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Neutrino oscillate and this implies neutrino 
masses and leptonic mixing.
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m Outer detector ~  1,900  20cm PMTs
Inner detector ~11,100 50cm PMTs

1,000m under the ground
50,000 tons  Ring imaging Water Cherenkov detector

Super-Kamiokande detector

SK-I started in Apr. 1st, 1996.
SK-IV finished on May 31st, 2018.
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SK-I SK-III SK-IV
1996

SK-II
Photo coverage 40% 20% 40% 40%

2002 2006 2008

Accident Full reconstruction Replace electronics & DAQ system

2018

Preparation
for SK-Gd

Super-Kamiokande Nobel Prize in 
Physics 2015

T. Kajita
A. McDonald

Neutrino oscillations

JUNO INO
Will measure the rate 
at which antineutrinos 
of different energies 
created at the 
Yangjiang and Taishan 
nuclear power plants 
(53 kilometres apart) 
switch flavour to 
calculate the 
differences between 
mass states. 

DUNE Hyper-Kamiokande
Will send neutrinos of 
different energies from 
Fermilab to the 
Sanford Underground 
Research Facility in 
South Dakota. 
Physicists will record 
differences in the way 
neutrinos and 
antineutrinos oscillate 
and how this depends 
on their energy. 

Neutrinos and 
antineutrinos will travel 
from the Japan Proton 
Accelerator Research 
Complex (J-Parc) in 
Tokaimura. Particles 
will be of a single 
energy, selected to 
maximize the detection 
of flavour switching 
over the distance from 
J-Parc.

A neutrino (ν), or its antimatter 
counterpart the antineutrino, is 
always produced alongside an 
electron (e) or one of the electron’s 
heavier cousins, the muon (μ) or tau 
(τ) particle — and the presence of 
this partner particle gives the 
neutrino a ‘flavour’.

Unlike electrons, muons and tau 
particles, neutrinos do not have 
definite masses. Instead, every 
neutrino is a mixture — or quantum 
superposition — of three ‘mass 
states’, and those states mix in 
different proportions to make different 
flavours.

Neutrinos are everywhere, 
generated by a variety of 
processes.

Fusion of hydrogen nuclei 
to form helium in the Sun.
 

Supernovae and collisions 
between cosmic rays and 
air particles in Earth’s 
atmosphere.

Particle accelerators 
smashing protons 
into a target and 
fission from the 
radioactive decay of 
elements inside 
nuclear reactors.

A major puzzle is why the Universe is 
filled with matter, rather than antimatter. 
Differences in how neutrinos and 
antineutrinos oscillate between flavours 
as they travel could provide a clue.

Some theories propose a fourth, sterile, neutrino. 
If it exists, it would interact with matter even more 
weakly than the other flavours, and could account 
for the as-yet-undetected dark matter that is 
thought to make up 85% of all the matter in the 
Universe. If neutrinos mysteriously ‘disappear’ at 
a detector, that could be a sign that they have 
switched into sterile neutrinos.

ν
Although physicists know that neutrinos exist in 
three different mass states, which state is the 
lightest and which is the heaviest remains a 
mystery. Knowing that would help scientists to 
decide between rival theories about how the four 
forces of nature unite as a single force at high 
energies, similar to those experienced in the 
moments after the Big Bang.

Physicists know the differences 
between the first and second and 
the first and third mass states. 
They also know that that the 
second mass state is bigger than 
the first. That leaves just two 
possibilities for the hierarchy:

20,000 tonnes of 
‘liquid scintillator’  
lights up when 
neutrinos hit

50,000 tonnes of 
magnetic iron 
plates distinguish 
neutrino from 
antineutrino strikes 

40,000 tonnes of liquid 
argon produces 
electrons and light when 
neutrinos hit

295 km1,300 km

1 megatonne of 
water shows cones 
of light where 
neutrinos hit

Status: Construction begun
Cost: $330 million
Sits under 700 metres of rock.

Status: Funding approved
Cost: $233 million
Will be largest experimental 
basic-science facility in India.

Jiangmen Underground Neutrino 
Observatory (JUNO), China

Status: Planned
Cost: About $800 million
Will be the world’s largest neutrino 
detector — it is 25 times bigger than 
its predecessor, Super-Kamiokande.

Status: Planned
Cost: US$1 billion
Will make highest-energy 
neutrinos of any experiment.

Deep Underground Neutrino 
Experiment  (DUNE), United States

Hyper-Kamiokande, Japan

India-based Neutrino 
Observatory (INO), India

AN UNCONVENTIONAL PARTICLE

NEUTRINO
FACTORIES

WHERE THEY
WILL BE DETECTED

BIG QUESTIONS
What is the mass hierarchy? Why is there so little antimatter? Is there a ‘sterile’ neutrino?

ν

νeνe

As a neutrino travels, each state contributes to 
its mass at a varying rate, causing the neutrino 
to change flavour over time. The frequency of 
the changes depends on the differences 
between the mass states, the neutrino’s 
energy and parameters that govern how the 
states are allowed to mix.

νμνe ντ

Mass states Time

2020 2025

Flavours

? ?NORMAL

1

2

3

3 1 2

31 2

νμ ντ

Will detect neutrinos 
and antineutrinos 
produced by cosmic 
rays from the other side 
of Earth. If the journey 
boosts neutrino 
switching, this implies a 
normal mass hierarchy; 
if antineutrino switching 
speeds up, the inverted 
hierarchy is likely.

Sun

Supernovae

Nuclear fission

INVERTED

A s researchers at CERN, Europe’s particle-physics laboratory 
near Geneva, dream of super-high-energy colliders to explore 
the Higgs boson, their counterparts in other parts of the world 
are pivoting towards a different subatomic entity: the neutrino.  

Neutrinos are more abundant than any particle other than 
photons, yet they interact so weakly with other matter that every 
second, more than 100 billion stream — mainly unnoticed — 
through every square centimetre of Earth. Once thought to be 
massless, they in fact have a minuscule mass and can change type as 
they travel, a bizarre and entirely unexpected feature that physicists 
do not fully understand (see ‘An unconventional particle’). Indeed, 
surprisingly little is known about the neutrino. “These are the most 
ubiquitous matter particles in the Universe that we know of, and 
probably the most mysterious,” says Nigel Lockyer, director of the 

Fermi National Accelerator Laboratory (Fermilab) in Batavia, Illinois.
Four unprecedented experiments look poised to change this. 

Two — one in China and one in India — already have the go-ahead, 
and plans to erect detectors in Japan and the United States are in 
the works (see ‘Where they will be detected’). Buried underground 
to prevent interference from other particles, all four are designed to 
detect many more neutrinos, and to probe the switching process in 
more detail, than any existing experiment.

The results are expected to feed into some of the most 
fundamental questions in cosmology (see ‘Flurry of experiments’). 
Some of the experiments will make their own neutrinos; all will use 
any they can capture from the Sun or from supernova explosions. 
“The age of the neutrino,” Lockyer says, “could go on for a very 
long time.”

Age of the

NEUTRINO

The detectors in China (JUNO) 
and India (INO) are designed 
to untangle the relationship 
between the three mass states, 
with implications for the origins 
of the forces of nature. By 
contrast, DUNE in the United 
States and Hyper-Kamiokande 
in Japan aim to spot differences 
in how neutrinos and 
antineutrinos oscillate between 
flavours. That could solve a 
second cosmological puzzle: 
why the Universe is made up of 
matter rather than antimatter. 
All four detectors will also hunt 
for a hypothesized ‘sterile’ 
neutrino.

Flurry of  
experiments
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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 (?)

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
MIN

+ �m2
21, m3 =

q
m2

MIN
+ �m2

31, for NO; (63)

m3 = mMIN , m1 =
q

m2
MIN

+ |�m2
32| � �m2

21, m2 =
q

m2
MIN

+ |�m2
32|, for IO. (64)

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

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

⇠=
p

�m2
21 and m3

⇠=
p

�m2
31.

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

⇠=
p

|�m2
32| and m3 ⌘ mMIN .

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

|�m2
31|) the three mass

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

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

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

A implies at least 3 massive neutrinos. 

m1 = mmin m3 = mmin

m2 =
�

m2
min + �m2

sol m1 =
�

m2
min+�m2

A��m2
sol

m3 =
�

m2
min + �m2

A m2 =
�

m2
min + �m2

A

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

mmin

4

Fractional flavour content of massive neutrinos

|Uei|2

|Uµi|2

|U⌧i|2
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Neutrino masses



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?
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T2K
NOvA

2020 2025 2030 2035

Other 
osc. 

LBL osc.

SBL osc.

UHE

Direct 
mass

DBD0n
u

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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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



L = �y⌫L̄ · H̃⌫R + h.c.

If we introduce a right-handed neutrino, then an 
interaction with the Higgs boson is allowed. We need to 
impose L as a fundamental symmetry (BSM).

Dirac Masses

9

This conserves 
lepton number! 

mD = y⌫v = V mdiagU
† y⌫ ⇠

p
2m⌫

vH
⇠ 0.2 eV

200 GeV
⇠ 10�12

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

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

Neutrino masses Beyond SM



�L = �
L ·HL ·H

M
=

�v2H
M

⌫TLC
†⌫L

Majorana Masses

Only D=5 
term allowed 
for the SM

10

In order to have an SU(2) invariant 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.

Weinberg operator, PRL 43

H

H
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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

 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. 
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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

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

See-saw type I
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H

H

H

H

H
H

Fermion
singlet

Scalar
triplet

Fermion
triplet

See-saw Type I See-saw Type II See-saw Type III

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

Magg, Wetterich, Lazarides,
Shafi. Mohapatra, Senjanovic,
Schecter, Valle…

Ma, Roy, Senjanovic, 
Hambye…
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H

H A Majorana mass can arise 
as the low energy realisation 
of a higher energy theory 
(new mass scale!).



