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       2011-2012: Important Breakthroughs in 1-3 mixing    
q                  T2K (Neutrino 2012):  sin22θ13 = 0.036 – 0.21 @ 90% C.L.    
  
 
q                  MINOS (Neutrino 2012):  sin22θ13 ≠ 0 @ 96% C.L. 
 
 
q   Double Chooz (Neutrino 2012):  sin22θ13 = 0.109 ± 0.030 ± 0.025 @ 68% C.L. 
                                                          Talk by Masaki Ishitsuka at Neutrino 2012 [Double Chooz collaboration] 

 
                                                  sin22θ13 ≠ 0 @ 3.1σ  
 
q        Daya Bay (March 2012):   sin22θ13 = 0.092 ± 0.016 ± 0.005 @ 68% C.L. 

                                                  sin22θ13 ≠ 0 @ 5.2σ  
         
q             RENO (April 2012): sin22θ13 = 0.113 ± 0.013 ± 0.019 @ 68% C.L. 
 
                                                  sin22θ13 ≠ 0 @ 4.9σ                                                

 Talk by T. Nakaya at Neutrino 2012 [T2K collaboration] 

Talk by Ryan Nichol at Neutrino 2012 [MINOS collaboration]    

                  

Daya Bay collaboration, arXiv:1203.1669 [hep-ex]    

                           RENO collaboration, arXiv:1204.0626v2 [hep-ex]      
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                                 The θ13 Revolution     
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Daya Bay (5.2σ)  RENO (4.9σ)  

                                  Big News: We have discovered the 1-3 mixing angle! 
 
By the end of 2012, this will be the most precisely known mixing angle in the PMNS matrix! 
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 Global Analysis of World Neutrino Data  
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                         G.L. Fogli etal., arXiv: 1205.5254v2 
     See also, the talk by M. Tortola (in this meeting)     

                    Best-fit          1σ range 
 
 sin2θ13 = 0.0245 (NH)  0.0214 - 0.0279   
 sin2θ13 = 0.0246 (IH)   0.0215 – 0.0280 
 
          G.L. Fogli etal., arXiv: 1205.5254v2 
 
 sin2θ13 =  0.026 (NH)    0.022 - 0.029   
 sin2θ13 =  0.027 (IH)     0.023 – 0.030 
 
         D.V. Forero etal., arXiv: 1205.4018v2    

  Relative Precision ~ 13% 
 
           sin22θ13 ≠ 0 @ 8σ   
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Pre Neutrino 2012 data! 



                       Big Issues in Neutrino Oscillation  
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(where α ≠ β) 
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                     MH & CPV discovery without new experiments  

                  

P. Huber etal., JHEP 11 044 (2009)    

                                Expectation in 2025 without new facilities at 3σ C.L. 
      
       Combined results expected from: T2K + NOνA + Double Chooz + Daya Bay + RENO 
                                  (Including Project X and T2K operating at 1.66 MW) 
 
   More than 70% of parameter space are not accessible. New experiments needed 
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                    Neutrino Factory: Ultimate Facility  
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                     Powerful tool for CP violation discovery for large θ13 
 
      Excellent sensitivity to neutrino mass hierarchy for 100% values of δCP 
 

                   Marvelous sensitivity to θ23, can resolve the issue of θ23 octant                           
 
 

                                               Better than all other proposed facilities 
 
                                                                                                                                       
 

                              Best bet to look for NSI, Non-Unitarity 
                                                                                          

 

                          An incremental approach can also be adopted  
                                VLENF è LENF è HENF (if needed !) 
 
  A good candidate for short baseline searches and cross-section measurement 
                                                                                         
  It may be the first step towards the high energy frontier in form of a muon collider                                                                                                                                                                  
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                                                  IDS-NF 1.0  
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                                                   Signal  
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A. Cervera, WIN 2011 
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                             Oscillation Channels & Backgrounds  
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P. Huber etal, hep-ph/0407333 and hep-ph/0701187  

    S. K. Agarwalla, 4th EUROnu Annual Meeting, APC, Paris, 13th June, 2012 	
  



  Golden Channel (Peµ) & Eight-fold Degeneracy           
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θ13 Driven    

CP odd    

CP even    

Solar Term    

 	
  

How can we get rid of these 
           degeneracies? 
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                 Transition Probability (Peµ)        
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                         MIND Simulations        
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For latest simulation results on MIND: attend the talks in WP5 (tomorrow)!    



                  Improved Signal Efficiencies        
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  For Eµ= 10 GeV, the average neutrino energy is around 6.5 GeV     
                      How safe is to fully rely around plateau? 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  !Very crucial! 
  
          What is the threshold? 
  
           Where the plateau is? 
 
   What is the level of charge Id? 
 
   A realistic magnetic field might 
            have serious impact! 



                     Fractional Backgrounds        
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A. Cervera, WIN 2011 

    S. K. Agarwalla, 4th EUROnu Annual Meeting, APC, Paris, 13th June, 2012 	
  

	
  	
  	
  For large θ13, event rates are higher, can we relax the cuts to  
allow more backgrounds which can also increase the efficiency? 



