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Dear Colleague,

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

London, UK.

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

 

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

http://nuphys2013.iopconfs.org 

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

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

researchers is particularly encouraged.

Best wishes,

                                   Shaped by the past, creating the future

mass



1. Present status of CP-violation

2. Searches for CP-violation
- LBL experiments
- Neutrinoless double beta decay

3. Leptogenesis

4. Is there a connection between low energy 
CPV and leptogenesis?

5. Conclusions
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CP-violation in the leptonic sector

For antineutrinos,

CP-conservation requires

The delta phase can be tested in neutrino oscillations. 
The Majorana phases can enter only LNV processes and 
are currently completely unknown.

U � U�

U is real� � = 0, ⇥
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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

-180

-120

-60

0

60

120

180

δ
C

P

NO

!

0.01 0.02 0.03 0.04

sin
2
θ

13

-180

-120

-60

0

60

120

180

δ
C

P

!

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

!

2 2.2 2.4 2.6 2.8

|∆m
2

atm
| [10

-3
 eV

2
]

IO

NuFIT 1.2 (2013)

9

0.01 0.02 0.03 0.04 0.05 0.060.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

300

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0

0.5

1.0

1.5

2.0

0.01 0.02 0.03 0.04 0.05 0.060.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

300

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0

0.5

1.0

1.5

2.0

0.01 0.02 0.03 0.04 0.05 0.060.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

300

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0

0.5

1.0

1.5

2.0
0.01 0.02 0.03 0.04 0.05 0.060.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

300

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0

0.5

1.0

1.5

2.0

0.01 0.02 0.03 0.04 0.05 0.060.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

300

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0

0.5

1.0

1.5

2.0

0.01 0.02 0.03 0.04 0.05 0.060.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0

50

100

150

200

250

300

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0

0.5

1.0

1.5

2.0
LBL Acc + Solar + KL + SBL Reactors + SK Atm

13θ2sin 13θ2sin 13θ2sin

13θ2sin 13θ2sin 13θ2sin

π/δ
π/δ

σ1 
σ2 
σ3 

N
orm

al H
ierarchy

Inverted H
ierarchy

FIG. 6: As in Fig. 4, but in the plane (sin2 θ13, δ/π).
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FIG. 7: As in Fig. 4, but in the plane (sin2 θ23, δ/π).

F. Capozzi et al., 1312.2878
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FIG. 3: Left panels: contour regions with ∆χ2 = 1, 4, 9 in the θ13-δ plane from the analysis of LBL data alone (lines) and from

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

NH NH
NH

IH IH

Neutrino 2014 Daya Bay results Neutrino 2014 RENO results
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How can we search for 
leptonic CP-violation?



- Long baseline neutrino 
experiments

- (Atmospheric neutrinos)
- Neutrinoless double beta decay
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How can we search for 
leptonic CP-violation?
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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.

● If one can neglects         , the asymmetry goes to zero: 
effective 2-neutrino probabilities are CP-symmetric.
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CP-violation in LBL experiments
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CPV needs to be searched for in long baseline neutrino 
experiments which have access to 3-neutrino oscillations. 

● The CP asymmetry peaks for 
sin^2 2 theta13 ~0.001. Large 
theta13 makes its searches 
possible but not ideal.
● Crucial to know mass ordering.
● CPV effects more pronounced 
at low energy.

P. Coloma, E. Fernandez-Martinez, JHEP12048

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

Θ13"1˚

Atmospheric

Solar

CP Interference

0 500 1000 1500 2000

0

2#10$3

4#10$3

6#10$3

$2#10$3

$4#10$3

$6#10$3

L!E "km!GeV#

P

Θ13"10˚

Atmospheric

Solar

CP Interference

0 500 1000 1500 2000

0

2#10$2

4#10$2

6#10$2

$2#10$2

$4#10$2

$6#10$2

L!E "km!GeV#

P

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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( )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

