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Overview of the talk
• Brief history of the neutrino

• Neutrino oscillations - theoretical and 
experimental considerations

• Open questions in neutrino oscillation physics

• Past and present long-baseline experiments

• Near and long-future long-baseline experiments

• Summary and outlook
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The neutrino in particle physics
1930: “Invisible particle” postulated by Pauli 
1933: Neutrino named by Fermi, theory of Weak interactions
1956: Reines/Cowan experiment observes Electron neutrino
1962: Observation of Muon Neutrino
1977: Observation of tau lepton - 3 lepton flavours
1991: Z line-width analysis at LEP → 3 light neutrinos
2001: Discovery of Tau Neutrino by DONUT

3

1969: “Missing” solar neutrinos in Homestake experiment. Confirmed 
in 1989-92 by Kamiokande, SAGE and GALLEX

1988: Kamiokande observes deficit of atmospheric muon neutrinos. 
Confirmed 1995-1998 by MACRO, Soudan 2, Super-Kamiokande

1995: LSND anomaly - sees excess of νe in muon neutrino beam. 
Disfavoured by MiniBoone analysis in 2007

The Discoveries

The Anomalies



Neutrino oscillations
• Neutrino flavour oscillations possible if neutrinos have 

non-zero and non-degenerate masses.

4

5 Neutrino oscillations

5.1 The formalism

We start with a very general discussion aimed at fixing the notation used in this review. As we have

already seen in Sec. 4.3, in general models of neutrino mass the lepton mixing matrix K contain both

Dirac and Majorana-type CP phases and is in general rectangular as it couples the charged leptons

also to the heavy (mainly isosinglet) neutrinos postulated, e. g. in type-I seesaw models, in order to

produce neutrino masses [7]. Such states are too heavy to participate in neutrino oscillations which are

effectively described by a non-unitary mixing matrix. Such deviations from unitarity are the origin of

gauge-induced neutrino non-standard interactions and may, in some cases, be sizeable, see Sec. 9. In

the discussion of neutrino oscillations that we give in Secs. 5, 6 and 7 we will tacitly assume that K is

strictly unitary, so that the three active neutrinos are mixed as follows,

ναL =
3

∑

i=1

UαiνiL, (α = e, µ, τ), (51)

where we have now denoted K by U , to highlight that U †U = UU † = 1. Here ναL (α = e, µ, τ)

describe the left handed neutrino fields with definite flavor whereas νiL (i = 1, 2, 3) describe the fields

with definite masses. Here, the matrix U is the leptonic analogue of the quark mixing matrix [1]. In

this review, whenever it is necessary to use the explicit parametrization, we use the following standard

parametrization [93],

U =









1 0 0

0 c23 s23

0 −s23 c23

















c13 0 s13e−iδ

0 1 0

−s13eiδ 0 c13

















c12 s12 0

−s12 c12 0

0 0 1









(52)

=









c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13









(53)

where cij ≡ cos θij , sij ≡ sin θij and δ is the CP violating phase. This form is the same as Eq. (46) [7],

taking φ12 = 0 = φ23 in the “invariant” combination δ ≡ φ12 + φ23 − φ13 that corresponds to the “Dirac

phase” relevant for neutrino oscillations.

Eq. (51) implies that in terms of state vectors |να〉 (α = e, µ, τ) for flavor and |νi〉(i = 1, 2, 3) for

mass eigenstates, they are related by U∗ instead of U as (see e.g.[106]),

|να〉 =
3

∑

i=1

U∗
αi|νi〉, (α = e, µ, τ), (54)

where for simplicity, we omitted the indices L which indicates the left handed chirality. Then it is

straightforward to compute the να → νβ oscillation probability, which is given, for ultra-relativistic

26

P (να → να) = 1− sin2 2θ sin2(1.27∆m2L/E)

Δm2
23

ν1

ν2

ν3

Δm2
21

Two flavour formalism

mixing amplitude phase experimental
variables

PMNS Unitary mixing matrix Neutrino mass hierarchy




νe

νµ

ντ



 = U




ν1

ν2

ν3



flavour eigenstates mass eigenstates



Neutrino oscillations - theory vs experiment
5

Solar Neutrinos+Kamland Atmospheric neutrinos

29

Zenith Angle Analysis: SK-I + SK-II

Best fit:

!m2 = 2.1 x 10-3 eV2

sin2 2" = 1.02

#2 = 830.1 / 745 d.o.f.

28

Zenith Angle Analysis: SK-I + SK-II

SK-I data
Monte Carlo (no oscillations)
Monte Carlo (best fit oscillations) 

cos !zenith   cos !zenith   

cos !zenith   

KamLAND

Entering a Precision 
Measurements Era  
in the Neutrino Mixing 
Matrix  !!

!"#$%&'()%& *+#,-./.012345$'678($34#9$(7 :;

KamLAND

Unambiguous Oscillatory Behavior!

!"#$%&'()%& *+#,-./.012345$'678($34#9$(7 :;

1) neutrino disappearance as a function of L/E

2) derived oscillation parameters

Phenomenon of neutrino oscillations well-established
Nobel Prize in Physics 2002: R. Davis Jr, M. Koshiba



Long-baseline experiments
• Explore neutrino oscillation phenomena using controlled 

beams produced by particle accelerators

• Optimise beam energy and experimental baseline to 
maximise sensitivity in region of oscillation phase space 
suggested by atmospheric neutrino data

• Two classes of search:

- Disappearance measurement: search for a deficit of 
neutrinos of a given flavour (typically νµ) as a function 
of energy and neutrino path length

- Appearance measurement: search for the appearance 
of neutrino of flavour νx, due to νµ→νx oscillations

6



Two-detector approach
• Most long-baseline experiments adopt a two-detector approach:

- A Near detector (or set of detectors) close to the neutrino source to 
measure the beam flux and composition in the absence of oscillations

- A Far detector to measure the neutrino spectrum and flavour 
composition after the neutrinos have travelled sufficient distance to 
oscillate

• Although there are significant uncertainties in the prediction of 
the absolute beam flux and cross-sections, these are common to 
interactions in both Near and Far detectors. 
- By comparing events in the two detectors, one can significantly 

cancel these uncertainties.
- The goal of long-baseline experiments is therefore make the fullest 

use of the Near detector data to predict the neutrino flux in the Far 
detector, using the Monte Carlo to make the required acceptance 
corrections.

7



Open questions
that can be addressed by long-baseline experiments

• Is the atmospheric neutrino disappearance 
signature νµ→ντ?

- are there light sterile neutrinos?

- Can we verify the oscillation pattern?

• What is the value of the third mixing angle, θ13?

• Is the mixing angle θ23 maximal?

• What is the ordering of neutrino masses?

• Is there CP violation in the neutrino sector?

8



Past/Current 
experiments

K2K:   1999-2004
MINOS: 2005-present

CERN-Gran-Sasso: 2007-present



List of experiments and goals
• The principal goals of the first generation of long-

baseline accelerator neutrino experiments was/is:
- K2K (1999-2004): confirm the oscillation signal observed 

in atmospheric neutrinos.

- MINOS (2005+): make precision <10% measurement of 
the oscillation parameters, confirm oscillation pattern

- OPERA (2007+): confirm νµ→ντ oscillation hypothesis by 
directly observing τ decay signatures

• Secondary goals:
- search for sub-dominant νµ→νe oscillations (ALL)

- search for active→sterile oscillations (MINOS)

10



• The first long-baseline neutrino 
oscillation experiment using 
accelerator neutrinos

The K2K experiment
11

Neutrino Beam 
12 GeV PS at KEK

Near Detectors

Far Detector
Super-Kamiokande
50 kT Water Cerenkov

250 km baseline



K2K physics goals and near detectors
• 12 GeV protons from KEK PS produce pure νµ beam 

with mean neutrino energy ~1 GeV
- together with the baseline from KEK to Super-K of 250 km, 

this allows an investigation of νµ disappearance in the Δm2 

range 10-3 to 10-2 eV2 → check of Super-K atm. ν results 
using controlled neutrino beam

12
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Super-Kamiokande

FIG. 6: The energy spectrum for each type of neutrino at
ND (left) and SK (right) estimated by the beam MC simu-
lation. The neutrino beam is 97.3% (97.9%) pure muon neu-
trino with contaminations of νe/νµ ∼ 0.013 (0.009), νµ/νµ ∼
0.015 (0.012), and νe/νµ ∼ 1.8 × 10−4 (2.2 × 10−4) at ND
(SK).

through the two horn magnets and the decay volume until
they decay into neutrinos or are absorbed in materials.

Since GEANT treats different types of neutrinos iden-
tically, we use a custom-made simulation program to
treat properly the type of neutrinos emitted by particle
decays. Charged pions are treated so that they decay into
muon and neutrino (π+ → µ+ νµ, π− → µ− νµ, called
π±

µ2) with branching fraction of 100%. The kaon de-

cays considered in our simulation are so-called K±
µ2, K±,0

e3

and K±,0
µ3 decays. Their branching ratios are taken from

the Particle Data Group [21]. Other decays are ignored.
Neutrinos from K0

S are ignored since the branching ratio
for K0

S decaying to neutrinos is quite small. The Dalitz
plot density of V −A theory [21, 22] is employed prop-
erly in K!3 decays. Muons are considered to decay via
µ± → e± νe(νe) νµ(νµ), called µ±

e3, with 100% branch-
ing fraction. The energy and angular distributions of the
muon antineutrino (neutrino) and the electron neutrino
(antineutrino) emitted from a positive (negative) muon
are calculated according to Michel spectra of V −A the-
ory [22], where the polarization of the muon is taken into
account.

The produced neutrinos are extrapolated to the ND
and SK according to a straight line and the energy and
position of the neutrinos entering the ND and SK are
recorded and used in our later simulations for neutrino
interaction and detector simulators.