L = · · ·+ ¯̀
LU`4�µ⌫4,LW

µ +NC+ h.c.

Most of the LNV models include new singlet 
fermions (sterile neutrinos) which generically 
mix with the light neutrinos:

17

0

BB@

⌫e
⌫µ
⌫⌧
⌫s

1

CCA = U4⇥4

0

BB@

⌫1
⌫2
⌫3
⌫4

1

CCA

Flavour state Massive state
Nearly-sterile neutrino, 
commonly called sterile 
neutrino



Adding sterile neutrinos to the Standard 
Model is a minimal extension BSM. 

- Theory remains anomaly free.

- Can give origin to neutrino masses and explain their 
smallness (at least in some cases).

- GUT theories embedding L-R symmetries, e.g. SU(4), 
SO(10),... predict their existence.

- There is no unique motivation for choosing one mass 
scale instead of another (except for a naturalness 
principle: setting their mass to zero restores the 
lepton number symmetry).

18
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What are TeV models? 
and how to test them? 

See talks at ECFA WG1 SRCH Meeting on HNLs at 
HET colliders, 17 Feb 2023.



20

m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

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

�
0 mD

mT
D MN

⇥

See-saw type I models can be embedded in GUT and 
explain the baryon asymmetry via leptogenesis.
HNL masses can go from eV to GUT scale.

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

2

Symmetry magazine

Particle 
zoo

Vanilla see-saw type I models



Pros: 
- they explain “naturally” the smallness of masses
- they can be embedded in GUT theories!
- leptogenesis
- they can have many phenomenological signatures
Cons: 
- if M very heavy the new particles cannot be tested 
directly or the mixing with the new states is tiny
- many more parameters than measurable

21

Naive expectation for the HNL-neutrino mixing (that 
enters in the SM CC and controls production and decay 
of HNL):

sin2 ✓ ⇠ m⌫

MN
⇠ 0.1 eV

1 TeV
⇠ 10�13

<latexit sha1_base64="D/PLKt6TH77/7GlIvR0Rj1ZUZQI="></latexit><latexit sha1_base64="D/PLKt6TH77/7GlIvR0Rj1ZUZQI="></latexit><latexit sha1_base64="D/PLKt6TH77/7GlIvR0Rj1ZUZQI="></latexit><latexit sha1_base64="D/PLKt6TH77/7GlIvR0Rj1ZUZQI="></latexit>

Tiny values
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See-saw type I at colliders

 Ns are produced and decay via mixing with neutrinos.

HNL at lepton colliders

Let us assume that HNL couple only to the SM gauge bosons and Higgs:
L = LSM + LN + LW≠N≠¸ + LZ≠N≠‹ + LH≠N≠‹

LW≠N≠¸ LZ≠N≠‹ LH≠N≠‹

At lepton colliders, single production with subsequent decay into qql
could be eÖciently probed, as it allows for direct reconstruction of N.

Krzysztof MÍka≥a (FUW/DESY) Single HNL production at lepton colliders 17.02.2023 2 / 14Results for the Muon Collider

310 410 [GeV]Nm

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 / 14K. Mekala’s talk

Results for e+e≠ colliders

The cross section limits can be translated into limits on the V 2lN parameter.

210 310  [GeV]Nm

7−10

6−10

5−10

4−10

3−10

2−10

1−102 lN
lim

. V CMS 13 TeV

HL-LHC

HE-LHC

FCC-hh

ILC 1 TeV

CLIC 3 TeV
ILC 500 GeV

ILC 250 GeV

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 6 / 14
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The decay rate scales as (for mN<MW)

and the decay length can be >>cm.

M. Drewes’ talk

� ⇠ g4U2 m
5
N

m4
W

<latexit sha1_base64="+nXL66N4jsITHEGW+MqBezU9lho="></latexit><latexit sha1_base64="+nXL66N4jsITHEGW+MqBezU9lho="></latexit><latexit sha1_base64="+nXL66N4jsITHEGW+MqBezU9lho="></latexit><latexit sha1_base64="+nXL66N4jsITHEGW+MqBezU9lho="></latexit>

DV Vertex Searches during Z-pole Run

proposed in Blondel et al 1411.5230

Plot and estimates from MaD 2210.17110

for Majorana (Dirac) HNL

(note that “Dirac” vs “Majorana” dichotomy is insufficient to describe realistic HNLs, see talk by Jan Hajer) 

Displaced vertices
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The decay rate scales as (for mN<MW)

and the decay length can be >>cm.

M. Drewes’ talk

� ⇠ g4U2 m
5
N

m4
W

<latexit sha1_base64="+nXL66N4jsITHEGW+MqBezU9lho="></latexit><latexit sha1_base64="+nXL66N4jsITHEGW+MqBezU9lho="></latexit><latexit sha1_base64="+nXL66N4jsITHEGW+MqBezU9lho="></latexit><latexit sha1_base64="+nXL66N4jsITHEGW+MqBezU9lho="></latexit>HNL Search Summary 

Alimena et al 2203.08039 Alimena et al 2203.08039Alimena et al 2203.08039

Displaced vertices



Small neutrino masses can arise from the quasi-
preservation of a symmetry (L number). Introduce two Ns: 
N1, N2.
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There is a preserved U(1)_L (L=1, N1=1, N2=-1) and 
neutrino masses are zero.

Symmetry-protected See-saw (inverse s-s etc)
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The L-breaking terms can be taken to be small as they are 
technically natural:
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cussed in Ref. [30] (see also [31]) and on new neutrino
scattering signatures at neutrino experiments [32]. We
also reconsider the possibility to explain the discrepancy
between the prediction and measurement of the anoma-
lous magnetic moment of the muon (∆aµ) [33] via kinetic
mixing [34].
An interesting feature of the model is the generation

of neutrino masses at loop-level. This requires only two
key features of our setup, namely a light Z ′ and neutrino
mixing, but not the vector and scalar portals. For this
reason, we discuss it elsewhere [35].
In its minimal form, the model is not anomaly-free.

We discuss how this can be cured and propose a minor
extension that introduces additional dark sector neutral
fermions charged under the new symmetry [1]. Neutri-
nos, we argue, may be a window into such dark sectors,
bridging the puzzles of neutrino masses and DM [36–46].
We briefly outline the key features of a DM extension
and leave a more detailed analysis to future work.

THE MODEL

We extend the SM gauge group with a new abelian
gauge symmetry U(1)′ with associated mediator Xµ and
introduce three new singlets of the SM gauge group: a
complex scalar Φ, and two left-handed fermions νD,L ≡
νD and NL ≡ N . The scalar Φ and the fermion νD are
equally charged under the new symmetry, and N is neu-
tral with respect to all gauge symmetries of the model.
For simplicity, we restrict our discussion to a single gen-
eration of hidden fermions. The relevant terms in the
gauge-invariant Lagrangian are

L ⊃ (DµΦ)† (DµΦ)− V (Φ, H)

−
1

4
XµνXµν +Ni/∂N + νDi /DνD

−
[
yαν (Lα · H̃)N c +

µ′

2
NN c + yNNνcDΦ + h.c.

]
,

(1)

where Xµν is the field strength tensor for Xµ, Dµ ≡
(∂µ − ig′Xµ) the covariant derivative, Lα ≡ (νTα , ℓ

T
α)

T

the SM leptonic doublet of flavour α = e, µ, τ and
H̃ ≡ iσ2H∗ is the charge conjugate of the SM Higgs
doublet. We write yαν for the Lα–N Yukawa coupling,
yN for the νD–N one, and µ′ for the Majorana mass of
N , which is allowed by the SM and the new gauge inter-
action, although it breaks lepton number by 2 units.
The minimisation of the scalar potential V (Φ, H) leads

the neutral component of the fields H and Φ to acquire
vevs vH and vϕ, respectively. The latter also generates
a mass for both the new gauge boson Xµ and the real
component of the scalar field ϕ. Although vϕ is arbitrary,
we choose it to be below the electroweak scale, vϕ < vH ,
as we are interested in building a model testable at low
scales.

The interactions of the dark neutrino with the SM arise
due to the so-called portal couplings, shown in Fig. 1. We
discuss these in detail now.
Neutrino portal In the neutral fermion sector and af-

ter symmetry breaking, two Dirac mass terms are in-
duced with mD ≡ yαν vH/

√
2 and Λ ≡ yNvϕ/

√
2. It is

useful to consider the form of the neutrino mass matrix
in the single generation case to clarify its main features.
For one active neutrino να (α = e, µ, τ), it reads

Lmass ⊃
1

2

(
να N νD

)
⎛

⎝
0 mD 0

mD µ′ Λ
0 Λ 0

⎞

⎠

⎛

⎝
νcα
N c

νcD

⎞

⎠+ h.c.

(2)

The form of this matrix appears in Inverse Seesaw
(ISS) [47] and in Extended Seesaw (ESS) [48] models.
In fact, it is the same matrix discussed in the so-called
Minimal ISS [49], with the difference that in our case its
structure is a consequence of the hidden symmetry. After
diagonalisation of the mass matrix, the two heavy neu-
trinos, νh with h = 4, 5, acquire masses. Assuming that
mD ≪ Λ, we focus on two interesting limiting cases.
In the ISS-like limit, where Λ ≫ µ′ and the two heavy

neutrinos are nearly degenerate, we have

m5 ≃ −m4 ≃ Λ , m5 − |m4| = µ′ , Uα5 ≃ Uα4 ≃
mD√
2Λ

,

UD5 ≃ UD4 ≃
1√
2
, UN5 ≃UN4 ≃

1√
2
.

In the ESS-like case, Λ ≪ µ′, one neutral lepton re-
mains very heavy and mainly in the completely neutral
direction N , and the other acquires a small mass via the
seesaw mechanism in the hidden sector. We find

m4 ≃ −
Λ2

µ′
, m5 ≃ µ′ , Uα4 ≃ Uα5

√
m5

|m4|
≃

mD

Λ
,

UDi ≃
mD

Λ
UN5 ≃ UD4 ≃ 1 , UD5 ≃ UN4 ≃

Λ

µ′
.

