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Ilaria Brivio1
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Institut für Theoretische Physik
Universität Heidelberg, DE-69120 Heidelberg, Germany
The Neutrino Option is a scenario where the Higgs mass is generated at
the same time as neutrino masses in the type-I seesaw model. This framework
provides a dynamical origin for the scalar potential of the Standard Model
and suggests a new approach to the hierarchy problem. Here we review the
preliminary analysis of Ref. [1], that showed the viability of this scenario, as
well as the improved study of Ref. [2], that led to a better identification of
the region of the parameter space where the Neutrino Option can be realized.
We find that experimental constraints from both Higgs and neutrino physics
can be accommodated introducing 2 heavy Majorana neutrinos with mass
M1 ' M2 ⇠ 0.5 10 PeV and Yukawa couplings to the lepton doublet of
order 10 4 10 2 , assuming that at the scale M the classical Higgs potential
is approximately conformal, with a quartic Higgs coupling 0 ⇠ 0.01 0.05.
Specifying the light neutrino mass ordering, the ratio M2 /M1 or a given value
of the top quark mass identifies narrower ranges for all the parameters. Although no further signature of the Neutrino Option is generally predicted at
the currently accessible energy scales, conformal UV completions have been
proposed, that could be tested e.g. via detection of gravitational waves. Leptogenesis can also be successfully realized in this scenario, that intriguingly
ties together the breaking of the conformal and electroweak symmetries with
the violation of lepton number.
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Introduction

Despite providing a very successful description of fundamental interactions at the electroweak (EW) scale, the Standard Model (SM) of particle physics still presents some
significant inadequacies. Two notable examples are the absence of neutrino mass terms
in the Lagrangian and the lack of a dynamical origin for the Higgs potential, that exposes it to possibly large radiative corrections in the presence of heavy states coupled
to the Higgs field. Both issues typically require the SM to be extended in the UV with
the introduction of new fields and symmetries.
In this talk we explore a scenario in which both neutrino and Higgs masses originate
from the same new physics sector: the type I seesaw model. This minimal scenario, that
we refer to as the “Neutrino Option” [1, 2], brings an interesting change in perspective
compared to the traditional approaches to the hierarchy problem, that could be also
implemented within di↵erent UV assumptions.
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The hierarchy problem in the EFT language

We work in the theoretical framework of E↵ective Field Theories (EFTs), with the
implicit assumption that heavy states beyond the SM can be safely integrated out of the
spectrum when considering observables defined at the EW scale or lower.
In a theory containing a generic state with mass m
v coupled to the Higgs doublet
H, radiative corrections to (H † H) are typically induced, proportional to m2 . In the EFT
where the heavy state is absent, these corrections are matched by finite threshold matching contributions. The hierarchy problem can thus be expressed in terms of threshold
contributions m2h
(125 GeV)2 being allowed in the presence of new heavy particles.
Traditional solutions invoke new symmetries in order to either enforce cancellations
among threshold contributions (as in supersymmetry) or suppress them down to m2h .
(125 GeV)2 (as in composite Higgs models). Both these approaches typically stabilize
the Higgs potential at the TeV scale, which can be problematic for two main reasons.
On the one hand, the existence of new particles at this mass scale is not indicated by
current measurements. On the other hand, generating the correct potential at this scale
always requires a certain amount of tuning. In the specific case of composite Higgs
models, this is expressed by the requirement (v/f )2 < 1, where f is the compositeness
scale [3]. Alternative approaches are therefore worth exploring.
The main idea underlying the Neutrino Option is that the generation of the potential
can be moved to a scale M
TeV [1]. At E < M the new sector can be integrated out,
and the Higgs mass and quartic coupling run down to the EW scale according to the
the SM renormalization group equations (RGE) [4], with boundary conditions fixed at
µ = M by the threshold matching contributions. This principle is illustrated in Figure 1,
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Figure 1: Schematic illustration of the
main idea underlying the Neutrino
Option: (1) the Higgs potential is
generated by new physics states at a
scale M
TeV (M = 108 GeV in
the figure). (2) At E < M the Higgs
parameters run according to the SM
RGEs, with boundary conditions fixed
by the threshold
matching contribup
tions
m2h ,
. The figure shows in
two overlapping plots the 1-loop SM
running of the Higgs mass (blue line,
right axis) and of the quartic coupling
(red line, left axis) for a top quark
mass mt = 173.2 GeV [4].

with the Higgs potential parameterized as
V (H) =

m2h †
H H + (H † H)2 .
2

(1)

Here it was implicitly assumed that the classical potential is approximately vanishing
at the scale M , so that the threshold contributions dominate the RGE boundary conditions and ultimately control the vacuum structure. This assumption can be partially
relaxed, for instance allowing a bare term 0 (H † H)2 with 0 > 0, which is compatible
for instance with an approximate conformal symmetry in the UV.
The approach proposed here has the advantage that constraints from direct searches
of new particles are easily evaded. More importantly, it does not require the introduction
of a complex new physics sector, as m2h is easily induced in simple UV completions of
the SM. A very interesting case is that of type I seesaw, whose primary motivation is to
generate light neutrino masses. Below we show how this minimal extension of the SM
can successfully generate the SM Higgs potential.
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The Neutrino Option

We consider a standard type-I seesaw scenario [5], extending the SM with N singlet
right-handed fields NR,p , p = {1, . . . N }. In the basis in which the Majorana mass
matrix Mp is real and diagonal, the relevant Lagrangian is (we use the notation of [6, 7])
L Np

1
= Np (i@/
2

Mp )Np

h

p,†

p

†

i

`L H̃! Np + Np ! H̃ `L .

(2)

Here ` is the SM lepton doublet, with flavor index . The fields Np satisfy the Majorana
condition Npc = Np , where the c superscript denotes charge conjugation for Dirac spinors,
2

Np
!

Figure 2: One-loop
diagrams leading to
threshold matching
contributions to the
Higgs potential in the
type-I seesaw model.
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defined as c = i 2 0 . They are related to the chirality eigenstates by Np =
ei✓p /2 NR,p + e i✓p /2 (NR,p )c , being ✓p the Majorana phases [6]. The couplings ! p are
complex 3 ⇥ N matrices in flavor space. Finally, here and in the following, repeated
indices are summed over, unless otherwise stated.
Integrating out the Np states and matching at treel-level onto the SM EFT gives the
Majorana mass matrix for the 3 light neutrinos
(m⌫ )↵ =

v2
(C5 )↵ =
2

p

v 2 !↵p !
,
2 Mp

(3)

with C5 the Wilson coefficient of the dimemsion 5 Weinberg operator. The matrix m⌫ is
diagonalized by a unitary rotation matrix U⌫ that, in the mass eigenbasis of the charged
leptons, coincides with the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [8], customarily parameterized as
0
1 0 i /2
1
e
c12 c13
s12 c13
s13 e i
0
c12 c23 s23 s12 s13 ei
s23 c13 A @
UP M N S = @ s12 c23 s23 c12 s13 ei
e i /2 A ,
s12 s23 c23 c12 s13 ei
s23 c12 c23 s12 s13 ei c23 c13
1
(4)
where cij = cos ✓ij , sij = sin ✓ij . is the CP violating phase and , 0 are the Majorana
phases. The mixing angle and CP phase, together with two squared mass splittings
m2ij = m2i
m2j , can be constrained by neutrino oscillation measurements. In this
analysis we consider the best fit values and 3 -allowed ranges of Ref. [9].
Neglecting fermion masses of the first two generations and working in the charged
leptons and quarks mass eigenbases, the RGE of (C5 )↵ can be compactly written [10, 11]
16⇡ 2 µ

dC5
=
dµ

⇤ ⇥ 2
3⇥
C5 · diag(0, 0, y⌧2 ) + diag(0, 0, y⌧2 ) · C5
3g2
2

4

6yt2

6yb2

⇤
2y⌧2 C5 ,

(5)
with g2 the SU (2) coupling constant. This running can be equivalently described in terms
of individual RGEs for each relevant parameter, as derived in Ref. [12] (see also [2]).
Threshold corrections to the Higgs potential are induced at order one-loop in the
3

seesaw model due to the diagrams in Fig. 2. The finite terms are⇤ [1, 2]
"
#
2
2
2
M
|!
|
1
µ
p
p
m2h =
log 2 ,
(6)
4 ⇡2
2
Mp
"
µ2
µ2 #
2
2
2
†
†
M
log
M
log
2
Mp2
p
q
(!! † )pq
(!! )pq (!! )qp
1
Mp M q
Mp
Mq2
=
+
log 2 ,
16 ⇡ 2
2
(Mp2 Mq2 )
16 ⇡ 2 Mp2 Mq2
Mq
(7)
consistent with the results in [13]. The RG running of these quantities is coupled to the
running of the other SM parameters; here we solve the system of equations of Ref. [4].
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Preliminary study

A preliminary study of the viability of the Neutrino Option was presented in Ref. [1].
The main goal of this analysis is to verify the existence of regions of the parameter space
of the seesaw model where both the generated Higgs potential and neutrino masses are
compatible with experimental observations. The flavor structure of the model can be
neglected at this stage: we introduce N = 3 nearly degenerate Majorana states Mp ' M
and we simplify the notation for neutrino Yukawa coupling assuming |! p | ' !. Finally,
we take the classical Higgs potential to be nearly vanishing at E & M : mh,0 , 0 ⇠ 0.
With this setup, there are only 2 relevant quantities in the seesaw parameter space,
M and !, and 3 quantities need to be matched for the Neutrino Option to be valid,
namely the measured values of mh , , m⌫ . The threshold matching contributions of
Eqs. (6),(7), evaluated at µ = M , reduce to
m2h = 3

M 2!2
,
8⇡ 2

=

9

5! 4
.
32⇡

(8)

We extract the values of M and ! for which the 1-loop RGE system with boundary
conditions† m2h (M ) = m2h , (M ) =
leads to the correct values of mh (mt ), (mt ).
Figure 3 shows the results obtained. The matching of is nearly insensitive to variations
of ! as long as ! < 1, so it can be directly solved for M . For a top quark mass
mt = 173.2 GeV [14] it selects M ' 107.4 TeV (left plot). With this M fixed, the correct
Higgs mass is generated for ! ' 10 4.5 (right plot).
The size of light neutrino masses is
P
now fixed, and can serve as a test: one finds
m⌫ ' 3! 2 v 2 /2M ' 3 · 10 3 eV, which
nicely lies in the ballpark allowed by neutrino oscillations and cosmology bounds.
⇤
The loops are calculated using dimensional regularization and MS renormalization. The threshold
corrections are then identified as the zero-th order term in the expansion in v/M . Finally, µ = µMS e3/4 .
†
The boundary conditions for the relevant SM parameters {g1 , g2 , gs , y⌧ , yb , yt } are fixed at µ = mt .
Because we use 1-loop RGEs, they are matched at tree level to their SM values.
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p
Figure 3: Values of the parameters (left) and m2h (right) extrapolated at the scale µ = mt as a
function of the two seesaw parameters M and ! respectively, in the preliminary study of Ref. [1]. The
dashed lines and surrounding bands indicate the values consistent with the measured Higgs mass within
±1 [15]. Left panel: the red line assumes mt = 173.2 GeV and the orange band corresponds to varying
7.4
mt between 171 and 175 GeV. Right panel: the solid
P red line assumes M = 10 GeV. The grey region
is disfavoured by the ⇤ CDM cosmology limit
m⌫  0.23 eV. The three solid lines indicate, for
reference, the sum of neutrino masses predicted, in eV.

Although approximated and a↵ected by large uncertainties (see Fig. 3), this result
is particularly interesting, as it proves that two very di↵erent mass scales, mh and m⌫ ,
can be reproduced at the same time within the simple seesaw framework.
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Improved study

At least two aspects of the preliminary study in Ref. [1] can be improved: (i) flavor
indices must be taken into account in order to verify whether the peculiar neutrino
flavor structure can be reproduced, (ii) higher-loop order RGEs should be employed to
obtain more accurate estimates: the results of Ref. [4] allow to consider 3-loop RGEs for
and mh . Finally a bare term 0 in the high energy classical potential can be allowed.
All these points have been addressed in Ref. [2]: for simplicity here we introduce
N = 2 heavy Majorana states with masses M1  M2 , so the lightest neutrino is exactly massless. In order to implement the flavor constraints and have stable numerics,
we change the analysis strategy compared to Ref. [1] and we fix all the RGE boundary conditions at the lower scale: for the Higgs sector‡ we have (mt )2 loop = 0.1258,
mh (mt )2 loop = 131.431 GeV . For the neutrino sector we select the values of the pa‡

The boundary conditions for the remaining SM parameters and for di↵erent choices of the RGE
loop order are listed in Ref. [2].

5

Figure 4: Matching procedure in the refined analysis of Ref. [2] for m2h (left) and (right): the red
curves show the running of the parameters determined by the SM RGEs at 1, 2 and 3 loops. The blue
(yellow) band marks the values of the threshold matching contributions m2h and
compatible at 3
with neutrino physics constraints, for the benchmark M2 = M1 (M2 = 10M1 ) and as a function of M1 .
The red curves overlap in the left plot, and the bands overlap in the right plot. The dotted vertical
lines mark the M1 range where the matching for m2h is fulfilled, for each benchmark. This plot assumes
normal neutrino mass ordering and mt = 173.2 GeV.

rameters§ {m2 , ml , ✓12 , ✓13 , ✓23 , , , 0 } at µ = mZ with a random scan of the 3 -allowed
space from Ref. [9]. For each point in the scan we run all the parameters up to an
arbitrary scale M1 > mt , where the full matrix ! p (µ = M1 ) can be inferred via the
Casas-Ibarra parameterization [16] as a function of the neutrino parameters and of an
additional complex quantity r, taken here to be a random number with |r|  1. If
xM = M2 /M1 is also fixed, the threshold matching contributions
⇤
M12
2
2
|!
|
+
x
|!
|
,
1
M
2
8⇡ 2

✓
1
4
4
⇤ 2
=
5|!1 | + 5|!2 | + 2Im(!1 · !2 ) 1
32⇡ 2

m2h =

(9)
2 log x2M
1 + xM

◆

+ 2Re(!1 ·

!2⇤ )2

✓

1

2 log x2M
1 xM

are a function of M1 only and can be compared to mh (µ = M1 ), (µ = M1 ) extrapolated
from the SM running. This is illustrated in Figure 4, taking two benchmark cases xM = 1
and xM = 10. The Neutrino Option is realized when simultaneously
m2h (M1 ) =

m2h ,

and

(M1 ) =

+

0

.

(10)

The values of M1 and 0 that satisfy this condition for several sets of assumptions are
reported in Figure 5.
Because neither the neutrino parameters nor the Higgs mass run significantly, the M1
range identified is very stable under variations of mt and choice of the RGE order. In this
§

Here ml = m3 for normal neutrino mass ordering and ml = m1 for inverted ordering.
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◆

,

nRGE = 1

0.05

nRGE = 2

nRGE = 3
M2 = M1 M2 = 10M1
m̂t = 171 GeV
m̂t = 173.2 GeV
m̂t = 175 GeV

0.04

0
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Figure 5: Values of (M1 , 0 ) for which the Neutrino Option can be realized compatibly with both Higgs
and neutrino oscillation data, for di↵erent choices of: the SM RGE order (panels from left to right),
the top mass mt (lighter to darker colors), the neutrino mass ordering (dot shapes) and xM (blue vs
orange). The error bars reflect 3 variations of the neutrino parameters being allowed in the scan.

sense it is a clean prediction of this scenario, consistent with a simple general estimate:
requiring M 2 ! 2 /8⇡ 2 ⇠ m2h ⇠ (100 GeV)2 and v 2 ! 2 /2M ⇠ m⌫ & 0.01 eV one easily finds
! ⇠ 1 TeV/M and M . 107 GeV = 10 PeV. Within this range, the running curve
cannot be matched by the threshold correction alone, as (µ = M1 )
' 0. A bare
0.05 is therefore required for the Neutrino Option to be realized. Note that
0 ' 0.01
this value is sufficiently small for 0 to be radiatively generated without further tuning
in a putative UV completion.
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Conclusions and Outlook

The two analyses presented in this talk show that the Higgs mass can be generated
alongside neutrino masses and mixings within a very minimal extension of the SM:
type-I seesaw. If two nearly-degenerate Majorana states with mass M are introduced,
this requires 5 · 105 . M . 107 GeV, Yukawa couplings ! ⇠ 1 TeV/M and a quartic
coupling 0 ⇠ 0.01 0.05 in the high energy classical potential.
In this interesting scenario, the EW symmetry breaking is ultimately tied to the
breaking of an approximate conformal symmetry in the UV and to the violation of the
lepton number. These two aspects are therefore worth exploring in connection to the
Neutrino Option. For instance, Refs. [17, 18] suggested a minimal, conformal UV completion that extends the SM with two extra scalar fields in order to generate dynamically
the heavy Majorana scale via the Gildener-Weinberg mechanism. The authors showed
that this construction can successfully realize the Neutrino Option, and at the same
time avoid Landau poles up to the Planck scale, in significant regions of the parameters
space. Moreover, for a subset of the latter, a strong first order phase transition can be
7

realized, leading to observable gravitational waves signals [18].
Finally, it is interesting to investigate whether the Neutrino Option is compatible with
the leptogenesis process. Thermal leptogenesis typically prefers values of the neutrino
Yukawa coupling that lie outside the range selected by the Neutrino Option [19] and is
therefore disfavored in this case. However, resonant leptogenesis [20] can take place in
the presence of nearly degenerate Majorana states and it can be shown to be successful
within the Neutrino Option parameter space [21].
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Hyper-Kamiokande (Hyper-K) is a next generation large water Cherenkov
detector to be built in Japan, based on the highly successful SuperKamiokande detector. Hyper-K will o↵er a broad science program including neutrino oscillation studies, proton decay searches, and neutrino
astrophysics with unprecedented sensitivities. This paper provides some
highlights of the physics potential of Hyper-K.
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1

Introduction

Hyper-Kamiokande (Hyper-K) is a next generation water Cherenkov detector. It has
multiple improvements with respect to Super-K, the most important being an increase
in fiducial volume of more than 8 times (187 kton), and photomultiplier tubes (PMTs)
single-photon detection efficiency improved by a factor two. Hyper-K construction
will commence in April 2020, and data-taking is expected from ⇠2027.
In these proceedings we present some highlights of the physics potential of the
experiment. More details can be found in the Hyper-Kamiokande design report [1].

2

Beam neutrino physics potential

The Hyper-K detector will be located in the Tochibora mine, near Kamioka, Japan.
At this location it samples the J-PARC neutrino beam, 2.5 o↵-axis at a distance
of 295 km. On- and o↵-axis detectors will be used to characterise and constrain the
unoscillated neutrino beam, including INGRID [2], ND280 upgrade [3], and IWCD
[4]. The J-PARC beam is currently undergoing staged upgrades, and is expected to
reach a beam power of 1.3 MW by ⇠2027. Results are shown for 2.7 ⇥ 1022 protons
on target, corresponding to 10 years of operation, split 1:3 between ⌫:⌫ running.
Fully-contained single-ring events with vertices within the fiducial volume are
selected. Particle identification is performed on the ring to determine whether the
event is e-like or µ-like. Neutrino energy is reconstructed assuming the event was
charged-current quasi-elastic (CCQE). More details can be found in [6].
The expected event rates for e-like and µ-like samples are shown in Tables 1 and
2 respectively. These numbers assume the oscillation parameter values: CP = 0;
sin2 2✓13 = 0.1; sin2 ✓23 = 0.5; m232 = 2.4 ⇥ 10 3 eV2 ; sin2 2✓12 = 0.8704; m221 =
7.6 ⇥ 10 5 eV2 ; normal mass hierarchy.
Figure 1 shows the e↵ect of varying CP on the e-like event samples. With
statistical-only uncertainties, these extreme values of CP can be distinguished.
Systematic uncertainties are included in the analysis, based on experience from
T2K [8]. The systematics are split into three categories, and assumptions are applied

⌫ beam
⌫ beam

Right-sign
⌫µ ! ⌫e CC
1643
1183

Wrong-sign
⌫µ ! ⌫e CC
15
206

⌫µ /⌫ µ
CC
7
4

Beam
⌫e /⌫ e CC
259
317

NC

Total

134
196

2058
1906

T2K
2018
75
9

Table 1: Expected number of e-like event candidates for each neutrino flavour and
interaction type in the ⌫ and ⌫ beams. T2K 2018 numbers are taken from [7].

1

Neutrino mode: appearance

Wrong-sign
CCQE
348
2699

⌫µ /⌫ µ
Beam
300
CCnQE ⌫e /⌫ e
250
3175
6
200
4315 150 7
Number of events/50 MeV

⌫ beam
⌫ beam

Right-sign
CCQE
6043
6099

NC
480
603

⌫µ !
⌫e CC
29
4

Total
10080
13726

T2K
2018
243
102

100
Table 2: Expected number of µ-like event candidates
for each neutrino flavour and
50
interaction type in the ⌫ and ⌫ beams. T2K 2018
numbers are taken from [7].
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Figure 1: Left: Reconstructed neutrino energy distribution for CP = 90 , 0 , 90 ,
180 50for the ⌫ beam mode. Right: Di↵erence to the CP = 0 case, with statistical
uncertainties
shown as error bars.
0
-50
to each
based on how improvements will be made with new data and analyses.
1)
Flux
and cross-section uncertainties constrained by a fit to near-detector data.
-100
0
0.2
0.4
0.8
1 as 1.2
These are expected
to0.6be reduced
understanding is improved, however more unReconstructed Energy Erec
(GeV)
ν
certainties will be added from 2). The level is assumed to stay the same.
2) Cross-section uncertainties non-constrained by the near-detector fit. New selections will be added to the near-detector fit, allowing movement from this category
to 1). The level is assumed to be reduced.
3)Far detector efficiency and reconstruction uncertainties. Current uncertainties
are limited by atmospheric neutrino statistics, therefore in Hyper-K these are assumed
to reduce. The energy scale uncertainty is left unchanged.
The total uncertainty on the number of events is in the range 3.2–3.9%, and
is dominated by category 1). Hyper-K will be systematics limited, therefore it is
important to have a realistic and comprehensive error model; work is underway to
improve the above error model.
The significance to exclude sin CP = 0 (i.e. CP conservation) is shown in the left
hand side of Figure 2. CP violation is observable with greater than 3(5) significance
for 76(57)% of possible values of CP . The uncertainty on CP is shown in the right
hand side of Figure 2. CP can be measured with an uncertainty of 7.2 at CP = 0
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Figure 2: Left: Expected significance to exclude sin CP = 0, for all possible true
values of CP . Right: Expected 1 error of CP as a fraction of running time. In both
cases the mass hierarchy is assumed to be known and normal.
and 23 at

3

CP

= ±90 .

Atmospheric neutrino physics potential

The ratio of oscillated to non-oscillated ⌫e flux is shown in Figure 3 for zenith angle
cos ⇥⌫ = 0.8 for various oscillation scenarios. Sensitivity to the ✓23 octant can be
seen by comparing (b) sin2 ✓23 = 0.6 to (a) sin2 ✓23 = 0.4; the size of the high-energy
resonance changes. Sensitivity to CP can be seen by comparing (b) CP = 40 to (c)
CP = 220 ; the scale and direction of ⇠1 GeV interference changes. Sensitivity to the
mass hierarchy can be seen by comparing (b) normal to (d) inverted; the high-energy
resonance is only present in normal hierarchy ⌫e (and inverted hierarchy ⌫ e ).
The atmospheric neutrino analysis selects 19 event samples using reconstructed
neutrino energy, particle ID of the highest energy ring, the number of rings, and
containment. More details can be found in [9]. The zenith-angle distribution for 6 of
the samples is shown in Figure 4.
The sensitivity to the oscillation parameters of interest is greatest when beam and
atmospheric neutrino samples are considered together. The combined sensitivities for
wrong mass hierarchy and wrong ✓23 octant rejection are shown in Figure 5. The
mass hierarchy can be determined at 6.2(3.8) for a true value of sin2 ✓23 of 0.6(0.4).
The octant can be determined at 6.2(3.6) for a true value of sin2 ✓23 of 0.45(0.55).

4

Proton decay physics potential

Proton decay is a fundamental prediction of many grand unified theories. Current
limits for lifetime over branching fraction (⌧ /B) are of the order 1033 –1034 years,
3
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Figure 3: The ratio of oscillated to non-oscillated ⌫e flux for zenith angle cos ⇥⌫ =
0.8 for various oscillation scenarios. The ⌫ e flux is not included.
depending on the specific channel. Here we discuss the sensitivity to two decay
modes.

4.1

p ! e+ ⇡ 0

The signal of this event is three rings (or two if the ⇡ 0 decay was very asymmetric
or forward-boosted). Cuts are made against the invariant mass of ⇡ 0 (for 3 ring
events only), the invariant mass of the proton, and the total momentum. Events are
split between free-proton enriched (ptot < 100 MeV/c) and bound-proton enriched
(100 < ptot < 250 MeV/c) samples. Atmospheric neutrino events with a muon below
threshold are removed by rejecting events with a Michel electron. Neutrons are also
rejected. More details can be found in [10].
ptot < 100 MeV/c
✏sig [%]
Bkg [/Mton·yr]
18.7 ± 1.2
0.06 ± 0.02

100 < ptot < 250 MeV/c
✏sig [%]
Bkg [/Mton·yr]
19.4 ± 2.9
0.62 ± 0.20

Table 3: Signal efficiency and background rates for the p ! e+ ⇡ 0 analysis.
The event distribution, as a function of total momentum and total mass, is shown
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Figure 4: Zenith-angle distributions for 6 of 19 atmospheric neutrino analysis samples.
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Figure 5: Left: Mass hierarchy sensitivity as a function of time for sin2 ✓23 = 0.4, 0.5,
and 0.6. Right: Octant determination sensitivity as a function of time for sin2 ✓23 =
0.45 and 0.55. In both plots, normal (inverted) hierarchy is shown in blue (red).
in Figure 6. The efficiency and background rates are shown in Table 3. It can be seen
that the free-proton enriched sample is almost background free.
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Figure 6: Left: Total momentum distribution of all events passing the p ! e+ ⇡ 0
event selection, before the momentum cut. Right: Reconstructed invariant mass
distribution of all events passing the p ! e+ ⇡ 0 event selection, before the invariant
mass cut. The proton lifetime is assumed to be 1.7 ⇥ 1034 years, just beyond current
Super-K limits. The free- and bound-proton enhanced regions are shown by the
lines in the left plot, and upper and lower panels of the right plot. The atmospheric
neutrino background is shown by the hatched region.
The p ! e+ ⇡ 0 channel has a 3 discovery potential of 1035 yr after 20 years, as
shown in the left plot of Figure 8.

4.2

p ! ⌫K +

The K + is produced with momentum 340 MeV/c, significantly below its 749 MeV/c
Cherenkov threshold. Therefore the analysis needs to identify the decay products:
K + ! µ+ ⌫ (64% branching ratio) and K + ! ⇡ + ⇡ 0 (21% branching ratio). The events
are split into three samples: 1) “prompt ” searches for a 6.3 MeV de-excitation
ray⇤ occurring prior to 236 MeV/c muon; 2) “pµ spectrum” searches for a 236 MeV/c
muon without associated ; 3) “⇡ + ⇡ 0 ” searches for a monochromatic ⇡ 0 with light
from background ⇡ +† . More details can be found in [11].
Event distributions for the prompt and ⇡ + ⇡ 0 samples are shown in Figure 7 as
a function of muon momentum and invariant kaon mass respectively. The efficiency
and background rates are shown in Table 4.
⇤
†

This occurs when a bound proton decays, and another proton fills the proton hole.
The ⇡ + is just above threshold, therefore it is difficult to reconstruct a full ring.

6

The p ! ⌫K + channel has a 3 discovery potential of 3 ⇥ 1034 yr after 20 years,
as shown in the right plot of Figure 8.
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Figure 7: Left: Reconstructed momentum distribution of all events passing the
prompt
p ! ⌫K + event selection. Right: Reconstructed invariant kaon mass
distribution of all events passing the ⇡ + ⇡ 0 p ! ⌫K + event selection, before the visible energy opposite ⇡ 0 candidate cut. The proton lifetime is assumed to be 6.6 ⇥ 1033
years, just beyond current Super-K limits. The atmospheric neutrino background is
shown by the hatched region.
Prompt
✏sig [%]
Bkg [/Mton·yr]
12.7 ± 2.4
0.9 ± 0.2

pµ spectrum
✏sig [%] Bkg [/Mton·yr]
31.0
1916.0

⇡+⇡0
✏sig [%]
Bkg [/Mton·yr]
10.8 ± 1.1
0.7 ± 1.1

Table 4: Signal efficiency and background rates for the p ! ⌫K + analysis.

5

Conclusion

Hyper-K is the next-generation water Cherenkov experiment to be run in Japan, with
data-taking expected to commence ⇠2027. In addition to providing CP violation
discovery across a wide range of true CP values, it has a broad physics program
including mass hierarchy determination within 10 years, and extending the proton
decay lifetime limits by around a factor 10 in some channels.
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Figure 8: 3 discovery potential as a function of time for p ! e+ ⇡ 0 (left) and p !
⌫K + (right). HK staged refers to a second Hyper-K tank coming online 6 years after
the first. The DUNE sensitivity is taken from [12] and the Super-K point corresponds
to the expectation in 2026 (after 23 years of data).
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Despite the lack of evidence of new physics at colliders, neutrino
masses, dark matter and matter-antimatter asymmetry of the universe
require an extension of the standard model. After discussing some new
concepts and tools in the description of seesaw neutrino models, such
as motion in flavour lepton space and the introduction of the bridging
matrix, that nicely complements the orthogonal matrix, I discuss recent
developments in the connections between neutrino data and scenarios of
leptogenesis within some well motivated extensions of the standard model.
Finally, I briefly review a simple unified picture of neutrino masses, leptogenesis and dark matter based on an extension of the seesaw Lagrangian
where a non-renormalizable e↵ective operator coupling right-handed neutrinos to the Higgs is introduced. This operator enhances the right-handed
neutrino mixing between a coupled heavy right-handed neutrino and a decoupled one playing the role of dark matter. Moreover the interference
between the two coupled RH neutrinos also generates CP violation and
this allows to achieve successful leptogenesis. Although the dark matter right-handed neutrino escapes direct and collider searches, its decays
produce a detectable contribution to the very high energy neutrino flux
discovered by IceCube, making the model predictive and testable at neutrino telescopes.
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1

Introduction

Although there is no evidence of new physics at colliders,⇤ there are clear phenomenological reasons to extend the standard model (SM): an explanation of neutrino masses
and mixing, understanding the nature of dark matter (DM) and the origin of the
matter-antimatter asymmetry of the universe. It is reasonable that these three compelling evidences of new physics should be addressed within a unified picture. We
discuss how a simple extension of the SM based on the introduction of right-handed
neutrinos with Yukawa couplings, a Majorana mass term and additional couplings to
the Higgs described by a non-renormalisable e↵ective operator, allows to address all
three of them. Neutrino masses and mixing are explained by a simple type-I seesaw
mechanism, matter anti-matter asymmetry of the universe by leptogenesis, while a
decoupled right-handed neutrino can play the role of DM. The picture also predicts a
contribution to the very high energy neutrino flux that makes it testable at neutrino
telescopes. The recent discovery by the IceCube detector is then extremely interesting
and provides a way to test this unified model.
Seesaw neutrino models and scenarios of leptogenesis are nicely embeddable within
models of new physics, in particular grand-unified models, models of flavour and combinations of both. I will discuss in general how these models can point to di↵erent
regions in the seesaw parameter space that, especially thanks to leptogenesis, can imply di↵erent predictions on low energy neutrino parameters. From this point of view,
I will mainly emphasise the importance of absolute neutrino mass scale experiments.
I will also discuss some recent developments in representing seesaw neutrino models in
lepton flavour space and how the introduction of a new matrix, the bridging matrix,
nicely complements the orthogonal matrix in describing and understanding seesaw
neutrino models.

2

Neutrino masses and mixing

Neutrino mixing experiments measure two neutrino mass squared di↵erences
that can
p
2
be expressed in terms of the atmospheric neutrino mass scale, mp
|m3 m21 | =
atm ⌘
(49.9 ± 0.3) meV, and the solar neutrino mass scale, msol ⌘ m22 m21 = (8.6 ±
0.1) meV, where the numerical values are the results of a recent global analysis [1].
This necessarily implies that for m1
matm all three neutrino masses are quasidegenerate, while for m1 ⌧ msol one obtains either normal or inverted hierarchical
limit, depending on the sign of m23 m21 that is still unknown. If we indicate with
m10 the lightest neutrino mass, coinciding with m1 in the case of normal ordering,
for positive m23 m21 , and with m3 in the case of inverted ordering, for negative
⇤

Barring of course flavour anomalies, currently lacking both a consistent and sufficiently statistically significant experimental support to be regarded as evidences.

1

m23 m21 , cosmological observations combined with neutrino mixing results, place
the most stringent upper bound m10 . 0.07 eV (95% CL) excluding quasi-degenerate
neutrinos [2].†
In the case of normal ordering, favoured over inverted ordering at ⇠ 3 , latest
global analyses find the following 3 ranges for the mixing angles and Dirac phase
in the leptonic mixing matrix U (switching from mass to weak eigenstates such that
⌫↵ = U↵i ⌫i ) [1]
✓12 = 32 – 36 ,
✓13 = 8.2 – 9.0 ,
✓23 = 41 – 52 ,
= 135 – 366 .

(1)

An easy (and economical) way to extend the SM to account for neutrino masses and
mixing is to introduce right-handed (RH) neutrinos with Yukawa couplings h⌫ to
left-handed (LH) neutrinos and Higgs so that, in the flavour basis where the Yukawa
charged lepton matrix is diagonal, the charged lepton and neutrino Yukawa interactions can be written as
+ L↵ h⌫↵J NRJ e ,

(2)

L`+⌫
m = ↵L m↵ ↵R + ⌫L↵ mD↵J NRJ .

