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Neutrinos: the most elusive particle & a window BSM
Current landscape: Known 

neutrino properties

Honil Gangni Yeokdae Gukdo Ji Do

Virtual Seoul

Land in 
exploration: 
Open 
questions to 
complete our 
understanding 
of neutrino 
properties

Uncharted 
territory: New 
physics BSM

NASA/JPL

Neutrin
o

Neutrino can 
guide us in 
unveiling the 
New SM.
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See P. 
Denton’s 

talk

Current status of neutrino parameters:  
the era of very precise neutrino physics

The past 20 years have seen a remarkable progress in 
determining neutrino properties!



4

Esteban et al., 
2007.14792, 
See also 
Capozzi et al., 
de Salas et al. 

Also, K.-B. Luk, K. K. Joo, C. Bronner, J. 
Hartnell, L. Wan, T. Stuttard, Y. Koshio

http://www.nu-fit.org/

Current status:
● 2 mass squared differences 
● 3 sizable mixing angles (one not too well known)
●  mild hints of CPV (not robust)
●  mild indications in favour of NO (?)

See T. 
Schwetz’s 

talk

http://www.nu-fit.org/
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Fig. 6: Fractional flavour content, |U↵i|2 (↵ = e, µ, ⌧ ) of the three mass eigenstates ⌫i, based on the current best-fit
values of the mixing angles. � is varied from 0 (bottom of each coloured band) to 180� (top of coloured band), for
normal and inverted mass ordering on the left and right, respectively. The different colours correspond to the ⌫e

fraction (green), ⌫µ (blue) and ⌫⌧ (red).

affected by the theoretical evaluation of the NME. At present there are still large uncertainties in their
computation and a strong theoretical effort is needed. Limits on |hmi| are given as a range which accounts
for the uncertainty on the NME in the literature for a given nucleus.

5 Neutrino properties and open questions
The information on the mass squared differences from neutrino oscillation experiments indicates that
there are three massive neutrinos and that we can order them in two ways13:

– normal ordering (NO): m1 < m2 < m3, i.e. �m2
31 > 0,

– inverted ordering (IO): m3 < m1 < m2, i.e. �m2
32 < 0.

In Fig. 6 we show the flavour content of each massive neutrino ⌫i corresponding to |U↵i|2.
For each ordering14 the three neutrino masses can be expressed in term of just one unknown

parameter, the lightest neutrino mass, mMIN , see Fig. 7. We have

m1 = mMIN , m2 =
q

m2
MIN

+ �m2
21, m3 =

q
m2

MIN
+ �m2

31, for NO; (63)

m3 = mMIN , m1 =
q

m2
MIN

+ |�m2
32| � �m2

21, m2 =
q

m2
MIN

+ |�m2
32|, for IO. (64)

Therefore, determining the value of neutrino masses requires to establish the neutrino mass ordering and
the absolute mass scale. Three different limiting cases can be identified:

– Normal Hierarchical Spectrum (NH). For mMIN ! 0, for NO we have m1 ⌧ m2 ⌧ m3, with
m1 ⌘ mMIN , m2

⇠=
p

�m2
21 and m3

⇠=
p

�m2
31.

– Inverted Hierarchical Spectrum (IH). In the limit mMIN ! 0, for IO we have m3 ⌧ m1 < m2,
with m1,2

⇠=
p

|�m2
32| and m3 ⌘ mMIN .

– Quasi-Degenerate Spectrum (QD). For large values of mMIN (mMIN �
p

|�m2
31|) the three mass

eigenstates are almost degenerate, m2
i ' mMIN ⌘ m0, i = 1, 2, 3.

13The convention of ordering the masses depends on the definition of the mixing angles, e.g. the correspondence between
the solar mixing angle and ✓12. We adopt here the most widely used convention for which the meaning of the mixing angles
does not change between the NO and IO.

14We prefer the use of “ordering” rather than hierarchy for neutrino masses, as it has not yet been established that they are
indeed hierarchical.
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�m2
s � �m2

A implies at least 3 massive neutrinos. 

m1 = mmin m3 = mmin

m2 =
�

m2
min + �m2

sol m1 =
�

m2
min+�m2

A��m2
sol

m3 =
�

m2
min + �m2

A m2 =
�

m2
min + �m2

A

Measuring the masses requires: 
● the mass scale:
● the mass ordering.

mmin

5

Fractional flavour content of massive neutrinos

|Uei|2

|Uµi|2

|U⌧i|2
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The Pontecorvo-Maki-Nakagawa-Sakata matrix

CPV?

6

U =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13ei�

0 1 0
�s13e�i� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
1 0 0
0 ei↵21/2 0
0 0 ei↵31/2

1

A

-      maximal or close to maximal
-      large but significantly different from maximal
-     quite large: challenge to flavour models 
- Mixings very different from those in the quark sector
- Possibly, large leptonic CPV.  This is a fundamental 

question, possibly related to the origin of the baryon 
asymmetry and to the origin of the flavour structure.

