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I review the current status of structure formation bounds on neutrino
properties such as mass and energy density. I also discuss future cosmological bounds as well as a variety of different scenarios for reconciling
cosmology with the presence of light sterile neutrinos.
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Introduction

One of the most fruitful lines of research in astroparticle physics has been the study
of how cosmological structure formation can be used to probe neutrino physics (see
[1, 2, 3] for more details). Over the past decade observations of the Cosmic Microwave
Background and the large scale distribution of galaxies have made it possible to put
a bound on the mass of standard model neutrinos which is well below 0.5 eV for the
P
sum of neutrino masses [4], mν , provided that the ΛCDM model is basically the
correct cosmological model and that neutrino physics is described by standard model
physics. Depending on the specific combination of data sets used the current upper
bound can be as low as 0.12-0.13 eV (see e.g. [5, 6]), close to the mass predicted in
the inverted hierarchy for a massless ν3 .
Cosmology therefore seems to be at the brink of a neutrino mass detection. However, more complex models of both cosmology and neutrino physics can change this
picture and significantly shift the mass bound or even evade it altogether. The purpose
of this short review is to discuss the status of cosmological neutrino measurements,
including the caveats in bounds on neutrino properties. I will also discuss the possibility of probing neutrino physics beyond the standard model in the form of additional
sterile neutrino species and new non-standard interactions.
In the standard model neutrino interactions at low energies are well described by
Fermi theory. In the universe at temperatures well below the QCD phase transition
neutrinos interact dominantly with electrons, positrons, and other neutrinos. Under
the assumption that chemical or pseudo-chemical potentials are small for all the
involved species the interaction rates can be calculated very precisely and the process
of neutrino freeze-out followed with adequate precision. The outcome is that the
neutrino distribution is well described by a thermal distribution of temperature Tν ∼


1/3

Tγ , with corrections from incomplete neutrino decoupling at e+ e− annihilation
and finite temperature QED effects entering at the 1% level [7] (see [8] for a recent
discussion). At late times the main impact of neutrinos on structure formation can be
quantified by their contribution to the energy density. Since the neutrino contribution
in the late time universe is dominated by the rest mass term and the number density
can be calculated exactly, the only unknown quantity is the sum of neutrino masses,
P
mν . This is related to the physical energy density through
4
11

2

Ων h '

P

mν
.
94.6 eV

(1)

This simple relation means that if neutrino physics is describable in terms of pure
standard model physics the relation of the cosmological parameter Ων h2 to the fundaP
mental particle physics parameter mν is trivial. However, as will be discussed later
this simple relation does not hold for a wide variety of beyond the standard model
scenarios.
1
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Large scale structure observables and neutrinos

Even standard model neutrinos are a source of dark matter because of their finite,
but non-zero masses. However, neutrinos impact cosmological structure formation
in a unique way because they are much lighter than other particles contributing to
the matter density. The fact that neutrinos are very light and weakly interacting
means that they can stream over large distances, erasing any pre-existing structure
in the neutrino density. If treated as a fluid this is equivalent to having a significant
anisotropic stress component. This very significantly suppressed fluctuation power in
neutrinos on all subhorizon scales. In the CMB this can in turn also be seen as a
suppression of power because the neutrino contribution to the metric source term in
the Boltzmann equation for photons is suppressed.
For typical sub-eV neutrino neutrino masses, neutrinos are still relativistic during
recombination and therefore the direct effect of a non-zero neutrino mass is limited
in the primary CMB signal. However, non-zero neutrino masses strongly influence
the subsequent growth of perturbations and lead to suppression of power on all scales
below the free-streaming scale. In the case of the CMB power spectrum this can be
seen as a reduction in the effect of weak gravitational lensing on the CMB spectrum.
In the large scale structure power spectrum the effect is even more pronounced
because the matter power spectrum (rather than the photon power spectrum) is
probed directly. The matter power spectrum is suppressed by a large factor (roughly
δP/P ∼ −8fν , where fν = Ων /Ωm ) on all scales smaller than the free-streaming scale
[1], and even in the most extreme case of a massless ν1 and the normal hierarchy where
P
mν ∼ 0.06 eV the effect on the power spectrum is several percent. This is close
to the precision with which the matter power spectrum can currently be measured.
However, even the largest current surveys are not able to probe distances comparable
to the free-streaming length. The consequence is that the effect of neutrinos is simply
seen as an overall and scale-independent reduction in power which is difficult to
disentangle from other effects.

3

Current and future bounds

One of the most important developments in the last decade has been that cosmological
data is now of sufficient quality that strong bounds on neutrino masses can be obtained
using at most two different types of data with well-understood systematics. Using the
CMB data from Planck alone provides a bound of 0.59 eV in the case of the ΛCDM
model [4]. When large scale structure data is added the bound is strengthened to 0.23
eV [4]. Further improvements can be made by adding e.g. data from the Lyman-α
forest, although this also means that the bound becomes less robust. We note that
the current upper bound on the sum of neutrino masses is getting relatively close to
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the predicted mass for a massless ν1 in the inverted hierarchy, but that at present it
is impossible to use cosmological data to distinguish the two hierarchies.
The coming decade is likely to see as big an improvement on neutrino constraints
as the previous. In particular the large scale structure data from very large surveys
such as EUCLID [9] will improve neutrino constraints radically. Ref. [10] provides
a good overview of projected sensitivities from data sets becoming available within
the next decade (see also [11]). Combining the Planck data with just one of these
observables in many cases leads to a sensitivity good enough to make a neutrino
mass detection very likely. When several large scale structure observables (lensing,
galaxy power spectrum, cluster mass function) are combined with the Planck data
the formal sensitivity might approach the 10 meV level [14, 13, 12], indicating that a
5σ detection of the neutrino mass might be feasible. Fig. 1 (taken from [14]) shows
projected confidence contours from combining a Planck-like CMB experiment with
data from EUCLID.
Of course it should be kept in mind that even when a hot dark matter component
is unambiguously detected it will not be possible to state that it consists of neutrinos.
Since structure formation is only sensitive to the kinematical properties of the hot
dark matter and not to its actual particle content a final confirmation has to await the
measurement of neutrino masses in e.g. tritium decay experiments such as KATRIN
[15].

4

Non-standard neutrino physics

Within the standard model the only unknown parameter relevant to cosmological
structure formation is the sum of neutrino masses. However, types of beyond standard model physics predict the presence of one or more non-standard features in the
neutrino sector. From a cosmological point of view the simplest possibility is that the
neutrino number density (and thus the contribution to the energy density while neutrinos are still relativistic) is different from what is predicted in the standard model.
The standard parameter used in cosmological parameter fitting is Neff , defined as
Neff ≡


4/3

ρν
ρν,0

(2)

4
with ρν,0 = 87 11
ργ , measured at T  mν , i.e. it corresponds to the energy density
in relativistic neutrinos at early times when they are relativistic. The standard model
prediction is Neff ' 3.046, but a variety of beyond the standard model scenarios could
lead to a a higher (or lower) value of Neff .
P
We note that using mν and Neff is typically not enough to fully specify a given
model because Neff cannot be uniquely translated into the number density and therefore the current neutrino density, Ων h2 , cannot be calculated using these two param-
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Figure 1: 68% and 95% constraints on the matter density, ωm = Ωm h2 , and the sum
P
of neutrino masses, mν , for the combination of Planck CMB data with EUCLID
shear data (red curves) and EUCLID galaxy data (black curves), as well as the combination of all three (green curves). The data used corresponds to the “csgx” case in
[14].
eters alone. However, in scenarios where the particle distribution is reasonably close
P
to thermal Neff and mν can be used as fitting parameters.
The current Planck data shows no indication in itself that Neff is different from
the value predicted by the standard model [4]. However, it should be noted that the
Planck inferred value of H0 is significantly different from the one measured directly
in the local Universe [16], and that a possible way of lessening the tension between
the two results is to have a significantly higher Neff than predicted by the standard
model.
Another important aspect of neutrino physics which can be tested by cosmology
is the presence of non-standard interactions. Well-known possibilities are additional
massive vector bosons or light pseudoscalars or scalars coupling to neutrinos. Such
interactions are relatively hard to probe in direct experiments and cosmology can
provide very non-trivial bounds (see e.g. [17] for a recent discussion).
Finally, there are several indications from terrestrial neutrino experiments that
additional sterile neutrinos might be present (see e.g. [18] for an overview) . However, such neutrinos are extremely disfavoured by cosmological data. The reason is
that the relatively large mixing angle required to explain oscillation data inevitably
leads to almost complete thermalisation of the additional mass states. Therefore the
4

additional neutrinos act essentially like active neutrinos with the same mass and since
the preferred mass is around 1 eV they are disfavoured by more than 5σ by the usual
cosmological mass bound.
If the sterile neutrino hypothesis is confirmed an additional modification of either
cosmology or neutrino physics is required. One possible solution is to add a large
neutrino chemical potential. This has the effect of delaying the onset of the resonant
production of sterile neutrinos until after the active neutrinos decouple and leads to
a lower abundance of sterile neutrinos. However, a more attractive scenario is to
add additional interactions in the sterile sector. This leads to a self-generated matter
potential which also has the effect of delaying thermalisation of the sterile state.
Two basic scenarios have been studied so far. The first is based on a new light,
but not massless vector boson mediating a Fermi-like interaction between the sterile
states [19, 20, 21, 22, 23, 24, 25]. The new interaction can be significantly stronger
than the ordinary weak interaction without violating any known constraints, and
can delay sterile neutrino thermalisation until long after active neutrino decoupling.
However, in most cases the sterile state will thermalise at low temperature and thus
the cosmological neutrino mass constraint still poses a potential problem for this
scenario [23, 25].
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Figure 2: The contribution of the sterile neutrino to the relativistic energy density
δNeff = Neff − 3 as a function of the dimensionless coupling parameter gs .
Another scenario is based on a new massless pseudoscalar or scalar [27, 26]. Fig. 2
shows how the sterile neutrino contribution to Neff can be reduced when the dimensionless coupling strength, gs is increased (taken from [?]). While similar to the
vector mediator scenario at high temperatures it is qualitatively very different at low
temperatures because the interaction becomes stronger at low temperatures so that
5

the sterile neutrino and scalars/pseudoscalars form a strongly interacting fluid at low
temperatures. This setup is very similar to the “neutrinoless universe” scenario previously studied for active neutrinos in which the active neutrinos couple to a new
light particle and disappear through pair annihilation as soon as they become nonrelativistic, thereby alleviating the effect of the mass on the matter power spectrum
[28]. This scenario has been ruled out by CMB observations because it would lead
to an excessive enhancement of fluctuations on sub-horizon scales prior to recombination [29]. However, provided that only the mainly sterile mass state couples to
the new particle the scenario can actually provide a better fit to current data than
ΛCDM, and interestingly it strongly prefers a value of the Hubble parameter close to
the locally measured value [26].

5

Discussion

I have reviewed the current status of light neutrinos in cosmological structure formation. Within the class of ΛCDM-like models with upper bound on the sum of
neutrino masses is now robustly below 0.5 eV. Depending on assumptions about the
cosmological model and the data used the bound might even be close to 0.1 eV, but
this is a much less robust statement.
Within the next 5-8 years new data from a host of different large scale structure
surveys will drastically improve the sensitivity to the neutrino mass. It can reasonably
be expected that future data will bring the sensitivity down to the 10 meV level and
allow for a detection of the neutrino hot dark matter component of the universe.
Cosmology can also be used as a sensitive probe of neutrino physics beyond the
standard model. The prime example of this is the use of cosmology to constrain
the existence of sterile neutrinos. There are currently several hints from terrestrial
neutrino experiments that one or more additional sterile states of eV mass might
be needed to explain data. Furthermore the additional mass states are required to
have relatively large mixing with the active neutrinos. This in turn leads to almost
complete thermalisation of the new state in the early Universe and the bound derived
for active neutrinos apply, disfavouring such additional sterile states at 5σ or more.
If the sterile hypothesis is confirmed it will therefore require modifications to either cosmology or neutrino physics in order to be reconciled with cosmological data.
One possibility which is currently receiving significant attention is the possibility that
sterile neutrinos possess new interactions. Such interactions can be quite strong without violating any current experimental or astrophysical constraints and can reconcile
eV sterile neutrinos with cosmology. In fact, interactions via a massless mediator
which makes sterile neutrinos strongly interacting at late times can provide a better
fit to data than ΛCDM in terms of χ2 .
In conclusion, cosmology is an extremely powerful laboratory for probing neutrino
6

physics. This will remain true in the coming decade and cosmology will almost
certainly provide the first detection of the neutrino hot dark matter component of
the universe in this timespan.
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Neutrinos play a key role in core-collapse supernova explosions. Carrying information from deep inside the stellar core, neutrinos are direct
probes of the supernova mechanism. Intriguing recent developments on
the role of neutrinos in supernovae are reviewed, as well as our current
understanding of the flavor conversions in the stellar envelope, and the
detection perspectives of the next burst.
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1

Introduction

The only core-collapse supernova (SN) detected in neutrinos has been the SN 1987A;
although only few neutrinos events were collected in that occasion, this burst has been
the first proof of the stellar collapse and revealed to be extremely useful to probe the
neutrino properties as well as non-standard physics scenarios.
Since the SN 1987A, substantial progress has been made as for our understanding
of the physics leading to the core collapse [1, 2], the role of neutrinos in the star, and
the flavor oscillations in neutrino-dense media [3, 4]. Several large scale detectors are
in place (or will be soon) to detect the next galactic burst [3, 5]. Nevertheless, we are
still far from fully grasping the core collapse physics and the role of neutrinos in it.
In this sense, the detection of the next galactic burst will provide us with a precious
test of our understanding of the collapse dynamics.
Besides the single SN burst, the detection of the diffuse SN neutrino background
(DSNB), the neutrino flux emitted from all SNe exploding somewhere in the Universe,
is approaching. The DSNB will allow us to learn about the stellar population, other
than provide with an independent test of the SN rate [3, 6, 7].
In what follows, we will outline some of the open issues in SN and neutrino astrophysics. The detection perspectives of the next burst will be briefly discussed.

2

Core-collapse supernova physics

A core-collapse SN explosion originates from the death of a massive star (M >
8M ) [1]. The SN iron core is surrounded by shells of lighter elements; once the
Chandrasekhar limit is reached, the core collapses and the explosion is triggered.
The 99% of the explosion energy is released in neutrinos with average energies of
O(10) MeV for about 10 s.
The SN neutrino signal can be divided in three main phases, as shown in Fig. 1:
The neutronization burst marked by a large peak in the νe luminosity (generated
because of the rapid electron capture by nuclei and free protons, as the shock wave
crosses the iron core dissociating its nuclei); the accretion phase where the differences
among the fluxes of different flavors are still large especially between the electron and
non-electron flavors; the cooling phase where the neutrino emission properties among
the different flavors became very similar and the luminosity progressively decreases.
Core-collapse hydrodynamic simulations have recently reached the 3D front, unveiling new and unexpected features [2]. The first successful explosions have been
obtained in 3D [8, 9]. For example, in one of these cases, the explosion was triggered
through a 10% reduction of the neutrino opacity, obtained by adding a strange quark
contribution to the nucleon spin [8]. Such correction might be optimistic with respect to the current bounds; however this explosion, obtained by slightly perturbing
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Figure 1: Neutrino luminosities (on the top) and mean energies (on the bottom) for
the three flavors [continue line stands for νe ’s, dashed line for ν e ’s, dotted (dasheddotted) line for νµ,τ (ν µ,τ )] as a function of the post-bounce time for a 27 M SN
progenitor. The panels on the left refer to the neutronization phase, the middle
panels to the accretion phase, and the panels on the right to the cooling phase.
Figure adapted from from Ref. [3].
the initial conditions, suggests we might be close to fully reproduce the core-collapse
conditions.
The SN explosion is expected to occur according to the delayed neutrino explosion
mechanism [10]: The shock wave looses all its energy while propagating through the
iron core and dissociating iron nuclei. Neutrinos provide fresh energy to revive the
stalled shock. During the shock revival phase hydrodynamical instabilities occur,
such as convective overturns and the standing accretion shock instability (SASI) that
contribute to enhance the efficiency of the energy transfer between the neutrinos and
the shock wave. Recent 3D SN simulations suggest that the neutrino signal carries
imprints of such instabilities [11, 12]. For example, SASI episodes are expected to
occur in the heavy mass SN progenitors and will be clearly detectable with neutrino
telescopes such as IceCube and Hyper-Kamiokande as shown in the left panel of Fig. 2
for a 27 M SN progenitor. Among the well known hydrodynamical instabilities, yet
another instability has been recently discovered: The lepton emission self-sustained
asymmetry (LESA) [2, 13]; LESA is the first instability driven by neutrinos and it
consists of an asymmetric emission of the νe number flux with respect to the ν e one,
see the right panel of Fig. 2. LESA is characterized by a large scale dipolar character
2
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Figure 2: Left: Detection rate in IceCube and Hyper-Kamiokande as a function of
the post-bounce time for a 27 M SN progenitor for an observer at 10 kpc located
along a direction where the neutrino signal shows strong SASI modulations. Right:
Neutrino lepton number flux (νe − ν e ) normalized by its average value for a 11.2 M
progenitor at tp.b. = 240 ms. Figure adapted from from Refs. [11, 13].
and, once it develops, its axis remains stable despite SASI or convective motions.
LESA is responsible for a strong directional dependence of the neutrino fluxes that
could affect the SN nucleosynthesis, oscillations and neutron star kicks.

3

Neutrino flavor oscillation physics

The flavor evolution of neutrinos is described by matrices of densities for each energy
mode E, the diagonal entries being the occupation numbers. The evolution of ρE is
described by the Liouville equations
i ∂r ρE = [HE , ρE ] and i ∂r ρE = [HE , ρE ] ,

(1)

where an overbar has been adopted to mark the ν quantities. Each matrix ρE is a
3×3 matrix in the flavor space. The Hamiltonian matrix contains vacuum, matter,
m
νν
νν
and neutrino–neutrino terms: HE = Hvac
depends on
E + HE + HE,ϑ ; in particular, H
the angle between the momenta of the colliding neutrinos for each energy mode E.
The resonant flavor conversions due to the interactions of the neutrinos with the
matter background in the stellar envelope (MSW effect) is a well understood phenomenon [14, 15]. The first MSW resonance is due to the atmospheric neutrino mass
difference and it occurs at about 103 km from the neutrino sphere in the neutrino
(antineutrino) channel for normal (inverted) mass ordering. The second MSW conversion takes place at larger radii and it is due to the smaller solar neutrino mass
difference.
3
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Figure 3: Neutrino (on the left) and antineutrino fluxes (on the right) as a function
of the energy after ν–ν interactions assuming inverted mass ordering. The fluxes at
the neutrino sphere are shown as dotted lines. Figure taken from Ref. [18].
Supernovae are neutrino-rich environments and therefore ν–ν interactions cannot
be neglected [3, 4, 16]. Neutrino self-interactions are non-linear effects, inducing exponentially growing instabilities in the flavor space. The angle between the momenta
of the colliding neutrinos is extremely important in defining the final distribution of
the neutrino fluxes.
The modelling of such interactions has been first developed within the so-called
neutrino bulb model [17]: Neutrinos of all flavors are emitted from each point of the
neutrino-sphere in the forward solid angle uniformly and isotropically. The most
famous signature of ν–ν interactions is the spectral split: A complete swap of the
neutrino energy spectra for certain energy ranges and according to the neutrino mass
hierarchy, as shown in Fig. 2.
One would expect that the impact of flavor conversions in determining the final
neutrino energy distributions should be of relevance during the early phase of the SN
signal where the neutrino emission properties among the different flavors are larger.
However, it has been proved that the high matter density profile, typical of these
post-bounce times, locks the neutrino modes inhibiting multi-angle flavor conversion
effects (Ne ≥ Nν ) [19]. Such prediction has been numerically proved within simplified
setups and also analytically relying on the stability analysis approach. On the other
hand, during the cooling phase, where the fluxes of the neutrinos of different flavors
are more similar to each other, multiple spectral splits are expected to occur [20].
The above conclusions have been drowned by relying on the assumption that
we have a stationary, spherically symmetric SN, where the neutrino fluxes evolve
with radius. However, more recently, it has been pointed out as by releasing such
approximations, new instabilities in the flavor space may arise. For example, within
a simplified setup, it has been shown as breaking the axial symmetry [21], the spatial
4

and directional symmetry [22], or by introducing temporal instabilities [23], flavor
conversions could be induced (i.e., flavor instabilities can be determined because of the
non-homogeneous or non-stationary conditions occurring within the stellar envelope).
The same should be expected by considering a neutrino angular distribution not
limited to the outward direction, as well as in the presence of large 3D effects that
make the system inhomogeneous, non-stationary and anisotropic [12, 13]. Existing
investigations in this contest are still simplified cases of study and further work is
necessary.

4

What can we learn from the next SN burst?

If we assume that even within a more realistic modelling of the flavor oscillations,
the matter potential mostly suppresses ν–ν multi-angle matter effects during the
accretion phase, while neutrino self-interactions are responsible for multiple spectral
splits during the cooling phase, then each of the three phases of the SN neutrino signal
offers different opportunities to learn about the stellar collapse or neutrino properties.
The neutronization burst signal is independent of the progenitor mass and the
nuclear equation of state. It can be adopted as a standard candle to define the distance
of the SN event [24]. Since the slope of the ν e and ν x light-curves is different, the
observed neutrino event rate will be sensitive to the neutrino mass ordering in, e.g.,
Cherenkov telescopes. The same holds for the neutrino channel; if we consider the νe
event rate as seen in e.g., a liquid argon detector, the absence (presence) of the peak
of the neutronization burst will hint towards a normal (inverted) mass ordering [25].
During the accretion phase, the neutrino signal is dependent on the neutrino
mass hierarchy. Moreover, it carries characteristic signatures of the SASI motions
and convective overturns, clearly detectable in, e.g., Cherenkov telescopes [12, 11]
providing insights on the core-collapse physics.
The cooling phase signal is strongly sensitive to the nuclear equation of state as
well as to the SN progenitor mass. The exact composition in neutrinos of different flavors is responsible for determining the nucleosynthesis outcome in the neutrino driven
wind [26, 27]. Although recent work suggests that, even by taking into account the
existence of an extra light sterile family, it is difficult to create a n-rich environment in
the SN neutrino driven wind and to activate the r-process [27], the role of oscillations
in the production of heavy elements remains to be clarified.

5

Diffuse Supernova Neutrino Background

On average a SN explodes every second in the Universe and we could detect the
cumulative neutrino flux, the DSNB [3, 6, 7]. The DSNB should be clearly detectable
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Figure 4: Event rates for water Cherenkov, liquid Argon and scintillator detectors as
a function of the detected energy, oscillation effects included. Figure taken from from
Ref. [3].
in the region around 20–30 MeV, where it is above the reactor and atmospheric
backgrounds.
A class of SNe that may considerably enhance the expected DSNB is the one of
the failed progenitors [28]. A failed SN occurs when a SN collapses in a black hole
and the neutrino signal abruptly ends after a few hundreds of ms. Preliminary work
shows that the fraction of failed progenitors might be higher than thought in the past
(reaching up to the 30% of the total SN population) and even light SN progenitors
might generate black-hole forming cases [29]. If such predictions on black-hole forming
progenitors should be confirmed, then we should expect an enhanced DSNB rate of
events.
The detection of the DSNB will be instrumental to constrain the stellar population,
it will provide us with an independent test of the SN rate, and will help us to constrain
the fraction of failed versus core-collapse cases. At the same time, the DSNB detection
could help us to constrain the neutrino emission properties as well as exotic physics
scenarios.
The possibility of detecting the DSNB will be improved in the next future with
the planned JUNO scintillator detector as well as with the approval of the Gd project
for the Super-K detector [3]. See Figure 4 for an estimation of the number of events
in future generation detectors.

6

6

Summary

Neutrinos play a fundamental role in the physics of a core-collapse supernova. The
first supernova hydrodynamic simulations in 3D revealed unexpected and fascinating
phenomena and proved as the detection of the supernova neutrino signal will be
instrumental to test the explosion mechanism.
Core-collapse supernovae are neutrino-dense environments and therefore, ν–ν interactions cannot be neglected. A careful modelling of the SN environment for studying the oscillation phenomenology is compulsory and it still incomplete at the moment,
despite the intense theoretical activity in this direction. Neutrino self-interactions are
non-linear effects and it has been shown as, by releasing some of the currently adopted
symmetry assumptions, instabilities in the flavor space could be induced.
Each phase of the core collapse neutrino signal could offer different opportunities
to learn about the supernova physics and the synthesis of the new elements. The
detection of the DSNB is expected to happen within the next decade and will offer
us with a chance to constrain the stellar population as well as to independently test
the supernova rate.
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The neutrino burst from a core-collapse supernova can provide information about the star explosion mechanism and the mechanisms of proto
neutron star cooling but also about the intrinsic properties of the neutrino
such as flavor oscillations. One important question is to understand to
which extent can the supernova and the neutrino physics be decoupled in
the observation of a single supernova. The capabilities of present and future large underground neutrino detectors to yield information about the
time and flavor dependent neutrino signal from a future galactic supernova are described in this paper. Neutrinos from past cosmic supernovae
are also observable and their detection will improve our knowledge of the
core-collapse rates and average neutrino emission. A comparison between
the different experimental techniques is included.

PRESENTED AT

NuPhys2015, Prospects in Neutrino Physics
Barbican Centre, London, UK, December 16–18, 2015

1

Introduction

Supernova (SN) neutrinos are part of the main physics program for future large underground neutrino projects. Flavor composition, energy spectrum and time structure
of the neutrino burst can provide information about the SN properties (core-collapse,
explosion, neutron star cooling mechanism) [1]. Despite the enormous recent progress
on SN simulations [2], much about the physics of core collapse is not well understood.
Therefore, the detection of neutrinos from the next galactic burst will provide critical
information needed to improve our knowledge about the collapse dynamics.
The neutrino signal from a galactic SN can also give information about the intrinsic
properties of neutrinos such as flavor oscillations, in particular, the mass hierarchy [1].
In addition, because neutrinos arrive before any other signal from a SN, it is possible
to provide an early alert to the astronomical community combining the observations
of several experiments [3]. This will allow an early observation of the first stages of
the SN explosion.
The detection of the Diffuse Supernova Neutrino Background (DSNB) from all
past core-collapse SN in the Universe will be a major discovery and will help to
understand the stellar population and provide an independent test of the SN rate [4].

2

The Supernova Neutrino Signal

Core-collapse SN are a huge source of neutrinos of all flavors in our Universe. During
a SN explosion, 99% of the gravitational binding energy of the star (of the order of 3
x 1053 ergs) is released by neutrinos and antineutrinos of all flavors, which play the
role of astrophysical messengers, escaping from the SN core.
Neutrinos from core-collapse supernovae are emitted in a burst of a few tens of
seconds duration [1]. Essentially three stages can be distinguished: the neutronization burst, a large νe emission in the first 10’s of ms, the accretion phase, which lasts
between few tens to few hundreds of ms, where the luminosity of electron and nonelectron flavors is significantly different, and the cooling phase, up to ∼10 s, when
luminosities and average energies decrease and there is almost luminosity equipartition between neutrino species.
An example of the expected supernova neutrino spectra integrated over 10 s can be
seen in Fig. 1 for the different flavor components. However, MSW flavor transitions
and other neutrino collective effects may modify significantly these spectra, as shown
in Fig. 1. By looking at the particular time and spectra features, information about
the SN mechanisms and neutrino properties can be obtained.
The basic core-collapse model was confirmed in 1987 by the observation of neutrino events from the SN1987A [6], which exploded in the Large Magellanic Cloud
at a distance of ∼50 kpc. This was the first and so far the only time when stellar

1

Figure 1: Spectra of νe (left) and ν e (right), for both inverted IH (top) and normal NH
(bottom) hierarchies. Multiangle (M.A.) results are shown with thick solid curves,
single-angle (S.A.) with filled regions and initial spectra with dashed lines (from [5]).
collapse neutrinos were observed. The burst of light was visible to the naked eye.
Around three hours before the observation of the SN, an increase of neutrinos was
detected by two water (∼1 kt) Cherenkov detectors: Kamiokande, IMB and one liquid scintillator detector: Baksan. Around 20 events were detected in a 13 seconds
interval at a time consistent with the estimated time of the core collapse. Within
uncertainties, all signals are contemporaneous. The detection of this SN served to
confirm the predictions about light curves and production of neutrinos. However,
limited quantitative information on the neutrino spectrum was obtained due to the
small statistics recorded.
The combination of Kamiokande and IMB data allowed to define confidence regions in the binding energy and spectral ν e temperature plane [7]. This observation
allowed us to put strong constraints on exotic neutrino properties and limits on nonstandard cooling mechanisms associated with new particles emitted from the SN core
(right-handed neutrinos and axions). However, with the poor statistics, determining
both SN and neutrino parameters was very difficult.

3

Experimental requirements to detect supernova
neutrinos

The next generation of large underground neutrino detectors will be designed to allow
the detection of core-collapse SN neutrinos. The SN neutrino detectors must have a
large mass and a low energy threshold of the order of a few MeVs. Ideally, they must
2

be sensitive to all neutrino flavors and to the products of the interactions in the few
to few tens of MeV range. In order to measure the time and energy distributions of
the different neutrino flavors, detectors must have very good capabilities for neutrino
energy resolution, angular and time resolution, and particle identification.
There are various backgrounds for the SN neutrino detection, and they may vary
by the detector location and type as the signal channel. In general, it is not a
serious concern for a SN neutrino burst since it lasts only for about 10 s. The most
important background sources are natural radioactivity and cosmogenic backgrounds.
Other backgrounds are reactor neutrinos, solar neutrinos or low energy atmospheric
neutrinos, but they are vey low for SN neutrino bursts.
In order to estimate the neutrino time and energy distributions in our detector,
we need to know the expected neutrino flux at the detector from a SN at a certain
distance, including MSW and collective flavor oscillations (from the theoretical SN
simulations), the cross section of the detection channel, the detector mass (number
of targets) and the detector resolution and efficiency.
There exist many different theoretical SN neutrino models that include flavor oscillations with sizeable differences in the predicted neutrino fluxes in terms of energy
distributions, time evolution, etc. In addition, the interaction processes of SN neutrinos at low energies (< 100 MeV) are not well known. The most relevant neutrino
interactions at these energies are:
• Elastic scattering (ES) on electrons (νx + e− → νx + e− ): the cross section is
relatively low compared to the other interactions but it is sensitive to all flavor
neutrinos and provides pointing information. The electron is scattered in the
direction of the neutrino.
• The inverse beta decay (IBD) interaction (ν e + p → n + e+ ) is the most significant interaction in the current detectors. It has a kinematical threshold of 1.8
MeV. The positron energy loss can be observed and the neutrons are captured
producing gammas. This reaction has a high cross section but it is only sensitive
to ν e .
• The elastic scattering (ES) on protons (νx + p → νx + p): the total cross section is four times smaller than that of IBD but it sensitive to all flavors. The
proton recoil energy is highly suppressed by the nucleon mass so it will be difficult to reconstruct it but within the reach of low-background large scintillation
detectors.
• Charged-current interactions (CC) with nuclei (νe +(N, Z) → (N +1, Z −1)+e−
and ν e + (N, Z) → (N + 1, Z − 1) + e+ ): these are interactions of νe and ν e
with neutrons and protons in nuclei. The energy loss of the charged lepton is
observable. Nucleons and gammas produced by the final nucleus as it deexcites
may also be observable and may help to tag the interaction.
3

Detector
LSc
WC
LAr TPC

Mass (kt)
20
560
40

Events
6000
110,000
4000

Main flavor
νe
νe
νe

Table 1: Neutrino event rate estimates for a core-collapse SN at 10 kpc. There may
be significant variations by SN model.

• Neutral-current interactions (NC) with nuclei (νx +A → νx +A∗ ): these interactions produce observable signals via ejected nucleons or de-excitation gammas.
The coherent elastic scattering on nuclei produce recoil energies in the few keV
range out of reach of conventional detectors (dark matter detectors should be
sensitive).
Unfortunately, only a few of the neutrino interactions relevant for current detectors
in the tens-of-MeV range have precisely known cross sections. Except for ES and IBD,
the theoretical and experimental cross section knowledge is very limited.

4

Supernova neutrino detectors: present and future

There are essentially three detector technologies to measure SN neutrinos: Liquid
Scintillator (LSc), Water Cherenkov (WC) and Liquid Argon (LAr) TPC detectors.
Three large volume underground detectors are being proposed that can guarantee
continuous exposure for several decades so that a high statistics supernova neutrino
signal could be eventually observed. In Table 1 the expected number of events for a
20 kt LSc, 560 kt WC and 40 kt LArTPC detectors are summarized. The technologies
are complementary to study the various neutrino flavors and features of the events.
LAr TPCs provide fundamental information on the detection of νe s not reachable by
other technologies, particularly on the initial neutronization burst.

4.1

Liquid scintillators

The main interaction channel for a supernova burst signal in LSc detectors is the IBD,
because of the presence of large number of free protons in the liquid. In this process,
ν e s interact with free protons giving a positron and a neutron. Both signals are time
and space correlated: prompt signal comes from scintillation and annihilation of the
positron and 200 µs (or 30 µs) later, the neutron is thermalized and captured in H
(or Gd). This delayed coincidence is an excellent signature to tag IBDs. This process
has a high cross section and a neutrino energy threshold of 1.8 MeV.
4

These detectors observe the scintillation light emitted by the interaction of particles in the liquid. They produce a large number of photoelectrons that are collected by
PMTs leading to excellent energy resolution and low energy thresholds. The pointing
capability is limited but some directional information is possible [8].
Neutrino interactions on carbon and ES also occur. In particular, the NC excitation of 12 C will produce a 15 MeV de-excitation gamma which may be observable
providing a determination of the total neutrino flux. Neutrino-proton elastic scattering can also be observed. This signal produces very low recoil energy protons
nevertheless significant amount of events can be observed [9].
The size of the current LSc detectors is ∼1 kt so, they can detect around 300
events from a SN at 10 kpc. For the next generation of LSc, like JUNO, RENO-50
or LENA, with masses of the order of 20-50 kt, we could expect around 6000 events
from a SN at 10 kpc [10].
JUNO is also able to constrain the absolute neutrino mass by observing the SN
neutrinos [11]. Since the arrival time and neutrino energy can be well measured
at JUNO, the distortion in the time distribution of SN neutrino events caused by
the delay of flight time is sensitive to the absolute mass scale. Assuming a nearlydegenerate mass spectrum and normal hierarchy, an upper bound is found to be mν
< 0.83 ± 0.24 eV at 95% CL, for a SN at 10 kpc.

4.2

Water Cherenkov

The main channel for supernova neutrino detection in WC detectors is the IBD,
since the abundance of free protons. Therefore, like LSc detectors, WC detectors are
mainly sensitive to νe s. They have the advantage that huge detectors are possible.
Charged particles are detected via Cherenkov light emission. Neutron tagging is
possible through the observation of gamma-Compton scatters, however, due to the
Cherenkov threshold, the detection of the 2.2 MeV gamma is difficult.
Since the Cherenkov photons carry directional information, the ES can be used
to point to the SN. Other interactions in oxygen nuclei of water contribute to the
SN burst signal. De-excitation gammas from NC interactions may be visible but the
detection efficiency is very poor.
The largest current WC detector is SK (22.5 kt). The expected SN neutrino rates
with a 5 MeV detection energy threshold are 8000 events in total [12]. It may be
possible to dissolve Gd compounds in the water to enhance the neutron tagging: 0.1%
Gd gives > 90% n-capture efficiency. For the case of the proposed HK experiment[13],
the SN neutrino rates will increase dramatically up to ∼200.000 events for a SN at
10 kpc, being also sensitive to SNs from LMC (50 kpc) with ∼10.000 events and even
from Andromeda (775 kpc) with ∼50 events.
The long-string WC detectors are arrays of PMTs in water or ice (as IceCube or
Antares). Although they are nominally designed for the study of very high astro5

physical neutrinos, they can also be able to detect SN neutrinos, if the background
rates are sufficiently low. Signal will be seen as a coincident increase in the single
PMT count rates, above the background counts. This is the case of the IceCube detector which has a SN trigger installed. They cannot reconstruct individual neutrino
interaction events, so they are insensitive to spectral and directional information.
However, thanks to the large photon statistics, it has very good timing (2 ms), being
sensitive to the time structure of the burst. The SN rate at 10 kpc will be ∼170,000
events [14]. IceCube could be able to distinguish between NH and IH, depending on
the models and the SN distance. For some models and a SN at 10 kpc, a 3σ sensitivity
to distinguish the mass hierarchy can be obtained.

4.3

Heavy nuclei detectors

Neutrino detection based on high Z materials will give the largest possible cross
sections and excellent neutrino detection efficiency. Lead has an attractively large
neutrino-scattering cross section per nucleon compared with other elements.
The HALO detector at SNOlab [15] is a dedicated SN detector made by 79 tons
of Pb and SNO 3 He counters. The predominant νe CC reaction in HALO produces
Bi nuclei in excited states. It is also sensitive to other neutrino flavors through
the neutral current interaction. Both the CC and NC reactions will produce an
excited nucleus which will de-excite by emitting one or more neutrons and γ rays to
reach the ground state. As a result of this similarity between the signals for the CC
and NC interactions, the HALO experiment cannot distinguish which interaction has
occurred. The released neutrons thermalize by elastic collisions and are detected by
the 3 He proportional counters.
This technique has limitations since no event-by-event energy information or
pointing information can be obtained and only rates are provided. For a SN at 10
kpc, ∼30 events are expected in the HALO detector. HALO-2 is a proposed upgrade
to the kiloton scale.

4.4

Liquid Argon TPCs

LAr TPCs have excellent sensitivity to electron neutrinos from SN. This technology
provides good energy resolution and full particle reconstruction with very high quality
tracking. Energy thresholds as low as a few MeV may be possible. In these detectors,
the ionization charge is drifted by an electric field towards the anode where the
charge is collected. Using the time arrival of the charge at the readout planes, a
three-dimensional track reconstruction is possible. Particles are identified by the rate
of energy loss along the track. The Ar scintillation light is also detected enabling fast
timing of signals and event localization inside the detector.
At low energy, neutrinos can be detected in LAr through four detection channels.
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1. Charged-current (CC) interactions on argon (νe + 40 Ar → e− + 40 K ∗ and
ν e + 40 Ar → e+ + 40 Cl∗ ). The neutrino energy thresholds of these reactions
are 1.5 and 7.48 MeV, respectively.
(—)

2. Neutral-current (NC) interactions on argon for all flavor neutrinos (ν + 40 Ar →
(—)
ν + 40 Ar∗ ). The energy threshold of this reaction is 1.46 MeV.
(—)

3. Elastic scattering (ES) on atomic electrons for all flavor neutrinos (ν + e− →
(—)
ν + e− )
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Figure 2 shows the cross sections of all the processes as a function of the neutrino
energy. These cross sections have been computed by Random Phase Approximation
for neutrino energies up to 100 MeV [16]. It is possible to separate the different
channels by measuring the associated photons coming from the de-excitation of K,
Cl and Ar or by the absence of photons in the case of elastic scattering.
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Figure 2: Neutrino cross sections relevant to the supernova detection with a liquid
argon TPC.
It is important to have a good knowledge of the final state of the interactions,
specially the de-excitation γs from the 40 K. However, precision models of low energy
neutrino argon reactions or dedicated measurements are not available.
The most promising proposal for a large LAr TPC is the DUNE project [17]. The
idea is to build a 40 kt underground LAr TPC detector at 1300 km from Fermilab in
the SURF laboratory at ∼1500 m depth. Table 2 shows the rates calculated for the
dominant interactions in argon for the Livermore model [18] (no longer preferred, but
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Channel
νe +40 Ar → e− +40 K ∗
ν e +40 Ar → e+ +40 Cl∗
(—)
(—)
ν + e− → ν + e−

Events Liv. model
2720
230
350

Events GKVM model
3350
160
260

Table 2: Event rates in DUNE for a core-collapse SN at 10 kpc.

Infall

Neutronization Accretion

Cooling

ES
40
νe Ar
νe 40Ar

70
60
50

Events per 0.5 MeV

Events per bin

included for comparison with literature), and the GKVM model [19]; for the former,
no oscillations are assumed; the latter assumes collective effects. In general, there is a
rather wide variation, up to an order of magnitude, in event rate for different models.
Fig. 3 shows the event distribution as a function of time and the expected energy
spectrum for the different CC and ES detection channels for a SN at 10 kpc. No
oscillations have been considered. We see the clear dominance of the νe channel and
the huge visibility of the neutralization burst.
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Figure 3: Left: Expected time-dependent signal in 40 kt of liquid argon for an
electron-capture supernova [20] at 10 kpc, calculated using SNOwGLoBES [21], showing breakdown of event channels. Right: Expected measured event spectrum for the
same model, integrated over time.
LAr TPCs can provide unique information about the early breakout pulse from the
detection of νe neutrinos mainly through the CC process. The advantage of the early
phase analysis is that is not affected by the time evolution of the density structure of
the star or whether the remnant is a neutron star or a black hole. The analysis of the
time structure of the supernova signal during the first few tens of milliseconds after the
core bounce can provide a clean indication if the full νe burst is present or absent and
therefore allows distinguishing between different mixing scenarios. Fig. 4 shows the
effect of the reduction of the νe peak due to oscillations. The suppression is maximal
for normal hierarchy and large θ13 mixing angle (n.h.-L) due to the total conversion
8

of νe into νµ,τ . The energy spectrum moves slightly to higher neutrino energy values.
From the detector point of view, a good time resolution will be needed.
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Figure 4: Time evolution of the νe CC event rate (left) and the corresponding time
integrated event spectra (right) for different oscillation scenarios (from [16]).
The expected neutrino rates as a function of time and the energy spectra of SN
neutrinos will be significantly modified by MSW flavor conversions and collective
oscillations [16]. These observations may help to identify the type of hierarchy. As
an example, Fig. 5 shows the time-intergrated spectra during the first 0.5 s for a 35
kt LAr TPC and the SK detector. The NH could be identified if a large difference in
the neutrino spectra is detected between both detectors.

