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Status 

M. C. Gonzalez-Garcia et al., 1209.3023 

•  All parameters are measured to fair 
precision except for the mass hierarchy 
and the CP phase. 

Normal hierarchy  

Inverted hierarchy  



Long baseline experiments 

  « Standard approach » :probe νµ     νe governed by Δm2
13 

 

  Insensitive to the sign of  Δm2
13 at leading order.  

  Matter effects (MSW) come to the rescue 

  Earth density variations also affect the oscillations  

  Different effect for neutrinos and antineutrinos 

  Atmospheric neutrinos: effect measurable σ(ν)  ≈ 2 σ(ν )	


 



Matter resonance: A  Δ13cos2θ13 
In this case:  
- Effective mixing maximal 
- Effective osc. frequency minimal 

Resonance energy: 

(Constant density) Matter effects 

Requirements: 
Δ13 ~ A matter potential must be significant not overwhelming 
L large enough – matter effects are absent near the origin 

is the matter potential. 
>0 for neutrinos 
<0 for anti-neutrinos 
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For νµ appearance: 
- ρ ~ 4.7 g/cm3 (Earth’s mantle): Eres ~ 7 GeV 
- ρ ~ 10.8 g/cm3 (Earth’s outer core): Eres ~ 3 GeV 



Akhmedov-Razzaque-Smirnov paper 

hep-ph > arXiv:1205.7071 (v4) 

Uses a large PINGU effective volume 



PINGU possible configuration 

  Phased IceCube  
Next-Generation  
Upgrade 

 
  Add 20 strings in  

Deep Core region 
  Vertical distance 

between OM~5m 
 
  Expected energy 

threshold at 1 GeV 

  Other configurations 
under study 
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Perfect resolution 
 

Uncorrelated systematics 

ARS: Inverted vs Normal 

S=45.5σ    (f=0%) 
S=28.9σ    (f=5%) 
S=18.8σ    (f=10%) 

In 5 years 



σE=2 GeV, σθ= 11.25° 
 
S=16.3σ    (f=0%) 
S=11σ        (f=5%) 
S=7.2σ       (f=10%) 

σE=3 GeV, σθ= 15° 
 
S=10.4σ  (f=0%) 
S=7σ        (f=5%) 
S=4.5σ    (f=10%) 

σE=4 GeV, σθ= 22.5° 
 
S=7.2σ    (f=0%) 
S=4.5σ    (f=5%) 
S=3.0σ    (f=10%) 

5 years 

ARS: Inverted vs Normal 



Mass hierarchy measurements 
From J. Brunner 



	  The	  ANTARES	  Site	  &	  Infrastructure	  

Shore Station 

IFREMER  Toulon Centre 

FOSELEV Marine 

-2475m  

40 km  
submarine cable 
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70 m	


450 m	


Junction	

Box	


Interlink cables	


40 km to	

shore	


2500m	

•  885 10inch PMTs  
•  12 lines 
•  25 storeys / line 
•  3 PMTs / storey 

The ANTARES detector 



Oscillations with Atmospheric Neutrinos 

L=2 REarth cosθ,  from track fit  Eν from muon range 

Oscillations maximal at 24 GeV for vertical  
neutrinos (muon range~120m) 
 
Larger effect on single-line (low energy) 
than multi-line (higher energy) events 

Eν<100 GeV 

MC truth 

Res ~50% 



Neutrino Oscillations: Track Selection 

Multi-line Single-line 

Special low energy fit for single-line events (>7storeys, do not fit azimuth) 
 
Select pure sample of  atmospheric neutrinos (<5% muon contamination)  
 

Zenith angle resolution: 
 0.8 degrees for multi-line events 
    3 degrees for single-line events 



Neutrino Oscillations: Result 

ANTARES 
K2K 
Super-K 
MINOS 

2008-2010 data (863 days): 
No oscillation: χ2/NDF = 40/24 (2.1%) 
Best fit:             χ2/NDF = 17.1/21 
                         Δm2 = 3.1 10-3 eV2  

                         sin22θ =1.00 
               

Assuming maximal mixing: Δm2=(3.1±0.9) 10-3 eV2 

Systematics: 
(Absolute normalisation free) 
Absorption length: ±10% 
Detector efficiency: ±10% 
Spectral index of ν flux: ±0.03 
OM angular  acceptance 

Published in Phys. Lett. B 714 (2012) 224.  

68%CL contours 
no osc 

best osc 

ANTARES preliminary ANTARES preliminary 

5% error 
on slope vs 
ER/cosϑR 



ORCA : organization 

  Work performed within the KM3NeT collaboration (phase I) + a few 
other interested neutrino physics colleagues 

  Coordination: A.Kouchner & A. Tsirigotis 

  Mailing list: orca-l@in2p3.fr  

  Wiki page : https://sbgorcawiki.in2p3.fr/doku.php  

 

 



ORCA: organization 

Working lines 
•  Systematics and sensitivity studies 
•  First simulation chains  
•  Algorithmic Aspects  
•  Global fit approach 

Next meeting in Marseilles January 29-31, 2012  



Definition of  Inverted Hierarchy 



Definition of  Inverted Hierarchy 

  A most reasonable choice: 



Plots with uncertainties 



Plots with uncertainties 



Oscillation parameter uncertainties 
25% energy resolution and kinematics included  



Atmospheric neutrino fluxes 

Fluka 

Bartol 

Honda 

cosθ =0.6 cosθ =1 

The fluxes used here are not the latest ones for each model. But today 20% 
uncertainties still remain from one group to another. 



