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Lecture | - The First 50 Years: From The Discovery of the
Antineutrino to the First Observation of Antineutrino Disappearance

Discovery of the Free Antineutrino

The Reactor as an Antineutrino Source

Detection of Antineutrinos

Search for Neutrino Oscillation with Reactor Antineutrinos
Observation of Reactor Antineutrino Disappearance at KamLAND
Other Reactor Neutrino Experiments

Lecture Il - Precision Oscillation Physics with Reactor Antineutrinos
Precision Measurement of Am+22 at KamLAND

Evidence for Oscillation of Reactor Antineutrinos at KamLAND

Search for the Unknown Neutrino Mixing angle 613

Future Opportunities: Precision Measurement of 612

Applied Neutrino Physics: Reactor Monitoring with Antineutrinos
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Neutrinos from the Big Bang ~330 neutrinos per cm3 )

0.5 proton per cm3

# Supernova Neutrinos

High Energy Cosmic Neutrinos

Solar Neutrinos




Neutrino Energies

Big-Bang neutrinos ~ 0.0004 eV

Neutrinos from the Sun < 20 MeV
depending of their origin.

\ Atmospheric neutrinos ~ GeV
h —

Antineutrinos from nuclear
reactors < 10.0 MeV

Neutrinos from accelerators up to GeV (10° eV)



Neutrino Flux on Earth .
e e SR

What produces the largest
?

neutrino flux on Earth?

The Sun, the Big Bang, or
a nuclear reactor?

Reactor neutrinos ; :

Fri'mnrl.:l'ln..l' neutrinos - 9

from the Big Bang - -

.

““ata distance of 1 km




Neutrino Flux on Earth = ..

. Sblar neutrinos . 7 ..

: . . What produces the largest
T QiR

neutrino flux on Earth?

The Sun, the Big Bang, or
a nuclear reactor?

R _ _ Reactor nnuu-lnu_s-" :
Primordial neutrinos | % |0|u
from the Big Bang - e v
3z J0ltaes -

atadistance of 1 km




N — N + e some nuclel emit electrons!

My arentC? = E +E

daughter electron

KE =M, eniC? M C2-m C?

electron p
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electron
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Fic. 5. Energy distribution curve of the beta-rays.
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Professor Pauli proposed that an undetectable
particle shared the energy of beta decay with
the emitted electron.
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Creazione

Enrico Fermi rempo
Univ. of Chicago
Fermi's Theory of Beta Decay based on Pauli's Letter of Regrets

2
Exper'imenTI Mnc 7 Ep + Ee
Conjecture: M c" =E +E, +E,

Consistency requires that E, is not observablel!

Mr. Fermi's amazingly theory still stands (parity violation added in the 50s).

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007
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Nuclear Reactors as a Neutrino Source

E_j\/%o Tl o neiesc opb

Reactors are intense and pure sources of Ve

B. Pontecorvo Natl.Res.Council Canada Rep. (1946) 205
Helv.Phys.Acta.Suppl. 3 (1950) 97

Good for systematic studies of neutrinos.
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1956: First Direct Detection of the Antineutrino

Clyde Cowan Jr. Frederick Reines
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1953: Project Poltergeist

Experiment at Hanford
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Hanford Experiment

Incidont
AN e L

b / Gamma rays

— Meutron caplure

Inverse
bala

Positron decay

300 liters of liquid scintillator  anaiation
loaded with cadmium

Licqued scantiltalor
and cadmium

signal: delayed coincidence between positron
(2-5 MeV) and neutron capture on cadmium
(2-7 MeV)

high background (S/N ~ 1/20) made the
experiment inconclusive
0.41+/- 0.20 events/minute

Pontecorvo Neutrino Physics School, September 2007



1956: Savannah River Experiment

tanks I, Il, and Il were filled with liquid

scintillator and instrumented with 5”
PMTs

target tanks (blue) were filled
with water+cadmium chloride

Antjntutrinn}h@m resctor
!

