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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,
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The Standard Model describes the particles which 
exist in Nature (fermions and bosons) and explains 
their interactions.
Neutrinos are the most elusive of the SM particles. 

Neutrinos in the Standard model of 
particle physics
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Neutrino interactions
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Neutrinos come in 3 flavours, corresponding to the 
charged lepton in the same SU(2) doublets:

The SM tells us how neutrinos interact

Each type of neutrino flavour interacts with the lepton 
of the same flavour.

W
electron antineutrino

electron

Same 
math 
structure 
as spin.

This is the gauge boson 
(spin 1) associated to 
SU(2).



Neutrino production
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In CC (NC) SU(2) interactions, the W boson (Z boson) 
will be exchanged leading to production of neutrinos.

W

electron 
antineutrino

electron

n (d quark)
p (u quark)

This is the beta decay.

pion
W muon

muon 
antineutrinoDecay into electrons is suppressed.
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J. Formaggio and S. Zeller, 1305.7513

Neutrino sources



Neutrino detection
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Neutrino detection proceeds via CC (and NC) SU(2) 
interactions. Example:

Notice that the leptons have different masses:
 me = 0.5 MeV < mmu = 105 MeV < mtau= 1700 MeV

A certain lepton will be produced in a CC process only 
if the neutrino has sufficient energy.

electron 
antineutrino

positron

p n



Neutrino detection
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Neutrino detection proceeds via CC (and NC) SU(2) 
interactions. Example:

Notice that the leptons have different masses:
 me = 0.5 MeV < mmu = 105 MeV < mtau= 1700 MeV

A certain lepton will be produced in a CC process only 
if the neutrino has sufficient energy.

electron 
neutrino

electron

n pCan a 3 MeV reactor 
antineutrino produce a 

muon in a CC interaction? 
NO
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We are interested mainly in produced charged particles 
as these can emit light and/or leave tracks in segmented 
detectors (magnetisation -> charge reconstruction).

Water Cherenkov

Super-Kamiokande

T2K experiment

Scintillator

NOvA

MINOS

Photo by Roy Kaltschmidt, LBNL 

Daya Bay Neutrino 
Facility

Iron magnetised

LAr
MicroBooNE

Borexino



Outline

1. Neutrino production and detection

2. Neutrino oscillations

3. Past and present experiments

4. Current knowledge of v parameters

5. Questions for the future
Dirac vs Majorana: 0vbb decay
v masses and direct searches
LBL future exp: MO and CPV
cosmology

6. Conclusions



11

The discovery of neutrino oscillations

● Atmospheric neutrinos 1998: Super-
Kamiokande observed a depletion of     
muon-like events for neutrinos which 
transverse the Earth. 

● Solar neutrinos: In 2002, SNO 
observing not only electron neutrino 
disappearance but also active 
neutrino appearance.
● Reactor neutrinos: KamLAND 
observed the disappearance of 
electron anti-neutrinos.

The SNO Detector
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We present an analysis of atmospheric neutrino data from a 33.0 kton yr (535-day) exposure of the
Super-Kamiokande detector. The data exhibit a zenith angle dependent deficit of muon neutrinos which
is inconsistent with expectations based on calculations of the atmospheric neutrino flux. Experimental
biases and uncertainties in the prediction of neutrino fluxes and cross sections are unable to explain our
observation. The data are consistent, however, with two-flavor nm $ nt oscillations with sin2 2u .
0.82 and 5 3 1024 , Dm2 , 6 3 1023 eV2 at 90% confidence level. [S0031-9007(98)06975-0]

PACS numbers: 14.60.Pq, 96.40.Tv

Atmospheric neutrinos are produced as decay products
in hadronic showers resulting from collisions of cosmic
rays with nuclei in the upper atmosphere. Production

of electron and muon neutrinos is dominated by the pro-
cesses p1 ! m1 1 nm followed by m1 ! e1 1 nm 1
ne (and their charge conjugates) giving an expected ratio

1562 0031-9007y98y81(8)y1562(6)$15.00 © 1998 The American Physical Society



In a SM interaction a neutrino of one type (electron, 
muon or tau) is produced. While travelling it 
changes its “flavour” and can even become 
another type of neutrino. This can explain the 
atmospheric and solar neutrino disappearance.

Neutrinos are chameleon particles.
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Quantum Mechanics analogs

Neutrino oscillations are analogous to many other 
systems in QM, in which the initial state is a 
coherent superposition of eigenstates of 
Hamiltonian:

● NH3 molecule: produced in a superposition of “up” 
and “down” states

● Spin states: for example a state with spin up in the 
z-direction in a magnetic field aligned in the x-
direction B=(B,0,0). This gives raise to spin-
precession, i.e. the state changes the spin orientation 
with a typical oscillatory behaviour.
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Neutrino oscillations: the picture

Massive states
(eigenstates of the 

Hamiltonian)

Flavour 
states

Flavour states 
coherent 

superposition of 
massive states

⌫1

Light orange
= 

muon neutrino

Dark orange
= 

electron neutrino⌫2

⌫1 ⌫1

⌫2 ⌫2

h⌫e|

Production Propagation Detection:
projection over

|�µ� =
�

i

Uµi|�i� �1 : e�iE1t

�2 : e�iE2t

�3 : e�iE3t



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

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

15

As neutrinos are highly relativistic, 

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

P (⌫µ ! ⌫e) = sin2(2✓) sin2
(m2

2 �m2
1)L

4E

Mixing angle: disalignment between 
flavour and mass states

Neutrino masses
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Thanks to 
T. Schwetz

First 
oscillation 
maximum

P (�� � �⇥) ⇥ 0 P (⇥� � ⇥⇥) ⇥ 1
2

sin2(2�)
At small 

L no 
effect



Particle physics evidence of physics beyond 
the Standard Model.
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The oscillation probability implies that

● neutrinos have mass (as the different massive 
components of the initial flavour state need to 
propagate with different phases)

● neutrinos mix (as U needs not be the identity. If 
they do not mix, the flavour eigenstates are also 
eigenstates of the Hamiltonian and they do not evolve.)
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Solar neutrinos
Electron neutrinos are copiously produced 
in the Sun, at very high electron densities.

