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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

Terrestrial future of 
neutrino physics

T2K event
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● Neutrinos can be produced and detected: 

Neutrinos in the SM
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Neutrinos are produced 
in many processes with 
energy that go from 
sub-eV to 10^18 eV.

JUNO INO
Will measure the rate 
at which antineutrinos 
of different energies 
created at the 
Yangjiang and Taishan 
nuclear power plants 
(53 kilometres apart) 
switch flavour to 
calculate the 
differences between 
mass states. 

DUNE Hyper-Kamiokande
Will send neutrinos of 
different energies from 
Fermilab to the 
Sanford Underground 
Research Facility in 
South Dakota. 
Physicists will record 
differences in the way 
neutrinos and 
antineutrinos oscillate 
and how this depends 
on their energy. 

Neutrinos and 
antineutrinos will travel 
from the Japan Proton 
Accelerator Research 
Complex (J-Parc) in 
Tokaimura. Particles 
will be of a single 
energy, selected to 
maximize the detection 
of flavour switching 
over the distance from 
J-Parc.

A neutrino (ν), or its antimatter 
counterpart the antineutrino, is 
always produced alongside an 
electron (e) or one of the electron’s 
heavier cousins, the muon (μ) or tau 
(τ) particle — and the presence of 
this partner particle gives the 
neutrino a ‘flavour’.

Unlike electrons, muons and tau 
particles, neutrinos do not have 
definite masses. Instead, every 
neutrino is a mixture — or quantum 
superposition — of three ‘mass 
states’, and those states mix in 
different proportions to make different 
flavours.

Neutrinos are everywhere, 
generated by a variety of 
processes.

Fusion of hydrogen nuclei 
to form helium in the Sun.
 

Supernovae and collisions 
between cosmic rays and 
air particles in Earth’s 
atmosphere.

Particle accelerators 
smashing protons 
into a target and 
fission from the 
radioactive decay of 
elements inside 
nuclear reactors.

A major puzzle is why the Universe is 
filled with matter, rather than antimatter. 
Differences in how neutrinos and 
antineutrinos oscillate between flavours 
as they travel could provide a clue.

Some theories propose a fourth, sterile, neutrino. 
If it exists, it would interact with matter even more 
weakly than the other flavours, and could account 
for the as-yet-undetected dark matter that is 
thought to make up 85% of all the matter in the 
Universe. If neutrinos mysteriously ‘disappear’ at 
a detector, that could be a sign that they have 
switched into sterile neutrinos.

ν
Although physicists know that neutrinos exist in 
three different mass states, which state is the 
lightest and which is the heaviest remains a 
mystery. Knowing that would help scientists to 
decide between rival theories about how the four 
forces of nature unite as a single force at high 
energies, similar to those experienced in the 
moments after the Big Bang.

Physicists know the differences 
between the first and second and 
the first and third mass states. 
They also know that that the 
second mass state is bigger than 
the first. That leaves just two 
possibilities for the hierarchy:

20,000 tonnes of 
‘liquid scintillator’  
lights up when 
neutrinos hit

50,000 tonnes of 
magnetic iron 
plates distinguish 
neutrino from 
antineutrino strikes 

40,000 tonnes of liquid 
argon produces 
electrons and light when 
neutrinos hit

295 km1,300 km

1 megatonne of 
water shows cones 
of light where 
neutrinos hit

Status: Construction begun
Cost: $330 million
Sits under 700 metres of rock.

Status: Funding approved
Cost: $233 million
Will be largest experimental 
basic-science facility in India.

Jiangmen Underground Neutrino 
Observatory (JUNO), China

Status: Planned
Cost: About $800 million
Will be the world’s largest neutrino 
detector — it is 25 times bigger than 
its predecessor, Super-Kamiokande.

Status: Planned
Cost: US$1 billion
Will make highest-energy 
neutrinos of any experiment.

Deep Underground Neutrino 
Experiment  (DUNE), United States

Hyper-Kamiokande, Japan

India-based Neutrino 
Observatory (INO), India

AN UNCONVENTIONAL PARTICLE

NEUTRINO
FACTORIES

WHERE THEY
WILL BE DETECTED

BIG QUESTIONS
What is the mass hierarchy? Why is there so little antimatter? Is there a ‘sterile’ neutrino?

ν

νeνe

As a neutrino travels, each state contributes to 
its mass at a varying rate, causing the neutrino 
to change flavour over time. The frequency of 
the changes depends on the differences 
between the mass states, the neutrino’s 
energy and parameters that govern how the 
states are allowed to mix.

νμνe ντ

Mass states Time

2020 2025

Flavours

? ?NORMAL

1

2

3

3 1 2

31 2

νμ ντ

Will detect neutrinos 
and antineutrinos 
produced by cosmic 
rays from the other side 
of Earth. If the journey 
boosts neutrino 
switching, this implies a 
normal mass hierarchy; 
if antineutrino switching 
speeds up, the inverted 
hierarchy is likely.

Sun

Supernovae

Nuclear fission

INVERTED

A s researchers at CERN, Europe’s particle-physics laboratory 
near Geneva, dream of super-high-energy colliders to explore 
the Higgs boson, their counterparts in other parts of the world 
are pivoting towards a different subatomic entity: the neutrino.  

Neutrinos are more abundant than any particle other than 
photons, yet they interact so weakly with other matter that every 
second, more than 100 billion stream — mainly unnoticed — 
through every square centimetre of Earth. Once thought to be 
massless, they in fact have a minuscule mass and can change type as 
they travel, a bizarre and entirely unexpected feature that physicists 
do not fully understand (see ‘An unconventional particle’). Indeed, 
surprisingly little is known about the neutrino. “These are the most 
ubiquitous matter particles in the Universe that we know of, and 
probably the most mysterious,” says Nigel Lockyer, director of the 

Fermi National Accelerator Laboratory (Fermilab) in Batavia, Illinois.
Four unprecedented experiments look poised to change this. 

Two — one in China and one in India — already have the go-ahead, 
and plans to erect detectors in Japan and the United States are in 
the works (see ‘Where they will be detected’). Buried underground 
to prevent interference from other particles, all four are designed to 
detect many more neutrinos, and to probe the switching process in 
more detail, than any existing experiment.

The results are expected to feed into some of the most 
fundamental questions in cosmology (see ‘Flurry of experiments’). 
Some of the experiments will make their own neutrinos; all will use 
any they can capture from the Sun or from supernova explosions. 
“The age of the neutrino,” Lockyer says, “could go on for a very 
long time.”

Age of the

NEUTRINO

The detectors in China (JUNO) 
and India (INO) are designed 
to untangle the relationship 
between the three mass states, 
with implications for the origins 
of the forces of nature. By 
contrast, DUNE in the United 
States and Hyper-Kamiokande 
in Japan aim to spot differences 
in how neutrinos and 
antineutrinos oscillate between 
flavours. That could solve a 
second cosmological puzzle: 
why the Universe is made up of 
matter rather than antimatter. 
All four detectors will also hunt 
for a hypothesized ‘sterile’ 
neutrino.

Flurry of  
experiments

B Y  E L I Z A B E T H  G I B N E Y
G R A P H I C  B Y  N I G E L  H AW T I N

1 4 8  |  N A T U R E  |  V O L  5 2 4  |  1 3  A U G U S T  2 0 1 5 1 3  A U G U S T  2 0 1 5  |  V O L  5 2 4  |  N A T U R E  |  1 4 9

NEWSIN FOCUS

© 2015 Macmillan Publishers Limited. All rights reserved

@Nature, 2015

J. Formaggio and S. Zeller, 1305.7513

Free App to “visualise” 
neutrinos around us.
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Neutrino mixing

Mixing is described by the Pontecorvo-Maki-Nakagawa-
Sakata matrix:

This implies that in an interaction with an electron, the 
corresponding (anti-)neutrino will be produced as a 
superposition of different mass eigenstates.

|⇥�⇤ =
�

i

U�i|⇥i⇤

LCC = � g⇧
2

�

k�

(U�
�k⇥̄kL�⇥l�LW⇥ + h.c.)

Flavour states
Mass states

W
electron neutrino

Positron

=
X

i

Uei⌫i

which enters in the CC interactions
|⇥�⇤ =

�

i

U�i|⇥i⇤

LCC = � g⇧
2

�

k�

(U�
�k⇥̄kL�⇥l�LW⇥ + h.c.)

BSM: Neutrino mixing and oscillations
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Let’s assume that at t=0 a muon neutrino is produced

|�, t = 0� = |�µ� =
�

i

Uµi|�i�

The time-evolution is given by the solution of the 
Schroedinger equation with free Hamiltonian:

|�, t� =
�

i

Uµie
�iEit|�i�

At detection, projecting over the flavour state :

P (�� � �⇥) =

�����
⇥

i

U�1U
⇥
⇥1e

�i
�m2

i1
2E L

�����

2

Nature, SP and J. 
Turner, News and 

views, 15 April 2020

= sin2 2✓ sin2
�m2L
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Current knowledge 
of neutrino 
properties:
● 2 mass squared 
differences 
● 3 sizable mixing 
angles, 
●  hints of CPV
●  indications in 
favour of NO

M. C. Gonzalez-Garcia et al., 1811.05487

Neutrino properties 
after July 2019

http://www.nu-fit.org/

Neutrinos 
have 

masses and 
mix!
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Neutrino pheno Figure 2
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Fig. 6: Fractional flavour content, |U↵i|2 (↵ = e, µ, ⌧ ) of the three mass eigenstates ⌫i, based on the current best-fit
values of the mixing angles. � is varied from 0 (bottom of each coloured band) to 180� (top of coloured band), for
normal and inverted mass ordering on the left and right, respectively. The different colours correspond to the ⌫e

fraction (green), ⌫µ (blue) and ⌫⌧ (red).

affected by the theoretical evaluation of the NME. At present there are still large uncertainties in their
computation and a strong theoretical effort is needed. Limits on |hmi| are given as a range which accounts
for the uncertainty on the NME in the literature for a given nucleus.

