
11th May 2012 

Future neutrino oscillation 
experiments

Justin Evans 
University of Manchester 

A. Rubbia Future liquid Argon detectors (Neutrino 2012)

The “electronic bubble chamber”
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Oscillation parameters
Smallest mass splitting

Ø  ‘Solar’ mass splitting

Require L/E ~ O(105 km/GeV)

Solar neutrinos
Ø  SNO, Borexino, etc

Reactor neutrinos over O(100 km)
Ø  KamLAND8.0x10-5 eV2 



3 

Largest mass splitting
Ø  ‘Atmospheric’ mass splitting

Require L/E ~ O(103 km/GeV)

Atmospheric neutrinos
Ø  Super-K, MACRO, Soudan2, etc

Accelerator neutrinos
Ø  MINOS, T2K, Nova, etc

2.3x10-3 eV2 

Oscillation parameters



The PMNS matrix

θ13 was finally measured this year
Ø  Daya Bay, Reno, T2K, Double Chooz, MINOS

Three unknowns remain
Ø  CP violating phase δ
Ø  Mass hierarchy: the sign of Δm2

32

Ø  Octant of θ23: only sin2(2θ23) has been measured; θ23 < 45o or θ23 > 45o?
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The PMNS Mixing Matrix 

  (12) Sector: Reactor + Solar, L/E~15,000 km/GeV 

  (23) Sector: atmospheric and accelerator, L/E~500 km/GeV 

  (13) Sector mixing not yet observed 

†Δm21
2 = 7.50−0.20

+0.19 ×10−5  eV2 tan2θ12 = 0.452−0.033
+0.035

†† Δm32
2 = 2.32−0.08

+0.12 ×10−3  eV2 *sin2 (2θ23) > 0.96(90% C.L.)

†PRD 83.052002(2011) 
††PRL 106. 181801(2011)   
*SuperK Preliminary, Nu2010 
** Eur.Phys. C27:331-374,2003 
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**sin2 (2θ13) < 0.15 − 0.16

Atmospheric & 
accelerator 
θ23 ~ 45o 

Solar & reactor 
θ12 ~ 34o 

Reactor & 
accelerator 
θ13 ~ 9o 



θ13 summary
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M. Sanchez - ISU/ANL

The status of θ13
This year we will go from not knowing this parameter 
at all to having measured it down to 8%.

9

Normal Hierarchy

before Neutrino 2012

R. Patterson

M. Sanchez - ISU/ANL

This year we will go from not knowing this parameter 
at all to having measured it down to 8%.

10Mild preference for inverted hierarchy. About ~1 σ.

The status of θ13

Inverted Hierarchy

before Neutrino 2012

R. Patterson

θ13 ~ 9o 



T2K

Muon neutrino beam
Ø  2.5o off axis
Ø  Search for νe appearance

High-resolution Near Detector
Ø  π0 identification

Super-Kamiokande Far Detector
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ND280

11

• INGRID @ on-axis (0 degree)
• ! beam monitor [rate, direction, and 

stability]

• ND280 @ 2.5 degree off-axis
! Normalization of Neutrino Flux
! Measurement of neutrino cross sections.

•Dipole magnet w/ 0.2T
• P0D: !0 Detector
• FGD+TPC: Target + Particle tracking
• EM calorimeter
• Side-Muon-Range Detector

Near Detector @ 280m from the target

12年6月5日火曜日

T2K-Far Detector: Super-Kamiokande
• Water Cherenkov detector with 50 kton mass (22.5 kton Fiducial volume) 

located at 1km underground
• Good performance (momentum and position resolution, PID, charged 

particle counting) for sub-GeV neutrinos.
    [Typical] 61% efficiency for T2K signal !e with 95% NC-1"0 rejection

• Inner tank (32 kton) :11,129 20inch PMT
• Outer tank:1,885  8inch PMT

• Dead-time-less DAQ
• GPS timing information is recorded 

 real-time at every accelerator spill
• T2K recorded events: All interactions

 within a ±500µsec window centered 
on the the neutrino arrival time.

14

39.3m

41
.4m

Atmospheric !
! Data
"  MC     

12年6月5日火曜日

2. T2K Experiment
After March 11 earthquake, T2K Operation was restored and running from March 2012.
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TokaiKamioka
295 km

J-PARC Accelerator@Tokai

protons!, !, !, !, "

#

Intense beamHuge 
Far detector High Resolution 

Near detector!"SK(E"）
oscillation
!, !, !, !

