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Outline

 Lecture 1

— observation of the neutrino

— reactors as an antineutrino source

— prediction of the antineutrino flux from reactors

— detection of reactor antineutrinos

— oscillation searches with reactors

— observation of reactor antineutrino disappearance at KamLAND
— precision oscillation physics with reactor antineutrinos

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012



Outline

* Lecture 2
— precision oscillation physics: theta13 and beyond
— the reactor anomaly

— future reactor experiments
* B2
* mass hierarchy
- sterile neutrino searches
— searches for new physics
* magnetic moments
« coherent scattering
* NSI
— experiments with antineutrino sources

— applications of reactor antineutrinos: monitoring & communication

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012



Neutrino Energies

Big-Bang neutrinos ~ 0.0004 eV

- .
EH e DT

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

Atmospheric neutrinos ~ GeV

Antineutrinos from nuclear
reactors < 10.0 MeV

Neutrinos from accelerators up to GeV (10° eV)
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Neutrmo Flux on Earth
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Sblarneutrinos.'f, e PN

Primordial nautrinos
from the Big Bang. .«

L. .

What produces the largest
neutrino flux on Earth?

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

Reactor neut;rlnés-" ','_
0 ‘
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The Sun, the Big Bang, or
a nuclear reactor?
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Discovery of the Antineutrino



History of the Neutrino
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First Proposal For Direct Detection of Neutrino

Nuclear

\ explosive
\ Fireball
Buried signal line
30m for triggering release
| |

Back fill— Vacuum
pump
Suspended
detector Vacuum
line
Vacuum —
tank

Feathers and
foam rubber

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012
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Nuclear Reactors as a Neutrino Source

E}v%o mﬂw‘ucyfv&-‘
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.

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 "



Enrico Fermi and the Neutrino

THE UNIVERSITY OF CHICAGO
CHICAGO 37 - ILLINOIS

INSTITUTE POR NUCLBAR STUDIBS

October &, 1952

Dr. Fred Reines

Los Alasos Scientific La“oratory
P.0. Box 1663

Los Alazos, lew Lexico

Dear Fred:

Thank you for your letter of October Lth by Clyde Cowan and
yourself. T was very cuch interested in your new plan for

Enrico Fermi proposes "neutrino” the detection of the reutrino. Certainly your new method
. should be zuch_simdler to carry out and have the great ad-
as the name for Pauli's postulated vantage that the measuremont can be repeated any mu=ber of
. tines. I shall be very interested in seeing how your 10 cudic
partICIe. foot scintillation counter is going to work, but I do not inow
of any reason why it should not.
. . Good luck.
He formulates a quantitative s .
. incare 0
theory of weak particle "
interactions in which the neutrino
plays an integral part. waEsoe Ferml
v

Karsten Heeger, Univ. of Wisconsin Pontecorvo Schod 12




1953: Project Poltergeist

Experiment at Hanford
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Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012
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Hanford Experiment

inverse beta decay
Vo+p—et+n

Reines, Cowan

Incident
antineutrino

Gamma rays

e "-m ’""“"‘"""‘lﬁ

Gamma rays

300 liters of liquid scintillator
loaded with cadmium

Neutron capture

beta
decay
Liquid scintillator

and cadmium

Positron
annihilation

signal: delayed coincidence between positron
and neutron capture on cadmium

high background (S/N ~ 1/20) made the
experiment inconclusive

0.41+/- 0.20 events/minute

Pontecorvo School, September 10, 2012 14




1956: First Direct Detection of the Antineutrino

Clyde Cowan Jr. Frederick Reines

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012
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The Savannah River Detector

A new design (1959)

tanks |, Il, and Il were filled with liquid i
scintillator and instrumented with 5" PMTs o iR P>
target tanks (blue) were filled with b

water+cadmium chloride

inverse beta decay

Ve =+ p — et 4+ N ntinwtrino}from reactor
/@ uiquid
,/ scintillation
Cadmiym capture o5 detector
gamma rays /
/
\ o4
/
/
.
n Capture -
in ca'c:mium . ® n,c()n:' :::)cn,
after ;
moderation Annihilation inverse beta deCay WOUId
produce prompt and delayed
ihilati . . . .
Se ok ® v signal in neighboring tanks
scintillation
detector

mber 10, 2012



Observation of the Free Antineutrino

1959 The Savannah River Detector - A new design

Second version of inverse beta decay

. , . N +
Reines’ experiment Ve*P—6er+n
worked! <
positron annihilation n capture

(a) T=0 Positron annihilation produces electron signal. (o) T=3pus Neutron capture produces neutron signal.

: ! B |
B " i Detector | Signal
¥ Detector | Signal
s | —L
g § Neutron
- Target tank A Target tank A CoEie ]
L 3| L
g— Target tank B [ g— Targettank B [ ]
Detector Il Detector Il
L (Q 100l, Septe — H 17




The Savannah River Detector

A new design (1959)

tanks I, Il, and Il were filled with liquid
scintillator and instrumented with 5” PMTs

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

inverse beta decay
Ve+pP—=€t+n

Neulion scope

——-‘———‘k—-

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

Noutron scope

1) Foshiron soope

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012
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The Savannah River Detector

A new design (1959)

tanks I, Il, and Il were filled with liquid
scintillator and instrumented with 5” PMTs

target tanks (blue) were filled with ‘ . ——
water+cadmium chloride -

Shielding: 4 ft of soaked sawdust
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shielding and background
reduction is important

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 19



The Savannah River Detector

A new design (1959)

tanks I, Il, and Il were filled with liquid

scintillator and instrumented with 5” PMTs . s '

target tanks (blue) were filled with

water+cadmium chloride

700 T T 7 T T T T
" A THIS POINT WAS SCALED UP TO
600 - ALLOW FOR CUTTING IN OF
- GATES
T SO0  CONSERVATIVE LOWER LIMIT
- "0 [~
2N a00}
oY =
(&)
X 300}
-
w 0— -
<m 200}
g -
100}
-/
/
0 2 4 6 8 : _
POSITRON KINETIC first reactor ve spectrum

ENERGY + | MEV

Reines, Cowan, Phys Rev 113, (1959)273

Karsten Heeger, Univ. of Wisconsin

Pontecorvo School, September 10, 2012
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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

; £er Post
ﬂ’f__‘i“_f""’f"i |:y ZURICH @ =
1 PROF. W. FAULI R
= - i = . .

