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Where does θ13 matter?

CP termsMass hierarchy

order in matter effect [19],
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In (1), a(x) =
√

2GFNe(x) [20] where GF is the Fermi constant, Ne(x) denotes the electron
number density at x in the earth, Jr (= c12s12c2

13s13c23s23) denotes the reduced Jarlskog
factor, E is the neutrino energy, L is the baseline distance, and the upper and lower sign
± refer to the neutrino and anti-neutrino channels, respectively. We have added a term
due to solar mass scale oscillations, the last term in (1), whose value of order 0.01 at a
Korean detector is non-negligible. One can easily observe that when we move from the
first to the second oscillation maxima, the size of CP phase effects become larger by a
factor of 3 while the matter effect stays the same. At off the oscillation maxima the first
term in last line of (1) makes additional contributions which render the fraction of matter
effect larger, but only up to a level given in Fig. 1 due to a modest size of the matter effect,
aL = 0.54(ρ/2.8 g cm−3)(L/1000 km). Therefore, a second detector at the second oscillation
maximum, though attractive because of a factor of 3 larger effect of CP phase δ is not the
best place to discriminate the mass hierarchy [13].

In summary, it appears that there is no obvious merit of placing a detector in Korea to
measure the matter effect. To really utilize the attractive feature of a factor of 3 larger CP
effect we must go beyond the level of our above discussions, as we will pursue in the next
subsections.

B. Energy dependence is far more dynamic if seen by the Korean detector

To uncover possible advantages of the Korean detector we have examined how the appear-
ance probabilities depend upon the energy and baseline. We observed that after neutrinos
pass through the second oscillation maximum the appearance probabilities sharply fall. The
behavior, together with an enhanced matter effect, produces a dynamic behavior of the en-
ergy spectrum of oscillated neutrinos. The features of the oscillation probabilities suggest
the baselines between the second oscillation maximum and the subsequent minimum, be-
tween about 900 and 1200 km, as appropriate ones. It is an accidental coincidence that the
mountainous area with which neutrino beam from J-PARC facility first encounter is located
at about 1000-1100 km away from Tokai village. Therefore, we take the baseline distance
of 1050 km as a typical distance to the Korean detector throughout our analysis in this pa-
per. Noting that ∆m2

31L/2E = 3.11π(∆m2
31/2.5 × 10−3 eV2)(L/1000 km)(E/0.65 GeV)−1,

L = 1050 km corresponds to about 10% off the second oscillation maximum at peak energy.
The choice matches with our earlier observation that it is better to stay somewhat away
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Measuring θ13 ?

Reactor experiments
Reno
Double Chooz
Daya Bay

Accelerator experiments
T2K
Minos

Global fits
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T2K - Overview
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Main facts:
1.43 x 10^20 POT accumulated 
from January 2010 to March 2011.

Reached 145 kW.

Beam will start again in December, 
new data coming this winter.
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T2K results - 6 candidates
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FIG. 4. Distribution of invariant mass Minv when each event is forced to be reconstructed into two

rings. The data are shown using points with error bars (statistical only) and the MC predictions

are in shaded histograms, corresponding to oscillated νe CC signal and various background sources

for sin2 2θ13 = 0.1. The last bin shows overflow entries. The vertical line shows the applied cut at

105 MeV/c2.

To compute the expected number of events at the far detector N exp
SK , we use the near

detector νµ CC interaction rate measurement as normalization, and the ratio of expected

events in the near and far detectors, where common systematic errors cancel. Using Eq. 1,

this can be expressed as:

N exp
SK =

�
Rµ,Data

ND /Rµ,MC
ND

�
·NMC

SK , (2)

where NMC
SK is the MC number of events expected in the far detector. Event rates are

computed incorporating three-flavor oscillation probabilities and matter effects [36] with

∆m2
12 = 7.6 × 10−5 eV2, ∆m2

23 = 2.4 × 10−3 eV2, sin2 2θ12 = 0.8704, sin2 2θ23 = 1.0, an
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FIG. 5. Same as Fig. 4 for the reconstructed neutrino energy spectrum of the events which pass

all νe appearance signal selection criteria with the exception of the energy cut. The vertical line

shows the applied cut at 1250 MeV.