5

Diffuse Supernova Neutrino Background

The diffuse supernova neutrino background (DSNB) is the flux of neutrinos and antineutrinos emitted by all core-collapse supernovae occurred so far in the Universe.
It will appear isotropic and time independent in feasible observations. The detection
of the DSNB will be an important discovery and will provide valuable information
on the astrophysics of core collapse, failed SNe and black-hole formation, and flavordependent neutrino propagation and flavor conversion.
For all detection technologies, backgrounds are the main limiting factors, as they
often restrict the sensitive energy window considerably and even in the energy window
they limit the benefits of the larger detector mass.
The DSNB has not been detected yet. Fig. 6 compares several theoretical predictions with the experimental limits for νe and ν e components of the DSNB [4]. Limits
on the energy-integrated fluxes have been divided by the size of the energy window of
sensitivity of the experiment. At low energies, the best limit is from the KamLAND
9
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Figure 5: Time-integrated energy spectra of neutrino events during the first 0.5 s for
a 35 kt LArTPC and the Super-K detector (from [22]).
experiment [23] (Φ(ν e ) < 3.7 x 102 cm−2 s−1 at 90% CL for 8.3 < E < 14.8 MeV) and
at high energies the strongest limit is on the ν e component from the SK experiment
[24] (Φ(ν e ) < 1.2 cm−2 s−1 at 90% CL for E > 19.3 MeV). The detection window is
determined by the backgrounds. The SK limit is very close to the predictions and
suggests the detectability of the DSNB at current or near future detectors.
In Water Cherenkov detectors, the main backgrounds are reactor neutrino fluxes
and cosmic-ray induced spallation events at low energies and atmospheric neutrinos
at higher energies. There is a window between 20-40 MeV where the DSNB dominates the neutrino flux incident on Earth. In the most recent work by SK [25],
the energy threshold has been lowered to 13.3 MeV using the tagging neutron capture on hydrogen and no signal was found. An intense R&D is underway towards
a gadolinium-enhanced SK providing a higher signal detection efficiency and greater
background rejection to improve the SK sensitivity to the DSNB signal.
For LSc detectors, the main backgrounds are at low energies reactor neutrinos
and at higher energies NC & CC atmospheric neutrino interactions. In JUNO [10]
for a fiducial mass of 17 kt a few events are expected per year. There is a window
between 11 and 30 MeV where the DSNB dominates all backgrounds. The Pulse
Shape Discrimination technique allows to remove fast neutrons and NC atmospheric
neutrinos. JUNO may be able to detect the DSNB signal at 3σ level after 10 years
assuming a 5% background uncertainty.
LAr TPCs would be able to mainly detect the νe component of the DSNB signal
providing complementary information with respect to WC and LSc detectors. The
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Figure 6: Experimental limits for the νe and ν e components of the DSNB compared
with theoretical predictions for three different models of neutrino spectra. See [4] for
details.
main background sources for these events in the relevant neutrino energy range of 1050 MeV are solar and low energy atmospheric neutrinos. Depending on the theoretical
predictions for the DSNB flux, a 100 kt LAr detector running for five years would get
more than 4σ measurement of the DSNB flux [26].

6

Summary

The detection of SN neutrino events is one of the main goals of future large underground detectors. SN neutrinos can provide information about fundamental processes
related to SN physics and neutrino properties. The understanding of the SN corecollapse mechanism and the neutrino flavor transformations in the star is still in
progress. New experimental inputs are needed from the detection of SN neutrinos of
all flavors. The main detector requirements to measure SN neutrinos are a good energy reconstruction and high trigger efficiency at low energies, good timing resolution,
directionality and high event reconstruction efficiency. The complementarity between
different detector technologies will be crucial to extract the maximal information from
the next SN neutrino burst.
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The present status of neutrino cross section physics is reviewed focusing on the recent theoretical developments in quasielastic scattering,
multi-nucleon contributions to the inclusive scattering and pion production on nucleons and nuclei. A good understanding of these processes is
crucial to meet the precision needs of neutrino oscillation experiments.
Some of the challenges that arise in the consistent description of MiniBooNE and MINERvA recent data are discussed.
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1

Introduction

Neutrino interactions offer unique opportunities for exploring fundamental questions
in astrophysics, nuclear and particle physics. Significant efforts are going into the
study of the neutrino oscillation phenomenon, which has been established over the
last 15 years. Neutrino oscillation experiments, currently evolving from the discovery
to the precision stage, face a difficulty: the elusive nature of the neutrinos. Their
presence and flavor can only be inferred by detecting the secondary particles created
in the collisions with the nuclear targets used as detectors. A better understanding
of neutrino interactions with nucleons and nuclei is crucial to distinguish signal from
background and minimize systematic uncertainties in oscillation experiments.

2

Quasielastic-like scattering

Charged current quasielastic (CCQE) scattering νl (ν l ) n(p) → l∓ p(n) is the most
important neutrino interaction mechanism in the few-GeV energy region. It has been
often used to identify the neutrino flavor and to determine its energy. Kinematic energy determination is based on the knowledge of the incoming neutrino direction, the
measurement of outgoing lepton momentum, the assumption that the initial (bound)
nucleon is at rest and the true CCQE nature of the event. On nuclear targets, the
later relies on model dependent subtraction of irreducible CCQE-like backgrounds.
This is important for the extraction of oscillation parameters because neutrino energy
misreconstruction alters the position and depth of oscillation minima [1, 2, 3].
CCQE scattering on nucleons is a conceptually well understood reaction. In the
classic review of Ref. [4], the differential cross section (CS), in terms of the Mandelstam variables s, t and u is cast as
dσ
(s − u)
(s − u)2
G2 m2
+
C(t)
,
= F 2N A(t) ± B(t)
dt
8πEν
m2N
m4N
"

#

(1)

V
where A, B and C are quadratic functions of the vector [F1,2
(t)] and axial [FA,P (t)]
form factors (FF) (see for instance Eqs. (58-60) of Ref. [5]). Isospin symmetry allows
V
to relate vector FF F1,2
to the corresponding electromagnetic proton and neutron
ones, which are extracted from electron scattering data. PCAC and the pion-pole
dominance of the pseudoscalar FF, FP , allow to express this FF in terms of FA . In
any case, the impact of FP on the CCQE CS is minor except for l = τ . The axial FF
is usually parametrized as a dipole

FA (t) = gA

t
1− 2
MA

!−2

.

(2)

The value of MA extracted from early CCQE experiments on deuterium, MA =
1.016±0.026 GeV [6], is in agreement with the pion electroproduction result obtained
1

from hrA2 i = 0.455 ± 0.012 fm2 [7] using that for the dipole ansatz hrA2 i = 12/MA2 . In
spite of the fact that deviations from the dipole form have not been observed so far,
it is worth stressing that the dipole is not well justified from a theoretical point of
view. Furthermore, it can be argued that the model dependent relation between hrA2 i
and MA implies that hrA2 i is extracted from the whole experimentally available range
of t values, leading to an artificially small error. A new extraction of FA has been
recently undertaken using a model-independent representation of the FF based on
conformal mapping (z-expansion). The resulting hrA2 i = 0.46(22) fm2 [8] agrees with
the value quoted above but with a much larger error. More precise determinations of
FA (t) might become available from lattice QCD simulations in the future.
To model CCQE on nuclear targets, neutrino event generators have traditionally
described the nucleus as a relativistic global Fermi gas (FG) of noninteracting nucleons. Such a simple picture fails in the quantitative description of electron scattering
data. The variety of theoretical approaches developed over the last years include
mean-field approximations [9, 10], spectral functions [11, 12], the Green function formalism [13], RPA to deal with collective effects at low energy transfers [14, 15, 16]
and continuum RPA that improves on the description of collective low-energy excitations [17]. The connection to electron-nucleus scattering has been phenomenologically
explored by the superscaling approach [18]. It turns out that most of these more advanced descriptions from the nuclear-structure perspective predict integrated CCQE
CS clearly smaller than the experimental ones reported by MiniBooNE [19] (see for
instance Fig. 8 of Ref. [20]). There is now a consensus that a sizable contribution
to the CS measured by MiniBooNE comes from amplitudes involving two interacting
nucleons (2p2h excitations) [21, 22, 23], as originally suggested in Ref. [16]. As shown
in Fig 1, the MiniBooNE flux averaged double-differential CS can be explained with
a nucleon axial FF consistent with the measurements on deuterium (MA ∼ 1 GeV)
once RPA and 2p2h terms are taken into account.
Further evidence about the relevance of two-nucleon contributions has been provided by the ab initio Green’s function Monte Carlo approach [24]. In these studies,
the quantum many-body problem is solved for the full nuclear Hamiltonian with twoand three-body forces. Euclidean (imaginary time) responses are computed including
one- and two-body currents. Sum rules contain a significant strength (∼ 30 % in 12 C)
from two-nucleon terms [24]. The computational effort increases significantly with
the number of nucleons, so the results are so far limited to light nuclei.
In inclusive electron scattering, 2p2h mechanisms are clearly required to fill the
dip region between the QE and ∆(1232) peaks [25, 26, 27] that are clearly visible as
a function of the energy transfer for a low momentum transfer. Such a measurement
with neutrinos has been undertaken by MINERvA [28]. As the neutrino energy is
unknown, energy and momentum transfers cannot be determined solely from muon
kinematics but the more challenging hadronic energy reconstruction is required. In
Ref. [28], data is compared to a GENIE implementation of the model of Ref. [21] with
2
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Figure 1: Double differential cross section averaged over the MiniBooNE flux as
predicted in Ref. [21]. The data of Ref. [19] have been rescaled by 0.9 [21], which
is consistent with flux uncertainties. For a similar plot obtained with the model of
Martini et al. see Fig. 6 of Ref. [22].

RPA correlations and 2p2h terms. This model improves the agreement with respect
to the default one but some discrepancies remain. They could be due to deficiencies
in the modeling of resonance excitation in nuclei and non-resonant pion production.
The availability of both MiniBooNE and MINERvA CCQE-like data opens the
possibility to perform global fits with different models. This has been performed for
the first time by the T2K Neutrino Interaction Working Group [29]. The analysis reveals strong tensions between data sets. It was found that the NEUT implementation
of the model of Ref. [21] describes the data best but, in order to fit the data, the 2p2h
contribution had to be reduced by 27% while MA was increased to 1.15 GeV. On the
other hand, more flexible, consistent and kinematically complete implementations of
theoretical models are required to render global fits more realistic and meaningful in
the future.

3

Weak pion production

Pion production is one of the main contributions to the inclusive CS in the energy
range of interest for oscillation experiments. It can be part of the signal or a background that should be precisely constrained. Charge current interactions in which
a primarily produced pion is absorbed are a source of QE-like events besides 2p2h.
NC1π 0 events in Cherenkov detectors contribute to the e-like background in νe appearance measurements. Theoretically, π production amplitudes enter the 2p2h models.
The first requirement for a precise description of neutrino induced pion production on nuclear targets is a realistic model at the nucleon level. Various studies
have stressed the predominant role of the ∆(1232)3/2+ in the few-GeV region. The

3

V
nucleon-to-∆ current can be written in terms of vector and axial transition FF, C3−5
A
and C3−6
in the notation of Ref. [4]. Owing to the symmetry of the conserved vector current under isospin rotations, vector FF can be cast in terms of the helicity
amplitudes extracted in the analysis of pion electroproduction data [30, 31]. The
information available about the axial part of the current is far more scarce. C5A is the
only FF that appears at leading order in an expansion of the hadronic tensor in the
four-momentum transfer q 2 . PCAC and the pion-pole dominance of the pseudoscalar
FF C6A allow to relate C5A (0) to the ∆Nπ effective coupling g∆N π . In the chiral limit,
qµ AµN ∆ = 0, resulting in the off-diagonal Goldberger-Treiman relation (GTR)

C5A (0)|GTR =

q

2/3 g∆N π = 1.15 − 1.2 .

(3)

Deviations are expected only ∼ few %, as they arise from chiral symmetry breaking.
There have been several attempts to extract C5A from ANL and BNL π production bubble-chamber data on deuterium. In a model that incorporated, besides the
∆(1232), non-resonant contributions at tree level complemented with phenomenological weak FF [32], C5A (0) = 1.00 ± 0.11 turned out to be 2σ below the GTR
value. Close to threshold, these non-resonant terms are fully determined by chiral
symmetry. The model of Ref. [33] could be reconciled with the GTR by simultaneously fitting vector FF to the electron-proton scattering structure function F2 [34]:
C5A (0) = 1.10+0.15
−0.14 . However, it should be realized that the interplay between the
real tree-level background and the complex ∆ amplitudes violates Watson’s theorem, which is a consequence of unitarity and time reversal invariance. By restoring
Watson’s theorem in the most relevant P33 partial wave it was found that
C5A (0) = 1.12 ± 0.11 ,

(4)

in agreement with the GTR of Eq. (3) [35].
The determination of C5A (0) suffers from long standing inconsistencies between
the ANL and BNL data sets. A recent reanalysis [36] has established that the origin
of the discrepancies resides in the flux normalization. New consistent CS have then
been obtained using flux-normalization independent CC1π/CCQE ratios. Taking
advantage of these developments, a new fit has been performed in Ref. [35] leading to
C5A (0) = 1.14 ± 0.07 .

(5)

This value is consistent with the one from the original data but in closer agreement with the GTR. Without imposing Watson’s theorem, the revisited data lead to
C5A (0) = 1.05 ± 0.07, clearly below GTR. This is in line with the findings of Ref. [37],
where a good description of the revised data is achieved with C5A (0) = 1, using a model
with heavier N ∗ resonances but without unitarity. Remarkably, the consistency between the revised ANL and BNL data sets reduces the error in C5A (0) from 10% to 6%.
4

On the other hand, finer details in the structure of the pion production axial current
are harder to pin down from these data. This is also the case for baryon resonances
heavier than ∆(1232) that become more relevant as energy increases. Further insight
requires new data on H2 /D2 targets or indirectly on multinuclear targets [38].
A state of the art description of meson production by a dynamical model in
coupled channels has been recently extended to weak reactions [39]. PCAC is used
to derive the axial current. The full amplitudes are the solution of the LippmannSchwinger equation. For these reasons, GTR and the Watson’s theorem are respected
by construction. The total CS in the νµ p → µ− pπ + channel is higher than the
reanalyzed data of Ref. [36] but deuteron corrections were not considered in Ref. [39].
Within the spectator approximation, deuteron effects cause a small reduction (<
8%) [40], that would make the agreement better. Ref. [41] obtains an additional
reduction at forward angles from the strong interaction of outgoing pn pairs. This
calls for a more detailed analysis, accounting for ANL and BNL kinematical cuts.
Modeling pion production on nuclei carry additional challenges. The initial nucleon is often assumed to be free, with a Fermi momentum chosen according to the
global or local FG models. More elaborated descriptions of the initial state like spectral functions [11] and bound-sate wave functions [42] have also become available for
baryon resonance excitation and meson production. Nevertheless at the higher energy
transfers of inelastic processes, the details of nuclear structure should be less relevant.
The hadronic currents are also modified in the nucleus. The main effect is the increase of the ∆(1232) width (broadening) by many-body processes: ∆ N → N N,
∆ N → N N π, ∆ N N → N N N. In their way out of the nucleus, pions also undergo final state interactions (FSI): they can be absorbed, change their energy, angle
and charge. In CC interactions, there is a considerable side feeding from the dominant π + production to the π 0 channel [10]. At high momentum transfers, low energy
pions can also be produced in secondary collisions of nucleons knocked out in QE interactions [10]. The imprint of the strong-interacting environment on the observables
is therefore quite significant, obscuring the connection between primary interactions
and measured quantities.
The MiniBooNE measurements, reported as single pion momentum and angular flux-averaged distributions, have been compared to the most comprehensive approaches available [43, 44]. In spite of the different treatment of FSI, the results are
very similar. The comparison of the model of Ref. [44], for example, to data, displayed
in Fig. 2 (left) for CC1π 0 , reveals an unexplained excess of pions. Such shrinking of
the peak by FSI has however been observed in pion photoproduction [45]. The shape
disagreement apparent in Fig 2 (left) is in contrast with the result of the GiBUU
model for CCπ ± (mostly π + ) reaction compared to MINERvA data, Fig 2 (right).
One is tempted to attribute the different scenarios in Fig 2 to the ν fluxes: the flux at
MiniBooNE peaks at around 700 MeV while the MINERvA one does close to 3 GeV.
However, according to Ref. [49], there should be a strong correlation among the two
5
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Figure 2: Left: CC1π 0 on CH2 folded with the νµ flux at the MiniBooNE detector.
Data from Ref. [46] are compared to the cascade approach of Ref. [44]. Right (adapted
from Ref. [47]): Differential CS for CCπ ± on CH averaged over the MINERvA flux,
computed with the GiBUU transport model. Experimental results are from Ref. [48].
data sets in spite of the flux differences. Using the NuWro generator, the authors of
Ref. [49] have obtained that the ratio (dσ/dTπ )MINERvA, CCπ± /(dσ/dTπ )MiniBooNE, CCπ+
is approximately constant but such a correlation is absent in the data (see Fig. 6 of
Ref. [49]). Further progress in the understanding of weak pion production requires
this tension to be resolved.
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The study of neutrino-nucleus interactions has recently received renewed attention due to their importance in interpreting the neutrino oscillation data. Over the past few years, there has been continuous disagreement between neutrino cross section data and predictions due to
lack of accurate nuclear models suitable for modern experiments which
use heavier nuclear targets. Also, the current short and long-baseline neutrino oscillation experiments focus in the few GeV region where several
distinct neutrino processes come into play resulting in complex nuclear
effects. Despite recent efforts, more experimental input is needed to improve nuclear models and reduce neutrino-interaction systematics which
are currently dominating oscillation searches together with neutrino flux
uncertainties. A number of new detector concepts with diverse neutrino
beams and nuclear targets are currently being developed to provide necessary inputs required for next generation oscillation experiments. This
paper summarizes these efforts along with a discussion of future prospects
for precision cross section measurements.
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1

Cross sections for oscillations

The global neutrino physics program is currently focused on studying the open questions about neutrino oscillations such as precision measurements of neutrino mixing
parameters, δCP measurement, neutrino mass ordering and sterile neutrinos. Neutrino oscillations can be studied by observing the energy and flavor spectra of a beam
of neutrinos (e.g., from an accelerator) at the beam source (usually with a near detector), before oscillations have started, and at the far detector, after oscillations have
occurred. In addition to understanding the beam precisely, oscillation measurements
also require a thorough understanding of neutrino-nucleus interactions to accurately
reconstruct the incoming neutrino energy and compare the near and far fluxes. When
neutrinos interact with the target material in a detector, they interact with nucleons that are bound within nuclei; the heavier the nuclei, the larger the impact of
the nuclear environment. The universal scheme of using near detector (ND) data to

Figure 1: (left) Illustration of how various processes get triggered when a neutrino
interacts with a nucleus. (right) Neutrino energy landscape of current and future
oscillation experiments.
constrain oscillation measurements in the far detector (FD) is not perfect due to oscillated flux and differences in Eν ; usage of different detector technologies and nuclear
targets can further complicate this scheme. Furthermore, the physics of neutrino oscillations depends on the initial neutrino state, and cross sections measured in the ND
do not necessarily represent this due to flux uncertainties and detector effects. Also,
to attain high statistics, modern neutrino experiments use heavier targets, where nuclear effects such as nucleon correlations and final state interactions (FSI) introduce
significant complications and hadron kinematics come into play (see Fig. 1, left). For
these reasons, experiments rely on nuclear models to convert the neutrino energy
and flavor spectra detected at ND to initial interaction energy and spectra. Much
of our understanding of neutrino scattering comes from data from light nuclei such
1

as hydrogen and deuterium and so the existing models do not accurately represent
the modern experimental data resulting in large systematics. Also, the statistical
errors due to lack of data are also a big issue across the entire relevant energy range.
More experimental input is needed to clarify and improve models of neutrino-nucleus
interactions.

2

Neutrino interaction systematics

Detection of νµ → νe oscillations has been the recent focus of worldwide effort by short
and long-baseline neutrino oscillation experiments as this channel depends on all the
neutrino mixing parameters, including δCP , and is also sensitive to non-standard
oscillation physics. Fig. 1 (right) shows the energy landscape of current short and
long-baseline neutrino oscillation experiments. All these experiments focus in the few
GeV region where several neutrino processes contribute and nuclear effects are large.
Neutrino interaction systematics are currently dominating oscillation searches at longbaseline experiments. As an example, Fig. 2 (left) shows the cross section systematics
at T2K for νµ → νe oscillation searches. As seen from the table, the unconstrained
neutrino cross section systematics at T2K is about 5% [1]. Similarly, the current cross
section systematics for νe appearance searches at the NOνA experiment is around
7% [2]. This current state of the art systematics of 5 to 7% may not be good enough
for future short and long-baseline experiments.

Figure 2: (left) Table listing the uncertainty contributions from various sources for
the T2K νµ disappearance and νe appearance oscillation searches [1]. (right) δCP
sensitivity for 50% of possible δCP values as a function of exposure (for a 12 MW
and 34 kton detector) at the proposed DUNE experiment [3]. The green (blue) arrow
represents 10 years (25 years) of running.

2

2.1

Impact of systematic uncertainties

As an example, one can look at how the current state of the art systematics affect the
δCP sensitivity at future long-baseline oscillation experiments such as DUNE. Fig. 2
(right) shows the δCP sensitivity for 50% δCP coverage as a function of the detector
exposure for the proposed DUNE experiment [3]. For a 1.2 MW and 34 kton detector,
the green arrow (blue arrow) represents a 10 year (25 year) run. The current state
of the art systematics (5%) results in 25 years of running to reach the 5σ sensitivity
whereas a systematics goal of 1% makes it possible to achieve it in 10 years of running.
Precision cross section measurements over the energy range valid for short and longbaseline neutrino experiments are vital for any oscillation measurement and as will
be discussed in Section 4, a number of current and future neutrino experiments are
paving way for this.

3

Roadway to precision cross sections

In the current experimental scenario, there are many factors that affect precision
neutrino cross section measurements, some of which are listed below:
• Neutrino flux uncertainties are always a limit to precision cross section measurements. The current state of the art systematics for flux is ∼10% [4]. Hadron
production data (e.g., from HARP) and dedicated ν-electron scattering (such as
from NOνA [2] and MINERνA [5]) measurements can help reduce this further.
• Data on a broad range of nuclei (such as Fe, C, O, Pb, Ar) relevant for current
and future oscillation experiments is needed to test nuclear models. More data
on argon is especially needed in view of the number of liquid argon (LAr) based
neutrino experiments that will become operational in the next few years. Also,
cross section ratio measurements are desired as they provide more stringent
tests of nuclear models due to cancellation of beam flux uncertainties.
• Due to usage of heavier targets, modern experiments are moving towards event
classification in terms of final state topology (e.g., CC 0-π, CC 1-π etc.). This
requires fine-grained detectors capable of detecting the hadronic side of the
neutrino interaction. In the current scenario, proton identification threshold
provides a good measure of detector capability. Liquid argon time projection
chamber (LArTPC) neutrino experiments provide more data on argon and are
also well-suited for precision ν cross section measurements due to their superior particle ID and excellent calorimetric reconstruction down to very low
energy thresholds (the proton tracking threshold with the ArgoNeuT LArTPC
is 21 MeV [6]). LArTPCs are digitized bubble chambers that present neutrino
interactions with unprecedented amount of detail.
3

The next section will discuss future prospects for precision neutrino interaction measurements in the few GeV range at current and future neutrino experiments.

4
4.1
4.1.1

Future prospects
LAr-based experiments
ArgoNeuT

The ArgoNeuT experiment [7] on Fermilab’s NuMI (Neutrinos at the Main Injector)
beamline produced the first ν-Ar cross section data in the medium energy region (3
to 10 GeV). Many impressive cross section measurements such as CC inclusive [8, 9],
CC coherent pion production [10] and NC π 0 [11] were produced in the last few years.
ArgoNeuT also provided first direct investigations of nuclear effects by studying multiproton events (see Fig. 3, left) and events with back-to-back protons [6]. Fig. 3 (right)
shows recent results on CC 0-π cross section as a function of proton multiplicity from
ArgoNeuT [12]. One can see a clear disagreement between data and MC (GENIE)
in the plot arising from nuclear effects (for e.g., pion absorption) in argon. Also,
given the small size of the detector, further analysis of exclusive states is statistically
limited. Some of the current on-going analyses include νe CC and CC 1-π cross
sections.

Figure 3: (left) ArgoNeuT event display showing a multi-proton event. (right) CC
0-π cross section on argon as a function of proton multiplicity from ArgoNeuT [12]

4.1.2

MicroBooNE

The next big avenue for neutrino cross section data on argon is the MicroBooNE
experiment. MicroBooNE is a 89-ton active volume LArTPC neutrino experiment
built on the Fermilab Booster Neutrino Beam (BNB). MicroBooNE finished commissioning in Summer 2015 and has been collecting data with the BNB since October
2015 (see Fig. 4). Fig. 5 (left) shows the expected BNB flux at MicroBooNE as a
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Figure 4: Event displays showing neutrino interactions in MicroBooNE using recent
BNB data.
function of neutrino energy. One of the main physics goals of MicroBooNE is to perform high-statistics precision measurements of ν-Ar interactions in the 1 GeV range.
MicroBooNE due to its large size will collect large statistics (see Fig. 5, right) and
will reach ArgoNeuT statistics in less than a month; most analyses are expected to be
systematics limited in just a few months of data. For CC 0-π statistics, MicroBooNE
will be able to collect a total of 112,180 events in 3 years corresponding to a POT
of 6.6E20. Similarly, in the case of 1µ+2 proton exclusive channel, MicroBooNE will
collect around 11,000 events in 3 years opening a great opportunity to study nuclear
effects in argon. Fig. 6 shows the sensitivity of MicroBooNE (as designed) for an
early νµ charged-current inclusive cross section analysis (both flux integrated and
single differential cross sections) using 3 months of simulated BNB data [13]. The
MC results shown use contained muons and the event selection is entirely based on an
automated event reconstruction. From this study, the flux systematics is expected to
dominate the analysis in just 3 months of data collection. MicroBooNE has collected
about 1.7E20 POT of data (as of 02/11/2016) and is re-estimating the CC inclusive
sensitivity for the current state of the detector. A preliminary CC inclusive analysis
result is expected in the next year from MicroBooNE.
4.1.3

Pion interaction cross sections from LArIAT

The LArIAT (Liquid Argon In A Testbeam) experiment located at Fermilab uses a
non-neutrino beam and is designed to explore the energy resolution and particle identification capabilities of LArTPCs in GeV-scale π-Ar interactions. The first LArIAT
run took place from May to June 2015 and uses a tunable tertiary beamline produced
from a high-energy pion beam (200 MeV to 1.5 GeV). The collected data will provide a great source for studying pion interaction cross sections (pion absorption, pion
charge exchange, pion decay etc.) in argon (see Fig. 7) which haven’t been studied
in detail before. Pion absorption is a dominant effect for CC 0-π cross sections in
argon and understanding it is critical for future cross section measurements. Some of
5

Figure 5: (left) Expected BNB flux at MicroBooNE in the ν mode. (middle and
right) Event rates in MicroBooNE for the BNB ν mode as a function of POT and Eν .

Figure 6: (left) MicroBooNE flux-integrated νµ CC cross section prediction [13] derived from an as-designed detector MC compared to other data [14]. (right) Differential cross section as a function of muon momentum [13].
the current on-going analyses at LArIAT (with results aimed early next year) include
total π cross section, π absorption and π charge exchange. The next run, scheduled in
Feb. 2016, aims to increase the statistics by six times using a high intensity beam and
also tune the beam to increase kaon production by a few % to study kaon interaction
cross sections in argon.
4.1.4

SBND

The Short-Baseline Near Detector (SBND) is the near detector in the Fermilab ShortBaseline Neutrino (SBN) program. The design of SBND is almost final and the
construction will start very soon with a goal to commission the experiment in 2018.
Since SBND is located very close to the BNB beam (110 m from the BNB source),
it will see about 30 times more ν flux compared to MicroBooNE and will be able
to accumulate ArgoNeuT statistics in just two days. The expected impressive set
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Figure 7: Event displays showing π-Ar interactions in LArIAT using recent data.
Table 1: Expected BNB event rates at
SBND using GENIE neutrino generator.

Figure 8: Expected BNB ν flux at SBND.

Channel
CC+Np
CC+0p
CC+1p
CC+2p
CC+(>3p)
CC Coh. π
CC+1π 0
NC+1π 0
CC νe
Λ0 CC+NC
Σ+ CC+NC

1 month
97,000
22,000
56,000
10,000
10,000
500
14,000
10,000
1,000
200
125

1 year
1,170,00
260,000
667,000
120,000
120,000
6,300
166,000
120,000
12,000
2,600
1,500

3 years
3,500,000
790,000
2,000,000
360,000
370,000
19,000
498,000
358,000
37,000
8,000
4,500

of statistics (see Table 1) is complementary to MicroBooNE and will provide an
excellent opportunity to perform high-statistics GeV-scale precision ν-Ar cross section
measurements including rare channels such as hyperon production in argon.
4.1.5

CAPTAIN-MINERνA

The CAPTAIN-MINERνA program which received stage-1 approval in June 2015, extends the physics reach of MINERνA by placing 5 tons of active LAr target upstream
of 6 or 9 ton scintillator target. It represents the second medium energy (3-10 GeV,
NuMI beam) program in LAr after ArgoNeuT. Fig. 9 (left) shows the two possible
locations of the detector in the MINOS/MINERνA hall. The CAPTAIN-MINERνA
detector will have 20 times more fiducial volume than ArgoNeuT resulting in more
statistics and better containment (see Table 2). CAPTAIN-MINERνA will measure
cross sections across a broad range of energies/processes and will also be able to measure cross section ratios (e.g., Ar to CH) which will provide more stringent tests of
nuclear models. With the prototype Mini-CAPTAIN successfully operating, the goal
is to commission the CAPTAIN-MINERνA detector in 2018 with an initial plan to
run for 2 years both in ν and anti-ν mode accumulating about 6.6E20 POT statistics.
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Figure 9: (left) Possible locations for the CAPTAIN detector in the MINERνA experiment. (right) Expected CC νe event rates as a function of neutrino energy at
CAPTAIN-MINERνA, compared to other experiments. The broad energy coverage
of the CAPTAIN-MINERνA detector (blue line) complements the MicroBooNE and
ICARUS programs [16].
Interaction
channel
CCQE-like
CC 1π +
CC 1π 0

Events with reco. µ
in MINOS/MINERνA
460,000
980,000
780,000

Events with reco. µ
and charge in MINOS
390,000
480,000
300,000

Table 2: Expected event rates at CAPTAIN-MINERνA in ν mode using GENIE for
6.6E20 POT [16]. A detector acceptance of 64% is expected from MINOS (acting as
downstream muon spectrometer) and MINERνA (acting as muon tracker) detectors.

4.2

Non-LAr based experiments

4.3

MINERνA

MINERνA [17] is a dedicated ν scattering experiment that collected low energy (peaking at 3 GeV) NuMI beam data from 2009 to 2012 and has many active analyses such
as cross section ratio measurements [18], DIS on various nuclear targets [19], double
differential ν and anti-ν QE scattering and kaon production cross sections. MINERνA
is currently collecting medium energy (peaking at 6 GeV) data with high statistics
and will soon have interesting results in the new energy range. Some of the highest
priority analyses with the medium energy data include neutrino DIS, CCQE, pion
production and coherent pion production on scintillator, Fe, C & Pb, ν-e scattering
on scintillator and nuclear structure functions.

4.4

T2K

T2K recently presented a lot of impressive cross section results using the data from
the two near detectors, INGRID & ND280, at NuFact 2015 [20] and NuInt 2015 [21]
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conferences. There are analyses currently on-going on DIS cross section ratio measurements (e.g., Fe/CH) and to improve exclusive channel measurements which require
better hadronic control as large FSI effects were observed. Also, there are on-going
efforts to study FSI effects and measure CC inclusive flux integrated and differential
cross sections in Ar gas of the off-axis ND280 near detector. The gaseous argon TPC
allows interactions at a lower threshold than LAr. Fig. 10 shows the kinetic energy
of protons as a function of the proton range [22] and one can see that protons with
energy as low as 0.5 MeV can be detected at ND280 (for comparison, ArgoNeuT was
able to detect 21 MeV protons in LAr). Fig 10 (right) shows some simulated event
displays of interactions in ND280 gaseous argon TPC [22].

Figure 10: (left) MC prediction of proton KE as a function of range in the ND280
TPCs. (right) MC event displays of ν interactions in the Ar gas in the ND280 TPCs.

4.4.1

WAGASCI: T2K ND280 upgrade

The non-canceling systematics due to different primary targets between the near
(off-axis ND280 uses CH) and far (Super-K uses H2O) detectors is one of the main
problems in T2K. To reduce ν interaction systematics for oscillation analyses, T2K
will upgrade its off-axis ND280 detector with a plastic scintillator tracker with 3D grid
like structure (see Fig. 11, left). The goal of the WAGASCI project is to measure CC
cross section ratio between H2O (signal) and CH (background) wit 4π coverage and
< 3% systematic error. The current signal (H2O) to background (CH) ratio of 46:54
is expected to improve significantly (70:30) with the proposed upgrade. WAGASCI
project was recently approved and is scheduled to commission in 2017.

4.5

Other ND prospects

Many near detector concepts are currently developed for DUNE, Hyper-K, and T2K.
HPTPC is a 8 m3 High Pressure gas TPC (see Fig 11, middle) currently being developed for DUNE ND (also being considered for Hyper-K and T2K). The HPTPC
9

possesses excellent PID capabilities and is sensitive to hadronic final states down to
low thresholds. It can use He, Ne, Ar, and CF4 targets to study A-dependence of
cross sections, multi-nucleon modeling and FSI. The current design is to surround the
HPTPC by the ECAL for neutral particle containment. The ECAL could be made
up of different target materials to allow for cross section ratio measurements.
Gadolinium (Gd) doping is a new technique currently being considered for near
detectors to tag the presence of neutron (via neutron capture on Gd) in a final state
to separate neutrino CCQE interactions from other processes (νµ + n → µ− + p versus
ν µ +p → µ+ +n). This technique (see Fig. 11, right) allows for high CCQE purity and
improved anti-neutrino selection. Nuclear targets with 0.1% Gd doping can capture
neutrons with 90% efficiency (Gd has 40,000 b capture cross section). The ANNIE
(Accelerator Neutrino Nucleus Interaction Experiment) experiment on the Fermilab
BNB is a Gd loaded water cherenkov (WC) detector which aims to measure neutron
rates in GeV-scale ν interactions. Since this is in the same energy range as low energy
atmospheric neutrinos, it will help reduce backgrounds from atmospheric neutrinos
for next generation WC-based proton-decay search experiments such as Hyper-K.
ANNIE is being considered as ND to Hyper-K program and recently received its
phase-1 approval from Fermilab PAC.

Figure 11: (left) Proposed WAGASCI plastic scintillator tracker with 3D grid like
structure. (middle) The principle of HPTPC. (right) Illustration of neutron capture
in Gd doped targets.

4.6

Intermediate detectors

In addition to near detectors, intermediate detectors are also developed to reduce near
to far extrapolation systematics. TITUS (see Fig. 12, right) is a 2 kton Gd doped
WC intermediate detector (2 km from the neutrino beam source) being proposed as
ND for the Hyper-K program. NuPRISM is a kiloton-scale WC-based intermediate
(1 km from the ν source) detector being considered for T2K. In accelerator neutrino
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experiments, flux is usually the dominant uncertainty in neutrino cross section measurements. This is due to the fact that accelerator neutrino beams are distributed on
broad band spectra which results in Eν to be reconstructed from observed final states.
This makes cross section measurements very technology dependent. Monochromatic
ν beams will allow one to probe the nucleus with a known energy and can greatly help
reduce the systematics arising from beam. NuPRISM is an off-axis spanning detector
that takes advantage of 2-body decay kinematics from pions to create narrow band
energy beam (1σ width of 10%). As shown in Fig. 12 (left), as off-axis angle increases,
flux spectrum narrows producing narrow band energy beams. The JSNS2 experiment
will collect over 105 mono-energetic muon neutrinos (236 MeV) from charged kaon
decay-at-rest for studying neutrino interactions and nuclear structure relevant for
short and long-baseline experiments [23].

Figure 12: (left) Generation of narrow band beams in NuPRISM. (right) Design of
the TiTUS intermediate detector.
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Summary

A discussion of future prospects for cross section measurements is presented. Precision
cross section measurements in the GeV-scale on nuclear targets relevant to current
and future oscillation experiments are necessary to reduce neutrino interaction systematics and properly interpret oscillation results. With diverse beams (0.5 GeV to
6 GeV), different nuclear targets, and detector technologies, a rich cross section physics
program (Fig. 13) aimed towards achieving a complete picture necessary for future
oscillation experiments is currently underway. Experiments such as MINERνA, T2K
and NOνA [25] are continuing to produce interesting cross section results improving
our understanding of the neutrino-nucleus interactions. The cross section measurements on argon in the GeV-scale with multi-ton detectors (MicroBooNE and LArIAT)
will be available soon. In the near term (2018), SBND and CAPTAIN-MINERνA will
11

become operational. Gadolinium loaded water cherenkov detectors (ANNIE, SK-Gd)
are being developed to improve CCQE selection. Near (WAGASCI, HPTPC) and intermediate (TITUS, NuPRISM) detector concepts for T2K, DUNE and Hyper-K are
being developed actively. The next few years will yield exciting cross section results
greatly improving our knowledge on neutrino-nucleus interactions.

Figure 13: (left) Energy spectra of various ν beams in the few GeV range currently used by oscillation experiments. (right) Modern neutrino cross section experiments [24].
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1

Introduction

Experiments in High Energy Physics are expensive, both in terms of money and in
Physicists’ time. In analysing data, it is thus important to invest effort in understanding statistical techniques, which are inexpensive, in order to extract the maximum
of information. One must also avoid extracting more information than is justified by
the data,
There are several types of statistical procedures that we use. These include:
• Parameter estimation e.g. sin2 2θ23 . This involves the best value of the parameter and also an estimate of its uncertainty. Sections 2 to 6 are examples of
this.
• Goodness of Fit. This involves seeing whether a particular data set is consistent
with a given hypothesis. e.g. Are results on neutrino mixing consistent with
there being just 3 neutrino flavours? See Sections 7 to 12 below.
• Hypothesis Testing. The predictions of two (or more) hypotheses are compared
with the data, to see which hypothesis is preferred. e.g. Normal or inverted
neutrino mass hierarchies. See Sections 13 to 15.
For most of these procedures, there are two fundamental but very different approaches:
Bayesian and Frequentist[1], as well as ad hoc techniques such as χ2 . A particular
implementation of the frequentist approach is the Feldman-Cousins method[2], which
has many positive features.
In this talk, several different topics of relevance to measurements of parameters
or to searches for new phenomena are briefly discussed.

2

Combining results

When two or more analyses measure the same physical quantity, together with their
uncertainties and correlations, it is possible to combine the results to obtain a best
value and its uncertainty. BLUE[3] is a method of doing this.
A feature of BLUE is that if a counting experiment is performed over two equal
time periods, and there are 100 ± 10 and 1 ± 1 counts in the two periods∗ , the BLUE
combined value is 2 ± 1. This unfortunate result is a consequence of using estimated
uncertainties to determine the relative weights of the measurements, rather than the
‘true’ uncertainties. ‘Iterative BLUE’[4] or even better a likelihood approach avoids
this problem.
∗

It is of course a crime to combine two such discrepant measurements. I have chosen these
values merely to give a dramatic numerical result, but a similar effect exists for more consistent
measurements.
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Another feature of BLUE is that for two correlated measurements, the best combined result will lie outside the range of the two measurements if the correlation
coefficient ρ is larger than σ1 /σ2 , the ratio of the two uncertainties. This in fact is
not unreasonable as two very correlated measurements are likely to lie on the same
side of the true value. However, if the uncertainties or ρ are incorrectly estimated, the
amount of extrapolation required for the best estimate may be incorrect. It was thus
common practice with the LEP experiments that when a parameter was determined
by more than one analysis using the same data sample (and hence the estimates were
very correlated), rather than trying to combine the results, a single analysis (chosen
in advance of obtaining the actual values) was used as the one from which to quote
the result, and the remainder were used for confirmation.
When two (or more) estimates are made of a pair of parameters α and β, the
combined uncertainties σα and σβ can be much smaller than the individual ones, if
the correlation coefficients ρ1 and ρ2 for the two analyses are very different. An example from Cosmology is that there are several different methods for estimating ΩDE
and ΩDM , the fractional densities of Dark Energy and Dark Matter in the Universe.
Although individual analyses determine ΩDE poorly, the combination determines it
well[5].
It is important to realise that in general it is far better to combine the data of
the individual experiments and to perform a single combined analysis, rather than
simply to combine the results.

