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Neutrino Mixing I

Using the usual decomposition we write the mixing matrix, U :

U =

 1 0 0
0 c23 s23

0 −s23 c23

  c13 0 s13e−iδ

0 1
−s13eiδ 0 c13

  c12 s12 0
−s12 c12 0
0 0 1


with for cij = cos(θij) and sij = sin(θij), and δ the leptonic CP violating phase
and we get the generalized transition probability as

P(να→νβ) = δαβ −
∑
i>j

[
4<(U∗

αiUβiUαjU
∗
βj) sin2 Φij ∓ 2=(U∗

αiUβiUαjU
∗
βj) sin 2Φij

]

where Φij =
∆m2

ijL

4E
and ∆m2

ij = m2
j −m2

i .
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Neutrino Mixing II

Current values

θ12 33.7± 1.3 degrees
Solar + KamLAND

∆m2
21 7.9+0.27

−0.28 × 10−5 eV2

θ23 43.3+4.3
−3.8 degrees

SK, K2K MINOS∣∣∆m2
23

∣∣ (2.6± 0.2)× 10−3 eV2

θ13 ≤ 13 degrees

Chooz∆m2
13 ±(|∆m2

23| ±∆m2
21)

δ unconstrained
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Neutrino Mixing III

Reactor Oscillation Physics

P(ν̄e→ν̄e) ≈ 1−sin2 2θ13 sin2

(
1.27L∆m2

31

E

)
−cos4 θ13 sin2 2θ12 sin2

(
1.27L∆m2

21

E

)
E in MeV and L in km, and ∆m in milli-eV

The dominate term for reactor

experiments is the θ12 term (as

for KamLAND at mean 180

km), but very near the source,

there is a accessible contribution

from θ13.

Dierckxsens:TAUP 2009
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Neutrino Mixing IV

Reactor Experiments and θ13

Fission reactors generate a large and well
known flux of ν̄s at a few MeV. The
cross-section for these to capture on a
proton by

ν̄ + p → e+ + n

is well understood, and the delayed
coincidence between the prompt signal
from the positron and the subsequent
capture of the free neutron form a easily
recognised experimental signal.
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Existing Measurements

θ13 has been probed at Palo

Verde (Phys. Rev. D 64, 112001) and

the original Chooz experiment

(Eur. Phys. J. C27 2003).

The best results to date place upper

limits on the parameter, now known

to be small
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Maltoni:arXive
0812.3816v1
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Limits of the Chooz Measurement

The Chooz limit is set by

• ν̄ + p cross-section [1.9%]

• detector efficiency [1.5%]

• uncertainties in the reactor power and composition (i.e. ν̄
flux and spectrum) [0.9%]

• number of protons in the target region [0.6%]

• backgrounds (1.5/day against a signal of 25/day)
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Multiple Detectors to the Rescue

The limiting uncertainties for

Chooz and Palo Verde were

the total reactor flux and the

acceptance of the detectors. By

using two (or more) “identical”

detectors at different distances

from the neutrino source, these

errors may be cancels out to

leading order.

While θ13 is also accessible in off-axis beam experiments (T2K, ...), these
experiments are sensitive to more physics leading to potentially ambiguous
results.
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Double Chooz I

4 Continents

8 Countries

37 Institutions

≈ 150 Physicists, students,

and engineers

David McKee 10



Double Chooz II

We are reusing the Chooz site in Northern
France. This gives us access to the same
2×4.27 GW (thermal) reactors, 300 MWE
overburden, and 1050 m baseline as the
original experiment.

We’re currently building a new, larger
detector in the existing experimental
hall (now called the “far lab”).
A contract has been signed to begin
preparing the site selected for the
“near lab” where an identical detector
will be constructed once the far
detector is commissioned.
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Double Chooz Detectors

A concentric, cylindrical design

A 8.2 ton central target volume of
Gd-loaded LS in an acrylic vessel
Surrounding this is another acrylic
vessel filled with Gd-free LS to
contain and convert the energy of
the γ rays.
Around this is a stainless steel vessel
containing unscintillating mineral oil
and 390 10” PMTs with 13% optical
coverage.
Outside that is another SS vessel
containing LS and 78 8” PMTs to
serve as a muon veto and shield.

The whole thing is capped with a multi-layer hodoscope array to provide
an additional veto agains cosmic muons.
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Near Site

After considering the tradeoffs of overburden and
maximizing the oscillation sensitivity, we selected
the near lab site under a hill at a distance fo
410 m from the reactor cores with a 115 M.W.E.
overburden.

arXive:0606.025v4
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Progress

Installation of the far detector is underway:

• Veto vessel is in place and populated with PMTs

• Buffer vessel is in place and populated with PMTs

• The inner detector vessels are fabricated

• The LS components have been acquired

• DAQ is nearly done—final integration testing is underway, and bulk
fabrication can begin soon

• Liquids handling system is partially designed

• Near detector construction will begin when the hall is ready in 2010

First neutrino expected in early 2010.
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Expected Sensitivity

Gil-Botella: arXive 0905.3693v1

FD
σσσσsys= 2.5%

FD & ND
σσσσsys= 0.6%

Expected sin2 2θ13 sensitivity

Double Chooz is expected to reach
the same sensitivity as the original
experiment almost immediately
after the start of data taking at the
far detector.

The combined detector sensitivity is
dependant on various backgrounds
and systematics, here pessimistically
taken as identical to the original
experiment.

We are currently studying the means
to improve on the understanding
of both the accidental coincidence
spectrum and that due to
cosmogenic isotopes.
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Conclusion

• Multiple detector reactor experiments can measure θ13 without ambiguity
and can be sensitive to better than sin2 2θ13 < 0.03

• An unambiguous measurement of θ13 feeds the beam based program to
determine the hierarchy, and possibly measure the CP violating phase δ

• Construction of the Double Chooz Far detector is well advanced, and
turn-on is expected in early 2010

• Double Chooz can provide an interesting improvement to the existing
limits in only a few months of operation, and if our understandings of
our backgrounds can be improved can be competitive with Daya Bay and
RENO.
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