5 Neutrino properties and open questions
The information on the mass squared differences from neutrino oscillation experiments indicates that
there are three massive neutrinos and that we can order them in two ways13:

– normal ordering (NO): m1 < m2 < m3, i.e. �m2
31 > 0,

– inverted ordering (IO): m3 < m1 < m2, i.e. �m2
32 < 0.

In Fig. 6 we show the flavour content of each massive neutrino ⌫i corresponding to |U↵i|2.
For each ordering14 the three neutrino masses can be expressed in term of just one unknown

parameter, the lightest neutrino mass, mMIN , see Fig. 7. We have

m1 = mMIN , m2 =
q

m2
MIN

+ �m2
21, m3 =

q
m2

MIN
+ �m2

31, for NO; (63)

m3 = mMIN , m1 =
q

m2
MIN

+ |�m2
32| � �m2

21, m2 =
q

m2
MIN

+ |�m2
32|, for IO. (64)

Therefore, determining the value of neutrino masses requires to establish the neutrino mass ordering and
the absolute mass scale. Three different limiting cases can be identified:

– Normal Hierarchical Spectrum (NH). For mMIN ! 0, for NO we have m1 ⌧ m2 ⌧ m3, with
m1 ⌘ mMIN , m2

⇠=
p

�m2
21 and m3

⇠=
p

�m2
31.

– Inverted Hierarchical Spectrum (IH). In the limit mMIN ! 0, for IO we have m3 ⌧ m1 < m2,
with m1,2

⇠=
p

|�m2
32| and m3 ⌘ mMIN .

– Quasi-Degenerate Spectrum (QD). For large values of mMIN (mMIN �
p

|�m2
31|) the three mass

eigenstates are almost degenerate, m2
i ' mMIN ⌘ m0, i = 1, 2, 3.

13The convention of ordering the masses depends on the definition of the mixing angles, e.g. the correspondence between
the solar mixing angle and ✓12. We adopt here the most widely used convention for which the meaning of the mixing angles
does not change between the NO and IO.

14We prefer the use of “ordering” rather than hierarchy for neutrino masses, as it has not yet been established that they are
indeed hierarchical.

23

implies at least 3 massive neutrinos. 

Measuring the masses requires: 
● the mass scale:
● the mass ordering: preference for NO (                   ).

mmin

7

Fractional flavour content of massive neutrinos

|Uei|2

|Uµi|2

|U⌧i|2
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The Pontecorvo-Maki-Nakagawa-Sakata matrix

CPV?

8

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

● Mixings very different from quark sector.
● Possibly, large leptonic CPV. 

CPV is a fundamental question, possibly related to 
the origin of the baryon asymmetry and to the origin 
of the flavour structure.

Leptonic Mixing and CP-violation

) gp
2
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1. What is the nature of neutrinos?  

2. What are the values of the masses? Absolute 
scale and the ordering.

3. Is there leptonic CP-violation? 

4. What are the precise values of mixing angles? 

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

9

Very exciting experimental programme now 
and for the future. 

Phenomenology questions for the future
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1. What is the nature of neutrinos?  

2. What are the values of the masses? Absolute 
scale and the ordering.

3. Is there leptonic CP-violation? 

4. What are the precise values of mixing angles? 

5. Is the standard picture correct? Are there NSI? 
Sterile neutrinos? Other effects?
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Very exciting experimental programme now 
and for the future. 

Phenomenology questions for the future

Neutrinoless 
double beta 

decay

Long baseline 
neutrino 

oscillation 
experiments



⌫ = C⌫̄T

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

12

Majorana condition

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

● This is crucial information to unveil 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.

Neutrino nature



● The effective Majorana mass parameter:

●                    are the nuclear matrix elements

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

13

The half-life time depends 
on neutrino properties

Mixing angles (known) CPV phases (unknown)

Neutrinoless double beta decay
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n

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.

n p

p
W
W

Neutrinoless double beta decay, Figure 1
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SP, CERN Courier, Jul 2016
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Present bounds: 
GERDA-II, CUORE, 
KamLAND-Zen 

Goals of Next 
generation exp: 

LEGEND-1K, CUPID, 
NEXT-HD, nEXO, 
SNO+, PANDAX, 

DARWIN…

Wide experimental program which is ongoing. The 
next generation is well into planning and R&D for future.
A positive signal would indicate L violation!14

The predictions for mbb depend on the neutrino masses:

Predictions for betabeta decay

R&D for future exp 

m�� �
q
|�m2
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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 can be tested in nuclei 
in which single beta decay is 
kinematically forbidden (76Ge, 
100Mo, 130Te, 136Xe…).
It is a very rare process:
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FIG. 2: (a) Energy spectrum of selected ββ candidates within a 1-
m-radius spherical volume in Period-2 drawn together with best-fit
backgrounds, the 2νββ decay spectrum, and the 90% C.L. upper
limit for 0νββ decay. (b), (c) Closeup energy spectra for 2.3 < E <
3.0MeV in Period-1 and Period-2, respectively.

cay rates for Period-1 and Period-2 are 100.1+1.1
−1.8 (ton·day)−1

and 100.1+1.0
−0.9 (ton·day)−1, respectively, and are in agreement

within the statistical uncertainties. The resolution tail in 2νββ
decays is an important background in the 0νββ analysis. Such
tail events are reproduced in 214Bi decays with high-Rn data
assuming the Gaussian resolution, indicating that a contribu-
tion from energy reconstruction failures is negligible.

We assess the systematic uncertainty of the FV2ν cut based
on the study of uniformly distributed 214Bi events from ini-
tial 222Rn contamination throughout the Xe-LS. We obtain
a 3.0% systematic error on FV2ν , consistent with the 1.0 cm
radial-vertex-bias in the source calibration data. Other sources
of systematic uncertainty such as xenon mass (0.8%), detec-
tor energy scale (0.3%) and efficiency (0.2%), and 136Xe en-
richment (0.09%), only have a small contribution; the overall
uncertainty is 3.1%. The measured 2νββ decay half-life of
136Xe is T 2ν

1/2 = 2.21±0.02(stat)±0.07(syst)×1021 yr. This
result is consistent with our previous result based on Phase-I
data, T 2ν

1/2 = 2.30 ± 0.02(stat) ± 0.12(syst) × 1021 yr [15],

and with the result obtained by EXO-200, T 2ν
1/2 = 2.165 ±

0.016(stat)± 0.059(syst)× 1021 yr [16].
For the 0νββ analysis, using the larger 2-m-radius FV, the

dominant 214Bi background on the IB is radially attenuated
but larger in the lower hemisphere. So we divide the FV into
20-equal-volume bins for each of the upper and lower hemi-
spheres (see Fig. 1 (a)). We perform a simultaneous fit to
the energy spectra for all volume bins. The z-dependence of
214Bi on the IB film is extracted from a fixed energy win-
dow dominated by these events. The 214Bi background con-
tribution is then broken into two independent distributions in
the upper and lower hemispheres whose normalizations are
floated as free parameters. The fit reproduces the energy spec-
tra for each volume bin; Fig. 1 (b) shows an example of the
energy spectrum in a volume bin with high 214Bi background
events around the IB film. The radial dependences of candi-
date events and best-fit background contributions in the 0νββ
window are illustrated in Fig. 1 (c). The possible background
contributions from 110mAg are free parameters in the fit. We
consider three independent components: 110mAg uniformly
dispersed in the Xe-LS volume, and on the surfaces of each
the lower and upper IB films. We also examined non-uniform
110mAg sources, with different assumed radial dependences,
in the Xe-LS but determined that this has little impact on the
0νββ limit.

As described above, the fits are performed independently
for Period-1 and Period-2 in the region 0.8 < E < 4.8MeV.
We found no event excess over the background expectation for
both data sets. The 90% C.L. upper limits on the 136Xe 0νββ
decay rate are <5.5 (kton·day)−1 and <3.4 (kton·day)−1 for
Period-1 and Period-2, respectively. To demonstrate the low
background levels achieved in the 0νββ region, Fig. 2 shows
the energy spectra within a 1-m-radius, together with the best-
fit background composition and the 90% C.L. upper limit for
0νββ decays. Combining the results, we obtain a 90% C.L.
upper limit of <2.4 (kton·day)−1, or T 0ν

1/2 > 9.2 × 1025 yr
(90% C.L.). We find a fit including potential backgrounds
from 88Y, 208Bi, and 60Co [3] does not change the obtained
limit. A MC of an ensemble of experiments assuming the
best-fit background spectrum without a 0νββ signal indicates
a sensitivity of 5.6× 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For com-
parison, the sensitivity of an analysis in which the 110mAg
background rates in Period-1 and Period-2 are constrained to
the 110mAg half-life is 4.5× 1025 yr.

