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Neutrino Energies

Big-Bang neutrinos ~ 0.0004 eV

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)



Neutrino Flux on Earth = ...
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Discovery of the Free Antineutrino



History of the Neutrino
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Nuclear Reactors as a Neutrino Source

[3—}\/%0 Tl 6 Hwwes oplo
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 NUSS, July 13, 2009



1953: Project Poltergeist

Experiment at Hanford
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1956: First Direct Detection of the Antineutrino

Clyde Cowan Jr. Frederick Reines

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



il b .
Mg >omsnl ~egge | Hanford Experiment

Incident
antineutrino

“\ / Gamma rays

_ Neutron capture

Inverse
beta

Positron decay

300 liters of liquid scintillator  anatos
loaded with cadmium

Liquid scintillator
and cadmium

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

NUSS, July 13, 2009



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

Antinwtrino/from reactor

/ @ Liquid

- scintiligtion

Cadmium capture detector
pmma rays /

n Capture
in cadmium @ H40 + CdCly
after 7.6 cm (target)

moderation Annihilation

Annihilation

3
gamma ravs @ Liquid
scintilfation

detector

-

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

2009



Observation of the Free Antineutrino

1959 The Savannah River Detector - A new design

Second version of
Reines’ experiment
worked!

positron annihilation

(@) T=0 Positron annihilation produces electron signal.
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Reines-Cowan Experiment

coincidence event signature event signal
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1956: Savannah River Experiment

Shielding: 4 ft of soaked sawdust

Electronics trailer




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
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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) 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)

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Reactors as Antineutrino Source



Energy Release in Fission and Self-Fusion

B/A (MeV)
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Karsten Heeger, Univ. of Wisconsin NUSS,



Nuclear Deformation in Fission

Nucleus **U
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Slow Fission Fast
Neutron Products Neutrons
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Sequence of Events in the Fission of a Uranium
Nucleus by a Neutron
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variation of energy as a function of distortion
Ea= fission barrier



Example: 235U Fission . T
distribution of fission fragments L oot
R Z=50
10 I A= 95 A=137 N : ';:;  . /\\/y,/
! ,o : 0.01/fission
5 E..::;é::::f:"" Te O.0001/fission
1+ : 3 s ' ..,\\9 < beta stable
: nuclei with most likely A ) s N
S oar from 235U fission
ot
8 94 140
235 Tt . ..
0.001 U Fission together these have 98 p and 136 n while fission
Fragments fragments (X1+X2) have 92 p and 144 n

70 890 110 130 150 170
Mass number A of
fission fragment - on average 6n have to beta-decay to 6p to reach

235 stable matter
92 Utn— Xl + Xz +2n on average 1.5 are emitted with energy > 1.8 MeV
asymmetric fission into lighter

and heavier nuclei o o
~ 200 MeV/fission and 6 Ve/fission

Karsten Heeger, Univ. of Wisconsin

3 GWi reactor produces 6 x 1020 ve/sec —



Reactors as Antineutrino Sources

B- decay of neutron rich fission fragments

energy per fission

Kinetic energy of fragments
Energy of prompt photons
Kinetic energy of neutrons
Energy of B decay electrons
Energy of B decay antineutrinos
Energy of y decay photons

MeV

1686 £5

s i |

5106

T

10

G I

Total 20016

~ 200 MeV/fission and 6 Ve/fission

Karsten Heeger, Univ. of Wisconsin

NUSS, July 13, 2009



Fission with thermal and fast neutrons

2y

239
36 # — _
: 6lf = f13310n<_
S804
6.0MeV
6.3MeV 5.7MeV
4.8Mc\
thermal n + 235U can lead thermal n + 238U does not
to fission of 236U lead to fission, only
radiative capture
n + 235U has higher 236 . 339
energy than lowest U U

fission of 239U requires
addition of neutron with
kinetic energy Th=6-4.8=1.2
MeV

fissionable state

some nuclei require thermal neutrons for
fission, others require fast neutrons

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Antineutrino Production in Nuclear Fuel

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

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

Fission rates over single reactor
fuel cycle

.

