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Figure 13.3: Fluxes of 8B solar neutrinos, φ(νe), and φ(νµ or τ ), deduced from
the SNO’s CC, ES, and NC results of the salt phase measurement [94]. The
Super-Kamiokande ES flux is from Ref. 99. The BS05(OP) standard solar model
prediction [86] is also shown. The bands represent the 1σ error. The contours show
the 68%, 95%, and 99% joint probability for φ(νe) and φ(νµ or τ ). The figure is
from Ref. 94. Color version at end of book.

where the first errors are statistical and the second errors are systematic. In the case
of νe → νµ,τ transitions, Eq. (13.72) is a mixing-independent result and therefore tests
solar models. It shows good agreement with the 8B solar-neutrino flux predicted by the
solar model [86]. Fig. 13.3 shows the salt phase result of φ(νµ or τ ) versus the flux of
electron neutrinos φ(νe) with the 68%, 95%, and 99% joint probability contours. The flux
of non-νe active neutrinos, φ(νµ or τ ), can be deduced from these results. It is

φ(νµ or τ ) =
(
3.26 ± 0.25+0.40

−0.35

)
× 106cm−2s−1. (13.73)

The non-zero φ(νµ or τ ) is strong evidence for neutrino flavor conversion. These results
are consistent with those expected from the LMA (large mixing angle) solution of solar
neutrino oscillation in matter [25,26] with ∆m2

" ∼ 5 × 10−5 eV2 and tan2θ" ∼ 0.45.
However, with the SNO data alone, the possibility of other solutions cannot be excluded
with sufficient statistical significance.
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Mass and Mixing:
Opportunities following discovery of non-zero neutrino mass

Mass:
• Neutrino masses very small (<1 eV)

• Neutrinos are unique in the SM in 
having the option to have:

• Dirac mass (like quarks)

• Majorana mass (self-conjugate) 

Mixing:
• also know that the neutrinos 

“mix” like quarks

• flavor/mass states related by 
non-trivial unitary transformation

νl

l

W

LD = −mD(νLνR + νRνL)

LM = −mM (νRνc
R + νc

RνR)

xνR νL
|ν�� =

�

i

U∗
�i|νi�
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The Big Questions:
Neutrinos play a role in outstanding problems:

• Key to persistent cosmological problems?

• Their mixing (and resulting CP violation) may be related to the matter/
anti-matter asymmetry of the universe (leptogenesis)

• Window to physics at a very high scale?

• Their mass may be of a completely different nature from other 
particles (Majorana mass). 

• “Seesaw” mechanism relates small neutrino masses to 1015 eV scale

• “Standard” mixing/mass of neutrinos pose their own question

• Why is the mixing so large, different from quarks?

• Why are neutrino masses small compared to other leptons/quarks?

• Is there a pattern to the mixing/masses?
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Key Questions
• Are neutrinos their own antiparticles?

• Do neutrinos have Majorana masses?

• Key ingredient to the “see-saw” and Leptogensis

• What is the mixing/mass structure of neutrinos?
• Is there CP violation in the lepton sector?

• Gatekeeper: is θ13≠ 0?

• Is there structure/pattern to neutrino masses?

• Need precision measurements

• Is there more?
• sterile neutrinos? CPT violation? . . . . 
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Probing Mass/Mixing
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6 T. Thümmler - Introduction to direct neutrino mass measurements and KATRIN 

m! " 0 influence: 
!  shift of E0 
!  changed shape 
!  shape to be analysed! 

! 

d"i
dE

= C# p# (E +me )# (E0 $ E)# (E0 $ E)
2 $mi

2 # F(E,Z)# %(E0 $ E $mi)

(!- mass)2 ! 

m("e ) = Uei
2
#

i=1

3

$ mi
2

m(νe) from ! decay: model-independent,!
based on kinematics and energy conservation!

key requirements: 
!  low endpoint # source 
!  high count rate 
!  high energy resolution 
!  extremely low background 

�
∆E

E0

�3

mνe =

����
nν�

i=1

|Uei|2m2
i

�
mν < (0.6− 1.3)eV

A
ZX→ e− + e− + A

Z+2Y

τ1/2 =
1

�mee�G0ν |M0ν |2

Pνα→νβ (L/E;∆m2
ij , U�i) �= 0
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Probing Mass/Mixing

Pνα→νβ (L/E;∆m2
ij , U�i) �= 0
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Neutrino Oscillations
• Neutrinos produced in weak 

decays are linear combinations 
of mass/energy eigenstates

• Time evolution: state acquires component of another neutrino flavor

• Amplitudes determined by mixing parameters (Uai)

• Wavelengths determined by mass differences Δm2ij (L in km, E in GeV)

Only positive indications of neutrino mass and mixing thus far.