average Earth density ρ=3.2 g/cm3 and δCP = 0 unless otherwise noted. The expectations

are 0.03(0.03) νµ + ν̄µ CC, 0.8(0.7) intrinsic νe CC, and 0.1(4.1) νµ → νe oscillation events for

sin2 2θ13=0(0.1), and 0.6 NC events. As shown in Table III, the total systematic uncertainty

onN exp
SK depends on θ13. Neutrino flux uncertainties contribute 14.9%(15.4%) to the far(near)

event rates, but their ratio has an 8.5% error due to cancellations. The near detector

νµ CC selection efficiency uncertainty yields +5.6
−5.2% and the statistical uncertainty gives 2.7%.

The errors from cross-section modeling are dominated by FSI uncertainties and by the

knowledge of the σ(νe)/σ(νµ) ratio, estimated to ±6%. The systematic uncertainties due

to event selection in SK were studied with cosmic-ray muons, electrons from muon decays,

and atmospheric neutrino events. Their contribution to δN exp
SK /N exp

SK for e.g. sin2 2θ13 = 0.1

14

6 Candidates
are seen!!!

All data analysed
Event selection:

Signal Efficiency = 66%
Background Rejection:

77% for beam νe 
99% for NC         

6 candidate events remain
1.5±0.3 BG expected
Probability to observe >=6 evts w/ sin22θ13=0: 0.7%
2.5 σ excess observed
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T2K - Allowed regions
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FIG. 6. The 68% and 90% C.L. regions for sin2 2θ13 for each value of δCP, consistent with the

observed number of events in the three-flavor oscillation case for normal (top) and inverted (bottom)

mass hierarchy. The other oscillation parameters are fixed (see text). The best fit values are shown

with solid lines.

∗ also at J-PARC Center

17

PRL 107, 041801 (2011) Best fit results is right around Chooz 90% CL 
upper bound (sin2(2θ13 )= 0.15) 

at δCP =0:
sin2(2θ13 )= 0.11 for normal mass hierarchy
0.03 < sin2(2θ13 ) < 0.28

sin2(2θ13 )= 0.14 for inverted mass hierarchy
0.04 < sin2(2θ13 ) < 0.34
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T2K - Sensitivities

We have:0.07 [MWx107s] = 0.143e21 pot

We aim to have:
By Summer 2013: ~0.5 [MWx107s] ~ 1e21pot

Conclude  non-zero θ13
> 5 sigma for present T2K central value

Within a few years : ~ 1 [MWx107s] ~ 2e21pot
> 3 sigma for sin22θ13 > 0.04

Approved goal    : 3.75 [MWx107s] ~ 8e21pot
> 3 sigma for sin22θ13 >~ 0.02
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T2K - Status & Plan

J-PARC has not been operated since Mar. 11, 2011 because of the earthquake.

Intensive recovery works are on-going

We will resume J-PARC operation in Dec. 2011
First, LINAC will start operation on Dec. 12, 2011

We plan to have >2 “cycle”(~month) beam for users within JFY2011 (by the end of 
March 2012)

In FY2012 (April 2012 - March 2013) J-PARC plan to operate fully (~9month) 
(budget requested)

LINAC energy recovery from 181MeV to 400MeV originally scheduled in 2012 was 
delayed to start July 2013
Userʼs needs to take longer beam after long shutdown by the earthquake
Delay of preparation caused by earthquake

9Monday, October 17, 2011



MINOS - Overview

FNAL 120GeV Main Injector  Soudan 
mine (735km)

Horn-focused wide band νμ beam

(magnetized)Iron-scintillator sampling 
calorimeter

5,400tons @ far, 980tons @ near
Taking data > 6yrs

8.2e20pot data w/ neutrino run is used 
for ne appearance search
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MINOS - Results