VE ARE HAPPY TO INFORM YOU THAT ¥E MAVE DEFINITELY OFETECTED o~
NEUTRINGS FROM FISSION FRAGMENYS BY OBSERVING INVERSE BETA DECAY
B OF PROTONS OBSERVED CROS SECTION AGREES YELL ¥ITH EXPECTED SiX 3
ITIMES TEN TO MINUS FORTY FOUR SQUARE CENTIMETERS i

g 5 FREDERICH -Lo~—3 AND CLYDE COWN
o w ,"" IBOX 1663 LOS | ALAMOS NEW MEXICO !

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012
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A Lesson from History

*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) x10-% cm?

*In 1960, Reines and Cowan reported a reana1y51s of the 1956
experiment and quoted o = (1 2+4)x 10 om

Ref:
R.G. Arms, “Detecting the Neutrino”, Physics in Perspectives, 3, 314 (2001)

\
\ i

'x‘.‘4 ’~r The Nobel Prize in Physics 1995 'nﬁ',»

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012



THE DETECTION OF THE
NEUTRINO, 1956
On August 27, 1956, at the Savannah
River Plant (now Savannah River
Site), Drs. Clyde L. Cowan, Jr.
(1919-1974) and Frederick Reines
(1918 ~1998) used P Reactor to detect
the neutrino. a sub-atomic particle
hy pothesized in 1930 but unconfirmed
until their experiment, one of the
e iN1OS T significant in modern physics.
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Reactors as Antineutrino Source



Energy Release in Fission and Self-Fusion

B/A (MeV)

9.0 .. atA=120: 8.5 MeV
S6pe. NI gg S
28g; P
iy H\ Ba
¢ .
8.0 ! : ) s |
=N Sy |
b at A=240: 7.6 MeV
ol | Fig: Basdevant et al.
0 50 100 150 200 250
A 200
- only nucl_el with 40 < A <95 are = 100- fission
stable against both fission and self- > e
fusion ~ fusion
- Q¥is calculated for symmetric fission 0 o
0 100 200

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 25



Fission and Nuclear Deformation

Nucleus **U

(¥ <
@ )
Slow Fission Fast
Neutron Products Neutrons

variation of energy as a function of distortion
Ea= fission barrier

Karsten Heeger, Univ. of Wisconsin Pontecorvo Schc

Sequence of Events in the Fission of a Uranium
Nucleus by a Neutron

104 0 10 seconds

second second T second —‘— to years —|

Ground state ~ 200 MeV

l

Deformation o

- - = Excited state

— — = Ground state A



235 Fission

distribution of fission fragments

nuclei with most likely A
from 235U fission

94 140
wlr Ce

58
Karsten Heeger, Univ. of Wisconsin

10 A= 4G5 A=137
235
sU+n—>X +X,+2n
e : 1
asymmetric fission into lighter "
o~
T
[4¥] —
R " 2 0.1
I h—4
= “ 3
235, I - 8
U z @ 0.01F
o A=118
Z=50)
%, 000t | 2*°U Fission
7
e Fragments
0.01/fiss1on
0.0001/fiss1on
.-/\\ « beta stable 70 90 110 130 150 170
....... I Mass number A of

Z=28

N

together these have 98 p and 136 n while fission
fragments (X1+X2) have 92 p and 144 n

fission fragment

on average 6n have to beta-decay to 6p to reach
stable matter — Ve

Pontecorvo School, September 10, 2012 27



Reactors as Antineutrino Sources

B- decay of neutron rich fission fragments

pure source of Ve

energy per fission

MeV
Kinetic energy of fragments 1655
Energy of prompt photons Tzl
Kinetic energy of neutrons ot 0.0 some energy taken away by
Energy of B decay electrons 7 il neutrinos, neutrons etc
Energy of B decay antineutrinos 10
Energy of y decay photons =1

Total 20016

~ 200 MeV/fission and 6 ve/fission 3 GWih reactor produces ~6x1020Ve/sec

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 28



Fission with thermal and fast neutrons

9,
235 *PUs+n 238(J
239 U*
3 sk
) 6U = fission
9
~3é\iU—Hl
6.0MeV
6.3MeV 5.7MeV
4.8Mc\
thermal n + 238U does not lead to
thermal n + 235U can lead fission, only radiative capture
to fission of 236U o _ N
fission of 239U requires addition
n + 235U has higher 236U 239, of neutron with kinetic energy
energy than lowest Th=6-4.8=1.2 MeV

fissionable state : :
some nuclei require thermal neutrons for

fission, others require fast neutrons

Nuclei which are used most easily as fuel reactors which burn 23°Pu and which
(fission rapidly by thermal neutron capture): contains 238U can produce more Pu
233, 235, 239Py than it needs — breeder reactor

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 29



Nuclear Reactors SPR—PY | | (YA

reactors are an extended Pressurizer _Steam W

erator

neutrino source: i ,,.m,,_ﬂ_______,.ﬁ g
3-4m diameter, 4m high g . = T

N
—
s Control
Rods
Reactor vessel head —__ - ___— Head cooling spray system )
, Reactor
A |l : Vessel
‘ [ Condenser
Steam dryer —___ ‘
m _— Steam outlet nozzle
| é Pl e
| : 8
| g
‘ \\\ _— Support flange
] | - Steam separator COﬂtI'Ol I’OdS S ﬁSS||e matel'la|
Ui y - ~__— Reactor pressure vessel N X
fReivatera s A __— Feedwater inlet nozzle 2 l - mm J‘r mOdera tor
R 2 ]
Core spray inlet nozzle ) =& | /7 10 L L °
: = ‘ ‘. __ Fuel assembly Ll 12 12 20
Core grid — L= 200 [12] [ie] | 16| [12] |20
:g ___—Control rod 16 12 12 12 12 16
. __— Moderator tank S 12 12 12 L 12 12 2 s
| 2 16 12 12 16 20/
| ‘ »
; i 4’ = e e > X
- ' 2] 6] 12| Js{ [12] J16] |20
In-core neutron - 1l : ___— Contol rod guide tube 8 12 12 12 I 12 12 12 8
flux detector — —T 16 12 12 12 12 16
! 200 1121 [l | 1] 12] |20
‘ } 2| 2] |3 h2] |2
Pump impeller — 16 20 I 20 16
8 N ] L 3
b Main circulation pump heat ﬁ'anSfer~~ radl ation pl"OtGCthn
Pump motor housing
contol i arive howsing | Pontecorvo School, September 10, 2012 30




