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4	  

Overview	  of	  mixing	  experiments	  
4

¨  Atmospheric	  neutrinos	  
¨  Solar	  neutrinos	  
¨  3	  parameter	  mixing	  
¨  Designing	  an	  experiment	  
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Neutrinos	  from	  the	  sky	  
5
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Large	  (	  10-‐100	  kilo	  ton)	  vats	  of	  water	  
or	  liquid	  scinQllator	  

6

¨  Dig	  large	  hole	  in	  mine	  
¨  put	  a	  very	  large	  amount	  
of	  clear	  liquid	  in	  it	  

¨  Dope	  it	  with	  desirable	  
chemicals	  

¨  Read	  out	  with	  
photomulQplier	  tubes	  

	  
SuperKamioKande	  in	  Japan	  ~10,000	  20”	  phototubes	  



7	  

7

An	  muon	  from	  	  a	  cosmic	  neutrino	  
	  νµ+pàµ+X	  

7

Cerenkov radiation
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An	  electron	  from	  	  a	  600	  MeV	  cosmic	  neutrino	  
	  νe+pàe+X	  

8

Cerenkov radiation
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Neutrinos	  don’t	  interact	  much	  

¨  If	  those	  1011/sec/cm2	  
solar	  neutrinos	  
interacted	  much,	  we’d	  
be	  in	  trouble.	  

¨  We	  can	  see	  them	  but	  
they	  interact	  about	  
once/ton	  of	  material/
day.	  	  

h]p://apod.nasa.gov/apod/ap980605.html	  
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Needs	  to	  be	  deep	  
10
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Neutrino	  mysteries:	  	  
the	  missing	  solar	  neutrinos	  

h]p://www.nobelprize.org/nobel_prizes/physics/laureates/2002/	  

n	  +37	  Cl	  makes	  37Ar	  	  	  that	  decays	  back	  to	  37	  Cl	  with	  a	  half-‐life	  of	  35	  days.	  	  
Ray	  Davis	  used	  this	  to	  measure	  neutrinos	  from	  the	  sun.	  	  	  	  Basically	  get	  a	  
big	  vat	  of	  CCl4	  ,	  put	  it	  4850’	  deep	  in	  a	  gold	  mine,	  extract	  Argon	  atoms	  
and	  count	  Ar	  decays.	  

11
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60%	  of	  solar	  neutrinos	  are	  missing	  

h]p://iopscience.iop.org/0004-‐637X/496/1/505/fulltext/34468.text.html	  

12



	  A	  definite	  oscillaQons	  signal	  was	  seen	  in	  1997!	  
Atmospheric	  neutrinos	  

SuperKamiokande	  muon	  neutrinos	  
First	  observaQon	  of	  an	  oscillaQon	  pa]ern	  –	  	  
Phys.Rev.Le].81(1998)p.1562,	  	  	  
Phys.	  Le].	  B436(1998)p.33	  	  
OscillaQng	  to	  tau	  neutrinos?	  

Energies	  in	  the	  
1-‐100	  GeV	  
range	  
	  
Distances	  ~	  
10,000	  km	  

13
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Hypothesis:	  Neutrino	  mixing 	  	  

¨  Electron	  and	  muon	  neutrinos	  are	  disappearing	  
when	  they	  travel	  long	  distances.	  

¨  This	  is	  possible	  if	  the	  neutrinos	  detected	  in	  our	  
detector	  are	  a	  superposiQon	  of	  2	  (or	  more)	  
different	  mass	  states.	  

14
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Hypothesis:	  Neutrino	  mixing 	  	  

¨  Electron	  and	  muon	  neutrinos	  are	  disappearing	  
when	  they	  travel	  long	  distances.	  

¨  This	  is	  possible	  if	  the	  neutrinos	  detected	  in	  our	  
detector	  are	  a	  superposiQon	  of	  2	  (or	  more)	  
different	  mass	  states.	  

