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Dear Colleague,

On 19-20 December 2013 the  first  NuPhys  workshop will  be held  at  the Institute  of  Physics,  

London, UK.

In this conference we will discuss the current status and prospectives of the future experiments, 
their performance and physics reach. This conference will  be unique in addressing the synergy 
between the planned experiments  and their  phenomenological  aspects and is  timely as these 
experiments are currently  being  designed.  A dedicated poster  session has been organised for 
December 19. Speakers include leading scientists from the UK, Europe, US, China and Japan: F. 
Feruglio,  E.  Lisi,  Y.  Wang,  M.  Fallot,  P.  Huber,  S.  Soldner-Rembold,  T.  Nakaya,  D.  Wark,  C. 
Backhouse, R. Wilson, T. Katori, A. Bross, A. Blondel, J. Kopp, M. Pallavicini, G. Drexlin, M. Chen, 
F. Simkovic, F. Deppisch, L. Verde, J. Miller and C. Kee.

 

The conference website, including travel details, can be found at 

http://nuphys2013.iopconfs.org 

As co-Chair of the Organising Committee I would like to ask you to display the workshop poster 

and to convey the information about the event to all  interested parties.  Participation by young 

researchers is particularly encouraged.

Best wishes,

                                   Shaped by the past, creating the future

mass



The Standard Model describes the particles 
which exist in Nature (fermions and bosons) and 
explains their interactions. Neutrinos are the 
most elusive of the SM particles. 2

Wikipedia

Neutrinos in the Standard model of 
particle physics
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● Atmospheric neutrinos 1998: 
Super-Kamiokande

● Solar neutrinos: In 2002, SNO

● Reactor neutrinos: KamLAND 
observed the disappearance of 
electron anti-neutrinos.

The SNO Detector
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We present an analysis of atmospheric neutrino data from a 33.0 kton yr (535-day) exposure of the
Super-Kamiokande detector. The data exhibit a zenith angle dependent deficit of muon neutrinos which
is inconsistent with expectations based on calculations of the atmospheric neutrino flux. Experimental
biases and uncertainties in the prediction of neutrino fluxes and cross sections are unable to explain our
observation. The data are consistent, however, with two-flavor nm $ nt oscillations with sin2 2u .
0.82 and 5 3 1024 , Dm2 , 6 3 1023 eV2 at 90% confidence level. [S0031-9007(98)06975-0]

PACS numbers: 14.60.Pq, 96.40.Tv

Atmospheric neutrinos are produced as decay products
in hadronic showers resulting from collisions of cosmic
rays with nuclei in the upper atmosphere. Production

of electron and muon neutrinos is dominated by the pro-
cesses p1 ! m1 1 nm followed by m1 ! e1 1 nm 1
ne (and their charge conjugates) giving an expected ratio

1562 0031-9007y98y81(8)y1562(6)$15.00 © 1998 The American Physical Society

The discovery of neutrino oscillations
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We present an analysis of atmospheric neutrino data from a 33.0 kton yr (535-day) exposure of the
Super-Kamiokande detector. The data exhibit a zenith angle dependent deficit of muon neutrinos which
is inconsistent with expectations based on calculations of the atmospheric neutrino flux. Experimental
biases and uncertainties in the prediction of neutrino fluxes and cross sections are unable to explain our
observation. The data are consistent, however, with two-flavor nm $ nt oscillations with sin2 2u .
0.82 and 5 3 1024 , Dm2 , 6 3 1023 eV2 at 90% confidence level. [S0031-9007(98)06975-0]

PACS numbers: 14.60.Pq, 96.40.Tv

Atmospheric neutrinos are produced as decay products
in hadronic showers resulting from collisions of cosmic
rays with nuclei in the upper atmosphere. Production

of electron and muon neutrinos is dominated by the pro-
cesses p1 ! m1 1 nm followed by m1 ! e1 1 nm 1
ne (and their charge conjugates) giving an expected ratio

1562 0031-9007y98y81(8)y1562(6)$15.00 © 1998 The American Physical Society

Nobel Prize in Physics 2015 
“for the discovery of neutrino oscillations, 
which shows that neutrinos have mass”

T. Kajita A. McDonald

The discovery of neutrino oscillations
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We present an analysis of atmospheric neutrino data from a 33.0 kton yr (535-day) exposure of the
Super-Kamiokande detector. The data exhibit a zenith angle dependent deficit of muon neutrinos which
is inconsistent with expectations based on calculations of the atmospheric neutrino flux. Experimental
biases and uncertainties in the prediction of neutrino fluxes and cross sections are unable to explain our
observation. The data are consistent, however, with two-flavor nm $ nt oscillations with sin2 2u .
0.82 and 5 3 1024 , Dm2 , 6 3 1023 eV2 at 90% confidence level. [S0031-9007(98)06975-0]

PACS numbers: 14.60.Pq, 96.40.Tv

Atmospheric neutrinos are produced as decay products
in hadronic showers resulting from collisions of cosmic
rays with nuclei in the upper atmosphere. Production

of electron and muon neutrinos is dominated by the pro-
cesses p1 ! m1 1 nm followed by m1 ! e1 1 nm 1
ne (and their charge conjugates) giving an expected ratio

1562 0031-9007y98y81(8)y1562(6)$15.00 © 1998 The American Physical Society

T. Kajita

Advert: 
NuPhys 2019 

Cavendish 
Conference 

Centre, London 
Dec 16-18 2019

The discovery of neutrino oscillations
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Current knowledge 
of neutrino 
properties:

• 2 mass squared 
differences 

• 3 sizable mixing 
angles, 

• some hints of CPV
• indications in 

favour of NO
M. C. Gonzalez-Garcia et al., 1811.05487

Neutrino properties 
after Neutrino 2018

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

masses and 
mix!

NuFIT 4.0 (2018)
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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. Some preference for NO (            ).

mmin

7

Fractional flavour content of massive neutrinos

|Uei|2

|Uµi|2

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

CPV?

8

U =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13ei�

0 1 0
�s13e�i� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
1 0 0
0 ei↵21/2 0
0 0 ei↵31/2

1

A

-      maximal or close to maximal;
-      significantly different from maximal;
-     quite large: challenge to flavour models;
- Mixings very different from quark sector.
- Possibly, large leptonic CPV. 

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

✓23

✓12

✓13

Leptonic Mixing and CP-violation



1. What is the nature of neutrinos?  

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

3. Is there CP-violation? 

4. What are the precise values of mixing angles? 

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

9

Very exciting experimental programme now 
and for the future. 

Phenomenology questions for the future



⌫ = C⌫̄T

Neutrinos can be Majorana or Dirac particles. In the 
SM only neutrinos can be Majorana as they are neutral.

10

Majorana condition

The nature of neutrinos is linked to the conservation 
of Lepton number (L). 

● This is crucial information to unveil the Physics BSM: 
with or without L-conservation?  Lepton number 
violation is a necessary condition for Leptogenesis. 

● Tests of LNV: 
 - At low energy, neutrinoless double beta decay,
 - LNV tau and meson decays, collider searches.

Neutrino nature



● The effective Majorana mass parameter:

●                      the nuclear matrix elements

Neutrinoless double beta decay, (A, Z) → (A, Z+2) + 2e, 
will test the nature of neutrinos. 

11

The half-life time depends 
on neutrino properties

2 – Neutrino masses

(ββ)0ν -decay

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

✲

✲ ❤

❤

❄✻✟✟✟✯

❍❍❍❥

❍❍❥

✟✟✯

n

n
ν e−

p

e−

p

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

Mixing angles (known) CPV phases (unknown)

2 – Neutrino masses

The half-life time, T1/2
0ν , of the (ββ)0ν -decay can be factorized, for light

Majorana neutrinos, as:
[

T1/2
0ν (0+ → 0+)

]−1

∝ |MF − g2
AMGT |

2 |<m>| 2

• |<m>| is the effective Majorana mass parameter:

|<m>| ≡ | m1|Ue1|2 + m2|Ue2|2eiα21 + m3|Ue3|2eiα31 | ,

• |MF − g2
AMGT | are the nuclear matrix elements (NME). They need to be

evaluated theoretically.

The extracted value of |<m>| from a measurement of T1/2
0ν requires the

knowledge of NME.

