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2015 Physics Nobel Prize

FOR THE DISCOVERY OF NEUTRINO OSCILLATIONS,
WHICH SHOWS THAT NEUTRINOS HAVE MASS

1998: Oscillations of atmospheric
neutrinos observed by the

Super-Kamiokande experiment

Takaaki Kajita

2002: Oscillations of solar neutrinos
observed by the SNO experiment

Arthur B. McDonald

C. Giunti − Concluding Remarks − Determination of the absolute electron (anti)-neutrino mass − 8 April 2016 − 2/99



Thomas Schwetz Neutrino Oscillations
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Thomas Schwetz Neutrino Oscillations
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MSW conversion in the Sun

2002: SNO: CC to NC ratio
of solar neutrino flux

CC: ‹e + d æ p + p + e≠

NC: ‹x + d æ p + n + ‹x

I evidence for ‹e æ ‹µ, ‹·

conversion

I MSW effect inside the sun
adiabatic conversion through
resonance

I fixes ordering of the 1-2 mass
states
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Pee =
„e

„e + „µ + „·

=
„CC

„NC
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Thomas Schwetz Neutrino Oscillations
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Werner Rodejohann Neutrino Mass Theory

see also Marco Drewes talk

Textboox Example: type I seesaw

introduce NR ∼ (1, 0), automatically has two possible couplings:

• couples to gνL Φ̃ ∼ (1, 0), becomes gνv νL NR ≡ mD νL NR

• in addition: Majorana mass term for NR: 1
2MRN c

R
NR

L = 1
2 (νL, N c

R
)





0 mD

mD MR









ν
c
L

NR



+ h.c.

≡
1
2 ΨMν Ψ

c + h.c.

diagonalization gives diag(mν ,M) with (in limit MR ≫ mD)

mν = m2
D/MR and M = MR

MASSIVE MAJORANA NEUTRINOS!
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Werner Rodejohann Neutrino Mass Theory

Paths to Neutrino Mass

approach ingredient
quantum number

of messenger
L mν scale

“SM”

(Dirac mass)
RH ν NR ∼ (1, 0) hNRΦL hv h = O(10−12)

“effective”

(dim 5 operator)

new scale

+ LNV
– hLc ΦΦL h v

2

Λ
Λ = 1014 GeV

“direct”

(type II seesaw)

Higgs triplet

+ LNV
Δ ∼ (3,−2) hLcΔL + µΦΦΔ hvT Λ = 1

hµ
M2

Δ

“indirect 1”

(type I seesaw)

RH ν

+ LNV
NR ∼ (1, 0) hNRΦL + NRMRNc

R
(hv)2

MR
Λ = 1

h
MR

“indirect 2”

(type III seesaw)

fermion triplets

+ LNV
Σ ∼ (3, 0) hΣLΦ + TrΣMΣΣ

(hv)2

MΣ
Λ = 1

h
MΣ

plus seesaw variants (linear, double, inverse,. . .)

plus radiative mechanisms

plus extra dimensions

plusplusplus

14
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Werner Rodejohann Neutrino Mass Theory

Common to essentially all mechanisms

“3 Majorana neutrino paradigm”

at low energies:

L =
1

2
ν

T mν ν with mν = U diag(m1,m2,m3)U
T

with PMNS matrix

U =









c12 c13 s12 c13 s13 e
−iδ

−s12 c23 − c12 s23 s13 e
iδ c12 c23 − s12 s23 s13 e

iδ s23 c13

s12 s23 − c12 c23 s13 e
iδ

−c12 s23 − s12 c23 s13 e
iδ c23 c13









P

with P = diag(eiα, eiβ, 1) (↔ Majorana, lepton number violation)

⇒ 3 angles, 3 phases, 3 masses

15
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Thomas Schwetz Neutrino Oscillations
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Experiment Dominant Important