Fuel Element for a PWR Reactor

Rod cluster
control assembly /X

fae ,:_,}::,4,.;"'7&:“~-Fuel rod ).—Plug
- Grid y
assembly

_ . Pellet
" Fuel tube

Fuel rod

" guide thimble * L
tube I

Pontecorvo School, September 10, 2012 31



Reactor Antineutrinos

Source

v, from B-decays
of n-rich fission products

pure Ve source

typical fuel composition

235|J:238|J:239Py:241PYy =
0.570: 0.078: 0.0295: 0.057

10

10

10

10

10

neutrinos/MeVHAission

Energy (MeV)

> 99.9% of Ve are produced by fissions in 235U, 2381, 239Py, 241Py

~ 90% of ve are produced by fissions in 235U, 239Py

Plutonium breeding over fuel cycle (~250 kg) changes antineutrino

rate (by 5-10%) and spectrum

Karsten Heeger, Univ. of Wisconsin

Pontecorvo School, September 10, 2012
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Build-Up of Fission Products & Burn-Up Corrections

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

isotope uncertainties of 4-6% for most
0.1% for 238U, correlated

Fig: Basdevant et al.
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l‘) S50 100 150 200 250 300 350 400 450 500
Days
» Experiments receive information
from reactor company who
understand this very well
— Use information to calculate a
time dependent rate of
neutrinos vs energy

~5% isotope uncertainty yields
~0.5% uncertainty in neutrino flux

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 33



Reactor Refueling and Time Variation

refueling at Palo Verde reactors and

- predicted antineutrino rate
Ve flux from reactor has

: . ~250
time variation = f
2225 | r — —
2 RN T
0200 —
3-6 week shutdown every > :
12-18 months 175
150 — = = =
1/4-1/3 of fuel assemblies : E g =
are replaced, remaining s £ 2 ? 3 3
fuel repositioned S S > %
100 F £ < g Z
r O - = O
[ = o st
BE 3 z 2 S
" D = o &1
i ) =
50 2
: =
25

- 3 reactor cores

0 Ll l Ll L 1 l | .. 1 L L1 1 1 LA L L l LA 1 1 l LAl 1 1 l Ll L
500 400 -300 200  -100 0 100
Time since 1-Jan-2000 (déw)

Karsten Heeger, Univ. of Wisconsin P



Thermal Power — Fission — Antineutrinos

1. Power Measurement

. Contribution | Relative fraction
most accurate measurement Iis Origin of uncertainty [MWth] [%)] of the
secondary heat balance method 17.2 MWth

. Discharge coefficient 15.33 79.57
offline, Differeftial pressure 6.33 13.57
done Week|y, Steam gen. inlet temp. 2.81 2.68
uncertainty ~0.5-0.7% Primary input 2.00 1.35

Others uncertainties 298 3.00
Uncertainty at 95% C.L. | 4250+17.2 MW (0.40%)

2. Core Simulation
fission fraction of fuel isotopes are obtained by core simulation

3. Energy release per fission in MeV

Isotopes  James Kopeikin
T5U 2017206 201.9220.46
238y 205.0+£0.9 205.52+0.96
239py 210.0+£0.9 209.99+0.60
A41py 212.4+1.0 213.60+0.65

4. Neutrino Spectra

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 35



Fission Products, 3-spectra, v

Measurements

- B--spectra resulting from fission of 235U, 238U, 23°9Py,
241Pu have 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

reference spectra from ILL over last 25 years

B-spectra

'-' T T T T T T =
%J 1 55;—’. 3
=2 — B spectra E
e L[ — _
510 = .
[7] — 3
2 — ]
102 & — 3
10° s E
[ |—241Pu e
10% - <
— 239Pu + 3
o5l | 238U T
I

1 1 1 Ll 1 1 1 L

bl L N R
B kinetic energy (MeV)

Calculations

v (fission".MeV™)

-

-
Q

emitted V-spectra

10% ¢
10°

10" ¢

— nu241Pu - =
nu239Pu el

-+ -

— nu235U +
T B Lo loniid]
2 3 4 5 6 7 8 9

v kinetic energy (MeV)

Detected v ( fission” MeV™' x10*®)

BETAS PER FISSION PER MEV
o
il

10 E T T T T T T 7
N

\1
\
Schreckenbach et al.
PL160B 325 (1985)
E
235 1
U 1.
3
HS S S S

KINETIC ENERGY OF BETAS IN MEV

detected v-spectra

2.571\‘\\\\‘\\\\‘\\\\‘\\\ ‘\\\ ‘ \‘\\\\L
L —241Pu

2r R 239Pu |
- ¥ i — 235U

151 ++ =
L * +
i o

1 + ++ ]
i L
r =+

0.5} N +*++ n
o) A PR T e ]

2 3 4 5 6 7 8 9

v kinetic energy (MeV)

238|J beta spectra not available, fast neutrons required for fission
— determined from theory (+/-10%), contributes 7-10% of fissions in a PWR

Karsten Heeger, Univ. of Wisconsin

Pontecorvo School, September 10, 2012

36



Neutrino Flux Predictions

Reactor data Reactor evolution codes

Thermal power, 6P, <1% Fraction of fissions from isotope k, Sa.=few %

O,(E1) = ——x Y a,(1)S,(E)

Nuclear databases

E released per fissions of v spectrum per fission
isotope k, 6E,~0.3%

S, (E) = X all fission products

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 37



Sk(E)

