray
spectrometer with a superb spectral
resolution

I Launched 17 February 2016

I Calibration phase – about 1 year

I First observational/calibration target –
Perseus galaxy cluster, where strong
3.5 keV line has been detected

I Expected to be able to confirm the
presence of the 3.5 keV line in Perseus
and distinguish it from atomic element
lines (Potassium, Chlorium, etc.)
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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)

E� =
MN

2

MN ' 7 keV



eV keV MeV GeV TeV MPlanck
MN

Electroweak scale! 

Searching for heavy Majorana neutrinos 

GeV  MN  few TeVNeutrinos in the range                                                             can modify:                     

ü  Neutrinoless double beta decay 
 
ü  Can be directly produced in accelerators: meson decays, W,Z decays 
 
ü  Lepton flavour violating processes e.g.  
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Figure 4.11: Limits on the mixing between the muon neutrino and a single HNL in the mass
range 100 MeV - 500 GeV. The (gray, dotted) contour labeled BBN corresponds to an HNL lifetime
> 1 sec, which is disfavored by BBN [395, 414, 528]. The (brown, dashed) line labeled ‘Seesaw’
shows the scale of mixing naively expected in the canonical seesaw (see Section 4.3.2.3). The
(dotted, dark brown) contour labeled ‘EWPD’ is the 90% C.L. exclusion limit from electroweak
precision data [554]. The contour labeled ‘K ! µ⌫’ (black, solid) is excluded at 90% C.L. by
peak searches [535, 536]. Those labeled ‘PS191’ (magenta, dot-dashed) [578], ‘NA3’ (light yellow,
solid) [580], ‘BEBC’ (orange, dotted) [584], ‘FMMF’ (light cyan, dashed) [585], ‘NuTeV’ (purple,
dashed) [586] and ‘CHARM’ (dark blue, dot-dashed) [587] are excluded at 90% C.L. from beam-
dump experiments. The (cyan, solid) contour labeled ‘K ! µµ⇡’ is the exclusion region at 90% C.L.
from K-meson decay search with a detector size of 10 m [313]. The (green, solid) contour labeled
‘Belle’ is the exclusion region at 90% C.L from HNL searches in B-meson decays at Belle [409].
The (yellow, solid) contour labele1d ‘LHCb’ is the exclusion region at 95% C.L from HNL searches
in B-meson decays at LHCb [408]. The (dark blue, dot-dashed) contour labeled ‘CHARM-II’ [588]
is excluded at 90% C.L. from the search for direct HNL production with a wide-band neutrino
beam at CERN. The (pink, dashed) contour labeled ‘L3’ [550] and (dark green, dashed) labeled
‘DELPHI’ [551] are excluded at 95% C.L. by analyzing the LEP data for Z-boson decay to HNL.
The (blue, solid) contour labeled ‘ATLAS’ [563] and (red, solid) labeled ‘CMS’ [589] are excluded
at 95% C.L. from direct searches at

p
s = 8 TeV LHC. The (blue, dashed) curve labeled ‘LHC 14’

is a projected exclusion limit from the
p

s = 14 TeV LHC with 300 fb�1 data [549]. The (light
blue, solid) contour labeled ‘LBNE’ is the expected 5-year sensitivity of the LBNE near detector
with an exposure of 5⇥1021 protons on target for a detector length of 30 m and assuming a normal
hierarchy of neutrinos [582]. The (dark green, solid) contour labeled ‘FCC-ee’ is the projected reach
of FCC-ee for 1012 Z decays and 10-100 cm decay length [383]. The (violet, solid) contour labeled
‘SHiP’ is the projected reach of SHiP at 90% C.L. [35].