15

Takaaki Kajita and ArthurMcDonald
Nobel Prize 2015 
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Two	  flavor	  mixing	  

¨  Assume	  that	  the	  weak	  eigenstates	  νe	  and	  νµ	  are	  
mixtures	  of	  the	  mass	  eigenstates	  ν1	  and	  ν2

	  
	  	  νµ

 νe 
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16

Get a beat frequency that depends on (m1
2 – m2

2) L/2E

Mass	  basis	   Flavor	  basis	  Flavor	  basis	  
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2	  different	  views	  of	  the	  same	  neutrinos	  
17

Mass	  Basis	  

νe νµ ντ

ν1 ν2 ν3

Flavor	  Basis	  
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OpQcal	  Analog	  
18

OpQcal	  analog	  is	  polarized	  light	  
going	  through	  a	  birefringent	  
material.	  	  The	  speed	  of	  light	  is	  
different	  for	  different	  
polarizaQons,	  leading	  to	  a	  
rotaQon	  of	  the	  polarizaQon.	  
	  
The	  Higgs	  field,	  by	  coupling	  to	  
mass,	  makes	  the	  universe	  
birefringent	  for	  neutrinos!	  Courtesy of Wikipedia
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19
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Electron	  anQ-‐neutrinos	  on	  earth:	  
Reactors	  

20

KamLand	  reactor	  ν̅e	  
L~	  180	  km	  
E~	  5	  MeV	  



21	  

Can	  measure	  θ12	  and	  Δm12	  on	  earth	  

The	  KAMLAND	  neutrino	  experiment	  in	  
Japan	  used	  nuclear	  reactors	  ~	  180	  km	  away	  
to	  measure	  the	  “solar”	  neutrino	  
oscillaQons.	  

Phys.Rev.Lett.100:221803,2008

21
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Results	  from	  KAMLAND	  and	  the	  sun	  
22

∆m2
sol = 7.53+0.18

−0.18×10−5 eV2

sin2(2θ12) = 0.846+-0.021 �



atmospheric	  neutrinos	   SuperKamiokande	  muon	  neutrinos	  
Phys.	  Le].	  B436(1998)p.33	  	  

Energies	  in	  the	  
1-‐100	  GeV	  
range	  
	  
Distances	  ~	  
10,000	  km	  

23

∆m2
atm 2.44+0.06

−0.06×10−3 eV2 
sin2(2θatm) > 0.92	  

PDG best fit 2015 fpr muon disappearance.
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Beat	  frequency	  
24

3	  GeV	  atmospheric	  neutrino	  wavelength	  is	  ~	  10-‐16	  m	  
Beat	  distances	  are	  in	  thousands	  of	  km	  so	  the	  phase	  difference	  is	  very	  
small!	  



25	  

Distance	  and	  mass	  scales	  

¨  The	  atmospheric	  results	  do	  not	  explain	  missing	  solar	  
neutrinos	  as	  νe	  didn’t	  disappear	  in	  the	  atmospheric	  data	  

¨  Turns	  out	  there	  are	  two	  disQnct	  mass	  scales	  (and	  hence	  
two	  mass	  separaQons).	  
¤  1)	  The	  Solar	  mass	  difference	  Δmsol	  that	  causes	  solar	  electron	  
neutrinos	  to	  go	  missing	  between	  the	  sun	  and	  earth.	  

¤  2)	  The	  “Atmospheric”	  mass	  difference	  Δmatm	  that	  explains	  the	  
disappearance	  of	  muon	  neutrinos	  made	  in	  the	  atmosphere	  and	  
accelerator	  experiments.	  

25



26	  

To	  have	  2	  differences	  you	  must	  have	  3	  
masses!	  
26

Normal
Hierarchy

Inverted
Hierarchy

Δm12	  

Δm23  > 0

Δm23  < 0

We	  know	  the	  absolute	  value	  of	  the	  
mass	  differences	  but	  not	  the	  minimum	  
mass	  or	  the	  sign	  of	  Δm2

23	  

??
InteracQons	  with	  ma]er	  can	  tell	  the	  difference.	  

