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Overview:	  
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•  Neutrino	  Oscilla@ons	  

•  The	  NOvA	  Experiment	  

•  First	  νμ	  Disappearance	  Results	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(arXiv:1601.05037v2)	  

•  First	  νe	  Appearance	  Results	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(arXiv:1601.05022v1)	  



A	  Good	  Time	  to	  be	  in	  Neutrino	  Physics!	  

2015	  Nobel	  Prize	  in	  Physics	  
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2016	  Breakthrough	  Prize	  in	  Physics	  



Neutrino	  Oscilla5ons:	  
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Neutrino	  Oscilla5ons:	  

•  Neutrinos	  can	  be	  described	  in	  one	  of	  two	  different	  bases:	  
flavor	  or	  mass.	  

•  Neutrino	  mixing	  is	  described	  by	  3	  real	  rota@on	  angles	  and	  a	  
CP	  viola@ng	  phase	  factor,	  δ.	  

•  All	  three	  rota@on	  angles	  have	  been	  measured,	  but	  we	  don’t	  
yet	  know	  what	  delta	  is.	  

flavor	   PMNS	   mass	  
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Neutrino	  Oscilla5ons:	  
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•  Neutrinos	  can	  be	  described	  in	  one	  of	  two	  different	  bases:	  
flavor	  or	  mass.	  

•  Neutrino	  mixing	  is	  described	  by	  3	  real	  rota@on	  angles	  and	  a	  
CP	  viola@ng	  phase	  factor,	  δ.	  

•  All	  three	  rota@on	  angles	  have	  been	  measured,	  but	  we	  don’t	  
yet	  know	  what	  delta	  is.	  

•  The	  mixing	  is	  very	  different	  in	  the	  quark	  and	  lepton	  sectors!	  



Open	  Ques5ons:	  
Neutrino	  Mass	  Hierarchy:	  
•  It	  has	  not	  yet	  been	  determined	  

if	  m3	  >	  m1,	  m2	  or	  m3	  <	  m1,	  m2.	  
•  Has	  implica@ons	  for	  0νββ	  and	  

the	  Majorana	  nature	  of	  the	  
neutrino.	  

	  
The	  “octant”	  of	  θ23:	  
•  It	  is	  not	  known	  if	  θ23	  >	  45°	  or	  

θ23	  <	  45°.	  
•  Helps	  determine	  the	  texture	  of	  

the	  PMNS	  mixing	  matrix.	  
	  
CP	  viola5on	  in	  the	  lepton	  sector:	  
•  A	  good	  measurement	  of	  δ	  has	  

not	  yet	  been	  made.	  
•  Is	  related	  to	  baryon	  

asymmetry.	  
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Neutrino	  Oscilla5ons:	  
Flavor	  oscilla5on	  in	  general:	  

vμ	  survival	  probability:	  
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Δ23	  



Neutrino	  Oscilla5ons:	  
Flavor	  oscilla5on	  in	  general:	  

vμ	  survival	  probability:	  
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(expected	  NOvA	  Far	  
Detector	  vμ	  CC	  spectra)	  

Δ23	  
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Δ23	  

ma[er	  effect: 	  caused	  by	  ve	  scaiering	  off	  e-‐	  as	  they	  travel	  
through	  the	  Earth...	  
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Δ23	  

octant 	   	   	   	   	  hierarchy	   	   	   	   	   	  CP	  viola5on	  
Is	  θ23	  >	  45°	  or	  
θ23	  <	  45°?	  

Is	  m3	  >	  m1	  or	  is	  
m3	  <	  m1?	  

Is	  δ	  ≠	  0?	  



Neutrino	  Oscilla5ons:	  
ve	  appearance	  probability:	  
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Neutrino	  Oscilla5ons:	  
ve	  appearance	  probability:	  
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A	  simultaneous	  measurement	  of	  
ve	  appearance	  and	  ve	  appearance	  
will	  help	  us	  answer	  these	  open	  
ques5ons!	  



