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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
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3. Oscillation experiments physics goals:

 - Mass ordering

 - Leptonic CP-violation

 - Precision measurement of parameters

 - Testing the 3-neutrino scenario

4. Conclusions
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M. C. Gonzalez-Garcia et al., NuFit, 
1409.54392 mass squared differences

Masses are much smaller than the other 
fermions.

Normal Ordering (��2 = 0.97) Inverted Ordering (best fit) Any Ordering

bfp ±1⇥ 3⇥ range bfp ±1⇥ 3⇥ range 3⇥ range

sin2 ⇤12 0.304+0.013
�0.012 0.270 � 0.344 0.304+0.013

�0.012 0.270 � 0.344 0.270 � 0.344

⇤12/
⇥ 33.48+0.78

�0.75 31.29 � 35.91 33.48+0.78
�0.75 31.29 � 35.91 31.29 � 35.91

sin2 ⇤23 0.452+0.052
�0.028 0.382 � 0.643 0.579+0.025

�0.037 0.389 � 0.644 0.385 � 0.644

⇤23/
⇥ 42.3+3.0

�1.6 38.2 � 53.3 49.5+1.5
�2.2 38.6 � 53.3 38.3 � 53.3

sin2 ⇤13 0.0218+0.0010
�0.0010 0.0186 � 0.0250 0.0219+0.0011

�0.0010 0.0188 � 0.0251 0.0188 � 0.0251

⇤13/
⇥ 8.50+0.20

�0.21 7.85 � 9.10 8.51+0.20
�0.21 7.87 � 9.11 7.87 � 9.11

⌅CP/
⇥ 306+39

�70 0 � 360 254+63
�62 0 � 360 0 � 360

�m2
21

10�5 eV2 7.50+0.19
�0.17 7.02 � 8.09 7.50+0.19

�0.17 7.02 � 8.09 7.02 � 8.09

�m2
3�

10�3 eV2 +2.457+0.047
�0.047 +2.317 � +2.607 ⇥2.449+0.048

�0.047 ⇥2.590 � ⇥2.307

�
+2.325 � +2.599
⇥2.590 � ⇥2.307

⇥

Current neutrino parameters



�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:         and the ordering . mmin
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3 sizable mixing angles
Mixing is described by the Pontecorvo-Maki-Nakagawa-
Sakata matrix, which enters in the CC interactions.
Mixing angles are much larger than in the 
quark sector.

Normal Ordering (��2 = 0.97) Inverted Ordering (best fit) Any Ordering

bfp ±1⇥ 3⇥ range bfp ±1⇥ 3⇥ range 3⇥ range

sin2 ⇤12 0.304+0.013
�0.012 0.270 � 0.344 0.304+0.013

�0.012 0.270 � 0.344 0.270 � 0.344

⇤12/
⇥ 33.48+0.78

�0.75 31.29 � 35.91 33.48+0.78
�0.75 31.29 � 35.91 31.29 � 35.91

sin2 ⇤23 0.452+0.052
�0.028 0.382 � 0.643 0.579+0.025

�0.037 0.389 � 0.644 0.385 � 0.644

⇤23/
⇥ 42.3+3.0

�1.6 38.2 � 53.3 49.5+1.5
�2.2 38.6 � 53.3 38.3 � 53.3

sin2 ⇤13 0.0218+0.0010
�0.0010 0.0186 � 0.0250 0.0219+0.0011

�0.0010 0.0188 � 0.0251 0.0188 � 0.0251

⇤13/
⇥ 8.50+0.20

�0.21 7.85 � 9.10 8.51+0.20
�0.21 7.87 � 9.11 7.87 � 9.11

⌅CP/
⇥ 306+39

�70 0 � 360 254+63
�62 0 � 360 0 � 360

�m2
21

10�5 eV2 7.50+0.19
�0.17 7.02 � 8.09 7.50+0.19

�0.17 7.02 � 8.09 7.02 � 8.09

�m2
3�

10�3 eV2 +2.457+0.047
�0.047 +2.317 � +2.607 ⇥2.449+0.048

�0.047 ⇥2.590 � ⇥2.307

�
+2.325 � +2.599
⇥2.590 � ⇥2.307

⇥

M. C. Gonzalez-Garcia et al., NuFit, 
1409.5439
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CP-violation? 

Normal Ordering (��2 = 0.97) Inverted Ordering (best fit) Any Ordering

bfp ±1⇥ 3⇥ range bfp ±1⇥ 3⇥ range 3⇥ range

sin2 ⇤12 0.304+0.013
�0.012 0.270 � 0.344 0.304+0.013

�0.012 0.270 � 0.344 0.270 � 0.344

⇤12/
⇥ 33.48+0.78

�0.75 31.29 � 35.91 33.48+0.78
�0.75 31.29 � 35.91 31.29 � 35.91

sin2 ⇤23 0.452+0.052
�0.028 0.382 � 0.643 0.579+0.025

�0.037 0.389 � 0.644 0.385 � 0.644

⇤23/
⇥ 42.3+3.0

�1.6 38.2 � 53.3 49.5+1.5
�2.2 38.6 � 53.3 38.3 � 53.3

sin2 ⇤13 0.0218+0.0010
�0.0010 0.0186 � 0.0250 0.0219+0.0011

�0.0010 0.0188 � 0.0251 0.0188 � 0.0251

⇤13/
⇥ 8.50+0.20

�0.21 7.85 � 9.10 8.51+0.20
�0.21 7.87 � 9.11 7.87 � 9.11

⌅CP/
⇥ 306+39

�70 0 � 360 254+63
�62 0 � 360 0 � 360

U =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13ei�

0 1 0
�s13e�i� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
1 0 0
0 ei↵21/2 0
0 0 ei↵31/2

1

A

For antineutrinos, 

U � U�

CP-conservation:
U is real� � = 0, ⇥



Hints of leptonic CP-violation?
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There is a slight preference for 
CP-violation, which is mainly 
due to the combination of T2K 
and reactor neutrino data.

T2K Coll. PRL 112, 061802 (2014)

Gianluigi Fogli XVI International Workshop on Neutrino Telescopes - Venice, March 2nd,  2015 41 

pre-ν2014 post-ν2014 

LBL+Sol+KL +SBL Reac +SK atm +Daya Bay ’14 

δ 
intriguing, 
 sin δ < 0  
 favored 

θ23 

octant 
unstable, 
  fragile 

 Δχ2            
(IH-NH) -1.4 -1.1 -0.3 -0.1 irrelevant 

Recap on δ, θ23, Δχ2(IH-NH)   

Gianluigi Fogli XVI International Workshop on Neutrino Telescopes - Venice, March 2nd,  2015 41 
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G. Fogli, 
NeuTel2015

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)

NeuTel2015 Daya Bay
NeuTel2015 RENO 
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FIG. 33: Profiled ��

2 for the joint 3-flavor oscillation analysis combined with the results

from reactor experiments. The parameter |�m

2| represents �m

2
32 or �m

2
13 for normal and

inverted mass hierarchy assumptions respectively. The horizontal lines show the critical

��

2 values for one dimensional fits at the 68 % and 90 % CL (��

2 = 1.00 and 2.71

respectively).

constraint. The values of the critical ��

2 calculated using these toy experiments are overlaid

with the curve of ��

2 as a function of �CP in Fig. 37, and give the following excluded regions

for �CP at the 90% C.L: �CP= [0.15,0.83]⇡ for normal hierarchy and �CP= [�0.08,1.09]⇡ for

inverted hierarchy.

89

T2K Coll. 1502.01550
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Summary of current 
neutrino parameters

M. C. 
Gonzalez-
Garcia et al., 
NuFit, 
1409.5439
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Neutrino oscillations imply that 
neutrinos have mass and mix.

First evidence of physics 
beyond the SM. 

