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Introduction

Before the discovery of a non-vanishing reactor angle, discrete symmetries were deeply implemented in the construction of flavour models to explain the flavour puzzle. In particular,
it was a common feature of this class of models the prediction in first approximation of the
PMNS matrix with a vanishing reactor angle and a maximal atmospheric one (e.g. Ref. [1]).
With a sizable reactor angle [2], these models underwent to a severe loss of attractiveness.
To achieve a model in agreement with the new data, a few strategies have been followed [3]:
introduction of additional parameters in preexisting minimal models; implementation of
features that allow next order corrections only in specific directions in the flavour space;
search for alternative mixing patterns or flavour symmetries that lead already in first approximation to θ13 6= 0◦ (see for example Refs. [4] and references therein). In summary, the
latest neutrino data can still be described in the context of discrete symmetries, but at the
prize of fine-tunings and/or eccentric mechanisms.
Sum rules among neutrino masses and mixing angles are usually present in these models
and are useful as tests at experiments [5]. Furthermore, studies on flavour violating observables [6], on the connection with astroparticle physics [7], on the parameter running [8] and
on the role of the CP symmetry [9] have been performed to fully workout this framework.
On the other side, the scalar and messenger sectors of these models are in general very
complicated [10], it is not easy to provide a successful description of the quark sector [11],
and the selection of a specific discrete symmetry usually does not follow from a more general
criterium [12], but it is just a matter of taste.
Even if it is still worth to search for a realistic model based on discrete symmetries, the
many drawbacks suggest to investigate alternative approaches: here the focus will be on
continuous symmetries such as the simplest Abelian U (1) or non-Abelian groups.

2

Abelian models

Models based on the Abelian U (1) group are sometimes preferred with respect to those
based on discrete symmetries for a series of reasons. First of all, the Abelian U (1) group is
an element already present in the Standard Model (SM) and in many beyond SM (BSM)
1

theories. Furthermore, it has been shown much time ago that the quark sector [13] is
easily described in this context. In addition, the formulation of a model based on the
U (1) symmetry, in the supersymmetric context as the holomorphicity of the superpotential
simplifies the construction of the Yukawa interactions, is simple and elegant:
- The flavour symmetry acts horizontally on leptons and the charges can be written as
L L
R
R
R
ec ∼ (nR
1 , n2 , 0), with n1 > n2 > 0, for the SU (2)L lepton singlets and as ℓ ∼ (n1 , n2 , 0)
for the SU (2)L lepton doublets. The Higgs fields are taken to be U (1)-singlets.
- Once leptons have U (1) charges, the Yukawa terms are no longer invariant under the
action of the flavour symmetry. To formally recover the invariance, a new scalar field, the
flavon θ, can be introduced that transforms non-trivially only under U (1), with charge nθ .
Then, the Yukawa Lagrangian can be written as
 
 p e
ℓi ℓj H u H u θ p ν
θ
c
+ (yν )ij
+ h.c.
(1)
−LY = (ye )ij ℓi Hd ej
Λ
ΛL
Λ
where Λ is the cut-off of the effective flavour theory and ΛL the scale of the lepton number
violation. (ye )ij and (yν )ij are free parameters, taken to be complex and with modulus of
order 1. pe and pν are suitable powers of the dimensionless ratio θ/Λ necessary to enforce
the invariance under the flavour symmetry. Without loss of generality, we can fix nθ = −1;
consequently, n1 , n2 > 0 to assure that the Lagrangian expansion is well defined. Here,
neutrino masses are described by the effective Weinberg operator (see i.e. Refs. [14, 15]).
- Once the flavon and the Higgs fields develop non-vanishing vacuum expectation values
(VEVs), the flavour and electroweak symmetries are broken and mass matrices arise from
the Yukawa Lagrangian. Defining, ǫ ≡ hθi/Λ < 1, a useful parametrisation for the Yukawa
matrices is given by Ye = Fec ye Fℓ and Yν = Fℓ yν Fℓ , where Ff = diag(ǫnf 1 , ǫnf 2 , ǫnf 3 ).
Following Ref. [15, 16], the charges will be taken to be integers.

2.1

Specific U (1) models

In the following, focussing on constructions where neutrino masses are described by the
Weinberg operator, two specific models will be considered: the model A representative of
anarchical constructions and the model H representative of hierarchical ones,
Anarchy (A):
Hierarchy (H):

eR ∼ (3, 1, 0) ,
eR ∼ (8, 3, 0) ,

ℓL ∼ (0, 0, 0) ,
ℓL ∼ (2, 1, 0) .

A encodes the idea that an even structureless mass matrix can lead to a correct description
of neutrino data: this mass matrix is characterised by entries that are random numbers
which, under the additional requirement of basis invariance, leads to a unique measure
of the mixing matrix – the Haar measure [17–19]. It has been claimed that such matrix
generically prefers large mixings [17] and that the observed sizable deviation from a zero
reactor angle seems to favour anarchical models when compared to other more symmetric
constructions [18]. However, as discussed in Ref. [20], how much a large value of a parameter
is preferred can depend strongly on the definition of “preferred” and of “large”.
It has been suggested in Ref. [15, 16] (see Ref. [21] for an earlier study) that the performances of anarchical models, formulated in a U (1) context giving no charges to the
2

left-handed fields, in reproducing the 2012 neutrino data are worse than those of models
constructed upon the U (1) flavour symmetry. In the latter ones, the small neutrino parameters are due to the built-in hierarchies and not due to chance. The construction H
considered in Ref. [16] has been shown by mean of the Bayesian inference to be the best
one to describe the data, among all the possible U (1) models.
The textures for the charged leptons Ye and neutrino Yν Yukawa matrices are as follows:

 3


ǫ ǫ 1
1 1 1
A : Ye = ǫ3 ǫ 1 , Yν = 1 1 1 ,
1 1 1
ǫ3 ǫ 1
(2)
 10 6 2 
 4 3 2
ǫ
ǫ ǫ
ǫ ǫ ǫ
H : Y e =  ǫ9 ǫ5 ǫ  , Y ν =  ǫ3 ǫ2 ǫ  .
ǫ8 ǫ4 1
ǫ2 ǫ 1
In the spirit of U (1) models, the coefficients in front of ǫn are expected to be complex
numbers with absolute values of O(1) and arbitrary phases. As Yν is a symmetric matrix,
the total number of parameters that should be considered in the analysis is 30, from the
Yukawa matrices, plus the unknown value of ǫ.
While for the details of the analysis we refer to the original publication Ref. [16], here
we just comment on the results of the comparison between A and H. Both the models have
a χ2 -minimum of zero and therefore a χ2 -analysis can never exclude any of the models or
be meaningful to compare them. On the other side, a Bayesian analysis allows instead a
quantitative comparison of the models: the ratio between the logarithms of the evidences of
H normalised to the evidence of A, i.e., the Bayes factor between H and A, is log B ≃ 3÷4.5,
depending on the prior on ǫ. The uncertainty on the logarithms of the Bayes factors is about
0.2. Accordingly to the Jeffreys scale, these values translate in a moderate evidence in favour
of H with respect to A.
Regarding the data adopted here, improved measurements of the oscillation parameters
cannot further discriminate between the models. Instead, there are other observables which
could be accurately measured in future experiments, and in principle could be used to
distinguish between the models. These are primarily the CP-phase δ and observables related
to the values of neutrino masses (mee , mβ , Σ). See Ref. [16] for details.

3

Non-Abelian models

One of the main problematics of dealing with Abelian symmetries is the fact that the three
fermion generations are independent from each other, translating in the large number of free
parameters. On the other hand, in the context of non-Abelian symmetries, when fermions
transform with multidimensional representations, the three families are connected one to
the others, reducing the number of free parameters and therefore increasing predictivity.
Non-Abelian continuous symmetries have also been deeply investigated in the flavour
sector, but mainly connected to the Minimal Flavour Violation (MFV) [22] ansatz: i.e.
the requirement that all sources of flavour violation in the SM and BSM are described at

3

low-energies uniquely in terms of the known fermion masses and mixings. Several distinct
models formulated in this framework [23–31] turn out to be consistent with TeV new physics.
The power of MFV descends from the fact that it exploits the symmetries that the SM
itself contains in a certain limit: that of massless fermions. For example, in the case of
the Type I Seesaw mechanism with three RH neutrinos added to the SM spectrum, the
flavour symmetry of the full Lagrangian, when Yukawa couplings and the RH neutrino
masses are set to zero, is Gf = Gqf × Gℓf with Gqf = U (3)QL × U (3)UR × U (3)DR and
Gℓf = U (3)ℓL × U (3)ER × U (3)N . Under the flavour symmetry group Gf fermion fields
transform as
DR ∼ (1, 1, 3)Gq ,
QL ∼ (3, 1, 1)Gq ,
UR ∼ (1, 3, 1)Gq ,
f
f
f
(3)
NR ∼ (1, 1, 3)Gℓ .
ER ∼ (1, 3, 1)Gℓ ,
ℓL ∼ (3, 1, 1)Gℓ ,
f

f

f

The Yukawa Lagrangian for the Type I Seesaw mechanism, then, reads:
c MN
NR + h.c.
(4)
−LY = QL YD HDR + QL YU H̃UR + ℓL YE HER + ℓL Yν H̃NR + N R
2
To introduce LY without explicitly breaking Gf , the Yukawa matrices Yi and the mass
matrix for the RH neutrinos MN have to be promoted to be spurion fields transforming
under the flavour symmetry as:
YU ∼ (3, 3, 1)Gq , YD ∼ (3, 1, 3)Gq , YE ∼ (3, 3, 1)Gℓ , Yν ∼ (3, 1, 3)Gℓ , MN ∼ (1, 1, 6)Gℓ . (5)
f

f

f

f

f

The quark masses and mixings are correctly reproduced once the quark spurion Yukawas
get background values as YU = V † yU and YD = yD where yU,D are diagonal matrices with
Yukawa eigenvalues as diagonal entries, and V a unitary matrix that in good approximation
coincides with the CKM matrix.
When discussing the MFV ansatz in the leptonic sector one has at disposal three different
spurions, as can be evinced from the list in Eq. (5). The number of parameters that can
be introduced in the model through these spurions is much larger than the low energy
observables. This in general prevents a direct link among neutrino parameters and FV
observables. The usual way adopted in the literature to lower the number of parameters
consists in reducing the number of spurions from three to two: for example Ref. [24] takes
MN ∝ 1; in Ref. [25], a two-family RH neutrino model is considered with MN ∝ σ1 ; finally
in Ref. [26] Yν† Yν ∝ 1 is assumed.
An unifying description for all these models can be obtained by introducing the CasasIbarra parametrization: in the basis of diagonal mass matrices for RH neutrinos, LH neutrinos and charged leptons, the neutrino Yukawa coupling can be written as
q
1 p
(6)
Yν = U m̂ν R M̂N ,
v
where v is the electroweak vev, the hatted matrices are light and heavy neutrino diagonal mass matrices, U refers to the PMNS mixing matrix and R is a complex orthogonal
matrix, RT R = 1. A correct description of lepton masses and mixings is achieved assuming that YE acquires a background value parametrised by a diagonal matrix, YE = yE ≡
diag(ye , yµ , yτ ), while the remaining spurion, MN or Yν , accounts for the neutrino masses
and the PMNS matrix (see Refs. [24–26]).
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3.1

Dynamical Yukawas

Despite of the phenomenological success, it has to be noticed that, however, MFV does
not provide by itself any explanation of the origin of fermion masses and/or mixing, or
equivalently does not provide any explanation for the background values of the Yukawa
spurions. This observation motivates the studies performed in Refs. [28–31], where the
Yukawa spurions are promoted to dynamical scalar fields: the case in which a one-to-one
correlation among Yukawa couplings and fields is assumed, Yi ≡ hYi i/Λf , is discussed at
length. The scalar potential constructed out of these fields was studied in Refs. [28–31],
considering renormalisable operators (and adding also lower-order non-renormalisable terms
for the quark case): these effective Lagrangian expansions are possible under the assumption that the ratio of the flavon vevs and the cutoff scale of the theory is smaller than 1,
condition that is always satisfied but for the top Yukawa coupling. In this case a non-linear
description would be more suitable. We focus here only on the lepton sector, while for the
quark sector we refer to the original article in Ref. [28].
- Two-family case It is instructive and interesting to start with a toy model with only two generations [29].
Under the assumption of degenerate RH neutrino masses, M1 = M2 ≡ M , only the spurion
fields YE and Yν are promoted to dynamical fields, YE and Yν , and the flavour symmetry
in this case is Gℓf = U (2)ℓL × U (2)ER × O(2)N . Only five independent invariants can be
obtained at the renormalisable level:



2 
2 
2 
i
i
h
h
†
†
†
†
†
. (7)
, tr Yν σ2 Yν
, tr Yν Yν
tr YE YE , tr Yν Yν , tr YE YE
All the terms account for the lepton masses, but the last one that fixes the mixing angle. By
adopting the Casas-Ibarra parametrisation in Eq. (6) and minimising the scalar potential
with respect to the angle θ and the Majorana phase α, the following two conditions result:
√
y 2 − y ′2 2 mν2 mν1
√
, (8)
tan 2θ = sin 2α 2
(y 2 − y ′2 ) mν2 mν1 sin 2θ cos 2α = 0 ,
y + y ′2 mν2 − mν1
where y and y ′ are two parameters of Yν (see Ref. [29] for details). The first condition
implies a maximal Majorana phase, α = π/4 or α = 3π/4, for a non-trivial mixing angle.
However, this does not imply observability of CP violation at experiments, as the relative
Majorana phase among the two neutrino eigenvalues is π/2. The second condition above
represents a link among the size of mixing angle and the type of the neutrino spectrum: a
large mixing angle is obtained from almost degenerate masses, while a small angle follows
in the hierarchical case.
- Generalisation to the three-family case Moving to the realistic scenario of three families, but still considering Gℓf containing
a O(2)N factor, NR (NR′ ) is a doublet (singlet) of O(2)N . Correspondingly, the neutrino
Yukawa field accounts for two components: a doublet and a singlet of O(2)N , Yν ∼ (3, 1, 2)
5

and Yν′ ∼ (3, 1, 1). The leptonic flavour Lagrangian is given in this case by
−LY = ℓL YE HER + ℓL Yν′ H̃NR′ + ℓL Yν H̃NR +

M c
M ′ ′c ′
N N +
N 1NR + h.c. .
2 R R
2 R

(9)

Once the Yukawa flavons develop vevs, the light neutrino mass matrix is generated:
mν =

v2
v 2 ′ ′T
Y
Y
+
Yν YνT .
M′ ν ν
M

(10)

A total of nine independent invariants at the renormalisable level can be constructed in
this case, namely


2 
2 
i
i
h
h
†
†
,
, tr Yν Yν†
, tr Yν Yν† , Yν′† Yν′ , tr YE YE
tr YE YE
(11)
i
i
h
h
†
†
′†
′
′†
† ′
T ∗ †
†
Y ν YE YE Yν ,
Yν Yν Yν Yν .
tr Yν Yν Yν Yν ,
tr YE YE Yν Yν ,
When considering the minimisation of the scalar potential, there are four analytical solutions:




′
′




tan 2θ23 = z/z
θ23 = π/4
θ12 = π/4
tan 2θ12 = z/z
2) mν1 = mν2 6= mν3 3) mν1 6= mν2 = mν3 4) mν2 =
1) mν1 6= mν2
6 mν 3








mν 1 = 0
α = π/4
α = π/4
mν 3 = 0
(12)
Case 1 (4) describes an inverse (direct) hierarchical spectrum and only one sizable mixing
angle, the solar (atmospheric) one. In case 2, the light neutrinos ν1 and ν2 are degenerate
and both mass orderings (hierarchical or degenerate) can be accommodated, while a maximal solar angle is predicted. Finally, case 3 corresponds to degenerate ν2 and ν3 : a realistic
scenario points to three almost degenerate neutrinos. Note that cases 2 and 3 encompass two
degenerate neutrinos and the relative Majorana phase between the two degenerate states is
π/2.
Cases 1-4 only account for one sizable angle. Realistic configurations with three nontrivial angles, however, follow in a straightforward way when interpolating between these
four cases, at the prize of non-exact solutions that depend on the parameters of the of
the scalar potential. The setup appears very promising, though, as all three angles can be
naturally non-vanishing and moreover the number of free parameters is smaller than the
number of observables, leading to predictive scenarios in which mixing angles and Majorana
phases are linked to the spectrum.
It is finally interesting to consider the case with three degenerate RH neutrinos [30, 31].
The flavour symmetry is Gf = U (3)ℓL × U (3)ER × O(3)N and the basis of invariants is
composed of the operators in Eq. (7). The study of the extrema of these invariants has
been presented in Ref. [31] and from the minimisation of the potential it follows that one of
the possible configurations is 3) in Eq. (12). In the normal or inverse hierarchical case, two
of the light neutrinos are degenerate in mass and a maximal angle and a maximal Majorana
6

phase arise in their corresponding sector. On the other hand, if the third light neutrino
is almost degenerate with the other two, then the perturbations split the spectrum and a
second sizable angle arises [31].
In summary, these results indicate that a realistic solution for the Flavour Puzzle in
the lepton sector requires three RH neutrinos, two of which must be degenerate. All three
light neutrinos would therefore acquire masses, and the precise values of the mixing angles
and Majorana phases are related to the specific light mass spectrum, result that is almost
exclusively a feature of continuous non-Abelian symmetries.
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1

Introduction

The interactions of neutrinos with nucleons can provide valuable information on axial properties and transition form factors [1]. For example, the nucleon’s axial form factor is rather
badly known. It is usually reduced to a dipole ansatz, with one free parameter, the axial
mass, remaining. This axial mass has been determined in many neutrino experiments on
nucleons (or deuterons) and assumes a value of MA ≈ 1 GeV [2]. The dipole form, however,
cannot really be constrained further by experiment [3] and indeed the vector form factors
obtained from elastic electron scattering show a significantly more complicated dependence
on the squared four-momentum Q2 [4]. A similar situation exists for the transition form
factors where even less is known. For example, for the ∆ resonance the transition current
involves 3 vector form factors and 3 axial ones. While the 3 vector form factors are reasonably well determined by elektron-induced pion production on the nucleon, the 3 axial form
factors are largely unknown. Present data [1] seem to be sensitive to only one of them and
for it again the simple dipole form has been assumed.
The investigation of interactions of neutrinos with nuclei may thus seem to be of only
theoretical interest, since many elementary processes are not well understood. Indeed,
there is a large theoretical interest in calculating the response of nuclei to external probes.
This process can give valuable information about the nuclear many-body problem and the
relevant reaction mechanisms, such as, e.g., the presence of interactions of the incoming
probe with more than one nucleon [5, 6]. Such processes require theoretical methods that
go beyond the so-called impulse approximation in which the interaction proceeds just with
one nucleon at a time. It is encouraging to see that these investigations have made a huge
progress over the last 20 years. First, the impulse approximation was extended to work not
only with quasi-free nucleons, but instead with dressed nucleons that contain some effects
of interactions with the surrounding nucleons in the nucleus [7]. These interactions can
be partly summed up in ’spectral functions’ which are given by the imaginary part of the
nucleon’s propagator inside the nucleus. The spectral functions contain effects of long-range
mean-field potentials as well as effects of short-range correlations. Spectral functions have
been very successfully employed in the description of the quasielastic response of nuclei
1

to electrons [8]. Not all of the many-body interactions can, however, be absorbed into a
spectral function. The remaining interactions with neighboring nucleons then have to be
treated explicitly by evaluating the many-body response through so-called 2 particle - 2 hole
(2p2h) interactions [5, 6, 9, 10, 11]. Particularly noteworthy are recent ab-initio calculations
of the quasielastic response of nuclei to incoming neutrinos that involves both vector and
axial couplings [12]. Due to their huge computational requirements such calculations have
become available only during the last few years; they are so far restricted to non-relativistic
energies and to rather low energy transfers. At higher energies and energy transfers also
inelastic excitations, either through nucleon resonance excitations or through deep inelastic
scattering (DIS), take place and the treatment must be relativistic.
While the investigation of interactions of neutrinos with nuclei may seem to be of
only theoretical interest there is a very practical interest in such studies for long-baseline
experiments that look for neutrino oscillations, such as, e.g., T2K, MINOS, NOvA and,
in the future DUNE (formerly called LBNE). In such experiments the neutrino flux at a
far detector is compared with that at a near detector. From that comparison the neutrino
oscillation parameters, mixing angles and a possibly CP-invariance violating phase, can be
extracted. What is actually compared is the event rate (flux times cross section at a given
neutrino energy Eν ) at a far detector with that at the near detector. The flux comparison
thus requires the knowledge of the neutrino energy. The complication lies in the fact that
the neutrino energy is not known because of the special production method of neutrinos
as secondary decay products of particles, mostly pions and kaons, that were produced in
primary reactions of protons with nuclei. The neutrino energy thus must be reconstructed
event by event from the final state of the reaction. Two methods for this reconstruction are
being considered:
1. The first method is a so-called calorimetric method in which the energy of the final
state particles is observed. If the detector were perfect this would give directly the
incoming beam energy, through energy conservation. Real-life detectors, however,
have limitations. They have acceptance thresholds and problems to observe certain
particle classes, e.g. electrically neutral particles. The experiment then sees actually
only a small part of the energy of the final state phase-space and must extrapolate
from that to the full final state energy. For that extrapolation so-called neutrino
generators have been used. Necessary theoretical input here is the knowledge of the
initial neutrino-nucleon interaction and the hadron-hadron interactions in the final
state.
2. The second method is based on the fact that for quasielastic charged current scattering of a neutrino on a free neutron at rest the incoming neutrino energy can be
determined completely from the outgoing lepton kinematics (energy, angle). This
method obviously requires an experimental veto on any other particles – except for
the proton – in the final state, for a correct identification of the reaction mechanism
as being quasielastic scattering. The complication now comes because all ongoing and
planned long-baseline experiments use nuclear targets (C, O, Ar, Fe), partly in order
to increase the reaction rates and partly because of experimental safety considerations. In real life the neutrons are thus not free, but they are bound in a nucleus and
2

are Fermi-moving. Both of these facts lead to a smearing of the reconstructed energy
around a sharp value, with an uncertainty width of about 60 MeV for a neutrino
energy of about 1 GeV.
While this presents a natural lower limit to the error with which the neutrino energy
can be reconstructed, there is a more difficult problem to overcome when using nuclear
targets that leads to significantly larger errors. This is the correct identification of the
scattering event as being quasielastic. While for a free nucleon all that is needed is an
experimental veto on outgoing hadrons (besides the proton), in a nuclear target this
is not enough, because here now pions that were originally produced can be absorbed.
The final state can then not be distinguished from one after QE scattering. Indeed,
the misidentification of QE scattering has led to the extraction of unphysical values
for the axial mass from experiments with nuclear targes [13, 14, 15]. This also means
that pion production, either through nucleon resonances or DIS, is always entangled
with QE in a wide sense (true QE on one nucleon and 2p2h processes). In other
words: QE cross sections can never be determined by purely experimental means, but
always require an event generator to subtract the pion contributions.
In order to get a feeling for the relative importance of QE scattering vs. pion production
Fig. 1 shows these contributions for the flux expected at the near detector of the DUNE.
It is noticeable that pion production processes (resonances and DIS) contribute about 2/3
of the total cross sections and thus are the dominant component. Studies of the remainder,
QE, then require first a quantitative understanding of pion production and an exact implementation of that understanding in generators. This, in turn, requires knowledge both of
the neutrino-nucleon pion production process, of in-medium changes to that cross section
for bound nucleons and a very good description of pion-nucleon interactions.
From these considerations it is clear that neutrino long-baseline experiments require
a theoretical description of both the initial target ground state and the full final state;
just inclusive cross sections are not enough. These exeriments thus need input from nuclear structure and nuclear reaction theory. The former requires knowledge of the nuclear
groundstate. The latter, on the other hand, requires knowledge of reaction mechanisms (1
particle vs. 2 particle initial processes) as well as a state-of-the-art description of final state
interactions. While for the former the knowledge of lepton-nucleus interactions is essential, for the latter the essential requirement is knowledge of hadron-hadron interactions in
the final state interactions. Without having these two areas quantitatively under control
with state-of-the-art methods the goals of the precision era of neutrino physics can not be
reached.

2

Reaction mechanisms and oscillation signal

We now have a closer look at the various reaction mechanisms contributing to the total
neutrino-nucleus response in the LBNF beam: the nuclear target here is 40 Ar. All results
in the following have been obtained within the transport theoretical GiBUU framework
[17, 18]. GiBUU goes beyond Monte Carlo simulations in that it takes the nuclear potentials
3

Figure 1: (color online) Flux-averaged Q2 distribution hdσ/dQ2 i per nucleon for all events as
a function of true Q2 for an 40 Ar target in the LBNF beam. The contribution labeled ’pions’
(solid blue line) gives the sum of all pion-producing processes (resonances, background and
deep inelastic scattering), the one labeled ’QE’ (dashed red) depicts the sum of true onebody CCQE and of 2p2h processes. The solid black line gives the sum of both (taken
from [16]).

into account. The code has been widely tested with the help of a broad range of nuclear
reactions, with leptons, photons, hadrons and heavy ions as incoming beam.
Fig. 2 shows the total event distribution and its decomposition into various production
channels as a function of true neutrino energy. The true energies are those entering as
input into the calculations. The overall energy-dependence of this event distribution is
determined by the energy-distribution of the incoming neutrino beam. It is seen that – at
the peak – true QE contributes about 1/3 of the total rate; the two next most important
production channels are 2p-2h excitations and excitations of the ∆ resonance. With a clear
shift towards higher energies also DIS contributes on a similar level. The different processes
thus exhibit different energy dependencies and they all overlap to a certain extent. This
is a particular complication of experiments working with a neutrino flux in the few GeV
region. At lower energies, e.g. the ones used by T2K, DIS and higher resonance excitations
play no role so that essentially only ∆ excitation contributes to pion production [20]. On
the opposite, at significant higher beam energies larger than about 40 GeV the neutrino
interactions are dominated by partonic degrees of freedom; there one has to deal with the
4

Figure 2: (Color online) Event distribution (normalized flux times cross section) per nucleon
for LBNE vs. true energy (uppermost solid curve). Only events with 0 pions in the final
state are taken into account. The various contributions to the total event rate are plotted
as denoted in the figure (taken from [19]).

complications of in-medium effects on partons (EMC effect). This figure also illustrates the
difficulties one faces in determining cross sections from such measured event rates which are
products of flux and cross section. Any error made in reconstructing the neutrino energy
will directly translate into an error of the cross section.
In order to first get a feeling for the accuracy needed for the energy reconstruction in
oscillation experiments a look at Fig. 3 is helpful; this figure shows the expected oscillation
signal for DUNE as a function as a function of neutrino Energy Eν for some values of of two
neutrino properties, mixing angle θ13 and the CP-violating phase δCP . The three curves
under the flux profile can be distinguished from each other only if the neutrino energy can
be determined to better than about 100 MeV. This gives a first hint at the accuracy that is
needed at DUNE. Errors in the energy reconstruction due to event-misidentification cause
not just a shift of the energy axis, but instead distort the whole event distribution [22, 23].
For the neutrino oscillation analysis the neutrino energy plays an essential role because
it enters into the oscillation formula. Errors in the reconstructed energy thus have an impact
on error in the mixing angles and phases. This is illustrated in Fig. 4 which in its lower two
curves shows the expected event distribution for electron appearance at the far detector
in the LBNF beam. Here, the oscillation signal is plotted for two different event samples
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Figure 3: νe appearance probability at a distance of 1300 km calculated for standard oscillation mixing angles. The four colored curves illustrate the sensitivity of the expected
signal to the neutrino mixing angle θ13 and the CP-violating phase δCP . The black peak
shows the expected energy distribution for the neutrino beam (taken from [21]).

as a function of true neutrino energy (solid curves) as well as, on the other hand, of an
energy reconstructed from the outgoing electron kinematics assuming a true QE process
(dashed curves). The upper two curves give the oscillation signal that is obtained from an
event sample with 0 pions. These two curves, calculated with GiBUU, directly correspond
to the red curve in Fig. 3. The event rate vs. reconstructed energy (upper dashed curve)
is distorted as compared to the one vs. true energy (upper solid curve) and shifted by
more than 500 MeV in its maximum even though only events with 0 outgoing pions have
been used for the reconstruction. This is clearly above the accuracy required to distinguish
between the various parameter scenarios in Fig. 3.
A drastic improvement happens when the event sample is further restricted to contain
one and only one proton (plus any number of neutrons). Now the difference between
the lower two curves is at most 100 MeV. Since the energy reconstruction is based on
the dynamics of a true (1-body) process this implies that requiring 1 proton in addition
to 0 pions gives a cleaner identification of true QE. This result depends crucially on the
theoretical description of final state interactions, not just between pions and nuclei, but also
between nucleons. The final state cascade must allow for an avalanche effect in which in most
cases the outgoing proton from a neutrino-induced charged current scattering rescatters thus
increasing the multiplicity of final state nucleons and and simultaneously lowering their
energies. An event with only 1 final state proton then is a rather clean, direct signal of QE
which has not undergone this final state scattering. This has recently also been exploited
in a study of QE scattering by the MINERνA experiment [24].
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Figure 4: νe appearance event distribution (normalized flux times cross section) per nucleon
for LBNE vs. true (solid curve) and reconstructed (dashed curve) energy. The upper two
curves show the results obtained from an event sample with 0 pions, the two lower curves
are obtained from a sample with 0 pions, 1 proton and X neutrons (taken from [19]).

The same improvement also shows up for the difference between the true and the reconstructed oscillation signal in dependence on δCP [19]. Experiments looking for this phase
would be well advised to look at events with 0 pions, 1 proton and X (unobserved) neutrons.

