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Motivation

• Why are we here? 

• Where is all the antimatter?

• Neutrino oscillation offers a new 
test of CP symmetry

2

P(νµ→νe)

P(νµ→νe)
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Outline

3

• Motivation

• Tools & Strategy

• T2K (J-PARC in Japan)

• SciBooNE (Fermilab E-954)

• Looking Ahead

Kamiokande Detector
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History
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F.A. Scott, Phys Rev. 48, 391 (1935)

pn ⇒
e-

“I have done something very bad today 
by proposing a particle that cannot be 
detected; it is something no theorist 
should ever do.” 
— Wolfgang Pauli (1930)

“desperate
 remedy”
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Neutrinos 101

5
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Neutrino Interactions

Z0

νµ νµ

NC
W+

νµ µ-

CC

6
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Neutrino Interactions 2
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Neutrino Interactions 2

7

ν-N    σ ~ 10-36 cm2

p-p    σ ~ 10-25 cm2

Z0
νµ νµ

HEAVY!
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Finding Neutrinos

Neutrino
Detector

Neutrino
Source

8



M.O. Wascko                                                                                                                         Wisconsin Physics Colloquium                                                                                                          

Finding Neutrinos

Neutrino
Detector

Neutrino
Source

Many neutrinos traverse,
but very few interact

8
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Neutrino Flavors

C. Caso et al., Euro.Phys.J C3, 1 (1998) and (URL: http://pdg.lbl.gov/)

9

Invisible width of the Z0 measured by LEP expts



M.O. Wascko                                                                                                                         Wisconsin Physics Colloquium                                                                                                          

Neutrinos Mass

10
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if neutrinos have mass... 
a neutrino that is produced as a νµ 

• (e.g. π+ → µ+ νµ) 

might some time later be observed as a νe 

• (e.g. νe n → e- p)

11

π+ νµ

µ+
X

νe e-

ν source ν detector
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• Consider only two types of 
neutrinos

• If weak states differ from 
mass states

• i.e. (νµ νe)≠(ν1 ν2)

• Then weak states are 
mixtures of mass states

• Probability to find νe when 
you started with νµ

Neutrino Oscillation

12

ν1
ν2

νe

νµ

ϴ

|νµ(t) >=−sinθ|ν1 > e−iE1t + cosθ|ν2 > e−iE2t

Posc(νµ→ νe) = | < νe|νµ(t) > |2

(
νµ
νe

)
=

(
cosθ. sinθ
−sinθ.cosθ

)(
ν1
ν2

)
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• 2 fundamental parameters

• Δm212 (=m12-m22) ↔ period

• θ12 ↔ magnitude

• 2 experimental parameters

• L = distance travelled

• E = neutrino energy

• Tune L&E for Δm2 range, 
uncertainties determine θ 
sensitivity

• Neutrino disappearance and 
appearance

13

P(νµ→ νe) = sin2 2θ12 sin2(1.27∆m2
12

L
E

)
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http://hitoshi.berkeley.edu/neutrino
http://hitoshi.berkeley.edu/neutrino
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Solar

Δm212 =(7.59±0.21)×10-5 eV2

θ12=34.4°     -1.5
+1.6

http://hitoshi.berkeley.edu/neutrino 14

http://hitoshi.berkeley.edu/neutrino
http://hitoshi.berkeley.edu/neutrino
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Atmospheric

Δm223=(2.43±0.11)×10-3 eV2

θ23=45±6°

14

http://hitoshi.berkeley.edu/neutrino
http://hitoshi.berkeley.edu/neutrino
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Neutrinos from the Sun

15

PRL 20 1205 (1968)
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Solving Solar Problem

16

CC: νe+d→p+p+e
NC: νx+d→p+n+e
ES: νx+e-→νx+e-

PRL 101, 111301 (2008)
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Confirming Solar Results

17

PRL 100, 221803 (2008)





p

N
π+

µ+

νµ

νµ

e+

νe
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Atmospherics

• Difference in observed atmospheric 
muon neutrino fluxes 

• Depending on zenith angle!

