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Outline of  lectures: 

Lecture I  
Pedagogical intro + warm-up case study for oscillations 
 
Lecture II 
Standard 3ν oscillations: evolution and current status 
 
Lecture III 
Neutrino absolute masses + open problems in ν physics  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  (+	  Appendix	  on	  sta0s0cs	  and	  data	  analysis)	  
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Neutrino 
absolute masses 



Present 3ν knowledge in one slide (with 1-digit accuracy) 

                                        e  µ  τ	


+Δm2 

δm2 m2
ν 

ν2 
ν1 

ν3 

ν3 
-Δm2 

  Abs.scale   Normal hierarchy…  or…  Inverted hierarchy            mass2 split   

δm2      ~ 7 x 10-5 eV2 

Δm2      ~ 2 x 10-3 eV2 

sin2θ12 ~ 0.3  
sin2θ23 ~ 0.5  
sin2θ13 ~ 0.02  

δ (CP) 

sign(Δm2)  

octant(θ23)  
absolute mass scale 
Dirac/Majorana nature 

We	  have	  seen:	   We	  would	  like	  to	  see:	  

8	  

+	  Physics	  
beyond	  3ν?	  
	  
(anomalies,	  
new	  states	  or	  
interac=ons)	  
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Oscilla0ons	  constrain	  neutrino	  mixings	  and	  mass	  spli=ngs	  	  
but	  not	  the	  absolute	  mass	  scale.	  	  	  	  	  

E.g.,	  can	  take	  the	  lightest	  neutrino	  mass	  as	  free	  parameter:	  

However,	  the	  lightest	  neutrino	  mass	  is	  not	  really	  an	  “observable”	  
	  

We	  know	  three	  realis0c	  observables	  to	  probe	  ν	  masses	  à	  	  

	  √Δm2	  	  ~	  0.05	  	  	  eV	  

	  √δm2	  	  	  ~	  0.009	  eV	  
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Absolute	  mass	  observables:	  (mβ,	  mββ,	  Σ)	  

1)  β	  decay:	  m2
i	  ≠	  0	  can	  affect	  spectrum	  endpoint.	  Sensi0ve	  to	  	  

	  	  	  	  	  	  the	  “effec0ve	  electron	  neutrino	  mass”:	  

2)  0νββ	  decay:	  Can	  occur	  if	  	  m2
i	  ≠	  0	  	  and	  ν=ν	  (Majorana,	  not	  Dirac)	  

	  Sensi0ve	  to	  the	  “effec0ve	  Majorana	  mass”	  (and	  phases):	  	  	  	  

3)	  	  Cosmology:	  m2
i	  ≠	  0	  can	  affect	  large	  scale	  structures	  in	  (standard)	  

	  	  	  	  	  	  cosmology	  constrained	  by	  CMB	  +	  other	  data.	  Sensi0ve	  to:	  
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Tri=um:	  low-‐Q,	  fast	  decays	  

Need	  good	  energy	  resolu=on	  

Beta	  decay:	  Classic	  kinema0c	  search	  for	  neutrino	  mass.	  	  
Look	  at	  high-‐E	  endpoint	  Q	  of	  spectrum	  (depends	  on	  m2

ν).	  
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	  	  	  	  	  	  	  	  What	  is	  the	  “squared	  neutrino	  mass”	  in	  this	  context?	  
For	  just	  one	  (electron)	  neutrino	  family:	  	  m2(νe)	  	  (obsolete	  terminology!)	  	  

For	  three	  neutrino	  families	  νi,	  	  and	  individual	  masses	  experimentally	  
unresolved	  in	  beta	  decay:	  sensi0vity	  to	  the	  sum	  of	  m2(νi),	  weighted	  	  
by	  squared	  mixings	  |Uei|

2	  with	  the	  electron	  neutrino.	  Observable:	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (so-‐called	  	  “effec=ve	  electron	  neutrino	  mass”)	  
	  

Note:	  mass	  state	  with	  largest	  electron	  flavor	  component	  is	  ν1:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ⎜Ue1⎜2	  ≈	  cos2θ12	  ≈	  0.7	  
…	  and	  we	  can’t	  exclude	  that	  ν1	  is	  ~massless	  in	  normal	  hierarchy.	  
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Tri0um	  experiment	  in	  construc0on:	  KATRIN	  

	  	  	  	  	  	  	  	  	  Very	  good	  energy	  measurement	  and	  resolu0on	  via	  	  
	  

Magne0c	  Adiaba0c	  Collima0on	  with	  an	  Electrosta0c	  Filter	  
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Probably	  the	  
“ul0mate”	  

spectrometer	  
of	  this	  kind….	  

