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Discovery of the neutrino 

Discovery of muon neutrino 

Discovery of tau neutrino 

Solar neutrino disappearance 



Recent neutrino physics:  
MINOS

World’s most precise 
measurement of largest 
neutrino mass splitting

First precision measurements of 
the antineutrino mass splitting

Probing θ13

Searches for sterile neutrinos

Strong UK involvement
Ø  Cambridge, Manchester, 

Oxford, (RAL), Sussex, UCL
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MINOS @ Neutrino 2012 by Ryan Nichol

MINOS+

• NuMI beam is undergoing upgrade 
in intensity and energy

• Will start again in 2013

• Expect ~4000 νμ-CC events per year 
in the Far Detector

• Offers a unique high precision test of 
the three flavour oscillation paradigm

• Unique sensitivity to ‘exotic’ signals 
in the neutrino sector

• And ~80 ντ-CC events (but lots 
of background)
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NuMI beam is being upgraded in 
energy and intensity

Ø  Will restart in 2013


Expect ~4000 νμ CC events per 
year in the Far Detector

Offers a unique high precision 
test of the three flavour 
oscillation paradigm
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The near future: 
MINOS+

MINOS @ Neutrino 2012 by Ryan Nichol

MINOS+

• NuMI beam is undergoing upgrade 
in intensity and energy

• Will start again in 2013

• Expect ~4000 νμ-CC events per year 
in the Far Detector

• Offers a unique high precision test of 
the three flavour oscillation paradigm

• Unique sensitivity to ‘exotic’ signals 
in the neutrino sector

• And ~80 ντ-CC events (but lots 
of background)
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Ø  In combination with 
sterile neutrino 
searches from Bugey 
reactor experiment, 
MINOS+ can rule out 
most of the low mass 
LSND region
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MINOS+ sterile neutrinos

MINOS @ Neutrino 2012 by Ryan Nichol

MINOS+

• By using complementary 
information from sterile neutrino 
searches at the Bugey reactor 
experiment and MINOS+ we 
can almost rule out the allowed 
low mass LSND region
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77% active, low-Z liquid 
scintillator detector
Upgraded NuMI beam

Ø  810 km baseline, off-axis

νμ➞νe, νμ➞νe
Ø  Measure θ13

Ø  Possibly determine the ν mass 
hierarchy

Ø  Search for CP violation
Ø  Determine the θ23 octant

9 

The near future: 
NOνA

Ryan Patterson, Caltech 

NO𝜈A 

Fermilab 

NO𝜈A Far Detector (Ash River, MN) 
MINOS Far Detector (Soudan, MN) 

A long-baseline neutrino 
oscillation experiment, 

situated 14 mrad off 
the NuMI beam axis 

 Measure 𝜃13 via 𝜈e appearance 
 Determine the 𝜈 mass hierarchy 
 Search for 𝜈 CP violation 
 Determine the 𝜃23 octant 

Using  𝜈𝜇→𝜈e  ,  �͞� 𝜇→�͞� e … 
A broad physics scope 

 Atmospheric parameters: 
precision measurements of 𝜃23 , 
|m2     |.   (Exclude 𝜃23=𝜋/4?) 

 Over-constrain the atmos. sector 
(four oscillation channels!) 

Using  𝜈𝜇→𝜈𝜇  ,  �͞� 𝜇→�͞� 𝜇 … 

atm 

 Neutrino cross sections at 
the NO𝜈A Near Detector 

 Sterile neutrinos 
 Supernova neutrinos 
 Other exotica 

Also  … 



Increase the baseline from 810 km to 1300 km
Ø  Increased matter effect allows mass hierarchy determination
Ø  Baseline is short enough that CP-violating effects can still be observed
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Beyond NΟνA: LBNE

NOνΑ  

LBNE 



Next major technological 
revolution in neutrino physics

Ø  Millimetre-scale spatial 
resolution over kiloton 
masses

Fermilab has a coherent, staged 
LAr R&D programme

Building on the experience from 
ArgoNeut

Ø  In the NuMI beam
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Liquid Argon TPC development