3

Coverage

For a given statistical procedure for estimating the acceptable range for a physical
parameter at a particular confidence level, because of statistical fluctuations, these
ranges will vary. The fraction of ranges which include the true value of the parameter
is known as ‘Coverage’. Ideally we would like the coverage to be independent of the
true value of the parameter, and equal to the chosen confidence level.
An example is estimating a Poisson parameter µ, by making one observation of the
number of counts n, and using the likelihood method with the ∆(lnL) = 1/2 rule for
obtaining its range. The coverage for this case is shown in the figure on page 10 of ref.
[6], and is distinctly non-constant, with regions of µ where the coverage is significantly
below its nominal value. To avoid this undercoverage, a Neyman construction method
can be used for obtaining the confidence intervals.
It is important to realise that coverage is a property of a statistical procedure and
does not apply to your actual measurement.
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4

Blind Analysis

Blind analysis was first used in Particle Physics when Luis Alvarez noticed that an
experiment claiming the discovery of free quarks[7] involved several corrections to the
raw data and also decisions on which experimental runs were to be accepted. The
net result of his suggestion to use a blind analysis was that no further results were
published by that group on free quarks.
The advantage of performing a blind analysis is that the results cannot be affected
by the (subconscious) wish of the experimentalists to produce a particular result.
Usually, however, it takes longer to perform a blind analysis.
There are various ways of performing blind analyses, so if you plan to use this
approach, careful thought is needed on how this should be implemented. An aim is
to allow you to see as much of the real data as possible, without being able to work
out how this affects the result of the analysis. An unwritten rule is that after the
analysis is unblinded, nothing should be changed before publication, unless people
would regard you as stupid not to do so. e.g. If in a search for dark matter all
observed candidates appeared at midnight between the first Saturday and Sunday of
each month.
If several groups within a Collaboration are analysing the same data with the same
physics aim, it should be decided in advance how the Collaboration’s result should
be presented, rather than looking at the separate numerical results and then making
a decision.
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Background systematics

In almost every analysis, estimating systematic uncertainties involves a lot more effort
than statistical uncertainties. Here we describe just one particular example.
Consider an analysis which is designed to estimate the magnitude of a peak on top
of a smooth background. We can perform a likelihood fit, assuming that we know the
expected shape of the signal and of the background. The latter may be estimated from
theoretical considerations, from Monte Carlo simulation or from control samples, but
we are going to consider the case where the actual spectrum is described by a signal
shape and a particular functional form with some free parameters for the background
e.g. a third order polynomial. Then the fit to the data will give the signal strength
and its statistical uncertainty, which includes the fact that the parameters of the
functional form are not precisely known even after the fit. There is however also a
systematic uncertainty due to the fact that the chosen functional form may not be
appropriate. One method for dealing with this is to see how much the signal strength
changes when different functional forms are used to describe the background. But if
an alternative functional form results in a best fit which is considerably worse than
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that for the favoured function, the result is ignored and does not contribute to the
systematics.
A disadvantage of this approach is that a hard cut is used to decide whether an
alternative function does or does not contribute to the systematics. A recent analysis
for assessing the strength of the Higgs boson signal uses a new approach[8]. The
log-likelihoods using various functional forms for the background are determined as
functions of the signal strength. Then the envelope of all these different log-likelihoods
is used to obtain the best value and range for the signal strength, which now includes
the systematic associated with the uncertain functional form for the background.
This method is essentially an extension of the traditional profile likelihood method
for dealing with a continuous nuisance parameter, to the case of discrete choices for
the systematic.
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Upper Limits

When we look for some new phenomenon (e.g. a 4th generation neutrino) and do not
observe a signal, it is common to quote an upper limit on the possible signal strength
(usually as a function of the mass of the new signal). Such upper limits can be useful
for excluding various proposed models, either completely or over part of their parameter space. The best historic example of this is the Michelson-Morley experiment[9],
which set an upper limit on the speed of the Earth through the hypothesised aether.
This limit was stringent enough to lead to the death of the aether hypothesis. Soon
after, Einstein developed Special Relativity.
There are many different methods for setting upper limits. Many of these were
discussed extensively at the first two PHYSTAT meetings[10][11]. The various methods can give different limits. This was illustrated in a plot by Narsky[12], showing
the various limits that are obtained in a Poisson counting experiment: limits are set
on a possible signal strength s when the expected background is b and there are n
observed events. Especially if n is less than b, there is a large range of upper limits
on s given by the various methods. In quoting upper limits, it is thus crucial to be
explicit about the method used.
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Look Elsewhere Effect

A peak in a mass spectrum could be due to either New Physics (e.g. neutrino-less
double beta decay) or to a statistical fluctuation of the background. The probability
of having a Poissonian fluctuation at least as large as the one seen at that location in
the spectrum, with an assumed background level there, is known as the local p-value.
A very small p-value makes a background fluctuation sound unlikely, and hence lends
credence to the New Physics hypothesis.
4

However the local p-value can understate the probability of a fluctuation, as a peak
elsewhere in the analysis (e.g. at a different location in the mass spectrum) could also
be exciting. So we really need the global p-value, which is the probability of having
a fluctuation at least as significant as the one we observed anywhere relevant.
The trouble is that ‘anywhere’ is poorly defined. For example, it can depend on
whether you are a graduate student, concerned only with your own analysis, or the
Director General of CERN, who may well be worried about claims by any CERN
experiment which may turn out to be just a statistical fluctuation.
In the event of a discovery claim, the informal consensus is to publish your local
p-value, and a global one too. The latter could relate to a statistical fluctuation
anywhere relevant in the spectrum in which the possible signature of new physics
was seen. In any case, it is important to state explicitly what you are assuming in
calculating your global p-value.
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Meaning of p-values

A p-value is the probability under an assumed hypothesis of obtaining a result at
least as extreme as ours. Depending on the possible alternative hypothesis, this
might involve a one-sided or a 2-tail definition of ‘more extreme’.
It is crucial to realise that this is not the same as the probability of the assumed
hypothesis being true, given the observed data. First, the probability of a hypothesis
being true is not a frequentist concept, as frequentist probability requires the possibility of a large number of essentially identical trials, while a hypothesis is generally
simply true or false. Secondly it incorrectly interchanges P (A|B) and P (B|A). Thus
statements such as ‘Given this data, we are 99% sure that the τ -neutrino exists’ are
simply not correct.
Sometimes p-values are criticised because they are misunderstood; and because
they tend to be smaller than likelihood ratios and hence to overstate the evidence
against the null hypothesis. Concerning the former, it simply needs people to be better
educated as to what p-values are. There are no suggestions that relativity should be
ignored, because people don’t understand it. The comparison with likelihood ratios is
misleading, because they are different quantities; p-values refer just to one hypothesis,
while likelihood ratios involve two hypotheses. It is like trying to decide whether the
length of a mouse in light years or its mass relative to that of the Earth is better for
describing the size of the mouse.
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P (A|B) 6= P (B|A)

My grand-daughter’s example is[13]:
The probability of a person eating bread, given the fact that they are a murderer, is
5

greater than 99%.
The probability that a person is a murderer, given that they eat bread, is about one
in a million.
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Significance

When a bump is observed in a mass spectrum, its significance is defined by converting
its p-value into the number of standard deviations away from the centre of a Gaussian
distribution that is required in order for the one-sided tail area to equal p † .
In dealing
√ with peaks in mass distributions, people often try to use the approximation S/ B (or some variant of this) for the significance; here S is the number of
possible signal events in the observed spectrum above the estimated background B
in the relevant region. This is based on assuming that the Poisson distribution can
be approximated by a Gaussian. This can be a poor approximation, because:
• The ‘Poisson is like a Gaussian’ approximation is better in the central region of
the distributions than in the tails. It is the upper tail which is relevant here.
• No account is taken of any possible LEE factor in reducing the significance.
• Any uncertainty in B is ignored.
Another situation in which the √
approximation can be bad is in designing an analysis to maximise the expected S/ B. It could be that very hard cuts reduce the
−4
−2
background
√ B to 10 events, while the expected signal S is reduced to 10 events.
Then S/ B is 10, which sounds good. But the expected signal is such that 99% of
the time there would be no observed events, which is not ideal in a search for a signal.
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Combining p-values

Just as it is possible to combine results of different measurements of the same parameter, in searches for disagreements with the null hypothesis of no new physics,
the pi -values for different independent searches can be combined. However, it should
remembered that
• The procedure is not unique. As Cousins has pointed out, the combined pvalue should be uniformly distributed in the range 0 to 1, and is constructed
from the individual pi -values, whose joint distribution should be uniform over
a hypercube. Clearly there are many ways of achieving this transformation.
†

The only reason for doing this is that the number of standard deviations is a number that is
easier to remember than a p-value. e.g. 5 standard deviations corresponds to p = 3 10−7 .

6

Which is best depends on more details about the individual analyses than just
their p-values.
• Different experiments can be inconsistent with the null hypothesis but in different ways.
• As with combining measurements, a single analysis using the data from all the
separate experiments is better than just combining their p-values.
Despite all this, if it is desired to go ahead and combine the n individual independent pi -values, one recipe is to calculate the probability Pcomb that the product of the
pi is smaller than the observed value z = Πpi . For uniformly distributed pi , this is
given by
Pcomb = zΣ(−lnz)k ,
(1)
where the summation over k runs from zero to n − 1.
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Why 5σ for discovery?

One of the standard requirements for claiming a discovery in particle physics is that
the p-value for the null hypothesis of no new physics is below 3 10−7 . Statisticians
pull fun of us, saying that no probability distribution is known with any accuracy so
far into its tails.
The justification used in High Energy Physics for such a stringent requirement
includes:
• Past History. There are plenty examples of 3σ and 4σ effects that have gone
way when more data are collected.
• Under-estimated systematics. If a measurement is dominated by systematics,
which have in fact been under-estimated by a factor of 2, what appears to be
an interesting 4σ effect is in fact a much more mundane 2σ observation.
• Look Elsewhere Effect. See Section 7
• Subconscious Bayes probabilities. Even though a frequentist approach may have
been used for Hypothesis Testing, we may want to know the relative probabilities P (Hi —data) of the null and alternative hypotheses being true. These are
given by Bayes’ Theorem as
P (H1 |data)
P (data|H1 ) π1
=
P (H0 |data)
P (data|H0 ) π0

(2)

Here the first term on the right hand side is the likelihood ratio, but this has to
be multiplied by the ratio of the prior probabilities πi of the hypotheses. If H1 is
7

very speculative (e.g. energy is not conserved), π1 would be very small compared
with the energy conservation prior π0 and thus the likelihood ratio would have
to be enormous in order for us to believe (and be prepared to publish) that
energy is not conserved.
This is a numerical formulation of the aphorism ‘Extraordinary claims require
extraordinary evidence.’
It is clear that the importance of the last three items varies very much from
experiment to experiment, and so it does not seem reasonable to have the same 5σ
requirement for all analyses. Ref. [14] is an attempt to provoke discussion on this
issue.
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Comparing 2 Hypotheses

There are two different situations in which we may want to compare our data with
two (or perhaps more) hypotheses:
• We have a number of tracks or events, and are trying to assign them to different
hypotheses e.g. jets are assigned as being produced by b-quarks or light quarks;
which type of particle initiated Cerenkov rings; etc.
• The hypotheses refer to the conclusion of the experiment e.g. Do we have
evidence for neutrino-less double beta decay? Is the normal or inverted neutrino
mass hierarchy preferred?
The desiderata for the two cases are not necessarily the same. For the former case,
we essentially have to make a decision each time we are presented with a track. Errors
of the First Kind are when we fail to accept the true hypothesis. This corresponds to
a loss of efficiency, and should occur at a well-defined rate. Errors of the Second Kind
are when we accept a hypothesis when a different hypothesis is true; it results in a
reduction in purity of our selected sample, and is usually harder to calculate. These
effects are to be taken into account in the analysis.
For the result of the experiment, it is possible not to make a decision among
competing hypotheses. Here getting the wrong answer is more unfortunate than in
the event selection scenario.
In both situations, multivariate techniques are often used to provide a variable on
which to base one’s choice. The probability density functions for the two hypotheses are obtained (often by Monte Carlo simulation), and form the basis of choosing
between the hypotheses. There are many ways of doing this; these include
• The log-likelihood ratio
8

• Difference in χ2
• p-values of test statistic
• Bayesian methods e.g. posterior odds, Bayes factor, Akike information criterion,
etc.
• Minimum cost.
For more detail, see, for example, ref. [15].
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Wilks’ Theorem

This applies to seeing which of two hypotheses provides a better description of some
data. It involves the difference ∆S in the weighted sums of squares S0 and S1 for
the two hypotheses (or almost equivalently the log-likelihood ratio). If the correct
hypothesis is H0 , then S1 should not be much smaller than S0 . Wilks’ Theorem
quantifies this by stating that assuming the conditions below are satisfied, ∆S =
S0 − S1 should be distributed as χ2 with the number of degrees of freedom equal to
the difference in the number of free parameters for the two hypotheses.
The conditions are
• The two hypotheses must be nested. That is, it must be possible to reduce
H1 to H0 by suitable choice of H1 ’s extra parameters. For example, a straight
line and a quadratic expression are nested, while the alternative neutrino mass
hierarchies are not.
• In order to reduce the larger hypothesis H1 to the smaller one, all the extra
parameters of H1 must all be well-defined and not be on their physical boundaries.
• The data must be asymptotic.
If these conditions are not satisfied, all is not lost as ∆S can still be used to
choose between the hypotheses, but its distribution must be determined, for example
by simulation.

15

Example of Hypothesis Testing

One of the current big issues in neutrino physics is whether the neutrino mass hierarchy is normal or inverted. This is almost an example of the classical ‘Simple versus

9

Simple’ Hypothesis Testing‡ . The only nuisance parameter here is the phase δ of the
possible CP violation. This is best dealt with by presenting results as a function of
δ, rather than integrating over it.
As outlined in Section 13, the procedure involves producing the expected probability density functions of the data statistic for the two hypotheses, and comparing with
the actual data statistic. This is very similar to the procedure for deciding whether
the data on Higgs decays at the Large Hadron Collider are consistent with spin-parity
of 0+ or 0− [16][17].
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Conclusions

There are many resources available. These include
• Textbooks written by experimental Particle Physicists[18]
• Sections on Probability, Statistics and Monte Carlo in the Particle Data Book[19]
• The web-pages of the Statistics Committees of large experiments e.g CDF[20],
CMS[21], etc.
• Software packages e.g RooStats[22]. This can be unfortunately easy to implement, with the result that it can be used by people who don’t really understand
the subtleties of what they are doing.
If you have a statistics problem in your analysis which you think is new, before
attempting to devise your own ‘Reinventing the wheel’ method of solving the problem, it is worth looking to see whether other Particle Physicists or Statisticians have
already done so. It is in general better to use a Statistician’s circular wheel than your
own hexagonal or square one.
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This conference proceeding discusses new results arising from atmospheric neutrino detection in the Super-Kamiokande and IceCube experiments. Super-Kamiokande has measured atmospheric neutrinos in the
energy range of 100 MeV-10 TeV and uses this data set to conclusively
measure the east-west effect to 8.0 (6.0) σ for electron (muon) neutrinos.
IceCube is ideal for measuring high energy atmospheric neutrinos and has
explored how different production channels for atmospheric neutrinos contribute to the total overall observed flux. The measurement is consistent
with the conventional spectrum, produced by the decay of pions and kaon,
while the contribution from the prompt channel (due to charm decay) is
consistent with zero.
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Introduction

Atmospheric neutrinos are an abundant and naturally occurring source of neutrinos.
These neutrinos are created when cosmic ray protons interact with nuclei in the
Earth’s atmosphere, producing pions or kaons that eventually decay into neutrinos
either directly or via muons. Other channels for producing atmospheric neutrinos are
also possible, including charm decay which can be a significant source for atmospheric
neutrinos above 100 TeV.
Figure 1 shows the energy spectrum predicted by the HKKM11 model for atmospheric neutrinos. This figure shows the low energy region for atmospheric neutrinos,
though in reality the neutrino energies span many orders of magnitude.

Figure 1: Energy spectrum for the HKKM11 model for atmospheric neutrinos, compared with alternate models for atmospheric neutrino production (HKKMS06, Bartol,
and Fluka). Figure modified from [1].
This conference proceeding will focus on recent measurements of the atmospheric
neutrino flux from the Super-Kamiokande and IceCube experiments. When combined, the data from these two experiments allows us to probe a large portion of
the atmospheric energy spectrum and will be compared with the HKKM11 model.
The Super-Kamiokande results will be used to examine predicted cosmic ray properties, namely the east-west effect. The IceCube results will be used to measure the
contribution of the prompt neutrino production channel on the overall atmospheric
neutrino spectrum.
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Recent Results from Super-Kamiokande

Super-Kamiokande (SK) is a 50 kton water-Cherenkov experiment located in Japan.
The detector consists of an inner detector volume, which is viewed by 11,129 20”
photomultiplier tubes, and an optically separated outer detector, which is viewed by
1,885 8” photomultiplier tubes.
The data from SK are divided into four distinct phases. The SK-I phase includes
data taken from 1996-2001 with the full 40% photocoverage. SK-II refers to the data
taken from 2002-2005 with reduced photocoverage, after an accident destroyed about
half of the photomultiplier tubes. In the SK-III phase, between 2006-2008, datataking with the full photocoverage resumed. Finally, the phase between 2008 and
now is referred to as SK-IV and includes improvements to the electronics.
SK has made many advancements in neutrino physics using the atmospheric neutrino data set since it began taking data in 1996. In 1998, SK published a paper
showing the first evidence of neutrino oscillations [2], a result for which Takaaki Kajita won the 2015 Nobel Prize in physics. In this paper, the authors showed that there
was a deficit in the number of neutrinos with a longer path length (ie. those that
were produced in the atmosphere on the other side of the Earth), while the number
of predicted neutrinos with a shorter path length (ie. produced directly overhead)
agreed with the expected number of events.
Since that seminal paper in 1998, SK has continued to produce results using the
atmospheric neutrino data set. Tau appearance has been measured at the 3.8 σ
level in the SK atmospheric sample [3]. Tests for exotic scenarios, such as Lorentz
violation [4] and oscillations of atmospheric neutrinos into sterile neutrinos [5], have
been studied and world-leading limits were set.
Recently, SK released new atmospheric neutrino flux results [6]. These results
show atmospheric neutrino fluxes from neutrinos with energies spanning from 100
MeV - 10 TeV. Figure 2 shows the SK results for neutrino flux as a function of energy
for electron and muon type neutrinos. The data fits well with the oscillated HKKM11
model shown in Figure 2.
The authors of [6] also looked at the directional asymmetry of the atmospheric
neutrino flux. Super-Kamiokande has previously measured a strong directional asymmetry (5 σ for electron neutrinos, and 2 σ for muon neutrinos) [7], know colloquially
as the east-west effect. This asymmetry arises from the deflection of cosmic rays due
to the Earth’s magnetic field. The result is that more cosmic rays (and thus more atmospheric neutrinos) should be coming from the west than from the east. In [6], this
effect was observed with a significance of 8.0 (6.0) σ for electron (muon) neutrinos.
Figure 3 shows the measurement of the east-west effect, parameterized by A, where
A=

neast − nwest
neast + nwest
2

(1)

Figure 2: Atmospheric neutrino fluxes as a function of energy for electron (blue) and
muon (red) type neutrinos. The solid (dashed) line is the oscillated (unoscillated)
prediction from the HKKM11 model. Figure modified from [6].
and nX is the number of neutrinos coming from direction X (where X is broadly
defined as east or west).
As seen in Figure 3, the east-west asymmetry decreases as neutrinos increase in
energy because they become increasingly less affected by the Earth’s magnetic field.
In the lowest energy bin of Figure 3, we also see a suppression of the east-west effect
due to poor reconstruction of the incoming direction of the neutrino.

3

Recent Results from IceCube

IceCube is a Cherenkov-based experiment that utilizes the South Pole ice as a target
for neutrino detection. The photosensors that view the Cherenkov light, called digital
optical modules (DOMs), are arranged on strings suspended in the ice. Due to the
large volume of the detector, IceCube is well-suited to measure the rarer, highest
energy atmospheric neutrinos.
As the energy of atmospheric neutrino increases, the flavour ratio of the atmospheric neutrinos changes. At lower energies (∼ 1 GeV), the ratio of (νµ +νµ )/(νe +νe )
is ∼ 2. As energy increases, muons no longer decay in-flight into electron neutrinos
and so this ratio becomes higher, reaching ∼ 20 at 1 TeV. Furthermore, as the energy
of the incoming cosmic ray increases, the production mechanism of the atmospheric
neutrinos change. Atmospheric neutrinos below a few hundred GeV are produced in
what is known as the conventional spectrum, from the decays of pions and kaons.
Above that energy, however, the prompt decay of charm mesons is thought to be a
dominant production mechanism for atmospheric neutrinos.
3

Figure 3: Measurement of the east-west asymmetry, parameterized by A (as described
in the text), as a function of reconstructed neutrino energy. The black points represent the SK data, while the boxes show the prediction from the SK Monte Carlo
simulations. Figure modified from [6].
In [8], IceCube set limits on the atmospheric neutrinos created in the prompt
decay mechanism. Figure 4 shows the IceCube data, along with the prediction for
the conventional and prompt spectrum. By calculating the normalization for the fit
to this data, limits can be set on the contributions from the conventional and prompt
production on the total atmospheric neutrino spectrum. The authors of [8] fit a
normalization of 0.0+3.0
−0.0 to a modified ERS model [9], meaning that no statistically
significant amount of atmospheric neutrinos are measured to be from the prompt
production channel.
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SK and IceCube Combined Results

Between the SK and IceCube results, atmospheric neutrinos are well studied over
the full energy range. Figure 5 shows the SK and IceCube flux measurements, as
well as previous measurements from the Amanda-II [11] and Frejus [10] experiments.
Atmospheric neutrino flux measurements agree well with the HKKM11 model over
the entire energy range.

4

Figure 4: IceCube atmospheric results, shown with the predicted conventional and
prompt energy spectra. Figure from [8].

5

Future Atmospheric Neutrino Experiments

In the coming years, new experiments will be constructed to further study atmospheric
neutrinos.
The next-generation of the SK experiment, Hyper-Kamiokande [12], is proposed
to start data taking in the mid-2020s. This water-Cherenkov detector would be 516
ktons, which is an order of magnitude increase in total volume compared to SK. One
of the physics goals of Hyper-Kamiokande is to measure atmospheric neutrinos and
use these results to determine neutrino mass hierarchy, search for CP-violation in
the lepton sector (in combination with accelerator neutrinos), and to improve the
precision of the neutrino mixing parameters.
IceCube has proposed a future upgrade to their experiment whereby a section of
the volume is outfitted with DOM strings with closer spacing, increasing the sensitivity of the experiment to lower energy atmospheric neutrinos. This project, called
Pingu [13] , would enable IceCube to measure atmospheric neutrinos down to 1 GeV.

5

Figure 5: Combined results from SK and IceCube, as well as Amanda-II and Frejus.
The HKKM11 model is shown in solid (dashed) lines with (without) oscillations.
Figure from [6].

6

Conclusions

Atmospheric neutrinos are good probes for neutrino properties, and can also be used
to study effects on the parent cosmic rays. This conference proceeding focused on two
atmospheric neutrino experiments: Super-Kamiokande and IceCube. SK measures
the lower energy region of atmospheric neutrinos well due to the high photocoverage,
while the larger volume of IceCube enables precision high-energy measurements. Current atmospheric neutrino models, such as HKKM11, are in good agreement with the
atmospheric neutrino data across the full neutrino energy spectrum. Future generations of atmospheric neutrino experiments, such as the proposed Hyper-Kamiokande
and Pingu experiments, will further utilize atmospheric neutrinos to discover new and
exciting effects in neutrino physics.
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With a mass at least six orders of magnitudes smaller than the mass of
an electron – but non-zero – neutrinos are a clear misfit in the Standard
Model of Particle Physics. On the one hand, its tiny mass makes the neutrino one of the most interesting particles, one that might hold the key to
physics beyond the Standard Model. On the other hand this minute mass
leads to great challenges in its experimental determination. Three approaches are currently pursued: An indirect neutrino mass determination
via cosmological observables, the search for neutrinoless double β-decay,
and a direct measurement based on the kinematics of single β-decay. In
this paper the latter will be discussed in detail and the status and scientific
reach of the current and near-future experiments will be presented.
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Introduction

The discovery of neutrino oscillations has proven that neutrinos have a non-zero
mass [1]. Yet, the absolute neutrino mass scale is still unknown since oscillation
experiments are only sensitive to the squared mass differences of the three neutrino
mass eigenstates mνi . The knowledge of the neutrino mass is crucial both for Particle
Physics and for Cosmology. It will be an essential ingredient to answering the question
of the neutrino mass generation mechanism, and an important input parameter to
reduce degeneracies in cosmological models.
Until more stringent results from laboratory-based experiments are established,
cosmological observations themselves provide powerful probes of the neutrinos mass.
Current limits based on a combination of cosmological probes set limits of mν =
P
i mνi < 120 meV (95% C.L.) [2]. Future experiments aim to reach a precision of
σ(mν ) = 17 meV [3]. It is important to note, however, that these results will depend
on the underlying cosmological model.
Another sensitive probe of the neutrino mass is the search for neutrinoless-double
β-decay (0νββ). Here, one exploits the fact, that the half-life of the decay depends
P
on the so-called Majorana neutrino mass mββ = | i Uei2 mνi |. Current best limits are
at mββ = 120 − 250 meV [4] and, thanks to their scalability, future 0νββ experiments
plan to reach sensitivities down to mββ ≈ 25 meV [5].
The least model-dependent technique is solely based on the kinematics of singleβ-decay. Here, the impact of the so-called effective electron (anti-)neutrino mass
P
m2νe = i |Uei |2 m2νi is a reduction of the endpoint energy and a distortion of the
spectrum close to the endpoint. Near-future experiments are designed to reach a
sensitivity of mνe = 200 meV (90% C.L.) [6], probing the entire regime in which the
neutrino mass eigenstates are quasi-degenerate. New ideas are being explored to push
the sensitivity beyond this value to the inverted or normal hierarchical neutrino mass
regime.

2

Kinematic determination of the neutrino mass

For a kinematic determination of the neutrino mass generally a single β-decay is considered. Neglecting the small recoil of the heavy daughter nucleus, only the emitted
electron and neutrino statistically share the energy released in the decay. The electron, however, can never obtain the entire decay energy, since the neutrino takes away
at least the amount of energy that corresponds to its mass. Consequently, the maximum electron energy is reduced and the spectrum is distorted in the close vicinity of
the spectrum’s endpoint E0 , see figure 1.
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Figure 1: a: Tritium β-decay spectrum. b: Holmium-163 electron-capture spectrum.
The insets depict a zoom into the endpoint region and demonstrate the impact of a
finite effective electron neutrino mass.

2.1

Isotopes under consideration

The classical isotope in the field of neutrino mass measurement is tritium (3 H). 3 H has
an endpoint of 18.6 keV and decays with a half-live of 12.3 years via a super-allowed
β-decay to helium-3 (3 He). Short half-life and low endpoint are preferable, since in
this case the total decay rate per amount of isotope and the relative fraction of events
in the region of interest are maximized.
Holmium-163 (163 Ho) constitutes a new player in the field. It has an endpoint
of about 2.8 keV [7] and decays with a half-life of 4570 years via electron-capture to
dysprosium-163 (163 Dy). In this case there is no electron in the final state and instead
of an anti-neutrino a neutrino is emitted. Here, the decay energy is shared between
the neutrino and the excitation of the daughter nucleus 163 Dy, which in turn decays
via the emission of X-rays and Auger and Coster-Kronig electrons.

3

Current experimental efforts

Independent of the isotope, a major experimental requirement is an excellent energy
resolution of about 2 eV @ E0 in order to resolve the spectral distortion that only
extends over an energy range of few eV at the endpoint. To allow for a measurement
as close as possible to the endpoint where the signal rate is small, but the neutrino
mass signal is large, an extremely low background level is mandatory.

2

Figure 2: Main components of the 70-m-long KATRIN experimental setup. a: rear
section, b: windowless gaseous tritium source, c: differential and cryogenic pumping
section, d: pre-spectrometer, e: main spectrometer, f: focal plane detector.

3.1

The KATRIN Experiment

The Karlsruhe Tritium Neutrino (KATRIN) experiment is a large-scale tritium-βdecay experiment [8]. It is currently being commissioned at the Karlsruhe Institute
of Technology, Germany. KATRIN is designed to achieve a neutrino mass sensitivity
of 200 meV (90% C.L.) after 3 full-beam years of measurement time.
3.1.1

Working principle

Tritium of very high isotopic purity (> 95%) is injected through capillaries into the
windowless gaseous tritium source (WGTS) tube, see figure 2. The T2 molecules
then diffuse over a distance of 5 m to both ends of the WGTS. With about 30 µg of
tritium present in the WGTS at all times, an ultra-high and stable decay rate of 1011
decays/s is achieved.
The WGTS beam tube is situated in a magnetic field, which is oriented in beam
direction. All β-electrons that are emitted in the forward direction are guided along
the field lines towards the spectrometers. On the way from the WGTS to the spectrometers the flow of tritium has to be reduced by 14 orders of magnitude to avoid
tritium-related background in the spectrometer section. This large suppression factor
is achieved by a combination of differential and cyrogenic pumping.
The spectrometers work as a electrostatic filters allowing only those electrons with
enough kinetic energy to be transmitted; electrons with less kinetic energy than the
filter potential will be electrostatically reflected and are absorbed at the rear end.
The high-energy transmitted electrons reach a focal-plane detector where they are
counted. By varying the filter potential and counting the transmitted electrons for
each setting, the integral tritium spectrum is determined.
In addition to electrostatically filtering the electrons, the spectrometer also aligns
the electron momenta via the magnetic gradient force. This combination of magnetic
adiabatic collimation combined with electrostatic filtering is called MAC-E Filter
principle [9, 10] and allows for high energy resolution with large angular acceptance.
3

For the electromagnetic design of the KATRIN the maximal acceptance angle is 51◦
and the sharpness of the electrostatic filter (or energy resolution) is 0.93 eV.
3.1.2

Status and Sensitivity

Since September 2015 all KATRIN components are on-site at KIT. The windowless
gaseous tritium source, cryogenic and differential pumping section are currently being
commissioned and integrated [11, 12].
During two commissioning phases in 2013–2015 the background and transmission properties of the main spectrometer and focal plane detector [13] were studied.
The transmission measurements, performed with an angular-selective electron gun,
revealed an excellent energy resolution and confirmed that the spectrometer is working as a MAC-E-filter as expected, see figure 3 [14]. The anticipated radon-induced
background [15] could be reduced to a negligible level making use of a liquid-nitrogencooled baffle system. However, a remaining background level of ∼ 100 mcps (as
opposed to desired 10 mcps), is still under investigation [16].
The neutrino mass measurement will prospectively start in 2017. With the start
of the measurement, the sensitivity of KATRIN improves rapidly reaching the subeV level already after a few months of measurement time. After three years of data
taking (5 calendar years) a balance between statistical and systematic error is reached.
At this point, a 5σ discovery level of mνe = 350 meV and a 90% upper limit of
mνe = 200 meV is attained.

3.2

The Project 8 Experiment

Project 8 is exploring a new technique for β-spectrometry based on cyclotron radiation [17]. Using molecular tritium this approach could in principle reach the same
sensitivity as the KATRIN experiment, but with quite different systematic uncertainties.
3.2.1

Working principle

The general idea of this technique is to measure the coherent electromagnetic cyclotron radiation of the β-electron. As opposed to KATRIN, where the electron has
to be extracted from the gaseous tritium source to measure its energy, here, the
tritium source is transparent to the cyclotron radiation. The cyclotron frequency
depends on the kinetic energy via the relativistic γ factor.
The technical realization of this approach consists of a magnetic trap inside of a
wave guide. The magnetic field determines the frequency range of the β-electrons
and the wave guide dimensions are chosen accordingly to match the frequency band
of interest. For 18.6-keV electrons in a 1-T magnetic field the cyclotron frequency is
27.009 GHz.
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(a)

(b)

Figure 3: a: Photograph of the KATRIN main spectrometer surrounded by its large
air coil system used to fine-shape the magnetic field. The inset depicts the inner
surface of the spectrometer, which is equipped with the inner electrode system to
fine-tune the retarding potential. b: Preliminary transmission function. The larger
the starting angle of the electrons, the more surplus energy they need to overcome
the retarding potential. The shift of the transmission function for 0◦ and maximal
angle determines the energy resolution of the spectrometer.
The radiated power scales with B 2 and sin2 θ, where θ is the angle between the
momentum vector of the electron and the direction of the magnetic field. Hence, large
angles and a sufficiently strong magnetic field are required. For an electron with an
energy near the tritium endpoint, approximately 1.2 fW is radiated in a 1-T magnetic
field at a pitch angle of 90◦ . By choosing a magnetic field setting with a very shallow
trap, the pitch angle spread and magnetic field inhomogeneity can be reduced, which
improves the energy resolution.
3.2.2

Status and Sensitivity

With a first prototype setup, the Project 8 collaboration successfully provided a
proof-of-principle of the new technique [18]. The wave guide of 10.7 × 4.3 mm2 cross
section and 7.6 cm length was placed inside a warm bore magnet of about 1 T. An
additional coil operated with a current of up to 2 A provided a shallow magnetic trap
of -8.2 mT depth, that confined all electrons with pitch angles larger than 85◦ .
For test measurements the cell was filled with krypton gas. 83m Kr is a metastable state which decays via internal conversion processes emitting electrons in the
keV-energy range. Figure 4b shows the signature of a trapped electron. By reducing
the depth of the trap an impressive energy resolution of FWHM(@30.4 keV) = 15 eV
could be reached. The collaboration is currently aiming to use the prototype setup
in conjunction with tritium to test its performance for a continuous energy spectrum.
At the same time the options for scaling-up the setup and the usage of atomic tritium
5

(a)

(b)

Figure 4: a: Basic working principle of the Project 8 experiment. Electrons from
tritium β-decay are trapped in magnetic field. Their relativistic cyclotron radiation
is detected by a wave guide (here depicted as antenna array) b: First detection of a
single electron via cyclotron radiation. The onset of the frequency yields the initial
energy of the β-electron. As it radiates and scatters it looses energy and hence
increases its cyclotron frequency.
are investigated.
Preliminary and optimistic sensitivity studies [19] show that with ∼1 year of data
taking, with a density of 1011 molecules/cm3 and a sensitive volume of 10 cubic meter
a sensitivity of mνe ≈ 100 meV (90%C.L.) could be reached. This is the intrinsic limit
dictated by the energy broadening due to the molecular final state distribution. An
instrument with an atomic tritium source of 1012 atoms/cm3 and a sensitive volume
of 100 cubic meters could, in principle reach a sensitivity of mνe = 40 meV.

3.3

Electron Capture on Holmium

Currently, three experiments explore the approach of using electron capture on 163 Ho
to probe the neutrino mass: ECHo, HOLMES, and NuMECS. These experiments are
complementary to tritium-based techniques both from a technical point-of-view and
the fact that in this case the effective electron neutrino (as opposed to anti-neutrino)
mass is measured.
3.3.1

Working principle

The basic idea is to place the 163 Ho source inside an absorber material with low heat
capacity. X-rays and electrons emitted in the de-excitation of the 163 Dy∗ daughter
atom create phonons in the absorber material and cause a small temperature increase. This temperature change is detected by ultra-sensitive thermometers such as
transition edge sensors (TES) or magnetic metallic calorimeters (MMC).
6

(a)

(b)

Figure 5: a: Experimental setup of a micro-calorimetric detector. The source (red) is
enclosed by a gold absorber (yellow). The paramagnetic temperature sensor (orange)
is read-out by a SQUID system [23]. b: 163 Ho spectrum measured by the ECHo
collaboration. This spectrum presents is the first calorimetric measurement of the
OI-line [24]
The calorimetric concept avoids a number of systematic effects as compared to the
MAC-E-filter technology. In particular energy losses due to scattering during the extraction of the electron from the gaseous tritium source are completely circumvented.
Furthermore, the intrinsic energy broadening due to the final state distribution of
molecular tritium is not present. However, the micro-calorimetric technique involves
a different class of systematic effects and technical challenges.
As opposed to the KATRIN experiment where only the electrons of the ROI are
considered, in these experiments every single decay is detected. The total decay rate
is typically twelve orders of magnitudes higher than the decay rate only in the last
few eVs away from the endpoint. Hence, pile-up becomes a serious concern. To limit
pile-up 1) a fast rise time is needed and 2) the source needs to be spread over a
large number of detectors. To operate a large number of detectors in a cryogenic
environment, however, a sophisticated multiplexed read-out technology is necessary.
Compared with the well-understood super-allowed tritium β-decay, the theoretical
description of the 163 Ho spectrum is still a challenge. This topic is addressed by
several groups, who found that two- and three-hole excitations due to shake-up and off processes need to be included and might significantly change the expected statistics
at the endpoint [20, 21].
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3.3.2

Status and Sensitivity

Three groups are currently developing neutrino mass experiments based on electroncapture on 163 Ho:
ECHo [22] is using MMCs for read-out. The holmium source is enclosed in a
gold absorber, which is attached to an Au:Er paramagnetic sensor at 30 mK. The
temperature change causes a drop of the magnetization of the sensor which is detected
by a SQUID. With their first prototype ECHo could demonstrate excellent energy
resolution of 7.6 eV @ 6 keV and fast rise times of τ = 130 ns. A larger detector array
with 16 pixels, increased purity, and activity (0.1 Bq) is being tested at the moment.
HOLMES [25] is making use of the TES technology. The collaboration is currently
performing detector and read-out R&D. In particular, a custom ion-implanter is being
assembled in Genova to embed the 163 Ho in the detectors. The first test with a 163 Ho
source will prospectively begin in 2017.
NuMECS [26] is also pursuing the TES technology. This group’s focus is on 163 Ho
production via proton activation of dysprosium, as opposed to the more common
neutron irradiation on 162 Er. With their prototype where the source was enclosed as
liquid drop in a nanoporous gold absorber, NuMECS successfully measured a 163 Ho
spectrum with an energy resolution of about 40 eV FWHM.
A total statistics of 1014 events is needed to reach a sub-eV sensitivity. Assuming
a rise time that allows for 10 Bq per detector, 105 detectors are needed to reach
mνe = 1 eV sensitivity within one year of measurement time.

4

Conclusion

The kinematics of β-decay provides a unique, model-independent means to measure
the absolute neutrino mass. KATRIN will start taking data in the near future reaching
a final sensitivity of 200 meV (90%C.L.) after 3 years of data collection. The Project 8
collaboration proved a completely novel concept of measuring the β-electron’s energy
via its cyclotron frequency and holmium-based cryogenic experiments are advancing
to reach the sub-eV sensitivity. These new approaches will provide complementary
results and may show a path towards exploring the hierarchical neutrino mass regime.
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Introduction

The Tokai to Kamioka (T2K) experiment is a long-baseline neutrino oscillation experiment located in Japan [1]. An intense, almost pure beam of νµ is produced at
the J-PARC facility in Tokai-mura, by colliding 30 GeV protons with a stationary
graphite target. This produces a beam of secondary hadrons, mainly pions and kaons,
from which pions are selected using a series of three magnetic horns. The selected
pions decay in a 96 m long decay volume. Depending on the polarity of the horn current, π + or π − can be chosen to produce a νµ or ν µ beam respectively. The neutrino
beam is directed 2.5◦ away from the axis between the target and the far detector
295 km away. This off-axis technique produces a narrow band beam with a peak energy around 0.6 GeV. This corresponds to the energy of the first νµ → νe oscillation
maximum for a baseline of 295 km.
The near detector complex, located approximately 280 m from the target, consists of an on-axis Interactive Neutrino GRID (INGRID) detector and an off-axis
near detector (ND280). The primary purpose of the INGRID detector is to measure
the direction, stability and flux of the on-axis beam. The ND280 detector is 2.5◦
off-axis and comprises of five sub-detectors, namely a π 0 detector, two active fine
grained detectors, three gaseous argon time projection chambers, an electromagnetic
calorimeter and a side muon range detector. These sub-detectors are located inside
a magnet, which provides a 0.2 T field for charge identification. The ND280 detector is used for measurements of interaction cross-sections and the neutrino flux, in
particular measurement of the intrinsic electron (anti)neutrino content of the beam.
The far detector is the Super-Kamiokande water Cherenkov detector, located 295
km away from the neutrino production point [9]. Super-Kamiokande is divided into
an inner and outer detector. The inner detector has a 22.5 kton water fiducial volume
surrounded by 11,129 photomultiplier tubes (PMTs). A 2 m wide outer detector
surrounds the inner detector and PMTs. In the water, neutrinos interact to produce
their corresponding charged lepton partner which, if sufficiently energetic, produce
Cherenkov light in the water. Good separation between νe and νµ candidates is
achieved via a particle identification variable, with a probability of misidentifying a
µ as an e of < 1%.
T2K was optimised to perform a precision measurement of θ23 and ∆m232 via νµ
disappearance and to search for the mixing angle θ13 via νe appearance in the far
detector. Having confirmed the appearance of νe in a νµ beam in 2013 [3], T2K has
been taking data in anti-neutrino mode. To June 2015, ∼ 7.0 × 1020 POT in neutrino
mode and ∼ 4.0 × 1020 POT in anti-neutrino mode have been taken.
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Recent results from T2K

In neutrino mode, the T2K experiment has measured θ13 via νe appearance in a νµ
beam [3] and also θ23 via νµ disappearance [4]. Approximately 1% of the initial νµ
beam is νe , which is the most significant background for the νe appearance measurement. This intrinsic νe content and other backgrounds e.g. misidentified π 0 events
at Super-Kamiokande, result in an expected background of 4.64 ± 0.53 electron-like
events in the far detector. With the full data set of 6.57 × 1020 POT, a total of 28
electron-like candidates were observed, a significance of 7.3σ. This was the world first
measurement of electron neutrino appearance in a muon neutrino beam [3].
In the νµ disappearance search, a clear deficit in the number of muon-like events
was observed at Super-Kamiokande. For the full neutrino data-set of 6.57 × 1020
POT, 120 νµ candidates were observed, significantly fewer than the 446 ± 22.5 expected without oscillation [4]. This led to a world-leading measurement of θ23 of
+0.055
2
sin2 θ23 = 0.514+0.055
−0.056 assuming a normal hierarchy and sin θ23 = 0.511−0.055 assuming
an inverted hierarchy. Both values are in good agreement with similar measurements
from the MINOS experiment [7] and Super-Kamiokande’s atmospheric results [9].
By performing a joint fit to νe appearance and νµ disappearance and combining
the T2K result with the world average value of θ13 from reactor experiments, δCP
between 0.19π and 0.80π are excluded at 90% C.L. for the normal hierarchy. For the
inverted hierarchy values between −π and −0.97π and −0.04π and π are excluded at
90% C.L. [8].
Since 2014, T2K has been running with an ν µ beam, allowing a search for ν µ
disappearance and also ν e appearance. For the ν µ disappearance search, a clear
deficit in the number of muon-like events has been detected at Super-Kamiokande.
For 4.0 × 1020 POT, 34 events were observed, significantly fewer than the 103.6 events
expected for the no oscillation hypothesis, leading to the world’s most precise value
of θ23 [5]. The corresponding search for ν e appearance is ongoing.