The composition of the neutrino beam is dominated
by muon neutrinos since the horn magnets mainly fo-
cus the positive pions. Figure 6 shows the energy spec-
tra of each type of neutrino at ND and SK estimated
by the beam MC simulation. About 97.3% (97.9%)
of neutrinos at ND (SK) are muon neutrinos decayed
from positive pions, and the beam is contaminated with
a small fraction of neutrinos other than muon neutri-
nos; νe/νµ ∼ 0.013 (0.009), νµ/νµ ∼ 0.015 (0.012), and
νe/νµ ∼ 1.8 × 10−4 (2.2 × 10−4) at ND (SK). The va-
lidity of our beam MC simulation has been confirmed by

Detector
Water Cherenkov

1KT

! beam

SciFi Detector

SciBar Detector

Muon Range Detector

FIG. 7: The schematic view of the near neutrino detectors
for K2K-IIb period. In K2K-I, the Lead-Glass calorimeter
was located at the position of the SciBar detector.

both the HARP experiment and PIMON measurements,
which will be described in detail in Sec. V.

III. NEUTRINO DETECTORS

A near neutrino detector system (ND) is located 300 m
downstream from the proton target. The primary pur-
pose of the ND is to measure the direction, flux, and the
energy spectrum of neutrinos at KEK before they oscil-
late. The schematic view of the ND during the K2K-
IIb period is shown in Fig. 7. The ND is comprised
of two detector systems; a one kiloton water Cherenkov
detector (1KT) and a fine-grained detector (FGD) sys-
tem. The FGD consists of a scintillating-fiber/water-
target tracker (SciFi), a Lead-Glass calorimeter (LG)
in K2K-I period, a totally active fine-segmented scin-
tillator tracker (SciBar) in K2K-IIb and K2K-IIc peri-
ods, and a muon range detector (MRD). The far detec-
tor is the 50 kiloton water Cherenkov detector, Super-
Kamiokande (SK), which is located 250 km away from
KEK and 1000 m (2700 m water equivalent) below the
peak of Mt. Ikeno-yama in Gifu prefecture.

A. 1 kiloton water Cherenkov detector

A one kiloton water Cherenkov detector (1KT) is lo-
cated in the experimental hall at KEK as the upstream
detector. The 1KT detector is a miniature version of
SK, and uses the same neutrino interaction target mate-
rial and instrumentation. The primary role of the 1KT
detector is to measure the νµ interaction rate and the νµ

energy spectrum. The 1KT detector also provides a high
statistics measurement of neutrino-water interactions.

The cylindrical tank, 10.8 m in diameter and 10.8 m
in height, holds approximately 1000 tons of pure water.
The center of the water tank is 294 m downstream of the

K2K near detector suite
- Neutrino flux measured by 

a suite of Near detectors:
1kT Water Cerenkov: smaller version of Super-K, 
uses same particle ID and reconstruction algorithms

Sci(ntillating) Fi(bre) detector: high resolution 
device for measuring charged tracks from neutrino 

interactions. Measures rates of QE and inelastic events

Sci(ntillating) Bar detector: high resolution, totally 
active device. Good sensitivity for low monentum charged 
particle tracks. Contains downstream EM calorimeter for 

measuring π0 production and beam νe content

Muon range detector: 12 layers of iron/drift tubes (~2m iron 
thickness) for muon range measurement. Acceptance: 0.3-2.8 GeV



K2K analysis and physics results
• K2K prediction of νµ flux at Super-K:

• Results based on exposure of 0.922x1020 POT (June 1999-Nov 2004)

- observed 112 µ-like events in Super-K, expected 158.1
- spectral distortion seen in FD Eν spectrum of 58 single ring µ-like events

13

ΦSK=ΦND x RFN

measured flux at Near location

Far/Near flux ratio
from HARP particle production data, validated by 

K2K beam MC and K2K pion monitor data
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FIG. 46: Allowed region of oscillation parameters evaluated
with the number of events only (left) and the Erec

ν spectrum
shape only (right). Both information allow the consistent
region on the parameters space.
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FIG. 47: Allowed region of oscillation parameters evaluated
with partial data of K2K-I-only (left)/K2K-II-only (right).
Both data allow the consistent region on the parameter space.

a statistical fluctuation with no neutrino oscillation is
0.0015% (4.3σ). In a two flavor oscillation scenario, the
allowed ∆m2 region at sin2 2θ = 1 is between 1.9 and
3.5 × 10−3 eV2 at the 90 % C.L. with a best-fit value of
2.8 × 10−3 eV2.
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D. Results

The likelihood is maximized in the ∆m2 – sin2 2θ space
and the best fit point within the physical region is found
to be at (∆m2, sin2 2θ) = (2.8 × 10−3eV2, 1.0). The val-
ues of all systematic parameters at the best fit point
are within 1σ of their estimated errors. At this point,
the expected number of events is 107.2, which agrees
well with the 112 observed within the statistical uncer-
tainty. The observed Erec

ν distribution is shown in Fig. 43
together with both the expected distributions for the
best-fit parameters, and the expectation without oscil-
lations. The consistency between the observed and the
best-fit Erec

ν distributions is checked using a Kolmogorov-
Smirnov (KS) test. For the best fit parameters, the KS
probability is 37 %, while for the null oscillation hypothe-
sis is 0.07 %. The observation agrees with the expectation
of neutrino oscillation. The highest likelihood is found at
(∆m2, sin2 2θ) = (2.6×10−3eV2, 1.2), which is outside of
the physical region. The probability that we would get
sin2 2θ ≥ 1.2 if the true parameters are at our best fit
point is 26.2%, based on the virtual MC experiments.
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FIG. 43: The reconstructed Eν distribution for the 1-ring µ-
like sample. Points with error bars are data. The solid line is
the best fit spectrum with neutrino oscillation and the dashed
line is the expectation without oscillation. These histograms
are normalized by the number of events observed (58).

The probability that the observations can be explained
equally well by the no oscillation and by the oscillation
hypotheses is estimated by computing the difference of
log-likelihood between the null oscillation case and the
best fit point with oscillation. The null oscillation prob-
ability is calculated to be 0.0015 % (4.3σ). When only
normalization (shape) information is used, the probabil-
ity is 0.06% (0.42%).

TABLE XX: Summary of the null oscillation probability.
Each row is classified by the likelihood term used, and each
column represents the data set.

K2K-I+II K2K-I only K2K-II only
Shape + Norm. 0.0015% (4.3σ) 0.18% (3.1σ) 0.56% (2.8σ)
Shape only 0.42% (2.9σ) 7.7% 5.2%
Norm. only 0.06% (3.4σ) 0.6% 2.8%

TABLE XXI: Effect of each systematic uncertainty on the
null oscillation probability. The numbers in the table are null
oscillation probabilities when only the error written in the
first column is turned on.

Norm-only Shape-only Combined

Stat. only 0.01% 0.22% 0.0001%
FD spectrum 0.01% 0.24% 0.0002%
nQE/QE, NC/CC 0.01% 0.23% 0.0002%
Far/Near 0.02% 0.23% 0.0003%
ε1Rµ — 0.23% 0.0002%
Energy scale — 0.38% 0.0002%
Normalization 0.03% — 0.0005%

All errors 0.06% 0.42% 0.0015%

The null oscillation probability calculated separately
for each sub-sample or each likelihood term is shown in
Tab. XX. In addition, Tab. XXI shows the effect of each
systematic uncertainty on the null oscillation probability.
The effect is tested by turning on the error source written
in the first column in the table. As shown in the table,
the dominant contributions to the probabilities for the
normalization information are from the F/N flux ratio
and the normalization error, while the energy scale is
the dominant error source for the probability with the
Erec

ν shape information consistent with the results found
using the MC test described in Sec. IXB2.

The allowed region of oscillation parameters are eval-
uated based on the difference of log-likelihood between
each point and the best fit point:

∆lnL(∆m2, sin2 2θ) ≡ ln

(

Lphys
max

L(∆m2, sin2 2θ)

)

= lnLphys
max − lnL(∆m2, sin2 2θ),

(28)

where Lphys
max is the likelihood at the best-fit point and

L(∆m2, sin2 2θ) is the likelihood at (∆m2, sin2 2θ) with
systematic parameters that maximize the likelihood at
that point.

The allowed regions in the neutrino oscillation param-
eter space, corresponding to the 68%, 90% and 99% con-
fidence levels (CL) are shown in Fig. 44. They are de-
fined as the contour lines with lnL = lnLphys

max − 1.37,
−2.58 and −4.91, respectively. These regions are derived

Eν spectrum of single-ring events νμ→ντ allowed region

Oscillation parameters:

Sin22θ>0.6 (90% C.L., 2 dof)

1.9<Δm2<3.1x10-3 eV2 
(90% C.L., at Sin22θ=1)

Best fit=2.8x10-3 eV2,1.0 
confirms earlier Super-K 

atm. ν result



K2K results - νe
• Search for e-like (fuzzy) rings 

originating from νe CC QEL 
events

- excess over background (π0 from νµ 
interactions or beam νe) would be 
evidence for νµ→νe

• After all selection cuts, 1 candidate 
event  observed, consistent with 
background estimate 

14

Phys. Rev. D 74, 072003 (2006).       (nu_mu disappearance - long writeup)
Phys. Rev. Lett. 96, 181801 (2006).  (nu_e appearance)
Phys. Rev. Lett. 90, 041801 (2003).  (first oscillation results)
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FIG. 2: The upper bound on νµ → νe oscillation parameters
at 90% and 99% C.L. The sensitivities of the K2K experiment
for each C.L. are also indicated with dashed lines.

on sin2 2θµe, the effects of systematic uncertainties are
incorporated into the probability densities and the uni-
fied ordering prescription of Feldman and Cousins [24] is
applied.