4

Event class
sin2(2θ13)
0 0.1

NC 34.1 34.1
νµ CC 6.7 6.7
νe CC 6.4 6.2
ντ CC 2.2 2.1

νµ → νe CC 0.2 19.1
Total 49.6 68.2

TABLE II: Expected FD event counts for LEM>0.7, assum-
ing θ23 =π

4 , ∆m2
32 =2.32×10−3 eV2, and δ=0. The first νe

line refers to the intrinsic νe component in the beam. In the
θ13=0 case, a small amount of νµ → νe oscillation occurs due
to non-zero ∆m2

21.

trons recorded by the MINOS Calibration Detector [26].
The breakdown of expected FD events is given in Ta-
ble II. An analysis of beam-off detector activity yielded
no νe candidate events, resulting in a 90% C.L. upper
limit on cosmogenic backgrounds in the primary analysis
region of 0.3 events. We find that (40.4± 2.8)% of νe CC
signal events end up in the signal region, LEM>0.7.

Most of the analysis procedures can be tested directly
on two signal-free or near-signal-free sideband samples.
First, the “muon-removed” hadronic showers described
above, before they are merged with simulated electrons,
represent a sample of NC-like events. The predicted
and observed LEM distributions in the FD agree for
this sample, with χ2/Nd.o.f.=9.7/8 using statistical errors
only. Second, FD events satisfying 0≤LEM<0.5 make
up a background-dominated sample for which we predict
370 ± 19 background events (statistical error only). We
observe 377 events, in agreement with prediction. Form-
ing the prediction for the latter sideband exercises all
aspects of the analysis up to the final signal extraction,
including the full ND decomposition procedure and the
ND-to-FD ratios derived from simulation.

In previous MINOS analyses [11, 12], the νe appear-
ance search was conducted by comparing the total num-
ber of νe candidate events in the FD to the expected
background. A similar approach applied to the present
data yields 62 events in the signal region of LEM>0.7,
with an expectation of 49.6± 7.0(stat.)± 2.7(syst.) if
θ13=0. However, we gain 12% in sensitivity by fit-
ting the FD sample’s LEM and reconstructed energy
(Ereco) distribution in 3×5 bins spanning LEM>0.6 and
1 GeV<Ereco < 8 GeV. The energy resolutions for
hadronic and electromagnetic showers at 3 GeV are 32%
and 12%, respectively [16]. Figure 2 shows the FD data
and predictions used in the fit, along with the extracted
best-fit signal.

Figure 3 shows the regions of oscillation parame-
ter space allowed by these data. For the fit, we
use a three-flavor oscillation framework [20] includ-
ing matter effects [27], and we use the Feldman-
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FIG. 2: Reconstructed energy spectra for νe CC candidate
events in the Far Detector. The black points indicate the
data with statistical error bars shown. The histogram indi-
cates the expected background (unfilled area) together with
the contribution of νµ → νe signal (hatched area) for the
best-fit value of sin2(2θ13)= 0.041.

Cousins procedure [28] to calculate the allowed re-
gions. We assume

��∆m2
32

�� =(2.32+0.12
−0.08)×10−3 eV2 [6],

∆m2
21 =(7.59+0.19

−0.21)×10−5 eV2 [1], θ23 =0.785± 0.100 [4],
and θ12 =0.60± 0.02 [1]. The influence of these oscilla-
tion parameter uncertainties is included when construct-
ing the contours.

Prior to unblinding the FD data, we planned to fit only
the LEM distribution integrated over energy. However,
the excess over background in the upper energy range
prompted the inclusion of energy information so that the
fit could weigh events appropriately when extracting θ13
constraints. If we had performed the signal extraction
over LEM bins only, the best fit and 90% C.L. upper
limit for sin2(2θ13) would each change by +0.006. A thor-
ough study of high-energy events in the signal and side-

5

0 0.1 0.2 0.3 0.4

)! ("

0.0

0.5

1.0

1.5

2.0

 > 02m# 

MINOS Best Fit 
68% C.L.
90% C.L.
CHOOZ 90% C.L.