O

Fissions per sec (fraction of total rate)
©
o

Pu-241

o 1 2 3 4 5 66 7 8 9 10
Energy (MeV)

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

typical fuel composition 235(J:238:239Py:241Pu = 0.570: 0.078: 0.0295: 0.057

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Ve Spectrum

From Bemporad, Gratta and Vogel —
mean energy of Ve: 3.6 MeV
= only disappearance expts possible

observed spectrum

Arbitrary

cross-section accurate to +/-0.2%

rule of thumb:
~ 1 event per day per ton of LS

per GWy, at 1km

call
spe

threshold: neutrinos with E < 1.8 MeV are not detected

only ~ 1.5 ve/fission can be detected

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



B-spectra and Fission Products

Measurements
B--spectra resulting from fission of 235U, 238U,

239Pu, 241Pu have been experimentally measured
(use thin layer of fissile material in beam of thermal
neutrons, e.g. Schreckenbach et al., Hahn et al.) 10° — T

— can be converted to Ve spectra x : N
2 \
1 1:—
Calculations R \
238U beta spectra not available since fast x | ]
fissions 7' \ 1
— determined from theory (+/-10%) = | :
(238U is only 10% of rate) i 4
6% L
: 1]
235, I ]
Schreckenbach eta % 1 3
PL160B 325 (1985) : 3
1041 - 2L 1 ' ' L A | 1

'
3 “ 5 6 7 8 9 10

. . . IC ENERGY TAS INM -
Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2( KINETIC ENERGY OF BETAS &



Goesgen Experiment -
Mt X 379 m

Comparison of Predicted Spectra to 10§ "§;§
Observations - i

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% 01+ N

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Nuclear Reactors SUS——rY | | |7

reactors are an extended ‘
. W k
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Fuel Element for a PWR Reactor

Rod cluster
control assembly

Bottom
nozzle =+ —Fuelrod . Plug
7 arid 7
_ assembly /
¢ guide thimble ¢ \L
ol 257 guudet e 4"
GELN tube | U Pellet
£677" Fuel roa " Fuel tube
Fuel rod

NUSS, July 13, 2009



Reactor Refueling

Ve flux from reactor has
time variation

3-6 week shutdown every
12-18 months

1/4-1/3 of fuel assemblies
are replaced, remaining
fuel repositioned

Karsten Heeger, Univ. of Wisconsin
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Build-Up of Fission Products & Burn-Up Corrections
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Neutrino Oscillation Searches
with Reactor Antineutrinos



Oscillation Experiments with Reactors

experiments look for non-1/r2 behavior of antineutrino interaction rate

) . 4 ) .
P, =1-smn"26,, smcos 6,,sin” 26, Sl

\4 \4

for 3 active neutrinos, can study oscillation with two different
oscillation length scales: Am?2, Am?243

Am2io~ 8 x 102 eV?2 L~1.8 km
Am2y3 ~ 2.5 x 103 eV?2 L ~60 km

reactor appearance experiments?
Mean antineutrino energy is 3.6 MeV. Therefore, only disappearance
experiments are possible.

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

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Neutrino Oscillation Search with Reactor Antineutrinos

Oscillation Searches at Chooz + Palo Verde:

Chooz B
Nuclear Power Station
2 x 4200 MWth

Veevx

R i T T IR IS

Absolute measurement with 1 detector

IEEXEEXIEEXEXR]

optical

veto

barner

neutrino

containment
region

target

acrylic
vessel

¥ I P P YT Y P YT Y YT

low activity gravel shielding

detector size: several tons

Karsten Heeger, Univ. of Wisconsin NUSS,

| | | | |

0 1 2 3 4



Antineutrino Detection

reactor neutrino

geo neutrino Y rombpt
inverse beta decay x et Promp
Ve + P —=€r+n 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 —2>et+n+n

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

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Backgrounds for Reactor Experiments

« Backgrounds to the
e* - n coincidence signal

Uncorrelated Backgrounds
— ambient radioactivity

— accidentals

— cosmogenic neutrons

Correlated Backgrounds

— cosmic rays induce neutrons in
the surrounding rock and buffer
region of the detector

— cosmogenic radioactive nuclei
that emit delayed neutrons
in the detector

eg. 8He (T1/2=119ms)
9Li (T1/2=178ms)

Number of events / MeV

400

300

100

Energy spectrum of backgrounds and signal

IIIIVIIIIIIII[ITIIITI]]I']]II]TIT]TIT

-
-
-
-
-
—
-
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| l I I A l b — l A

Spallation neutrons (2%

-
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-

~) eucs (0.4% + 0.4%)