● Typical 
energies: 
0.1-10 MeV. 
● One can 
observe CC 
νe and NC.

J. Wilson, talk at NuPhys 2014

R. Davis Jr. 
Nobel prize in 
2002

The Sun shining in 
neutrinos.

SNO, also 
Cl, Ga, 
Super-
Kamiokande

Borexino&

29&

arXiv:1410.0779v1&&
&

Nature&512,&383–386,&2014&

Borexino, Nature 512 (2014) 
7515, 383-386Solar&Neutrino&DetecCon&

5&



The first atmospheric neutrinos were observed in 
1965 by the Kolar Gold Field (KGF) and Reines' 
experiments. 

20

Atmospheric neutrinos



The first atmospheric neutrinos were observed in 
1965 by the Kolar Gold Field (KGF) and Reines' 
experiments. 
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Atmospheric neutrinos

50th
 annive

rs
ary

!
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Cosmic rays hit the atmosphere and produce pions 
(and kaons) which decay producing lots of muon and 
electron (anti-) neutrinos.
●  Typical energies: 100 MeV - 100 GeV
●  Typical distances: 100-10000 km.

M. Koshiba, 
Nobel Prize in 2002Need,to,well,measure,L,and,E,

For,L:,
Lepton,doesn’t,follow,neutrino,well,at,
low,energies.,,Unless,you,can,see,the,
proton,(Maybe,in,LAr),you,must,use,the,
lepton,direc6on,itself.,

03/12/2013, Chris,Walter,=,,Neutrino,Telescopes,2013, 9,

FC single-ring µ-like 

Full oscillation 1/2 
oscillation 

Δ(L/E)=70% 

Need,events,with,high,
resolu6on,in,L/E.,

For,L:,
Near,the,horizon,6ny,mistakes,in,angle,
correspond,to,large,differences,in,L.,,Also,
there,is,a,distribu6on,of,produc6on,
heights,in,the,atmosphere.,

Super-
Kamiokande Coll.

Future 
experiments: 
PINGU, 
ORCA, INO
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Reactor neutrinos
Copious amounts of electron antineutrinos are 
produced from reactors. 
● Typical energy: 1-3 MeV;
● Typical distances: 
~1 km (Double-Chooz, Daya Bay, RENO)
~60 km (JUNO, RENO50).

● At 1 km the disappearance probability is 

Sensitivity to θ13.  Reactors played an important role in 
the discovery of θ13 and in its precise measurement.

P (⇥̄e ⇥ ⇥̄e; t) = 1� sin2(2�13) sin2 �m2
31L

4E



In 2012, previous hints 
(DoubleCHOOZ,T2K, 
MINOS) for a nonzero third 
mixing angle were confirmed 
by Daya Bay (and RENO): 
important discovery.

The Big Bang 
Theory: The 
Speckerman 
Recurrence

This discovery has very important implications for the future 
neutrino programme and understanding of the origin of mixing.24

Double-CHOOZ, A. 
Cabrera

RENO
K.K. Joo

Electron Anti-neutrino Disappearence

Using near to predict far

53

Determination of Į, ȕ:
1) Set R=1 if no oscillation
2) Minimize the residual reactor 

uncertainty

Observed˖9901 neutrinos at far site,  

Prediction˖10530 neutrinos if no oscillation

R = 0.940 f0.011 (stat) f0.004 (syst) 

Spectral distortion 

Consistent with oscillation

2012-03-08

Daya Bay, PRL 108 (2012)

Daya Bay, Courtesy 
IHEP
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Accelerator neutrinos
Conventional beams: muon neutrinos  from pion decays 

● Typical energies:
MINOS: E~4 GeV; MINOS+: E~8 GeV; T2K: E~700 
MeV; NOvA: E~2 GeV; MicroBooNE, Minerva...
OPERA and ICARUS: E~20 GeV.
● Typical distances: 100 km - 2000 km, or ~100 m-2 km.
MINOS: L=735 km; T2K: L=295 km; NOvA: L=810 km.
OPERA and ICARUS: L=700 km.

T2K event

Neutrino production. Credit: Fermilab
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T2K: 7.3σ significance to non-zero 
ϑ13, Discovery of νe appearance! 

NOvA νe* Charged-current candidate

* particle IDs blinded until analysis finalized

T2K 
Electron neutrino signal events

4.92 ± 0.55 background 
28 events observed 

7.3σ observation 
!

21.6 events expected 
sin22θ13=0.1 

δCP = 0 
sin2θ23 = 0.5 

T2K 
Electron neutrino signal events

4.92 ± 0.55 background 
28 events observed 

7.3σ observation 
!

21.6 events expected 
sin22θ13=0.1 

δCP = 0 
sin2θ23 = 0.5 

http://www-numi.fnal.gov

MINOS and MINOS+ search 
for muon v disappearance 
(electron v appearance)

NOvA and T2K search for 
muon v disappearance and 
electron v appearance

Thanks to M. Messier at NuPhys 2014

http://www-numi.fnal.gov/
http://www-numi.fnal.gov/
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M. C. Gonzalez-Garcia et al., NuFit, 1409.54392 mass squared differences
Masses are much smaller than the other 
fermions.
There are two possible orderings: 
normal (m1<m2<m3) and inverted (m3<m1<m2).