Neutrinoless double beta decay
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Present bounds: 
GERDA-II, CUORE, 
KamLAND-Zen 

Goals of Next 
generation exp: 

LEGEND-1K, CUPID, 
NEXT-HD, nEXO, 
SNO+, PANDAX, 

DARWIN…

Wide experimental program which is ongoing. The 
next generation is well into planning and R&D for future.
A positive signal would indicate L violation!12

The predictions for mbb depend on the neutrino masses:

Predictions for betabeta decay

R&D for future exp 

m�� �
q
|�m2

31| cos 2✓12
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Experimental searches of betabeta decay

Basics of neutrinoless double beta decay

Basics of neutrinoless double beta decay
Modes of —— decay:

(Z , A) æ (Z + 2, A) + 2e≠ + 2‹̄e (2‹——)

(Z , A) æ (Z + 2, A) + 2e≠ (0‹——)

Total decay rate of 0‹——:
�0‹/ ln 2 = (T 0‹

1/2)
≠1 = |Mee |2

---M0‹
---
2
G0‹(Q, Z )

Mee =
q

i
U2

ei mi

M0‹ : nuclear matrix element
G0‹ (Q, Z): phase space factor

W

‹L

‹L

W

dL

dL

uL

e≠
L

e≠
L

uL

Q

N(E )

E

0‹——2‹——
6

-

0‹—— in colored seesaw model

Michael Duerr (MPIK) LNV New Physics and 0‹—— NOW2012, 10 Sep 2012 4

Neutrinoless double beta decay can 
be tested in nuclei in which single 
beta decay is kinematically forbidden 
(76Ge, 100Mo, 130Te, 136Xe…).

13

Very rare process which requires 
- very low backgrounds (<1 cts / (yrs ton ROI));
- excellent energy resolution (<1% at Qbb);
- large active isotope mass (ton-scale).
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FIG. 2: (a) Energy spectrum of selected ββ candidates within a 1-
m-radius spherical volume in Period-2 drawn together with best-fit
backgrounds, the 2νββ decay spectrum, and the 90% C.L. upper
limit for 0νββ decay. (b), (c) Closeup energy spectra for 2.3 < E <
3.0MeV in Period-1 and Period-2, respectively.

cay rates for Period-1 and Period-2 are 100.1+1.1
−1.8 (ton·day)−1

and 100.1+1.0
−0.9 (ton·day)−1, respectively, and are in agreement

within the statistical uncertainties. The resolution tail in 2νββ
decays is an important background in the 0νββ analysis. Such
tail events are reproduced in 214Bi decays with high-Rn data
assuming the Gaussian resolution, indicating that a contribu-
tion from energy reconstruction failures is negligible.

We assess the systematic uncertainty of the FV2ν cut based
on the study of uniformly distributed 214Bi events from ini-
tial 222Rn contamination throughout the Xe-LS. We obtain
a 3.0% systematic error on FV2ν , consistent with the 1.0 cm
radial-vertex-bias in the source calibration data. Other sources
of systematic uncertainty such as xenon mass (0.8%), detec-
tor energy scale (0.3%) and efficiency (0.2%), and 136Xe en-
richment (0.09%), only have a small contribution; the overall
uncertainty is 3.1%. The measured 2νββ decay half-life of
136Xe is T 2ν

1/2 = 2.21±0.02(stat)±0.07(syst)×1021 yr. This
result is consistent with our previous result based on Phase-I
data, T 2ν

1/2 = 2.30 ± 0.02(stat) ± 0.12(syst) × 1021 yr [15],

and with the result obtained by EXO-200, T 2ν
1/2 = 2.165 ±

0.016(stat)± 0.059(syst)× 1021 yr [16].
For the 0νββ analysis, using the larger 2-m-radius FV, the

dominant 214Bi background on the IB is radially attenuated
but larger in the lower hemisphere. So we divide the FV into
20-equal-volume bins for each of the upper and lower hemi-
spheres (see Fig. 1 (a)). We perform a simultaneous fit to
the energy spectra for all volume bins. The z-dependence of
214Bi on the IB film is extracted from a fixed energy win-
dow dominated by these events. The 214Bi background con-
tribution is then broken into two independent distributions in
the upper and lower hemispheres whose normalizations are
floated as free parameters. The fit reproduces the energy spec-
tra for each volume bin; Fig. 1 (b) shows an example of the
energy spectrum in a volume bin with high 214Bi background
events around the IB film. The radial dependences of candi-
date events and best-fit background contributions in the 0νββ
window are illustrated in Fig. 1 (c). The possible background
contributions from 110mAg are free parameters in the fit. We
consider three independent components: 110mAg uniformly
dispersed in the Xe-LS volume, and on the surfaces of each
the lower and upper IB films. We also examined non-uniform
110mAg sources, with different assumed radial dependences,
in the Xe-LS but determined that this has little impact on the
0νββ limit.

As described above, the fits are performed independently
for Period-1 and Period-2 in the region 0.8 < E < 4.8MeV.
We found no event excess over the background expectation for
both data sets. The 90% C.L. upper limits on the 136Xe 0νββ
decay rate are <5.5 (kton·day)−1 and <3.4 (kton·day)−1 for
Period-1 and Period-2, respectively. To demonstrate the low
background levels achieved in the 0νββ region, Fig. 2 shows
the energy spectra within a 1-m-radius, together with the best-
fit background composition and the 90% C.L. upper limit for
0νββ decays. Combining the results, we obtain a 90% C.L.
upper limit of <2.4 (kton·day)−1, or T 0ν

1/2 > 9.2 × 1025 yr
(90% C.L.). We find a fit including potential backgrounds
from 88Y, 208Bi, and 60Co [3] does not change the obtained
limit. A MC of an ensemble of experiments assuming the
best-fit background spectrum without a 0νββ signal indicates
a sensitivity of 5.6× 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For com-
parison, the sensitivity of an analysis in which the 110mAg
background rates in Period-1 and Period-2 are constrained to
the 110mAg half-life is 4.5× 1025 yr.

Combining the Phase-I and Phase-II results, we obtain
T 0ν
1/2 > 1.07× 1026 yr (90% C.L.). This corresponds to an al-

most sixfold improvement over the previous KamLAND-Zen
limit using only the Phase-I data, owing to a significant re-
duction of the 110mAg contaminant and the increase in the
exposure of 136Xe.

From the limit on the 136Xe 0νββ decay half-life, we ob-
tain a 90% C.L. upper limit of ⟨mββ⟩ < (61 – 165)meV us-
ing an improved phase space factor calculation [17, 18] and
commonly used NME calculations [19–25] assuming the ax-
ial coupling constant gA ≃ 1.27. Figure 3 illustrates the al-
lowed range of ⟨mββ⟩ as a function of the lightest neutrino
mass mlightest under the assumption that the decay mecha-

KamLAND-Zen, PRL 117 (2016)

KamLAND-Zen Loaded LSc with 380 kg 136Xe,
T1/2 >1.07x1026yrs (90% C.L.), mbb< 61-165 meV

EXO-200 ~75 kg LXe TPC, T1/2 >3.7x1025yrs

GERDA 31 kg (enriched) 76Ge, T1/2 >0.9x1026yrs
MAJORANA 26.0 kg yrs, T1/2 >0.27x1026yrs

CUORE 130Te, ~206 kg, T1/2 >1.5x1025yrs
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The ultimate goal of next generation is mbb~15-20 meV.

HD



●  Mass ordering via neutrino oscillation in matter 
(NOvA, DUNE, atmospheric neutrinos) or in vacuum 
(JUNO).  Discovery expected within 10 years.

● Absolute mass scale.
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2 – Neutrino masses

(ββ)0ν -decay

neutrinoless double beta decay : (A,Z) → (A,Z + 2) + 2e−, is the
most sensitive of processes (∆L = 2) which can probe the nature of
neutrinos (Dirac vs Majorana).
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(ββ)0ν -decay has a special role in the study of neutrino properties, as it
probes the violation of global lepton number, and it might provide
information on the neutrino mass spectrum, absolute neutrino mass
scale and CP-V.
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Neutrinoless double beta decay, Figure 1
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Cosmology

Neutrinoless dbeta decay

E-E0

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

Measuring neutrino masses
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m�� = f(mi,↵21,↵31, �)
<latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit><latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit><latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit><latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit> J. Lesgourgues and S. Pastor, Phys. Rep. 429

mi=0.046 eV

mi=0.46 eV
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Experimental*efforts
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filter'(MACNE)
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Radiation Phonons
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Direct mass searches

S. Mertens, Granada Open Symposium ESPP

KATRIN has 
released the first 
data in Sep 2019:
mb < 1 eV.
The ultimate 
sensitivity is to 
mb < 0.2 eV.

KATRIN coll., KIT press release



●  In LBL experiments, accelerator neutrinos travel for 
100s-1000s km before being detected. Experiment aim 
at detecting the subdominant                              .

