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‘ Neutrino Mixing
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Reactor Neutrinos

Nuclear reactors are intense 1/,
sources with a well-measured flux

and spectrum

2 3GW — 6%x10%° p, /sec
700 events /year/ton at 1500 m

o visible spectrum peak at ~ 3.7 MeV
o oscillation max. for Am?=2.5x10-3 eV?

atL ~1500 m

Am? = 2.5 % 10° eV?
30 1 Full Mixing
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From Bemporad, Gratta and Vogel

Observable v Spectrum

Acrbitrary

Disappearance measurement:

o look for small rate deviation from 1/r2
measured at near and far detectors:

Counting: number of events
Shape: energy spectra
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Motivation

95% CL Resolution of the Mass Ordering

= Reactor experiment
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= Inverse —decay:

‘ Detection
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Previous Results
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Improve Limits

CHOOZ limit:

o sin?20,5 < 0.15 at 90% CL for Am?,; = 2.5x10 eV?
Add identical near detector

o need only relative acceptance

o remove systematics from reactor neutrino flux, energy
New Gd scintillator mixture

o instability in CHOOZ scintillator attenuation
Reduce cosmogenic backgrounds: add outer detectors

\Y

e

i I v Goal: sensitivity down to sin226,, < 0.03

e

ve | >,
o @

j¢e—~280 m—>| <« ~1050 m > |
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‘ Double Chooz

2x4.27 GWthermal reactors < 8. 54 GW maximum power

Far site hall reusable from original CHOOZ with 300 m.w.e.
mountain overburden at 1050 m baseline

Near site: ~30.m rock (75 m.w.e.) overburden at 280 m baseline
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“3 /one” Detectors

= Target

a2 10.3 m? (8.8 tonnes) of
0.1% Gd-doped LS

= Gamma-catcher
o 955 cm of unloaded LS
= Buffer
o 105 cm of nonscintillating
organic liquid
= Photomultipliers

o 534 8" Hamamatsu
PMTs for 13% coverage
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‘ Shielding and Vetos

= 14 cm thick steel shield outside of buffer
= Inner veto: 50 cm of unloaded LS instrumented with PMTs

= OQOuter veto: flat, large-coverage muon system above the main
detector

December 4, 2006 Worcester
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Detector Stimulation

| generated IBD radius, 2 zone, z inside Gd-LS

Geant4-based simulation:
RAT+GLG4sim

o added own Gd capture
cross-sections

o added ~3 highest BR
decays: n+Gd — 8 MeV of
gammas

£ 220
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£ 200

g
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h3
= Entries18421
- —Gd-LS Mean 226.3
= acrylic RMS 29.16
= — oil buffer
E I RS N NEN T NUN T SRR R
0 50 100 150 200 250 300 350

0

|vertex z| < 178.7 cm, IBD vertex radius (cm)

| generated IBD radius, 3 zone, z inside Gd-LS |

Two detector configurations &

o 2 zone (fill GC volume with .

Gd-loaded LS): 12,000

events in target

a 3 zone: 4,000 events in 40

target
December 4, 2006 Worcester

h05

E Entries14211
o T Mean 226.9
— inner AV
C —— unloaded LS RMS 29.06
- outer AV
C —— oil buffer
o [ I RN B PR R
0 150 200 250 300 350

[vertex z| < 122.9 cm, IBD vertex radius (cm)
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Inverse B-decay Events

16000
Beacom/Vogel cross- 14000 -
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e and n Properties

Lo 6000 — 4
o F Q10" =
% 5000 M %
5] - 5]
a 4000 — a 10 3
3000
C 2
2000 10° =
1000
S N N RN N R R o
0 Ll L1 Ll L1 Ll L1 Ll L1 L1 L1 = 1 | | | | | |
-1 -08 06 -04 -02 0 02 04 06 08 1 05 055 06 065 07 075 08 08 09 09 1
positron cosd, ,g neutron cosd, ,g
T12000 3
= b ~
N10000 [ 0
2. F 5
g 80001 3
8 6000 -
4000
2000 i
\ \ \ \ \ \ L g \ \ | \ \
0 L1 Ll Ll Ll Ll L1l L1 L] E L | L L L L L L L L L L L L L | -
0 1 2 3 4 5 6 7 8 0 20 40 60 80 100 120 140
positron energy (MeV) neutron kinetic energy (keV)

= Slight negative asymmetry in cosO, ,g(e")

= Positron energy: KE(e*) = E(v) — A —-m_ — KE(n)
= Maximum 6, ,g(n) ~ 57°

= Maximum KE(n) ~ 120 keV
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Reconstruction