3
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CPV Searches

Near future: T2K 
and NOvA. 
Marginal sensitivity 
to CPV

9

Category Experiment Status Oscillation parameters

Accelerator MINOS+ [74] Data-taking MH/CP/octant

Accelerator T2K [21] Data-taking MH/CP/octant

Accelerator NOvA [108] Commissioning MH/CP/octant

Accelerator RADAR [76] Design/ R&D MH/CP/octant

Accelerator CHIPS [75] Design/ R&D MH/CP/octant

Accelerator LBNE [87] Design/ R&D MH/CP/octant

Accelerator Hyper-K [97] Design/ R&D MH/CP/octant

Accelerator LBNO [109] Design/ R&D MH/CP/octant

Accelerator ESS⌫SB [110] Design/ R&D MH/CP/octant

Accelerator DAE�ALUS [111] Design/ R&D CP

Reactor JUNO [44] Design/R&D MH

Reactor RENO-50 [45] Design/R&D MH

Atmospheric Super-K [56] Data-taking MH/CP/octant

Atmospheric Hyper-K [97] Design/R&D MH/CP/octant

Atmospheric LBNE [87] Design/R&D MH/CP/octant

Atmospheric ICAL [95] Design/R&D MH/octant

Atmospheric PINGU [101] Design/R&D MH

Atmospheric ORCA [99] Design/R&D MH

Atmospheric LAGUNA [112] Design/R&D MH/CP/octant

Supernova Existing and future [106] N/A MH

Table 4: Ongoing and proposed oscillation experiments for the measurement of neutrino oscillation param-
eters. The last column indicates sensitivity to unknown oscillation parameters. (Note that many of these
experiments can improve precision on known parameters as well.)
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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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Figure 1: Simulated neutrino energy spectra for ⌫µ charged current
interactions in detectors sited 0, 7, 14, and 21 mrad o↵ the NuMI
beam axis. NOvA sits at 14 mrad.

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

e

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

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

3. Detectors

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

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

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

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

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

dx

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

dx

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

Since November 2010, NOvA has operated a proto-
type detector, dubbed the Near Detector on the Surface
(NDOS), that has allowed full-scale detector assembly
and integration tests, electronics and data acquisition
development, calibration R&D, Monte Carlo simula-
tion tuning, and early analysis R&D. The NDOS sits
110 mrad o↵ the NuMI beam axis and approximately on
the Booster beam axis and is identical in size to the ND
except in its width, with 64 cells spanning it horizontally
rather than 96. With the NDOS, NOvA has recorded
hundreds of neutrino interactions from both the NuMI
and Booster sources and has collected millions of cos-
mic ray interactions. Figure 4 shows two distributions
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Figure 9: The expected appearance of ⌫e (top) and ⌫̄e (bottom) signals for the possible mass orderings (left:
normal hierarchy, right: inverted hierarchy) and varying values of CP � for the example of LBNE/Project
X. Figures from [87].

proposals to measure CP violation in the neutrino sector, there is a large number of alternative proposals
in the U.S. and abroad. In this document, we will not be able to provide an in-depth comparison of the
scientific merit of each of these proposals, which vary in maturity. Nonetheless, we can give an impression
of how their performance for specific measurements might look. The most challenging measurement within
the framework of oscillation of three active neutrinos for long-baseline experiment is the search for leptonic
CP violation and a precise measurement of the associated CP phase, �CP . Therefore, apart from the value
of a determination of �CP , as outlined in Sec. 3, the ability to measure the CP phase with precision is a
reasonable proxy for the overall potential to have a major scientific impact.

The results of this comparison are shown in Fig. 11 using the methods and common systematics im-
plementation including near detectors as in Ref. [114]. The lines labeled 2020 and 2025 show what can be
achieved by those dates using a combination of the existing experiments T2K and NOvA and Daya Bay,
where the implementation of all three follows Ref. [116] and the NOvA description has been updated for this
report [124]. This is the precision that can be reached without any new experiments. Furthermore, we will
compare two phases of LBNE: LBNE-10 with a 10-kt detector and a 700-kW beam and LBNE-PX with a
34-kt detector and the 2.3-MW beam from Project X; both phases do include a near detector and the other
details can be found in [87]. After su�cient exposure, LBNE operating in the intense beams from Project

