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Rich dark sectors: from the 
neutrino portal to gravitational 

waves
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There is evidence that the Standard Model is 
incomplete: three pillars (plus maybe GW?).

Neutrino 
masses Dark Matter

Baryon 
asymmetry

@Symmetry magazine

Evidence beyond the SM

The ultimate goal is to unveil the New SM 
that would explain these pieces of evidence. 

What is the new physics scale?

Symmetry magazine

I will focus on neutrinos as our guide.
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Neutrino have masses
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Mixing between flavour and mass basis is described by 
the Pontecorvo-Maki-Nakagawa-Sakata matrix:

Flavour field
Mass field

which enters in the CC interactions
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The probability of oscillation is

Neutrino oscillations imply that 
neutrinos have mass and mix.

Neutrinos oscillate
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● 2 mass squared differences 
● 3 sizable mixing angles, 
●  mild hints of CPV
●  mild indications in favour of NO

M. C. Gonzalez-Garcia et al., 2410.05380
http://www.nu-fit.org/

NuFIT 6.0 (2024)
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Normal Ordering (��2 = 0.6) Inverted Ordering (best fit)

bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓12 0.307+0.012
�0.011 0.275 ! 0.345 0.308+0.012

�0.011 0.275 ! 0.345

✓12/
� 33.68+0.73

�0.70 31.63 ! 35.95 33.68+0.73
�0.70 31.63 ! 35.95

sin2 ✓23 0.561+0.012
�0.015 0.430 ! 0.596 0.562+0.012

�0.015 0.437 ! 0.597

✓23/
� 48.5+0.7

�0.9 41.0 ! 50.5 48.6+0.7
�0.9 41.4 ! 50.6

sin2 ✓13 0.02195+0.00054
�0.00058 0.02023 ! 0.02376 0.02224+0.00056

�0.00057 0.02053 ! 0.02397

✓13/
� 8.52+0.11

�0.11 8.18 ! 8.87 8.58+0.11
�0.11 8.24 ! 8.91

�CP/
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�20 96 ! 422 285+25
�28 201 ! 348

�m2
21

10�5 eV2 7.49+0.19
�0.19 6.92 ! 8.05 7.49+0.19

�0.19 6.92 ! 8.05

�m2
3`

10�3 eV2 +2.534+0.025
�0.023 +2.463 ! +2.606 �2.510+0.024

�0.025 �2.584 ! �2.438
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Normal Ordering (best fit) Inverted Ordering (��2 = 6.1)

bfp ±1� 3� range bfp ±1� 3� range

sin2 ✓12 0.308+0.012
�0.011 0.275 ! 0.345 0.308+0.012

�0.011 0.275 ! 0.345

✓12/
� 33.68+0.73

�0.70 31.63 ! 35.95 33.68+0.73
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10�3 eV2 +2.513+0.021
�0.019 +2.451 ! +2.578 �2.484+0.020

�0.020 �2.547 ! �2.421

http://www.nu-fit.org/
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@Silvia Pascoli

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

mf$~ λ#

Why neutrinos have mass? 
and why are they so much 
lighter than the other 
fermions?
and why their hierarchy is at 
most mild?

Why leptonic 
mixing is so 
different from 
quark mixing?
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Neutrinos: Open window on Physics BSM



In the SM, neutrinos do not acquire mass and mixing.
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L = �y⌫L̄ · H̃⌫R + h.c.

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

Dirac Masses

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

mD = y⌫v = V mdiagU
†

y⌫ ⇠
p
2m⌫

vH
⇠ 0.2 eV

200 GeV
⇠ 10�12

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

need to impose L as a fundamental symmetry.

Neutrino masses Beyond SM



�L = �
L ·HL ·H

M
=

�v2H
M

⌫TLC
†⌫L

Majorana Masses
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Introduce a Dimension 5 operator (or allow new scalar 
fields, e.g. a triplet):

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

Weinberg 
operator, 
PRL 43

H

H
H

H

H

H

H H
Fermion
singlet

Scalar
triplet

Fermion
triplet

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

m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

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

�
0 mD

mT
D MN

⇥

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

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

2

Symmetry magazine

Particle 
zoo
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What is the new physics 
scale? 

Are there new: 
symmetries? 

particles? 
interactions?
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New physics scale: High Energy frontier and above

CLFV

MeV GeV TeV GUT scalekeVeV Intermediate scale

LHC 
new 
particle 
searches

 GW from 
U(1)L 
breaking

Despite intense searches in colliders, flavour and DM exp, 
no hints of TeV new physics have been found.

Leptogenesis/EW baryogenesis

LLP searches

At TeV SUSY MSSM, split SUSY, 
Composite Higgs, Technicolor…. GUT theories

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

S. King et al., PRL 126 (2021)

LeptogenesisProton decay
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Low E See-saw models, NuMSM, extended see-saw…  

MeV GeV TeV GUT scalekeVeV Intermediate scale

Going low in energy: Dark sectors

A change of paradigm might be needed: new physics may be 
light but hidden because too weakly interacting (dark or 

hidden sectors).

