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Neutrino oscillations

Flavor transition occurs as a consequence of (1) finite mass and
(2) mixing of mass eigenstates and weak interaction eigenstates:
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0,;: 0,5 0,,:
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Atm. v & v beam 0,:& &
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Reactor v & solar v

P(v,—V,) by v beam

Neutrino oscillation parameters:
3 mixing angles: 0,,, 0,5, 0,5

1 phase: 0 => CP-violation in v-sector
2 mass difference scales: Am ,%, Am,;?

MNS matrix:

Mass scales:

In two flavor scheme:

Am’ [eV>]x L [m]

Mlsin2 127

Pv,—v,)=1-

E [MeV]
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Current understandings

m?
A -V, A
- Vv
M
Mass squared dufferences ——
® Am212 — 8X10_56V2 m 2 m 2
<o m — :_ N B
® |Am322| i |Am312|~2.5X10-3eV2 S()lar~8X|()')CV2 ?
—~m
s atmospheric :
Mixing angles 2 5x10-3e V2 "
. e atmospheric
0,, ~ 34 m2l 2.5%10%eV?
* 0,;,~45° A Esolar~8xl()"50V2 A
. m, - o
* 0,;<12°(sin?20,; <0.15) 4
? ?
Y

0

CP violation (0.p) = unknown
Mass hierarchy = unknown

Absolute mass scale = unknown
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Current understandings
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Mass squared dufferences —y
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Two approaches to search for 0,

» Reactor neutrino experiments: Double Chooz, Daya-Bay, RENO...

— - ) ) AmglL -3
P[ve %ve]zl—sm 20,,/s1n T +00107)

l"‘l""!""l"”l""l'l' l

=~ ™=
- =
- =
Nl

2 . 1o S BT
! 1 i. ‘..:'l.‘.v,li"J h1111?1511'l|h'|l|hh|-nil'?v'"u AT

* Sensitive to 6,, = clean measurement of 6,

» Long baseline neutrino experiments using v, beam: T2K, NOVA *“
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P [vu v,)—>v, (\Te)] = |[sin®26, )53, sinz(

Am; L) 1 ,[-
4—;) - Esfz sin®20,4s>, 5

Am? L AmZ|L Am?> L Am?> L
+ 27 cos 8] /2= [sin[—= | 7 4] |sin§]| —2= |sin?| —2=
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» Sensitive to 0,5, dcp, Mass hierarchy, 0,
— Parameters degeneracy
— Determination of . using v, and anti-v, beams
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P(v,— Vve) (Accelerator)

0.1

0.08

Parameter degeneracy

Sin22623=0.95

: ; : A :
- 023>T/4 - 63<T/4 | '

| Am2,<0 — %
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Indication of electron neutrino appearance (non-zero 6,5)
from T2K experiment (June, 2011)

Number of events /(250 MeV)

Z

o EEL :
0 1000

—4— Data
Osc. v, CC
\r+\ CC
g v, CC
NC
(MC w/
sin?2813 = 0.1)

6 candidate events
remain after all cuts !!

(Nexe = 1.5 + 0.3 at sin22613=0)

2000 3000

Reconstructed v energy (MeV)

* 2.50 significance of non-zero 0,

* 0.03 (0.04) < sin?20,; < 0.28 (0.34) at 90% C.L. for normal (mverted)
hierarchy (assuming Am?,;=2.4 x 103 eV2, 8-p=0, sin?20,,=1.0) :
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Measurement of 0,;using reactor neutrinos

Plv, = v, |=1-sin26,

2
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Probability(v,—V,)
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e Simple 2 flavor oscillation formula is valid at 1km baseline

— P(v,—vV,) as a function of Am,,*(well known) and 6, (unknown);:

10
Length (km) [at E~3MeV]

— Matter effects are negligible

— Independent to CP-violation phase

= (Clean measurement of 0,;
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Strategy
P[v, —v,]=1-sin26, sinz(AijL) +0(107) = <]
| _ Systematic errors on ==