Figure 2 shows the upper bound on the oscillation pa-
rameters for two flavor mixing, at the 90% and 99% con-
fidence level (C.L.). Neutrino oscillation from νµ to νe

is excluded at 90% C.L. in sin2 2θµe > 0.13 at ∆m2
µe =

2.8 × 10−3eV2.
Reactor ν̄e experiments provide complementary results

to a search for non-zero θ13 with a νµ beam; currently
the only result for νe appearance mode is provided by
K2K. We note our resulting upper limit at 90% C.L.
is sin2 2θ13 = 0.26 at ∆m2

13 = 2.8 × 10−3eV2 assuming
sin2 2θµe = 1

2
sin2 2θ13 and ∆m2

µe ∼ ∆m2
13. In the same

∆m2 region, the most stringent limit from reactor exper-
iments is sin2 2θ13 = 0.1 by the CHOOZ experiment [10]
and a weaker limit of 0.16 is reported by the Palo-Verde
experiment [25], showing agreement with our result.

In summary, the K2K experiment finished taking data
in November 2004. Starting from June 1999, we accumu-
lated data which corresponds to 9.2 × 1019 POT. Com-
pared to the previous search[15], we improved both the
statistics and the rejection of π0 backgrounds. As a re-
sult, we find no evidence for neutrino oscillations in the
νe appearance mode. A single electron candidate is con-
sistent with background expectation. We set an upper

limit of sin2 2θµe < 0.13 at 90% C.L. at the best-fit pa-
rameters of the νµ disappearance analysis.
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The MINOS experiment
• MINOS (Main Injector 

Neutrino Oscillation Search) 
• Neutrino beam provided by 120 

GeV protons from the Fermilab 
Main Injector
- A Near detector at Fermilab to 

measure the beam composition 
and energy spectrum

- A Far detector deep underground 
in the Soudan Mine Minnesota, to 
search for evidence of oscillations

15

   29 institutions, 165 scientists

735 km

The MINOS Collaboration, 2003
Fermilab High-rise

MINOS Near Detector

Primary physics goals:
Precise measurement of νµ→ντ

 oscillation parameters
Search for sub-dominant νµ→νe

 oscillations



The NuMI neutrino beam

• Neutrino beam produced by 120 GeV 
protons striking a graphite target:

- π and K decays produce a 98.5% pure νµ 
beam

• Neutrino energy spectrum can be changed 
by moving target position relative to first 
horn:

- Most of the running has been in the low 
energy “LE-10” position, which is optimum 
for measuring the oscillation parameters

- Some running in higher energy positions for 
beam tuning and systematics studies 

16



The MINOS detectors
“Two functionally identical detectors”

17

     5.4 kton mass, 8×8×30m                                              1 kton mass 3.8×4.8×15m  

               484 steel/scintillator planes                                    282 steel and 153 scintillator planes 
                          (x 8 multiplexing)                                                  (x 4 multiplexing after plane 120) 

                VA electronics                                                           Fast QIE electronics
Magnetised steel - B ~1.2T

 Multi-pixel (M16,M64) PMT readout
GPS time-stamping to synch FD data to ND/Beam

Continuous untriggered readout of whole detector (only during spill for the ND)
Interspersed light injection (LI) for calibration 

Software triggering in DAQ PCs (Highly flexible : plane, energy, LI triggers in use)
 Spill times from FNAL to FD trigger farm

Coil

Veto Shield

Far Detector at Soudan

Data taking since ~ September 2001. Installation complete in July 2003.

Near Detector at Fermilab

Plane installation fully completed on Aug 11, 2004



MINOS results - νµ disappearance
• Analysis based on the following 

datasets:
- 3.2x1020 POT in “Low energy” (LE) configuration
- 1.5x1019 POT in “High energy” (HE) configuration

• Results:
- LE: 730 events observed, expected 936
- HE: 118 events observed, expected 129
- strong energy-dependent suppression observed

• Oscillation parameters:

18

Sin22θ>0.9 (90% C.L., 1 dof)

Δm2=2.43±0.13x10-3 eV2 
(90% C.L., 1 dof)

Best fit=2.43x10-3 eV2,1.0 

Eν spectrum (LE+HE combined)

νμ→ντ allowed region



MINOS systematic errors
• Major sources of systematic error in νµ disappearance 

measurement:
1. hadronic energy scale
2. NC background uncertainty
3. Near/far normalisation 

• Effect of beam and cross-section uncertainties is minimised in 
this measurement, due to significant cancellation from ND to FD

19

MC determination of systematic errors
Comparison of statistical 

and systematic errors

MC sensitivity 3.2x1020 POT

measurement is 
statistics limited

1

2

3



Other MINOS analyses
• Sensitive to the presence of active/sterile 

neutrino oscillations by searching for a deficit 
of NC interactions in the Far detector

• Set a limit on the parameter fs - the fraction of  
νµ that oscillate to νsterile at the atm. ν mass 
scale

• No evidence for νµ→νsterile oscillations seen:

• Also sensitive to νµ→νe by searching for 
excess of EM-like events in the Far detector

- with Run I+RunII dataset, MINOS sensitivity 
comparable to CHOOZ limit.

- Analysis ongoing - first results this year

20

Phys. Rev. Lett. 101, 131802 (2008)   (nu_mu disappearance - latest results)
Phys. Rev. Lett. 101, 221804 (2008)   (sterile neutrino search)
Phys. Rev. D 77: 072002 (2008).         (nu_mu disappearance - long writeup)
Phys. Rev. Lett. 97, 191801 (2006).    (first oscillation results)

fs<0.68 (90% C.L., 1 dof)

Best fit fs=0.28 +0.25
-0.28 (68% C.L., 1 dof, θ13=0)

MC sensitivity



Confirming the oscillation pattern
• Examine energy dependence of νµ 

oscillated/unoscillated spectrum ratio 
to test alternative models of νµ 
disappearace

• Decay/Decoherence disappearance 
probabilities are exponential functions 
of energy:
- no “dips” in spectrum ratio
- slower “rise” at high energy

21

P(νµ→ νµ) = 1− sin2 2θ
2

(
1− e−

µ2L
2E

)

P(νµ→ νµ) = (sin2 θ+ cos2 θe−
αL
2E)2

Neutrino Decoherence

Neutrino Decay

30

L/E Analysis: SK-I + SK-II

!2 fit to 43 bins of log10(L/E) 

with 29 systematic error terms

Datasets

SK-I FC/PC !-like:   1489 days

SK-II FC/PC !-like:    799 days

Use only event categories with 

good L/E resolution:

Partially-contained muons 

Fully-contained muons

Compare against:

Neutrino decoherence (5.0")

Neutrino decay (4.1")

Grossman and Worah: hep-ph/9807511

Lisi et al.: PRL85 (2000) 1166

Barger et al.:  PRD54 (1996) 1, PLB462 (1999) 462

MINOS data Super-K atm. ν data
disfavoured 

at 5.0σ
disfavoured 

at 4.1σ

disfavoured 
at 5.7σ

disfavoured 
at 3.7σ

Current data disfavours pure decay/decoherence at >4σ



The OPERA experiment
• Direct search for νµ→ντ 

oscillations via τ 
appearance signature in 
nuclear emulsion

22

The Oscillation Project with Emulsion 

tRacking ApparatustRacking Apparatus
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• Uses neutrino beam 
produced by CERN SPS and 
a large emulsion/tracking 
detector situated in Gran 
Sasso

• baseline = 732 km



LNGS Beam
• High energy 

Wide-band 
beam, optimised 
for τ appearance
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OPERA/CNGS1: the beam
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OPERA/CNGS1: the beam
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MIAMI 2008 62008 run:  1.782x1019 POT
2007 run:  8.24x1017 POT

LNGS beamline

νμ CC spectrum at Gran Sasso Beam parameters

ντ CC events @ Gran Sasso(1.35kT, 5 years):
80 (Δm2=2x10-3 eV2)

180 (Δm2=3x10-3 eV2)



Signal and background
• Search for “kink” signature - secondary vertex 

caused by decay of τ

• Principal backgrounds:
- charm decays
- hadron re-interaction in lead 
- large angle muon scatters

24

ντ τ-
ντ

νµ
µ-

Decay 
channel

Detection 
efficiency(%)

Branching 
ratio(%)

Signal 
(Δm2=2.5x10-3)

Background

τ→μ 17.5 17.7 2.9 0.17

τ→e 20.8 17.8 3.5 0.17

τ→h 5.8 49.5 3.1 0.24

τ→3h 6.3 15 0.9 0.17

ALL effxBR=10.6% 10.4 0.75
5 year exposure @4.5x1019 POT/year

(~1mm)



OPERA Detector
25

Hybrid emulsion/tracking detector - 2 identical supermodules

12.5cm

10.2cm

12.5cm8cm

10cm

Pb

ν
τ

1 mm

emulsion layers (44 µm thick)

plastic base 200 µm thick

ν
SM1 SM2

A B C D

A: glass RPC veto B:  target + target tracker
77500 Pb/emulsion bricks in 29 “walls”

31 XY tracking planes (solid 
scintillator+ WLS readout) 

C:  high precision tracker
6x4-fold layers of drift tubes

D:  dipole magnet
1.53 T field

22 planes of RPCs (XY readout)

Pb/emulsion brick Pb/emulsion layers

56 Pb sheets
57 emulsion films

total 
target 
mass: 

1.35kT



OPERA observed events

• Emulsions to be scanned are 
first tagged by charged tracks 
in tracking system, as well as 
removable emulsion films 
glued to exterior of bricks

26

νμ charged-current interaction

OPERA : Emulsion Data

! Now 10100 on-time events and 1700 candidate interactions in 

emulsion target.