●  Thanks to 3-nu mixing effects, the probability for 
neutrinos and antineutrinos can be different due to CPV.
● Due to their interactions with the background of e, p, 
n, they get an effective mass which changes the 
oscillation probabilities differently for neutrinos and 
antineutrinos (as the background is CP/CPT violating).17

Credit: 
Symmetry 
magazine

P (⌫µ ! ⌫e) ⌘ Pµe
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Long-baseline oscillations, MO and CPV
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e.g. A. Cervera et al., hep-ph/0002108; Denton at al, 1806.01277; and many others, 
for a recent comparison see Parke et al., 1902.00517

s
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+...
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Figure 6: The sensitivity to CP violation for DUNE and T2HK in isolation and combined

as a function of delta (left) and the fraction of � parameter space for which greater than 5�

CPV discovery is expected (right). We consider a range of true ✓23 spanning both octant

solutions. The lower edge of the shaded regions corresponds to ✓23 > 45� due to a decrease

in sensitivity arising from the relative suppression of the CP sensitive terms in Eq. (2.1).

The left (right) plot assumes the “fixed run time” (“variable run time”) configurations in

Table 1 and the true oscillation parameters, apart from ✓23, specified in Table 2.

either in isolation, and expects a greater than 5� measurement for more than 50% of the

parameter space after between 1.5 and 2.5 years of parallel data-taking.

4.3 Sensitivity to maximal CP violation

Although the search for any non-zero CPV is the principle goal of the next LBL experi-

ments, understanding the value of � is also highly relevant. Current global fits [46, 79, 80]

point towards maximal values of �, � = ±⇡/2. Of course, these should be treated with

some scepticism: no single experiment can claim evidence for this at an appreciable level.

However, determining if a maximal CP violating phase exists will remain a high priority

for the next generation of long-baseline experiments. If established, it could be seen as an

“unnatural” value advocated as evidence against anarchic PMNS matrices. Indeed, it is

also one of the most common predictions in flavour models with generalised CP symme-

tries, and is often associated with close to maximal values of ✓23 in models with residual

flavor symmetries. For more discussion, see e.g. Ref. [64, 65].

We have studied this question in Fig. 7 where we have defined the quantity

��

2
MCP = min

�2{�⇡
2 ,

⇡
2 }

��

2(�). (4.3)

This is analogous to ��

2
CP defined earlier, and gives us a measure of the compatibility

of the data with the hypothesis of maximal CP violation. On the left panel, we see the

ability to exclude maximal CPV as a function of the true value of �. There is a similar

sensitivity for both facilities. DUNE has the best performance for most cases, but T2HK

still achieves the highest significance exclusions for �3⇡/4 < � < �⇡/2 and 0 < � < ⇡/2;

– 22 –

Ballett et al., 
PRD96 (2017)

These experiments are the tool of choice to 
determine the mass ordering and CPV.

rA ⌘ A/�31,

�i1 ⌘ �m2
i1
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Complementarity

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

✓12

✓23

⌫
✓13

MO
CPV

nature

Reactor 
neutrinos:
JUNO

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

Atmospheric neutrinos

        Neutrinoless
double beta decay

masses
Cosmology 

Direct search
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HK, ORCA, 
IceCube Gen2, 
INO
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Neutrino oscillations imply that 
neutrinos have mass and mix.

First evidence of physics 
beyond the SM. 

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 different perspective on physics BSM.

1. Origin of masses 2. Problem of flavour
Why are neutrinos so much lighter ?�

Neutral vs charged hierarchy ?�

mf$~ λ#

Why neutrinos have mass? 
and why are they so light?
and why their hierarchy is at 
most mild?

Why leptonic mixing 
is so different from 
quark mixing?
Is there CPV?
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MeV GeV TeV GUT scalekeVeVsub-eV

Open window on the Physics BSM
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Why neutrinos have mass? 
and why are they so light?
and why their hierarchy is at 
most mild?
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2. Problem of flavour

Why leptonic mixing 
is so different from 
quark mixing?
Is there CPV?

MeV GeV TeV GUT scalekeVeVsub-eV

Open window on the Physics BSM



Neutrino Masses in the SM and beyond

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

● Dirac masses do not arise as there are no right-handed 
neutrinos.

If there are RH neutrinos, lepton number would have to 
be a fundamental symmetry to avoid RH Majorana mass.

● They do not have a Majorana mass term

as this term breaks the SU(2) gauge symmetry.
This term breaks Lepton Number.

meēLeR m� �̄L�R

M�T
L C�L

24



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

25

This conserves 
lepton number! 

mD = y⌫v = V mdiagU
†

Tiny couplings!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?



�L = �
L ·HL ·H

M
=

�v2H
M

⌫TLC
†⌫L

Majorana Masses

Only D=5 
term 
allowed for 
the SM
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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



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…
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H

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



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
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Many other testable models:
- TeV scale see-saw (II and III) 
- Inverse, extended, linear s.-saw
- R-parity violating SUSY
- radiative neutrino masses...
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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.
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X ! `q

X ! `q

X ! q̄q

X ! q̄q

Xc ! q̄q
Xc ! ¯̀̄q

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)

31 Fukugita, Yanagida, PLB 174; Covi, Roulet, Vissani PLB 384; Buchmuller, Plumacher, Annal. Phys. 315, ...
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N ! `H
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● Has leptogenesis anything to do with the low energy 
delta phase? Generically, NO. Many models, lots of 
parameters…

An interesting example. Vanilla high-energy see-saw type I:
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A detailed study shows that 
delta can give an important 
(even dominant) contribution 
to the baryon asymmetry. 
For Majorana CPV, effects 
enhanced by a factor of ~10.
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Figure 3: The baryon asymmetry with M1 = 5.13⇥ 10

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

� and ↵31 = 0

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

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

� and 180

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

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

Y⌧1 = 1.37 ⇥ 10

�3 � 1.67 ⇥ 10

�4ei�,

Y⌧1 = 6.64 ⇥ 10

�4 � 8.74 ⇥ 10

�4ei
↵21+⇡

2 ,

Y⌧1 = 4.71 ⇥ 10

�4
+ 1.07 ⇥ 10

�3e
i↵31
2 ,

(3.5)

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

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

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

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

3.2.1 Dirac Phase CP Violation

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

� and ↵31 = 0

�. Given the pattern of R-matrix angles,
this ensures that any CP violation comes solely from �. In this case, the ⌧⌧ -component of

– 18 –

M1 = 5 1010GeV
M3= 3M2= 9M1

Moffat, SP, Petcov, Turner, PRD 98, JHEP 1903

The observation of L violation and of CPV in the lepton 
sector would be a strong indication (even if not a proof) of 
leptogenesis as the origin of the baryon asymmetry.
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GUT see-saw ILow energy 
See-saw

Neutrino masses
and mixing

TeV see-saw I
see-saw II, see-saw III

extended-type seesaws
radiative models
R-parity V SUSY...

What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate scale
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GUT see-saw ILow energy 
See-saw

Neutrino masses
and mixing

TeV see-saw I
see-saw II, see-saw III

extended-type seesaws
radiative models
R-parity V SUSY...

What is the new physics scale?

? ? ?

MeV GeV TeV GUT scalekeVeVsub-eV Intermediate scale



MeV GeV TeV GUT scalekeVeVsub-eV

Neutrino 
masses

Leptogenesis

Charged lepton 
flavour violation, in 

SUSY models

35

Proton decay

p ! e+⇡0
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p ! K+⌫
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Figure 12: Branching fraction versus heavy neutrino mass m4 for decay modes M+
1 → ℓ+1 ℓ

+
2 M−

2

not yet constrained by direct experimental searches. The regions below the curve are theoretically
allowed.
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Figure 13: (a) Left: Feynman diagram for like-sign dilepton signature via WW fusion in hadronic
collisions; (b) right: the exchanged coherent diagram which is same as heavy neutrino production
and decay.

We discuss the signatures for a heavy Majorana neutrino and the sensitivity to probe the
parameters m4 and Vℓ4 at the Tevatron and the LHC.

As for the production of a heavy Majorana neutrino at hadron colliders, the represen-
tative diagrams at the parton level are depicted in Fig. 13, with the exchange of final state
leptons implied. The first diagram is via WW fusion with a t-channel heavy neutrino N4

exchange, directly analogous to the process of 0νββ. The second diagram is via s-channel
N4 production and subsequent decay. Although in our full calculations, we have coher-
ently counted for all the contributing diagrams of like-sign dilepton production including
possible identical particle crossing, it is informative to separately discuss these two classes
of diagrams due to their characteristically different kinematics.

The scattering amplitude for the process in Fig. 13(a) is proportional to Vℓ14Vℓ24 and
the cross section can be expressed as

σ
(

pp → W±W± → ℓ±1 ℓ
±
2 X
)

= (2 − δℓ1ℓ2) |Vℓ14Vℓ24|
2 σ0(WW ), (4.1)

where σ0(WW ) is the “bare cross section”, independent of the mixing parameters. We
show the bare cross section at the LHC energy of 14 TeV versus the heavy neutrino mass
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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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Neutrinos are one of the key portals to new physics 
(together with scalar and vector ones). Neutrinos are the 
least know fermions

The dark sector could include new gauge interactions 
(e.g. dark photons), new scalars and new fermions.
There is a possible connection between neutrinos and 
dark photon/Z’, dark scalars, dark matter studies.38
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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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We consider a model in which we introduce a new U(1) 
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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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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
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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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tic coup

lings
of th

e Higg
s

and
Φ scala

rs, r
espe

ctive
ly.