Sum of all fission Ny
products’ activities SA-(E) — Z -Afp(T) X Sfp(E)
/| fp=1
Sum of all B-branches
of each fission product Z BR ZfP‘ Afl? p’ E)

N e \

{fp X.F pr Afp E)XPE E Ofp
—~—

Theory of B- Norm. Fermi fnnctl(m Phase space
decay
x Ch(B) x (1485,(Zpp, Agy, B))
Shape factor Correction
b
‘S b/ = GV(QED ) T LO( coulomb size) + C(n-‘eak size )+ S( screening ) + 6WM (weak magnetism)

Ref: Lhuillier

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 38



Neutrino Flux Predictions

Fission fraction vs. burnup (5%)
Burnup=Mega-watt days/ton uranium
(From reactor company)

Total uranium in core (0.4%) | | Reactor power vs. day (0.2%)

Burnup vs. fortnight

(From reactor company)

/

Burnup vs. day

/

Fission fractions vs. day

Energy released per isotope
per fission

Fission rate per day

e ———"—

Fission rate per 1sotope per day

Nonequilibrium corrections (O(1%))

{

\ beta to neutrino spectrum

Karsten Heeger, Univ. of Wisconsin

(3% calc or 1.4% meas (Bugey))

)

Neutrino spectrum vs. day
(~few%o)(uncertainties combine non-trivially)

Pontecorvo School, September 10, 2012

Spent fuel (0.3%)

(low-energy)
(Not yet implemented)

Ref: Lewis
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Goesgen Experiment (1986)

P 37.9m
Comparison of Predicted Spectra to 10- 4 b,
Observations ool H

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% [ ! ' o

reactors are a “well-calibrated” source of ve

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 40



Bugey Experiment (1996)

Check v Spectrum Against Data

Measured ve spectrum shape and normalization agreed with calculated predictions to
~10% and with converted electron spectra even better

1.2
14 2 |
b s Bugey3/ first
V) s T . B S S principle calculation”
0.9 —— e S seendessem : _+_ Calculation only
0.8 i ‘ | i i ) Klapdor and Metzinger, 1982
0 1 2 3 4 9 6 7
1.2 o) Bugey3/"best
By | prediction” (uses
1 | e e = T i, L TRR B~ spectra where
0.9} +- possible and
08 , ; , : | 1 calculation for *3U)

0 1 2 3 4 5 6 7 Beta calibrated

2 Schreckenbach, 1985
Positron energy (MeV) Hann, 1989

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

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012



Detection and Studies
of Reactor Antineutrinos



. . From Bemporad, Gratta and Vogel
Reactor Antineutrinos .
£ observed spectrum
5 mean energy ~ 3.6 MeV
Detection inverse B-decay
Ve+p—etr+n
\ Cross-
observable rate and energy calculated cection _
spectrum reactor cross-section
spectrum accurate to +/-0.2%
only disappearance experiments \
possible < O

neutrinos with E < 1.8 MeV 2
are not detected

only ~1.5v, /ffission can be detected

neutrino energy (MeV)

----------------------------------------- 1 c/kg/kev/d

v_scattering
Vee(MM)

Events (/kg/day/keV) -

e T T T T T T T

i o y recoil energy (keV

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 43



Antineutrino Detection

reactor neutrino

geo neutrino Y rompt
inverse beta decay x et R
Vet pPp = €7+nN Ve p/'\)A
/ ....................... » /\ 'Y de|ayed
n+p — D +vy (2.2 MeV) Z//
mean capture time \
(delayed) ~ 200 usec on proton n =Y
coincidence signature between X
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—2et+n+n

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

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 44



Physics with Reactor ve

Discoveries and Precision Measurements of Neutrino Properties

Antineutrino Discovery ~ Reactor ve Spectra Ve Oscillations
.- ; // T v L ~ -
R / L~ r A3 'F
S "g / ‘// = s RN 49m
‘ > * ® £ o5
2o % @ osf * A
P Ca et é < | N\ E osf-
s L 5, 3 [
p c'ec 2 0'4 - 9 é 0'4_
=R | e i
8 0.2 ". 02 __3.ybestfitoscillation ——Data-BG-Geov,
O ol @ o g Bl TR ititiwisserin TN
0 20 30 40 50 60 70 80 9 100 110
Ly/E, (kn/MeV)
Searches for New Physics Reactor Monitoring and Application
neutrino magnetic moment and fuel burnup and isotopic composition
coherent scattering searches . 500 |
_ _ Bt ‘ ' AT T+ 100
e Ve - M ——— |
v 1 / § 400 a | 65 2;?
\'_ \’\. 8 - > || - | - 9,
l : _ 1 . < ..‘g 300 - Fuel Cycle n \\'Rce)fuutzlgi’r;g :' Fuel Cycle n+1 so%
[ncoming Antineutrino - .' 402
NC g0 Energy = E / S 200 . { g
g ] = v \ |> \ [ =
1 . 3 | | 03
Nuclear Recoil::j. g 100 - Prodectodrae | b/ o
Energy =T s a e
e e mass = M 0(?/2605; A 16/2605 v oélzboé ‘ o;slzé)oé . 1;)/2;)o€ '

Date
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Neutrino Oscillation Searches
with Reactor Antineutrinos



Neutrino Oscillation

neutrino flavor change occurs if neutrinos have mass and leptons mix

u
\YY /ﬂ > ‘Va Z ‘Vz

7[..7“'/ Vu T o
’ Detector
[Long Journey ,
o tri Fig: Kayser
miXing matrix mass eigenstates
W, wH W+ 3 nh
4 © | V3 I
—e g > > ; = =
Co -3 Vi Vi Sy "B 2
ai pi =
—\/5 ’\/5 '5 >Am§lm
()
c
vy Vo V3 o
C
e [Uj U, U, [ [ — S—
U = u Ulul U!(z U‘“3 g V1—:‘ m2
C
T UTI UT2 UT3 h .Ve .vll Hv-

Experiments study flavor conversion as a function of energy, distance and determine
mixing angle and mass splitting L
2

