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Dear Colleague,

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

London, UK.

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

 

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

http://nuphys2013.iopconfs.org 

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

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

researchers is particularly encouraged.

Best wishes,

                                   Shaped by the past, creating the future

mass



1. Present status of neutrino parameters

2. LBL oscillation experiments physics goals:
 - Mass ordering
 - Leptonic CP-violation
 - Precision measurement of parameters
 - Testing the 3-neutrino scenario

3. ELBNF28 physics reach

4. Synergies and complementarities with 
other experiments

4. Conclusions
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NuFIT 2.0 (2014)
Summary of current neutrino parameters

M. C. Gonzalez-
Garcia et al., 
NuFit, 
1409.5439

Normal Ordering (��2 = 0.97)

bfp ±1⇥ 3⇥ range

sin2 ⇤12 0.304+0.013
�0.012 0.270 � 0.344

⇤12/
⇥ 33.48+0.78

�0.75 31.29 � 35.91

sin2 ⇤23 0.452+0.052
�0.028 0.382 � 0.643

⇤23/
⇥ 42.3+3.0

�1.6 38.2 � 53.3

sin2 ⇤13 0.0218+0.0010
�0.0010 0.0186 � 0.0250

⇤13/
⇥ 8.50+0.20

�0.21 7.85 � 9.10

⌅CP/
⇥ 306+39

�70 0 � 360

�m2
21

10�5 eV2 7.50+0.19
�0.17 7.02 � 8.09

�m2
3�

10�3 eV2 +2.457+0.047
�0.047 +2.317 � +2.607

http://www.invisibles.eu
http://www.invisibles.eu
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Hints for CP violation?Comparing T2K results with reactors

T2K sin22θ13 result computed 
assuming sin2θ23=0.5, δCP=0, 
and normal hierarchy (top), and 
inverted hierarchy (bottom) 
!
Consistent at 90% CL (1.6σ) 
!
…but excess by T2K nudges all 
remaining unknowns in direction 
to increase rates 
- normal hierarchy 
- θ23>45o 
- δCP=-π/2 (aka 3π/2)

3 sigma Daya Bay data

There is a slight preference 
for CP-violation, which is 
m a i n l y d u e t o t h e 
combination of T2K and 
reactor neutrino data.

T2K Coll. PRL 112, 061802 (2014)
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Figure 1: Global 3⌫ oscillation analysis. Each panels shows two-dimensional projection of the
allowed six-dimensional region after marginalization with respect to the undisplayed parameters.
The di↵erent contours correspond to the two-dimensional allowed regions at 1�, 90%, 2�, 99%
and 3� CL (2 dof). Results for di↵erent assumptions concerning the analysis of data from reactor
experiments are shown: full regions correspond to analysis with the normalization of reactor fluxes
left free and data from short-baseline (less than 100 m) reactor experiments are included. For
void regions short-baseline reactor data are not included but reactor fluxes as predicted in [42] are
assumed. Note that as atmospheric mass-squared splitting we use �m2

31

for NO and �m2

32

for IO.
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M. C. Gonzalez-Garcia et al., NuFit, 1409.5439



�m2
s � �m2

A implies at least 3 massive neutrinos. 

m1 = mmin m3 = mmin

m2 =
�

m2
min + �m2

sol m1 =
�

m2
min+�m2

A��m2
sol

m3 =
�

m2
min + �m2

A m2 =
�

m2
min + �m2

A

Measuring the masses requires: 
● the mass scale:
● the mass ordering. 

Measuring the masses requires: 
● the mass scale:
● the mass ordering. 

Measuring the masses requires: 
● the mass scale:
● the mass ordering. 

Measuring the masses requires: 
● the mass scale:
● the mass ordering. 
The mixing matrix has 3 angles and 1(3) CPV phases.

mmin
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@Silvia Pascoli

1. What is the nature of neutrinos? 

2. What are the values of the masses? Absolute 
scale (KATRIN, ...?) and the mass ordering (MO).

3. Is there CP-violation? Its discovery in the next 
generation of LBL depends on the value of delta.

4. What are the precise values of mixing 
angles? Do they suggest an underlying pattern?

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

•

•

•

•

•

Open Phenomenology questions

6
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How can we search for the mass 
ordering and leptonic CP-
violation in long baseline 

neutrino oscillation experiments?