3

Summary

Neutrino oscillation parameters can be extracted only if the incoming neutrino energy is
known. The latter has to be reconstructed from final state particles. This reconstruction
requires knowledge of neutrino-nucleon interaction rates in medium and of final state interactions between the outgoing hadrons. It also requires a theory that is able to describe the
complete time-development of the neutrino-nucleus reaction; just inclusive cross sections
are not enough. Employing state-of-the-art theoretical methods of nuclear physics, both for
the description of the ground state and of the reaction mechanisms, is essential to be able
to take event generators out into new regions of energy and target mass.
Over the last few years tremendous progress has been made in this respect. The theoretical methods are available and have also been – at least partly – implemented into theoretical
descriptions of a neutrino-nucleus reaction. It has also been realized that presently used
event generators often lag behind in their implementation of present-day’s nuclear physics.
However, it is clearly disconcerting for any nuclear theorist to see that even in very recent
7

experiment analyses by leading experiments still outdated methods with unphysical parameters are being used. One of the two most glaring examples are the large, unphysical axial
mas of MA ≈ 1.25 GeV that still underlies the description of QE scattering in recent experimental analyses as well as the still ongoing use of the Rein-Sehgal formfactors for nucleon
resonances that are known to fail in their description of electroproduction data [25, 26].
Both of these severe shortcomings have been realized now for about 6 years, but still have
not caused any modification of the generators used by these experiments. This is a clearly
very unsatisfactory situation, both from a nuclear theory point of view and from a neutrino
experimental point of view, since it runs counter to the ambitions of the precision era of
neutrino physics that has now begun. How uncertainties in the generators used actually
affect the oscillation mixing angles has been illustrated in recent work [27, 28].
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1

Introduction

The study of neutrino interactions has recently experienced a renaissance based on its
importance in measuring neutrino oscillations. Neutrino oscillation experiments depend
critically on an accurate model of neutrino interactions. These models have to predict not
only the signal and background populations that oscillation experiments see at near and far
detectors, but they must also predict how the neutrino’s energy which enters a nucleus gets
transferred to energies of the particles that leave the nucleus after the neutrino interacts.
Neutrinos can also serve as unique probes of the nucleus itself. Electron scattering
measurements have uncovered many mysteries of nuclear structure, but not all of those
mysteries have been solved. Neutrinos, because they sample the quarks and the nucleons
in a nucleus differently from charged leptons, can provide new insight into the nuclear
environment. In addition, neutrinos can sample the axial vector component of the cross
section, and not simply the vector component sampled by charged leptons.
The effect of the nucleus on neutrino interactions is a relatively new area of study: the
earliest neutrino interaction measurements aimed at understanding the bare interactions
with protons and neutrons, and so experiments tried to focus primarily on hydrogen and
deuterium targets. However, since oscillation experiments rely on kton-scale far detectors,
they are forced to use much more common materials such as carbon, water, argon, or iron.
The nuclear effects even on an element as light as carbon are predicted to be substantial
and must be modeled by neutrino oscillation experiments [1].
Because neutrino oscillation probabilities are a function of the inverse of the neutrino
energy, the current and next generation accelerator-based neutrino experiments are focusing
on neutrino energies of a few hundred MeV to a handful of GeV. At these energies, there
are several important interaction channels. At the energies of T2K[2, 3] and NOvA[4]
the Quasi-elastic process where there is only a muon and nucleons in the final state, is
a large fraction of the signal population. The next most important process is charged
pion production: for a Cerenkov detector experiment this can pose as a background since
the pion goes undetected and compromises the neutrino energy reconstruction. Even for
a totally active detector like scintillator or a time projection chamber (TPC), charged
1

pion production can still cause ambiguities in neutrino energy measurements because the
pion can be absorbed in the nucleus before it ever reaches the active detector material.
Neutral pion production, while less probable than charged pion production, still contributes
a background in electron neutrino appearance searches and must be well-simulated. Finally,
deep inelastic scattering events can also contribute neutral pions which may contaminate
an electron neutrino appearance measurement.
These channels must be well understood not just for neutrinos but also for antineutrinos,
as well as for electron flavored neutrinos and antineutrinos. Future oscillation experiments
such as DUNE [5] depend on the ability to predict far detector signal (background) spectra
at the 1% (5%) level, and as this report will summarize, the particle physics community
is still at the level of measuring cross sections and making far detector predictions at the
7-10% level.
One of the challenges of making precise neutrino cross section measurements is that the
incoming neutrino flux is not known perfectly. Experiments have recently achieved flux
uncertainties between 8% to 10% at the focusing peak by using results from hadron production cross section measurements, made either on thin or on replica targets of the same
material as the beamline target. T2K, for example, has made use of thin and thick target
measurements made by the NA61/SHINE experiment [6], and MINERvA is currently incorporating hadron production measurements from the MIPP experiment [7] which measured
production on a graphite target that was later used in the neutrino beamline. One potential
area for future improvement on flux predictions comes from neutrino electron scattering,
one of the few neutrino interactions whose cross section is known to QED-like precision.
Currently MINERvA has a 15% constraint from a measurement of that process but at low
statistics [8], for the higher intensity beams of the future this can provide a 7% constraint. If
the flux uncertainties are at the 10% level and the statistical uncertainties are much lower,
many cross section analyses optimize the statistical power of the data by measuring the
shapes of the differential cross sections, or sometimes the ratios of cross sections between
different targets when available.
Over the past year there have been a number of new results released on each of the
channels listed above using several different target nuclei. These results are often not in
agreement with predictions extraolated from electron scattering measurements, or even from
predictions anchored to deuterium or hydrogen measurements. These new measurements
are starting to give theorists the handles they need to improve the theoretical description
of neutrino interactions, which will ultimately pave the way for precision oscillation measurements. This report briefly summarizes recent results and points out where those results
differ from the predictions from past experience. One unifying feature of these recent measurements is that they are compared to the GENIE[9] event generator, which is used by
several current neutrino oscillation experiments, including T2K, NOvA, MINERvA, and
ArgoNeuT.

2

2

Charged Current Quasi-Elastic Scattering

This is one of the most important processes to understand as it is the dominant signal
mechanism for T2K and supplies a large fraction of events in the NOvA experiment. The
charged current quasi-elastic (CCQE) cross section is often anchored to measurements of
the elastic scattering cross section from charged leptons, and then the axial vector part can
be parameterized through an axial form factor Fa (Q2 ) which takes as an input parameter
the axial mass MA that governs not only the cross section as a function of Q2 but also the
absolute cross section level. Previous measurements from deuterium are consistent with an
axial mass of 1.03±0.02 GeV [10], while the MiniBooNE experiment measured a level and Q2
dependence on carbon that are more consistent with an axial mass of 1.35 ± 0.17 GeV [11].
At first the assumption was that this cross section increase was due to unpredicted nuclear
effects, but then NOMAD measured cross sections on Carbon at much higher energies that
were consistent with the deuterium measurements.
Since the last NuPhys conference there have been several new quasi-elastic measurements released, each of which have different techniques of isolating the reaction, tuning
a background prediction and subtracting backgrounds, and extracting a result: either the
differential cross sections as a function of Q2 , or an extraction of the axial mass MA . Unless
otherwise indicated, Q2 for these experiments is determined by using a quasi-elastic scattering hypothesis where the initial nucleon is at rest and by reconstructing the momentum
transfer simply by measuring the outgoing muon’s momentum and angle, and assuming
conservation of total momentum and energy.
The MINOS experiment extracted MA on an iron target using NuMI, a wide-band
neutrino beam at Fermilab peaked at 3.5 GeV [12]. MINOS selects events by requiring
candidates to have a recoil energy below 225 MeV, tunes to several different sidebands
to predict the resonance, transition, and Deep Inelastic Scattering events which fall in
the signal region. They then fit a background-subtracted Q2 distributtion to extract MA
+0.12
and find that MA = 1.23+0.13
−0.09 (f it)−0.15 (syst). The dominant systematic uncertainties are
due to the uncertainties in intranuclear scattering, the hadronic energy cut, the detector
model, and uncertainties in the low Q2 suppression that the sideband analysis suggests
for ∆ production [13]. This result is between both the MiniBooNE and the NOMAD
measurements, although they are also in an intermediate energy and on iron rather than
carbon.
The MINERvA experiment extracted the neutrino and antineutrino CCQE cross sections on carbon, also using the NuMI beam. MINERvA also isolates events by cutting on
the recoil energy that is away from the vertex region of the neutrino interaction, and tunes
the background level in each Q2 bin by fitting as a function of recoil energy the signal and
sideband region for that Q2 region. The MINERvA neutrino and antineutrino cross section
results are in better agreement with a prediction using a deuterium-like axial mass rather
than the one consistent with MiniBooNE, but in fact sees the best agreement with a model
based on electron scattering nuclear effects, which enhances the transverse part of the cross
section. MINERvA does not include energy near the vertex in order not to bias the analysis
to the presence of extra nucleons emitted near the vertex, and then after the signal candidates have been chosen, also compares that vertex energy with a prediction that does not
3

have multi-nucleon correlations. MINERvA sees that in neutrino mode, the vertex energy is
consistent with the emission of an extra proton below 225MeV in energy 25±9% of the time,
while in antineutrino mode the vertex energy indicates no extra protons. So both the vertex
energy and the Q2 distributions are consistent with a multi-nucleon hypothesis [14, 15].
MINERvA has also extracted a quasi-elastic cross section in the NuMI neutrino beam
as a function of the proton kinematics: in this case MINERvA can require two tracks
originating from a common vertex where one track is consistent with a muon but need not
be momentum analyzed. Then by measureing the outgoing proton momentum MINERvA
can calculate the momentum transfered to the nucleus using the same assumptions described
above. The striking conclusion from these data is that the model that best describes the
proton kinematics is one that has a simple relativistic Fermi Gas and no additional multinucleon effects [16].
The T2K experiment, running in a neutrino beam which on axis (off-axis) is peaked
at 1.5 GeV (700MeV), has recently released two different CCQE measurements, both on
plastic but at the two different energies accessible in its near detector suite. The finegrained scintillator central module of INGRID, the on axis near detector, was used to
identify both one and two track events, and to search for multi-nucleon correlations by
determining the ratio of one track to two track CCQE events, This analysis finds the CCQE
cross sections in both samples are in agreement more with the SciBooNE and MiniBooNE
measruements than the NOMAD measurement which is at higher energy [17]. The fine
grained tracker located off the main neutrino beam axis has also released an absolute cross
section measurement [18], again one that is consistent with the MiniBooNE data, and which
can be parameterized as MA = 1.26 + 0.21 − 0.18 GeV/c2 .
Finally, ArgoNeuT, running in the NuMI on axis low energy beam isolated charged
current events and has examined them in more detail by measuring the number of final
state protons that are emitted in events with little other vertex activity. In particular, they
have seen a surprising number of events with tracks that are consistent with two protons
that are being emitted back-to-back from the nucleus. The presence of these pairs is another
hint that there are likely to be correlated nucleon pairs in an argon nucleus [19].
In conclusion, the new data mostly point towards additional nuclear effects in the CCQE
process that are not yet included in the standard framework for neutrino event generators.
These additional effects have been measured by looking not only at the Q2 or neutrino energy
distributions measured using muon kinematics and assuming a quasi-elastic hypothesis, but
also by looking in more detail at the hadronic side of the interaction. Clearly, the best
models of this process will need to incorporate both the hadronic side and the leptonic side
of these interactions.

3

Inclusive Pion Production

Unlike the CCQE process, the previous measurements of inclusive charged current pion
production on hydrogen and deuterium [20, 21] were not consistent and disagreed with
eachother at the 20% level and were challenging to incorporate in neutrino event generators.
In addition, the more recent measurements the outgoing pion spectrum by MiniBooNE [22]
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seemed to indicate that the produced pions undergo substantially less final state interactions
than a model based on pion beam measurements would predict [23].
A recent re-analysis has resolved the earlier discrepancies in the deuterium data, by
evaluating the ratios of charged pion to CCQE cross sections in both expreiments (which
are in agreement) and then normalizing to the world average CCQE cross section on deuterium [24].
The MINERvA experiment has recently released neutrino charged pion production differential cross sections on scintillator using the NuMI beam centered at 3.5 GeV [25]. These
results show that the shape of the pion momentum spectrum is more consistent with predictions that have detailed modeling of final state interactions for the pions, rather than
predictions that do not incorporate the effect of the nucleus. However the level seen by
MINERvA is apprlximately 20% lower than the level predicted by GENIE. This is in stark
contrast to the pion momentum distribution from MiniBooNE, where the level predicted
by GENIE was observed but the shape of the pion distribution was considerably different.
In both experiments the dominant pion production mechanism was through the Delta resonance. These results taken together will help improve the models of the energy dependence
of final state interactions, although a joint interpretation implies that something unexpected
is occurring [26, 27, 28]. Between the time of the NuPhys conference and this writing, MINERvA has also released a neutral pion production cross section measurement [29], which
also shows agreement with predictions from models incorporating full treatments of final
state interaction.

4

Coherent Pion Production

Charged current coherent pion production is a rare and poorly-understood neutrino interaction. In this process a neutrino scatters off an entire nucleus coherently and produces
a very forward-going pion and transfers little or no energy to the nucleus. The neutral
current analog is a background with large uncertainties for electron appearance oscillation
measurements, and the charged current analog has until recently only been seen at high
energy neutrino experiments but not at the 1 GeV experiments like MiniBooNE and K2K.
The MINERvA experiment has recently measured charged current coherent pion production on carbon in both its neutrino and antineutrino beams [30]. This high-statistics
measurement is unique at these energies in that the coherent interactions can be isolated
using a model-independent cut on the momentum transfered to the nucleus, rather than
a cut on the the momentum transfered to the combined pion-nucleus system. The only
cuts on the event sample were to isolate two-track events with a muon and pion candidate,
where there is a minimum amount of vertex activity near the event vertex. Once the signal
candidates were isolated and backgrounds subtracted, the differential cross sections were
compared to predictions from GENIE and NEUT, one of the event generators used by T2K.
Both the angular and momentum distributions measured differed considerably from those
predicted in the standard neutrino event generators.
Argoneut has also recently measured coherent pion production on argon in the NuMI
beamline for both neutrinos and antineutrinos. The Argoneut detector was too small to
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enable a reconstruction of the momentum transfered to the nucleus, so the analysis used a
boosted decision tree to determine the probability that any given event was coherent. The
input to that procedure included the angles of the pion and muon tracks, the opening angles
between the tracks, the kinetic energy of the pion based on calorimetry, the muon momenum,
and the average stopping power of the first third of the muon track. The levels seen in
both neutrino and antineutrino events are consistent with that seen by MINERvA [31] and
current generators anchored on the high energy measurements.
This is the continuation of an interesting story and the next step will be to measure
the charged current coherent cross section at comparable precision across several different
nuclei.

5

Charged Current Inclusive Scattering Measurements

Argoneut has recently measured neutrino and antineutrino differential charged current cross
sections on argon as a function of muon scattering angle and momentum [32], and has
found reasonable agreement with predictions based on both the GENIE simulation and a
NuWRO[33] model, where the flux assumed was given by that constrained by the MINOS
near detector flux analysis which normalizes to the total charged current cross section on
iron [34]. The measurement was done in a beam made while the negative pions were being
focused, so the average antineutrino energy was 3.6 GeV while the average neutrino energy
was at 9.6 GeV, since the neutrinos came primarily from positive pions that went through
the center of the focusing system where the magnetic field was negligible. The total νµ
(ν µ CC cross section is σ/Eν = 0.660.030.08(0.280.010.03) × 1038 cm2 /GeV per isoscalar
nucleon at the two energies listed above, where the first error is statistical and the second
is systematic.
T2K has measured the electron neutrino charged current inclusive cross section using its
off-axis near detector, where the electrons are required to start in the fine grained detector,
and the TPC and electromagnetic calorimetry are used for additional particle identification.
The photon background is constrained by looking at events containing converted photons.
The largest systematic uncertainties are from the flux (12.9%), statistics 8.7% and detector
response (8.4%). This represents the first νe cross section measured at 1 GeV in nearly 30
years [35]. A recent study has shown that electron neutrino-muon neutrino cross section
ratios may not be as well-known as one might naively predict from the value of the electron
and muon masses due to radiative corrections and other theoretical uncertainties [36], so
more measurements of electron neutrino charged current cross sections will be extremely
helpful in untangling these effects.

6

Charged Current Cross Section measurements as a function of Nucleus

There are a variety of inclusive charged current cross section measurements that have been
made in the past, but the ratio of cross sections between different nuclei is only starting to
be measured at the 10% level of precision. Charged lepton measurements have seen a rich
6

structure in this ratio as a function of the momentum of the struck quark in the parton
model, or x [37]. However, the various kinematic regions studied have different behavior, and
although the very lowest x behavior is thought to be caused by shadowing or antishadowing,
the ”EMC effect”, between x of 0.4 and 0.7 has yet to be understood. Different models of
nuclear structure predict different ratios for this important x region, and those models at
best describe deep inelastic scattering measurements, but not the resonance or quasi-elastic
regime. One recent model by CTEQ compares the measured NuTeV cross sections to a
predicted deuterium neutrino cross section constructed from parton distribution functions,
and finds that the NuTeV data on iron [38] does not match the prediction that would come
from charged lepton scattering [39].
T2K has used its near detector located on the beamline axis, INGRID, to measure the
flux-averaged cross sections on iron and scintillator (CH), and has also produced a more
precise ratio of cross sections, at a mean energy of 1.51 GeV [40]. The absolute cross sections
have been measured with sub per cent statistical precision, and the dominant systematic
uncertainties come from the flux prediction and are at the 10% level. The ratio has been
measured at 1.047 ± 0.007(stat.) ± 0.035(syst.), and is consistent with the predictions from
both GENIE and NEUT, two independent neutrino event generators in use at T2K.
MINERvA has released a measurement of the ratio of inclusive charged current cross
section ratios between lead, iron, and carbon compared to scintillator (CH) as a function of
neutrino energy and x [41]. This measurement was done by collecting events in the neutrino
beam that originated near the passive nuclear targets located in the upstream region of the
MINERvA detector, and then subtracting off the scintillator background by extrapolating
from events in the data that originated in the downstream scintillator region of the detector.
Although the cross section ratios agree with the simulation as a function of neutrino energy,
there is a significant disagreement in the ratios as a function of x. For the low x region,
there is a deficit compared to the simulation that grows with the size of the nucleus, and for
the high x region, there is an excess compared to the simulation, which again grows with the
size of hte nucleus. The simulation comes from GENIE and is informed by charged lepton
cross section ratio measurements. Clearly more work is needed to better model the effects
of the nuclear environment in order to better model the data. Given the energy range of
MINERvA, the excess at high x is predominantly due to elastic processes, while the low x
region is dominated by more inelastic processes.
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Future Prospects

The field of neutrino interactions is soon going to have significantly more constraints coming
from the MINERvA and T2K near detector data that is already in hand. Since the time of
the NuPhys conference MINERvA has released a measurement of antineutrino production
of neutral pions, the analog to the neutrino production of charged pion production described
above. MINERvA also expects to release significantly more data on the CCQE process: the
cross section ratio between νe and νµ , the νµ CCQE cross section as a function of transverse
and longitudinal muon momentum, and νµ cross section ratios between lead, iron, and
graphite to scinillator.
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T2K should also have a sizeable sample of electron neutrino CCQE events, and with the
advent of antineutrino running now for the oscillation program, a host of antineutrino cross
section measurements are now possible. There is also an intriguing plan to look at cross
sections at several different angles using the INGRID near detector, which would allow for
almost monochromatic neutrino energy beams to be ”created” by comparing event samples
at different off axis locations.
On the longer horizon the MicroBooNE experiment will soon be collecting neutrino data
and can provide a new look at many different neutrino interaction channels at high statistics [42] on argon. Also, MINERvA is currently running in the Medium Energy neutrino
beam, collecting much larger sets of events than what has already been reported, at twice
the energy of the low energy beam. The increased statistics will enable not only measurements of the same channels listed above at higher energies but comparisons across different
nuclei [43].
Finally, there are several new ideas on the horizon that could completely change the level
of precision in this field. One idea, NuPRISM [44] seeks to take advantage of the two-body
kinematics of pion kinematics to create monochromatic neutrino energy beams, again by
comparing events at different off axis locations but in a large water cerenkov detector. There
are also several ideas for measuring neutrino interactions on Argon: one idea involves using
a high pressure gaseous argon Time Project Chamber (TPC), and there are plans to use
Liquid Argon TPC’s both at 1GeV energies significantly higher statistics than MicroBooNE
with the Short Baseline Near Detector [45], and at the 3-8GeV region accessed in the NuMI
beam using the CAPTAIN detector [46].
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Summary

Neutrinos have a long history of puzzling scientists: although we understand now that they
have mass and can change from one state to another over time, we are still trying find out
if the antiparticles of neutrinos change at the same rates as neutrinos. If they do change
at different rates, that could help explain why the universe if filled with only matter and
no antimatter. Looking for these neutrino anti-neutrino differences means that we have
to improve our understanding of the way they interact in the nuclei that make up our
detectors. This article describes a new suite of measurements of interactions on new precise
detectors, measurements that are made possible by using the new intense neutrino sources
that are also used to measure neutrinos over time. This new suite of measurements, and
those that are just around the corner, will help build models of neutrino interactions and
in the process give us a new way of looking of the nucleus.
The measurements described in this article, when taken together, indicate that the
environment that a neutrino sees inside a nucleus is not as simple as the environment that
either an electron sees, or the environment that the neutrino sees when interacting with
a simple proton or a proton-neutron pair. The more interaction channels we can measure
and the more different nuclei we can test the better we can understand both neutrinos
themselves and the nuclei where they interact.
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1

Introduction

The recent development of water-based liquid scintillator and the concurrent development
of high-efficiency and high-precision-timing light sensors has opened up the possibility for a
new kind of large-scale detector capable of a very broad program of physics. The program
would span topics in nuclear, high-energy, and astrophysics, ranging from a next-generation
neutrinoless double beta decay search capable of covering the inverted hierarchy region of
phase space, to supernova neutrino detection, nucleon decay searches, and measurement of
the neutrino mass hierarchy and CP violating phase. This paper describes the technical
breakthroughs that led to this possibility, and the broad physics program thus enabled.
This paper is a summary of a talk presented at the NuPhys 2014 conference in London.

2

The Advanced Scintillation Detector Concept

The Advanced Scintillation Detector Concept (ASDC) [1] leverages a tried and tested
methodology in combination with novel, cutting-edge technology. The future of neutrino
detection technology lies in massive, high-precision detectors, offering multiple channels for
detection. Current technology is constrained by the choice of target material: water detectors are limited in energy threshold and resolution by the overall light yield of the Cherenkov
process, and scintillator detectors are limited in size by optical attenuation in the target
itself, and in reconstruction of event direction by the isotropic nature of scintillation light.
The newly-developed water-based liquid scintillator (WbLS) [2] offers a unique combination of high light yield and low-threshold detection with attenuation close to that of
pure water, particularly at wavelengths > 400 nm. Use of this novel target material could
allow separation of prompt, directional Cherenkov light from the more abundant, isotropic,
delayed scintillation light. This would be a huge leap forwards in neutrino detection technology, enabling the first low-threshold, directional neutrino detector. Such a detector could
achieve fantastic background rejection using directionality, event topology, and particle ID.
WbLS chemistry also allows loading of metallic ions as an additional target for particle
1

detection, including: 7 Li for charged-current solar neutrino detection; nat Gd for neutron
tagging enhancement; or isotopes that undergo double beta decay, facilitating a neutrinoless double-beta decay (NLDBD) program. The formula and principle of mass-produced
WbLS have been developed and demonstrated at the Brookhaven National Laboratory Liquid Scintillator Development Facility. Metal-doped samples have been produced with high
stability, with loadings of up to several percent. The instrumentation for large-scale liquid
production is currently under design.
Theia is a proposed realization of the Advanced Scintillation Detector Concept [1],
which combines the use of a 30–100-kton WbLS target, doping with a number of potential isotopes, high efficiency and ultra-fast timing photosensors, and a deep underground
location. A potential site is the Long Baseline Neutrino Facility (LBNF) far site, where
Theia could operate in conjunction with the liquid argon tracking detector proposed by
DUNE [3]. The basic elements of this detector are being developed now in experiments
such as WATCHMAN [4] and SNO+ [5]. Theia would address a broad program of physics,
including: solar neutrinos, geo-neutrinos, supernova neutrinos, nucleon decay, measurement
of the neutrino mass hierarchy and CP violating phase, and even a next-generation NLDBD
search.

3

Physics Program

A large-scale WbLS detector such as Theia can achieve an impressively broad program
of physics topics, with enhanced sensitivity beyond that of previous detectors. Much of
the program hinges on the capability to separate prompt Cherenkov light from delayed
scintillation. This separation provides many key benefits, including:
• The potential to perform ring-imaging as in a pure water Cherenkov detector (WCD).
This enables a long-baseline program in a scintillation-based detector.
• Direction reconstruction using the prompt Cherenkov photons. This allows statistical
identification of events such as solar neutrinos, which form a background to many
rare-event searches, including NLDBD and nucleon decay.
• Detection of sub-Cherenkov threshold scintillation light. This provides excellent particle identification, including enhanced neutron tagging, detection of sub-Cherenkov
threshold particles such as kaons in nucleon decay searches, and separation of atmospheric neutrino-induced neutral current backgrounds in inverse beta decay searches.
One of the most powerful aspects of Theia is the flexibility: both in the target medium
itself, and even in the detector configuration. The WbLS target can be tuned to meet the
most critical physics goals at the time by modifying features of the target cocktail, including:
the fraction of water vs scintillator; the choice of wavelength shifters and secondary fluors;
and the choice of loaded isotope. There is also the potential to construct a bag to contain
isotope, and perhaps a higher scintillator-fraction target, in the centre of the detector,
building on work by KamLAND-Zen [6] and Borexino [7]. The following provides a summary
of some of the potential capabilities of a detector like Theia. More detail on each topic can
be found in the ASDC concept paper [1].
2

3.1

Long-Baseline Physics

A large-scale WbLS detector underground at the LBNF far site at the Homestake mine
in South Dakota would provide a secondary target for the high-energy neutrino beam directed towards the mine from Fermilab. This would provide a complementary program
to the LArTPC proposed by the DUNE collaboration [3], including independent checks of
systematics, such as the interactions of neutrinos on LAr at GeV energy scales, as well as a
broad program of additional physics topics. Theia can build on extensive feasibility studies
already completed for the original WCD [8].
Cherenkov / scintillation separation in Theia would allow the ring-imaging of a pure
WCD. Although some fraction of the Cherenkov photons would be absorbed and reemitted
isotropically by the scintillator component, a comparison of Super-Kamiokande phase I and
phase II data [8] illustrates that there is no loss in beam physics sensitivity even with a
factor of two reduction in light yield. Theia would also offer several enhancements beyond a
WCD: detection of sub-Cherenkov threshold scintillation light allows discrimination between
low-energy hadrons and electrons; the low-threshold scintillation light enhances neutron
tagging efficiency, which allows statistical separation of neutrino and anti-neutrino events;
and high-precision timing would improve reconstruction. Together these all contribute to
reduce the dominant neutral current (NC) background, which limits the sensitivity of a
WCD. Fig. 1 shows the improvement gained by this reduction in NC events. The large
scale of the detector also offers the potential to observe events at the second oscillation
maximum, which could enhance the sensitivity to δCP .

3.2

Neutrinoless Double Beta Decay

The search for neutrinoless double beta decay (NLDBD) has the potential to answer one of
the most pressing open questions in neutrino physics today: the very nature of the neutrino.
Observation of this process would unequivocally demonstrate lepton number violation, and
show that the neutrino is Majorana in nature. One method by which to search for this
process is to load a large-scale liquid scintillator (LS) detector with an isotope known to
undergo two-neutrino DBD. R&D for the SNO+ NLDBD experiment has demonstrated the
capability of loading percent levels of 130 Te into WbLS with acceptable light levels [5] and
further R&D is expected to improve the optics considerably.
SNO+ is a kton-scale detector, which plans to deploy a WbLS cocktail with a high
fraction (≈ 95%) of LS. This provides high intrinsic light yield (# optical photons generated
per MeV of deposited particle energy), but also relatively high absorption and scattering in
the target. Theia is considering a much reduced LS fraction (1 − 10%). The significantly
reduced attenuation, particularly important as detector size increases, combined with highefficiency, high-coverage photon detection can potentially result in an overall higher light
collection (# detected photoelectrons per MeV of particle energy). This is a critical factor in
the overall detector energy resolution, which provides the only handle for reducing the large
2νββ background. Initial studies show that 160 pe/MeV, close to the overall light collection
of the SNO+ detector, is achievable in a 50-kton detector with a 1% WbLS target [1].
The large-scale LS approach to NLDBD has several advantages, including: coincident
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Figure 1: Significance of sensitivity to CP violation (left) and neutrino mass hierarchy
(right), as a function of the true value of δCP , for a 34-kton LAr TPC in combination with
an additional 40-kton WCD when neutral current background is reduced by 50% (blue) or
removed (green) from the WCD event sample. Gray curves show the sensitivity of the 40kton WCD detector alone. All detector masses are fiducial and all sensitivities are calculated
at a baseline of 1300 km in the nominal LBNF beam. The normal hierarchy is assumed, and
oscillation parameters and uncertainties are taken from a recent global fit [9]. The absolute
sensitivity is dependent on these parameters, in particular the choice of θ23 , but the relative
comparison is unaffected. Figures taken from [1].
tagging of internal backgrounds; reduction of external background via fiducialization; a
source in / source out comparison, allowing background measurement and subtraction; and
a well-understood and modeled detector geometry. The dominant background in SNO+
comes from the irreducible 8 B solar neutrinos. Directional sensitivity in Theia would
allow this background to be reduced significantly, with only a small loss in signal efficiency.
A naive sensitivity calculation can be performed assuming a 50 kton water-based liquid
scintillator detector with a 0.5% loading of natural Te, and an energy resolution of ∼ 5.5%
(from the projected 160 pe/MeV light yield). We assume here that the only non-negligible
backgrounds are the 2νββ events and 8 B neutrino events, with a conservative 50% reduction
of the latter using the direction cuts described above. To eliminate external backgrounds
we require events to be more than 5.5 m from the PMTs, providing a total fiducial mass
of 30 kton. For 0.5% loading this is 150 ton of natural Te, or ∼ 50 ton of 130 Te. With
this detector configuration, Theia could reach a 3σ discovery of NLDBD in 10 years for
mββ = 15 meV [1].
There is potential to improve this significantly, potentially even pushing towards sensitivities in the normal hierarchy region [10], by deploying a higher fraction of isotope in a bag
in the centre of the detector, thus at the same time increasing signal statistics and reducing
uniform backgrounds such as 8 B neutrinos. Use of a higher scintillator fraction WbLS would
4

improve the energy resolution, reducing the 2νββ background. Further studies are required
to optimize the WbLS target for a NLDBD search in Theia, balancing energy resolution
(reduction of 2νββ background) against directional resolution (reduction of 8 B neutrinos).

