
Experimental Neutrino Physics:  
Lecture 2

Jonathan M. Paley
BCVSPIN - MSPF - Mitchell

Manzanillo, Mexico
December 11, 2014



‣ Short-­‐baseline	
  neutrino	
  oscilla1ons:	
  

• reactor-­‐based	
  measurements	
  of	
  νe	
  
disappearance	
  are	
  sensi1ve	
  to	
  θ13;	
  
Double	
  Chooz,	
  Daya	
  Bay,	
  RENO	
  

• measurements	
  involving	
  νe	
  appearance	
  
with	
  L/E	
  ~	
  1	
  km/GeV	
  (1	
  m/MeV);	
  LSND,	
  
MiniBooNE
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What Do I Mean By Short-Baseline?
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Reactor Experiments

235U:238U:239Pu:241Pu	
  =	
  0.570	
  :	
  0.078	
  :	
  0.0295	
  :	
  0.057

6	
  an1neutrinos	
  per	
  fission,	
  ~200	
  MeV	
  per	
  fission	
  
~2	
  x	
  1020	
  	
  νe/GWth/sec

detec1on	
  method:	
  inverse	
  beta	
  decay	
  
νe	
  +	
  p	
  →	
  e+	
  +	
  n
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‣ Measure	
  P(νe	
  →	
  νe)	
  using	
  reactors	
  as	
  the	
  an1-­‐neutrino	
  source

Reactor Experiments

235U:238U:239Pu:241Pu	
  =	
  0.570	
  :	
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  0.0295	
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Reactor Experiments

‣ “Long-­‐baseline”	
  reactor	
  
experiments	
  (eg,	
  KamLAND)	
  
are	
  sensi1ve	
  only	
  to	
  the	
  solar	
  
mass	
  spliing.	
  

• “Short-­‐baseline”	
  reactor	
  
experiments	
  (eg,	
  Double	
  
Chooz,	
  Daya	
  Bay)	
  are	
  
sensi1ve	
  only	
  to	
  the	
  
atmospheric	
  mass	
  spliing	
  
and	
  θ13!
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2012: The Year of the Reactor Experiments!

5

‣ In	
  2012,	
  three	
  reactor	
  neutrino	
  
experiments	
  reported	
  measurements	
  of	
  
θ13.

Ishitsuka - Neutrino 2012

Soo-Bong Kim - Neutrino 2012

Dwyer - Neutrino 2012

Daya Bay

Double 
Chooz

RENO
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Ishitsuka - Neutrino 2012
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Ishitsuka - Neutrino 2012

Ishitsuka - Neutrino 2012
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Two Years of Measurements of θ13
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Oscillation Results
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A. Radovic, 
DPF 2013

• Most precise measurement 
of sin22θ13, precision reached 
< 6%


• Most precise measurement 
of Δm2ee in the electron 
neutrino disappearance 
channel

• consistent with the muon 

neutrino disappearance 
experiments


• comparable precision

Oscillation Results
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A. Radovic, 
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• Most precise measurement 
of sin22θ13, precision reached 
< 6%


• Most precise measurement 
of Δm2ee in the electron 
neutrino disappearance 
channel

• consistent with the muon 

neutrino disappearance 
experiments


• comparable precision

Zhang - Neutrino 2014

Messier - 2012

‣ 11%	
  ➝	
  6%	
  

‣ spectral	
  analysis	
  also	
  provides	
  
measurement	
  of	
  Δm231	
  (aka	
  Δm2ee),	
  
consistent	
  with	
  MINOS	
  results	
  (and	
  
comparable	
  precision)
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What’s Next for the Reactor Experiments
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‣ All	
  three	
  experiments	
  will	
  con1nue	
  
to	
  collect	
  sta1s1cs	
  and	
  reduce	
  their	
  
systema1cs.	
  

‣ θ13	
  will	
  be	
  the	
  most	
  precisely	
  
measured	
  mixing	
  angle	
  within	
  a	
  
couple	
  of	
  years,	
  at	
  the	
  level	
  of	
  ~3%.	
  

‣ Proposed	
  JUNO	
  and	
  RENO	
  50	
  
experiments	
  	
  

‣ could	
  determine	
  the	
  mass	
  
hierarchy	
  as	
  well	
  as	
  measure	
  
sin2θ12	
  to	
  ~2%.	
  

‣ require	
  unprecedented	
  energy	
  
resolu1on	
  =	
  require	
  big	
  
improvements	
  in	
  photodetectors
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But Wait!  Not All is Well in Reactor-land...
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‣ New	
  calcula1on	
  of	
  reactor	
  flux	
  (with	
  ~2%	
  uncertainty)	
  predicts	
  a	
  higher	
  rate	
  than	
  
was	
  observed	
  in	
  previous	
  experiments!	
  

