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Neutrinos: A theory outlook from 
high to low energies
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Esteban et al., 
2007.14792, 
See also 
Capozzi et al., 
de Salas et al. 

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 (?)

See I. 
Martinez-
Soler’s talk

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

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
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31, for NO; (63)

m3 = mMIN , m1 =
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21, m2 =
q
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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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A implies at least 3 massive neutrinos. 
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Measuring the masses requires: 
● the mass scale:
● the mass ordering.

mmin

3

Fractional flavour content of massive neutrinos

|Uei|2

|Uµi|2

|U⌧i|2
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Neutrino masses



The Pontecorvo-Maki-Nakagawa-Sakata matrix

CPV?
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-      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?

5

Very exciting experimental programme now 
and for the future. 

What do we still need to know?



6

T2K
NOvA

2020 2025 2030 2035

Other 
osc. 

LBL osc.

SBL osc.
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LBNF-DUNE
T2HK (T2HKK)

ESSnuSB?, 
nufactory?

SBL reactor,…
MicroBooNE

SBN

LBNF-DUNE ND 
T2HK ND 
???

SK, Borexino, 
LBL detectors

DUNE
HK Theia???

JUNO

KATRIN
Project 8, 
ECHO, Holmes

KamLAND-Zen
GERDA
CUORE LEGEND-200

NEXT-100

LEGEND-1000
CUPID, nEXO, NEXT-
HD, PANDAX, 
DARWIN…

Next-
next 
gen?

IceCube
IceCubeGen2
ORCA, KM3Net
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There is 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?

Why leptonic 
mixing is so 
different from 
quark mixing?

8

Neutrinos: Open window on Physics BSM



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

9

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

10

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

For leptogenesis, see J. Turner’s talk.
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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. 
Turner’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

J. Xiao’s talk at 
Neutrino2022

T. Ohlsson’s 
talk at 
Neutrino2022
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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⌫↵
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?
Neutrino portal

Neutrino 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 J Klaric’s, A. Titov's talk
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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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What is the new physics 
scale? Is it low??? 

An application of  
rich dark sectors



A dark sector scenario

17

We extend the gauge sector via new U(1)’.

U(1)’

Gauge 
sector 
Z’ (dark 

photon, A’)

Scalar 
sector 

dark scalar 
needed to 
break U(1)’

Fermion sector 
dark neutrinos 

charged under the 
U(1)’

P. Ballett, M. Hostert, SP, 
PRD 101 (2020)

The phenomenology of this type of models can be very 
different from the standard case.

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>��H�†�H†H
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dark neutrinos, contained in the vector ˆN . In this way,
our neutral lepton sector is composed of SM active neu-
trinos, vector-like dark neutrinos, as well as LH sterile
neutrinos.

The dark gauge symmetry is spontaneously broken by
the vacuum expectation value (VEV) of a complex scalar,
�, which is a singlet under all SM symmetries. The full
Lagrangian is given as

L � LSM � 1

4

Xµ⌫Xµ⌫ � sin �

2

Xµ⌫Bµ⌫ (1)

+ (Dµ�)

†
(Dµ

�) � V (�) � ��H |H|2 |�|2

+ ⌫̂N i/@̂⌫N + ⌫̂Di /DX ⌫̂D �
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(L eH)Y ⌫̂c

N + ⌫̂NYL⌫̂c
DL

�

+ ⌫̂NYR⌫̂DR�

⇤
+

1

2

⌫̂NMN ⌫̂c
N + ⌫̂DLMX ⌫̂DR + h.c.

#
,

⌫D check 1/2 factors where we write the kinetic mixing
and scalar mixing portal couplings explicitly and write
/DX =

/@ � igX /X check convention. The Majorana mass
matrix (MN )n⇥n is arbitrary, and the Yukawa matrices
are given by Y3⇥n and (YL(R))n⇥d/2. The scalars � and
H acquire VEVs, v' ' O(500) MeV and vH ' 246 GeV,
respectively. After the electroweak and dark symmetries
are spontaneously broken, the mostly-active light neutri-
nos acquire masses, which are small provided ||Y || ⌧ 1.
With ⌫̂f ⌘

�
⌫̂c

↵ ⌫̂c
N ⌫̂c

DL
⌫̂DR

�T , the mass matrix reads

L⌫�mass
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1
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0

BB@

0 MD 0 0
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0 ⇤

T
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0 ⇤

T
R MT

X 0

1

CCA ⌫̂f + h.c. , (2)

check the Twhere MD = Y vH/
p

2 and ⇤L,R =

YL,R v�/
p

2. At tree-level, a contribution to light neu-
trino masses proportional to MX appears, analogous to
the standard inverse seesaw. In addition, radiative cor-
rections can be large and provide both a correction to
MX as well as a finite and independent contribution to
neutrino masses proportional to MN . These corrections
arise from SM and, more importantly, light dark sector
bosons exchange [10]. Note that neutrinos remain mas-
sive at tree level if MX ! 0 and MN 6= 0, or if MX 6= 0

and MN ! 0. This fact can be explored to invoke can-
cellations between tree- and loop-level contributions. If
a hierarchy exists between MN and MX , then a seesaw
is happens in the heavy neutrino sector. Two interesting
limits arise. If ⇤, MN ⌧ MX , then our spectrum con-
tains mostly-sterile state at intermediate scales, with a
series of pseudo-Dirac, mostly-dark fermions at the high
heavy? scale MX . On the other hand, if ⇤, MX ⌧ MN ,
then mostly-dark fermions will lie at an intermediate
scale and mostly-sterile states at high heavy? scales MN .

The massive dark vector, scalar, and HNLs only couple
to the SM via portal operators, and mix with the neutral

states in the SM. After symmetry breaking, we diago-
nalise the CP-even scalars to find a light scalar '0, and a
heavy SM-like Higgs h0, with '0 �H scalar mixing given
by ✓ ' (��H/2�H) ⇥ (v'/vH), where �H is the quar-
tic coupling of the Higgs. All portal couplings, �, ��H ,
are kept small and we neglect terms of order �2 and ✓2.
With the usual diagonalization of kinetic terms, followed
by three rotations of the neutral gauge boson basis, we
find a light Z 0 vector boson with mZ0 ⇡ gXv' that cou-
ples to the SM electromagnetic (EM) and neutral current
(NC), as well as to the dark sector current (Jµ

D) as

L � �Z 0
µ

✓
e" Jµ

EM +

g

2cW

m2
Z0

m2
Z

� Jµ
NC + gX Jµ

D

◆
, (3)

where " ⌘ cW �check NC coupling. The Z 0 coupling to
NC as well as the Zµ coupling to the dark current (pro-
portional to gXsW �) can be safely neglected. Note that
the photon does not couple to the dark fermions.

Low Energy Anomalies – Our aim is to provide an
explanation of several low energy anomalies, and keep-
ing light neutrino masses compatible with experimental
constraints. For concreteness, we allow mixing with only
muon neutrinos, ⌫µ, and use n = 3 sterile flavors, and
d = 1 vector-like dark fermions. We provide three bench-
mark points (BPs) that realize our proposal in Table I.
As we will see, all points provide an explanation of the
MiniBooNE and �aµ anomalies, with BP-B also explain-
ing PS-191 and E816, and BP-C explaining all the above
as well as KOTO.invert, 78 always heavier, define Uij

Let us comment on generic features of our solution?
bit strong. Firstly, N4 is long-lived as its decays are sup-
pressed by small U4i neutrino mixing parameters, while
Ni, with i = 5, 6, are much shorter-lived with dominant
B(N6,5 ! N5(4)e

+e�). As we will see, N5 will typically
decay with c⌧0

5 . 5 cm, leading to displaced e+e� ver-
tices, while N6 will decay more promptly, c⌧0

6 . 1 mm.
Secondly, N4 states are mostly in a sterile direction
and are, therefore, more weakly coupled to the Z 0 than
N5,6. In this way, B(Z 0 ! N4N{4,5,6}) ⌧ B(Z 0 !
N{5,6}N{5,6}). Finally, the scalar is always heavier than
N6, kinematically forbidding fast Ni ! ⌫'0 decays.

�aµ and BaBar – A discrepancy between the most pre-
cise �aµ measurement performed by the Muon (g � 2)

collaboration [5] and existing theoretical calculations [11–
15] (for the latest consensus in this field, see Ref. [16])
stands at more than 3.7� 1. In view of the current efforts
to measure this quantity four times more precisely at
Fermilab [20], it is timely to reconsider the dark photon
contribution to �aµ. The minimal dark photon explana-
tion is excluded by collider and beam dump searches for

1 Recent lattice calculations [17] predict values closer to the ex-
periment. However, this has been pointed out to lead to incon-
sistency with e+e� ! hadrons data [18, 19].
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dark neutrinos, contained in the vector ˆN . In this way,
our neutral lepton sector is composed of SM active neu-
trinos, vector-like dark neutrinos, as well as LH sterile
neutrinos.

The dark gauge symmetry is spontaneously broken by
the vacuum expectation value (VEV) of a complex scalar,
�, which is a singlet under all SM symmetries. The full
Lagrangian is given as

L � LSM � 1
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⌫D check 1/2 factors where we write the kinetic mixing
and scalar mixing portal couplings explicitly and write
/DX =

/@ � igX /X check convention. The Majorana mass
matrix (MN )n⇥n is arbitrary, and the Yukawa matrices
are given by Y3⇥n and (YL(R))n⇥d/2. The scalars � and
H acquire VEVs, v' ' O(500) MeV and vH ' 246 GeV,
respectively. After the electroweak and dark symmetries
are spontaneously broken, the mostly-active light neutri-
nos acquire masses, which are small provided ||Y || ⌧ 1.
With ⌫̂f ⌘
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2. At tree-level, a contribution to light neu-
trino masses proportional to MX appears, analogous to
the standard inverse seesaw. In addition, radiative cor-
rections can be large and provide both a correction to
MX as well as a finite and independent contribution to
neutrino masses proportional to MN . These corrections
arise from SM and, more importantly, light dark sector
bosons exchange [10]. Note that neutrinos remain mas-
sive at tree level if MX ! 0 and MN 6= 0, or if MX 6= 0

and MN ! 0. This fact can be explored to invoke can-
cellations between tree- and loop-level contributions. If
a hierarchy exists between MN and MX , then a seesaw
is happens in the heavy neutrino sector. Two interesting
limits arise. If ⇤, MN ⌧ MX , then our spectrum con-
tains mostly-sterile state at intermediate scales, with a
series of pseudo-Dirac, mostly-dark fermions at the high
heavy? scale MX . On the other hand, if ⇤, MX ⌧ MN ,
then mostly-dark fermions will lie at an intermediate
scale and mostly-sterile states at high heavy? scales MN .