The ultimate goal is to 
understand

- where do neutrino masses come 
from?

- what is the origin of leptonic 
mixing?
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Neutrinos give a different perspective on physics BSM.
1. Origin of masses 2. Problem of flavour

Open window on Physics beyond the SM

Why are neutrinos so much lighter ?�
Neutral vs charged hierarchy ?�

mf$~ λ#

Why neutrinos have mass? 
and why are they so light?
and why their hierarchy is at 
most mild?

Why leptonic mixing is 
so different from 
quark mixing?

10
MeV GeV TeV GUT scalekeVeVsub-eV
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11

This points towards a different origin of neutrino 
masses, possibly related to lepton number violation, e.g. 
see-saw mechanism: knowing the masses is important.
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Neutrinos give a different perspective on physics BSM.

Why neutrinos have mass? 
and why are they so lighter?
and why their hierarchy is at 
most mild?

We want to understand the origin of mixing. CP is a key 
symmetry: is it violated also in the lepton sector? Could 
it be at the origin of the matter-antimatter asymmetry?
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Various strategies and ideas can be employed to 
understand the observed pattern (many many models!).

● Texture zero models with

● Flavour symmetries: A4, A5, S4, ...

● Complementarity between quarks and leptons

● Anarchy (all elements of the matrix of same order).

The models predict specific values for the mixing angles 
and specific relations between the deviations from 
special values                                      .

✓12 + ✓
C

' 45o

✓12,23,13 = function(

me

mµ
, . . . ,

m1

m2
)

✓23 ⇠ 45o, ✓13 ⇠ 0o



TABLE I: Mixing Angles for Models with Lepton Flavor Symmetry.

Reference Hierarchy sin2 2θ23 tan2 θ12 sin2
θ13

Anarchy Model:

dGM [18] Either ≥ 0.011 @ 2σ

Le − Lµ − Lτ Models:

BM [35] Inverted 0.00029

BCM [36] Inverted 0.00063

GMN1 [37] Inverted ≥ 0.52 ≤ 0.01

GL [38] Inverted 0

PR [39] Inverted ≤ 0.58 ≥ 0.007

S3 and S4 Models:

CFM [40] Normal 0.00006 - 0.001

HLM [41] Normal 1.0 0.43 0.0044

Normal 1.0 0.44 0.0034

KMM [42] Inverted 1.0 0.000012

MN [43] Normal 0.0024

MNY [44] Normal 0.000004 - 0.000036

MPR [45] Normal 0.006 - 0.01

RS [46] Inverted θ23 ≥ 45◦ ≤ 0.02

Normal θ23 ≤ 45◦ 0

TY [47] Inverted 0.93 0.43 0.0025

T [48] Normal 0.0016 - 0.0036

A4 Tetrahedral Models:

ABGMP [49] Normal 0.997 - 1.0 0.365 - 0.438 0.00069 - 0.0037

AKKL [50] Normal 0.006 - 0.04

Ma [51] Normal 1.0 0.45 0

SO(3) Models:

M [52] Normal 0.87 - 1.0 0.46 0.00005

Texture Zero Models:

CPP [53] Normal 0.007 - 0.008

Inverted ≥ 0.00005

Inverted ≥ 0.032

WY [54] Either 0.0006 - 0.003

Either 0.002 - 0.02

Either 0.02 - 0.15

19

Two necessary 
ingredients for testing 
flavour models:

● Precision 
measurements of the 
oscillation parameters 
at future experiments 
(including the delta 
phase).

● The determination of 
the mass ordering and 
of the neutrino mass 
spectrum.

Albright, Chen, PRD 7414



1. What is the nature of neutrinos? 

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

3. Is there CP-violation? 

4. What are the precise 
values of mixing angles?

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

•

•

•

•

•

Phenomenology questions for the future

15



1. What is the nature of neutrinos? 

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

3. Is there CP-violation? 

4. What are the precise 
values of mixing angles?

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

•

•

•

•

•

Phenomenology questions for the future

16

LBL: T2K, NOvA, 
DUNE, T2HK, 
ESSnuSB, Daedalus, 
nuFACT..., PINGU

MINOS+, MicroBooNE, 
SBND...

Neutrinoless 
dbeta decay

reactor SBL and MBL, 
atm, LBL, ...

Very exciting experimental programme now 
and for the future. 
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Phenomenology questions for the future
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How can we search for the mass 
ordering and leptonic CP-

violation?

•



● When neutrinos travel in a medium, they interact with 
the background of e, p, n and get an effective mass.

● Typically the background is CP and CPT violating, e.g. 
the Earth and the Sun contain only electrons, protons 
and neutrons, and the resulting oscillations are CP and 
CPT v io la t ing (d i f ferent for neutr inos and 
antineutrinos).18

Long-baseline oscillations and MO

Credit: 
Symmetry 
magazine



= sin ✓|⌫1i+ cos ✓|⌫2i
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Neutrino oscillations: the formalism

Massive states
(eigenstates of the 

Hamiltonian)

Flavour 
states

Flavour states 
coherent 

superposition of 
massive states

⌫1

Light orange
= 

muon neutrino

Dark orange
= 

electron neutrino⌫2

⌫1 ⌫1

⌫2 ⌫2

h⌫e|

Production Propagation Detection:
projection over

|�µ� =
�

i

Uµi|�i� �1 : e�iE1t

�2 : e�iE2t

�3 : e�iE3t



Lets’s consider for simplicity the case of 2-neutrino 
mixing. The time evolution is given by 

|⌫, ti = e�iHt|⌫, 0i = � sin ✓e�iE1t|⌫1i+ cos ✓e�iE2t|⌫2i

20

As neutrinos are highly relativistic, 

The probability for       to transform into      is:⌫e⌫µ

P (⌫µ ! ⌫e) = sin2(2✓) sin2
(m2

2 �m2
1)L

4E

Mixing angle: disalignment between 
flavour and mass states

Neutrino masses



⌫µ, ⌫µ
⌫e, ⌫e

21

( )
Effective Hamiltonian in the flavour basis

⌫e, ⌫µ



tan 2✓ ⇠

tan 2✓M ⇠ ⌧ tan 2✓

⇠ 1
22

( )

+( )

-( )

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✓)

23

+
( )

+
( )

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.

●●●
24

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



Pµe '4c223s
2
13

1

(1� rA)2
sin

2 (1� rA)�31L

4E

+sin 2✓12 sin 2✓23s13
�21L

2E
sin

(1� rA)�31L

4E
cos

✓
� � �31L

4E

◆

+s223 sin
2
2✓12

�

2
21L

2

16E2
� 4c223s

4
13 sin

2 (1� rA)�31L
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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; 
Minakata, Parke, 1505.01826 ...
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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

LBNO

26

Blennow, Coloma, 
Huber, Schwetz, 

1311.1822

Experiment Physics effect Challenges

DUNE, nuFactory Matter effects in crust delta, theta23

Atm nus (INO, 
PINGU, ORCA)

Matter effects (mantle, 
mantle+core)

theta23, energy and 
angular resolution

Reactor exp 
(JUNO, RENO50)

Vacuum oscillations energy resolution and 
reconstruction



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) =
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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, JHEP120428

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

)

+ c223 sin2 2θ12 sin2

(

∆21 L

2

)

+ J̃ cos

(

±δ −
∆31 L

2

)

sin

(

∆21 L

2

)

sin

(

∆31 L

2

)

, (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
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“NOvAplus”
T2K

M. Gosh et al., 1401.7243; see 
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)
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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

CPV Searches      Near future: T2K and NOvA
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ELBNF (now DUNE), as 
of Jan 2015

LAGUNA-LBNO, 1412.0593. See also 1312.6520

In Fig. 9 is shown the significance in terms of number of standard deviations � with

which CP violation could be discovered as function of the fraction of the full �CP range

from -180� to 180� for which this discovery is possible. As already noted above, the best

performance is obtained for a baseline of the order of 300 km to 500 km where about 40%

of �CP range is covered with 5 � significance.
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Figure 10. The fraction of the full �CP range for which CP violation could be discovered as function
of the baseline. The lower (upper) curve is for CP violation discovery at 5 � (3 �) significance.

