
05 March 2015
Neutrino Telescopes 2015

Venice

CP Violation and 
Leptogenesis

1

Silvia Pascoli
IPPP – Durham University

  

       

           Institute for Particle 
           Physics Phenomenology

Professor Silvia Pascoli
NuPhys2013

Institute for Particle Physics Phenomenology
Department of Physics

University of Durham
South Rd

Durham DH1 3LE
United Kingdom

Durham, 24 October 2013

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



⌘B ⌘ nB � nB̄

n�
= (6.18± 0.06)⇥ 10�10

1. Neutrino oscillations (first evidence in 1998) imply:
neutrinos have mass and mix (CPV?)!
This requires new physics BSM which might be lepton 
number violating.

2. There is evidence of the baryon asymmetry:
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Two compelling observations

Planck, 1502.01589

Is there a link between light 
neutrino physics and the 

baryon asymmetry?



1. Baryogenesis and leptogenesis: 
Sakharov’s conditions

2. Searches for
- Lepton Number Violation
- CP-violation

3. Leptogenesis

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

5. Conclusions
3

Outline



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

- B (or L) violation;

- C, CP violation;

- departure from thermal equilibrium.

4

The baryon asymmetry. The theory
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In the SM also L is violated at the non-perturbative 
level, while B-L is conserved.  A lepton asymmetry is 
converted into a baryon asymmetry by sphaleron 
effects, at T>100 GeV.

If neutrinos are Majorana particles, L is violated. 

See-saw models require L violation (typically the 
Majorana mass of a heavy right-handed neutrino).
In SUSY models without R-parity, L can be violated 
and neutrino masses generated.

B (or L) violation

X ! `q

X ! `q

X ! q̄q

X ! q̄q

Xc ! q̄q
Xc ! ¯̀̄q



dB

dt
/ �(Xc ! Y c +Bc)� �(X ! Y +B)
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If C were conserved:

and no baryon asymmetry generated:

We have observed CPV in quark sector (too small) and 
we can search for it in the leptonic sector.

�(Xc ! Y c +Bc) = �(X ! Y +B)

C, CP violation

X ! `q

X ! `q

X ! q̄q

X ! q̄q

Xc ! q̄q
Xc ! ¯̀̄q



�(X ! Y +B) = �(Y +B ! X)

T < MX7

In equilibrium

A generated baryon asymmetry is cancelled exactly by 
the antibaryon asymmetry.
When particles get out of equilibrium, this does not 
happen.

Out of equilibrium

Xc $ q̄q

X $ `q

Xc $ ¯̀̄q

X $ q̄q

X $ `q
X $ q̄q
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X ! `q

X ! `q

X ! q̄q

X ! q̄q

Xc ! q̄q
Xc ! ¯̀̄q

Out of equilibrium

�(X ! Y +B) = �(Y +B ! X)

T < MX

In equilibrium

A generated baryon asymmetry is cancelled exactly by 
the antibaryon asymmetry.
When particles get out of equilibrium, this does not 
happen.



A successful model of 
baryogenesis:

Leptogenesis in models 
at the origin of neutrino 

masses
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Neutrino masses BSM: see saw type I

m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

l Introduce a right handed 
neutrino N
l 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

11 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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First of all, we can look for 
the ingredients needed:

- L violation
- CP violation

- out of equilibrium   ✔

13

expansion of the Universe

Can we “test” 
Leptogenesis?



First of all, we can look for 
the ingredients needed:

- L violation
- CP violation

- out of equilibrium   ✔
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expansion of the Universe

Can we “test” 
Leptogenesis?



