
Measurement of θ13
using

Delayed Neutron Capture on Hydrogen
in

Double Chooz

Kazuhiro Terao
@

Massachusetts Institute of Technology (MIT)
Astro Particule et Cosmologie (APC)

on behalf of
Double Chooz Collaboration

Recontres de Moriond 
Electroweak Interaction Session

1Tuesday, March 5, 2013



Reactor based θ13 experiment
in Chooz, France
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Measures un-oscillated flux. Measures oscillated νe flux

Basics of Reactor Experiments
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Reactor Core
4.27 GWth x 2

Near Detector
Distance = 400 m 
≈ 120 m.w.e.

Basics of Reactor Experiments

Far Detector
Distance = 1050 m 
≈ 300 m.w.e.
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How We Detect Anti-Nu?

νe p
n

(Energy Thres. 1.8 MeV)

e+
e-

γ

γ

Energy ≈ Eν - 0.8 MeV

• Immediately after IBD
• Prompt signal

e+e- Annihilation

Gd
γ

γ

γ

Energy ≈ 8 MeV

• After neutron thermalization
• Delayed signal

n

Neutron Capture on Gadolinium

Inverse Beta Decay

e+
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Detector Overview
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Gamma Catcher

Target

Detector Overview
Target Volume (10.3 m3)

- Acrylic vessel filled with LS doped with Gd
- Neutron capture time ≈ 30 µs

Gamma Catcher (22.6 m3)
- Acrylic vessel filled with LS 
- Neutron capture time ≈ 200 µs

Buffer Tank (98 m3)
- Stainless-Steel tank filled with mineral oil
- 390 PMTs (10 inch) collecting light

Inner Veto (90 m3)
- Steel tank filled with LS
- 78 PMTs (8 inch) collecting light

Outer Veto
- Multi-layered scintillator strips (track muons)

Shielding
- Overburden (300 m.w.e.) + 15 cm steel outside IV

Outer Veto System
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Neutrino Candidate Selection

• Pre-Selection ... physics candidates

- 0.5 < E < 30.0 MeV

- Qmax/Qtotal < 0.09

- RMS(Tstart) < 40 ns

- Veto 1 ms after muon

• Coincidence Selection

- 0.7 < Eprompt < 12.2 MeV

- No OV coincidence (prompt)

- 2 < ∆T < 100 µs

- 6.0 < Edelayed < 12.0 MeV

- Qmax/Qtotal < 0.06 on delayed

- Multiplicity cut [-100,400] µs

- Veto 0.5 s after muon > 600 MeV
8249 IBD Candidates
227.93 Days Livetime
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”Rate + Shape” analysis

- Compare the number of events observed v.s. expected

- Use binned spectrum shape information 

‣ Need background & signal prediction

νe
νe

νe

νe
νe

νe

νe

νe Near Detector Far Detector

Measures un-oscillated flux.
... under construction ...

Use Bugey4 Anchor + Monte Carlo

Measures oscillated νe flux

Present θ13 Analysis Strategy in DC
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Detector Related Systematics

Number of Target Protons
• Hydro-Carbon ratio in LS
• 0.3% uncertainty in Target
• 1.0% uncertainty in γ-Catcher

Detection Efficiency
• Prompt trigger efficiency
• Delayed event detection efficiency ≈ 1.01%

Energy Scale Uncertainty ≈ 1.13% 
• Energy non-linearity
• Vertex dependency
• Time stability
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Reactor νe Flux Prediction

 (MeV)! E
2 3 4 5 6 7 8

 )
-1

.M
ev

-1
 ( 

fis
si

on
!