Fig. 10 presents the fraction of the full �CP range (-180� to 180�) within which CP

violation can be discovered as function of the baseline in km and for proton energies from

2.0 GeV to 3.0 GeV. According to the results of these calculations the fraction of the full

�CP range within which CP violation can be discovered at 5 � (3 �) significance is above

40% (67%) in the range of baselines from 300 km to 550 km and has the maximum value

of 50% (74%) at around 500 km for 3.0 GeV.

Finally, Fig. 11 (snowmass 2013 process [32]), which is of the same kind as Fig. 9, shows

a comparison, for unknown mass hierarchy, of the ESS⌫SB performance for a baseline of

540 km and two proton energies (2.0 GeV and 3.0 GeV), with the performance of other

proposed facilities. Only the much more advanced and costlier [39] low energy Neutrino

Factory (IDS-NF) would perform better than the ESS Neutrino Super Beam. The main

parameters used for all facilities are summarized in Table 4 while the considered systematic

errors are those reported in [31] (for ESS⌫SB see SB in Table 2 “default” case). As already

said, the more optimistic systematic errors of signal/background of 5%/10% have been used

in [15] for ESS⌫SB, where the CP violation coverage can go up to 59% (78%) at 5 � (3 �).

– 18 –

ESSnuSB

ESSnuSB, 1309.7022
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Figure 17: Median sensitivity to CPV for the optimised HPPS beam. The case of NH is

shown on the left, while that of IH is shown on the right. The value of sin2 ✓23 = 0.45 is

assumed.
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Figure 18: Fractional coverage of �CP parameter space at 3� and 5� level with SPS

(left) and HPPS (right) based neutrino beams and two detector size options. The value of

sin2 ✓23 = 0.45 is assumed.

for enhancing the sensitivity of LBNO to CPV. To illustrate this, we have performed

the analysis where all the events with reconstructed neutrino energy below 2.5 GeV had

been removed from the sample. The resultant event distributions are shown on the left

in Figure 19 and Figure 20 for SPS and HPPS beams. As evident from these figures, the

applied energy cut completely removes any information about the 2nd oscillation maximum.

Therefore any deterioration observed in the experimental sensitivity to CPV could only be

attributed to loss of the knowledge from this region of L/E.

In the case of the SPS beam, the applied cut results in about 5% loss in the total number

of signal ⌫e events. Although this is a relatively small number, the impact these events have

on the CPV sensitivity is not negligible as shown in the plot on the right in Figure 19. In this

case, the coverage at 3� level decreases from 45% (63%) to 34% (53%) for the 24 (70) kton

detector, while the coverage at 5� level for 70 kton detector option is reduced by more than

– 19 –

T2HK

T2HK LoI,  Abe et al., 1412.4673
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FIG. 35. Expected significance to exclude sin �CP = 0. Top: normal hierarchy case. Bottom: inverted hierarchy case.

the project can be enhanced by combining two complementary measurements.
Assuming a 10 year exposure, Hyper-K’s sensitivity to the mass hierarchy and the octant of ✓

23

by atmospheric
neutrino data are shown in Fig. 40. Depending on the true value of ✓

23

the sensitivity changes considerably, but for
all currently allowed values of this parameter the mass hierarchy sensitivity exceeds 3� independent of the assumed
hierarchy. If ✓

23

is non-maximal, the atmospheric neutrino data can be used to discriminate the octant at 3� if
0.46 < sin2✓

23

< 0.56.
In the previous sections, the mass hierarchy is assumed to be known prior to the Hyper-K measurements. This

is a reasonable assumption considering the increased opportunities, thanks to a large value of ✓
13

, of ongoing and
proposed projects for mass hierarchy determination. However, even if the mass hierarchy is unknown before the start
of experiment, Hyper-K itself will be able to determine it with the atmospheric neutrino measurements.

Because Hyper-K will observe both accelerator and atmospheric neutrinos with the same detector, the physics
capability of the project can be enhanced by combining two complementary measurements. As a demonstration of
such a capability, a study has been done by simply adding ��2 from two measurements, although in a real experiment
a more sophisticated analysis is expected. Assuming the true mass hierarchy of normal hierarchy and the true value
of �CP = 0, the values of expected ��2 as a function of �CP for each of the accelerator and atmospheric neutrino
measurements, without assumption of the prior mass hierarchy knowledge, are shown in the left plot of Fig. 41. For

LBNO

 10  

   
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 
 

http://www.fnal.gov/directorate/program_planning/Jan2015Public/LOI-LBNF.pdf

http://www.fnal.gov/directorate/program_planning/Jan2015Public/LOI-LBNF.pdf
http://www.fnal.gov/directorate/program_planning/Jan2015Public/LOI-LBNF.pdf
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E↵orts are currently done to find ways to reduce the systematic errors (and demonstrate

that “optimistic” case of Table 2 in [31] is reachable) using a high performance near

detector and the possibility to measure the relevant electron neutrino cross–sections using

this near detector and ⌫e and ⌫̄e (contamination) contained in the ESS⌫SB neutrino beam

(see Table 2). These cross-sections could also be measured by ⌫STORM [40].
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Figure 11. The significance in terms of number of standard deviations � with which CP violation
can be discovered as function of the fraction of the full �CP range for di↵erent proposed experiments.
For ESS⌫SB the two baselines of 360 km and 540 km and two proton energies (2.0 GeV on left and
3.0 GeV on right) are shown. “2020” considers 3+3 years of NOvA, and 5 years only for neutrinos
in T2K (at its nominal luminosity, 0.75 MW); “2025” considers 5+5 years of NOvA, and 5+5 years
for T2K. The detector simulation details for T2K follow [41], while for NOvA see [42, 43].

Table 4. Conditions under which Fig. 11 has been prepared.

detector dist. power proton driver years

vol. (kt)/type (km) (MW) energy (GeV) ⌫/⌫̄

ESS⌫SB-360 500/WC 360 5 2.0/3.0 2/8

ESS⌫SB-540 500/WC 560 5 2.0/3.0 2/8

Hyper-K [31, 44, 45] 560/WC 295 0.75 30 3/7

LBNE-10 [46–48] 10/LAr 1290 0.72 120 5/5

LBNE-PX 34/LAr 1290 2.2 120 5/5

LBNO-EoI [49] 20/LAr 2300 0.7 400 5/5

IDS-NF [50, 51] 100/MIND 2000 4 10⇤ 10⇤⇤

NuMAX [52, 53] 10/LAr (magnetized) 1300 1 5⇤ 5/5
⇤Muon beam energy, relevant for IDS–NF (Low Energy Neutrino Factory) and NuMax.
⇤⇤IDS-NF is supposed to use at the same time muons and anti–muons.
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FIG. 1: CPV discovery potential as a function of the
true value of �. Results are shown for the combination of
only the golden and ⌫µ disappearance signals (blue lines,
“gol+dis”), as well as when the platinum signal is also
considered (red lines, “gol+dis+plat”). Solid (dotted)
red lines show the results for a magnetized LAr (TASD)
detector. Dot-dashed green lines show the results for
a 10 kton non-magnetized LAr detector. For reference,
the results for LBNE phase I are also shown (dashed
gray lines).

dent e�ciencies for the signal, following Ref. [23],
have been used in this case, see Tab. I. In addition to
the backgrounds considered in previous references,
the ⌧ -contamination [24–26] has also been included
in this work. Systematic uncertainties have been
implemented as in Ref. [9], using the default values
listed in Tab. 2 therein.

