
LECTURE III & IV

• The standard 3n scenario and its unknowns: 
status and prospects

• Neutrinos and beyond the Standard Model physics



NO/NH IO/IH

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

Standard 3n scenario



Outliers: LSND anomaly 

-



Outliers: LSND anomaly

-

FIG. 21: A comparison between the L/EQE
⌫ distributions for the MiniBooNE data excesses in neu-

trino mode (18.75⇥1020 POT) and antineutrino mode (11.27⇥1020 POT) to the L/E distribution

from LSND [1]. The error bars show statistical uncertainties only. The curves show fits to the

MiniBooNE data, assuming two-neutrino oscillations, while the shaded area is the MiniBooNE 1�

allowed band. The best-fit curve corresponds to (sin2 2✓, �m2) = (0.807, 0.043 eV2), while the

dashed curve corresponds to a 1� fit point at (sin2 2✓, �m2) = (0.01, 0.4 eV2).

similar to the reconstruction in reference [24], but with a di↵erent time o↵set applied.

The � ! N + � background is determined from the NC ⇡0 event sample [29], which

has contributions from � production in 12C (52.2%), � production in H2 (15.1%), coherent

scattering on 12C (12.5%), coherent scattering on H2 (3.1%), higher-mass resonances (12.9%),

and non-resonant background (4.2%). The fraction of� decays to ⇡0 is 2/3 from the Clebsch-

Gordon coe�cients, and the probability of pion escape from the 12C nucleus is estimated

to be 62.5%. The � radiative branching fraction is 0.60% for 12C and 0.68% for H2 after

integration over all the invariant mass range, where the single gamma production branching

ratio increases below the pion production threshold. With these values, the ratio of single

gamma events to NC ⇡0 events, R, can be estimated to be

R = 0.151⇥ 0.0068⇥ 1.5 + 0.522⇥ 0.0060⇥ 1.5/0.625 = 0.0091.

Note that single gamma events are assumed to come entirely from � radiative decay. The

total uncertainty on this ratio is 14.0% (15.6%) in neutrino (antineutrino) mode. This

estimate of R = 0.0091± 0.0013 agrees fairly well with theoretical calculations of the single

gamma event rate [31].
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FIG. 20: MiniBooNE allowed regions for combined neutrino mode (18.75 ⇥ 1020 POT) and an-

tineutrino mode (11.27 ⇥ 1020 POT) data sets for events with 200 < EQE
⌫ < 3000 MeV within

a two-neutrino oscillation model. The shaded areas show the 90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e

allowed regions. The black point shows the MiniBooNE best fit point. Also shown are 90% C.L.

limits from the KARMEN [26] and OPERA [27] experiments.

Single-gamma backgrounds from external neutrino interactions (“dirt” backgrounds) are

estimated using topological and spatial cuts to isolate the events whose vertices are near the

edge of the detector and point towards the detector center [30]. The external event back-

ground estimate has been confirmed by measuring the absolute time of signal events relative

to the proton beam microstructure (52.81 MHz extraction frequency), which corresponds to

buckets of beam approximately every 18.9 ns. Fig. 24 shows that the event excess peaks

in the 8 ns window associated with beam bunch time, as expected from neutrino events in

the detector, and is inconsistent with external neutrino events or beam-o↵ events, which

would be approximately flat in time. Also, the observed background level outside of the

beam agrees well with the predicted background estimate. In addition, good agreement is

obtained for the event excess with cos ✓ > 0.9. The timing reconstruction performed here is
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4.8s discrepancy with SM !
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Reactor 

Outliers: SBL reactor anomalies

Re-evaluation of the predicted fluxes indicates an L-independent deficit 
(averaged oscillations ?)



SBL anomalies: 4th neutrino ?

-

P(ne -> ne) = O(|Ue4|2)

eV-scale sterile neutrino oscillations

Hints for sterile neutrinos at the eV scale?

I Reactor anomaly (‹̄e disappearance)
I predicted vs measured rate
I distance dependent spectral distortions

I Gallium anomaly (‹e disappearance)

I LSND (‹̄µ æ ‹̄e appearance)

I MiniBooNE (‹µ æ ‹e , ‹̄µ æ ‹̄e appearance)
�m2

21

�m2
31

�m2
41

�e

�µ

��

�s

‹e disappearance: depends on |Ue4| æ ◊ee

T. Schwetz (KIT) 2

P(nµ ->ne ) = O(|Ue4|2 |Uµ4|2)

Oscillations at @meters for MeV neutrinos: short baseline reactor experiment

P(nµ -> nµ) = O(|Uµ4|2)



-

New SBL reactor strategies: L-dep of signal
DANSS

Stereo

Prospect

Yoomin Oh / NEOS Neutrino 2018 @ Heidelberg

Active-to-sterile oscillation

• Normalized with the Daya Bay shape

• Best fits at: 
(1.73 eV2, 0.05), (1.30 eV2, 0.04)  
with χ2(3ν)-χ2(4ν) = 6.5, 
p-value = 0.22

• Fine structures in reactor ν spectrum 
or oscillation?
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FIG. S1. The χ2 difference between the 3-ν hypothesis and the best 
fit for 3+1 hypothesis from 200,000 Monte Carlo (MC) data sets 
generated based on 3-ν hypothesis with statistical and systematic 
fluctuations (blue). For the uncertainties of the neutrino flux, the 
data from Fig. 29 in Ref. [31] are used. The p-value corresponding 
to Δχ2=6.5 is estimated at 22%. Superimposed is the χ2 distribution 
with two degrees of freedom (green).
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All data 2016 -2019 + background 20119 

The period  
of oscillation  

is   1.4 m 
 for neutrino energy  

4 MeV 

A.P.Serebrov, et al.  
JETP Letters, 
 Volume 109, (2019) 
Issue 4, pp 213–221.  
 
arxiv:1809.10561 

arXiv:2005.05301 

22/22Stefan Schoppmann Accurate Measurement of Electron An6neutrinos of U-235 Fissions from the STEREO Experiment

Summary/Outlook

Photo: NathanR / bricksafe.com

arXiv:1912.06582

 → data taking phase-I+II completed (65k neutrinos)

 → improved background description by in-situ
measurements during reactor-off periods and
pulse shape discrimination

 → improved description of gamma-cascade after
neutron capture by gadolinium
→ EPJA 55, 183 / arXiv:1905.11967 / Zenodo.2653786

 → large fraction of RAA parameter-space excluded
 → RAA best-fit point rejected at >99.9% C.L.