Vect
or p

orta
l Similarl

y, m
ixing

also
arise

s in
the n

eu-

tral
vect

or b
oson

secto
r fro

m the
allow

ed kine
tic mixing

term
[51]

L
⊃ −

sinχ

2
F
µνXµν

,

(5)

whe
re Fµν

is the
SM

hype
rcha

rge
field

stren
gth.

This

term
may be removed

with
a field

rede
finit

ion,
resu

lt-

ing in thre
e mass e

igen
state

s
(
A, Z

0 , Z
′

)
, cor

resp
ondi

ng

to the
phot

on, Z
0 -bos

on and
the

hypo
thet

ical
Z
′ -bos

on.

For
a light

Z
′ , the

Z
′ coup

ling
to SM

ferm
ions

f to first

orde
r in

the
small p

aram
eter

χ is gi
ven

by

L
⊃ −(e

qf cW
)χ f

γ
µ f Z

′

µ
,

(6)

with
qf the

ferm
ion elect

ric c
harg

e.

The
valu

es of χ
and

λΦH
are

arbi
trary

and
coul

d be

expe
cted

to be rath
er large

. As such
, we trea

t them

as free
para

meters
with

in their
allow

ed rang
es.

Here
,

we merely
note

that
with

our
curr

ent
minim

al m
atte

r

cont
ent,

χ and
λΦH

rece
ive cont

ribu
tion

s at loop
level

from
the

(Lα
· H̃)N

c and
Nν

c
D

Φ term
s, w

hich
are

nec-

essa
rily

supp
resse

d by neut
rino

mixing
(χ ∝ g′ e|U

αh
|2

and
λΦH

∝ |Uαh
|2 ).

The
se valu

es cons
titut

e a lowe
r

boun
d and

large
r valu

es shou
ld be expe

cted
in a com

-

plete
model

.

Por
tal

phe
nom

eno
logy

The
inter

play
betw

een
port

al co
uplin

gs a
nd the h

eavy

neut
rino

s νh
(h = 4, 5)

lead
s to

a disti
nct,

and
poss

ibly

riche
r, ph

enom
enol

ogy
to wha

t is c
ommonly

discu
ssed

in

the
pres

ence
of a

sing
le po

rtal.
We pr

esen
t her

e som
e of

the m
ost r

eleva
nt si

gnat
ures

, dev
olvin

g a long
er st

udy
to

futu
re w

ork.

Hea
vy neut

rino
sear

ches
The

stron
gest

boun
ds on

Heav
y neut

rino
s in

the M
eV–G

eV mass r
ange

com
e fro

m

peak
sear

ches
in meson

deca
ys [5

2–54
] an

d beam
dum

p

expe
riments

[55–
60] l

ooki
ng for v

isibl
e νh

deca
ys. T

hese
,

how
ever

, can
be w

eake
ned

if th
e νh

deca
ys ar

e sufficient
ly

diffe
rent

from
the

case
of “

stan
dard

” steri
le neut

rino
s

with
SM

inter
actio

ns su
ppre

ssed
by neut

rino
mixing

. We

now
discu

ss ho
w this

may h
appe

n, de
pend

ing o
n th

e mass

hiera
rchy

of th
e two

heav
y neut

rino
s and

the
valu

es of

neut
rino

and
kine

tic mixing
. Fo

r con
crete

ness
, we

focu
s

on spec
ific b

ench
mark poin

ts (B
P) t

hat i
llust

rate
the k

ey

featu
res.

In the
ISS-

like
regim

e, w
e take

m4/m
5
= 99%

and
choo

se m4
≃ m5

= 100
MeV.

If χ
is ne

gligi
ble,

we

have
that

νh deca
ys as in the

stan
dard

steri
le case

via

SM
inter

actio
ns. T

his i
s be

caus
e the

ν5 →
ν4ν̄α

να deca
y

is ph
ase-s

pace
supp

resse
d (Γν5→

ν4ν
ν
∝ µ′

5 ), an
d beca

use

Z
′ media

ted
deca

ys in
to thre

e light
neut

rino
s are

negl
i-

gible
for s

mall m
ixing

, as
Γνh→

ννν
∝ |Uαh

|6m
5
h
/m

4
Z′. If

χ is siz
eabl

e, on
the o

ther
hand

, new
visib

le de
cay

chan
-

nels
dom

inat
e, sp

ecifi
cally

ν4 →
ναe

+ e− for t
his B

P. T
he

corr
espo

ndin
g deca

y rate
is gi

ven
by

Γ(ν4
→ ναe

+ e
− ) ≈

1
2

e2χ
2 g′

2 |Uα4
|2

192π
3

m
5
4

m
4
Z′

.
(7)

Dep
endi

ng on the
valu

e of χ
and

m
′

Z
this

deca
y can

be much
faste

r than
in the

SM, im
plyin

g stron
ger

con-

strai
nts o

n the
neut

rino
mixing

para
meters

as d
iscus

sed

in Ref.
[61].

For
heav

ier m
asse

s, ad
ditio

nal d
ecay

chan
-

nels,
e.g.

ν4 → ναµ
+µ− , wo

uld
open

. A featu
re of th

e

model
is th

at su
ch chan

nel w
ould

have
the

sam
e BR

as

the e
lectr

on one,
albe

it ph
ase s

pace
supp

resse
d. N

o two-

body
deca

ys in
to neut

ral p
seud

osca
lars

arise
due

to the

vect
or n

atur
e of

the
gaug

e co
uplin

g, un
less

mass m
ixing

is in
trod

uced
(see

[62]
for a

thor
ough

discu
ssion

of th
e de-

cay
prod

ucts
of a

dark
phot

on).
We cons

ider
also

a BP

in the
ESS

-like
regim

e. We take
m4

= m5/1
0. In this

case
, ν5

deca
ys into

3 ν4
state

s very
rapi

dly.
The

sub-

sequ
ent

deca
ys of ν4

wou
ld proc

eed
as discu

ssed
abov

e

and
wou

ld be much
slow

er than
the

ν5 one,
give

n the

hiera
rchy

of m
asse

s and
the

furth
er supp

ressi
on due

to

neut
rino

and/
or k

ineti
c mixing

.

For
large

χ, p
eak

sear
ches

and
boun

ds o
n lepto

n num
-

ber
viola

tion
(LN

V) f
rom

meson
and

tau
deca

ys m
ay be

affect
ed [63,

64].
Desp

ite simply
relyi

ng on kine
matics

,

we n
ote t

hat
in peak

sear
ches

the s
trict

requ
irem

ent o
f a

sing
le char

ged
track

in the
dete

ctor
[53]

wou
ld, i

n fact,

veto
a large

fract
ion

of n
ew phys

ics e
vent

s if
νh deca

ys

prom
ptly

into
ναe

+ e− , for
insta

nce.
In addi

tion
, LN

V

meson
and

tau
deca

ys w
ould

need
to be reco

nsid
ered

as

the
inter

media
te on

-she
ll νh

coul
d deca

y dom
inan

tly via

the n
ovel

NC
inter

actio
ns a

nd the ℓ
π and

ℓK final
state

s

wou
ld be a

bsen
t.

Dar
k phot

on
sear

ches
Bou

nds
on the

vect
or port

al

com
e fro

m seve
ral d

iffere
nt so

urce
s [65

, 66]
. Ele

ctrow
eak

prec
ision

data
and

cont
ribu

tion
s to

the g
−2 of

the m
uon

and
elect

ron
remainin

g valid
in our

model
[67].

A ma-

jor effor
t at colli

der
and

beam
dum

p expe
riments

has

led to stron
g cons

train
ts on dark

phot
ons

by sear
chin

g

for the
prod

uctio
n and

deca
y of th

ese
part

icles
. Such

boun
ds, h

owev
er, d

epen
d on the

lifeti
me of th

e Z
′ and

on its bran
chin

g ratio
(BR

) into
char

ged
part

icles
. 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

Xµ

Φ

N

νD

Ve
cto

r p
ort

al

Higgs portal

Neutrino portal
interaction

FIG. 1. Schematic representation of our model.

This model has naturally three portals to the SM

Ballett et al., 
1903.07589

Ballett et al., PRD 99 (2019)

with a very distinct phenomenology which can be very 
different from the standard case.