From the discussion above, it is clear that the masses of
Z ′ and ϕ′ are typically above the heavy neutrino ones,
unless we are in the ESS-like regime.
The Yukawa terms in Eq. (1) induce neutrino mix-

ing between the active (light) and heavy (sterile, dark)
neutrinos. In this model, similarly to the ISS and the
ESS cases, this mixing can be much larger than the typi-
cal values required in type-I seesaw extensions to explain
neutrino masses, making its phenomenology more inter-
esting. The determinant of the mass matrix in Eq. (2) is
zero, and so light neutrino masses vanish at tree-level and
do not constrain the values of the active-heavy mixing
angles. This, however, is no longer the case at one-loop
level, as light neutrino masses emerge through radiative
corrections from diagrams involving the ϕ′ and Z ′ de-
grees of freedom [35].
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trinos, νh with h = 4, 5, acquire masses. Assuming that
mD ≪ Λ, we focus on two interesting limiting cases.
In the ISS-like limit, where Λ ≫ µ′ and the two heavy

neutrinos are nearly degenerate, we have

m5 ≃ −m4 ≃ Λ , m5 − |m4| = µ′ , Uα5 ≃ Uα4 ≃
mD√
2Λ

,

UD5 ≃ UD4 ≃
1√
2
, UN5 ≃UN4 ≃

1√
2
.

In the ESS-like case, Λ ≪ µ′, one neutral lepton re-
mains very heavy and mainly in the completely neutral
direction N , and the other acquires a small mass via the
seesaw mechanism in the hidden sector. We find

m4 ≃ −
Λ2

µ′
, m5 ≃ µ′ , Uα4 ≃ Uα5

√
m5

|m4|
≃

mD

Λ
,

UDi ≃
mD

Λ
UN5 ≃ UD4 ≃ 1 , UD5 ≃ UN4 ≃

Λ

µ′
.

From the discussion above, it is clear that the masses of
Z ′ and ϕ′ are typically above the heavy neutrino ones,
unless we are in the ESS-like regime.
The Yukawa terms in Eq. (1) induce neutrino mix-

ing between the active (light) and heavy (sterile, dark)
neutrinos. In this model, similarly to the ISS and the
ESS cases, this mixing can be much larger than the typi-
cal values required in type-I seesaw extensions to explain
neutrino masses, making its phenomenology more inter-
esting. The determinant of the mass matrix in Eq. (2) is
zero, and so light neutrino masses vanish at tree-level and
do not constrain the values of the active-heavy mixing
angles. This, however, is no longer the case at one-loop
level, as light neutrino masses emerge through radiative
corrections from diagrams involving the ϕ′ and Z ′ de-
grees of freedom [35].

HNL see saw.
Large mixing with nus.

3

Radiative corrections

We now show that our model generically leads to the
generation of light neutrino masses at one loop. The
calculation of the radiative mass term follows Refs. [31,
32] with the addition of the loops with the new boson
and scalar particles shown in Fig. 1. The self-energy of
the Majorana neutrino fields is given by

⌃ij(/q) = /qP
L

⌃L

ij(/q)+/qP
R

⌃L*

ij (/q)+P
L

⌃M

ij (q2)+P
R

⌃M⇤
ij (q2).

Using the on-shell renormalization scheme, the renormal-
ized mass matrix for the light neutrinos, massless at tree
level, emerges at one-loop and is given by [32]

mone-loop

ij = Re
⇥
⌃M

ij (0)
⇤
, i, j < 4.

The self energy can be decomposed as

⌃M

ij (0) = ⌃Z
ij(0) + ⌃h

ij(0) + ⌃Gh
ij (0) +

⌃Z0

ij (0) + ⌃'0

ij (0) + ⌃
G'

ij (0), (3)

where ⌃Z,h,Gh come from the SM particles, Z0, the Higgs
and the associated Goldstone boson, respectively, and
⌃Z0,'0,G� are the new terms present in our model, medi-
ated by the new gauge boson and new scalar components.
From it, we write the 3 ⇥ 3 light neutrino mass matrix

mij =
1

4⇡2

5X

k=4

h
CikCjk

m3

k

m2

Z

F (m2

k, m2

Z , m2

h) +

DikDjk
m3

k

m2

Z0
F (m2

k, m2

Z0 , m2

'0)
i
, (4)

where we defined coupling matrices corresponding to
the SM and new physics interaction terms assuming
� = �

�H = 0:

Cik ⌘ g

4cW

⌧X

↵=e

U⇤
↵iU↵k and Dik ⌘ g0

2
U⇤

DiUDk. (5)

Equivalent expressions can be found for non-vanishing
portal couplings, but considering experimental con-
straints we find that these do not play a role in the neu-
trino mass generation. It is possible to show that in gen-
eral

P
k mkCikCjk = 0 and

P
k mkDikDjk = 0 for any

i, j. By virtue of the latter property, the loop function
can be written as

F (a, b, c) ⌘ 3 ln (a/b)

a/b � 1
+

ln (a/c)

a/c � 1
. (6)

Turning o↵ the g0 gauge coupling, we recover the expres-
sion for the Type-I seesaw case [31]:

mij =
↵W

16⇡

⌧X

↵,�=e

U⇤
↵iU

⇤
�jU↵5

U�5

m
5

m2

W

⇥

�
m2

5

F (m2

5

, m2

Z , m2

h) � m2

4

F (m2

4

, m2

Z , m2

h)
�
. (7)

These SM corrections to neutrino masses also arise in the
Minimal ISS model [25, 27]. In the latter, however, no
explanation is provided as to why they dominate neutrino
masses. Moreover, if we restrict the discussion to scales
well below the electroweak one, m

5

⌧ 10 GeV, bounds on
the mixing angles severely constrain the parameter space
viable to generate the observed values of the masses.

For a light Z 0, the second term in Eq. 4 dominates

mij ' g02

16⇡2

U⇤
DiU

⇤
Dj U2

D5

m
5

m2

Z0
⇥

�
m2

5

F (m2

5

, m2

Z0 , m2

'0) � m2

4

F (m2

4

, m2

Z0 , m2

'0)
�

.

(8)

We notice that the resulting mass matrix has only one
nonzero eigenvalue. This suggests that a typical predic-
tion of our model is a normal ordering mass spectrum, in
which m

3

is given by this radiative mechanism and m
2

has another origin, for example the loops mediated by
the SM gauge bosons or by additional particle content.
Our simplifying assumption of one generation of hidden
fermions is by no means necessary and more generations
of new fermions are possible, leading to a much richer
structure for the light neutrino mass matrix. The addi-
tional µ0 terms would not be constrained and could be at
di↵erent scales, while the ⇤ terms arise from the U(1)0

breaking and are therefore constrained to be at/below
v'. Therefore, the full model could present a combi-
nation of relatively light Majorana ⌫h, mainly in dark
direction, some very heavy nearly-neutral neutrinos and
pseudo-Dirac pairs at intermediate scales. A discussion
of this extension is beyond our scope, but we note that
it has interesting consequences for both the heavy and
light neutrino mass spectra and mixing structure.

Working in a single family case, we derive expres-
sions for Eq. 8 in the seesaw limit for both the ISS and
ESS-like scenarios. In the ISS-like regime and assuming
mZ0 , m'0 ⌧ ⇤, Eq. (8) simplifies to

m
3

' g02

8⇡2

m2

D

m2

Z0
µ0

 
3 ln

m2

Z0

⇤2

+ ln
m2

'0

⇤2

� 4

!
, (9)

while for mZ0 , m'0 � ⇤ it reduces to

m
3

' g02

16⇡2

m2

D

⇤2

µ0

 
3 +

m2

'0

m2

Z0

!
. (10)

As it can be expected, neutrino masses are controlled by
the LNV parameter µ0 and are enhanced with respect
to the SM contribution by a factor of (mZ/mZ0)2 in the
former, or (mZ/⇤)2 in the latter case.

For the ESS-like regime, taking mZ0 , m'0 ⌧ µ0, the
light neutrino mass is approximately

m
3

' g0 2

16⇡2

m2

D

⇤2 + m2

D

⇤2

m2

Z0
µ0

 
3 ln

m2

Z0

µ02 + ln
m2

'0

µ02

!
,

(11)

O(1)
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doDirac limit). In fact, in Ref. [24] it is shown how the constraints from neutrino oscillation

experiments leave those limits as the only allowed regions for n = n0 = 1 and M̃
1

= M̃
2

.

The region of the parameter space in between is ruled out and only the pseudoDirac and

seesaw limits survive. Reasonably extrapolating these results to the more general case with

M̃
1

6= M̃
2

studied here, leaves the seesaw limit (M̃i � m̃D) as the only relevant part of the

parameter space in the 0⌫�� decay context2. From now on, we will focus on the seesaw

limit. Notice, however, that this does not necessarily mean that M̃i have to be at the GUT

or the TeV scale and can be considerably lighter [25–27].