The massive dark vector, scalar, and HNLs only couple
to the SM via portal operators, and mix with the neutral

states in the SM. After symmetry breaking, we diago-
nalise the CP-even scalars to find a light scalar '0, and a
heavy SM-like Higgs h0, with '0 �H scalar mixing given
by ✓ ' (��H/2�H) ⇥ (v'/vH), where �H is the quar-
tic coupling of the Higgs. All portal couplings, �, ��H ,
are kept small and we neglect terms of order �2 and ✓2.
With the usual diagonalization of kinetic terms, followed
by three rotations of the neutral gauge boson basis, we
find a light Z 0 vector boson with mZ0 ⇡ gXv' that cou-
ples to the SM electromagnetic (EM) and neutral current
(NC), as well as to the dark sector current (Jµ

D) as

L � �Z 0
µ

✓
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EM +

g

2cW

m2
Z0

m2
Z

� Jµ
NC + gX Jµ

D

◆
, (3)

where " ⌘ cW �check NC coupling. The Z 0 coupling to
NC as well as the Zµ coupling to the dark current (pro-
portional to gXsW �) can be safely neglected. Note that
the photon does not couple to the dark fermions.

Low Energy Anomalies – Our aim is to provide an
explanation of several low energy anomalies, and keep-
ing light neutrino masses compatible with experimental
constraints. For concreteness, we allow mixing with only
muon neutrinos, ⌫µ, and use n = 3 sterile flavors, and
d = 1 vector-like dark fermions. We provide three bench-
mark points (BPs) that realize our proposal in Table I.
As we will see, all points provide an explanation of the
MiniBooNE and �aµ anomalies, with BP-B also explain-
ing PS-191 and E816, and BP-C explaining all the above
as well as KOTO.invert, 78 always heavier, define Uij

Let us comment on generic features of our solution?
bit strong. Firstly, N4 is long-lived as its decays are sup-
pressed by small U4i neutrino mixing parameters, while
Ni, with i = 5, 6, are much shorter-lived with dominant
B(N6,5 ! N5(4)e

+e�). As we will see, N5 will typically
decay with c⌧0

5 . 5 cm, leading to displaced e+e� ver-
tices, while N6 will decay more promptly, c⌧0

6 . 1 mm.
Secondly, N4 states are mostly in a sterile direction
and are, therefore, more weakly coupled to the Z 0 than
N5,6. In this way, B(Z 0 ! N4N{4,5,6}) ⌧ B(Z 0 !
N{5,6}N{5,6}). Finally, the scalar is always heavier than
N6, kinematically forbidding fast Ni ! ⌫'0 decays.

�aµ and BaBar – A discrepancy between the most pre-
cise �aµ measurement performed by the Muon (g � 2)

collaboration [5] and existing theoretical calculations [11–
15] (for the latest consensus in this field, see Ref. [16])
stands at more than 3.7� 1. In view of the current efforts
to measure this quantity four times more precisely at
Fermilab [20], it is timely to reconsider the dark photon
contribution to �aµ. The minimal dark photon explana-
tion is excluded by collider and beam dump searches for

1 Recent lattice calculations [17] predict values closer to the ex-
periment. However, this has been pointed out to lead to incon-
sistency with e+e� ! hadrons data [18, 19].

The Lagrangian is given by

The model is anomaly free thanks to the inclusion of two 
dark neutrinos with opposite charges. Other possibilities 
can also be considered (DM).

We focus on a scale of GeV: v�,mZ0 ⇠ GeV.
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             : mass mZ’=1.25 GeV.
Z’ decays predominantly into heavy neutrinos.

Z’/A’
New particles

3

BP MB �aµ Acc KOTO ↵D
m3 m4 m5 m6 |U43|2 |U53|2 |U63|2 B(Z0 ! NiNj)/% c⌧0/cm
/eV /MeV /10�8 44 45 46 55 56 66 N4 N5 N6

A X X 0.37 0.13 211 256 459 14.4 7.50 44.9 0.17 31.3 0.27 1.71 66.5 0.26 4.77⇥ 104 4.20 0.0013

B X X X 0.32 0.13 74 146 220 3.91 6.82 35.0 0.14 11.4 0.48 1.60 86.3 0.59 3.76⇥ 107 2.22 0.14

C X X X X 0.97 0.13 53 107 160 2.06 2.80 14.8 0.10 13.4 0.22 0.47 85.9 0.08 1.24⇥ 108 2.56 0.27

TABLE I: Benchmark points used in this study. Here, Uij ⌘ U⇤
DLiUDLj � U⇤

DRiUDRj is the mixing factor in Z 0⌫i⌫j

vertices, and ↵D = g2
D/4⇡.Need to put in the right numbers and clarify that ⌫3 being the only massive neutrino.

Z 0 ! `+`� resonances. If the dark photon decays invis-
ibly instead, the most stringent constraint at O(1) GeV
comes from searches for a resonance in the missing mass
of mono-photon events at BaBar [21] due to e+e� ! �Z 0.
Both types of constraints, however, are relaxed if the dark
photon decays semi-visibly with B(Z 0 !vis+/E) ' 1 [22].

use BP-A instead of B In our BPs, the Z 0 decays mostly
to N5 and N6 states, satisfying an invisible B(Z 0 !
⌫4⌫4) . 0.2%. The fast decays via N6,5 ! Nje

+e�, with
the long-lived N4 states constituting missing energy, but
N5 leading to displaced energy deposits. In this way, the
BaBar e+e� ! �Z 0 mono-photon search does not apply,
as the Z 0 leads to multiple visible signatures. For in-
stance, in BP-C, B(Z 0 ! N5N6) ' 86%, with all N6 and
most N5 decays already visible as electron tracks in the
drift chamber. Some N5 states decay inside the electro-
magnetic calorimeter (ECAL) and muon detection sys-
tem, and deposit sufficiently large energies in addition to
the real photon.

Pseudo-photons at BaBar – The large values of ↵D"2

predict large rates of NiNj pair production via off-shell
dark photon at e+e� colliders. The subsequent decay
Ni ! N4e

+e� can fake a photon when it occurs inside
the BaBar ECAL, which for N5 in our BPs with 5 GeV
energy occurs around 10% of the time. Searches for

⌥(2S) ! ⇡+⇡�
⌥(1S) ! ⇡+⇡�� /E (4)

at BaBar [23] and Belle [24] constrain B(⌥(1S) !
N4N5)P�

N5
< 5.6 (3.5) ⇥ 10

�6 at 90% C.L., respec-
tively, where P�

N5
is the probability that N5 decays in-

side the ECAL and that it be reconstructed as a pho-
ton. Neglecting the sub-dominant N5N5 production, the
⌥(1S) ! � /E search implies P�

N5
< 4.8% (3.4%) for BP-B

(C), which is consistent with the probability of decay in-
side the ECAL of 10% (10%) as long as . 48% (34%) of
the produced e+e� pairs fake a photon inside the ECAL.

More interesting are the pseudo-photons arising from
direct HNL production,

e+e� ! Z 0⇤ or ⌥(nS) ! N4(N5 ! N4e
+e�), (5)

where the off-shell Z 0 contribution dominates over the
⌥(nS) decays by over an order of magnitude. Such
events contribute to the large missing mass (M2

X ⌘

FIG. 1: BaBar monophoton data at high missing mass
M2

miss = s � 2E⇤
�

p
s. We plot the background prediction

quoted by the collaboration, and superimpose the best
fit prediction in our model (50 events in signal region).
HNLs are produced in e+e� collisions and the decays
N5 ! N4e

+e� occur inside the ECAL, mimicking the
mono-photon signature.

s � 2

p
sECM

� ) sample of mono-photons at BaBar. Con-
trary to the usual constraints derived on invisible Z 0, our
signal is widely distributed in M2

X . For an integrated lu-
minosity of 15.9 fb�1 in

p
s = 10.02 GeV and 22.3 fb�1 inp

s = 10.36, BP-B (C) predicts a total number of single
pseudo-photon events at BaBar of

P�
N5

⇥ "B ⇥ 6.48 (9.33) ⇥ 10

4, (6)

where "B is final detection and selection efficiency of the
mono-photon analysis at BaBar. For the standard t-
channel on-shell dark photon, "B ⇠ 0.2 � 3.5%. For our
model, it is impossible to estimate "B without a dedicated
detector simulation and the machine learning algorithm
utilized by BaBar. Nevertheless, floating the total num-
ber of events for BP-B (C), we fit to the large M2

X data
and find the best-fit P�

N5
"B ' 7.6 (5.3) ⇥ 10

�4, showing
that 50 pseudo-photon events are preferred (�2/dof =

74/77) over a background only fit (�2/dof = 86/77).
This is consistent with the constraints from ⌥(1S) ! � /E
provided "B > 1.6% (1.1%).

MiniBooNE LEE – MiniBooNE was a mineral oil
Cherenkov detector in the Booster Neutrino Beam
(BNB). The BNB contains predominantly muon-

3

BP MB �aµ BB Acc ↵D
m3 m4 m5 m6 |V43|2 |V53|2 |V63|2 B(Z0 ! NjNk)/% c⌧0/cm
/eV /MeV /10�8 44 45 46 55 56 66 N4 N5 N6

A X X X (X) 0.39 0.05 35 120 185 0 22.2 0 0 5.4 0 0 95 0 1.6⇥ 1013 3.0 0.26

B X X X X 0.32 0.05 74 146 220 13.6 26.5 123 0.15 11 0.48 1.6 86 0.59 1.1⇥ 107 2.2 0.14

TABLE I. Benchmark points used in this study, where mZ0 = 1.25 GeV and m'0 = 1.6 GeV always. Here, the Vij ⌘
U⇤

DLiUDLj � U⇤
DRiUDRj are the mixing factors in Z0Ni⌫j vertices, and ↵D = g2

X/4⇡. Note that Z0 ! ⌫3⌫3 is negligible for the
mixings considered. We refer to the MiniBooNE excess as MB, the BaBar excess as BB, and the accelerator experiments as
Acc. The zeroes in BP-A are protected by a left-right symmetry (⇤L = ⇤R).

missing-mass resonance produced alongside initial-state
radiation (ISR), e+e� ! �Z 0. In models where the Z 0 de-
cays semi-visibly inside the detector, B(Z 0 !vis+/E) ' 1,
this limit can be relaxed. This was proposed in the con-
text of inelastic DM models in Ref. [72], and later criti-
cized in a more conservative analysis [73] (see also [74–
76]).

In our model, however, the mechanism put forward
in Ref. [72] is improved, as more visible energy is de-
posited in the detector. For the bound to be relaxed
above the central value to explain the �aµ anomaly, the
detection inefficiency for the Z 0 decay products in ISR
events ought to be at most 0.22%. Note that in virtually
all ISR monophoton events the produced Z 0 promptly de-
cays into N5 and/or N6 states, which subsequently lead
to one or more e+e� +

/E vertices. Such additional par-
ticles are hard to miss in the barrel-like BaBar detec-
tor, which operates with a 1.5 T magnetic field. In fact,
after produced, all N6 states decay already inside the
drift chamber, while for BP-(A,B), we find that, for a
typical 2.5 GeV N5 energy, (79, 92)% of N5 states decay
before the electromagnetic calorimeter (ECAL), followed
by (11, 5.7)% inside the ECAL, and (8.0, 2.3)% in the
muon detection system. Fully invisible decays are rare
and satisfy B(Z 0 ! N4N4) + B(Z 0 ! N4N5) ⇥ P escape

N5
.