�
0 mD

mT
D MN

⇥

Lowering the Yukawa couplings or imposing L quasi-
conservation in extended models, it is possible to 
lower the N (HNL) mass scale.

m⌫ =
Y 2
⌫ v

2
H

MN
⇠ 1 keV2

10 MeV
⇠ 0.1 eV

<latexit sha1_base64="Pxy8VTZooBb9THR6CBbfA4uN9VA="></latexit><latexit sha1_base64="Pxy8VTZooBb9THR6CBbfA4uN9VA="></latexit><latexit sha1_base64="Pxy8VTZooBb9THR6CBbfA4uN9VA="></latexit><latexit sha1_base64="Pxy8VTZooBb9THR6CBbfA4uN9VA="></latexit>



13

The dark sector can interact with SM via portals:

See e.g.  Artuso et al., 2210.04765, S. Gori et al, 2209.04671, FIPs 2022 report, 2305.01715

SM NR Dark sector⌫↵
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?

After symmetry breakings, neutrinos can mix with 
HNLs and dark fermions.
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Changing the paradigm 

Rich dark sectors 
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Non-minimality is strongly motivated: 
the SM is highly non-minimal and it exists.

SU(3)xSU(2)
xU(1)

Gauge sector 
W, Z

Scalar sector 
H to break the 

gauge 
symmetry

Fermion sector 
Quarks
Leptons

in 3 generations



A rich dark sector
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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)’

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

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

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

L � LSM � 1

4

Xµ⌫Xµ⌫ � sin �

2

Xµ⌫Bµ⌫ (1)

+ (Dµ�)

†
(Dµ

�) � V (�) � ��H |H|2 |�|2

+ ⌫̂N i/@̂⌫N + ⌫̂Di /DX ⌫̂D �

(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].

Where does the new mass scale come from?
It can be generated dynamically from a scalar that 
acquires a vev, possibly induced by EW SSB.
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dark neutrinos, contained in the vector ˆN . In this way,
our neutral lepton sector is composed of SM active neu-
trinos, vector-like dark neutrinos, as well as LH sterile
neutrinos.

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

L � LSM � 1

4
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⌫D check 1/2 factors where we write the kinetic mixing
and scalar mixing portal couplings explicitly and write
/DX =

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

2 and ⇤L,R =

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

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

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

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

D) as

L � �Z 0
µ

✓
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 (adding sub-GeV DM).

Focus on a scale of MeV-GeV: v�,mZ0 ⇠ GeV.
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In minimal models, HNL production and decay is 
controlled by the mixing with neutrinos: 

Production in 
e.g. neutrino 
experiments:

Decays:

As the mixing is small and the 
Z, W very heavy, decays are 
typically very slow.

pion

W muon

N via 
mixing

N

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

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

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

To appreciate the ND performance, we make a comparison with results of previous ex-
periments, in particular PS191 [56, 57], peak searches [52, 54, 55], CHARM [59], NuTeV [61],
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sin2 ⇠ m⌫/M.
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Search for these HNL? “A la beam dump” experiments

Future exp such as DUNE ND, SHiP, FCC might 
approach the “see-saw region”.

DUNE & Near Detector Requirements

Sep-2019 A.Weber           ND Overview2

ND

• LBNF sends an intense, broadband nµ (or anti- nµ) beam ~1300 km 
from Fermilab to the DUNE far detectors in South Dakota

• The Near Detectors must provide enough information so that we 
can develop a model that predicts the # evts that we should observe

- Where: F is the flux, s the xsec and R the detector response

NFD (να →νβ ,Erec ) = dEν∫ Φνα
(Eν )σνβ

(Eν )Rνβ
(Eν ,Erec )P(να →νβ ,Eν )

visible particles

N

Detector Dirt

Tar
get

pi, K, (D)

p
µ
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Fig. 151 Constraints on the active-sterile mixing and mass of HNLs from past experiments together with projections for future experiments [1632].
The bold green line shows the sensitivity of displaced vertex searches at FCC-ee

cles with very low production cross-sections, the SM back-
grounds are often overwhelming. This can be counteracted
by searching for FIPs with signatures that are uncharacteris-
tic of the SM, such as displaced vertices or delayed jets from
long-lived particles (LLPs). FCC-ee offers exciting poten-
tial for the study of LLPs, where searches can be highly
competitive to similar searches at collider and non-collider
experiments. Three physics cases producing long-lived sig-
natures at FCC-ee are highlighted here; heavy neutral leptons
(HNLs), axion-like particles (ALPs), and exotic decays of the
Higgs boson.

4.12.2 Heavy neutral leptons

A common feature of several popular solutions to the origin
of neutrino masses is the hypothetical existence of heavy,
sterile neutrinos, also referred to as heavy neutral leptons
(HNLs). Depending on the precise scenario, they can be
Dirac or Majorana fermions, and mediate processes that vio-
late lepton flavor symmetries. If HNLs mix with the SM neu-
trinos, they can participate in the SM weak interaction with
couplings proportional to the active-sterile mixing matrix ele-
ments and the HNL mass. In the kinematically accessible
regime, FCC-ee is an excellent machine to discover HNLs
and to study their properties. The sensitivity to active-sterile
mixing is shown in Fig. 151 for current and proposed detec-
tors, including an FCC-ee displaced vertex analysis.

Dirac and Majorana HNLs are studied for FCC-ee con-
sidering only the lightest heavy mass eigenstate, denoted by
N , with mass mN and mixing VℓN . The processes

Majorana N : e+e− → Z → Nνe + Nνe,

with N → e+e−νe + e+e−νe, (171a)

Dirac N : e+e− → Z → Nνe + Nνe,

with N (N )→ e+e−νe (νe), (171b)

are simulated for e+e− collisions at
√
s = 91 GeV using the

HeavyN [1633,1634] and HeavyN_Dirac [1634,1635]
Universal FeynRules Object [1636–1638] libraries and
simulation details according to Ref. [1632]. The detector
response is simulated with Delphes [1639], using the lat-
est Innovative Detector for Electron-positron Accelerators
(IDEA) FCC-ee detector concept [1640] card.