(3)

L⌫+`
= L↵ h`↵↵ ↵R
Y

where LT↵ ⌘ (⌫L↵ , ↵L ) are the leptonic doublets, MI  . . .  MN are the heavy
neutrino masses and we indicate with Greek indexes, ↵ = e, µ, ⌧ , the charged lepton
flavour, and with Roman indexes, J = I, II . . . , N , the heavy neutrino flavour. For
definiteness we can consider the simple and well motivated case N = 3. After electroweak spontaneous symmetry breaking the Higgs vev generates a neutrino Dirac
mass matrix mD = v h⌫ and charged lepton masses m↵ = v h`↵↵ . In this way the
leptonic mass term in the Lagrangian for neutrinos and charged leptons reads

If we now operate a bi-unitary transformation of the LH and RH neutrino fields, NRi =
UR iJ NRJ and ⌫Li = VLi↵ ⌫L↵ (i = 1, 2, 3), that switches to the Yukawa basis where
the neutrino Dirac mass matrix is diagonal, one obtains a bi-unitary parameterisation
of the neutrino Dirac mass matrix (mathematically, its singular value decomposition)
mD = VL† DmD UR ,
†

(4)

TheP
latest results from the Planck collaboration [3], place an upper bound on the sum of neutrino
masses i mi . 0.12 eV (95%CL). Combining this upper bound with the neutrino mixing results,
this implies m10 . 0.03 (0.017) eV for normal (inverted) ordering. It should also be noticed that
inverted ordering is disfavoured at ⇠ 1.6 . This goes in the same direction of latest results from
neutrino mixing experiments also disfavouring normal ordering as mentioned in the text.

2

where DmD ⌘ diag(mD1 , mD2 , mD3 ) and mD1 < mD2 < mD3 are the Dirac neutrino
masses. In this case one has that the Yukawa basis coincides with the neutrino mass
eigenstate basis. The neutrino masses simply coincide with the neutrino Dirac masses,
mi = mDi and the leptonic mixing matrix is given by U = VL† .
However, this simple option, by itself, does not address the cosmological puzzles
and also implies that neutrino Yukawa couplings are much smaller than those of the
other massive fermions, especially when the comparison is made within the same
family, so that, for example, m3 /mtop ⇠ 10 12 .‡
However, if in addition to RH neutrinos and a Yukawa coupling term, one also
allows for lepton number violation, considering that neutrinos are neutral, then in
general one also has a right-right Majorana mass term, so that, after electroweak
spontaneous symmetry breaking, one obtains for the leptonic mass term (3)
1 c
N MJ NRJ + h.c. ,
(5)
2 RJ
in a basis where both charged lepton Dirac mass matrix and Majorana mass matrix
are diagonal (we will refer to it as the flavour basis) and where MI  MII  MIII . In
the seesaw limit, for MI
mD3 , the spectrum of mass eigenstates splits into a heavy
set, with masses basically coinciding with the three MJ ’s and the eigenstates with
the RH neutrinos, and into a light set with the mass weigenstates almost coinciding
with the LH neutrinos and with masses given by the seesaw formula [7]
L`+⌫
m = ↵L m↵ ↵R + ⌫L↵ mD↵J NRJ +

⇤
mi = Ui↵
mD↵J MJ 1 (mTD )J U ⇤i .

(6)

Neutrinos are predicted to be Majorana neutrinos and, therefore, in the parameterisation of the leptonic mixing matrix, one has also to include two Majorana phases that
cannot be reabsorbed in the fields and can in principle be measured in new physical
processes involving lepton number violation. In practice, currently, we can just hope
to observe neutrinoless double beta decay that would correspond to measure just one
Majorana phase.
The seesaw formula is equivalent to the orthogonality of the matrix [8]
(U † mD )iJ
⌦iJ = p
,
m i MJ

(7)

providing a useful (orthogonal) parameterisation of the neutrino Dirac mass matrix
p
p
mD↵J = U↵i mi ⌦iJ MJ .
(8)
‡

This does not mean that Dirac neutrinos cannot emerge within well motivated models, but
these involve additional ingredients compared to the minimal extension we are considering so that
the picture is actually less minimal that one can think. For example, ways to justify the lightness
of Dirac neutrinos are found within frameworks with large [4] or warped [5] extra-dimensions. Also
a mechanism of leptogenesis with Dirac neutrinos has been proposed [6] but it still requires some
external source, such as GUT baryogenesis, of an initial B + L asymmetry.

3

The orthogonal matrix elements provide the fractional contribution to the light neutrino mass mi from the term proportional to the inverse heavy neutrino mass MJ 1
and, very importantly, they tell how fine-tuned are phase cancellations in the seesaw
formula to get each mi as a sum of terms / MJ 1 .
Another interesting matrix, useful in the study of the seesaw neutrino mass models
is the bridging matrix, recently introduced in [9], defined as
(U † mD )iJ
BiJ ⌘ q
.
(m†D mD )JJ

(9)

This operates the transformation between the lepton flavour basis determined by the
neutrino mass eigenstates to that one determined by heavy neutrino lepton flavour
states (and vice-versa). If one considers lepton doublet states, one has indeed |LJ i =
BiJ |Li i (or considering lepton doublet fields one has LJ = (B † )Ji Li ).
The orthogonal parameterisation (8) clearly shows that within a standard seesaw
extension of the SM with three RH neutrinos, eighteen new parameters are introduced:
nine low energy neutrino parameters and nine high energy neutrino parameters that
escape completely the information from laboratory experiments. In particular the
mass spectrum of the three heavy (mostly RH) neutrinos is one of the main unknowns.
From this point of view, as we will discuss in the next section, leptogenesis plays
an important role in connecting the heavy neutrino mass spectrum to the matterantimatter asymmetry of the universe.
However, from the bi-unitary parameterisation of the neutrino Dirac mass matrix
Eq. (4), one can get important insight in the the di↵erent classes of seesaw neutrino
models that can be built. If we plug the bi-unitary parameterisation into the seesaw
formula (6), this can be written as
m⌫ ⌘ U Dm U T = VL† DmD UR DM1 URT DmD VL⇤ ,

(10)

where m⌫ is the light neutrino mass matrix (in the weak basis), Dm ⌘ diag(m1 , m2 , m3 )
and DM ⌘ diag(MI , MII , MIII ).
All mixing from LH sector: form-dominance models
We have seen that in the absence of a Majorana mass term, all the mixing is described
by the mismatch in the LH sector between the Yukawa basis and the charged lepton
flavour basis so that U = VL† . In the presence of a Majorana mass term this is still a
perfectly viable possibility. This means that in this case Majorana mass and neutrino
Dirac mass matrices are diagonal in the same basis and UR = I. Eq. (10) then
immediately confirms that U = VL† , as in the case of Dirac neutrinos, but this time
one obtains seesawed neutrino masses mi = m2Dj /MJ .
4

In these models the orthogonal matrix ⌦ is simply given by the permutation
matrix and the fine-tuning is minimal [10] and they are usually referred to as formdominance models [11]. The three flavour bases of light neutrino mass eigenstates,
Yukawa basis and heavy neutrino flavour basis coincide. In the figure we show in
lepton flavour space, using the light neutrino mass eigenstate as reference basis, the
weak basis (left panel) and the heavy neutrino flavour basis (right panel) in the case
that this coincides with light neutrino basis. If, as mentioned, one parameterises
III= 3

3
⌧

✓13

µ

✓23
✓23
✓12
✓12
1

e

✓13

II = 2

2
I=1

Figure 1: Representation of di↵erent lepton bases in lepton flavour space.The light
neutrino mass eigenstates is used as reference basis. In the left panel the weak basis is
shown with an indication of the three lepton mixing angles and in the right panel the
heavy neutrino flavour basis is shown in the simple case of form-dominance models,
when it coincides with the light neutrino basis (from [9]).
the orthogonal matrix as the product of a rotation times a Lorentz boost in flavour
space, this class of models corresponds just to the simple trivial identity case (or a
trivial permutation of light and heavy flavour states). Interestingly, these models
typically arise imposing a discrete flavour symmetry [12]. The bridging matrix B of
course also coincides with the permutation matrix in these models. As we will see,
leptogenesis necessarily implies that some deviation from form-dominance is necessary
to reproduce the observed baryon asymmetry of the universe.
All mixing from the RH sector and SO(10)-inspired models
The opposite limit case occurs when all leptonic mixing is generated by the RH
sector, implying VL = I. In this case one still obtains analytical expressions for the
RH neutrino masses, though not so simple as before, explicitly [13]
M1 =

m2D1
m2D2
|m⌫ee |
, M2 =
, M3 = m2D3 |(m⌫ 1 )⌧ ⌧ | .
|m⌫ee |
m1 m2 m3 |(m⌫ 1 )⌧ ⌧ |

(11)

In the case of SO(10)-inspired models [14] one has VL ' VCKM ' I and in addition the
Dirac neutrino masses are not too di↵erent from the up quark masses. In this case the
5

RH neutrino mass spectrum is highly hierarchical and when current neutrino mixing
data are plugged into the expressions, barring strongly fine tuned case of compact
spectrum when both |m⌫ee | and |(m⌫ 1 )⌧ ⌧ | are very small, one has M1 ⌧ 109 GeV,
with important consequences for leptogenesis.
An analytic expression for UR can be found in [13], here it is interesting just to
notice that in the hierarchical case, for m1 ! 0, one has UR ! I and the expressions
for the heavy neutrino masses correctly tend to the form-dominance case. This might
sound like a paradox since we are assuming VL = I but the point is that in this
case the mixing is the result of a balance between numerator and denominator in the
seesaw formula and this is a perfectly viable case considering that this balance can
well explain the observed large mixing angles. Of course one can wonder whether this
corresponds to a too special (though not fined-tuned) choice of parameters to be true
but it is still interesting that it naturally emerges as a perfectly viable solution within
SO(10)-inspired models barring fine-tuning in the seesaw formula and taking into
account the experimental data. Since in the exact limit all CP asymmetries vanish,
this might be seen as a reason why one could expect a deviation from the hierarchical
limit within these models. We will see that indeed leptogenesis sets a strict lower
bound on m1 within SO(10)-inspired models.
Two right-handed neutrino models
In the limit M3
1015 GeV, one necessarily has m1 ⌧ 10 5 eV and in the seesaw
formula the heaviest RH neutrino decouples and one obtains an e↵ective two RH
neutrino formula with a great parameter reduction (from eighteen to only eleven)
[15]. These models are interesting because they are realised in di↵erent grand-unified
models combined with a discrete flavour symmetry (see for example [16]).
However, these models can be also realised in the limit when one Yukawa coupling,
or equivalently one neutrino Dirac mass mDi , vanishes. This is quite interesting since
in this case the decoupled heavy neutrino can have any mass and can be a candidate
of dark matter [17], as we discuss in Section 4.

3

Leptogenesis

We do not observe primordial antimatter in the universe. The baryon-to-photon ratio,
measured very precisely by cosmological observations finding [3]
⌘B0 = (6.12 ± 0.04) ⇥ 10

10

,

(12)

can then be considered as a measurement of the baryon asymmetry of the universe
that survived the sequence of di↵erent particle species annihilations occurred in the
early universe. A model of baryogenesis, where the asymmetry is generated dynamically after the inflationary stage, is considered as the most reasonable explanation. A
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successful model of baryogenesis cannot be found within the SM and, therefore, the
baryon asymmetry of the universe is regarded as a strong evidence of new physics.
Leptogenesis is a scenario of baryogenesis relying on neutrino properties and after
the discovery of neutrino masses and mixing it became greatly attractive. Currently
many versions exist but the minimal original one [18] still remains not only viable
but also the most appealing since it can be naturally embedded within models of new
physics such as grand-unified models and/or models of flavour or combinations.
The minimal scenario of leptogenesis (see [19] for a review) relies on the type-I
seesaw extension of the SM that we discussed in the previous section and on the
assumption of thermal production of the heavy neutrinos, implying that the reheat
temperature has to be sufficiently high compared to the the mass of the RH neutrinos whose decay produce the contribution to the final asymmetry reproducing the
measured one. Heavy RH neutrino decays produce a B L asymmetry that is injected in the form of lepton number. This is rapidly partly reprocessed by sphaleron
non-perturbative processes into a baryon asymmetry if the temperature of produco↵
tion is higher than the sphaleron freeze-out temperature (Tsph
' 132 GeV [20]). The
baryon-to-photon ratio predicted by leptogenesis can then be expressed in terms of
the final B L asymmetry NBfin L as ⌘B0 = asph NBfin L /N rec , where asph ' 1/3 is the
fraction of B L asymmetry in the form of a baryon asymmetry.
When flavour e↵ects are taken into account [21, 10, 27] the final asymmetry, in
general, given by a sum of contributions both on heavy neutrino flavours and on
charged lepton flavours. This crucially depends on the RH neutrino mass spectrum
and for this reason the requirement of successful leptogenesis imposes constraints on
the RH neutrino mass spectrum. The most important one is that the mass of RH
neutrinos that dominantly produces the asymmetry, not necessarily the lightest ones,
has to be higher than ⇠ 109 GeV if one considers a hierarchical RH neutrino spectrum
and barring fine-tuning in the seesaw formula. This lower bound also translates into
a similar lower bound on TRH [22, 10].
If we go back to the case of models where all mixing stems from the LH sector,
with U = VL† , and if one imposes a discrete flavour symmetry, then this typcially
leads to mD? ⌘ mD1 = mD2 = mD3 and one obtains a very simple heavy neutrino
mass spectrum MI = m2D? /mi . If in addition one also imposes m1 ⌧ 10 5 eV,
e↵ectively the heaviest RH neutrino decouples and one can consider an e↵ective two
RH neutrino model. In this case the lower bound on the lightest RH neutrino is
⇠ 1010 GeV [23]. The flavour symmetry needs to be broken to have non-vanishing
CP asymmetries [24, 25]. In these models one does not get, in general, definite
predictions on the mixing parameters. These can be obtained within a specific model
typically combining a discrete flavour symmetry with grand-unification [26].
If we combine SO(10)-inspired models with leptogenesis (SO(10)-inspired leptogenesis), then the predictive power greatly increases and one gets predictions also
on the mixing parameters. The reason is that in that case, as anticipated, since the
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asymmetry produced by the lightest RH neutrinos is negligible, this has necessarily to
be produced from next-to-lightest RH neutrinos, realising a so-called N2 -leptogenesis
scenario [10, 27]. In this case one has also to worry that the wash-out from lightest
RH neutrinos is weak enough for an asymmetry in some flavour to survive prior to the
freeze-out of sphalerons. This condition, combined with the requirement of successful
leptogenesis, produces constraints on all low energy neutrino parameters [28, 29]. In
particular a very robust constraint is given by a lower bound on the lightest neutrino
mass m1 & 1 meV and it should also be said that, given the current upper bound on
neutrino masses from cosmology, SO(10)-inspired leptogenesis works only for normal
ordering, as favoured by the latest data.
An interesting feature of SO(10)-inspired leptogenesis is that, for a much more
restricted region of parameters, it can also be strong, meaning that the final asymmetry can be independent of the initial conditions, and in particular large pre-existing
asymmetries, in all three charged lepton flavours, can be efficiently washed-out. This
requires quite a specific set of constraints on low energy neutrino parameters whose
full realisation could be basically interpreted as a signature. For example, the lightest
neutrino mass has to be comprised within quite a narrow range of values, m1 ' (10–
30) meV (the exact range depends on how large is the pre-existing asymmetry to be
washed-out, see [30] for details) that starts to be right now to be tested by cosmological observations (see footnote at page 2). Also, quite interestingly, the solution
successfully predicted a non-vanishing value of ✓13 . Another important feature of
strong thermal SO(10)-inspired leptogenesis is that it can be hardly compatible with
the atmospheric neutrino mixing angle in the second octant [31], as currently slightly
favoured by global analyses. In the next years it will certainly very interesting whether
new experimental results will further support this solution or rule it out.
It should be noticed that SO(10)-inspired conditions can be also realised also not
necessarily SO(10) models. For example in [32] it has been shown that a model based
on a combination of a A4 discrete flavour symmetry with Pati-Salam grand-unified
group, leads to SO(10)-inspired conditions and one can reproduce lepton parameters
and also obtain successful N2 leptogenesis. Interestingly, in this case the atmospheric
neutrino mixing angle needs to be in the second octant as favoured by latest global
analyses. If one wants also to get in addition a realistic fit of quark parameters, this
3
R
has been found within a SO(10) ⇥ S4 ⇥ ZR
4 ⇥ Z4 model, where Z4 is an R symmetry
while the other three Z4 ’s symmetries are shaping symmetries [33].

4

Dark matter

Cosmological observations measure with great precision the abundance of cold dark
matter in the universe. The latest results from the Planck collaboration find [3]
⌦CDM h2 = 0.11933 ± 0.00091. Can the simple type-I seesaw Lagrangian (5) also
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address the dark matter puzzle? In this case one of the three heavy RH neutrinos
should play the role of dark matter particle. A solution is obtained, the so-called
⌫MSM model [34], if the lightest RH neutrino mass is much smaller than the electron
mass in a way that the dominant decay channel is into three neutrinos and the rate
can be so strongly suppressed to have a life-time much longer with the age of the
universe. This points to a mass of the dark matter RH neutrino of order of keV
that is interesting since it would behave as warm dark matter, potentially able to
solve some claimed problems in the large scale structure at scales of the galactic
sub-halos. The dark matter RH neutrino would be produced by the mixing with
the LH neutrinos and interestingly the correct abundance can be produced while at
the same time the seesaw formula can satisfy the experimental results from neutrino
mixing experiments. However dark matter RH neutrinos would also sub-dominantly
decay radiatively and X-ray constraints right now exclude a non-resonance production
from the mixing. One has then to introduce further ingredients in the picture that
becomes much more contrived. Moreover, in the ⌫MSM, neutrino Yukawa couplings
are still much smaller than those of other massive fermions so that one of the original
motivation of the seesaw mechanism is actually not addressed.
An alternative solution, with values of the RH neutrino masses above the TeV
scale implying higher neutrino Yukawa couplings, is to consider one of the three RH
neutrinos decoupled and stable. This implies that its Yukawa couplings have basically
to vanish and this can be justified imposing some symmetry. In order to produce the
dark matter RH neutrino however it is necessary to introduce some new interaction.
An attractive option is to consider the existence of new interactions described by the
the 5-dim non renormalizable operator [17]
OA =

IJ

†

⇤

NIc NJ ,

(13)

inducing a RH-RH neutrino mixing able to produce via non-adiabatic resonant conversions a RH neutrino DM abundance. The same operator is eventually also responsible
also for the decays of the dark matter RH neutrinos and this implies both a lower
bound and an upper bound on the mass singling out a window within 100 TeV–10 PeV
that is quite interesting since it implies some contribution to the high energy neutrino flux that is now detected by the IceCube neutrino telescope, providing a way
to test the mechanism. Interestingly, the other two coupled RH neutrino decays can
also reproduce the observed baryon asymmetry via leptogenesis [35]. In this way one
realises a unified picture of neutrino masses, leptogenesis and dark matter testable at
neutrino telescopes.
In conclusion a solution to the cosmological puzzles of matter-antimatter asymmetry and dark matter of the universe related to neutrino properties is not only possible
but also an attractive possibility that will be tested during next years at neutrino
telescopes.
9
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Introduction

Neutrinoless double beta (0⌫ ) decay is a key for physics beyond the Standard
Model of elementary particles. If we observe this decay, then the neutrino behaves as a
Majorana particle[1] and the decay process violates lepton number conservation. If the
neutrino is Majorana type, extremely light neutrino mass is explained via the seesaw
mechanism[2], and may also explain the baryon asymmetry via leptogenesis[3]. The
⇣
⌘ 1
0⌫
decay rate of 0⌫
( T1/2
) is proportional to the square of the e↵ective neutrino
mass hm i as follows,
⇣

2

0⌫
T1/2

⌘ 1

2

2

= G0⌫ M 0⌫ hm i2

L
L
where |hm i| ⌘ Ue1
m1 + Ue2
m2 e i

2

2

L
+ Ue3
m3 e i

(1)
3

0⌫
, T1/2
is the half-life, G0⌫ is

the phase space factor, M 0⌫ is the nuclear matrix element, ei 2,3 are Majorana CP
L
phases, and Uej
(j = 1 - 3) is the neutrino mixing matrix. The event rate determines
the mass scale of light neutrino mass.
0⌫
emits two beta rays and the total energy corresponds to the Q-value of the
double beta decaying nucleus. Usually the Q-values are in the region of environmental
backgrounds caused by uranium-chain and thorium decay chains. The sensitivity to
hm i is proportional to the square root of the exposure time for a background-free
case, but it will be reduced to the fourth root of the exposure time in background
limited cases[4]. Therefore, in order to observe the 0⌫
signal, we need many double
beta decaying nuclei, a long live time, and a background-free environment or powerful
background rejection methods to eliminate noise events.
Recently there are four types of experiments used in 0⌫
searches. The first
type are high energy resolution detector (⇠0.1%) using germanium detectors [5, 6]
or bolometers [7]. These detectors can reduce backgrounds in the observed energy
spectrum. The second type are tracking detectors. There the source and the detector
are separated, thus it is hard to contain a large amount of nuclei, but the event
pattern of 2 decay can be identified [8]. The third type are xenon TPC detectors [9,
10, 11, 12]. This type has both previous features partially, good energy resolution
(⇠0.1%; for gas, ⇠3%; for liquid) and high event pattern identification by TPC. The
final type are liquid scintillator detectors [13][14]. These detectors have poor energy
resolution (⇠10%) with no particle identification methods for / . However, liquid
scintillator detectors realize ultra low background environments for radiation from
uranium, thorium, and other metals which are used in the detector or the vessel, and
can contain a large amount of double beta decaying nuclei. Thus this type is one of
the most sensitive detectors for 0⌫
search. In this paper, we report the current
status of liquid scintillator (LS) detector experiments, KamLAND-Zen and SNO+.
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2

Liquid scintillator detector

Figure 1: Allowed region of e↵ective neutrino mass as a function of the lightest
neutrino mass.
Liquid scintillator experiments for 0⌫
decay were originally developed for neutrino oscillation experiments at MeV energy region. KamLAND-Zen and SNO+ have
similar designs. Inward looking photomultiplier tubes (PMTs) are set on the inner
surface of ⇠18m diameter stainless tank or structure and ⇠1,000 tons of LS is stored
in a 13 m diameter nylon/EVOH base balloon (KamLAND-Zen) or 12 m diameter
acrylic sphere (SNO+). The emitted scintillation light caused by radiation in LS
(↵, , , etc.) are detected by PMTs. The vertex is reconstructed by hit timing
and the energy is reconstructed by transparency corrected charge of PMTs. Liquid
scintillator is purified by water extraction, distillation, nitrogen purge etc., and the
contamination level for uranium and thorium can reach a sufficient level of O(10 18 )
g/g. Thus the cleanness of the container for
decaying nuclei loaded liquid scintillator or a large self shielding distance from the surface of the container are the key
elements for a high sensitivity search for 0⌫
decay.
Other possible backgrounds in liquid scintillator detectors are spallation products
of carbon caused by cosmic ray muons, solar 8 B neutrinos, and energy tail of 2⌫
decay spectrum. If the detector site is very deep and the muon event rate is low, 10 C
background made by spallation is negligible. However if this rate is high, it has to
be rejected, for example, by triple coincidence between muon, 2.2 MeV -ray from
neutron capture by proton, and 10 C decay ( + , ⌧ = 27.8 s, Q = 3.65 MeV). The
solar 8 B neutrino background is proportional to the volume and can not be rejected
by event identification, thus a small active volume is desirable. Because of the poor
energy resolution, the tail of high energy 2⌫
decay extends to the region of interest
of 0⌫
search. Therefore high light yield, high transparency of LS is required to
improve the energy resolution.
Figure 1 shows the allowed region of 0⌫
decay calculated by neutrino oscillation parameters. Current ongoing projects search for “degenerated mass” region
2

with O(101 2 ) kg
nuclei. In order to reach “inverted hierarchy” region including inverted mass hierarchy (⌫2 > ⌫1 > ⌫3 ), degenerated and normal hierarchy
(⌫3 > ⌫2 > ⌫1 ), O(103 ) kg
nuclei is needed. Liquid scintillator detectors which can
contain large numbers of
nuclei are therefore one of the most sensitive.

3

SNO+

The SNO+ experiment plans to use tellurium loaded liquid scintillator (Te-LS) with
hardware based on the SNO experiment. The liquid scintillator consists of LinearAlkyl-Benzene and PPO(2g/L). 780 tons of liquid scintillator in a 6 m radius acrylic
vessel contains 0.5% nat Te by weight. The natural abundance of 130 Te in nat Te is
34.1%, thus this experiment does not use enriched material and 1,330 kg of 130 Te
can be loaded into the detector. The Q-value of 130 Te is 2.527 MeV and this energy
overlaps with environmental radiation from uranium and thorium as described above.
While the acrylic vessel is not clean enough for the measurement, radiation from the
vessel is rejected by using fiducialisation and self-shielding of Te-LS. From the current
estimation, a 3.3 m radius fiducial volume (2.7 m self-shielding) makes the most
sensitive condition. The detector position is ⇠ 2,000 m below the ground level and
it corresponds to 6,000 m water equivalent (m.w.e.). Due to the depth, cosmogenic
muons come to the detector at the rate of only 70 events per day, and backgrounds
from muon spallation products are negligible. Figure 2 shows expected background
components and the energy spectrum. The main component of the background is the
solar 8 B neutrinos that are unavoidable and proportional to volume. The sensitivity
is 1.9⇥1026 years at 90% C.L. with 5 years of operations. The current stage of

Figure 2: The left figure shows estimated background components of SNO+. The
right plot shows expected energy spectrum of SNO+ with 5 years of operation, 0.5%
nat
Te and R = 3.3 m fiducial volume [15].
SNO+ is construction and test operations. There are three stages of the SNO+
0⌫
decay search: water phase, liquid scintillator phase, and tellurium loaded liquid
scintillator phase. In order to investigate the external backgrounds, pure water was
filled in the acrylic vessel and data acquisition was operated. The background level
3

met their targets for future physics [16]. SNO+ already terminated the water phase
and released the results of solar 8 B neutrino measurements [17], and of the search
for invisible modes of nucleon decay [18]. Distilled LS filling of the acrylic vessel for
liquid scintillator phase started in October of 2018. After the LS filling and several
months of operations, tellurium will be loaded in the liquid scintillator. Tellurium
can be dissolved in LS in the form of a Te-butanediol complex. 3.8 tons of telluric
acid was stored underground for more than 3 years in order to wait for the decay of
long lived radioactivity made by cosmic ray muons and protons. Construction of a
tellurium acid purification plant is underway underground. SNO+ future plan called
phase II includes the following improvements: 1% tellurium loading, high light yield
and high transparency LS, detector upgrade with high quantum efficiency PMTs,
concentrators replacement, inner bag, and 130 Te enrichment. SNO+ plans to cover
the inverted hierarchy region.

4

KamLAND-Zen

KamLAND-Zen is a 0⌫
decay experiment using 136 Xe loaded liquid scintillator in
the KamLAND detector [19]. KamLAND is located is at 1,000 m depth (2,700 m.w.e.)
where the cosmogenic muon rate is ⇠0.3 Hz. In order to restrict the muon spallation
products and solar 8 B neutrinos backgrounds which are proportional to the volume,
xenon loaded liquid scintillator (Xe-LS) is located in a nylon mini-balloon surrounded
by 1,000 tons of LS contained in a 13 m diameter outer balloon (see Figure 3). Xe-LS
can contain xenon at almost 3% by weight and isotopic abundance of 136 Xe is enriched
to 90.6%. KamLAND has achieved a 10 17⇠ 18 g/g contamination level for 238 U and
232
Th in liquid scintillator[20], thus its very clean container allows a high sensitivity
search for 0⌫
decay. The “mini-balloon” container for Xe-LS is made of 25 µm
thickness nylon film and is suspended at the center of KamLAND as shown in Figure
4. The nylon film has 99% transparency and a contamination level of ⇠2⇥10 12 g/g
level for 238 U and 232 Th . To make the drop-shaped container, nylon films were cut
for each part and connected by heat welding in a class-1 super clean room.

4.1

KamLAND-Zen 400

KamLAND-Zen 400 started data acquisition in October 2011 and terminated in October 2015, including a purification period from June 2012 to December 2013. In
the first phase before purification (Phase-I), we found 110m Ag events in the region of
interest for 0⌫
decay (see Figure 5)[21]. We suspect the impurities came from fall
out of the Fukushima reactor accident. After Phase-I, we extracted xenon from LS
and purified it by distillation and getter filtering. After the removal of xenon, LS was
purified three times by distillation, and replaced by new one twice. Unfortunately, the
4

Figure 3:
Schematic
KamLAND-Zen

view

of

Figure 4: Nylon film parts used in the
mini-balloon

inner surface of the mini-balloon was contaminated from mine air by a pump failure,
thus limiting the e↵ective fiducial volume in phase II. The energy spectrum of purified
Xe-LS in Figure 6 shows no 110m Ag peak. From the combined analysis with Phase-I
and Phase-II data, a lower limit for the half life of 0⌫
decay is T1/2 > 1.07 ⇥ 1026
years at 90% C.L corresponding to hm i < 61 165 meV [13].

Figure 5: Energy spectrum in Phase-I
(R < 1.35 m)

4.2

Figure 6: Energy spectrum in latter
period of Phase-II (R < 1.0 m)

KamLAND-Zen 800

Due to the -rays from surface contamination of the mini-balloon, the sensitivity was
restricted in KamLAND-Zen 400. Therefore we started KamLAND-Zen 800 project
with almost 750 kg xenon and cleaner mini-balloon. In order to make a cleaner
mini-balloon, we applied a number of techniques: clean wear control, particle flow
check, static-electricity control by ion generation devices and humidity control, using
a film cover to protect the mini-balloon film, and the introduction of a semi-automatic
welding machine. We used three clean wear layers: a clean inner suit, the first clean
suit wearing in a class-1,000 clean room, and second clean suit changing in a class1 super clean room. The mini-balloon was constructed in a separate super-clean
5

room. Custom order nylon film is easily charged, and the static-electricity collects
dusts including environmental radioactivities. Static-electricity is prevented by 65%
humidity in general, therefore a mist generation system was set just before the ULPA
filter. We also applied protective nylon film covers for the mini-balloon nylon film.
When we welded films and did leak check for welding lines, the mini-balloon films
were protected from dust contamination by the cover films. For the KamLAND-Zen
400 mini-balloon, welding was done by a hand pressing machine. When we used this
machine, a person had to keep their body on the nylon film, and dust from the clean
suit or the person could drop on the film. Thus we introduced a semi-automatic
welding machine to avoid dust drop and press weight di↵erences by each person.
The mini-balloon production was done by the following procedure: nylon film
was washed by ultra pure water with ultra sonic cleaning to reject initial surface
contamination, film cover setting for mini-balloon film, clipping to each part, film
connection by welding, leak check by helium gas and helium detector, and repairing
holes by glue.
Installation of the mini-balloon to KamLAND was done on May 10, 2018 (see
Figure 7). For the install preparations in Kamioka site, we set up a class-50 level
clean room at the top of the KamLAND detector. Due to the spherical shape of the
detector and access point to inside the outer balloon being only 50 cm in diameter,
we folded the mini-balloon keeping the shape using perforated teflon sheet and teflon
tubes. We applied cover nylon films between the mini-balloon film and teflon sheets
to avoid damage during the installation process. We installed the mini-balloon with
heavier LS (+0.4%) compared to the KamLAND LS density. After sinking of miniballoon in KamLAND LS, teflon sheets and cover nylon films were removed and pulled
up. After the installation, we filled slightly heavier LS (+0.015%) without xenon, and
the mini-balloon was expanded as shown in Figure 8.

Figure 7: mini-balloon installation

Figure 8: Expanded mini-balloon in KamLAND

We purified non-xenon-loaded LS in the mini-balloon by distillation after the
6

installation because 232 Th level was slightly high O(10 15 ) g/g. After the purification, xenon dissolving to LS was performed from December 2018 to January 2019.
KamLAND-Zen 800 data acquisition was started in January 2019. It is expected that
after 3 years of data taking the inverted hierarchy region will be probed.

4.3

KamLAND2-Zen

Possible backgrounds for the future project of KamLAND2-Zen are 10 C, 214 Bi, solar
8
B neutrinos, and 2⌫ . To reject these backgrounds, we have the following e↵orts:
electronics upgrade for 10 C rejection, scintillation balloon development [22] for 214 Bi
rejection, and particle ID by imaging devices for 10 C and 214 Bi rejection. Mini-balloon
is located at almost 10 m depth in KamLAND, thus it has 1.8 atmosphere pressure.
It means that more xenon can be dissolved by Henry’s law. We are considering
improvement of the xenon/LS ratio in the mini-balloon to restrict 10 C and solar 8 B
neutrinos backgrounds which are proportional to volume. 2⌫
background could
be restricted by energy resolution improvement. In order to accomplish these goals,
we have studied high light yield LS, high Q.E. PMTs with light collection mirrors.
Currently some development activities are on going and we are preparing for budget
requests.

5

Summary

Liquid scintillator based experiments have good sensitivities to search for Majorana
neutrino mass in the inverted hierarchy region of 0⌫
decay based on ultra low background environments. SNO+ experiment is ongoing with LS filling of the detector.
After the filling and several month operations, tellurium will be introduced in LS and
data acquisition will be started. The lower limit for the half life of 0⌫
of 136 Xe
26
is T1/2 > 1.07 ⇥ 10 years at 90% C.L. using the KamLAND-Zen 400 experiment,
corresponding to hm i < 61 165 meV. In the next phase, KamLAND-Zen 800 was
started with significant improvements. Preparation for KamLAND2-Zen has begun.
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Introduction

Neutrino physics has made remarkable progress since the discovery of neutrino mass
and mixing in 1998 [1]. The reactor angle, unknown before 2012, is now accurately
measured by Daya Bay: ✓13 ⇡ 8.5 ± 0.2 [2]. The other lepton mixing angles are
determined from global fits to be in the three sigma ranges: ✓12 ⇡ 32 36 and
✓23 ⇡ 40 52 , with the first hints of the CP-violating (CPV) phase = 125 390 .
The best global fit values with one sigma errors are given in Table 1 [3] where the
meaning of the angles is given in Table 2.