✓23

✓12

✓13

Leptonic Mixing and CP-violation



1. What is the nature of neutrinos?  

2. What are the values of the masses? Absolute 
scale and the ordering.

3. Is there CP-violation? 

4. What are the precise values of mixing angles? 

5. Is the standard picture correct? Are there NSI? 
Sterile neutrinos? Non-unitarity? Other effects?

7

Very exciting experimental programme now 
and for the future. 

What do we still need to know?



1. What is the nature of neutrinos?  

Neutrinos can be Majorana or Dirac particles:
Nature of neutrinos <=> Lepton number 

Key symmetry for physics BSM and necessary 
condition for Leptogenesis. 

● Most sensitive test of LNV: neutrinoless DBD. Crucial 
issue for interpretation: NME computation.
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Neutrinoless double beta decay, Figure 2

Fig. 5: The effective Majorana mass |hmi| at 2� as a function of the smallest neutrino mass mMIN. The Majorana
phases ↵21 and ↵31, and �, are varied within their allowed intervals [0, 180�].

In the most general case, varying the minimal value of neutrino masses, we show in Fig. 5 the current
predictions for |hmi| for the two mass orderings.

As it was noticed in Ref. [?] (see also Refs. [?, ?]), in the case of large but non-maximal solar
mixing angle, there is significant lower bound on |hmi| for IO given by

|hmi|IO �
q

|�m2
32| cos 2✓12 ' 15 meV . (62)

In the case of NO the effective Majorana mass can be zero even if neutrinos are Majorana particles due
a cancellation for values of mMIN ⇠ 0.005 eV, as shown in Fig. 5.

It follows that neutrinoless double beta decay can provide information on the neutrino mass spec-
trum [?, ?, ?, ?]. In the ideal case of perfectly known NME, a measurement of |hmi| > 0.1 eV would
imply that the spectrum is QD. For values of |hmi| < 15 meV the ordering would necessarily be normal.
For values in between, both orderings are possible, but with constraints on the masses. For instance, for
15 meV  |hmi|  50 meV, the neutrino mass spectrum could be inverted hierarchical or with NO and
partial hierarchy with m1 > 15 meV. Similar, although somewhat weaker, conclusions can be obtained
once the uncertainties on the NME and the experimental error on |hmi| are taken into account.

In principle, neutrinoless double beta decay could also tell us something about CP violation due to
Majorana phases [?, ?, ?, ?]. A very precise measurement of |hmi| and an accurate determination of the
neutrino masses would open this possibility. However, this search is extremely challenging as it would
require to know the NME with a very small error, at most at the few 10% level, which at present seems
difficult to achieve.
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F. Simkovic’s talk

A very exciting 
programme of 
current and near-
future searches.

⌫ = ⌫c
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See A. Gando, I. Nutini, A. 
Zolotarova, Y. Oh, M. 
Sorel, J. Gruszko, S. 
Schoenert’s talks

AMoRE, Majorana



2. What are the values of the masses? 
●  Mass ordering via neutrino oscillations in matter 
(DUNE, atmospheric neutrinos) or in vacuum (JUNO).  

Good news: Discovery expected within ~a decade.

9

SK, HK, IceCube

Mass ordering current status: oscillations

1. NOvA and T2K both prefer NO over IO

2. NOvA+T2K prefers IO over NO

3. SK still prefers NO over IO

4. NOvA+T2K+SK still prefers NO over IO

5. + Daya Bay & RENO ) slight preference NO

6. = 2.5 � 2.7�
K. Kelly, et al. 2007.08526

PBD, J. Gehrlein, R. Pestes 2008.01110

I. Esteban, et al. 2007.14792

F. Capozzi, et al. 2107.00532

P. de Salas, et al. 2006.11237
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See P. Denton’s talk

Future Prospects
• Increasing sensitivity to 

mass ordering to come
– Will more than double data 

set in both beams

– >3$ mass ordering sensitivity 
for 30-40% of %-values 

– By run end, statistical errors 
still significantly larger than 
current systematics on ##
appearance

Jeff Hartnell, Neutrino 2022 NOvA 32
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 = 0CPδNO, 
/2π = CPδNO, 
π = CPδNO, 

/2π = 3CPδNO, 

NO
vA Sim

ulation

• Watch this space for:
– NOvA-T2K joint fit

– Further tests of alternative models (e.g. NSI)

– Antineutrino beam cross section measurements
Poster 323: !̅#
Derek Doyle  
Ayse Bat

Poster 354: !̅! &0
Fan Gao

Poster 407: NSI
Jeffrey Kleykamp 
Luiz Prais et al.