Solar Experiments ⇤12 Δm2
21, ⇤13

Reactor LBL (KamLAND) Δm2
21 ⇤12, ⇤13

Reactor MBL (Daya-Bay, Reno, D-Chooz) ⇤13 |Δm2
3⇥

|
Atmospheric Experiments ⇤23 |Δm2

3⇥
|, ⇤13,⇥

Accelerator LBL ⌅µ Disapp (Minos, T2K) |Δm2
3⇥

|, ⇤23

Accelerator LBL ⌅e App (Minos, T2K) ⇥ ⇤13, ⇤23, sign(Δm2
3⇥

)

Table 1. Experiments contributing to the present determination of the oscillation parameters.
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Thomas Schwetz Neutrino Oscillations

�� ������	 �

��������	
������
��
��
���������
����

0.2 0.25 0.3 0.35 0.4

sin
2

θ
12

0

5

10

15
∆

χ
2

6.5 7 7.5 8 8.5

∆m
2

21
 [10

-5
 eV

2
]

0.3 0.4 0.5 0.6 0.7

sin
2

θ
23

0

5

10

15

∆
χ

2

-2.8 -2.6 -2.4 -2.2

∆m
2

32
   [10

-3
 eV

2
]   ∆m

2

31

2.2 2.4 2.6 2.8

0.015 0.02 0.025 0.03

sin
2

θ
13

0

5

10

15

∆
χ

2

0 90 180 270 360

δ
CP

NuFIT 1.3 (2014)

★

0.2 0.25 0.3 0.35 0.4

sin
2

θ
12

6.5

7

7.5

8

8.5

∆
m

2 2
1
 [
1
0

-5
 e

V
2
]

★

0.015 0.02 0.025 0.03

sin
2

θ
13

★

0.015

0.02

0.025

0.03

s
in

2
θ

1
3

★

0

90

180

270

360

δ
C

P

★

0.3 0.4 0.5 0.6 0.7

sin
2

θ
23

-2.8

-2.6

-2.4

-2.2

2.2

2.4

2.6

2.8

∆
m

2 3
2
  
  
[1

0
-3

 e
V

2
] 
  
 ∆

m
2 3

1

★

NuFIT 1.3 (2014)

see also:

{

Capozzi, Lisi, Marrone, Montanino, Palazzo, arXiv:1601.07777
Forero, Tortola, Valle, PRD 90 (2014) 093006, arXiv:1405.7540
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Thomas Schwetz Neutrino Oscillations
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Neutrinoless Double-Beta Decay

N (A,Z ) → N (A,Z + 2) + e− + e−

(T 0ν
1/2)

−1 = G0ν |M0ν |
2 |mββ|

2

|mββ| =

∣
∣
∣
∣
∣

∑

k

U2
ek mk

∣
∣
∣
∣
∣

d u

W

�

k

m

k

U

ek

U

ek

W

d u

e

�

e

�

∆L = 2

Effective Majorana Neutrino Mass

mββ = |Ue1|
2m1 + |Ue2|

2 e iα2 m2 + |Ue3|
2 e iα3 m3
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Lightest mass:    m1    [eV]

|U
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Neutrino Masses

Lightest mass:    m1    [eV]

m
1,

 m
2,

 m
3 
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V
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m2
1 = m2

3 −∆m2
31 = m2

3 +∆m2
A

m2
2 = m2

1 +∆m2
21 ≃ m2

3 +∆m2
A

Quasi-Degenerate for m1 ≃ m2 ≃ m3 ≃ mν &
√

∆m2
A ≃ 5× 10−2 eV

95% Cosmological Limit: Planck TT + lowP + BAO [arXiv:1502.01589]
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Steen Hannestad Massive Neutrinos in Cosmology

MASSIVE NEUTRINOS IN THE ERA OF  

PRECISION COSMOLOGY 

STEEN HANNESTAD, AARHUS UNIVERSITY

ECT*, 4 APRIL 2016 
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�� 
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◮ neutrinos in equilibrium in early Universe through weak interactions:

νν̄ ⇆ e+e−
(−)
ν e ⇆

(−)
ν e

(−)
ν N ⇆

(−)
ν N

νen ⇆ pe− ν̄ep ⇆ ne+ n ⇆ pe−ν̄e

◮ weak interactions freeze out =⇒ active (νe , νµ, ντ ) neutrino decoupling

Γweak = Nσv ∼ G 2
FT

5∼T 2/MP ∼
√

GNT 4 ∼
√

GNρ ∼ H

Tν-dec ∼ 1MeV tν-dec ∼ 1 s

◮ relic neutrinos: Tν =
(

4
11

) 1
3 Tγ ≃ 1.945K =⇒ k Tν ≃ 1.676× 10−4 eV

(Tγ=2.725±0.001 K)

◮ number density: nf = 3
4
ζ(3)
π2 gf T

3
f
=⇒ nνk ,ν̄k ≃ 0.1827T 3

ν ≃ 112 cm−3

◮ density contribution:
(

ρc=
3H2

8πGN

)

Ωk =
nνk ,ν̄k

mk

ρc
≃ 1

h2
mk

94.1 eV ⇒ Ων h
2 =

∑

k
mk

94.1 eV
[Gershtein, Zeldovich, JETP Lett. 4 (1966) 120; Cowsik, McClelland, PRL 29 (1972) 669]
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Steen Hannestad Massive Neutrinos in Cosmology

NEUTRINO MASS AND ENERGY DENSITY 

FROM COSMOLOGY 

NEUTRINOS AFFECT STRUCTURE FORMATION 

BECAUSE THEY ARE A SOURCE OF DARK MATTER 

(n ~ 100 cm-3) 

HOWEVER, eV NEUTRINOS ARE DIFFERENT FROM CDM  

BECAUSE THEY FREE STREAM 

1

eVFS  Gpc 1~ −
md

SCALES SMALLER THAN dFS DAMPED AWAY, LEADS TO 

SUPPRESSION OF POWER ON SMALL SCALES 

eV 93

2 ∑Ω ν
ν

m
h FROM  K2

11

4
3/1

≈







γν TT
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Steen Hannestad Massive Neutrinos in Cosmology

THE NEUTRINO MASS FROM COSMOLOGY PLOT

Larger model 

space 

More data 

CMB only 

+ SDSS 

+ SNI-a 

+WL 

+Ly-alpha 

Minimal 

ΛCDM

+N
ν
 +w+…… 

??? eV 
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Sergey Eliseev ECHo-SHIPTRAP

Determination of neutrino mass 

EC in 163Ho 

with a sub-eV uncertainty 

Measurements of Q-Values are required 

with a relative uncertainty (δQ/m) < 10-11 

QRe ( ) 
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Christian Weinheimer KATRIN
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Christian Weinheimer KATRIN
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Christian Weinheimer KATRIN
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Neutrino Mixing =⇒ K (T ) =

[

(Q − T )
∑

k

|Uek |
2
√

(Q − T )2 −m2
k

]1/2

Q−m2 T Q−m1

K
(T

)

Q

Eventually it may be possible to

◮ determine the individual masses m1, m2, m3;

◮ determine the mixings |Ue1|
2, |Ue2|

2, |Ue3|
2;

◮ check the unitarity relation
3∑

k=1

|Uek |
2 = 1.
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Energy resolution ∆E & 1 eV ≫ m1,m2,m3 =⇒ Q − T ≫ m1,m2,m3

K 2 = (Q − T )

3∑

k=1

|Uek |
2
√

(Q − T )2 −m2
k

= (Q − T )2
3∑

k=1

|Uek |
2

√

1−
m2

k

(Q − T )2

≃ (Q − T )2
3∑

k=1

|Uek |
2

[

1−
1

2

m2
k

(Q − T )2

]

= (Q − T )2
[

1−
1

2

m2
β

(Q − T )2

]