6Tuesday, July 5, 2011



Experiment

Disappearance: 

• fewer interactions in original flavor

Appearance: 

• interactions in new flavor 

Amplitudes: mixing matrix Uij

Eν dependence: mass differences Δmij2
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Typically, experiments have detectors at L=0 to assess “initial state”
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Current Knowledge

c
ij
 = cos θ

ij
 

s
ij 

= sin θ
ij
 

|UMNSP| ∼




0.8 0.5 0
0.4 0.6 0.7
0.4 0.6 0.7





sin2 2θ13 < 0.19
sin2 θ12 = 0.304+0.022

−0.016

sin2 θ23 = 0.50+0.07
−0.06

The mixing matrix:

Is θ13 ≠0?
Is θ23 maximal (45o)?
Is δ≠0 (CP violation)?
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Current Knowledge
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Figure 13.3: Fluxes of 8B solar neutrinos, φ(νe), and φ(νµ or τ ), deduced from
the SNO’s CC, ES, and NC results of the salt phase measurement [94]. The
Super-Kamiokande ES flux is from Ref. 99. The BS05(OP) standard solar model
prediction [86] is also shown. The bands represent the 1σ error. The contours show
the 68%, 95%, and 99% joint probability for φ(νe) and φ(νµ or τ ). The figure is
from Ref. 94. Color version at end of book.

where the first errors are statistical and the second errors are systematic. In the case
of νe → νµ,τ transitions, Eq. (13.72) is a mixing-independent result and therefore tests
solar models. It shows good agreement with the 8B solar-neutrino flux predicted by the
solar model [86]. Fig. 13.3 shows the salt phase result of φ(νµ or τ ) versus the flux of
electron neutrinos φ(νe) with the 68%, 95%, and 99% joint probability contours. The flux
of non-νe active neutrinos, φ(νµ or τ ), can be deduced from these results. It is

φ(νµ or τ ) =
(
3.26 ± 0.25+0.40

−0.35

)
× 106cm−2s−1. (13.73)

The non-zero φ(νµ or τ ) is strong evidence for neutrino flavor conversion. These results
are consistent with those expected from the LMA (large mixing angle) solution of solar
neutrino oscillation in matter [25,26] with ∆m2

" ∼ 5 × 10−5 eV2 and tan2θ" ∼ 0.45.
However, with the SNO data alone, the possibility of other solutions cannot be excluded
with sufficient statistical significance.
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Terrestrial:

c
ij
 = cos θ

ij
 

s
ij 

= sin θ
ij
 

ν3 Solar

AtmosphericM
as
s

νe νµ ντ

“Normal” “Inverted”

ν3

ν1

ν1

ν2

ν2

∆m2
23 ∼ 2.4× 10−3eV2/c4

∆m2
12 ∼ 7.8× 10−5eV2/c4
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θ23 and θ13

7

If !
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May point to symmetry in the lepton sector?
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P (νµ → νe) ∼ sin2 2θ13 sin2
θ23 × sin2 ∆31

+ sin 2θ13 cos θ13 sin 2θ23 sin 2θ12 × sin ∆31 sin ∆21 cos(∆32 ± δ)
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!
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B. Kayser, NuSAG Mar 2006
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7

θ13: Last unmeasured mixing angle

• 3 flavor mixing allows CP violation if δ≠0

• Two methods for detecting θ13:
• νe disappearance with reactor source

• νµ from accelerator

θ23: Possibly maximal mixing

• Precision measurement (νµ  disappearance)

• Is the oscillation to ντ? (ντ  appearance)

P (νe → νe) ∼ 1− sin2 2θ13 sin2 ∆m2
23(L/E)
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Accelerator-based beam

• O(1 GeV) νµ produced from secondary particle decays:

  

120 GeV protons delivered to carbon target
 
Magnetic focusing horns select positive or
negative secondaries (!+/!- mostly)
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p + A→ π+ + X
�→ µ+ + νµ
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p + A→ K + X
�→ µ + νµ (Kµ2)

π + µ + νµ (Kµ3)
π + e + νe (Ke3)

• other neutrino species produced at O(10-(2-3)) level
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θ23
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MINOS:

1 kt near detector + 4.5 kt far detector

• scintillator (1 cm x 4.1 cm strips) tracker/
calorimeter in alternating U/V planes

• interspersed with magnetized steel plates (1”)

~3 GeV νµ beam, L=735 km far detector

NEAR FAR

  

120 GeV protons delivered to carbon target
 
Magnetic focusing horns select positive or
negative secondaries (!+/!- mostly)
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νµ CC/NC separation

• CC/NC discrimination based on event 
length, transverse profile, energy deposition 

• Improvements to shower energy estimator 
and selection for νµ CC with short muons

• Energy spectrum extrapolated to far 
detector using near detector data.

  

! Esp. with "0
, hard to distinguish

from #e CC
 

! Energy more transversely distributed

neutral current

Neutrino events

! Clear signature in MINOS: long track
 

! If $ track is very short, event can be

mistaken for NC or #e CC

#
$
 charged current

(Monte Carlo)

! #e is small component of initial flux
 

! Electron leaves characteristic deposition

pattern: compact shower

#e charged current

E
reco  

=
 
14.1 GeV

E
reco  

=
 
7.8 GeV

E
reco  

=
 
8.0 GeV

Ryan Patterson, Caltech

Muon neutrino disappearance

Calorimeter Spectrometer

!

! Start by measuring "
#
 charged current rate in near detector

! First stage of selection:

!

! Fiducial volume (below)

! Beam timing, cosmic removal

! How “track-like” is the event?

Fiducial regions 
(in red)

Near det.

Far det.