✓12 [ ]
✓13 [ ]
✓23 [ ]
[]
m221 [10 5 eV2 ]
m231 [10 3 eV2 ]

3

NuFIT 4.0
33.82+0.78
0.76
8.61+0.13
0.13
49.6+1.0
1.2
145+40
29
7.39+0.21
0.20
2.525+0.033
0.032

13

µ

23

23

12

2

e
12
1

13

Table 2: Neutrino mixing angles may

Table 1: The nu-fit 4.0 results with one

be represented as Euler angles relating
the states in the charged lepton mass basis (⌫e , ⌫µ , ⌫⌧ ) to the mass eigenstate basis states (⌫1 , ⌫2 , ⌫3 ).

sigma errors without SK atmospheric data for
the normal ordered (NO) case, favoured by
current data [3].

The measurement of the reactor angle had a major impact on models of neutrino
mass and mixing as reviewed in [4, 5, 6] (for earlier reviews see e.g. [7, 8, 9]). In this
talk we give a brief theoretical overview of current neutrino models and CP violation.
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Quark vs Lepton Mixing

The CKM and PMNS mixing matrices are (in the PDG parametrisation):
0
@

c12 c13
s12 c23 c12 s13 s23 ei
s12 s23 c12 s13 c23 ei

s12 c13
c12 c23 s12 s13 s23 ei
c12 s23 s12 s13 c23 ei

s13 e
c13 s23
c13 c23

i

1
A

(1)

where s13 = sin ✓13 , etc. with (very) di↵erent angles for quarks and leptons. In
the case of Majorana neutrinos,
the PMNS matrix also involves the Majorana phase
↵21
↵31
matrix: PM = diag(1, ei 2 , ei 2 ) which post-multiplies the above matrix.
It is interesting to compare quark mixing, which is small,
sq12 = , sq23 ⇠

1

2

, sq13 ⇠

3

(2)

where the Wolfenstein parameter is = 0.226 ± 0.001, to lepton mixing, which is
large,⇤
p
p
p
s13 ⇠ / 2, s23 ⇠ 1/ 2, s12 ⇠ 1/ 3.
(3)
The smallest lepton mixing angle ✓13 (the reactor angle), is of order the largest quark
q
mixing angle ✓12
= ✓C = 13.0 (the Cabibbo angle, where sin ✓C = ). There have
been attempts toprelate quark and lepton mixing angles such as postulating a reactor
angle ✓13 = ✓C / 2 [10], and the CP violating lepton
phase ⇠ ⇡/2 (c.f. the well
p
q
measured CP violating quark phase ⇠ (⇡/2)/ 2).

3

Tribimaximal mixing and its descendants

The tribimaximal (TB) mixing matrix [11] postulated zero reactor angle s213 = ✓13 = 0
(hence zero Dirac CP violation), maximal p
atmospheric angle s223 = 1/2 (✓23 = 45 )
and a solar mixing angle given by s12 = 1/ 3 (✓12 ⇡ 35.26 ). The mixing matrix is
given explicitly by
0 q
1
2
p1
0
3
3
B
C
p1
p1
p1 C PM ,
UTB = B
(4)
@
6
3
2 A
p1
6

p1
3

p1
2

where PM is the Majorana phase matrix defined above (frequently ignored). The
trimaximal symmetry of the second column, and bimaximal symmetry of the second
and third rows, motivates the use of non-Abelian discrete symmetries such as A4 [12].
TB mixing was killed † by the measurement of the reactor angle, but it has surviving
descendants as follows.

3.1

Trimaximal lepton mixing and atmospheric sum rules

The first surviving descendants of TB mixing are the twins known as trimaximal TM1
or TM2 lepton mixing which preserve the first or the second column of Eq.4 [13],
0
B

|UTM1 | = B
@

p2
6
p1
6
p1
6

1

C
C,
A

0
B

|UTM2 | = B
@

p1
3
p1
3
p1
3

1

C
C.
A

(5)

These forms survive since the reactor angle becomes a free parameter, while the solar
angle may remains close to its TB prediction (in agreement with data). The unfilled
entries are fixed when the reactor angle is specified. It is important to emphasise that
⇤

As in section 1 lepton parameters are denoted without a superscript l.
Alternative ansatze such as Bimaximal Mixing (BM) and Golden Ratio (GR) Mixing, not discussed here, have met the same fate.
†
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these forms are more than simple ansatze, since they may be enforced by discrete
non-Abelian family symmetry, as discussed in section 4. For example, TM2 mixing
can be realised by A4 or S4 symmetry [14], while TM1 mixing can be realised by S4
symmetry [15]. A general group theory analysis of semi-direct symmetries was given
in [16].
TM1 implies three equivalent relations:
tan ✓12

q

1
=p 1
2

3s213

or

sin ✓12

1
=p
3

q

3s213

1

or

c13

cos ✓12 =

s

2 1
(6)
3 c13

leading to a prediction ✓12 ⇡ 34 , in excellent agreement with current global fits,
assuming ✓13 ⇡ 8.5 . By contrast, the corresponding TM2 relations imply ✓12 ⇡ 36
[13], which is on the edge of the three sigma region, and hence disfavoured by current
data. TM1 mixing also leads to an exact sum rule relation relation for cos in terms
of the other lepton mixing angles [13],
cos =

cot 2✓23 (1 5s213 )
q
,
p
2 2s13 1 3s213

(7)

which, for approximately maximal atmospheric mixing, predicts cos ⇡ 0, ⇡ ±90 . ‡
Such atmospheric mixing sum rules may be tested in future experiments [17].
For example, the Littlest Seesaw (LS) model [18] leads to TM1 mixing, for two
cases of light Majorana neutrino mass matrix (in the diagonal charged lepton basis):
Case I :

Case II :

0

1

0

1

0 0 0
1 3 1
C
B
C
MI⌫ = !ma B
@ 0 1 1 A + ms @ 3 9 3 A
0 1 1
1 3 1
0

1

0

1

0 0 0
1 1 3
B
C
B
C
2
0
1
1
MII
=
!
m
+
m
A
a@
s@ 1 1 3 A
⌫
0 1 1
3 3 9

(8)

(9)

where ! = ei2⇡/3 . The LS is very predictive since there are only two free (real) input
parameters, where ma ⇡ 26 meV and ms ⇡ 2.6 meV gives the best fit to neutrino
masses with m1 = 0 and PMNS parameters including ✓23 ⇡ 45 , ⇡ 90 (the latter
two predictions explained by an approximate mu-tau symmetry as discussed later).
‡

Incidentally the reason why cos (not sin ) is predicted is because such predictions follow from
|Uij | being predicted, where Uij = a + bei , where a, b are real functions of angles in Eq.1 (hence
|Uij |2 = a2 + b2 + 2ab cos , which involves cos ).
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3.2

Charged lepton mixing corrections and solar sum rules

The second way that TB neutrino mixing can survive is due to charged lepton corrections. Recall that the physical PMNS matrix in Eq.1 is given by UPMNS = U e U ⌫ . Now
⌫
suppose that U ⌫ = UTB
, the TB matrix in Eq.4, while U e corresponds to small but
unknown charged lepton corrections. This was first discussed in [19, 20, 21, 22] where
the following sum rule involving the lepton mixing parameters, including crucially
the CP phase , was first derived (where 35.26o = sin 1 p13 ):
✓12 ⇡ 35.26o + ✓13 cos ,

(10)

To derive this sum rule, let us consider the case of the charged lepton mixing
corrections involving only (1,2) mixing, so that the PMNS matrix is given by [22],
0

UPMNS = @

ce12
e i
s12 e
0

e
12

se12 e i
ce12
0

e
12

1 0 q2
0
3
B
0 A @ p1
6
1
p1

p1
3
p1
3
p1
3

6

0
p1
2
p1
2

1

0

···

···

p1
6

p1
3

C B
A = @ ···

···

se12
p e i
2 e
c12
p
2
p1
2

e
12

1
C
A

(11)

Comparing Eq. 11 to the PMNS parametrisation in Eq.1, we identify the exact sum
rule relations [22], in terms of the elements |Ue3 |, |U⌧ 1 |, |U⌧ 2 |, |U⌧ 3 | identified above.
se
The first element |Ue3 | = p122 implies a reactor angle ✓13 ⇡ 9 if ✓e ⇡ ✓C (see e.g.
the models in [10]). The second and third elements, |U⌧ 1 |, |U⌧ 2 | after eliminating ✓23 ,
yield a new relation between the PMNS parameters, ✓12 , ✓13 and . Expanding to
first order gives the approximate solar sum rule relations in Eq.10 [19]. The fourth
element implies s223 < 1/2 which is somewhat disfavoured by global fits.
e
The above derivation assumes only ✓12
charged lepton corrections. However it is
e
e
possible to derive an accurate sum rule which is valid for both ✓12
and ✓23
charged lepe
ton corrections (while keeping ✓13 = 0). Indeed, using a similar matrix multiplication
method to that employed above leads to the exact result [23]:
|U⌧ 1 |
|s12 s23 c12 s13 c23 ei |
1
p
=
=
.
|U⌧ 2 |
| c12 s23 s12 s13 c23 ei |
2
After some algebra, Eq.12 leads to [23],
cos =

(12)

§

t23 s212 + s213 c212 /t23 13 (t23 + s213 /t23 )
.
sin 2✓12 s13

(13)

To leading order in ✓13 , Eq.13 returns the sum rule in Eq.10, from which we find
cos ⇡ 0 if ✓12 ⇡ 35o , consistent with ⇡ ⇡/2. This can also be understood
directly from Eq.13 where we see that for s212 = 1/3
the leading terms t23 s212 and
p
1
t cancel in the numerator, giving cos = s13 /(2 2t23 ) ⇡ 0.05 to be compared to
3 23
§

See also [24] for an earlier derivation based on an analysis of phases.
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cos ⇡ 0 in the linear approximation. In general the error induced by using the linear
sum rule instead of the exact one has been shown to be (cos ) < 0.1 [23] for the
TB sum rule. Recently there has been much activity in exploring the phenomenology
of various such solar mixing sum rules [24]. On the other hand, for a GUT example
e
e
with ✓12
⇠ ✓C /3 and ✓13
⇠ ✓C which violates the solar mixing sum rules see [25].

4

Family Symmetry Models

The original motivation for family symmetry was to derive or enforce the TB mixing
pattern, or one of the other simple patterns such as BM or GR. These days, the
motivation is similar, but applied to one of the surviving descendants of TB mixing.

4.1

Symmetry of the mass matrices

The starting point for family symmetry models is to consider the symmetry of the
mass matrices. In a basis where the charged lepton mass matrix Me is diagonal, the
symmetry is,
T † (Me† Me )T = Me† Me
(14)
where T = diag(1, ! 2 , !) and ! = ei2⇡/n . For example for n = 3 clearly T generates
the group Z3T . The Klein symmetry Z2S ⇥ Z2U of the light Majorana neutrino mass
matrix is given by [4],
M ⌫ = S T M ⌫ S, M ⌫ = U T M ⌫ U
⇤
T
S = UPMNS
diag(+1, 1, 1) UPMNS
⇤
T
U = UPMNS
diag( 1, +1, 1) UPMNS
.

4.2

(15)
(16)
(17)

Direct Models

SU (3)
Family
symmetry

G

Generators
S,T,U

T preserved
l

S,U preserved

Charged
Lepton Sector

Neutrino
Sector

(27)

(168)

(96)

T7

S4

SO(3)
A5

A4

Figure 1: The diagram on the left illustrates the so called direct approach to models of lepton
mixing. The diagram on the right shows possible choices of the group G.
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The idea of “direct models” [4], illustrated in Fig. 1 (left panel), is that the three
generators S, T, U introduced above are embedded into a discrete family symmetry
G which is broken by new Higgs fields called “flavons” of two types: l whose VEVs
preserve T and ⌫ whose VEVs preserve S, U . These flavons are segregated such that
l
only appears in the charged lepton sector and ⌫ only appears in the neutrino
sector, thereby enforcing the symmetries of the mass matrices. Note that the full
Klein symmetry Z2S ⇥ Z2U of the neutrino mass matrix is enforced by symmetry in
the direct approach.
There are many choices of the group G, with some examples given in Fig. 1
(right panel), with each choice leading to di↵erent lepton mixing being predicted.
For example, consider the group S4 whose irreducible triplet representations are: ¶
0

1
1B
S= @ 2
3
2

2
1
2

1

2
2 C
A,
1

0

1

1 0 0
B
C
T = @ 0 !2 0 A ,
0 0 !

0

1

1 0 0
B
C
U = ⌥@ 0 0 1 A
0 1 0

(18)

where ! = ei2⇡/3 . Assuming these S4 matrices, the Z3T symmetry of the charged lepton
mass matrix and the Klein symmetry Z2S ⇥ Z2U of the neutrino mass matrix leads to
the prediction of TB mixing (indeed one can check that S and U are diagonalised by
UT B as in Eqs.16,17).

4.3

Semi-direct and tri-direct CP models

In the “semi-direct” approach [4], in order to obtain a non-zero reactor angle, one
of the generators T or U of the residual symmetry is assumed to be broken. For
example, consider the following two interesting possibilities:
1. The Z3T symmetry of the charged lepton mass matrix is broken, but the full
Klein symmetry Z2S ⇥ Z2U in the neutrino sector is respected. This corresponds
to having charged lepton corrections, with solar sum rules in section 3.2.
2. The Z2U symmetry of the neutrino mass matrix is broken, but the Z3T symmetry
of the charged lepton mass matrix is unbroken. In addition either Z2S or Z2SU
(with SU being the product of S and U ) is preserved. This leads to either TM1
mixing (if Z2SU is preserved [15]); or TM2 mixing (if Z2S is preserved [14]). Then
we have the atmospheric sum rules as discussed in section 3.1.
The “semi-direct approach” may be extended to include a generalised CP symmetry X such that (M ⌫ )⇤ = X T M ⌫ X, with a separate flavour and CP symmetry in the
¶

There are precise group theory rules for establishing the irreducible representations of any group,
but here we shall only state the results for S4 in the T -diagonal basis, see [9] for proofs, other examples
and bases (e.g. dropping the U generator leads to the A4 subgroup).

6

neutrino and charged lepton sectors [26] (see also [27]). Such models typically tend
to predict maximal CP violation = ±⇡/2 (the first example of such generalised CP
symmetry is mu-tau reflection symmetry discussed in the following subsection).
In the “tri-direct” CP approach [28], a separate flavour and CP symmetry is
assumed for each right-handed neutrino sector (in the framework of two right-handed
neutrino models [29]) in addition to the charged lepton sector.

4.4

Mu-tau reflection symmetry

An early class of flavour CP models are based on mu-tau reflection symmetry under
which ⌫µ $ ⌫⌧⇤ (where the star indicates CP conjugation) leading to the prediction
of maximal atmospheric mixing ✓23 = ⇡/4 and maximal CP violation = ±⇡/2 [30].
This implies that the elements of the second and third rows of the PMNS matrix
UP M N S are related by complex conjugation [30] and have equal magnitudes [31]; and
that the elements of the light Majorana neutrino mass matrix M ⌫ are related [32].
For example, the following µ⌧ -LS k light Majorana neutrino mass matrices [33]
0

1

1
3
1
B
I
M⌫ = ms @ 3 9 + 11! 3 + 11! C
A,
1 3 + 11! 1 + 11!

M⌫II

0

1

1
1
3
B
2
= ms @ 1 1 + 11! 3 + 11! 2 C
A (19)
2
2
3 3 + 11! 9 + 11!

where ! = ei2⇡/3 , both lead to the PMNS matrix
LS
Uµ⌧
=

0 2
p
B 16
B p
@ 6
p1
6

c+
p
6

c+
p
6
c+
p
6

i c2
+ i c2

c
p

c
p

c
p
6

6

6

1
C

+ i c2+ C
A
i c2+

(20)

which clearly respects µ ⌧ reflection symmetry and is a special caseqof tri-maximal
c
TM1 mixing [13] in Eq.5, with a fixed reactor angle p
, where c± = 1 ± 3p1117 . We
6
emphasise that the neutrino mass matrices in Eq.19 have only one free parameter,
namely the neutrino mass scale ms and so are highly (maximally) predictive! Remarkably, the predicted neutrino masses and PMNS parameters can agree with data
after including renormalisation group running e↵ects [33].

5

Origin of the non-Abelian discrete symmetry

While early family symmetry models focussed on continuous non-Abelian gauge theories such as SO(3) [19] or SU (3) [34], non-Abelian discrete symmetries [9] are more
closely related to TB mixing or its descendants. Here we briefly mention two possible
origins of such symmetry.
k

The LS refers to the fact that these matrices are special cases of the Littlest Seesaw model [18]
a
in Eqs.8,9 if ma,s are in the special ratio m
ms = 11 (close to best fit ma ⇡ 26 meV, ms ⇡ 2.6 meV).
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5.1

Discrete symmetry from continuous symmetry

It is possible to obtain a non-Abelian discrete symmetry starting from a continuous
one [35]. For example, we have discussed [36] the breaking of supersymmetric SO(3)
gauge theory down to A4 , where the A4 may be subsequently broken to smaller
residual symmetries Z3 and Z2 , which may be used to govern the mixing patterns in
the charged lepton and neutrino sectors. The basic idea is to use a flavon in the 7
be
obtained after the
relevant irrep get a of
VEV.
For instance,
some ofinthose
subgroup
dimensional
representation
SO(3)
aligned
a particular
direction to break it to
obtained by irreps up to 13 are shown in Table 1. The minimal irrep for SO(3) ! S4
A
,
as
depicted
in
Tables
3,4.
Further
details
are
given
in
[36].
is a49-plet, while that for SO(3) ! A5 is a 13-plet. Applying a 9-plet flavon and a
13-plet flavon , respectively, we will realise these breakings in a SUSY framework in the
following.
irrep
1
subgroups SO(3)

3
SO(2)
SO(3)

5
Z2 ⇥ Z 2
SO(2)
SO(3)

7
1
A4
Z3
D4
SO(2)
SO(3)

9
S4

11

13
1
A4
S4
A5

Table 1: The not systematical stabiliser subgroups in the low-dimensional irreducible representations of the group SO(3) [27].
Table
3: Subgroups of SO(3) pre-

Table 4: A4 preserving direction of the

served when it is broken by flavons in
representations
of SO(3).

the 1,SO(3)
3, 5, 7!dimensional
2.2.1
A4

7 dimensional representations of SO(3)
(depicted by the red spheres).

The simplest irrep to break SO(3) ! A4 is using a 7-plet [26, 27]. In this work, we
introduce a 7-plet flavon to achieve this goal. In the 3d flavour space, it is represented
as a rank-3 tensor ijk , which satisfies the requirements in Eq. (3), i.e.,

Modular
Transformation
Discrete
extra
dimensions
= symmetry
=
=
=
=from
,
=
0.
(5)

5.2

ijk

jki

kij

ikj

jik

kji

iik

Constrained
by Eq. (5),
there are 7symmetries
free components may
of , which
can be
chosen
as
Non-Abelian
discrete
arise
from
superstring

theory in compactified
𝜔2
extra
in the
target space [37,
Modular
Transformation
𝜔
38, 39, 40, 41]. Consider a theory with two extra dimensions x =1 x5 and y = x6
For the A4 symmetry, we work in the Ma-Rajasekaran
basis, where the generators
compactified on a torus T 2 . If the (MR)
torus
is cut open, its surface is a flat rectangle.
s and t in the 3d irreducible representation are given by
There are
two
0
1
0
1
Allowing
for
a independent
twist
angle
✓, the𝑆-transformation
torus
surface
becomes a parallelogram, and an infinite
1 0
0
0 0 𝜔12
lattice
invariant
transformations.
′
𝜔1 fills𝜔the
𝜔
@
A
@
A
0
1
2
tiling of suchgsparallelograms
(x, y) (or
z = x+iy)
0
1 0
11 0= 0
=
, with
gt = identified
. sides
(7)
𝜔1′
𝜔2′ complex
′
𝜔1 0 𝜔2 = −𝜔1
𝜔
−1
0
0
1
0
1
0
2
dular Transformationplane to form a lattice structure as shown in Fig. 2.
There are two independent
, 123 , subgroup
. of modular
(6)
dimensions,111,as112a, 113
finite
symmetry
133 ,lattice
233 , 333
invariant
transformations.

The A4 -invariant VEV, satisfying

𝜔1′
𝜔2′

𝜔2 0
=
−1
𝜔1

is given by

0 1
=
−1 0

/07/04

𝜔2′

𝜔1
𝜔1
𝜔2 = 𝜔2 + 𝜔1(8)
𝜔1′

h

i⌘ p , h
i=h
i=h
i=h
=
=
𝜔2 + 𝜔1
1 1 𝜔2
is geometrically
shown in Fig. 1.
𝜔′

i=h

i=h

i = 0.

123
111
112
113
133
2
𝜔1
𝜔1
by a lattice
in16the
plane,
with2018/07/04
basis 233
vectors333as
shown.
𝜔1′
0 complex
FLASY 2018

𝜔1
𝜔2
𝜔2 = −𝜔1

ansformation

𝜔1′
1 0
=
𝜔2′
1 1

′
(gs )ii (gs )jj (gs )kk h i j k i = h𝜔ijk
1 i, 1 0
1 (g𝜔)1 (g ) 𝜔(g2 ) h
′ = 𝜔′
h𝜔2′ijk
t ii =t jj
t kk
ijk i =𝜔
2 i , 1 11
−𝜔1
0 𝜔2

Figure
2: Two
extra dimensions compactified on a ′torus with a twist angle ✓ can be represented
𝑇-transformation
v
𝜔

nsformation

′
1
′
2

𝑇-transformation

𝑆-transformation

e are two independent
e invariant transformations.

𝜔1
𝜔1
𝜔2 = 𝜔2 + 𝜔1

The

𝜔2′
VEV of
𝜔2′

(9)

@University of Basel

7

1
The lattice
is described by two basis
vectors (!1 , !2 ) in the complex z plane, as
𝜔1′
shown in the first panel of Fig.
2. However the choice of lattice basis vectors is not
5
unique,
and
di↵erent
choices
of
basis vectors (!10 , !20 )7 can describe the same lattice.
𝜔2′
2018/07/04
FLASY 2018 @University of Basel
There are two independent transformations on the basis vectors (!1 , !2 ) which leave
the lattice′ invariant as follows.

𝜔1

FLASY 2018 @University of Basel

7

8

The S transformation:
!10
!20

!

=

0 1
1 0

and the T transformation:
!10
!20

!

=

1 0
1 1

!

!

!1
!2

!1
!2

!

!

=

=

!2
!1

!

!1
!1 + !2

!

(21)

.

(22)

The real 2 ⇥ 2 matrices S and T (with det S = det T = 1) transform the lattice basis
vectors as shown in the second and third panels of Fig. 2.
Without loss of generality, the lattice can be rescaled as (!1 , !2 ) ! (1, ⌧ ), where
⌧ ⌘ !2 /!1 is a complex modulus field in the upper half of the complex plane which
describes the compactification [37]. The S, T transformations above then apply to the
special linear fractional transformations of the modulus field, ⌧ ! (a⌧ + b)/(c⌧ + d),
where a, b, c, d are elements of the matrices S or T above. Eq. 21 transforms ⌧ ! 1/⌧
(associated with compactification radius duality R ! 1/R), while Eq. 22 transforms
⌧ ! ⌧ +1, a lattice shift which may be repeated ad infinitum. Applying the constraint
T N = I, reduces the infinite modular group (generated by S, T with S 2 = (ST )3 =
I) into its finite subgroup N . For example, 3 = A4 , 4 = S4 , 5 = A5 , are the
familiar flavour symmetries [37].
Modular invariance controls orbifold compactifications of the heterotic superstring, hence the 4d e↵ective Lagrangian must respect modular symmetry. This
implies Yukawa couplings Yi (⌧ ) (involving twisted states whose modular weights do
not add up to zero) are modular forms [38]. Thus the Yi (⌧ ) must form multiplets of
N , acting rather like flavon fields with well defined alignments which depend on h⌧ i.
In general h⌧ i is a free parameter [39], but it may be fixed by the orbifold [40] ⇤⇤ .
For example, a particular orbifold with 3 and h⌧ i = ! = ei2⇡/3 gives Yukawa triplet
alignments such as Yi = ( 1, 2!, 2! 2 ), respecting mu-tau reflection symmetry in the
framework of SU (5) Grand Unification [40].
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The phenomenology in the neutrino sector requires physics beyond the
Standard Model. One possibility is the existence of new massive leptonic
states which could be probed at the high intensity machines. The present
results on heavy neutral leptons from the study of kaon decays in flight
with the NA48/2 and NA62 experiments are presented and the future
prospects for such searches at CERN SPS are discussed.
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1

Introduction

A possible explanation of the neutrino oscillations is the extension of the Standard
Model with three sterile Majorana neutrinos Ni - the so called Neutrino Minimal
Standard Model (⌫MSM)[1]. The mass of the lightest neutrino could be of the order
of 1 keV/c2 , making it a suitable Dark matter candidate, while the mass of the others
could be in the range from 100 MeV/c2 to few GeV/c2 . The observed small masses
of the left handed neutral leptons are provided through the see-saw mechanism. The
(⌫MSM) could also be extended by a scalar field to account for the inflation [2].
In meson decays, the heavy neutrinos are produced through mixing with the ordinary ones. For example, the rate for the decay K + ! `+ N is given by [3]
(K + ! `+ N ) = (K + ! `+ ⌫) ⇥ ⇢` (mN ) ⇥ |U`4 |2 ,

(1)

where mN is the heavy neutral lepton (HNL) mass, |U`4 | is the mixing parameter
between the HNL and the neutrino corresponding to the lepton `, and ⇢` (mN ) is
a kinematic factor which includes also the helicity suppression in the electron case.
⇢` (mN ) is O(1) for most of the accessible mN range.
The decay width of the HNL is proportional to |U`4 |2 ⇥ m3N . Depending on its
mass and mixing, di↵erent scenarios are possible:
• HNL decays within the fiducial region of the experiment. For mN < 500 MeV/c2
the possible final states are N ! ⇡ 0 ⌫, N ! ⇡ ± µ⌥ , N ! ⇡ ± e⌥ , N ! ⌫⌫⌫.
• If |U`4 |2 < 10 4 then c⌧N > 10 km and N could be considered invisible to the
experimental apparatus.
The presence of Majorana mass term could manifest itself in the Lepton Number
Violating decay (LNV) K ± ! ⇡ ⌥ µ± µ± . In addition, the existence of a heavy neutrino
with 2mµ < mN < mK ± m⇡± might appear as a resonance in the M⇡µ mass spectrum
of the Lepton Number Conserving (LNC) decay K ± ! ⇡ ± µ± µ⌥ .
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Exclusive HNL searches

A search for the decay N ! ⇡ ± µ⌥ of a HNL produced in K + ! `+ N has been
performed by both NA48/2 and NA62 experiments.
NA48/2 operated in 2003 and 2004 with simultaneous K + and K beams with
(60 ± 3.7) GeV/c momentum. The kaon decay products were registered by the NA48
detector [4]. A spectrometer consisting of four drift chambers separated by a dipole
magnet measured the momentum of the charged particles with resolution (p)/p =
(1.0
0.044 p [GeV/c])%. The timing and a fast trigger condition were provided
by a scintillator hodoscope with time resolution of 150 ps. The energy of photons
1

and electrons was measured by a quasi-homogeneous
p liquid krypton electromagnetic
calorimeter, providing resolution (E)/E = 3.2%/ E 9%/E 0.42% (energy is in
GeV). The charged particle identification was based on the ratio E/p.

Figure 1: Upper limit on the mixing parameter |U4µ | as a function of the HNL mass
obtained from the study of the ⇡µ mass distribution in K ± ! ⇡ ± µ± µ⌥ events (left)
and from the search for LNV decay K ± ! ⇡ ⌥ µ± µ± (right).
The K ± ! ⇡ ± µ± µ⌥ and K ± ! ⇡ ⌥ µ± µ± events were selected by requiring a
three track vertex, one charged pion and two muons, same sign in case of K ± !
⇡ ⌥ µ± µ± and oposite sign in the case of K ± ! ⇡ ± µ± µ⌥ . This limits the search
to short lived HNL. The signal was defined as |M⇡µµ MK ± | < 8 MeV. A total
of 3489 K ± ! ⇡ ± µ± µ⌥ candidates were selected with a background contribution
of (0.36 ± 0.10)%, while one event was observed in the K ± ! ⇡ ⌥ µ± µ± sample,
with expected background 1.16 ± 0.87 events. The kaon flux was obtained from
K ± ! ⇡ ± ⇡ + ⇡ events. No significant signal was observed in the LNV mode, leading
to the Br(K ± ! ⇡ ⌥ µ± µ± ) < 8.6 ⇥ 10 11 , at 90% confidence level. The invariant
mass distributions M⇡± µ⌥ in the LNC sample and M⇡⌥ µ± in the LNV sample was
compared with the Monte Carlo simulation. No signal consistent with the existence
of a resonance was observed. This allowed to put an upper limit on the branching
fractions Br(K ± ! µ± N4 ) ⇥ Br(N4 ! ⇡ ± µ⌥ ), Br(K ± ! µ± N4 ) ⇥ Br(N4 ! ⇡ ⌥ µ± )
and on the HNL mixing parameter |Uµ4 |2 , as shown in fig. 1 [5].
The NA62 experiment [6], schematically shown in fig. 2, is primarily devoted to
the measurement of the Br(K + ! ⇡ + ⌫⌫) with 10 % precision [7]. The primary proton
beam from SPS interacts on a Be target to produce high intensity positive beam of
momentum 75 GeV/c ± 1%, with 6% K + content. The secondary beam passes
through a nitrogen filled threshold Cherenkov counter which is used for positive kaon
identification. Three stations of thin silicon pixel detectors provide a measurement
2

Figure 2: Schematics of the NA62 experiment at CERN SPS.
of the kaon momentum, flight direction, and time. A set of scintillating counters,
CHANTI, provide a veto against interactions of the beam particles. The beam enters
a 75 m long evacuated fiducial volume, followed by a spectrometer with a minimal
material budget. It is made of four chambers of straw tubes operated in vacuum and
separated by the MNP33 dipole magnet. A fast plastic scintillator charged hodoscope
is used in the trigger. The NA48 liquid krypton calorimeter with renewed readout
electronics measures the energy deposited by the particles and also serves as a photon
veto for photons with angles from 1.5 to 8.5 mrad with inefficiency less than 10 5 for
photons with energy above 10 GeV. Twelve rings of lead glass counters surrounding
the decay region act as photon vetos for angles of the photons higher than 8.5 mrad
with respect to the kaon flight direction. They are accompanied by two shashlyk
type detectors covering photon angles down to zero. The ⇡/µ separation is based on
the information from a neon filled ring imaging Cherenkov detector, measuring the
velocity of the charged particles, and three stations of muon detectors. Both KTAG
and Gigatracker are exposed to the full 750 MHz hadron beam while the particle rate
seen by the downstream detectors is at most 10 MHz. The high kaon flux combined
with precise kinematics measurement, particle identification, and hermeticity make
the NA62 detector extremely powerful for the study of rare processes with kaons.
Using a partial dataset, a search for the LNV modes K + ! ⇡ `+ `+ , both for
` = µ, e, was performed within NA62. The obtained invariant mass spectrum for the
LNC modes K + ! ⇡ + `+ ` , which are used for normalization, is shown in fig. 3. The
K + ! ⇡ + µ+ µ sample is the world largest one, while the K + ! ⇡ + e+ e analysis
allowed the first observation of the decay in the mass range mee < 140 MeV/c2 .
The NA62 detector was fully operational during the 2017 and 2018 data taking and
major improvements in the exclusive search for HNL is expected. The single event
sensitivity for the LNV modes is estimated to be SES ⇠ 10 10 both for the electron
and muon mode due to the negligible expected background.
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Figure 3: Invariant mass spectrum for the reconstructed ⇡ + `+ ` candidates for the
muon (left) and electron (right) channels. Only a partial NA62 dataset was used.
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Inclusive HNL searches

Inclusive search for HNL can be performed by looking for “bumps” in the missing
mass spectrum of the K ± ! `± X decays, |mmiss |2 = (PK P` )2 , with the charged
lepton being the only reconstructed particle in the final state.
During the early stage of NA62, a large data sample of K + decays was collected in 2007 with a minimum bias trigger devoted to the measurement of RK =
(Ke2)/ (Kµ2) and the test of the lepton universality [8]. The nominal kaon momentum was 75 GeV/c and the MNP33 current was increased to provide a pT kick of
265 MeV/c, leadint to momentum resolution of (p)/p = (0.048 0.009 p [GeV/c])%.
The nominal PK was calculated from K3⇡ events. The search for peaks was performed in the muon channel, in the mass range 300 MeV/c2 < mmiss < 375 MeV/c2
with a step of 1 MeV/c2 . The dominant background was from K + ! ⇡ 0 µ+ ⌫ and
K + ! µ+ ⌫µ ( ) decays and from the muon halo. No signal exceeding 3 above the
expected background was observed. The Rolke-Lopez method was applied and an
upper limit on Br(K + ! µ+ N ) was obtained [9].
Using 5 days of data, recorded in 2015 with beam intensity corresponding to 1%
of the nominal and a minimum bias trigger, the NA62 experiment performed a search
for HNL in the missing mass spectrum both for the electron and the muon mode
[10]. The already developed technique for the analysis of 2007 data was applied. The
charged lepton momentum had to be between 5 GeV/c and 70 GeV/c. The search
region for HNL was chosen to be 170 (250) MeV/c2 < mmiss <448 (373) MeV/c2 for
the electron (muon) channel. MC simulation was used to obtain the resolution (mN )
and to calculate the acceptance for K + ! `+ N events as a function of the HNL mass.
4

Figure 4: Upper limits on the branching fraction for the K + ! `+ N (left) and the
obtained upper limits on the mixing parameter |U`4 |2 (right) as a function of the
heavy neutrino mass. Data from previous experiments is also shown for comparison.
q
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The maximum value of the local signal significance z = (Nobs Nexp )/ Nobs + Nexp
was 2.2, obtained for mN = 283 MeV/c2 in the electron channel. The normalization
was based on the reconstruction of the corresponding K + ! `+ ⌫` decay and was used
to obtain an upper limit on the branching fraction for the K + ! `+ N decays, shown
in fig. 4-left. These upper limits on BR were translated into upper limits on the
mixing parameters |Ue4 |2 and |Uµ4 |2 , shown in fig. 4-right.
As in the exclusive search case, a major improvements on the presented results
could be expected with the present NA62 data.
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Future facilities

The sensitivity of the presented searches at CERN SPS is limited by the statistics of
the produced mesons, which afterwards may decay to final states with HNLs. This
limitation could be overcome by entirely absorbing the primary proton beam and
most of its interaction products in a thick target, a technique known as beam-dump.
The outgoing beam from the target consists of long lived neutral particles which enter
a decay region.
The number of the expected HNL in the detector is a product of the produced
HNLs and the probability for their observation [11]. The possible source of HNLs are
the (semi)leptonic decays of ⇡, K, D, and B mesons and the produced number of
HNLs depends on the production of a given quark flavour in the target, its probability
to hadronize to a certain meson and to decay to final states with HNL. The detection
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probability is given by


Pdet = e

lini
c⌧

e

ld
c⌧

⇥ BR(N ! visible) ⇥ ✏det

(2)

and depends on the length of the setup lini before the decay region, the length of
the decay region ld , the lifetime ⌧ of the HNL, the visible branching fraction and the
corresponding acceptance ✏det .
The description of two selected facilities, a short term one (within 5 years) and
a long term (10-15 years) one, discussed also within the Physics Beyond Coliders
initiative [12], follows.

