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•

• In neutrino interactions, we measure weak 
(flavor) states (e,μ,τ) which are superpositions 
of the 3 mass states.

• 2-flavor example (good approximation):

• Overall, 3-flavor mixing is described by 4
parameters: θ12, θ23, θ13, δCP.
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Neutrino Oscillation Review

Normal hierarchy
eigenstate fractions

Introduction 
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• The only unmeasured parameters were θ13 (which we know is small) 
and δCP (which we know nothing about).

• For technical reasons, we can only hope to measure δCP if θ13 is non-
zero.  δCP would be interesting to measure, because it describes 
whether neutrinos and anti-neutrinos oscillate differently.

• To measure θ13, we can search for νµ→νe oscillation!

• We know θ13 is small, so this will be rare.  Build setup like this:
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How We Measure θ13
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T2K Overview
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12 countries, 58 institutions, 
512 members
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Neutrino Beam (pt. 1)
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Pulsed beam of 30 GeV protons
from accelerator

Slam into graphite target,
Make pions (and other particles)

p + p → p + π+ + ...

p

νµ
νµ beam 
source

Far
 Detector

Near 
Detectorνµ beam

Target is placed inside 1st magnetic horn...
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Neutrino Beam (pt. 2)
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Positively 
charged 
particles 
focused 
forward

Horn 1
Horn 2

Horn 3

Target

Two horns and pseudo-two 
horns

• T2K’s Horn 1 and 2 are so close together 
that they act as a single focusing element.

• NuMI: a ‘classic’ two-horn system.

122 S.E. Kopp / Physics Reports 439 (2007) 101– 159
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Fig. 20. Neutrino spectrum from the two-horn beam at the NuMI facility at FNAL. The components of the spectrum correspond to the different
possible pion trajectories of Fig. 17. Taken from [184].
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Fig. 21. Two-lens focusing system: a second lens, significantly further from the target than the first, improves the collection efficiency of particles
over-or underfocused by the first lens. The horns shown are for the Fermilab NuMI line [10]. The scale transverse to the beam axis is 4× the scale
along the beam axis.

4.3. Quadrupole-focused beams

Quadrupole-focused beams are generally less efficient than horn focusing, but they are relatively inexpensive and
simpler to design, relying on magnets for conventional accelerator rings and they need not be pulsed, permitting use in
slow-spill beams.

4.3.1. Quadrupole triplet
While a single quadrupole magnet acts like a focusing lens in one plane and a defocusing lens in the other, pairs of

quadrupoles act like a net focusing lens in both planes. Quadrupole triplets, furthermore, help make the containment
more similar in both planes [130,193,76]. The aperture of a quadrupole is typically much smaller than for a horn,
but for very high energy neutrino beams such is not a limitation: recalling that secondaries off the target emerge (cf.
Eq. (10)) with angular spread ! = (0.300 GeV/c)/p, a quadrupole’s acceptance is well-matched to high-momentum
secondaries. Fig. 24 compares the neutrino flux from a horn-focused and quad triplet beam at a 500 GeV/c accelerator,
for example. In principle, a quadrupole system provides an exact focus for a particular momentum 〈p〉 of the secondary
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Neutrino Beam (pt. 3)
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π+ → µ+ + νµ

µ

νµ

π+
θ

νµ
νµ beam 
source

Far
 Detector

Near 
Detectorνµ beam

~200 m

π+ µ+ νµ

π+ lifetime: 2.6x10-8s

µ+ lifetime: 2.2x10-6s
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Neutrino Beam (pt. 4)
• 2-body decay → exact kinematics
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Near Detectors
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ND280 
Off-Axis

INGRID

Same
spectrum 

as SK

Off-axis

νµ
νµ beam 
source

Far
 Detector

Near 
Detectorνµ beam

measure direction
and profile
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Detecting Neutrinos
• We only detect the charged 

products of neutrino interactions!

• Charged particles in traveling faster
than the speed of light in some 
medium (like a sonic boom)

• vlight = c/n   (n = index of refraction)
in water, vlight ≈ 0.75c

• Light emitted in cone shape

10

(neutral)
ν

(charged)
µ

Cherenkov
ring

W+
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Super-Kamiokande
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Super-Kamiokande III

Run 34967 Sub 367 Ev 46538509

08-07-19:19:38:51

Inner: 2604 hits, 9845 pE

Outer: 4 hits, 4 pE (in-time)

Trigger ID: 0x07

D wall: 230.5 cm

FC e-like, p =  944.8 MeV/c
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• 50,000 ton water Cherenkov detector

• 11,146 PMTs in ID, 1,885 in OD
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νµ beam 
source

Far
 Detector

Near 
Detectorνµ beam

• ~1km underground 
in Mt. Ikenoyama



Joshua Albert SESAPS Roanoke: Neutrino Session                  October 21, 2011

SK Reconstruction
• Find vertex (mostly timing)