! New for 2010 analysis:
! Recover short-track events

        (second kNN discriminant
         and no muon charge cut)

Ryan Patterson, Caltech Fermilab Users' Meeting 2011

kNN selector
νµ CC

νe CC

ν NC

slides based on FNAL Users’ Meeting
R. B. Patterson (6/2011)
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Beam to NuMI:
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νµ disappearance
• Observed spectrum shows energy-

dependent deficit relative to null 
oscillation expectation

• alternate mechanisms (decay/
decoherence) strongly ruled out

∆m2
atm = 2.32+0.12

−0.08 × 10−3eV2/c4

Eν (GeV)

!
"
 disappearance at far detector

beamline geometry
detector solid angles
readout differences (near vs. far)

Ryan Patterson, Caltech Fermilab Users' Meeting 2011

# Convert the measured near detector energy
spectrum into a prediction for the far detector

# Monte Carlo used for this, incorporating:

# Clear deficit seen at far detector

E
ve

nt
s/

G
eV

Eν (GeV)

• Precision measurements of parameters:

sin2 2θatm > 0.90 (90% C.L.)

PRL 106, 181801 (2011)
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# Convert the measured near detector energy
spectrum into a prediction for the far detector

# Monte Carlo used for this, incorporating:

# Clear deficit seen at far detector
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G
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Eν (GeV)

• Precision measurements of parameters:

!
"
 disappearance at far detector

beamline geometry
detector solid angles
readout differences (near vs. far)

Ryan Patterson, Caltech Fermilab Users' Meeting 2011

# Convert the measured near detector energy
spectrum into a prediction for the far detector

# Monte Carlo used for this, incorporating:

# Clear deficit seen at far detector

E
ve

nt
s/

G
eV

Eν (GeV)

Oscillation interpretation:

- Parameter space shown at left.
- Most precise !m2     measurement:

Strongly disfavored
alternative interpretations:
 

Neutrino decay: >7!
 

Decoherence: >9!

2006

2008

2010

atm

Ryan Patterson, Caltech

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

Eν (GeV)

R
at

io
 t

o 
N

o 
O

sc
.

sin2 2θatm > 0.90 (90% C.L.)

PRL 106, 181801 (2011)
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νµ disappearance
• Produce anti-neutrino-enhanced beam by 

switching the polarity of the horn

p + A→ π− + X
�→ µ− + ν̄µ

  

Forward-current mode (neutrinos) Reversed-current mode (antineutrinos)

(Monte Carlo) (Monte Carlo)

Could use !
"
 component

of standard NuMI beam...

Much better: reverse the
current in the focusing horns...

Antineutrino runningAntineutrino running

# Reversed horn current running
  $ predominantly antineutrino flux
 

# Magnetic detectors allow muon
charge selection
 

# Good !/! separation; well-modeled

Ryan Patterson, Caltech

• Suppress wrong-sign (neutrino) interactions 
by sign selection in the detector.

arxiv 1104.0344
submitted to PRL
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ντ appearance
OPERA:

• LBL experiment using CERN SPS to 
produce beam above ντ threshold

• Emulsion to detect τ decay topologically

!"

#$%&'()*+%)$,"!""-.',/,.)$"/'"01+2(/&'("

-like events  (NN > 0.5)

SK-I+II+II

Fit Results 

» Tau signal clearly appears in upward-
going region

» DIS fits to +1 
» normalization fit is 1.63 expectation 

Fitted Excess

Atm BKG MC

If no appearance ,  = 0 

Preliminary 

Preliminary 

(This corresponds to  213.6 Events) 
Measure of significance: Area under asymmetric 
Gaussian centered at for < 0 
(= no appearance)    

SK data are inconsistent with no appearance at  3.8

12

ντ + A→ τ− + X
�→ π− + π0

�→ γ + γ

νµ disappearance (νµ→νx): interpretation is x = τ  

Super-Kamiokande:

• Detect ντ production with NN using

• particle identification, visible energy

• event topology variables, decay electrons

• Excess seen where νµ observed to disappear 

Fitted ντ excess

Atm νµ BKG MC

ντ-like events (NN>0.5)
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θ13
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MINOS νµ→νe
• νe /NC discrimination 

• “Library Event Matching”

• Compare strip location/charge of event to a 
library of O(107) signal/background events

• Select N events based on likelihood that 
events came from the same underlying 
energy deposition.

!"#$%&'()*'*+,-%./# 012*%!3-%!455

!"#$%&'(

!"#$%&'()*%+,+'*%&-%#./("0+1%*.%*$+%
2&30"04%+,+'*-%34%#"2#)2"*&'5%*$+%
2&6+2&$..1%*$"*%*$+%($.*.+2+#*0.'-%&'%
+"#$%+,+'*%#"/+%70./%*$+%-"/+%
+'+054%1+(.-&*&.'8

9$+%2&30"04%#.'-&-*-%.7:
!%;<%/&22&.'%-&5'"2%+,+'*-
!%=<%/&22&.'%3"#650.)'1%>?@A%+,+'*-

)*&(&'"+,-./'#

0112,!"#$%

3"2,!"#$%

!"#$%&'()*'*+,-%./# 012*%!3-%!455

!"#$%&'(

!"#$%&'()*%+,+'*%&-%#./("0+1%*.%*$+%
2&30"04%+,+'*-%34%#"2#)2"*&'5%*$+%
2&6+2&$..1%*$"*%*$+%($.*.+2+#*0.'-%&'%
+"#$%+,+'*%#"/+%70./%*$+%-"/+%
+'+054%1+(.-&*&.'8