• In located event sample 2 charm candidates with an expectation of ~2

!"#$%&'()%& *+#,-./.012345$'678($34#9$(7 :;

charm candidate

Current data - see 2 charm candidates, with an expectation of ~2



OPERA sensitivity
27
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CNGS 5 years nominal beam
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Figure 2. Sensitivity to the parameter θ13 to 90% CL in a three family mixing scenario, in presence
of νµ ↔ ντ with θ23 = 45◦.
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Figure 3. OPERA sensitivity to the parameter θ13 at 90% CL in a three family mixing scenario, in
the presence of νµ ↔ ντ with θ23 = 45◦. The sensitivity with the higher intensity CNGS beam is
also given.
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Minos 2008
 90% CL

SK 90% CL
(L/E analysis)

Δm2 (eV2)

νμ→ντ νμ→νe

4σ evidence

3σ evidence

probability to observe 3σ(4σ) 
effect after 5 year run

can set limit of sin22θ13<0.06 @ 90% C.L.
c.f. CHOOZ limit: sin22θ13<0.14 @ 90% C.L.

Δm2=2.5x10-3

(90% C.L.)

θ13 
(deg) sin22θ13

Signal 
νµ→νe

νµ→ντ,
τ→e νµ CC νµ NC νe CC

9 0.095 9.3 4.5 1.0 5.2 18

7 0.058 5.8 4.6 1.0 5.2 18

5 0.030 3.0 4.6 1.0 5.2 18
5 year exposure @4.5x1019 POT/year

Current dataset should contain 1-2 
ντ decays - analysis ongoing!



Near-Future 
experiments
Tokai-to-Kamiokande (T2K)

Fermilab-Nova



Goals of near-future experiments
• Search for non-zero θ13

- goal is sensitivity down to 1%

• Search for leptonic CP violation
- only observable if θ13>>1%

- requires neutrino+anti-neutrino running

• Determine sign of Δm2

- via CP violation and matter effects

• Higher precision measurements of 23 sector
- 1% precision on sin22θ23  - search for θ23<45 deg

29



νµ→νe oscillation probability
• Three-flavour oscillations in matter:

30

Figure 25: The neutrino mass squared differences in matter as a function of energy (negative energy is

anti-neutrinos). The density of matter is 3 g·cm−3 and m2
1 at zero energy (vacuum) is arbitrarily chosen

to be 0 eV2.

where a ≡ GFNe/
√

2 which is approximately (3500 km)−1 for ρYe = 3.0 g · cm−3. The relative phase

(∆32 + δ) between
√

Patm and
√

Psol in Eq. (71) remains unchanged. It is clear from
√

Patm that relative

size between the kinematic phase ∆31 compared to aL determines the effects of matter provided at least

one of these is bigger than π/4. Since L is common to both ∆31 and aL provided it is a significant

fraction of an oscillation (either in matter or vacuum) then the comparison is between ∆m2
31/E and

a = GF Ne/
√

2. This implies that the larger the energy of the neutrino, E, the larger the matter effect

provided the baseline is the same fraction of an oscillation length.

In Fig. 26 we show the effects of matter on Patm and Psol for fixed energy and varying the baseline

and for fixed baseline and varying the energy. For fixed energy, one sees that the amplitude of the

matter effect does not increase with distance but the shift in the peaks increases in proportion to the

baseline. For fixed baseline, the amplitude of the matter effect gets smaller with lower energy, also

proportionally. Thus the biggest matter effect is at the first oscillation peak.

Thus in matter to leading order

P (νµ → νe) = sin2 θ23 sin2 2θ13
sin2(∆31 − aL)

(∆31 − aL)2
∆2

31

+ sin 2θ23 sin 2θ13 sin 2θ12
sin(∆31 − aL)

(∆31 − aL)
∆31

sin(aL)

(aL)
∆21 cos (∆31 + δ)

+ cos2 θ23 sin2 2θ12
sin2(aL)

(aL)2
∆2

21, (89)

where the first (last) term is the atmospheric (solar) probabilities and the middle term is the interference

between the atmospheric and solar contributions. The phase of the interference has been written as

(∆31 + δ) instead of (∆32 + δ) since the difference between these two is small. Also, sin 2θ13 is often

written as 2 sin θ13 or even 2θ13, again the difference is higher order. We have allowed for ∆31 and ∆32

45

atmospheric ν term

solar ν term

interference term

Anti-neutrinos: a→ −a δ → −δ
  Inverted hierarchy:            interference term changes sign

Note:  P(νμ→νe)  is a function of both θ13 and δ

Transformations

∆ab = ∆m2
abL/4E

Reference: arXiv:0710.0554v2 (2008)

a = GF Ne/
√

2
matter effects

size of matter effect proportional to L

multiple measurements needed to break degeneracies!!



T2K - Tokai to Kamiokande
• New beamline using 50 GeV protons from JPARC facility 

in Tokai, directed to existing Super-Kamiokande detector

- beam aimed 2.5 degrees “off-axis” to maximise flux at low energy

31
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T2K: Tokai-to-Kamioka
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High beam power: 
~0.77MW in phase 1
→1600 νμ events/yr in SK



Off-axis beam and near detectors
• Off-axis concept:

- neutrino energy is related to parent pion energy via 
the decay angle, θ:

- for θ~14mr, neutrino energy largely independent 
of parent pion energy → enhance low energy 
neutrino flux, suppress high energy tail

• T2K Near Detectors @280 m:

32
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The T2K Near Detector 

Suite

INGRID: 
• On axis at 280 m. 

• Modules of iron/scintillator. 

• Used for beam monitoring and 

direction measurement.

Off-axis detector at 280 m 

• Goal is to make precise measurements of 

neutrino-H2O cross-sections

• Tracking using fine grain scintillator and 

gas TPC’s contained in UA1 magnet.

• !
0 detector for calibration of background.

• Surrounded by EM calorimeter and down 

stream muon ranger
3
7
 m
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The T2K Near Detector 

Suite

INGRID: 
• On axis at 280 m. 

• Modules of iron/scintillator. 

• Used for beam monitoring and 

direction measurement.

Off-axis detector at 280 m 

• Goal is to make precise measurements of 

neutrino-H2O cross-sections

• Tracking using fine grain scintillator and 

gas TPC’s contained in UA1 magnet.

• !
0 detector for calibration of background.

• Surrounded by EM calorimeter and down 

stream muon ranger

3
7
 m

30

off-axis detector on-axis detector

fine-grained detector: 
scintillator/TPC tracking: measure x-sections

π0 background measurement
EM calorimeter and muon ranger

iron/scintillator detector
beam monitoring/beam 
direction measurements

Eν =
0.43Eπ

1 + γ2θ2
γ = Eπ/mπ



T2K physics measurements
33
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5 year sensitivities: 
 1% for sin22θ13

better than 1% precision on sin22θ23 and Δm223



T2K timeline
• Beam:

- Linac commissioned and beam injected into main ring

- Beam accelerated to 30 GeV (JPARC startup energy)

- first neutrino beam anticipated April 2009

• Detectors:
- Super-K refurbished (PMT replacement) with upgraded 

electronics

- on-axis ND ready for first beam in April 2009

- off-axis detector installation Summer 09

• First physics results anticipated in 2010
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The NOνA experiment
• NOνA = NuMI Off-axis νeutrino Appearance

- search for νe appearance using a new detector situated in North 
Minnesota, 14 mr off-axis from an upgraded NuMI beam

35

MINOS baseline:
735km (on axis)

NoVA baseline:
810km (14mr off-axis)

NuMI on-axis beam, 
ME configuration

NuMI 14mr 
off-axis beam

Off-axis beam significantly increases flux at 1st 
oscillation maximum, suppresses high energy tail 



The NoVA detectors
• NoVA Far Detector:

- 15 kt “totally active detector”
- PVC “cellular” extrusions filled 

with liquid scintillator, arranged in 
planar geometry

- WLS readout to APD photodiodes 
(high QE)

- good electron ID capability (1 
plane = 0.15 X0)

• NoVA Near Detector
- smaller version (215 T) of 

FD, situated 14mr off-axis, 
1km from beam

- integration prototype (IPND) 
will form part of ND   
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Avalanche photodiode

PVC extrusions

32 channels, 80% QE

cell cross-section: 3.9x6.6cm



NuMI beam upgrades
• Programme of NuMI beam upgrades:
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Now (MINOS)               250kW
Proton plan (pre-Nova)   320kW (430kW)
NoVA (ANU)            700kW

Proton plan:  momentum stacking in Main Injector,    
reduce MI cycle time from 2.4→2.2s

ANU:  Use Recycler for proton pre-injection to MI
reduce MI cycle time from 2.2 to 1.33 s

ANU=Accelerator upgrades for NuMI, is a part of the NoVA project

Possible Future upgrades:   SNuMI -  1.2MW (increased momentum stacking, use of accumulator) 
Project X - 2.3 MW (new 8 GeV linac)  - see later



NoVA sensitivity
• Sensitivity down to ~1% in sin22θ13

• Longer baseline → 3x matter effects of T2K
- first opportunity to determine mass hierarchy over a 

significant region of phase space
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Normal Hierarchy

Inverted Hierarchy

Both neutrino and antineutrino running



NoVA/T2K complementarity

• Region δ>π: 

- NOvA resolves the hierarchy on its 
own through a comparison of 
measurements using neutrino and 
anti-neutrinos.

