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The Mass Mixing Matrix for Neutrinos
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Quarks mix via the CKM matrix; 
neutrinos mix via the MNSP matrix ...

Atmospheric 
neutrinos, 
confirmed with 
MINOS and K2K

Solar neutrinos, 
confirmed with 
KamLAND

CP Violation!

The extent depends 
on the size of θ13, 
but current limits are 
consistent with zero.
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FIGURE 1. Lepton flavor model predictions for sin2 !13.

observed. Both the T2K Collaboration at JPARC and the

NO#A Collaboration at Fermilab are also expected to

probe a similar reach with their #µ neutrino beams [17].

Even if #̄e depletion is observed with some accuracy,

it is apparent from the two histograms that the order

of 10 - 20 models may survive which must still be

differentiated. One suggestion is to make scatterplots of

sin2 !13 vs. sin2 !12 and sin2 !12 vs. sin2 !23. We have

attempted to do this in Figs. 3, 4, and 5 for both the lepton

flavor models and grand unified models, where only the

central value predictions are plotted. Most of the models

considered favor central values of sin2 !12 lying below

0.333, the value for exact tri-bimaximal mixing. This is

in agreement with the present value extracted in Eq. (1),

but central values for sin2 !23 ≥ 0.5 are preferred, while

the best extracted value is 0.466 from Eq. (1).
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FIGURE 2. GUT model predictions for sin2 !13.
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FIGURE 3. Central value distributions of sin2 !23 vs.
sin2 !12 for the discrete flavor symmetry models.
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FIGURE 4. Central value distributions of sin2 !23 vs.
sin2 !12 for the grand unified models.
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FIGURE 5. Central value distributions of sin2 !12 vs.
sin2 !23 for both types of models.
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observed. Both the T2K Collaboration at JPARC and the

NO#A Collaboration at Fermilab are also expected to
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Values for θ13: Theory and Experiment
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FIG. 1: Allowed regions in the plane (sin2 θ12, sin2 θ13): contours at 1σ (dotted) and 2σ (solid). Left and middle panels: solar
(S) and KamLAND (K) data, both separately (left) and in combination (middle). In the left panel, the S contours are obtained
by marginalizing the δm2 parameter as constrained by KamLAND. Right panel: All data.

Hint from solar and KamLAND data.—In past years, the above “atmospheric ν hint” was not supported by
independent long-baseline reactor and solar neutrino data, which systematically preferred θ13 = 0 as best fit, both
separately and in combination [3]. Therefore, in the global data analysis, the hint of θ13 > 0 was diluted well below
1σ, and could be conservatively ignored [3].

Such trend has recently changed, however, after the latest data release from the Kamioka Liquid Scintillator Anti-
Neutrino Detector (KamLAND) [12], which favors slightly higher values of sin2 θ12, as compared to solar neutrino
data [13] at fixed θ13 = 0. As discussed in [14], and soon after in [15], this small difference in sin2 θ12 can be reduced
for θ13 > 0, due to the different dependence of the survival probability Pee = P (νe → νe) on the parameters (θ12, θ13)
for solar and KamLAND neutrinos [16]. Indeed, recent combinations of solar and KamLAND data prefer θ13 > 0,
although weakly [14, 15, 17].

Remarkably, the recent data from the third and latest phase of the Sudbury Neutrino Observatory (SNO) [18] pre-
sented at Neutrino 2008 [19] further reduce the solar neutrino range for sin2 θ12 and, in combination with KamLAND
data, are thus expected to strengthen such independent hint in favor of θ13 > 0. We include SNO-III data in the form
of two new integral determinations of the charged-current (CC) and neutral current (NC) event rates [18], with error
correlation ρ " −0.15 inferred from the quoted CC/NC ratio error [18], but neglecting possible (so far unpublished)
correlations with previous SNO data [13]. We ignore the SNO-III elastic scattering (ES) event rate [20], which appears
to be affected by statistical fluctuations [18, 19] and which is, in any case, much less accurate than the solar neutrino
ES rate measured by Super-Kamiokande [21].

