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The elusives neutrinos have been key in the discovery of the 
weak interactions and in  establishing the two most intriguing 
features of the SM:

parity breaking of the weak interactions

3-fold repetition of family structures



Reactor neutrinos : 1956 first neutrino 
detection by Reines& Cowan

Accelerator neutrinos : 1962 
established the family structure of the SM
by Lederman, Schwartz, Steinberger

Collider neutrinos 90s’ 
LEP established 3 SM families 



Ubiquitous Neutrinos 
They are everywhere…

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



Almost 2 decades of revolutionary neutrino experiments have revealed  a 
new flavour sector, which does not quite fit in the Standard Model

SuperKamiokande

SNO

MINOS, Opera

Borexino

...and more



“For the discovery of neutrino oscillations, 
which shows that neutrinos have mass”



Yukawa neutrino coupling:   SM  + 

Massive Dirac neutrinos & SSB ? 
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Why are neutrinos so much lighter ?
Neutral vs charged hierarchy ?
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Weinberg coupling:

Massive Majorana neutrinos & SSB ? 
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Seesaw mechanism: 
Minkowski
Gell-Mann, Ramond Slansky
Yanagida, Glashow
Mohapatra, Senjanovic
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Majorana neutrinos -> a new physics scale 
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Lepton mixing
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Neutrino oscillations

A neutrino experiment is an interferometer in flavour space, because 
neutrinos are so weakly interacting that can keep coherence over 
very long distances ! 
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Neutrinos are produced and detected via weak interactions
as flavour states:



Neutrino oscillations
As they propagate in vacuum they oscillate 
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Two oscillation frecuencies measured 

Oscillation Measurement

2015/7/23 Ji Xiangpan, EPS-HEP 2015 8

� Relative comparsion of near and 
far site data

� Data hightly consistent with 
oscillation interpretationDaya Bay
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Standard 3n scenario
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Generically all flavour oscillate to all flavours at both wavelengths…

Atmospheric oscillation:  large    and small 

Solar oscillation:   large for
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⌫e



Standard 3n scenario



Outliers: SBL anomalies

-

LSND

Reactors
P(	nµ ->ne	)	=	O(|Uei|2 |Uµi|2)

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

+Gallium anomaly+ MiniBOONE low-energy excess…

|�m2| ⇠ 1eV 2



O(eV) sterile neutrinos ?
Two necessary implications not found

1) Neutrino muons must disappear also P(nµ ->	nµ)	=	O(|Uµi|2)

Leigh	Whitehead	–	EPS-HEP	2017

Combination	with	Daya	Bay

20

• Need	a	measurement	of	θ14	to	
compare	with	results	in	the	LSND	
phase-space		

• Preliminary	result	of	the	ongoing	
collaborative	effort	between	
MINOS+/MINOS	and	Daya	Bay	  
(with	inclusion	of	Bugey-3	data)	

• Significant	increase	in	the	constraint	
at	Δm2

41	>	10	eV2	due	to	two-
detector	fit	method,	as	expected	

• Final	combination	with	a	larger	Daya	
Bay	and	MINOS+	data	set	is	planned



O(eV) sterile neutrinos?
2) Atmospheric neutrinos must resonate into steriles when crossing the nucleus
of the Earth
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Neutrino Oscillations in matter
Index of refraction (coherent forward scattering) different for electron and µ/t
neutrinos

Wolfenstein

M2
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+: neutrinos, -: antineutrinos

Quasi-degeneracies in matter ->  MSW resonance



O(eV) sterile neutrinos ?

IceCube coll. ‘16



Reactor anomaly: systematics in 
flux determination ? 4

tom panel of Fig. 1. The average effective fission fractions F̄i

for i = (235, 238, 239, 241) for the combined EH1 and EH2
ADs were (0.571,0.076,0.299,0.054).