● When neutrinos travel through a medium, they 
interact with the background of e, p and n.

● The background is CP and CPT violating, e.g. the Earth 
contains only particle and not antiparticles, and the 
resulting oscillations are CP and CPT violating.

9

Long-baseline neutrino oscillations and 
the ordering

Credit: 
Symmetry 
magazine
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● Neutrinos undergo forward elastic scattering via CC 
and NC interactions. 

● Matter effects are described by a potential V in the 
effective Hamiltonian which determines the time 
evolution.
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⌫µ, ⌫µ
⌫e, ⌫e
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( )
Effective Hamiltonian in the flavour basis

⌫e, ⌫µ



tan 2✓ ⇠

tan 2✓M ⇠ ⌧ tan 2✓

⇠ 1
12

( )

+( )

-( )

vacuum

matter suppression (Sun, SN)

tan 2✓M ⇠

MSW resonance (Sun, SN)

Effective Hamiltonian Mixing angle

2

2

2



tan 2✓M ⇠

+
p
2GFNe

�m2 > 0

⌫��m2

2E
cos(2✓)

13

+
( )

+
( )

suppression

tan 2✓M ⇠

enhancement

In long baseline experiments

�
p
2GFNe

�m2 > 0

For neutrinos

For antineutrinos

⌫̄

- +

- -

2

2



Matter effects modify the oscillation probability in LBL 
experiments.

The impact of matter effects is stronger at 
higher energies and at longer baselines.

●●●
14

The probability enhancement happens for 

        

        - neutrinos if 
        - antineutrinos if 

�m2 > 0
�m2 < 0

P�µ��e = sin2 �23 sin2 2�m
13 sin2 �m

13L

2
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The 3 neutrino probability can be approximated as

A. Cervera et al., hep-ph/0002108;
K. Asano, H. Minakata, 1103.4387;
S. K. Agarwalla et al., 1302.6773...

●●●
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CP-violation will manifest itself in neutrino oscillations, 
due to the delta phase. The CP-asymmetry:

● CP-violation requires all angles to be nonzero.

● It is proportional to the sine of the delta phase.

● Effective 2-neutrino probabilities are CP-symmetric. 
CPV needs to be searched for in LBL experiments which 
have access to 3-neutrino oscillations.

P (⌫µ ! ⌫e; t)� P (⌫̄µ ! ⌫̄e; t) =

16

CP-violation in LBL experiments
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● The CP asymmetry peaks for 
sin^2 2 theta13 ~0.001. Large 
theta13 makes its searches 
possible but not ideal.

● Degeneracies with the mass 
hierarchy and theta23.

● CPV effects are more 
pronounced at low energy. P. Coloma, E. Fernandez-Martinez, JHEP120417

A. Cervera et al., hep-ph/0002108;
K. Asano, H. Minakata, 1103.4387;
S. K. Agarwalla et al., 1302.6773...
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FIG. 1: Terms of the oscillation probability in vacuum as a function of L/E for θ13 = 1◦ (left)

and θ13 = 10◦ (right). Notice the different scales in the Y-axis between the two panels. The

terms driven by the “atmospheric” (green) and “solar” (red) oscillation frequencies as well as the

CP-violating interference (without the cos(±δ − ∆31 L
2 ) term) between the two (blue) are shown.

P±
eµ ≡ P (( )νe →

( )νµ) = s223 sin2 2θ13 sin2

(

∆31 L

2
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+ c223 sin2 2θ12 sin2

(

∆21 L
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±δ −
∆31 L

2

)
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(

∆21 L

2

)
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(

∆31 L

2
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, (1)

where the upper/lower sign in the formula refers to neutrinos/antineutrinos, J̃ ≡

c13 sin 2θ12 sin 2θ23 sin 2θ13 and ∆ij ≡
∆m2

ij

2Eν
. We will refer to the three terms in Eq. (1)

as “atmospheric”, “solar” and “CP interference” terms, respectively.