In the solar neutrino analysis, we update the total Gallium rate (66.8 ± 3.5 SNU) [22] to account for a recent
reevaluation of the GALLEX data [23, 24]. The latest Borexino data [25, 26], presented at Neutrino 2008 [27], are
also included for the sake of completeness. We do not include the Super-Kamiokande phase-II results [28], which
would not provide significant additional constraints. Finally, concerning KamLAND, we analyze the full spectrum
reported in [12], and marginalize away the low-energy geoneutrino fluxes from U and Th decay in the fit. We have
checked that our results agree well with the published ones (in the case θ13 = 0) both on the oscillation parameters
(δm2, sin2 θ12) and on the estimated geo-ν fluxes [29].

Figure 1 (left panel) shows the regions separately allowed at 1σ (∆χ2 = 1, dotted) and 2σ (∆χ2 = 4, solid)
from the analysis of solar (S) and KamLAND (K) neutrino data, in the plane spanned by the mixing parameters
(sin2 θ12, sin2 θ13). The δm2 parameter is always marginalized away in the KamLAND preferred region (which is
equivalent, in practice, to set δm2 at its best-fit value 7.67 × 10−5 eV2). The mixing parameters are positively and
negatively correlated in the solar and KamLAND regions, respectively, as a result of different functional forms for
Pee(sin2 θ12, sin2 θ13) in the two cases. The S and K allowed regions, which do not overlap at 1σ for sin2 θ13 = 0,
merge for sin2 θ13 ∼ few× 10−2. The best fit (dot) and error ellipses (in black) for the solar+KamLAND combination
are shown in the middle panel of Fig. 1. A hint of θ13 > 0 emerges at ∼1.2σ level,

sin2 θ13 = 0.021± 0.017 (1σ, solar + KamLAND) , (2)

with errors scaling linearly, to a good approximation, up to ∼3σ.

Figure 1: Figure taken from [2], contours in sin2 θ13 versus sin2 θ12 from a global analyis. One
σ contours are dotted lines, and 2σ are solid. The left panel shows KamLAND and solar
neutrino data separately. The center panel combines them, and the right panel includes all
recent neutrino oscillation data.

for details. Figure 1 also includes (in red) the contours at which one arrives for an analysis
of the solar neutrino deficit. Indeed, the correlation between sin2 θ13 and sin2 θ12 is weaker
than for KamLAND, and in fact tends in the opposite direction.

The result is that although KamLAND gives a value of sin2 θ12 that is consistent with
solar neutrino experiments using sin2 θ13 = 0, one achieves a greater consistency if sin2 θ13 ∼
0.01. An analysis with both data sets combined is shown in the center panel of Fig. 1,
and the result incorporating all neutrino oscillation data is shown in the panel on the right.
Reference [1] finds sin2 θ13 = 0.01−0.01

+0.09 for KamLAND plus solar neutrino data, while [2] find
sin2 θ13 = 0.016± 0.010 for a global analysis.

Given that Daya Bay is sensitive to sin2 2θ13 ≈ 4 sin2 θ13 at a level of 1%, a large value
such as suggested by these analyses would be easily observed early in our running period.
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Measuring Mixing: Neutrino Oscillations

Illustrate with 
two flavors:
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What is the 

probability of 
detecting what 

you had first?
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Mixing angle 
sets the size 
of the effect...

... but you need 
to match L and 
E to Δm2 !

Let it fly:
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Measuring θ13 at Nuclear Reactors
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Example (Chooz): Appolonio, et al., EPJ 27(2003)331
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Interpreting the e+ Energy Spectrum
Antineutrino 

spectrum

0 2 4 6 8 MeV

e+ spectrum

● 235U 
❍ 239Pu
♢ 241Pu

We know Δm2 from
θ12 and θ23  experiments 

The correct baseline 
optimizes sensitivity!
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Current θ13 Reactor Experiments
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The Innovation:  A “Near” Detector to Monitor the Flux

Double Chooz 
(France)

RENO (Korea)

Daya Bay 
(China)

Angra 
(Brazil)

Under construction
Proposed, R&D
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Double Chooz

Reactors

Far detector vessel 
with PMTs installed

I. Gil-Botella,
J.Phys. Conf. 171(2009)012067
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100m 300m

70m high

200m high

1,380m290m

Far DetectorNear Detector

RENO

10

Y.Oh, Nucl.Phys.B (Proc) 188(2009)109
S.B.Kim, J.Phys. Conf. 120(2008)052025

Far Detector

Near Detector

Tunnel Length 
300 m

Tunnel Length 
100 m

1.4 km

200 m Mt.

