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Solar neutrino deficit 



Atmospheric neutrino deficit 



The SNO experiment 

Å10,000 PMTs 

Å2km underground 

Å1000 tons of D20 

Å6500 tons of H20 



The SNO experiment 



SNO results 

Åne to nmt oscillations confirmed! 



Combined Results 



SuperK results (assuming oscillations) 

ÅRe-
interpretation 
of SK results 
assuming that 
some fraction 
of the CR nm 
have 
oscillated to 
nt (that SK is 
not sensitive 
to) 



3 neutrino mixing 
ÅNeutrino oscillations have now been unequivocally observed 

using atmospheric, solar, reactor and accelerator neutrinos 

ÅThe weak and mass neutrino eigenstates are related via the 
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix: 

ÅKnown knowns: neutrinos have mass and oscillate between 
flavours; q12, q23, q13, Dm21

2, |Dm32
2| all measured 

ÅKnown unknowns: absolute masses, order of mass states (mass 
hierarchy), Dirac or Majorana, value of dCP, is q23 maximal / which 
octant, number of neutrinos 

where 

sij=sinqij, cij=cosqij,d=CP violating phase 



3 flavour mixing 
ÅIn the above the different matrices relate to 

different measurements: 



Oscillation Probabilities 
ÅIn general: 

Dm2 = Dm2
13 ~ Dm2

23 (solar, large) 
 
dm2 = Dm2

12 (atmos, small) 



Long baseline accelerator neutrino physics 

ÅUses nm (nm) beams derived from proton-induced pion decay 

Ånm disappearance is sensitive to q23 and (subleading) to the 
octant 

 

 

 

Åne appearance is sensitive to q13 and (subleading) to the CP 
phase d 



T2K (Tokai to Kamioka) 

Å295km long baseline experiment 

ÅUses 2.5° off-axis nm (nm) beam 

ÅData-taking started in 2009 

ÅUK contribution to near detector 
(ND280) includes: 
ïElectronics 

ïDAQ 

ïECAL 

ÅSK far detector 

Imperial ω [ŀƴŎŀǎǘŜǊ ω [ƛǾŜǊǇƻƻƭ  ω hȄŦƻǊŘ  ω va¦[ ω {ƘŜŦŦƛŜƭŘ ω {¢C/κw![κ5[ ω ²ŀǊǿƛŎƪ 



T2K off-axis near detector 

 
Also there is an on-axis detector 
(INGRID) used for beam rate and 
direction measurements 

TPCs 



T2K beam operation and data taking 

ÅIntegrated POT: 
ïNeutrino mode:  7.0x1020 

ïAnti-neutrino mode: 4.0x1020 

Total of 11 x 1020 = 13% 
of total expected POT 



T2K nm disappearance results 
ÅObservation of a deficit 

of nm events in SK 

Published in Phys. Rev. Lett. 112, 181801 (2014) 

ÅBest fit values: 

Location of minimum: Dm2
23 

Depth of minimum: sin2q23 

World-leading measurement of q23 



T2K ne appearance results 

Analysis published in Phys. Rev. Lett. 112, 061802 (2014) 

Å4.92 ± 0.55 background events 
expected (no oscillations) 

Å28 events observed  
Å7.3s significance for non-zero q13 
ÅFirst observation (> 5s) of an 

appearance channel signal 



T2K joint analysis fit 

ÅResults from a combined likelihood ratio fit to the T2K nm 
and ne CCQE samples 

ÅUsing the PDG 2013 value for q13 there is a preference for 
dCP Ғ -p/2 and normal mass hierarchy 

ÅVery similar results from an independent analysis based on 
Markov chain MC 



T2K ND280 and systematic errors 



T2K anti-neutrino mode running 

ÅWhy run with anti-neutrinos? 

