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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



Outline

What is the nature of neutrinos? Dirac vs Majorana?
 
What are the values of the masses? Absolute scale 
(KATRIN, ...?) and the ordering.

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

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

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

•

•

Present status of neutrino physics (briefly)

Questions for the future

2



Neutrino oscillations have been observed in solar, 
atmospheric, reactor and accelerator neutrino 
experiments. The probability at a distance L is:

3

P (⌫µ ! ⌫e) = sin2(2✓) sin2
(m2

2 �m2
1)L

4E

Present status of neutrino physics

The oscillation probability implies that
● neutrinos have mass (as the different massive 
components of initial state propagate with different phases)
● neutrinos mix (Misaligned flavour and massive states)

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

31

for NO and �m2

32

for IO.

– 4 –

NuFit: M. C. 
Gonzalez-
Garcia et al., 
1209.3023
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Current neutrino parameters

3 sizable mixing angles

2 mass squared differences

See K. Scholberg’s talk for updated 
results of individual experiments
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In the SM, neutrinos are expected to be 
massless (no Dirac masses because no r.h. nu and no 
Majorana masses because of gauge invariance).

● Masses are non-zero and are much smaller 
than the other fermions.
There are two possible orderings: 
normal (m1<m2<m3) and inverted (m3<m1<m2).

● Mixing is described by the Pontecorvo-Maki-Nakagawa-
Sakata matrix, which enters in the CC interactions.
Mixing angles are much larger than in the quark 
sector.

This points towards a different origin of 
neutrino masses and mixing from the ones for 
quarks: a different window on the physics BSM.



Phenomenology questions for the future

What is the nature of neutrinos? Dirac vs 
Majorana?
 
What are the values of the masses? Absolute 
scale (KATRIN, ...?) and the ordering.

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

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

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

•

•

•

•

•

6



⌫ = C⌫̄T

Neutrinos can be Majorana or Dirac particles. In the SM 
only neutrinos can be Majorana because they are neutral.

Nature of Neutrinos: Majorana vs Dirac 

7

Majorana condition

The nature of neutrinos is linked to the conservation of 
the Lepton number (L).

● This is crucial information to understand the Physics 
BSM: with or without L-conservation?  
 Lepton number violation is a necessary condition for 
Leptogenesis. 

● Tests of LNV: 
 - At low energy, neutrinoless double beta decay,
 - LNV tau and meson decays, 
 - collider searches.



● The effective Majorana mass parameter:

●                      the nuclear matrix elements

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

Neutrinoless double beta decay

8

The half-life time depends 
on neutrino properties

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. Mixing angles (known) CPV phases (unknown)

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 Giuliani’s talk
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Klapdor-Kleingrothaus
claim 2002 and 2006

Past bounds:
Heidelberg-Moscow,

IGEX, Cuoricino and NEMO3

Current generation: 
GERDA, KamLAND-

ZEN, EXO-200, 
CUORE-0

Future experiments: ~1 ton

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

See Cremonesi’s, Bongrand’s, 
Schönert’s, Shimizu’s, Marino’s, 
Winslow’s talks at Neutrino 2014

Predictions for betabeta decay
● Example: IH (m3<<m1~m2): 10 meV < |<m>| < 50 meV

Next generation
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Neutrinoless double beta decay can also be mediated 
by other LNV mechanisms. 

● Light sterile neutrinos

● Heavy sterile neutrinos

● R-parity violating SUSY

● Extra dimensional models

● Left-Right models

 Other mechanisms

Figure 3: 0νββ in the LRSM: Light (left) and heavy (right) neutrino exchange.

(νL, νc
L)

T ,

M =

(

ML MD

MT
D MR

)

, (20)

with Majorana and Dirac mass entries of the order ML ≈ yMvL, MR ≈ yMvR and MD =

yDv. Here yM,D are Yukawa couplings and vL is the VEV of the left Higgs triplet, which

together with the other vacuum expectation values satisfies vLvR = v2. The mass matrix

(20) is diagonalized by a mixing matrix of the form

U =

(

U W

W T V

)

, (21)

with the 3 × 3 block matrices U and V describing the mixing among the light and heavy

neutrinos, respectively, whereas W yields left-right mixing between the light and heavy

states.

4.1.1 Neutrinoless Double Beta Decay

In the LRSM, several mechanisms can contribute to 0νββ as shown in Figs. 3, 4 and 5. The

contributions in Figs. 3 and 4 are of the same diagramatical form with the exchange of either

light or heavy neutrinos as well as light and heavy W bosons. Diagram 3 (left) describes the

standard mechanism of light neutrino exchange, with the effective mass mee = |
∑

i U
2
eimνi|,

saturating current experimental bounds if the light neutrinos are degenerate at a mass scale

mν1 ≈ mee ≈ 0.3 − 0.6 eV. Correspondingly, diagram 3 (right) describes the exchange of

heavy right-handed neutrinos. In the classification of Section 3, this is a realization of

the short-range operator with the effective coupling εRRz
3 . Assuming manifest left-right

symmetry, i.e. gR ≡ gR, in terms of the LRSM model parameters it is given by

εRRz
3 =

3
∑

i=1

V 2
ei

mp

mNi

m4
WL

m4
WR

, (22)
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Neutrinoless double beta decay

●  Contribution of a single neutrino to the amplitude of            decay:

     

mass of propagating
neutrino

NMELepton mixing
matrix

N

Deppisch, Hirsch, Pas, 1208.0727
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Figure 2: Different contributions to the general double beta rate: The contributions (a) - (c)

correspond to the long range part, the contribution (d) is the short range part (from [21]).

(a) corresponds to the mass mechanism.

3.1 Long–Range Part

This subsection is essentially based on reference [21]. We consider first the long–range part

of neutrinoless double beta decay with two vertices, which are pointlike at the Fermi scale,

and exchange of a light neutrino in between. The general Lagrangian can be written in

terms of effective couplings εαβ , which correspond to the pointlike vertices at the Fermi scale

so that Fierz rearrangement is applicable,

L =
GF√
2
{jµV−AJ

†
V−A,µ +

′

∑

α,β

εβαjβJ
†
α}, (2)

with the combinations of hadronic and leptonic Lorentz currents J†
α = ūOαd and jβ = ēOβν

of defined helicity, respectively. The operators Oα,β are defined as

OV−A = γµ(1− γ5), OV+A = γµ(1 + γ5),

OS−P = (1− γ5), OS+P = (1 + γ5), (3)

OTL
=

i

2
[γµ, γν ](1− γ5), OTR

=
i

2
[γµ, γν ](1 + γ5).

The prime indicates the sum runs over all contractions allowed by Lorentz–invariance,

except for α = β = (V − A). Note that all currents have been scaled relative to the

strength of the ordinary (V − A) interaction.

〈mν〉 <∼ 0.35 eV, while the 136Xe gives 〈mν〉 <∼ 0.34 eV.
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This subsection is essentially based on reference [21]. We consider first the long–range part

of neutrinoless double beta decay with two vertices, which are pointlike at the Fermi scale,

and exchange of a light neutrino in between. The general Lagrangian can be written in

terms of effective couplings εαβ , which correspond to the pointlike vertices at the Fermi scale

so that Fierz rearrangement is applicable,

L =
GF√
2
{jµV−AJ

†
V−A,µ +

′

∑

α,β

εβαjβJ
†
α}, (2)

with the combinations of hadronic and leptonic Lorentz currents J†
α = ūOαd and jβ = ēOβν

of defined helicity, respectively. The operators Oα,β are defined as

OV−A = γµ(1− γ5), OV+A = γµ(1 + γ5),

OS−P = (1− γ5), OS+P = (1 + γ5), (3)

OTL
=

i

2
[γµ, γν ](1− γ5), OTR

=
i

2
[γµ, γν ](1 + γ5).