32

Reconstructed Neutrino Energy (GeV)
1 2 3 4 5 6 7 8

Ev
en

ts
/0

.2
5 

G
eV

0

50

100

150

200

250

300

350

400

o = 0CPδSignal, 
o = 90CPδSignal, 
o = -90CPδSignal, 

NC
 CCµν
 CCτν

 CCeνBeam 

 modeν5 yrs 

Normal hierarchy
) = 0.0913θ(22sin

 spectrumeν

35 kton LAr @ 1300 km
80 GeV p, 2.3 MW

Reconstructed Neutrino Energy (GeV)
1 2 3 4 5 6 7 8

Ev
en

ts
/0

.2
5 

G
eV

0

50

100

150

200

250

300

350

400

o = 0CPδSignal, 
o = 90CPδSignal, 
o = -90CPδSignal, 

NC
 CCµν
 CCτν

 CCeνBeam 

 modeν5 yrs 

Inverted hierarchy
) = 0.0913θ(22sin

 spectrumeν

35 kton LAr @ 1300 km
80 GeV p, 2.3 MW

Reconstructed Neutrino Energy (GeV)
1 2 3 4 5 6 7 8

Ev
en

ts
/0

.2
5 

G
eV

0

20

40

60

80

100

120

140

160

180 o = 0CPδSignal, 
o = 90CPδSignal, 
o = -90CPδSignal, 

NC
) CCµν+µν(
) CCτν+τν(

) CCeν+eνBeam (

 modeν5 yrs 

Normal hierarchy
) = 0.0913θ(22sin

 spectrumeν

35 kton LAr @ 1300 km
80 GeV p, 2.3 MW

Reconstructed Neutrino Energy (GeV)
1 2 3 4 5 6 7 8

Ev
en

ts
/0

.2
5 

G
eV

0

20

40

60

80

100

120

140

160

180 o = 0CPδSignal, 
o = 90CPδSignal, 
o = -90CPδSignal, 

NC
) CCµν+µν(
) CCτν+τν(

) CCeν+eνBeam (

 modeν5 yrs 

Inverted hierarchy
) = 0.0913θ(22sin

 spectrumeν

35 kton LAr @ 1300 km
80 GeV p, 2.3 MW

Figure 9: The expected appearance of ⌫e (top) and ⌫̄e (bottom) signals for the possible mass orderings (left:
normal hierarchy, right: inverted hierarchy) and varying values of CP � for the example of LBNE/Project
X. Figures from [87].

proposals to measure CP violation in the neutrino sector, there is a large number of alternative proposals
in the U.S. and abroad. In this document, we will not be able to provide an in-depth comparison of the
scientific merit of each of these proposals, which vary in maturity. Nonetheless, we can give an impression
of how their performance for specific measurements might look. The most challenging measurement within
the framework of oscillation of three active neutrinos for long-baseline experiment is the search for leptonic
CP violation and a precise measurement of the associated CP phase, �CP . Therefore, apart from the value
of a determination of �CP , as outlined in Sec. 3, the ability to measure the CP phase with precision is a
reasonable proxy for the overall potential to have a major scientific impact.

The results of this comparison are shown in Fig. 11 using the methods and common systematics im-
plementation including near detectors as in Ref. [114]. The lines labeled 2020 and 2025 show what can be
achieved by those dates using a combination of the existing experiments T2K and NOvA and Daya Bay,
where the implementation of all three follows Ref. [116] and the NOvA description has been updated for this
report [124]. This is the precision that can be reached without any new experiments. Furthermore, we will
compare two phases of LBNE: LBNE-10 with a 10-kt detector and a 700-kW beam and LBNE-PX with a
34-kt detector and the 2.3-MW beam from Project X; both phases do include a near detector and the other
details can be found in [87]. After su�cient exposure, LBNE operating in the intense beams from Project
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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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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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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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9.3.2 Influence of ✓23 on the �CP discovery potential

Now that the value of ✓13 mixing angle has been measured, the knowledge of the mixing
angles which describe the PMNS matrix has changed significantly. Whilst previously ✓13
was not known, the uncertainty on it had a dominant influence on the possible discovery
reach of long-baseline facilities, now it makes sense to investigate also the influence of ✓23
(excluding �CP ) whose uncertainty has as well a large impact. Its true value influences the
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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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Figure 14: T2HK sensitivity to CP violation at 1, 2 and 3� as a function of sin2 2✓13. The mass
hierarchy is assumed known (left panel) or not (right panel). Figure from ref. [66].

energy resolution and e�ciency. Compared to superbeams, betabeams have an extremely pure beam,
with no contamination from other flavours at the source. On the other hand, the absence of a ⌫

µ

component implies that a betabeam cannot provide a precision measurement of ✓23. Due to the
short distance, no sensitivity to the mass hierarchy is achievable, as in the case of the SPL, unless
atmospheric neutrinos are included [67]. Excellent reach for CP-violation could be obtained, especially
if the betabeam is combined with a superbeam from CERN to Fréjus. The two setups are sensitive to
the T-conjugated channels, providing a clean measurement of the CP-violating phase �, see Fig. 15.
Moreover the betabeam–superbeam combination o↵ers also improved sensitivity to the mass hierarchy,
even in the case of short baselines [69], see Fig. 6 and footnote 3.