Use only hit—level
information

Sum PH from all PMT with
hits in time window

nnnnnnnnnnnn

o threshold = 0.2 MeV

0 no a priori knowledge of
particle generating light
(e* orn)

o allows energy from n I LTI ..l...l.\.l..u...l...l.
elastic scatter into e* PH 2 pomay iy e e 2ty

Reconstruction
o positions with charge—

Calibrate energy scale with

weighted sum reconstructed e*-like energy
o assume straight line from and KE ., from MC:

position to PMT, apply _

QE, attenuation to get Erec = KEyc +2m,

energy
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Neutrino Signal
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10 12
neutron-like energy (MeV)

Worcester

Two reconstructed events
within a 100 psec
coincidence window
Prompt positron-like event
0 Epes > 0.5 MeV

o gives neutrino energy
Delayed neutron-like event
0 E..,>6MeV

o 8 MeV peak from Gd
capture well above natural
radioactive backgrounds

Coincidence signal
suppresses accidentals

15



Energy vs. Position

Reconstructed Positron Energy va. Generated R2_| N LE) T
E . « scintillator oil = Eu?g:;; :E“::: 3 Zone detector
C o eomey o GC region contains
gammas from e*
S annihilation and Gd capture
== o no leakage near AV
é ]: - - [ Recenstructed Pesitran Energy vs. R ] — LY —
é = Epoe > 0.5 MeV g 10 « scintillator | oil » g%:;; n%j:%
: 2 E Epey = 6.0 MeV
2 zone detector B
[ Reconstructed Heutron Capture Energy vs. Generated R?_| Y L2} TR
o Gd-LS filling entire acrylic S
vessel 05w
o gamma leakage near AV
causes Gd peak tail e |
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Acceptance

Energy scale comparison
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3 zone design has lower acceptance than 2 zone but a better
defined Gd-LS target volume

o reduces Gd peak tail near 6 MeV energy cut

o systematic uncertainty on acceptance driven by energy scale
uncertainty at the 6 MeV cut

can calibrate in situ shift in energy scale in each detector with
fit to well-understood Gd peak

December 4, 2006 Worcester
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Backgrounds

Accidental

o random coincidences between two different events (e.g. radioactive decay
plus cosmogenic neutron) together fake IBD signal

Correlated

o fast neutron — from muon showers near detector. A single neutron can
elastically scatter in the target and subsequently capture on Gd

o muon capture — on nuclei in dead material along muon track can produce
several high-energy neutrons
o 9Li— production by muon spallation inside target. Production mechanism

not well-understood. About 50% of B decays produce a neutron. 178 ms
half life causes prohibitive deadtime if vetoed by muon track in target.

Detector site Background
Accidental Correlated

Materials PMTs Fast n p-Capture i
Domble Choos Rate (d=') 0.1£01 03£02 0.11£0.11 < 0.1 1.0+£0.5
(6 w/d) Far bkg/ 0.1% 0.4% 0.2% < 0.1% 1. 4%
systematics <0.1% <0.1% 0.2% <0.1% 0.7%
Domble Choos [tate [rF_I] 05+03 1.7+089 0.15£0.15 0.4 O+ 5
(1012 o /d) Near bkg /e < 0.1% 0.2% < 0,1% < [.1% 0.9%
systematics =0.1% < (0. 1% <0,1% <0.1% 0.5%

December 4, 2006 Worcester
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Uncertainties

45,000 signal events at far site after 3 years data-taking
o 0.5% statistical uncertainty

Total systematic on the normalization between the detectors:

CHOOYY  Double Choos

Reactor Salid ;1Lr1;;|:t ), 2%
Detector H muelei in Target Wolome 0, 3% ), 2%
Fiducial Volume .29, {l

Density 0.1%

H/C 0.8% 0

Detector Filectronics D] Time 1%
Particle Prsitrom Escape 0. 1% {
[dentification Capture 1] {
Identification Cut 0.8% 0.1%

Particle Mentron Escape 1.0% {l
[dentification Capture (% Gd) 0.85% 0.3%
Identification Cut 0. 4% 0, 1%

Particle Antinentring Tirme Cut 0. 4% 0, 1%
[dentification Dhstance Cut 0, 3% {
Unicity 0.5% {

Total 1.5% 0.5%

0.9% systematic uncertainty expected from background
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Near and Far simultaneously
Far + Near 1.5 years later
Far detector only