9$+%2&30"04%#.'-&-*-%.7:
!%;<%/&22&.'%-&5'"2%+,+'*-
!%=<%/&22&.'%3"#650.)'1%>?@A%+,+'*-

)*&(&'"+,-./'#

0112,!"#$%

3"2,!"#$%

!"#$%&'()*'*+,-%./# 012*%!3-%!455

!"#$%&'(

!"#$%&'()*%+,+'*%&-%#./("0+1%*.%*$+%
2&30"04%+,+'*-%34%#"2#)2"*&'5%*$+%
2&6+2&$..1%*$"*%*$+%($.*.+2+#*0.'-%&'%
+"#$%+,+'*%#"/+%70./%*$+%-"/+%
+'+054%1+(.-&*&.'8

9$+%2&30"04%#.'-&-*-%.7:
!%;<%/&22&.'%-&5'"2%+,+'*-
!%=<%/&22&.'%3"#650.)'1%>?@A%+,+'*-

)*&(&'"+,-./'#

0112,!"#$%

3"2,!"#$%

Three discriminants:

• Fraction of signal/background 
matches

• Charge overlap with matches 

• EM fraction in matches

Combined into ANN with energy

slides based on FNAL seminar
L. Whitehead (6/2011)
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slides based on FNAL seminar
L. Whitehead (6/2011)
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• Fraction of signal/background 
matches

• Charge overlap with matches 

• EM fraction in matches

Combined into ANN with energy
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slides based on FNAL seminar
L. Whitehead (6/2011)
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Background:

• Vary composition of ND events by 
changing beam configuration (Eν spectrum)

• Fit for contribution of each background 
component in the standard beam

• MC only estimate would have much larger 
uncertainty (5.7% vs. ~20%)

!"#$%&'()*'*+,-%./# 012*%34-%3566

!"#"$!%&'()*+",-.%/0)1*2(3"%"#&/)

!"#$%&#"#$'$()%)$"#%"$%*$+#)",-#$%&#$'$
.)/01-*,2($/*+3*2#2%"$42$%&#$"%)2()-($")+35#666

!"4217
8$9*%)5$+#)",-#($-)%#$42$#)/&$.#)+$/*2:41,-)%4*2
8$;#5)%4<#$42%#-)/%4*2$-)%#"$:*-$#)/&$.)/01-*,2($/*+3*2#2%$:-*+$
$$%&#$=>$"4+,5)%4*2

>)2$:4%$:*-$%&#$.)/01-*,2($/*+3*2#2%"$42$%&#$"%)2()-($")+35#

!"#$%&'()*'*+,-%./# 012*%34-%3566

!"#"$!%&'()*+",-.%/0)1*2(3"%"#&/)

45678

49678

4:978

  

Turn off

focusing horn

! Transport of CC components to far det.
requires application of Posc("#

$"x )
 

! Could use MC to estimate fraction of
background that is "

#
 and "e CC

 
! Better: measure NC, CC components

by adjusting horn focusing, modifying
NC / CC fraction

Std.

Horn off

High energy

Fiducial events for
different beam cfgs.

Near detector MC

Std. beam Horn-off beamMonte Carlo Monte Carlo

""
ee
 background decomposition background decomposition

(2010 analysis)(2010 analysis)

Horn Off High energyStandard
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Signal Region
• Events with LEM>0.6:

!"#$%&'()*'*+,-%./# 012*%3"-%3455

!"#$%&'$

!"#$%('$%#')**θ
+,
%-%./.0.

!"##$%&'()δ*+,)θ
-.
*π/0,)

'12%34)5&62327589

!"#$%&'()*'*+,-%./# 012*%3"-%3455

!"#$%&'$

!"#$%('$%#')**θ
+,
%-%./.0.

!"##$%&'()δ*+,)θ
-.
*π/0,)

'12%34)5&62327589

!"#$%&'()*'*+,-%./# 012*%3"-%3455

!"#$%&'$

!"#$%('$%#')**θ
+,
%-%./.0.

!"##$%&'()δ*+,)θ
-.
*π/0,)

'12%34)5&62327589
!"#$%&'()*'*+,-%./# 012*%34-%35""

!"#$%&'()$%

!"#$%&"'()*"+'",*-#.*&%/"
0123456789

2:;*,<*-#=',>&./?"-#0θ
@A
B589

*+,-&./&0,1&2343%5&./&6,7&23%8%5

C=$*.D*-#-'<'9
90

Bkg. Expectation: 49.5±7.0±2.8 events
Observe: 62 events

• Signal Extraction:

• Fit LEM x Energy simultaneously

• Best fit gives sin22θ13 = 0.040
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Produce intense beam of ~600 MeV νµ

• 295 km away from source, look for

• νe  appearance due to θ13 ≠ 0, νµ→νe

• νµ disappearance due to νµ→ντ (θ23)

at Super Kamiokande (SK) “far” Detector

TokaiKamioka

1.27×∆m2
23

L

E
∼ π

2

L=295 km
E~600 MeV
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Off-Axis Beam Concept

• Tune angle to maximize flux at 
oscillation maximum

• Reduce high energy neutrinos (GeV/c)
π
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p(30GeV) + C→ π+ + X
�→ νµ + µ+

2.5° off-axis
3.0° off-axis

2.0° off-axis

• Neutrinos produced with wide 
energy spectrum

• Can we “focus” neutrinos to the 
right energy (600 MeV@295 km)?