→ arXiv:1912.06582 / HEPdata.92323

 → rate deficit consistent with RAA found
 → result among the world leading measurements

for pure 235U reactors
→ arXiv:2004.04075

 → first spectral shape in unfolded energy space
achieved

 → spectral distortion of ~10% between
4.0 and 5.5 MeV (prompt space) found

 → publication under preparation

 → further data taking until end of 2020:
→ final dataset of >300 days expected
→ factor ~2 increase with respect to Neutrino2020

 → joint analysis with PROSPECT and Daya Bay underway
(poster #556)

� Exclusion region was calculated using 
Gaussian CLs method (for e+ in 1.5-6 
MeV to be conservative), which is also 
more conservative than usual CI 
method.

� Systematics included:
• Energy resolution +/-10%

• Energy scale +/-2%

• Cosmic background +/-25%

• Fast neutron background +/-30%

• Distance to reactor: +/-0.15%

• Relative detector eff.: +/- 0.2%

� Systematics influence is small, results 
of our method are independent from 
shape of n-spectrum and detector 
efficiency.

� New data allowed to extend excluded 
area of 4n phase space in comparison 
with previous results shown in 2019.

The DANSS results

DANSS @ NEUTRINO 2020 shitov@jinr.ru 14/17
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Sterile Search: Exclusion

• Use both Feldman-Cousins and CLs to convert Δχ2 values 
to statistically valid excluded regions of oscillation phase space

• RAA best-fit excluded: 98.5% CL

• Data is compatible with null  
oscillation hypothesis (p=0.57)

• Δχ2 doesn’t follow χ2 distribution

• Wilk’s incorrectly ‘excludes’ RAA at 99.96% CL!
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O(eV) sterile neutrinos ?

Neutrino muons must disappear also but they don’t Minos, Minos+
6
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Figure 4. The MINOS and MINOS+ 90% Feldman-Cousins
exclusion limit compared to the previous MINOS result [17]
and results from other experiments [20, 43–46]. The Gariazzo
et al. region is the result of a global fit to neutrino oscillation
data [47].

all values of �m2
41 above 10�2 eV2. The low sensitivity

in the region �m2
41 < 10�2 eV2 arises from degeneracies

with the atmospheric mass-splitting�m2
31. The upper is-

land occurs at �m2
41 = 2�m2

31, and the dip below occurs
at �m2

41 = �m2
31. The MINOS/MINOS+ result is com-

pared to results from other experiments in Fig. 4, showing
it to be the leading limit over the majority of the range of
�m2

41. At fixed values of �m2
41 the data provide limits

on the mixing angles ✓24 and ✓34. At �m2
41 = 0.5 eV2,

we find sin2 ✓24 < [0.006 (90% C.L.), 0.008 (95% C.L.)]
and sin2 ✓34 < [0.41 (90% C.L.), 0.49 (95% C.L.)].

In conclusion, the joint analysis of data from the MI-
NOS and MINOS+ experiments sets leading and strin-
gent limits on mixing with sterile neutrinos in the 3+1
model for values of �m2

41 > 10�2 eV2 through the study
of ⌫µ disappearance. The final year of MINOS+ data,
corresponding to 40% of the total MINOS+ exposure,
combined with ongoing analysis improvements, will in-
crease the sensitivity of future analyses even further.

This document was prepared by the MINOS/MINOS+
Collaboration using the resources of the Fermi National
Accelerator Laboratory (Fermilab), a U.S. Department of
Energy, O�ce of Science, HEP User Facility. Fermilab is
managed by Fermi Research Alliance, LLC (FRA), acting
under Contract No. DE-AC02-07CH11359. This work
was supported by the U.S. DOE; the United Kingdom
STFC; the U.S. NSF; the State and University of Min-
nesota; and Brazil’s FAPESP, CNPq and CAPES. We

thank the personnel of Fermilab’s Accelerator and Sci-
entific Computing Divisions and the crew of the Soudan
Underground Laboratory for their e↵ort and dedication.
We thank the Texas Advanced Computing Center at The
University of Texas at Austin for the provision of com-
puting resources. We acknowledge fruitful cooperation
with Minnesota DNR.

⇤ Now at South Dakota School of Mines and Technology,
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Figure 2. Comparison of the MINOS and MINOS+ 90% C.L. exclu-
sion contour using the Feldman-Cousins method [52] and the CLs

method. The regions to the right of the curves are excluded at the
90% C.L. (CLs ). The 90% C.L. median sensitivity is shown in red
along with the 1� and 2� bands.

ders of magnitude in the sterile mass-squared splitting �m2

41
.

These limits are the world’s most stringent over 5 orders of
magnitude, for �m2

41
. 10 eV2.

The new constraints exclude the entire 90% C.L. allowed
regions from LSND and MiniBooNE for �m2

41
< 5 eV2,

with regions at higher values being excluded by NO-
MAD [54]. Further, the 99% C.L. allowed regions from
LSND and MiniBooNE are excluded for �m2

41
< 1.2 eV2.

The allowed region from a global fit to data from sterile
neutrino probes, intentionally excluding MINOS, MINOS+,
Daya Bay, and Bugey-3 contributions, computed by the
authors of Refs. [55, 56], is fully excluded at the 99% C.L.
The allowed region resulting from a fit to all appearance
data, updated by the authors of Ref. [57] to include the
MiniBooNE 2018 results [21], is equally strongly excluded.
The new limits presented here thus significantly increase the
tension between pure sterile neutrino mixing explanations
of appearance-based indications and the null results from
disappearance searches. The sole consideration of additional
sterile neutrino states cannot resolve this tension, which stems
from the non-observation of ⌫̄e and

(�)

⌫µ disappearance beyond
what is expected from the three-neutrino mixing model. This
inconsistency may be further quantified in additional detector
exposures in the process of being analyzed, specifically the
last year of MINOS+ data taking, representing an additional
sample of similar size to the one used here, as well as over
two more years of Daya Bay data.
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Figure 3. Comparison of the MINOS, MINOS+, Daya Bay, and
Bugey-3 combined 90% CLs limit on sin22✓µe to the LSND and
MiniBooNE 90% C.L. allowed regions. Regions of parameter space
to the right of the red contour are excluded. The regions excluded
at 90% C.L. by the KARMEN2 Collaboration [53] and the NOMAD
Collaboration [54] are also shown. The combined limit also excludes
the 90% C.L. region allowed by a fit to global data by Gariazzo et
al. where MINOS, MINOS+, Daya Bay, and Bugey-3 are not in-
cluded [55, 56], and the 90% C.L. region allowed by a fit to all avail-
able appearance data by Dentler et al. [57] updated with the 2018
MiniBooNE appearance results [21].
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O(eV) 4th neutrino is not a good fit (all things considered…)



Exercise: what about MSW resonances in the 4n model ? 
Can the steriles oscillation be resonantly enhanced ? Estimate the 
resonance energy for Earth density and think where to look for this 
effect. 