In the absence of additional new physics, light HNLs with
active-sterile mixing much smaller than unity are generically
long-lived. To explore this at FCC-ee, Fig. 152 shows the
generator-level lifetime of N and the reconstructed three-
dimensional decay length Lxyz of the HNL. For a fixed width
of |VeN | = 1.41×10−6, different qualitative features can be
observed for the representative mN . For the smallest con-
sidered masses, characteristic decay lengths readily exceed
several meters, resulting in decay vertices outside the fiducial
coverage of the detectors. Such HNLs will appear as miss-
ing momentum in the e+e− collision events. For heavier N ,
lifetimes are drastically smaller, with decay lengths that are
mostly within 100 mm, making these signals suitable e.g for
displaced vertex searches.

As a first step towards a sensitivity analysis for FCC-ee,
several backgrounds to the HNL processes are considered;
Z bosons decaying to electron-positron pairs, to tau pairs,
to light quarks, to charm quark pairs, and to b quark pairs.
These background processes are simulated with the same
conditions as the signal. Figure 153 shows distributions of
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Future exp such as DUNE ND, SHiP, FCC might 
approach the “see-saw region” in certain mass 
ranges. The typical search is for displaced vertices.
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Figure 4: Limits on |Vµ4|2 versus m4 in the mass range 100 MeV–100 GeV come from peak
searches and from N4 decays. The area with solid (black) contour labeled K → µν [92] is excluded
by peak searches. The bounds indicated by contours labeled by PS191 [86], NA3 [87], BEBC [93],
FMMF [94], NuTeV [95] and CHARMII [96] are at 90% C.L., while DELPHI [89] and L3 [90] are
at 95% C.L. and are deduced from searches of visible products in N4 decays. For the beam dump
experiments, NA3, PS191, BEBC, FMMF and NuTeV we give an estimate of the upper limit for
the excluded values of the mixing angle.

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

1 − |Ve4|2

1 − |Vµ4|2
, (2.11)

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

1−|Ve4|2
= 1.0012±0.0016

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

1 − |Vτ4|2

1 − |Vµ4|2
, (2.12)

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

∑

i=1,2,3

|V CKM
ui |2 =

1

1 − |Vµ4|2
= 0.9992 ± 0.0011, (2.13)

– 11 –

In RDS models, HNL production is controlled by 
mixing or other portal (e.g. B-L gauge coupling) and 
decay can be fast due to the internal DS dynamics.

HNL decay bounds need 
to be reevaluated 
and they may not apply 
(e.g. beam dump experiments).
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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>

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

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

Z’

N4 N4

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

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

Z’

decay chains

Fast visible and 
invisible decays

Ni

Z’

Nj

Nj Nk

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

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

Z’

Adapted from Atre et al. 2009
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Up-scattering of an HNL N in the detector and its decay 
into ee (mumu) nu.

⌫µ
<latexit sha1_base64="QYcidImW4+yqkZ5e6Szbs670N70=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzMwu8xCWkJNf4FW/wJt49Uv8AP/DSbIHk1jQUFR1090VZ5xp4/vfXmltfWNzq7xd2dnd2z+oHh61dWoVhRZNeaoeY6KBMwktwwyHx0wBETGHTjy6nfqdJ1CapfLB5BlEggwkSxglxkmdUNpeKGyvWvPr/gx4lQQFqaECzV71J+yn1AqQhnKidTfwMxONiTKMcphUQqshI3REBtB1VBIBOhrPzp3gM6f0cZIqV9Lgmfp3YkyE1rmIXacgZqiXvan4n9e1JrmOxkxm1oCk80WJ5dikePo77jMF1PDcEUIVc7diOiSKUOMSWtiSQC5FNnG5BMsprJL2RT3w68H9Za1xUyRURifoFJ2jAF2hBrpDTdRCFI3QC3pFb96z9+59eJ/z1pJXzByjBXhfvzDhmAo=</latexit><latexit sha1_base64="QYcidImW4+yqkZ5e6Szbs670N70=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzMwu8xCWkJNf4FW/wJt49Uv8AP/DSbIHk1jQUFR1090VZ5xp4/vfXmltfWNzq7xd2dnd2z+oHh61dWoVhRZNeaoeY6KBMwktwwyHx0wBETGHTjy6nfqdJ1CapfLB5BlEggwkSxglxkmdUNpeKGyvWvPr/gx4lQQFqaECzV71J+yn1AqQhnKidTfwMxONiTKMcphUQqshI3REBtB1VBIBOhrPzp3gM6f0cZIqV9Lgmfp3YkyE1rmIXacgZqiXvan4n9e1JrmOxkxm1oCk80WJ5dikePo77jMF1PDcEUIVc7diOiSKUOMSWtiSQC5FNnG5BMsprJL2RT3w68H9Za1xUyRURifoFJ2jAF2hBrpDTdRCFI3QC3pFb96z9+59eJ/z1pJXzByjBXhfvzDhmAo=</latexit><latexit sha1_base64="QYcidImW4+yqkZ5e6Szbs670N70=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzMwu8xCWkJNf4FW/wJt49Uv8AP/DSbIHk1jQUFR1090VZ5xp4/vfXmltfWNzq7xd2dnd2z+oHh61dWoVhRZNeaoeY6KBMwktwwyHx0wBETGHTjy6nfqdJ1CapfLB5BlEggwkSxglxkmdUNpeKGyvWvPr/gx4lQQFqaECzV71J+yn1AqQhnKidTfwMxONiTKMcphUQqshI3REBtB1VBIBOhrPzp3gM6f0cZIqV9Lgmfp3YkyE1rmIXacgZqiXvan4n9e1JrmOxkxm1oCk80WJ5dikePo77jMF1PDcEUIVc7diOiSKUOMSWtiSQC5FNnG5BMsprJL2RT3w68H9Za1xUyRURifoFJ2jAF2hBrpDTdRCFI3QC3pFb96z9+59eJ/z1pJXzByjBXhfvzDhmAo=</latexit><latexit sha1_base64="QYcidImW4+yqkZ5e6Szbs670N70=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzMwu8xCWkJNf4FW/wJt49Uv8AP/DSbIHk1jQUFR1090VZ5xp4/vfXmltfWNzq7xd2dnd2z+oHh61dWoVhRZNeaoeY6KBMwktwwyHx0wBETGHTjy6nfqdJ1CapfLB5BlEggwkSxglxkmdUNpeKGyvWvPr/gx4lQQFqaECzV71J+yn1AqQhnKidTfwMxONiTKMcphUQqshI3REBtB1VBIBOhrPzp3gM6f0cZIqV9Lgmfp3YkyE1rmIXacgZqiXvan4n9e1JrmOxkxm1oCk80WJ5dikePo77jMF1PDcEUIVc7diOiSKUOMSWtiSQC5FNnG5BMsprJL2RT3w68H9Za1xUyRURifoFJ2jAF2hBrpDTdRCFI3QC3pFb96z9+59eJ/z1pJXzByjBXhfvzDhmAo=</latexit>