• No, but we can exploit kinematics.

24Tuesday, July 5, 2011



Off-Axis Beam Concept

• Tune angle to maximize flux at 
oscillation maximum

• Reduce high energy neutrinos (GeV/c)
π

p
0 1 2 3 4 5 6 7 8 9 10

 (d
eg

)
θ

0

0.5

1

1.5

2

2.5

3

3.5

4

 (G
eV

)
νE

0

0.5

1

1.5

2

2.5

3

3.5

4

 (GeV/c)
π

p
0 1 2 3 4 5 6 7 8 9 10

 (d
eg

)
θ

0

0.5

1

1.5

2

2.5

3

3.5

4

 (G
eV

)
νE

0

0.5

1

1.5

2

2.5

3

3.5

4

 (GeV/c)
π

p
0 1 2 3 4 5 6 7 8 9 10

 (d
eg

)
θ

0

0.5

1

1.5

2

2.5

3

3.5

4

 (G
eV

)
νE

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

ve
rt

ic
al

 a
xi

s 
re

sc
al

ed
 0

-1
 G

eV

p(30GeV) + C→ π+ + X
�→ νµ + µ+

2.5° off-axis
3.0° off-axis

2.0° off-axis

• Neutrinos produced with wide 
energy spectrum

• Can we “focus” neutrinos to the 
right energy (600 MeV@295 km)?

• No, but we can exploit kinematics.
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Current Status

• Design: 750 kW, (145 kW achieved thus far)

• Accumulated 1.43x1020 POT till March 2011
• accelerator operations expected resume at end of the year

2011/3/11KEK Physics Seminar 19

Accumulated # of protons so far

T2K physics run: 2010, Jan~
Now: ~9.3 1013[p/pulse], 3.04[s] cycle

Beam power = 145kW
Integrated POT reaches 1.45 1020.

Physics results shown in this report
Analysis of the data taken from Jan. 2010 to Jun. 2010.

Cycle: 3.52[s]

6 bunch / pulse

Cycle: 3.20[s] 3.04[s]
8 bunch / pulse
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On-axis: (INGRID)

“GRID” of neutrino detectors:

• Fe/Scintillator trackers

• event rate allows ~daily monitor of profile

• Measure center of beam with profile of 
interaction rate module-to-module

• Beam axis is within 1 mrad of nominal 
26Tuesday, July 5, 2011



• “inclusive” νµ CC selection

• negative muon in TPC

• match to FGD to determine vertex

Observed rate relative to expectation is

νµ CC interactions
DIS candidate
(rejected by 
upstream veto)

νµ CC candidate

R = 1.036± 0.028(stat)+0.044
−0.037(det. sys.)± 0.039(phys. model)
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Super Kamiokande
• EM radiation by charged particles with v > cn

• ~11K photomultiplier tubes

• 22.5 kiloton fiducial volume

• sensitive to single photons (40% coverage)

• Particle can be identified by ring profile

• “muon” vs. e/γ (EM shower)

• e/π0 separation by ring search

µ e/γ multi ring

Θ=cos-1(1/nβ)
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FIG. 9: The invariant mass distribution of fully-contained events with
two e-like rings and no muon-decay electron, for SK data (points)
and atmospheric neutrino Monte Carlo (histogram). A peak from
neutrino induced !0 is clearly observed.
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FIG. 10: The determination of the absolute energy scale of Super-
Kamiokande based on in situ calibration with µ-decay electrons,
!0 → "" invariant mass, and the Cherenkov light of stopping cosmic
ray muons.

was uniform over all zenith angles within ±0.6%. Figure
12–(b) shows the azimuthal angle dependence of the recon-
structed momentum. Again, the detector gain is uniform over
all azimuthal angles within ±1%. Finally, Figure 13 shows
the zenith angle dependence of the reconstructed !0 mass.
This figure also suggests that the detector gain was uniform
over all zenith angles within ±1%.
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FIG. 11: The mean reconstructed energy of cosmic ray stopping
muons divided by their range (upper) and muon-decay electron
(lower) as a function of elapsed days. Vertical axes in both figures
are normalized to mean values and each data point corresponds to
two month period. The variation is within ± 2%.
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FIG. 12: The gain uniformity of the Super-Kamiokande detector as
determined by the mean value of the reconstructed decay electron
momentum (a) as a function of zenith angle, and (b) as a function of
azimuthal angle. Vertical axes in both figures are normalized to the
mean values.