Super-K@Kamioka

• High Power Accelerator
• Intense and High Quality Neutrino Beam
• High Resolution Near Detector
• Huge Far Detector

!"ND(E"）

CERN NA61 
Hadron prod. 
measurement

12年6月5日火曜日



NOνA

Upgrade the NuMI neutrino beam 
from Fermilab

Ø  Previously used by the MINOS 
experiment

Totally active liquid scintillator 
detector

Ø  14 mrad off-axis

Search for electron neutrino 
appearance in the muon neutrino 
beam

7 
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  … 



Measuring the unknowns
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Octant Mass hierarchy 

PACS numbers: 14.60.Pq, 14.60.Lm, 29.27.-a1

The phenomenon of neutrino oscillation is the only2

particle physics to have been observed beyond the Stan-3

dard Model [1–10], showing that neutrinos have a small,4

non-zero mass. The eigenstates of neutrino mass do not5

correspond to the eigenstates of flavor, instead being re-6

lated by a unitary mixing matrix, the Pontecorvo-Maki-7

Nakagawa-Sakata matrix [11, 12], which is parameterized8

by three mixing angles and a CP-violating phase. Preci-9

sion measurements of neutrino parameters have the po-10

tential to aid our understanding of the evolution of the11

early Universe into the matter-dominated Universe of to-12

day. The study of neutrinos may be sensitive to physics13

at Grand Unification scales, and to other sources of new14

physics [13–15].15

The oscillations are governed by the di!erences be-16

tween the squared neutrino masses. There are two dis-17

tinct mass splittings, resulting in oscillation at two dis-18

tinct rates. The MINOS experiment is sensitive to oscil-19

lation driven by the larger of the two splittings, which20

we refer to as "m2 [16]. MINOS looks for the disappear-21

ance of muon neutrinos. In a two-neutrino approxima-22

tion, with mass and flavor eigenstates related by a mixing23

angle !, this disappearance is a function of the neutrino24

L/E, with L the distance traveled and E the energy:25

P ("µ ! "µ) = 1"sin22! sin2

!

1.267 "m2(eV2) L(km)

E(GeV)

"

.