The other big open questions 

Absolute mass scale:  minimum mn

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



n n
n
n
n
n
n

n

Absolute n mass scale
Best constraints at present from cosmology

Planck ‘18



Cosmological neutrinos

Neutrinos have left many traces in the history of the Universe

Galaxy distribution (LSS)
Nucleosynthesis

CMB



Neutrinos @ nucleosynthesis (BBN)
Before LEP, the best constraint on Nn came from Big Bang nucleosynthesis!

Neutrinos decouple from the plasma  @Tn~1MeV 

Rate

✓
⌫e n $ p e�

e+n $ p ⌫̄e

◆
' Expansion rate

g⇤(T ) ⌘ #of relativistic degrees of freedom

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

g* depends on Nn=> Tn(Nn)



Neutrinos @nucleosynthesis

Y4He =
Mass of

4
He

Total Mass
=

2Nn

Np +Nn

Nn

Np
= exp

✓
mp �mn

T⌫(N⌫)

◆
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

@Tn ~1MeV    



Neutrinos as DM

Neutrino distribution gets frozen at BBN when they are still relativistic

N⌫ ' N⌫̄ ' 4

11
T 3
�

⌦⌫ =

P
i mi

93.5 eV
h�2 < ⌦m !

X

i

mi  11.2 eV

Gershtein, Zeldovich

Massive neutrinos O(eV) contribute significantly to  Wm

They tend to produce a Universe with too little structure at small scales:
hot DM

Later on they become non-relativistic, but there are many of them



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

IO

NO

X
m⌫

Katrin

0.1eV

Absolute n mass scale



Majorana nature: bb0n
Plethora of experiments with different techniques/systematics: EXO,
KAMLAND-ZEN, GERDA, CUORE, NEXT …



Majorana nature: bb0n
Plethora of experiments with different techniques/systematics: EXO,
KAMLAND-ZEN, GERDA, CUORE, NEXT …

If L > 100MeV

Capo

2s

Next generation of experiments @Ton scale to cover the IO region



CKM

PMNS 3s

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

16 12. CKM quark-mixing matrix

and the Jarlskog invariant is J = (3.18 ± 0.15) × 10−5.

Figure 12.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements
and the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region.

12.5. Implications beyond the SM

The effects in B, Bs, K, and D decays and mixings due to high-scale physics
(W , Z, t, H in the SM, and unknown heavier particles) can be parameterized by
operators composed of SM fields, obeying the SU(3) × SU(2) × U(1) gauge symmetry.
Flavor-changing neutral currents, suppressed in the SM, are especially sensitive to beyond
SM (BSM) contributions. Processes studied in great detail, both experimentally and
theoretically, include neutral meson mixings, B(s) → Xγ, X$+$−, $+$−, K → πνν̄,
etc. The BSM contributions to these operators are suppressed by powers of the scale
of new physics. Already at lowest order, there are many dimension-6 operators, and
the observable effects of BSM interactions are encoded in their coefficients. In the SM,
these coefficients are determined by just the four CKM parameters, and the W , Z, and
quark masses. For example, ∆md, Γ(B → ργ), Γ(B → π$+$−), and Γ(B → $+$−) are all
proportional to |VtdVtb|2 in the SM, however, they may receive unrelated contributions
from new physics. The new physics contributions may or may not obey the SM relations.
(For example, the flavor sector of the MSSM contains 69 CP -conserving parameters and
41 CP -violating phases, i.e., 40 new ones [129]). Thus, similar to the measurements of
sin 2β in tree- and loop-dominated decay modes, overconstraining measurements of the
magnitudes and phases of flavor-changing neutral-current amplitudes give good sensitivity
to new physics.

To illustrate the level of suppression required for BSM contributions, consider a
class of models in which the unitarity of the CKM matrix is maintained, and the
dominant effect of new physics is to modify the neutral meson mixing amplitudes [130] by
(zij/Λ2)(qiγ

µPLqj)
2 (see [131,132]). It is only known since the measurements of γ and

α that the SM gives the leading contribution to B0 –B0 mixing [6,133]. Nevertheless,
new physics with a generic weak phase may still contribute to neutral meson mixings at
a significant fraction of the SM [134,135,127]. The existing data imply that Λ/|zij |1/2

has to exceed about 104 TeV for K0 –K0 mixing, 103 TeV for D0 –D0 mixing, 500 TeV
for B0 –B0 mixing, and 100TeV for B0

s –B0
s mixing [127,132]. (Some other operators

are even better constrained [127].) The constraints are the strongest in the kaon sector,
because the CKM suppression is the most severe. Thus, if there is new physics at the TeV
scale, |zij | # 1 is required. Even if |zij | are suppressed by a loop factor and |V ∗

tiVtj |2 (in
the down quark sector), similar to the SM, one expects percent-level effects, which may
be observable in forthcoming flavor physics experiments. To constrain such extensions of
the SM, many measurements irrelevant for the SM-CKM fit, such as the CP asymmetry

in semileptonic B0
d,s decays, Ad,s

SL , are important [136]. The current world averages [21]
are consistent with the SM, with experimental uncertainties far greater than those of the
theory predictions.

Many key measurements which are sensitive to BSM flavor physics are not useful

June 5, 2018 19:49
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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)
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Why so different mixing ?
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Where the large mixing comes from ?

Discrete or continuous symmetries
Anarchy for leptons  

Lepton-quark flavour connection in GUTs ?



mH

Massive neutrinos: a new flavour perspective

Why are neutrinos so much lighter ? 

They get their masses differently!



?nSM

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

m⌫ = �
v2

⇤

Scale at which new
particles will show up



What originates the neutrino mass ?

Could be  L >> v… the standard lore (theoretical prejudice ?)

� ⇠ O(1)
m⌫

p⇤ = MGUT

Hierarchy problem m2
H

/ ⇤2

not natural in the absence of SUSY/other solution to the hierarchy problem

Vissani



mH

The Standard Model  is healthy as far as we can see…

Could be naturally  L ~ v ? 

Yes ! l in front of neutrino mass operator must be small…



Type II see-saw:
a heavy triplet scalar

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

Resolving the neutrino mass operator at tree level

Type III see-saw:
a heavy triplet fermion

Foot et al; Ma; 
Bajc, Senjanovic…

Type I see-saw:
a heavy singlet scalar

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

E. Ma

l ~ O(Y2) l ~ O(Y2)l ~ O(Y µ/MD)

l l l



MN = GUT

MN~ v
n

Yukawa

Yukawa

MN~ GUT
n



eV keV MeV GeV TeV MPlanck
MN

Where is the new scale ?

