
Practice Talk
• The following is a rough draft of the talk I’d like to give at 

CAP

• As you are aware, the official plot situation is changing 
rapidly

• (e.g. the INGRID plots were released last night, and the 
FGD plots were updated 2 hours ago)

• In some cases I’ll be showing older plots for which updated 
versions should be available in time for my talk on Monday

• I’ve left a little room for a couple more slides depending 
on what becomes available
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Neutrino Mixing

• The neutrino states that participate in the weak interaction 
(flavor states) are related to the mass states via a mixing matrix

• Two of three mixing angles are well measured and very large

• The remaining angle, θ13, is very small and currently unmeasured

• CP violation is controlled by the parameter δ

• If θ13 = 0, there is no CP violation in the lepton sector

Note:  cij = cos(θij), sij = sin(θij)

“Atmospheric ν”
(Super-K, K2K, MINOS)
θ23 = 45°±8° (90% C.L.)

“Solar ν”
(SNO, KamLAND)
θ12 = 34.4°±1.3°

Not yet observed
CHOOZ upper limit:

sin22θ13 < 0.19
(90% C.L.)

Majorana 
phases;
Not yet 
observed

Flavor States Mass States



The T2K Experiment

• The T2K experiment searches for νμ → νe and νμ → νX 
oscillations in a high purity νμ beam

• A near detector located 280 m downstrem of the target 
measures the unoscillated neutrino spectrum

• The neutrinos travel 295 km to the Super-KamiokaNDE 
water Cherenkov detector

• Super-K searches for the appearance of νe

• The measured νμ spectra at the near and far detectors 
are compared to search for νμ disappearance

T2K setupT2K setup

0.75 MW

30 GeV

decay volume

muon monitor

ingrid
super-Kamiokande

ND280

295 km

Super-K Detector J-PARC Accelerator

Near Detector

ν



T2K Collaboration

• 500 members from 62 institutions

• 12 countries (Canada, France, Germany, Italy, Japan, South 
Korea, Poland, Russia, Spain, Switzerland, UK, and USA)



θ13 Sensitivity
• Search for the appearance of electron neutrinos

• Over the full 5 year run, T2K will improve the current limit on θ13 by an order of magnitude

• In the first year of running, sensitivity is comparable to that of CHOOZ

• The plots show sensitivities for 5% (black), 10% (blue), and 20% (red) systematic uncertainties

• First 1-2 years will be dominated by statistical uncertainty

CHOOZ
excluded

CHOOZ
excluded

year 5year 1



θ23 Sensitivity

• Search for the disappearance of muon neutrinos

• Current knowledge of the atmospheric mixing parameters comes from 
MINOS, K2K, and Super-K

• T2K can make very precise measurements:

• δ(Δm223) ~ 10-4

• δ(sin2(2θ23)) ~ 0.01
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Neutrino Interactions
• Neutrinos are detected through a 

variety of processes

• Signal mode is CCQE

• νμ/e + n → μ-/e- + p

• allows flavor tagging of the 
neutrino via the charged lepton

• dominant process at T2K 
energies

• Largest charged-current background 
is CCπ+

• νμ/e + N → μ-/e- + N + π+

• comparable size to CCQE

• Largest background to νe search at 
Super-K is NCπ0

• νμ/e + N → νμ/e + N + π0

• Only π0 →γγ detected in the 
final state

• γ and e- are indistinguishable
T2K

Charged Current Cross Sections



Neutrino Beam

• The J-PARC main accelerator ring produces a beam of 30 GeV protons that 
interact in a carbon target

• The secondary mesons produced are focused by series of 3 cylindrical magnetic 
horns

• The mesons have 100 m in which to decay before reaching the graphite beam 
dump

• Behind the beam dump is a muon monitor that measures the position of >5 GeV 
muons to further constrain the beam direction

• The direction of the neutrino beam itself is measured by a cross-shaped array of 
iron/scintillator modules (INGRID)

• The near detector measures the flux in the direction of Super-K, which is 2.5° 
away from the mean direction of the neutrino beam
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• Neutrinos from pion decay have mean energies 
proportional to the pion momentum when 
measured along the direction of the beam

• By pointing the beam slightly away from the 
detector, the neutrino energies from higher 
momentum pion pions converge

Off-Axis Neutrino Flux
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The offThe off--axis axis !! beambeam

OA3!