• Count rings

• Find momenta

• PID from ring topology (“fuzziness”)

12

νµ
νµ beam 
source

Far
 Detector

Near 
Detectorνµ beam

Super-Kamiokande IV
T2K Beam Run 32 Spill 294378
Run 66692 Sub 67 Event 15931918 
10-04-18:13:57:00
T2K beam dt =  3054.5 ns
Inner: 1414 hits, 2494 pe
Outer: 7 hits, 6 pe
Trigger: 0x80000007
D_wall: 1060.9 cm
2 e-like rings: mass = 140.4 MeV/c^2
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νe Appearance Signal

• Charged Current Quasi-Elastic Events

• Only single lepton ring visible at SK

• Ring topology indicates νe vs. νµ

13
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• Incident neutrino energy can 
be reconstructed!

Eν =
mNEl −m2

l /2

mN − El + pl cos θl
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Super-Kamiokande III
Run 999999 Sub 0 Event 2212 
08-04-17:00:21:12

Inner: 2323 hits, 4048 pe

Outer: 6 hits, 6 pe

Trigger: 0x03

D_wall: 988.9 cm

e-like, p = 387.8 MeV/c
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νe Appearance Backgrounds
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1) Beam νe :
νµ beam only 
~99% pure

2) flavor mis-ID:
mostly from

νµ+p →π0+νµ+p
d            →γ + (γ)

NC π0

Asymmetric
Decay

e-like ring

most likely 
2nd ring

γ

γ

π0

θγγ
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Event Selection

• Fiducial Volume

• Fully Contained

W+

νl l−

pn

15

Signal: Single
electron ring!
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Event Selection

• Fiducial Volume

• Fully Contained

• Evis>100 MeV

• One Ring

• E-like

W+

νl l−

pn

16

Signal: Single
electron ring!
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Event Selection

• Fiducial Volume

• Fully Contained

• Evis>100 MeV

• One Ring

• E-like

• No µ→e decay

W+

νl l−

pn

17

Signal: Single
electron ring!
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Event Selection

• Fiducial Volume

• Fully Contained

• Evis>100 MeV

• One Ring

• E-like

• No µ→e decay

• POLfit cut
(mπ<105 MeV)

W+

νl l−

pn

?

18

γ

γ

π0

θγγ

mπ0 =
�

2p1p2(1− cos θγγ)

Signal: Single
electron ring!
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Event Selection

• Fiducial Volume

• Fully Contained

• Evis>100 MeV

• One Ring

• E-like

• No µ→e decay

• POLfit cut 
(mπ<105 MeV)

• Eνrec < 1250 MeV

W+

νl l−

pn

19
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mN − El + pl cos θl
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Signal: Single
electron ring!
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And now,
Let’s look at the data!

20
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Six Events Observed!
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obs N
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Results

• θ13 = 0 is excluded to > 90% CL.

• Best fit: sin22θ13 = 0.11

• First non-zero measurement of θ13 
to better than 90% CL!
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Summary/Looking Ahead

• The T2K experiment features an off-axis beam of νµ with near 
detectors and a far detector, Super-Kamiokande, 295 km away.

• It has found indications of νe appearance in a νµ beam, and has 
excluded θ13 = 0 at ~ 99.3% CL.

• 6 events were observed on an expected background of 1.5 events.

• Experiment is temporarily disabled due to March 2011 earthquake, 
but will return in 2012 to deliver stronger results!

24
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Thank You!

25
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Supplemental Slides
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Near Detectors: INGRID
• Measure beam direction 

and intensity

• On-axis detector

• Iron/scintillator alternating 
layers, modular design.

27

Scintillator Planes
Iron Plates Veto Planes
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Near Detectors: ND280 Off-Axis

28
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Near Detectors: ND280 Off-Axis

29
Figure 22: View of an FGD with the front cover removed. XY
scintillator modules (green) hang perpendicular to the direction
of the neutrino beam. Along the top, six mini-crates with elec-
tronics can be seen without their cooling lines, while on the
right side the cooling lids covering the mini-crates are shown.

frame that supports the weight of the FGD modules and trans-
fers that weight to the detector basket. The walls of the dark box
are made of thin opaque panels to keep its interior light-tight.

The FGD’s front-end electronics resides in 24 mini-crates
that attach to the outside of the four sides of the dark box. Sig-
nals from the photosensors inside the dark box are carried from
the photosensor bus-boards to the electronics by ribbon cables
that attach to the crates’ backplanes, which are mounted over
cutouts on the four sides of the box. The mini-crates are cooled
by a negative-pressure water cooling system running along the
sides of the frame of the dark box, and power is carried to the
mini-crates by a power bus mounted on the frame. The elec-
tronics is arranged so that all heat-producing elements are lo-
cated outside of the dark box in the mini-crates where they can
be readily cooled by the cooling system, while only elements
with negligible power outputs (the photosensors themselves)
are present inside the dark box.