• L/E Analysis

19

• Super-Kamiokande @ Neutrino 98

PRL 81, 1562 (1998)

Neutrino 2008
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Confirmation

• Need same L/E to probe same 
Δm2 region as atmospheric

• Confirmed with accelerator 
neutrinos

• K2K and MINOS

• Better Δm2 measurements

νµ+N→µ+X

K2K: PRL 98, 081802 (2005)
MINOS: PRL 101, 131802 (2008)
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3 Flavors

21

flavor                                                       mass
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3 Flavors

21

Atmospheric SolarCross-Mixing

where cij = cosθij, etc.
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3 Flavors

21

Atmospheric SolarCross-Mixing

where cij = cosθij, etc.

Mass (eV)

ν3

ν2
ν1

solar

atmospheric

?

0.05

0.009

flavour key:
νe νµ ντ
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Getting at θ13 & δCP
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→ →
→ →

P( νµ→νe) ~ sin2θ13 cos(Δm223±δCP)
() ()
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Getting at θ13 & δCP

22

→ →
→ →

     ~0.18 (sin22θ13=0.1)
     ~0.58 (sin22θ13=0.01)

P( νµ→νe) ~ sin2θ13 cos(Δm223±δCP)
() ()
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Getting at θ13 & δCP

22

Bottom Line: Need high precision measurements
of everything to extract the value of δCP.

→ →
→ →

     ~0.18 (sin22θ13=0.1)
     ~0.58 (sin22θ13=0.01)

P( νµ→νe) ~ sin2θ13 cos(Δm223±δCP)
() ()
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Campaign for θ13

• Phase I (by 2016):
Accelerators and Reactors
• T2K & NOvA; Daya Bay 

& Double CHOOZ
• Measure value of θ13 

P(νµ→νe) and P( νe→νe)
• If mixing > ~0.01

• Phase II (farther future):
Long baseline superbeams 
and Megaton detectors

• Measure value of θ13

• If mixing > ~0.002
• Search for appearance 

probability asymmetry

23

Daya Bay

T2K
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Outline
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• Motivation

• Tools & Strategy

• T2K

• SciBooNE 

• Looking Ahead

T2K Horn 3
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T2K

25

“Tokai-To-Kamioka”

• Physics Goals: 

• precise Δm223,θ23 measurements

• search for θ13

• Start with world’s largest detector: 
Super-Kamiokande

• Build new neutrino beam

• Off-axis beam to Super-K
• L = 295 km

• E = 0.6 GeV

• Near detectors at 280m to constrain 
beam flux

• First protons on target: April 2009

• Expect 5E21 POT in 5 years
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Intense beam

26

protons
π, π, π, π, Κ ν, ν, ν, ν 

oscillation
Gigantic detector

T2K experimental strategy
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Intense beam

26

protons
π, π, π, π, Κ ν, ν, ν, ν 

oscillation
Gigantic detector

Φν(E)NA-61

T2K experimental strategy

µνµ

p

σ

eνe

p

σ

ν µ

proton
π

σ(E)⋅Φν
near(E) ⇔ σ(E)⋅Φν

far(E)
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26

protons
π, π, π, π, Κ ν, ν, ν, ν 

oscillation
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Φν(E)NA-61
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µνµ

p

σ
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p
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• Use kinematics of pion 
decay to tune the neutrino 
energy

• Flux peak at target energy 
for desired value of L/E

• Eν well matched to Super-K

Off-Axis Beam

27
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J-PARC Overview
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•LINAC (Jan. 2007)

J-PARC Overview
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•3GeV RCS (Nov. 2007)

J-PARC Overview

28
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• MR (May. 2008)

J-PARC Overview

28
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Target & Horns

29

1st Horn

2nd Horn

3rd Horn

Target

beam
1st Horn

3rd  Horn

Full Setup

Baffle (RAL) Target 1st horn
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SPS Heavy Ions and Neutrino Experiment
• CERN NA61