IV. LIGHT NEUTRINO MASSES AND 0⌫�� DECAY

For M̃i � m̃D, the light neutrino mass matrix is given at tree level by

mtree ' �mT
DM

�1mD ' v2

2(⇤2 � µ0µ)

�
µY T

1

Y
1

+ ✏2µ0Y T
2

Y
2

� ⇤✏(Y T
2

Y
1

+ Y T
1

Y
2

)
�
, (12)

where mD and M are the 2 ⇥ 3 Dirac and 2 ⇥ 2 Majorana sub-matrices respectively in

Eq. (8) for n = n0 = 1. Here, we have performed the standard “see-saw” mD/M expansion

keeping the leading order terms. We will discuss later if the higher order corrections can be

relevant. The contribution of the light mostly-active neutrinos to the 0⌫�� decay amplitude

is proportional to the “ee” element of this e↵ective mass matrix as

Alight /
3X

i=1

miU
2

eiM0⌫��(0) ⇡ �
�
mT

DM
�1mD

�
ee
M0⌫��(0) =

=
µY 2

1e + ✏Y
2e (✏µ0Y

2e � 2⇤Y
1e)

2(⇤2 � µ0µ)
v2M0⌫��(0) . (13)

Therefore, the light neutrino contribution is strictly cancelled as long as the parameters of

the model satisfy the following relation

µY 2

1e + ✏Y
2e (✏µ

0Y
2e � 2⇤Y

1e) = 0 . (14)

This condition is fulfilled for

✏ = µ = 0 . (15)

2 Of course, the Dirac limit will not be considered in this analysis where the 0⌫�� decay phenomenology is

studied.

9
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Larger mixing angles compared to the naive see-saw 
prediction are allowed and theoretically justified.

M. Drewes’ talk

HNL Search Summary 

Alimena et al 2203.08039 Alimena et al 2203.08039Alimena et al 2203.08039



L� / y�L
TC�1�i�iL+ h.c.

�i =

0

@
�++

�+

�0

1

A

m⌫ ⇠ y�v�

@Silvia Pascoli

HH

We introduce a Higgs triplet which 
couples to the Higgs and left handed 
neutrinos. It has hypercharge 2.

with

Once the Higgs triplet gets a vev, 
Majorana neutrino masses arise: 

See-saw type II

28

direct flavor relation with neutrino mass

involved phase space, limited experimental searches

ambiguous relation to neutrino mass

simpler searches, bounds more robust

LNV ubiquitous, possibly displacement

Type III seesaw

Type II seesaw

M. Nemevsek’s talk
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We introduce a fermionic triplet which has 
hypercharge 0.

m⌫ ' �yTTM
�1
T yT v

2
H

See-saw type III

29

Type III seesaw: trileptons and dileptons+jets ATLAS 2202.02039
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Type-III seesaw
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Limits at 95% CL
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M. Nemevsek’s talk
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Gauge models

Gauge extensions of the SM at the TeV scale are possible: 
- B-L: anomaly-free with Ns, typical remnant of GUT 

theories, 
- combinations of Le, Lmu, Ltau, e.g. Lmu-Ltau;
- secluded U(1);
- L-R models: possible remnant of Pati-Salam, SO(10) 

models, can naturally embed NR.

SO(10)

SU(4)PSxSU(2)LxSU(2)R

SU(3)CxSU(2)LxU(1)Y

SU(3)CxSU(2)LxSU(2)RxU(1)B-L

SU(5)
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jurina@post.kek.jpHeavy Neutral Lepton search potential of future HET factories 2023 6

Analysis tool and backgrounds

6f and 4f major background processes: 

ILC500

e+e-→eνqq

Signal process:

s-channel via Z’ t-channel via W 
(only eL)

(Destructive 
interference)

(Geant4)

+

UFO model files

e+e-→eeqq e+e-→tt

jurina@post.kek.jpHeavy Neutral Lepton search potential of future HET factories 2023 36

Current limits - Z’ mass

HL-LHC prospects limit for U(1)B-L model

minimal B-L model
MN1,2,3 = 50 GeV
MN1,2,3 = 100 GeV

Alternative B-L model
MN1,2 = 50 GeV
MN1,2 = 100 GeV

ILC250

SM like Z’ coupling

ATLAS-TDR-LHCC2017-2018 arXiV[1812.11931]

The heavier Z’ mass less constrained by LHC

J. Nakajima’s talk

HNL production is not suppressed by the mixing angle 
but can proceed via large couplings. Decays can still be 
due to SM+mixing.

B-L extension: it contains a heavy Z’ which couples 
with large couplings to HNLs.
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                       models have heavy R gauge bosons WR 
which can mediate the HNL production:

SU(2)L ⇥ SU(2)R
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Majorana meets Dirac

LY 3 LL

⇣
Y �+ Ỹ �̃

⌘
LR + YLL

T
LC�LLL + YRL

T
RC�RLR + h.c.
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MN, Tello, Senjanović ’12

No ambiguity

Dirac mass large with 
extreme fine-tuning Colliders, eEDM, 

0nu2b, X-rays,…

Oscillations,  
cosmology, KATRIN, 
CnuB, …

Colliders, wDM, 0nu2b

Tello, Senjanović ’16, ’18P :

<latexit sha1_base64="OSkrtky7RTylUU3oUd6GbEVq9nY="></latexit>

Collider probes

p

p

WR

eR

N

eR

WR

j
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cussed in Ref. [30] (see also [31]) and on new neutrino
scattering signatures at neutrino experiments [32]. We
also reconsider the possibility to explain the discrepancy
between the prediction and measurement of the anoma-
lous magnetic moment of the muon (∆aµ) [33] via kinetic
mixing [34].
An interesting feature of the model is the generation

of neutrino masses at loop-level. This requires only two
key features of our setup, namely a light Z ′ and neutrino
mixing, but not the vector and scalar portals. For this
reason, we discuss it elsewhere [35].
In its minimal form, the model is not anomaly-free.

We discuss how this can be cured and propose a minor
extension that introduces additional dark sector neutral
fermions charged under the new symmetry [1]. Neutri-
nos, we argue, may be a window into such dark sectors,
bridging the puzzles of neutrino masses and DM [36–46].
We briefly outline the key features of a DM extension
and leave a more detailed analysis to future work.

THE MODEL

We extend the SM gauge group with a new abelian
gauge symmetry U(1)′ with associated mediator Xµ and
introduce three new singlets of the SM gauge group: a
complex scalar Φ, and two left-handed fermions νD,L ≡
νD and NL ≡ N . The scalar Φ and the fermion νD are
equally charged under the new symmetry, and N is neu-
tral with respect to all gauge symmetries of the model.
For simplicity, we restrict our discussion to a single gen-
eration of hidden fermions. The relevant terms in the
gauge-invariant Lagrangian are

L ⊃ (DµΦ)† (DµΦ)− V (Φ, H)

−
1

4
XµνXµν +Ni/∂N + νDi /DνD

−
[
yαν (Lα · H̃)N c +

µ′

2
NN c + yNNνcDΦ + h.c.

]
,

(1)

where Xµν is the field strength tensor for Xµ, Dµ ≡
(∂µ − ig′Xµ) the covariant derivative, Lα ≡ (νTα , ℓ

T
α)

T

the SM leptonic doublet of flavour α = e, µ, τ and
H̃ ≡ iσ2H∗ is the charge conjugate of the SM Higgs
doublet. We write yαν for the Lα–N Yukawa coupling,
yN for the νD–N one, and µ′ for the Majorana mass of
N , which is allowed by the SM and the new gauge inter-
action, although it breaks lepton number by 2 units.
The minimisation of the scalar potential V (Φ, H) leads

the neutral component of the fields H and Φ to acquire
vevs vH and vϕ, respectively. The latter also generates
a mass for both the new gauge boson Xµ and the real
component of the scalar field ϕ. Although vϕ is arbitrary,
we choose it to be below the electroweak scale, vϕ < vH ,
as we are interested in building a model testable at low
scales.

The interactions of the dark neutrino with the SM arise
due to the so-called portal couplings, shown in Fig. 1. We
discuss these in detail now.
Neutrino portal In the neutral fermion sector and af-

ter symmetry breaking, two Dirac mass terms are in-
duced with mD ≡ yαν vH/

√
2 and Λ ≡ yNvϕ/

√
2. It is

useful to consider the form of the neutrino mass matrix
in the single generation case to clarify its main features.
For one active neutrino να (α = e, µ, τ), it reads

Lmass ⊃
1

2

(
να N νD

)
⎛

⎝
0 mD 0

mD µ′ Λ
0 Λ 0

⎞

⎠

⎛

⎝
νcα
N c

νcD

⎞

⎠+ h.c.

(2)

The form of this matrix appears in Inverse Seesaw
(ISS) [47] and in Extended Seesaw (ESS) [48] models.
In fact, it is the same matrix discussed in the so-called
Minimal ISS [49], with the difference that in our case its
structure is a consequence of the hidden symmetry. After
diagonalisation of the mass matrix, the two heavy neu-
trinos, νh with h = 4, 5, acquire masses. Assuming that
mD ≪ Λ, we focus on two interesting limiting cases.
In the ISS-like limit, where Λ ≫ µ′ and the two heavy

neutrinos are nearly degenerate, we have

m5 ≃ −m4 ≃ Λ , m5 − |m4| = µ′ , Uα5 ≃ Uα4 ≃
mD√
2Λ

,

UD5 ≃ UD4 ≃
1√
2
, UN5 ≃UN4 ≃

1√
2
.

In the ESS-like case, Λ ≪ µ′, one neutral lepton re-
mains very heavy and mainly in the completely neutral
direction N , and the other acquires a small mass via the
seesaw mechanism in the hidden sector. We find

m4 ≃ −
Λ2

µ′
, m5 ≃ µ′ , Uα4 ≃ Uα5

√
m5

|m4|
≃

mD

Λ
,

UDi ≃
mD

Λ
UN5 ≃ UD4 ≃ 1 , UD5 ≃ UN4 ≃

Λ

µ′
.

From the discussion above, it is clear that the masses of
Z ′ and ϕ′ are typically above the heavy neutrino ones,
unless we are in the ESS-like regime.
The Yukawa terms in Eq. (1) induce neutrino mix-

ing between the active (light) and heavy (sterile, dark)
neutrinos. In this model, similarly to the ISS and the
ESS cases, this mixing can be much larger than the typi-
cal values required in type-I seesaw extensions to explain
neutrino masses, making its phenomenology more inter-
esting. The determinant of the mass matrix in Eq. (2) is
zero, and so light neutrino masses vanish at tree-level and
do not constrain the values of the active-heavy mixing
angles. This, however, is no longer the case at one-loop
level, as light neutrino masses emerge through radiative
corrections from diagrams involving the ϕ′ and Z ′ de-
grees of freedom [35].