≃ (Q − T )
√

(Q − T )2 −m2
β

EFFECTIVE MASS: m2
β =

3∑

k=1

|Uek |
2m2

k
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What happens if ∆E ≈ m1 ≃ m2 ≃ m3 (quasi-degenerate)?

m2
k
= m2

1 +m2
k
−m2

1 = m2
1 +∆m2

k1

K 2 = (Q − T )
3∑

k=1

|Uek |
2
√

(Q − T )2 −m2
1 +∆m2

k1

(Q − T )2 −m2
1 ≫ ∆m2

k1 =⇒ first order mass effect:

K 2 ≃ (Q − T )
3∑

k=1

|Uek |
2

︸ ︷︷ ︸

1

√

(Q − T )2 −m2
1

≃ (Q − T )
√

(Q − T )2 −m2
β

m2
β =

3∑

k=1

|Uek |
2m2

k ≃
3∑

k=1

|Uek |
2

︸ ︷︷ ︸

1

m2
1 = m2

1

the effective mass is valid down to an energy resolution ∆E ≈ 0.1 eV
where the masses are quasi-degenerate
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Effective Neutrino Mass

m2
β = |Ue1|

2m2
1 + |Ue2|

2m2
2 + |Ue3|

2m2
3

mmin    [eV]

m
β 

   
[e

V
]

NO

IO
∆mA

2

95% Mainz and Troitsk Limit

95% KATRIN Sensitivity

95%
 C

osm
ological Lim

it
10−3 10−2 10−1 1 10

10−3

10−2

10−1

1

10

1σ
2σ
3σ

◮ Quasi-Degenerate:

m2
β ≃ m2

ν

∑3
k=1 |Uek |

2 = m2
ν

◮ Inverted Hierarchy:

m2
β ≃ (1− s213)∆m2

A ≃ ∆m2
A

◮ Normal Hierarchy:

m2
β ≃ s212c

2
13∆m2

S + s213∆m2
A

≃ 2× 10−5 + 6× 10−5 eV2

◮ mβ . 4× 10−2 eV
⇓

Normal Spectrum

C. Giunti − Concluding Remarks − Determination of the absolute electron (anti)-neutrino mass − 8 April 2016 − 27/99



Joseph Formaggio Project 8
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Joseph Formaggio Project 8
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Christian Enss ECHo

�
ν
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163
67Ho ! 163

66Dy⇤ + ⌫e
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p + e− ! n + ⌫e
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163
66Dy + EC!
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Alvaro De Rujula 163Ho EC Theory
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Amand Faessler 163Ho EC Theory

1) Electron at nucleus s1/2 and p1/2

2) Electron binding energy < Q value ≈ 2.8 [keV]

or Electron Capture (in Holmium 163): 

Amand Faessler, University of Tuebingen

E(1s1/2,  K,Ho)   =  55.6 keV

E(2s1/2, L1,Ho)  =    9.4 keV

E(2p1/2,L2,Ho)  =    8.9 keV

E(2p3/2,L3,Ho)  =    8.1 keV

E(3s1/2 ,M1,Ho) = 2.0 keV

E(3p1/2,M2,Ho) = 1.8 keV

E(4s1/2 , N1,Ho) = 0.4 keV

E(4p1/2, N2,Ho) = 0.3 keV

E(5s1/2  ,O1,Ho) = 0.05 keV
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Amand Faessler 163Ho EC Theory

Deexcitation Spectrum (X rays, Auger electrons
by a Calorimeter) of excited Dy* (Atom)

Amand Faessler, University of Tuebingen

l0 ∝G2
weak x

 
≈ |<Dy*f‘|af|G>|

2|yf(R) |
2/|y3s1/2(R)|

2

�

��
�

∝  ) − �	 −
ν σ′ λ Bff′

′

2π �
�
��

�

2+
�
/4
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Amand Faessler 163Ho EC Theory