The	  NOvA	  Experiment:	  
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The	  NOvA	  Experiment:	  	  	  NuMI	  Beam	  
NuMI	  -‐	  Neutrinos	  at	  the	  Main	  Injector	  

•  provides	  a	  10	  μsec	  pulse	  every	  1.33	  sec	  
•  currently	  opera@ng	  	  at	  >	  500	  kW	  
•  averaging	  85%	  up@me	  
•  expected	  to	  reach	  700	  kW	  this	  year	  
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The	  NOvA	  Experiment:	  	  	  NuMI	  Beam	  
The	  NOvA	  experiment	  is	  14	  mrad	  off-‐axis:	  

•  gives	  us	  a	  narrowly	  peaked	  v	  energy	  
spectrum	  at	  2	  GeV	  

•  2	  GeV	  =	  oscilla@on	  max	  for	  810	  km	  
•  helps	  reduce	  NC	  backgrounds	  



The	  NOvA	  Experiment:	  	  	  Detectors	  
Right:	  	  	  The	  NOvA	  cell	  is	  
composed	  of	  extruded	  PVC	  
filled	  with	  a	  liquid	  
scin@llator.	  A	  looped	  fiber	  
collects	  scin@lla@on	  light	  
and	  transmits	  it	  to	  an	  
avalanche	  photo-‐diode	  
(APD.)	  
	  
Cells	  are	  4	  cm	  x	  6	  cm	  and	  in	  
the	  far	  detector	  are	  15.5	  m	  
long,	  in	  the	  near	  detector,	  
they	  are	  4	  m	  long.	  

Above:	  	  	  NOvA	  has	  2	  detectors,	  near	  and	  far.	  Each	  is	  
composed	  of	  alterna@ng,	  orthogonal	  planes	  of	  
extruded	  PVC.	  
Far	  è	  14	  kton,	  810	  km	  from	  Fermilab,	  on	  the	  surface	  
Near	  è	  300	  ton,	  1	  km	  from	  the	  beam	  source,	  105	  m	  
underground	  
	  

Far	  Lec:	  	  	  The	  NOvA	  APD	  showing	  the	  pixels	  used	  to	  
read	  out	  32	  cells.	  
Near	  Lec:	  	  	  The	  interface	  to	  the	  APD	  showing	  both	  
ends	  of	  each	  of	  the	  fibers	  from	  32	  cells.	  
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The	  NOvA	  Experiment:	  	  	  Detectors	  

•  NOvA	  is	  a	  totally	  ac@ve	  tracking	  calorimeter.	  
•  The	  detectors	  are	  designed	  with	  low-‐Z	  materials	  (mineral	  oil	  and	  PVC)	  so	  as	  to	  enhance	  the	  differences	  

between	  muon	  tracks,	  showers	  caused	  by	  electrons,	  and	  showers	  caused	  by	  pi-‐zeros.	  
–  Moliere	  radius	  =	  11	  cm	  
–  EM	  radia5on	  length	  =	  40	  cm	  

A	  simulated	  numu	  CC	  event	  showing	  a	  long	  
muon	  track.	  
	  

	  vμ	  +	  N	   	  	  	  μ	  +	  p	  
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A	  simulated	  nue	  CC	  event	  showing	  an	  
electron	  shower.	  
	  

	  ve	  +	  N	   	  	  	  e	  +	  p	  

A	  simulated	  NC	  event	  with	  a	  π0	  showing	  an	  
EM	  shower	  displaced	  from	  the	  vertex.	  
	  

	  vX	  +	  N	   	  	  	  π0	  +	  p	  



Near Detector Event Display

(colors show hit times)



Far Detector Event Display

(colors show charge)



Far Detector Event Display

(colors show charge) zoomed in on beam window



Calibra5on:	  
•  Compute	  the	  aienua@on	  curve	  for	  each	  

fiber	  individually	  using	  through-‐going	  cosmic	  
muons.	  