• Region δ<π: 

- combination of: 

- T2K's measurement using 
neutrinos at the first oscillation 
maximum which is little affected 
by matter effects 

- NOvA's measurement at the first 
oscillation maximum using 
neutrinos which is strongly 
affected by matter effects 
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Use of 2 experiments with different baselines (and matter effects) can help 
break parameter degeneracies inherent in single measurements



Far-future experiments 
(proposed)



Far-future needs
• High beam power (neutrino flux):

- conventional “super-beams” up to 2MW

• Massive detectors (event rate, νe detection capability):
- 100kT→1MT scale

- R&D into Water Cerenkov and Liquid Argon detector technologies

• Longer baselines 
- 1000km+

- enhanced matter effects at first oscillation maximum

- possibility to observe second oscillation maximum, where matter effects 
are suppressed → possibility to distinguish between CP violation and 
matter effects

41

(Higher mass) (Higher efficiency)



Far-Future projects: Japan
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T2KK - Tokai to Kamioka/Korea

• Massive detectors (0.27MT fiducial Water Cerenkov) located 
at Kamioka (1st oscillation max) and Korea (2nd oscillation 
max)

- also studying 0.1MT liquid argon detector designs

• Accelerator upgrades →  beam power 1.66 MW



T2KK sensitivity
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Far-Future projects: USA

• High intensity beam using new super-conducting 8 
GeV linac (ILC-like technology)

- proposed next step in FNAL neutrino beam upgrade 
beyond ANU (NoVA) and Super-NuMI
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Powerful ! beams of very high intensity Project X

Two options for neutrino beams and experiment baselines exist:Two options for neutrino beams and experiment baselines exist:

Ingredients for achieving the goals of Phase II : 

Powerful Neutrino Beams, US (FNAL)

!"#$%&'()%& *+#,-./.012345$'678($34#9$(7 :;



Fermilab beamline options

• Detector considerations:
- 300kT Water Cerenkov;   100kT Liquid Argon
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AB

A:   Upgrade existing Off-
axis narrow band beam to 
NoVA site (810 km)

B:   New Wide-Band 
beam to DUSEL/Sanford 
Lab (Homestake mine) 
(1300 km)

Staged approach:  ArgoNeut→MicroBoone→5kT LAr



Project X sensitivities
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Physics Reach : FNAL to DUSEL with 0.1 Mton LAr

Slide courtesy N. Saoulidou



Far-Future projects: Europe
• Large-scale multi-purpose 

detector design studies 
underway

- 0.5 MT Water Cerenkov, 
100kT LAr,  50kT liquid 
scintillator.

• High intensity beams:

- conventional super-beams

- beta beams (νe)

• Further future: neutrino 
factory beams (νµ and νe) and 
longer baselines 
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Summary and Prospects
• Paradigm shift (since 1998):

- phenomenon of neutrino oscillations is now well-established. No 
longer talk of neutrino “anomalies”

• Now entering the measurement phase of the PMNS matrix 
in long-baseline experments:

- Current generation:  Precision measurement of 2-3 sector, verify 
νµ→ντ mixing hypothesis. First chance at observing non-zero θ13 

- Next generation:  Focussed on search for non-zero θ13 (down to 
1% level). Possibility of resolving mass hierarchy if nature is kind

- Far-future:  Push θ13 search to 10-3 level. Search for CP violation 
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Difficult (but exciting) challenges ahead - a range of 
experiments and approaches will be required



Back-up slides



Iso-probability contours
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Figure 30: Iso-contours of P (νµ → νe) and P (ν̄µ → ν̄e) in matter for NOνA experiment. The solid

(dashed) curves correspond to the normal (inverted) hierarchy. The NOνA experiment in its initial

phase is expected to reach a sensitivity close to the 0.5% contour in neutrinos and approximately the

1% contour in anti-neutrinos.

neutrino energy and baseline, see Eq. (64).

Note also that in vacuum this quantity does not depend on mass hierarchy so that the contours

are symmetric with respect to the line δ = π except for the sign difference. The positions of the CP

conserving solutions in the (sin2 2θ13, sin δ) plane are shown in Fig. 32.

However, this quantity is not directly observable as the actual positions of the ∆Pνν̄ contours are

modified by matter effects, as shown in Fig. 33 for T2K and Fig. 34 for NOνA. As expected, the

modifications due to the matter effect, which can be seen by the asymmetry of contours with respect

the line δ = π, are smaller for T2K than for NOνA.

In Fig. 32 we have show the location of the CP conserving solutions of one hierarchy in the

(sin2 2θ13, sin δ) plane of the other hierarchy. These locations depend on the matter effect for the

experiment and thus differ for T2K and NOνA. In order to claim the observation of CP violation, one

must be sufficiently away (with a required CL) not only from the line sin δ = 0 but also from the

dot-dashed (T2K) and dashed (NOνA) curves shown in these plots unless the mass hierarchy is known.

For baseline L < 1500 km or so, one can expand ∆Pνν̄(a) in matter as a Taylor series about the

vacuum ∆Pνν̄(0) as follows,

∆Pνν̄(a) = ∆Pνν̄(0) ± 4(aL)G(∆32)[Patm(0) +
√

Patm(0)Psol cos ∆32 cos δ], (95)

where G(x) ≡ 1/x − cotx and the + (-) sign is for the normal (inverted) hierarchies. This simple

expression gives the relationship of Figs. 33 and 34 to Fig. 31.
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P (νµ → νe)(δ, NH) = P (ν̄µ → ν̄e)(2π − δ, IH)
CPT symmetry

NH

IH

difference between NH/IH → size of matter effect

Reference: arXiv:0710.0554v2 (2008)
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Figure 31: Iso-contours of ∆Pνν̄ ≡ P (νµ → νe) − P (ν̄µ → ν̄e) in the δ and sin2 2θ13 in vacuum for T2K

(left panel) and NOνA (right panel).

7.2 Bi-probability plots

Of course, the neutrino and anti-neutrino probabilities are correlated. This correlation depends on the

CP violating phase, δ, and the mass hierarchy. Therefore it is useful to use bi-probability diagrams. In

the bi-probability space spanned by P (νµ → νe) and P (ν̄µ → ν̄e), for a given θ13 (fixing all the mixing

parameters except for δ), energy and baseline, the variation of δ from 0 to 2π gives a closed trajectory

which is an ellipse9. In Figs. 35 and 36, we give the bi-probability diagrams for both T2K and NOνA,

respectively. For T2K the separation between the hierarchies is small but non-negligible whereas for

NOνA the separation is much larger with complete separation occurring for sin2 2θ13 = 0.11. The value

of θ13 for which the two hierarchies separate is called the critical value, θcrit
13 . For T2K and NOνA the

bi-probability diagrams are shown for two energies, one such that ∆31 ≈ π/2 which is known as vacuum

oscillation maximum (VOM) and at an energy above VOM. At VOM the ellipses in the bi-probability

plot are squashed to lines as the probabilities become independent of cos δ since cos∆31 = 0.

7.3 Parameter Degeneracy

Unfortunately the measurement of P (νµ → νe) and P (ν̄µ → ν̄e) does not determine the values of θ13

and δ uniquely due to the possibility of drawing more than one ellipse through any (P, P̄ ) point. In

general four such ellipses can be drawn assuming sin2 θ23 is known uniquely. Eight if only sin2 2θ23( %= 1)

is known. Fig. 37 demonstrate this point.

The cross in the left hand panel of these two figure, are the transition probabilities for the normal

hierarchy with sin2 2θ13 = 0.05 and δ = π/4 for both T2K and NOνA. The right hand panels show

the four allowed solutions in the sin2 2θ13 v sin δ plane that are consistent with this point in the (P, P̄ )

9We note that the trajectory is exactly elliptic as it was shown [176] that even in matter, oscillation probabilities take

the form of P = A cos δ + B sin δ + C where A, B and C are some constants which depend on mixing parameters as well

as experimental parameters such as energy and baseline.
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P (νµ → νe)− P (ν̄µ → ν̄e)
Iso-contours: fractional difference between neutrino 

and anti-neutrino probabilities
No matter effects Normal Hierarchy: 

matter effects
Inverted Hierarchy: 

matter effects

matter effects enhance fractional difference for one 
sector of δ and suppress it in the other

illustrates ambiguity between matter effects and CP violating effects

Reference: arXiv:0710.0554v2 (2008)



NoVA physics measurements
• Principal measurement is 

search for sub-dominant 
νµ→νe oscillations.

- good spatial resolution 
allows separation between 
νe signal and NC π0 
background events

• Secondary goals are precision 
measurements of θ23 sector 
via νµ disappearance
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Simulated events

True energy deposits

True energy deposits

Simulated detector response

Simulated detector response

recoil proton

single EM shower
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NuMI beam delivery and analysis datasets
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RUN I - 
1.27x1020 POT

 Higher 
energy 
beam 

running

Accelerator shutdowns

This analysis: Run I + Run II - 3.2x1020 POT

RUN III - 
>2.5x1020 POT

(not yet analysed)



Extrapolating the flux
• Directly use the MINOS Near detector data to perform the extrapolation 

between Near and Far, using the Monte Carlo to provide necessary 
corrections due to energy smearing and acceptance.

• Use the knowledge of pion decay kinematics and the geometry of the 
beamline (extended neutrino source, seen as point-like from the Far 
Detector) to predict the Far detector energy distribution from the 
measured Near detector distribution

• This method is known as the “Beam Matrix” method.
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Decay pipe

target

120 GeV p stiff π+ 

soft π+ 
ND

To FD

θn
θf

ν

ν



The Beam Matrix

• Beam Matrix encapsulates the 
knowledge of pion 2-body decay 
kinematics & geometry.
• Beam Matrix provides a very 
good representation of how the 
near and far detector spectra 
relate to each other.
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Near

Far



Steps in the Beam Matrix method
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• We have investigated (using MC) the effect of systematic uncertainties on the 
predicted FD spectrum. The plots above illustrate uncertainties in beam 
modelling and neutrino cross-sections

- the dashed lines show the magnitude of the systematic effect introduced to 
our reconstructed energy spectrum (relative to nominal MC)

- the red lines show the predicted spectrum in these two cases, when the 
Beam Matrix method is used to extrapolate from Near-Far

- the true and predicted spectra are very close, indicating that the effect of 
these systematics largely cancel when this method is used.
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Resonant Cross Section 
changed by +/-20%

Hadron Production Model 
changed by +/- 1 sigma

MINOS: Cancelling systematic errors



K2K energy spectrum
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FIG. 6: The energy spectrum for each type of neutrino at
ND (left) and SK (right) estimated by the beam MC simu-
lation. The neutrino beam is 97.3% (97.9%) pure muon neu-
trino with contaminations of νe/νµ ∼ 0.013 (0.009), νµ/νµ ∼
0.015 (0.012), and νe/νµ ∼ 1.8 × 10−4 (2.2 × 10−4) at ND
(SK).

through the two horn magnets and the decay volume until
they decay into neutrinos or are absorbed in materials.