Primary aim is to demonstrate 
that required electron lifetimes 
can be achieved without 
evacuation

12 

Liquid Argon Purity Demonstrator



Primary aim is to demonstrate 
that required electron lifetimes 
can be achieved without 
evacuation

In its first runs this spring, 
electron lifetimes of 3 ms or 
better were achieved in an empty 
vessel (30 t)

Ø  LBNE requires 1.5 ms
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Liquid Argon Purity Demonstrator



Primary aim is to demonstrate 
that required electron lifetimes 
can be achieved without 
evacuation

In its first runs this spring, 
electron lifetimes of 3 ms or 
better were achieved in an empty 
vessel (30 t)

Ø  LBNE requires 1.5 ms

A TPC is about to be installed in 
the volume

Ø  LongBo: 2 m drift
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Liquid Argon Purity Demonstrator



Liquid Argon In A Test beam
Ø  Place a 5m x 1.5 m TPC in the 

Fermilab test beam facility

Characterise the response of a LArTPC to 
the particles and energies expected in 
neutrino interactions

Ø  e, p, π, μ

Ø  EM shower resolution
Ø  Hadronic shower resolution
Ø  Particle ID
Ø  dE/dx
Ø  Light collection efficiencies
Ø  …

15 

LArIAT

Figure from Calice 



LArIAT will produce a dataset that 
is invaluable for all future LArTPC 
projects

Fermilab will provide facilities and 
cryostat, university groups will 
provide the active detector

UK involvement
Ø  Imperial, Manchester, UCL
Ø  Simulation, DAQ
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LArIAT

Figure from Calice 



100 ton LAr TPC
Ø  60 tons fiducial
Ø  30 PMTs

Placed in front of MiniBooNE
Ø  470 m baseline
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MicroBooNE



100 ton LAr TPC
Ø  60 tons fiducial
Ø  30 PMTs

Placed in front of MiniBooNE
Ø  470 m baseline

Investigate the MiniBooNE low-
energy excess

Ø  Clear photon-electron 
separation

TPC is under construction
Ø  Data-taking will begin in early 

2014
18 

MicroBooNE

$Physics$Motivation$I.$$Excess$due$to$Electrons.$

Excess IS due to electrons 
36.8±6.4 events  5.7σ   

14&
Sept 12, 2012 Leslie Camilleri NOW 2012 
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1 kt liquid argon TPC
Ø  Membrane cryostat technology

Engineering prototype for LBNE

800 m baseline in booster neutrino 
beam

Ø  Move MicroBooNE to 200 m

Rule out entire LSND region at 5 σ

Proposal is currently under 
development

19 

LAr1



MINERvA 

MiniBooNE 

MINOS (far) 
at 2840 ft level 

5 kton 

MINOS (near) 

operating 
since 2005 
(350 kW) 

NOvA (far) 
Surface 
14 kton 

under construction 
online 2013 
(700 kW) 

MicroBooNE 
under 
construction 
(LAr TPC) 

NOvA 
(near) 

1300 km 

LBNE Far detector at 4850 ft level 
700 kW  2.3 MW(Project X) 

LBNE: Next-Generation Oscillation Experiment in the U.S.!

MINOS(2005-~2015)  NOvA(2013-~2022)  LBNE(~2022-~2040?) 

Young-Kee Kim, August 27, 2012, HEPAP Meeting 4 

I will discuss 
this new 
program 

Fermilab to Homestake (DUSEL)
Ø  1300 km baseline
Ø  700 kW beam (up to 2.3 MW 

with project X)
Ø  Original plan: 34 kt 

underground detector


Broadband beam

Ø  First two oscillation maxima at 
2.5 GeV and 0.8 GeV

Underground physics programme
Ø  Proton decay through p → K+ν
Ø  Precisely measure ν spectrum 

from galactic supernova
Ø  Measurements with atmospheric 

neutrinos


20 

LBNE: the original plan



Politics and funding…
Ø  NSF pulls out of DUSEL
Ø  DoE must pay the bill
Ø  DoE requests a phased programme

Phase 1
Ø  10 kt Lar TPC on surface at 

Homestake
Ø  700 kW beam
Ø  No Near Detector

Reduced beam physics potential
No underground physics programme

21 

Staged LBNE
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LBNE phase 1 timescale
 

- 13 - 

preliminary funding plan for LBNE, which provides for completion of the first phase project in 
about 10 years from the CD-1 date.  The current timeline is shown in Fig. 16. 

