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Remarks about Θ13
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MNS matrix

= U
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3 Angles

  θ12 ~ 30o  measured in solar neutrino
experiments, confirmed by KamLAND
reactor neutrino experiment

  θ23 ~ 45o  measured in atmospheric neutrino
experiments (particularly Super-K),
confirmed by K2K

  θ13 < 12o limited by CHOOZ reactor neutrino
experiment
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Apology

₪ Apology to non-experts

₪ Θ13 limits are expressed
several different ways

₪ Several factors of 2
confusion are possible

Ue3
2 = sin2θ13 ~ ½ sin2θµe ~1/4 sin22θ13
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CP violation (νµ→νe)
[Long-Baseline Accelerator]

• P(νµ→νe) = P1 + P2 + P3 + P4    {in vacuum}
– P1 = sin2(θ23) sin2(2θ13) sin2(1.27 Δm31

2 L/E)

– P2 = cos2(θ23) sin2(2θ12) sin2(1.27 Δm21
2 L/E)  often negligible

– P3 = -/+ J sin(δ) sin(1.27 Δm31
2 L/E)

– P4 = J cos(δ) cos(1.27 Δm31
2 L/E)

where J = cos(θ13) sin (2θ12) sin (2θ13) sin (2θ23) x

 sin (1.27 Δm31
2 L/E) sin (1.27 Δm21

2 L/E) 

P
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Correlations &
degeneracies

• One perfect measurement of P(νµ→νe)
and P(νµ→νe)
8 possible values of sin2(2θ13)
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Reactor/Accelerator
approaches to θ13

Reactor Features
Best current limit
Needs careful control

of systematics
Subtract two numbers
Not sensitive to CP,

matter
Required detector

sizes ~ 50 tons

Accelerator Features
Some long-baseline beams

already (almost) exist
Signal/Background

improves off-axis
Sensitive to CP, matter
→ambiguities/degeneracies

Required detector sizes ~
50 kilotons

If there was strong theoretical prejudice for θ13 =0,
accelerator CP/matter sensitivity would be less relevant.
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A personal observation

I started working on Fermilab-Soudan long-
baseline in 1988.  We had our first Fermilab-
induced ν at Soudan 3 weeks ago.  Since
1988,
 CHOOZ was proposed, ran and finished
 San Onofre → Palo Verde was proposed, ran,

finished
 KamLAND was proposed, ran, & due to its

incredible success, had its impact
It occurs to me that neutrino physics at a

reactor has some advantages w.r.t. physics
impact.
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Neutrino Oscillation
Workshop 2004
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CHOOZ
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Chooz site

2 x 4200MW 
Reactors

1100m Baseline
300MWE Overburden
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CHOOZ Cf source
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νe Signal

νep→e+n

Neutron/positron coincidence
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Oscillation signature

• Less antineutrinos than expected.
• A shape of the energy spectrum indicative of

oscillations.  (This requires more statistics)
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Systematics Limited by
Reactor Flux
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CHOOZ Limits

Palo Verde

Chooz

SK sin22θ13 (90% CL)

sin22θ13

∆
m

2

 Sin22θ13 < 0.19
(at 2.0 10-2 eV2)

 SK and atmospheric
give allowed ∆m2

Result limited by
systematics
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KamLAND

KamLAND sees a 40% deficit/shape at 200km

                             related to Δm2
21

Search for a 1-5% deficit/shape at ~1 km

                             related to Δm2
31
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Θ13 from reactors?

P(νe→νe) =  1
– cos4θ13 sin2 2θ12 sin2(Δm2

21 L/4E)
- sin2 2θ13 sin2 (Δm2

31 L/4E)
No CP terms

P

L/E(km/MeV)

sol
ar

atmospheric
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 Θ13 Initiatives
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Nuclear reactors in the world
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Jan 2004
White Paper

 Instigated by LBL & ANL
 4 Workshops

Alabama 2003
Munich 2003
Niigata 2004
Angra 2005

 7 Site-specific
appendices

 125 authors from 40
institutions in 9 countries
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Lindner Group paper

From hep-ph/0303232

∞ Erro
r
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Rate & shape tests

 To maximize the
statistical power of the
“rate” test, want the
oscillation max at the
peak.

