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‘i\! The Elusive Neutrino
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35 [ Vs R = The Standard Model of
0 F 3VS N/ i ¥ DELPHI : Particle Interactions

B 4v523~\f s ]

Three Generations of Matter

B DOFAL

+s =E_. (GeV)
The past two decades have
seen the neutrino family take
its place in the Standard Model
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‘# The Elusive Neutrino

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsanneault 2000
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But great progress has

been made, and continues

In establishing that neutrinos
have mass, and in measuring
the mass differences and

mixing angles. ..

Atmospi;f,_r'-ic -'
(Super)

1073

10—12

e -

-~
T s

)>
Super-K+SNO
Cl 95% +KamLAND 95%

I All limits are at 90%CL
unless otherwise noted
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¥ Mass mixing parameters

\ How large is this?

"3 A ; u m,
7 m
atmospheric solar
, Kk ., KAMLand
Am” = 2X10 eV A ~ 8 X107 eV?
my Y ﬁ
mj i 1 ' m 3
?  "Normal" hierarchy < » . "Inverted" hierarchy
Which one?




0,5: The Last Unknown Neutrino Mixing Angle

U,) (08 05 ?
|04 06 07
U,) {04 -06 07

Uunse Matrix
Maki, Nakagawa, Sakata, Pontecorvo

1 0 0 cosf, cost, sinf, 0 I 0 0
=10 cosf,, sinfl,, |x 0 x|-sinf, cosf, 0|x[0 e“"* 0
0 -sinfl, cosf,] |-~ sind, . 0 0 1) o o egE
- - .y b h. - A S " -
atmospheric, reactor, SNO, solar 5K, Ovpp
accelerator accelerator KamLAND
0p3 = ~ 45° O3=7 Ogp ~ 32°
rsinzﬂ” ?
* What is v, fraction of v5?
* U, is the gateway fo CP violation in neutrino (Mass)? o

sector:
":}

— . . . . Am?
P(v, = ve) - P(v, = ¥,) x $in(20,,)sin(20 53)cos2(6;3)sin(20,3)sind Wz L
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Neutrino Physics at Reactors

First observation
of neutrinos _
Reactor neutrino flux L_,_.
measurements in U.S. and Europe _..

0 e

1995

| _ ,.JIE‘.,“
Nobel Prize to Fred Reines A A
at UC Irvine . -

Discovery of reactor
antineutrino oscillation

2006 and beyond
Precision measurement of 6,,

Exploring feasibility of CP violation studies

b 1

Past Experiments
Hanford

Savannah River
ILL, France

Bugey, France
Hovno, Hussia
(Goesgen, Switzerland
Krasnoyark, RHussia
Palo Verde

Chooz, France
Reactors in Japan




Oscillation Searches at Chooz + Palo Verde:

Distance: 1km
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Choony H
MNuclear Power Station
2 x 4200 MWth

Chooz Underground Meuinino Laboratory

Ardennes. France

Absolute measurement with 1 detector
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Limitations of Past and Current
Reactor Neutrino Experiments

Palo Verde, CHOOZ

\ Typical precision is 3-6%
(A E due to
o L - limited statistics
VA * .
| _# * reactor-related systematic
N lﬂ T #-- #-{%—u_.._ .*. ...... m__"—“\: — — —— E.r'r'ﬂr‘ﬂ-
g 08F ) .o \oa - energy spectrum of v,
& # Savannah River % ika ~2 %
ST e L
% Rowvno ". ,— - Time variation ﬂf fLJEJ
04F @ Goesgen L .y o
& Krasnoyark “ ﬂﬂmpﬂﬂlflﬂn (“"1 l"ﬂ)
0.2+ 0O Palo Verde s
B Choor ® KamLAND | - detector-related systematic
VOE ' ' ! ' error (1-2%)
1 2 i 4 5

10 10 1 10 10

. * background-related error
Distance to Reactor (m)

(1-2%)
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Current Knowledge of 0,3

Direct search

LI L B i B i L B (B B

— Palo Verde (excluded)
== CHOOZ (excluded)
cemes K 90% CL (allowed)
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At Am2,, = 2.5 x 103 V2,
sin®28,,<« 0.15

|III|
10 n] 0.1

i FETTI FET T FTEE FTETE ST P TR PRl N
02 03 04 05 06 07 08B 09 1

sin“20,5

allowed region

number cf sigma
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Global fit

Su oscillation parameter bounds on 19,
T T T I T II T T T T T T

N p
e = S — —
] T
- LI
. e
s Th

T I‘ _.rl

|

sin28,, < 0.1

T &l T
r

1 (90% CL)

LT ET I

g 0.02
sin20,, = 0.04
Best fit value of Am?2;,=2.4 x 10-3 eV?