 

 
Figure 16. The current schedule for LBNE construction. The schedule remains flexible and may 
depend on the level of international participation.  

 
Opportunities for Collaboration  The U.S. Long-Baseline Neutrino Experiment will have a 

unique combination of the optimal baseline for this physics, a neutrino beam designed 
specifically for it which will be capable of utilizing multi-megawatt proton beam power from 
Fermilab’s Project X accelerator upgrades, and large liquid argon TPC far detector.  The far 
detector will be placed at the Sanford Underground Research Facility, which is a currently 
operating underground laboratory (see Fig. 17), thus providing future access to operate LBNE at 
great depth.  In a phased program, the capabilities and science program of LBNE will be 
expanded with the addition of a very sophisticated near detector, additional detector mass placed 
underground, and a factor of three (or more) increase in beam power.   

The incremental cost of moving the phase 1 detector underground or of building a full-
capability near detector complex are relatively modest: the cost of each of these is only about 
15% of the LBNE phase 1 cost [16].  Thus, there is significant opportunity for new collaborators 
to leverage the major investment that the United States has made and will make in providing the 
beam, the initial far detector, and an operating research facility with access to a depth of 1480 m.   

Collaboration on the design and construction of the far detector, near detector or neutrino 
beam could provide sufficient additional resources to allow us, together, to place the far detector 
underground in the first phase, and include a sophisticated near detector which would not only 
improve the accuracy of the long-baseline oscillation measurements, but have rich physics 
program in its own right.  Given the significant interest in and the advanced state of LAr TPC 
development in both Europe and the U.S., collaboration on the far detector, in which both sides 
work together to develop and implement the best possible configuration, would be natural.  
Collaboration on the any aspect of the near detector or the beam would also make sense and 
would be a major step in advancing this science. 

We welcome full collaboration with our European colleagues, whose expertise and experience 
would be extremely valuable to further develop the design of LBNE and expand its capabilities, 
to allow us to jointly carry out this comprehensive, and stunningly beautiful program of 
measurements of neutrino oscillations and fundamental symmetries using leptons.   

Conceptual�Design x x x x x x x x x x x x

Far�Detector�Technology�Decision x

Detailed�Design x x x x x x x x x x x x x x x x x

Civil�construction�at�Fermilab x x x x x x x x x x x x x x x x x x x

Civil�construction�at�SURF/Homestake x x x x x x x x x x x

Far�detector�installation x x x x x x x x x x x x x x

Beamline�installation x x x x x x x x x x x x

Operations x x

2019 2020 2021 20222014 2015 2016 2017 20182010 2011 2012 2013

Phase 1 design and construction covers the next 10 years
Ø Data taking estimated for 2022



Existing UK involvement
Cambridge

Ø  LAr reconstruction software

Oxford
Ø  Triggering in LAr surface detector

Ø  Cerenkov detector calibration

Ø  Cosmic muon fluxes

Sheffield
Ø  Co-convener of cosmics working group

Ø  Simulation for 10 kt LAr detector

Ø  Development of light collection in LAr

Sussex
Ø  Just joined, interested in DAQ and 

calibration

UCL
Ø  Beam simulations

23 

LBNE: International involvement

M. Diwan, HEPAP, August 2012 

$135M extra 
to go  
underground 
and recover  
non- 
accelerator 
physics 

Possibilities for significant impact from 
international involvement

Ø  Provide a Near Detector

Ø  Take the 10 kt detector underground



IceCube has turned the Antarctic ice shelf into the world’s 
biggest neutrino detector