Ballett et al., 1903.07589

We consider a model in which we introduce a new U(1) 
gauge interaction under which the SM is neutral but new 
fermions are charged. In order to break the symmetry a 
new scalar is introduced.

Secluded U(1)
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scattering signatures at neutrino experiments [32]. We
also reconsider the possibility to explain the discrepancy
between the prediction and measurement of the anoma-
lous magnetic moment of the muon (∆aµ) [33] via kinetic
mixing [34].
An interesting feature of the model is the generation

of neutrino masses at loop-level. This requires only two
key features of our setup, namely a light Z ′ and neutrino
mixing, but not the vector and scalar portals. For this
reason, we discuss it elsewhere [35].
In its minimal form, the model is not anomaly-free.

We discuss how this can be cured and propose a minor
extension that introduces additional dark sector neutral
fermions charged under the new symmetry [1]. Neutri-
nos, we argue, may be a window into such dark sectors,
bridging the puzzles of neutrino masses and DM [36–46].
We briefly outline the key features of a DM extension
and leave a more detailed analysis to future work.

THE MODEL

We extend the SM gauge group with a new abelian
gauge symmetry U(1)′ with associated mediator Xµ and
introduce three new singlets of the SM gauge group: a
complex scalar Φ, and two left-handed fermions νD,L ≡
νD and NL ≡ N . The scalar Φ and the fermion νD are
equally charged under the new symmetry, and N is neu-
tral with respect to all gauge symmetries of the model.
For simplicity, we restrict our discussion to a single gen-
eration of hidden fermions. The relevant terms in the
gauge-invariant Lagrangian are

L ⊃ (DµΦ)† (DµΦ)− V (Φ, H)

−
1

4
XµνXµν +Ni/∂N + νDi /DνD

−
[
yαν (Lα · H̃)N c +

µ′

2
NN c + yNNνcDΦ + h.c.

]
,

(1)

where Xµν is the field strength tensor for Xµ, Dµ ≡
(∂µ − ig′Xµ) the covariant derivative, Lα ≡ (νTα , ℓ

T
α)

T

the SM leptonic doublet of flavour α = e, µ, τ and
H̃ ≡ iσ2H∗ is the charge conjugate of the SM Higgs
doublet. We write yαν for the Lα–N Yukawa coupling,
yN for the νD–N one, and µ′ for the Majorana mass of
N , which is allowed by the SM and the new gauge inter-
action, although it breaks lepton number by 2 units.
The minimisation of the scalar potential V (Φ, H) leads

the neutral component of the fields H and Φ to acquire
vevs vH and vϕ, respectively. The latter also generates
a mass for both the new gauge boson Xµ and the real
component of the scalar field ϕ. Although vϕ is arbitrary,
we choose it to be below the electroweak scale, vϕ < vH ,
as we are interested in building a model testable at low
scales.

The interactions of the dark neutrino with the SM arise
due to the so-called portal couplings, shown in Fig. 1. We
discuss these in detail now.
Neutrino portal In the neutral fermion sector and af-

ter symmetry breaking, two Dirac mass terms are in-
duced with mD ≡ yαν vH/

√
2 and Λ ≡ yNvϕ/

√
2. It is

useful to consider the form of the neutrino mass matrix
in the single generation case to clarify its main features.
For one active neutrino να (α = e, µ, τ), it reads

Lmass ⊃
1

2

(
να N νD

)
⎛

⎝
0 mD 0

mD µ′ Λ
0 Λ 0

⎞

⎠

⎛

⎝
νcα
N c

νcD

⎞

⎠+ h.c.

(2)

The form of this matrix appears in Inverse Seesaw
(ISS) [47] and in Extended Seesaw (ESS) [48] models.
In fact, it is the same matrix discussed in the so-called
Minimal ISS [49], with the difference that in our case its
structure is a consequence of the hidden symmetry. After
diagonalisation of the mass matrix, the two heavy neu-
trinos, νh with h = 4, 5, acquire masses. Assuming that
mD ≪ Λ, we focus on two interesting limiting cases.
In the ISS-like limit, where Λ ≫ µ′ and the two heavy

neutrinos are nearly degenerate, we have
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mD√
2Λ

,

UD5 ≃ UD4 ≃
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2
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1√
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.

In the ESS-like case, Λ ≪ µ′, one neutral lepton re-
mains very heavy and mainly in the completely neutral
direction N , and the other acquires a small mass via the
seesaw mechanism in the hidden sector. We find

m4 ≃ −
Λ2

µ′
, m5 ≃ µ′ , Uα4 ≃ Uα5

√
m5

|m4|
≃

mD

Λ
,

UDi ≃
mD

Λ
UN5 ≃ UD4 ≃ 1 , UD5 ≃ UN4 ≃

Λ

µ′
.

From the discussion above, it is clear that the masses of
Z ′ and ϕ′ are typically above the heavy neutrino ones,
unless we are in the ESS-like regime.
The Yukawa terms in Eq. (1) induce neutrino mix-

ing between the active (light) and heavy (sterile, dark)
neutrinos. In this model, similarly to the ISS and the
ESS cases, this mixing can be much larger than the typi-
cal values required in type-I seesaw extensions to explain
neutrino masses, making its phenomenology more inter-
esting. The determinant of the mass matrix in Eq. (2) is
zero, and so light neutrino masses vanish at tree-level and
do not constrain the values of the active-heavy mixing
angles. This, however, is no longer the case at one-loop
level, as light neutrino masses emerge through radiative
corrections from diagrams involving the ϕ′ and Z ′ de-
grees of freedom [35].
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cussed in Ref. [30] (see also [31]) and on new neutrino
scattering signatures at neutrino experiments [32]. We
also reconsider the possibility to explain the discrepancy
between the prediction and measurement of the anoma-
lous magnetic moment of the muon (∆aµ) [33] via kinetic
mixing [34].
An interesting feature of the model is the generation

of neutrino masses at loop-level. This requires only two
key features of our setup, namely a light Z ′ and neutrino
mixing, but not the vector and scalar portals. For this
reason, we discuss it elsewhere [35].
In its minimal form, the model is not anomaly-free.

We discuss how this can be cured and propose a minor
extension that introduces additional dark sector neutral
fermions charged under the new symmetry [1]. Neutri-
nos, we argue, may be a window into such dark sectors,
bridging the puzzles of neutrino masses and DM [36–46].
We briefly outline the key features of a DM extension
and leave a more detailed analysis to future work.

THE MODEL

We extend the SM gauge group with a new abelian
gauge symmetry U(1)′ with associated mediator Xµ and
introduce three new singlets of the SM gauge group: a
complex scalar Φ, and two left-handed fermions νD,L ≡
νD and NL ≡ N . The scalar Φ and the fermion νD are
equally charged under the new symmetry, and N is neu-
tral with respect to all gauge symmetries of the model.
For simplicity, we restrict our discussion to a single gen-
eration of hidden fermions. The relevant terms in the
gauge-invariant Lagrangian are

L ⊃ (DµΦ)† (DµΦ)− V (Φ, H)

−
1

4
XµνXµν +Ni/∂N + νDi /DνD

−
[
yαν (Lα · H̃)N c +

µ′

2
NN c + yNNνcDΦ + h.c.

]
,

(1)

where Xµν is the field strength tensor for Xµ, Dµ ≡
(∂µ − ig′Xµ) the covariant derivative, Lα ≡ (νTα , ℓ

T
α)

T

the SM leptonic doublet of flavour α = e, µ, τ and
H̃ ≡ iσ2H∗ is the charge conjugate of the SM Higgs
doublet. We write yαν for the Lα–N Yukawa coupling,
yN for the νD–N one, and µ′ for the Majorana mass of
N , which is allowed by the SM and the new gauge inter-
action, although it breaks lepton number by 2 units.
The minimisation of the scalar potential V (Φ, H) leads

the neutral component of the fields H and Φ to acquire
vevs vH and vϕ, respectively. The latter also generates
a mass for both the new gauge boson Xµ and the real
component of the scalar field ϕ. Although vϕ is arbitrary,
we choose it to be below the electroweak scale, vϕ < vH ,
as we are interested in building a model testable at low
scales.

The interactions of the dark neutrino with the SM arise
due to the so-called portal couplings, shown in Fig. 1. We
discuss these in detail now.
Neutrino portal In the neutral fermion sector and af-

ter symmetry breaking, two Dirac mass terms are in-
duced with mD ≡ yαν vH/

√
2 and Λ ≡ yNvϕ/

√
2. It is

useful to consider the form of the neutrino mass matrix
in the single generation case to clarify its main features.
For one active neutrino να (α = e, µ, τ), it reads

Lmass ⊃
1

2

(
να N νD

)
⎛

⎝
0 mD 0

mD µ′ Λ
0 Λ 0

⎞

⎠

⎛

⎝
νcα
N c

νcD

⎞

⎠+ h.c.

(2)

The form of this matrix appears in Inverse Seesaw
(ISS) [47] and in Extended Seesaw (ESS) [48] models.
In fact, it is the same matrix discussed in the so-called
Minimal ISS [49], with the difference that in our case its
structure is a consequence of the hidden symmetry. After
diagonalisation of the mass matrix, the two heavy neu-
trinos, νh with h = 4, 5, acquire masses. Assuming that
mD ≪ Λ, we focus on two interesting limiting cases.
In the ISS-like limit, where Λ ≫ µ′ and the two heavy

neutrinos are nearly degenerate, we have

m5 ≃ −m4 ≃ Λ , m5 − |m4| = µ′ , Uα5 ≃ Uα4 ≃
mD√
2Λ

,

UD5 ≃ UD4 ≃
1√
2
, UN5 ≃UN4 ≃

1√
2
.