1 e VN ﬂ neutrino flux a3

J | = interaction x-sec
| # of target protons
1 = detection efficiency
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Strategy =
P[v, = v,]=1-sin>26, sinz(AmglL)+O(10'3) {EE T
4E Far/Near ratio (3 years) gf-—=-——
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Double Chooz experiment

U

Chooz/& FIF
4.27GWy, X 2 cores

——

4 Near Detector

<[> 400m
450v/day

120m.w.e.
Early 2013

<L> 1050m
65v/day

300m.w.e.
April 2011




Double Chooz collaboration
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Detection of reactor neutrinos

 Inverse beta decay reaction
— +
V,+p—>e +n

* Reaction threshold: 1.8MeV
* 65 events/day (far detector)

Reactor v,

spectrum (a.u.)

v, tp—nt+e* cross
section (10-43 cm?)

/ Observed spectrum (a.u.)

4 5 6 7 8

E, (MeV)

Background are largely suppressed by
requiring delayed coincidence

Prompt signal:
Positron and annihilation y’s (1-8MeV)
Neutrino energy: E, = E ;. + 0.8MeV

Delayed signal:
v’s from neutron capture on Gd (8MeV)

Time correlation:

T = 30 usec

-
et
g
o —
= = o
= o —
_— —
o]
bt “a o RS
-— e |
= —
= —
s S -
— -
=, e
— L]

—

=

=t

e —

l”ﬂIllli‘l:\’il"llﬂ“l""r l.u
Jipelin
o,

B = s

licalincanl

1

«1“!]]”
Bt bl bantens

4

2 ¥ :
hmlllnlnnh-u!nn!nnln;oh"-'1-[ Rnnnn hl.I.?,m,l.[.,.l,m.l
ehbedadnbolo) o) s fashs

e
l”a'-'H'l'”;rr”l”“é"h["”,l’""l"”""'0“ ;lu'

)
2
y ©

]l::hilllllhhllzfl'

T.|.|I:-|£.-.'-=,.......

‘ ’
AT
6
1]

-!:h'-"«‘?l it

LA
o

i

i
!

lll-l;lltlllulllllllun'-lu‘-l-‘é- ‘1 ‘III]':[I]IIOII‘E‘lwl‘lll'llllaﬂl:i.

lﬁlmlhl;'r

}uuhmhmln|I!ﬁmhmln‘mhn|L‘m|~ur‘a-|hw“mluulzudlw‘-'nl-u"’-'nlzc|nl||||hiudun||mIul'Innlnnlnnlmn’!nu

R iadiitatasta S bt Tnnnlinin

el

|



Double Chooz detector

v-Target ' =. _ﬂ‘ .
(10.3m? Gd loaded (1g/1) liquid scintillator) ﬁgm" =l LA

Target for neutrino signals




Double Chooz detector

v-Catcher (22.3m? liquid scintillator)
Measurement of 8MeV vy’s from n-Gd
capture in target volume

v-Target

(10.3m3 Gd loaded (1g/1) liquid scintillator)
Target for neutrino signals
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Double Chooz detector

Buffer (110m3 mineral oil & 390 PMTs)

Reduction of fast neutron and
environmental y’s from PMT and outside

Acrylic Vessel —

v-Catcher (22.3m? liquid scintillator)
Measurement of 8MeV vy’s from n-Gd
capture in target volume

S— "

v-Target W B -;F* w

| mleh ,Lf':.- =

(10.3m3 Gd loaded (1g/1) liquid scintillator)
Target for neutrino signals




Double Chooz detector

Inner Veto
(90m? liquid scintillator & 78 PMTs)

Detection of cosmic ray muons and Sa —————
shield to fast neutrons SO B

Steel Vessel & PMT support structure
Buffer (110m? mineral oil & 390 PMTs)

Reduction of fast neutron and
environmental y’s from PMT and outside

Acrylic Vessel —

v-Catcher (22.3m? liquid scintillator)
Measurement of 8MeV vy’s from n-Gd
capture in target volume

v-Target
(10.3m3 Gd loaded (1g/1) liquid scintillator)
Target for neutrino signals