4.1

NA62 in beam dump mode

The NA62 beryllium target is followed by two ⇠11 nuclear interaction length water
cooled copper-steel collimators (TAX) to stop the residual proton beam from SPS.
The dump mode operation could be provided by closing the first TAX. This allows
to exploit the particle identification, tracking, and hermeticity of NA62 to search for
long lived neutral particles, including HNL. The goal is to collect O(1018 ) POT in
RUN3 [13].

Figure 5: Expected sensitivity of NA62 in beam dump mode (left) [12] and SHiP
(right) [11] to the mixing parameter |Uµ |2 as a function of the HNL mass. Filled area
is excluded by theory or previous experiments.
The projected sensitivity of NA62 in beam dump mode (90% CL upper limit) for
the case of dominant mixing with the second generation (|Ue |2 : |Uµ |2 : |U⌧ |2 = 0 :
1 : 0) is shown in fig. 5-left. It was obtained assuming zero background and the
possibility to detect all two-track final states. The geometrical acceptance and the
trigger efficiency were taken into account.
About 3 ⇥ 1016 POT have been collected by NA62 in a dedicated beam dump
mode. No background was achieved for fully reconstructed final states. Additional
samples collected in the presence of kaon beam are currently being used for dimuon
background studies.
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4.2

SHiP

The Search for Hidden Particles (SHiP) experiment, shown schematically in fig. 6,
aims to collect 2 ⇥ 1020 protons on target in 5 years of data taking. It exploits a
general purpose beam dump facility to complement the existing LHC programme in
the search for New physics.
The primary proton beam from SPS interacts in a very dense target (11 I )
followed by an hadron absorber. This assures abundant production of heavy flavour
states and also e↵ectively stops the secondary protons and kaons. The target region
is followed by an active muon shield to deflect the muons. The neutron interactions
are reduced by evacuating the 60 m long decay region. The decay products are
measured by a downstream magnetic spectrometer with large acceptance. A particle
identification system is also foreseen.

Figure 6: SHiP experimental setup.
The estimated sensitivity (90 % confidence region) to HNL are obtained under
the zero background assumption. The production fraction of Bc mesons is unknown
at SPS energies [14] and is part of the systematic uncertainty. For the case of mixing
with the second generation only the SHiP sensitivity is shown in fig. 5-right. A region
up to mN ⇠ O(6 GeV/c2 ) and |Uµ |2 down to 10 10 could be covered, complementing
the possible reach with a Future Circular Colider (FCC) in e+ e mode.
The activities on the design and the construction of the detectors for the SHiP
experiment are ongoing and almost every component has achieved at least first stage
of prototyping [15].

5

Conclusions

A diverse heavy neutral leptons search programme is being executed at CERN with
the NA62 experiment, covering both exclusive and inclusive events reconstruction.
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So far no signature of new states have been observed in the (semi)leptonic decays
of K ± . The obtained results are improving the existing limits on the HNL mixing
parameters in the considered mass range.
A possible increase of the sensitivity is related to the application of the beam
dump technique. Beyond the K + ! ⇡⌫⌫ phase of NA62 experiment, NA62++ could
collect 1018 POT in few months of operation during RUN3 (2021-2023). A dedicated
beam dump facility with the SHiP experiment in the SPS North Area could further
increase the statistics to 2 ⇥ 1020 POT in 5 years of operation, starting during RUN4
(after 2027).
Both NA62++ and SHiP are part of the PBC working group and provide input
to the European Strategy for Particle Physics.
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ABSTRACT
A short overview is provided of the recent PHYSTAT⌫ meeting at CERN, which
dealt with statistical issues relevant for neutrino experiments.

1

PHYSTAT

The PHYSTAT Workshops[1] - [12] have concentrated on the statistical issues
that arise in Particle Physics analyses, rather than on the experimental results.
They started in 2000, with meetings on ‘Confidence Limits’ at CERN[1] and
at Fermilab[2]. More recent meetings have concentrated on specific types of
experiments, with several being on Collider analyses. There were also meetings
in 2016 in Japan[10] and at Fermilab[11] on statistical issues relevant for neutrino
experiments. (Another is planned for Dark Matter experiments in summer 2019
[13].)
Since CERN has played a prominent role in neutrino experiments, it was
felt very appropriate to have a third PHYSTAT⌫, at CERN[12]. The meeting
was from 23rd to 25th January 2019.

2

Structure of PHYSTAT⌫ at CERN

Apart from invited and contributed talks and a poster session, there were several
di↵erent components that made up the meeting:
• Before the main part of the Workshop started, there were two well-attended
talks on basic statistics, for those who wanted a reminder of some of the
relevant statistical issues.
• The Workshop started with two introductory talks. The first was about
interesting historical and contemporary neutrino experiments, while the
second covered the range of statistical issues relevant for neutrino analyses
to be discussed at the Workshop.
• There were three quarter-day sessions devoted to specific topics: Unfolding, Systematics and Machine Learning (see below). Each of these had
an overview talk, followed by the Collider experience and then practical
applications in neutrino experiments.
1 The NuPhys Workshop took place before the PHYSTAT⌫ meeting, but this article was
written after it took place, and so reports on the actual meeting.

• As at other PHYSTAT meetings, the participation of Statisticians added
greatly to the value of the meeting. We are very grateful to Jim Berger,
Anthony Davison, Michael Kuusela, Victor Panaretos, Chad Schafer and
David van Dyk for being at the Workshop. Not only did we benefit from
their relevant talks, but is was also extremely useful to have them available
for informal discussions between the sessions.
• At the end of each of the first two days, Tom Junk reviewed the day’s highlights, and stimulated discussion on them by the audience. His insights
were very useful.
• The Workshop ended with two summary talks, by Statistician van Dyk
and by Physicist Kevin MacFarland. They reminded and entertained us
of the Workshop’s events, and gave us thoughts to consider for the future.
The slides and videos of the talks are available at the Workshop’s website https:
//indico.cern.ch/event/735431/timetable/

3

Neutrino statistical issues

3.1

General

A few topics recurred throughout the Workshop.
• Combining di↵erent measurements: Sometimes there is more than one
measurement of a physical quantity that is required for a current analysis
e.g. old measurements of cross-sections of neutrinos on various nuclei. A
problem arises in how to deal with discrepancies among separate measurements. An ad hoc approach is to expand the uncertainties on the
combined result to compensate for the discrepancies. The problem is aggravated by absence of information about correlations among the di↵erent
data measurements in a single experiment, or even between di↵erent experiments. There is no real statistics solution to this. It is not necessarily
conservative to set correlation coefficients to zero (or to unity).
• 5 for discovery? Reasons suggested for this stringent criterion for claiming a discovery include (a) past false claims of discovery; (b) the ‘Look
Elsewhere E↵ect’; (c) underestimated systematics; (d) the idea that ‘Extraordinary discovery claims require extraordinary evidence’; etc.[14] Even
though not all experiments are equally a↵ected by these features, it is hard
to see universal agreement on a di↵erent significance level being adopted
for di↵erent types of measurements. Nevertheless it seems unreasonable to
demand evidence at the 5 level for the discovery of CP-violation, or for
choosing between the normal and inverted mass hierachies for neutrinos.
• Asimov or toys for expected results: It is common to quote not only an
interval for a measured parameter (or an upper limit) using the actual
data, but also the expected sensitivity of the experiment. This is some
2

sort of representative value summarising the range of results that might
be obtained if the measurement were to be repeated many times. This is
useful (i) for comparing with the corresponding observed quantity from
the actual data, to check that the latter is not unreasonable; and (ii) as a
means of funding bodies comparing the expected results from competing
proposed experiments.
Often the median result from many simulations is used to quantify the
sensitivity. An alternative that requires less computation is to use ‘Asimov
data’. This is a single data set, in which statistical fluctuations have been
eliminated. i.e. If the expected number of events in a bin is 6.3, the
Asimov data set contains 6.3 events there. Hopefully Asimov data and
Monte Carlo toys provide similar estimates of the sensitivity, but care is
necessary as this is not always the case.
• p-values and likelihood ratios: In searches for new physics, it is often
noted that p-values tend to be smaller than likelihood ratios. Sometimes
there is an underlying implication that this shows that p-values tend to
over-emphasize the evidence in favour of a new discovery. In fact there
is absolutely no reason why they should agree: the p-value refers to the
possible disagreement of the data with just the null hypothesis (i.e. just
conventional physics), while the likelihood ratio compares how well the
two hypotheses (conventional physics versus something new) explain the
data. Indeed for a given value of p, the likelihood ratio can take on a range
of values, depending on the separation of the probablity density functions
of the data statistic for the two hypotheses. It is rather like trying to
decide whether the number of protons in an elephant or the ratio of its
height to that of a mouse is better for assessing its size.
• Neutrino masses: These can be derived from the di↵erence in mass-squared
of the various neutrino pairs, as measured from neutrino oscillation data;
and cosmological information on the sum of the neutrino masses. The
latter is estimated, albeit somewhat controversially, as being less than 120
milli-eV/c2 . Assuming that this is true, the masses can be determined
with reasonable precision. Bayesian methods have been used for this, with
inevitably discussion on the dependence of the results on the priors (see, for
example, ref. [15]). However, a simple back-of-envelope calculation with
no priors involved can be performed: the mass of the lightest neutrino can
range from zero up to a value such that the known mass-squared di↵erences
then produce masses which saturate the comological limit on their sum.
This gives results which are very much in line with the Bayesian estimates.
However, the choice of prior is more important for comparing whether data
favour the normal or the inverted ordering of neutrino masses. This is in
line with the fact that the choice of prior is more important for Hypothesis
Testing than for Parameter Determination.
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3.2

Unfolding

Experimental detectors do not provide perfect measurements of the objects produced in the observed interactions. One procedure to correct for this is to use
an unfolding technique, involving the known experimental resolution. This is
often a tricky process, and estimating the uncertainties on an unfolded result
can be problematic. Furthermore, even though the number of entries in the
di↵erent bins of a histogram may be uncorrelated, this is not so for the unfolded
spectrum. Nevertheless, the unfolded spectra should be better estimates of the
‘true distributions of Nature’ than the original spectra, and so are considered
useful as information to be transmitted to posterity.
However, in comparing data with some theoretical prediction, it is easier to
smear the theory, than to unfold the data. This can even be done with future
theories, provided the experiments provide information about their smearing
matrices.
Another issue is the choice of bin-width for the unfolded spectrum. If they
are too narrow, there are big smearing e↵ects from one bin to its neighbours,
so that unfolding has a big e↵ect. If on the other hand they are too wide, one
loses the opportunity to observe fine structure in the unfolded spectrum; and
the smearing matrices become model dependent, as they depend on the actual
distribution of data within each bin.
The situations in which it seems that unfolding is necessary are for comparing two experiments measuring the same physical quentity, but with di↵erent
resoltions; and using the data to help tune Monte Carlo simulations, where
re-smearing at each iteration of the optimisation may be computationally too
expensive.
The conclusion is that it is desirable to make available in publications the
original data, its unfolded version with its covariance matrix, and the smearing
matrices.

3.3

Systematics

Neutrino experiments range from having very high statistics (e.g. the near detectors at accelerators and at reactors) to those with very few (or perhaps even
zero!) signal events, e.g. searches for neutrino-less double beta decay, or for
neutrinos from supernovae. The former tend to be dominated by systematics
e↵ects, while for the latter statistical fluctuations are likely to be more important.
In dealing with systematics, it is usual to employ Bayesian techniques, as
they tend to deal better with large numbers of parameters. Even when a frequentist approach is used for the parameter(s) of interest, often a Bayesian
method is used to eliminate the systematic e↵ects’ nuisance parameters. Such
an approach was orginally suggested by Cousins and Highland in the context of
setting upper limits[16].
The elimination of the nuisance parameters is achieved via profiling or marginalisation. The former is used for likelihoods, and for each value of the physics pa-
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rameter it involves calculating the likelihood for the best value of the nuisance
parameter ⌫. i.e.
Lprof ( ) = L( , ⌫best ( ),
(1)
where the best value of ⌫ can be a function of . In contrast, marginalisation is
for posterior probabilities P ( , ⌫), which are integrated over ⌫ to give Pmarg ( ).

3.4

Machine Learning

There has recently been a rapid increase in the popularity and use of deep neural
network machine learning techniques (see, for example, the lecture series at
CERN and at Fermilab[17, 18]. In Particle Physics they have been used for online triggering, tracking, fast simulation, object identification, image recognition
(e.g. for an interaction in a large liquid Cherenkov detector, how many rings are
there and what particles caused them?) and event-by-event separation of signal
from background. Because they are potentially so powerful, it is important to
have a set of protocols to check that they perform in a reliable manner, and are
not introducing subtle biases of which the user is unaware.
For neural networks with a single hidden layer, it is easy to understand how
they are capable of selecting a particular region of the multi-dimensional space
for the input variables that are enhanced in signal (with respect to background).
This helps to some extent in choosing the particular architecture of the net to
use. Unfortunately this is very difficult to achieve for deep networks.

4

Conclusions
• The participation in PHYSTAT⌫ of several physicists working at Hadron
Colliders was very useful, as many of the statistical issues are common to
the two fields.
• Hadron Collider experiments, each with thousands of physicists, can a↵ord
a few to spend part of their time in the collaboration’s statistics committee. Neutrino experiments are probably too small for each to have its own
statistics committee, but interest was shown in their being such a committee for the neutrino community as a whole. Worries were expressed about
the individual experiments’ confidentiality requirements, but it is usually
possible to discuss a statistical issue without revealing too many physics
secrets. Also it is becoming common for di↵erent experiments to perform
a combined analysis2 on some specific topic, and having a joint statistics
committee is a good start to such a process.
• Most of the participants were happy with the Workshop and found it useful. There seemed to be general support for having another PHYSTAT⌫,
perhaps in two or three years time.

2 This means performing a physics analysis on the combined data, rather the inferior
procedure of trying to combine the results.
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Figure 1: Illustration from Kevin McFarland’s summary lecture of a comment
in the basic statistics introduction that, in the choice of a statistical technique,
“it is better to use a Statistician’s round wheel than your own square one”.
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Introduction

It seems, another phase in developments of the field related to the discovery of large
lepton mixing and wide exploration of the non-abelian discrete flavor symmetries is
nearly over. No simple and convincing model has been proposed which could explain
small quark mixing and large lepton mixing in the same framework. Several di↵erent
symmetries with ad hoc charge prescriptions, non-renormalizable interactions, complicated flavons content, etc. are some generic features of the models. The bottom
line is that in understanding of neutrino mass and mixing we are not far from the
very beginning, that is, from experimental results.
In this connection the guidelines could be that
1. After all, the Grand Unification is the best proposed physics beyond the Standard Model (SM). It provides unification of forces: explanation of why the strong
interactions are strong, the weak interactions are weak, and the EM interactions are
as they are. GUT unifies quarks and leptons and gives explanation of the SM symmetry charges. SO(10) perfectly embeds all known fermions including RH neutrinos
in a single 16-plet.
The simplest versions of GUT’s predicted
mq ⇠ ml ⇠ m⌫D or ml ⇠ md , m⌫D ⇠ mu .

(1)

Beauty of the seesaw mechanism is that it allows to reconcile relations (1), i.e. “normal” values of the Dirac Yukawa couplings of neutrinos, and smallness of neutrino
mass with only one assumption – existence of large Majorana masses of the RH neutrinos, MR . Furthermore, MR ⇠ MGU T . In many models the “hybrid” seesaw is
employed which uses two assumptions (and in this sense less attractive): large Majorana masses of the RH neutrinos and smallness of the Dirac Yukawa couplings (Dirac
masses).
2. Existing GUT picture is not complete (hierarchy problem, proton decay, etc.),
something important is still missing, but adding these “extra” may produce small
perturbation of the main picture for visible sector. E.g. hidden sector interacting
via di↵erent portals may exist, which is also needed for explanation of dark matter,
inflation, etc.
3. Testability, especially in forthcoming and planned experiments, is not the
problem of Nature. It is our problem. Simplicity, minimality, symmetry still have
great value.

2

Scenario: ⌫ mixing from the hidden sector

Starting point is that the data are in a good agreement with the relation [1, 2, 3, 4]:
UP M N S = Ul† UX ,
1

(2)

where Ul ⇡ VCKM is the quark mixing matrix and UX ⇡ UBM or UT BM are the BMor TBM- mixing matrices. The diagonal matrix of phases ↵ can be attached to UX .
The equality (2) leads to prediction sin2 ✓13 = 0.5 sin2 ✓C , and in general, for
X
X
UX = ↵ U23 (✓23
)U12 (✓12
), one can obtain relation between the observables [3]:
sin2 ✓13 = sin2 ✓23 sin2 ✓C [1

O(sin2 ✓C )].

(3)

The present experimental status of this relation is summarized in Fig. 7. The relation
can be modified due to RGE running if it is fixed at high (GUT) scale. Further ⇠ 20%
l
l
correction to sin2 ✓13 can be due to deviation of ✓12
from ✓C : ✓C ! ✓12
in (3). This
brings the prediction to the best fit point.

Figure 1: Relation between the 1-3 and 2-3 leptonic mixings according to Eq. (3) for
l
✓12
= ✓C . Two lines show the band of predictions obtained by varying the phases in
↵ . The 1 , 2 and 3 allowed regions are taken from the global fit [5].
The form of equality (2) implies that two di↵erent contributions from two di↵erent
sectors of theory with di↵erent symmetries are involved in generation of the lepton
mixing:
VCKM follows from common sector for quarks and leptons, which gives Eq. (1).
This requires the q l unification, GUT. The CKM physics is characterized by hierarchy of masses and mixings as well as relations between masses and mixing which
can be achieved with, e.g., Froggatt-Nielsen mechanism.
UX originates from new sector related to neutrinos via what we call now the neutrino “portal”. It is responsible for large (maximal) neutrino mixing and smallness of
neutrino mass. It can have special symmetry which leads to the BM or TBM mixing.
General setup of this scenario (Fig. 2) is the following.
• Visible sector contains particles of the Standard Model: l, ⌫L , as well as ⌫R with
mass matrices ml , m⌫D . It can be embedded into the L R symmetry model
and then GUT. This sector produces VCKM .
2

Figure 2: Neutrino mixing via the neutrino portal. Shown is the general setup. The
lepton mixing has two di↵erent sources.
• Neutrino portal: ⌫R and singlet fermions S have Dirac mass terms which form
the matrix MD .
• Hidden sector: Apart from S it contains flavons - scalar fields with non-zero
flavor charges which couple with S. Flavons develop non-zero VEV’s, break
the flavor symmetry, and generate non-diagonal mass matrix MS which is the
origin of (diagonalized by) UX .
Concerning scale of the hidden sector, MS , there are two extreme possibilities:
high scale, MS ⇠ MP l , or low scale, MS ⇠ µ = (keV - MeV).
In this scenario all the interactions are renormalizable and it is easy to realize
flavor symmetries⇤ .
In general, there can be many singlets in the hidden sector but some of them
decouple or their e↵ects can be reduced to the e↵ect of three singlets. For three S
which couple to neutrinos the mass matrix is
0

1

0 mTD m0T
D
B
C
M = @ m D 0 MD A .
m0D MDT MS

(4)

Block diagonalization of M gives the mass matrix of light neutrinos
m⌫ = mTD MD 1T MS MD 1 mD

1
(mTD MD 1T m0D + m0T
D MD mD ).

⇤

(5)

Notice that more economic version without singlets and with usual seesaw type-I also has
structure which does not exist in the quark sector and so can be responsible for the di↵erence
of mixing. This, however, does not allow to disentangle the CKM and X sectors and therefore
implement symmetries.
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We consider the situations when the double or inverse seesaw [6] (the first term in
(5)) dominates, while the linear seesaw (the second term) is suppressed.
If mD = AMD , where A is a constant, the first term of Eq. (5) gives
m⌫ = A2 MS ,
In this case structure of m⌫ is determined by MS , and it does not depend on structure
the Dirac mass matrices (what was called in [7] the Dirac screening). The screening
allows to disentangle the sectors, and at the same time - transfer the flavor information
from the hidden sector to the visible one.
In general, the information about mixing in the hidden sector should be communicated to the visible one. For this, the simplest possibility is to introduce symmetry which fixes bases in all three sectors, and the simplest basis fixing symmetry
is Gbasis = Z2 ⇥ Z2 [8]. Indeed, the Gbasis transformations of the fermionic multiplets and singlets ( , ), (+, ), ( , +) allow to distinguish three generations. If the
Higgs multiplets of visible sector are singlets of Gbasis , then mD ⇠ MD = diagonal.
To ensure the proportionality of the diagonal elements mdiag
⇠ MDdiag , required by
D
complete screening, one needs to introduce additional (e.g., permutation) symmetry
or rely on further unification of S and other fermions. Flavons F are charged with
respect to Gbasis and spontaneously break Gbasis , which leads to non-diagonal MS ,
and consequently, to mixing UX .
Gbasis is a part of the intrinsic symmetry (Z2 )3 of Majorana mass matrix which is
always present, i.e., Gbasis is given “for free” [9].
MS diagonalized by UX has another unbroken symmetry (Z2 ⇥ Z2 )H . Thus, UX
connects bases determined by (Z2 ⇥ Z2 )V and (Z2 ⇥ Z2 )H . To fix UX one can assume
embedding of (Z2 ⇥Z2 )V and (Z2 ⇥Z2 )H into a finite discrete group (residual symmetry
approach): Using the symmetry group condition [10] one finds that embedding of two
Klein groups leads to general expression for elements of mixing matrix [9], [11]
|(UX )ij |2 = cos2 ⇡

nij
,
pij

p, n

integer.

(6)

This expression and the unitarity condition
X
nij
cos2 ⇡
= 1,
pij
i
(and similar equalities hold for the sum over j) allow to reconstruct the matrix UX
up to discrete number of possibilities. Taking into account that elements of UX are
in general complex, 5 matrices have been found [11]. Among them are Uq/p , UBM :
0 .p
.p
1
0
1
1
2 1
2
0
1
0
0
B
.p C
q
q
B
C
B
C
Uq/p = @ 0 cos p ⇡ sin p ⇡ A , UBM = B 1/2
1/2
1
2 C . (7)
@
.p
A
q
q
0
sin p ⇡ cos p ⇡
1/2
1/2
1
2
4

as well as the golden ratio matrix UGR which could be important for phenomenology.
In the case of UBM the covering symmetry is S4 . UT BM can not be obtained. One could
consider more complicated basis fixing symmetry which has di↵erent embeddings and
covering groups.
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High energy GUT-Planck realization

In this realization MS ⇠ MP l , we assume SO(10) GUT, and the portal scale MD ⇠
MGU T [11]. The linear seesaw contribution is “automatically” suppressed and neutrino
masses are generated via the double seesaw. The RH neutrinos get mass via see-saw
MR ⇡ MDT MS 1 MD .

Figure 3: Scheme of generation of mixing in the high scale scenario.
The scheme with Gf = Ghidden = S4 is shown in Fig. 3. Gf = S4 is explicitly broken down to Gbasis = (Z2 ⇥ Z2 )V in the visible and portal sectors, and spontaneously
- down to (Z2 ⇥ Z2 )H in the hidden sector. The explicit breaking gives very small
corrections to the PMNS-mixing.
With respect to S4 the fermionic 16-plets and singlets S transform as ⇠ 3, flavon
form triplet ⇠ 30 and doublet ⇠ ⇠ 2, and other fields are S4 singlets. The VEV
alignment
h iT ⇠ (0, 0, 1), h⇠iT ⇠ (0, 1)
gives MS = MBM , and consequently, UX = UBM .

Ul and VCKM follow from the down components of the fermion EW doublets. The
required equality
Ul ⇡ Ud = VCKM
should be reconciled with di↵erence of masses at the GUT scale:
mµ ⇠ 3ms ,

md
5

me .

Here, general idea is that the mass matrices have two di↵erent contributions:
(10)

Md = M d

(10)

+ MC ,

M l = Md

3MC ,

(8)

but only one contribution dominates in generation of a given 2 fermion mixing 1(10)
2 and 1-3. In (8) Md is the contribution from 10H . It is diagonal and strongly
(10)
hierarchical, as up quark masses Md
= vd /vu Mu(10) , and therefore dominates in
generation of mass and mixing of the third generation states.
MC = O(ms ) is sub-dominant for the third generation but is less hierarchical and
therefore dominant for the 2nd and 1st generations. The matrix MC is o↵-diagonal,
it breaks Gbasis = Gvisible and produces the CKM mixing. The required form is
0

1

d1 f f 0
B
MC ⇡ @ f d d 0 C
A
f 0 d0 d

f
= sin ✓C , d1 ⌧ d ⇠ d0 ,
d

f ⇠ f 0.

(9)

Interestingly, MC / MBM , and therefore both could originate from the same Planck
scale physics. The largest elements of MC are of the order d, d0 ⇠ 0.1vEW MGU T /MP l .
MC can be generated by additional 126-plet of Higgses with Planck scale mass or by
e↵ective 126: MP l1 16F 16F 16H 160H with h16H 160H i ⇠ vEW MGU T [11].
Fit of the observed masses and mixing of quarks with (8) and (9) gives the angles
l
l
l
in Ul : ✓12
⇠ ✓C , ✓23
⇠ (4 5) , ✓13
⇡ 1 . Using uncertainties in the quark masses and
phases involved we have
l
✓12
/✓C = 0.87 1.35.
According to UP M N S = Ul† UBM , the parameters of the PMNS matrix equal
p
✓
◆
s2l
1
2cl sl cos l
c2l
1
1 2
2
2
2
s13 = , s12 =
, s23 =
⇡
1
s ,
2
2
2 s2l
2 s2l
2
2 l
sin

CP

=

sin

l

⇣

1 + s2l cos2

l

⌘

+ O(s3l ),

(10)
(11)

l
where sl ⌘ sin ✓12
, and l is the phase of the 1-2 element: (Ul )12 = sl ei l .
Excluding sl and l from Eqs. (10) and (11) we find relations between observables:

s212 ⇡

1 s13 cos
+
2
c213

CP

,

3
ms md e i
s13 = p sin ✓C
mµ + me e i
2

d
e

.

where d = d ( CP ), e = e ( CP ) are known functions of CP [11], see Fig. 4. From
the figure we obtain CP = (0.80 1.16)⇡ which touches the 1 region from the global
fit: (1.17 1.53)⇡. Notice that cos CP ⇡ 1 is a generic prediction for the BM mixing
case [12]. RGE can change this result, so that CP = 0.5⇡ becomes possible.
Tests and problems: in this realization one expects that (i) flavons, new fermions
and new Higgses are at the GUT Planck scale; (ii) nothing should be observed at
6

Figure 4: Dependence of 12 (left) and 13 (right) mixing angles on the CP phase. Blue
points correspond to values of the charged fermion masses randomly generated within
1 allowed regions. From [11].
LHC which is responsible for neutrino mass generation; (iii) proton decays; (iv) new
elements of theory related to the CKM physics may show up; (v) the RH neutrinos
have very strong hierarchy of masses; leptogenesis with second RH neutrino is possible
[13]; (vi) other particles from the hidden (Dark) sector can be found such as sterile
neutrinos, DM particles, etc.

4

Low scale realization with the L-R symmetry

The low scale scheme with SU (2)L ⇥SU (2)R ⇥U (1)B L ⇥P symmetry and one singlet
S per generation [14] is shown in Fig. 5 left. Here P is the parity. The B L charges
of the fields (LL , LR , L , R , S) equal ( 1, 1, 1, 1, 0). For Dirac mass matrices of
Eq.(1) small neutrino mass can be obtained using the inverse seesaw (ISS) mechanism
(4) with MS = µ ⇠ 10 keV [14].
In general, in the low scale case, the linear seesaw dominates. Due to P symmetry
the Yukawa couplings of two Higgs doublets are the same (in the lowest order), and
consequently m0D / MD . Therefore the linear seesaw contribution reduces to
mLSS
=
⌫

h
h

Li

Ri

(mTD + mD ).

(12)

It has wrong (too strong) mass hierarchy and therefore should be suppressed, which
requires h L i/h R i < 10 12 . For this the interactions h L R , which leads to VEV of
L , should have small coupling h < 40 keV. Even if h = 0 and therefore h L i = 0 at
tree level due to certain symmetry, the interaction term is generated at 1 loop (Fig.
6 left). The corresponding induced VEV equals h L i ⇠ 1/16⇡ 2 vR (vL µ/vR2 ), which
satisfies the bound. Here vR ⌘ h R i and vL ⌘ h i is the bi-doublet VEV.
The neutrino mass determines via the ISS the L R symmetry breaking scale.
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For m⌫D ⇠ mtop it equals

✓

µ
vR = h R i = 3.5 · 10 GeV
0.1 MeV
5

◆1/2 ✓

0.05eV
m⌫3

◆1/2

.

Figure 5: Generation of masses and mixing in the low scale scenarios. Left panel:
scheme with one singlet S per generation. Right panel: scheme with two singlets, SL
and SR , per generation.

Figure 6: Left panel: one loop diagram that generated †L R interactions. Right
panel: the leading radiative correction to the Majorana mass µ. From [14].
As in the high scale scheme, at mD / MD the Dirac structures are screened, and
mD
vL
m⌫ = ⇠ 2 µ, ⇠ ⌘
=
.
MD
vR
Symmetries in the S-sector can lead to special form of µ, and consequently, to special
mixing from the hidden sector. The symmetry is broken (explicitly) in the portal, by
MD . But in spite of the fact that µ ⌧ MD , corrections due to symmetry breaking
(see Fig. 6) are small:
1
µ=
hYL YR Y ⇠ 10 eV,
16⇡ 2
8

while µ
10 eV for h ⇠ 0.1 MeV.
The components Ni and Si form pairs of the pseudo-Dirac leptons with masses
and mass splittings
|Mi | ⇡ MDi (1 + ⇠ 2 )1/2 ,

Mi = mii .

Their production and decay proceed, mainly, via mixing in the light flavor neutrinos:
⌫f = UP M N S ⌫

1
p ⇠Ul† (N
2

N + ),

where N and N + are the mass eigenstates. Thus, mixing of the heavy lepton in the
flavor state ⌫↵ equals
✓
◆
1 mDi 2 l 2
N 2
|U↵i
| =
|U↵i | .
(13)
2 MDi
The dependencies (13) together with experimental bounds on mixing parameters of
Ni [14] are shown in Fig. 7. From this figure for mu ⇡ 2 MeV we obtain the lower
bound M1 > 2 GeV, so that ⇠ = mu /M1 < 10 3 . Consequently, M2 > 600 GeV, and
M3 > 2.5 · 105 GeV. SHiP [15] can further improve the bound on M1 or discover N1 .
Presently, there is no direct experimental bounds on M2 and M3 . In future, 100 TeV
collider may be sensitive to them.

Figure 7: Mixing of the heavy leptons in the neutrino flavor states ⌫e (left) and
⌫µ (right) as functions of their masses. Solid black lines show predictions. Colored
regions and lines show bounds from the existing and future experiments. From [14].
Interesting variation of this scenario is a scheme with two singlets: left and right
per generation (see Fig. 5 right). It is invariant under global U (1)L with charge
prescription (LL , LR , SL , SR ) = (1, 1, 1, 1). This symmetry is broken in the
hidden sector by the µ-terms.
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Mass matrix of neutral leptons in the basis (⌫L , NL , SL , SRc ) reads
0
B
B
@

M=B

0 mD m0D
0
mD 0
0 MD
0
mD 0
µ µLR
0 MD µTLR µ

1

C
C
C.
A

(14)

Pairs of the pseudo-Dirac heavy leptons formed by N and SRC have similar phenomenology as before. After decoupling of these heavy states the mass matrix in the
basis (⌫L , SL ) becomes
µ s2⇠
c⇠ m0D s⇠ µLR
c⇠ m0D s⇠ µLR
µ

!