Data 
Collected

Poster 559: !̅!
Connor Johnson
Prahbjot Singh

M. 
Muether’s 

talk

Neutrino Mass Ordering

25Jie Zhao Neutrino2022

JUNO sensitivity on NMO: 3σ (reactors only) @ ~6 yrs * 26.6 GWth exposure

Estimation of NMO sensitivity with combined reactor + atmospheric neutrino analysis under preparation

Design
(J. Phys. G 43:030401 (2016) )

Now (2022)

Thermal Power 36 GWth 26.6 GWth (26%↓)

Overburden ~700 m ~650 m

Muon flux in LS 3 Hz 4 Hz (33%↑)

Muon veto efficiency 83% 93% (12%↑)

Signal rate 60 /day 47.1 /day (22%↓)

Backgrounds 3.75 /day 4.11 /day (10%↑)

Energy resolution 3% @ 1 MeV 2.9% @ 1 MeV (3%↑)

Shape uncertainty 1% JUNO+TAO

3𝜎 NMO sensitivity 
exposure

< 6 yrs × 35.8 GWth ~ 6 yrs × 26.6 GWth

JUNO+TAO

J. Zhao’s talkJ. Hartnell’s talk

NOvA

A. Heijboer’s talk, 
Also L. Wan, T. 
Stuttard, J. 
Wilson,H. Kim

Also, T. Schwetz's, 
O. Yasuda’s talk

Aart Heijboer – KM3NeT – Neutrino 2022

NMO sensitivity of full ORCA

27

ϴ23=48o

P0530

Neutrino mass ordering

JUNO

DUNE

DUNE Physics: Mass ordering 

14

• Statistics from  6 years of full DUNE with 2.4 MW (800 kt-MW-
yrs total exposure) exploits enormous NO vs IO differences.

• DUNE maintains ability to definitively resolve the mass ordering 
regardless of the values of other parameters

Neutrino 2022 – Virtual Seoul – M. Muether6/2/2022



2. What are the values of the masses? 
● Absolute mass scale.

10

n

2 – Neutrino masses

(ββ)0ν -decay

neutrinoless double beta decay : (A,Z) → (A,Z + 2) + 2e−, is the
most sensitive of processes (∆L = 2) which can probe the nature of
neutrinos (Dirac vs Majorana).

✲

✲ ❤

❤

❄✻✟✟✟✯

❍❍❍❥

❍❍❥

✟✟✯

n

n
ν e−

p

e−

p

(ββ)0ν -decay has a special role in the study of neutrino properties, as it
probes the violation of global lepton number, and it might provide
information on the neutrino mass spectrum, absolute neutrino mass
scale and CP-V.

n p

p
W
W

Neutrinoless double beta decay, Figure 1

e

e-

-

Beta decay 
(KATRIN, Project 8)

Cosmology: assume underlying 
c o s m o l o g i c a l m o d e l . 
Dependence on priors assumed.

Neutrinoless double beta decay: 
interplay with CPV phases.

E-E0

m⌫ = 0
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m⌫ = 0.5 eV
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Beta-decay spectrum

Where do we stand now (this talk)?

•

Limit by KATRIN 1st (2019) & 2nd Results (2022)

ü limit before KATRIN 1st Results:
Mainz and Troitsk Experiments 
V. N. Aseev et al., Phys. Rev. D 84 (2011) 112003
Kraus, C., Bornschein, B., Bornschein, L. et al. Eur. 
Phys. J. C (2005)

ü intermediate KATRIN results
(∼5% of the total expected 
statistics) – This Talk

Thierry Lasserre - Neutrino 2022 7

See T. Lasserre’s talk, 
Also L. Gastaldo, E. Novitski

m⌫ < 0.8 eV
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See J. Lesgourgues’, O. Mena’s talk
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Sensitivities

10

arxiv:1611.06118

Baseline 1100 km

Beam exposure 10 yrs

260 kton

Very 
conservative 
systematics

Preliminary

430 kton

10 yrs.

3. Is there CP-violation?  

Hints of leptonic CPV? Situation remains unclear. Expect 
soon T2K-NOvA joint analysis. DUNE and T2HK will get 
to 5 sigma for a large range of delta. 

11

Jeff Hartnell, Neutrino 2022 NOvA 23

Best Fit
Normal hierarchy
Δm232 = (2.41±0.07)×10-3 eV2

sin2θ23 = 0.57+0.04-0.03

δ = 0.82π

• Significant progress 
on joint fit with T2K
– coming this year

2020 data set: https://arxiv.org/abs/2108.08219

2020 3-Flavour 
Frequentist Result

Poster 318 
Liudmila Kolupaeva
Andrew Sutton

DUNE Physics: CP violation

15

● 5σ discovery potential for CP violation over >50% of δCP values
● 7-16° resolution to δCP, with external input for only solar 

parameters.  