Channel ⌫e ! ⌫µ ⌫µ ! ⌫e ⌫µ ! ⌫µ

Signal 267 276 1485

Background 7 73 17

Channel ⌫̄e ! ⌫̄µ ⌫̄µ ! ⌫̄e ⌫̄µ ! ⌫̄µ

Signal 52 59 562

Background 6 73 6

TABLE II: Expected total number of events for the low
luminosity NF aiming to a 10 kton LAr detector, for
sin2 2✓13 = 0.1 and � = 0. The experiment is assumed
to run with both polarities circulating in the ring at
the same time, for 10 years. This results in a total of
2 ⇥ 1021 muon decays in the straight sections of the
storage ring (half per polarity). Signal and background
rejection e�ciencies are already accounted for.

Figure 1 shows the results for the CPV discovery
potential of the facility, defined as the ability of the

experiment to rule out the CP conservation hypoth-
esis (� = 0,⇡). The statistical significance of the
signal is shown as a function of the true value of �.
For reference, we also show the results for phase I of
the LBNE experiment, which has been simulated ac-
cording to the CDR from October 2012, Ref. [6]. It
should be noted that for the LBNE results system-
atic uncertainties have been implemented as overall
normalization errors over all signal and background
contributions at once (no near detector has been
simulated for this setup). Clearly, the low energy,
low luminosity NF outperforms LBNE by a consid-
erable margin, and the results combining only the
golden and disappearance signals are already bet-
ter; as expected, if the platinum signal is added then
the performance is considerably improved. If mag-
netization of a massive LAr were not possible, sev-
eral methods would in principle allow to statistically
di↵erentiate the charge of the leptons produced at
a LAr detector, see for instance Ref. [27]. There-
fore, we also show in Fig. 1 the performance of the
setup using a non-magnetized LAr detector, simu-
lated following Ref. [27] (dot-dashed green lines).
We assume that ⌫/⌫̄ separation at the 90% (70%)
for µ-like (e-like) events can be obtained for a non-
magnetized LAr detector. Regarding the MH dis-
covery potential, we find that a low luminosity NF
combined with a LAr (TASD) detector can rule out
the wrong hierarchy at ⇠ 10� (8�) CL for 1 d.o.f.,
regardless of the true value of �. It should be kept
in mind that LBNE phase I would reach 3� (5�) CL
for approximately 75% (50%) of the values of � [6].

The left panel in Fig. 2 shows the allowed region in
✓13-� plane for one particular point in the parame-
ter space, where the di↵erent line styles correspond
to di↵erent combinations of channels. Clearly, the
addition of the platinum channel improves the per-
formance beyond a mere increase of statistics – a
true synergy, whose origin is explained in Ref. [13].
The right hand panel, on the other hand, shows the
achievable precision for a measurement of � at 1�
as a function of the true value of �. Again, we find
that the low luminosity low energy NF constitutes a
marked improvement over LBNE. We also show in
this case a green band, which corresponds to the re-
sults using a 10 kton non-magnetized LAr detector.
The lower limit in the band corresponds to the case
where a ⌫/⌫̄ separation of 90% (70%) is considered
for µ-like (e-like) events, as in Fig. 1; the upper limit
corresponds to the case when the separation for µ-
like events is reduced down to 70%.

We would also like to point out that, once a
4MW 8GeV proton beam becomes available from

Neutrino factory
The neutrino factory has 
the best sensitivity to CPV. 
Due to large theta13, low 
energy muons and not-too-
long baselines are needed.

Agarwalla 
et al., JHEP 
1101

ESSnuSB, 1309.7022
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sensitivity.

3.2.3 CP violation with pion decay-at-rest sources

A di↵erent approach for measuring CP violation is DAE�ALUS [46, 111, 129, 130]. The idea is to use muon
antineutrinos produced by cyclotron-produced stopped-pion decay (⇡+ ! µ+⌫µ) at rest (DAR) neutrino
sources, and to vary the baseline by having sources at di↵erent distances from a detector site. For DAR
sources, the neutrino energy is a few tens of MeV. For baselines ranging from 1 to 20 km, both L and E
are smaller than for the conventional long-baseline beam approach, and the ratio of L/E is similar. Matter
e↵ects are negligible at short baseline. This means that the CP-violating signal is clean; however there is
a degeneracy in oscillation probability for the two mass hierarchies. This degeneracy can be broken by an
independent measurement of the hierarchy.

The electron-type antineutrino appearance signal from the oscillation of muon-type antineutrinos from
pion DAR is detected via inverse beta-decay (⌫̄ep ! e+n). Consequently very large detectors with free
protons are required. The original case was developed for a 300-kt Gd-doped water detector concept at
Homestake [131]. Possibilities currently being explored for the detector include LENA [132] or Super-
K/Hyper-K [96, 97]. Figure 12 shows the projected CP sensitivity of DAE�ALUS.

0

5

10

15

20

25

30

35

-180 -135 -90 -45 0 45 90 135 180

!CP (degrees)

1
"
 !

 M
ea

su
re

m
en

t 
U

n
ce

rt
ai

n
ty

 (
d

eg
re

es
)

DAEdALUS@LENA
DAEdALUS@Hyper-K
DAEdALUS/JPARC(nu only)@Hyper-K

Figure 12: Sensitivity of a CP search for DAE�ALUS combined with LENA or Hyper-K [111], and combined
with an independent J-PARC beam to Hyper-K.

The DAE�ALUS collaboration proposes a phased approach [111], with early phases involving IsoDAR
(see Sec. 7.1.3) with sterile neutrino sensitivity. The phased program o↵ers also connections to applied
cyclotron research (see Section 9.1.4).
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Atmospheric neutrinos 
These experiments have access 
to a broad range of baselines 
and energies. Limited energy 
and angular resolution and nu-
anti nu discrimination affect 
their reach.

DAEdALUS 
Uses the probability of 
oscillation of low energy 
muon antineutrino into 
electron antineutrinos at 
short baselines (1.5-20 Km).
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where ⇠k are the pull variables and ⇠st
k are their standard

values. The event distributions with varying ⇠k are cal-
culated as

N�i j,l(⇠k) = ↵zl(E/2 GeV)⌘

⇥[1 + �(0.5 + cos ✓z)]N�i j,l(⇠
st
k ), (6)

where ↵ is the overall normalization factor with the er-
ror �↵ = 0.2, zl is the flux (flavor) ratio uncertainty
(ze ⌘ 1 for ⌫e events), with the error �z = 0.05; ⌘ is the
energy tilt parameter with�⌘ = 0.1; � is the zenith angle
tilt with �� = 0.04. Figure 3 shows the S tot

� minimized
over (⇠k) for di↵erent correlated uncertainties as well as
for no correlated uncertainties. A threshold energy of
0.5 GeV has been assumed. Note that the contributions
of ⌫e and ⌫µ channels to S tot

� are comparable.

3. Discussion

We estimate that after 4 years of operation and 2.5%
systematics, Super-PINGU with 0.5 GeV threshold will
be able to distinguish � = ⇡/4, ⇡/2, ⇡, 3⇡/2 from zero
with S tot

� (⇡/4) = (1 � 3), S tot
� (⇡/2) = (3 � 8), S tot

� (⇡) =
(6 � 14), S tot

� (3⇡/2) = (3 � 8). The ranges depend on
e↵ects of di↵erent correlated systematics. These val-
ues are a factor 4–6 improvement over the sensitivity of
PINGU to � with 3 GeV threshold.

The sensitivity of Super-PINGU to � can be further
improved with following possibilities:

• Decrease of energy threshold to 0.2 GeV from 0.5
GeV with a denser array. This may increase sensi-
tivity by 30%.