 To maximize the
statistical power of the
“shape” test, want an
oscillation minimum at
the peak.

 The “shape” test
requires more statistics.

• Each experiment will do both
• Optimization of distances

depends on Δm2 & GW-t-yr
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Optimum Location
with a close near detector

105017002 10-3eV2

8501300m3 10-3eV2

shaperateΔm2
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Conclusion of
White Paper

‡ A new experiment can do better than
CHOOZ by using two (or more) detectors

‡ There was not consensus on the how far in
precision reactor experiments could be made
to address – i.e. the eventual limiting
systematic error was not agreed upon(0.03-
0.003).

‡ There is clearly need to address statistical
error in another round or two of experiments
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APS multi-divisional ν
study

 One of (two) high
priority
recommendations is for
a concerted program to
measure θ13 including:
 A reactor experiment
 An accelerator

experiment (with NOνA
in mind).

 Report available just
today (11/11) at
http://www.aps.org/neutrino/
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After 4 workshops,
6 Reactor possibilities

•Braidwood

•Double Chooz

•Angra

•KASKA

•YoungGwang

•Daya Bay
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Currently Proposed
sites/experiments

600/600

120/350

100/700

200/1000

60/300

450/450

200/1700

Overburden
Near/Far (MWE)

46/46

8.5/8.5

25/50

45/45

10/10

130/130

50/500

Detector
Near/Far(t)

Krasnoyarsk
(Russia)

Kashiwazaki
(Japan)

Diablo Canyon (US)

Daya Bay (China)

Double-CHOOZ
(France)

Braidwood (US)

Angra dos Reis
(Brazil)

Site
(proposal)

3.2

24.3

6.4

11

7

7

6

Power
(GW)

115/1000

300/1300

400/1800

300/1500

200/1050

200/1500

300/1500

Baseline
Near/Far (m)
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 possibilities
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KR2DET
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Diablo Canyon

╩ Geological Evaluation and tunnel cost estimate
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KASKA

Kashiwazaki-Kariwa Nuclear Complex
7 reactors on the west coast of Japan
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Daya Bay
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ANGRA
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Double-CHOOZ
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One nuclear plant & two detectors

Nuclear reactor Near detector Far detector
 D1 = 0.1-1 km D2 = 1-3 km

νe νe,µ,τ

 Isotropic  νe  flux (uranium & plutonium fission fragments)
 Detection tag :  νe + p  e+ + n,  <E>~ 4 MeV,  Threshold ~1.8 MeV
 Disappearance  experiment: rate suppression+shape distortion between 2 detectors
 2 IDENTICAL detectors

o Minimise the uncertainties on reactor flux & spectrum  (2 % in CHOOZ)
o Cancel cross section uncertainties
o Challenge: relative normalisation between the two detectors < 1% !
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Detector size scale

Borexino
300 t

KamLAND
1000 t

Reactor/θ13
Example ~20

t

CHOOZ
5 t

Double
CHOOZ

&
KASKA

(10 tons)

X 2

Angra, Daya-Bay, Braidwood 
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Near site: D~100-200 m, overburden  50-80 mwe
Far site: D~1.1 km, overburden 300 mwe 

2Cores

EDFOpérateur

FramatomeConstructeur

66, 57(%, in to 2000)

1996/1997Couplage

8.4 GWthPower

PWRType

Chooz-Far

Chooz-Near

Double-Chooz (France)
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Far siteFar site

--  Access Access throughthrough  thethe  accessaccess
tunnel tunnel allowedallowed  piecespieces    ofof
diameterdiameter    3.6 m maximum3.6 m maximum

CraneCrane
••  CapacityCapacity :  : 5 tons5 tons
••  HeightHeight  underunder  hookhook : 3.5 m : 3.5 m

No No spacespace for  for storagestorage
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Double-CHOOZ
(far) Detector

Puit existant

Gamma catcher: scintillator with no Gd

7 m

7 m

BUFFER Mineral Oil with no scintillator

7 m

Shielding steel and external vessel
(studies, réalisation, intégration  IN2P3/ PCC)

Target- Gd loaded scintillatopr

Modular Frame to support
photomultipliers

Aim : to take data in 2008 with
2 detectors @ Chooz

Optically separated inner veto to tag muons
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 Improvement with
γ catcher
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spill in/out effect

Acrylic vessel

A ~1% irreducible systematic error from the spill in/out effect 
Boundary effect  2 identical inner vessels 

Threshold can be lowered from CHOOZ without a fiducial volume cut.