In Fig. 1 the three terms in Eq. (1) are depicted as a function of L/E. The left panel shows

the case of θ13 = 1◦, while the right panel corresponds to θ13 = 10◦ (close to the best fit of

T2K). For the CP-violating interference term only the coefficient in front of cos
(

±δ − ∆31 L
2

)

has been shown. As can be seen, for θ13 = 1◦ the choice of the first oscillation peak is

indeed very favorable for the exploration of CP violation, since the coefficient multiplying

the CP-violating term is larger than either the solar or the atmospheric CP-conserving

terms. On the other hand, for θ13 = 10◦ the first oscillation peak is dominated by the

atmospheric term whereas the CP interference term is only a subleading component of the

3
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The precision measurement of the oscillation parameters 
will become very important in the future. 
● The values of the mixing angles seem to indicate an 
underlying symmetry:                        not too far from 0.
● Predictions for the CPV phase delta and relations 
among parameters in flavour models (e.g. sum rules).
Crucial information in order to discriminate 
between different flavour models.

18

✓23 ⇠ 45o, ✓13

Tests of the standard 3-neutrino paradigm
● Sterile neutrinos (as suggested or not by current 
hints). Synergy with SBN. 
● New interactions: NSI, light mediators...
● Decoherence, Lorentz violation...
A deviation from the standard picture would 
have a groundbreaking impact.
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What we will now by early 2020s?

T2K, NOvA will have collected several years of data, 
INO is expected to be online as PINGU and JUNO 
(RENO50) will.

Extending the NOvA Physics Program
Mark Messier, for the NOvA Collaboration

Following the precise measurement of ✓13 by re-
actor experiments [1, 2, 3, 4] three main ques-
tions remain within the now standard picture
of neutrino oscillations: (1) Is the value of ✓23
such that the ⌫3 state contains more muon flavor,
more tau flavor, or equal amounts? (2) What
is the neutrino mass hierarchy? (3) Is CP vio-
lated in the neutrino sector? The NOvA experi-
ment [5] will address all three of these questions.
In each case the measurements are statistics lim-
ited motivating exploration of what could be ac-
complished with additional exposure.

Figure 1: NOvA’s reach to resolve the nature
of ⌫3 as a function of the experiment exposure.
For maximal mixing (sin2 ✓23 = 0.5) |h⌫3|⌫µi|2 =
|h⌫3|⌫⌧ i|2 with the muon content of ⌫3 exceeding
the ⌧ content for sin2 ✓23 > 0.5. NOvA can deter-
mine the relative sizes of |h⌫3|⌫µi|2 and |h⌫3|⌫⌧ i|2
at 95% C.L. for the values of sin2 ✓23 shaded in
red. The blue hatched region indicates current
world knowledge of the possible values of sin2 ✓23.

The baseline exposure for the NOvA exper-
iment assumes a 14 kt detector, 700 kW NuMI

NOvA Exposure / Baseline
0 1 2 3 4 5

 C
ov

er
ag

e
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rc
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t
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>2m
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Inverted Hierarchy

Figure 2: The percent of �CP values for which
NOvA can resolve the neutrino mass hierarchy
at 2 and 3� C.L.

beam power, and 6 years of running. Doubling
the NOvA exposure would require a relatively
modest investment, have low risks, and would
leverage the substantial investments made in the
NuMI beam, the Ash River laboratory site, and
the setup of the NOvA production factories. Con-
struction of the NOvA detector is underway; 1/4
of the detector is in place and is being filled with
scintillator. An increase in exposure of 2.1⇥ can
be realized by increasing the detector mass to
18 kt and extending the run to 10 years. This
run plan uses all of the available space in the
laboratory and recognizes the schedule realities
of next-generation projects. If construction of
the NOvA detector is continued without inter-
ruption, the cost of additional mass would be
$6M/kt. A conservative upper limit which as-
sumes that current construction ends and that
all the start-up costs must be paid again on fu-
ture construction raises this figure to $9M/kt.

Additional exposure could follow in a sec-
ond phase and is motivated by the LBNE re-
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FIG. 11: Comparison of the median sensitivities based on a full MC simulation to the results

based on the Gaussian approximation Eq. (3.10). The number of sigmas at which the normal

mass ordering can be rejected with a probability of 50% are shown as a function of the true

value of � in the inverted ordering for NO⌫A (left panel) and LBNE-10 kt (right panel). The

results obtained by a full MC simulation are shown by the solid thick lines. The results for the

Gaussian approximation are shown by the dot-dashed curves while the dashed curves correspond

to the “standard sensitivity”, i.e., n =
p
T0. The dotted horizontal lines show the sensitivity

corresponding to the “crossing point” defined in Sec. 2, which guarantees that � . ↵. The missing

points in the curve for the MC results for LBNE-10 kt require a number of simulations above 4⇥105