The prime indicates the sum runs over all contractions allowed by Lorentz–invariance,

except for α = β = (V − A). Note that all currents have been scaled relative to the

strength of the ordinary (V − A) interaction.

〈mν〉 <∼ 0.35 eV, while the 136Xe gives 〈mν〉 <∼ 0.34 eV.
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M2
i � p2

In most cases the new mechanisms (with heavy 
particles) are subdominant as the NME for heavy 
particles suppress their contribution.Nuclear Matrix Element (NME)

Data available @ 
http://www.th.mppmu.mpg.de/members/blennow/nme_mnu.dat  

● Two different 
regions separated
by nuclear scale

● Mild dependece
on the nuclei

Nuclear Matrix Element (NME)

Data available @ 
http://www.th.mppmu.mpg.de/members/blennow/nme_mnu.dat  

● Two different 
regions separated
by nuclear scale

● Mild dependece
on the nuclei

The NME behaviour changes at p~100 MeV, the scale 
of the process.

m2
i ⌧ p2
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As of early 2012: limits & claim
Klapdor-Kleingrothaus et al.

NIM A 522 (2004) 
PLB 586 (2004)

•71.7 kg year - Bgd 0.11 / (kg y keV)
• 28.75 㼼 6.87 events (bgd:~60)
• Claim:4.2V evidence for 0Qȕȕ
• (0.69–4.18) x1025 y (3V)
• Best fit: 1.19 x1025 y (NIMA 522/PLB 
586)
• PSA analysis (Mod. Phys. Lett. A21):

(2.23 + 0.44 – 0.31)x1025 y (6V) 
(but analysis & results flawed …)

• Tuebingen/Bari group (PRD79):
mee /eV = 0.28  [0.17-0.45] 90%CL 

Significance and T1/2 depend on bgd discription:
• Strumia & Vissani Nucl.Phys. B726 (2005) 
• Chkvorets, PhD dissertation Univ. HD, (2008):
using realistic background model
� peak significance reduced to 1.3V,  
�T1/2 = 2.2x1025 y

� Claim must be scrutinized with 
76Ge AND other isotopes

A.M. Rotunno, TAUP09

Experimental searches of betabeta decay

Basics of neutrinoless double beta decay

Basics of neutrinoless double beta decay
Modes of —— decay:

(Z , A) æ (Z + 2, A) + 2e≠ + 2‹̄e (2‹——)

(Z , A) æ (Z + 2, A) + 2e≠ (0‹——)

Total decay rate of 0‹——:
�0‹/ ln 2 = (T 0‹

1/2)
≠1 = |Mee |2

---M0‹
---
2
G0‹(Q, Z )

Mee =
q

i
U2

ei mi

M0‹ : nuclear matrix element
G0‹ (Q, Z): phase space factor

W

‹L

‹L

W

dL

dL

uL

e≠
L

e≠
L

uL

Q

N(E )

E

0‹——2‹——
6

-

0‹—— in colored seesaw model

Michael Duerr (MPIK) LNV New Physics and 0‹—— NOW2012, 10 Sep 2012 4

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.

B. Schwingenheuer, Annalen
der Physik, August 22, 2012

Recent up date: NME’sB. Schwingenheuer, Annalen 
der Physik, 2012

Depending on treatment of 
background, from 4.2 to 1.3 sigma

NMEs

12



The new generation of 
experiments is already taking data 
(e.g., EXO, KamLAND-ZEN, 
CUORE-0, GERDA,...).

KamLAND-Zen

EXO-200 location, at 
the WIPP Site, USA

S. Schoenert, for GERDA 
at Neutrino 2014

9

Feature

࿑㧠�

with NaI, for example, will become possible. This 

future upgrade is called as KamLAND2-Zen, and 

initially KamLAND2-Zen is planned to contain 1,000 

kg of enriched 136Xe which will be dissolved in the LS 

at 80% higher concentration by pressurizing Xenon 

up to 1.8 bar (balances with 10 m LS depth). The 

expected sensitivity is about 20 meV, covering the 

inverted hierarchy.
 Some challenging developments are also going 

on. Scintillating !lm, for example, will be effective 

to improve the BiPo tagging ef!ciency in the mini-

balloon, and an imaging device will be useful to 

distinguish multi-vertexes events such as 10C and 

multi-compton gamma rays. Employing these 

technologies, it may be possible to access the normal 

hierarchy. Among these future plans, pressurizing 

Xenon is cost effective and an intermediate phase 

with 800 kg of Xenon before KamLAND2-Zen 

is considered. Currently, 450 kg of Xenon is in 

hand and additional procurement is going on. The 

estimated sensitivity with this phase is about 30 – 

40 meV, in the middle of the inverted hierarchy.

Rapid growth in neutrino research has created a 

very special observational environment. The ultra-

low radioactivity environment established at a huge 

underground cavity, with ultra clean materials, are 

developing a new research !eld of rare phenomena 

search. The target mass of the double beta decay 

study has already exceeded 300 kg; it was only up 

to 10 kg just a few years ago. By using an existing 

apparatus, the project can keep costs down and 

have very high scalability. The start-up time can be 

also reduced. For a detailed study, measurements 

with various nuclei and of angular distribution are 

necessary. But such high technology apparatuses 

often become expensive and single purpose. For the 

continuous growth of research, a strategy of starting 

and !nding with a general-purpose detector at !rst 

and then deepening the research with a dedicated 

detector seems to be bene!cial.

Figure 5.  Schematic of the KamLAND2-Zen detector (left) 
and photomultipliers with light concentrators 
(right).

Closing

GERDA

O.Cremonesi,-,06/06/2014,,,Neutrino,2014,@,Boston,,USA

CUORE-0

10

1 CUORE tower
• 52 TeO2 5x5x5 cm3 bolometers 
• 13 floors of 4 crystals each 
• total mass: 39 kg (11 kg of 130Te)

Goals:
• Proof of concept of CUORE detector in all stages
• Test and debug of the CUORE tower assembly line
• Test of the CUORE DAQ and analysis framework
• Operating as independent experiment while CUORE 

is under construction
• Demonstrate potential for DM detection

• All detector components manufactured, cleaned and stored 
with same protocols defined for CUORE

• Assembled with the same procedures of CUORE:
- dedicated class 1000 clean room  (underground building)
- all steps of the assembly (crystal gluing, mounting, 

cabling, bonding) performed under nitrogen inside 
special glove boxes.

• Operated inside the 25-year-old Cuoricino cryostat at 
LNGS.

• Low temperature roman lead shield

CUORE-0

M.G. Marino 6 June 2014, Nu 2014

0νββ status comparison

23

EXO-200:!
Nature (2014), !

doi:10.1038/nature13432!
!

GERDA Phase 1:  
PRL 111 (2013) 122503 

!
KamLAND-Zen: 

PRL 110 (2013) 062502  

KK&K Claim: 
Mod. Phys. Lett., A21 

(2006) 1547

Marino for EXO-200 at 
Neutrino 2014

9"

Acer"only"5.04"kg"yr"exposure:"
T2ν1/2(76Ge)"="(1.84

+0.14
f0.10)"p"1021"yr"

Measurement"of"T2ν1/2"(76Ge)"

S."Schönert"(TUM):"GERDA"Phase"I"results"and"status"of"Phase"II"–"Neutrino"2014"

EXO-200: T0nu > 1.1 10^25 yrs
KamLAND-Zen: T0nu > 2.6 10^25 yrs
GERDA: T0nu > 2.1 10^25 yrs

I. Shimizu for 
KamLAND-Zen at 
Neutrino 2014

13

See Gornea’s and 
Benato’s talks



Liquid Scintillators

KamLAND-Zen and SNO+
L. Winslow at Neutrino 2014

The Bolometers

CUORE will be the 
coldest 1m3 in the 
universe when its 
complete.