2.2⇥10

�3 for the BPs. Visible decays are also negligible,
B(Z 0 ! `+`) . O(10

�5
).

Pseudo-monophotons at BaBar – The dominant pro-
duction of dark particles in e+e� colliders is s-channel
pair production of HNLs due to the large values of ↵D"2.
In particular, the process

e+e� ! Z 0⇤
(or ⌥(nS)) ! N4(N5 ! N4e

+e�), (4)

could fake monophoton signatures when the N5 decays
inside the BaBar ECAL. These events could contribute to
the large missing mass (M2

miss ⌘ s�2

p
sECM

� ) monopho-
ton sample at BaBar, where we point out that a mild
excess is observed in the 24 GeV2 < M2

miss < 50 GeV2

region.
For an integrated luminosity at BaBar of 15.9 fb�1 inp
s = 10.02 GeV and 22.3 fb�1 in

p
s = 10.36 GeV,

BP-(A,B) predict a total number of single pseudo-
monophoton events of

(3.6, 9.6) ⇥ 10

4 ⇥ P�
N5

⇥ "B, (5)

where "B is the final detection and selection efficiency
of the monophoton analysis at BaBar, not including

FIG. 1. BaBar monophoton data at large M2
miss = s�2E⇤

�

p
s.

The background prediction quoted by the collaboration (red)
is added to the best fit prediction in our BP-B (blue) in the
solid black line. Event numbers are for entire HighM region
(24 GeV2 < M2

miss < 64 GeV2).

the probability P�
N5

that the N5 states decay inside the
ECAL and get reconstructed as a photon. For the ISR
analysis, "ISR ' 0.2 � 3.5%, depending on M2

miss. In our
pseudo-photon case, however, it is impossible to estimate
"B without a dedicated detector simulation and the ma-
chine learning algorithm utilized by BaBar. Nevertheless,
we fit our model prediction to data, which will give an
estimate of the value of P�

N5
"B required to explain the

excess in the model. Since backgrounds are much larger
than our signal above M2

miss > 50 GeV2, our fit uses only
the data in 24 GeV2 < M2

miss < 50 GeV2, where a to-
tal of 189 events are observed on top of a prediction of
157 background events. Floating P�

N5
"B for BP-B, we

minimize a binned Poisson likelihood, assigning a 1 (5)%

normalization uncertainty on the background model. We
find a 2.5� (2.2�) preference for 53 signal events. Our
best-fit point in BP-B is shown in Fig. 1, where events
were selected if ✓ee < 10

�, and the boost and azimuthal
angle cuts were implemented as in Ref. [44]. This cor-
responds to a total number of 93 pseudo-monophoton
events, before any selection cuts. Finally, since both
BPs predict very similar shapes, we can make use of
Eq. 5 to find P�

N5
"B ' (0.26, 0.10)%. A dedicated anal-

ysis at BaBar would be able to determine if such num-
bers are experimentally justified. We also note that our
pseudo-monophoton rate is compatible with constraints

N6, N5, N4

They decay via the new Z’ into ee and neutrinos.

                            : with 100s MeV masses.
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Z’

The decays are much faster than in the SM.
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MiniBooNE reports a low-E excess which has increased in 
significance in the past couple of years (~3σ -> 4.7σ -> 

4.8σ).
3

TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis before
using the constraint from the CC ⌫µ events. Also shown are
the constrained background, as well as the expected number of
events corresponding to the LSND best fit oscillation probabil-
ity of 0.26%, assuming oscillations at large �m2. The table
shows the diagonal-element systematic plus statistical uncer-
tainties, which become substantially reduced in the oscillation
fits when correlations between energy bins and between the
electron and muon neutrino events are included. The antineu-
trino numbers are from a previous analysis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ± 24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.6± 176.9 398.2± 49.7
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

ties from nuclear e↵ects, and uncertainties in detector
modeling and reconstruction. A covariance matrix in
bins of EQE

⌫ is constructed by considering the variation
from each source of systematic uncertainty on the ⌫e and
⌫̄e CCQE signal and background, and the ⌫µ and ⌫̄µ

CCQE prediction as a function of EQE
⌫ . This matrix in-

cludes correlations between any of the ⌫e and ⌫̄e CCQE
signal and background and ⌫µ and ⌫̄µ CCQE samples,
and is used in the �

2 calculation of the oscillation fits.

Table I also shows the expected number of events cor-
responding to the LSND best fit oscillation probability
of 0.26%, assuming oscillations at large �m

2. LSND
and MiniBooNE have the same average value of L/E,
but MiniBooNE has a larger range of L/E. Therefore,
the appearance probabilities for LSND and MiniBooNE
should not be exactly the same at lower L/E values.

Fig. 1 shows the E

QE
⌫ distribution for ⌫e CCQE

data and background in neutrino mode for the total
12.84⇥ 1020 POT data. Each bin of reconstructed E

QE
⌫

corresponds to a distribution of “true” generated neu-
trino energies, which can overlap adjacent bins. In neu-
trino mode, a total of 1959 data events pass the ⌫e

CCQE event selection requirements with 200 < E

QE
⌫ <

1250 MeV, compared to a background expectation of
1577.8 ± 39.7(stat.) ± 75.4(syst.) events. The excess is
then 381.2 ± 85.2 events or a 4.5� e↵ect. Note that the
162.0 event excess in the first 6.46 ⇥ 1020 POT data is
approximately 1� lower than the average excess, while
the 219.2 event excess in the second 6.38 ⇥ 1020 POT
data is approximately 1� higher than the average ex-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming two-neutrino
oscillations. The last bin is for the energy interval from 1500-
3000 MeV.

cess. Fig. 2 shows the excess events in neutrino mode
from the first 6.46 ⇥ 1020 POT data and the second
6.38 ⇥ 1020 POT data (top plot). Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < E

QE
⌫ < 1250 MeV en-

ergy region, compared to a background expectation of
1976.5±44.5(stat.)±88.5(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 99.0 events
with respect to expectation or a 4.7� excess. Fig. 2
(bottom plot) shows the total event excesses as a func-
tion of E

QE
⌫ in both neutrino mode and antineutrino

mode. The dashed curves show the two-neutrino oscilla-
tion predictions at the best-fit point (�m

2 = 0.041 eV2,
sin2 2✓ = 0.92), as well as at a point within 1� of the
best-fit point (�m

2 = 0.4 eV2, sin2 2✓ = 0.01).

A two-neutrino model is assumed for the MiniBooNE
oscillation fits in order to compare with the LSND data.
However, the appearance neutrino experiments appear
to be incompatible with the disappearance neutrino ex-
periments in a 3+1 model [10, 12], and other models
[15–19] may provide better fits to the data. The oscil-
lation parameters are extracted from a combined fit of
the observed E

QE
⌫ event distributions for muonlike and

electronlike events using the full covariance matrix de-
scribed previously in the full energy range 200 < E

QE
⌫ <

3000 MeV. The fit assumes the same oscillation proba-
bility for both the right-sign ⌫e and wrong-sign ⌫̄e, and
no ⌫µ, ⌫̄µ, ⌫e, or ⌫̄e disappearance. Using a likelihood-
ratio technique [3], the confidence level values for the
fitting statistic, ��

2 = �

2(point) � �

2(best), as a func-
tion of oscillation parameters, �m

2 and sin2 2✓, is de-
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The MiniBooNE low-E excess
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FIG. 8: The total event excess in neutrino mode, corresponding to 18.75⇥1020 POT. The dashed

histogram is the best fit to the neutrino-mode and antineutrino-mode data assuming two-neutrino

oscillations. The last bin is for the energy interval from 1500-3000 MeV. Error bars include only

statistical uncertainties.
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events (lower left), and best-fit events (lower right) as functions of visible energy and cos ✓. There

are 22 columns of visible energy from 150 to 1250 MeV and 20 rows of cos ✓ from -1 to 1.
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MicroBooNE and 
SBN at Fermilab
They use accelerator 
n e u t r i n o s w i t h 
L ~ 1 0 0 - 6 0 0 m a n d 
E~700-800 MeV.

MicroBooNE detector

MicroBooNE event: 
muon nu scattering

https://www.bo.infn.it/gruppo2/sbn-it/

Accelerator neutrino experiments should provide the 
definitive answer and can check both the appearance 
and disappearance channels.
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MicroBooNE Coll., 2110.00409

My take: 
Most likely not.

- Is the MiniBooNE LEE is due to electrons?

Electrons would come from 
nu_e scattering, and would 
signal neutrino oscillations.

My take: Most likely not.

First results from MicroBooNE.
- Is the MiniBooNE LEE is due to SM photons?
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BSM explanations for MB LEE

Due to the WC nature of MB, single electrons can be 
mimicked by photons and by electron-positron pairs (if 
overlapping or asymmetric).

M. Ross-Lonergan’s talk at Fermilab, 04/10/2021
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A viable explanation of the MiniBooNE low-E excess is 
provided by the up-scattering of an HNL N in the 
detector and its decay into ee nu.
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FIG. 2. MiniBooNE low energy excess and our model prediction in BP-B for ⌫µ upscattering into N5 ! N4e
+e� (blue) and

N6 ! N4e
+e� (pink) in BP-B. The incoherent (filled) and coherent (hashed) scattering contributions are shown separately.

energies. This leads to good agreement with the 4 to
14 m vertex-shower separation observed, given the typi-
cal N5 energies of 50 GeV. A naive scaling of the cross
sections shows that the normalization is compatible with
the rate at MiniBooNE and PS-191.

IV. DISCUSSION AND CONCLUSIONS

Let us remark that our BPs satisfy all existing experi-
mental constraints, including decay-in-flight bounds from
PS-191 [96, 105]. Searches for peaks in the muon spec-
trum in ⇡+/K+ ! µ+Nj [106, 107] are also satisfied due
to strong vetoes against visible energy in the detector,
as discussed in Ref. [32]. Intriguingly, the latest results
from K+ ! e+Nj searches at NA62 [108] indicate an
excess at mN = 346 MeV, with |Uej |2 ' 1.5 ⇥ 10

�9 at
2.2� (3.6�) global (local) significance. Our model can ac-
commodate this hint by identifying N5 with the required
HNL and switching on the mixing with the electron neu-
trinos. To take into account the visible decays of our
HNL, the required |Uej |2 is enhanced by a factor ⇠ 2 for
⇠ 5 ns lifetimes, as quoted by the experiment. For our
BPs, we also expect to see an excesses in the muon sector,
depending on the K+ ! µ+Nj efficiency at NA62.

There is some freedom in the choice of the HNL pa-
rameters while keeping the same key phenomenological
features, e.g. HNL decay length and Z 0 branching ratios.
For the dark photon parameters, the situation is more
constrained. For instance, lower values of mZ0 , such as
1 GeV with "2

= 3 ⇥ 10

�4 are possible, and decrease
the required ↵D|V3j |2 couplings to explain MiniBooNE,
PS-191, and BaBar by a factor of (1.25)

4 ⇠ 2.5. Going
much below mZ0

= 1 GeV leads to more forward angular
distribution at MiniBooNE and introduces tension with
neutrino-electron scattering constraints [90]. A survey
of existing bounds and additional BPs are provided in
Appendices B and A.