‣ This	
  implies	
  that	
  neutrinos	
  actually	
  DID	
  oscillate	
  in	
  previous	
  experiments.	
  	
  	
  
‣ The	
  only	
  way	
  this	
  can	
  happen	
  is	
  there	
  is	
  a	
  different	
  mass-­‐spliing,	
  with	
  at	
  least	
  
one	
  more	
  neutrino.
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The LSND Anomaly
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‣ Single	
  167	
  ton	
  liquid	
  scin1llator	
  detector	
  (1000	
  PMTs)	
  

‣ Used	
  stopped	
  pion	
  beam,	
  Eν	
  ~	
  20-­‐53	
  MeV,	
  L	
  ~	
  30	
  m

Proton beam
from LANSCE
accelerator

Water
target

Copper
beamstop

Neutrinos

Steel

Detector

Cosmic-ray
veto shield

Shielding blocks

Water plug
(more shielding)
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The LSND Anomaly
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4σ	
  excess!

‣ Taking	
  the	
  LSND	
  result	
  at	
  face	
  value,	
  the	
  most	
  straighsorward	
  explana1on	
  is	
  the	
  
existence	
  of	
  another	
  neutrino.	
  

‣ Neutrino	
  does	
  not	
  interact	
  via	
  the	
  weak	
  force:	
  STERILE
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And Along Comes MiniBooNE...
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‣ Designed	
  to	
  check	
  the	
  LSND	
  result	
  
‣ Average	
  energy	
  of	
  neutrinos	
  ~10x	
  larger	
  

than	
  LSND,	
  so	
  x10	
  increase	
  in	
  cross-­‐sec1on	
  
(more	
  neutrino	
  interac1ons	
  in	
  detector)	
  

‣ Use	
  of	
  horn	
  increased	
  neutrino	
  flux,	
  allows	
  
one	
  to	
  measure	
  rates	
  for	
  either	
  neutrinos	
  
or	
  an1-­‐neutrinos	
  

‣ However,	
  different	
  backgrounds	
  than	
  LSND,	
  
eg:	
  
‣ wrong-­‐sign	
  neutrinos	
  
‣ intrinsic	
  beam	
  νe	
  from	
  K-­‐decays

Polly	
  -­‐	
  Neutrino	
  2012
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‣ Designed	
  to	
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  the	
  LSND	
  result	
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or	
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  different	
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  than	
  LSND,	
  
eg:	
  
‣ wrong-­‐sign	
  neutrinos	
  
‣ intrinsic	
  beam	
  νe	
  from	
  K-­‐decays

SING
LE	
  

DET
ECTO

R

Polly	
  -­‐	
  Neutrino	
  2012
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MiniBooNE Results
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‣ neutrino-­‐mode:	
  
‣ excess	
  of	
  νe	
  from	
  200-­‐1250	
  MeV	
  
‣ however,	
  excess	
  is	
  all	
  at	
  lower	
  energies	
  (<	
  475	
  MeV)	
  where	
  backgrounds	
  are	
  very	
  large	
  
‣ LSND	
  result	
  predicts	
  that	
  excess	
  should	
  be	
  	
  in	
  the	
  range	
  of	
  600-­‐800	
  MeV	
  

‣ Similar	
  results	
  in	
  latest	
  measurement	
  of	
  an1-­‐neutrinos	
  
‣ Not	
  clear	
  if	
  the	
  low-­‐energy	
  excesses	
  are	
  due	
  to	
  oscilla1ons,	
  some	
  unrecognized	
  

background,	
  or	
  something	
  else.

Polly	
  -­‐	
  Neutrino	
  2012
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MiniBooNE Results
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‣ neutrino-­‐mode:	
  
‣ excess	
  of	
  νe	
  from	
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  MeV	
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  is	
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  MeV	
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  results	
  in	
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  measurement	
  of	
  an1-­‐neutrinos	
  
‣ Not	
  clear	
  if	
  the	
  low-­‐energy	
  excesses	
  are	
  due	
  to	
  oscilla1ons,	
  some	
  unrecognized	
  

background,	
  or	
  something	
  else.