•（30GeV and 50GeV）

π+(MC) 

pπ
θπ

T2K標的
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Beam Muon Monitors

31

Si PIN diode array

Ionization chamber array

Beam

0 kA Horn Current

320 kA Horn Current
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Near Detectors

32

• Performance Goals

• INGRID must measure
• Beam profile and direction

• High accuracy, short time

• ND280 designed to measure:

• νµ flux: <5%

• νµ energy scale: <2%

• intrinsic νe content: <10%

• νµ CC BGs <10%

• Magnetic field, fine 
segmentation, excellent tracking

• High complexity and non-trivial 
integration

ND280

37m

INGRID

neutrino beam

前置検出器
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INGRID

33

Detector
Hall

3
7
m

5m

FGD
MRD

~14m

ν beam

17.9m

5m

ND280

~14m

SK

ν beam

MC study
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• ~0.2 T magnet
• Yoke contains SMRD

• Using MPPCs 

• Tracker
• π0 Detector (P0D)
• Time Projection 

Chambers (TPCs)
• Fine grained 

detectors (FGD)

• ECAL

ND280

34

ν

add ECAL tesbeam picture
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µνµ
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Muon Ring



Electron Ring
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T2K Sensitivity

38

•  νe appearance
• Sensitivity to θ13

• Main backgrounds: intrinsic νe and 
mis-reconstructed νµ

• 20x more sensitive than CHOOZ
• (Plot assumes sin22θ23=1 & δ=0)

•  νµ disappearance
• Sensitivity to Δm223,θ23

• Main backgrounds: mis-
reconstructed νµ

• Sensitive to non-maximal mixing 
below 0.99 at 90% CL 

θ23 sensitivity

• 1σ
• 90% CL
• 99% CL

CHOOZ
excluded

sin22θ1310-110-210-3

Δ
m

2 
(e

V2
) 

10-2

10-3

x200.008
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T2K Energy

• Need precise cross section 
measurements

• νµ and νµ 

W+

νµ

n p

µ-

CCQE

W+

νµ

p
p

µ-

π+

CC1π+

Background Uncertainties

39
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Need for CC σν

40

δ(Δm2)

Δ
m

2
2
3
 e

rr
o
r

K
. H

ir
ai

de

    stat. only
    δ(nQE/QE)=  5%
    δ(nQE/QE)=20%

W+
νµ

n π+
n

µ-,e-

C. Walter (Duke), NuInt07

In oscillation disappearance analysis,
CCQE = signal

CC1π = background

Goal: 5% uncertainty (σCC1π/σCCQE)
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　π0

 γ

 γ

Need for NC σν

• Misidentified νµ NC1π0 events 
form major νe appearance 
background

• Currently ~20% uncertainty

• Goal: 10% NC1π0 uncertainty

41

Z0

νµ

p,n π0

νµ

p,n
T2K Monte Carlo



M.O. Wascko                                                                                                                         Wisconsin Physics Colloquium                                                                                                           

• SciBooNE well matched to T2K

W+

νµ

n p

µ-

CCQE

W+

νµ

p
p

µ-

π+

CC1π+

Let’s measure σν

42

K. Hiraide

0             1               2              3
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Outline

43

• Motivation

• Tools & Strategy

• T2K
• SciBooNE

• Looking Ahead
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SciBooNE collaboration
• Universitat Autonoma de Barcelona
• University of Colorado
• Columbia University
• Fermi National Accelerator Laboratory
• High Energy Accelerator Research 

Organization (KEK)
• Imperial College London*
• Indiana University
• Institute for Cosmic Ray Research
• Kamioka Observatory
• Kyoto University*
• Los Alamos National Laboratory
• Louisiana State University
• Massachusetts Institute of Technology
• Purdue University Calumet
• Università degli Studi di Roma and 

INFN-Roma
• Saint Mary’s University of Minnesota
• Tokyo Institute of Technology
• Universidad de Valencia