Δm2
12 > 0 is	  known	  from	  solar	  	  

Sign	  of	  Δm2
23 is	  sQll	  unknown	  
	  

Not	  unexpected	  as	  there	  are	  3	  types	  of	  charged	  leptons	  
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Hypothesis:	  3-‐flavor	  mixing	  
27

U =

cij = cosθij, sij = sinθij

3x3 unitary matrix, 3 real angles, 1 imaginary phase
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28

Hypothesis:	  3-‐flavor	  mixing	  
28

U =

θatm ~ θ23 ~ 45 deg θsol ~ θ12 ~ 33 deg

sinθ13eiδ introduces CP violation

θ13 ~ 8 deg.
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Neutrino	  CP	  violaQon?	  
29

¨  The	  Universe	  violates	  CP	  –	  there	  is	  more	  ma]er	  
than	  anQ-‐ma]er.	  

¨  The	  δ	  term	  produces	  CP-‐violaQon	  for	  neutrinos!	  
¨  Quarks	  violate	  CP	  as	  well,	  but	  not	  enough	  to	  
explain	  what	  we	  see.	  

¨  Can	  measure	  δ	  by	  comparing	  the	  oscillaQon	  rates	  
for	  neutrinos	  and	  anQ-‐neutrinos	  

R(⌫µ ! ⌫e) to R(⌫µ ! ⌫e)



30	  

The	  full	  3-‐flavor	  formula	  

Zhi-‐zhong	  Xing,	  lectures	  

30

J=c12c2
13c23s12s13s23sinδ

CP violation can occur if the Jarlskog 
invariant is nonzero.  It depends on ALL if 
the angles and both mass scales.
 

This	  term	  flips	  sign	  
for	  neutrino/anQ-‐

neutrino	  
±
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Long	  range	  behavior	  
31

¨  Baseline	  Demo	  
¨  This	  shows	  1	  GeV	  energy	  neutrinos	  on	  20000	  km	  
scale	  

¨  Start	  with	  a	  muon	  neutrino	  beam.	  	  

� ���� ����� ����� �����
��������(��/�)

���

���

���

���

���

��

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

νe,vµ,ντ

Distance in km

Pr
ob

ab
ili

ty



32	  

Measuring	  θ13	  and	  δ
32

νµ-νe conversions	  mainly	  take	  place	  on	  the	  solar	  Δm12 
length	  scale	  due	  to θ12 but	  there	  is	  a	  small	  Δm13	  component	  
due	  to	  θ13 .   Is	  it	  big	  enough	  to	  see	  δ	  ?	  

Δm12

Δm13

νe,vµ,ντ
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ab
ili

ty
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Zoom	  in	  on	  the	  small	  distance	  scale	  	  
33

¨  This	  shows	  3	  MeV	  electron	  anQ-‐neutrinos	  on	  a	  	  
2	  km	  distance	  scale,	  for	  example	  near	  a	  reactor.	  
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34	  

θ13:	  Measure	  νµà	  νe	  on	  the	  Δm2
23	  scale	  

34

Reactor	  neutrinos	  at	  1km	  look	  at	  the	  Δm23~Δm13	  scale	  	  



35
Distance in km

PhysRevLett.108.171803
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Good	  news	  
36

¨  θ13	  ~	  8	  degrees	  –	  that’s	  actually	  pre]y	  big	  –	  we	  
may	  be	  able	  to	  see	  CP	  violaQon!	  
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Big	  quesQons	  sQll	  let	  
37

¨  So	  what	  is	  the	  mass	  ordering?	  
¨  What	  is	  the	  CP	  violaQng	  phase	  δ?
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Onward	  to	  CP	  violaQon	  
38