IN
CO
NC
LU
SIV
E

Polly	
  -­‐	
  Neutrino	
  2012
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So... Umm... [Scratch Head...]
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‣ We	
  have	
  some	
  hints	
  for	
  Δm2	
  ~	
  1	
  eV2	
  oscilla1ons:	
  

‣ LSND:	
  3.8σ	
  (νμ	
  →	
  νe)	
  

‣ MiniBooNE:	
  3.8σ	
  (combined	
  νμ	
  →	
  νe	
  and	
  νμ	
  →	
  νe)	
  

‣ Reactor:	
  3.0σ	
  (νe	
  →	
  νe)	
  

‣ Gallium/Sage:	
  2.7σ	
  (solar	
  νe	
  →	
  νe)	
  

‣ On	
  the	
  other	
  hand,	
  many	
  other	
  experiments	
  see	
  no	
  such	
  indica1ons:	
  

‣ MiniBooNE	
  restric1ons	
  on	
  νμ	
  and	
  νμ	
  disappearance	
  

‣ MINOS	
  restric1ons	
  on	
  νμ	
  →	
  νs	
  
‣ Super-­‐K	
  restric1ons	
  on	
  νμ	
  →	
  νs	
  

‣ and	
  many	
  more...	
  

‣ Furthermore,	
  3+1	
  models	
  are	
  not	
  very	
  compa1ble	
  with	
  the	
  posi1ve	
  data.	
  	
  3+2	
  
models	
  are	
  a	
  bit	
  bewer,	
  but	
  not	
  great.



Jonathan	
  Paley,	
  ANL	
  HEP	
  Division

So... Umm... [Scratch Head...]

15

‣ We	
  have	
  some	
  hints	
  for	
  

‣ LSND:	
  3.8

‣ MiniBooNE:	
  3.8

‣ Reactor:	
  3.0

‣ Gallium/Sage:	
  2.7

‣ On	
  the	
  other	
  hand,	
  many	
  other	
  experiments	
  see	
  no	
  such	
  indica1ons:	
  

‣ MiniBooNE	
  restric1ons	
  on	
  

‣ MINOS	
  restric1ons	
  on	
  

‣ Super-­‐K	
  restric1ons	
  on	
  

‣ and	
  many	
  more...	
  

‣ Furthermore,	
  3+1	
  models	
  are	
  not	
  very	
  compa1ble	
  with	
  the	
  posi1ve	
  data.	
  	
  3+2	
  
models	
  are	
  a	
  bit	
  bewer,	
  but	
  not	
  great.

Need	
  a	
  defini1ve	
  
measurement!
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Spitz	
  -­‐	
  Neutrino	
  2014

intrinsic ⌫̄e

intrinsic ⌫̄e

Primary!
Channel

Other osc 
channels

Definitive!
sterile? Other physics Tech 

R&D? Cost Why 
worry? Comment

MicroBooNE!
(π DIF)

GeV-scale 
xsec Yes $20M tech, 

cosmics Exists!

LAr1-ND!
(π DIF)

GeV-scale 
xsec Yes $13M tech, 

cosmics

ICARUS@FNAL!
(π DIF)

GeV-scale 
xsec Yes Under  

study
tech, 

cosmics

TripleLAr@FNAL
(π DIF) Probably GeV-scale 

xsec Yes Under  
study

tech, 
cosmics

Work in 
progress. 
Anti-nu?

OscSNS!
(π,μ DAR) Yes Supernova 

xsec No $20M

JPARC MLF!
(π,μ,K DAR)

Not in 
phase 1

Supernova 
and 235 MeV 

      xsec
No $5M Phase 1

IsoDAR-
KamLAND!

(Isotope DAR)
- Yes !

(electroweak) Yes $30M timeline, 
tech

nuSTORM!
(μ DIF) Yes GeV-scale 

xsec Yes $300M
timeline, 

tech, 
cost

P5 says 
no

⌫µ

⌫µ ! ⌫e

⌫µ ! ⌫e

⌫µ ! ⌫e

⌫µ ! ⌫µ

⌫µ ! ⌫µ

⌫µ ! ⌫µ

⌫µ ! ⌫e

⌫̄µ ! ⌫̄e

⌫µ ! ⌫µ

⌫̄µ ! ⌫̄µ

⌫̄µ ! ⌫̄e

⌫̄µ ! ⌫̄e

⌫e ! ⌫e

⌫e ! ⌫e

⌫µ ! ⌫e

⌫̄e ! ⌫̄e

⌫e ! ⌫µ
⌫̄µ ! ⌫̄µ

⌫e ! ⌫e

⌫̄ee
�

Definitive Measurements?



‣ Direct	
  Measurements	
  

• Time-­‐of-­‐flight	
  

• Beta-­‐decay	
  

‣ Indirect	
  Measurements	
  

• 0νββ	
  

• cosmology
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Paths to Measuring Neutrino Mass
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Short-Baseline
ν Oscillations

Absolute
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Short-Baseline
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Absolute
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m1

Majorana	
  vs.	
  Dirac!
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Mass Measurement Using Beta Decay
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Beta-decay Experiments
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‣ Tri1um	
  is	
  an	
  ideal	
  source!