MK	   MD	   MB	   MW,Z	  

Searching for heavy Majorana neutrinos 

From 1504.04855 
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Figure 4.11: Limits on the mixing between the muon neutrino and a single HNL in the mass
range 100 MeV - 500 GeV. The (gray, dotted) contour labeled BBN corresponds to an HNL lifetime
> 1 sec, which is disfavored by BBN [395, 414, 528]. The (brown, dashed) line labeled ‘Seesaw’
shows the scale of mixing naively expected in the canonical seesaw (see Section 4.3.2.3). The
(dotted, dark brown) contour labeled ‘EWPD’ is the 90% C.L. exclusion limit from electroweak
precision data [554]. The contour labeled ‘K ! µ⌫’ (black, solid) is excluded at 90% C.L. by
peak searches [535, 536]. Those labeled ‘PS191’ (magenta, dot-dashed) [578], ‘NA3’ (light yellow,
solid) [580], ‘BEBC’ (orange, dotted) [584], ‘FMMF’ (light cyan, dashed) [585], ‘NuTeV’ (purple,
dashed) [586] and ‘CHARM’ (dark blue, dot-dashed) [587] are excluded at 90% C.L. from beam-
dump experiments. The (cyan, solid) contour labeled ‘K ! µµ⇡’ is the exclusion region at 90% C.L.
from K-meson decay search with a detector size of 10 m [313]. The (green, solid) contour labeled
‘Belle’ is the exclusion region at 90% C.L from HNL searches in B-meson decays at Belle [409].
The (yellow, solid) contour labele1d ‘LHCb’ is the exclusion region at 95% C.L from HNL searches
in B-meson decays at LHCb [408]. The (dark blue, dot-dashed) contour labeled ‘CHARM-II’ [588]
is excluded at 90% C.L. from the search for direct HNL production with a wide-band neutrino
beam at CERN. The (pink, dashed) contour labeled ‘L3’ [550] and (dark green, dashed) labeled
‘DELPHI’ [551] are excluded at 95% C.L. by analyzing the LEP data for Z-boson decay to HNL.
The (blue, solid) contour labeled ‘ATLAS’ [563] and (red, solid) labeled ‘CMS’ [589] are excluded
at 95% C.L. from direct searches at

p
s = 8 TeV LHC. The (blue, dashed) curve labeled ‘LHC 14’

is a projected exclusion limit from the
p

s = 14 TeV LHC with 300 fb�1 data [549]. The (light
blue, solid) contour labeled ‘LBNE’ is the expected 5-year sensitivity of the LBNE near detector
with an exposure of 5⇥1021 protons on target for a detector length of 30 m and assuming a normal
hierarchy of neutrinos [582]. The (dark green, solid) contour labeled ‘FCC-ee’ is the projected reach
of FCC-ee for 1012 Z decays and 10-100 cm decay length [383]. The (violet, solid) contour labeled
‘SHiP’ is the projected reach of SHiP at 90% C.L. [35].
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Neutrino 2016, London, UK, July 2016 R. Jacobsson (CERN)

 B-factories e. g. 𝐵 → 𝜋±𝜇∓𝜇∓ (CLEO, Belle, BaBar and LHCb)
• 𝑙 , 𝑙 = 𝑒, 𝜇

 (Hadron colliders)
• 𝑙′, 𝑙 = 𝑒, 𝜇

 Proton beam dump 𝑋 → 𝑋 + 𝑁 𝑙𝑜𝑛𝑔 − 𝑙𝑖𝑣𝑒𝑑 , 𝑁 → 𝑙𝜋, 𝑙𝜌, 𝑙𝑙′𝜈, 𝑙 = 𝑒, 𝜇
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Figure 4.11: Limits on the mixing between the muon neutrino and a single HNL in the mass
range 100 MeV - 500 GeV. The (gray, dotted) contour labeled BBN corresponds to an HNL lifetime
> 1 sec, which is disfavored by BBN [395, 414, 528]. The (brown, dashed) line labeled ‘Seesaw’
shows the scale of mixing naively expected in the canonical seesaw (see Section 4.3.2.3). The
(dotted, dark brown) contour labeled ‘EWPD’ is the 90% C.L. exclusion limit from electroweak
precision data [554]. The contour labeled ‘K ! µ⌫’ (black, solid) is excluded at 90% C.L. by
peak searches [535, 536]. Those labeled ‘PS191’ (magenta, dot-dashed) [578], ‘NA3’ (light yellow,
solid) [580], ‘BEBC’ (orange, dotted) [584], ‘FMMF’ (light cyan, dashed) [585], ‘NuTeV’ (purple,
dashed) [586] and ‘CHARM’ (dark blue, dot-dashed) [587] are excluded at 90% C.L. from beam-
dump experiments. The (cyan, solid) contour labeled ‘K ! µµ⇡’ is the exclusion region at 90% C.L.
from K-meson decay search with a detector size of 10 m [313]. The (green, solid) contour labeled
‘Belle’ is the exclusion region at 90% C.L from HNL searches in B-meson decays at Belle [409].
The (yellow, solid) contour labele1d ‘LHCb’ is the exclusion region at 95% C.L from HNL searches
in B-meson decays at LHCb [408]. The (dark blue, dot-dashed) contour labeled ‘CHARM-II’ [588]
is excluded at 90% C.L. from the search for direct HNL production with a wide-band neutrino
beam at CERN. The (pink, dashed) contour labeled ‘L3’ [550] and (dark green, dashed) labeled
‘DELPHI’ [551] are excluded at 95% C.L. by analyzing the LEP data for Z-boson decay to HNL.
The (blue, solid) contour labeled ‘ATLAS’ [563] and (red, solid) labeled ‘CMS’ [589] are excluded
at 95% C.L. from direct searches at