5.3 Neutrino factory

In a Neutrino Factory [120, 121, 122] neutrinos are produced by highly accelerated muons which decay
producing a highly collimated beam of muon and electron neutrinos. The spectrum is very well known
and high energies can be achieved: the wide beam and high energies allow to reconstruct with precision
the oscillatory pattern and typically achieve a superior performance with respect to the other options.
Let’s consider the decay of µ� (µ+): it will generate an initial beam with two neutrino components, ⌫

µ

and ⌫
e

(⌫
µ

and ⌫
e

). These will oscillate inducing also ⌫
e

and ⌫̄
µ

(⌫
e

and ⌫
µ

). At the detector, for muon-
like events, two di↵erent signals will be present: the right-sign muon events which derive from the
observation of ⌫

µ

coming from the disappearance channel, ⌫
µ

! ⌫
µ

, and the wrong-sign muon events
which are due to ⌫̄

e

! ⌫̄
µ

oscillations. As the appearance oscillation is sensitive to matter e↵ects
and CPV, it is necessary to distinguish the two signals. This is achieved by means of magnetised
detectors which can distinguish µ+- from µ�-events. The mis-id rate is typically very low at a level of
10�4–10�3, depending on the detector technology. The detector of choice [124] is an iron magnetized
detector (MIND) which provides excellent background rejection and very good energy resolution but
low detection e�ciency for neutrinos with energies in the few GeV range. This detector performs very
well for high energies and is the default choice for muon energies above 8 GeV. For lower energies,
detectors with lower-Z would be preferred, such as a magnetized Totally-Active Scintillator Detector

26

T2HK LoI, Abe et al., 1109.3262

T2HK

11

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 �).
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Use the information at 
low energy.
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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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Christensen et al., PRL 111. See also Geer, Mena SP, 
PRD 75, Bross et al, PRD77; Fernandez-Martinez, Li, 
Mena, SP, PRD 81; and Rubbia et al., 2001; IDS-NF...
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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

See P. Soler’s talk
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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.
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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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FIG. 9: Integrated distinguishability for super-PINGU as function of �CP as compared to �CP = 0.

The plots in the top panel are for ⌫µ+ ⌫̄µ events while the plots in the bottom panel are for ⌫e+ ⌫̄e

events. We have used two di↵erent energy thresholds, 0.5 GeV (left plots) and 1.0 GeV (right

plots). Normal hierarchy is assumed.

43

Peres, Smirnov; Kimura et al., Gonzalez-Garcia, Maltoni; 
Akhmedov et al.; Mena et al.; Hay, Latimer; Agarwalla et al.; 

Ohlsson et al.; Ge et al.; Abe et al.; Kearns et al.; Adams et al; ...Razzaque, Smirnov, to appear

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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The precision measurement of the oscillation parameters 
will become very important once the mass hierarchy and 

CPV are established. LBL experiments can give 
information on                      . 

Precision measurements of oscillation parameters

⇥23, ⇥13, �
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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



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

This process has a special role in the study of neutrino 
properties as it probes lepton number violation and 
can provide information on neutrino masses and 
(possibly) on CP-violation.

Neutrinoless double beta decay

15

2 – Neutrino masses

(ββ)0ν -decay

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



|hmi| = mee

The half-life time depends on neutrino properties

                   : the effective Majorana mass parameter

                      : the nuclear matrix elements. They 
need to be computed theoretically.

Mixing angles (known) CPV phases (unknown)

16

2 – Neutrino masses

The half-life time, T1/2
0ν , of the (ββ)0ν -decay can be factorized, for light

Majorana neutrinos, as:
[

T1/2
0ν (0+ → 0+)

]−1

∝ |MF − g2
AMGT |

2 |<m>| 2

• |<m>| is the effective Majorana mass parameter:

|<m>| ≡ | m1|Ue1|2 + m2|Ue2|2eiα21 + m3|Ue3|2eiα31 | ,

• |MF − g2
AMGT | are the nuclear matrix elements (NME). They need to be

evaluated theoretically.

The extracted value of |<m>| from a measurement of T1/2
0ν requires the

knowledge of NME.