Each mini-crate contains four front-end boards and one crate
master board (CMB), and can read out 240 photosensors. The
front-end boards use the “AFTER” ASIC (Section 4.3.3), to
shape and digitize high and low attenuation copies of the pho-
tosensor signals at 50 MHz, storing the waveform in a 511-
deep switched capacitor array. In addition the front-end boards
provide the photosensor bias voltages and analog trigger prim-
itives. Data from each crate is read out over optical fiber links
to data collector cards (DCCs) located outside of the magnet.
Slow control systems use a separate data and power bus for re-
dundancy.

Figure 23: External view of one ECal module. The scintillator
bars run horizontally inside the module as shown. The readout
electronics, signal and power cables, and cooling pipes can be
seen mounted on the aluminum plates on the sides of the mod-
ule. The gray surface at the top is the carbon fiber sandwich
front plate, which in the final module position is facing towards
the inner subdetectors (PØD, FGDs and TPCs).

4.3.5. Electromagnetic Calorimeter (ECal)
The ND280 ECal is a sampling electromagnetic calorimeter

surrounding the inner detectors (PØD, TPCs, FGDs). It uses
layers of plastic scintillator bars as active material with lead ab-
sorber sheets between layers, and it provides near-hermetic cov-
erage for all particles exiting the inner detector volume. Its role
is to complement the inner detectors in full event reconstruction
through the detection of photons and measurement of their en-
ergy and direction, as well as the detection of charged particles
and the extraction of information relevant for their identification
(electron-muon-pion separation). A key function of the ECal is
the reconstruction of π0’s produced in neutrino interactions in-
side the tracker detectors. In the case of π0 production inside
the PØD, the PØD-ECal complements the PØD reconstruction
with information on escaping energy.
The ECal is made of 13 independent modules of three dif-

ferent types arranged as in Fig. 16: six Barrel-ECal modules
surround the tracker volume on its four sides parallel to the
z (beam) axis; one downstream module (Ds-ECal) covers the
downstream exit of the tracker volume; and six PØD-ECal
modules surround the PØD detector volume on its four sides
parallel to the z axis. Each module is made of consecutive lay-
ers of scintillator bars glued to a sheet of lead converter. The
Ds-ECal is located inside the basket carrying the inner subde-
tectors of the off-axis detector. The other 12 ECal modules are
mounted inside of the UA1 magnet. A drawing of a completed
module is shown in Fig. 23.
All ECal scintillator bars have a 4.0 cm × 1.0 cm cross sec-

tion with a 2.0 mm × 3.0 mm elliptical hole running along their
full length in the middle. The bars were extruded at a dedicated
Fermilab facility and the material used was polystyrene doped
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Neutrino Beam (pt. 3)
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θ13 and δCP

• δCP observation only possible with all three mixing angles non-
zero!

• Non-zero δCP means neutrinos and anti-neutrinos oscillate 
differently, this may be related to the matter dominance over anti-
matter in the universe.

• To measure δCP: Perform νe appearance experiments with both 
neutrinos and anti-neutrinos.

• δCP does not manifest in disappearance experiments!
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Current T2K Timing System

• T2K beam trigger comes from kicker magnets

• “Commonview” GPS mode used

• At SK, 2 GPS units and a Rubidium clock are used to measure and 
confirm the time stability.
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T2K Beam Timing

• Bunch structure from protons in beam visible at SK.

• Narrow bunches could be an advantage for T2K for TOF measurement.

33

0

5

10

15

-1000 0 1000 2000 3000 4000 5000
T0  (nsec)

N
um

be
r o

f e
ve

nt
s 

/ 4
0n

se
c RUN-1

RUN-2

0

5

10

15

-200 -100 0 100 200

Entries
RMS
UDFLW
OVFLW

            121
  27.08
  0.000
  0.000

Residual (nsec)
N

um
be

r o
f e

ve
nt

s

RUN-1
RUN-2



Joshua Albert SESAPS Roanoke: Neutrino Session                  October 21, 2011

Six Events Observed
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Vertices appear surprisingly clustered, but extensive studies found
no evidence for contamination from outside the detector.



Joshua Albert SESAPS Roanoke: Neutrino Session                  October 21, 2011

Beam Purity and Spectrum

• Beam energy tuned to 
∆m2

13 (≈∆m2
23) 

oscillation maximum.

• Maximum νµ 
disappearance, maximum 
νe appearance.
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Six Events Observed
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Six events remain, expected
background 1.5 evts.

remove most
of this!


