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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. Theoretical implications of the mass 
ordering and CPV:

 - The origin of neutrino masses and mixing
 - Leptogenesis and the baryon asymmetry

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

3. Conclusions
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Neutrino masses are evidence of 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? 
Why are they so much lighter?
Why their hierarchy is at most 
mild?

Why leptonic mixing is 
so different from 
quark mixing?

3

This points towards a different origin of neutrino 
masses and mixing from the ones of quarks: 
a different window on the physics BSM.
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1:
The theoretical implications of the 
values of masses and mixing angles

Why should we search for the mass 
ordering and leptonic CP-violation

(and the precise values of the mixing 
angles)?



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 745



Example: Tribimaximal mixing

Large corrections to theta13 are needed.

✓23 ' 45o, ✓13 ⌧ ⇡/4
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Other possibilities: bimaximal mixing  (            ), 
golden ratio (                 ),  and hexagonal (           ).tan ✓12|0 =
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✓12|0 = 30o

Harrison, Perkins, Scott

✓12|0 = 45o

These basic patterns can emerge from specific flavour 
symmetries. M.-C. Chen and Mahanthappa; Girardi et al.; Petcov; Alonso, Gavela, Isidori, Maiani; Ding et al.; Ma; 
Hernandez, Smirnov; Feruglio et al.; Mohapatra, Nishi;  Holthausen, Lindner, Schmidt; see also studies by Altarelli, Alonso, Ballett, 
Bazzocchi, Brahmachari, Branco, M.-C. Chen, Ding, Felipe, Ferreira, Feruglio, Fonseca, Frigerio, Gavela, Ge, Grimus, Gupta, Hagedorn, 
Hanlon, Hernandez, Holthausen, Hu, King, Joaquim, Joshipura, Ishimori, Lam, Lavoura, C.-C. Li, Lindner, Luhn, Ludl, B.-Q. Ma, E. Ma, 
Marzocca, Merle, Merlo, Meroni, Mohapatra, Morisi, Nishi, Ohlsson, Pascoli, Patel, H. Qu, Rebelo, Repko, Rigolin, Romanino, Roy, 
Schmidt, Sevilla, Silva-Marcos, Smirnov, Stamou, Stuart, Tanimoto, Valle, Villanova del Moral, Vitale, Zhang, Zhou, Ziegler...

Leptonic flavour structure
The mixing angles have special values:
This can suggest an underlying pattern. See Everett’s talk



Corrections to the basic pattern leads to predictions 
for the parameters and relations among them:
● charged lepton corrections to       : 
● Sum rules. E.g.: 
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Figure 2: The predictions for cos � generated by the solar sum rules for BM and TBM (top row), GR1 and
GR3 (middle row), GR2 and HEX (bottom row). In each plot, the true value of ✓13 is given by the abscissa,
the value of ✓12 is denoted by the colour of the band, and the width of the band is generated by varying ✓23
over its 3� allowed interval.
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Measuring the oscillation parameters precisely would 
allow to distinguish between different models.

P. Ballett et al., 1410.7573 I. Girardi, S. Petcov,  A. Titov, 1410.8056

0.14 0.15 0.16 0.17
-0.4

-0.3

-0.2

-0.1

0

sin q13

co
sf
,
co
sd
HTB

M
L

0.14 0.15 0.16 0.17
0

0.1

0.2

0.3

0.4

sin q13

co
sf
,
co
sd
HGR

A
L

0.14 0.15 0.16 0.17

0

-0.1

-0.2

-0.3

-0.4

sin q13

co
sf
,
co
sd
HGR

B
L

0.14 0.15 0.16 0.17
0.2

0.3

0.4

0.5

0.6

sin q13

co
sf
,
co
sd
HHG
L

Figure 1: Predictions for cos � and cos� in the cases of TBM (upper left panel), GRA (upper
right panel), GRB (lower left panel) and HG (lower right panel) forms of the matrix Ũ⌫ , as
functions of sin ✓13 and for the best fit value of sin2 ✓12 = 0.308. The solid lines (dashed lines)
correspond to cos � (cos�) determined from the exact sum rule given in eq. (36) (eq. (37)).
The dash-dotted line in each of the 4 panels represents (cos �)LO = (cos�)LO obtained from
the leading order sum rule in eq. (43). The vertical dash-dotted line corresponds to the best
fit value of sin2 ✓13 = 0.0234; the three colored vertical bands indicate the 1�, 2� and 3�
experimentally allowed ranges of sin ✓13 (see text for further details).

fit value of sin2 ✓13 = 0.0234 we get for cos � in the cases of the TBM, BM (LC), GRA, GRB
and HG forms of Ũ⌫ , respectively: cos � = (�0.114); (�1.29); 0.289; (�0.200); 0.476.

The unphysical value of cos � in the case of the BM (LC) form of Ũ⌫ is a reflection of the
fact that the scheme under discussion with BM (LC) form of the matrix Ũ⌫ does not provide
a good description of the current data on ✓12, ✓23 and ✓13 [13]. One gets a physical result for
cos �, cos � = �0.973, for, e.g., values of sin2 ✓12 = 0.32, and sin ✓13 = 0.16, lying in the 2�
experimentally allowed intervals of these neutrino mixing parameters. We have checked that
for the best fit value of sin2 ✓13, physical values of (cos �)E, (cos �)LO and (cos�)E in the BM
(LC) case can be obtained for relatively large values of sin2 ✓12. For, e.g., sin2 ✓12 = 0.359
and sin2 ✓13 = 0.0234 we find (cos �)E = �0.915, (cos �)LO = �0.998 and (cos�)E = �0.922.
In this case the di↵erences between the exact and leading order sum rule results for cos � and
cos� are relatively small.

8
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2:
The theoretical implications of CPV for 

the baryon asymmetry

Why should we search for the mass 
ordering and leptonic CP-violation

(and the precise values of the mixing 
angles)?



⌘B ⌘ nB � nB̄

n�
= (6.14± 0.08)⇥ 10�10

There is evidence of the baryon asymmetry:

9

Planck, 1303.5076

In order to generate dynamically a baryon asymmetry, 
the Sakharov’s conditions need to be satisfied:

- B (or L) violation;

- C, CP violation;

- departure from thermal equilibrium.

Leptogenesis in models at the origin of 
neutrino masses

Neutrinoless double beta decay

LBL

Expansion of the Universe

CPV and the Baryon asymmetry

See Di Bari’s talk
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An example of a connection between low 
energy CPV and leptogenesis

See-saw type I: Introduce a 
right handed neutrino N

m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

�
0 mD

mT
D MN

⇥

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond, 
Slansky; Mohapatra, Senjanovic; et al.

2

For T < 10   GeV,  flavour effects are important.
12

YB =
k

g⇤
cs✏ ⇠ 10�3 � 10�4✏ ✏ ⌘ �(N ! `H)� �(N c ! `cHc)

�(N ! `H) + �(N c ! `cHc)

Leptogenesis

with

m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV



Is there a connection between 
low energy CPV and the baryon 

asymmetry?