3

Proton accumulation

The T2K experiment was designed to accumulate 7.8 × 1021 POT. The accumulated
POT is expected to increase linearly each year until around 2018, when an upgrade
to the main ring at J-PARC is expected to take place. This planned power supply
upgrade would increase the repetition rate and result in a higher beam power of
around 750 kW. Subject to this upgrade in 2018, the design goal of 7.8 × 1021 POT
should be achieved by 2020/2021. The acquisition of the full POT of 7.8 × 1021 has
been fully approved by the J-PARC physics advisory committee.
To June 2015, T2K has recorded around 15% of its end goal POT. Based on
the number of events observed by the experiment to June 2015 and assuming equal
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Neutrino
mode
Anti neutrino
mode

δCP
0
-90
0
-90

Total
145.8
170.9
47.5
41.5

Signal νe
106.0
131.4
5.6
6.5

Signal ν e
1.2
0.8
24.4
17.5

Beam νe

Beam νµ

NC

20.6

0.7

17.2

8.6

0.2

8.6

Table 1: Projected statistics for each event type observed at Super-Kamiokande for
the T2K design goal POT of 7.8 × 1021 [6]. Note that NC refers to Neutral Current
background events.

portions of neutrino and anti-neutrino running, the expected yields of each event
type for the full POT may be predicted. These are given in Table 1. Statistics are
lower for the anti-neutrino mode due to the high, intrinsic νµ background in the beam
(around 30%). As the disappearance probability depends on δCP , two scenarios for
each run configuration are given. It should be noted that there is a small, but not
statistically significant, difference between the projected νe appearance statistics for
the two values of δCP quoted in Table 1.
The small difference can be translated into a limit for the discovery of CP violation
and sensitivity to δCP 6= 0. Assuming the least sensitive case (i.e. normal hierarchy),
T2K has > 90% C.L. sensitivity if δCP = −90◦ . Combining results from the T2K and
NOνA experiments, would improve this limit and overall sensitivity to δCP . Assuming
that both the T2K and NOνA experiments each take 50:50 neutrino and anti-neutrino
data, sensitivity to δCP is improved further still, but not sufficiently to claim a 5σ
discovery. However, a combined analysis is likely to indicate the most likely value
of δCP and discovery by the next generation of long-baseline neutrino experiments
should be possible.

4

T2K prospects post 2020/2021

The T2K beam will achieve its design goal POT and beam power in 2020/2021. To
this end, a high-intensity beam study was conducted in June 2015. The study used 2
bunches per spill instead of the standard 8 bunches per spill used in T2K operations.
Results from these trials were extrapolated to determine the maximum beam power
for different repetition rates of the main ring. The high repetition rate, i.e. repetition
period of 1.3 seconds, will be required to achieve a 750 kW beam. Interestingly,
this repetition rate would also be capable of producing a 1 MW beam, subject to
replacing the magnet power supplies, RF cavities and miscellaneous injection and
extraction equipment of the main ring. However, as several of these upgrades would
be required to achieve the 750 kW beam, achieving a 1 MW beam should be relatively
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straightforward.
The components of the T2K neutrino beamline (e.g. target, horns, decay volume,
beam dump) were constructed to withstand a beam power in excess of 1 MW. In
addition there are no beam power restrictions at both the near and far detectors.
Therefore, with no limiting factor, the T2K experiment would be able to accept a 1
MW beam whenever it is available.
The possibility of running the T2K experiment with a 1 MW beam presents an
interesting prospect. The next generation of long-baseline neutrino experiments (e.g.
DUNE and Hyper-Kamiokande) are not expected to commence operations until 2026,
which potentially leaves a 5 year gap between their start and the end of operations at
T2K in 2021. A 1 MW neutrino beam at J-PARC would provide an opportunity to
bridge a gap in the worldwide long-baseline neutrino physics programme by extending operation of the T2K experiment. The post-2020 POT projection is shown in
Figure 1 for two different scenarios. The difference between the red and blue points
reflect that improvements to the efficiency of the near detectors will be improved via
improvements in the reconstruction and analysis techniques and the analysis sample
at the far detector will be increased by including non-CCQE interactions. This will
give an increased effective POT relative to the current status of the experiment.
The proposal to extend the operation of the T2K experiment beyond its design
goal is begin considered by the collaboration. Before 2025, a > 1 MW neutrino
beam from J-PARC could provide 20 × 1021 POT to the T2K experiment. With
improvements to detector efficiency and hardware, this would be an effective POT
of 25 × 1021 . Assuming a 50:50 split between neutrino and anti-neutrino mode, the
projected statistics for the T2K design goal and extended running POTs are given
in Table 2. An effective POT of 25 × 1021 increases the significance of the difference
between the νe appearance for the two cases given in Table 2, leading to an improvement in the sensitivity to δCP . For an effective POT of 25 × 1021 a 3σ determination
of CP violation using T2K alone would be possible given the current accuracy of
θ23 . However, given further improvement in the measurement of θ23 , sensitivity to
CP violation and δCP 6= 0 would improve slightly. The additional statistics from
extended running would help improve the accuracy of the T2K θ23 measurement.
For extended running with a 50:50 neutrino anti-neutrino running, 3σ sensitivity
should be possible for around 30% of δCP values. Systematic errors of around 2-3%
would be desirable and further improvements in the beamline and analysis methodologies would further improve the sensitivity. For example, adjustment of the horn
current would increase sensitivity for appearance and disappearance measurements as
a higher horn current reduces backgrounds in the beam. δCP . With an increased horn
current of ±320 kA, a 3σ sensitivity would be achieved more quickly when compared
with a nominal horn current of ±250 kA. In addition, if the mass hierarchy is known,
the sensitivity to CP violation increases further to 3σ for 45% of the full δCP region.
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Figure 1: POT projection for T2K (to 2020/2021) and beyond. A main ring power
supply upgrade in 2018 is assumed.

5

Conclusions

The T2K experiment made the first observation of νe appearance in a νµ beam at a
baseline of 295 km and peak beam energy of 0.6 GeV. By combining the T2K result
with the world average value of θ13 from reactor experiments, δCP between 0.19π
and 0.80π was ruled out at 90% C.L. for the normal hierarchy. For the inverted
hierarchy values between −π and −0.97π and −0.04π and π are excluded at 90%
C.L. The T2K experiment will continue to take data and investigate CP violation
in the lepton sector more precisely, but even combination with results from other
experiments will not yield a discovery, even for the most favourable δCP value.
The design goal of the T2K experiment is to collect the approved POT (7.8 ×
1021 ) data by around 2020, to conduct precision studies of neutrino oscillations with
neutrino and anti-neutrino beams. Around 2020, there is a possibility that the JPARC facility could produce a 1 MW or above neutrino beam. An extension of
T2K (currently called T2K-II) is under discussion and consideration by the T2K
collaboration.
Between 2021 and 2025, T2K could collect 20 × 1021 POT with 1.3 MW beam
5

POT
7.8 × 1021
25 × 1021
(effective)

δCP
0
-90
0
-90

Signal νe
98.2
121.4
314
389

Beam νe
26.8
26.4
85.9
84.6

Signal ν e
25.6
19.0
82.1
60.9

Beam ν e
16.3
17.2
52.2
55.1

Table 2: Projected statistics for T2K design goal POT and projected POT for extended T2K running to 2025 with a 1 MW beam (post 2020/2021).

power, with which we will have 3σ CP violation discovery sensitivity for δCP = −π/2.
By improving the T2K efficiency, it may be possible to enhance the effective POT
to 25 × 1021 . A 1 MW beam neutrino beam at J-PARC would provide exciting
opportunities for extending the running of the T2K experiment (T2K-II) and would
have have a positive impact for the next generation experiment Hyper-Kamiokande,
as it ensures the presence of a high powered beam from the first day of operation.
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Evaluation of reactor neutrino flux: issues and uncertainties
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Evaluation of the reactor ν e flux and spectrum is an essential ingredient of
their application in the neutrino oscillation studies. Two anomalies, i.e. discrepancies between the observed and expected count rates, are widely discussed
at the resent time. The total rate is ∼ 6% lower than the expectation at all
distances > 10 m from the reactor. And there is a shoulder (often referred to
as “bump”) at neutrino energies 5-7 MeV, not predicted in the calculated spectrum. I review the ways the flux and spectrum is evaluated and concentrate on
the error budget. I argue that far reaching conclusions based on these anomalies
should await a thorough understanding of the uncertainties of the spectrum, and
point out possible standard physics sources of the anomalies.
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anomaly obviously critically depends on the value and the uncertainty of the predicted
reactor ν e spectrum.

Figure 2: The shoulder (bump) observed in the near detector [12] at RENO. The predictions
are from the Huber-Mueller model [6, 5] model, normalized to the same number of events.
In addition all three recent large reactor experiments, Daya-Bay, RENO, and Double
Chooz observed a feature (or shoulder) in the experimental spectrum at 4-6 MeV of the
prompt positron energy, Eprompt ≈ Eν +(Mp −Mn )+me , relative to the predicted theoretical
evaluation in the refs. [5, 6]. An example of the data, from the RENO experiment, is shown
in Fig. 2. The spectral shape of the shoulder cannot be produced by the standard L/Eν
neutrino oscillations dependence; it is almost certainly caused by the reactor fuel ν e emission. Note, however, that the shoulder was not observed in previous experiments. We have
to ask, therefore, whether its existence implies a significant problem of expected/predicted
reactor spectra in general?
In the following I discuss first how the expected/predicted reactor spectrum is evaluated.
That discussion then leads to the consideration of the origin (or explanation) of these two
observed anomalies. More detailed discussion of these issues can be found in the forthcoming
review [13].

2

Nuclear reactors as ν e sources

Nuclear reactors derive their power from the fission and from the radioactive decay of the
corresponding fission fragments. In power reactors 99.9% of the power comes from the
fission of 235 U, 239 Pu, 241 Pu and 238 U, while research reactors use usually highly enriched

2

235 U

as fuel which is then the only fission source. The beta decay of the neutron rich
fission fragments is the source of the electron antineutrinos. The neutrino spectrum can be
expressed as


Wth
fi dNi
S(Eν ) =
Σi
.
(1)
Σi (fi /F )ei F dEν
Here Wth is the reactor total thermal energy, fi /F is the fraction of fissions from actinide i,
ei is the effective thermal energy per fission, and dNi /dEν is the cumulative ν e spectrum of
i normalized per fission. Wth and fi /F , which are changing with time, are usually supplied
by the reactor operators, and ei are known with negligible error. It is usually assumed
that the individual neutrino spectra dNi /dEν depend only on the nuclear properties of the
isotope i. Their determination is the main topic of this section.
In the ‘ab initio’ approach the aggregate fission antineutrino spectrum is determined by
summing the contributions of all β-decay branches of all fission fragments
dNi
= Σn Yn (Z, A, t)Σj bn,j (E0j )Pν (Eν , E0j , Z) ,
dEν

(2)

where Yn (Z, A, t) is the number of β decays of the fragment Z, A at time t, and the label
n characterizes each fragment. The quantity Yn converges to the cumulative fission yield.
The beta-decay branching ratios bn,j (E0j ) are characterized by the endpoint energies E0j
and are normalized to unity, Σj bn,j (E0j ) = 1. The function Pν (Eν , E0 , Z) is the normalized
ν e spectrum shape for the branch n, j. For the corresponding aggregate fission electron
spectrum, the Eν in the individual spectra P must be replaced by Ee = E0j − Eν .
In applying the summation technique several sources of uncertainty arise. The fission
yields Yn for many important fragments involve large uncertainties. The branching ratios
bn,i are also not known for all fragments, and nor are the quantum numbers (spins and
parity) of all of the initial and final states. The shape of the β decay spectrum P is simple
for Gamow-Teller allowed transitions (∆I ≤ 1, πi πf = 1) transitions. However, ∼ 30% of
the transitions making up the aggregate spectra are known to be so-called first forbidden
transitions, (∆I ≤ 2, πi πf = −1), and involve nuclear structure dependent combinations of
several operators. Finally, there are important, albeit small, corrections to the beta-decay
spectra arising from radiative, nuclear finite size, and weak magnetism effects, and these
can also depend on the details of the transitions.
The alternative method of determining the spectra dNi /dEν begins with the experimentally measured aggregate electron spectrum associated with the fission of each individual
actinide i. The electron spectrum for thermal neutron fission of 235 U, 239 Pu and 241 Pu were
measured at ILL, Grenoble, France in 1980’s [14]. 238 U fissions only with fast neutrons; its
electron spectrum was measured much later [15] with larger error barrs. These experimentally determined electron spectra are automatically summed over all fission fragments and
the corresponding β-decay branches, so no information on the fission yields and branching
ratios is needed. It is necessary, however, to convert them into the ν e spectra.
To convert a measured aggregate electron spectrum into an antineutrino spectrum, the
spectrum is binned over an energy grid. The spectrum in each bin is fitted to a fictitious
β decay, and therefore the aggregate spectrum is described by a sum of virtual β-decay
3

branches of assumed spectral shapes. The conversion to the antineutrino spectrum is then
simply accomplished by replacing the energy Ee in each branch by E0 − Eν . The procedure guaranties that the experimental electron spectrum is well reproduced. However, the
converted ν e depends to some degree on the assumptions made about the spectrum shapes
Pi , whether they correspond to allowed or forbidden transitions, their Z dependence, and
the form of the corrections arising from nuclear finite size and weak magnetism. To avoid
sizable systematic errors when converting the electron spectrum, it is necessary to use the
data bases and evaluate the dependence of the average nuclear charge Z on the endpoint
energy discussed, e.g. in [6, 16]

3

Electron and ν e spectra of individual β decays

The β-decay spectrum shape of each β branch can be expressed as
Pν (Eν , E0i , Z) = Kpe Ee (E0 − Ee )2 F (Z, Ee )C(Z, Ee )(1 + δ(Z, A, Ee )) ,

(3)

where K is the normalization factor, pe Ee (E0 − Ee )2 is the phase space factor, F (Z, Ee ) is
the Fermi function that takes into account the effect of the Coulomb field of the daughter
nucleus on the outgoing electron, and the shape factor C(Z, Ee ) accounts for the energy or
momentum dependence of the nuclear matrix elements. For the allowed decays, C(Z, Ee ) =
1. Finally, the function δ(Z, A, Ee ) describes the subdominant corrections to the spectrum
shape.
For the allowed β decays the corrections δ(Z, A, Ee ) = δQED + δF S + δW M represent the
few % deviations from the standard spectrum shape related to the radiative, finite nuclear
size and weak magnetism. The latter two depend to some extent on the details of each
transition. In practice they are replaced by the estimate of their average values; thus they
must be assigned a sizable uncertainty. The evaluation in refs. [5, 6] takes this source of
error presumably correctly into account. In fact, the treatment of these corrections in [5, 6]
is responsible for a substantial part of the revision of the predicted flux compared with the
more approximate way it was treated previously.
The treatment of the first forbidden β decays represents even more significant source
of uncertainty, which is difficult to quantify. The shape factors corresponding to different
operators are listed in ref. [17]. That reference also lists the corresponding weak magnetism
corrections that are rather different from those for the allowed decays. The corresponding finite size corrections have not been consistently evaluated as yet. The main difficulty,
though, is that in most first forbidden decay, unlike the allowed ones, more that one operator contributes, and interference among their contributions is expected. Even though, as
many textbooks claim, the shape of the first forbidden β decays is similar to the shape of the
allowed decays, deviations at few % level are expected and common. The fact that the quantum numbers of many short lived fission fragments are not known makes the quantitative
analysis even more difficult.

4
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The “bump” in reactor spectrum

The shoulder or so-called “bump” mentioned earlier was not observed in previous experiment. In particular, it is not present in the experimental electron spectra [14]. The shoulder
could have its origin in several effects that are not included, or not included accurately, in
the reactor spectrum predictions [5, 6]. The contribution of 238 U, that is only weakly constrained by the observed electron spectrum might not be accurate. The harder neutron
spectrum in power reactors may lead to different fission fragment distributions than in the
very thermal ILL reactor used for the electron fission spectra measurements. Alternatively,
the measured electron spectra themselves [14], which represent the basis for the antineutrino
evaluations [5, 6], might be incorrect.
Several possible origins of the bump have been identified and investigated by different
authors [18, 19], but it was generally concluded that, without further experimental investigation, it is impossible to determine which, if any or several, of the explanations are correct.
In the ab initio summation method the necessary input are the fission yields, and two standard fission-yields libraries, JEFF-3.1.1 and ENDF/B-VII.1 differ [19] significantly in the
predicted yields of several nuclei dominating the shoulder region. When the problems in
the ENDF/B-VII.1 library were corrected, the predictions of the two databases are considerably closer, and agree within 6% at all energies. Most significantly, neither database
(corrected ENDF or JEFF) now predict a bump relative to the measured 235 U aggregate
electron fission spectrum.
At present, the two most likely sources of the bump seem to be 238 U or the hardness of
the neutron spectrum. The 238 U spectrum is considerably harder in energy than that of the
other actinides, and the ENDF/B-VII.1 and JEFF-3.1.1 libraries predict a bump relative
to the 238 U antineutrino spectrum of [5] and [15]. Thus, without experiments designed to
isolate the contributions from each actinide to the shoulder, 238 U cannot be ruled out as a
significant source of the bump. The effect of the hardness of reactor neutron spectrum on
the antineutrino spectrum has never been tested directly. The PWR reactors used by Daya
Bay, RENO and Double Chooz are harder in energy than the thermal spectrum of the ILL
reactor, and involve considerably larger epithermal components.
The existence of the “bump” has little effect on the extraction of the neutrino oscillation
parameters from the reactor experiments and it could be entirely uncorrelated with the
“reactor anomaly”. However, it raises the very serious question of how well the antineutrino
spectra are known, and suggests that estimated uncertainties at the 1-2% level are too
optimistic.

5

Reactor anomaly

The reactor anomaly, mentioned in the introduction, is one of several experimental results
that contradicts the standard three-flavor neutrino oscillation paradigm. Clearly, this is
an issue of fundamental importance, potentially a source of the long sought after “physics
beyond the standard model”. In the case of the reactor ν e capture rate the experimental
data are quite firm, but the expectations depend on an assumed reactor spectrum, involving
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uncertainties that are difficult to determine reliably.
The summation method requires knowledge of both the decay spectra and fission yields
for all of the fragments determining the spectra, and both inputs involve uncertainties.
For the decay of individual nuclei, the databases are incomplete because about 5% of the
nuclei are sufficiently far from the line of stability that no measurements of the spectra are
available, and thus modeling is necessary. The spectrum shape corrections involve sizable
uncertainties. For the weak magnetism correction they are typically estimated to be ∼ 20%
for the allowed decays and perhaps 30% for the forbidden ones. The finite size corrections
involve both the weak transition density ρW and the charge density ρch . Several density or
radius approximations have been made in the literature and these differ from one another
by about 50%, the tentative uncertainty. For forbidden decays that correction is even more
uncertain. The database fission yields are also uncertain for many important nuclei. While
it is difficult to estimate the uncertainty in the database fission yields, the tentative place
uncertainty arising from their contribution to the summation method is ∼ 10%.
Though many of the uncertainties also apply when converting a measured electron spectrum to an antineutrino spectrum, the situation is somewhat different since the fit must
reproduce the electron spectrum. Nevertheless, when in ref. [19] different assumptions
were made about which weak magnetism and shape factors should be applied to the nonuniquely forbidden component of the spectrum and with fits to the electron spectrum of
equal statistical accuracy, the antineutrino spectrum was found to vary by as much as 4%.
To determine the full effect of the uncertainties that apply to a conversion from a measured
electron spectrum to an antineutrino spectrum, requires a detailed multi-parameter sensitivity study. In the absence of such a study, 5% uncertainty on the conversion method is
tentatively assigned.
In general, conversion of measured aggregate electron fission spectra provide more accurate determinations of the antineutrino spectra than do predictions from the databases. The
database calculations do, however, provide means of estimating the relative importance of
theoretical corrections to the spectra and their uncertainties. Improving on the theoretical
inputs to the spectra will be challenging. Thus, there is a clear need for new experiments.
Ideally, these should involve more than one reactor design and fuel enrichment, because the
remaining issues will require a better understanding of the role of the hardness of the reactor neutron spectrum and of the four individual actinides that make up total spectra. For
the bump energy region, better measurements of the 238 U spectrum would be particularly
valuable.
This brief discussion suggests that it is possible, perhaps even likely, that both anomalies
have their origin in standard physics. Decisive experiments are planned, and some of them
will have results soon. Until then a diligent work on reducing the systematic uncertainties
is clearly indicated.
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Hunt for Sterile Neutrinos: Decay at Rest Experiments

Fumihiko Suekane1
RCNS, Tohoku Univ. Sendai, 980-8578, JAPAN
Faculty of Science, Toho Univ., Chiba, 274-8510, JAPAN

In the standard model of the elementary particles, the number of neutrino flavor is three. However, there have been indications of existence
of 4th neutrino, called sterile neutrino, in some neutrino oscillation related experiments. A number of experiments are planned to test whether
such indications are true or not. Among them, experiments which use
neutrinos from π + , K+ , µ+ decay at rest (DAR) are promising because
the energy spectra of neutrinos are very well known and clean oscillation
measurements are possible. In this proceedings, properties of such DAR
neutrinos and LSND, JSNS2 , OscSNS and KPipe experiments are briefly
introduced.
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Introduction

In the standard model of the elementary particles, the number of neutrino flavors
is three. However, some of neutrino oscillation related experiments show anomalies
which can not be explained by the standard three flavor neutrino oscillations. LSND
(Liquid Scintillator Neutrino Detector) group reported an excess of 88 ν e events in
ν µ beam in 1993∼1998, where ν µ was produced in µ+ decay at rest(DAR) [1]. If
the excess is caused by neutrino oscillation (ν µ → ν e ), the mass-square difference is
∆m2 > 10−2 eV2 . This large ∆m2 can not be explained by the standard three flavor
neutrino oscillations and existence of 4th neutrino which does not feel the weak interactions and thus called sterile neutrino, has been suggested. Later on, KARMEN
(KArlsruhe Rutherford Medium Energy Neutrino experiment) group performed similar measurement and obtained null result [2]. However, some of the LSND-positive
oscillation parameter regions have survived because of shorter baseline. MiniBooNE
(Mini Booster Neutrino Experiment) group performed measurement using neutrinos from decay in flight and obtained positive oscillation results [3]. However, it is
pointed out that there is a possibility that the observed ν e and νe signals are actually caused by γ’s from neutral current interactions and the result is not conclusive.
ICARUS(Imaging Cosmic And Rare Underground Signals) group obtained negative
result and showed sin2 2θ < 10−2 [4]. Fig.-1(a) shows the oscillation parameters of
the above appearance experiments.

(b)

(a)

Figure 1: Sterile neutrino positive parameter regions. (a) Appearance mode [4] (b) Disappearance mode [5]

On the other hand, reactor neutrino flux has been reported to be 6% smaller
than expectation and the νe flux from radioactive source has been reported to be
14% smaller than expectation (see summary [5]). Those results can be explained if
1

there are sterile neutrinos with m > 1 eV which mix with our regular neutrinos with
mixing angle sin2 2θ ∼ 0.2 as shown in Fig.-1(b). In order to test those indications a
number of experiments are being performed and planned. This proceedings describe
the properties of DAR neutrinos and LSND experiment which observed positive DAR
ν µ → ν e oscillation and then new generation DAR experiments, JSNS2 , OscSNS and
KPipe.

2

Neutrinos from µ+, π + and K+ decay at rest

Currently there are two planned sites for DAR experiments, one is J-PARC Material
Life Science Facility (MLF) in Japan and the other is Oak Ridge Spallation Neutron
Source (SNS) in the Unites States. In this section, properties of neutrinos from DAR
are described referencing the MLF beam as an example.
The energy spectrum of the neutrinos from the MLF target is shown in Fig.-2.
Four kinds of neutrinos from DAR to be used in the sterile neutrino experiments are
+

μ+

μ+ +

e+ +

μ

μ

+

K+

e

μ+ +

μ

Figure 2: Example of the neutrino energy spectra (J-PARC MLF) [6]. The neutrinos are
produced in decay at rest (DAR), decay in flight (DIF) and nuclear interactions. Four kinds
of neutrinos from DAR to be used in the experiments described in this paper are indicated
by arrows.
indicated by arrows. The production scheme of those DAR neutrinos is shown below.
p + target → π + /K+ + X
✲

τ =26/12ns

π + /K+ (stop) −−−−−−→ µ+ + νµ (Eν = 30/236 MeV)
✲

(1)

τ =2.2µs

µ+ (stop) −−−−→ e+ + ν µ + νe

High energy protons hit target material and produce π and K mesons by the strong
interactions. The π + /K+ stop in the target and decay to µ+ + νµ with lifetimes
2

τ = 26/12 ns. Since the π + /K+ decay at rest, the produced νµ ’s have monochromatic
energies of Eν = 30/236 MeV. The produced µ+ ’s stop in the target and decay as
µ+ → e+ + νe + ν µ with lifetime 2.2 µs. Since the momentum of the parent µ+ is zero,
the energy spectra of the produced ν µ and νe are well known. By setting the timing
window of the event selection to be less than a few tens of nano seconds from the
beam pulse, the monochromatic νµ ’s from the π + and K+ DAR can be selected and
by setting the timing window to be later than a few hundreds nano seconds, the ν µ
and νe from the µ+ DAR can be selected. For ν µ → ν e oscillation experiments, there
is an intrinsic background of ν e from the π − (stop) → µ− (stop) → ν e decays. However
the magnitude of the ν e flux is suppressed to an order of 10−3 since π − and µ− are
absorbed by the target nuclei before they decay. In addition, the small contribution
of the background ν e can be measured from the energy spectrum.

3
3.1

Decay at rest experiments
LSND experiment

LSND experiment was performed in 1993∼1998 at Los Alamos National Laboratory
and showed positive ν µ → ν e oscillation at ∆m2 > 10−2 eV2 . Fig.-3 shows a side view
of the LSND experiment. The LSND experiment used LAMPF proton beam whose

Figure 3: LSND experiment [1]
energy and current were 800 MeV and 1 mA, respectively. 600 µs of pulse beam was
delivered with repetition rate of 120 Hz, resulting in the duty factor of 7.2 %. The
beam target was water or high-Z material and the beam stopper was copper. The
baseline was 30 m. It used a 167 tons of low light-output liquid scintillator to detect
both Čerenkov light and scintillation light. Fast neutron background can be reduced
by requiring the Čerenkov light. ν e was detected by inverse β decay reaction with
proton followed by the neutron capture on proton.
ν e + p → e+ + n : n + p → d + γ(2.2 MeV)
3

(a)

(b)

Figure 4: LSND result [1] (a) Excess of ν e events (b) Allowed oscillation parameter regions
The average time difference between the positron signal and neutron signal was ∼
200 µs. They observed excess of 88 ν e events in 6 years operation as shown in
Fig.-4(a). The allowed oscillation parameter regions are shown in Fig.-4(b). This
positive oscillation result is inconsistent with other neutrino oscillation measurements
within the three neutrino flavor scheme and has not been accepted as an conclusive
result from the neutrino oscillation community and further experiments with better
sensitivities are required to test the result.

3.2

JSNS2 experiment

(b)

(a)

Figure 5: JSNS2 experiment [6] (a) experimental site (b) detector
JSNS2 (J-PARC Sterile Neutrino Search at J-PARC Spallation Neutrino Source)
experiment [6] uses the DAR ν µ from the J-PARC MLF beam line shown in Fig.-5(a).
4

The energy of the proton beam is 3 GeV and the power will become 1 MW when
the experiment is supposed to starts. The MLF proton beam consists of two narrow
(∼100 ns) pulses which are ∼600 ns apart. The twin beams hit the target every
40 ms (25 Hz). Fig.-6(a) shows the timing of the neutrino production. By setting
the timing window (1 < t < 10 µs) after the start of the first beam pulse, the beam
associate background and neutrinos from π/K decays can be eliminated and the beam
uncorrelated background can be suppressed to 1.1 × 10−4 . The ν e background from
the π − (stop) → µ− (stop) → ν e is suppressed to 1.7 × 10−3 because π − and µ− are
absorbed by high-Z (mercury) target nuclei.
JSNS2 will use Gadolinium loaded liquid scintillator (Gd-LS) as neutrino target.
Two neutrino detectors containing 25 tons Gd-LS each (Fig.-5(b)) will be used. The
detection method is the inverse β decay, like LSND. However, the neutron is absorbed
by Gd, emitting 8 MeV γ-rays.

(b)

(a)

Figure 6:

(a) Timing spectrum and (b) Expected Sensitivity of JSNS2 [6]

ν e + p → e+ + n : n + Gd → Gd′∗ : Gd′∗ → Gd′ + γ ′ s(ΣEγ = 8 MeV)
Using Gd, the environmental γ-ray backgrounds can be eliminated and the coincidence window can be made narrower, (200 µs → 30 µs). There are two options for
the liquid scintillator (LS). One is high light output LS with enhanced pulse shape
discrimination (PSD) capability for the fast neutron rejection and the other is LSND
type low light output LS. The baseline is 24 m and the number of events will be
100/year in case sin2 2θ = 0.003 and ∆m2 > 1 eV2 . The neutrino production and
detection mechanisms are the same as those of LSND’s and a direct test of LSND
result can be performed. The sensitivity of JSNS2 is shown in Fig.-6(b).
The JSNS2 group submitted the proposal in 2013 and performed on-site background measurements using 500 kg plastic scintillators and obtained stage-1 approval
from J-PARC PAC in 2014. The group is now requesting the budget for construction
of the detector.
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3.3

OscSNS experiment

(b)

(a)

Figure 7: OscSNS experiment [7] (a) The detector (b) Oak Ridge SNS and a candidate
detector location

OscSNS group is proposing to perform sterile neutrino experiment using the Oak
Ridge Spallation Neutron Source (SNS) [7]. The neutrino detector and expected
location are shown in Figs.-7. The energy of the beam is 1 GeV and power is 1.4 MW.
The width of the beam pulse is 500 ns and the frequency is 60 Hz. Therefore, by
setting the timing window (1 < t < 10 µs), the beam un-correlated background can be
suppressed to 2.6 × 10−4 . The baseline to the detector is 50 m and the target mass is
450 ton. The liquid scintillator is LSND type to detect both Čerenkov and scintillation
lights. Fig.-8(a) shows the sensitivity of the OscSNS for ν µ → ν e measurement. Since

(b)

(a)

Figure 8: (a) Sensitivity for ν µ → ν e appearance search (b) Sensitivity for νµ → νµ
disappearance search [7]

the baseline is much longer than LSND, the positive region of the LSND result can
6

be completely covered.
Table 1 compares main features of ν µ → ν e appearance measurements of JSNS2 ,
OscSNS and LSND. This shows both JSNS2 and OscSNS are expected to have much
better sensitivities than LSND experiment.
Accelerator
Beam Energy (Power)
BKG suppression
by pulse beam
Liquid Scintillator
Baseline
# of ν e (BKG) events
Stopping µ− /µ+
Delayed Coin.: (E,∆t)
Fast n rejection
∆E/E
Cost

JSNS2
J-PARC MLF
3GeV (1MW)
1.1 × 10−4

OscSNS
Oak Ridge SNS
1GeV (1.4MW)
2.6 × 10−4

LSND
LAMPF
0.8GeV(0.8MW)
0.072

50 t (Gd Loaded)
24 m
500(300)/5yr
1.7 × 10−3
(8MeV,30µs)
PSDb) or Čerenkovc)
3% @ 35MeVb)
$

450 t(LSND type)
50 m
600(200)/5yr
∼ 10−3
(2.2MeV, 200µs)
Čerenkov
$$

167 t
30 m
88/6yra)
6.5 × 10−4
(2.2MeV, 200µs)
Čerenkov
7% @ 45MeV
-

Table 1: Comparison of baseline designs of JSNS2, OscSNS and LSND for ν µ → ν e search.

sin2 2θ = 0.003 is assumed for JSNS2 and P (ν µ → ν e ) = 0.26% is assumed for OscSNS.
a) after very tight cuts. b) for high light output LS option, c) for low light output LS option.

In addition to the detection of ν µ → ν e oscillation, OscSNS plans to detect νµ → νe
oscillation with following process.
π + (stop) → νµ (30 MeV) + µ+
✲

oscillation

νµ −−−−−→ νe (30 MeV)
✲

νe +

12

12

C→

Ngs (17.3 MeV) + e− (12.5 MeV)
✲

12

τ =11ms

Ngs −−−−→

12

(2)

C + e+ + νe

The νe can be identified by the delayed coincidence of 12.5MeV monochromatic electron and β + ( Q=17 MeV) signals.
Since the detector is long, disappearance of the neutrinos due to oscillation can
be measured through L dependence of the deficit.
νx +

12

C → νx +

12

νe +

12

C → e− +

12

.
Fig.-8(b) shows the νµ → νµ sensitivity.
7

C∗ (15 MeV)
11 ms

Ngs −−−→

12

C + e+ + νe

3.4

KPipe experiment

Because the beam energy is high (3 GeV), monochromatic (236 MeV) νµ from K+
DAR are abundant at J-PARC MLF as can be seen in Fig.-2. The energy of the νµ
is high enough to perform the charged current interactions,
νµ (236 MeV) +

12

C → µ− + X.

(3)

Therefore, the νµ can be identified by the existence of the µ− in the final state. If
oscillation νµ → νS takes place, it is identified as a deficit of νµ flux. Since the neutrino
energy is unique, a clear oscillation pattern will be observed in the L dependence of
the deficit. The analysis is rather simple because it is not necessary to know absolute
neutrino flux nor detection efficiency.
KPipe group is proposing to install 120 m long cylindrical liquid scintillator detector near the J-PARC MLF beam line as shown in Figs.-9 [8]. The diameter of the

(a)

(b)

Figure 9: (a) KPipe detector (b) KPipe site [8]
”pipe” is 3 m and it extends 32∼152 m from the target. The total mass of the liquid
scintillator is 700 ton. Fig.-10(a) shows the L/E dependence of the relative νµ rate
for various ∆m2 parameters and Fig.-10(b) shows the sensitivity of this experiment.

4

Summary

Neutrinos from π + , µ+ and K+ decays at rest are strong tool to search for the sterile
neutrinos. LSND showed positive results sometime ago and currently JSNS2 , OscSNS
and KPipe are proposed to search for the sterile neutrinos with better sensitivities
than the LSND experiment, all using the DAR neutrinos.
8

(b)

(a)

Figure 10: (a) L/E dependence of the deficit (b) KPipe Sensitivity [8]
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Neutrino physics is currently suffering from lack of knowledge from
at least four major ingredients. One of them is the presence or not of
new sterile neutrino states at the mass scale of around 1 eV. Settling this
point should be the highest priority for the neutrino community. We will
discuss the state–of–the art of experimental searches for sterile neutrinos
with accelerators, both at long and short baselines.
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Introduction

The current scenario of the Standard Model (SM) of particle physics, being arguably
stalled by the discovery of the Higgs boson, is desperately looking for new experimental
inputs to provide a more comfortable and conformable theory. In parallel, experiments
on neutrinos so far have been an outstanding source of novelty and unprecedented results. In the last two decades several results were obtained by studying atmospheric,
solar or reactor neutrinos, or more recently with neutrinos from accelerator–based
beams. Almost all these results have contributed to strengthen the flavour–SM. Nevertheless, relevant parts like the values of the leptonic CP phase, δCP and the neutrino
masses are still missing, a critical ingredient being the still undetermined neutrino
mass ordering.
Furthermore, tensions still exist among some experimental results. As shown below, the most relevant concerns the existence or not of a non–standard neutrino state
at the mass scale of 1 eV. These states, “sterile neutrinos” in the original definition of
Bruno Pontecorvo in 1968 [1], reached the level of suggestive possibility since in the
last years three different kinds of experiments hinted at their existence. The excess of
νe (ν e ) observed originally by the LSND [2] collaboration and the (inconclusive) result
by MiniBooNE [3] collaboration, as well as the so-called reactor [4] and Gallium [5, 6]
neutrino anomalies can be coherently interpreted as due to the existence of at least
a fourth sterile neutrino with a mass at the eV scale.
As a matter of fact both δCP and the mass ordering, together with the technical
but relevant ingredient of the still undetermined amount of the deviation, with sign,
of the atmospheric mixing angle, θ23 , from π/4, are tightly inter–connected to get
a comprehensive description of the neutrino oscillation paradigm. As demonstrated
very recently [7] these three parameters may depend on the further occurrence of
neutrino sterile states at the 1 eV mass scale. Therefore, a clarification of the sterile
issue is mandatory. A more detailed discussion of the past and current scenario can
be found in [8].
The most critical point in the search for sterile states stays in the lack of any
appearance/disappearance affecting νµ or ντ neutrinos. The set of results that addresses the neutrino anomalies read off by LSND et al. are all related to appearance/disappearance effects for νe and ν e . There are actually phenomenological strong
tensions when 3 + 1 or 3 + n models are used to interpret the νe (ν e ) appearance/disappearance and the corresponding, required, appearance/disappearance of
the other flavours, νµ and ντ [9].
In this report we will focus on the current experimental activity about the search
for sterile neutrinos at 1 eV, based on accelerator νµ beams, either in a long–baseline
or a short–baseline configuration.