•

•

See J. Engel’s talk



Broad experimental program for the future: a 
positive signal would indicate that L is violated!

SP 2014, from Nakamura, Petcov review in PDG
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Warning: almost all 
experiments are using 
background estimates not 
yet demonstrated. 
Varying levels of risk are 
associated with achieving 
those backgrounds. 

J. Hartnell, IOP meeting 2014

See Cremonesi’s, Bongrand’s, Schönert’s, 
Shimizu’s, Marino’s, Winslow’s talks

Red=CPV

Predictions for neutrinoless 2beta decay

Example: QD (m1~m2~m3): 44 meV < |<m>| < m1
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Determining CP-violation with neutrinoless 2beta decay
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See also M. Hirsch’s talk

However, this requires also a very 
precise determination of NME.
See also,  SP, Petcov and Wolfenstein, PLB524.; SP, S. 
Petcov, T. Schwetz, NPB734; F. Simkovic, et al., PRD 87; 
Joniec, Zralek, PRD73; Deppisch et al, PRD72; Bahcall et 
al., PRD70; de Gouvea et al, PRD67; SP, et al., PLB579; 
Nunokawa et al., PRD66; Barger et al., PLB540. 

If |<m>| and the masses are 
measured with sufficient 
precision, then it may be 
possible to establish CPV 
due to Majorana phases. 13

0
0.05
0.10
0.15
0.20
0.25

m
0
 [

e
V

]

(d)

α21(true)=0 α21(true)=π/2 α21(true)=π

(e) (f)

0
0.05
0.10
0.15
0.20
0.25

m
0
 [

e
V

]

(g)

0
0.05
0.10
0.15
0.20
0.25

m
0
 [

e
V

]

(h) (i)

0
0.05
0.10
0.15
0.20
0.25

0 0.5 1.0 1.5

m
0
 [

e
V

]

α21/π

.

.

.

Input

Inverted Normal
(j)

0
0.05
0.10
0.15
0.20
0.25

0 0.5 1.0 1.5

m
0
 [

e
V

]

α21/π
0 0.5 1.0 1.5

α21/π

(k)

0 0.5 1.0 1.5
α21/π

0 0.5 1.0 1.5 2.0
α21/π

Input
rNME=1.3

rNME=1.5

rNME=2.0

(l)

0 0.5 1.0 1.5 2.0
α21/π

0
0.05
0.10
0.15
0.20
0.25
0.30

m
0
 [

e
V

]

(a)

0
0.05
0.10
0.15
0.20
0.25
0.30

m
0
 [

e
V

]

(b) (c)

FIG. 6: Regions allowed at 2 � CL for 2 DOF, projected into the plane of ↵21 � m0 for the cases where the true values of
(m0/eV, ↵21) = (a) (0.2, 0), (b) (0.2, ⇡/2), (c) (0.2, ⇡), (d) (0.1, 0), (e) (0.1, ⇡/2), (f) (0.1, ⇡), (g) (0.05, 0), (h) (0.05, ⇡/2),
(i) (0.05, ⇡), (j) (0.0, 0), (k) (0.0, ⇡/2) and (l) (0.0, ⇡), indicated by the symbol of asterisk. The true value of ↵31 was set
to ⇡ for all the cases. The case of the inverted mass hierarchy is indicated by the filled colours, yellow, red, and light blue,
corresponding to rNME = 1.3, 1.5, and 2.0, respectively. Whereas for the case of normal mass hierarchy, the contours are shown
by the solid, dotted, and the dashed lines corresponding, respectively, to rNME = 1.3, 1.5 and 2.0.
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, the allowed regions in Fig. 6 show the reflection
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by the solid, dotted, and the dashed lines corresponding, respectively, to rNME = 1.3, 1.5 and 2.0.
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correspond to the cases where the true values of m
0

= 0.2 eV, 0.1 eV, 0.05 eV, and 0.0 eV, respectively. The left,
middle, and right panels in Fig. 6 are for the cases where the true values of ↵

21

= 0, ↵
21

= ⇡/2, and ↵
21

= ⇡,
respectively. The input values are indicated by the asterisks. The allowed regions for the inverted mass hierarchy
for rNME = 1.3, 1.5 and 2.0 are indicated by filled colors of yellow, red, and light blue, respectively, whereas that for
normal mass hierarchy are indicated by the black dotted, dashed and solid curves, respectively.