MINOS detects neutrinos originating from cosmic ray26

interactions in the atmosphere, and from a man-made27

accelerator-based neutrino beam, which is desinged to28

produce a peak in the neutrino energy spectrum such29

that L/E minimizes P ("µ ! "µ). Atmospheric neutri-30

nos are produced at all energies to which MINOS is sen-31

sitive and travese lengths varying from a few km to the32

diameter of Earth. MINOS can therefore detect atmo-33

spheric neutrinos with L/E values corresponding to a34

small or minimum P ("µ ! "µ). Using this data, we can35

look for the disappearnce of atmospheric muon neturi-36

nos and thus increase our sensitivity to the oscillation37

parameters.38

MINOS has made precision measurments of the oscil-39

laiton parameters for neutrinos from the beam [17], an-40

tineutrinos from the beam [18, 19], and atmospheric neu-41

trinos and antineutrinos [20]. In this Letter, we update42

all of our beam measurements using the final beam data43

set and combine the beam data with the atmospheric44

data to produce the world’s most precise measurements45

of "m2 for neutrinos and antineutrinos. We make the46

world’s most precise comparison of the neutrino and an-47

tineutrino oscillation parameters; any disagreement be-48

tween the two would be an indication of new physics.49

The two MINOS detectors are steel-scintillator track-50

ing calorimeters with toroidal magnetic fields averaging51

1.3 T. Each detector consists of 2.54 cm thick steel planes,52

mounted onto which are 1 cm thick planes of plastic scin-53

tillator, divided into 4.1 cm wide strips. The strips on54

alternate planes are oriented at a relative 90! to allow55

three-dimensional event reconstruction. A large 5.4 kt56

detector is located 705 m (2070 m water-equivalent) un-57

derground at the Soudan mine, Minnesota. A smaller,58

0.98 kt detector sits 100 m underground at the FNAL ac-59

celerator complex. Both detectors are described in detail60

elsewhere [21–23].61

The NuMI beam [24] is produced at FNAL by 120 GeV62

protons striking a graphite target. The resulting charged63

pions and kaons are focused by two magnetic horns, then64

allowed to decay in a 675 m long helium-filled volume,65

producing a neutrino beam of configurable energy. Most66

of the data used in this analysis was collected with a beam67

spectrum peaking at a neutrino energy of 3 GeV. By se-68

lectively focusing positive or negative pions and kaons, a69

beam of predominantly "µ or "µ is produced. The beam70

produces neutrinos in 8.6µs spills at a rate of 0.53 Hz.71

The MINOS Near Detector (ND), located 1 km from the72

neutrino production target, measures the beam composi-73

tion and energy spectrum before oscillation has occurred.74

The Far Detector (FD), 735 km from the target, performs75

the same measurement after the development of oscilla-76

tion.77

The FD, with larger mass and rock overburden, is well78

suited to measurements of atmospheric neutrinos. The79

addition of scintillator planes above the main body of80

the FD aids the rejection of cosmic ray-induced back-81

grounds. Neutrinos produced directly above the detec-82

tor that have su#cient energy to be detected by MINOS83

have had insu#cient time to oscillate prior to detection.84

Neutrinos striking the detector horizontally or from be-85

low the horizon travel longer distances, therefore having86

a higher probability of undergoing oscillation, allowing87

measurement of the oscillation rate.88

Muon neutrinos and antineutrinos are identified89

through their charged current (CC) interactions "µ("µ)+90

X ! µ"(µ+) + X #. The muon typically leaves a well-91

defined track-like energy deposit in the detector; the92

hadronic activity X # leaves a di!use shower-like deposit93

near the interaction vertex. The predominant back-94

ground, particularly at low energies, arises from neutral95

current (NC) interactions which result in only hadronic96

activity, but which can have a track-like topology. At-97

mospheric neutrino interactions are identified either as98

events with verticies contained within the detector or99

as neurtino-induced muons from the rock surrounding100

the detector. A requirement that the event vertex be101

well contained in a fiducial volume separates these two102

classes of events. Muon neutrinos and antineutrinos are103

separated by observing the direction of curvature of the104

Now: Two-flavour approximation 

No octant sensitivity No mass hierarchy sensitivity 

CP violation The future 



Ø  NOνA: 3+3 years of 
neutrinos + antineutrinos

Ø  Combination with T2K is 
important

9 

Jeff Hartnell, IoP QMUL, Nov. '12 23 Jeff Hartnell, IoP QMUL, Nov. '12 23 Jeff Hartnell, IoP QMUL, Nov. '12 23 

T2K & NOνA mass hierarchy



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 

𝜈e 

𝜈𝜇 
𝜈𝜏 

𝜈e 

𝜈𝜇 𝜈𝜏 

𝜈3 
? 

P(νe) 

P(νe) Black contours 
are 1σ and 2σ 



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 

𝜈e 

𝜈𝜇 
𝜈𝜏 

𝜈e 

𝜈𝜇 𝜈𝜏 

𝜈3 
? 

        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 



Increase the baseline beyond 810 km
Ø  Increased matter effect allows mass hierarchy determination

But too long a baseline that CP-violation is hard to observe
Ø  Matter effects conceal the CP violation
Ø  Event rate drops off with distance

12 

Beyond NΟνA

NOνΑ  

LBNE 



Long baselines

Ø sdf

13 

Neutrinos 

Antineutrinos 

δ = 0 
δ = 90o 

δ = -90o 



Opimising the baseline

14 

LBNE 



Backgrounds in νe searches

The primary background to an electron neutrino search is π0 
production in neutral current interactions

Ø  π0 ➞ γγ produces an electromagnetic shower
15 



Liquid Argon TPCs
The ‘electronic bubble chamber’

Ø  Bubble chamber-like imaging with electronic readout

Millimetre-scale spatial resolution over a large fiducial mass
Aim to scale these detectors towards 100 kt

16 

A. Rubbia Future liquid Argon detectors (Neutrino 2012)

The “electronic bubble chamber”
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Background rejection

Superb imagery of hadronic shower
Ø  Individual particles are visible

Excellent for rejecting π0 backgrounds in νe searches
Ø  ~3 times greater νe efficiency than existing technologies