Since GEANT treats different types of neutrinos iden-
tically, we use a custom-made simulation program to
treat properly the type of neutrinos emitted by particle
decays. Charged pions are treated so that they decay into
muon and neutrino (π+ → µ+ νµ, π− → µ− νµ, called
π±

µ2) with branching fraction of 100%. The kaon de-

cays considered in our simulation are so-called K±
µ2, K±,0

e3

and K±,0
µ3 decays. Their branching ratios are taken from

the Particle Data Group [21]. Other decays are ignored.
Neutrinos from K0

S are ignored since the branching ratio
for K0

S decaying to neutrinos is quite small. The Dalitz
plot density of V −A theory [21, 22] is employed prop-
erly in K!3 decays. Muons are considered to decay via
µ± → e± νe(νe) νµ(νµ), called µ±

e3, with 100% branch-
ing fraction. The energy and angular distributions of the
muon antineutrino (neutrino) and the electron neutrino
(antineutrino) emitted from a positive (negative) muon
are calculated according to Michel spectra of V −A the-
ory [22], where the polarization of the muon is taken into
account.

The produced neutrinos are extrapolated to the ND
and SK according to a straight line and the energy and
position of the neutrinos entering the ND and SK are
recorded and used in our later simulations for neutrino
interaction and detector simulators.

The composition of the neutrino beam is dominated
by muon neutrinos since the horn magnets mainly fo-
cus the positive pions. Figure 6 shows the energy spec-
tra of each type of neutrino at ND and SK estimated
by the beam MC simulation. About 97.3% (97.9%)
of neutrinos at ND (SK) are muon neutrinos decayed
from positive pions, and the beam is contaminated with
a small fraction of neutrinos other than muon neutri-
nos; νe/νµ ∼ 0.013 (0.009), νµ/νµ ∼ 0.015 (0.012), and
νe/νµ ∼ 1.8 × 10−4 (2.2 × 10−4) at ND (SK). The va-
lidity of our beam MC simulation has been confirmed by
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1KT

! beam

SciFi Detector

SciBar Detector

Muon Range Detector

FIG. 7: The schematic view of the near neutrino detectors
for K2K-IIb period. In K2K-I, the Lead-Glass calorimeter
was located at the position of the SciBar detector.

both the HARP experiment and PIMON measurements,
which will be described in detail in Sec. V.

III. NEUTRINO DETECTORS

A near neutrino detector system (ND) is located 300 m
downstream from the proton target. The primary pur-
pose of the ND is to measure the direction, flux, and the
energy spectrum of neutrinos at KEK before they oscil-
late. The schematic view of the ND during the K2K-
IIb period is shown in Fig. 7. The ND is comprised
of two detector systems; a one kiloton water Cherenkov
detector (1KT) and a fine-grained detector (FGD) sys-
tem. The FGD consists of a scintillating-fiber/water-
target tracker (SciFi), a Lead-Glass calorimeter (LG)
in K2K-I period, a totally active fine-segmented scin-
tillator tracker (SciBar) in K2K-IIb and K2K-IIc peri-
ods, and a muon range detector (MRD). The far detec-
tor is the 50 kiloton water Cherenkov detector, Super-
Kamiokande (SK), which is located 250 km away from
KEK and 1000 m (2700 m water equivalent) below the
peak of Mt. Ikeno-yama in Gifu prefecture.

A. 1 kiloton water Cherenkov detector

A one kiloton water Cherenkov detector (1KT) is lo-
cated in the experimental hall at KEK as the upstream
detector. The 1KT detector is a miniature version of
SK, and uses the same neutrino interaction target mate-
rial and instrumentation. The primary role of the 1KT
detector is to measure the νµ interaction rate and the νµ

energy spectrum. The 1KT detector also provides a high
statistics measurement of neutrino-water interactions.

The cylindrical tank, 10.8 m in diameter and 10.8 m
in height, holds approximately 1000 tons of pure water.
The center of the water tank is 294 m downstream of the



ICARUS
• 600t LAr detector, being installed in 

Gran Sasso

• High resolution images: multi-purpose 
detector:

- Long-baseline neutrinos (CNGS)

- solar/atmospheric neutrinos

- proton decay

• Expected to be ready for data taking in 
2009
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Reactor experiments

• Next generation of reactor experiments coming online in the 
next 2 years:

- Double CHOOZ - start mid 2009 (no ND)

- Daya Bay - Start commissioning in 2010

• Combine near and far detector results to reduce systematic errors

• Aiming for sensitivity to sin22θ13 ~1%
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Super-K ντ evidence
• Statistical search for τ 

appearance in atmospheric ν
- focus on hadronic decays of τ
- construct discriminants based 

on visible energy, number of 
Cerenkov rings, sphericity etc 

• Search for an excess of 
events over background in 
the upward-going τ-
enriched event sample

• Observe an excess 
consistent with ντ 
appearance: 2.4 sigma effect
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FIG. 3: The zenith angle distributions for the likelihood (top) and

neural network (bottom) analyses. Zenith angle cosθ = −1 (cosθ
= +1) indicates upward-going (downward-going). The data sample

is fitted after ντ event selection criteria are applied. The solid his-

togram shows the best fit including ντ , and the dashed histogram

shows the backgrounds from atmospheric neutrinos (νe and νµ).

A fitted excess of tau-like events in the upward-going direction is

shown in the shaded area.

trino signals resulting from oscillations and the predicted at-

mospheric neutrino background events including oscillations.

The fitted zenith angle distribution and the χ2, which is mini-

mized, are

Ntotal(cos θ) = αNtau + βNbkg, (1)

χ2 =
10
∑

i=1

(

Nobs
i − αN tau

i − βNbkg
i

)2

σ2
i

, (2)

where Nobs
i is the number of the observed events, N tau

i is

the number of predicted tau neutrino events, Nbkg
i is the MC

predicted number of atmospheric neutrino background events,

and σi is the statistical error for the i-th bin. The sample nor-
malizations,α and β, are allowed to vary freely, and the zenith
angle distribution is divided into 10 bins, from −1 to 1 (cosθ
= −1 (cosθ = 1) refers to upward-going (downward-going)
events). The results of the fit are shown in FIG. 3.

The minimum χ2 for the likelihood fit (the NN fit) is

χ2
min = 7.6/8 DOF (9.8/8 DOF), and the χ2 assuming no

tau neutrino appearance is 16.3/9 DOF (18.2/9 DOF). The
normalizations of the best fit for the likelihood fit (the NN fit)

are α = 1.76 (1.71) and β = 0.90 (0.99). After correcting for
efficiencies, these correspond to a best fit tau neutrino appear-

ance signal of 138± 48 (stat.) (134± 48 (stat.)) for the like-

lihood analysis (the NN analysis). As can be seen in FIG. 3,

Systematic uncertainties for expected ντ LH (%) NN (%)

Super-K atmospheric ν oscillation analysis 21.6 20.2

(23 error terms)

Tau related:

Tau neutrino cross section 25.0 25.0

Tau lepton polarization 7.2 11.8

Tau neutrino selection efficiency 0.4 0.5

LH selection efficiency 4.8 –

NN selection efficiency – 3.0

Total: 32.6 34.4

Systematic uncertainties for observed ντ LH (%) NN (%)

Super-K atmospheric ν oscillation analysis:
Flux up/down ratio 6.5 5.7

Flux horizontal/vertical ratio 3.6 3.2

Flux K/π ratio 2.4 2.8

NC/CC ratio 4.3 3.8

Up/down asym. from energy calib. 1.4 < 0.1

Oscillation parameters:

0.0020 < ∆m2
23 < 0.0027 eV2 +5.8 +8.8

−2.6 −3.3

0.93 < sin2 2θ23 < 1.00 −3.3 −3.9

0.0 < sin2 2θ13 < 0.15 −20.6 −17.9

Total: +10.7 +12.0

−22.9 −20.3

TABLE II: Summary of systematic uncertainties for the expected

number of ντ events (top) and for the observed number of ντ events

(bottom). The best fit values for each error term are listed for both

likelihood (LH) and neural network (NN) analyses.

an excess of tau neutrino signals is observed in the upward-

going direction, and the data distribution agrees better with

the prediction including tau neutrino appearance estimated by

MC. The backgrounds that remain after applying all of the

ντ event selection criteria are mostly deep-inelastic scattering

(CC DIS: 61.4% and NC DIS: 27.1%).

Approximately 82.9± 3.0% of events are in common to

the tau-enriched samples selected by both analyses, for which

Monte Carlo predicts 83.1% of events overlap. The results for

the likelihood and the neural network analyses are consistent.

The systematic errors from Super-K atmospheric neutrino

oscillation analysis are re-evaluated for the present analysis;

however in this estimation, the uncertainty in the absolute nor-

malization is assumed to be 20%. All error terms except for

those affecting Sub-GeV, PC, and upward-going muon events

are considered. A detailed description of these uncertainties

can be found in Ref. [7]. In addition, the uncertainties related

only to the present analysis such as the ντ cross section, ντ

polarization, tau likelihood, etc. are considered. The system-

atic uncertainties for the expected number of ντ events are

summarized in Table II.