Generic predictions 

Ø there is neutrinoless double beta decay at some level (L > 100MeV) 

model independent contribution from the neutrino mass 😊

bb0n



Where is the new scale ?

GeVMeVkeVeV TeVeV keV MeV GeV TeV MPlanck
MN

Leptogenesis

Generic predictions:

Ø a matter-antimatter asymmetry if there is CP violation in the 
lepton sector via leptogenesis

model dependent…      😪



eV keV MeV GeV TeV MPlanck
MN

Generic predictions:

Ø there are other states out there at scale L: new physics beyond 
neutrino masses 

potential impact in cosmology, EW precision tests, collider, 
rare searches, bb0n, …

model dependent…   😪

Where is the new scale ?

new states accessible



eV keV MeV GeV TeV MPlanck
MN

Where is the new scale ?

bb0n

new states accessible
Leptogenesis

The EW scale is an interesting region: new physics underlying the 
matter-antimatter asymmetry  
could be predicted & tested !



Minimal model of neutrino masses:

Type I seesaw: SM+right-handed neutrinos

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

MN

mn

nR � 2

m⌫ = �
v2

⇤
⌘ Y T v2

M
Y

L⌫ = �l̄Y �̃NR � 1

2
N̄RMNR + h.c.

Y Y



Type I seesaw models

nR =3 : 18 free parameters (6 masses+6 angles+6 phases)  
out of which we have measured 2 masses and 3 angles…

m1
m2

m3

M1

M2

M3

MN
Dirac Seesaw

Light neutrinos



Type I seesaw models

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

0

@
⌫e
⌫µ
⌫⌧

1

A = Ull

0

@
⌫1
⌫2
⌫3

1

A+ Ulh

0

@
N1

N2

N3

1

A



Type I seesaw models

Casas-Ibarra

Strong correlation between active-heavy  mixing and neutrino masses:  

( but naive scaling too naive for nR >1…)

W/Z

l/ν

N

H

N

ν

Ulh
Ulh

p
2Mh

v

R: general orthogonal complex matrix (contains all the parameters we cannot 
measure in neutrino experiments)

Ulh ' iUPMNS
p
mlR

1p
Mh

light param
heavy param



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 



Baryon asymmetry
The Universe seems to be made of matter



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…



Leptogenesis

GeVMeVkeVeV TeVeV keV MeV GeV TeV MPlanck
MN

Leptogenesis I 

I Standard leptogenesis in out-of-equilibrium 
decay MN> 107GeV Fukuyita, Yanagida

Models with massive neutrinos generically lead to generation of lepton and 
therefore baryon asymmetries

II

II Resonant leptogenesis MN>100 GeV

III

III Leptogenesis from neutrino oscillations 
0.1GeV <MN < 100GeV Akhmedov, Rubakov, Smirnov; 

Asaka, Shaposhnikov,…

Pilaftsis…



✔ CP violation (up to 6 new CP phases in the lepton sector) 

✔ B+L violation from sphalerons T > TEW  

✔ Out of equilibrium condition: different for low and high scales

(R: 3 complex angles + UPMNS: 3 phases)

Y = U⇤
PMNS

p
m⌫R

p
Mh

p
2

v

Sakharov conditions

+ L  (high-scales) 
+ La (high and low scales)



High-scale leptogenesis Low-scale leptogenesis

TEW

(decay rate < hubble expansion) (scattering rate < hubble expansion)

(larger Y) (smaller Y)



Testability/predictivity ?

• YB cannot be determined from neutrino masses and mixings only 

• More information from the heavy sector is needed:

High-scale scenarios: very difficult for MN > 107 GeV

Low-scale scenarios:   N’s can be produced in the lab 
and could be in principle detectable !



In the  minimal model with just nR=2 neutrinos (IH) 

Colored regions: posterior probabilities of successful YB (for not too 
degenerate states)

SHIP
DUNE FCCee

PH, Kekic, Lopez-Pavon, Racker, Salvado



In the  minimal model with just nR=2 neutrinos (IH) 

Rare meson 
decays searches
Eg:@SHIP

Displaced
vertex searches in 
Z decays 
Eg: @FCC-ee

Neutrino 2016, London, UK, July 2016 R. Jacobsson (CERN)

� B-factories e. g. 𝐵 → 𝜋േ𝜇∓𝜇∓ (CLEO, Belle, BaBar and LHCb)
• 𝑙ᇱ, 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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Neutrino 2016, London, UK, July 2016 R. Jacobsson (CERN)

� Lepton collider – circular/linear (Z, W, H factory), also ߤߤെ, ,െߛߛ 𝑒ߛ െcolliders
• Collider detectors sensitive to detached vertex 100µμ𝑚 ≲ 𝑐߬ ≲ 10𝑚 (masses ≳ 10 𝐺𝑒𝑉ሻ

• Most promising channel: 𝑒ା𝑒ି → 𝑁 → 𝑙∓𝑊േ ௟ߥ ∶ 𝑙∓ ൅ 2𝑗 ൅ 𝐸௠௜௦௦

Æ Both s- and t-channel, insensitive to Majorana nature of 𝑁
Æ Limited hadronic activity at lepton collider, controlled by kinematical cuts

• Alternative: 𝑒ା𝑒ି → 𝑁ሺ→ 𝑙′∓𝑊േሻ𝑙∓𝑊േ ∶ 𝑑𝑖 െ 𝑙𝑒݋ݐ݌𝑛 ൅ 4𝑗
• Sum of s- and t-channel contributions for 𝑙ᇱ ൌ 𝑒
• Same sign di-leptons to remove background Î LNV Î sensitive to Majorana nature
• Extremely clean

• Other t-channels:  𝑒ା𝑒ି → 𝑁ሺ→ 𝑙′∓𝑊േሻ𝑒∓𝑙േߥ௟
• Also Higgsstrahlung : 𝑒ା𝑒ି → 𝑍𝐻ሺ→ 𝑁ߥ௟ሻ , for 𝑚ே ൐ 𝑚ு

• Inverse 0νߚߚ 𝑑𝑒𝑐𝑎ݕ: 𝐿𝑁𝑉 𝑒ି𝑒ି → 𝑊ି𝑊ି mediated via t-channel N exchange (No SM background)
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Predicting  YB in the minimal model nR=2  ?