OA0!

OA2!

OA2.5!

"m2=3x10-3eV2

!
#
fl
u
x

0°

2°

2.5°
3°

E
!
(G
e
V
)

p$ (GeV/c)

neutrino energy E! almost independent

of parent pion energy

horn focusing cancels partially the pT

dependence of the parent pion

in reality things are more complicated and

the predicted ! spectrum depends on the

hadro-production models used

%Target 3 Horns Decay Pipe

Super-K.

$ decay Kinematics
2.50

ND280 and Super-K are at the same 2.50

off ! beam axis angle

Very narrow energy spectrum with small

high energy tail (almost monochromatic beam)

Neutrino flux at interesting energy region

higher than for on-axis setting

Neutrino beam energy “tuned” to oscillation maximum

Reduces the backgrounds in the electron neutrino

measurements (NC $0 background) Eν (GeV)

N
eu

tr
in

o 
Fl

ux
 (

ar
b.

 u
ni

ts
)

O
sc

. P
ro

b.

• In this way, the neutrino energy spectrum can be 
tuned to maximize the flux in the oscillated energy 
range

• This also provides a way to minimize the high energy 
tail

• reduces the NCπ0 background to the νe 
appearance search

• reduces the multi-pion and deep inelastic scattering 
background to νμ disappearance



Beam Monitoring
• A series of beam monitors measure the mean beam 

position along the length of the beamline

• The final monitor, attached to the horn assembly, is OTR 
(Optical Transition Radiation monitor)

• Titanium foils oriented at 45° relative to the beamline 
produce reflected light perpendicular to the beam direction

Beam profile critical to target longevity

• OTR device images beam profile 

• OTR produced on Ti foil

• Light transported using mirrors

• Profile measured by camera

Foil (50 mm diam.)Mirror 1

Mirror 2 Mirror 3

Mirror 4Camera (40 mm diam)

Concrete Shielding

Iron Shielding

Aluminum Lid
Quartz 

Window

Path of 

Light

Helium

Beam Centre
110 cm

Figure 4: This figure shows a slice through the optical path of the OTR
system. The beam is going into the page, striking the foil.
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NUFACT Workshop Mark Hartz, U. of Toronto/York U.

 Use optical transition radiation to monitor 
beam near target

 Produced when particles moves between 
media with different dielectric constants – 
radiates difference in E field

Rad-hard camera 
up to 10 kGy

OTR Detector

• The reflected light is guided along small passages through the 
shielding by a series of mirrors

• The shape and position of the beam are imaged by a 40 mm 
camera

• Built by Unversity of Toronto, 
York University, and TRIUMF

• See talk by Vyacheslav 
Galymov

NUFACT Workshop Mark Hartz, U. of Toronto/York U.

OTR and Horns

Optical Transition Radiation Monitor

 Beam crosses foil to produce optical transition 
radiation or fluorescent light

 Light is imaged using system of parabolic 
mirrors and camera

 Image shows profile of proton beam

 Located 280 mm upstream of target

 Helium cooled graphite target

 Three magnetic horns focus the 
hadrons produced at the target

 Nominal currents of 320 kA

 For commissioning only first horn 
at 273 kA

Target + Magnetic Horns



INGRID
• On-axis detector that measures the direction of the neutrino 

beam

• Composed of 14 modules of alternating iron and scintillator

• Each module counts the number of muon tracks originating 
within the module

• Variation of rates across the modules provides the mean 
direction of the beam

• Require ~20 cm uncertainty in the position to constrain the 
beam to < 1mrad

!"#$%&'()*+,(-*.*/.0,(12)342-5

! -+&67(8*+'9,*8*".(0:("*9.,&"0(;*+8(

<&,*/.&0"(=&.>(?@8,+<(+//9,+/7A

! $(80<96*(&'(/+60,&8*.*,(0:(B/&".&66+.0,

.,+/C&"D(E6+"*(F2,0"(E6+"*A

@G

)*9.,&"0(H*+8(I,0:&6*

I,*6&8&"+,7(

)0('7'.A(*,,0,(/0"'&<*,*<A

J9"(K+8*<+L(MNK(*%E*,&8*".