Reconstruction software is very challenging

17 



Liquid Argon TPCs
Liquid argon

Ø  Scintillation light as well as 
ionization

Ø  Cheap and dense
Ø  Boiling point above that of 

nitrogen
Ø  Electrons can drift over 

metres

Tracking
Calorimetry
dE/dx provides particle ID

18 

Ionization electrons	

Scintillation light	

Cherenkov light	

Charged particle	

Electric 	
Field	

Charge collection plane 



ICARUS
600 tons of liquid argon

Ø  Divided between two 
detector modules

Drift length 1.5 m
Ø  Electric field: 0.5 kV/cm
Ø  Drift velocity: 1.55 mm / μs

Located at Gran Sasso 
laboratory

Ø  Observed neutrino 
interactions from the CNGS 
beam

19 



Argon purity
Argon purity is vital for electron lifetime

Ø  Better than part-per-billion levels of 
oxygen and water

20 



Argon purity
Argon purity is vital for electron lifetime

Ø  Better than part-per-billion levels of 
oxygen and water

Liquid argon purity demonstrator
Ø  Aims to achieve this without 

evacuation



Argon purity
Argon purity is vital for electron lifetime

Ø  Better than part-per-billion levels of 
oxygen and water

Liquid argon purity demonstrator
Ø  Aims to achieve this without 

evacuation

Achieved lifetimes of 3 ms or better with 
an empty 30t vessel

Ø  Kiloton-scale experiments require 
~1.5 ms

ICARUS 

LAPD 



Argon purity
Argon purity is vital for electron lifetime

Ø  Better than part-per-billion levels of 
oxygen and water

Liquid argon purity demonstrator
Ø  Aims to achieve this without 

evacuation

Achieved lifetimes of 3 ms or better with 
an empty 30t vessel

Ø  Kiloton-scale experiments require 
~1.5 ms


A TPC is about to be installed in the 
volume

Ø  LongBo: 2 m drift

ICARUS 



Single phase, wire-plane readout
Most existing TPCs use wire-plane 
readout

Ø  Anode planes consist of 
orthogonal planes of charge 
collection wires

Ø  Anode planes sit in the liquid 
argon

No electron multiplication during 
drift

Ø  Small, fC signals

24 

Ionization electrons	

Charged particle	

Electric 	
Field	

Wire readout planes 

A. Rubbia Future liquid Argon detectors (Neutrino 2012)

40 cm
80 cm

O(106) holes!

80 cm

GLACIER charge readout

20

gain=3

gain=27

Landau distribution fitted to dE/dx distributions of 
muons on 3L LAr LEM-TPC setup @ CERN-ETHZ

noise

- A. Badertscher, et al., NIM A 641 (2011) 48-57
- See also arXiv:1204.3530 [physics.ins-det]

! Novel double phase LAr LEM-TPC readout:
- ionization electrons are drifted to the liquid-gas interface
- if the E-field is high enough (! 3 kV/cm) they can efficiently be extracted 

to the gas phase
- in the holes of the LEM the E-field is high enough to trigger an electron 

avalanche
- the multiplied charge is collected on a 2D readout
- gain allows sharing charge in collection mode for both views!!

LEM2D anode

Design of a compact, robust and 
scalable readout cassette
(“sandwich”)

2 extr. grids

2D anode
LEM

capacitive level meters

80cm

S/N > 100 !

signal coll. 
plane

HV decoupling
capacitors

Cosmic Data from 40x80cm2 LAr LEM TPC@CERN-ETHZ

20Wednesday, June 6, 12



Single phase, wire-plane readout
Most existing TPCs use wire-plane 
readout

Ø  Anode planes consist of 
orthogonal planes of charge 
collection wires

Ø  Anode planes sit in the liquid 
argon

No electron multiplication during 
drift

Ø  Small, fC signals
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A. Rubbia Future liquid Argon detectors (Neutrino 2012)

40 cm
80 cm

O(106) holes!

80 cm

GLACIER charge readout
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gain=3

gain=27

Landau distribution fitted to dE/dx distributions of 
muons on 3L LAr LEM-TPC setup @ CERN-ETHZ

noise

- A. Badertscher, et al., NIM A 641 (2011) 48-57
- See also arXiv:1204.3530 [physics.ins-det]

! Novel double phase LAr LEM-TPC readout:
- ionization electrons are drifted to the liquid-gas interface
- if the E-field is high enough (! 3 kV/cm) they can efficiently be extracted 

to the gas phase
- in the holes of the LEM the E-field is high enough to trigger an electron 

avalanche
- the multiplied charge is collected on a 2D readout
- gain allows sharing charge in collection mode for both views!!