¨  Need	  to	  compare	  	  

¨  Need	  an	  accelerator	  for	  that	  to	  get	  both	  types	  
¨  Need	  a	  lot	  of	  events	  at	  a	  long	  distance	  

¤ Need	  a	  huge	  detector	  
¤ Need	  very	  powerful	  ν	  and	  anQ-‐ν	  beams	  

¨  Several	  current	  efforts	  
¤ NOvA,	  DUNE,	  HyperK	  

R(⌫µ ! ⌫e) to R(⌫µ ! ⌫e)
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Design	  an	  experiment	  
39

¨  Huge	  detectors	  are	  too	  
pricey	  to	  sca]er	  around	  	  

¨  Study	  the	  energy	  
dependence	  at	  a	  single	  
distance	  

¨  P	  ~	  Sin2	  (L/E)	  

¨  Can	  look	  for	  1st	  and	  2nd	  
oscillaQon	  peaks	  
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Accelerator	  experiments	  
40

¨  Make	  an	  intense	  neutrino	  beam	  (normally	  muon	  
neutrinos)	  

¨  Place	  detectors	  both	  near	  and	  far	  
¨  Measure	  the	  disappearance	  of	  muon	  neutrinos	  
¨  Measure	  the	  appearance	  of	  electron	  and	  tau	  
neutrinos	  

¨  Can	  flip	  the	  beam	  polarity	  to	  study	  both	  neutrinos	  
and	  anQ-‐neutrinos	  (try	  doing	  that	  with	  a	  reactor)	  



41	  

Study	  “atmospheric”	  neutrinos	  on	  earth	  

¨  Aim	  a	  muon	  neutrino	  beam	  from	  Fermilab	  to	  
Northern	  Minnesota	  –	  735	  km	  

¨  Aim	  a	  muon	  neutrino	  beam	  from	  Tokai	  to	  
Kamiokande,	  Japan	  –	  295	  km	  

41
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How	  to	  make	  a	  neutrino	  beam	  
42
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Measure	  twice	  …	  
43

Far
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 detector

Decay region
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Use	  energy	  profile	  at	  near	  detector	  to	  
predict	  unoscillated	  energy	  profile	  at	  far	  
detector	  
	  
Compare	  to	  observed	  energy	  profile	  to	  
find	  the	  oscillaQon	  probability	  	  
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Do	  the	  numbers	  
44

Nnear(E; ⌫µ ! ⌫µ) = �near(E; ⌫µ)⇥ �(E; ⌫µ)

Nfar(E; ⌫µ ! ⌫e) = �far(E; ⌫X)⇥ P (⌫µ ! ⌫e)⇥ �(E; ⌫e)

P (⌫µ ! ⌫e) '
Nfar(E; ⌫µ ! ⌫e)

Nnear(E; ⌫µ ! ⌫µ)
⇥ �near(E)

�far(E)
⇥ �near(E; ⌫µ)

�far(E; ⌫e)

To	  measure	  the	  oscillaQon	  probability,	  P,	  	  you	  need	  to	  be	  able	  to	  
esQmate	  the	  raQo	  of	  the	  fluxes	  and	  the	  interacQon	  cross	  secQons	  in	  
two	  different	  detectors.

•  Understand	  flux	  
•  Understand	  cross	  secQons	  both	  kinds	  of	  neutrinos	  and	  anQ-‐

neutrinos	  
•  Understand	  detectors	  



45	  

NOvA	  near	  detector	  
	  

45



46	  

The	  new	  NOvA	  detector	  –	  15	  kT	  of	  liquid	  scinQllator	  (50tx50tx250	  t)	  	  	  
810	  km	  away	  from	  the	  near	  detector	  

46



47
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Electron	  appearance	  in	  NOvA	  
48

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 54 

In	  Qme	  with	  10	  ms	  beam	  spill	  
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νe	  appearance	  in	  NOvA	  
49
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T2K	  results	  for	  neutrinos	  
50
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T2K	  anQ-‐νe	  appearance!	  
51

We’re on track to 
see ν anti-ν 
differences!



