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Neutrino mixing
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3 mixing angles (612, 623, 613) + 1 complex phase (0 ) <CP violation
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Neutrino oscillation

IF 6 +0 AND Am2+0, flavor transmutation occurs.
P(vi—vj)=sin’20;; xsin*(1.27Am*L/E) (2 flavor approx.)
Améin (eV2), L/E in (km/GeV or m/MeV)

AVAVANIE
P(ve—ve) amplitude
P(ve—vy)

oS \S\S

2he/Am?
wavelength

L/E

* 3 mixing angles
612, B23, 613

» 2 (independent) mass”2
differences
A m232=m32-m22
A m221=m22-m12
(Am231=Am232: Am?221)

- 1 complex phase (CPV) ¢
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Oscillation parameters

sin%(2612)~0.8

Am221~8x10-5eV?2

Unmeasured <2011

Solar-v
Reactor-v

Atm-v
Acc-v

sin2(2613) ~ 0.1

Am231~Ama32

OCP
unknown

sin?(2 6 23)~1.0
| AmZ232|~2.5x10-3eV?

e B012~33°, 023 ~45", but 613~ 9°

e |AmZ32| >> | Am?221]| (by factor ~30)

Reactor-v
Acc-v

unknown
mass ordering:

M3 >>MmM2>mi1 or

m2> Mmi >> M3
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Importance of 613

- Last measured mixing angle:
PMNS matrix structure is very different from
CKM matrix in quark sector (mostly diagonal)
— key to the origin of flavor (generation)

* To measure CP-violation phase 0 experimentally,
the condition 61260236 13#0 is necessary.
— key to the matter-antimatter asymmetry of Universe
(quark CP violation is too small)

» Accelerator appearance probability is a function of 613and
CP 6 — by combining with reactor 613, one can already
have handle on 6 (with mass hierarchy degeneracy)



Oscillation maximum:
1.27Am2(eV2)L(km)/E(GeV)=(2n+1)m/2
1st maximum at L ~ E/Am?2 (x1.57/1.27)

- For AmZ2z231)~ 2.5x103eV2and E ~ 1 GeV,
— L ~ O(400km): accelerator long-baseline experiments
(T2K, MINOS, NOvA)

- For Am23231)~ 2.5x1023eV2and E ~ 4 MeV,
— L ~ O(1.5km): reactor mid-baseline experiments
(Daya Bay, DC, RENO)

- For Am221 ~ 0.8x104eVZand E ~ 4 MeV,
— L ~ O(50km): reactor long-baseline exp’t (KamLAND)
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Why reactors?

. ~6 v’s/fission, ~200MeV /fission
— 6x1020 v /sec for a typical commercial reactor

n + (1GW power ~ 3GW thermal)

Reactors are powerful and “free” sources
236
U : : :
CD\ of low-energy (isotropic) neutrinos

© E, ~ afew I\/IeV """ N

. Always full power : ...
' :

(example) Can’t switch off easily

®
A
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Principle of reactor-v exp.

- Disappearance at (1-3) osc. maximum (L=1~2km)
(Energy is too low for appearance)

- Thanks to Am? hierarchy, it is a pure 6 13 measurement

Ama. L . .
: 421 +0(10-3) from Am2,, oscillation

(1-3)  x30) (1-2)

P(D, — .) = 1 — sin” 26,3 sin
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Near Detector (ND) Length (km) [at E~3MeV)] Far Detector (ND)

- Cancel flux uncertainty by placing Near and Far detectors
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Double Chooz experiment

U

Chooz Reactors
4.27GWy, X 2 cores

b
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== Near Detector

L =400m
10m? target
120m.w.e.

Since 2015

Gravelines

o Centrale al'arrat
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«=  Far Detector

r L =1050m

10m? target
300m.w.e.
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The Double Chooz detector

Outer Veto (OV):

Plastic scintillator strips

Inner Detector
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* Liquid scintillator (90m?3)

e 78 8-inch PMT
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Detection Principle

Prompt signal :

L?. F?Térﬂei{r;n|h|lat|on
» Inverse-beta decay .