-310

-210

-110

1 241Pu
238U
239Pu
235U

Fission Spectra

Fission Rates

≈ 2.7 % w/o Bugey-4
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Background Prediction

Accidentals

Lithium-9Fast Neutrons & Stopping Muons
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Anything that mimics a coincidence is a background
• Accidentals 

- Accidental coincidence of 2 unrelated events
• Lithium-9

- A neutron emitting beta decay 
• Stopping muons

- Muon energy deposition + decay
• Fast neutrons

- A proton recoil + delayed neutron capture
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Background Prediction

E (MeV)
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Accidental prompt

Accidentals

Lithium-9Fast Neutrons & Stopping Muons

Background Rate
Accidentals 0.261 ± 0.002

9Li 1.25 ± 0.54

Fast Neutrons 0.67 ± 0.20

BG Total 2.18 ± 0.58
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 Measurements (68% C.L.)13!22sin

Double Chooz Gadolinium Jun. 2012

Double Chooz Gadolinium Nov. 2011

Daya Bay Oct. 2012

RENO April 2012

T2K (2011) Normal hierarchy (90% C.L.)

T2K (2011) Inverted hierarchy (90% C.L.)

MINOS (2011) Normal hierarchy

MINOS (2011) Inverted hierarchy

Latest Result from Gd Analysis

Latest Gd Analysis Result (Summer 2012)
 sin22θ13 = 0.109 ± 0.030 (stat.) ± 0.025 (syst.)

See PRD.86.052008 for detail

* Normalized to total prediction (signal + BG)
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New Detection Channel?

νe p
n

(Energy Thres. 1.8 MeV)

e+
e-

γ

γ

Energy ≈ Eν - 0.8 MeV

• Immediately after IBD
• Prompt signal

e+e- Annihilation

p
n n + p        d + γ 

Energy = 2.22 MeV

γ

d
• After neutron thermalization
• Delayed signal

Neutron Capture on Hydrogen

Inverse Beta Decay

e+

• Provides IBD candidates such that ...

• Statistically independent

• Very different background contributions

• Different systematics

• Twice higher signal statistics
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Hydrogen Neutrino Candidate Selection

• Pre-Selection ... physics candidates

- 0.5 < E < 30.0 MeV

- Qmax/Qtotal < 0.09

- RMS(Tstart) < 40 ns

- Veto 1 ms after muon

• Coincidence Selection

- 0.7 < Eprompt < 12.2 MeV

- No OV coincidence (prompt)

- 10 < ∆T < 600 µs

- 1.5 < Edelayed < 3.0 MeV

- ∆R < 900 mm

- Multiplicity cut [-600,1000] µs
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36284 IBD Candidates
240.06 Days Livetime
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Hydrogen Detection Efficiency Calibration

• Prompt detection efficiency
-100% efficiency w/ negligible uncertainty

• Delayed neutron detection efficiency
- Need systematic error w.r.t. prediction (MC)
‣ Selection cuts (∆T, ∆R, Edelayed)
‣ n-H capture fraction

• Inter-volume Neutron Transport
• Over all ... 1.57% uncertaintyTarget
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∆T Spectrum
252Cf in γ-Catcher

∆R Spectrum
252Cf in γ-Catcher

Edelayed Spectrum
252Cf in γ-Catcher
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Hydrogen Background Prediction

Gd (events/day) H (events/day)

Accidentals 0.261 ± 0.002 73.45 ± 0.16
9Li 1.25 ± 0.54 2.84 ± 1.15

Fast Neutrons* 0.67 ± 0.20 2.50 ± 0.47

Light Noise N/A 0.32 ± 0.07

BG Total 2.18 ± 0.58 79.11 ± 1.25

IBD Candidates 36.2 ± 0.4 151.1 ± 0.8

* Fast Neutrons in Gd analysis include stopping muons

• Same categories as Gd analysis

• Very similar estimation method

- 9Li uses IV reco-ed track

• Largest rate from Accidentals

• Largest error from Lithium-9

• S/B ≈ 1 in Hydrogen analysis

• S/B ≈ 16 in Gd analysis
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θ13 Analysis & Result

• Rate + Shape analysis with χ2 approach

*Normalized to signal prediction
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Hydrogen Analysis
Best Fit

Rate + Shape  Fit Result
- sin22θ13 = 0.097 ± 0.048
‣ αE = 0.993 ± 0.007 
‣ 9Li Rate = 3.90 ± 0.61
‣ FN Rate = 2.57 ± 0.35
‣ ∆m231 = 2.32 × 10-3 ± 0.12 × 10-3 eV2
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Summary & Future Prospects

We will bring more interesting physics...
Please stay tuned !0 0.2 0.4

 Measurements (68% C.L.)13θ22sin

Double Chooz Hydrogen 2012

Double Chooz Gadolinium Jun. 2012

Double Chooz Gadolinium Nov. 2011

Daya Bay Oct. 2012

RENO April 2012

T2K (2011) Normal hierarchy (90% C.L.)