One , two and three hole state deexcitation in Dy*

Amand Faessler, University of Tuebingen

3s1/2
3p1/2

4s1/2

4p1/2

5s1/2

3s1/2,4s1/2

2.47 keV

3s1/2,4p1/2 2.38 keV

3s1/2,4p3/2 2.35 keV

3s1/2, 4d3/2 2.20 keV

4s1/2,4s1/2 0.84 keV

4s1/2,4p1/2 0.75 keV

4s1/2,4p3/2 0.72 keV

4s1/2, 4d3/2 0.57 keV

4s1/2, 4d5/2 0.57 keV

C. Giunti − Concluding Remarks − Determination of the absolute electron (anti)-neutrino mass − 8 April 2016 − 37/99



Amand Faessler 163Ho EC Theory

Comparison
with the

ECHo data.

Amand Faessler, University of Tuebingen

Background

must be

included into

theoretical

treatment.

ECHo Exp binned by 2 eV
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Christian Enss ECHo
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Alvaro De Rujula 163Ho EC Theory
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Alvaro De Rujula 163Ho EC Theory
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Alvaro De Rujula 163Ho EC Theory
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◮ Different theoretical opinions about the size of the shake-off effect.

◮ We all hope that it is as large as calculated by Alvaro and Maurizio.

◮ Plausible statement by Alvaro (as I remember): theoretical calculations
are important for the development of the experiments, but will not be
crucial for the mass measurements.

◮ This is because the spectrum near the end point can be fitted by the
sum of a smooth function and a Breit-Wigner tail.
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Angelo Nucciotti HOLMES

A. Nucciotti, ECT*, Trento (Italy), April 4A. Nucciotti, ECT*, Trento (Italy), April 4thth-8-8thth, 2016, 2016 1010

Statistical sensitivity: shake-o� processesStatistical sensitivity: shake-o� processes

statistical sensitivity Σ(m
ν
) ≈ 0.64 ± 0.03 eV

MC simulation with the optimisticoptimistic spectrum spectrum in arXiv:1601.04990

Q = 2833 eV, N
ev

= 3x1013, f
pp

= 3.0�10-4, �E = 1.0 eV

NEC(Ec) = a
1
(Q�Ec) �(Q�Ec)

2�m�2 (1 + a
2
Ec + a

3
Ec

2 +
a

4

(EM1�Ec)
2
) + f ppNpp(Ec)

M1

improvement by a factor ≈ 401/4 ≃ 2.5
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Christian Enss ECHo
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Sergey Eliseev ECHo-SHIPTRAP

4 

st
a

ti
st

ic
s 

part of spectrum 

sensitive to m
ν

Q - value

end point

energy of atomic de-excitation

ν 2 
2 

4 

Qmicrocalorimetry QPenning trap 

δmν

sys 
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Sergey Eliseev ECHo-SHIPTRAP

S. Eliseev et al. Phys. Rev. Lett. 115 (2015) 062501 
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Sergey Eliseev ECHo-SHIPTRAP

statistical sensitivity to neutrino mass 

Q-value of the EC in 163Ho 
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Christian Enss ECHo

���������	�
������� ��� Δ����� �����	����
� �
� =	��
−�

��
��

��
��

��
��

��
��

����	
�	�


�

�

�

�

�

��


��
�
�


�
�


	�
	�
	�
�
�
�
�
�
�
��
�
��
� ��������� ���

��� ���������������


�������
������������ ������ 

! "�
�#� ���� ��
��

C. Giunti − Concluding Remarks − Determination of the absolute electron (anti)-neutrino mass − 8 April 2016 − 49/99



Christian Enss ECHo
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Angelo Nucciotti HOLMES

A. Nucciotti, ECT*, Trento (Italy), April 4A. Nucciotti, ECT*, Trento (Italy), April 4thth-8-8thth, 2016, 2016 55

QQ = 2.555 keV = 2.555 keV

mm = 2 eV = 2 eV

mm = 5 eV = 5 eV

mm = 0 eV= 0 eV

pile-up

d λEC

dEc

=
Gβ

2

4π
2
(Q−Ec)√(Q−Ec)