! (D Liguid
' scintillation
Cadmium capture detector
gamma rau /

n Capture
in cadmium @ H10 + CdCl,
after Target / 76em [target)

moderation proton Annihilation

Annihilation

mma r
i o @ Liquid
scintilfation

detector

inverse beta decay would produce
prompt and delayed signal in
neighboring tanks

ics School, September 2007



Oscilloscope Traces of Data

photographically recorded

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Shielding: 4 ft of soaked sawdust

Electronics trailer

1956: Savannah River Experiment




1956: First Observation Observation of the Antineutrino

by April 1956, a reactor-dependent signal had been observed:
signal/reactor independent background ~ 3:1

in June 1956, they sent a telegram to Pauli

FIH!IFEHI:H: W PALLY - ‘%ﬂw |
HE_I-EH |.I|-I'I1||EFI'ELT'|" ZURICH @iﬁ# 1

ey § - f' : F pnor &

“'yE.A&E HAPEYSTO |NFORM YOU' THAT WE HAWE DEFIRITELY DETECTED g3 e
I AINGS FRON F|5310N FRAGWENTS EY C23ERVING IHVERSE BETA :::'::1'.'I
nﬁ" ';'I:ﬂ'l'ﬂﬂh’-ﬁ-ﬁﬂEE'.rED CROAS SECTION AGREES WELL WITH EXPECTED 'ﬂ:z:-:;

SIS TEW TO MINUS FORTY FOUR/SQUARE CENTIMETERS
FRAEDER|CK REIMES AND CLYDE COWH

Karstel



Following the first observation ....

*A Science article reported that the observed cross section was
within 5% of the 6.3x10~%** cm? expected (although the predicted

cross section has a 25% uncertainty).

*In 1959, following the discovery of parity violation in 1956, the
theoretical cross section was increased by x2 to (10£1.7) x 10~#* cm?

*Jn 1960, Reines and Cowan repurted a reanalyblb of the 1956
experiment and quoted o = (1 2 ):—c 1074 ¢

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Reactors as Antineutrino Sources

U and Pu fission
reactors are copious, isotropic

- about 200MeV / fission is released sources of ve
- fission rate is ~1.2x1020 fissions / sec

B- decay of neutron rich fission fragments

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Example: 235U Fission

PU+n—> X, +X,+2n

10.000 F——T——r—Y———
nuclei with most likely A i
from 235U fission - {000
94 140 -
0Ll 53 Ce 2
Z 0100 ¢
Together, these have Z
98pand 136 n, while 5 |
fission fragments (X, +X,) ~ |
have 92 p and 144 n ~
U.{.H:'I L VIR [N RN S S S P! (NS S [ S SN | —

70 80 90 100 110 120 130 140 150 160
Mass number A
- on average 6n have to beta-decay to 6p to reach stable matter

- on average 1.5 are emitted with energy > 1.8 MeV
» ~200 MeV/fission and ~6 v,/ fission implies that 3GW,, reactor

produces ~6x10” v_/sec.

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Antineutrino Production in Nuclear Fuel

> 99.9% of ve are produced by fissions in 235U, 238U, 239Py, 241Py

neutrinos/MeV/fission

Fission rates over single reactor
fuel cycle
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Plutonium breeding over fuel cycle(~250 kg over fuel cycle) changes
antineutrino rate (by 5-10%) and energy spectrum

from E. Blucher
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Reactor Neutrino Flux and Spectrum

Prediction of the Ve Flux and Spectrum

> 99.9% of ve are produced by ~ 90% of ve are produced by
fissions in 235U, 238U, 239Py, 241Py fissions in 235U, 239Py
Measurements

B--spectra resulting from fission of 235U, 238U, 239Pu, 241Pu has been
experimentally measured (use thin layer of fissile material in beam of thermal neutrons,
e.g. Schreckenbach et al., Hahn et al.)

— can be converted to Ve spectra

Calculations
238 beta spectra not available since fast fissions

— determined from theory (+/-10%)
(238U is only 10% of rate)

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



B Spectrum of 235U Fission Products

BETAS PER FISSON PER MEV

Schreckenbach et al.

—4——+'5,  PL160B 325 (1985)
KINETIC ENERGY OF BETAS IN MEV
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Bugey Experiment

Derived v Spectrum Checked Against Data

- B-spectra measured for 235U, 239Py, 241Pu. Converted into v-spectra.
- theoretical calculations for 238U

1.2
11 3 -

| P o Bugey3/ first
10 g™ D~ principle calculation”
0.9- . - AR ok
n.a i i ! 1 | I

0 1 2 3 4 5 6 7

1.2 b) Bugey3/ best
111 | prediction” (uses
1.0 i i o e e | B~ spectra where
0.9 ' +- possible and
0.8 [ I | I I I calculation for ‘Ej'gw

0 1 2 3 4 - 6 7
Positron energy (MeV)

spectra derived from 3-spectra: +/-1.4% agreement
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Ve Spectrum

From Bemporad, Gratta and Vogel
g
£ observed spectrum*
< :
cross-section accurate to +/-0.2%
calc mean energy of Ve 3.6 MeV
Speé =o0nly disappearance expts possible
2 3 4 5 6 7 8 9 - I10
I E, (MeV)

threshold: neutrinos with E < 1.8 MeV are not detected

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Goesgen Experiment

Comparison of Predicted Spectra to
Observations

two curves are from fits to data and from
predictions based on Schreckenbach et al.