I focus on a new energy scale below the EW symmetry 
breaking one, ~MeV—GeV, controlled by the vev of Phi.
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Fermionic sector
The theory contains two heavy fermions (per 
generation):

0

@
0 Y vH ✏Y vH

Y vH µ0 ⇤
✏Y vH ⇤ µ

1

A

<latexit sha1_base64="xHmg4mVadKSSpqbq9irgHp4tAkc="></latexit><latexit sha1_base64="xHmg4mVadKSSpqbq9irgHp4tAkc="></latexit><latexit sha1_base64="xHmg4mVadKSSpqbq9irgHp4tAkc="></latexit><latexit sha1_base64="xHmg4mVadKSSpqbq9irgHp4tAkc="></latexit>
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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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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
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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
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√
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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

√
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|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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a mass for both the new gauge boson Xµ and the real
component of the scalar field ϕ. Although vϕ is arbitrary,
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corrections from diagrams involving the ϕ′ and Z ′ de-
grees of freedom [35].

HNL see saw.
Large mixing with nus.



At tree-level neutrino remain massless:

Neutrino masses arise from the exchange of virtual Z’.
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Det(m⌫) = 0
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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].

2

⌫k

Z 0

⌫j⌫i ⌫k

'0

⌫j⌫i ⌫k

G'

⌫j⌫i

FIG. 1. The three contributions to the neutrino self-energy arising from novel bosons in the theory.

invariant Lagrangian is given by

L =L
SM

+ (Dµ�)† (Dµ�) � V (�, H)

� 1

4
Xµ⌫Xµ⌫ + Ni/@N + ⌫Di /D⌫D

�

y↵

⌫ (L↵ · eH)N c +
µ0

2
NN c + yNN⌫c

D� + h.c.

�
,

(1)

where Xµ⌫ ⌘ @µX⌫ � @⌫X⌫ , Dµ ⌘ (@µ � ig0Xµ), L↵ ⌘
(⌫T

↵ , `T
↵)T is the SM leptonic doublet of flavour ↵ = e, µ, ⌧

and eH ⌘ i�
2

H⇤ is the charge conjugate of the SM Higgs
doublet. In the neutral fermion sector, we have Yukawa
couplings y↵

⌫ and yN responsible for L↵-N and ⌫D-N
interactions, respectively, and a Majorana mass µ0 for
N . The latter term violates by two units any lepton
number assignment which leaves the Yukawa term L↵-N
invariant. As such, it plays a crucial role in the generation
of light neutrino masses, as we discuss.

We are interested in the case in which both the neutral
component of the fields H and � acquire non-vanishing
vevs, vH and v'. They induce mixing between active
and heavy fermions, and give a mass to the gauge boson
Xµ and to the real component of the scalar field '. We
are interested in proposing a model for neutrino masses
which is testable in current and future non-collider ex-
periments, and as such we focus on a new physics scale
which is below the electroweak one, v' < vH . In addi-
tion to the neutrino portal, this model can accommodate
a vector portal arising from vector kinetic mixing term
and a scalar portal coming from the cross-coupling term
H†H�†� in the potential [21]. Kinetic mixing can be
reabsorbed in a redefinition of vector fields, leading to
a new gauge boson which has vector couplings to the
SM fermions proportional to their electric charge. For
our neutrino mass generation mechanism, the vector and
scalar mixing do not play a relevant role and we set them
to zero from here onward, unless otherwise specified. Re-
garding the vector boson, we refer to it as a Z 0, indepen-
dently of kinetic mixing.

NEUTRINO MASSES

After symmetry breaking, two Dirac mass terms are
induced with mD ⌘ y↵

⌫ vH/
p

2 and ⇤ ⌘ yNv'/
p

2. For

one active neutrino ⌫↵, ↵ = e, µ, ⌧ , the mass matrix is
given by

L
mass

� 1

2

�
⌫↵ N ⌫D

�
0

@
0 mD 0

mD µ0 ⇤
0 ⇤ 0

1

A

0

@
⌫c

↵

N c

⌫c
D

1

A + h.c.

(2)

Let us emphasize the fact that in our model the ze-
ros in the ⌫D-⌫D and ⌫↵-⌫D entries are enforced by the
U(1)0 symmetry, di↵erently from LSS and ISS models,
in which these are generically assumed to be nonzero
and small due to the quasi-preservation of lepton num-
ber. Here, lepton number violation (LNV) may be large,
as the µ0 term breaks it by 2 units. Alternatively, it
can be small and technically natural, leading to quasi-
degenerate heavy neutrinos, see below.

After diagonalisation of the mass matrix, the two
heavy neutrinos, ⌫h (h = 4, 5), acquire masses

m
4,5 =

µ0 ⌥
p

µ0 2 + 4(⇤2 + m2

D)

2
.

Assuming that mD ⌧ ⇤, we focus on two interesting
limiting cases.

The ISS-like scenario is defined by ⇤ � µ0: the two
heavy neutrinos are nearly degenerate with a mass ⇤ and
mass splitting µ0. The relevant mixing parameters are
U↵4,5 ⇠ mD/

p
2⇤ and UD4,5 ⇠ 1/

p
2. The ESS-like

case has ⇤ ⌧ µ0: one neutral lepton remains very heavy,
m

5

⇠ µ0, and mainly in the completely neutral direction
N , and the other acquires a small mass via the seesaw
mechanism in the hidden sector with m

4

⇠ �⇤2/µ0 and
UD5

⇠ ⇤/µ0. The mixing with active neutrinos is given
by U↵5

⇠ mD/µ0 ⌧ U↵4

⇠ mD/⇤.

The specific form of the mass matrix in Eq. 2 implies
vanishing light neutrino masses at tree level, as its deter-
minant is zero [25, 27]. This feature holds to all orders in
the seesaw expansion [27–29]. The light neutrino masses,
however, are not protected by any symmetry and arise
from radiative corrections (for a review of radiative neu-
trino mass models see, e.g., Ref. [30]).
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FIG. 2. The region of interest for neutrino mass generation in our model in the parameter space of the ⌫5 (left) and ⌫4 (right)
mass states. We require m3 =

p
�m2

atm and vary 1% < m4/m5 < 99%. Our BPs are 4) m5 = 800 MeV, m4/m5 = 99%,
�) m5 = 150 MeV, m4/m5 = 50% and ?) m5 = 150 MeV, m4/m5 = 12%. All bounds and projections displayed assume
� = ��H = 0. The dashed black line shows the equivalent Type-I seesaw contribution to the light neutrino mass.

nos and the Z 0, which presents a challenge for detection
as it produces mainly light neutrinos.

Experimental detection of the Z 0 and '0 particles in
the absence of kinetic and scalar mixing is also daunting.
Nevertheless, they can be searched for in the kinematics
of charged particles from meson decays [51, 52]. An-
other strategy is to search for the neutrino byproducts
of the decay of a Z 0 produced at accelerator neutrino
facilities [53].

If the vector (and scalar) portals are non-negligible, the
phenomenology could be significantly richer, as discussed
in [21]. In particular, Z 0-mediated decays into ⌫↵e+e�,
and ⌫↵µ+µ� if kinematically allowed, could dominate
even for tiny values of �2. For instance, for the circle
BP, �2 as low as 10�8 would make the above decays the
main channels. Pseudo-scalar final states are suppressed
due to the vector nature of the Z 0. The scalar portal is
expected to give subdominant contributions due to the
small Higgs-electron Yukawa coupling, although decay
chains with intermediate ⌫

4

states may become relevant.
Finally, cosmological bounds on heavy neutrino in the 10
MeV – GeV scale may be weakened as they would decay
well before Big Bang Nucleosynthesis [54] (see also the
discussion in Ref. [55])

We have focused on the mixing with muon neutrinos
as these provide one of the most sensitive avenue to test
the model. In the electron sector, direct bounds on the
active-heavy mixing are similar, with peak searches from
⇡± decay being most relevant below ⇡ 100 MeV. For
cases with large LNV, heavy neutrinos can dominate
neutrinoless double beta decay [27], and this sets the
strongest constraints in the parameter space. The tau
sector is relatively poorly constrained, so greater free-
dom exists if such entries are relevant for neutrino mass
generation.

CONCLUSIONS

We have considered a recently proposed model which
invokes the existence of a dark neutrino sector and a new
hidden gauge symmetry, focusing on the generation of
neutrino masses in this context. The presence of a hidden
broken gauge symmetry protects the neutrino mass ma-
trix, leading to a Minimal ISS-like structure, and allows
for one-loop diagrams involving the new vector and scalar
content to generate the correct neutrino masses. Searches
for the neutrino mass generation in our model are pos-
sible via conventional heavy neutral lepton searches, as
well as through exotic signatures arising from the inter-
play of portal couplings.
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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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For ISS and heavy 
bosons:
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FIG. 1. The three contributions to the neutrino self-energy arising from novel bosons in the theory.

invariant Lagrangian is given by

L =L
SM

+ (Dµ�)† (Dµ�) � V (�, H)

� 1

4
Xµ⌫Xµ⌫ + Ni/@N + ⌫Di /D⌫D

�

y↵

⌫ (L↵ · eH)N c +
µ0

2
NN c + yNN⌫c

D� + h.c.

