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Neutrinos are the most elusive particles in the Standard Model 

Can keep quantum coherence at 1000km distances

Could be their own antiparticle

The older relics from the Big Bang …

The first portal to new physics… ?

The explanation of why there is something rather than nothing in the 
Universe ?

Neutrino



Neutrino: the archetype dark particle

b decay

Energy-momentum conservation:
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Electron spectrum:

Chadwick (Nobel 1935)

Meitner, Hahn 
(Nobel 1944 only him!)



1930

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will 
explain to you in more detail, how because of the "wrong” statistics of the N 
and Li6 nuclei and the continuous beta spectrum, I have hit upon a desperate 
remedy to save the"exchange theorem" of statistics and the law of conservation 
of energy. Namely,the possibility that there could exist in the nuclei 
electrically neutral particles, that I wish to call neutrons, which have spin 
1/2 and obey the exclusion principle, and which further differ from light 
quanta in that they do not travel with the velocity of light. The mass of the 
neutrons should be of the same order of magnitude as the electron mass and in 
any event not larger than 0.01 proton masses. The continuous beta spectrum 
would then become understandable by the assumption that in beta decay 
a neutron is emitted in addition to the electron such that the sum of the 
energies of the neutron and the electron is constant...

Unfortunately, I cannot personally appear in Tübingen since I am indispensable 
here in Zürich because of a ball on the night from December 6 to 7…. 

Pauli (Nobel 1945)



1934: Theory of beta decay

E. Fermi
(Nobel 1938)
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Bethe-Peierls (1934): compute the neutrino cross section using this theory

⇥ ' 10�44cm2, E(�̄) = 2 MeV

“there is not practically possible way of detecting a neutrino”

Nature did not publish his article: “contained speculations too remote from reality 
to be of interest to the reader…”

n+ � ! p+ e�

p+ �̄ ! n+ e+

GF



1956 (anti-) neutrino detection

Reines

7

They Finally Found the Right Source -

Experimental Detection of the Neutrino

! = (11 ± 2.6) x 10-44 cm2 (within 5% of expected)

          Existence of “second” neutrino "µ established in 1962 by Schwartz, Lederman

and Steinberger at Brookhaven National Laboratory

          First direct evidence for the third (and last?) neutrino - "# - by the DONUT

collaboration at Fermilab in 2000

In nuclear reactors fission of 92U
235 produces chain of beta reactions 

Reines and Cowan detect in 1953 (Hanford) (discovery confirmed 1956 in Savannah River)

1) Detection of two back-to-back $’s from prompt signal e+e-->$$ at t=0.

2) Neutron thermalization: neutron capture in Cd, emission of late $’s

1

2

3

26 YEARS LATER!!

Golden signal

Modern versions of Reines&Cowan experiment: Chooz, KamLAND,
DChooz, Daya Bay, RENO… still  making discoveries today

In a 1000kg detector, a 1011 n/cm2/s
a few events per day

Cowan



Neutrino Flavour & SM families

Lederman Schwartz Steinberger
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Modern versions of Lederman, Schwartz, Steinberger experiment are  
accelerator neutrino experiments: MINOS, OPERA, T2K, NoVA,…

⇥ ! µ �̄µ



Kinematical effects of neutrino mass

Most stringent from tritium beta-decay

Standard Model neutrinos assumed massless



The most elusive & lightest particles have been key in the discovery of the 
weak interactions and in establishing the two most intringuing features 
of the baroque SM:

chiral nature of the weak interactions

3-fold repetition of family structures 
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Table 1: Irreducible fermionic representations in the Standard Model: (dSU(3)

, dSU(2)
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2 Neutrinos in the Standard Model
The Standard Model (SM) is a gauge theory based on the gauge group SU(3) ⇥ SU(2) ⇥ UY (1). All
elementary particles arrange in irreducible representations of this gauge group. The quantum numbers
of the fermions (dSU(3)

, dSU(2)

)Y are listed in table 1.
Under gauge transformations neutrinos transform as doublets of SU(2), they are singlets under

SU(3) and their hypercharge is �1/2. The electric charge, given by Q = T
3

+ Y , vanishes. They are
therefore the only particles in the SM that carry no conserved charge.