Fiducial volume
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Acrylic Vessel Design

3.6 m (d) x 4 m
(h)
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  AssemblyAssembly
• Assembly of the buffer vessel
• Soldering between stainless steel sheets
would be done on site

Soldering of rings
Entrance of the sheets 

CEA- SACLAY
L SCOLA
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Acrylic
assembly

Double Double acrylicsacrylics  vesselvessel  throughtthrought  thethe
far lab. tunnelfar lab. tunnel

Specific facilities have to be
developed for this step

CEA- SACLAY
L SCOLA
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SuccessfulSuccessful !! !!

7 & 8 7 & 8 octoberoctober 2004 2004
accessibilityaccessibility tests tests
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Near lab
conceptual design

• Identical detector

• Except for additional
outer veto

• Possibly larger inner
veto
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Backgrounds

• Near detector overburden is chosen to keep signal/background
above 100

• Largest background is fast neutrons
• Largest uncertainty in background comes from spallation of Li9

& He8
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Near site
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Veto simulation
examples
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Outer Veto
Total Coverage?

800 cm

500 cm
Surface Area

408 m2

↑ Coverage of larger
volume to reduce neutron
backgrounds
↑ Cover 99%
of direct muons through
the target region.
↑ Use at least 2 layers

 High efficiency
 Redundancy

↑ Tracking/Pointing
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Proportional Chambers
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Phototubes

• Top and Bottom • Side
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 8 inch PMTs

• 512 near + 512 far + 16 spare = 1040 tubes
• 12.9% coverage
• Assures 200 MeV/pe
• Hamamatsu background calculations:

Per PMT
40-K 2.5 Bq
U 2.5 Bq
Th 1.0 Bq

--------
6.0 Bq/PMT
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Calibration Deployment

• Source Tubes • Levers & pulleys
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Calibration Sources
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Systematic Errors
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Main improvements
over CHOOZ

• Larger Detector and full power for both
reactors allows higher Luminosity

• Two detectors cancels many systematic
errors

• Gamma catcher/Buffer allows the elimination
of the fiducial volume cut
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Letter of Intent

Th. Lasserre
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CHOOZ-US

+ Notre Dame and 2 more @ Tenn  -- Applications from  Livermore & Los Alamos
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Funding
 Approved by Two French Physics Funding

Agencies
 US proposal – DOE-HEP October 2004
 German University proposal under development
 German Lab will provide Scintillator (MPI)
Local Government agency has provided a chateau
 State Government will probably provide ~1M€
 An Italian Group is having initial discussions with

INFN
  Russian Group will provide calibration sources.
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Funding - 2

January 2005 – EdF will allow the experiment, but
will not fund the near lab.  French funding agencies
will pay for the near lab in principle.

CHOOZ-US proposal was received by DOE in
October 2004.  Sent for review in January 2005

 HEPAP/NSAC subpanel or SAG (Scientific
Advisory Group) will review US reactor proposals
during 2005, after February HEPAP

Also, 0νββ & accelerator experiments, but there
will be three groups(?)
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Funding(3)

Full funding is not currently in place.

Conventional wisdom is that this experiment
will happen.

Conventional wisdom is probably right.