⌫µ
<latexit sha1_base64="QYcidImW4+yqkZ5e6Szbs670N70=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzMwu8xCWkJNf4FW/wJt49Uv8AP/DSbIHk1jQUFR1090VZ5xp4/vfXmltfWNzq7xd2dnd2z+oHh61dWoVhRZNeaoeY6KBMwktwwyHx0wBETGHTjy6nfqdJ1CapfLB5BlEggwkSxglxkmdUNpeKGyvWvPr/gx4lQQFqaECzV71J+yn1AqQhnKidTfwMxONiTKMcphUQqshI3REBtB1VBIBOhrPzp3gM6f0cZIqV9Lgmfp3YkyE1rmIXacgZqiXvan4n9e1JrmOxkxm1oCk80WJ5dikePo77jMF1PDcEUIVc7diOiSKUOMSWtiSQC5FNnG5BMsprJL2RT3w68H9Za1xUyRURifoFJ2jAF2hBrpDTdRCFI3QC3pFb96z9+59eJ/z1pJXzByjBXhfvzDhmAo=</latexit><latexit sha1_base64="QYcidImW4+yqkZ5e6Szbs670N70=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzMwu8xCWkJNf4FW/wJt49Uv8AP/DSbIHk1jQUFR1090VZ5xp4/vfXmltfWNzq7xd2dnd2z+oHh61dWoVhRZNeaoeY6KBMwktwwyHx0wBETGHTjy6nfqdJ1CapfLB5BlEggwkSxglxkmdUNpeKGyvWvPr/gx4lQQFqaECzV71J+yn1AqQhnKidTfwMxONiTKMcphUQqshI3REBtB1VBIBOhrPzp3gM6f0cZIqV9Lgmfp3YkyE1rmIXacgZqiXvan4n9e1JrmOxkxm1oCk80WJ5dikePo77jMF1PDcEUIVc7diOiSKUOMSWtiSQC5FNnG5BMsprJL2RT3w68H9Za1xUyRURifoFJ2jAF2hBrpDTdRCFI3QC3pFb96z9+59eJ/z1pJXzByjBXhfvzDhmAo=</latexit><latexit sha1_base64="QYcidImW4+yqkZ5e6Szbs670N70=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzMwu8xCWkJNf4FW/wJt49Uv8AP/DSbIHk1jQUFR1090VZ5xp4/vfXmltfWNzq7xd2dnd2z+oHh61dWoVhRZNeaoeY6KBMwktwwyHx0wBETGHTjy6nfqdJ1CapfLB5BlEggwkSxglxkmdUNpeKGyvWvPr/gx4lQQFqaECzV71J+yn1AqQhnKidTfwMxONiTKMcphUQqshI3REBtB1VBIBOhrPzp3gM6f0cZIqV9Lgmfp3YkyE1rmIXacgZqiXvan4n9e1JrmOxkxm1oCk80WJ5dikePo77jMF1PDcEUIVc7diOiSKUOMSWtiSQC5FNnG5BMsprJL2RT3w68H9Za1xUyRURifoFJ2jAF2hBrpDTdRCFI3QC3pFb96z9+59eJ/z1pJXzByjBXhfvzDhmAo=</latexit><latexit sha1_base64="QYcidImW4+yqkZ5e6Szbs670N70=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzMwu8xCWkJNf4FW/wJt49Uv8AP/DSbIHk1jQUFR1090VZ5xp4/vfXmltfWNzq7xd2dnd2z+oHh61dWoVhRZNeaoeY6KBMwktwwyHx0wBETGHTjy6nfqdJ1CapfLB5BlEggwkSxglxkmdUNpeKGyvWvPr/gx4lQQFqaECzV71J+yn1AqQhnKidTfwMxONiTKMcphUQqshI3REBtB1VBIBOhrPzp3gM6f0cZIqV9Lgmfp3YkyE1rmIXacgZqiXvan4n9e1JrmOxkxm1oCk80WJ5dikePo77jMF1PDcEUIVc7diOiSKUOMSWtiSQC5FNnG5BMsprJL2RT3w68H9Za1xUyRURifoFJ2jAF2hBrpDTdRCFI3QC3pFb96z9+59eJ/z1pJXzByjBXhfvzDhmAo=</latexit>