3 baselines with one detector

Counts (MeV h)™’

flux and energy spectrum agree to ~ 1-2%

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics S
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Nuclear Reactors

Contaimment Structure

reactors are an extended Pressurizer _Steam
neutrino source;
3-4m diameter, 4m high

Reactor vessel head - - Head cooling spray system

Steam dryer
‘g J __— Steam outlet nozzle
| \% Support flange
! I i Steam separator o ":'
‘ Reactor pressure vessel - "
Feedwater sparger —____ : S0 B B I —] _1 mm v i S :1} ﬂ
}- Iy g P eedwater inlet nozzie
: - : j 16| |20f | || 16
Core spray inlet nozzle - 2 i Q = I] | > j_l = :ﬂ
Core grid i / /F'"" assembly o I:F = T 5 = T B
Il p— 16] [12] (12 ERERT
| I 5 P Moderator tank g 1? 12 12 12 12 I: £
I Bl 3 5
il | » 20 16 12 1 [ |
. i #*J 4ok e $ L i .
il B . Contol rod guide tube = =F }EL o I : = 26 et ‘."'
i B = ENCEHEREERGEE
(1 [ AR EREREINERERERE
I 6] [12] |12 [ss] 2] [12] |ie
Pump impeller 4 ) 1 16 16 l: :5]
) / Main circulation pump m | t: jl I : :ﬂ
1 16| [2of | |20] li6
| Is] |3 |=
Pump motor housing - I —
control rd drive hausing [P ONtE@COrvo Neutrino Phys




BULGE JOIHTS

BIMPLE
GRID SPRIHG

BOTTOM HOZILES “~-.THIHBLE SCREW

Reactor Fuel Assembly



Reactor Refueling

refueling at Palo Verde and predicted

3-6 week shutdown every antineutrino rate

12-18 months

~250 |
. z
1/4-1/3 of fuel assemblies S5 [
. =il £ ) —
are replaced, remaining 2 E T\ w )
fuel repositioned »+200
175 |
S L ]
150 £ g £ E
- < L < -
125 0 % z
5 ) 2 o 50
100 g = %ﬂ §
- e - =
75 F  Z ] = =
& 5 2 =
: o) 2
50 -
: B
Ve flux from reactor has 25 F h
time variation - 3 reactor cores
[} _I. 1 I a1 i | I. 1 1 L1 ] 1 I 1 1 | L i 1 1| |. L1 i 1 I I 1 1 1 I i1 L

-500 400  -300 -200 S I Uﬂ 0 100
Karsten Heeger, Univ. Wisconsin = Time since 1-Jan-2000 (day)




Burn-Up Corrections

» Burn-up correction needed
— The percentage of the different
primary isotopes change with
time
— Different fuel components yield
different spectra

» Experiments receive information
from reactor company who
understand this very well

— Use information to calculate a
time dependent rate of
neutrinos vs energy

a§

] ]n*u

& =\

g Bl L T T T T —

8 I LA LT T Y

-:- | qltiiiilll-l-‘lllillltzl':
I T re

= *lllhl‘illillillli‘lill.l‘

| s ol
T
L
.llll

|
JUI AN SIS EEEEENEENEENEENEENEEEEEEENEEEEEN

E.IFL.I .
T om

E-I-IIJThI

e I i}
242
Pu
I
II} | !’l"l"l'l"'l""l"l"l'!"l"!'l"l"l'rl"ll!'
YT

L
- LA AAAAM
| ""1F'

| v T""'

10 14

0 50 100 150 200 250 300 350 400 450 500
Drays

Karsten Heeger, Univ. Wisconsin

Pontecorvo Neutrino Physics School, September 2007



Antineutrino Detection reactor neutrino

geo neutrino Y rompt
by inverse beta decay ‘K\e"' S
Ve+ P —€*+n Ve p/\:‘
/ ----------------------- > I Y delayed
n+p— D +vy (2.2 MeV) l//
mean capture time \
(delayea) ~ 200 psec on proton n:.y
coincidence signature between .
prompt e+ and delayed neutron anti-neutrino detection by inverse beta-decay
capture on H, (or Cd, Gd)
1.805 MeV