Neutrino 2022 – Virtual Seoul – M. Muether6/2/2022

Long Baseline Physics - !!"
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22New oscillation result
CP phase

Frequentist results
(Feldman-Cousins method)

Bayesian results
(marginalized over MO)

➢ CP-conserving values of δ=0 and δ=π outside of 90% CL intervals
➢ Tested effect of alternative interaction model, did not find biases that would change 

this conclusion 

Using θ13 constraint from reactor experiments: sin2(2θ13) = 0.0861 ± 0.0027 

T2K preliminary T2K preliminaryΔ
χ
²

δCP

M. Muether’s talk

J. Hartnell’s talk

NOvA

DUNE

T. Schwetz’s, P. Denton’s, 
O. Yasuda’s talks

H. Kim’s talk

T2K
T2HK

J. Wilson's talk

T2HKK/KNO
C. Bronner’s talk



4. What are the precise values of the mixing 
parameters? 

The angle     is still not know very well.

Once we see CPV, the key issue will be the precise 
measurement of     ,     ,   . Should we start thinking about 
the following step? Upgrades? ESSnuSB, Nu factory?

12
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Neutrino oscillation parameters
Precision of sin22𝜃12, ∆𝑚21

2 , |∆𝑚32
2 | < 0.5% in 6 yrs

26Jie Zhao Neutrino2022

Best measurement for the foreseeable future

arXiv: 2204.13249

The improvement in precision over existing constraints will be about one order of magnitude

DUNET2HK

DUNE+T2HK

Uncertainty in matter density has some effect on the 
precision  ∆δ both for T2HK & DUNE.

∆δ/δ has mild dependence on δ but not much.

∆ρ/ρ=10%
∆ρ/ρ=5%
∆ρ/ρ=0%2.4 Sensitivity to CP(2)

δ[o] δ[o] δ[o]

Ghosh-OY (to appear soon)

20% precision

15/20

Parameter interplay

Models predict specific correlations among the parameters
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J. Gehrlein, et al. 2203.06219 (Snowmass)

Peter B. Denton (BNL) Neutrino 2022: June 1/2, 2022 19/34

✓23

See e.g. J. Gehrlein et al., 
2203.06219, Snowmass

See  
O. Yasuda’s 

talk See  
J. Zhao’s 

talk

JUNO

See P. Denton’s talk



5. Is the standard 3-neutrino picture correct?  

Neutrinos are the least known of the SM fermions and 
could provide a privileged window on new physics BSM.

With great precision of neutrino properties, the search 
for beyond 3-nu mixing becomes very compelling:
Neutrino 2002: 5 talks mainly on sterile neutrinos
Neutrino 2012: 4 talks mainly on sterile neutrinos
Neutrino 2022: 10 talks with many new results and theory developments

13

● Non standard interactions, non-unitarity.

●  Dark sector connection (with dark photons, FIPs, 
DM) and other exotic effects (decoherence, Lorentz 
viol…)

See e.g. Y. Farzan, P. Denton’s talk

See e.g. C. Arguelles’, C. Giunti’s talks



●  Sterile neutrinos: Hints for eV sterile neutrinos are 
present but controversial. SBL oscillations (MicroBooNE, 
SBN, reactor neutrino exp, BEST…) are testing it.

The discovery of any signature beyond 3-neutrinos, 
would be game-changing for experiments and theory.

14
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Short-Baseline Anomalies

reactor flux anomaly 
resolved with new input data 
to flux calculation 

reactor spectra 
is there really an anomaly? ?
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Recent Updates

IceCube 2020  
closed contour at 90% CL 

➠ posters #105 (Bejnamin Smithers) 
& #279 (Alfonso Garcia-Soto)

IceCube 2020

BEST and μBooNE 
push towards lower |Uμ4|2

BEST and Neutrino-4 
push towards larger |Δm41|2

Expect tension to increase 
• reactor fluxes vs. BEST 

• MiniBooNE vs. μBooNE

See J. Kopp’s talk, and M. Licciardi, J. Kim, J. Park, H. Wei, A. 
Schukraft, S. Elliott, C. Arguelles-Delgado, K. Leach, D. Winklehner&J. 

Spitz



Other important theory developments

●  Great emphasis on very precise evaluation of 
experimental quantities, such as neutrino fluxes, neutrino 
cross sections, nuclear effects and nuclear matrix 
elements. Study of neutrino coherent scattering.

●  Neutrinos in astrophysics and multimessenger 
astronomy: SN, solar and HE neutrinos as a tool to study 
stars and extreme environments in the Universe. 
Connection with GW and HE cosmic ray searches.

● Neutrinos for security.
15

See M. Friend, K. Sato, A. Fedynitch, P. Vogel, N. Jachowicz’s, C. Giunti’s talk 
Also L. Fields, X. Lu, C. Bonifazi, D. Pershey, S. Gardiner, N. Bowden, O. 

Hen

See B. Caccianiga, A. Mastbaum, J. Tjus, I. Bartos, M.-R. Wu 
Also, N. Park, A. Heijboer, Z. Dzhilkibayev

See P. Huber’s talk



Complementarity

Tests of standard neutrino paradigm: SBL oscillations (SBN, 
reactor exp), LBL/atm oscillations, neutrino less DBD, beta decays, 
cosmology (BBN, CMB, LSS), dedicated searches.