�
,

(1)

where Xµ⌫ ⌘ @µX⌫ � @⌫X⌫ , Dµ ⌘ (@µ � ig0Xµ), L↵ ⌘
(⌫T

↵ , `T
↵)T is the SM leptonic doublet of flavour ↵ = e, µ, ⌧

and eH ⌘ i�
2

H⇤ is the charge conjugate of the SM Higgs
doublet. In the neutral fermion sector, we have Yukawa
couplings y↵

⌫ and yN responsible for L↵-N and ⌫D-N
interactions, respectively, and a Majorana mass µ0 for
N . The latter term violates by two units any lepton
number assignment which leaves the Yukawa term L↵-N
invariant. As such, it plays a crucial role in the generation
of light neutrino masses, as we discuss.

We are interested in the case in which both the neutral
component of the fields H and � acquire non-vanishing
vevs, vH and v'. They induce mixing between active
and heavy fermions, and give a mass to the gauge boson
Xµ and to the real component of the scalar field '. We
are interested in proposing a model for neutrino masses
which is testable in current and future non-collider ex-
periments, and as such we focus on a new physics scale
which is below the electroweak one, v' < vH . In addi-
tion to the neutrino portal, this model can accommodate
a vector portal arising from vector kinetic mixing term
and a scalar portal coming from the cross-coupling term
H†H�†� in the potential [21]. Kinetic mixing can be
reabsorbed in a redefinition of vector fields, leading to
a new gauge boson which has vector couplings to the
SM fermions proportional to their electric charge. For
our neutrino mass generation mechanism, the vector and
scalar mixing do not play a relevant role and we set them
to zero from here onward, unless otherwise specified. Re-
garding the vector boson, we refer to it as a Z 0, indepen-
dently of kinetic mixing.

NEUTRINO MASSES

After symmetry breaking, two Dirac mass terms are
induced with mD ⌘ y↵

⌫ vH/
p

2 and ⇤ ⌘ yNv'/
p

2. For

one active neutrino ⌫↵, ↵ = e, µ, ⌧ , the mass matrix is
given by

L
mass

� 1

2

�
⌫↵ N ⌫D

�
0

@
0 mD 0

mD µ0 ⇤
0 ⇤ 0

1

A

0

@
⌫c

↵

N c

⌫c
D

1

A + h.c.

(2)

Let us emphasize the fact that in our model the ze-
ros in the ⌫D-⌫D and ⌫↵-⌫D entries are enforced by the
U(1)0 symmetry, di↵erently from LSS and ISS models,
in which these are generically assumed to be nonzero
and small due to the quasi-preservation of lepton num-
ber. Here, lepton number violation (LNV) may be large,
as the µ0 term breaks it by 2 units. Alternatively, it
can be small and technically natural, leading to quasi-
degenerate heavy neutrinos, see below.

After diagonalisation of the mass matrix, the two
heavy neutrinos, ⌫h (h = 4, 5), acquire masses

m
4,5 =

µ0 ⌥
p

µ0 2 + 4(⇤2 + m2

D)

2
.

Assuming that mD ⌧ ⇤, we focus on two interesting
limiting cases.

The ISS-like scenario is defined by ⇤ � µ0: the two
heavy neutrinos are nearly degenerate with a mass ⇤ and
mass splitting µ0. The relevant mixing parameters are
U↵4,5 ⇠ mD/

p
2⇤ and UD4,5 ⇠ 1/

p
2. The ESS-like

case has ⇤ ⌧ µ0: one neutral lepton remains very heavy,
m

5

⇠ µ0, and mainly in the completely neutral direction
N , and the other acquires a small mass via the seesaw
mechanism in the hidden sector with m

4

⇠ �⇤2/µ0 and
UD5

⇠ ⇤/µ0. The mixing with active neutrinos is given
by U↵5

⇠ mD/µ0 ⌧ U↵4

⇠ mD/⇤.

The specific form of the mass matrix in Eq. 2 implies
vanishing light neutrino masses at tree level, as its deter-
minant is zero [25, 27]. This feature holds to all orders in
the seesaw expansion [27–29]. The light neutrino masses,
however, are not protected by any symmetry and arise
from radiative corrections (for a review of radiative neu-
trino mass models see, e.g., Ref. [30]).

- charging N and nu and nuD:
- charging nu:
- charging nu and N: 

µ0, ⇤, mD
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Because of the simultaneous presence of the three 
portals, the phenomenology can be very different 
from the case in which only one portal is 
considered.
As a notable example, let’s consider neutrino mixing 
and searches for HNLs.

HNLs can decay in visible particles inside a 
detector (electrons, muons, pions....). 
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There are two main exp strategies:
- beam dump experiments:
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There are two main exp strategies:
- beam dump experiments:

A part from the exp in the 90’, in particular PS191, 
current neutrino experiments and NA62 can search 
in this mode. An example is MiniBooNE:
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If the HNL decays rapidly, before reaching the detector, 
because of the new interactions 
- no signal in beam dump experiments
- the bounds in scattering experiments would be 

weakened by the Br into visible particles.

A crucial caveat
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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)
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- production (e.g. via NC) and detection in the 
same detector
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A new MiniBooNE low-E excess explanation

Z’
Z’seen in both, with the Z0 being heavy enough to produce a

sufficiently isotropic signal, and the sterile neutrino mass
allowing for the correct, steeply rising, visible energy
spectra that was observed.
These figures report a shape-only analysis which mainly

depends on the masses of the new particles. The total event
rate is instead controlled by the specifics of the decay and
by the allowed values of χ and jUα4j, factors which can
change significantly from model to model. Deferring
a thorough exploration of these issues to future work,
we present here a concrete minimal realization of our

explanation. As a representative value, we find that we can
explain the MiniBooNE LEE with neutrino mixing angles
of jUμ4j2 ¼ 1.5 × 10−6 and jUτ4j2 ¼ 7.8 × 10−4, a kinetic
mixing strength of χ2 ¼ 5 × 10−6 and a coupling of g0 ¼ 1.
In this case, the hierarchy in mixing angles leads to a
dominant visible decay of ντeþe− with a total decay length
of Oð1Þ m. We find an expected event rate of 430 LEE
events produced from scattering inside the detector.
Finally, we note that our estimates are based only on

production from scattering inside the detector. As the
MiniBooNE analysis does not rely on the reconstruction

FIG. 1. Results of parameter scan in m4 and mZ0 fitting the shape of our model signal to reconstructed visible energy spectrum (left)
and the reconstructed shower angle (right). The energy spectra is sensitivity only to m4, requiring 100 MeV≲m4 ≲ 200 MeV to
produce an excess with low enough energy, where as the angular spectrum puts a lower bound on the Z0 mass below which the signal
events are too forward going. The black star shows a representative point, detailed in Fig. (2). The values of the remaining parameters
Uμ4, Uτ4, and kinetic mixing χ are marginalized over.
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FIG. 2. Our model predictions in relation to the MiniBooNE excess, after subtracting predicted backgrounds, in both reconstructed
visible energy (left) and reconstructed shower angle (right), for a 0.14 GeV sterile neutrino and 1.25 GeV Z0. In a minimal realization,
this requires neutrino mixings of jUμ4j2 ¼ 1.5 × 10−6, jUτ4j2 ¼ 7.8 × 10−4 and kinetic mixing χ2 ¼ 5 × 10−6, corresponding to a total
decay length of 1 m. Excellent agreement is observed in both spectrums. MiniBooNE’s best-fit sterile neutrino oscillation model is
shown for comparison (blue dashed line).
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FIG. 1: Results of parameter scan in m4 and mZ0 fitting the shape of our model signal to reconstructed visible
energy spectrum (left) and the reconstructed shower angle (right). The energy spectra is sensitivity only to m4,
requiring 100 . m4 . 200 MeV to produce an excess with low enough energy, where as the angular spectrum puts a
lower bound on the Z

0 mass below which the signal events are too forward going. The black star shows a
representative point, detailed in Figure (2).

true electron events, an additional energy-dependent re-
quirement that the invariant mass of the two shower can-
didates was much less than the pion mass was included,
m�� < 0.3203 + 0.7417Ee + 0.2738E2

e , where Ee is the
energy assuming single electron hypothesis in GeV [33].
In this way even events in which one of the daughter ⇡0

photons was low energy could be rejected without su↵er-
ing too large a reduction in signal e�ciency. In the case
of our e+e� signal from a 3-body sterile neutrino decay,
even if the fit slightly favored a two shower hypothesis
it could still be accepted as signal if the event invariant
mass does not violate this bound.