Combining the Phase-I and Phase-II results, we obtain
T 0ν
1/2 > 1.07× 1026 yr (90% C.L.). This corresponds to an al-

most sixfold improvement over the previous KamLAND-Zen
limit using only the Phase-I data, owing to a significant re-
duction of the 110mAg contaminant and the increase in the
exposure of 136Xe.

From the limit on the 136Xe 0νββ decay half-life, we ob-
tain a 90% C.L. upper limit of ⟨mββ⟩ < (61 – 165)meV us-
ing an improved phase space factor calculation [17, 18] and
commonly used NME calculations [19–25] assuming the ax-
ial coupling constant gA ≃ 1.27. Figure 3 illustrates the al-
lowed range of ⟨mββ⟩ as a function of the lightest neutrino
mass mlightest under the assumption that the decay mecha-

KamLAND-Zen, PRL 117 (2016)

KamLAND-Zen Loaded LSc with 380 kg 136Xe,
T1/2 >1.07x1026yrs (90% C.L.), mbb< 61-165 meV

EXO-200 ~75 kg LXe TPC, T1/2 >3.7x1025yrs

GERDA 31 kg (enriched) 76Ge, T1/2 >0.9x1026yrs
MAJORANA 26.0 kg yrs, T1/2 >0.27x1026yrs

CUORE 130Te, ~206 kg, T1/2 >1.5x1025yrs

T0⌫ /
r

M t

B �E
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ton-scale

<1 cts/yr/ton/ROI
<1% at Qbb

(A,Z) ! (A,Z + 2) + 2e� + 2⌫̄e
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A. Giuliani, Neutrino 2018

The ultimate goal of next generation is mbb~15-20 meV.
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Figure 11: Discovery sensitivity for m
��

at 3� for LEGEND-1000, CUPID and NEXT-HD as a function of
live time. The current spread of NMEs for each nucleus has been included. No ISM calculation is available
for 100Mo at the moment. Provided by M. Agostini, based on Ref. [83].

4.7 Broader Physics Program

Although DBD0⌫ decay is the main objective, a number of other processes is open to experimental in-
vestigation and the anticipated low background rate promises competitive sensitivities for many of them.
The accessible processes include alternative modes of double beta decay as well as more exotic processes
predicted by some extensions of the Standard Model. The experimental investigation of the validity limits
of fundamental principles like charge conservation of CPT/Lorentz invariance deserves particular attention
since most of out theoretical construction is based on them.

Finally, the search for Dark Matter candidates, originated from the first experiments on DBD0⌫ decay, is
still one of the most appealing objectives.

4.7.1 LEGEND and Dark Matter

Dedicated dark matter experiments based on germanium technology optimize the energy threshold to
boost their sensitivity for low-mass WIMP dark matter particles. This is usually achieved by operating
germanium crystals as cryogenic calorimeters to increase the sensitivity for nuclear recoils, as performed in
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Figure 10: Discovery sensitivity for T 0⌫

1/2 for LEGEND-1000, CUPID and NEXT-HD at 3� as a function of
live time. Provided by M. Agostini, based on Ref. [83].

other isotopes since the chemistry process required to prepare a gas suitable for centrifuges is not needed.
The latter is partly counterbalanced by a high cost of xenon.

The second challenge will require a breakthrough in ultra-low background technologies. Although
extremely challenging the technologies pursued in Europe (HPGe, scintillating bolometers and HPXe-TPC)
do not have a ”no-go theorem” that can stop them from further improving on the backgrounds. Due to their
exquisite energy resolution and the intrinsic purity of the crystals HPGe and bolometer technologies will
be able to reach a background free regime from the detectors themselves. Moreover, the HPGe detector
technology effectively eliminates the ”ultimate” DBD2⌫ background. The key challenges for both HPGe
and bolometers will be to remove or drastically reduce the background in the vicinity of the crystals due to
front-end electronics hardware and support structures, as well as to come up with a ”smart” and extremely
efficient active veto system. The HPXe-TPC technology has a very challenging but equally powerful ”trick
up the sleeve” � the barium tagging as described in the NEXT-BOLD section. If successful, this has the
potential of eliminating all backgrounds except DBD2⌫ and a good energy resolution offered by HPXe-TPC
and a long half-life of 136Xe DBD2⌫ decay could allow the experiment to reach the required backgrounds.

An R&D on the undergraduate infrastructure requirements commensurate with the background targets
described above will have to be carried out. The questions of the depth and external background suppression
(neutron and gamma flux, radon levels) as well as production of detector components underground to avoid
cosmic activation will need to be addressed.

In summary, an ambitious R&D program should be pursued in order to identify a viable approach to
reach a half-life sensitivity to DBD0⌫ exceeding 1029 yr that will allow exploring the normal ordering of
neutrino masses at ⇠ meV scale with a tremendous potential of discovering lepton number violation.
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Figure 10: Discovery sensitivity for m
��

at 3� for LEGEND-1000, CUPID and NEXT-HD as a function of
live time. The current spread of NMEs for each nucleus has been included. No ISM calculation is available
for 100Mo at the moment. Provided by M. Agostini, based on Ref. [6].

avenues to be explored. Developing a dedicated international facility for stable isotope enrichment can be an
efficient way of addressing this issue. It is worth noting that there are significant synergies with industrial and
knowledge exchange programs where enrichment of stable isotopes is required. Isotopes of 130Te and 136Xe
have an interesting potential for 10 ton detectors. Due to its high natural abundance 130Te is probably the
only isotope that could be used without enrichment while the enrichment of 136Xe is cheaper compared to
other isotopes since the chemistry process required to prepare a gas suitable for centrifuges is not needed.
The latter is partly counterbalanced by a high cost of xenon.

The second challenge will require a breakthrough in ultra-low background technologies. Although
extremely challenging the technologies pursued in Europe (HPGe, scintillating bolometers and HPXe-TPC)
do not have a ”no-go theorem” that can stop them from further improving on the backgrounds. Due to their
exquisite energy resolution and the intrinsic purity of the crystals HPGe and bolometer technologies will
be able to reach a background free regime from the detectors themselves. Moreover, the HPGe detector
technology effectively eliminates the ”ultimate” 2⌫�� background. The key challenges for both HPGe and
bolometers will be to remove or drastically reduce the background in the vicinity of the crystals due to
front-end electronics hardware and support structures, as well as to come up with a ”smart” and extremely
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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.
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Neutrinoless double beta decay, Figure 1

e

e-

-

Beta decay 
Cosmology

Neutrinoless dbeta decay

Measuring neutrino masses

X

i

mi

<latexit sha1_base64="U/5CkZNdIGvnxRBF9El9nDcim5I=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOTEGYnvcmQmdllZlYIIVe/wKt+gTfx6n/4Af6Hk2QPJrGgoajqprsrTAQ31ve/vdza+sbmVn67sLO7t39QPDyqmzjVDGssFrFuhtSg4AprlluBzUQjlaHARji8nfqNJ9SGx+rBjhLsSNpXPOKMWic9tk0qu5y46hZLftmfgaySICMlyFDtFn/avZilEpVlghrTCvzEdsZUW84ETgrt1GBC2ZD2seWoohJNZzy7eELOnNIjUaxdKUtm6t+JMZXGjGToOiW1A7PsTcX/vFZqo+vOmKsktajYfFGUCmJjMn2f9LhGZsXIEco0d7cSNqCaMutCWtgS4UjJZOJyCZZTWCX1i3Lgl4P7y1LlJksoDydwCucQwBVU4A6qUAMGCl7gFd68Z+/d+/A+5605L5s5hgV4X78qFZka</latexit><latexit sha1_base64="U/5CkZNdIGvnxRBF9El9nDcim5I=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOTEGYnvcmQmdllZlYIIVe/wKt+gTfx6n/4Af6Hk2QPJrGgoajqprsrTAQ31ve/vdza+sbmVn67sLO7t39QPDyqmzjVDGssFrFuhtSg4AprlluBzUQjlaHARji8nfqNJ9SGx+rBjhLsSNpXPOKMWic9tk0qu5y46hZLftmfgaySICMlyFDtFn/avZilEpVlghrTCvzEdsZUW84ETgrt1GBC2ZD2seWoohJNZzy7eELOnNIjUaxdKUtm6t+JMZXGjGToOiW1A7PsTcX/vFZqo+vOmKsktajYfFGUCmJjMn2f9LhGZsXIEco0d7cSNqCaMutCWtgS4UjJZOJyCZZTWCX1i3Lgl4P7y1LlJksoDydwCucQwBVU4A6qUAMGCl7gFd68Z+/d+/A+5605L5s5hgV4X78qFZka</latexit><latexit sha1_base64="U/5CkZNdIGvnxRBF9El9nDcim5I=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOTEGYnvcmQmdllZlYIIVe/wKt+gTfx6n/4Af6Hk2QPJrGgoajqprsrTAQ31ve/vdza+sbmVn67sLO7t39QPDyqmzjVDGssFrFuhtSg4AprlluBzUQjlaHARji8nfqNJ9SGx+rBjhLsSNpXPOKMWic9tk0qu5y46hZLftmfgaySICMlyFDtFn/avZilEpVlghrTCvzEdsZUW84ETgrt1GBC2ZD2seWoohJNZzy7eELOnNIjUaxdKUtm6t+JMZXGjGToOiW1A7PsTcX/vFZqo+vOmKsktajYfFGUCmJjMn2f9LhGZsXIEco0d7cSNqCaMutCWtgS4UjJZOJyCZZTWCX1i3Lgl4P7y1LlJksoDydwCucQwBVU4A6qUAMGCl7gFd68Z+/d+/A+5605L5s5hgV4X78qFZka</latexit><latexit sha1_base64="U/5CkZNdIGvnxRBF9El9nDcim5I=">AAACBHicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOTEGYnvcmQmdllZlYIIVe/wKt+gTfx6n/4Af6Hk2QPJrGgoajqprsrTAQ31ve/vdza+sbmVn67sLO7t39QPDyqmzjVDGssFrFuhtSg4AprlluBzUQjlaHARji8nfqNJ9SGx+rBjhLsSNpXPOKMWic9tk0qu5y46hZLftmfgaySICMlyFDtFn/avZilEpVlghrTCvzEdsZUW84ETgrt1GBC2ZD2seWoohJNZzy7eELOnNIjUaxdKUtm6t+JMZXGjGToOiW1A7PsTcX/vFZqo+vOmKsktajYfFGUCmJjMn2f9LhGZsXIEco0d7cSNqCaMutCWtgS4UjJZOJyCZZTWCX1i3Lgl4P7y1LlJksoDydwCucQwBVU4A6qUAMGCl7gFd68Z+/d+/A+5605L5s5hgV4X78qFZka</latexit>