P . =sin’20sin’|1 27Am* =

2-neutrino case, vacuum i—>i E

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 47



v./MeV/fisson

Reactor Neutrino Oscillation Experiments

neutrinos/MeV/fission
JllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII‘IIIIIL
Z
~~
P4
0 .S l]llillllillllillllillllillllillllillllillllilAll

01t 2 3 4 5 6 7 8 9 10
Energy (MeV)

Energy (MeV)

Karsten Heeger, Univ. of Wisconsin

Ve Ve x
1.1 |
1t X
- \Q_I;‘\‘
y : detector \\
2 0.8 [ |
I N
= : !
0.7 e
2 g Am? 1
° 0.6 e 3
- |
0.5
- |
0.4 | 1
- |
03 L ,
0.1 1 10

Baseline (km)

P, —v,)=1

din

» Ams,L

4E

Pontecorvo School, September 10, 2012

Neutrino per fission

Ve x
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9F ]
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F X0
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: ]0
L 1T
6 1 e
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-
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Oscillation Experiments with Reactors

Measure (non)-1/r2 behavior of ve interaction rate

2 2
) + 2 Am L 4 ) ) Am L
P, ~1-sin"26,sin"| —2—|-cos" 6, sin"26,, sin"| —=—
v 14
L/E = Am?2
amplitude of oscillation — 6
for 3 active v, two different oscillation
length scales: Am?12, Am?2z3 L1 NS S
l AmZaim Am?2gq
1 — (m3)2 (m:): - _ —‘K
g I‘A’_’; Am?12~7.6 x 10-5 eV? 09 | \i/ 4
0.8 e13
(A, * 0T Py :
- Yo (/.\m?)arm Am223 ~2.4 X 10-3 eV2 0.¢ - L ~ 1-2 km L
0s | |
(Am“’) ("‘:): 0.4
Z‘d ()’ (m,)” E—— Am223 zAm213 0.3 i
normal hierarchy mverted hierarchy 0.1 1 10

Baseline (km)
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Search for Neutrino Oscillations at Reactors

early experiments tried to probe “atmospheric neutrino anomaly”
early oscillation experiments didn’t know the length scales involved

~ 1
< 3
L4F ' = F
Am? = [ —— Palo Verde (excluded)
121 4 atm L
: l g 1 — — CHOOZ (excluded)
10 - SK 90% CL (allowed) -
1.0t~y — FHs e eeee .,#.. ...... ]
o 1 P
o
ZO 0.8} ) =<
£ o6L 4 LL | 10 B -
Z \k Sa‘.annah l{l‘.cr & llllllllllllllllllllllllllllll ..
O Bugey [ _‘_.-'
0.4 x Rovno ¥ \\ J—
¢ Goesgen B gy H
ool 2 Krasnoyarsk 10 T —————— 3
= [1 Palo Verde E 1 ThmrTTEEeSs .
m Cl C ]
N | | L ; At Am2,, = 2.5x103 eV2,
1 2 3 4 5 I Sln226 < O 15
10 10 10 10 10 P TN Y ok . B ot et
Distance to Reactor (m) 0 01 02 03 04 05 06 07 08 09 1

sin 2613
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Neutrino Oscillation Search with Reactor Antineutrinos

Oscillation Searches at Chooz + Palo Verde:

Chooz B
Nuclear Power Station
2 x 4200 MWth

<l

Distance: 1km

Absolute measurement with 1 detector

detector size: several tons

Karsten Heeger, Univ. of Wisconsin Pontecorvo Scho

— =
Ve Vx
optical o
barrier steel
== tank
' contamnment
i region
acrylic
vessel
low activaty gravel shielding
| I l l l I ]
0 1 2 3 4 5 651m




Backgrounds for Reactor Experiments

« Backgrounds to the

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

-I]IIIIIYIIIAIIIIIIITTTI11]IIIIYIT]T‘I~-‘
400 |- -
Uncorrelated Backgrounds ] ]
— ambient radioactivity 2 300 - ]
P> B 4
— accidentals P 1
— cosmogenic neutrons 3200 -
é Total BG (3 6%) 1
Correlated Backgrounds 2100 Badliadion aidony God
" i i ' \é/ ) o
— cosmic rays induce neutrons in : Qe enics (0.4% + 0.4%}
the surrounding rock and buffer 0 = —
regionOfthedeteCtor lllllllllll'llllllllllllll!lll'l'l'll
; . ; _ I 2 F 4.5 .6 7T ¢ » N
— cosmogenic radioactive nuclei E,, [MeV]

that emit delayed neutrons
in the detector

eg. 8He (T1/2=119ms)
9Li (T1/2=178ms)
from M. Shaevitz
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Events

Chooz: Positron Spectrum

- Positron Yields for Reactors I+l|
- Fit to Spectrum
- Comparison to Expected Yield for No Oscillation

“Reactor On/Off

I ~ 03
+++ 3
300 + S -
€ energy g 0.7 ® reactor | (data)
L ~
1= O reactor 2 (data)
250 3 X
<3 ® +~ L 0.6 = no oscillations
o J =
- ReaCtor Ol\ § — reactor | (best fit)
-
200 |- | + ¢ Reactor OFF o 0.5 reactor 2 (best fit)
* _._
04 |

LS0 |- > U

+ 03 |-
1o |- ;

- -
| + 0.2 |
S0 g i
| J..¢.. o | -‘]l)-ﬁl'%jji’-e 0.1
-«J‘p-:’- T T YJP“'l)_'Q' Q- 9 m ol -
0 e '
(RS e SIS EMEE O M L A 1 |
0 2 n 6 R 10 2.5 1
MeV

Karsten Heeger, Univ. of Wisconsin

Pontecorvo School, September 10, 2012

6 7 8

e’ energy (MeV)
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Chooz: Results

