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And	
  now…	
  
for	
  something	
  completely	
  different	
  

•  Our	
  fields	
  are	
  superficially	
  different,	
  hopefully	
  
s<mulate	
  discussions	
  

•  Neutrinos	
  have	
  (small)	
  mass!	
  
•  What	
  is	
  the	
  mass?	
  	
  
•  Why	
  is	
  it	
  small?	
  
•  What	
  interac<ons	
  generate	
  its	
  mass?	
  
•  Is	
  the	
  neutrino	
  its	
  own	
  an<par<cle?	
  
•  How	
  to	
  measure?	
  
•  Why	
  do	
  we	
  care?	
  



Study	
  Standard	
  Model	
  
Look	
  for	
  new	
  physics	
  
Fight	
  background	
  
Develop	
  detectors	
  

Seek	
  funding	
  

Details	
  
Details	
  

Heavy	
  Ions	
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abc@µḠaGbgc

µ�@⌫W+
µ @⌫W�

µ �M2W+
µ W�

µ �
1
2
@⌫Z0

µ@⌫Z0
µ�

1
2c2

w

M2Z0
µZ0

µ�
1
2
@µA⌫@µA⌫ �

1
2
@µH@µH � 1

2
m2

hH2 � @µ�+@µ�� �M2�+�� � 1
2
@µ�0@µ�0 �

1
2c2

w

M�0�0��h[
2M2

g2
+

2M

g
H+

1
2
(H2+�0�0+2�+��)]+

2M4

g2
↵h�igcw[@⌫Z0

µ(W+
µ W�

⌫ �

W+
⌫ W�

µ )�Z0
⌫ (W+

µ @⌫W�
µ �W�

µ @⌫W+
µ )+Z0

µ(W+
⌫ @⌫W�

µ �W�
⌫ @⌫W+

µ )]�igsw[@⌫Aµ(W+
µ W�

⌫ �

W+
⌫ W�

µ )�A⌫(W+
µ @⌫W�

µ �W�
µ @⌫W+

µ )+Aµ(W+
⌫ @⌫W�

µ �W�
⌫ @⌫W+

µ )]�1
2
g2W+

µ W�
µ W+

⌫ W�
⌫ +

1
2
g2W+

µ W�
⌫ W+

µ W�
⌫ +g2c2

w(Z0
µW+

µ Z0
⌫W�

⌫ �Z0
µZ0

µW+
⌫ W�

⌫ )+g2s2
w(AµW+

µ A⌫W�
⌫ �

AµAµW+
⌫ W�

⌫ )+g2swcw[AµZ0
⌫ (W+

µ W�
⌫ �W+

⌫ W�
µ )�2AµZ0

µW+
⌫ W�

⌫ ]�g↵[H3+

H�0�0+2H�+��]� 1
8
g2↵h[H4+(�0)4+4(�+��)2+4(�0)2�+��+4H2�+��+

2(�0)2H2] � gMW+
µ W�

µ H � 1
2
g
M

c2
w

Z0
µZ0

µH � 1
2
ig[W+

µ (�0@µ�� � ��@µ�0) �

W�
µ (�0@µ�+��+@µ�0)]+

1
2
g[W+

µ (H@µ�����@µH)�W�
µ (H@µ�+��+@µH)]+

1
2
g

1
cw

(Z0
µ(H@µ�0��0@µH)�ig

s2
w

cw
MZ0

µ(W+
µ ���W�

µ �+)+igswMAµ(W+
µ ���

W�
µ �+) � ig

1� 2c2
w

2cw
Z0

µ(�+@µ�� � ��@µ�+) + igswAµ(�+@µ�� � ��@µ�+) �
1
4
g2W+

µ W�
µ [H2+(�0)2+2�+��]� 1

4
g2 1

c2
w

Z0
µZ0

µ[H2+(�0)2+2(2s2
w�1)2�+��]�

1
2
g2 s2

w

cw
Z0

µ�0(W+
µ ��+W�

µ �+)�1
2
ig2 s2

w

cw
Z0

µH(W+
µ ���W�

µ �+)+
1
2
g2swAµ�0(W+

µ ��+

W�
µ �+)+

1
2
ig2swAµH(W+

µ ���W�
µ �+)�g2 sw

cw
(2c2

w�1)Z0
µAµ�+���g1s2

wAµAµ�+���
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Neutrino	
  Oscilla<ons	
  
•  Neutrinos	
  have	
  mass	
  
•  Quantum	
  mechanically	
  coherent	
  over	
  
astrophysical	
  space<me	
  scales!	
  

