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From	
  PMNS	
  matrix	
  to	
  oscilla1ons	
  

OPERA	
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OscillaEon	
  formula	
  (3-­‐neutrino	
  scheme)	
  

P(νµντ) ~ sin22θ23cos4θ13sin2(Δm2
23L/4E) 

Dominant	
  terms	
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  OPERA	
  

direct	
  detecEon	
  of	
  neutrino	
  oscillaEons	
  in	
  appearance	
  mode	
  	
  

Requirements:	
  

1)  long	
  baseline	
  	
  

2)  high	
  neutrino	
  energy	
  	
  

3)  high	
  beam	
  intensity	
  	
  

4)  detect	
  short	
  lived	
  τ’s	
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OscillaEon	
  parameter	
  sensiEvity	
  

Full	
  mixing	
  and	
  	
  
Δm2

23	
  ~	
  2.4	
  x	
  10-­‐3	
  eV2	
  

The	
  grey	
  band	
  indicates	
  	
  
the	
  OPERA	
  allowed	
  region	
  
(90%	
  CL)	
  for	
  the	
  above	
  
parameter	
  values	
  for	
  
22.5	
  x	
  1019	
  pot	
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Pb 

emulsion	
  layers	
  

ντ	



τ	



1 mm 

interface	
  films	
  (CS)	
  

ECC	
  brick	
  

electronics	
  
trackers	
  

• 	
  Intense,	
  high-­‐energy	
  muon-­‐neutrino	
  beam	
  
• 	
  Massive	
  acEve	
  target	
  with	
  micrometric	
  space	
  resoluEon	
  
• 	
  Detect	
  tau-­‐lepton	
  producEon	
  and	
  decay	
  
• 	
  Use	
  electronic	
  detectors	
  to	
  provide	
  “Eme	
  resoluEon”	
  to	
  the	
  emulsions	
  	
  
	
  	
  and	
  preselect	
  the	
  interacEon	
  region	
  

THE	
  PRINCIPLE	
  OF	
  THE	
  EXPERIMENT:	
  ECC	
  +	
  ELECTRONIC	
  DETECTORS	
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THE	
  IMPLEMENTATION	
  OF	
  THE	
  PRINCIPLE	
  

Target	
  area	
   Muon	
  spectrometer	
  	
  

SM1	
   SM2	
  SM1	
   SM2	
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neutrino	
  
oscillaEon	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  decay	
   

~1	
  mm	
  

µ-,	
  h-­‐	
  ,e-­‐,	
  3π	



ντ	
  CC	
  	
  	
  

νµ	
   ντ	


τ -	
  

<	
  Eν	
  >	
  	
  =	
  17	
  GeV	
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Topology decay mode BR 
 exp. evts. (22.5.x1019 pot) 
 BG events 


Kink τ-　→　e- 17.8 ％
 1.8
 0.09


τ- 　→　µ- 17.4 ％
 2.9
 0.22


τ- 　→　h- 49.5 ％
 2.2
 0.24


Trident τ- 　→　h- h- h+ 15.2 ％
 0.7
 0.18


Total 7.6
 0.73


τ	
  decay	
  modes 
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1mm	
  Pb	
  

Primary	
  
vertex	
  

Decay	
  point	
  

Long	
  flight	
  decay


τ	
  
IP 

1mm	
  Pb	
  

ντ	
  
Primary	
  
vertex	
  

Decay	
  point	
  

Short	
  flight	
  decay


τ	
  IP 

ντ	
  

ντ CC	
  detecEon 
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2012: 15 years since the conceptual 
design of the experiment…"

A.Ereditato - EPFL - Apr 
2012 A.	
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CNGS	
  beam:	
  tuned	
  for	
  ντ-­‐appearance	
  at	
  LNGS	
  (730	
  km	
  away	
  from	
  CERN)	
  	
  

< E > 17 GeV 

L 730 km 

( νe + νe) / νµ  (CC) 0.87% 

νµ / νµ  (CC) 2.1% 

ντ prompt negligible 

L = 730 km"
CERN"