• Stringent kinematical cut can be used to create a
high-quality event sample with better reconstruc-
tion of the neutrino energy, direction and flavor.

• An increased exposure time will also increase the
sensitivity to CP by a factor /

p
t.

• Improved flavor identification at low energies.

• Increase the density of DOMs or photocathode
coverage.

• Statistical separation between the neutrino and an-
tineutrino events.

Our results show that Super-PINGU can be compet-
itive to other proposals for measuring the leptonic CP
phase associated with long base-line (LBL) accelerator
experiments.

Figure 3: Distinguishability of measuring CP phase in the ⌫µ and ⌫e
channels, with e↵ects of various correlated uncertainties. 2.5% uncor-
related uncertainty has been assumed in all cases.
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LBL experiments can give information on                    . 

Precision measurements of oscillation 
parameters
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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.

✓23 ⇠ 45o, ✓13
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Within the Daya bay 3� region, we can see that the scaling with ✓13 of �r✓13
of “short” (T2HK and the SPL) and “long” (LBNE and C2P) baseline super-beams

is di↵erent: for short baseline super-beams, the relative precision on ✓13 is roughly

independent of ✓13, indicating that precision in these facilities is limited by the sys-

tematics of the signal in this regime; for long baseline super-beams the precision

improves with ✓13, instead, as expected when the error is statistics-dominated. Be-

low the Daya Bay 3� bound, on the other hand, all super-beams show a significant

degradation of �r✓13. This is due to the fact that, for such small values of ✓13, the

signal is considerably reduced and the systematics on the background start to dom-

inate the error instead. The bands are in all cases relatively narrow, which means

that the precision on ✓13 does not depend significantly on �.
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Figure 5: Relative error on ✓13 as a function of ✓13 at 1� (1 d.o.f.) at the considered beta-

beam (left) and neutrino factory (right) setups. Left panel: results for BB100 (blue, dashed

lines) and BB350 (red, solid lines). Right panel: results for LENF (blue, dashed lines) and

IDS1b (red, solid lines). The width of the bands shows the dependence with the value

of �. The empty triangle shows the present precision at 1� for Daya Bay, while the star

represents the ultimate attainable precision, corresponding only to the quoted systematic

error. Both points are shown for the present best fit. The vertical line corresponds to the

present Daya Bay 3� lower bound. A true normal hierarchy has been assumed and no sign

degeneracies have been taken into account.

In Fig. 5 we compare the precision on ✓13 attainable in the beta-beam and neu-

trino factory setups. For all of these setups we can see that the precision improves

14

The best 
measurement of 
theta13 will be 

provided by Daya 
Bay, unaffected by 
degeneracies, and 

it could be 
marginally 

improved by 
LENF.

Coloma, Donini, Fernandez 
Martinez, Hernandez, 

1203.5651
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Figure 11: Expected precision for a measurement of � at present and future long-baseline oscillation exper-
iments. Results are shown as a function of the fraction of possible values of � for which a given precision
(defined as half of the confidence interval at 1�, for 1 d.o.f.) is expected. All oscillation parameters are set
to their present best-fit values, and marginalization is performed within their allowed intervals at 1�, with
the exception of ✓13 for which marginalization is done within the allowed interval expected at the end of
the Daya Bay run. Matter density is set to the value given by the PREM profile, and a 2% uncertainty is
considered. The hierarchy is assumed to be normal, and no sign degeneracies are accounted for. Systematic
uncertainties are implemented as in [114]. All facilities include an ideal near detector, and systematics are
set to their “default” values from Table 2 in [114]. The di↵erent lines correspond to the following configura-
tions. 2020 shows the expected combination of NOvA and T2K by the year 2020, simulated following [115]
and [116], respectively. NOvA is assumed to run for three years per polarity while T2K is run for five
years only with neutrinos. The line labeled as 2025 is an extrapolation of 2020, where NOvA is run for
a longer period and five years of ⌫̄ running at T2K are added following [116]. ESS⌫SB corresponds to
the performance of a 500-kt water Cherenkov detector placed at 360 km from the source; see [117]. The
beam would be obtained from 2-GeV protons accelerated at the ESS proton linac. Migration matrices from
Refs. [98, 118] have been used for the detector response. LBNE10 corresponds to the first phase of the
LBNE project. The CDR [119] beam flux has been used. The detector performance has been simulated as
in [119] as well, using migration matrices for NC backgrounds from [120]. The exposure corresponds to 70
MW·kt·years. LBNE+PX corresponds to an upgrade of the previous setup, but exposure is set in this case
to 750 MW·kt·years. Hyper-K stands for a 750-kW beam aiming from Tokai to the Hyper-Kamiokande de-
tector (560-kt fiducial mass) in Japan. The baseline and o↵-axis angle are the same as for T2K. The detector
performance has been simulated as in [114]. LBNO

EoI

stands for the LBNO Expression of Interest [109]
to place a 20-kt LAr detector at a baseline of 2,300 km from CERN. The results shown here correspond to
the same statistics used in Fig. 75 therein. Neutrino fluxes corresponding to 50 GeV protons (from [121])
have been used, rescaling the number of protons on target to match the beam power in [109]. A similar
detector performance as for LBNE10 is assumed, and five years of data taking per polarity are assumed in
this case. NuMAX corresponds to a low-luminosity neutrino factory obtained from the decay of 5 GeV
muons, simulated as in [122]. The beam luminosity is set to 2⇥ 1020 useful muon decays per year, and the
flux is aimed to a 10-kt magnetized LAr detector placed at 1300 km from the source. IDS-NF corresponds
to the IDS-NF setup. It considers a 100-kt MIND detector placed at 2000 km from the source, and 2⇥ 1021

useful muon decays per year. Migration matrices, kindly provided by R. Bayes (see also [123]), are used to
simulate the detector response.
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In addition to delta, the study of sum rules and possible 
mixing patterns requires a precise measurement of the 

atmospheric and solar mixing angles. 

Ballett, King, Luhn, SP, Schmidt, 1410.7573
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Figure 3: Posterior probability density functions for cos � for each of the solar sum rules considered in Section 3.1.
The patterned regions are unphysical, which shows that the BM and GR3 sum rules could only be consistent
with the known data if there is a significant deviation from the current best-fit values.

Gaussian distributions centred on the current best-fit values and with the widths of the global
minima. We take a flat prior in sin2 ✓ij, although we have checked that flat priors in ✓ij do not
significantly change the result. This helps to see the most reasonable predictions produced by
each sum rule if the parameters take values close to their current best-fits.
In summary, we find that of the four patterns well motivated by symmetry (BM, TBM, GR1
and GR3) only TBM and GR1 are consistent in a reasonable part of the parameter space.
The predictions associated with BM and GR3 are only consistent in the far corners of the 3�
intervals, where they predict maximal values of | cos �|. For the rest of this work, we shall
assume that the solar sum rules derived from BM and GR3 are excluded.