p p

N
N ⌫↵

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

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

This can provide an explanation of the MiniBooNE low-
E excess.
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MicroBooNE event : 
muon nu scattering

https://www.bo.infn.it/gruppo2/sbn-it/
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FIG. 8. Same as Fig. 7 but for mZ0 = 30 MeV (upper) and
mZ0 = 200 MeV (lower). The mass splitting has been fixed
to � = 1. The orange lines indicate where the MicroBooNE
(dashed), Icarus (dotted), and SBND (solid) detectors can
expect 103 e+e� pairs from N

5

decays to be produced inside
their respective fiducial volumes (before any reconstruction
e�ciencies).

is then compared with the predictions for the event rates
at the three SBN detectors: MicroBooNE, Icarus, and
SBND. The orange curves in di↵erent dash styles cor-
respond to the parameters where 103 e+e� pairs would
be produced inside the fiducial volume of each detector,
considering upscattering in the upstream dirt and inside
the detector. This number is presented without any re-
construction or selection e�ciencies. The real sensitivity
of each experiment will depend on the backgrounds and
selection strategy adopted. We leave a detailed study to
future work and experimental collaborations.

The best fit of the 3+1 model for |U
⌧4

| = 0 is given by
|V

µ4

|2 = 4.8 ⇥ 10�7, m
4

= 20 MeV, and m
Z

0 = 30 MeV.
We show the prediction for the reconstructed neutrino
energy spectrum for this best fit in Fig. 4 for neutrino
and antineutrino modes. Most events come from coher-
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FIG. 9. The reconstructed neutrino energy ECCQE�reco

⌫ at
MiniBooNE for ⌫ mode (upper panel) and ⌫ mode (lower
panel). The prediction of the best-fit point in the 3+2-model
(mZ0 = 100 MeV, m

5

= 615 MeV, � = 0.3, |Vµ4|2 = |Vµ5|2 =
1.1 ⇥ 10�6, " = 8 ⇥ 10�4) is shown as solid blue histograms,
separated into events from coherent neutrino-nucleus scatter-
ing and proton-elastic neutrino scattering.

ent scattering on nuclei, although proton-elastic interac-
tions are responsible for about 10% of the total signal.
It can also be seen that the rate in neutrino mode is
lower than the data, while in antineutrino mode, it is
larger than the data. This is due to the vector nature
of the dark photon couplings to quarks. It predicts that
the neutrino and antineutrino cross sections on nuclei are
the same. This is in mild tension with the MiniBooNE
observation that the antineutrino excess is comparatively
smaller than the neutrino mode one. The tension is also
visible in Table III. The goodness-of-fit is significantly
better for neutrino than antineutrino data, so combining
the two provides an overall smaller �2 probability. Since
the excess in neutrino mode is more significant, this mode
drives the fit and leads to an overprediction for the num-
ber of events in antineutrino mode. In the 3+1 model,
the agreement with the data is typically better for long-
lived HNL regimes, but it is still at a & 2� tension with

Abdullahi, Hostert, Hoefken Zink, 
Massaro, SP, 2308.02543

Current (microBooNE, SBN, 
T2K) and future (T2HK, 
DUNE) neutrino facilities 
c a n e x p l o r e t h e 
corresponding parameter 
space.
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FIG. 3. Final selected data and constrained background pre-
diction for the e+e� signal region. Shown is the reconstructed
total energy (a), the angle the primary reconstructed shower
makes with respect to the incoming neutrino beam (b) and
the NC ⇡0 BDT rejection score (c). Shown also in red is
a single dark neutrino example signal stacked on top of the
background prediction, chosen to lie just within our predicted
95% C.L. sensitivity, with m4 = 106 MeV, mZ0 = 30 MeV,
|Uµ4|2 = 2.0 ⇥ 10�10, and ✏ = 8 ⇥ 10�4. Equivalent spectra
for pre-constrained backgrounds can be found in the Supple-
mental Materials.

the dual dark neutrino result for fixed relative mass gap
� = 1. This is both for simplicity of presentation and
to allow direct comparison to the published MiniBooNE
preferred regions of model parameter space that can
explain the MiniBooNE low-energy anomaly [36]. Limits
are obtained for each Z 0 mass individually by placing
cuts on ��2

CNP < 5.99, corresponding to a 95% C.L
assuming Wilk’s theorem for 2 d.o.f. For the majority
of parameter space probed, MicroBooNE places world
leading exclusion limits on this class of models, with
the MicroBooNE 95% confidence level exclusion limits
ruling out this interpretation of the MiniBooNE anomaly.

This letter has presented the first dedicated analysis
exploring e+e� explanations for the short-baseline Mini-
BooNE anomaly, as suggested by non-minimal dark sec-
tor models. By expanding beyond past single-photon
searches at MicroBooNE to a broader e+e� signal topol-
ogy containing also two-shower and one-shower, one-

(a) Single dark neutrino scenario, " = 8⇥ 10

�4
.

(b) Dual dark neutrino scenario, � = 1, " = 8⇥ 10

�4
.