70 m Hill

(See also DBD 2007 and TAUP 2007)
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Daya Bay
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Proposal -  arXiv: hep-ex/0701029
W. Wang,  arXiv: hep-ex/0910.4605

Daya Bay Near site
Overburden: 98 m 

Ling Ao Near site
Overburden: 112 m 

Four detectors Far site
Overburden: 350 m 

Two detectors at 
each near site 

Civil Progress 
Dec 2009
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Gd-LAB Liquid 
Scintillator
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νe Detectors: 
Three Zones

Target
γ-Catcher
Outer oil buffer

Liquid
clarity is 
important
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Muon Shielding

13

Water Pool

RPC Layer

Daya Bay: Progress

DB Near Physics Ready:  2010
Far Hall Physics Ready:  2011
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Reactor θ13 Experiments
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Thermal 
Power 
(GW)

Mass 
(Tons)

Near Far δSYST 
(%)Dist 

(m)
Depth 
(mwe)

Dist 
(m)

Depth 
(mwe)

Double 
Chooz

8.5 2×10 400 115 1050 300 0.6

RENO 16.4 2×16 290 130 1380 460 0.5

Daya 
Bay

17.4 8×20
363
&

481
260

1985
&

1613
910 > 0.2

< 0.4
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Figure 6: Evolution of the θ13 sensitivity limit as a function of time (90% CL), i.e., the 90% CL limit

which will be obtained if the true θ13 is zero.

4.1 Finding versus constraining θ13

We now discuss the sensitivity of the different experiments to θ13. We include two quali-
tatively different aspects in the discussion: The θ13 sensitivity limit and the θ13 discovery
potential. The θ13 sensitivity limit describes the ability of an experiment to constrain θ13 if
no signal is seen. It is basically determined by the worst case parameter combination which
may fake the simulated θ13 = 0. The sensitivity limit does not depend on the simulated
hierarchy and δCP, as the simulated θ13 = 0. For a more detailed discussion, see Ref. [21],
App. C. The θ13 discovery potential is given by the smallest true value of θ13 > 0 which
cannot be fitted with θ13 = 0 at a given CL. Since the simulated θ13, δCP, and hierarchy
determine the simulated rates, the θ13 discovery potential will depend on the values of all
these parameters chosen by nature. On the other hand, correlations and degeneracies are of
minor importance because for the fit θ13 = 0 is used. The smallest θ13 discovery potential
for all values of δCP and the MH (risk-minimized θ13 discovery potential) is often similar to
the θ13 sensitivity limit. This holds to very good approximation for reactor experiments,
where statistics are Gaussian and the oscillation physics is simple. For beam experiments
differences occur due to Poisson statistics as well as more complicated oscillation physics
implying correlations and degeneracies.

We show the θ13 sensitivity limit as a function of time in Fig. 6. We observe that the
global sensitivity limit will be dominated by reactor experiments. As soon as operational,
Daya Bay will dominate the global limit. For Daya Bay, time is not critical, but matching
the systematics or statistics goals is. If the assumed schedules of both, Double Chooz and
Daya Bay are matched, Double Chooz will dominate the θ13 sensitivity for about two years
in the absence of RENO. If available, RENO, on the other hand, will dominate the θ13

11

Accelerator 
νμ→ νe 
appearance

15

P. Huber, et al.,
JHEP 0911:044 
(2009)

Start dates 
need to be 
adjusted!
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Conclusion

16

• Establishing θ13≠0 critical 
for next phase in CPV

• Expect ≈1% sensitivity 
from reactor experiments 
over the next few years

• Keep your fingers crossed 
that θ13 big enough for the 
“superbeam” experiments

Thanks!


