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 FJPPL and Double Chooz

In 2006, KASKA group 
(planned reactor θ13 exp. in 
Japan) joined Double Chooz 
group and applied to FJPPL.	

In 2017, the FJPPL-DC is 
successfully finishing, after 
the measurements of  θ13.	
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DCJapan group has been 
funded for ~$5M for DC
thanks to JSPS grants in aid.

Precise measurement of 
neutrino oscillation angle
 theta_13 using reactor 
neutrinos 	

R&D for reactor anti-
neutrino experiments 	



June 2006 Double Chooz proposal arXiv:0606025[hep-ex]	

May 2008 Started FD construction 
Apr. 2011 Started FD data taking 

Nov. 2011 1st θ13 result (Gd) 
Reported	in	LowNu2011	
Phys.	Rev.	LeG.	108	(2012)	
131801	

June 2012 Started ND construction 
Sep. 2012 2nd θ13 result (Gd) Phys.	Rev.	D	86	(2012)	052008	

June 2013 1st θ13 result (H) Phys.	LeG.	B	723	(2013)	66	

Oct. 2014 3rd θ13 result (Gd) JHEP	10	(2014)	086	

Jan. 2015 Started ND data taking 
Jan. 2016 2nd θ13 result (H) JHEP	01	(2016)	163	

Mar. 2016 θ13 result w/ two detectors (Gd)  Reported	in	Moriond	2016	

Sep. 2016 θ13 result w/ two detectors (Gd+H) 
Reported	in	CERN	seminar	
hGps://indico.cern.ch/event/
548805/	

Nu2-WP2
  H.Kerret
  F.Suekane	

Nu03
  C.Anatael
  M.Kuze	

è  This talk: summary of 10+ years of FJPPL/DC activities. 	

 FJPPL and Double Chooz
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e− e−
Electron stays as electron while it travels in space. �

However, neutrinos change their flavors periodically. �

νe
νµ

This phenomenon is called neutrino oscillation �
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What is Neutrino Oscillation?	

νe νµ νe νµ
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What causes the neutrino to oscillate? �

We do not know yet. But in order for N.O. to exist, something(X) 
has to change ν flavor.

è If this transition exists, neutrinos obtain mass.�

νe νµ

X �

-iA�

νe
X � X �

νe

m = ±A

νµ

"A" indicates the strength of the transition (amplitude).�

d 2

dt 2
νe = −A

2νe
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In this case the equations of motion of ν are	

or 	

d
dt
νe = −iAνµ ,

d
dt
νµ = −iAνe
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, µ =
µµ +µe

2
, ω =

A
sin2θ

If there are self-transitions, the mass eigenstate 
become the superposition of flavor eigenstate;	

The neutrino masses are	
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2θ	
A	ω	

µµ −µe

2



νe νe

νµ νµ

e−iE2t ν2

ν2 ν1

e−iE1t ν1
P νe →νµ⎡⎣ ⎤⎦
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Oscillation probability	

P νe →νµ⎡⎣ ⎤⎦= sinθcosθe−iE1t − sinθcosθe−iE2t
2

                  → sin2 2θsin2 m2
2 −m1

2

4E
L



 Oscillations are playing important roles 

€ 

K 0 ⇔K 0 , B0 ⇔ B0
＊ 　　　　　　　　　Oscillation．è CP violation/

＊spin precession by B (=　　　　oscillation) è Formation of Q.M.

＊               oscillation in      è Hadron mass pattern

＊　　　    oscillation   èCabbibo angle, quark mass.

*                oscillation è  Weinberg angle, 

 è We have learned a lot from these "Oscillations"

€ 

uu ⇔ dd 

€ 

⇑ ⇔ ⇓

€ 

d⇔ s

€ 

B⇔W3

We should be able to learn more from ν oscillations, also.　　	
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νe νµ

X??�

-iA�

For neutrino case, we do not know what X is. 

For quark case, there are similar transitions which causes the quark 
masses,  Cabbibo angle and CP violation. The transition is caused 
by the Yukawa Coupling to the Higgs field  

H0�

-iGdsv0�

d'-quark � s'-quark �

Comparison with quark case	

Study of N.O.  = Study of X	

tan2θC =
2Gds

Gss −Gdd

, md =Gds −
Gds

sin2θC
, ms =Gds +

Gds

sin2θC



3 Flavor Neutrino Case   
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Aαβ can be complex number	

There are 6 oscillation parameters;
  θ12, θ23, θ13, δCP, Δm2

12, Δm2
23	
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Atmospheric (Super Kamioka, etc.)
Accelerator (K2K, MINOS)	

Prehistory (<2006) of Double Chooz	

Solar (SNO etc.) 
Reactor (KamLAND) 

sin22θ23~1,    |Δm2
23|~3x10-3 eV2	

sin22θ12~0.85,    Δm2
12~8x10-5 eV2	

Reactor (Chooz, PaloVerde)	

sin22θ13<0.1	

P νµ →νµ :@Δm23
2⎡⎣ ⎤⎦~1− sin2 2θ23

Δm23
2

4E

P νe →νe :@Δm12
2⎡⎣ ⎤⎦~1− sin2 2θ12

Δm12
2 L
4E
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P νe →νe :@Δm23
2⎡⎣ ⎤⎦~1− sin2 2θ13

Δm23
2 L
4E



(2) Accelerator Measurement : 	

è		θ13 & δCP measurements were next important step. 			