•  Compute	  the	  absolute	  energy	  scale	  for	  the	  
whole	  detector	  using	  stopping	  cosmic	  
muons.	  
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Reconstruc5on:	  
Vertexing:	  	  	  Iden@fy	  a	  global	  event	  
vertex	  using	  a	  Hough	  transform	  as	  
guidance.	  CC	  events:	  11	  cm	  vertex	  
resolu5on	  
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Clustering: 	  Find	  clusters	  in	  
angular	  space	  around	  the	  vertex.	  
Match	  clusters	  between	  views	  using	  
dE/dx.	  

Tracking: 	  Trace	  par@cle	  trajectories	  with	  a	  Kalman	  filter	  tracker	  that	  
uses	  a	  model	  for	  mul@ple	  scaiering.	  Also	  have	  other,	  faster	  and	  lighter-‐
weight	  trackers	  for	  calibra@on	  and	  monitoring	  tools.	  



NOvA	  Data	  Collec5on:	  
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Data	  Summary:	  
•  Feb	  6th	  2014	  –	  May	  15th	  2015	  
•  Began	  collec@ng	  the	  FD	  data	  while	  s@ll	  under	  construc@on.	  
•  Added	  each	  “diblock”	  (a	  unit	  of	  64	  detector	  planes)	  as	  soon	  as	  it	  was	  fully	  

commissioned	  and	  physics-‐ready.	  
•  The	  non-‐sta@c	  detector	  size	  is	  also	  modeled	  in	  the	  simula@ons.	  

Only	  7.6%	  of	  our	  full	  exposure!	  



vμ	  Disappearance	  Results:	  

27	  



vμ	  CC	  Event	  Selec5on:	  
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First	  apply	  basic	  containment	  cuts...	  
	  
	  
Muon	  ID	  
	  
Use	  a	  4-‐variable	  kNN	  algorithm	  to	  
iden@fy	  muons:	  

•  track	  length	  
•  dE/dx	  along	  track	  (shown	  top	  right)	  
•  scaiering	  along	  track	  
•  propor@on	  of	  lateral	  energy	  

distribu@on	  consistent	  with	  muon	  MIP	  
	  

Keep	  events	  with	  muon	  ID	  >	  0.75.	  



Far	  Detector	  Cosmic	  Rejec5on:	  
•  We	  expect	  ~65,000	  cosmic	  rays	  in-‐@me	  with	  the	  NuMI	  beam	  spills	  per	  day.	  The	  

expected	  number	  of	  contained	  νμ	  CC	  events	  per	  day	  is	  only	  a	  few.	  
	  
•  Containment	  cuts	  will	  remove	  99%	  of	  the	  cosmics.	  
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•  We	  use	  a	  boosted-‐
decision-‐tree	  (BDT)	  
algorithm	  that	  takes	  
input	  from	  
reconstruc@on	  
variables	  to	  reject	  the	  
remaining	  cosmics.	  

	  
•  All	  cuts	  together	  give	  

us	  >	  15:1	  s:b.	  

•  Cosmics	  are	  reduced	  
by	  107!	  



Energy	  Es5ma5on:	  
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Far	  Detector	  Predic5on:	  
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Systema5cs:	  
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•  Hadronic	  Energy	  
	  (14%	  shi|,	  equiv.	  to	  6%	  shi|	  in	  νE)	  

•  Neutrino	  Flux	  
	  (beam	  modeling,	  hadron	  transport)	  

•  Absolute	  and	  Rela@ve	  Normaliza@ons	  
•  Neutrino	  Interac@ons	  

	  (GENIE,	  Intranuke	  modeling)	  

•  NC	  and	  ντ	  background	  rates	  
	  (100%	  each)	  

•  Calibra@on,	  light-‐levels	  
	  (hit	  energy,	  aienua@on,	  thresholds)	  

•  Oscilla@on	  parameter	  uncertain@es	  
	  (current	  world	  knowledge)	  
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vμ	  CC	  Results:	  
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Reconstructed Neutrino Energy (GeV)
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33	  events	  selected	  in	  the	  FD	  
(0	  –	  5	  GeV)	  

	  
	  
In	  the	  absence	  of	  oscilla5ons,	  
212	  events	  are	  expected.	  
	  