52	  

Caveat,	  there	  is	  a	  complicaQon:	  	  
Ma]er	  effects	  and	  the	  mass	  hierarchy	  

52

νe-e ßà e-νe conversion affects only νe component

These	  diagrams	  affect	  only	  electron	  (anQ)neutrino	  propagaQon	  in	  
ma]er,	  with	  a	  sign	  that	  depends	  on	  Δm2	  and	  the	  amount	  of	  
ma]er	  traversed	  
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Observed	  νµà	  νe	  rates	  will	  also	  depend	  on	  the	  sign	  of	  Δm2	  

53

http://arxiv.org/format/1505.01891v1
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Measuring	  CP	  violaQon	  more	  precisely	  
54

	  

¨  Need	  bigger	  detectors	  
¨  Need	  more	  beam	  
¨  Need	  low	  backgrounds	  for	  electron	  neutrinos	  
¨  Need	  higher	  detecQon	  efficiency	  for	  electron	  
neutrinos	  

¨  New	  technology	  –	  Noble	  Liquid	  Time	  projecQon	  
chambers!	  
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The	  next	  level:	  DUNE	  
55

¨  The	  Deep	  Underground	  Neutrino	  Experiment	  
¤ LBNE	  +	  InternaQonal	  collaborators	  
¤ 149	  InsQtuQons	  >	  800	  Collaborators	  

¨  OpQmized	  baseline	  of	  1300	  km	  
¨  3	  x	  beam	  intensity	  
¨  2.5	  x	  detector	  mass	  
¨  More	  efficient	  detectors	  with	  be]er	  background	  
rejecQon	  
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Examples	  from	  DUNE	  proposal	  
56
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Goals:	  	  Mass	  Hierarchy	  and	  CP	  violaQon	  

NH

•  A	  ~	  pure	  νμ beam	  generated	  by	  the	  ~120	  GeV	  MI	  proton	  
beam.

•  Wide-‐band	  matched	  to	  the	  L/E	  for	  the	  first	  and	  second	  
oscillaQon	  maxima	  for	  a	  1300	  km	  oscillaQon	  length.	  	  

•  6	  years	  x	  3	  Qmes	  intensity	  x	  2.5	  Qme	  mass	  =	  	  	  45	  Current	  
NOvA	  staQsQcs	  

≈ 780 νe events

≈ 7000 νμ events
57

Several hundred νµà 
νe oscillation events



DUNE	  

58

	  
νμ	  →	  νe	  and	  ν̅μ	  →	  ν̅e	  oscillaQons	  

Expected	  νe	  and	  ν̅e	  	  
energy	  spectra	  that	  will	  
be	  observed	  at	  DUNE,	  for	  
different	  values	  of	  δCP	  	  

δ subtly	  shits	  the	  ν	  and	  anQ-‐ν	  distribuQons	  in	  opposite	  direcQons	  
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Current	  fit	  results	  
59

nu-fit.org May 2016

Johannes	  Bergström	   	  	  
Ivan	  Esteban	   	  	  
Concha	  Gonzalez	  Garcia	  	  	  
Michele	  Maltoni	  
Ivan	  MarQnez	  Soler	  	  
Thomas	  Schwetz	  



Top	  of	  band:	  
	  
Best	  case	  beam	  and	  
interacQon	  systemaQcs	  
(with	  near	  detector)	  
	  
Bo]om	  of	  band:	  
	  
Worst	  case	  beam	  and	  
interacQon	  
	  
Exposure:	  
	  
34	  kt	  x	  1.2	  MW	  x	  6	  years	  

(half ν + anti-ν)

.

DUNE MH and CP Sensitivities
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The	  plan	  
61

¨  Write	  a	  REALLY	  good	  grant	  applicaQon	  
¤ Yay!	  CD3a	  just	  last	  week!	  