In the ESS-like case, Λ ≪ µ′, one neutral lepton re-
mains very heavy and mainly in the completely neutral
direction N , and the other acquires a small mass via the
seesaw mechanism in the hidden sector. We find

m4 ≃ −
Λ2

µ′
, m5 ≃ µ′ , Uα4 ≃ Uα5

√
m5

|m4|
≃

mD

Λ
,

UDi ≃
mD

Λ
UN5 ≃ UD4 ≃ 1 , UD5 ≃ UN4 ≃

Λ

µ′
.

From the discussion above, it is clear that the masses of
Z ′ and ϕ′ are typically above the heavy neutrino ones,
unless we are in the ESS-like regime.
The Yukawa terms in Eq. (1) induce neutrino mix-

ing between the active (light) and heavy (sterile, dark)
neutrinos. In this model, similarly to the ISS and the
ESS cases, this mixing can be much larger than the typi-
cal values required in type-I seesaw extensions to explain
neutrino masses, making its phenomenology more inter-
esting. The determinant of the mass matrix in Eq. (2) is
zero, and so light neutrino masses vanish at tree-level and
do not constrain the values of the active-heavy mixing
angles. This, however, is no longer the case at one-loop
level, as light neutrino masses emerge through radiative
corrections from diagrams involving the ϕ′ and Z ′ de-
grees of freedom [35].
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the signal is in fact made of single photons, which arise
from the radiative decay of the heavy nearly-sterile neu-
trinos with masses of O(10–100) MeV. In the first version
of this explanation [16, 17], even for a large decay rate,
the total number of signal events is severely bounded by
the rate of heavy sterile neutrino production, which is
mediated by Standard Model (SM) weak neutral-current
(NC) and suppressed by sterile mixing angles. To get a
su�cient number of events, very large mixing angles be-
tween the active and nearly-sterile neutrinos are required,
10�2 . |Uµ4|2 . 10�3, which sit very uneasily with
the bounds from prior experiments, and an extremely
large transition magnetic moment. Subsequently, sterile
masses below 100 MeV were found to be in tension with
radiative muon capture rates measured at TRIUMF [20]
and of rare Kaon decays by the ISTRA+ collaboration
[21]. A variant was proposed which evaded some of these
constraints by using the neutrino-photon vertex to drive
both the initial production and subsequent decay of the
heavy states [18]. However, the photon-mediated scatter-
ing, which prefers small Q2-exchange with the nucleus,
results in events strongly clustered around the beamline
[22], in contrast to the flatter angular distribution of the
LEE. Recent work on neutrino dipole portals have placed
further constraints on the parameter space of magnetic
moment explanations [23].

In this letter, we discuss a novel explanation of the
excess, based on the idea of heavy nearly-sterile neu-
trino production in situ, that combines the kinematic
behaviour of production by a heavy mediator with an
enhanced decay rate. The core idea is that neutrinos
have NC interactions mediated by a new GeV-scale boson
such that heavy sterile neutrinos with masses 100 MeV .
m4 . 500 MeV are produced by neutrino beam interac-
tions with the nuclei in the detector. These subsequently
decay into e

+
e

� pairs giving rise to the signal through
mis-reconstruction. The introduction of a new boson
significantly enhances the production cross section if its
mass is below 10 GeV, allowing for smaller values of Uµ4,
while avoiding the problem encountered by explanations
based on photon exchange of failing to well reproduce
the angular spectrum [22]. Another crucial aspect of our
work is the reinterpretation of the excess as an e

+
e

� pair.
As we discuss, this can occur if either the electrons are
closely overlapping or if one of the two fermions is too
soft to be reconstructed as a shower. With this novel in-
terpretation of the excess, we open up the possibility for
a NC process driving both the production and decay of
heavy sterile neutrinos inside the detector.

For simplicity, we assume that the heavy sterile neu-
trino production and its enhanced decay rate come from
just one novel interaction, which for definiteness we take
to be a U(1)0 kinetically mixed with hypercharge. This
assumption is not essential to our proposal, indeed these
two steps may easily be mediated by di↵erent bosons, but
we leave the discussion of such variants to future work.

THE PHENOMENOLOGICAL MODEL

We assume that the SM gauge group is extended by
a new factor U(1)0 [24]. In the most general lagrangian,
the gauge boson of this symmetry kinetically mixes with
hypercharge through a mixing parameter �. We assume
that the new gauge symmetry is broken at low energies,
and include a mass for the X boson without detailing
its provenance or specifying its scale. The low-scale la-
grangian is then given by

L = L⌫SM � 1

4
Xµ⌫X

µ⌫ � sin�

2
Xµ⌫B

µ⌫ +
µ

2

2
XµX

µ
,

where L⌫SM denotes an extension of the SM incorpo-
rating neutrino masses which we will return to later,
Fµ⌫ ⌘ @µF⌫ �@µF⌫ with Bµ and Xµ denoting the U(1)Y
and U(1)0 gauge fields, respectively. As usual, the ki-
netic mixing term between Bµ and Xµ can be removed
by a field redefinition [25, 26], and we further identify the
states of definite mass (denoted A, Z and Z

0) by perform-
ing a change of basis between these fields and the third
generator of the SU(2)L group. This transformation can
be expressed at first order in � (and zeroth order in µ/v,
with v denoting the Higgs VEV) by

0

@
A

Z

Z

0

1

A =

0

@
cW sW cW�

�sW cW 0
s

2
W� �sWcW� 1

1

A

0

@
B

W

3

X

1

A
,

where sW ⌘ sin ✓W and cW ⌘ cos ✓W with tan ✓W = g

0
/g.

After electroweak symmetry breaking, the mass of the
photon (denoted by A) vanishes exactly, while to first
order in �, the Z has the SM expression for its mass and
the Z

0 has a mass given by µ.
We assume that none of the SM field content is charged

under the novel U(1)0. Working to first order in � and
µ/v, the coupling between a SM fermion f and the Z

0

is purely vectorial and proportional to both � and the
particle electric charge qf ,

L � �eqfcW�f�

µ
fZ

0
µ.

Although this naively precludes neutrino-Z 0 interactions,
we introduce SM-gauge singlets into L⌫SM which are
charged under the new U(1)0, and assume that they mix
with the SM neutrinos. This scenario requires that the
neutrino mass terms violate the novel symmetry, which
is a rather generic feature if the theory contains new
scalars which spontaneously break the U(1)0. In this let-
ter, rather than present a complete model of the neutrino
sector, we work with a simplified scheme which captures
the essential phenomenology whilst retaining a signifi-
cant degree of model-independence. For simplicity, we
work with a single right-handed neutrino, but the ex-
tension to include multiple states is unproblematic and
usually necessary in a fully consistent theory. In fact,
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cussed in Ref. [30] (see also [31]) and on new neutrino
scattering signatures at neutrino experiments [32]. We
also reconsider the possibility to explain the discrepancy
between the prediction and measurement of the anoma-
lous magnetic moment of the muon (∆aµ) [33] via kinetic
mixing [34].
An interesting feature of the model is the generation

of neutrino masses at loop-level. This requires only two
key features of our setup, namely a light Z ′ and neutrino
mixing, but not the vector and scalar portals. For this
reason, we discuss it elsewhere [35].
In its minimal form, the model is not anomaly-free.

We discuss how this can be cured and propose a minor
extension that introduces additional dark sector neutral
fermions charged under the new symmetry [1]. Neutri-
nos, we argue, may be a window into such dark sectors,
bridging the puzzles of neutrino masses and DM [36–46].
We briefly outline the key features of a DM extension
and leave a more detailed analysis to future work.

THE MODEL

We extend the SM gauge group with a new abelian
gauge symmetry U(1)′ with associated mediator Xµ and
introduce three new singlets of the SM gauge group: a
complex scalar Φ, and two left-handed fermions νD,L ≡
νD and NL ≡ N . The scalar Φ and the fermion νD are
equally charged under the new symmetry, and N is neu-
tral with respect to all gauge symmetries of the model.
For simplicity, we restrict our discussion to a single gen-
eration of hidden fermions. The relevant terms in the
gauge-invariant Lagrangian are

L ⊃ (DµΦ)† (DµΦ)− V (Φ, H)

−
1

4
XµνXµν +Ni/∂N + νDi /DνD

−
[
yαν (Lα · H̃)N c +

µ′

2
NN c + yNNνcDΦ + h.c.

]
,

(1)

where Xµν is the field strength tensor for Xµ, Dµ ≡
(∂µ − ig′Xµ) the covariant derivative, Lα ≡ (νTα , ℓ

T
α)

T

the SM leptonic doublet of flavour α = e, µ, τ and
H̃ ≡ iσ2H∗ is the charge conjugate of the SM Higgs
doublet. We write yαν for the Lα–N Yukawa coupling,
yN for the νD–N one, and µ′ for the Majorana mass of
N , which is allowed by the SM and the new gauge inter-
action, although it breaks lepton number by 2 units.
The minimisation of the scalar potential V (Φ, H) leads

the neutral component of the fields H and Φ to acquire
vevs vH and vϕ, respectively. The latter also generates
a mass for both the new gauge boson Xµ and the real
component of the scalar field ϕ. Although vϕ is arbitrary,
we choose it to be below the electroweak scale, vϕ < vH ,
as we are interested in building a model testable at low
scales.

The interactions of the dark neutrino with the SM arise
due to the so-called portal couplings, shown in Fig. 1. We
discuss these in detail now.
Neutrino portal In the neutral fermion sector and af-

ter symmetry breaking, two Dirac mass terms are in-
duced with mD ≡ yαν vH/

√
2 and Λ ≡ yNvϕ/

√
2. It is

useful to consider the form of the neutrino mass matrix
in the single generation case to clarify its main features.
For one active neutrino να (α = e, µ, τ), it reads

Lmass ⊃
1

2

(
να N νD

)
⎛

⎝
0 mD 0

mD µ′ Λ
0 Λ 0

⎞

⎠

⎛

⎝
νcα
N c

νcD

⎞

⎠+ h.c.