Expected	  to	  reach	  	  

mβ	  <	  0.2	  eV	  	  
	  

(~1/10	  than	  	  
current	  limits)	  	  
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β	  decay:	  need	  new	  ideas	  to	  go	  beyond	  KATRIN	  	  
	  	  	  (calorimetry?).	  Very	  far	  future	  …	  a	  possible	  	  
	  	  	  	  observa0on	  	  of	  the	  relic	  neutrino	  bkgd	  ?	  

(PTOLEMY)	  
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Weak	  interac=ons	  are	  chiral	  (	  =	  not	  mirror-‐symmetric):	  

RIGHT	  

LEFT	  ν	  

ν	  

Neutrinos	  are	  created	  in	  	  
a	  leq-‐handed	  (LH)	  state	  

An0-‐nus	  are	  created	  in	  	  
a	  right-‐handed	  (RH)	  state	  

Neutrinoless	  double	  beta	  decay	  -‐	  Basics	  
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RIGHT 

LEFT ν: 

ν: 

For	  massless	  neutrinos:	  handedness	  is	  a	  constant	  of	  mo=on	  	  
 

2	  independent	  d.o.f.:	  massless	  (“Weyl”)	  2-‐spinor	  
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RIGHT 

LEFT ν: 

ν: 

RIGHT 

LEFT 

⊕ O(m/E) 

⊕ O(m/E) 

But:	  massive	  ν	  can	  develop	  the	  “wrong”	  handedness	  at	  O(m/E)	  
(the	  Dirac	  equa0on	  mixes	  RH	  and	  LH	  states	  for	  mν≠0):	  

If	  these	  4	  d.o.f.	  are	  independent:	  massive	  (“Dirac”)	  4-‐spinor	  
[à	  Dis0nc0on	  between	  neutrinos	  and	  an0neutrinos,	  as	  for	  	  
	  	  	  	  	  	  	  electrically	  charged	  fermions.	  Can	  define	  a	  “lepton	  number”]	  	  	  
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RIGHT 

LEFT ν: 

ν: 

RIGHT 

LEFT 

⊕ O(m/E) 

⊕ O(m/E) 

But,	  for	  neutral	  fermions,	  2	  components	  might	  be	  iden=cal	  !	  

Massive	  (“Majorana”)	  4-‐spinor	  with	  2	  independent	  d.o.f.	  
[No	  dis0nc0on	  between	  nu	  /	  an0nu,	  up	  to	  a	  CPV	  “Majorana	  phase”:	  
A	  *very*	  neutral	  par=cle:	  no	  electric	  charge,	  no	  leptonic	  number…]	  
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Conjuga=on	  operator:	   ⇥c = C(⇥) = i�2⇥� �antiparticle = C(�particle),	  

	  	  	  	  	  Summary	  of	  op=ons	  for	  neutrino	  spinor	  field:	  

� = �R + �c
R = �c

or � = �L + �c
L = �c

� = �R

or � = �L

� = �R + �L �= �c

m=0,	  
Weyl:	  

m≠0,	  
Majorana:	  

m≠0,	  
Dirac:	  

massless	  field	  	  
with	  2	  d.o.f.	  

massive	  field	  	  
with	  2	  d.o.f.	  

massive	  field	  	  
with	  4	  d.o.f.	  

