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>20 years of revolutionary neutrino experiments have revealed neutrino masses 
  and a new flavour sector, which does not quite fit in the Standard Model

SuperKamiokande

SNO

MINOS, Opera

Borexino

...and more



Neutrino Theory: νSM in the making



The Standard Model+massive ν  
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Table 1: Irreducible fermionic representations in the Standard Model: (dSU(3), dSU(2))Y

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

Under gauge transformations neutrinos transform as doublets of SU(2), they are singlets under
SU(3) and their hypercharge is �1/2. The electric charge, given by Q = T3 + Y , vanishes. They are
therefore the only particles in the SM that carry no conserved charge.

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

2.1 Chiral structure of the weak interactions
The left and right entries in table 1 have well defined chirality, negative and positive respectively.
They are two-component spinors or Weyl fermions, that is the smallest irreducible representation of
the Lorentz group representing spin 1/2 particles. Only fields with negative chirality (i.e. eigenvalue of
�5 minus one) carry the SU(2) charge. For free fermions moving at the speed of light (i.e., massless), it
is easy to see that the chiral projectors are equivalent to the projectors on helicity components:
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where the helicity operator ⌃ =
s·p
|p| measures the component of the spin in the direction of the momen-

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

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

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

4



R L

With arbitrary choice: global L  

• No insight into family structure/parity breaking/lepton-quark complementarity… 

• Less predictivity (7 more free parameters): 3 masses, 3 mixing angles, 1 CP phase

The Standard Model+massive ν  



Also Esteban, et al ’20; Salas et al, ’20

SM+3 massive neutrinos: Global Fits 

->  See Tortola’s talk

Capozzi et al 2107.00532 

NO IO

~2% ~1%

~4% ~3%



SM+3 massive neutrinos: Global Fits 

->  See Tortola’s talk

NO IO

➢ Some tensions in the data  (eg. NOVA vs T2K) 

➢              look different when subsets of data are considered... 

➢ Rich experimental programme ahead will pin these unknowns

Hints for hierarchy/octant/CP violation still not robust



Outliers: LSND+MiniBOONE+Gallium+Reactor

-

4.8σ discrepancy with SM !

➢ Not fully robust against systematics (neutrino cross sections/reactor neutrino  
fluxes) 

➢ Still confusing experimental situation, intense experimental programme ongoing 

➢ Many highly constrained phenomenological models, but no baseline scenario

-> See Lasserre’s Talk



Neutrino Mass Scale
Kinematic effect of neutrino mass Wrapping up

I 2nd KATRIN neutrino mass campaign analysed
I Sensitivity: m‹ < 0.7 eV (90 % CL)
I Best fit: m2

‹ = 0.26 ± 0.34 eV2

I Limit: m‹ < 0.9 eV (90 % CL)
I Limit combined with first campaign:

m‹ < 0.8 eV (90 % CL)

I Publication upcoming (arXiv:2105.08533)
I Still only about 1

50
th of the final statistics to be collected

in the coming years, stay tuned! :)

Thanks to everyone involved! Thank you for your attention!

C. Karl for the KATRIN Collaboration First Sub-eV Neutrino Mass Limit from the KATRIN Experiment July 26, 2021 18
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strongly constrained by cosmology (LSS, CMB)

Planck ‘18

Neutrino Mass Scale



IO

NO

Katrin

0.1eV

Absolute ν mass scale

Cosmo

Planck ‘18

Planck+Euclid ‘24

➢ Cosmo bounds very sensitive to non-standard neutrino properties and cosmology
Chacko et al 1909.05275; 2002.08401; Escudero et al 2007.04994; Barenboim et al 2011.01502; Lorenz et al  2102.13618 ; 
Esteban, Salvado 2101.05804 ;…. 

➢ Some tensions in cosmo data, alternative analysis not including incompatible data 
relaxed limits ~0.8eV  Capozzi et al 2107.00532



mH

Massive neutrinos: a new flavour perspective

Why are neutrinos so much lighter ? 



CKM

PMNS 
3σ

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

Many new ideas: Flavour symmetries, Modular invariance,…  
-> Talk Ding 



ν ν
ν

Are Neutrinos cracking the SM ?

Revealing a new physics scale mass of neutrino mass mediators ? 



SM + high scale BSM = SMEFT
What if there is new physics (ie. new fields with mass  Λ >> v  )?