3.3

Solar Neutrinos

There are many open questions in solar neutrinos, several of which can be addressed by
Theia’s combination of a low-threshold directional detector, along with the potential for
isotope loading. Theia would provide unprecedented sensitivity to solar neutrinos via two
channels:
1. Huge statistics for elastic scattering (ES) events at low energy. The LENA collaboration [11] have explored in detail the power of a large-scale scintillator detector
for resolving open questions in solar neutrino physics, such as determining the solar
metallicity via a measurement of neutrinos from the sub-dominant CNO fusion cycle.
Theia would have similar capability, along with the additional advantage of being
able to distinguish ES events from backgrounds (such as 210 Bi) using directionality.
2. Potential charged-current (CC) detection via isotope loading e.g. 7 Li [12]. The differential CC cross section for neutrino interaction on 7 Li is extremely sharply peaked.
As a result, CC neutrino detection provides a high-precision measurement of the incoming neutrino energy, allowing extraction of the low-energy 8 B spectrum. This
would provide a sensitive search for new physics via a probe of the transition region
in the neutrino spectrum between vacuum-dominated and matter-enhanced oscillations. There is also the potential to separate the different components of the CNO
flux via a shape analysis.

3.4

Supernova Neutrinos

Theia would observe roughly 12,000 events from a supernova at 10 kpc in a 50-kton fiducial volume. 90% of these events would be detection of antineutrinos via inverse beta decay
(IBD). The low-threshold scintillation light in Theia would enhance the efficiency of the
neutron tag, and this could be further improved by loading with Gadolinium, which would
reduce the neutron capture time by roughly an order of magnitude, from 200 µs to 20 µs,
thus reducing the risk of pile up from a large burst. The high-efficiency tag for IBD events
allows extraction of other event types from beneath this dominant signal. Reduction of the
IBD background for elastic scattering detection doubles the pointing accuracy, and identification of the CC and mono-energetic gammas from NC interactions provide sensitivity
to the burst temperature and subsequent neutrino mixing. It is worth noting that this
antineutrino-dominated signal would be highly complementary to the neutrino-dominated
signal in a liquid argon detector, such as DUNE.

3.5

Diffuse Supernova Background Neutrinos

The diffuse supernova neutrino background (DSNB) consists of both neutrinos and antineutrinos. The antineutrino signal would be detected via IBD and, as for supernova burst
5

neutrinos, Theia’s advantage over water Cherenkov detectors lies in the high efficiency
neutron tag. The low-threshold scintillation light provides excellent efficiency for detecting
the 2.2 MeV gamma from neutron capture on 1 H, effectively suppressing the singles rate
that limits water Cherenkov detectors. The efficiency would be greater even that Gd-loaded
water detectors. In comparison to a pure scintillator detector, Theia benefits from the use
of the Cherenkov signal to enhance particle identification. The primary background to a
pure scintillator measurement is atmospheric neutrino induced NC reactions: the neutrinos
strike carbon atoms, breaking it apart and causing the nuclear fragments to recoil, which
is followed by capture of any liberated neutrons. In a scintillator detector this coincidence
mimics the IBD signal. Theia could use the Cherenkov signal to discriminate between
the nuclear recoil, which would be below Cherenkov threshold, and the positron of an IBD
event. The Cherenkov hit pattern would also be distinct for the two event types.
The possibility also exists to load Theia with NaCl in order to detect the DSNB neutrino
signal via CC interaction on chlorine.

3.6

Geoneutrinos

Geoneutrinos are antineutrinos produced by radioactive decay inside the Earth. Geoneutrino detection can help us to understand models for heat production beneath the surface of
the Earth. It is important to perform measurements in different geographical locations, due
to the varying reactor neutrino background (an antineutrino signal with a similar energy
spectrum), and in order to understand the different contributions from crust and mantle.
The total worldwide exposure is currently less than 10 kt-yr, from a combination of KamLAND [13] in Japan, and Borexino [14] in Italy. Theia would provide a large statistics
data set in a complementary geographical location, with the potential advantages of isotope
loading and directionality, due to the fast timing and resulting high-precision reconstruction.

3.7

Nucleon Decay

A search for nucleon decay allows us to probe the possibility of grand unified theories.
Theia’s advantages lie in the depth and cleanliness of the detector, the large size, the
high-efficiency neutron tag, and the ability to detect particles below Cherenkov threshold.
In the simplest case of heavy boson exchange we expect a lepton+meson final state.
The enhanced neutron tag would reduce the atmospheric neutrino background in Theia,
allowing a measurement that would quickly become competitive with Super-Kamiokande,
although Hyper-Kamiokande would dominate due to sheer size.
Should the tree-level decay be suppressed, decay can proceed via modes such as p → ν K + .
Here Theia has a strong advantage due to the ability to detect the sub-Cherenkov threshold
kaon, leading to a triple coincidence tag.
More exotic theories, such as extra dimensions, predict so-called invisible modes like
n → 3ν. The low background at Theia, due to depth, cleanliness, and the ability to reject
both solar and reactor events using directionality and the neutron tag, results in a sensitivity
that dominates over other experiments.
More details on the sensitivity to different modes can be found in [1].
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3.8

Sterile Neutrinos

The existence of a fourth “sterile” neutrino has been suggested by several anomalous results in the neutrino sector, including LSND, MiniBooNE, and the reactor anomaly. Many
projects are proposed to search for sterile neutrinos. Theia could perform a source-based
search by deploying the 8 Li decay-at-rest IsoDAR source [15]. The 13 MeV endpoint puts
the majority of these events well above radioactive backgrounds, and it places only conservative requirements on detector performance: 15% energy and 50 cm position resolution.
Five years of data in a (conservative) 20-kton fiducial volume would exclude the majority
of parameter space allowed by the various anomalies [1].

4

Required R&D and Planned Demonstrations

There are a number of demonstrations required in order to realize the conceptual detector
presented here. These include (but are not limited to):
1. Sufficiently high intrinsic light yield and long attenuation length to meet minimal
light collection requirements. (This requirement can be offset by high efficiency, high
coverage photon detection).
2. Successful separation of Cherenkov and scintillation signals, with sufficiently high
Cherenkov light yield to maintain direction resolution and ring imaging capability.
This can be achieved by ultra-fast timing photon detection, such as LAPPDs [16],
tuning of the WbLS cocktail, or a combination of the two.
3. Stability of the above properties over long timescales, and with respect to isotope
loading (e.g. Gd, Li, Te).
4. Materials compatibility studies.
5. Demonstrated reconstruction & particle ID capability.
The R&D program for Theia strongly leverages existing efforts. A number of demonstrations are planned, ranging from bench-top to kton scale. Table 1 summarizes the status,
including scale, target, timescale, and the measurements planned at each site.

5

Summary

Theia represents potentially revolutionary technology. Use of the novel, potentially inexpensive WbLS target allows construction of a precision detector on a massive scale. Successful identification of Cherenkov light in a scintillating detector would result in unprecedented
background-rejection capability and signal detection efficiency via directionality and subCherenkov threshold particle identification. This low-threshold, directional detector could
achieve a fantastically broad physics program, combining conventional neutrino physics with
rare-event searches in a single, large-scale detector.
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Table 1: Planned demonstrations of WbLS and fast-timing technology.
Site
Scale
Target
Measurements
Timescale
UChicago
bench top
Fast photodetectors.
Exists
H2 O
CHIPS
10kton
Electronics, readout, mechan2019
ical infrastructure.
EGADS
200 ton
Exists
ANNIE
1 ton
H2 O+Gd Loading, fast photodetectors.
2016
WATCHMAN
1 kton
2019
UCLA/MIT
1 ton
LS
Fast photodetectors.
2015
Penn
30 L
Exists
(Wb)LS Light yield, timing, loading.
SNO+
780 ton
2016
UC Irvine
10 L
Attenuation, recirculation
2015
LBNL
bench top
Light yield, timing, cocktail
2015
WbLS
BNL
1 ton
optimization, loading,
2015
WATCHMAN-II
1 kton
attenuation, reconstruction.
2021

Theia offers a broad program of compelling science, covering topics in nuclear physics,
high-energy physics, astrophysics, and geophysics. These include: solar neutrinos and neutrinoless double beta decay; proton decay and long-baseline physics; supernova neutrinos
and DSNB; and geoneutrinos, respectively.
The flexibility of the WbLS target, of the options for isotope loading, and even of the
detector configuration is a crucial aspect of Theia’s design. The status of the field will
evolve during the planning and realization of a project of this scale; Theia has the unique
ability to adapt to new directions in the scientific program as the field evolves, making it a
powerful instrument of discovery that could transform the next-generation of experiments.
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1

Introduction

CHIPS is an R&D program focused on designing and constructing a cost-effective large
water Cherenkov detector (WCD) to study neutrino oscillations using accelerator beams.
Traditional WCD’s with a low energy threshold have been built in special large underground
caverns. Civil construction of such facilities is costly and the excavation phase significantly
delays the detector installation although, in the end, it offers a well-shielded apparatus with
versatile physics program. Using concepts developed for the LBNE WCD [1], we propose
to submerge a detector in a deep water reservoir, which avoids the excavation and exploits
the directionality of an accelerator neutrino beam for optimizing the detector.
Following the LOI [2], we have submerged a small test detector in a mine pit in Minnesota, 7 mrad off the NuMI axis. By adopting some technical ideas and solutions from
IceCube and KM3NeT experiments, we are now focusing on designing a large (10 – 20 kt)
isolated water container to house photodetectors with underwater readout and triggering.
Here, we describe in more detail the CHIPS concept, its physics motivation and potential,
and we briefly present the ongoing R&D activities.

2

Motivation

The two main goals of the world-wide neutrino program over the next decade and beyond
is the measurement of remaining parameters of neutrino oscillations that include the phase
of the Pontecorvo-Maki-Nakgawa-Sakata (PMNS) matrix [3] δCP and determination of the
ordering of neutrino mass eigenstates (i.e., is m3 > m2 or m1 > m3 ?).
The two possible orderings of neutrino mass eigenstates (the “normal”, with m3 > m2 >
m1 , and the “inverted”, with m2 > m1 > m3 ) have been unraveled in neutrino oscillations
experiments that have measured the “solar” mass splitting ∆m2sol ' 7.5 × 10−5 eV2 and
the “atmospheric” mass splitting ∆m2atm ' 2.4 × 10−3 eV2 . However, no experiment so far
has had enough sensitivity to distinguish between the two mass scenarios. The recently
discovered large value of θ13 makes determination of δCP much more feasible.
1

The third goal, perhaps not less challenging than the other two, is to test with a highest
possible precision if θ23 deviates from 45◦ (or to establish in which octant falls its value).
Exact maximal mixing could signify a new symmetry in the neutrino sector.
Three very different approaches are being pursued world-wide and are planned to be
realized over the next ten to fifteen years. This long time-scale is necessary due to the
complexity of construction. But the success of these future endeavors1 is not guaranteed
since a multitude of detector performance challenges must be solved for all these next
generation experiments. In the meantime, the NOvA and T2K experiments will continue
taking data. NOvA will benefit from an ever increasing intensity of the 10-year old NuMI
beam line which will reach power of 700 kW in 2016, after the ongoing Proton Improvement
Plan is completed. There are at least two obvious yet important observations from the
long intensity history of NuMI, shown in Figure 1: it takes several years to reach design
intensities, and the NuMI beam will be the most powerful neutrino beam for years to come.

Figure 1: The intensity history of NuMI beam. The Proton Improvement Plan will make it a beam
with 700 kW power. Currently, the beam routinely runs at 420–430 kW and in recent tests it has already
surpassed 470 kW.

While NuMI will be delivering unprecedented number of neutrinos, the mass of the
NOvA far detector may be too small to determine the neutrino mass ordering or significantly
constrain the value of δCP . Prospects for the complementary T2K experiment, operating
with much shorter baseline and with a lesser power beam but a larger far detector, are
bleaker. Even the combination of future NOvA and T2K results will likely be insufficient to
resolve the main outstanding neutrino oscillations problems. This has motivated vigorous
LBNE and LBNO initiatives in the US and Europe, respectively. Due to high costs and
difficult technical challenges, the two programs have now merged into the DUNE experiment
which will use a new LBNF neutrino beam from Fermilab to the Homestake mine in South
Dakota. The baseline of DUNE will be 1,300 km and the beam is being designed to exceed
power of 1 MW, and 2 MW later. It will take at least a decade to get these new facilities
built and commissioned. Both require significant design and prototyping effort before then.
1

The list includes long baseline reactor experiments JUNO and RENO-50, the large atmospheric neutrino
experiments ORCA, PINGU, and INO-ICAL, and the long baseline accelerator experiments DUNE and
HyperKamiokande
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The long time scale and challenging objectives before DUNE and LBNF prompt a natural question: Can large detectors be built more rapidly and cheaply to further exploit NuMI
neutrinos? Straightforward GLoBES calculations show that an addition of a 100 kt water
Cherenkov detector, with performance parameters similar to those of SuperKamiokande,
can significantly advance our knowledge on the PMNS phase δCP and would help NOvA
and T2K to determine the neutrino mass ordering, as illustrated in Figure 2.

Figure 2: Potential measurement precision of δCP (left) and the significance of determining
the neutrino mass ordering by adding a hypothetical 100 kt CHIPS detector into the NuMI
beam and combining results with NOvA and T2K. Six-year exposures are assumed for these
GLoBES calculations.
However, 100 kt detectors with low energy thresholds have never been built. One can
note, though, that even a 10 kt detector would be a worthy addition to the NuMI beam
line, as illustrated in Figure 3. But how would they be constructed at low cost and where
would they be placed? Addressing these two broad technical aspects is the main motivation
for the CHIPS R&D program [2].

Figure 3: Similar to Figure 2 but for a 10 kt CHIPS detector.
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3

Initial considerations

A desired short time scale for construction requires minimal R&D or largely adopted
and/or adapted detector concepts already significantly advanced previously. Following ideas
brought forward in earlier LBNE studies [1], the CHIPS team identified a 60 m deep water reservoir, the Wentworth mine pit, located 7 mrad off NuMI axis and 707 km from the
target2 where a water Cherenkov detector could be submerged. Several other past and
present experiments (e.g., GRANDE, IceCube, MEMPHYS, KM3NeT) had come up with
many interesting and inventive solutions for addressing similar problems. To move CHIPS
forward quickly and cost-effectively, the collaboration will use experience gained in all the
past and present efforts.
IV = 51.3 e- x / 15.6 + 13.0 e- x / 60.7
D = H = 24 m
D = H = 29 m
D = H = 34 m
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Figure 4: Left: The rate of cosmic ray muons as a function of water overburden calculated
for three heights (H) and diameters (D) of a cylindrical detector (based on [4]). Right: The
GEANT4 simulation of a muon entering a 2 m veto region of a CHIPS cylindrical detector.

The proposed underwater configuration shields against cosmic ray muons, and provides
buoyancy for support and the detector medium. The effect of cosmic ray muons was calculated using previous estimates [4] and was simulated with the GEANT4 WCSim package.
Results, represented in Figure 4, show that for a 10 µs beam spill and a detector submerged
under about 40 m of water one expects only a few percent detector dead time due to vetoing.
The beam timing and the directionality of the NuMI beam are extremely important
for detector optimization and should lead to substantially improved detector performance
while lowering its cost. Furthermore, the 7 mrad off NuMI axis location of Wentworth pit
provides an intense neutrino beam with a narrow-band energy spectrum, shown in Figure 5,
that can be further exploited in the detector design and event reconstruction algorithms.
2

MINOS is an on-axis detector 735 km from the target, while NOvA is 14 mrad off-axis and 810 km from
the target.
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Figure 5: Left: The intensity of NuMI neutrinos in northern Minnesota where MINOS,
NOvA, and the Wentworth mine pit are located and are marked by dots on the plot. Right:
the energy spectra for the three locations projected for a 6 × 1020 protons on target.
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The CHIPS-M pre-prototype

For the purpose of gaining first-hand practical experience with building and submerging
a water Cherenkov detector, the CHIPS team designed, constructed, instrumented, and
submerged in the Wentworth pit a CHIPS-M module – a pre-prototype that uses IceCube
digital optical modules (DOM). This effort from March to August 2014 resulted in submerging a 3 m × 3.2 m octagonal structure, shown in Figure 6, instrumented with five DOM’s,
water filtration system, and environmental monitoring devices.
Since then, the apparatus has been in continuous operation although with limited success
in measuring cosmic ray muons rates (analysis ongoing). This is due to water and light leaks
that developed shortly after the deployment. We also experienced communication failure
with the environmental monitoring devices. Nevertheless, this has been a valuable lesson
for future work. The module will be retrieved this summer and possibly re-deployed after
diagnosing and fixing multiple issues related to the liner integrity, water filtration, and
environmental monitoring. Some further details on CHIPS-M can be found in a poster
contribution to this conference [5].

5

Larger CHIPS detectors

Submerging a small pre-prototype has not only provided much experience but also prompted
the collaboration to concentrate on using these lessons for larger detector and prototype
structures. It is clear that there are three main hardware activities to be coordinated:
the detector load-bearing structure and deployment system, the PMT instrumentation and
front-end electronic readout and data acquisition, and the water fill and filtration. Additionally, critical for optimizing the detector for the beam timing and direction, is the
simulation and reconstruction software. The main analysis challenge will be suppression of
π 0 ’s from neutral current events which could mimic electron-neutrino appearance.
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Figure 6: CHIPS-M under construction (left), fully ready for deployment (middle), and the
first phase of submerging it from a floating dock (right).

The detector structure is required to isolate clean water from the pit water, separate
inner detector from the outer veto volume, and hold instrumentation; and it must withstand
the differential pressure of up to 700 Pa due to density difference between the clean and
unfiltered pit water. A possible solution is a 36 m diameter space frame, depicted in Figure 7,
that could hold 10 – 20 kt of water. The current effort focuses on designing it at a minimum
cost and maximum deployment ease – not a straightforward task.
The envisioned structure comprises and inner vessel with an outer veto volume (taken as
concentric cylinders for the initial simplicity) whose walls are made out of interlocking panels
that house PMT’s and front-end electronics. The outer walls are critical for mechanical
stability and hermetic isolation. The inner wall divides optically the two active regions of
the detector. Two deployment scenarios are being considered at the moment: on-water
float-based construction, and shallow-water off-shore construction on a floating dock.

Figure 7: A possible CHIPS “space frame” for a 10 – 20 kt water detector. The load-bearing
frame would support instrumentation panels, as shown for the top cap in the right picture.
The frame and panels would make a water- and light-tight structure to be deployed at the
bottom of the pit.
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The size and the number of PMT’s in an individual panel will strongly depend on the
choice and availability of PMT’s, and the location of a panel within a detector. From
Figure 8, or similar studies of various event characteristics available from simulations, one
can draw simple conclusions that the upstream side of the the detector plays minimal role for
beam events, and that the finer the granularity of photo-coverage the higher the efficiency
of reconstructing or tagging the π 0 background events.

Figure 8: Comparative CHIPS simulation of a horizontal π 0 in three detector configurations:
using PMT’s with a diameter 10 in (top), 5 in (middle), and 3 in (bottom). The event
displays show unfolded central barrel. Each color dot represents a PMT hit and its pulse
height. All detectors have the same 10% photocathode coverage.

While the high granularity is clearly attractive and could potentially expand the fiducial
volume (i.e., events with vertices relatively close to the wall may be fully reconstructed),
it comes with complications stemming from the number of read-out channels. The number
of PMT’s and the associated front-end electronics are the main detector cost-drivers, in
addition to the cost of the mechanical structure and water handling. Most processing of
PMT signals must be conducted under water so that only very few signal or communication
cables are run from the detector to the shore.
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The underwater electronics must include a portion of the triggering, synchronization
and data acquisition elements to minimize the transfer rate between the detector and the
shore. Three front-end ASIC’s are being considered for CHIPS. The PARISROC [6] charge
integrator with time stamping, the KM3NeT time-over-threshold ASIC [7], and the waveform digitizer SAMPIC [8]. We are planning to gain hands-on experience with all these
chips and involve our simulation team to guide our considerations and choice of PMT’s.
We stress that a multi-kiloton detector poses demanding R&D even if many similar
efforts have already gone on in the past or are ongoing. CHIPS is a beam-specific detector
with non-homogenous PMT coverage. We are developing sophisticated simulation and
reconstruction packages that can cope with a variety of PMT’s sizes in the same detector
and non-uniform PMT coverage [5]. This is an essential tool for detector optimization.

6

Future

We will soon pull CHIPS-M up from the bottom of the pit, and we will have developed all
of the design and modeling tools and ideas necessary for planning a large water Cherenkov
in a deep water reservoir. Next year will be critical in proving whether the challenge of
the “SuperKamiokande paradigm” – the design of a better and cheaper albeit specially
optimized water Cherenkov detector – is feasible.
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1

Measurement of the smallest neutrino mixing angle

In the present framework of three flavors, neutrino oscillation is described by a unitary
Pontecorvo-Maki-Nakagawa-Sakata matrix with three mixing angles (θ12 , θ23 , and θ13 ) and
one CP phase angle [1, 2]. Neutrino oscillation was first observed in the atmospheric neutrino
by the Super-Kamiokande experiment in 1998 [3]. Before year 2012, the smallest mixing
angle θ13 was the most poorly known. It took 14 years to measure all of the three mixing
angles. The next round of neutrino experiments are under consideration or preparation to
determine the CP violation phase and the neutrino mass hierarchy.
A fission reactor is a copious source of electron antineutrinos (ν e ) produced in the beta
decays of neutron-rich nuclei. Nuclear reactors have played crucial roles in experimental
neutrino physics. The discovery of the neutrinos was made at the Savannah River reactor
in 1956 [4]. The KamLAND collaboration observed disappearance of reactor neutrinos and
distortion in the energy spectrum due to neutrino oscillations [5]. Daya Bay, Double-Chooz,
and RENO collaborations determined the smallest mixing angle θ13 based on the observed
disappearance of reactor neutrinos [6, 7, 8].
A few MeV, low-energy reactor neutrinos have relatively short oscillation lengths to
compensate for rapid reduction of the neutrino flux at a distance. Reactor neutrino measurements can determine the mixing angle without the ambiguities associated matter effects
and CP violation unlike accelerator beam experiments. The reactor neutrino detector is not
necessarily large, and construction of a neutrino beam is not needed. Past reactor experiments had a single detector located about 1 km from reactors. The new generation reactor
experiments, Daya Bay and RENO, have significantly reduced uncertainties associated with
the measurement of θ13 using two identically performing detectors at near and far locations
from reactors. Double-Chooz started data-taking with a near detector from December 2014.
New reactor experimental results provide a comprehensive picture of neutrino transformation among three kinds of neutrinos. An accurate value of θ13 by the reactor experiment
will be able to offer the first glimpse of the CP phase angle, if combined with a result from
an accelerator neutrino beam experiment [9].
Previous attempts of measuring θ13 have obtained only upper limits from reactor neutrinos [10, 11]. Indications of a nonzero θ13 value were reported by two accelerator appearance
1

experiments, T2K and MINOS, and by the Double Chooz reactor disappearance experiment
in 2011 [12]. Global analyses of all available neutrino oscillation data have indicated central
values of sin2 (2θ13 ) that are between 0.05 and 0.1. In 2012, Daya Bay and RENO reported
definitive measurements of the mixing angle θ13 based on the disappearance of reactor electron antineutrinos [6, 8]. A combined result of the θ13 measurements was reported by the
Particle Data Group as sin2 (2θ13 ) = 0.098 ± 0.013 in ref. [13]. Improved measurements
of θ13 were made and reported. Measured values of θ13 by the second generation reactor
experiments are summarized in Fig. 1.

Figure 1: Summary of θ13 measurements by the reactor neutrino experiments of RENO,
Daya Bay and Doube-Chooz. Since their first measurements the errors of θ13 value have
been significantly reduced by more statistics and improved systematic uncertainties. Note
that references to various measurements are given by e-print serial numbers of hep-ex at
arXiv.org or by conference names in the bracket.

2
2.1

Overview of current reactor neutrino experiments
Principle of θ13 measurement

Reactor experiments with a baseline distance of ∼1 km can neglect the disappearance of
electron antineutrinos driven by θ12 and ∆m221 , and thus unambiguously determine the
mixing angle θ13 and the squared mass difference ∆m2ee based on the survival probability
of electron antineutrinos,
Psurvival ≈ 1 − sin2 2θ13 sin2 (1.267∆m2ee L/E),
2

(1)

where E is the energy of ν e in MeV, L is the baseline distance in meters between the reactor
and detector, and ∆m2ee is equal to cos2 θ12 ∆m231 + sin2 θ12 ∆m232 .

2.2

Detection method for reactor antineutrinos

A typical commercial pressurized-water nuclear reactor generates ∼3 GWth of thermal
power. A reactor produces ∼ 2 × 1020 antineutrinos per GW and per second, mainly
coming from the beta decays of fission products of 235 U, 238 U, 239 Pu, and 241 Pu. The reactor antineutrino is detected via the inverse beta decay (IBD) reaction, ν e + p → e+ + n.
Reactor neutrino detectors based on hydrocarbon liquid scintillator (LS) provide free protons as a target. The coincidence of a prompt positron signal and a delayed signal from
neutron capture by Gadolinium (Gd) provides the distinctive IBD signature. The three reactor experiments have similar detector designs. The inner most acrylic vessel holds 0.1%
Gd-doped LS as a neutrino target.

2.3

Experimental arrangements

The RENO experiment runs a near detector and a far detector at the Hanbit (previously
known as Yonggwang) nuclear power plant consisting of six well-aligned and equal-distant
reactors, in South Korea. The Daya Bay experiment has two near detectors at two different
locations and a far detector, at the Daya Bay nuclear power plant consisting of six reactors,
in the southern part of China. The Double Chooz experiment had a far detector only
before December 2014, and recently added a near detector, at the Chooz nuclear power
plant consisting of two reactors, in France.
Three reactor experiments have similar experimental arrangements, but slightly different
features in reactor thermal output, detector target mass and overburden, and baselines of
near and far detectors. Comparison of their interesting parameters is given in Table 1.
Table 1: Comparison of three reactor experimental parameters. The flux weighted baseline
means the effective baseline calculated from multiple reactors by weighting their fluxes.
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Experiments

Location

Double-Chooz
RENO
Daya Bay

France
Korea
China

Thermal
Power
(GW)
8.5
16.8
17.4

Flux Weighted
Baseline
Near/Far (m)
410/1050
409/1444
470+576/1648

Overburden
Near/Far
(mwe)
120/300
120/450
250/860

Target
Mass
(tons)
8.6/8.6
16/16
40+40/80

Results on θ13 and |∆m2ee |

The first generation reactor experiments of Chooz and Paolo Verde could not continue datataking longer than a half year because of unexpected problems with Gd-doped LS [10, 11].
3

Paolo Verde had problems with precipitation, condensation, and slow deterioration of Gddoped LS developing in time. In Chooz experiment, Gd-doped LS turned yellow a few
months after deployment. A rapid decay of attenuation length of Gd-doped LS had been
observed. It is crucial for an reactor experiment to keep LS chemically stable for several
years of experimental duration. The second generation reactor experiments were successful
to develop Gd compounds, and have not suffered yet from the troubles that Chooz and
Paolo Verde experienced.