11



     depends on the CPV phases in 

and in the U mixing matrix via the see-saw formula.

Let’s consider see-saw type I with 3 NRs.

3 phases missing!

✏ /
X

j

=(Y⌫Y
†
⌫ )

2
1j
Mj

M1

m⌫ = U⇤miU
† = �Y T

⌫ M�1
R Y⌫v

2

MR 3 0
Y⌫ 9 6

mi 3 0
U 3 3

12

The general picture (see-saw type I)

✏

High energy Low energy

Y⌫



In understanding the origin of the flavour structure, the 
see-saw models have a reduced number of parameters.

It may be possible to predict the baryon asymmetry 
from the Dirac and Majorana phases.

13

Specific flavour models6 – Leptogenesis

In understanding the origin of the flavour structure, the see-saw models have
a reduced number of parameters, with no independent R.

In some cases, it is possible to predict

the baryon asymmetry from the Dirac and/or Majorana phases.

ν

FLAVOUR P.
Leptogenesis

masses
mixing (U)

models
See saw



It has been shown that, thanks to flavour effects, the low 
energy phases enter directly the baryon asymmetry. 
Example in see-saw type I, with NH (m1<< m2 <<m3), M1<<M2<<M3, 
M1~5 10^11 GeV:

14

Does observing low energy CPV imply a baryon asymmetry?

7 – Observing low-energy CPV implies leptogenesis?

Leptogenesis due uniquely to the Dirac phase.
|YB| ∝ c2

23 s12 s13 |sin δ|.

For R2
12 = 0.85, R2

13 = 0.15, we get
|YB| ∼= 2.8 × 10−11 | sin δ|

(
s13

0.2

) (
M1

1011 GeV

)
.

Imposing M1 < 5 × 1011 GeV for flavour effects to be important, we find
| sin θ13 sin δ| >∼ 0.11 , sin θ13

>∼ 0.11 .

!11.5 !11 !10.5 !10 !9.5 !9
Log10YB

!0.04

!0.02

0

0.02

0.04

J CP

Large theta13 implies that delta can give an important 
(even dominant) contribution to the baryon asymmetry.    
Large CPV is needed and a NH spectrum. 

SP, Petcov, Riotto, 
PRD75 and NPB774

✏⌧ / M1f(Rij)
h
c23s23c12 sin

↵32

2
� c223s12s13 sin(� �

↵32

2
)
i

| sin ✓
13

sin �| > 0.11

sin ✓
13

|
exp

' 0.15
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How can we search for the mass 
ordering and leptonic CP-

violation?



- Long-baseline neutrino oscillation 
experiments

- Reactor neutrinos
- Atmospheric neutrinos

- Neutrinoless double beta decay

16

How can we search for the mass 
ordering and leptonic CP-

violation?
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LBNO

LAGUNA-LBNO A. Rubbia – INFN Meeting March 25th, 2014 !10

CERN%

PROTVINO%

PYHÄSALMI%

FREJUS%

LNGS%

CNGS

CN2PY

Site prioritisation

!10

CN2PY&(Pyhäsalmi)&
!  Ini$al':'beam'from'SPS'(500kW'6'750kW)&
!  Long'term:'LP7SPL&+&HP7PS&7&>2MW&

CNGS%&%Umbria%
!  Beam%from%SPS%(500kW)%
!  No%near%detector%

possibility%

CN2FR&(Fréjus)&
!  HP0SPL&+&accumulator&

(5&GeV&–&4&MW)&

•Pyhäsalmi mine (privately 
owned), 4000 m.w.e 
overburden, excellent 
infrastructure for deep 
underground access 

•Fréjus, nearby road tunnel, 
4800 m.w.e. overburden, 
horizontal access 

•Umbria (LNGS extension), 
green site with horizontal 
access, 2000 m.w.e., 
CNGS off-axis beam 

Several sites considered in details

!9"
!"#$%&'%()#*$+)#,-./012.&3#$%1.2#4.5016&)#!$+7898)#9:#;#9<#40=0>?01#7898)#$%1.2)##@1%-=0#

!9"
!"#$%&'%()#*$+)#,-./012.&3#$%1.2#4.5016&)#!$+7898)#9:#;#9<#40=0>?01#7898)#$%1.2)##@1%-=0#

A. Rubbia CHIPP Plenary

MEMPHYS 

500 kton water 

GLACIER 

100 kton liquid argon 

LENA 

50 kt scintillator 

 70 m 

• Three techniques proposed (approx. drawn to scale)

Detectors considered in LAGUNA

• Water 
Cerenkov 

[MEMPHYS]
• Liquid 

scintillator 
[LENA]

• Liquid Argon 
TPC 

[GLACIER]

IHEP complex Protvino!
• 70 GeV (450kW)

1st priority

2nd prio
rity

3rd priority

7 Thomas Patzak:  “Future Long Baseline Neutrino Oscillations: View from Europe“! APC, Université Paris-Diderot!Neutrino 2014, 1 – 7 June, 2014, Boston, USA!

Phase I:
- 24 kton LAr + SPS beam (750 kW)
Phase II:
- 70 kton LAr + HPPS beam (2 MW) or Protvino beam

T. Patzak @Neutrino2014

See Noah’s talk
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CP Violation with LBNO     

15 Thomas Patzak:  “Future Long Baseline Neutrino Oscillations: View from Europe“! APC, Université Paris-Diderot!Neutrino 2014, 1 – 7 June, 2014, Boston, USA!

Measure δCP by measuring the energy dependence of the neutrino spectrum, the L/E behavior, 
and the 2nd maximum, this is fully complementary to the HK proposal which measures the 
asymmetry between nu and anti-nu oscillation probabilities at the first maximum.!

Continuous effort to optimize the beam to enhance the CPV coverage of the experiment:!
Comparing CP sensitivity for SPS beam options

20/05/2014 LAGUNA-LBNO GENERAL MEETING @ CERN 5

24 kton, 15E+20 POT 75%𝜈:25%�̅�
sin 𝜃 = 0.5

Beam +𝑭𝟑𝝈 Max1 Max2

Base -- 12.5 10.8

GLBOPT +8% 15.3 13.0

LEOPT +8% 15.1 13.2

“GLBOPT”  is  equivalent  to  “HEOPT”
Not  much  difference  b/w  “GLBOPT”  and  “LEOPT”
Results  for    “GLBOPT”  optimization  for  the  SPS  
beam will be shown

M
ax

1

M
ax

2

Increase in coverage

SPS 400 GeV protons!
15E+20 POT!

Best CPV coverage is obtained for “SPS GLB” and “HPPS LEOPT”!