FIG. 4. The resulting MicroBooNE 95% C.L. exclusion con-
tours for a single dark neutrino model (a) and representative
� = 1 dual dark neutrino scenario (b). Each solid line rep-
resents MicroBooNE limits for one of six values of the dark
gauge boson mass (mZ0) varying from 30 MeV to 1.25 GeV,
with everything above the solid line being excluded at above
the 95% C.L. The corresponding MiniBooNE allowed regions
for each dark gauge boson mass indicate the 95% C.L. pre-
ferred region of parameter space that o↵ers a viable explana-
tion to the MiniBooNE anomaly, taken from [36], with each
star showing the MiniBooNE best fit for that single value
of MZ0 . The green plus in (a) indicates the example model
point used in Fig. 3. The gray solid regions indicate model-
independent limits on dark neutrinos [54–59] prior to this re-
sult. The 30 MeV Z0 contour in (a) corresponds to the dark
neutrino model introduced in Ref. [18].

track events, a significant increase in e�ciency is achieved
for very forward-going, coherently-produced e+e� pairs.
For these models predicting such a signature, we find
no evidence of a signal consistent with MiniBooNE’s ob-
servation. This result holds for both scenarios involving
light Z 0 mediators and those with heavier Z 0 states. Our

MicroBooNE collaboration, 2502.109000
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G. Agazie et al. (NANOGrav), 2306.16213;  J. 
Antoniadis et al. (EPTA, InPTA:), 2306.16214; D. J. 
Reardon et al., 2306.16215; H. Xu et al., 
2306.16216.

In 2023, evidence was reported of nanoHertz stochastic 
GW background by PTA experiments. A FOPT provides  
a possible explanation.

Dark scalars and photons:
FOPT and PTA GWs

See also, S. Balan et al., 2502.19478; J. 
Goncalves et al., 2501.11619

A FOPT proceeds via nucleation of bubble of true 
vacuum. They grow ultimately filling all the Universe. 

CERN Courier
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The evolution of the PT needs to be very slow 
(supercooled PT) and this sets important requirements 
on the parameters of the model.
We consider a U(1) extension with scalar for SBB:

5

v� �� gD Tp H⇤R⇤ ↵ m' mZ0

[GeV] [MeV] [GeV] [GeV]

BP1 0.5 0.006 0.75 12.54 0.4771 342.34 0.055 0.375

BP2 1 0.006 0.75 22.54 0.7729 522.85 0.110 0.750

BP3 10 0.006 0.75 193.87 1.399 463.12 1.10 7.50

BP4 1 0.010 0.86 38.03 0.8804 102.16 0.144 0.862

TABLE I. Benchmark points reproducing the PTA results
from NANOGrav with FOPTs with gD ' grollD . The first
three columns correspond to the physics parameter of the
dark sector scenario we consider, while the next three columns
correspond to the percolation temperature, the mean bubble
separation at percolation and the transition strength. Finally
we present the masses of the dark scalar and the dark photon.

FIG. 1. Gravitational wave spectrum for the reference
points in Table I. The gray shaded regions correspond to
NANOGrav’s violin plot.

As stressed in previous sections, particular care needs
to be taken in order to reproduce the NANOGrav results
making sure that the PT completes. Indeed, if the com-
pletion condition we impose following Ref. [44] was lifted,
a much larger degree of supercooling would be found.
However, such thermal histories with a long period of ex-
ponential expansion make the FOPT unsuccessful as the
Universe would remain in the false vacuum. Given that
the completion of the FOPT limits the amount of super-
cooling we can have, we find that the main contribution
to the GW spectrum comes from sound waves. This is
due to the NLO pressure contribution from gauge-boson
emission driving the wall to a terminal velocity, suppress-
ing the contribution from bubble collisions. Bubble col-
lisions are only the dominant GW source for very large
values of ↵ � 104 [71], solutions for which we find that
the FOPT does not complete, in line with Ref. [44].

In general, we find that successfully accounting for the
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FIG. 2. Upper panel: Maximum (minimum) value of the
gauge coupling for which a FOPT completes as a function
of the scalar quartic coupling ��, shown in dark red (blue).
The dashed line corresponds to the values for which a po-
tential barrier is present at zero temperature (see Eq. (4)).
Lower panel: Values of the di↵erent relevant temperatures as
a function of �� for gD = gmax

D . In both panels the vev is
fixed to that of BP2 and BP4 in Table I.

SGWB observation corresponds to the gauge coupling
values g

D

⇠ groll
D

, which is expected given that for this
value of g

D

a barrier separating the minima at zero tem-
perature allows for a higher degree of supercooling. This
is shown in Fig. 2 as well. In the upper panel, we show in
dark red (blue) the largest (smallest) value of the gauge
coupling, computed numerically, for which the FOPT
completes in the runaway regime as a function of �

�

and
by fixing the vev to that of BP2. The black dashed line
corresponds to the values of the gauge couplings given by
Eq. (4). As can be seen in combination with the lower
panel, in which we show di↵erent relevant temperatures
in the FOPT as a function of �

�

and for g
D

= gmax
D

, the
highest degree of supercooling appears when g

D

⇠ groll
D

.
For this value, we no longer find a minimum temper-

2

PT can lead to predicting FOPTs in cases where there is
actually no transition at all.