2−mν
2 × ∑

i

niC iβi

2
Bi

Γi

2π

1

�Ec−E i)
2
+Γi

2
/4

Electron capture end-point experiment / 1Electron capture end-point experiment / 1

163163Ho + eHo + e––  → → 163163Dy* + Dy* + ee

● calorimetric measurement of Dy atomic de-excitations calorimetric measurement of Dy atomic de-excitations (mostly non-radiative)
● QQ = 2.8 keV = 2.8 keV (recent measurement with Penning trap)

► rate at end-point and � mass sensitivity depend on Q Q 		 E E
M1M1

●  
½½
  
 
 4570 years4570 years  � few active nuclei are needed (2�1011 163Ho nuclei  1Bq) 

M1

M2

N1

N2

O

QQ  ==  2.30 keV2.30 keV

QQ  ==  2.80 keV2.80 keV

electron capture from shell electron capture from shell  M1 M1

A. De Rújula and M. Lusignoli, Phys. Lett. B 118 (1982) 429

N
ev 

= 1014

E
FWHM 

= 2 eV

f
pp 

= 10-6
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Angelo Nucciotti HOLMES

A. Nucciotti, ECT*, Trento (Italy), April 4A. Nucciotti, ECT*, Trento (Italy), April 4thth-8-8thth, 2016, 2016 77

Statistical sensitivity: Montecarlo simulations Statistical sensitivity: Montecarlo simulations 

∝
4
√1 /N

ev

Q = 2.8 keV
ΔE = � �V
τR = � μs

fpp � 1�-�, 1�-�

A = 1Bq
NN

dedett
tt

M M � 2� 2�10109 9  det�y   det�y  

A = 1000Bq
NN

dedett
tt

M M 
� 10� 1088 det�y det�y

for �(m�) � 0.1 eV 

M. Galeazzi et al., arXiv:1202.4763v2

A. Nucciotti, Eur. Phys. J. C (2014) 74:3161
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Angelo Nucciotti HOLMES

A. Nucciotti, ECT*, Trento (Italy), April 4A. Nucciotti, ECT*, Trento (Italy), April 4thth-8-8thth, 2016, 2016 88

Electron capture end-point experiment / 3Electron capture end-point experiment / 3

QQ
  
= 2800 eV= 2800 eV  

ff
pppp= 10= 10-4-4

● shake-u������e�o� → double hole excitations double hole excitations 
▶ n-hole excitations possible but less probable
▶ authors do not fully agree on energies and probabilities 

● even more complex pile-up spectrum pile-up spectrum 

▶  it may be worth keeping ff
pppp smaller than 10 smaller than 10-4-4

A.De Rújula, arXiv:1305.4857
R.G.H.Robertson, arXiv:1411.2906

A.Faessler et al., PRC 91 (2015) 45505

only shake-u !only shake-u !
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Angelo Nucciotti HOLMES

A. Nucciotti, ECT*, Trento (Italy), April 4A. Nucciotti, ECT*, Trento (Italy), April 4thth-8-8thth, 2016, 2016 1212

AEC= 300 Bq

f"" 
= 3#10-4

ΔE =1 eV
$

R
 = 1 %s

mid-term
prototype
2016

full scale
HOLMES
2017

16 channels16 channels
t

M
=1 month

1000 channels1000 channels
t

M
=3 years

goalgoal
● neutrino mass measurement: mm

ν ν 
statistical sensitivity as low as 0.4 eVstatistical sensitivity as low as 0.4 eV 