Comparing CP sensitivity for HPPS beam options

20/05/2014 LAGUNA-LBNO GENERAL MEETING @ CERN 6

Beam +𝑭𝟓𝝈 Max1 Max2

Base -- 26.6 24.5

GLBOPT +19% 39.2 35.0

LEOPT +28% 49.3 40.0

HEOPT +24% 44.0 39.3

Results  for  “LEOPT”  the  HPPS  beam  will  be  shown  

24 kton, 30E+21 POT 75%𝜈:25%�̅�
sin 𝜃 = 0.5

HPPS 50 GeV protons!
30E+21 POT!

Expected event rates: HPPS 𝜈 beam 

20/05/2014 LAGUNA-LBNO GENERAL MEETING @ CERN 13

Beam Sig 𝝂𝒆 Beam 𝝂𝒆 𝝂𝝁 NC 𝝂𝝉 CC 

HPPS 𝜈 nominal 1711 195 109 365

HPPS 𝜈 optimized 922 162 58 80

𝜈 beam, 0.75 x 30E+21 POT �̅� beam, 0.25 x 30E+21 POT

Beam Sig 𝝂𝒆 Beam 𝝂𝒆 𝝂𝝁 NC 𝝂𝝉 CC 

HPPS �̅� nominal 71 16 15 56

HPPS �̅� optimized 48 15 7 8

sin 𝜃 = 0.45sin 𝜃 = 0.45

922 events!

Expected event rates: SPS beam 

20/05/2014 LAGUNA-LBNO GENERAL MEETING @ CERN 12

Beam Sig 𝝂𝒆 Beam 𝝂𝒆 𝝂𝝁 NC 𝝂𝝉 CC 

SPS 𝜈 nominal 685 78 44 146

SPS 𝜈 optimized 693 77 44 128

𝜈 beam, 0.75 x 15E+20 POT �̅� beam, 0.25 x 15E+20 POT

Beam Sig 𝝂𝒆 Beam 𝝂𝒆 𝝂𝝁 NC 𝝂𝝉 CC 

SPS �̅� nominal 29 6 6 22

SPS �̅� optimized 40 10 6 20

sin 𝜃 = 0.45sin 𝜃 = 0.45

639 events!

Po
st

er
 L
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go

st
in

o 
(ID

 4
7)

 !

δcp = 0!
883 events!

CP Violation with LBNO     
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Measure δCP by measuring the energy dependence of the neutrino spectrum, the L/E behavior, 
and the 2nd maximum, this is fully complementary to the HK proposal which measures the 
asymmetry between nu and anti-nu oscillation probabilities at the first maximum.!

Continuous effort to optimize the beam to enhance the CPV coverage of the experiment:!
Comparing CP sensitivity for SPS beam options
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Comparing CP sensitivity for HPPS beam options
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Mass ordering
in LBNO



● When neutrinos travel through a medium, they 
interact with the background of electron, proton and 
neutrons and acquire 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 violating.

20

Long-baseline neutrino oscillations and 
the ordering

See also Gandhi’s talk
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Matter effects modify the oscillation probability in LBL 
experiments.

Matter effects are stronger at high energies and 
at longer baselines.

A. Cervera et al., hep-ph/0002108;
K. Asano, H. Minakata, 1103.4387;
S. K. Agarwalla et al., 1302.6773...
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Statistical issues for the mass hierarchy

Typical statements are:
“ LBNO will determine the mass ordering at x sigma”.

What is the “experiment”?
What does “determination” mean?
What is the meaning of “x sigma”?

From a statistics point of view, we are testing two 
alternative hypothesis: NO (true) vs IO (false) or 
viceversa.
Two errors: 
1. reject NO when true (Ist kind), 
2. accept IO when wrong (2nd kind).



↵ =

Z 1

Tc

p(T |NO)dT

1� ↵

1� �

T (✓0) = min✓IO
X

i

�
µNO
i (✓0)� µIO

i (✓)
�2

�2
i
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One needs to quantify this using a test statistic T.

prob. of rejecting NO when true
confidence level

prob. of accepting IO when wrong

power of the test 

In the case of a simulated experiment:

No statistical fluctuations: “average” experiment.

� =

Z Tc

�1
p(T |IO)dT

See M. Blennow et al., 1311.1822; X. Qian et al., 1210.3651, F. Capozzi, et al.,1309.1638; E. Ciuffoli, et al.,
1305.5150; S.-F. Ge et al., 1210.8141.
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The median sensitivity is the sensitivity with 
beta=50%: an experiment will reject the wrong 
mass ordering at x sigma with probability 50%.
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Figure 10: Mean value of the mass hierarchy test statistic as a function of true �
CP

for a total
exposure of 4 ⇥ 1020 pots (or about 4 years of running at the SPS) and LBNO 20 kton detector.
Left: Normal Hierarchy assumed. Right: Inverted Hierarchy assumed.
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Figure 11: Statistical power as a function of exposure for the test of NH (left) and IH (right) for
3� and 5� CL. The nominal central values for oscillation parameters have been assumed and the
shaded bands correspond to the variation of �

CP

.

of the beam sharing between ⌫ and ⌫̄ has been studied in detail. Figure 12 shows the sensi-
tivities for a non vanishing �CP for the two mass hierarchies assuming different percentage
of sharing assuming all the parameters in Table 5 and 6. Our simulations show a maximum
of coverage in the case of 75 % ⌫ - 25% ⌫̄. This sharing will be assumed for all the studies
presented in the next paragraphs.

9.2 Significance of a first and second maxima analysis method

The analysis method takes into account the information contained in the whole shape of
the e-like event distributions in both the ranges of the 1st and the 2nd oscillation maximum.
To consider both the oscillation maxima as well as the spectral shape is a very powerful
method to extract �CP and to confirm the oscillatory behaviour predicted in the three
neutrino oscillation schema together with matter effects. This approach is the only one

22

One can choose the beta at which one is 
confident in the predictions. But comparisons 
between experiments need to be consistent.

LAGUNA-LBNO, 
1312.6520
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Summary and conclusions 

>  The mass ordering is one of the prime indicators of flavor models 

>  Meaningful statements on neutrino mass schemes and nature of neutrino 
mass require direct measurent of neutrino mass ordering, as well as 0νββ 
and cosmology/direct neutrino mass bounds 

>  There are currently three approaches to the mass ordering measurement:  

 
 

>  Having all three approaches will guarantee high-CL determination  
and independent confirmation  

Long baseline 
beam (e. g. LBNE) 

Atmospheric  
(e. g. PINGU) 

Reactor long 
baseline 

Benefit Robust, clean 
signal 

Predictable 
timescale/cost 

Independent 
technology 

Risk (osc. 
params.) 

δCP, θ23 θ23 - 

Challenges Timescale Energy res., 
directional res.,  
particle ID 

Energy resolution!!! 