1

2

Sterile neutrinos

The presence of an additional sterile–state can be expressed in the extended PMNS [1,
10] mixing matrix (Uαi with α = e, µ, τ, s, and i = 1, . . . , 4). In this model, called
“3+1”, the neutrino mass eigenstates ν1 , . . . , ν4 are labeled such that the first three
states are mostly made of active flavour states and contribute to the “standard” three
flavour oscillations with the squared mass differences ∆ m221 ∼ 7.5 × 10−5 eV2 and
|∆ m231 | ∼ 2.4 × 10−3 eV2 , where ∆ m2ij = m2i − m2j . The fourth mass eigenstate,
which is mostly sterile, is assumed to be much heavier than the others, 0.1 eV2 .
∆ m241 . 10 eV2 . The opposite case in hierarchy, i.e. negative values of ∆ m241 ,
produces a similar phenomenology from the oscillation point of view but is disfavored
by cosmological results on the sum of neutrino masses [11]∗ .
The phenomenology at short–baseline (SBL) is simplified since L/E ∼ 1 km/GeV.
Thus the oscillation effects due to ∆m221 and ∆m231 can be neglected. Therefore the
oscillation probability depends only on ∆m241 and Uα4 with α = e, µ, τ . In particular the survival probability of muon neutrinos is given an the effective two–flavour
oscillation formula:

 2 ∆m241 L
2
2
P (νµ → νµ )3+1
=
1
−
4|U
|
(1
−
|U
|
)
sin
,
µ4
µ4
SBL
4E

(1)

where 4|Uµ4 |2 (1 − |Uµ4 |2 ) is the amplitude and, since the baseline L is fixed by the
experiment location, the oscillation phase is driven by the neutrino energy E.
In contrast, appearance channels (i.e. νµ → νe ) are driven by terms that mix up
the couplings between the initial and final flavour–states and the sterile state, yielding
a more complex picture:
2
2
2
P (νµ → νe )3+1
SBL = 4|Uµ4 | |Ue4 | sin

∆m241 L
4E

(2)

Similar formulas hold also assuming more sterile neutrinos (3 + n models).
Since |Uα4 | is expected to be small, the appearance channel is suppressed by two
more powers in |Uα4 | with respect to the disappearance one. Furthermore, since νe or
νµ appearance requires |Ue4 | > 0 and |Uµ4 | > 0, it should be naturally accompanied
by non–zero νe and νµ disappearances. In this sense the disappearance searches are
essential for providing severe constraints on the theoretical models (a more extensive
discussion on this issue can be found e.g. in Section 2 of [12]).
It should be also mentioned that a good control of the νe contamination is important when using the νµ → νe for sterile neutrino searches at SBL. In fact the
observed number of νe neutrinos would depend on both the νµ → νe appearance and
the νe → νs disappearance, from the νµ and νe components of the beam, respectively.
∗

Actually cosmology tends more and more even to disprove the NH case and therefore the existence of a relativistic specie at 1 eV mass.
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On the other hand, the amount of νµ neutrinos would be affected by the νµ → νs
and νe → νµ transitions. However the latter term (νµ appearance) would be much
smaller than in the νe case since the νe contamination in νµ beams is usually at the
percent level. We would thus conclude that oscillation probabilities in the νµ disappearance channel, in either a near or a far detector, are not affected by any interplay
of different flavours. Since both near and far detectors measure the same individual
disappearance transition, the probability amplitude should be the same at both sites.
The situation is quite more complicated in the long–baseline (LBL) configuration.
When L/E  1 km/GeV, that is the case for the Long-Baseline experiments, the
two–flavour oscillation is not a good approximation. In the case of the CNGS beam,
when studying the ντ oscillation rate the only valid approximations correspond to
neglect the solar–driven term, i.e. ∆ m221 ∼ 0, and to discard the νe component of the
beam. However when the νµ → νe channel is studied the intrinsic νe beam–component
becomes a non–negligible factor [13].
Considering the (νµ , ντ , νs ) triplet, together with the above two approximations,
the oscillation probability νµ → ντ can be written as:
∆41
∆31
+ 4|Uµ4 |2 |Uτ 4 |2 sin2
Pνµ →ντ = 4|Uµ3 |2 |Uτ 3 |2 sin2
2
2
∗
+ 2<[Uµ4
Uτ 4 Uµ3 Uτ∗3 ] sin ∆31 sin ∆41
∆31
∗
sin ∆41
− 4=[Uµ4
Uτ 4 Uµ3 Uτ∗3 ] sin2
2
∆41
∆31
∗
+ 8<[Uµ4
Uτ 4 Uµ3 Uτ∗3 ] sin2
sin2
2
2
∆
41
∗
+ 4=[Uµ4
,
Uτ 4 Uµ3 Uτ∗3 ] sin ∆31 sin2
2
using the definition ∆ij = 1.27 ∆ m2ij L/E (i,j=1,2,3,4), with ∆31 and ∆41 expressed
in eV2 , L in km and E in GeV. The first term corresponds to the standard oscillation,
the second one to the pure exotic oscillation, while the last 4 terms correspond to the
interference between the standard and sterile neutrinos. By defining C = 2|Uµ3 ||Uτ 3 |,
?
?
φµτ = Arg(Uµ3
Uτ?3 Uµ4
Uτ?4 ) and sin 2θµτ = 2|Uµ4 ||Uτ 4 |, and noting explicitly the dependence of the probability on energy E, the expression can be re–written as:
∆41
∆31
+ sin2 2θµτ sin2
P (E) = C 2 sin2
2
2
1
+ C sin 2θµτ cos φµτ sin ∆31 sin ∆41
2
∆31
− C sin 2θµτ sin φµτ sin2
sin ∆41
2
∆41
∆31
+ 2 C sin 2θµτ cos φµτ sin2
sin2
2
2
∆
41
+ C sin 2θµτ sin φµτ sin ∆31 sin2
,
2
3

where interesting dependences rise up, namely the sign of ∆ m213 (3rd and 6th terms)
and CP-violating terms (4th and 6th terms). Finally, since at LBL L/E  1 one
can average over the energy obtaining < sin ∆41 >≈ 0 and < sin2 ∆241 >≈ 12 . The
following expression is pulled out:
∆31 1 2
+ sin 2θµτ
2
2
∆31
+ C sin 2θµτ cos φµτ sin2
2
1
+ C sin 2θµτ sin φµτ sin ∆31 .
2

P (E) ' C 2 sin2

This formula indicates that we are sensitive to the effective sterile mixing angle, θµτ ,
the mass hierarchy (MH, Normal NH or Inverted IH) and to the new CP–violating
phase.
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OPERA preliminary results on sterile neutrinos
from ντ and νe

What occurs in the long–baseline scenario is an evident interplay of interference effects, such that there are zones of phase–space (sin2 2θµτ , ∆ m241 ) where more events
are expected and zones where less events are expected. On top of that the mass
hierarchy has to be disentangled. Therefore the method carried out by the OPERA
collaboration is independently applied to the NH and IH cases. Maximization of the
likelihood is performed over φµτ , C and θµτ , i.e the CP-violation phase and the two
effective mixing angles of the 3rd and 4th mass–states with νµ and ντ , respectively.
Results on sterile limits based on four ντ candidates have been published by
OPERA [14]. An updated analysis based on the just discovered 5th candidate [15] was
released last year [16]. Since OPERA sensitivity is limited to the region (sin2 2θµτ &
0.1, ∆ m41 & 0.01 eV2 ) its analysis was two–fold. In the first case the ∆ m41 > 1 eV2
region was considered, where almost no correlation with the effective mixing angle
is present and the exclusion limit on the plane of the phase vs the mixing angle can
be extracted (figure 1). When marginalization over the phase is made, the limit
sin2 2θµτ < 0.11 at 90% C.L. is obtained (preliminary).
To extend the search for a possible fourth sterile neutrino down to small ∆ m241
values, a second kind of analysis has been performed by OPERA using the GLoBES
software, which takes into account the non-zero ∆ m212 value and also matter effects,
the Earth density being approximated by a constant value estimated with the PREM
shell–model. This time the ∆ m231 parameter has been profiled out (see [14] for more
details and references). In figure 2 the preliminary 90% CL exclusion plot is reported in the ∆ m241 vs sin2 2θµτ parameter space. The most stringent limits of direct
4

φµτ (rad)

6
90% CL
I.H.
N.H.

5
4

PRELIMINARY

3
2
1
0
0

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
sin2(2θµτ)

Figure 1: 90% C.L. exclusion limits in the φµτ vs sin2 2θµτ parameter space for normal
(NH, dashed red) and inverted (IH, solid blue) hierarchies, assuming ∆ m41 > 1 eV2 .
Bands are drawn to indicate the excluded regions.

searches for νµ → ντ oscillations at short-baselines obtained by the NOMAD [17] and
CHORUS [18] experiments are also shown.
Another very interesting analysis is in progress in OPERA on the νµ → νe search.
The 2013 analysis [19] will be updated using the full data set and a much less approximate analysis as previously done. The preliminary selection is shown in table 1.
The exclusion region will be set in the plane ∆ m241 vs sin2 2θµe .
all energy range E < 20 GeV
νe candidates (30% data)
19
4
background (30% data)
19.2± 2.8
4.6
52
9
νe candidates (all data), preliminary
Table 1: The published selected νe candidates (and expected background) by OPERA,
corresponding to the 30% of data sample and the preliminary selection on the full
statistics.
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MINOS and SuperK analyses

The MINOS and SuperK collaborations have also studied in detail the νµ → νµ and
νe → νe oscillations to exclude extra contributions from νµ → νs oscillations. Recent
results have been given by MINOS that makes use of the NuMI beam at FNAL [20],
5

PRELIMINARY

Figure 2: OPERA preliminary 90% C.L. exclusion limits in the ∆ m241 vs sin2 2θµτ parameter space for the normal (NH, red) and inverted (IH, blue) hierarchy of the three
standard neutrino masses. The exclusion plots by NOMAD [17] and CHORUS [18]
are also shown. Bands are drawn to indicate the excluded regions. It is intriguing
that for NI life seems harder than for IH.

and SuperK by using the atmospheric neutrino flux [21]. MINOS is also analyzing
the ν running–mode data–sample and their updated analysis on νµ → νe will be soon
released.
The SuperK analysis is two–fold, considering either |Ue4 | = 0 with matter effects
or the full PMNS and discarding the matter effect. In the latter case a strong limit
is obtained, |Uµ4 | < 0.04 at 90% C.L., for ∆ m241 > 0.1 eV2 , for a total exposure of
282 kton–year.
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Short–baseline experiments

In the short–baseline configuration life is a priori much easier. The two–flavour
approximation is valid (see equations 1 and 2). However several concerns rise up. The
right choices of detectors for more than one site, with an effective inter–calibration
and overlap over a large interval of energies, to overcome either the systematical errors
or the interplayed oscillations between all the components of the beam, is mandatory
to achieve a full disentlanging.
The new SBL project at Fermilab [22] owns an excellent program for the measurement of the still not well know cross–sections, with an excellent technology. However
the use of only the technique of Liquid Argon, mainly due to better develop the detectors in view of the long–baseline experiment, DUNE, may not be sufficiently robust
e.g. for the measurement of the νµ disappearance. The unique features of an experiment that would single out the behaviors of νµ and ν µ [23] will unfortunately not
6

be available as the proposal was not approved by FNAL. The NESSiE experiment,
with its exploitation of the charge measurement on event–by–event basis, would be
able to provide a unique gain in sensitivity of more than one order of magnitude
in the mixing angle, for both neutrino and anti–neutrino channels, also challenging
the interpretation of the anomalies at 1 eV scale as due to an oscillation with new
neutrino sterile states.
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Conclusions and perspectives

The long–standing issue on the existence of sterile neutrino states at the eV mass scale
can receive new relevant inputs from the accelerator Long–Baseline experiments, like
OPERA, MINOS and SuperK. From one side LBL, owing to the large L/E values,
can only look at the averaged oscillation pattern (lacking any oscillatory behavior of
data). From the other side, the not–negligible interference between flavours introduces
dependencies on the mass hierarchy and the CP–violation phase.
New results were recently published by the three collaborations, either on νµ → νµ
disappearance or on the νµ → ντ appearance. All the results put stringent exclusion
limits on the effective mixing angles between νµ /ντ and νs , so increasing the tension with the positive results on νe appearance/disappearance. With regards to νe ,
OPERA and MINOS+ will soon release reliable results with their large data–set, by
properly taking into account the extended 3 + 1 scenario.
In case of existence of a sterile neutrino at the eV mass–scale this situation points
towards a rather low effective mixing angle, of the order of 1%, between sterile and
the standard neutrino flavours. Therefore for any experiment/proposal aiming to
provide new results it is mandatory to reach a sensitivity of that level. There is
presently only one approved experiment for the Short–Baseline configuration with an
accelerator beam, even if previous proposals were available and new ones are under
scrutiny, e.g. at JPARC [24].
The sterile neutrino story has so far been developed either by trying to establish the hints (each at 2–3 σ level) on νe appearance/disappearance, or looking at
flavour connected channels, like the νµ disappearance one. Within the next 2–3 years
experiments on reactors and with radioactive sources can confirm or disprove the
νe anomalies, while there is presently no reliable experiment [23] looking at the interference at the level of 1% mixing between sterile and µ/τ neutrino states other
than the LBL ones. These however have no possibility to observe the oscillation pattern. Therefore, new specific experiments should be settled and approved, in case
reactor/source current expereriments would provide positive results.
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What do we know about neutrinoless double-beta decay
nuclear matrix elements?
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The detection of neutrinoless double-beta decay will establish the Majorana nature of neutrinos. In addition, if the nuclear matrix elements of this
process are reliably known, the experimental lifetime will provide precious
information about the absolute neutrino masses and hierarchy. I review the status of nuclear structure calculations for neutrinoless double-beta decay matrix
elements, and discuss some key issues to be addressed in order to meet the
demand for accurate nuclear matrix elements.
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1 Neutrinoless double-beta decay
Neutrinoless double-beta (0νββ) decay is a very special process. Most importantly, the
experimental detection of this lepton-number violating decay will proof the Majorana nature of neutrinos, this is, that they are their own antiparticle. In addition, the lifetime of the
0νββ decay is related to the neutrino masses so that its measurement will also probe the
unknown absolute neutrino mass and hierarchy.
However, there is yet another ingredient in the connection between the 0νββ decay
lifetime and the neutrino mass: since it is a nuclear decay, the lifetime naturally depends
on the nuclear matrix element (NME) of the transition. Overall, the 0νββ decay half-life
can be written as [1]
h
i−1
0νββ
+
T1/2
0+
→
0
= G0νββ |M 0νββ |2 m2ββ ,
(1)
i
f
with M 0νββ the NME, mββ a combination of the absolute neutrino masses and the neutrino
mixing matrix, and G0νββ a well-known phase-space factor [2]. It is apparent, therefore,
that for 0νββ decay experiments [3, 4, 5, 6] to be able to unveil the neutrino masses, the
NMEs of the decay have to be accurately known. Is this presently the case?
To answer this question, let us recall that the NME in the closure approximation is [1]
0νββ
M 0νββ = 0+
0+
i .
f Ô

(2)

Therefore, a reliable NME relies on two independent parts: first, the nuclear structure of
the transition initial and final states; second, the evaluation of the decay operator Ô 0νββ
between these states. In the following, these two parts are analysed separately.

2 The initial and final nuclei: nuclear structure
First let us focus on the impact of the nuclear structure of the initial and final states in the
0νββ decay NMEs. Very different nuclear structure approaches have been used to study
this process. Figure 1 shows an updated comparison of the main NME calculations obtained
with various nuclear structure frameworks [7, 8, 9, 10, 12, 11, 13, 14]. The differences are
about a factor of two to three, or three to four units.
Among the smallest NMEs are those from shell model calculations. The nuclear shell
model is very successful in describing nuclear masses, low-lying excited states, electromagnetic transitions and single-β decays over a wide range of nuclei [15]. These calculations
can include very rich nuclear structure correlations. However, they are typically performed
in a rather limited configuration space of one major harmonic-oscillator shell, while the
remaining orbitals are taken into account only perturbatively.
In order to explore the impact of the size of the configuration space in shell model
NMEs [16], a very recent work by the Tokyo group focused on the 0νββ decay of 48 Ca [8].
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Figure 1: NMEs for the 0νββ decays of 48 Ca, 76 Ge, 82 Se, 96 Zr, 100 Mo, 116 Cd, 124 Sn,
130
Te, 136 Xe and 150 Nd, shown according to their mass number A. Results are shown for
the shell model calculations of the Strasbourg-Madrid [7] and Tokyo [8] groups (SM StMa+Tk), and the Michigan group [9] (SM Mi), the interacting boson model [10] (IBM-2),
the quasiparticle random-phase approximation approach of the Jyväskylä [11] (QRPA Jy)
and Tübingen [12] (QRPA Tu) groups, and the non-relativistic [13] and relativistic [14]
energy density functional frameworks (NR-EDF and R-EDF, respectively).
Previous studies used a configuration space comprising the pf -shell, this is, assuming a
Ca core with eight neutrons in the four pf -shell orbitals [7]. In Ref. [8], the configuration space was expanded to include two major harmonic-oscillator shells, adding the
sd-shell to the pf -shell. In this case, a core of 16 O was assumed, allowing up to total 2~ω
proton and neutron cross-shell excitations from the sd- into the pf -shell. As a result, the
size of the diagonalization needed to describe the daughter nucleus 48 Ti increases from
less than 106 to over 109 , at the limit of present capabilities. The effect of the extended
calculation compared the one-major-shell one is illustrated in Fig. 2. The NME increases
by about 30%, with the enhancement produced by additional cross-shell pairing correlations incorporated in the enlarged configuration space [8]. However, the improved NME
is still far from the results of other approaches, suggesting that the size of the shell model
configuration space may not explain the disagreement between NME calculations.
Another important aspect for 0νββ decay NMEs are nuclear structure correlations. Ac-
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Figure 2: Shell model NME for the 0νββ decay of 48 Ca in one major harmonic-oscillator
shell (left), and in two calculations in two major harmonic-oscillator shells (right), from
Ref. [8]. The enhancement of the NME in the enlarged configuration space is about 30%.
tually in some cases the disagreement between NME calculations is strongly reduced when
they are restricted to uncorrelated (and therefore too simplistic) initial and final states [17].
As already pointed out in the case of the 48 Ca decay, pairing correlations are very important in this process. Proton-proton and neutron-neutron pairing correlations favour 0νββ
decay: the more of these correlations in the initial and final states, the larger the NMEs
[18, 13]. This explains why the additional pairing correlations captured in the two majorshell calculation enhance the 48 Ca 0νββ decay NME. Similarly, if pairing correlations are
overestimated, the NMEs will be overpredicted [18].
Proton-neutron pairing correlations (more precisely isoscalar pairing correlations) also
impact 0νββ decay [19]. In contrast to like-particle pairing, neglecting isoscalar pairing
results in overpredicted NMEs. This may be somewhat surprising because proton-neutron
pairing correlations are usually not very relevant in nuclear structure. However, in single-β
decays and ββ decays, isoscalar pairing is crucial because neglecting this term breaks the
spin-isospin SU(4) symmetry of the operators, which are therefore especially sensitive to
these correlations. A proper treatment of isoscalar pairing is important for 0νββ decay
because energy density functional methods (that predict the largest NMEs as shown in
Fig. 1) and the interacting boson model do not include these correlations explicitly. Without
a dedicated calculation it is difficult to quantify the impact of isoscalar pairing correlations
3

in the NMEs, but a recent shell model study suggests that the effect could be as large as a
50% NME reduction [20].
In addition, quadrupole correlations related to deformation are also relevant for 0νββ
decay [21, 22]. In this case, quadrupole correlations reduce the NMEs, especially when
the deformation of the initial and final states is different. The treatment of deformation
may explain the different NMEs between the two energy density functional calculations
for 150 Nd, the only strongly deformed 0νββ decay candidate.
All NMEs available so far are based on phenomenological nuclear structure calculations. One of the main advances in low-energy nuclear physics in the recent decade is the
capability of performing first principles calculations based on the underlying theory of the
strong interaction, QCD, combined with improved many-body methods that make use of
state-of-the-art computational resources. For instance, nuclear structure calculations using
interactions derived from chiral effective field theory (EFT) [23], an effective theory based
on the symmetries of QCD, have been very successful in describing and predicting properties of medium-mass nuclei up to calcium [24]. Moreover, in selected cases the many-body
problem can be solved with all nucleons explicitly included. These ab initio approaches
are not able to provide 0νββ decay NMEs yet, but they will be able to do so in the near
future. As a first step, single-β decays of medium-mass nuclei, albeit for isotopes lighter
than those relevant for 0νββ decay experiments, are already available [25].

3 The transition operator: two-body corrections
The different NMEs discussed in Sec. 2 assume a common transition operator entirely
consisting of axial and vector weak one-body (1b) currents. However, studies of light
nuclei with mass number A . 10 manifest the need to go beyond the 1b level to describe
magnetic moments and transitions [26], or single-β decays [27].
Chiral EFT, in addition to a theory of nuclear interactions, also predicts how nucleons
interact with external probes, in particular via the weak interaction. Since chiral EFT is an
effective theory, different terms are organized in orders in the expansion coefficient Q. Chiral EFT predicts that two-body (2b), or meson-exchange currents enter 0νββ decay at order
Q2 in the vector current and at order Q3 in the axial current [28]. This is important because
the 1b terms used in standard 0νββ decay calculations correspond to 1b currents to order
Q2 , and the next 1b current contributions only appear at order Q4 . Figure 3 schematically
shows the diagrams of the leading 1b and 2b currents to order Q3 .
The 1b terms relevant for 0νββ decay to order Q2 are [29]


(−iσ × q)
−
−
,
V1b = τ gV (q),
V1b = τ (1 + gM )
2M
A1b = τ − [gA (q)σ − gP (q) (q · σ) q] ,
(3)

4

Figure 3: Diagrams corresponding to the 1b currents (upper left part), vector 2b currents
(upper right part) and axial 2b currents (lower part) relevant for 0νββ decay.
with M the nucleon mass and q the momentum-transfer of the transition. At vanishing momentum transfer gV (0) = 1 because of the conserved vector current, and gA (0) = gA , the
axial coupling constant. The coefficient gM accounts for the isovector anomalous magnetic
moment of the nucleon, and gP (q) is fixed by the Goldberger-Treiman relation [29].
The leading correction to the 1b terms in Eq. 3 are 2b currents. The evaluation of these
2b terms in 0νββ decay is challenging, because in general they will lead to a four-body
operator. As an attempt to estimate the importance of 2b effects in 0νββ decay, the easiest
approach is to perform a normal-ordering approximation over a spin-isospin symmetric
reference state (Fermi gas) [29], which results in an effective 1b current coming from the
2b terms. The result can be easily compared to the leading 1b contributions:


(−iσ × q)
NO
−
,
V2b = τ δm(q)
2M
−
ANO
(4)
2b = τ [δa(q)σ − δp(q) (q · σ) q] ,
where δa(q), δp(q) and δm(q) can be evaluated with the low-energy chiral EFT couplings.
Thus, in this approximation the 2b currents amount to a momentum-transfer dependent
modification of the magnetic, Gamow-Teller and pseudoscalar 1b terms.
The most important 2b term is the correction to the Gamow-Teller τ − σ term. This 2b
contribution is enhanced due to the low-lying ∆-isobar excitation [29], and its effect is to
reduce the strength of the 1b Gamow-Teller term. A similar need to reduce the strength of
this operator is well-known in nuclear structure calculations trying to reproduce the experi5
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Figure 4: Shell model NMEs for the 0νββ decays of 48 Ca, 76 Ge, 82 Se, 124 Sn, 130 Te and
136
Xe, shown according to their mass number A. The different calculations include chiral
1b currents to leading order Q0 (black squares) and order Q2 (red circles), and also 2b axial
and vector currents (blue bars) which are the only additional contributions to order Q3 .
The NMEs are compared with those obtained with phenomenological 1b currents (black
crosses), roughly corresponding to a Q2 1b current calculation.
mental lifetime of Gamow-Teller transitions, a phenomenon usually referred to as GamowTeller quenching [15]. Even though there may be additional mechanisms leading to this
quenching, such as corrections due to the limitations in the nuclear structure calculations,
the estimation in Ref. [29] suggests that 2b currents are a significant contribution.
The other two terms in Eq. (4) are relevant at high momentum transfers. They also
impact 0νββ decay as in this process typically q ∼ 200 MeV due to the virtual nature of
the neutrinos [16]. The combined effect of these terms is to partially compensate for the
reduction produced by the leading 2b contribution [29].
Figure 4 shows NMEs calculated with chiral EFT 1b and 2b currents in the shell model
framework. Only the long-range contributions are included, because they are expected to
be dominant (due to its relation to the ∆-isobar), and also because the associated chiral
EFT couplings are less precisely known for the short-range parts. The NMEs are reduced
by the 2b corrections in about 35%, with a relatively large error band stemming from the
uncertainties in the chiral EFT couplings. Even though the results in Fig. 4 rely on a sim-
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ple normal-ordering approximation they highlight that accurate NME calculations should
carefully include 2b currents.

4 Conclusions
The 0νββ decay, besides establishing the Majorana nature of neutrinos, has the potential
shed light on the absolute neutrino mass and hierarchy. For that purpose, it is critical that the
associated NMEs are reliably known. The most recent calculations show NME differences
of about a factor of two or three, but the main limitations of the calculations, such as
enlarging the shell model configuration space, or including isoscalar pairing correlations
have been identified and work is in progress to obtain improved NMEs. In addition, ab
initio studies based on chiral EFT will soon became available. On the other hand, 2b
current corrections to the transition operator are usually neglected, but their effect could be
sizeable and they should be included in NME calculations.
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Search for a light sterile neutrino is currently a hot topic of neutrino physics, arising from the so-called gallium and reactor anomalies,
in which a deficit of neutrinos was observed with respect to expectations.
Such anomalies could be explained by short distance oscillations towards a
sterile state, with ∆m2 ∼1 eV2 . The STEREO detector has been designed
to track the electron anti-neutrino energy spectrum distortion from 3 to
8 MeV due to such a new L/E oscillation, and should therefore confirm or
reject the light sterile neutrino hypothesis. Electron anti-neutrinos produced by the compact reactor core of the Institut Laue-Langevin (ILL)
will be detected in a 6-cells segmented volume of Gd-loaded liquid scintillator through the inverse β-decay process. The STEREO detector is
being set-up and will be commissioned in fall 2016, and start data taking
soon after. In this paper we will present the final design of the detector
and its status, as well as its expected sensitivity.
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Introduction

Possibly associated to previous anomalies observed in neutrino radioactive source
experiments (summarized in [1]) and accelerator based neutrino experiments [2], the
3 to 6 % increase of the revised electron anti-neutrino (νe ) flux predictions for different
reactor oscillation experiments [3, 4] re-triggered the quest for a sterile neutrino.
Indeed, the reactor νe counting rates predicted in the 3-neutrino picture became
inconsistent with experimental data at about 3σ, showing a detected neutrino deficit
of about 7 %.
This reactor anti-neutrino anomaly (RAA) could be explained by a new neutrino
oscillation towards a sterile state – not interacting weakly – at short baseline. In that
case, the survival probability Pνe →νe for a νe with an energy Eνe after a propagation
over a distance L is approximated by
Pνe →νe (Eνe , L) = 1 − sin2 2θnew sin2

∆m2new L
[eV2 ][m]/[MeV])
1.27
Eνe

!

(1)

where the best fit oscillation parameters coming from the RAA are ∆m2new ≃ 2.3 eV2
and sin2 2θnew ≃ 0.13. The existence of such a sterile neutrino would be a major
discovery in particle physics.
However, an error in nuclear reactor νe flux predictions or an underestimation
of errors are not excluded as argued for example in [5]. Therefore, the goal of the
STEREO experiment is to probe the parameter space region allowed by the RAA
using very short baseline reactor neutrinos as shown in Fig. 1a.

2

Principle of the experiment and detector design

In order to probe the existence of light sterile neutrinos, the strategy of STEREO is
to measure with exquisite precision the evolution of the νe energy spectrum at short
distance (10 m) from the compact reactor core of the Institut Laue-Langevin (ILL),
without using νe flux normalization to avoid any ambiguity.
According to Eq. 1, the pattern arising from active to sterile neutrino oscillations
depends both on the νe energy and on the distance travelled from the core to the
detection vertex. The distance between the oscillation extrema is of about 2 m for
reactor neutrinos. Therefore, the detector is 2.2 m long and is segmented in 6 identical
cells to measure the relative distortions of the νe energy spectrum between them.
The process used to detect νe events is the so-called inverse β-decay (IBD), depicted in Eq. 2.
νe + p → e+ + n
(2)
The signature of such a process in the Gd-loaded liquid scintillator used in the
STEREO detector (see Fig 1b) is a prompt signal from the positron energy deposit,
1
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Figure 1: Left panel: the expected sensitivity contours of the STEREOexperiment
after 2 years of data taking, in the parameter space ∆m2new , sin2 θnew , cover the
reactor anti-neutrino anomaly. Right panel: cut view of the STEREO detector.
detected in delayed coincidence with the 8 MeV γ-cascade produced by the neutron
capture on a Gd nucleus The light produced in the target is collected by four 8”
photomultipliers (PMT) per cell via an acrylic buffer. The 6 cells (total volume 2 m3 )
are used for a passive vertex determination. The cell thickness of 40 cm is similar to
the size of the ILL reactor core, in order to avoid any oscillation smearing.
The target is surrounded by a 40 cm thick outer crown filled with unloaded liquid
scintillator (3 m3 ) in order to detect escape gammas. This is used to improve both
the energy resolution and the neutron efficiency. In addition, this part is used as
an active veto for external background. Indeed, the experimental site suffers a high
background level of neutrons and γ, due to the surrounding neutron beam lines. That
is why a heavy shielding made of B4 C, lead and borated polyethylene (HDPE) will
surround the whole detector.
Cosmic muons are expected to constitute the main source of correlated background
for the experiment. Indeed, high energy muons can produce fast neutrons by spallation in high-Z materials surrounding the detector. Therefore, a water-Cherenkov
veto is placed above the detector to tag muon events. Reactor-off measurements will
be used to determine background from undetected muons.

3

Achievements

The light and energy response of the detector has been validated by means of simulations reproducing the radioactive source measurements performed with a cell pro2

totype. A homogeneous detector response with a 12 % energy resolution for 2 MeV
positrons is expected, as well as a neutron detection efficiency of about 60 % assuming
a 5 MeV γ threshold.
The detector has been built and is currently being tested using the light injection
system which will be used to monitor the individual PMT properties as well as the
cells optical properties. The detector stability between full calibrations is expected
to be monitored at the percent level. Energy scale calibrations will be carried out
by an automated radioactive source circulation around the detector vessel, ensuring
a 2 % associated uncertainty.
Along 2014 and 2015, several campaigns of on-site measurements have allowed to
characterize the STEREO site. Among them, the influence of a 15 T superconducting magnet located in the neighbourhood of the experiment on the PMTs collection
efficiency has been studied. A soft-iron – mu-metal shielding was designed to reduce
collection efficiency variations below the 0.3 % level for target PMTs. Concerning the
background control, the main neutron and γ sources have been identified and shielded
by additional lead and HDPE walls combined with B4 C to mitigate the thermal neutron background. To further reject the neutron background, pulse shape discrimination is allowed by the scintillator properties and dedicated electronics [6] hosted in a
µTCA crate. These electronics have been used to characterize the muon veto which
exhibits a stable 99.5 % detection efficiency over time. On-site measurements using a
cosmic wheel also permitted to validate the expected muon rate in the veto, computed
using simulations. Combined together, the active and the passive shieldings should
lower the background level down to the required signal to background ratio of 1.5.
With such a ratio and 400 detected νe per day during 300 days, the STEREO
experiment will be able to probe at 95 % C.L. the reactor anti-neutrino anomaly
within 2 years. The transportation of the detector inside the reactor building is
imminent and will be followed by commissioning. Last shielding components will be
installed this Summer and the first data taking is planned in early fall 2016.
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As limits improve on the neutrino mixing angles and mass-squared
differences, the focus of T2K has shifted towards studying antineutrino
oscillation. This will give an insight into CP violation (if P(ν µ → ν e ) 6=
P(νµ → νe )) and CPT violation (if P(ν µ → ν µ ) 6= P(νµ → νµ )) in the
lepton sector. This poster summarises the most recent T2K antineutrino
oscillation results, from data collected using a ν µ -enhanced neutrino beam
corresponding to 4.01 × 1020 protons on target (roughly 1/3 of the total
protons on target collected by T2K). We present world-leading measurements of ∆m232 and sin2 θ23 and the first analysis of ν e appearance from
T2K. Both results use a Bayesian oscillation analysis based on a Markov
Chain Monte Carlo method in which data from the near detector and far
detector are fit simultaneously.
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The T2K experiment
T2K is a long-baseline neutrino oscillation experiment located in Japan [1], which
uses the 30 GeV proton beam from the J-PARC accelerator to create a muon neutrino
beam. The neutrino beam is measured by two near detectors located 280 m from the
target, and a far detector, Super-Kamiokande. The far detector and one of the near
detectors are placed 2.5◦ off-axis with respect to the neutrino beam, which results
in a quasi-monochromatic neutrino energy spectrum that is sharply peaked around
0.6 GeV. The baseline between neutrino production and the far detector, 295 km, is
carefully chosen to correspond to the first minimum in the νµ survival probability at
the peak energy.
The on-axis near detector, INGRID, an array of iron/scintillator detectors, is used
to measure the beam stability, profile, and direction, and has shown that the beam direction is stable to within 0.4 mrad. The off-axis detector, ND280, is used directly in
the oscillation fits. It is made up of many subdetectors, but only the central ‘tracker’
region is used for this analysis, comprised of two Fine-Grained Detectors (FGDs,
which provide a target for neutrino interactions with excellent vertexing capabilities),
and three Time Projections Chambers (TPCs, which measure the interaction products and give very good momentum resolution and particle identification). ND280
is contained in the repurposed UA1 magnet, which enables the TPC information to
distinguish positive and negative charged leptons from ν and ν interactions.
The far detector, Super-Kamiokande [2], is a 50kton water Cherenkov detector.
It has no magnetic field so cannot distinguish between neutrino and antineutrino
interactions, but is capable of very good µ/e separation by the pattern of light from
the charged lepton.

Oscillation analyses at T2K
The analysis strategy for the oscillation results presented here is similar to previous
T2K results [3]: data samples of charged current (CC) interactions are fit at ND280
to provide a tuned prediction of the unoscillated spectrum at the far detector and
its associated uncertainty. This is then compared to the data at the far detector,
where µ-like or e-like data samples are fit to estimate the oscillation parameters. The
analyses presented here use data corresponding 0.43×1020 protons on target (POT)
in antineutrino mode plus 5.82×1020 POT in neutrino mode for the near detector fit
and 4.011×1020 POT in antineutrino mode for the oscillation fits.
The predictions at both ND280 and Super-Kamiokande use the same cross-section
model, so the ND280 fit can reduce the cross-section uncertainty in the SuperKamiokande prediction by fitting parameter values in the underlying models. The
(anti-)neutrino flux at Super-Kamiokande is also estimated, through correlations between the flux at the near and far detectors from theoretical models, as well as any
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correlations between the flux and cross-section parameters.
Figure 1 shows some of the flux and cross-section parameters with their associated
uncertainties before and after the near detector fit. The predicted flux at SuperKamiokande is generally increased by the fit, although the uncertainty is decreased.
Similarly, the uncertainties on the cross-section parameters to which the near detector
is sensitive are generally decreased in the fit, but there is not much change to the
uncertainties of the oxygen-specific parameters.

Figure 1: A subset of systematic parameters with uncertainties before and after the
near detector fit. Left: flux parameters for ν µ flux in the antineutrino-mode beam.
Right: underlying parameters for the cross-section models.
ν e appearance analysis
The aim of this analysis is to look for anti-electron neutrino appearance, separately
from electron neutrino appearance. To do so, we introduce a new parameter β which
modifies the ν e appearance probability:
P (ν µ → ν e ) = β × PP M N S (ν µ → ν e )

(1)

where β = 1 corresponds to ν e appearance in accordance with the PMNS prediction
(which allows for CP violation if δCP 6= 0). β = 0 corresponds to no ν e appearance.
We report the significance for β = 1 in two ways: a p-value and a Bayes factor.
The p-value relies on a test statistic: −2∆ ln L = −2(ln L(β = 1) − ln L(β = 0)),
where L is the marginal likelihood (which is integrated over all parameters other than
β). This is then compared to the same test statistic calculated from an ensemble of
test experiments on fake data generated with β = 0, to characterise how anomalous
our data are with respect to the β = 0 hypothesis. The Bayes factor is simply the
likelihood ratio, and describes how much our data favours β = 1 over β = 0.
2

The Super-Kamiokande data and prediction are binned in either reconstructed
(anti-)neutrino energy (νErec ) or momentum and angle – with respect to the incoming neutrino direction – of the measured lepton (p − θ). Priors on the oscillation
parameters are taken from the posterior of the T2K joint νµ and νe fit [3], which have
a peak value at δCP ∼ −π/2. The current data set contains 3 events in the e-like
sample, compared to an expected ∼ 1.3 events if β = 0 and ∼ 3.7 events if β = 1 (at
oscillation parameters taken from [3]).
Table 1 shows the results of this analysis: the p-value is greater than 15% and the
Bayes factor is around 1 – neither of these show strong enough evidence to support
β = 1 over β = 0, so with the current data set we cannot conclude that we have
observed ν e appearance.
Super-Kamiokande binning
νErec
Lepton p − θ

−2∆ ln L
0.16
-1.16

p-value
0.16
0.34

B10
1.1
0.6

Table 1: Test statistics, p-values, and Bayes factors from T2K ν e appearance analysis
ν µ disappearance analysis
This analysis uses the antineutrino-mode data to measure the antineutrino oscillation
parameters, so CPT invariance is not assumed. We fit the oscillation parameters
that dominate ν µ disappearance, sin2 θ23 and ∆m232 , and fix all other antineutrino
and neutrino oscillation parameters to values taken from the results of previous T2K
fits [3] or the 2014 edition of the PDG [4]. The Super-Kamiokande data is binned only
in reconstructed (anti-)neutrino energy, and contains 34 events in the µ-like sample
from the antineutrino-mode beam.
The left-hand plot in figure 2 shows the best-fit spectrum and data as a ratio
to the unoscillated prediction, with the characteristic ‘oscillation dip’ that is clear
evidence of ν µ disappearance. The right-hand side of figure 2 shows the 68% and 90%
credible interval contours in sin2 θ23 –∆m232 compared to the 90% contours from ν µ
disappearance analyses in MINOS (using antineutrino-mode beam and atmospheric
data) [5] and Super-Kamiokande (using atmospheric neutrino data only) [6]. The
MINOS contour was originally presented in terms of sin2 2θ23 and had to be unfolded
(hence the two best-fit points), but the results from all three experiments are in
agreement.
The results of this analysis are also in agreement with previous T2K neutrinomode measurements: we see no evidence for CPT violation. The best-fit parameter
estimates are:
sin2 θ23 = 0.46+0.14
−0.06

−3
∆m232 = 2.50+0.3
eV2
−0.2 × 10

3

These and the 2D contours are consistent with the results presented in [7], which
were calculated using a hybrid frequentist-Bayesian method (as opposed to the fullyBayesian method presented here).

Figure 2: Left: Ratio of best-fit energy spectrum and data to prediction without
oscillations. Right: 68% and 90% credible intervals in sin2 θ23 –∆m232 overlaid with
contours from similar analyses by MINOS [5] and Super-Kamiokande [6].

Summary and future prospects
We have presented here the first T2K results based on antineutrino data. A search
for ν e appearance was inconclusive with the current data set, and a measurement
of sin2 θ23 and ∆m232 has been made from ν µ disappearance at T2K, which is in
agreement with T2K neutrino-mode fits and antineutrino results published by MINOS
and Super-Kamiokande. T2K continues to run with an antineutrino beam which will
provide additional data to improve both measurements.
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In this work we utilise variables characterising kinematic imbalance in
the plane transverse to an incoming neutrino, which have recently been
shown to act as a direct probe of nuclear effects (such as final state interactions, Fermi motion and multi-nucleon processes) in O(GeV) neutrino
scattering. We present a methodology to measure the charged current differential cross-section with no final state pions and at least one final state
proton (CC0π + N p, N ≥ 1) in these variables at the near detector of
the T2K experiment (ND280), using the upstream Fine Grained Detector
(FGD1) as a hydrocarbon target. Overall these measurements will allow
us to better understand the impact of nuclear effects on the observables
in neutrino scattering, providing valuable constraints on the systematic
uncertainties associated with neutrino oscillation and scattering measurements for both T2K and other experiments with similar energy neutrino
beams.
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Nuclear Effects and Single Transverse Variables

In O(GeV) neutrino-nucleon scattering the kinematics of the observed final state
depends on both the interaction type and various nuclear effects. It is therefore
essential to understand these effects in order to accurately reconstruct the incoming
neutrino energy, as is required in neutrino oscillation analyses. Nuclear effects can
broadly be split into initial state effects, including Fermi motion (FM), nuclear binding
energy and multi-nucleon processes (MNP), and final state interactions (FSI). FM
describes the momentum distribution of nucleons prior to any interaction whilst MNP
describe correlations between nucleons and are thought to be dominated by 2p2h
effects for the neutrino energies relevant to T2K [1, 2]. FSI are defined by secondary
interactions inside the nuclear target, including pion absorption and emission as well
as the ejection of additional nucleons.
In this work, we propose to probe nuclear effects via the transverse kinematic
imbalance between the muon and the highest momentum final-state proton in muon
neutrino scattering with 1 muon, N proton(s) (N > 0) and no pions as a final state
topology (CC0π + N p). Without nuclear effects in a CC0π + 1p topology (which
therefore contains only CCQE interactions), the momentum of the outgoing muon,
projected into the plane transverse to an incoming neutrino, is exactly equal and
opposite to that of the proton. However, once nuclear effects and/or other topologies are considered, the transverse momenta are no longer balanced. By reversing
the outgoing muons’ transverse momentum a “transverse triangle” is formed, clearly
defining a complete set of single transverse variables (STV) to characterise the transverse imbalance and therefore nuclear effects (see figure 1). This is discussed further
in [3, 4].
It has been shown that the STV can act as excellent probes of FSI and FM,
whilst exhibiting only a minimal dependence on neutrino energy for exclusive final
states [3, 4]. Therefore the STV potentially allow a deconvolution of flux uncertainties
and nuclear effects. By using ND280’s excellent tracking resolution to measure and
unfold these variables we hope to make state of the art measurements of nuclear
effects.