-
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10

from M. Shaevitz

Karsten Heeger, Univ. of Wisconsin

NUSS, July 13, 2009



Events

Chooz: Positron Spectrum

-Reactor On/Off - Positron Yields for Reactors I+l
‘ - Fit to Spectrum
- Comparison to Expected Yield for No Oscillation

| —"\ 0'8
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300 + -
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[ ‘g O reactor 2 (data)
0 | + 2 o
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LS50 o B

+ 03 |-
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Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Chooz: Results

Events

300 _ +++ e’ energy
~3600 events in 335 days =r + 4

® Reactor ON
200 | +_ +' + © Reactor OFF

~2.2 events/day/ton _
with 0.2-0.4 bkgd events/day/ton =T t

100 | +
4 t
- +
o . B _ + ++¢,¢ N 4# +++$ $+
2.7% uncertainty e oboo! [ TEET Fiasy
0 — _'I’ — -;» — 6 — é — 10
MeV
parameter relative error (%) < s | )
reaction cross section (flux) 1.9% E ! ¢ energy
number of protons 0.8% 15 - R=101 28% (stat)
detection efficiency 1.5% . - .
reactor power 0.7% . +¢
energy released per fission 0.6% 1 == %&:—*&t - o
C - S 2 2
combined 2. 7% ) e
075 $
05 -
"# T Ref: hepex/0301017
0 PR T T— E— i el b—
Karsten Heeger, Univ. of Wisconsin NUSS, July 1 ! - N “ \lc\!u



Chooz: Degradation of Scintillator

‘é W . {
B w0 + + )-(t)=.k‘/‘l + ot)
Ay = (587 + 33) cm Attenuation degrades
- + o=42+04)10"d" by ~0.4% per day.
¢
¢
~ ¢
00 | . ¢
. | <o 100 150 2 % Rl Ao 400 449 o0

days (since 12-mar-1997)

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Reactor ve Flux Measurements at Different Distances

Neutrino Mass Sensitivity
0 ! | | | Y
10" ev® 10° ev® 0° ev® 0 ey’ ey 0%
10° roand &M
14 — g ATNTUAINU
Early Reactor v Experiments £ w7
1.2+ % = 1% per year
S 10l (statistical)
D
1.0 e ot~ Ao e — — — — — - S
o, ‘+ ﬁ% % g 0~ Palo  choo -
ﬁ 0.8 1 956'2000 g Verde. e
Z A ILL s 0
34 * Savannah River >
Zo 0.6 o Bugey L Bugey ||
X Rovno X ) \
| & Goesgen , | Savannah o
e A Krasnoyarsk g 07 River Gosgen
O Palo Verde a /
02 — m (Chan7 - ‘01 —
= e o) % ILL
00F | | | | &; 0" - Rovno
10! 10° 10° 10* 10° iy _)/
Distance to Reactor (m)
n.‘ vv"r] L2 LA "Y-TI’ Ll Ll YTTVT L2 YY‘Y]' L2 YY‘I’I’ LA ™
10m 100 m 1km Wien W
flux measurements at distances up Baseline

to ~1km consistent with
expectations

< lm .
Poltergeist

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Reactor Antineutrinos in Japan

Japanese Reactors Reactor Antineutrinos

Kashiwazaki

o 1+ 2 3 4 5 6 7 8 9 10
Energy (MeV)

235(J:238J:239Pu:241Pu = 0.570: 0.078: 0.0295: 0.057
~ 200 MeV per fission

~ 6 Vv, per fission

~2x100v_/GW, -sec

Japan

Kamioka
reactor v flux ~ 6 x 106/cm2/sec

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



KamLAND Antineutrino Detector

RN - .. ~ E, + E, + 0.8MeV.

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




Antineutrino Candidate Event

(colour is time)

Prompt Signal At =111 ms Delayed Signal

E =3.20 MeV E =2.22 MeV

AR =34 cm

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



First Evidence for Reactor v, Disappaerance

KamLAND 2003

mean, flux-weighted reactor
distance ~ 180km

&
5 6q 112>
< 4B\ i Kz, f e 10.8 o
X ] N
3 MRS —0.
22 0. . .
g H . 1, . Reactor Neutrino Physics 1956-2003
EO N I ULJ.UJ'ELU“LUqumL“L-O =
€ "0 50 100 150 200 250 300 350 400 450 500
g Dlstance (km) 10 —--# ﬁ(.m .%..m.m..—q*‘“um..ﬂ,_':'— — & =
— =y L
O 08 = : -
= A ILL B
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Zo 0.6 O Bugey
X Rovno
04} ¢ Goesgen
PRL 90:021802 (2003) . grlasr{?yzgsk
_ alo verae
Observgd Ve 54 events gl o o
No-Oscillation 86.8 £ 5.6 ® KamLAND
events 00 | | | | |
Background 1+ 1 events 10" 102 103 10* 105