¨  Build	  a	  1.2	  MW	  neutrino	  beam	  (500	  kW	  now)	  
¨  Dig	  very	  large	  holes	  in	  a	  mine	  1300	  km	  away	  
¨  Build	  mulQple	  10kT	  detector	  modules	  
¨  Run	  for	  several	  years	  with	  both	  neutrino	  and	  anQ-‐
neutrino	  beams.	  

¨  Understand	  neutrino	  CP	  violaQon	  
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Homestake	  mine	  
62

Plan is to put a future huge LAr detector 
“DUNE” in the Homestake Gold Mine
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63

¨  80	  GeV	  protons	  hit	  a	  target	  
¨  ResulQng	  pions	  are	  focused	  into	  decay	  pipe	  
¨  Pions	  decay	  to	  neutrinos,	  letover	  protons	  are	  absorbed	  
¨  Neutrinos	  keep	  going	  

1.2	  MW	  beam	  
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5. The DUNE Far Detector  
 

Mark Thomson | DUNE
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Underground	  view	  
	  

65



Let’s	  go	  on	  a	  tour	  

66

LBNE
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Suit	  up	  and	  card	  in	  

67



68

¨  Take	  an	  elevator	  
4850	  t	  down	  
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Ride	  to	  the	  Davis	  cavern	  	  
69
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70
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The	  Davis	  cavern	  in	  late	  2011	  

71
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Davis	  cavern	  	  with	  the	  LUX	  detector	  
72
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DUNE:	  
InstallaQon	  starQng	  2020ish	  

73

DUNE	  
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LAr	  Detector	  modules	  
74



Liquid	  Argon	  TPC	  Basics	  
	  ¤  Large	  tank	  of	  Liquid	  Argon	  

¤  Apply	  electric	  field	  
¤  Charged	  parHcles	  leave	  ionizaHon	  which	  you	  then	  collect.	  
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MicroBooNE @FNAL
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Real	  MicroBooNE	  event	  in	  LAr	  
77

ν
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Compare	  resoluQon	  
78

MicroBooNE

NOvA νe candidate
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Compare	  resoluQon	  	  
79

NOvA 2D pixel
Liquid argon 3-D voxel
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Currently	  @	  CERN	  
	  
10-‐ton	  scale	  Dual	  Phase	  LAr	  TPC	  
(3x1x1	  m3	  acQve	  24	  ton	  LAr	  total)	  
Cryogenic	  OperaQon:	  September	  
2016	  
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Neutrino	  Pla�orm	  at	  CERN	  
81

Two 700 t prototypes 
being constructed for 
CERN NA test beams 

CERN-SPSC-2016-018
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April	  27,	  2016	  
82
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The	  plan	  
83

¨  LBNF/DUNE	  is	  in	  the	  proposed	  US	  budget	  for	  this	  
year	  	  

¨  DUNE/LBNF	  collaboraQon	  are	  designing	  the	  beams	  
¨  Sanford	  lab	  being	  refurbished	  for	  construcQon	  
¨  CERN/Europe	  are	  building	  the	  700	  ton	  
ProtoDUNE’s	  

¨  CERN	  will	  contribute	  the	  first	  cryostat	  for	  the	  far	  
detector	  

¨  Start	  with	  beam	  and	  first	  detectors	  ~	  2026.	  
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An	  exciQng	  short	  and	  long	  term	  
program	  

84

¨  2015-‐2025	  
¤ Understand	  neutrino	  interacQons	  
¤ Develop	  liquid	  argon	  technology	  
¤ Search	  for	  short	  baseline	  neutrino	  oscillaQons	  

n Are	  there	  really	  only	  3	  neutrino	  types?	  
¤ Design	  and	  build	  LBNF/DUNE	  

¨  2025-‐2035	  
¤ Get	  a	  definiQve	  measurement	  of	  δ
¤ Test	  the	  3-‐flavor	  model	  
¤ See	  a	  supernova?	  