•  Mass-­‐flavor	
  mixing:	
  PMNS	
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  to	
  CKM	
  in	
  
quark	
  sector)	
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Neutrino	
  masses	
  
•  Very	
  light	
  compared	
  to	
  other	
  leptons	
  (and	
  
Higgs	
  scale):	
  “unnatural”	
  

•  Simplest:	
  Mix	
  chiral	
  states	
  for	
  each	
  flavor	
  
•  Dirac	
  masses:	
  from	
  ordinary	
  Higgs,	
  chirality	
  
oscilla<ons	
  

•  Majorana	
  masses:	
  violate	
  lepton	
  number	
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1.0 NEUTRINO SCIENCE AND DOUBLE BETA DECAY 
 
Overview 
 
The discovery of the Higgs boson at the Large Hadron Collider has produced the final ingredient 
in the highly successful Standard Model of particle physics. This discovery is fundamentally 
important in that the coupling of the charged fermions (quarks and charged leptons) to the 
Higgs field is understood to be the origin of the masses of these particles. While this is a 
beautiful picture that explains much of our knowledge of the properties of these particles and 
their interactions, it fails to provide a basis for understanding the light neutral fermions, 
neutrinos. 
 
In the early days, nuclear beta decay provided crucial data that established the foundation for 
the subsequent development of the Standard Model. More recently, nuclear beta decay has 
continued to provide precision tests of its validity. Moreover, the most stringent experimental 
limits on the masses of neutrinos come from high precision studies of nuclear beta decay. Such 
measurements have demonstrated that the lightest electron-type neutrino is lighter than about 
2 eV, very much lighter than the charged leptons (m > 0.5 MeV) and quarks (m > few MeV). 
Since 1998, we have studied the phenomenon of neutrino oscillations which indicates that the 
mass splittings between the different neutrino states is tiny: of order 0.03 eV or less. It is 
astonishing that for neutrinos these fundamental particle mass differences are of the order of 
molecular excitation energies. It now appears highly likely that the mechanism responsible for 
the very light neutrino masses is completely different from the Higgs mechanism that generates 
the charged fermion masses in the Standard Model.  
 

 
 
Figure 1.1. Pattern of fermion masses where the charged fermions occupy a hierarchical 
structure at m > 0.5 MeV and the neutral neutrinos are in the much lower m<1 eV region. 
(From the 2013 Snowmass report [1].) 
 
Another property of the neutrino that sets it apart from the other fermions is its charge 
neutrality. For some time now it has been realized that the neutrino may not be a Dirac fermion 
with two spin states each for neutrino and antineutrino. Another possibility is that there are 
only two states available: the left-handed neutrino and the right-handed antineutrino. In this 
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Here L and R represent handedness and c charge conjugation. The Dirac mass ݉஽, which 
represents the strength of the coupling to the Higgs field, would be the term that neutrinos 
would share in common with the charged fermions.  Its inclusion for neutrinos already requires 
an extension of the minimal standard model, as this coupling involves a transition between left- 
and right-hand fields and thus requires introduction of a right-handed neutrino field. Two 
Majorana terms, coupling left-handed fields to left-handed fields and right-to-right, with 
strengths  ݉௅ and ݉ோ , can also be formed.  An invariance of the Lagrangian that is present for 
the Dirac term, under the global phase transformation \ ї�Ğia  \ is broken when the Majorana 
terms are added: this is the invariance associated with a conserved lepton number. Note that 
݉௅ can be formed from left-handed neutrino fields of the standard model:  one can include this 
term in the standard model if that model is regarded as a low-energy effective theory, with ݉௅ 
representing the low-energy effects of missing higher-energy interactions. This term is the 
simplest dimension-full effective interaction that can be added to the standard model – and 
thus might be considered the most likely first correction to that model.  To restore proper 
dimensions, a 1/݉ோ is needed – a new scale outside the standard model, representing the new 
physics. These various terms are represented in Figure 1.6. 
 

 
 
Figure 1.6.  Mass generation: a) Particles acquire a mass through scattering with the Higgs field, 
with each interaction changing particle handedness, and with heavy particles like the tauon 
scattering much more frequently than light particles like the electron. The photon and neutrino 
are massless in the minimal standard model.  b) A Dirac neutrino mass, which requires the 
addition of a right-handed neutrino field. c) A left-handed Majorana mass term, depicted as a 
second-order interaction involving some high mass scale M beyond the standard model. The 
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However, oscillation experiments do not tell us everything about the neutrino mass. These 
experiments are only sensitive to the relative phases of the interfering quantum mechanical 
amplitudes and thus can only determine the difference in the square of the masses of each 
mass state. Solar and reactor neutrino experiments are sensitive to m2

2-m1
2 = 'm21

2 while 
atmospheric neutrinos predominantly reveal 'm32

2. Measurements of matter effects in solar 
neutrino oscillations have determined that the sign of 'm21

2 is positive while the sign of 'm32
2 

is still unknown. The magnitude of 'm21
2 is measured to be 7.54+0.26

-0.22 x10-5 eV2 and the 
magnitude of 'm32

2 is measured to be 2.43+0.1
-0.06 x10-3 eV2. This situation leaves us with two 

possibilities for the three-neutrino mass spectrum. These are called the normal and inverted 
hierarchies as shown in Figure 1.2. 
 