[Later:	  Majorana	  masses	  and	  “see-‐saw”	  mechanism	  to	  explain	  their	  smallness]	  
	  

“Unique”	  experimental	  handle	  to	  Majorana	  neutrinos	  à	  	  	  	  	  
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Can	  occur	  only	  for	  Majorana	  neutrinos.	  Intui=ve	  picture:	  
	  
1)	  A	  RH	  an0neutrino	  is	  emiyed	  at	  point	  “A”	  together	  with	  an	  electron	  
2)	  	  If	  it	  is	  massive,	  at	  O(m/E)	  it	  develops	  a	  LH	  component	  (not	  possible	  if	  Weyl)	  
3)	  If	  neutrino=an0neutrino,	  this	  component	  is	  a	  LH	  neutrino	  (not	  possible	  if	  Dirac)	  
4)	  The	  LH	  (Majorana)	  neutrino	  is	  absorbed	  at	  “B”	  where	  a	  2nd	  electron	  is	  emiyed	  
	  
[EW	  part	  is	  “simple”.	  Nuclear	  physics	  part	  is	  rather	  complicated	  and	  uncertain.]	  
	  

Neutrinoless	  double	  beta	  decay:	  (A,Z)	  à	  (A,Z+2)+2e	  

A	  

B	  
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Experimentally:	  Look	  at	  sum	  energy	  of	  both	  electrons	  
Need	  to	  see	  the	  0νββ	  line	  emerge	  above	  bkgd,	  at	  
endpoint	  spectrum	  of	  “conven0onal” 2νββ	  decay.	  	  	  	  

0νββ	  	  

2νββ	  	  
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What	  sets	  the	  uncertainty	  of	  mββ	  ?	  
	  
In	  case	  of	  posi0ve	  signal,	  a	  major	  concern	  is	  the	  
accuracy	  of	  the	  nuclear	  matrix	  element	  |M|,	  rather	  
than	  the	  expt.	  uncertainty	  on	  the	  decay	  half	  life:	  

	  	  Half-‐life	  	  	  	  	  	  	  	  Phase	  space	  	  	  	  	  	  	  Matrix	  element	  

2

0
000

A

F
TGT g

MMMM
ν

ννν −+=
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Luckily,	  independent	  	  
nuclear	  physics	  models	  	  
are	  slowly	  converging,	  	  
beyer	  than	  it	  could	  be	  	  
hoped	  only	  a	  few	  years	  ago	  …	  

…	  especially	  when	  using	  the	  	  
same	  theo.	  inputs	  for	  comparison	  	  
(e.g,	  same	  descrip0on	  of	  short	  
range	  nucleon	  repulsion)	  and	  	  
exploi0ng	  addi0onal	  data	  to	  
constrain	  models.	  
	  
BUT:	  errors	  remain	  large	  
for	  each	  candidate	  nucleus.	  	  from: Simkovic 
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Many runners in the race to discover 0νββ	   decay...	  	   

from	  1601.07512	  
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Examples of  half-life limits and their impact on mββ	    
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Standard	  big	  bang	  cosmology	  predicts	  a	  relic	  neutrino	  	  
background	  with	  total	  number	  density	  336/cm3	  and	  	  
temper.	  Tν	  ~	  2	  K	  ~	  1.7	  x	  10-‐4	  eV	  <<	  √δm2,	  √Δm2	  .	  
	  

à At	  least	  two	  relic	  neutrino	  species	  are	  nonrela0vis0c	  
	  	  	  	  today	  (we	  can’t	  exclude	  the	  lightest	  to	  be	  ~massless)	  
	  

àTheir	  total	  mass	  contributes	  to	  the	  normalized	  	  
	  	  	  	  	  energy	  density	  as	  Ων≈Σ/50	  eV,	  where	  
	  
	  
à So,	  if	  we	  just	  impose	  that	  neutrinos	  do	  not	  saturate	  
	  	  	  	  the	  total	  mayer	  density,	  Ων<Ωm≈0.25,	  we	  get	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  mi	  <	  4	  eV	  	  	  -‐	  	  not	  bad!	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Cosmology:	  a	  “modern”	  probe	  
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(E..g.,	  Ma	  1996)	  

mν	  =	  0	  eV	   mν	  =	  1	  eV	  

mν	  =	  7	  eV	   mν	  =	  4	  eV	  

Much	  beyer	  bounds	  can	  be	  derived	  from	  neutrino	  effects	  on	  
structure	  forma0on.	  	  	  
	  