Ø  Has seen the highest energy neutrinos ever observed
24 

Antarctica



Add 20 additional strings to the 
central region of IceCube

Ø  Spaced by 6-7 m
Ø  Take the neutrino energy 

threshold down to 1 GeV
Ø  Measurements of atmospheric 

neutrino oscillations
Ø  Searches for low-mass WIMPS

25 

PINGU

D. Jason Koskinen - INFO 11 - July, 2011 IceCube - DeepCore - PINGU

PINGU: Possible Geometry • IceCube
• DeepCore
• Beyond DeepCore 

40

DeepCore strings

Potential
PINGU 
strings

IceCube Standard
 strings

•Add 18-20 strings into 
DeepCore volume

•One of many possible 
geometries

•R & D for future water/ice 
cerenkov detectors

40Thursday, July 21, 2011



5 GeV neutrinos traveling through the 
Earth are close to an MSW resonance

Ø  Oscillations are enhanced
Ø  The effect depends strongly on the 

mass hierarchy


A paper by Akhmedov et al. calculates 
PINGU’s ability to determine the mass 
hierarchy

Assume a reasonable energy and 
angular resolution

Ø  σE = 3 GeV, σφ = 15o

Mass hierarchy determination at 4.5σ – 
7σ

Ø  Assuming uncorrelated systematics at 
5% - 10%

Fairly independent of δCP

26 

PINGU
Inverted 
Normal νµ → νµ 

νe → νµ 

hep-ph/1205.7071 



The PINGU collaboration are currently working on a full detector 
simulation

Ø  Aiming to submit a letter of intent to NSF soon

Akhmedov et al. paper assumes 5 years of data taking

27 

A possible PINGU timescale

Doug Cowen NuFact 2012

PINGU: Possible Timeline

25

March 2011

Early 
2012

Begin simulation 
studies for 18-20 

string detector with 
threshold ~1GeV.  
Targeted Physics: 

neutrino hierarchy, 
WIMPs, SN

Submit 
PINGU 
Proposal

Complete 1st 
DeepCore 
analyses. 

Spring 
2012

Winter 
2016/17

Begin 
deploying 
PINGU

Winter 
2017/18

Finish deploying 
PINGU

including R&D 
strings.

Start data-
taking early

2018

© [2011] The Pygos Group

1st PINGU 
workshop - 

NIKHEF

2nd PINGU 
workshop - 
Penn State

Jan 2012

Fall 
2012

3rd PINGU 
workshop - 

Erlangen

May 2012

Submit
 Letter 

of Interest 
to NSF

Finish 
Detailed 
PINGU 
studies

Summer 
2013

Fall
 2013



A new group will study ideas for further 
exploiting the NuMI neutrino beam

Ø  The beam exists, why not instrument it 
further?

Looking for ideas of $10 m - $100 m
Ø  5 kt LAr at Ash River?
Ø  A water Cerenkov detector?
Ø  …?

Monthly phone calls planned
Two-day meeting in Minneapolis, 11th-12th 
March 2012

Ø  Develop input for the Snowmass 2013 
meeting

UK contact is Jenny Thomas
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E-NuMI: Exploiting NuMI

MINOS+ and GLADE @ NuFact2012 by Ryan Nichol

Mass Hierarchy

• Physics reach of GLADE is 
similar to NOvA

• NOvA+GLADE = 2 NOvA

• Sensitivities assume we know 
sin22!23 to 0.01 by 2020

• The (less sensitive) lower 
octant is assumed

• Extends the three sigma 
reach of NOvA+T2K, but need 
to get lucky

19



Current US neutrino programme
Ø  MINOS, MiniBooNE and MINERνA

The near future
Ø  MINOS+, MINERνA and NOνA

Liquid argon TPC development
Ø  LAPD, MicroBooNE, LArIAT, LAr1

The long-term future
Ø  Phased LBNE: 10 kt LAr TPC on the surface
Ø  PINGU

29 

Summary
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Broadband beam
Ø  First two oscillation maxima 

at 2.5 GeV and 0.8 GeV
Ø  Low energy events vital for 

detecting CP violation

31 

LBNE δCP = -π/2 
δCP = 0 
δCP = π/2 

Energy / GeV 

Electron neutrinos Electron antineutrinos 



Rule out much of the LSND region

Galactic supernovae

Ø  10-20 events expected


Neutrino-argon cross section 
measurements

Background measurements for 
proton decay

Ø  K0
L ➞ K+ charge exchange


Testing cold electronics

32 

MicroBooNE Goals
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Possible future LBNE scenarios