Neutrino	  Masses	  
85	  

9/9/16
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OscillaQons	  give	  us	  Δm	  not	  m	  

9/9/16

86
86	  

¨  We	  don’t	  actually	  know	  the	  absolute	  scale	  of	  
neutrino	  masses.	  

¨  What	  can	  we	  do	  to	  find	  out?	  
¨  Cosmology	  
¨  Direct	  measurements	  
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Simple	  cosmological	  bound	  

9/9/16

87
87	  

¨  The	  universe	  is	  flat	  and	  <=	  
28%	  ma]er.	  

¨  The	  neutrino	  density	  is	  about	  
9/11	  nγ	  	  ~	  336/cm3	  	  	  

¨  The	  total	  density	  of	  ma]er	  
allowed	  in	  the	  universe	  from	  
Planck	  is	  about	  4000	  eV/cm3	  

¨  If	  the	  sum	  of	  neutrino	  masses	  
was	  more	  than	  11.5	  MeV,	  
neutrinos	  would	  dominate	  
the	  ma]er	  density	  in	  the	  
universe.	  	  
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Hot	  dark	  ma]er	  

9/9/16

88
88	  

¨  But	  that	  assumed	  the	  “dark	  ma]er”	  is	  neutrinos.	  
¨  Cosmic	  neutrinos	  are	  now	  mostly	  non-‐relaQvisQc	  
as	  	  

¨  T	  <<	  Δm	  	  	  so	  at	  least	  one	  species	  is	  non-‐relaQvisQc.	  
¨  But	  in	  the	  early	  universe,	  they	  would	  have	  been	  
highly	  relaQvisQc	  and	  smeared	  out	  cosmic	  
structures.	  	  
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Large	  scale	  structure	  

9/9/16

89
89	  

SDSS	  Map	  

Cold	  

Hot	  

Warn	  

SimulaQons	  
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Power	  spectrum	  for	  structure	  

9/9/16

90



9/9/16
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From	  Yeche	  et	  al,	  Moriond	  2016	  
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Direct	  measurements	  

9/9/16

92

¨  Beta	  decay	  endpoint	  



9/9/16
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G.	  Gra&a,	  ICHEP2016	  



94	  

Endpoint	  shape	  

9/9/16
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K	  Valerius,	  Neutrino	  2016	  
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KATRIN	  

9/9/16
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TriQum	  decays	  and	  electrons	  enter	  a	  varying	  magneQc	  field	  
Only	  those	  right	  at	  the	  end	  point	  can	  make	  it	  through	  to	  the	  detector	  at	  

the	  other	  end	  
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SimulaQon	  

9/9/16
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K	  Valerius,	  Neutrino	  2016	  
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KATRIN	  goal	  

9/9/16
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¨  SensiQvity	  of	  240	  meV	  in	  3	  years	  of	  running	  
¨  StarQng	  2018	  …	  	  
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Neutrino-‐less	  ββ	  decay	  

9/9/16
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This	  only	  happens	  if	  a	  neutrino	  is	  its	  own	  anQ-‐parQcle	  
Majorana	  neutrino!	  
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Neutrino-‐less	  ββ	  decay	  

9/9/16
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This	  only	  happens	  if	  a	  neutrino	  is	  its	  own	  anQ-‐parQcle	  
Majorana	  neutrino!	  
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Helicity	  and	  Chirality	  

9/9/16

100
100	  

¨  Normal	  (for	  HEP	  people)	  v	  ~	  c	  and	  Helicity	  and	  
Chirality	  are	  equivalent,	  but	  

Get terms of order m⌫/Q for the helicity suppressed component.
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EffecQve	  neutrino	  mass	  vs	  minimum	  mass	  

9/9/16

101
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Normal	  
Hierarchy	  

Inverted	  
Hierarchy	  

Δm23  > 0 Δm23  < 0
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Beta	  decay	  rate	  