Figure 2: Comparison of observed and expected IBD prompt energy spectra at RENO. A
shape difference is clearly seen at 5 MeV. The observed excess is correlated with the reactor
power, and corresponds to 2.2% of the total observed reactor neutrino flux.
RENO was the first reactor experiment to take data with both near and far detectors
in operation from August 2011. The RENO collaboration reported a definitive measurement of θ13 based on 220 live days of data taken through March 2012 as sin2 (2θ13 ) =
0.113 ± 0.013(stat.) ± 0.019(syst.) in April 2012 [8]. An improved measurement of θ13
was reported based on ∼400 live days of data through October 2012 as sin2 (2θ13 ) =
0.100 ± 0.010(stat.) ± 0.012(syst.) at 2013 TAUP conference [14]. A more precise measurement was reported as sin2 (2θ13 ) = 0.090±0.008(stat.)±0.008(syst.), based on 800 live days
of data through December 2013 [15]. The improvement came from better understanding of
the detector energy scale, more accurate estimation of a cosmic ray induced background uncertainty, and more data. RENO also presented θ13 measurements by identifying a delayed
signal of neutron capture on Hydrogen: sin2 (2θ13 ) = 0.095 ± 0.015(stat.) ± 0.025(syst.)
[16], and sin2 (2θ13 ) = 0.103 ± 0.014(stat.) ± 0.014(syst.) [17] later. The experiment has
observed an excess of IBD prompt spectra in the region centered at 5 MeV with respect
to the most commonly used models [18, 19], as shown in Fig. 2. The excess is found to be
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Figure 3: Top: comparison of the measured energy spectrum of the prompt signals from the
reactor antineutrinos in the far detector with the no-oscillation prediction obtained from the
measurement in the near detector. Bottom: deficit of reactor antineutrino events measured
in the far detector (points) compared with the best fit to oscillation (histogram).

consistent with coming from reactors since it is clearly correlated to the reactor thermal
powers. The RENO collaboration has been performing an analysis of energy-dependent
neutrino oscillation effects and an effort of reducing the background uncertainty. Figure 3
shows comparison of the observed prompt energy spectrum in the far detector with the
one predicted for no oscillation that was obtained from the measured spectrum at the near
site. The spectrum measured with the far detector shows energy-dependent suppression
with respect to the no-oscillation prediction, a pattern consistent with neutrino oscillation.
The spectral information combined with the rate-only result is expected to provide a more
precise measurement of the θ13 value and to determine the oscillation frequency dictated
by ∆m2ee .
Daya Bay began data-taking with a part of near detectors from August 2012, and with
75% near and far detectors in operation from late December 2011. The Daya Bay collaboration reported a measured value of θ13 as sin2 (2θ13 ) = 0.092 ± 0.016(stat.) ± 0.005(syst.) in
March 2012 [6]. Data-taking was temporarily stopped in August 2012 to complete the rest
of detector construction, and resumed in October 2012. An updated result of sin2 (2θ13 ) =
5

0.089 ± 0.010(stat.) ± 0.005(syst.) was reported based on 140 live days of data through May
+0.008
2012 [20]. The collaboration has obtained new results on θ13 . sin2 (2θ13 ) = 0.090−0.012
and
+0.19
2
−3
2
|∆mee | = 2.59−0.20 × 10 eV from both rate and shape analysis, based on 217 live days
of data [21]. They have reported updated measurements of sin2 (2θ13 ) = 0.084 ± 0.005 and
−3 eV2 based on 621 live days of data [22].
|∆m2ee | = 2.44+0.10
−0.11 × 10
Double Chooz has been taking data with a far detector only since April 2011, and reported an evidence for non-zero value of θ13 as sin2 (2θ13 ) = 0.085±0.029(stat.)±0.042(syst.)
in November 2011 [12], and as sin2 (2θ13 ) = 0.086±0.041(stat.)±0.030(syst.) in March 2012
[7]. An updated result of sin2 (2θ13 ) = 0.109 ± 0.030(stat.) ± 0.025(syst.) was reported based
on an improved analysis combining rate and energy-shape information with 228 live days of
data [23]. The collaboration reported a θ13 measurement by identifying a delayed signal of
neutron capture on Hydrogen: sin2 (2θ13 ) = 0.097±0.034(stat.)±0.034(syst.) [24]. Based on
468 live days of data, an improved measurement was made to obtain sin2 (2θ13 ) = 0.09±0.03
[24]. A near detector is complete, and is operational for data-taking from late December
2014.
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Prospects of precise measurements on θ13 and |∆m2ee |

Precision measurements of the mixing parameters are expected from reactor experiments in
operation or in proposal. The current reactor experiments have unambiguously determined
the values of θ13 and ∆m2ee through the observation of electron antineutrino disappearance
at baselines of 1−2 km. The running reactor experiments are expected to reach a precision
of (1) about 10% at Double Chooz, 5% at RENO, and 3−4% at Daya Bay in sin2 2θ13 , and
of (2) ∼ 1 × 10−4 eV2 at RENO, and ∼ 7 × 10−5 eV2 at Daya Bay in ∆m2ee , eventually,
in ∼2017. Table 2 summarizes recent results on θ13 and |∆m2ee | from the three reactor
experiments and their expected precisions.
Table 2: Summary of measured values of θ13 and |∆m2ee | by the three reactor experiments
and their expected precisions.
Measurements
sin2 (2θ13 ) with n-Gd
sin2 (2θ13 ) with n-H
|∆m2ee | (×10−3 eV2 )
Expected δ[sin2 (2θ13 )]
Expected δ|∆m2ee | (×10−3 eV2 )
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Daya Bay
0.084 ± 0.005
0.083 ± 0.018
2.44+0.10
−0.11
0.003
∼ 0.07

Double-Chooz
0.09 ± 0.03
0.097 ± 0.048
−
0.010
−

RENO
0.090 ± 0.011
0.103 ± 0.020
−
0.005
∼ 0.10

Future prospects of reactor experiments

Three running reactor experiments have definitively measured the value of θ13 by the disappearance of electron antineutrinos. Based on unprecedentedly copious data, Daya Bay and
6

RENO have performed rather precise measurements of the value. The exciting result opens
the possibility of search for CP violation in the leptonic sector. The successful measurement
of θ13 has made the very first step on the long journey to the complete understanding of
the fundamental nature and implications of neutrino masses and mixing parameters.
The surprisingly large value of θ13 will strongly promote the next round of neutrino
experiments to find CP violation effects and determine the neutrino mass hierarchy. A
medium-baseline reactor experiment with a large liquid-scintillator detector and a baseline of
around 50 km, such as JUNO and RENO-50, would see the manifestation of mass hierarchy
in the subdominant oscillation pattern if the extraordinary energy resolution of about 3% at
1 MeV is achieved. JUNO is fully approved to start civil construction in January 2015, and
expects data-taking in 2020. RENO-50 has obtained R&D funding and will make efforts
on a construction fund aiming for data-taking in 2020. The neutrino mass hierarchy is
expected to be determined with 3−4 σ significance, by 6 years of JUNO data, and by 10
years of RENO-50 data.
For the solar ∆m221 , the current uncertainties are determined by KamLAND. The future
reactor experiments of JUNO and RENO-50 can provide remarkably precise measured values
of θ12 , ∆m221 and ∆m2ee with a precision better than 1%, before year 2025. Combined with
results from other experiments for θ23 and θ13 , the unitarity of the neutrino mixing matrix
can be tested up to 1% level, much better than that in the quark sector for the CKM matrix.
This effort will be valuable to explore the physics beyond the Standard Model.
The high precision measurements of θ12 , ∆m221 , and |∆m2ee | can make a strong impact
on explaining the pattern of neutrino mixing and its origin. It will also provide useful
information on the effort of finding a flavor symmetry.
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1

Introduction

Decay rings for muons were proposed by Koshkarev in 1974 [1] and Neuffer in 1980 [2]. This
led to developments of the modern concept of a Neutrino Factory, which may be seen as
a first step towards a Muon Collider. The physics capabilities of a Neutrino Factory were
described by Geer [3]. The neutrino beam is created from the decay of muons in flight in a
storage ring, and may be used to discover CP violation in the neutrino sector and to resolve
the neutrino mass ordering. Since both µ+ and µ− can be created with the same systematic
uncertainties on the flux, any oscillation channel can be studied with both neutrinos and
antineutrinos, improving sensitivity to CP violation.
A simple first step towards a Neutrino Factory could be the nuSTORM (Neutrinos from
STORed Muons) decay ring. The main motivation for nuSTORM is to design and construct
a new type of neutrino beam with well-understood characteristics from decays of muons that
does not require any new technology, such as ionisation cooling. The facility consists of a
3.8 GeV/c muon storage ring that can be used to study eV-scale neutrino oscillation physics,
νe and νµ interaction physics and to develop technology for future accelerator projects.
The facility can search for sterile neutrinos in both appearance and disappearance modes,
provide precise studies of electron and muon neutrino scattering on nuclei, in an energy
appropriate for future long- and short-baseline neutrino oscillation programmes, and provide
the technology test-bed required to carry-out the R&D critical for the implementation of
the next step in a muon-accelerator based particle-physics programme.

2

The nuSTORM concept

The nuSTORM facility consists of a ring designed to store muons with momenta of 3.8 GeV/c.
Protons of 120 GeV/c are used to produce pions from a conventional solid target. The pions are collected with a magnetic horn and quadrupole magnets and those with 5 GeV/c
momentum are injected into a storage ring. The pions that decay in the first straight of the
1
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ring yield muons, and those with momenta of 3.8 GeV ± 10% are captured in the storage
ring. The circulating muons then subsequently decay into electrons and neutrinos. The
momentum was selected to maximise the physics reach for both neutrino oscillations and to
measure neutrino cross sections in an energy relevant for long-baseline neutrino oscillation
experiments. See Figure 1 for a schematic of the facility. More details of the nuSTORM
facility may be found in References [4, 5, 6].

Figure 1: A schematic of the storage ring configuration. Pions are injected into a straight
section and must decay into muons before the first bend or be ejected from the ring. Muons
that decay in the injection straight during subsequent turns produce the neutrino beam.

2.1

Physics motivation of nuSTORM

A number of results have been reported that can be interpreted as hints for oscillations
involving sterile neutrinos with masses at the eV scale (for a recent review see [7]). nuSTORM is capable of making the measurements required to confirm or refute the evidence
for sterile neutrinos using a technique that is both qualitatively and quantitatively new.
The nuSTORM facility delivers beams of νe (ν e ) and ν µ (νµ ). A detector located at a
distance ∼ 2 000 m from the end of one of the straight sections will be able to make sensitive searches for the existence of sterile neutrinos. If no appearance (νe → νµ ) signal is
observed, the allowed region can be ruled out at the ∼ 10σ level [8]. Instrumenting the
nuSTORM neutrino beam with a near detector at a distance of ∼ 20 m makes it possible
to search for sterile neutrinos in the disappearance νe → νX and ν µ → ν X channels. In the
disappearance search, the absence of a signal would permit the presently allowed region to
be excluded at the 99% confidence level. For a general discussion of the optimisation of
disappearance searches at short baselines see [9].
With the discovery that θ13 is non-zero [10, 11, 12, 13, 14] and that it has a larger
than expected value (sin2 2θ13 ∼ 0.1), the search for CP violation in the lepton sector
requires measurements of oscillation probabilities with uncertainties at the percent level.
For future long-baseline experiments to reach their ultimate precision requires that the νe N
and the νµ N cross sections are known precisely for neutrino energies (Eν ) in the range
0.5 < Eν < 3 GeV. nuSTORM is unique as it makes it possible to measure the ν µ (νµ )
and νe (ν µ ) nucleus cross sections with a precision ' 1% over the required neutrino-energy
range. The flavour composition of the beam and the neutrino-energy spectrum are both
precisely known. The storage-ring instrumentation combined with measurements at a near
2

detector will allow the neutrino flux to be determined with a flux accuracy of ' 10−3 , with
the potential to transform the field of neutrino interaction physics.
Finally, the unique capabilities of nuSTORM offer the opportunity to provide muon
beams for future investigations into six dimensional muon ionisation cooling, while running the neutrino programme simultaneously. Muon cooling is the key enabling technology
needed for future ultra-high intensity muon accelerator facilities. Its demonstration would
be one of the major steps towards the realisation of a multi-TeV Muon Collider.

2.2

Long baseline physics

Neutrino Factories have demonstrated the best potential sensitivity for CP violation of all
future long-baseline neutrino oscillation facilities. To measure the CP asymmetry (ACP )
at 3σ for 75% coverage of the values of δCP , means that ACP may be as low as 5%, which
requires a precision of 1.5% and a systematic error of order 1%. However, we measure the
rate:
Z
Rαβ (Evis ) = N dEΦα (E)σβ (E, Evis ) β (E) P (να → νβ , E) ,
(1)
where E is the neutrino energy, Evis is the visible energy, Φα (E) is the flux of να , σβ (E, Evis )
is the cross section and β is the efficiency of detection of a νβ of energy E but measured
at a visible energy Evis , and P (να → νβ , E) is the probability of oscillation from να to νβ
[15]. In a disappearance experiment, we can satisfy:
Rαβ (f ar) L2
Nf ar Φα σβ β P (να → νβ )
∼
,
Rαβ (near)
Nnear Φα σα α

(2)

where α = β, so many of the systematic errors cancel. However, in an appearance experiment, α 6= β, so the να beam cannot be used to measure σβ β . The difference in the
σνe and σνµ cross sections can be large, depending on the energy, due to nuclear effects
and this may affect the neutrino oscillation measurements. For example, in the Tokai to
Hyper-Kamiokande (T2HK) proposed experiment, with a precision in the ratio of cross
sections σνe /σνµ between 1% and 2% one can achieve a 3σ measurement of CP violation for
75% of the δCP values with an exposure between 600 and 800 kton·MW·years. However, a
degradation of the systematic uncertainty to the 5% level corresponds to an increase in the
exposure of roughly 200-300% required to achieve 3σ accuracy for 75% of the δCP values
[16]. Muon storage rings, such as nuSTORM or a Neutrino Factory, are the only known
facilities that can achieve a measurement of cross sections with less than 1% precision.

2.3

Short baseline physics

The LSND [17, 18] and MiniBooNE experiments [19, 20] show hints of ν µ → ν e and νµ → νe
appearance, that can be explained by an oscillation mediated by sterile neutrino states, in
short-baseline accelerator experiments. Furthermore, there is additional evidence of a 6%
deficit of ν e from reactor experiments (the reactor anomaly) based on more accurate recent
re-evaluations of the reactor antineutrino flux [21, 22, 23, 12] that can also be interpreted
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as antineutrino disappearance via sterile neutrino mediated oscillations. Finally, active-tosterile neutrino oscillations can also explain the gallium anomaly, in which intense artificial
radioactive sources used to calibrate gallium radiochemical detection experiments observed
fewer neutrinos from the source than expected [24, 25].
Global fits attempt to explain these data, but there exists tension between the appearance and disappearance measurements [26]. The sterile neutrino hypothesis is satisfied
when:
P (νµ → νe ) ≤ 4 (1 − P (νµ → νµ )) (1 − P (νe → νe )) .
(3)
The nuSTORM facility could probe all possible sterile neutrino appearance and disappearance channels to test the sterile neutrino paradigm in detail.

3

nuSTORM parameters

K+ → νµ
π+ → νµ
µ+ → νµ
µ+ → νe

16
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1014

ν / m2 / 50MeV / 1021 p.o.t

ν / m2 / 50MeV / 1021 p.o.t.

The nuSTORM facility is designed to produce 3.8 GeV/c muons that are injected and stored
in a storage ring (Figure 1). A 100 kW proton beam of 120 GeV energy impinges on a carbon
or an inconel target. Pions produced in the target are captured in a NuMI-style horn, they
are then transported down a transfer line and 5 GeV/c (±20%) pions are stochastically
injected into a storage ring. The target, collection system and stochastic injection systems
have been designed to deliver 0.11 pions per proton on target (POT) [4] to the storage ring.
The storage ring consists of a large aperture FODO lattice designed to transport muons
of 3.8 GeV/c (± 10%) momenta around the ring. It is calculated that 52% of pions decay
to muons before the first turn and 8 × 10−3 muons per POT are stored in the storage ring.
For 1020 POT, we expect a flash of neutrinos from 8.6 × 1018 pion decays and we expect
2.6 × 1017 positive muons that decay in the ring (the muon lifetime is 27 orbits of the decay
ring). The nuSTORM flux and energy spectrum from the pion flash and from recirculating
muons are shown in Figure 2.
×1012
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Figure 2: nuSTORM flux and energy spectrum from the pion flash just after injection (left)
and from muon decay over 100 turns (right).
The flux of νµ from pion decays is 6.3 × 1016 ν/m2 , the flux of νe from muon decays
is 3.0 × 1014 ν/m2 and νµ from kaon decay is 3.8 × 1014 ν/m2 , all at a distance of 50 m.
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This hybrid beam from pion and muon decay can produce a rich physics programme of
neutrino cross-section measurements and can be used to perform a sterile neutrino search at
a short-baseline oscillation experiment. Furthermore, the flux uncertainties for nuSTORM
are less than 1%, due to the precise knowledge of the muon decay spectrum and from the
instrumentation that can be installed in the storage ring to measure the number of muons
in the ring. The event rates per 1021 POT in 100 tons of a Liquid Argon detector at 50 m
are shown in Table 1.
Table 1: Event rates per 1021 POT in 100 tons of Liquid Argon at 50 m from the nuSTORM
storage ring.
µ+ Channel
Nevts
µ− Channel
Nevts
ν µ NC
1,174,710
ν e NC
1,002,240
νe NC
1,817,810
νµ NC
2,074,930
ν µ CC
3,030,510
ν e CC
2,519,840
νe CC
5,188,050
ν µ CC
6,060,580
+
−
π Channel
Nevts
π Channel
Nevts
νµ NC
14,384,192
ν µ NC
6,986,343
νµ CC
41,053,300
ν µ CC
19,939,704

4

Neutrino interaction physics

There is a very rich physics programme in neutrino interaction physics that may be performed at the nuSTORM facility, due to its very large event rate and its accurate flux and
energy determination. It will be able to perform crucial νµ , νe , ν µ and ν e cross-section measurements, required for the long-baseline neutrino oscillation programmes, with statistical
and systematic uncertainties of less than 1%, using the storage-ring instrumentation.
A number of near detectors are being considered for the facility, such as a detector similar
to the HiResMν detector proposed for DUNE at LBNF [27]. A high pressure gaseous
or a liquid argon time projection chamber (TPC) would also be suitable choices. The
performance of the HiResMν detector exposed to the nuSTORM flux was studied in [5]. The
charged-current quasi-elastic (CCQE) cross sections are plotted as a function of neutrino
energy in Figure 3. The figure shows the precision with which the cross sections would be
measured if the systematic uncertainties estimated for the HiResMν detector are combined
with the 1% flux uncertainty that nuSTORM will provide, compared to a flux uncertainty
of 10%. Figure 3 also shows the present measurements of the CCQE cross sections (only
available for muon-neutrino and muon-anti-neutrino beams). The nuSTORM facility has
the potential to improve the systematic uncertainty on νµ and ν µ CCQE cross section
measurements by a factor of 5 – 6. It is only very recently that preliminary results on νe
CCQE cross section measurements are available [28] so nuSTORM will be able to perform
comprehensive measurements with both νe and ν e beams.
Further to the potential to perform world-leading CCQE measurements, nuSTORM
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νe σCCQE (10-38 cm2/nucleon)

νµ σCCQE (10-38 cm2/nucleon)

will probe other neutrino scattering topics, such as π 0 production in neutrino interactions,
charged pion and kaon production, inclusive charged current and neutral currents, including
the ratio of these, which can be used to determine sin2 θW . It will be able to probe nuclear
effects in neutrino interactions and other semi-exclusive and exclusive processes such as
measurements of Ks , Λ and Λ production. The nuSTORM facility can be used to search for
new physics effects and exclusive processes, such as tests of νµ and νe universality, searches
for heavy neutrinos and eV-scale pseudo-scalar penetrating particles. In summary, there
exists a very rich physics programme to be carried out at a near detector at the nuSTORM
facility that has the potential to revolutionise neutrino interaction physics.
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Figure 3: The CCQE cross sections (σCCQE ) plotted as a function of incident neutrino
energy (Eν ) for ν µ (top, left), νe (top, right), νµ (bottom, left) and ν e (bottom, right)
interactions with the HiResMν detector at nuSTORM (the green band includes 1% flux
uncertainty and the yellow band shows 10% flux uncertainty).

6

5

Sterile neutrino search

With the event rates expected at nuSTORM, one can carry out a sterile neutrino search in
a short-baseline experiment, with a far detector, consisting of a 1.3 kton magnetised iron
detector (Super BIND) at 2 km, and a toroidal magnetic field between 1.5-2.6 T, fed by a superconducting transmission line delivering 240 kA-turns. A neutrino oscillation experiment
can be carried out at the nuSTORM facility in which one can carry out simultaneously a νµ
appearance search and a ν µ disappearance search. The probability of observing a νe → νµ
transition is given by


2
2
2 ∆m L
Peµ = sin 2θeµ sin
,
(4)
4E
where θeµ is the effective mixing angle, and ∆m2 is the effective mass difference, independent
of the sterile neutrino model. In the (3+1) model (with only one sterile neutrino) then
sin2 2θeµ ≡ 4|Uµ4 |2 |Ue4 |2 ,

(5)

where Un is an element of the PMNS mixing matrix. The νµ disappearance probability is




∆m2 L
.
(6)
Pµµ = 4 |Uµ4 |2 1 − |Uµ4 |2 sin2
4E

10
1
10-1

Fractional Efficiency

Fractional Efficiency

A complete appearance and disappearance analysis was carried out to determine the
sensitivity of nuSTORM to search for eV-scale sterile neutrinos [8]. The short-baseline
oscillation search was carried out by simulating a near detector at 50 m and a far detector at 2 km, with a 1021 proton-on-target exposure. The appearance and disappearance
analyses were carried out with two optimised multi-variate analyses. The search signal and
background efficiencies are shown in Figure 4 and the sterile neutrino sensitivities also for
the appearance and disappearance searches are shown in Figure 5. nuSTORM can either
discover or rule out previous sterile neutrino evidence with better than 10σ sensitivity.
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Figure 4: Efficiencies of signals and backgrounds for a νµ appearance (left) and a ν µ disappearance (right) neutrino oscillation search at nuSTORM.
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99% confidence contours from fits generated by Kopp et. al. [26] and limits set by ICARUS
[29]. Sensitivity of nuSTORM to ν µ disappearance (right) oscillations assuming a (3+1)
neutrino model, compared to the existing disappearance data [26].

6

Conclusions and Outlook

The nuSTORM facility is an entry level Neutrino Factory that can be built now, without
need of new technology such as ionisation cooling. It can carry out world-leading neutrino
scattering physics studies, with the potential to measure all neutrino cross sections with high
precision due to the less than 1% uncertainty on the knowledge of the flux. nuSTORM has
the potential to resolve the issue of systematic errors for long-baseline neutrino oscillation
experiments searching for CP violation. Hence, the nuSTORM facility would be the ultimate
neutrino scattering physics facility: “a neutrino light source”.
Furthermore, the nuSTORM facility could serve as a test-bed for muon acceleration
R&D, to develop the capabilities of muon storage rings for future particle physics projects.
At the end of the first straight, one can place a 3.5 m iron pion absorber. After the absorber,
∼ 1010 muons per pulse can be observed between 100–300 MeV/c. This high intensity muon
source can be used to carry out a six-dimensional muon cooling experiment, essential to be
able to realise future Neutrino Factories and Muon Colliders.
The nuSTORM facility could be sited at either Fermilab or in the North Area at CERN.
A world-wide neutrino programme in which long-baseline experiments are carried out at
LBNF in the USA and at Hyper-Kamiokande in Japan, could be complemented by the nuSTORM facility, which could be sited either at Fermilab or CERN to ensure that maximum
impact is delivered from this programme. Therefore, the question should not be whether
we can afford nuSTORM, but rather, whether we can afford not to have nuSTORM as a
facility to perform high precision neutrino studies.
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1

Introduction

Solar neutrinos have been the subject of experimental study for almost half a century. The
initial aim was “...to see into the interior of a star and thus verify directly the hypothesis of
nuclear energy generation in stars.”[1]. Since then the field has advanced a long way. This
article reviews what we have learnt from solar neutrinos to date, the current experimental
status of the field, and the finer details of solar models and precision measurements of
neutrino oscillation parameters that could be probed with this free source of extra-terrestrial
particles.

2

Solar Neutrino Production and Detection

Neutrinos are produced through nuclear fusion reactions in the core of the Sun. There
are two series of fusion reactions, the pp-chain starting with proton-proton fusion, which
dominates both the energy and ν production, and the CNO cycle that fuses the heavier
elements. The νe spectrum extends up above 10 MeV (8 B → 8 Be∗ + e+ + νe ) but the ν flux
is dominated by pp fusion (p + p → 2 H + e+ + νe (Eν < 0.5 MeV)).
There are three main reactions for detecting νs at solar energies:
Elastic Scattering (ES): νx + e− → νx + e− . Scattering of νs off electrons in the target
can occur for all active ν flavours but the cross-section for νe is approximately six
times that of the νµ , ντ due to additional scattering channels via W-boson exchange
that are not available for other flavours. The kinematics of the interaction wash out
the energy response such that the correlation between incoming neutrino energy and
outgoing electron energy is relatively weak, but the electron is predominantly emitted
in the forward direction resulting in a strong angular correlation away from the Sun.
Charged Current (CC): νe + n → p + e− . CC interactions are exclusively sensitive to νe .
However, the kinematics provide good mapping between the electron energy and the
incoming ν energy, so this channel is useful for performing spectral measurements.

1

Neutral Current (NC): νx + 2 H → p + n + νx . This interaction was specific to the SNO
experiment, which employed a heavy water target. The measured signal resulted from
the capture of the emitted neutron and thus did not contain any information on the
incoming ν energy or direction, but was equally sensitive to all ν flavours and therefore
able to measure the full active solar ν flux.
All these reactions rely on the production of visible particles in the detecting medium,
either charged electrons, or gammas emitted by neutron capture. The leading technologies
employed for solar ν detection to date are: 1) Water Cherenkov (both H2 O and D2 O),
this provides real-time measurements with good directional and energy sensitivity above a
threshold of order 4–5 MeV. 2) Radiochemical techniques that involved CC interactions on
Chlorine or Gallium and rely on the periodic summation of the daughter isotopes produced
to give total integrated flux measurements above somewhat lower thresholds (≈0.8 MeV
and ≈0.3 MeV respectively). 3) Liquid scintillator that again gives real-time measurements
with low thresholds (≈ 0.2 MeV, driven by backgrounds) but no directional information due
to the isotropic nature of scintillation light.
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Oscillation Parameters - Current Status

After many years of measurements of a low (≤ 0.5× predicted) solar ν flux by radiochemical
experiments sensitive to only νe s, the Super Kamiokande[2] and SNO[3] experiments unambiguously confirmed that the explanation for this so-called solar neutrino problem (SNP)
was flavour conversion of νe s to other flavours. Combined analysis (see eg.[4]) of all solar
data, in combination with results from the KamLAND experiment[5] confirmed large mixing
angle ν oscillations dominated by mixing between mass states 1 and 2 with the parameters:
+0.19
2
−5
2
sin2 θ12 = 0.304+0.013
−0.012 , ∆m12 = (7.5−0.17 ) × 10 eV [4]. More precise measurements of the
solar parameters are motivated by a desire to pin down the mixing matrix for leptonic CP
violation searches.
Experiments with different energy thresholds observe different fractions of the predicted
solar flux, which can be explained by the MSW effect[6]: At high energies (>5MeV) interactions with electron dense matter in the Sun cause a resonance in conversion between mass
states reducing the measured flux to about a third (survival probability, Pee = sin2 θ12 ),
but at low energies we see vacuum averaged oscillations over the path from Sun to Earth
giving about half the expected flux (survival probability Pee = 1 − 21 sin2 θ12 ). The relative
importance of the MSW matter term and the kinematic vacuum oscillation term in the
Hamiltonian can be parameterised by the quantity, β, which represents the ratio of matter
to vacuum effects as given in equation 1.
√
2 2GF ne Eν
(1)
β=
∆m2
where GF is the Fermi coupling constant, ne is the electron density, Eν is the ν energy and
∆m2 is the square mass difference. Thus, our sensitivity to ∆m2 comes through this β term
as the survival probabilities, Pee , are only sensitive to the angle; our best understanding of
∆m12 to date comes from KamLAND terrestrial measurements.
2

4

Precision Oscillation Measurements

Although solar data fits well to the MSW scenario, it has not been directly observed, in
fact, all solar νe spectral measurements to date (Borexino[7], SuperKamiokande[8], SNO[9])
indicate a downturn in the spectrum, with respect to solar model predicted fluxes, at low
energies (3.5–5 MeV) where MSW predicts an upturn. None of these measurements are
statistically significant, given the large systematic errors associated with these low energy
measurements, but there is a strong desire to obtain direct confirmation of the MSW hypothesis and to probe this resonance region for possible new physics.

4.1

Tests of MSW

The dependence on ne implies a dependence on radius within the Sun due to the radial
density profile. Solar models also predict that the different ν producing interactions occur
at different depths within the Sun, so the strength of the MSW effect varies for different
components of the solar ν flux: 8 B νs are produced closest to the core, at highest electron
density and therefore see the strongest MSW effect[10]. Therefore, if more accurate measurements of the 8 B solar flux could be made in the 2–5 MeV region, this could provide a
powerful probe of the MSW effect. Ideally such measurements would be made through CC
channels, as the kinematics and 16 th sensitivity to νµ , ντ washes out the effect in the ES
interaction.
An alternative approach is an accurate flux measurement of pep νs (p+e− +p → 2 H+νe ).
This interaction is a fundamental step in the pp fusion chain and therefore the flux can
be predicted with low theoretical uncertainty (±1.5%). Furthermore, the νs are monoenergetic, produced with 1.44 MeV, directly in the resonance region. The experimental
measurement is difficult due to the challenges of statistically separating the pep ES signal
from backgrounds, in particular 11 C decays, produced by cosmic ray muon interactions on
12 C. (µ + 12 C → 11 C + n) followed by (11 C → 11 B + e+ + ν ) with T
e
1/2 = 29.4mins. The
triple coincidence of the incoming muon and the captured neutron before the 11 C positron
decay allow some rejection of this background, but the efficiency of such a tag depends on
the incoming muon flux and hence the depth of the experiment. The muon flux through the
Borexino detector, in the Gran Sasso laboratory at a depth equivalent to ≈3000 m of water,
is ≈ 4300 per day, resulting in ≈27 11 C decays per 100 ton of scintillator detection medium
per day. Despite this high level of background, Borexino have extracted the pep signal and
produced a flux measurement with ≈ 19% precision: Φpep = (1.6 ± 0.3) × 108 cm−2 s−1 .[11]
A further direct probe of the MSW effect is the “day-night” effect that should be caused
by terrestrial matter enhanced oscillations. At night, the solar νs detected have passed
through the Earth, whereas in the day, they haven’t so a comparison of day and night
fluxes or spectra should be sensitive to any matter effects. However, for the measured
mixing parameters, the asymmetry is expected to be small (of order 1%). The predicted
asymmetry is actually more significant at higher energies, but to detect a 1% difference high
statistics and a tight control of any systematic differences between night and day is needed.
Unfortunately, the Sun provides higher statistics at lower energies where background contributions are greater and less well understood. SuperKamiokande has seen the first hint
3

of the terrestrial day-night effect, with their large data set above 5 MeV. The measured
asymmetry, Ad/n = −3.2 ± 1.1(stat) ± 0.5(syst) deviates by 2.7σ from zero.[12]

4.2

Searches for New Physics

New physics effects are most likely to manifest themselves in resonance regions. A number
of alternative theories have been proposed that manifest as distortions to the measured solar
ν flux in the 1–5 MeV region (the MSW resonance region), which can be probed through
accurate measurement of the pep flux. Friedland, Lunardini and Pena-Garay propose flavour
changing interactions at an allowed level that modify the conversion probability for νs below
6 MeV resulting in a significantly reduced pep flux.[13] Holanda and Smirnov propose that
additional oscillations to a small sterile ν fraction, not yet ruled out, would also reduce the
νe survival probability only in this energy region.[14] Gonzalez-Garcia and Maltoni proposed
that if the ν mass arises from interaction with a scalar field, the accelerant, whose effective
potential changes as a function of ν density, the survival probability in this energy region
would again be modified.[15]

5

Probing Solar Properties

Solar ν flux measurements have had a strong impact on theoretical solar models already,
but there remain some ambiguities.

5.1

Solar Metallicity

One issue that has come to light in recent years is a discrepancy between models and data
dubbed the Solar Metallicity Problem. The abundance of heavier elements in the Sun can be
measured through photospheric absorption lines. Improved 3-dimensional modelling of these
line shapes (affected by doppler shifts due to convection and gaseous movement in the Sun)
has resulted in lower metallicity levels than previously used in solar models. When the lower
metallicity numbers are propagated through the solar models, they imply a different location
of the boundary region between the radioactive and convection zones in the Sun, which in
turn affects the transport of sound waves, resulting in a previous unseen discrepancy between
model predictions and helioseismic data. It is not clear which component is responsible for
the discrepancy, but there are doubts as to whether photospheric metallicity measurements
should apply to the central regions of the Sun.
One way to distinguish between the high, GS98, and the low, AGS09, metallicity
models[16] is to obtain a direct measurement of the solar core metallicity through the
CNO ν flux, which is directly proportional to these core abundances but is also strongly
temperature dependent such that uncertainties in the core temperature contribute of order
15% uncertainty to the CNO flux predictions. However, the 8 B flux, which we know experimentally to a precision of ≈3%[9], is even more strongly temperature dependent and can
thus be used as a ‘thermometer’ to constrain CNO predicted fluxes.
The challenge in measuring the CNO flux experimentally is to separate it from decays of
210 Bi, which have a very similar spectrum in the 0–1.2 MeV range. The Borexino experiment
4

has placed a limit of ΦCN O < 7.7 × 108 cm−2 s−1 (95% CL)[11] and aim to improve on this
with a reduced 210 Bi background in phase II. It is also possible to place constraints on the
contribution of 210 Bi by looking at the time evolution of 210 Po decay, the daughter product
of 210 Bi decay, which has a half-life of 138 days.