(2)

The form of this matrix appears in Inverse Seesaw
(ISS) [47] and in Extended Seesaw (ESS) [48] models.
In fact, it is the same matrix discussed in the so-called
Minimal ISS [49], with the difference that in our case its
structure is a consequence of the hidden symmetry. After
diagonalisation of the mass matrix, the two heavy neu-
trinos, νh with h = 4, 5, acquire masses. Assuming that
mD ≪ Λ, we focus on two interesting limiting cases.
In the ISS-like limit, where Λ ≫ µ′ and the two heavy

neutrinos are nearly degenerate, we have

m5 ≃ −m4 ≃ Λ , m5 − |m4| = µ′ , Uα5 ≃ Uα4 ≃
mD√
2Λ

,

UD5 ≃ UD4 ≃
1√
2
, UN5 ≃UN4 ≃

1√
2
.

In the ESS-like case, Λ ≪ µ′, one neutral lepton re-
mains very heavy and mainly in the completely neutral
direction N , and the other acquires a small mass via the
seesaw mechanism in the hidden sector. We find

m4 ≃ −
Λ2

µ′
, m5 ≃ µ′ , Uα4 ≃ Uα5

√
m5

|m4|
≃

mD

Λ
,

UDi ≃
mD

Λ
UN5 ≃ UD4 ≃ 1 , UD5 ≃ UN4 ≃

Λ

µ′
.

From the discussion above, it is clear that the masses of
Z ′ and ϕ′ are typically above the heavy neutrino ones,
unless we are in the ESS-like regime.
The Yukawa terms in Eq. (1) induce neutrino mix-

ing between the active (light) and heavy (sterile, dark)
neutrinos. In this model, similarly to the ISS and the
ESS cases, this mixing can be much larger than the typi-
cal values required in type-I seesaw extensions to explain
neutrino masses, making its phenomenology more inter-
esting. The determinant of the mass matrix in Eq. (2) is
zero, and so light neutrino masses vanish at tree-level and
do not constrain the values of the active-heavy mixing
angles. This, however, is no longer the case at one-loop
level, as light neutrino masses emerge through radiative
corrections from diagrams involving the ϕ′ and Z ′ de-
grees of freedom [35].
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the signal is in fact made of single photons, which arise
from the radiative decay of the heavy nearly-sterile neu-
trinos with masses of O(10–100) MeV. In the first version
of this explanation [16, 17], even for a large decay rate,
the total number of signal events is severely bounded by
the rate of heavy sterile neutrino production, which is
mediated by Standard Model (SM) weak neutral-current
(NC) and suppressed by sterile mixing angles. To get a
su�cient number of events, very large mixing angles be-
tween the active and nearly-sterile neutrinos are required,
10�2 . |Uµ4|2 . 10�3, which sit very uneasily with
the bounds from prior experiments, and an extremely
large transition magnetic moment. Subsequently, sterile
masses below 100 MeV were found to be in tension with
radiative muon capture rates measured at TRIUMF [20]
and of rare Kaon decays by the ISTRA+ collaboration
[21]. A variant was proposed which evaded some of these
constraints by using the neutrino-photon vertex to drive
both the initial production and subsequent decay of the
heavy states [18]. However, the photon-mediated scatter-
ing, which prefers small Q2-exchange with the nucleus,
results in events strongly clustered around the beamline
[22], in contrast to the flatter angular distribution of the
LEE. Recent work on neutrino dipole portals have placed
further constraints on the parameter space of magnetic
moment explanations [23].

In this letter, we discuss a novel explanation of the
excess, based on the idea of heavy nearly-sterile neu-
trino production in situ, that combines the kinematic
behaviour of production by a heavy mediator with an
enhanced decay rate. The core idea is that neutrinos
have NC interactions mediated by a new GeV-scale boson
such that heavy sterile neutrinos with masses 100 MeV .
m4 . 500 MeV are produced by neutrino beam interac-
tions with the nuclei in the detector. These subsequently
decay into e

+
e

� pairs giving rise to the signal through
mis-reconstruction. The introduction of a new boson
significantly enhances the production cross section if its
mass is below 10 GeV, allowing for smaller values of Uµ4,
while avoiding the problem encountered by explanations
based on photon exchange of failing to well reproduce
the angular spectrum [22]. Another crucial aspect of our
work is the reinterpretation of the excess as an e

+
e

� pair.
As we discuss, this can occur if either the electrons are
closely overlapping or if one of the two fermions is too
soft to be reconstructed as a shower. With this novel in-
terpretation of the excess, we open up the possibility for
a NC process driving both the production and decay of
heavy sterile neutrinos inside the detector.

For simplicity, we assume that the heavy sterile neu-
trino production and its enhanced decay rate come from
just one novel interaction, which for definiteness we take
to be a U(1)0 kinetically mixed with hypercharge. This
assumption is not essential to our proposal, indeed these
two steps may easily be mediated by di↵erent bosons, but
we leave the discussion of such variants to future work.

THE PHENOMENOLOGICAL MODEL

We assume that the SM gauge group is extended by
a new factor U(1)0 [24]. In the most general lagrangian,
the gauge boson of this symmetry kinetically mixes with
hypercharge through a mixing parameter �. We assume
that the new gauge symmetry is broken at low energies,
and include a mass for the X boson without detailing
its provenance or specifying its scale. The low-scale la-
grangian is then given by

L = L⌫SM � 1

4
Xµ⌫X

µ⌫ � sin�

2
Xµ⌫B

µ⌫ +
µ

2

2
XµX

µ
,

where L⌫SM denotes an extension of the SM incorpo-
rating neutrino masses which we will return to later,
Fµ⌫ ⌘ @µF⌫ �@µF⌫ with Bµ and Xµ denoting the U(1)Y
and U(1)0 gauge fields, respectively. As usual, the ki-
netic mixing term between Bµ and Xµ can be removed
by a field redefinition [25, 26], and we further identify the
states of definite mass (denoted A, Z and Z

0) by perform-
ing a change of basis between these fields and the third
generator of the SU(2)L group. This transformation can
be expressed at first order in � (and zeroth order in µ/v,
with v denoting the Higgs VEV) by

0
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A

Z

Z

0

1

A =

0

@
cW sW cW�

�sW cW 0
s

2
W� �sWcW� 1

1
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0

@
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W

3

X

1

A
,

where sW ⌘ sin ✓W and cW ⌘ cos ✓W with tan ✓W = g

0
/g.

After electroweak symmetry breaking, the mass of the
photon (denoted by A) vanishes exactly, while to first
order in �, the Z has the SM expression for its mass and
the Z

0 has a mass given by µ.
We assume that none of the SM field content is charged

under the novel U(1)0. Working to first order in � and
µ/v, the coupling between a SM fermion f and the Z

0

is purely vectorial and proportional to both � and the
particle electric charge qf ,

L � �eqfcW�f�

µ
fZ

0
µ.

Although this naively precludes neutrino-Z 0 interactions,
we introduce SM-gauge singlets into L⌫SM which are
charged under the new U(1)0, and assume that they mix
with the SM neutrinos. This scenario requires that the
neutrino mass terms violate the novel symmetry, which
is a rather generic feature if the theory contains new
scalars which spontaneously break the U(1)0. In this let-
ter, rather than present a complete model of the neutrino
sector, we work with a simplified scheme which captures
the essential phenomenology whilst retaining a signifi-
cant degree of model-independence. For simplicity, we
work with a single right-handed neutrino, but the ex-
tension to include multiple states is unproblematic and
usually necessary in a fully consistent theory. In fact,

3

Scalar portal In the scalar potential, the symmetries
of the model allow us to write down the following term

V (Φ, H) ⊃ λΦH H†H |Φ|2 , (3)

where we identify λΦH as the scalar portal coupling [50],
responsible for mixing in the neutral scalar sector. If
such a term exists, the scalar mass eigenstates (h′,ϕ′)
mix with the gauge eigenstates (h,ϕ) with a mixing angle
α defined by

tan (2α) ≡
λΦHvHvϕ

λhv2H − λϕv2ϕ
, (4)

where λh and λϕ are the quartic couplings of the Higgs
and Φ scalars, respectively.
Vector portal Similarly, mixing also arises in the neu-

tral vector boson sector from the allowed kinetic mixing
term [51]

L ⊃ −
sinχ

2
FµνXµν , (5)

where Fµν is the SM hypercharge field strength. This
term may be removed with a field redefinition, result-
ing in three mass eigenstates

(
A, Z0, Z ′

)
, corresponding

to the photon, Z0-boson and the hypothetical Z ′-boson.
For a light Z ′, the Z ′ coupling to SM fermions f to first
order in the small parameter χ is given by

L ⊃ −(e qf cW )χ fγµf Z ′
µ , (6)

with qf the fermion electric charge.
The values of χ and λΦH are arbitrary and could be

expected to be rather large. As such, we treat them
as free parameters within their allowed ranges. Here,
we merely note that with our current minimal matter
content, χ and λΦH receive contributions at loop level
from the (Lα · H̃)N c and NνcDΦ terms, which are nec-
essarily suppressed by neutrino mixing (χ ∝ g′e|Uαh|2
and λΦH ∝ |Uαh|2). These values constitute a lower
bound and larger values should be expected in a com-
plete model.