!"#$#%&'()**+,-.!

/#0!

/%,#"1"(,#23-14#556#57789!

:';"#1'"<!

Preliminary Results:
2-4 cm statistical-
only uncertainty



ND280
• Enclosed in the 0.2T US1 magnet

• Side Muon Range Detector (SMRD)

• Scintillator strips embedded within the magnet yokes

• Used to detect sideways going muons and provides a 
veto or trigger for cosmic events

• Energy Calorimeter (ECAL)

• Alternating layers of lead and scintillator

• Lines the inside of the magnet to detect photons 
escaping the inner detector

• π0 Detector (P0D)

• Measures π0 production to constrain NCπ0 
backgrounds at Super-K

• Large mass of lead and scintillator layers to boost 
production rate and induce photon conversions

• Intermediate layers can filled with water to measure 
carbon/H20 cross section differences

• Fine-Grain Detectors (FGDs)

• Alternating XZ and YZ layers of 1x1x190 cm3 
scintillator bars

• Provides a neutrino target mass and measures the 
interaction vertex

• Time Projection Chambers (TPCs)

• Strong electric field drifts ionizations to the side 
readout modules

• Primary momentum measurement

• Provides dE/dx for particle ID

First Neutrino Event!

Feb 5th, 2010, 01:57 JST



ND280 Tracker
• The tracker portion of the near detector is composed of the 

FGDs and TPCs

• Primary purpose is to measure muons and electrons from 
CCQE interactions

• FGDs measure interaction vertices and low energy 
protons and pions

• TPCs provide a precision momentum measurement of 
particles exiting the FGD, as well as particle identification 
via dE/dx

• In FGD2, every other scintillator is replaced with a panel of 
water to provide a means for measuring Carbon/Oxygen 
cross section differencesND280 Measurements

65K !
µ
+n"µ-+p events/1021 POT/ton

• Measure neutrino spectrum at ND280

• Measure backgrounds from pion 

production channels

• With ECAL, measure !
e 

background

September 9-16, 2006 Neutrino Oscillation Workshop 2006 / Conca Specchiulla, Italy 16

NC1NC1!!00 in P0Din P0D

0.5 GeV/c !0 + 1 GeV/c proton

0.5 GeV/c !0 + undetected neutron
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Predict event rates and spectrum at SK
21Thursday, July 10, 2008

Measured TPC muon dE/dx

• The FGDs and TPCs were constructed at TRIUMF 
and shipped to Japan June-October of 2009

• For more detailed descriptions of the tracker at 
this conference, see:

• TPC detector talks by Casey Bojechko and 
Jordan Myslik

• FGD detector talk by Caio Licciardi



Far Detector: Super KamiokaNDE

• 50 kton water Cherenkov detector

• Cherenkov radiation produced 
by charged particles is imaged as 
a ring on the tank wall

• Cylindrical shape:  39.3 m 
diameter, 41.4 m height

• The inner tank is lined with 11129 
photomultiplier tubes (20 in 
diameter)

• provides 40% coverage of the 
inner surface

• The outer veto region contains 
1885 8 in tubes



Super-K Event Identification
• Electrons undergo large amounts of 

scattering, creating thin fuzzy rings

• Muons travel in straight paths and 
produce rings with sharper edges

• μ/e separation ~99% at 600 MeV/c

• NCπ0 events produce two photons 
from π0 decay

• photons convert to e+/e- pairs 
that produce e-like Cherenkov 
rings

• If the other photon goes 
undetected, becomes a 
background to νe appearance

SK muon-like Measurement of 
oscillated νµ

 
spectrum

SK electron-like Look for νe from 
oscillations
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Near to Far Extrapolation
• The T2K experiment is not a simple ratio of measured event rates