5.2

Solar Luminosity

Solar νs can also be used to test the overall energy production of the Sun. The pp fusion
reaction is the primary reaction in the pp chain and produces the overwhelming majority of
νs emitted from the sun. Since photons produced in the core take hundreds of thousands of
years to reach the Earth’s surface, measurement of the luminosity through νs also confirms
that the Sun has been in thermodynamic equilibrium over at least this timescale. The
only experiment to measure the pp flux independently to date is Borexino, who measured
Φpp = (6.6 ± 0.7) × 1010 cm−2 s−1 [17]. Improvements on this measurement to a 1% accuracy
would be required to perform a rigorous comparison and to give insight into solar dynamics
over timescales of order 105 years.

6

Solar Neutrino Experiments

The previous section discussed a range of measurements that can be performed on solar νs,
but unfortunately, the experimental requirements for each are different. It is not a case of
one detector fits all. For example, the pp flux measurement requires a threshold of 0.2 MeV
or lower and thus extremely well constrained low energy backgrounds, but statistics are
abundant so a large detector size is not necessary. The measurements of the day-night effect
and the spectral shape of νe survival probability do not require such a low threshold but
are statistics limited and therefore require large detectors. In this section, key experimental
features and potential of some current and future solar ν detectors are discussed.

6.1

SuperKamiokande

The SuperKamiokande experiment is a 50 kt water Cherenkov detector located in the
Kamioka mine, Japan.[8] Since commencing operation in 1996 the experiment has amassed
considerable statistics through four running periods, making this experiment the leader in
statistics-sensitive day-night measurements. Solar ν events are detected above a threshold
of ≈4.5 MeV, limited by radioactive backgrounds at lower energies. Through ES interactions the detector has good directional sensitivity of ≈ 25◦ , limited by multiple Coulomb
scattering and the 11k 20 inch PMTs afford a position resolution of 52 cm and energy resolution of 14%. At a depth of 2700 metres of water equivalent (m.w.e.), the muon rate in
Super-Kamiokande is 1.88 Hz.

6.2

Borexino

The Borexino experiment[7, 11, 17] has led the way in low energy solar measurements over
the past decade with unprecedented low background levels in the 300 t liquid scintillator
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target (results in the previous section). After publishing their first solar results, they had
a campaign to further purify the scintillator for phase 2, which started in 2012, in which
they achieved < 0.8 counts/year/100 t for Uranium and Thorium, 20 ± 5 counts/day/100 t
for 210 Bi and < 5 counts/day/100 t for 85 Kr. Although the measurements of the various flux
components (pep, 7 Be, CNO) are not yet at the level of precision to distinguish between high
and low metallicity solar models, further background reductions and increased statistics will
result in improved measurements from Borexino in the future.

6.3

SNO+

SNO+ is another liquid scintillator experiment, currently under construction, in SNOLAB,
Canada, with a 780 t scintillator volume.[18, 19] It is over twice the size of Borexino and,
at a depth of 6000 m.w.e., sees approximately 2 orders of magnitude less muons resulting in
a much lower cosmogenic background. With target backgrounds at Borexino phase 1 levels
or lower, 1 year of lifetime and a 50% fiducial volume cut to remove external backgrounds
from the solar analysis, SNO+ predicts a sensitivity of 9% for the pep flux measurement,
7.5% for 8 B, 4% and for 7 Be. However, the SNO+ experiment’s primary goal is to perform
a search for neutrino-less double beta decay with 130 Te isotope loaded into the scintillator
volume, which excludes the solar measurements during the loading period.

6.4

JUNO and RENO-50

JUNO is a 20 kT proposed liquid scintillator experiment in development in China[20], designed for a mixed program including reactor ν measurements to probe the mass hierarchy,
but with a 700 m rock overburden they should also have reasonable solar ν sensitivity. The
ambitious programme for scintillator and photosensor research and development is aim√
ing for 1200 photoelectrons per MeV of light to provide an energy resolution of 3%/ E.
RENO-50[21] is a similar proposed liquid scintillator reactor experiment in Korea with a
10 kt far detector under a ≈900 metre of water equivalent overburden.

6.5

LENA

The LENA experiment[22], proposed at the Pyhasalmi mine in Finland (4060 m.w.e. shielding depth), is a huge, 50 kt liquid scintillator experiment that would allow very high statistics
measurements of the lower energy flux components. For example, above a 250 keV threshold and in a 30 kTonne fiducial volume, they could detect around 600 pep events, 600–900
CNO events (AGS – GS model predictions), and 8000 7 Be events per day. This huge 7 Be
signal provides potential to observe short time modulations of order 0.1% amplitude and
the high CNO statistics would discriminate between the high and low metallicity solar models. Given the large volume, CC reactions on the small (1%) natural isotopic abundance of
13 C also become feasible, (ν +13 C →13 N + e− ) though still challenging, to measure (2–3
e
events/day). The CC electron energy tracks the incoming ν energy with an energy threshold of just 2.2 MeV allowing lower energy measurement of the 8 B spectrum, and delayed
decay of the 13 N give some coincidence information to separate this from backgrounds.
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6.6

HyperK

HyperKamiokande is the proposed next generation water Cherenkov experiment in Japan[23].
With two tanks containing 1000 kt of H2 O, this detector will have a solar fiducial volume
27 times that of SuperKamiokande and would expect 200 8 B ν interactions above 7 MeV
per day. With these statistics it would be possible to monitor for solar core temperature
variations of around 1.5% for day to day variations and to reach a day-night asymmetry
sensitivity of 0.5% (4σ). HyperKamiokande will also measure beam νs to probe leptonic
CP violation and atmospheric νs to probe the neutrino mass hierarchy.

6.7

LENS

The LENS experiment[24] proposes to use 115 In as a target for CC interations. (νe +115 In →
e− +2γ(delayed)+115 Sn). The energy threshold of only 115 keV allows observation of 95% of
the pp spectrum. By using materials with two different refractive indices in a lattice LENS
can effectively segment the detector to provide rejection capability for external backgrounds,
and the triple coincidence from two delayed gammas aids in rejection of the 115 In beta decay
background. T1/2 (115 In) = 6.4×1014 years so with 10 t of Indium, the rate of this background
(endpoint 498.8 keV) is 2.5 MHz so a suppression factor of 1011 is required.

6.8

ASDC – Theia

Theia, is a proposed realisation of the Advanced Scintillator Detector Concept[25]: a future
large water-based liquid scintillator detector, which would have the ring-imaging capability
of a pure water Cherenkov detector but with the advantage of particle detection below
Cherenkov threshold. This detector would have a broad physics reach, including solar νs
through both ES interactions and CC, achieved by loading an isotope such as 7 Li: 7 Li +
νe →7 Be+ e− with Q = 862 keV, although other isotopes can be considered. Low threshold
CC detection such as this could allow spectral separation beyond that of any pure scintillator
detector.
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Summary

Our understanding of neutrino oscillations has advanced significantly since solar νs were first
observed in the 1960s, but there are still a number of outstanding questions that have been
summarised in this review. Solar νs provide a means to probe neutrino properties, search
for new physics and probe solar structure and formation. The set of potential measurements
discussed here requires a range of detection approaches and technological advances in low
background, large underground detection techniques.
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Introduction

In 2013, the IceCube collaboration announced the first discovery of two high energy cosmic
neutrino events whose energy was around 1 PeV [1, 2]. After three years of data taking, they
now show the spectrum of cosmic neutrino at the energy range between O(100) TeV and
O(1) PeV [3]. Although the data contain the events originated by atmospheric neutrino,
the hypothesis that all of these events caused by atmospheric neutrino has already been
rejected at more than 5 σ confidence level. They definitely observe neutrinos that come
from astrophysical objects, such as active galactic nuclei and gamma-ray burst. Although
the event number is still small, the spectrum already shows us interesting features. For
example, there is no event observed in the energy range above 3 PeV. It seems that there is
a sharp edge at 3 PeV. Here, we are motivated by another intriguing feature of the spectrum,
which is the gap of neutrino events between 400 TeV and 1 PeV. Although the gap has not
been statistically established yet, it might be an interesting clue of new physics, because
such a gap structure does not fit to a simple power-law spectrum which cosmic ray flux
often follows. At the same time, there is also a long-standing gap in the elementary particle
physics, which is the gap between theory and experiment in the muon anomalous magnetic
moment. In this study, we try to make a gap in the cosmic neutrino spectrum and fill the
gap in the muon anomalous magnetic moment, introducing one new physics.

2

IceCube Gap

The gap in the cosmic neutrino spectrum has already been discussed from the particle
physics point of view in many literature. The relevant new physics falls into the following
three categories:
1. New physics at source: Both of the first two events announced by IceCube had energy
of 1 PeV [1, 2]. This line spectrum can be explained by two-body decay of a new
particle with a mass of 2 PeV, and this new heavy particle is a good candidate of dark
1

matter. Although the cosmic neutrino spectrum now becomes broad, the relation
between cosmic neutrino and dark matter, which is suggested by this scenario, is
quite attractive. There are recent reanalyses (see e.g., [4]).
2. New physics in propagation [5, 6, 7, 8, 9, 10]: Cosmic neutrino with a particular
energy gets scattering with the cosmic neutrino background through a new interaction.
Resonant scattering is nice to explain a narrow gap in the spectrum.
3. New physics at detection (see e.g., [11]): New charged current interaction in the
neutrino detection process can make a bumpy structure in the spectrum.
We pursue the second possibility, i.e., we assume that cosmic neutrinos with the energy
corresponding to the IceCube gap (400 TeV-1 PeV) are scattered by the cosmic neutrino
background through a new interaction between neutrinos.

3

Model and muon anomalous magnetic moment

To realise the scenario, we introduce a leptonic gauge interaction mediated by Z 0 . The
introduction of a neutrino interaction inevitably brings also a charged lepton interaction
through the SU (2)L symmetry. Since a new leptonic interaction with electron is disfavoured
by a variety of laboratory experiments, we examine the gauge interaction associated with
muon and tau flavour. In order to take the gauge anomaly free condition into account, we
assign the opposite charge to tau to that of muon [12, 13]. The interaction Lagrangians of
the model are given as
LZ 0 = gZ 0 Lµ γ ρ Lµ Zρ0 + gZ 0 µR γ ρ µR Zρ0 − gZ 0 Lτ γ ρ Lτ Zρ0 − gZ 0 τR γ ρ τR Zρ0 ,

(1)

which contains not only the neutrino interaction relevant to the IceCube spectrum, but also
charged lepton interactions. The charged lepton part, namely Z 0 interaction with moun,
gives us a chance to address the gap in the muon anomalous magnetic moment. The left
plot in Fig. 1 shows the parameter region on which Z 0 makes a contribution to the muon
anomalous magnetic moment with an appropriate size to explain the observation. The Z 0
interaction with charged leptons are constrained by various experiments such as colliders
and meson decays, and the most stringent constraint is provided by the measurement of the
neutrino trident process: νµ N → νµ µ− µ+ X [14, 15]. The region excluded by the trident
process is indicated with hatch on the left plot of Fig. 1. The parameter region is narrowed
down to the stripe of gZ 0 ∼ O(10−4 ) and MZ 0 . 100 MeV. We adopt
gZ 0 = 5.0 · 10−4 ,

MZ 0 = 2.75 [MeV]

as a reference choice of the parameters, which is marked with × on the plot.

2

(2)
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Figure 1: [Left] The parameter region favoured by the observation of the muon anomalous
magnetic moment is indicated by red. The hatched region is excluded by the neutrino
trident process. [Right] The IceCube data is given with crosses. The blue dashed curve is
a spectrum predicted by the gauged Lµ − Lτ model. The plots are taken from [9].

4

Mean free path and cosmic neutrino flux

The cross section of the scattering process between a cosmic neutrino and a cosmic neutrino
background (CνB) is calculated to be
σ(νi ν j → νν) =

gZ2 0 |gij |2
s
,
2
2
6π (s − MZ 0 ) + MZ2 0 Γ2Z 0

(3)

where gij is the Z 0 coupling in the mass eigenbasis, ΓZ 0 is the decay width of Z 0 , and s is
the centre of mass energy, which is estimated as 2mν Eν at the CνB rest frame. In order
to make a resonance (s = MZ2 0 ) at the energy Eν corresponding to the IceCube gap (∼ 1
PeV) with neutrino mass mν of O(0.1) eV, the mass of Z 0 must be set to O(1) MeV. We
also require that cosmic neutrinos with the energy corresponding to the IceCube gap do
not travel the distance between their sources and the Earth to reproduce the gap. The
averaged travelling distance of cosmic neutrino can be estimated with the mean free path
λ which is roughly given as 1/(nCνB σ) where nCνB is the number density of CνB in the
Universe. Our requirement, λ . O(1) Gpc, leads that the coupling gZ 0 must be larger than
O(10−4 ). Interestingly, the IceCube gap suggests almost the same parameter region as the
muon anomalous magnetic moment does (cf. Fig. 1).
Taking account of the effect of CνB temperature and the redshift dependence of the
mean free path, we numerically calculate the cosmic neutrino flux ϕ(Eν ) which is shown
with the blue dashed curve in the right panel of Fig. 1. Here we assume that the original
cosmic neutrino flux at source follows a power-law spectrum (∝ E −2.3 ) and the source
is located at the redshift of z = 0.2. For neutrino mass spectrum, we take the inverted
hierarchy and set the lightest neutrino mass to 3.0 · 10−3 eV. The curve fits nicely to the
observed flux which is indicated with crosses in the right panel of Fig. 1. The details of our
setup and calculations can be found in [9].
3

5

Summary

Introducing a new U (1)Lµ −Lτ gauge symmetry, we have successfully reproduce the gap in
the cosmic neutrino spectrum reported by the IceCube collaboration, and at the same time
we have made an additional contribution to the muon anomalous magnetic moment, which
fills the gap between the standard model prediction and the experimental observation.
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1

Introduction

Neutrinoless Double Beta Decay (0νββ) is a lepton number violating process which can
probe the nature of neutrino (Majorana or Dirac) and can constrain the absolute neutrino
mass scale. A number of experiments using different isotopes and a variety of detection
techniques are currently underway to search for 0νββ decay. In India, a Tin cryogenic
bolometer (TIN.TIN) is under development to search for 0νββ decay in 124 Sn and is proposed to be installed at the upcoming India-based Neutrino Observatory (INO) [1]. Given
24 years), ultra-low levels of background < 10−2
the rarity of the 0νββ decay (T0ν
1/2 > 10
counts/(keV kg day) are required. The understanding and minimization of background, especially around the Qββ (124 Sn) = 2292.64±0.39 keV, is essential to improve the sensitivity
0ν measurement. This paper describes the low background counting setup at TIFR
of the T1/2
and the estimated neutron background in the INO cavern.

2

Tifr Low background Experimental Setup (TiLES)

A low background counting setup - the TiLES with a high efficiency and low background
HPGe detector has been set up at sea level in TIFR. The detector model has been developed
using Geant4-based MC simulations for the efficiency determination of different source
geometries [2]. The detector has graded shield with an inner 5 cm low activity OFHC Cu
layer, an outer 10 cm low activity Pb (210 Pb < 0.3 Bq/kg) layer and an active veto system
(plastic scintillators). The sensitivity of the TiLES is measured to be ∼ 2 mBq/g for 40 K
and ∼ 1 mBq/g for 232 Th. The setup is used for the qualification and selection of radio-pure
materials like TIN.TIN cryostat material ETP Cu, Sn samples and rock samples from the
INO site (Bodi West Hills -BWH). The ETP Cu sample showed many gamma rays in the
range of 139.4-1326.9 keV formed due to cosmogenic activation while the BWH rock sample
had high levels of 40 K (1050 (16) mBq/g) [2].
1

3

Neutron-induced background in TIN.TIN

Neutrons are known to be an important source of background for experiments like direct
dark matter searches, double beta decay experiments, etc. The effect of neutron-induced
background on the detector and its surrounding materials has been studied using neutron
activation technique. The nat,124 Sn, Teflon, Torlon, ETP Cu, nat Pb were irradiated at the
Pelletron Linac Facility, Mumbai in the neutron irradiation setup with fast neutrons in
the energy range of En = ∼ 0.1 – ∼ 18 MeV. The reaction products formed were mostly
short-lived (T1/2 ∼ 15 min to 80 d). Teflon is found to be better compared to Torlon for
support structure in the bolometer, since no high energy gamma activity (Eγ > 511 keV)
was produced due to fast neutron irradiation. Contribution of neutron-induced reactions
in different Sn isotopes (A = 112-122) is also investigated. Among the various products of
Sn isotopes, 123 Sn has the longest T1/2 = 129.2 d, while 116m In (T1/2 = 54.29 m) produces
Eγ = 2112.3 keV near the Qββ (124 Sn) region [3].

4

Neutron production in the INO cavern

In underground laboratories, neutrons originate from the presence of U and Th trace elements in the surrounding rock. The neutrons induced by muon interactions are more
penetrating (En > 15 MeV) but the expected flux is ∼ 100–1000 times lower. The radioactivity from the rock produces neutrons via spontaneous fission (SF) of U, Th and from the
(α, n) interactions with the low Z elements present in the rock. The BWH rock is mainly
Charnockite having a density of ∼ 2.89 g/cm3 . Its composition is obtained from TOFSIMS method. Table 1 shows various constituent elements of the BWH rock together with
respective concentrations.
Table 1: Elemental distributions of BWH rock obtained with TOF-SIMS method.
Element
1 H, 2 H
2
16 O, 32 O
2
27 Al
32 S
52 Cr
63,65 Cu

Concentration
(% Weight)

Element

Concentration
(% Weight)

1.1
2.04
25
0.1
0.49
1.2

6 Li, 7 Li

0.001
5
40
4
1
0.05

23 Na
28,29,30 Si
39,40,41 K
56 Fe
107,109 Ag

Element

Concentration
(% Weight)

12 C
24,25,26 Mg
31 P
40 Ca
58,60 Ni
120 Sn

2
7
3
9.99
0.55
0.6

The 238 U and 232 Th content in the BWH rock was obtained using the ICPMS method as
60 ppb and 224 ppb, respectively. The spectrum of the neutrons emitted in SF is described
by an analytic function, known as Watt spectrum, which is given by:
√
πb 1 eb/4a
W (a, b, E) = Ce−E/a sinh( bE), where C = ( ) 2 (
)
4a
a
2

(1)

The thick target (α, n) reaction yields for low Z elements (Z≤ 29) have been taken from
Refs. [4] and [5]. The total yield is determined by the sum of the individual element yield
weighted by its mass ratio in the BWH rock (as per Table 1). The neutron yields thus
obtained, normalized to U and Th content of the BWH rock, are shown in Figure 1. It
-8
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Figure 1: Neutron spectra for BWH rock with 60 ppb of

238 U

and 224 ppb of

232 Th.

is evident that the (α, n) component dominates at lower neutron energies while the SF
dominates at higher energies (En > 8 MeV).

5

Neutron flux estimation in the INO cavern

Since the neutron source in the rock material is very weak (U, Th in ppb levels), large scale
simulations are necessary to estimate the neutron flux. To minimize computation time and
statistical errors in simulations, an alternative approach has been employed. Though the
INO cavern will have a rock cover of ∼ 1 km on all sides, the neutrons will get attenuated
very quickly and hence only a finite size rock element will contribute to the neutron flux
in the cavern. The size of the rock element was optimized using GEANT4-based MC
simulations employing G4NDL4.2 neutron cross-section library. The enhancement in the
low energy neutron yield due to scattering in the surrounding rock material has been taken
into account. It was observed that the neutron flux at any point on the cavern surface can be
computed considering the contribution from a cylindrical rock element of size φ = L = 140
cm. The neutron flux at the center of the cavern is estimated assuming a cylindrical tunnel
of radius r = 2 m and L = 12 m and is shown in Figure 2. The energy integrated neutron
flux from the BWH rock activity thus obtained is 3.2 × 106 n cm−2 s−1 .
The neutron background from rock (En ≤ 15 MeV) can be reduced with passive shield
of hydrogen rich materials. In hydrogenous materials neutron capture by proton releases
a γ-ray (Eγ ∼ 2224.573 keV) very close to the Qββ (124 Sn). Simulations indicate that a
two layer composite shield of borated paraffin (20 cm) and Pb (5 cm) will be adequate to

3
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Figure 2: The estimated neutron flux at the center of the tunnel at the INO site.

attenuate the neutron flux (En ≤ 15 MeV) by a factor of ∼ 106 at the target site.

6

Summary

Radiation background studies pertaining to 0νββ decay in 124 Sn have been carried out. A
TiLES setup has been installed at TIFR for this purpose. Neutron-induced background is
studied in the TIN.TIN detector materials using fast neutron activation technique. The
neutron flux (En ≤ 15 MeV) resulting from SF and (α, n) interactions for the rock in the
INO cavern is estimated using MC simulations. A two layer composite shield of borated
paraffin (20 cm) + Pb (5 cm) is proposed for the reduction of neutron flux.

7

Acknowledgments

We are grateful to the PLF staff, the INO and TIN.TIN collaborations.

References
[1] V. Nanal, EPJ Web of Conferences 66 (2014) 08005 .
[2] N. Dokania et al., Nucl. Inst. Meth. A 745 (2014) 119 .
[3] N. Dokania et al., Journal of Instrumentation 9 (2014) P11002.
[4] R. Heaton et al., Nucl. Inst. Meth. A 276 (1989) 529.
[5] D. M. Mei et al., Nucl. Inst. Meth. A 606 (2009) 651.

4

Measurement of the 2νββ decay half-life of

150

Nd to

150

Sm

arXiv:1504.08288v1 [hep-ex] 30 Apr 2015

Summer Blot,
School of Physics and Astronomy
University of Manchester
M13 9PL Manchester, UK

To appear in the proceedings of the Prospects in Neutrino Physics Conference, 15 – 17 December,
2014, held at Queen Mary University of London, UK.

1

Introduction

The observation of neutrino oscillations has provided evidence for a small, yet finite neutrino
mass. The smallness of the neutrino mass is difficult to interpret within the Standard
Model (SM), which has prompted the development of a number of Beyond SM theories
which attempt to explain the observation. One of the favoured explanations is that the
neutrino is fundamentally different from all other SM fermions in that it is a Majorana
particle, meaning that the neutrino is its own antiparticle [1]. If this is the case, then
neutrinoless double beta (0νββ) should occur, where the rate of this process is proportional
to an effective neutrino mass squared under the assumption that a light Majorana neutrino
0ν , is expressed via the
mediates the decay [1]. In this case, the half-life for the process, T1/2
equation
1
0ν
2
0ν
2
0ν (A, Z) = |M (A, Z)| · G (Qββ , Z) · hmββ i ,
T1/2

(1)

for an isotope with mass number A and atomic number Z, where G0ν is the phase space
factor and M 0ν is the nuclear matrix element. The NEMO-3 experiment searches for this
rare process in seven different isotopes simultaneously. The current status of the analysis
one of these isotopes, 150 Nd, is reported in these proceedings. This isotope is particularly
interesting to use in 0νββ decay search due to its high Qββ value, 3.37 MeV [3], which
puts the signal region well above most natural radioactivity. Furthermore, the large Qββ
in combination with its large atomic number gives this isotope the highest G0ν of all 0νββ
decay candidates.

2

Description of the NEMO-3 experiment

The NEMO-3 experiment was located in the Modane Underground Laboratory (LSM), and
operated from February 2003 to January 2011. It is unique among 0νββ decay experiments
due to the separation of the candidate isotopes from the active detector system as shown
in Figure 1. It is cylindrical in shape, with seven different 2νββ decay source foils located
at a fixed radius. The foils are surrounded by two wire tracking chambers, which provide
3D position measurements of charged particles. Surrounding the tracker on all sides is the
1

calorimeter system, composed of plastic scintillator blocks coupled to low-radioactivity 3”
and 5” photomultiplier tubes (PMT), which provides bothpenergy and timing measurements.
The energy resolution of the calorimeter
is σE /E = 5.8% E(MeV) for the optical modules
p
with 5” PMTs and σE /E = 7.2% E(MeV) for modules with 3” PMTs. The average time
resolution for an electron of 1 MeV is 250 ps. More information about the detector can
be found in [2]. The separated tracker-calorimeter system allows for direct measurements
of background rates, as well as final state kinematics. In this detector, the experimental
signature of a ββ decay event consists of two electrons emitted simultaneously from a
common decay vertex.
The 150 Nd source foil is located in sector 5, where the total mass of the isotope of interest
in the foil is 36.55 ± 0.2 g is the isotope of interest [2]. Two data taking phases are defined
for NEMO-3 running. The two phases correspond to the run period before (Phase 1) and
after (Phase 2) the instillation of an anti-Radon facility to reduce Rn-induced backgrounds.
The combined data from both phases yields a live time of 5.253 yrs, which corresponds to
an exposure for 150 Nd of 0.19 kg·yrs.

Figure 1: A schematic of the NEMO-3 detector.

2.1

The background model

The 150 Nd source foil contains small amounts of other radioactive isotopes. The decay
rates of these internal backgrounds were measured with a high-purity Germanium (HPGe)
detector before the foil was installed in NEMO-3 [2]. The decays of these backgrounds
can mimic the ββ decay topology through a number of different processes such as β decay
followed by an additional electron produced through Møller scattering, Compton scattering
of a high energy γ ray, or the emission of a conversion electron. Using a number of control
channels defined by different final state topologies, the activity of background isotopes,
which are both internal and external to the source foil can be directly measured with the
NEMO-3 detector, compared with the HPGe measurements when possible, and used to
estimate the number of expected events in the 2νββ and 0νββ signal regions. The most
significant backgrounds to the 150 Nd 0νββ decay search are the irreducible 2νββ decay
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Figure 2: The γ energy spectrum from the 1e1γ channel is shown in Figure (a), and the
total energy of all final state particles from the 1e2γ channel is shown in Figure (b). The data
(black points) are compared to simulation (coloured histograms), where the normalization
of simulated events reflects the best fit activity for each background source. The total
uncertainty on the model (blue band) includes all statistical and systematic uncertainties
and their correlations.
spectrum and the internal contamination of 208 Tl. Accurate measurements of the decay
rates from these two components of the background model are therefore critical for the
0νββ decay search.
The measurements for each background activity as well as the 150 Nd 2νββ decay rate are
obtained from a combined likelihood fit to binned observables in both signal and background
channels, simultaneously. There are a total of six background channels, which provide
sensitivity to various components of the background model. The activity of internal 208 Tl is
mostly constrained by the 1e1γ and 1e2γ channels, as this isotope primarily β decays to the
excited state of 208 Pb, which is then followed by high energy γ rays from the de-excitation
of the daughter nucleus. The reconstructed γ energies from these decays are much higher
than most other backgrounds, which provides a nearly background-free region of phase space
where the 208 Tl activity can be measured. Figures 2(a) and 2(b) show the binned energy
spectra from Phase 2 which are used in the likelihood fit to constrain the 208 Tl activity.
The data is well described by the simulation in both of these figures, particularly at the
high energy tails dominated by 208 Tl.

3

Measurement of the 2νββ half-life

The two electron channel is used to measure the 2νββ half-life. Two electron channel
candidates must have exactly two tracks with negative curvature and reconstructed vertices

3
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be ≤ 4 cm radially and ≤ 8 cm longitudinally. Each of the tracks must be at least 30 cm
long, and associated to separate, isolated scintillator blocks. The impact of the tracks must
be on the front face of the scintillator block and the energy of each electron is required to be
at least 0.3 MeV, as single electron energies below this threshold are not well described by
the simulation. Additional calorimeter hits which do not have a track associated to them
are allowed as long the single hit energies are less than 0.2 MeV. This allows for calorimeter
noise in the event which is not simulated. The timing and path lengths of the electrons
must be consistent with an internal decay hypothesis. The total energy of the two electrons
and the opening angle between them from events passing these selection criteria are shown
in Figures 3(a) and 3(b), respectively. With an exposure of 0.19 kg·yrs and an efficiency of
4.03% in the 2e channel, a preliminary 2νββ decay half-life of (9.63 ± 0.18 (stat.) ± 0.71
(syst.))×1018 yrs is obtained with a signal to background ratio 2.88. This is a factor of 1.3
improvement on the statistical error compared to the previously published value for 150 Nd
which only used half of the total NEMO-3 exposure [4].
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Figure 3: 2e channel observables.
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Summary

The NEMO-3 detector has been used to measure a preliminary 2νββ half-life for 150 Nd of
(9.63 ± 0.18 (stat.) ± 0.71 (syst.))×1018 yrs. A likelihood fit to binned observables in both
signal and background channels is used to estimate the decay rates of all isotopes considered
in the model. Good agreement between the data and simulation is observed in all signal
and background channels. This background model will be validated and refined with future
measurements, and used to estimate the number of expected events in the search for the
0νββ decay of 150 Nd.
4
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Introduction

There have been several anomalous results within the neutrino community that have questioned our understanding of neutrinos. The Liquid Scintillator Neutrino Detector (LSND)
and MiniBooNE short-baseline experiments saw an excess of electron antineutrinos that can
not be explained using the current three-flavour model [1, 2]. One explanation is the addition of one or more neutrino types which would oscillate amongst the three active neutrino
flavours. Figure 1 shows the allowed regions for a third mass splitting ∆m2 (the difference
between neutrino states) and additional mixing angle to accommodate a fourth neutrino.
However, measurements of the decay width of the Z boson show that only three light active
neutrino flavours exist [3]. Any additional neutrinos must be sterile, not interacting via the
weak interaction.

Figure 1: Showing the tension between various confidence regions for experiments searching
for a sterile signal.