Events

~3600 events in 335 days mb o . 4

® Reactor ON

20 = + © Reactor OFF
~2.2 events/day/ton 1 1

with 0.2-0.4 bkgd events/day/ton l t 7

- + +
300 + + e energy

- + +
_ +
50 + +—+
- [+ it 4t
2.7% uncertainty g Pretteo 1% Haeny
0 — 5 — -:» — 6 I . Sl — .10
MeV
parameter relative error (4) o ol 3
reaction cross section (flux) 1.9% = el
l““lll)‘\l' ‘)1‘ ')l'(”()llH ()(\"{ 1.5 - ]\. — I “l 2l\'(l (\l;ll'
detection efficiency 1.5% e L _ 5 g
reactor power 0.7% . r:ﬁ« i
E i ‘0 ‘ T 3 11 |
energy released per fission 0.6 I ==+ %{_}_’# . w‘\_’ X
- - | ,‘- o~ -~
combined 2.7% ) J ¥
058§ = -
0Os -
"2 T Ref: hepex/0301017
0 Cemie S— | b — A —
1) 2 - ( ~

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, Sej
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Chooz: Degradation of Scintillator

Mt) = A /(1 + at)
A, = (587 £ 33) cm
a=(42+04)10°4d"

o % 100 15 piLl

Karsten Heeger, Univ. of Wisconsin

% Mo AL a0 44

days (since 12-mar-1997)

Pontecorvo School, September 10, 2012

Attenuation degrades
by ~0.4% per day.



Reactor ve Flux Measurements at Different Distances

Neutrino Mass Sensitivity
14F 0% | I | 1 >
. 10.' vl n" ‘Jl ﬂd Vl n‘ v: n‘ V; ﬂ‘
Early Reactor v Experiments s : : : FAY 5
1.2 — xr ‘CE; A WAL
T ot
1.0 _# w‘f.m% st iy s i § 1% par year
P [ L (statistical)
= sl 1956-2000 | & * \
< A ILL S el -~
4 * Savannah River @
o 06 o Bugey 3
S 4
~ < Rovno s 0
04l & Goesgen o
' A Krasnoyarsk L A Bugey I
[0 Palo Verde x & \
(),2 — m (Chanz R =davannan o
o ”) % 0 - River =08gen
0.0__4 L ! | | a on] \/
2 3 4 5 e
10' 107 10° 10 10° S oL
; S 4 Rovno
Distance to Reactor (m) o }/
10° -
flux measurements at distances up 0! et , ' |
to ~1km consistent with 10m 100 m Thmn - 008m

Baseline

expectations

Q—lm —
Karsten Heeger, Univ. of Wisconsin Poltergeist 56



Reactor Antineutrinos in Japan

Japanese Reactors Reactor Antineutrinos

Kashiwazaki

*10012345678910

Energy (MeV)

235J:238J:239Pu:241Pu = 0.570: 0.078: 0.0295: 0.057

55 reactors ~ 200 MeV per fission
~ 6 Vv, per fission

~2x 100V _/GW, -sec

~

Japan

7 Kamioka

reactor v flux ~ 6 x 106/cm?2/sec

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 57



KamLAND Antineutrino Detector

\—/e+ p — e+ + N Eﬂe = Ep + En + OSMGV

through inverse B-decay liquid scintillator target:
- proton rich > 1031 protons

£ o
£ -

- good light yield i xg; fr

. !
$ Tafx
: 4%
j 4 oy <
15
A !
=
-
- b




Antineutrino Candidate Event

(colour is time)

Prompt Signal B ¥ 1T v Delayed Signal

E =3.20 MeV E =2.22 MeV

AR =34 cm

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 59



First Evidence for Reactor v, Disappaerance

KamLAND 2003 LAE
Reactor Neutrino Physics
* 12 1956-2003
10 _‘* ﬂm#ﬁ ....... A — — —
a_' @
o 0.8
Japan Z A ILL i il
_8 ¥ Savannah River " S e
@] 06 = o Bugev ) : +_ "
= R()Vl{o 5 :
04 ¢ Goesgen
' A Krasnoyarsk
0 Palo Verde
- 02+ B Chooz
mean, flux-weighted reactor ® KamLAND
distance ~ 180km 00 | L ' | L
5 10’ 10> 10° 10" 10°
E 6 11.2 % Distance to Reactor (m)
x 4B\ el REe € e 0.8 o Observed v, 54 events
o 00 £ No-Oscillation 86.8 £ 5.6
s 2 104 = events
a 1t £ 0.2 .2 Background 1+ 1 events
© bt i il el BB L1000 S i ; . _
£ % 50 100 150 200 250 300 350 400 450 500 & Livetime: 162.1 ton-yr
§ Distance (km)

PRL 90:021802 (2003)
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Evidence of Spectral Distortion
KamLAND 2004

0 77

- alm alysils th,relshold L no—tlscillationI | Observed v, 258 events

€ 1 coeees ?aﬁgde:)ﬁig No-Oscillation 365.2 + 23.7 (syst.)
_ 60 L spallation Background 17.8 £+ 7.3 events
CO ; —— bestitoscilaton +8G | Livetime: 766.3 ton-yr
9= —e— KamLAND data
S 40| = ‘ ‘ | best fit x2=24/17 fiducial volume syst.: 4.7%
z [ . +T+ total systematics = 6.5%
o | :
z

20— SRR I
I L
| i T e = P
0 1 2 3 4 5 7 8
E'prompt (MGV)
138d, a

210Pp ——210Bj — 210Pg

~200Pb 222Rn decay chain introduced
13C(a,n)180 (~107) in the LS during assembly

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. of Wisconsin Pontecorvo School, September 10, 2012 61



Measuring Neutrino Oscillation Parameters

solar neutrino problem

=} = =) —
= o e —_ o
T —

Ré\tio to SSM Prediction (BP04)
)

o

=)
e T

oscillation searches

. S atmospheric/beam
1 I ""LQ{QR_U,S}‘% ] neutrinos
NOMAD
Ga 1100 = T 023, AmM2o3
t
cl SK
3  {
(o3l odloses
I F,ncrgyl?McV) .
2 |
e o ~. solar/reactor
51 Super neutrinos
012, Am?212
10—9 |
i 2 unless ot\h::rw‘ise !noled d | |
10704 102 10° 102
1960-1990 1990-2000 2000 - Present

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012
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Am? in eV?