.

(15)

In contrast to the high scale scheme now light Majorana leptons with masses (10 100)
keV exist which nearly coincide with SLi . They mix very weakly with usual active
neutrinos:
µLR
sin ✓s ⇡ ⇠
.
µ
If µLR /µ < 10 2 , SL with mass ⇠ 10 keV can be the Dark matter candidate [14].

5

Conclusion

1. If not accidental, the relation between the lepton and quark mixings UP M N S =
+
VCKM
UX , where UX ⇠ UBM or UT BM implies Grand Unification and existence of the
hidden sector which has certain symmetry and interacts with the visible sector via
the neutrino portal.
2. The hidden sector with non-abelian flavor symmetries generates large neutrino
mixing of special type and is responsible for smallness of neutrino mass.
3. The key elements of this scenario are (i) existence of two sectors with di↵erent
symmetries; (ii) the basis fixing symmetry which communicates flavor information
from the hidden sector to the visible one.
4. The high scale realization of such a scenario is the SO(10) GUT with hidden
sector at the Planck scale. Neutrino masses are generated by the double seesaw. The
residual symmetry approach can lead to the BM mixing for UX .
5. Similar scenario can be realized at low energies in the scheme with L R
symmetry and the inverse seesaw. The scale of L R symmetry breaking is about
300 TeV. The pseudoDirac heavy leptons can be searched at existing and future
accelerator experiments. In version with two singlets per generation the kev mass
scale leptons exist which can be candidates for Dark Matter particles.
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Xenon time projection chambers (TPCs) have become a well-established
detection technology for neutrinoless double beta decay searches in 136 Xe.
I discuss the motivations for this choice. I describe the status and prospects
of both liquid and gaseous xenon TPC projects for double beta decay.
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Why Xenon TPCs for Double Beta Decay Searches

103
NEXT-White

EXO-200

ββ

Background Rate (counts/(ton ⋅ yr))

The discovery of neutrino mass and the observed baryon asymmetry in the Universe
provide strong motivations to search for lepton number violation. Neutrinoless double beta decay (0⌫ ) is generally believed to be the most promising way to search
for lepton number violation and to explore the origin of neutrino mass. Despite a
70-year long history and many null results, the experimental exploration of 0⌫
is experiencing a golden age today. Together with 76 Ge ones, 136 Xe-based experiments are providing the most stringent constraints. Xenon can be deployed in large,
ton-scale, quantities. In addition, the isotopic fraction of its
emitter 136 Xe can
be enriched relatively easily from its 8.9% natural abundance to about 90% by centrifugation. Furthermore, 136 Xe has a high Q-value of (2457.83 ± 37) keV [1], more
energetic than many radioactivity-induced backgrounds. Finally, with a half-life of
(2.165±0.061)⇥1021 yr [2], the two-neutrino double beta decay (2⌫ ) mode of 136 Xe
has been measured to be particularly slow, hence mitigating the 2⌫
background
contribution to 0⌫
searches.
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Figure 1: Background rate as a function
xenon-based 0⌫
experiments.

isotope mass, for present and future

The three main 136 Xe-based technologies for 0⌫
are xenon-loaded liquid scintillators, liquid xenon TPCs (LXe-TPCs) and high-pressure xenon gas TPCs (GXeTPCs). Time projection chambers are easily scalable, particularly LXe-TPCs. In
addition, TPCs are expected to provide the lowest project background rates among
136
Xe-based experiments, particularly GXe-TPCs. This is illustrated in Fig. 1, which
shows the background rate per unit
mass as a function of detector
mass,
136
136
both for current and future
Xe-based detectors. All three
Xe-based technologies shown in Fig. 1 predict lower background rates per unit mass for increasing
1

masses. This is due to two reasons. First, the external background rate per unit
mass is expected to decrease in larger detectors and for the same detector performance, particularly when the detector size exceeds the absorption length of '2 MeV
gamma-rays. This absorption length is about 8 cm in LXe-TPCs, and about 3 m
in GXe-TPCs at 15 bar pressure. Second, background projections shown in Fig. 1
assume further improvements in radiopurity of materials and/or energy resolution.
LXe-TPC and GXe-TPC detectors have di↵erent strengths for 0⌫
searches.
LXe-TPCs allow for easier mass scalability and have much better self-shielding against
external backgrounds. On the other hand, GXe-TPCs provide a better energy reconstruction and a much more detailed topological signature of the 0⌫
candidates. In
addition, and in view of the potential tagging of the barium ion produced in the 0⌫
decay of 136 Xe, GXe-TPCs have a significantly higher fraction of barium atoms that
remain in ionized form, and are hence detectable [3].

2
2.1

Liquid Xenon TPCs
EXO-200

The EXO-200 detector [4] was a cryogenic TPC with a 110 kg LXe active mass. The
TPC consisted of two drift volumes sharing a central cathode. The charge readout was
based on induction and collection wire grids, read via electronics located outside the
cryostat. The light readout consisted of APDs placed behind the anodes. The detector
operated at WIPP during two phases: Phase I (2011-2014) and Phase II (20162018). The EXO-200 data-taking ended on November, 2018. EXO-200 accomplished a
1.23% sigma (2.90% FWHM) energy resolution at Q , by combining charge and light
information [5]. The detector also used some topological information, to distinguish
single-site (signal-like) energy deposits from multi-site (background-like) ones.
The detector accumulated a 122 kg ·yr and 55.6 kg ·yr exposure in Phase I
and II, respectively. The energy spectrum for single-site energy deposits measured
in EXO-200 during the two phases of the experiment is shown in Fig. 2. The background rate per unit xenon mass in a ±2 wide energy region of interest near Q
was measured to be (0.239 ± 0.030) counts/(kg ·yr). The experiment observed no
significant excess above background, setting a T1/2 limit of > 1.8 ⇥ 1025 yr at 90%
C.L., to be compared with a median sensitivity of 3.7 ⇥ 1025 yr [5]. This constraint
translates into a Majorana mass limit of m < 147 398 meV, where the range
corresponds to di↵erent nuclear matrix element assumptions.
The EXO-200 result can be compared with the other leading 0⌫
published results in Tab. 1. With 177.6 kg ·yr, EXO-200 has reached the second-best exposure of
current-generation experiments. Despite the relatively high background rate, particularly with respect to 76 Ge-based detectors, the experiment reached the fourth-best
T1/2 sensitivity of current-generation experiments.
2

Figure 2: Energy spectrum for single-site energy deposits measured in EXO-200 during the experiment’s Phase I (top) and Phase II (bottom). The expectations from
the EXO-200 fitted background model are overlaid to the measured energy spectra,
and residuals (in number of sigmas) between the two are also shown. The insets show
a zoom near the energy region of interest for 0⌫
searches. From [5].

2.2

nEXO

The nEXO proposed experiment [10] is meant to be the successor of EXO-200. It
is a cryogenic TPC to be filled with about 4 tons of LXe in its active volume. The
TPC would consist of a single drift volume along the vertical direction. The charge
readout would use charge tiles at the anode, and electronics readout housed in LXe.
The light readout would be based on VUV-sensitive SiPMs instrumenting the barrel
region of the cylindrical TPC. The nEXO Collaboration submitted a Pre-Conceptual
Design Report in 2018 [10].
As shown in the left panel of Fig. 3, the dominant background in nEXO is expected
to be gamma-rays from 214 Bi produced in the 238 U radioactive decay chain [11]. The
most important source of 214 Bi-induced backgrounds is expected to be the copper
vessel. One of the advantages of nEXO is its projected capability to measure very
accurately non-LXe backgrounds thanks to the spatial information of the events. The
136
Xe 2⌫
background is expected to be sub-dominant even for an energy resolution
3

Experiment
EXO-200
K-Zen
GERDA
MJD
CUORE

Isotope
136

Xe
Xe
76
Ge
76
Ge
130
Te

136

Exposure
(kg ·yr)
177.6
504
40.6
26.0
24.0

T1/2 Sens.
(1025 yr)
3.7
5.6
5.8
4.8
0.7

T1/2 Limit
(1025 yr)
> 1.8
> 10.7
> 8.0
> 2.7
> 1.5

m

Limit
(eV)
< 0.15 0.40
< 0.06 0.17
< 0.12 0.26
< 0.20 0.43
< 0.11 0.52

Bgr in ROI
(10 3 /(kg ·yr))
239
58.5
3.4
13.5
388

Table 1: EXO-200 latest 0⌫
results [5], compared to other leading published results,
from KamLAND-Zen [6], GERDA [7], MAJORANA DEMONSTRATOR (MJD, [8]),
and CUORE [9]. Results are compared in terms of
isotope, exposure, T1/2 sensitivity, T1/2 limit, m limit, and background rate per unit
isotope mass.

at the level of EXO-200. The expectation is that nEXO will be capable to improve
EXO-200’s resolution up to 1% sigma (2.35% FWHM) at Q . The 136 Xe 2⌫
background contribution will be measured primarily via the energy information of
the events. The nEXO project sensitivity shown in the right panel of Fig. 3 assumes
4 tons of LXe in the fiducial volume, and 90% isotopic enrichment in 136 Xe. A
half-life median sensitivity of 9.2 ⇥ 1027 yr at 90% C.L. is expected after 10 years
of operation [11]. This translates into a m sensitivity of 6–18 meV depending on
the nuclear matrix element choice, fully covering the m parameter space for the
inverted neutrino mass ordering scheme.

3

Gaseous Xenon TPCs

The gaseous xenon TPC concept for 0⌫
searches is pursued by the NEXT [12],
PandaX-III [13] and AXEL [14] Collaborations. In the following, we focus on NEXT,
which is the most developed e↵ort. The NEXT detection concept [12] uses electroluminescence (EL) as a nearly noiseless amplification stage for ionization produced
in the xenon gas. The EL (also called secondary, or S2) scintillation light is used
for separated energy and tracking measurements. The light is read by two planes of
photo-detectors located at opposite ends of the detector cylindrical structure. The
energy plane is located behind the transparent cathode, and detects the backward EL
light using photomultiplier tubes (PMTs). The tracking plane is located a few mm
away from the EL gap, and detects the forward EL light using silicon photomultipliers
(SiPMs). The energy plane sensors detect also the primary (or S1) scintillation light
produced promptly in the active volume, for event to determination.
During a first phase of the NEXT experiment, 1 kg-scale prototypes at collaborating institutions were operated in 2012–2014 to demonstrate the viability of the
detector concept. The 5 kg-scale NEXT-White detector started operations at the
4
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Figure 3: Left panel: expected background budget, by nuclide type, in nEXO’s inner
2000 kg and for single-site energy deposits with energy within Q ±FWHM/2. Right
panel: nEXO median sensitivity at 90% C.L. and 3 discovery potential as a function
of the experiment livetime. From [11].
Laboratorio Subterráneo de Canfranc (LSC, Spain) in late 2016, and will continue
taking data throughout 2019. This is NEXT’s first detector to be operated in underground and radio-pure conditions. It has been operated with both 136 Xe-depleted
and 136 Xe-enriched xenon, in order to measure and understand the background and
to measure the 2⌫
mode of 136 Xe. The third phase of the experiment is the 100 kgscale detector NEXT-100, to be commissioned at the LSC in 2020. NEXT-100 and
future ton-scale GXe-TPCs will focus on sensitive neutrinoless double beta decay
searches.

3.1

NEXT-White

The NEXT-White detector [15] has a 53 cm maximum drift length and a 40 cm
active region diameter, corresponding to about 5 kg of xenon at 15 bar pressure. The
xenon is contained in a stainless steel pressure vessel. The tracking plane readout is
made of 1,792 SiPMs at 1 cm pitch. The energy plane is made of 12 PMTs providing
30% coverage of the cathode surface. Radiopure copper of 6 cm thickness is installed
inside the pressure vessel, and acts as the innermost layer of shielding. The detector
was constructed in 2015–2016, and started operations in late 2016. The detector is
continuously calibrated, against spatial and temporal variations of detector response,
with 41.5 keV point-like energy depositions from 83m Kr decays [16]. The detector has
been operating with electron lifetimes in the 2–6 ms range.
High-energy calibration has been performed with gamma-ray interactions from
232
Th and 137 Cs calibration sources located outside the pressure vessel. The NEXT5

Figure 4: Energy distribution of high-energy calibration data in NEXT-White. Updated from [17].
White calibrated energy spectrum from high-energy calibration data can be seen in
Fig. 4 [17]. The 137 Cs (662 keV) and 208 Tl (2615 keV) photo-peaks are visible along
with their Compton spectra. A peak is also visible at 1593 keV due to e+ e pair
production from the 2615 keV gamma and the escape of both 511 keV gammas produced in the resulting positron annihilation. A study of these peaks demonstrates
that the experiment’s target resolution of 1% FWHM at Q has been met in NEXTWhite. Calibration events near the 208 Tl double escape peak at 1593 keV are also
used to study how well the topological signature of 0⌫
signal-like events can be
reconstructed in GXe-TPCs. Given the low detector density, a 0⌫
appears in a
GXe-TPC as an extended single track with Bragg peaks at both track extremes,
corresponding to the stopping points of the two electrons emanating from the common 0⌫
vertex. Exploiting the energy distribution information, we can extract
how the double-electron (signal-like) efficiency varies as a function of single-electron
(background-like) acceptance, for an increasingly tighter double-electron selection. A
double-electron efficiency of 75% for a single-electron acceptance of 22% is found at
1593 keV from this topological selection in data, with consistent results for simulated
data.
Low-background operations in NEXT-White started in August 2018, with 136 Xedepleted xenon. This period, extending until January 2019, is called Run-IV. During
Run-IVa (August–September 2018), a relatively high and variable background rate
was observed for E > 600 keV, due to airborne radon surrounding the vessel. In
October 2018, the radon abatement system started to operate, flushing radon-free air
to the air volume near the pressure vessel. During this Run-IVb period (October–
November 2018), the background rate was greatly stabilized and reduced by a factor
of 1.9, on average. In December 2018, additional lead shielding around the pressure
vessel was introduced, to provide better shielding against external backgrounds. As
6

Rate (Hz/keV)

10−5

Data: 2.92±0.04 mHz
BF MC: χ2=222.6/160
60
BF Co: 1.75±0.13 mHz
40
BF K: 0.14±0.04 mHz
214
BF
Bi: 0.74±0.10 mHz
208
BF
Tl: 0.29±0.03 mHz
136
BF
Xe: 0.00 ±0.00 mHz

10−6

10−7

−8

Best-fit Data/MC Ratio

10

10−93
2.5
2
1.5
1
0.5
0

1000

1500

2000

2500

3000

1000

1500

2000

2500

3000

Energy (keV)

Figure 5: Energy spectrum of low-background NEXT-White data with 136 Xe-depleted
xenon after fiducial cuts. The data (black dots) are superimposed to the tuned
background model expectation (solid histograms). Preliminary results.
a result, a further reduction in a factor 1.3 in the fiducial background rate was observed during Run-IVc (December 2018 – January 2019). An accurate background
Monte-Carlo (MC) simulation based on extensive radio-purity measurements and a
detailed Geant4 description of the detector geometry has also been performed. Figure 5 shows a comparison of the energy spectrum of fiducial events, prior to any
toplogical selection, in Run-IVc data. The data are compared to the MC simulation,
broken by isotope type and tuned according to NEXT-White data. Good data/MC
agreement is found after tuning, and confirming that no large background source unaccounted for by the radio-purity campaign is present. NEXT-White operations with
136
Xe-enriched xenon, at a (90.9 ± 0.4)% enrichment fraction, has started in February
2019. The main objective during this Run-V period is the 136 Xe 2⌫
measurement.

3.2

NEXT-100 and Ton-Scale Gas Detector

The NEXT-100 detector, currently under construction, is a scaled-up version of
NEXT-White. It consists of a 130 cm drift length and a 107 cm active region diameter, corresponding to about 100 kg of xenon at 15 bar pressure. The pressure
vessel is also made of stainless steel, and the inner copper shield has an average thickness of about 12 cm. About 4,000 SiPMs at 1.5 cm pitch will instrument the tracking
plane, and 60 PMTs in the energy plane will provide the same 30% coverage as in
NEXT-White. NEXT-100 commissioning is expected during 2020.
7

Figure 6: Left panel: half-life sensitivity as a function of exposure for NEXT-100.
Right panel: preliminary half-life sensitivity versus livetime for a ton-scale gaseous
xenon TPC. Two detector phases are shown, with barium tagging capabilities assumed for Phase 2. From [18, 19].
The NEXT-100 projected sensitivity to 136 Xe 0⌫
is shown in the left panel of
25
Fig. 6. A half-life sensitivity of 9 ⇥ 10 yr is expected after 5 yr of operation and
at 90% C.L., corresponding to a m sensitivity of 70–130 meV [18, 19]. With one
estimated background count per year, NEXT-100 is expected to provide a nearly
background-free technology at the 100 kg detector scale. NEXT-100 will also serve
as a large-scale demonstrator for a future ton-scale GXe-TPC detector.
The projected reach of a ton-scale GXe-TPC is shown in the right panel of Fig. 6.
The figure shows two sensitivity curves. The preliminary design for Phase 1 involves
about one ton of low-di↵usion xenon gas mixture instead of pure xenon. The vessel
and inner copper shielding designs would be extensions of the NEXT-100 design. For
the energy readout, PMTs would be replaced by radiopure 5 ⇥ 5 mm2 SiPMs. The
tracking plane readout would extend the NEXT-100 design, but would include invessel electronics to simplify signal feedthroughs. A water tank would replace the
current lead structure for the external shield. A T1/2 sensitivity of 1.5 ⇥ 1027 yr, and
a m sensitivity of 15–42 meV, could be reached after 5 years and at 90% C.L. [19].
During a Phase 2, it is envisaged that the detector will be able to e↵ectively tag
the barium ion produced in the 136 Xe 0⌫
decay. Much progress has been made
++
recently toward tagging the daughter Ba ion via single molecule fluorescence imaging (SMFI) techniques. Single barium ions have been resolved with 2 nm resolution
and 13 sigma significance in a aqueous solution already [20]. Work is ongoing to
demonstrate that the technique can also work in xenon gas. If successful, SMFIbased barium tagging could provide a virtually background-free 0⌫
experiment. It
is expected that a ton-scale GXe-TPC could reach a T1/2 sensitivity of 3.2 ⇥ 1027 yr
after 5 years, translating into a m sensitivity of 10–28 meV.
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Summary

Xenon time projection chambers can meet the two necessary conditions for nextgeneration neutrinoless double beta decay (0⌫ ) experiments. First, a
isotope
that can be extrapolated to large, ton-scale, masses. Second, a very low background
rate experimental technique, at the level of 1 count/ton ·yr or less. Both liquid xenon
(LXe-TPC) and high-pressure gaseous xenon (GXe-TPC) time projection chambers
are being exploited for 0⌫
searches. The advantages of LXe-TPCs are easier mass
scalability and more e↵ective self-shielding against external backgrounds. The experimental program is based on the success of the EXO-200 detector, and the nEXO
proposed experiment is now in pre-conceptual design report phase. The advantages of
GXe-TPCs are a better energy resolution, a more detailed topological signature, and
easier tagging of the barium ion produced in the 136 Xe 0⌫
decay. The GXe-TPC
experimental program is being led by the NEXT Collaboration, with the currently
operating NEXT-White detector, the NEXT-100 detector under construction, and
early plans for a future ton-scale GXe-TPC.
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The ENUBET ERC project (2016-2021) is studying a narrow band
neutrino beam where lepton production can be monitored at single particle
level in an instrumented decay tunnel. This would allow to measure ⌫µ
and ⌫e cross sections with a precision improved by about one order of
magnitude compared to present results.
In this proceeding we describe a first realistic design of the hadron
beamline based on a dipole coupled to a pair of quadrupole triplets along
with the optimisation guidelines and the results of a simulation based
on G4beamline. A static focusing design, though less efficient than a
horn-based solution, results several times more efficient than originally
expected. It works with slow proton extractions reducing drastically pileup e↵ects in the decay tunnel and it paves the way towards a time-tagged
neutrino beam. On the other hand a horn-based transferline would ensure
higher yields at the tunnel entrance. The first studies conducted at CERN
to implement the synchronization between a few ms proton extraction and
a horn pulse of 2-10 ms are also described.
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ENUBET (Enhanced NeUtrino BEams from
kaon Tagging)

Neutrino experiments are now limited by the knowledge of the initial fluxes, the current achievable precision in the absolute cross section measurements is Ø(5-10%). A
dedicated facility based on conventional accelerator techniques and existing infrastructures designed to address this problem would impact the entire field of neutrino
oscillation physics. The ENUBET facility [1, 2, 3] addresses simultaneously the two
most important challenges of the next generation neutrino experiments: a superior
control of the flux and flavour composition at source and a high level of tunability
and precision in the selection of the energy of the outgoing neutrinos. At present the
flux of ⌫µ beams is not directly measured but relies on detailed simulations of the
neutrino beamline and on extrapolations of target hadro-production data. Moreover,
most of the next generation oscillation experiments will measure ⌫e appearance at
the far detector. By improving the precision on ⌫µ and ⌫e cross sections by about
one order of magnitude ENUBET results would be of great value for current (NOvA,
T2K) and next generation long-baseline experiments (DUNE, Hyper-Kamiokande).
The ENUBET proposal [1] was motivated by the idea of developing “monitored
neutrino beams”: a facility where the only source of ⌫e is the three-body semileptonic
decay of kaons: K + ! ⇡ 0 e+ ⌫e (Ke3 ). The goal is to build a detector capable of
identifying the positrons from Ke3 decays while operating in the harsh environment
of a conventional neutrino beam decay tunnel.
The ENUBET beamline will allow performing ⌫µ cross section studies with a
narrow band beam where the neutrino energy is known a priori with 10% uncertainty
and ⌫e cross section measurement with 1% precision with a monitored neutrino beam
where the positrons from Ke3 decays are monitored at single particle level by the
calorimeters instrumenting the decay tunnel [4].
This can be achieved using conventional magnets by maximising the number of
+
K and ⇡ + at tunnel entrance, by minimising the total length of the transferline
to reduce kaon decay losses and by keeping under control the level of background
transported. Momentum and charge-selected hadrons (K + , ⇡ + ) being injected in the
instrumented decay tunnel need to be collimated enough such that any undecayed
meson is capable of escaping the region without hitting the tagger inner surface: this
allows not to swamp the instrumentation with excessive particle rates and to limit
the monitoring to the decay products of K decays. Furthermore it is very important
to tune the shielding and the collimators to minimise any beam induced background
in the decay region. The beamline presented here is composed by a short (⇠20 m)
transferline followed by a 40 m long decay tunnel. The hadron beam considered has
a reference momentum of 8.5 GeV/c with a momentum bite of 10%.
The proton interactions in the target are simulated with FLUKA, we have con-

1

sidered various proton drivers (400 GeV, 120 GeV and 30 GeV protons) and target
designs. The results reported in this document refer to 400 GeV protons and a
beryllium target 110 cm long with a 3 mm diameter. The optic optimization is
performed with TRANSPORT to match the ENUBET specifications for momentum
bite and beam envelope. The beam components and lattice are then implemented in
G4Beamline that fully simulates particle transport and interactions.
We have considered two possibile beamlines: the first one makes use of a focusing
horn placed between the ENUBET target and the following transferline (“horn-based
transferline”) while in the second one the transferline quadrupoles are placed directly
downstream the target (“static transferline”).
Here we describe more in detail the static design, whose performance turned out to
be significantly better than early estimates reported in the ENUBET proposal [1] and
it o↵ers several advantages in terms of cost, simplification of technical implementation
and performance of particle identification. Moreover a static transferline would pave
the way to the so-called tagged-beams. A “tagged neutrino beam” is a facility where
the neutrino is uniquely associated with the other particles of the parent kaon. Since
in the static focusing system the proton extraction can last up to several seconds, the
instantaneous rates of particles hitting the decay tunnel walls is reduced by about two
orders of magnitude compared with the horn option. In the ENUBET static option
the time between two Ke3 decays is 1.3 ns. A neutrino interaction in the detector can
thus be time linked with the observation of its associated lepton in the decay tunnel:
this has never been perfomed in any neutrino experiment and would represent a major
breakthrough in experimental neutrino physics.
Results obtained for the horn-based transfer line are presented as well and related
studies are also being pursued due to the remarkable ⌫ fluxes that can be achieved.

2

Static transferline

The static configuration is very promising since it allows to perform the focusing using DC operated devices (unlike pulsed magnetic horns) compatible with a traditional
slow extraction of several seconds. The ENUBET beam (see Figure 1) is a conventional narrow band beam where, unlike most of the current beams, the decay tunnel
is not located in front of the focusing system and the proton extraction length is slow
(2 s). The best configuration achieved consists in a quadrupole triplet followed by a
dipole that provides a 7.4 bending angle and by another quadrupole triplet.
Particles produced by proton interactions in the target are focused, momentum
selected and transported to the tunnel entrance. Non-interacting protons are stopped
in a proton beam dump. O↵-momentum particles reaching the decay tunnel are
mostly low energy particles coming from interactions in the collimators and other
beamline components together with muons that cross absorbers and collimators. At
2

8.5 Gev/c we expect ⇠50% of K + to decay in a 40 m long tunnel. The rate of
background particles is several order of magnitude smaller than present beams and
the instrumentation located in the decay tunnel can monitor lepton production at
single particle level. Figure 2 shows the momentum distrbution as well as the XY
profile of K + entering/exiting the decay tunnel.

Figure 1: Schematics of the ENUBET beam in the static focusing option.

Figure 2: Left: momentum distribution of K + entering/exiting the decay tunnel.
Right: XY profile of the K + beam at tunnel entrance and exit.
The length of the decay tunnel is optimized in order to have Ke3 decays as the
only ⌫e source: electron neutrinos from decay in flight of kaons represent ⇠97% of the
overall ⌫e flux. The positrons from three body decays are emitted at large angles and
hit the instrumented walls of the tunnel before exiting. The identification of particle
hitting the tunnel walls is performed by longitudinally segmented calorimeters [4],
positrons are separated from photons using a photon veto made of plastic scintillators
tiles located just below the innermost layer.
The static beamline transports at the tunnel entrance 19 10 3 ⇡ + /POT and
1.4 10 3 K + /POT in [6.5÷10.5 GeV/c] range, improving by 4 times the kaon yield
with respect to the first estimate reported in [1] and requiring about 4.5 1019 POT
at CERN SPS to carry out both ⌫µ and ⌫e cross section programs. An additional
advantage of the static solution is the possibility to directly monitor the rate of muons
from ⇡ + decays after the hadron dump, it cannot be done for the higher rates in the
horn-based solution but since it is reduced by two order of magnitude in the static
option the ⌫µ flux can be monitored with the same level of precision of ⌫e .
3

3

Horn-based transferline

In the horn-based solution a magnetic horn is placed between the target and the
following transferline. This horn needs to be pulsed for 2-10 ms and cycled at several
Hz during the accelerator flat-top. The studies concerning the proton extraction
scheme (“burst-mode extraction”) to combine a few ms proton extraction with 210 ms horn pulses are on-going at CERN. As presented in Figure 3 we could already
confirm the proof-of-concept of feed-forward burst spill optimization: the “AutospillBurst” algorithm developed leads to a burst length optimization from 20 to 10.6 ms.
From this benchmark the studies will continue to explore the full simulation and to
address remaining issues towards the full operability.

Figure 3: Left: Algorithm of feed-forward implemented and capable of optimizing the
burst length towards 10 ms. Center: Proof that the algorithm is capable to reduce
the burst length form ⇠20 ms to ⇠10 ms (10.6 ms) in 3 interactions. Right: burstextraction over a whole SPS spill (CERN-BE-OP-SPS, F.Velotti, M.Pari, V.Kain,
B.Goddard).
The flux produced at the tunnel entrance is 4-5 times larger than in the static
option: at the SPS we expect 77 10 3 ⇡ + /POT and 7.9 10 3 K + /POT in [6.5÷10.5
GeV/c] range. This represents an improvement factor of 2 in kaon transport with
respect to the first estimate reported in [1].
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The analysis of the total and geometric phases generated by the neutrino oscillation shows that these phases for Majorana neutrinos are depending on the representation of the mixing matrix and they are diﬀerent
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- Introduction: The discovery of the neutrino oscillation [1]-[3] has definitively
shown that the neutrino has a mass. It remains to determine the nature of the
neutrino. Indeed, since the neutrinos are electrically neutral, they can be Dirac particles (fermions diﬀerent from their antiparticles), or Majorana particles (fermions
coinciding with their antiparticles). For Dirac neutrinos, the Lagrangian is invariant
under U(1) global transformation. Then the total lepton charge is conserved and, in
the case of the mixing of n fields, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
. By contrast, for
mixing matrix has ND physical phases given by ND = (n−1)(n−2)
2
Majorana neutrinos, the Lagrangian breaks the U(1) symmetry, then processes violating the lepton number (such as the neutrinoless double β decay) are allowed and
the mixing matrix contains NM physical phases given by NM = n(n−1)
. The n − 1
2
extra phases present in the mixing matrix of Majorana neutrinos are called Majorana
phases. Many representations of Majorana mixing matrix can be achieved by the
rephasing the charged fields in the charged current weak-interaction Lagrangian [4].
For example, in two flavor mixing, NM = 1 and we can consider the following mixing
matrices for Majorana neutrinos
"
!
"
!
cos θ
sin θ e−iφ
cos θ sin θ eiφ
,
(1)
U1 =
,
or
U2 =
− sin θ eiφ
cos θ
− sin θ cos θ eiφ
where θ is the mixing angle and φ is the Majorana phase. This phase can be removed
for Dirac neutrinos. Notice that the Majorana phases have no eﬀect in neutrino oscillation formulae that are the same for Dirac and for Majorana neutrinos [4]. Therefore,
the oscillation formulae do not allow to reveal the neutrino nature. However, recently
it has been shown that the phenomenon of the decoherence in neutrino evolution can
lead to oscillation formulae for Majorana neutrinos diﬀerent from those of Dirac neutrinos [5]. Moreover it has been shown that quantities such as the Leggett-Garg K3
quantity [6] and the phases generated in the neutrino oscillation [7] can in principle
discriminates between Dirac and Majorana neutrinos.
In this paper, we report the results presented in Ref.[7] and we show that the
phases due to the transitions among diﬀerent flavors states depend on the mixing
matrix U considered. Indeed, diﬀerent choices of U for Majorana neutrinos generate
diﬀerent values of the total and geometric phases. We show these diﬀerences by
considering the two flavor neutrino mixing case and the matrix U1 and U2 in Eq.(1).
We demonstrate that by using U2 , the values of the total and geometric phases of
Majorana neutrinos are diﬀerent from those obtained for Dirac neutrinos, while, by
using U1 , all the phases are independent from φ and the results for Majorana and
for Dirac neutrinos coincide. Thus, the total and geometric phase provide a tool to
determine the choice of U and to reveal the nature of the neutrino.
- Neutrino mixing and phases: The study of the interferometry has attracted
a great attention in the recent years and new progress on the detection of the geometric phase [8] has been made. The geometric phase appears in the evolution of any
1

quantum state describing a physical system characterized by a Hamiltonian defined
on a parameter space.
Here, we analyze in particular, the total phase and the non–cyclic geometric phase
[9] (which generalizes the Berry phase to the case of not cyclic, not adiabatic evolution) for neutrinos propagating in vacuum and through the matter. We use the
mixing matrix U2 to show the diﬀerences between Majorana and Dirac neutrino. We
also compare the results obtained with those achieved by using the matrix U1 . We
2
2
2
remind that the matter eﬀects are described by replacing
#$ ∆m with ∆mm% = ∆m R± ,
√
2
F ne E
cos 2θ ± 2 2G
and sin 2θ with sin 2θm = sin 2θ/R± , where R± =
+ sin2 2θ ,
∆m2

with + for antineutrinos and − for neutrinos [10]. Then, the results obtained for
propagation in vacuum and through the matter are formally the same. In the following we consider the propagation in a medium and we use the quantities ∆m2m and
sin 2θm .
The geometric phase for a quantum system with state vector |ψ(s)⟩, is given by
the diﬀerence between the total phase Φtot
ψ = arg⟨ψ(s1 )|ψ(s2 )⟩ and the dynamic phase
& s2
dyn
dyn
g
Φψ = ℑ s1 ⟨ψ(s)|ψ̇(s)⟩ds, i.e. Φ = Φtot
ψ − Φψ , where s is a real parameter such
that s ∈ [s1 , s2 ], and the dot denotes the derivative with respect to s. We find that
the geometric phase for electron neutrino is independent on the Majorana phase,
therefore it is the same for Majorana and for Dirac neutrinos. It is given by
' z
g
Φνe (z) = arg [⟨νe (0)|νe (z)⟩] − ℑ
⟨νe (z ′ )|ν̇e (z ′ )⟩dz ′
0
"
!
")
( !
∆m2m z
∆m2m z
∆m2m z
+ i cos 2θm sin
−
cos 2θm . (2)
= arg cos
4E
4E
4E
Similar result is obtained for muon neutrino, indeed we have Φgνµ (z) = −Φgνe (z). Let
us consider now the following phases due to the transitions νe → νµ and νµ → νe
' z
Φνe →νµ (z) = arg [⟨νe (0)|νµ (z)⟩] − ℑ
⟨νe (z ′ )|ν̇µ (z ′ )⟩dz ′ ,
(3)
0
' z
Φνµ →νe (z) = arg [⟨νµ (0)|νe (z)⟩] − ℑ
⟨νµ (z ′ )|ν̇e (z ′ )⟩dz ′ .
(4)
0

They are gauge invariant and reparametrization invariant, therefore they are geometric phases. By using the Majorana neutrino states obtained by the U2 mixing matrix,
we have Φνe →νµ ̸
= Φνµ →νe , indeed
!
"
3π
∆m2m
Φνe →νµ (z) =
+φ+
sin 2θm cos φ z ,
(5)
2
4E
!
"
3π
∆m2m
Φνµ →νe (z) =
−φ+
sin 2θm cos φ z .
(6)
2
4E
2

ΦΝe for E # #2, 8$MeV

ΦΝe !! "

1.5

1.0

Geometric
Total

0.5

0.002

0.003

0.004

0.005

0.006

0.007

0.008

E!GeV "

Figure 1: Plots of the total (the red dot dashed line) and the geometric phases (the
blue dashed line) of νe , as a function of E, for a distance length z = 100km.
3π
tot
Moreover, for the total phases, we have Φtot
νe →νµ = 2 + φ and Φνµ →νe =
the contrary, for Dirac neutrinos we obtain
!
"
3π
∆m2m
Φνe →νµ (z) = Φνµ →νe (z) =
+
sin 2θm z ,
2
4E

3π
2

− φ. On

(7)

3π
tot
and the total phases become Φtot
νe →νµ (z) = Φνµ →νe (z) = 2 . Notice that Φνe →νµ , Φνµ →νe
and the total phases depend on the choice of the mixing matrix. Indeed, by using the
mixing matrix U1 , we derive the result of Eq.(7) also for Majorana neutrinos.
In Fig.1 we plot the total and geometric phases for electron neutrino propagating
through the matter. We consider the values of the parameters of RENO experiment
[2]: neutrino energy E ∈ [2 − 8]MeV , electron earth density ne = 1024 cm−3 , ∆m2 =
7.6×10−3 eV 2 and distance z = 100km. In Fig.2 we plot Φνe →νµ and Φνµ →νe presented
in Eqs.(5) and (6), by considering φ = 0.3 and the values of ne and ∆m2 of Fig.1. We
use the values of the parameters of T 2K experiment [3]: E ∼ 1GeV and z = 300km.