m�� = f(mi,↵21,↵31, �)
<latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit><latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit><latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit><latexit sha1_base64="QDSXpuDCAHS8V9r7VjcUZeQcvl8="></latexit>

J. Lesgourgues and S. Pastor, Phys. Rep. 429

mi=0.046 eV

mi=0.46 eV

m� ⌘
sX

i

U2
eimi

<latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit>

Susanne'Mertens'(MPP,'TUM)

KATRIN:*Working*Principle

βNdecay
Integral'beta'decay'spectrum

E-E0

m⌫ = 0
<latexit sha1_base64="q7W8eDCX/3rKJ1oACcgq0TepvSw=">AAACEXicbVDLSgMxFM34rPU1Kq7cBIvgqsyIYDdCwY3LCvYBbRky6Z02NMkMSUYYhvkKv8CtfoE7cesX+AH+h+ljYVsPBA7n3HtPOGHCmTae9+2srW9sbm2Xdsq7e/sHh+7RcUvHqaLQpDGPVSckGjiT0DTMcOgkCogIObTD8d3Ebz+B0iyWjyZLoC/IULKIUWKsFLinvemNPOQpFFgEPZniWy9wK17VmwKvEn9OKmiORuD+9AYxTQVIQznRuut7iennRBlGORTlXqohIXRMhtC1VBIBup9Powt8YZUBjmJlnzR4qv7dyInQOhOhnRTEjPSyNxH/87qpiWr9nMkkNSDpLChKOTYxnnSBB0wBNTyzhFDF7F8xHRFFqLGNLaREkEmRFLYXf7mFVdK6qvpe1X+4rtRr84ZK6Aydo0vkoxtUR/eogZqIohy9oFf05jw7786H8zkbXXPmOydoAc7XL+E2nbQ=</latexit><latexit sha1_base64="q7W8eDCX/3rKJ1oACcgq0TepvSw=">AAACEXicbVDLSgMxFM34rPU1Kq7cBIvgqsyIYDdCwY3LCvYBbRky6Z02NMkMSUYYhvkKv8CtfoE7cesX+AH+h+ljYVsPBA7n3HtPOGHCmTae9+2srW9sbm2Xdsq7e/sHh+7RcUvHqaLQpDGPVSckGjiT0DTMcOgkCogIObTD8d3Ebz+B0iyWjyZLoC/IULKIUWKsFLinvemNPOQpFFgEPZniWy9wK17VmwKvEn9OKmiORuD+9AYxTQVIQznRuut7iennRBlGORTlXqohIXRMhtC1VBIBup9Powt8YZUBjmJlnzR4qv7dyInQOhOhnRTEjPSyNxH/87qpiWr9nMkkNSDpLChKOTYxnnSBB0wBNTyzhFDF7F8xHRFFqLGNLaREkEmRFLYXf7mFVdK6qvpe1X+4rtRr84ZK6Aydo0vkoxtUR/eogZqIohy9oFf05jw7786H8zkbXXPmOydoAc7XL+E2nbQ=</latexit><latexit sha1_base64="q7W8eDCX/3rKJ1oACcgq0TepvSw=">AAACEXicbVDLSgMxFM34rPU1Kq7cBIvgqsyIYDdCwY3LCvYBbRky6Z02NMkMSUYYhvkKv8CtfoE7cesX+AH+h+ljYVsPBA7n3HtPOGHCmTae9+2srW9sbm2Xdsq7e/sHh+7RcUvHqaLQpDGPVSckGjiT0DTMcOgkCogIObTD8d3Ebz+B0iyWjyZLoC/IULKIUWKsFLinvemNPOQpFFgEPZniWy9wK17VmwKvEn9OKmiORuD+9AYxTQVIQznRuut7iennRBlGORTlXqohIXRMhtC1VBIBup9Powt8YZUBjmJlnzR4qv7dyInQOhOhnRTEjPSyNxH/87qpiWr9nMkkNSDpLChKOTYxnnSBB0wBNTyzhFDF7F8xHRFFqLGNLaREkEmRFLYXf7mFVdK6qvpe1X+4rtRr84ZK6Aydo0vkoxtUR/eogZqIohy9oFf05jw7786H8zkbXXPmOydoAc7XL+E2nbQ=</latexit><latexit sha1_base64="q7W8eDCX/3rKJ1oACcgq0TepvSw=">AAACEXicbVDLSgMxFM34rPU1Kq7cBIvgqsyIYDdCwY3LCvYBbRky6Z02NMkMSUYYhvkKv8CtfoE7cesX+AH+h+ljYVsPBA7n3HtPOGHCmTae9+2srW9sbm2Xdsq7e/sHh+7RcUvHqaLQpDGPVSckGjiT0DTMcOgkCogIObTD8d3Ebz+B0iyWjyZLoC/IULKIUWKsFLinvemNPOQpFFgEPZniWy9wK17VmwKvEn9OKmiORuD+9AYxTQVIQznRuut7iennRBlGORTlXqohIXRMhtC1VBIBup9Powt8YZUBjmJlnzR4qv7dyInQOhOhnRTEjPSyNxH/87qpiWr9nMkkNSDpLChKOTYxnnSBB0wBNTyzhFDF7F8xHRFFqLGNLaREkEmRFLYXf7mFVdK6qvpe1X+4rtRr84ZK6Aydo0vkoxtUR/eogZqIohy9oFf05jw7786H8zkbXXPmOydoAc7XL+E2nbQ=</latexit>

