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a.k.a. nuSTORM, nu factory, HEnu from muon 
collider. 
A controlled beam of muons will lead to a precisely 
known flux of muon and electron (anti-)neutrinos that 
can be used to search for neutrino and BSM.
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Neutrinos from muons

Production straight

Return straight

Figure 5: Schematic of the nuSTORM storage ring lattice [58].

flashes are also shown in figure 7.

Figure 6: Neutrino flux distributions for different stored muon momenta.

3.3 Detector considerations

The detector suite will provide a comprehensive neutrino-interaction physics program with exceptional preci-
sion and an expansive ability to search for new phenomena. To realise the full potential of the facility requires:

1. Identification of neutrino flavours through charge detection in a magnet, supplemented by muon and
electron differentiation.

2. Ultra-low tracking threshold in 4⇡ acceptance.
3. Charged hadron identification.
4. Ability to detect neutral particles using calorimetry and time-of-flight measurements.
5. Fast detector capable of self-triggering and handling high event rates.
6. A variety of nuclear targets to measure cross-sections as a function of the nuclear target mass number

(A).
Concepts developed for the near detectors of longbaseline neutrino oscillation experiments are suitable op-

tions for detectors at nuSTORM. These include SuperFGD, a highly-segmented tracking scintillator incor-
porated in the upgraded T2K near detector [59], or detectors being developed for the DUNE near detector
complex [7], including:

1. A pixelated LAr detector;
2. A magnetised high-pressure gaseous TPC (HPgTPC); and
3. A straw-Tube trackers (STT) with thin targets.
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Neutrino flux in nuSTORM.

ESPP abstract n. 200.

A magnetised detector is 
useful in order to 
discriminate between 
leptons and anti leptons 
and identify the neutrino 
flavour detected.
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nuSTORM
E~1-6 GeV, decay ring ~100 m, Mdet~100 ton, L~ few 100 m

Scope: 
nuSTORM Facility near site�

6 Alan Bross                     P5 Face-to-Face Meeting, Fermilab            November 3rd, 2013   

µ decay ring: P = 3.8 GeV/c ± 10%�

NuStorm P5 presentation

Neutrino factory and LENF
E~ few GeV, decay ring ~1000 m, Mdet~few x 10 kton, L~ 1300 km

J.-P. Delahaye et al., 1803.07431

HE neutrinos from muon decays?
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Neutrino physics
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http://www.nu-fit.org/

● 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 (?)

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! How about the next 20?

Imperial College London

Neutrino Oscillation

• Impressive progress in measuring oscillation 
parameters

22/06/2025Neutrino Oscillation, Mixing and Mass Splitting 4

Current knowledge

NuFit 6.0, JHEP 12 (2024) 216

See also F. Capozzi et al., Phys. Rev. D 104, 8, 083031
 P. F. de Salas et al., JHEP 02, 071 (2021) NuFit 6.0, JHEP 12 (2024), See also Capozzi et al., de Salas et al. 

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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implies at least 3 massive neutrinos. 

Measuring the masses requires: 
● the mass scale:
● the MO: very mild preference for NO.

mmin

6

Fractional flavour content of massive neutrinos

|Uei|2

|Uµi|2

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

CPV?

7

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

● Mixings very different from quark sector.
● Possibly, large leptonic CPV. 

CPV is a fundamental question, possibly related to 
the origin of the baryon asymmetry and to the origin 
of the flavour structure.

Leptonic Mixing and CP-violation

) gp
2
(ēL, µ̄L, ⌧̄L)�

µU
osc

0

@
⌫
1L

⌫
2L

⌫
3L

1

AWµ⌫i = U †⌫↵
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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?

8

Very exciting experimental programme.

What do we still need to know in 2025?



1. What is the nature of neutrinos?  

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

3. Is there leptonic CP-violation? 

4. What are the precise values of mixing parameters? 

5. Is the standard picture correct? Are there NSI? 
Sterile neutrinos? Other effects?
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Very exciting experimental programme. 

Phenomenology questions for the future

Neutrino 
oscillation 

experiments

Requires also precise knowledge of cross sections.
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Let’s assume that at t=0 a muon neutrino is produced
|�, t = 0� = |�µ� =

�

i

Uµi|�i�

The time-evolution is given by the solution of the 
Schroedinger equation with free Hamiltonian:

|�, t� =
�

i

Uµie
�iEit|�i�

At detection, projecting over the flavour state :

P (�� � �⇥) =

�����
⇥

i

U�1U
⇥
⇥1e

�i
�m2

i1
2E L

�����

2

Nature, SP and J. 
Turner, News and 

views, 15 April 2020
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Neutrino oscillations



●  LBL experiments search for neutrino oscillations, for 
neutrinos that are produced at an accelerator complex 
and travel 100s Km before scattering in large detectors.

●  When neutrinos travel through a medium, they 
interact with the background of e, p and n.
The background is CP and CPT violating, and the 
resulting oscillations are as well.11

Long-baseline neutrino oscillations

Credit: 
Symmetry 
magazine
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simultaneous determination of the CP-violating phase � and the neutrino
mass ordering41 using long-baseline neutrino oscillation facilities. It can be
easily shown that, in vacuum, the set of transformations43

�m2
31 ! ��m2

31 +�m2
21 = ��m2

32 ,
sin ✓12 $ cos ✓12 , � ! ⇡ � �

(17)

brings the Hamiltonian Hvac ! �H⇤
vac, where Hvac is the Hamiltonian in

vacuum. This renders the evolution of the system invariant,44 and the two
sets of solutions in Eq. 17 will lead to the same values for all oscillation
probabilities.

In presence of matter e↵ects, however, the degeneracy is broken since the
Hamiltonian also contains the matter potential, see Eq. 12. For instance,
from solar neutrino data, for which matter e↵ects are very important, we
know that ✓12 < 45�, which does not allow for the full transformation in
Eq. 17, partially breaking the degeneracy. However, long-baseline experi-
ments are largely insensitive to the solar mixing parameters and, thus, the
degeneracy remains even in this case41 (unless the experiment is also af-
fected by sizable matter e↵ects). This is illustrated in Fig. 3, where we show
the neutrino oscillation probabilities in the ⌫µ ! ⌫e channel, for � = 90�

(solid lines) and � = �90� (dotted lines). The blue (red) lines correspond
to NO (IO), and the two panels have been obtained for di↵erent baselines,
as indicated by the labels. The right panel corresponds to a baseline short
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Fig. 3. Probabilities in the ⌫µ ! ⌫e channel as a function of the neutrino energy (in
GeV), for two di↵erent baselines as indicated in the panels. Red (blue) lines correspond
to NO (IO). Solid lines correspond to � = �90�, while dotted lines have been obtained
for � = 90�.

enough so that matter e↵ects are practically negligible and, consequently,
the degeneracy is almost perfect. As seen in the figure, the probability for
NO and �1 = 90� is very similar to the probability obtained for IO and
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The 3-neutrino probability can be approximated as
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●  The determination of CPV and 
o f the mass order ing are 
entangled.
●  Matter effects increase with 
energy and distance.
●  CPV effects more pronounced 
at low energy.
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FIG. 1: Terms of the oscillation probability in vacuum as a function of L/E for θ13 = 1◦ (left)

and θ13 = 10◦ (right). Notice the different scales in the Y-axis between the two panels. The

terms driven by the “atmospheric” (green) and “solar” (red) oscillation frequencies as well as the

CP-violating interference (without the cos(±δ − ∆31 L
2 ) term) between the two (blue) are shown.