10-100 keV
/ / other detection mechanisms:

Ve+d—2etr+n+n

including E from e+ annihilation, Eprompt=Ey - 0.8 MeV

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Neutrino Oscillation Search with Reactor Antineutrinos

Oscillation Searches at Chooz + Palo Verde:

Chooe H
Muclear Power Station
2 x 4200 MWth

s J 8

Distance: 1km

Newnng

Larpet

ol

Chonz Underground Mevinno Laboratory
Ardennes. France

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutl

Veevx

EEEEERILEEEER
optical =
barmer stee]
- ™= tank
' containment
P
acrvhc
vessel

IBASAAAREAEEESd

| low activaty gravel shielding |

D_

1 2 3 4 5 6m



Chooz: Operation and Data Taking

Chooz data taking: April 97- July 98

Time (h) [ W dt { GWh)

Run R7T61.7
Live time 8209.3
Dead time 552.4
Reactor 1 only ON 2058.0 82495
Reactor 2 only ON 1187.8 1136
Reactors 1 & 2 ON 1543.1 85841

Reactors 1 & 2 OFF 3420.4

Chooz started data collection
before reactor began operating.

UNIQUE possibility to measure
backgrounds

-

-]

LF

Daily Candidate Events

~2.2 evts/day/ton with
0.2-0.4 bkg evts/day/ton

~total sample included
3600 v events

all data

A
] reactor off, only bkgd

0 2 4

Reactor Power

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2Cu.



Chooz: Signal and Correlated Background

Signal

% ‘= Ve+p—n+e'
)
| J
e
Sy n+Gd—Gd —>Gd+ Yy
™ -ﬂ“-?ri\:i"v“-l,f J
Correlated Background E E, =8MeV
: i
/P
P
. neutrons from cosmic ray W
§y interaction in the rock
N .“"'E'?ﬁ"u’ v

- T like signal faked by
the proton recoil

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Backgrounds for Reactor Experiments

« Backgrounds to the

e* - n coincidence signal Energy spectrum of backgrounds and signal

:T"IIII|I|I|I-IIIIIIIIIIII'IIIII'IIT_IT-_

400
Uncorrelated Backgrounds

— ambient radioactivity ';.’._m 1
— accidentals 2 1
— cosmogenic neutrons :: 200 n
_-E Total BG (3.6% E
Correlated Backgrounds = 100 Spallation neutrons |

e, < (7%
. . . -'""':'- i
— cosmic rays induce neutrons in ;/ oG8y §:-E§Eaumc. 19 + 0.4%]
the surrounding rock and buffer 0 e R

rEgiﬂnnfthEdEtemDr |||||-||l|||l|||||||l|||||!_||||l|l|:|:
1 g 3 4 5 & 7 2 L 10

— cosmogenic radioactive nuclei E,., [MeV]
that emit delayed neutrons
in the detector

eg. 8He (T1/2=119ms)
°Li (T1/2=178ms)

from M. Shaevitz

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Chooz Reactor On/Off

Events
——

0 + n-capure Energy
Neutron : +
Energy Spectra " Honetor O

o Reactor OFF

300 + +

i [

+ *
o = - ({:.
s T #
F'ﬁ"%w"’ N .
a] ¥ |
én .:élllll.'lllllIEIIli.I-I.l

Neutron |
Delay Distribution

Events
.
_+_

_+. e"-n Delay

s Renctor O
200 | ++ o Rensctor OFF

.+.
T4 Tt
8o T | Jf . il
I d1h_+_+_di.-':l—_.j_1j I ++ ..:..- - _.-:
. :P,_ ¢-A.-J-_D_ L=y : -D-':‘:
=] 2] 40 = EIE' — Hlﬂ L;'J
s

Karsten Heeger, Univ. Wisc
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240 — '." |
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o | | - MC
150 = ‘Ii‘ i
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Chooz: Positron Spectrum