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

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

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

�0.012 0.270 � 0.344 0.270 � 0.344

⇤12/
⇥ 33.48+0.78

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

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

�0.037 0.389 � 0.644 0.385 � 0.644

⇤23/
⇥ 42.3+3.0

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

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

�0.0010 0.0188 � 0.0251 0.0188 � 0.0251

⇤13/
⇥ 8.50+0.20

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

⌅CP/
⇥ 306+39

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

�m2
21

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

�0.17 7.02 � 8.09 7.02 � 8.09

�m2
3�

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

�0.047 ⇥2.590 � ⇥2.307

�
+2.325 � +2.599
⇥2.590 � ⇥2.307

⇥

Current neutrino parameters



�m2
s � �m2

A implies at least 3 massive neutrinos. 

m1 = mmin m3 = mmin

m2 =
�

m2
min + �m2

sol m1 =
�

m2
min+�m2

A��m2
sol

m3 =
�

m2
min + �m2

A m2 =
�

m2
min + �m2

A

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

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

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

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

�0.012 0.270 � 0.344 0.270 � 0.344

⇤12/
⇥ 33.48+0.78

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

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

�0.037 0.389 � 0.644 0.385 � 0.644

⇤23/
⇥ 42.3+3.0

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

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

�0.0010 0.0188 � 0.0251 0.0188 � 0.0251

⇤13/
⇥ 8.50+0.20

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

⌅CP/
⇥ 306+39

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

�m2
21

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

�0.17 7.02 � 8.09 7.02 � 8.09

�m2
3�

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

�0.047 ⇥2.590 � ⇥2.307

�
+2.325 � +2.599
⇥2.590 � ⇥2.307

⇥

M. C. Gonzalez-Garcia et al., NuFit, 1409.5439
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CP-violation? 
Neutrinos behave differently from antineutrinos.

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

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

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

�0.012 0.270 � 0.344 0.270 � 0.344

⇤12/
⇥ 33.48+0.78

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

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

�0.037 0.389 � 0.644 0.385 � 0.644

⇤23/
⇥ 42.3+3.0

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

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

�0.0010 0.0188 � 0.0251 0.0188 � 0.0251

⇤13/
⇥ 8.50+0.20

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

⌅CP/
⇥ 306+39

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

U =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13ei�

0 1 0
�s13e�i� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
1 0 0
0 ei↵21/2 0
0 0 ei↵31/2

1

A

For antineutrinos, 

U � U�

CP-conservation:
U is real� � = 0, ⇥
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Hints for CP violation?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)

3 sigma Daya Bay data

There is a slight 
preference for CP-
violation, which is 
mainly due to the 
combina t ion o f 
T2K and reactor 
neutrino data.

Wait and see!

T2K Coll. PRL 112, 061802 (2014)



All oscillation parameters are measured 
with good precision, except for the 
mass hierarchy and the delta phase. One 
needs to check the 3-neutrino paradigm 
(sterile neutrino?).
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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.
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Summary of current neutrino parameters

M. C. Gonzalez-Garcia et al., NuFit, 1409.5439
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Outline

1. Neutrino production and detection

2. Neutrino oscillations

3. Past and present experiments

4. Current knowledge of v parameters

5. Questions for the future
Dirac vs Majorana: 0vbb decay
v masses and direct searches
LBL future exp: MO and CPV
cosmology

6. Conclusions



@Silvia Pascoli

1. What is the nature of neutrinos? 

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

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

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

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

•

•

•

•

•

Open Phenomenology questions
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Charged particles can be distinguished from their 
antiparticles.
Neutrinos are neutral and can be Majorana or 
Dirac particles.

Majorana:                             particle ~ antiparticle

Majorana condition: ⌫ = C⌫̄T

e� e+

36

electron positron

negative charge positive charge

Nature of Neutrinos: Majorana vs Dirac 



⌫ ⌫̄
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neutrino antineutrino

Lepton number +1 Lepton number -1

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

● This is crucial information to understand the 
Physics BSM responsible for neutrino masses: 
with or without L-conservation?  

● Lepton number violation is a necessary condition 
for Leptogenesis, together with CV, CPV and out 
of equilibrium. 



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

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

38

Neutrinoless Double Beta Decay Experiments 

NuPhys-2014 
16-December-2014 

!
!

by Ruben Saakyan

Neutrinoless Double Beta Decay Experiments 

NuPhys-2014 
16-December-2014 

!
!

by Ruben Saakyan
Thanks to R. Saakyan, talk at NuPhys 2014

Neutrinoless double beta decay
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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.



|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)
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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!

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



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

Requirements:
● Rare process -> large mass
● low backgrounds -> deep underground
● 2vbb background -> excellent energy resolution

One looks for a tiny peak at the end point of 
the 2-electron spectrum in the decay.



KamLAND-Zen EXO-200 Nature 510 (2014) 229.

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
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FIG. 4. Fit results projected in energy. SS (a) and MS (b) events are shown with a zoom-in (inset) around the ROI region:
2250–2600 keV (2100–2700 keV) for SS (MS). The bin size is 14 keV. Data points are shown in black and residuals between
data and best fit normalized to the Poisson error are presented, ignoring bins with 0 events. The 7 (18) events between 4000
and 9800 keV in the SS (MS) spectrum have been collected into an overflow bin for presentation here. The vertical (red) lines
in the SS spectra indicate the ±2� ROI. The result of the simultaneous fit to the SD is not shown here. Several background
model components, including Rn, 135Xe and 137Xe, n-capture, 232Th (far); Vessel; 0⌫��; and 2⌫�� (described further in the
text), are indicated in main panel (b) to show their relative contributions to the spectra. The error bars on the data points
represent ±1 standard deviation intervals.

the unmasking of the remaining live-time proceeded.