CUORE
bolometer 
with cc 

 6 TAUP2013 Asilomar, 2013  

AMoRE detector technology


CaMoO4 
 - Scintillating  crystal    
 - High Debye temperature: TD = 438 K,  C ~ (T/TD)3 
 - 48Ca, 100Mo 0νββ candidates 
 - AMoRE uses 40Ca100MoO4 w. enriched  100Mo and deplete
d 48Ca   

40Ca100MoO4 + MMC


MMC (Metallic Magnetic Calorimeter) 
 - Magnetic temperature sensor (Au:Er) + SQUID    
 - Sensitive low temperature detector with highest resolut
ion 
 - Wide operating temperature  
 - Relatively fast signals 
 - Adjustable parameters in design and operation stages 

CaMoO4 

Light sensor MMC 

MMC phonon  
sensor 
 <10-50 mK>


Low Temp. Detector 
Source = Detector AMoRE

The Liquid TPC

nEXO

nEXO
5ton of Xe

High Pressure Gas TPC

NEXT

NEXT
5ton of Xe

MAGIX
5ton of Xe

Germanium Detectors

Majorana/GERDA

Majorana
uses Ge

GERDA
uses Ge

Scintillating Crystals

CANDLES

CANDLES
uses Ca

The Trackers

SuperNEMO and DCBA

SuperNEMO
and DCBA

14



Phenomenology questions for the future

What is the nature of neutrinos? Dirac vs Majorana?
 
What are the values of the masses? Absolute 
scale (KATRIN, ...?) and the ordering.

Is there CP-violation? Its discovery in the next 
generation of LBL depends on the value of theta13 and 
of delta.

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

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

•

•

•

•

•
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Neutrino masses

�m2
s � �m2

A implies at least 3 massive neutrinos. 

m1 = mmin m3 = mmin

m2 =
�

m2
min + �m2

sol m1 =
�

m2
min+�m2

A��m2
sol

m3 =
�

m2
min + �m2

A m2 =
�

m2
min + �m2

A

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

mmin
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FIG. 14: The energy spectrum (in 0.1 MeV bins) of the events in the case of ν̄e oscillations (left-panel), and the ratio of events
in the cases of oscillations and absence of oscillations (right-panel), showing the effect of hierarchy for a L = 20 km experiment.
The thick cyan/grey line corresponds to the case for NH with ∆m2

atm = 2.5 × 10−3 eV2 while the dotted and thin solid line
correspond to the case of IH with ∆m2

atm = 2.5× 10−3 eV2 and ∆m2
atm = 2.6× 10−3 eV2, respectively. The statistics assumed

is L = 75 GWkTy, while sin2 θ = 0.03, ∆m2
" = 1.5 × 10−4 eV2 and sin2 θ" = 0.3.

low energy cut-off of Eth = 1.0 MeV. We assume also that the “true” value of sin2 θ is non-zero and is sufficiently
large. As it follows from Eq. (9) and Eq. (10), the predictions for the final state e+−spectrum distortions in the
NH and IH cases differ only if the solar neutrino mixing angle θ! "= π/4. Maximal mixing is currently disfavored by
the solar neutrino and KamLAND data [11, 12, 13]. We use the current best-fit value for the solar neutrino mixing
angle, corresponding to sin2 θ! = 0.3. The value of sin2 θ! will be measured with a very high precision in the reactor
experiment under discussion itself.

In Fig. 14 we show the visible energy spectrum expected for both the NH and IH cases. The left-hand panel shows
the number of events, while the right-hand panel shows the ratio of the number of events in the case of ν̄e oscillation
(“oscillation events”) to the number of events in the absence of oscillations (“no oscillation events”). The thick
cyan/grey line is for the case of ∆m2

atm = 2.5×10−3 eV2 and NH, the dotted line corresponds to ∆m2
atm = 2.5×10−3

eV2 and IH, while the thin solid line is for ∆m2
atm = 2.6× 10−3 eV2 and IH. Thus, for the same value of ∆m2

atm, the
e+−spectrum deformations expected for NH and IH are different owing to the last terms in Eq. (9) and Eq. (10). One
might expect on the basis of Eqs. (9) and (10) that the IH e+−spectrum would fit a NH e+−spectrum with a value
of ∆m2

atm that is larger than the “true” value by a range which would be of the order of ∆m2
!. If the experiment

has a sensitivity to ∆m2
atm which is better than, or is at least of the same order as ∆m2

!, one might expect two
non-degenerate solutions in the ∆m2

atm − sin2 θ parameter space for the same data set: one for NH and another for
IH.

However, we would like to stress that even though the IH e+− spectrum could approximately reproduce the NH
e+−spectrum, it cannot exactly reproduce the latter. Hence, if the NH is the true hierarchy, the case of IH mass
spectrum would always be disfavored by the data from “our” experiment compared to the NH spectrum. We have seen
in the previous Section that the experimental set-up we are discussing could have a very high sensitivity to ∆m2

atm,
and therefore we can expect the large statistics intermediate baseline reactor experiments to determine the type of
neutrino mass hierarchy, for sufficiently large sin2 θ at least, if the high-LMA solution holds.

In Fig. 15 we explicitly show the allowed regions obtained using a “data” set generated in the NH case and fitted
by both the NH and IH expressions for the ν̄e survival probability. The results shown are obtained using the 75

Petcov, Piai, hep-ph/0112074, Choubey, Petcov, Piai, hep-ph/
0306017, Goshal, Petcov, 1208.6473; see also Ciuffoli et 
al.; Qian et al.

(χ2)min
stat sin2 2θtrue13 = 0.07 sin2 2θtrue13 = 0.1

Detector exposure, kT GW yr Energy resolution

2% 3% 4% 2% 3% 4%

200 6.21 4.99 3.81 12.91 10.41 7.90
400 12.40 9.98 7.60 25.80 20.80 15.78
600 18.61 14.95 11.71 38.70 31.20 23.50

Table 3: The same as in Table 1, but for three values of the detector exposure and sin2 2θtrue13 = 0.07; 0.1.

(χ2)min
stat sin2 2θtrue13 = 0.1 sin2 2θtrue13 = 0.12

Detector exposure, kT GW yr Energy resolution

2% 3% 4% 2% 3% 4%

100 6.50 5.20 3.98 9.45 7.57 5.75
150 9.70 7.80 5.95 14.15 11.35 8.60

Table 4: Values of (χ2)min
stat marginalized over the parameters θ13 and |∆m2

31| for lower detector exposures (in kT
GW yr), sin2 2θtrue13 = 0.1 and 0.12, for three values of the detector’s energy resolution and a baseline of 60 km. The
results are obtained in an analysis using 150 L/E bins in the range 5 - 32 km/MeV.

exposure of 150 kT GW yr with the same detector resolution 5.

3 Conclusions

We find that the data on the parameter θ13 from Daya Bay experiment allow us to get information
or determine the neutrino mass hierarchy with a greater efficiency, than was previously estimated,
using a reactor ν̄e experiment: the stringent requirements of the detector’s energy resolution and
exposure obtained in the previous studies can be relaxed significantly. Since hierarchy sensitivity
depends strongly on the the true value of θ13, the energy resolution and the exposure, a relatively
large value of sin2 2θtrue13 close to the Daya Bay best fit of 0.092 makes it easier to achieve hierarchy
determination using lower detector exposures and less demanding energy resolution.