Cost ~9 M € + near lab civil constr.
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US Request

$4.86MTotal
 0.35Management
 0.05Laser
 0.24Calibration Deployment
 0.09Slow Controls
 0.42High Voltage
 0.23Front End Electronics
 1.32Outer Veto
$2.11MPMTsPMTs
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Double-CHOOZ
Collaboration

Work in Progress
PMT mounting schemes
Electronics Design
Gd loaded Scintillator optical stability tests
Software Development
Engineering Evaluation for near site by EdF
13 inch tubes versus 8 inch tubes
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Milestones
(with current schedule)

 May 04-Jun 05 Project Definition
 2005 Full Approval (assumption)
 Jun 05 Call for Bids
 Jun 05-Oct 07 Production
 Mid 06 Start on site installation
 May 07 Far Detector Completion
 Oct 07  Sin22θ13  > (0.19) with far detector alone
 Nov 07  Near Detector Completion
 Dec 08  Sin22θ13  > ( 0.05) sensitivity - 2 detectors
 Dec 10  Sin22θ13  > ( 0.03)
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Braidwood
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Braidwood

 2 near & 2 far detectors r=3.5m
 L ~ 200m &  1500m.
 Depth: 450 mwe (180 m real depth)
 R&D Proposal 05, Full ~1 yr
 2 shafts cheaper! than horizontal access
 Good initial relations with EXELON
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Braidwood Reactor
 Collaboration

Argonne Nat. Lab.:  M. Goodman, V. Guarino, L. Price, D. Reyna

Brookhaven Nat. Lab.: R. Hahn, M. Yeh, A Garnov, Z. Chang, C. Musikas

U. of Chicago: E. Abouzaid, K. Anderson, E. Blucher, M. Hurowitz, A. Kaboth,
                            D. McKeen, J. Pilcher, J. Seger, M. Worcester

Columbia: J. Conrad, Z. Djurcic, J. Link, K. McConnel, M. Shaevitz, G. Zeller

Fermilab:  L. Bartoszek, D. Finley, H. Jostlein, C. Laughton, R. Stefanski

Kansas State: T. Bolton, C. Borjas, J. Foster, G. Horton-Smith, N. Kinzie, J. Kondikas,
                           D. Onoprienko, N. Stanton, D. Thompson

U. of Michigan:  M. Longo, B. Roe

MIT: P. Fisher, R. Cowan, L. Osborne, G. Sciolla, S. Sekula, F. Taylor,
           T. Walker, R. Yamamoto

Oxford: G. Barr, S. Biller, N. Jelley, G. Orebi-Gann, S. Peeters, N. Tagg

U. of Pittsburgh: D. Dhar, N. Madison, D. Naples, V. Paolone, C. Pankow

St. Mary’s University: P. Nienaber

Sussex: L. Harris

U. of Texas: A. Anthony, M. Huang, J. Jerz, J. Klein, A. Rahman, S. Seibert

U. of Washington: J. Formaggio
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Braidwood Baseline
– Four identical 65 ton detectors

• Outside Radius = 3.5 m
• Fid. Radius = 2.6 m

– Two zones
(Inner: Gd Scint, Outer: Pure oil)
• Good access for calibrations
• Increased fiducial mass

– Redundant detectors at each site
• Cross checks and flexibility

– Moveable detectors
• Allows direct cross calibration at

near site
– Flat overburden at 450 mwe depth

• Equivalent to 580 mwe mountain
• 5 Hz muon rate in 6.5 m radius
• Deep near detector allows access

to unique additional physics
(Janet’s talk)

– Optimized to use both rate and
shape analysis

Design Goals:  Flexibility, Redundancy, and Cross Checks

Veto
Detectors

p
n

µ µ

n

6 meters

Shielding

n

– Mitigate Correlated Background
with extensive, active veto system
• Fast neutrons from muons
• 9Li and 8He produced from muon

     Braidwood Strategy:
  Identify and veto the few shower
  producing muons which produce
the
  neutrons and spallation products
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Baseline Cost and
Schedule Estimates• Baseline Cost Estimate:

– Civil Costs: (From Hilton
and Assoc. consulting
firm)

• Const.+EDIA $34M
• Contingency $8.5M

– Detector and Veto
System (From Bartoszek
Eng. and Argonne)

• Four Detectors $17M
with Veto systems

• Contingency $5M
• Other with cont.