In 0QEE, the decay half-life can be related to an effective Majorana mass, mEE, that depends on 
the known neutrino mixing matrix parameters and the unknown Majorana phases. The 
parameters of the neutrino mixing matrix are determined by fitting to experimental results of 
neutrino oscillation experiments, and are shown in Table 1.1  
 

Parameter Best Fit Value 
sin2T12 0.307+0.024

-0.021 

sin2T23 0.386+0.024
-0.021 

sin2T13 0.0241 ± 0.0025 
 
Table 1.1 Best fit values of neutrino oscillation mixing angles (From the Particle Data Group [2].) 
 
In the case of the inverted hierarchy where ݉ଵ ൎ  ݉ଶ ب ݉ଷ, if we take ݉ଷ to be zero, then, 
given the measurement of 'm32

2 mEE should lie between 14 and 50 meV depending on the 
value of the Majorana phases (Figure 1.3). 
 

 
 

Figure  1.3 Allowed values of <mɴɴ> as a function of the  lightest  neutrino mass for the  
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Measurement	
  Strategy	
  
Smearing from energy resolution;	



introduces background	



Each candidate isotope has a 
predicted Q value for the reaction	



Strategy: Measure the two electron sum energy (and recoil):	


The two neutrino mode will be a continuum	
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  EXO,	
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  NEXT,	
  nEXO,	
  Lucifer,	
  and	
  others	
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‣ natTeO2 crystals (low heat capacitance)

‣ NTD-Ge thermistor (R ~ 50 MΩ)

‣ Resolution @0νββ energy (2527 keV):
ΔE = 5-7 keV FWHM
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Total detector mass: 40.7 kg TeO2 ⇒ 11.34 kg 130Te	



Cuoricino,	
  the	
  “limle	
  heart” of	
  Gran	
  Sasso	
  

11 modules, 4 detector each,	


crystal dimension: 5x5x5 cm3	


crystal mass: 790 g	


44 x 0.79 = 34.76 kg of TeO2	



2 modules x 9 crystals each	


crystal dimension: 3x3x6 cm3	


crystal mass: 330 g	


18 x 0.33 = 5.94 kg of TeO2	



Encased in a cryostat, lead (+Roman) shield, nitrogen box, neutron shield, and 
Faraday cage	



Cooled to 10mK with a powerful dilution refrigerator	



T 0⌫ > 2.8⇥ 1024 years
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10
Cuoricino
CUORE-0

CUORE-0 Preliminary
yr⋅Exposure: 18.1 kg

Running	
  since	
  2013	
  
Cuoricino-­‐like	
  tower	
  with	
  CUORE	
  cleaning/R&D	
  

0.02	
  counts/kg/keV/yr!	
  
2700	
  to	
  3900	
  keV	
  

	
  (excluding	
  190Pt	
  alpha	
  line)	
  at	
  3300	
  

CUORE-­‐0	
  has	
  done	
  its	
  job	
  

Marco Vignati
 Istituto Nazionale di Fisica Nucleare - Roma

on behalf of the CUORE collaboration

TAUP 2013, Asilomar - 11/September/2013
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CUORE	
  	
  
Cryogenic	
  Underground	
  Observatory	
  for	
  Rare	
  Events	
  

Currently under construction! 

750 kg TeO2  =>  200 kg 130Te	

 Acts as a single, highly segmented, detector;	


Each crystal is a “pixel”	



• Array	
  of	
  988	
  TeO2	
  crystals	
  

• 19	
  Cuoricino-­‐like	
  towers	
  suspended	
  in	
  a	
  
cylindrical	
  structure	
  

• 13	
  levels	
  of	
  4	
  5x5x5	
  cm3	
  crystals	
  (750g	
  each)	
  	
  

• 130Te:	
  33.8%	
  isotope	
  abundance	
  
• 1st	
  Data	
  target:	
  June	
  1,	
  2015	
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Summary	
  
•  Exci<ng	
  <me	
  for	
  the	
  field!	
  

–  Is	
  the	
  neutrino	
  its	
  own	
  an<par<cle?	
  
– How	
  to	
  include	
  neutrino	
  mass	
  in	
  the	
  standard	
  model?	
  

•  On	
  the	
  cusp	
  of	
  discovery	
  (or	
  not!)	
  
–  “Backwards	
  science”;	
  falsifiability	
  is	
  turned	
  around:	
  
trying	
  really	
  hard	
  to	
  prove	
  the	
  null	
  and	
  falsify	
  it	
  by	
  
actually	
  finding	
  something	
  

–  Science	
  of	
  staring	
  at	
  nothing…then	
  something!	
  
–  Late	
  Stuart	
  Freedman	
  on	
  rare	
  event	
  physics:	
  if	
  your	
  
detector	
  is	
  working	
  perfectly,	
  you	
  turn	
  it	
  on,	
  and	
  
nothing	
  happens	
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