(per value of �) and are therefore not computed here. The green (yellow) band shows the range of

� with which a false null hypothesis will be rejected in 68.27% and 95.45% of the experiments.

rate for an error of the second kind, �, as a function of the true value of �, as discussed in
Sec. 2. We show this probability in Fig. 10 for the NO⌫A and the LBNE-10 kt experiments
in the left- and right-hand panels, respectively. To be explicit, we show the probability of
accepting normal ordering at 1�, 2�, 3� CL, i.e., ↵ = 32%, 4.55%, 0.27%, (regardless of the
value of � in the NO) although the true ordering is inverted. This probability depends on
the true value of � in the IO, which is shown on the horizontal axis. By doing a cut at
� = 0.5 on the left-hand panel (indicated by the dotted line), we can get an idea on the
median sensitivity that will be obtained for NO⌫A: for � = �90� it will be around 1�, while
for � = 90� it will reach almost the 3� level. This seems to be roughly consistent with the
expected standard sensitivities usually reported in the literature, see for instance Ref. [8].
Similarly, for LBNE-10 kt, we expect that the sensitivity for the median experiment will be
around 3� for � = �90�, while for other values of � we expect it to be much larger. This is
also in agreement with the results from Ref. [11], for instance.

Let us now investigate in detail how our median sensitivity compares to the “standard
sensitivities” widely used in the literature. In Fig. 11 the solid thick curves show the results
for the median sensitivity derived from full MC simulations. The shaded green and yellow
bands are analogous to those shown in Fig. 3, and show the range in the number of sigmas
with which we expect to be able to reject NO if IO is true in 68.27% and 95.45% of the
experiments, respectively. We also show how these results compare to the Gaussian approx-
imation discussed in section 3. The value of the �2 is computed without taking statistical

23
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Figure 1: Simulated neutrino energy spectra for ⌫µ charged current
interactions in detectors sited 0, 7, 14, and 21 mrad o↵ the NuMI
beam axis. NOvA sits at 14 mrad.

Figure 1 shows how the energy spectrum for ⌫µ charged
current (CC) events varies with detector position. The
suppressed high-energy tail at NOvA’s o↵-axis location
reduces neutral current backgrounds in the visible en-
ergy range of 1 to 3 GeV where the appearance of ⌫

e

CC events should occur.
The NuMI source is undergoing upgrades to increase

its average beam power from 350 kW to 700 kW. Much
of the increased power comes from a reduction in the
Main Injector cycle time, which will drop from 2.2 sec-
onds to 1.3 seconds. This cycle time reduction is in turn
made possible by reconfiguring the antiproton Recycler
as a proton injection ring, thereby allowing ramping in
the Main Injector to occur concurrently with the next
injection. The NuMI upgrades are scheduled to last 12
months, ending May 2013.

3. Detectors

The NOvA detectors are highly segmented, highly ac-
tive tracking calorimeters. The segmentation and the
overall mechanical structure of the detectors are pro-
vided by a lattice of PVC cells with cross sectional size
(6 cm)⇥(4 cm). Each cell extends the full width or
height of the detector – 15.6 m in the FD, 4.1 m in the
ND – and is filled with liquid scintillator. Light pro-
duced by the scintillator is collected and transported to
the end of the cell by a wavelength-shifting fiber that
terminates on a pixel of a 32-channel avalanche pho-
todiode. Figure 2 shows a sketch of the FD and ND
along with a cut-away view of the PVC lattice. Each

Figure 2: NOvA detectors, with a human figure shown for scale. The
FD di↵ers from the ND only in the length of its PVC cells and the
number of layers present. Each layer in the detectors is oriented or-
thogonally to adjacent ones to provide 3D event reconstruction. (In-

set) A cut-away view of the PVC cellular structure.

of the 928 layers of the FD has 384 cells, for ⇠360,000
total channels of readout. The ND has 206 layers each
with 96 cells plus a muon range stack at the downstream
end (not shown in the figure) made by interleaving steel
plates with standard detector layers.