Λ

Ε



SMEFT @ d=5
RIP



eV keV MeV GeV TeV MPlanck
MN

Degeneracy between c and Λ !

                 
                       

≤ 1  gives an upper bound on Λ

Neutrino-mass mediator scale ? 



Neutrino-mass mediator scale ? 

eV keV MeV GeV TeV MPlanck
MN

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

Eg: Type I seesaw models



Fine-tunning ?

SMEFT and hierarchy problem

Λ

H Hg g

If there are heavy new particles, the Higgs mass should know about them…



LHC news:
➢ No yet sign of a solution to the hierarchy problem (SUSY, compositeness,etc) 

➢ The SM cutoff could be beyond Mplanck 

Degrassi et al ‘12



eV keV MeV GeV TeV MPlanck
MN

➢     there is neutrinoless double beta decay at some level (Λ > 100MeV)  

                                     model independent contribution  

                                                  from the neutrino mass 😊 

I Generic prediction

-> talk Lindner’s

Neutrino-mass mediator scale ? 



 Majorana nature: ββ0ν
Plethora of experiments with different techniques/systematics: EXO, 
 KAMLAND-ZEN, GERDA, MAJORANA, CUORE, NEXT, …

If Λ > 100MeV

Capo

2σ

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

-> Talks Pertoldi,Dompè, Schonert



GeVMeVkeVeV TeVeV keV MeV GeV TeV MPlanck
MN

Leptogenesis

           

➢     a matter-antimatter asymmetry if there is CP violation in the  
lepton sector via leptogenesis and sufficient out-of-equilibrium 


                             details model dependent…      😪

             

Neutrino-mass mediator scale ? 
II Generic prediction



✔  CP violation (≥ 3 CP phases) 
       
✔ B+L violation from sphalerons T > TEW   

✔ New out of equilibrium condition from the neutrino mass mediators

Sakharov conditions generically satisfied

Freeze-out leptogenesis Freeze-in leptogenesis
(larger couplings/scales) (smaller couplings/scales)

Fukugita,Yanagida Akhmedov, Rubakov, Smirnov

M
T-1



New scale (if dynamical) could lead to new/modified PT

PH, Rius ‘96;Fernández-Martínez et al 2007.11008

EW Baryogenesis  by neutrinos   ?

➢  @EW: 

          EWPT first order  

        +Leptonic CP violation 
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Figure 10: Final BAU generated in the flavoured scenario for di↵erent masses of the singlet
neutrinos and two temperatures for the phase transition, Tc = 100 GeV (left panel) and
Tc = 50 GeV (right panel). The mass ranges are M1 2 [80, 400] GeV, M2 2 [M1+10, 400] GeV
and M3 2 [M2+10, 400] GeV, scanned in steps of 20 GeV, while mD has been fixed as discussed
at the end of Section 2. For the blue dots the contribution of NR3 has been neglected as in
Eq. (4.12), while the magenta points overestimate its importance, as described at the end of
Section 4.2. The heavy-active mixing has been set to Tr[✓✓†] = 0.007 [79].

Figure 11: Generated YB as a function of ⇠ as defined in Eq. (3.13) for a benchmark point.
The blue star corresponds to the asymmetry generated using the FLOR profile, while the green
triangle points towards the limiting case in which both vev profiles have the same shape where
no asymmetry is generated. The masses of the heavy neutrinos in this particular case are
M1 = 80 GeV, M2 = 90 GeV and M3 = 100 GeV while mD has been fixed as discussed at
the end of Section 2. The heavy-active mixing has been set to Tr[✓✓†] = 0.007 [79].
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New scale (if dynamical) could lead to new/modified PT

➢~ GUT  cosmic strings -> stochastic background of Gravity Waves ?

Buchmuller et al 1305.3392 &1912.03695;Dror et al 1908.03227; King et al 2005.13549, 2106.15634



ci
(6)     can modify the SM couplings and generate new ones including eg NSI that 

can be best constrained by neutrino oscillation/interaction physics

III Generic prediction

Neutrino-mass mediator scale ? 