The results of the ML fit are presented in Fig. 4. The
measured 2⌫�� decay rate is consistent with [9]. From
the best-fit model, the estimate of the background in the
0⌫�� ±2� ROI is 31.1 ± 1.8(stat) ± 3.3(sys) counts, or
(1.7± 0.2) · 10�3 keV�1 kg�1 yr�1 normalized to the to-

tal Xe exposure (123.7 kg·yr). Both this and the ±1�
value (also (1.7 ± 0.2) · 10�3 keV�1 kg�1 yr�1) are con-
sistent with previous results, 1.5±0.1 (1.4±0.1) with the
same units in the ±1� (±2�) ROI [13]. The dominant

backgrounds arise from 232Th (16.0 counts), 238U (8.1
counts) and 137Xe (7.0 counts). This amount of 137Xe is
consistent with estimates from studies of the activation
of 136Xe in muon-veto-tagged data. The total number
of events seen in this region is 39. The best-fit value
of 0⌫�� counts is 9.9, consistent with the null hypothe-
sis at 1.2� as calculated using toy Monte Carlo studies.
The corresponding PL scan of this parameter is shown in
Fig. 5.

A number of cross checks were performed on the re-
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FIG. 5. Profile likelihood, �, for 0⌫�� counts. The
horizontal dashed lines represent the 1� and 90% confidence
levels assuming the validity of Wilks’ theorem [26, 27], in-
tersecting the profile curve at (3.1, 18) and 24 0⌫�� counts,
respectively. From toy Monte Carlo studies, the best-fit value
is consistent with the null hypothesis at 1.2�.

sult. No event reconstruction anomalies were found
after hand-scanning all events in the ROI. The time-
between-events distribution of the ROI events is consis-
tent with a constant-rate process and the SD distribution
of events in data is consistent with the best-fit model.
Additional backgrounds were considered that could con-
tribute events to the ROI. In particular, we tested for
110mAg and 88Y because of their possible association
with the measurement in [12], and found that both pro-
duce a distinct high-multiplicity signature in EXO-200
(SS/(SS+MS)⇠5-10%). Separate fits including each of
these PDFs contributed the following counts to the ±2�
ROI: N110mAg = 0.04 ± 0.02 and N88Y = 0.02 ± 0.01.
Finally, we were able to exclude any significant e↵ect on
the ROI background from 214Bi external to the Pb shield,
e.g. from 238U in the surrounding salt.

V. DISCUSSION

In summary, we report a 90% C.L. lower limit on the
0⌫�� half-life of 1.1 · 1025 yr. With the nuclear matrix
elements of [28–31] and phase space factor from [21], this
corresponds to an upper limit on the Majorana neutrino
mass of 190–450 meV. Using the three flavor fit of [32]
(with private communication, M. Tortola, J. Valle) we
further use this range of e↵ective mass limits to con-
struct a constraint on the mass mmin of the lightest
neutrino mass eigenstate, assuming the most disadvan-
tageous combination of CP phases. This corresponds to
mmin < 0.69–1.63 eV, in case neutrinos are Majorana
particles.
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FIG. 6. Comparison with recent results from 136Xe
and 76Ge 0⌫�� experiments. Sensitivity (orthogonal
lines) and limits (arrows) from GERDA and KamLAND-Zen
are from [11] and [12], respectively. The diagonal lines are
derived from several recent nuclear matrix element calcula-
tions and the phase-space factor from [21], included to allow
comparison between results from the two nuclei: GCM [28],
NSM [29], IBM-2 [30], and RQRPA [31]. Tick marks along
these lines indicate the associated e↵ective neutrino mass in
eV. The claimed observation in 76Ge (KK&K, [14]) is shown
as a shaded gray band. The previous EXO-200 limit and sen-
sitivity from [13] were 1.6·1025 yr and 0.7·1025 yr, respectively.

The results reported here supersede those of [13], ow-
ing to the increased exposure and improved analysis.
The limit presented is however not as strong as the
limit from [13], consistent with expected statistical fluc-
tuations in the data. An appropriate metric to char-
acterize the improvement of the experiment and inde-
pendent of such fluctuations is the ‘sensitivity’, defined
as the median expected 90% CL half-life limit assum-
ing the background estimated from the ML fit and the
absence of a 0⌫�� signal. We calculate this metric us-
ing an ensemble of limits determined from Monte Carlo
pseudo-experiments and find the EXO-200 sensitivity to
be 1.9 · 1025 yr, representing a factor of 2.7 improvement
in comparison to [13].

In Fig. 6 we compare the 0⌫�� sensitivity and half-
life limits from the GERDA, KamLAND-Zen, and EXO-
200 experiments. Also shown is the positive observation
claim in 76Ge from [14]. The results of the present anal-
ysis are inconsistent with the central value of this claim
at 90% CL for two of the four considered nuclear matrix
element calculations: GCM [28] and NSM [29].

The first two years of EXO-200 data demonstrate the
power of a large and homogeneous LXe TPC in the search

crio.mib.infn.it

High Pressure Gas TPC

NEXT

NEXT
5ton of Xe
now 10 kg
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...and we have it!*
Experiment Isotope(s) Technique Main characteristics

NEMO-3 Mo100+6other Tracking +  calorimeter Bckg rejection, isotope choice, 
topologySuperNEMO Se82, Nd150, 

other
Tracking +  calorimeter Bckg rejection, isotope choice, 

topologyCUORE Te130 Bolometers Energy resolution, efficiency
LUCIFER Se82 Scintillating bolometers Energy resolution, efficiency
AMoRE Mo100 Scintillating bolometers Energy resolution, efficiency
GERDA Ge76 Ge diodes Energy resolution, eficiency
Majorana Ge76 Ge diodes Energy resolution, efficiency
COBRA Te130, Cd116 CdZnTe semi-conductors Efficiency, particle ID
EXO Xe136 TPC ionisation + scintil. Mass, efficiency, particle ID
MOON Mo100 Tracking +  calorimeter Compactness, Bckg rejection
CANDLES Ca48 CaF Efficiency, Active background 

vetoing SNO+ Te130 Te loaded liquid scintillator Mass, efficiency

XMASS Xe136 Liquid Xe Mass, efficiency
CARVEL Ca48 CaWO4 scintillating 

crystals
Mass, efficiency

Yangyang Sn124 Sn loaded liquid scintillator Mass, efficiency
DCBA Nd150 Gaseous TPC Bckg rejection
KamLAND-Zen Xe136 Xenon balloon Mass, efficiency
NEXT Xe136 Gaseous TPC Bckg rejection, efficiency

*Apologies to experiments not mentioned in this talk (most from this table)
The new generation of experiments is already taking data 
(EXO, KamLAND-ZEN, CUORE, GERDA,...) and more 
powerful ones are planned (e.g., NExT, SNO+, SuperNEMO, 
Majorana,...)!!