Figure 3 shows three simulated events in the NOvA
ND. Muons are clearly identifiable as long, straight
tracks with appropriate energy deposition per unit path-
length ( dE

dx

). Proton tracks can be separated from other
hadron tracks by their dE

dx

profiles. The NOvA detector
technology is particularly well-suited for electromag-
netic shower identification, as the radiation length in the
detector (38 cm) is many times larger than the relevant
PVC cell dimensions. This level of granularity helps
⇡0 decays stand out, as the decay photons leave telltale
gaps in detector activity between the neutrino interac-
tion location and the photon conversion point, as in the
bottom panel of Figure 3.

Since November 2010, NOvA has operated a proto-
type detector, dubbed the Near Detector on the Surface
(NDOS), that has allowed full-scale detector assembly
and integration tests, electronics and data acquisition
development, calibration R&D, Monte Carlo simula-
tion tuning, and early analysis R&D. The NDOS sits
110 mrad o↵ the NuMI beam axis and approximately on
the Booster beam axis and is identical in size to the ND
except in its width, with 64 cells spanning it horizontally
rather than 96. With the NDOS, NOvA has recorded
hundreds of neutrino interactions from both the NuMI
and Booster sources and has collected millions of cos-
mic ray interactions. Figure 4 shows two distributions
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FIG. 12: The left (right) panel shows the median sensitivity in number of sigmas for rejecting the IO

(NO) if the NO (IO) is true for di↵erent facilities as a function of the date. The width of the bands

correspond to di↵erent true values of the CP phase � for NO⌫A and LBNE, di↵erent true values

of ✓23 between 40� and 50� for INO and PINGU, and energy resolution between 3%
p

1 MeV/E

and 3.5%
p

1 MeV/E for JUNO. For the long baseline experiments, the bands with solid (dashed)

contours correspond to a true value for ✓23 of 40� (50�). In all cases, octant degeneracies are fully

searched for.

plots in some detail.
In order to keep the number of MC simulations down to a feasible level, we use the

Gaussian approximation whenever it is reasonably justified. As we have shown in Sec. 4,
this is indeed the case for PINGU, INO, and JUNO. With respect to the LBL experiments,
even though we have seen that the agreement with the Gaussian case is actually quite good
(see Fig. 11), there are still some deviations, in particular in the case of NO⌫A. Consequently,
in this case we have decided to use the results from the full MC simulation whenever possible.
The results for the NO⌫A experiment are always obtained using MC simulations, while in the
case of LBNE-10 kt the results from a full MC are used whenever the number of simulations
does not have to exceed 4⇥105 (per value of �). As was mentioned in the caption of Fig. 11,
this means that, in order to reach sensitivities above ⇠ 4� (for the median experiment),
results from the full MC cannot be used. In these cases, we will compute our results using
the Gaussian approximation instead. As mentioned in App. A, the approximation is expected
to be quite accurate precisely for large values of T0. Finally, for LBNE-34 kt, all the results
have to be computed using the Gaussian approximation, since the median sensitivity for this
experiment reaches the 4� bound already for one year of exposure only, even for the most
unfavorable values of �.

For each experiment, we have determined the parameter that has the largest impact on
the results, and we draw a band according to it to show the range of sensitivities that should
be expected in each case. Therefore, we want to stress that the meaning of each band may
be di↵erent, depending on the particular experiment that is considered. In the case of long
baseline experiments (NO⌫A, LBNE-10 kt and LBNE-34 kt), the results mainly depend on
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See also  W. Winter’s talk at Neutrino 2014
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also Machado et al.; Huber et al.;
For first studies of synergy 
between T2K and NOvA, see 
Mena, Nunokawa, Parke, hep-ph/
0609011
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Figure 3: The percent of �CP values for which
NOvA can establish CP violation at 95% C.L.
or better.

configuration report [6] which found Ash River
to be the site with maximum CP reach assum-
ing that the mass hierarchy is resolved by the
experiments planned for this decade (eg. NOvA,
Pingu, Daya Bay II). A 5 kt liquid argon TPC at
the Ash River site, either in the NOvA labora-
tory or in a new facility which reuses the infras-
tructure supporting the NOvA laboratory, e↵ec-
tively increases the NOvA exposure by a factor
of 4 given the improved performance of liquid
argon detectors.