From 
W. Winter’s 
t a l k a t 
N e u t r i n o 
2014
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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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FIG. 13: Probability that the wrong ordering can be rejected at 3� (99.73% CL) for a true NO

(left) and IO (right) for di↵erent facilities as a function of the date. The width of the bands has the

same origin as in Fig. 12. The dotted horizontal line indicates the median experiment (� = 0.5).

the value of the CP-violating phase �. In this case, we do a composite hypothesis test as
described in Secs. 2 and 3.2, and we draw the edges of the band using the values of true �
in the true ordering that give the worst and the best results for each setup. Nevertheless,
since for these experiments the impact due to the true value of ✓23 is also relevant, we show
two results, corresponding to values of ✓23 in the first and second octant. In all cases, the
octant degeneracy is fully searched for (see App. 3 for details). In the case of PINGU and
INO, the most relevant parameter is ✓23. We find that, depending on the combination of
true ordering and ✓23 the results will be very di↵erent. Therefore, in this case we also do
a composite hypothesis test, using ✓23 as an extra parameter. Finally, the case of JUNO
is somewhat di↵erent. In this case, the uncertainties on the oscillation parameters do not
have a big impact on the results. Instead, the energy resolution is the parameter which is
expected to have the greatest impact, see for instance Ref. [73] for a detailed discussion.
Therefore, in this case the width of the band shows the change on the results when the
energy resolution is changed between 3%

p
1 MeV/E and 3.5%

p
1 MeV/E. For JUNO we

do a simple hypothesis test, as described in Sec. 3.1.
The starting dates assumed for each experiment are: 2017 for INO [86], 2019 for

PINGU [38] and JUNO [61] and 2022 for LBNE [87]. Note that the o�cial running times
for PINGU and JUNO are 5 and 6 years, respectively. For illustrative purposes we extend
the time in the plots to 10 years, in order to see how sensitivities would evolve under the
adopted assumptions about systematics. For the NO⌫A experiment, we assume that the
nominal luminosity will be achieved by 2014 [8] and we consider 6 years of data taking from
that moment on.

From the comparison of Figs. 12 and 13 one can see that, even though the median
sensitivity for INO would stay below the 3� CL, there may be a sizable probability (up
to ⇠ 40%) that a statistical fluctuation will bring the result up to 3�. For NO⌫A, such
probability could even go up to a 60%, depending on the combination of ✓23, � and the true

26

M. Blennow et al., 1311.1822

LBNO
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CPV
in LBNO



There is a slight 
preference for CP-
violation, which is 
mainly due to the 
comb ina t ion o f 
T2K and reactor 
neutrino data. NuFit: M. C. Gonzalez-Garcia et al., 1209.3023
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FIG. 6: As in Fig. 4, but in the plane (sin2 θ13, δ/π).
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F. Capozzi et al., 1312.2878
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the combined global analysis (coloured regions). Right panels: ∆χ2 as a function of the CP-violating phase δ from the analysis

of LBL data (dashed line) as well as from the global analysis (solid line). Upper (lower) figures correspond to NH (IH).

and 1σ errors on δ are given by:

δ = (1.34+0.64
−0.38)π (normal hierarchy) (3)

δ = (1.48+0.34
−0.32)π (inverted hierarchy) (4)

Comparing now with other global neutrino oscillation analyses in the literature we find our results on the CP phase

qualitatively agree with the ones in the updated version of [38] available in [39]. The agreement holds for their global

analysis without atmospheric data. Note, however, that these authors have also included the effect of the δ in the

atmospheric data sample, not included in the official Super-Kamiokande analysis we adopt here. As a result, their

global fit results show a somewhat stronger rejection against δ ! π/2 than we find, as expected. Turning now to the

results of the analysis given in Ref. [40] we find, in contrast, that their agreement with our results is worse.

C. Summary of global fit

In this section we summarize the results obtained in our global analysis to neutrino oscillations. In Fig. 4 we

present the ∆χ2 profiles as a function of all neutrino oscillation parameters. In the panels with two lines, the solid

one corresponds to normal hierarchy while the dashed one gives the result for inverted mass hierarchy. Best fit values

as well as 1, 2 and 3σ allowed ranges for all the neutrino oscillation parameters are reported in Table I.

D. V. Forero et al., 1405.7540
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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) =
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● The CP asymmetry peaks for 
sin^2 2 theta13 ~0.001. Large 
theta13 makes its searches 
possible but not ideal.

● Impact of an unknown mass 
ordering.

● CPV effects are more 
pronounced at low energy. P. Coloma, E. Fernandez-Martinez, JHEP120430

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.
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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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significance of our standard method to a first maximum only and a rate only analysis. The
study of the significance of the events around the 2nd oscillation maximum was done by
evaluating the CPV sensitivity with a cut on the reconstructed energy of the e-like events
placed at 2.5 GeV. This effectively removed all information about the 2nd maximum from
the e-like sample. In addition we have tested the importance of performing an analysis
based on the e-like event distributions by a rate only analysis evaluation. The rate only
measurement leads to a drastic loss of sensitivity of the experiment to the CPV. These
studies are shown in Figure 13. The important quantity in this plot is the width of the
interval below the curve for a given confidence level, which tells us the fraction of unknown
parameter space for which we would be able to discover CP violation. As can be seen in
this plot, the rate only measurement leads to a drastic loss of sensitivity of the experiment
to the CPV. The power of measuring events over an energy range that covers the 1st and
the 2nd oscillation maxima is also evident.
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Fit with a cut at 2.5 GeV
Rate only fit
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 25%ν 75%, ν15E+20 POT: 

Figure 13: Comparison of the CPV sensitivities of a rate only analysis, an analysis with a
cut on a reconstructed energy at 2.5 GeV (excluding the 2nd maximum), and the nominal
case where the full event spectrum is used.

9.3 Impact of prior uncertainties on the �CP discovery potential

The effects of the prior uncertainties on the oscillation parameters have been studied in
detail. The CP phase space coverage has been evaluated setting one prior at time for each
oscillation parameter according to Table 5. This is shown in Figure 14 where it is evident
that the priors with the largest impact is that on ✓13.

In Figure 15 we show the effects on the expected electron neutrinos energy spectrum
when values of ✓13 and ✓23 are varied by ±1� for both the appearance and the disappear-
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Figure 17: Same as Figure 16 but with all other systematic errors included.

sensitivity of CPV as shown in figure 18. We see that variations in ✓23 induce only slight
changes in the sensitivity to �CP at the 90% CL. At higher significances, the true value of
✓23 plays a more important role. At the 3� confidence level, the change in ✓23 by 1� can
make the difference between having no ability to measure CP violation and being able to
exclude CP violation for around 30% of the parameter space.

The dependence of the discovery reach on ✓23 can be understood analytically by follow-
ing the method introduced in Ref. [36]. This procedure can be modified to account for more
complicated scenarios by combining neutrino and antineutrino running, including matter
effects and non-trivial flux profiles; however, for our purposes of extracting the dependence
of ��CP on ✓23, this will not change the functional behaviour and has been omitted for
clarity. To find the dependence on ✓23, we use the approximate form for the probabilities of
the form of Eq. 2.2. For the known value of ✓13, we can find approximate forms for the ✓23
dependence of the probability and its derivative by retaining their leading order behaviour

P (⌫µ ! ⌫e) / sin2 ✓23, and
@P

@�CP
/ sin(2✓23).

