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The Deep Underground Neutrino Experiment (DUNE) provides a rich sci-
ence program with a focus on neutrino oscillations and other beyond the
standard model physics. The high-intensity, wide-band neutrino beam
will be produced at the Fermi National Accelerator Laboratory (FNAL)
and will be directed to the 40 kt liquid argon far detector at the Sanford
Underground Research Facility, 1300 km from FNAL. The primary goals
of the experiment are to determine the ordering of neutrino masses and
to measure the CP violating phase, δCP. The underground location of the
large DUNE far detector and its excellent energy and spatial resolution
will allow also for non-accelerator physics programs predicted by grand
unified theories, such as nucleon decay or n—n oscillations. Moreover,
DUNE will be sensitive to the electron neutrino flux from a core-collapse
supernova, providing valuable information on the phenomenon’s underly-
ing mechanisms. This ambitious project requires extensive prototyping
and a testing program to guarantee that all parts of the technology are
fully understood and well tested. Two such prototypes, in both single
phase (ProtoDUNE-SP) and dual phase (ProtoDUNE-DP) technologies,
are under construction and will be operated at the CERN Neutrino Plat-
form (NP) starting in 2018.
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1 Introduction

The past century has seen a revolution in neutrino physics, with neutrino oscillations
first confirmed within the past 20 years [1, 2, 3] now firmly entering the precision
era. Neutrino oscillations rely on flavour mixing in which the three neutrino flavours
are a linear combination of the three neutrino mass states, which are combined via a
3× 3 mixing matrix. The matrix is typically parameterised in terms of three mixing
angles (θ12, θ13, θ23) and a Charge Parity (CP) violating phase δCP. Additionally, the
neutrino oscillation phenomenon does not depend on the absolute mass scale but
rather the neutrino mass squared difference ∆m2

ij ≡ m2
i −m2

j .
While many experiments have pushed forward our understanding of the universe

by studying neutrino oscillations, some key open questions need to be addressed by
future Long BaseLine (LBL) oscillation experiments. Furthermore, a Far Detector
(FD) in an LBL experiment (large active mass in a low background environment) is
well suited to address certain key questions beyond neutrino physics. A broad cross
section of these questions is:

• Charge Parity Violation (CPV) in neutrino oscillations - δCP is yet to
be measured. A CP non-conversing value of δCP (δCP 6= 0, π) would be the
first observation of CPV in the lepton sector; a requirement for leptogenesis. In
some models, δCP can directly explain the matter-antimatter asymmetry [4].

• The neutrino Mass Ordering (MO) - Previous experiments have only mea-
sured the magnitude of ∆m2

23 therefore it is not known whether the third mass
state, ν3, is much heavier or much lighter than ν1,2. These scenarios are re-
spectively known as the Normal Mass Ordering (NMO) and the Inverted Mass
Ordering (IMO).

• The octant of θ23 - Previous experiments have measured degenerate values of
θ23 that are consistent with maximal mixing (θ23 = 45◦). Such maximal mixing
may indicate an underlying symmetry of nature.

• Grand Unified Theories (GUT) - GUTs predict baryon number violating
processes which are yet to be observed such as proton decay.

• Core-collapse supernova - What are the underlying mechanisms and how to
neutrinos play a role?

2 The Deep Underground Neutrino Experiment

The Deep Underground Neutrino Experiment (DUNE) [5, 6, 7, 8] is a future 1300 km
LBL neutrino oscillation experiment, to be situated across two sites in North America
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Figure 1: Schematic of the FD complex located on the 4850 level at SURF.

and aiming to address the key open questions outlined in section 1. The near site,
located at the Fermi National Accelerator Laboratory (FNAL) (IL), will house the
the Long Baseline Neutrino Facility (LBNF) neutrino beam and Near Detector (ND)
complex. At the opposing end of the baseline, the far site in the Sanford Underground
Research Facility (SURF) (SD) will house four 10 kt Liquid Argon Time Projection
Chambers (LArTPCs) acting as FDs.

LBNF [7] will provide a GeV-scale, wide-band, highly pure νµ beam with an initial
power of 1.2 MW, upgradeable to 2.4 MW. Based on features of the NuMI neutrino
beam [9] at FNAL, the target and horn system has been tuned via a genetic algorithm
to maximise sensitivity to CPV. The beam is capable of operating in Forward Horn
Current (FHC) and Reverse Horn Current (RHC) modes which preferentially selects
ν or ν via reversal of the magnetic field in the focusing horns.

The role of the ND is to constrain the unoscillated neutrino interaction rate in the
FD, reducing systematic uncertainties in the neutrino oscillation measurements. The
ND will also provide a rich neutrino interaction cross-section measurement program.
The ND, which will be housed 574 m from the LBNF target and ∼60 m underground,
will be a composite system and is under design, consisting of a LArTPC along with a
Gaseous Argon (GAr) time projection chamber or a fine-grained straw tube tracker.

The FD complex, located 4850 ft underground at SURF and shown in Fig. 1, will
house four 10 kt LArTPCs [8]. Two technologies are available for the FD modules; a
reference design using Single Phase (SP) technology and an alternative Dual Phase
(DP) design. The SP design consists of four horizontal drift regions per FD module
flanked by opposing anodes and cathodes which maintain a 500 V/cm electric field.
The anode is instrumented for ionisation electron readout and consists of three planes
of wires. Conversely, the DP design consists of a single, vertical drift volume per FD
module with a cathode on the module floor and an instrumented anode on the ceiling,
maintaining a 500 V/cm electric field. Sandwiched between the Liquid Argon (LAr)
surface and the anode is a GAr phase. The ionisation electrons are extracted from
the LAr phase into the GAr phase and amplified by large electron multipliers. The
amplified signal is then readout by the 2D segmented anode.

A staged FD installation approach will be adopted allowing an early physics pro-
gram. The FD cavern groundbreaking occurred in 2017 with installation of the first

2



Year
Number of installed

FD modules
Total mass of installed

FD modules (kt)
LBNF beam
power (MW)

Exposure at
year end (kt MW yr)

1 2 20 1.07 21
2 3 30 1.07 54
4 4 40 1.07 128
7 4 40 1.07 300
10 4 40 2.14 556

Table 1: DUNE staged data-taking scenario. The scenario assumes a 50:50 time split
between FHC and RHC LBNF beam running modes.

FD module planned for 2021. First data is expected in 2024 followed by LBNF neu-
trino beam and ND availability in 2026. The technology used for each FD module
is dependent upon the success of the ProtoDUNE program (see section 4) but both
technologies are expected to be utilised.

3 Physics reach

CPV and the neutrino MO introduce an asymmetry between the neutrino and anti-
neutrino oscillation probabilities which causes a measurement degeneracy. The mag-
nitude of the MO-induced asymmetry increase with baseline length whereas the CPV-
induced asymmetry is constant [10]. This degeneracy can be resolved for baselines
longer than 1200 km which implies that DUNE, with a 1300 km baseline, can unam-
biguously determine the MO and measure δCP.

The primary neutrino oscillation physics program of DUNE relies not only on mea-
suring the oscillated energy spectrum of multiple samples of neutrino interactions in
the FD but also measuring subtle differences between them. To establish the physics
reach of DUNE prior to data-taking, a parameterised Monte Carlo (MC) simulation
of the LBL physics program with GLoBES [11, 12] has been used to explore the key
sensitivities of the experiment. This exploration is based on a staged construction
scenario which assumes a 50:50 time split between FHC and RHC LBNF beam run-
ning and is summarised in table 1.

The parameterised MC (the Fast Monte Carlo simulation [5]) outputs selected
Charged Current (CC) reconstructed spectra which are shown in Fig. 2 with applied
oscillations using the NuFit 2016 [13] parameters. Each distribution shows what level
of statistics would be expected after 3.5 years of data-taking in separate FHC and
RHC LBNF beam running modes (seven years total).

The sensitivities to both lepton sector CPV and the neutrino MO are obtained
from a fit to all four oscillated neutrino samples detailed in Fig. 2. The significance

3
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(d) νe CC sample in RHC mode.

Figure 2: Reconstructed spectra of selected (anti-)neutrino CC interactions showing
signal (black), Neutral Current (NC) (red), ντ and ντ (grey), νµ or νµ (green) and
LBNF beam intrinsic νe and νe (blue) interactions. Each distribution assumes a
3.5 year exposure, assuming the staging scenario described in table 1. The neutrino
oscillation parameters are based on NuFit 2016 [13] with δCP = 0 and true NMO.
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Figure 3: The significance with which δCP 6= 0, π, can be determined as a function of
the true value of δCP, for exposures of seven (green) or 10 (orange) years, assuming
the staging scenario described in table 1. The inputs to the sensitivities are shown
in Fig. 2. The neutrino oscillation parameters are based on NuFit 2016 [13]. The
dashed line is the sensitivity for the NuFit 2016 central value of θ23 with the width of
the band representing the range of sensitivities for the 90% C.L. range of θ23 values.

with which DUNE can observe lepton sector CPV (δCP 6= 0, π) is shown in Fig. 3
as a function of the true value of δCP for true NMO and IMO. Partial 5σ coverage
occurs after seven years of data-taking with the coverage dramatically increasing as
exposure increases to 10 years.

The significance with which DUNE can determine the neutrino MO as a function
of the true value of δCP is shown in Fig. 4 for both true NMO and IMO. Driven by
the 1300 km baseline, Fig. 4 shows greater than 5σ sensitivity to the neutrino MO
for all possible values of δCP.

Unlike CPV and the neutrino MO, establishing the octant of θ23 relies only a
combined measurement of the νµ → νµ (which is sensitive to sin2 2θ23) and νµ → νe
(which is sensitive to sin2 θ23) oscillation channels. The significance with which DUNE
can establish the octant of θ23 as a function of the true value of sin2 θ23 is shown in
Fig. 5. Approximately 50% of the NuFit 2016 sin2 θ23 C.L. region is covered with 5σ
signifance after 10 years of data-taking.

The scope of DUNE extends into other Beyond the Standard Model (BSM)
physics. GUTs predict proton lifetimes possibly within reach of the full DUNE ex-
periment. The p → K+ν decay channel is uniquely suited to a LArTPC due to the
high ionization density of the decay K+ which results in high identification efficiency.

DUNE is also sensitive to n — n oscillations in which a nucleus-bound neutron

5



π/CPδ
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

2 χ
∆

0

5

10

15

20

25

30

Mass Hierarchy Sensitivity

7 years (staged)

10 years (staged)

 0.042± = 0.441 23θ2sin

DUNE Sensitivity
Normal Ordering

 0.003± = 0.085 13θ22sin
: NuFit 2016 (90% C.L. range)23θ

Mass Hierarchy Sensitivity

(a) True NMO.

π/CPδ
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

2 χ
∆

0

5

10

15

20

25

30

Mass Hierarchy Sensitivity

7 years (staged)

10 years (staged)

 0.042± = 0.587 23θ2sin

DUNE Sensitivity
Inverted Ordering

 0.003± = 0.085 13θ22sin
: NuFit 2016 (90% C.L. range)23θ

Mass Hierarchy Sensitivity

(b) True IMO.

Figure 4: The significance with which the neutrino MO can be determined as a
function of the true value of δCP, for exposures of seven (green) or 10 (orange) years,
assuming the staging scenario described in table 1. The inputs to the sensitivities are
shown in Fig. 2. The neutrino oscillation parameters are based on NuFit 2016 [13].
The dashed line is the sensitivity for the NuFit 2016 central value of θ23 with the
width of the band representing the range of sensitivities for the 90% C.L. range of θ23
values.
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6



0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Time [years]

0

1

2

3

4

5

6

Fr
e
e
 l
if
e
ti

m
e
 s

e
n
si

ti
v
it

y
 (

9
0
%

 C
L)

 [
s]

1e8

Super-Kamiokande bound limit 1.9e32 yrs

DUNE sensitivity (10kt/yr)

DUNE sensitivity (full 40kt)

Super-Kamiokande limit (90% CL

Figure 6: Free n — n lifetime sensitivity as a function of years of exposure with sensi-
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converts to an anti-neutron that annihilates with another bound nucleon. This re-
sults in an isotropic burst of neutral and charged pions which resembles a distinctive
star-like topology. A free lifetime sensitivity has been established using a Convolu-
tional Neutral Network (CNN) to select this topology over the dominant atmospheric
neutrino interaction background which is shown in Fig. 6.

4 ProtoDUNE

The DUNE FDs, with a combined 40 kt LAr mass, will be the largest LArTPCs
ever constructed. This demands extensive R&D to establish the production process,
understand subsystem integration and to validate that the design and performance is
sufficient for the core physics program. To achieve this goal, two large scale prototype
LArTPCs, named ProtoDUNE-SP [14] and ProtoDUNE-DP, which will use the com-
plementary SP and DP technologies, are currently under construction at CERN and
will be exposed to a GeV-scale charged particle test beam. Both prototypes will each
hold 770 t of LAr and will use full scale FD components. Extensions of the H2 and
H4 SPS beamlines will service ProtoDUNE-DP and ProtoDUNE-SP respectively.

The overarching aim of ProtoDUNE measurement program is acquiring a better
understanding of interaction processes on argon and to optimise LArTPC reconstruc-
tion techniques. Charged pions and protons from the beam will be used to study
hadronic interaction mechanisms. The electron component will be used to further
develop LArTPC shower reconstruction algorithms in addition to expanding pho-
ton/electron separation techniques. Interactions from GeV-scale charged pions will
produce as vast quantity of charged kaons, allowing for study of charged kaon re-
construction and identification efficiencies. Muons will provide a standard candle for
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dE/dx calibration with Michel electrons from stopping muons providing a low energy
benchmark for supernova neutrino interactions.

The ProtoDUNE cryostats are complete and are housed in the EHN1 building
at the CERN neutrino platform. The final full-scale sub-components of the LArT-
PCs are now being shipped from various construction sites in North America and
Europe to CERN where installation is taking place. Commissioning and data-taking
is expected to take place in 2018 prior to the SPS long shutdown.

5 Conclusions

The neutrino oscillation field is progressing rapidly but some key open questions re-
main. DUNE, which will utilise LArTPC technology, will be able to unambiguously
determine the neutrino MO and probe lepton sector CPV in a timely manner. The
extended physics program will further probe neutrino oscillations and BSM physics.

Two kt scale LArTPCs are currently under construction at CERN (the ProtoDUNE-
SP and ProtoDUNE-DP prototypes) that will critically test the engineering and con-
struction procedures of the proposed FD technologies whilst providing a rich physics
program of direct use in the key measurements of DUNE.
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We summarize the current status of accelerator based neutrino cross-
section measurements. We focus on the experimental challenges while also
presenting the motivation for these measurements. Selected results are
highlighted after a quick description of the current major collaborations
working on the field.
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1 Introduction

Neutrino physics is entering a new era of precision measurements and cross section
measurements play a vital part. We will not discuss in details the effect of cross
section measurements on systematic uncertainties as it has been well described in
the literature [1, 2, 3, 4], but rather focus on the experimental difficulties of these
measurements as well as show the shortcomings of the current theoretical models de-
scribing neutrino-nucleus scattering. We also highlight new results from MINERvA,
MicroBooNE, NoVA and T2K which have been released or presented in public con-
ferences prior to the time of the NuPhys Workshop (December 2017) as well as given
a quick description of each experiment.

In Section 1, we discuss the common general goals of the program; in Section 2 we
present the experimental difficulties involved in these measurements; Section 3 have
a quick description of the effects for oscillation experiments; in Section 4 highlight
new results and in Section 5 we summarize and discuss future directions.

2 Motivation

There’s no doubt that the measurement of neutrino interactions and it properties is
one of the current most important topics in particle physics. Their non-zero mass is
yet to be well understood and it is one of the few concrete hints of physics beyond
the standard model. With this in mind the U.S. community has included the physics
necessary to understand neutrino masses as one of its high priorities. Currently this
goal is being pursued via the Deep Underground Neutrino Experiment (DUNE), an
international, long baseline, beam based, neutrino oscillations project. At the same
time the community in Japan has identified the Tokai to Hyper Kamiokande project
(T2HK) as its main project for the next decade.

To actually make good use of the current planned future neutrino facilities, we
have to invest in gaining better knowledge of neutrino-nucleus scattering. Even a
small improvement in the current state of the art (5 − 10)% errors could greatly
reduce the needed run time for five-sigma coverage of some desired measurements.
The presence of near detectors in said future facilities do not fully solve the problem
of neutrino-nucleus interaction uncertainties, we need to support both theoretical and
experimental aspects of the field.

3 Challenges

Before jumping into challenges lets describe, in a simplistic way, the basic setup of a
lepton-nucleus experiment. An incident neutrino interacts with a heavy nucleus inside
the detector. In a neutral current scattering the produced lepton is a neutrino of the
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same leptonic flavor as of the incident particle, while a charged current interaction
will produce the charged partner of the incoming neutrino.

As the final state lepton escapes the nucleus it leaves behind a hadronic shower
that goes through nuclear matter before detection. These so called final state interac-
tions (FSI) can change the angle, energy and charge state of the originally produced
hadrons. Occasionally produced pions will be totally absorbed within the nucleus
and not detectable in the final state. Produced neutrons can also completely escape
detection. There is also a non negligible probability that the initial interaction occurs
with a pair of correlated nucleons and a second nucleon is released in the initial inter-
action. These denominated “two-particle-two-hole” (2p2h) events have been recently
proven to be quantitatively important in measuring neutrino scattering parameters.

The neutrino flux itself presents a challenge. In contrast to its charged lepton
counterpart, the energy of the incident neutrino is not known a priori. The neutrino
energy, as well as the primary generated hadronic system, can only be estimated from
what is observed in the detector after the above mentioned final state interactions.
The flux can be understood as a function of neutrino energy, but there’s still no
neutrino energy information in a event-by-event basis.

4 Neutrino cross-section effects in oscillation ex-

periments

As explained in the last session, the incident neutrino energy is not well known, but it
is the initial neutrino energy spectrum that is needed in the extraction of oscillation
parameters. What’s actually available for the use in a neutrino oscillation experiment
is a nuclear model that combine the nuclear effects information and all the energy
dependence of all exclusive cross sections. This nuclear model, as well as the best
estimate of the incoming neutrino energy spectrum, is the input to the production of
Monte Carlo predictions which can then be compared to data to extract oscillation
parameters.

The following illustrative conceptual outline of a two-detector, long-baseline oscil-
lation analysis, lines up the importance of said nuclear model: Reconstruct topology
and energy in the Near Detector; Use a nuclear model to infer the neutrino inter-
action energy; Use geometry differences (and oscillation hypothesis) to predict Far
Detector flux; Use the nuclear model and the estimated flux to reconstruct topol-
ogy and energy in the Far Detector and finally Compare mc and data and test your
hypothesis. 1There’s clearly a strong dependence of the neutrino-oscillation param-
eters on neutrino-interaction physics. The energy and configuration of interactions
observed in the detector data are the combination of: the energy-dependent neu-
trino flux; the energy-dependent neutrino-nucleon cross section; and these significant
energy-dependent nuclear effects.
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5 Highlighted results

5.1 Coherent pion production

Important for its ability to mimic an oscillation experiment’s electron neutrino signal,
coherent processes need more study and proper understanding. In the charged current
case we have

νl + A→ l− +m+ + A (1)

where m∓ = π∓, Kmp, ρmp, . . .. This is a channel that needs to be understood and
taken into account given the common misidentification of the produced pions as pro-
tons. The neutral current case

νl + A→ νl +m0 + A (2)

with m0 = γ, π0, ρ0, . . . , is more critical. Neutral current production of π0 or γ can
mimic final-state electrons, an important background for νµ → νe oscillations. In
addition neutrino electron elastic scattering produces photon events that are mostly
indistinguishable from those coming from neutral current coherent processes.

MINERvA [5], T2K [6] and ArgoNeuT [7] have all measured this in charged current
interactions. NOvA’s near detector design is great for π0 reconstruction and has
searched for this by looking at forward events, preliminary results can be seen in
Figure 1. This measurements are a powerful check of models that work for charged
current [9]. Updated MINERvA results [5] include dE/dQ2 and a direct check of the
consistency of neutrino and antineutrino cross-section to assess the hypothesis that
the process is purely axial and can be seen in Figure 2

5.2 Charged Current 0 pi

The CCQE interaction is somewhat better understood but given the final state in-
teractions that the hadronic part undergoes it’s impossible to identify true charged
current quasi-elastic interactions solely by their topology. Produced protons can un-
dergo several different interactions inside the nuclear matter and also may not have
the threshold energy for detection. Pions can be misidentified as protons and neutrons
usually escape detection. This issue inspired cross section measurement experiments
to move to a signal definition anchored in the topology of the final state. The CC0π
(also referred to as CCQE-like) is defined by a final state that contain the charged
lepton produced in the initial interaction, any number of nucleons and no pions.

5.2.1 Proton muon correlations in CC0π

A recent very interesting analysis performed by T2K [10] uses events where both
the charged lepton and one proton are well reconstructed. In the absence of nuclear

3



Figure 1: NovA preliminary measurement of π0 angle in respect to the beam direc-
tion. Different colors identify Monte Carlo’s identification of different processes that
contribute to the distribution.[9]

effects one would observe conservation of momentum considering the muon and the
proton momentum vectors. Transverse variables are defined to study deviations of
the transverse momentum from zero to study nuclear effects. δpT is defined as the
divergence of the transverse momentum conservation and δαT as the angle variation
of the δpT vector.

The results (as seen in Figure 3) compared with default Monte Carlo smulation,
done using different event generators, show quite different expectations for the distri-
butions. This analysis can tell us about Fermi motion, 2p2h and help nuclear effect
isolation. The study is currently being reproduced in MINERvA [13].

5.2.2 Descriptive CC0π model

Historically the region in the final state hadronic system mass W between the res-
onance and the quasi-elastic peak is not well modeled. New models added to the
standard Monte Carlo, such as RPA (a charge screening nuclear effect) and 2p2h
(described in Section 2) improves agreement, but not quite enough. MINERvA uses
an inclusive variable Eavail to define a 2D Gaussian weight to tune the 2p2h contri-
bution. Eavail is defined as the sum of all energy detected apart for neutrons (that
scape detection). This tune is designed to empirically fill in the dip region, but not
whole kinematic range as it does not scale true QE or resonant production.

Applying the inclusive fit into the exclusive Double differential neutrino Cross
Section improves the data-Monte Carlo agreement. Figure 4 show the distribution
for the neutrino case. Impressively, as can be seen in Figure 5, this inclusive fit done
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Figure 2: Minerva cross section measurement in terms of the transfered energy (left)
and difference between neutrino and antineutrino cross section distributions. [5]

in neutrino data also fits very well the antineutrino data. It worth to note that this
fit is not theoretically motivated, but identifies particular energy-momentum transfer
and when used to predict other distributions see excellent agreement. It ould be
interesting to test this technique against different experimental situations.

5.3 Delta resonance in nuclei

Going up in the energy transfer spectrum from the Quasi-elastic peak we reach the
resonance region corresponding to larger hadronic invariant mass. The ∆(1232) res-
onance provides the most important contribution:

νµp→ µ−∆++ , ∆++ → pπ+. (3)

This channel is a important background to the QE process, used as signal by most
neutrino oscillation experiments. The main challenge is to isolate pions from proton
signals in the detector. Historical tension exists between MINERvA and MiniBooNE
data measured on carbon targets (actually CH for MINERvA) [8]. Recent MINERvA
results for proton and π0 final states show some evidence for need of more modern
pion models as can be seen in Figure 6.

5.4 Low threshold multiplicities in LAr

MicroBooNE is a very important player in the current scenario as we need more knowl-
edge about interactions in liquid argon. The preliminary result we are highlighting
here is an study of the charged multiplicity observed in the detector (Figure 7). It

5



Figure 3: Differential cross section measurement in terms of δpT defined as the devi-
ation of the transverse momentum from zero (left) and δαT as the angle variation of
the δpT vector, deviation from a flat distribution indicate nuclear effects [10].

works well as a model check of low energy particles, such as spectator nucleons and
pions degraded by final state interaction, as well as a good prospect for LAr recon-
struction.

6 Summary

Neutrino cross section measurements are crucial for oscillation experiments. They are
also fascinating physics in their own right. We presented the current experimental and
theoretical challenges to these measurements. We need cross section measurements
to achieve the expected precision in neutrino oscillation parameters and we will not
fully exploit the current planned facilities if there is not support for the neutrino cross
section community. There is a rich field of experiments, working with theorists and
generator developers ready to meet the challenges.
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Figure 4: Double differential neutrino data in bins of parallel and transversal moments
of the leptonic side of the CC0π interaction. The blue line show the default Monte
Carlo while the red line show the weighted simulation [15].

Figure 5: Double differential antineutrino data in bins of parallel and transversal
moments of the leptonic side of the CC0π interaction. The blue line show the default
Monte Carlo while the red line show the weighted simulation [14].
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Figure 6: Minerva cross-section measurement in terms of measured W (left) and π0 in-
variant mass. No current theoretical model implemented in neutrino event generators
describe well the data. [12]

Figure 7: Particle multiplicity observed in the MicroBooNE detector [11]

8



References

[1] A. M. Ankowski, O. Benhar, C. Mariani, and E. Vagnoni, Phys. Rev. D93, 113004
(2016), arXiv:1603.01072 [hep-ph]

[2] U. Mosel, (2016), arXiv:1602.00696 [nucl-th].

[3] P. Coloma, P. Huber, C.-M. Jen, and C. Mariani, Phys. Rev. D89, 073015 (2014),
arXiv:1311.4506 [hep-ph]

[4] P. Coloma and P. Huber, Phys. Rev. Lett. 111, 221802 (2013), arXiv:1307.1243
[hep-ph]

[5] Higuera, A. et al., Phys.Rev.Lett. 113 (2014) no.26, 261802 arXiv:1409.3835
[hep-ex] FERMILAB-PUB-14-331-E

[6] Hernandez, E. et al. Phys.Rev. D82 (2010) 077303 arXiv:1007.3685 [hep-ph]

[7] Acciarri, R. et al., Phys.Rev.Lett. 113 (2014) no.26, 261801, Erratum:
Phys.Rev.Lett. 114 (2015) no.3, 039901 arXiv:1408.0598 [hep-ex] FERMILAB-
PUB-14-258-E

[8] Wilkinson, C. et al. Phys.Rev. D93 (2016) no.7, 072010 arXiv:1601.05592 [hep-
ex]

[9] Duyang Hongyue, Daniel Pershey, JETP talk: ‘’First measurements of neutrino-
induced pi0 cross-sections in NOvA ND”, Fermilab, Batavia, US, Dec. 1, 2017
(Fermilab, 2017)

[10] Lu, X.-G. etal. (T2K Collaboration), Phys. Rev. C94 1 (2016) 015503

[11] The MicroBooNE Collaboration, puclic note MICROBOONE-NOTE-1024-PUB
(2017)

[12] A. Higuera et al. (MINERvA Collaboration), Phys. Rev. Lett. 113, 261802
(2014), arXiv:1409.3835 [hep-ex] .

[13] Xianguo Lu, JETP talk: ‘’Neutrino Shadow Play: Kinematic Determination of
Nuclear Effects at MINERvA”, Fermilab, Batavia, US, Mar. 2, 2018 (Fermilab,
2018)

[14] Patrick C. E. et al (MINERvA Collaboration), Phys. Rev. D 97, 052002 (2018),
arXiv:1801.01197 [hep-ex]

[15] Ruterbories D., NuInt 2017 talk:‘’MINERvA ν-CC0pi Results ”, Toronto,
Canada, Jun 29, 2017

9

http://arxiv.org/abs/1603.01072
http://arxiv.org/abs/1602.00696
http://arxiv.org/abs/1311.4506
http://arxiv.org/abs/1307.1243
http://arxiv.org/abs/1409.3835
http://arxiv.org/abs/1007.3685
http://arxiv.org/abs/1408.0598
http://arxiv.org/abs/1601.05592
http://arxiv.org/abs/1409.3835
http://arxiv.org/abs/1801.01197


ar
X

iv
:1

80
4.

08
65

6v
2 

 [
he

p-
ex

] 
 3

 M
ay

 2
01

8

May 4, 2018

Searches for Heavy Neutrinos at the CERN SPS
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Searches for heavy neutrinos can be successfully performed by fixed
target experiments at the CERN SPS. New results obtained by the NA62
and NA48/2 kaon experiments are summarized in this paper. The physics
potential of future projects exploiting SPS protons with beam dump fa-
cilities to enlarge the sensitivity to heavy neutrinos above the kaon mass
limit are also outlined.
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1 Introduction

The evidence for massive neutrinos, due to the observation of neutrino oscillations,
requires to extend the Standard Model (SM) to accommodate neutral lepton masses.

A natural extension of the SM predicts new sterile neutrinos, here called heavy
neutrinos (HNs), which mix with the ordinary light neutrinos. In the Neutrino Min-
imal Standard Model (νMSM) [1][2] three massive right-handed singlet neutrinos,
with masses comparable to those of the SM quarks and charged leptons, are intro-
duced to explain simultaneously neutrinos oscillation, dark matter and baryon asym-
metry in the Universe (BAU). The lightest HN, with mass of O(10 keV/c2)), is a dark
matter candidate. The other two HNs have masses of O(1 GeV/c2), produce the SM
neutrino masses through the see-saw mechanisms and introduce extra CP violating
phases to account for BAU. A mixing matrix U describes the interactions between
HNs and SM leptons [3][4]. The mass range and the small mixing angles predicted in
the νMSM make HNs long lived, with mean free paths of O(10 km) or longer, and
production branching fractions of O(10−10) or smaller.

The mixing of sterile and active neutrinos leads to the production of HNs in weak
decays of hadrons, making them accessible in beam-beam and beam-target collisions
at accelerator-based experiments. The same mixing provides their decays to SM
particles [5]. Due to the smallness of couplings and the consequent long lifetimes,
luminosity and acceptance limit the HN reach of present experiments. For the same
reason, the production of the lightest sterile neutrino is negligible and only the two
heaviest ones can be detected in accelerator-based experiments. The current strongest
bounds on HN couplings with SM particles have been established up to the kaon mass
limit, by experiments searching for HN production in kaon and pion decays .

New results from HN searches in charged kaon decays, recently set by the NA48/2
and NA62 experiments at the CERN SPS, will be summarized in this paper. The
physics potential of future projects exploiting SPS protons with beam dump facilities
to enlarge the sensitivity to HN above the kaon mass limit will also be briefly reported.

2 HN searches at CERN SPS: kaon experiments

Searches for HNs in the kaon sector are among the most promising for a large part of
the parameter phase space. The mixing between HNs and SM neutrinos leads to HN
production in the leptonic kaon decays K± → l±N (l = e, µ), where N is the new HN.
The branching ratio (BR) of those decays is determined by the HN mass mN and the
mixing matrix parameter |Ul4|

2. This BR can be expressed in terms of the BR of the
SM semileptonic decay K± → l±ν (Kl2) using a kinematic factor ρl(mN) accounting
for helicity suppression and phase space dependence on mN [3][4]:

BR(K± → l±N) = BR(K± → l±ν)× ρl(mN )× |Ul4|
2 (1)
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Limits on the mixing matrix elements for mN below the kaon mass can be established
by searching for peaks in the missing mass spectrum of kaon leptonic decays.

Complementary studies have been performed by the NA48/2 and NA62 experi-
ments at CERN, exploiting charged kaon decays. NA48/2 searched for HNs looking
into both production and decay mechanisms with the data collected in 2003 and 2004
[6]. In NA62 the data taken in 2007 at an early stage of the experiment, and those col-
lected later with a new experimental apparatus in 2015, have been analyzed to search
for HN production in leptonic kaon decays [7][8]. The analysis of 2016 and 2017 data
is well advanced and further improvements of the NA62 results are expected soon.

2.1 NA48/2 Results

The largest world sample of charged kaon decays has been collected by the NA48/2
experiment, which took data in 2003 and 2004 with the main goal of searching for
direct CP violation in 3-pion decays [9]. SimultaneousK+ andK− beams with (60±3)
GeV/c momentum were produced by 400 GeV primary protons from the CERN SPS
impinging on a beryllium target. The fiducial decay volume was contained in a
cylindrical vacuum tank, 114 m long. Charged particle momenta were measured by a
magnetic spectrometer composed of a dipole magnet and four drift chambers located
in a vessel filled with helium gas. The spectrometer was followed by a scintillator
trigger hodoscope and a liquid krypton electromagnetic calorimeter (LKr). A hadron
calorimeter and muon veto system were located further downstream to distinguish
muons from pions. Details of the experimental apparatus are available in [10].

The search for production and decay of HN into a pair of opposite charge particles
has been exploited by NA48/2 on events with three tracks in the final state [6].
A sample of K± → πµµ decays (Kπµµ) has been analyzed looking for short-living
sterile neutrinos N4 produced in K± → µ±N4 transitions and promptly decaying into
charged pions and muons according to the process N4 → πµ.

A peak in the invariant mass distribution Mπµ of the pion-muon system could
reveal the existence of the new sterile neutrino N4. The result depends on the as-
sumptions made on N4 lifetime. Two categories of events have been studied: the
Lepton Number Violating (LNV) decay K± → π∓µ±µ± and the Lepton Number
Conserving (LNC) decay K± → π±µ±µ∓. The first one, forbidden in the SM, could
be mediated by Majorana neutrino exchange. Kπµµ event rates are measured relative
to the K± → π±π±π∓ (K3π) normalization channel. The analysis is performed on
a sample of 2 × 1011 kaon decays estimated from the K3π sample. Signal and nor-
malization channels are collected concurrently through the same trigger logic. They
have similar topologies, since muon and pion masses are close to each other, leading
to first order cancellations of systematic effects due to trigger efficiency and geomet-
rical acceptance. The event selections require a well reconstructed 3-track vertex
and share many common parts. Particle identification and kinematic criteria distin-
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Figure 1: NA48/2 upper limits (90% C.L.) on the squared matrix element |Ul4|
2 as a

function of the HN mass and lifetime τ for LNV (left) and LNC (right) Kπµµ decays.

guish Kπµµ candidates at a later stage. Track momenta between 5 and 55 GeV/c
are selected. The total momentum must have a longitudinal component compatible
with the beam momentum and a negligible transverse component. Pion and muon
identification is achieved by exploiting the muon veto detector information and the
energy deposited in the LKr calorimeter compared with the momentum measured
by the spectrometer. The invariant mass Mπµµ is computed for events with the de-
cay vertex in the fiducial volume. The signal region is defined with respect to the
nominal kaon mass MK as |Mπ∓µ±µ± − MK | < 5 MeV/c2 and |Mπ±µ±µ∓ − MK | <
8 MeV/c2 for LNV and LNC events respectively. Different selections are applied
due to different background contaminations in the two samples. One event is ob-
served in the signal region for the LNV event selection. A background expectation
of Nbkg = 1.16± 0.87stat ± 0.12syst has been estimated with Monte Carlo simulation.
The upper limit BR(K± → π∓µ±µ±) < 8.6× 10−11 is set at 90% C.L. . A sample of
3489 K± → π±µ±µ∓ candidates has been found in the signal region after the LNC
event selection, with an estimated background contamination of (0.32± 0.09)%.

A scan of the invariant mass Mπµ is performed for both LNV and LNC decays to
search for 2-body resonances over a range of mass hypotheses in steps given by half
of the mass resolution σ(Mπµ). The statistical analysis makes use of the Rolke-Lopez
method to find 90% confidence intervals for Poisson processes with multiple Poisson
background with unknown mean. The significance of the signal does not exceed
3 standard deviations in any mass bin. The upper limits on the squared matrix
magnitude |Uµ4|

2 depend on the HN mass mN and lifetime τ assumptions and have
been evaluated from those set on the products BR(K± → µ±N4)×BR(N4 → π∓µ±)
and BR(K± → µ±N4)×BR(N4 → π±µ∓). Figure 1 shows the upper limits on |Uµ4|

2

as a function of the HN mass hypothesis and the lifetime τ for, respectively, LNV and
LNC transitions. The results are valid for unstable HNs with lifetime τ <100 µs.
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2.2 NA62 Results

2.2.1 NA62 2007 data

NA62 is the last generation kaon experiment at the CERN SPS and aims to measure
the BR of the ultra-rare K+ → π+νν decay with 10% accuracy. It has been taking
data at an early stage, in 2007, to test lepton flavor universality by measuring the
ratio RK=Γ(Ke2)/Γ(Kµ2) of the widths of charged kaon leptonic decays [11]. The
experimental apparatus was based on the NA48/2 detector and beam line, optimized
to improve the collection of decays with electrons and muons in the final state. The
beam momentum was (74±1.4) GeV/c, the intensity was reduced to exploit a highly
efficient minimum bias trigger configuration with minimal accidental background.

In 2007 NA62 collected about 2 × 1010 K± decays. The production of a new
sterile neutrino N has been investigated in K+ → µ+N transitions due to a smaller
muon halo background contamination in the K+ sample [7]. Assuming |Uµ4|

2 < 10−4

and HN decays into SM particles, the HN mean free path is above 10 Km and its
decay probability in the NA62 fiducial volume is negligible. The events are selected
by requiring one single track in the detector acceptance with positive charge and
momentum between 10 and 65 GeV/c, identified as a muon coming from a vertex in
the decay region. The expected HN signature is a peak in the distribution of the event
squared missing mass defined as m2

miss = (PK − Pµ)
2, where Pµ is the 4-momentum

of the track reconstructed in the spectrometer assumed to be a muon, and PK is the
kaon average momentum as monitored from reconstructed K3π events. Simulated and
measured mmiss distributions are compared to set limits on the number of observed
K+ → µ+N decays at different mass values. The mass signal region is 300−375
MeV/c2. Although accessible, lower masses have not been considered since strong
upper limits of O(10−8) have already been set on |Uµ4|

2 below 300 MeV/c2 [12].
A data set of NK = (5.977 ± 0.015) × 107 kaon decays has been analyzed. The

background is mostly produced by beam halo muons, studied with a control sample
of K− decays, and by kaon decays evaluated with simulation. Figure 2 (left) shows
the mmiss distribution of the selected events and the background contributions. The
largest relative systematic uncertainty is due to the muon halo background. A search
for peaks in the mmiss distribution has been performed in the signal region, in steps of
1 MeV/c2 . The Rolke-Lopez statistical method has been applied in each mmiss bin to
find the 90% confidence intervals for a poissonian process with gaussian background.
No significance above 3 sigma has been found. Figure 2 (right) shows the expected
and observed upper limits at 90% C.L. on BR(K± → µ±N) in 10−5 units at each HN
mass. The upper limit on the squared matrix element magnitude |Ul4|

2 as a function
of the HN mass hypothesis has been evaluated from those set for the BR according
to equation (1). In figure 3 (left) the upper limit on |Ul4|

2 at 90% C.L. as a function
of the HN mass is compared with those set from the NA62 analysis of 2015 data and
from other HN production searches in K+[12][13] and π+[14][15] leptonic decays.
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Figure 2: NA62, 2007 data. Left: missing mass distributions for data, with statistical
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The lower plot shows the total uncertainty on the background estimate. Right: ex-
pected and observed upper limits (90% C.L.) on BR(K± → µ±N) at each HN mass.