(1) Reactor Measurement  of θ13:	

è Depends on both θ13 & δCP 	

è Pure measurement of θ13.	

(1) + (2) è θ13 & δCP 	
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θ12, θ23, θ13, δCP, Δm2
12, Δm2

23	

P νe → νe;@Δm23
2⎡⎣ ⎤⎦~1− sin2 2θ13

P νµ →νe;@Δm23
2⎡⎣ ⎤⎦~ 0.5sin2 2θ13 −0.04sin2θ13 sinδCP

Double Chooz	
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Reactor Accelerator complementarity	

T2K Baseline	

sin22θ23=1, NH
sin22θ23=1,  IH
	

10/05/17 sin22θ13	

P(
ν µ

 à
 ν
e) 

[A
cc

el
er

at
or

]	

P νµ →νe;@Δm23
2⎡⎣ ⎤⎦~

0.5sin2 2θ13
1−am( )2
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δCP variation	

If am is known, δCP can 
be determined by combining 
reactor and accelerator 
experiments.	

(Matter effect exists.
~+/-0.05 for T2K.
Sign depends on the 
mass hierarchy.)	



  Difficulty: To achieve δsin22θ13=0.01, we need to distinguish
  99000 events from 100000 events. 
  However, usually we suffer from a few % of error on both ν flux 
  and detection efficiency.  	

Reactor measurement of θ13	

Reactor Neutrino Oscillation
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è  Near/Far multi detector scheme:  
Use Near detector to cancel the systematic errors	

P νe → νe;@Δm23
2⎡⎣ ⎤⎦~1− sin2 2θ13

P νe → νe( )





Double Chooz collaboration

 		5	~150 scientists in 7 countries 17	



Inner Muon Veto : 
90m3 LS  + 78 8’’ PMTs 

 Target ν : 
10m3 Gd loaded Liquid Scintllator

8mmt Acrylic Tank
 γ Catcher : 

22m3  Liquid Scintillator
12mmt Acrylic Tank  

Light Detection:
 390 Low BKG 10’’ PMTs

7m	

7m	

Main Components 
of DC Detector	

 Buffer oil : 
110m3  Paraffine Oil

3mmt Stainless Steel Tank  

shield: 
15cmt Iron (Far),water (Near) 
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→ θ13 oscillation analysis w/ spectral�
    shape gives further constraint

  6

n
Gd(H)

p

e
+

e
-

IBD 
reaction: 

Delayed coincidence:�
・Prompt signal
   e+ ionization & annihilation: 
        Eprompt = 1~8 MeV
・Delayed signal
    n capture on Gd (H): 
          Edelayed = ~8 (~2.2) MeV
・Time coincidence of those �

Spectral shape of ν energy

Detection principle

Eν = Evis + 0.78 MeV	

19	

Inverse Beta Decay	



no ND

FD-I
Reactor B1

Reactor B2

Bugey4 
(virtual)

Single-detector
(SD) phase

~1km

ND

FD-II
Reactor B1

Reactor B2

Bugey4 
(virtual)

Multi-detector
(MD) phase

~1km

~0.4 km

SD phase (2R1D setup : FD-I & Reactor-off data)�
・Bugey4 is used as an anchor of reactor ν flux (~1.7% of total flux precision)

・Reactor-off data (~7 days) is used to constrain BG �
�

MD phase (2R2D setup : FD-II & ND data) �
・Nearly iso-flux setup can suppress ν flux error (~0.1% of total flux precision) �
・Identical detector cancels correlated errors like detection efficiency 

Error suppression by two detectors

(*) FD-I and FD-II data 
      from same detector
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Boosted statistics by Gd+H analysis
Enlargement of ν target volume

Nν ~2.5 times of original design by Gd+H analysis,  trading off a 
part of cancellation of detection efficiency systematics.

~30t~8t
H capture�
 event

Gd capture�
 event

(Edelayed)

~2.5 times
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BG veto & leak @ ND

  12

Backgrounds �
・Accidental coincidence: �
・Fast n / Stopping μ:                                   /
・Spallation product:
→ Vetoed by dedicated cuts like ANN �
�
LS on Buffer @ ND �
・Increased Stop-µBG. Rejected by BG veto�
　→ No effect in our analysis (ND:FD consistent)

・Cause is not evident (Filling or Running?) �
   → Monitoring stability
�
Gd concentration in GC @ ND �
・Found in comparison with ND and FD �
  → No effect in Gd+H analysis (w/ both volumes)

  → Estimating effect to Gd analysis (x-check)

 (       ) : mimic prompt (delayed) 
signal

rejected

GCNT

TopBottom

Center Outer 22	



・All backgrounds are measured from data�
　・-Accidental BG: Off-time coincidence (Rate & Shape)�
　・-Fast n + Stopping μ BG : High energy window (Rate)�
                                                   IV/OV tagging (Shape)
　・-9Li BG                            : 9Li enriched data (Shape)