Using these two expressions, we can compute the leading order dependence of ��CP on ✓23
to be

��CP =

p
P (⌫µ ! ⌫e)

@P
@�CP

= C
sin ✓23

sin(2✓23)
/ sec ✓23, (9.1)

where C is a constant factor. Using Eq. 9.1, we can see that the precision to �CP decreases
with increasing ✓23 within the currently allowed region. In figure 18, ��CP is indicated by
the width of the region of good fit around �CP = 0 and we can see that this interval grows
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17 Thomas Patzak:  “Future Long Baseline Neutrino Oscillations: View from Europe“! APC, Université Paris-Diderot!Neutrino 2014, 1 – 7 June, 2014, Boston, USA!

Parameter" Value" Error "
L! 2300 km! exact!

Δm2
21! 7.45 x 10-5 eV2! fixed!

Δm2
31! 2.42 x 10-3 eV2! 2 %!

sin2θ12! 0.306! fixed!

sin2θ23! 0.446! 5 %!

sin2 2θ13! 0.09! 3 %!

ρ% 3.20 g/cm3! 4 %!

Parameter" Value" Error"
Signal normalization (fsig)! 1! 3 %!

Beam electron contamination normalization (fνe)! 1! 5 %!

Tau normalization (fντ)! 1! 20 %!

ν NC and νµ CC background (fNC)! 1! 10 %!

Assumed values and errors for oscillation parameters and systematics!

After TAUP 2013!

LBNO Phase I  (24 kt) with!
Optimized SPS beam:!

Covers 47 % CPV space at 3 σ%

Influence of detector mass with SPS GLBOPT 

coverage 24kt 3σ 35kt 3σ 35kt 5σ 70kt 3σ 70kt 5σ 

NH 46,5% 53,7% 13% 63,8% 36,4% 

IH 44,2% 54,3% 0% 66,4% 37,9% 
LBNO Phase II (70kt)  with!

Optimized HPPS beam:!
Covers 80 % CPV space at 3 σ%

Influence of detector mass with HPPS LEOPT 

Coverage 24kt 3σ 24kt 5σ 35kt 3σ 35kt 5σ 70kt 3σ 70kt 5σ 

NH 68,6% 43,4% 73,1% 52,7% 79,7% 65,1% 

IH 67,9% 38,6% 73,1% 50,8% 80% 65,4% 

Remark: Alternatively an additional beam from Protvino instead 
of HPPS!

Remark: Similar results are obtained with LBNO @ Garpenberg!
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Figure 18: Impact of the prior value of ✓23: CPV sensitivity of LBNO phase I as a function of
�
CP

for a range of values of ✓23.

with increasing ✓23. Exact numerical computations confirm the validity of the analytical
expression.

9.4 Impact of event normalization systematics on the �CP discovery potential

The impact of systematics due to the knowledge of signal and background normalization
has also been studied. Results are shown in Figure 19 and 20. In Figure 19 the impact of
each systematic effect on the �CP sensitivity is shown: it is evident that the most important
systematic error is the one on the signal channel normalization, as could be expected. In
Figure 20, the variability band due to the effects of systematics is compared to the statistical
error for the appearance and disappearance channels. For the disappearance channel the
effect is negligible. Errors on normalizations have been considered, very conservatively, to be
fully correlated according to Table 6. Their effect is smaller than the statistical uncertainty.
This study shows also the importance to have a near detector in order to reduce the effect
of these uncertainties.

9.5 Statistical power as a function of exposure

The statistical power of LBNO for CPV determination as a function of exposure is shown
in Figure 21, for the two different CLs of 90% and 3�. The two most favourable cases,
�CP = ⇡/2 or 3⇡/2, are considered.
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Sensitivity to CPV depends on the experimental setup 
and theoretical assumptions.
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Systematic errors on the 
signal (flux, cross sections, 
fiducial volume) have a very 
strong impact on the 
sensitivity.

Systematic errors
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Figure 19: Impact of systematic errors: CPV sensitivity of LBNO phase I as a function of �
CP

,
with only statistical and no systematic errors (black), and effect of the error on the normalisation
of the signal and backgrounds.
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Figure 20: Measured neutrino spectra for (left) e-like appearance (right) muon-like disappearance
channels, when all the normalisation errors listed in Table 6 are varied by ±1� in a fully correlated
way. Statistical error are also shown.

10 Ultimate CPV sensitivity

We have seen that the LBNO Phase I has significant physics goals, in particular it is
guaranteed to be fully conclusive for MH discovery with an expected 5� C.L. over the full
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LBNO Coll.,1312.6520
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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).

19

A dedicated set of 
experiments is needed, 
i n p a r t i c u l a r f o r 
measuring the cross 
sections.
The near detector plays 
a crucial role.

P. Coloma, P. Huber, J. Kopp, W. Winter, 1209.5973See also, e.g. Barger et al., 1307.2519.
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Figure 4.12: The significance with which the mass hierarchy (left) and CP violation, i.e., ”CP ”= 0 or fi,
(right) can be determined by a typical LBNE experiment as a function of the value of ”CP for an allowed
range of ◊23 values and for normal hierarchy; assumes a 34-kt far detector.
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(right) can be determined by a typical LBNE experiment as a function of the value of ”CP for an allowed
range of �m2

31 values and for normal hierarchy; assumes a 34-kt far detector.

the 10-kt LBNE sensitivity would be the dominant contribution in the combined sensitivities and
would therefore represent a significant advance in the search for leptonic CP violation over the
current generation of experiments, particularly in the region where the CP and matter effects are
degenerate.

The combination with T2K and NO‹A would allow the MH to be determined with a minimum
precision of |�‰2| Ø 25 over 60% ”CP values and |�‰2| Ø 16 for all possible values of ”CP. Due
to the low event statistics in these experiments, the combination with NO‹A and T2K only helps

The Long-Baseline Neutrino Experiment
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Figure 4.4: The significance with which the mass hierarchy (top) and CP violation (”CP ”= 0 or fi, bottom)
can be determined as a function of the value of ”CP. The plots on the left are for normal hierarchy and
the plots on the right are for inverted hierarchy. The red band shows the sensitivity that is achieved by
a typical experiment with the LBNE 10-kt configuration alone, where the width of the band shows the
range of sensitivities obtained by varying the beam design and the signal and background uncertainties as
described in the text. The cyan band shows the sensitivity obtained by combining the 10-kt LBNE with T2K
and NO‹A, and the gray curves are the expected sensitivities for the combination of NO‹A and T2K; the
assumed exposures for each experiment are described in the text. For the CP-violation sensitivities, the MH
is assumed to be unknown.