✓12

✓23

⌫
✓13

MO
CPV

nature

Reactor 
neutrinos:
JUNO

LBL exp: DUNE, 
T2HK, T2HKK
   (ESSnuSB, ???) 

Atmospheric neutrinos

        Neutrinoless
double beta decay

masses
Cosmology 

Direct search

16

HK, ORCA, 
IceCube Gen2, 
INO
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There is experimental/observational evidence that the 
Standard Model is incomplete: neutrinos play a key role.

Neutrino 
masses Dark Matter

Baryon 
asymmetry

@Symmetry magazine

Evidence beyond the SM

Clowe et al.

The ultimate goal is to understand
- where do neutrino masses come from?
- what is the origin of leptonic mixing?
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@Silvia Pascoli

Neutrinos give a new perspective on physics BSM.
1. Origin of masses 2. Problem of flavourWhy are neutrinos so much lighter ?�
Neutral vs charged hierarchy ?�

mf$~ λ#
Why neutrinos have mass? 
and why are they so much lighter 
than the other fermions?
and why their hierarchy is at 
most mild?
Can it be related to the 
Majorana nature?

Why leptonic 
mixing is so 
different from 
quark mixing?

18

Neutrinos: Open window on Physics BSM

See e.g. F. Feruglio’s talk



In the SM, neutrinos do not acquire mass and mix.

19

L = �y⌫L̄ · H̃⌫R + h.c.

If we introduce a right-handed neutrino, then an interaction 
with the Higgs boson emerges.

Dirac Masses

This term is SU(2) invariant and respects lepton number.

mD = y⌫v = V mdiagU
†

y⌫ ⇠
p
2m⌫

vH
⇠ 0.2 eV

200 GeV
⇠ 10�12

- why the coupling is so small???
- why the leptonic mixing angles are large?
- why neutrino masses have at most a mild hierarchy?
- why no Majorana mass term for RH neutrinos? We need 

to impose L as a fundamental symmetry (BSM).

Neutrino masses Beyond SM



�L = �
L ·HL ·H

M
=

�v2H
M

⌫TLC
†⌫L

Majorana Masses

20

In order to have an SU(2) invariant Majorana mass term for 
neutrinos, it is necessary to introduce a Dimension 5 
operator (or to allow new scalar fields, e.g. a triplet):

This term breaks lepton number and induces Majorana 
masses and Majorana neutrinos. It can be induced by a 
high energy theory (see-saw mechanism).

Weinberg 
operator, 
PRL 43

H

H
H

H

H

H

H H

Fermion
singlet

Scalar
triplet

Fermion
triplet

Minkowski, Yanagida, Glashow, Gell-Mann, Ramond, Slansky, Ma, Mohapatra, 
Senjanovic, Magg, Wetterich, Lazarides, Shafi,  Schecter, Valle, Hambye…
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Neutrino masses BSM:  
“vanilla” see saw mechanism type I

m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

l Introduce a right handed 
neutrino N 
l It couples to the Higgs and 
has a Majorana mass

�
0 mD

mT
D MN

⇥

As a result, neutrinos can have naturally small masses 
and are Majorana particles.

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

2

Symmetry magazine

Particle 
zoo



In order to generate it dynamically in the Early Universe, 
the Sakharov’s conditions need to be satisfied:

- B (or L) violation;

- C, CP violation;

- departure from thermal equilibrium.

The Standard Model cannot generate the necessary 
amount of baryon asymmetry: BSM physics, e.g. electroweak 
baryogegesis and leptogenesis.

22

X ! `q

X ! `q

X ! q̄q

X ! q̄q

Xc ! q̄q
Xc ! ¯̀̄q

There is evidence of the baryon asymmetry:

⌘B ⌘ nB � nB̄

n�
= (6.18± 0.06)⇥ 10�10

Planck, 1807.06209

The baryon asymmetry of the Universe

(6.23± 0.03)⇥ 10�10
<latexit sha1_base64="AMl0YuXmuLtwvRQvgy3og8iKPvw=">AAACG3icbVDLSgMxFM3UV62vqksXBotQFw6TVtRl0Y3LCvYBbS2ZNNOGJpkhyQjD0KWf4Re41S9wJ25d+AH+h+ljYasHAodz7uXcHD/iTBvP+3IyS8srq2vZ9dzG5tb2Tn53r67DWBFaIyEPVdPHmnImac0ww2kzUhQLn9OGP7we+40HqjQL5Z1JItoRuC9ZwAg2VurmD4vnbqkM25GAnuuVT2DbMEE1RN59eoq8UTdfsPoE8C9BM1IAM1S7+e92LySxoNIQjrVuIS8ynRQrwwino1w71jTCZIj7tGWpxDatk04+MoLHVunBIFT2SQMn6u+NFAutE+HbSYHNQC96Y/E/rxWb4LKTMhnFhkoyDQpiDk0Ix63AHlOUGJ5Ygoli9lZIBlhhYmx3cykBTaSIxr2gxRb+knrJRZ6Lbs8KlatZQ1lwAI5AESBwASrgBlRBDRDwCJ7BC3h1npw35935mI5mnNnOPpiD8/kDSXqepg==</latexit><latexit sha1_base64="AMl0YuXmuLtwvRQvgy3og8iKPvw=">AAACG3icbVDLSgMxFM3UV62vqksXBotQFw6TVtRl0Y3LCvYBbS2ZNNOGJpkhyQjD0KWf4Re41S9wJ25d+AH+h+ljYasHAodz7uXcHD/iTBvP+3IyS8srq2vZ9dzG5tb2Tn53r67DWBFaIyEPVdPHmnImac0ww2kzUhQLn9OGP7we+40HqjQL5Z1JItoRuC9ZwAg2VurmD4vnbqkM25GAnuuVT2DbMEE1RN59eoq8UTdfsPoE8C9BM1IAM1S7+e92LySxoNIQjrVuIS8ynRQrwwino1w71jTCZIj7tGWpxDatk04+MoLHVunBIFT2SQMn6u+NFAutE+HbSYHNQC96Y/E/rxWb4LKTMhnFhkoyDQpiDk0Ix63AHlOUGJ5Ygoli9lZIBlhhYmx3cykBTaSIxr2gxRb+knrJRZ6Lbs8KlatZQ1lwAI5AESBwASrgBlRBDRDwCJ7BC3h1npw35935mI5mnNnOPpiD8/kDSXqepg==</latexit><latexit sha1_base64="AMl0YuXmuLtwvRQvgy3og8iKPvw=">AAACG3icbVDLSgMxFM3UV62vqksXBotQFw6TVtRl0Y3LCvYBbS2ZNNOGJpkhyQjD0KWf4Re41S9wJ25d+AH+h+ljYasHAodz7uXcHD/iTBvP+3IyS8srq2vZ9dzG5tb2Tn53r67DWBFaIyEPVdPHmnImac0ww2kzUhQLn9OGP7we+40HqjQL5Z1JItoRuC9ZwAg2VurmD4vnbqkM25GAnuuVT2DbMEE1RN59eoq8UTdfsPoE8C9BM1IAM1S7+e92LySxoNIQjrVuIS8ynRQrwwino1w71jTCZIj7tGWpxDatk04+MoLHVunBIFT2SQMn6u+NFAutE+HbSYHNQC96Y/E/rxWb4LKTMhnFhkoyDQpiDk0Ix63AHlOUGJ5Ygoli9lZIBlhhYmx3cykBTaSIxr2gxRb+knrJRZ6Lbs8KlatZQ1lwAI5AESBwASrgBlRBDRDwCJ7BC3h1npw35935mI5mnNnOPpiD8/kDSXqepg==</latexit><latexit sha1_base64="AMl0YuXmuLtwvRQvgy3og8iKPvw=">AAACG3icbVDLSgMxFM3UV62vqksXBotQFw6TVtRl0Y3LCvYBbS2ZNNOGJpkhyQjD0KWf4Re41S9wJ25d+AH+h+ljYasHAodz7uXcHD/iTBvP+3IyS8srq2vZ9dzG5tb2Tn53r67DWBFaIyEPVdPHmnImac0ww2kzUhQLn9OGP7we+40HqjQL5Z1JItoRuC9ZwAg2VurmD4vnbqkM25GAnuuVT2DbMEE1RN59eoq8UTdfsPoE8C9BM1IAM1S7+e92LySxoNIQjrVuIS8ynRQrwwino1w71jTCZIj7tGWpxDatk04+MoLHVunBIFT2SQMn6u+NFAutE+HbSYHNQC96Y/E/rxWb4LKTMhnFhkoyDQpiDk0Ix63AHlOUGJ5Ygoli9lZIBlhhYmx3cykBTaSIxr2gxRb+knrJRZ6Lbs8KlatZQ1lwAI5AESBwASrgBlRBDRDwCJ7BC3h1npw35935mI5mnNnOPpiD8/kDSXqepg==</latexit>



● At T>M, 
N are in 
equilibrium:

● At T<M, 
N drops out
 of equilibrium:

● A lepton asymmetry can be generated if 

● 

N $ `H

�(N ! `H) 6= �(N ! `cHc)

Leptogenesis

23

T

-M

-T=100 
GeV

N $ `H
N $ `H

N $ `H

N $ `H

N ! `H N ! `cHc

N ! `cHcN ! `cHc
N ! `H

�L
sphalerons�������! �B
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The observation of L violation and of CPV in the lepton sector 
would be a strong indication (even if not a proof) of 
leptogenesis as the origin of the baryon asymmetry.
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What is the new 
physics scale? 