In order to give a quantitative estimate for the “over-
lapping” and “asymmetric” fractions, we refer to Mini-
BooNE’s own analysis. Although the CCQE selection in-
cludes a cut of > 200 hits in the main detector tank (180
hits approximately corresponding to the upper bound of
a Michel electron, 52.8 MeV), this applies to the event
as a whole, and provided that the most energetic shower
is greater than this then it would be possible to find a
significantly lower energy shower alongside it. In the fi-
nal ⇡0 selection the lowest events which MiniBooNE suc-
cessfully detected had a second shower with ⇡ 30 MeV
reconstructed energy [34], although at a low e�ciency.
In parallel with this, the most recent MiniBooNE data
shows that the observed excess is solely contained in a
bin of angular separation between electrons ✓sep < 16�

[35]. As such we take a conservative definition of an e

+
e

�

pair to be overlapping when the true angular separation
between the fermions is very small, ✓sep < 5�, and asym-
metric events being those for which the softest particle of
the e�e+ pair carries less than 30 MeV true total energy.
In both cases we also demand the e

+
e

� pair invariant
mass to be less than the threshold utilized by the Mini-
BooNE CCQE selection analysis, defined above, which
helps to ensure these events would not be reconstructed
as a two-showered ⇡

0 event.

The degree at which a given e

+
e

� pair coming from
a three-body decay (with an associated light active neu-
trino) meets our mis-reconstruction criteria depends pre-
dominantly on the boost factor of the parent heavy neu-
trino. We have studied this via a dedicated Monte Carlo
simulation of decay events, confirming that the percent-
age of e+e� decays in our model which are classified as
asymmetric or overlapping events is mostly insensitive to
the Z

0 mass, with typical values ranging from 40% (for
m4 of 50 MeV) to below 10% (for m4 � 200 MeV). The
decays which do not satisfy our conditions would appear
as a di↵use background to two shower events, such as the
abundant NC-induced ⇡

0 ! �� events. We have checked
that most events outside our selection region have a dilep-
ton invariant mass above 80 MeV, a threshold used to de-
fine the MiniBooNE ⇡

0 data sample [36]. We note that
MiniBooNE did observe a slight excess in NC ⇡

0 events
relative to their Monte Carlo predictions [37], although
this was corrected for in the CCQE ⌫e analysis.
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Typically one can expect the HNLs to decay dominantly 
via new NC interactions into pairs of leptons, possibly 

with displaced vertices…

N ⌫↵
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Figure 1. Schematic view of the NA62 experimental layout in 2007 (left) and 2015 (right).

Possible heavy neutrino production in K+ ! l+N decay is determined by decay to SM
neutrino K+ ! l+⌫

l

, mixing matrix element |U
l4|2 and ⇢

l

(m
N

) —kinematic enhancement factor
that depends on heavy neutrino mass [2]:

B(K+ ! l+N) = B(K+ ! l+⌫) · ⇢
l

(m
N

) · |U
l4|2 (1)

Previous searches of possible heavy neutrino production were performed with stopped kaon
decays [3], [4]. The upper limits (UL) on mixing matrix element was set on level of 10�6 for
heavy neutrino masses from 70 to 330 MeV/c2 and on the level of 10�8 for heavy neutrino masses
from 175 to 300 MeV/c2.

This proceedings summarizes results of two searches: analysis of the K
µ2 decay using the

data collected in 2007 [5] and a preliminary result of the K
e2 decay analysis using the data

collected during NA62 2015 pilot run.

2. The NA62 experiment at CERN

The NA62 experiment is the successor to the NA48 series of kaon decay in-flight experiments.
The experiment is located at CERN North Area High Intensity Facility and operates with
75 GeV/c hadron beam (with 6% kaons) produced on the beryllium target by primary 400 GeV/c
protons extracted from CERN SPS.

2.1. The NA62 detector in 2007
During the 2007-08 run (NA62-R

K

phase) the main purpose of the experiment was to measure
the ratio R

K

= �(K± ! e±⌫)/�(K± ! µ±⌫) [6]. The detector was based on the beam line
and apparatus of the previous NA48/2 experiment (figure 1 left). The detailed description
of the detector and beam line could be found in Ref. [7]. The hadron beam with 6% kaons
enters a 114 m long decay volume (fiducial volume) with the vacuum inside. The secondary
charged particles produced by kaon decays were registered by the spectrometer with momentum
resolution �/p = 0.48%�0.009% ·p that consists of a dipole magnet and four drift chambers and
was housed in a helium filled tank. The fast trigger signal was produced by the hodoscope CHOD
that consists of two planes of scintillation bars. The electromagnetic liquid krypton calorimeter
LKr with energy resolution �

E

/E = 3.2%/
p
E�9%/E�0.42% and �

x,y

= 0.42cm/
p
E�0.06 cm

spatial resolution provides high granularity in the transverse plane. Muon veto system MUV
located at the end of the detector was used for the muon identification. The beam intensity
was reduced compared to NA48/2 by a factor of 10 to provide high e�ciency operation with
minimum bias trigger conditions.

µ+
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Reference Design
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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

N

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

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

Z’, dark photon, dark scalar

µ+
<latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit><latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit><latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit><latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit>µ�

<latexit sha1_base64="tnDGZXEbxkQanvcwTkhQ0U0BMZY=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBHcWBIRdFl047KCaQttLJPppB06MwkzEyGELvwCt/oF7sStn+IH+B9O2yxs64ELh3Pu5d57woQzbVz321lZXVvf2Cxtlbd3dvf2KweHTR2nilCfxDxW7RBrypmkvmGG03aiKBYhp61wdDvxW09UaRbLB5MlNBB4IFnECDZW8rsifTzvVapuzZ0CLROvIFUo0OhVfrr9mKSCSkM41rrjuYkJcqwMI5yOy91U0wSTER7QjqUSC6qDfHrsGJ1apY+iWNmSBk3VvxM5FlpnIrSdApuhXvQm4n9eJzXRdZAzmaSGSjJbFKUcmRhNPkd9pigxPLMEE8XsrYgMscLE2HzmtkQ0kyIZ21y8xRSWSfOi5rk17/6yWr8pEirBMZzAGXhwBXW4gwb4QIDBC7zCm/PsvDsfzuesdcUpZo5gDs7XLy0pluM=</latexit><latexit sha1_base64="tnDGZXEbxkQanvcwTkhQ0U0BMZY=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBHcWBIRdFl047KCaQttLJPppB06MwkzEyGELvwCt/oF7sStn+IH+B9O2yxs64ELh3Pu5d57woQzbVz321lZXVvf2Cxtlbd3dvf2KweHTR2nilCfxDxW7RBrypmkvmGG03aiKBYhp61wdDvxW09UaRbLB5MlNBB4IFnECDZW8rsifTzvVapuzZ0CLROvIFUo0OhVfrr9mKSCSkM41rrjuYkJcqwMI5yOy91U0wSTER7QjqUSC6qDfHrsGJ1apY+iWNmSBk3VvxM5FlpnIrSdApuhXvQm4n9eJzXRdZAzmaSGSjJbFKUcmRhNPkd9pigxPLMEE8XsrYgMscLE2HzmtkQ0kyIZ21y8xRSWSfOi5rk17/6yWr8pEirBMZzAGXhwBXW4gwb4QIDBC7zCm/PsvDsfzuesdcUpZo5gDs7XLy0pluM=</latexit><latexit sha1_base64="tnDGZXEbxkQanvcwTkhQ0U0BMZY=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBHcWBIRdFl047KCaQttLJPppB06MwkzEyGELvwCt/oF7sStn+IH+B9O2yxs64ELh3Pu5d57woQzbVz321lZXVvf2Cxtlbd3dvf2KweHTR2nilCfxDxW7RBrypmkvmGG03aiKBYhp61wdDvxW09UaRbLB5MlNBB4IFnECDZW8rsifTzvVapuzZ0CLROvIFUo0OhVfrr9mKSCSkM41rrjuYkJcqwMI5yOy91U0wSTER7QjqUSC6qDfHrsGJ1apY+iWNmSBk3VvxM5FlpnIrSdApuhXvQm4n9eJzXRdZAzmaSGSjJbFKUcmRhNPkd9pigxPLMEE8XsrYgMscLE2HzmtkQ0kyIZ21y8xRSWSfOi5rk17/6yWr8pEirBMZzAGXhwBXW4gwb4QIDBC7zCm/PsvDsfzuesdcUpZo5gDs7XLy0pluM=</latexit><latexit sha1_base64="tnDGZXEbxkQanvcwTkhQ0U0BMZY=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBHcWBIRdFl047KCaQttLJPppB06MwkzEyGELvwCt/oF7sStn+IH+B9O2yxs64ELh3Pu5d57woQzbVz321lZXVvf2Cxtlbd3dvf2KweHTR2nilCfxDxW7RBrypmkvmGG03aiKBYhp61wdDvxW09UaRbLB5MlNBB4IFnECDZW8rsifTzvVapuzZ0CLROvIFUo0OhVfrr9mKSCSkM41rrjuYkJcqwMI5yOy91U0wSTER7QjqUSC6qDfHrsGJ1apY+iWNmSBk3VvxM5FlpnIrSdApuhXvQm4n9eJzXRdZAzmaSGSjJbFKUcmRhNPkd9pigxPLMEE8XsrYgMscLE2HzmtkQ0kyIZ21y8xRSWSfOi5rk17/6yWr8pEirBMZzAGXhwBXW4gwb4QIDBC7zCm/PsvDsfzuesdcUpZo5gDs7XLy0pluM=</latexit>