Thanks to R. Saakyan, talk at NuPhys 2014



Neutrino oscillations are not sensitive to the absolute 
mass scale. However, via matter effects they can 
establish the mass ordering.

 Direct mass searches in beta decays: model-
independent but feasible only for QD spectrum.

 Neutrinoless double beta decay: if dominant 
mechanism is light neutrino masses.

 Neutrino masses from cosmology by probing the 
DM distribution (observing the distribution of biased 
tracers and/or gravitational lensing)

•

•

•

Absolute values of neutrino masses



The electron spectrum in beta decays is affected 
close to the end point by neutrino masses as

Neutrino%Mass%from%3H%Decay%

•  E0%=%18.58%keV%
•  t½%=%12.3%years%

The&KATRIN&Experiment&33&Diana&Parno& 4%

3He%
e]%

νe%

24 C. Weinheimer / Progress in Particle and Nuclear Physics 57 (2006) 22–37

Fig. 1. Expanded β spectrum around its endpoint E0 for m(νe) = 0 (dashed line) and for a arbitrarily chosen neutrino

mass of 1 eV/c2 (solid line). The offset between the two curves explains what the “m(νe)” is: the average over all neutrino

mass states with their contribution according to the neutrino mixing matrix U (see Eq. (2)). In the case of tritium, the

gray shaded area corresponds to a fraction of 2× 10−13 of all tritium β decays.

experiment, the Heidelberg–Moscow experiment using five low background, highly enriched

and high resolution 76Ge detectors in the Gran Sasso underground lab, has claimed evidence

for having observed neutrinoless double β decay. Recently new data and a re-analysis of the

old data have been presented [12] showing a line at the position expected for neutrinoless

double β decay with 4σ significance. Due to the uncertainties of the nuclear matrix element
[7] this signal translates into 0.1 eV/c2 ≤ mee ≤ 0.9 eV/c2. Clearly, this as yet unconfirmed

result requires further checks, which are under way by several experiments [8].

• Direct neutrino mass determination
In contrast to the other methods, the direct method does not require further assumptions.

The neutrino mass is determined using the relativistic energy–momentum relationship.

Therefore m2(ν) is the observable in most cases.

The non-observation of a dependence of the arrival time on energy of supernova neutrinos

from SN1987a gave a generally accepted upper limit on the neutrino mass of 5.7 eV/c2 [13].

Unfortunately nearby supernova explosions are too rare and too little understood to allow a

further improvement to a sub-eV sensitivity on the neutrino mass.

Therefore, the investigation of the kinematics of weak decays – and with respect to

eV and sub-eV sensitivities – the electron energy spectrum of a β decay is still the most

sensitive model-independent and direct method to determine the neutrino mass. The β

spectrum exhibits the value of a non-zero neutrino mass, when the neutrino is emitted non-

relativistically. This is the case in the vicinity of the endpoint E0 of the β spectrum where

nearly all decay energy is given to the β electron. Therefore, the mass of the electron neutrino

is determined by investigating precisely the shape of the β spectrum near its endpoint E0 (see
Fig. 1). From Fig. 1 it is clearly visible that the main requirement for such an experiment is

to cope with the vanishing count rate near the endpoint by providing the strongest possible

signal rate at lowest background rate. Additionally, to become sensitive to the neutrino mass

dependent shape of the β spectrum a high energy resolution on the order of eV is required.

Tritium is the standard isotope for this kind of study due to its low endpoint of 18.6 keV, its

rather short half-life of 12.3 y, its super-allowed shape of the β spectrum, and its simple
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N
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3H%
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Direct mass measurements



KATRIN is in the 
commissioning phase. Data 
taking will start in 2016.
It will reach a sensitivity to 
m<0.2 eV and a 5-sigma 
discovery of m=0.35 eV.

The%Future%
•  March:%Connect%main%spectrometer%and%
detector%system%

•  April:%Begin%commissioning%main%spectrometer%
– Transmission%measurement%with%electron%gun%

•  2014:%Comple=on%of%tri=um%sec=ons%
•  Late%2015:%Begin%data]taking%for%neutrino%mass%

The&KATRIN&Experiment&33&Diana&Parno& 13%
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Figure 26: (a) Discovery potential of KATRIN as function of time for di)erent neutrino masses. (b) Upper limit on neutrino mass at 90%
C.L. as a function of time.

of the large-scale test units have opened the possibility
to substantially reduce the systematic e)ects during the
long-term measurements with the ,nal con,guration, thus
improving the neutrino mass sensitivity of the experiment.

Beginning at the source-related components, an impor-
tant breakthroughwas the veri,cation of the novel beam tube
cooling system. In a dedicated setup, consisting largely of
original components, the WGTS demonstrator, a tempera-
ture stabilization of the 10m long beam tube ofΔ"/" of≈10−4
was achieved by using two-phase neon .uid as cooling agent.
/is is one order ofmagnitude better than speci,ed. Together
with the achieved pressure stabilisation of the inner loop
mock-up of Δ$/$ of ≈10−4, this opens up the possibility of
reduced systematic errors from column density .uctuations
(this is one of the largest overall systematic errors). At present
the WGTS demonstrator is being reassembled to the ,nal
WGTS cryostat./e ,nalWGTS assembly at KIT is expected
to be completed by the end of 2014. Further progress has been
made with regard to tritium analytics (LARA setup), as well
as the design of the rear section which will include extensive
control and monitoring units.