Are there new: 
symmetries? 

particles? 
interactions?
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S. King et al., 
PRL 126 
(2021)

New physics scale? Going to high energy

TeV see-saw I, see-saw II, see-saw III, extended-type seesaws, radiative models, 
extra-D, R-parity V SUSY...

Leptogenesis

CLFV

MeV GeV TeV GUT scalekeVeV Intermediate scale

LHC searches

Jie Xiao (Peking University)

Neutrino2022 Heavy neutrinos at the LHC - results and prospects

03 June 2022

Long-lived heavy neutral leptons with displaced vertices

• The CMS analysis only considers the HNL mixes with a single neutrino flavor (1SFH)

23

CMS arXiv:2201.05578

Distances between the PV and the SV in the transverse plane (∆2D)

eeX

Xμμ

Clear improvement wrt 
DELPHI results in the 

displaced regime

Jie Xiao (Peking University) 03 June 2022

Neutrino2022 Heavy neutrinos at the LHC - results and prospects

Summary and Prospect

25

• Heavy neutrinos with mass from a few GeV to ~20 TeV are probed in various models: 

Type-I seesaw, Type-III seesaw, Heavy Composite Majorana Neutrino, Left-Right Symmetry model, … 

 

The exclusion mass increase and the limits are more stringent on the model parameters. But no significant 
deviations from the SM were detected. 

• Prospect 

• Run-3 is approaching, and then is HL-LHC 

• Other sectors can be tested, e.g., Top, Tau, … 

• More models could be studied.  
In particular, analyses provide a wider range of reinterpretation materials, e.g., HEPData

CMS-PAS-FTR-22-003

Trilepton channel

See J. 
Xiao’s 
talk

 GW

Proton decay

Future experiments

JUNO (Jiangmen, China; under construction, data taking in 2023)

20 kton liquid scintillator detector

Possibility to search for proton decay

Hyper-Kamiokande (Gifu, Japan; under construction, data taking in 2027)

188 kton water-Cherenkov detector (⇠ 8 ⇥ SK)

To search for proton decay is among the main objectives.

DUNE (Illinois & South Dakota, USA)

68 kton liquid Argon detector

Possibility to search for proton decay

ESSnuSB (Sweden)

0.5 Mton water-Cherenkov detector (⇠ 20 ⇥ SK)

Excellent opportunity to search for proton decay

T. Ohlsson (KTH Royal Institute of Technology) Proton decay @ Neutrino 2022 28 / 30

Proton decay in theory

Proton decay in GUTs

In GUTs, since all dimension-six proton decay operators conserve B � L,

a proton always decays into an antilepton.

A generic example of proton decay in GUTs is: p �! e+ + ⇡0

A rough estimate of the proton lifetime with a GUT-scale gauge boson

mediator (like X ) is:

⌧p / M4
GUT

↵2
GUTm

5
p

T. Ohlsson (KTH Royal Institute of Technology) Proton decay @ Neutrino 2022 17 / 30

See T. 
Ohlsson’s 

talk
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Low E See-saw models, NuMSM, extended see-saw…  

Leptogenesis

MeV GeV TeV GUT scalekeVeV Intermediate scale

HNL searches: peak, kinks, decays, 

Going low in energy: Dark sectors

Sterile nu 
oscillations

DM

L̄ ·HNR (+...NRNS)
<latexit sha1_base64="psinGWE2KAWX9uZOIblus6P+zIc="></latexit><latexit sha1_base64="psinGWE2KAWX9uZOIblus6P+zIc="></latexit><latexit sha1_base64="psinGWE2KAWX9uZOIblus6P+zIc="></latexit><latexit sha1_base64="psinGWE2KAWX9uZOIblus6P+zIc="></latexit>