2.2.2 NA62 2015 data

NA62 has been taking data since 2015 with a completely renovated beam line and
experimental apparatus [16] to measure BR(K+ → π+νν) with 10% accuracy. The
SM prediction of this BR is of O(10−10) with very small uncertainty [17]. The only
measurement available so far is compatible with SM within a large error [18], therefore
a precise measurement of the BR would be a fundamental test of the SM flavour sector.

In order to suppress background channels with BR up to 10 orders of magnitude
higher than the signal, the NA62 experimental strategy requires a high kinematic
rejection power, an effective photon and a muon reduction and excellent particle
identification. The experiment, approved for running until the year 2018, exploits a
secondary positive charged hadron beam with 75 GeV/c momentum and 1% r.m.s.
spread, produced by SPS proton interactions with a beryllium target. Beam kaons
are tagged by a differential Cherenkov counter with nitrogen radiator. Beam particle
momenta are measured by a silicon pixel detector (GTK) under commissioning in
2015 and not used in this analysis. A 75 m long fiducial decay volume in vacuum
follows the last GTK station. A spectrometer, made of four chambers with straw
tubes in vacuum and a dipole magnet, measures track directions and momenta in
the decay region. A system of calorimeters detects photons at different polar angles
from the beam axis. Pions and muons are distinguished by a ring imaging Cherenkov
detector filled with neon gas and by muon detectors. The nominal instantaneous beam
particle rate is 750 MHz, due to π+ (70%), protons (23%) and K+ (6%). About 13%
of the kaons decay in the fiducial volume, leading to about 5 MHz nominal K+ decay
rate. A muon flux (beam halo) with 3 MHz nominal rate in the detector acceptance
is produced by kaon and pion decays upstream of the vacuum tank.
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Searches for HN production in K± → l±N (l = e, µ) leptonic decays have been
performed by NA62 with the data collected in a special minimum bias run in 2015
at 1% of the nominal beam intensity [8]. About 300 millions kaon decays have been
analyzed to search for HN inK± → e±N transitions in the mass signal region between
170 and 448 MeV/c2. The search for HN inK± → µ±N decays has been carried out in
the mass signal region between 250 and 373 MeV/c2 on a sample of about 100 million
kaon decays. No signal with significance above 3 sigma has been found. New upper
limits of O(10−7)− O(10−6) have been established on the mixing matrix parameters
|Ue4|

2 and |Uµ4|
2, improving the previous ones. Figure 3 (left) shows the upper limits

on |Ul4|
2 at 90% C.L. as a function of the HN mass hypothesis set by NA62 with

the 2007 data and the final results of the 2015 data analysis on leptonic kaon decays,
published shortly after the end of the NuPhys2017 conference, when only the analysis
of the 2015 electronic decays was available and therefore presented. Results from HN
productions searches in kaon[12][13] and pion[14][15] leptonic decays are also quoted.

Searches for very rare decays at NA62, as well as searches for new particles beyond
the SM predictions, will benefit from the unprecedented size of the data sample, the
excellent resolution on kinematic variables granted by the low material budget of the
straw and GTK trackers, and the effective particle identification and photon veto
capabilities of the NA62 detector. By the end of the run the limit on the mixing
matrix parameters are expected to decrease by at least one order of magnitude. The
analysis of 2016 and 2017 data is well advanced and further improvements of the
NA62 searches for HN are expected soon.

3 New projects for HN searches at the CERN SPS

The SPS accelerator at CERN delivers to fixed target experiments the highest energy
proton beam in the world, providing an integrated sample of O(1019) particle-on-
target (POT) per year. The HNs predicted in the νMSM can be produced in proton
interactions by secondary kaons, charmed and beauty mesons. Since hadron produc-
tion cross sections increase steeply with energy, CERN SPS is an excellent facility
for experiments aiming at improving the current limits set by HN searches in meson
decays up to few GeV/c2 mass values and down to O(10−10) couplings. A detector
placed as close as possible to a heavy material target and absorber, suited to reduce
beam-induced background, and a decay volume tens of meters long, followed by a
spectrometer with good particle identification capability, are main requirements for
new experiments at the SPS aiming at investigating HN production and their sub-
sequent decay. HN decays in SM particles have two charged particles in the final
state. Searches can be performed on 2-body decays or on 3-body open decays, with
SM neutrinos in the final state. Since hadrons are totally absorbed by the dump ma-
terial, large muon and neutrino fluxes from the decay of pions, kaons and short-lived
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resonances produced from proton interactions on the dump, are the main background
sources. The experimental challenge is to disentangle the signal from the huge muon
and neutrino backgrounds that mimic its signature, spoiling the sensitivity to HNs.

The NA62 collaboration is currently considering the opportunity to run the exper-
iment in 2022−2023, after the CERN accelerator shutdown foreseen in 2020−2021, to
complete the BR measurement and, afterwords, to take data in dump-mode collect-
ing 1018 POT, in order to search for hidden particles from charm and beauty decays
[19][20][21]. Subject to approval, the SHiP (Search for Hidden Particles) collaboration
proposes a new general purpose experiment to be installed in a dedicated beam line at
the CERN SPS, aiming to collect 2×1020 POT in 5 years of data taking starting from
2026 [22][23]. Both projects are part of the CERN Physics Beyond Collider (PBC)
working group, providing inputs to the European Strategy for Particle Physics.

3.1 NA62 in beam dump mode

Thanks to the high intensity beam and the detector performance, NA62 can achieve
sensitivities to light mediators in a variety of new-physics frameworks [19][20][21].

Different scenarios are under test using data collected in the 2016 and 2017 run
periods in different experimental conditions. Special low-bandwidth triggers have
been implemented in parallel to the standard data taking. Short dedicated runs
have been taken operating NA62 in dump-mode, with the beryllium target lifted and
the proton beam dumped after closing the movable beam-defining Cu-Fe collimator
installed 20 m downstream of the target to stop hadron interactions. This operation
is quick and fully reversible and can be easily exploited with the current setup. In this
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configuration, with as little as 1018 POT, i.e. 80 days of data taking at the nominal
beam intensity, about 2× 1015 D-mesons and 1011 b-hadrons can be produced.

The HN yield depends on the hierarchy of the active neutrino masses and on the
relative interaction strength of the HN couplings to the three SM leptons |Ue|

2, |Uµ|
2,

|Uτ |
2 [5]. Figure 3 shows, on the right, the expected NA62 sensitivity (pink shaded

area) in dump-mode configuration with 1018 POT for the coupling of HNs to muon
neutrinos as a function of the HN mass for |Ue|

2 : |Uµ|
2 : |Uτ |

2 ∼ 1 : 16 : 3.8 and a
normal hierarchy of active neutrino masses. The allowed parameter space is limited
by the BAU observation, the see-saw mechanism and the Big Bang Nucleosynthesis
(BBN) lines; other shaded areas are excluded by past experiments, dotted lines are
expected sensitivities of future experiments [24]. The NA62 sensitivity curve assumes
to detect two-track final states from HN leptonic decays in πe and µe pairs with zero
background and 100% selection efficiency, and includes geometrical acceptance and
trigger efficiency. Preliminary studies of background rates and topologies have been
performed. A rejection power down to zero background has been achieved at about
4 × 1015 POT for fully reconstructed di-muon final states. Further studies are in
progress to test background rejection at 1017 POT and with open decays. Minimal
improvements of the setup could be considered to optimize the detector design.

3.2 The SHiP Project

SHiP is a new general purpose fixed target experiment proposed to search for hidden
particles at the CERN SPS and to complement the LHC experiments in the search
for new physics [22][23]. Since hidden particles are expected to be accessible through
heavy hadron decays, the facility is designed to maximize their production and the
detector acceptance, while providing the cleanest possible environment.

A dense target followed by a hadron absorber will stop all the SM particles but
muons and neutrinos. Further downstream, a challenging active muon shield is a crit-
ical component to strongly reduce the muon flux in the detector. A decay volume in
vacuum, 60 m long, is foreseen, followed by a large magnetic spectrometer, calorime-
ters and particle identification detectors. Background taggers surrounding the decay
vessel and a high resolution timing detector will improve the rejection of fake signal
candidates. SHiP aims to probe different models predicting long-lived exotic parti-
cles with masses below O(10) GeV/c2 by integrating 2× 1020 POT in 5 years of data
taking. The SHiP sensitivity to HNs, compared in figure 3 (right) to experimental
and theoretical sensitivities [24], is best up to 3 GeV, above the charm kinematic
limit, thanks to a significant contribution from B-meson decays. In this region this
sensitivity is unique and complementary to the region probed at the future circular
collider (FCC) in e+e− mode. The CERN SPSC has reviewed the Technical Proposal
and the Research Board has recommended SHiP to proceed with a Comprehensive
Design Study to optimize the layout of the facility and the geometry of the detectors.
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After measuring in 2012 a relatively large value of the neutrino mixing
angle θ13, the door is now open to observe for the first time a possible CP
violation in the leptonic sector. The measured value of θ13 also privileges
the 2nd oscillation maximum for the discovery of CP violation instead
of the usually used 1st maximum. The sensitivity at this 2nd oscillation
maximum is about three times higher, with a lower influence of systematic
errors, than for the 1st maximum. Going to the 2nd oscillation maximum
necessitates a very intense neutrino beam with the appropriate energy.
The world’s most intense pulsed spallation neutron source, the European
Spallation Source, will have a proton linac with 5 MW power and 2 GeV
energy. This linac, under construction, also has the potential to become
the proton driver of the world’s most intense neutrino beam with high
probability to discover a neutrino CP violation. The physics performance
of that neutrino Super Beam in conjunction with a megaton underground
Water Cherenkov neutrino detector installed at a distance of about 500 km
from ESS has been evaluated. In addition, the choice of such detector will
extent the physics program to proton-decay and astrophysics searches.
The ESS proton linac upgrades, the accumulator ring needed for proton
pulse compression, the target station, the far detector and the physics
potential are described. In addition to neutrinos, this facility will also
produce at the same time a copious number of muons which could be
used by a low energy neutrino facility for sterile neutrino searches, a future
Neutrino Factory or a Muon Collider. The ESS neutron facility will be
fully ready by 2023 at which moment the upgrades for the neutrino facility
could start.
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1 Introduction

The CP violation observed in the hadronic sector is by several orders of magnitude
too low to explain the matter-antimatter asymmetry observed in the Univers. Other
sources of CP violation are needed to explain this phenomenon as a CP violation in
the leptonic sector. The measurement of CP violating parameter δCP appearing in
the neutrino mixing matrix, taking into account the relatively high value of the last
measured mixing angle θ13, is now accessible to long baseline neutrino experiments.

For this observation, very high intensity neutrino beams are needed. Several pro-
posals have been placed proposing to work as usual on the 1st oscillation maximum,
mainly for statistical reasons. The success of these projects strongly depends on the
systematic errors, which values will definitely be known at the end of the project.
To mitigate this problem, one possibility is to work on the 2nd oscillation maximum
where the dependence on systematic errors is significantly lower compared to the
1st oscillation maximum [1, 2, 3]. Moreover, the sensitivity to matter- antimatter
asymmetry is higher at the 2nd oscillation maximum since its value is proportional
to 0.75 sin δCP , instead of 0.3 sin δCP at the 1st oscillation maximum. The drawback
is that significantly higher statistics are needed.

For high statistics a very intense neutrino beam is needed. This is what is proposed
by the European Spallation Source (ESS) neutrino Super Beam (ESSνSB) [4], by
using the ESS 5 MW/2 GeV proton linac and observing the oscillation νµ → νe. For
the proposed neutrino facility, a far detector could be placed in an existing mine in
the north of Lund at a distance of about 500 km.

The ESS neutron facility is under construction in Lund, Sweden since 2014 and
it will be ready by 2023.

2 The ESS facility

The ESS facility is devoted to neutron activities related to material irradiations. For
this, a very powerful proton linac is used with the protons hitting a target to produce
neutrons. The characteristics of this proton linac are summarised by Table 1. The
proton kinetic energy will be 2.0 GeV with the possibility to go up to 3.6 GeV using
empty space at the end of the linac (Fig. 1).

Spokes Medium β High β DTLMEBTRFQLEBTSource HEBT & Contingency Target

2.4 m 4.5 m 3.6 m 40 m 54 m 75 m 174 m

75 keV 3.6 MeV 90 MeV 220 MeV 570 MeV 2000 MeV

352.21 MHz 704.42 MHz

Figure 1: Schematic view of the ESS proton linac.
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Parameter Value
Average beam power 5 MW
Peak beam power 125 MW
Proton kinetic energy 2.0 GeV
Average macro–pulse current 62.5 mA
Macro–pulse length 2.86 ms
Pulse repetition rate 14 Hz
Annual operating period 5000 h

Table 1: Main ESS facility parameters of the proton beam.

The linac will be pulsed at a frequency of 14 Hz with a pulse length of 2.86 ms.
The duty cycle is only 4%, the rest of the time the linac being empty. By doubling the
pulse rate and keeping the same instantaneous beam power, another 5 MW averaged
power can be obtained to be used by a neutrino facility. Under these assumptions
2.7× 1023 protons on the target can be obtained per year.

3 Neutrino Beam

Using the ESS linac proton beam, a neutrino beam can be produced using an appro-
priate target and a hadron collecting system. By using a target station similar to the
one proposed by the EU FP7 EUROν Design Study [5, 6] and 25 m length hadron
decay tunnel, the neutrino/antineutrino spectrum of Fig. 2 can be obtained per year
(200 days). Preliminarily, it is supposed that the facility will be operated during two
years in neutrino mode (positive current in the magnetic horn) and eight years in
antineutrino mode (negative current) in order to detect in the far detector the same
number of neutrinos than antineutrinos.

positive negative
Nν (×1010)/m2 % Nν (×1010)/m2 %

νµ 396 97.9 11 1.6
νµ 6.6 1.6 206 94.5
νe 1.9 0.5 0.04 0.01
νe 0.02 0.005 1.1 0.5

Table 2: Number of neutrinos per m2 crossing a surface placed on–axis at a distance of
100 km from the target station during 200 days for 2.0 GeV protons and positive/negative
horn current polarities.

From Table 2 it can be seen that a relatively pure muon neutrino beam can be
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Figure 2: Neutrino energy distribution at a distance of 100 km on–axis from the target sta-
tion, for 2.0 GeV protons and positive (left, neutrinos) and negative (right, anti–neutrinos)
horn current polarities, respectively.

obtained. Since for the CP violation observation the oscillation νµ → νe will be
used, any presence of electron neutrinos in the primary neutrino beam will disturb
this study. The primary electron neutrino contribution is only 0.5%, low enough to
significantly affect this study. This contribution could be used by a near detector to
study the electron neutrino cross-section at the relevant energies of this project. For
this purpose, a strong rejection of muon neutrino and neutral current events has to
be obtained.

4 Far detector

For the ESSνSB studies the Water Cherenkov MEMPHYS detector [7] already pro-
posed by EUROν and LAGUNA-LBNO [8] EU projects has been adopted. This far
detector could be placed in or near an active mine with suitable rock characteristics.
Two mines have been identified in Sweden suited to host this detector. The first
mine, Zinkgruvan, is located at a distance of 360 km from Lund, while the second
one, Garpenberg, at 540 km.

MEMPHYS, with its 500 kt fiducial volume (two cylinders of 65 m diameter and
100 m height), could also be used for proton decay searches, super nova neutrino
detection, solar and atmospheric neutrinos. In these studies, the performance of
MEMPHYS, as reported in [9], has been used. The νe detection is of the order
of 50% for a PMT photocathode coverage of 30%. This coverage could now be
increased by keeping the same price by using MCP-PMTs, as those used by the
JUNO experiment [10]. This option is now under investigation.

Fig. 3 shows the detected neutrino energy distribution for a far detector placed
in Garpenberg mine (540 km). The first (second) plot presents the distribution for
neutrino two (eight) years run. For both modes, neutrino/antineutrino, about 300
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Figure 3: Energy distributions of the detected electron neutrinos (positive) and anti–
neutrinos (negative) including background contribution as reconstructed by MEMPHYS
detector for two years of neutrino running (left) plus eight years of antineutrino running
(right) and a baseline of 540 km (2.0 GeV protons, δCP = 0).

νe’s coming from the muon neutrino oscillation are expected to be detected. The
mean neutrino energy is of the order of 0.4 MeV, region around which the neutrino
interaction cross-sections drops down very quickly. On the other side, almost only
quasi-elastic events are expected avoiding π0 production in the resonant regime. The
absence of π0’s explain the low background of Fig. 3.

As said above, the aim of the ESSνSB project compared to other long baseline
projects, is to use the second oscillation maximum to observe a CP violation in the
neutrino sector. Fig. 4 presents the νµ → νe oscillation probability as a function of the
neutrino energy for normal and inverted mass hierarchies, for a far detector placed
in the Garpenberg mine. The shaded distribution is the νe distribution of Fig. 3,
just to show that the second oscillation maximum of the oscillation probability is well
covered.

5 ESS upgrade

Few upgrades are needed to the ESS facility to add on top of the neutron facility the
neutrino one. The ESS proton linac pulses of 2.86 ms are too long for the neutrino
facility. This because of the high current to be sent to the magnetic horn and con-
siderable Joule effect produced in this hadron collecting device placed in the target
station. For this reason and also to decrease the cosmic ray background in the far
detector, shorter pulses, of the order of few µs, are needed. This could also be ben-
efit to the neutron facility because this modification could significantly increase the
neutron brightness.

To shorten the proton pulses, as for SNS in the USA, an accumulation and com-
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Figure 5: Layout of the ESS installation with
a possible neutrino facility implementation (ac-
cumulator, target station, near detector).

pressing ring is needed. In order not to go out of the already allocated area of ESS,
a ring with a circumference of bout 400 m is proposed, reducing the proton pulses
to about 1.5 µs. Due to space-charge effects at the entrance of the accumulator, H−

ions have to be used, which would be stripped just before entering the ring. This
implies that H−, instead of protons, have to be produced and accelerated in the ESS
linac. The modifications needed to accelerate H− have already been studied. While
no showstoppers have been identified, the cost of these modifications is not negligible
and is of the order of 250 Me(including a 2.5 GeV proton energy upgrade). All these
studies can be found in a CERN report [11].

A target station is needed at the exit of the accumulator to produce the neutrino
beam. For this, ESSνSB has adopted the design already proposed by EUROν. In this
design, taking into account the relatively low proton energy, the target is placed inside
the magnetic horn. In order to mitigate the effect of the very intense proton beam,
a four target/horn system is proposed. To keep the system as simple as possible,
no reflector is used. Under these conditions, each target is supposed to receive 1/4
of the total 5 MW proton power. For cooling reasons, each target is composed of a
canister fulfilled with titanium alloy spheres (few mm diameter). In this way, He gas
can circulate around the spheres to remove the heat and potential vibration problems
could also be avoided.

The decay tunnel, after the target/horn system, has a length of the order of 25 m
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and could also be filled with He gas in order to avoid intermediate windows. A
graphite beam dump would stop all the remaining protons, pions and muons.

A near detector can be placed after the target station to monitor the neutrino
beam but also to measure neutrino cross-sections. The layout of the whole ESS
facility with a possible neutrino facility implementation is depicted by Fig. 5.

6 Physics performance

For the evaluation of the physics performance of the proposed facility, the main
parameters defined by EUROν have been used. The baseline considered is the one
corresponding to the Garpenberg mine (540 km). Fig. 6 [12] presents the significance
versus δCP to discover CP violation, while Fig. 7 shows the significance as a function
of the covered δCP range. For a 5 σ discovery, a coverage of about 60% of δCP values
is obtained. For these evaluations the systematic errors reported in [13] have been
used (mainly 5%/10% systematics for signal/background).
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Figure 6: The significance to dis-
cover a CP violation as a function of
the δCP parameter.
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Figure 7: The significance with
which CP violation can be discov-
ered as function of the fraction of the
full δCP range.

Further optimisations engaged now in the approved EU H2020 Design Study
ESSνSB could improve this performance on CP violation discovery. This EU project
has started the 1st of January 2018 and will last for four years. At the end of this
study a Conceptual Design Report (CDR) of the whole neutrino facility will be de-
livered.

On top of the neutrino production, this facility will also produce a huge number
of muons. At the level of the beam dump, it is expected to collect about 16 × 1020

muons per year with a mean momentum of 0.5 GeV. These muons could be used for
muon cooling R&D, sterile neutrino searches, a future Neutrino Factory or a muon
collider.
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7 Present context

The ESSνSB project is now supported by the COST Action EuroNuNet and a EU
H2020 Design Study, which will end by 2021. By this time ESSνSB will deliver a
CDR of the overall proposed neutrino installation. After this period it is planed to
have a preparatory period up to 2024 to produce a Technical Design Report and
perform R&D on subjects defined by the previous studies. By this time the ESS
neutron facility will be ready for running.

A preparatory phase between 2025 and 2026 can follow this period before starting
implementation of the neutrino facility and construction of the far detector. The
whole construction of the neutrino facility is expected to last from 2027 to 2033 with
one or two years commissioning after. Under these assumptions, the data taking
period could start around 2036.

8 Conclusions

The sensitivity to the CP violating parameter δCP is significantly higher on the 2nd
maximum of the νµ → νe oscillation probability. Moreover, the neutrino long baseline
projects operated at the 2nd oscillation maximum suffer less by systematic errors.

It is demonstrated that the use of the ESS linac can produce a very intense neutrino
beam allowing the operation of this facility at the 2nd oscillation maximum. Under
these conditions, more than 50% of the δCP range can be covered with 5 σ confidence
level to discover a CP violation in the leptonic sector.

Preliminary feasibility studies have not identified showstoppers. Upgrades of the
ESS neutron facility have been proposed in order to add the neutrino facility. This
includes the addition of a compressor ring and of a new target station.

The proposed far detector has also a rich astroparticle physics programme which
could start before the neutrino facility is accomplished. On top of this, the large
production of muons together with neutrinos, could allow in a later stage to transform
this installation to a muon facility for a Neutrino Factory or/and a muon collider.

The proposed second generation long baseline project is expected to start taking
data by 2036.
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1 Introduction

The observation of neutrino flavour oscillations provides the experimental evidence
that neutrinos are massive particles (see e.g. [2] for a recent global fit of neutrino
oscillation parameters). This represents a strong evidence of physics beyond the
standard model (SM), since it is not possible to build a neutrino mass term from the
set of SM particles.

Cosmology is a preferred arena for the investigation of neutrino properties. Neu-
trinos deeply affect the background evolution of the Universe, as well as the evolution
of cosmological perturbations and structure formation. Therefore, the combination
of various cosmological probes, such as anisotropies in the cosmic microwave back-
ground (CMB) and fluctuations in the matter field, provides stringent constraints on
several neutrino properties. These include the sum of the neutrino masses Σmν and
the number of relativistic species Neff in the early Universe.

In this work, I will briefly review the basics of neutrino cosmology in Sec. 2
(for detailed reviews, see e.g. [1, 3, 4]). I will mostly focus on the three families
of active neutrinos, although I will briefly comment about cosmological constraints
on additional relativistic species later on. In Sec. 3, I will summarize current bounds
on neutrino properties from a compilation of cosmological observables, and comment
about expected sensitivities from future cosmological observatories. Conclusions can
be found in Sec. 4.

2 Basics of Neutrino Cosmology

2.1 The Cosmic Neutrino Background

The existence of a cosmological background of relic neutrinos is a prediction of the
standard cosmological model. In the early Universe, these relic neutrinos are in
thermal equilibrium with the rest of the primordial plasma via weak interactions, as
long as the weak-interaction rate Γ is higher than the Hubble expansion rate H . The
two rates are fixed at any given temperature T , so that it is easy to determine the
epoch of neutrino decoupling by setting Γ(Tν,dec) = H(Tν,dec). The weak interaction
rate is Γ ∝ G2

FT
5, where GF is the Fermi constant. The expansion rate at the time

of neutrino decoupling is basically set by the energy density of radiation, H ∝ T 2.
It follows that neutrinos decouple from the rest of the primordial plasma for Tν,dec ≃

1MeV, therefore while still relativistic. The neutrino temperature after decoupling
scales as the inverse of the scale factor Tν ∝ 1/a, while the common temperature of

the plasma continues to evolve as T ∝ 1/(ag
1/3
∗ ) where g∗ is the effective number of

degrees of freedom.
Soon after neutrino decoupling, the temperature of the plasma drops below the

threshold for e+e− pair production. The annihilation of e+e− transfers entropy to
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the rest of the plasma, i.e. CMB photons. Neutrinos, that are already decoupled,
do not benefit from the entropy transfer. As a result, the CMB temperature today
is slightly higher than the relic neutrino temperature. Entropy conservation allows
to compute the ratio of the two temperatures today as Tγ/Tν = (11/4)1/3. Precise
measurements of the COBE satellite sets the CMB temperature today to be Tγ =
(2.725± 0.002)K [5, 6]. Therefore, the neutrino temperature can be estimated to be
Tν ≃ 1.95K ≃ 1.68 · 10−4 eV.

Neutrinos are fully relativistic particles in the early Universe, thus they contribute
as radiation to the energy density of the Universe. Their contribution to the radiation
density after e+e− annihilation can be parametrized in terms of the phenomenological
parameter Neff :

ρrad = ργ



1 +
7

8

(

4

11

)

4

3

Neff



 . (1)

The parameter Neff is defined as the difference between the total radiation den-
sity and the CMB energy density, normalized to the energy density of an individual
neutrino species. Therefore, it accounts for any relativistic species which might be
present at early times. In the standard cosmological model, only the three families
of active neutrinos are present and Neff = 3.045 [7, 8, 4]. The extra contribution
Neff − 3 = 0.045 with respect to the three families of active neutrinos is an exact
result of the complete treatment of neutrino decoupling, which takes into account
non-instantaneous decoupling, finite temperature QED radiative corrections and fla-
vor oscillations.

On the other hand, we know that at least two families of neutrinos are non-
relativistic today, as we observe two non-vanishing mass splittings from oscillation
experiments [2]. The redshift of transition to the non-relativistic regime is roughly
given by zNR ≃ 1900(mν/eV), where mν is the mass of an individual neutrino mass
state. At redshift z < zNR, neutrinos contribute as a matter component to the energy
density of the Universe. Their contribution is expressed in terms of the sum of the
neutrino masses:

Ωνh
2 =

Σmν

93.14 eV
, (2)

where Ων = ρν,0/ρc,0 is neutrino density parameter today, expressed as the ratio
between the neutrino energy density ρν,0 and the critical density ρc,0 = 3H2

0/(8πG)
today, and h is the reduced Hubble constant H0 = 100h km s−1Mpc−1.

2.2 How neutrinos affect cosmology

A direct observation of the cosmic neutrino background is challenging, although ex-
perimental efforts are devoted to this task [9]. Nevertheless, the peculiar imprints that
relic neutrinos have on the evolution of cosmological observables are extremely useful
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to indirectly probe neutrino properties. We can distinguish two generic classes of
effects that neutrinos have on cosmological probes, namely effects on the background
evolution of the Universe and effects on the evolution of cosmological perturbations.
In this section, we review briefly both classes of effects. We will see in Sec. 2.3 how
these effects are actually imprinted in the cosmological observables.

Let us focus on the first class, i.e. the background effects. Neutrinos make up a
significant fraction of the energy density of the Universe, and we have seen in Sec. 2.1
how this contribution can be expressed at different epochs. Therefore, neutrinos
contribute to setting the expansion rate H(z) at any given redshift:

H(z)2 = H2
0

[

(Ωc + Ωb)(1 + z)3 + Ωγ(1 + z)4 + ΩΛ +
ρν(z)

ρc,0

]

, (3)

where Ωc + Ωb are the baryonic and cold dark matter density parameters, Ωγ is the
photon density parameter, and ΩΛ is the dark energy density parameter in the form
of a cosmological constant (all evaluated today). The neutrino energy density ρν(z)
scales differently with the redshift, depending whether neutrinos account for either
radiation or matter. A change in ρν(z) while keeping fixed the other parameters cor-
responds to a change in H(z). This in turn is reflected into changes in the angles
subtended by some peculiar scales in cosmology and imprinted in cosmological observ-
ables. These angular scales are usually defined as the ratio between the physical scale
of interest r and the angular diameter distance DA(z) =

∫ z
0 dz

′

/H(z
′

). Important
examples are θs(zrec), the angular size of the sound horizon at the time of hydrogen
recombination zrec ≃ 1100 [10]; θs(zdrag), the angular size of the sound horizon at
the time of baryon decoupling from CMB photons zdrag ≃ 1060 [10]; and θs(zd) the
angular scale of the damping induced on CMB photons by scattering off free electrons
prior to recombination (Silk damping).

In addition to a change in H(z), neutrinos can modify the relative amount of
matter and radiation. The main consequence of this fact is that the redshift zeq
at which the matter energy density equates the radiation energy density (epoch of
matter-radiation equality) can be shifted either backward or forward in time:

zeq =
Ωc + Ωb

Ωγ

[

1 + 7
8

(

4
11

)
4

3 Neff

] (4)

In the standard cosmological model, neutrinos are fully relativistic at zeq ≃ 3400 [10]
and Neff = 3.045. Therefore, the denominator of Eq. 4 is fixed. However, a change in
Σmν modifies the total matter density at late times. In a flat cosmological model, this
implies that Ωc +Ωb has to be modified accordingly to satisfy the flatness constraint,
and the numerator of Eq. 4 is modified as well. Of course, zeq can be also altered by
a change in Neff , as it is the case in some non-standard cosmological scenarios (e.g.
presence of extra-relativistic species, low-reheating models).
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We now move to consider the second class of neutrino effects on cosmological
observables, namely effects at the level of cosmological perturbations in the gravita-
tional potentials and the other cosmological components. The first effect we consider
is somehow connected to the shift in zeq. Anisotropies in the CMB carry the im-
print of time-variation of gravitational potentials along the line of sight from the
time of emission of the CMB to the observer (integrated Sachs-Wolfe effect, ISW).
Gravitational potentials are constant during the matter-dominated epoch, and exhibit
time-variation during the radiation-dominated epoch (early ISW) and during the cur-
rent dark-energy epoch (late ISW). A change in zeq can therefore either enhance or
inhibit the early ISW effect.

Before zrec, photons and baryons are tightly coupled and this photon-baryon fluid
undergo acoustic oscillations due to the counteraction of gravity and radiation pres-
sure. The phase of these oscillations can be altered by free-streaming particles propa-
gating faster than the sound speed of the fluid, such as relativistic neutrinos [11, 12].
Therefore, a change in Neff can modify the phase of the acoustic oscillations.

The evolution of matter perturbations is strongly affected by massive neutrinos,
see e.g. [13] for one of the pivotal studies on the use of large-scale-structure obser-
vations to constrain massive neutrinos. In this sense, it is useful to define a free-
streaming scale

kfs = 0.018Ω1/2
m

(

mν

1 eV

)1/2

hMpc−1 (5)

that corresponds to the size of the sound horizon at the time of neutrino non-
relativistic transition. Below this scale (k ≫ kfs), neutrinos have a large thermal
velocity and do not contribute to the formation of structures, effectively washing out
perturbations. Above this scale (k ≪ kfs), neutrinos behave as a matter component
and contribute to clustering. This different scale-dependent behaviour has two main
consequences.

First, the growth of matter perturbations is delayed below kfs. This happens
because the volume contained within a linear scale smaller than the free-streaming
length resembles a mixed matter-radiation Universe, as opposed to the purely matter-
dominated case of k ≪ kfs. In a purely matter-dominated Universe, perturbations δ in
the matter fluid evolve proportionally to the scale factor, therefore δm(k ≪ kfs) ∝ a.
In a mixed Universe, where massive neutrinos make up a fraction fν of the total matter
density, the matter perturbations evolve slowly, as δm(k ≫ kfs) ∝ a1−3/5fν . Secondly,
the clustering of structures is also scale-dependent, with a depletion of power at small
scales. This is due to the fact that free-streaming neutrinos can escape the potential
wells in which matter tends to cluster. In contrast, neutrinos effectively resemble a
cold dark matter component at the largest scales.

In the next section, we will see how the effects detailed above modify the cosmo-
logical observables.
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2.3 Cosmological observables

The main cosmological probes are the CMB [14] and the distribution of matter in the
Universe (see e.g. [15] for a review on methods for measuring the expansion history
and the growth of structures). We can map the anisotropies in the CMB (one intensity
map T , and two polarization maps E and B) and the fluctuations in the matter fields.
The standard model assumption of Gaussian perturbations allows to encode all the
information contained in those maps in the two-point correlation functions of the
fields, or equivalently in their power spectra. Thus, the relevant observable for the
CMB is the power spectrum CXY

ℓ . The multipole ℓ is the inverse of the angular
separation between two directions in the sky, and X, Y can be any of T,E,B. The
relevant observable for the matter field is the power spectrum Pm(k, z), where k is
the Fourier wavenumber and z is the redshift∗. In practice, we do not observe the
total matter spectrum (cold dark matter and baryonic matter). In fact, we have
observational access to certain tracers of the underlying matter field, for example the
clustering of galaxies up to a certain redshift. The spectrum of the tracer provides a
biased estimation of the total matter power spectrum, Ptracer = b2tracer(k, z)Pm. The
imperfect knowledge of the bias btracer, and especially its scale-dependence, might
limit the constraining power of the full shape of the matter power spectrum as a
cosmological probe (see e.g. [19] for a recent work).

The exact shape of the CMB and matter power spectra depends on the physics
outlined in Sec. 2.2. The acoustic oscillations propagating in the baryon-photon
fluid have produced the characteristic sequence of peaks and throughs in the CMB
power spectra. The series of acoustic peaks in the small-scale region of the matter
power spectrum, the so-called Baryon Acoustic Oscillations (BAO), have also the
same origin. The position of the acoustic peaks, both in the CMB spectra and in the
matter spectrum, depends strongly on the phase of the acoustic oscillations.

The epoch of matter-radiation equality precisely determines the amplitude of the
first peak in the CMB temperature power spectrum through the early ISW, and sets
the position of the “turning point” (the main peak) of the matter power spectrum.
The position of the first peak in the CMB TT spectrum precisely constrains the
angular scale of the sound horizon θs, whereas the angular scale of the Silk damping
θd identifies the multipole range which is suppressed in power. In a similar way,
the free-streaming scale kfs determines the scale at which the matter power begins
to be suppressed with respect to larger scales. The effect of massive neutrinos on

∗In addition to the clustering of matter at cosmological scales, there are other probes of the
large-scale structure of Universe. For example, the observation of the variation of the number of
galaxy clusters of a certain mass M with redshift dN(z,M)/dz (cluster counts) [16], the observation
of the weak gravitational lensing [17], and the reconstruction of the lensing power spectrum (see
e.g. [18]) are powerful probes of the low-redshift Universe. In this work, we focus on clustering for
pedagogical purposes. The interested reader can refer e.g. to [1] for an extensive description of other
cosmological and astrophysical probes.
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the evolution of structures is also imprinted indirectly on the small-scale region of
the CMB spectra, through the smearing of the acoustic peaks due to gravitational
lensing [20].

From what said above, it is clear that one could constrain with high accuracy Neff

and Σmν by looking at the features they induce in the CMB and matter power spectra.
In practice, other cosmological parameters concur at shaping the same spectra, and
there is the possibility to compensate the effect of a certain parameter by adjusting
another. For example, in Eq. 3, an increase in ρν can be compensated by a decrease
in ΩΛ in order to keep the expansion rate fixed. To overcome this limitation, the
combination of multiple cosmological probes is particularly powerful. Each observable
is sensitive to a specific combination of parameters, so that the cross correlation of
multiple probes allows to break parameter degeneracies and to get tighter constraints.

Before moving to the next section, let us briefly comment about the possibility
to go beyond bounds on Σmν . From Sec. 2.2, it is clear that cosmological probes
are mostly sensitive to Σmν . In principle, there exist a free-streaming scale for each
neutrino mass state. Since the mass states have slightly different masses, there are
three different free-streaming scales, and one might be able to see the effects of each
scale imprinted on cosmological probes. This would allow to discriminate between
the two different neutrino hierarchies, namely the normal hierarchy (m1 ≃ m2 ≪ m3)
and the inverted hierarchy (m3 ≪ m1 ≃ m2). In practice, the sensitivity of current
data – and likely future data – is not enough to identify the effects of the individual
mass states [21]. For all the practical purposes in cosmological studies, neutrinos are
assumed to be degenerate in mass (m1,2,3 = Σmν/3) and it can be shown that this
is a valid approximation of the real mass spectrum [22]. The most viable solution
to discriminate between the two neutrino hierarchies with cosmological data is to
reach the sensitivity needed to exclude at high statistical significance the lowest value
of Σmν allowed by neutrino oscillation data for the inverted hierarchy (Σmν,min =
0.1 eV).