0.04 (.06

- 2
sin“

0.08 0.1

Fogli etal., hep-ph/0506083




Measuring 6,4

MEthDd 1 ACCEIE‘ratOr E}(periments P target hom decay pipe absorber ..f‘f.temm
2 ) ki) %
: : . 2 Amg L — b = i E—
P =sin’26,,sin" 20,,sin" —2—+ ... _— b
" N . 4F T w

* appearance experiment v, — v,
* measurement of v, — v, and v, — v_yields 6,;,8.p
+ baseline O(100 -1000 km), matter effects present

Method 2: Reactor Neutrino Oscillation Experiment \

. 2 .o ﬁ.f”n LL
P =1-sin 28135111‘( -

2
: . 2| Am,,"L
—cos* 6, sin” 26, sin”| —2
; 4FE

W L

- disappearance experiment v, — v,

- look for rate deviations from 1/r? and spectral distortions

» observation of oscillation signature with 2 or multiple detectors
+ baseline Of1 km), no matter effects
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How To Reach A Precision of 0.01 ?
Powerful nuclear plant

Larger detectors

"Tdentical” detectors
Near and far detectors to minimize reactor-related errors

Optimize baseline for best sensitivity and smaller residual
reactor-related errors

Interchange near and far detectors - cancel detector
systematic errors

Sufficient overburden/shielding to reduce background

Comprehensive calibration/monitoring of detectors
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Where To Place The Detectors ?

+ Since reactor v, are low-energy, it is a disappearance experiment:

— — . . ﬁmz,L : : ﬂmﬁ L
P(V,—V,)=~1-sin" 291351112(?) ~ cos’ 6,,sin” 20, zE-:mz( 4EI
Small-amplitude oscillation Large-amplitude

due to 6,3 integrated over E oscillation due to 0,

11| \"

¥

* Place near detector(s) close to
reactor(s) to measure raw flux ;
and spectrum of v,, reducing 0.9 |

0.8 Fu Emﬁ.;,;gr}- ...................

reactor-related systematic g
M
- Position a far detector near e, O pSing2e ;0.
y 2 -8r°
the first oscillation maximum =~ 06 -T2 Ef X 102 eV
to get the highest sensitivity, 05
and also be less affected by 0,, N
o3t . A
0.1 I

near

detector Baseline (km)
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+ The reaction is the inverse [3-decay in 0.1% Gd-doped liquid scintillator:
V. +p—e +n (prompt)
03b =+ p— D+7v(2.2 MeV) (delayed)

Detecting Low-energy v,

50000b — + Gd — Gd*
> 6d + y's(8 MeV) (delayed)

From Bemporad, Gratta and Vogel

. TlmE:I— and ener‘gy—k;rﬂgsed 5|g£|r:1| IS a good .
Tool To suppress background events. % Observable ¥ Spectrum
* Energy of v, is given by: ~ 1
' . o
Ei =T+ Tp+ (M, -m)+m . =~T,+18 MeV | %ﬁ,ﬁ
10-40 keV *%} o
RO o= S~
E_{MeV)
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Daya Bay,

Tear' Power Facilities T
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1 the world (11.6 GW) %
rful by 2011 (17.4 GW) 3
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Daya Bay,
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ectors: move fo'ergrnund
bugh cu:cessfumel - -

3'4 ectors 4 d between
rground halls via horizontal tunnels.

