
3. これからの実験でアプローチする課題
• ニュートリノ振動の究明
• 質量差：　Δm212, Δm232, Δm231
• 混合角（割合）：θ12, θ23, θ13
• CPの破れ：δCP
• ステライル（弱い相互作用しない第4の）ニュートリノ
• Dirac粒子かMajorana粒子か
• ニュートリノを出さない2重ベータ崩壊探索
• ニュートリノ質量の決定
• ベータ崩壊を使った直接測定
• 宇宙論ベースの宇宙観測
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ニュートリノ混合
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大気ν、加速器ν 加速器ν、原子炉ν、（大気ν） 原子炉ν、太陽ν

• 混合率・質量について
• ニュートリノ： 平等的？　
• クォーク：　 　階層的？
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大きな第3の混合角 !13 がCPの研究を可能にした
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of which are shown in Table III. From the best fit we obtain
a contribution from 9Li reduced by !19% and with an
uncertainty decreased from 52% to 26%. The fast neutron
value is decreased by 5% with almost unchanged
uncertainty.

Figure 4 shows the measured positron spectrum super-
imposed on the expected spectra for the no-oscillation
hypothesis and for the best fit (including fitted
backgrounds).

Combining our result with the T2K [11] and MINOS
[12] measurements leads to 0:003< sin22!13 < 0:219 at
the 3" level.

In summary, Double Chooz has searched for !#e disap-
pearance by using a 10 m3 detector located 1050 m from
two reactors. A total of 4121 events were observed where
4344" 165 were expected for no oscillation, with a signal
to background ratio of # 11:1. In the context of neutrino
oscillations, this deficit leads to sin22!13 ¼ 0:086"
0:041ðstatÞ " 0:030ðsystÞ, based on an analysis using rate

and energy spectrum information. The no-oscillation hy-
pothesis is ruled out at the 94.6% C.L. Double Chooz
continues to run, to reduce statistical and background
systematic uncertainties. A near detector will soon lead
to reduced reactor and detector systematic uncertainties
and to an estimated 1" precision on sin22!13 of !0:02.
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TABLE III. Summary of the effect of a pulls term approach on
the fast neutron and 9Li backgrounds and on the energy scale.
Uncertainty values are in parentheses.

Fast n. bkg (%) 9Li (%) EScale (value)

Rate only 100 (46) 100 (52) 0.997 (0.007)
Rateþ shape 95.2 (38) 81.5 (25.5) 0.998 (0.005)
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FIG. 4 (color online). Top: Expected prompt energy spectra,
including backgrounds, for the no-oscillation case and for the
best fit sin22!13, superimposed on the measured spectrum. Inset:
Stacked histogram of backgrounds. Bottom: Difference between
data and the no-oscillation spectrum (data points) and difference
between the best fit and no-oscillation expectations (curve).
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The value of sin22!13 was determined with a "2 con-
structed with pull terms accounting for the correlation of
the systematic errors [28],

"2 ¼
X6

d¼1

½Md # Tdð1þ "þP
r
!d

r#r þ "dÞ þ $d'2

Md þ Bd

þ
X

r

#2
r

%2
r
þ

X6

d¼1

!
"2d
%2

d

þ $2
d

%2
B

"
; (2)

whereMd are the measured IBD events of the dth AD with
backgrounds subtracted, Bd is the corresponding back-
ground, Td is the prediction from neutrino flux, MC, and
neutrino oscillations [29], !d

r is the fraction of IBD con-
tribution of the rth reactor to the dth AD determined by
baselines and reactor fluxes. The uncertainties are listed in
Table III. The uncorrelated reactor uncertainty is %r

(0.8%), %d (0.2%) is the uncorrelated detection uncer-
tainty, and %B is the background uncertainty listed in
Table II. The corresponding pull parameters are
(#r,"d,$d). The detector- and reactor-related correlated
uncertainties were not included in the analysis; the abso-
lute normalization " was determined from the fit to the
data. The best-fit value is

sin 22!13 ¼ 0:092( 0:016ðstat:Þ ( 0:005ðsyst:Þ;

with a "2=NDF of 4:26=4 (where NDF is the number of
degrees of freedom). All best estimates of pull parameters
are within its 1 standard deviation based on the correspond-

ing systematic uncertainties. The no-oscillation hypothesis
is excluded at 5.2 standard deviations.
The accidental backgrounds were uncorrelated while the

Am-C and (#,n) backgrounds were correlated among ADs.
The fast-neutron and 9Li–8He backgrounds were site-wide
correlated. In the worst case where they were correlated in
the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic
uncertainty increased by 0.001.
Figure 4 shows the measured numbers of events in each

detector, relative to those expected assuming no oscilla-
tion. The 6.0% rate deficit is obvious for EH3 in compari-
son with the other EHs, providing clear evidence of a
nonzero !13. The oscillation survival probability at the
best-fit values is given by the smooth curve. The "2 versus
sin22!13 is shown in the inset.
The observed !&e spectrum in the far hall is compared to a

prediction based on the near-hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence
of neutrino oscillation. The ratio of the spectra is consistent
with the best-fit oscillation solution of sin22!13 ¼ 0:092
obtained from the rate-only analysis [31].
In summary, with a 43 000 ton–GWth–day live-time ex-

posure, 10 416 reactor antineutrinos were observed at the
far hall. Comparing with the prediction based on
the near-hall measurements, a deficit of 6.0% was
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T2K、スーパーカミオカンデでCPにアクセス
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T2K (PRL 112, 061802 (2014))

reactor θ13 2012

T2K

スーパーカミオカンデ
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Leptonic unitarity triangle

• still far from knowledge we have on UT in quark sector
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14 11. CKM quark-mixing matrix
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Figure 11.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL.

The CKM matrix elements can be most precisely determined by a global fit that
uses all available measurements and imposes the SM constraints (i.e., three generation
unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining the
experimental data. CKMfitter [6,101] and Ref. 124 (which develops [125,126] further) use
frequentist statistics, while UTfit [108,127] uses a Bayesian approach. These approaches
provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix
significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (11.4) gives

λ = 0.22535± 0.00065 , A = 0.811+0.022
−0.012 ,

ρ̄ = 0.131+0.026
−0.013 , η̄ = 0.345+0.013

−0.014 . (11.26)

These values are obtained using the method of Refs. [6,101]. Using the prescription
of Refs. [108,127] gives λ = 0.22535 ± 0.00065, A = 0.817 ± 0.015, ρ̄ = 0.136 ± 0.018,
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