(including	  1.4	  cosmic	  and	  2.0	  
beam	  backgrounds.)	  

Spectrum	  is	  well	  matched	  to	  the	  
oscilla@on	  parameters	  Δm2

32	  
and	  θ23.	  
	  
(All	  syst.	  uncertain@es	  fit	  as	  
nuisance	  parameters.)	  

Clear	  observa5on	  of	  νμ	  disappearance!	  



NO𝜈A sensitivity 
already compelling 
with only 7.6% of 
nominal exposure! 
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[2014] 

[2014] 

[2015] 

Allowed regions are 
consistent with 
MINOS and T2K 
  (shown at right) 
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6.5% measurement uncertainty 

vμ	  CC	  Results: 	   	  (arXiv:1601.05037v2)	  
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ve	  Appearance	  Results:	  
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Achieve 1 part in ~108 rejection 
of cosmic ray interactions. 

  

Expected cosmic background: 
0.06 events 

  

(measured with beam-off data) 

Cut events with large 
reconstructed pT/p 
  Rejects downward-directed 
  cosmic shower 
  

The 𝜈e selectors themselves 
provide a lot of cosmic rejection 
 

Cosmic rejection 
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Cosmic	  Rejec5on:	  
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𝜈e CC event identification 
We have developed two independent 𝜈e CC selection algorithms 
     → Very different designs 

LID: Likelihood Identification 
dE/dx likelihoods calculated for longitudinal 
and transverse slices of leading shower 
under multiple particle hypotheses 
Likelihoods feed an artificial neutral network 
along with kinematic and topological info: 
     e.g., energy near vertex, shower angle, 
             vertex-to-shower gap 

Likelihoods calculated for each red and yellow region 
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Color: p.d.f. for dE/dx in each plane (e– assumption) 

ve	  CC	  Event	  Selec5on:	  
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LEM: Library Event Matching 
Spatial pattern of energy deposition 
is compared directly to that of ~108 

simulated events (“library”) 
Key properties of the best-matched 
library events (e.g., fraction that 
are signal events) are input into a 
decision tree to form discriminant 

Left panels: candidate event, both views 
Right panels: best-matched library event, both views 
Middle panels: an intermediate step in calculating the match quality 

ve	  CC	  Event	  Selec5on:	  
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LEM: Library Event Matching 
Spatial pattern of energy deposition 
is compared directly to that of ~108 

simulated events (“library”) 
Key properties of the best-matched 
library events (e.g., fraction that 
are signal events) are input into a 
decision tree to form discriminant 

Left panels: candidate event, both views 
Right panels: best-matched library event, both views 
Middle panels: an intermediate step in calculating the match quality 

LID and LEM sensitivities 
Identical performance as measured 
with signal efficiency, sig/bg ratio, 
systematic uncertainties, and overall 
sensitivity to 𝜈e appearance and oscillation parameters.  
 

Thus, prior to unblinding, decided to show both results and to use the more 
traditional LID technique as the primary result where required. 

ve	  CC	  Event	  Selec5on:	  
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Far Detector prediction 
(LID selection) 

� ND data is translated to FD bckgnd 
expectation in each energy bin, using 
Far/Near ratios from simulation 

� FD signal expectation is pinned to  
the ND-selected 𝜈𝜇 CC spectrum 

� Most systematics are assessed via 
variations in the Far/Near ratios 

Some FD sample stats: 
     Signal efficiency relative 
          to containment cuts: 35% 
     Expected overlap in 
          LID/LEM samples: 62%  
          → Differences in which events  
              each technique selects 

 

 
After all selection, 

0.7% of NC events 
remain, relative to 

those after containment 

ve	  CC	  FD	  Event	  Selec5on:	  
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Calibration 