ïConsistency between n and n 
behaviour, e.g. CPT requires that the 
disappearance probability in both 
cases is the same 

ïCombining data taken in both modes 
reduces the overall uncertainties on 
dCP 
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T2K nm disappearance 

Results  are consistent 
with T2K neutrino 
disappearance results 
(above) and with 
MINOS  anti-neutrino 
results (below)  



MINOS / MINOS+ 

ÅMINOS 
ï735km baseline, FNAL to Soudan 
ï1kt near detector 1km from source  
ï5.4kt far detector 
ïBoth ND and FD are steel-plastic 

scintillator calorimeters 
ïUK contributions 
ÅDAQ, electronics, PMT testing, light 

injection 

ÅMINOS+ 
ïUses updated NUMI beamline 
ïHigher energy (cross-checks with 

different beam and cross-section 
systematics 
ïMore statistics (4000 nm CC 

events/year in far detector) 
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MINOS/MINOS+ combined fit 
ÅMINOS+ has accumulated 6.4x1020 POT from 
FNAL NUMI beam 
ÅLargely focussing on exotic searches (sterile 
neutrinos, etc.) 
ÅCombined MINOS/MINOS+ fit is consistent with 
previously reported MINOS results 



NOnA experiment and status 
Sussex 

Far Detector, 

Ash River Å Precision appearance/disappearance nm (nm) measurements 
Å 810km long baseline experiment 
Å Off-axis narrow band FNAL NUMI neutrino beam 
Å 209t near detector and muon catcher 
Å Far detector 14kt totally active liquid scintillator 

ND and FD as similar as possible to minimize systematics 
when using the large ND flux to predict the unoscillated 
FD spectrum  

 UK contribution: data driven 
trigger, stopping muon 
calibration, nm analysis 



NOnA  far detector data 



NOnA candidate nm event 



NOnA nm disappearance results 

 

Dm32

2 =+2.37-0.15

+0.16

Dm32

2 =-2.40-0.17

+0.14

sin2q23=0.51°0.10

(normal hierarchy) 

(inverted hierarchy) 

201 events expected, 33 observed 
8% of nominal exposure 



NOnA candidate ne event 



NOnA ne appearance results 

Å Results from 2 independent analyses using different particle ID algorithms 
Å Commented at NuFACT: both ŀƴŀƭȅǎŜǎ άǇǊŜŦŜǊέ bI ŀƴŘ dCP=3p/2  



NOnA and T2K complementarity 

ÅCombining NOnA and T2K data helps break degeneracies 
and improves coverage in the overlap regions 

ÅMainly due to NOnA Ψs increased sensitivity to the mass 
hierarchy via matter effects 

 



Mixing angles and mass differences 

Current understanding 

Å Global fit data as of June 2014 
Å Uses LBL, SBL, reactor, solar, atm data  
Å Uses technique in Capozzi et al. PRD 

89 (2014) 093018) 
 

Normal                    Inverted 

Mass hierarchy 



HyperK beam and detector  
Å295km baseline 
ÅLarge volume water Cerenkov 
Å990kT total volume 
Å560kT fiducial volume (25x SK) 
Å99,000 PMTs (20% coverage) 
Å10 optically isolated compartments  

 

ÅJ-PARC nm (nm) 
beam upgraded 
ǘƻ җ лΦтрa² 

Å2.5° off-axis, 
narrow band 
600MeV beam  

 



HyperK status 

Å In 2013 Japan granted a 5 year £2.3M R&D grant which includes 
provision for a prototype detector (+$1.2M) 

Å In early 2014 the Science Council of Japan selected HyperK as one 
of its top 27 scientific projects in its 2014 Master Plan 

ÅDiscussions with Japanese funding agency, MEXT, in progress for 
long-term funding 

ÅCurrent Collaboration>240 people 
ÅUK represents the second largest group of scientists after Japan 

 
 



HyperK timeline 



HyperK ne(ne) appearance events 

ÅNeutrino mode: dominant background is intrinsic ne contamination 
from the beam 

ÅAnti-neutrino mode: also large wrong-sign background  

Appearance ne events Appearance ne events 

7.5 x 107 MW sec, sin22q13 = 0.1, dCP=0, normal MH, n:n = 1:3 



HyperK nm(nm) disappearance events 

ÅAnti-neutrino mode: significant wrong-sign nm contribution 

Disappearance nm events Disappearance nm events 

7.5 x 107 MW sec, sin22q13 = 0.1, dCP=0, normal MH, n:n = 1:3 



HyperK sensitivity to CP 

Assuming 7.5x107 MW sec:  
ÅCP violation can be observed 

at  
ïоˋ for 76% values of ɻCP  
ïрˋ for 58% values of ɻCP  

Å  ɻcan be measured with  
ï8° precision for ɻ  = 0  
ï19° precision for ɻ  Ґ ˉκн  