3.2 Simulation details

We simulate the combination of a medium-baseline reactor (MR) experiment and a wide-
band superbeam (WBB). This combination of experiments is particularly interesting for the
investigation of solar sum rules as MR is expected to improve the current knowledge on ✓12,
whilst the superbeam should allow � to be constrained at a significant level for the first time.
There are two proposals for a MR with comparable designs, JUNO and RENO-50, and also two
candidates for a next generation WBB, LBNE and LBNO. Both MRs and WBBs have similar
performance targets; however, to keep our simulations concrete and relevant to experimental
work, we will base our simulations on the JUNO and LBNO designs, and in this subsection we
will discuss the details of our simulations of these facilties. We would like to stress that this is a
purely illustrative choice, and any combination of a MR and WBB can be expected to perform
similarly.
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FIG. 3. The sensitivity of the next-generation facilities to the a, r and cos δ parameters. In all of the plots, the shaded regions
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divided equally between µ− and µ+. The LENF oper-
ates with a stored-muon energy of 10 GeV and a baseline
distance of 2000 km. These have been shown to be near
optimal choices for large θ13 [25, 28, 35]. Similar pa-
rameter choices have recently been recommended by the
EUROnu Design Study [36], and coincide with the ex-
pected specifications of the International Design Study
for the Neutrino Factory [37]. The assumptions in our
model of the MIND have been kindly provided by P. Soler
and R. Bayes and are based on ongoing work, evolving
from the proposals of Ref. [24], which has been recently
reviewed in Ref. [33]. This model uses migration matri-
ces to simulate both the appearance and disappearance
channels, and considers backgrounds of charge misiden-
tification, neutral current events and tau contamination.
In our model of the mLAr, we have assumed a thresh-
old energy of 0.5 GeV and a detection efficiency of 73%
at the lowest energies, rising to 94% at 1 GeV. The en-
ergy resolution is a flat 10% and the background to the
golden channel is taken as 0.1% of the incident right-sign
muons, which models instances of charge misidentifica-
tion, and 0.1% of the neutral current events. We have
imposed a 2% systematic uncertainty on both the signal
and backgrounds, and a 2% uncertainty on the matter
density.

The background to the appearance signals caused by
ντ particles incident on the detectors, which produce elec-
trons and muons by τ decay, is known as τ -contamination
[41, 42]. It is known that this background affects the
attainable sensitivity to the oscillation parameters, caus-

ing significant systematic shifts if not properly taken into
account [43]. The degree with which an experiment can
control the τ -background differs by design. At the LENF,
the dominant τ particles are right-sign, and only signifi-
cantly impact the disappearance channel measurements.
Under the assumption that cos δ will introduce the dom-
inant uncertainty in the measurement of sum rules, we
can conclude that the impact of τ -contamination should
be slight. For the WBB, the τ -contamination will af-
fect both appearance and disappearance channels. How-
ever, the greater kinematic information attainable with
LAr detectors can significantly reduce the impact of this
background: a cut-based analysis on transverse momen-
tum is very effective at removing leptons originating
from τ decay [44]. Therefore, to fairly implement the τ -
contamination effect, we must use information from the
experimental groups working on these detectors. This
information is not available for LAr detectors, and we
have chosen to omit the τ -background at all of the fa-
cilities when we are making a direct comparison of per-
formance. The full implementation of τ -contamination is
possible for the LENF with MIND, and we have checked
that there is no significant impact on our conclusions.

A. Precision for a, r and cos δ

We start our study by computing the precision with
which the next-generation facilities can individually mea-
sure the parameters a, r and cos δ. An understanding of
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optimal choices for large θ13 [25, 28, 35]. Similar pa-
rameter choices have recently been recommended by the
EUROnu Design Study [36], and coincide with the ex-
pected specifications of the International Design Study
for the Neutrino Factory [37]. The assumptions in our
model of the MIND have been kindly provided by P. Soler
and R. Bayes and are based on ongoing work, evolving
from the proposals of Ref. [24], which has been recently
reviewed in Ref. [33]. This model uses migration matri-
ces to simulate both the appearance and disappearance
channels, and considers backgrounds of charge misiden-
tification, neutral current events and tau contamination.
In our model of the mLAr, we have assumed a thresh-
old energy of 0.5 GeV and a detection efficiency of 73%
at the lowest energies, rising to 94% at 1 GeV. The en-
ergy resolution is a flat 10% and the background to the
golden channel is taken as 0.1% of the incident right-sign
muons, which models instances of charge misidentifica-
tion, and 0.1% of the neutral current events. We have
imposed a 2% systematic uncertainty on both the signal
and backgrounds, and a 2% uncertainty on the matter
density.

The background to the appearance signals caused by
ντ particles incident on the detectors, which produce elec-
trons and muons by τ decay, is known as τ -contamination
[41, 42]. It is known that this background affects the
attainable sensitivity to the oscillation parameters, caus-

ing significant systematic shifts if not properly taken into
account [43]. The degree with which an experiment can
control the τ -background differs by design. At the LENF,
the dominant τ particles are right-sign, and only signifi-
cantly impact the disappearance channel measurements.
Under the assumption that cos δ will introduce the dom-
inant uncertainty in the measurement of sum rules, we
can conclude that the impact of τ -contamination should
be slight. For the WBB, the τ -contamination will af-
fect both appearance and disappearance channels. How-
ever, the greater kinematic information attainable with
LAr detectors can significantly reduce the impact of this
background: a cut-based analysis on transverse momen-
tum is very effective at removing leptons originating
from τ decay [44]. Therefore, to fairly implement the τ -
contamination effect, we must use information from the
experimental groups working on these detectors. This
information is not available for LAr detectors, and we
have chosen to omit the τ -background at all of the fa-
cilities when we are making a direct comparison of per-
formance. The full implementation of τ -contamination is
possible for the LENF with MIND, and we have checked
that there is no significant impact on our conclusions.
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sure the parameters a, r and cos δ. An understanding of

δ
 (

d
e
g
.)

θ12 (deg.)

TBM (WBB35kt + MR)

allowed 2σ
allowed 3σ

-180

-135

-90

-45

 0

 45

 90

 135

 180

 31.5  32  32.5  33  33.5  34  34.5  35

δ
 (

d
e
g
.)

θ12 (deg.)

GR1 (WBB35kt + MR)

allowed 2σ
allowed 3σ

-180

-135

-90

-45

 0

 45

 90

 135

 180

 31.5  32  32.5  33  33.5  34  34.5  35

δ
 (

d
e
g
.)

θ12 (deg.)

GR2 (WBB35kt + MR)

allowed 2σ
allowed 3σ

-180

-135

-90

-45

 0

 45

 90

 135

 180

 31.5  32  32.5  33  33.5  34  34.5  35

δ
 (

d
e
g
.)

θ12 (deg.)

HEX (WBB35kt + MR)

allowed 2σ
allowed 3σ

-180

-135

-90

-45

 0

 45

 90

 135

 180

 31.5  32  32.5  33  33.5  34  34.5  35

Figure 6: The allowed regions of true parameter space in the ✓12� � plane for TBM (left, top row), GR1 (right,
top row), GR2 (left, bottom row) and HEX (right, bottom row) after 6 years of data taken by a medium-baseline
reactor experiment (MR) and 10 years by a wide-band superbeam with 35 kton detector (WBB35kt).

studied in a grand-unified model of flavour based on the group �(96) ⇥ SU(5) [53], where it
was known as the bi-trimaximal mixing (BTM) pattern,

U ⌫
BTM =

0

B@
a+

1p
3

a�
� 1p

3
1p
3

1p
3

a� � 1p
3

a+

1

CA , (15)

with a± = (1± 1p
3
)/2. Multiplication of the charged lepton mixing U e

12
† from the left yields the

PMNS matrix (up to Majorana and unphysical phases)

U =

0

B@
a+ce12 +

1p
3
se12e

�i�e12 1p
3
ce12 � 1p

3
se12e

�i�e12 a�ce12 � 1p
3
se12e

�i�e12

a+se12e
i�e12 � 1p

3
ce12

1p
3
se12e

i�e12 + 1p
3
ce12 a�se12e

i�e12 + 1p
3
ce12

a� � 1p
3

a+

1

CA . (16)

The two free continuous parameters ✓e12 and �e12 will control the four physical parameters ✓12,
✓13, ✓23 and �. Therefore we expect two sum rules. They can be derived easily by comparing
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Coloma, Huber, Kopp, Winter, 1209.5973