Massive	  neutrinos	  are	  difficult	  to	  cluster	  because	  of	  their	  	  
rela0vely	  high	  veloci0es:	  they	  suppress	  mayer	  fluctua0ons	  on	  	  
scales	  smaller	  than	  their	  mass-‐dependent	  free-‐streaming	  scale.	  
	  
à	  	  Get	  mass-‐dependent	  suppression	  of	  small-‐scale	  structures	  
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Observa0ons:	   Spectra:	  

LSS	  

CMB	  

Constraints	  from	  CMB	  also	  help	  removing	  degeneracies.	  
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Spectral	  effect	  of	  massive	  neutrinos	  (e.g.,	  from	  Y.Y.Y.	  Wong)	  

Significant	  progress	  ater	  WMAP,	  PLANCK	  and	  recent	  galaxy	  surveys	  

In	  general,	  typical	  upper	  limits	  from	  current	  data	  can	  reach	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Σ	  <	  0.2	  -‐	  0.3	  eV,	  
	  	  	  	  or	  worse	  if	  model	  and/or	  uncertain0es	  are	  ques0oned.	  
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oscillations 

Combining constraints from: 
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Interplay:	  Oscilla=ons	  fix	  the	  mass2	  splivngs,	  and	  	  
thus	  induce	  posi=ve	  correla=ons	  between	  any	  pair	  	  
of	  the	  three	  observables	  (mβ,	  mββ,	  Σ),	  e.g.:	  

	  	  	  mββ	  

Σ	  

i.e.,	  if	  one	  observable	  increases,	  the	  other	  one	  	  
(typically)	  must	  increase	  to	  match	  mass	  splivng	  
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Oscilla=on	  data	  constrain	  the	  (mβ,	  mββ,	  Σ)	  	  parameters	  within	  two	  bands:	  
N
or

m
al
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Spread due  
to unknown  
Majorana phases 
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Footnote	  -‐	  	  Previous	  plots	  project	  away	  the	  	  
“unobservable”	  lightest	  neutrino	  mass	  from	  graphs	  like:	  

Taken	  from	  Strumia	  and	  Vissani,	  2006	  
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Major improvements expected in the next decade  35	  
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Cosmology first?  Be prepared to Σ>0 (or IH rejection) claims!  

oscillation constraints 
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β	   	  :	  KATRIN 

Σ 	
: Precision Cosmology 
0νββ	  :	  Upgraded/New expt. (+ NME) 

Upper limits on mβ,	  mββ,	  Σ	   in ~10 years ?   

[Even now, at face value: Nu2016 osc. data + cosmology à NH favored] 

oscillation constraints 
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         With “dreamlike” and converging data one could, e.g.   

Check	  3ν	  
consistency	  …	  

Iden0fy	  the	  
hierarchy	  …	  

Probe	  the	  
Majorana	  	  
phase(s)	  …	  

Determine	  the	  
mass	  scale…	  
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But alternative situations might also occur.... 

? 

? 

something wrong ? 

new physics ? 

why the mismatch ? 
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Physics beyond “3 light ν” should always be kept in mind:   

u     e     e     u 

W W 
ν 

Standard	  

u     e     e     u 

W W 
N 

	  Heavy	  ν	  	  

u     e     e     u 

Kaluza-‐Klein	  

W W 
ν(n) 

u     e     e     u 

WR,L 

νL,R 
   RHC	  λ,η	  
	  	  	  	  λ=RH	  had,	  η=LH	  had	  

WR,L 

e     u     u     e 

u u 
g 

	  SUSY	  g	  	  

~ ~ 
~ 

~ 

p     e     e     p 

π 

	  SUSY	  π	  	  

π 
SUSY	  
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 Neutrino mass issue in the larger context of  HEP: 

Testing Higgs sector 

Finding ν masses 



Vuolsi	  così	  colà	  dove	  si	  puote	  
ciò	  che	  si	  vuole,	  e	  più	  non	  dimandare	  
(Dante	  Alighieri).	  	  	  	  	  
	  