By looking for perturbations from the three-flavour oscillation formalism in νµ charged
current (CC) events and a deficit in neutral current events (NC), MINOS can search for
sterile neutrinos in the parameter space suggested by LSND and MiniBooNE. This MINOS
analysis uses a 3+1 model to quantify the consistency with the three flavour neutrino

1

model in data from a νµ beam and a baseline of 735 km. This complements other previous
experimental searches for sterile neutrinos in the νµ → νe appearance channel.

2

The MINOS Experiment

MINOS [4] is a two-detector on-axis long-baseline neutrino experiment based at Fermilab.
The experiment samples the NuMI energy beam, for this analysis the data was taken with
the NuMI beam configured to produce predominantly muon neutrinos, produced by 120 GeV
protons incident on a segmented graphite target. The Near Detector (ND) measures the
neutrino energy spectrum and is located 1 km from the production target at Fermilab. The
Far Detector (FD), again measures the energy spectrum 734 km further away at Soudan
Underground Laboratory, in northern Minnesota. Both detectors are tracking, sampling
calorimeters consisting of alternate planes of steel and scintillator strips. Constructed with
a similar design to allows uncertainties affecting both detectors in similar ways to cancel
out to first order, such as cross section and flux uncertainties.

3

Sterile Neutrino Analysis

1
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A 3+1 model gives rise to an additional mass splitting ∆m243 along with three new mixing
angles θ14 , θ24 and θ34 . A traditional neutrino oscillation analysis assumes that the ND
provides a measurement of the neutrino energy spectrum before oscillations. However, for
mass splittings above ∼ 1 eV2 oscillations cause disappearance of muon neutrinos in the
ND. By using the F/N ratio for the fit, we are able to account for this and extend our
sensitivity over five orders of magnitude ∆m243 .
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Figure 2: Data and Monte Carlo Far/Near ratios for CC (left) and NC (right) selected
events.
This analysis includes the systematic uncertainties on the predicted F/N ratio for each
bin of energy in the form of a covariance matrix. MINOS currently fits for three parameters
∆m232 , θ23 and θ34 while searching over the parameter space ∆m243 −sin2 (2θ24 ). This analysis
fixes the values of ∆m221 , θ12 , θ13 and θ14 to the global best fit due to having a negligible
2

impact on the fit. A χ2 is calculated from both the CC and NC F/N ratios along with a
penalty term for the total number of events at the ND as seen in equation 1.

χ2 = VT C−1 V +

(ND − NM C )2
,
2
σM
C

(1)

where the vector V is the difference between the data D and prediction M C for the ith bin
of reconstructed energy ViT = (Di − M Ci ). The inverse of the covariance matrix is given
by C−1 .
This analysis places constraints over 4 orders of magnitude in the sterile mass splitting
∆m243 , ranging between 10−3 −102 eV2 . The distance from the neutrino vertex in the ND to
the meson decay point is taken into account when computing the oscillations; when sterile
neutrinos start to oscillate at the ND this becomes an effect due to the 675 m long decay
pipe. The data surface obtained was corrected using the Feldman-Cousins unified approach
[6].
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Figure 3: Showing the Feldman-Cousins corrected 90% C.L. disappearance exclusion obtained on the θ24 sterile mixing angle. Everything to the right of the black line is excluded.
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Summary

By performing a fit on the ratio between the FD and ND energy spectra for both CC and NC
events, MINOS can search for a sterile signature in the region of parameter space suggested
by LSND and MiniBooNE. MINOS assumes a 3+1 model and sets a limit spanning five
orders of magnitude in ∆m243 and places one of the strongest constraints on ∆m243 . 1 eV2 .
Systematics are handled by creating a covariance matrix containing the uncertainties which
would affect the F/N reconstructed energy spectrum and a χ2 fit was performed to the data.

3

Figure 4: This plot shows the results of combining the MINOS limit with the Bugey 90%
C.L. limit on νe disappearance [5]

This result adds to the tension of null results from sterile disappearance searches compared
to signals discovered in the appearance channel as seen in figure 4.
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Introduction

Nowadays there are several experimental results that may hint to a deviation from the
coherent picture of the standard three neutrino oscillation model. These results, not statistically significant on a single basis, could be explained with the hypothesis of the existence
of additional neutrino mass eigenstates at eV mass scale, namely sterile neutrinos [1]. In
particular there are strong tensions between νe disappearance and νe appearance results
in experiment at Short-Baseline (SBL). The main source of tension arises from the absence of any νµ disappearance signal [2]. Limited experimental data are available on νµ
disappearance at SBL: the dated CDHS experiment [3] and the more recent results from
MiniBooNE [4], a joint MiniBooNE/SciBooNE analysis [5] and MINOS and SK [6]. The
latter results only slightly extend the disappearance exclusion region set by CDHS and currently the region sin2 2θnew < 0.1 is largely still uncostrained.
After the decision of CERN not to pursue for the time being the construction of a new
neutrino beam, the NESSiE Collaboration proposed to perform an accurate measurement
of νµ disappearance at small L/E using magnetic spectrometers (B = 1.5 T) at NEAR
and FAR sites on the FNAL-Booster neutrino beam [7, 8]. Many detector configurations
were considered investigating experimental aspects such as the measurements of the lepton
charge on event-by-event basis and its energy over a wide range. The basic NESSiE concept is to design, construct and install two spectrometers at two sites, “Near” (at 110 m,
on-axis) and “Far” (at 710 m, on surface), in line with the FNAL-Booster, fully compatible
with the proposed LAr detectors. Using very massive detectors (300 tons and 700 tons
for the Near and Far spectrometers, respectively) it would be possible to collect very large
statistical samples in order to improve the disentangling of systematic effects and to span
the oscillation mixing parameter down to till un-explored regions (sin2 2θnew > 0.01 or less).
By keeping the systematic error at the level of 1-2% for the measurements of the νµ interactions, it would be possible to:
• measure νµ disappearance in the almost entire available momentum range (pµ ≥ 500
MeV/c).
• measure the neutrino flux at the Near detector, in the relevant muon momentum
range, to keep the systematic errors at the lowest possible values;
1

• measure the sign of the muon charge to separate νµ from ν µ for systematics control.
The uncertainty on the absolute flux at MiniBooNE stays below 20% for energies below
1.5 GeV while it increases drastically above that energy. The uncertainty is dominated
by the knowledge of hadronic interactions of protons on the Be target, which affects the
angular and momentum spectra of neutrino parents emerging from the target. The result
is based on experimental data obtained by the HARP and E910 collaborations [9].
Such a large uncertainty makes the use of two or more identical detectors at different
baselines mandatory when searching for small disappearance phenomena. The ratio of
the event rates at the Far and Near detectors (FNR) as function of neutrino energy is
a convenient variable since it benefits at first order from cancellation of common protontarget and neutrino cross-sections systematics and of the effects of reconstruction efficiencies.
Thanks to these cancellations the uncertainty on the FNR or, equivalently, on the Far
spectrum extrapolated from the Near spectrum is usually at the percent level ranging in
the 0.5-5% interval. In order to understand how the hadroproduction uncertainty affects
the accuracy on FNR for the specific case of our proposal we developed a new beamline
simulation using either FLUKA, GEANT4 or the Sanford-Wang parametrization for the
simulation of p-Be interactions [9].

2

Physics analysis and sensitivity

We developed sophisticated analyses to determine the sensitivity region that can be explored
with an exposure of 6.6×1020 p.o.t., corresponding to 3 years of data taking on the FNALBooster beam. Our guidelines were the maximal extension at small values of the mixing
angle parameter, and its dependence on systematic effects. To this aim the sensitivity of the
experiment was evaluated using three different analyses implementing different techniques
and approximations:
• a Feldman&Cousins technique with ad hoc systematic errors added to the muon momentum distribution;
• a full correlation matrix based on the full Monte Carlo simulation including the reconstruction of the simulated data;
• CLs profile likelihood;
For all analyses the two flavor neutrino mixing in the approximation of one mass dominance
is considered. The oscillation probability is given by the formula:
P = sin2 (2θnew )sin2 (1.27∆m2new L(km)/E(GeV ))

(1)

where ∆m2new is the mass splitting between a new heavy-neutrino mass-state and the heaviest among the three SM neutrinos, and θnew is the corresponding mixing angle.
In the second method we implemented different smearing matrices for two different observables evaluated with GLoBES [10], the muon range and the number of crossed planes at
Near and Far detectors respectively, associated with the true incoming neutrino energy.
2

These matrices were obtained through a full Monte Carlo simulation. In this analysis the
correlations between the data collected in the Far and Near detectors are taken into account
through the covariant matrix of the observable.
The νµ disappearance can be observed either by a deficit of events (normalization) or, alternatively, by a distortion of the observable spectrum (shape) which are affected by systematic
uncertainties expressed by the normalization errors matrix and the shape errors matrix, respectively. The normalization errors matrix is the component of error matrix which is the
same for each element. The shape errors matrix represents a migration of events across the
bins.
By applying the frequentist method the χ2 statistic distribution was used to determine the
sensitivity to oscillation parameters. Sensitivity plots were computed by introducing bin-tobin correlated systematic uncertainties as expressed in the covariance matrix by considering
either 1% correlated error in the normalization or 1% correlated error in the spectrum shape.
As a representative result the sensitivity calculated considering 1% correlated error in the
shape is plotted in Fig. 1. The sensitivity computed considering CC and NC events is
almost the same as the sensitivity obtained with only CC events [11] and therefore NC
background events do not affect the result.

Figure 1: 95% C.L. sensitivity obtained using the muon range for all CC (black) and
CC+NC (red) events and for only CCQE events (blue) assuming 3 years of data taking.
1% bin-to-bin correlated error in the shape is considered.

3

Summary

Existing anomalies in the neutrino sector may hint to the existence of one or more additional sterile neutrino families. The NESSiE collaboration performed a detailed study of
the physics case in order to set a Short-Baseline experiment at the FNAL-Booster neutrino
beam to exploit the measurement of the charged current events.
3

The best option in terms of physics reach and funding constraints is provided by two spectrometers based on dipoles iron magnets, at the Near and Far sites, located at 110 and 710
m from the FNAL Booster neutrino source, respectively.
By the proposed approach systematic errors can be kept at the level of 1-2% for the measurements of the νµ interactions. In particular the measurement of the muon momentum
can be performed at the percent level and the identification of its charge on event-by-event
basis can be extended to well below 1 GeV.
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Introduction

Hyper-Kamiokande (HK) has been proposed as a next generation neutrino oscillation experiment, capable of observing accelerator, atmospheric, solar and astrophysical neutrinos
in addition to possible proton decays, providing a rich scientific program [1]. To be sensitive to such physics, HK will need a robust trigger and data acquisition system (DAQ).
Several UK institutions are participating in the development of the trigger and DAQ. Here
we present some of the on going studies from the UK DAQ group.

2

Hyper-Kamiokande

HK is designed to be the third generation underground water Cherenkov detector in Kamioka,
Japan. It will have a total (fiducial) mass of 0.99 (0.56) million metric tonnes making it 20
(25) times larger than the Super-Kamiokande (SK) water Cherenkov detector. In the baseline design, the HK detector is composed of two tanks with an egg-shaped cross-section 48 m
wide, 54 m tall and 250 m long. Each tank will be optically separated into five compartments to allow triggering and event reconstruction to be performed on a per compartment
basis. The baseline design specifies an inner detector photocoverage of 20% provided by
99,000 20-inch diameter photomultiplier tubes (PMTs). 25,000 8-inch PMTs are proposed
for the outer region of the detector.
For long baseline oscillation studies it is planned to use the accelerator complex at
J-PARC, currently used in the T2K experiment [2]. Upgrades are planned to increase
the beam power to 750 kW. The beam will pass through the T2K near detector complex
located 280 m downstream from the graphite target, where upgrades are also being planned.
It will then pass through an intermediate water Cherenkov detector around 2 km from the
target and then HK, 295 km from the target. There are currently two proposals for the
intermediate detector, one of which is a gadolinium-doped water Cherenkov detector called
TITUS.

1

3

Current baseline design of the DAQ and strategy

The DAQ will collect the raw (digitized) data output from the detector electronics and
write the formatted data to storage for offline analysis. It therefore must be capable of
accessing all of the physics of interest, whilst discarding non-physics events. The data rate
is expected to be dominated by PMT dark noise. For PMTs with 4 kHz dark noise the
estimated data rate, assuming 12 bytes per PMT hit and 100,000 PMTs, is 4.8 GB/s. The
expected data rate from radioactive backgrounds (238 U, 232 Th and 222 Rn) is on the order
of 30-250 kB/s.
The current designs for triggering beam events are based on the same concept as used
during Phase 4 of the SK electronics [3]. All the PMT signals above a certain threshold will
be digitized and read out as digitized hits. A simple Nhits threshold cut can then be applied
whereby if the number of PMTs fired is greater than the Nhits threshold the event will be
read out and stored to disk. This type of threshold cut will not be suitable for low energy
events (< 100 MeV). The UK DAQ group are currently performing studies to determine
what types of interactions we can expect to recover with the simple Nhits trigger and what
interactions may be lost and how we might recover these lost interactions. These studies
will inform the technical design of the DAQ and trigger.

4

On going physics studies

Studies are being performed using the official HK detector simulation package. This is
a GEANT4-based [4] water Cherenkov detector simulation package known as WCSim [5].
The studies are currently focussing on developing methods to discard non-physics events
and understanding the impact of the PMT photo-coverage for being able to access low
energy events.

4.1

Threshold studies

Studies are being performed to determine an appropriate Nhits threshold for the main HK
trigger. Figure 1 shows 214 Bi and 208 Tl simulated and processed through WCSim v1.1.1 to
look at the effect of the Nhits threshold on the true energy spectrum for low energy events.
Similar studies are being performed for other physics events of interest.

4.2

Dark noise studies

Studies are also being performed to investigate the most realistic way to implement dark
noise in WCSim. Figure 2 demonstrates two different implementations of dark noise for
beam events and for 100 MeV electron events using WCSim v1.1.1. One strategy adds
dark noise hits to the entire event window before digitization, whereas the other strategy
adds hits to each trigger window after digitization, which can be computationally faster but
limiting for trigger studies. Other implementations are currently being explored. Future
work will also focus on modelling possible correlations in dark noise hits that can occur
when the dark noise comes from radioactive decays within the PMTs.
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Gadolinium doping studies

There are plans for the intermediate detector of HK to be doped with gadolinium (Gd).
Event displays have been created to study the differences between Gd-doped and non-Gddoped events to see if event isotropy can be used to determine event type. Figure 3 shows
example event displays for νµ beam events in HK and TITUS.
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Several UK institutions are currently working on the research and design for the HK trigger
and DAQ system. Physics studies are underway to determine the requirements for such a
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Figure 3: Example event displays
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system. These studies will inform the technical design of the DAQ and trigger system for
HK.
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Introduction

SuperNEMO is a next generation neutrinoless double beta decay experiment with a design
capability to reach a half-life sensitivity of 1026 years. This corresponds to an effective
Majorana neutrino mass of hmββ i < 50 - 100 meV.
To achieve the required sensitivity, stringent radio-purity requirements are imposed for
both the construction material and the gas in the tracking chamber. A stringent programme
for these materials is therefore required. Dedicated facilities have been established in the
UK for screening and selection of detector construction materials.

2

SuperNEMO radiopurity strategy for Demonstrator

SuperNEMO consists of 20 identical modules including a demonstrator module, currently
under construction, which contains 7 kg of 82 Se (other isotopes possible). The radiopurity
requirements of the demonstrator are A(214 Bi) < 10 µBq/kg, A(208 Tl) < 2 µBq/kg for the
source foil and < 0.15 mBq/m3 for the tracker gas.
In order to achieve these challenging targets all construction materials are screened
using High-Purity Germanium (HPGe) detectors to varying levels of sensitivity, depending
on location within the detector. Those materials in direct contact with the tracker gas are
further screened for radon emanation. Specialised detectors were constructed in order to
screen to the sensitivities required by the demonstrator module.

2.1

Calorimeter

The demonstrator calorimeter consists of 712 PMTs and scintillator blocks. Materials inside
the tracker are typically screened to levels of 0.1 - 10 mBq/kg. Those materials outside the
gas volume are less critical, typical sensitivities of 1 - 10 mBq/kg are required for these
components.

1

2.2

Tracker

Radioputiry of the tracker gas is essential as radon is one of the most critical backgrounds for
SuperNEMO, and most other low background experiments. Radon can enter the detector
either through diffusion, contamination during construction or emanation from the detector
materials resulting in radioactive daughter isotopes. To reach the target sensitivity the
222 Rn concentration inside the SuperNEMO tracker volume must be less than 150 µBq/m3 .
A ”Radon Concentration Line” (RnCL) was developed to be used in conjunction with
a state-of-the-art radon detector to allow for a more sensitive measurement of large gas
volumes. This apparatus has now been commissioned and is capable of measuring radon
levels in large samples down to 10 Bq/m3 . The results from the first measurements of radon
content (gas bottles, boil-off nitrogen and a SuperNEMO sub-module during early stages
of construction, etc) using the RnCL are presented.

2.3

Source Foil

Typical source foil will contain 5 kg of double beta decay isotope. The primary candidate
currently is 82 Se, with other options such as 150 Nd and 48 Ca also being considered.
The source foil materials and source frame components are screened using HPGe detectors. A separate dedicated detector, BiPo [1], was constructed to reach the target sensitivity
for the source foil: 2 and 10 µBq/kg for 208 Tl and 214 Bi respectively.

3

Gamma-ray Spectroscopy Facility

A new low background germanium facility has been established and developed at the Boulby
Underground Laboratory. The laboratory is built within a working potash and rock salt
mine, the deepest in the UK at 1070 metres (2805 m w.e.) [2]. Due to the low radioactivity in
the surrounding salt tunnel the activities of uranium, thorium and radon inside the facility
are naturally very low.
There are currently two germanium detectors. The first is an Ortec coaxial ultra-low
background high purity germanium detector (HPGe) which has undergone a full refurbishment. A new low background carbon fibre endcap was fitted with a reduced thickness to
increase detection efficiency of low energy gammas. The final detector orientation has been
changed from the straight to a J configuration. This reduces the number of gammas with
a direct line of sight to the germanium crystal, hence minimising the detector background.
The second detector is a new Canberra ultra-low background broad energy germanium
detector (BEGe) which replaced a test model of a similar detector. This detector has been
designed and optimised to detect low energy gammas with high efficiency.
Both detectors have been installed within customised shielding with a nitrogen purging
system for the central detection cavity. A direct comparison of background spectrums of
the new and old BEGe as well as their achievable sensitivities is shown in Figure 1 and
demonstrates significant improvement.

2

Figure 1: Comparison of old and new Canberra BEGe background (left) and sensitivity
(right) spectrum.

4

Radon Emanation Facility

Radon is a critical background for SuperNEMO but samples such as PMTs are not always
convenient for measurement using Ge detectors. Emanation chambers are capable of measuring large sample volumes which can compliment germanium spectroscopy and in many
cases provide better sensitivity measurements.
A small stainless steel emanation chamber was constructed in Alabama and then assembled and tested at University College London (UCL). The chamber has two flanges, one on
each side, which were sealed using copper gaskets, and were tested to ensure no leaks were
detected.
Having established the chamber was well sealed, it was cleaned and resealed to measure
the background radon contribution emanating from the chamber itself. The result from the
background measurement are shown in Figure 2.

Figure 2: Radon emanation chamber background measurement results for
218 Po (right).

214 Po

(left) and

This chamber, when used in conjunction with a state-of-art electrostatic radon detector [3], results in a sensitivity of < 90 µBq and < 120 µBq for 214 Po and 218 Po respectively.
3

5

Radon Concentration Line

To reach the sensitivities required for SuperNEMO, < 0.15 mBq/m3 , a Radon Concentration
Line (RnCL) has been developed. This allows for the monitoring of radon levels within
detector sub-modules during construction.
The concept behind the RnCL is to “concentrate” radon by pumping a large volume of
gas through a cold ultra-pure activated-carbon trap where the radon is adsorbed. The trap
is then heated and this concentrated radon is transferred into an electrostatic detector via a
helium purge. Using this method, sensitivities of 0.01 mBq/m3 can be achieved, a 2 orders
of magnitude improvement on typical state-of-art stand alone electrostatic detectors.

5.1

New Radon Trap System

During radon measurements of large gas volumes one of the greatest source of systematic
uncertainty is as a result of the relatively high content of radon in N2 , which can be very
variable. Previous measurements of cylindered helium and nitrogen have shown variations
of up to 1 order of magnitude difference between each batch of gas bottle.
A radon purification system (RPS) was developed and installed prior to the RnCL in
order to remove this source of uncertainty. This was estimated to suppress radon by a
factor 1 to 10 orders of magnitude, depending on the carrier gas. This was confirmed by
measuring the radon content of cylindered nitrogen after passing through the filter which
showed a factor > 20 improvement as shown in Table 1.
Table 1: Result from measurement of radon present in helium and nitrogen gas.
Gas
Source
Radon Level
He
Cylinder
70-100
N2
Cylinder
400-1000
N2
Boil-off
90-140
N2
Cylinder + RPS
20

6

Summary

The next generation of rare event search experiments, such as SuperNEMO, will require
ultra low activity material screening. The UK infrastructure and screening capacity is
being re-developed to provide world-class sensitivity and unique capabilities. These include;
establishing a leading low background Ge facility at Boulby Underground Laboratory for
material screening and conducting world leading Ge measurements, further developments
to increase the radon emanation measurement capacity with further improved sensitivity
and continue to push the limit of sensitivity for measuring radon contamination in large gas
volumes.
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Introduction

Models which use flavour symmetries have provided an appealing explanation of the pattern
of mixing found in the lepton sector. In the following, fully presented in [1], we consider a
non-Abelian discrete flavour and generalised CP (gCP) as a symmetry at the high energy
scale. At the mass generation scale, this symmetry is broken into Abelian residual symmetries. From considerations of the residual symmetries a PMNS matrix can be constructed
and six observables (three mixing angles and three phases) of the lepton sector can be
predicted. The flavour group considered is the alternating group on 5 elements, A5 .

2

Flavour symmetry

We assume at the high energy scale a discrete, non-Abelian flavour symmetry, Gf , is present
and the three flavours are unified into three-dimensional irreducible representations of the
flavour symmetry. As lepton masses are known to be distinct, the non-Abelian flavour
symmetry cannot be a symmetry present at the low energy scale and thus the flavour group
must be broken into Abelian residual symmetries present in the charged lepton, Ge , and
neutrino, Gν , sectors. Let ρ (gν ) and ρ (ge ) be three-dimensional representations of general
elements of the Abelian residual symmetries Gν and Ge respectively. The left handed
charged lepton and neutrino transform according to
eL → ρ (ge ) eL

and νL → ρ (gν ) νL .

(1)

Invariance under the transformations of Eq.(1) leads to the following constraints on the
charged lepton and neutrino mass matrices
mλ m†λ = ρ (ge )† (mλ m†λ )ρ (ge )

and mν = ρ (gν )T mν ρ (gν ) .

(2)

The residual symmetries of Eq.(2) constrain the form of the mass matrices and therefore the
structure of the PMNS matrix. The possible forms of residual symmetries can be derived
1

from two considerations: Gν and Ge must be Abelian subgroups of the non-Abelian flavour
group, Gf , and the residual symmetries must be consistent with the largest symmetries
allowed by the mass terms. In the diagonal basis, the largest symmetry of the charged lepton
mass matrix is U (1)3 . Therefore a discrete residual symmetry in the charged lepton sector
must be a direct product of cyclic groups, Ge = Zm . As we have assumed neutrinos are
Majorana in nature the largest residual symmetry possible is Z2 ×Z2 and thus Gν = Z2 ×Z2
or Gν = Z2 .

3

Generalised CP symmetry

A gCP symmetry is a combination of charge conjugation and parity transformation which
also acts on flavour indices. The gCP transformation on a set of fields, Ψ,
Ψ → XΨc ,
where X is a unitary, symmetric matrix and Ψc denotes the CP conjugate of Ψ. It was shown
in [2, 3] the flavour and gCP symmetry must satisfy the following consistency equation
Xρ(g)∗ X ∗ = ρ(g 0 ),

(3)

where g and g 0 are elements of Gf . It can be shown that this mapping defines a group
automorphism. Moreover in [4], they showed that a physical gCP transformation requires
the additional property that gCP acts as a class inverting automorphism. This implies that
g 0 is conjugate to g −1 . gCP invariance places constraint on the mass matrices,
X T mν X = m∗ν

and X † (mλ m†λ )X = (mλ m†λ )∗ .

In the following, we assume gCP is broken in the charged lepton sector but remains unbroken
in the neutrino sector.

4

Constructing the PMNS matrix from symmetry constraints

Both the flavour and gCP symmetries place constraints on the neutrino and charged lepton
mass matrices. From these constraints, the structure of the diagonalising matrices, Uν and
Ul , of these mass matrices can be deduced and thus the PMNS matrix can be constructed.
Consider the constraint on the charged lepton sector rephrased in terms of a commutator:
[ρ(ge ), (mλ m†λ )] = 0. Using the unitarity of ρ(ge ), and the hermiticity of mλ m†λ , there exists
a basis in which Ul simultaneously diagonalises residual symmetry ρ(ge ) and mλ m†λ ,
Ul = Ue Re (θ, γ)

(4)

where Ue is a diagonalising matrix of ρ(ge ) and Re (θ, γ) is a complex rotation in the degenerate subspace of ρ(ge ), if such a subspace exists. In the neutrino sector, we consider the
Abelian residual symmetry to be Z2 × CP . To determine the diagonalising matrix of the
neutrino mass matrix we must consider the flavour residual symmetry, the gCP symmetry
2

Table 1: Predictions of correlations as a function of dimensionless parameter r ≡
Ge

θ12

Z3

35.27◦ + 10.13◦ r2
45◦

Z5

θ23

sin αji

45◦

0

±

25.04◦ r

0

31.72◦ + 8.85◦ r2
45◦

0

31.72◦ + 55.76◦ r
Z2 × Z2

36.00◦ − 34.78◦ r2

0
58.28◦ − 55.76◦ r

√

2 sin θ13 .

δ
90◦
270◦
0◦
180◦
90◦
270◦
0◦
180◦
0◦
180◦

and the consistency between these symmetries. As X is a symmetric, unitary matrix it can
be decomposed as X = Ω† Ω∗ , where Ω is unitary. Using Ω, a convenient basis change can
be performed such that the neutrino mass matrix is real. The most general form of Uν is
Uν = ΩRν (θ)

(5)

where Rν (θ) a rotation in the plane of the degenerate eigenspace of ρ(gν ). Combining Eq.(4)
and Eq.(5) the PMNS matrix can be written as U = Re (θ, γ)Ue † ΩRν (θ). For an in depth
discussion of the derivation of Ω and also the group theoretic considerations see [1]. As we
will consider the residual symmetries of the charged lepton sector to be Z5 , Z3 , Z2 × Z2
there is no degenerate eigenspace and therefore no additional complex rotation is needed
and the PMNS matrix simplifies to
U = Ue† ΩRν (θ).
For each configuration of the PMNS matrix the arbitrariness of ordering of the diagonalising
matrices must be accounted for and thus all rows and columns are permuted. The mixing
angles derived from these permuted matrices are then compared to global data [5].

5

Results

Our predictions can be classified by the charged lepton residual symmetry Z3 , Z5 and
Z2 × Z2 . For each prediction the observables are a function of the continuous parameter, θ,
and so the mixing angles can be plotted as a function of θ as shown below in Figure 1.
In Table 1 the continuous parameter, θ, has been eliminated and the correlations between
mixing angles can be found. The Z3 prediction has maximal θ23 and maximal δ. In addition,
its θ12 value lies close to the upper region of the 3σ global fit data. There are two distinct
Z5 predictions: they share a common θ12 prediction which is close to the lower boundary
of 3σ data and they differ in that one predicts maximal θ23 and maximal δ whilst the
other has non-maximal θ23 and CP conserving δ. There are two patterns produced by a
preserved Z2 × Z2 : the θ12 prediction they share is closer to the lower 3σ and the nonmaximal θ23 prediction is associated to CP conserving δ. Moreover, all Majorana phases
are CP conserving. It is a striking signature that four of the eight predicts have maximal
δ associated to maximal θ23 . Testing this pattern is an achievable goal by long base-line
3
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Figure 1: Mixing patterns for Z3 and Z2 ×Z2 as a function of the internal parameter θ. The
shaded regions show the 3σ allowed region for the corresponding mixing angle according to
current global data [5].
accelerator experiments such as T2K [6] and NOνA [7]. In conjunction, the correlations
between mixing angles, in particular correlations between θ12 and θ13 , will be probed by
medium-baseline reactor experiments such as JUNO [8] and RENO-50 [9] .

6

Summary

We find that combining A5 and gCP symmetries permits a number of viable predictions of
leptonic mixing angle and phases as shown in Table 1. These predictions have distinct phenomenological signatures, such as maximal θ23 associated to maximal δ, which are readily
testable at the upcoming long and medium base line experiments.
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Abstract

The T2K neutrino beam consists mostly of muon neutrinos with a 1% component of electron
neutrinos [1]. In order to maximise the physics potential of T2K and other future neutrino
experiments, it is important to understand how these electron and muon neutrinos interact.
To this end, the ratio of the Charged-Current Quasi-Elastic (CCQE) cross section to the
total Charged Current (CC) cross section is taken for both νe and νµ using data from the
T2K near detector, ND280, and simulated data from NEUT [3] and GENIE [4] Monte Carlo
generators. This has the advantage that many of the systematic uncertainties will cancel
in the analysis, including the flux of νe and νµ in the beam. The double ratio of these two
ratios is then taken as a means of directly comparing the interactions of the two neutrino
flavours.