Schedule

o late 2007 — install far
detector in existing hall

o summer 2008 — begin
data-taking at far site

o late 2008 — finish near
hall construction

o summer 2009 — begin
data-taking at near site

1072 I

2
Sin“(201 3)jimit

10

Exposure time in years

Compare counts and shape in identical, large, cylindrical
detectors at two distances that have AL ~ 770 m:

o Sensitivity (90% CL) down to the sin?26,, = 0.03 level
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Outer Veto Project

Tasked to build outer muon systems at both near
and far sites

o extruded plastic scintillator detectors
o 64 channel PMTs + front-end electronics
o control and clock-fanout electronics

Groups

o University of Chicago: Ed Blucher, Matt Worcester, Daniel
Silverstein, Nathan Whitehorn

o Columbia University: Janet Conrad, Zelimir Djurcic, Mike
Shaevitz

o Barnard College: Reshmi Mukherjee

Proposal submitted to NSF

December 4, 2006 Worcester
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Muon Backgrounds

All correlated backgrounds are associated with cosmic muons
Muon flux and energy estimated with MUSIC

o near detector (75 m.w.e.): ® = 5.9x104 cm~?s™! with <E> = 30 GeV
o far detector (300 m.w.e.): ® = 6.2x10° cm?s™! with <E> = 61 GeV
Muons traversing the target and buffer easily identified

Expected background rates after removing central detector
tagged muons:

Detector Site Background

Accidental Clorrelated
Materials PMTs Fast n p-Capture i
Double Choos Rate (d=') 053403 15408 20420 28 1.0£05
(69 v /d) Far blkg e 0. 7% 2,25 2.0% 40% |.4%
Donble Chooz Rate {(d=') 543 17£9 91491 266 045
(1012 - /dd) MNear blkg/ 1 0.5% 1. 7% 0.8% 26570 0.9%

Veto systems designed to tag and reject “near-miss” muons
which produce most of these backgrounds

December 4, 2006 Worcester 22



Outer Veto Functions

Reduce fast neutron background in the near (far)
detector by a factor of 5 (2) over inner veto alone

Measure efficiency of inner veto

Select samples of cosmic muons hitting
uninstrumented regions (e.g. rock, steel shield,
support structure) to study neutron background

Provide a tracked sample of muons in and near the
target to study °Li background

Cover dead areas on top of inner veto
Eliminate muon capture in the steel shield

R_educ_e accidental backgrc_)und where at least one
signal is cosmic muon originated

December 4, 2006 Worcester 23



Outer Veto Design

Large, flat “umbrella” style
detector made from strips of
extruded plastic scintillator

0 space constraints at existing far

N hall allow top-only design with
13x6.5 m coverage

o 13x13 m top-only design at near
hall sufficient for background
reduction and tracking

o significantly lower cost than 41T
coverage with additional passive

Top View

Duter veto

detector planes shield
Sovebo =) Deadtime
o 1 kHz (50 Hz) muon rate in near
«——— Central detector (far) hall outer veto
o 250 usec veto = 25% deadtime at
Side View near site
o independently monitored by
flashers in each detector
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Fast Neutron Study

. Dave Reyna (ANL) used
I B FLUKA to generate a sample
- ™ Veta tags removed of muons which produce at
- \‘\ ' ® Mone least one neutron entering the
o \. A Clutcr‘-"ct-:- GC
i T [r!ncr‘-.-ct-:-
) I~ Remove muons which traverse
e “*----t._.__?__ central detector
F i e Study the rate of near-miss
I L muon produced neutrons
! Homindl width = 12.8x12.8 m entering the GC as a function
, T, of outer veto width
U - e o
e Veto Tag Rate (Hz)
- | e Near Far
||||| none 0.086 0.018
’ : o ' eoater Vet Width (1 OV alone  0.017 0.0086
Near site, 100% efficient detectors IV alone 0.0067 0.0014
either 0.0014 0.00095
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‘ Fast Neutron Study

Out of 1000 muons at the near site which produce
neutrons that enter the GC but do not traverse the
central detector:

Near site
100% efficient detectors
at outer veto depth:

no veto rejection 1007 eff. OV only

ov 797y I v ia19) e 2F 2 X
; 15; . R ; 15';
/ 7\ \ 10% il idprer, 10;.
| 63 |I iia | 185 I| é E:
\ \ { | ERTEERE e B
b FEE R 05
\ -15? FRERF . -15;—:
- - 00 .‘."-1‘0‘ B ‘c‘i" | "‘1‘0" o -292-*0‘- 0 0 10 20
T o x (m) x (m)
. 0. 100% eff. IV only . 20. either veto
AP E sE E 5
GGED {18 = = .
S '\]_J 7 102— - 102— -
= After removing target-tagged = =
muons, assuming 100% M3 3 E
efficient detectors: U S B
o 80% are tagged by OV s o s N R
D 92% are tagged by IV _2928 [ \-10\ [ \0\ [ \10\ [ \20 _2928 [ \-10\ [ \O\ | \10\ [ \20
x (M) X (m)

o 98% are tagged by either
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Background Rates