                           ντ  contamination        
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Recent study with improved MIND suggests, this issue is not going to affect  
the CP violation and mass hierarchy discovery! may affect the θ23 precision!  



                      Event Rate Comparison        
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Agarwalla, Huber, Tang, Winter, JHEP 01 120 (2011) 
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                               Event Rates      
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Agarwalla, Huber, Tang, Winter, JHEP 01 120 (2011) 
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                Optimization with one baseline        
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Agarwalla, Huber, Tang, Winter, JHEP 01 120 (2011) 
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✖	
  

✖	
  ✖	
  

✔	
  

 For large 1-3 mixing! 
Best CPV discovery at: 
 
        Eµ = 10 GeV 

         L = 2000 km 
 
CP fraction reach is 0.77 
 
        

     New Baseline design! 

50 kt MIND 



 Optimization: Do we need the 2nd Baseline (7500 km)?        
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Agarwalla, Huber, Tang, Winter, JHEP 01 120 (2011) 
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        For large 1-3 mixing! 
 
    2nd Baseline (magic) is not 
                    needed! 
 
  Optimum choice still holds! 
 
  Eµ = 10 GeV, L = 2000 km 
 
   CP fraction reach is 0.77 
        

         New Baseline design! 
 

     Only one storage ring! 
 
 Can we store all the muons 
       in one storage ring? 
 

      Place (50+50) = 100 kt 
      detector at one baseline 

  Two 50 kt MIND detectors: 
One at L1 & other at 7500 km  

✖	
  ✖	
  

✖	
  ✔	
  



                LENF .vs. HENF with MIND       
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Agarwalla, Huber, Tang, Winter, JHEP 01 120 (2011) 
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3σ	
  

LENF: Single baseline at 2000 km, 10 GeV muons, all the muons at this baseline 
            HENF: Two baseline (4000km and 7500 km) with 25 GeV muons 



              IDS-NF updated baseline design        
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²  Proton Driver 
 
HARP: primary beam on production target 
 
²  Target, Capture and Decay 
 
MERIT: first create π and later decay into µ 
 
²  Bunching and Phase Rotation 

Reduce the spread in energy (ΔE) of bunch 
 
²  Cooling 

MICE: Reduce the transverse emittance 
 
²  Acceleration 

EMMA: go from 130 MeV to 10 GeV with 
               RLAs or FFAGs 
 
²  Decay Ring 
 
Store for roughly 1000 turns; long straight sections 

A Staged Approach is conceivable with outstanding physics cases at each stage! 
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  One 2000 km baseline, 100 kt MIND,  
10 GeV muons, 1021 useful decays/year 



                   An Incremental Approach!        
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LOI: P. Kyberd etal., arXiv:1206.0294 [hep-ex] 

Conven)onal	
  Staging: Low energy, 1 Baseline setups to high energy, 2 baseline setups     
 
                        First discussed by Tang, Winter, PRD81, (2010) 033005 
 
  For large 1-3 mixing: we need only low energy and one baseline around 2000 km! 

Stage 1: A very low energy neutrino factory (VLENF or νSTORM) 

Precise cross-section and flux measurements, Sterile Neutrino searches!   

    Stage 2: Present IDS-NF baseline: 10 GeV neutrino factory with a 
                   baseline of 2000 km, 100 kt MIND detector + near detector  

 Stage 3: Is it worthwhile to use 25 GeV muons?  
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CPV and MH discovery, precise measurement of 2-3 mixing, New physics   



                  Does staging work for us?       
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Talk by P. Huber at 8th IDS-NF Plenary meeting 

Staging is possible for NF with excellent physics reach at each stage! 
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Start with 25 times less 
luminosity as compared 
To default setup! 
 
 Reduce the beam power! 
      4 MW à800 kW 
 
 Reduce the MIND size! 
        100 kt à 20 kt  
 
Still the NF performance 
is comparable with best 
 Superbeam option 
 
No Project X, no cooling! 
 Detailed R&D required! 



 Compare Neutrino Factory with other facilities        
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Talk by P. Huber at 8th IDS-NF Plenary meeting 

Superbeam can reach 0.7 to 0.75 CP fraction; NF can reach 0.85 to 0.9   
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MIND LE: 100 kt MIND at 2000 km with 10 GeV Muons   



                    The Issue of Precision        
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Coloma, Donini, Fernandez-Martinez, Hernandez, arXiv:1203.5651   
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NF is the best precision machine! 



     The Impact of Systematics for CP precision         
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Coloma, Huber, Kopp, Winter, in preparation 
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Bands represent variation of input systematics! 



                    Possible Baseline options        

                  

27/28  	
  

Agarwalla, Huber, Tang, Winter, JHEP 01 120 (2011) 
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                             Conclusions        
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­   Improved simulations on MIND suggest that it can work well at  
                       low energy and small baseline scenario 
 

­   In the light of large θ13, we need to optimize again the detector  
                       characteristics to get the best out of it 
 

­   Systematics affect the performance of Low energy neutrino factory setup 
 

­   A clear understanding of detector systematics is needed !   
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