Assume a point within SHIP reach that gives the right baryon asymmetry

• SHIP measurement could provide (if states not too degenerate)

M1, M2, |Ue1|2, |Uµ1|2, |Ue2|2, |Uµ2|2 

• Future neutrino oscillations: d phase in the UPMNS



Predicting  YB in the minimal model nR=2 (IH)

PH, Kekic, Lopez-Pavon, Racker, Salvado
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Predicting  YB in the minimal model nR=2

Heavy states also contribute to the bb0n amplitude…

the heavy contribution is sizeable for Mi of O(GeV)

Blennow,Fernandez-Martinez, Lopez-Pavon, Menendez;
Lopez-Pavon, Pascoli, Wong; Lopez-Pavon, Molinaro, Petcov

m�� =
3X

i=1

[(UPMNS)ei]
2 mi

| {z }
Light states

+
3X

i=j

U2

ejMj
M0⌫��(Mj)

M0⌫��(0)
| {z }

Heavy states

Mj ! 1 M0⌫��(Mj)

M0⌫��(0)
/

✓
100 MeV

Mj

◆2

The non standard contributions bring essential information of some CP phases
and other unknown parameters



Predicting  YB in the minimal seesaw model M~GeV
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The GeV-miracle: the measurement of the mixing to e/µ of the sterile states, 
neutrinoless double-beta decay and d in neutrino oscillations have a chance to give a 
prediction for YB

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

Looking for neutrino mass mediators in the EW region

Reviews Atre, Han, Pascoli, Zhang; Gorbunov, Shaposhnikov; Ruchayskiy, Ivashko; 
Deppisch, Dev, Pilaftsis,…



|U↵i|2 � m⌫

Mi
$ R � 1

• In some cases unnatural:

eg: cancellation between tree level and 1 loop contribution to neutrino masses

Bounds in the EW only interesting if 

• But also technically natural textures: 

protected by an approximate global  U(1)L

L(N1)= +1,  L(N2) = -1Example nR=2: 

�L⌫ � N̄1MN c
2 + Y L̄�̃N1 + h.c.

Lopez-Pavon, Pascoli, Wang

Does not induce neutrino masses: Y unbounded by them

0

@
0 Y v 0
Y v 0 MN

0 MN 0

1

A



Wyler, Wolfenstein; Mohapatra, Valle; Branco, Grimus, Lavoura, Malinsky, Romao;Kersten, Smirnov;
Abada et al; Gavela et al; Dev, Pilaftsis….many others

direct seesaw
inverse seesaw 
extended seesaw 

Seesaw models + approx Lepton number 

They are all a subclass of type I seesaw models with the generic features: 

- quasi-Dirac heavy states
- LNV (neutrino masses, same-sign W decays, etc) ~ O(µ, µ’,e)
- Yukawa hierarchies

0

@
0 Y1v ✏Y2v
Y1v µ0 MN

✏Y2v MN µ

1

A

Look for LNC processes ! Can we test their Majorana nature ? 
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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 p

j
T 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 p
j,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

7

LNC @LHC: trilepton + missing energy

7

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 1–30%, 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 significant excess in data beyond the expected SM background. We compute
95% confidence 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 fit of all search regions is performed and all systematic
uncertainties are treated as log-normal nuisance parameters in the fit.

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

5
N|V`N|2 [53, 59]. At low masses this becomes significant, resulting in displaced decays and

lower efficiency than if the decays were prompt, illustrated by comparison of the black dotted
line in Fig. 2 (prompt assumption) with the final result. This is accounted for by calculating the
efficiency vs. N lifetime, and propagating this to the limits on mixing parameter vs. mass.
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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 `n. The event signature consists of three charged leptons in any com-
bination of electrons and muons. No statistically significant excess of events over the expected
standard model background is observed.

Upper limits at 95% confidence 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 first direct limits for mN > 500 GeV. This search also provides the
first 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].
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Golden signal: Displaced Vertices (same-sign) are considered as there is a smaller expected SM background for pairs of same-sign leptons
than for pairs of leptons of opposite charge (opposite-sign). The search includes the ee and µµ final
states.

qa

q̄b

(W±)�

W�

N

l±�

l±�

qc

q̄d

Figure 1: The tree-level diagram for the production of a heavy Majorana neutrino (N) in the mTISM model. Lepton
flavour is denoted by ↵ and �. Lepton flavour is assumed to be conserved, such that ↵ = �. The W boson produced
from the N decay is on-shell and, in this case, decays hadronically.

The search is guided by two theoretical models. In the first model, the SM is extended in the simplest way
to include right-handed neutrinos [7], such that light neutrino masses are generated by a Type-I seesaw
mechanism or by radiative corrections [8]. In this minimal Type-I seesaw mechanism (mTISM), the
heavy Majorana neutrinos, N, can be produced via an o↵-shell W boson, pp ! (W±)⇤ ! `±N. Due to
previous limits [9, 10], the heavy neutrino is assumed to be more massive than the W boson and therefore
subsequently decays to an on-shell W boson and a lepton. The on-shell W boson produced in the decay
of the heavy neutrino predominantly decays into a quark–antiquark (qq̄) pair. The final state in this case
contains two opposite-sign or same-sign leptons and at least two high-pT jets, where pT is the transverse
momentum with respect to the beam direction.1 The tree-level process is illustrated in figure 1. The free
parameters in this model are the mixing between the heavy Majorana neutrinos and the Standard Model
neutrinos, V`N , and the masses of the heavy neutrinos, mN . In this framework, LEP has set direct limits
for mN < mZ [9, 10] and CMS has set direct limits for 90 < mN < 200 GeV in ee final states [11] and
40 < mN < 500 GeV in µµ final states [12].

The second model is the left-right symmetric model (LRSM) [4, 13–15], where a right-handed symmetry
SU(2)R is added to the SM. The symmetry SU(2)R is assumed to be the right-handed analogue of the
SM SU(2)L symmetry. In this model, heavy gauge bosons VR = {WR,Z0} are also predicted and, in this
analysis, the heavy gauge bosons are assumed to be more massive than the heavy neutrinos, such that they
are kinematically allowed to decay into final states including heavy neutrinos. These can be produced in
the decays of heavy gauge bosons according to WR ! N` and Z0 ! NN and can subsequently decay via
an o↵-shell WR boson into a lepton and a qq̄ pair, N ! `W⇤R with W⇤R ! qq̄0. The tree-level processes
are shown in figure 2. A previous ATLAS search in this framework has excluded mWR < 2.3 TeV for

1 ATLAS uses a right-handed coordinate system, with its origin at the nominal interaction point in the centre of the detector.
The z-axis points along the beam direction, the x-axis from the interaction point to the centre of the LHC ring, and the y-axis
upwards. In the transverse plane, cylindrical coordinates (r, �) are used, where � is the azimuthal angle around the beam
direction. The pseudorapidity ⌘ is defined via the polar angle ✓ as ⌘ = � ln tan (✓/2) .