LBNE still aims to reach its final goal of a large underground LArTPC

LBNE stage 1

Ø  10 kt on surface, 700 kW beam

Project X stage 1
Ø  Upgrade neutrino beam to 1.1 MW; perhaps install a Near Detector at this point

LBNE stage 2
Ø  Additional 30 kt detector on surface or 15-30 kt underground

Feasible Scenarios

European Neutrino Strategy Meeting 19

Scenario�A�– 1300�km:
1) 10�kt LAr�detector�on�surface�at�Homestake +�LBNE�beamline�

(700�kW)
2) Project�X�stage�1�Æ 1.1�MW�LBNE�beam
3) Additional�30�kt detector�on�surface�or�~15�kt deep�

underground�(4300�mwe)

LBNE�Stage�1

Project�X�Stage�1

LBNE�Stage�2

.�.�.



Large uncertainties on neutrino 
cross sections

Ø  20-50%

MINERνA aims to reduce this to 
5-10%

Ø  In the 1-10 GeV region


A number of neutrino target 
materials

Ø  C, Pb, Fe, H20, He

Located in the NuMI neutrino 
beam

Ø  In front of MINOS Near Detector

34 

The near future: 
MINERνA

Current neutrino 
cross section data 



Original LBNE design has excellent physics potential
Ø Good sensitivity to mass hierarchy and CP violation

35 

35 kt Underground LBNE

Intensity Frontier – Strategy 

        LBNE – Hierarchy & CP reach 

Lankford, Krakow, September 13, 2012 36 

• When LBNE project was initiated, θ13 was  unknown,  so  expt’l.  requirements  unknown. 
• Daya Bay result is now available as a guide. 
• θ13 is sufficiently large that: 

• Mass hierarchy significance >3σ for all values of CP phase 
• CP violation significance >3σ   over ~60% of all values of CP phase 

Intensity Frontier – Strategy 

        LBNE – Hierarchy & CP reach 

Lankford, Krakow, September 13, 2012 36 

• When LBNE project was initiated, θ13 was  unknown,  so  expt’l.  requirements  unknown. 
• Daya Bay result is now available as a guide. 
• θ13 is sufficiently large that: 

• Mass hierarchy significance >3σ for all values of CP phase 
• CP violation significance >3σ   over ~60% of all values of CP phase 



77% active, low-Z liquid 
scintillator detector
Upgraded NuMI beam

Ø  810 km baseline, off-axis

νμ➞νe, νμ➞νe
Ø  Measure θ13

Ø  Possibly determine the ν mass 
hierarchy

Ø  Search for CP violation
Ø  Determine the θ23 octant

36 

The near future: 
NOνA

Ryan Patterson, Caltech 

NO𝜈A 

Fermilab 

NO𝜈A Far Detector (Ash River, MN) 
MINOS Far Detector (Soudan, MN) 

A long-baseline neutrino 
oscillation experiment, 

situated 14 mrad off 
the NuMI beam axis 

 Measure 𝜃13 via 𝜈e appearance 
 Determine the 𝜈 mass hierarchy 
 Search for 𝜈 CP violation 
 Determine the 𝜃23 octant 

Using  𝜈𝜇→𝜈e  ,  �͞� 𝜇→�͞� e … 
A broad physics scope 

 Atmospheric parameters: 
precision measurements of 𝜃23 , 
|m2     |.   (Exclude 𝜃23=𝜋/4?) 

 Over-constrain the atmos. sector 
(four oscillation channels!) 