Lepton number violation?

l At low energy, neutrinoless double beta decay, 
(A, Z) → (A, Z+2) + 2 e

l LNV tau and meson decays (requires masses in the 
100s MeVs-GeV range)

l LNV at colliders (if masses in the 10s GeV-TeV range)

15
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Neutrinoless Double Beta Decay Experiments 

NuPhys-2014 
16-December-2014 

!
!

by Ruben Saakyan

16-Dec-2014 R. Saakyan, NDBD-Experiments. NuPhys2014 4

Double Beta Decay in the Standard Model 
(Goeppert-Mayer, 1935)

Recall pairing term in SEMF

M(A,Z) > M(A,Z+2)
!
Qββ = M(A,Z) - M(A,Z+2)

1
T1/2
2ν = G2ν (Qββ ,Z ) M

2ν 2

phase space

NME: 
Nasty Nuclear 
Matrix  
Element 

NME is measured in 2νββ
p

e−

p
e−

νe

νe

n

n

• Second order process ⇒ rare (~1019-1021 yr)  

• Nevertheless observed for 12 nuclei 
• Experimental input for NME calculation

Recent Review:  
R.Saakyan, Annu. Rev. Nucl. Part. Sci. 2013.63:503-529

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).

!

! !

!

"#$$$%

&&&'

&&'

$$%

n

n
ν e−

p

e−

p

(ββ)0ν -decay has a special role in the study of neutrino properties, as it
probes the violation of global lepton number, and it might provide
information on the neutrino mass spectrum, absolute neutrino mass
scale and CP-V.

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

Neutrinoless double beta 
decay proceeds in nuclei in 
which single beta decay is 
kinematically forbidden but 
double beta decay (A, Z) → (A, 
Z+2) + 2 e + 2 v is allowed.

Neutrinoless double beta decay

See talks by Pocar, Macolino, Pavan, Remoto



|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)
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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.

•

•

| < m > | ' |m1 sin
2 ✓12 +m2 cos

2 ✓12e
i↵21

+m3 sin
2 ✓13e

i↵31

Masses (partially known)

See talk by Iachello
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SP from Nakamura, Petcov review in PDG

Past:
HM, IGEX, 

Cuoricino and 
NEMO3

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

COBRA...

Future experiments: ~1 ton

Wide experimental program for the future: a 
positive signal would indicate that L is 

violated! Independently from NME and from mediator.

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

Example: QD (m1~m2~m3):     44 meV < |<m>| < m1

Klapdor-Kleingrothaus
claim 2002 and 2006QD

IH

NH



@Silvia Pascoli19

At colliders, same-sign 
leptons and no missing 
ET.
CMS and ATLAS 
searches have 
reported no signal.

LNV searches at LHC and in meson/tau decays

LFV&LNV&LHC*********************************************
George*Lafferty*(University*of*Manchester)* 22*

LNV'in'B'decays'at'LHCb'–'Majorana'neutrinos'

Tau and Meson LNV decays. 
They get resonantly enhanced 
for M~ 100 MeV - few GeV. 

LFV&LNV&LHC*********************************************
George*Lafferty*(University*of*Manchester)* 23*

LHCb'searches'for'BO'→'h+µ-µ-'

Kµ 

¼µ 

LHC-b
PRL 108 
and 
PRD 85.



First of all, we can look for 
the ingredients needed:

- L violation
- CP violation

- out of equilibrium   ✔

20

expansion of the Universe

Can we “test” 
Leptogenesis?



Hints of leptonic CP-violation?

21

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

T2K Coll. PRL 112, 061802 (2014)

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

pre-ν2014 post-ν2014 

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

δ 
intriguing, 
 sin δ < 0  
 favored 

θ23 

octant 
unstable, 
  fragile 

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

Recap on δ, θ23, Δχ2(IH-NH)   

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

pre-ν2014 post-ν2014 

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

δ 
intriguing, 
 sin δ < 0  
 favored 

θ23 

octant 
unstable, 
  fragile 

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

Recap on δ, θ23, Δχ2(IH-NH)   

Thanks 
to 
G. Fogli

Comparing T2K results with reactors

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

NeuTel2015 Daya Bay
NeuTel2015 RENO 

Prelim
inary

See results in talks by
S.-H. Seo, L. Zhan
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FIG. 33: Profiled ��

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

from reactor experiments. The parameter |�m

2| represents �m

2
32 or �m

2
13 for normal and

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

��

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

2 = 1.00 and 2.71

respectively).

constraint. The values of the critical ��

2 calculated using these toy experiments are overlaid

with the curve of ��

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

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

inverted hierarchy.