Double Chooz detector

Steel shield (15cm thick)

Inner Veto
(90m? liquid scintillator & 78 PMTs)

Detection of cosmic ray muons and e

shield to fast neutrons Reerdf

Steel Vessel & PMT support structure
Buffer (110m? mineral oil & 390 PMTs)

Reduction of fast neutron and
environmental y’s from PMT and outside

Acrylic Vessel —

v-Catcher (22.3m? liquid scintillator)
Measurement of 8MeV vy’s from n-Gd
capture in target volume

v-Target
(10.3m3 Gd loaded (1g/1) liquid scintillator)
Target for neutrino signals




Double Chooz detector

Outer Veto (Plastic scintillator) [not used in this analysis]

Identification of cosmic ray muons
Steel shield (15cm thick)
Inner Veto

(90m? liquid scintillator & 78 PMTs)

Detection of cosmic ray muons and SN —————
shield to fast neutrons ‘ \

Steel Vessel & PMT support structure
Buffer (110m? mineral oil & 390 PMTs)

Reduction of fast neutron and
environmental y’s from PMT and outside

Acrylic Vessel —

v-Catcher (22.3m? liquid scintillator)
Measurement of 8MeV vy’s from n-Gd
capture in target volume

v-Target
(10.3m3 Gd loaded (1g/1) liquid scintillator)
Target for neutrino signals




Milestones

May 2008 — October 2010
December 2010

April 2011

July 2011

November 2011

June 2012
Beginning 2013

Far detector construction
Far detector filling completed
Far detector commissioned

Start physics data taking

Near laboratory construction started

Outer Veto commissioned
FIRST RESULTS

Near laboratory expected delivery
Near detector expected '
Data taking with two detectors
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Constrﬁctidﬁi@:DC....far lab.




Inner veto PMT 1nstalled







Installation of acrylic vessel &=
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Electronics

—Photomultiplier tubes— —HV-Splitter
ID: 390 PMTs (R7081MOD) | gjo custom
IV: 78 PMTs (R1408) «—>|,

HV

SY1527LC & A1535P custom

;;;;;;;;;;;;;;;;;;;;;;;;

Sig.

—Frontend Electronics

custom (by Drexel U. & LLNL)

—HV-Supply -Trigger & Clock 9 —v-FADC — ~u-FADC

VX1721 custom

(by CAEN) (by RWTH-Aachen) (by CAEN&APC) (by CBPF)

Y

+ OV readout
(Hamamatsu M64 + Maroc2-chip)

Trigger pattern & clock lv

———VDAQ——
MVME3100 (by Emerson)

implemented in Ada
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Electronics
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Waveforms recorded by Flash-ADC

channel = 53, trigger_id = 46
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Data taking time (days)
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Fraction of analyzed data
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Reactor neutrino flux calculation Ea
Expected number of events "E: l% @r
N & P, (1) £
o ex p th ¥ E i
O—» Neutron H%pr ]@EH N,V p(E,t) - 2 x x <O-f>~:'° :%;_g
O\Ele(‘:tron 4 14 5 144%}.7@0\: 4‘7TL <E > » _g ’;
B e L @ J EOEE
@]' O\ T v S =
1a4g, 7 T o (some 1oss) ’ == =
@g @g B, @g @g ®,» Mean energy per fission (k=23°U,238U,2*Pu,?*!Pu)
O+ o — Og—»—»o—w o - CKO‘_’
@ Chain Reaction @
LANE (E;) =Y a,(t)(E,)
Ny k
89'“@9\» +
g Ny Mean cross-section per fission
89Rb & oy °
SN - Bugey s
RIS X ()= (o))" + 2 0-al ) (o),
x. ¢ @"‘“W’U k
oy @ %
(0,), = [ dE S,(E) 0,,,(E)
0
Neutrino flux prediction is based on Bugey 4 measurement with fl = = =
correction to Double Chooz (fission rates for each isotopes etc.) {ll = = =




Thermal power (GW)

Thermal power

Preliminary
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Systematic uncertainty on reactor
neutrino flux prediction