For example, (χ2)min
stat for the “wrong” hierarchy improves from 3.5 (1.8σ sensitivity) for sin22θtrue13 =

0.05 (close to the Daya Bay 3σ lower limit), an energy resolution of 2% and a detector exposure of
200 kT GW yr, to 12.9 (a 3.6σ determination) for sin22θtrue13 = 0.10 (close to the Daya Bay best fit)
for the same values of the resolution and exposure. With this value of sin22θtrue13 , even an energy
resolution of 4% can give a sensitivity of nearly 3σ.

To summarise, for the values of θ13 from the interval allowed at 3σ by the Daya Bay data, a
significant hierarchy sensitivity is possible even with a detector energy resolution of σ ∼ 4% and

5 The optimal baseline for hierarchy sensitivity lies in the region of maximization of the effect of
the phase ∆m2

21L/2E in the expression for the ν̄e survival probability. With the present error range of
∆m2

21, and the peak of the reactor ν̄e event rate spectrum at 3.6 MeV, this gives an optimal baseline
range of 55 to 64 km. Hence, the hierarchy sensitivity becomes worse for baselines significantly shorter
than the indicated range.

5

The JUNO reactor experiment is 
considering detectors at ~60 km to 
perform this measurement.
Excellent energy resolution is 
needed.

Thanks to the “unexpectedly large” value of theta13, it 
might be possible to establish the neutrino mass hierarchy 
from neutrino oscillations within this decade at some 
confidence level.

Reactor neutrinos and the ordering

Neutrino Physics Prospects for neutrino oscillation physics

that a worse resolution can easily wash out the e↵ect. This is evident also from the right pannel, where
a worse resolution has been assumed, leading to reduced significances per bin. Therefore, aiming for
good energy and angular reconstruction will be an important goal in the design of the PINGU project.

Fig. 7 shows the quantity S
i

⌘ (N IH
i

� NNH
i

)/
q
NNH

i

, where NNH
i

(N IH
i

) is the number of µ-like

events in the case of NH (IH) in a given bin i. Hence, S
i

corresponds to the statistical significance (in
number of standard deviations) per bin. In the absence of systematical errors the total significance

is given by
qP

i

S2
i

, and the configurations considered in Fig. 7 would lead to sensitivities at the

level of 16� (left pannel) or 7� (right pannel) [76]. Hence, considering only statistical errors, excellent
sensitivity to the mass hierarchy is obtained already after one year of PINGU data. Those very
promising results are yet to be supported by detailed studies on the achievable energy and angular
reconstruction as well as realistic investigations of systematical uncertainties.

4.4 Mass hierarchy from reactors

All the possibilities to identify the neutrino mass hierarchy discussed above are based on the matter
e↵ect in oscillations due to ✓13. In [77] an alternative has been pointed out, based on oscillations of
reactor neutrinos, where matter e↵ects are negligible. The three-flavour survival probability of ⌫̄

e

in
vacuum is easily obtained as

P
⌫e!⌫e = 1� cos4 ✓13 sin2 2✓12 sin

2

✓
�m2

21L

4E

◆

� sin2 2✓13


cos2 ✓12 sin2

✓
�m2

31L

4E

◆
+ sin2 ✓12 sin2

✓
�m2

32L

4E

◆�
. (11)

The spectrum of reactor experiments ranges from neutrino energies of about 1.3 MeV to 12 MeV with
a peak around 4 MeV. Consider now a baseline L ' 60 km. Then we obtain for the arguments of the
oscillating terms:

�m2
21L

4E
⇡ ⇡

2

✓
E

4MeV

◆�1

,
|�m2

31|L
4E

⇡ |�m2
32|L

4E
⇡ 50

✓
E

4MeV

◆�1

. (12)

Hence, considering the spectrum obtained in a reactor experiment at about 60 km, the first term in
Eq. 11 gives a “slow” oscillation in 1/E, with a large amplitude of cos4 ✓13 sin2 2✓12 ⇡ 0.8. These
are the oscillations due to the “solar” frequency as observed by the KamLAND experiment. For an
experiment at 60 km the first minimum of the survival probability occurs close to E ⇠ 4 MeV, at the
peak of the expected number of events.

The terms in the second line of Eq. 11 lead to fast oscillations in 1/E (see Eq. 12) on top of
the slow “solar” oscillation, with a small amplitude proportional to sin2 2✓13 ⇡ 0.1. As evident from
Eq. 11 there are actually two fast frequencies, one due to �m2

31 and one due to �m2
32, which di↵er

by �m2
21 (about 3%). The sensitivity to the mass hierarchy appears as follows. First, note that

depending on the hierarchy we have |�m2
31| > |�m2

32| for NH or |�m2
31| < |�m2

32| for IH. Second,
the amplitudes of the two fast frequencies are di↵erent because of the non-maximal value of ✓12: the
amplitude of the �m2

31-frequency is sin2 2✓13 cos2 ✓12 ⇡ 0.07 while the one of the �m2
32-frequency is

sin2 2✓13 sin2 ✓12 ⇡ 0.03. Hence, if an experiment can measure the fast frequencies and find out which
one of the two fast frequencies has the larger amplitude (the larger or the smaller frequency) the mass

16

Choubey, Petcov, Piai, hep-ph/0306017
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● When neutrinos travel through a medium, they 
interact with the background of electron, proton and 
neutrons and acquire an effective mass.

● Typically the background is CP and CPT violating, e.g. 
the Earth and the Sun contain only electrons, protons 
and neutrons, and the resulting oscillations are CP and 
CPT violating.

Neutrino oscillations in matter and the ordering

18



The mixing angle in matter is

�
2GF Ne =

�m2

2E
cos 2�● If                               : resonance    �m = ⇥/4

sin2(2�m) =

⇤
�m2

2E sin(2�)
⌅2

�
�m2

2E cos(2�)�
⇥

2GF Ne

⇥2
+

�
�m2

2E sin(2�)
⇥2

● The resonance condition can be satisfied for 
        - neutrinos if 
        - antineutrinos if 

�m2 > 0
�m2 < 0

P�µ��e = sin2 �23 sin2 2�m
13 sin2 �m

13L

2

The oscillation probability becomes (for 
constant density)
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Atmospheric neutrino oscillations are sensitive to the mass 
hierarchy. This requires large number of events, good energy 
and angular resolution and, possibly, charge discrimination. 
Petcov et al.;  Akhmedov, Smirnov et al.; Gandhi et al.; Mena et al.; Schwetz et al.; Koskinen; 
Gonzalez-Garcia et al.; Barger et al.; .........

Atmospheric neutrinos and the ordering

ORCA101 102 103 104

total number of events

0.1

1

10

100

Δ
χ2 (N

H
 v

s I
H

)

0.1

1

10

100

101 102 103 104

total number of events

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Δ
χ2 sy

st
 / 
Δ
χ2 st

at

1σ

2σ

3σ
4σ

solid: σE = 5%, σdir = 5o,   dashed: σE = 15%,  σdir = 15o

µ-l
ike

µ-l
ike

µ-like
µ-like e-like

e-li
ke

Figure 5: We show as a function of the total number of events the ∆χ2 between NH and IH as defined in

Eq. (33) including systematical uncertainties (left panel), and the ratio between the ∆χ2(NH; IH) including

systematical uncertainties and with statistical errors only (right panel). The values for the systematical

uncertainties are given in Tab. 1. The thin solid lines in the left panel correspond to statistical errors

only (shown only for µ-like events). The oscillation parameters are fixed to sin2 2θ13 = 0.1, sin2 θ23 = 0.5,

|∆m2| = 2.4×10−3 eV2, and we use 20×20 bins in the intervals 2 GeV ≤ Eν ≤ 10 GeV and 0.1 ≤ cos θn ≤ 1,

and a charge identification of 95%.

parameter fID are important. Moreover, also the errors on the cos θn and Eν shapes are
relevant, since we take them to be uncorrelated between neutrino and antineutrino events.
In the case of e-like events also the uncertainty on the νe/νµ flux ratio contributes noticeable,
whereas this error has practically no impact for µ-like events.