𝜈 Interaction 

Scint. Saturation 

Normalization 

ND BG composition 

Other 

𝜈 Flux 

Total Uncertainty 

0% 5% 10% 

signal 
background 

17.6% 
10.8% 

15% 
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FD predictions with systematic uncertainties indicated 

Background  
 0.94 ± 0.09 events [ 49% 𝜈e CC,  37% NC ] 

[ plus few-percent variations depending on osc. pars. ] 

Signal  [ NH,   𝛿 = 3𝜋/2,   𝜃23 = 𝜋/4 ] 
 5.62 ± 0.72 events 

Signal  [ IH,   𝛿 = 𝜋/2,   𝜃23 = 𝜋/4 ] 
 2.24 ± 0.29 events 

2.74×1020 

POT equiv. 

LID selector 

larger 
𝜈e rate 

smaller 
𝜈e rate 

ve	  FD	  Predic5ons:	  
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FD predictions with systematic uncertainties indicated 

Background  
 1.00 ± 0.11 events [ 46% 𝜈e CC,  40% NC ] 

[ plus few-percent variations depending on osc. pars. ] 

Signal  [ NH,   𝛿 = 3𝜋/2,   𝜃23 = 𝜋/4 ] 
 5.91 ± 0.65 events 

Signal  [ IH,   𝛿 = 𝜋/2,   𝜃23 = 𝜋/4 ] 
 2.34 ± 0.26 events 

2.74×1020 

POT equiv. 

LEM selector 

Aside: Before unblinding, two sidebands checks –  
   (1) Near-PID (LID/LEM) sideband, and 
   (2) High-energy sideband 
Results of both were well within expectations. 

larger 
𝜈e rate 

smaller 
𝜈e rate 

ve	  FD	  Predic5ons:	  
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Far Detector selected events 

LID: 6 𝜈e candidates 

LEM: 11 𝜈e candidates 

3.3𝜎 significance for 𝜈e appearance 

5.5𝜎 significance for 𝜈e appearance 

(All 6 LID events present in LEM set) 

At right: 
   Calorimetric energy 

ve	  FD	  Events:	  

49	  

Probability	  of	  this	  overlap	  (or	  one	  
less	  likely)	  is	  ~8%.	  
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Result using LID selector 

FD selection: 6 𝜈e candidates 

For  (𝛿CP , sin22𝜃13)  allowed regions 
• Feldman-Cousins procedure applied 
• solar osc. parameters varied 
• 'm2  varied by new NOvA measurement 
• sin2𝜃23=0.5 
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ve	  Results:	  
•  Applying	  the	  global	  reactor	  constraint	  of: 	  Sin22Θ13	  =	  0.086	  ±	  0.005	  
•  Marginalizing	  over	  Θ23	  

•  Both	  selectors	  prefer	  the	  NH	  
with	  π	  <	  δCP	  <	  2π.	  

•  Results	  are	  consistent	  with	  T2K	  

Compa@bility	  between	  the	  
observed	  number	  of	  events	  
and	  mass	  hierarchy	  /	  δCP.	  
	  
	  
	  
	  
IH	  for	  0.1π	  <	  δCP	  <	  0.5π	  is	  
disfavored	  at	  the	  90%	  c.l.	  
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•  Unambiguous	  observa@on	  of	  νμ	  disappearance	  (consistent	  with	  MINOS	  and	  T2K.)	  

•  νe	  appearance	  observed	  at	  3.3σ	  above	  predicted	  backgrounds,	  and	  suggests	  the	  
NH	  and	  π	  <	  δCP	  <	  2π	  (consistent	  with	  T2K.)	  

•  Near	  detector	  X-‐sec@on	  studies	  are	  underway	  (some	  results	  shown	  at	  NuINT	  and	  
on	  the	  arXiv.)	  Look	  for	  more	  publica@ons	  soon.	  

•  NOvA	  second	  analysis	  with	  double	  the	  stats	  is	  expected	  by	  this	  summer!	  

NOvA	  First	  Results	  Summary:	  