3 Constraints on Neff and Σmν

The tightest constraints on Σmν from a single observable come from the measure-
ments of the CMB anisotropies from the Planck satellite [23]. In the framework of
the standard cosmological model ΛCDM with the addition of massive neutrinos, the
full set of temperature data (TT) with the addition of the large-scale polarization
(lowP) gives Σmν < 0.72 eV at 95% confidence level (CL) [10]. This limit is al-
ready tighter than the bounds on the neutrino mass scale obtained with laboratory
searches, such as limits from β-decay experiments [24, 25] and neutrinoless double-
β-decay experiments [26]. The inclusion of large-scale structure data in the form of
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BAO measurements† improves the limit from Planck alone, and gives Σmν < 0.25 eV
at 95% CL [10]. Further improvements can be obtained with the combination of
other astrophysical probes, such as Supernovae-Ia data and direct measurements of
the Hubble constant, or with more aggressive analysis (see e.g. the discussion in [27]
and references therein). The interested reader can find an extensive list of current
bounds in [1] and references therein. For the purpose of this work, it is sufficient to
show that CMB data in combination with large-scale-structure measurements are a
powerful tool to constrain the neutrino mass scale. Indeed, the current bounds are
approaching the non-degenerate region of the neutrino mass spectrum, where for a
given value of the lightest mass state the two neutrino hierarchies would predict a
significantly different value of Σmν . The current figures are not far from the threshold
of Σmν,min = 0.1 eV mentioned at the end of Sec. 2.2 and to the possibility to rule
out the inverted hierarchy.

The projected sensitivity on Σmν from the next generation of cosmological probes,
such as CMB Stage-IV and the DESI large-scale-structure survey, is σ(Σmν) ≃

0.015 eV [28]. This sensitivity would allow a 3σ detection of the minimal mass allowed
by neutrino oscillation data in the normal hierarchy scenario (Σmν,min = 0.06 eV).
Provided that the real value of Σmν is much lower than Σmν,min = 0.1 eV, the same
sensitivity would also reject the inverted hierarchy at high statistical significance.

A final note on the limits on Σmν . When derived in more extended cosmological
scenarios, such as models with arbitrary curvature and/or dark energy, the bounds on
Σmν can degrade due to the aforementioned degeneracies with the other cosmological
parameters. For example, the limits on Σmν from Planck+BAO in the context of
ΛCDM with massive neutrinos and arbitrary curvature are 30% broader than the
corresponding bounds derived in a flat ΛCDM with massive neutrinos [10]. Of course,
the inclusion of additional cosmological data can help break degeneracies and improve
the limits. The increased sensitivity of future cosmological surveys will also alleviate
this issue and reduce parameter degeneracies, see e.g. [29].

Moving to the current constraints on Neff , Planck TT+lowP provides a 68% CL
bound of Neff = 3.13± 0.32 [10]. The inclusion of BAO data improves this bound to
Neff = 3.15 ± 0.23 [10]. These limits imply that cosmology prefers a value of Neff in
agreement with the predictions of the standard cosmological model. The presence of
an additional fully-thermalized species which would contribute to Neff as ∆Neff = 1
is excluded at > 3σ level. This is the case of an additional light sterile neutrino with
the mass and mixing angle necessary to solve reactor anomalies. When cosmological
data are interpreted in the context of ΛCDM with arbitrary Neff and light sterile
neutrinos, the joint 95% CL constraints on Neff and the effective sterile neutrino
mass meff = (94.1Ων,sterileh

2) eV are: Neff < 3.7, meff < 0.38 eV [10].
The Stage-IV generation of cosmological surveys will reach the sensitivity of

†See Ref. [10] for a complete list of the BAO measurements concurring to the bounds reported
here.
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σ(Neff) = 0.027 [28]. This is an important theoretical threshold, because it corre-
sponds to the contribution to Neff of a Goldstone boson decoupling before the QCD
phase transition [30]. Moreover, the expected sensitivity on Neff will allow to test with
unprecedented accuracy the physics of non-instantaneous neutrino decoupling. In
fact, the future sensitivity will allow to distinguish between Neff = 3 and Neff = 3.045
at > 1σ level.

4 Conclusion

We are currently in the epoch of precision cosmology. The current sensitivity reached
by cosmological experiments as well as the forecasted performances of the next gen-
eration of cosmological surveys allow to test fundamental physics with unprecedented
accuracy. Cosmology already provides the tightest bounds on the sum of the neutrino
masses Σmν . The combination of CMB data from Planck with BAO measurements
gives Σmν < 0.25 eV at 95% CL. This limit is getting close to Σmν,min = 0.1 eV,
the minimal value allowed by neutrino oscillation experiments in the inverted hierar-
chy scenario. Future cosmological experiments will reach a sensitivity of σ(Σmν) =
0.015 eV and the possibility to discriminate between normal and inverted hierarchy,
provided that Σmν < 0.1 eV. Cosmological data are also in agreement with the ex-
pectations of the standard cosmological model which predicts a number of relativistic
species at early times of Neff = 3.045. Current data constrain Neff = 3.15 ± 0.23 at
68% CL and reject the presence of an additional fully-thermalized species, such as a
light sterile neutrino, at > 3σ level. Future experiments will reach the sensitivity of
σ(Neff) = 0.027. This sensitivity will enable to test at 1σ level the physics of non-
instantaneous neutrino decoupling and the presence of a Goldstone boson decoupling
before QCD phase transition.
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The determination of the neutrino mass hierarchy, whether the ν3 neu-
trino mass eigenstate is heavier or lighter than the ν1 and ν2 mass eigen-
states, is one of the remaining undetermined fundamental aspects of the
Standard Model in the lepton sector. Furthermore the mass hierarchy de-
termination will have an impact in the quest of the neutrino nature (Dirac
or Majorana mass terms) towards the formulation of a theory of flavour.
The Jiangmen Underground Neutrino Observatory (JUNO) is a reactor
neutrino experiment under construction at Kaiping, Jiangmen in South-
ern China composed by a large liquid scintillator detector (sphere of 35.4
m of diameter) surronding by 18000 large PMTs and 25000 small PMTs,
a water cherenkov detector and a top tracker detector. The large active
mass (20 kton) and the unprecedented energy resolution (3% at 1 MeV)
will allow to determine the neutrino mass hierarchy with good sensitivity
and to precisely measure the neutrino mixing parameters, θ12, ∆m2

21, and
∆m2

ee below the 1% level. Moreover, a large liquid scintillator detector will
allow to explore physics beyond mass hierarchy determination, in partic-
ular on many oyher topics such as in astroparticle physics, like supernova
burst and diffuse supernova neutrinos, solar neutrinos, atmospheric neu-
trinos, geo-neutrinos, nucleon decay, indirect dark matter searches and
a number of additional exotic searches. In this work the status and the
perspectives of the JUNO experiment will be described, focusing also on
the main physics aims and the other possible physics cases.
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1 Introduction on neutrino mass hierarchy mea-

surements

Precise measurements of the θ13 neutrino oscillation parameter by the Daya Bay [1],
RENO [2] and Double Chooz [3] experiments, opened the path to the determination
of the neutrino mass hierarchy. Mass hierarchy determination will have an impact
in the quest of the neutrino nature (Dirac or Majorana mass terms) towards the
formulation of a theory of flavour.

The future of neutrino oscillation studies foresees a rich and wide experimental
program to determinate the elements of the Pontecorvo Maki Nakagawa Sakata
(PNMS) oscillation matrix with unprecedented accuracy, and to get more information
in the features of neutrino properties. Therefore, the Dirac or Majorana nature of
the neutrino mass term, mass hierarchy determination, octant of θ23, violating δcp
phase and improved precision of the mass-mixing parameters (mixing angles as well
as squared mass differences), are the core of the oscillation measurements.

Figure 1: The νe survival probability as a function of the distance fron the nuclear
power plant (NNP). The distance of other neutrino reactor experiments (KamLAND
and Daya Bay) from the NNP are indicated and comparend with the JUNO distance
at 53 km.

One fundamental aspect in the lepton sector of the standard model is if the ν3
neutrino mass eigenstate is heavier or lighter than the ν1 and ν2 (mass hierarchy
determination). It is known that m2 > m1 and |∆m2

31| ≫ |∆m2
21| where ∆m2

ij =
m2

i −m2
j , but It is not known if m3 > m1,2 or m3 < m1,2.

In this context, the JUNO experiment [4, 5] will play a central role on two aspects:
the determination of mass hierarchy and the precise measurements of the oscillation
parameters (sin2θ12, ∆m2

21, ∆m2
ee).

The electron antineutrino survival probability, shown in Fig. 1, depends on the
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mass hierarchy even though the effect is small, but fortunately not negligible. The
effect of the neutrino mass hierarchy on the electron antineutrino energy spectrum,
measured at a medium-baseline of ∼ 53 km, is shown in Fig. 2 in which the normal
order is represented with a blue line and the inverted one with a red line.

Figure 2: The black line shows the un-oscillated spectra of reactor anti-neutrino at
the distance of 53 km (distance betweeen JUNO site and nuclear power plants), while
the red and the blue line show the oscillated spectra for the two mass orderings (blue
is the normal order and red is the inverted order) [5].

2 The Jiangmen Underground Neutrino Observa-

tory (JUNO) experiment

The JUNO (Jiangmen Underground Neutrino Observatory) experiment is a reactor
neutrino detector under construction in the south of China. The aim of the experiment
is the determination of the neutrino mass hierarchy and the measurements of some
neutrino oscillation parameters with a precision better than 1%.

The JUNO design main goals are:

• Large target mass provided by 20 kton of liquid scintillator.

• Excellent energy resolution 3% at 1 MeV due to large light yield (1200 p.e. per
MeV) and large optical coverage around 78%;

• Low energy scale uncertainty less than 1%.

All these parameters will be improved with respect to the current neutrino exper-
iment such as KamLAND, Borexino, Daya Bay.
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The detector site was chosen with respect to optimal mean distance ( 53 km) from
the cores of 2 nuclear power plants (Yangjiang 4 cores, and Taishan 6 cores) as shown
in Fig. 3. The site was chosen to maximize the sensitivity to the mass hierarchy
as shown in the neutrino survival probability in Fig 1. The reactors produce a total
thermal power of 35.8 GW with all reactors in operation mode and a thermal power
of 26.6 GW by the start of data taking around 2020. The detector will be deployed in
an underground laboratory under the Dashi hill overburden by 700 m of rocks. The
experimental hall is designed to have two accesses: one is a 616 m-deep vertical shaft,
and the other is a 1340 m long tunnel with a slope of 42.5%.

The νe flux will be detected through the reaction νe + p → e+ + n (inverse beta
decay) and its rate will be around 83 events per day.

Figure 3: The JUNO detector site (indicated by a red point), is located in the south
of China. The two nuclear power plants at ∼ 53 km from JUNO experiment site are
shown in the picture.

2.1 The JUNO detector

The central detector is composed by ∼ 20 kton of active mass of Linear Alkyl Benzene
(LAB) scintillator in an acrylic sphere of 35.4 m in diameter as shown in Fig. 4. The
liquid scintillator has similar recipe as the Daya Bay, it will be doped with 3 g/L 2.5-
diphenyloxazole (PPO) as the fluor and 15 mg/L p-bis-(omethylstyryl)-benzene (bis-
MSB) as the wavelength shifter. The detector has unprecedented energy resolution
of 3% at 1 MeV due to the light yield (1200 p.e. per MeV) and the optical coverage
(quantum efficiency larger than 35% and photocathode coverage larger than 75%).

The sphere is enclosed by a water pool (44 m deep and 43.5 m high) that will
be used as Cherenkov veto and as shield for environment radiation. On top of the
water pool, there is another muon detector to accurately measure the muon tracks,
described in subsection 2.5.
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Figure 4: A schematic view of the JUNO detector. The main parts are indicated: the
central detector composed by the liquid scintillator, the arcrylic sphere, the PMTs
and the calibration system; the veto detector composed by the water Cherenkov pool
and the top tracker.

2.2 The JUNO PMT systems

The JUNO detector have two system to read the light from the scintillator (the
so called Large PMT (LPMT) and the so called Small PMT (SPMT)), that are
complementary. The LPMT system is formed by 18000 20” diameter PMTs, whereas
the SPMT is formed by 25000 3” diameter PMTs. The two PMT systems have a
coverage larger than 78%. The LPMT will have a large dynamical range from one
photo electron (p.e.) up to 100 p.e., therefore they can be affected by non-linearity
effects while the SPMT will be in the counting regime (1-0 p.e.).

The LPMT system will provide a coverage of about 75%, while the SPMT system
a coverage of 3%; that is why, the stochastic term will be around 3% at 1 MeV for
the LPMTs and 14% at 1 MeV for the small ones. The SPMTs will be faster and
characterized by a better single p.e. resolution than the large ones and they will have
a smaller dark noise with respect to the large PMTs.

2.3 The JUNO electronics

The read-out electronics of the JUNO 20” PMT will be inaccessible after the installa-
tion. Thus, it is designed to minimize the number of channels, the dissipated power,
the number of cables and waterproof connectors and to maximize its reliability. To
fulfill all these requirements the scheme of the electronics was changed on July 2017
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passing from BX scheme (1 electronics channel for each PMT potted at the PMT
base) to 1F3 scheme (1 electronics channel for 3 PMTs connected with 1 m cable
from the PMT base to an underwater box). I would just describe the new scheme.
I would not mention the BX scheme, but just describe the 1F3. In the 1F3 scheme
only the base will be integrated in the PMT housing and it will be connected 1 m
cable with an underwater box in which there will be the GCU (global control unit)
with on it the 3 ADU units and integrated with the PB (power board) and the 3 HV
units. In both schemes the signal is driven out of the water by ∼ 100 m of Ethernet
cables synchronous link to a BEC (back and card). In the 1F3 scheme a second Eth-
ernet cable will be connected to a Gbit enterprise switch to connect the electronics
with the DAQ. A schematic view of the 1F3 scheme is shown in Fig. 5. The front-
end underwater electronics does not include only the analogue to digital conversion
(ADC) stage but also intelligence of the electronics. A lot of functionalities will take
place such as selective data readout, HV control, system monitoring, baseline control,
signal conditioning and digitization, trigger primitive generation, segment buffering,
calibration and synchronization tasks.

Figure 5: A schematic view of the electronics of 1F3 scheme. The 3 PMTs with
their bases connect with 1 m cable to the underwater box are shown on the left. The
underwater box is shown in the center. It will contain the GCU plus the 3 ADU
boars, a PB and the 3 HV units. On the right there is the out of water electronics
connected with the 100 m Ethernet cables.
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2.4 The JUNO calibration systems

The challenge of the JUNO calibration system is to control the energy scale un-

certainty less than 1% to reach the required energy resolution of 3%/
√

E(MeV ),
therefore the calibrazion system is a crucial issue. There are four complementary
methods under developing, which can perform 1D, 2D and 3D calibration for JUNO.
The four calibration methods are as follows: i) ACU: Automatic Calibration Unit,
one dimensional for the central axis scan; ii) CLS: Cable Loop System, two dimen-
sional which will scan the vertical planes inside of the acrylic sphere; iii) GTCS: Guide
Tube Calibration System, two dimensional for the acrylic outer surface scan; iv) ROV:
Remotely Operated under-LS Vehicle, three dimensional for the whole detector scan.

Different radioactive sources will be used during the calibration, in particular
gamma ray (e.g. 40K, 54Mn, 60Co, 137Cs), positron (e.g. 22Na, 68Ge) and neutron
sources (e.g. 241Am− Be, 241Am−13 C or 241Pu−13 C, 252Cf).

2.5 The veto detector

A veto detector is needed to: i) reduce the cosmogenic isotope of 9Li/8He by precision
reconstruction of muon track; ii) reject fast neutron background by passive shielding
and possible tagging; iii) shield the radioactivity from rock by water. So the veto
detector need a water Cherenkov detector and a muon top tracker installed on the
top of the water pool to accurately measure the muon direction. The water Cherenkov
detector is the pool in which the sphere of liquid scintillator is inserted, while the top
tracker will re-use the OPERA’s Target Tracker which is made of plastic scintillators.

3 Physics with JUNO

The main goal of the physics program with JUNO detector is the determination
of the neutrino mass hierarchy with good sensitivity (3 σ after 6 years) and the
precise measurement the neutrino mixing parameters. Indeed, the sin2θ12 parameter
is current know with a precision 4.1%, ∆m2

21 with 2.3%, and ∆m2
ee with 1.6 %. With

the JUNO experiment we expect to measure all these parameters with a precision
below 1%.

Many other neutrino physics aspects can be studied with JUNO detector such
as supernova burst and diffuse supernova neutrinos that will provide information on
standard neutrino model. A Specialized trigger under study to acquire the supernova
events. From solar neutrinos it is possible to get information about on 7Be flux and
8B one; while from geo-neutrinos the information on U/Th ratio can be obtained, in
particular a precision of 17% on U+Th flux within the first year and of 6% after 10
years is foreseen. Moreover, JUNO will provide also information on the indirect dark
matter searches and it will exploit physics of atmospheric neutrinos. Furthermore
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by studying the nucleon decay, exploiting the water Cherenkov detector it will be
possible to have information on proton decay p → K+ + νe.

4 Summary and schedule

JUNO is a multipurpose reactor neutrino experiment under construction in the south
of China. The founding of JUNO project was approved in 2013 and the JUNO
collaboration was officially formed in 2014. Now the JUNO collaboration is composed
by more than 70 institutes and more than 550 people. The civil construction, started
on 2015, is going on, in particular the tunnels are already completed. The detector
component, PMT production and testing and electronics development are in progress.
The detector installation is foreseen to start in 2019 while the liquid scintillator filling
and detector commissioning are foreseen in 2020.

The physics program of JUNO experiment involves the mass hierarchy determina-
tion on 3σ after 6 years or even better. A significant improvement in the uncertainty
of sin2θ12, ∆m2

21 and ∆m2
ee will also be obtained. The JUNO experiment will provide

also data from supernovae, solar, atmospheric and geo-neutrinos, proton decay and
it will improve the knowledge on these fields.
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T2K is a long-baseline neutrino oscillation experiment using a νµ beam
produced at the J-PARC facility. Neutrinos are detected at a Near Detec-
tor complex (ND280) and at the Far Detector (Super-Kamiokande). The
most recent oscillation results presented by T2K are described in these
proceedings. With these data T2K has produced the first constraints on
δCP, excluding CP conserving values at 2σ and the world best measure-
ment of the θ23 mixing angle.
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1 Neutrino oscillations

A large variety of experimental results using neutrinos from very different sources has
contributed to establish the phenomenon of neutrino oscillations that are described
within the PMNS [1] framework. The PMNS matrix is a 3×3 unitary mixing matrix
and is parametrized by three mixing angles, θ12, θ23, θ13, and a CP violating phase,
δCP (two additional phases are present if neutrinos are Majorana particles but they
do not affect oscillations). The additional parameters governing neutrino oscillations
are the squared–mass differences ∆m2

ij = m2
j −m2

i , where mi is the mass of the i-th
neutrino mass eigenstates.

The original discovery of neutrino oscillations and the first measurements of the
corresponding mixing angles (θ12 and θ23) and mass squared differences from Super-
Kamiokande [2], SNO [3], and KamLAND [4] started a broad program in which
neutrino oscillations have been observed by several experiments using very different
neutrino sources and detection techniques.

The last relevant milestones have been the discovery that also the last unknown
mixing angle, θ13, is different from zero. After first indications from T2K in the
νµ → νe transition [5], θ13 was measured to be different from zero in 2012 by Daya
Bay [6] and RENO [7]. This discovery started the era of precision measurements of
neutrino oscillations with the possibility of investigating sub-leading order effects to
determine the mass ordering and to observe CP violation in the leptonic sector. Such
measurement is today the main goal of the T2K experiment.

2 The T2K experiment

T2K (Tokai to Kamioka) [8] is a long-baseline neutrino oscillation experiment orig-
inally intended to measure θ13 by observing electron neutrino appearance. A muon
neutrino beam is produced at the J-PARC accelerator complex on the East Coast
of Japan by striking a 30 GeV proton beam onto a 90-cm long carbon target. This
produces hadrons that are focused and selected in charge by a system of magnetic
horns and are directed towards a decay tunnel where they decay into neutrinos. By
changing the direction of the current in the magnetic horns it is possible to select in
charge different hadrons. If positively charged pions are focused they decay into µ+

and νµ (ν–mode) while if negatively charged pions are focused they decay into µ−

and νµ (ν–mode). The undecayed pions and other hadrons, as well as the muons, are
stopped by a beam dump, installed 100 m downstream the target.

Neutrinos are then observed in a Near Detector, ND280, at 280 m from the target,
where the effect of the oscillations is negligible, and at the first oscillation peak at the
far detector, Super-Kamiokande, 295 km away from J-PARC. The neutrino energy,
peaked at 600 MeV, and the distance are chosen to be at the expected maximum of
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the oscillations in order to maximize the sensitivity to νµ (νµ) disappearance and to
νe (νe) appearance. A schematic view of T2K is shown in Fig. 1.

Figure 1: A schematic view of the T2K neutrino beamline and detectors.

The near detector complex comprises an on-axis detector (INGRID) and an off-
axis detector (ND280). INGRID is composed of 14 modules of iron and plastic scin-
tillator spanning the neutrino beam in a transverse section of 10×10 meters. Its goal
is to measure, on a day–by–day basis the neutrino beam direction and profile.

The off-axis detector, ND280 (see Fig. 2), consists of several detectors installed
in the ex-UA1 magnet, operated at 0.2 T : a π0 detector (P0D) to measure inter-
actions with π0 production, an electromagnetic calorimeter (ECAL) to measure the
electromagnetic activity and a Side Muon Range Detector (SMRD) embedded in the
magnet yokes. Finally a Tracker system, composed of two Fine Grained Detectors
(FGD) and three Time Projection Chambers (TPC).

Each FGD has a mass of ∼ 1 ton and acts as active target for the neutrino
interactions. The first FGD is a fully active detector, while in the second FGD
scintillator layers are interleaved with inactive water layers, allowing to select neutrino
interactions on carbon and on oxygen.The three TPCs are used to do a 3D tracking
of the charged particles produced in interactions in one of the FGDs, and to measure
their charge and momentum from the curvature induced by the magnetic field. The
particle identification is performed based on the measurement of the ionization.

The far detector of T2K is Super-Kamiokande, a 50 kton water Cherenkov de-
tector located at a depth of 2700 meters water equivalent in the Kamioka mine (see
Fig. 2). Super-Kamiokande has a cylindrical shape with two concentric optically
separated regions instrumented with Hamamatsu PMTs. Neutrino interactions with
water produce Cherenkov light which can be used to distinguish between electron-like
and muon-like events by analyzing the sharpness of a Cherenkov ring. A muon makes
a sharp edged ring whilst an electron makes a fuzzy one due to electromagnetic show-
ers. The electron/muon misidentification probability, estimated using atmospheric
neutrinos, is about 1% for the T2K neutrino energy.

T2K has started the data taking in 2010 and, up to the Summer 2017, has
collected 2.25×1021 p.o.t. (protons–on–target), 1.49×1021 p.o.t. in ν–mode and
0.76×1021 p.o.t. in ν–mode. T2K is currently running in ν–mode.
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Figure 2: A schematic view of ND280 (left) and Super-Kamiokande (right).

3 T2K oscillation analyses

For the T2K oscillation analyses, the expected event rates and spectra at Super-
Kamiokande are predicted based on a model of neutrino fluxes and of neutrino cross-
sections and measurements of neutrino interactions at ND280. More details on the
oscillation analyses are given in [9].

The flux modelling is based on the NA61/SHINE hadroproduction measurements [10],
that allow reduction of the uncertainties on the fluxes below 10%. The cross-section
model is based on external measurements from different experiments (mostly Mini-
BooNE and Minerva, see here for details [11]). Uncertainties on event rates and
spectra of the order of 15% would be expected if only those data were available.

Crucial inputs to the T2K oscillation analyses are then the measurements at the
Near Detector. In the ND280 tracker, a total of 14 samples of νµ and νµ charged
current interactions are selected in the FGD1 and in the FGD2 with muons precisely
measured in the TPCs. The samples are separated according to the number of pions
observed in the final state (0, 1, more than 1). Examples of these distributions as a
function of outgoing muon momentum are shown in Fig. 3.

The 14 event samples, selected in data and Monte Carlo, are binned in pµ and
cos θµ (where θ is the angle between the neutrino beam and the lepton candidate
track) and fitted with a likelihood fit. The likelihood assumes that the observed
number of events in each bin follows a Poisson distribution, with an expectation
calculated according to the flux, cross-section and detector systematic parameters.
The fitted neutrino cross-section and unoscillated SK flux parameters are passed to
the oscillation analysis, using a covariance matrix to describe their uncertainties.
The fit results for these parameters are shown in Fig. 4. The flux parameters are well
within the priors, while for the cross-section parameters the fit tends to increase the
2p2h component and the cross-section at low and intermediate values of Q2 (BeRPA
A and BeRPA B in the plot). A systematic uncertainty on the number of expected
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Figure 3: Momentum distribution of outgoing muons for νµ CC-0π+ (left) and
CC-1π+ (right) samples at ND280.

events at Super-Kamiokande in the range of ∼4–7% is obtained as a result of this fit.

Figure 4: Flux (left) and cross-section (right) parameters before (red) and after (blue)
the Near Detector fit.

A major improvement of the new T2K oscillation analysis with respect to previous
analyses is that a new reconstruction algorithm is used for the Super-Kamiokande
event selection. This algorithm combines time and charge likelihood for a given ring
hypothesis. The better performance of this algorithm allows for a new definition of
the Fiducial Volume in which not only the distance of the vertex from the wall but
also the direction of the lepton candidate with respect to the wall is used.

This new Super-Kamiokande selection and the new definition of the fiducial vol-
ume, allow to increase by 30% the efficiency in selecting e–like samples while keeping
the same purity of ∼ 80%. For the µ–like sample the new selection allows to increase
the purity in selecting charged–current interactions without pions in the final state
from 70% to 80%.
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Five samples are selected at Super-Kamiokande and are used in the oscillation
analyses: single–ring µ–like events selected in ν–mode and in ν–mode, single–ring
e–like events selected in ν–mode and in ν–mode, and a fifth sample, selected only in
ν–mode, where the e–like ring is accompanied by the presence of a delayed electron,
due to the decay of a pion produced in the neutrino interaction. The number of
events selected at Super-Kamiokande in the 5 samples are presented in Tab. 1 and
compared with the expected numbers of events for different values of δCP. The spectra
are shown in Fig. 5.

Data MC MC MC MC
(δCP = -π/2) (δCP = 0) (δCP = π/2) (δCP = π)

e–like ν–mode 74 73.5 61.5 49.9 61.5
e–like + 1π ν–mode 15 6.9 6.0 4.9 5.8

e–like ν–mode 7 7.9 9.0 10.0 8.9
µ–like ν–mode 240 267.8 267.4 267.7 268.2
µ–like ν–mode 68 63.1 62.9 63.1 63.1

Table 1: Observed and expected numbers of events at SK for different values of δCP.

Figure 5: Observed spectra at SK in the five samples used for the oscillation analyses.
Top: µ–like, e-like, e–like+1π in ν–mode. Bottom: µ–like and e–like in ν–mode.

As it is clear from Tab. 1, δCP only affects the e-like samples and values of δCP

close to -π/2 tends to increase the νe appearance probability, while decreasing the νe
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probability. This is exactly what is observed in the data in ν–mode (ν–mode), where
74 (7) single-ring e-like events are observed while 62 (9) are expected if δCP = 0 or π.

The five samples are then fitted together in order to extract the oscillation pa-
rameters θ23, ∆m2

32, θ13, and δCP. The value of θ13 can either be a free parameter
in the fit or it can be constrained to the precise measurement of the reactor experi-
ments. The two cases are shown in Fig. 6: both fits prefer values of δCP close to -π/2
and, when the reactor constraint is included, the CP conserving values 0 and π are
excluded at more than 95% CL. θ23 and ∆m2

32 are also precisely determined by T2K:
in particular the value of θ23 is compatible with maximal mixing as shown in Fig. 7.
It should be noticed that in Fig. 7 some tensions are observed between T2K and the
first published NOνA results for θ23 [12]. In a recent update of the oscillation analysis
of NOνA, θ23 is found to be compatible with maximal mixing and currently there is
no tension between T2K and NOνA results.
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Figure 6: Measurement of the oscillation parameters θ13 and δCP without reactor
constraint and measurement of δCP with reactor constraints. The bands on the right
plot represent the 95% CL allowed regions for the two hierarchies.

4 T2K phase II

T2K was originally approved to collect 7.8×1021 p.o.t. and such statistics was mainly
driven by the sensitivity of the experiment to θ13, corresponding to the value at which
systematic uncertainties would have been dominant in case of small θ13. Today we
know that θ13 is large and an increased statistics would improve the sensitivity of the
experiment to measure δCP as shown in Fig. 8. For this reason T2K has proposed an
extension of the running time that will allow to collect a statistics of 20×1021 p.o.t..
By collecting this statistics T2K will be able to observe CP violation with more than
3σ significance if CP violation is large and to measure θ23 and ∆m2

32, with a precision
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Figure 7: Measurement of the oscillation parameters θ23 and ∆m2
32 from T2K, com-

pared to other experiments.

of 1.7◦ or better and 1%, respectively. Such statistics will be obtained also thanks to
an upgrade of the J-PARC Main Ring power supplies that will allow to reach ∼1 MW
of beam power (while currently T2K is stably running at ∼ 470 kW of beam power).

Figure 8: Left: Expected T2K-II sensitivity to δCP assuming the mass ordering is
not known as a function of δCP. Right: Expected T2K-II sensitivity to θ23 and ∆m2

32.

In order to fully profit from the foreseen additional statistics a better understand-
ing on systematic uncertainties will be necessary. For this reason the T2K collabo-
ration has launched an upgrade project for the Near Detector, aimed at overcoming
the known limitations of the current design of ND280, that concerns the angular
acceptance of the near and far detectors.

Thanks to the cylindrical shape of the tank and to its large size, in fact, Super-
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Kamiokande has an efficiency in selecting neutrino interactions that is independent
on the lepton direction. The geometrical configuration of the ND280 tracker, instead,
allows to select with excellent efficiency tracks emitted parallel to the beam but this
efficiency rapidly degrades with the angle with respect to the beam, being close to
zero for cos θ ≤ 0.4 (where θ is the angle between the emitted lepton and the beam).

The baseline proposal for the upgrade, which achieves a much better uniformity
of acceptance as function of polar angle, includes a fully active scintillator detector
acting as neutrino target, disposed along the plane including both the beam direction
and the magnetic field. The favoured option for this detector is the Super-FGD
concept [13], consisting of small scintillator cubes each read-out by three wave–length
shifting fibers. Two new TPCs, with concept similar to the one of the three existing
TPCs, will be installed above and below the Super-FGD covering the large polar
angle regions. Time-of-flight detectors will also be used to reject out of fiducial
volume events. The goal is to install these new detectors in ND280 by 2021.
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1 Introduction

The Standard Model (SM) of particle physics provides a coherent and successful
framework to account for an incredibly wide set of data. However, there are at least
three firm observations that cannot be accounted for in the SM, namely: the fact
that neutrinos are massive and leptons mix, the dark matter (DM) component of the
Universe and the observed baryon asymmetry of the Universe (BAU). It would be
remarkable if all the aforementioned observational problems could be accounted for
by a simple (and natural) extension of the minimal SM: the introduction of heavy-
neutral leptons∗ (HNL). HNL are absent in the minimal SM, but they arise in the
form of right-handed neutrinos (RHν) by requiring each SM field to exist for both
chirality states.

2 The minimal framework: Type-I Seesaw

By extending the SM field content by a number n of gauge singlet fermions NI , the
Lagrangian of the model gets extended by the following renormalizable interactions

L = LSM + iNI /∂NI −
(
YαI`αφ̃NI +

MIJ

2
N c
INJ + h.c.

)
, (1)

where `α are the SM lepton doublets, φ̃ = iσ2φ
∗ with φ the Higgs doublet, YαI are

dimensionless Yukawa couplings, MIJ is a symmetric Majorana mass matrix and the
indices run on α = e, µ, τ and I = 1, . . . , n. The origin of the mass matrix M is un-
known: following a bottom-up approach its energy scale must be phenomenologically
identified. After the electroweak symmetry breaking (EWSB), the new interactions
in eq. (1) generate a non-zero mass matrix for the active neutrinos which, under the
assumption |Y v| � |M | (v = 246 GeV is the value of the Higgs vacuum expectation
value) reads, in the flavour basis,

mν ' −
v2

2
Y ∗M−1Y † . 1 eV. (2)

This construction results in the well-known Seesaw mechanism for the generation of
neutrino masses. It is remarkable that the very same Lagrangian in eq. (1) provides,
without further assumptions, the ingredients for a viable leptogenesis scenario: the
complex Yukawa couplings Y provide, in general, the CP-violating phases, while the
new fermion singlets NI deviate from thermal equilibrium at some time during the
early Universe expansion. Finally, the SM sphalerons violate the total baryon number
B and lepton number L by rapidly erasing any B+L asymmetry (while preserving any

∗In the following we refer to HNL that mix with the SM active neutrinos as sterile neutrinos.
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existing B − L charge) as long as they are in thermal equilibrium, for temperatures
T such that 1012 GeV & T & TEW, where TEW ' 140 GeV is the temperature of the
electroweak phase transition. In addition, HNL are natural DM candidates as well:
they are massive, weakly interacting and, depending on their masses and couplings,
they can be metastable on cosmological timescales.

2.1 Leptogenesis realisations

The third Sakharov condition states a deviation from thermal equilibrium in the early
Universe as a necessary condition to generate a baryon asymmetry: depending on the
temperature at which sterile neutrinos deviate from thermal equilibrium, it is possi-
ble to classify two main frameworks for leptogenesis. In the first one, usually dubbed
thermal leptogenesis [1], the size of the Yukawa couplings is large enough such that
an equilibrium population of sterile neutrinos is generated shortly after reheating.
When the Universe cools down to temperatures below the sterile neutrino masses,
the equilibrium number densities of the particles become exponentially suppressed,
and if sterile neutrino couplings are sufficiently weak, the actual populations are not
able to follow the equilibrium abundance; being unstable particles sterile neutrinos
eventually decay out of thermal equilibrium. Due to their Majorana character, the
out-of-equilibrium decay of the sterile neutrinos can produce a non vanishing lepton
asymmetry L, which is then converted into a baryon asymmetry by sphaleron pro-
cesses. Thermal (high-scale) leptogenesis can simultaneously account for neutrino
physics and for the observed BAU, provided a lower bound on the sterile neutrino
mass scale is fulfilled, M & 108 GeV, for the case of a non-degenerate sterile neutrino
mass spectrum [2]. This lower bound can be relaxed to the TeV scale for a degenerate
mass spectrum (resonant leptogenesis), resulting in the condition M & 100 GeV if
motivated flavour patterns are considered as well [3]. Testing the latter mass scales
is challenging in current experiments.

An alternative leptogenesis realisation at low scale was proposed by Akhmedov,
Rubakov and Smirnov (ARS mechanism) [4]. In this scenario the sterile neutrinos
are assumed to enter thermal equilibrium at much later times, typically close to
the electroweak temperature TEW: the deviation from thermal equilibrium is thus
provided during their production, rather than during their decay. This requirement
translates into a condition on the Yukawa couplings |Y | . 10−6 and, recalling eq. (2),
to

mν ' −
v2

2
Y ∗M−1Y † ' 0.3

(
GeV

M

)(
Y 2

10−14

)
eV. (3)

It is evident that, in order to reproduce the observed neutrino masses, the sterile
neutrinos are much lighter than in the thermal leptogenesis scenario, lying at the
GeV scale: the ARS mechanism has thus the attractive feature of being testable in
current and future experimental facilities. The generation of the baryon asymmetry
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in the ARS scenario relies on a different mechanism with respect to the thermal lep-
togenesis case [5, 6]: given that the neutrino mass scale is much smaller than the
plasma temperature T , M ∼ GeV � TEW . T , the neutrino Majorana character
is suppressed, and the total lepton number (defined including all active and sterile
flavours) is approximately conserved in sterile neutrino interactions (although this is
not the case for the whole parameter space [7]). However, due to the CP-violating
nature of the Yukawa couplings Y , asymmetries in the individual (active and sterile)
lepton flavours arise during the sterile neutrino production, while their sum approxi-
mately vanishes: since SM sphalerons only couple to the active leptons, they convert
the asymmetry in this sector (and only this asymmetry) into a net baryon asymmetry.
Moreover, the final asymmetry is boosted if the sterile neutrinos exhibit a degenerate
mass spectrum, since this enhances CP-violating oscillations among different flavours:
indeed a degenerate mass spectrum is a necessary condition to reproduce the observed
BAU in the case where only 2 RH neutrinos are present, while a non-degenerate mass
spectrum is a viable scenario if at least 3 RH neutrinos contribute to the generation
of the asymmetry [8].

2.2 Sterile neutrinos as dark matter

Sterile neutrinos (and HNL in general) are in principle viable DM candidates: they
are produced in the early Universe by the oscillations of the active neutrinos in ther-
mal equilibrium, as long as an active-sterile mixing is present (Dodelson-Widrow
mechanism, DW) [9]. There exist of course a number of observational constraints
that limit the available parameter space of a sterile neutrino dark matter, including
the ones on the abundance, phase-space density, lifetime (from indirect detection)
and structure formation [10]. The latter one is especially constraining, but it is also
the most model-dependent one: sterile neutrinos produced via the DW mechanism
can be classified as warm dark matter, and are subject to strong constraints from
the Lyman-α forest data. Combined together, the mentioned constraints restrict the
DM neutrino mass at the keV scale, and exclude the viability of a sterile neutrino
produced via DW as the dominant DM component, limiting its relative abundance to
at most ∼ 30% of the total DM abundance [10]. It should however be stressed that
the large scale structure formation depends on the DM free-streaming length, and
thus on its production mechanism: alternatives to the DW mechanism giving rise to
a colder DM momentum distribution (in agreement with observation) are presented
in the following.
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3 The νMSM

The ν Minimal Standard Model (νMSM) [5] is a realisation of the Type-I Seesaw
featuring a phenomenologically motivated mass spectrum: in this model three right-
handed neutrinos are added to the SM field content, two of which (N2,3) have degen-
erate masses at the GeV scale and are at the origin of both the baryon asymmetry
of the Universe and neutrino masses, while the third state N1 has mass at the keV
scale and does not significantly contribute to the generation of neutrino masses.