(Ethreshz] 8MeV) Vﬁ’, ) f /‘k/L (\S\J
Ev information carried by e+ ™=« Q‘
— + i :
V.t p—=n+e o N Newron copaured by G
b e +e — 2»)/ PrOmpt / ~8 MeV, T=30 ps

(Ev B ().8MeV) n thermalization time

n+Gd— Gd +)/S(2E = 8MeV) T ~ 30usec (H: 220 usec)
Delayed

In Gamma-Catcher volume, use

'Reactor v, spectrum (a.u.)| | -
| Yo °F 2800 | Observed spectrum (a.u.)|

Hydrogen capture as delayed o E w
n+p—d+ 7 (2.2MeV) gg, -
“Delayed coincidence” drastically =2 - :

reduces the background.



Double Chooz brief history

* Nov/2011 Reported 1st reactor-6 13 indication
—arXiv:1112.6353 (PRL) : sin?(2 6 13)=0.086+0.05 (94.6%CL)
-Jun/2011 T2K ve appearance indication (6 events)

» 1st Hydrogen-capture analysis (arXiv:1301.2948)

 Latest FD-only results

—arXiv:1406.7763 (JHEP) : 0.090+0.03
Gd-capure events in target volume

—arXiv:1510.08937 (JHEP) : 0.088+0.03
H-capture events in gamma-catcher (combined with Gd)

« Start to take ND+FD data since 2015, first results:
— Moriond 2016 : 0.111£0.018 (Gd), 5.8 g observation

» Today’s results based on
- 20/Sep/2016 CERN seminar indico.cern.ch/event/548805/ 3

Final goal in DC Lol
in 2005 was +0.03

(with ND+FDI)



https://indico.cern.ch/event/548805/
https://indico.cern.ch/event/548805/

Multi-detector analysis
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DC has most iso-flux setup —
most immune to the operation
history of multiple reactors:
reduced systematics

ND (multi-detectorsjy
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Period with only FD : FD-I

FD-I (single detector)

48 After ND completion : FD-II
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Energy spectrum (Moriond ’16)

FD-I FD-11 ND
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 Best-fit: sin20,,=0.111 + 0.018 (stat.+syst.) (x%/dof = 128.8/120)

— Non-zero 0,; observation at 5.8c C.L. o Chooz Preliminary

Doubl

- Fit 3 data sets simultaneously: ~2x more precise than FD paper

- Many systematics, especially flux error, strongly suppressed

* Use also 7-days reactor-off BG measurement (only DC has it)
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New strategy : Gd+H analysis

- Daya Bay & RENO advance in statistics
— increase the fiducial volume from target (8t)
to target + gamma-catcher (~30t)
* More data added:
~480days (FD-I) |
~380days (FD+ND) |

NEAR DETECTOR - IBD n-captures

8000 i —— raw charge

—— Visible energy g

6000 |-

<—Use this! :

2000[- i N

0 2 4 6 8 10 "321510500311523.5°
DC-IV preliminary Energy (MeV)




On the leaks in ND

DC 48_815 B84
goooo __ND_leoésd’H)(nocm) r——T—1____NEUTRINO 201 6 PRELIMINARY -
o c | A ND-IBD(Gd+H) (all cuts applied)
« Small amount of LS in the B o[ roecedeens

upper buffer ("buffer events”) .|
— easy to reject with event a000|-
pattern (mainly cosmic muons) o

¥ 1 |
-2.5-2-1.5-1-0.5 0 0.5

Z (m)
ND*-FD Asymmetry (n-Gd) : ND*— scaled to FD NT
a2.5’_""I";"l'""""I"‘;’;""I""I""I‘:
» Small amount of Gd exists in 7, TR :
gamma-catcher volume e
— Gd+H analysis immune to it £+
(effect to Gd analysis under 05/~
investigation) °oF




Gd+H simultaneous analysis

 Dominant BG at low-E is accidental coincidence
— ANN (artificial neutral network) developed using
distance, time difference and Edelayed

Entries/{0mm
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o
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Omm
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o
o

_Entries/1

distance ‘oo}

500F

0 200 400 o600 800 1000 120C 0 200 400 o600 800 1 1
before ANN AR (mm) ydey after ANN

é- . g‘ — Gignal MC (m0 oacl)

=10 =10t - < cosental B0

g g 1 :: cidental BG subls.) °

5 5ol N At(et: n) violet: acc.