A detailed discussion of the systematics assumptions for LBNE is presented in Section 4.3.2. In
the case that LBNE has no near neutrino detector, the uncertainties on signal and background
are expected to be 5% and 10%, respectively, extrapolating from the performance and detailed
knowledge of the NuMI beam on which the LBNE beamline is modeled, in situ measurements of
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range of ◊23 values and for normal hierarchy; assumes a 34-kt far detector.
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31 values and for normal hierarchy; assumes a 34-kt far detector.

the 10-kt LBNE sensitivity would be the dominant contribution in the combined sensitivities and
would therefore represent a significant advance in the search for leptonic CP violation over the
current generation of experiments, particularly in the region where the CP and matter effects are
degenerate.

The combination with T2K and NO‹A would allow the MH to be determined with a minimum
precision of |�‰2| Ø 25 over 60% ”CP values and |�‰2| Ø 16 for all possible values of ”CP. Due
to the low event statistics in these experiments, the combination with NO‹A and T2K only helps
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Figure 22: CPV sensitivity as a function of �
CP

for various upgrades of beam power with the
HP-PS, and of the far detector mass, with 20 kton and 70 kton.

11 Summary and Conclusions

The LBNO experiment is the outcome of intense and comprehensive design studies sup-
ported by the European Commission since 2008. In an incremental approach, we propose
LBNO with a 20 kton underground detector as the first stage of a new neutrino observa-
tory able to address long-baseline neutrino physics as well as neutrino astrophysics. The
programme has a clear long-term vision for future stages of the experiment, including the
Neutrino Factory [37], for which the baseline of 2300 km is well adapted.

Unlike the attempts to infer MH with atmospheric neutrinos in multi-megaton low-
threshold detectors [38, 39], such as the one proposed with PINGU [40] or ORCA (for a
discussion on the physics potential see e.g. [41]), or with medium-baseline reactor experi-
ments [43], such as JUNO (see e.g. [42]), the accelerator-based approach of LBNO addresses
both fundamental problems of CPV and MH in clean and straightforward conditions, prof-
iting from the ability to reverse the focusing horns polarity and from the well-known and
monitored fluxes, which characterise accelerator-based neutrino beams.

In this paper, we have presented our state-of-the-art studies of the expected sensitiv-
ity to CPV and MH. We have addressed the impact of the knowledge of the oscillation
parameters and of the systematics errors of the experiment. We employed a Monte-Carlo
technique simulating a very large number of toy experiments to estimate the confidence
level of the MH and CPV measurements. We find that, with the capability of reversing the
horn focusing polarity, and even under pessimistic assumptions on systematic errors, LBNO
alone provides a direct and guaranteed discovery of MH with � 3�(� 5�) confidence level,
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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 –
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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.

– 19 –
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Comparisons should be made with great care 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.

NuFact
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Precision values of oscillation 
parameters

in LBNO
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Precision measurements
An important goal will be the determination of the 
precise values of the parameters: theta23 and delta.

oscillations, the worst precision in � corresponds precisely to the points where CP
violation is maximal, � = ±⇡/2. This is modified when matter e↵ects are large.
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Figure 9: 1� (1 d.o.f.) precision on ✓13 (left panel) and � (right panel) for the C2P (green,

dashed-dotted lines) and T2HK (yellow, dotted lines) super-beams; the � = 350 beta-beam

(red, solid lines); and the 10 GeV Low-Energy Neutrino Factory (blue, dashed lines). A

true normal hierarchy has been assumed, and no sign degeneracies have been taken into

account. On the left panel, the empty triangle represents 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 from Daya

Bay only. The width of the bands in each panel represent the dependence of �r✓13 on �

(left panel) and the dependence of �� on ✓13 when it is varied in the range [5.7�, 10�] (right

panel).

Fig. 9 shows the comparison of four representative setups. These are: T2HK
and the CERN to Pyhasälmi (C2P) super-beams, the � = 350 beta-beam (BB350)
and the 10 GeV low-energy neutrino factory (LENF). It should be stressed, however,
that the other super-beam and neutrino factory setups have similar performances.

Regarding the precision in ✓13 and in �, neutrino factories are the optimal setup
for both observables. They can reach a 1.5%-2.5% accuracy in ✓13 and measure the
CP phase with an error better than 7�. The super-beams outperform the beta-beam
(but not Daya Bay) in the precision on ✓13, but the latter can do significantly better
in CP violation, except in a small region around maximal CP violation where they
are comparable.
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Vacuum In this case the oscillation probability is maximal for neutrinos and
antineutrinos at the same L/E, corresponding to the condition� = (2n+1)⇡/2, with
n integer. Let us suppose that we have a narrow beam at the L/E corresponding to
the first oscillation maximum. We have then

(��)± / 1

sin
�
⇡
2 ⌥ �

� . (3.9)

The combination of neutrinos and antineutrinos gives

�� /
r

1

1 + cos 2�
. (3.10)

Thus, the error has a very strong dependence on � which actually diverges if � !
⇡
2 ,

3⇡
2 .
If we move away from the oscillation maximum both to higher or lower values of

L/E the dependence on � smooths out. On the left plot of Fig. 1 we show the result
for � = (12 ,

2
3 ,

5
6 , 1) ⇥

⇡
2 , assuming the same weight for neutrinos and antineutrinos.

We see that the error is constant only for some values of � = ⇡/4, 3⇡/4, .., while
it is maximal at � = ⇡/2, 3⇡/2 and minimal at � = 0, ⇡. The best error bar is
smaller when the experiment is close to oscillation maxima, but the worst error is
also largest at the same point. This indicates that if we just look at the sensitivity to
CP violation we would rather be at � = ⇡/2, but if we instead look at the average
precision on � for any � that is not the preferred situation.

Clearly this also shows that those neutrino beams that in practice provide suf-
ficient information outside the peak, i.e. su�cient energy dependence, can help to
reduce the variation of �� with �.

When the weight for neutrinos and antineutrinos is significantly di↵erent and
we consider bins outside the peak, the maxima of �� shift to the left (right) in �, if
the fraction of antineutrinos is less (more) than that of neutrinos. This is shown in
the right panel in Fig. 1. Also the error is no longer constant for the special values
� = ⇡/4, 3⇡/4.

Matter In matter, the maxima of the oscillation probability for neutrinos and
antineutrinos do not coincide. It is sensible to assume that most of the information in
the neutrino channel comes from the bin where the neutrino probability maximizes,
i.e. (1� Â)� = ⇡/2, while in the antineutrino channel it comes from the bin where
the antineutrino probability maximizes, i.e. (1 + Â)� = ⇡/2. The contribution to
the error of both such bins is

(��)± =

⇡
2

Â
(1⌥Â)

sin
h
⇡
2

Â
(1⌥Â)

i 1

sin
⇣

⇡
2

1
(1⌥Â)

⌥ �
⌘ , (3.11)

while for the T-conjugated channel ⌫µ ! ⌫e we must substitute � ! ��.