m⌫ = 0.5 eV
<latexit sha1_base64="CrKS2zORPZHLXiTkWkRp/KDuM9s=">AAACIHicbVDLSsNAFJ34rPVVdelmsAquQiKK3QgFNy4r2Ac0pUymN+3QmUmYmQgl5Af8DL/ArX6BO3Gpe//DJO3Cth4YOJxz79zD8SPOtHGcL2tldW19Y7O0Vd7e2d3brxwctnQYKwpNGvJQdXyigTMJTcMMh06kgAifQ9sf3+Z++xGUZqF8MJMIeoIMJQsYJSaT+pVTr/gjUTBIseh7MsY3jn2FPewJYkZKJNBK+5WqYzsF8DJxZ6SKZmj0Kz/eIKSxAGkoJ1p3XScyvYQowyiHtOzFGiJCx2QI3YxKIkD3kiJJis8yZYCDUGVPGlyofzcSIrSeCD+bzCPqRS8X//O6sQlqvYTJKDYg6fRQEHNsQpxXgwdMATV8khFCFcuyYjoiilCTFTh3JYCJFFHei7vYwjJpXdiuY7v3l9V6bdZQCR2jE3SOXHSN6ugONVATUfSEXtArerOerXfrw/qcjq5Ys50jNAfr+xfYi6N0</latexit><latexit sha1_base64="CrKS2zORPZHLXiTkWkRp/KDuM9s=">AAACIHicbVDLSsNAFJ34rPVVdelmsAquQiKK3QgFNy4r2Ac0pUymN+3QmUmYmQgl5Af8DL/ArX6BO3Gpe//DJO3Cth4YOJxz79zD8SPOtHGcL2tldW19Y7O0Vd7e2d3brxwctnQYKwpNGvJQdXyigTMJTcMMh06kgAifQ9sf3+Z++xGUZqF8MJMIeoIMJQsYJSaT+pVTr/gjUTBIseh7MsY3jn2FPewJYkZKJNBK+5WqYzsF8DJxZ6SKZmj0Kz/eIKSxAGkoJ1p3XScyvYQowyiHtOzFGiJCx2QI3YxKIkD3kiJJis8yZYCDUGVPGlyofzcSIrSeCD+bzCPqRS8X//O6sQlqvYTJKDYg6fRQEHNsQpxXgwdMATV8khFCFcuyYjoiilCTFTh3JYCJFFHei7vYwjJpXdiuY7v3l9V6bdZQCR2jE3SOXHSN6ugONVATUfSEXtArerOerXfrw/qcjq5Ys50jNAfr+xfYi6N0</latexit><latexit sha1_base64="CrKS2zORPZHLXiTkWkRp/KDuM9s=">AAACIHicbVDLSsNAFJ34rPVVdelmsAquQiKK3QgFNy4r2Ac0pUymN+3QmUmYmQgl5Af8DL/ArX6BO3Gpe//DJO3Cth4YOJxz79zD8SPOtHGcL2tldW19Y7O0Vd7e2d3brxwctnQYKwpNGvJQdXyigTMJTcMMh06kgAifQ9sf3+Z++xGUZqF8MJMIeoIMJQsYJSaT+pVTr/gjUTBIseh7MsY3jn2FPewJYkZKJNBK+5WqYzsF8DJxZ6SKZmj0Kz/eIKSxAGkoJ1p3XScyvYQowyiHtOzFGiJCx2QI3YxKIkD3kiJJis8yZYCDUGVPGlyofzcSIrSeCD+bzCPqRS8X//O6sQlqvYTJKDYg6fRQEHNsQpxXgwdMATV8khFCFcuyYjoiilCTFTh3JYCJFFHei7vYwjJpXdiuY7v3l9V6bdZQCR2jE3SOXHSN6ugONVATUfSEXtArerOerXfrw/qcjq5Ys50jNAfr+xfYi6N0</latexit><latexit sha1_base64="CrKS2zORPZHLXiTkWkRp/KDuM9s=">AAACIHicbVDLSsNAFJ34rPVVdelmsAquQiKK3QgFNy4r2Ac0pUymN+3QmUmYmQgl5Af8DL/ArX6BO3Gpe//DJO3Cth4YOJxz79zD8SPOtHGcL2tldW19Y7O0Vd7e2d3brxwctnQYKwpNGvJQdXyigTMJTcMMh06kgAifQ9sf3+Z++xGUZqF8MJMIeoIMJQsYJSaT+pVTr/gjUTBIseh7MsY3jn2FPewJYkZKJNBK+5WqYzsF8DJxZ6SKZmj0Kz/eIKSxAGkoJ1p3XScyvYQowyiHtOzFGiJCx2QI3YxKIkD3kiJJis8yZYCDUGVPGlyofzcSIrSeCD+bzCPqRS8X//O6sQlqvYTJKDYg6fRQEHNsQpxXgwdMATV8khFCFcuyYjoiilCTFTh3JYCJFFHei7vYwjJpXdiuY7v3l9V6bdZQCR2jE3SOXHSN6ugONVATUfSEXtArerOerXfrw/qcjq5Ys50jNAfr+xfYi6N0</latexit>

Beta-decay spectrum

m� ⌘
sX

i

U2
eimi

<latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit><latexit sha1_base64="ablfdpon4Xw/nMvcDTUvf2EupsQ=">AAACJnicbVDLSgMxFM34rO+qSzfBIoiLMiOCLotuXCpYK3TqkEnvtKFJZkzuCGXoP/gZfoFb/QJ3Iu7c+B+mj4VVD4ScnHMv9+bEmRQWff/Dm5mdm19YLC0tr6yurW+UN7eubZobDnWeytTcxMyCFBrqKFDCTWaAqVhCI+6dDf3GPRgrUn2F/QxainW0SARn6KSofKCiMAZkNIS7XNzT0N4ZLNyVq0jQelSAGNweUvcYROWKX/VHoH9JMCEVMsFFVP4K2ynPFWjkklnbDPwMWwUzKLiEwXKYW8gY77EONB3VTIFtFaM/DeieU9o0SY07GulI/dlRMGVtX8WuUjHs2t/eUPzPa+aYnLQKobMcQfPxoCSXFFM6DIi2hQGOsu8I40a4XSnvMsM4uhinpiTQ1yob5hL8TuEvuT6sBn41uDyq1E4nCZXIDtkl+yQgx6RGzskFqRNOHsgTeSYv3qP36r157+PSGW/Ss02m4H1+A37cpn0=</latexit>

KATRIN



ORCA

April 28, 2017 10:59 ws-rv9x6 Book Title MOCPVfinal page 27

Using World Scientific’s Review Volume Document Style 27

4.4. Reactor neutrinos

A di↵erent way in which neutrino oscillation experiments can be sensitive
to the neutrino mass ordering is through the observation of the interfer-
ence pattern in the oscillation probabilities between the solar and the at-
mospheric contributions to the oscillation amplitude. For example, the
oscillation probability in the ⌫̄e ! ⌫̄e channel can be written as69

Pee = 1� c413 sin
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While the first and second terms correspond to the solar and atmospheric
contributions to the probability, the interference among the two is given by
the last term. Thus, if the three contributions are distinguishable, the mass
ordering can be determined simply by comparing the size of the �m2

31 and
�m2

32 ⌘ �m2
31��m2

21 oscillation frequencies. The two last terms in Eq. 19
can be in principle distinguished by studying the evolution of the oscillation
probability as a function of L/E. However, this requires a detector with an
energy resolution roughly at the �m2

21/�m2
31 ⇠ 3% level. It should also

be noted that the impact of the interference term on the observable event
rates will be suppressed by sin2 2✓13 ⇠ 0.1. The e↵ect of the mass ordering
on the expected number of events at a medium-baseline reactor experiment
is illustrated in Fig. 5. Here, we show the product of the flux, inverse

NO
IO

L = 55 km

2 3 4 5 6 7 8
En HMeVL

f
â
s
â
P e

e
Fig. 5. Normalized distribution of the number of events as a function of the neutrino
energy (in MeV), for a reactor experiment with a baseline L = 55 km.

●  Mass ordering via neutrino oscillation in matter or in 
vacuum (JUNO).  Discovery expected within 10 years 
thanks to relatively large       .
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Atm neutrinos

Petcov, Piai, hep-ph/0112074

Uses reactor neutrinos with 
detectors at ~60 km. Excellent 
energy resolution is needed.

P. Coloma and SP,  World Scientific
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Exploit the matter effects in 
Ear th. Without detector 
magnetisation, require large 
mass (mu l t i Mton) and 
excellent angular and energy 
resolution 
(ORCA, IceCube
 Gen 2, HK, INO).

Long baseline neutrino 
oscillation experiments

Neutrino mass ordering



●  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

20

MWS effect



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

The conventional model of neutrino oscillations provides a successful interpretation
of data taken by various solar [1], atmospheric [2], accelerator [3] and reactor [4–6]
experiments. Crucial goals of future oscillation experiments can be grouped as (a)
the determination of the neutrino mass ordering and the CP-violating phase � with
precise measurement of oscillation parameters, and (b) establishing the robustness of
the standard three-flavor oscillation hypothesis with respect to physics beyond the
Standard Model. In the present work we show the physics potential of KM3NeT-
ORCA [7] in trying to pin down these open questions.

The matter-induced modifications of neutrino oscillation probabilities is di↵erent
for neutrino and anti-neutrino channels and is a function of neutrino mass ordering. In
Fig. 1, if we consider the P

eµ

and P
ēµ̄

appearance channels, one sees an enhancement in
P
eµ

and suppression in P
ēµ̄

if ordering is normal (NO) while if the ordering is inverted
(IO), one gets the reverse. These ordering dependent alterations of oscillation signals
discernible at few GeV give a handle to disentangle the two mass orderings.

Figure 1: Oscillation probabilities in the ⌫
µ

! ⌫
µ

(top) and ⌫
e

! ⌫
µ

(bottom)
channel as a function of neutrino energy for a fixed value of zenith angle (✓

z

). The
solid (dashed) curves are for NO (IO). (Anti-)Neutrinos on the (right) left. The values
of NSI parameters for which the blue curves are drawn are quoted.

In addition to the Standard Model (SM) MSW resonance, flavour changing neutral
current (NC) Non-Standard Interactions (NSI) [8,9] of neutrinos (of all flavours) with
fermions (e, u and d-quarks) present in Earth would alter the oscillation probabilities.
NSI of neutrinos in propagation can be modelled as perturbations in the standard
neutrino propagation Hamiltonian as,
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Long baseline neutrino oscillation experiments (T2K, 
NOvA, DUNE, T2HK) study the subdominant channels 
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simultaneous determination of the CP-violating phase � and the neutrino
mass ordering41 using long-baseline neutrino oscillation facilities. It can be
easily shown that, in vacuum, the set of transformations43

�m2
31 ! ��m2

31 +�m2
21 = ��m2

32 ,
sin ✓12 $ cos ✓12 , � ! ⇡ � �

(17)

brings the Hamiltonian Hvac ! �H⇤
vac, where Hvac is the Hamiltonian in

vacuum. This renders the evolution of the system invariant,44 and the two
sets of solutions in Eq. 17 will lead to the same values for all oscillation
probabilities.