5 GeV 

10 GeV 

Comparison of  fluxes 



Fluxes as systematics 

IH_Honda_NH_Honda 



IH_Honda_NH_Fluka 

Fluxes as systematics 

IH_Honda_NH_Bartol 

Impact of  the atmospheric neutrino flux is reduced. 
Probability to misidentify the mass hierarchy because of  the differences of   

the neutrino spectrum shape is small (modulo normalization!) 
 



Statistical method for MH discrimination 

True	  Hypothesis	  	  
NH	  

Genera:on	  of	  the	  data	  sample	  	  

Es:mator	  logL	  ra:o	  

Test	  Hypothesis	  
NH	  

Test	  Hypothesis	  
IH	  

Discrimina:on	  probability	  
at	  5	  sigmas	  

x	  N	  experiments	  

Uncertain:es	  &	  
systema:cs	  

Resolu:ons	  

Sta:s:cs	  

True	  Hypothesis	  	  
IH	  



Probability to reach 5 σ	


NH	   IH	  

Energy	  resolu:on	  =	  5	  GeV	  
Angular	  resolu:on	  =	  15	  degree	  

p-‐value	  ~	  85%	  

An example: 

Agreement to use the same 
method  exchanging 

ORCA-PINGU parameters 



Results for different resolutions 

Effec:ve	  PINGU	  mass	  (Akhmedov	  et	  al.):	  	  
Meff(E)	  =	  14.6	  x	  	  [log(Eν/GeV)]1.8	  Mt	  

Neutrino-‐Muon	  scaZering	  angle	  –	  parameterized	  sigma:	  
σα	  =	  Exp(p0	  +	  p1xE)	  +	  Exp(p2	  +	  p3xE)	  +	  p4	  

Probability to reach a 5 σ effect 

1	  year	  of	  PINGU	  data	  taking	  
Energy (GeV)
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Too favorable case here… 



Possible ORCA detector 



Simulation chain 

GENIE  
Widely used in Neutrino community 



Neutrino Interactions 

  Shifted energy region of  interest 
  ANTARES : 50 GeV – 1 PeV 

  ORCA       : 1 GeV – 50 GeV 

  Three main contribution 
  Quasi-elastic 

  Resonant 

  Deep inelastic 

DIS 
RES 

QE 

ANTARES tool Genhen 
has all three incorporated 



Eν > 100 GeV 

GenHen: 1.57e+05  
gSeaGen: 1.53e+05  
Ratio: 1.02 

GenHen: 8.27e+06  
gSeaGen: 7.27e+06  
Ratio: 1.14 

Genhen vs Genie (generation level) 
Bartol Flux νμ+ anti-νμ (Kamioka Solar Minimum), 1 year 



Simulation chain 

ANTARES scheme 

Events generated 
inside can volume: 

~110 Mton 



Effective volumes at trigger level 

L1 : 2 hits on same OM 

Alternative: work only with contained events 
Ex: Detector 6x6 strings, spacing 20m 
20 Oms per srting, spacing 6 m 
Fiducial volume 1Mton 

Neutrino energy GeV 

νµ CC   
νe CC  

 NC  
 
 

Antares OMs 1.5 Mton instrumented 

At least 1 “hot spot” 
At least 6 storeys with  
“selected” hits 

All events in can (edge effect)  



What do we want to reconstruct? 
Events from the SKAT bubble chamber (2-30 GeV target CF3Br) 



All events in can (edge effect)  Contained events 

Promising, but what energy resolution for these events? 

First reconstruction attempts (not optimized) 



Perfect knowledge of   
Neutrino parameters :  

    15σ 

~3000 
events  
     per year 

ΔEν = 1 GeV 
Zenith from muon  
3σ 

“data” 
normal 
inverted 

Resolution in energy and direction are key parameters ! 

 Observable E/cosθ (ANTARES-Bbfit analys.) 

Antares OMs 1.5 Mton instrumented + semi-contained events in these plots 

  sub-optimal but easier to get feeling for size of  the effect 

 

  Optimal path length resolution σ(L) from ΔL/√12 to ΔL => σ(E)≈	 1 - 3 GeV 

  Reconstruction of  associated hadronic shower will improve. To be quantified. 



First improvements (gridfit) 



  Select events with little hadronic activity 
  Enhances anti-neutrino sample 

  Enhances QE and RES contributions 
  Muons aligned to neutrinos (kinematics) 

Some reconstruction ideas 
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First look with GRIDFIT 



Global fit strategy 

Δm21 and θ21 fixed to central values. Others are fitted. 
Zenith angle resolution : true muon direction 
Energy resolution 25% 
No background - No other flavours – No other syst. 
  

Dealing with oscillation parameter uncertainties 



Fit sensitivity 

Decreasing the current errors is already an important achievement ! 



Current results 



Median expected significance 



Conclusions & outlook 
  Fruitful exchange of  ideas with PINGU 

  Agreement to cross check each others significance calculation 

  Full simulation & reconstruction chain being put into place 

  Modifications in simulations planned 

  Challenges in Event Reconstruction and Energy Resolution 

  Large effort to prove feasibility of  mass hierarchy measurement with neutrino 
telescopes just started.  

  ORCA could reduce current uncertainties on oscillations parameters. But too early to 
draw conclusions on the mass hierarchy discrimination. 

  Need ~ one more year   
  Finalize systematic studies (started) 
  Improved reconstruction (started) 
  Optimize geometry (just started) 
  Background rejection (consider veto?) (just started) 
  Study other flavours (not started) 
  … 

  Welcome if  you want to join our efforts! 