LEM2D anode

Design of a compact, robust and 
scalable readout cassette
(“sandwich”)

2 extr. grids

2D anode
LEM

capacitive level meters

80cm

S/N > 100 !

signal coll. 
plane

HV decoupling
capacitors

Cosmic Data from 40x80cm2 LAr LEM TPC@CERN-ETHZ

20Wednesday, June 6, 12
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Dual-phase, GEM redout
Gas electron multiplier

Ø  Holes, ~1 mm apart, etched 
in copper

Ø  Strong electric field 
multiplies the electrons

Dual-phase TPC design
Ø  GEMs located in a region of 

gas-phase argon, sitting 
above the liquid

Ø  Electron multiplication in the 
gas increases signal / noise

26 
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Thick GEM-like (THGEM) Detectors and Their Possible Applications 
R. Chechik, M. Cortesi, A. Breskin 
Dept. Particle Physics, Weizmann Institute of Science, Israel 
D. Vartsky, D. Bar 
SOREQ NRC, Yavne, Israel 
V. Dangendorf 
PTB, Braunschweig, Germany 

Thick GEM-like (THGEM) electrodes are robust, high gain gaseous electron multipliers, economically-manufactured by 
standard drilling and etching of thin printed circuit board or other materials. Their operation and structure are similar to that of 
standard GEMs but with 5 to 20-fold expanded dimensions. Due to the larger hole dimensions they provide up to 105 and 107 
charge multiplication, in a single- and in two-electrode cascade, respectively. The signal rise time is of a few ns and the 
counting-rate capability approaches 10 MHz/mm2 at 104 gains. Sub-mm localization precision was demonstrated with a simple, 
delay-line based 2D readout scheme. These multipliers may be produced in a variety of shapes and sizes and can operate in 
many gases. They may replace the standard GEMs in many applications requiring very large area, robust, flat, thin detectors, 
with good timing and counting-rate properties and modest localization. The properties of these multipliers are presented in 
short and possible applications are discussed.     

 
 

1. INTRODUCTION 
Important:
0.1mm G-10 rim.

1mm

Cu

Important:
0.1mm G-10 rim.

1mm1mm1mm

Cu

 

The thick GEM-like (THGEM) gaseous electron 
multiplier (figure 1) was first introduced a couple of years 
ago [1] and its operation was systematically studied [2, 3], 
both at atmospheric and at low gas pressures. This 
multiplier, described in detail in [2], is similar to the 
standard GEM but with dimensions expanded 5 to 20 fold. 
The thickness t, holes’ diameter d and holes’ distance a, 
may be chosen according to the application and to the gas 
operation pressure. The THGEM operation parameters, 
however, do not scale in proportion, because the charge 
transport and multiplication process are unaffected. Thus, 
the electron transport into and from the THGEM holes is 
much more efficient compared to GEM; the multiplication 
in a single element is 10-100 times higher (reaching 105) 
and the cascaded operation mode is very efficient, 
reaching gains of up to 107 with single electrons. The 
signal rise-time is of a few ns and counting rate capability 
is almost 10 MHz/mm2 at 104 gain [2]. The energy 
resolution for 6 keV x-rays (~20% FWHM) is similar to 
that of GEM. With 1mm distance between the holes, a 
localization precision better than a mm is obtained. 
THGEM-based multipliers are particularly suitable for the 
efficient detection and imaging of single photoelectrons 
photo-produced on a solid photocathode coupled to the 
THGEM or directly deposited on its top face [4]. It was 
demonstrated that single electrons, originating from a gas 
ionization gap or from a photocathode deposited on the top 
of the THGEM, are efficiently detected under much more 
relaxed conditions compared to standard GEM (e.g. 10-
100 times lower THGEM gain).   

reduces discharges
-> high gains!
reduces discharges
-> high gains!

RadiationRadiation

Figure 1: a microscope photograph of a THGEM. 

2. DETECTORS GAIN AND HOMOGENEITY 
The reader is referred to [2] for data on the effective 

gain of single- and cascaded THGEM elements of various 
dimensions, in Ar/CH4(95:5) and Ar/CO2(70:30). These 
data were measured with small THGEM electrodes of 
typically 3x3cm2 active surface 

The gain homogeneity and the localization resolution 
were studied with a 10x10 cm2 double-THGEM detector 
(figure 2) irradiated with 8 keV x-rays. It comprised two 
THGEM electrodes of t=0.4mm, d=0.5mm and a=1mm. 
They were coupled to a resistive anode (~2MOhm/square) 
that transmitted the induced signals and broadened them to 
match the 2mm pitch of the X-Y readout electrode behind 
it. The latter was a double sided circuit with connected 
pads, equipped with discrete delay-lines. The detector was 
operated with Ar/CH4 (95:5) at mean gain 104. The gain 
variation was of FWHM=10% over the whole surface.  
The detector's anode and readout electrode are similar to 
that described in [5].  