In determining the systematic uncertainties for the observed

number of ντ events, various effects (such as up/down ra-

tio) that could change the up-down asymmetry of the back-

ground MC and the data are considered. The systematic er-

rors due to uncertainties in the oscillation parameters, ∆m2
23

and sin2 2θ23, are also estimated by using 68% C.L. allowed
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FIG. 3: The zenith angle distributions for the likelihood (top) and

neural network (bottom) analyses. Zenith angle cosθ = −1 (cosθ
= +1) indicates upward-going (downward-going). The data sample

is fitted after ντ event selection criteria are applied. The solid his-

togram shows the best fit including ντ , and the dashed histogram

shows the backgrounds from atmospheric neutrinos (νe and νµ).

A fitted excess of tau-like events in the upward-going direction is

shown in the shaded area.

trino signals resulting from oscillations and the predicted at-

mospheric neutrino background events including oscillations.

The fitted zenith angle distribution and the χ2, which is mini-

mized, are

Ntotal(cos θ) = αNtau + βNbkg, (1)

χ2 =
10
∑

i=1

(

Nobs
i − αN tau

i − βNbkg
i

)2

σ2
i

, (2)

where Nobs
i is the number of the observed events, N tau

i is

the number of predicted tau neutrino events, Nbkg
i is the MC

predicted number of atmospheric neutrino background events,

and σi is the statistical error for the i-th bin. The sample nor-
malizations,α and β, are allowed to vary freely, and the zenith
angle distribution is divided into 10 bins, from −1 to 1 (cosθ
= −1 (cosθ = 1) refers to upward-going (downward-going)
events). The results of the fit are shown in FIG. 3.

The minimum χ2 for the likelihood fit (the NN fit) is

χ2
min = 7.6/8 DOF (9.8/8 DOF), and the χ2 assuming no

tau neutrino appearance is 16.3/9 DOF (18.2/9 DOF). The
normalizations of the best fit for the likelihood fit (the NN fit)

are α = 1.76 (1.71) and β = 0.90 (0.99). After correcting for
efficiencies, these correspond to a best fit tau neutrino appear-

ance signal of 138± 48 (stat.) (134± 48 (stat.)) for the like-

lihood analysis (the NN analysis). As can be seen in FIG. 3,

Systematic uncertainties for expected ντ LH (%) NN (%)

Super-K atmospheric ν oscillation analysis 21.6 20.2

(23 error terms)

Tau related:

Tau neutrino cross section 25.0 25.0

Tau lepton polarization 7.2 11.8

Tau neutrino selection efficiency 0.4 0.5

LH selection efficiency 4.8 –

NN selection efficiency – 3.0

Total: 32.6 34.4

Systematic uncertainties for observed ντ LH (%) NN (%)

Super-K atmospheric ν oscillation analysis:
Flux up/down ratio 6.5 5.7

Flux horizontal/vertical ratio 3.6 3.2

Flux K/π ratio 2.4 2.8

NC/CC ratio 4.3 3.8

Up/down asym. from energy calib. 1.4 < 0.1

Oscillation parameters:

0.0020 < ∆m2
23 < 0.0027 eV2 +5.8 +8.8

−2.6 −3.3

0.93 < sin2 2θ23 < 1.00 −3.3 −3.9

0.0 < sin2 2θ13 < 0.15 −20.6 −17.9

Total: +10.7 +12.0

−22.9 −20.3

TABLE II: Summary of systematic uncertainties for the expected

number of ντ events (top) and for the observed number of ντ events

(bottom). The best fit values for each error term are listed for both

likelihood (LH) and neural network (NN) analyses.

an excess of tau neutrino signals is observed in the upward-

going direction, and the data distribution agrees better with

the prediction including tau neutrino appearance estimated by

MC. The backgrounds that remain after applying all of the

ντ event selection criteria are mostly deep-inelastic scattering

(CC DIS: 61.4% and NC DIS: 27.1%).

Approximately 82.9± 3.0% of events are in common to

the tau-enriched samples selected by both analyses, for which

Monte Carlo predicts 83.1% of events overlap. The results for

the likelihood and the neural network analyses are consistent.

The systematic errors from Super-K atmospheric neutrino

oscillation analysis are re-evaluated for the present analysis;

however in this estimation, the uncertainty in the absolute nor-

malization is assumed to be 20%. All error terms except for

those affecting Sub-GeV, PC, and upward-going muon events

are considered. A detailed description of these uncertainties

can be found in Ref. [7]. In addition, the uncertainties related

only to the present analysis such as the ντ cross section, ντ

polarization, tau likelihood, etc. are considered. The system-

atic uncertainties for the expected number of ντ events are

summarized in Table II.

In determining the systematic uncertainties for the observed

number of ντ events, various effects (such as up/down ra-

tio) that could change the up-down asymmetry of the back-

ground MC and the data are considered. The systematic er-

rors due to uncertainties in the oscillation parameters, ∆m2
23

and sin2 2θ23, are also estimated by using 68% C.L. allowed

ντ appearance signal
138± 48(stat)+15

−32(sys)

78± 26(sys)
Expectation for Δm2=2.4x10-3 eV2
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FIG. 41: Expected reconstructed neutrino energy spectrum
shape in the case of null oscillation. Height of boxes indicate
the size of error.

Lnorm =
(Nexp)Nobs

Nobs!
e−Nexp . (24)

In order to account for the difference of the experimen-
tal configuration, the expectation for each experimental
period is separately calculated using Eq.(22) and then
summed as:

Nexp = N Ia
exp + N Ib

exp + N II
exp. (25)

2. Energy spectrum shape term

The energy spectrum shape term is defined as the prod-
uct of the probability for each 1Rµ event to be observed
at reconstructed neutrino energy Erec

ν . We use the ex-
pected neutrino energy spectrum, given in Eq. (23), as
the probability density function. The probability den-
sity function is separately defined for each experimental
period:

Lshape =

N Ib
1Rµ
∏

i=1

φSK
exp,Ib(Erec

ν,i ; ∆m2, sin2 2θ)

×
N II

1Rµ
∏

i=1

φSK
exp,II(E

rec
ν,i ; ∆m2, sin2 2θ) (26)

where N Ib
1Rµ = 30 and N II

1Rµ = 28 are the number of
observed FC 1Rµ events for period Ib and II, respectively.
There is no 1Rµ event in the Ia run period.
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FIG. 42: Contribution of each systematic error to the recon-
structed neutrino energy spectrum. Vertical axis is relative
error of the spectrum. Source of uncertainty is indicated in
each plot. Blank and filled bars represent the sizes of the total
error and the contribution from the source being considered,
respectively.

3. Systematic term

The systematic parameters are treated as fitting pa-
rameters, and are assumed to follow a Gaussian distribu-
tion. They are constrained within their uncertainties by
constraint terms expressed as:

Lsyst ≡
Nsyst
∏

j=1

exp(−∆f j
t(Mj)

−1∆f j), (27)

where Nsyst is the number of parameter sets, ∆f j repre-
sents the deviations of the parameters from their nominal
values and Mj is the error matrix for j-th set of param-
eters.

36

[ GeV ]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

E!
rec

A
rb

it
ra

ry
 u

n
it

0 1 2 3 4 5

FIG. 41: Expected reconstructed neutrino energy spectrum
shape in the case of null oscillation. Height of boxes indicate
the size of error.

Lnorm =
(Nexp)Nobs

Nobs!
e−Nexp . (24)

In order to account for the difference of the experimen-
tal configuration, the expectation for each experimental
period is separately calculated using Eq.(22) and then
summed as:

Nexp = N Ia
exp + N Ib

exp + N II
exp. (25)

2. Energy spectrum shape term

The energy spectrum shape term is defined as the prod-
uct of the probability for each 1Rµ event to be observed
at reconstructed neutrino energy Erec

ν . We use the ex-
pected neutrino energy spectrum, given in Eq. (23), as
the probability density function. The probability den-
sity function is separately defined for each experimental
period:

Lshape =

N Ib
1Rµ
∏

i=1

φSK
exp,Ib(Erec

ν,i ; ∆m2, sin2 2θ)

×
N II

1Rµ
∏

i=1

φSK
exp,II(E

rec
ν,i ; ∆m2, sin2 2θ) (26)

where N Ib
1Rµ = 30 and N II

1Rµ = 28 are the number of
observed FC 1Rµ events for period Ib and II, respectively.
There is no 1Rµ event in the Ia run period.
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3. Systematic term

The systematic parameters are treated as fitting pa-
rameters, and are assumed to follow a Gaussian distribu-
tion. They are constrained within their uncertainties by
constraint terms expressed as:

Lsyst ≡
Nsyst
∏

j=1

exp(−∆f j
t(Mj)

−1∆f j), (27)

where Nsyst is the number of parameter sets, ∆f j repre-
sents the deviations of the parameters from their nominal
values and Mj is the error matrix for j-th set of param-
eters.
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E. Fit results

The minimum χ2 point in the multi-parameter space
is found by changing the spectrum shape, RnQE and the
systematic parameters, where the MINUIT program li-
brary [66] is employed. The central values and the errors
of the fitting parameters are summarized in Table XIV.
All the systematic parameters stay within their estimated
errors. The result of the spectrum measurement is shown
in Fig. 30 with the prediction of the beam MC simulation.

The results of the measurements with individual de-
tector data are also shown in Table XIV. In the fit with
only 1KT data, the energy spectrum parameters are fixed
to their default values for the high energy region where
there is little or no acceptance. For the same reason,
the low energy region is fixed for SciFi and SciBar. All
the fitting parameters are in good agreement within their
errors each other except for RnQE.

The pµ, θµ and q2
rec distributions for the 1KT, SciFi

and SciBar samples are shown in Fig. 31–33. In these
figures, the reconstructed Q2 distributions(q2

rec) are con-
structed by assuming that the interaction was CC-QE
and using the reconstructed energy under this assump-
tion. The expected distributions of the MC simulation
with the best-fit parameters are also shown. The MC
simulation reproduces all the distributions well.