New interactions beyond d=5

2 Neutrino non-standard interactions

As commented in the introduction, new neutrino vector interactions beyond the Standard
Model can arise from neutrino mass models and other BSM theories. In the low energy
regime, neutrino NSI with matter fields can be formulated in terms of an e↵ective four-
fermion Lagrangian as follows
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where ✏
ff

0
L,R

pr
and ✏

fL,R

pr
are dimensionless coe�cients that quantify the strength of the NSI

between neutrinos of flavor p and r and the matter field f, f
0 = u, d with f 6= f

0 for the case
of charged current (CC)-NSI and f = e, u, d for neutral current (NC)-NSI.

Neutrino NSI can a↵ect experiments at the neutrino production via CC-NSI, changing
the flavor distribution of the initial neutrino flux, and detection via both CC and NC NSI,
depending on the detection technique of the experiment. Besides, neutrino NC-NSI can
a↵ect their propagation through matter as well, modifying the e↵ective matter potential felt
by neutrinos. In this work, we will concentrate on NC-NSI. 1

The potential signal of NSI on neutrino experiments has been analyzed in detail in the
literature recently [6,23–25]. The impact of this signal on the extraction of neutrino oscilla-
tion parameters from experimental data has also been extensively discussed; see, for instance
Refs. [26–30]. However, since no signal of NSI has been experimentally reported yet, at the
moment we only have upper bounds on their magnitude. These limits come from a vari-
ety of neutrino experiments, from oscillation experiments using solar, atmospheric, reactor
or accelerator neutrino sources, to laboratory experiments measuring neutrino-electron and
(coherent) neutrino-nucleus scattering. The size of the constraints on the NSI couplings
depends on the neutrino flavors implied in the process, the most stringent one correspond-
ing to the ✏

d

µ⌧
coupling, bounded to be below 1% (at 90% C.L.) by the neutrino telescope

IceCube [31].
From the point of view of particle physics models, NSI are mainly thought to come from

interactions of an ultraviolet (UV) complete theory mediated by a heavy particle X of mass
mX � mEW. Other alternative approaches to generate these new interactions have also been
proposed. In particular, a possible explanation is to take the mass of the mediator particle
much below the electroweak scale, mX ⌧ mEW [32–34]. This choice can avoid the strong
bounds coming from charged lepton processes, linked to NSI due to gauge invariance [35].
This would allow the prediction of larger sizes of the NSI couplings, accessible to current or

1The e↵ect of CC-NSI on reactor and long-baseline neutrino experiments has been discussed, for instance,
in Refs. [20–22]. For a detailed analysis of CC-NSI in the context of EFTs, see [14].

3



SMEFT (beyond Od=5) from Neutrino Physics ?

Altmannshofer et al 1812.02778;Falkowski et al 1901.04555 &1910.02971; Bischer et al 1905.08699; Davidson, 
Gorbahn 1909.07406 ; Escrihuela et al 2105.06484; Y. Du et al  2106.15800;…

➢ Updated and prospective NSI constraints from various experiments: reactors,    
LBL, solar, atmospheric, CEνNS, FASERnu, SND@LHC…

-> Talks Scholbert, Miranda, De Gouvea 

➢ Bounds not competitive within SMEFT (Λ > v) but can be relevant in the case 
of light mediators (Λ << v) or cancellations

Terol-Calvo et al 1912.09131
Falkowski et al 2105.12136

@FASERnu

Figure 6: Lower limits on ⇤UV/
p
|Ci|, with ⇤UV the NP scale and Ci the SMEFT WC, for

several LFV SMEFT WCs, derived from neutrino NSI (blue bars) and from LFV processes
(purple bars). See text for details.

the LFC operators. Assuming a Gaussian distribution, and taking into account some
minor di↵erences in notation and conventions, we translate these ranges into 90% C.L.
bounds in order to have a fair comparison to the bounds derived from neutrino NSI.
We get limits on ⇤UV/

p
|Ci| for seven LFC WCs.

Our results are presented in Figs. 6 and 7 and compiled in Tab. 2. As anticipated, the
limits from CLFV decays are more stringent than those from neutrino NSI. In fact, in some
cases, the NP scale is constrained to be above ⇠ 15 TeV for O(1) WCs. Also, the bounds
obtained from low-energy precision measurements (and extracted from [58,59]) are typically
more constraining than those derived from neutrino NSI.