Systematic errors 
significantly affect the 

sensitivity. 
Good energy 

resolution, wide band 
beam, additional input 
will help in reducing 

their impact. 
Excellent knowledge 
of cross sections will 
be crucial. The near 
detector(s) will also 
play an important 

role.
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WBB

T2HK

GLoBES 2012
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matter uncertainty off
flux off
nmDIS cross section off

no ND
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QE cross section ratio off
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RES cross section ratio off

2âexposure

no ND
no ND,unc

all off
QE cross section ratio off
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Fraction of d=0.5
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Dd@°D

Figure 5: Dependence of the achievable precision in � (at 1�, for sin2 2✓13 = 0.1) for the benchmark

setups in Table 1 on systematic uncertainties, exposure, and near detectors. The bars show the improvement

in the precision of � compared to the default scenario if the dominant systematic errors are switched o↵

separately. Here “all o↵” refers to the statistics-only limit, “matter uncertainty o↵” to no matter density

uncertainty, “flux o↵” to no flux errors, “DIS ⌫µ cross section o↵” to no DIS e↵ective cross section errors

for neutrinos and antineutrinos, “cross section ratio o↵” to fully correlated e↵ective cross section errors

for ⌫e and ⌫µ, and for ⌫̄e and ⌫̄µ, and “intrinsic background o↵” to no uncertainty on the intrinsic beam

backgrounds. The e↵ect of doubling the exposure is also shown, as well as two sets of results without a

near detector: for “no ND” systematic uncertainties are still correlated between oscillation channels at the

far detector, while for “no ND, unc”, also correlations between appearance and disappearance channels are

not included. The �� values shown here correspond to the median value of � (i.e., for 50% of � values, the

precision would be better, for the other 50% it would be worse).
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nuSTORM, 1308.6822

NuSTORM can provide a very precise measurement 
of the cross sections both for muon and electron (!) 
neutrinos in the relevant range of energies.
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Figure 115. The CCQE cross section (�
CCQE

) plotted as a function of incident neutrino energy (E
⌫

). The

cross sections that would be obtained with stored µ+ beams are shown in the top row; the ⌫̄
µ

CCQE cross

section is shown in the top left panel while the ⌫
e

CCQE cross section is shown in the top right panel. The

cross sections that would be obtained with stored µ� beams are shown in the bottom row; ⌫
µ

CCQE cross

section in the bottom left panel, ⌫
e

CCQE cross section in the bottom right panel. The width of the colored

bands represent the systematic uncertainty on the cross sections determined using the HiResM⌫ detector at

the nuSTORM facility (see text for details). The green band shows the detector uncertainties combined with

the 1% uncertainty on the neutrino flux at nuSTORM. The yellow band shows the detector uncertainties

combined with a flux uncertainty of 10%. Measurements made by the MiniBoNE (⌥), ANL (4), BNL (⇥),

Gargamelle (�), SERP (⇤) and SKAT (5) collaborations are also shown [240, 246–252]. The data can be

found at [253].
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5. Is the standard picture correct?•

Phenomenology questions for the future

38

Tests of the standard 3-neutrino paradigm

● Sterile neutrinos (as suggested or not by current hints).
 
● New interactions: NSI, light mediators...

● Decoherence, Lorentz violation...

A deviation from the standard picture would 
have a groundbreaking impact.



G. Mention et al., 1101.2755;
Mueller et al., PRC 83; Huber 

PRC 84.

Reactor 
anomaly

LSND
MiniBooNE

4- or 5- neutrino oscillations: sterile neutrinos

Various hints of 
oscillations with 

MiniBooNE,
PRL102 �m2 � 1 eV2
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MiniBooNE

L ! 541m 200MeV ≤ E ! 3GeV

νµ → νe [PRL 102 (2009) 101802]

LSND signal

ν̄µ → ν̄e [PRL 110 (2013) 161801]

LSND signal

" Purpose: check LSND signal.

" Different L and E .

" Similar L/E (oscillations).

" No money, no Near Detector.

" LSND signal: E > 475MeV.

" Agreement with LSND signal?

" CP violation?

" Low-energy anomaly!

C. Giunti − Global Status of Sterile Neutrino Scenarios − NeuTel 2015 − 4 March 2015 − 6/28



As the        required to explain these experiments is 
different from          and           , this means that there are 

at least 4 neutrinos. The fourth one needs to be sterile, 
i.e. it does not have SM interactions.

Clarification: 4 flavour states 
                   4 mass states

�m2

�m2
sol �m2

A

Sterile neutrinos could be present in extensions of the 
SM with masses from sub-eV to GUT scale. 

Their existence would have signatures in other 
experiments (e.g. neutrinoless double beta decay) and in 
cosmology (possible tension with data).

⌫e, ⌫µ, ⌫⌧ , ⌫s
⌫1, ⌫2, ⌫3, ⌫4

40
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P (�e ⇥ �e) = 1� 4|Ue4|2(1� |Ue4|2) sin2(�m2L/4E)
P (�µ ⇥ �µ) = 1� 4|Uµ4|2(1� |Uµ4|2) sin2(�m2L/4E)

P (�µ � �e) = 4|Ue4|2|Uµ4|2 sin2(�m2L/4E)

Disappearance experiments

Appearance experiments

Kopp, Machado, Maltoni, Schwetz, JHEP 1305

Global 3+1 Fit

Our Fit Kopp, Machado, Maltoni, Schwetz
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FIG. 8: (Left) The main published experimental results sensitive to ⌫
µ

! ⌫
e

at large �m2 [26–
29, 35–38] including the present ICARUS limit [39] from the run in Gran Sasso. Global analysis of
short-baseline neutrino results from Giunti et al. [40] (center) and Kopp et al. [41] (right). The blue
closed contour on the left and the red solid area on the right are the allowed parameter regions for
(�)
⌫
µ

! (�)
⌫
e

appearance data and both indicate preferred �m2
41 values in the ⇠[0.2–2] eV2 range.

backgrounds. The backgrounds from radioactive contaminants or induced by the reactor core
and by cosmic rays can partially be suppressed through passive shielding while the remaining
contribution can be measured in-situ at the analysis stage. The Nucifer experiment [50] at
the Osiris nuclear reactor in Saclay could provide first new constraints by 2015. The Stereo
experiment [51] will be constructed next to the ILL reactor in Grenoble, France. The DANSS
[52] and Neutrino4 [53] experiments are under construction in Russia and should provide first
data in 2015. Finally, comprehensive projects for searching for sterile neutrinos at reactors in
China [54] and the US [55] are currently under study. All these experiments are designed to test
the space of oscillation parameters deduced from the interpretation of the reactor anti-neutrino
deficits.

New projects aiming to search for evidence of oscillations using neutrinos from intense
radioactive sources have also been proposed. The SOX experiment [56] will perform such a
measurement with a 10 MCi 51Cr source deployed at 8.25 m from the center of the Borexino
detector in 2017. At Baksan a 3 MCi 51Cr source could be placed at the center of a target,
containing 50 tons of liquid metallic gallium divided into two areas, an inner 8 ton zone and an
outer 42 ton zone. The ratio of the two measured capture rates to its expectation could signify
an oscillation. This is a well-proven technique free of backgrounds, developed for the SAGE
solar neutrino experiment. The CeLAND and CeSOX projects plan to use 100 kCi of 144Ce in
KamLAND [57, 58] and Borexino [56, 57] to produce an intense anti-neutrino flux which can be
detected through the inverse beta decay process. The goal is to deploy the 144Ce radioisotope
about 10 m away from the detector center and to search for an oscillating pattern in both event
spatial and energy distributions that would determine neutrino mass di↵erences and mixing
angles unambiguously. The CeSOX experiment could take data as early as the end of 2015 at
LNGS with Borexino.