Total length: ~2700 m




Zk1 (.depth: 210 m)

Zk2 (depth: ~180 m)

Zk3 (depth: ~64 m)
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Zk4 (depth: 133 m)




Reactor v,

+ Fission processes in nuclear reactors produce huge
number of low-energy v,

3 GW,;, generates 6 x 1020 v, per sec

:lllllllllllllllllll|||||||1|l!ll||!llll!llll!llll: E
i H : : H : ! : : i %—
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= | L g 230
10 e Variation of fuel mlF[u .
= | composition leads  21p, ¢
x - . 240
Z 10 T\ ") to change in energy i
S - m|
|:}m - i SPECTrUm ﬂf vE‘I‘I‘I"l’Fr!'T'TI‘T‘T"T"T1
: . i H : . : ",'-'-'-'["|'T'.TT""'
10 FResultant v, specrtum -y o
- N ¥a 1% 1 1 3 .
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0 ! 2 3 4 3 6 7 B g 10 { 500 1My 150 AWy 2500 A0 3500 4040 4500 S0

Energy (MaV) Days
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How To Measure 6,; With Reactor v,:

1[] B ' B 1 B ' B 1 B v ] i v i I

Number of Events per 0.05 MeV

Energy of v (MeV)

1. Rate deficit: deviation from 1/r° expectation
2. Spectral distortion
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Design considerations

o Identical near and far detectors to cancel reactor-related
eITors

* Multiple modules for reducing detector-related errors and
cross checks

o Three-zone detector modules to reduce detector-related errors
* Overburden and shielding to reduce backgrounds

* Multiple muon detectors for reducing backgrounds and cross
checks

* Movable detectors for swapping
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Design of Antineutrino Detectors

« Three-zone structure: O | e S

A

I. Target: 0.1% Gd-loaded liquid scintillator
IT. Gamma catcher: liquid scintillator, 45¢cm
ITI. Buffer shielding: mineral oil, ~45cm mﬁﬁﬁ
Gd-LS
Possibly with diffuse reflection at
ends. For 200 PMT's around the barrel: 1
o 14% —————— Al
—~ , o__ =ldcm ———
E JEMeV) buffer gamma catcher
g”':' F di809s  / 3
R Ol buffer thick
Eun E P3 32.64 | : er thickness
Elﬂﬂ = o .. ISﬂTﬂPﬂS Pl.ll"'l‘l‘]r 20em 25em A0cm 40cm
90 F— (from PMT) (pb) | (Hz) | (HD | (Hz2) | (H2)
80 | —a i 2> 1 MeV) 50 2.7 2.0 1.4 0.8
E |
:Z E 2 i B2Th(> 1MeV) 50 1.2 0.9 0.7 0.4
- E e 40K (> 1 MeV) 10 1.8 1.3 0.9 0.5
Q 20 40 &0 80
GCAT Eff. thickness (cm) Total 57 4 2 3o 1.7




Large Area PMT to collect photons
from the LS detectors

®R5912, R5912-02

’
Hammamatsu 8” PMT -
F’HGTEDCATHEJ DE |
RADIANT G
SENEITIVITY
100
Fa
Fi ™,
[
10 B LN\

QUANTUM __#4

\
! EFFICIENCY | '\‘I

QUANTUM EFFICIENGY (&)

PHOTOCATHODE RADIANT SEMSITIVITY {mA/W)

il
o 1

RE5912 R7081 R8055 R23600-02

R5912-02 R7081-20 RT250

0.0
!ZUD 200 400 S00 &00

WAVELENGTH (nm)




CABLE CONNECTION FOET—

\E ~ CALBRATION CHAMBER
SUFPORTROD S
N
\'\'\.
) Y
i 1]
-
i
<l
e b
-
k O—0=
R o
- -
E_: _
I
L. -}IJI
Y
"'\-\.
“FILL AREA

) s

ECIBNCEE LUBORATOY

Daya Bay,
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Gold Aqua and Nakano Co.,
Kaoshiung, Taiwan







Acrylic plexiglass material (PMMA + ingredients to
prevent aging and absorbing UV ) is very good in light
transmission and mechanically strong material than
PC, PVC or glass.

Best acrylic to resist chemical attack is plate sheets.
Extruded tube and casting with centrifugal method
are not as good due to added ingredients.

Plate sheets can be molded in desired shape easily
and glued together with polymerization method with
same material as acrylic sheets.