The inner and outer veto together reduce:

o accidental rates by a factor of 10 (5) at the near (far) site
o fast neutron rates by 60 (20) at the near (far) site

o muon capture rates by >99% at both sites

Li rate is not expected to be reduced, tracking in
the veto will be an important tool to measure the °Li
background level

Detector site Background
Aceidental Correlated

Materials PMTs Fast n p-Capture L
Double Chooz [Hate [rf"] 0.1 0.1 034+£02 0114011 < 0.1 1.0£045
(69 1/d) Far bkg /i 0.1% 0.4% 0.2% < 0.1% 4%,
systematics <0.1% <0.1% 0.2% <0.1% 0.7%
Double Choos [Hate [rf'l] 0.o+03 1.7+£09% 005 £0.15 0.4 D4+5
(1012 v /d) Mear bkg /v < 0.1% 0.2% < 0.1% < .1% 0.9%
systematics <0.1% < 0.1%% <0.1% <.1% 0.5%

December 4, 2006 Worcester



Outer Veto Modules
N'wul_amj

| ‘ Based on MINOS and OPERA
designs

‘ 50 ‘ o 5x1 cm cross-section strips of
coextruded plastic scintillator and TiO,
reflective coating

o strips are 6.4 m long

o 1.2 mm wavelength shifting fiber read
out by Hamamatsu M64s

One module has 2 layers of 32 strips,
offset by 2.5 cm

| ~ 2 one module is 1.6 m wide

o each has one M64 on each end

= | OvE- o I
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Outer Veto Panels

4 of these double-layer
modules are laid side
by side to form a
6.4x6.4 m plane

Finally, a second plane
rotated 90 degrees is /
added to form a panel &

Each panel will have 16 | 52

M64s for readout N
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Site Layouts

Top View /
O
Outer veto Sideview
detector planes
Glovebox Glovebaox
_.l;}— / ‘\F d il
- Central detector boundary
Central detector
Side View
Near site
o 4 panels ~1 m above the central detector for 12.8x12.8 m
coverage
o 1 full panel ~4 m above for tracking
Far site

o 2 panels ~1 m above the central detector
o 1 smaller panel above for limited tracking

December 4, 2006 Worcester
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Data Acquisition

Save the time and location of hits in the veto
MAROC?2

Q
Q
Q
Q

Q
Q

ASIC to discriminate PMT signals
designed at LAL (Orsay) for ATLAS luminosity monitor
up to 64 channels, one per M64

adjusts gain for each channel — expect x3 pixel-to-pixel gain
variation in M64

3 discriminator thresholds
separate multiplexed ADC output and analog trigger path

Output from MAROC2 sent to FPGA

Q

Q
Q

records time stamp of hit from 62.5 MHz DC central distributed
clock

buffers channel data
passes control signals to MAROC2 and flags to control boards
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Front-end Card
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Disrribaition
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Schedule and Funding

Prototypes for summer B
2007 beginning immediately = st Dawe Milestone

December 2006 Extrude seintillator for prototype moduales
. . . . July 2007 Run prototype modules in Double Chooe far hall
Begln fabrlcatlon Of far Slte September 2007 Begin Extrusion for Far Detector Moduales

July 2008 Install Outer Veto system in Far Hall

OUter Veto in 2007 to matCh September 2008 Begin Extrusion for Near Detector Modoles
Central detector SChed u Ie September 2009 Imstall Outer Veto system in Near Hall

$250k NSF supplement
awarded August 2006

Category Request i thousands of dollars
$2.3M (inCIUding 30% Year 1 Year 2 Year 3  Total
] Module Constroction 39492 3174 [34.0 10506
Contlngency) proposal Electronics 05,9 235.1 ad.l 2497.1
. . Shipping and Installation (i 43.7 23T 97.4
Su bmltted to NSF In Contingency {::ll abowe i‘H!TII!—'\.::I 105 1010 SO0 504
FEdueation and Outreach 47.5 10,3 1003 fis. 1

November Total B64.6 0066 5511 23221
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