We point out that the weakest limit obtained with neutrino NSI experiments is for the
C `d

2211
coe�cient, restricted to ⇤UV/

q
|C `d

2211
| > 690 GeV. Since 690 GeV is well above the

electroweak scale, we consider the SMEFT approach justified. In any case, the bound from
low-energy precision measurements [58,59] is stronger, pushing ⇤UV to almost the TeV scale
and, therefore, the potential NP degrees of freedom contributing to C `d

2211
would in principle

be even heavier.
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eV keV MeV GeV TeV MPlanck
MN

new states accessible

Neutrino- mass mediator scale ? 
IV Generic prediction

➢     new states can be kinematically produced 

         potential impact in cosmology (DM, baryogenesis), EW precision tests,  
collider, rare searches, ββ0ν, … 

                                   model dependent…   😪

       
        




eV keV MeV GeV TeV MPlanck
MN

ββ0ν

new states accessible
Leptogenesis

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

Neutrino-mass mediator scale ? 



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

c ∼ Ο(Y2) c ∼ Ο(Y2)c∼ Ο(Y µ/ΜΔ)

c c c



Type I seesaw models (nR ≥ 2)

 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

MNDirac Seesaw

Light neutrinos

SM+NHLs

Heavy Neutral Leptons



Type I seesaw models

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

W /Z

l /ν

N

H

N

ν



Seesaw correlations

Casas-Ibarra

Strong correlation between active-heavy  mixing and neutrino masses:   
      

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

light param
heavy param

(nR = 1)

Natural approx Lepton number ->  
 Pseudo-Dirac HNL

(nR ≥ 2)



Searches for HNL’s

➢ New  or updated constraints from LHC, NA62, T2K, atmospheric (SuperK, Icecube), CHARM 

Cortina-Gil et al (NA62) 1712.00297, Abe et al (T2K) 1902.07598, Bryman, Schrock 1909.11198, Coloma et al, 1911.09129, 
 Atkinson et al 2105.09357; Boyarska et al 2107.14685

@Laboratory (fixed target, colliders) and cosmic rays  

Hadron colliders

M

Meson decays e+e-@Z peak



HNL searches at NA62

NA62 coll. 2005.09575   

6 The NA62 Collaboration / Physics Letters B 807 (2020) 135599

Fig. 6. Upper limits at 90% CL of |Ue4|2 obtained for each assumed HNL mass com-
pared to the limits established by earlier HNL production searches in K + → e+N
decays: KEK [11], NA62 (2015 data) [9]; and π+ → e+N decays: TRIUMF [12], 
PIENU [13]. The lower boundary on |Ue4|2 imposed by the BBN constraint [14] is 
shown by a dashed line.

this search, collected with a pre-scaled trigger, corresponds to 
NK ≈ 3 ×1010. The single event sensitivity in the mass range of in-
terest estimated using the formalism of Ref. [5] is |Ue4|2SES ≈ 10−8; 
the search is expected to be limited by the K + → π0e+νγ back-
ground.
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HNL’s searches at LHC by prompt and displaced signatures

ATLAS collaboration 1905.09787

Helo et al, 1312.2900; Izaguirre, Shuve 1504.02470; Gago et al, 1505.05880; Dib, Kim 1509.05981; 
Cottin et al 1801.02734 & 1806.051891; Cvetic et al 1805.00070; Abada et al 1807.10024;  
Boiarska et al 1902.04535;Drewes, Hajer 1903.06100; Liu et al 1904.01020

CMS collaboration 1802.02965

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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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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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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5Figure 6. Observed 95% confidence-level exclusion in |Uµ|2 (top) and |Ue|2 (bottom) versus the

HNL mass for the prompt signature (the region above the black line is excluded) and the displaced
signature (the region enclosed by the red line is excluded). The solid lines show limits assuming
lepton-number violation (LNV) for 50% of the decays and the long-dashed line shows the limit in
the case of lepton-number conservation (LNC). The dotted lines show expected limits and the bands
indicate the ranges of expected limits obtained within 1σ and 2σ of the median limit, reflecting
uncertainties in signal and background yields.

excluded at the 95% confidence level. Calculations of confidence intervals and hypothesis

testing are performed using a frequentist method with the CLS formalism as implemented

in RooStats [103]. The exclusion limits are shown in figure 6, in the cases of dominant

mixing to νµ (top) and νe (bottom), for the cases of LNV (both signatures, solid lines) and

LNC (displaced signature, long-dashed line).