K, pi µ+
<latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit><latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit><latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit><latexit sha1_base64="ikqy6LhdVcIBZsZpfQ9YCkvG4go=">AAAB/3icbVDLSsNAFL3xWeur6tLNYBEEoSQi6LLoxmUF0xbaWCbTSTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut7Oyura+sVnaKm/v7O7tVw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbit56o0iyWDyZLaCDwQLKIEWys5HdF+njeq1TdmjsFWiZeQapQoNGr/HT7MUkFlYZwrHXHcxMT5FgZRjgdl7uppgkmIzygHUslFlQH+fTYMTq1Sh9FsbIlDZqqfydyLLTORGg7BTZDvehNxP+8Tmqi6yBnMkkNlWS2KEo5MjGafI76TFFieGYJJorZWxEZYoWJsfnMbYloJkUytrl4iyksk+ZFzXNr3v1ltX5TJFSCYziBM/DgCupwBw3wgQCDF3iFN+fZeXc+nM9Z64pTzBzBHJyvXyn7luE=</latexit>
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Conclusions

●  Neutrino masses are the first particle physics 
evidence of Physics Beyond the Standard Model. 
Neutrinos provide a new complementary window w.r.t. 
collider and flavour physics searches.

●  Determining the New Standard Model, responsible 
also for neutrino masses, is the ultimate goal. It 
requires complementary in format ion: CLFV, 
leptogenesis, direct searches at TeV scale and below, 
low energy probes (e.g. SBL experiments).

● Neutrinos offer a unique portal on models below the 
EW scale. They can also explain neutrino masses and 
have a very distinct phenomenology.
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3. Is there CP-violation?  
4. What are the precise values of the mixing 
parameters? 

Hints of leptonic CPV have already been found. T2K and 
NOvA have been approved for extended running. DUNE 
and T2HK will get to 5 sigma for a large range of delta. 

Once we see CPV, the key issue will be the precise 
measurement of     ,     ,   . Should we start thinking about 
the following step? Upgrades? ESSnuSB? Nu factory? 58
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5. Is the standard 3neutrino mixing picture correct?  

Neutrinos are the least known of the SM fermions.

Sterile neutrinos: The experimental strategy depends on 
their mass. Hints for sterile neutrinos are present but 
controversial. At the eV, SBL oscillations (MicroBooNE, 
SBN, reactor neutrino exp…) can test.

Non standard interactions: brief introduction later.

Dark sector connection (with dark photons, FIPs): 
neutrino facilities, cosmology, astrophysics.

Other exotic effects (decoherence, Lorentz violation…)

The discovery of any signature beyond 3-neutrinos, 
would be game-changing for experiments and theory.
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Neutrinos give a different perspective on physics BSM.

Why neutrinos have mass? 
and why are they so lighter?
and why their hierarchy is at 
most mild?



Masses and mixing from the mass matrix 

Neutrino masses and the mixing matrix arises from the 
diagonalisation of the neutrino mass matrix 
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Various strategies and ideas can be employed to 
understand the observed pattern (many many models!): 
anarchy, texture zeros, symmetry approach, …

Symmetry approach 

- Choose a leptonic symmetry (e.g. A4, S4, A5,         …)

- Use the fact that one can 
arrange for

- Obtain the mixing matrix 
(possibly invoking corrections).

@Silvia Pascoli62
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TABLE I: Mixing Angles for Models with Lepton Flavor Symmetry.

Reference Hierarchy sin2 2θ23 tan2 θ12 sin2 θ13

Anarchy Model:

dGM [18] Either ≥ 0.011 @ 2σ

Le − Lµ − Lτ Models:

BM [35] Inverted 0.00029

BCM [36] Inverted 0.00063

GMN1 [37] Inverted ≥ 0.52 ≤ 0.01

GL [38] Inverted 0

PR [39] Inverted ≤ 0.58 ≥ 0.007

S3 and S4 Models:

CFM [40] Normal 0.00006 - 0.001

HLM [41] Normal 1.0 0.43 0.0044

Normal 1.0 0.44 0.0034

KMM [42] Inverted 1.0 0.000012

MN [43] Normal 0.0024

MNY [44] Normal 0.000004 - 0.000036

MPR [45] Normal 0.006 - 0.01

RS [46] Inverted θ23 ≥ 45◦ ≤ 0.02

Normal θ23 ≤ 45◦ 0

TY [47] Inverted 0.93 0.43 0.0025

T [48] Normal 0.0016 - 0.0036

A4 Tetrahedral Models:

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

AKKL [50] Normal 0.006 - 0.04

Ma [51] Normal 1.0 0.45 0

SO(3) Models:

M [52] Normal 0.87 - 1.0 0.46 0.00005

Texture Zero Models:

CPP [53] Normal 0.007 - 0.008

Inverted ≥ 0.00005

Inverted ≥ 0.032

WY [54] Either 0.0006 - 0.003

Either 0.002 - 0.02

Either 0.02 - 0.15

19

Needed:
● A precise measurements 

of the oscillation 
parameters (including the 
delta phase). 

● Mass ordering and 
neutrino mass spectrum. Albright, Chen, PRD 74 (2006)63

Typically, there are relations 
between masses, mixing 
angles and CPV phase.
E.g. the so-called sumrules:
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With these definitions, it is simple enough to compute the explicit form of the PMNS matrix.
However, our derivation focuses only on the first two elements of the bottom row of the physical
PMNS matrix, which are found to be

U⌧1 = s⌫12(s
⌫
23c

e
23 � c⌫23s

e
23e

i�e23),

U⌧2 = �c⌫12(s
⌫
23c

e
23 � c⌫23s

e
23e

i�e23).
(8)

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

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

e
23e

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

i�| = |c⌫12(s⌫23ce23 � c⌫23s
e
23e

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

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

mixing parameter ✓⌫12,
|U⌧1|
|U⌧2| =

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

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

cos � =
t23s212 + s213c

2
12/t23 � s⌫212(t23 + s213/t23)

sin 2✓12s13
. (10)

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

✓13 ⇠ |✓12 � ✓⌫12| ⇠
���✓23 � ⇡

4

��� ⇠ ", (11)

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

✓12 = ✓⌫12 + ✓13 cos � +O("2). (12)
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Tests of flavour models 

Typically, the models considered have a reduced 
number of parameters, leading to relations between 
the masses and/or mixing angles and CPV phase.

Examples are the so-called sumrules, e.g.:
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Figure 3: Posterior probability density functions for cos � for each of the solar sum rules considered in Section 3.1.
The patterned regions are unphysical, which shows that the BM and GR3 sum rules could only be consistent
with the known data if there is a significant deviation from the current best-fit values.

Gaussian distributions centred on the current best-fit values and with the widths of the global
minima. We take a flat prior in sin2 ✓ij, although we have checked that flat priors in ✓ij do not
significantly change the result. This helps to see the most reasonable predictions produced by
each sum rule if the parameters take values close to their current best-fits.
In summary, we find that of the four patterns well motivated by symmetry (BM, TBM, GR1
and GR3) only TBM and GR1 are consistent in a reasonable part of the parameter space.
The predictions associated with BM and GR3 are only consistent in the far corners of the 3�
intervals, where they predict maximal values of | cos �|. For the rest of this work, we shall
assume that the solar sum rules derived from BM and GR3 are excluded.

3.2 Simulation details

We simulate the combination of a medium-baseline reactor (MR) experiment and a wide-
band superbeam (WBB). This combination of experiments is particularly interesting for the
investigation of solar sum rules as MR is expected to improve the current knowledge on ✓12,
whilst the superbeam should allow � to be constrained at a significant level for the first time.
There are two proposals for a MR with comparable designs, JUNO and RENO-50, and also two
candidates for a next generation WBB, LBNE and LBNO. Both MRs and WBBs have similar
performance targets; however, to keep our simulations concrete and relevant to experimental
work, we will base our simulations on the JUNO and LBNO designs, and in this subsection we
will discuss the details of our simulations of these facilties. We would like to stress that this is a
purely illustrative choice, and any combination of a MR and WBB can be expected to perform
similarly.
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