 



HyperK broad scientific programme 



HyperK UK involvement 
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Work Package Deliverables 

WP1: Physics, Software 
and Computing 

interface GENIE neutrino interaction generator with Hyper-K; 
software release and data distribution 

WP2: Detector R&D design of TITUS, a water Cerenkov near detector TITUS; inform the 
decision on Gd-doping; selection of the photo-sensor technology for 
near and far detectors; conceptual design of HPTPC near detector. 

WP3: DAQ Design of a functional, flexible system that will meet the physics 
requirements of the experiment. A small-scale DAQ test system will 
be demonstrated using a prototype detector located in Japan. 

WP4: Calibration Delivery of a fibre-coupled pulsed light source; Fixed point diffuser; 
Pseudo-muon light source. 

WP5: Beam Identify critical materials issues for reliable beam window and target 
operation at multi-MW beam powers; specify materials test 
programs; select preferred target technology and plan the necessary 
research programme 



HyperK UK WP2 Detector R&D 
ÅTITUS 

ï2kt Water Cerenkov surrounded by MRD situated at 
2km from beam source (sees almost identical 
spectrum to HK) 

ïPossibly Gd doped to improve n/n and ne/nm 
separation 

 

 

22m 

Å PMT/LAPPD studies 

ïGd doping 



HyperK UK WP4 Calibration 
Å Pseudo light-source:  

ï Short duration light pulses from LEDs  

ï Light coupled into optical fibres  

ï Fibre ends inject light directly into the detector  

ï Illuminate multiple PMTs on other side of a tank  

ï Continuous low pulse rate operation during data 
taking  

ï Electronics (which may require intervention) is 
easily accessible  

ï LED pulser circuit designs under consideration 
include modified Kapustinsky, 4 MOSFETs in H 
bridge 

Å Pseudo-muon light source: 
ï Objective is to inject a Cherenkov- 

 like cone of light into the detector  

ï Can be achieved using a short, narrow transparent 
(acrylic) tube along with a light source which 
produces almost parallel light  

ï Different muon momenta can be simulated by using 
different lengths  

ï Electronics (which may require 
intervention) is easily accessible  

ï LED pulser circuit designs under 
consideration include modified 
Kapustinsky, 4 MOSFETs in H bridge 



Water 2: Gd loading 
Í Turn a standard Water 

Cherenkov detector into a anti-
neutrino detector by loading 
with ~0.2% water soluble Gd 

Í Use delayed (~30ms) coincidence 
of  g and e+ 

90% 

10% 

Í The problem is that you need to 
completely remove the 
Gadolinium Sulphate when 
necessary Ą need a selective 
GD filtration system 

Í New system based on nano-
filtration. Molecular band-pass 
filter analogous to electrical 
equivalent 

Í EGADS: 200ton Gd demonstrator 
close to Super-K 

Í Initial results show 66% 2 light 
left at 20m with Gd c.f.  71% to 
79% without 

Í Recent decision to run SK with 
Gd 



DUNE status 

Å DOE CD-1 preliminary baseline approval in December 2012 
ï DOE commitment of $867M to LBNE 
ï Plus PIP-II for 1.2MW beam ς total of $1.5B 

Å CǳƴŘƛƴƎ ōƛŘǎ ƛƴ ǇǊƻŎŜǎǎκǎǳŎŎŜǎǎŦǳƭ ƛƴ ¦YΣ LƴŘƛŀΣ .ǊŀȊƛƭΣ LǘŀƭȅΣΧ 
Å UK is largest non-US group represented ~10% of collaboration 

Mark Thomson seminar 
next week 



Å Far detector 
ïUp to 40kt fiducial volume 
ïStaged approach 4 x 10kt in 

separate caverns 
ïAllows different designs to be 

considered (single vs double phase) 
 

ÅWide band FNAL neutrino beam 

Å1.2MW upgradeable to 2.3MW 

Å0.5 ς 5.0 GeV sign-selected n 

ÅNear detector design in progress 

 

DUNE beam and far detector 