p
s = 8 TeV LHC. The (blue, dashed) curve labeled ‘LHC 14’

is a projected exclusion limit from the
p

s = 14 TeV LHC with 300 fb�1 data [549]. The (light
blue, solid) contour labeled ‘LBNE’ is the expected 5-year sensitivity of the LBNE near detector
with an exposure of 5⇥1021 protons on target for a detector length of 30 m and assuming a normal
hierarchy of neutrinos [582]. The (dark green, solid) contour labeled ‘FCC-ee’ is the projected reach
of FCC-ee for 1012 Z decays and 10-100 cm decay length [383]. The (violet, solid) contour labeled
‘SHiP’ is the projected reach of SHiP at 90% C.L. [35].
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 Lepton collider – circular/linear (Z, W, H factory), also 𝜇𝜇−, 𝛾𝛾−, 𝑒𝛾 −colliders
• Collider detectors sensitive to detached vertex 100µμ𝑚 ≲ 𝑐𝜏 ≲ 10𝑚 (masses ≳ 10 𝐺𝑒𝑉)

• Most promising channel: 𝑒 𝑒 → 𝑁 → 𝑙∓𝑊± 𝜈 ∶ 𝑙∓ + 2𝑗 + 𝐸
 Both s- and t-channel, insensitive to Majorana nature of 𝑁
 Limited hadronic activity at lepton collider, controlled by kinematical cuts

• Alternative: 𝑒 𝑒 → 𝑁(→ 𝑙′∓𝑊±)𝑙∓𝑊± ∶ 𝑑𝑖 − 𝑙𝑒𝑝𝑡𝑜𝑛 + 4𝑗
• Sum of s- and t-channel contributions for 𝑙 = 𝑒
• Same sign di-leptons to remove background  LNV  sensitive to Majorana nature
• Extremely clean

• Other t-channels:  𝑒 𝑒 → 𝑁(→ 𝑙′∓𝑊±)𝑒∓𝑙±𝜈
• Also Higgsstrahlung : 𝑒 𝑒 → 𝑍𝐻(→ 𝑁𝜈 ) , for 𝑚 > 𝑚
• Inverse 0ν𝛽𝛽 𝑑𝑒𝑐𝑎𝑦: 𝐿𝑁𝑉 𝑒 𝑒 → 𝑊 𝑊 mediated via t-channel N exchange (No SM background)
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Figure 4.11: Limits on the mixing between the muon neutrino and a single HNL in the mass
range 100 MeV - 500 GeV. The (gray, dotted) contour labeled BBN corresponds to an HNL lifetime
> 1 sec, which is disfavored by BBN [395, 414, 528]. The (brown, dashed) line labeled ‘Seesaw’
shows the scale of mixing naively expected in the canonical seesaw (see Section 4.3.2.3). The
(dotted, dark brown) contour labeled ‘EWPD’ is the 90% C.L. exclusion limit from electroweak
precision data [554]. The contour labeled ‘K ! µ⌫’ (black, solid) is excluded at 90% C.L. by
peak searches [535, 536]. Those labeled ‘PS191’ (magenta, dot-dashed) [578], ‘NA3’ (light yellow,
solid) [580], ‘BEBC’ (orange, dotted) [584], ‘FMMF’ (light cyan, dashed) [585], ‘NuTeV’ (purple,
dashed) [586] and ‘CHARM’ (dark blue, dot-dashed) [587] are excluded at 90% C.L. from beam-
dump experiments. The (cyan, solid) contour labeled ‘K ! µµ⇡’ is the exclusion region at 90% C.L.
from K-meson decay search with a detector size of 10 m [313]. The (green, solid) contour labeled
‘Belle’ is the exclusion region at 90% C.L from HNL searches in B-meson decays at Belle [409].
The (yellow, solid) contour labele1d ‘LHCb’ is the exclusion region at 95% C.L from HNL searches
in B-meson decays at LHCb [408]. The (dark blue, dot-dashed) contour labeled ‘CHARM-II’ [588]
is excluded at 90% C.L. from the search for direct HNL production with a wide-band neutrino
beam at CERN. The (pink, dashed) contour labeled ‘L3’ [550] and (dark green, dashed) labeled
‘DELPHI’ [551] are excluded at 95% C.L. by analyzing the LEP data for Z-boson decay to HNL.
The (blue, solid) contour labeled ‘ATLAS’ [563] and (red, solid) labeled ‘CMS’ [589] are excluded
at 95% C.L. from direct searches at