 = 1 for CHOOZ23$22sin

0 0.1 0.2 0.3 0.4

)! ("

0.0

0.5

1.0

1.5

2.0

23$2)sin13$(222sin
0 0.1 0.2 0.3 0.4

)! ("

0.0

0.5

1.0

1.5

2.0

 < 02m#

MINOS
 POT2010%8.2

23$2)sin13$(222sin
0 0.1 0.2 0.3 0.4

)! ("

0.0

0.5

1.0

1.5

2.0

FIG. 3: Allowed ranges and best fits for 2 sin2(θ23) sin
2(2θ13)

as a function of δ. The upper (lower) panel assumes the nor-
mal (inverted) neutrino mass hierarchy. The vertical dashed
line indicates the CHOOZ 90% C.L. upper limit assuming
θ23 =π

4 and ∆m2
32 =2.32×10−3 eV2 [10].

band samples, including events between 8 and 12 GeV,

indicates that the high-energy predictions are robust and

that the selected events are free of irregularities.

In conclusion, using a fit to νe discriminant and

reconstructed energy 2D distribution of FD νe can-

didate events, we find that 2 sin
2
(θ23) sin

2
(2θ13) =

0.041+0.047
−0.031 (0.079+0.071

−0.053) for the normal (inverted)

mass hierarchy and δ=0. We further find that

2 sin
2
(θ23) sin

2
(2θ13)<0.12 (0.20) at 90% C.L. Using the

less sensitive techniques of the 2010 analysis [12] on the

current data set yields a consistent measurement [29].

The θ13=0 hypothesis is disfavored by the MINOS data

at the 89% C.L. This result significantly constrains the

θ13 range allowed by the T2K data [14] and is the most

sensitive measurement of θ13 to date.
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T2K Central values

For LEM > 0.7

Exp BG events:
49.5 ± 2.8 (sys) ± 7.0 (stat)

Observed events in FD data:
62

This is a 1.7σ excess
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Global fit

G.L.Fogli, et.al, arXiv:1106.6028v1 [hep-ph]

Exclude θ13=0 at more than 3σ level

Best fit : sin2θ13=0.021

Overall: most urgent & important task: EXPERIMENTALLY DEFINITELY conclude 
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Future results
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Reno

16.1GW reactor & 2x16ton 
detectors (1.4km)

Started data taking with both near & 
far detectors from Aug. 1, 2011.

First results on sin2(2θ13) ~0.5 are 
expected to be available within a 
half year. 

sin2(2θ13) > 0.02  at 90% within 
~3yrs

T2K
central
value
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Double Chooz

8.2GW reactor & 2x8ton 
detector (1.05km)

Far detector completed, 
started data taking since 
Apr. 13, 2011, >120 days 
w/ 75% physics data live

Data taking w/ near det 
expected from early 201

Sin22θ13 sensitivity (90%CL) 
~0.08 in half year, 0.03 
ultimately

T2K
central
value
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Daya Bay

6x2.95=17.4GW & 4x20t far/4x20t 
near detectorsʼs (1.6~2km)

4/8 detectors filled, 2 detector 
taking data

Data taking with all detectors from 
Summer 2012

sin22θ13 <0.03(0.02) at 3σ in 1(3) 
years 

T2K
central
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NOνA

FNAL NuMI off-axis beam

Power upgrade 320 kW → 700 kW
Recycler: anti-proton → proton
Rep cycle 2.2s → 1.33s

New 14 kton liquid scintillator fine grained detector @810km

Far detector will complete and start full operation in 2014
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NOνA Sensitivity

Can measure large θ13 (~T2K center) very soon

For smaller θ13 good competition

Have some sensitivity on mass hierarchy

T2K
central
value = 0.11

!  Can measure large !13 
(~T2K center) very soon 

!  For smaller !13 good 
competition 

!  Have some sensitivity on 
mass hierarchy 
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What if θ13 is big?
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!13, should it be very small, is also better than for any other facility considered. Unlike 
most set-up sondidered, the Neutrino Factory with two long baselines and a full analysis 
of the energy spectrum of appearance events is able to solve degeneracies and 
ambiguities completely over most of the parameter space that it is sensitive to. The 
ability to measure interactions of tau neutrinos offers unique possibilities to test the 
unitarity of the neutrino mixing matrix at either far or near detector stations. The 
optimum setup for a neutrino factory is mildly dependent on the existing knowledge on 
the value of the mixing angle !13. In particular one can note, as an existence proof, that 
there is a pair of baselines that are close enough to the optimum baselines stated by the 
ISS:  CERN to Pyhasalmi in Finland (2285km), which is also a LAGUNA site, and 
CERN to INO in India (7152km). 
 