Pth
0Bugey
E

per fission

0-per fission

TOTAL

,,,,,,,,,, = Preliminary. -

I I I A o B
0O 02 04 06 08 1 12 14 16 1.8
Relat Error (%)

1.7% total error

(2.7% 1in theoretical calculation

without Bugey4 measurement)
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LED calibration system

* [lluminate detector by LED light source fed into detector
through optical fibers

* Embedded calibration system mainly used for stability
check of detector response
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 Deploy ®Ge positron source in target
by Z-Axis system

* Total 1.02MeV v’s from annihilation
(corresponds to the minimum energy
from 1nverse beta decay reaction)

*®Ge Detector Center X=0mm, Y=0mm, Z=0mm

10*

Number of Events

102

10

Energy calibration
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Energy calibration

 Deploy ®Ge positron source in
v-catcher by guide tube system

* Energy calibration in y-catcher
(y-catcher scintilltor is made to give
similar light yield to target scintillator)

*8Ge Guide Tube X=0mm, Y=1433.9mm, Z=0mm
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Ratio Total Event Charge Data/MC
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1.00
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0.905

Non-linearity correction
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Selection criteria (1)

bt
don 21 2h

4

Muon veto:

. AtM > Imsec

Prompt Event:
e Qmax/Qtot <0.09 & RMS(Tstart)<40 ns
* 0.7<E<12MeV

Delayed Event:
*  (Qmax/Qtot < 0.06 & RMS(Tstart)<40 ns
* 6<E<I12MeV

-
i
————

Coincidence:
* Time coincidence: 2 <At < 100us

* No space coincidence cut

Multiplicity:

* No trigger (>500keV) within 100usec before prompt

ARTAToY

* Only one trigger (>500keV) within 400usec after prompt
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trigger efficiency

1.0
0.8
0.6
0.4

0.2

0.9

Trigger threshold

l
l

Q(

Prompt

Minimum energy —]

energy cut of neutrlno 51gna1 1

'oIII|III|III|III|III|I

02 04 06 08 10 12 14

visible energy [MeV]
« Trigger efficiency
* 50% (@ 350keV
* 100, ,% above 700keV

* Prompt energy cut efficiency > 99.9%
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Delayed energy cut
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Prompt energy vs. delayed energy
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dR: prompt vs. delayed
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Neutrino candidate: event rate

Neutrino candidates rate (background not subtracted)
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Neutrino Rate (day )
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* Background not subtracted
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Correlated BG: cosmogenic g =
Cosmic-ray w spallation products: 1S E:__E:E

°Li, 8He
= n+f3 decay with decay time of 200msec

completely mimic neutrino signal
’Li—> e +n+%Be(n+e <11.9MeV)

Entries 7723
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Correlated BG: fast neutron T
Prompt signal: - ..F:—E:::__t::l

Recoil proton

Delayed signal
8MeV y’s from neutron capture on Gd
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Number of BG events estimated
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Reactor OFF data

e 1 day data was taken with both reactor OFF
e 3 events pass neutrino selection below 30MeV

1. Ejomp=9-8 MeV, At=201msec from showering muon
(>600MeV), vertex close to muon track (15.4cm)

2. E ompi—4-8 MeV, At=241msec from showering muon,
vertex close to muon track (27.9cm)

3. E =26.5 MeV, no showering muon within Ssec

prompt

Number of events observed under rector OFF condition
was consistent with the estimated number of BG events
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Results
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X2 vs. sin’(20,,)
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Combined analysis:
T2K+D0uble Chooz
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Sensitivity

Double Chooz - sensitivity, no oscillations
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Measurement of Am+,,
by reactor experiments
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* Double Chooz started physics data taking since April 2011

 First neutrino oscillation analysis results are presented
Rate+Shape: sin“20,;, = 0.086 +0.029(stat) +£0.042(syst)
No oscillation excluded by 92.9% C.L.
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* Near detector will be operational by early 2013
= Precise measurement of 0, (sensitivity: sin“20,,< 0.03)
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