Figures 1-3 outline what is possible with ad-
ditional exposure. Figure 1 shows the extended
reach for resolving the nature of ⌫3 relative to the
current knowledge of sin2 ✓23 following Neutrino
2012. NOvA’s baseline measurement covers 64%
of the currently allowed 90% C.L. region at 95%
C.L. or better. With 2⇥ the exposure this in-
creases to 75% and 80% for 4⇥. Figure 2 shows
the improvement in mass hierarchy resolution.
With additional exposure, a significant amount
of coverage is obtained at > 3 � over the base-

line experiment. Finally, NOvA’s reach for CP
violation increases rapidly with exposure in Fig-
ure 3. NOvA’s baseline exposure enables a first
measurement of �CP but the precision will not be
enough to establish CP violation. CP violation
can be established with 95% C.L. for 20% of the
�CP space for 2⇥ the exposure, increasing to 45%
for 4⇥ the exposure.

In summary, a modest investment to extend
the NOvA exposure to 2⇥ its baseline through a
combination of detector mass and running time
would yield qualitative improvements in the ex-
periment’s hierarchy and CP violation reach. A
5 kt liquid argon TPC at the Ash River site
could extend the physics reach further in a sec-
ond phase. These extensions would leverage the
investments made in the NOvA factories, the
Ash River laboratory, and the NuMI beam.
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FIG. 16: CP violation discovery (upper row) and 90 %/95 % δCP precision (lower row) for NOνA (5+5)

+T2K (5+0) + ICAL (5 years) for θµµ = 39◦, sin2 2θ13 = 0.1 and true NH (left panel) or IH (right panel).
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FIG. 3: CP violation discovery (upper row) and 90% C.L. δCP precision (middle and lower rows) for T2K

(left panels) and T2K + NOνA (right panels) for θµµ = 39o, sin2 2θ13 = 0.1 and true NH.
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FIG. 3: CP violation discovery (upper row) and 90% C.L. δCP precision (middle and lower rows) for T2K

(left panels) and T2K + NOνA (right panels) for θµµ = 39o, sin2 2θ13 = 0.1 and true NH.

If delta is in the right region with the right hierarchy, a 
sensitivity >2 sigma could be achieved.  

T2K+NOvA
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ELBNF28

2021 Milestone: 10 kton LArTPC at SURF

Beam assumptions for oscillation physics sensitivities: 
4 years (neutrino+antineutrino, or neutrinos only), 
700 kW with 80 GeV protons (28 MW-kton-yrs).

Number of events

 26  

CC events for which, even in the sub-GeV energy region, not only the lepton 
produced in an interaction but also the hadronic products could be reconstructed. 
These capabilities would be fundamental to developing a detailed understanding of 
the reconstruction of νe CC events and of detector systematics in the GeV range. 

3.4.2  Accelerator Neutrino Physics  
The preliminary configuration ELBNF28 will have a significantly smaller number of 
events compared to the completed experiment, due to the reduced beam power, 
smaller detector and fewer years of running. In this phase most long-baseline 
measurements will be strongly statistically limited, as can be seen in Table 8. 
Nevertheless, it will be able to provide some information on the mass ordering and 
CP violation. It is particularly interesting to consider the case of maximal CP 
violation as hinted at in the combined analysis of current neutrino oscillation data. 
These data show a preference for close-to-maximal CP violation in the negative half: 
the current best fit values are δ	
  = –56° for Normal Ordering (NO) and δ	
  = –106° for 
Inverted Ordering (IO) and the CP conserving values δ	
  = 0, ±π	
  are excluded at more 
than 1σ	
   (except for δ	
   = π	
   which is excluded at slightly less than 1σ	
   for IO)[5]. 
Although these hints of CP violation are not yet statistically significant, it is 
interesting to consider the physics reach of ELBNF28 if they were to be confirmed, 
in addition to the general case of –π ≤	
  δ	
  <	
  π. 
 

TABLE 8: Expected number of νe appearance signal and background events in the 
energy range 0.5–10.0 GeV at the far detector after detector smearing and event 
selection. The signal events are shown for δ	
  =– π/2, 0, and π/2, for a 10-kt fiducial 
mass LAr TPC and an 80-GeV, 700-kW beam from FNAL to SURF with two years of 
running in neutrino and two years in antineutrino mode. Neutrino and antineutrino 
events are combined for both signal and background. Normal hierarchy is assumed. 