It	  is	  so	  willed	  where	  	  
will	  and	  power	  are	  one;	  
and	  ask	  no	  further	  quesDons.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Dirac	  op0on	  
	  
neutrinos	  “talk”	  very	  weakly	  	  
with	  the	  Standard	  Higgs	  
(Yukawa’s	  	  y	  <	  10-‐12)	  	  
	  

ν	


	  c
ou

pl
in
g	  
to
	  H
ig
gs
	  	  à

	  

�	  

Where	  are	  neutrino	  masses	  on	  this	  plot?	  Op=ons:	  	  	  	  

par0cle	  mass	  à	  



Majorana	  op0on	  
	  
	  
neutrinos	  “talk”	  normally	  	  
with	  the	  Standard	  Higgs	  
[y	  ~	  O(1)]	  but	  also	  with	  a	  	  
higher	  scale	  M	  >>	  MH	  	  
(suppression	  MH/M)	  	  
	  
	  	  
	  

par0cle	  mass	  à	  

ν	

�	  

Another	  op=on:	  window	  to	  physics	  beyond	  the	  standard	  Higgs	  mechanism?	  

New	  physics,	  non	  CKM-‐like!	  
à	  neutrinoless	  double	  beta	  decay	  
à	  CPV	  with	  Majorana	  phases	  
à	  leptogenesis	  
à	  connec0on	  with	  GUT?	  SUSY?	  

	  c
ou

pl
in
g	  
to
	  H
ig
gs
	  	  à

	  



Majorana	  with	  
high-‐scale	  see-‐saw...	  

par0cle	  mass	  à	  

ν	
�	  

Large	  “neutrino	  phase	  space”	  where	  new	  physics	  scale(s)	  may	  show	  up...	  

	  c
ou

pl
in
g	  
to
	  H
ig
gs
	  	  à

	  

...Majorana	  with	  
low-‐scale	  see-‐saw...	  ν	
�	  

...	  Dirac	  ν	
�	  



More on these options... 











Jargon for light (eV) sterile neutrinos... 
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One	  short-‐baseline	  accelerator	  experiment	  (LSND)	  claimed	  	  
in	  the	  90’s	  flavor	  oscilla0on	  appearance	  at	  the	  O(eV)	  scale:	  	  	  	  
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Unfortunately,	  aqer	  >20	  years,	  this	  result	  has	  not	  
been	  either	  confirmed	  or	  ruled	  out	  conclusively,	  even	  
by	  dedicated	  appearance	  experiments	  (e.g.,	  MiniBoone).	  	  
	  

You	  may	  or	  may	  not	  see	  an	  oscilla0on	  payern	  here...	  

...	  especially	  if	  you	  exclude	  the	  two	  rightmost	  data	  points	  
	  	  	  	  at	  lowest	  energy	  and	  highest	  background.	  

MiniBoone	  
LSND	  
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Moreover,	  if	  there	  is	  a	  new	  νµ à νe appearance	  signal,	  
there	  must	  be	  larger	  	  νµ à νµ  and νe à νe disappearance  
signals	  at	  the	  same	  scale, ΔM2~O(eV2): 
 
 
 
  
 
However,	  no	  unambiguous	  disappearance	  signal	  has	  been	  
seen,	  especially	  in	  νµ à νµ mode.	  
 
 

This	  fact	  makes	  it	  difficult	  to	  reconcile	  posi0ve	  LSND	  	  
results	  with	  (mainly)	  nega0ve	  results	  from	  other	  epts.,	  
not	  only	  in	  models	  with	  1	  addi0onal	  sterile	  neutrino	  	  
(3+1)	  but	  even	  with	  2	  steriles	  (3+2)	  à	  	  
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Sterile	  neutrinos:	  Appearance	  vs	  Disappearance...	  [from	  Giun0+	  2015]	  
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in	  2011,	  a	  possible	  hint	  for	  νe à νe disappearance	  due	  to	  sterile	  n	  has	  been	  
claimed	  (“reactor	  neutrino	  anomaly”),	  by	  a	  reanalysis	  of	  new	  fluxes	  and	  old	  
reactor	  experiments	  at	  L<O(100)	  m.	  In	  addi0on	  to	  the	  known	  disappearance	  due	  
to	  3n	  oscilla0ons	  at	  L>O(100	  m),	  there	  seems	  to	  be	  an	  extra	  deficit	  at	  small	  L:  

Many ongoing experiments to test this anomaly 



ν 

	  	  	  	  	  	  	  <	  1	  eV	  

�	  

New mass states could actually emerge at (different) new scales ... 