In presence of matter e↵ects, however, the degeneracy is broken since the
Hamiltonian also contains the matter potential, see Eq. 12. For instance,
from solar neutrino data, for which matter e↵ects are very important, we
know that ✓12 < 45�, which does not allow for the full transformation in
Eq. 17, partially breaking the degeneracy. However, long-baseline experi-
ments are largely insensitive to the solar mixing parameters and, thus, the
degeneracy remains even in this case41 (unless the experiment is also af-
fected by sizable matter e↵ects). This is illustrated in Fig. 3, where we show
the neutrino oscillation probabilities in the ⌫µ ! ⌫e channel, for � = 90�

(solid lines) and � = �90� (dotted lines). The blue (red) lines correspond
to NO (IO), and the two panels have been obtained for di↵erent baselines,
as indicated by the labels. The right panel corresponds to a baseline short

L = 1300 km
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Fig. 3. Probabilities in the ⌫µ ! ⌫e channel as a function of the neutrino energy (in
GeV), for two di↵erent baselines as indicated in the panels. Red (blue) lines correspond
to NO (IO). Solid lines correspond to � = �90�, while dotted lines have been obtained
for � = 90�.

enough so that matter e↵ects are practically negligible and, consequently,
the degeneracy is almost perfect. As seen in the figure, the probability for
NO and �1 = 90� is very similar to the probability obtained for IO and

rA '
p
2GFNe

�m2
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P. Coloma and SP,  World Scientific

Long baseline oscillations: mass ordering & CPV
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CPV needs to be searched for in long baseline neutrino 
experiments which have access to 3-neutrino oscillations. 

●  The determination of CPV and 
o f the mass order ing are 
entangled.
●  Matter effects increase with 
energy and distance.
●  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±
eµ ≡ P (( )νe →

( )νµ) = s223 sin2 2θ13 sin2
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∆31 L
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+ c223 sin2 2θ12 sin2
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+ J̃ cos
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±δ −
∆31 L

2

)

sin
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∆21 L
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sin
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∆31 L
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, (1)

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

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

ij

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

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

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

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

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

±δ − ∆31 L
2

)

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

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

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

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

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

3
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• 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$

DUNE: 
1300 km 
on-axis

40 kton LAr 
detector

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

detector
T2K: 295 km off-axis

~22.5 kton WC detector

Present/Future LBL exp

ESSnuSB: 300-500 km
~0.5 Mton WC detector
second osc. maximum

The neutron program must not be affected 
modifications. 
Linac: double the pulse rate (14 Hz→ 28 Hz), 
from 4% duty cycle to 8%. 
Accumulator (C~400 m) needed to compress 
to few μs the 2.86 ms proton pulses, affordable 
by the  magnetic horn (350 kA) 

H- source (instead of protons), 
space charge problems in the 
accumulator ring  to be solved. 

Target station (studied in EUROν). 
Underground detector (WC à la Hyper-K 
studied in LAGUNA). 
Short pulses (~μs) will also allow DAR 
experiments  (as those proposed for SNS) using 
the neutron target. 

How to add a neutrino beam line to ESS: ESSnuSB 
ESSnuSB Design Study funded by H2020: 23 sites, 15 European countries 

M. Dracos, Poster # 39 
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Mass ordering sensitivity

Mayly Sanchez - ISU
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• Currently running anti-neutrino beam. 
Run 50% neutrino, 50% anti-neutrino 
after 2018. 

• Extended running through 2024,  
proposed accelerator improvement 
projects and test beam program  
enhance NOvA’s ultimate reach.   

• 3 σ sensitivity to hierarchy (if NH and 
δCP=3π/2) for allowed range of θ23 by 
2020. 3 σ sensitivity for 30-50% 
(depending on octant) of δCP range by 
2024. 

• 2+ σ sensitivity for CP violation in both 
hierarchies at δCP=3π/2 or δCP=π/2 
(assuming unknown hierarchy) by 2024.
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 projected beam exposure improvements
2018 analysis techniques and

NO
vA Sim

ulation

Hierarchy resolution
/2π=3CPδNH 

π=CPδNH 
=0CPδNH 

/2π= CPδNH 

M. Sanchez, Neutrino 2018 KM3Net, ORCA Coll., 2004.05004

Systematics are included in
our simulation using the “pull”
method [12, 13]. Table 1 lists
nuisance parameters and oscil-
lation parameters adopted from
NuFit 3.2 [11] and their cor-
responding Gaussian priors (if
any) over which marginalisation
has been done to minimise the
value of �2

NMO/NSI . The individ-
ual contributions from track-like
and shower-like events are added
in quadrature to compute the to-
tal significance.

Table 1: List of systematics.

parameters treatment true values prior
�m2

21/10
�5eV 2 fix 7.40 -

�m2
31/10

�3eV 2 fitted 2.494 free
✓12(�) fix 33.62 -
✓13(�) fitted 8.54 0.15
✓23(�) fitted 47.2 free
�
CP

(�) fitted 234 free
Flux norm. fitted 1 10%
NC scale fitted 1 5%
Energy slope fitted 1 3%
⌫
µ

/⌫
e

skew fitted 0 5%
⌫/⌫̄ skew fitted 0 3%

5 Results

5.1 Neutrino Oscillations

The Asimov NMO sensitivity [14] for three years of KM3NeT-ORCA runtime is shown
in Fig. 5 (left) for a range of possible true ✓23 values . The curves are drawn for both
assumed true orderings and the most favourable and least favourable �

CP

values.

Figure 5: Projected sensitivity to NMO (left) for truth NO (red) and IO (blue)
assumptions. Exclusion plot in ✓23 - �m2

32 plane on the right .

Allowed region of atmospheric oscillation parameters by KM3NeT-ORCA [14]
after three years of running is shown in Fig. 5 (right), overlapped with current
constraints from MINOS [15], NO⌫A [16], Super-K [17] and IceCube-DeepCore [18].
The 90% CL contour is drawn assuming NO (fixed) and �

CP

= 0 (fitted).

5.2 Non-standard Interactions

The 90% C.L. contours in correlated NSI parameter spaces allowed after three years
of data taking of KM3NeT-ORCA are shown for both orderings assumptions. The
NSI parameters not appearing on the plots are fixed at zero.

5

one hand, this illustrates how the combined analysis profits
simply from the tighter priors provided by the other experi-
ment. On the other hand, the statistical contribution reveals
the contribution of the synergetic effect to the sensitivity
gain, as described in Sec. III B. In addition to the combi-
nation of JUNO and PINGU, which is subject to the strong
synergy illustrated in the previous discussion, we here also
evaluate the corresponding sensitivities based on the
smaller-scope experimental setups: JUNO with a reduced
number of eight reactor cores and the IceCube Upgrade.
Considering the stand-alone 8-core JUNO configuration,

the sensitivity is projected to be around 2.5σ for either
NMO, while that of the Upgrade is strongly dependent on
which of the two input models is assumed to be true: for
true NO, we obtain a significance of 3.8σ, whereas for true
IO we find 1.8σ. The combined result exceeds the 5σ
threshold considered as decisive.
A similar picture emerges when one considers the

nominal JUNO setup and PINGU, albeit at a higher
significance level: while we expect JUNO’s stand-alone
sensitivity to be close to 3σ for either NMO, the PINGU
sensitivity in the case of true NO reaches more than 6σ, and

3.5σ for true IO. The combined sensitivity is such that the
NMO is established at exceedingly high levels of con-
fidence of 9.6σ for true NO and 7.3σ for true IO.
Comparing the combined significances to the statistical

contributions makes evident that the Upgrade and PINGU
benefit far more from the oscillation parameter constraints
provided by JUNO (in its reduced or nominal source
configuration) than vice versa. As pointed out before,
the main reason is found in the lower panels of Fig. 4,
where the JUNO Δm2

31 constraint is stronger than that
provided by PINGU. As a result, the combined minimal
Δχ2 lies close to the position of the minimum preferred by
JUNO, creating a stronger tension with the data obtained by
PINGU. The same holds true if one considers the 8-core
JUNO configuration and the Upgrade instead.
The above effect is also illustrated in Table V, which lists

the fit outcomes within the wrong ordering for the two
stand-alone analyses of JUNO and PINGU and their
combined analysis. As expected, JUNO dominates the
best-fit values of jΔm2

31j and θ12, whereas PINGU domi-
nates the outcome in θ23.

TABLE V. Best-fit values within the wrong NMO for the free oscillation parameters after 6 years of operation,
when fitting each experiment individually as well as for the combined fit (“combined”). For a given true NMO, the
column “injected” specifies the injected parameter values, which are also given in Table III. The dagger denotes fit
outcomes that correspond to a bound of a parameter’s fit range.

Wrong-ordering best-fit outcomes

True NO True IO

Parameter injected JUNO PINGU combined injected JUNO PINGU combined

Δm2
31ð×10−3eV2Þ 2.525 −2.496 −2.386 −2.490 −2.438 2.466 2.565 2.472

θ12ð°Þ 33.82 33.82 … 33.82 33.82 33.82 … 33.82
θ13ð°Þ 8.61 8.63 8.71 8.76 8.65 8.60 8.57 8.47
θ23ð°Þ 49.60 … 49.15 49.31 49.80 … 40.46 40.30†

FIG. 6. Livetime evolution of the NMO sensitivity of each considered pair of experiments: stand-alone, the simple (quadratic) sum,
and the combination. Results for the nominal JUNO configuration and PINGU are shown side-by-side with the 8-core JUNO
configuration (labeled as “JUNO (8 cores)”) and the IceCube Upgrade. The two panels on the left assume true NO, while the two panels
on the right assume true IO.
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configuration (labeled as “JUNO (8 cores)”) and the IceCube Upgrade. The two panels on the left assume true NO, while the two panels
on the right assume true IO.