Let us comment on the relatively small effect of systematics in case of the high resolution
µ-like data, visible in the right panel of Fig. 5. This follows from the fact that the discrimina-
tion between NH and IH is based on a very characteristic signal (compare Fig. 1), consisting
of pronounced structures in the Eν and cos θn distributions, which cannot be easily mimicked
by the systematic effects. If these structures are washed out to some degree by the averaging
implied by worse resolutions, the impact of the systematics is increased, since the effect of
changing the hierarchy can be reduced by adjusting the initial fluxes. The same argument
applies also in the case of e-like events.

6 Results from the General Fit

Before we are going to present the results of a full fit including all parameters, we define
in Tab. 2 three benchmark setups which we will use in the following. We give in the table the
experimental characteristics used in the simulation and the χ2 analysis. All our results in
the following are normalized to 200 events for the “true” parameters values. A rough scaling
of the results can be performed by using Fig. 5. The difference between the two µ-like event
samples Shigh

µ and Sµ is given by the adopted values for energy and angular resolutions. Setup
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relevant, since we take them to be uncorrelated between neutrino and antineutrino events.
In the case of e-like events also the uncertainty on the νe/νµ flux ratio contributes noticeable,
whereas this error has practically no impact for µ-like events.

Let us comment on the relatively small effect of systematics in case of the high resolution
µ-like data, visible in the right panel of Fig. 5. This follows from the fact that the discrimina-
tion between NH and IH is based on a very characteristic signal (compare Fig. 1), consisting
of pronounced structures in the Eν and cos θn distributions, which cannot be easily mimicked
by the systematic effects. If these structures are washed out to some degree by the averaging
implied by worse resolutions, the impact of the systematics is increased, since the effect of
changing the hierarchy can be reduced by adjusting the initial fluxes. The same argument
applies also in the case of e-like events.

6 Results from the General Fit

Before we are going to present the results of a full fit including all parameters, we define
in Tab. 2 three benchmark setups which we will use in the following. We give in the table the
experimental characteristics used in the simulation and the χ2 analysis. All our results in
the following are normalized to 200 events for the “true” parameters values. A rough scaling
of the results can be performed by using Fig. 5. The difference between the two µ-like event
samples Shigh

µ and Sµ is given by the adopted values for energy and angular resolutions. Setup
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PINGU in IceCube, 
ORCA in KM3Net

Petcov, Schwetz, 
hep-ph/0511277
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• Once detector resolutions 
are included the signature 
of the hierarchy is apparent 
by looking at the pattern of 
expected excesses and 
deficits in the E vs. cos(θz)
plane

• Structure of the 
pattern gives some
protection against 
systematics

• Note: reconstructions
included in these plots,
but not yet particle ID

PINGU and the NMH

Preliminary

cos(θz)

(1 year of data)

⌫µ + ⌫̄µ

following JHEP, 2013(02):, pp. 1-39

Hierarchy as a function of sin2 θ23
The hierarchy reach improves as a function of both sin2 θ23 (true value) as
well as sin2 2θ13.

ICAL@INO years
5 10 15 20

in
o

2 χ
Δ

0

5

10

15

20

25

30

35
NORMAL HIERARCHY

σ3

σ4

(true)=0.1213θ22(true)=0.6   sin23θ2sin
(true)=0.113θ22(true)=0.6   sin23θ2sin
(true)=0.0813θ22(true)=0.6   sin23θ2sin
(true)=0.1213θ22(true)=0.4   sin23θ2sin
(true)=0.113θ22(true)=0.4   sin23θ2sin
(true)=0.0813θ22(true)=0.4   sin23θ2sin

Marginalized with Priors

INO

ICAL@INO years
5 10 15 20

in
o

2 χ
Δ

0

5

10

15

20

25

30

35
INVERTED HIERARCHY

σ3

σ4

(true)=0.1213θ22(true)=0.6   sin23θ2sin
(true)=0.113θ22(true)=0.6   sin23θ2sin
(true)=0.0813θ22(true)=0.6   sin23θ2sin
(true)=0.1213θ22(true)=0.4   sin23θ2sin
(true)=0.113θ22(true)=0.4   sin23θ2sin
(true)=0.0813θ22(true)=0.4   sin23θ2sin

Marginalized with Priors

INO

June 3, 2014, Neutrino 2014, Boston U – p. 19

D. Indumathi at 
Neutrino 2014

Neutrino 2014

Darren R. Grant
for the IceCube-PINGU collaboration

Future atmospheric measurements 
with PINGU

© [2011] The Pygos Group

D. Grant at Neutrino 2014See Halzen’s talk



in order to establish
1. the mixing angles (         ) with precision
2. the mass hierarchy
3. Leptonic CPV
4. Non-standard effects.

Long baseline neutrino oscillation experiments (T2K, 
LBNE, EU superbeams, neutrino factories and beta 
beams) will aim at studying the subdominant channels 

�µ,e � �e,µ �̄µ,e � �̄e,µ

P (⇥µ ⇥ ⇥e) � sin2 �23 sin2 2�13 sin2 �m2
31L

4E
for negligible matter and CPV effects.

✓23, ✓13

Long baseline neutrino oscillations and the 
ordering
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Matter effects modify the oscillation probability as 
discussed and are stronger the longer the baseline.

● The determination of CPV and of the mass ordering are 
entangled (problem of degeneracies).
● Matter effects are stronger at high energies.

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

●●●

See also 
W. Winter’s 
t a l k a t 
N e u t r i n o 
2014
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Time evolution, risks? 

Bands: 

>  Beam experiments: δCP 

>  PINGU, INO: θ23 

>  JUNO: Energy resolution 
(3%-3.5%) (E/MeV)0.5  

Caveats:  

>  LBNE sensitivity scales 
with (true) θ23 as well 
(dashed curve) 
see e.g. Fig. 9 in arXiv:1305.5539!

>  Energy resolution, 
directional resolution etc 
major challenges for 
PINGU/INO as well  
WW, arXiv:1305.5539 

(version from PINGU 
LOI, arXiv:1401.2046; 
based on Blennow, 
Coloma, Huber, Schwetz, 
arXiv:1311.1822v1; 
LBNE dashed curve 
from arXiv:1311.1822v2) 

True NO 
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Summary and conclusions 

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

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

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

 
 

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

Long baseline 
beam (e. g. LBNE) 

Atmospheric  
(e. g. PINGU) 

Reactor long 
baseline 

Benefit Robust, clean 
signal 

Predictable 
timescale/cost 

Independent 
technology 

Risk (osc. 
params.) 

δCP, θ23 θ23 - 

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

Energy resolution!!! 

From 
W. Winter’s 
t a l k a t 
N e u t r i n o 
2014

LBNO
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KATRIN is in the 
commissioning phase. It 
should reach a sensitivity 
down to m<0.2 eV and a 5-
sigma discovery of m=0.35 eV.