In our study, we ask if, in theoretically-consistent par-
ticle physics models, in particular DS ones, it is possible
to obtain the SGWB observed in PTA experiments via
a PT. We take the minimal approach, considering a DS
model with the fewest ingredients needed for the PT,
namely a U(1) gauge extension and a related scalar. In
order to answer the question on its feasibility, we address
the challenges posed by supercooling and go beyond pre-
vious analysis [45, 46] by studying the percolation and
completion temperature, using the next-to-leading order
correction to the bubble wall pressure determining the
correct e�ciency factors. We ensure that the reheating
temperature is not larger than the critical temperature.
We also compute explicitly the sound speed and do not
rely on the bag model approximation. Finally, we do
not employ the � parameter for the evaluation of the
GW spectrum but we use the mean bubble separation
R⇤ which is the physically relevant quantity used in sim-
ulations.

This letter is organized as follows: firstly we introduce
the model and provide an analytical understanding for
the interesting region where numerically supercooling is
reached. Then we discuss the various FOPT milestones
the PT needs to reach until completion and the resulting
GW spectrum. Finally, we present the main results and
then we conclude our work.

Dark Scalar minimal model : We extend the Stan-
dard Model with a light DS comprised of a complex
scalar, �, charged under a new U(1)D gauge symmetry,
and the associated dark gauge boson Z 0

µ

. The DS La-
grangian is given by

L =(D
µ

�)⇤ (Dµ�)� V (�⇤�)� 1

4
Z 0
µ⌫

Z 0µ⌫ , (1)

whereD
µ

⌘ @
µ

�i
p
2g

D

Z 0
µ

is the covariant derivative and
g
D

represents the DS gauge coupling. The most general
gauge-invariant scalar potential is

V =� µ2
�

�⇤�+ �
�

(�⇤�)2 . (2)

When the dark scalar gets a vev v
�

= µ
�

/
p

�
�

, the
masses of the Z 0 and the scalar become m2

Z

0 = g2
D

v2
�

and m2
�

= 2�
�

v2
�

, respectively.
The dark sector is connected to the SM via portal inter-

actions, in particular the scalar, �H�

H†H�†�, and vec-
tor, ✏/cW Z 0

µ⌫

Bµ⌫ , with Bµ the SM gauge boson acting
as portal and cW the cosine of the Weinberg angle.

The presence of these portal couplings is important to
keep thermal equilibrium between the DS and the SM,
but they are required to be small at the scales of interest
by laboratory constraints [27]1. While the mixed scalar

1 Considering the relevant masses in our work, the Higgs portal

coupling �H�

could change both EW and DS symme-
try breaking dynamics, its small value and the hierar-
chy between the EW and DS scales allows us to study
the FOPT in the DS alone. Thus, in the following
we study the scalar potential in Eq. (2), adding to it
the relevant one-loop corrections, namely the Coleman-
Weinberg potential (VCW) [49] in the on-shell renormal-
ization scheme [50, 51] and the one-loop thermal poten-
tial (VT) [52] including the Daisy corrections (VD) [53], so
that the total temperature-dependent e↵ective potential
is

Ve↵ (T ) = V + VCW + V
T

+ Vdaisy . (3)

The Lagrangian could also contain new fermions, both
charged and neutral with respect to the new gauge sym-
metry, hence dark fermions and heavy neutral leptons,
with Yukawa couplings among themselves and with the
SM leptonic doublet and the Higgs. While these terms
would lead to mixing of the neutral fermions, after EW
and U(1)

D

symmetry breaking, and could explain neu-
trino masses via a see-saw mechanism [54–61], we ne-
glect them in our present study focused on a minimal
approach.

Supercooling : In order to account for NANOGrav mea-
surements, we need to look for a supercooled FOPT. We
find that regions with the highest degree of supercooling
correspond to values of g

D

for which a barrier is present
at zero temperature, given by

groll
D

=

⇢
16⇡2�

�

3


1� �

�

8⇡2
(5 + 2 log 2)

��1/4

. (4)

Our numerical analysis shows that a strong and super-
cooled phase transition happens in the region g

D

⇠ groll
D

.

Milestones in the FOPT : Given the e↵ective potential
from Eq. (3), at very high-temperatures we have sym-
metry restoration with only one minimum at ' = 0.
As the temperature decreases a second minimum ap-
pears. At the critical temperature Tcrit, estimated as
T 2
crit ⇠ µ2

�

/(�
�

+ g2
D

/2), the two minima become degen-
erate, allowing for a transition from the false to the true
vacuum for T < Tcrit. At the so-called nucleation tem-
perature T

N

, there is on average one nucleated bubble per
Hubble volume, with the Hubble expansion rate given by

H(T ) =


g⇤(T )T 4

90⇡2M2
Pl

+
�Ve↵(T )

3M2
Pl

�1/2
, (5)

where we include the radiation contribution and the vac-
uum energy released in the transition. The latter is given

interaction thermalization occurs for �H� & 10�7 [47], while for
the dark photon ✏ & 10�9 [48].
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actually no transition at all.

In our study, we ask if, in theoretically-consistent par-
ticle physics models, in particular DS ones, it is possible
to obtain the SGWB observed in PTA experiments via
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correction to the bubble wall pressure determining the
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but they are required to be small at the scales of interest
by laboratory constraints [27]1. While the mixed scalar
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coupling �H�

could change both EW and DS symme-
try breaking dynamics, its small value and the hierar-
chy between the EW and DS scales allows us to study
the FOPT in the DS alone. Thus, in the following
we study the scalar potential in Eq. (2), adding to it
the relevant one-loop corrections, namely the Coleman-
Weinberg potential (VCW) [49] in the on-shell renormal-
ization scheme [50, 51] and the one-loop thermal poten-
tial (VT) [52] including the Daisy corrections (VD) [53], so
that the total temperature-dependent e↵ective potential
is

Ve↵ (T ) = V + VCW + V
T

+ Vdaisy . (3)

The Lagrangian could also contain new fermions, both
charged and neutral with respect to the new gauge sym-
metry, hence dark fermions and heavy neutral leptons,
with Yukawa couplings among themselves and with the
SM leptonic doublet and the Higgs. While these terms
would lead to mixing of the neutral fermions, after EW
and U(1)

D

symmetry breaking, and could explain neu-
trino masses via a see-saw mechanism [54–61], we ne-
glect them in our present study focused on a minimal
approach.