IV. ATMOSPHERIC NEUTRINOMONTE CARLO

The result published in this paper relies heavily on detailed
comparison of the experimental data with the theoretical ex-
pectation. An important element of this is to simulate the
interaction of neutrinos from 10 MeV to 100 TeV with the
nuclei of water, or in the case of upward muons, the nuclei
of the rock surrounding the detector, assumed to be “stan-
dard rock”(Z=11, A=22). Therefore, we have developed two
Monte Carlo models designed to simulate neutrino interac-

atmospheric
data
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Analysis:
• Flux predicted using MC tuned with

• beam monitors

• particle production (e.g. NA61)

• secondary interactions

• Detailed neutrino interaction generator 
predicts event rates/final states

• Observed neutrino rate at near 
detector scales prediction

• Extrapolation to far detector 
incorporates uncertainties in near/
far flux and neutrino interactions

• Some cancellation of uncertainties.

Error Source Error (%)
Neutrino flux ±8.5

Neutrino interaction ±14.0

Near detector +5.6/-5.2

Far detector ±14.7

ND statistics ±2.7

Total +22.8/-22.7
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νe Selection

Single electron cut  (# of ring is one & e-like)

e-like μ-like

0

20

40

1 2 3 4 5
Number of rings

Nu
m

be
r o

f e
ve

nt
s

Data
Osc. e CC
!+ ! CC
e CC

NC

0

5

10

-10 0 10
PID parameter

Nu
m

be
r o

f e
ve

nt
s

Data
Osc. e CC
!+ ! CC
e CC

NC

(MC w/ 
  sin22θ13 = 0.1)

(MC w/ 
  sin22θ13 = 0.1)

reject multi ring events

30Tuesday, July 5, 2011



νe Selection

Single electron cut  (# of ring is one & e-like)

e-like μ-like

0

20

40

1 2 3 4 5
Number of rings

Nu
m

be
r o

f e
ve

nt
s

Data
Osc. e CC
!+ ! CC
e CC

NC

0

5

10

-10 0 10
PID parameter

Nu
m

be
r o

f e
ve

nt
s

Data
Osc. e CC
!+ ! CC
e CC

NC

(MC w/ 
  sin22θ13 = 0.1)

(MC w/ 
  sin22θ13 = 0.1)

reject multi ring eventsSingle electron cut  (# of ring is one & e-like)

e-like μ-like

0

20

40

1 2 3 4 5
Number of rings

Nu
m

be
r o

f e
ve

nt
s

Data
Osc. e CC
!+ ! CC
e CC

NC

0

5

10

-10 0 10
PID parameter

Nu
m

be
r o

f e
ve

nt
s

Data
Osc. e CC
!+ ! CC
e CC

NC

(MC w/ 
  sin22θ13 = 0.1)

(MC w/ 
  sin22θ13 = 0.1)

reject µ-ring events,
µ decay electrons

30Tuesday, July 5, 2011



νe Selection

Single electron cut  (# of ring is one & e-like)

e-like μ-like

0

20

40

1 2 3 4 5
Number of rings

Nu
m

be
r o

f e
ve

nt
s

Data
Osc. e CC
!+ ! CC
e CC

NC

0

5

10

-10 0 10
PID parameter

Nu
m

be
r o

f e
ve

nt
s

Data
Osc. e CC
!+ ! CC
e CC

NC

(MC w/ 
  sin22θ13 = 0.1)

(MC w/ 
  sin22θ13 = 0.1)

reject multi ring eventsSingle electron cut  (# of ring is one & e-like)

e-like μ-like

0

20

40

1 2 3 4 5
Number of rings

Nu
m

be
r o

f e
ve

nt
s

Data
Osc. e CC
!+ ! CC
e CC

NC

0

5

10

-10 0 10
PID parameter

Nu
m

be
r o

f e
ve

nt
s

Data
Osc. e CC
!+ ! CC
e CC

NC

(MC w/ 
  sin22θ13 = 0.1)

(MC w/ 
  sin22θ13 = 0.1)

reject µ-ring events,
µ decay electronsInvariant mass cut (Minv < 105 MeV/c2)

0

1

2

3

4

5

0 100 200 300
Invariant mass (MeV/c2)

Nu
m

be
r o

f e
ve

nt
s 

/(1
5  M

eV
/c

2 ) Data
Osc. e CC
!+ ! CC
e CC

NC
(MC w/ 
  sin22θ13 = 0.1)

7

Invariant Mass (MeV/c2)

N
um

be
r o

f e
ve

nt
s

0

20

40

60

80

100

0 100 200 300 400 500 600 700

FIG. 9: The invariant mass distribution of fully-contained events with
two e-like rings and no muon-decay electron, for SK data (points)
and atmospheric neutrino Monte Carlo (histogram). A peak from
neutrino induced !0 is clearly observed.
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FIG. 10: The determination of the absolute energy scale of Super-
Kamiokande based on in situ calibration with µ-decay electrons,
!0 → "" invariant mass, and the Cherenkov light of stopping cosmic
ray muons.

was uniform over all zenith angles within ±0.6%. Figure
12–(b) shows the azimuthal angle dependence of the recon-
structed momentum. Again, the detector gain is uniform over
all azimuthal angles within ±1%. Finally, Figure 13 shows
the zenith angle dependence of the reconstructed !0 mass.
This figure also suggests that the detector gain was uniform
over all zenith angles within ±1%.
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FIG. 11: The mean reconstructed energy of cosmic ray stopping
muons divided by their range (upper) and muon-decay electron
(lower) as a function of elapsed days. Vertical axes in both figures
are normalized to mean values and each data point corresponds to
two month period. The variation is within ± 2%.
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FIG. 12: The gain uniformity of the Super-Kamiokande detector as
determined by the mean value of the reconstructed decay electron
momentum (a) as a function of zenith angle, and (b) as a function of
azimuthal angle. Vertical axes in both figures are normalized to the
mean values.