3

Helo, Kovalenko,Hirsch

Figure 5: Similar to Figure 4, number of events in the h → nN → nµqq′ channel. The region in
brown (green) would have more than 100 (10) events with a displaced vertex. The dash-dotted
line indicates more than one event. On the left we show the region if no cuts are applied to the
final states, on the right we only apply pseudorapidity cuts on all final states.

shows the same region, but including also conventional pseudorapidity cuts, that is, |ηµ| < 2.4 for
the muon, and |ηi| < 2.5 for every other particle. We find that, although the overall shape of the
region remains unchanged, the number of events is affected by the cut.

As an example, we report the results for our benchmark point. In Figure 5, we have a total of
110 events on the h → niNj → µqq′ channel with no cuts (left panel), which is further reduced to
78 events once all pseudorapidity constraints are applied (right panel). This is to be compared to
the 428 events we expected from h → niNj decays (Figure 4).

4.2 Impact due to Kinematical Cuts

For the purpose of giving a perspective of a future experimental search, we discuss the impact of
several kinematic cuts on our analysis.

In the following, we plot the ratio of surviving events for each cut, imposing at the same time
the displaced vertex and pseudorapidity constraints previously discussed. In order to understand
the impact of the heavy neutrino mass, we show results for Mj = 3, 15GeV, which are limiting
values of our signal region. We find that the results are not strongly influenced by the heavy
neutrino mass. For each cut, we also compare the exact number of events for our benchmark
point.

The first constraint we study is a cut on the transverse momentum of the muon, pcutµT
. This is

shown in Figure 6. We find that typical cuts between 20 and 30 GeV would reduce the number of
events to a total between 40% and 20%. As an example, the benchmark point shows 32 (17) events

10

>10 events

>1 event

h

N

⌫̄

⌫

W
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`
�

`
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h

N

⌫̄

`
�

Z

⌫

`
+

FIG. 1: The Higgs decay modes into 2`2⌫ mediated by the ISS couplings.

the limits derived in [11] for M > 60 GeV or so are very weak. Furthermore constraints

from neutrino-less double beta decay [12] derived on heavy sterile neutrinos do not apply to

this case since in our model, the N and S form a pseudo-Dirac pair and lepton number is

almost exactly conserved.

In order to use the LHC data to explore constraints on y and M in the 100 GeV range,

we will assume that (i) vBL � vwk and (ii) the mass of Re(�0) is heavy compared to the SM

Higgs boson so that neither the heavy gauge boson associated with (B � L)-symmetry nor

the interactions of Re(�0) a↵ect the Higgs boson decay modes we consider.

It follows from the above Lagrangian that if one of the singlet fermions has mass in the

100 GeV range, it will a↵ect the Higgs branching ratios: for instance if MN < Mh, then this

opens up a new mode for SM Higgs decay, i.e., h ! ⌫̄aNb, and the collider signal will arise

from N � ⌫ mixing diagram in Fig. 1 where N ! ⌫Z, `W . Folding W,Z decays, one will

get final states with ⌫⌫̄`a`b where in the final state both charged leptons and anti-leptons

will appear and the existing LHC data on these final states will provide constraints on y.

Clearly, which charged lepton appears will depend on the flavor structure of y and f . For

f we will go to a basis so that it is diagonal, i.e. a linear combination of ⌫ and N are mass

eigenstates with S field providing the chiral Dirac partner.

B. Type-I seesaw case

Turning to the type-I case, as noted earlier, in generic models, the Dirac Yukawa couplings

are very small for the seesaw scale in the TeV regime. However, for specific textures for y,

it is possible to attain singlet fermion mass in the 100 GeV range with Dirac Yukawa y’s

of order O(1) while still satisfying the neutrino oscillation data. In this case the singlet
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FIG. 1: Constraints on sterile neutrinos from DELPHI [2],

compared with double beta decay and the region in parameter

space where a displaced vertex search at LHC will be sensitive.

(a) top, cuts: pe1T > 30 GeV, pe2T > 7 GeV, 30 GeV, 35

GeV, 45 GeV and |ηe| < 2.5. Luminosity: L = 300 fb−1.

(b) bottom using pe2T > 7 GeV, pjT > 10, 15 and 20 GeV,

pe1T > 30GeV and |ηe,j | < 2.5. The limit from double beta

decay applies only to l = e, see text.

|Vl4|2. In this plot we assume a luminosity of L = 300
fb−1.

The red dashed lines are the expected sensitivity for
the LHC assuming less than five signal events as the ex-
perimental upper limit. Different cuts on energies and
pT have then be used to estimate the sensitivty of the
LHC. Consider the top panel first. Here, |ηe| < 2.5 and
the pT of the first electron is required to be pe1T > 30
GeV, while for the second electron (the one coming from
the displaced vertex, not necessarily the softer of the two
electrons) we require different values of pT > 7, 30, 35
and 45 GeV. It is clear that lowering the cut on the dis-
placed vertex electron as much as possible is absolutely
essential in this search. However, the plot shown in the
top of fig. (1) does not show a (completely) realistic sit-
uation, since no cut on the jet energy was applied. Thus,
while these events would show clearly two electrons, with

one coming from the displaced vertex, the hadronic activ-
ity at the displaced vertex might be too soft to allow for
jet reconstruction. For a more realistic estimate we thus
show in the same figure in the bottom panel the reach
of the LHC, requiring pe2T > 7 GeV, pjT > 10, 15 and 20
GeV, pe1T > 30GeV and |ηe,j | < 2.5. The additional cut
on the jet pT again leads to a rapid loss of sensitivity,
thus for this search to be effective, experimentalists will
have to lower the threshold for jet search in displaced
vertices as much as possible.
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FIG. 2: Constraints on sterile neutrinos from DELPHI [2],

compared with double beta decay and the region in parameter

space where displaced vertex search at LHC will be sensitive.

Cuts: pe1T > 30 GeV, pe2T > 7 GeV, pjT > 15GeV and |η| < 2.5.

Lines for different values for luminosity: L = 50, 300 and 3000

fb−1. The limit from double beta decay applies only to l = e,

see text.

In fig. (2) we then show the sensitivity of the LHC in
the same plane as fig. (1), but now for fixed values of the
cuts and for different assumed values of the luminosity:
L = 50, 300 and 3000 fb−1. LHC could probe for l = µ so
far unexplored ranges of |Vl4|2 for luminosities as small
as L = 50 fb−1. To do better than the current limit from
0νββ on |Ve4|2, very large luminosities or significantly
lower pT cuts will be necessary.