• The flux is not the same at the near and far detector

• Need well tuned beam Monte Carlo to predict flux ratio

• Beam monitoring, muon monitor, and INGRID are needed

• Input from external pion and kaon production experiments

• The NA61 experiment measures these cross sections using a 
T2K replica target

• The far detector is composed of oxygen, while the near detector is 
predominantly carbon

• Measure O/C ratios using FGD1/FGD2 and P0D water in / water 
out

• The detector behavior is very different for the near and far detector

• Careful study of the near detector is needed using, cosmics, light 
injection, etc.

• Despite 15 years of operation, T2K presents new challenges for the 
Super-K detector

• find low energy photons from π0 decay

• resolve an oscillation in a very sharp energy peak

• Still plenty of work to be done

Far / Near flux ratio extrapolationFar / Near flux ratio extrapolation
! spectrum at far site is different from

near site even w/o oscillations

effect of non-point-like source

! beam
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near

far peak shifted to

higher energy

(angular acc.)

extended source

for near detector
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Near and far detectors see different solid angles:

- far detector: point-like source at 2.50

- near detector: extended source 10 to 30

" complicated far to near flux ratio

to predict the ! flux ratio correctly need to know
the details of the ! parent hadro-production
kinematics

no measurement of particle production off carbon
with 30 GeV protons over same phase space ! NA61

SK expected obs.
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Expected flux at SK &'()

NDSKNF
R ##%/

SK observationFar / Near ratio
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production and geometry
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Data Accumulation
• Physics data taking began 

in January 2010

• Rapid improvements in 
the accelerator have 
boosted the delivered 
beam to 6x1013 protons/
pulse

• In April-June, rapid 
accumulation of protons 
as only T2K was(is) 
receiving beam

• We hope accumulate 50 
kWx107s of beam by the 
conclusion of the first 
data period at the end of 
June
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Reconstructed Timing
• The beam is delivered in six bunches separated by 581 ns

• By requiring a minimal number of hits with more than a 
few photo-electrons of charge, the bunch structure is 
clearly visible in all detectors

• The ECAL, P0D, and INGRID collect data for ~500 ns 
followed by a brief reset period

• The P0D shows the time distribution before and after 
the hit charge selection cuts

P0DFGD INGRID

ECAL



ND280 Event 
Rates

• Neutrino events are 
now being 
reconstructed in all 
detectors

• The number of events 
per POT is stable over 
time 

P0D

INGRID

ECAL

FGD

file://localhost/Users/wilking/Downloads/DownloadedFile
file://localhost/Users/wilking/Downloads/DownloadedFile


Vertex Distributions

• Both the P0D and FGD can reconstruct event vertices

• In the FGD, after selecting only CC-like events that originate within the 
detector, an excess is seen in the region closest to the beam center

• Without any requirement that a track originates within the detector, an 
excess of events entering the P0D from the beam center is observed

P0DFGD

Beam Center Beam Center



Super-K Events
• We have begun 

seeing the first T2K 
beam events at 
super-K!

• The display shows 
one of our first νμ 
candidate events

• PRACTICE 
TALK NOTE:  
Identify the beam 
direction

Neutrino spectrum analysis is 
underway!



Super-K Event Timing
• Can check the time structure of T2K events in Super-K

• Correct for time of flight (TOF) of the neutrino, and the 
resulting Cherenkov photons based on the reconstructed 
event vertex

• The resulting time distribution shows the beam bunch 
structure for Super-K events
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Summary
• T2K can improve the limits on θ13 by as much as an order of 

magnitude

• comparable sensitivity to current limits with the first year of data

• Events have now been observed in both the near and far detectors

• Data in both detectors are consistent with beam time structure

• Event rates are stable with POT

• First year of data taking will conclude at the end of June

• Detailed analysis efforts are underway

• Many exciting physics results to follow...