Limits from the prompt signature cover the mass range 5–50GeV. In the mass range

20–30GeV, the regions in |Uµ|2 and |Ue|2 above 1.4× 10−5 are excluded, a reach which is

limited by the integrated luminosity of the analysed data, as well as the selection efficiency

and the signal-to-background ratio. At higher masses, the sensitivity decreases due to a

kinematic suppression of HNL production from the W boson decay. For masses below
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Searches for HNL’s

➢ New  or updated constraints from LHC, NA62, T2K, atmospheric (SuperK, Icecube), CHARM 
Cortina-Gil et al (NA62) 1712.00297, Abe et al (T2K) 1902.07598, Bryman, Schrock 1909.11198, Coloma et al, 1911.09129, 
 Atkinson et al 2105.09357; Boyarska et al 2107.14685 

➢ Prospects at future facilities DUNE, HL-LHC, FASER, e+e- Higgs factories (ILC, FCC-ee)  

@Laboratory (fixed target, colliders) and cosmic rays  

Hadron colliders
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High Mass region (MN > MB): HL-LHC can significantly improve HNL’s searches

Liu et al 1904.01020

Dib et al 1904.01020 Boiarska et al 1902.04535
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FIG. 6. The 95% C.L. reach for sterile neutrino from W gauge boson decay is plotted in the mN -

sin2 ✓ plane with solid red lines. The dashed red lines have included 10% systematic uncertainty

effect. The existing constraints are from CMS [81] and DELPHI [82] for mass larger than 1 GeV.

While for mass smaller than 2 GeV, the stronger constraints are from beam dump experiments like

NuTeV [34], CHARM [28, 32], BEBC [29], and FMMF [33]. The existing current limits are shaded

in gray color and labeled as “Current limits". The proposed sensitivity reaches for MATHUSLA

[53], FASER [52], DUNE [37] and SHiP [38, 84] are shown in dashed curves.

hard prompt lepton with a displaced lepton with large transverse impact parameter d0. We

neither reconstruct the displaced vertex nor cut on its invariant mass, therefore it can be

sensitive for very low sterile neutrino mass. However, there is a crucial subtlety that with

such small masses, the displaced lepton is usually non-isolated from the other two jets in

the same N decay. To estimate the background, we have used the information from a search

for displaced electron plus muon search at CMS [58] which studied relevant background in

its control regions. It shows that for non-isolated lepton, those from heavy flavor quarks

are the dominant SM background. Moreover, it demonstrates the important fact that the

normalized d0 differential distribution has the same shape for isolated and non-isolated lep-

tons. Therefore, we can use their d0 distribution for the non-isolated lepton from heavy

flavor quark background. We recast their control region selection and found a good agree-

ment with their observations. This ensures our background estimations are robust. After

proposing the optimization cuts for the signal, we obtain the result for the sensitivity on
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FIG. 7. Sensitivity of pp ! µN(N ! n⇡µ) to the mixing |UµN |2, as a function of the sterile neutrino

mass, mN , for the LHC Run 2 (150 fb�1), Run 3 (300 fb�1) and High-Luminosity LHC (3000 fb�1). A

vertex displacement detectability between 1 mm and 30 cm is assumed. The dashed curves correspond

to 4 events for observation and the solid curves to 9 events for discovery. The black dotted line is the

current bound from DELPHI [68]. The grey region is a↵ected by backgrounds not considered in the

analysis and so the limits are less reliable there.

should come from a displaced secondary vertex, because the decaying N is rather long living.

This cut should remove almost all remaining backgrounds with the exception of heavy-flavors,

e.g B-hadrons, that typically decay into one displaced muon plus tracks. (c) Isolation in the

prompt muon in addition to the requirement that the invariant mass of the two muons plus the

tracks should be close to the W mass.

In general the background-free hypothesis with displaced vertices can be trusted only for

masses larger than about 5 GeV, where no N is produced from meson decays. Consequently,

Fig. 7 appears in grey for masses below 4.5 GeV. For masses below this boundary, one can

largely reject backgrounds using the cuts a), b), and c), because all mesons that may lead to

displaced vertices are most of the time produced within jet fragments. In particular, cut c), i.e.