LNGS"

Tflight = 2.44 ms"

Expected	
  neutrino	
  interacEons	
  for	
  22.5x1019	
  pot:	
  	
  
~	
  23600	
  νµ	
  CC	
  +	
  NC	
  
~	
  160	
  νe	
  +	
  νe	
  CC	
  
~	
  115	
  ντ	
  CC	
  (Δm2	
  =	
  2.5	
  x	
  10-­‐3	
  eV2)	
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Neutrino	
  velocity	
  update	
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arXiv-­‐1109.4897v4	
  	
  -­‐	
  accepted	
  by	
  JHEP	
  

A.	
  Ereditato	
  -­‐	
  NPB2012	
  



Status	
  of	
  the	
  CNGS	
  data	
  taking	
  (oscillaEon	
  analysis)	
  

Year Protons on target 
(pot) 

Number of neutrino 
Interactions


Integrated pot 
/proposal value


2008 1.78x1019 1698 7.9% 
2009 3.52x1019 3557 23.6% 
2010 4.04x1019  3912 41.5% 
2011 4.84x1019 4210 63.0% 
2012 (~4.7x1019) （~4050）
 （~84%）


14.2	
  x	
  1019	
  pot	
  up	
  to	
  2011	
  

Expected	
  pot	
  aoer	
  2012	
  run	
  
18.9	
  x	
  1019	
  (22.5x1019	
  proposal)	
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ν	



Event	
  LocaEon	
  in	
  the	
  ECC	
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  Area	
  
Scanning
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  x	
  5cm	
  

Changeable	
  
	
  Sheet	
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ECC	
  

fil
m
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m
	
  

Small	
  area	
  scan 

~0.1mm*0.1mm 

Changeable	
  
	
  Sheet	
  Event	
  LocaEon	
  in	
  the	
  ECC	
  

Read-­‐out	
  films	
  around	
  the	
  
stopping	
  point
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1	
  cm	
  

ν	



InteracEon	
  vertex	
  confirmaEon	
  &	
  decay	
  search	
  

1	
  cm	
  

Cloud	
  of	
  low	
  energy	
  tracks
 Aoer	
  the	
  selecEon	
  of	
  	
  high	
  energy	
  tracks	
  
connecEng	
  across	
  the	
  lead	
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Typical	
  νµ 

CC-­‐	
  and	
  NC-­‐like	
  
events	
  

The	
  measured	
  raEo	
  of	
  NC-­‐like/CC-­‐
like	
  events	
  aoer	
  muon	
  ID	
  and	
  event	
  
locaEon	
  is	
  ~20%,	
  as	
  expected	
  from	
  
simulaEons	
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20	
  m	
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Impact	
  parameter	
  measurement	
  

IP	
  distribu'on	
  for	
  ντ events	
  (MC)	
  

IP	
  distribu'on	
  for:	
  

ντ events	
  (MC)	
  

NC+CC	
  νµ	
  events	
  (MC),	
  	
  

NC+CC	
  νµ	
  events	
  (Data)	
  

expanded	
  scale	
  

µm 
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Momentum	
  measurement	
  by	
  
MulEple	
  Coulomb	
  Scarering…	
  

Pmcs	
  error	
  bar:	
  68%	
  CL	
  

Δp/p	
  
σ	
  =	
  (22±4)%	
  

π test beam 

…in	
  the	
  lead/emulsion	
  film	
  sandwich	
  and	
  
comparison	
  with	
  electronic	
  detector	
  
measurements	
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CHARM	
  EVENTS:	
  a	
  test	
  sample	
  and	
  a	
  physics	
  BG	
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Charm	
  candidate	
  event	
  (dimuon) 


4	
  mm 


flight	
  length:	
  1330	
  microns	
  
kink	
  angle:	
  209	
  mrad	
  
IP	
  of	
  daughter:	
  262	
  microns	
  
daughter	
  muon:	
  2.2	
  GeV/c	
  
decay	
  Pt:	
  0.46	
  GeV/c	
  

kink


x-­‐view


1ry	
  
vertex	
  

1.3	
  mm


1ry	
  muon


daughter	
  muon 
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Charm	
  candidate	
  event	
  (4-­‐prong) 
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D0	
  hypothesis:	
  F.L.:	
  313.1	
  µm,	
  φ	
  :	
  173.20,	
  invariant	
  mass:	
  1.7	
  GeV	
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Phi	
  angle	
   Decay	
  length	
  