Katrin and the absolute neutrino mass
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● If |<m>| > 0.2 eV, then the 
neutrino spectrum is QD. 
The measurement of m1 is 
entangled with the value of 
the Majorana phase.

● If no signal for |<m>|~10 
meV, then only NO is 
allowed for Majorana 
neutrinos (and no extra 
ones). 
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Nuless dbeta decay and the mass spectrum

Crucial interplay with cosmology and LBL. 
Ex: If LBL experiments find IO, neutrinos are Dirac particles 
(without cancellations).  
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Two main techniques to probe the matter density:
● observing the distribution of biased tracers
● gravitational lensing 3

Probe Current∑
mν (eV)

Forecast∑
mν (eV)

Key Systematics Current Surveys Future Surveys

CMB Primordial 1.3 0.6 Recombination WMAP, Planck None

CMB Primordial +
Distance

0.58 0.35 Distance measure-
ments

WMAP, Planck None

Lensing of CMB ∞ 0.2− 0.05 NG of Secondary
anisotropies

Planck, ACT [39],
SPT [96]

EBEX [57], ACTPol,
SPTPol, POLAR-
BEAR [5], CMBPol
[6]

Galaxy Distribution 0.6 0.1 Nonlinearities, Bias SDSS [58, 59], BOSS
[82]

DES [84], BigBOSS [81],
DESpec [85], LSST [92],
Subaru PFS [97], HET-
DEX [35]

Lensing of Galaxies 0.6 0.07 Baryons, NL, Photo-
metric redshifts

CFHT-LS [23], COS-
MOS [50]

DES [84], Hy-
per SuprimeCam,
LSST [92], Euclid [88],
WFIRST[100]

Lyman α 0.2 0.1 Bias, Metals, QSO
continuum

SDSS, BOSS, Keck BigBOSS[81], TMT[99],
GMT[89]

21 cm ∞ 0.1− 0.006 Foregrounds, Astro-
physical modeling

GBT [11], LOFAR
[91], PAPER [53],
GMRT [86]

MWA [93], SKA [95],
FFTT [49]

Galaxy Clusters 0.3 0.1 Mass Function, Mass
Calibration

SDSS, SPT, ACT,
XMM [101] Chan-
dra [83]

DES, eRosita [87], LSST

Core-Collapse Super-
novae

∞ θ13 > 0.001∗ Emergent ν spectra SuperK [98],
ICECube[90]

Noble Liquids, Gad-
zooks [7]

Table I: Cosmological probes of neutrino mass. “Current” denotes published (although in some cases controversial, hence the
range) 95% C.L/ upper bound on

∑
mν obtained from currently operating surveys, while “Reach” indicates the forecasted 95%

sensitivity on
∑

mν from future observations. These numbers have been derived for a minimal 7-parameter vanilla+mν model.
The six other parameters are: the amplitude of fluctuations, the slope of the spectral index of the primordial fluctuations, the
baryon density, the matter density, the epoch of reionization, and the Hubble constant.
∗ If the neutrinos have the normal mass hierarchy, supernovae spectra are sensitive to θ13 ∼ 10−3. The inverted hierarchy
produces a different signature, but one that is insensitive to θ13.

A. Primordial Cosmic Microwave Background

In the first row of Table I, we report the constraints obtained using 2-point statistics of the CMB: temperature and
polarization auto-spectra and the temperature-polarization cross-spectrum. Massive neutrinos increase the anisotropy
on small scales because the decaying gravitational potentials enhance the photon energy density fluctuation (see, e.g.,
[21, 48]). Also, the sound horizon, which dictates the position of the acoustic peaks, shifts due to the slightly different
expansion history caused by massive neutrinos. The current WMAP 7-year dataset constrains the sum of neutrino
masses to 1.3 eV at 95% c.l. [44] within the standard cosmological model, ΛCDM. Planck data alone will constrain
Σmν to 0.6 eV at 95% C.L. (see, e.g., [19]). This constraint should be considered as the most conservative and
reliable cosmological constraint on neutrino masses. A tighter constraint on the neutrino masses can be obtained by
combining CMB observations with measurements of the Hubble constant H0 and cosmic distances such as from Type
Ia supernovae and Baryon Acoustic Oscillations (BAO). The WMAP7+BAO+H0 analysis of [44] reports a constraint
of 0.58 eV at 95% C.L., while a constraint about a factor 2 smaller could be achieved when the Planck data will be
combined with similar datasets.
The key theoretical systematics in confronting the CMB predictions with data have been overcome. The physics is

linear, so all codes agree with the requisite precision. Precise constraints require careful treatment of many of the ex-
cited states of hydrogen during recombination [62], but here too recent advances [4] have attained the precision needed
to extract accurate information from Planck. There are uncertainties associated with the distance measurements given
by H0 and BAO, but again these seem to be under tighter control.

K.N. Abazajian et al., 
1103.5083

Neutrino masses from cosmology

X

i

mi < 0.66 eV

Planck Coll., 1303.5076

Most precise determination of masses in future. Problem 
of underlying cosmological model and systematic errors.26
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Phenomenology questions for the future

What is the nature of neutrinos? Dirac vs Majorana?
 
What are the values of the masses? Absolute 
scale (KATRIN, ...?) and the ordering.

Is there CP-violation? Its discovery in the next 
generation of LBL depends on the value of theta13 and 
of delta.

What are the precise values of mixing angles? 
Do they suggest a underlying pattern?

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

•

•

•

•

•

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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CP-violation
Mixing is described by the Pontecorvo-Maki-Nakagawa-
Sakata matrix, which enters in the CC interactions

|⇥�⇤ =
�

i

U�i|⇥i⇤

LCC = � g⇧
2

�

k�

(U�
�k⇥̄kL�⇥l�LW⇥ + h.c.)

U =

�

⇤
c12 s12 0
�s12 c12 0

0 0 1

⇥

⌅

�

⇤
1 0 0
0 c23 s23

0 �s23 c23

⇥

⌅

Solar, reactor �⇥ ⇥ 30o Atm, Acc. �A ⇥ 45o
�

⇤
1 0 0
0 1 0
0 0 e�i⇥

⇥

⌅

�

⇤
c13 0 s13

0 1 0
�s13 0 c13

⇥

⌅

�

⇤
1 0 0
0 e�i�21/2 0
0 0 e�i�31/2+i⇥

⇥

⌅

CPV phase Reactor, Acc. � < 12o CPV Majorana phases✓13 ⇠ 9o

CPV is a fundamental question to answer, possibly 
related to the origin of the baryon asymmetry.

CPV?
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1. 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⌫U⌫
e.g. M.-C. Chen and Mahanthappa; Girardi et al.; Petcov; Alonso, Gavela, Isidori, Maiani; Ding et al.; Ma; 
Hernandez, Smirnov; Feruglio et al.; Mohapatra, Nishi;  Holthausen, Lindner, Schmidt; and others

sin ✓23 �
1p
2

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

2. 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 of neutrino masses

Neutrinoless double beta decay

LBL

Expansion of the Universe

29



There is a slight 
preference for CP-
violation, which is 
mainly due to the 
combination of T2K 
a n d r e a c t o r 
neutrino data. NuFit: M. C. Gonzalez-

Garcia et al., 1209.3023
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FIG. 6: As in Fig. 4, but in the plane (sin2 θ13, δ/π).
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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

Hints of 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.

�m2
21

P (⌫µ ! ⌫e; t)� P (⌫̄µ ! ⌫̄e; t) =

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 i ts searches 
possible but not ideal.
● Crucial to know mass ordering.
● CPV effects more pronounced at 
low energy.