Uncertainties in the input reactor data will result in system-
atic uncertainties in the measured IBD yields and in the re-
ported F239 values. The thermal power of each reactor was
determined through heat-balance calculations of the reactor
cooling water to a precision of 0.5%, uncorrelated among
cores [2]. Dominant uncertainties in this calculation arise
from limitations in the accuracy of water flow rate measure-
ments. Since these measurement techniques are independent
of the core composition, this uncertainty was treated for a sin-
gle core as fully correlated at all fission fraction values. Fis-
sion fraction uncertainties of �fi/fi=5% were determined by
comparing measurements of isotopic content in spent nuclear
fuel to values obtained by the APOLLO2 reactor modeling
code [2, 22]. As these comparisons do not suggest system-
atic biases in the reported fission fractions for specific burnup
ranges, fission fraction uncertainties were treated as fully cor-
related for all F239.

The fuel evolution analysis is particularly sensitive to de-
tection systematics not fully correlated in time. The stabil-
ity of the ADs’ performance in time has been well demon-
strated [20, 23]. Variations in the detector live time due to
periodic calibrations, maintenance, or data quality were cor-
rected for in the analysis with a negligible impact on sys-
tematic uncertainties. Percent-level yearly time variation in
light collection in the ADs has been corrected for in Daya
Bay’s energy calibration. Residual time variations in recon-
structed energies of order 0.2% had negligible impact on the
observed rate and spectrum variations described below. Time-
independent uncertainties in the IBD detection efficiency
were also included in the analysis; AD-uncorrelated and AD-
correlated efficiency uncertainties are 0.13% and 1.9%, re-
spectively [20].

To examine changes in the observed IBD yield and spec-
trum with reactor fuel evolution, effective fission fractions
F239 were used to group weekly IBD datasets into eight bins
of differing fuel composition, resulting in similar statistics in
each bin. For the F239 bins utilized in this analysis, the ef-
fective fission fractions (F235, F238, F239, F241) vary within
envelopes of width (0.119, 0.001, 0.092, 0.025), as illustrated
in Fig. 1. Each bin’s IBD yield per fission, �f in cm2/fission,
was then calculated based on that bin’s IBD detection rate [2].
Measured IBD yields [24], presented in Fig. 2, show a clear
downward trend with increasing F239.

The data were then fit with a linear function describing the
IBD yield as a function of F239, in terms of the average 239Pu
fission fraction F 239 given above:

�f (F239) = �̄f +
d�f

dF239
(F239 � F 239). (4)

The fit parameters are the total F239-averaged IBD
yield �̄f and the change in yield per unit 239Pu
fission fraction d�f/dF239. This fit determines
d�f/dF239 = (�1.86 ± 0.18) ⇥ 10�43 cm2/fission
with a �2/NDF of 3.5/6. The statistical errors in �f values
are the leading uncertainty in the measurement, with reactor

FIG. 2. IBD yield per fission, �f , versus effective 239Pu (lower axis)
or 235U (upper axis) fission fraction. Yield measurements (black)
are pictured with bars representing statistical errors, which lead the
uncertainty in the measured evolution, d�f/dF239. Constant yield
(green line) and variable yield (red line) best fits described in the text
are also pictured, as well as predicted yields from the Huber-Mueller
model (blue line), scaled to account for the difference in total yield
�̄f between the data and prediction.

data systematics also providing a non-negligible contribution;
errors arising from assuming linear trends in IBD yield with
F239 (Eq. 4) are negligible. The fit also provides a total
IBD yield �̄f of (5.90 ± 0.13) ⇥10�43 cm2/fission with the
error dominated by uncertainty in the estimation of the ADs’
IBD detection efficiency. This result was then compared to a
constant reactor antineutrino flux model, where d�f/dF239

= 0. This model, depicted by the horizontal green line in
Fig. 2, provides a best fit with �2/NDF = 115/7. The best-fit
d�f/dF239 value is incompatible with this constant flux
model at 10 standard deviations (�).