Portal phenomenology

The interplay between portal couplings and the heavy
neutrinos νh (h = 4, 5) leads to a distinct, and possibly
richer, phenomenology to what is commonly discussed in
the presence of a single portal. We present here some of
the most relevant signatures, devolving a longer study to
future work.
Heavy neutrino searches The strongest bounds on

Heavy neutrinos in the MeV–GeV mass range come from
peak searches in meson decays [52–54] and beam dump
experiments [55–60] looking for visible νh decays. These,
however, can be weakened if the νh decays are sufficiently

different from the case of “standard” sterile neutrinos
with SM interactions suppressed by neutrino mixing. We
now discuss how this may happen, depending on the mass
hierarchy of the two heavy neutrinos and the values of
neutrino and kinetic mixing. For concreteness, we focus
on specific benchmark points (BP) that illustrate the key
features. In the ISS-like regime, we take m4/m5 = 99%
and choose m4 ≃ m5 = 100 MeV. If χ is negligible, we
have that νh decays as in the standard sterile case via
SM interactions. This is because the ν5 → ν4ν̄ανα decay
is phase-space suppressed (Γν5→ν4νν ∝ µ′ 5), and because
Z ′ mediated decays into three light neutrinos are negli-
gible for small mixing, as Γνh→ννν ∝ |Uαh|6m5

h/m
4
Z′ . If

χ is sizeable, on the other hand, new visible decay chan-
nels dominate, specifically ν4 → ναe+e− for this BP. The
corresponding decay rate is given by

Γ(ν4 → ναe
+e−) ≈

1

2

e2χ2g′ 2|Uα4|2

192π3

m5
4

m4
Z′

. (7)

Depending on the value of χ and m′
Z this decay can

be much faster than in the SM, implying stronger con-
straints on the neutrino mixing parameters as discussed
in Ref. [61]. For heavier masses, additional decay chan-
nels, e.g. ν4 → ναµ+µ−, would open. A feature of the
model is that such channel would have the same BR as
the electron one, albeit phase space suppressed. No two-
body decays into neutral pseudoscalars arise due to the
vector nature of the gauge coupling, unless mass mixing
is introduced (see [62] for a thorough discussion of the de-
cay products of a dark photon). We consider also a BP
in the ESS-like regime. We take m4 = m5/10. In this
case, ν5 decays into 3 ν4 states very rapidly. The sub-
sequent decays of ν4 would proceed as discussed above
and would be much slower than the ν5 one, given the
hierarchy of masses and the further suppression due to
neutrino and/or kinetic mixing.
For large χ, peak searches and bounds on lepton num-

ber violation (LNV) from meson and tau decays may be
affected [63, 64]. Despite simply relying on kinematics,
we note that in peak searches the strict requirement of a
single charged track in the detector [53] would, in fact,
veto a large fraction of new physics events if νh decays
promptly into ναe+e−, for instance. In addition, LNV
meson and tau decays would need to be reconsidered as
the intermediate on-shell νh could decay dominantly via
the novel NC interactions and the ℓπ and ℓK final states
would be absent.
Dark photon searches Bounds on the vector portal

come from several different sources [65, 66]. Electroweak
precision data and contributions to the g−2 of the muon
and electron remaining valid in our model [67]. A ma-
jor effort at collider and beam dump experiments has
led to strong constraints on dark photons by searching
for the production and decay of these particles. Such
bounds, however, depend on the lifetime of the Z ′ and
on its branching ratio (BR) into charged particles. In
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We introduce a dark neutrino sector which respects a hidden U(1)′ gauge symmetry, subsequently
broken by the vacuum expectation value of a dark scalar. Generically, this hidden sector commu-
nicates with the SM only via the three renormalizable portals, namely neutrino, vector and scalar
mixing. We highlight the fact that in this unified picture the phenomenology can be significantly
different from that of each individual portal taken separately. Several bounds become much weaker
or can be avoided altogether. Novel signatures arise in heavy neutrino, dark photon and dark scalar
searches, typically characterised by multi-leptons plus missing energy and displaced vertices. A
minimal extension, possibly motivated by anomaly cancellations, can accommodate a dark matter
candidate, strongly connected to the neutrino sector.

INTRODUCTION

The two most important evidences that the Standard
Model (SM) of particle physics is not complete are the
existence of neutrino masses and mixing, and dark mat-
ter (DM) in the Universe. Both call for extensions of
the SM and the possible existence of dark sectors which
do not partake in SM gauge interactions, or do so with
extremely weak couplings while displaying strong “dark”
interactions [1, 2]. Such sectors might exist at relatively
light scales below the electroweak one, being within reach
of present and future non-collider experiments. Generi-
cally, a neutral dark sector can communicate with the SM
via three renormalizable portals. New neutral fermions
mix with light neutrinos unless a symmetry differenti-
ates the two, a possibility usually denoted as neutrino
portal. The vector portal comes from the kinetic mix-
ing between a hidden Z ′ and the SM Z and/or photon.
This term is generically allowed in the Lagrangian and
an explanation of its smallness requires specific UV com-
pletions. Similarly, in presence of a scalar acquiring a
vacuum expectation value, the scalar portal arises due to
the mixing with the Higgs boson.

In this article, we propose a new neutrino model with a
hidden U(1)′ gauge symmetry under which no SM fields
are charged. We introduce new SM-neutral fermions, νD
and an additional sterile neutrino N . The symmetry is
subsequently broken by the vacuum expectation value
(vev) of a complex dark scalar Φ, which gives mass to the
new gauge boson. For concreteness, we restrict the scale
of the breaking to be below the electroweak one. Mod-
els with heavy neutrinos which are not completely ster-
ile and might participate in new gauge interactions have
been studied in several contexts, including B−L, Lµ−Lτ
and left-right symmetric models [3–11], but here we fo-
cus on the possibility of a symmetry under which no SM
fields are charged [12–14]. New heavy neutral fermions
that feel such hidden forces, such as νD, are referred to
as dark neutrinos, since they define a dark sector sep-
arate from the SM. Nevertheless, the dark interactions

“leak” into the SM sector via neutrino mixing, where
they may dominate [15, 16]. Models of this type have
been invoked to generate large neutrino non-standard in-
teractions [17, 18], generate new signals in DM exper-
iments [15, 19–21], weaken cosmological and terrestrial
bounds on eV scale sterile neutrinos [22, 23], and as a po-
tential explanation of anomalous short-baseline results at
the MiniBooNE [24] and/or LSND [25] experiments with
new degrees of freedom at the MeV/GeV scale [26–32].
Our model presents all the three renormalizable por-

tals to the SM. The Yukawa interactions between the
leptonic doublet and N , and between N and νD induce
neutrino mixing. The gauge symmetry allows a cross-
coupling term in the potential between the Higgs and
the real part of the scalar, inducing mixing between the
two after symmetry breaking. The broken gauge symme-
try implies the existence of a light hidden gauge boson
Xµ, which mediates the dark neutrino interactions and
generically kinetically mixes with the SM hypercharge.
The set-up is self-consistent and combines the three por-
tals into a unified picture that exhibits significantly dif-
ferent phenomenology with respect to each portal taken
separately, as we discuss. The interplay of the differ-
ent portal degrees of freedom leads to novel signatures
which would have escaped searches performed to date,
and that can even explain long-standing anomalies. For
the latter, we focus on the MiniBooNE anomaly as dis-

LSM
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νD
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cto

r p
ort

al

Higgs portal

Neutrino portal
interaction

FIG. 1. Schematic representation of our model.
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A typical signature are decay chains as the heavy N can 
decay into lighter N multiple times:

N6 ⌫↵
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Z’

The decays can be much faster than in the SM + mixing.

Unique signature: 
- if decays are fast this would lead to many leptons and/

or jets;
- if (some of the) decays are slow, there could be multiple 

displaced vertices.
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Searches of LNV or LFV 
models at future 

colliders
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Lepton Number Violation
LNV is a key question in particle physics.
LN is an accidental symmetry of the SM. Its violation can 
be linked to the origin of neutrino masses, leptogenesis, 
phase transitions…

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

- B (or L) violation;
- C, CP violation;
- departure from thermal equilibrium.

Leptogenesis in see-saw models

There is evidence of the baryon asymmetry:

⌘B ⌘ nB � nB̄

n�
= (6.18± 0.06)⇥ 10�10

Planck, 1502.01589, AA 594



● At T>M, 
N are in 
equilibrium:

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

● A lepton asymmetry can be generated if 

● 

N $ `H

�(N ! `H) 6= �(N ! `cHc)

40 Fukugita, Yanagida, PLB 174; Covi, Roulet, Vissani PLB 384; Buchmuller, Plumacher, Annal. Phys. 315, ...
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-
T=100 
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N $ `H
N $ `H

N $ `H

N $ `H

N ! `H N ! `cHc

N ! `cHcN ! `cHc
N ! `H

�L
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J. Hajer’s and M. Drewes’ talks

#LNV decays 
#LNC decaysRll =

LNV generically observable

LNV suppressed

MaD et al 1907.13034

Majorana nature of HNLs: 
Can LNV decay be observed?

e.g. Anamiati et al 1607.05641

• Quasi-degenerate HNLs 
kinematically 
indistinguishable

• behave like one particle 
with non-integer Rll! 

• Same mixing angle controls collider protection cross section and light neutrino masses
• Collider-testable mixing angles require B-L symmetry to protect neutrino masses
• HNLs in such models tend to be “pseudo-Dirac”

M [GeV]

Kersten/Smirnov et al 0705.3221

see talk by Jan Hajer

Signals can be enhanced in gauge or extended models.

In see-saw type, LNV is strictly connected to neutrino 
masses and LNV al colliders is very suppressed:

In extended see-saws, mixing can be larger but LNV 
(related to         ) is still suppressed as two quasi-
degenerate HNL can behave as a Dirac particle.

sin2 ✓ ⇠ m⌫/MN
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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 only particle physics evidence BSM. 
What is the origin of neutrino masses? 

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

An application of  
rich dark sectors



A dark sector scenario

44

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)
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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].
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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].

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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• 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 Pascoli47

The model has key signatures which can be tested.

N
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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

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

H
<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>