B. Left-right symmetric model

Now we will discuss the results for the left-right sym-
metric model. For the sake of simplicity we will start
our discussion assuming “manifest” L-R symmetry, i.e.
gR = gL. In the LRSM the decay length can be written
as function of the two masses mN and mWR

:

L = cγ̄τ
N
! 0.12 γ̄

(

10GeV

mN

)5
( mWR

1 TeV

)4
[mm] (12)
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FIG. 6: 95% confidence level reach of our proposed lepton
jet and trilepton searches in terms of the sterile neutrino
simplified model parameters. The blue lines show the reach
of the displaced lepton jet search at (dot-dashed)

p
s = 8

TeV with 20 fb�1, (dashed)
p
s = 13 TeV with 300 fb�1.

The brown lines show the prompt trilepton reach with (dot-
dashed)

p
s = 8 TeV with 20 fb�1 and 50% systematic un-

certainty, (dashed)
p
s = 13 TeV with 300 fb�1 and 20% sys-

tematic uncertainty. The thin red dotted line shows the reach
for the proposed SHiP experiment from Ref. [25]. The shaded
region is excluded.

could be further reduced by using the high granularity
of the tracker and requiring that the two muon tracks
within the µJ reconstruct to the same vertex (which was
not required in Ref. [77]). Kinematic features such as the
invariant mass of the µJ and the alignment of /ET with
the µJ could be used to further suppress backgrounds.
Therefore, we assume a background-free search with in-
tegrated luminosity of 300 fb�1, and define our 2� ex-
clusion reach contours by requiring 3 signal events after
cuts.

We perform the simulation for the low-mass N signal
region using Madgraph 5 [75]. Because of the all-muon fi-
nal state, we consider only parton-level events. We show
our estimated sensitivity at the LHC for this signal re-
gion in Fig. 6, both for 8 TeV with 20 fb�1 and for 13
TeV with 300 fb�1. For masses near MN ⇡ 15 GeV,
the sensitivity of this analysis could be further improved
by increasing the �R0 in the definition of µJ as the N

decay products’ separation increases. Furthermore, the
requirement that the µJ appear at a displaced vertex in
the tracker (|d0| . 1m) could also be relaxed to consider
DVs in the calorimeters and the muon spectrometer, but
the background estimate from Ref. [77] has to be modi-
fied for this case.

IV. PROMPT TRILEPTON SEARCHES FOR
RH NEUTRINOS

For masses MN & 15 GeV, N typically decays
promptly, and the reconstruction of the decay vertex no

longer provides significant discriminating power from SM
backgrounds. In this section, we investigate the most
promising final states for discovering N in the prompt
regime. In particular, we find that targeted searches
in the trilepton final state with no opposite-sign, same-
flavor (OSSF) leptons can suppress SM backgrounds and
give a smoking gun signature for lepton-number-violating
RH neutrinos with MN . MW . While trilepton final
states have been considered previously for MN & MW

and/or Dirac neutrinos [58, 59, 61, 63–66], we show
that the MN . MW regime presents the LHC experi-
ments with di↵erent kinematics than previously consid-
ered. By tailoring the signal selection to the softer kine-
matic regime, we show that trilepton searches have the
capability of probing Majorana N down to MN ⇠ 10
GeV.

The only current analysis at the LHC for N in the
MN . MW mass range is a CMS search in the W

± !
µ

±
µ

±
jj final state [38]. This search was originally de-

signed for MN � MW [50–52], and has recently been
re-optimized for MN . MW [38]. The re-analysis re-
quires two same-sign muons with pT > 15 GeV and
two jets with pT > 20 GeV, and seeks to reconstruct
Mµ±µ±jj ⇠ MW . It is immediately obvious that, for N

produced in the decay of W
±, there is insu�cient phase

space to pass all of the kinematic cuts unless the W
± is

highly boosted; however, if the W
± is boosted, the jets

in the decay of N are not separately resolved. Therefore,
this search su↵ers from extremely tiny signal e�ciencies
for MN < MW (⇠ 0.6�0.8%), and for signal events pass-
ing all cuts, one of the jets is typically not from the N

decay. This can be deduced from the fact that Mµ±µ±jj

peaks well above MW for the signal in Ref. [38], whereas
the correctly reconstructed decay products of N should
always give a mass below MW . This suggests that, even
for signal events, one of the final-state jets is uncorrelated
with the N decay products, and so the (small) back-
ground looks nearly identical to the signal. Thus, the
constraints from the µ

±
µ

±
jj search are only comparable

to or worse than the LEP constraints for MN . MW .

Given the challenges in reconstructing both quarks
from N ! µ

±
qq̄

0 decay as separate jets, we consider in-
stead the purely leptonic decay, W

± ! µ
±

N ! 3` + ⌫.
We propose exploiting the Majorana nature of the ster-
ile neutrino to look for W

± ! µ
±

N ! µ
±

µ
±

e
⌥

⌫e final
states (see Fig. 7): because there are no OSSF lepton
pairs in the final state, SM backgrounds involving �

⇤
/Z

are greatly suppressed.

Current experimental searches in trilepton final states
have targeted supersymmetric final states with large
�ET, although CMS has an analysis with low �ET and
low HT [80]. This search has been recast for MN > MW

[65], and here we recast the analysis to determine the
constraints on the low-mass signal region MN . MW . In
particular, we use the OSSF-0 signal region to find the
most powerful bound. Using the data from the �ET < 50
GeV, HT < 200 GeV, OSSF-0 bin with 0 b-jets from
Ref. [80], we find that the CMS trilepton analysis is
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�
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! ⌫N

⇤
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(⇤). Diagram A (left) conserves lepton number, Diagram
B (right) does not.

otherwise it represents an additional W propagator coupled to a fermion current. The propagator of each
virtual heavy neutrino Nj , with mass Mj and width �j is:

� iSj =
/q +Mj

q2 �M
2

j
+ iMj �j

⌘
/q +Mj

f(Mj)
, (16)

with q = p3+p4. In our calculation, we have written the virtual W propagator Dµ⌫ in the unitary gauge,
which can depend on pA = p5 � p2 or pB = p5 � p1.

Direct inspection shows that the interference terms between A and B amplitudes are proportional
to the masses of the light neutrinos, so they can be safely neglected. The total unpolarized amplitude
squared is therefore of the form

|M|
2 = |MA|

2 + |MB|
2
, (17)

with
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Here, we have defined:
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Figure 3: Pseudo-rapidity distribution of Ni in the W-exchange process involving a ⌫̄ (left) and both a
⌫̄ and a ⌫ (right).