	
  CHARM	
  events:	
  detected	
  49,	
  expected	
  51±7.5	
  

Impact	
  Parameter	
  

24	
  A.	
  Ereditato	
  -­‐	
  NPB2012	
  



25	
  

ντ	
  CANDIDATE	
  EVENTS	
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Years 
 Status of 
analysis 

# of events 
for decay 
search


Expected  
ντ events 
(Preliminary) 

Observed ντ

candidate 
events 


Expected  
BG for ντ

(Preliminary) 

2008- 
2009 

completed 2783 1 

2010- 
2011 

in progress 1343 
 1 


2012 started 

Total 4126 
 2.1
 2 
 0.2


Present	
  staEsEcs	
  (NEUTRINO12	
  conference)
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Electronic	
  detectors’	
  display:	
  	
  first	
  ντ	
  candidate	
  event	
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CS	
  predicEons	
  

Scan-­‐back	
  in	
  ECC	
  

CS	
  predicEons	
  

a	
  kink	
  is	
  detected	
  

Large	
  area	
  scanning	
  
Full	
  reconstrucEon	
  of	
  verEces	
  and	
  gammas	
  

From	
  CS	
  to	
  vertex	
  locaEon	
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Event	
  reconstrucEon	
  (1)	
  

A.	
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Event	
  reconstrucEon	
  (2)	
  

Zoom	
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πo	
  mass	
   ρ	
  mass	
  

120	
  ±	
  20	
  ±	
  35	
  	
  MeV	
   640	
  +125-­‐80	
  +100-­‐90	
  	
  MeV	
  

Event	
  nature	
  and	
  
invariant	
  mass	
  reconstrucEon	
  

• 	
  The	
  event	
  passes	
  all	
  cuts,	
  with	
  the	
  presence	
  of	
  at	
  least	
  1	
  gamma	
  poinEng	
  to	
  the	
  secondary	
  
vertex,	
  and	
  is	
  therefore	
  a	
  candidate	
  to	
  the	
  τ	
   1-­‐prong	
  hadron	
  decay	
  mode.	
  

• 	
  The	
  invariant	
  mass	
  of	
  the	
  two	
  detected	
  gammas	
  is	
  consistent	
  with	
  the	
  π0 mass	
  value	
  (see	
  
table	
  below).	
  

• 	
  The	
  invariant	
  mass	
  of	
  the	
  π-  γ  γ  system	
  has	
  a	
  value	
  (see	
  below)	
  compaEble	
  with	
  that	
  of	
  
the	
  ρ (770).	
  The	
  ρ appears	
  in	
  about	
  25%	
  of	
  the τ decays:	
  τ  ρ (π- π0) ντ.	
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BACKGROUND	
  SOURCES	
  

• 	
  Prompt	
  ντ 	

	

 	

	

 	

	

 	

	

 	

	

             	

 	

 	

	

 	

 	

	

 	

~	
  10-­‐7/CC 	

 	



• 	
  Decay	
  of	
  charmed	
  parEcles	
  produced	
  in	
  νe	
  interacEons 	
  	
  	
  	
  	
  	
  	
  	
  	
  ~	
  10-­‐6/CC	
  

• 	
  Double	
  charm	
  producEon 	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
   	
  	
  ~	
  10-­‐6/CC	
  

• 	
  Decay	
  of	
  charmed	
  parEcles	
  produced	
  in	
  νµ	
  interacEons	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~	
  10-­‐5/CC	
  	
  

• 	
  Hadronic	
  reinteracEons	
   	
   	
   	
   	

 	

	

          	

 	

 	

~	
  10-­‐5/CC	
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Electronic	
  detectors’	
  display:	
  	