44

Spokespersons:
T.Nakaya, Kyoto University
M.O.Wascko, Imperial College

SciBooNE, 2008
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Decay region

50 m
MiniBooNE 
Detector

SciBooNEBooster ν beam

100 m 440 m

Fe
rm

ila
b 

V
is

ua
l M

ed
ia

 S
er

vi
ce

s

Overview

45
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ν beam

SciBooNE Detector

Electron 
Catcher (EC)

Muon Range 
Detector (MRD)

46

Parts recycled from past 
experiments

Used in CHORUS, HARP and K2K

Used in K2K experiment

Scintillator Bar
(SciBar)
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ν beam

SciBooNE Detector

Electron 
Catcher (EC)

Muon Range 
Detector (MRD)

46

Parts recycled from past 
experiments

Used in CHORUS, HARP and K2K

Used in K2K experiment

Scintillator Bar
(SciBar)

DOE-wide Pollution Prevention
Star (P2 Star) Award 
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vertex resolution
~5 mm
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Neutrino event displays

anti-νµ CC-QE candidate
(νµ + p  µ + n)

νµ CC-QE candidate
(νµ + n  µ + p)

ADC hits (area ∝ charge)

TDC hits (32ch “OR”)

SciBar MRDEC

Real SciBooNE 
Data
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SciBooNE installed 
and commissioned 

in spring 2007

SciBooNE Performance

48

0

ν ν ν
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• Oscillation searches with MiniBooNE
• Cross Sections
• CCQE cross sections

• Two separate data samples to expand phase space 
acceptance

• Coherent Pion Production

• Incoherent (resonant) CC1π+

• Neutral current elastic
• Δs

• CC1π0 cross section

• A-dependence

• Antineutrino analyses!

• “Exotic” analyses
• Short range nuclear correlations

11 PhD students

First publication Dec 2008
PhysRevD 78 112004

Many analyses!
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Outline

• Motivation

• Tools & Strategy

• T2K

• SciBooNE

• Looking Ahead
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ゴジラ
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10-2
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- δBG=10%
- δBG=20%
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Exposure /(22.5kt x yr)

T2K
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Phase I: measure θ13

• T2K sensitivity is limited by 
knowledge of NCπ0 backgrounds

• SciBooNE (& MiniBooNE) data 
used to tune MCs

• T2K beam commissioned in April
• Full power (0.75MW) soon

• Near detectors installed and 
running in 2009 (2010)
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Can we measure CPV?

• 2010 - SciBooNE ν 
results

• 2010 - T2K first results

• 2011 - SciBooNE ν 
results complete

• 2016 - T2K final results 
on θ13

• (& NOvA & Reactors)

• Farther Future - Phase II 
superbeam experiment

• θ13  or νµ→νe

52

2009-11

2010-16

Future?
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Summary: Open Questions

• Neutrinos have mass!

• Moving from discovery to precision era

• Details of neutrino mixing?

• Do they violate CP?

• What is the mass hierarchy?

• What is the absolute scale?

• Are they Majorana or Dirac? 

53

Mass (eV)
ν3

ν2
ν1

solar

atmospheric

?

0.05

0.009

1950s 1990s 2010s

Worldwide program of experiments to answer these!
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Conclusion

• Neutrino physics is entering a 
precision era 

• Including ν-nucleus scattering!

• T2K beginning this year

• θ13 next open question to be 
tackled 

• SciBooNE ran successfully at 
Fermilab in 2007-8
• Collected high quality data 

needed by future experiments

There’s never been a better 
time for neutrino physics!
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Join us!
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Backups

55
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Sign of Δm2

• Δm2ij = mi2-mj2

• Solar experiments explained 
by MSW (matter) effects

• Resonant enhancement of 
oscillation ⇒ sun emits ν2

• m2 > m1

• No such information (yet) for 
Δm223 

• Need to observe matter 
effects in θ13 measurement 
ν and ν to sort that out

➡NOvA + T2K + Reactors
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T2KNOvA