Using  𝜈𝜇→𝜈𝜇  ,  �͞� 𝜇→�͞� 𝜇 … 

atm 

 Neutrino cross sections at 
the NO𝜈A Near Detector 

 Sterile neutrinos 
 Supernova neutrinos 
 Other exotica 

Also  … 

1 10 
M. Sanchez - ISU/ANL

Electron neutrino appearance  in NOvA

The probability of νe appearance in a νμ  beam:
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Long Baseline
Physics with

LBNE-
Homestake

and
Alternatives

Mary Bishai
(for the
Steering

Committee
Physics
Working
Group)

Science Goals

Oscillation
Basics

Experimental
Assumptions

Spectra and
Event Rates

Sensitivities

Beyond PMNS

Summary

Beams vs Baselines. Neutrinos, NH

735km, NuMI LE at Soudan 810km, NuMI ME at Ash River
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Beam energy too high Narrow-band beam

1300km, LBNE LE at Hmstk 2500km, LBNE pME (580m DP)
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Long Baseline
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LBNE-
Homestake

and
Alternatives

Mary Bishai
(for the
Steering

Committee
Physics
Working
Group)

Science Goals

Oscillation
Basics

Experimental
Assumptions

Spectra and
Event Rates

Sensitivities

Beyond PMNS

Summary

Beams vs Baselines. Anti-neutrinos, NH

735km, NuMI LE at Soudan 810km, NuMI ME at Ash River
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Beam energy too high Narrow-band beam

1300km, LBNE LE at Hmstk 2500km, LBNE pME (580m DP)
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Partial coverage of node 2 Multiple nodes covered 12 / 37

Plots by M. Bishai
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Ø  Simultaneous sensitivity to hierarchy, octant and CP phase
Ø  Resolution ability depends on the values of δ and θ23
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NOνA physics sensitivity

P(𝜈 e)  ∝  sin2(𝜃23)sin2(2𝜃13) 
   ⇨  𝜃23 octant sensitivity 

 Expected NO𝜈A contours 
 for one example scenario 
 at 3 yr + 3 yr 

Ryan Patterson, Caltech 
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Ø  3+3 years of neutrinos + antineutrinos
Ø  Combination with T2K is important
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NOνA mass hierarchy resolution
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P(𝜈 e)  ∝  sin2(𝜃23)sin2(2𝜃13) 
   ⇨  𝜃23 octant sensitivity 

 Expected NO𝜈A contours 
 for one example scenario 
 at 3 yr + 3 yr 

Ryan Patterson, Caltech 
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        In  “degenerate” cases, hierarchy and 
     𝛿 information is coupled.  𝜃23 octant 
 information is not. 

Ø  Simultaneous sensitivity to hierarchy, octant and CP phase
Ø  Resolution ability depends on the values of δ and θ23
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NOνA physics sensitivity

P(νe) 

P(νe) Black contours 
are 1σ and 2σ 



Prototype near detector has been 
operated

Ø  DAQ development, calibrations, 
reconstruction, simulation…

Ø  Detector assembly practice

Far detector assembly underway
Ø  5 kt when beam switches on
Ø  14 kt by May 2014 

NuMI beam switches on in May 2013
Ø  Reaches 700 kW by November 2013
Ø  Baseline plan is 6 years’ of running

UK involvement from Sussex University
Ø  ERC starting grant
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NOνA schedule and status



Aiming to address the LSND signal for sterile neutrinos
Ø  Inconclusive results due to low energy excesses for 

neutrinos and antineutrinos

41 

Recent neutrino physics:  
MiniBooNE

27Neutrino 2012, 6 Jun 2012

Conclusions

MiniBooNE observes an excess of νe candidates in the 200-1250 MeV energy 

range in neutrino mode (3.0σ) and in anti-neutrino mode (2.5σ).  The 
combined excess is 240.3 ± 34.5 ± 52.6 events (3.8σ)

The event excess is concentrated in the 200-475 MeV region where NC π0 
and other processes leading to a single γ dominate

Higher statistic anti-υ data is much more similar to the neutrino mode data

It is not yet known whether the MiniBooNE excesses are due to oscillations, 
some unrecognized NC γ background, or something else

6.5e20 POT neutrino mode w/ 3+1 fit 11.3e20 POT anti-neutrino mode w 3+1fit