“muon isolation”, should remove largely those backgrounds, and remove even more by adding

the cut of W invariant mass of the full system. One may expect that no SM background should

remain after cuts a), b) and c), but to quantify this statement is an issue that goes beyond

this work. Concerning backgrounds due to nuclear interactions with the detector material [33],

these are largely suppressed by the requirement of having one muon to be part of the displaced

13



Low mass region: DUNE searches HNL’s

See also Krasnov, 1902.06099;Ballet et al, 1905.00284; Berryman et al, 1912.07622; 
Coloma 2105.09357 

Coloma et al, 2007.03701

Finally, Fig. 7 summarizes in blue the 90% CL expected sensitivities at the DUNE

near detector to the heavy neutrino mixing |U↵4|
2 as a function of its mass, assuming a

Dirac HNL. In the Majorana case, the increase in the number of events would translate

into a slightly better sensitivity, although the results would be qualitatively very similar.

In this last figure we combine the events from all the channels depicted in Fig. 6 under

the same assumption of 20% signal e↵ciency and negligible background, following Ref. [84].

We again estimate the sensitivity following the Feldman and Cousins [85] prescription for a

Poisson distribution under the hypothesis of no events being observed, which corresponds

to the expected total number of signal events combining all channels leading to a visible

final state in the detector being smaller than 2.44.

Figure 7: Expected DUNE sensitivity (at 90% CL) to the mixing matrix elements |U↵4|
2

as a function of the heavy neutrino mass, for a total of 7.7·1021 PoT collected, combining all

possible decay channels for the HNL leading to visible final states in the detector. Results

are shown for a HNL coupled to e (left panel), µ (middle panel), and ⌧ (right panel). The

shaded gray areas are disfavored at 90% CL by present experiments. The dotted gray lines

enclose the region of parameter space where a type-I Seesaw model could generate light

neutrino masses in agreement with oscillation experiments and upper bounds coming from

�-decay searches, see text for details. In our analysis, we assume a negligible background

level after cuts and a signal selection e�ciency of 20%.

For comparison, the shaded gray areas indicate the parameter space disfavored by

current experiments (at 90%CL). Relevant bounds on Ue4 are obtained from results by

the TRIUMF [86, 87], PIENU [88], NA62 [89], T2K [84], PS191 [90, 91], CHARM [92],

BEBC [93] and DELPHI [94] collaborations; for Uµ4, by PSI [95], PIENU [96], KEK [97],

E949 [98], T2K [84], PS191 [90, 91], NuTeV [99] and DELPHI [94]; finally, U⌧4 is much

harder to probe experimentally and here the only available constraints come from CHARM

[100] and DELPHI [28]. We find that DUNE is expected to improve over present constraints

by several orders of magnitude in a large fraction of the parameter space and, in particular,

for HNL masses between the K and D meson thresholds.

As a target region, we have also indicated in Fig. 7 the naive expectation for the mixing

matrix elements from the Seesaw mechanism: |U↵4|
2
⇠ mi/M4, where mi stands for the
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Seesaw correlations:  
flavour ratios of heavy lepton mixings strongly correlated with ordering and CP phases of the 
 UPMNS matrix:  δ, φ1

 

nR=2:

Caputo, PH, Lopez-Pavon, Salvado 1704.08721 

Barducci et al 2011.04725



Predicting  YB in the minimal seesaw model Μ~GeV

The GeV-miracle: the measurement of the mixing to e/µ of the sterile states,  
neutrinoless double-beta decay and δ in neutrino oscillations have a chance to give a  
prediction for YB 

PH, Kekic, Lopez-Pavon, Racker, Salvado ‘16
Figure 50: Left: Evolution of the heavy neutrino interaction rates and relevant tempera-
tures in units of the Hubble rate in the ‹MSM [835]. Right: Range of mass and mixing
where the freeze-in and freeze-out mechanism can be operational for n = 2 [833]. For
n = 3 the viable parameter range is much larger and extends to mixings up to the current
experimental bounds [796].