Observed IBD yields were compared to those predicted
by recent reactor antineutrino models, generated according
to Eqs. 1 and 2. Among many available models [9, 25–27],
235U, 239Pu, and 241Pu antineutrino spectrum per fission pre-
dictions from Huber [3] and 238U predictions from Mueller et.
al [4] were used to enable a direct comparison to the reac-
tor antineutrino anomaly. The predicted total IBD yield �̄f ,
(6.22 ± 0.14) ⇥10�43 cm2/fission, differs from the measured
�̄f by 1.7�. This 5.1% deficit is consistent with previous
measurements reported by Daya Bay [1, 2], as well as with
the ⇠6% deficit observed in global fits of past reactor exper-
iments. The predicted d�f/dF239 from the Huber-Mueller
model, (�2.46± 0.06)⇥ 10�43cm2/fission, is represented in
Fig. 2 after scaling by the 5.1% difference in the predicted and
measured �̄f from this analysis. This predicted d�f/dF239

differs from the measurement by 3.1�, indicating additional
tension between the flux measurements and models beyond
the established differences in total IBD yield �̄f . In particu-
lar, it suggests that the fractional difference between the pre-
dicted and measured antineutrino fluxes may not be the same
for all fission isotopes. If the measured fractional yield deficits
from all isotopes are equal, the ratio of the slope d�f/dF239

to the total yield �̄f will be identical for the measurement and
prediction. These ratios, -0.31 ± 0.03 and -0.39 ± 0.01, re-

A model with a depleted 235U flux fits the data equal/better than the oscillation 
hypothesis : will be clarified soon in dedicated SBL reactor experiments
(Prospect, SoLID, Stereo, DANSS, Neutrino-4,…)



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

mf	



CKM
Why so different mixing ?
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NuFIT 2.1 (2016)
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CKM

PMNS

Why so different mixing ?
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Six open questions

Absolute mass scale:  minimum mn

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 ?

Neutrino-mass inspired new physics searches



n n
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n

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

CMB



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

Absolute mass scale

Cuesta et al ‘16

Planck ‘15
Giusarma et al ‘16

Palanque-Delabrouille et al ‘16

IO
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Next generation of tritium beta decay experiment: Katrin

mne <	0.2	eVGoal:



Neutrino ordering?



Spectacular MSW effect at O(6GeV) and very long baselines

Hierarchy through MSW@Earth

1

0



NOnAFirst attempt at the hierarchy:

L=810km

NOvA νe Appearance

✦Update to Neutrino 2016 νe 

appearance 
➡ Observed 33 events on background of 

8.2±0.8 
➡ Full joint νμ/νe fit constrains oscillation  

parameters 
Lower octant/Inverted hierarchy 
disfavored at 93% CL for all values of δCP

Constraints on Oscillation Parameters from νe appearance and νμ disappearance in NOvA 
PRL 118, 231801  (2017) 
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Mass ordering degeneracy

No clear tendency: different data sets point in different directions…. 

��2  1� Esteban et al 1611.01514

NOIO



CP violation in oscillations

CP-even 

CP-odd 

P (⌫↵ ! ⌫�) 6= P (⌫̄↵ ! ⌫̄�)

What about the CP violating phase ?



Leptonic CP violation
CP violation shows up in a difference between

Golden channel (already being measured @ T2K & NoVA):

P (⌫↵ ! ⌫�) 6= P (⌫̄↵ ! ⌫̄�)

simultaneous sensitivity to both oscillation frequencies is needed 



Leptonic CP violation

Preference for d> 180o driven mostly by combination of reactor/T2K-NoVA, 
atmospheric add positively

2s

Esteban et al 1611.01514
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New results from T2K 

T2K CONSTRAINT ON δcp

✦To determine δcp intervals, produce the 1-D Δ[-2ln(Lmarg)] curves relative to 
the global minimum in the two hierarchies 