Events

- Positron Yields for Reactors |+lI

- Fit to Spectrum

- Comparison to Expected Yield for
No Oscillation

-Reactor On/Off

~— 0.3
L] ifi] + . =
e energy 2 07 ® reactor | (data)
g O reactor 2 (data)
el L + 206 - = no oscillations
'+' ® Reactor ON = :
) — reactor 1 (best fit)
st
200 |- '+' o Reactor OFF *» 05 | — reactor 2 (best fir)
5 04 |
LSO -
-+- 0.3 -
oo - _+_
T l _+_ 0.2 -
[+ Mt 5t
. L4 1 ‘% e 2 0.1
D Hordes T iy |
i I
L | | ! | 5 Ei : i ,
0 1

I.{: - 7 I 8
e’ energy (MeV)

3
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Chooz: Reactor On/Off Data

n-like energy (MeV)

15

10

Reactor On
d, = M em
d_» Wem
d.+ o« 100 cm
2ot o 100 ps
A B
v conchdale region
- C
e, :
L o
D
i M PR
5 4] 15 0 25 M

e*-like energy (MeV)

n-like energy (MeV)

0

15

10

Reactor Off

z

v candekye region

C

i R ——— -

d,+ Mem
d » Mcm
d+ 1000

<A« 100 ps

P -

10 15 20

15

Im:.

e*-like energy (MeV)
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Chooz: Results

~3600 events in 335 days
~2.2 events/day/ton
with 0.2-0.4 bkgd events/day/ton
2.7% uncertainty
parameter relative error (4) E_
reaction cross sect inlll::ﬂl.ll'-‘i:l 1.9% _i
number of protons 0.8%
detection l"”ji'i,l"lll:":'l.' 1.5%
reactor power 0.7%
energy released per fission 0.6%
combined 2.TH

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Pt

300

250

150

100

50
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Chooz: Degradation of Scintillator

A (cm)
:
—_——
-

|

Alt) =i (1 + at)
A, = (587 + 33) cm
a=(42+04)10°d"

(1]

Ji ey L
days (since 12-mar-1997)

Ll ] LI 441 Lmp

Karsten Heeger, Univ. Wisconsin

Pontecorvo Neutrino Physics School, September 2007

Attenuation degrades
by ~0.4% per day.



Reactor ve Flux Measurements at Different Distances

flux measurements at distances up to
~1km consistent with expectations

1.4
1.2- t
ﬁﬁHﬁ fh—
g
2 08—
= |
"E S « Savannah River
= 06— A ILL
N e Goesgen
- Rovno
0.4+ v Krasnoyarsk
] < Bourges
. o Bugey
0.2- m Chooz
] o Palo Verde
0.0-
TTT] T LR ERL | LLI |
10' 10° 102

Distance (m)
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Reactor ve Flux Measurements at Different Distances

flux measurements at distances up to
~1km consistent with expectations

1.4
1.2- +
1.0 Ly r||'+
A T %’ )
$ 08
%‘E ] + Savannah River
= 06— A ILL
% e Goesgen
i > Rovno
0.4 v Krasnoyarsk
3 »x Bourges
. o Bugey
D'E__ m Chooz
- o Palo Verde
0.0-
III1II| T T IIIIFFI T T T r|||||
10' 107 102

Distance (m)

Poltergeist

Reactor Power « Target Mass (MegaWat-tom)

MNaUtning Mass Sensinahy
v*q | | I | /’(
0" e’ 0™ ey 0 ev" 0w ev® 0 v 0 et
n—
! amLAND
0 * =
1% par yiear
0’ - (statistical)
\
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Nuclear Reactors in the World

Longer baselines for reactor antineutrino flux measurements require
- large ve source
- large detectors
- deep experimental site
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Measurement of Reactor Antineutrinos in KamLAND «

Japanese Reactors
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Anti-Neutrino Detection

- oom 3 through inverse p-decay
1| N ' :
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~200 MeVperflssuon e
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Energy (MeV)

53 reactors

reactor v flux ~ 6x106/cm2/sec

: »

Pontecorvo Neutrino Physics School, Septemt




Baseline Distribution at KamLAND

A limited range of baselines contributes to the flux of antineutrinos at
KamLAND

g 120
%ﬁmi Korean reactors:

E :_ 3.420.3%

5 g0l

g L L ~180 km Rest of the world

= ool +JP research reactors:
: 1.1£0.5%

f u

Japanese spent fuel:
0.04+0.02%

]
=

1

0 100 200 300 400 500 600 700 800 900 1000
baseline [km)]

=

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007
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Going Underground
to Detect Neutrinos