N

— Livetime; 162.1 ton-yr c

Distance to Reactor (m)



Events / 0.425 MeV

Evidence of Spectral Distortion

KamLAND 2004

80 R D L
i anglysis threshold ——— no-oscillation hep-ex/0406035 (2004)
e —— accidentals Observed v, 258 events
sol_ : HEE "Can)"0 No-Oscillation 365.2 + 23.7 (syst.)
! I spallation
- E m— 1o 6t oscillation + BG Background 17.8 + 7.3 events
- —e— KamLAND data Livetime: 766.3 ton-yr
+ best fit x2=24/17
fiducial volume syst.: 4.7%
s total systematics = 6.5%
==
R = = e
5 7 8
E (MeV)

prompt

) 138d, 5
210Pb —210Bi —210Po ~——205Pb 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 NUSS, July 13, 2009



Am? in eV?

Measuring Neutrino Oscillation Parameters

Solar Neutrinos
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Beginning of precision

Agreement between oscillation parameters for vand v neytrino physics

Karsten Heeger, Univ. of Wisconsin

NUSS, July 13, 2009




Precision Oscillation Physics
with Reactor Neutrinos



Evidence of Spectral Distortion

KamLAND 2008

Prompt event energy spectrum for ve

< 100f
§ 80;_ =s= Selection efficiency number of events
2 4618; expected
5 SR | oo (no-oscillation): 2179 + 89 (syst)
e ; - KamL{’ﬁND data observed: 1609
L L e no oscillation .
250:_ ; | '----E -.-.- best-fit osci. bkgd 276 + 23.5
> - _____ : accidental o .
2 2008 iy L ; 13c(o;,n)”o significance of disappearance
L . ! 7 -fi Y .
q N s L, 77 SestnGeow. (with 2.6 MeV threshold): 8.50
S - : : = - . est-fit osci. + BG
s DO mf“*r + best-fit Geo ¥, no-osc x2/ndf=63.9/17
= - : R !
2 100 T% !
- - : _— : :
of 7, . significance of distortion: > 50
S best-fit x2/ndf=21/16 (18% C.L.)
T Al Lo | Ll
1 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 NUSS, July 13, 2009



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 Tj)-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,n'?0 G.S. 157.24+17.3
BC(a,m'®0 2C(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




411 Full-Volume Calibration

Design Concept

/ 7

/
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Calibration Data

R e e R T 8 .
- P . 7 ;‘ r
6 . 6 .
e - O 4 7]
2- ] 2- 7
o ] o 7
o ] o b
a4 b a4 b
6 el . 6 el .
| | | | | | | 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 NUSS, July -
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Oscillation Parameters

Rate-Shape-Time Analysis

20¢

0 N A it . <
N 15
x -
< NOF i 30
lo
_______________________________ I_r-_._-_..._-_._._-_I___I___I : : :
KamLAND E‘Nw 4> W N
95% C.L. aaE@ @ @«
99% C.L. P
) 99.73% C.L. |}
> 4| best fit =t
D] 10 .
— [t
N '
&
<
Solar
.......... 95% C‘L.
----- 99% C.L.
— 99.73% C.L.
best fit TLo | .
1 1 1 1 IIII| IEIEIIEIIIEIIIIEII'IIEI
107! 1 10 20 30 40
2 2
tan“0 , Ay

KamLAND only

+0.14
tan20=0.56

Am2=7.58 *)21 x105eV2

KamLAND+solar

(combined under assumption of
CPT invariance)

+0.06
tan20=0.47 _ =

_ +0.21 -
Am2=7.59 *921 x105eV2

Karsten Heeger, Univ. of Wisconsin

NUSS, July 13, 2009



0.8

0.6

0.4

0.2

L/E Dependence

e Data-BG- GeoV,
Expectation based on osci. parameters

[ + determined by KamLAND

_+ + )

- Lo=180km

bbb b b b b b b ey

20 30 40 50 60 70 80 90 100
Ly/E. (km/MeV)

Solar neutrino problem solved!

1970-1995

o Am? L
oscillation = P.. =1 — sin® 20sin?( E)
mo L o
decay P.= (COS 6 + sin” 90\1)(—2—7_5))“
ecoherence Peezl—%sm 26(1 ~ exp(~7 )

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

NUSS, July 13, 2009



What we know...