89

T2K Coll. 1502.01550
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● 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, JHEP120422

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

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

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

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

P±
eµ ≡ P (( )νe →

( )νµ) = s223 sin2 2θ13 sin2

(

∆31 L

2

)

+ c223 sin2 2θ12 sin2

(

∆21 L

2

)

+ J̃ cos

(

±δ −
∆31 L

2

)

sin

(

∆21 L

2

)

sin

(

∆31 L

2

)

, (1)

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

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

ij

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

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

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

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

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

±δ − ∆31 L
2

)

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

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

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

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

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

3
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CP-violation in LBL experiments



CPV Searches

Near future: T2K 
and NOvA. Marginal 
sensitivity to CPV

23

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.)

30

NOvA Exposure / Baseline
0 1 2 3 4 5

 C
ov

er
ag

e
CPb

Pe
rc

en
t

0

10

20

30

40

50

60
CP Violation at 95% C.L.

Normal hierarchy
Inverted Hierarchy

Figure 3: The percent of �CP values for which
NOvA can establish CP violation at 95% C.L.
or better.

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

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

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

In summary, a modest investment to extend
the NOvA exposure to 2⇥ its baseline through a
combination of detector mass and running time
would yield qualitative improvements in the ex-
periment’s hierarchy and CP violation reach. A
5 kt liquid argon TPC at the Ash River site
could extend the physics reach further in a sec-
ond phase. These extensions would leverage the
investments made in the NOvA factories, the
Ash River laboratory, and the NuMI beam.
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FIG. 3: CP violation discovery (upper row) and 90% C.L. δCP precision (middle and lower rows) for T2K

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

“NOvAplus”

T2K

WG Report: Neutrinos,  de Gouvea (Convener) et al., 1310.4340

NOvA Coll., 1308.0106

M. Gosh et al., 
1401.7243; see 
also Machado et 
al.; Huber et al.

T2K

T2K+NOvA

S e e t a l k s b y  
Yokoyama, Pawlosky



4.3 Measurements of Mass Hierarchy and the CP-Violating Phase 111
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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 combination with T2K and NO‹A would allow the MH to be determined with a minimum
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LBNE Coll., 1307.7335

LAGUNA-LBNO, 1412.0593. See also 1312.6520

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

ESSnuSB, 1309.7022

T2HK

T2HK LoI,  Abe et al., 1412.4673

 (rad)CPδ
0 1 2 3 4 5 6

2 χ 
Δ

=
σn

0

5

10

15
, NHν:25%ν30E+21 POT, 75%

σ3

σ5

LBNO20

LBNO70

 (rad)CPδ
0 1 2 3 4 5 6

2 χ 
Δ

=
σn

0

5

10

15
, IHν:25%ν30E+21 POT, 75%

σ3

σ5

LBNO20

LBNO70

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

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

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

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

sin2 ✓23 = 0.45 is assumed.

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

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

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

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

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

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

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

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

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

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

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

detector, while the coverage at 5� level for 70 kton detector option is reduced by more than
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FIG. 35. Expected significance to exclude sin �CP = 0. Top: normal hierarchy case. Bottom: inverted hierarchy case.