p
s = 8 TeV LHC. The (blue, dashed) curve labeled ‘LHC 14’

is a projected exclusion limit from the
p

s = 14 TeV LHC with 300 fb�1 data [549]. The (light
blue, solid) contour labeled ‘LBNE’ is the expected 5-year sensitivity of the LBNE near detector
with an exposure of 5⇥1021 protons on target for a detector length of 30 m and assuming a normal
hierarchy of neutrinos [582]. The (dark green, solid) contour labeled ‘FCC-ee’ is the projected reach
of FCC-ee for 1012 Z decays and 10-100 cm decay length [383]. The (violet, solid) contour labeled
‘SHiP’ is the projected reach of SHiP at 90% C.L. [35].
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 B-factories e. g. 𝐵 → 𝜋±𝜇∓𝜇∓ (CLEO, Belle, BaBar and LHCb)
• 𝑙 , 𝑙 = 𝑒, 𝜇

 (Hadron colliders)
• 𝑙′, 𝑙 = 𝑒, 𝜇

 Proton beam dump 𝑋 → 𝑋 + 𝑁 𝑙𝑜𝑛𝑔 − 𝑙𝑖𝑣𝑒𝑑 , 𝑁 → 𝑙𝜋, 𝑙𝜌, 𝑙𝑙′𝜈, 𝑙 = 𝑒, 𝜇
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Matter-antimatter asymmetry  

The Universe seems to be made of matter 

After Planck ⌘ ⌘ nB � nB̄

n�
= 6.09(6)⇥ 10�10
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Matter-antimatter 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… 

Matter-antimatter asymmetry  

Can we do it with leptons ? 



Baryon number violation 

In the SM there is violation of B+L, preserve B-L 
�
These processes are strongly suppressed at T < TEW and in equilibrium at 
T > TEW   

If  a net L is generated above TEW sphalerons  produce B 



Leptogenesis:seesaw model MN >> v 
New sources of CP violation and L violation  in the neutrino sector 
can induce CP asymmetries in decays of heavy Majorana ν	  

Fukuyita, Yanagida 

A significant asymmetry typically requires MN	  >	  107	  GeV	  



Out-of-equilibrium 

The Majorana neutrinos decay out-of-equilibrium 



Leptogenesis takes place during the production of heavy states  	  

Courtesy of M. Kekic 

Leptogenesis: seesaw model MN < v 

TEW 



Leptogenesis: seesaw model MN < v 

IH	   IH	  

Future  searches have a change to discover these states !	  

Posterior probabilities mixings vs mass for successful baryon asymmetry 

Figure 6. Comparison of the posterior probability contours at 68% and 90% on the planes
mixings with e, µ, ⌧ versus masses, with the present (shaded region) and future constraints from
DUNE, FCC and SHiP for NH (up) y IH (down).
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where the invariants I(2),(3)
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are defined in eq. (2.32). This is indeed the dependence obtained

from the solution of the kinetic equations in the perturbative approximation obtained in

[15], in the weak washout limit. For our new kinetic equations, the perturbative result is

shown in eq. (2.34) (where only the I(2)

1

contribution has been kept). We can read from

eq. (2.34) in the limit of weak washout, �±t ⌧ 1, and using eq. (2.42):

g(M
2

, M
1

) = 1.3 ⇥ 10�3 ⇥ 2

✓

2

3

◆

4
3 ⇡3/2

�(�1/6)

✓

9⇠(3)

⇡2

◆

2

(�(0))2�(1)T�1

EW

sign(�M2

12

)

|�M2

12

|2/3 . (4.4)

In contrast with eq. (2.34), this approximation fails at large times since it is valid only for

�±t ⌧ 1. It typically overestimates the asymmetry, but should give qualitatively the right

dependence on the parameters.

What we need however are the expressions in terms of the Casas-Ibarra parameters.

The relations are typically very complicated, but we can identify a few small parameters

and perturb in them:
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PH, Kekic, Lopez-Pavon, Racker,Salvado 



One example: sterile neutrinos are discovered in D decays  at SHIP and 
their masses and mixings to e measured with some  accuracy + CP phase δ 
is measured in neutrino oscillations 

Neutrinoless double beta decay could be key to predict the baryon  
asymmetry 

PH, Kekic, Lopez-Pavon, Salvado 

Minimal seesaw model  



• 	  The results of many beautiful experiments have demonstrated that ν 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… 
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ENJOY YOUR SUMMER-STUDENT SUMMER! 