P±
eµ ≡ P (( )νe →

( )νµ) = s223 sin2 2θ13 sin2

(

∆31 L

2

)

+ c223 sin2 2θ12 sin2

(

∆21 L

2

)

+ J̃ cos

(

±δ −
∆31 L

2

)

sin

(

∆21 L

2

)

sin

(

∆31 L

2

)

, (1)

where the upper/lower sign in the formula refers to neutrinos/antineutrinos, J̃ ≡

c13 sin 2θ12 sin 2θ23 sin 2θ13 and ∆ij ≡
∆m2

ij

2Eν
. We will refer to the three terms in Eq. (1)

as “atmospheric”, “solar” and “CP interference” terms, respectively.

In Fig. 1 the three terms in Eq. (1) are depicted as a function of L/E. The left panel shows

the case of θ13 = 1◦, while the right panel corresponds to θ13 = 10◦ (close to the best fit of

T2K). For the CP-violating interference term only the coefficient in front of cos
(

±δ − ∆31 L
2

)

has been shown. As can be seen, for θ13 = 1◦ the choice of the first oscillation peak is

indeed very favorable for the exploration of CP violation, since the coefficient multiplying

the CP-violating term is larger than either the solar or the atmospheric CP-conserving

terms. On the other hand, for θ13 = 10◦ the first oscillation peak is dominated by the

atmospheric term whereas the CP interference term is only a subleading component of the

3
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Long-baseline neutrino oscillations and 
leptonic CP violation
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• For νe appearance in J-PARC νμ beam
• high 60% νe signal efficiency
• >99.9% νμCC rejection, 99% NC π0 
rejection

• opportunity to improve more

Detector performance for J-PARCν
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• For νe appearance in J-PARC νμ beam
• high 60% νe signal efficiency
• >99.9% νμCC rejection, 99% NC π0 
rejection

• opportunity to improve more

Detector performance for J-PARCν

rec
S

Reconstructed Energy E
0 0.2 0.4 0.6 0.8 1 1.2

N
um

be
r o

f e
ve

nt
s/

50
 M

eV

0

50

100

150

200

250

300

350

 modeSAppearance

Total
eSqRSSignal
eSqRSSignal

eS + eSBeam
RS + RSBeam:

 modeSAppearance

(GeV)

S/N~10@peak

M. Shiozawa, for 
T2HK coll., NuPhys 

2014

T2HK: 295 km 
off-axis

~1 Mton WC 
detector

15$17/12/2014# BCC#$#NuPhys2014,#Queen#Mary$University#of#London,#UK# 4#

"""""""""""""""""""LBNE"Design""

1.2$MW$Proton$Beam$(PIP2II)$
Upgradeable$to$≥$2.4$MW$

Magne;zed,$low2density$$
fine2grained$tracker$

34$kt$fiducial$mass$$
single2phase$LAr$TPC$$
Depth$=$4300$m.w.e$

DUNE: 
1300 km 
on-axis

~40 kton 
LAr 

detector

NOvA: 810 km off-axis
~14 kton plastic scintillator 

detector
T2K: 295 km off-axis

~22.5 kton WC detector

Present/Future LBL exp

ESSnuSB: 300-500 km
~0.5 Mton WC detector
second osc. maximum

The neutron program must not be affected 
modifications. 
Linac: double the pulse rate (14 Hz→ 28 Hz), 
from 4% duty cycle to 8%. 
Accumulator (C~400 m) needed to compress 
to few μs the 2.86 ms proton pulses, affordable 
by the  magnetic horn (350 kA) 

H- source (instead of protons), 
space charge problems in the 
accumulator ring  to be solved. 

Target station (studied in EUROν). 
Underground detector (WC à la Hyper-K 
studied in LAGUNA). 
Short pulses (~μs) will also allow DAR 
experiments  (as those proposed for SNS) using 
the neutron target. 

How to add a neutrino beam line to ESS: ESSnuSB 
ESSnuSB Design Study funded by H2020: 23 sites, 15 European countries 

M. Dracos, Poster # 39 
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Imperial College London

Future experiment timeline

22/06/2025Neutrino Oscillation, Mixing and Mass Splitting 12

2025 20312028 2034+2026 2030

JUNO 
filling, 

first data 
soon

IceCube 
Upgrade 

completion

Start of 
SNO+ Te 
Phase 1

Completion of 
Hyper-K, start 

of data 
collection

Completion of 
DUNE far 
detector 
module 1, 

collection of 
atmospheric 

data

Completion of 
KM3NeT-

ORCA

Completion of 
DUNE far 
detector 
module 2

DUNE Phase I 
beam data 
collection

DUNE Phase II

Proposed 
future 

experiments

M. Scott, talk at ESPP ‘25
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Question 1: neutrino mass 
ordering



 Mass ordering sensitivity 

The current situation is still rather uncertain. 
We know we will know the ordering by 2035ish.

19

S K , H K , 
IceCube

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 talk 
at Neutrino 

2022

P. Vahle, NOvA, PAC ‘24

NOvA A. Heijboer’s talk 
at Neutrino 2022

Aart Heijboer – KM3NeT – Neutrino 2022

NMO sensitivity of full ORCA

27

ϴ23=48o

P0530

Neutrino mass ordering

JUNO

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
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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.

23

DUNE Coll., 
2006.16043

DUNE

Imperial College London

Long-baseline Oscillation

• T2K and NOvA providing tightest constraint on Δ𝑚32
2  and sin2 𝜃23

• Demonstrated sensitivity to MO and 𝛿𝐶𝑃 at the 1 − 2𝜎 level

• T2K sensitivity for increased exposure of 1 × 1022 POT, 99% median confidence limits on CPV (𝛿𝐶𝑃 = −𝜋
2  )

• NOvA (beam expected Fall 2026) sensitivity for increased anti-neutrino beam exposure, ~2𝜎 for MO
22/06/2025Neutrino Oscillation, Mixing and Mass Splitting 7

Current experiments
P. Vahle, 
NOvA 
PAC ‘24
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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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Imperial College London

Future determination of mass ordering
• Experiment sensitivity versus 

time, width from uncertainty on 
other oscillation parameters
• Primarily sin2 𝜃23

• Early 2030s:
• Many experiments with 3𝜎 

sensitivity
• Multiple neutrino sources and 

methods to determine MO

• DUNE has 5𝜎 sensitivity shortly 
after beam starts
• Assumes sin2 𝜃23 = 0.58, 

expect less sensitivity for 
smaller values 

22/06/2025Neutrino Oscillation, Mixing and Mass Splitting 16
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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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Imperial College London

Future determination of mass ordering
• Experiment sensitivity versus 

time, width from uncertainty on 
other oscillation parameters
• Primarily sin2 𝜃23

• Early 2030s:
• Many experiments with 3𝜎 

sensitivity
• Multiple neutrino sources and 

methods to determine MO

• DUNE has 5𝜎 sensitivity shortly 
after beam starts
• Assumes sin2 𝜃23 = 0.58, 

expect less sensitivity for 
smaller values 

22/06/2025Neutrino Oscillation, Mixing and Mass Splitting 16
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Question 2:  
Leptonic CP violation



Hints of leptonic CPV? 
Situation remains unclear. 
Expect very soon T2K-NOvA joint analysis.

23
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

J. Hartnell’s talk at Neutrino 2022
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CPV sensitivity

T2K run extension

• T2K’s long term goal is the pursuit of CP Violation in the neutrino sector.

• In 2016, T2K phase 2 run extension given Stage-1 status by KEK/J-PARC.

• Proposal to collect 20×1021 POT by ~2026 (arXiv:1609.04111 [hep-ex]).