✦Critical Δ[-2ln(Lmarg)] values using the Feldman-Cousins prescription

✦The 2σ confidence interval is:

 (rad)CPδ
3− 2− 1− 0 1 2 3

ln
(L

)
∆
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T2K Run1-8 preliminary

2σ CL Intervals

Normal hierarchy:  [-2.98, -0.60] radians 
Inverted hierarchy: [-1.54, -1.19] radians

CP conserving values (0,π) fall outside of the 2σ intervals!

missing final 
systematic

d=0,	p excluded	at	2s



Hierarchy + CP in one go…
superbeams+superdectectors

USA DUNE: 1300km

Japan Hyper-Kamiokande: 230km

⌫µ ! ⌫e

vs	

⌫̄µ ! ⌫̄e



DUNE

T2K-NOVA
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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

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–28
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Figure 3.13: The significance with which the CP violation can be determined as a function of the value
of ”CP for an exposure of 300 kt · MW · year assuming normal MH (left) or inverted MH (right). The
shaded region represents the range in sensitivity due to potential variations in the beam design.

Table 3.7: The minimum exposure required to determine CP violation with a significance of 3‡ for 75%
of ”CP values or 5‡ for 50% of ”CP values for the CDR reference beam design and the optimized beam
design.

Significance CDR Reference Design Optimized Design
3‡ for 75% of ”CP values 1320 kt · MW · year 850 kt · MW · year
5‡ for 50% of ”CP values 810 kt · MW · year 550 kt · MW · year

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report

Hierarchy + CP in one go…
superbeams+superdectectors
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SM

nSM

Majorana neutrinos -> a new physics scale 

m⌫ = �
v2
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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



eV keV MeV GeV TeV MPlanck
MN

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

Where is the new scale ?



Where is the new scale ?

eV keV MeV GeV TeV MPlanck
MN

“Once you eliminate the impossible, whatever remains, no 
matter how improbable/unnatural, must be the truth.”



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



Majorana nature ?

m�� =
3X

i=1

[(UPMNS)ei]
2 mi

| {z }
Light states

+
3X

i=j

U2
ejMj

M0⌫��(Mj)

M0⌫��(0)
| {z }

Heavy states

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



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, LHC, 
rare searches, bb0n, …

model dependent…

Where is the new scale ?

new	states	accessible



Neutrino BSM: the Seesaw Model

SM  +  heavy singlet fermions = Seesaw model

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



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
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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:
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Generically strong correlation between active-heavy  mixing and neutrino 
masses:  
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The Universe seems to be made of matter

Matter-antimatter asymmetry



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 … 

Massive neutrinos provide new sources of CP violation and non-equilibrium 
conditions 

CP violation too small ✘
EW phase transition too weak ✘



Leptogenesis

GeVMeVkeVeV TeVeV keV MeV GeV TeV MPlanck
MN

Leptogenesis 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



High–scale leptogenesis
New sources of CP violation and L violation in the neutrino sector 
can induce CP asymmetries in decays of heavy Majorana n

Generic and robust feature of see-saw models for large enough scales
MN > 107-109 GeV

Fukuyita, Yanagida



High-scale leptogenesis

(decay rate < hubble expansion)



Leptogenesis (low scale)

GeVMeVkeVeV TeVeV keV MeV GeV TeV MPlanck
MN

II

Akhmedov, Rubakov, Smirnov; 
Asaka, Shaposhnikov,…

Leptogenesis from neutrino oscillations 
0.1GeV <M < 100GeV



Low-scale Leptogenesis

CP asymmetries arise in production of sterile states oscillations

L↵ ! L� 6= L̄↵ ! L̄�

La

F

Lb

F

Different flavours different efficiency in transfering it to the baryons 



Low-scale leptogenesis

TEW

(scattering rate < hubble expansion)