IV. ATMOSPHERIC NEUTRINOMONTE CARLO

The result published in this paper relies heavily on detailed
comparison of the experimental data with the theoretical ex-
pectation. An important element of this is to simulate the
interaction of neutrinos from 10 MeV to 100 TeV with the
nuclei of water, or in the case of upward muons, the nuclei
of the rock surrounding the detector, assumed to be “stan-
dard rock”(Z=11, A=22). Therefore, we have developed two
Monte Carlo models designed to simulate neutrino interac-

atmospheric
data

reject π0 events
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Final Event Sample:
• 6 νe candidates observed

• 1.5±0.3 events expected for background 

• 0.7% probability for background to 
fluctuate to 6 or more events (2.5σ)
• (submitted to/accepted by PRL)
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Further check

e

Beam direction

θbeam

Check several distribution of !e candidate events   
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Vertex distribution of !e candidate events   

* Check distribution of events outside FV  → no indication of BG contamination

These events are clustered at large R
  → Perform several checks.  for example

beam direction
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* K.S. test on the R2 distribution yields a p-value of 0.03
* Check distribution of OD events  → no indication of BG contamination
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Comparison of Results
Oscillation probability 
depends on unknown

• mass hierarchy

• CP violation phase
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Both experiments report an excess of events consistent with θ13>0

• MINOS: θ13=0 outside of 89% confidence level region

• T2K: P=0.7% for background (θ13=0) to fluctuate to 6 or more events
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Reactor Experiments
Reactor anti-neutrinos: 

• Intense source of νe from multi-GW 
nuclear reactors (U/Pu decay chain)

• θ13 based on disappearance measurement
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FIG. 2. Reactor ν̄e flux, inverse beta decay cross section, and
ν̄e interaction spectrum at a detector based on such reaction.
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FIG. 3. Neutrino ∆m2 sensitivity as a function of total re-
actor power and detector fiducial mass for detection based
on the inverse-β reaction discussed in the text. The baseline
scales with the ∆m2 sensitivity sought according to Eq. (8).
The fiducial-mass×power necessary for the experiment grows
with the square of the baseline. The past experiments are
labelled by the name of the reactor complex used. The ap-
proximate year of the experiment is also indicated to show
that the increased baseline and ∆m2 sensivity followed more
or less the chronological order.

fact that the only known method of collimating neutrino
beams employs the Lorentz boost of the parent particles
from which decay the neutrinos are produced. For this
reason low energy neutrinos are generally produced over
large solid angles, while high energy ones may come in
relatively narrow beams. Obviously a reactor emits ν̄e in
a completely isotropic way, and this, together with the
modest interaction cross-sections available at low energy,
makes the specific signal rates rather low. At the same
time, however, the low energy neutrinos provide us with
a unique opportunity to probe the lowest regions of ∆m2

that are otherwise beyond the reach of accelerator-based
searches. Some of these tradeoffs are well illustrated by
Figure 3 where the ∆m2 sensitivity is shown, together
with the necessary baseline, versus the reactor power and
detector fiducial mass for different statistical accuracies.

Oscillation searches using reactors as sources are par-
ticularly important today since several of the indications
for neutrino oscillations shown in Figure 1 point to re-
gions of the parameter space at very small ∆m2 and
nearly-full mixing. Hence two reactor-based experiments,
Chooz and Palo Verde, were performed to investigate
the phenomenon of atmospheric neutrinos as ν̄e → ν̄x os-
cillations. Such experiments, described in detail below,
had baselines of about 1 km and fiducial masses of the or-
der of 10 tons. For comparison, the much more complex
accelerator-based Minos project between FNAL and the
Soudan mine (Wojcicki 2001a) and analogous projects
between CERN and Gran Sasso, Opera and Icarus

(for a brief description, see e.g. Wojcicki 2001b), will ac-
cess similar ∆m2 values with GeV-energy neutrinos and
a baseline of the order of 1000 km. However, the 5400
ton Minos detector and its analog at Gran Sasso will be
able to investigate also oscillation channels not including
ν̄e and reach a mixing parameter sensitivity substantially
better than 1%.

The reactor-based Kamland experiment, with a base-
line larger than 100 km, will offer the unique opportunity
of testing, with man-made neutrinos, the large-mixing-
angle MSW solution of the solar neutrinos puzzle. In
this case the restriction to ν̄e → ν̄x-oscillations does not
limit the interest of the experiment (since solar neutri-
nos do certainly involve νe ), while its ∆m2 sensitivity is
well beyond what can be practically achieved by accel-
erators (for comparison similar ∆m2 sensitivity could be
achieved in an accelerator-based experiment with base-
lines of order 105 km, larger than the diameter of the
earth).