Atime

o
2

| coincidence
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ANN analysis: energy spectra

* Edelayed —
simultaneously

analyze captures
on Gd, H (and
small amount C)

. Eprompt —
ANN reduces
low-E acc. BG

dramatically

W Accdental B

w——— Data

§ Data (accidental BG subtr

IBD (Gd+H)

Entries/0.1MeV

Visible energy (MeV)

before ANN cut

°

% 1 04 :‘, —— Signal MC (no oscl.)

ol :_-3 m Accidental BG

d s Dala

ah G §  Data (accidental BG subtr.)
‘E ----- Double Chooz Preliminary
L IBD (Gd+H)

10

15 20
Visible energy (MeV)

s Signal MC (no osci)

- - - 8
Visible energy (MeV)

after ANN cut

> 10*

()

E —— Cignal MC (no oscl)

& 9  Accidental BG
S10° — o

B §  Data (sccidental BG subtr.)
Q@

= %

< i:::'.

il

-
o

10 15 20

Visible energy (MeV)
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Detector response

%32Ct Prompt Fission

» Important to understand
the difference of ND/FD
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Entries / 0.25 MeV

Entries / 0.25 MeV

10° |

10°

104 :\

Background understanding

D(Gd+H) 481(SD)+384MD) days

PRELIMINARY (CERN seminar Sep 2016) |=—

Prior to Rate+Shape fit

A ND IBD(Gd+H)
—4= I1BD prediction (no oscillation) + BG
Accidental BG

L] °Li+ "He BG
[] Fast-n + Stop-u BG

102 -

i } 3 L ] ] -
2 4 6 8 10 12 14 16 18 20
Visible Energy (MeV)

10° |

Prior ta Rate+Shape fit =
A ND IBD(Gd+H)

-4 |BD prediction (no oscillation) + BG

Accidental BG

L] °Li+ "He BG
[[] Fast-n + Stop-u BG

! i l ]

! { \ ! { N
10 20 30 40 50 60 70 80 90 100
Visible Energy (MeV)

« 3 components (environ. Yy
and cosmic induced)

— Accidental coincidence
low-energy region

- Fast-n, Stopped u
high-energy region

— Spallation °Li (long life)
(green) B-n decay

« Characteristic spectra

- Fit together with v signal
and obtain fractions
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Systematic uncertainty

 Flux uncertainty largely cancel in ND-FD analysis

 Currently larger detection systematics than Moriond
(conservative proton number error for Gd+H analysis)
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Entries / 0.25 MeV

Observation / No-oscillation prediction

10°

10°

10

DCIV-IDDIGE+M) 401050)+J04M0) days

PRELIMINARY (CERN semingr Sop 2016) |

Prior 10 RatesShape fit
8 FDI I1BD|Gd+M)
4 |BD prediction (no oscillation) « BG
3 Accidental BG
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FD-|

g B
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2 5 6 8 10 12 14 16 18 20
Visible Energy (MeV)
—4—— FDIData
.............. m“m

e Best fit: sin ’29“ =0.119
[ | singte detector systematic uncertainty
[ Suppressed systematic uncertainty

| &
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- Double Chooz Preliminary
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Visible Energy (MeV)

Entries / 0.25 MeV

Observation / No-oscillation prediction
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Fit results
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Prior 10 Rate+Shape fit

o FDII IBD(Gd+H)
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E3 Accidental BG —
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L ]

10} 3
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o SN | i 1 x

2 5 6 8 10 12 14 16 18 20
Visible Energy (MeV)

wefp  FDHl Data
1 . 3 .............. moww

——————  Bestfit: sin "20,, = 0.119
1.2 | Single detector systematic uncertainty

Suppressed systematic uncertainty
1.1
1.0
0.9
0.8}
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0.7t Double Chooz Preliminary
] |
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*sin2(26013) =0.119 £ 0.016
* cf. Moriond sin4(2613) =0.111 £0.018
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Prior 10 Rato+Shape fit

A ND IBD(Gd+H)

4= I1BD prediction (no oscillation) + BG
[ Accidental BG
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3 1 { .
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+
+7 T4
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FD-II/ND ratio

“BbMeV bump” cancels, seen in both data
 #events: FD-lI/ND ~8k/~40k — ~40k/~200k

Moriond(Gd) —  Now (Prel. Sep2016)

1.5 —+—— FD-II/ND DATA 1.5 —— FD-IUND Data
B | s No oscillation L, | oo No oscillation E
ND Best fit: sin “20,, = 0.111 + ND Best fit: sin 220, = 0.119 ]
1.3 e Systematic'uncertainty. s BRC B Systematic uncertainty o
1.2} Energy scale systematics 1.2F
@ : 5 1.1f
% LE % il
© T - © :
LL 0 . 9 il + + u_ 0 . 9 -
0.8} 0.8
0.7 Double Chooz Preliminary 0.7 — Double Chooz Preliminary <+
- Far + Near (673-44 and 150.76 days) - Far + Near (362.974 and 257.959 days)
0.6 0.6
: 1 1 1212'211 1 1 1 : | “
i 1 | 1 1 | :
0.5 =23 4 35 €6 7 8