A new neutrino, ⌫4, heavier than the three active neutrinos should be detected in the
KATRIN experiment [59]. The detector aims as measuring precisely the high energy tail of the
tritium �-decay spectrum by combining an intense molecular tritium source with an integrating
high-resolution spectrometer reaching a 200 meV sensitivity on the e↵ective electron neutrino

ICARUS+LAr1-ND+MicroBooNE+..., 1503.01520



SBN programme at 
FNAL: MicroBooNE + LAr1-
ND+ICARUS (T600).
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FIG. 22: Sensitivity of the SBN Program to ⌫
µ

! ⌫
e

oscillation signals. All backgrounds and sys-
tematic uncertainties described in this proposal (except detector systematics, see text) are included.
The sensitivity shown corresponds to the event distributions on the right in Figure 21, which in-
cludes the topological cuts on cosmic backgrounds and an additional 95% rejection factor coming
from an external cosmic tagging system and internal light collection system to reject cosmic rays ar-
riving at the detector in time with the beam.

In Figure 23, we present the sensitivity in a di↵erent way that facilitates easier comparison
between di↵erent results. Rather than displaying fixed confidence level contours (90%, 3�, 5�)
in the (�m

2, sin2 2✓) plane, we plot the significance with which the experiment covers the 99%
C.L. allowed region of the LSND experiment as a function of �m

2. The curves are extracted
by asking what �

2 value the analysis produces at each point along the left edge of the 99%
C.L. LSND region. The gray bands correspond to �m

2 ranges where LSND reports no allowed
regions at 99% C.L.

Two versions of this plot are shown in Figure 23. The top presents the significance at which
the LSND region would be covered for the di↵erent possible combinations of SBN detectors:
LAr1-ND +MicroBooNE only (blue), LAr1-ND + ICARUS only (black), and all three detectors
in combination (red). This presentation makes clear the contributions of the MicroBooNE and
ICARUS-T600 detectors as far detectors in the oscillation search. The presence of the large
mass added by the ICARUS-T600 detector is imperative to achieving 5� coverage. In addition,

ICARUS+LAr1-ND+MicroBooNE+..., 1503.01520

SBN Physics Program I-42

FIG. 21: Electron neutrino charged-current candidate distributions in LAr1-ND (top),
MicroBooNE (middle), and ICARUS-T600 (bottom) shown as a function of reconstructed neutrino
energy. All backgrounds are shown. In the left column, only muon proximity and dE/dx cuts have
been used to reject cosmogenic background sources. In the right column, a combination of the inter-
nal light collection systems and external cosmic tagger systems at each detector are assumed to con-
servatively identify 95% of the triggers with a cosmic muon in the beam spill time and those events
are rejected. Oscillation signal events for the best-fit oscillation parameters from Kopp et al. [41] are
indicated by the white histogram on top in each distribution.

counts listed for Dirt and Cosmogenic events are larger than those given in Sections II F and
IIG. This is a result of energy smearing e↵ects which are properly simulated in the final sen-
sitivity analysis (15%/

p
E), but not in the earlier stages of simulations where true energies

were used to display the predictions. The predicted background energy spectra are provided
well below the 200 MeV cuto↵ value used in the analysis such that events can be properly
smeared in both directions. Because both backgrounds are steeply falling functions of photon

SBN Physics Program I-6

I. Overview of the SBN Experimental Program

The future short-baseline experimental configuration is proposed to include three Liquid
Argon Time Projection Chamber detectors (LAr-TPCs) located on-axis in the Booster Neutrino
Beam (BNB) as summarized in Table I. The near detector (LAr1-ND) will be located in a new
building directly downstream of the existing SciBooNE enclosure 110 m from the BNB target.
The MicroBooNE detector, which is currently in the final stages of installation, is located in
the Liquid Argon Test Facility (LArTF) at 470 m. The far detector (the improved ICARUS-
T600) will be located in a new building 600 m from the BNB target and between MiniBooNE
and the NOvA near detector surface building. The detector locations were chosen to optimize
sensitivity to neutrino oscillations and minimize the impact of flux systematic uncertainties as
reported in [10].

Figure 1 shows the locations of the detectors superimposed on an aerial view of the Fermilab
neutrino experimental area. The following Sections briefly describe the attributes of the three
detectors; more detailed descriptions are provided in dedicated Design Reports submitted with
this proposal (see Part II and Part III). Initial physics studies are based on current BNB fluxes,
however, studies are on-going to determine what changes could be made to the target and horn
systems to re-optimize for LAr-TPC detectors and increase event rates per proton on target
(see Part V).

FIG. 1: Map of the Fermilab neutrino beamline area showing the axis of the BNB (yellow dashed
line) and approximate locations of the SBN detectors at 110 m, 470 m, and 600 m. The pink line
indicates the axis of the NuMI neutrino beam for reference.



nuSTORM 1402.5250

It would easily confirm/disprove the oscillation 
hypothesis. 
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ND FD

p

/ +

+

226 m
~2000 m

3.8 GeV [ ± 10% ]

1018 decays/yr
5 GeV [ ± 10% ]

nuSTORM

K. Long at NeuTel 2015

5

TABLE III. Systematic uncertainties expected for a short-
baseline muon neutrino appearance experiment based at nuS-
TORM.

Uncertainty Expected Contribution

Signal Background

Flux 0.5% 0.5%

Cross section 0.5% 5%

Hadronic Model 0 8%

Electromagnetic Model 0.5% 0

Magnetic Field 0.5% 0.5%

Variation in Steel Thickness 0.2% 0.2%

Total 1% 10%

in Fig. 3(b).
The detector response for each class of event shown in

Fig. 3 is extracted from the detector simulation as a “mi-
gration” matrix of the probability of a neutrino generated
in the ith energy bin being reconstructed in the jth energy
bin. The migration matrices are input into a simulation
of the oscillation experiment using the GLoBES software
package [32] with modifications to simulate non-standard
interactions [24] and accelerator e↵ects, such as the in-
tegration of muon decays from positions throughout the
decay straight [31, 33]. The GLoBES simulations assume
an experiment with a 1.3 kt far detector at a distance of
2 km from the end of the storage ring, with 1.6⇥1018

useful muon decays. The total appearance signal is 73
events, with a combined background of 6 events, assum-
ing �m2

14 = 0.89 eV2 and ✓14 = 0.15 rad.
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ing the anticipated systematic uncertainties (Table III)
and systematic uncertainties inflated to 5% (signal) and
50% (background), using a boosted decision tree anal-
ysis. This is compared to the 99% confidence contours
from fits generated by Kopp et. al. [24] to the combina-
tion of LSND, MiniBooNE, and the reactor and gallium
disappearance experiments (“Fit to Evid.”), and to all
available appearance data (“Fit to App.”) and to the
recent 99% C.L. contour from the long-baseline ICARUS
experiment [34], neglecting matter e↵ects.

Neutrino cross-section uncertainties can be reduced by
direct measurements conducted with the beams produced
by nuSTORM in both the ⌫µ and ⌫e channels. For the
appearance experiment, relative systematic uncertainties
due to di↵erences in cross-sections of neutrino and anti-
neutrino, and electron and muon neutrinos will primarily
a↵ect the backgrounds, and therefore are strongly sup-
pressed. The uncertainty in the quasi-elastic scattering
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signal and a 10% uncertainty to the background. In
the absence of any such measurements, an upper limit
can be taken from existing experiments, such as MINOS
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In the past few years, the neutrino oscillation 
parameters have been measured with good precision. 
The recent discovery of non-zero      has important 
implications for neutrino oscillation experiments. 

Next generation oscillation experiments will address 
the mass ordering, CPV searches and precision 
measurements of the oscillation parameters. The 
physics reach of a facility depends on beams, detector 
performance, systematic errors and backgrounds. 

Anomalies have been found (LSND, MiniBooNE, 
reactors). In the next few years, dedicated 
experiments will test them and provide additional 
information.

Conclusions
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