We first note that due to the marginalization with respect to ↵
31

, the allowed regions in Fig. 6 show the reflection
symmetry around ↵

21

= ⇡. Generally speaking the sensitivity to ↵
21

is higher for larger m
0

. The exception is the case
of the inverted hierarchy with m

0

= 0 eV and the input ↵
21

= ⇡, where the allowed contour is slightly smaller than
that of the same hierarchy with m

0

= 0.05 eV. Among the input values of ↵
21

considered for Fig. 6, the sensitivity

13

0
0.05
0.10
0.15
0.20
0.25

m
0
 [

e
V

]

(d)

α21(true)=0 α21(true)=π/2 α21(true)=π

(e) (f)

0
0.05
0.10
0.15
0.20
0.25

m
0
 [

e
V

]

(g)

0
0.05
0.10
0.15
0.20
0.25

m
0
 [

e
V

]

(h) (i)

0
0.05
0.10
0.15
0.20
0.25

0 0.5 1.0 1.5

m
0
 [

e
V

]

α21/π

.

.

.

Input

Inverted Normal
(j)

0
0.05
0.10
0.15
0.20
0.25

0 0.5 1.0 1.5

m
0
 [

e
V

]

α21/π
0 0.5 1.0 1.5

α21/π

(k)

0 0.5 1.0 1.5
α21/π

0 0.5 1.0 1.5 2.0
α21/π

Input
rNME=1.3

rNME=1.5

rNME=2.0

(l)

0 0.5 1.0 1.5 2.0
α21/π

0
0.05
0.10
0.15
0.20
0.25
0.30

m
0
 [

e
V

]

(a)

0
0.05
0.10
0.15
0.20
0.25
0.30

m
0
 [

e
V

]

(b) (c)

FIG. 6: Regions allowed at 2 � CL for 2 DOF, projected into the plane of ↵21 � m0 for the cases where the true values of
(m0/eV, ↵21) = (a) (0.2, 0), (b) (0.2, ⇡/2), (c) (0.2, ⇡), (d) (0.1, 0), (e) (0.1, ⇡/2), (f) (0.1, ⇡), (g) (0.05, 0), (h) (0.05, ⇡/2),
(i) (0.05, ⇡), (j) (0.0, 0), (k) (0.0, ⇡/2) and (l) (0.0, ⇡), indicated by the symbol of asterisk. The true value of ↵31 was set
to ⇡ for all the cases. The case of the inverted mass hierarchy is indicated by the filled colours, yellow, red, and light blue,
corresponding to rNME = 1.3, 1.5, and 2.0, respectively. Whereas for the case of normal mass hierarchy, the contours are shown
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Determining CP-violation with neutrinoless 2beta decay
If |<m>| and the masses are 
measured with sufficient 
precision, then it may be 
possible to establish CPV 
due to Majorana phases.
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However, this requires also a very 
precise determination of NME.
See also,  SP, Petcov and Wolfenstein, PLB524.; SP, S. 
Petcov, T. Schwetz, NPB734; F. Simkovic, et al., PRD 87; 
Joniec, Zralek, PRD73; Deppisch et al, PRD72; Bahcall et 
al., PRD70; de Gouvea et al, PRD67; SP, et al., PLB579; 
Nunokawa et al., PRD66; Barger et al., PLB540. 
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corresponding to rNME = 1.3, 1.5, and 2.0, respectively. Whereas for the case of normal mass hierarchy, the contours are shown
by the solid, dotted, and the dashed lines corresponding, respectively, to rNME = 1.3, 1.5 and 2.0.
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is higher for larger m
0

. The exception is the case
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Why is observing 
leptonic CP-violation 

important?

CP-violation has been observed in 
the quark sector. Does it occur also 

in the leptonic sector? and if so, 
what is its origin?
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Different flavour models can lead to specific 
predictions for the value of the delta phase:
● Sum rules: 

● discrete symmetries models
● charged lepton corrections to       : UPMNS = U †

eU⌫

2

lation amongst the mixing angles and phases. We refer
to this relation as a sum-rule and it provides a constraint
which reduces the number of degrees of freedom in the
leptonic mixing sector. It is convenient to parameterize
these relations by employing the notation of Ref. [1], and
introduce the parameters s, r and a defined by

sin θ12 =
1 + s√

3
, sin θ13 =

r√
2
, sin θ23 =

1 + a√
2

.