In the νMSM the population of sterile neutrinos is vanishing at large temperatures
T � TEW, and the N2,3 states approach thermal equilibrium as the Universe expands:
the ARS mechanism is at play in this phase, producing an asymmetry in the sterile
and active lepton flavours, resulting in a net baryon asymmetry after sphaleron effects
are taken into account. The N2,3 states eventually thermalise during or after the elec-
troweak phase transition, when the SM sphalerons are not effective and the BAU has
frozen-out: during this phase the previously existing lepton asymmetry is washed-out,
until the moment when N2,3 kinematically freeze-out and then decay out of thermal
equilibrium. The decay process is conceptually similar to the thermal leptogenesis
scenario, but it happens at much later times, T ∼ GeV, when the temperature drops
below the (heavy) sterile neutrino masses, and thus the resulting lepton asymmetry is
not converted into a baryon asymmetry by the ineffective sphaleron transitions. On
the other hand this lepton asymmetry plays an important role in the subsequent DM
production: in the presence of a lepton-asymmetric background, the effective poten-
tial that drives the conversion of active into sterile neutrinos in the DW mechanism
gets modified, similarly to what happens to the vacuum neutrino oscillation parame-
ters in matter (MSW effect). This mechanism, known as Shi-Fuller (SF) [11], results
in a lepton number-driven resonant conversion of active into sterile neutrinos, which is
peaked at lower momenta with respect to a thermal spectrum. On the one hand, this
enhances the active-sterile conversion, requiring smaller active-sterile mixings for the
production of the observed DM relic density with respect to the DW mechanism, thus
complying with bounds from stability and indirect detection; on the other hand, the
sterile neutrinos momentum distribution is “colder” with respect to the DW mecha-
nism (where they inherit a thermal spectrum from their active siblings) thus relaxing
the bounds from structure formation. All these ingredients make it possible in the
νMSM to provide simultaneous viable solutions for the three aforementioned obser-
vational problems of the SM: as long as neutrino masses and BAU are considered,
viable solutions require a relative mass degeneracy in the heavy neutrino pair N2,3 of
the order δM/M . 10−3. Beside, and in order to account for viable DM production
as well, a large lepton asymmetry, of about 5 orders of magnitude bigger than the
observed BAU, is required in the realisation of the SF mechanism: the generation of
this lepton asymmetry in the late-time out-of-equilibrium decay of the heavy states
N2,3 requires a much stronger mass degeneracy, of the order δM/M . 10−14.
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4 The Inverse Seesaw

The Inverse Seesaw (ISS) [12] is a neutrino mass generation mechanism based on
symmetry arguments: it consists in enlarging the SM field content by the addition of
a number #νR of right-handed neutrino fields νR and of further #s fermionic sterile
singlets s with the same lepton number, the difference between them being the fact
that the s fields do not feature a Yukawa coupling with the left-handed neutrinos νL.
In the basis nL = (νL, ν

c
R, s)

T the neutrino mass terms read, in the ISS,

− Lmν =
1

2
nTLCMnL + h.c., with M =

 0 d 0
dT 0 n
0 nT µ

 , (4)

where the Dirac mass matrix d is generated after the EWSB, d = vY ∗/
√

2, n is a
mass matrix coupling the new fields νR and s, µ is a symmetric Majorana mass matrix
for the s fields and C = iγ2γ0 is the charge conjugation matrix. The parameter
µ in eq. (4) is the only one that violates the total lepton number L: following ’t
Hooft naturalness argument one can assume that µ is small compared to the other
mass parameters, since in the limit µ → 0 the Lagrangian increases its symmetries.
After diagonalization, the active neutrino mass matrix is given, in the (seesaw) limit
|µ| � |d| � |n|, by

mν ' d
(
n−1
)T
µ
(
n−1
)
dT . (5)

In the ISS it is thus possible to link the smallness of neutrino masses with the smallness
of the lepton number violating parameter µ, thus allowing for viable phenomenology
even with sizeable Yukawa couplings and a relatively low new physics scale.

The ISS mass spectrum depends on the number of new fields that are intro-
duced [13]: it features in general #νL = 3 light active neutrinos with masses at the
mν scale (5), and 2#νR heavy states (that couple to form #νR pseudo-Dirac pairs)
with masses at the scale n and mass splittings of order µ. Finally, only in the scenario
where #s > #νR, (#s − #νR) light sterile states are present at the µ scale. These
light states can provide a solution to the short-baseline (anti-)neutrino oscillation
anomalies (if µ ∼ eV ) or can be viable DM candidates (for µ ∼ keV). It is possible
to identify two minimal ISS realisations: the most minimal one, dubbed (2,2) ISS,
consists in the addition of 2 right-handed neutrino fields νR and 2 sterile fields s, and
features 2 heavy pseudo-Dirac pairs of sterile neutrinos. The next-to-minimal model,
the (2,3) ISS, contains 3 sterile fields s, resulting in addition in the presence of a light
massive sterile state at the scale µ.

The natural (quasi) degeneracy in the mass spectrum of the ISS allows for an
effective leptogenesis at low scales via the ARS mechanism [14]: the mechanism can
indeed simultaneously account for viable leptogenesis and neutrino masses with a
relative mass degeneracy of order δM/M . 10−2 and sterile neutrino masses at the
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GeV scale. Interestingly, as reported in Figure 1, a large fraction of solutions is
testable in current and future experiments such as NA62, LBNF/DUNE and SHiP.
On the other hand, the ISS can simultaneously account for neutrino masses and DM

Figure 1: Mixing between the active and sterile neutrinos in the electron (left panel)
and muon (right panel) flavours, for viable leptogenesis solutions in the (2,2) ISS. The
black line denotes existing bounds, while the coloured lines refer to the sensitivity
curves of the NA62, LBNF/DUNE, FCC-ee and SHiP experiments. Blue (red) points
assume a normal (inverted) hierarchy for the light active neutrinos.

as well [10]: this is achieved in the (2,3) ISS realisation, with µ at the keV scale and
n at the TeV scale. In this scenario the Yukawa couplings are large enough such that
the heavy pseudo-Dirac neutrinos can thermalise in the early Universe, while the light
sterile state does not; this enables the freeze-in production of DM, via the decay of a
pseudo-Dirac state into a light sterile state (DM candidate) plus a Higgs boson, the
resulting DM abundance being

ΩDMh
2 ≈ 2× 10−1

(
sin θ

10−6

)2( ms

keV

)∑
I

gI

(
Yeff,I

0.1

)2(
TeV

mI

)(
1− m2

h

m2
I

)
ε (mI) , (6)

where θ is the zero temperature mixing between the active neutrinos and the light
sterile state, ms and mh are the light sterile and Higgs masses, respectively, the index
I runs over the pseudo-Dirac states with gI being their internal degrees of freedom,
Yeff,I their Yukawa couplings in the mass basis, mI their masses and ε(mI) ∈ [0, 1] a
function accounting for the temperature dependence of the active-sterile mixing due
to the evolution of the Higgs vacuum expectation value. For mI & 2 TeV, one has
ε(mI)� 1, while for mI < mh, the decay channel is not kinematically open, resulting
in the viable range n ≈ [mh,TeV]. The freeze-in production mechanism partially
decouples the DM abundance from the active-sterile mixing θ, thus complying with
bounds from stability and indirect detection; moreover the resulting DM spectrum is
“colder” with respect to the DW one, relaxing structure formation bounds.
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Given that the ISS simultaneously accounts for neutrino masses and leptogenesis,
or for neutrino masses and DM, it is natural to ask if a common solution to all
these three problems can be achieved in this framework. Given the different mass
scales involved in the BAU and DM production, one could investigate a split version
of the (2,3) ISS, with the lighter pseudo-Dirac pair at the GeV scale accounting for
leptogenesis via the ARS mechanism, and the heavier one at the TeV scale accounting
for DM production via freeze-in decay. This scenario, however, is not successful in
achieving the task [14]: viable DM solutions provide a BAU below the measured
value, while viable BAU solutions overproduce DM through the DW mechanism, and
are thus excluded in the (2,3) ISS. The (2,2) ISS, where there is no DM candidate, is
nevertheless a viable scenario for BAU.

5 Conclusion

Sterile fermions can provide a common solution to the SM observational problems,
namely the neutrino masses and the lepton mixing, the existence and properties of
DM and the observed BAU. A minimal common solution for all the three problems is
provided in the νMSM, although the requirement of simultaneously viable BAU and
DM results in a quite fine-tuned scenario. The ISS provides an alternative mechanism
to account for both neutrino physics and DM, or for neutrino physics and BAU, but
BAU and DM solutions appear in different regions of the parameter space.
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We describe several components in the diffuse flux of high energy neu-
trinos reaching the Earth and discuss whether they could explain Ice-
Cube’s observations. Then we focus on TeV neutrinos from the Sun. We
show that this solar ν flux is correlated with the cosmic-ray shadow of
the Sun measured by HAWC, and we find that it is much larger than the
flux of atmospheric neutrinos. Stars like our Sun provide neutrinos with
a very steep spectrum and no associated gammas. We argue that this is
the type of contribution that could solve the main puzzle presented by the
high energy IceCube data.
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1 Introduction

IceCube observations [1] are the main reason why high energy neutrinos are right now
specially interesting. IceCube has shown that neutrinos with energy up to several
thousand TeV are there and that they can be detected and studied. Eventually,
we will learn about their interations at these huge energies. We may use them, for
example, to put bounds on the mass of leptoquarks [2] or on TeV gravity models [3].
And with them we will also learn Astrophysics, as we will answer the basic question
Where do these neutrinos come from? that is actually the main topic of this talk.

First I will briefly review the possible contribution to the IceCube signal of several
components present in the diffuse flux of neutrinos reaching the Earth. Then I will
discuss a source of TeV neutrinos that recently has attracted renewed attention, the
Sun. Finally I will argue that the data may be suggesting an unexpected scheme for
the origin of the IceCube neutrinos.

2 Components in the diffuse flux of neutrinos

Neutrinos of energy above 1 GeV have always a hadronic origin, they are secondary
particles created in the collisions of high energy cosmic rays (CRs) with matter or
light. These collisions occur as CRs enter the atmosphere and generate atmospheric
neutrinos or wherever we find CRs and matter. In particular, in the interstellar (IS)
and intergalactic (intracluster) space, where certainly there are CRs and also plenty
of gas.

It is then clear that the key to understand any neutrino flux is the parent CR flux.
At energies below Eknee ≈ 106.5 GeV we find that the CR flux reaching the Earth is
dominated by hydrogen and He, with fluxes [in particles/(GeV sr s cm2)]:

Φp = 1.3
(

E

GeV

)−2.7

, ΦHe = 0.54
(

E

GeV

)−2.6

. (1)

At higher energies up to Eankle ≈ 109.5 GeV the spectral index changes to α ≈ 3,

Φ = 330
(

E

GeV

)−3.0

, (2)

and the composition is uncertain. This flux can be understood within the following
basic scheme. After they are accelerated according to a power law E−α0 , galactic
CRs diffuse from the sources and stay trapped by magnetic fields during a time
proportional to E−δ. As a consequence, the spectral index that we see is α = α0 + δ,
reflecting that higher energies are less frequent both because CRs are produced at a
lower rate and because they propagate with a larger diffusion coefficient and leave
our galaxy faster. The transport parameter δ is universal (identical for CRs with
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Figure 1: Atmospheric and galactic ν fluxes and their zenith distribution at IceCube.

the same rigidity R = E/Ze) and its value, determined by the spectrum of magnetic
turbulences in the IS medium, may be constant up to Eankle. This scheme suggests
(i) that the CR density will be a factor of (B/B0)

δ larger in galactic regions where
the mean magnetic field strength is larger and (ii) that (assuming a steady state) our
galaxy emits into the intracluster space CRs with a E−(α−δ) spectrum harder than
the one we see at the Earth. We can then discuss the neutrinos produced by these
CRs in the different environments.

• The atmospheric neutrino flux includes two components: the so called con-
ventional neutrinos from π and K decays [4], and the ν flux from charmed
hadron decays [5]. At TeV energies light mesons tend to collide before they
decay, which increases the spectral index of conventional neutrinos in a unit
(see Fig. 1). Neutrinos from charm inherit the index from the parent CRs and
dominate the atmospheric flux at E > 200–300 TeV.

• The diffuse flux of galactic neutrinos from CR collisions in the IS space (Φgal)
is mostly distributed near the galactic plane [6]. We see in Fig. 1 that Φgal is
just a 25% correction to the atmospheric ν flux from charm, having both fluxes
a similar spectrum [7]. The lines at high energies reflect the uncertainty in the
CR composition at E ≥ Eknee. We also plot the zenith distribution of these
fluxes at IceCube. Notice that the conventional ν flux, which dominates below
100 PeV, is 7 times larger from near horizontal than from vertical directions.

• CR collisions with gas also happen in the IS medium of other galaxies similar
to ours. We then expect another component in the high-energy ν flux reaching
the Earth defined by the ensemble of all other galaxies (ΦAG). Its spectrum will
be similar to the one in Φgal, but it will be isotropically distributed.

• The final component (ΦIG) is generated by CR collisions in intracluster space
[8]. These CRs have a harder spectrum; if we take δ ≈ 0.5 their spectral index
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is around 2.1 at E < Eknee and 2.4 at higher energies. The intergalactic medium
is thinner than the galactic one, but CRs may spend there a time of the order of
the age of the universe and the probability of interaction may be not negligible.
The diffuse ν flux ΦIG inherits the hard spectrum of the parent CRs.

Let us take these 5 neutrino fluxes and estimate how many events they imply
at IceCube [9]. We will focus on high energy starting events (HESE) observed in 4
years of data [10]. In Fig. 2 we plot the atmospheric (blue and green) and the galactic
(grey) contributions together with the expected contribution from atmospheric muons
entering the detector from outside (orange), that introduce a large uncertainty at
energies below 60 TeV. To these events we add an extragalactic contribution of type
ΦAG, ΦIG or Φ ≈ E−2.0 with a normalization that optimizes the fit.

We see, first of all, that in order to reproduce the 70–700 TeV data the extragalac-
tic ν flux that we need to add is very steep, even steeper than ΦAG ≈ E−2.6. The
problem with these fluxes is that they imply too many gamma rays at low energies.
Neutrinos appear correlated with gammas, and the extrapolation of the gamma flux
associated to this ΦAG down to 10–100 GeV would be inconsistent with the data
from Fermi-LAT and other older observatories [6]. The flux ΦAG must then be much
smaller and basically negligible at all IceCube energies: although the data clearly
prefers very steep ν fluxes, the spectral index should not be larger than 2.1 [11] to
avoid an excess of diffuse gammas at Fermi-LAT energies.

This problem persists after the fifth year of IceCube data (not in the plot), which
does not include any new events in the higher energy bins. There we find 2, 1, 0,
2 and 1 events, not a rich statistics but enough to suggest a much flatter spectrum
than at lower energies. It is apparent that a single power law can not fit IceCube’s
HESE events [12]. A harder flux at high energies, however, may have problems as
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Figure 3: CR trajectories through the Parker field and field lines near the Sun surface
[15].

well. In particular, one should explain why we see events at 1–2 PeV but not at 6.3
PeV, where the Glashow resonance (a W− boson in the s channel of νee collisions)
gives a large contribution. Whatever the origin of the PeV IceCube neutrinos, the
absence of the Glashow resonance could indicate a change in the composition of the
parent CRs towards a higher mass number at higher energies. It is indeed puzzling,
and in this context we would like to discuss a different but possibly related topic.

3 TeV neutrinos from the Sun

High energy CRs may reach the surface of the Sun, shower there and give neutrinos
that may be detected at the Earth [13]. Let us discuss briefly the main issues involved
in the calculation of this solar neutrino flux [14].

First and probably the most difficult one, can CRs really reach the Sun? The
question makes sense because the solar magnetic field has a radial component that
grows like 1/r2 when CRs approach the Sun, so they may experience a magnetic
mirror effect before they reach the surface (see Fig. 3). At distances beyond 10R� we
find the Parker (interplanetary) field, but at shorter distances the magnetic structure
is much more complex. Field lines tend to corrotate with the Sun, and near the
surface there are closed lines that start and finish in the surface. In addition, this
magnetism is not stable, it has a 11 year cycle correlated with the solar activity.

Fortunately, the magnetic effects on CRs are simplified by the fact that the flux
is basically isotropic. The solar field acts like a magnetic lens, and we know from
Liouville’s theorem that a lens (including a mirror) will not make anisotropic an
isotropic flux: the only possible effect of the Sun on the CR flux is then to interrupt
trajectories that were aiming to the Earth, i.e., to create a shadow. This shadow, first
measured by TIBET and more recently by other observatories, reveals the absorption
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rate of CRs by the Sun. HAWC, in particular, has studied its energy dependence
[16]. The CR shadow appears at 2 TeV, and it is not a black disk but a deficit
that decreases radially along an angular distance 10 times larger than the Sun. If we
integrate the deficit we find that it represents a 6% of the shadow at 2 TeV, a 27%
at 8 TeV and the complete shadow at 50 TeV. This means that at energies below the
TeV most CRs are mirrored and do not reach the surface, whereas at 50 TeV there is
a full set of CR trajectories that where aiming to the Earth but were absorbed by the
Sun. In Fig. 4 we plot a flux of absorbed CRs that coincides with the one we see at
high energies but changes at a given rigidity and reproduces HAWC’s observations.

Once they reach the Sun, CRs face a very thin environment. The photosphere
has a total depth of just 2.7 g/cm2 along 500 km, and then the solar suface is not
dense like in the Earth, it takes 1500 km to cross just 100 g/cm2 of matter. As
a consequence, high energy pions and kaons produced there have plenty of time to
decay giving leptons before they collide. This is in contrast with what happens in the
Earth’s atmosphere (of higher density), and it is the main reason why the high-energy
neutrino flux from the Sun is much larger than the atmospheric one.

Another important factor that separates Sun from Earth showers is the different
propagation of muons. At high muon energies radiative processes have a smaller cross
section than in the Earth, as the Sun is composed of elements with lower atomic
number (H and He). And at low energies the loss by ionization is also going to be
much smaller there, since most of the matter is in the Sun is ionized. In Fig. 5 we
plot the fraction of hydrogen (the rest is mostly 4He) and the fraction of matter that
is not ionized at different solar radii.

The calculation of the neutrino flux reaching the Earth is then simple. Let us
first assume that the solar shower follows a straight line of transverse parameter r,
as shown in Fig. 6. We can write the transport equations (see details in [14]) for the
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17 relevant species along that line: hadrons (p, n, p, n, π±, K±, KL), muons (µ±
L , µ

±
R)

and neutrinos (νe,µ, νe,µ). The yields from hadron collisions have been obtained with
EPOS-LHC [17], and in the decay yields it is important to distinguish between muons
of both helicities [4]. It is also straightforward to include neutrino oscillations; the
main effect takes place in vacuum, between the Sun and the Earth. We find that at
energies below 5 TeV the averaged oscillations imply basically the same frequency for
the three neutrino flavors at the Earth. A final observation concerns our assumption
of a straight shower unaffected by the solar magnetic field, which should be good
only at large energies. At lower energies (E < 1 TeV), however, all particles produc-
ing neutrinos (both light mesons and muons) decay before losing energy and the ν
absorption by the Sun is negligible. As a consequence, the neutrino yield does not
depend on the trajectory of the parent particles (the Sun’s emission is isotropic) and
the assumed straight shower gives also an acceptable approximation.

Fig. 7 summarizes our results for periods of high (solid) and low (dashes) solar
activity. We plot the average ν flux over the whole angular region defined by the
Sun (0.27◦ of radius). The flux is well above the atmospheric ν flux, specially from
vertical directions. For example, at θz = 30◦, 150◦ the νµ flux from the Sun is 7 times
larger than the atmospheric one, and the total flux (adding the three flavors) is 20
times larger. At IceCube, where the Sun is always low in the horizon, the solar signal

r

CR

Earth

D

Figure 6: CR shower at a transverse distance r ≤ R� from the Sun’s center.
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Figure 7: Total neutrino fluxes at the Earth.

would be very difficult to see: an order 1 correction to Φatm in just a very small area.
KM3NeT, on the other hand, may follow the Sun under smaller zenith angles and
has a better angular resolution, so it should be able to detect this solar flux.

4 Outlook

The Sun is probably the brightest object in the sky also for high energy neutrinos.
The flux that it emits has a very steep spectrum, as higher energy neutrinos are
partially absorbed by the Sun. At energies below 1 TeV the flux flattens just because
the parent CRs find it difficult to reach the solar surface. At any rate, this flux is a
strong background in indirect dark matter searches at neutrino telescopes.

One may wonder if there is possibly a relation between these solar neutrinos and
the high-energy IceCube data. Obviously, not a direct relation, but we have identified
a new source of high energy neutrinos –stars like our Sun– that gives a very steep
neutrino flux and, most important, that does not produce gamma rays (most of them
are unable to scape the star once produced). Indeed, IceCube data suggests such a
steep flux at E ≈ 100 TeV, which can be reconciled with Fermi-LAT only if it does
not come together with gammas. A second and much harder component, possibly
from intracluster CR interactions, should dominate the neutrino flux at PeV energies.

High energy astroparticles define a puzzle where all the pieces must fit together: a
diffuse flux of neutrinos with no gammas, or IceCube events at 2 PeV but not at the
6 PeV Glashow resonance, are observations that must mean something. The puzzle
is far from complete, but the prospects are exciting.
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Reactor neutrinos play a substantial role in the study of the funda-
mental properties of neutrinos. With current and upcoming precision
experiments, it is essential more than ever to understand the reactor neu-
trino flux and spectrum. However, two discrepancies between prediction
and measurement are observed. On the one hand, there is a ∼6% total
measured flux deficit, known as the reactor antineutrino anomaly, con-
sistently seen by several experiments at short baselines. On the other
hand, there is an observed excess over prediction for νe energies between
5− 7 MeV. We discuss current status of the experimental measurements
and provide an outlook.
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1 Introduction

Nuclear reactors are a powerful source of pure low energy electron antineutrinos.
They have been used to study fundamental neutrino properties over decades spanning
from the discovery of neutrino, precisely electron antineutrino, in Savannah River
experiment [1], through a period of measurements in the 80s and 90s [2, 3, 4, 5, 6]
with a series of short baseline experiments, until the first observation of ∆m2

21-driven
neutrino oscillations measured by KamLAND experiment [7].

The current generation of large scale reactor neutrino experiments (Daya Bay,
RENO, Double Chooz) ware designed to study νe disappearance at distances ∼1 km
and discovered new mode of neutrino oscillations expressed by a non-zero value of the
θ13 mixing angle [8, 9, 10]. These experiments use near and far detectors to cancel out
systematics from the reactor neutrino prediction. The unprecedentedly large statistics
of antineutrinos collected in these near detectors, as an example Daya Bay’s more then
2.2 million events [11], allows to study in detail the reactor neutrino flux and spectrum.
The experiments have confirmed the so-called reactor antineutrino anomaly, when
they measured about 6% lower overall flux compared to the reevaluated prediction
from 2011 [12, 13]. Daya Bay recently provided a closer look to the measured deficit,
being able to disentangle contribution from particular isotopes while investigating
nuclear fuel evolution. In addition to the flux discrepancy, these experiments, as well
as other short baseline experiments such as NEOS [14], observed statically significant
excess over prediction in the νe spectrum at the energy range of 5 − 7 MeV. This
‘bump’ was linked to the reactor neutrino production process.

In this note, we give a brief introduction to reactor neutrinos, describe the basics
of two prediction methods and νe detection. We then focus on the observed anoma-
lies and mention possible explanations. We conclude with the outlook to upcoming
experiments, which are designed to shed more light on those anomalies.

2 Reactor Neutrinos

Nuclear reactors use fission of heavy nuclei to produce thermal energy. There are two
general types of reactors that differ by their fuel content. Research reactors typically
use highly enriched uranium (HEU), where almost exclusively only 235U is burned.
On the other hand, commercial reactors typically use low enriched uranium (LEU)
where the situation is more complex. There are four main isotopes whose fissions
account for 99.9% nuclear reactor power, namely 235U, 238U, 239Pu and 241Pu. In
addition, the fuel composition is changes significantly during the fuel cycle, which
is typically a few months long. While in the beginning, mostly 235U is burned, the
plutonium isotopes are building up and at the end of the fuel cycle 239Pu is the largest
contributor to the total νe flux.

1



The fission products of four main isotopes are neutron rich isotopes, which undergo
a series of beta decays to reach stability. Beta decay can be schematically expressed
as A

NX →A
N−1 Y + e− + νe. In this processes, pure electron antineutrinos are emitted.

There are ∼6 νe’s produced per fission, which is about 2 × 1020 νe/s/GWth. This
makes nuclear reactors the most powerful man-made source of electron antineutrinos.

There are two complementary methods to predict reactor neutrino spectrum. The
idea behind the ’ab initio’ summation method it to sum over all decay branches of all
possible fission isotopes with appropriate weights to obtain the aggregate antineutrino
spectrum. The data are taken from databases. This method however has to deal with
large uncertainties for some important fission products. In addition, not all branching
ratios are known. This results in a larger uncertainty for the summation method
compared to the second one, the conversion method. Conversion method uses the
electron spectra for 235U, 239Pu and 241Pu measured at ILL [15, 16, 17] and convert
them into antineutrino energy. Later the electron spectrum for 238U was measured as
well [18]. The electron spectra for particular isotopes are intrinsically already summed
over all decays. They are then fitted by number of virtual branches. One has to make
assumptions about the shape of these branches, taking into account several aspects
such as forbidden decays, etc. It was actually the reevaulated conversion method
for 235U, 239Pu and 241Pu isotopes [12] with the calculation for 238U [13], commonly
referred to as Huber+Mueller model, which gave rise to the reactor antineutrino
anomaly. The uncertainty for the conversion method is smaller and therefore it is the
leading method used nowadays.

The primary reaction used for antineutrino detection used in ongoing experiments
is inverse beta decay (IBD) νe + p → e+ + n. This reaction has a threshold at
1.806 MeV. It is used due to its relatively large cross-section and coincidence of the
prompt signal formed by the positron and delayed neutron capture. This distinct
signature is powerful to suppress backgrounds. Moreover, the prompt energy is di-
rectly linked to the initial antineutrino energy though Eνe ' Eprompt + (1.806 − 2 ×
0.511 MeV), where the threshold and positron annihilation is reflected. This relation
is useful when reading the experimental results since those are usually shown using
prompt signal energy.

3 Reactor Antineutrino Anomaly

A number of experiments measured reactor neutrino flux at distances O(10−100 m).
While the results are consistent among experiments, the comparison with the Hu-
ber+Mueller model revealed a deficit of about 6%. The situation is graphically illus-
trated in Figure 1, where the ratios of past measurements over prediction corrected
for currently known three-neutrino oscillations are shown. With the Daya Bay re-
sult, a world average ratio R = 0.943 ± 0.008 (experimental) ± 0.023 (model) [19] is

2



obtained.
This deficit in the measured flux can be in principle explained by the existence

of one sterile neutrino additional to the common three active neutrino flavors. Ster-
ile neutrinos do not participate in the weak interactions but still could take part in
neutrino oscillations. The existence of sterile neutrino, which can explain the reactor
anomaly, would imply the existence of additional mass state with the mass squared
difference ∆m2

new & 1 eV2. Such a value would lead to the fast neutrino oscillations
with oscillation length ∼O, (m), whose signature would average out in current and
past detectors, due to the baseline and energy resolution. The averaging effect mani-
fests itself as mere flux deficit when a fraction of the νe’s changes flavor to sterile state.
More credibility to the existence of sterile neutrinos is added by the observation of
other discrepancies at several experiments: LSND [20], MiniBooNE [21], SAGE [22]
and GALLEX [23]. Those can be as well plausibly explained by sterile neutrinos.
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To calculate the global average independent of the
model uncertainty used by the past measurements, we
follow the method described in Ref. [62] by first remov-
ing �model from both uncertainties, and define:

�exp
err =

p
�2

err��2
model

�exp
cor =

p
�2

cor��2
model. (18)

�exp
err and �exp

cor now represent experimental uncertainties
only. We then build a covariance matrix V exp such that

V exp
ij = Robs

i ·�exp
i,cor ·Robs

j ·�exp
j,cor, (19)

where Robs
i is the “ratio” column in Table 11 corrected

by the “Psur” column for the ✓13-oscillation e↵ect. Robs
i

represents the observed rate from each measurement.
We then calculate the best-fit average ratio Rpast

g by
minimizing the �2 function defined as:

�2(Rpast
g ) = (Rpast

g �Ri) ·(V exp
ij )�1(Rpast

g �Rj), (20)

where V �1 is the inverse of the covariance matrix V . This
procedure yields the best-fit result Rpast

g = 0.942±0.009,
where the error is experimental only.

Since we now use the Huber+Mueller model as the
reference model, we re-evaluate the model uncertainty
using the correlated and uncorrelated uncertainty com-
ponents given by Ref. [24, 25]. Using the weighted av-
erage fission fraction from all experiments (235U : 238U
: 239Pu : 241Pu = 0.642 : 0.063 : 0.252 : 0.0425), the
model uncertainty is calculated to be 2.4%, and the final
result becomes:

Rpast
g = 0.942±0.009 (exp.)±0.023 (model) (21)

Finally, we compare the Daya Bay result with the
past global average. In the previous subsection, we ob-
tained the Daya Bay measured reactor antineutrino flux
with respect to the Huber+Mueller model prediction:
RDYB = 0.946±0.020(exp.). This result is consistent with
the past global average Rpast

g = 0.942±0.009(exp.). If we
include the Daya Bay result in the global fit, the new
average is Rg = 0.943±0.008(exp.)±0.023(model). The
results of the global fit and the Daya Bay measurement
are shown in Fig. 17.

The consistency between Daya Bay’s measurement
and past experiments suggests that the origin of the “re-
actor antineutrino anomaly” is from the theoretical side.
Either the uncertainties of the theoretical models that
predict the reactor antineutrino flux are underestimated
or more intriguingly, there exists an additional neutrino
oscillation that suppresses the reactor antineutrino flux
within a few meters from the reactor. Such an oscillation
would imply the existence of one or more eV-mass-scale
sterile neutrinos. To investigate this tantalizing possibil-
ity, future short baseline (10 m) experiments are required
to observe the L/E dependence of such an oscillation.
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Fig. 17. The measured reactor ⌫̄e rate as a function
of the distance from the reactor, normalized to the
theoretical prediction of Huber+Mueller model.
The rate is corrected by 3-flavor neutrino oscil-
lations at the distance of each experiment. The
purple shaded region represents the global aver-
age and its 1� uncertainty. The 2.4% model un-
certainty is shown as a band around unity. The
measurements at the same baseline are combined
together for clarity. The Daya Bay measurement
is shown at the flux-weighted baseline (573 m) of
the two near halls.

6 Measurement of Reactor Antineutrino
Spectrum

In this section, we extend the study from reactor an-
tineutrino flux to its energy spectrum. The measured
prompt energy spectra from the four near-site ADs were
summed and compared with the predictions. The detec-
tor response of the Daya Bay ADs was studied and used
to convert the predicted antineutrino spectrum to the
prompt energy spectrum for comparison. A discrepancy
was found in the energy range between 4 and 6 MeV with
a maximum local significance of 4.4 �. The discrepancy
and possible reasons for it were investigated.

6.1 Detector Response

The predicted antineutrino flux and spectrum were
calculated via the procedure described in Sec. 2. At
each AD, the reactor antineutrino survival probability
was taken into account with the best fit oscillation pa-
rameters, sin2 2✓13 = 0.084 and |�m2

ee| = 2.42⇥10�3 eV2,
based on the oscillation analysis of the same dataset [32].
The relation of the antineutrino spectrum S(E⌫̄e) and the
reconstructed prompt energy spectrum S(Ep) can be ex-
pressed as,

S(Ep) =

Z
S(E⌫̄e

)R(E⌫̄e
,Ep)dE⌫̄e

(22)

where R(E⌫̄e ,Ep) is the detector energy response and can
be thought of as a response matrix, which maps each an-
tineutrino energy to a spectrum of reconstructed prompt
energies. The energy response includes four main e↵ects:
the IBD prompt energy shift, IAV e↵ect, non-linearity,
and energy resolution, which are studied in the following.

010201-23

Figure 1: The ratio of observation over the Huber+Mueller model prediction of past
measurements corrected for the current knowledge of three-neutrino oscillations. The
Daya Bay measurement of R = 0.946± 0.020 (experimental) [19] is highlighted. The
global average R = 0.943 ± 0.008 (experimental) ± 0.023 (model) [19] indicates a
deficit in the measured flux. The figure does not include recent RENO result which
can be found in [24].

.

The conservative explanation of the reactor anomaly is an underestimations in
the prediction. To resolve whether there are sterile neutrinos, it is essential to ob-
serve typical L

E
dependence pattern. New precise experiments located close to the

antineutrino source are needed.
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4 Excess in the Reactor Neutrino Spectrum

The large statistics of current experiments allow testing the reactor neutrino energy
spectrum shape with unprecedented precision. The comparison with the prediction
exhibits an excess of detected antineutrinos in the energy range of 5 − 7 MeV (4 −
6 MeV IBD prompt energy). This feature was observed by several experiments [19,
25, 14, 26] and an example is shown on Figure 2. The most precise measurement comes
from Daya Bay, and has local significance of the ‘bump’ at the level of 4.4σ [19]. This
local excess cannot be explained by the existence of sterile neutrinos since those would
alter the spectrum for the whole energy range. As well as bump is not a systematic
bias related to the detector since it was not observed in other types of events such as
spallation 12B spectrum [19]. On the other hand, it was demonstrated that the size of
the excess is correlated with the reactor power [25] indicates that the culprit must be
sought in antineutrino production. Due to the fact that the bump was not observed in
any of the electron spectra used for the conversion [15, 16, 17], two implications can be
made: either the bump is coming from 238U, which is more loosely constrained than
the other isotopes, or it can come from any isotope if previous measurements were
not accurate enough. There might be a difference in the hardness of neutrons used
in the measurements with respect to that present in nuclear reactors. The impact
of different neutron energy on the final spectrum is still unclear. Either way, further
measurements are needed to identify the cause of the bump.

Figure 2: Examples of the excess of measured reactor neutrino spectrum over predic-
tion observed by the Daya Bay experiment [19] (left) and by the NEOS experiment
[14] (right).
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5 Closer Look to Reactor Antineutrino Anomaly

with Fuel Evolution at Daya Bay

The relative contribution of four main isotopes changes during fuel cycle in the LEU
nuclear reactors. While in the beginning, most of the fissions come from 235U, at the
end built-up 239Pu takes over this role. The other two isotopes have more or less a
constant contribution throughout the cycle. Since the IBD yield per fission is not
same for all the isotopes, we can expect change in the overall antineutrino flux due
to change of fuel content. Recently, Daya Bay reported a measurement of reactor
neutrino flux and spectrum with fuel evolution with unprecedented precision [27].
There is a tension between the measurement and evolution predicted Huber+Mueller
model. Although the spectrum shape evolution agrees within current experimental
precision, the evolution of total antineutrino flux does not follow the prediction, see
left panel of Figure 3. Furthermore, unique analysis of changing antineutrino flux
allowed the experiment to disentangle the contribution of the single isotopes. Daya
Bay found that there is a significant deficit between the predicted and measured
IBD yield per fission for 235U while 239Pu agrees very well with the model as shown
on right panel of Figure 3. If sterile neutrinos are responsible for reactor anomaly,
the same deficit should be observed in IBD yield for all isotopes. Since 235U has
significantly lower deficit then 239Pu, the sterile neutrino hypotheses is weakened.
The equal-deficit hypothesis as an explanation for reactor anomaly is disfavoured by
Daya Bay on 2.8σ. However, Daya Bay did not rule out sterile neutrinos completely.
For example [28, 29] shown that combination of Daya Bay and global data prefers
composite model of revisited prediction for 235U and the existence of sterile neutrinos.
Further investigation with current and upcoming experiment is needed to provide a
final solution of the reactor antineutrino anomaly.

6 Outlook

Ongoing experiments will keep improving their precision. For example, the Daya
Bay experiment is due to run until 2020, essentially doubling the statistics of the
latest analyses [11, 27] and decreasing systematic uncertainties. Nevertheless, new
short baseline neutrino experiments are needed to scrutinize the observed anoma-
lies. Several are already taking data, e.g. DANSS [30], PROSPECT [31], STEREO
[32] etc. Without loss of generality we mention the PROSPECT experiment, which
will undoubtedly play crucial role in the improvement of our current knowledge.
PROSPECT uses research HEU reactor. The experiment thus can directly test the
235U flux and test the prediction as well as Daya Bay result [19]. Moreover, the
spectrum of 235U can be studied with aim to search for the bump. The expected
sensitivity of the PROSPECT to the shape of 235U spectrum and its comparison with
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tom panel of Fig. 1. The average effective fission fractions F̄i

for i = (235, 238, 239, 241) for the combined EH1 and EH2
ADs were (0.571,0.076,0.299,0.054).

Uncertainties in the input reactor data will result in system-
atic uncertainties in the measured IBD yields and in the re-
ported F239 values. The thermal power of each reactor was
determined through heat-balance calculations of the reactor
cooling water to a precision of 0.5%, uncorrelated among
cores [2]. Dominant uncertainties in this calculation arise
from limitations in the accuracy of water flow rate measure-
ments. Since these measurement techniques are independent
of the core composition, this uncertainty was treated for a sin-
gle core as fully correlated at all fission fraction values. Fis-
sion fraction uncertainties of �fi/fi=5% were determined by
comparing measurements of isotopic content in spent nuclear
fuel to values obtained by the APOLLO2 reactor modeling
code [2, 22]. As these comparisons do not suggest system-
atic biases in the reported fission fractions for specific burnup
ranges, fission fraction uncertainties were treated as fully cor-
related for all F239.