• With 20×1021 POT, T2K has up to 3! (median) CPV sensitivity:

• Sensitivity improves beyond 3! with reduced systematic errors.

• T2K initiated Near Detector upgrade project in January 2016.
• “The T2K ND280 Upgrade Proposal”, submitted to CERN SPSC in Jan. 2018.

Imperial College  
London

Morgan O. 
WasckoNeutrino 20182018 / 06 / 04 26
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goal = 1.3 MW

T2K phase 2 extension aims at 
reaching 1.3 MW in the next 
few years (20x10^21pot).

T2K, 1609.04111



DUNE and T2HK will get to 5 sigma for a large range of 
values of delta by 2040 (possibly 2035??). Whether we 
discover it or not depends on the true delta.

24

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
DUNE Coll., 2006.16043

DUNE

J. Wilson’s talk at Neutrino 2022

T2HK

T2HKK/KNO

Long Baseline Physics - !!"
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The knowledge of systematic errors is a limiting factor 
in the physics reach. The key uncertainty relates to the 
neutrino scattering cross sections. 

nuSTORM would allow a precise determination of the 
relevant cross sections with strong impact on DUNE 
and T2HK sensitivity. 

25

Scott’s talk at ESPP ‘25Imperial College London

Neutrino cross sections measurements

Table shows areas to compare each proposal – non-exhaustive
• Electron neutrino cross section – limiting systematic for Hyper-K CPV sensitivity, significant for 𝛿𝐶𝑃 

precision and octant sensitivity 
• Neutrino – vs – antineutrino cross section – limiting systematic for Hyper-K CPV sensitivity
• Neutrino energy – knowledge of neutrino energy and relation to reconstructed variables limiting 

systematic for precision measurements and CPV at DUNE

22/06/2025Neutrino Oscillation, Mixing and Mass Splitting 30

Possibilities at CERN summary

nuSTORM nuScope Muon beam

𝜎 𝜈𝑒/𝜈𝜇

𝜎 ഥ𝜈/𝜈 Under study

𝐸𝜈

Readiness

Muon collider 
R&D

• All can measure 𝜈𝑒 flux with 1% uncertainty

• Muon beams have well known ҧ𝜈 flux 

• nuScope tagging, muons have tunable beam

• High brightness muon beam requires cooling R&D

• Muon beams develop technology for muon collider

These are limiting systematic for 
HK CPV discovery and precision.

The reconstruction of neutrino 
energy plays a key role in DUNE 
CPV sensitivity. 
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Scenario 1: no leptonic CPV discovery

If the delta phase is too close to 0, pi, DUNE and T2HK 
will not be able to discover leptonic CPV.

It is essential to pursue 
this measurement with 
a m o r e s e n s i t i v e 
experiment: neutrino 
factory.

13

FIG. 10: 95% CL (1 d.o.f) CP Violation extraction assuming that the far detector is located at a distance of 1480. The solid
(dotted) red curves depict the results assuming 1 × 1023 Kton-decays (3 × 1023 Kton-decays) without backgrounds. The long-
dashed (short-dashed) black curves depict the results assuming 1× 1023 Kton-decays (3× 1023 Kton-decays) with a background
level of 10−3.
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●  CP violation is a key aspect of the SM and it is 
important to establish if it concerns also the leptonic 
sector.
●  CPV is related to the origin of the leptonic mixing 
structure.
●  The delta phase can explain the baryon asymmetry of 
the Universe but only if it is sufficiently CP-violating.

SP, Petcov, Riotto, hep-ph/0609125
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Figure 3: The baryon asymmetry with M1 = 5.13⇥ 10

10 GeV and CP violation provided
solely by �. The Majorana phases are fixed at ↵21 = 180

� and ↵31 = 0

�. The red band
indicates the 1� observed values for ⌘BCMB

with the best-fit value indicated by the horizontal
black dotted line. Left: The final baryon asymmetry as a function of � with exact CP -
invariance when � = 0

� and 180

� (vertical black dotted line). Right: A parametric plot of
⌘B against JCP as � is varied. See the text for further details.

At the benchmark point for normal ordering defined in Table 2, which we will use in
the further analyses in the present section, we have:

Y⌧1 = 1.37 ⇥ 10

�3 � 1.67 ⇥ 10

�4ei�,

Y⌧1 = 6.64 ⇥ 10

�4 � 8.74 ⇥ 10

�4ei
↵21+⇡

2 ,

Y⌧1 = 4.71 ⇥ 10

�4
+ 1.07 ⇥ 10

�3e
i↵31
2 ,

(3.5)

for CP violation from �, ↵21 and ↵31 respectively. For the case in which � provides the
CP violation in Eq. (3.5), this phase gives a subdominant contribution to |Y⌧1|. As can be
shown, P 0(1)

⌧⌧ is similarly weakly dependent on the phases. Thus, the phase dependence of
the solutions of Eq. (3.3) does not come predominantly from the flavour factor �F but from
the CP -asymmetry ✏

(1)
⌧⌧ . However, in the case of ↵21 providing the CP violation, the two

terms of Eq. (3.5) are similar in magnitude and we may get a strong enhancement in �F .
The final case where ↵31 provides the CP violation is intermediate and should experience
a slight phase-dependent enhancement from �F .

3.2.1 Dirac Phase CP Violation

In this subsection, we consider deviations from the benchmark point of Table 2 where we
allow � to vary but fix ↵21 = 180

� and ↵31 = 0

�. Given the pattern of R-matrix angles,
this ensures that any CP violation comes solely from �. In this case, the ⌧⌧ -component of
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� (vertical black dotted line). Right: A parametric plot of
⌘B against JCP as � is varied. See the text for further details.

At the benchmark point for normal ordering defined in Table 2, which we will use in
the further analyses in the present section, we have:

Y⌧1 = 1.37 ⇥ 10

�3 � 1.67 ⇥ 10

�4ei�,

Y⌧1 = 6.64 ⇥ 10

�4 � 8.74 ⇥ 10

�4ei
↵21+⇡

2 ,

Y⌧1 = 4.71 ⇥ 10

�4
+ 1.07 ⇥ 10

�3e
i↵31
2 ,

(3.5)

for CP violation from �, ↵21 and ↵31 respectively. For the case in which � provides the
CP violation in Eq. (3.5), this phase gives a subdominant contribution to |Y⌧1|. As can be
shown, P 0(1)

⌧⌧ is similarly weakly dependent on the phases. Thus, the phase dependence of
the solutions of Eq. (3.3) does not come predominantly from the flavour factor �F but from
the CP -asymmetry ✏

(1)
⌧⌧ . However, in the case of ↵21 providing the CP violation, the two

terms of Eq. (3.5) are similar in magnitude and we may get a strong enhancement in �F .
The final case where ↵31 provides the CP violation is intermediate and should experience
a slight phase-dependent enhancement from �F .

3.2.1 Dirac Phase CP Violation

In this subsection, we consider deviations from the benchmark point of Table 2 where we
allow � to vary but fix ↵21 = 180

� and ↵31 = 0

�. Given the pattern of R-matrix angles,
this ensures that any CP violation comes solely from �. In this case, the ⌧⌧ -component of
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Figure 7: The baryon asymmetry from leptogenesis with M1 = 10

11 GeV and N3 decou-
pled, where CP violation is provided only by the Dirac phase �. The red bands indicate
the values in 1� agreement with the observed value ⌘BCMB

. Left: A plot of ⌘B against
�, showing successful leptogenesis near the maximal CP -violating value � = 270

�. Right:
The corresponding parametric plot of ⌘B with JCP as � is varied. See the text for further
details.