 

THGEMs

2D 
readout

electrode

.
e-

Resistive anode

gas 
conversion

THGEMs

2D 
readout

electrode

.
e-

Resistive anode

gas 
conversion

 

To complete the study of the THGEM basic properties 
we have recently investigated the localization capability of 
THGEM-based detectors, their gain homogeneity and their 
long-term stability; some of the results will be presented 
here. We further discuss some possible applications of 
THGEM-based detectors, in which large-area and 
robustness are important and sub-mm localization is 
acceptable.  

 
Figure 2.  10x10 cm2 2D double THGEM detector scheme. 

0025

SNIC Symposium, Stanford, California -- 3-6 April 2006

Liquid Gas 



Plans to place O(6 m3) TPCs in test beams
Ø  LArIAT at Fermilab
Ø  LAGUNA collaboration at CERN

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  …

27 

Test beams
Fermilab 

CERN 



Long baseline proposals
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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 

LBNE 

LBNO 

T2HK 
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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 LArTPC


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


29 

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

30 

Staged LBNE



LAGUNA-LBNO
2300 km baseline

Ø  Lots of matter effect


20 kt liquid argon TPC in 
Finland

Ø  Possible upgrades to 100 
kt

Wide-band muon neutrino 
beam

Good underground physics 
programme

31 



LAGUNA-LBNO

Ø Excellent mass hierarchy determination
Ø CP violation: 44% coverage at 3σ in 10 years

32 

Marco Zito 16

LAGUNA-LBNO : physics reach

Mass hierarchy : 100 % coverage at 5 σ in a few years

CPV: 71 (44) % coverage at 90% (3σ)in 10 years 
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T2HK

295 km baseline 

1 megaton water 
Cerenkov detector 

0.6 GeV 
νµ beam 



T2HK

Ø At the short T2HK baseline, CP violation 
dominates over matter effects

34 

• sin22T13 ~ 0.1 䊻
 

Next target : Study of CP violation 

Huge detector ( HK ) 䠜 Kamioka 
䠇

 
Improved J-PARC neutrino beam ( 䍹

 
750kW )

0

0.1

Neutrino physics in HK 1 ~ Determination of CP G
CP-non conservation term in osc. prob. 䌱
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T2HK

T2HK has good CP violation determination potential
Ø  But relies on the mass hierarchy already being known
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Masashi Yokoyama (U. Tokyo) Future water Cherenkov detectors

Sensitivity to CP violation (HK)
Fraction of true δ possible to observe CPV with >3σ

7.5 MW·107s
(750kW×10yrs/
1.5MW×5yrs)

Integ. 
power
(MW×
107s)

Integ. 
power
(MW×
107s)

Mass hierarchyMass hierarchy

known unknown

3.75

7.5

69% 42%

74% 54%

• With known mass hierarchy (atm ν, other expt’s),
CP violation can be observed (3σ) for ~70% of δ

For sin22θ13=0.1
3.75 MW·107s
(750kW×5yrs)

9

560kt FV

ν:ν=3:7
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sin22V13= 0.1 0.03/Fraction of δCP space which can be distinguished from 0 at 3σ 

σ 

true δ (π)
High Sensitivity to CPV w/ <~5% sys. error

5% all syst
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CPV Discovery Sensitivity (w/ Mass Hierarchy known)

74% region of δ covered at 3σ w/ 5% sys. error
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Long baseline projects
Project Beam 

power 
MW

Fiducial 
Mass kt

Baseline 
km

MH CPV 
90%CL, 
(3σ)

Physics 
starts

Astrophy
sical 
program

LBNO 0.8 20-
>100

2300 Excellent 71 (44) 2023 Yes

T2HK 0.75 500 295 Little 86 (74)* 2023 Yes

LBNE 0.7 10 1300 OK 69 (43) 2022 No

Lund 5 440 365 Some 86 (70) >2019 Yes

CERN-
Canfranc

0.8-4 440 650 Some 80-
88(80)