The fuel evolution analysis is particularly sensitive to de-
tection systematics not fully correlated in time. The stabil-
ity of the ADs’ performance in time has been well demon-
strated [20, 23]. Variations in the detector live time due to
periodic calibrations, maintenance, or data quality were cor-
rected for in the analysis with a negligible impact on sys-
tematic uncertainties. Percent-level yearly time variation in
light collection in the ADs has been corrected for in Daya
Bay’s energy calibration. Residual time variations in recon-
structed energies of order 0.2% had negligible impact on the
observed rate and spectrum variations described below. Time-
independent uncertainties in the IBD detection efficiency
were also included in the analysis; AD-uncorrelated and AD-
correlated efficiency uncertainties are 0.13% and 1.9%, re-
spectively [20].

To examine changes in the observed IBD yield and spec-
trum with reactor fuel evolution, effective fission fractions
F239 were used to group weekly IBD datasets into eight bins
of differing fuel composition, resulting in similar statistics in
each bin. For the F239 bins utilized in this analysis, the ef-
fective fission fractions (F235, F238, F239, F241) vary within
envelopes of width (0.119, 0.001, 0.092, 0.025), as illustrated
in Fig. 1. Each bin’s IBD yield per fission, �f in cm2/fission,
was then calculated based on that bin’s IBD detection rate [2].
Measured IBD yields [24], presented in Fig. 2, show a clear
downward trend with increasing F239.

The data were then fit with a linear function describing the
IBD yield as a function of F239, in terms of the average 239Pu
fission fraction F 239 given above:

�f (F239) = �̄f +
d�f

dF239
(F239 � F 239). (4)

The fit parameters are the total F239-averaged IBD
yield �̄f and the change in yield per unit 239Pu
fission fraction d�f/dF239. This fit determines
d�f/dF239 = (�1.86 ± 0.18) ⇥ 10�43 cm2/fission
with a �2/NDF of 3.5/6. The statistical errors in �f values
are the leading uncertainty in the measurement, with reactor

FIG. 2. IBD yield per fission, �f , versus effective 239Pu (lower axis)
or 235U (upper axis) fission fraction. Yield measurements (black)
are pictured with bars representing statistical errors, which lead the
uncertainty in the measured evolution, d�f/dF239. Constant yield
(green line) and variable yield (red line) best fits described in the text
are also pictured, as well as predicted yields from the Huber-Mueller
model (blue line), scaled to account for the difference in total yield
�̄f between the data and prediction.

data systematics also providing a non-negligible contribution;
errors arising from assuming linear trends in IBD yield with
F239 (Eq. 4) are negligible. The fit also provides a total
IBD yield �̄f of (5.90 ± 0.13) ⇥10�43 cm2/fission with the
error dominated by uncertainty in the estimation of the ADs’
IBD detection efficiency. This result was then compared to a
constant reactor antineutrino flux model, where d�f/dF239

= 0. This model, depicted by the horizontal green line in
Fig. 2, provides a best fit with �2/NDF = 115/7. The best-fit
d�f/dF239 value is incompatible with this constant flux
model at 10 standard deviations (�).

Observed IBD yields were compared to those predicted
by recent reactor antineutrino models, generated according
to Eqs. 1 and 2. Among many available models [9, 25–27],
235U, 239Pu, and 241Pu antineutrino spectrum per fission pre-
dictions from Huber [3] and 238U predictions from Mueller et.
al [4] were used to enable a direct comparison to the reac-
tor antineutrino anomaly. The predicted total IBD yield �̄f ,
(6.22 ± 0.14) ⇥10�43 cm2/fission, differs from the measured
�̄f by 1.7�. This 5.1% deficit is consistent with previous
measurements reported by Daya Bay [1, 2], as well as with
the ⇠6% deficit observed in global fits of past reactor exper-
iments. The predicted d�f/dF239 from the Huber-Mueller
model, (�2.46 ± 0.06)⇥ 10�43cm2/fission, is represented in
Fig. 2 after scaling by the 5.1% difference in the predicted and
measured �̄f from this analysis. This predicted d�f/dF239

differs from the measurement by 3.1�, indicating additional
tension between the flux measurements and models beyond
the established differences in total IBD yield �̄f . In particu-
lar, it suggests that the fractional difference between the pre-
dicted and measured antineutrino fluxes may not be the same
for all fission isotopes. If the measured fractional yield deficits
from all isotopes are equal, the ratio of the slope d�f/dF239

to the total yield �̄f will be identical for the measurement and
prediction. These ratios, -0.31 ± 0.03 and -0.39 ± 0.01, re-

5

spectively, are incompatible at 2.6� confidence level.
The evolution of Daya Bay’s IBD yield pictured in Fig. 2

was also used to measure the individual IBD yields of 235U
and 239Pu. For each F239 bin a in Fig. 2, the measured IBD
yield can be described as

�a
f =

X

i

F a
i �i, (5)

where F a
i are the effective fission fractions for each isotope,

and �i is the IBD yield from that isotope. Measurements from
all bins can be summarized with the matrix equation

�f = F�, (6)

where �f is an eight-element vector of the measured IBD
yields, � is a vector containing the IBD yields of the four fis-
sion isotopes, and F is a 8⇥4 matrix containing fission frac-
tions for the data in each F239 bin. This matrix equation was
used to construct a �2 test statistic

�2 = (�f � F�)>V�1(�f � F�), (7)

which allows a scan over the full � parameter space. The
matrix V is a covariance matrix containing the previously dis-
cussed statistical, reactor, and detector uncertainties, and their
correlation between measurements �f .

FIG. 3. Combined measurement of 235U and 239Pu IBD yields per
fission �235 and �239. The red triangle indicates the best fit �235

and �239, while green contours indicate two-dimensional 1�, 2� and
3� allowed regions. Contours utilize theoretically predicted IBD
yields for the subdominant isotopes 241Pu and 238U as indicated in
the lower left panel. Predicted values and 1� allowed regions based
on the Huber-Mueller model are also shown in black. The top and
side panels show one-dimensional ��2 profiles for �235 and �239,
respectively.

In order to break the degeneracy from contributions of
the two minor fission isotopes 241Pu and 238U, weak con-
straints were applied to these isotopes’ IBD yields. This was

accomplished in Eq. 7 by adding terms (�i � �̂i)
2/✏2i for

238U and 241Pu, where �̂i and ✏i are theoretically predicted
IBD yields and assigned uncertainties, which were treated as
fully uncorrelated. Values for �̂i were taken from Ref. [4]
for 238U (10.1⇥10�43 cm2/fission) and Ref. [3] for 241Pu (
6.05⇥10�43 cm2/fission). Values ✏i were set at 10% of the
model-predicted yield, significantly higher than the quoted
Huber-Mueller uncertainties, in order to reduce the potential
bias to the fit.

The IBD yields from 235U and 239Pu, �235 and
�239, were found to be (6.17 ± 0.17) and (4.27 ±
0.26) ⇥10�43 cm2/fission, respectively. Allowed regions and
one-dimensional ��2 profiles for �235 and �239 are shown in
Fig. 3. The measurement is currently limited in precision by
the AD-correlated uncertainty in Daya Bay’s detection effi-
ciency, and by the statistical uncertainty in the measurements
�f . The 10% uncertainties assigned to �238,241 provide a
subdominant contribution to the uncertainty in �235 and �239.
This �235 is 7.8% lower than the Huber-Mueller model value
of (6.69±0.15) ⇥10�43 cm2/fission, a difference significantly
larger than the 2.7% measurement uncertainty. A measured
�235 yield deficit has also been reported using global fits to an-
tineutrino data from reactors of varying fission fractions [28].
The measured �239 value is consistent with the predicted value
of (4.36±0.11) ⇥10�43 cm2/fission within the 6% uncertainty
of the measurement.

By applying additional constraints on �f in Eq. 7, these
�235 and �239 results were tested for consistency with hypo-
thetical �f values representing differing sources of the reactor
antineutrino anomaly. If the anomaly is produced solely via
incorrect predictions of 235U, the measured �235 should devi-
ate from its predicted value while �238,239,241 remain at their
predicted values; enforcement of this additional constraint in
Eq. 7 produced a best fit higher by ��2/NDF= 0.17/1 (two-
sided p-value 0.68). A similar test of 239Pu as the sole source
of the anomaly yielded a best-fit value higher by ��2/NDF =
10.0/1 (p-value 0.00016). Requiring all isotopes in Eq. 7 to
exhibit an equal fractional deficit with respect to prediction,
the best fit was found to be higher by ��2/NDF= 7.9/1
(p-value 0.0049). Thus, the hypothesis that 235U is primar-
ily responsible for the reactor antineutrino anomaly is favored
by the Daya Bay data, with the equal deficit and 239Pu-only
deficit hypotheses disfavored at the 2.8� and 3.2� confidence
levels, respectively.

To investigate changes in the antineutrino spectrum with
reactor fuel evolution, observed IBD spectra per fission, S,
were examined, where �f =

P
j Sj , the sum of IBD yields in

all prompt energy bins. For each F239 bin depicted in Fig. 4,
the measured Sj values were compared to the F239-averaged
IBD yield per fission value Sj . The ratio Sj/Sj is plotted
against F239 in Fig. 4 for four different Ep bins. The common
negative slope in Sj/Sj visible in all prompt energy ranges
indicates an overall reduction in reactor antineutrino flux with
increasing F239, as demonstrated in Fig. 2. In addition, the
trends in Sj/Sj with F239 in Fig. 4 differ for each energy bin,
indicating a change in the spectral shape with fuel evolution.
In particular, the content of higher-energy bins decreases more
rapidly than lower-energy bins as F239 increases.

Figure 3: The evolution of reactor neutrino flux expressed as IBD yield per fission as
a function of effective 239Pu fission fraction [27] (left). The slope of Daya Bay mea-
surement (red line) does not match the predicted evolution of Huber+Mueller model
(blue curve), which was corrected for the reactor antineutrino anomaly effect. The
Daya Bay measured IBD yield per fission of 235U and 239Pu [27] and the comparison
with Huber+Mueller prediction model [12, 13] (right). The measurement is clearly
lower than the prediction for 235U while 239Pu is in good agreement.

several predictions is shown in the left panel of Figure 4. We have already mentioned
that there is a possibility that the bump could come from any isotope if the electron
spectra measurements at ILL suffer from having used different neutron energies. If
the bump is not observed in PROSPECT, we can rule out 235U and other isotopes
are likely its source.

Also, PROSPECT can with its segmented detector located at the distance of
7 − 12 m from the reactor search for an L

E
oscillation pattern, which would be an

unquestionable signal of sterile neutrinos. It can directly test the best fits for reac-
tor anomaly and the anomaly observed by SAGE and GALLEX, see right panel of
Figure 4. Combining with other experiments similar to what was done in [33] it can
further improve test of the sterile neutrino claims done LSND and MiniBooNE.

7 Conclusion

Reactor antineutrinos were, are and will be great tool for investigating neutrino prop-
erties. The era of precise measurements has revealed several deviations from our pre-
diction models, referred to as anomalies. There is a measured deficit in the overall
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Decreased Nominal Increased
Position Front only Movable Middle only

2.79 4.60 2.37
Position 10cm 14.6cm 20cm
Resolution 4.69 4.60 4.46
Efficiency 32% 42% 52%

3.84 4.60 5.26
Energy 3% 4.5% 20%
Resolution 4.61 4.60 4.20
Background ⇥0.33 – ⇥3
Suppression 3.92 4.60 5.00
Bin-to-Bin 0.5% 1.0% 2.0%
Uncertainty 4.69 4.60 4.30
Relative Segment 0.5% 1.0% 2.0%
Normalization 4.60 4.60 4.59
Detector 10⇥8 12⇥10 14⇥12
Size 3.23 4.60 6.02

TABLE II. The effect of varying experimental parameters
(italic) on the confidence level in the unit of s with which os-
cillations at the Kopp best-fit point can be differentiated from
the null hypothesis with one year of data-taking.

B. Precision Measurement of the Reactor ne Spectrum

PROSPECT will measure the energy spectrum of ne
emitted by an HEU reactor with a precision that ex-
ceeds previous experiments and current model predic-
tions. Between 2–6 MeV, Phase I will achieve an av-
erage statistical precision better than 1.5% and system-
atic precision better than 2%. The target energy resolu-
tion, 4.5%/

p
E, will be greater than any previous reac-

tor experiment and will allow for the detection of fine
structure in the antineutrino spectrum. In contrast to
LEU reactors where the fission fractions change as plu-
tonium isotopes are produced in the core, the simpler
HEU system allows for a more accurate evaluation of
reactor evolution and flux prediction models.

Fig. 9 shows the differences between three current
models: two based on the b�-conversion method, and
one based on ab-initio calculation. To highlight the
shape differences between models, they are shown
in ratio to a smooth approximation F(E)[60]. The
PROSPECT Phase I statistical precision is shown as the
black error bars. PROSPECT will be able to discrim-
inate between these models and directly measure the
spectrum more precisely than any of the predictions.
In addition, this measurement can be combined with
those underway at LEU reactors to extract the non-
235U contribution to the spectrum. Since current LEU
measurements, and that of HEU which we propose,
are expected to have percent-level precision, differences
should be prominent and provide another route to eval-
uate and refine reactor models.

The segmented AD-I detector is designed to enhance
the spectral measurement through careful optimization
of detector uniformity and construction techniques.
The use of low-mass reflector panels, described in more

Phase I,
Phase I,

FIG. 9. (Top) Three models of the 235U ne energy spectrum
relative to a smooth approximation. The 1s error band of
the Phase I measurement including subtraction of predicted
background (error bars) and systematic uncertainties (gray
band) are shown for comparison. An energy resolution of
4.5%/

p
E has been applied to highlight accessible features.

(Bottom) Evolution of statistical error bands for 200 keV bins
from Phase I to Phase II.

detail in Sec. V A, minimizes the non-scintillating vol-
ume that could bias the detected energy spectrum.
Multiple fiducialization schemes are being studied to
determine the optimum volume selection that maxi-
mizes detection efficiency of positron annihilation gam-
mas.

AD-II is designed to achieve at least equal statisti-
cal power to that of AD-I, even at a longer baseline.
A larger target mass and improved cosmogenic shield-
ing increase the IBD detection rate without decreased
signal-to-background ratio. Both antineutrino detectors
AD-I and AD-II are comprised of identical segments,
ensuring that systematic uncertainties will be consis-
tent. Thus, all development and characterization of AD-
I will directly apply to AD-II, simplifying the combined
analysis during Phase II.

Fig. 9 shows a comparison of the statistical error
bands, assuming 200 keV binning, for each experimen-
tal phase. With Phase II, PROSPECT will achieve an
average of 1.0% statistical uncertainty throughout the
reactor antineutrino energy range. With the combined
phases, PROSPECT will have major statistical power to
resolve and probe the spectral anomaly region and di-
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σ Phase I for 1 year at 3Sensitivity:

Front Position

Movable Position

Middle Position

SBL Anomaly (Kopp), 95% CL

 Disappearance Experiments (Kopp), 95% CLeνAll 

SBL + Gallium Anomaly (LSN), 95% CL

FIG. 8. (Top) PROSPECT Phase I and Phase II sensitivities
to a single sterile neutrino flavor. Phase I probes the best-fit
point at 4s after 1 year of data taking and has >3s reach of the
favored parameter space after 3 years. The combined reach of
Phase I+II after 3+3 years of data taking yields a 5s coverage
over the majority of the parameter space below Dm2

14⇠10 eV2.
Daya Bay exclusion curve is from [57]. (Bottom) Increase in
oscillation sensitivity to sterile neutrinos during Phase I by
operating AD-I at two positions instead of at the front or mid-
dle position only.

Parameter Value
Reactor
Power 85 MW
Shape Cylinder
Size 0.2 m r ⇥ 0.5 m h
Fuel HEU
Duty cycle 41% reactor-on
Antineutrino Detector 1 (AD-I)
Cross-section 1.2⇥1.45 m2

Proton density 5.5⇥1028 p/m3

Total Target Mass 2940 kg
Fiducialized Target Mass 1480 kg
Baseline range 4.4 m
Efficiency in Fiducial Volume 42%
Position resolution 15 cm
Energy resolution 4.5%/

p
E

S:B Ratio 3.1, 2.6, 1.8
Closest distance 6.9 m, 8.1 m, 9.4 m
Antineutrino Detector 2 (AD-II)
Total Target Mass ⇠10 ton
Fiducialized Target Mass ⇠70%
Baseline range ⇠4 m
Efficiency in Fiducial Volume 42%
Position resolution 15 cm
Energy resolution 4.5%/

p
E

S:B ratio 3.0
Closest distance 15 m
Operational Exposure
Phase I 1, 3 years
Phase II 3 years

TABLE I. Nominal PROSPECT experimental parameters.
Phase I consists of operating AD-I for three years split
between front, middle, and back positions. Phase II adds
AD-II at a longer baseline and operates both detectors for
three additional years.

achieved with Phase II is also shown: after 3 additional
years of operation essentially all parameter space sug-
gested by ne disappearance data below 10 eV2 can be
excluded.

The dependence of the sensitivity on experimental
parameters is examined in Table II. These results clearly
validate the design focus on background rejection and
maximizing target mass, while also highlighting the
value of covering the widest possible baseline range via
movement of AD-I. The increase in sensitivity afforded
by the expanded L/E coverage gained though AD-I
movement is further illustrated in the bottom panel of
Fig. 8. Although the signal decreases as the inverse of
r2, the gain from L/E coverage surpasses the loss due
to reduced signal when the detector is operated equally
at two positions. It must be noted that for the sensitiv-
ity calculation shown this gain is purely from the im-
proved L/E coverage. Moving the detector also gives
a better control of correlated and uncorrelated system-
atic biases, which can be expected to further increase
the sensitivity. The ultimate choice of positions will be
guided by the demonstrated S:B at various baselines.

Figure 4: The expected sensitivity of the PROSPECT [31] to the shape of 235U spec-
trum and comparison with several prediction models (left). The expected sensitivity
of the experiment to the sterile neutrino mixing [31] (right).

flux as well as in the particular flux of 235U and there is excess in the reactor antineu-
trino spectrum in the energy range of 5−7 MeV. Current and upcoming experiments
will provide more information in the near future. The ultimate resolution of these
anomalies will either result in the discovery of new physics or in a revision of our
prediction models. In both cases a bright future lies ahead full of new interesting
results.
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THE NEUTRINO MASS HIERARCHY FROM
OSCILLATION
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The ordering of the neutrino mass eigenstates, also addressed as Mass
Hierarchy (MH), is one of the most relevant issues in neutrino physics,
currently under investigation by many proposals and experiments. In this
short note focus will be given to the different ways to determine MH
from neutrino oscillation data in the near future. A pragmatic strategy is
suggested and two recent new methods of analysis are recalled. Statistical
issues and concerns are also addressed, envisaging the necessity of more
accurate studies and analyses.
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1 Introduction

The ordering of the neutrino mass eigenstates is one of the most relevant issues,
currently under investigation by many proposals and experiments. In the standard
scenario and a widely usual convention the three neutrinos ν1, ν2 and ν3 are known to
have relative masses measured as δm2

21 = m2
2 −m2

1 (historically named “solar” mass
term) and |∆m2

31| = |m2
3 −m2

1| ∼ |m2
3 −m2

2| (called “atmospheric” mass term). The
sign of ∆m2

31 has not been measured yet, and that allows two different configurations
for the mass eigenstates: either m1 < m2 < m3 or m3 < m1 < m2. That corresponds
to have either one or two higher mass states, with huge consequences on the neutrino
models [1, 2]. The mass ordering is usually identified as normal hierarchy (NH)
when ∆m2

31 > 0 and inverted hierarchy (IH) for the case ∆m2
23 > 0. Its importance

is enormous to provide inputs for the next studies and experimental proposals, to
finally clarify the needs and the tuning of new projects, and to constraint analyses in
other fields like cosmology and astrophysics.

6mνi

m1

m2

m3

6
?

6

?

Normal Hierarchy

Solar: δm2

Atmospheric: ∆m2

m3

m1

m2
6

?

6
?

Inverted Hierarchy

Atmospheric

Solar

Figure 1: Neutrino mass eigenstates for normal and inverted mass ordering (not to
scale).

In Fig. 1 a cartoon of the two possible configurations for the mass ordering is
depicted. In this paper the following notation has been used for the atmospheric
mass: ∆m2

atm = ∆m2
31(NH) = ∆m2

23(IH), for the two different hypotheses, respec-
tively. ∆m2

atm is therefore a fundamental physical quantity, which corresponds to the
difference of the heaviest squared mass and the lightest neutrino squared-mass.

The achievements of the last two decades brought up a coherent picture, namely
the oscillation of three neutrino flavour–states, νe, νµ and ντ , originated by the mixing
of the three ν1, ν2 and ν3 mass eigenstates. The issue of the mass ordering has been
highly debated in the last decade, but it gained in interest with the discovery of the
relatively large value of θ13 in 2012. The convolutions between the three mixing angles
and the mass parameters are such that measurements of the current experiments may
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become sensitive to the dependences of the oscillation probabilities to the sign of MH.
Surely, the MH determination will be a major issue for the next experiments under
construction.

2 The MH degeneracies

As far as oscillations are concerned, the dependences on the mass ordering come
from the interference between two different effects. In particular, the interference
of oscillations driven by ∆m2

31(NH) or ∆m2
23(IH) with oscillations driven by another

quantity, Q, with a known sign. In vacuum the interference is given by the joint
atmospheric and solar oscillations, such that Q corresponds to the solar mass δm2. For
atmospheric and neutrinos from long baseline accelerator the interference is due to the
matter effect, Q being the corresponding matter potential, 2

√
2GFNeE, with obvious

meaning for the quantities involved. Moreover, in the three–neutrino framework
MH is highly correlated with the neutrino oscillation parameters and the CP phase,
δCP . Specifically, in the neutrino oscillation framework there are three big area of
investigation: MH from long baseline accelerators are highly coupled to δCP , while
for the reactor antineutrino (medium baseline) there is no δCP dependence at first
order, in contrast to a strong dependence on the exact value of ∆m2

atm. The third area
of investigation corresponds to the atmospheric neutrinos, which own a degeneracy
both on ∆m2

atm and the value of the mixing angle θ23, namely to which octant it
belongs.

These correlations correspond to degeneracies that can severely limit the discrim-
ination of the hierarchy, either normal of inverted. If one generally indicates with θi
the correlation parameter (θ1 = δCP , θ2 = ∆m2

atm and θ3 = θ23) more solutions may

be extracted from the data for MH, e. g. NH(θ̂i) and IH(θ̂′i) with θ̂i 6= θ̂′i. The θi
parameters are usually evaluated within the standard 3 ν oscillation framework via
global fits [3]. Unfortunately, the current uncertainties on θi allow several distinct
solutions and practically no sensitivity to MH. This is demonstrated in Fig. 2 for the
NOvA case and its 2015 data release.

3 A strategy for the MH determination

Given the scenario described in the previous section it is fundamental to control the
test statistic that is used in the analysis. The statistical estimator should be robust
and should make evidence of the degeneracies and the θi dependences. For the MH
studies only one estimator has been extensively used so far throughout the several
fields of investigation. That is the chi-square difference, ∆χ2 = χ2

min(IH)−χ2
min(NH),

where the two minima are evaluated spanning the uncertainties of the three-neutrino
oscillation parameters, namely the solar mass δm2

21, the atmospheric mass ∆m2
31(23),
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Figure 2: The number of events (νµ → νe appearance plus background) as function
of δCP as expected for the 2015 NOvA data analysis from the best fits of the 2017
global fit analysis (GF). The two plain black lines correspond to the expectation from
NH (right) and IH (left), respectively. Our computation has been performed with the
GLoBES package. The two concentric areas for each value of δCP correspond to the
1 σ and 2 σ contours due to the correlated θ23, θ13 uncertainties, σ being estimated
by GF. See [4] for more details.

the CP phase δCP and the mixing angles θ12, θ23, θ13, as defined by the standard
parameterization. On top of that statistical and systematic errors are included in
the fitting procedures. The ∆χ2 evaluation is based on two distinct hypotheses, NH
and IH. For each MH the best solution is found: the χ2

min comes from two different
best-fit values for NH and IH, separately, and the ∆χ2 is the result of the internal
adjustments of the two distinct fits. No real understanding of the weight arising
from each single contributions (i.e. the single neutrino oscillation parameters or the
statistical/systematic errors) is possible, given to the intrinsic multiple non-linear
correlations.

Recently, we suggested a change of perspective: try to identify an estimator that
couples NH/IH and decouples the θi dependences [1]. As a consequence, each kind of
data, long baseline or reactors or atmospheric ones, should be analyzed by different
optimized estimators. We already studied possible new estimators for the accelerator
data [4] and for reactor antineutrinos [5]. Since these estimators already intrinsically
couple NH and IH, it is no more necessary to construct an “estimator of the esti-
mators” like the ∆χ2. Instead, the two outcomes, one for NH and the other for IH,
are directly used to get NH and IH significances (using event-by-event Monte Carlo
simulation to determine their probability distributions).

The change of perspective suggests a pragmatic new strategy in the determination
of MH. Once the statistical estimator has been chosen, let us call S, its evaluation
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over data would simply bring to one of the three following options:

1. both SNH and SIH are compatible with data;

2. both SNH and SIH are incompatible with data;

3. either SNH or SIH is compatible with data, the other one being incompatible.

The meaning of compatible and incompatible comes from a long experience in data
analysis of experiments in particle physics. Nowadays, it is well accepted that com-
patible means at 95% of C.L., whereas incompatible means ≥ 5σ. That corresponds to
the standard definition of exclusion or observational results [6]. Over the last decades,
these choices have been proven to be the right ones by many experimental results. To
be more precise, an experimental observation to be conclusive corresponds to the re-
jection of the background hypothesis at least at 5 σ. An experimental exclusion limit
corresponds to the phase space defined by the set of values of the signal parameter
compatible at 95% C.L. with the data themselves, the complementary phase space
containing the rejection of the signal at 95% C.L..

When this procedure is applied to the MH determination, a confusing scenario may
rise up. The question becomes: the MH determination is a signal or a background
rejection? Since NH/IH are mutually exclusive not-nested hypotheses their roles can
be interchanged. Then, our proposal is just the above list of options. Specifically,
a conclusive experiment, or a global analysis, should provide both a rejection of the
wrong hierarchy at 5 σ level and a compatibility with the true hierarchy at 95% C.L..

When the analysis should produce a result as in case (1), thus it would be inconclu-
sive. In case (2) probably something wrong were occurring in the analysis procedure
(or the 3ν framework is no more appropriate). Case (3) should correspond to the
sensitivity with which the experiment/analysis would determine the mass hierarchy.
In case (3) and a sensitivity at the level of 5σ the determination of the MH could be
finally established.

We also outline that different statistical approaches may be applied, namely a
frequentist approach or a Bayesian one. Only when the significance reaches the level
of 5 σ the different statistical approaches usually give similar results.

4 An estimator for MH at accelerators

For the accelerator basis searches the NOvA experiment is the best placed one [9].
It is foreseen that some information be available after several years of running with
data-taking both in neutrino and anti-neutrino modes. Adding measurements on δCP
from few years of T2K exposure will allow to slightly increase the separation between
the two options in different portions of δCP range [7]. Conversely, if MH should be
known sometimes in future, T2K would greatly improve its significance on δCP [8].
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The expectation on MH is however not exciting; only a 3-sigma significance could
be obtained and only in the most favorable δCP regions. As a matter of fact the
perspectives in the near future for the determination of the neutrino mass ordering
with neutrinos from accelerator beams are rather poor, even less favorable than the
prospects for the δCP measurement.

The new technique reported in [4] is based on a new test statistic that properly
weights the intrinsic statistical fluctuations of the data and extracts the significances
of either NH or IH. The Poisson distributions for ni observed events, fMH(ni;µMH|δCP )
are initially considered, where µMH(δCP ) are the expected number of events as function
of δCP , MH standing for IH or NH. For a specific n the left and right cumulative
functions of fIH and fNH are computed and their ratios, qMH, are evaluated. Since
for the νe appearance at NOvA the number of expected events as function of δCP is
asymmetric towards IH and NH (less events are expected for IH than for NH), the
ratios are defined independently for the IH and the NH cases:

qIH(n, δCP ) =

∑
nIH
i

≥n fIH(nIHi ;µIH|δCP )∑
nNH
i

≥n fNH(nNH
i ;µNH|δCP )

,

qNH(n, δCP ) =

∑
nNH
i

≤n fNH(nNH
i ;µNH|δCP )∑

nIH
i

≤n fIH(nIHi ;µIH|δCP )
.

qIH and qNH are two discretized random variables comprised to the [0, 1] interval.
As n goes to zero qIH goes to one, while when n increases qIH asymptotically tends to
zero. qNH behaves the other way around towards n.

The probability mass functions, P (n), of each qMH have been computed via toy
Monte Carlo simulations based either on fIH (test of IH against NH) or fNH (test of
NH against IH). They are further compared to the real number of observed data nD.
By evaluating the p–value probabilities for nD the significance is finally computed.

With the new method an averaged increase of 0.5 σ with respect to the standard
∆χ2

min is obtained [4]. Worth to note that the increase is not constant but it depends
on the discrimination threshold nD and δCP : the gain of the new method in terms
of the number of sigma’s strongly raises with nD and “favorable” regions of δCP . As
demonstrated in the appendix of [4] the new method is generally better than ∆χ2

min

for many reasons: it deals with the full probability distributions, it profits of the
intrinsic fluctuations of the data and, most relevant, it answers the right question (to
disprove one MH option). In fact the new q estimator focusses on the possibility to
reject the wrong hierarchy, disregarding the other one. Therefore, once one option is
selected (e.g. rejection of IH) it does not provide any evaluation on the other option
(rejection of NH). Instead, the ∆χ2

min method treats the two options in a symmetric
way with the disadvantage of mixing up the information.

This new procedure becomes asymptotically equivalent to the ∆χ2 one when the
luminosity increases. Nevertheless, it allows to achieve a similar level of significance
with about a factor three less data.
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5 An estimator for MH at reactors

The determination of the mass hierarchy with reactor neutrinos is a very challeng-
ing task. Both an exceedingly high energy-resolution and a large mass detectors are
required. The JUNO experiment has been proposed and it is currently under con-
struction trying to match these two requirements [10]. The foreseen achievement on
MH is nevertheless limited. A significance around 4σ, after 6 years of exposure, at
the full reactor power of 36 GW, is predicted for the median sensitivity.

A new technique that would provide a robust 5 σ measurement in less than six
years of running was recently proposed in [5]. It is based on the introduction of
a new statistical estimator, F, which revises the approach followed in the last ten
years based on the ∆χ2 estimator and the effective parameterization of the neutrino
masses. The effective parameterization [11] was very valuable in boosting the studies
and the proposals for a large reactor neutrino experiment at medium baseline (30-
50 km). It predicted the possible determination of MH without any degeneracy,
even taking into account the rather large uncertainty on ∆m2

atm at that time (larger
than 40%). However, the effective parameterization reduces the information above a
certain neutrino energy threshold. For example, at JUNO the discrimination between
NH and IH vanishes for Eν > 4− 5MeV .

Instead, using the F estimator the two mass orderings could be discriminated at
the price of allowing for two different values of ∆m2

atm. This degeneracy on ∆m2
atm

(around 12 × 10−5 eV2) can in any case be measured at an unprecedented accuracy
of much less than 1%, i.e. 10−5 eV2, within the same analysis.

The key picture is shown in Fig. 3. It demonstrates that, whatever be the algebraic
construction and the implicit assumptions of the F-test, for each real/simulated data
sample (x-axis) the F technique identifies two main possibilities (y-axis): the true
MH associated to the true ∆m2

atm and a wrong MH solution with a ∆m2
atm shifted of

12× 10−5 eV2 with respect to the true value. Each of the two solutions own a ∆m2
atm

resolution of about 0.3%.
It is worth to add that in [5] evaluation and inclusion of systematic errors and

backgrounds have been performed, the most relevant among them being the addition
of the two remote reactor plants 250 km away. Baselines of each contributing reactor
core and its spatial resolution have been taken into account. Possible results after
two years of running and the foreseen initially-reduced available reactor power have
been studied, too. The Monte Carlo simulations have been performed following an
event-by-event procedure.

Last but not least, using the F estimator, the estimated significance grows with the
size of the data sample, contrary to the ∆χ2 outcome that is asymptotically limited.
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Figure 3: ∆m2
atm(true) vs ∆m2

atm(recons) is drawn, ∆m2
atm(recons) being obtained

by applying the F estimator. The continuous lines correspond to the central values,
the dashed ones to the ±σ bands. Black (red) curves corresponds to the NH (IH)
generation. The central circles correspond to the 68% and 95% C.L. contours of the
current ∆m2

atm uncertainties from the global fits for NH and IH. See [5] for more
details.

6 Two words on the MH sensitivity estimation

The conventional way to establish the MH sensitivity is to follow the frequentist pre-
scription: the median discovery-significance expected from an experiment is computed
as the p-value of the background probability density function (PDF) corresponding
to the median of the PDF of the signal, sometime with ±1σ bands. That gives the
50% probability that the experiment achieve such significance. The final significance
may be higher or lower. This procedure is quite useful to compare different exper-
imental proposals but it may be limited when e.g. more robust expectations are
required for the optimizations of the experiment. That becomes more relevant when
the significance level is critical, that is between 3 and 5 σ’s.

We prefer and suggest that for the MH determination one should assume a cer-
tain confidence level C for the true hypothesis and an average p-value for the wrong
hypothesis be evaluated, weighted by the true-hypothesis PDF. The single p-value
entering in the average is computed from the edge of the confidence interval of the
true-hypothesis PDF. The new C parameter that enters in the computation is driven
by the experimental confidence on the quality of the experiment itself. C may be
chosen to be 68% or 90%, depending of the risk approach, or even 99% if concerns
about possible systematics have to be taken into account. In formulas, being fMO(~x)
the density probabilities and considering the case NH true,

p− val(IH) =
∫

ΩNH

d~x fNH(~x)⊗
∫

ΩNH(~x)

d~x′ fIH(~x′),
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ΩNH ⊥
∫

ΩNH

d~x fNH(~x) = C, ΩNH(~x) 3 fIH(~x′) ≤ fIH(~x) for ~x′ ∈ ΩNH .

This procedure is in general more conservative than the evaluation of the standard
p-value on the median of the true hypothesis.

Another issue about the MH sensitivity determination regards the common stud-
ies with the ∆χ2 estimator. A big warning should be addressed to the figure of merits
obtained from the analytical or semi-analytical developments. All these analyses usu-
ally assume that the asymptotic distributions of the likelihood ratio test statistic
given in [6] are a valid approximation [12]. This is a generalization of the approxi-
mations derived in [13] for the reactor experiments to evaluate the distribution of the
∆χ2, under the assumption that the data follow a Gaussian distribution in the large
sample limit. In other words, the Central Limit Theorem (CLT) should hold.

A strict condition of the CLT is that the variance of the PDF of the single measure-
ment be constant∗. Therefore, the Gaussianity could be destroyed when systematics
are included. In particular, when the systematic errors are largely varying, like e.g.
the case of Juno, the Gaussian approximation can be badly broken and reduce no-
tably the significances. The net result is not easily noticeable as the medians and
the Asimov data sets are not affected. An event-by-event simulation that properly
takes into account the convolution of statistical fluctuations and systematic errors is
needed to determinate the correct distributions [14].

7 Conclusions

A major enterprise of the neutrino community is the future determination of the
neutrino mass ordering. Unfortunately, it appears to be a challenging task for any
framework should be used. The atmospheric neutrino framework, as well as the cos-
mological framework, were not discussed in this note. Nevertheless their standard
sensitivities on the MH determinations seem either rather poor or with severe con-
cerns, respectively. The same occurs to the framework of the accelerator baseline and
the reactor neutrinos. Therefore, it is mandatory to evaluate whether new tools of
analysis can overcome these limits. We reported about the recent techniques devel-
oped for the two latter frameworks. They are encouraging and could provide more
robust and significant/complementary results than the standard technique based on
the ∆χ2 estimator, and in a shorter time.
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1 Introduction

The detection of GW170817 [1], the coincident Gamma Ray Burst (GRB) [2], and
the other electro-magnetic counterparts in a wide region of the spectrum from X to
radio frequencies [3] marked the historical debut of Gravitational Waves (GWs) on
the stage of Multi-messenger Astronomy in the first month of joint activity of the
Advanced LIGO [4] and Advanced Virgo detector [5].

Historically, the first extra-solar multi-messenger detection happened with SN1987A
[6] and involved a wide spectrum of electromagnetic signals and neutrinos that were
detected by Kamiokande II [7], the Irvine-Michigan-Brookhaven Experiment(IBM)
[8] and Baksan [9] neutrino observatories with energy ∼ 20 MeV.

More recently, another multi-messenger transient event involving neutrinos has
been detected, namely the extremely-high-energy neutrino event EHE170922A (∼
PeV) [10] by IceCube and consistent detections of gamma ray flares by Fermi-LAT
[11] and MAGIC [12] in a window of ± 5 days enabled to identify the source as the
active galactic nucleus TXS 0506+056 of the blazar category (i.e. with its relativis-
tic jet directed to Earth producing a characteristic radio emission spectrum), with
yet undetermined red-shift. Current interpretation of this astrophysical event is of
ultra-high-energy protons producing pions eventually decaying into gamma rays and
neutrinos.

In general powerful astrophysical objects, endowed with magnetic field and in the
presence of strong astrophysical shocks are capable to accelerate particles to extremely
high energy cosmic rays, whose subsequent interaction with radiation and matter can
produce electromagnetic waves in an wide frequency range, and high energy neutrinos
through decay of mesons.

Neutrinos can reach Earth from the entire cosmos because of their weak interac-
tion with matter (and null interaction with electromagnetic radiation). Even more
so for GWs, which can also be originated by the coherent, accelerated motion of as-
trophysically massive objects. As neutrinos and GWs can travel almost unaltered
(apart from cosmological red-shift) from sources to detectors, they represent invalu-
able messengers to bring a snapshot of the source at their production.