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

SHIP
DUNE FCCee

PH, Kekic, Lopez-Pavon, Racker, Salvado



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

Rare meson 
decays searches Displaced

vertex searches in 
Z decays

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

� B-factories e. g. 𝐵 → 𝜋±𝜇∓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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� 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: 𝑒ା𝑒ି → 𝑁 → 𝑙∓𝑊± 𝜈௟ ∶ 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 → 𝑁(→ 𝑙′∓𝑊±)𝑙∓𝑊± ∶ 𝑑𝑖 − 𝑙𝑒𝑝𝑡𝑜𝑛 + 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 → 𝑁(→ 𝑙′∓𝑊±)𝑒∓𝑙±𝜈௟
• Also Higgsstrahlung : 𝑒ା𝑒ି → 𝑍𝐻(→ 𝑁𝜈௟) , for 𝑚ே > 𝑚ு

• Inverse 0ν𝛽𝛽 𝑑𝑒𝑐𝑎𝑦: 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 seesaw model M~GeV

PH, Kekic, López-Pavón, Racker, Salvado
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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



Caputo,	PH,	Lopez-Pavon,	Salvado ‘17	

The seesaw path to leptonic CP violation: 
flavour ratios of heavy lepton mixings strongly correlated with ordering, UPMNS matrix:  d, f1



Leptonic CP violation 5s CL discovery regions

(no systematic error included)

RCP=5s CP-fraction = 
fraction of the area of the CP rectangle which is colored
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Larger mixings ?
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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].

Meson	decays Colliders	&	EW	precision	&CLFV

Reviews Atre, Han, Pascoli, Zhang; Gorbunov, 
Shaposhnikov; Ruchayskiy, Ivashko



|U↵i|2 � m⌫

Mi
$ R � 1

• In some cases unnatural:

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

Bounds only interesting if 

• But also technically natural textures (inverse seesaw, direct seesaw,etc): 

ex. 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.



Seesaw + approx U(1)L 

MN = GUT

n

Yukawa

MN ≤ TeV + aprox. U(1)L

MN = TeV

n

Yukawa

Room for improvement in these searches at LHC, LFV, future colliders: but
must look for not lepton number violating processes 



Rich phenomenology of low-scale models with U(1)
(inverse seesaw, direct seesaw, etc)

µ ->	e	g µ-> e	conversionµ-> eee

recent analysis Alonso et al 2012

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



Beyond the minimal model

Extra gauge interactions can enhance production 

Examples: type I +W’, Z’, 
left-right symmetric models
GUTs, etc

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



Model independent approach: EFT

correlations between the light and heavy neutrino masses and mixings [30] that underlie

the predictivity and testability of this model could be preserved or under what conditions

they might be.

A model independent way of answering this question is by building the e↵ective theory

and analysing what modifications on the correlations higher dimensional operators can

induce. The list of higher dimensional operators in the SM up to dimension d = 6 is well-

known [31–33] and has been studied extensively. Interestingly however in the extended

theory with fermion singlets [34–36], there are more d = 5 operators than in the SM. The

relatively light singlet states provide a new portal into BSM physics. In this paper we will

restrict ourselves to the lowest dimensional operators of d = 5, which are expected to be

dominant.

The paper is organized as follows. In the section 2 we describe the minimal model and

the extension by d = 5 operators. In section 3 we consider the di↵erent constraints on the

d = 5 operators from neutrino masses and LHC and in section 4 we conclude.

2 The seesaw e↵ective theory

At energies much smaller than the new physics scale, ⇤, the theory is just a type I seesaw

model [37–40] with two Majorana neutrinos in the GeV range, with the Lagrangian

LSS = LSM �
X

↵,i

L̄↵Y ↵i�̃Ni �
2

X

i,j=1

1

2
N c

i M ij
N Nj + h.c.