Run Mode Signal Events 
δ 

Background Events 

–π/2 0 π/2 νµ NC νµ CC νe Beam ντ CC 

Neutrino 117 94 71 8 9 20 6 

Antineutrino 18 23 25 4 5 12 4 

 

 Mass Ordering 
While at present no information on the mass ordering is available, in the next few 
years thanks to the 800 km baseline the NOvA experiment will have some 
sensitivity, which would be improved if combined with T2K results for δ	
   <	
  0 and 
Normal Ordering (δ	
   >	
   0 and Inverted Ordering). A 1300 km baseline will have 
significantly larger matter effects that help in mass hierarchy determination. Even 
for the limited exposure of 28 MW-kt-yrs (2 years each of neutrinos and 
antineutrino running), in the region of maximal CP violation and negative δ, 
ELBNF28 achieves a median sensitivity of around Δ𝜒ଶതതതതത  > 4, depending on the specific 

Strongly statistically limited!
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experimental configuration (see Figure 14). The addition of NOvA and T2K data 
improves the reach in this region of δ	
  slightly and gives a significant contribution for 
δ	
  ≥	
  0. 

 

 
FIGURE 14: Expected sensitivity of ELBNF28 to the determination of the neutrino 

mass ordering (left) and discovery of CP violation, i.e. δ	
   0,	
  π, (right), alone (red), and 

in combination with NOvA and T2K (blue). In the top panels, the ELBNF28 data is 

divided equally between neutrino and antineutrino mode while for the bottom panels 

data is in neutrino mode only for the same exposure. Expected sensitivity for a 

combination of NOvA and T2K without ELBNF28 is indicated by the gray line. The T2K 

sensitivity is based on 7.8 × 1021 protons-on-target (POT) in neutrino mode. The NOvA 

sensitivity is based on three years of running in neutrino and three years in 

antineutrino mode, where 6 × 1020 POT per year are expected. The systematic 

uncertainties quoted are the uncorrelated signal/background normalization 

uncertainties for the νe and ν̄e samples; each configuration also includes 5%-10% 

signal/background normalization uncertainty on the muon neutrino and antineutrino 

samples. The curves on each band represent a range of beam designs and levels of 

systematic uncertainty, ranging from the 120-GeV FNAL beam with 10%-15% 
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Thanks to the strong matter effects, a sensitivity to 
MO of 2-6 sigma could be achieved, depending on the 
delta phase. For the favoured region (to be 
confirmed), better than 3 sigma determination of MO.

LoI P-1062, submitted to PAC Jan 15

ELBNF28
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● This measurement is 
strongly limited by statistics.

● The addition of NOvA and 
T2K data makes a significant 
improvement in the reach.

● Running in neutrino and 
a n t i n e u t r i n o m o d e i s 
preferable.

● A 3 sigma CPV sensitivity 
could be within reach for 
maximal CPV.

LoI P-1062
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Predicted sensitivities should be read with some caution 
as they critically depend on:
- setup assumed: detector and its performance, beam...
- values of oscillation parameters and their errors;
- treatment of backgrounds and systematic errors.
Space for further optimizations.

LOI P-1062

 14  

discovery-level sensitivity to be reached with significantly lower exposure, making 
this optimization a crucial feature of the experiment design.  

   
FIGURE 6: Expected sensitivity of the experiment to determination of the neutrino 
mass hierarchy (left) and discovery of CP violation, i.e. δCP  0	
  or	
  π,	
  (right).	
  Sensitivities	
  
are shown for a 40-kt fiducial mass LAr TPC, with three years of running in neutrino 
and three years in antineutrino mode, for four example neutrino beams, 120-GeV and 
80-GeV beams with NuMI-style focusing (solid lines) and 120-GeV and 60-GeV perfect 
focus beams (dashed lines), details of which are described in the text. Sensitivities are 
for true normal hierarchy; neutrino mass hierarchy is assumed to be unknown in the 
CPV fits. 
 