The glue joint usually a few mm has the same
chemical, mechanical and optical properties as the
acrylic material.
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L3

Antineutrino Detector Target Mass

Sensitivity after 3 years 4 x 20 tons at far site to achieve
target mass

Required target mass > 80 tons

=2.0x107eV?
0y =02%
(B/S)peq, = 0.5%
(B/S)yyq = 0.1%
(B/S);, = 0.1%

sin’20,, Sensitivity

=
=
[e=t
Ln

0.01

-‘%—--_--_-—_—-——_
s 80 tons

n i | | | | | | | | | | | I -
0 50 100 150 200 @ lt Bay coms f

Target Mass at Far Site (Ton) _ PZ ‘1..,_




Events'bin
2

Antineutrino Interaction Rate
(events/day per 20 ton module)

Daya Bay near site 960
Ling Ao near site 760
Far site 90

_vent Rates and Signal

Prompt Signal

Reconstructed positron spectrum

y
m l "I"‘ ‘H.

-
=]
=

-
[ x]
=

-
=
=

[==]
=

=]
=

£

[ 5]
=

11 11 | L i PEvL T

2 4 6 g 10 1
Recon. Energy(MeaV)

Distances (m)

Daya Bay near 363
Ling Ao near 481
Far site ~1800

=) Dp a Bay cores

Delayed Signal

Energy spectrum. Neutron wniform in inner detector
= 0007

& 0.008
0005
0004
0003

0.002

0.001

0 2 4 & )i 12
Hamnm-:teu Energy (Mav)

Daya Bay,

13




Baseline detector design:
multiple neutrino modules and multiple vetos

e Multiple anti-neutrino detector
modules for side-by-side cross
check

* Multiple muon tagging detectors:
Calibration Port pmr RPC Module (2m X 2m) p s8Ing
— Water pool as Cherenkov counter

— Water modules along the walls and
floor as muon tracker

— RPC at the top as muon tracker
— Combined efficiency

> (99.5 = 0.25) %

Redundancy is a key for the success of this experiment




~ Prototype at THEP A3

* Built a 2-zone prototype with reflective
surfaces at the top & bottom,

0.5 1 (6d-doped) LS enclosed in 5 t of
mineral oil, and 40 8" PMTs to evaluate
some design issues at IHEP, Beijing

137Cs (0.662MeV)

V.
) Entries 310000
o : Mean 173.4
S 4000| % f ndf 2656 / 758
! Gconstant 4328 =114
3500| Gmean 143.7 = 0.0
! Gsigma 22.25 = 0.04
3000} Leonstant 867.7 = 5.0
2500! : o
5 Energy resolution = 15.5%
2000} consistent with expectation
1500 o ! e cul]
| Fitting data with a landan+gaus distributjion
1000/

Tairl -| T i |
1040 200 300 e Simy 60 1] SiM

Total photo electrons detected




. rototype Performance

Testing the Energy Response:
Comparison of data and Monte Carlo

+ 0.5ton IHEP prototype
« L=1.0m, ®=0.9m

Normalization

170

-
< -
=, -
~ - ] &
2 160 : 8
: - -
I L
% B B L
b - L]
S 150
e e
% .
= 140 =
r ® experimemt result 8
r 137(\q = simulation result E
130 /O =
L S
=
: 5
| el
g0 0 b b =
-40 -20 0 20 40

Z coordinate of the calibration source ( cm )

e Lo b e Ly

: GOCO

I '-\.I,
50 100 150 200

“ Data
|~ Simulation

Number of PE

Number of PE

— Simulation




Background

Natural Radioactivity: PMT glass, Rock, Radon in the air, etc

Slow and fast neutrons produced by cosmic muons

- Neutrons produced in rock

Muon-induced cosmogenic isotopes: 8He/°Li which can p-n decay
- Cross section measured at CERN (Hagner et. al.)

- Can be measured in-situ, even for near detectors with muon rate ~ 10 Hz:

4 near detectors
< 0.3% background

o T ue Y Half-life of 9Li= 0.18s
Tt | | p-ndecay of °Li mimics signal
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Cosmic-ray Muon

+ Apply the Geiser parametrization for cosmic-ray flux at surface
* Use MUSIC and mountain profile to estimate muon flux & energy

g 00—

y DYB |LingAo | Mid Far
e Elevation (m) 97 98 | 208 | 347
ik} 0.94 | 0.17 | 0.045
m; 97 136
-

2 “—:
88




Design of Shield-Muon Veto

Neutron background vs ||| rack

> -
|

o
w
o

thickness of water 4 | = *

o
N
a

muon
2 m of tracker

water \

0.15
i
0.10
1

0.05 !