Major progress has also been achieved in the,eld of large-
scale tritium retention. A1er the successful commissioning
of the DPS2-F cryostat, ,rst tritium retention measurements
with a beam tube at room temperature have yielded exper-
imental .ow suppression factors which are in very good
agreement with corresponding MC simulations. Due to the
malfunction of a protective diode of the superconducting
magnet system of DPS2-F, a new magnet safety concept
for all s.c. solenoids has been designed. /is concept is
currently being implemented for WGTS and CPS, as well as
a fail-safe di)erential pumping section. /e manufacture of
the cryopump CPS is well under way with assembly works
expected to be ,nished by the end of 2013.

In the spectrometer section, the extensive measurement
program with the prespectrometer facility has given impor-
tant insights into background reduction techniques, precision
electromagnetic layout, vacuum technologies, and high volt-
age stability. At present the prespectrometer is ready for beam
line integration.

/e main spectrometer together with its external air coil
system and its inner electrode system, which was completed
at the beginning of 2012, is currently being prepared for test
measurements. /ese measurements will be focused ,rst on

extensive background studies, with the objective to remove
any remaining small-scale Penning traps, to quantify the
contribution of cosmic muon induced background and to
study its signature by making use of external muon detectors.
An important aspect of the background studies will be the
identi,cation of background due to stored electrons follow-
ing nuclear decays, and the optimisation of active and passive
background reduction techniques to limit the spectrometer
background to a level of <10−2 cps. Another important task
will be to map the transmission properties of the spectrome-
ter with an angular-selective electron gun. In all these inves-
tigations the recently commissioned focal plane detector sys-
tem with its excellent properties will be of vital importance.
Finally, the extensive so1ware developments for simulation
and analysis tools are in an advanced state and the so1ware
packages are continually being re,ned and extended.

A1er integration of all source-related and spectrometer-
related components, the ,rst runs in the ,nal KATRIN
con,guration are expected in the second half of 2015.

5. New Approaches

While spectrometer experiments based on the MAC-E ,lter
principle [70] currently provide the highest sensitivities
in direct neutrino mass experiments, there are alternative
approaches that aim for comparable performance and better
scalability in the study of weak decays.

A very recent development is promoted by the Project
8 team (see Section 5.1) where tritium technology from the
KATRIN experiment is used in conjunction with microwave
antennas to detect coherent cyclotron radiation emitted by
individual decay electrons in a magnetic ,eld. /e aim is
to extract a %-decay spectrum without the need for a large
electrostatic spectrometer.

Most of the work on alternative experimental methods
is, however, focused on using microcalorimeters to study
rhenium %-decays (see Section 5.2) or holmium electron
capture decays (see Sections 5.3 and 5.4)./emain advantage
of using microcalorimeters lies in the source = detector
principle that allows to measure the complete decay energy
(excluding the energy carried away by the emitted neutrino)
as opposed to only measuring the kinetic energy of the decay
electrons. On the other hand the comparably slow signals
produced by calorimetric detectors bring the challenge of

G.&Drexlin&et&al.,&&&&&&&&&&&&&
Adv.&High&Energy&Phys.&
2013&(2013)&293986&

KATRIN
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m0 < 2.3 eV m0 < 2.05 eV
Kraus et al., EPJC 40 Aseev et al.,  PRD 84

Troitsk and Mainz provide the most stringent limit:
(at 95% CL)
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How can we search for the mass 
ordering and leptonic CP-

violation?



- Long-baseline neutrino oscillation 
experiments

- Reactor neutrinos
- Atmospheric neutrinos

- Neutrinoless double beta decay
- Daedalus...
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How can we search for the mass 
ordering and leptonic CP-

violation?
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• For νe appearance in J-PARC νμ beam
• high 60% νe signal efficiency
• >99.9% νμCC rejection, 99% NC π0 
rejection

• opportunity to improve more

Detector performance for J-PARCν
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• For νe appearance in J-PARC νμ beam
• high 60% νe signal efficiency
• >99.9% νμCC rejection, 99% NC π0 
rejection

• opportunity to improve more
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M. Shiozawa, for 
T2HK coll., 

NuPhys 2014

T2HK: 295 km 
off-axis

~1 Mton WC 
detector

15$17/12/2014# BCC#$#NuPhys2014,#Queen#Mary$University#of#London,#UK# 4#

"""""""""""""""""""LBNE"Design""

1.2$MW$Proton$Beam$(PIP2II)$
Upgradeable$to$≥$2.4$MW$

Magne;zed,$low2density$$
fine2grained$tracker$

34$kt$fiducial$mass$$
single2phase$LAr$TPC$$
Depth$=$4300$m.w.e$

LAGUNA-
LBNO: 2300 
km on-axis
24-70 kton 

LAr detector

ELBNF: 1300 
km on-axis

(10)-34 kton 
LAr detector

NOvA: 810 km off-axis
~14 kton plastic scintillator detector

T2K: 295 km off-axis
~22.5 kton WC detector

Future LBL exp



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

● Typically the background is CP and CPT violating, e.g. 
the Earth and the Sun contain only electrons, protons and 
neutrons, and the resulting oscillations are CP and CPT 
violating (different for neutrinos and antineutrinos).
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Long-baseline oscillations and MO

Credit: 
Symmetry 
magazine



⌫µ, ⌫µ
⌫e, ⌫e
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( )
Propagation Hamiltonian in the flavour basis

⌫e, ⌫µ
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( )

+( )

-( )

vacuum

matter suppression (Sun, SN)

tan 2✓M ⇠

MSW resonance (Sun, SN)

Propagation Hamiltonian Mixing angle
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P suppression
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P enhancement

In long baseline experiments
sin2(2�m) =

⇤
�m2

2E sin(2�)
⌅2

�
�m2

2E cos(2�)�
⇥

2GF Ne

⇥2
+

�
�m2

2E sin(2�)
⇥2

P�µ��e = sin2 �23 sin2 2�m
13 sin2 �m

13L

2

�
p
2GFNe

�m2 > 0

For neutrinos

For antineutrinos

⌫̄



Matter effects modify the oscillation probability in LBL 
experiments.