Beta-decay Experiments
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  produce	
  a	
  strong	
  source

Beta-decay Experiments
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  (effect	
  of	
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Final Mainz Result  -- Kraus et al. hep-ex/0412056 

Improved S/N tenfold over 
1994 data 

20 weeks of data in 1998, 
1999, 2001 

Stable background: pulsed 
RF clearing field applied at 
20-s intervals 

Robertson	
  -­‐	
  Carolina	
  2008
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Voyage of the KATRIN Main Spectrometer
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Status of KATRIN

Christian Weinheimer Neutrino 2014, June 1-7, Boston 23

KATRIN time line

KATRIN collaboration of 2009

- Commissioning spectrometer & detector phase 2 Q3+4/2014
* dual layer wire electrode (in central part at least)
* better egun
* better alignment
* better high voltage settings
* full magnetic zeroing
* full operational LN2 baffles 

* electrical heated NEG pumps

- Tritium retention units DPS and CPS functional Q2/2015

- Tritium source WGTS final mounting completed mid-2015

- Spectrometer upgrade completed Q3/2015

- All source elements & tritium loops integrated Q4/2015

- First tritium in source, ramp up to nominal ρd Q1-Q2/2016

- First tritium data with entire beam line mid-2016

Weinheimer - Neutrino 2014
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Beyond KATRIN
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β electron radiates coherent 
      cyclotron radiation 

B field

T2 gas

Project 8's goal: Measure coherent 
cyclotron radiation of tritium β electrons

B. Monreal and J. Formaggio, PRD 80 (2009) 051301General idea:

• Source = KATRIN tritium source technology :

      uniform B field + low pressure T2 gas

• Antenna array (interferometry) for cyclotron radiation detection
since cyclotron radiation can leave the source and 
carries the information of the β-electron energy

Weinheimer - Neutrino 2014
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R&D effort underway to reach 
scientific goal of 0.05 eV scale 

by end of the decade
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‣ In	
  general,	
  there	
  are	
  two	
  types	
  of	
  0νββ	
  experiments:

‣ Tracking

‣ Calorimeter

‣ These	
  experiments	
  are	
  INCREDIBLY	
  difficult!

Neutrinoless Double Beta Decay
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A Small Sample of 0νββ Experiments
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NEMO-3
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  2012
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NEMO-3

NEMO-3 0⌫2� Search with 100Mo
I Detection e�ciency E0⌫ = 4.7 % in the [2.8 – 3.2] MeV region

I No event excess observed in 100Mo after 34.3 kg·y exposure:
T 0⌫
1/2 > 1.1⇥ 10

24 y (90 % CL)
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Expected background in [2.8 – 3.2] MeV

2⌫2� 8.45 ± 0.05
214Bi from radon 5.2 ± 0.5
External < 0.2
214Bi internal 1.0 ± 0.1
208Tl internal 3.3 ± 0.3
Total 18.0 ± 0.6

Data 15

Total background
1.3 ⇥ 10�3 cts·keV�1·kg�1·y�1

[To appear in Phys. Rev. D - arXiv:1311.5695]
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SuperNEMO

SuperNEMO Demonstrator Goals
I SuperNEMO demonstrator module construction started in 2012

I NEMO-3 sensitivity in only 5 months (90 % CL):
T 0⌫
1/2 > 1.1⇥ 1024 y ! hm⌫i < 0.33� 0.87 eV

I No background in the 0⌫2� region in 2.5 years
for 7 kg of 82Se

I Sensitivity after 17.5 kg·y exposure (90 % CL):
T 0⌫
1/2 > 6.5⇥ 1024 y ! hm⌫i < 0.20� 0.40 eV

t = 1.34 ± 0.27 ns
E = 0.56 ± 0.03 MeV

t = 1.93 ± 0.14 ns
E = 2.10 ± 0.05 MeV

↵-e�+e

I Commissioning and physics data taking expected in Summer 2015

32 t
6.2⇥ 2.1⇥ 4.1 m3

Replacing NEMO-3 in the actual LSM

Mathieu BONGRAND - LAL - NEUTRINO 2014 18 / 28
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EXO-200

M.G. Marino 6 June 2014, Nu 201421

From profile likelihood:!
!

T1/2
0νββ > 1.1·1025 yr 

�mββ�< 190 – 450 meV  . 
(90% C.L.) 