● prove technique potential and scalability:
▶ asse&& '* spectral shape
▶ assess systematic errors

baselinebaseline
● T.0 with implantedimplanted 163163HoHo

▶ 6.521013 nuclei per pixel

3 3 300 dec/sec300 dec/sec

▶ 55EE7171eV eV and  $$
RR
7711%%s s 

● 1000 channel1000 channel array
▶ 6.521016 163Ho nuclei 

3 8189g
▶ 321032101313 events in  events in 3 year3 years

: : Project Started on February 1Project Started on February 1stst 2014 2014

HOLMES HOLMES (ERC-Advanced Grant n. 340321) (ERC-Advanced Grant n. 340321) 

B. Alpert et al., ;<r. Phys. J. C,  (2015) 75:112
http:>>artico.mib.infn.it>holmes
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Mark Croce NuMECS

Project goals

Develop experimental methods to enable calorimetric ECS for

neutrino mass measurement

�  Make 163Ho with high isotopic and chemical purity

�  Develop op7mized sensors

�  Develop methods to incorporate EC decaying isotopes into

sensors

�  Demonstrate high resolu7on ECS at single pixel scale

Di erent methods by independent groups� good science!

5Mark Croce ? Los Alamos Na7onal Laboratory – ECT* Trento – April 2016
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Mark Croce NuMECS

�  Contribute data to aid theoreOcal understanding of EC spectra

18Mark Croce Los Alamos Na7onal Laboratory – ECT* Trento – April 2016

Red line: 35 eV FWHM Gaussian convolved with

calcula7on from Faessler et al., Phys. Rev. C. 2015

Preliminary comparison to theory:

What features do we observe?

What e ects maqer?
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A. De Rujula and M. Lusignoli arXiv:1510.05462
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FIG. 2. Blue: the calorimetric spectrum measured by Nu-
MECS [8]. Red: the theoretical prediction of Faessler et al.
[13]. Green: the same description as in Fig. (1b).
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Cecilia Lunardini Relic Neutrino Detection
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Lusignoli: need to cite Irvine and Humphreys (1983)
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Cecilia Lunardini Relic Neutrino Detection
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⌫̄hR n0 L = −1

n⌫(z)

n⌫(z)

0

0

n0 ⇡ 56 cm−3n⌫(z) = n0(1 + z)3,
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Cecilia Lunardini Relic Neutrino Detection
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Cecilia Lunardini Relic Neutrino Detection
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Cecilia Lunardini Relic Neutrino Detection
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Cecilia Lunardini Relic Neutrino Detection
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Zhi-zhong Xing Relic Neutrino Detection

 
21 

 Target mass: 100 g tritium atoms 
 Input (13) : 8.8 degrees 
 Number of events per year: ~ 8 

(Li, Xing, Luo 2011). 

inverted 
ordering

7.8 events 

normal 
ordering 

0.24 events 

approximate 
degeneracy 

8.1 events 

The gravitational clustering effect 
may help enhance the signal rates 
(Ringwald, Wong 2004).  

Illustration   
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Maurizio Lusignoli Relic Neutrino Detection
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C. Giunti − Concluding Remarks − Determination of the absolute electron (anti)-neutrino mass − 8 April 2016 − 66/99



Chris Tully PTOLEMY

C. Giunti − Concluding Remarks − Determination of the absolute electron (anti)-neutrino mass − 8 April 2016 − 67/99



Chris Tully PTOLEMY

C. Giunti − Concluding Remarks − Determination of the absolute electron (anti)-neutrino mass − 8 April 2016 − 68/99



Chris Tully PTOLEMY

C. Giunti − Concluding Remarks − Determination of the absolute electron (anti)-neutrino mass − 8 April 2016 − 69/99



Heavy Sterile Neutrinos
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Marco Drewes Heavy Sterile Neutrino Theory

Introduction Seesaw Mechanism Constraints Leptogenesis Dark Matter Outlook

25 / 30
HEAVY NEUTRINOS IN PARTICLE PHYSICS AND COSMOLOGY
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Maximilian Totzauer Sterile Neutrino Dark Matter

Production mechanisms for sterile ν Dark Matter: A Kaleidoscope of models on the market