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

●●●
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The probability enhancement happens for 
        

        - neutrinos if 
        - antineutrinos if 

�m2 > 0
�m2 < 0
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FIG. 12: The left (right) panel shows the median sensitivity in number of sigmas for rejecting the IO

(NO) if the NO (IO) is true for di↵erent facilities as a function of the date. The width of the bands

correspond to di↵erent true values of the CP phase � for NO⌫A and LBNE, di↵erent true values

of ✓23 between 40� and 50� for INO and PINGU, and energy resolution between 3%
p
1 MeV/E

and 3.5%
p
1 MeV/E for JUNO. For the long baseline experiments, the bands with solid (dashed)

contours correspond to a true value for ✓23 of 40� (50�). In all cases, octant degeneracies are fully

searched for.

plots in some detail.
In order to keep the number of MC simulations down to a feasible level, we use the

Gaussian approximation whenever it is reasonably justified. As we have shown in Sec. 4,
this is indeed the case for PINGU, INO, and JUNO. With respect to the LBL experiments,
even though we have seen that the agreement with the Gaussian case is actually quite good
(see Fig. 11), there are still some deviations, in particular in the case of NO⌫A. Consequently,
in this case we have decided to use the results from the full MC simulation whenever possible.
The results for the NO⌫A experiment are always obtained using MC simulations, while in the
case of LBNE-10 kt the results from a full MC are used whenever the number of simulations
does not have to exceed 4⇥105 (per value of �). As was mentioned in the caption of Fig. 11,
this means that, in order to reach sensitivities above ⇠ 4� (for the median experiment),
results from the full MC cannot be used. In these cases, we will compute our results using
the Gaussian approximation instead. As mentioned in App. A, the approximation is expected
to be quite accurate precisely for large values of T0. Finally, for LBNE-34 kt, all the results
have to be computed using the Gaussian approximation, since the median sensitivity for this
experiment reaches the 4� bound already for one year of exposure only, even for the most
unfavorable values of �.

For each experiment, we have determined the parameter that has the largest impact on
the results, and we draw a band according to it to show the range of sensitivities that should
be expected in each case. Therefore, we want to stress that the meaning of each band may
be di↵erent, depending on the particular experiment that is considered. In the case of long
baseline experiments (NO⌫A, LBNE-10 kt and LBNE-34 kt), the results mainly depend on
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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 
talk at 
Neutrino 
2014

LBNO
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Blennow, Coloma, 
Huber, Schwetz, 

1311.1822
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CP-violation will manifest itself in neutrino oscillations:

P (⌫µ ! ⌫e; t)� P (⌫̄µ ! ⌫̄e; t) =

57

CP-violation in LBL experiments
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FIG. 1: Terms of the oscillation probability in vacuum as a function of L/E for θ13 = 1◦ (left)

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

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

CP-violating interference (without the cos(±δ − ∆31 L
2 ) term) between the two (blue) are shown.
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where the upper/lower sign in the formula refers to neutrinos/antineutrinos, J̃ ≡

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

ij

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

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

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

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

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

±δ − ∆31 L
2

)

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

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

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

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

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

3

Figure from P. Coloma, E. Fernandez-Martinez, JHEP1204

● Large theta13 makes its 
searches possible but not ideal.

● Degeneracies with the mass 
hierarchy.

● CPV effects are more 
pronounced at low energy.



CPV Searches

Near future: T2K 
and NOvA. Marginal 
sensitivity to CPV
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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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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.

References

[1] Y. Abe et al. [DOUBLE-CHOOZ Collabo-
ration], Phys. Rev. Lett. 108, 131801 (2012)
[arXiv:1112.6353 [hep-ex]].

[2] F. P. An et al. [DAYA-BAY Collabora-
tion], Phys. Rev. Lett. 108, 171803 (2012)
[arXiv:1203.1669 [hep-ex]].

[3] J. K. Ahn et al. [RENO Collaboration],
Phys. Rev. Lett. 108, 191802 (2012)
[arXiv:1204.0626 [hep-ex]].

[4] F. P. An et al. [Daya Bay Collabora-
tion], Chin. Phys. C 37, 011001 (2013)
[arXiv:1210.6327 [hep-ex]].

[5] D. S. Ayres et al. [NOvA Collaboration],
FERMILAB-DESIGN-2007-01.

[6] http://www.fnal.gov/directorate/
lbne_reconfiguration/

2

13

 0

 2

 4

 6

 8

 10

 12

-180 -120 -60  0  60  120  180

χ2

δCP(True)

True NH, θµµ = 39o

T2K(3+2)
T2K(5+0)

 0

 2

 4

 6

 8

 10

 12

-180 -120 -60  0  60  120  180

χ2

δCP(True)

True NH, θµµ = 39o

T2K(3+2)+NOνA(3+3)
T2K(5+0)+NOνA(3+3)

T2K(3+2), True NH, θµµ=39o

-180 -120 -60  0  60  120  180
δCP (true)

-180

-120

-60

 0

 60

 120

 180

δ C
P 

(te
st

)

 0

 1

 2

 3

 4

 5
T2K(3+2) + NOvA(3+3), True NH, θµµ=39o

-180 -120 -60  0  60  120  180
δCP (true)

-180

-120

-60

 0

 60

 120

 180

δ C
P 

(te
st

)

 0

 1

 2

 3

 4

 5

T2K(5+0), True NH, θµµ=39o

-180 -120 -60  0  60  120  180
δCP (true)

-180

-120

-60

 0

 60

 120

 180

δ C
P 

(te
st

)