Finally, in [25] the following necessary condition for successful leptogenesis in the case
of NO spectrum with the requisite CP violation provided exclusively by the Dirac phase �

was obtained:
| sin ✓13 sin �| & 0.09 . (3.11)

We recall that this condition was derived by using values of the the CP -conserving R-
matrix elements maximising the lepton asymmetry and assuming that the transition from
two-flavour to one-flavour regime starts at T ⇠

=

5 ⇥ 10

11 GeV, i.e., that at M1 . 5 ⇥ 10

11

GeV the two-flavour regime is fully effective.

4 Leptogenesis in the regime M1 < 109 GeV

Successful thermal leptogenesis at intermediate scales may be accomplished through the
combination of flavour effects and fine-tuned Yukawa matrices with F & O(10) [78, 113].
In Section 2.3, we first review these fine-tuned scenarios and then proceed to determine
the subset among them in which the R-matrix is CP -conserving while the PMNS matrix
contains CP -violating phases. In Section 4.1 we present and analyse the results of a com-
prehensive search of the model parameter space for regions with successful leptogenesis
compatible with these subsets where we have numerically solved the density matrix equa-
tions, for two-decaying heavy Majorana neutrinos, exactly. Following this, we consider in
detail the scenarios in which CP violation is due solely to the Dirac phase in Section 4.2.1,
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Generically, if 
and similarly around 180^o, 
delta cannot be responsible 
for the baryon asymmetry 
in high E see-saw type I.

� < 25o � 35o
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K. Moffat et al., 1809.08251

For high E see-saw type I



28

Question:  
Precision measurement 

of oscillation 
parameters



●  The values of the mixing angles seem to indicate an 
underlying symmetry:                        not too far from 0.

29

✓23 ⇠ 45o, ✓13

Scenario 2: leptonic CPV discovered

If discovered, the key physics goal will be the precise 
measurement of the oscillation parameters.Concha Gonzalez-Garcia

Summary: Global 3 ν Flavour Parameters

Gonzalez-
Garcia et al., 
2111.03086

JUNO Coll., 2204.13249

Concha Gonzalez-Garcia

JUNO: Sensitivity to Oscillation Parameters

2204.13249

Concha Gonzalez-Garcia

JUNO: Sensitivity to Oscillation Parameters

2204.13249



TABLE I: Mixing Angles for Models with Lepton Flavor Symmetry.

Reference Hierarchy sin2 2θ23 tan2 θ12 sin2
θ13

Anarchy Model:

dGM [18] Either ≥ 0.011 @ 2σ

Le − Lµ − Lτ Models:

BM [35] Inverted 0.00029

BCM [36] Inverted 0.00063

GMN1 [37] Inverted ≥ 0.52 ≤ 0.01

GL [38] Inverted 0

PR [39] Inverted ≤ 0.58 ≥ 0.007

S3 and S4 Models:

CFM [40] Normal 0.00006 - 0.001

HLM [41] Normal 1.0 0.43 0.0044

Normal 1.0 0.44 0.0034

KMM [42] Inverted 1.0 0.000012

MN [43] Normal 0.0024

MNY [44] Normal 0.000004 - 0.000036

MPR [45] Normal 0.006 - 0.01

RS [46] Inverted θ23 ≥ 45◦ ≤ 0.02

Normal θ23 ≤ 45◦ 0

TY [47] Inverted 0.93 0.43 0.0025

T [48] Normal 0.0016 - 0.0036

A4 Tetrahedral Models:

ABGMP [49] Normal 0.997 - 1.0 0.365 - 0.438 0.00069 - 0.0037

AKKL [50] Normal 0.006 - 0.04

Ma [51] Normal 1.0 0.45 0

SO(3) Models:

M [52] Normal 0.87 - 1.0 0.46 0.00005

Texture Zero Models:

CPP [53] Normal 0.007 - 0.008

Inverted ≥ 0.00005

Inverted ≥ 0.032

WY [54] Either 0.0006 - 0.003

Either 0.002 - 0.02

Either 0.02 - 0.15
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Needed:
● A precise measurements 

of the oscillation 
parameters (including the 
delta phase). 

● Mass ordering and 
neutrino mass spectrum. Albright, Chen, PRD 74 (2006)30

Typically, there are relations 
between masses, mixing 
angles and CPV phase.
E.g. the so-called sumrules:

sin ✓23 �
1p
2

= sin ✓13 cos �

extra complex phases,

U e
23 =

0

@
1 0 0
0 ce23 se23e

�i�e23

0 �se23e
i�e23 ce23

1

A ,

U e
12 =

0

@
ce12 se12e

�i�e12 0
�se12e

i�e12 ce12 0
0 0 1

1

A .

With these definitions, it is simple enough to compute the explicit form of the PMNS matrix.
However, our derivation focuses only on the first two elements of the bottom row of the physical
PMNS matrix, which are found to be

U⌧1 = s⌫12(s
⌫
23c

e
23 � c⌫23s

e
23e

i�e23),

U⌧2 = �c⌫12(s
⌫
23c

e
23 � c⌫23s

e
23e

i�e23).
(8)

By comparing Eq. (8) to the PDG parameterisation of U [42], we find the relations between
the physical parameters and our internal parameters,

|U⌧1| = |s23s12 � s13c23c12e
i�| = |s⌫12(s⌫23ce23 � c⌫23s

e
23e

i�e23)| ,
|U⌧2| = |s23c12 + s13c23s12e

i�| = |c⌫12(s⌫23ce23 � c⌫23s
e
23e

i�e23)| .
As the ratio of these two equations is independent of the values of the parameters in U e

23 and
U e
12, we are left with a correlation between observable parameters and the value of the neutrino

mixing parameter ✓⌫12,
|U⌧1|
|U⌧2| =

|s23s12 � s13c23c12ei�|
|s23c12 + s13c23s12ei�| = t⌫12. (9)

This correlation will be referred to as the solar mixing sum rule. It can be viewed as a predictive
statement about the physical CPV phase: squaring both sides of Eq. (9) and solving for cos �
leads us to the expression in Eq. (6), which we repeat below,

cos � =
t23s212 + s213c

2
12/t23 � s⌫212(t23 + s213/t23)

sin 2✓12s13
. (10)

An equivalent correlation has been derived previously using a lengthier argument in Refs. [21]
and [22]. Understanding its application to specific models, its compatibility with global data
and its potential use as a signature of new physics will be the focus of the rest of this article.
The correlation in Eq. (6) is in fact the full non-linear version of a more familiar first-order
relation. We collect a number of phenomenologically interesting approximations in Appendix A.
If we expand Eq. (6) in a small parameter ", assumed to control the deviation from a leading-
order neutrino mixing pattern with maximal atmospheric mixing,

✓13 ⇠ |✓12 � ✓⌫12| ⇠
���✓23 � ⇡

4

��� ⇠ ", (11)

we find the well-known first-order relation [7, 18, 19],

✓12 = ✓⌫12 + ✓13 cos � +O("2). (12)

5

Ballet et al., Girardi et al.
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2

large the fractional contribution of each mechanism can
be in order to be detected [88].

At present, however, our ability to perform such a pre-
cise flavor reconstruction and recover the flavor compo-
sition at the source is hampered by two important yet
surmountable limitations. First, the prediction of how a
given flavor composition at the source maps to a flavor
composition at Earth relies on our knowledge of the val-
ues of the neutrino mixing parameters that drive the os-
cillations [39]. Because these are not precisely known [89–
91], such predictions are uncertain. Second, measuring
the flavor composition in neutrino telescopes is challeng-
ing, and su↵ers from large statistical and systematic un-
certainties [79, 80, 82, 87]. This prevents us from distin-
guishing between predictions that are similar but based
on di↵erent assumptions of neutrino production.