!
Nature (2014) !

doi:10.1038/nature13432

Looking for 0νββ
Backgrounds in ± 2σ 

ROI
Th-228 chain 16.0

U-232 chain 8.1

Xe-137 7.0

Total 31.1 ± 3.8

Marino	
  -­‐	
  Neutrino	
  2014
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Neutrinoless Double Beta Decay

EXO	
  Sensi5vi5es

Kaufman	
  -­‐	
  ANL	
  2012
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Summary

‣ Short-­‐baseline	
  reactor-­‐based	
  experiments	
  have	
  resulted	
  in	
  precise	
  measurements	
  
of	
  θ13,	
  but	
  new	
  calcula1ons	
  of	
  reactor	
  fluxes	
  imply	
  existence	
  of	
  sterile	
  neutrinos.	
  

‣ Short-­‐baseline	
  accelerator-­‐based	
  experiments	
  also	
  indicate	
  νe	
  appearance,	
  but	
  at	
  
the	
  wrong	
  Δm2.	
  	
  Results	
  imply	
  existence	
  of	
  sterile	
  neutrinos.	
  

‣ Short-­‐baseline	
  anomalies	
  are	
  in	
  stark	
  contrast	
  with	
  results	
  from	
  long-­‐baseline	
  
measurements.	
  	
  Future	
  experiments	
  will	
  try	
  to	
  put	
  this	
  issue	
  to	
  rest.	
  

‣ Neutrino	
  mass	
  measurements	
  are	
  extremely	
  challenging!	
  	
  	
  

‣ Direct	
  measurements	
  provide	
  the	
  best	
  way	
  to	
  determine	
  the	
  neutrino	
  mass.	
  

‣ Indirect	
  measurements	
  provide	
  several	
  cross-­‐checks,	
  but	
  rather	
  large	
  
uncertain1es.	
  

‣ Neutrinoless	
  double	
  beta	
  decay	
  experiments	
  provide	
  an	
  opportunity	
  to	
  
determine	
  not	
  only	
  the	
  nature	
  of	
  the	
  neutrino,	
  but	
  also	
  an	
  effec1ve	
  mass.	
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Why Did It Take Us So Long to Find θ13?

‣ Systema5cs	
  

‣ Uncorrelated	
  backgrounds:	
  
‣ ambient	
  radioac1vity	
  
‣ accidentals	
  
‣ cosmogenic	
  neutrons	
  

‣ Correlated	
  backgrounds:	
  
‣ cosmic	
  ray-­‐induced	
  neutrons	
  
from	
  surrounding	
  rock	
  &	
  buffer	
  
region	
  

‣ cosmogenic	
  radioac1ve	
  nuclei	
  
that	
  emit	
  delayed	
  neutrons	
  in	
  the	
  
detector	
  (eg,	
  9Li	
  (T1/2=178	
  ms))

‣ Reactor	
  experiments	
  didn’t	
  really	
  know	
  
where	
  to	
  “look”	
  (Δm2	
  was	
  unknown)	
  

‣ θ13	
  is	
  prewy	
  small
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Previous Searches w/ Reactor Antineutrinos
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Chooz Results

They	
  just	
  
missed	
  it!
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‣ Measurements	
  of:	
  
‣ 1me	
  neutrinos	
  take	
  to	
  travel	
  some	
  distance	
  (eg,	
  between	
  two	
  detectors,	
  or	
  
from	
  supernovae	
  to	
  Earth)	
  

‣ muon	
  momentum	
  in	
  pion	
  decay	
  
‣ Assuming	
  neutrino	
  mass	
  is	
  ~eV,	
  then	
  for	
  Eν	
  ~	
  GeV	
  and	
  L~1000	
  km,	
  need	
  1ming	
  
resolu1on	
  of	
  ~10-­‐22	
  s.	
  	
  Good	
  luck.	
  

‣ Measurements	
  of	
  neutrinos	
  from	
  Supernova	
  1987A	
  gave	
  us	
  an	
  upper	
  limit	
  of	
  
~20	
  eV	
  for	
  the	
  neutrino	
  mass.	
  	
  Would	
  need	
  tens	
  of	
  Gton	
  of	
  detector	
  to	
  make	
  a	
  
good	
  measurement	
  of	
  the	
  mass.

Time-of-Flight
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Neutrinoless Double Beta Decay
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  Neutrino	
  2012
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‣ Data	
  from	
  WMAP,	
  CMB	
  and	
  Large-­‐scale	
  structure	
  measurements	
  place	
  limits	
  
on	
  Σmi

Limits from Cosmology
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on	
  Σmi

Limits from Cosmology

BUT systematics are not very well understood! 

Still, this is improving and future measurements 
will provide even better data sets.  Could get 
down to 0.1 eV by the end of this decade.