KamLAND Detector K
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Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Detecting (Anti)Neutrinos in KamLAND

observed energy (MeV)
0.4 solar neutrino 1.0 geoneutrino 26 reactorneutrino 85 supernova neutrino

reactor neutrino

solar neutrino gen nEUtrInD Y K prnmpt

A Vg ~

Y
V.’B e Ve p / : \
....................... >
~a
----------------------- > delayed

e_ \ Y l

neutrino detection by electron scattering mean Captu re time LY
~ 200 usec on proton n - Y

X

Karsten Heeger, Univ. Wisconsin

anti-neutrino detection by inverse beta-decay —



Antineutrino Candidate Event

(colour is time)

Prompt Signal Kbt i1 Delayed Signal

E =3.20 MeV E=2.22 MeV

AR =34 cm

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007






KamLAND z-axis Calibration

Routine Calibration Sources

68Ge e+ 2 x 0.511 MeV
657N Y 1.116 MeV
60Co Y 2.506 MeV

AmBe v, n 2.22,4.44, and 7.65 MeV
Laser and LEDs

T ' A Ge O Am/Be(2.2MeV)!

G, 10 | *5cm =Zn 0 Am/Be(4.4MeV)i

= sLd ! \ 4 g Co 4 Am/Be(7.6MeV)

L e $8% g . 5 & 9 g e ’}‘

FATESE W

> L. v T % iy

3 S A g

N-10} | Fiducial e
-15 i y 1, !

L PR [ T T T N TR PR I T T T L
-600 -400 -200 0 200 400 600
z position [cm]

60Co: 1.173+1.333 MeV in the detector
0=6.2%/VE light yield: 239 p.e./MeV

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007




z deviation|cm |

Fiducial Volume Determination

With radioactive sources
10

- | e AmBe " Co v Ge
[ #* Am/Be & Zn
F |
R ¥ * :
E -!lll 2 s ?!%. lfl'
sF f*
_1{] : | I 1 | | I 1 | | | 1 1 | | 1 1 | | 1 | | I 1 | | I 1
-600 -400 -200 0 200 400 600
zassleml \With muon spallation
L . 40005 . N
Fiducial/Total Volume Ratios 3500E- : 12B N
3 i
Geometrical 0.595 + 0.013 S s00E : balloon
2B B-decays 0.607 + 0.006 £ 5000E- —+—} mdws
p(n,y)d 0.587 +0.013 2 1500E=
oLi relative <2.7% 1000E- — i
s00E- fiducial :
KamLAND volume error: 4.7% {]ID- . .g_lgl . .{]l_.q_. . .[]_Iﬁ. . .ng. — : - 12 14

. . . - 3
Karsten Heeger, Univ. Wisconsin Pontecorv (R/6.5m)



KamLAND in 2003:
First Direct Evidence for Reactor v, Disappearance

1L4F
Reactor Neutrino Physics 1956-2003
1.2
1.0 e oot o e .g‘;“ -
=
o 0.8F
Z A ILL
& ¥ Savannah River
ZO 0.6 < Bugey
> Rovno
04 ¢ Goesgen
A Krasnoyarsk
O Palo Verde
0.2+ ®m Chooz
® KamLAND
0.0 | I | l I
10" 10 10° 10* 10°
Distance to Reactor (m)
PRL 90:021802 (2003) 50 Years of Reactor Neutrino Physics
Observed v, 54 events : : :
oy 1 First reactor neutrino experimen
No-Oscillation ~ 86.8 + 5.6 953 First reactor neutrino experiment
events 1956 “Detection of Free Antineutrino”,Reines and Cowar
Background 1+ 1 events — Nobel Prize in 1995
Livetime: 162.1 ton-yr

2003 KamLAND'’s observation of v, disappearance

Karsten Heeger, Univ. Wisconsin Pontecorve



KamLAND in 2004:

Evidence of Spectral Distortion in Energy Spectrum

K
L

Events / 0.425 MeV

80 T T T 1 T 1 T T T T T T T 1 1 T T T T T T T T T | 1 1 T 1 | T T T T T T
B no-oscillation
B ! accidentals
- [ B ()0 hep-ex/0406035 (2004)
0 : BN spallation Observed v, 258
i best-fit oscillation + BG ev ents
“ ‘ - MemiAND data No-Oscillation 365.2 + 23.7 (syst.)
40 | beSt f|t X2=24—/1 7 ) - ) y )
i Background 17.8 £ 7.3 events
B Livetime: 766.3 ton-yr
01 [ |
0 e
0 1 2 3 4 5 6 7 8
Eyromp: (MeV)