Remaining BG estimation

・All backgrounds have characteristic spectrum �
・Both “Rate & Shape” are used in oscillation analysis except for 9Li rate �
     → 9Li BG rate is constrained by the shape in the fit

Accidental BG
9Li BG

Fast n + �
stop μ BG
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Detector responce
Important to understand detector responce in ND and FD
・ Electronics calibration by the Light injection system
・ Energy calibration by deployment and natural sources

Detector performances are validated. Confirmed well tuned MC

Calibration system �
・Z-axis �
・Guide tube�
・Light injection
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Oscillation fit result

FD-I (SD) FD-II (MD) ND (MD)inter-reactor �correlations inter-detector �correlations 

Simultaneous χ2 fit with Data-to-MC comparison for each data set

25	



FD-II/ND ratio

Common deviation is cancelled in FD-II/ND ratio�
→ The deviation comes from flux prediction (under investigation)

sin22θ13 = 0.119 ± 0.016(preliminary)
 with χ2/ndf = 236.2/114
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~2σ/ difference from 
DayaBay/RENO 

Current θ13 in the world

Current 
results

0.119 +/- 0.016	

0.082 +/- 0.011	

0.0841 +/- 0.0033	
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Neutrino transition amplitudes 
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Assumption: m3 > m1~0, 	

3.8meV	 ~25meV	 ~30meV	

~(1.4-4.5i)meV	 ~(-4.4-5.1i)meV	 ~21meV	

X X	 X	

X	 X	 X	

νe νe

νe νe

νµ νµ

νµ νµ

ντ ντ

ντ
ντ



d	 d	 s	 s	 b	 b	

d	 s	 d	 b	 s	 b	

10MeV	 90MeV	 4200MeV	

20MeV	 ~(8-14i)MeV	 170MeV	

H0	

H0	 H0	 H0	

H0	 H0	

Comparison	to	the	quark	transiXon	amplitudes	
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3.8meV	 ~25meV	 ~30meV	

~(1.4-4.5i)meV	 ~(-4.4-5.1i)meV	 ~21meV	

X X	 X	

X	 X	 X	

νe νe

νe νe

νµ νµ

νµ νµ

ντ ντ

ντ
ντ

Assumption: m3 > m1~0, 	

Neutrino transition amplitudes 
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Assumption: m3 > m1~0, 	

3.8meV	 ~25meV	 ~30meV	

~(1.4-4.5i)meV	 ~(-4.4-5.1i)meV	 ~21meV	

X X	 X	

X	 X	 X	

νe νe

νe νe

νµ νµ

νµ νµ

ντ ντ

ντ
ντ

A is very small for X!!   What is X??

Neutrino transition amplitudes 



sinδCP ~ −11× sin2θ13 × ACP

δ sinδCP( )
sinδCP

=
δ sin2θ13( )
sin2θ13

⊕
δACP
ACP

=
1
2
δ sin2 2θ13( )
sin2 2θ13

⊕
δACP
ACP

θ13 and the CP Violation measurement 

The error of δCP is, 	
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* CP asymmetry of N.O.: 

From measured ACP,  δCP is calculated as,	

ACP =
P νµ →νe⎡⎣ ⎤⎦−P νµ → νe⎡⎣ ⎤⎦
P νµ →νe⎡⎣ ⎤⎦+P νµ → νe⎡⎣ ⎤⎦

~ − Δm12
2

Δm31
2

πsin2θ12
tanθ23 sin2θ13

sinδCP

~ − 0.09
sin2θ13

sinδCP

(maGer	effect	ignored)	



T2K result and Reactor θ13.

・Broader range of δCP is allowed if large θ13�
→ The discripancy is not so significant now but further 
      studies are necessary

ICHEP2016	

NO CPV	

DC	
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PDG2015	



Analysis Expert Workshop among 
DC, DB and RENO groups 	

 The 1st analysis expert workshop among DC, DB and RENO 
groups was held in Korea in August 2016, initiated by the 
Double Chooz group.
 The purpose of the workshop is to unify the 3 experiments at 
deep analysis level and obtain the single best value of θ13.
 The 2nd workshop is planned at APC in May 2017.
10/05/17	 suekane@FJPPL	 33	

The result of the current 3 reactor experiments will remain 
the most precise θ13 value in the foreseen future.
è   It is important to determine  θ13 as precise and reliable as 
possible now.	



Summary	

* Double Chooz has joined FJPPL since 2006.
  - In the 1st phase, it successfully reported the first reactor θ13 
    result in 2011. (Nu2-WP2)
  - In the 2nd phase,  it is successfully reporting the precise θ13 
    result using 2 detectors. (Nu03)
* The measured  θ13 value at DC is, sin22θ13 = 0.119 ± 0.016.
* There is some difference between DC and DB/RENO results.
* Started discussion among the DC/DC/RENO analysis experts.
* The precision  of the  θ13 measurement will improve and we can 
see the tension develops or shrinks.
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