5 Forward-Backward Asymmetry at the ILC

We now consider the pseudorapidity distribution of the final lepton, ` = e or µ for each charge sepa-
rately. To understand the origin of the asymmetry in this distribution, we can start by considering the
pseudorapidity distribution of the heavy pseudo-Dirac neutrino in the two diagrams of Fig. 2, i.e. in
combination with a light neutrino, which can be either left-handed ⌫ or right-handed ⌫̄. Any asymmetry
in the pseudorapidity of the heavy neutrino will be inherited by the final lepton due to the boost. The
contribution of W exchange to the unpolarized di↵erential cross section for the process e

+
e
�

! ⌫̄Ni

(neglecting the electron and light neutrino masses) is given by:

d�

d cos ✓
=

s�M
2

i

32⇡s2
h|M|

2
i, (30)

with ✓ the angle between the heavy neutrino and the incoming electron. The amplitude squared is:

h|M|
2
i =

✓
g
p
2

◆
4

|Ue4|
2
(s+ t)(s+ t�M

2

i
)

(t�M
2

W
)2

, (31)

where s, t are the Mandelstam variables. Changing variables to the pseudorapidity of the heavy neutrino:

⌘ = � ln

✓
tan

✓

2

◆
, cos ✓ = tanh ⌘, (32)

we find

d�

d⌘
=

1

(cosh ⌘)2
d�

d cos ✓
, (33)

which is shown of the left panel of Fig. 3 for
p
s = 250 GeV and Mi = 5 GeV. The asymmetry varies

very little with the mass of the Mi but is very sensitive to
p
s.

If we define the pseudorapidity asymmetry as

A⌘ ⌘

R1
0

d⌘
d�

d⌘
�
R
0

�1 d⌘
d�

d⌘R1
0

d⌘
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0

�1 d⌘
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, (34)
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otherwise it represents an additional W propagator coupled to a fermion current. The propagator of each
virtual heavy neutrino Nj , with mass Mj and width �j is:

� iSj =
/q +Mj

q2 �M
2

j
+ iMj �j

⌘
/q +Mj

f(Mj)
, (16)

with q = p3+p4. In our calculation, we have written the virtual W propagator Dµ⌫ in the unitary gauge,
which can depend on pA = p5 � p2 or pB = p5 � p1.

Direct inspection shows that the interference terms between A and B amplitudes are proportional
to the masses of the light neutrinos, so they can be safely neglected. The total unpolarized amplitude
squared is therefore of the form
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Figure 5: Forward-backward asymmetry as a function of (�M/�)2. We show the 3� region for A�
⌘ (A+

⌘ )
in red (blue). The light and heavy benchmarks are shown on the left and right, respectively.

specific charge as:

A
±
⌘ =

N
±(⌘ > 0)�N

±(⌘ < 0)

N
±
tot

, (37)

where N
±(⌘ > 0) and N

±(⌘ < 0) are the number of events where `
± has positive or negative pseudora-

pidity, respectively, and N
±
tot

= N
±(⌘ > 0) +N

±(⌘ < 0).
In Figure 5, we calculate A

±
⌘ for several values of (�M/�4)2 and interpolate the results. The shaded

regions indicate the 3� confidence intervals, evaluated by taking into account the expected number of
events. We find that the behaviour on the LNV and LNC limits matches our expectations, that is,
A

±
! 0 when (�M/�4)2 ! 1, and |A

±
| ⇠ 1 for (�M/�4)2 ! 0.

For the light benchmark, we have a relatively large enough number of events, so the asymmetry can
be determined with good precision. At 3�, A±

⌘ is compatible with zero for (�M/�4)2 & 20, and with ±1
for (�M/�4)2 . 1. Therefore, (not) observing the asymmetry establishes upper (lower) limits on �M ,
depending on �4. In addition, we have a region where |A

±
⌘ | might be measured to be neither zero nor

unity. In this case, the splitting could be constrained as O (1) < (�M/�4)2 < O (10). Such an observation
would be particularly interesting in connection to resonant leptogenesis models.

On the other hand, the heavy benchmark has much less events and the precision is poorer. The
asymmetry is compatible with zero for (�M/�4)2 & 0.3 and with unity when (�M/�4)2 . 1. Here we
can again place upper or lower bounds on �M , provided we know �4. In this case there is not enough
precision to measure |A

±
⌘ | to be di↵erent from both zero and unity at 3�.

We now proceed to quantify the hypothetical bound on �M , based on the observation, or not, of a
pseudorapidity asymmetry by combining the data for the two charges:

A
tot

⌘ =
A

�
⌘ �A

+
⌘

2
, (38)

For the light benchmark, still quoting 3� errors, we find A
tot
⌘ = 0.94± 0.09 when (�M/�4)2 = 10�2,

A
tot
⌘ = 0.75 ± 0.15 for (�M/�4)2 = 1, and A

tot
⌘ = 0.01 ± 0.24 if (�M/�4)2 = 103. Observing the

asymmetry at 3� would mean that (�M/�4)2 . 0.16, which implies �M . 8 µeV. In contrast, a symmetric
distribution would be observed for (�M/�4)2 & 45, which leads to �M & 100 µeV3.

3Even though �M has a strict lower bound due to the contribution of light neutrino masses, this is significantly smaller
than the limits we are obtaining for these test points.
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Beyond the minimal model

Many possibilities:

Examples:   type I +  extra Z’,
type II, III 
left-right symmetric models
GUTs, etc

Keung, Senjanovic; Pati, Salam, Mohapatra, Pati; Mohapatra, Senjanovic; 
Ferrari et al + many recent refs…

Ø Generically new gauge interactions can enhance the production in 
colliders: richer phenomenology

Ø But also make leptogenesis more challenging (out-of-equilibrium 
condition harder to meet)



New era of n physics:
neutrino astronomy, geology,…

Understand the Earth Understand Astrophysical sources

Donini, Palomares-Ruiz, Salvado, 1803.05901

Whole new lecture ! 

Jakob van Santen – ICRC 2017 – Highlights from IceCube

4 years (ICRC 2015)6 years (ICRC 2017)

High-energy starting events in IceCube

• Selected events 
that start in 
IceCube volume 

• 82 events in 6 
years (54 in 4 
years)

7

See C. Kopper, NU060
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• 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 new scale L could explain the smallness of neutrino and other mysteries such
as the matter-antimatter asymmetry, DM, etc

• Complementarity of different experimental approaches: bb0n,  CP violation in 
neutrino oscillations, direct searches in meson decays, collider searches of 
displaced vertices, etc…holds in well motivated models with a low scale L (GeV
scale very interesting)

Conclusions 



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