In this work, we show that these limitations will
be overcome in the next two decades, thanks to new
terrestrial and astrophysical neutrino experiments that
are planned or in construction [92]. Oscillation ex-
periments that use terrestrial neutrinos—JUNO [93],
DUNE [94], Hyper-Kamiokande (HK) [95], and the
IceCube-Upgrade [96]—will reduce the uncertainties in
the mixing parameters and put the standard oscillation
framework to test. Large-scale neutrino telescopes—
Baikal-GVD [97], IceCube-Gen2 [98], KM3NeT [99], P-
ONE [100], and TAMBO [101]—will detect more high-
energy astrophysical neutrinos and improve the measure-
ment of their flavor composition.

To show this, we make detailed, realistic projections
of how the uncertainty in the predicted flavor composi-
tion at Earth of the isotropic flux of high-energy neutri-
nos and its measurement will evolve over the next two
decades. Our main finding is that, by 2040, we will
be able to precisely infer the flavor composition at the
sources, including possibly identifying the contribution
of multiple neutrino-production mechanisms, even if os-
cillations are non-unitary [49, 60, 63, 102–106]. Fur-
ther, we illustrate the upcoming power of flavor mea-
surements to probe BSM neutrino physics using neutrino
decay [35, 45, 47, 52, 55, 107–112].

This article is organized as follows. In Section II we
revisit the basics of neutrino mixing, especially as it per-
tains to high-energy astrophysical neutrinos, and intro-
duce the formalism of neutrino decay and non-unitary
neutrino evolution. In Section III we introduce the future
neutrino experiments that we consider in our analysis and
their measurement goals. In Section IV we present the
statistical method that we use to produce the allowed
regions of flavor composition at Earth. In Section V we
present our results. In Section VI, we summarize and
conclude. In the appendices, we show additional analysis
cases that we do not explore in the main text.
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FIG. 1. The future of neutrino telescopes, oscillation

experiments, and flavor mixing measurements. Top:
E↵ective volume of future neutrino telescopes able to probe
the flavor composition of astrophysical neutrinos. Center:
Time evolution of the oscillation parameters. For each pa-
rameter, the dotted white line shows the best-fit value and
the shaded region around it, the 1� uncertainty. Values up
to and including the year 2020 are obtained from the NuFit
global fit to oscillation data [91, 113–115]; NuFit 5.0 [91] is the
latest fit. Projections from 2020 to 2040 have best-fit values
fixed at the current values from NuFit 5.0, but uncertainties
reduced due to JUNO, DUNE, and Hyper-Kamiokande (HK)
measurements, following our simulations. The boxes at the
top show the start and projected estimated running times for
these experiments. Bottom: Time evolution of the expected
error on the unitarity of the neutrino flavor mixing matrix;
values taken from Refs. [103, 106].

II. FLAVOR COMPOSITION OF
HIGH-ENERGY ASTROPHYSICAL NEUTRINOS

A. Flavor composition at the sources

In astrophysical sites of hadronic acceleration, protons
and heavier nuclei are accelerated to energies well be-
yond the PeV scale. Likely candidate acceleration sites
feature high particle densities, high baryon content, and
matter that moves at relativistic bulk speeds, such as
the jets of gamma-ray bursts and active galactic nu-
clei [6, 8, 116]. There, high-energy protons interact with
ambient matter and radiation [68, 69, 71–73], generating
secondary pions and kaons that decay into high-energy
neutrinos. The physical conditions at the sources de-
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Time evolution of the oscillation parameters. For each pa-
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II. FLAVOR COMPOSITION OF
HIGH-ENERGY ASTROPHYSICAL NEUTRINOS

A. Flavor composition at the sources

In astrophysical sites of hadronic acceleration, protons
and heavier nuclei are accelerated to energies well be-
yond the PeV scale. Likely candidate acceleration sites
feature high particle densities, high baryon content, and
matter that moves at relativistic bulk speeds, such as
the jets of gamma-ray bursts and active galactic nu-
clei [6, 8, 116]. There, high-energy protons interact with
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N. Song et al., 2012.12893

 

 

Figure 4: NuMAX stages Physics performance [1] in terms of CP phase G compared with 
the one of Long Baseline Neutrino facilities like LBNF and T2HK and their possible 
improvement by precise measurements of neutrino cross sections at nuSTORM [20] 

3 Phased approach 

3.1 Rationale 
The feasibility of the technologies required for Neutrino Factories and/or Muon Colliders must 
be validated before a facility based upon these can be proposed.  Such validation is usually made 
in dedicated test facilities, which are specially designed to address the major issues.  Although 
very convenient, these test facilities are rather expensive to build and to operate over several 
years.  They are therefore difficult to justify and fund, given especially that they are usually useful 
only for technology development rather than for physics. 

An alternative approach is considered here.  It consists of a series of facilities built in stages, 
where each stage offers: 
x Unique physics capabilities such that the corresponding facility obtains support and is funded. 
x An integrated R&D program, in addition to the science program, that supports technology 

development, beam tests, validation of subsequent steps, and the acquisition of operational 
experience for the next stage.   

x Construction of each stage as an add-on to the previous stages, extensively reusing the 
equipment and systems already installed, such that the additional budget of each stage remains 
affordable. 
 

J.-P. Delahaye et al., 1803.07431

A neutr ino factory 
wo u l d b e a b l e t o 
increase the precision 
o n d e l t a v e r y 
significantly.

Imperial College London Neutrino Oscillation, Mixing and Mass Splitting

Precision on 𝜹𝑪𝑷

• Performance of both experiments similar

• Approximately 6° if sin(𝛿𝐶𝑃) = 0
• If 𝛿𝐶𝑃 = ±𝜋/2 DUNE achieves ~19° with 1000-kt-MW-years while Hyper-K achieves ~20° after 10 

years

22/06/202519

Hyper-K and DUNE

HK Sensitivity

DUNE Phase II

T2HK coll.



1. What is the nature of neutrinos?  

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

3. Is there leptonic CP-violation? 

4. What are the precise values of mixing parameters? 

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

32

Very exciting experimental programme. 

Phenomenology questions for the future

Neutrino 
from muons
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Question:  
Beyond 3-neutrino 

mixing



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
Neutrino 2032: ?????

34

● Non standard interactions, non-unitarity.

● Dark sector connection (with dark photons, FIPs, DM) 

● Exotic properties: decays, decoherence, CPT and Lorentz 
violation…



●  Sterile neutrinos: Current hints for eV sterile neutrinos 
(LSND, MiniBooNE, BEST?) have not yet been confirmed or 
disproven. SBL oscillation experiments (SBN, reactor 
neutrino exp, BEST…) are testing them and will provide a 
definitive (???) answer by the end of this decade.

The discovery of any signature beyond 3-neutrinos, would 
be game-changing for experiments and theory. Need to 
continue the search even for negative results.35
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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 at 

Neutrino 2022



NuSTORM would have intense neutrino beam with 
excellent knowledge of flux, composition.

NuSTORM would have excellent reach for sterile neutrinos.

Appearance: Exclusion contours 
νe → νµ (CPT invariant mode of LSND) 

11 Alan Bross                     P5 Face-to-Face Meeting, Fermilab            November 3rd, 2013   

Global fit from: J. Kopp, P. A. N. Machado, M. Maltoni, and T. Schwetz, 392 JHEP 1305, 050 (2013)�

Bkg uncertainty: 
10% → 50%!