T2K (2011) Inverted hierarchy (90% C.L.)

MINOS (2011) Normal hierarchy

MINOS (2011) Inverted hierarchy

• Updated result of θ13 from Double Chooz
- More statistics added to the latest result (summer 2012)
- New signal detection channel

• Future prospect
- Improve both H and Gd analysis
- Combine H+Gd analysis to better constrain θ13

- Near detector operational by summer 2014

• First result of Hydrogen analysis
- arXiv 1301.2948
- Rate + Shape result: sin22θ13 = 0.097 ± 0.048
‣ “± 0.048” = “± 0.034 (stat.) ± 0.034 (syst.)”
‣ In agreement with n-Gd result (PRD.86.052008)

- sin22θ13 = 0.109 ± 0.030 (stat.) ± 0.025 (syst.)

- θ13 analysis using n-H capture is possible
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Thank you very much
for

your time & attention !
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Back Up Slides
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Energy Reconstruction
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• Charge to PE Gain Calibration
- Correct for PMT & electronics gain non-linearity

• PE to MeV conversion
- 252Cf source n-H capture of 2.223 MeV @ center

• Correction for “position uniformity”
- Use spallatin n-H capture peak over all volume

• Correction for “time stability”
- Use spallation n-H capture peak time stability
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Prediction
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Reactor νe Flux Prediction

Our Recipe For Prediction
1. Predict fission rate using MC with input DATA from EDF

• Fuel composition + power history from EDF database
• Two MC (DRAGON & MURE) for cross-checking the precision

Days after April 13, 2011
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(0.46% error)

Fuel assembly
Map
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Success of Reactor MC
(benchmarked with TAKAHAMA reactor)

arXiv:1109.5379v4

Fission Rate per Isotope
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1. Predict fission rate using MC with input DATA from EDF
• Fuel composition + power history from EDF database
• Two MC (DRAGON & MURE) for cross-checking the precision

Reactor νe Flux Prediction

Our Recipe For Prediction

2. Predict Neutrino Spectrum
• Use an updated spectrum-per-fission
• Bugey-4 anchor point to minimize systematics

- In future use near detector measurement

≈ 2.7 % w/o Bugey-4
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Reactor νe Flux Prediction

Our Recipe For Prediction

≈ 2.7 % w/o Bugey-4

• Identical for Hydrogen & Gd

• Affects mainly “Rate” info

 Prediction: 17690 ± 520 IBDs

1. Predict fission rate using MC with input DATA from EDF
• Fuel composition + power history from EDF database
• Two MC (DRAGON & MURE) for cross-checking the precision

2. Predict Neutrino Spectrum
• Use an updated spectrum-per-fission
• Bugey-4 anchor point to minimize systematics

- In future use near detector measurement
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Reactor νe Flux Prediction
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Hydrogen Event Rate
Observed v.s. Predicted

Gd Event Rate
Observed v.s. Predicted Sanity Check

• IBD candidate rate stability
- Follows reactor power history

- Good MC modeling
‣ Both detector & reactor

- Low BG
‣ Acc. BG subtracted for Hydrogen

Two rectors ON

One rectors ON

Both reactor OFF

Prelim
inary
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Backgrounds
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66

Lithium 9 Rate Estimate

• Triple coincidence search (Muon + IBD)

• Fit on !Tmuon spectrum to extract the rate

- Use IV muon track reconstruction ... 2.84 ± 1.15 events/day

- X-check with ID muon track reconstruction ... 3.4       events/day+ 1.1
 - 0.9

Pr
eli
mi
na
ry

66Monday, December 3, 2012
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68

Accidentals

• Accidental coincidence of two uncorrelated events

- Should have no correlation in Time or Space

- Enormous rate for Hydrogen analysis compared to Gd

! Fiducial volume (T + GC) closer source of natural radio activity (PMT, rock, etc.)