The two most intriguing features of table 1 are its left-right or chiral asymmetry, and the three-fold
repetition of family structures. Neutrinos have been essential in establishing both features.

2.1 Chiral structure of the weak interactions
The left and right entries in table 1 have well defined chirality, negative and positive respectively.
They are two-component spinors or Weyl fermions, that is the smallest irreducible representation of
the Lorentz group representing spin 1/2 particles. Only fields with negative chirality (i.e. eigenvalue of
�

5

minus one) carry the SU(2) charge. For free fermions moving at the speed of light (i.e., massless), it
is easy to see that the chiral projectors are equivalent to the projectors on helicity components:
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where the helicity operator ⌃ = s·p
|p| measures the component of the spin in the direction of the momen-

tum. Therefore for massless fermions only the left-handed states (with the spin pointing in the opposite
direction to the momentum) carry SU(2) charge. This is not inconsistent with Lorentz invariance, since
for a fermion travelling at the speed of light, the helicity is the same in any reference frame. In other
words, the helicity operator commutes with the Hamiltonian for a massless fermion and is thus a good
quantum number.

The discrete symmetry under CPT (charge conjugation, parity, and time reversal), which is a basic
building block of any Lorentz invariant and unitary quantum field theory (QFT), requires that for any
left-handed particle, there exists a right-handed antiparticle, with opposite charge, but the right-handed
particle state may not exist. A Weyl fermion field represents therefore a particle of negative helicity and
an antiparticle with positive one.

Parity however transforms left and right fields into each other, thus the left-handedness of the weak
interactions implies that parity is maximally broken in the SM. The breaking is nowhere more obvious

4

pp
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Ubiquitous Neutrinos 
They are everywhere…

Sun: 5 x 1012/second
Atmosphere: ~20/second 

Earth: ~109/second 



Ubiquitous Neutrinos 

Supernova 1987: ~1012/second

@168000 Light years! 
108 farther from Earth

Big Bang: ~2 x 1012/second 



Ubiquitous Neutrinos 
Recently discovered PeV neutrino flux from still unknown sources…

Icecube

Barbano’s talk



Using many of these sources, and others man-made, two decades of revolutionary 
neutrino experiments have demonstrated that neutrinos are not quite standard, 
because they have a tiny mass & massive neutrinos require to extend the SM! 

SuperKamiokande MINOS, Opera

Borexino

...and more

SNO



Massive Dirac fermions  

�LDirac
m = m�̄� = m(�L + �R)(�L + �R) = m(�L�R + �R�L)

A massive particle must have both helicities… ⌫D = ⌫L + ⌫R

⌫L ⌫R

Since left/right carry different SU(2) x U(1) charges: we need the higgs! 



Massive Dirac neutrinos require an extension of the SM table: eg.

m⌫ = Y⌫
vp
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(Y�)ji
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�LSM � Y⌫ijL̄i�̃ ⌫Rj

A lepton flavour sector analogous to the quark one

Massive Dirac neutrinos via SSB 



Neutrino masses & lepton mixing

�Llepton
m = �̄Li (M�)ij| {z }
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Yukawa couplings are generic complex matrices in flavour space:

In the mass eigenbasis

L
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UPMNS

�µW
�
µ ⇥⇥Lj + h.c.

UPMNS(⇥12, ⇥13, ⇥23, �) unitary matrix analogous to CKM

Pontecorvo-Maki-Nakagawa-Sakata



Neutrino oscillations

Neutrinos are produced/detected in flavour basis (via CC):
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A
States produced in a CC
interaction in 
combination with 
e, µ, t

Eigenstates of the 
free Hamiltonian

A neutrino experiment is an interferometer in flavour space, because  neutrinos 
are so weakly interacting that can keep coherence over very long distances  ! 