Supercooling : In order to account for NANOGrav mea-
surements, we need to look for a supercooled FOPT. We
find that regions with the highest degree of supercooling
correspond to values of g
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for which a barrier is present
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Our numerical analysis shows that a strong and super-
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.

Milestones in the FOPT : Given the e↵ective potential
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metry restoration with only one minimum at ' = 0.
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/2), the two minima become degen-
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where we include the radiation contribution and the vac-
uum energy released in the transition. The latter is given

interaction thermalization occurs for �H� & 10�7 [47], while for
the dark photon ✏ & 10�9 [48].
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metry restoration with only one minimum at ' = 0.
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/2), the two minima become degen-
erate, allowing for a transition from the false to the true
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, there is on average one nucleated bubble per
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where we include the radiation contribution and the vac-
uum energy released in the transition. The latter is given

interaction thermalization occurs for �H� & 10�7 [47], while for
the dark photon ✏ & 10�9 [48].

Between gmax and gmin the FOPT completes.
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For groll there is a 
barrier between the 
two vacua at zero T. 
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We have identified BP for which the FOPT can 
reproduce the PTA data as well as lead to completion of 
the PT.

5

v� �� gD Tp H⇤R⇤ ↵ m' mZ0

[GeV] [MeV] [GeV] [GeV]

BP1 0.5 0.006 0.75 12.54 0.4771 342.34 0.055 0.375

BP2 1 0.006 0.75 22.54 0.7729 522.85 0.110 0.750

BP3 10 0.006 0.75 193.87 1.399 463.12 1.10 7.50

BP4 1 0.010 0.86 38.03 0.8804 102.16 0.144 0.862

TABLE I. Benchmark points reproducing the PTA results
from NANOGrav with FOPTs with gD ' grollD . The first
three columns correspond to the physics parameter of the
dark sector scenario we consider, while the next three columns
correspond to the percolation temperature, the mean bubble
separation at percolation and the transition strength. Finally
we present the masses of the dark scalar and the dark photon.

FIG. 1. Gravitational wave spectrum for the reference
points in Table I. The gray shaded regions correspond to
NANOGrav’s violin plot.

As stressed in previous sections, particular care needs
to be taken in order to reproduce the NANOGrav results
making sure that the PT completes. Indeed, if the com-
pletion condition we impose following Ref. [44] was lifted,
a much larger degree of supercooling would be found.
However, such thermal histories with a long period of ex-
ponential expansion make the FOPT unsuccessful as the
Universe would remain in the false vacuum. Given that
the completion of the FOPT limits the amount of super-
cooling we can have, we find that the main contribution
to the GW spectrum comes from sound waves. This is
due to the NLO pressure contribution from gauge-boson
emission driving the wall to a terminal velocity, suppress-
ing the contribution from bubble collisions. Bubble col-
lisions are only the dominant GW source for very large
values of ↵ � 104 [71], solutions for which we find that
the FOPT does not complete, in line with Ref. [44].

In general, we find that successfully accounting for the
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FIG. 2. Upper panel: Maximum (minimum) value of the
gauge coupling for which a FOPT completes as a function
of the scalar quartic coupling ��, shown in dark red (blue).
The dashed line corresponds to the values for which a po-
tential barrier is present at zero temperature (see Eq. (4)).
Lower panel: Values of the di↵erent relevant temperatures as
a function of �� for gD = gmax

D . In both panels the vev is
fixed to that of BP2 and BP4 in Table I.

SGWB observation corresponds to the gauge coupling
values g

D

⇠ groll
D

, which is expected given that for this
value of g

D

a barrier separating the minima at zero tem-
perature allows for a higher degree of supercooling. This
is shown in Fig. 2 as well. In the upper panel, we show in
dark red (blue) the largest (smallest) value of the gauge
coupling, computed numerically, for which the FOPT
completes in the runaway regime as a function of �

�

and
by fixing the vev to that of BP2. The black dashed line
corresponds to the values of the gauge couplings given by
Eq. (4). As can be seen in combination with the lower
panel, in which we show di↵erent relevant temperatures
in the FOPT as a function of �

�

and for g
D

= gmax
D

, the
highest degree of supercooling appears when g

D

⇠ groll
D

.
For this value, we no longer find a minimum temper-
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coupling, computed numerically, for which the FOPT
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For this value, we no longer find a minimum temper-

There is a distinct 
p h e n o m e n o l o g y 
associated: the dark 
scalar is much lighter 
than the dark photon 
with important exp 
implications.
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We know that the SM incomplete (3 pillars+ 
GW?). What is the New SM?

Many new ideas exploring different mass scales: neutrino 
masses, sterile neutrinos, DM, axions, dark sectors,…
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We know that the SM incomplete (3 pillars+ 
GW?). What is the New SM?

Many new ideas exploring different mass scales: neutrino 
masses, sterile neutrinos, DM, axions, dark sectors,…

Maybe the new physics is just round the corner and might 
have a complex structure as the SM, with important 
phenomenological implications for their searches. 
Neutrinos play a key role in their exploration.
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