10σ�5σ�

5% sys.   
1% sys�

99% CL Evidence 
99% CL Appear.�
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NuSTORM 
PAC 2013



Neutrino factory can search for 
1. effects that appear at short distance: sterile neutrinos, 

NSIs, non-unitarity, CPT violation;
2. enhanced by long distances: NSIs in propagation. 
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P.B. Denton, J. Gehrlein and C.-F. Kong 

Fig. 4. The oscillation probability of !" → !" (orange), and !" → !# (green) with and without NSI using the best-fit values as summarized in Table 1. In the NSI case, 
we take $"" − $## = 1.2, |$"% | = 0.3,&"% = −152◦ , '23 = 42◦ , and ()* = −53◦ in the left panel, while we take $%% − $## = −0.55, |$"% | = 0.125,&"% = −133◦ , '23 = 45◦ , and 
()* = −74◦ in the right panel. Note that in the NSI cases the values of oscillation parameters not specifically mentioned are the same as those listed in Table 1.

Fig. 5. The expected uncertainty on ()* at 90% confidence level, where the corresponding NSI parameter is minimized over. In this figure, the off-diagonal NSI 
parameters are taken as complex and the corresponding phase is minimized together with its modulus at a time. We assume (true)* = −90◦ and 'true23 = 42◦, 45◦, 49◦ . 
See Fig. 14 in the appendix for the BNL configuration and Fig. 18 in the appendix for ()* = 0.

Fig. 6. The experimental sensitivity to '23 for different true values of '23 and we assume no NSI effect in the true case. For the fitting parameter, we consider the 
complex off-diagonal NSI parameter $"# , which is minimized over including its complex phase. See Figs. 19-23 in the appendix for the BNL configuration and other 
NSI parameter setups.

Nuclear��	)(
�(��Section�B�1018��������117040�

��

P.B. Denton, J. Gehrlein and C.-F. Kong 

Fig. 1. Constraints on the diagonal (left) NSI parameters and off-diagonal NSI parameters (taken to be real) (right) at 90% confidence level assume 20 years of DUNE 
(blue) and 10 years of DUNE combined with 10 years of a NF located at FNAL. The purple, yellow, and green color correspond to different levels of CID at the NF 
far detector: no CID, 100% electron CID, and 100% ! CID, respectively. We compare the results to the global fit results from [19]. There are three allowed regions of 
"## − "!! from the global fit, where two of them are shown by error bars while the remaining one [−3.1,−2.8] is shown with numbers. See Fig. 11 in the appendix for 
the sensitivities of the BNL configuration.

Fig. 2. Expected constraints on different combinations of two non-zero NSI parameters at 90% confidence level. All NSI parameters are assumed to be real, that is, the 
complex phase is ∈ {0,$}. We compare the expected constraints from 20 years of DUNE only and 10 years of DUNE combined with 10 years of NF-FNAL for different 
assumptions on CID. Note that the "#! -"#% panel has different axes. See Fig. 12 in the appendix for the sensitivities for the BNL configuration.

To study other partial degeneracies among different NSI parameters, we extend our study to the two-parameter space which we 
anticipate should cover the majority of the degeneracy space. We first consider the case where the off-diagonal NSI parameters are 
assumed to be real and the experimental constraints at 90% C.L. are shown in Fig. 2. There exists a significant degeneracy between 
ℜ"#! and ℜ"#% , see e.g. [103,104], which is because the dominant combinations of NSI parameters in the &#∕&̄# appearance channel 
are "#! + "#% and "#! − "#% , assuming real NSI parameters [105]. Especially when ()* = −90◦, only the combination of "#! − "#%

Nuclear��	)(
�(��Section�B�1018��������117040�

��

P. Denton, J. Gherlain, C.-F. 
Kong, NPB 1018 (2025)
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BSM and Neutrino 
physics:  

the neutrino portal



Neutrino portal
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New BSM can interact with SM via neutrino portal

After EW and U(1)’ breaking, the active, sterile and 
dark neutrinos mix.

European Strategy for Par!cle Physics — Venice 23-27 June — 2025 — Fabio Maltoni

Questions and scenarios
# Question Model Method

7 Is the SM alone in the Universe? Simplified model Energy and Intensity

Note that in realis!c BSM extensions, more than one portal is 
ac!vated and the phenomenology  becomes more intricate (rich!)  

The current approach is to simplify the ma"ers and 
consider one portal at the !me. 

[ID
25
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EPSS abstract on Rich dark sectors, n. 250



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

40

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.

Neutrino masses Beyond SM



�L = �
L ·HL ·H

M
=

�v2H
M

⌫TLC
†⌫L

Majorana Masses

41

Introduce a Dimension 5 operator (or 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
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GUTs: SO(10)…

MeV GeV TeV GUT scalekeVeV Intermediate 
scale

Neutrino mass models at the GeV-TeV scale
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): links, new signatures

Gauge extensions  
(U(1)_B-L, L-R)

See-saw type I
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What are TeV models? 
and how to test them? 
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See-saw type I at colliders

In see-saw type I, HNLs are produced via mixing with 
neutrinos via W, Z or VBF.  At 13 TeV:

(a) (b)

(c) (d)

(e)

Figure 1: Feynman diagrams for N production and decay in the channels which this search is sensitive to: (a)
µ mixing, µe decay, LNC (probed by displaced signature); (b) µ mixing, µµ decay, LNC (probed by displaced
signature); (c) µ mixing, µe decay, LNV (probed by prompt and displaced signatures); (d) µ mixing, µµ decay, LNV
(probed by displaced signature); (e) e mixing, eµ decay, LNV (probed by prompt signature). Analogous processes
involving the decay of the charge-conjugate W� boson are also included in the search, but omitted in this figure.
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(c) (d)
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Figure 1: Feynman diagrams for N production and decay in the channels which this search is sensitive to: (a)
µ mixing, µe decay, LNC (probed by displaced signature); (b) µ mixing, µµ decay, LNC (probed by displaced
signature); (c) µ mixing, µe decay, LNV (probed by prompt and displaced signatures); (d) µ mixing, µµ decay, LNV
(probed by displaced signature); (e) e mixing, eµ decay, LNV (probed by prompt signature). Analogous processes
involving the decay of the charge-conjugate W� boson are also included in the search, but omitted in this figure.
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ATLAS Coll., JHEP 10 (2019) 265 

2 HNL modelling

This section details N production via mixing with an electron or muon neutrino originating from an on-shell
W boson decay, as well as its leptonic decays via the same mixing, as illustrated in Figure 1. The generation
and simulation of Monte Carlo (MC) signal and background events is presented at the end of the section.

2.1 HNL production

The branching ratio of W boson decays into a N and a charged lepton, B(W ! `N), is proportional to
the mixing matrix squared, or coupling strength, denoted by |U |2 = Õ

` |U` |2, where the terms U` are the
matrix elements for N mixing to the di�erent neutrino flavours. The signatures considered in this search
are sensitive to mixing to either ⌫µ or ⌫

e

and can thus only constrain |Uµ |2 or |U
e

|2 (or potentially |U |2 in
the case where either of them is dominant).

The cross section times branching ratio for W boson production and decay into N and a charged lepton `
can then be expressed as [27]:

�(pp ! W) · B(W ! `N) = �(pp ! W) · B(W ! `⌫) · |U |2
 
1 �

m2
N

m2
W

!2  
1 +

m2
N

2m2
W

!
. (1)

The product of the cross section for W boson production in 13 TeV pp collisions �(pp ! W) and the
branching ratio for leptonic W boson decay into a single lepton flavor B(W ! `⌫) (for ` = µ or e) is taken
from the ATLAS measurement in Ref. [28] to be 20.6 ± 0.6 nb.