9/9/16
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0νββ

2νββ

With	  resoluQon	  
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KAMLAND-‐ZEN	  Xe	  data,	  
ICHEP2016	  

9/9/16

103
103	  



104	   9/9/16

104
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ImplicaQons	  

9/9/16

105

¨  It’s	  complicated	  
¨  We	  should	  be	  able	  to	  figure	  out	  the	  hierarchy	  
elsewhere	  

¨  If	  we	  don’t	  see	  double	  beta	  decay	  
¤ Neutrinos	  are	  Dirac	  
¤ Mββ is	  very	  small,	  keep	  looking	  

¨  If	  we	  see	  double	  beta	  decay	  and	  measure	  mββ	  .	  
¤  IH	  –	  can’t	  tell	  mmin	  but	  will	  see	  it	  faster	  
¤ NH	  –	  can	  measure	  mmin	  	  someday…	  
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Other	  topics 	  	  

9/9/16

106
106	  

¨  Supernovae	  
¨  Solar	  physics	  
¨  Parton	  distribuQons	  
¨  Electroweak	  parameters	  
¨  Neutrino	  communicaQon	  …	  
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Maybe	  next	  Qme	  

9/9/16
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Thanks	  to	  
n 	  the	  organizers	  
n the	  insQtute	  	  
n and	  the	  students!	  
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Extra	  topic	  –	  Neutrino	  cross	  secQons	  
108

¨  We	  have	  to	  be	  able	  to	  tell	  neutrino	  oscillaQon	  
effects	  from	  normal	  physics.	  

¨  Neutrinos	  like	  to	  interact	  with	  neutrons	  
¨  AnQ-‐neutrinos	  prefer	  protons	  

¤ Need	  to	  understand	  the	  detailed	  nuclear	  physics	  of	  
neutrino	  interacQons	  

¨  Need	  a	  detailed	  picture	  of	  each	  interacQon	  
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MINERvA Experiment - 2009



MINERνA:	  Detector	  at	  Fermilab	  	  

110

Located	  in	  NuMI	  beam	  at	  Fermilab	  upstream	  of	  the	  
MINOS	  near	  detector	  

Made	  of	  >	  30,000	  strips	  of	  plasQc	  scinQllator	  interspersed	  
with	  other	  materials	  

ScinQllator	  creates	  light	  when	  charged	  parQcles	  move	  
through	  it	  

The	  beam	  is	  primarily	  muon	  neutrinos,	  with	  average	  energy	  near	  
3.5	  GeV	  (similar	  to	  DUNE)	  



111	  

The	  simplest	  case:	  
Quasi-‐elasQc	  sca]ering	  

111

Classic	  signature:	  
¨  Final	  state	  muon	  
¨  Nucleon	  not	  

excited	  
Backgrounds:	  
¨  Resonance	  

producQon	  
¨  Deep	  inelasQc	  

sca]ering	  
¨  Instrumental	  errors	  



First	  problem:	  	  We	  use	  complex	  nuclei:	  
Naïve	  Fermi	  gas	  model	  (Moniz	  1969)	  

112 EF	  ~	  200	  MeV	  

ν

µ
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Nuclear	  correlaQons	  
113

ν

Event	  in	  ArgoNeut	  test	  	  
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Cross	  secQons	  and	  energy	  
scales?	  

114

MINERvA data

R. Gran – recent talk
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Prospects	  
116

¨  2D	  differenQal	  cross	  secQons	  from	  MINERvA,	  T2K	  
and	  MicroBooNE	  (MINERvA	  paper	  in	  the	  works)	  

¨  Detailed	  studies	  of	  extra	  parQcles	  from	  MEC	  and	  
FSI	  in	  MINERvA/MicroBooNE	  

¨  Be]er	  models	  à	  Be]er	  oscillaQon	  measurements.	  
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Backup	  
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