L



Neutrino Oscillation
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Neutrino Oscillation: 2n



Two distinct oscillations precisely measured 
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NO/NH IO/IH

Caveat: O(eV) neutrinos…reactor/accelerator short baseline anomalies still unresolved

Standard 3n scenario

Sanchez’s talk

Sgalaberna’s talk



The known unknowns 

What is the neutrino ordering normal or inverted ? Is there leptonic 
CP violation ?   

-> neutrino oscillation experiments       Sgalaberna’s talk

Absolute mass scale ?

-> tritium beta decay + cosmology



State-of-the-art tritium beta decay experiment: Katrin

“mne "< 0.2 eV
Goal:



Neutrinos in cosmology
Neutrinos have left many traces in the history of the Universe: contribution to 
radiation and to matter

Galaxy distribution (LSS)

Nucleosynthesis

CMB

Planck ‘18



IO

NO

X
m⌫

Katrin

0.1eV

Absolute n mass scale

Planck ‘18



mH

Massive neutrinos: a new flavour perspective

Why are neutrinos so much lighter ? 



CKM

PMNS 3s

Why do they mix so differently ? 
Massive neutrinos: a new flavour perspective

12. CKM quark-mixing matrix 15

γ

γ

α

α

dm∆
Kε

Kε

sm∆ & dm∆

ubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at CL > 0.95

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

Figure 12.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL.

unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining
the experimental data. CKMfitter [6,109] and Ref. [124] (which develops [125,126]
further) use frequentist statistics, while UTfit [110,127] uses a Bayesian approach. These
approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix
significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (12.4) gives

λ = 0.22453 ± 0.00044 , A = 0.836 ± 0.015 ,

ρ̄ = 0.122+0.018
−0.017 , η̄ = 0.355+0.012

−0.011 . (12.26)

These values are obtained using the method of Refs. [6,109]. Using the prescription
of Refs. [110,127] gives λ = 0.22465 ± 0.00039, A = 0.832 ± 0.009, ρ̄ = 0.139 ± 0.016,
η̄ = 0.346 ± 0.010 [128]. The fit results for the magnitudes of all nine CKM elements are

VCKM =

⎛

⎝
0.97446 ± 0.00010 0.22452± 0.00044 0.00365 ± 0.00012
0.22438 ± 0.00044 0.97359+0.00010

−0.00011 0.04214 ± 0.00076

0.00896+0.00024
−0.00023 0.04133± 0.00074 0.999105 ± 0.000032

⎞

⎠ , (12.27)

June 5, 2018 19:49



CKM

PMNS

Why do they mix so differently ? 
Massive neutrinos: a new flavour perspective

VCKM '

0

@
1 0 0
0 1 0
0 0 1

1

A

|VPMNS | '

0

BBB@

q
2
3

q
1
3 0q

1
6

q
1
3

q
1
2q

1
6

q
1
3

q
1
2

1

CCCA

Harrison, Perkins, Scott



Majorana fermion of mass m: 

Majorana fermion  

�LMajorana

m
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�̄C�̄T , C = i�2�0

⌫L ⌫cL = C⌫L
T

Massive field is both particle and antiparticle ⌫M = ⌫L + ⌫cL
No conserved charge global or gauge !

L L L L L L L L



Weinberg’s coupling

Massive Majorana neutrinos via SSB ? 

�LMajorana = �L̄ e⇤ C e⇤T L̄T + h.c. ⇥ SSB ⇥ �
v2

2
⇥̄LC⇥̄TL + h.c.

↵ij

m⌫ = �
v2

2

[↵] = �1

Implies the existence of a new physics scale possibly unrelated to v !