P. Coloma, E. Fernandez-Martinez, JHEP1204

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

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

ij

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

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

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

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

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

±δ − ∆31 L
2

)

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

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

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

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

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

3

●●●

See also W. Winter’s talk
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CPV Searches

Near future: T2K 
and NOvA. Marginal 
sensitivity to CPV

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
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beam axis. NOvA sits at 14 mrad.

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

e

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

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

3. Detectors

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

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

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

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

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

dx

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

dx

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

Since November 2010, NOvA has operated a proto-
type detector, dubbed the Near Detector on the Surface
(NDOS), that has allowed full-scale detector assembly
and integration tests, electronics and data acquisition
development, calibration R&D, Monte Carlo simula-
tion tuning, and early analysis R&D. The NDOS sits
110 mrad o↵ the NuMI beam axis and approximately on
the Booster beam axis and is identical in size to the ND
except in its width, with 64 cells spanning it horizontally
rather than 96. With the NDOS, NOvA has recorded
hundreds of neutrino interactions from both the NuMI
and Booster sources and has collected millions of cos-
mic ray interactions. Figure 4 shows two distributions
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FIG. 3: CP violation discovery (upper row) and 90% C.L. δCP precision (middle and lower rows) for T2K

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

The Long-Baseline Neutrino Experiment

34

94 4 Neutrino Mixing, Mass Hierarchy, and CP Violation

 0

 2

 4

 6

 8

 10

-1 -0.5  0  0.5  1





√ 


∆
χ2

δCP/π 

Mass Hierarchy Sensitivity (NH)

Beam, Signal/BG Error 
CDR, 5%/10%

80 GeV, 5%/10%
80 GeV, 1%/5%

 0

 2

 4

 6

 8

 10

-1 -0.5  0  0.5  1





√ 


∆

χ2

δCP/π 

Mass Hierarchy Sensitivity (IH)

LBNE10

LBNE10+T2K+NOvA

T2K+NOvA

 0

 1

 2

 3

 4

 5

-1 -0.5  0  0.5  1

σ
=





√ 


∆

χ2

δCP/π 

CP Violation Sensitivity (NH)

3σ

 0

 1

 2

 3

 4

 5

-1 -0.5  0  0.5  1

σ
=





√ 


∆

χ2
δCP/π 

CP Violation Sensitivity (IH)

3σ
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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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11 Summary and Conclusions

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

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

In this paper, we have presented our state-of-the-art studies of the expected sensitiv-
ity to CPV and MH. We have addressed the impact of the knowledge of the oscillation
parameters and of the systematics errors of the experiment. We employed a Monte-Carlo
technique simulating a very large number of toy experiments to estimate the confidence
level of the MH and CPV measurements. We find that, with the capability of reversing the
horn focusing polarity, and even under pessimistic assumptions on systematic errors, LBNO
alone provides a direct and guaranteed discovery of MH with � 3�(� 5�) confidence level,
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In Fig. 9 is shown the significance in terms of number of standard deviations � with

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

in [15] for ESS⌫SB, where the CP violation coverage can go up to 59% (78%) at 5 � (3 �).
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Neutrino factory: Has the 
best sensitivity to CPV. Due 
to large theta13, low energy 
muons and not-too-long 
baselines are needed.

E↵orts are currently done to find ways to reduce the systematic errors (and demonstrate

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

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

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

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

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

detector dist. power proton driver years

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

ESS⌫SB-360 500/WC 360 5 2.0/3.0 2/8

ESS⌫SB-540 500/WC 560 5 2.0/3.0 2/8

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

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

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

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

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

NuMAX [52, 53] 10/LAr (magnetized) 1300 1 5⇤ 5/5
⇤Muon beam energy, relevant for IDS–NF (Low Energy Neutrino Factory) and NuMax.
⇤⇤IDS-NF is supposed to use at the same time muons and anti–muons.

– 19 –
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Comparisons should be made with great care as they 
critically depend on:
- setup assumed: detector and its performance, beam...
- values of oscillation parameters and their errors
- treatment of backgrounds and systematic errors.
See Scholberg’s, Fleming’s, Rubbia’s, Yokohama’s talks
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sensitivity.

3.2.3 CP violation with pion decay-at-rest sources

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

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

0

5

10

15

20

25

30

35

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

!CP (degrees)

1
"
 !

 M
ea

su
re

m
en

t 
U

n
ce

rt
ai

n
ty

 (
d

eg
re

es
)

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

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

The DAE�ALUS collaboration proposes a phased approach [111], with early phases involving IsoDAR
(see Sec. 7.1.3) with sterile neutrino sensitivity. The phased program o↵ers also connections to applied
cyclotron research (see Section 9.1.4).
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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 probab i l i t y o f 
oscillation of low energy muon 
antineutrino into electron 
antineutrinos at short baselines 
(1.5-20 Km).
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Information on CPV could also come from...



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
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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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Phenomenology questions for the future

What is the nature of neutrinos? Dirac vs 
Majorana?
 
What are the values of the masses? Absolute 
scale (KATRIN, ...?) and the ordering.

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

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

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

•

•

•

•

•
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The precision measurement of the oscillation parameters 
will become very important in the future. 
● The values of the mixing angles seem to indicate an 
underlying symmetry:                        not too far from 0.
● Predictions for the CPV phase delta and relations among 
parameters in flavour models
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Figure 11: Expected precision for a measurement of � at present and future long-baseline oscillation exper-
iments. Results are shown as a function of the fraction of possible values of � for which a given precision
(defined as half of the confidence interval at 1�, for 1 d.o.f.) is expected. All oscillation parameters are set
to their present best-fit values, and marginalization is performed within their allowed intervals at 1�, with
the exception of ✓13 for which marginalization is done within the allowed interval expected at the end of
the Daya Bay run. Matter density is set to the value given by the PREM profile, and a 2% uncertainty is
considered. The hierarchy is assumed to be normal, and no sign degeneracies are accounted for. Systematic
uncertainties are implemented as in [114]. All facilities include an ideal near detector, and systematics are
set to their “default” values from Table 2 in [114]. The di↵erent lines correspond to the following configura-
tions. 2020 shows the expected combination of NOvA and T2K by the year 2020, simulated following [115]
and [116], respectively. NOvA is assumed to run for three years per polarity while T2K is run for five
years only with neutrinos. The line labeled as 2025 is an extrapolation of 2020, where NOvA is run for
a longer period and five years of ⌫̄ running at T2K are added following [116]. ESS⌫SB corresponds to
the performance of a 500-kt water Cherenkov detector placed at 360 km from the source; see [117]. The
beam would be obtained from 2-GeV protons accelerated at the ESS proton linac. Migration matrices from
Refs. [98, 118] have been used for the detector response. LBNE10 corresponds to the first phase of the
LBNE project. The CDR [119] beam flux has been used. The detector performance has been simulated as
in [119] as well, using migration matrices for NC backgrounds from [120]. The exposure corresponds to 70
MW·kt·years. LBNE+PX corresponds to an upgrade of the previous setup, but exposure is set in this case
to 750 MW·kt·years. Hyper-K stands for a 750-kW beam aiming from Tokai to the Hyper-Kamiokande de-
tector (560-kt fiducial mass) in Japan. The baseline and o↵-axis angle are the same as for T2K. The detector
performance has been simulated as in [114]. LBNO

EoI

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

useful muon decays per year. Migration matrices, kindly provided by R. Bayes (see also [123]), are used to
simulate the detector response.
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WG Report: Neutrinos,  de Gouvea (Convener) et al., 1310.4340; see also, Coloma et 
al., JHEP 1206; Minakata, Parke, PRD87; D. Meloni, PLB728

Crucial 
information 
in order to 
discriminate 
between 
different 
flavour 
models.