 0

 1

 2

 3

 4

 5
T2K(5+0) + NOvA(3+3), True NH, θµµ=39o

-180 -120 -60  0  60  120  180
δCP (true)

-180

-120

-60

 0

 60

 120

 180

δ C
P 

(te
st

)

 0

 1

 2

 3

 4

 5

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
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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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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
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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

The Long-Baseline Neutrino Experiment

LBNE-10Kton

4.3 Measurements of Mass Hierarchy and the CP-Violating Phase 111

π/CPδ
-1 -0.5 0 0.5 1

2 χ 
Δ

0

5

10

15

20

25
 = 0.3923θ2sin
 = 0.3323θ2sin
 = 0.523θ2sin
 = 0.6423θ2sin

LBNE 34 kt LAr
 = 0.0913θ22sin
 = 0.0913θ22sin

 = 0.3923θ2sin

Mass Hierarchy Sensitivity (NH)

π/CPδ
-1 -0.5 0 0.5 1

2 χ 
Δ

 =
 

σ

0

2

4

6

CP Violation Sensitivity (NH)

σ3

σ5

Figure 4.12: The significance with which the mass hierarchy (left) and CP violation, i.e., ”CP ”= 0 or fi,
(right) can be determined by a typical LBNE experiment as a function of the value of ”CP for an allowed
range of ◊23 values and for normal hierarchy; assumes a 34-kt far detector.

π/CPδ
-1 -0.5 0 0.5 1

2 χ 
Δ

0

5

10

15

20

25
2 = 0.00247 eV31

2mΔ
2 = 0.00223 eV31

2mΔ
2 = 0.00264 eV31

2mΔ

LBNE 34 kt LAr
 = 0.0913θ22sin

 = 0.3923θ2sin

Mass Hierarchy Sensitivity (NH)

π/CPδ
-1 -0.5 0 0.5 1

2 χ 
Δ

 =
 

σ

0

2

4

6

σ3

σ5

CP Violation Sensitivity (NH)

Figure 4.13: The significance with which the mass hierarchy (left) and CP violation, i.e., ”CP ”= 0 or fi,
(right) can be determined by a typical LBNE experiment as a function of the value of ”CP for an allowed
range of �m2

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

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

The combination with T2K and NO‹A would allow the MH to be determined with a minimum
precision of |�‰2| Ø 25 over 60% ”CP values and |�‰2| Ø 16 for all possible values of ”CP. Due
to the low event statistics in these experiments, the combination with NO‹A and T2K only helps
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LBNE-34kton

LBNO 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
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T2HK

T2HK LoI,  Abe et al., 1412.4673
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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
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E↵orts are currently done to find ways to reduce the systematic errors (and demonstrate

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

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

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

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

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

detector dist. power proton driver years

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

ESS⌫SB-360 500/WC 360 5 2.0/3.0 2/8

ESS⌫SB-540 500/WC 560 5 2.0/3.0 2/8

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

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

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

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

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

NuMAX [52, 53] 10/LAr (magnetized) 1300 1 5⇤ 5/5
⇤Muon beam energy, relevant for IDS–NF (Low Energy Neutrino Factory) and NuMax.
⇤⇤IDS-NF is supposed to use at the same time muons and anti–muons.
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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
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Neutrinos were in thermal equilibrium with thermal 
plasma at the beginning of the Universe. As their 
interactions got “too slow”, they decoupled: T~1 MeV.

Neutrinos in cosmology



How many relic neutrinos are 
in a cup of tea?            
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After decoupling, neutrinos have played an important 
role in shaping the Universe: BBN, CMB, LSS.



How many relic neutrinos are 
in a cup of tea?            

   
63

After decoupling, neutrinos have played an important 
role in shaping the Universe: BBN, CMB, LSS.

5600!



New Scientist 05 March 2008: Universe submerged in a sea of 
chilled neutrinos

Image credit: ESA/NASA/WMAP

Image credit: NASA/WMAP

Neutrinos are the only 
known component of 
Dark Matter.64



Neutrinos played a role in the formation of clusters of 
galaxies. Early on in the Universe, they travelled too 
fast to be gravitationally bound (they free-streamed).

Cosmology, in the standard model, allows to set very 
stringent bounds on neutrino masses:

65

X
mi < 0.3� 1 eV
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Do we need all these 
experiments?

Why?

In the coming years data on 
neutrino properties will be 

provided both by particle physics, in 
many experiments, and cosmology.
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Complementarity

MO
CPV

nature

Also: Tests of standard neutrino paradigm

Reactor 
neutrinos:
JUNO, 
RENO-50

LBL exp:
ELBNF, 
T2HK 

Atmospheric neutrinos

        Neutrinoless
double beta decay

masses Cosmology 
Direct search



68

Synergy

If:  finds IO No signal down 
to mee ~ 10 meV

LBL Neutrinoless 
double beta decay

Nus are  Dirac particles or cancellations in double 
beta decay (e.g. low energy see-saw)

If:  m>0.3 eV No signal down 
to m < 0.1 eV

KATRIN Cosmology

Non-standard cosmology and/or non-standard 
evolution in the Universe for neutrinos
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● Information not obtainable from a single 
experiment (e.g. Dirac neutrinos) could be found.

● If an incompatibility between data is found, this 
would indicate the need to go beyond the standard 
picture (of particle physics/cosmology).

If: Precise measu
rement of m

Precise mee 
(NME needed)

Cosmology Neutrinoless 
double beta decay

For light neutrino mass exchange, Majorana CPV 
could be searched for/discovered



Neutrinos are the most elusive of the SM 
particles and the only known component of 

dark matter. 

An exciting broad experimental programme 
is ongoing and in preparation for the future, 
with strong complementarity and synergy.

The discovery of neutrino 
oscillations has opened a new 
perspective: neutrino have 
masses and mix implying new 
physics beyond the Standard 
Model of Particle Physics.
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Conclusions