We also want to highlight the left-right symmetry in

BP-A, as in that case the lightest HNL ⌫4 has vanishing
interactions with the Z 0, except for the |V45|2 vertex. In-
cidentally, N4 could lie at the keV scale, and may be a
candidate for non-thermal dark matter [109].

Direct searches for our MiniBooNE explanation can
be performed at the Short-Baseline Neutrino program at
FNAL [110, 111], which comprises three Liquid Argon
detectors: SBND, µBooNE, and ICARUS. Specifically,
for BP-(A,B) we predict that µBooNE [112] would see a
total number of ⇠ 760 neutrino upscattering events into
N5 and (0, 2800) events into N6, before any efficiencies
and for a total NPOT = 13.6 ⇥ 10

20. While the former
would contain a single e+e� pair, the latter events would
constitute double vertex events with & 10 cm separa-
tion. Around 60% of the total number of events are due
to coherent scattering, and leave no visible proton tracks.
Dedicated studies of the e+e� invariant mass, as well as
searches for the double-vertex events would help discrim-
inate our hypothesis from other dilepton MiniBooNE ex-
planations. Other direct searches can be performed at
the NA62 kaon facility [113]. The decays of 75 GeV/c
kaons to K+ ! `+↵Ni followed by Nj ! Nke

+e� would
constitute a background-free signature, similar to the one
proposed in Ref. [32]. The new physics events would ap-
pear as a displaced e+e� vertex with peaked kinematics,
where (pK � p`)

2
= m2

j , (pK � p` � pee)
2

= m2
k, and

p2
ee = (pe� +pe+)

2  (mj �mk)
2. The production rate is

controlled by |Uµj |2, where for BP-(A,B) we predict a to-
tal K+ ! µ+

(N6 ! N5e
+e�) event rate of (1970, 2980)

for NK = 2.14 ⇥ 10

11 fiducial kaon decays and an overall
4% acceptance [114, 115].

The dark photon can be searched for in the ISR events
at BaBar, Belle-II [73, 116], and BESIII [117] by re-
laxing the vetoes on additional e+e� pairs in the de-
tector. The large value of "2 required for the �aµ ex-
planation yields several hundred events at BaBar. Di-
rect NjNk pair production, as well as Higgstrahlung
e+e� ! '0Z 0, would also appear as multiple displaced
e+e� vertices at B-factories, and in the fixed-target ex-

The N5, N6 produced in 
up scatterings of beam 
neutrinos decay in ee and 
missing energy mimicking 
the signal.
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Fig. 8. The 90 % C.L. sensitivity regions for dominant mixings |UeN |2 (top left), |UµN |2 (top
right), and |U⌧N |2 (bottom) are presented combining results for channels with good detection
prospects. The study is performed for Majorana neutrinos (solid) and Dirac neutrinos (dashed),
assuming no background. The region excluded by experimental constraints (brown) is obtained by
combining the results from PS191 [56, 57], peak searches [52, 54, 55], CHARM [59], NuTeV [61],
DELPHI [60], and T2K [73]. The sensitivity for DUNE ND (black) is compared to the predictions
of future experiments, SBN [74] (blue), SHiP [110] (red), and NA62 [106] (green). The shaded
areas corresponds to possible neutrino mass models considered in this article: the simulations of
the ISS (2,2) and ISS (2,3) models where the lightest pseudo-Dirac pair is the neutrino decaying in
the ND (cyan); the ISS (2,3) scenario when the single Majorana state is responsible for a signal
(magenta); the type I seesaw scenario with a neutrino mass starting from 20 meV to 0.2 eV (yellow).

sufficient precision. The neutrino spectrum component coming from the D
s

meson allows
for weaker sensitivity to masses above the neutral kaon mass. We conducted the sensitivity
study for both scenarios, in which either a Majorana or a Dirac neutrino is the decaying
particle.

To appreciate the ND performance, we make a comparison with results of previous ex-
periments, in particular PS191 [56, 57], peak searches [52, 54, 55], CHARM [59], NuTeV [61],

– 32 –

Bounds change if additional 
interactions are allowed, 
(HNL can decay invisibly or 
semivisibly).
Potentially, strong bounds 
from ND280 in T2K.

Ballett, Boschi, SP, 1905.00284 See V. Brdar et al., 2007.14411, C. 
Arguelles et al., 2205.12273



A host of other signatures
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There is a longstanding discrepancy between the 
measured value of    and the theoretical prediction, at 
4.2 sigma.

2

dark neutrinos, contained in the vector ˆN . In this way,
our neutral lepton sector is composed of SM active neu-
trinos, vector-like dark neutrinos, as well as LH sterile
neutrinos.

The dark gauge symmetry is spontaneously broken by
the vacuum expectation value (VEV) of a complex scalar,
�, which is a singlet under all SM symmetries. The full
Lagrangian is given as

L � LSM � 1

4

Xµ⌫Xµ⌫ � sin �

2

Xµ⌫Bµ⌫ (1)

+ (Dµ�)

†
(Dµ

�) � V (�) � ��H |H|2 |�|2

+ ⌫̂N i/@̂⌫N + ⌫̂Di /DX ⌫̂D �

(L eH)Y ⌫̂c

N + ⌫̂NYL⌫̂c
DL

�

+ ⌫̂NYR⌫̂DR�

⇤
+

1

2

⌫̂NMN ⌫̂c
N + ⌫̂DLMX ⌫̂DR + h.c.

#
,

⌫D check 1/2 factors where we write the kinetic mixing
and scalar mixing portal couplings explicitly and write
/DX =

/@ � igX /X check convention. The Majorana mass
matrix (MN )n⇥n is arbitrary, and the Yukawa matrices
are given by Y3⇥n and (YL(R))n⇥d/2. The scalars � and
H acquire VEVs, v' ' O(500) MeV and vH ' 246 GeV,
respectively. After the electroweak and dark symmetries
are spontaneously broken, the mostly-active light neutri-
nos acquire masses, which are small provided ||Y || ⌧ 1.
With ⌫̂f ⌘

�
⌫̂c

↵ ⌫̂c
N ⌫̂c

DL
⌫̂DR

�T , the mass matrix reads

L⌫�mass

=

1

2

⌫̂c
f

0

BB@

0 MD 0 0

MT
D MN ⇤L ⇤R

0 ⇤

T
L 0 MX

0 ⇤

T
R MT

X 0

1

CCA ⌫̂f + h.c. , (2)

check the Twhere MD = Y vH/
p

2 and ⇤L,R =

YL,R v�/
p

2. At tree-level, a contribution to light neu-
trino masses proportional to MX appears, analogous to
the standard inverse seesaw. In addition, radiative cor-
rections can be large and provide both a correction to
MX as well as a finite and independent contribution to
neutrino masses proportional to MN . These corrections
arise from SM and, more importantly, light dark sector
bosons exchange [10]. Note that neutrinos remain mas-
sive at tree level if MX ! 0 and MN 6= 0, or if MX 6= 0

and MN ! 0. This fact can be explored to invoke can-
cellations between tree- and loop-level contributions. If
a hierarchy exists between MN and MX , then a seesaw
is happens in the heavy neutrino sector. Two interesting
limits arise. If ⇤, MN ⌧ MX , then our spectrum con-
tains mostly-sterile state at intermediate scales, with a
series of pseudo-Dirac, mostly-dark fermions at the high
heavy? scale MX . On the other hand, if ⇤, MX ⌧ MN ,
then mostly-dark fermions will lie at an intermediate
scale and mostly-sterile states at high heavy? scales MN .

The massive dark vector, scalar, and HNLs only couple
to the SM via portal operators, and mix with the neutral

states in the SM. After symmetry breaking, we diago-
nalise the CP-even scalars to find a light scalar '0, and a
heavy SM-like Higgs h0, with '0 �H scalar mixing given
by ✓ ' (��H/2�H) ⇥ (v'/vH), where �H is the quar-
tic coupling of the Higgs. All portal couplings, �, ��H ,
are kept small and we neglect terms of order �2 and ✓2.
With the usual diagonalization of kinetic terms, followed
by three rotations of the neutral gauge boson basis, we
find a light Z 0 vector boson with mZ0 ⇡ gXv' that cou-
ples to the SM electromagnetic (EM) and neutral current
(NC), as well as to the dark sector current (Jµ

D) as

L � �Z 0
µ

✓
e" Jµ

EM +

g

2cW

m2
Z0

m2
Z

� Jµ
NC + gX Jµ

D

◆
, (3)

where " ⌘ cW �check NC coupling. The Z 0 coupling to
NC as well as the Zµ coupling to the dark current (pro-
portional to gXsW �) can be safely neglected. Note that
the photon does not couple to the dark fermions.

Low Energy Anomalies – Our aim is to provide an
explanation of several low energy anomalies, and keep-
ing light neutrino masses compatible with experimental
constraints. For concreteness, we allow mixing with only
muon neutrinos, ⌫µ, and use n = 3 sterile flavors, and
d = 1 vector-like dark fermions. We provide three bench-
mark points (BPs) that realize our proposal in Table I.
As we will see, all points provide an explanation of the
MiniBooNE and �aµ anomalies, with BP-B also explain-
ing PS-191 and E816, and BP-C explaining all the above
as well as KOTO.invert, 78 always heavier, define Uij

Let us comment on generic features of our solution?
bit strong. Firstly, N4 is long-lived as its decays are sup-
pressed by small U4i neutrino mixing parameters, while
Ni, with i = 5, 6, are much shorter-lived with dominant
B(N6,5 ! N5(4)e

+e�). As we will see, N5 will typically
decay with c⌧0

5 . 5 cm, leading to displaced e+e� ver-
tices, while N6 will decay more promptly, c⌧0

6 . 1 mm.
Secondly, N4 states are mostly in a sterile direction
and are, therefore, more weakly coupled to the Z 0 than
N5,6. In this way, B(Z 0 ! N4N{4,5,6}) ⌧ B(Z 0 !
N{5,6}N{5,6}). Finally, the scalar is always heavier than
N6, kinematically forbidding fast Ni ! ⌫'0 decays.

�aµ and BaBar – A discrepancy between the most pre-
cise �aµ measurement performed by the Muon (g � 2)

collaboration [5] and existing theoretical calculations [11–
15] (for the latest consensus in this field, see Ref. [16])
stands at more than 3.7� 1. In view of the current efforts
to measure this quantity four times more precisely at
Fermilab [20], it is timely to reconsider the dark photon
contribution to �aµ. The minimal dark photon explana-
tion is excluded by collider and beam dump searches for

1 Recent lattice calculations [17] predict values closer to the ex-
periment. However, this has been pointed out to lead to incon-
sistency with e+e� ! hadrons data [18, 19].