>2020 Yes

P. Coloma et al.hep-ph:1203.5651

T2HK: 4MW, 500 kt
LBNE: 0.8 MW,33 kt
C2P=LBNO : 0.8 MW, 100 kt

*: if mass hierachy is known

Long baseline comparison

36 

From M. Zito, European strategy meeting, Krakow 

*if mass hierarchy known 



Summary
Three unknowns in neutrino physics

Ø  Octant of θ23, mass hierarchy, δCP

Future long baseline experiments will probe these
Ø  T2K and NOνA have some sensitivity
Ø  LBNE, LBNO and T2HK have much more sensitivity

Liquid argon TPCs
Ø  The electronic bubble chamber
Ø  Excellent for separating νe from π0 interactions
Ø  The challenge is scaling these to >10 kt masses

37 



38 



NOνA

39 

Ø sdfsd



Broadband beam
Ø  First two oscillation maxima 

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

detecting CP violation

40 

LBNE δCP = -π/2 
δCP = 0 
δCP = π/2 

Energy / GeV 

Electron neutrinos Electron antineutrinos 



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

Ø  Has seen the highest energy neutrinos ever observed
41 

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

42 

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
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PINGU
Inverted 
Normal νµ → νµ 

νe → νµ 

hep-ph/1205.7071 



Reactor neutrinos
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Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 

Mass Hierarchy and Reactor νe Oscillation 
Measure spectrum at 1st oscillation maximum of θ12 oscillation

scintillator
oil buffer

water tank

S.T. Petcov et al., PLB533(2002)94
S.Choubey et al., PRD68(2003)113006
J. Learned et al., hep-ex/0612022

L. Zhan, Y. Wang, J. Cao, L. Wen, 
PRD78:111103, 2008
PRD79:073007, 2009

Δm221 is only 3% of |Δm232| 

in principle, determine mass hierarchy from 
precision measurements of  |Δm231| and |Δm232|Slow oscillations (Δm2

21 is small) 
Require >10 km to evolve (KamLAND) 

Fast oscillations (Δm2
31 & Δm2

32 are large) 
Oscillations seen after ~1 km 
(Daya Bay, Reno...) 



Reactor neutrinos at 60 km

45 

Dominant term at 60 km (θ12 is large) 

Subdominant terms at 
60 km (θ13 is small) 

Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 

Mass Hierarchy and Reactor νe Oscillation 
Measure spectrum at 1st oscillation maximum of θ12 oscillation

scintillator
oil buffer

water tank

S.T. Petcov et al., PLB533(2002)94
S.Choubey et al., PRD68(2003)113006
J. Learned et al., hep-ex/0612022

L. Zhan, Y. Wang, J. Cao, L. Wen, 
PRD78:111103, 2008
PRD79:073007, 2009

Δm221 is only 3% of |Δm232| 

in principle, determine mass hierarchy from 
precision measurements of  |Δm231| and |Δm232|

Subdominant terms produce a 
fast modulation to the νe 
disappearance probability 
 
Modulation pattern depends on 
the hierarchy 
 

Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 

Mass Hierarchy and Reactor νe Oscillation 
Measure spectrum at 1st oscillation maximum of θ12 oscillation

scintillator
oil buffer

water tank

S.T. Petcov et al., PLB533(2002)94
S.Choubey et al., PRD68(2003)113006
J. Learned et al., hep-ex/0612022

L. Zhan, Y. Wang, J. Cao, L. Wen, 
PRD78:111103, 2008
PRD79:073007, 2009

Δm221 is only 3% of |Δm232| 

in principle, determine mass hierarchy from 
precision measurements of  |Δm231| and |Δm232|

Daya Bay II 
• 60km-baseline reactor 

experiment 
• Very interesting and 

challenging proposal 
• Default parameters: 

– Detector size: 20kt  
– Energy resolution: 3% 
– Thermal power: 36 

GW 
– Baseline 58 km 

• Mass hierarchy & 
precision meas. 

 

 

Jeff Hartnell, IoP QMUL, Nov. '12 29 

[Jun Cao, Shenzhen Conf.] 