COMBINED SENSITIVITY TO THE NEUTRINO MASS … PHYS. REV. D 101, 032006 (2020)

032006-13

JUNO+PINGU, 
PRD101 (2020)

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–20

Figure 3.7 shows the significance with which the MH can be determined as a function of the value
of ”CP, for an exposure of 300 kt · MW · year, which corresponds to seven years of data (3.5 years in
neutrino mode plus 3.5 years in antineutrino mode) with a 40-kt detector and a 1.07-MW 80-GeV
beam. For this exposure, the MH is determined with a minimum significance of

Ò
�‰2 = 5 for

100% of the ”CP values for the optimized beam design and nearly 100% of ”CP values for the CDR
reference beam design. Figure 3.8 shows the significance with which the MH can be determined for
0% (most optimistic), 50% and 100% of ”CP values as a function of exposure. Minimum exposures
of approximately 400 kt · MW · year and 230 kt · MW · year are required to determine the MH with
a significance of

Ò
�‰2 = 5 for 100% of ”CP values for the CDR reference beam design and the

optimized beam design, respectively.
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Figure 3.7: The significance with which the mass hierarchy can be determined as a function of the
value of ”CP for an exposure of 300 kt · MW · year assuming normal MH (left) or inverted MH (right).
The shaded region represents the range in sensitivity due to potential variations in the beam design.

Figures 3.9, 3.10, and 3.11 show the variation in the MH sensitivity due to di�erent values of ◊23,
◊13, and �m2

31 within the allowed ranges. The value of ◊23 has the biggest impact on the sensitivity,
and the least favorable scenario corresponds to a true value of ”CP in which the MH asymmetry
is maximally o�set by the leptonic CP asymmetry, and where, independently, sin2 ◊23 takes on a
value at the low end of its experimentally allowed range.

Studies have indicated that special attention must be paid to the statistical interpretation of MH
sensitivities [21, 22]. In general, if an experiment is repeated many times, a distribution of �‰2

values will appear due to statistical fluctuations. It is usually assumed that the �‰2 metric follows
the expected chi-squared function for one degree of freedom, which has a mean of �‰2 and can be
interpreted using a Gaussian distribution with a standard deviation of

Ò
|�‰2|. In assessing the

MH sensitivity of future experiments, it is common practice to generate a simulated data set (for
an assumed true MH) that does not include statistical fluctuations. In this typical case, �‰2 is
reported as the expected sensitivity, where �‰2 is representative of the mean value of �‰2 that
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• Currently running anti-neutrino beam. 
Run 50% neutrino, 50% anti-neutrino 
after 2018. 

• Extended running through 2024,  
proposed accelerator improvement 
projects and test beam program  
enhance NOvA’s ultimate reach.   

• 3 σ sensitivity to hierarchy (if NH and 
δCP=3π/2) for allowed range of θ23 by 
2020. 3 σ sensitivity for 30-50% 
(depending on octant) of δCP range by 
2024. 

• 2+ σ sensitivity for CP violation in both 
hierarchies at δCP=3π/2 or δCP=π/2 
(assuming unknown hierarchy) by 2024.
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T2K run extension

• T2K’s long term goal is the pursuit of CP Violation in the neutrino sector.

• In 2016, T2K phase 2 run extension given Stage-1 status by KEK/J-PARC.

• Proposal to collect 20×1021 POT by ~2026 (arXiv:1609.04111 [hep-ex]).

• With 20×1021 POT, T2K has up to 3! (median) CPV sensitivity:

• Sensitivity improves beyond 3! with reduced systematic errors.

• T2K initiated Near Detector upgrade project in January 2016.
• “The T2K ND280 Upgrade Proposal”, submitted to CERN SPSC in Jan. 2018.
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NOvA plans an extended 
run till 2024 (50% nu, 50% 
ant inu ) w i th fur ther 
accelerator improvements.

T2K phase 2 extension aims at 
reaching 1.3 MW by 2026 
(20x10^21pot).
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CPV sensitivity
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error of 3.9 × 10−5 eV2/c4 on the m∆ 32
2  interval. More details of the sys-

tematic uncertainties on neutrino interaction modelling can be found 
in the Methods.

The observed number of events at SK can be seen in Fig. 1. The  
probability of observing an excess over prediction in one of our five 
samples at least as large as that seen in the electron-like charged  
pion sample is 6.9%, assuming the best-fit value of the oscillation  
parameters. We find that the data shows a preference for the  
normal mass ordering with a posterior probability of 89%, giving  
a Bayes factor of 8. We find θsin = 0.532

23 −0.04
+0.03  for both mass  

orderings. Assuming the normal (inverted) mass ordering we find 
m c∆ = (2.45 ± 0.07) × 10 eV /32

2 −3 2 4   m c(∆ = (2.43 ± 0.07) × 10 eV / )13
2 −3 2 4 . 

For δCP our best-fit value and 68% (1σ) uncertainties assuming the  
normal (inverted) mass ordering are −1.89 ( − 1.38 )−0.58

+0.70
−0.54
+0.48 , with  

statistical uncertainty dominating. Our data show a preference for 
values of δCP that are near maximal CP violation (see Fig. 4), while  

both CP conserving points, δCP = 0 and δCP = π, are ruled out at the 95% 
confidence level. Here we also produce 99.73% (3σ) confidence and 
credible intervals on δCP. In the favoured normal ordering the  
confidence interval contains [−3.41, −0.03] (excluding 46% of the 
parameter space). We have investigated the effect of the excess seen 
in the 1e1de sample on this interval and find that had the observed 
number of events in this sample been as expected for the best-fit 
parameter values the interval would have contained [−3.71, 0.17] 
(excluding 38% of parameter space). In the inverted ordering the  
confidence interval contains [−2.54, −0.32] (excluding 65% of the 
parameter space). The 99.73% credible interval marginalized across 
both mass orderings contains [−3.48, 0.13] (excluding 42% of the 
parameter space). The CP-conserving points are not both excluded 
at the 99.73% level. However, this experiment has reported closed 
99.73% (3σ) intervals on the CP-violating phase δCP (taking into account 
both mass orderings), and a large range of values around +π/2 are 
excluded.
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Fig. 4 | Constraints on PMNS oscillation parameters. a, Two-dimensional 
confidence intervals at the 68.27% confidence level for δCP versus sin2θ13 in the 
preferred normal ordering. The intervals labelled T2K only indicate the 
measurement obtained without using the external constraint on sin2θ13, 
whereas the T2K + reactor intervals do use the external constraint. The star 
shows the best-fit point of the T2K + reactors fit in the preferred normal mass 
ordering. b, Two-dimensional confidence intervals at the 68.27% and 99.73% 
confidence level for δCP versus sin2θ23 from the T2K + reactors fit in the normal 
ordering, with the colour scale representing the value of negative two times the 
logarithm of the likelihood for each parameter value. c, One-dimensional 
confidence intervals on δCP from the T2K + reactors fit in both the normal and 
inverted orderings. The vertical line in the shaded box shows the best-fit value 
of δCP, the shaded box itself shows the 68.27% confidence interval, and the error 
bar shows the 99.73% confidence interval. We note that there are no values in 
the inverted ordering inside the 68.27% interval.

Fig. 3 | Event prediction model tuning to near-detector data.  
a, b, Reconstructed muon momentum in two of the ND280 CCQE-like event 
samples for both neutrino (a) and antineutrino (b) beam mode. The prediction 
with all parameters set to their best-fit value from a fit to the ND280 data are 
shown by the coloured histograms, split into true neutrino CCQE, antineutrino 
CCQE, neutral current and all other interactions. The dashed line shows the 
prediction before a fit to the ND280 data. The vertical error bars on the data 
represent the standard deviation due to statistical uncertainty. c, The ratio of 
the observed data to the best-fit Monte Carlo prediction in both neutrino-mode 
and antineutrino-mode samples.
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error of 3.9 × 10−5 eV2/c4 on the m∆ 32
2  interval. More details of the sys-

tematic uncertainties on neutrino interaction modelling can be found 
in the Methods.

The observed number of events at SK can be seen in Fig. 1. The  
probability of observing an excess over prediction in one of our five 
samples at least as large as that seen in the electron-like charged  
pion sample is 6.9%, assuming the best-fit value of the oscillation  
parameters. We find that the data shows a preference for the  
normal mass ordering with a posterior probability of 89%, giving  
a Bayes factor of 8. We find θsin = 0.532

23 −0.04
+0.03  for both mass  

orderings. Assuming the normal (inverted) mass ordering we find 
m c∆ = (2.45 ± 0.07) × 10 eV /32

2 −3 2 4   m c(∆ = (2.43 ± 0.07) × 10 eV / )13
2 −3 2 4 . 