2

ND280 Detector and Event Selection

ND280 is placed 2.5◦ off-axis in a neutrino beam, provided by the J-PARC accelerator
facility, with a peak (off-axis) energy of about 0.6 GeV. The flux is well constrained
by hadron production data from the NA61/SHINE experiment [6]. ND280’s FGD1
is used as a hydrocarbon target for neutrino interactions and both FGD1 and time
projection chamber (TPC) 1 and 2 (all inside a 0.2 T magnetic field) are used for
tracking. The tracker electro-magnetic calorimeter (ECal) is used as a veto for π 0
like events [5].
1

Figure 1: An illustration of a CC0π + 1p interaction with nuclear effects to provide a
schematic definition of the three single transverse variables, δφT , δpT and δαT . Here p~ ν is
the incoming neutrino momentum whilst p~ `/P is outgoing lepton/proton momentum. The
T subscript denotes projection onto the plane transverse to the neutrino. Taken from [4]
An event selection is made using events generated by the NEUT Monte-Carlo
(MC) simulation [9] fed through an ND280 detector simulation. The NEUT MC
generated in this study uses a relativistic Fermi gas FM model, the Nieves 2p2h
model [1] and a cascade model to describe FSI. Events with one muon, at least one
proton and no other identified particles are selected. These events are split into four
signal topologies, divided based on which detectors are used for reconstructing the
selected event and how many protons are detected. This is necessary to account for
the different detector acceptances in each topology. Additionally, two control samples
are used to constrain the dominant background processes (resonant and deep inelastic
scattering charged current interactions).
To ensure a reasonable, and relatively flat, detector acceptance in each STV bin,
the signal is defined as CC0π +N p with the following constraints on the muon/proton
momentum (pµ/p ) and angle (θµ/p ): pµ > 250 MeV/c, pp > 450 MeV/c, pp < 1000
MeV/c, cos(θµ ) > −0.6 and cos(θp ) > 0.4. After the section the total efficiency
and purity for all CC0π + N p events is 12.6% and 83.5% respectively, leaving 3630
events expected across the 4 signal topologies in current T2K neutrino mode data
(corresponding to 5.811 × 1020 protons on target). After applying the phase space
restrictions the efficiency raises to 30.0%.
In order to reconstruct the STV the initial neutrino direction is required. This is
estimated as the direction of the vector from the mean neutrino parent decay point,
in the decay tunnel of the T2K secondary beam line [6], to the interaction vertex
position in the FGD. The muon and proton kinematics can then be used to form
STV distributions of selected events, shown in figure 2. Note that the results shown
are from a preliminary MC study, until this is finalised, in order to prevent bias, the
study remains blind.
2

Figure 2: The STV distributions calculated using the truth kinematics of selected events,
stacked by final state topology. Other backgrounds refers to neutral current, electron neutrino or anti neutrino scattering whilst FV stands for fiducial volume.

3

Cross Section Extraction

Since nuclear effects are poorly understood, it is important to make the cross section
extraction method as model independent as possible. We therefore opt to use a
regularised likelihood fit, which requires no preconceived notion of the distribution
of selected events. The fit parameters are weights on reconstructed signal templates
(where the signal is as defined in section 2), each formed from a thin STV truth
bin (such that the MC shape within the bin is relatively flat). The detailed method
and treatment of systematic errors is the same as used in analysis 1 of [7] but for
the addition of templates to cover the out of phase space contribution to the data
and the following regularising penalty term, aimed to mitigate strong bin to bin
anti-correlations:
X
χ2reg = preg
(ci − ci−1 )2
(1)
i

Here ci is the weight of the template in reconstructed STV bins from the ith true
STV bin, with respect to some prior (i.e. the fit parameters). preg defines the strength
of the regularisation and is chosen using the “L-curve” method described in [8].

4

Preliminary Fake Data Results

To validate the fit procedure and show realistic expected sensitivity, we perform the
analysis using NEUT as the MC and use the GENIE MC generator [10] to produce a
fake data set. The GENIE MC used here has no 2p2h and substantially different FSI
modelling from NEUT. The results for δpT are shown in figure 3. Systematic parameters were included as nuisance parameters in the fit but the error bars show only the
effect of statistical fluctuations expected with current T2K data. The total systematic error from all sources is expected to be around 20%. Good agreement between
the fake data and fit result (with 20% uncorrelated systematic error χ2 /DoF = 0.83)
3

Figure 3: The fitted differential CC0π + N p cross section (with phase space constraints
listed in section 2) in δpT is shown alongside the MC prediction and the fake data truth.
and no obvious bias toward the nominal MC shows the success of the fit. A perfect
fit cannot be expected since GENIE is not simply a systematic fluctuation of NEUT.

5

Conclusions and Further Work

Understanding nuclear effects in neutrino interactions is essential for making precision
measurements of neutrino oscillations or exclusive cross sections. The STV provide
a unique probe of these effects which, in some cases, is independent of neutrino
energy. A methodology for measuring these distributions has been discussed and
demonstrated for δpT .
Future studies will finalise the fit procedure to allow T2K to extract a probe of
nuclear effects with a minimal model dependence. Sensitivity to various effects will
be evaluated by analysing the goodness of fit after turning off or changing elements of
it (such as 2p2h, or the nuclear model used). An extension to this work will perform
a model parameter fit to extract model dependent inputs for other cross section and
oscillation analyses.
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Distributions of transverse kinematic imbalance in neutrino-nucleus
interactions in the few GeV regime are sensitive to nuclear effects. We
present a study comparing the latest predictions of transverse kinematic
imbalance from the interaction simulations, NuWro and GENIE. We discuss the differences between the model predictions.
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Introduction
Neutrino interaction models currently constitute a significant proportion of future few
GeV neutrino experimental uncertainty budget. Conventionally, investigation has focused on how using nuclear targets affects the charged lepton kinematics—as opposed
to interactions on free nucleon targets. Such effects can be conflated with unknown
neutrino energy for neutrino beams produced by accelerators. Single-transverse kinematic imbalances exhibit a significantly reduced dependence on neutrino energy and
data measurements will provide new insight into a number of nuclear effects [1, 2].
The double-transverse kinematic imbalance, δpTT provides a novel method of reconstructing neutrino energy spectra independent of nuclear effects [3, 4]. The definitions
of the single-transverse variables δpT , δφT , δαT , as well as δpTT are shown in Figure 1.
{X, Y}
= {p, π + } for ν + p → ℓ− + ∆++
or {p, π − } for ν̄ + p → ℓ+ + ∆0

′

p⃗Tℓ

p⃗ ν

′

p⃗ ℓ

~pℓ∓

~pν/ν̄

N

y

y

z

x
′

p⃗ N

δϕT
′

p⃗TN

z
′

⃗qT = −⃗
pTℓ

pY
TT
x

p

δp T
~zTT

δαT

~pY

pX
TT
~pX

Figure 1: Single- (left) and double- (right) transverse kinematics. The variables δpT ,
Y
Y
each represents a departure from the kinematics
+ pTT
δαT , δφT , and δpTT ≡ pTT
of elementary neutrino interactions on stationary, free nucleons. Figures taken from
[1, 4].
The following predictions are generated using GENIE 2.10.0 [5] with the nominal
hA FSI model, and NuWro 11q [6]. The predicted distributions are generated using
the NuMI on-axis νµ and ν µ flux shapes.
Single transverse kinematic imbalance in neutrino quasi-elastic scattering
The observable δφT characterises how ‘back-to-back’ the transverse components of the
final states are. In the absence of FSI and multi-nucleon correlations, the only source
of transverse kinematic imbalance should be the transverse component of the Fermi
motion of the struck nucleon. This distribution has been measured in neutrino scattering before [7, 8, 9], most recently by the MINERνA collaboration which presents
a measurement of ϕ = 180◦ − δφT compared to a GENIE simulation. MINERνA
found a good agreement between the data and the GENIE simulation∗ . The predictions from NuWro and GENIE are shown in Figure 2. The left panel shows that
∗

The version of GENIE used, 2.6.2, did not contain an elastic FSI component

1
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Figure 2: The NuWro and GENIE predictions for δφT (left) and δαT (right). Nominal
distributions are compared to the cases where FSI is disabled. Further comparison is
made by removing nominal GENIE events that experienced proton elastic FSI (see
text for exact definition).
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the nominal GENIE simulation predicts a very sharp back-to-back peak. The most
striking feature is that the enhancement with respect to the NuWro prediction around
δφT = 0 is not evident in the GENIE ‘No FSI’ curve. The full simulation appears to
induce less transverse imbalance than the case with hadronic re-interactions disabled.
The ‘transverse boosting angle’, δαT , shows the apparent ‘acceleration’ or ‘deceleration’ of the hadronic final state arising from nuclear effects. For δαT > 90◦ , δpT
points in a similar direction as the charged lepton—the hadronic final state has less
transverse momentum than is expected from the free nucleon target case. The effect
of intra-nuclear re-interactions is expected to be an energy-momentum transfer to the
nuclear medium—a deceleration of the interacting hadronic state—which corresponds
to a peak at δαT ∼ 180◦ . While both NuWro and GENIE predict this behaviour,
as shown in Figure 2 (right), the GENIE prediction exhibits a significantly sharper
deceleration peak and a less prominent peak at δαT ∼ 0 that corresponds to some
accelerating effect. It is useful to investigate transverse imbalance as a function of the

0.2

1200 1400
p µ (MeV/ c )

0

T

Figure 3: The variation of δαT with pT` for QE events, as predicted by GENIE, with
(left) and without (right) elastic proton FSI.
charged lepton transverse momentum† . Figure 3 shows the GENIE δαT distribution
†

`
This separates extra neutrino energy dependence caused by the pT
dependence of δφT [1, 2]

2

in slices of lepton transverse momentum. Each pT` slice is normalised such that the
most probable value is set to unity. The left panel shows that the accelerating peak
in the δαT prediction is only evident at low pT` .
As suggested by the GENIE collaboration, we investigated removing events which
include a final state proton that underwent an elastic interaction defined in the hA FSI
model. The nominal GENIE simulation predicts that such events amount to about
40% of QE interactions at the NuMI beam energy. Having removed such events, both
the δφT and δαT distributions are more similar to the NuWro prediction (Figure 2).
The sharp peaks in δφT and δαT are notably reduced. The right panel of Figure 3
shows δαT as a function of pT` with elastic FSI events removed. The GENIE hA elastic
FSI model causes proton final state acceleration for low pT` and strong deceleration
for pT` & 200 MeV/c. The resulting sharp peaks at δφT = 0 and δαT =0, 180 degrees
indicate a (qT -dependent‡ ) strong collinear enhancement in the proton intra-nuclear
scattering cross section.
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Figure 4: The NuWro and GENIE predictions for δpT (left) and δpTT (right). The
features shown in the lower right panel are also exhibited in the pπ − and pπ 0 channels.
In resonance production, where the intermediate resonant state decays within the
nucleus to multiple hadrons, nuclear effects change the kinematics of all hadronic final
states. Details of such effects can be studied in pπ channels as follows and provide
new insight that is not accessible in QE interactions.
0
With reference to Figure 1, p~ N becomes p~ RES = p~ p + p~ π . This opens up three
∆++

∆+

∆0

new event selections, ν` + p −−−→ p + π + + `− , ν` + n −−→ p + π 0 + `− , and ν ` + p −→
p + π − + `+ . The δpT predictions for QE and ∆++ production are shown in Figure 4
(left). The shape difference evident in the GENIE prediction shows that the effects
of the elastic FSI component are not confined to nucleon FSIs but also exist for pions
‡

See Figure 1 (left) for definition of qT .

3

as well. Because the same model (BR-RFG [5, 6]) is used for the nuclear state in
all simulations, a stronger FSI in GENIE can be inferred by its higher proportion of
events with δpT & 250 MeV/c.
Figure 4 (right) shows the GENIE and NuWro predictions for δpTT . The top panel
shows that without FSI both are consistent, and that the NuWro distribution widens
as re-scattering takes place when FSI is enabled. The bottom panel shows the effect
of the GENIE elastic component. Elastic re-interactions, in both nucleon and pion
FSI of the hA model, result in an enhancement around δpTT = 0.
Summary and Outlook
The GENIE and NuWro predictions for a number of transverse kinematic imbalances
have been shown. The phenomenological predictions exhibit significant shape differences in important regions of the distributions. Measurements of these observables
are underway and should offer separation power among models of nuclear effects.
A better understanding of the hadronic cascade, constrained by data measurement,
will result in reduced systematic uncertainty for future neutrino cross-section and
oscillation measurements.

ACKNOWLEDGEMENTS
We express our gratitude to the NuWro Collaboration and the GENIE Collaboration,
as well as to S. Dytman, Y. Hayato, K. McFarland and C. Wilkinson, for helpful
discussions and suggestions.

References
[1] X-G. Lu, et al., arXiv:1512.05748 [nucl-th] (2015)
[2] L. Pickering, arXiv:1602.06730 [hep-ex] (2016)
[3] X.-G. Lu et al., Phys. Rev. D 92, no. 5, 051302 (2015)
[4] X.-G. Lu, arXiv:1512.09042 [hep-ex] (2015)
[5] C. Andreopoulos, et al., Nucl. Instrum. Meth. A614 87-104 (2010)
[6] T. Golan, et al., Phys. Rev. C 86 015505 (2012)
[7] V. Lyubushkin et al. [NOMAD Collaboration], Eur. Phys. J. C 63 355 (2009)
[8] T. Walton et al. [MINERvA Collaboration], Phys. Rev. D 91 no.7, 071301 (2015)
[9] K. Abe et al. [T2K Collaboration], Phys. Rev. D 91 no.11, 112002 (2015)

4

February 19, 2016

arXiv:1602.05902v1 [astro-ph.CO] 18 Feb 2016

Dark Radiation and Inflationary Freedom
Stefano Gariazzo1
Department of Physics, Università di Torino
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We perform a cosmological analysis in which we allow the primordial power spectrum of scalar perturbations to assume a shape that is
different with respect to the usual power-law, arising from the simplest
models of cosmological inflation. We parametrize the primordial power
spectrum with a piecewise monotone cubic Hermite function and we use
it to investigate how the constraints on the various cosmological parameters change: we find that the obtained limits are relaxed with respect to
the power-law case, if CMB polarization data are not included. Moreover,
the cosmological analyses provide us some indications about the shape of
the reconstructed primordial power spectrum, where we notice possible
features around k ' 0.002 Mpc−1 and k ' 0.0035 Mpc−1 . If confirmed in
future analyses involving enhanced experimental data, these features suggests that the simplest cosmological inflation models may be incomplete.
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Introduction

In the cosmological analyses, one of the main assumptions about the early Universe
is the power-law form of the Primordial Power Spectrum (PPS), that is predicted by
the simplest models of inflation. Deviations from the simplest inflationary models
can in principle lead to different shapes of the PPS with respect to the power-law
form. Any cosmological analysis performed assuming a power-law PPS, in turn, can
give biased constraints on the cosmological parameters.
We study how the freedom in the PPS shape can affect the limits on the cosmological parameters, with particular interest on the bounds on the presence in the early
Universe of additional dark radiation. Among the main candidates, the most studied
in the literature are axions (not treated here, see Ref. [1]) or neutrinos.
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Method

We base our analysis on a flat ΛCDM model, described by the usual parameters: the
present-day physical CDM and baryon densities Ωcdm h2 and Ωb h2 , the angular sound
horizon θs , the optical depth to reionization τ .
We will study two properties of dark radiation, considering the cases of three
massive neutrinos or of additional massless neutrinos. To accommodate the presence of dark radiation, we extend then the ΛCDM model varying the sum of the
neutrino masses Σ mν or the effective number of relativistic degrees of freedom Neff ,
respectively.
When we consider the standard power-law (PL) PPS, we describe it using the
usual parameters ns and ln(1010 As ), respectively its spectral index and its amplitude.
Following [2], we parametrize the free PPS of scalar perturbations with a “piecewise cubic Hermite interpolating polynomial” or PCHIP. We use N = 12 nodes to
be interpolated with the PCHIP function: ten equally spaced nodes in the range
(k2 = 0.001 Mpc−1 , k11 = 0.35 Mpc−1 ), better constrained from the data, and two
nodes k1 = 5 · 10−6 Mpc−1 and k12 = 10 Mpc−1 , necessary to parametrize a nonconstant behavior at the outermost wavemodes. The spectrum is described by Ps (k) =
P0 × PCHIP(k, Ps,j ), where P0 = 2.2 · 10−9 is an arbitrary normalization, Ps,j =
Ps (kj )/P0 and 0.01 ≤ Ps,j ≤ 10.
For our analyses, we consider the following experimental data sets: full CMB
temperature plus polarization data at low multipoles only (Planck TT+lowP) or full
temperature and polarization data (Planck TT,TE,EE+lowP) from the Planck 2015
release [3], and the data on the matter power spectrum at different redshifts from the
WiggleZ Dark Energy Survey (MPkW) [4].
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Figure 1: Limits on Neff at 1, 2 σ. Adapted from Ref. [1].
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Results on Neff and Σ mν

The strongest degeneracies between the PCHIP nodes and a cosmological parameter
appear for the effective number of relativistic species, Neff . A comparison of the Neff
constraints obtained using the power-law and the PCHIP PPS is reported in Fig. 1.
The reason of the strong degeneracy is related to the effects of varying Neff in
cosmology. When Neff is increased with fixed matter-radiation equality and matterdark energy equality redshifts, the Silk damping at small scales is enhanced (see e.g.
[5]). If one modifies the scalar PPS, increasing it only at the scales interested by the
enhanced Silk damping and not at the other scales, the effects of a larger Neff can
be canceled. This is the reason for which the model with the free PPS, considering
Planck TT+lowP data only, allows high values of Neff : the PPS freedom allows to
modify the small scales without altering the large scales, so that a large Neff can be
accommodated. As expected, the degeneracies between Neff and the nodes Ps,j are
stronger for the nodes at high wavemodes (small scales) [1].
Cosmology can also constrain the absolute scale of neutrino masses. The main
effect of increasing the sum of the neutrino masses is to obtain a change in the early
and late ISW effects, if the other cosmological parameters are changed to fix the
angular position of the CMB peaks. Since the freedom in the PPS can compensate
the changes in the early and late ISW effects without altering the other scales, the
marginalized constraints on Σ mν are weakened in the PCHIP PPS case, as it is possible
to see in Fig. 2.
The inclusion of the CMB polarization at high multipoles by Planck, however,
prevents the compensation between PPS parameters and neutrino properties, and
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Figure 2: Limits on Σ mν at 1, 2 σ. Adapted from Ref. [1].

Σ mν and Neff are forced to be very close to the standard values Σ mν ' 0.06 eV and
Neff = 3.046, also with a free PPS. This happens because the effect of a free PPS on
the TT, TE and EE spectra is different from the effects of increasing Σ mν or Neff .
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PPS Results

An helpful way to visualize how the free PPS is constrained by data in our model is to
plot the marginalized constraints on the PPS shape, as in Fig. 3. These are obtained
marginalizing over the obtained PPS for each different value of k independently.
The reconstructed PPS has several interesting properties. First of all, the least
constrained nodes are in k = 5 · 10−6 Mpc−1 and k = 10 Mpc−1 , as expected due
to the absence of data at these wavemodes. The nodes from k ' 0.007 Mpc−1 to
k ' 0.2 Mpc−1 , instead, are the best constrained. In this region the PCHIP PPS is in
perfect agreement with the power-law PPS. Two features appear at small wavemodes:
there are a small dip (' 2σ) at k ' 0.002 Mpc−1 , corresponding to the dip at ` ' 25
in the CMB temperature spectrum, and a small bump (' 1σ) at k ' 0.0035 Mpc−1 ,
corresponding to the small bump at ` ' 40 in the CMB spectrum.
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Conclusions

We noticed the presence of possible degeneracies between the PPS of scalar perturbations and the parameters that describe the dark radiation properties. As a con3
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Figure 3: 1, 2 σ bounds on the constrained PPS compared with the best-fit PL PPS.
From Ref. [1].
sequence, the limits on the effective number of relativistic particles Neff and on the
total neutrino mass Σ mν from the CMB temperature data are relaxed. The CMB
polarization, however, helps to break the degeneracies between the dark radiation
parameters and those related to the PPS of scalar perturbations.
The analyses show that possible features in the PPS exist, in particular at large
scales. These may suggest that some new mechanism for inflation must be present,
in order to introduce a scale dependency in the initial power spectrum of scalar
perturbations, as it is observed in the CMB spectrum.
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An analysis technique for isolating neutrino interactions on hydrogen,
from a target containing a mixture of different nuclei, would provide numerous benefits. Namely, hydrogen is free of nuclear effects and enables
better reconstruction of the neutrino energy spectra; key for neutrino oscillation experiments. Presented using Monte Carlo simulations of the
ND280 near detector is the status of such a measurement on ν-H resonance production by the T2K experiment.
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Introduction
A precise understanding of neutrino-nucleus interactions is paramount for current and
future long-baseline neutrino oscillation experiments using sub to few GeV beam energies. In this energy regime, neutrino interaction uncertainties are dominated by our
knowledge of nuclear dynamics. Isolating neutrino interactions on hydrogen enables
the removal of such uncertainties providing concise measurements of the primary
neutrino-nucleon interaction, and better neutrino energy reconstruction. Although
such measurements have not been available experimentally for over three decades
due to safety concerns, the advancement of new experimental techniques now make
it possible to isolate interactions on hydrogen [1].
Following the technique outlined in [1], we highlight the status of such a method
at the Tokai to Kamioka (T2K) near detector, ND280. The results are presented
on Monte Carlo (MC) simulated data which uses the NEUT [2] event generator and
T2K neutrino flux [3] to model neutrino interactions occurring in the ND280 detector equivalent to an exposure of ∼ 7 × 1021 POT. Defining the signal as a proton,
positively charged pion, π + , and muon, µ− , respectively in the final state, the hydrogen component is extracted using the double transverse momentum distribution —
a kinematic imbalance of the final state hadronic system transverse to the neutrino
direction and muon momentum plane [1].

ND280 Near Detector
The ND280 detector [4] is situated 280 m downstream from the neutrino production target at an off-axis angle of 2.5◦ , producing a peak beam energy of 600 MeV.
The Inner Detector (ID) consists of an up-stream π 0 -detector followed by a sandwich
configuration of two hydrocarbon Fine-Grained Detectors (FGDs) nestled between
three argon gas based Time Projection Detectors (TPCs) and a downstream Electromagnetic Calorimeter (ECal). The inner detector is surrounded by ECals providing
a complementary measurement of energy from showers created by charged tracks
within the ID and for neutral particle detection. These sub-detectors are situated
within the UA1 magnet producing a 0.2 T magnetic field and is instrumented with
muon detectors used to identify tracks coming from within or outside of the detector.

Event Reconstruction and Selection
Resonance production interactions via the ∆++ -resonance are selected using a cut
based analysis. Events are required to contain three tracks originating from a common
vertex within the fiducial volume of FGD1. The neutrino direction is reconstructed
from vertex information and the mean decay point of the neutrino parent. The three
charged tracks must enter the TPC1 and pass the quality criterion outlined in [5] to
ensure good particle identification (PID) and reliable momentum reconstruction. The
respective sign of the charged tracks is determined by the TPC defining the highest
1

momentum negative charged track as the muon candidate. The remaining tracks
must be identified as positively charged from which PID is undertaken to determine
their particle type. For use in calculating transverse variables, like δpTT , the neutrino
direction is reconstructed from vertex information and the mean decay point of the
neutrino parent.
Note here that no particle identification is undertaken on the negatively charged
track as the neutrino beam is almost purely muon-like (99%) [6]. Defining the signal
as resonance production with a proton, pion and muon in the final state and no
consideration as to the target, the selection results in a purity of 54% for 3081 events
with a contamination from electron neutrino interaction of the expected O(1%). The
respective efficiency is 2% for such a signal. In future studies an improved efficiency
will be achieved by redefining the signal to include phase space constraints based on
ND280 tracking thresholds.
The effect of a 46% contamination from non-resonance interactions in double
transverse momentum imbalance can be seen in Figure 1. Such backgrounds which
are dominated by multi-pion production and produce a flat, symmetric distribution
centred around zero. These background therefore have little influence on the shape of
the ν-H resonance signal enabling good signal determination using statistical methods.

Double Transverse Momentum
+

The double transverse momentum, pp,π
TT , is transverse to both the incoming and outgoing lepton and therefore absent of any lepton contribution. This results in any
+
imbalance in δpTT = ppTT + pπTT being a direct probe of nuclear effects [1]. Experimentally, detector smearing broadens the double transverse momentum distribution.
Figure 2 highlights such an effect when considering the ν-H resonance production
component of δpTT . The dominant resonance, ∆(1232), from ν-p(H) interactions
produces a two body hadronic final state, π + p, whose double transverse momentum
+
component should balance, ppTT = −pπTT leaving δpTT = 0. Such interactions are
instead spread due to detector smearing. In contrast, neutrino interactions on nuclei
with an atomic mass greater than one contain nucleons with some Fermi Motion (FM)
causing an imbalance in δpTT . From Figure 2 neutrino interactions are predominantly
on carbon which has a FM O(217 MeV/c) and is seen to disperse events symmetrically around δpTT = 0. The propagation of hadrons through the nuclear medium
can result in Final State Interactions (FSI), changing particle types and final state
kinematics. Monte Carlo studies of FSI at the neutrino interaction level indicate that
FSI can be interpreted by a further spreading in δpTT . The smearing for the hydrogen target due to detector resolution is considerably smaller than the broadening for
carbon due to additional nuclear effects and therefore enables extraction of the ν-H
resonance component.
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Figure 1: Dominant interactions passing Figure 2: Reconstructed δpTT indicating
selection in reconstructed δpTT .
relative target contributions. Dotted line
emphasises signal.

Extracting Exclusive νµ -Hydrogen Events
At present, the hydrogen component is determined from the δpTT distribution by
using a simultaneous log likelihood fit to extract the signal and background event
yields. The exclusive µ, p, π + signal is parametrised as a Cauchy function (motivated by smearing due to multiple scattering in the detector [1]) and accounts for
detector smearing of ν-H resonance events. A Gaussian distribution is used to model
the background, while the systematic error due to the shape assumption will be investigated in the next stage of the analysis. Both functions are parametrised with three
variables: a normalisation N, mean and width, σ where the means are fixed at zero
throughout the fitting procedures. Using the MC information on interaction type
and target, the true signal and background are separated. The independent signal
and background distributions are used to determine their respective widths for use
as inputs to the simultaneous fit. The outcome of the independent fits can be seen in
Figure 3. The fitted normalisation parameters NSig and NBg both overestimate the
signal and background yields and are within one and four sigma of the actual yields.
Using the widths σSig,Bg as inputs to the simultaneous fit the outcome from fits to the
same NEUT fake data used to determine the widths is given in Figure 4. It can be
seen that there is little change in the widths determined by the fit when comparing
it to the independent signal and background fits. The extracted background yield,
NBg , sees little change from that of the independent fit. This is not the case for the
signal component which is now underestimated. These are however both within one
and two sigma of their actual values.
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Conclusion
In this presentation, it has been shown that T2K’s near detector, ND280, has the
potential to perform a cross-section measurement exclusively on hydrogen — the first
in over three decades. The momentum and angular resolution of the TPC allows for
good reconstruction of both proton and pion momenta and direction, allowing for
the successful extraction of the hydrogen component from the nuclear background
using the double transverse momentum variable [1]. The current focus is to moving towards a more sophisticated statistical method that accounts for detector and
model systematics within the fit. This is especially important for correctly determining the background as theories used to model the nucleus are not well constrained.
Given the current T2K dataset an absolute cross section measurement may be performed, enabling the extraction of model parameters free from nuclear effects. Such
a measurement will improve our understanding of the dominant background for the
single-ring-muon-like sample in T2K’s muon neutrino disappearance measurements.
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We present the latest Hyper-Kamiokande sensitivity study showing
that, with a total exposure of 13 MW×107 seconds integrated beam power,
the CP phase, δCP , can be determined better than 21 degrees for all
possible values of δCP and that CP violation can be established with a
significance of more than 3σ (5σ) for 78% (62%) of the δCP parameter
space.
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Introduction

CP-symmetry states that the laws of physics are invariant under the combination
of charge conjugation and parity transformations. Thus, if CP holds, the oscillation
probabilities for ν and ν̄ should be the same. The oscillation probability depends on
the PMNS matrix:




1
0
0
c13
0 s13 e−iδCP
c12 s12 0
 −s12 c12 0 ,
0
1
0
U = 0 c23 s23  
(1)
−iδCP
0 −s23 c23
s13 e
0
c13
0
0 1
where cij ≡ cos(θij ), sij ≡ sin(θij ) and δCP is the Dirac type CP phase in the
lepton sector.
If the complex phase, δCP , in the PMNS matrix is non-zero, CP-symmetry is
violated.
To test this assumption, we need an experiment sensitive to neutrino oscillations including an accelerator producing beams mainly composed of either ν or
ν̄, large statistics and low systematic uncertainties. Our best candidate is HyperKamiokande [1], a next generation water Cherenkov neutrino detector successor of
Super-Kamiokande, that will be used as a far detector for the neutrino beam produced in J-PARC, 295 km East from Hyper-Kamiokande; this configuration is shown
in Figure 1.
Hyper-Kamiokande

Figure 1: Overview of the long baseline experiment, Hyper-Kamiokande.
The new Hyper-Kamiokande’s design, shown in Figure 2, consists of two tanks
deployed in two stages, i.e. the experiment will start with only one tank and after
six years the second tank will be added. The sensitivity studies are presented for a
total run time of 10 years. Each tank has a height of 60 m and a diameter of 74 m.
The total fiducial volume for the two tanks is 374 ktons.
Hyper-Kamiokande’s sensitivity to CP violation has been studied using a framework, the Simple Fitter, first developed for the sensitivity study by T2K presented in
Ref. [2].

1

Figure 2: Hyper-Kamiokande’s design with two tanks.
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Analysis Method

As an appearance measurement is particularly sensitive to sin2 2θ13 and δCP while a
disappearance measurement is particularly sensitive to sin2 2θ23 and ∆m223 , analysing
Eνrec
or Eνrec
gives constraints on the first or the second set of parameters, respece
µ
tively. However, if the two measurements are combined, additional constraints can
be obtained and thus a better performance is reached in determining the unknown
parameters. This is exactly what the Simple Fitter does.
Combined three-flavour appearance, disappearance, ν mode and ν̄ mode fits are
performed and uncertainties on all four parameters are taken into account. For these
fits we assume that sin2 2θ13 , δCP , sin2 2θ23 and ∆m223 are unknown. Moreover, the
mass hierarchy is taken into account as true normal hierarchy (NH) or inverted hierarchy (IH). It is also possible to set the mass hierarchy to be unknown and observe
the effect on the sensitivity; this strongly reduces the precision, unless further information coming from analysing the atmospheric neutrinos is taken into account.
However, as Hyper-K will begin data taking in about 10 years, it is reasonable to
assume that the mass hierarchy will have been determined by other experiments.
Oscillation parameters are treated as shown in Table 1.
In order to have approximately the same number of expected events in neutrino
and anti-neutrino modes, the run time ratio between ν and ν̄ was set to 1/3. However,
it was shown that similar results are obtained for different ratios of neutrinos and
anti-neutrinos.
The idea of the Simple Fitter is to compare true reconstructed neutrino energy
spectra - the ones generated with true oscillation parameters - with test reconstructed
2

Parameter
sin2 2θ13
δCP
sin2 θ23
∆m232
Mass hierarchy
sin2 2θ12
∆m221

Nominal value
0.10
0
0.50
2.4 × 10−3 eV2
Normal or Inverted
0.8704
7.6 × 10−5 eV2

Treatment
Fitted
Fitted
Fitted
Fitted
Fixed
Fixed
Fixed

Table 1: Treatment of the oscillation parameters in the fitter.
energy spectra - the ones generated with test oscillation parameters and to determine
what value of free oscillation parameters would give the most similar test energy
spectrum with respect to the true.
Different values of the mixing parameters induce different oscillation probabilities
which finally give different interactions in the far detector; thus this modifies the
reconstructed neutrino energy spectra.
The fitter uses a binned maximum likelihood method to fit the reconstructed
energy spectra as follows:
1. A set of reconstructed energy spectra are generated with “true” oscillation parameters, i.e. parameters that we choose as our reference.
2. “Trial” oscillation parameters are generated and left fixed, where 1D fits use a
single trial oscillation parameter and 2D fits use two trial oscillation parameters.
3. The remaining oscillation parameters are marginalized by fitting, which is done
by minimizing the χ2 value comparing the “true” reconstructed energy spectrum to a reconstructed energy spectrum calculated with the trial and fitted
oscillation parameters.
4. Systematics error nuisance parameters are marginalized by fitting which is done
by minimizing χ2 .
Systematic errors are included by incorporating a realistic systematic error covariance matrix into the ∆χ2 calculation.
The errors are estimated assuming the nominal oscillation parameters and are
based on T2K. However, the expected improvements in the systematic errors related
to the J-PARC and near detectors upgrades are taken into account.

3

Systematic error sources are separated into three categories:
1. Flux and cross section uncertainties constrained by the fit to near
detector data: We assume conservatively that this category of errors stays at
the same level as T2K.
2. Cross section uncertainties not constrained by the fit to near detector
data: These uncertainties arise mainly from the fact that the cross section on
water is not currently constrained by the near detector and the T2K replica
target is not currently used. We assume that replica target data in NA61, that
we use to reweight our beam MC, will be available and that cross section measurements will be made on water and these uncertainties will become negligible
for Hyper-K.
3. Uncertainties on the far detector efficiency and reconstruction modeling: Most of them are estimated using atmospheric neutrinos and the current
precision is limited by statistics. Since Hyper-K has a bigger fiducial volume
than Super-K, these errors are expected to decrease with more than an order
of magnitude.

3

Results

With a total exposure of 13 MW ×107 seconds integrated beam power, corresponding
to 2.7 × 1022 protons on target with 30 GeV J-PARC beam, the CP phase, δCP , can
be determined better than 21 degrees for all possible values of δCP and CP violation
can be established with a significance of more than 3σ (5σ) for 78% (62%) of the δCP
parameter space.
The plots in Figure 3 compare these results (two tanks staging scenario) with a
configuration where there would be only one tank or, on the contrary, three tanks.
The tanks are all of the same dimensions.

4

Conclusion

A design study was done to test Hyper-Kamiokande’s sensitivity to the mixing parameters with different tank options; this resulted in selecting two tanks in a staging
scenario. Sensitivity to the CP phase δCP is presented and the latest results are shown
in Figure 3.
This study is realized using the Simple Fitter, a binned maximum likelihood
method with a systematic error covariance matrix. Systematic errors are treated
in the same way as for T2K but the expected improvements related to the J-PARC
and near detectors upgrades are included.
4

Figure 3: Left: Fraction of δCP for which sin δCP = 0 (CP conserved case) can be
excluded with more than 3σ (red) and 5σ (blue) significance as a function of integrated
beam power. Right: Expected 1σ uncertainty of δCP as a function of integrated beam
power.
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Introduction

Emphasized by this year’s Nobel Prize in Physics, it can safely be said that neutrino
oscillations are a hot topic in the world of particle physics. The experimental proof
that neutrinos can transform into each other was first evidence of physics beyond the
Standard Model [1]. More recent experiments have shown that there could be more
surprises in the neutrino sector, like the existence of a fourth, sterile neutrino. This
has been suggested by the results of nuclear reactor neutrino experiments, where
the flux of antineutrinos coming from the reactor shows a deficit at short reactordetector distances, when compared to theoretical calculations [2]. The appearance
of the effect at short baselines implies the hypothetical sterile neutrino to be light,
with oscillation parameters around ∆m2 ∼ 1 eV2 and sin2 (2θ) ∼ 0.1 [3]. One of the
experiments designed to investigate the hypothesis of this sterile neutrino is the SoLid
experiment. It uses the compact BR2 research reactor from the SCK•CEN in Mol,
Belgium, to perform reactor antineutrino flux measurements at very short baseline.

2
2.1

The SoLid experiment
BR2 reactor site

Figure 1 illustrates the set-up of the SoLid experiment in the BR2 reactor hall. BR2
is a tank-in-pool research reactor that can reach a power of up to 100 MW. Its very
compact core has a diameter of 1.1 m, which implies that it can serve as an almost
pointlike high intensity source of antineutrinos, plus it allows the SoLid experiment
to take measurements at baselines as short as 5.5 m. Since currently no other experiments take place at the same floor of the reactor building, all other experiment gates
in the hall are closed, which provides relatively stable background conditions for this
site.

Figure 1: The SoLid experiment in the BR2 reactor hall
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2.2

Detection principle

The detection of the reactor electron antineutrinos is based on an inverse beta decay
(IBD) reaction:
ν e + p → e+ + n.
(1)
SoLid applies a newly developed detector technology using (5 × 5 × 5) cm cubes of
polyvinyl toluene (PVT) scintillator combined with 6 LiF:ZnS(Ag) sheets to capture
respectively the positron and neutron from such an IBD interaction (cf. figure 2).

Figure 2: The interaction of an electron
antineutrino with a SoLid detector cube.
The light pulses created in the cube are
transported towards read-out electronics
by a pair of wavelength shifting fibres.

Figure 3: The signature of an IBD interaction in the SoLid detector. The thermalization of the neutron creates a typical time
delay ∆t of O(100) µs.

The charged positron is almost immediately - within O(10) ns - absorbed by the
PVT, which results in a short, intense light pulse. The neutron first thermalizes
before it is captured by 6 Li:
n + 6 Li → 3 H + α + 4.78 MeV.

(2)

The energy released in this reaction excites the ZnS(Ag) and the subsequent decays
of these excited states create detectable light pulses. A more detailed description of
the detection principle can be found in [4].
Figure 3 gives an illustration of the expected IBD signal, from which one can
see that identification of the IBD reaction products can be based on pulse shape
discrimination. The reconstruction of a full IBD event relies on the specific time
delay ∆t between the positron and neutron absorption processes and their small
spatial separation.
A SoLid detector module exists out of a stack of these small PVT cubes, and is thus
highly segmented, which enables precise localization of interactions. This grants the
2

opportunity to apply spatial cuts for background reduction and adds the possibility
to perform direction reconstruction. As a consequence, the SoLid experiment is very
robust in discriminating signal from background.

2.3

SubModule 1

The SoLid Collaboration has succesfully commissioned a first large scale submodule
(SM1) of the detector in the winter of 2014/2015. This module is built out of 2304
PVT cubes that are distributed over 9 detector planes of 16 × 16 cubes, resulting in
a total weight of 288 kg (cf. figure 4). See [5] for more information.

Figure 4: The first large scale detector module of the SoLid experiment; SM1.

Figure 5: The period of data taking with SM1,
illustrated by the crossing muon rate and the
rate of detected signals per cube, the latter
of which is clearly correlated with the reactor
power.

From December 2014 to March 2015 the SM1 detector recorded 3 to 4 days of reactor on data, and approximately 1 month of reactor off data (cf. figure 5). Afterwards,
some additional calibration runs were performed with radioactive sources; 60 Co and
AmBe source calibrations took place in April 2015 and a 252 Cf in situ measurement
was taken in August 2015.

3

Background analysis with SM1 data

Because the SoLid experiment is conducted at sea-level, an important background
component is induced by cosmic muons. These highly energetic particles create spallation neutrons in or close to the detector and consequently contribute to the correlated backgrounds of the experiment.∗ Therefore, the muon induced backgrounds
∗

In this text, two types of backgrounds are distinguished. Correlated backgrounds refer to consecutive signals with a specific timing relation. This in contrast with accidental backgrounds, which
originate from random coincidences of uncorrelated signals.
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are analyzed for a better understanding of the background itself and of the detector
response [6]. Figure 6 shows, for example, how the SM1 data was used to determine
a capture time τn for muon induced neutrons.
The fact that the SoLid experiment is located in the close proximity of a nuclear
reactor brings along some additional types of backgrounds. Examples of these are
environmental neutrons and reactor gamma rays, of which the latter generate a high
level of accidental background, since their signature can hardly be discriminated from
an IBD positron interaction. A random coincidence of an environmental neutron and
a reactor gamma ray can therefore mimic an IBD event.

Figure 6: The time difference ∆T between a muon and a neutron-like signal
shows an exponential distribtution (with
flat background) with a decay constant
τn = (92.01 ± 2.93) µs.

Figure 7: The cumulative distribution of
the distance ∆r between the prompt and
delayed signal (in units of 5 cm cubes) for
accidental background (green) and simulated IBD events (blue).