Measuring Neutrino Oscillation Parameters

Solar Neutrinos

10
10 -
10
10
10
10

10

'}"j:.'u { mmm(IC <

162

107"

12

10°

10°

10° 10° 10 1 10

10

tanz((-))

Am? in eV?

10

10

10

10

10

10

10

10°

10

10

Solar Neutrinos
+_KamLAND 2003
(v, rate)

= y 1
=
-4 )
/ \\ —
-5 ‘*
KamLAND
-6 95% allowed
by rate+shape
-7
-8
-9
10
-11
-12
10 10° 10= 10 1 40 10°
tan’(0)

Solar Neutrinos
+ KamLAND 2004
(v, rate+spectrum)

1.2x10™

b)
110 —

@

8x10°

Am? (V)

Agreement between oscillation parameters for vand v neytrino physics

Karsten Heeger, Univ. of Wisconsin

Pontecorvo School, September 10, 2012

6‘/".0'5 [-.L KamLAND+Solar fluxes
955 CL
99 CL
Il %o.73%C.L.
B gobal best fi
waoilon Lo Lo Lo b a b
0.2 03 04 05 0.6 0.7 08
tan” @
Beginning of precision
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Precision Oscillation Physics
with Reactor Neutrinos



Evidence of Spectral Distortion

KamLAND 2008

Prompt event energy spectrum for ve

< 100g
§ 80;_ =s= Selection efficiency number of events
2 4618; expected
5 SR | oo o (no-oscillation): 2179 + 89 (syst)
N ; - KamL{’ﬁND data observed: 1609
L 2 e no oscillation .
250:_ ; | '----E -.-.- best-fit osci. bkgd 276 + 23.5
> - _____ : accidental o .
$ 2008 iy L ; 13c(o;,n)”o significance of disappearance
L . ! 7 -fi Y .
q N s G, 27 SestmGeow (with 2.6 MeV threshold): 8.50
S - : : = —e— . est-fit osci. + BG
s DO mjﬁ*r + best-fit Geo ¥, no-osc x2/ndf=63.9/17
= - : R !
S 100 T% !
4 - : _— : :
of 7, . significance of distortion: > 50
- best-fit x2/ndf=21/16 (18% C.L.)
T Al Lo | Ll
Y 2 T3 4
previous analysis threshold E, (MeV)

- unbinned likelihood fit (rate+shape+time)
- 2-flavor oscillation analysis with w/Earth matter effects
- geo-neutrino U, Th amplitude is a free parameter

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 65



Systematic Uncertainties and Backgrounds

Systematic Uncertainties

Detector-related (%) Reactor-related (%)
Am3 Energy scale L9  Te-spectra [7] 0.6 i i .
e e fiducial volume systematics
Fiducial volume 1.8 T)-spectra 2.4
E reduced from 4.7% — 1.8%
Event rate| Energy threshold eactor power 2.1
Efficiency 0.6 Fuel composition 1.0
Cross section 0.2 Long-lived nuclei 0.3
TABLE II: Estimated backgrounds after selection efficiencies.
Background Contribution
Accidentals 80.5+0.1
Li/*He 13.6+ 1.0

Fast neutron & Atmospheric v <9.0
13C(a,m'?0 G.S. 157.24+17.3
BC(a,m'®0 ?C(n,ny)?C 4.4MeV v)[  6.14+0.7
13C(a,n)*°0 1% exc. state (6.05MeV et ) 1524+3.5

13C(a,n)*°0 2™ exc. state (6.13MeV v) \.3.5+0.2
Total 61735 (humber of events)

significantly reduced
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411 Full-Volume Calibration

Design Concept

|

///I A
’ZZZKII /[ [EYEAENENENN]
I | ZZZ&Z] ) O VL T
gl T | RN

Calibration Data

BT T T T T T T T 8 -
[ g ] N
6 7 6 7
[ % ] [
- e . Ely .
2F - 2 -
of | of- 7
-2k -2k 4
a4 . a4 .
6 e s 6 el s
| | | | | Ll | P R B | | |
6 4 -2 0 2 4 6 6 4 -2 0 2 4 6
X [m] X[m]

Vertex distribution of 60Co/68Ge
composite source in 4t calibration runs.

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, Se

gIovebox W|th—"——

60Co sources
along pole

60C0/68Ge source
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Oscillation Parameters

Rate-Shape-Time Analysis

KamLAND only
Y tan29=0.56 *J ¢
S 15F - 0.
é 105_ 30
S Am?2=7.58 T 1 X105 V2
S e ol
KamLAND 'la‘ww -h Ln o
95% C.L. Qe @ a
99% C.L. B
< 99.73% C.L. F o
> 1074 best fit IS
5 !
= KamLAND-+solar
S (combined under assumption of
< : :
o CPT invariance)
.......... 95%CL - . . .
----- 99% C.L. R
— 99.73% CL. |l i i 20 = +0.06
*  best fit * tan @_047 -0.05
L e el
107! 1 10 20 30 40  Am2=7.59 1921 y10-5eV?2
o) ) ) -0.21
tan-0,, Ay
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0.8

0.6

0.4

0.2

KamLAND L/E Dependence

I .o Am?L
[« Data-BG-GeoV, oscillation  P.. =1 — sin® 26 sin”( ~ E)
- — Expectation based on osci. parameters g L9, , maL .,
_ determined by KamLAND decay ol gokp(_‘z_rf ),
- + decoherence pP.=1- %51112 26(1 — oxp('—ﬁ,%))
: + ! gi
- Lo=180km
O I_ 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1
20 30 40 50 60 70 80 90 100

LyE_ (km/MeV)

Solar neutrino problem solved!