2

The T2K Experiment

The T2K experiment is a long-baseline neutrino experiment that uses the 30 GeV proton
beam at the J-PARC facility in Tokai, Japan to create a beam primarily composed of muon
neutrinos. The beam is aligned so that the far detector, Super-Kamiokande, and the offaxis near detector, ND280, are both located 2.5 degrees off-axis, at distances of 295 km
and 280 m respectively. By measuring the number of νe and νµ events at the near detector
and extrapolating a predicted number of events at the far detector, T2K can study the
probability of a νµ oscillating to a νe .
The ND280 detector has several physics goals. Its primary purpose is to measure the properties and spectrum of the neutrino beam, but it can also be used for independent physics
studies such as measurements of the neutrino interaction cross sections. To achieve these
goals, the ND280 uses several different subdetectors. Two Fine Grained Detectors (FGDs)
are used as target mass for neutrino interactions and for the tracking of particles leaving the
interaction. The two FGDs are complemented by three Time Projection Chambers (TPCs)
that alternate with the FGDs. These have greater tracking capabilities than the FGDs
and combined with a 0.2 T magnetic field allow for momentum and charge determination
of charged tracks leaving the FGDs. A dedicated π 0 detector (P0D), located upstream of
the FGDs and TPCs, is designed to help understand one of the principal backgrounds at
Super-Kamiokande (π 0 → γγ mimicking νe interactions.) Complementing the goals of each
of these subdetectors is a suite of Electromagnetic Calorimeters (ECals), which surround
1

Figure 1: An exploded schematic of the T2K near detector, ND280.
the FGDs, TPCs and P0D. These assist in particle identification (PID) and are useful for
catching photons as they escape the inner detectors [2]. A schematic of the ND280 detector
can be seen in Fig. 1.

3

Selecting νe and νµ Charged Current Events in the ND280
Tracker

The selections for νe and νµ charged-current events require a track starting in an FGD
and passing through a TPC with enough TPC hits to be classified as good quality. PID
criteria are then applied to the track, based on the rate of energy loss of the track (dE/dx),
with extra criteria on a track if it enters an ECal. As a means of removing backgrounds,
an event is rejected if there is any activity in a TPC, FGD, ECal or the P0D upstream
of the interaction FGD. For the enhanced samples to select CCQE events, an additional
requirement is applied that the selected track is the only reconstructed track coming from
the interaction vertex. Additional cuts are applied to both samples to further reduce the
various backgrounds in both samples. The data samples selected using these criteria are
shown in Fig. 2. The νe selection purity is lower due to a large background from misidentified
photon conversions.

4

Results

Using the event selections described in Sec. 3 for NEUT Monte Carlo fake data, the event
ratios for CCQE to CC interactions can be calculated in terms of true neutrino energy. In
the future, these quantities can be obtained using data with an unfolding procedure to access
neutrino energy. As would be expected, these ratios decrease with energy. This corresponds
to CCQE interactions becoming less dominant at higher energies. The advantage of taking
these ratios is that the beam flux, number of target nucleons and many of the systematic
uncertainties will partially cancel.
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Figure 2: Reconstructed outgoing lepton momentum distributions for candidate νµ (left)
and νe (right) CC interactions in the ND280 detector [5] [6]. The points are T2K data, the
coloured histograms are the MC predictions.

Figure 3: The ratio of the number of charged-current quasi-elastic events to the total number
of charged-current events for νµ on the left and νe on the right. The black points are NEUT
fake data corresponding to 4.5 × 1021 protons on target (uncertainties are statistical only)
whilst the red lines are the calculated ratios using GENIE Monte Carlo.
The ratio of the two plots in Fig. 3 can be used as a direct comparison between electron
neutrinos and muon neutrinos, as shown in Fig. 4.

5

Summary

This paper presents an initial analysis for a measurement of the difference in the chargedcurrent interactions between νe and νµ , based on Monte Carlo simulation. At this point, all
errors are statistical only; systematic studies are in progress and will be implemented in the
final analysis. In the future, an unfolding procedure will be used on T2K data to convert
measured lepton momentum to neutrino energy. Then the event ratios can be calculated
for data. This work is currently in progress.

3

Figure 4: The double ratio of CCQE to CC neutrino interaction cross sections, for (νe /νµ )
(uncertainties are statistical only). Refer to [7] for a description of the differences in νe and
νµ CCQE interactions. The dip at ∼0.4 GeV in the GENIE calculation corresponds to the
higher threshold for a νµ CC interaction; the expected ratio above this dip remains < 1
because νµ CC interactions are relatively more likely to be quasi-elastic.

6

Acknowledgments

This work was presented on behalf of the T2K collaboration. The presenter would like to
thank Dr. Jaroslaw Nowak and the T2K publication board for their input.

References
[1] K. Abe et al. [T2K Collaboration], Phys. Rev. D 89 (2014) 9, 092003 [Addendumibid. D 89 (2014) 9, 099902] [Erratum-ibid. D 89 (2014) 9, 099902] [arXiv:1403.2552
[hep-ex]].
[2] K. Abe et al. [T2K Collaboration], Nucl. Instrum. Meth. A 659 (2011) 106
[arXiv:1106.1238 [physics.ins-det]].
[3] Y. Hayato, Nucl. Phys. Proc. Suppl. 112 (2002) 171.
[4] C. Andreopoulos [GENIE Collaboration], Acta Phys. Polon. B 40 (2009) 2461.
[5] K. Abe et al. [T2K Collaboration], Phys. Rev. D 87 (2013) 9, 092003 [arXiv:1302.4908
[hep-ex]].
[6] K. Abe et al. [T2K Collaboration], Phys. Rev. Lett. 113 (2014) 24, 241803
[arXiv:1407.7389 [hep-ex]].
[7] M. Day and K. S. McFarland, Phys. Rev. D 86 (2012) 053003 [arXiv:1206.6745 [hepph]].

4

Measuring the electron anti-neutrino beam component in the
T2K near detector ND280

arXiv:1504.07086v1 [hep-ex] 27 Apr 2015

Luke Southwell,
Department of Physics
Lancaster University
LA1 4YW Lancaster, UK

To appear in the proceedings of the Prospects in Neutrino Physics Conference, 15 – 17 December,
2014, held at Queen Mary University of London, UK.
Abstract
The main irreducible background in the T2K νe appearance analysis is the νe contamination in the νµ beam. In order to quantify this background, a selection for chargedcurrent νe interactions in the near detector (ND280) tracker region was developed by
combining the particle identification abilities of the time projection chambers and electromagnetic calorimeters. We measured a data/MC ratio of 1.01 ± 0.10 for the νe
component of the beam which, is an important confirmation of our predictions of the
expected backgrounds. In 2014 the T2K experiment reversed the polarity of the magnetic horns and began running with an antineutrino beam for the first time. Differences
in the oscillation probabilities between neutrinos and antineutrinos may provide insight
into CP violation in the leptonic sector. The current ND280 Tracker νe charged-current
selection has been used as a starting point for the νe charged-current selection. The
additional challenges and selection criteria of the electron anti-neutrino selection will
be presented.

1

The T2K Experiment

The T2K experiment is a long-baseline neutrino oscillation experiment which uses a νµ
beam. The objective of the experiment is to measure the oscillation parameter θ13 via νe
appearance and the parameters ∆m232 and θ23 via νµ disappearance[1]. Neutrino interactions
are observed in the T2K far detector Super-Kamiokande (SK) which is 295 km away from
the beam source and 2.5 degrees off axis[1]. The νµ beam also contains contamination from
νe , νµ and νe .
Neutrinos are also observed with the on-axis and off-axis near detectors 280 m from
the beam source. The off-axis detector ND280, is used to measure neutrino interaction
properties and the contamination in the beam from other flavours of neutrinos. It has several
sub-detectors: an upstream π 0 detector (P0D) followed by a tracker region comprising three
gaseous argon time projection chambers (TPCs) interspersed with two scintillator-based fine
grained detectors (FGD1 and FGD2). The P0D and tracker region are surrounded by a
set of electromagnetic sampling calorimeters (ECals) consisting of alternating layers of lead
and scintillator. The yoke of the magnet is also instrumented with plastic scintillator to
form side muon range detectors (SMRDs)[1].
1

2

Selecting νe Charged-Current Events in the ND280 Tracker

To select νe CC inclusive interactions in the tracker region, FGD1 and FGD2 are used as
the target mass. Events in which there are electron-like tracks are selected using TPC
particle identification (PID) criteria that are based on the rate of energy loss as the particle
traverses the detector (dE/dx). Following the application of PID criteria, the sample is
92% pure in electrons but only 27% of these electrons originate from a νe interaction, with
the majority of the non-νe events originating from photons converting to an e+ e− pair in
the FGDs. To reduce this contamination, an upstream veto is applied which rejects events
with tracks in the P0D, TPC, or ECals that start upstream from the initial position of
the electron candidate. If an electron-like positive track is within 10 cm of the electron
candidate and the pair of tracks have a reconstructed mass of less than 100 MeV/c2 , the
event is rejected. Following these cuts the contamination is reduced from 65% to 30%. A
more detailed description can be seen in reference [2].
Further criteria are then applied to separate the νe CC inclusive sample into a CC
quasi-elastic sample (CCQE) (figure 1(a)) and a CC non-quasi-elastic sample (CCnonQE)
(figure 1(b)). The CCQE sample is 48% pure with an efficiency of 36.5% and the CCnonQE
sample is 53% pure with an efficiency of 30.6%.

(a)

(b)

Figure 1: Reconstructed electron momentum of events in the CCQE-like sample (1(a))
and in the CCnonQE-like sample (1(b)). The errors on the data points are statistical.
The coloured histogram is Monte Carlo. The CCQE events are shown in green and the
CCnonQE events are in blue. The dominant background from gamma conversions being
shown in red or orange, differentiating if the neutrino which produced the photon interacted
inside the FGD fiducial volume or outside it. The other background is mainly misidentified
pions [2].
For the CC inclusive sample the ratio of data over Monte Carlo is 1.01 ± 0.10. A
further measurement was performed by independently fitting νe originating from µ+ and
kaon parents using the CC inclusive sample. The data over Monte Carlo ratios were found
to be 0.68 ± 0.30 for νe originating from µ+ and 1.10 ± 0.14 for νe originating from kaons
[2]. Overall the measured νe contamination in the T2K beam is (1.2 ± 0.1)% [2].

2

3

Selecting νe

The νe contamination in the T2K anti-neutrino beam has not yet been measured. In
order to create a νe selection, the existing T2K νe selection was modified by reversing
the charge requirement to look for positive particles instead of negative ones. However,
this immediately presented new challenges: protons, which were previously removed by the
negative charge requirement, now pass the selection cuts. This background can be seen in
figure 2(a), which shows the MC prediction for the νe sample.

(a)

(b)

Figure 2: The νe sample after only changing the charge requirement (2(a)). The large
proton background (blue) can be seen in the area around 1000 MeV/c dominating over the
νe signal (black). It can be seen in figure 2(b) that the proton and positron curves have
similar values around 1000 MeV/c momentum.
As mentioned above, the TPC PID depends on dE/dx. As can be seen in figure 2(b),
the positron and proton dE/dx are similar around a momentum of 1000 MeV/c; therefore,
the TPC PID cannot be used to discriminate between protons and positrons in this region.
In order to remove the proton background, the ratio of electromagnetic energy deposited in
the ECal to the momentum measured by the TPCs (E/p) was used, in the region where the
proton background dominates. For a given momentum, the proton has far less kinetic energy
to deposit in the ECals than a positron, so E/p is higher for positrons. Additional ECal
PID variables, combining the number of ECal hits and the patterns of energy deposition in
the ECal into log-likelihood variables, are also used for distinguishing between particles to
further improve the selection. This results in a 96% reduction of the proton background as
seen in figure 3.

4

νe results

The criteria described in section 3 result in a νe selection with a purity of (42.4 ± 3.6)%
and an efficiency of (32.7 ± 2.8)% for νe CC interactions in the FGD fiducial volume. This
selection will be applied to the T2K antineutrino beam data. The uncertainties are MC
statistical only.

3

Figure 3: The νe sample after the full selection has been applied. The νe signal can be
seen in black and the rest of the events are predominantly gamma background as in the νe
selection. The other background is also predominantly gamma.

5

Summary

The νe selection is now complete with a purity of (42.4 ± 3.6)% and an efficiency of
(32.7 ± 2.8)%. Systematic studies are ongoing. Preliminary results indicate that systematic uncertainties will be slightly larger than those presented in [2] due to the uncertainty
associated with the proton background. Once the systematics have been fully analysed we
will be ready to use the selection on antineutrino data taken by the T2K experiment to
measure the νe contamination in the T2K anti-neutrino beam, which is expected to be of
order 1.0%. This contamination feeds into the T2K νe appearance oscillation measurement
as it will be the main irreducible background.
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1

Introduction

CHIPS is an R&D experiment intending to produce large, low-cost water Cherenkov detectors that can be used to study long-baseline neutrino oscillations. Such detectors are
traditionally constructed underground, incurring large civil engineering costs in order to
excavate or renovate a suitable cavern. CHIPS instead proposes to construct CHerenkov
detectors in Mine Pits, by submerging a detector at the bottom of deep bodies of water on
the surface of the Earth.
In the summer of 2014, a small 26 ton prototype detector was deployed in a former iron
quarry in Northern Minnesota, 7 mrad off-axis from the NuMI beam. This poster describes
the construction and deployment of this prototype, and simulations of a larger 10 kton
module.

2

CHIPS experiment

As well as reducing engineering costs, constructing the detector in a lake will provide the
detector with sufficient overburden. For a 40 kton detector at a depth of 40 m the cosmic
ray event rate is estimated to lead to a mean dead time per NuMI beam spill of 250 ns (or
2.5%)[1].
The detector is filled with filtered lake water, enclosed in a waterproof, opaque plastic
geomembrane. The design attemps to use commercially available materials where possible:
studies for the full-size modules are currently investigating the use of a “space frame” of
interlocking tubes, and fibreglass panels used by radar dome manufacturers.
The experiment is located at the Wentworth 2W pit, near to Hoyte Lakes, Minnesota.
A former iron quarry, the pit is 60 m deep and situated 7 mrad off-axis from Fermilab’s
NuMI neutrino beam at a baseline of 712 km. This exposes CHIPS to a lower peak beam
energy than MINOS (on-axis) but a higher flux compared to NOvA (14 mrad).
1

3

CHIPS-M

A 26 ton prototype detector, CHIPS-M (“Model”), was constructed during the summer
of 2014 by a team largely made up of students and postdocs. CHIPS-M is an octagonal
detector, 3.5 m tall by 3.2 m in diameter, comprising a rigid frame of aluminium stage truss
and stainless steel unistrut surrounded by an opaque plastic geomembrane. The membrane
is white on the outside and black on the inside (allowing for a possible veto region outside
the main volume) and is tightly clamped between aluminium batten bars and the main
frame of the detector with waterproof tape in between.
The detector is instrumented with five DOMs: Digital Optical Modules[2] consisting
of a pressure sphere containing a 10” photomultiplier tube and electronics for high voltage
supply, data acquisition, etc., borrowed from the IceCube experiment. These are attached to
the frame using a pivoting mount that has floats attached to point the DOMs’ photocathodes
at a 45◦ angle to the beam. IceCube’s DOMs are designed to point downards, so this angle
was chosen to reduce the risk of the optical gel shearing compared to facing the beam
directly. GPS timing is used so that timestamps from the DOMs can be compared to NuMI
beam spills.
Two pressure cylinders containing cameras and environmental monitoring sensors are
also present, one inside the detector and one outside. These proved invaluable in the
deployment and filling of the detector.

Figure 1: Aluminium batten
bars which clamp the liner
and waterproof tape to the
frame

Figure 2: Top and bottom Figure 3:
Two DOMs
stage truss sections covered mounted at the top of the
with liner and held apart by detector
stainless steel unistrut

The prototype is intended to test the suitability of the materials chosen, in particular
their durability underwater and the performance of the liner and sealing tape. It will also
provide indications as to how sophisticated a water filtration system is required in order
to achieve acceptable water clarity in a 10 kton module. The detector will be retrieved
and assessed in June 2015, fitted with additional PMTs (a flat panel of 3” tubes derived
from KM3NeT’s 31-PMT optical module) and environmental sensors, and resubmerged for
a second year of tests.

2

4

Data from CHIPS-M

CHIPS-M is submerged and has been taking data since the beginning of August, observing
Cherenkov light primarily from cosmic ray muons (beam events are difficult to distinguish
in a detector of this size). For these studies, an event is defined as a coincidence between
the four DOMs at the top of the detector, with each hit above 5 photoelectrons and within
15ns of the first. The rate of these events is shown in Figure 4.

3” PMT

Figure 4: Rate of four DOM coincidences
observed at CHIPS-M

8” PMT

Figure 5: Schematic of two patterns that
can be compared using the simulation

The DOMs also contain an LED flasher board. Studies into using this board to measure
the water clarity over time are ongoing.

5

CHIPS-10

The intention of CHIPS is to design a 10 kton module for which construction could begin in
2016. The baseline design is a cylinder 25 m in diameter and 20 m high, constructed from
tiling modules of fibreglass, or a spaceframe with panels of geomembrane liner. This would
be constructed in layers before finally sealing together the walls and the top and sinking it
to the bottom of the pit.
An advantage of such a design is that the full-size detector need not be constructed at
once, but can be retrieved to add additional layers as funding and seasonal ice coverage
allow. This also permits the detector to be redeployed in the future LBNF beam.
The 10 kton detector would have a cosmic ray veto region of outward facing PMTs, and
be able to accomodate different types of PMT to operate as a test-bed for optical modules
exposed to a real neutrino beam.

6

Simulations of CHIPS-10

A Geant4[3] simulation package has been written for CHIPS-10. Figure 6 shows a sample
event display from this simulation. The package is based on the simulation tool for the
3

former LBNE water Cherenkov option, with a number of major additions to suit CHIPS
design studies. In particular, it allows multiple types of PMT to be placed in the same
detector, with photomultipliers arranged in any arbitrary repeating pattern on a square
lattice, instead of a simple square array. This feature is illustrated in Figure 5.
The detector is also divisible into regions, with the PMT layout of each region specified separately. This enables the testing of layouts with, for example, a higher density of
photomultipliers on the downstream region of the detector relative to the beam.

Figure 6: Event display with rings drawn based on MC truth information for a νµ CC
interaction in a 10 kton CHIPS detector. Two PMT types are placed in a diagonal pattern,
with a total photocathode coverage of 10%.

7

Summary

During the summer of 2014, the CHIPS collaboration successfully constructed and deployed
a small prototype water Cherenkov detector at the bottom of a 60 m deep pit in the NuMI
beam. The detector has been taking daily cosmic runs and measuring the rate of coincident
hits between DOMs, and has allowed tests of the water filtration system and environmental
monitoring vessels. It will be retrieved in June 2015 to assess the durability of the detector
structure and geomembrane liner.
Meanwhile, the design and simulation of a full 10 kton module are underway, including
features for complex PMT layouts to maximise the physics performance.
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1

Introduction

The search for neutrinoless double-beta decay is important in determining the Majorana
nature of the neutrino, and also in establishing if lepton number is violated. The half-life
0ν for this process is given by
T1/2
0ν −1
[T1/2
] = G0ν |M 0ν |2

m2ββ
m2e

,

(1)

where G0ν is a phase space factor and M 0ν a nuclear matrix element (NME) factor (both
these factors depend on the nuclear isotope), me the electron mass, and mββ the effective
neutrino mass.
In recent years five experiments have published results of their searches: CUORICINO
(observing 130 Te) [1], EXO (136 Xe) [2], GERDA (76 Ge) [3], KamLAND-Zen (136 Xe) [4],
and NEMO-3 (100 Mo) [5]. There has been no previous attempt to systematically combine
the limits of their searches using their measured energy distributions. Presented here is
the first such combination, divided into two sections: first a cross check of the individual
experimental results, showing that the method can replicate their limits, and then the
combination of all five experiments.
The results of this analysis are published in Ref. [6].

2

Individual experiments

The input background, signal and data energy distributions for each experiment, along with
the systematic uncertainties, are taken from their publications [1, 2, 3, 4, 5], and are shown
in Figure 1. Using these distributions and the signal normalisations, the observed 90% CL
lower half-life limits can be calculated, and are shown in Table 1, along with the experiments’
published limits, and the expected limits from these distributions (both median expected
and the ±1σ ranges). Overall the calculated limits agree well with the published limits,
validating both the method and the use of these distributions in the combination.
1
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Figure 1: The input distributions for (a) CUORICINO (fig. 9 of [1]); (b) EXO (fig. 4(a) of
[2]); (c) GERDA (fig. 1 of [3]); (d) KamLAND-Zen (fig. 1(a) of [4]); and (e) NEMO-3 (fig.
2 of [5]).

3

Combination

As the experiments use different isotopes, their half-life limits cannot be directly combined.
Instead the limits are calculated for a common mββ and translated to the signal normalisation in each experiment’s energy distribution using Equation 1, with the values of G0ν and
M 0ν taken from recent calculations [7, 8, 9, 10, 11, 12]. The limit is calculated for each NME
model seperately. Table 2 shows the 90% CL upper limit on mββ fo each NME calculation,
and also shows the improvement in the mass limit over the best individual experiment in
2

0ν for each experiment, and the calculated observed and
Table 1: The published limits on T1/2
expected (median ± 1σ) limits.
0ν (1024 y)
90% CL lower limit on T1/2
Experiment
Published Observed Expected ±1σ range
CUORICINO
2.8
2.8
2.9
2.0 – 4.2
EXO
11
13
21
14 – 30
GERDA
21
20
21
14 – 29
KamLAND-Zen
19
17
11
7 – 15
NEMO-3
1.1
1.1
0.9
0.6 – 1.4

Table 2: The combined observed and expected mββ upper limits, the improvements of
the combination with respect to the best individual experiment ((E)XO, (G)ERDA or
(K)amLAND-Zen) for that NME model, and the p value for the combined limit with respect
to the Heidelberg-Moscow (HM) positive claim [13].
Improvement
p value
NME model
mobs
mexp
ββ
ββ
(meV) (meV)
Limit
Sensitivity (HM)
GCM [8]
130
130
12% (K)
8% (E)
0.001
IBM-2 [9]
190
180
15% (K)
12% (E)
0.023
NSM [10]
310
290
13% (K)
10% (E)
0.004
QRPA [11]
190
180
26% (K)
22% (E)
0.095
(R)QRPA [12]
300
300
20% (G)
19% (G)
0.39

that NME model. There can be an improvement of up to ∼ 25% in the mass limit, which
corresponds to an increase of exposure of a factor of up to ∼ 3. The combined mass limit
ranges from 130 − 310 meV, depending on the NME model. This limit is shown in Figure 2,
in the context of the allowed mββ regions depending on the neutrino mass hierarchy and
the lightest neutrino mass eigenstate.
We also compare these mass limits (translated back into half-life limits of 76 Ge) to
the positive claim for neutrinoless double-beta decay of 76 Ge in the Heidelberg-Moscow
0ν = (2.23+0.44 ) × 1025 y [13]. The level of compatability
experiment, which measuread T1/2
−0.31
of the limits with respect to this claim varies strongly with the NME model used, with
p values ranging from 0.001–0.4.

4

Summary

A first direct combination of neutrinoless double-beta decay experiments on multiple isotopes has been performed, yielding an upper limit on the effective neutrino mass of 130 −
310 meV. The combination can improve the limits on the effective neutrino mass by up to
25% compared to the best individual experiment, depending on the choice of NME model.
3
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Figure 2: The combined mββ limit range overlaid on the range of allowed mββ for a given
mass m0 of the lightest neutrino mass eigenstates in the normal and inverted mass hierarchies. Also shown is the range of m0 disfavoured by cosmology.

The compatibility of the combined limits with respect to the claimed observation of neutrinoless double-beta decay in the Heidelberg-Moscow experiment also varies significantly
depending on the NME calculations chosen.
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Introduction

The SuperNEMO detector [1] will search for neutrinoless double beta decay at the Modane
Underground Laboratory on the French-Italian border. This decay mode, if observed, would
be proof that the neutrino is its own antiparticle, would constitute evidence for total lepton
number violation, and could allow a measurement of the absolute neutrino mass.
The SuperNEMO experiment is conceived as 20 identical planar modules, each contains
5-7 kg of ββ isotope (the baseline isotope is 82 Se but 150 Nd and 48 Ca are also candidates);
it is designed to reach a half-life sensitivity of 1026 years corresponding to an effective
Majorana neutrino mass of 50 − 100 meV.
The fist module of the SuperNEMO detector is currently under construction and the first
quarter of the tracking detector has recently been completed and is being commissioned.

2

Neutrinoless Double Beta Decay

Double beta decay is a rare but well-understood process. It has been observed in 11 nuclei
for which the simultaneous β decay of two nucleons is an energetically advantageous process. The neutrino-less (0ν) version of this process is potentially a window to observe two
Majorana neutrinos annihilating with each other.
Neutrinos are the only neutral fermions, their masses are much lighter than any other
massive particles. Ettore Majorana observed that if the neutrino is truly neutral, it is
possible to write a Lagrangian in which the neutrino is its own antiparticle. The Majorana
mass term is very different from the Dirac term that describes all other fermions, allowing
for the neutrino mass to be generated with only the left handed antineutrinos and right
handed antineutrinos, and violating absolute lepton number conservation.
The Majorana mass generation mechanism enables the creation of see-saw models. These
models explain the unnatural lightness of neutrinos through the introduction of additional
heavy neutrinos at the GUT scale. If proven, these models would offer a way of probing
GUT-scale physics at accessible energies.

1

Figure 1: A SuperNEMO module (left), and a scheme of the detector geometry (right). This
geometry allows full event topology reconstruction (e± /α/γ separation) and the freedom to
choose the source element.

3

The SuperNEMO detector and the Demonstrator Module

The main feature that separates the SuperNEMO experiment from the other 0ν2β experiments is the fact that the source element is completely decoupled from the detector.
Building on the NEMO3 experience [2] a SuperNEMO module (shown in figure 1) has an
electron tracker and a calorimeter, allowing for the complete reconstruction of the decay
event topology. This allows unprecedented levels of background rejection: electrons can be
effectively separated from positrons, α and γ particles.
Great attention has also been given to material selection and screening in order to
achieve unprecedented radiopurity. For the same reason every step of the construction and
assembly of the detector happens in a cleanroom environment. Thanks to these efforts the
expected background in the region of interest is 10−4 events/keV/kg/yr.
This detector design also allows complete topological reconstruction of the double beta
decay event; in the event of a discovery, such topological measurements will be essential in
determining the nature of the lepton number violating process.
The first module, called the Demonstrator Module, is currently under construction whit
the aim of proving the feasibility of the full experiment. This module will host 7 kg of 82 Se,
0ν > 6.6×1024 y (corresponding to |m | < 0.2−0.4 eV)
and has an expected sensitivity of T1/2
ββ
after 2.5 y.

4

The Demonstrator tracker

The Demonstrator Module tracker has 2034 2 m long octagonal drift cells operating in
Geiger mode in a He/ethanol/Ar (95:4:1) mixture.
In NEMO3 the main background for the 0ν2β search is the radon inside the tracker
volume whose electrons have enough energy to mimic a double-β event. For this reason
only selected materials (copper, steel, Duracon and PTFE) are allowed, the construction
process and most components of the tracker have been screened with ultra sensitive Rn
detectors [3]. For the same reason the tracker gas is also purified with a Rn trap using cold
carbon filters.
The distance of closest approach of the track with respect to the anode wire is measured
from the time of the anode signal; the time difference between the Geiger discharge arriving
2

Figure 2: A SuperNEMO tracker cell (left) and a depiction of the electrical signal (right)
measured for the anode (negative) and cathodes (positive).

Figure 3: The wiring robot (left), a cassette being inspected before installation (center),
and the first of the four sections that make up the Demonstrator Module (right).
at each end of the cell provides the longitudinal location of the track (see figure 2).
Cell production To ensure the radiopurity goal is not compromised all tracker components are cleaned, and, where needed, passivated to prevent corrosion. To minimize the
contamination, the drift cells are assembled by a wiring robot (pictured in figure 3), in a
cleanroom environment at the University of Manchester.
The fundamental production unit is a cassette made of 2 columns of 9 drift cells. Each
cassette is conditioned immediately after production to eliminate self-triggering or plasmablocking points that can be caused by the presence of small impurities on the wires. The
conditioning is prolonged until a wide enough Geiger plateau is observed on all cells.
Tracker assembly and commissioning The tracking detector is divided in 4 sections
each containing 56 rows of drift cells (28 cassettes). After conditioning the cassettes are
transferred to the Mullard Space Science Laboratory where a clean tent large enough to
host the a whole section of the tracker has been erected. There each cassette is tested,
inspected, installed on the tracker frame and connected to the feedthroughs that transport
the electrical signals outside the gas volume.
Each section has been designed so that it can be sealed, tested and shipped to the LSM
independently. The first SuperNEMO section has already been assembled, sealed and is
now ready to for surface commissioning; a picture of the first tracker section just before
sealing is shown in figure 3.

3

Figure 4: The commissioning system; the arrows show the path of the gas that is filtered
by the Rn trap, flown trough the tracker section and then passed to the Rn concentration
line to measure the tracker intrinsic emanation.
The Rn emanated by the tracker will be monitored for several weeks to make sure that
the background is within the requirements (see figure 4 as well as [3]). After Rn testing the
tracker will be powered in stages using refurbished NEMO3 electronics and commissioned
using cosmic rays. While the the first section is tested for radio-purity and commissioned
the frame for the second section to be built, is being assembled.

5

Summary

SuperNEMO is a detector to search for neutrinoless double beta decay mode in one or more
isotopes. To reach an extremely low background rate in the signal region the experiment
has a separate tracking and calorimetric section; great care is also devoted to the material
selection, the cleanliness of the construction and assembly chain, and the testing of each
component.
The Demonstrator Module is currently under construction and is scheduled to be completed by the end of 2015; the commissioning will begin in 2016 in Modane.
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Introduction

Great progress has been made in the last decades for what concerns the energy spectrum
and the composition of cosmic rays but their origin remains uncertain. Neutrinos are a valid
probe for the exploration of the high-energy sky, since they provide complementarity with
photons and cosmic rays observations, and even enlarge the amount of collected information,
as they can emerge from dense media and travel across cosmological distances without
being deflected by magnetic fields nor absorbed by ambient matter and radiation. Hadronic
interaction models predict high-energy (> TeV) neutrinos from a wide range of astrophysical
objects, from galactic sources such as Supernovae Remnants or Microquasars to the most
powerful extragalactic emitters such as Active Galactic Nuclei and Gamma-Ray Bursts [1].
The weakness of neutrino interactions and the faintness of the expected cosmic neutrino
fluxes require large volumes of transparent medium (water or ice) instrumented with arrays
of photosensors, in order to detect the Cherenkov light induced by the charged leptons
produced in the neutrino interactions with matter in or around the detector. Although the
muon identification represents the most straightforward detection channel, showers induced
by electron and tau neutrinos can also be detected. Neutrino Telescopes are installed at
great depths and optimized to detect up-going muons produced by neutrinos that have
traversed the Earth, in order to limit the background from down-going atmospheric muons.
Atmospheric neutrinos, with an energy spectrum ∝ Eν−3 , traverse the Earth and interact
close to the detector representing an irreducible background. Neutrinos of cosmic origin
which are expected to have an energy spectrum ∝ Eν−α with α = 1 or 2 can be identified
only on a statistical basis.