$1M
• Schedule:

– 2004: R&D proposal
submission.

– 2005: Full proposal
submission

– 2007: Project approval;
start const.

– 2009: Start data collection

•  There has been little value 
    engineering applied to 
    these cost estimates.
      - Likely cost savings in 
        developing an integrated
        plan for shafts, detectors,
        and access.

•  Results of bore holes and 
    geology studies reduces 
    the needed contingency

•  Project also lends itself to
   operational phasing with 
   near and far shafts and 
   multiple detectors
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Engineering/R&D Proposal
(Submitted to NSF and DOE)

• Requests funding to
complete the design
and engineering of the
baseline project.
– Civil engineering design

leading to RFP for a
“Design and Build”

– Detector engineering
leading to full “Design
Report”

– Final development of
stable Gd loaded
scintillator

• Amount requested
– Civil Engineering $525k
– Detector

Engineering $408k
– Liquid Scint.

$28k
– Edu. and Outreach $78k

Exelon Letter of support:
 - Enthusiastic about project
 - Claim security and site access
   issues not a problem
 - 1st step was MOU on bore holes
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Engineering/R&D Proposal
(Submitted to NSF and DOE)

• Requests funding to complete
the design and engineering of
the baseline project.
– Civil engineering design

leading to RFP for a “Design
and Build”

– Detector engineering leading
to full “Design Report”

– Final development of stable
Gd loaded scintillator

• Amount requested
– Civil Engineering $525k
– Detector Engineering$408k
– Liquid Scint.

$28k
– Edu. and Outreach $78k

Exelon Letter of support:
 - Enthusiastic about project
 - Claim security and site access
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 - 1st step was MOU on bore holes
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NuSAG
Questions & answers?
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ν – the right experiments
at the right time
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Question

Why should the U.S. participate in an
experiment that can only achieve 0.03 when
the APS study goal was for 0.01 and (much)
better experiments are on the horizon?
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Starting to Answer

 Planispherium Neutrinorum is fairly flat, so the
horizon is not that close.
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 θ13 Predictions

 θ13 is in reach
 A generally accepted

observation of non-
zero θ13 will take :
2 experiments or
2 techniques (rate

& shape)
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θ13 Predictions, steps

Region of θ13 accessible
to Double CHOOZ

1.2.
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.03 to .01

∞ Erro
r

400 t GW y

8000 t GW y

No ErrorFactor of 70 in L for .03 to .01

need not all be in Luminosity,
can be improved L, systematics
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o An experiment to measure 0.01 is 70 times
harder than an experiment to measure 0.03.

o An experiment sensitive to 0.03 is a crucial
step on the way to an experiment (which we
want) which is sensitive to 0.01.
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Question

Why should the U.S. participate in an
experiment to achieve 0.01 when a much
cheaper experiment can reach 0.03?



November 11 2004
Double-CHOOZ

 Maury Goodman
Argonne National Lab

Starting to Answer

• 0.01 is reasonably achievable for (much) less
cost than an accelerator experiment

• If you measure something with Double
Chooz, it will be important for long-baseline
experiment to measure it more accurately

• If you don’t measure something with DC,
you’ll want to push as far as you reasonably
can with a more ambitious experiment

• θ13 is important



November 11 2004
Double-CHOOZ

 Maury Goodman
Argonne National Lab

Conclusion

• Double-CHOOZ is one of several ideas for
new experiments to measure θ13 in nuclear
reactors

• In some sense, it is the furthest along.
• If fully approved in 2005

– Will reach CHOOZ sin22θ13  (0.19) limit in 4
months from far-detector turnon in 2007

– sin22θ13 > 0.05 in 2009
– sin22θ13 > 0.03 in 2010-2011

• Braidwood is the right next step
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      Advertisement(s)
• Free monthly neutrino rumor newsletter  --

~100 lines,  send “subscribe” to
maury.goodman@anl.gov or see
http://www.hep.anl.gov/ndk/longbnews/
Join 1342 subscribers.

• Neutrino Oscillation Industry Web Page
http://www.neutrinooscillation.org/


