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atmospheric solar 

Neutrino Oscillations: Standard 3-Flavor Picture 

Remaining unknowns: 

Masses 

Angles 
(plus Majorana phases) !! 
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Oscillation Probabilities 
(in vacuum; modified in matter) 

lower frequency wiggling as a function of L/E 

higher frequency wiggling as a function of L/E 

amplitudes    (need to know them sufficiently well: probably will) 

CP terms  get at δ by measuring probabilities 
      for neutrinos / antineutrinos 

interfering 



The Conventional Approach: ~GeV beam + detector(s)  
νµνe 
oscillation 
probabilities 
depend on  
mass hierarchy 
and CP δ	


good  
sensitivity 
at  
~1000 km 
baseline, 
~few GeV 
energy 

-matter matters 
- neutrinos & 
antineutrinos 
(but antinus  
  harder) 



H2O 
w/ Gd 

A Different Approach: 
Multiple stopped-pion neutrino sources: 
  L ~1.5-20 km 
  E  ~10-50 MeV   

20 km 
8 km 1.5 km 

Negligible matter effects 
  at short baseline 

 J. Conrad & M. Shaevitz, Multiple Cyclotron Method to Search for CP Violation in the Neutrino Sector, 
  arXiv:0912.4079, Phys. Rev. Lett. 104, 141802 (2010) 

signal 
is 
inverse 
beta 
decay 



Two major developments since the  
  specific studies presented here were done: 

1.  The LBNE detector technology decision 
is for a liquid argon TPC, not a 
large water Cherenkov  far detector; 

  argon sensitivity at low energy is  
    primarily to νe  not good for DAEδALUS"

"   Other scenarios may be possible: "
            Hyper-K?  LENA?  Under study... "
        Consider studies here to be an illustration 
                of the idea 

2.  θ13 is indeed large!  sin22θ13~0.1  
      (generally good news for sensitivity) 
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3-body decay: range of energies 
   between 0 and mµ/2 
   (2.2 µs) 

2-body decay: monochromatic 29.9 MeV νµ	


Experimental Setup: the neutrino ‘beam’ 

is ~absent in the flux: look for its appearance  

well understood spectrum, 
  isotropic 



Cyclotrons: possible inexpensive source  
                              of ~1 MW of ~800 MeV protons   

Under consideration:  
  an H2+ accelerator for ADS applications 
 (Accelerator-Driven Systems for subcritical reactors) 

Under development by INFN, PSI, MIT, Cockcroft Inst. 

- no sharp timing structure 
- <~GeV energy,  
       which is fine 
- can exploit connections 
        to industry 

First generation design: arXiv:1104.4985 



Optimizing the cyclotron for neutrino production 

Choose proton energies (~800 MeV) in the “delta plateau” 
   range to optimize pion production 



Beam timing structure 



Detector: Water Cherenkov 

Requires 
 Gd-loading 
 and high PMT 
 coverage 

 Hyper-K? 
 LENA?  (scintillator) 

LBNE WC at Homestake 

Inverse Beta Decay  (CC) 

νe + p →   e+ + n 

large cross-section. 
tag n by gammas from Gd-capture 

γ	


e+ 

n 

~4.5 MeV visible 

νe  

Gd 
γ	


200 kt 



For absolute flux normalization, 
 use  ν-e elastic scattering  
(known to 0.5%); 
identify in WC by forward  
angular distribution 

νe,x + e-  → νe,x +  e-   

νe,x e-   

For relative flux 
 normalization,  
 use CC interactions  
 on 16O:  backscattered  
  electron produced 

νe 

e-   

νe + 16O  → 16F +  e-   



Backgrounds 

Non-beam-related  (can measure off-beam) 
  - Atmospheric neutrinos w/ accompanying n’s 

Processes that can fake a tagged electron antineutrino 
     (coincident electron-like event + neutron capture)  

where muon is below Cherenkov 
threshold and produces a Michel electron 

- Relic supernova electron antineutrinos 

Beam-related 
  - Intrinsic electron antineutrinos (~4 x 10-4) 
  - Electron neutrinos with fake coincident neutron (small) 
  - nue-O CC with ejected neutron (small)   



Expected signal and background events in 10 years 
(assumes 300 kt WC) 



Events vs δ at different distances 

Note hierarchy degeneracy: need to 
  combine with another experiment to  
  resolve mass hierarchy 



CP sensitivity 

T2K 

(assumes 300 kt WC, normal hierarchy) 



Combining with LBNE  (assumes 300 kt WC) 

Studies show that 
 5 LBNE + 5 DAEδALUS is better than  
  10 LBNE or 10 DAEδALUS 
•  A Study of Detector Configurations for the DUSEL CP Violation  

  Searches Combining LBNE and DAEδALUS, arXiv:1008.4967 



Combining with LBNE  



Possibilities for a short-baseline neutrino program 

Possible physics with near detectors 
       Sterile oscillation searches 
        Supernova-relevant cross-sections 
        Coherent elastic νA scattering 
        Neutrino magnetic moment 
        Δs measurements 
        Others? 

WC 
detector 

new 
detectors  

DAEδALUS 
duty cycle not 
 ideal, but  
 some  
 overburden 
 will help 



Study CC and NC interactions with various  
nuclei, in few to 10’s of MeV range 

1. Understanding of core-collapse SN processes, 
            nucleosynthesis 
2. Understanding of SN ν detection processes 

 Supernova neutrino spectrum overlaps  
     very nicely with stopped π neutrino spectrum  

supernova 
spectrum 

stopped- 
pion 
spectrum 



Fluence at ~70 m from the stopped pion source  
 amounts to ~ a supernova a day! 

Fluence from 10 kpc SN 



-  Coherent up to Eν~ 50 MeV 
-  Important in SN processes & detection 
- Standard model test: sin2θW, NSI 

Z0 

ν	
 ν	


A A 

ν + A →  ν + A 

 Coherent neutral current neutrino-nucleus  
               elastic scattering 

~tens of keV nuclear recoils: 
    visible with WIMP-type detectors  



Rates in DM 
detectors at 
DUSEL 1.5 km 
with near 
DAEδALUS 
accelerator 

 DAEδALUS neutrinos can enable a recoil 
    cross-check for WIMP detectors 

WIMP signal 

Minor degradation of 
DM sensitivity from loss 
of livetime 

A.J. Anderson et al., arXiv:1103.4894 



Summary 

H2O 
w/ Gd 

The DAEδALUS program offers an approach to measurement of  
CP-violating δ complementary to the long baseline beam approach: 

Stopped-π neutrinos at different  
baselines produced with multiple 
 cyclotrons + tagged IBD signal 
 in WC detector 

Excellent sensitivity 
 gets even better in 
  combination 
  with LBNE 

Stopped-pion ν sources also enable broad  
 program of short-baseline experiments 



Extras/Backups 