The discrepancy in RnQE is treated as a systematic er-
ror. However, the value of RnQE is strongly correlated
with the Eν spectrum as well as the other systematic pa-
rameters such as P SB

nonQE/QE. In order to evaluate RnQE

with each detector data set under identical fitting con-
dition, a second fit is performed. In the second fit, the
Eν spectrum and the systematic parameters, except for
the overall normalization, are fixed at the best fit values
obtained with all the three detectors. The best fit value
of RnQE for each detector in the second fit is (1KT, SciFi,
SciBar) = (0.76, 0.99, 1.06), respectively, while the fit re-
sult with three detectors is 0.96. Therefore, an additional
error of 0.20 is assigned to RnQE in order to account for
the discrepancy.

The errors of the measurement are provided in the form
of an error matrix. Correlations between the parameters
are taken into account in the oscillation analysis with this
matrix. The full elements in the error matrix are shown
in Table XV.

VIII. SK DATA

A. SK data reduction

Beam-induced neutrino events in SK are selected ac-
cording to criteria described in this section. Following
selection, events which are fully contained in the SK fidu-
cial volume are reconstructed using similar methods to
the SK atmospheric neutrino analysis and then used in
the K2K oscillation analysis.
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FIG. 30: The neutrino energy spectrum measured at the near
site, assuming CC-QE. The expectation with the MC simula-
tion without reweighting is also shown.

In order to select those neutrino interactions which
come from the accelerator at KEK, two Universal Time
Coordinated time stamps from the worldwide GPS sys-
tem are compared. Both TKEK for the KEK-PS beam
spill start time, and TSK for the SK trigger time are
recorded. The time difference ∆T = TSK−TKEK−TOF ,
where TOF is a time of flight, is distributed from 0 and
1.1 µsec matching the timing width of the beam spill of
the KEK-PS. The maximum difference of the synchro-
nization between two sites is measured to be less than
200 ns by using an external atomic clock. For this reason
we require the ∆T for selected events to be between -0.2
to 1.3 µ sec.

In addition to the timing criteria, the following cuts
are required:

1. In order to remove decay-electrons from the sample,
events must have no activity in the 30 µs before the
event.

2. There must be a minimum number of photo-
electrons seen within a 300 ns timing window.
The required number of photo-electrons are 200 for
K2K-I and 94 for K2K-II.

3. Fully contained events are selected by requiring no
activity in the outer detector.

4. A selection is made to remove events with PMTs
which sometimes begin to produce light because
of a discharge around the dynode. These events
have easily identified characteristics such as a tim-
ing distribution which is much broader than neu-
trino events, and a repeating pattern of light in the
detector.

5. At least 30 MeV energy must be deposited in the
inner detector.
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FIG. 31: The pµ distributions for each event sample of all near detectors with the MC simulation after fitting, given by open
histograms. The hatched areas are the CCQE components in the MC distributions.
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histograms. The hatched areas are the CCQE components in the MC distributions.
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Hints of θ13 > 0 from global neutrino data analysis

G.L. Fogli1,2, E. Lisi2, A. Marrone1,2, A. Palazzo3, and A.M. Rotunno1,2
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Nailing down the unknown neutrino mixing angle θ13 is one of the most important goals in current
lepton physics. In this context, we perform a global analysis of neutrino oscillation data, focusing on
θ13, and including recent results [Neutrino 2008, Proceedings of the XXIII International Conference
on Neutrino Physics and Astrophysics, Christchurch, New Zealand, 2008 (unpublished)]. We discuss
two converging hints of θ13 > 0, each at the level of ∼1σ: an older one coming from atmospheric
neutrino data, and a newer one coming from the combination of solar and long-baseline reactor
neutrino data. Their combination provides the global estimate

sin2 θ13 = 0.016 ± 0.010 (1σ) ,

implying a preference for θ13 > 0 with non-negligible statistical significance (∼ 90% C.L.). We
discuss possible refinements of the experimental data analyses, which might sharpen such intriguing
indication.

PACS numbers: 14.60.Pq, 26.65.+t, 28.50.Hw, 95.55.Vj

Introduction.—In the last decade, it has been established that the neutrino states (νe, νµ, ντ ) with definite flavor
are quantum superpositions of states (ν1, ν2, ν3) with definite masses (m1, m2, m3) [1]. These findings point towards
new physics in the lepton sector, probably originating at very high mass scales [2].

Independently of the origin of neutrino masses and mixing, oscillation data can be accommodated in a simple
theoretical framework (adopted hereafter), where flavor and mass states are connected by a unitary mixing matrix
U , parametrized in terms of three mixing angles (θ12, θ13, θ23) and one CP-violating phase δ [1]. The mass spectrum
gaps can be parametrized in terms of δm2 = m2

2 − m2
1 and of ∆m2 = m2

3 − (m2
1 + m2

2)/2 [3].
Within this framework, the mass-mixing oscillation parameters (δm2, sin2 θ12) and (∆m2, sin2 θ23) are rather well

determined [3]. Conversely, only upper bounds could be placed so far on sin2 θ13 , a dominant role being played by
the null results of the short-baseline CHOOZ reactor experiment [4] (sin2 θ13

<
∼ few%).

Determining a lower bound for θ13 (unless θ13 ≡ 0 for some unknown reason) is widely recognized as a step of
paramount importance in experimental and theoretical neutrino physics [1, 2]. Indeed, any future investigation of
leptonic CP violation (i.e., of δ), and of the neutrino mass spectrum hierarchy [i.e., of sgn(∆m2)] crucially depends
on finding a nonzero value for θ13. A worldwide program of direct θ13 measurements with reactor and accelerator
neutrinos is in progress, as recently reviewed, e.g., at the recent Neutrino 2008 Conference [5].

In this context, any indirect indication in favor of θ13 > 0 becomes highly valuable as a target for direct searches.
We report here two indirect, independent hints of θ13 > 0, one coming from older atmospheric neutrino data, and
one from the combination of recent solar and long-baseline reactor data, as obtained by a global analysis of world
oscillation searches. For the first time, these hints add up to an overall indication in favor of θ13 > 0 at non-negligible
confidence level of ∼90%.

Hint from atmospheric neutrino data.—In a previous analysis of world neutrino oscillation data [3], we found a
weak hint in favor of θ13 > 0, at the level of ∼0.9σ, coming from atmospheric neutrino data combined with accelerator
and CHOOZ data (see Figs. 26 and 27 in [3]). We traced its origin in subleading 3ν oscillation terms driven by δm2

[6], which are most effective at cos δ = −1 (see Fig. 24 in [3]), and which could partly explain the observed excess
of sub-GeV atmospheric electron-like events [7]. Such hint has persisted after combination with further long-baseline
(LBL) accelerator neutrino data [8, 9], which have not yet placed strong constraints to νe appearance. In particular,
after including the Main Injector Neutrino Oscillation Search (MINOS) data [10] presented at Neutrino 2008 [11],
and marginalizing over the leading mass-mixing parameters (∆m2, sin2 θ23), we still find a ∼0.9σ hint of θ13 > 0 from
the current combination of atmospheric, LBL accelerator, and CHOOZ data,

sin2 θ13 = 0.012± 0.013 (1σ, Atm + LBL + CHOOZ), (1)

where the error scales almost linearly up to ∼3σ, within the physical range sin2 θ13 ≥ 0.
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FIG. 2: Global ν oscillation analysis: Allowed 1σ ranges of sin2 θ13 from different input data.

Combination. We have found two independent hints of θ13 > 0, each at a level of ∼1σ, and with mutually consistent
ranges for sin2 θ13. Their combination reinforces the overall preference for θ13 > 0, which emerges at the level of ∼1.6σ
in our global analysis. In particular, Fig. 1 (right panel) shows the 1σ and 2σ error ellipses in the (sin2 θ12, sin2 θ13)
plane from the fit to all data, which summarizes our current knowledge of electron neutrino mixing [30]. Marginalizing
the sin2 θ12 parameter we get

sin2 θ13 = 0.016± 0.010 (1σ, all oscillation data) , (3)

with linearly scaling errors. This is the most important result of our work. Allowed ranges for other oscillation
parameters are reported separately [31]. Summarizing, we find an overall preference for θ13 > 0 at ∼ 1.6σ or,
equivalently, at ∼90% C.L., from a global analysis of neutrino oscillation data, as available after the Neutrino 2008
Conference. The preferred 1σ ranges are summarized in Eqs. (1)–(3), and are graphically displayed in Fig. 2.

Conclusions and Prospects.—In this Letter, we have focused on the last unknown neutrino mixing angle θ13. Within
a global analysis of world neutrino oscillation data, we have discussed two hints in favor of θ13 > 0, each at the level of
∼1σ. Their combination provides an overall indication for θ13 > 0 at a non-negligible 90% confidence level. To some
extent, the present hints of θ13 > 0 can be corroborated by more refined analyses. Concerning atmospheric neutrinos,
an official, complete 3ν analysis by the Super-Kamiokande collaboration, including all experimental details, would
be very important. The analysis should include δm2-driven terms in the oscillation probability [32, 33], which have
been neglected in the official publication [34]. Concerning solar neutrinos, a detailed, fully documented and official
combination of all the SNO-I, II, and III data [35] would be helpful to sharpen the bounds on solar νe mixing and to
contrast them with (future) KamLAND data. The latter would benefit by a further reduction of the normalization
error, which is directly transferred to the mixing parameters. In our opinion, such improvements might corroborate
the statistical significance of the previous hints by another ∼1σ but, of course, could not replace direct experimental
searches for θ13 at reactors or accelerators. Two hints make for a stronger indication, but do not make for a compelling
proof.
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