�	  
�	  
�	  

par=cle	  mass	  à	  
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GUT	  	   	  	  
	  
	  	  	  	  	  	  	  	  	  	  
	  
TeV	  	  
	  

	  	  
	  
GeV	  	  	  
	  

	  	  
	  
keV	  	  	  
	  

	  	  
	  
eV	   	  	  



ν 

	  	  	  	  	  	  	  <	  1	  eV	  

�	  

... and contribute to a rich phenomenology, e.g., 

�	  
�	  
�	  

par=cle	  mass	  à	  
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GUT	  	   	  [proton	  decay]	  
	  
	  	  	  	  	  	  	  	  	   	  [leptogenesis]	  
	  
TeV	  	   	  [LHC]	  
	  

	   	  [heavy	  neutral	  leptons]	  
	  
GeV	  	   	  [SHiP]	  
	  

	   	  [low-‐scale	  see-‐saw]	  
	  
keV	  	   	  [DM]	  
	  

	   	  [direct	  mass	  searches]	  
	  
eV	   	   	  [oscilla0ons]	  	  



�	  

Let us remain open-minded: new physics may emerge at any scale! 

�	  
�	  
�	  

�	  

?	  
�	  

�	  
�	  

�	  
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par=cle	  mass	  à	  
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	  	  	  Finally,	  we	  should	  never	  forget	  that	  there	  are	  
s0ll	  vast	  lands	  to	  be	  explored	  in	  the	  neutrino	  world...	  

(from	  ASPERA	  roadmap)	  

Recent!	  
	  	  	  	  

20XX?	  

2XXX?	  

Recent!	  
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Conclusions	  and	  Open	  Problems	  
Neutrino	  mass	  &	  mixing:	  established	  fact	  
Determina=on	  of	  (δm2,θ12)	  and	  (Δm2,θ23)	  	  	  	  
Determina=on	  of	  θ13	  	  at	  reactors	  (+	  accel.)	  
Observa=on	  of	  (half)-‐period	  of	  oscilla=ons	  
Direct	  evidence	  for	  solar	  ν	  flavor	  change	  
Evidence	  for	  mayer	  effects	  in	  the	  Sun	  
νe,	  ντ	  appearance	  at	  accelerators	  
Upper	  bounds	  on	  ν	  masses	  in	  (sub)eV	  range	  
…………	  

Leptonic	  CP	  viola=on	  
Absolute	  mν	  from	  β-‐decay	  and	  cosmology	  
0νββ	  decay	  and	  Dirac/Majorana	  ν	  
Mayer	  effects	  in	  the	  Earth,	  Supernovae…	  
Normal	  vs	  inverted	  hierarchy	  
Octant	  of	  θ23	  
Sterile	  neutrinos	  in	  oscilla=ons	  and	  cosmology	  
New	  neutrino	  interac=ons	  
Deeper	  theore=cal	  understanding	  	  
See-‐saw	  and	  leptogenesis	  scenarios	  
…………	  

	  	  Great	  	  
progress	  
in	  recent	  	  
	  	  years	  …	  

…	  and	  great	  	  
	  	  challenges	  
	  	  	  	  for	  the	  
	  	  	  	  future!	  	  
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Nomen [est]  Omen


“Name  [is]  Destiny”


Neutrino	  –	  What	  is	  the	  root	  of	  this	  name?	  
 

An	  old	  La=n	  saying:	  

- E P I L O G U E - 
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If  “name is destiny,” then ... 

  

Neutrino’s destiny  
is to raise questions! 

 

Thank you for your attention 
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Additional slides 
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