The leading e↵ects of the new physics should be well described by higher dimensional

operators of d = 5 that can be constructed in a gauge invariant way with the Standard

Model fields and the heavy Majorana neutrinos. These have been classified in Refs. [34–

36]. There are three independent operators:

OW =
X

↵,�

(↵W )↵�

⇤
L↵�̃�

†Lc
� + h.c., (2.1)

ON�

=
X

i,j

(↵N�

)ij
⇤

N iN
c
j�

†�+ h.c., (2.2)

ONB =
X

i 6=j

(↵NB)ij
⇤

N i�µ⌫N
c
j Bµ⌫ + h.c. (2.3)

The first is the well known Weinberg operator OW [31] that induces a new contribution to

the light neutrino masses, independent of the contribution of the N fields. The new operator

ON�

contributes to the N Majorana masses, and interestingly gives additional couplings

of these heavy neutrinos to the Higgs [19, 34], which are not necessarily suppressed with

the Yukawa couplings. Constrains on this operator have been extensively studied in the

context of Higgs portal dark matter [41]. In that case however, it is assumed that the

Majorana fermion constitutes the dark matter and therefore does not decay, for which it is

necessary to forbid the yukawa coupling to the lepton doublet. In our case the states can

– 2 –

The seesaw portal to BSM:  

d=5

LBSM = LmSS +
X

d,i

1

⇤d�4
O

(d)
i

S.	Weinberg	’79;	M.	Graesser ’07;	F.	Del	Aguila et	al	’09;	Aparici et	al,	‘09;	Caputo	et	al	‘17	
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Figure 4. Higgs decay to two heavy neutrinos leading to displaced vertices

Our aim in this section is to do a simple estimate of the bounds on the coupling ↵N�

/⇤

from searches of higgs decays to two displaced vertices at LHC. A closely related calculation

has been done in the context of U(1)0 models in [50], where the signal selection has been

performed following recent searches by the CMS collaboration [51, 52]. We have considered

two di↵erent analyses: 1) a search of displaced tracks in the inner tracker where at least one

displaced lepton, e or µ, is reconstructed from each vertex; 2) a search for displaced tracks

in the muon chambers and outside the inner tracker where at least one µ is reconstructed

from each vertex. The charges are not restricted and therefore events with same-sign or

opposite sign leptons are possible.

For simplicity we will consider only semileptonic decays of the Ni which give rise to

two lepton final states through the decay

Ni ! l±W⌥ ! l±qq̄0. (3.17)

We consider a parton-level Monte Carlo analysis using Madgraph5 [53] at LHC with

a center-of-mass energy of 13TeV and 300 fb�1 luminosity. We include only the dominant

gluon fusion higgs production and we consider the production of just one neutrino species,

N
1

. The production cross section pp ! h ! N
1

N
1

is shown in Fig. 5 as a function of the

heavy neutrino mass for various values of the coupling gN�

⌘ v(↵N�

)

11p
2⇤

. In Fig. 6 we show

the Br(H ! N
1

N
1

) as a function of gN�

for various values of the mass (here we assume

the higgs decays just to one neutrino).

The pT of the two leading leptons is shown in Fig. (7). Following [50], the signal

selection is done by requiring two lepton tracks, e or µ that satisfy the following kinematical

cuts on transverse momentum, pseudorapidity and isolation of the two tracks:

pT (l) > 26 GeV, |⌘| < 2, �R > 0.2, cos ✓µµ > �0.75. (3.18)

In the case of muons a constraint in the opening angle ✓µµ is imposed in order to reduce

the cosmic muon background. The e�ciencies resulting from these consecutive cuts for

– 8 –

could lead to spectacular signals at LHC/colliders of two displaced 
vertices from higgs decays (production independent of U)

���
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Figure 11. Regions on the plane (M, U2) where LHC displaced track selection e�ciency (eq. (3.20)
and (3.21)) is above 10% in the IT (blue band) and MC (red band). The grey shaded region cannot
explain the light neutrino masses and the green lines correspond to the upper limits of the 90%CL
bayesian region for successful baryogenesis in the minimal model for NH (solid) and IH (dashed),
taken from [13].