9

Matter effects modify this 
relation and information at 
different energies increases 
the precision achievable. 
Disappearance channel helps 
in improving the precision.

In vacuum, for neutrinos + antineutrinos, 
at 1st oscillation maximum

P. Coloma et al., 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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WG Report: Neutrinos,  de Gouvea (Convener) et al., 1310.4340; see also, Coloma et al., JHEP 
1206; Minakata, Parke, PRD87; D. Meloni, PLB728

Crucial information in order to discriminate 
between different flavour models.
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Precision on theta23

Degeneracies in the appearance and disappearance 
channels limit the precision on theta23 and delta. By 
combining the two channels and exploiting information 
at different L/E these degeneracies can be addressed.
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FIG. 5: Expected precision for sin2 θ23 at 1σ (1 d.o.f.) as a function of the true value of sin2 θ23
for the T2HK setup. The left and the right panels correspond to our reference (∼ 5 − 10%) and

conservative (∼ 10 − 15%) sets of systematic errors, respectively. See App. A for more precise
specification of the reference errors. The true value of δ is taken as 80◦.

for instance left panel in Fig. 5). The precise boundaries of this region with regions I
and III (see below) depend very much on the size of the systematic errors, as one can
see from Fig. 5.

Region III: For values of sin2 θ23 very close to maximal a third region appears, in which
the disappearance measurement again supersedes the appearance measurement. As
explained above, this is due to overlapping of the two clones when they are very close
to maximal mixing.

Overall, one can see from Figs. 5 and 6 that νe appearance and νµ disappearance measure-
ment cooperate to determine sin2 θ23 very accurately, with a 1σ uncertainty 0.02 − 0.03,
or ∼ 5% level, which is comparable to the possible ultimate accuracy for sin2 θ13 expected
from reactor experiments. If θ23 is in Region I the error may be even smaller. We note,
however, that Regions II and III are the ones to which the experimental results seem to be
converging [30].

B. Appearance vs. disappearance channels in Neutrino Factory setting

The relative importance of appearance and disappearance channels in determination of
θ23 is quite different for the IDS-NF setup. As shown in Fig. 7 Region III does not exist in
this case, while Region II is quite wide, 0.44 <∼ sin2 θ23 <∼ 0.59. Since the setting we consider
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FIG. 6: Same as in Fig. 5, but for the LBNE setup.

for the neutrino factory is off VOM, the disappearance measurement is not as powerful
as for facilities sitting at the first VOM like T2HK or LBNE. Also, note that the general
features shown in Fig. 7 are rather robust against variation of the systematic errors in the
disappearance channel within a reasonable range, since for the NF this channel is mainly
limited by being off-peak.

Finally, we have also examined the ESSνSB setting with a baseline of 540 km. Unfortu-
nately, neither the disappearance nor the appearance measurement have sufficient statistics
to determine sin2 θ23 with a comparable accuracy to any of the other settings discussed above.
For example, the appearance only measurement can reach only up to ∆(sin2 θ23) ∼ 0.07 at
sin2 θ23 = 0.5 for various input values of δ.

C. Accuracy of measurements: sin2 θ23 vs. sin δ

Starting from simple analytical considerations, a simple expression relating the precision
achievable for sin2 θ23 and sin δ using only the appearance channel at the first VOM, was
derived in Ref. [13]:

∆(sin2 θ23) "
1

6
∆(sin δ). (9)

We have confirmed that this relation holds reasonably well when both observables are
computed within the same experimental setup sitting near the VOM. The results are shown
in Fig. 8 for the case of the T2HK setup. In this figure, the uncertainty on sin δ is compared
to the uncertainty on sin2 θ23 multiplied by a factor of 6. Results are shown as a function
of the value of δ itself, for sin2 θ23 = 0.50. As it can be seen from the figure, the agreement
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Tests of flavour models

δ
 (

d
e
g
.)

θ12 (deg.)

TBM (WBB70kt + 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 (WBB70kt + 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 7: The allowed regions of true parameter space in the ✓12� � plane for TBM (left) and GR1 (right) after
6 years of data taken by a medium-baseline reactor experiment (MR) and 10 years by a wide-band superbeam
with an upgraded 70 kton detector (WBB70kt).

Solving Eq. (17) for ✓23 and inserting the result into Eq. (18) gives rise to the sum rule involving
✓12, ✓13 and �,

cos � =
c213 � 3a2+s

2
12s

2
13 � 3c212(c

2
13 � a2+)

6a+s12c12s13
p
c213 � a2+

. (19)

Satisfying both of these constraints simultaneously is very di�cult with the known global data
on the mixing angles: cos � is only well defined for large values of ✓13 and small values of ✓12,
but the constraint of Eq. (17) requires that ✓13 and ✓23 are at the low-valued extremes of their
allowed parameter space. This tension may be alleviated by introducing further corrections to
these predictions, for example the renormalisation e↵ects.

5 Renormalisation group corrections

In this analysis we have ignored the e↵ects of renormalisation group (RG) corrections to mixing
angles. Although this is generally a good approximation, it is useful to be aware of the typical
magnitudes of such corrections and when they might be important. In this section, we briefly
review such issues. For previous discussion of RG corrections in this context see e.g. Ref. [50]
for a discussion in case of Cabibbo-like charged lepton correction to BM mixing and charged
lepton corrections to TBM in Ref. [51].
In the e↵ective theory the RG correction to ✓12, which is generically the largest, is described
by the following renormalisation group equation [52]

✓̇12 ⌘ d✓12
d ln(µ/µ0)

= � Cy2⌧
32⇡2

sin 2✓12s
2
23

|m1ei'1 +m2ei'2 |2
m2

2 �m2
1

+O(✓13) , (20)

with C = 1 in the Minimal Supersymmetric Standard Model (MSSM) and C = �3/2 in the
Standard Model (SM). In the MSSM large values of tan� = vu/vd lead to an enhancement of
the RG running via the Yukawa coupling y2⌧ = m2

⌧ (1 + tan2 �)/v2, where v = 246GeV. There
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Atmospheric sum rule

sin ✓23 �
1p
2

= a0 + � sin ✓13 cos � + higher orders

Example: a0=0, lambda=1
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FIG. 5. The left (right) column shows the ability to exclude models with λ = 1 (λ = −0.5) as a function of the true parameters.
The plots show the 2σ and 3σ allowed regions for the WBB (top row) and the LENF (bottom row). A point lying outside of
the contours indicates that the model can be excluded by that given experiment for those true parameter values.

describe the data and satisfy the sum rule. This leads
to the lobes around the origin, which are visible particu-
larly for the LENF with MIND (the improved sensitivity
to a of the LENF with mLAr mitigates the impact of
these solutions). The mLAr detector allows for the sum
rule to be excluded over a larger region of parameter
space: the 2σ allowed region for the mLAr is contained
completely inside the 2σ region for the MIND detector.
At the widest points, the allowed regions for cos δ cover
around 24% (42%) of the parameter space for cos δ for
the LENF with mLAr (MIND) at 3σ. On the top row
of Fig. 5, we show the equivalent regions for the WBB
with 35 kton and 70 kton LAr. These follow the same
shape, inherited from the uncertainties in measurement
of cos δ. In this case, the uncertainty in cos δ is large
enough to subsume the lobed solution regions found for
the LENF. The WBB is unable to constrain the parame-
ter cos δ to the same extent as the LENF, and we see that
the allowed region for the sum rules are correspondingly
much larger. At its widest point, the WBB with 70 kton

(35 kton) LAr has an allowed region for cos δ which cov-
ers 56% (81%) of the parameter space at 3σ. For both
LENF and WBB, excluding models over even 50% of the
parameter space would be an interesting result; however,
we have seen that these measurements are challenging,
and the more optimistic facilities are required to make
significant advances.