 
Figure 2 Compilation of 3"""" CP sensitivities of  future long baseline projects. Here the fraction of 
####CP where CP violation can be observed at 3 standard deviations is plotted as a function of !!!!13.  
T2KK: T2K 1.66 MW beam to 270 kton fid volume Water Cherenkovs detectors in Japan (295km) 
and in Korea (1050 km)[10] ;  DUSEL: a  WBB from Fermilab to a 300 kton WC in Dusel 
(1300km)[11]; SPL 4 GeV, EU-BB and BB+SPL curves stand for the CERN to Fréjus (130km) 
project [12]; NF baseline is the Neutrino Factory baseline (4000km and 7000km baselines) and NF 
Py+INO represents the concrete baseline from CERN to Pyhaslami mine in Finland (2285 km) and 
to INO in India (7152 km)[13].  
   
The decision of if, when and where to build a neutrino factory will be determined by 
several factors, including, at any given time, the perceived relative feasibility and reach 
of more conventional alternatives. The CERN strategy document recommends the 
information to be available in 2012. This is the goal pursued by all participants in the 
world wide R&D program.   
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optimum setup for a neutrino factory is mildly dependent on the existing knowledge on 
the value of the mixing angle !13. In particular one can note, as an existence proof, that 
there is a pair of baselines that are close enough to the optimum baselines stated by the 
ISS:  CERN to Pyhasalmi in Finland (2285km), which is also a LAGUNA site, and 
CERN to INO in India (7152km). 
 

 
Figure 2 Compilation of 3"""" CP sensitivities of  future long baseline projects. Here the fraction of 
####CP where CP violation can be observed at 3 standard deviations is plotted as a function of !!!!13.  
T2KK: T2K 1.66 MW beam to 270 kton fid volume Water Cherenkovs detectors in Japan (295km) 
and in Korea (1050 km)[10] ;  DUSEL: a  WBB from Fermilab to a 300 kton WC in Dusel 
(1300km)[11]; SPL 4 GeV, EU-BB and BB+SPL curves stand for the CERN to Fréjus (130km) 
project [12]; NF baseline is the Neutrino Factory baseline (4000km and 7000km baselines) and NF 
Py+INO represents the concrete baseline from CERN to Pyhaslami mine in Finland (2285 km) and 
to INO in India (7152 km)[13].  
   
The decision of if, when and where to build a neutrino factory will be determined by 
several factors, including, at any given time, the perceived relative feasibility and reach 
of more conventional alternatives. The CERN strategy document recommends the 
information to be available in 2012. This is the goal pursued by all participants in the 
world wide R&D program.   
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Personal opinion:

It seems until now everyone
was very focus in getting down 
to the smallest θ13 possible...

Very careful study of 
systematics need to be 
performed if θ13 is as large as 
T2K leads to believe.

If sin22θ13> ~0.01
Make conventional Multi-MW 

super beam long baseline 
experiments possible to 
explore CPV in lepton sector

Although big step needed
IF not

Need “ideal” beam such as 
Neutrino Factory or beta beam 
to probe CPV
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Summary

Quest for non-zero θ13 is turning around final corner

T2K detected first indication of νe appearance at 2.5σ significance
0.03(0.04)<sin22θ13<0.28(0.34)  (inverted hierarchy)

MINOS presented consistent results

New reactor experiments are getting online

NOvA will come in 2014

Discovery of finite θ13 will come very soon (hopefully)!

Large θ13 makes possible to explore CPV with upgraded >MW beam and huge high 
sensitivity detector BUT precise systematics studies need to be performed

20Monday, October 17, 2011