Daya 
Bay 

60 km 
Daya Bay II 



Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 

Mass Hierarchy and Reactor νe Oscillation 
Measure spectrum at 1st oscillation maximum of θ12 oscillation

scintillator
oil buffer

water tank

S.T. Petcov et al., PLB533(2002)94
S.Choubey et al., PRD68(2003)113006
J. Learned et al., hep-ex/0612022

L. Zhan, Y. Wang, J. Cao, L. Wen, 
PRD78:111103, 2008
PRD79:073007, 2009

Δm221 is only 3% of |Δm232| 

in principle, determine mass hierarchy from 
precision measurements of  |Δm231| and |Δm232|

Daya Bay 60 km
20 kt liquid scintillator detector

Ø  Existing Daya Bay detectors are 
120 tons total


Measure the subdominant, 
short-period oscillations

Ø  Fourier transform

Require 3%/√E energy 
resolution

Ø  Existing Daya Bay is ~10% / √E

3σ after 3 years
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Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 

Mass Hierarchy and Reactor νe Oscillation 
Daya Bay II

scintillator
oil buffer

water tank

Site Investigation

Daya Bay

Haifeng

candidate site 
(~60km)

Mass Hierarchy Sensitivity

NH
IH

Ref: Y. Wang, J. Cao, et al
nuTurn 2012

50k events = 20 kton, 3 years
→ 96% 
100k events
→ 3σ

Sub-1% precision 3-v oscillation physics in Δm212, Δm223, and sin2θ12 possible  

Karsten Heeger, Univ. of Wisconsin Neutrino2012, Kyoto, June 4, 2012 

Mass Hierarchy and Reactor νe Oscillation 

extremely good E 
resolution of 3%/√E

e.g. 20kton, 
15,000 20” PMTs

Measure spectrum at 1st oscillation maximum of θ12 oscillation

scintillator
oil buffer

water tank

optimize baseline for detector, 
L=58km

S.T. Petcov et al., PLB533(2002)94
S.Choubey et al., PRD68(2003)113006
J. Learned et al., hep-ex/0612022

L. Zhan, Y. Wang, J. Cao, L. Wen, 
PRD78:111103, 2008
PRD79:073007, 2009



Summing up
Project Mass 

hierarchy
CP violation
(3σ coverage)

Comments

LBNE (stage 1) OK 43 Robust physics studies
Reduced by staging
No near detector

LBNO Excellent 44 Robust physics studies
At least 10 years away
>£1billion

T2HK No 74 Robust physics studies
Requires mass hierarchy 
from elsewhere

PINGU >5σ No ~£40 million, data within a 
decade, known technology
Can it achieve the energy & 
angular resolution?

Daya Bay 60 km >3σ No Can it achieve the energy 
resolution?
Don’t bet against the 
Chinese



Summary
Three unknowns in neutrino physics

Ø  Octant of θ23, mass hierarchy, δCP

Future long baseline projects
Ø  Vital for determining δCP

Ø  Expensive and long-timescale
Ø  Optimization plays hierarchy against δCP

Other ideas
Ø  PINGU or Daya Bay 60 km for mass hiearachy
Ø  (Or NOνA if we’re lucky!)
Ø  Cheaper and faster
Ø  But will they work? R&D needed.

Should we optimize the long baseline programme for hierarchy or δCP?
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Neutrino disappearance

1970s onwards: Ray Davis looked for neutrinos from the Sun
Ø  Saw significantly fewer than predicted by solar models

1970s 

Homestake Mine 

50 



Neutrino disappearance

1990s: Super-Kamiokande observed disappearance of muon neutrinos
Ø  As a function of L/E
Ø  No disappearance of electron neutrinos



1970s 

Homestake Mine Super-Kamiokande 

1990s 
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Neutrino disappearance

2000s: SNO sees disappearance of solar electron neutrinos
Ø  No deficit in the neutral current event rate
Ø  Confirms conservation of total neutrino number

1970s 

Homestake Mine Super-Kamiokande 

1990s 2000s 

SNO 
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T2HK
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Daya Bay 1V T2K 1V Daya Bay 1V T2K 1V

Neutrino physics in HK 1 ~ Determination of CP G
Neutrino beam from J-PARC ( 0.75 MW )

10 yrs of running ( Q
 

3 yrs. +CQ
 

7 yrs., 1 yr 䍵 107 sec. ) 

• CP phase parameter precision ( w/ hierarchy info. ) 䠘18㼻

G
 

vs sin22T13 Mass Hierarchy

• Chance to determine the mass hierarchy ~ 43%
7.5 MW years of data



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

54 

NOνA schedule and status
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Neutrino flavour change – 
Oscillation

Ø  Neutrino flavour states do 
not correspond to mass 
states

να 
1ν
2ν
3ν

kα α
α

ν∑

Created in 
a flavour 
eigenstate 

Propagate as 
mass eigenstates 
 

On detection, collapse 
back to flavour state: now 
not an eigenstate 

Quantum mechanical interference on a macroscopic scale 