2.2 HNL decay

For this search, partial widths are calculated for all HNL decay channels including leptons and quarks. The
calculations consider charged- and neutral-current-mediated interactions as well as QCD loop corrections,
which are all described in Ref. [29]. The HNL lifetime ⌧

N

has a strong dependence on the coupling
strength |U |2 and also the mass m

N

due to phase-space e�ects. For a given |U |2 and m
N

, the total
width � =

Õ
i

�
i

�
m

N

, |U |2
�

is computed, and the mean lifetime is obtained as ⌧
N

= ~/�. In the relevant
range 4.5  m

N

 50 GeV, the result agrees within 2% with the following parameterisations given in
Ref. [30]: ⌧

Nµ = (4.49 · 10�12 s)|U |�2(m
N

/1 GeV)�5.19 and ⌧
Ne = (4.15 · 10�12 s)|U |�2(m

N

/1 GeV)�5.17

for dominant mixing to ⌫µ and ⌫
e

, respectively. These relationships, however, assume no LNV decays.
If LNV is allowed, twice as many decay channels are allowed, and ⌧

N

is reduced by a factor of 2. More
elaborate models do not necessarily allow for LNV [26] and thus may or may not contain this factor of
2. To account for this model dependence, both interpretations are considered in the case of the displaced
signature, which is not limited to LNV processes.

Leptonic HNL decay branching ratios are determined from the partial decay widths relative to the total width.
In the mass range 4.5–50 GeV they have almost no mass dependence and yield B(N ! ``⌫`) = 0.060 and
B(N ! ``0⌫`0) = 0.106 for dominant mixing to a given lepton species ` = µ or e (` , `0, including both
charges). The di�erence between decays into leptons of the same flavour and di�erent flavour is due to
interference between decays through W and Z boson mediators, which is only present in the same-flavour
case. This calculation and calculations found in the literature [5, 30, 31] can yield up to 5% relative

5

They subsequently decay via mixing as well.

Atre et al., 0901.3589, ATLAS, JHEP 10 (2019) 265 
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(a) (b)

(c) (d)

(e)

Figure 1: Feynman diagrams for N production and decay in the channels which this search is sensitive to: (a)
µ mixing, µe decay, LNC (probed by displaced signature); (b) µ mixing, µµ decay, LNC (probed by displaced
signature); (c) µ mixing, µe decay, LNV (probed by prompt and displaced signatures); (d) µ mixing, µµ decay, LNV
(probed by displaced signature); (e) e mixing, eµ decay, LNV (probed by prompt signature). Analogous processes
involving the decay of the charge-conjugate W� boson are also included in the search, but omitted in this figure.

4

The decay rate scales as (for mN<MW)

and the decay length can be short or >>mm.

� ⇠ g4U2 m
5
N

m4
W
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Two types of signatures:
Large mixing -> Prompt decays (multileptons, jets and 
missing energy….)
Small mixing -> Displaced vertices

(a) (b)

(c) (d)

(e)

Figure 1: Feynman diagrams for N production and decay in the channels which this search is sensitive to: (a)
µ mixing, µe decay, LNC (probed by displaced signature); (b) µ mixing, µµ decay, LNC (probed by displaced
signature); (c) µ mixing, µe decay, LNV (probed by prompt and displaced signatures); (d) µ mixing, µµ decay, LNV
(probed by displaced signature); (e) e mixing, eµ decay, LNV (probed by prompt signature). Analogous processes
involving the decay of the charge-conjugate W� boson are also included in the search, but omitted in this figure.
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Figure 1: Feynman diagrams for N production and decay in the channels which this search is sensitive to: (a)
µ mixing, µe decay, LNC (probed by displaced signature); (b) µ mixing, µµ decay, LNC (probed by displaced
signature); (c) µ mixing, µe decay, LNV (probed by prompt and displaced signatures); (d) µ mixing, µµ decay, LNV
(probed by displaced signature); (e) e mixing, eµ decay, LNV (probed by prompt signature). Analogous processes
involving the decay of the charge-conjugate W� boson are also included in the search, but omitted in this figure.
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Results for the Muon Collider
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7−10

6−10

5−10

4−10

3−10

2−10

1−102 lN
lim

. V CMS

HL-LHC

HE-LHC

FCC-hh

ILC 1 TeV

CLIC 3 TeV

Muon Collider 10 TeV

Muon Collider 3 TeV

LHC analysis: [1812.08750], diÄ. assumption: VeN = VµN ”= V·N = 0

Krzysztof MÍka≥a (FUW/DESY) Single HNL production at lepton colliders 17.02.2023 7 / 14

Results for e+e≠ colliders

The cross section limits can be translated into limits on the V 2lN parameter.
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Krzysztof MÍka≥a (FUW/DESY) Single HNL production at lepton colliders 17.02.2023 6 / 14

Large mixing -> Prompt decays

Figure 6: Observed 95% confidence-level exclusion in |Uµ |2 (top) and |U
e

|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 1� and 2� of the median limit,
reflecting uncertainties in signal and background yields.

7 Conclusions

A search for heavy neutral leptons (HNLs) produced in leptonic decays of on-shell W bosons has been
performed using data recorded by the ATLAS detector at the LHC in proton–proton collisions at a
centre-of-mass energy of 13 TeV corresponding to an integrated luminosity of up to 36.1 fb�1, using two
distinct signatures. The prompt signature requires three prompt leptons (either muons or electrons) with no
same-flavour opposite-charge configuration. It probes mean HNL proper decay lengths of 1 mm or less,
with the assumption of lepton-number violation. The displaced signature, explored for the first time at the
LHC, features a prompt muon accompanied by a vertex displaced in the radial direction by 4–300 mm
from the beam line containing two opposite-charge leptons (either two muons or a muon and an electron)

20

Search in ATLAS for HNL decays into tri-leptons at IP.

ATLAS Coll., JHEP 10 
(2019) 265 
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Displaced vertices

Figure 6: Observed 95% confidence-level exclusion in |Uµ |2 (top) and |U
e

|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 1� and 2� of the median limit,
reflecting uncertainties in signal and background yields.

7 Conclusions

A search for heavy neutral leptons (HNLs) produced in leptonic decays of on-shell W bosons has been
performed using data recorded by the ATLAS detector at the LHC in proton–proton collisions at a
centre-of-mass energy of 13 TeV corresponding to an integrated luminosity of up to 36.1 fb�1, using two
distinct signatures. The prompt signature requires three prompt leptons (either muons or electrons) with no
same-flavour opposite-charge configuration. It probes mean HNL proper decay lengths of 1 mm or less,
with the assumption of lepton-number violation. The displaced signature, explored for the first time at the
LHC, features a prompt muon accompanied by a vertex displaced in the radial direction by 4–300 mm
from the beam line containing two opposite-charge leptons (either two muons or a muon and an electron)

20

Search in ATLAS for HNLs assuming one prompt 
lepton and a DV with two leptons and missing E.

Usually one assumes one single 
flavour mixing but analysis are 
being now carried out for 
more realistic models.

ATLAS Coll., PRL 2204.11988
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Figure 2: (a) The observed and expected 95% CL limits on |*U |2 vs. <N in the Majorana-limit case, with green and
yellow bands showing the one and two standard deviation (f) spreads for the expected limits. (b,c) The observed
limits in the 2QDH scenario with inverted (IH) and normal (NH) mass hierarchy, and in 1SFH scenarios where the
HNL mixes with only a` or a4.
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Figure 2: (a) The observed and expected 95% CL limits on |*U |2 vs. <N in the Majorana-limit case, with green and
yellow bands showing the one and two standard deviation (f) spreads for the expected limits. (b,c) The observed
limits in the 2QDH scenario with inverted (IH) and normal (NH) mass hierarchy, and in 1SFH scenarios where the
HNL mixes with only a` or a4.