  	
  
second	
  ντ	
  candidate	
  event	
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Electronic	
  detectors’	
  display:	
  	
  	
  
second	
  candidate	
  event	
  (zoom)	
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2000 µm
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Event	
  reconstrucEon	
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d1


d2


d3


d3-­‐1 


d3-­‐2 


	
  Primary	
  track


Decay	
  point	
  	
  
in	
  the	
  plas'c	
  base	
  	
  
no	
  nuclear	
  fragments	
  
flight	
  length:	
  1.54mm	
  

InteracEon	
  vertex	
  in	
  a	
  lead	
  plate	
  
with	
  one	
  nuclear	
  fragment


Secondary	
  InteracEon	
  
in	
  emulsion	
  
with	
  	
  four	
  nuclear	
  fragments	
  

ντ


Beam	
  view	
  
Φ=167o	
  

Φ 

τ


Event	
  topology	
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Track Momentum（1σ interval） 

[GeV/c] 
Particle ID Method / comments  

Primary  2.8    
 (2.1-3.5) 

Hadron Momentum-range consistency 
Stops after 2 brick walls 
Incompatible with a muon 

( 26~44 brick walls)  

d1           6.6 （5.2 - 8.6） Hadron Momentum-range consistency 

d2           1.3	
  （1.1	
  -­‐1.5）
 Hadron Momentum-range consistency 

d3           2.0  (1.4 - 2.9) Hadron Interaction in the brick 
@ 1.3 cm downstream 

Event	
  tracks’	
  features	
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KinemaEcal	
  cuts	
  to	
  be	
  passed	
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AN	
  INTERESTING	
  BY-­‐PRODUCT:	
  SEARCH	
  FOR	
  
νe	
  APPEARANCE	
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νe	
  candidate	
  event	
  (1) 
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νe	
  candidate	
  event	
  (2) 
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Systema'c	
  	
  νe	
  	
  search	
  for	
  2008/2009	
  located	
  events	
  
(preliminary	
  results	
  presented	
  at	
  NEUTRINO	
  2012)	
  

Event	
  sample:	
  	
  505	
  NC-­‐like	
  events	
  in	
  2008	
  and	
  2009	
  

For	
  each	
  located	
  event	
  
–  Extrapolate	
  1ry	
  tracks	
  to	
  CS.	
  	
  
–  Search	
  shower	
  on	
  CS	
  
–  If	
  shower-­‐like	
  tracks	
  are	
  found	
  on	
  CS,	
  open	
  addiEonal	
  volume.	
  

As	
  a	
  result	
  
–  96	
  events	
  are	
  selected	
  
–  Total	
  19	
  νe	
  confirmed	
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  Background	
  from	
  νµNC	
  (π0→2γ) 


Close-­‐up	
  of	
  an	
  electron	
  pair	
   

1micron	
  

Gamma-­‐ray	
  

 since	
  one	
  electron	
  has	
  low	
  energy	
  and	
  hard	
  to	
  be	
  
associated	
  to	
  the	
  pair 

Only	
  this	
  case	
  gives	
  BG 

BG for 2008+2009 statistics : 0.16 events  
43	
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Event	
  energy	
  distribuEon 


Erec	
  <	
  20GeV 


Aaer	
  low-­‐energy	
  event	
  selec'on	
  (Eν <	
  20GeV):	
  

Observed	
  events:	
   	
  4	
  
Expected	
  events:	
  oscillated	
  1.1,	
  beam	
  BG	
  3.7	
  

expected	
  events:	
  

oscillated	
  νe	
  1.5	
  	
  
beam	
  νe	
  BG	
  19.2	
  

observed	
  νe:	
  19	
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Future	
  improvements:	
  
1)  StaEsEcs	
  increased	
  by	
  x3	
  
2)  berer	
  efficiency	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  


OPERA	
  νµ	
  νe	
  oscillaEon	
  result


Δm23=2.45x10-­‐3	
  eV2	
  

sin2θ23=	
  0.51
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Thank	
  you	
  for	
  the	
  arenEon!	
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