Karsten Heeger, Univ. Wisconsin

Pontecorvo Neutrino Physics School, September 2007



KamLAND in 2004:

Evidence of Spectral Distortion in Energy Spectrum

Events / 0.425 MeV

80 T T T 1 3L I I I I I I I LI I I I I I I I I I | LI LI | I I I I I I
B no-oscillation
1
B _|_|— accidentals
. ;13 16
60 . HEEE C(a,n) 0O
I 1 .
! [ spallation
- 1 - -
' best-fit oscillation + BG
B —e— KamLAND data
40— ‘ ‘ best fit x2=24/17
= -
20 iy
[
= o hen
— ot “//\z\/:v‘/vv = =
LR
= EXRARNCRn
P T
0 R R RTINS
0 1 2 3 4 5 6 7 8
E (MeV)

hep-ex/0406035 (2004)

Observed v,

events
No-Oscillation

Background
Livetime:

258

365.2 + 23.7 (syst.)

17.8 £ 7.3 events
766.3 ton-yr

Spectral Distortions: A unique signature of neutrino oscillation!
Simple, rescaled reactor spectrum is excluded at 99.6% CL(x2=37.3/18)

Karsten Heeger, Univ. Wisconsin

Pontecorvo Neutrino Physics School, September 2007



KamLAND in 2004:

Evidence of Spectral Distortion in Energy Spectrum

K
L

Events / 0.425 MeV

80 T T T 1 3L T T T I I I I LI I I I I I I I I I | LI LI | I I I I I I
B no-oscillation
1
B _|_|— accidentals
. ;13 16
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B —e— KamLAND data
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=
e
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B Lo AR,
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210Pp ——210Bj — 210Pg

Spectral Distortions:

138d, a +206Pp

hep-ex/0406035 (2004)
Observed v, 258

events
No-Oscillation 365.2 + 23.7 (syst.)

Background 17.8 £ 7.3 events
Livetime: 766.3 ton-yr

13C(at,n)180 (~107)

A unique signature of neutrino oscillation!

Simple, rescaled reactor spectrum is excluded at 99.6% CL(x2=37.3/18)

Karsten Heeger, Univ. Wisconsin

Pontecorvo Neutrino Physics School, September 2007



KamLAND in 2004:

Evidence of Spectral Distortion in Energy Spectrum

K

30

no-oscillation

accidentals
S 1 (0n)°0 hep-ex/0406035 (2004)
60 spallation Observed Ve 258
best-fit oscillation + BG events

—— KamLAND data

No-Oscillation 365.2 + 23.7 (syst.)

Events / 0.425 MeV

40l | best fit x2=24/17
i T+ Background 17.8 £ 7.3 events
. JF Livetime: 766.3 ton-yr
2 = | Future
e +|_I_b,_ Reduce 210Pb, lower analysis
& threshold.

e
;
?
]
g

[

:

[

o

0 1 2 3 4 5 6 7 ] )
E (MeV) Reduce systematic error with
prompt improved calibrations.
138d, a

210Pp ——210Bj —— 210PQ +206Ph

13C(at,n)180 (~107)

Spectral Distortions: A unique signature of neutrino oscillation!
Simple, rescaled reactor spectrum is excluded at 99.6% CL(x2=37.3/18)

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Neutrino Oscillation Fermi, 1934 L

Creazione

Neutrino States Mass States

Weak States
First _ Second First . - Second
Va
Vv sinf A

" cosd v v, cos@ sin0 | v,

[an] e =

S 0 £ v, 2sinf cosO|\v,
10 ?

Vi
Time Evolution
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Pontecorvo, 1968 : .
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KamLAND 2004 Data

£
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2.6 McV prompt e KamLAND data

analysis threshold best-fit oscillation
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Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



KamLAND - Systematic Uncertainties

E>2.6 MeV

%
Fiducial volume 4.7
Energy threshold 2.3
Efficiency of cuts 1.6
Live time 0.06
Reactor power
Fuel composition
;e spectra 2.5
Cross section 0.2
Total uncertainty 6.5 %

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



KamLAND - Systematic Uncertainties 5@

E > 2.6 MeV
Y%
Fiducial volume 4.7
Energy threshold 2.3
Efficiency of cuts 1.6
Live time 0.06
Reactor power 2.1 given by reactor company,
Fuel composition 1.0 difficult to improve on
;e spectra 2.5
cross section 0.2 theoretical, model-dependent
Total uncertainty 6.5 %

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



KamLAND - Systematic Uncertainties

E> 2.6 MeV

%
Fiducial volume 4.7  volume calibration
Energy threshold 2.3  energy calibration or

analysis w/out threshold

Efficiency of cuts 1.6
Live time 0.06
Reactor power 2.1 given by reactor company,
Fuel composition 1.0 difficult to improve on
;e spectra 2.5
cross section 0.2 theoretical, model-dependent
Total uncertainty 6.5 %

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Am? in eV?