- Conclusions: We have shown that, for Majorana neutrinos, the total and the
geometric phases due to the oscillation assume diﬀerent values depending on the
representation of the mixing matrix. In particular, we have proved that the total
and the geometric phases of Majorana neutrino can be diﬀerent from those of Dirac
neutrino. Therefore these phases can represent a new tool to study the nature of
neutrinos. We have presented also a numerical analysis and plotted the geometric
phases by using the characteristic parameters of RENO and T2K experiments.
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Last year the COHERENT collaboration was able to measure for the
first time the Coherent Elastic Neutrino Nucleus Scattering (CE⌫NS).
Neutrinos within the right energy range can be produced in large quantities at accelerator facilities via pion Decay At Rest (⇡DAR) and used to
measure CE⌫NS. This new channel opens several, interesting possibilities:
studying the CE⌫NS spectrum it will be possible, for example, to search
for Physics Beyond the Standard Model, looking for deviations from the
predictions of the electroweak theory; it can also give important inputs for
the understanding of core collapse supernovas, where neutrino-nucleus interactions and, more generally, collective neutrino behavior play a crucial
role. Using CE⌫NS it is also possible to measure precisely the electroweak
form factor for a large number of di↵erent nuclei, extracting information
on the neutron distribution inside the nucleus as well. In this presentation
I will focus on the last aspect: I will calculated the precision that can be
achieved in such kind of experiment, investigating in particular the e↵ects
of the low-energy threshold and the systematic errors on the quenching
factor. The expected precision will be calculated using the Helm model
and also with a model-independent approach.
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Introduction

In 2017 the COHERENT collaboration announced the first measurement of Coherent
Elastic Neutrino-Nucleus Scattering (CE⌫NS) [1]. The main challenge in this kind of
experiment is that the recoil energy of the nucleus (the only observable in the process)
is very small, usually less than 100 keV; however thanks to recent developments in
the detector technology now it is possible to measure even such a small signal. This
new channel opens several interesting possibilities in the study of neutrino physics.
First of all, it o↵ers new ways to test the Standard Model: any deviation from the
predictions could be a sign of new physics. Second, since neutrino interactions with
nuclei and, in general, collective neutrino behavior play a crucial role in core collapse
supernovas, data from CE⌫NS could be an input for a better understanding of this
kind of phenomena; moreover, the dark matter detectors are rapidly approaching to
the intrinsic neutrino floor background, and a detailed knowledge of the CE⌫NS cross
section will be required for the next generation of detectors. Finally, from CE⌫NS it
is possible to extract information on the electroweak form factor and on the neutron
distribution inside the nucleus; in this presentation (based on the results published
in [2]) we will focus on this last aspect. Neutrinos can be produced at spallation
facilities via Pion Decay At Rest (⇡DAR): the collisions produce ⇡ ± pairs; the ⇡ is
absorbed inside the nucleus, while the ⇡ + is stopped and decays at rest. At the end
of the chain decay three neutrinos will be produced:
⇡ + ! µ+ + ⌫ µ
µ+ ! e + + ⌫ e + ⌫ µ

(1)

Since CE⌫NS is a neutral current interaction, all these neutrinos will contribute in
the same way to the signal and particle identification will not be possible. In Sec. 2
we will discuss the precision that can be achieved in the measurement of the neutron
distribution from CE⌫NS experiments, studying in particular the e↵ect of systematic
errors, such as the uncertainty on the energy reconstruction, and the low-energy
threshold of the detector. The neutrino beam assumed in these calculations is the
one that is being produced at China Spallation Neutron Source (CSNS), where a 1.6
GeV proton beam hits a fixed target with an average current of 62.5 µA. Since the
beam is pulsed, the steady state background can be strongly suppressed by taking
into account the time structure of the beam. In order to calculate the precision on
the neutron radius, the Helm model is assumed; however a model-independent way
to obtain information on the neutron distribution is considered as well; these results
are discussed in Sec. 3.

1

2

Precision on Nucleus Distribution

From the study of CE⌫NS cross section it is possible to determine the electroweak form
factor. Neutrinos from ⇡DAR have energies between 0 and 55 MeV: in this energy
range, the proton contribution to the form factor is strongly suppressed; for this
reason from the CE⌫NS data it is also possible to extract information on the neutron
distribution inside the nucleus (using the preliminary data from the COHERENT
collaboration Cadeddu et al. obtained a first estimation of the neutron distribution
radius for Cs and I [3]). Using the CSNS neutrino beam, we calculated the expected
sensitivity to the neutron radius as a function of the detector mass. In order to
summarize all the information on the neutron distribution in a single parameter a
theoretical model must be used: in the following calculations, we used the Helm
model; in principle this is a two-parameters model, since it depends on the skin
thickness s and the neutron bulk radius Rn , however, as was pointed out also in
[3], at these energies the dependence on s is negligible, hence it will be considered
fixed and equal to 1 fm. We considered a liquid Argon and a liquid Xenon detector,
placed at 10 m from the source and assumed 1 year lifetime. The most important
source of systematic error is the uncertainty on the quenching factor (QF); in order
to parametrize this e↵ect we considered a simple linear model, where the relation
between the observed and real energy (Eobs and Ereal , respectively) is given by
Eobs = Ereal (1 + ✏)
where ✏ does not depend on the energy and, when considered, it is treated as a pull
parameter (see Ref. [2] for more details). In Fig. 1 it is reported the expected
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Figure 1: Expected sensitivity as a function of the detector mass
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Figure 2: Expected sensitivity as a function of the QF uncertainty
sensitivity on the neutron radius Rn as a function of the detector mass, taking into
account the uncertainty on the QF (assuming ✏ = 0.1, solid curves) and assuming
a perfect knowledge of the QF (dashed curves). In Fig. 2, instead, it is shown the
expected sensitivity for a fixed detector mass, as a function of the uncertainty on
the QF. While the low-energy threshold of the detector can significantly change the
total number of expected events, it does not a↵ect so much the sensitivity to the
neutron radius. In Fig. 3 (left panel) it is shown the CE⌫NS expected spectrum for a
liquid Argon detector, using the Helm model to compute the form factor F (Q2 ) (solid
curve) and assuming F (Q2 ) = 1 (dashed curve): it is possible to see that most of
the information on the form factor comes from the high-energy part of the spectrum;
as a consequence, the low-energy threshold has little e↵ect on the sensitivity to the
neutron radius. In Fig. 3 (right panel) it is shown the expected sensitivity for a liquid
Argon detector (1 ton) as a function of the low-energy threshold.

3

Model-Independent Approach

It is possible to obtain a model-independent estimation of the neutron distribution
by writing the form factor F (Q2 ) as a Taylor series of Q2 (see also [4]); each Q2n
term will be multiplied by a factor proportional to the 2n-th momenta of the neutron
distribution, hR2n i.
F (Q2 ) = 1

hR2 iQ2 /3! + hR4 iQ4 /5! + . . .

In this way it is possible to determine directly the momenta of the neutron distribution
from the experimental data, without rely on any specific model. We calculated the
3
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Figure 3: Expected spectrum with and without the form factor (left panel), sensitivity
as a function of the low-energy threshold (right panel)
1-, 2- and 3- ’s regions in the hR2 i hR4 i plane, taking into account also the Q6 term
and treating hR6 i as a pull parameter (the plots can be found in [2]). Also in this
case, the leading source of uncertainty is the systematic error on the QF.
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The Accelerator Neutrino Neutron Interaction Experiment (ANNIE)
is a 26-ton Gd-doped water Cherenkov detector installed in the Booster
Neutrino Beam (BNB) at Fermilab. The primary physics goal of ANNIE is
to study the multiplicity of final state neutrons from neutrino-nucleus interactions in water. Identifying and counting final state neutrons provides
a new experimental handle to study systematic uncertainties related to the
neutrino energy reconstruction in oscillation experiments. To achieve that
goal ANNIE will make the first use of the novel Large Area Picosecond
PhotoDetectors (LAPPDs). In Phase I, ANNIE characterised the beamcorrelated neutron backgrounds in the detector and confirmed that they
are sufficiently low for the Phase II physics measurements, anticipated to
begin in 2019. In these proceesings the methodology and the results of
Phase I will be discussed.
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The ANNIE Experiment

The ANNIE detector consists of a Gd-doped water detector deployed on the Booster
Neutrino Beam at Fermilab [1]. The beam is about 93% pure ⌫µ (when running in
neutrino mode) and has a spectrum that peaks at about 700 MeV. To reject entering
backgrounds produced in the upstream rock a Front Muon Veto is used. An external
Muon Range Detector downstream from the neutrino target is utilised to range out
and fit the energy and direction of muons from neutrino interactions in the water tank.
The experiment was designed to proceed in two stages: a partially-instrumented testbeam run using only photomultiplier tubes (PMTs) and pure water (Phase I) for
the purpose of measuring critical neutron backgrounds to the experiment [2] and a
physics run with a fully-instrumented Gd-doped water detector (Phase II).
Phase I ended in late 2017 and the analysis of the data collected is now completed. The goal of Phase I was to measure and understand beam-induced neutron
backgrounds. There are two potential background neutron sources in ANNIE: i) Skyshine neutrons from the beam dump and ii) Dirt neutrons from the rock. Sky-shine
neutrons are secondary neutrons produced in the beam dump that leak into the atmosphere and enter the detector after undergoing multiple scattering. Dirt neutrons
are neutrons that arise from beam neutrino interactions occurring in the dirt and
rock upstream of the experimental hall. The ANNIE Phase I detector is shown in
Fig. 1. For this phase, the tank was filled with 26 tons of ultra-pure deionised water.
Inside the water volume, at the base of the tank, there is an array of 58 upwardfacing 8” Hamamatsu R5912 PMTs. For the neutron background measurements two
3-inch PMTs in a 50 cm ⇥ 50 cm movable acrylic vessel with 25 gallons of Gd-loaded
(0.25% w/w) liquid scintillator are used. Thermal neutrons captured on Gd produce
a cascade of photons with a total energy of around 8 MeV, which is visible as a bright
flash of light in the scintillator. The neutron capture volume (NCV) was wrapped in
reflective white plastic and completely enclosed in black plastic to optically isolate it
from the rest of the tank. The detector neutron response was calibrated using 252 Cf
source. Then, the NCV was moved to di↵erent positions within the water volume to
characterise the variation with position of the background neutron flux.

2

Results of ANNIE Phase I

The background neutron flux at di↵erent locations in the tank was measured. The
goal of ANNIE Phase-I was to determine the upper bounds on any beam induced
neutron backgrounds that would inflate the count of signal neutrons in Phase-II, as
well as understanding the sources of those backgrounds and how e↵ectively they can
be mitigated by shielding and isolating the Phase II active volume. Fig. 2 shows
the beam-correlated neutron candidate event rates measured during ANNIE Phase I

1

Figure 1: A concept drawing of the Phase-I ANNIE detector system, showing the
positions of the upper right corner of the NCV used in this analysis. The boundaries
of the future Phase-II active volume are shown in the dashed line.
for di↵erent positions within the detector volume. We observe that the background
event rate at position V4 (the top centre of the tank) is much larger than at all other
NCV positions, including the most upstream location. This is consistent with the
backgrounds being dominated by sky-shine neutrons rather than dirt neutrons. The
rapid drop-o↵ of these backgrounds with depth is consistent with the energy spectrum
of these background neutrons being soft. A modest overburden of water, optically
isolated from the main volume of the tank, will thus suffice to shield the Phase-II
detector from the majority of background neutrons. The dashed line on the inset of
this figure shows which NCV positions are located within the active detection volume
of the ANNIE Phase-II detector. The highest beam-induced background neutron rate
within this active volume was measured at position V2, at 0.021 neutrons per m3 per
spill. This rate continued to drop with depth until position 0 where it is consistent
with zero within errors.
The ANNIE Phase II detector is expected to see fewer than one interaction per
spill at the BNB fluxes. Since neutrino interactions and background neutrons are statistically independent, the per-spill neutron rate can be thought of as the probability
of detecting a background neutron following a signal neutrino interaction in Phase-II.

2

Figure 2: Beam-correlated neutron candidate event rates measured during ANNIE
Phase I. The inset diagram shows the NCV positions included in the red and blue
datasets. The dashed line indicates which NCV positions are contained within the
active region of ANNIE Phase-II. Position 0 (the centre of the tank) is shown in
purple to indicate that it is included in both the red and blue data. For the blue
dataset, the ”water thickness” is the depth of the water above the top of the NCV.
For the red dataset, it is the smallest distance between the side of the tube forming
the NCV vessel and the beam side of the tank. The error bars shown in the plot
include both statistical and systematic contributions.

3

ANNIE Phase II

In ANNIE Phase II the detector will be fully instrumented with approximately 130
PMTs and at least 5 LAPPDs. The main physics goal of ANNIE in Phase II is
to study the multiplicity of final state neutrons from neutrino-nucleus interactions
in water. These measurements will improve our understanding of the many-body
dynamics of neutrino-nucleus interactions and will allow to reduce the systematic uncertainties of the neutrino energy reconstruction in oscillation experiments and the
signal-background separation for neutrino experiments. Efficient detection of neutrons in ANNIE will be made possible by searching for a delayed signal from their
capture on Gd dissolved in water. Gd nuclei have high neutron capture cross-sections
and produce 8 MeV gammas in ⇠ 30 µs after the initial interaction, which provide
3

a detectable signal in water Cherenkov detectors. ANNIE Phase II will be the first
experiment to use fast-timing and position-precise LAPPDs [3], which have been produced by Incom Inc. and delivered to ANNIE, to perform these measurements. To
realise the physics goals for Phase II, the ANNIE collaboration has developed several reconstruction techniques using the arrival time and position of the Cherenkov
photons in the detector PMTs and LAPPDs. A maximum-likelihood fit is used to reconstruct the neutrino interaction vertex and direction. Deep Learning techniques are
used to reconstruct the track length in the detector and Machine Learning algorithms
are used for the muon and neutrino energy reconstruction [4].

4

Conclusions

In Phase I, ANNIE demonstrated sufficiently low neutron backgrounds for the physics
goals of Phase II. The key technological component of Phase II, LAPPDs, are now
being produced by Incom Inc and have been delivered to ANNIE. The Phase II
detector upgrade is ongoing and ANNIE Phase II physics data taking is foreseen in
late 2019.
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I.

INTRODUCTION

The EDGES experiment [1] attempts to probe for the Epoch of Reionisation in its sky-averaged
radio spectrum by scanning for absorption spectral lines of primordial hydrogen gas. In particular,
the characteristic photons of the 21cm line, with energy E21 = 5.87 µeV or 1420 MHz, correspond to
the hyperfine splitting of energy levels in neutral hydrogen. This absorption feature is expected to
be caused by the radiation emitted from the first stars. Since this happened in the early universe,
an observation of hydrogen’s spectral lines today will be redshifted due to the universe’s cosmological
evolution. The authors reported a detection fitting with this search in the frequency range [70 MHz, 90
MHz] corresponding to a redshift z ⇠ 17. Notably, the profile, measured in brightness temperature1 ,
appears twice as deep as expected at

0.5 K, corresponding to a 3.8

deviation from predictions

within the ⇤CDM model. As a function of cosmological parameters and redshift z, the brightness
temperature T21 (z) as measured in EDGES can be expressed as [5]

T21 (z) ' 23 mK (1 +

b )xHI (z)

✓

⌦ B h2
0.02

◆ ✓

0.15
⌦m h2

◆✓

1+z
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◆

1/2 

1

T (z)
,
TS (z)

where ⌦B h2 = 0.02226, ⌦m h2 = 0.1415 are the baryon and matter abundances and

(1)
B

is the

baryon overdensity, T (z) is the temperature of the photon bath, and TS (z) the spin temperature
of hydrogen. The spin temperature describes the density of states between the ground and excited
hydrogen gas, namely

✓
◆
E21
n0 (z)
= ln 3
,
TS (z)
n1 (z)

(2)

where n0 , n1 are the number density for ground and excited hydrogen respectively. The energy E21
is the amount required to transition between hydrogen’s hyperfine energy levels 2 , where in the ground
1

2

This is the e↵ective temperature measured in EDGES characterising the temperature of the hydrogen gas and the
temperature of the photons interacting with it
that is the spin configurations of the proton and electron

2
state the spins of the electron and proton align antiparallel to one another and are aligned parallel
in the excited state. Since cosmological parameters are fixed in the ⇤CDM, the only two quantities
modifiable in the brightness temperature are T , the temperature of the CMB at some given redshift,
and TS , the spin temperature that characterises the amount of ground state to excited state hydrogen.
Alternatively, one might think of modifications to the cosmological model, but here we will simply
discuss within the ⇤CDM paradigm.
As mentioned, we have two ways to reproduce the excess in the signal: either cool down the
hydrogen to reduce its spin temperature (meaning more ground state hydrogen), so that more 21cm
photons might be absorbed (increasing the absorption signal strength); or increase the number of
photons through some non thermal production which enhances the brightness temperature measured
around the observed frequencies. Indeed, this paradigm is suggested by the ARCADE 2 experiment,
which also measured an excess in an analogous search [9]. Furthermore, di↵use radio emissions in
frequencies of order O(GHz) have been conducted using the ATCA radio array, which can also be
recast in the case of nonthermal photon production [10].
Many scenarios were explored that involved cooling through some scattering primordial hydrogen o↵
dark matter, some examples can be found in [11, 12]. However, these scenarios have since been excluded
[2–4] for reasons such as requiring the cross sections to be so small that efficient cooling would not
be achieved without some modification to the cosmological model (for example significant deviations
to the power spectrum of the Cosmic Microwave Background, CMB for short, from experimental
measurement, large scale structure formation and so forth).

II.

NEUTRINO RADIATIVE DECAYS

An explanation is the nonthermal production of photons around the 21cm line at the time of the
cosmic dawn, through the radiative decay of non-relativistic, quasi-degenerate mass neutrinos. Now
in the case of active-to-active radiative decays this would require neutrinos heavier than the Planck
bound [6] and a nonzero e↵ective magnetic moment for the active neutrinos, which is also tightly
constrained3 [7].
If one however considers the decay between active and sterile neutrinos ⌫i ! ⌫s , then any spectral
distortions to the CMB can be avoided resulting from neutrino-photon couplings and a nonthermal
component of photons in the extragalactic spectrum might be produced which explains the EDGES
excess. As shown in [13], one expects that given such active-to-sterile neutrino radiative decays, there
are two possible solutions that could explain the EDGES, ARCADE 2 or ATCA excesses. Either,
the non-relativistic neutrinos have aleady decayed and produced a nonthermal contribution to the
spectrum; else, the lifetime of the neutrinos is longer than the lifetime of the universe, and hence
3

In upcoming experiments the e↵ective magnetic moment for active neutrinos will be constrained down to order
O(10

12

)µB , where µB is the Bohr magneton [8]

3
observation of these newly formed photons modifies the spectrum today, as shown in Figure 1. Note
that through these excesses we are able to constrain the lifetime and masses of these light neutrinos.

FIG. 1. This plot from [13] shows the exclusion regions for the EDGES, ARCADE2 and ATCA experiments.
The allowed mass ranges and lifetimes for the neutrinos lie along the diagonal lines assuming each experiment’s
profile is correct, with the shaded regions indicating error from the relevant measurements. Note there are upper
and lower bounds on each profile. The lower bound comes from the requirement of providing the minimum
amount of energy to produce a 21cm photon. The upper bound results from the constraint that the neutrinos
are non-relativistic at the time of their decay.

III.

CONCLUSION

We require more observations to test if the EDGES anomaly holds, but it has shown that the result
can probe the process of neutrino radiative decays via the production of 21cm photons. Experiments
can and will be able to search the 21cm line and test the report by the EDGES experiment, such as
the SARAS 2 spectral radiometer [15], and LEDA experiment [16]. If indeed EDGES is substantiated
by other experiments and confirmed, precision measurements of the absorption spectrum as a function
of redshift could potentially be used to more rigorously test neutrino radiative decays. Since photons
couple to charge, one might think of both standard and beyond the standard model scenarios that
generate the radiative process. Further to this, the current scenario assumes non-relativistic decays;
of course, allowing for a momentum distribution for the neutrinos would realise a more complete
treatment that could further test di↵erent models generating the radiative process.
Acknowledgements
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In this paper, we introduce an extension of the Standard Model, based
on SU(3)C ×SU(3)L ×U(1)X gauge symmetry (331-model). The 331-models
traditionally explain the number of fermion familes in nature. In our
model the Froggatt-Nielsen mechanism is incorporated into the 331-setting
in a particularly economical fashion. The model utilizes the both the
Froggatt-Nielsen and linear seesaw mechanisms to explain the observed
fermion mass hierarchies and lightness of neutrinos. In our numerical
analysis we found that a ∼ 50 TeV new physics scale is able to reproduce
correctly all the fermion masses and mixing matrices, including neutrino
masses, mass squared diﬀerences and mixing matrix.
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1

Introduction

The Standard Model (SM) does not explain the mass and oscillations of neutrinos, number of fermion families or their mass hierarchy. The models based on
SU(3)C ×SU(3)L ×U(1)X gauge symmetry (331-models) have been advocated to explain the number of fermion families in nature [1],[2], and the Froggatt-Nielsen mechanism (FN) is one of the most popular explanations of the charged fermion mass
hierarchy [3]. FN mechanism can be particularly economically incorporated into 331models (FN331), as was shown in [5]. Here we show that FN331 can be extended to
also explain the neutrino sector via linear seesaw mechanism [4], by introducing three
right-handed singlet neutrinos to the model presented in [5].

2

Fields and symmetry breaking

The electric charge in our model is defined as:
1
Q = T3 − √ T8 + X.
3

(1)

The left-handed (LH) leptons are assigned into SU(3)L -triplets and the right-handed
(RH) leptons into SU(3)L -singlets:
LL,i

⎛

⎞

(
νi
'
1
⎟
⎜
= ⎝ ei ⎠ ∼ 1, 3, − ,
3
νi′ L

eR,i ∼ (1, 1, −1),

NR,i ∼ (1, 1, 0),

where i = 1, 2, 3. The fields νi′ and NR,i are new neutrino-like fields. The quark
sector of our model is identical to the one presented in [5]. The fermions are taken to
be charged under global U(1)FN -symmetry, which forbids direct inclusion of fermion
Yukawa couplings.
Minimal scalar sector that breaks the gauge symmery and produces the tree-level
masses to fermions and gauge bosons, consists of three scalar triplets,
η+
⎜ 0 ⎟
η = ⎝ η ⎠,
η′+
⎛

)

*

⎞

)

ρ0
⎜ − ⎟
ρ = ⎝ ρ ⎠,
ρ′ 0
⎛

*

⎞

χ0
⎜ − ⎟
χ = ⎝ χ ⎠,
χ′ 0
⎛

⎞

with η ∼ 1, 3, 32 and ρ, χ ∼ 1, 3, − 13 .
Note that two of the three scalar triplets are in the same representation. This is
a special feature of our choice of electric charge in Eq. (1), and allows us to use the
combination ρ† χ as the eﬀective flavon. The most general electric charge conserving
vacuum is,
v′
v1
v2
u
0
⟨η 0 ⟩ = √ , ⟨ρ0 ⟩ = √ , ⟨ρ′ ⟩ = √ , ⟨χ0 ⟩ = √ .
(2)
2
2
2
2
1

The electroweak symmetry breaking pattern of our model is
v ,v′

u,v

1
SU(3)L × U(1)X −→2 SU(2)L × U(1)Y −→
U(1)em ,

where v2 ,u ∼ 50 TeV and v1 ,v ′ = O(100 GeV). The new exotic quarks, new scalars
and the new gauge bosons acquire masses that are of the order of SU(3)L breaking
scale.

3

Fusion of FN and seesaw mechanisms

The combination ρ† χ is a gauge singlet and carry a non-zero U(1)FN charge. It can
therefore play the role of the flavon in the FN mechanism. The Yukawa couplings are
forbidden by the U(1)FN charge assignment, but the eﬀective operators
∆L =

+)

cfs

s,f

*

ij

,

- ns
ρ† χ ( f )ij f
ψ L,i sfR,j + h.c.
Λ2FN

(3)

are allowed. )The
sum is understood over scalar (s = η, ρ, χ) and fermion (f ) degrees
*
f
f
of freedom. cs
are dimensionless and O(1). The ψ L,i and fR,j represent here the
ij
fermion triplets, anti-triplets and singlets, respectively. Parameter ΛFN is)the* mass
scale of the heavy FN messengers that have been integrated out. Powers nsf
are
ij

given by U(1)FN charge conservation:
)

nsf

*

. )

f

*

/

= q ψ L,i + q (fR,j ) + q(s) .

ij

(4)

As the SU(3)L -symmetry breaks, the ”flavon” ρ† χ acquires vacuum expectation value
(VEV), and the Yukawa couplings are generated as eﬀective couplings:
)

*

ysf
ij

=

)

*

cfs
ij

,

- ns
v2 u ( f )ij ) f * (nsf )ij
≡ cs ε
ij
2Λ2FN

(5)

Assuming that (v2 u)/Λ2 < 1, the fermion mass hierarchy is generated naturally,
provided that the U(1)F N charges are adequate. We fix the FN expansion parameter
to be the sine of the Cabibbo angle: ε ≡ sin θC ≈ 0.23, since with this choice the
CKM-matrix is generated naturally [5].
Neutrino masses are generated at tree level via linear seesaw mechanism:
Lνmass =

1
2

)

ν L ν ′ L (NR )c

*

νLc
0
2mD† mN ∗
⎟
⎜
⎜
0
m′N ∗ ⎠ ⎝ νL′c ⎟
⎠ + h.c.,
⎝ 2mD∗
NR
mN † m′N † M ∗
⎞⎛

⎛

2

⎞

(6)

scalars

lepton triplets

Field

η

ρ

χ

qFN

−1

1

0

LL,1

LL,2

lepton singlets

LL,3

eR

µR

τR

3

0

−2

8

RH neutrinos
NR,1

NR,2

NR,3

0

Table 1: The FN charge assignments for scalar and lepton fields in our model.

where all the submatrices have size 3 × 3, and they are given by,
v2 N q(LL,i )+q(NR,j )+q(ρ)
u N
m′N
+ √ c′ ij ϵq(LL,i )+q(NR,j )+q(χ) ,
ij = √ cij ϵ
2
2

(7)

uv2 M q(NR,i )+q(NR,j )
c ϵ
,
2ϵ ij

(8)

v1
q (LL,i )+q (NR,j )+q(ρ)
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,
ij ϵ
2

mN
ij

0

Mij =

v ′ ) N * q(LL,i )+q(LL,j )−q(η)
√
and
=
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.
ij
2
The light neutrino mass matrix is obtained via block diagonalization:
mD
ij

D†

mν = 4m

4

)

*
′ N † −1

m

M

∗

)
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m

D∗

m

1
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− m

)

*
′ N ∗ −1

m

D∗

2m

D†

+ 2m

(9)

)

*
′ N † −1

m

N†

m

(10)

2

Numerical analysis

Table 1 contains our choice for lepton FN charges. We have used the following
benchmark points:
cL

cM

⎞

⎛

1.9753 −3.6268 −3.0637
⎜
= ⎝ −0.5098 −3.1787 −2.0880 ⎟
⎠,
−0.93877 3.1170 −0.9170
⎞

⎛

4.0638 2.3549
1.3775
⎟
⎜
2.3549
−1.1210
−4.4734
=⎝
⎠,
1.3775 −4.4734 −2.4107
and

)

cN
η∗

*

cN

cN ′

⎛

⎛

⎞

⎛

⎞

3.8705 −0.5932 2.5684
⎜
= ⎝ 0.6689 −0.8576 2.6275 ⎟
⎠,
−3.3979 −4.1881 4.2437

2.5372 3.2794 2.5609
⎜
−1.9739
2.3864 2.6567 ⎟
=⎝
⎠,
−4.0871 4.7905 −2.0258
⎞

0
1.4089 4.9457
⎜
0
1.5234 ⎟
= ⎝ −1.4089
⎠.
−4.9457 −1.5234
0

Note that the cM is a symmetric and cN
η∗ is an antisymmetric matrix. This benchmark
choice produces the correct absolute values of the Pontecorvo-Maki-Nakaga-Sakata
3

.

(PMNS) matrix within the current 3σ bounds [6].
⎛

⎞

0.8309 0.5355 0.1510
⎜
⎟
|UPMNS |ij = ⎝ 0.4744 0.5402 0.6951 ⎠
0.2907 0.6491 0.7029
It also provides light neutrino masses and mass squared diﬀerences consistent with
cosmology and as well as atmospheric and solar neutrino experiments. Deviations
of standard oscillation formulas are manifested by nonunitarities induced by activesterile neutrino mixing and also by nonstandard interactions (NSI). The NSIs are
mediated by gauge bosons and scalars. Neutral scalars will not contribute to NSI. In
both cases the eﬀects are suppressed by the SU(3)L × U(1)X -breaking scale to such a
degree that they are unobservable in any conceivable near-future experimental setup.
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Cosmic muon induced neutrons in Pb are measured by direct neutron
detection, using CLYC detectors. The detector set-up and preliminary
results are presented.
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Introduction

Neutrons constitute an important background for neutrinoless double beta decay [1],
dark matter search, solar neutrino experiments and other rare event searches. Interaction of neutrons with nuclei can produce nuclear recoils in the detector active
volume or lead to the production of excited nuclear states, leading to additional ray background, often close to the region of the interest (ROI). Origin of the neutron
background can be from the natural radioactivity (spontaneous fission and (↵, n) reactions) or from the interaction of cosmic ray muons with detector and surrounding
materials. The secondary neutrons from the latter have energy range extending to
several GeV and are relatively difficult to suppress with a prompt active veto or
passive shielding methods [2]. Understanding the neutron background [3], particularly in heavy targets such as Cu and Pb, which are often direct components of the
detector or used as passive shield for -rays, is an important factor to achieve the
required sensitivity levels. Previous measurements have reported results which are in
disagreement with the Monte Carlo simulations [4]. Study of muon induced neutron
background in connection with neutrinoless double beta decay in 124 Sn (TIN.TIN
experiment in India) [5] has been initiated at TIFR, Mumbai. For this purpose a
dedicated set up MINT (Muon Induced Neutron measurement setup at TIFR) has
been made. This paper presents the details of MINT detector and preliminary results
for neutron production in lead (Pb).

2

MINT

MINT is designed for direct detection of cosmic muon induced secondary neutrons.
It employs novel, high efficiency CLYC (Cs2 LiYCl6 : Ce) detector [6], which can
detect thermal and fast neutrons as well as -rays. It is compact and portable, to
facilitate measurements at di↵erent locations and is presently installed at sea level. At
present, MINT consists of two CLYC detectors, of size 100 dia ⇥ 100 length, surrounded
by high density polyethylene (HDPE) layer of 10 cm thickness. The target material
surrounds the CLYC detectors, which in turn is covered by plastic scintillators (see
Figure 1). The neutrons produced in the target material thermalize in HDPE and get
captured via 6 Li(n, ↵)3 H reaction in the CLYC detector, with a unique light output
at 3.2 MeVee. Excellent pulse shape discrimination (PSD) capabilities allow a clear
separation for thermal neutrons and -rays. The thickness of HDPE was optimized
in an independent measurement with fast neutron source. The cosmic muons are
detected using plastic scintillators (50 cm ⇥ 50 cm ⇥ 1 cm). Efficiency of plastic
scintillators are measured to be ⇠ 96%. The data acquisition (DAQ) system consists
of CAEN V1730B digitizer (500 MHz, 16 channel, 14 bit ADC, 2Vpp )and data is
recorded independently for each detector on an event by event basis with time stamp,

1

Figure 2: TCLYC Tplastic . Prompt window
marked in dashed line.
Figure 1: Schematic of MINT set-up
energy and PSD parameter. The coincidence search for correlated neutron events is
performed o✏ine with ROOT [7] and C++ based algorithms.