As mentioned above, the SoLid detector is a highly segmented volume which
provides the experiment with the ability to apply strong radial cuts. Figure 7 shows
the cumulative distribution of the distance in number of cubes between the detected
neutron and the prompt electromagnetic signal for both accidental background and
simulated IBD events. The distinct behaviour of the two curves shows that a radial
cut can be very effective in reducing the accidental background of an IBD search.
By applying other topological restrictions and energy cuts, the accidental background can be reduced to very low levels [7]. Other analyses concerning the reduction
of correlated backgrounds and the selection of antineutrino candidates, using the SM1
data, are currently ongoing.
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Summary

The SoLid Collaboration has succesfully commissioned a first large scale submodule
(SM1) of the detector in the winter of 2014/2015. SM1 demonstrated the large
scale use of the detector technology and provided the collaboration with valuable
data to tune the electronics and analysis software tools. A large part of the SM1
data analyses focussed on techniques to understand the various types of background,
present at the BR2 reactor site. The gathered insights will benefit the construction
and commissioning of the full scale (1-2 tonne) detector in the second half of 2016.
The SoLid experiment will thus continue to probe the light sterile neutrino oscillation
region, aiming for maximum sensitivity in 2 years of data taking.
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We summarise here the main differences of three models of neutrinoinduced coherent pion production, namely the Rein-Sehgal and BergerSehgal models based on the Partially Conserved Axial Current theorem
and the Alvarez-Ruso et al. model which is using a microscopic approach.
Their predictions in the event generators are compared against recent
experimental measurements for a neutrino energy from 0.5 to 20 GeV.
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Introduction

With the development of accelerator-based long-baseline neutrino oscillation experiments, it quickly became essential to have a better understanding of neutrino-nucleus
scattering at the neutrino energies of ∼1 GeV in order to reduce the systematic uncertainties on oscillation parameter measurements. Hence new cross-section measurements for various interaction modes and different nuclear targets have been carried
out in the last decade. One important channel to consider is coherent pion production. It occurs when a neutrino scatters off a nucleus and leaves the target in its
ground state, only producing one lepton and one pion. Today, neutral current (NC)
coherent π 0 production remains a background source for the νe appearance oscillation
channel. Further studies were also motivated by the K2K and SciBooNE searches for
charged current (CC) coherent π + production that had no evidence of such a process
for neutrino energy below 2 GeV, while it was already observed for higher energies.

2
2.1

Theoretical models
PCAC based models

The Adler’s PCAC theorem states that, for a weak interaction process where the
outgoing lepton is parallel to the incoming neutrino (small angle approximation),
the scattering amplitude only relies on the divergence of the axial-vector current [1],
which can be estimated through the pion decay scattering amplitude. Therefore the
neutral-current neutrino coherent pion production differential cross-section can be
related to the differential pion-nucleus cross-section dσ/d|t|:
dσ
G2 M Eν 2
dσ(π 0 N → π 0 N)
=
f
(1
−
y)
×
π
dx dy d|t|
2 π2
d|t|
where x = Q2 /2MyEν and y = (Eν − Elep )/Eν are the Bjorken scaling variables,
M is the nucleon mass and fπ is the pion decay constant. Although this equation
should only be valid for Q2 = 0, a dipole propagator was used in [2, 3] to extend it to
non-forward directions. The Rein-Sehgal model [2] further relates the pion-nucleus
cross-section in terms of the total and inelastic pion-nucleon cross-sections via the
optical theorem:




i2
h
dσ(π 0 N → π 0 N)
−9A1/3 σinel
−R02 A2/3 |t|
π0 N
2
2 1
σ
exp
(1 + r ) exp
=A
d|t|
16π tot
3
16πR02
with A the target atomic number, r the forward scattering amplitude ratio and R0 the
nucleon radius. The Berger-Sehgal model [3] improvements include using the available
data on differential and total pion-carbon cross-sections, which makes it a better
1

approximation for neutrino-carbon scattering. Aditionally, the pion-carbon scattering
cross-section is greatly reduced compared to pion-nucleus RS approximations in the
Eπ < 1 GeV region. Thus the model improves predictions for pion energies below
1 GeV. In case of CC interactions, both models take into account a phase space
correction due to the non-negligible lepton mass [5].

2.2

Microscopic aproach

The Alvarez-Ruso et al. model [4] is an example of a microscopic model (i.e. at the
neutrino-nucleon interaction level). It considers the neutrino-nucleon pion production
processes where the nucleon remains in its ground state. All the amplitudes are then
summed coherently, but the s-channel ∆ mode is largely dominant. This model takes
into account nuclear effects that modify the ∆ properties (Pauli-blocking, absorption)
which, given the model’s assumptions, reduces its validity to neutrino energies below
3 GeV.

3

Comparison against recent measurements

A few experiements had already measured the νµ CC coherent cross-section for nuclear
targets above A = 20 (Neon) and neutrino energies above 7 GeV [6, 7, 8, 9]. In
2005 and 2009, K2K and SciBooNE respectively conducted the first searches for CC
coherent interactions using a carbon target and an average neutrino energy around
1 GeV. Their results didn’t indicate conclusive evidence of such a process in this
energy range and limits on the cross-section were set [10, 11]. It is worth recalling
that these two experiments used the Monte-Carlo predictions using the Rein-Sehgal
model as implemented in NEUT [12], which predicts roughly twice the interaction
rate in the range 0 GeV < Eπ < 1.0 GeV than the Berger-Sehgal model. This effect
is shown in Fig.1, where the GENIE [13, 14] predictions are also given.
For low neutrino energies, SciBooNE and K2K upper limits and the recent T2K
measurement [17] are compatible with the Berger-Sehgal and Alvarez-Ruso et al.
models . A similar comparison is shown for neutrino energies up to 20 GeV with the
MINERνA [15] and ArgoNEUT [16] results, where the latter was scaled to a carbon
target using a A1/3 rule∗ .
We notice a large discrepancy between GENIE and NEUT for the Rein-Sehgal
model that could be explained by the different implementations in the generators in
terms of the phase space coverage in the |t| integral, the scattering amplitude ratio r
and the pion-nucleon scattering data.
For neutrino energies above 2 GeV, the MINERνA experiment measured for the
first time the neutrino and anti-neutrino differential CC coherent cross-sections as a
∗

this is motivated by the global A1/3 dependance of the Rein-Sehal cross-section
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Figure 1: Left: comparison of the Rein-Sehgal (red), Berger-Sehgal (blue) and
Alvarez-Ruso et al. (green) models as predicted by NEUT (dashed) and GENIE
(solid) against the K2K, SciBooNE and T2K results. Right: comparison of the ReinSehgal and Berger-Sehgal models against the MINERνA and ArgoNEUT results
function of the pion momentum and pion angle [15]. As the mean energy is beyond the
validity range of the Alvarez-Ruso et al. model, the comparison in Fig.2 only shows
the two PCAC based models. We observe a better agreeement of the MINERνA data
with the Berger-Sehgal model, especially in the low pion momentum region. Although
both generators have different predictions for the Rein-Sehgal model, they tend to
have similar behavior for the Berger-Sehgal model up to a neutrino energy of 13 GeV,
due to the use of the same π-C scattering data.
x10-39

x10-39

0.16

18

Berger-Sehgal (NEUT)

16

Rein-Sehgal (GENIE)

14
12

0.14

Berger-Sehgal (NEUT)

0.12

Rein-Sehgal (GENIE)
Berger-Sehgal (GENIE)

Berger-Sehgal (GENIE)

dσ [cm2/deg]
dθπ

dσ [cm2/GeV]
dEπ

Rein-Sehgal (NEUT)

Rein-Sehgal (NEUT)

MINERvA

10
8
6

0.1

MINERvA

0.08
0.06
0.04

4
0.02
2
0
0
0

0.5

1

1.5

2

2.5

3

3.5

4

0

Pion Energy [GeV]

10

20

30

40

50

60

70

Pion Angle w.r.t. beam [deg]

Figure 2: Differential cross-section measurements as a function of momentum (left)
and angle (right). The MINERνA results are compared against the Rein-Sehgal
(dashed), Berger-Sehgal (solid) predictions in GENIE (blue) and NEUT (red).

3

4

Conclusion

The difference in the pion-nucleus cross-section calculation between the Rein-Sehgal
and Berger-Sehgal models have an important influence on their predictions. From
the comparison with recent data, it seems clear that the Rein-Sehgal model overestimates the total and differential coherent cross-section, in both NEUT and GENIE
generators, while the agreement with Berger-Sehgal is better. The limits on the total cross-section set by the K2K and SciBooNE searches are compatible with both
Berger-Sehgal and Alvarez-Ruso et al. models. Finally, while the latest T2K measurement cannot distinguish between microscopic and PCAC based models, it does
remove any doubt as to whether CC neutrino coherent interactions occur for neutrino
energies below 3 GeV.
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The observation of charged lepton flavour violation would be a smoking gun
for new physics and could help in pinpointing the mechanism at the origin of
neutrino masses and mixing. We present here our recent studies of lepton flavour
violating Higgs decays in the inverse seesaw and its supersymmetric embedding,
two examples of low-scale seesaw mechanisms. We predict branching ratios as
large as 10−5 for the decays h → τ µ and h → τ e in the inverse seesaw, which
can be probed in future colliders. Supersymmetric contributions can enhance
the branching ratio of h → τ µ up to 1%, making it large enough to explain the
small excess observed by ATLAS and CMS.
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Introduction

The observation of neutrino oscillations proves that neutrinos are massive particles that
mix and calls for an extension of the Standard Model. Many neutrino mass generating
mechanisms have been proposed and the discovery of a Higgs boson in 2012 [1, 2] with
a mass of mh = 125.09 ± 0.21(stat.) ± 0.11(syst.) GeV [3] opens new avenues to probe
these models. Since neutrino oscillations violate lepton flavour conservation, particularly
well-motivated observables are charged lepton flavour violating (cLFV) processes. Both
CMS and ATLAS collaborations have searched for cLFV Higgs decays [4–6] and both have
observed excesses in the h → τ µ channel, which translates into BR = 0.84+0.39
−0.37 % for CMS [6]
and BR = 0.53±0.51% for ATLAS [5]. These results and future improvements in sensitivity
call for a study of their impact on neutrino mass models. We focus here on two low-scale
seesaw mechanisms, the inverse seesaw and its supersymmetric (SUSY) realization.

2

The (SUSY) inverse seesaw

One of the simplest and most appealing extensions of the Standard Model (SM) that generates neutrino masses and mixing is the inverse seesaw (ISS) [7–9] where the SM is extended
by adding three pairs of fermionic singlets with opposite lepton number, denoted here by
νRi and Xj , with i, j = 1, 2, 3. The following neutrino Yukawa interactions and mass terms
are thus added to the SM Lagrangian [10]:
e Rj − M ij ν C Xj − 1 µij X C Xj + h.c. ,
LISS = −Yνij Li Hν
(1)
R Ri
2 X i
e = ıσ2 H ∗ , Yν the 3 × 3 neutrino
with L the SM lepton doublet, H the SM Higgs doublet, H
Yukawa coupling matrix, MR is a lepton number conserving 3 × 3 mass matrix, and µX
a Majorana 3 × 3 symmetric mass matrix. Since the latter controls the size of the lepton
number violation, its smallness is natural [11]. After electroweak symmetry breaking, the
light neutrino mass matrix is given by [12]
Mlight ' mD MRT

−1

µX MR−1 mTD ,

(2)

where mD = Yν hHi, while heavy neutrinos form pseudo-Dirac pairs whose mass is approximately given by the eigenvalues of MR with the splitting within a pair controlled by µX .
Since the light neutrino masses are suppressed by µX , the ISS can naturally accommodate
light neutrinos at the eV scale with Yν ∼ O(1) and a seesaw scale around the electroweak
scale.
The SUSY ISS is the simplest supersymmetric embedding of the ISS. It is defined by
the superpotential:
b Yν H
b bL
ba + N
b MR X
b + 1 Xµ
b XX
b,
W = WMSSM + εab N
(3)
2
2
b 1 and H
b 2 the down-type and up-type Higgs bosons. The reader can find
with ε12 = 1, H
the corresponding soft SUSY breaking Lagrangian in our main article [13]. Importantly,
all soft SUSY breaking masses are taken to be flavour diagonal, making sure that the only
source of cLFV is the neutrino Yukawa coupling Yν .
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Figure 1: Left panel: Contour lines for BR(h → µτ ) in the (MR3 , µX ) plane using the
modified Casas-Ibarra parametrization. The pink area is excluded by BR(µ → eγ) and the
blue area is exclude by the non-perturbative Yν√
. Right panel: BR(h → µτ ) as a function
of MR using the µX -parametrization with f = 6π. Dotted lines indicate excluded input
values leading to BR(τ → µγ) above the present experimental bound.
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cLFV Higgs decays in the inverse seesaw

In this work, we have considered the full set of one-loop diagrams contributing to the cLFV
Higgs decay rates in the ISS. All diagrams, the details of the calculation as well as the details
of the constraints implementation can be found in [10]. In particular, we make use of two
parametrizations in order to reproduce light neutrino masses and mixing in agreement with
oscillation data [14], a Casas-Ibarra [15] parametrization for Yν , modified for the ISS, and
a new parametrization for µX :
†
∗
T
µX = MRT m−1
D UPMNS mν UPMNS mD

−1

MR ,

(4)

where UPMNS is the 3 × 3 Pontecorvo-Maki-Nakagawa-Sakata matrix for neutrino mixing.
The left panel of fig. 1 shows BR(h → µτ ) as a function of the two most relevant
parameters in the case of hierarchical heavy neutrino. Since we use a modified Casas-Ibarra
parametrization here, Yν grows with MR , which leads to larger BR(h → µτ ) at a larger
MR3 . In contrast, Yν decreases when µX increases, meaning that BR(h → µτ ) grows when
µX decreases. Circles and lines correspond to two regions with different dependences on the
seesaw parameters, which is specific to cLFV Higgs decays. Radiative cLFV decays only
exhibit lines for example. We can clearly see that, in this case, BRmax (h → µτ ) ∼ 10−9 due
to the stringent experimental upper limit on BR(µ → eγ) [16].
The right panel of fig. 1 displays BR(h → µτ ) as a function of the seesaw scale in the
µX -parametrization with degenerate heavy neutrinos. We are now free to choose as input
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where the constraint |Y4π
≤ 1.5 translates into f ≤ 6π. The main constraint in this
case is BR(τ → µγ) [17], which decreases faster than BR(h → µτ ). As a consequence,
we find that BRmax (h → µτ ) ∼ 10−5 , a result that remains valid with hierarchical heavy
neutrinos. Similarly, we found BRmax (h → e τ ) ∼ 10−5 . Details of the analysis, including
the dependence on other parameters, can be found in [10]. Branching ratios of this size,
while they cannot explain the small LHC excess, can be probed at future colliders.

4

cLFV Higgs decays in the SUSY inverse seesaw

For this study, we have calculated the full one-loop SUSY contributions in the mass basis
to the SM-like Higgs boson, denoted by h and taken to be the lightest CP-even Higgs
boson. The contributing diagrams as well as the complete analytical expressions can be
found in [13]. We have taken into account various experimental constraints like low energy
neutrino data and cLFV radiative decays, choosing as examples two benchmark points
with a Higgs boson mass within 1σ of the central value of the latest CMS and ATLAS
combination and with supersymmetric spectra allowed by ATLAS and CMS searches.
We present in fig. 2 the predictions of BR(h → τ µ) as a function of the seesaw scale
and the sneutrino trilinear coupling for the three neutrino Yukawa textures presented in the
previous section 3, suppressing cLFV in the µ − e sector. The most stringent constraint is
thus the related cLFV radiative decay τ → µγ. On the left panel, two different behaviours
3

can be observed. At low MR , the dominant contribution comes from sneutrino-chargino
loops while slepton-neutralino loops dominate at large MR . This comes from the roughly
linear right-handed sneutrino mass dependence on MR , leading to their decoupling at large
MR . On the right panel, we can see that large values of Aν increases both cLFV radiative
and Higgs decays when the sneutrino-chargino contributions dominate. However, the exact
value of Aν where they reach their minimum can be different, leading to an enhanced
BR(h → τ µ) with BR(τ → µγ) in agreement with experimental limits. This leads to
BRmax (h → τ µ) ∼ 1%, a value large enough to explain the CMS and ATLAS excesses. A
more detailed discussion of the dependence on relevant parameters can be found in [13].

5

Conclusion

Following the discovery of a Higgs boson at the LHC, searches for cLFV Higgs decays
offer a new way to probe the mechanism at the origin of neutrino masses and mixing. We
have presented here the results of two studies of cLFV Higgs decays in the inverse seesaw
and its supersymmetric realization, showing first that they are complementary to cLFV
radiative decays because of their different dependence on the seesaw parameters. In the
non-supersymmetric inverse seesaw, BR(h → µτ ) and BR(h → eτ ) as large as 10−5 can
be expected, which can be probed by future colliders. Supersymmetric contributions to
h → τ µ can lead to branching ratios up to 1%, which could explain the CMS and ATLAS
excesses. If the seesaw scale is low enough to generate these large branching ratios, the
scenarios considered here could lead to a substantial production of heavy neutrinos at the
LHC, leading to specific final states like µτ jj with Mjj = MW [18].
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The OPERA experiment has reported the detection of five ντ candidates in the CNGS νµ beam, allowing to reject the background-only
hypothesis at the 5.1σ level. Besides these events, on May 23rd 2011,
OPERA detected a “neutral current like” interaction with two secondary
vertices. Such topologies mainly arise from Charged Current interactions
of a ντ with associated charm quark production or from Neutral Current
interactions of a νµ with production of a charm anti-charm pair. These
topologies have generally low probabilities. A dedicated multivariate analysis is in progress to allow discriminating between these two hypotheses.
Here the event topology is described in detail and preliminary results of
the classifiers for all possible contributions are given.
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1

The OPERA experiment

The OPERA (Oscillation Project with Emulsion tRacking Apparatus) experiment
has searched for neutrino oscillations over a baseline of 730 km. The experiment was
exposed to the CNGS high energy neutrino beam (mean Eνµ ∼ 17 GeV) optimized
for the appearance of ντ from a pure beam of νµ [1]. OPERA was a modular detector composed of two Super Modules (SM) each being composed of a target region
followed by a muon spectrometer. The basic unit of the target was the so-called
“brick”, an array of 57 nuclear emulsion layers interleaved with 56 1 mm thick lead
layers; its transverse size was 12.5×10.2 cm2 and the thickness was about 10 radiation
lengths [2]. Nuclear emulsion have a sub-micrometric spatial resolution which grants
the precise reconstruction of the neutrino interaction inside the target, as well as the
associated short-lived particles like the τ lepton. An OPERA film has 2 emulsion layers (each 44 µm thick) on both sides of a transparent triacetylcellulose base (205 µm
thick). The overall target mass was 1.25 kton, composed of about 150000 bricks. Each
brick is a stand-alone device which allows momentum measurement through Multiple
Coulomb Scattering (MCS) in the lead plates [3], and electromagnetic shower energy
reconstruction. The target region was instrumented with plastic scintillator strips
[4], used to localize the neutrino interactions point; providing the probability map of
the bricks where the interaction might have taken place. The muon spectrometers
were equipped with Resistive Plate Chambers and drift tube detectors. The design
leads to a muon momentum resolution better than 30% for momenta up to 25 GeV/c.
Thanks to the high signal to background ratio the ντ search was done on an event by
event basis [5]. This possibility also relies on the excellent spatial resolution of nuclear emulsions and on the good knowledge of the expected decay topologies; having
the capability to identify anomalous impact parameters (IP) of particle tracks with
respect to the reconstructed primary interaction vertex. This is the trigger for the τ
lepton decay signal. The charm decay dataset is used as a proxy to validate the reconstruction method, because of the similarity decay topologies. Further background
suppression is achieved by applying kinematical selections.
OPERA has reported the detection of five ντ candidates, allowing to reject the
background-only hypothesis at the 5.1σ level [6].

2

Description of the double-vertex event

Event 1114301850 occurred in the first SM with no associated muon track (“0 µevent” [7]). The total hadronic energy is ∼ 20 GeV. A scheme of the event is shown
in Fig. 1. A primary stopping point was located in the lead layer between emulsion
films 31 and 32, and a secondary one at plate 33. The upstream vertex is composed of
5 tracks; the downstream vertex has one prong kink topology. The five tracks are not
compatible with a single vertex (IPs are larger than the standard threshold ≥ 10µm).
By minimizing the IP the most probable event topology is composed of two vertices:
a primary one (VI ) in Figure 1 is 581.8 µm upstream with respect to the top emulsion
layer of plate 32; while the secondary one (VII ) is 102.6 µm downstream with respect
to VI . VI is formed of tracks 2, 4 and 5, while VII is defined by tracks 1 and 3. IPs
of all tracks with respect to both vertices are listed in Tab. 1. The distance between
the primary and secondary vertices is 103.2 µm.
Track 4 makes a (95 ± 17) mrad kink (537.6 ± 174) µm upstream of plate 33; the

Track ID
1
2
3
4
5

Single Vertex IP (µm) Two vertices IP (µm)
w.r.t. VI
w.r.t. VII
8.3
36.2
0.1
8.8
1.0
6.5
4.8
25.9
0.1
13.0
1.5
20.4
5.1
2.2
9.6

Table 1: Impact Parameters evaluated assuming a topology of a single vertex, or two
vertices.

Figure 1: Event projection in the yz plane. Base-tracks are represented with segments,
while volume tracks with lines; the blue one represents the daughter particle. Vertices are
shown with red dots; EM showers 1 and 2 are also indicated

minimum distance between this track “parent” and track 6 “daughter” is (0.9 ± 2.9)
µm; the parent flight length is (1174 ± 74) µm. The kink point is labelled VIII . Track
2 is composed off 3 base-tracks (segments measured in three consecutive plates) and
stops at plate 34; due to the short length its momentum, equal to (0.31 ± 0.08)
GeV/c, was evaluated considering absorption processes in lead [8]. Track 3 shows a
re-interaction at plate 53 (not shown), while tracks 1 and 5 traverse the whole brick.
The momentum of tracks 1, 3, 5, and 6 was estimated by the MCS method, yielding
+3.1
+0.45
+2.1
2.1+1.6
−3.1 GeV/c, 4.3−7.1 GeV/c, 0.54−0.68 GeV/c and 2.7−3.7 GeV/c respectively (the
quoted interval is the 68% C.L.).
Two electromagnetic (EM) showers were identified at plates 35 and 41. Their
estimated energies are E1 =(7.2 ± 1.7) GeV and E2 =(5.3 ± 2.2) GeV, respectively.
These photons could arise from one or two π 0 . The two π 0 hypothesis is highly
disfavoured because a second pair of EM showers was not found; by minimizing their
IPs both photons are assumed emerging from vertex VIII (8±8) µm and (40±11) µm.
An extensive search for nuclear fragments was performed and no fragments were
detected in any of the three vertices. Both topology and kinematics were confirmed
by measurements using an independent scanning system.

In the OPERA proposal the observation probability of such a topology was taken
as negligible, therefore no reconstruction procedure had been designed. Applying the
standard selection criteria, none of the primary vertex tracks can be classified as a τ
lepton. In particular the minimum daughter transverse momentum should be at least
300 MeV/c, while the best fit value for the parent is 242 MeV/c. Processes which
could produce two short decays (within ∼ 1 mm) are:
1. ντ CC interaction with charm production
2. νµ NC interaction with cc pair production.
3. other possibilities require a re-interaction of a final state particle in the lead; or
a short decay of a semi-stable particle (π, K) within few millimetres from the
primary vertex.
Hadron re-interactions could mimic any of these possibilities:
• ντ CC interaction with hadron re-interaction
• νµ NC interaction with two hadron re-interactions
• νµ CC interaction with single charm production, with one hadron re-interaction
and a misidentified muon
• νµ CC interaction with two hadron re-interactions and a misidentified muon.

3

Analysis of the event

An analysis was performed using classifying algorithms to distinguish among decay
and hadronic interaction topologies, and therefore classify the observed event (section
2). The analysis is being finalized and here only classification results are presented
without an estimate of the significance of the observation.
About 250 millions neutrino interaction events were generated using the GENIE
[9], and HERWIG [10] (charm pair channel) generators. The simulation includes: νµ
CC DIS; νµ NC DIS; and ντ CC DIS interactions. All cases were simulated with
and without charm production. The generation was done using fixed neutrino energies, then re-weighted considering the CNGS neutrino flux and the relative cross
section of each process. Propagation through the OPERA brick was done with the
GEANT4 framework [11], taking into account the experimental angular acceptance
of reconstructed tracks in the OPERA emulsions and hadronic re-interactions inside the brick. Brick finding, vertex location, momentum reconstruction and muon
identification efficiencies were taken into account using data driven parametrizations.
Only events with the same topology as the observed one were considered i.e. no
muon, electron or positron reconstructed at the primary vertex, one kink (one prong)
secondary vertex with a charged daughter not reconstructed as a muon, and a two
prong secondary vertex. Therefore, an event is defined as signal when a τ plus a charm
particle are selected by the topology cuts; while as background in case of a double
vertex topology without an identified τ particle. A set of twelve variables (topologic
and kinematical) are used for the classification, namely: the daughter momentum and
transverse momentum; the kink angle between parent and daughter; the charged and
neutral parents flight length; the invariant mass; the total EM energy; the transverse
angle ϕ among tracks of the one and two prongs vertices; angle between charged
and neutral parents; the missing transverse momentum at primary; and the hadronic
momentum of tracks of the primary vertex, discarding tracks which belongs to a
secondary vertex; the scalar sum of momentum of tracks of the neutral decay vertex.

Preliminary

Global BDTG

Signature sources
Signal Tau CC + charm

10-2

Background Muon CC + 2 had reint
Background Muon CC + charm + had reint
Background NC + 2 had reint
Background Tau CC + had reint
Background Tau CC + charm
Background NC + charm pair

10-3

-0.8
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Figure 2:

BDTG classificator output, considering signal and several background-like
channels. The vertical black line represents the preliminary BDTG classification of the
measured event.

In the analysis three types of classifiers were used. A Multi Layer Perceptron
flavour of an Artificial Neural Network; two different kinds of a Boosted Decision
Tree classifier, an Adaptive Boost and the Gradient Boost (BDTG). These are trees
of binary choices taken on one single variable at a time until a stop criterion is fulfilled.
With respect to the Adaptive Boost, the latter is more stable with respect to outliers
which can occur by chance in any distribution, especially heavy-tailed distribution.
Finally a Fisher discriminant was used [12]. Figure 2 shows the preliminary output of
the BDTG classifier, where the τ plus charm topology is peaked at 1; the contribution
of all the other considered channels is also plotted. The black line is the output
evaluated using event 1114301850.

4

Conclusions

An event with two secondary vertices was measured by OPERA. A preliminary classification based in a multi-variate analysis, shows that this event turns to be likely a
ντ CC interaction with an associated charm production. Future perspectives of the
analysis include the evaluation of the number of expected events for each considered
channel, and therefore obtain the significance of the observation. The analysis is in
progress and a more comprehensive description will be given in a future publication
which is in preparation.
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The Precision IceCube Next Generation Upgrade (PINGU) is a proposed extension to the IceCube detector. The design of PINGU would
augment the existing 86 strings with an additional 40 with the main goal
of determining the neutrino mass ordering (NMO). Preliminary studies of
the NMO can start with IceCube/DeepCore, a sub-array of more denselypacked strings in operation since 2011. This detector has a neutrino energy threshold of roughly 10 GeV and allows for high-statistics datasets
of atmospheric neutrinos to be collected. This data provides a unique
opportunity to better understand the systematic effects involved in making the NMO measurement by comparing the simulation studies to real
data. These proceedings will present the current status of these studies
in Monte Carlo simulations with projected DeepCore sensitivity for the
NMO.
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Introduction

The IceCube Neutrino Observatory is the world’s largest neutrino detector, instrumenting over 1 km3 of the South Pole ice. Consisting of 5160 optical sensors arranged
vertically in 86 ‘strings’ separated by ∼ 120m, it has been designed to measure the
highest energy neutrinos ever observed. Since 2011, a sub-array of more denselypacked strings, known as DeepCore, has been in operation. This instruments the
deepest and most transparent ice, to give an energy threshold of ∼ 10 GeV, allowing
high-statistics datasets of atmospheric neutrinos to be collected. It is from this that
the first statistically significant observation of the oscillations of neutrinos with energies above 20 GeV was made [1]. Since this publication the results have only improved
with more sophisticated reconstruction techniques and a better understanding of this
unique medium.
The planned upgrade for the lower energy neutrino physics at the South Pole is
the Precision IceCube Next Generation Upgrade (PINGU), a further 40 strings separated by ∼ 20m. This will allow the energy threshold to go as low as 1 GeV while
also collecting an order of magnitude more statistics. The main goal of this will be
to determine the neutrino mass ordering (NMO). However, studies on the NMO can
begin now with the existing DeepCore dataset. Comparing the actual data with the
results of Monte Carlo simulations will give a better understanding of the systematics
involved in such a measurement and provide a solid framework from which to move
on towards PINGU. These proceedings will present the current status of these studies
in Monte Carlo simulations with projected DeepCore sensitivity for the NMO.

2

The Neutrino Mass Ordering

Within the standard neutrino oscillation paradigm, experiments make measurements
of both the mixing angles, θij , and the squared-mass splittings, ∆m2ij , between 3
neutrino mass states, i, j = 1, 2, 3. The former governs the flavour composition of
each of these states and the latter determines the frequency of the oscillations in L/E
space, where L is the distance the neutrinos have travelled and E are their energies.
However, such measurements do not answer the question of the ordering of these
states, i.e. they do not give the sign of ∆m2ij . Data from solar neutrinos collected by
SNO was found to be consistent with ∆m221 > 0 [2], but the question of the sign of
∆m231 remains open. The two possibilities, ∆m231 > 0 and ∆m231 < 0, are referred to
as the normal and inverted ordering (NO and IO) respectively. The current global fit
to all neutrino data favours the inverted ordering at a level ∼ 1σ [3].
These proceedings will focus on work done towards making the neutrino mass
ordering measurement with a dataset of atmospheric neutrinos collected at the South
Pole by the DeepCore detector. One can see hierarchy-dependent effects in such

1

datasets due to a combination of matter effects and parametric resonances when
the neutrinos travel through the Earth. A visualisation of this signal, following the
convention of reference [4], can be seen in figure 1. The metric shown is the difference
between the number of events expected for each mass ordering, divided by the square
root of the number of events expected for the normal mass ordering; effectively, it is
the statistical-only significance of the mass hierarchy signal, in units of σ, in each bin.
This both highlights the regions in (E, cos θ) space where an NMO signal is expected
to appear and gives a measure of the magnitude of the effect. Here, the events are
separated into ‘track-like’ and ‘cascade-like’ classifications. The former is composed
ideally of νµ CC events and everything else falls in to the latter. This separation is
done since the directional resolution on cascade-like events is generally poorer, and
so one can maximise the signal by fitting these regions separately.

Figure 1: A visualisation of the NMO asymmetry in the DeepCore data, assuming
the neutrino oscillation parameters of reference [3].

3

Results

The expected sensitivity of the DeepCore detector to the NMO is shown in figure
2. Here, a fast ∆χ2 -based analysis has been performed as in reference [5]. This
has been evaluated as both a function of detector livetime and the true value of
sin2 θ23 . For the latter, certain regions of the parameter space see a decrease in the
significance. In general, one would expect the NMO signal to grow when one moves
to the second octant due to the presence of more νµ in mass state 3. However,
due to degeneracies between this and the true ordering, the signal is obscured. As
is evident from the results of reference [3], the two regimes of (NO, θ23 < 45◦ ) and
(IO, θ23 > 45◦ ) are degenerate, and so the NMO significance in the latter is greatly
reduced. The case of (NO, θ23 > 45◦ ) is unique in that, broadly speaking, it does not
suffer from these strong degeneracies. Thus, the significances grow as expected. Here,
2

the 10-year results have the potential to exceed 1.5σ. However, this shows that the
biggest obstacle in determining the NMO is the inability to distinguish the octant of
θ23 . Nonetheless, the variation of the NMO signal with sin2 θ23 leads to significance
ranges of 0.2σ−0.4σ and 0.2σ−1.2σ for IO and NO respectively for 3 years of detector
exposure. This is approximately how much data has already been collected by the
DeepCore detector.

Figure 2: The expected DeepCore median NMO significances as a function of detector
livetime (left) and the true value of sin2 θ23 (right). The livetime plot shows the range
of significances for 42.3◦ < θ23 < 49.5◦ and the sin2 θ23 plot shows the best fit points
for both the NO and IO from reference [3].

4

Including Priors on ∆m231 and θ23

Since the uncertainty on θ23 is the largest reason for being unable to determine the
NMO, one stands to gain considerably in the measurement by utilising the current
global knowledge on this parameter. In this analysis, the χ2 surfaces for θ23 reported
in reference [3] have been used as priors. However, using them directly also brings a
prior on the ordering itself, since they have a ∆χ2 of ∼ 1 between the two ordering
hypotheses, shown on the left in figure 3. This difference in the minima is subtracted
before they are used to remove this unwanted effect. A gaussian prior for ∆m231 has
also been included based on the 1σ error bands in reference [3], but this is expected
to have a significantly smaller effect.
The effect of including these priors as a function of detector livetime is shown
on the right in figure 3 assuming the fiducial oscillation model of reference [3] only.
This leads to a marked increase in sensitivity, with the 3-year results growing from
∼ 0.2σ to ∼ 0.7σ for both orderings. If this is to be used in the final analysis then
the treatment of the remaining systematics will have to be more carefully assessed,
as they would no longer be essentially negligible.
3

Figure 3: The expected DeepCore median NMO significances as a function of detector
livetime both with (dashed) and without (solid) the priors on θ23 (shown on the left,
from reference [3]) and ∆m231 .

5

Conclusion and Outlook

A ∆χ2 -based analysis to assess the NMO sensitivity of Monte Carlo equivalent to the
currently available DeepCore data has been presented. While the predicted significances are low, these studies will assist in developing the analysis with a view towards
the IceCube upgrade known as PINGU.
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Some properties of lepton mixing and neutrino masses can be computed under the assumption of A5 and CP as a symmetry in the leptonic
sector. The results show that four mixing patterns accommodate well
the oscillation data, i.e. all the mixing angles are in the 3σ confidence
region. We also introduce an explicit realization of this framework in the
case of the Weinberg operator where the neutrino mass spectrum can be
computed.
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Mixing patterns

A possible tool to understand the mixing pattern in the leptonic sector that we observe
in Nature is the one based on Flavour Symmetry. In particular in our approach we
use non abelian discrete symmetry combined with CP as discussed in [1, 2]. In our
study, fully presented in [3], we assume that the group of full symmetry in the leptonic
sector is Gf = A5 ⊗ CP , where A5 is the group of even permutation of five elements.
Neutrinos are Majorana particles in representation 3 ∈ A5 . The generators’ algebra
is
S 2 = T 5 = (ST )3 = 1.
(1)
The PMNS matrix is given by the misalignment between the residual symmetries
in charged and neutrino sector, respectively G` and Gν . For the charged leptons we
consider G` = {Z3 , Z5 , Z2 ⊗ Z2 } abelian subgroups of A5 , and Q is a representation
of the subgroup in the field space, Q ∈ Zm ⇐⇒ Qm = 1. As a residual symmetry
in the neutrino sector we assume Gν = Z2 ⊗ CP and we define Z ∈ Z2 and X is a
representation of CP in the field space such that XX T = XX ? = 1, XZ ? − ZX = 0
and it is an involutive automorphism of the flavour group Gf , as discussed in details
in [4].
In the following X0 is the simplest representation of CP symmetry. It is the permutation matrix in the 2 − 3 plane. The other representations of CP can be obtained
as X = ZX0 . The action of the symmetry on charged lepton mass matrix M` and
neutrino mass matrix Mν is the following
Q† M`† M` Q = M`† M`

Z T Mν Z = Mν

XMν X = Mν? .

(2)

For each possible touple (Q, Z, X) the PMNS matrix can be constructed as
U`† QU` = Qdiag

†
†
Ω† ZΩ = Zdiag  =⇒ UPMNS = U` Uν = U` ΩRij (θ)Kν


X = ΩΩT






θ ∈ [0, π)

(3)

where the rotation matrix Rij (θ) is necessary to correctly diagonalize the neutrino
mass matrix Mν , and Kν is a diagonal matrix needed to have all neutrino masses
positive. Therefore all the oscillation parameters are function of the internal angle θ.
The power of this approach is that all the CP phases can be predicted.
For each choice of the tuple (Q, Z, X) we have a PMNS matrix up to permutations
of rows and columns since the masses are not fixed in this approach. The independent tuples are 18. We use a χ2 function, based on the data reported in [5], in
order to reduce the number of independent tuple to four, which are relevant for the
phenomenology, see Table 1 and Figure 1. Similar results were obtained in [6, 7].

1

Case
χ2min
θbf
sin2 θ12
G` = Z5 - Case I
5.64
0.174
0.283
(T 2 , T 2 ST 3 ST 2 , SX0 )
3.46
2.967
0.283
G` = Z5 - Case II
4.04 0.175-2.967 0.283
2
2
(T , ST ST, X0 )
7.74 0.175-2.967 0.283
G` = Z3 - Case III
8.84 0.604-0.967 0.341
2
2
2
3
(T ST , ST ST S, X0 )
12.56 0.603-0.967 0.341
G` = Z2 ⊗ Z2 - Case IV-P1 4.48
0.254
0.331
({S, T 2 ST 3 ST 2 }, ST 2 ST, X0 ) 11.80
0.258
0.330
G` = Z2 ⊗ Z2 - Case IV-P2 6.19
0.255
0.331
2
3
2
2
({S, T ST ST }, ST ST, X0 ) 6.43
0.254
0.331

sin2 θ13
0.0217
0.0219
0.0218
0.0220
0.0217
0.0218
0.0219
0.0225
0.0220
0.0218

sin2 θ23
0.408
0.592
0.5
0.5
0.5
0.5
0.475
0.478
0.524
0.525

sin δ
0
0
∓1
∓1
±1
±1
0
0
0
0

Table 1: Values of χ2min , best fit for θ and PMNS parameters for patterns that have
χ2min ≤ 27. Upper rows are for Normal Ordering (NO) while lower ones are for Inverted
Ordering (IO). Notice that the Dirac phases are maximal when also the atmospheric
angles are maximal, otherwise δ is trivial. The Majorana phases are always trivial if
we want to accommodate well the mixing angles, but patterns with non trivial values
can appear.
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Figure 1: Parametric plots for Case I trhought Case IV as a function of the internal angle θ in the planes (sin2 θ12 , sin2 θ23 ) (left), (sin2 θ13 , sin2 θ12 ) (middle) and
(sin2 θ13 , sin2 θ23 ) (right) assuming NO. The red dots are the model best fit values
while the black crosses are the experimental best fit points. The shadow areas are
the allowed regions at 1σ, 2σ and 3σ CL (2dof).

2

Explicit Model: Case II

The mixing patterns are independent on the underlying theory, they are just a consequence of group theory. However if we want to obtain other informations about
2

neutrino physics we need to construct an explicit model. We focus on Case II of our
classification, which has Z5 as a residual symmetry for the charged lepton sector. The
oscillation parameters are
ϕ+2 2
3−ϕ
1
sin2 θ13 =
sin θ sin2 θ12 =
sin2 θ23 =
| sin δ| = ±1 (4)
2
5
5 cos θ13
2
√
where ϕ ≡ (1 + 5)/2 is the Golden Ratio. The neutrino mass matrix Mν is fixed
by symmetry. Mν has four real dimensionless parameters s, x, y, z and a scale factor
m0 . The internal angle θ is related to the Mν parameters


3
√
(z + iϕy)
2 2
3
(x + iy)
2
s − x+z
2

3
√
(z
2 2



− iϕy)
√

2 7 + 11ϕy
x+z

s− 2
 tan 2θ = 2x(ϕ + 1) + z(2ϕ + 1) .
3
(x − iy)
2
(5)
◦
A small value of |y| is needed to obtain θ13 ∼ 9 . Assuming a Weinberg operator
with two flavon fields φν,1 ∼ 1 ∈ A5 and φν,5 ∼ 5 ∈ A5 is possible to achieve a small
reactor angle in a two step symmetry breaking A5 ⊗ CP → Z2 ⊗ Z2 ⊗ CP → Z2 ⊗ CP
because under the Klein group and CP the parameter y is vanishing and only under
Z2 ⊗ CP it appears. Therefore y is naturally the smallest parameter.
The parameter space with four free dimensionless parameters is sufficiently large to
describe all the oscillation data, thus we start a classification reducing the number of
independent VEVs in the flavon potential to obtain predictive scenarios [8]. In these
limits we can predict the mass spectrum and obtain information about the Majorana
phases. For instance, in Figure 2, the 0νββ-decay effective mass is shown as function
of the lightest neutrino mass or the effective β-decay mass.
s+x+z
 3
Mν

=  2√2 (z + iϕy)
m0
3
√
(z − iϕy)
2 2

3

Conclusion

The use of non abelian discrete symmetry and CP is a useful approach to understand
the leptonic mixing pattern, in particular the smallness of θ13 . Assuming A5 ⊗ CP
as a global symmetry in the full leptonic sector and Z2 ⊗ CP as a residual symmetry
in the neutrino sector we obtain that four mixing patterns are relevant for the phenomenology.
We also study an explicit realization of this framework based on Case II which has
Z5 as a residual symmetry in the charged sector. In our classification we reduce the
number of independent VEVs obtaining predictive scenarios with only three free parameters because the Majorana phases are fixed. We observed that in these limits
interesting feature appears, for instance in the case of Weinberg operator with z = 0
where the ratio between the solar and atmospheric mass splittings is proportional to
sin2 θ13 .
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Figure 2: Predictions for the 0νββ-decay effective mass mββ as function of the lightest
neutrino mass mmin (left) or mβ (right) in the case of the Weinberg operator assuming
one vanishing parameter in the neutrino mass matrix Mν . The Majorana phases are
fixed in explicit models. Gray circles are for NO while black diamonds for IO.
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Modern experiments aimed at measuring neutrino oscillation parameters have entered the age of precision. The determination of these parameters strongly depends on the ability to reconstruct the energy distributions
of the neutrino beams. We compare two different energy reconstruction
techniques: the reconstruction based on the kinematic of the outgoing lepton and the one based on the calorimetric method. Furthermore, we analyze realistic detector capabilities, such as energy resolutions, thresholds
and efficiencies, in order to estimate how well they need to be evaluated
to avoid a significant bias in the extraction of the oscillation parameters.
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1

Introduction

Neutrino scattering off a nucleus in charged current (CC) leads to the production of
the associate lepton and a hadronic final state of n nucleons knocked out from the
nucleus and m mesons produced in the process.
Neutrino energy can be reconstructed using the lepton kinematic with the assumption
that the invariant hadronic mass W 2 is known. Thus, applying energy and momentum
conservation
W 2 − m2` + 2(nM − n )E` − (nM − n )2
Eνkin =
,
(1)
2(nM − n − E` + |k` | cos θ` )
where E` is the energy of the outgoing lepton, k` its momentum and θ` its angle
with respect to the direction of the incoming beam. n represents the average singlenucleon separation energy. A deeper knowledge of the final state, and of the deposited
kinetic energies by the particles, could allow a more accurate reconstruction of the
neutrino energy
Eνcal

= n + E` +

N
X

(Epi − M ) +
0

M
X

i

Ehj 0 ,

(2)

j

where Epi 0 and Ehj 0 denote the energies of the ith knocked-out nucleon and of the
j th produced meson, respectively.
The two reconstruction schemes in Eqs. (1) and (2) are employed to analyze the
events generated with the Monte Carlo event generator GENIE 2.8.0 + νT [1] [2].
Thus, it is possible to produce migration matrices, Mij , that define the probability
for an event with true energy in the j th bin to be reconstructed in the i th energy bin.
Neutrino events are reconstructed assuming: a Perfect Scenario in which all the
particles produced by the interaction are detected, and a Realistic Scenario where
realistic detector capabilities are used for the analysis of the final state.