L

mn

Seesaw mechanism: 
Minkowski
Gell-Mann, Ramond Slansky
Yanagida, Glashow
Mohapatra, Senjanovic



SM + New Physics = SMEFT
What if there is new physics (ie. new fields with mass L) ?
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Hierarchy problem ! 

Violation of unitarity at E ≥  L ! 

LSM[�] + LBSM[�,�]

L0
SM[�] + LSMEFT[�]

: new particles of mass L



SMEFT
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Neutrino mass mediator scale ? 

eV keV MeV GeV TeV MPlanck
MN

MGUT

c(5) 2 [Y 2
e , 1]

12 order of magnitude of possibilities that can explain naturally why neutrinos are 
special

The million dollar open question: 

Are neutrinos Majorana and if so, what BSM physics lies behind this fact ? 



eV keV MeV GeV TeV MPlanck
MN

Neutrino mass mediator scale ?

bb0n

new states accessible
baryogenesis

The EW scale is an interesting region: new physics underlying neutrino mass
and baryogenesis could be testable !

• Model independent prediction: neutrinoless double beta decay if L ≥ 100 MeV

• Generic but details model dependent: new states accessible, baryogenesis



If neutrinos are Majorana this process must be there at some level L ≥ 100 MeV

T_{2\betaT2�2⌫ ⇠ 1018 � 1021 years

Majorana nature: bb0n

UPMNS(⇤12, ⇤13, ⇤23, ⇥,�1,�2)

Majorana
CP phases



Majorana nature: bb0n
Plethora of experiments with different isotopes/techniques: EXO, KamLAND-Zen, 
SNO+, GERDA, Cuore, NEXT, CUPID, LEGEND, DARWIN …
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Heavy states

Capo

Capozzi et al  ‘17



Baryon asymmetry
The Universe seems to be made of matter

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

Sakharov’s necessary conditions:    1) C, CP violation
2) B violation
3) out-of-equilibrium

All present in SM 
but not enough…



Minimal model of neutrino masses: Type I seesaw

2

1

2

3

Energy

mhidden

mmediator

SM
Hidden 
Sector

Mediator

Higgs

Hidden Sector Production

Hidden Sector Slow Decay
Schematic representation of the states of a possible

Hidden Sector in relation to the SM. Colored arrows
indicate possible transitions between states.

Hidden Sector states can be created via the produc-
tion and decay of heavy mediators [1] at the LHC, via
small direct couplings [2], or via exotic decays of the
Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.

Box I: Portals to Hidden Sectors

the SM does not account for.
New hidden sectors can be connected to the SM via

small but nonzero e↵ective couplings called portals. This
is especially motivated if the hidden sectors play a part
in solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, allowing only small couplings
which violate them.

It’s possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than
ordinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! In rough analogy to
neutrino oscillations, the photon could transform into a
hidden photon1 and interact with hidden states, while a
Higgs Boson, with a mass of 125 GeV/c2, is heavy enough
to decay directly into the Hidden Sector some of the time.
Such exotic Higgs decays are one of the most promising

avenues for producing hidden sector particles.2,3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several

nR � 2SM +                      massive Majorana singlets

nR =3 : 18 free parameters (6 masses+6 angles+6 phases)

nR =2 : 11 free parameters (4 masses+4 angles+3 phases)

(out of which we have measured 2 masses and 3 angles…)
m1
m2

m3

M1

M2

M3

MN

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



Type I seesaw models

Phenomenology (beyond neutrino masses) of these models depends on 
the spectrum and the size of  active-heavy mixing:
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Strong correlation between active-heavy  mixing and neutrino masses:  

( but not true for nR >1…)



Baryogenesis via Leptogenesis

Sakharov’s necessary conditions

C & CP violation (3 or more new CP phases in the lepton sector) 

B+L violation from sphalerons T > TEW  and L violation from Majorana
masses

Out of equilibrium: NR fall out of equilibrium early or never reach 
equilibrium

Testability ?

cannot be predicted from light neutrino masses and mixings only, 
need more information from the heavy sector

YB
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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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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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� 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
Æ Both s- and t-channel, insensitive to Majorana nature of 𝑁
Æ 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 Î LNV Î 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 2: The trilepton + one jet + missing transverse energy signal of a heavy Dirac neutrino at the LHC.