On the other hand, large hierarchies ↵W ⌧ ↵N�

⇠ ↵B could be present undisrupted

by radiative corrections. In this case, direct bounds on the other two d = 5 operators

might be competitive and o↵er a new window into neutrino physics at the LHC. We have

considered the bounds on ↵N�

from searches of displaced leptons at LHC and we have

found that LHC with 300 fb�1 at 13TeV could set bounds
�

�

�

�

↵N�

vp
2⇤

�

�

�

�

 10�3 � 10�2 ! ↵N�

⇤
 6 ⇥ (10�3 � 10�2)TeV�1. (4.2)

It is important to note that if the coe�cient of this operator is above this sensitivity limit,

LHC could detect the sterile neutrinos for significantly smaller mixings than it is possible

in the minimal model, in particular LHC could even reach the seesaw limit as shown in

Fig. 11.

The bounds on ↵NB were considered in ref. [36] and found to be

↵NB

⇤
 10�2 � 10�1TeV�1. (4.3)

These operators could appear at tree level in extensions with scalar singlets, such as the

Majoron model, where the singlet can couple to the singlet Majorana contraction N̄N c and

the Higgs portal �†�. The exchange of the singlet scalar leads at tree level to the operator

ON�

. On the other hand the operator ONB needs to be generated at one loop.

Finally flavour symmetries could also explain a large hierarchy of ↵W and ↵N�

or ↵NB.

An approximate U(1)L could explain the hierarchy ↵W ⌧ ↵N�

, ↵NB. Such symmetry is

also the most natural scenario within the minimal model to have mixings significantly

larger than the naive seesaw limit as required for their observability. Similarly, hierarchies

– 14 –

LHC: 300 fb-1, 13TeV

Seesaw	limit

Caputo,	PH,	LopezPavon,	Salvado al	‘17	



• 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 ?

• 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 



+Ln



eV keV MeV GeV TeV MPlanck
MN

nMSM: Warm Dark Matter ?

Dodelson, Widrow; Fuller et al…; Shaposhnikov et al…

7 keV neutrino ?

Caveat: huge lepton asymmetries are necessary, otherwise cannot produce sufficient DM ! 

Bulbul et al 1402.2301; Boyarsky 1402.4119

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



CMS	1501.05566
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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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Figure 4: Exclusion region at 95% CL in the square of the heavy Majorana neutrino mixing
parameter as a function of the heavy Majorana neutrino mass: (|VµN|2 vs. mN). The long-
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 observed upper
limit. Also shown are the upper limits from other direct searches: L3 [20], DELPHI [21], and
the upper limits from CMS obtained with the 2011 LHC data at

p
s = 7 TeV [22]. The regions

above the exclusion curves are ruled out at 95% CL. The lower panel shows an expanded view
of the region 40 GeV < mN < 250 GeV.
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(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.
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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) .
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Low-mass mN< mW: 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.
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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) .
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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
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Z
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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 � v
wk

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],
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Cuts: pe1T > 30 GeV, pe2T > 7 GeV, pjT > 15GeV and |η| < 2.5.
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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
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)5
( mWR
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)4
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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 �R

0

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 (|d

0

| . 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 p

T

> 15 GeV and
two jets with p

T

> 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±qq̄0 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 H

T

[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, H

T

< 200 GeV, OSSF-0 bin with 0 b-jets from
Ref. [80], we find that the CMS trilepton analysis is
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82 events/41 expected

Origin still unknown…

High	energy	events	with	contained	vertex:	4	!	6	years

• 82 events in 6 years (54	in	4	years)	
• ~	half	(41)	are	expected	to	be	bkg	(atm.	muons	and	atm.	neutrinos)		

• Astrophysical	fit	(and	its	significance)	depends	on	number,	zenith	
angle,	and	energy	

6 years (ICRC 2017)

Zenith	distribution	
incompatible	with	
atmospheric	origin

Energy	distribution