Revisiting the Dark Photon Explanation of the Muon Anomalous Magnetic Moment

Gopolang Mohlabeng⇤

Physics Department, Brookhaven National Laboratory, Upton, New York 11973, USA

A massive U(1)0 gauge boson known as a “dark photon” or A0, has long been proposed as a
potential explanation for the discrepancy observed between the experimental measurement and the-
oretical determination of the anomalous magnetic moment of the muon (gµ � 2) anomaly. Recently,
experimental results have excluded this possibility for a dark photon exhibiting exclusively visible or
invisible decays. In this work, we revisit this idea and consider a model where A0 couples inelastically
to dark matter and an excited dark sector state, leading to a more exotic decay topology we refer
to as a semi-visible decay. We show that for large mass splittings between the dark sector states
this decay mode is enhanced, weakening the previous invisibly decaying dark photon bounds. As a
consequence, A0 resolves the gµ�2 anomaly in a region of parameter space the thermal dark matter
component of the Universe is readily explained. Interestingly, it is possible that the semi-visible
events we discuss may have been vetoed by experiments searching for invisible dark photon decays.
A re-analysis of the data and future searches may be crucial in uncovering this exotic decay mode
or closing the window on the dark photon explanation of the gµ � 2 anomaly.

INTRODUCTION

The anomalous magnetic moment of the muon a
µ

⌘
(g

µ

�2)/2 remains to this day one of the few outstanding
problems in particle physics. A di↵erence between theory
and experiment of

�a
µ

⌘ aexp
µ

� ath
µ

= (274 ± 73) ⇥ 10�11, (1)

has resulted in a ⇠ 3.7� discrepancy [1, 2] which is
yet to be understood. While impressive agreement has
existed between the Standard Model (SM) prediction
and measurements on the electron’s anomalous magnetic
moment a

e

[3], a recent improvement in the determina-
tion of the fine structure constant ↵ from atomic Cesium
measurements [4] has pushed the discrepancy in �a

e

from ⇠ 1.7� to ⇠ 2.4� with opposite sign to that of the
muon [5–7] 1.

Crucially, in the case of the muon, important progress
from both experiment and theory lies in the near future.
The upcoming Fermilab E989 [11] and J-PARC E34 [12]
experiments will attempt to lower the uncertainty of the
BNL E821 result by a factor of ⇠4. In parallel, progress
on the SM theory side is expected to lower the corre-
sponding theoretical uncertainties [13–15]. Finally, it is
now well known that leptonic moments can be exquisite
probes of beyond the SM (BSM) physics [16]. In this
Letter, we revisit the “dark photon” - a light U(1) vec-
tor boson explanation of the g

µ

� 2 anomaly [8, 9] and

⇤
email:gmohlabeng@bnl.gov

1
We note here that the contribution of the dark photon to lep-

ton magnetic moments is positive [8, 9]. Therefore it cannot

simultaneously explain the negative ge � 2 and positive gµ � 2

anomalies outlined above. For a possible model which allows an

explanation for both anomalies we refer the reader to Ref. [10]

outline a way to test it in the near future. Dark pho-
ton phenomenology has been studied quite extensively in
the literature and constraints from various experimental
programs have been placed on its mass and coupling (✏)
to the SM. Searches for dark photons that can explain
g
µ

� 2 have looked for resonant production and decay of
these. Therefore, one must make an assumption on the
decay modes;

• Visible decays: There has been tremendous inter-
est over the last decade, and two kinds of searches
have been pursued. The first possibility to be stud-
ied was visible decays of the new U(1) boson into
SM leptons. This possibility has been decisively ex-
cluded in the recent past by a host of experiments
[17–22]. The last window for a dark photon expla-
nation was closed by the NA48 experiment via rare
⌘ ! �A0 decays [21].

• Invisible decays: The dark photon could instead de-
cay into invisible states, such as Dark Matter (DM).
Such a possibility is particularly intriguing, as these
models can readily explain the DM’s observed relic
abundance through freeze-out [23, 24]. Here, typ-
ical searches for the dark photon look for missing
energy or missing mass. The last window for a dark
photon explanation to g

µ

� 2 was closed in 2017 by
the NA64 [25], and BABAR [26] experiments.

Here we examine a third possibility, namely the scenario
where there exist dark sector states charged under some
dark symmetry. If the symmetry is spontaneously bro-
ken, these states could have both dark symmetry preserv-
ing and breaking mass terms. In the limit that the sym-
metry breaking mass term is smaller than the preserving
term, the dark sector states could exhibit o↵-diagonal in-
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Low Energy Anomalies with Dark Sector HNLs
A. Abdullahi, M. Hostert, S. Pascoli

Institute for Particle Physics Phenomenology (IPPP), Durham University

Abstract

We propose an anomaly-free model of neutrino masses
that simultaneously explains the MiniBooNe low-
energy excess, the anomalous magnetic moment of
the muon, �aµ, and the excess of K0

L æ fi0‹‹̄ de-
cays observed at KOTO. We also show that the model
is compatible with the electron-like excesses reported
by experiments PS-191 and E816. Furthermore, we
find that the model is in agreement with the number
of events seen in the mono-photon searches at BaBar.

Model
We introduce a hidden gauge symmetry, U(1)X,
broken by the VEV of a scalar � and mediated by
the dark photon Xµ. In addition to the SM, there are
three generations of sterile neutrinos, Ni=(1,2,3), and a
pair of vector-like fermions, ‹DL

and ‹DR
, which are

charged under the new force.

SU(2) U(1)Y U(1)X

Ni 1 0 0
‹DL

1 0 QX

‹DR
1 0 QX

� 1 0 QX

Our hidden sector couples to the SM through portal
couplings.

Neutrino Portal Mixing between the hidden
sector neutrinos and the active states occurs through
the terms

L ∏ (L Á

H)Y Nc + NYN‹c
D� , (1)

allowing for oscillation between light and heavy mass
eigenstates.

Vector Portal Mixing between SM hypercharge and
dark photon leads to the new gauge boson Z Õ,

L ∏ ≠sin ‰

2 Xµ‹B
µ‹ . (2)

Higgs Portal Mixing between the SM Higgs and our
dark scalar is also permissible through the term,

L ∏ ≠⁄�H |H|2 |�|2 . (3)

MiniBooNe Low-Energy Excess

Figure 1:Incoherent upscattering through Z Õ, possible signal at
MiniBooNe.

We explain the excess of low-energy electron-like
events at MiniBooNe [1] with active neutrinos upscat-
tering incoherently (coherently) o� nucleons (nuclei)
to new heavier states, ‹h, which decay within cm to
lighter, long-lived states ‹hÕ through emission of a Z Õ,
which further decays to e+e≠ pairs. If these pairs
have small angular separation, or are highly asymmet-
ric in energy, they may constitute a signal. We take
mZ Õ = 1.25 GeV in the plots below.

Figure 2:Model prediction for ‹µ upscattering to ‹6 æ ‹4e+e≠

(pink) and ‹5 æ ‹4e+e≠ (blue).

Anomalous Muon (g ≠ 2)µ

Figure 3:Z Õ contribution to muon magnetic moment.

It is widely accepted that the dark photon explanation
to �aµ is ruled out by searches for visibly decaying
dark photons in Z Õ æ l+l≠, and by searches for invis-
ibly decaying dark photons in e+e≠ æ “Z Õ. The con-
straints posed by the above searches are significantly
weakened in the scenario of a semi-visibly decaying Z Õ,
as in our model. By keeping the branching ratio to in-
visibles (i.e. to long-lived states, ‹hÕ) small, we can
escape these bounds.

KOTO Anomaly
The KOTO experiment which searches for the rare SM
decay K0

L æ fi0‹‹̄ has reported 3 (+ 1 background)
events giving a branching ratio roughly 70 times the
SM rate [2]. We explain this excess with K0

L æ fi0„,
where „ decays invisibly - „ æ ‹hÕ‹hÕ.

Figure 4:„ production and subsequent decay at KOTO.

PS-191/E816 Excess

An explanation of the excess of e-like events at PS-191
[3] and E816 [4] requires a heavy neutrino produced
in upscattering from ‹µ and decaying within mm to a
lighter state and an e+e≠ pair. In our spectrum, this
is achieved by a third heavier neutrino ‹H æ ‹he+e≠,
with a mass that could range from 160 MeV and 400
MeV.

Mono-photon Searches @ BaBar

Figure 5:Model signature mimicking mono-photon event

Our model predicts signatures that could imitate
mono-photon production at BaBar [5]. We have heavy
neutrinos produced in e+e≠ collisions via a Z Õ, where
one of the heavy neutrinos is long-lived and escapes
the detector, and the other decays in the ECAL to a
lighter state and e+e≠ pair which are mis-identified as
a single photon.

Figure 6:BaBar monophoton data at high missing mass M 2
miss =

s ≠ 2Eú
“

Ô
s.

References
[1] A. A. Aguilar-Arevalo et al.

Significant Excess of ElectronLike Events in the MiniBooNE Short-Baseline
Neutrino Experiment.
Phys. Rev. Lett., 121(22):221801, 2018.

[2] J.K. Ahn et al.
Search for the KL æfi0‹‹ and KL æfi0X0 decays at the J-PARC KOTO
experiment.
Phys. Rev. Lett., 122(2):021802, 2019.

[3] G. Bernardi et al.
Anomalous Electron Production Observed in the CERN Ps Neutrino Beam.
Phys. Lett. B, 181:173–177, 1986.

[4] Pierre Astier and Antoine Letessier.
SEARCH FOR NEUTRINO OSCILLATIONS AT BNL: PRELIMINARY
RESULTS FROM E816 EXPERIMENT.
In 22nd Rencontres de Moriond: Electroweak Interactions and Unified

Theories, pages 409–420, 1987.
[5] J. P. Lees et al.

Search for Invisible Decays of a Dark Photon Produced in e+e≠ Collisions at
BaBar.
Phys. Rev. Lett., 119(13):131804, 2017.

Thanks to A. Abdullahi

Kinetic mixing and light Z’ can explain the anomaly,…
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FIG. 2: Current limits on the dark photon semi-visible decay parameter space with benchmark parameters � = 0.4 m�1 ,
mA0 = 3 m�1 and ↵D = 0.1. On the left panel we place constraints on the ✏ vs mA0 parameter space. On the right panel we
include projections for a BELLE II monophoton search as well as a BABAR displaced track re-analysis. We also color the various
experimental constraints in grey for clarity and to bring attention to our region of parameter space. See text for details on the
various bounds and projections.

from the SLAC E137 experiment [18] assuming up/down-
scattering of �

1,2

with SM particles in the detector. The
yellow shaded bound is a recast of the E137 result ac-
counting for long-lived �

2

particles traveling to and de-
caying inside the detector. The black line represents the
thermal relic abundance of �

1

requiring ⌦
�1h

2 ⇠ 0.12
[48]. For larger values of m

�1 we take into account coan-
nihilation to SM hadronic final states, hence the spikes
in the higher mass region (please see Refs.[32, 33, 49] for
more detailed information).
The red shaded region represents the BABAR monophoton
bound on our parameter space. In this region �

2

is long-
lived and decays outside the detector or maybe short-
lived, but its decay products are below the BABAR thresh-
olds, resembling a monophoton and missing energy signa-
ture. The decay width of �

2

scales with � as �
�2 ⇠ �5.