Fast neutrons per day
=
Mg
=

T T T TN

t

Py ——— —=-

0. L

water thickness (m) a conceptual design

Detector modules enclosed by 2 m of water to shield neutrons
produced by cosmic-ray muons and gamma-rays from the
surrounding rock

Water shield also serves as a Cherenkov veto for tagging muons
Augmented with a muon tracker: scintillator or RPCs
Combined efficiency of Cherenkov and tracker > 99.5%




13

. Use a modified Palo Verde-Geant3-based MC to model
response of detector:

Summary of Background

Near Site Far Site
Radioactivity (Hz) <50 <50
Accidental B/S <0.05% <0.05%
Fast neutron B/S 0.14% + 0.16% 0.08 + 0.1%
SHe/?Li B/S 0.41% + 0.18% 0.2% +0.08%

Further rejection of background may be possible by cutting
showering muons.




The Aberdeen Tunnel Experiment

» Study cosmic muons & cosmogenic background in Aberdeen Tunnel, Hong Kong.

-
I'I.lllnq
1 i
e
Fl
e ,"'
ok T Ll
*
B

Overburden ~
Daya Bay sites

Percenlage

— = —
W THL ALS, Fall, Ml Mah Cal Med B0 B0, LN

Elemeuts

Fie. 1 A companson of rock compositions at Daya Bay and Aberdeen.
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Reactor-related Uncertainties of Daya Bay

* The error due to power fluctuations of the reactors is given by:

am.=ap‘jz(f;—f,:)z

Based on experience of past experiments, due to uncertainty in
measuring the amount of thermal power produced, the uncorrelated

error per reactor core o, = 2%.

fre and fr are fractions of the events at the far and near site from
reactor r respectively.

# Reactor | Syst. error due to | Syst. error due to Total
Cores Power Fluctuations | Core Positions syst. error
4 0.035% 0.08% 0.087%
6 0.097% 0.08% 0.126%
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Summary of Systematic Errors

* Reactor-related systematic errors are:

0.09% (4 cores)
0.13% (6 cores)

* Relative detector systematic errors are:

0.36% (baseline)
0.12% (goal)
0.06% (with swapping)

* These are input to sensitivity calculations
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Sensitivity of Daya Bay in sin?20,,

Far hall 90% confidence level
5 u ]
BD T = = ' |
( ) %ﬂl 2.5 E + |—— Chooz
™ - \ Daya Bay
o *F o 1]anmaan Near-mid
i I L]
X 3.5 3 '
= "TE B N
o 5 = =3 i =
Ling Ao 5
near hall 2.
(40 1)
- B
1.5 E \L?l., I i \‘ru‘j
1 ik | I £
= ' I g
0.5 C Lol L i L] Tl
10° 162
Tunnel Daya Bay siﬂzzl&l:L3
enfrance near hall + Use rate and spectral shape
(40 1) * input relative detector
P

systematic error of 0.2%




Precision of Am?;,

\ﬂ1a=2.ax1o“3,ﬁa.3ﬂfn |

4

A,,(107)

3.5

e

3 T sin°2053= 0.02

2.5

2

1.5

1

0.5

1000 2000 3000 4000 5000
Integrated Luminosity(Ton"GW*Year)




Schedule

* begin civil construction
* Bring up the first pair of detectors

» Begin data taking with the Near-Mid
configuration

* Begin data taking with the Near-Far
configuration

April 2007

Jun 2009

Sept 2009

Jun 2010

13
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Daya Bay collaboration

Daya Bay,

13

Political Map of the World, June 1999

r?’"‘"".::

~ ‘__

®o &_
. tnnr’nur.\.“'—-
= g -T-.-

North Amenca 613)

Illinois Inst. Tech., Plﬁnceton, RPI,
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~ 110 collaborators

il

BNL, Caltech, LBNL %Wisﬁlte Lt ="

Europe (3)
JINR, Dubna, Russia
-Kurchatov Institute, Russia
> Chafles Un1vers1ty, Czech Republic

Asia (13)4
“IHEP, CIAE Tsmghua:UmV hy
-Zhongshan Univ.,Nankai Univ.

Bsgﬁgﬁo‘rinal Univ., Nanjing Univ. =~ = e
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Chinese Hong Kong Univ. =

Taiwan Univ., Chiao Tung Univ., -
National United Univ.