2

Oscillation Analysis

The analysis of the oscillation parameters is performed using the software GLoBES [3]
[4], in the oscillation channel νµ → νµ [5]. The assumed true values of the oscillation
parameters used for the analysis are taken from [6]. Two different experimental
configurations are considered [7] [8], and their main features are reported in Tab. 1.
The number of un-oscillated CC νµ events for the two different setup used is ∼ 5000.
The true event rates are computed using migration matrices generated within the
realistic scenario, with the aim of reproducing a ”realistic” experimental setup
Nitrue =

XX
Y

MY,real
NjY ,
ij

(3)

j

for each interaction channel Y considered: quasi-elastic, 2p−2h, resonance production
and deep ineslatic scattering. The fitted rates are then generated using a linear
1

Experimental setup Type
Baseline
Low Energy
off-axis L = 295 km
High Energy
on-axis L = 1000 km

Energy Peak
600 MeV
1-2 GeV

Table 1: Details of the two experimental configurations used to perform the oscillation
analysis.

combination of the matrices obtained from the realistic and perfect reconstruction,
as a function of the parameter α
Nif it =

XX
Y

{(1 − α)MY,real
+ αMY,perf
}NjY .
ij
ij

(4)

j

This phenomenological approach is useful to quantify the impact of the incorrect
estimation of detectors effect on the oscillation parameters analysis. The obtained
results are shown in Fig. 1, for calorimetric and kinematic reconstructions.
A similar analysis, has been performed in the appearance channel νµ → νe [9]. The
experimental setup chosen is a wide band neutrino beam with a baseline of L = 1300
km, and the neutrino energy is reconstructed applying the calorimetric method. The
true event rate is obtained with realistic migration matrices, as before.
In the ideal case in which all the particles in the final state are detected, the neutrino
energy will be smeared according to a gaussian distribution with a width dependent
on the energy smearing assumed for the final state’s particles. To estimate missing
energy effects, the distribution obtained for the fit are obtained as a linear combination
of realistic matrices and gaussian distributions, centered around the true neutrino
energy. The result in the (θ13 , δ) plane is shown in Fig. 2.

3

Conclusions

We find that the kinematic reconstruction is much robust with respect to detector
effects, mostly because muons are well reconstructed. On the other hand, the calorimetric reconstruction strongly depends on the assumed detector performances and
its uncertainties can considerably affect the extracted oscillation parameters.
We also studied the effects of the missing energy in the appearance channel. To avoid
an appreciable bias in the extraction of δ, the missing energy should be correctly
estimated at the 90%, and if just a 70% is correctly accounted for, the true value
would be excluded between 2–3 σ.

2

Figure 1: Results for the calorimetric and kinematic reconstruction for the two experimental setup. Upper panels: expected event distributions at the far detector. The
shaded histograms represent the rates obtained applying migration matrices from the
realistic scenario. The dashed and solid lines represent the rates obtained for an underestimation of the detector effects of the 10% and 30%, respectively. Lower panels:
confidence regions at 1 σ with ∆χ2 = 2.3, in the (θ23 , ∆m231 ) plane. The shaded areas
are obtained when detector effects are fully estimated. The closed lines are obtained
when the fit is performed using a distribution obtained through the combination of
perfect and realistic matrices. They represent the contour for detector performances
overestimated of the 10%, 20% and 30%.
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Figure 2: Confidence regions in the plane (θ13 , δ) at 1 σ for ∆χ2 = 2.3. The shaded
area is obtained when the missing energy is fully estimated. The lines represent the
confidence regions when only the 90%, 80% and 70% of the missing energy is correctly
accounted for.
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The OPERA long baseline experiment located in the INFN Gran Sasso
underground Laboratory was designed to establish the νµ → ντ oscillations
in appearance mode, using the CNGS neutrino beam. Five ντ candidate
events have been detected in a data sample from the 2008-2012 runs, with
a expected background of 0.25 events. The background only hypothesis
is rejected with a significance larger than 5σ. The analysis of the tau
neutrino sample in the framework of the 3+1 neutrino model is presented.
OPERA is able to identify νe CC events due to the good tracking capabilities of its target. The electron neutrino sample is also used to set limits
on the 3+1 oscillation parameters.
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1

The OPERA detector

The OPERA (Oscillation Project with Emulsion tRacking Appararus) [1] experiment
was designed to conclusively prove the existence of νµ → ντ oscillations by the appearance of ντ in a pure νµ beam. The detector was located in the underground
Gran Sasso Laboratory, 730 km from CERN, on the CNGS neutrino beam line. The
ντ signature is the detection of a τ -lepton (flight length of about 600 µm) produced
by Charged Current (CC) interaction with the target mass of the detector. To cope
with the challenging task of keeping a high granularity in a large detector mass the
technique of Emulsion Cloud Chamber (ECC) has been used. The OPERA ECC
target unit (called brick ) is composed of a sequence of 57 nuclear emulsion sheets
interleaved with 56, 1 mm thick, lead plates for a mass of 8.3 kg; its transverse size
is 12.5 × 10.2 cm2 and the thickness along the beam direction is about 10 radiation
lengths. A nuclear emulsion film is made of a 205 µm plastic base with a 44 µm
sensitive layer on both sides. In the OPERA apparatus 150000 bricks were arranged
in two target sections having each 28 vertical planes (called walls) transverse to the
beam; each wall was followed by two planes of plastic scintillator strips that composed
the Target Tracker (TT) allowing to locate the brick in which the neutrino interaction
occurred with a precision of O(cm). Each target section was completed by a magnetic
spectrometer instrumented with Resistive Plate Chamber (RPC) detectors and high
precision Drift Tubes (DT).

2

Event reconstruction and analysis

The electronic detector data was used to identify the brick in which the neutrino
interaction occured. Events were classified as Charged Current like (1µ) if a track
was tagged as a muon or if a minimum number of detector walls was traversed,
or as Neutral Current like (0µ) in the complementary case [2]. The bricks tagged
as containing a neutrino interaction vertex were extracted from the detector, their
emulsion films were then developed and sent to the scanning laboratories in Europe
and Japan, where a search for τ decays was performed using custom automated
optical microscopes. The search for the neutrino interaction vertex starts from a set
of track predictions, provided by the electronic detectors, found tracks are followed
back in the brick, film by film, from the most downstream one to the point where
they originate. When a track disappears (i.e. is not found in three consecutive films)
a volume of 1 cm2 by 5 films upstream and 10 films downstream of the possible
vertex point is scanned in order to fully explore the vertex area and possibly find
other associated particle tracks. The search for the possible decay of a secondary
track is then performed through a dedicated decay search procedure [4]. Vertexes
for which one track has an impact parameter larger than 10 µm are further analysed

1

[2, 3], searching for secondary decay vertexes. According to the decay topology of the
event, either in one prong (electron, muon or hadron) or in three prongs, kinematical
selection criteria are then applied to validate the candidate for appearance of the τ
lepton.

3

νµ → ντ oscillations search

During the CNGS runs from 2008 to 2012, 19505 neutrino interactions were recorded
in the target fiducial volume, corresponding to 17.97 · 1019 protons on target (p.o.t.).
The decay search procedure has been applied, after analysis of most of the data, to
5408 events. Out of this sample, five τ candidates match the recontruction criteria
introduced in the previous section. One of them is in the τ → µ decay channel [7],
three in τ → 1h [5, 8, 9] and one in τ → 3h [6]. In the analysed sample 0.25 ± 0.05
background events are expected, mainly from charmed events with an undetected
primary muon, the remaining part coming from hadronic re-interactions (for the
hadronic decay channels) and large angle muon scattering (for the τ → µ channel) as
shown in Tab. 1. Taking into account the different signal-to-noise ratio for each decay
channel, by the observation of five candidates a 5.1σ significance for the exclusion of
the background-only hypothesis in the search for νµ → ντ oscillation is achieved [9].
Channel
τ → 1h
τ → 3h
τ →µ
τ →e
Total

Charm
0.017 ± 0.003
0.17 ± 0.03
0.004 ± 0.001
0.03 ± 0.01
0.22 ± 0.04

Expected background
Had. re-interac.
Large µ-scat.
0.022 ± 0.006
−
0.003 ± 0.001
−
−
0.0002 ± 0.0001
−
−
0.02 ± 0.01
0.0002 ± 0.0001

Total
0.04 ± 0.01
0.17 ± 0.03
0.004 ± 0.001
0.03 ± 0.01
0.25 ± 0.05

Expected signal

Observed

0.52 ± 0.10
0.73 ± 0.14
0.61 ± 0.12
0.78 ± 0.16
2.64 ± 0.53

3
1
1
0
5

Table 1: Expected signal and background events for the analysed data sample.

4

Search for sterile neutrinos

The neutrino oscillation phenomenon is currently well described by the mixing of
three neutrino flavor eigenstates (νe , νµ and ντ ) with three mass eigenstates (ν1 , ν2
and ν3 ). Nevertheless there are experimental results that cannot be accomodated
within this framework [10]. These anomalies may hint to the existence of sterile
neutrino(s) with ∆m2 ∼ 1 eV2 . The OPERA experiment can test the sterile neutrino
hypothesis looking for deviations from predictions of the standard three-neutrino
model. OPERA ντ appearance results have been used to derive limits on the mixing
parameters of a massive (∼ eV) sterile neutrino [12].
In presence of a fourth sterile neutrino with mass m4 , the oscillation probability is
2

a function of the 4 × 4 mixing matrix U and of the three squared mass differences.
Observed neutrino oscillation anomalies, if interpreted in terms of one additional
sterile neutrino, suggest |∆m241 | values at the eV2 scale. In the framework of the 3+1
model, at high values of ∆m241 , the measured 90% C.L. upper limit on the mixing
term sin2 2θµτ = 4|Uµ4 |2 |Uτ 4 |2 is 0.116, independently of the mass hierarchy of the
three standard neutrinos. The OPERA experiment extends the exclusion limits on
∆m241 in the νµ → ντ appearance channel down to values of 10−2 eV2 at large mixing
for sin2 2θµτ & 0.5 as shown in Figure 1.

Figure 1: OPERA 90% C.L exclusion limits in the ∆m241 vs sin2 2θµτ parameter
space for the normal (NH, dashed red) and inverted (IH, solid blue) hierarchy of the
three standard neutrino masses. The exclusion plots by other experiments are also
shown. Bands are drawn to indicate the excluded regions.
A systematic search for νe events was performed in the 2008-2009 data sample.
Out of 505 0µ events with located interaction vertex, corresponding to an integrated
intensity of 5.25 · 1019 p.o.t. [11], 19 νe candidate events were observed. This number
is compatible with the expected νe from the beam contamination (19.8 ± 2.8). The
current result on the search for the three-flavour neutrino oscillation yields an upper
limit sin2 2θ13 < 0.44 (90% C.L.).
OPERA limits the parameter space available for a non-standard νe appearance
suggested by the results of the LSND and MiniBooNE experiments [10]. It further
constrains the still allowed region around ∆m2new = 5 · 10−2 eV2 . For large ∆m2new
values, a Bayesian approach has been used and the upper limit on sin2 2θnew reaches
the value 7.2 · 10−3 .
These results will be updated using 50 νe candidates observed in the full data set.

3

5

Conclusions

The OPERA experiment taking data from 2008 to 2012, collected 17.97 · 1019 p.o.t.
Five ντ candidates have been observed and the observation of νµ → ντ oscillations
due to background only is excluded at 5.1σ.
The observed number of νe interactions is compatible with the non-oscillation hypothesis, but allows OPERA to set an upper limit in the parameter space for a
non-standard νe appearance.
Limits on the mixing parameters of a massive sterile neutrino have also been derived
in the νµ → ντ appearance channel and the exclusion limits on ∆m241 have been
extended down to values of 10−2 eV2 at large mixing for sin2 2θµτ & 0.5.
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Using the T2K near detector to study electron neutrino
charged current quasi-elastic-like interactions on carbon
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In T2K νµ → νe oscillation analyses, electron neutrinos are the signal
at the far detector. For the beam peak energy, ∼ 0.6 GeV, charged current
quasi-elastic (CCQE) neutrino interactions dominate. Here we use the
T2K near detector to measure electron neutrino CCQE-like interactions,
which are defined by having no pions exit the nucleus: νe CC 0π. The
selection, backgrounds and steps towards a cross section measurement on
carbon are presented.
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Introduction: T2K and the near detector

T2K is a neutrino oscillation experiment that spans 295km across Japan [1]; the
baseline is optimised to measure θ13 through electron neutrino (νe ) appearance in a
predominantly muon neutrino (νµ ) beam. The neutrino beam peak energy, ∼ 0.6 GeV,
coincides with the first νe appearance probability maximum and enables T2K to
exclude θ13 = 0 with an impressive significance of 7.3σ [2].
The far detector, Super-Kamiokande (SK), is a Cherenkov light detector situated
at an off-axis angle of 2.5◦ relative to the beam direction. Positioned 280m from the
source, along the same axis as SK, is the near detector, ND280. This measures the
flux, interaction rates and flavour content of the beam to constrain predictions at SK.
Electron neutrinos at T2K
For νµ → νe oscillation searches, the signal at SK is νe and the biggest background
comes from the intrinsic νe component of the beam itself. The precision with which the
νe cross-sections and intrinsic flux at SK are modelled consequently play a significant
role in reducing the systematic errors of T2K oscillation results. Previously the νe CCinclusive cross section was measured with ND280 data [3].
Charged current quasi elastic (CCQE) interactions dominate at the T2K beam
peak energy. However, only particles that exit the nucleus may be detected, and
since particles undergo final state interactions in the nucleus, it is only possible to
measure events that appear CCQE-like. Pions, for example, may undergo scattering,
absorption and charge exchange. For this reason we define our signal in terms of
particles exiting the nucleus, and focus here on νe charged current (CC) events with
no pions in the final state, νe CC 0π. The remaining CC events are labelled νe CCother; these form a significant part of the background since the separation is limited
by detector reconstruction efficiency.
The near detector
ND280 comprises multiple sub-detectors, as depicted in Figure 1 where ‘downstream’ (‘upstream’) is defined as the +z (-z) direction. Fine Grained scintillator
Detectors (FGDs) provide an active target mass, and their size is optimised such that
there is a good chance the lepton will travel through the adjacent Time Projection
Chamber (TPC) and possibly the Electromagnetic Calorimeters (ECals). One FGD
has water layers between the scintillator to enable measurements on water, the target at SK. The 3D reconstructed TPC tracks are used to calculate the momentum
and charge of particles as they travel in the magnetic field. Furthermore, the energy
deposited as a function of distance gives excellent particle identification (PID) capabilities. In the ECal, distribution of charge is used for PID where track-like (muon)
and shower-like (electron) objects are distinguished. FGDs/TPCs are numbered in

1

the downstream direction, and upstream of these ND280 contains a π 0 detector (P∅D).
The magnet is instrumented with a side muon range detector (SMRD).

Figure 2: ND280 display of
simulated νe CC0π (top) and
νe CC-other (bottom) events

Figure 1: Schematic of ND280
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νe CC 0π event selection

The νe CC 0π selection process is detailed below and the final distribution is displayed
as a function of momentum in the left of Figure 3. NEUT, a Monte Carlo event generator for neutrino interactions, is used to optimise the selection and produce plots.
0) Event Quality - Data quality and time compatibility checks are performed.
1) Track selection - The highest momentum negative track originating from FGD1
with a good quality TPC track is selected. This is the lepton candidate.
2) PID - To identify the selected track, the TPC uses (momentum dependent) energy
deposited over the distance, and the ECal PID looks at charge distribution.
3) Momentum cut - Only events with a reconstructed momentum greater than
200 MeV are accepted. Below this the selection is dominated by γ-background.
4) Gamma Veto - Events where the selected track is an e− from γ → e− e+ interactions are targeted; this is done by cutting on the invariant mass between the selected
track and a second track that is positive and has an electron-like TPC track.
5) Upstream Vetoes - Events with upstream activity in the P∅D, ECal or TPC
are removed; this indicates that the initial interaction outside of the FGD.
6) No Michel electrons Events with Michel electron candidates are rejected.
7) Track multiplicity - Events with additional FGD tracks are rejected. In the case
of only one extra track, events pass only if it forms a proton-like track in the TPC.
2

Figure 3: Momentum distribution of νe CC 0π (left) and νe CC-other (right) samples.
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Backgrounds and control samples

The signal selection is estimated to be ∼ 53 % pure, with the two largest backgrounds
due to νc CC-other and the ‘γ-background’ (due to e− coming from γ → e− e+ ). These
backgrounds, along with νµ CC 0π, are constrained with dedicated control samples.
νe CC-other control sample
Cuts 0 − 5 in section 2 are designed to select νe CC interactions and therefore
apply also to the νe CC-other sample. Events are then distinguished by the presence
of Michel electrons or extra tracks. There is an upper bound on the νe CC-other
track multiplicity to reflect events that may enter the signal selection due to detector
reconstruction failure. The resulting selection is shown in the right plot of Figure 3.
γ-background control sample
Photons can travel through the detector unidentified and although the γ → e− e+
conversion happens inside the FGD, it is quite possible, and indeed quite frequent,
that the neutrino interaction vertex occurred outside it. Consequently, γ coming
from outside the FGD have additional uncertainty compared to those that originate
and convert in the FGD. This is due to modelling of interactions on a wider variety
of elements and possible miss-modelling of ‘dead’ material (cables, joining material
etc.). A sample of γ-events are obtained using the inverse of requirements described
in cut 4 of section 2; the resulting sample is displayed in the left plot of Figure 4.
Upstream activity is used to specifically target those coming from outside the FGD.
νµ CC 0π control sample
Despite the good PID capabilities at ND280, the beam is ∼ 99 % pure in νµ and
sometimes a muon enters the signal selection. To constrain this a ∼ 70 % pure sample
of νµ CC 0π interactions are selected (right plot of Figure 4 ) by identifying muons
and events with no Michel electrons and no pion tracks.
3

Figure 4: The γ-background (left) and νµ CC 0π (right) control samples
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Towards a νe CC 0π cross section measurement

This analysis is working towards a νe CC 0π cross section measurement on carbon.
Control samples constrain the background, and Bayesian unfolding evaluates the momentum, energy, angular and Q2 dependence, in addition to a flux averaged result.
To account for the γ-background in the νe CC-other sample, the normalisation
fits are performed across the control samples simultaneously. Initial fake data studies
show that the small signal component in the νe CC-other control sample has negligible
effect in comparison to the statistical and systematic uncertainties, even when the
signal prediction is significantly wrong. Systematic and statistical uncertainties are
expected to be ∼ 20 % and ∼ 15 % respectively.

5

Summary

The process for selecting νe CC 0π events in ND280 is finalised, and the main backgrounds and sources of uncertainty identified. Dedicated control samples constrain
the backgrounds due to, νe -CCother, and γ-background and νµ CC 0π and details of
the cross section measurement on carbon are being finalised.
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Studies of neutrinos commonly ignore anti-symmetrization of their
wave functions. This implicitly assumes that either spatial wave functions
for neutrinos with approximately the same momentum do not overlap or
their overlapping has no measurable consequences. We examine these
assumptions by considering the evolution of three-dimensional neutrino
wave packets (WPs). We find that it is perfectly adequate to treat accelerator and reactor neutrinos as separate WPs for typical experimental
setup. While solar and supernova neutrinos correspond to overlapping
WPs, they can be treated effectively as non-overlapping for analyses of
their detection.
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Introduction

Quantum particles can be treated as wave packets (WPs). The use of neutrino WPs
clarified some conceptual confusion [1] from the use of plane waves to discuss neutrino
oscillations and introduced a few oscillation-suppressing terms in the flavor transformation probabilities. For that problem, one-dimensional (1D) consideration suffices
as only the longitudinal evolution of neutrino WPs is of concern. Nevertheless, the
simplified 1D description is not a full account of WP propagation in the 3D space.
According to Heisenberg’s uncertainty principle, a particle localized in a finite
spatial region has intrinsic momentum uncertainty that causes the WP to spread
over time. The longitudinal spreading of a neutrino WP is suppressed by the tiny
neutrino mass [2] and can be neglected. In contrast, the transverse size of the WP
increases with the time of travel t as (∆k⊥ /k0 )t, where ∆k⊥ and k0 are the transverse
momentum uncertainty and the average momentum of the WP, respectively. Limited
by the speed of light, the WP asymptotically evolves into a spherical shape that
subtends a constant angle from its initial position, as depicted in Fig. 1a.

❒

Source

(a)

(b)

Figure 1: (a) Spreading of a massless neutrino WP with initial position uncertainties
al and at . The blue dashed arrow shows the classical path. (b) Criteria for overlap.
The blue and gray strips represent the 90%-probability volumes of two WPs.
The transverse spreading potentially allows neutrino WPs emitted in slightly different directions but with approximately the same momentum to overlap. If such
overlap occurs, the indistinguishability of neutrinos would require a formal manyparticle treatment. Here we describe an approximate approach to quantify the overlap
based on the evolution of 3D Gaussian WPs. We apply this approach to accelerator, reactor, solar and supernova neutrinos and find no and severe overlap for the
former and latter two sources, respectively. However, the overlap has no measurable
consequences for practical detection of solar and supernova neutrinos.
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Estimating Overlap of 3D WPs

As the tiny neutrino mass introduces negligible longitudinal WP spreading, we assume
massless neutrinos to focus on the transverse spreading. We consider a Gaussian WP
with momenta closely centered around the mean value ~k0 = k0 ẑ. An initial WP with
the position widths shown in Fig. 1a can be expressed as


1
z2
ρ2
Ψ(~r, 0) =
(1)
exp − 2 − 2 + ik0 z ,
1/2
4at
4al
(2π)3/4 at al
p
where ρ ≡ x2 + y 2 . At time t > 0, the above WP evolves into [3]
(
)

2
[z + ρ2 /(2z) − t]
ρ2
ρ2
1
− 2
−t
.
(2)
+ ik0 z +
Ψ(~r, t) ∝ exp −
z
4a2l
z (k0 at )−2
2z
With r ≈ z + ρ2 /(2z), the corresponding probability density can be expressed in
spherical coordinates as |Ψ(~r, t)|2 = R(r, t)Θ(θ), where




1
(r − t)2
θ2
R(r, t) ∝ 2 exp −
, Θ(θ) ∝ exp −
.
(3)
r
2a2l
2 · (2k0 at )−2
For estimating the overlap of WPs, we define the 90%-probability volume by t−2al <
r < t + 2al and 0 ≤ θ . 1.22(k0 at )−1 , which corresponds to the 95%-probability
regions of the radial and angular distributions.
We regard two WPs as overlapping if their 90%-probability volumes intersect
(see Fig. 1b) and if their energies are the same within the intrinsic uncertainty ∆E.
This defines the emission time window τ ∼ O[(∆E)−1 ] and solid angle ∆Ωoverlap ∼
O[(k0 at )−2 ] (see Fig. 1b) for the WPs of concern. With a differential production rate
d2 Φ/dEν dΩ for the source, the number of WPs expected to overlap with a reference
WP is

2
d2 Φ 96π
d2 Φ
∆k⊥
d2 Φ
,
(4)
(∆E)(∆Ωoverlap ) ∼
∼ 96π
η=τ
dEν dΩ
dEν dΩ (k0 at )2
dEν dΩ
k0
where ∆k⊥ ∼ a−1
is the transverse momentum uncertainty of the WPs. Because the
t
WPs have sharply-peaked momentum distributions, ∆k⊥  k0 and
η  96π

d2 Φ
.
dEν dΩ

(5)

The numerical factor in Eqs. (4) and (5) comes from generous estimates of ∆E, τ ,
and ∆Ωoverlap . We will see that this factor does not affect our results below.
We give characteristic parameters for accelerator, reactor, solar, and supernova
neutrinos along with the corresponding estimates of η(k0 at )2 in Table 1. It can be seen
that accelerator and reactor neutrinos can be safely treated as non-overlapping WPs.
However, for reasonable guesses of k0 at , solar and supernova neutrinos correspond to
overlapping WPs.
2

Table 1: Characteristics of various neutrino sources
d2 Φ/dEν dΩ
η(k0 at )2
(MeV−1 s−1 sr−1 )
accelerator
∼ 1018
∼ 0.1
reactor
∼ 1019
∼1
32
38
sun
∼ 10 –10
∼ 1013 –1019
51
55
supernova
∼ 10 –10
∼ 1032 –1036
Source

3

D
(m)
∼ 106
∼ 103 –105
∼ 1011
∼ 1020

Eν
HBT
(MeV) setup
∼ 103
No
∼1
No
∼ 0.1–10
No
∼ 10
Yes

Physics of Quantum WPs: Overlapping or Not

When WPs do not overlap, one might ask how the 3D WP treatment can be reconciled with the picture of bullet-like particles, which is commonly assumed for analyzing
neutrino detection. As the transverse size of the WP can easily become macroscopically large, any microscopic detection process only “sees” a 1D neutrino wave train
weighted by a direction-dependent amplitude, the square of which is Θ(θ) in Eq. (3).
Because of the spherical wave front in Eq. (2), the observed effective plane-wave momentum points in the same direction as that defined in the classical sense. In addition,
without interference among the WPs, the observed flux is a sum over WPs emitted
in different directions. As Θ(θ) is normalized, this flux is the same as the particle
number flux from a source emitting bullet-like particles.
When WPs overlap, formally neutrinos should be described by an anti-symmetric
many-particle wave function. However, if among the overlapping WPs, only one
neutrino is detected at a time, it can be shown that the interference terms in the
one-particle detection probability are proportional to the inner products of the oneparticle states. Although these states overlap in both position and momentum spaces
at the detector, they are in fact orthogonal because their production processes are
spatially separated at the source. Consequently, the one-particle detection rate is not
affected by the overlap of WPs.
If more than one neutrino can be detected simultaneously, then the Hanbury
Brown and Twiss (HBT) effect may take place. For fermions such as neutrinos, the
HBT effect causes the detected events to “anti-bunch” if certain criteria are met [4].
For this to occur, the WPs from production points a and b must overlap at detection
pionts c and d as shown in Fig. 2. More specifically, the geometric condition
Eν rab,⊥ rcd,⊥ /D . 1

(6)

must be satisfied and the temporal separation between the two detected events must
be less than the coherence time of the source. In Eq. (6), rab,⊥ (rcd,⊥ ) is the distance
between points a and b (c and d) in the direction perpendicular to the source-detector
axis and D is the source-detector distance. When the above conditions are realized,
3

a

c
d

b
Production

Detection

Figure 2: Overlapping WPs and the HBT effect. Ambiguity in pairing the production
and detection processes gives rise to the HBT effect.
the two neutrinos would be rendered in the same phase space cell by the detection
processes. Therefore, such joint detection would be suppressed by the Pauli exclusion
principle, which accounts for the anti-bunching.
Using the parameters given in Table 1, we find that the geometric condition in
Eq. (6) is only satisfied for neutrinos from a Galactic supernova. However, even with
a megaton detector, the expected number of ν e + p → n + e+ events from overlapping
WPs is ∼ 10−14 (kpc/D)2 , which is simply too small to show the HBT effect.
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Summary

Based on the evolution of 3D Gaussian WPs, we have estimated the potential overlap
among WPs for accelerator, reactor, solar and supernova neutrinos. We find that
no overlap occurs for the former two sources and that the overlap for the latter two
does not have measurable consequences. For analyzing detection of neutrinos from
the above four sources, it is appropriate to treat neutrinos as separate WPs.
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The MicroBooNE experiment is a liquid argon TPC experiment designed for short-baseline neutrino physics, currently running at Fermilab.
Due to its location near the surface, cosmic muons can be a source of backgrounds to many analyses and having a good understanding of the cosmic
rays will be very valuable for the experiment. These proceedings describe
the physics motivation, setup, and performance of a small external muon
counter system, which will provide improved calibration for the liquid
argon TPC and better understanding of the cosmogenic background.
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The MicroBooNE experiment

MicroBooNE is a short-baseline neutrino detector, consisting of a 170 ton (86 active)
Liquid Argon Time Projection Chamber (LArTPC) located in the Fermilab Booster
Neutrino Beamline (BNB). Its main physics goal is to address the nature (electron
or photon) of the low-energy excess observed by MiniBooNE [1]. MicroBooNE will
provide very good separation between electrons and photons, as demonstrated by the
ArgoNeuT detector [2].
The LArTPC is located on the axis of the 8 GeV Booster Neutrino Beamline
at Fermilab, as was its predecessor MiniBooNE. The corresponding L/E ratio is
∼ 1 m/MeV. It also sits off-axis from the 120 GeV Main Injector (NuMI) beam.
MicroBooNE finished commissioning in summer 2015 and has been collecting neutrino data since October 2015.

Figure 1: Left: 3D drawing of the material surrounding the detector. Right: 3D
drawing of the position of the MuCS with respect to MicroBooNE. The neutrino
BNB beam goes through the front face of the detector.

2

The Muon Counter System

The cryostat containing the TPC is located just below the surface as shown in Fig.
1 (left). The cosmic rays hitting the detector are one of the main experimental
backgrounds and a good understanding of them is essential for the experiment. A
small external muon counter system (MuCS) is used to obtain a clean dataset of
cosmic rays, useful for several physics, calibration, and reconstruction studies and
reconstruction efficiencies. The MuCS consists of two identical muon detectors, placed
above the TPC, outside of the cryostat (Fig. 1 right).
1

Each detector is made of two bilayers of scintillator strips 48x4x1 cm3 , placed
one above the other. Each bilayer is oriented parallel to the beam direction and perpendicular to each other (Fig. 2, top). This disposition enables the measurement of
two-dimensional (x, y) spatial information for through-going cosmic rays. The staggered positioning of the bilayers gives a spatial resolution of 2 cm on both axis. Light
is collected by optical fibers and readout by two separate multi-anode photomultipliers
(MAPMTs) Hamamatsu H8804 [3], as shown in Fig. 2 (bottom).

2.1

Cosmic ray extrapolation

In MicroBooNE, timing information is provided by a 32 photomultiplier tube (PMT)
array, measuring the prompt scintillation light produced during the excitation or
ionization of argon atoms. The flash times are then matched to the reconstructed
tracks offline.
It is then possible to associate a track in the TPC to the hits in the MuCS in two
ways:
• comparing the hit time in the MuCS with the flash time matched to the track;
• extrapolating the cosmic ray path from the starting point and direction of the
track in the TPC and check if it is close to the hits in the counters.
The location of the boxes allows to tag cosmic rays covering ∼43% of the TPC
volume. The fraction of cosmic rays passing through the Muon Counter System
without hitting the TPC is, in the current configuration, 0.3%.

2.2

Cosmic ray spatial distribution

Data collected by the MuCS can be used to measure the angular and spatial distributions of the cosmic rays hitting both boxes. For MuCS data, the MicroBooNE DAQ
is set to be triggered by a muon that generates a 4-bilayer coincidence.
Knowing the strips hit by the cosmic ray it is possible to extrapolate two sets of
(x, y) coordinates, one for each box, and measure the polar and azimuthal angles of
the cosmic ray. Comparing data to Monte Carlo, the relative positioning of the boxes
can be checked and compared with alignment measurements.
The distribution of the starting y coordinate (in this system it corresponds to
the direction perpendicular to the beam) shows an increasing slope because the two
boxes are shifted on this axis (Fig. 3, bottom right). The distribution of the starting
x coordinate is constant, except for the lower first bin, due to the slight shift of the
two boxes in this direction (Fig. 3, bottom left). The azimuthal angle φ, measured
starting from the y axis, is peaked around 0◦ as expected, because of the alignment
of the boxes in the y direction (Fig. 3, top left). The polar angle θ, measured from
2

Figure 2: Top: 3D drawing of a bilayer and dimensions of a scintillator strip. Bottom:
Picture of the setup of a MuCS detector, with the two bilayers in the top-right corner.
the zenith, is peaked around 30◦ , because of the horizontal shift of the two detectors
(Fig. 3, top right). The agreement between data and Monte Carlo is good for all the
four distributions.

2.3

Analysis topics

Once a clean dataset of cosmic muons passing through the MuCS has been obtained
it will be possible to perform several physics analysis and detector studies:
• trigger efficiency. Comparing the flash time with the MuCS time could allow
to cross-check the trigger efficiency;
• data reconstruction efficiency. A clean dataset of cosmic rays can be used to
compare the reconstruction efficiencies of different algorithms;
• detector performance. Comparing the measured collected charged in the TPC
and the measured number of photoelectrons in the optical system with the
expected ones could allow to measure detector performances;
• calibration studies. Minimum ionizing particles can be used to cross-check liquid
argon purity and PMT gain and quantum efficiency measurements.
3
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Figure 3: Data and Monte Carlo distributions for angular distribution (top) and
starting points coordinates (bottom).
The MuCS has been commissioned and has started taking data. Analysis is already underway with the acquired samples to perform these tasks.
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We present the design of an 90 Y calibration source and its manufacturing procedure, that has been implemented in the University of Sussex
radioactive laboratory. The radioactive source was first tested at the
University of Sussex using a small scintillator cocktail sample. Further
measurements were performed at the University of Pennsylvania using a
larger volume of the scintillator cocktail. The results of both studies are
presented and discussed.
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1

Introduction

The SNO+ experiment probes a number of rare physics processes with the main
focus on searching for neutrinoless double beta decay of 130 Te during the tellurium
loaded scintillator phase. The detector is located in SNOLAB, located in Creighton
Mine in Sudbury, Canada with approximately 2 km of rock overburden. The SNO+
detector is an acrylic vessel, 6m in radius, containing 780 tonnes LAB PPO liquid
scintillator. Scintillator light from low energy interactions is observed by about 9400
PMTs surrounding the acrylic vessel.
In order to produce reliable results, a broad calibration system has been developed,
including an optical calibration system and deployed radioactive sources, specifically
60
Co, 57 Co, 48 Sc, 24 Na, 16 N and AmBe, which are gamma-emitters, covering an energy
scale from 0.1 MeV to 6 MeV [1]. AmBe is also a source of neutrons.
It was proposed in [2] to add a pure beta-emitter 90 Y-isotope as a calibration
source, which will verify the simulated detector model and energy reconstruction
algorithms of electron-like events. The advantage of 90 Y is the relatively short halflife time of 64 hours which reduces the risk of long-term contamination of the detector.
The high end-point energy of 2.24 MeV of the decay allows to study the energy region
close to the neutrinoless double beta decay.

2

90

Y calibration source development

In order to use a calibration source, its geometry has to be understandable and easily
modelled. The goal is to create a point source of beta radiation which can be achieved
using a small cylindrical shaped container and a droplet of 90 Y inside it. We found
the best option was to use a micro capillary, available from various suppliers in a
range of diameters and materials. A Monte Carlo study, using SNO+ RAT software
was performed to define an appropriate geometry. The study shows that betas from
the decay of 90 Y are slightly less attenuated by glass than by quartz. An additional
advantage of using glass is that its melting point is much lower than of quartz. We
simulated different capillary diameters, from 0.5 mm to 2 mm and found that the
90
Y contained within an outer diameter of 1.2 mm and inner diameter of 1 mm still
behaved as a point source and suffered minimal attenuation in the glass. At the same
time such a diameter is preferable from practical approach. The amount of 90 Y, and
therefore the height of the droplet, can not be large, as it stops being approximated
by a point, and secondly attenuates the electrons more. After optimization we chose
to inject 2 µL of 90 Y-source.
After defining the parameters of the calibration source, we designed the manufacturing procedure, taking into account safety of personnel and ease in production.
Plastic elements required for the production and secure usage of the source were de-
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(a) The capillary with the glued holder

(b) The capillary and the end of the pipette

Figure 1
signed and machined in Queen Mary University of London. The production of the
calibration source took place in the University of Sussex radioactive laboratory. All
work with the radioactive source was performed behind a Perspex shield inside a fume
cabinet.
We used liquid 90 Y, separated from 90 Sr and purified at the 10−7 level by PerkinElmer
Inc. for medical treatments. Prior to injection of 90 Y a plastic holder was glued to
the capillary, Figure 1a. In order to safely insert the 90 Y droplet, the capillary was
placed into a plastic stand supported by the holder. A Gilson pipette was used to
injected 2 µL of 90 Y source. We then wiped the capillary with a dry cotton pad and
moved the droplet down with 8 µL of air, injected from the pipette with a new end.
The accuracy in this procedure is very important to avoid accidental breakage, as
the diameter of a plastic end of the pipette is only slightly smaller than the inner
diameter of the capillary, Figure 1b. Inaccurate air pipetting can split the 90 Y into
small droplets and hence the source can’t be considered as a point source. After the
droplet is placed at a satisfactory position, the edges of the capillary are sealed using
a butane gas torch. The seals are visually inspected under magnification; a good
seal is accurate and has no glass bubbles. It was next soaked in a water bath, that
was then tested for contamination, using a Geiger counter. Next the clean capillary
was placed into a vacuum canister air pump storage box. If the droplet either moves
or splits into smaller droplets under vacuum, this indicates a poor seal and must be
repeated
We prepared two calibration sources to perform the tests in the University of
Sussex and in the University of Pennsylvania. The capillary with the source was
shipped in a custom designed thick acrylic container, that protected it from damage.

3

Measurements at the University of Sussex

Initial tests were performed in the radiation laboratory at the University of Sussex.
The experimental setup consists of two Hamamatsu 1” PMTs H10721-210 PMTs and
a disk shaped vessel with diameter 6 cm filled with LAB PPO inside a dark box, and
a Tektronix MSO2024 oscilloscope.
2

Figure 2: Disk-shaped vessel filled with LAB PPO.

(a) Spectra of

90 Y

decay over time

(b) Count rates of

90 Y

decay over time

Figure 3
The capillary is placed inside the scintillator filled vessel, Figure 2. Due to the
small volume of the vessel and high decay rate of the 90 Y the contribution from cosmic
ray muons is negligible. Signals were readout via the oscilloscope and analysed by
custom written programs using LABVIEW and Python.
Data from several days agrees with the theoretically predicted spectrum of 90 Y
decay, Figure 3a. During the first day of data taking, when the activity of the source
was high, we observed pile up between multiple decays in the same readout window.
The count rate over time also agrees with the expected half-life, Figure 3b, confirming
that we can observe 90 Y decay betas from the source with minimal attenuation.

4

Measurements at the University of Pennsylvania

Using a large spherical acrylic vessel (diameter 40 cm) at the University of Pennsylvania we were able to make more precise measurements to study the scintillator
cocktail properties. The source capillary was placed in the tank using a custom de3

signed mount. Further data was collected with a 60 Co test disk source attached to the
spherical vessel from the outside to stop betas from entering the scintillator volume.
The experimental setup includes five Hamamatsu PMTs: a ETL-9354KB PMT that
was used as the trigger PMT, two R11780-HQE PMTs and two R1408 PMTs, that
have been used in the SNO experiment. To accurately simulate the PMT response,
the single photoelectron distribution was measured and then convolved with the simulated charge distribution from 90 Y decay. The final modelled charge distribution
was fit to the obtained data. Using the echidna software designed by the University
of Sussex and Queen Mary University of London for fitting and limit setting tasks.
The parameters of the fit, including a charge scale and an offset, have been applied
to simulations of 60 Co and compared to obtained data. Poor convergence in the fit
indicated discrepancies in the scintillator model, triggering further study.

5

Conclusion and future directions

These studies have contributed to improve modelling of the scintillator response and
validated this ex-situ source calibration technique. However these measurements were
challenging, and due to the delicate nature of the capillary source, we conclude deployment of such a source within the SNO+ detector represents too high risk to detector
contamination, despite the short source half-life. One possible approach is to contain
the capillary within a secondary scintillator filled acrylic sphere for deployment into
SNO+, but this study will be analysing this particular scintillator, rather than the
scintillator volume of the detector.
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