For our parameter choices the region m
A

0 & 100 MeV
corresponds to large values of �, increasing the proba-
bility that �

2

will decay inside the detector. Hence the
BABAR monophoton limit is weakened in this region, open-
ing up the 2� favored explanation for g

µ

� 2. For clarity
of our results, we represent all the bounds from the left
panel, as the solid grey region in the right panel and
include projections in our region of interest. A particu-
larly striking indication of the semi-visible decay mode
would be a monophoton + displaced track + missing en-
ergy signature which could be uncovered by a future re-
analysis of the BABAR data. This is illustrated as the re-
gion bounded by the green dot-dashed lines and marked
by the green arrows. Interestingly, both the g

µ

� 2 and
thermal relic lines fall within the region projected to be
uncovered by the displaced track search. Finally, the

darker red dashed bound is the projection for the BELLE

II experiment, the arrow indicates the region of param-
eter space BELLE II is expected to cover.

In Fig. 3 we set ✏ as the central value required to ex-
plain the g

µ

� 2 anomaly (i.e. the central red line in
Fig. 2). On the left panel we plot the dark sector cou-
pling ↵

D

as a function of m
A

0 , with m
A

0 = 3 m
�1 and

� = 0.4 m
�1 . The white region indicates the parameter

space available, while the color shaded regions are ex-
cluded by the various experimental contraints as in Fig 2.
For the parameter choices in this discussion, it is interest-
ing to see that the iDM model can simultaneously explain
the DM thermal relic abundance and g

µ

� 2 anomaly for
300 MeV . m

A

0 . 1 GeV. A BABAR displaced re-analysis
would uncover most of this parameter space, up to large
values of ↵

D

where we start reaching perturbativity lim-
its.
On the right panel of Fig. 3 we plot the ratio of mass
splitting � to the DM mass m

�1 as a function of m
�1 ,

with ↵
D

= 0.5. Here the lighter grey region bounded by
the horizontal dotted line at �/m

�1 ⇠ 1 is a kinematic
limit in which m

�1 + m
�2 > m

A

0 i.e. A0 is produced
o↵-shell. The unshaded area corresponds to the param-
eter space available for explaining the g

µ

� 2 anomaly.
Also shown is the relic abundance line corresponding to
a thermal relic �

1

. The projected sensitivity of BELLE

II in the parameter regions of Fig. 3 (with our choices of
parameters) is nearly the same as the BABAR region and
thus we do not include it. We see that for larger mass
splittings and choices of ↵

D

, we are able to explain DM
and g

µ

�2 simultaneously. We also show that part of the
available thermal relic space would be uncovered with a

G. Mohlabeng, PRD99 (2019)

as far as Z’ decays mainly semi-
visibly (Z’->N N and N decay 
fast).

A. Abdullahi, M. Hostert, SP, 2007.11813



Reference Design

Sep-2019 A.Weber           ND Overview6

• 3 components
- LAr TPC with pixelated readout (50t)

- Multi-Purpose Detector  (MPD)
• HPgTPC (1t) + ECAL + magnet

- Three-Dimensional Scintillator Tracker-Spectrometer: 3DST-S
• 3DST (8t) + Trackers + ECAL + magnet

• In addition,  the LAr and MPD will be able to move off-axis in order to implement the PRISM 
concept

LArMPD
3DST-S

Target mass

@Silvia Pascoli27

The model has key signatures which can be tested.

N
⌫↵

<latexit sha1_base64="Qmwg4pNiuOeoGCvVkU7pScirt1c=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047KCfWATymR60w6dTIaZiRBCt36BW/0Cd+LW//AD/A+nbRa29cCFwzn3cu89oeRMG9f9dkpr6xubW+Xtys7u3v5B9fCorZNUUWjRhCeqGxINnAloGWY4dKUCEoccOuH4dup3nkBplogHk0kIYjIULGKUGCs9+iLt+4TLEelXa27dnQGvEq8gNVSg2a/++IOEpjEIQznRuue50gQ5UYZRDpOKn2qQhI7JEHqWChKDDvLZxRN8ZpUBjhJlSxg8U/9O5CTWOotD2xkTM9LL3lT8z+ulJroOciZkakDQ+aIo5dgkePo+HjAF1PDMEkIVs7diOiKKUGNDWtgSQSZiObG5eMsprJL2Rd1z6979Za1xUyRURifoFJ0jD12hBrpDTdRCFAn0gl7Rm/PsvDsfzue8teQUM8doAc7XL3nbmUw=</latexit><latexit sha1_base64="Qmwg4pNiuOeoGCvVkU7pScirt1c=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047KCfWATymR60w6dTIaZiRBCt36BW/0Cd+LW//AD/A+nbRa29cCFwzn3cu89oeRMG9f9dkpr6xubW+Xtys7u3v5B9fCorZNUUWjRhCeqGxINnAloGWY4dKUCEoccOuH4dup3nkBplogHk0kIYjIULGKUGCs9+iLt+4TLEelXa27dnQGvEq8gNVSg2a/++IOEpjEIQznRuue50gQ5UYZRDpOKn2qQhI7JEHqWChKDDvLZxRN8ZpUBjhJlSxg8U/9O5CTWOotD2xkTM9LL3lT8z+ulJroOciZkakDQ+aIo5dgkePo+HjAF1PDMEkIVs7diOiKKUGNDWtgSQSZiObG5eMsprJL2Rd1z6979Za1xUyRURifoFJ0jD12hBrpDTdRCFAn0gl7Rm/PsvDsfzue8teQUM8doAc7XL3nbmUw=</latexit><latexit sha1_base64="Qmwg4pNiuOeoGCvVkU7pScirt1c=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047KCfWATymR60w6dTIaZiRBCt36BW/0Cd+LW//AD/A+nbRa29cCFwzn3cu89oeRMG9f9dkpr6xubW+Xtys7u3v5B9fCorZNUUWjRhCeqGxINnAloGWY4dKUCEoccOuH4dup3nkBplogHk0kIYjIULGKUGCs9+iLt+4TLEelXa27dnQGvEq8gNVSg2a/++IOEpjEIQznRuue50gQ5UYZRDpOKn2qQhI7JEHqWChKDDvLZxRN8ZpUBjhJlSxg8U/9O5CTWOotD2xkTM9LL3lT8z+ulJroOciZkakDQ+aIo5dgkePo+HjAF1PDMEkIVs7diOiKKUGNDWtgSQSZiObG5eMsprJL2Rd1z6979Za1xUyRURifoFJ0jD12hBrpDTdRCFAn0gl7Rm/PsvDsfzue8teQUM8doAc7XL3nbmUw=</latexit><latexit sha1_base64="Qmwg4pNiuOeoGCvVkU7pScirt1c=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047KCfWATymR60w6dTIaZiRBCt36BW/0Cd+LW//AD/A+nbRa29cCFwzn3cu89oeRMG9f9dkpr6xubW+Xtys7u3v5B9fCorZNUUWjRhCeqGxINnAloGWY4dKUCEoccOuH4dup3nkBplogHk0kIYjIULGKUGCs9+iLt+4TLEelXa27dnQGvEq8gNVSg2a/++IOEpjEIQznRuue50gQ5UYZRDpOKn2qQhI7JEHqWChKDDvLZxRN8ZpUBjhJlSxg8U/9O5CTWOotD2xkTM9LL3lT8z+ulJroOciZkakDQ+aIo5dgkePo+HjAF1PDMEkIVs7diOiKKUGNDWtgSQSZiObG5eMsprJL2Rd1z6979Za1xUyRURifoFJ0jD12hBrpDTdRCFAn0gl7Rm/PsvDsfzue8teQUM8doAc7XL3nbmUw=</latexit>
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<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>
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<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>

Unique signatures and future tests

Z’, dark photon

One can expect displaced vertices, decay chains and unique 
HNL and dark photon phenomenology (typically, 
semivisible decays):
- MicroBooNE, T2K ND, DUNE-ND;
- NA62&SHADOWS;
- Nu@LHC programme;
- NA64;
- BelleII and BESIII.
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<latexit sha1_base64="Qmwg4pNiuOeoGCvVkU7pScirt1c=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047KCfWATymR60w6dTIaZiRBCt36BW/0Cd+LW//AD/A+nbRa29cCFwzn3cu89oeRMG9f9dkpr6xubW+Xtys7u3v5B9fCorZNUUWjRhCeqGxINnAloGWY4dKUCEoccOuH4dup3nkBplogHk0kIYjIULGKUGCs9+iLt+4TLEelXa27dnQGvEq8gNVSg2a/++IOEpjEIQznRuue50gQ5UYZRDpOKn2qQhI7JEHqWChKDDvLZxRN8ZpUBjhJlSxg8U/9O5CTWOotD2xkTM9LL3lT8z+ulJroOciZkakDQ+aIo5dgkePo+HjAF1PDMEkIVs7diOiKKUGNDWtgSQSZiObG5eMsprJL2Rd1z6979Za1xUyRURifoFJ0jD12hBrpDTdRCFAn0gl7Rm/PsvDsfzue8teQUM8doAc7XL3nbmUw=</latexit><latexit sha1_base64="Qmwg4pNiuOeoGCvVkU7pScirt1c=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047KCfWATymR60w6dTIaZiRBCt36BW/0Cd+LW//AD/A+nbRa29cCFwzn3cu89oeRMG9f9dkpr6xubW+Xtys7u3v5B9fCorZNUUWjRhCeqGxINnAloGWY4dKUCEoccOuH4dup3nkBplogHk0kIYjIULGKUGCs9+iLt+4TLEelXa27dnQGvEq8gNVSg2a/++IOEpjEIQznRuue50gQ5UYZRDpOKn2qQhI7JEHqWChKDDvLZxRN8ZpUBjhJlSxg8U/9O5CTWOotD2xkTM9LL3lT8z+ulJroOciZkakDQ+aIo5dgkePo+HjAF1PDMEkIVs7diOiKKUGNDWtgSQSZiObG5eMsprJL2Rd1z6979Za1xUyRURifoFJ0jD12hBrpDTdRCFAn0gl7Rm/PsvDsfzue8teQUM8doAc7XL3nbmUw=</latexit><latexit sha1_base64="Qmwg4pNiuOeoGCvVkU7pScirt1c=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047KCfWATymR60w6dTIaZiRBCt36BW/0Cd+LW//AD/A+nbRa29cCFwzn3cu89oeRMG9f9dkpr6xubW+Xtys7u3v5B9fCorZNUUWjRhCeqGxINnAloGWY4dKUCEoccOuH4dup3nkBplogHk0kIYjIULGKUGCs9+iLt+4TLEelXa27dnQGvEq8gNVSg2a/++IOEpjEIQznRuue50gQ5UYZRDpOKn2qQhI7JEHqWChKDDvLZxRN8ZpUBjhJlSxg8U/9O5CTWOotD2xkTM9LL3lT8z+ulJroOciZkakDQ+aIo5dgkePo+HjAF1PDMEkIVs7diOiKKUGNDWtgSQSZiObG5eMsprJL2Rd1z6979Za1xUyRURifoFJ0jD12hBrpDTdRCFAn0gl7Rm/PsvDsfzue8teQUM8doAc7XL3nbmUw=</latexit><latexit sha1_base64="Qmwg4pNiuOeoGCvVkU7pScirt1c=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047KCfWATymR60w6dTIaZiRBCt36BW/0Cd+LW//AD/A+nbRa29cCFwzn3cu89oeRMG9f9dkpr6xubW+Xtys7u3v5B9fCorZNUUWjRhCeqGxINnAloGWY4dKUCEoccOuH4dup3nkBplogHk0kIYjIULGKUGCs9+iLt+4TLEelXa27dnQGvEq8gNVSg2a/++IOEpjEIQznRuue50gQ5UYZRDpOKn2qQhI7JEHqWChKDDvLZxRN8ZpUBjhJlSxg8U/9O5CTWOotD2xkTM9LL3lT8z+ulJroOciZkakDQ+aIo5dgkePo+HjAF1PDMEkIVs7diOiKKUGNDWtgSQSZiObG5eMsprJL2Rd1z6979Za1xUyRURifoFJ0jD12hBrpDTdRCFAn0gl7Rm/PsvDsfzue8teQUM8doAc7XL3nbmUw=</latexit>
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The dark or hidden sector indicate extensions of the SM 
that are below the electroweak scale.