Note that there are additional contributions to the trilepton signal from N ! Z⌫, h⌫, followed by Z, h
decay to l+l�. However, the Z contributions are suppressed after we impose the mll cut to reduce
the SM Z background, whereas the h contributions are additionally suppressed due to small Yukawa
coupling of electrons and muons. The CMS analysis [27] has given the number of observed events
and the corresponding SM background expectation for various ranges of /ET and HT that are sensitive
to di↵erent kinematical and topological signatures. However, for our trilepton signal (4), the set of
selection cuts listed above turn out to be the most e�cient ones among those considered in the CMS
analysis.

It is important to note here that in order to make a direct comparison of our signal events with the
CMS results for the observed events and the SM background, we must include at least one jet with
pT > 30 GeV and |⌘j | < 2.5 in the final state. The simplest trilepton final state shown in Figure 1 does
not contain any jets at the parton-level, but initial state radiation (ISR) e↵ects could give rise to final
states with non-zero jets, though they are usually expected to be soft. However, there are additional
diagrams involving quark-gluon fusion, such as those shown in Figure 2, which give rise to hard jets
in the final state. The inclusive production cross section of the processes pp ! Nl+(N̄ l�)+ 1j is only
a factor of 2–4 smaller than the original pp ! Nl+(N̄ l�) + 0j process shown in Figure 1. This is due
to the fact that, although the three-body final state Nlj is phase-space suppressed compared to the
two-body final state Nl, there is a partially compensating enhancement at the LHC due to a much
larger gluon content of the proton, as compared to the quark content [1]. The numerical values of the
two production cross sections, normalized to |BlN |2 = 1, are shown in Figure 3 for both

p
s = 8 and

14 TeV LHC as a function of the lightest heavy neutrino mass mN . Here we have shown the values
for the SF case; for the FD case, the cross sections are enhanced by a factor of two. Note that for
the Nl + 1j case, we must use a non-zero pjT cut to avoid the infrared singularity due to massless

quarks in the t-channel. Here we have used the pjT > 30 GeV cut, following the CMS analysis, to get a

finite result. Using a lower value of pj,min

T could enhance the Nl+1j cross section, thereby improving

the signal sensitivity. Moreover, for a lower pj,min

T , other processes such as pp ! Nljj mediated by
a t-channel photon exchange [5] and gg ! Nljj mediated by t-channel quarks, could give additional
enhancement e↵ects. A detailed detector-level simulation of these infrared-enhanced processes for
di↵erent selection criteria than those used by the current CMS analysis is beyond the scope of this
Letter, and will be presented in a separate communication. In this sense, the bounds on light-heavy
neutrino mixing derived here can be treated as conservative bounds.

To derive the limits on |BlN |2, we calculate the normalized signal cross section �/|BlN |2 at
p
s = 8

TeV LHC as a function of the lightest heavy neutrino mass mN for both SF and FD cases, after
imposing the CMS selection criteria listed above. The corresponding number of signal events passing
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Testing neutrino mass + low-scale leptogenesis
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The measurement of the mixing to e/µ of the heavy states,  bb0n and d in neutrino 
oscillations have a chance to give a prediction for YB

nR=2 

PH, Kekic, Lopez-Pavon, Racker, Salvado arxiv:1606.06719

Posterior of successful baryon asymmetry



Can we tell if they are neutrino mass mediators ?

Seesaw correlations: 
flavour ratios of heavy lepton mixings strongly correlated with ordering, UPMNS matrix:  d, f1

nR=2:

Caputo, PH, Lopez-Pavon, Salvado arxiv:1704.08721 
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TASTY ICECREAM FULL OF SURPRISES ! 