 
 
 

 
 

   
FIGURE 7: Expected sensitivity of the experiment to determination of the neutrino 
mass hierarchy (left) and discovery of CP violation, i.e. δCP  0	
  or	
  π,	
  (right)	
  as	
  a	
  function	
  
of exposure in kt-MW-years, assuming equal running in neutrino and antineutrino 
mode, for neutrino beams ranging from the 120-GeV beam with NuMI-style focusing to 
the 60-GeV perfect focus beam, details of which are described in the text. The 
sensitivities quoted are the minimum sensitivity for 100% of δCP values in the case of 
mass hierarchy and 50% of δCP values in the case of CP violation. Sensitivities are for 
true normal hierarchy; neutrino mass hierarchy is assumed to be unknown in the CPV 

Effect of exposure
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FIGURE 3: Expected sensitivity of ELBNF to determination of the neutrino mass 
hierarchy (left) and discovery of CP violation, i.e. δCP  0	
   or	
   π,	
   (right)	
   for	
   a	
   40-kt 
fiducial mass LAr TPC and an 80-GeV, 1.07-MW beam from FNAL to SURF with three 
years of running in neutrino and three years in antineutrino mode. The Nu-Fit central 
value for 23 (solid line) is shown in comparison with other values of 23 The width of 
the	
  band	
  corresponds	
   to	
   the	
  3σ	
  range	
  allowed	
  by	
  Nu-Fit. Note that the sensitivity to 
MH increases for increasing values of 23 while the corresponding sensitivity to CP 
violation decreases. Sensitivities are for true normal hierarchy; neutrino mass 
hierarchy is assumed to be unknown in the CPV fits. 
 
 
 
 
 
 
TABLE 3: Expected number of νe appearance signal and background events in the 
energy range 0.5-10.0 GeV at the far detector after detector smearing and event 
selection. The signal events are shown for δCP = -π/2,	
  0,	
  and	
  π/2,	
   for	
  a	
  40-kt fiducial 
mass LAr TPC and an 80-GeV, 1.07-MW beam from FNAL to SURF with three years of 
running in neutrino and three years in antineutrino mode. Neutrino and antineutrino 
events are combined for both signal and background. Normal hierarchy is assumed. 
 

Run Mode Signal Events Background Events 
 δCP     
 −π/2 0 π/2 νμ NC νμ CC νe Beam ντ CC 

 Neutrino  1068  864  649  72  83  182  55 
Antineutrino  166  213  231  41  42  107  33 
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Complementarity with other searches

MO
CPV

nature

Also: Tests of standard neutrino paradigm

Reactor 
neutrinos:
JUNO, 
RENO-50

LBL exp:
ELBNF, 
T2HK 

Atmospheric neutrinos:
INO
PINGU
ORCA

        Neutrinoless
double beta decay

masses
Cosmology 

Direct search
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Synergy

LBL
Neutrinoless 

double beta decaywith

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

Neutrinoless Double Beta Decay Experiments 

NuPhys-2014 
16-December-2014 

!
!

by Ruben Saakyan

Thanks to R. Saakyan, 
talk at NuPhys 2014

2 – Neutrino masses

(ββ)0ν -decay

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

At the fundamental level, 
exchange of light Majorana 
neutrino (or other exotic 
mechanism).



|hmi| = mee

The half-life time depends on neutrino properties

                   : the effective Majorana mass parameter

      

Mixing angles (known)
CPV phases (unknown)
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•

| < m > | ' |m1 sin
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Masses (partially known)

Example: IH (m3<<m1<m2):     10 meV < |<m>| < 50 meV

| < m > | '
q

�m2
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SP from Nakamura, Petcov review in PDG

Past:
HM, IGEX, 

Cuoricino and 
NEMO3

Next generation: CUORE, 
SuperNEMO, SNO+, NExT,  

COBRA...

Future experiments: ~1 ton

Current generation: 
GERDA, KamLAND-
ZEN, EXO, CUORE-0

Klapdor-Kleingrothaus
claim 2002 and 2006QD

IO

If:  finds IO
No signal down 
to mee ~ 10 meV

LBL, atm... Nuless dbeta decay

Nus are  Dirac particles or cancellations in double 
beta decay (e.g. low energy see-saw)
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Conclusions
● LBL experiments can search for the 

mass ordering, 
CPV, 
precise values of the oscillation parameters,
tests of the 3-neutrino scenario.

● There is a strong complementarity and synergy with 
other searches (e.g. neutrinoless double beta decay, 
atmospheric, reactor and supernova neutrinos, 
cosmology,...). 

● ELBNF28 is a milestone towards ELBNF with an 
improved physics reach compared to T2K and NOvA: 
sensitivity to MO and CPV (depending on delta).