Figure 51: Left: Existing bounds [229, 230, 836–845] and sensitivity of selected proposed
experimental searches (taken from [6, 846–851]) for Ni in the type I seesaw model. Right:
Regions of mass- and mixing where L-violating processes are expected to be observable in
the ‹MSM [797], quantified by the ratio Rll of L-violating to L-conserving event rates.

individual SM generations. For instance, in the pure type I scenario (5.5), this requirement
can be turned into predictions for the ratios U2

ai/U2
i (with U2

ai = |�ai|
2, U2

i =
q

a U2
ai)

[795, 848, 857, 861, 862], cf. figures 52 and 55, and CP properties [863]. However, this
alone does not prove that the heavy neutrinos are the origin of neutrino mass: in the
limit ‘a, ‘Õ

a, µ = 0 the model (5.6) yields vanishing mi, even if the mixings ◊ai are large.
Observing L-violation in the decay of the Ni would be a convincing way to test the
Majorana nature of the Ni and their relation to the mi.27 In the minimal model (5.5) this

27L-violation can only be seen explicitly if the final state is full reconstructable, which is the case for
charged current mediated Ni decays into hadrons and a lepton. Indirect probes of L violation include the
angular distribution of Ni decay products [864, 865] and using the flavour mixing pattern [866].
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Majorana vs Dirac

Lepton # conserving 
(Dirac & Majorana) 

Lepton # violating 
(Majorana)



Majorana vs pseudo-Dirac

Lepton # conserving 
(Dirac & Majorana) 

Lepton # violating 
(Majorana)

Observable effects in colliders only possible in regions with approximate lepton  
number <->   HNL’s come in pseudo-Dirac pairs 

➢  If HNL are off-shell LNV processes strongly suppressed 

➢  If HNL are on-shell LNV unsuppressed provided  

➢  Quantum coherence effects (oscillations)  
Anamiati et al 1607.05641



Majorana vs pseudo-Dirac @ e+e-

A ⬄LNC A+B ⬄ LNV

A B

In some processes lepton charges cannot distinguish, but angular distributions can …

Also: beam dump when primary lepton not observed,  purely leptonic decays,…

e+
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⌫
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Ni

Figure 2: The process e
�
e
+
! ⌫N

⇤
! ⌫ µW

(⇤). 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

|MA|
2 =

1

4

✓
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4
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��
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⇤
�
(p4) ✏�(p4), (18)

|MB|
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�
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Here, we have defined:
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3
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2
]Dµ⌫(pA)D↵�(pA) (20)
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and:
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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⌘
d�

d⌘
+
R
0

�1 d⌘
d�

d⌘

, (34)
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Majorana vs pseudo-Dirac @ e+e-

PH, Jones-Pérez, Suárez-Navarro 1810.07210

See also Del Aguila, Aguilar-Saavedra 0503026; Cvetic et al 1203.0573; Arbeláez et al, 1712.08704; 
Dib et al, 1703.01934; Balantekin et al 1808.10518; Tastet, Timiryasov 1912.05520; Blondel et al 
2105.06576
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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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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 concrete possibilities:  type I +  extra Z’/scalars 
                                                     left-right symmetric models 
                                                     GUTs 
                                                     radiative models 

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

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

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

➢  Can incorporate dark matter candidate or address other anomalies (eg B-anomalies, g-2)  

           Hati et al 1806.10146; Babu et al 2009.01771; Nomura, Okada 2104.03248;…



A more generic possibility:

EW SM + neutrino mass mediator (N)

TeV Extra interactions (LR, etc)

Effective theory SM+N’s 



Model independent approach: EFT

The seesaw portal to BSM:  

d=5

M. Graesser ’07; F. Del Aguila et al ’09; Aparici et al, ‘09; Bhattacharya, Wudka ’15; Liao, Ma ‘16



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

Barducci et al 2011.04725

Caputo et al 1704.08721; Alcaide et al 1905.11375; Butterworth et al 1909.04665; Han et al 2004.13869;  
Li et al 2005.01543 & 2007.15408; Biekotter et al 2007.00673; De Vries et al 2010.07305;  
Barducci et al 2003.08391 & 2011..04725; Cottin et al 2105.13851,…

Many recent studies d=6 present and future colliders, meson decays, CEνNS, ββ0ν…



• The results of many beautiful experiments have demonstrated that ν 
are (for the time-being) the less standard of the SM particles  

• Many fundamental questions remain to be answered however: 
Majorana nature of neutrinos and scale of new physics? CP violation in 
the lepton sector? Source of the matter-antimatter asymmetry ? 
Lepton vs quark flavour ? 

• A rich experimental neutrino programme lies ahead, that will answer 
some of these important questions  

•   Neutrino physics is an area of synergy where most hep experiments 
(colliders, neutrino exp, astroparticle exp) and cosmology are providing 
essential inputs 

Conclusions 