! Typically accidentals deposit energy < 4 MeV ... affects Hydrogen but not Gd analysis

Accidentals Sample Selection

1 s + 600 !s

TimeEd ! [1.5,3.0] MeV

Ep ! [0.7,12.2] MeV

1 s < !T < 1 s + 600 µs
!R < 900 mm

"

"

1 s
No valid trigger in [-600,1000] µs
for both prompt and delayed

Example Case:

1 Sampling Window

We open 125 windows to increase sample statistics

68Monday, December 3, 2012
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40K peak

208Tl peak

• Large statistics provide a good shape info

• Rate estimate require inefficiency corrections

- Multiplicity cut inefficiency

! + 1.94 % correction 

- Delayed trigger veto (by muon) inefficiency

! + 3.14 % correction

Pretty small error... need x-check
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Accidentals
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70

• Accidentals rate is ! 1/2 of total candidate rate!

- Error is level of ! 0.2 % which is very small

• We performed a further cross check ... Analytical Estimate

- Accidentals’ rate is a result of trigger rate & flat "T distribution

- Should be able to quantify analytically

Accidentals

70Monday, December 3, 2012
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71

• Accidentals rate is ! 1/2 of total candidate rate!

- Error is level of ! 0.2 % which is very small

• We performed a further cross check ... Analytical Estimate

- Accidentals’ rate is a result of trigger rate & flat "T distribution

- Should be able to quantify analytically

Rate of Prompt-Delayed
Time Coincidence

Probability of
Prompt-Muon

Anti-correlation

Multi. Cut
Efficiency

Probability of
Space Correlation

Correction for
Delayed Inefficiency
due to Muon Veto

Accidentals
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• Combining these yield...

- Complete agreement with off-time selection

72

• Accidentals rate is ! 1/2 of total candidate rate!

- Error is level of ! 0.2 % which is very small

• We performed a further cross check ... Analytical Estimate

- Accidentals’ rate is a result of trigger rate & flat "T distribution

- Should be able to quantify analytically

Rate of Prompt-Delayed
Time Coincidence

Probability of
Prompt-Muon

Anti-correlation

Multi. Cut
Efficiency

Probability of
Space Correlation

Correction for
Delayed Inefficiency
due to Muon Veto

Accidentals

72Monday, December 3, 2012
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73

• Accidentals rate is ! 1/2 of total candidate rate!

- Error is level of ! 0.2 % which is very small

• We performed a further cross check ... Analytical Estimate

- Accidentals’ rate is a result of trigger rate & flat "T distribution

- Should be able to quantify analytically
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• Accidentals rate is ! 1/2 of total candidate rate!

- Error is level of ! 0.2 % which is very small

• We performed a further cross check ... Analytical Estimate

- Accidentals’ rate is a result of trigger rate & flat "T distribution

- Should be able to quantify analytically

Accidentals

Number of Days Since April 13 2011
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Reactor OFF-OFF

• “Light Noise” background not included

• Large error bar below 3 MeV due to accidentals
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Misc
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!e produced in a nuclear reactor core

Beta decay process in nuclear fission produces !e

Main fuel component 

U 235, 238

Pu 239, 241

80Monday, December 3, 2012
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Reactor !e Flux Prediction

sin22!13 = 0.06

Phys.Rev.D83:073006,2011

• Recently isotope spectra has been re-evaluated
-Th. A. Mueller et. al., Phys. Rev C83 (2011) 054615

- P. Huber, Phys. Rev. C84 (2011) 024617

• Resulting in “Reactor Anomaly” (Phys. Rev. D83 (2011) 073006)
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Neutrino Oscillation Probability

Mixing Angle

Squared Mass

Difference

Neutrino Energy

Distance of travel

Key points of observing oscillation effectsKey points of observing oscillation effects

Simple Expression

Example of KamLAND
(right)

• Shown = Psurvival = 1- Posc

• !e from nuclear reactors

• L ~ 180km on average

PRL: 100 (20): 221803
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