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

23

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

23

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

23

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

23

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

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

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

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

fermilab-conf-13-300.pdf
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Figure 4–13: The significance with which the mass hierarchy (top) and CP-violation - ”
cp

”=
0 or fi - (bottom) can be determination as a function of the value of ”

cp

with a 10-kton fiducial
volume LAr-FD. The plots on the right are for normal hierarchy and the plots on the bottom
are for inverted hierarchy. The beam exposure assumed is 5+5 yrs (‹ + ‹̄) in a 708kW beam.
The red band shows the sensitivity that is achieved by LBNE 10-kt alone (LBNE10). The cyan
band shows the sensitivity obtained by combining LBNE10 with T2K (5 ◊ 1021 protons-on-target
‹ only) and NO‹A (3+3 ‹ + ‹̄ yrs) The bands indicate the sensitivity range corresponding to
di�erent assumptions on background and signal normalization uncertainties and beam design
improvements. The gray curves are the expected sensitivities for the combination of NO‹A and
T2K. For the CP violation sensitivities, the mass hierarchy is assumed to be unknown.
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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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DAEdALUS Coll., 1307.2949

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, 1406.1407

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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, (5)

where ⇠k are the pull variables and ⇠st
k are their standard

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

N�i j,l(⇠k) = ↵zl(E/2 GeV)⌘

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

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

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

� are comparable.

3. Discussion

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

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

� (⇡) =
(6 � 14), S tot

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

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

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

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

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

p
t.

• Improved flavor identification at low energies.

• Increase the density of DOMs or photocathode
coverage.

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

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

Figure 3: Distinguishability of measuring CP phase in the ⌫µ and ⌫e
channels, with e↵ects of various correlated uncertainties. 2.5% uncor-
related uncertainty has been assumed in all cases.
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Figure 11 . T h e s i g n i fi c a n c e i n t e r m s o f n u m b e r o f s t a n d a r d d e v i a t i o n s � w i t h w h i c h C P v i o l a t i o n
c a n b e d i s c o v e r e d a s f u n c t i o n o f t h e f r a c t i o n o f t h e f u l l �CP r a n g e f o r d i ↵ e r e n t p r o p o s e d e x p e r i m e n t s .
F o r E S S ⌫ S B t h e t w o b a s e l i n e s o f 3 6 0 k m a n d 5 4 0 k m a n d t w o p r o t o n e n e r g i e s ( 2 . 0 G e V o n l e f t a n d
3 . 0 G e V o n r i g h t ) a r e s h o w n . “ 2 0 2 0 ” c o n s i d e r s 3 + 3 y e a r s o f N O v A , a n d 5 y e a r s o n l y f o r n e u t r i n o s
i n T 2 K ( a t i t s n o m i n a l l u m i n o s i t y , 0 . 7 5 M W ) ; “ 2 0 2 5 ” c o n s i d e r s 5 + 5 y e a r s o f N O v A , a n d 5 + 5 y e a r s
f o r T 2 K . T h e d e t e c t o r s i m u l a t i o n d e t a i l s f o r T 2 K f o l l o w [ 4 1 ] , w h i l e f o r N O v A s e e [ 4 2 , 4 3 ] .

Table 4. C o n d i t i o n s u n d e r w h i c h F i g . 1 1 h a s b e e n p r e p a r e d .