SM NR
Dark 
sector

⌫↵
<latexit sha1_base64="hxnnDhK1dnHcEM+0aWau4QQICmQ=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+8AmlMn0ph06mQwzEyGEbv0Ct/oF7sSt/+EH+B9O2yxs64ELh3Pu5d57QsmZNq777ZQ2Nre2d8q7lb39g8Oj6vFJRyepotCmCU9ULyQaOBPQNsxw6EkFJA45dMPJ7czvPoHSLBEPJpMQxGQkWMQoMVZ69EU68AmXYzKo1ty6OwdeJ15BaqhAa1D98YcJTWMQhnKidd9zpQlyogyjHKYVP9UgCZ2QEfQtFSQGHeTzi6f4wipDHCXKljB4rv6dyEmsdRaHtjMmZqxXvZn4n9dPTdQIciZkakDQxaIo5dgkePY+HjIF1PDMEkIVs7diOiaKUGNDWtoSQSZiObW5eKsprJPOVd1z6979da3ZKBIqozN0ji6Rh25QE92hFmojigR6Qa/ozXl23p0P53PRWnKKmVO0BOfrF3bZmUI=</latexit><latexit sha1_base64="hxnnDhK1dnHcEM+0aWau4QQICmQ=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+8AmlMn0ph06mQwzEyGEbv0Ct/oF7sSt/+EH+B9O2yxs64ELh3Pu5d57QsmZNq777ZQ2Nre2d8q7lb39g8Oj6vFJRyepotCmCU9ULyQaOBPQNsxw6EkFJA45dMPJ7czvPoHSLBEPJpMQxGQkWMQoMVZ69EU68AmXYzKo1ty6OwdeJ15BaqhAa1D98YcJTWMQhnKidd9zpQlyogyjHKYVP9UgCZ2QEfQtFSQGHeTzi6f4wipDHCXKljB4rv6dyEmsdRaHtjMmZqxXvZn4n9dPTdQIciZkakDQxaIo5dgkePY+HjIF1PDMEkIVs7diOiaKUGNDWtoSQSZiObW5eKsprJPOVd1z6979da3ZKBIqozN0ji6Rh25QE92hFmojigR6Qa/ozXl23p0P53PRWnKKmVO0BOfrF3bZmUI=</latexit><latexit sha1_base64="hxnnDhK1dnHcEM+0aWau4QQICmQ=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+8AmlMn0ph06mQwzEyGEbv0Ct/oF7sSt/+EH+B9O2yxs64ELh3Pu5d57QsmZNq777ZQ2Nre2d8q7lb39g8Oj6vFJRyepotCmCU9ULyQaOBPQNsxw6EkFJA45dMPJ7czvPoHSLBEPJpMQxGQkWMQoMVZ69EU68AmXYzKo1ty6OwdeJ15BaqhAa1D98YcJTWMQhnKidd9zpQlyogyjHKYVP9UgCZ2QEfQtFSQGHeTzi6f4wipDHCXKljB4rv6dyEmsdRaHtjMmZqxXvZn4n9dPTdQIciZkakDQxaIo5dgkePY+HjIF1PDMEkIVs7diOiaKUGNDWtoSQSZiObW5eKsprJPOVd1z6979da3ZKBIqozN0ji6Rh25QE92hFmojigR6Qa/ozXl23p0P53PRWnKKmVO0BOfrF3bZmUI=</latexit><latexit sha1_base64="hxnnDhK1dnHcEM+0aWau4QQICmQ=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIR7LLgxmUF+8AmlMn0ph06mQwzEyGEbv0Ct/oF7sSt/+EH+B9O2yxs64ELh3Pu5d57QsmZNq777ZQ2Nre2d8q7lb39g8Oj6vFJRyepotCmCU9ULyQaOBPQNsxw6EkFJA45dMPJ7czvPoHSLBEPJpMQxGQkWMQoMVZ69EU68AmXYzKo1ty6OwdeJ15BaqhAa1D98YcJTWMQhnKidd9zpQlyogyjHKYVP9UgCZ2QEfQtFSQGHeTzi6f4wipDHCXKljB4rv6dyEmsdRaHtjMmZqxXvZn4n9dPTdQIciZkakDQxaIo5dgkePY+HjIF1PDMEkIVs7diOiaKUGNDWtoSQSZiObW5eKsprJPOVd1z6979da3ZKBIqozN0ji6Rh25QE92hFmojigR6Qa/ozXl23p0P53PRWnKKmVO0BOfrF3bZmUI=</latexit>

?
Neutrino portal

Neutrino can play a unique role in searching for Dark Sectors. 

Have we seen already some glimpses??? If a signal in future, 
this would lead to a major change in the BSM paradigm. 

See C. Giunti’s, Y. Farzan’s and C. Arguelles’ talks
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GUTs: SO(10)…

MeV GeV TeV GUT scalekeVeV Intermediate 
scale

From minimality to richness
M

IN
IM

A
L

R
IC

H

See-saw type I: 2 RHN
See-saw type I: 3 RHN

nuMSM

Loop-mass models

Multiportal dark 
sector models

Also: Extra D,…

R-parity 
violating SUSY

Extended see-saw: 
e.g. inverse see-
saw

Two contrasting approaches can be taken: 
Minimality: the fewest ingredients -> predictivity
Richness (theory-motivated): connections, new signatures
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lepton mixing and flavour symmetries

The problem of leptonic flavour

Symmetry approach (not unique) to understand observed 
pattern: use of traditional and new (modular) symmetries. 
Need more precise values of oscillation parameters.

MM = (U †)TmdiagU
† nL = U †⌫L

Theory Experiments
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See F. Feruglio’s 
talk



Neutrinos are the most elusive and mysterious of 
the known particles. Neutrino masses are the only 
particle physics evidence BSM to date. 

Current status: precise knowledge of most of neutrino 
properties. Key questions open (nature, CPV, MO) due 
to be answered in the next ~decade. Thriving 
experimental programme. 

Surprises in store? Several SBL anomalies remain 
unexplained.

Neutrino masses require to extend the SM to a new 
theory (energy scale? symmetries? particles?). Are 
neutrinos pointing to a new BSM paradigm:  dark sector?
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Conclusions



30

Thank you very much to the 
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