Neutrinos and Dark sectors?

Dark sectors can account for neutrino masses, the baryon 
asymmetry, dark matter.

This would be a major departure from “traditional” BSM 
thinking and open a very exciting experimental landscape.

Neutrinos as a window to Dark sectors???

SM NR
Dark  
sector
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<latexit sha1_base64="ILjw8VVONs3eQ0x5TNdu/PNp3vM=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl002UL9gFtKJPpTTt0ZhJmJkII+QK3+gXuxK0f4wf4H07bLGzrgQuHc+7l3nuCmDNtXPfbKW1t7+zulfcrB4dHxyfV07OujhJFoUMjHql+QDRwJqFjmOHQjxUQEXDoBbPHud97BqVZJJ9MGoMvyESykFFirNRujqo1t+4ugDeJV5AaKtAaVX+G44gmAqShnGg98NzY+BlRhlEOeWWYaIgJnZEJDCyVRID2s8WhOb6yyhiHkbIlDV6ofycyIrRORWA7BTFTve7Nxf+8QWLCez9jMk4MSLpcFCYcmwjPv8ZjpoAanlpCqGL2VkynRBFqbDYrW0JIpYhzm4u3nsIm6d7UPbfutW9rjYcioTK6QJfoGnnoDjVQE7VQB1EE6AW9ojcnd96dD+dz2VpyiplztALn6xcw/pU6</latexit><latexit sha1_base64="ILjw8VVONs3eQ0x5TNdu/PNp3vM=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl002UL9gFtKJPpTTt0ZhJmJkII+QK3+gXuxK0f4wf4H07bLGzrgQuHc+7l3nuCmDNtXPfbKW1t7+zulfcrB4dHxyfV07OujhJFoUMjHql+QDRwJqFjmOHQjxUQEXDoBbPHud97BqVZJJ9MGoMvyESykFFirNRujqo1t+4ugDeJV5AaKtAaVX+G44gmAqShnGg98NzY+BlRhlEOeWWYaIgJnZEJDCyVRID2s8WhOb6yyhiHkbIlDV6ofycyIrRORWA7BTFTve7Nxf+8QWLCez9jMk4MSLpcFCYcmwjPv8ZjpoAanlpCqGL2VkynRBFqbDYrW0JIpYhzm4u3nsIm6d7UPbfutW9rjYcioTK6QJfoGnnoDjVQE7VQB1EE6AW9ojcnd96dD+dz2VpyiplztALn6xcw/pU6</latexit><latexit sha1_base64="ILjw8VVONs3eQ0x5TNdu/PNp3vM=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl002UL9gFtKJPpTTt0ZhJmJkII+QK3+gXuxK0f4wf4H07bLGzrgQuHc+7l3nuCmDNtXPfbKW1t7+zulfcrB4dHxyfV07OujhJFoUMjHql+QDRwJqFjmOHQjxUQEXDoBbPHud97BqVZJJ9MGoMvyESykFFirNRujqo1t+4ugDeJV5AaKtAaVX+G44gmAqShnGg98NzY+BlRhlEOeWWYaIgJnZEJDCyVRID2s8WhOb6yyhiHkbIlDV6ofycyIrRORWA7BTFTve7Nxf+8QWLCez9jMk4MSLpcFCYcmwjPv8ZjpoAanlpCqGL2VkynRBFqbDYrW0JIpYhzm4u3nsIm6d7UPbfutW9rjYcioTK6QJfoGnnoDjVQE7VQB1EE6AW9ojcnd96dD+dz2VpyiplztALn6xcw/pU6</latexit><latexit sha1_base64="ILjw8VVONs3eQ0x5TNdu/PNp3vM=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl002UL9gFtKJPpTTt0ZhJmJkII+QK3+gXuxK0f4wf4H07bLGzrgQuHc+7l3nuCmDNtXPfbKW1t7+zulfcrB4dHxyfV07OujhJFoUMjHql+QDRwJqFjmOHQjxUQEXDoBbPHud97BqVZJJ9MGoMvyESykFFirNRujqo1t+4ugDeJV5AaKtAaVX+G44gmAqShnGg98NzY+BlRhlEOeWWYaIgJnZEJDCyVRID2s8WhOb6yyhiHkbIlDV6ofycyIrRORWA7BTFTve7Nxf+8QWLCez9jMk4MSLpcFCYcmwjPv8ZjpoAanlpCqGL2VkynRBFqbDYrW0JIpYhzm4u3nsIm6d7UPbfutW9rjYcioTK6QJfoGnnoDjVQE7VQB1EE6AW9ojcnd96dD+dz2VpyiplztALn6xcw/pU6</latexit>

S
<latexit sha1_base64="M0sNcRdqtFJdHBikRm2nkngKohc=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047JF+4A2lMn0ph06MwkzEyGEfIFb/QJ34taP8QP8D6dtFrb1wIXDOfdy7z1BzJk2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHR4mi0KYRj1QvIBo4k9A2zHDoxQqICDh0g+n9zO8+g9Iskk8mjcEXZCxZyCgxVmo9Dqs1t+7OgdeJV5AaKtAcVn8Go4gmAqShnGjd99zY+BlRhlEOeWWQaIgJnZIx9C2VRID2s/mhOb6wygiHkbIlDZ6rfycyIrRORWA7BTETverNxP+8fmLCWz9jMk4MSLpYFCYcmwjPvsYjpoAanlpCqGL2VkwnRBFqbDZLW0JIpYhzm4u3msI66VzVPbfuta5rjbsioTI6Q+foEnnoBjXQA2qiNqII0At6RW9O7rw7H87norXkFDOnaAnO1y9Ce5VF</latexit><latexit sha1_base64="M0sNcRdqtFJdHBikRm2nkngKohc=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047JF+4A2lMn0ph06MwkzEyGEfIFb/QJ34taP8QP8D6dtFrb1wIXDOfdy7z1BzJk2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHR4mi0KYRj1QvIBo4k9A2zHDoxQqICDh0g+n9zO8+g9Iskk8mjcEXZCxZyCgxVmo9Dqs1t+7OgdeJV5AaKtAcVn8Go4gmAqShnGjd99zY+BlRhlEOeWWQaIgJnZIx9C2VRID2s/mhOb6wygiHkbIlDZ6rfycyIrRORWA7BTETverNxP+8fmLCWz9jMk4MSLpYFCYcmwjPvsYjpoAanlpCqGL2VkwnRBFqbDZLW0JIpYhzm4u3msI66VzVPbfuta5rjbsioTI6Q+foEnnoBjXQA2qiNqII0At6RW9O7rw7H87norXkFDOnaAnO1y9Ce5VF</latexit><latexit sha1_base64="M0sNcRdqtFJdHBikRm2nkngKohc=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047JF+4A2lMn0ph06MwkzEyGEfIFb/QJ34taP8QP8D6dtFrb1wIXDOfdy7z1BzJk2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHR4mi0KYRj1QvIBo4k9A2zHDoxQqICDh0g+n9zO8+g9Iskk8mjcEXZCxZyCgxVmo9Dqs1t+7OgdeJV5AaKtAcVn8Go4gmAqShnGjd99zY+BlRhlEOeWWQaIgJnZIx9C2VRID2s/mhOb6wygiHkbIlDZ6rfycyIrRORWA7BTETverNxP+8fmLCWz9jMk4MSLpYFCYcmwjPvsYjpoAanlpCqGL2VkwnRBFqbDZLW0JIpYhzm4u3msI66VzVPbfuta5rjbsioTI6Q+foEnnoBjXQA2qiNqII0At6RW9O7rw7H87norXkFDOnaAnO1y9Ce5VF</latexit><latexit sha1_base64="M0sNcRdqtFJdHBikRm2nkngKohc=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047JF+4A2lMn0ph06MwkzEyGEfIFb/QJ34taP8QP8D6dtFrb1wIXDOfdy7z1BzJk2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHR4mi0KYRj1QvIBo4k9A2zHDoxQqICDh0g+n9zO8+g9Iskk8mjcEXZCxZyCgxVmo9Dqs1t+7OgdeJV5AaKtAcVn8Go4gmAqShnGjd99zY+BlRhlEOeWWQaIgJnZIx9C2VRID2s/mhOb6wygiHkbIlDZ6rfycyIrRORWA7BTETverNxP+8fmLCWz9jMk4MSLpYFCYcmwjPvsYjpoAanlpCqGL2VkwnRBFqbDZLW0JIpYhzm4u3msI66VzVPbfuta5rjbsioTI6Q+foEnnoBjXQA2qiNqII0At6RW9O7rw7H87norXkFDOnaAnO1y9Ce5VF</latexit>