Summary and prospect

e The Daya Bay nuclear power facility in China and the mountainous

topology in the vicinity offer an excellent oppertunity for carrying
out a reactor neutrino program using horizontal tunnels.

e The Daya Bay neutrino experiment has excellent potential to reach
an sensitivity of 0.01 for sin?26,5.

e Design of the detector is in progress and R&D is ongoing.

e Detailed engineering design of tunnels and experimental halls has
begun.

e The collaboration has continued to grow this year. Received

funding commitment from Chinese funding agencies and US DOE
for R&D fund.

e Plan to start civil construction in 2007, deploying detectors in
2009 and begin full operation in 2010.




World of Proposed Reactor Neutrino Experiments

Ghnnszfé};t.é"":_' it Krasnﬂygasrk Russia
Eraldwwd USA.: ‘A £ &
‘E’W‘ e s 1

Kashiwazaki, Japan

HEH-::J Km+ *

F o '-._:J‘ .

Dlahlc: Canyﬂn USA ’5" . ‘i-. o R o
. . % Da},ra Elﬂy Chlna +

Angra, Brazil




0 13 proposals

Reactor| ry crance | Depth | — 2" | Sensitivity | Expected
Country | Power stance | Lep Target :3;,' Wl;:y ;p:‘;i Funding
(GWe) (m) | (mwe) mass (t) (90% u.l.) | start date
Double 280 80 2008 f o
cHooz| e | 87 | jos50 | 300 | 'O 0.03 2009 f+n
350 20
KASKA | Japan 24.3 1600 260 8 0.025 2009/2010
150 230
RENO | K 17.3 20x2 0.02 2009/2010
ores 1500 | 675 A
1.6 360
DayaBay| Chima | 174 | (500) | 20 | 20x4 | 001 | 2 | ()
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Double Chooz

10 tons detectors

8.4 GW;;, reactor power

300 mwe overburden at far site
60 mwe overburden at near site

Sensitivity

sin2(28, ) < 0.03 at 90% CL

after 3 yrs, Am_,.2 =2 x 102 eV?

hitp-//doublechooz in2p3 fr/




KASKA at Kashiwazaki, Japan voliv

51?17
| 1 e o1

Kashiwazaki-Kariwa _ 1 I
Nuclear Power Station - 7 nuclear power stations, World’'s most powerful reactors
- requires construction of underground shaft for detectors
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hitp://kaska.hep.sc.niigata-u.ac.jp/




Reactor Experiment for Neutrino Oscillations

012
(RENO) at YongGwang, Korea

|

v

- ; ; Flaactgm

20tons (fid. vol.) of liquid scintillator detectors
3 nearest detectors of 200~300kg scintillators
Begin of data taking 2009/2010

 inKorea

sin2(28, ;) < 0.02

(88m high)
Mear Detector

Tunnel length:

g —~10
-' ;4 % /u(\ , Tunnel Iapﬁfh: -—Eﬂﬂmz

«—> <
150m ~1.5 km /
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Locahon of Hong Kong Site For' 0, Measurement
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Precise Measurement of 6,,

+ Since reactor v, are low-energy, it is a disappearance experiment:

- - > o Am; : o Amy L
P(V,— v )=1-sin" 26, ,sin” Pyl) cos’ B, ,sin” 26, ,sin” ddel
4E 4E

Large-amplitude oscillation
at ~b5 km due to 6,

1.1
S S S TSR A—
S U » Near detectors close to
5 ' : 5 reactors measure raw flux
EJ 1R SSS—— — .\ W .KamLARID — :
o 5 - ; 5 and spectrum of v_, reducing
z-  07F reactor-related systematic
E 0.6 Sin?(28,,) = 0.1 : :
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: it . i i 3 8-yt RS, PP, N S 1 B . . - .
- Am%,, = 8.2 x 10°eV? : the first oscillation maximum
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Precision of 6;, With The Daya Bay Facility

%10 °
Eo.11
Inputs: b
* Thermal power = 17.4 GW 0.1
* Baseline = 55 km
* Target mass = ~ 500 ton LS 0.09

* Mixing parameters:
sin?26,, = 0.825
sin?26,; = 0.1

0.08

0.07
AmZ,, = 8.2 x 10°5 eV?
ﬂmzl:g - 2*5 X 10_3 EVZ 0.00
0.05
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