Of course, the relatively lower energy of neutrinos from
reactors pushes the optimization of reactor-based ex-
periments to concentrate on the reduction and rejection
of backgrounds from natural radioactivity that is, on
the other hand, hardly an issue in accelerator-based de-
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Precision Measurement of !13 with Reactor Antineutrinos

Search for !13 in new oscillation experiment with multiple detectors
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Daya Bay Reactors:
Powerful #e source, multiple cores 
11.6 GWth now,17.4 GWth in 2011

• Large scintillator detectors 

• detection via inverse β decay/n capture

• near/far detectors to cancel uncertainties

• Extraction of θ13 with disappearance measurement

P (νe → νe) ∼ 1− sin2 2θ13 sin2 ∆2
31L
4E

− cos4 θ13 sin2 2θ12 sin ∆2
21L
4E

from Bempograd, Gratta, Vogel
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Reactor Experiments

…2 of the most powerful reactors in the world got built⟹ Chooz

once upon a time, in a tiny village of France (near Belgium)…

Wednesday, 16 March 2011

Anatael Cabrera (CNRS-IN2P3 & APC)

PMT installation Gamma Catcher installation

All vessels in detector Liquid transport to Chooz

Wednesday, 16 March 2011

The Experiment 

• Near-far relative meas. to cancel correlated  syst.  errors
– 2 near + 1 far

• Multiple neutrino detector modules at each site to cross check 
and reduce un-correlated syst. errors
– Gd-loaded liquid scintillator as the target
– Stainless steel tank+ 2 nested acrylic vessels + reflectors

• Multiple muon-veto to reduce bkgd-related syst. errors
– 4-layer RPC + 2-layer water  Cerenkov detector

Liquid Scintillator Production
• What we need: 

– 185t Gd-LS, ~180t LS, ~320t oil
• Equipment designed, 

manufactured and fully tested at 
IHEP and then re-installed onsite

• 4-ton Gd-LS test run successful: 
good quality and stability 

• Gd-LS production completed  and 
stored in Hall 5

• LS production almost finished
• AD Filling will start next month

PMT Mounting (2010. 8~10)PMT Mounting (2010. 8~10)

Soo-Bong Kim
Seoul National Univ.
March 16, 2011

Current Status of RENO Experiment
14th International Workshop on Neutrino Telescopes

March 15-18, 2011, Venice, ItalyDouble Chooz Daya Bay RENO

Experiment* Thermal Power 
(GW)

L (near/far)
(meters)

Depth
(meters)

Target mass
(tons)

Start
(year)

90% CL 
(3 years)

Double Chooz 8.6 410/1050 115/300 8.8/8.8 2012/2011 0.03

RENO 17.3 290/1380 120/450 20/20 2011/2011 0.02

Daya Bay 17.4 (353/481)/(1985/1613) 260/910 40x2/80 2011/2012 0.008

*table courtesy of K. Heeger
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NOνA

• 15.7 m-long extruded PVC cells filled with liquid 
scintillator (+WLS/APD) to make 15 kt detector

• 14 mrad off-axis with NuMI: Eν~2 GeV, L=810 km

!"#$%&'&(')#$*+,-.,/01$$234$5,6&#1$78$9$:"/$;<1$;=>>

?@$&"#'49&A+,6"-&/'$
)6&#B+#.&/$)C$
*"#,'&DE)/(#&'&
')$#&.+(&$()3@,($
B"(F0#)+/.3

• Higher energy gives greater sensitivity to 
matter effects (~30% vs. ~10% at T2K)

• Allows determination of mass hierarchy

• NDOS operational, far detector under 
construction.

• Far detector operation starts 2013
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Towards CP Violation:

Future options look to

• O(Megawatt) proton accelerators 

• O(Megaton) detectors

LAGUNA General meetingA. Rubbia

Three main options

19

CNGS-Umbria
L=658 km, 1deg OA
CERN SPS 400 GeV

presently operating 0.3 MW 
(0.5 MW max)

no near detector infrastructure

CN2PY
L=2288 km, CERN SPS 400 GeV

 + new beam line 0.75 MW 
+ near detector infrastructure

Longer term: 2MW with 
LP-SPL+HPPS accelerator

CN2FR
L=130 km,

HP-SPL 5 GeV 4 MW LINAC + 
accumulator ring

+ MMW target + horn
+ near detector infrastructure

3 main options 
selected for 

LAGUNA-LBNO 
study

19Thursday, March 3, 2011

LBNE: FNAL→Homestake

LAGUNA: 
CERN→X

Water Cherenkov

LAr TPC !"#$%&'()'*+,-)./,01 !"#$%&'%'()*$+,)& -!.$/012
/34'5536737$89$:;!</.$!<.
+:)6$#=>=2?$)&@ABC=D=EF#>>>

J-PARC→X
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Outlook
There is much to learn about neutrinos!

•  Neutrinos oscillations allow us to study:
• what are their mixing parameters? Is θ23 maximal, θ13 ≠ 0?

• θ23 precision will increase with NOvA and T2K
• are we seeing the first indications of θ13>0?

• Is there CP violation in the lepton sector? (θ13, δ≠0) 
• We also hope to learn

• what are their masses (as opposed to mass differences)?
• are they there their own antiparticles (are they Majorana)?

• This may in turn shed light on:
• what determines the mixing/mass structure of quarks and leptons?
• why is the universe matter dominated?

Expect a leap forward in the coming years!
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