8

ATLAS Coll., 1905.09787
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Beyond minimal see-saw type I

HNL can also interact with the SM via other channels. In 
see-saw type III, they are triplets of the SM.
Gauge extensions of the SM at the TeV scale include: 
- B-L: anomaly-free with Ns; 
- combinations of Le, Lmu, Ltau, e.g. Lmu-Ltau;
- secluded U(1);
- L-R models: possible remnant of Pati-Salam, SO(10) 

models, they naturally embed NR.

HNL production is not suppressed by the mixing angle 
but can proceed via large gauge couplings if SM also 
charged (or via mixing, if not). 
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Figure 4: Limits on |Vµ4|2 versus m4 in the mass range 100 MeV–100 GeV come from peak
searches and from N4 decays. The area with solid (black) contour labeled K → µν [92] is excluded
by peak searches. The bounds indicated by contours labeled by PS191 [86], NA3 [87], BEBC [93],
FMMF [94], NuTeV [95] and CHARMII [96] are at 90% C.L., while DELPHI [89] and L3 [90] are
at 95% C.L. and are deduced from searches of visible products in N4 decays. For the beam dump
experiments, NA3, PS191, BEBC, FMMF and NuTeV we give an estimate of the upper limit for
the excluded values of the mixing angle.

The µ− e universality test, done by comparing the decay rate of pions into eν̄ and µν̄, can
be used to constrain the ratio

1 − |Ve4|2

1 − |Vµ4|2
, (2.11)

for m4 > mπ [70, 71]. The analysis of experimental data leads to 1−|Vµ4|2

1−|Ve4|2
= 1.0012±0.0016

[71], which implies |Ve4|2 < 0.004 at 2σ for the least conservative case of |Vµ4|2 = 0. For
m4 > mτ , the µ − τ universality sets limits on:

1 − |Vτ4|2

1 − |Vµ4|2
, (2.12)

and can be tested by looking at the τ leptonic and hadronic decays which give |Vτ4|2 −
|Vµ4|2 = 0.0057 ± 0.0065 [71] and |Vτ4|2 − |Ve4|2 = 0.0054 ± 0.0064 [71]. The most con-
straining bound on |Vτ4|2 is obtained for |Ve4|2, |Vµ4|2 = 0 and reads |Vτ4|2 < 0.018 at 2σ.
The unitarity constraint on the first row of the CKM matrix [99] reads

∑

i=1,2,3

|V CKM
ui |2 =

1

1 − |Vµ4|2
= 0.9992 ± 0.0011, (2.13)

– 11 –

Decays can still be due to SM+mixing, or into dark 
sector particles (that can further decay) and SM, leading 
to faster decays.

HNL decay bounds need 
to be reevaluated 
and they may not apply 
(e.g. beam dump experiments).
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N5
⌫↵
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e�
<latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit><latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit><latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit><latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit>

e+
<latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit>

Z’

N4 N4

e�
<latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit><latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit><latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit><latexit sha1_base64="k6CrvfvG0IfDxsekHgqyPPia0kw=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgxbArgh6DXjxGNA9I1jA76U2GzMwuM7PCsgS/wKt+gTfx6rf4Af6Hk2QPJrGgoajqprsriDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRFBo04pFqB0QDZxIahhkO7VgBEQGHVjC6mfitJ1CaRfLBpDH4ggwkCxklxkr38HjWK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTU8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa88jMm48SApLNFYcKxifDkb9xnCqjhqSWEKmZvxXRIFKHGpjO3JYRUinhsc/EWU1gmzfOq51a9u4tK7TpPqIiO0DE6RR66RDV0i+qogSgaoBf0it6cZ+fd+XA+Z60FJ585RHNwvn4Bhz2V9g==</latexit>

e+
<latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit><latexit sha1_base64="T5yqrgptQ4XfWuYY/01Nu1kIy6M=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoMgCGFXBD0GvXiMaB6QrGF20psMmZldZmaFZQl+gVf9Am/i1W/xA/wPJ8keTGJBQ1HVTXdXEHOmjet+O4WV1bX1jeJmaWt7Z3evvH/Q1FGiKDRoxCPVDogGziQ0DDMc2rECIgIOrWB0M/FbT6A0i+SDSWPwBRlIFjJKjJXu4fGsV664VXcKvEy8nFRQjnqv/NPtRzQRIA3lROuO58bGz4gyjHIYl7qJhpjQERlAx1JJBGg/m546xidW6eMwUrakwVP170RGhNapCGynIGaoF72J+J/XSUx45WdMxokBSWeLwoRjE+HJ37jPFFDDU0sIVczeiumQKEKNTWduSwipFPHY5uItprBMmudVz616dxeV2nWeUBEdoWN0ijx0iWroFtVRA1E0QC/oFb05z8678+F8zloLTj5ziObgfP0ChA+V9A==</latexit>

Z’

decay chains

Fast visible and 
invisible decays

Ni

Z’

Nj

Nj Nk

�
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Z’

Adapted from Atre et al. 2009



51

They contains a heavy Z’ which couples with large 
couplings to HNLs.  ATLAS, CMS, LHCb searches for 
dileptons, dijets and ditops. The decay Br depends on 
additional states present, e.g. DM, HNLs….

B-L extensions
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Figure 2: Probability that the observed spectrum is compatible with the background-only hypothesis for the dielectron,
dimuon and combined dilepton channels. The local p0 is quantified in standard deviations � as a function of pole
mass mX .
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Figure 3: Upper limits at 95% CL on the fiducial cross-section times branching ratio as a function of pole mass
for (a) the zero-width, 3%, 10% and (b) 0.5%, 1.2%, 6% relative width signals for the combined dilepton channel.
Observed limits are shown as a solid line and expected limits as a dotted/dashed line. Also shown are theoretical
cross-sections for (a) Z 0

SSM (�/m = 3.0%) and (b) Z 0
� (�/m = 1.2%) and Z 0

 (�/m = 0.5%) in the fiducial region.
The signal theoretical uncertainties are shown as a band on the Z 0

SSM theory line and are derived as in Ref. [11]. They
are shown for illustration purposes, but are not included in the limit calculation.
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Many collider-based experiment has been proposed at the 
LHC: FASER, Mathusla, CODeX,… to search for new 
physics by looking at exotics produced 1. at the interaction 
point that decay/interact in the detector; 2. by scattering of 
neutrinos in the detector itself. 
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Can one do something similar at a muon collider? 
Advantages: exotics produced at the interaction point but 
also high energy neutrinos from muon decays.

FASER exp, FASERnu



@Silvia Pascoli53

HE neutrinos from muon decays (in a straight line) -> Up-
scattering of an HNL N (or other exotic) in the detector 
and its decay into ee (mumu) nu.
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New exp signatures

This would allow to test dark sectors in the GeV mass 
range by looking at these dark particles.

, e

D e t e c t o r : fi n e 
granularity, large 
mass, few 100 m 
from muon beam



Neutrinos are the most elusive and mysterious of the 
known particles. 

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

Neutrino masses is the only particle physics evidence 
BSM. What is their origin? 

Link with colliders Neutrino mass models at the TeV scale 
assume new particles and interactions that may be tested in 
colliders. LNV is a key observable and directly linked with 
neutrino masses (and leptogenesis?).
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