For δCP our best-fit value and 68% (1σ) uncertainties assuming the  
normal (inverted) mass ordering are −1.89 ( − 1.38 )−0.58

+0.70
−0.54
+0.48 , with  

statistical uncertainty dominating. Our data show a preference for 
values of δCP that are near maximal CP violation (see Fig. 4), while  

both CP conserving points, δCP = 0 and δCP = π, are ruled out at the 95% 
confidence level. Here we also produce 99.73% (3σ) confidence and 
credible intervals on δCP. In the favoured normal ordering the  
confidence interval contains [−3.41, −0.03] (excluding 46% of the 
parameter space). We have investigated the effect of the excess seen 
in the 1e1de sample on this interval and find that had the observed 
number of events in this sample been as expected for the best-fit 
parameter values the interval would have contained [−3.71, 0.17] 
(excluding 38% of parameter space). In the inverted ordering the  
confidence interval contains [−2.54, −0.32] (excluding 65% of the 
parameter space). The 99.73% credible interval marginalized across 
both mass orderings contains [−3.48, 0.13] (excluding 42% of the 
parameter space). The CP-conserving points are not both excluded 
at the 99.73% level. However, this experiment has reported closed 
99.73% (3σ) intervals on the CP-violating phase δCP (taking into account 
both mass orderings), and a large range of values around +π/2 are 
excluded.
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Fig. 4 | Constraints on PMNS oscillation parameters. a, Two-dimensional 
confidence intervals at the 68.27% confidence level for δCP versus sin2θ13 in the 
preferred normal ordering. The intervals labelled T2K only indicate the 
measurement obtained without using the external constraint on sin2θ13, 
whereas the T2K + reactor intervals do use the external constraint. The star 
shows the best-fit point of the T2K + reactors fit in the preferred normal mass 
ordering. b, Two-dimensional confidence intervals at the 68.27% and 99.73% 
confidence level for δCP versus sin2θ23 from the T2K + reactors fit in the normal 
ordering, with the colour scale representing the value of negative two times the 
logarithm of the likelihood for each parameter value. c, One-dimensional 
confidence intervals on δCP from the T2K + reactors fit in both the normal and 
inverted orderings. The vertical line in the shaded box shows the best-fit value 
of δCP, the shaded box itself shows the 68.27% confidence interval, and the error 
bar shows the 99.73% confidence interval. We note that there are no values in 
the inverted ordering inside the 68.27% interval.

Fig. 3 | Event prediction model tuning to near-detector data.  
a, b, Reconstructed muon momentum in two of the ND280 CCQE-like event 
samples for both neutrino (a) and antineutrino (b) beam mode. The prediction 
with all parameters set to their best-fit value from a fit to the ND280 data are 
shown by the coloured histograms, split into true neutrino CCQE, antineutrino 
CCQE, neutral current and all other interactions. The dashed line shows the 
prediction before a fit to the ND280 data. The vertical error bars on the data 
represent the standard deviation due to statistical uncertainty. c, The ratio of 
the observed data to the best-fit Monte Carlo prediction in both neutrino-mode 
and antineutrino-mode samples.
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CP Violation Sensitivity 

E. Worcester: Neutrino 2018 17 

Width of band indicates 
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neutrino mixing angles and δCP 
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DUNE CDR: 

sinδCP=0 exclusion

δCP 1σ error

• Exclusion of sinδCP=0 

• 8σ for δ=-90° (T2K best fit) 

• 80% coverage of δ 
parameter space for CPV 
discovery w/ >3σ 

• Test of CPV origin 

• δCP precision measurement 

• 22° for δ=-90° 

• 7° for δ=0°
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In Fig. 9 is shown the significance in terms of number of standard deviations � with

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

– 18 –

ESSnuSB

ESSnuSB, 1309.7022

DUNE T2HK



Tests of standard neutrino paradigm: SBL oscillations (SBN, 
reactor exp), LBL/atm oscillations, neutrino less DBD, beta 
decays, cosmology (BBN, CMB, LSS), dedicated searches.
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●  Neutrino oscillations imply that neutrinos have 
mass and mix: First particle physics evidence of 
physics beyond the SM. They provide a complementary 
window w.r.t. collider and flavour physics searches.

●  The ultimate goal is to understand the origin of 
neutrino masses and leptonic mixing.

● It is necessary to known the values of the masses and 
of the mixing angles and CPV phase (with precision). An 
exciting experimental programme is under way.
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⌧
<latexit sha1_base64="TrtLv+nZi+yc1EvcgpWYAPYLxnM=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7GyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrF6DKhGwSW2DDcCHxOFNAoEdoLxbe53nlBpHssHkyXoR3QoecgZNbnUMzTtV2tu3Z2BrBKvIDUo0OxXf3qDmKURSsME1brruYnxJ1QZzgROK71UY0LZmA6xa6mkEWp/Mrt1Ss6sMiBhrGxJQ2bq34kJjbTOosB2RtSM9LKXi/953dSE1/6EyyQ1KNl8UZgKYmKSP04GXCEzIrOEMsXtrYSNqKLM2HgWtoSYySiZ2ly85RRWSfui7rl17/6y1rgpEirDCZzCOXhwBQ24gya0gMEIXuAV3pxn5935cD7nrSWnmDmGBThfv87WlrY=</latexit><latexit sha1_base64="TrtLv+nZi+yc1EvcgpWYAPYLxnM=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7GyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrF6DKhGwSW2DDcCHxOFNAoEdoLxbe53nlBpHssHkyXoR3QoecgZNbnUMzTtV2tu3Z2BrBKvIDUo0OxXf3qDmKURSsME1brruYnxJ1QZzgROK71UY0LZmA6xa6mkEWp/Mrt1Ss6sMiBhrGxJQ2bq34kJjbTOosB2RtSM9LKXi/953dSE1/6EyyQ1KNl8UZgKYmKSP04GXCEzIrOEMsXtrYSNqKLM2HgWtoSYySiZ2ly85RRWSfui7rl17/6y1rgpEirDCZzCOXhwBQ24gya0gMEIXuAV3pxn5935cD7nrSWnmDmGBThfv87WlrY=</latexit><latexit sha1_base64="TrtLv+nZi+yc1EvcgpWYAPYLxnM=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7GyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrF6DKhGwSW2DDcCHxOFNAoEdoLxbe53nlBpHssHkyXoR3QoecgZNbnUMzTtV2tu3Z2BrBKvIDUo0OxXf3qDmKURSsME1brruYnxJ1QZzgROK71UY0LZmA6xa6mkEWp/Mrt1Ss6sMiBhrGxJQ2bq34kJjbTOosB2RtSM9LKXi/953dSE1/6EyyQ1KNl8UZgKYmKSP04GXCEzIrOEMsXtrYSNqKLM2HgWtoSYySiZ2ly85RRWSfui7rl17/6y1rgpEirDCZzCOXhwBQ24gya0gMEIXuAV3pxn5935cD7nrSWnmDmGBThfv87WlrY=</latexit><latexit sha1_base64="TrtLv+nZi+yc1EvcgpWYAPYLxnM=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbSbt0swm7GyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrF6DKhGwSW2DDcCHxOFNAoEdoLxbe53nlBpHssHkyXoR3QoecgZNbnUMzTtV2tu3Z2BrBKvIDUo0OxXf3qDmKURSsME1brruYnxJ1QZzgROK71UY0LZmA6xa6mkEWp/Mrt1Ss6sMiBhrGxJQ2bq34kJjbTOosB2RtSM9LKXi/953dSE1/6EyyQ1KNl8UZgKYmKSP04GXCEzIrOEMsXtrYSNqKLM2HgWtoSYySiZ2ly85RRWSfui7rl17/6y1rgpEirDCZzCOXhwBQ24gya0gMEIXuAV3pxn5935cD7nrSWnmDmGBThfv87WlrY=</latexit>

⌫2
<latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit>

⌫3
<latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit>

GeV

⌫3
<latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit><latexit sha1_base64="O5zo8qVqkvJ8fBc45WCTuMq3d0Q=">AAAB/3icbVDLSsNAFJ3UV62vqks3g0VwVRIVdFl047KCaQttKJPpTTt0ZhJmJkIIXfgFbvUL3IlbP8UP8D+ctlnY1gMXDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHLR2nioJPYx6rTkg0cCbBN8xw6CQKiAg5tMPx3dRvP4HSLJaPJksgEGQoWcQoMVbyezLtX/arNbfuzoBXiVeQGirQ7Fd/eoOYpgKkoZxo3fXcxAQ5UYZRDpNKL9WQEDomQ+haKokAHeSzYyf4zCoDHMXKljR4pv6dyInQOhOh7RTEjPSyNxX/87qpiW6CnMkkNSDpfFGUcmxiPP0cD5gCanhmCaGK2VsxHRFFqLH5LGyJIJMimdhcvOUUVknrou65de/hqta4LRIqoxN0is6Rh65RA92jJvIRRQy9oFf05jw7786H8zlvLTnFzDFagPP1Cznllus=</latexit>

⌫2
<latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit><latexit sha1_base64="tM5Irf8CLEy6jxg2aUn4r4zY9FM=">AAAB/3icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsKpi20oUymk3bozCTMTIQQuvAL3OoXuBO3foof4H84bbOwrQcuHM65l3vvCRPOtHHdb6e0sbm1vVPereztHxweVY9P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5G7md56o0iyWjyZLaCDwSLKIEWys5PdlOmgMqjW37s6B1olXkBoUaA2qP/1hTFJBpSEca93z3MQEOVaGEU6nlX6qaYLJBI9oz1KJBdVBPj92ii6sMkRRrGxJg+bq34kcC60zEdpOgc1Yr3oz8T+vl5roJsiZTFJDJVksilKOTIxmn6MhU5QYnlmCiWL2VkTGWGFibD5LWyKaSZFMbS7eagrrpN2oe27de7iqNW+LhMpwBudwCR5cQxPuoQU+EGDwAq/w5jw7786H87loLTnFzCkswfn6BThOluo=</latexit>

⌫1
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