3

Measurements of neutron production in Pb

Since Pb is commonly employed shield material, the first set of measurements in
MINT are performed with Pb. The Pb blocks of 30 cm height and 40 cm ⇥ 40
cm footprint (⇠ 758 kg) are mounted as shown in the Figure 1. The choice of lead
thickness was governed by the fact that the chief contribution at sea level comes from
stopping muons in Pb of Eµ < 500 MeV and 30 cm is comparable to range of Eµ ⇠
500 MeV in Pb. The present data was taken for 40 days and focused on the detection
of thermal neutrons. Signature of an event is a coincidence between a muon signal in
plastic scintillator and a subsequent delayed signal in the CLYC from thermal neutron
capture. The coincidence was performed within a time window of TCLYC Tplastic
= ± 10 ms. This window has been chosen to incorporate the neutron transport and
thermalization time for MINT geometry, optimized from GEANT4 simulations [8].
Figure 2 shows the time distribution between CLYC detectors and plastic scintillator. The time windows for prompt events is marked in the figure. It can be seen
that the background on left and right (pre and post muon interaction) are widely
di↵erent and average of both sides was used for chance correction. Figure 3(a) and
Figure 3(b) show the prompt-gated energy-PSD and energy spectra, respectively.

2

(a) Energy-PSD spectrum

(b) Projected counts in thermal neutron peak

Figure 3: Prompt gated spectra in CLYC detector
Table 1: Measured yield of neutrons in MINT. (Tdata = 40 days )
counts
Tprompt
2802(306)
⇤
T chance
869 (239)
Chance corrected counts/day
48(14)
The errors bars in the counts are statistical. Independent measurements with
Cf neutron source (En ⇠ 10MeV) and CLYC detector were carried out to estimate the fractions of neutrons thermalized and transmitted for a given HDPE thickness. Combining this with intrinsic efficiency of CLYC, measured to be 25% [9],
fast neutron production from cosmic muons is estimated from above data as 8.1 ±2.4
neutrons/gcm 2 /day, for an e↵ective Pb thickness of 30 cm. Monte Carlo simulations
for MINT is in progress.
252

4

Summary

A dedicated set-up MINT, for measuring muon induced neutrons in di↵erent materials
has been set up at TIFR with novel CLYC detectors. Preliminary measurements with
Pb target have been carried out and the neutron yield from cosmic muons is measured
to be 8.1 ±2.4 neutrons/gcm 2 /day. It is also proposed to investigate the fast neutron
and -ray detection (from 1 H(n, )2 H in HDPE) for a complete study of cosmic muon
induced neutrons.
⇤

scaled to prompt time width

3
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To explain the high-energy astrophysical neutrino flux with energies ⇠
P eV recently observed by IceCube collaboration and the relic abundance
of DM in the Universe, we consider the minimal 4-dimensional operator ⇠
y↵ LL↵ H . The cosmological background is assumed to evolve according
to f (T ) cosmology, where T is the scalar torsion.
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Introduction

The IceCube Collaboration [1] has recently reported several events of neutrinos with
energies of the order of PeV. Candidates for the generation of such neutrino high
energy events could be various astrophysical sources [2]. Till now, however, there are
no clear correlations with the known astrophysical sources (SNe remnants or AGN [3]).
Other interesting ideas assume that neutrinos could arise from the decay of PeV mass
Dark Matter (DM) [4]. Besides this topic, another interesting question is whether it is
possible to explain both the PeV DM relic density (i.e. ⌦DM h2
= 0.1188 ± 0.0010
obs

[5]) and the decay rate required for IceCube with only one operator. The minimal
DM-neutrino 4-dimensional interaction we consider is y L·H [4]. In the framework of
the comsological standard model, this operator fails to account for both the PeV dark
matter relic abundance and the decay rate required to explain IceCube. We therefore
consider the possibility that Universe evolves according to modified cosmology that
consist in an extension of Einstein’s theory (see for example [7]). In these models,
the expansion rates H of the Universe can be written in terms of the expansion rate
HGR of General Relativity (GR) [8]
✓ ◆⌫
T
HM C (T ) = A(T )HGR (T ) , A(T ) = ⌘
,
(1)
T⇤
where T⇤ is a reference temperature, and {⌘, ⌫} free parameters that depend on the
cosmological model under consideration [8]. To preserve the successful predictions
of BBN, one refers to the pre-BBN epoch since it is not directly constrained by
cosmological observations.

2

PeV neutrinos and modified cosmology

The simplest 4-dimensional operator that allows to explain the IceCube high energy
signal, is
Ld=4 = y↵ LL↵ H ,
↵ = e, µ, ⌧ ,
(2)
where is the DM particle that transforms as ⇠ (1, 1, 0) of SM, H ⇠ (1, 2, +1/2) is
the Higgs doublet, LL↵ ⇠ (1, 2, 1/2) is the left-handed lepton doublet corresponding
to the generation ↵(= e, µ ⌧ ), and finally y↵ are the Yukawa couplings. We consider
the freeze-in production [6, 4], i.e. the DM particles are never in thermal equilibrium
since they interact very weakly, but are gradually produced from the hot thermal
bath. As a consequence, a sizable DM abundance is allowed until the temperature
falls down to T ⇠ m (temperatures below m are such that DM particles phase-space
is kinematically difficult to access).
Denoting with Y = n /s the DM abundance, where n is the number density of
2
the DM particles and s = 2⇡
g (T )T 3 the entropy density, the evolution of the DM
45 ⇤
1

Σα

yαχ 2

7.5 × 10-24

Π

2.5
˜
β≡
2.0
1.5

˜
β = 10-3

βτ
GeV2 (1-nτ )

˜
β = 103

1.0
0.5

0.25

0.30

0.35

0.40

nτ

Figure 1: For fixed values of ⌘ = 1 and T , the values of ⇧ needed to explain DM
relic abundance and IceCube data follow for nT . 0.25.
h
R d3 p i
g
1
particle is governed by the Boltzmann equation dY
=
C E
where H
dT
HT s (2⇡)3
is the expansion rate of the Universe and C the general collision term. In modified
cosmology, the DM relic abundance is given by [9]
P
✓
◆⌫ ✓
◆ ✓
◆
2
23+⌫ T⇤
5+⌫
3+⌫
2
↵ |y↵ |
⌦DM h ' 0.1188
⇧ , where ⇧ ⌘
.
7.5 ⇥ 10 24
3⇡⌘ m
2
2
with ⌫ > 3. ⇧ accounts for all corrections induced by modified cosmology.
explain the DM relic abundance and the IceCube data, we require
P
2
↵ |y↵ |
⇧ . O(1) .
7.5 ⇥ 10 24
R 4
1
Consider the model SI = 16⇡G
d xe [T + f (T )], where f (T ) = T |T |nT (f (T )
generic function of the torsion T ). In such a case [9], one gets (see Eq. (1))
✓
◆1
✓
◆ 4(1 1n ) ✓
◆ 12
1
T
24⇡ 3 g⇤ 4
M
T
P
l
T⇤ ⌘
(2nT + 1) 4(1 nT )
GeV ,
45
GeV
GeV2(1 nT )

To

(3)
is a

(4)

⌘ = 1 and ⌫ = n2T
2. For a(t) = a0 t , i.e. H = t , it follows T (t)a(t) = constant.
The transition temperature T⇤ given in (4) has to be used into Eq. (3). In Fig. 1 is
plotted (3) for the f (T ) model. The value of T is obtained by fixing the transition
temperature at T⇤ ⇠ 1011 109 GeV, that is T⇤
m .

3

Conclusions

In this paper we have studied the possibility to reconcile the current bound on DM
relic abundance with IceCube data in terms of the 4-dimensional operator (2). We
2

have shown that modified gravity models can explain the IceCube outputs and at the
same time the DM relic abundance observed in a minimal particle physics model. We
have considered cosmological models related to torsion T .
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110-V, Avda. España 1680, Valparaı́so, Chile
3

Amherst Center for Fundamental Interactions, Department of Physics
University of Massachusetts Amherst, MA 01003, USA

In this talk, a specific collider signature of the Scotogenic model is
presented. We study this signal in order to compare the similarities and
di↵erences between this model and the Inert Higgs Doublet Model (IHDM)
under the light of the forthcoming Compact Linear Collider (CLIC).
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Introduction

The Scotogenic Model [1] is an appealing candidate to solve some of the open questions of the Standard Model (SM). The model includes radiatively induced neutrino
masses and a WIMP-like (Weakly interacting massive particle) Dark Matter (DM)
candidate which can be either scalar or fermion. In the scalar sector, it includes
the features contained at the Inert Higgs Doublet Model (IHDM), which have been
widely studied in the literature [2]. In this work, we study a specific collider signal
which is present in both models, the Scotogenic Model and the IHDM. We study the
di↵erences and resemblances between both considering the production of new states
at CLIC through the collision between electrons and positrons.

2

The Models

2.1

Inert Higgs Doublet Model

IHDM includes a second Higgs doublet that will be named ⌘. Additionally, a Z2
symmetry is added in order stabilize the lightest neutral particle charged under this
symmetry, thus rendering a suitable scalar DM candidate. The new scalar field ⌘ is
odd under the Z2 while the SM particles are even. Therefore, no tree level Flavor
Changing Neutral Currents (FCNC) arise since new Yukawa interactions between
⌘ and the fermions of the SM are avoided. The most general renormalizable CP
conserving scalar potential for IHDM is
V

= m21
5

†

+ m22 ⌘ † ⌘ +

†

)2 +

2 (⌘

†

⌘)2 +

3(

†

)(⌘ † ⌘) +

4(

†

⌘)(⌘ † )

⇤
5

(⌘ † )2 .
(1)
2
2
In order to keep the potential stable, one needs to establish the following conditions
+

( † ⌘)2 +

1(

1,

2

> 0,

3,

3

+

4

| 5| >

2

q

1 2.

(2)

and since we want to fix the real component of the ⌘ field as the DM candidate, we
add that
(3)
4 + 5 < 0,
5 < 0.
After computing the mass eigenvalues coming out from the ⌘ field, we will have
m2± = m22 +
m2R = m22 +
m2I

=

m22

+

3 2

2

v ,

3 2

2

v +

3 2

2

v +
1

(4)
4

+
2

4

5

5

2

!

!

v2,

(5)

v2.

(6)

2.2

Scotogenic Model

The Scotogenic model is considered one of the simplest models containing a DM
candidate and generating small neutrino masses at 1-loop level. The model has a new
scalar doublet ⌘ (with similar properties as the ⌘ field at IHDM) and three singlet
fermionic fields Ni (i = 1, 2, 3) all of them odd under Z2 . The full particle content
of the model is listed in the Table 1. The neutral components of the ⌘ field will
contribute to neutrino masses at one loop (Figure 1). The resulting formula for the
neutrino mass matrix is
M⌫,ij

"

hik hjk
m2R
m2R
=
M
log
k
32⇡ 2
m2R MN2 k
MN2 k

!

m2I
m2I
log
m2I MN2 k
MN2 k

!#

.

(7)

The scalar potential in Scotogenic model is given by the equation (1). The

Figure 1: Neutrino mass generation at 1-loop.

new terms at the Lagrangian of the Scotogenic model are a Majorana mass term
for the Ni fields given by 1/2(N i M ij NjC ), and a Yukawa coupling LY ukawa =
hij Ni (i 2⌘ ⇤ )† Lj + h.c. Recall that in both models, we will consider ⌘R as the DM
candidate. It is worth mentioning that in the Scotogenic model the running of m2
might break the Z2 symmetry [3] at lower scales of energy, risking the phenomenology
of the DM. By studying additional considerations to [3] this problem can be safely
avoided.

SU (2)L
Y
Z2
`

Standard Model
L
e
2
1
2
-1
-2
1
+
+
+
1
1
0

Fermions
N
1
0

Scalar
⌘
2
1

0

0

Table 1: Particle content and quantum numbers for the fields at the Scotogenic model.

2

MN 1 = MN 2 = [800, 1000] GeV
MN 3 = 1000 GeV
m2 = 800GeV
2
m⌫1 =[0,0.001] GeV
1 = 0.26
2 = [0, 0.5]
3 = 0.1
0.1
4 =
10 9
5 =
Table 2: Parameter space used for Figure 3.

3

Results

Our study subject will be the signature given by the cross section e+ e ! ⌘ + ⌘ ,
which was computed by using Madgraph [5] and specializing our code for the CLIC
experiment [4]. We will compare that signature in the IHDM and the Scotogenic
model. The Feynman diagrams displayed below in Figure 2 show the contributions
of each model. On the other hand, the plot shown at Figure 3 is based on the Bench-

Figure 2: Feynman diagrams for IHDM (blue dashed line) and Scotogenic model (Magenta
dashed line).

mark Point given in Table 2. The values displayed at that table are in agreement
with neutrino physics and preserve Z2 symmetry up to scales close to the 8 TeV.
The number of events resulting from the Scotogenic model (purple points) is in
general below the IHDM (blue line), which means that process involving Ni ends up
in a destructive interference regarding the contributions already present at the IHDM.
In conclusion, we have studied the observable e+ e ! ⌘ + ⌘ under the light of the
Scotogenic and IHD (Inert Higgs Doublet) models at CLIC. Constraints on the scalar
potential have been implemented in order to keep both models out from potential
destabilization at tree level and radiatively. In order to make an extensive comparison
3

Figure 3: Number of events for the two di↵erent models: magenta points are the results
obtained for the Scotogenic models while blue points are the results obtained for the IHDM

to both models, further studies on this observable are required. In addition, other
signals will be studied in the future in order to consider constraints coming from DM
phenomenology.
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Measuring all neutrino components is the most direct way to test the
standard solar model (SSM). Despite the great results obtained so far,
important questions such as the solar metallicity remain open. A precise
measurement of the solar pp chain and the CNO cycle would settle this
controversy between high (HZ) and low (LZ) metallicity compositions of
the Sun. Solar neutrinos allow the determination of oscillation parameters,
in particular the ✓12 mixing angle and, to a lesser degree the m212 mass
splitting. Furthermore the measurement of the electron neutrino survival
probability Pee as a function of neutrino energy allows one to directly
probe the MSW-LMA mechanism of neutrino oscillations In this work I
will report the first simultaneous precision spectroscopic measurement of
the complete pp-chain and its implications for both solar and neutrino
physics with the Borexino detector.
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First Simultaneous Precision Spectroscopy of pp,
7
Be, and pep

The Borexino P haseII started after an extensive purification campaign consisting in six cycles of closed-loop water extraction, during which the radioactive contaminants were significantly reduced to: 238 U < 9.4 ⇥ 10 20 g/g (95% C.L.), 232 Th
< 5.7 ⇥ 10 19 g/g (95% C.L.), 85 Kr, reduced by a factor ⇠ 4.6, and 210 Bi, reduced by
a factor ⇠ 2.3.
For each event, the energy, the position and the pulse shape are reconstructed
by exploiting the number of detected photons and their detection times. The energy
resolution is ⇠ 50 keV at 1 MeV. The hardware energy threshold is Np > 20, (total
number of triggered PMTs) which corresponds to ⇠50 keV.
Events are selected removing internal (external) muons and applying a 300 (2) ms
veto to suppress cosmogenic backgrounds. These vetos led to a total dead-time of
about 1.5%.
The 214 Bi -214 Po fast coincidences from the 238 U chain and unphysical noise events
are removed; the fraction of good events removed is ⇠ 0.1% and it is estimated using
MonteCarlo (MC) simulations and calibration data [1].
A Fiducial Volume (FV) cut is defined in order to reduce background from sources
external to the scintillator in particular from the nylon vessel, from the SSS, and from
PMTs. Thanks to this FV the innermost region of the scintillator is selected (71.3 t),
contained within the radius R <2.8 m and the vertical coordinate -1.8 < z< 2.2 m.
After these cuts the main background is due to radioactive isotopes in the scintillator itself: 14 C (
decay, Q = 156 keV), 210 Po (↵ decay, E = 5.3 MeV quenched by a
factor ⇠10), 85 Kr (
decay, Q = 687 keV), and 210 Bi (
decay, Q = 1160 keV) from
210
Pb. An additional background is also due to the pile-up of uncorrelated events
coming mostly from 14 C, external background, and 210 Po [1]. Other important contributions to the background are the residual external background, mainly due to ’s
from the decay of 208 Tl, 214 Bi, and 40 K and the cosmogenic isotope 11 C ( + decay, ⌧
= 29.4 min) that is continuously produced by muons through spallation on 12 C. The
Collaboration has developed a method called Three-Fold Coincidence (TFC) by which
it it possible to tag events correlated in space and time with a muon and a neutron
(11 C is often produced together with one or even a burst of neutrons). Furthermore,
in order to better disentangle 11 C events, a e+ /e pulse-shape discrimination is applied [2, 3]. The TFC algorithm has (92 ± 4)% 11 C-tagging efficiency.
In order to extract the interaction rates of the solar neutrinos and the background
species we maximize a binned likelihood function (through a multivariate approach)
built as the product of 4 di↵erent factors; the TFC-subtracted energy spectrum, the
TFC-tagged energy spectrum, the PS-LPR and the radial distributions of the events.
In the fit procedure the neutrinos signal and the background reference spectral
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shapes are obtained with two complementary strategies; a first one based on the
analytical description of the detector response function, and a second one fully based
on MC simulations.
The interaction rates of pp, 7 Be, and pep neutrinos are obtained from the fit
together with the decay rates of 85 Kr, 210 Po, 210 Bi, 11 C, and external backgrounds
due to rays from 208 Tl, 214 Bi, and 40 K.
Because the degeneracy between the CNO ⌫ and the 210 Bi spectral shapes we
have constrained the CNO ⌫ interaction rate to the HZ-SSM predictions, including
MSW-LMA oscillations to 4.92 ± 0.55 cpd/100 t [4] [5], (3.52 ± 0.37 cpd/100 t in
case of LZ-SSM). The contribution of 8 B ⌫’s has been fixed to the HZ-metallicity rate
0.46 cpd/100 t.
The 7 Be solar ⌫ flux is the sum of the two mono-energetic lines at 384 and 862 keV.
The corresponding rate for the 862 keV line is 46.3 ± 1.1+0.4
0.7 cpd/100 t, and it is compatible with the Borexino phaseI measurement. The total uncertainty of 2.7% for
7
Be solar ⌫ represents a factor of 1.8 improvement with respect phaseI result and is
two times smaller than the theoretical error.
The pp interaction rate is compatible with precedent results and its uncertainty
is reduced by about 20%.
To extract the pep neutrino flux we constrain the CNO one. With our sensitivity
the 7 Be and pp ⌫ interaction rates are not a↵ected by the hypothesis on CNO (i.e.
⌫’s HZ hypothesis vs LZ hypothesis). However, the pep ⌫ interaction rate depends
on it, being 0.22 cpd/100 t higher if the LZ hypothesis is assumed. In both cases the
absence of pep reaction in the Sun is rejected at more than 5 .
The e recoil spectrum induced by CNO neutrinos and the 210 Bi spectrum are
degenerate and this makes impossible to disentangle the two contributions with the
spectral fit. Due to this spectrum degeneration, it is only possible to provide an upper
limit on the CNO neutrinos contribution, and in order to extract this number, we have
further to break the correlation between the CNO and pep contributions. We exploit
the theoretically well known pp and pep flux ratio in order to indirectly constraint the
pep ⌫’s contribution. The interaction rate ratio R(pp/pep) is constrained to (47.8
± 0.8) (HZ) [4], [5] (Constraining R(pp/pep) to the LZ hypothesis value 47.5 ± 0.8
gives identical results). We obtain an upper limit on CNO ⌫ rate of 8.1 cpd/100 t (95
% C.L.).
It is possible to combine the Borexino results on pp and 7 Be ⌫ fluxes in order to
measure experimentally the ratio R between the rates of the 3 He-4 He and the 3 He-3 He
reactions occurring within the pp chain [6]. The value of R tell us the competition
between the two primary modes of terminating the pp chain and for this reason
represent a valuable probe of solar fusion. In first approximation we can neglect the
pep and 8 B ⌫ contribution and R can be written as 2 (7 Be)/[ (pp)- (7 Be)] . The
measured value is R = 0.178 +0,027 0,023 , in agreement with the predicted values for
R = 0.180 ± 0.011 (HZ) and 0.161 ± 0.010 (LZ) [4].
2

2

Improved measurement of 8B solar neutrinos with
1.5 kt·y exposure

For what concern the analysis 8 B the energy threshold is set at 1650 p.e., which
correspond to 3.2 MeV electron energy. The analysis is based on data collected
between January 2008 and December 2016 and corresponds to 2062.4 live days of
data. Data collected during detector operations such as scintillator purification and
calibrations are omitted. The dataset is split into a low energy range (LE), with
[1650, 2950] p.e., including events from natural radioactivity, and a high energy range
(HE), with [2950, 8500] p.e.. This high energy region is dominated by external -rays
following neutron capture processes on the SSS. Results from the HE sample use data
from the entire active volume, while the LE sample requires a spatial cut to remove
the top layer of scintillator (the motivation is due to the presence of PPO from the
scintillator leak in the upper bu↵er fluid volume).
The total exposure is 1,519 t·y, and the time-averaged mass is 266.0±5.3 ton (assuming a scintillator density of 0.8802 g/cm3 ). For the LE sample the mass fraction,
after the z-cut at 2.5 m, is 0.857±0.006.
The High Energy data sample is fitted with only two components, the 8 B neutrinos
and the external component from neutron captures, while the Low Energy sample
requires three additional fit components, all due to 208 Tl that is present in the bulk
dissolved in the scintillator, at the surface intrinsic to the nylon vessel, and from
emanation di↵used from the nylon vessel into the outer edge of scintillator.

3

Pee and 7Be and 8B ⌫ fluxes

We can write the electron neutrino survival probability as function of the neutrino
energy as shown in figure 1 (left). The value for flavor conversion parameters from the
MSW-LMA solution are ( m212 =7.50⇥10 5 eV2 , tan2 ✓12 =0.441, and tan2 ✓13 =0.022
[7]). For the 8 B neutrino source both the high-Z B16 (GS98) SSM and the low-Z
B16 (AGSS09met) SSM are assumed [4, 8, 9]. Dots represent the Borexino results
from pp (red), 7 Be (blue), pep (azure), 8 B neutrino measurements are in green for
the LE+HE range, and grey for the separate sub-ranges. For the non mono-energetic
pp and 8 B dots are set at the mean energy of detected neutrinos, weighted on the
detection range in electron recoil energy. The error bars include experimental and
theoretical uncertainties
A first hint toward the solution of the solar metallicity problem could be obtained
from the measurement of 7 Be and 8 B ⌫ fluxes. We can define the reduced fluxes fBe
and fB (fBe = (7 Be)/ (7 Be)HZ , fB = (8 B)/ (8 B)HZ ). When we combine the new
Borexino results on ⌫ interaction rate with all the solar and KamLAND data we obtain
the regions of allowed values. Figure 1 (right) shows the allowed contours together
3

with the 1 theoretical predictions for high metallicity and low metallicity SSM.
There is a weak hint towards the HZ hypothesis, which is however not statistically
significant; the discrimination between the high and low metallicity solar models is
largely dominated by the uncertainties of the theoretical models.

Figure 1: Left: electron neutrino survival probability as function of the neutrino
energy. Right: allowed contours in the fBe -fB parameter space (see text).
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This project aims to explore the eﬀects that changes in a matter density profile could have on neutrino oscillations, and whether these could
potentially be seen by the future Hyper-Kamiokande experiment (T2HK).
The analysis is extended to include the possibility of having a second detector in Korea (T2HKK).
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Introduction

Following the success of the Kamiokande and Super-Kamiokande experiments, HyperKamiokande will be the next-generation water Cherenkov detector in Japan. With
a fiducial volume 10x greater than that of Super-K (or 20x greater if two tanks are
built), Hyper-K will have a huge multipurpose research potential. It will be capable
of studying everything from solar and atmospheric neutrinos to supernovae, as well
as having applications to DM searches, neutrino tomography and proton decay. [1]
The long-baseline aspect of the experiment will be known as T2HK, and will involve
a neutrino beam originating at J-PARC, Tokai, as well as an intermediate water
Cherenkov detector and upgraded near detector. While this would have a baseline
of approximately 300 km, it is a natural extension to consider placing any second
tank further down the beamline, in South Korea, in order to be comparable to other
current and future long-baseline experiments, such as NOvA and DUNE. [2]
It is at these baselines that matter eﬀects can become significant. As neutrinos propagate through the Earth, their oscillation probability is aﬀected by the interactions
between them and the protons, neutrons and electrons in matter. While neutrinos of
all flavours experience neutral-current interactions with protons and neutrons, only
electron neutrinos can undergo charged-current interactions with electrons, thus producing an asymmetry which is dependent on the number of electrons in matter - this
in turn can be directly translated into matter density.
Figure 1 shows a cross-section view of the matter density profile of the Earth between Tokai and Korea, with an approximate neutrino beamline for both Hyper-K
and the 5 possible sites for a Korean detector (with baselines ranging from 1000 km
to 1200 km). [3]

Figure 1: Matter density profile of the Earth for T2HK and T2HKK.
1

While in the case of DUNE, it was concluded that varying the density profile would
have no measurable eﬀect on oscillation probabilities [4], in this project we aim to
determine whether the geographical features present in the beamlines for T2HK and
T2HKK could produce a diﬀerent result. To do this, we simulate these long-baseline
experiments using the GLoBES program [5, 6]. It is important to note that for each
result, only the appearance channel (⌫µ ! ⌫e ) is shown here.
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Sensitivity Estimates
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Using GLoBES, a 1 region of allowed oscillation parameters (based on a 2 calculation) is converted into an uncertainty on the oscillation probability itself. These
results are obtained from just 100 energy steps and 100 steps in each of the two
parameters being scanned over, in order to keep computational time low. Future
calculations will improve on this, and an additional method of estimating the uncertainty will be explored so as to compare the two alternatives.
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Figure 2: Estimate of uncertainty on oscillation probability
for Hyper-K (left) and Hyper-K Korea (right).
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Parameter Variation

In Figure 3, we show the changes in neutrino oscillation probability arising from
a variation of the oscillation parameters between their +1 and 1 values. These
values have been taken from the Hyper-K Design Report [1], with the exception of
✓13 , which is given by the current NuFit range. [7]
2

At each energy point, we scan over the entire range between the two values (100 steps)
and plot the diﬀerence between the maximum and minimum calculated probability,
rather than simply assuming that e.g. the maximum probability will correspond to the
maximum value of a specific parameter - this takes into account possible non-linear
contributions. Again, only the parameters measured by the appearance channel are
shown here ( CP and ✓13 ).

Figure 3: Changes in oscillation probability due to a variation of CP (solid)
and ✓13 (dashed) for Hyper-K (left) and Hyper-K Korea (right).

Matter Density Profile Variation
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Figure 4: Changes in oscillation probability with respect to average density at
Hyper-K (left) and the diﬀerent baselines of Hyper-K Korea (right).
Figure 4 shows the changes in oscillation probability as a result of changes in the
matter density profile. The curves are produced by taking the diﬀerence between
3

the probability at each point calculated using the varying (realistic) matter density
profile and using a constant density. For the constant profile, the average value of the
varying density was used - in the case of Hyper-K Korea, the changes in oscillation
probability of each individual baseline profile are shown on the right.
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Additional and Future Studies

We performed two additional studies. First, we looked at the changes in oscillation
probability given by varying the average density of each baseline profile by ±1%, in
order to compare them to the results from Section 4.

1
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0.010
|ΔPμe |

In addition to that, we explored the
changes in probability arising from the
diﬀerences between each of the 5 baseline profiles from Hyper-K Korea. These
results are shown in Figure 5 - there
are ten curves, each corresponding to
the diﬀerence of probabilities between
two baseline profiles. It can be seen
that this is the only test that produces a result above the estimated sensitivity line from Section 2.
This
hints at the possibility of the eﬀects
of changing from one profile to another being potentially detectable at
T2HKK.
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Figure 5: Changes in oscillation
probability from the diﬀerences between
baselines at Hyper-K Korea.

Although these are purely preliminary results, it can be clearly seen that there are
significant diﬀerences between matter eﬀects in T2HK and T2HKK. Moreover, we
can conclude that a varying matter density profile at T2HKK could potentially give
rise to detectable eﬀects on neutrino oscillation probabilities.
In order to probe this eﬀect further, we aim to use an alternative method of approximating the eﬀect of diﬀerent density profiles - by focusing on the most likely
candidate site for the Korean detector, we can redo the calculations after removing
each of the density “chunks" in turn. This can give us a better idea for how each of
the diﬀerent density areas under the Earth’s surface will aﬀect the final result.
4
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SNO+ is a large multipurpose neutrino detector situated 2km underground at SNOLAB in Sudbury, Canada [1]. It reuses the structure
of the SNO experiment with numerous infrastructure upgrades and with
heavy water replaced by ultra-pure liquid scintillator. The detector will
be loaded with 0.5% natural tellurium in order to search for neutrinoless
double beta decay (0⌫ ).The expected sensitivity after 5 years of data
26
taking is T0⌫
1/2 > 1.9⇥10 years (90% CL) [2]. A future increase in loading
could achieve a sensitivity of ⇠1027 years.
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Introduction to SNO+

The SNO+ detector contains a 12 m diameter acrylic vessel filled surrounded by a
geodesic PMT support structure (PSUP) of ⇠18 m radius. Mounted on the PSUP are
⇠9, 300 inward facing PMTs for 50% e↵ective coverage. The detector is positioned
inside a 40 m tall cavern filled with ultra pure water (UPW) for shielding [1].
There are three main stages of the SNO+ experiment, based on the detection
material inside the acrylic vessel. These are UPW, scintillator and 130 Te loaded
scintillator. The detector will initially be loaded with 0.5% 130 Te by mass. Scintillator
filling is currently in progress. Higher loading concentrations would be possible as a
further upgrade.

2

Tellurium Loaded Scintillator Cocktail

In the double beta decay ( ) phase of SNO+, the acrylic vessel will be filled with
Tellurium loaded scintillator in order to search for 0⌫ . 130 Te is a double beta decay
isotope with a Q-value of 2.527 MeV [3]. In 130 Te, the two-neutrino double beta decay
(2⌫ ) rate relative to 0⌫
is notably smaller than in other isotopes (excluding
136
Xe), leading to a comparatively low background. Also, the 2⌫
lifetime is large
(7.9 ⇥ 1020 years) [4], leading to a low absolute rate of 2⌫
events. 130 Te has a
high natural abundance (34%) and can be loaded with a good optical transparency
in scintillator.

2.1

Scintillator Cocktail

The scintillator cocktail has two main components: linear alkyl benzene (LAB) as a
solvent and 2,5-diphenyloxazole (PPO) as a fluor. The PPO has a concentration of
2 g/L. These constituents can be found in Figure 1.

Figure 1: Composition of the scintillator cocktail [5]
Included in the cocktail is N,N-dimethyldodecylamine (DDA). This improves the
light yield of the scintillator and stabilises the full cocktail against humidity exposure.

1

2.2

Tellurium Loading

In order to load the 130 Te into the scintillator, an organo-metallic compound is formed
from telluric acid and butanediol [4]. The initial stages of this process are depicted
in Figure 2. This compound is then loaded into the scintillator. This method allows
the optical transparency of the scintillator to be conserved. The total light yield of
the full cocktail is expected to be 400 NHits/MeV [4].

Figure 2: Initial stages of compound formation [5]

3

Backgrounds and Sensitivities

The expected energy spectrum of both the 0⌫
signal and the backgrounds within
the fiducial volume are shown in Figure 3. The fiducial volume extends to a radius of
3.3 m in order to shield from external backgrounds. Using this spectrum, the region
of interest (ROI) is selected to be 2.49-2.65 MeV [6], containing the bulk of the 0⌫
signal while also minimising the background.
An evaluation of background sources can be seen in Figure 4. These backgrounds
are predictions for the first year of data taking within the region of interest. It can
be seen that the dominant background is elastic scattering from 8 B solar neutrinos;
however, this background is constant across the energy range.
Figure 5 shows the projected sensitivities for several 0⌫
experiments. SNO+
0⌫
26
Phase I has projected sensitivity of T1/2 > 1.9 ⇥ 10 years (90% CL) [6]. This
corresponds to a limit of m < 41 99 meV [6], with the range defined by the
models listed at the top of Figure 5. This mass range probes the inverted hierarchy.
Also included in the figure is the projected sensitivity of a SNO+ Phase II experiment. It is expected that a second phase of the SNO+ experiment could reach a
27
T0⌫
years. This could be achieved with increased 130 Te loading.
1/2 limit of at least 10
This new limit would correspond to a mass range that probes beyond the inverted
hierarchy.

2

Figure 3: Energy spectrum of 0⌫
signal (red) and background[6]
Region of interest: 2.49 - 2.65 MeV

Figure 4: Background counts within ROI in first year of data taking[6]
Total counts: 12.4

3

Figure 5: Projections of 0⌫

experiments, including SNO+ Phase I and II[5]
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The nature of dark matter is one of the open problems of the Standard Model of particle physics. Despite the great experimental e↵orts,
we have not yet found a positive signal of its interactions with ordinary
matter. One possible explanation would be that the dark matter particle
is primarily coupled to another elusive particle, neutrinos. In this work
we study this possibility with several realisations.
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Introduction

The unknown origin of neutrino masses together with the existence of the dark matter (DM) component of the Universe constitute our most significant experimental
evidence for physics beyond the Standard Model (SM) and therefore the best windows to explore new physics. Neutrinos and DM also share their elusive nature,
having very weak interactions with the other SM particles. A tantalising avenue of
investigation is the possibility that a stronger connection between these two sectors
exists. In this case, the best way to probe DM would be through the neutrino sector.
In this contribution, based on [1] we will investigate some gauge-invariant SM
extensions that lead to sizeable neutrino-DM interactions, exploring if neutrino probes
could dominate our sensitivity to the dark sector. If DM does not participate in any of
the SM gauge interactions, the natural expectation is that the strongest connection
to DM will be via singlets of the SM gauge group. The neutrino portal includes
the addition of singlet right-handed (RH) neutrinos NR , which makes this option
particularly appealing in connection to the evidence of neutrino masses and mixing.