Measuring Neutrino Oscillation Parameters

Solar Neutrinos

10

10
10

10
l SuperK

10

105" =

107"

-12
10°

10
1 10 10°%
tan®(©)

10~ 40~ 10

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Measuring Neutrino Oscillation Parameters

Solar Neutrinos Solar Neutrinos
+ KamLAND 2003
(v, rate)
_3 _3
«_ 10 q 10 ;
= >
? . uf © /) b i%
S40Y . =g
<E] . g E
10 ° 10 V
KamLAND
10 © 10 6 95% allowed
by rate+shape
10 7 10 7
r l SuperK
108 \% 108
10 ° = 10
1010 e 1010
o 167!
10712 1071%
10% 10° 102 107" 1 10 10 10* 10° 102 10" 1 10 102
tan’(©) tan(@)

Agreement between oscillation parameters for v and v

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Measuring Neutrino Oscillation Parameters

Solar Neutrinos
+_KamLAND 2003

Solar Neutrinos
+ KamLAND 2004

Solar Neutrinos

(v, rate) (v, rate+spectrum)
w10 -3 R ~ 10 -Sf _____J .
% % 1.2:10
Cl Gl b)

o 10 s ' /] 40 O i
e c _ g
> = $ I| < & / <107 |-
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3 . KamLAND ~_ .~ r
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10 7 -4 157 | I
SuperK | 6)(10-5 | KamLAND+Solar fluxes
85 CL
10 = 4 10 '8. -ses,c.L_
B se.73CL
; = 9 N T T P e
10 . E 10 7 w0 u.ls u|.4 U.|5 06 07 08
< tan® B

10710 = 107

1o ToRd
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Agreement between oscillation parameters for v and v

Precision neutrino physics

Karsten Heeger, Univ. Wisconsin

Pontecorvo Neutrino Physics School, September 2007




Discovery Era in Neutrino Physics: 1998 - Present

Am;2 measured
and confirmed.

| = SK: zenith angle dependence of atm v
104 102 100 102 SNO: solar ve flavor transformation
tan”0 KamLAND: reactor Ve disappearance

http://hitoshi.berkeley.edu/neutrino

Karsten Heeger, Univ. Wisconsin Pontecorvo Neutrino Physics School, September 2007



Other Reactor Neutrino Physics: Texono

» TEXONO Collaboration — Academia Sinica-based and run, with groups from
China, Turkey & India, close partnership with KIMS group in Korea.

» Facilities — Kuo-Sheng Reactor Neutrino Laboratory in Taiwan; YangYang

Underground Laboratory in South Korea.

» Program — Low Energy Neutrino and Astroparticle (Dark Matter) Physics.
Neutrino Magnetic Moments, Neutrino Radiative Decays, Axions
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from Jun Cao, Lepton/Photon



Reactor Neutrino Interaction Cross-Sections
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Texono 2007 Highlights

Fluidic Dag for Rnien “u'||u
o e Improved Limits in Neutrino Magnetic
e - Moments (PRL-03, PRD-07)
we B H(v)<7.4X 10" py @ 90% CL
- Bounds on neutrino radiative decays.
1.5} M — e Reactor Axion (PRD-07):
L _ I ANE O Improved laboratory limits axion mass 102-10¢ eV
13: TEXONO,/8 / _:' L Exclude DFSZ/KSVZ Models for axion mass 104
:— R L Sgrennch 100 eV
A L e
e R

@ On-Going — measurements of neutrino-electron scattering cross-sections (i.e. sin*0_at MeV)
@ Future — develop 100 eV threshold + 1 kg mass detector for

= First observation of neutrino-nucleus coherent scattering

= Dark matter searches for WIMP-mass less then 10 GeV

> Improvement of neutrino magnetic moment sensitivities
from Jun Cao, Lepton/Photon