D. Constraining λ

Both LENF andWBB will be able to observe violations
of a given sum rule for a significant fraction of parameter
space, especially if | cos δ| is large. In the scenario that
the true parameter set appears to agree with some sum
rule, it is interesting to see what constraints we can put
on the parameters describing such a rule. In this section,
we consider the ability of the next-generation oscillation
experiments to distinguish between models with similar λ
parameters, introduced in Eq. (3). Our interest here is in

P. Ballett et al., 1308.4314. Also D. Meloni, 1308.4578

Solar sum rule

can be used to eliminate the atmospheric angle, providing a solar sum rule which is more
restrictive than that coming from Eq. (5) alone. Nevertheless, we shall continue to refer to the
relation in Eq. (5) as a solar sum rule, since it is satisfied even when ✓e23 = 0, as in Eq. (3), and
is distinct from the atmospheric sum rules discussed earlier. The solar sum rule in Eq. (5) may
be cast as a prediction for cos �, as a function of the measured mixing angles and ✓⌫12,

cos � =
t23s212 + s213c

2
12/t23 � s⌫212(t23 + s213/t23)

sin 2✓12s13
, (6)

an expression which had been derived previously using an alternative argument in Ref. [21]. We
also highlight a second remarkable feature of Eq. (6), namely that it is not only independent of
✓e23 but also of ✓

⌫
23. The sum rule in Eq. (6) is specified by only fixing the value of s⌫12. Therefore,

we can enumerate the viable models of this type by deriving the values of ✓⌫12 associated with
those leading-order mixing patterns with ✓⌫13 = 0 which are derivable from considerations of
symmetry. In this article, we shall show that this leads us to four well-motivated solar sum rules:
one based on TBM mixing [5] where s⌫12 = 1/

p
3, one based on bimaximal (BM) mixing [22]

where s⌫12 = 1/
p
2 and two patterns based on versions of golden ratio mixing including GR1

with t⌫12 = 1/' [23] and GR3 with c⌫12 = '/
p
3 [24, 25], where ' = 1+

p
5

2 is the golden ratio.
We shall also discuss the viability of two leading-order patterns which have been invoked in the
literature called GR2 with ✓⌫12 = ⇡/5 [26], and hexagonal (HEX) mixing with ✓⌫12 = ⇡/6 [27].
For each viable prediction we perform a study of the scope to test the sum rule in Eq. (6) within
the current experimental programme. Over the next few decades, significant new information
will be provided on the leptonic mixing matrix from two main sources: the next generation of
medium-baseline reactor (MR) experiments and long-baseline wide-band superbeams (WBB).
The MR programme primarily seeks to measure the interference between atmospheric and
solar neutrino oscillations at baseline distances of around 50–60 km. These facilities have been
shown to be sensitive to the mass hierarchy [28–31]. There are two main experiments working
towards a MR facility, both building on successful measurements of ✓13 at a shorter baseline:
JUNO [32] and RENO-50 [33, 34]. The WBB experiments can be seen as complementary to
the MR proposals. Collaborations such as LBNE [35] and LBNO [36] intend to construct a
high-power long-baseline neutrino and antineutrino beam which can exploit matter e↵ects and
large statistics for the primary aim of constraining the CPV phase �. The combination of MR
and WBB facilities will provide new levels of precision in the neutrino sector, with ✓12 and ✓13
being probed to the level of percent by MR experiments, and � being constrained by dedicated
WBB facilties. This complementarity o↵ers for the first time the possibility of experimentally
testing relations such as Eq. (6).1 In this work, we shall simulate illustrative MR and WBB
facilities with an aim to exploring how their complementarity can be used to constrain the
models of charged-lepton corrections.
The idea of correcting a leading-order neutrino mixing pattern by contributions from the
charged leptons has recently been revisited [21, 38, 39]. Our work goes beyond these analyses
in three ways. Firstly, we present a novel derivation of the correlation in Eq. (6) in a more
general setting, showing it to be the consequence of the simpler relation Eq. (5), which helps
to highlight its relationship to the earlier solar sum rules. Secondly, we systematically derive

1For another application of this complementarity to the study of flavour-symmetric predictions, see Ref. [37]

3

Example for TBM:
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Needed: precision LBL exp

Synergy: precision LBL exp 
and future reactor exp
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Conclusions
● LBL experiments can search for the mass ordering, 
CPV, precise values of the oscillation parameters and 
can provide tests of the 3-neutrino scenario.

● There is a strong synergy with non-accelerator 
searches (e.g. neutrinoless double beta decay, 
supernova neutrinos, cosmology,...).

● Precise information on the values of the masses, 
mixing angles and CPV phase is crucial to understand 
the origin of masses and mixing.

● The observation of L violation and of CPV in the 
lepton sector would be a strong indication (even if not 
a proof) of leptogenesis as the origin of the baryon 
asymmetry.



● At T>M, the right-handed neutrinos N are in 
equilibrium thanks to the processes which produce 
and destroy them:

● When T<M, N drops out of equilibrium

● A lepton asymmetry can be generated if 

● Sphalerons convert it into a baryon asymmetry.

N $ `H

N ! `H

�(N ! `H) 6= �(N ! `cHc)

Leptogenesis

41 Fukugita, Yanagida, PLB 174; Covi, Roulet, Vissani; Buchmuller, Plumacher; Abada et al., ...

N ! `cHc

T

-T=M

-
T=100
GeV



YB =
k

g⇤
cs✏ ⇠ 10�3 � 10�4✏

In order to compute the baryon asymmetry:

1. evaluate the CP-asymmetry

2. solve the Boltzmann equations to take into account 
the wash-out of the asymmetry

3. convert the lepton asymmetry into the baryon one

✏ ⌘ �(N ! `H)� �(N c ! `cHc)

�(N ! `H) + �(N c ! `cHc)

YL = k✏

For T < 10   GeV,  flavour effects are important.
12

42