Active searches for joint detections of GW events in coincidence with electromag-
netic and neutrino events have received strong momentum by the first detection of
GWs from binary black holes GW150914 [13], see [14] for a search of an electromag-
netic counterpart and [15] for a neutrino one.

As in this first GW observation, neither neutrinos nor electro-magnetic counter-
parts have been detected in coincidence with the additional GW events produced by
binary black holes coalescences so far observed by LIGO: GW151226 [16], GW170104
[17], GW170608 [18] and by LIGO and Virgo GW170814 [19]: the negative results of
searches for coincident neutrino events are reported in [20], [21], [22].

Note that since the decay of a binary black hole pair is very slow, it is not expected
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to be surrounded by matter at the time of coalescence, thus preventing the non
gravitational messengers to be triggered by these kind of events, although exotic
mechanisms to produce multi-messenger signals from binary black hole coalescences
have been conceived, see e.g. [23], [24].

Combined searches for transient events by GW and neutrino detectors have been
realized in the pre-GW-detection era as well, see e.g. [25] for an early attempt and [26]
for a search of GWs in coincidence with neutrino events in a period of joint operations
between year 2007 and 2010. Note that the 37 high-energy neutrino events at energies
20 TeV − PeV of cosmic origin observed by IceCube in a 3 year period 2010 and 2013
[27] have no astrophysical association. In particular 2 of the E > 100 TeV neutrinos
were detected during the nominal initial LIGO-Virgo observation periods, however
not all of the three GW detectors were operational, thus jeopardizing the possibility
to determine interesting limits on joint sources of GWs and high energy neutrinos.

Upper limit rates of combined GW and high energy neutrino (� GeV) source
population on Initial (Advanced) LIGO-Virgo real (projected) data were computed
in [28], with the result of non-detections implying less than 100−few×10−2 event per
Milky Way equivalent galaxy per year for isotropic equivalent energy release in the
range 10−2 − 10−4 M� (and upper limits on the event number almost 2 order of
magnitude stricter for Advanced LIGO-Virgo).

The outline of this short paper is the following: in sec. 2 we give an overview
of standard, non-exotic sources for a joint GW-neutrino detection and in sec. 3 we
summarize the salient features of the sources that are imprinted in a GW observations
and the prospect for future detections. We conclude in sec. 4 with an outlook of future
combined detection of GWs and neutrinos.

2 Potential sources for coincident neutrino and grav-

itational detections

Main candidates for a future detection of GWs and neutrinos are GRBs from core
collapse supernova and compact coalescing binaries involving at least one non-black
hole object.

The duration distribution of GRBs shows a clear bi-modality, enabling the dis-
tinction between short (. 2 sec) and long ones (& 2 sec), both being distributed
isotropically in the sky supporting a cosmological origin and the former being prefer-
entially harder than the latter, see e.g. [29].

Short GRBs were widely believed to originate from coalescing binaries involving
at least one neutron star already before GW170817 detection, model that this obser-
vation has confirmed. Neutrino emission models cannot exceed (per flavor) fluence
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value [30]

F ' few ×
(

E

GeV

)−2(
d

40 Mpc

)−2
GeV−1cm−2 , (1)

for the most optimistic choice of parameters [31] (and on-axis view, for a ±500 sec
window around trigger time), with maximal neutrino energy expected between 100
TeV and 10 PeV, and neutrinos can be emitted within minutes of the GRB since
they are associated with both prompt and extended emission of gamma rays. Even
more stringent fluence upper limit applies if a millisecond, rapidly spinning, highly
magnetized neutron star (magnetar) is created by the binary neutron star merger,
which can emit over a longer time span (weeks) [32] (and for which maximal neutrino
energy can exceed 100 PeV). In the case of maximal fluence, this limit is scraping the
bottom of the upper limit set by the ANTARES, IceCube and Auger non-observation
of a neutrino counterpart of GW170817 [30], which were able constrain the neutrino
fluence in the 100 GeV − 105 PeV energy window, with GW170817 having origin in
a galaxy at a distance of 40 Mpc from Earth.

Neutrino flux can also be modulated by the viewing angle, with fluxes decreasing
rapidly when the observation angle exceeds the opening angle of the jet.

The energy released in GWS by short GRB events originated by coalescing binaries
can extend up to 10−2M�, from which GW spectral amplitude hs can be computed∗

hs ' 10−21Hz−1/2
(

E

10−2M�

)1/2(
fGW

1 kHz

)−1(
D

1 Mpc

)−1
, (2)

allowing a detection up to O(100) Mpc given the noise level of Advanced interfer-
ometer that have reached sensitivity hs ∼ few ×10−23 Hz−1/2 in the frequency range
between 100 Hz and 1 kHz.

Pre-GW detection era results tried to dig into GW data to search for signals in
coincidence with both and long GRBs [33], with the result that no association could
be made, with closest GRB considered being at a distance ∼ 150 Mpc (corresponding
to red-shift z ' 0.05).

Long GRBs are instead thought to be originated by the core-collapse of mas-
sive (few ×10M�) stars [34] and their isotropically equivalent luminosities can range
between 1051 and 1053 erg/sec. According to the collapsar model long GRBs are trig-
gered by the core-collapse explosion of a stripped-envelope massive star, after which
powerful jets of matter plow through the collapsing star along the spin-axis, eventu-
ally matter flows towards a newly formed black hole or magnetar reaching relativistic
speeds, and producing GRBs.

High energy neutrinos (� GeV) can be produced before the jet outflows and their
production can still be active during the afterglow, so that no clear prediction can

∗For a signal with time domain profile h(t) one can define the root-sum-square amplitude hs ≡∫∞
−∞ dth2

+(t) + h2
×(t).
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be made for their arrival time. Neutrino fluxes for energies in the range 100 GeV to
100 TeV can be estimated to be around 100 × (d/10 Mpc)−2 events at a distance d
(for a km-scale water- or ice-Cherenkov detector) [35], where value at least O(10) are
phenomenologically interesting.

Long GRBs can are further divided on observational basis into low-luminosity core
collapse supernovae, engine-driven core collapse supernovae, standard low-luminosity
GRBs with core-collapse supernovae, and canonical long GRBs, with considerable
uncertainty in estimates for neutrino fluxes.

Another interesting sources for joint detection of GWs and neutrinos are magne-
tars which represent the best model to explain soft gamma repeaters and anomalous
X-ray pulsars, which display repeated outburst of short duration (∼ 0.1 sec) with peak
luminosity of ∼ 1042 erg/sec, thus much less luminouos than GRBs (even though some
rare SGR have reached luminosities of 1047 erg/sec [36, 37]). LIGO/Virgo have al-
ready searched in 2008-2010 data for signals in coincidence with galactic soft gamma
repeaters, with negative results [38].

3 Gravitational Wave detector physics

Advanced LIGO and advanced Virgo GW detectors are Michelson interferometer with
Fabri-Perot cavities which represent the most precise ruler ever made: by measuring
the differential variation of the interferometer’s arms they can monitor the passage of
a GWs in the frequency range from few tens of Hz to roughly 1 kHz. Because of the
frequency range interferometric GW detectors are sensitive only to binary coalescence
of compact objects, thus small enough (∼ 10 − 100 km) that can achieve such high
orbital frequencies. Interferometers respond linearly to the GW strain by measuring
the difference in optical path with the result of being mild directional detectors, as
they can detect only GWs that do not alter simmetrically the two end mirrors.

GWs have 2 polarizations, conventionally called h+ and h× and each detector is
sensitive to only one linear combination of them, the coefficients of proportionalitys
between detector output and h+,× being the pattern functions F+,×, see fig. 1 for the
values of the LIGO and Virgo pattern functions at the time of GW170817.

For un-modeled events LIGO and Virgo search for excess noise but for coalescing
binaries accurate theoretical models exist enabling to correlate observational data
with pre-computed templates.

One important quantitative detail is that because of the quadrupolar nature of the
source the two polarization are affected in a specific way by the relative orientation
of the binary orbital plane and the observation direction. Denoting such angle by ι
one has

h+ ∝ (1 + cos2 ι)/2 ,
h× ∝ cos ι ,

(3)
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Figure 1: Pattern functions of the LIGO Hanford (first line), LIGO Livingstone (sec-
ond line) and Virgo detector (third line) as a function of right ascension and declina-
tion at the time of GW170817: August 17th 2017, 12:41:53 UTC. The first and second
column represents respectively F+ and F×, the position of the GW170817 source be-
ing right ascension= 13h 09′ 48′′, declination= −23o 22′ 53′′. Pattern function values
range from 1 (dark red) to -1 (dark blue).

introducing a degeneracy between ι and the source-observer distance to which the
GW amplitude is inversely proportional: stronger signals could equally well be closer
and misaligned or farther and better aligned, with the latter possibility favoured a
priori because at a larger distance more volume is available, hence more possible
sources [39].

GWs can be localized with reasonable accuracy (e.g. the 90% credible region of
GW170817 wich happened at 40 Mpc from Earth and was observed by 3 detectors,
measured 28 degree squared, with lower precision expected for fainter objects) by
short-circuiting the data of the time of arrival (triangulation) and the information
from the signal amplitudes and phases across the detector network [40], with the
result shown in fig.2 for GW170817, where the GRB [3] and optical [41] localizations
are also shown.

Source-detector orientation also matters for neutrino observatories as for e.g. sur-
face neutrino detectors like Auger have the optimal condition represented by high-
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Figure 2: LIGO/Virgo, Fermi and optical transient sky localization of respectively
GW170817/GRB 17817A/SSS17a/AT 2017gfo. From [3].

energy (� 100 TeV) showers created close to the detector by neutrinos with earth-
grazing incidence, see fig. 3 for the neutrino detector orientation with respect to
GW170817. In-ice (like IceCube) and in-water (like ANTARES) detectors can take
advantage of earth shield for up-going neutrino (however Earth stop being transpar-
ent at E > 10 PeV) or look preferably at sufficiently high energy (> 100 TeV) to kill
the background of penetrating muons from cosmic ray showers.

4 Conclusions

The study of transient sources, which involve compact objects and ultra-violent phe-
nomena (such as gamma-ray bursts and magnetars) is a very active, promising and
new field of reserch in astronomy. Neutrino and gravitational waves have their own
specific characteristics making them unique messengers from the most energetic astro-
physical events, beside carrying invaluable information on the fundamental structure
of matter and interactions.

Detectors sensitivities are expected to improve in the coming years, pushing for
a perseverant effort in the coordination for a joint detection, possibly solving in the
future the puzzle of the still unexplained origin of the extremely high energy neu-
trino events (∼ PeV) [42], which could be the first indication of an astrophysical
neutrino flux, and allowing another insightful messenger to carry information about
astrophysical sources.
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Figure 3: Location of neutrino experiments and line dividing up/down directions.
Also reported are the position of GW170817 at emission (black circle) and at the
time of the first optical detection (red circle), 10.87h afterwards, by the One-Meter
Two-Hemisphere (1M2H) team with the 1 m Swope telescope at Las Campanas Ob-
servatory in Chile. Adapted from [30].
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FLARES

Mattia Beretta, on behalf of the FLARES Collaboration

University of Milano-Bicocca, Department of Physics G. Occhialini and INFN, section of
Milano-Bicocca

FLARES (Flexible Scintillation Light Apparatus for Rare Events Searches)
is an innovative project in the field of rare events searches, such as the search
for the neutrinoless double beta decay. It aims at demonstrating the high po-
tential of a technique that combines scintillating crystals with arrays of high
performance silicon drift detectors (SDD), operated at about 120K, to reach a
2% level energy resolution in the region of interest (∼ 3 MeV). The proposed
technique will combine in a single device all the demanding features needed by
an ideal experiment looking for rare events. The characterization of the light
emission non-proportionality of different scintillation crystals as well as a first
test of a CdWO4 crystal coupled to an array of SDD are presented and discussed.
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1 Introduction

The double beta decay (ββ) is a rare spontaneous nuclear transition in which a nucleus
(A,Z) decays to a member (A,Z+2) of the same isobaric multiplet. Two final states are
possible for this decay: the emission of two electrons and two antineutrinos (2νββ) and the
emission of two electrons only (0νββ). The former process is predicted by the Standard
Model of particle physics and has been observed for a dozen of isotopes with half lives
ranging from 1018 to 1021 years. On the other hand, the latter is still object of research,
since its discovery would state whether neutrinos are Dirac or Majorana fermions and provide
information about their absolute mass scale, while proving the lepton number violation [1].
These two processes can in principle be distinguished in the energy sum spectrum of the two
emitted electrons: while the 0νββ results in a peak at the Q-value of the transition (Qββ),
2νββ generates a continuous distribution from 0 to Qββ . The observation of the 0νββ peak
would permit the evaluation of the half life of the decay, directly linked to the effects of the
neutrino mass in the process.

2 Experimental Sensitivity

In the search for 0νββ, current generation experiments are struggling to improve their
sensitivity, defined as the longest possible half-life measurable with a particular detector
above a given background. This characteristic is enhanced on one side by increasing the
number of candidate isotopes under observation, the experimental live time and the detector
energy resolution, and on the other by reducing the background originating from spurious
events in the region of interest (ROI, defined as an energy window equal to one FWHM
resolution centered at the Qββ). The sensitivity enhancement requires considerable technical
efforts: huge detector masses (∼ton or larger) must be kept efficiently operational for long
times, always ensuring low levels of background (B) and excellent energy resolution (∆E).
In particular, the background rate of counts is composed by two contributions: the spurious
counts due to undesired radioactive sources and the fraction of 2νββ events falling in the
ROI. While the first component can be reduced with different techniques, for example by
shielding the detector and choosing high purity materials, the second is unavoidable and can
only be solved with high resolving detectors. The fraction F of 2νββ events in the ROI can,
in fact, be expressed as [1]:

F2ν v Qββ · δ6 = Qββ ·
(

∆E

Qββ

)6

(1)

where δ is defined as the ratio between FWHM resolution and Qββ . This equation shows
that resolution plays the most important role in reducing this form of background. At an
energy of 3 MeV, a value close to the Qββ of most of the 0νββ candidate isotopes, a δ of the
order of 2% is needed to make negligible at the actual half life sensitivities of many 0νββ
experiments the 2νββ contribution to the background.

1



Property CaMoO4 CdWO4

300K 120K 300K 120K
Density [g/cm3] ∼4.3 7.9
Light yield [ph/MeV] ∼8900 ∼25000 ∼18500 ∼33500
Scintillation Decay Time [µs] ∼18 ∼190 ∼13 ∼22

Table 1: Properties of CaMoO4 and CdWO4 scintillation crystals. The values come from ([2]).

3 The FLARES strategy

In this landscape, the FLARES (Flexible Light Apparatus for Rare Events Search) project
proposes the development of a detector for 0νββ search based on the use of high perfor-
mance solid state detectors (SDD, Silicon Drift Detectors) to read the light emitted by large
scintillating crystals, cooled at ∼120K, containing the 0νββ candidate isotope. The use of
scintillation detectors provide flexibility in the choice of the candidate isotope and easy mass
scalability, while the usage of SDDs enhances the attainable energy resolution. Moreover,
both scintillating crystals and SDDs can be produced with high purity materials, thus low-
ering the radioactive contaminations. The project is actually in a research and development
phase (R&D), divided in two parallel aspects: the optimization of the scintillation properties
of crystals and the development and characterization of the SDDs.

3.1 Scintillating Crystals characterization

One of the first steps to be performed consists in the choice of the scintillating crystal, which
has to contain a suitable 0νββ candidate isotope while being a performing scintillator. These
constraints lead to the selection of two crystals: CdWO4 and CaMoO4, containing respec-
tively 116Cd and 100Mo as candidate isotopes for 0νββ decay. The scintillation properties
of these two crystals are reported in Table 1. As shown in Table 1, by operating these
crystals at a temperature of ∼120K, the light yield (LY) increases of a factor 2-3, directly
improving the attainable energy resolution. Considering only the statistical fluctuation of
information carriers, a resolution of ≤ 1% at 3 MeV can be predicted for a CdWO4 crystal
operated at 120K [2]. Nevertheless it has to be considered that the attainable resolution
for scintillating crystals is usually considered as limited by the intrinsic resolution [3]. This
characteristics depends on the scintillation mechanism of inorganic crystals and could be
explained by the lack of proportionality between deposited energies in the lattice and light
output, defined as non-proportionality of light emission [4]. The LY dependency on energy
could affect the attainable energy resolution, since the wrong identification of the deposited
energy causes the energy peaks of a scintillation spectrum to be wider than expected. As
a consequence, the non-proportionality has to be understood in the framework of FLARES
project, since it could affect the energy resolution, a key parameter for a rare events de-
tector. A dedicated measurement of the LY non-proportionality of CdWO4 has then been
carried out, exploiting the Compton Coincidence Technique (CCT)[5]. Thanks to the CCT,
the Relative Light Yield (RLY) has been quantified, defined as the ratio between the light
output corresponding to a certain energy deposition and the light output at the 662 keV

2



line of 137Cs. Values of RLY departing from 1 are due to the non-proportionality, therefore
this characteristics has been quantified. To further understand the non-proportionality, the
dependence of the RLY on the shaping time (ST) used to filter the scintillation signals has
been performed, exploiting a digital trapezoidal shaping algorithm. The results, reported
in Figure 1, show a clear correlation between these two variables [6]. According to this evi-
dence, the non-proportionality can be modified by changing the ST chosen for the treatment
of the pulses. This results implies that an excess with respect to the expected statistical
contribution cannot be ascribed only to the crystal inhomogeneities, but has to be traced
back to the scintillator/photodetector system. As a consequence, the intrinsic resolution can
be reduced and has to be considered as induced by the characteristics of the readout chain
and not only by the scintillation mechanism of crystals.

10 1 10 2 10 3

E [keV]

0.5

1

1.5

2

2.5

R
LY

0.5 µs
10 µs
20 µs
50 µs
Integrated Preamplifier
15 µs (Literature)

Figure 1: Measured non proportionality for CdWO4 crystal. The effect of the shaping time is
evident, since it causes the non proportionality to space in a range between 0.5 and 2.5. Integrating
the preamplifier signal causes the crystal to reach a minimum value of RLY, therefore of non-
proportionality. The figure comes from [2].

4 The Silicon Drift Detectors and the first detector test

The SDDs are solid state detectors with high quantum efficiency (∼ 80% in 450-1000 nm
λ region) and low electronic noise. In particular, the anode capacintance of these detectors
is extremely low (∼ pF) and does not depend on the active area of these devices [7]. This
advantage of SDDs, as compared to other Si-based photodetectors, allows scaling of detector
size to effectively cover larger scintillating crystals with small electronics noise (in particular
if the contribution due to leakage current is made negligible by cooling). Consequently, these
detectors have been chosen for the FLARES project. In the current R&D phase, detectors
with 9 cm2 active area have been designed by Fondazione Bruno Kessler (FBK). These
detectors are the biggest ever designed with a single anode. The first test performed by
the means of X-ray measurement showed good noise performances, as well as proving the
linearity of their response.

3



Figure 2: Measured FWHM resolution and its components as a function of the γ-ray energy. The
orange points correspond to the squared sum of the statistical (blue points) and electronic (red
point) components of the obtained resolution. The figure comes from [8].

Furthermore, a measurement with a CdWO4 coupled to an SDD matrix has been performed
in collaboration with the Politecnico of Milan, department of Electronics, Information and
Bioengineering. The detailed results have been recently published in [8]. With a 228Th source
measurement, a 3% FWHM energy resolution has been obtained for the 2615 keV γ peak (see
figure 2). The measured resolution appears limited by an exceeding component, that could
be ascribed to photoelectron losses when the photon interaction happens far from the SDD
center. This results shows the effectiveness of FLARES strategy to resolving scintillators,
thus preliminary proving this detector concept. Further measurements with more optimized
SDDs are currently being performed, with the objective of reaching resolution values suitable
for the application in the search of rare events.
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Adding right-handed neutrinos to the Standard Model is a natural and simple exten-
sion and is well motivated on both the theoretical and the experimental side. We extend
the Standard Model by adding only one right-handed Majorana neutrino and study the
sensitivity of the Near Detector of the DUNE experiment to the new physics param-
eters, namely the mixing parameters |Ue4|

2 and |Uµ4|
2 and the mass mN . The study

relies on searches of the products of right-handed neutrino decays, which is possible
thanks to an extremely intense beam and a state-of-the-art detection technology. This
type of direct test is carried out with very few assumptions and in an almost-completely
model-independent way, providing thus a strong result. A background analysis is also
performed, simulating the detector performance to particle identification. It is found
that the existing bounds in the MeV-range can be improved by one order of magnitude
in different detection channels.
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1 Introduction

The evidence for three neutrino flavour oscillation is well established [1, 2] and can be accounted
for only if the neutrino mass splittings are non zero [3]. This imply that at least two neutrino states
are massive, even though the Lagrangian of the Standard Model (SM) does not give an explanation
of such masses. A natural solution is to extend the SM with the right-handed counterpart of
neutrinos, in order to accommodate in the Lagrangian both Yukawa couplings, which generate
Dirac masses via Higgs mechanism, and Majorana mass terms. A seesaw realisation can then take
place to address the small neutrino masses, but its discussion is beyond the scope of this work.

The Deep Underground Neutrino Experiment (DUNE) will also be sensitive to Beyond the
Standard Model (BSM) physics. In this study, we will show that it has the capability of performing
a model independent search for right-handed neutrino decays into SM particles. Thanks to very
few assumptions, this type of analysis gives very strong limit on new physics content in case of
non-observation of such decays. In laboratory searches, no positive evidence of sterile neutrinos
has been found so far in the mass range of interest. The current limit in this region is given by the
PS191 experiment [4]. The upper bound was set to be ≤ 10−8 ∼ 10−9 for both |Ue4|

2 and |Uµ4|
2.

A thorough review of the current constraints is found in [5, 6].

2 Theoretical framework

The addition of a single sterile fermionic state N ′ to the SM is an economical modification and
sufficient to describe the search of neutrino decays into SM particles. Yukawa couplings between the
new fermions and the Higgs field are permitted, as well as Majorana mass terms. The Lagrangian
reads:

L = LSM + iN ′/∂N ′ −
∑

α

YαLαH̃N ′ −
1

2
MRN ′CN ′ + h.c. , (1)

with H̃ = iσ2H and N ′C the charge conjugated field of N ′. After the electroweak symmetry
breaking and the diagonalisation of the mass matrix, the new Majorana state N mixes with the
light ones into active neutrinos as:

να =

3
∑

i=1

U∗
α i νi + U∗

α 4 NC , (2)

where the entries Uα i corresponds to the PMNS matrix and Uα4 are the new mixing elements. As
the flavour eigenstates are coupled to the electroweak bosons, the new mass eigenstate is involved
in any process in which active neutrinos take part, with vertices proportional to the mixing Uα4.
The masses of the new fermions can range from below the electroweak scale up to the Planck scale,
producing accordingly a different phenomenology.

If the mass is the range from few MeV to few GeV, the heavy neutrinos can be produced in
the beam, in a fixed target experiment, with the same mechanism that generates light neutrinos.
A proton beam impinging on a fixed target produces a significant number of light pseudo-scalar
mesons, mainly pions and kaons, which in turn decay via leptonic and semi-leptonic channels. The
prediction of the νµ spectrum broken down by meson parentage is illustrated in figure Fig. 1 on
the left. The deflection of the mesons with magnetic horns into a decay pipe results in a focused
neutrino beam, a component of which consists of sterile neutrinos with masses mN up to the mass
of the decaying meson. If the new neutrinos are massive enough, their mass-splittings with the light
neutrinos could be larger than the wave packet energy-uncertainty associated with the production
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Figure 1: Left: prediction of the νµ flux at the Near Detector. The spectrum is broken down into the contribution
coming from different parent particles. Right: factors K for two body decays of pseudomeson, up to the Ds meson,
plotted as a function of the mass. The enhancement in the electronic channel is due to the fact that the Majorana
neutrinos are not affected by helicity suppression.

mechanism, and so they do not oscillate [7]. In this scenario, MeV-scale sterile neutrinos can
propagate undisturbed from the decay pipe to the detector, where they might decay into visible
SM particles. For masses mN < mK0 , the available decay modes are, in ascending mass threshold
order,

N −→ 3ν , νγ , νe+e− , νe±µ∓ , νπ0 , e−π+ , νµ+µ− , µ−π+ .

The decay width of these channels can be found in [5].
It is possible to evaluate the flux of the sterile neutrinos within reasonable approximation. The

flux of light neutrinos να, like the one presented in Fig. 1, produced from the leptonic or semi-
leptonic decay of a given parent particle P → να + X can be suitably scaled to obtain a valid
heavy neutrino flux. Neglecting energy dependence, a reliable scale factor is given by the ratio with
respect to the SM of the partial decay widths in the model with an extra neutrino. The ratio will
be proportional to the mixing parameter and will contain only kinematic functions of the Majorana
neutrino mass, mN . With this in mind, the corresponding flux for the sterile neutrino is estimated
as follows:

dφN

dE
(EN ) ≈

∑

α,P

KP
α (mN )

dφP→να

dE
(EN −mN ) , KP

α (mN ) ≡
ΓSM+N

ΓSM

. (3)

The scale factors K can be computed analytically for leptonic two-body decays of pseudo-scalar
mesons [8]. This ratio in the case of two-body decays is responsible for correcting phase space and
helicity terms. As a matter of fact, a Majorana neutrino is not affected by helicity suppression,
and as a consequence the electronic channels are enhanced with respect to the muonic. The factors
are shown on the right plot of figure Fig. 1. In the case of three-body decays the computation is
numerical, and the factors K do not show any enhancement but account just for the correct phase
space.

3 The Near Detector

The upcoming DUNE experiment will study oscillation of neutrinos in great detail [9], thanks to
the 40 kton Liquid Argon Time Projection Chamber (LArTPC) situated 1300 km from the proton

2



Channel BR (%) mN (MeV)
π+ µ+νµ 99.98 33.91

e+νe 0.01 139.06
K+ µ+νµ 63.56 387.81

π0e+νe 5.07 358.19
π0µ+νµ 3.35 253.04
e+νe 0.16 493.17

K0
L π±e∓νe 40.55 357.12

π±µ∓νµ 27.04 252.38
µ+ νµe

+νe 100.00 105.14

PS191 LArTPC HPArFGT

Baseline 128 m 574 m 578 m
Sizes – 3m×3m×4m 3.5m×3.5m×6.4m
Volume 216 m3 36 m3 78.4 m3

Weight – 50 ton 8 ton
POT 0.86× 1019 13.23× 1021 13.23× 1021

Exposure 1.0 12.7 27.4

Table 1: Left: Main decay channels yielding neutrinos in a fixed target experiment. Only secondary particles up
to the neutral kaon are shown. Right: Features of the two detectors which will form the ND system, compared to
PS191. The exposure is defined as POT×Volume×Baseline−2 with respect to PS191. For this search, volume is the
driving feature, whereas the fiducial weight affects the background.

target. A Near Detector (ND) is nevertheless needed in order to normalise the flux of neutrinos
reaching the far detector: the ND will be placed 574 m from the target. Even if the final design
of the ND has not been decided yet, its active volume will be exposed to an extremely intense
neutrino beam during data runs, thanks to its proximity to the target and its size. The ND will
likely be a hybrid concept, consisting of a LArTPC placed in front of a High Pressure Argon TPC
(HPArTPC). A summary of the features of the two detector is reported in Tab. 1, where they are
compared to PS191.

The expected number of heavy neutrino decays inside the detector for a given channel d can be
naively evaluated using the following formula:

Nd =

∫

dE Pd(E)Wd(E)
dφN

dE
(E) , (4) Pd(E) = e

−
ΓtotL

γβ

(

1− e
−

Γtotλ

γβ

)

Γd

Γtot

, (5)

where Wd is an efficiency factor derived from background reduction analyses, and dφN/dE is the
number of N expected at the ND. The term Pd accounts for the probability of a Majorana neutrino
of energy E to travel the baseline distance and decay inside the near detector, where L denotes
the baseline, λ the length of detector, Γd the partial decay width for the mode d and Γtot the total
decay width.

Except from N decaying into three neutrinos, all the other decay channels are detectable.
Ordinary neutrino-nucleon interaction occurring within the fiducial volume of the detector are the
major source of noise. The most copious events are quasi-elastic interactions, either via charged
currents (CCQE) or via neutral currents (NCE), deep inelastic scattering (DIS) and resonance
pion production (CC1π). In order to reduce the background, a million neutrino-nucleon events are
generated with genie [10] and passed to a fast Monte Carlo which accounts for detector smearing
effects and mis-identification. Events with detected hadronic activity are discarded, for it is a
conclusive evidence for a beam-related scattering event. The kinematic properties of the remaining
background events are compared to simulated signal events: the different behaviours of the two
further help in discriminating signal events from the background. Conservative data analysis cuts
are applied to maximise the background reduction, while retaining as many signal events as possible.
The weighting factors Wd(E) in Eq. 4 are the binned ratio of the N energy spectrum after and
before the analysis cuts.
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Figure 2: Sensitivity of the ND system to direct search of right-handed neutrinos, studying the decay modes
N → eπ and N → νee for |Ue4|

2 (left) and the decay modes N → µπ and N → νee for |Uµ4|
2 (right). The solid

lines corresponds to the analysis before the background analysis (Wd = 1). The dotted lines are drawn after the
background analysis. The current limits from PS191 [4], CHARM [12] and peak searches [13] are also shown for
comparison.

4 Results

The plots in Fig. 2 are the combined 90% C.L. exclusion lines for the ND system (LArTPC +
HPArTPC), defined following the procedure described in [11]. For both mixings |Ue4|

2 and |Uµ4|
2,

the plots show the results for the channels with good detection prospects, i.e. the modes e−π+ for
|Ue4|

2, µ−π+ for |Ue4|
2, and νe+e− for both. The solid lines corresponds to the background-less

analysis (Wd = 1), while the dashed lines are the sensitivities after the background reduction. The
prediction assuming vanishing background for the future Short Baseline (SBN) program performed
in a similar study [14] is also overlaid. In the absence of signal, the ND will be able to improve
the existing limits for both mixing parameters. An overall improvement up to one order of magni-
tude in the sensitivity is expected for all the mass range with respect to previous and near-future
experiments. The other decay channels have been studied as well, leading to similar conclusions.
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Remote detection of undeclared nuclear reactors remains one of the key
goals concerning global nuclear security. To meet this goal the WATCH-
MAN collaboration has proposed the construction of a water based an-
tineutrino detector, sited 13 to 25 kilometres from a nuclear reactor com-
plex. Antineutrinos from the reactor interact in the water of the detec-
tor via an inverse beta decay interaction resulting in two distinct cones
of Cherenkov light tens of milliseconds apart. Using this interaction
WATCHMAN (WATer Cherenkov Monitor for ANtineutrinos) will be the
first detector to determine the active/inactive status of a reactor complex
at a stand-off greater than 10 kilometres. The water used in the detector
will be doped with gadolinium, providing the first demonstration of the
potential of gadolinium doped detectors for reactor monitoring and will
confirm the potential of the technology for use in larger multi-kiloton neu-
trino experiments. The proposed WATCHMAN design will be a kiloton
scale water based detector, constructed of a 16 metre diameter tank with a
height of 16 metres and will comprise approximately 3000 photomultiplier
tubes.

An overview of the remote monitoring goals of the WATCHMAN col-
laboration will be given, with a detailed description of the proposed de-
tector. An outline of the two proposed WATCHMAN sites will also be
detailed with a prediction of the expected antineutrino rate and the time
taken to determine the switch between the associated reactor on and off
state at each site. A brief summary of the project and the future goals
non-proliferation goals of the collaboration will also be presented.
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1 Introduction

The technical goal of the WATer CHerenkov Monitor of ANtineutrinos (WATCH-
MAN) demonstration is to detect antineutrinos from a reactor using a kiloton-scale
water-based detector. WATCHMAN will be the first demonstration of remote moni-
toring of reactor operations at significant scale and standoff using scalable gadolinium
doped water-based technology. The demonstration consists of observing reactor oper-
ations, including transitions from the reactor switch on and off (or vice-versa), using
a 1000 ton gadolinium doped water target (fiducial mass) [1],[2].

2 Boulby Proposed Site

The WATCHMAN detector, see Figure 1 will mark the first use of the chosen site’s
cavern and detector infrastructure for antineutrino detection. The facility can also
accommodate different antineutrino target media, different photosensors and other
changes to the baseline detector. This site and infrastructure is referred to as the
Advanced Instrumentation Test-bed. The present summary serves as a record of
the site selection for the Advanced Instrumentation Testbed and the WATCHMAN
demonstration.

Figure 1: a graphic illustrating the current design of the WATCHMAN detector

In order to select a site for the demonstration, the collaboration conducted an
exhaustive comparative analysis of possible deployment sites in the United States and
the United Kingdom, taking into account trade-offs between detector size, standoff
distance, cost, schedule and other factors. Within the cost and schedule envelope
provided by our funding agencies, two criteria dominated our site selection review.
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The first was proximity of the deployment site to an existing reactor at 5-50 km
standoff distances, and the second was access to existing underground cavern space
in order to greatly suppress backgrounds arising from cosmic rays, and to keep costs
within the project budget. These two criteria alone reduced the number of viable
candidate locations to two: the Boulby underground science facility, at 25 kilometres
from the Hartlepool two-reactor complex in northern England, and the Morton salt
mine, about 13 kilometres from the single reactor at the Perry site, near Lake Erie in
the state of Ohio. After an extensive comparative analysis of these two sites, we have
selected the Boulby mine in the United Kingdom as the most appropriate location
for the demonstration of this novel remote reactor monitoring technology.

While the project goals are achievable at either site, Boulby has the following
advantages:

• Greater standoff distances (25 km compared to 13 km);

• A long-established and ongoing record of safe operation of an underground scien-
tific facility, including extensive support infrastructure for scientific operations
both below-ground, and the availability of above-ground support offices near
the mine;

• A more complex reactor cycle, consisting of two reactors turning off and on with
a variable outage schedule. This complexity allows for additional insight into
the problems facing real-world monitoring situations, where it may be desirable
to detector exclude the existence of an undeclared reactor in the presence of a
declared reactor whose power, operational cycle and standoff are known.

The Morton Salt mine had its own advantages, including easier access for our
collaborators based in the United States, a shorter dwell time needed to see the 10x
stronger signal that is available from the closer and more powerful reactor, and a
shorter distance from the mine elevator to the deployment location. However, taking
all relevant factors into account, the advantages of the Boulby site greatly outweighed
those of the Morton Salt site.

3 Reactor observation Time

A key criterion for success at either site is the ability to observe reactor operations
within the time available for the project. We have found that both sites meet this
criterion. With prior knowledge of both reactors outage schedules, we divide data into
two categories: two reactors on, each at 100% thermal power, and one reactor on at
100% thermal power (rare two-reactor-off periods are neglected in our analysis). The
one-reactor-on data contains events generated by antineutrinos arising from a single
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reactor - along with an irreducible background arising from distant reactor and non-
antineutrino backgrounds that mimic the reactor signal. The two-reactor signal is
defined similarly when both reactors are fully on. Based on our current efficiency and
background estimates, just under 600 days are required at the Boulby site to observe
a 3 sigma deviation between the two-reactor and one-reactor on states, for 95% of
all trial experiments. Note that this is a conservative standard: it implies that the
average trial experiment predicts a deviation of 4.6 sigma in 600 days. Figure 2 shows
the evolution of our confidence level as we accumulate data over the course of the
Hartlepool reactor cycles. The reactor outage schedule assumed here was modelled to
reproduce the average outage times, including short maintenance outages and longer
refuelling outages, reported by the Hartlepool facility over the last 3 years.

Figure 2: The confidence level as a function of dwell time for observation of a difference
between the one-reactor-on and two-reactor-on states, for the case of the Boulby site
and the Hartlepool reactor complex. Our observation goal is met once a three sigma
difference between the one-reactor on and two-reactor-on data is observed, in 95%
of all experiments. As seen in the Figure, just under 600 days of data must be
accumulated to meet this criterion (the vertical red line).

Based on this study, we could complete this 600 day run by about mid-2023, well
before a nominal mid-2024 end of reactor operations at the Hartlepool site. We are
confident of success in achieving this sensitivity goal for a number of reasons. First,
drawing on significant experience within the collaboration with water-based detectors
and antineutrino detectors in general, we have invested a significant amount of effort
in building a well-validated and tested GEANT4 [3],[4] simulation for the purpose of
accurately estimating our efficiencies and backgrounds. Second our simulation is not
yet fully optimised; shorter dwell times may be achievable by adjusting the fiducial
volume of the detector, by other analysis improvements, or by making other modest
and low-cost changes to the detector design. Third, the Hartlepool reactor complex is
may continue operating beyond its nominal shutdown date, perhaps for an additional
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3-8 years. This would provide significantly more time to achieve our baseline goal
should there be any construction or other delays.

Taken together, the 600 day dwell time value, the likely extension of reactor
operations, and the possibility for further optimisation our analysis and of the detector
design all show that the Boulby site is the optimum choice for achieving the project
goals.