Where we are and where we’re heading to – Synopsis & Outlook

Synopsis of current and future bounds
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courtesy of A. Merle
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Susanne Mertens keVscale Sterile Neutrinos

Susanne Mertens

Production

Indirect detectionDirect detection

• neutrino conversion

• neutrino capture

Experimental searches for νs DM

23

νs

νs

νs KATRIN

Troitsk

ECHo

NuMecs

Holmes

Ptolemy

XMM Newton

Chandra

Suzaku

Astro H

Micro X

eRosita

C. Giunti − Concluding Remarks − Determination of the absolute electron (anti)-neutrino mass − 8 April 2016 − 73/99



Susanne Mertens keVscale Sterile Neutrinos

Susanne�Mertens

KATRIN Signature

• We�need�large�statistics

• And�extremely�low�systematic�uncertainties

32

<�1�ppm
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Susanne Mertens keVscale Sterile Neutrinos

Susanne Mertens

Pre Measurement

40

Reduc

• Less

• Sma

g

or
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Susanne Mertens keVscale Sterile Neutrinos

Susanne�Mertens

Targeted�sensitivity

4K
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Light Sterile Neutrinos
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Thierry Lasserre Sterile Neutrinos at the eV Scale
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Thierry Lasserre Sterile Neutrinos at the eV Scale
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Thierry Lasserre Sterile Neutrinos at the eV Scale
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Thierry Lasserre Sterile Neutrinos at the eV Scale
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Thierry Lasserre Sterile Neutrinos at the eV Scale
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Thierry Lasserre Sterile Neutrinos at the eV Scale
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Thierry Lasserre Sterile Neutrinos at the eV Scale
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Thierry Lasserre Sterile Neutrinos at the eV Scale

CeSOX @ BOREXINO
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Thierry Lasserre Sterile Neutrinos at the eV Scale

CeSOX @ BOREXINO
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Thierry Lasserre Sterile Neutrinos at the eV Scale
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Thierry Lasserre Sterile Neutrinos at the eV Scale
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Thomas Schwetz Neutrino Oscillations
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Thomas Schwetz Neutrino Oscillations
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Thomas Schwetz Neutrino Oscillations
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Thierry Lasserre Sterile Neutrinos at the eV Scale
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Werner Rodejohann Neutrinoless Double-Beta Decay

Messing up 3 Majorana neutrino paradigm?

light sterile neutrinos, with
�

Δm2
st

sin
2
θst ≃ |mee|

3ν

IH

Barry, W.R., Zhang; Giunti et al.; Girardi, Meroni, Petcov
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Steen Hannestad Massive Neutrinos in Cosmology
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Steen Hannestad Massive Neutrinos in Cosmology

THE CONC SION SEEMS TO BE T S NO EVIDENCE 

  PHYSICS BEYOND THE ST  MODEL 

 

 BE W T IN TENDED MODELS THIS C E  

VE Y  

NSM
eff = 3.046 [Mangano, Miele, Pastor, Pinto, Pisanti, Serpico, NPB 729 (2005) 221]
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Steen Hannestad Massive Neutrinos in Cosmology

Bottom lin  Sterile neutrinos in the 

mass range pre rred SBL data 

can  accomodated cosmology

t ONLY ey are no lly  

thermalised 
 

Ho  can this ac

 

 large neutrino lepton asymmetry 
T Tram 1204.5861, Saviano et al. arXiv:1302.1200) 

 

 

New, non-standard interactions in the sterile sector 
(e.g. STH, Hansen, Tram, 1310.5926, Dasgupta & Kopp 1310.6337, Bringmann, 

Hasenkamp & Kersten 1312.4947, Archidiacono, STH, Hansen, Tram 1404.5915 

Chu, Dasgupta & Kopp 1505.02795) 
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Conclusions
Alvaro De Rujula 163Ho EC Theory
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Thanks to Kathrin and Loredana!
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