A0
<latexit sha1_base64="x2TAOKHZiiayEVLbbP4ajeP2xxw=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPoKeyKoMeoF49RzAOSJcxOepMhM7PLzKywLPELvOoXeBOv/osf4H84SfZgEgsaiqpuuruCmDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjhJFoUEjHql2QDRwJqFhmOHQjhUQEXBoBaPbid96AqVZJB9NGoMvyECykFFirPRwfdorV9yqOwVeJl5OKihHvVf+6fYjmgiQhnKidcdzY+NnRBlGOYxL3URDTOiIDKBjqSQCtJ9NLx3jE6v0cRgpW9Lgqfp3IiNC61QEtlMQM9SL3kT8z+skJrzyMybjxICks0VhwrGJ8ORt3GcKqOGpJYQqZm/FdEgUocaGM7clhFSKeGxz8RZTWCbN86rnVr37i0rtJk+oiI7QMTpDHrpENXSH6qiBKArRC3pFb86z8+58OJ+z1oKTzxyiOThfv4kWlWQ=</latexit><latexit sha1_base64="x2TAOKHZiiayEVLbbP4ajeP2xxw=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPoKeyKoMeoF49RzAOSJcxOepMhM7PLzKywLPELvOoXeBOv/osf4H84SfZgEgsaiqpuuruCmDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjhJFoUEjHql2QDRwJqFhmOHQjhUQEXBoBaPbid96AqVZJB9NGoMvyECykFFirPRwfdorV9yqOwVeJl5OKihHvVf+6fYjmgiQhnKidcdzY+NnRBlGOYxL3URDTOiIDKBjqSQCtJ9NLx3jE6v0cRgpW9Lgqfp3IiNC61QEtlMQM9SL3kT8z+skJrzyMybjxICks0VhwrGJ8ORt3GcKqOGpJYQqZm/FdEgUocaGM7clhFSKeGxz8RZTWCbN86rnVr37i0rtJk+oiI7QMTpDHrpENXSH6qiBKArRC3pFb86z8+58OJ+z1oKTzxyiOThfv4kWlWQ=</latexit><latexit sha1_base64="x2TAOKHZiiayEVLbbP4ajeP2xxw=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPoKeyKoMeoF49RzAOSJcxOepMhM7PLzKywLPELvOoXeBOv/osf4H84SfZgEgsaiqpuuruCmDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjhJFoUEjHql2QDRwJqFhmOHQjhUQEXBoBaPbid96AqVZJB9NGoMvyECykFFirPRwfdorV9yqOwVeJl5OKihHvVf+6fYjmgiQhnKidcdzY+NnRBlGOYxL3URDTOiIDKBjqSQCtJ9NLx3jE6v0cRgpW9Lgqfp3IiNC61QEtlMQM9SL3kT8z+skJrzyMybjxICks0VhwrGJ8ORt3GcKqOGpJYQqZm/FdEgUocaGM7clhFSKeGxz8RZTWCbN86rnVr37i0rtJk+oiI7QMTpDHrpENXSH6qiBKArRC3pFb86z8+58OJ+z1oKTzxyiOThfv4kWlWQ=</latexit><latexit sha1_base64="x2TAOKHZiiayEVLbbP4ajeP2xxw=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPoKeyKoMeoF49RzAOSJcxOepMhM7PLzKywLPELvOoXeBOv/osf4H84SfZgEgsaiqpuuruCmDNtXPfbKaysrq1vFDdLW9s7u3vl/YOmjhJFoUEjHql2QDRwJqFhmOHQjhUQEXBoBaPbid96AqVZJB9NGoMvyECykFFirPRwfdorV9yqOwVeJl5OKihHvVf+6fYjmgiQhnKidcdzY+NnRBlGOYxL3URDTOiIDKBjqSQCtJ9NLx3jE6v0cRgpW9Lgqfp3IiNC61QEtlMQM9SL3kT8z+skJrzyMybjxICks0VhwrGJ8ORt3GcKqOGpJYQqZm/FdEgUocaGM7clhFSKeGxz8RZTWCbN86rnVr37i0rtJk+oiI7QMTpDHrpENXSH6qiBKArRC3pFb86z8+58OJ+z1oKTzxyiOThfv4kWlWQ=</latexit>

a
<latexit sha1_base64="Pjb5n2pdVbvJ8LfRYEtHl8ITdiA=">AAAB+3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWbC20oWy2k3bpZhN2N0II/QVe9Rd4E6/+GH+A/8Ntm4NtfTDweG+GmXlBIrg2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHx6li2GaxiFU3oBoFl9g23AjsJgppFAh8Cib3M//pGZXmsXw0WYJ+REeSh5xRY6UWHVRrbt2dg6wTryA1KNAcVH/6w5ilEUrDBNW657mJ8XOqDGcCp5V+qjGhbEJH2LNU0gi1n88PnZILqwxJGCtb0pC5+ncip5HWWRTYzoiasV71ZuJ/Xi814a2fc5mkBiVbLApTQUxMZl+TIVfIjMgsoUxxeythY6ooMzabpS0hZjJKpjYXbzWFddK5qntu3Wtd1xp3RUJlOINzuAQPbqABD9CENjBAeIFXeHOmzrvz4XwuWktOMXMKS3C+fgFYvZVT</latexit><latexit sha1_base64="Pjb5n2pdVbvJ8LfRYEtHl8ITdiA=">AAAB+3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWbC20oWy2k3bpZhN2N0II/QVe9Rd4E6/+GH+A/8Ntm4NtfTDweG+GmXlBIrg2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHx6li2GaxiFU3oBoFl9g23AjsJgppFAh8Cib3M//pGZXmsXw0WYJ+REeSh5xRY6UWHVRrbt2dg6wTryA1KNAcVH/6w5ilEUrDBNW657mJ8XOqDGcCp5V+qjGhbEJH2LNU0gi1n88PnZILqwxJGCtb0pC5+ncip5HWWRTYzoiasV71ZuJ/Xi814a2fc5mkBiVbLApTQUxMZl+TIVfIjMgsoUxxeythY6ooMzabpS0hZjJKpjYXbzWFddK5qntu3Wtd1xp3RUJlOINzuAQPbqABD9CENjBAeIFXeHOmzrvz4XwuWktOMXMKS3C+fgFYvZVT</latexit><latexit sha1_base64="Pjb5n2pdVbvJ8LfRYEtHl8ITdiA=">AAAB+3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWbC20oWy2k3bpZhN2N0II/QVe9Rd4E6/+GH+A/8Ntm4NtfTDweG+GmXlBIrg2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHx6li2GaxiFU3oBoFl9g23AjsJgppFAh8Cib3M//pGZXmsXw0WYJ+REeSh5xRY6UWHVRrbt2dg6wTryA1KNAcVH/6w5ilEUrDBNW657mJ8XOqDGcCp5V+qjGhbEJH2LNU0gi1n88PnZILqwxJGCtb0pC5+ncip5HWWRTYzoiasV71ZuJ/Xi814a2fc5mkBiVbLApTQUxMZl+TIVfIjMgsoUxxeythY6ooMzabpS0hZjJKpjYXbzWFddK5qntu3Wtd1xp3RUJlOINzuAQPbqABD9CENjBAeIFXeHOmzrvz4XwuWktOMXMKS3C+fgFYvZVT</latexit><latexit sha1_base64="Pjb5n2pdVbvJ8LfRYEtHl8ITdiA=">AAAB+3icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWbC20oWy2k3bpZhN2N0II/QVe9Rd4E6/+GH+A/8Ntm4NtfTDweG+GmXlBIrg2rvvtlDY2t7Z3yruVvf2Dw6Pq8UlHx6li2GaxiFU3oBoFl9g23AjsJgppFAh8Cib3M//pGZXmsXw0WYJ+REeSh5xRY6UWHVRrbt2dg6wTryA1KNAcVH/6w5ilEUrDBNW657mJ8XOqDGcCp5V+qjGhbEJH2LNU0gi1n88PnZILqwxJGCtb0pC5+ncip5HWWRTYzoiasV71ZuJ/Xi814a2fc5mkBiVbLApTQUxMZl+TIVfIjMgsoUxxeythY6ooMzabpS0hZjJKpjYXbzWFddK5qntu3Wtd1xp3RUJlOINzuAQPbqABD9CENjBAeIFXeHOmzrvz4XwuWktOMXMKS3C+fgFYvZVT</latexit>

DM
<latexit sha1_base64="4rTiUJnEoq0N4WRylYLB8Y9uQa4=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHrwIUcwDkiXMTnqTITOzy8yssCzxC7zqF3gTr/6LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRaFBIx6pdkA0cCahYZjh0I4VEBFwaAWj64nfegKlWSQfTRqDL8hAspBRYqz0cHPXK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTS8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa89DMm48SApLNFYcKxifDkbdxnCqjhqSWEKmZvxXRIFKHGhjO3JYRUinhsc/EWU1gmzbOq51a9+/NK7SpPqIiO0DE6RR66QDV0i+qogSgK0Qt6RW/Os/PufDifs9aCk88cojk4X7/KSJWN</latexit><latexit sha1_base64="4rTiUJnEoq0N4WRylYLB8Y9uQa4=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHrwIUcwDkiXMTnqTITOzy8yssCzxC7zqF3gTr/6LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRaFBIx6pdkA0cCahYZjh0I4VEBFwaAWj64nfegKlWSQfTRqDL8hAspBRYqz0cHPXK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTS8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa89DMm48SApLNFYcKxifDkbdxnCqjhqSWEKmZvxXRIFKHGhjO3JYRUinhsc/EWU1gmzbOq51a9+/NK7SpPqIiO0DE6RR66QDV0i+qogSgK0Qt6RW/Os/PufDifs9aCk88cojk4X7/KSJWN</latexit><latexit sha1_base64="4rTiUJnEoq0N4WRylYLB8Y9uQa4=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHrwIUcwDkiXMTnqTITOzy8yssCzxC7zqF3gTr/6LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRaFBIx6pdkA0cCahYZjh0I4VEBFwaAWj64nfegKlWSQfTRqDL8hAspBRYqz0cHPXK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTS8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa89DMm48SApLNFYcKxifDkbdxnCqjhqSWEKmZvxXRIFKHGhjO3JYRUinhsc/EWU1gmzbOq51a9+/NK7SpPqIiO0DE6RR66QDV0i+qogSgK0Qt6RW/Os/PufDifs9aCk88cojk4X7/KSJWN</latexit><latexit sha1_base64="4rTiUJnEoq0N4WRylYLB8Y9uQa4=">AAAB/HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHrwIUcwDkiXMTnqTITOzy8yssCzxC7zqF3gTr/6LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRaFBIx6pdkA0cCahYZjh0I4VEBFwaAWj64nfegKlWSQfTRqDL8hAspBRYqz0cHPXK1fcqjsFXiZeTiooR71X/un2I5oIkIZyonXHc2PjZ0QZRjmMS91EQ0zoiAygY6kkArSfTS8d4xOr9HEYKVvS4Kn6dyIjQutUBLZTEDPUi95E/M/rJCa89DMm48SApLNFYcKxifDkbdxnCqjhqSWEKmZvxXRIFKHGhjO3JYRUinhsc/EWU1gmzbOq51a9+/NK7SpPqIiO0DE6RR66QDV0i+qogSgK0Qt6RW/Os/PufDifs9aCk88cojk4X7/KSJWN</latexit>

ND
<latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit><latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit><latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit><latexit sha1_base64="X81YkLi9jADiXVbVpavwBRp6imU=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegHjxJRPOAZAmzk9lkyMzsMjMrLEvwC7zqF3gTr36LH+B/OEn2YBILGoqqbrq7gpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo4SRWiDRDxS7QBrypmkDcMMp+1YUSwCTlvB6Hrit56o0iySjyaNqS/wQLKQEWys9HDXu+mVK27VnQItEy8nFchR75V/uv2IJIJKQzjWuuO5sfEzrAwjnI5L3UTTGJMRHtCOpRILqv1seuoYnVilj8JI2ZIGTdW/ExkWWqcisJ0Cm6Fe9Cbif14nMeGlnzEZJ4ZKMlsUJhyZCE3+Rn2mKDE8tQQTxeytiAyxwsTYdOa2hDSVIh7bXLzFFJZJ86zquVXv/rxSu8oTKsIRHMMpeHABNbiFOjSAwABe4BXenGfn3flwPmetBSefOYQ5OF+/iKeV9w==</latexit>



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

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. 

Surprises in store? MiniBooNE LEE remains a puzzle. New 
MicroBooNE results point away from sterile neutrinos. 
Neutrino4 and BEST anomalies?

Are neutrinos pointing towards a new understanding of 
particles:  dark sector?
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Conclusions