2

The ANTARES detector

ANTARES (Astronomy with a Neutrino Telescope and Abyss environmental RESearch)
is the first undersea Neutrino Telescope and the only one currently operating [2]. It is
located at a depth of 2475 m in the Mediterranean Sea, ∼ 40 km off the French coast
south-east Toulon. It consists of a matrix of 885 photomultiplier tubes (PMTs) arranged
1

into 12 strings anchored to the sea bed and maintained vertical by buoys, connected to a
junction box which distributes the electrical power and transmits the data to shore through
an electro-cable. The PMTs are orientated at 45◦ downwards in order to maximize the
sensitivity to Cherenkov light from up-going muons. See [3, 4] for details on the detector.
The median angular resolution achieved for muon tracks, assuming an energy spectrum
∝ Eν−2 , is < 0.4◦ allowing good performance in the searches for neutrino point sources.
Its location in the Northern Hemisphere allows for surveying a large part of the Galactic
Plane, including the Galactic Centre, thus complementing the sky coverage of the IceCube
detector installed at the South Pole.

3

Searches for diffuse neutrino fluxes

A search for a cosmic neutrino diffuse flux using up-going muon neutrino events has been
performed using the data collected from December 2007 to December 2011 (live-time = 855
days). The first step, in order to reduce the background, consists in applying loose cuts
on the muon track reconstruction quality parameter, called Λ, and on the angular error
estimate obtained by the reconstruction fit. Then an optimisation procedure based on the
Model Rejection Factor (MRF) method has been applied with the aim to determine the
energy cut yielding the best sensitivity. The number of events passing the entire selection
is 8 while 8.4 events are expected as background. This result yields a 90% confidence level
(C.L.) upper limit on a diffuse cosmic signal of
Eν2 φ90% = 5.1 × 10−8 GeV cm−2 s−1 sr−1
for Eν in the range 45 TeV - 10 PeV (Fig. 1).
The search for a diffuse cosmic neutrino flux has also been performed using shower
events, for the February 2007 - December 2012 data sample (live-time = 1247 days). Once
the shower is reconstructed a series of selection criteria have been imposed. First, a muon
filter is used to reject events compatible with a muon track, then the event is required to be
up-going and with energy higher than 10 TeV. After these selection criteria, the number of
expected background events is 4.9 and the number of the observed ones is 8. This excess is
interpreted as a background fluctuation and the following 90% C.L. upper limit is derived:
Eν2 φ90% = 4.9 × 10−8 GeV cm−2 s−1 sr−1
for Eν in the range 23 TeV - 7.8 PeV (Fig. 1).

4

Searches for point-like neutrino sources

The detection of point-like sources is possible by identifying a significant excess of events
from particular spots (or small regions) of the sky. ANTARES has performed these searches [5]
on the 2007-2012 data sample (live-time = 1338 days). The final neutrino sample has been
obtained after tight cuts on the reconstruction quality parameter Λ, on the estimated angular resolution (< 1◦ ) and on the zenith angle ( cos θ < 0.1). It contains 5516 neutrino
2

Figure 1: 90% C.L. upper limits on an Eν−2 diffuse neutrino flux for different experiments and analyses. The
ANTARES upper limits set by the muon neutrino tracks and shower events analyses are represented by blue
lines.

candidates, with a predicted atmospheric neutrino purity of ∼ 90%. Two different searches
have been performed:
1. a time-integrated full-sky search looking for an excess of events over the atmospheric
neutrino background in the declination range [-90◦ , +48◦ ];
2. a candidate-list search looking for events in the directions of a predefined list of 50
candidate sources of interest which are known gamma-ray emitters and potential sites
for hadronic acceleration.
In both searches no significant excess over the background has been found and upper limits
have been derived (Fig. 2).

Figure 2: 90% C.L. flux upper limits and sensitivities for a point-source with an Eν−2 spectrum as a function
of the declination, for six years of ANTARES data. IceCube results are also shown for comparison [6]. The
dashed dark blue (red) line indicates the ANTARES (IceCube) sensitivity for neutrino energies lower than
100 TeV, showing that the IceCube sensitivity for sources in the Southern Hemisphere is mostly due to
events of higher energy (taken from [5]).

Until now the point-like sources search has been restricted to the Southern Hemisphere:
only up-going events have been studied in order to reject the atmospheric muons background
from cosmic-ray-induced showers. The development of a strategy for the identification
3

Figure 3: Distribution of Λ, zenith angle and energy for Montecarlo-generated down-going events in
ANTARES, comparing expected signal and atmospheric background.

of down-going neutrino events is going on. The goal is to extend the field of view of
ANTARES and increase the energy threshold of the search. In such analysis three important
variables have to be considered: the energy of the event, its coming direction and the track
reconstruction quality (Λ). The best signal/background separation can be obtained by
looking for high energy, mostly horizontal (zenith ∼ 90◦ ) and well reconstructed events
(Fig. 3).

5

Summary

The ANTARES neutrino telescope is in its 8th year of operation. Thanks to its location
and to the excellent angular resolution it is yielding diffuse neutrino flux sensitivity in the
relevant energy range and the best limits in the world for many (galactic) sources in the
Southern Hemisphere, especially for Eν < 100 TeV. Beyond Astrophysics, searches for dark
matter and exotic particles are also performed. More competitive results are expected in
the future as ANTARES will continue taking data at least until the end of 2016, when it
will give way to the next-generation KM3NeT detector.
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Introduction

One of the primary goals for SNO+ is to search for neutrinoless double beta decay (0ν2β) in
A goal motivated by the fact that the process requires physics beyond the Standard
Model, in the form of a Majorana mass term for the neutrino. To this end, the SNOLABbased experiment, will see the 12 m diameter SNO acrylic vessel (AV) filled with nearly one
kilotonne of the liquid scintillator Linear Alkyl Benzene (LAB). This will then be loaded
with 130 Te. At a depth of two kilometers (6000 mwe), and given its status as a class 2000
clean room, SNOLAB provides a favourable environment for a low-background experiment.
Recent interest in Majoron-emitting modes of 0ν2β ([1] and [2]), has prompted an
investigation into SNO+ sensitivity to these models. We briefly review the theory of these
in Section 2. The detailed work in modelling the expected backgrounds is summarised in
Sections 3 and 4, followed by details of SNO+ sensitivity studies in Section 5.
130 Te.

2

Theory

It is generally expected that the decay be propagated by the exchange of a light Majorana
neutrino, however it has been shown [3] that any valid mechanism for the decay, results is
a non-zero Majorana mass term for the neutrino. One class of models that could represent
this mechanism, involve the emission of one or two additional scalar particles—know as
Majorons. For such models, the true visible energy spectrum becomes a continuum, as
opposed to the delta function expected for the standard mechanism. The visible energy
spectrum is given by [4]:
dΓ
= C(Q − ε1 − ε2 )n [p1 ε1 F (ε1 )] [p2 ε2 F (ε2 )]
dε1 dε2

(1)

where ε1 , ε2 are the energies of the two emitted electrons and p1 , p2 are there respective
three-momenta. The spectrum is also parametrised by the Q-value (Q), F —Fermi functions
for the two electrons—and an independent constant C. Different models for Majoronemitting decays are largely characterised by their spectral index n.
1

3

Backgrounds in SNO+

The sources of backgrounds are shown in Fig. 1 and described below [5].
8 B and 130 Te 2ν2β. Solar 8 B and 130 Te 2ν2β are irreducible.
Internal 238 U and 232 Th chains. Both backgrounds are naturally occurring isotopes
inside the scintillator and reduced by careful purification process. Unless the detector is
heavily contaminated these backgrounds can be managed in the analysis.
External gammas. External gammas are coming from radioactive decays that took
place outside the scintillator region, such as the PMTs, PMT support structure, ropes,
water shielding and the acrylic itself. Emitted alphas and majority of betas are attenuated
and don’t reach the scintillator. High energy gammas on the other hand can penetrate
inside the LAB. External background can be reduced by applying a fiducial volume cut and
a cut based on likelihood method.
Cosmogenic backgrounds. Cosmic rays can activate the scintillator cocktail, while
its components have been above ground. Luckily these background can be reduced during
purification and while cooling down underground. At the depth of the SNO+ detector the
cosmic rays are suppressed to an insignificant level.
(α, n)γ backgrounds. α particles, that were created in the scintillator, then can be
captured by 13 C/18 O resulting in production of either neutrons or gammas from the excited
states. The neutrons are then captured, resulting in delayed 2.2 MeV gamma emission.
Pileup Backgrounds A pileup event is a combination of multiple events, happening
within the same time window of 450 ns. See Section 4 for details.

4

Pileup backgrounds in SNO+

The end point energy of a pileup event might be higher than the end point energy of the
isotopes that form it. This means that there might be additional backgrounds in the region
of interest (ROI) of 0ν2β. The rate of a pileup event between isotopes A and B can be
described using Poisson statistics:
NP U = NA NB e−NB

(2)

Where NP U is the number of the pileup events, NA and NB are the number of events of
the isotopes A and B respectively. From the Eq. 2 it can be noticed that the higher the
rates of the decays, the more likely they will pileup. To be able to identify and reject the
pileup events in the ROI we developed a series of algorithms and cuts, based on the raw
timing spectra. In order to demonstrate the efficiency of these techniques we have chosen
the pileup between 130 Te 2ν2β and 210 Bi, which is shown in Fig. 2. The pileup backgrounds
can be entirely cut in the ROI of 0ν2β.

5

Sensitivity studies

To calculate an upper-bound on the number of signal events, the number of observed events
is set equal to the expected combined rate for all backgrounds described in Section 3
2

[5]. Using a counting-experiment model, the bound can be interpreted using appropriate frequentist or Bayesian definitions of the 90% confidence level. Before calculating the
sensitivity, a 3.5 m radius fiducial volume cut is applied. Other cuts based on tagging
coincidences in the 238 U and 232 Th chains are applied. Assuming a five year live time
double beta phase of data taking, where the scintillator cocktail consists of 0.3% nat Te by
0νββ
mass, yields a projected sensitivity of T1/2
= 9.4 × 1025 yr at 90% CL. In producing this
limitpthe energy spectra are convolved with a Gaussian detector response function, with
σ = E[M eV ]/200[N hit/M eV ].
The Majoron-emitting modes described in Section 2, provide an alternative avenue for
probing 0ν2β, in addition to the above search. Examples of the visible energy spectra
for Majoron-emitting models are plotted in Fig. 5, categorised by spectral index. The
continuous nature of the spectra means that sensitivity to signals of this nature need not be
constrained to the ROI used for the standard 0ν2β search. An in-depth study is currently
underway for SNO+ sensitivity, but since 2ν2β remains the dominant background for these
modes, it is expected that estimated SNO+ sensitivities will be competitive.

6

Summary

Since the pileup rejection techniques have proven to be effective in ROI of 0ν2β, we are
planning to develop them for the low energy region for Majoron studies. We also plan to
produce a detailed sensitivity study for the Majoron-emitting modes introduced here.
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Figure 1: Pie chart summarising the expected backgrounds in the ROI of 0ν2β.
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Figure 3: Simulated visible energy spectra for Majoron-emitting modes (n = 1, 2, 3, 7), all
normalised to 1000 events. The 2ν2β background contribution (also scaled to 1000 events)
and a standard 0ν2β signal (scaled to 25% 2ν2β) are also included for reference.
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T2K and electron neutrinos

T2K (Tokai to Kamioka) is a long baseline neutrino oscillation experiment optimised to measure θ13 through electron neutrino appearance in a muon neutrino beam. This is achieved
by coinciding the beam peak energy, ∼ 0.6 GeV, with the first νe appearance probability
maximum. The far detector, Super-Kamiokande (SK), is a Cherenkov light detector situated 295km ‘downstream’ of the accelerator. T2K adopts an off-axis setup to narrow and
increase the flux energy spectrum peak, with SK at an angle 2.5◦ with respect to the beam.
Positioned 280m from the neutrino production target, along the same axis as SK, is the
near detector, ND280, which characterises the beam pre-(standard 3 neutrino) oscillation.
For νµ → νe oscillation searches, the signal at SK is electron neutrinos. The biggest
background comes from the intrinsic νe component of the beam itself, due largely to the
decay of muons in the decay tunnel [1]. The precision with which the contamination is
modelled, and our poor understanding of νe cross-sections, therefore limit the uncertainty.
Here we focus on the νe Tracker Analysis which identifies Charged Current (CC) electron
neutrino events at ND280. This selection of νe interactions may be used to check the Monte
Carlo (MC) predicted beam contamination and to perform cross-section measurements.

2

ND280

Made up of multiple sub-detectors grouped inside a magnet, ND280 is designed to constrain
SK flux and cross-section model parameters; this significantly reduces the systematic error
on T2K oscillation results when combined with the SK measurements. ND280 is depicted
in Figure 1, where ‘downstream’ (‘upstream’) is defined as the +z (-z) direction. The target
mass is provided by two Fine Grained Detectors (FGDs), namely FGD1 comprised of carbon
scintillator layers, and FGD2 with alternating water and carbon layers. These have good
vertex reconstruction and their size is optimised such that a large fraction of particles have
enough energy to travel through one of Time Projection Chambers (TPCs) and possibly the
Electromagnetic Calorimeters (ECals). TPC information is used to calculate the momentum
1

and charge of tracks that travel in the magnetic field, furthermore the energy deposited as
a function of distance gives excellent particle identification (PID) capabilities. If a track
enters an ECal then the distribution of charge may be used to perform further PID where
track-like (muon) and shower-like (electron) objects are distinguished. FGDs/TPCs are
numbered in the downstream direction. These three detectors form the ‘tracker’; upstream
of these ND280 contains a π 0 detector (P∅D) with separate ECals.

Figure 2: ND280 displays of MC
νe CC0π interactions. Top: e− reconstructed. Bottom: e− and p+ .

Figure 1: Schematic of ND280

3

νe Tracker Analysis

The presence and flavour of CC neutrino interactions is determined by detecting the resulting lepton. The νe tracker analysis aims to identify electrons from CC νe events; these
must be separated from a background of other particles, mainly muons from νµ interactions.
Identifying an electron is necessary, but it is not sufficient; there are many other interactions that can produce an electron and we must impose further conditions to reject these
events. The most common is photon conversions via pair production, which we refer to as
γ background. These photons convert inside the FGD, but they may result from neutrino
interactions that originate inside or outside of the FGD.

3.1

The selection process

Event Quality - Perform data quality and timing compatibility checks.
Track selection - Select the highest momentum negative track that originates in FGD1
(FGD2) and enters TPC2 (TPC3). Require the momentum to be greater than 200MeV/c.
TPC track Quality - The track must have a large enough TPC segment. This is to
maintain good TPC PID capabilities.
PID - Impose PID criteria on the selected track. Cuts are made on TPC and ECal PID
2

variables to accept electron-like tracks, and reject muon-, pion- and proton-like tracks.
Reject pair production events - Look to reject γ background by cutting on the invariant
mass and distance between the selected track and any secondary track that is positive with
an electron-like TPC track.
Upstream Vetoes - Check for upstream activity in the P∅D and ECals, and for upstream
TPCs tracks; these indicate that the identified vertex may not be the neutrino vertex.
At this stage the selection is split into two samples. These are defined according to their
topology, i.e. the particles that exit the nucleus.
• νe CC0π - No pions exit the nucleus.
• νe CCother - All νe CC events that are not νe CC0π
CC0π, No Michel electrons There are no Michel electron candidates.
CC0π, 1 FGD/TPC track - No ‘extra’ tracks originating in the FGD. The definition of
an ’extra’ track is explained in the following section.
CC0π, ECal Activity - For FGD2 events, require no ECal objects except those associated
with the selected track.
CCother, CCnonQE - Require a Michel electron, or at least one ‘extra’ track starting
near the selected track.

4

Recent improvements

Several features, such as the counting of Michel electrons and FGD-only tracks, that were
only implemented in FGD1 are now included in both since the determination of systematics.
This increases the CC0π purity and CCother efficiency as expected. The definition of ‘extra’
tracks mentioned in the selection cuts changed. Previously, an extra track was any that
starts in the same FGD as the selected track. This was designed to detect events where an
electron is ejected from the nucleus and reconstructed in the FGD and TPC, as depicted
in the top reconstructed event display of Figure 2. However, due to final state interactions
(FSI), a proton may be ejected and reach the TPC; in this case, if the proton is reconstructed
it should not cause the event to fail the selection. Therefore, an ‘extra’ track in the TPC is
defined as one that is not proton-like according to the TPC PID. This significantly increases
the νe CC0π efficiency, while the purity undergoes no significant change.

5

Final selections

The combined FGD1 and FGD2 selections for the νe CC0π (left) and νe CCother (right)
samples are shown in Figure 3. The µ background refers to events where the selected track
is a muon, and γ background indicates a pair production interaction in the FGD. The purity
of the CC0π and CCother samples are 49 % and 45 % respectively, with an efficiency each
of 36.6 % and 29.7 %. Please note that these results are preliminary and do not yet include
data taken 2014-2015.
3

Figure 3: Priliminary final selections for the νe CC0π (left) and νe CCother (right) samples
in (FGD1 + FGD2) as a function of the exiting electron momentum

6

Cross section plans

Previously, T2K measured the νe CC inclusive (CC0π + CCother) cross-section on FGD1
(carbon) [2]. With increased data statistics (still accumulating at the time of writing)
from recent data taking periods, the succeeding measurement is to be performed on the
CC0π sub-sample, which is of course more favourable for kinematic reconstruction. The
differential cross-section will be calculated as a function of electron momentum, angle and
Q2 . The biggest backgrounds are νe CCother and γ events. One possibility is to use the
cut that rejects γ events, which gives a very high purity sample (> 95 %) with reasonable
statistics, to constrain the MC prediction; in this case the νe CCother could be modified to
contain less signal in order to form a sideband for this background.

7

Summary

The νe tracker analysis at ND280 detects νe CC interaction and splits into CC0π and
CCother topology based sub-samples, each with a purity approaching 50 %. Additional
data will be added to the samples and νe CC0π differential cross-section measurements on
FGD1 (carbon) in electron variables is to be performed.
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Introduction

TITUS (Tokai Intermediate Tank with Unoscillated Spectrum) is a proposal for an intermediate detector as part of the Hyper-Kamiokande (HK) experiment [1]. It will be located
approximately 2 km from the J-PARC neutrino beam. TITUS is a cylindrical Cherenkov
detector, filled with about 2 ktonne of gadolinium (Gd) doped water, aligned with 2.5◦
off-axis with respect to the neutrino beam. A magnetised iron muon detector is located
at the downstream part of the tank to measure muons ranging out of the detector. The
Cherenkov effect allows detection and identification of electrons and muons produced in neutrino Charged Current (CC) interactions, and Gd allows the detection of possible outgoing
neutrons. The primary goal of TITUS is to constrain the neutrino flux from the J-PARC
beam that directly affects the sensitivity to CP violation at the far detector. The selection
of the neutrino flux at the near detector is improved with respect to water Cherenkovonly tanks thanks to the Gd, that allows the capture of the final state neutrons from the
neutrino-nucleon interaction and allows neutrinos and antineutrinos to be distinguished. A
precise measurement of neutrino cross sections in water further helps the selection. TITUS
can also be used for other physics purposes including detection of supernovae neutrinos,
sterile neutrino studies and understanding the background for proton decay searches.

2

Hyper-Kamiokande

Hyper-Kamiokande is a proposed next generation neutrino oscillation experiment using a
1 megatonne water Cherenkov detector. It aims to study CP violation in the lepton sector
by comparing the oscillation probabilities for neutrinos and antineutrinos [2]. To achieve
this, the systematic uncertainties need to be greatly reduced from the current neutrino
oscillation experiment at T2K. HK will also measure other neutrino oscillation parameters;
it is expected to probe the proton life-time at an order of magnitude beyond the current
limit [1, 2], and it will be able to study astrophysical neutrinos.

1

3

TITUS

Φ ND RND / Φ HK R2HK

2
Φ ND RND / Φ HK RHK

To achieve the required reduction of the systematics uncertainties, precise measurements
are required of both the unoscillated neutrino flux and the neutrino cross section. This can
be achieved using TITUS, an intermediate detector between the J-PARC beam source and
HK. By using the same target (water) and flux as HK, it is possible to cancel many of the
differences between the near and far detectors. A smart selection using Gd helps to reduce
the background. Figure 1 shows the ratio of the flux for different baselines for TITUS and
the flux at HK. The flux at ' 2 km is very similar to that at HK.
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Figure 1: Unoscillated flux ratios (Nominal HK / Near Detector) at baselines of 1000m,
1828m, and 2036m, for νµ with neutrino enhanced beam (left) and ν µ with antineutrino
enhanced beam (right).

3.1

Gadolinium doping

Doping the water with 0.1% of Gd allows the detection of neutrons produced in neutrino
interactions; this is realised because the neutron capture on Gd has a very high cross-section
and produces a cascade of photons with total energy of about 8 MeV producing 4-5 MeV of
visible energy that can be detected [3]. For an oscillation analysis this can provide a very
pure sample of CCQE interaction events both when a neutrino is interacting (producing
no neutrons) or an anti-neutrino (producing 1 neutron). The effect on the spectrum of the
selection can be seen in Figure 2. R&D is ongoing to monitor the feasibility and response
of the detector when the water is doped with Gd [4, 5].

3.2

Photosensors

Different types of photosensors are currently under investigation. Along with Photomultiplier Tubes (PMT), TITUS may include LAPPDs (Large Area Picosecond Photo Detectors),
the next generation photosensors with improved timing resolution of the order of few tens
of picoseconds and can reconstruct the hit position on the detector surface to within a few
centimetres [6]. Adding LAPPDs greatly improves the event reconstruction for low energy
events (neutron capture on Gd). These detectors are currently being developed.
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Figure 2: The composition of the one muon-like ring sample in TITUS during anti-neutrino
mode running. The effect of different neutron selections is shown.

3.3

Magnetised Muon Range Detector

Due to the size of TITUS, about 18% of the muons coming from beam neutrino interactions
escape the tank. These muons come from neutrinos in the higher end of the spectrum. It is
therefore important to quantify their energy after they ranged out of the detector to help in
understanding the high energy background. A Magnetised Muon Range Detector (MMRD)
with magnetic field of 1.5 T can provide energy and charge reconstruction. Figure 3 shows
the charge reconstruction efficiency dependent on neutrino energy. Combined with the
neutron tagging this could give very high purity samples as well as providing a method for
validating and calibrating the neutron tagging.

Figure 4: Scaling of the error on δCP ,
where a POT scale of one is after 10 years
of operation with a beam of 750 kW
and equal splitting between neutrino and
anti-neutrino mode beam. The study was
realised assuming sin2 (2θ13 ) = 0.095 and
δCP = 0.

Figure 3: MMRD charge reconstruction
efficiency for muons coming from the interaction of the neutrinos with the tank.

3

4

CP violation sensitivity

Due to the very high discrimination of TITUS described in the previous section, the sensitivity of HK to CP violation is increased. The addition to the CP violation fit at HK of
the intermediate detector sample, and in particular with the neutron-tagged sample, where
detector systematics including neutrino cross-section and nucleon final state interaction uncertainties have been included, leads to a significantly decreased time to discovery by a
reduction in the total systematic error at the far detector, as seen in Figure 4.

5

Summary

The addition of TITUS, a 2 ktonne Gd-doped water Cherenkov detector with magnetised
muon range detector, located approximately at 2 km from J-PARC, to the HK project will
allow precise measurements of the unoscillated spectrum of the J-PARC neutrino beam.
The 0.1% doping of Gd allows for a detectable signal from neutron capture, and thus the
discrimination of neutrino and antineutrino interactions as well as inputs into neutrino
cross-section measurements. The downstream MMRD provides a second method for neutrino/antineutrino discrimination through charge reconstruction of muons exiting the tank
and also provides energy reconstruction for these muons. These features allow TITUS
to significantly reduce systematic errors in CP violation measurements at HK, providing
increased sensitivity and reduced time to discovery.
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1

Introduction

The results from a number of short baseline (SBL) neutrino experiments [1, 2] and the
reanalysis of previous reactor experiments with updated antineutrino fluxes [3] suggest some
incompatibility with the standard three-neutrino model (the gallium and reactor anomalies).
A possible solution is the existence of sterile neutrinos [4]: right-handed particles that do
not interact via the weak interaction. Their existence can be studied through their mixing
with the three active Standard Model neutrinos. The 3+1 model assumes there is only one
sterile neutrino whose mixing is described by a unitary 4 × 4 matrix. If the mass squared
difference ∆m241 is much larger than the other mass differences (O 1 eV2 ) the mixing can
lead to SBL oscillations. The survival probability is given by


1.27∆m2 41 Lν [GeV]
2
P (να → να ) = 1 − sin 2θαα
E
[eV]2 [km]
where Lν and E are the flight path and energy of the neutrino respectively.
The existence of sterile neutrinos can be probed with the T2K Experiment [5]: a long
baseline neutrino oscillation experiment in Japan. Protons impinge on a graphite target,
producing a beam of 90% νµ , 8.8% νµ , 1.1% νe and 0.1% νe . Neutrinos are detected at a
near detector complex 280 m from the target, and at the Super-Kamiokande far detector
295 km from the target. The near detector complex consists of two detectors, one situated
on-axis (INGRID) and one situated 2.5◦ off-axis (ND280). At ND280 the νµ component of
the beam is peaked at 600 MeV/c and the dominant interaction is charged current (CC)
quasi-elastic (QE) scattering (νl n → l− p). At higher energies pions are produced in CC
resonant single pion production (CCRES), coherent pion production (CCCoh) and multi
pion production due to deep inelastic scattering (CCDIS).
Here we present a search for νe disappearance using ND280. The data analysed corresponds to an exposure of 5.9 × 1020 protons on target (POT). We also present an introduction to a new analysis looking for νµ disappearance with ND280, which promises to have
interesting results in 2015.
1

2

Search for short baseline oscillations using ND280

To search for SBL oscillations, binned templates are built using the Monte Carlo (MC)
reconstructed energy distribution assuming CCQE interactions. The templates can be
weighted event-by-event with the oscillation probability to determine the dependence on
the oscillation parameters of a given model. The oscillation probability affects the signal
events based on the true energy and flight path of the neutrino. These templates are then
compared to data in a binned likelihood ratio fit with systematic errors included as nuisance
parameters with gaussian constraints, similar to other T2K analyses [6].

2.1

Search for short baseline νe disappearance
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At ND280 the 3+1 model is investigated with Uµ4 = 0 in order to investigate the gallium
and reactor anomalies. A sample of νe events is selected with a purity (efficiency) of 63%
(26%) [7]. The largest background comes from CCDIS or neutral current interactions where
a π 0 is produced (νµ N → π 0 X). A control sample is used to measure this background,
predominantly consisting of photon conversions from νµ N → π 0 X in neutral current and
CCDIS interactions, with a purity (efficiency) of 92% (12%).
A measurement of νµ CC interactions at ND280 is used to reduce the flux and the
correlated cross-section uncertainties, as described in [6]. The sample of νµ CC interactions
is subdivided into events without charged pions (CC0π), events with one positive pion
(CCπ + ) and other interactions that produce pions (CCOth). This provides sensitivity to
the rate of νµ CCQE, CCRES and CCDIS interactions.
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Figure 1: Reconstructed energy distributions of the νe (left) and control (right) samples
broken down by νe interactions (signal), backgrounds inside and outside the fiducial volume
due to νµ N → π 0 X (In-FV and OOFV respectively), and all other sources of background
(νµ other). The ratio of data to MC in the null oscillation hypothesis is shown. The red
error band corresponds to the fractional systematic uncertainty. Black dots represent the
data with statistical uncertainty.
The results from this analysis are based on data taken from January 2010-May 2013
(corresponding to 5.9 × 1020 POT). Figure 1 shows the reconstructed energy distributions
2

Δ m2eff (eV2/c4)

of the νe signal and control samples. From the likelihood fit to data the best fit oscillation
parameters are sin2 2θee = 1 and ∆m2 eff = 2.05 eV2 /c4 [8]. The 2D confidence intervals
in the sin2 2θee -∆m2 eff parameter space can be seen in Figure 2. The p-value of the null
hypothesis is 0.085.
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Figure 2: The T2K exclusion region for νe disappearance at 95% CL compared with other
experimental results: allowed regions of gallium and reactor anomalies and excluded regions
by νe - carbon interaction data and solar neutrino data [9]. The T2K best fit is marked by
a green star, and those of other experiments by filled circles of the same colour as the
corresponding limits.

2.2

Search for short baseline νµ disappearance

The signal sample for this analysis is the same as the νµ CC sample described in Section 2.1,
binned in terms of the reconstructed neutrino energy assuming CCQE interactions and input
into the likelihood fit described above.
Figure 3 shows the expected sensitivity for a 3+1 analysis, at 90% CL, when flux and
cross-section systematics are evaluated, compared to other experimental results. These
preliminary results are promising. Once the detector systematics and final state interaction
systematics have been included the data will be analysed.

3

Summary

A search for νe disappearance caused by SBL oscillations has been performed with the
T2K off-axis near detector. The exclusion region at 95% CL is approximately given by
sin2 2θee > 0.3 and ∆m2 eff > 7 eV2 /c4 . The p-value of the null oscillation hypothesis is
0.085. These results exclude parts of the gallium anomaly and a small part of the rector
anomaly allowed regions. The analysis is limited by statistical uncertainties and therefore
further data from T2K will help to improve the analysis.
Searches for νµ disappearance due to SBL oscillations are being constructed. A full MC
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Figure 3: The expected sensitivity for νµ disappearance, at 90% CL, based on 3 × 1020
POT of MC scaled to 6 ×Stefania
1020Bordoni
POT
with flux and cross-section systematics included. The
(IFAE)
red and the yellow lines show the 90% CL when the CC0π, CCπ + and CCOth samples are
combined into a single CC inclusive sample. The dashed purple line shows the 90% CL
when the three samples are kept separate. The shaded region indicates the 90% CL limits
from the CCFR [10] and CDHS [11] experiments. The black line represents the 90% CL
limits from MiniBooNE/SciBooNE measurements [12].

sensitivity study with systematic uncertainties is almost complete for the 3+1 model and
promises to have interesting results in 2015.
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