These parameters, originating from studies of tribimaxi-
mality, provide a close phenomenological fit to the known
mixing angles. A recent global fit [2] provides the follow-
ing 1σ intervals

−0.07 ≤ s ≤ −0.01,

0.21 ≤ r ≤ 0.23,

−0.15 ≤ a ≤ −0.07.

In this paper, we will focus on a specific set of correla-
tions which are primarily dependent on the atmospheric
mixing angle θ23, reactor mixing angle θ13 and the cosine
of the Dirac CP-phase, cos δ. It will be useful to work
with the first-order expansion of the complete sum-rule
in the small parameters s, r and a, which we call the lin-
earized sum-rule. For the models that we are interested
in, these will take the general form

a = σr cos δ, (1)

and we will treat σ as a new model-dependent constant.
Although we will consider questions based on a range
of values of this general parameter, there are two specific
values which we would like to highlight. These two values
have a degree of universality, having arisen in the liter-
ature from fully consistent models, whilst also remain-
ing the only simple rules that we’ve found in our more
phenomenological treatments: the first of these rules has
σ = 1, and the second is given by σ = −1/2. A dis-
cussion of higher-order effects, correcting the linearized
sum-rule, is presented in Section III.
We will quickly illustrate this discussion with an ex-

ample from the literature. A recent model presented in
Ref. [3] imposes an A4 symmetry, broken at low energies
by a set of flavons, which leads to the second column of
the PMNS fixed at its tribimaximal value,

|Uµ2| ≡
∣

∣cos θ12 cos θ23 − sin θ12 sin θ13 sin θ23e
iδ
∣

∣ ,

=
1√
3
.

This complete sum-rule can be linearized in terms of the
s, r and a parameters,

a = −
r

2
cos δ,

which is a specific realization of our general rule, Eq. 1,
with σ = 1.

A. Hernandez-Smirnov framework

A novel approach was recently introduced in Ref. [4] to
find flavour-symmetric correlations amongst the PMNS
mixing matrix elements, whilst making minimal assump-
tions about the details of the model. This approach
was built around the assumption that there exists a dis-
crete flavour group which is broken into two subgroups
at low-energy. These subgroups act independently on the
charged lepton and neutrino sectors of the theory, and
their misalignment leads to a non-trivial PMNS matrix.
If we assume, in this framework, that some of the known
symmetries of the leptonic mass terms are in fact residual
symmetries arising from this larger broken group, con-
straints can be placed on the PMNS matrix in a general
manner, regardless of the precise implementation of the
symmetry breaking. Some correlations were reported in
Ref. [4]; however, these correlations lead to linearized
sum-rules identical to those reported in previous studies.
In this section, we weaken some of the assumptions made
in the derivations of these relations and generate ad-
dtional sum-rules with distinct linearized relations. We
refer the reader to Ref. [4] for a detailed discussion of the
method for finding parameter correlations in the “sym-
metry building” approach, and we will only summarize
the steps here, highlighting where we alter the derivation.
The approach in Ref. [4] assumes that grand flavour

group is a von Dyck group, D(2,m, p). These are defined
by the presentation

S2
iU = Tm

αU = W p
U = SiUTαUWU = 1.

The choice of m and p dictates the unbroken group that
we are considering, and the assumption that the un-
broken group is finite restricts these to specific values.
Representing each choice by the ordered pair (m, p), the
choices which lead to finite groups are exhausted by 5
special pairs

(3, 3), (3, 4), (3, 5), (4, 3), (5, 3),

and 2 infinite sequences

(2, N) and (N, 2) ∀N ≥ 2.

For a given (m, p), two generators of symmetries
present in the leptonic mass terms must be chosen which
are assumed to be residual symmetries, remaining after
the breakdown of the full group Gf . In this work, we will
focus on the specific choice of Te which is given by

Te =





1 0 0
0 ei

2πk

m 0
0 0 e−i 2πk

m



 ,

where m is specified by the choice of group, and k ∈ Zm.
The second generator, governing the neutrino sector, will
be taken to be either S1 or S2, given by

S1 =





1 0 0
0 −1 0
0 0 −1



 , S2 =





−1 0 0
0 1 0
0 0 −1



 .