✓23 ⇠ 45o, ✓13



Phenomenology questions for the future

What is the nature of neutrinos? Dirac vs 
Majorana?
 
What are the values of the masses? Absolute 
scale (KATRIN, ...?) and the ordering.

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

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

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

•

•

•

•

•
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There are hints beyond the 
standard 3 neutrino mixing. 

MiniBooNE was designed to 
test the LSND excess. It 
found an excess of events at 
low energy. MicroBooNE is 
going to probe these hints.
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FIG. 1: The neutrino mode (top) and antineutrino mode (bot-
tom) EQE

ν distributions for νe CCQE data (points with sta-
tistical errors) and background (histogram with systematic
errors).

bins. In neutrino (antineutrino) mode, a total of 952
(478) events pass the νe event selection requirements with
200 < EQE

ν < 1250 MeV, compared to an expectation of
790.0±28.1±38.7 (399.6±20.0±20.3) events, where the
first error is statistical and the second error is systematic.
This corresponds to a neutrino (antineutrino) excess of
162.0± 47.8 (78.4± 28.5) events. Combining the data in
neutrino mode and antineutrino mode, the total excess
is 240.3 ± 62.9 events. Fig. 2 shows the event excesses
as a function of EQE

ν in both neutrino and antineutrino
modes. The number of data, fitted background, and ex-
cess events for neutrino mode, antineutrino mode, and
combined are summarized in Table II.

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rates are stable to < 2% and that
the detector energy response is stable to < 1% over the
entire run. In addition, the fractions of neutrino and an-
tineutrino events are stable over energy and time, and
the inferred external event rate corrections are similar in
both neutrino and antineutrino modes.

A comparison between the MiniBooNE and LSND an-
tineutrino data sets is given in Fig. 3, which shows the
oscillation probability as a function of L/Eν for νµ → νe
and ν̄µ → ν̄e candidate events in the L/Eν range where
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FIG. 2: The neutrino mode (top) and antineutrino mode (bot-
tom) event excesses as a function of EQE

ν . Also shown are the
expectations from the best two-neutrino and 3+2 joint oscilla-
tion fits with 200 < EQE

ν < 3000 MeV and from two reference
values in the LSND allowed region. All known systematic er-
rors are included in the systematic error estimate.

MiniBooNE and LSND overlap. The data used for LSND
and MiniBooNE correspond to 20 < Eν < 60 MeV and
200 < EQE

ν < 3000 MeV, respectively. The oscilla-
tion probability is defined as the event excess divided
by the number of events expected for 100% νµ → νe
and ν̄µ → ν̄e transmutation in each bin, while L is the
distance travelled by the neutrino or antineutrino from
the mean neutrino production point to the detector and
Eν is the reconstructed neutrino or antineutrino energy.
The largest oscillation probabilities from both LSND and
MiniBooNE occur at L/Eν ≥ 1 m/MeV.

The MiniBooNE data are next fit to a two-neutrino
oscillation model, where the probability, P , of νµ →
νe and ν̄µ → ν̄e oscillations is given by P =
sin2 2θ sin2(1.27∆m2L/Eν), sin

2 2θ = 4|Ue4|2|Uµ4|2, and
∆m2 = ∆m2

41 = m2
4 − m2

1. The oscillation parameters
are extracted from a combined fit to the νe, ν̄e, νµ, and
ν̄µ CCQE event distributions. The fit assumes CP con-
servation with the same oscillation probability for neu-
trinos and antineutrinos, including both right-sign and
wrong-sign neutrinos, and no significant νµ, ν̄µ, νe, or ν̄e
disappearance. Using a likelihood-ratio technique [4], the
best oscillation fit for 200 < EQE

ν < 3000 MeV occurs at
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Non-standard effects: sterile neutrinos

R e a c t o r a n o m a l y : A 
recomputation of the reactor 
fluxes seems to indicate 
neutrino disappearance (2.8 
s igma), compatible with 
osci l lat ions into ster i le 
neutrinos with large masses.

Reactor Electron Antineutrino Anomaly

[Mention et al, PRD 83 (2011) 073006]

[update in White Paper, arXiv:1204.5379]

new reactor ν̄e fluxes
[Mueller et al, PRC 83 (2011) 054615]

[Huber, PRC 84 (2011) 024617]

∼ 2.8σ anomaly

[see also:
Sinev, arXiv:1103.2452;
Ciuffoli, Evslin, Li, JHEP 12 (2012) 110;
Zhang, Qian, Vogel, PRD 87 (2013) 073018;
Ivanov et al, arXiv:1306.1995]
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Mention et al., 2011. See also Muller et al., PRC 832011; Huber et 
al, PRC84 2011.  And Sinev, 1103.2452; Ciuffoli et al., JHEP 12 2012; Zhang et 
al., PRD87 2013; Ivanov et al., 1306.1995.

See Weber’s talk
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Appearance experiments require mixing both with electron 
neutrinos and muon neutrinos:

Kopp et al., JHEP 1305 2013 + 
preliminary at Neutrino 2014
See also Giunti et al., 1308.5288, 
Conrad et al., 1207.4765

There is a significant tension 
between appearance and 
disappearance data.

It is possible to introduce 2 
extra sterile neutrinos but 
the tension remains.

Many plans to test these 
anomalies: nuclear decays, 
reactors and accelerators.

(
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ν µ disappearance in the 3+1 scenario
Parameter regions favored by tentative hints are in

tension with null results from
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Disappearance experiments:



@Silvia Pascoli43

LNV signals at colliders

Signature:same-sign 
leptons and no missing ET.
CMS and ATLAS searches 
have reported no signal.

Leptonic physics at colliders and in rare 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.



N⌫ = 2.984± 0.008

Br(µ ! e�) ⇠ 10�53

Invisibles decay of the Z

44

If sterile neutrinos are heavier than the Z mass, then they 
cannot be produced in its decay -> violation of unitarity.

A future collider such as FCC-ee could improve this bound 
very significantly. See A. Blondel’s talk at TLEP IOP meeting

C. Jarlskog, 1990

Phys. Rept. 427, 2006

Lepton flavour violations have been observed in the neutral 
sector (nu oscillations). How about the charged lepton sector?

Lepton flavour violation in charged leptons decays

Neutrino masses induce LFV processes 
but they are very suppressed.e

⌫i

W

µ

�

Any observation of LFV would indicate new physics BSM and 
provide clues about the origin of neutrino masses.
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A very rich experimental programme of current 
experiments, R&D and future plans.

● Neutrinoless double beta decay: nature of 
neutrinos, neutrino masses and CPV (?).

● Long baselines neutrino: mass hierarchy and 
CPV and provide precision measurements of the 
parameters. Comparisons should be done with great care.

● Atmospheric neutrinos: mass hierarchy, CPV (?).

● Reactor neutrinos: mass hierarchy, precise 
measurement of theta12.

● KATRIN and beta decay exp: neutrino masses

● Short baseline exp: sterile neutrinos and other effects

Conclusions



Is there a priority list?
What is the nature of neutrinos? Dirac vs Majorana?

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

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

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

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

•
•

•

•

•

Theoretical guidance is useful but...
Other considerations are also important (timeliness, 
technological development, feasibility, ....)
Unexpected results (see e.g. neutrino oscillations) could 
change the priority completely and open new questions.
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What is left to measure in 
neutrino physics?

47

LOTS!!!