4 Conclusions

In summary, the Boulby site offers an excellent opportunity to study the response
of a large water-based detector to reactor operations at significant standoff. Our
initial and conservative criterion for observation of reactor operations can be met
within our proposed timeline, and a more realistic criterion is being developed which
is likely to shorten the time required to for successful observation of a transition in
reactor operations. Since our other top-level criteria strongly favour the Boulby site,
we have chosen this site for the Advanced Detector Instrumentation Testbed and the
WATCHMAN demonstration.
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The ENUBET facility is a proposed narrow band neutrino beam where
lepton production is monitored at single particle level in the instrumented
decay tunnel. This facility addresses simultaneously the two most impor-
tant challenges for the next generation of cross section experiments: a
superior control of the flux and flavor composition at source and a high
level of tunability and precision in the selection of the energy of the out-
coming neutrinos. We report here the latest results in the development
and test of the instrumentation for the decay tunnel. Special emphasis
is given to irradiation tests of the photo-sensors performed at INFN-LNL
and CERN in 2017 and to the first application of polysiloxane-based scin-
tillators in high energy physics.
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1 Introduction

The next generation of neutrino cross section experiments must address several accel-
erator and detector challenges to overcome the limitations of current measurements.
In order to reach a 1% precision on absolute cross sections, the dominant uncertain-
ties on flux can be removed measuring in a direct manner the neutrino production in
the decay tunnel. In addition, a tunable, narrow band beam is needed to constrain
the neutrino energy at source without relying on the reconstruction of the neutrino
interaction products. The ENUBET Collaboration [1] is designing a facility that ad-
dresses these challenges and enables a new generation of short baseline experiments
that will run in the DUNE and HyperKamiokande era. These experiments will im-
pact in a substantial manner in the systematic reduction programme of long baseline
facilities. The electron neutrino production in ENUBET is monitored at the 1% level
through the observation of positrons in the decay tunnel originating from the three
body semileptonic decay of the charged kaons: K+ → π0e+νe (and its CP-conjugate
during the antineutrino run) [2]. The other leptonic and semileptonic modes are em-
ployed to measure the νµ flux at the kaon peak and constrain the νµ flux from pion
decays. Results on the beamline and the instrumentation achieved during the first
year of the project are summarized in [3, 4, 5, 6, 7] and the updated design of the
facility based on the static focusing system will be presented in summer 2018. In this
Poster we focus on the results achieved in 2017 on the instrumentation for the decay
tunnel. Special emphasis is given to irradiation tests of the photo-sensors performed
at INFN-LNL and CERN in 2017 and the studies on polysiloxane-based scintillators.

2 Irradiation tests

Positron identification and monitoring is achieved in ENUBET by means of calori-
metric techniques. The instrumentation of the decay tunnel is based on a shashlik
iron-plastic-scintillator calorimeter with a 4.3 X0 longitudinal segmentation and a
photon veto. The calorimeter is installed on the outer walls of the tunnel and hence
only large angle particles - mostly from kaon decays - reach the detector before the
beam dump. The scintillator light is read out by Silicon Photomultipliers (SiPMs)
directly connected to the optical fibers. Thanks to the compactness of these photo-
sensors, a fine-grained longitudinal segmentation can be achieved without introducing
dead areas in the calorimeter. The technology platform for the ENUBET light sen-
sors is the RGB-HD technology developed by Fondazione Bruno Kessler (FBK). The
calorimeter is designed to be operated in the harsh environment of the decay tunnel
and the SiPM located in the bulk of the calorimeter will be exposed to sizable neu-
tron fluxes originating from hadronic showers. The integrated dose in the innermost
calorimeter layers (1 m radius) is 1.9×1011 n/cm2 (1 MeV-eq). It corresponds to 1.95
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× 1017 K+ decays and ∼ 104 νCCe events at a 500 ton neutrino detector located 50 m
after the beam dump. For this reason a dedicated irradiation test has been performed
at the CN Van de Graaff irradiation facility at INFN-LNL (Legnaro) in June 2017.
SiPMs of different pixel sizes were irradiated up to 1012 n/cm2 (1 MeV-eq) and their
response in the ENUBET calorimeter modules were tested at the CERN East Area
facility. The exposure reproduces the effects of neutron irradiation on the SiPM de-
tectors arising from hadronic interactions in the passive material of calorimeter. We
measured both the dark current increase and the response to mip before and after
the irradiation.

Figure 1: I-V curves for 12 µm pixel SiPM at different irradiation fluences.

Figure 1 shows the I-V characteristic curves for the SiPM of 12 µm pixel size.
The current flowing in the photosensor was measured as a function of the voltage for
several doses: the device shows an increase of the dark current by a factor ∼300 at the
maximum dose (1.7×1011 n/cm2) at 32 V, corresponding to an overvoltage of 3.8 V.
The relative increase of the leakage current with the dose for the same SiPM does not
depend significantly on the overvoltage. Moreover, the breakdown edge (at 28.2 V
before irradiation) is smoother after the exposure but the change on the breakdown
voltage is less then 100 mV. Waveforms were recorded at each irradiation step and
we observed that the sensitivity to single photoelectron is lost at a fluence larger than
∼ 1×1010 n/cm2.

Several boards hosting the ENUBET SiPMs were irradiated at LNL and have
been tested in July and October at CERN-PS (T9 beamline). The boards were
installed on the basic calorimeter module of ENUBET (UCM). For these tests we
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assembled UCMs with different scintillator thicknesses employing a polystyrene-based
scintillator produced by Uniplast. The results confirm the possibility to use the SiPMs
for the light readout of ENUBET in a broad range of bias voltages and scintillator
thicknesses, not only for electron/pion separation but also for the identification of
minimum ionizing particles. The mip peak is well separated from the dark noise
pedestal if the scintillator thickness is larger than 1 cm. For a scintillator tile thickness
of 1.3 cm, the calorimeter provides a clear mip signature up to an integrated neutron
fluence of 2×1011 n/cm2 (1 MeV-eq). Since the breakdown voltage is not significantly
changed by neutron irradiation, the gain and photon detection efficiency (PDE) drop
of the SiPM is recovered by increasing the bias voltage in order to equalize the sensor
response during the run.

3 Polysiloxane scintillators

Besides the standard approach that employs plastic scintillator as active material,
alternative solutions have also been considered: in 2017, we built for the first time a
shashlik calorimeter that employs a polysiloxane scintillator (1.5 cm Fe as absorber,
1.5 cm scintillator tiles, see Figure 2). This is a recently developed siliconic-based
scintillator [8, 9] that offers several advantages over plastic scintillators: better ra-
diation 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 insert the optical fibers. Silicone rubbers preserve
their transparency even after a 10 kGy dose exposure and their physical proper-
ties 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.
Pouring greatly simplifies the process of fiber-insertion and provides an optimal fiber-
scintillator optical interface. On the other hand, the light yield is about 30% of the
EJ-200 yield. The performance of the Polysiloxane calorimeter prototype has been
assessed during a test beam campaign in October 2017 at the CERN East Area (T9

beamline) [10]. We measured an electromagnetic energy resolution of 17%/
√
E(GeV )

and a good linearity (< 3% in the 1-5 GeV range). The light yield per unit thickness
is about one-third of EJ-200. As a consequence the quality of the fiber-scintillator
coupling after pouring is comparable to the one that can be obtained from injection
molding of conventional scintillators.
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Figure 2: Three polysiloxane based modules tested at CERN. The picture is taken
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Abstract
This analysis aims to study inclusive neutrino-induced neutral current
(NC) interactions that produce at least one neutral pion (π0) in the final
state (NCπ0) in the T2K off-axis near detector ND280.

The motivation for this study is to better understand/eliminate the
background to electron neutrino appearance analyzed at the far detec-
tor, Super-Kamiokande. As π0 decays are background to the appearance
search, a good knowledge of both inclusive and exclusive neutrino interac-
tion cross sections is key to improving associated systematic uncertainties
in T2K oscillation analyses.

Results from this study can be compared to a number of Monte Carlo
samples produced using different neutrino interaction generators. This can
yield information about models of neutrino-nucleon interactions. Further
comparisons can be made with the inclusive CCπ0 sample already ob-
tained from a T2K near detector analysis.

In this poster, the selection criteria used to collect inclusive neutral
current neutrino interactions on a plastic scintillator (CH) with at least
one π0 in the final state will be presented, including a discussion of how
the selection criteria were improved. I will also discuss the changes in the
selections, including the use of a fitting method to improve measurement
of the NCπ0 interaction rate.
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1 T2K experiment

T2K, a long-baseline neutrino experiment [1], is located in Japan. A high-intensity
beam of muon neutrinos/anti-neutrinos produced at the J-PARC accelerator complex
is sent towards the near detector facility (the ND280 and INGRID detectors, located
280 m away from the neutrino source) and the far water Cherenkov detector, Super-
Kamiokande (295 km away). The beam is produced by the conventional method.
The protons accelerated to 30 GeV hit a graphite target, producing hadrons includ-
ing pions and kaons. Charged hadrons are then focused and sent to a decay tunnel
where the pions and kaons decay in flight, producing neutrinos (or anti-neutrinos by
the reversing current in magnetic horns). The main purpose of the T2K experiment
is the measurement of the neutrino oscillation parameters based on the comparison
of the intensity and the composition of the neutrino beam between the near and far
detectors. The T2K experiment is also capable of providing information on neutrino-
nucleus cross sections at energies around 1 GeV, thanks to a large amount of target
material present in the near detector facility. The ND280, shown in Figure 1 (left),
is used to constrain flux and cross-section systematics for oscillation analysis; it mea-
sures the flux and cross section before the oscillations occur. It consists of several
sub-detectors: the Pi-Zero Detector (P0D) and Tracker as the inner detectors, both
surrounded by the electromagnetic calorimeter (ECAL) and then by the Side Muon
Range Detector (SMRD). All detector components, except the SMRD, are placed in-
side a 0.2 T magnetic field. The P0D subdetector, placed upstream inside the magnet
is a ”sandwich” of scintillator planes, lead and brass plates, and a water target. It
is optimized for the measurement of π0 production. Gamma rays from a π0 decay
are converted to electromagnetic showers in the lead plates, and are measured in
the scintillator detectors. Downstream of the P0D, the Tracker consists of two Fine
Grained Detectors (FGDs) separated by three Time Projection Chambers (TPCs).
The TPCs can measure the momenta of charged particles from the curvature of the
tracks in the magnetic field. The FGDs consist of scintillator bars. They provide the
target material for neutrino interactions. Particle identfication is based on momen-
tum reconstruction and measurement of energy loss, dE/dx, in TPC’s. The inner
part of the detector is surrounded by an electromagnetic calorimeter (ECAL) which
can tag escaping electrons and positrons from π0 decays. The SMRD (scintillator
slabs installed in the magnet yoke) detector is used to detect muons.

2 Motivation

This analysis aims to study inclusive neutrino-induced (ν) neutral current (NC) in-
teractions that produce at least one neutral pion (π0) in the final state (NCπ0) in the
T2K off-axis near detector ND280. In asymmetrical conversions of a photon derived
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from the disintegration of π0, low energy particles can be invisible in the detector,
so the detector will only register higher energy electrons or positrons. As π0 decays
can be the background to the νe appearance search, a good knowledge of both inclu-
sive and exclusive neutrino interaction cross sections are key to improving associated
systematic uncertainties in T2K oscillation analyses. Such an analysis can help to
better understand/eliminate the NCπ0 background to electron neutrino appearance
at the far detector Super-Kamiokande. The results from this study can be compared
to a number of Monte Carlo samples produced using different neutrino interaction
generators. This can yield information about models of ν-nucleon interactions.

3 Selection criteria

The definition of a signal reaction (NCπ0) is based on particles exiting the nucleus: no
charged leptons, at least one π0, any number of baryons and mesons (X ), ν+ p(n)→
p/π+ + π0 + X.

Figure 1: The ND280 off axis near detector (left) and a schematic example of a NCπ0

candidate in the ND280 tracker (right)

To identify the NCπ0 event candidate, the position of the ν interaction vertex,
angle of γ’s (from π0) emission and their energy are reconstructed. The ν interaction
vertex is selected based on the reconstructed start position of the so-called Leading
Track (LT) in the Fiducial Volume (FV) of FGD1. As the LT the tracks of proton
(p) or positive pion (π+) candidates are selected. The identification of the particle
is based on the energy loss in the TPC’s. The momentum of the selected LT should
be above 350 MeV/c, to reject electrons and muons. The likelihood Lp,π+ > 0.1 for
proton or pion candidates is demanded, where L is defined as:

Lα = L(α|pk, Pullα,β) =

∏
k e

(Pull2α,k|pk,α)∑
β

∏
k e

(Pull2
β,k
|pk,β)

(1)

Based on the energy loss (dE/dx) in the k’th TPC as a function of momentum pk for
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a given particle α, the particle identifcation i.e. Pullα, was calculated:

Pullα(p) =
(dE
dx

)expected − (dE
dx

)measured
σ

(2)

where: (dE/dx)measured is the energy deposited per unit length in the TPC (using
a truncated mean algorithm), (dE/dx)expected is the expected value of the energy
deposit for a given particle hypothesis and σ(dE/dx) is the expected value of the
error. To reject CC interactions from the selected sample, a muon veto is imposed
in the next step of selection. The muon candidate is defined as a reconstructed track
with: negative charge and (LMIP > 0.8 or p > 500), and Lµ > 0.05, where LMIP =
(Lµ + Lπ)/(1 − Lp). Secondary particles entering FGD1 from neutrino interactions
in the upstream part of the ND280 detector can interact in FGD1. So an event is
vetoed if any track is reconstruted in P0D, P0DEcal or TPC1 subdetectors. Among
collected NC interaction candidates, only these with at least one π0 candidate in
the final state are saved in the NCπ0 sample. The π0 identifcation was based on
the search for combinations of converting γ’s i.e.: ECAL showers, e+ e− pairs in
the FGD/TPC and e+ or e− tracks in the FGD/TPC (shown in Figure 1 (right)).
For photon conversions in the ECAL we require isolated shower-like objects with
electromagnetic energy of more than 50 MeV. The e+, e− tracks in the TPC should
be good quality tracks (TPC tracks with at least 18 nodes) with the starting position
located in FGD1, |Pulle| < 2 and momentum above 50 MeV/c. Additionally, the
momentum of positrons should be below 800 MeV/c to reject protons.

4 Selection results

Using the above selection criteria, the candidate sample of NCπ0 is selected. The
purity selection is 24 % and the efficiency selection is 6 %. The main source of
background is from CC interactions (Figure 2 (bottom-left)). Extra cuts used to
reject µ’s reconstructed only in the FGD or entering ECAL at large angles (Figure 2
(top-left)) result in a minor reduction in the background and a slight increase in the
selection purity, but it drastically decreases the selection efficiency. The use of π+ for
the selection of NC interactions increases the number of selected events (Figure 2 (top-
right)). A simultaneous fit to the selected NCπ0 sample and the sideband sample can
effectively constrain the background. The sideband sample is obtained by reversing
the muon veto cut in the signal selection. The idea behind the sideband sample is
to select a sample with mostly a background that is similar to the background of
selected sample, NCπ0, and as small the signal as possible (Figure 2 (bottom-right)).
The simultaneous fit to the selected and sideband samples can help to estimate the
number of signal and background events in the selected sample independently of MC
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Figure 2: LT emission theta angle with respect to the neutrino direction for a signal
sample (top-left), reconstructed LT momentum for a signal sample (top-right), recon-
structed π0 invariant mass for the selected signal sample (bottom-left), reconstructed
π0 invariant mass for a sideband sample (bottom-right)

simulations. Initial studies have been performed and are being continued.

5 Conclusion

The discussion on how to improve the NCπ0 selection criteria and future plans were
presented. It is impossible to effectively eliminate the background in the NCπ0 sample
using selection cuts only. The sideband sample should be used to estimate NCπ0

background. The measurement of the inclusive NCπ0 production rate on CH can be
done after background fitting is completed.
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The Accelerator Neutrino Neutron Interaction Experiment (ANNIE)
[1] is a 26-ton Gd-doped water Cherenkov detector installed in the Booster
Neutrino Beam at Fermilab. The experiment has two complimentary
goals: (1) perform the first measurement of the neutron yield from νµ
interactions as a function of Q2 in order to constrain neutrino-nucleus
interaction theoretical models, and (2) demonstrate the power of new
fast-timing, position-sensitive detectors by making the first deployment
of Large Area Picosecond PhotoDetectors (LAPPDs) in a physics experi-
ment. In Phase I, ANNIE successfully performed neutron background
measurements. To realise the Phase II measurements the ANNIE collabo-
ration has developed several reconstruction techniques using the arrival
time and position of the Cherenkov photons in the detector photomulti-
pliers (PMTs) and LAPPDs. A maximum-likelihood fit is used to recon-
struct the neutrino interaction vertex and direction. Machine and Deep
Learning techniques are used for the muon and neutrino energy recon-
struction. We present the results of ANNIE reconstruction techniques
and the improvement we can get in resolution with the use of LAPPDs
[2].
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1 The ANNIE Experiment

The primary 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 intera-
ctions 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 possi-
ble by searching for a delayed signal from their capture on gadolinium (Gd) dissolved
in water. Gd nuclei have high neutron capture cross-sections and produce 8 MeV gam-
mas in several tens of microseconds after the initial event, which provide a detectable
signal in water Cherenkov detectors.

The ANNIE detector consists of a Gd-doped water detector deployed on the
Booster Neutrino Beam at Fermilab [3]. This beam is about 93% pure νµ (when run-
ning in neutrino mode) and has a spectrum that peaks at about 700 MeV. A Front
Veto to reject entering backgrounds produced in the upstream rock and an external
Muon Range Detector (MRD) downstream from the neutrino target are also utilised.
The experiment is designed to proceed in two stages: a partially-instrumented test-
beam run using only photomultiplier tubes (PMTs) (Phase I) for the purpose of
measuring critical neutron backgrounds to the experiment [2] and a physics run with
a fully-instrumented detector (Phase II).

Phase I is now completed and the analysis of the data collected ongoing. ANNIE
Phase II will be the first experiment to use fast-timing and position-precise LAPPDs
[4], which are now being produced by Incom Inc., to perform these measurements
[2]. To realise the physics goals for Phase II, the ANNIE collaboration has developed
several track and kinematic reconstruction techniques.

2 Track Reconstruction

To reconstruct a beam neutrino interaction vertex, we employ an algorithm based on
the techniques used in previous WCh detectors, such as Super-Kamiokande [5]. A
track of a charged particle produced from a neutrino interaction can be characterized
by six parameters: three spatial parameters specify the vertex position, one time
parameter reflects when the interaction took place and two angular parameters specify
the direction of the primary lepton track. A relativistic particle traveling in water
will emit Cherenkov light, which is collected by the photodetectors mounted on the
inner surface of the tank. The photon hit timing and the Cherenkov cone pattern
are used to reconstruct the six parameters that are determined from a maximum-
likelihood fit. These six parameters are varied in the fit to maximize the overall
figure-of-merit (FOM), which is used to estimate the goodness of the fit. For the
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cone-edge fit, we build an analytical probability density function to describe the
expected angular distribution of all digits. We then vary the track parameters and
calculate an angular distribution from them, comparing with the PDF to give us the
cone-edge component of the FOM. The best-fit vertex position and track parameters
are those which maximize the overall FOM [2].

A sample of muons that are produced within the expected fiducial volume and
stopped inside the MRD are selected for the event reconstruction. The vertex radial
displacement (∆r) is defined as the distance between the reconstructed and the true
vertex positions, and the track angular displacements (∆φ) is defined as the angle
between the reconstructed and the true track directions. Both the displacements are
calculated on an event by event basis. We define the vertex (angular) resolution as
the value of ∆r (∆φ) at the 68th percentile of all successfully reconstructed events
from the sample. The vertex and angular resolutions are investigated for a PMT-only
configuration including 128 8-inch PMTs (about 20% coverage of the inner surface of
the tank) and for a combined configuration including 128 PMTs and 5 LAPPDs on
the downstream wall of the tank.

Figure 1 shows the cumulative distributions, expressed as a percentage of success-
fully reconstructed events, for the vertex and direction reconstruction and compares
the performance achieved in the two configurations. The vertex resolution from 20%
coverage with 128 conventional PMTs is about 38 cm. A configuration with 5 LAP-
PDs and 128 PMTs achieves a much improved resolution of 12 cm. Using the LAPPDs
and PMTs combined configuration, the track angle can be reconstructed with a res-
olution of about 5 degrees, which is a factor of two improvement over the PMT-only
configuration.

Figure 1: Cumulative distributions of vertex (left) and direction (right) resolutions,
for reconstructed events by the ANNIE detector with 128 PMTs only (blue) and 5
LAPPDs and 128 PMTs (red).

2



3 Energy Reconstruction

To estimate the muon and neutrino energy quasi-elastic events stopped inside the
MRD are selected. The track length in the MRD is calculated as a fit to the recorded
hits. The track length in the water tank is reconstructed using a Deep Learning Neural
Network algorithm (from Tensorflow 1.3.0). This is trained on multiple parameters
including the photodetector hit times, the number of hits and the Cherenkov photons
emission points based on the reconstructed interaction vertex and direction. The
track length is then passed to a Boosted Decision Tree (BDT) together with the
MRD track length, the reconstructed vertex position and angle, the distances of the
reconstructed vertex from the detector walls and the number of hits in LAPPDs
and PMTs for each event. The BDT (from Scikit-Learn 0.18.2), similar to that
in [6], is used to reconstruct the muon and neutrino energy. Figure 2 shows the
muon and neutrino energy resolutions achieved for the ANNIE configuration with
5 LAPPDs and 128 PMTs. The energy resolution is defined as the percentage of
|∆Etrue − ∆Ereco|/∆Etrue. The muon (neutrino) energy resolution achieved at the
68th percentile of all reconstructed events from the sample is 10% (14%).

Figure 2: The cumulative distribution of the muon (red) and neutrino (green) energy
resolution for reconstructed events by the ANNIE detector with 5 LAPPDs and 128
PMTs.

4 Kinematic Reconstruction

The reconstruction of event kinematics requires the estimation of the energy and
direction of all particles in the final state. Present results have focused on quasi-
elastic events, which are the primary interaction channel in ANNIE and are completely
described by the energy of the incoming neutrino and the energy and momentum of
the outgoing muon. Stopped muon events are selected for which the muon energy is
measurable. The muon and neutrino energies from the BDT are used together with
the reconstructed muon angle to calculate the momentum transferred, Q2. Figure

3



3 compares the accuracy of momentum transfer calculated for detector simulations
using 128 PMTs alone, and with 128 PMTs and 5 LAPPDs. The addition of LAPPDs
considerably improves the Q2 resolution.

Figure 3: The 1-σ Q2 resolution for four bins in true Q2, reconstructed by the ANNIE
detector with 128 PMTs only (blue) and 5 LAPPDs and 128 PMTs (red).

5 Conclusions

In Phase I, the ANNIE Collaboration performed measurements of the neutron back-
grounds. In Phase II, the Collaboration plans to measure the neutron yield from
νµ interactions as a function of Q2. The key technological component of Phase II,
LAPPDs, are now being produced by Incom Inc. and the simulation and reconstruc-
tion tools for Phase II show good performance. The ANNIE Phase II data taking is
foreseen in late 2018.
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1 Introduction

The Big Bang should have created equal amounts of matter and antimatter; however today matter
remains in the Universe. The European Spallation Source neutrino Super Beam’s (ESSnuSB) main
objective is to demonstrate the feasibility of using the European Spallation Source (ESS) [2] proton
linac in Lund to produce the world’s most intense neutrino beam simultaneously with the 5 MW
proton generation for neutron production and measure the parameters of neutrino oscillation, leading
to the determination of the value of δCP. Once it is constructed ESSnuSB aims to explain the
matter/antimatter asymmetry in the Universe. The Cost Action EuroNuNet (Combining forces for
a novel European facility for neutrino-antineutrino symmetry-violation discovery ) is formed to bring
together the European neutrino physicists interested in this concept and to impact the priority list
of High Energy Policy makers and of funding agencies to this new approach to the experimental
discovery of leptonic CP violation. A Horizon 2020 Project (ESSnuSB) to study the feasibility of
this approach has been approved by European Commission and started from January 2018.

2 The ESS Proton Linac

Figure 1 shows the ESS Linac which will be a copious source of spallation neutrons with 2 GeV
proton beam, 5 MW average beam power, 125 MW peak power, 14 Hz repetition rate and 4 % duty
cyle. During the future upgrades, an empty space at the end of the linac could allow to increase
the proton energy up to 3.6 GeV. It is known that the second oscillation maximum provides more
sensitivity to CP violation. In order to reach the second oscillation maximum, either the experiment
baseline should be increased or neutrinos with lower energy should be used or both as regard to the
experiments operated at the first oscillation maximum [3]. By increasing the baseline a decrease
of the statistics is expected caused by the solid angle and if the neutrino energy goes below 1
GeV, rapidly decreasing neutrino interaction cross-sections are expected. This is why very intense
neutrino beams are needed to use the second oscillation capabilities. European Spallation Source
(ESS) [1] could provide such neutrino beams.

Figure 1: ESS Proton Linac

3 Neutrino Species

Using the ESS proton beam and the target station, the neutrino and anti–neutrino energy distri-
butions of Figure 2 can be obtained at a distance of 100 km from the target using 2 GeV protons.
Neutrinos or anti–neutrinos are obtained by focussing π+ or π− respectively according to the direc-
tion of the electric current in the horn. Current studies based on simulations show almost pure νµ
with small νe contamination can be established.

1



Figure 2: Neutrino energy distribution at a distance of 100 km on–axis from the target station,
for 2.0 GeV protons and positive (left, neutrinos) and negative (right, anti–neutrinos) horn current
polarities, respectively.

4 Underground Detector and It’s Location

A megaton Water Cherenkov far detector with fiducial volume of order of 500 kt that is similar to
MEMPHYS will be used [4]. Figure 3 shows several candidate mines that could host this detector.
Garpenberg (located at 540 km) and Zinkgruvan (located at 360 km) which are in Sweden are
considered as the best candidates. The fraction of the full δCP range within which CP violation can
be discovered at 5 σ (3 σ ) significance is above 40%(67%) in the range of baselines from 300 km to
550 km and has the maximum value of 50% (74%) at around 500 km for 3.0 GeV.
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Figure 3: Location of the ESS site and the sites of several deep (> 1000 m) underground mines.
The distance (L) from ESS-Lund and the depth (D) of each mine is indicated below the name of
the mine.

Figure 4: Fraction of the full δCP range for which an error ∆δCP (at 1 σ , 1 d.o.f. ) or better could
be achieved. For ESSnuSB the two baselines of 360 km and 540 km and two proton energies (2.0
GeV on left and 3.0 GeV on right) have been used.

5 Comparison with other Neutrino Experiments

After discovering leptonic CP violation (i.e δCP = 0◦, 180◦) the next goal will be to measure δCP as
precisely as possible. The precision that can be reached in this measurement represents an additional
discriminating criterion among the experimental options. Fig. 4 [1] presents a comparison with other
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projects of the fraction of the full δCP range covered for which an error ∆δCP or better could be
achieved. Here also it can be seen that only the Neutrino Factory would have a better performance
than ESSnuSB.

6 Conclusion

The European Spallation Source Linac will be ready by 2023. ESS will have enough protons to go
to the second oscillation maximum where the CPV sensitivity is significantly better. The preferred
range of distances from the neutrino source to the detector site for CP violation discovery, is found
to be between 300 km and 550 km. CPV: 5 σ could be reached over 60 % of ∆δCP range (ESSnuSB)
with large potentiality. COST network project CA15139 supports this project. ESSnuSB Design
Study is approved by European Commission as a H2020 project and started on 1 January 2018.
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In some models beyond the Standard Model where lepton number vi-
olation by two units is forbidden (implying neutrinos cannot be Majorana
fermions), violation by four units can still occur, allowing neutrinoless
quadruple beta decay. The isotope 150Nd is one of the very few isotopes
where this process could be experimentally observed. The experimen-
tal signature consists of four electrons with a total energy equal to the
Q-value of the decay. The NEMO-3 experiment in the Modane Under-
ground Laboratory in France ran from 2003 to 2011, and studied seven
isotopes of interest including 150Nd. This article describes the result of
the first experimental search for neutrinoless quadruple beta decay using
the entire NEMO-3 data set for 36.5 g of 150Nd with 5.25 years of data.
No evidence is found of this decay, and lower limits at the 90% CL on the
half-life are set in the range (1.1− 3.2)× 1021 years.
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1 Introduction

The search for lepton number violation (∆L 6= 0) has a long history and promises to
answer fundamental questions about the Dirac or Majorana nature of the neutrino.
Any elementary process that violates lepton number by two units (∆L = 2) will imply
that the neutrino is its own antiparticle and give rise to a Majorana neutrino mass
term in the Lagrangian [1]. However there has been recent interest in new physics
with lepton number violation by more than two units [2], and the Majorana term
would be forbidden if the minimum ∆L ≥ 3. In particular, new models with ∆L = 4
could lead to neutrinoless quadruple beta decay (0ν4β) [3]. This article describes
the first ever search for this rare decay, which has been performed by the NEMO-3
experiment and published in Ref. [4].

2 Quadruple beta decay

In quadruple beta decay, an isotope (Z,A) decays to a daughter isotope with (Z+4, A)
releasing four electrons. Under the Standard Model (SM) of particle physics, four
electron anti-neutrinos are also released that carry away invisible energy, and the
electron energy sum is continuous up to the decay Q-value. The expected half-life is
extremely long, T1/2 ≫ 10100 years, due to the 8-particle phase space which scales as
Q23. The neutrinoless mode of this decay, which is beyond the SM, violates lepton
number by four units. In this mode, no neutrinos are released in the decay and the
kinetic energy of the four electrons will sum to a single value, the Q-value of the
decay. The four particle phase space scales only as Q11 and could give this decay (if
it exists) a much shorter half-life than the SM decay.

For an isotope to be a viable candidate to study this decay, it has to be stable
to alpha, beta, and gamma decays, and the daughter isotope has to have less mass
for the decay to be energetically allowed. There are only three such known isotopes:
136Xe, 96Zr, and 150Nd, with their properties listed in Table 1. The Q-value of 150Nd
is the highest, making it the best isotope to search for this decay, given that the
phase-space factor scales as Q11, and a signal of a higher Q-value will lie above less

Isotope Q-value (MeV) Q2β (MeV) Abundance (%)
96Zr 0.63 3.34 2.8
136Xe 0.05 2.46 8.9
150Nd 2.08 3.37 5.6

Table 1: The only three viable isotopes for quadruple beta decay, their Q-values, the
Q-value of the isotope’s double beta decay (Q2β), and the isotopic abundance.
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energetic radioactive backgrounds.
The signal for this process will be four electrons emitted from a decay with ki-

netic energy that sums to the Q-value. Each of the viable isotopes also decays by
double beta decay with a Q-value (Q2β in Table 1) larger than that of quadruple beta
decay. The 0ν4β energy peak lies in the middle of the broad energy spectrum due
to SM double beta decays, and so distinguishing these two decays will be impossible
for experiments that measure only energy. To unambiguously identify 0ν4β decays,
reconstruction of all four individual electrons is necessary.

3 The NEMO-3 experiment

The NEMO-3 experiment was designed to search for neutrinoless double beta de-
cay and ran from 2003 to 2011 at the Laboratoire Souterrain de Modane (Modane
Underground Laboratory), at a depth of 4800 m water equivalent under the Frejus
mountain, on the French-Italian border. Thin foils of seven different isotopes were
analysed. Each of 140 source foils was composed of either a pure metallic isotope, or
a composite of isotope powder mixed in PVA glue on a mylar support sheet. The foils
were approximately 6 cm wide and 2.5 m tall, and had thickness between 60–300 µm.
Tracking chambers were placed either side of the foils, with a height of ∼ 3 m and
a depth of ∼ 50 cm. Calorimeter walls composed of 1940 scintillator blocks coupled
to PMTs surrounded the tracker. The tracker had a single-electron vertex resolution
of 3 mm in the horizontal direction and 10 mm in the vertical. The calorimeter had
an energy resolution of 14%/

√

E/MeV and 250 ps timing resolution. The tracker,
calorimeter, and a 25 G magnetic field allowed for the discrimination between beta
electrons, positrons, gamma rays, and alpha particles, and the counting of individual
electrons coming from a decay. Many measurements [5] have been made with 100Mo,
82Se, 130Te, 116Cd, 48Ca, 96Zr, and 150Nd.

4 Searching for the neutrinoless quadruple beta

decay of 150Nd

The SM double beta decay half-life of 150Nd and background contamination of the
Nd foils have been measured in a previous analysis [6], using a total exposure of
0.19 kg-years. This dataset was used to search for 0ν4β.

The signal selection requires three or four tracks with a reconstructed vertex on
the 150Nd source foil (a single composite foil), with a 8 cm maximum vertical spread.
Of these tracks, at least three of them have to be associated to a calorimeter hit
with an energy of at least 150 keV, and this reconstructed object is an electron
candidate. Three independent topological channels are defined: a ‘four electron’

2



Channel Efficiency (%) Background
Four electron 0.20 16.8
Three electron 3.55 0.0386
Three electron, one track 0.86 0.289

Table 2: The signal selection efficiencies (for the best case electron kinematics) and
the expected background counts in the [1.2− 2.0] MeV window for the three analysis
channels.

channel (four tracks each with calorimeter hits), a ‘three electron’ channel (three
tracks each associated to a calorimeter hit), and a ‘three electron, one track’ channel
(four tracks of which only three have calorimeter hits); other topologies have high
background contamination. Each electron candidate has to hit a unique calorimeter
block. No unassociated calorimeter hits of energy greater than 150 keV (indicative of
gamma emission) are allowed. The calorimeter energy and timing is used to exclude
electrons that originate in a calorimeter block and cross the source foil.

The three-electron channel has the highest signal efficiency, due to the relatively
low energy of the four electrons making it likely that one of the electrons is stopped in
the foil. This channel however has the highest background contamination of the three
channels, mainly due to SM double beta decays where one of the two beta electrons
kicks another atomic electron out of the source foil by Møller scattering, resulting
in three electrons tracks. Other backgrounds due to radioactive contamination are
small. The overall efficiency and background contamination in the summed-energy
window of [1.2− 2.0] MeV is shown in Table 2; the overall efficiency is around 5%.

As a cross check, the selection is applied to the signal-free 100Mo source foils, and
the event yields in the three channels are consistent with the expected background.
In particular, there are two candidate four electron events with an expectation of
2.3 ± 0.5 counts. An event display of one of these four electron candidates is shown
in Figure 1 (bottom right) showing clearly the four reconstructed electrons.

The measured spectra for the three channels are shown in Figure 1, and no evi-
dence of this decay is observed. The 90% CL lower limit on the 150Nd 0ν4β half-life is
set between 1.1×1021 years and 3.2×1021 years, for different kinematic distributions
of the four electrons.
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At present, it is still unknown whether the correct mass ordering of the
neutrino mass eigenstates is either m1, m2, m3 (Normal Hierarchy, NH),
or m3, m1, m2 (Inverted Hierarchy, IH). The new analysis method pro-
posed by Stanco et al. [1] should fix some issues of the currently most
used estimator, ∆χ2, and make it possible to reach 5 σ measurements in
less than six years of data taking with JUNO (Jiangmen Underground
Neutrino Observatory, [2], [3]) if a degeneracy in the atmospheric mass,
∆m2

atm, is accepted. In this note, the analysis introduced in the paper
above was extended to more detailed studies on the dependence of the
new F estimator to ∆m2

atm. A fit to the values of the new estimator as a
function of ∆m2

atm, calculated for both the true hierarchy and the wrong
hierarchy, was performed.
The study of the fitting function showed that the average minimum counts,
corresponding to the best value for ∆m2

atm, either for the true hierarchy
or for the wrong hierarchy, are well separated, and allow to distinguish
easily between NH and IH.
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1 Introduction

One of the most compelling issues in Neutrino Physics is the determination of the
neutrino mass hierarchy. So far, for the three neutrino mass eigenstates, ν1, ν2
and ν3, only the following quantities have been measured: the ”solar” mass term
∆m2

sol = ∆m2
12 = m2

2 − m2
1, and the abolute value of |∆m2

31| ≃ |∆m2
32|. As a con-

sequence, two possible mass ordering are allowed: the normal hierarchy (NH), with
m2

1 < m2
2 < m2

3, and the inverted hierarchy (IH), with m2
3 < m2

1 < m2
2. In this paper

the notation ”∆m2
atm” (which indicates the atmospheric mass term) will be used,

either to indicate ∆m2
31 = m2

3 − m2
1 in the case of normal hierarchy, or to indicate

∆m2
23 = m2

2 −m2
3 in the case of inverted hierarchy.

For the studies regarding the mass hierarchy determination, only one estimator has
been extensively used so far, the ∆χ2 test:

∆χ2 = χ2
min(IH)− χ2

min(NH) (1)

where = χ2
min(IH) and χ2

min(NH) come from the best-fit values for IH and NH
respectively. The fit is performed over the whole set of the uncertainty parameters,
namely the neutrino oscillation ones and the systematic errors. Nevertheless, this
estimator has caused some concerns [4].

2 The F-estimator for reactor neutrinos

Reactor anti-neutrinos with an energy Eν can be detected in a scintillator at a distance
L from the reactor where they produced from the inverse β decay νe + p → e+ + n.
The rate of detected events is given by

dN

dEν

= T × Φ(Eν)× σνep × Pνe→νe , (2)

where T is the thermal power of the reactor, Φ and σνep are respectively the flux and
the cross section of the anti-neutrinos, and Pνe→νe is their survival probability. For
every fixed value of the atmospheric mass, either equal or distinct for NH or IH, the
survival probability is different for NH and IH. Its difference brings to the quantity

∆N(Eν) =
(

dN
dEν

)

NH
−
(

dN
dEν

)

IH
, which is modulated at first order by sin( L

2E
∆m2

atm).

By using this fact, Stanco et al. [1] introduced a new estimator, called F-estimator,
defined as

FMO =

8.0
∫

1.8

|∆N(Eν)| dEν (3)
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where the limits of the integral are chosen to include the energy interval in which the
modulation induced by ∆m2

atm is observable.
In order to obtain the value of F, two kinds of intervals have to be defined:

1) I+ = {Eν : NNH,exp(Eν) > NIH,exp(Eν)}, i.e. the values of energy where the
number of expected events for NH is greater than the number of expected events
for IH;

2) I− = {Eν : NNH,exp(Eν) < NIH,exp(Eν)}, i.e. the values of energy where the
number of expected events for NH is less than the number of expected events
for IH;

F is then computed both for the normal and the inverted hierarchy in the following
way:

FIH =
8.0
∫

1.8

(Nobs −NIH,exp) dEν in I+ if Nobs > NIH,exp ;

FIH =
8.0
∫

1.8

(NIH,exp −Nobs) dEν in I− if Nobs < NIH,exp ;

FNH =
8.0
∫

1.8

(Nobs −NNH,exp) dEν in I− if Nobs > NNH,exp ;

FNH =
8.0
∫

1.8

(NNH,exp −Nobs) dEν in I+ if Nobs < NNH,exp .