1970-1995 first identified by Ray Davis (missing solar ve)

2002-2007 SNO observes neutrino flavor change, finds evidence for neutrino mass
2003-2008 KamLAND demonstrates v oscillation, precision measurement of 6, Am2

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012 69



Pathway Towards Discovery

baseline: 1 km

size: 5 ton 180 km

1000 ton

s s
= | ¢ cnerg) e« Data-BG-Geo¥V, i
T sk R=101 28% (star) 1-_— Expectationbgsedonosci. "
L - + determined by Ka
- >‘ -
125 7 % T 5 L
| s 0.8
2
T i g 5+ B ——
IR pd | W E— :
+ 1) 4 -+ A~ 0.6 + —l-;“:|
075 - —e— = N |
| = —
05 * g 0.4
L wn L +
"® T Ref: hepex/0301017 | 0.2
0 al Pl b . PRSP B B
-U : - O !IJ 0||||||||||||||||||||||||||||||||||||||||||||||
Me\ 20 30 40 50 60 70 80 90 100

Ly/E. (km/MeV)

- Take big steps
- Don’t always trust “theoretical” guidance
- A little bit of luck

Karsten Heeger, Univ. of Wisconsin Pontecorvo School, September 10, 2012



Neutrino Discoveries - A Success Story

1968 Ray Davis detects 1/3 of

expected solar neutrinos. <)
(Nobel prize in 2002) )'

1998 SuperK reports evidence for
oscillation of atmospheric neutrinos.

2001/2002 SNO finds evidence for
solar ve flavor change.

2003 KamLAND discovers
disappearance of reactor ve

Pontecorvo School, September 10, 2012 7



55 years of liquid scintillator detectors
A story of varying baselines...

2008 - Precision measurement of
Am122 . Evidence for oscillation

2003 - First observation of reactor
antineutrino disappearance

1995 - Nobel Prize to Fred S
Reines at UC Irvine [ .

Ve,

1980s & 1990s - Reactor neutrino flux v/
measurements in U.S. and Europe =31~ | L S S Hanford

1956 - First observation Savannah River

. . ILL, France
of (anti)neutrinos ) Bugey, France

Rovno, Russia
Goesgen, Switzerland
Krasnoyark, Russia
Palo Verde

Chooz, France

>avannah River

Past Reactor Experiments



Measurement of Fundamental Parameters

Mass Splittings KamLAND 2010
KamLAND
B 95% C.L.
k 99% C.L.
B 99.73% C.L.
m2 m2 |04~ * bestfit
A [— v(; A D
g ] VH | 1 |
-V » _ Solar
! 95% C.L.
"132—— N ——"122 ----- 99% C.L.

1 solar~7.6x10eV? s .
atmospheric il — s -
~2.5x10-3V2 , g s

atmospheric tan’,,
17122__ ~2.5%103eV?2
solar~7.6x109eV?
m2| 1 m,2
1 3
3'5— ‘—,le,\lO'S110.7'1x'10'20é0+(\j“)' — MINOS Nu2012
9 9 P +3.36 x 10° POT (¥,) + 37.9 kton-years
. = ] — Super-K zenith angle*
> 3 - Super-K UE"
0 0 (O} | — T2k
(42]
o
. ~— -
normal inverted =
& B
2 o g 2—_ *Neutrino 2010
~ — - **PRD 85, 031103(R) (2012) |
KamLAND has measured Am122 to ~2.8% [ rsienEE, e
1.511111....1..1.11111
0.8 0.85 0.9 0.95 1
sin?(26)
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Neutrino Oscillation

, L

Mixing Angles P, =sin®20 sin’{ 1.27Am" -

=i
u, U, U,\ (08 05 U,
u=\U, U, U,|=|04 06 07| Uyngp Matrix
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: : ial2
=[0 cos6,, sin0,, |x 0 1 0 x|—sinf, cosf, O0[x|0 e“ 0
0 -sinB,, cosO,) |-e®’sinG, 0  cosb, 0 0 1) \0 0 7"
“ ~ _ g - - I\ ~ Yy, - ~
atmospheric, K2K reactor and accelerator SNO, solar SK, KamLAND Ovpp
5 LI LI LI | LI 5
| I _ _II I I Frrrrl I I I_ T UL T T 1 1 T
' giobal ] ' ! 90% CL (2 don ] - Isolar ! ! '
— 4 ' - 4F global . 15~ =
R 1> F 1% 0 )
© °F o b/ 1% 10F Z
S 1 23 /4 \skikoksMiNos ] 2 L ]
— 2r = las | ]
N ;M 4 v @ 4 v &N
C ] 2 - - .
S F 1 5 15 sf E
3 | atmospheric - na E N 1 Schwetz et al
0 C 111 I L1l L1 11 111 l_ :II[ : 0 C ] arXIV:0808'201 6
0 02 05 075 1 2 1 updated as of 2010
5 10 10
sin 6, sin2913 o



Neutrino Oscillation - Before 2011 -
Mixing Angles g
U, U, U, (08 05 N —
v=\U, U, U,|=l04 06 v7| Uynsp Matrix S e B B
u, U, U, 04 06 07 Maki, Nakagawa, Sakata, Pontecorvo
1 0 0 cosO,, 0 cosf, sinf, I 0 0
=|0 cosf,, sinO, |x 0 1 0 x|-sin@, cosf, 0|x[0 e 0
0 -sinB,, cosO,) |-e®’sinG, 0  cosb, 0 0 0 0 e
~ ~ _J . ~ - & ~ - ~"
atmospheric, K2K reactor and accelerator SNO, solar SK, KamLAND  OvpBp
sin? foq sin® f3 Sin“ f1
~N+0.07 91 0-+0.019
0.507 06 small? zero? 0.3187 01
maximal? large, but not maximal!
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Neutrino Oscillation - Before 2011 ;
. E - an,
Mixing Angles 2
| v, E——
Uy U, Us) (08 05 S| —
u=\Uu, U, U,|=|04 06 07| Uyngp Matrix = mve mv B
u, U, U, 04 06 07 Maki, Nakagawa, Sakata, Pontecorvo
1 0 0 cosO,, 0 cosf, sinf, O0) (1 O 0
=[0 cosB,, sinf,, |x 0 1 0 x|-sinf, cosf, O0|x|0 e“? 0
0 -sinB,, cosO,) |-e®’sinG, 0  cosb, 0 0 1) \0 0 7"
“ ~ _ . ~ J - ~ J AN ~"

atmospheric, K2K reactor and accelerator SNO, solar SK, KamLAND  OvpBp

Quarks Leptons

(Tai) - (319)
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