d e t e c t o r d i s t . p o w e r p r o t o n d r i v e r y e a r s

v o l . ( k t ) / t y p e ( k m ) ( M W ) e n e r g y ( G e V ) ⌫/⌫̄

E S S ⌫ S B - 3 6 0 5 0 0 / W C 3 6 0 5 2 . 0 / 3 . 0 2 / 8

E S S ⌫ S B - 5 4 0 5 0 0 / W C 5 6 0 5 2 . 0 / 3 . 0 2 / 8

H y p e r - K [ 3 1 , 4 4 , 4 5 ] 5 6 0 / W C 2 9 5 0 . 7 5 3 0 3 / 7

L B N E - 1 0 [ 4 6 – 4 8 ] 1 0 / L A r 1 2 9 0 0 . 7 2 1 2 0 5 / 5

L B N E - P X 3 4 / L A r 1 2 9 0 2 . 2 1 2 0 5 / 5

L B N O - E o I [ 4 9 ] 2 0 / L A r 2 3 0 0 0 . 7 4 0 0 5 / 5

I D S - N F [ 5 0 , 5 1 ] 1 0 0 / M I N D 2 0 0 0 4 1 0 ⇤ 1 0 ⇤⇤

N u M A X [ 5 2 , 5 3 ] 1 0 / L A r ( m a g n e t i z e d ) 1 3 0 0 1 5 ⇤ 5 / 5
⇤ M u o n b e a m e n e r g y , r e l e v a n t f o r I D S – N F ( L o w E n e r g y N e u t r i n o F a c t o r y ) a n d N u M a x .
⇤⇤ I D S - N F i s s u p p o s e d t o u s e a t t h e s a m e t i m e m u o n s a n d a n t i – m u o n s .

– 1 9 –

ESSnuSB, 1309.7022

Comparisons should be made with great care as they 
critically depend on:
- setup assumed: detector and its performance, beam 
and its optimisation...
- values of oscillation parameters and their errors;
- treatment of backgrounds and systematic errors.

NuFact

Coloma, et al. 1209.5973



Determining CPV with nuless 2beta decay

1e-05 0.0001 0.001 0.01 0.1 1

m
MIN

   [eV]

0.001

0.01

0.1

1

|<
m

>
|  

 [
eV

]

NH

IH

QDQD

However, this requires also a very 
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See also,  SP, Petcov and Wolfenstein, PLB524.; SP, S. 
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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
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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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Determining CPV with nuless 2beta decay



Is there a connection 
between low energy 
CPV and the baryon 

asymmetry?
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     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
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The general picture (see-saw type I at high scale)

✏

High energy Low energy

Y⌫
One flavour 
approximation



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

See talk by 
Hagedorn



The Casas-Ibarra parameterization is useful:

= 1
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More details on the low-high energy connection

U⇤pmi
p
miU

† = �Y T
⌫

q
M�1

R

q
M�1

R Y⌫v
2

U⇤pmi
p
miU

† = �Y T
⌫

q
M�1

R RRT
q

M�1
R Y⌫v

2

We try to separate the low energy parameters 
(measurable in experiments) and the high energy ones 
on which one cannot get information.



Y⌫v ' i
p

MRR
p
miU

†
PMNS

33

More details on the low-high energy connection

low energy parametershigh energy untestable
parameters

The Casas-Ibarra parameterization is useful:

U⇤pmi
p
miU

† = �Y T
⌫

q
M�1

R

q
M�1

R Y⌫v
2

U⇤pmi
p
miU

† = �Y T
⌫

q
M�1

R RRT
q

M�1
R Y⌫v

2

We try to separate the low energy parameters 
(measurable in experiments) and the high energy ones 
on which one cannot get information.



As example, M1<< M2<<M3. In the one flavour case 
(M1≳1012 GeV)

The low energy phases do not enter directly: observing 
CPV DOES NOT imply a baryon asymmetry.

If flavours can be distinguished (M1≪1012 GeV), the low 
energy phases enter directly the baryon asymmetry.

Y⌫v ' i
p

MRR
p
miU

†
PMNS
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More details on the low-high energy connection

With



In see-saw type I, let’s consider the case of CPV due 
only to low energy phases, for instance delta (R real):
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Does observing low energy CPV imply a baryon asymmetry?

Large theta13 implies that delta can give an important 
(even dominant) contribution to the baryon asymmetry. 
For Majorana CPV, effects enhanced by a factor of ~10.

SP, Petcov, Riotto, 
PRD and NPB 2007; 
SP 2014

M1<<M2<<M3, for NH spectrum, 
maximising w.r.t. R

Imposing M1< 5 1011 GeV
prelim

inary

If flavour effects fully develop for smaller M1, delta even closer to maximal.
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Conclusions

● CP-violation and L violation, are the key ingredients 
of leptogenesis (together with the departure from 
equilibrium). 

● 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.

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.