In the ideal case, if NH is true, FNH is equal to zero, and FIH ∼ 6500 in 6 years
of JUNO data taking [1], [2]; vice versa if IH is true. In the real case, both FNH and
FIH are different from zero, yet they are different enough to have a high sensitivity,
if a long exposure is performed and a good energy resolution is obtained.

3 The analysis

The analysis presented in this paper makes use of 2000 toys, generated by Monte Carlo
simulations of JUNO-like events (1000 toys assuming NH and 1000 toys assuming IH).
∆m2

atm was set equal to 2.56 · 10−3 eV2, for both NH and IH, at the generation level.
Further, for each toy FNH and FIH were computed assuming 101 different values of
∆m2

atm. In this way it could be checked whether the values of ∆m2
atm for which FNH

and FIH present a minimum correspond to the true minimum and are distinguishable
with a good level of confidence. In Figure 1 the plots of F vs ∆m2

atm are shown, both
for the universe with NH and the one with IH. For every toy a fit to FNH and FIH

with the function Ffit(∆matm) = A cos(ω1∆matm + Φ1) cos(ω2∆matm + Φ2) + h was
performed. A, ω1, ω2, Φ1, Φ2 and h are the free parameters for the fit. The posi-
tions of minimum mintrue(false) and maximum maxtrue(false) for the fitting function
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Figure 1: Plots of F vs ∆m2
atm for a universe in which NH is true (left) and a universe

in which IH is true (right). The strip-like form is due to the fact that all the 1000
toys are superimposed; the values of F for NH are blue, the values of F for IH are
red.

were evaluated for every toy. Before any further probe, the values obtained were bias
corrected. In fact, because of the presence of a bias due to the energy resolution that
depends on the energy itself, F was shifted by some quantity [1]. Hence, it was nec-
essary to restore it to the right position, such that the minimum mintrue (maximum
maxfalse) corresponded to ∆m2

atm = 2.56 · 10−3 eV2. The position of the minima for
the wrong hierarchy was then determined, and its distance from the true value, 2.56
·10−3 eV2, was evaluated for every toy: ∆min=|minfalse-mintrue|.
The values obtained for both NH true and IH true are (see also Figure 2):

< ∆min>= (12.06± 0.02)× 10−5, σ∆min = (0.57± 0.01)× 10−5 for NH
< ∆min>= (11.43± 0.02)× 10−5, σ∆min = (0.54± 0.01)× 10−5 for IH,
the σ∆mins being the dispersions of the false minima.

Figure 2: Histograms showing the distributions of ∆min for NH (left) and IH (right).

These results are perfectly consistent with the suggested value of 12× 10−5 eV2 [1].
This allows to discriminate between the two hierarchies if the value of ∆m2

atm is known
with a precision of ∼ 4%. By comparison, the ∆χ2 test requires a precision of ∼ 2 %
on the ∆m2

atm value.
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4 Conclusions

From the analysis shown in this work, the new estimator introduced in [1] seems to
provide promising results. In particular, the precision required on ∆m2 results to be
more relaxed than the precision needed for the ∆χ2 test.
Even if not mentioned here, an even more relevant feature of F is the increase of its
significance with regards to the collected luminosity (see [1]). In contrast, the χ2

tends asymptotically to a limited significance. We have further studied the charac-
teristics of the F estimator, as described in this note. By focusing on the precision
on ∆m2

atm with which F estimates the best value, either for NH or IH, we were able
to conclude that an excellent precision is achievable, confirming the rough estimation
done in [1].
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The Deep Underground Neutrino Experiment (DUNE) is a 40-kton
underground liquid argon time-projection-chamber detector that will have
unique sensitivity to the electron flavor component of a core-collapse
supernova neutrino burst. We present expected capabilities of DUNE
for measurements of neutrinos in the few-tens-of-MeV range relevant for
supernova detection and the corresponding sensitivities to neutrino physics
and supernova astrophysics. Recent progress and some outstanding issues
will be highlighted.
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1 Introduction

The Deep Underground Neutrino Experiment (DUNE, [1]) is a next-generation liquid
argon time-projection-chamber (LAr TPC) detector, whose broad physics programme
covers many areas of particle and astroparticle physics. It will improve upon limits
from previous nucleon decay searches in various channels and act as a far detector for
a neutrino beam coming from Fermilab at a distance of 1300 km, enabling precision
measurements of neutrino oscillation parameters and searches for CP violation in
the neutrino sector. DUNE will also study neutrinos from natural sources such as
atmospheric neutrinos and supernova neutrinos.

In section 2, we give an overview over the experiment. Section 3 will discuss the
expected neutrino signal from a supernova burst while section 4 focusses on the time
structure of that signal.

2 The Deep Underground Neutrino Experiment

(DUNE)

LAr TPCs are a recent neutrino detection technology which offers precision 3D imag-
ing with mm-scale resolution, excellent energy measurement through active calorime-
try and accurate particle ID via energy loss (dE/dx) and event topology. DUNE aims
to scale this technology up to the 10 kton scale which would allow using it as the far
detector in a long-baseline experiment and give much higher statistics for other areas,
making it highly competitive with detectors based on other technologies.

DUNE is a modular experiment consisting of four independent detectors that will
be located at the 4850 ft level of Sanford Underground Research Facility (SURF),
corresponding to 4300 meters water equivalent.

Two detector designs are currently under development: a single phase reference
design, similar to previous LAr TPC detectors, and a dual phase design that includes
a thin layer of gaseous argon at the top of the detector where ionization electrons will
get amplified and collected, resulting in a higher signal-to-noise ratio. Both detector
designs would be located in a cryostat with internal dimensions 15.1(w) × 14(h) ×
62(l) m3 and have a fiducial mass of 10 kton, resulting in 40 kton fiducial mass for the
whole experiment.

Work to prepare excavation of the caverns is currently ongoing; the first module is
planned to start data-taking in 2024 with the other modules following soon thereafter.
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3 Supernova Observation with DUNE

In the energy range of 5–50 MeV typical for supernova neutrinos, there are three main
neutrino interaction channels in liquid argon (see figure 1), with the νeCC channel
containing 80–90 % of events. This makes DUNE particularly sensitive to the νe
component of the supernova neutrino flux and thus highly complementary to other
detector technologies which are most sensitive to the νe component.
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Figure 1: Cross sections for three main interaction channels of supernova neutrinos
in argon: νe + 40Ar→ e− + 40K∗ (νeCC, dashed green), νe + 40Ar→ e+ + 40Cl∗ (νeCC,
solid blue) and ν + e− → ν + e− (ES, various red) [2].

Overall, for a galactic supernova at a fiducial distance of 10 kpc, DUNE is expected
to observe ∼3500 events within ∼10 s. Figure 2 shows the signal from one simulation.
For a more distant, SN1987a-like supernova in the Large Magellanic Cloud, we expect
∼50 events in DUNE, while a supernova in the Andromeda galaxy is expected to
produce ∼1 event and would thus likely not be detectable.

The total neutrino flux from all remote supernovae in the history of the universe
is known as the diffuse supernova neutrino background (DSNB). Depending on the
theoretical model, DUNE might see a few DSNB events per year in the range between
16–40 MeV. Whether these could be detected above backgrounds is still unclear and
will require a detailed study in the future.
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Figure 2: Neutrino signal from an electron-capture supernova [3] at 10 kpc, assuming
no oscillations. The first three plots show the luminosity, average neutrino energy and
the α (pinching) parameter as a function of time. The fourth (bottom) plot shows the
total number of events (mostly νe) expected in 40 kt of liquid argon, calculated using
SNOwGLoBES [4]. Note the logarithmic binning in time; error bars are statistical.

4 Time Structure of the Supernova Burst Signal

Various mechanisms that could produce time- and energy-dependent features in the
neutrino signal have been proposed.

This includes hydrodynamic features of the shock wave, like the standing accretion
shock instability (SASI), as well as particle physics effects like self-induced flavor
transitions due to the high neutrino density inside the supernova. Unfortunately,
these effects are often highly model-dependent and while they are an area of intense
theoretical study, no robust experimental signatures have yet been identified [5]. After
the next galactic supernova, looking for evidence of these effects (and, potentially, dis-
entangling them) in the neutrino signal will be a high priority.
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40 kton argon, 10 kpc
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Figure 3: Expected time-dependent signal for a specific flux model for an electron-
capture supernova [3] at 10 kpc in 40 kton of argon, for times up to the start of
the cooling phase. The expected signal assuming MSW oscillations only (i.e. no
collective effects) is shown under the assumptions of normal and inverted hierarchy.
The total number of events per bin (dominated by electron neutrino flavor) is shown
in logarithmic bins. Plot made with SNOwGLoBES.

On the other hand, the neutronization burst at ∼10 ms after core bounce is a
nearly model-independent feature consisting solely of νe that is present with a com-
parable duration, shape and intensity across a wide range of computer simulations.
Neutrinos in the neutronization burst undergo MSW oscillations on their way through
the outer layers of the supernova, making the observed signal dependent solely on the
mass ordering as shown in figure 3.
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It has been suggested that whether a star explodes or not, and what
kind of explosion properties it shows, is strongly dependent on the pro-
genitor’s core structure. We present the results from 101 axisymmetric
core-collapse supernova simulations performed with progenitors spanning
initial masses in the range from 10.8 to 75 solar masses, and focus on their
connections to the compactness of the progenitor’s core. Our simulations
confirm a correlation between the neutrinos emitted during the accretion
phase and the progenitor’s compactness. We suggest that the ratio of
observed neutrino events during the first hundreds of milliseconds can be
used to infer the progenitor’s inner mass density structure.
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1 Introduction

Recently, simulations of core collapse based on large numbers of progenitor models
have been performed. One-dimensional spherically symmetric studies have demon-
strated that, in the neutrino-driven delayed explosion mechanism, explosion proper-
ties such as the explosion energy, synthesized nickel mass, and remnant mass, as well
as neutrino luminosity and average energy, change non-monotonically with zero-age
main sequence (ZAMS) mass of the progenitors [1, 2]. Instead, they can be character-
ized by the compactness parameter which captures the density profile of the matter
surrounding the collapsing core. These trends have been observed also in systematic
two-dimensional axe-symmetric simulations [3].

The compactness parameter is defined as

ξM =
M/M⊙

R(M)/1000km
, (1)

where R(M) is the radial coordinate that encloses mass M . In this study we define
ξM at M = 2.5M⊙ (ξ2.5) using pre-collapse progenitor profiles. Figure 1 presents
the compactness parameter of progenitor models employed in the two-dimensional
simulations by Nakamura et al. (2015) [3].
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Figure 1: Compactness parameter ξ2.5 of core-collapse progenitor models from
Woosley, Heger & Weaver (2002) [4]. Models with different metallicity (solar, ultra
metal poor, and zero) are shown with different colors and symbols. It can be seen
that the compactness is non-monotonic as a function of ZAMS mass.
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2 Core-Collapse Supernova Models

We use the two-dimensional core-collapse models from Nakamura et al. (2015) [3].
Since our target is the future core-collapse supernova in our Galaxy, we focus on
the solar-metallicity 101 models covering ZAMS mass from 10.8M⊙ to 75M⊙. These
models are computed on a spherical polar grid of 384 radial zones from the center
up to 5000 km and 128 angular zones covering 0 ≤ θ ≤ π. The equation of state
by Lattimer & Sweaty (1991) [5] for a compressibility modulus of K = 220 MeV is
employed with the energy feedback from nuclear reactions via 13 α-nuclei network
calculation. The isotropic diffusion source approximation (IDSA) [6] with a ray-by-
ray approach is used to solve the spectral transport of electron and anti-electron
neutrinos. The cooling processes via heavy-lepton neutrinos are treated by means of
a leakage scheme.

Figure 2 shows the time evolution of anti-electron neutrino luminosity for the ex-
amined 101 models. There is a wide variety among the models reflecting the different
density profile of their progenitors. It is obvious that the compactness characterizes
the model-dependent neutrino luminosity better than ZAMS mass since the neutrino
luminosity in the early phase (a few milliseconds after bounce) is dominated by the
neutrinos from accreting matter and the so-called accretion luminosity is tightly cor-
related to a mass accretion rate onto the central core, which is well captured by the
compactness parameter ξM with a suitable choice of M .
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Figure 2: Anti-electron neutrino luminosities as a function of time after bounce.
Shown are 101 models with solar metallicity colored by their zero-age main sequence
(ZAMS) mass (left panel) and by the compactness parameter ξ2.5 (right panel). The
sudden drop of neutrino luminosities, for example at ∼ 0.35 s after bounce for the
models with the highest neutrino luminosity, is caused by shock revival and disap-
pearance of accretion neutrino luminosity.
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3 Estimating the compactness from neutrino de-

tection

The monotonic dependence of the neutrino luminosity on the compactness gives us an
idea that the density structure of core-collapse supernova progenitor can be profiled
by supernova neutrino. The problem is that the comparison of the neutrino detection
events and supernova neutrino models involves systematic uncertainties such as the
distance to the supernova. To overcome this problem, we propose a new indicator
which is independent of the distance but sensitive to the compactness. Figure 2
tells us that the neutrino luminosity during the first 50 msec is nearly independent
of the compactness, while later time windows, for example 200–250 msec, show a
strong dependence of the compactness. Therefore, the ratio of the detection events
between two time windows, N200−250ms/N0−50ms, keeps the compactness dependence
and cancels the distance uncertainty.

Figure 3 shows the result. We find an monotonically increasing trend of the ratio as
a function of the compactness. A large neutrino detector such as Hyper-Kamiokande
is capable of estimating the progenitor compactness of a Galactic supernova.

4 Summary and Discussions

We have presented a simple way of using neutrinos to probe the core structure of
supernova progenitor stars. A simple ratio of neutrino detection event rates will be
useful to reveal the collapsing core has a large compactness or not. There remain some
uncertainties to be discussed, for example, the dimensionality of supernova models,
supernova neutrino treatment, and the impact of additional neutrino flavor mixing
beyond MSW. More detailed analysis with more sophisticated supernova neutrino
models is demonstrated in our latest paper [7], although the number of models is
small.
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Figure 3: Predicted ratio of anti-electron neutrino detection events at Super-
Kamiokande (top panel) and Hyper-Kamiokande (bottom panel) as a function of com-
pactness ξ2.5. All points include statistical errors. Here we adopt MSW mixing under
normal mass hierarchy and the distance of 10 kpc.
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1 Introduction

The patterns that have emerged from neutrino oscillation data in recent years (see
e.g. [1]) offer a potential window into the origins of flavour. Extensions of the Stan-
dard Model with non-Abelian discrete flavour symmetries (see e.g. [2, 3]) have been
considered extensively in attempts to understand the flavour problem. While the
flavour symmetry may determine the neutrino mixing angles and/or the Dirac phase,
a generalised CP (gCP) symmetry [4], implemented in a consistent way [5, 6], allows
also to constrain also Majorana CP violating (CPV) phases.

In the flavour+gCP approach, a fundamental symmetry described by a group
GCP = Gf o HCP is assumed to be realised at some high-energy scale and to be
broken at lower energies to residual symmetries Ge and Gν , in the charged-lepton
and neutrino sectors, respectively. Here, Gf is a flavour symmetry group admitting a
3D irreducible representation ρ, while HCP denotes a group of gCP transformations.

The present contribution is based on the work of Ref. [7], in which we takeGf = S4,
Ge = Z2 and Gν = Z2×CP. After briefly reviewing our approach, we summarise the
phenomenological consequences of this simple breaking pattern.

2 Framework

The residual flavour symmetries are associated to the group elements ge and gν . The
residual gCP transformation in the neutrino sector is instead described by a matrix
Xν in flavour space. These residual symmetries constrain the charged-lepton and
neutrino mass matrices, Me and Mν , which satisfy

ρ(ge)
†MeM

†
e ρ(ge) = MeM

†
e , ρ(gν)

TMν ρ(gν) = Mν , XT
ν Mν Xν = M∗

ν . (1)

Additionally, the consistent combination of flavour and gCP symmetries mandates
that the matrix Xν must satisfy the condition:

Xν ρ
∗(gν)X

−1
ν = ρ(gν) . (2)

Eqs. (1) constrain the form of the unitary rotations diagonalizing the neutrino
and charged-lepton mass terms, and therefore shape the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) neutrino mixing matrix ∗, which reads [7]:

UPMNS = Pe U23(θ
e, δe) Ω†e Ων R23(θ

ν)Pν Qν . (3)

Here, Pe,ν are permutation matrices, Qν = diag(1, ik1 , ik2) with k1,2 = 0, 1, and

U23(θ
e, δe) =

1 0 0
0 cos θe sin θe e−iδ

e

0 − sin θe eiδ
e

cos θe

 , R23(θ
ν) =

1 0 0
0 cos θν sin θν

0 − sin θν cos θν

 . (4)

∗We consider the standard parametrisation of the PMNS, see e.g. [1].
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The matrices Ωe,ν are fixed by the choice of Gf and of the specific residual symmetries.
Thus, apart from discrete ambiguities, the PMNS matrix is determined by three real
parameters: 2 angles, θe, θν ∈ [0, π), and 1 phase, δe ∈ [0, 2π).

3 Application to Gf = S4

S4 is the non-Abelian symmetric group of permutations of four objects (e.g. the
vertices of a tetrahedron). It has 24 elements, admits 5 irreducible representations †,
1,1′,2,3,3′, and is conveniently described by the generators S, T, U , satisfying S2 =
T 3 = U2 = (ST )3 = (SU)2 = (TU)2 = (STU)4 = 1.

After identifying redundancies – i.e. some residual symmetries lead to the same
PMNS – and excluding phenomenological outliers (degenerate neutrino masses, tex-
ture zeros in the PMNS), we find 4 possible forms of the PMNS up to permutations
of its rows and columns [7]:

UA
PMNS =

 1√
2
e−iπ/6 1

2
ei ? 1

2
ei ?

? ? ?
? ? ?

 , UB
PMNS =

 1√
2
eiπ/3 ? eiπ/3 ? eiπ/3

? ? ?
? ? ?

 ,

UC
PMNS =

 1
2
eiπ/3 ? e−iπ/6 ? e−iπ/6

? e−iπ/6 ? ?
? ? ?

 , UD
PMNS =

1
2
ei5π/6 ? ?
? eiπ/3 ? ?
? ? ?

 , (5)

where each star represents a different (and often lengthy [7]) function of θe, θν , and
δe. The predicted absolute values and relative phases are instead written explicitly.

Not all permutations are viable if one takes into account the 3σ ranges of neutrino
oscillation parameters obtained in the global analysis of Ref. [8]. There are in fact 15
surviving viable cases, which we denote A1, A2, B1-B4, C1-C5, D2-D5 [7]. Four of
these (A1, A2, D4 and D5) are however strongly disfavoured by data (χ2

min & 15).

4 Results: Correlations and 0νββ-decay

From the constraints on the form of the PMNS, correlations between angles and
phases follow. For instance, in case C5, the following sum rule for cos δ is satisfied:

cos δ =
1− 4 cos2 θ12 sin2 θ23 − 4 sin2 θ12 cos2 θ23 sin2 θ13

2 sin 2θ12 sin 2θ23 sin θ13
. (6)

This case, for which χ2
min = 0.5, is obtained by permuting the rows and columns of

UC
PMNS so that the fixed-magnitude element is brought to the 3-2 position. Apart

from cases B3, B4, and C1, all other cases satisfy a bona fide sum rule for cos δ ‡.

†Our conclusions are independent of the choice of 3D representation.
‡i.e., with cos δ given as a function of the θij , with no explicit dependence on θe,ν , δe.
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Figure 1: Summary of symmetry constraints for viable cases with χ2
min < 15, and for a

neutrino spectrum with normal ordering (NO). Dots represent best-fit values for each case.

For purposes of illustration, the constraints on the plane (sin2 θ23, sin
2 θ12) for each

of the viable cases with χ2
min < 15 are collected in Figure 1.

Additionally, CPV phases are constrained to lie in specific intervals, and their
values are strongly correlated. It is then possible to derive predictions for the neu-
trinoless double beta (0νββ)-decay effective Majorana mass observable |〈m〉|. Case
C1 in particular provides rather sharp predictions, since not only are mixing an-
gles constrained but also CPV phases are fixed by symmetry to be α21 = k1 π and
α31 − 2δ = k2 π. Predictions for |〈m〉| in this case are shown in Figure 2.

5 Summary and Outlook

We have studied a class of models based on the breaking of S4 o HCP flavour and
generalised CP symmetry. We have found strong correlations between CPV phases
and correlations between mixing angles and phases, including sum rules for cos δ in
some of the viable cases. We have additionally derived predictions for the 0νββ-decay
effective Majorana mass. Future data (Daya Bay, JUNO, T2K, T2HK, DUNE) will
allow to test and discriminate between different symmetry predictions.
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Figure 2: Predictions for the effective Majorana mass in case C1 (see text) as a function
of the smallest neutrino mass, mmin. Blue and red bands correspond to k1 = 0, while black
and purple bands refer to k1 = 1. The KATRIN bound mmin < 0.2 eV is a prospective one.
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A description of the combination of time projection chamber read-out
with optical information in the MicroBooNE detector to reduce cosmo-
genic backgrounds and select electron neutrino induced interactions.
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1 Introduction

MircoBooNE is the first liquid argon time projection chamber in an extensive short-
baseline neutrino oscillation programme using the booster neutrino beam at Fermi-
lab [1].

The main active element of MicroBooNE is a time projection chamber filled with
liquid argon at 87 K. Its dimensions are 10 m in the beam direction, a height of 2.3 m,
and 2.5 m width. A charged particle that traverses the active volume will interact
with the argon in two ways; it will create prompt scintillation light in the ultraviolet
region and it will leave a trail of ionization electrons.

Between the two sides of the detector, a high voltage of 70 kV gives rise to a
uniform electric field with a magnitude of 273 V/cm. The electrons created along the
charged particle trajectory will drift towards the three anode wire planes. Behind the
wire planes, 32 PMTs are positioned to detect the scintillation light. This proceeding
describes the first efforts towards using the optical system to select electron neutrino’s.

2 Event reconstruction

Since MicroBooNE is a surface detector it is subject to an estimated rate of cosmic
muons of 5.5 Hz. These cosmic muons are the main source of background to neutrino
events. With this in mind, the Panndora reconstruction framework was developed [2].

Pandora facilitates the implementation of pattern-recognition algorithms while
promoting a multi-algorithm approach in which individual algorithms each address
a specific task in a particular topology. The waveforms on the wires during the
4.8 ms readout window are taken as input of the reconstruction. First, a Gaussian
distribution is fitted to each peak in the waveforms, called a 2D hit.

Two subsequent reconstruction paths have been created for use in the Micro-
BooNE analysis:

• PandoraCosmic is a strongly track oriented selection and aims at unambigu-
ously tagging cosmic-ray muons. Afterwards a cosmic-removed hit collection is
created. See the left panel in Figure 1.

• PandoraNu identifies a neutrino interaction vertex and uses it to aid the recon-
struction of all particles, tracks and showers, emerging from the vertex position.
A parent neutrino particle is made and the reconstructed particles are added as
daughters (Right panel in Figure 1).

After this stage, all bits of activity inside the TPC after the cosmic rejection are
grouped into Pandora neutrino candidates. Each event contains a number of Pandora
neutrino candidates, consisting each of tracks and/or showers.
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Figure 1: Left: Cosmic reconstruction in the MicrobooNE detector during a readout
window of 4.8 ms. Right: The Pandora reconstruction framework groups the remain-
ing objects after cosmic removal together in neutrino candidates and classifies them
as tracks and showers. Three selected data events are shown.

Figure 2: An example of an optical reconstructed flash object as seen by the PMT
system. Darker orange corresponds to higher photo-electron count.

Optical hits of the 32 PMTs with the same arrival time withing the event are
clustered into flashes. These reconstructed flash objects represent interactions in the
detector. It is now required that at least one of these flashes has a timestamp within
the window corresponding to the 1.6 µs duration of a BNB spill. The flash is required
to consist of at least 50 photo-electrons (PE).

3 Optical Flash Matching

At this point it is guaranteed that the event has a properly reconstructed flash. A
flash object has a time and a PE count for each of the 32 PMTs. From that, the 2D
position of the flash, z±σz and y±σy, is calculated. These can be compared with the
center of deposited charge of all Pandora neutrino candidates. This comparison has
the implicit assumption that the light will be emitted in the same relative fraction
as the charge is deposited by the final state particles. This is not entirely correct
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since the amount of scintillation light produced per deposited energy unit is particle
dependent. Nevertheless, compared to the coarse resolution of the PMT grid, this
approximation is justified.

After applying rectangular cuts to make sure the position of the reconstructed
Pandora neutrino candidate is compatible with the reconstructed flash object, it is
still likely that an event contains more than one candidate. The single best candidate
in each event can be chosen by comparing the shape of the reconstructed flash with
the deposited charge in the TPC associated to the reconstructed Pandora candidate.

Figure 3: Schematic of the construction of a flash hypothesis for a neutrino candidate.

The principle of flash-matching is described in Figure 3; a flash hypothesis can be
constructed for each candidate neutrino interaction using only data recorded by the
time projection chamber.

• for every neutrino candidate, the spatial distribution of deposited charge is
collected from the associated showers and tracks;

• the spatial distribution of the deposited charge is translated into an estimation of
the emitted scintillation light. These scintillation photons are then propagated
towards the PMTs to construct a flash hypothesis using only time projection
chamber information;

• the flash-matching algorithm compares the reconstructed flash object as seen
by the PMT’s with the flash hypothesis for all possible neutrino candidates and
picks the best matching candidate. For this, a binned likelihood of the PMT
spectrum is optimised.

3



4 Conclusion

This note explained that TPC information alone is insufficient to discriminate against
reconstructed neutrino candidates originating from activity due to cosmic interac-
tions. Therefore, the optical reconstruction algorithms were extended and are shown
to be applicable to electron neutrino interactions. Qualitative tests were done to
motivate the importance of flash-matching in the Pandora electron neutrino selection
chain.

References

[1] Design and construction of the MicroBooNE detector. R. acciarri et al. Journal
of Instrumentation, 2017.

[2] The Pandora multi-algorithm approach to automated pattern recognition of
cosmic-ray muon and neutrino events in the MicroBooNE detector. R. acciarri et
al. European Physics Journal C, 2017.

4



NuPhys2017-van Eijk
June 1, 2018

Electronics and DAQ for the CHIPS Experiment

Daan van Eijk

WIPAC, UW Madison
222 West Washington Ave, 53703, Madison, WI, USA

CHIPS (CHerenkov detectors In mine PitS ) is a novel neutrino detec-
tor concept, aimed at building megaton water-Cherenkov neutrino detec-
tors in a flexible and cheap way, while yielding science results comparable
and contributing to conventional long-baseline neutrino experiments. In
the summer of 2018, a 5 kiloton proof-of-principle detector will be installed
in a disused water-filled mine pit located in the NuMI neutrino beamline
path in Minnesota, USA. The submerged cylindrical detector volume is
25 meters in diameter and 10 meter tall and is surrounded by light-tight
liners. All inside walls are covered with PMT holding structures. CHIPS
will use thousands of 3-inch PMTs to detect neutrinos interacting in the
high-purity water in the detector volume.

The focus of the presentation at the NuPhys2017 conference was on
DAQ and electronics for the CHIPS experiment.
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1 Introduction

CHerenkov detectors In mine PitS (CHIPS) is a modular water-Cherenkov detector
concept. The goal of CHIPS is to prove that it’s possible to study neutrino oscillation
physics using a water-Cherenkov detector at a fraction of the costs of present neutrino
detectors. Current cost estimates for CHIPS are $200k/kiloton detector (including
location and infrastructure), to be compared with $2-10M/kt for conventional water-
Cherenkov detectors or $10-20M/kt liquid Ar detectors.

This presentation will focus on DAQ and electronics for the CHIPS experiment.

2 The CHIPS Detector

A 5 kiloton proof-of-principle CHIPS detector is scheduled to be deployed in the
summer of 2018 in a flooded mine pit of 60 meters depth in Minnesota (USA), 7
mrad off-axis from the NuMI neutrino beam coming from Fermilab, see Fig. 1.

Figure 1: Geographic location of the CHIPS proof-of-concept in the NuMI neutrino
beam coming from Fermilab. Both the MINOS and NOνAfar detectors are shown as
well.

The detector is a cylindrical volume measuring 25 meters in diameter and 10
meters in height. The cylinder outline is formed by a light-tight liner, separating
the lake water from filter-circulated water on the inside of the detector. Neutrino
interactions in the water produce Cherenkov light, which is detected by so-called
detector planes that serve as support structures for the 3-inch photomultiplier tubes

1



(PMTs) that fully cover the inside of the cylinder walls. A schematic picture of the
detector is show in Fig. 2.

Figure 2: Schematic picture of the cylindrical proof-of-concept CHIPS detector (left).
All inside walls (top, bottom and sides) are covered with detector planes (right) that
serve as support structures for the inward-looking 3-inch PMTs.

The CHIPS detector will consist of high-density and low-density PMT planes.
Both the end caps and the cylinder wall in the forward region (with respect to the
neutrino beam) will consist of planes with high PMT coverage of 6%, while the
backward region planes have a 4% PMT coverage.

3 Physics Goals

Despite the fact that the total size of any neutrino detector is key, even a moderately
sized CHIPS detector of 10-20 kt can significantly contribute to the determination
of δCP as performed by NOνA, see Figure 3. In addition, CHIPS can contribute to
precision measurements of θ13 and θ23.

4 Electronics and DAQ

CHIPS will consist of 6400 PMTs in total. 5500 of these PMTs are Hamamatsu
R12199-02, the same type as used in KM3NeT [1]. Time-over-threshold (ToT) signals
of 30 PMTs that comprise one detector plane are computed on a Central Logic Board
(CLB) in a water-tight electronics box mounted on each plane.

An additional set of 900 PMTs is refurbished from the NEMO3 experiment [2].
For this subset of PMTs an even cheaper electronics readout scheme is being de-

2



Figure 3: Contribution of CHIPS to the measurement of δCP by NOνAand T2K.
Both a slow and a fast development of CHIPS detectors of various detector masses
are shown.

veloped. In order to record ToT signals, these PMTs have a microprocessor board
called microDAQ connected to them having the same circular form factor as the
PMT Cockcroft-Walton base. By using a series of time-delay buffers on the micro-
DAQ board, the full signal shape can also be reconstructed. ToT data from 16 PMTs
in one plane are sent to a BeagleBone board [3] for event building. The BeagleBone
communicates with higher level fanout boards through standard ethernet CAT cables.
This readout scheme and its various electronics boards are shown in Fig. 4.

Both the KM3NeT-style readout scheme and the microDAQ readout scheme uses
White Rabbit technology [4] to provide a 10 MHz clock reference and absolute timing
through a so-called pulse-per-second (PPS) signal. Readout of the entire detector is
only performed during the 10 µs spills from the NuMI beam to minimise background
events from cosmics. Finally, all data is sent to shore through optical fibers using
course wavelength division multiplexing.
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Figure 4: MicroDAQ readout scheme for the NEMO3 PMT detector planes (left) and
pictures of the various electronics boards (right). From top to bottom: the White
Rabbit system, the 16-channel fanout board with the Beaglebone board mounted on
it and finally the PMT stack, consisting of the PMT itself, the HV base electronics
board and the microDAQ electronics board.
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Accurate modelling of the T2K neutrino flux is crucial for a better
understanding of neutrino interactions at the near and far detectors. Most
of T2K neutrinos are created through in-flight decays of unstable hadrons,
produced by interactions of 31 GeV/c protons in a long graphite target
(90 cm). External hadron production data is used for correcting the flux
model. The analysis presented here uses a new NA61 dataset, collected
in 2009 using the full length replica of the T2K target. The preliminary
results suggest a reduction of the hadronic interaction component of the
neutrino flux uncertainty by ∼50%, to errors of less than 5%.
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1 The T2K Neutrino Flux

The T2K (Tokai-to-Kamioka) experiment [1] is a long baseline neutrino experiment
located in Japan. The main goal of the experiment has now shifted from observing
electron neutrino appearance νµ → νe [2] to measuring CP violation in neutrino
mixing. An intense muon (anti)neutrino beam νµ (νµ) is fired across Japan, from
the village of Tokai, on the eastern coast of Japan, to the Super Kamiokande (SK)
detector located in the mountains on the western side of the island, 295 km away.

The initial νµ (νµ) beam is produced inside the Japan Proton Accelerator Research
Complex (J-PARC), where 31 GeV/c protons are aimed at a graphite target, and
the pions and kaons resulting from this collision are guided into the decay volume
using magnetic horns. Switching the horn polarity allows for the focusing of either
positively or negatively charged hadrons, which respectively produce either neutrinos
or anti-neutrinos through decays in the decay volume. T2K uses two near detectors,
ND280 and INGRID, to measure the neutrino flux just after production point, and
SK measures the neutrino flux 295 km downstream. Neutrino oscillation parameters
can be extracted from the change in the composition of the neutrino flux between the
near and far detectors.

2 The NA61/SHINE Measurements for T2K

The NA61/SHINE (SPS Heavy Ion and Neutrino physics Experiment) [3] is a fixed
target experiment served by the H2 beam line of the CERN North Area. The exper-
iment has been proposed in November 2006 and inherited many of its components
from NA49. It is a multi purpose research facility providing precise hadron produc-
tion measurements for long baseline neutrino experiments (T2K, NOνA, MINERνA
etc.), used in reducing the unoscillated neutrino flux uncertainty. For T2K, NA61
measured the differential multiplicities (yields) of charged hadrons exiting from two
distinct target configurations, the thin-target [4] and the replica-target [5] (see Fig. 1).
With the thin-target dataset, the measured hadronic yields are binned by the outgo-
ing hadron momentum and angle NNA61

thin (p, θ), whereas the replica-target multiplicity
measurements are also binned based on the outgoing hadron’s exiting position along
the target NNA61

replica (p, θ, z).
Presented here are the preliminary uncertainties associated with the NA61 2009

replica-target tuned T2K neutrino flux prediction. Currently, the T2K collaboration
still relies on the NA61 2009 thin-target dataset to constrain the neutrino flux predic-
tion. This dataset is appropriate for directly constraining ∼60% of the neutrino flux
which originates from primary interactions within the graphite target. The strength
of the replica-target dataset lies in its ability to directly constrain both primary in-
teractions and subsequent reinteractions within the target, thus accounting for ∼90%
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Figure 1: The NA61 thin-target and replica-target configurations used for hadron
production measurements for T2K.

of T2K neutrino flux. Due to limited statistics, the 2009 replica-target dataset only
contains charged pion yields, so that thin-target data is still used for constraining the
neutrino yield for other types of hadrons (p,K±, K0

S, K
0
L), or for exiting pions outside

the (p, θ) phase space of the replica-target measurements.

3 Constraining the T2K Neutrino Flux Prediction

T2K neutrino flux predictions [6] rely on modelling interactions of primary protons
incident on the graphite target, the propagation and interaction of subsequent hadrons
resulting from this primary interaction, and the eventual decay of daughter hadrons
into neutrinos. The simulation is driven by proton beam profile and horn current
measurements, and based on a combination of FLUKA2011 [7][8], GEANT3 [9] and
GCALOR [10]. Associated with every simulated neutrino is a chain of hadronic
interactions leading to its production. At every interaction point, the kinematic
information for the incident and outgoing particle is stored, in addition to the target
nucleon species and the distance travelled by particles through each of the simulated
detector components. Finally, the nominal flux prediction gets constrained based
on available hadron measurements, and the associated flux uncertainty evaluated.
Weights are applied to every simulated neutrino event based on its hadronic history:
every interaction in the ancestry chain is assigned a multiplicity weight, and every
propagating parent hadron is assigned a hadron interaction length weight.

The multiplicity weight corrects the predicted neutrino yields based on the mo-
mentum p and angle θ (measured with respect to the beam direction) of the produced
ancestor hadron:

wthin(p, θ) = NNA61 (p, θ) /Nmodel (p, θ) . (1)

If the ancestor hadron exiting from the target is a pion, it is sufficient to constrain only
the outgoing pion rate with the corresponding replica-target weight wreplica(p, θ, z),
instead of individually constraining all in-target interactions (see Fig. 2 for represen-
tative replica multiplicity weights). Thin-target multiplicity weights are assigned to
out-of-target interactions.
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The interaction length weight corrects the predicted neutrino yield based on the
distance d travelled by propagating ancestor hadron through different materials before
interacting:

w(p, d) =
σdata

σmodel
exp

(
−ρd

(
σdata − σmodel

))
, (2)

where ρ is the target material number density, p is the propagating hadron’s momen-
tum and σ ≡ σ(p) is the hadronic production cross section. The production cross
section is assigned an uncertainty equal to the quasi-elastic cross section, to reflect
the observed preference of the replica-target measurements for the proton production
cross-section of ∼200 mb (see Fig. 2).
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Figure 2: Replica-target positive pion w(p, θ, z3) multiplicity weights (left side). Ratio
of replica- and thin-target constrained flux predictions, with ratio errors propagated
from the assigned production cross section uncertainty (right side).

4 Results and conclusions

Neutrino flux uncertainty from the hadronic interaction model, as a function of neu-
trino energy, are shown in Fig. 3 (SK in neutrino mode). The pion rescattering error
was estimated using HARP double differential pion cross section measurements [11].
The nuclear error comes from constraining secondary and tertiary baryon interac-
tions using Feynman scaling and target nucleus scaling for extending the coverage of
existing hadron production measurements. Around the T2K neutrino flux peak, the
replica-tuned flux uncertainty is ∼50% smaller than the thin-tuned flux uncertainty.
In particular, the hadron interaction length uncertainty, related to constraining the
hadronic production cross section, is substantially reduced at lower neutrino energies.
The hadronic multiplicity and pion rescattering uncertainties are also reduced.

The preliminary results suggest a 50% reduction in the hadronic interaction com-
ponent of the neutrino flux uncertainty, which could open up attractive prospects for
the T2K neutrino cross section measurements programme.
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Figure 3: The hadron interaction model uncertainties evaluated on the SK flux pre-
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