1 2 3 4 5 6 74 8
Visible Energy (MeV) Visible Energy (MeV) 9



DC 613 in world context

Double Chooz

JHEP 1410, 086 (2014)

Preliminary
(CERN seminar 2016)

Daya Bay

PRL 115,111802 (2015)

RENO

PRL 116 211801(2016)

T2K

PRD 91, 072010 (2015) ,
Am3; >0

Amj, <0

« 2.2 0 tension to Daya Bay (0.082+0.004)

_arger Ocp range allowed for larger 613

e
"
0 '0.1)5' 7 '56.515" 02 T 025
sin226)13

_BL experiments’ best fit larger than DB

d.p (radians)
[\

=)
|IIII|IIII|IIII|IIII|IIII|IIII|

T2K Runl-7c¢ preliminary

----- 68.27%CL
— 90%CL
*  Best-fit

PDG 2015

—— Normal Hierarchy

—— Inverted Hierarchy
2
‘ Fixed Mass Hierarchy
K 002 001 006 008 01
sin’ 0.,
e LID NH
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| - 68% C.L. |
S —90% C.L.
5[ Reactor
68% C.L.
2nt e
3 | IH
2
& “‘.
!
- NOV
2| Reacto s PDG °
Wil ¢ DC-IV/@ CERN

0 01 02 03 04 05

2
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Next steps

» Reduce detection systematics of Gd+H analysis
(driven by proton number uncertainty)
» Understanding improves with more data

DC Sensitivity
« 0.020

DC-IV @ CERN Configuration

0.018

16 sin®20

nominal running Improved Proton# Uncertainty

0.016 ...................... (3yearSND:FD) .......

0.014 %\ EE .................. ........... ............................. ............. _
: I a priori s ;

unknown

0.012 — N\ . .................... .......... e ...................... PRELIMINARY

(working)

0.010— e .......... .................... v ........ ................. semlnar@CERN_

0.008 : E i ......................................... s —

0.006 |—m E .................... i .................... ........................................ ......................................... ............. ]

Time since MD data-taking start (years) 26



Reactor experiments’ synergy

» Experts from Daya Bay, Double Chooz and RENO had
1st inter-experiment workshop in Seoul, Oct. 2016

* In-depth discussions brought better understanding of
each other experiment’s analysis technical details
— should help all three experiments for strong results

* Next workshop planned in Paris in 2017

* DC is very much motivated for a combined 6 13 as
the ultimate goal
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Summary

« Latest 613 results from ND+FD data of Double Chooz

« Gd and H captures are simultaneously selected with ANN
— 3 times larger fiducial volume than original v target

* S5in%(26013)=0.119+0.016
« DC is really “double” since 2015: high-statistics phase

- ~2x better precision than FD-only measurement (+0.03)

- High-stat ND data gives more physics opportunities:
Very precise reactor-v spectra, Sterile-v, v -directionality, ...

 Latest 613 value somewhat larger than world average
— 013 is a key parameter for o cp together with acc. experiments
- Important to measure with multiple reactor experiments

— Aim to reach <0.01 with reduced syst. and stat. errors .



* backup
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Sighal and BG (Moriond ’10)

Double Chooz Preliminary

FD-I Reactor-off FD-II \»)
Live-time (d) (after u veto) 460.93 7.24 212.21 150.76
IBD prediction (d?) 38.04+0.67 | 0.217+0.065 | 40.3910.69 280.5+4.7
Accidental BG (d?) 0.070+0.003 0.106+£0.002 | 0.344+0.002
Fast-n + stop-p (d1) 0.586 +0.061 3.42 +0.23
Cosmogenic (d?) (0.97+041 () (5.01 +1.43)
Total prediction (d1) 39.63+0.73 1.85+0.30 42.06%0.75 289.3+4.9
IBD candidates (d!) 37.64 0.97 40.29 293.4
(number of events) (17351) (7) (8551) (44233)

* ND detects 7 times more neutrinos than FD
- Also larger BG due to more cosmic u (but S/B better)
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