2

Coupling to the full lepton doublet

In this section we will study the simplest scenario, in which DM couples directly to
the full SM SU (2) lepton doublet. We will adopt an e↵ective field theory approach
in order to avoid specifying the nature of the mediator. The Lagrangian describing
the neutrino-DM interaction is thus given by
L = LSM + LDM +

c↵
⇤2

µ

L↵

µ

L↵ ,

(1)

with LDM =
i@/ m
, being a Dirac fermion DM particle. From Eq.(1) it is
clear that DM couples as strongly to neutrinos as to charged leptons.
As can be seen in Fig.1, whenever the annihilation to the corresponding charged
lepton is possible, the constraints from Fermi-LAT [2] and the CMB [3] dominate,
ruling out all the parameter space. Only if m is smaller than the mass of the
corresponding charged lepton neutrino experiments control the sensitivity to these
interactions. Future neutrino and DM experiments could further explore these unconstrained regions as shown in the right panel of Fig.1. For more details see Ref. [1].

3

Coupling via the neutrino portal

Given the results of the previous section, we will now explore whether the neutrino
portal option is able to lead to a rich DM-neutrino phenomenology without being in
conflict with indirect searches involving charged leptons. In order to have sizeable
1
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Figure 1: Constraints on the DM mass m and the new physics scale ⇤. The left
(right) panel corresponds to coupling to every lepton (only tau) doublets.
mixing between the SM neutrinos and the extra NR we will attribute the smallness
of neutrino masses to an approximate lepton number symmetry. We will consider the
addition of only one Dirac sterile neutrino that will serve as portal between the SM
neutrinos and the DM. The Lagrangian of the model is given by
LN = LSM + N i@/

mN N

↵ L↵ H̃NR .

(2)

After electroweak p
symmetry
we get three masless neutrinos and a heavy one
Pbreaking
2
2
2
with mass m4 = mN + ↵ v | ↵ | . The amount of mixing between SM and the
singlet neutrinos will be controlled by the size of ✓↵ ⌘ v ↵ /mN [4].

3.1

Neutrino portal with a scalar mediator

In this section we will assume that DM is composed of a new fermion, singlet under
the SM gauge group, and that a new scalar mediates the neutrino-DM interactions.
The Lagrangian of the model is given by
L =LN + LDM + @µ S@ µ S ⇤

yL NL S + h.c.

V (|S|2 , H † H),

(3)

where S is a complex scalar and is a Dirac fermion DM candidate. Note that the
Lagrangian respects U (1)L lepton number and a global dark symmetry under which
and S have the same charge. In order to have DM stability we will assume m < mS ,
where mS is the mass of the scalar. The sensitivity to these interactions will be
controlled by neutrino experiments, as the coupling to other SM particles appears at
loop level.
Along the blue line in Fig.3.1 the measured DM relic density [3] is obtained.
Above this line the relic density is larger, leading to overclosure of the Universe. Indirect searches for annihilation to neutrinos, together with direct detection bounds by
2
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Figure 2: Constraints on the DM mass m and the dark scalar mass mS . We have
fixed ✓⌧ = 0.044, ✓e,µ = 0.
XENON1T [5], are the only probes that constrain the allowed parameter space. The
prospects to explore the remaining allowed regions are very promising (see Ref. [1]).

3.2

Neutrino portal with a vector mediator

In this second example, we will couple the Dirac DM fermion to a new massive vector
boson. The Lagrangian of the model is given by
L =LN + LDM

1 0 0µ⌫ 1 2 0 0µ
Zµ⌫ Z + mZ 0 Zµ Z + g 0
4
2

R

µ

0
R Zµ

+ g 0 NL

µ

NL Zµ0 ,

(4)

where Z 0 is a new vector boson mediating the interaction between neutrinos and DM.
This Lagrangian could describe a new spontaneously broken U (1)0 gauge symmetry.
We will assume there is an additional conserved charge not shared between the neutrino and the DM preventing their mixing. The phenomenology will be dominated
by neutrino experiments, as the coupling to other SM particles appears at loop level,
e.g., through kinetic mixing between the Z and Z 0 vector bosons [1].
In Fig.3.2 there are two branches where the DM relic density is obtained due to
a resonant behaviour of the annihilation cross section to neutrinos. Large regions
of parameter space are constrained through indirect detection at neutrino detectors.
Future neutrino experiments will further probe other regions of parameter space, with
DUNE being able to probe the relic density target [1].

4

Conclusions

We have explored whether a dominant neutrino-DM interaction is allowed in simple
gauge-invariant models. We first explored the simplest scenario, in which DM couples
3
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Figure 3: Constraints on the DM mass m and mZ2 for ✓⌧ = 0.044, ✓e,µ = 0.
to the full lepton doublet. Whenever DM is heavier than the charged lepton(s) it
couples to, the bounds from Fermi-LAT and CMB preclude DM-neutrino couplings
sizeable enough to be probed.
We have then considered the option of the neutrino portal to DM, where DM
couples directly to new heavy neutrinos, which are a natural addition to the SM
to account for neutrino masses and mixing. In the two realisations we explored we
find that neutrino detectors place the most stringent and competitive bounds. Future
projects will be able to probe if the right-handed singlet fermions that can explain the
origin of neutrino masses also represent our best window to the dark matter sector.
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The narrow band beam of ENUBET is the first implementation of
the “monitored neutrino beam” technique proposed in 2015. ENUBET
has been designed to monitor lepton production in the decay tunnel of
neutrino beams and to provide a 1% measurement of the neutrino flux
at source. In particular, the three body semi-leptonic decay of kaons
monitored by large angle positron production o↵ers a fully controlled ⌫e
source at the GeV scale for a new generation of short baseline experiments.
In this contribution the performances of the positron tagger prototypes
tested at CERN beamlines in 2016-2018 are presented.
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1

Introduction

The ENUBET (Enhanced NeUtrino BEams from kaon Tagging) project [1, 2] is aiming to demonstrate the feasibility of a monitored ⌫e beam approach. The idea is based
on the monitoring of the production of large angle positron in the decay tunnel from
+
K + ! ⇡ 0 e+ ⌫e (Ke3
) decays. Thanks to the optimization of the focusing and transport system of the momentum-selected narrow band beam of the parent mesons, the
+
Ke3
decay represents the main source of electron neutrino. Furthermore, the positron
rate is a direct handle to measure the electron neutrino flux. Consequently, the monitored electron neutrino beam will lower the uncertainties on the neutrino flux from
the current level of about O(7% 10%) for conventional beam to ⇠ 1%.
A controlled neutrino source, like the one proposed by ENUBET, could be exploited by future experiments aiming at precise electron neutrino cross section measurements. It could be also exploited in a phase-II sterile neutrino search, especially
in case of a positive signal from the upcoming short baseline experiments. Finally,
ENUBET intends to set the first milestone towards a time-tagged neutrino beam,
where the ⌫e at the detector is time-correlated with the produced e+ in the decay
tunnel [3].

2

The positron tagger

The positron monitoring is achieved instrumenting the decay tunnel. The requirements for the detector are: (i) a high e/⇡ separation capability to remove the main
source of background; (ii) radiation hardness, since it will operate in a harsh environment; (iii) cost e↵ectiveness, since a large fraction of the ⇠ 50 m long decay tunnel
will be instrumented; (iv) fast recovery time to cope with the expected rate of 200
kHz/cm2 .
A shashlik calorimeter [4, 5] with longitudinal segmentation was identified as a
solution fulfilling all these requirements. The calorimeter basic unit (Fig. 1), the
Ultra-Compact Module (UCM), is made of five, 15 mm thick, iron layers interleaved
by 5 mm thick plastic scintillator tiles [6, 7]. The total length of the module (10
cm) and its transverse size (3 ⇥ 3 cm2 ) corresponds to 4.3 X0 and 1.7 Moliere radii,
respectively. Nine wavelength shifting (WLS) fibers crossing the UCM are connected
directly to 1 mm2 SiPMs through a plastic holder. SiPMs are hosted on a PCB
embedded in the calorimeter structure.
In November 2016, a prototype consisting of a 7 ⇥ 4 ⇥ 2 array of UCMs was
exposed, at the CERN PS East Area facility, to beam composed by electrons, muons,
and pions with momentum in the range of interest for neutrino physics applications
(1 5 GeV), in order to measure its performances [8]. The scintillator tiles were
machined and polished from EJ-200 and BC-412 sheets and painted with a di↵usive

1

Figure 1: Scheme of the baseline UCM. It is composed by five, 15 mm thick, iron
layers interleaved by 5 mm thick plastic scintillator tiles. The total length of the
module (10 cm) and its transverse size (3 ⇥ 3 cm2 ) corresponds to 4.3 X0 and 1.7
Moliere radii, respectively
TiO2 based coating (EJ-510) to increase the light collection efficiency. After painting,
nine holes with a diameter of 1.2 ± 0.1 mm were drilled in each tile with a CNC
machine in order to accommodate the WLS fibers (Y11 and BCF92) read out by
FBK 20 µm-pixel SiPMs based on the n-on-p RGB-HD technology.
Ancillary detectors were used to identify particle type and isolate samples of electrons and muons. During the data taking the calorimeter was tilted at di↵erent angles
(0, 50, 100, 200 mrad) with respect to the beam direction. The tilted geometry reproduces the operating condition of the calorimeter in the decay tunnel of neutrino
+
beams, where positrons from Ke3
reach the detector with an average angle of ⇠ 100
mrad.
The measured deposited energy is in good agreement with the results obtained
from a Monte Carlo simulation that took into account all the di↵erent components of
the beam (namely electrons, q
muons and pions). The electromagnetic energy resolution
is well described by ⇠ 17%/ E/GeV showing that the dominant contribution to the
resolution is due to the sampling term and that the energy response is not a↵ected
by the light readout scheme employed to achieve longitudinal segmentation. A good
e/⇡ separation, with a pion mis-identification lower than 3%, is achieved exploiting
the longitudinal segmentation of the calorimeter and the di↵erent energy deposit
patterns. Furthermore, the analysis of the tilted runs indicates that the performance
of the calorimeter is similar to the 0 mrad run in the angular range of interest for
ENUBET. Finally, the calorimeter shows linear response, within < 3%, in the whole
range of interest in both standard (0 mrad) and tilted runs.

2

3

Neutron irradiation test of RGB-HD SiPMs

The integration of the light read out into the calorimeter module is a very e↵ective
solution but results into exposing the SiPMs to fast neutrons produced by hadronic
showers. The non-ionizing fluence integrated during the lifetime of the experiment
and scaled to 1 MeV equivalent neutrons is 1.8 ⇥ 1011 n/cm2 . In order to evaluate
the e↵ect of the radiation on the performances of the RGB-HD SiPMs, three PCBs
hosting 9 SiPMs and the single-SiPM PCB were irradiated from a minimum dose
of 1.8 ⇥ 108 n/cm2 up to 1.7 ⇥ 1011 n/cm2 at the irradiation facility of INFN-LNL
(Laboratori Nazionali di Legnaro) based on the CN Van Der Graaf accelerator [9].
All the SiPMs show minor changes in the breakdown voltage, while the dark current
after breakdown increases by more than two orders of magnitude at a fluence of ⇠
1011 n/cm2 . Finally, the sensitivity to single photoelectron is lost at fluences larger
than 3 ⇥ 109 n/cm2 .
Later in October 2017, the irradiated PCBs were installed in two calorimeter prototypes and tested on the T9 beamline of the CERN East Area facility. A prototype
(16B) had the layout descried in the previous section, while a second one (17UA) was
built from injection molded scintillator tiles produced by Uniplast (Russia) for ENUBET. In the latter one, each tile is made by 3 extruded polystyrene based scintillator
slabs (3 ⇥ 3 cm2 , 4.5 mm thickness) for a total thickness of 1.35 cm. In both, the
sensitivity to mips was monitored since it is very important for calibration purposes
during the whole life of the detector. The 16B prototype is not able to separate a
mip from the noise peak up to the maximum fluence expected in ENUBET (2 · 1011
n/cm2 ) due to the increase of the dark counts, even if the electron peak remains well
separated from noise. On the other hand, for the 17UA prototype which employs
the same SiPM-to-fiber coupling scheme as 16B but with a larger scintillator thickness, the mip peak remains separated from the dark noise peak even after irradiation.
The electron and mip peak mean value ratio is constant after irradiation and the
integrated neutron fluence does not a↵ect the dynamic range of the photosensors.
Hence, for the SiPMs employed in this test saturation e↵ects of the signal due to the
reduction of the number of working pixels after irradiation are not visible at O(1011
n/cm2 ).

4

The polysiloxane prototype

Non conventional options based on polysiloxane scintillators are also being scrutinized. Polysiloxane is a recently developed siliconic-based scintillator [10] that o↵ers
several advantages over plastic scintillators: better radiation tolerance, reduced aging,
no irreversible deterioration caused by mechanical deformations, exposure to solvent
vapours and high temperatures and, for shashlik calorimeters, no need to drill and

3

insert the optical fibers. Silicone rubbers preserve their transparency even after a 10
kGy dose exposure and their physical properties are constant over a wide temperature
range. Polysiloxane can be poured at 60 C in the shashlik module after the insertion
of the optical fibers in the absorber greatly simplifying the assembly. On the other
hand, the light yield is about 30% of the EJ-200 yield.
A polysiloxane shashlik calorimeter prototype composed of three modules (6 ⇥ 6
⇥ 15 cm3 each, 13 X0 in total) consisting of 12 UCM units and a 15 mm scintillator
thickness was built at INFN-LNL and exposed to particle beams at theqCERN East
area in October 2017. An electromagnetic energy resolution of ⇠ 17%/ E/GeV and
good linearity (< 3% in the 1-5 GeV range) were measured. Since, the light yield
per unit thickness is about one-third of EJ-200, the quality of the fiber-scintillator
coupling after pouring is comparable to the one that can be obtained from injection
molding of conventional scintillator.

5

Lateral scintillation light readout prototype

In 2018, a di↵erent solution for the scintillation light read out was studied. Light is
collected from both sides of each scintillator tile through WLS fiber accommodated
in suitable groove machined on the plastic. Fibers from the same UCM are bundled
to a single SiPM reading in groups of 10 at a distance of about 30 cm from the
bulk of the calorimeter. In this layout SiPMs are not embedded to the calorimeter
bulk, thus not exposed to the hadronic shower. This solution is less compact than
a shashlik UCM but provides a safer environment for the SiPMs and allows easier
access regarding maintenance or replacements. Furthermore, the lateral scheme is
mechanically simpler both from the point of view of machining of the calorimeter
component and for the fiber-to-SiPM coupling.
In 2018, a prototype made of 3 ⇥ 2 ⇥ 2 UCMs was assembled. Each UCM
was composed of 1.5 cm thick iron slabs interleaved with 0.5 cm plastic scintillators
(EJ-204): the modules have thus the same sampling term as the shashlik UCM. The
prototype was tested at CERN at the T9 beamline in May 2018. Later, in September,
a larger prototype consisting of 84 UCMs in the 7 ⇥ 4 ⇥ 3 structure was studied at
CERN. Preliminary results show an electromagnetic energy resolution at 1 GeV of
about 17% which is consistent with the prediction of 15% obtained from a Monte Carlo
simulation that does not include photon generation and transport. The analysis of
this prototype is in progress.
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Figure 2: Pictures of the polysiloxane-based (a) and lateral scintillation light readout
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Proposed as part of the next generation of water Cherenkov detectors,
Hyper-Kamiokande will have a vastly improved potential in determining
leptonic CP violation in neutrino oscillations. Well understood optical
diﬀusers are needed as part of an integrated light injection system for calibration of ultrasenstive photo-detectors. Research and development into
optical diﬀuser technology is presented and summaries of recent installations in Super-Kamiokande are discussed.
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Introduction

A new generation of water Cherenkov neutrino detectors is fast approaching. With
construction set to begin in 2020, Hyper-Kamiokande (Hyper-K) will have a vastly
improved potential in determining leptonic CP violation in neutrino oscillations [1].
At 187kT fiducial mass, Hyper-Kamiokande is set to be the largest world’s water Chekerenov detector, Eight times larger than Super-Kamiokande (Super-K), the
largest water Cherenkov detector currently in operation [1]. Surrounding HyperKamiokande’s 60m x 74m cylindrical tank will be in order of 40000 high sensitivity
photo detectors, which all need optical calibration. The Hyper-Kamiokande physics
goals dictate that we understand the detector to the level of a few percent which
can only be achieved with careful calibration systems. Optical diﬀusers provide an
ideal way to calibrate timing and energy information for photo-sensors in large scale
detector projects such as Hyper-K. In this report, ongoing work into the research and
development of optical diﬀusers will be discussed. Furthermore recent deployments
of such optical calibration systems in Super-K will be outlined.

2

Calibration Optics

The light injection system developed for Hyper-K uses an LED/laser source to guide
photons through a 200µm core graded index optical fibre cable into the detector.
From here there are three main optical components used to manipulate the light for
calibration measurements. The first uses the bare end of a fibre as a control light
source. The second consists of a collimator, providing a narrow beam designed to
illuminate of order 5 inner-detector photomultiplier tubes (PMT). The collimator’s
main task is to measure properties of the water such as attenuation and photon
scattering lengths. For more information on this topic please refer to B. Vinnings
work at this conference. The third and final optical component is the wide beam
optical diﬀuser. The main objectives for the diﬀuser is to provide a well understood
distribution of light over a large range of angles in order to provide inter-PMT and
PMT timing calibration measurements. It is this diﬀuser measurement that is the
focus of the work reported here.

3

Wide Beam Diﬀuser

As discussed in section 2, the diﬀuser is used for inter-PMT and timing calibrations.
Both of these measurements require a relatively uniform light source over a large
range of angles. This is a non-trivial objective over the large range of angles needed for
Hyper-Kamiokande, however it is possible to achieve a well-understood, near uniform,
distribution over such a range. To achieve this Polymethyl methacrylate (PMMA)
1

was chosen as the material to make the diﬀuser. A variety of diﬀerent materials
were tested for uniformity and transparency over a range of wavelengths. The optical
diﬀuser is needed to perform over the visible spectrum as well as in the near visible
UV spectrum [2]. Out of all the materials tested, PMMA provided the best results
in transmitting light over the wavelengths of 300nm - 700nm.
One disadvantage to using PMMA is its high absorbency and variable light transmission properties when wet [3]. To mitigate this problems the diﬀuser is housed
inside a water-tight stainless steel enclosure, shown in figure 1. Water-tightness is ensured through a number of rubber O-rings and a coating of epoxy resin glue applied
at each potential opening. The enclosure has successfully passed water pressure tests
up to pressure of 5 Bar. Further tests at higher pressures are scheduled for the near
future.

Figure 1: The PMMA diﬀuser outside its enclosure (left). The diﬀuser enclosure
(centre). The diﬀuser inside its enclosure (right).
As well as the material, a number of shapes for the diﬀuser ball were considered
and tested before construction. The shape of the diﬀuser needs to provide structural
support together with ensuring uniformity in the light distribution. A hemispherical
diﬀuser shape provides both ensuring the possibility for maximum light injection,
avoiding a loss due to back-scattering seen in full spherical diﬀusers. One natural
consequence of having a hemispherical shape is the inability to produce a uniform
distribution due to inherent geometries. Nevertheless, so long as the light intensity
distribution is well-understood and reproducible, this can be accounted for during
analysis.

4
4.1

Results
Laboratory Measurements

An experimental testbench developed at the University of Warwick has been designed
to test the uniformity of optical diﬀuser light transmission profiles. Housed inside a
dark box to minimise optical reflections, the setup is shown in figure 2. The diﬀuser
2

is held on a rotation stage allowing the full horizontal plane to be scanned over ±90
degrees from the normal. Light injection is provided by individually selectable pulsed
semiconductor lasers of wavelengths 450nm and 520nm. A 200µm core step-index
fibre optic cable couples the laser with the diﬀuser. A photomultiplier tube (PMT) is
used to measure the light intensity and timing distributions from the diﬀuser over a
range of angles. A second degree of freedom is achieved by mounting the PMT on a
Y-Stage. This allows for horizontal scans at diﬀerent heights relative to the diﬀuser.

Figure 2: The experimental setup used at the University of Warwick Hyper-K laboratory to measure the light intensity and timing distributions of each diﬀuser.
Angular scans of diﬀuser output result in measurements of the intensity distribution from each diﬀuser. Figure 3 shows the results of angle scans for seven diﬀerent
diﬀusers manufactured for the Super-K installation described in section 4.2. Figure
3 demonstrates that the hemispherical PMMA diﬀuser ball emits a reproducible and
consistent light intensity distribution. This distribution is well understood and can
be successfully modelled with hemispherical geometry simulations. The drop oﬀ seen
above ±30 degrees is due to the inherent field-of-view from the diﬀuser enclosure.

Figure 3: The light intensity distributions for all 7 diﬀusers designed for the Super-K
installation. Each distribution is normalised to the zero angle.

3

4.2

Super-Kamiokande Deployment

Multiple deployments of the calibration optics have been undertaken inside the SuperKamiokande detector. The first of which was a test deployment in January 2018. The
optics were lowered into the top of the Super-K tank via a mounting plate through the
calibration port. Six months of data was taken and validation analyses were performed
to confirm and compare the performance of the optics to laboratory measurements
seen in section 4.1. This also served as a trial for a long term deployment later in the
year.
In the summer 2018, the several optical calibration systems were installed inside
the Super-K inner tank. Five identical systems were installed at regular intervals, B1B5, from the top of the tank, defined as B1, to the bottom of the tank, B5 [4]. Data
taking is scheduled to begin in March 2019 and will continue long term. Analysis of
the data is also scheduled to begin in April 2019.
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The SoLid Detector

The aim of SoLid [1] is to have a measurement of the neutrino oscillations at a short
baseline ([5-10] m) and to provide a measurement of the 235 U energy spectrum. The
SoLid detector is designed to detect electron antineutrinos using the same principle
Cowan and Reines [2] used for the first detection ever of the neutrino. The detection
of the neutrino relies on identifying the reaction products of its interaction with a
proton through the inverse beta decay (IBD):
⌫ e + p ! e+ + n

(1)

The protons that are used as target for the IBD interaction are primarily the
nuclei of hydrogen atoms in poly-vinyl toluene (PVT) cubes that build up the SoLid
detector. Furthermore, PVT is a plastic scintillator that allows for detection of the
positron, which is one of the reaction products of the IBD. The other reaction product,
the neutron, is first thermalised by the PVT before it will be captured on a 6 Li nucleus
in one of the additional screens of inorganic scintillator (6 LiF:ZnS(Ag)) that are placed
on two faces of each cube. The cubes and the screens are additionally wrapped in
tyvek, which is a reflective woven polymer fabric. The tyvek is not only used to keep
the cube and the two screens together, but also to confine the produced scintillation
light to a single cube. The light in a cube is guided to the outside of the detector
volume using wavelength shifting fibres (WSFs), of which four penetrate each cube.
A sketch of the cubes used in the SoLid detector can be found in Figure 1(a).

(a) Four cubes with the
fibres colored in green.
Below,
two example
waveforms for scintilator
signals in PVT and ZnS.

(b) Components of a detector plane

(c) Schematic overview
of the detector and the
container in blue

Figure 1: Di↵erent components of the SoLid detector
All cubes are stacked in arrays of 16 by 16 cubes in so-called detector planes.
One plane is equipped by a total of 64 WSFs which are each connected to a silicon
1

photomultiplier (SiPM) on one side and a mirror on the other side. Finally, the plane
is subsequently surrounded by a polyethylene encasing, an aluminum frame and two
additional large sheets of tyvek. A sketch of the detector planes can be found in
Figure 1(b)
The complete SoLid detector consists out of 5 modules of 10 planes each. The
detector is placed in a container which is cooled to a temperature of [5-10] C. The
cooled environment increases both stability and reliability of the electronics used for
the readout of the detector. A sketch of the detector and the container can be found
in Figure 1(c).

2

O✏ine Muon Reconstruction

The o✏ine data processing of the SoLid experiment aims to distinguish between three
di↵erent signals that are present in data. The first two types of signals are neutron
and positron signals, which are important for the detection of IBD interactions. The
third type of signals are cosmic muons, which is an important source of background.
Muon reconstruction relies on three subsequent selections on data. First, a method
called spatial clustering is applied. Spatial clustering will group all signals from
neighbouring fibres and will reject all outlier fibres. This technique is useful to reject
secondary particles which are produced due to spallation or ionisation by the muon.
Second, an energy cut is applied on the remaining cluster of fibres. This cut is applied
to reject low energetic secondary signals and light leaks. Light leaks are caused by
scintillation light escaping to cubes near the cube where the interaction took place.
Third, a cut on the fibre multiplicity is applied on the cluster. Muons are highly
energetic and will cross a lot of cubes along their path, thus creating a cluster with a
large number of fibres.
If a cluster passed all three selections, it is tagged as a muon. Additionally, once
the muon has been identified, a set of variables related to the original track of the
muon are calculated in software. This set includes the polar and azimuthal angle of
the muon track, its tracklength in the detector, etc ... An example of a muon track
inside the SoLid detector can be found in Figure 2.

3

Muon Studies

Because the SoLid experiment has recently started taking data, a lot of verifications
of the stability and the reconstruction have to be done. First of all, the stability
of the data taking can be verified by monitoring the rate of muons in time. When
correlating the rate of reconstructed muons with the atmospheric pressure, a linear
relation is observed as can be seen in Figure 3(a). As this e↵ect has been measured
before [3], it provides confidence in the stability of the experiment.
2

Figure 2: An example of a reconstructed muon in data. (Left) seen from the fibre
perspective, (right) seen from a cube perspective.
The time synchronisation of the detector can be studied with the reconstructed
muons as well. Muons can deposit energy in a large number of planes along their path
when they cross the detector. Because the time in which a muon crosses the detector
is negligible compared to the time resolution of the experiment, the energy deposits
are expected to be detected simultaneously. Figure 3(b) shows the distribution of the
measured time di↵erence between energy deposits associated with a reconstructed
muon. In blue, the time di↵erence is shown in units of the DAQ timestamps (25
ns). A better time resolution was obtained by interpolating, as can be seen from the
orange distribution. The detector is synchronised within [5.908 ± 0.002] ns, which is
smaller than the DAQ sampling time. Figure 3(b) also shows the time di↵erence as
a function of the plane number to demonstrate the uniformity of the obtained time
resolution across all planes.
The neutron and electron reconstruction capabilities of the SoLid experiment is
tested by a preliminary study of after-muon events. On one hand, stopping muons
that decay inside the detector are investigated. By monitoring the time di↵erence
between a Michel electron, which is a decay product of the muon, the lifetime of the
muon is calculated. A value of [2.13 ± 0.01 (stat) ± 0.07 (syst)] µs was found, which
is in good agreement with the value of [2.1969811 ± 0.000002] µs that is found in
literature [4]. On the other hand, the neutron capture time can be calculated by
investigating the time di↵erence between a muon and a spallation neutron created
by that muon. A value of [65.30 ± 1.30 (stat) ± 0.01 (syst)] µs was found, which
is in good agreement with the value of [65.00 ± 0.01 (stat)] µs obtained with muons
generated according to the spectrum predicted by Guan [5] and interfaced with a
GEANT4 simulation of the detector response.

3

(a) Correlation between the atmospheric pressure and the rate of reconstructed muons.

(b) (Left) the distribution of time di↵erence between
consecutive energy deposits of a muon. (Right) the
same distribution as a function of the plane number.

Figure 3: Results of the muon studies.
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Conclusions

The SoLid detector was successfully commissioned in the winter of 2017-2018. Various
tests have demonstrated that the readout and the reconstructed signals are wellunderstood. In particular, the time synchronisation of all detector readout signals is
demonstrated using cosmic muons. In addition, the measurement of the muon decay
time and the neutron capture time demonstrate the identification of both electron
(and hence positron) and neutron signals with the SoLid detector. These aspects are
at the basis to reconstruct IBD events with the SoLid experiment.
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The Hyper-Kamiokande neutrino detector is set to begin construction in 2020, succeeding Super-Kamiokande as the world’s largest water
Cerenkov detector. Research and development are well underway for an
integrated light injection system for Hyper-Kamiokande which will provide in-situ monitoring of photo-sensor responses and water transparency.
In summer 2018, optical hardware forming an iteration of this system was
installed in Super-Kamiokande. We present details of the narrow-beam
di↵user hardware and testing procedures, in addition to a brief summary
of the installed light injection system.

PRESENTED AT

NuPhys2018, Prospects in Neutrino Physics
Cavendish Conference Centre, London, UK, December
19–21, 2018

1
2

On behalf of the Hyper-Kamiokande proto-collaboration.
Work supported by the UK Science and Technology Facilities Council.

1

Introduction

Hyper-Kamiokande (HK)[1] is set to become the world’s largest underground water
Cerenkov detector, succeeding Super-Kamiokande (SK) in target mass by a further
order of magnitude. Given the historic success and proven technology of SK, the general detector design of HK will draw heavily from its predecessor. Within the domain
of detector calibration particularly, the techniques laid out by SK[2] are sufficient and
expandable to HK with little issue. However, considering the sheer scale of HK, ease
of deployment and low-maintenance operation are desirable qualities of future calibration hardware. Hence, an integrated light injection system is being developed by
UK groups to perform both inter-PMT (gain, timing and multi-photon) and optical
(absorption and scattering) calibrations in-situ.
In coordination with refurbishment e↵orts in the summer of 2018, optical hardware constituent of this system was installed in the SK inner-detector. The experience
gained from this deployment is anticipated to greatly instruct the design of a final
system for HK. This document will outline the narrow-beam di↵user hardware comprising the optics of this system only. In Section 2, the light injection system installed
is briefly described. The narrow-beam di↵user hardware is detailed in Section 3, accompanied by an insight into lab testing procedures.

2

Overview of the Light Injection System

Laser/LED light is transported into the tank via 200 µm core graded-index optical
fibres. Two kinds of optical di↵user establish each injection point, which each shape
injected light to produce characteristic sources in the tank. The SK system is depicted
in Figure 1, in which five injection points, facing towards the centre of the inner
detector, are installed at increasing depth on the PMT structure.

Figure 1: Light injection points (black squares) forming the calibration system installed in Super-Kamiokande (not to scale).
1

One of these di↵users achieves a wide-angle beam, illuminating large numbers
(⇠100’s) of photo-sensors uniformly to characterise relative PMT properties. The
other attains a narrow-beam, projecting a beam with diameter no larger than five
inner-detector PMT spacings for the use of monitoring water transparency. These
two optical assemblies, in addition to a bare fibre for validation purposes, are fixed to
a mounting bracket which in turn is secured to the inner-detector structure. The fibre
connection from the optics to source was made in the tank via custom water-tight
connection boxes designed to withstand SK water pressures long-term.

3
3.1

The Narrow-beam Di↵user
Transparency monitoring strategy

The narrow-beam di↵user produces a source purposed to directly measure scattering
and absorption lengths, which are quantities useful for photon tracking calibrations.
To achieve this, the interaction vertex of scattered photons may be reconstructed from
hit PMT coordinates and timing information. As given in Equation 1 and illustrated
in Figure 2, this may be achieved by applying simple trigonometry.
d22

c t = n(d1 + d2 )
= (xP M T d1 )2 + yP2 M T

Figure 2: Photon scattering length derivation with a narrow-beam.
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(1)

3.2

Hardware

The collimation provided by the narrow-beam di↵user is generated by a 1/4 pitch
gradient-index lens succeeded with a pair of apertures downstream. The optics are
mounted inside a stainless steel assembly as depicted in Figure 3.

Figure 3: Schematic comprising the narrow-beam di↵user assembly.
To ensure beam stability, the optical fibre is mechanically secured to the body of
the lens mount with a suited connector, the ferrule of which in turn holds the lens in
place against a glass window. Rays inside a radial gradient-lens travel in a sinusoidal
trajectory due to a quadratic dependence on refractive index with lens radius. For a
1/4 pitch lens, rays exit the lens at a phase of ⇡/2 in the oscillation cycle, creating
a perfectly collimated beam in a point source scenario. The opening angle of an
output beam focused by a gradient index lens is dependent on the beam diameter of
an aligned input source located immediately at the lens face.
The lens mount is fixed inside a cylindrical sleeve onto which an end-cap is fitted
to seal the system. A 1.81 mm diameter aperture integrated into the end-cap filters
the beam of o↵-axis flux. The distance between the end-cap and was set individually
for each unit such that the half-opening angle of the full-width half-maximum output
cone was measured to be 1.8 ± 0.1 in air. A homebrew photon transport Monte
Carlo simulation informed the development process greatly.

3.3

Testing procedures

Beam measurements were made with a test-stand consisting of a monochrome CMOS
camera mounted onto a system of high-precision linear stages, coupling a ⇠450 nm
LED to the di↵user. The transverse and longitudinal profiles of each di↵user were
characterised prior to deployment for later use in analysis of calibration data. Each
unit also was pressure-tested up to 6 bar with no failures reported.

3

4

Summary

A collection of light injectors as part of research and development e↵orts for HK
is installed in SK. Installation of the electronics is ongoing at the time of writing.
In February 2019, signals from all injectors were detected from coupling the optics
to a 405 nm laser source. Timing event displays for the narrow-beam di↵user from
these test runs are given in Figure 4. The signal is evident from the peak in timing
distributions and bunching of hits displayed on the barrel region.
The positive signal observed is encouraging, though a more technical insight into
the system’s performance will require further analysis and data-taking. The lessons
learned from this experience will be greatly conducive to the next phase of development, in which a light injection system for HK will be finalised.

(a) B1 (topmost) injector.

(b) B4 (second from bottommost) injector.

Figure 4: Timing event displays from the narrow-beam di↵user signal check.
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