King, 0710.0530

Ballett, King, Luhn, SP, Schmidt, PRD89
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FIG. 2. The current experimental status of the sum rules in Eq. (3) given by λ = 1 and λ = −0.5, with a0 = 0. The diagonal
lines show the regions predicted for a and cos δ given the 3σ bounds on r, assuming both normal ordering (Fig. 2(a)) and
inverted ordering (Fig. 2(b)). The vertical line shows the current best-fit for a where the projected sensitivity is indicated by
the red bands; the dark (light) grey regions show the current 1σ (2σ) allowed intervals [6].

given model, our general sum rule can be used to predict
the value cos δ. Fixing a, we define cos δ by the mapping
from r which is found by inverting Eq. (3); r is then
allowed to vary across its 1σ interval [6] and the image of
this mapping is taken to be the range of potential values
for cos δ.
In Fig. 2 we show the predictions of our two specific

sum rules and their compatibility with the current global
data on a (the grey regions). We have also shown (the
red bands) the projected sensitivity to the a parameter as
reported in Ref. [18]. These projections are for the global
parameter sensitivity in 2025 assuming only the current
experimental programme: 5 years of data from T2K, 6
from NOνA, and 3 years each for Double Chooz, RENO
and Daya Bay. As we cannot predict the future best-fit
value, the horizontal location of the predicted regions is
largely irrelevant, and in Fig. 2 they have been arbitrarily
centred around the current best-fit value.
We see that the predictions of δ for these two models

are currently consistent with the global data. However,
the overlap for some of these 1σ intervals can be seen to
require some quite specific correlations: for example, λ =
−0.5 and NO requires cos δ ! 0.5. With the projected
sensitivity to a, these correlations could create tension
with the future data, and the consistency of these models
will start to become rather constrained. For example, in
a strictly CP-conserving theory, sin δ must vanish. The
corresponding value of cos δ would then be difficult to
reconcile with the sum rule given by λ = 1, leading to
a possible exclusion of such a sum rule. The limiting
factor for the general exclusion of these models with the
current experimental programme will be the attainable
precision on cos δ. It has been shown that, in the most
optimistic case, the current experimental programme will

only be able to provide a 3σ region for δ with a width
of around 300◦[19]. It is clear, therefore, that testing
mixing sum rules will be a task to be addressed by a
next-generation neutrino oscillation facility, one which
focuses on precision.

V. TESTING SUM RULES AT
NEXT-GENERATION FACILITIES

With the knowledge of the value of θ13 the campaign
for a next-generation facility, designed to make preci-
sion measurements of the neutrino mixing parameters,
is greatly strengthened. It is likely that within the ex-
tant experimental neutrino physics programme, we will
see hints towards the measurement of two of the most im-
portant unknowns in the conventional neutrino flavour-
mixing paradigm: the sign of the atmospheric mass-
squared difference and the value of the CP-violating
phase, δ. It is, however, unlikely that these questions
will be resolved at an acceptable statistical confidence
level: the projected 3σ CP-violation discovery fraction
with the current experimental programme only reaches
around 20% of the parameter space [18] and it is only
modestly higher for the determination of the mass order-
ing at around 40%. The desire for a definitive 5σ answer
to these questions provides the first motivation for the
construction of a next-generation neutrino oscillation fa-
cility, capable of precision measurements of the oscilla-
tion parameters. In this work, we will focus on two such
designs: the low-energy neutrino factory (LENF) and a
wide-band superbeam (WBB).
The WBB is an extrapolation of existing technology,

using a more powerful version of the conventional neu-

U⌫
M.-C. Chen and Mahanthappa; Girardi et al.; Petcov; 
Alonso, Gavela, Isidori, Maiani; Ding et al.; Ma; 
Hernandez, Smirnov; Feruglio et al.; Mohapatra, 
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studies by Altarelli, Alonso, Ballett, Bazzocchi, 
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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.
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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
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Neutrino masses BSM: see saw mechanism type I See 
Babu’s 
talk

m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

 Introduce a right handed 
neutrino N
 Couple it to the Higgs

�
0 mD

mT
D MN

⇥

See-saw type I models can be embedded in GUT theories 
and  explain the baryon asymmetry via leptogenesis.

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond, 
Slansky; Mohapatra, Senjanovic
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● 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

25 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
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Is there a connection 
between low energy 
CPV and the baryon 

asymmetry?

27



     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

28

The general picture

✏

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.
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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:
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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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Conclusions

● There are current intriguing hints of CP-violation.

● Future LBL experiments will hunt for the delta phase 
and potentially measure it with precision. Neutrinoless 
double beta decay could point towards Majorana CPV.

● CP-violation, together with L violation, is the key 
ingredient of leptogenesis.

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.