Neutrino Mass Splitting

m?2 m?2 KamLAND 2008
A /1 Ve A
T IRY,
u - KamLAND
R B 95% C.L.
T 99% C.L.
5 5 “ 99.73% C.L.
My — -2 > 10 bestfit
T solar~5x102eV?2 ) — i
; m, SRS I
atmospheric g I
~3x103eV?2 _
, atmospheric i 95% C.L.
my~_| ~3%x103ev2 | 1 X 99% C.L.
- T i — 99.73%CL.
m, 2__ solar~5x10eV 12 __mgz *  best fit
107! 1
? tan’0,
0 . 0
normal inverted

- KamLAND provides most precise value of Am122 (~2.8%)

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



What we know...

Neutrino Mixing Angles o
<
v, U, U, 0.8 0.5 o
u=\U, U, U,|=[04 06 ’
u, U, U,) (04 06 07
Uynsp Matrix ’

Maki, Nakagawa, Sakata, Pontecorvo

1 0 0 cosO,, 0
=[0 cosB, sinb, |x 0 1
0 -sinf,, cosB,,) (-e°~sinf, 0  cosO,
b e S ~"
atmospheric, K2K reactor and accelerator
maximal?

10

tan2012

0

0[x|0 e™“?

1

J

large, but not maximal!

SNO, solar SK, KamLAND

Am2 o

PP BRI PP |
06 08 1

. 2
sin“0,,

0
0

o/ 2+]
eza ip

J

~

Ovpp

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Current Knowledge of 6,,: Experimental Bounds

Maltoni, Schwetz, arXiv:0812.3161v1

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Current Knowledge of 0,,: Experiment & Theory

Global Fit Theory

UL I UL I L I T 1 1 .\10(10[{8) Refs. S.il‘..'. 26, 3

B 7] Minimal SO(10) [22] 0.13

0.15 - Orbifold SO(10) 23] 0.04

B SO(10) + Flavor symmetry [24] 1.2.10°°

- [25] 7.8.10°°

o - 26-28) 0.01 .. 0.04
o 0.1— [29-31] 0.09 .. 0.18
N- - SO(10) + Texture [32] 4-107% . 0.01
& - - | _ 33] 0.04
- SU(2}1. x SU(2)r x SU(4). [34] 0.09

0.05 — Flavor symmetries [35-37] 0

- [38-40] < 0.004

- [41-43] 1071 .. 0.02

- |40, 4447 0.04 .. 0.15

0+ Textures 48] 4-107* .. 0.01

o1 02 03 04 05 49-52] 0.03 .. 0.15

sin%o 3 % 2 sco-saw 53] 0.04

12 54] (n.h.) 0.02

G.L Eodli et al (i.h.} >1.6-10°

""""" e 3-Le FOgll et al. Anarchy 55) > 0.04
| Phys.Rev.Lett.101:141801,2008 Renormalization group enhancement 56| 0.03 .. 0.04

< ' A G LG A G M-Theory model aT7) 107"

} . | Solar & KamLAND
’
I . I ALL v oscillation data we don’t know 913

Ref: FNAL proton driver report, hep-ex/0509019

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

sin®0,, JSS, July 13, 2009



Open Questions

Questions
P(v, »v,)-P(V, =7V, )=-16s .@ c |
\ e)z L Z) 12'23 N Is there u—t symmetry in
AE AE AE
Is there leptonic CPV?
l—sinzﬂ13 ? _
v, NI VYYVRR S ¢ /‘e_ What is mass hierarchy?
Mooy A yn Do neutrinos have Majorana

mass?

V2 AN }

vz What is the absolute mass

scale?

What is the role of neutrinos
in the Universe?

Karsten Heeger, Univ. of Wiscof @ ' JSS, July 13, 2009
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Reactor and Accelerator Experiments

MethOd 1 ACCG|eI’a’[0r EXperimentS p target horn decay pipe absorber lﬂa}ector
o —
- : 2 Am,°L et B —
P, ~sin’20,,sin’20,,sin”> —31— + .. -
" 4E n

* appearance experiment v, — v,
* measurement of v, — v, and v, — v, yields 0,5,0cp
* baseline O(100 -1000 km), matter effects present
Method 2: Reactor Neutrino Oscillation Experiment \

- disappearance experiment v, — v,

- look for rate deviations from 1/r2 and spectral distortions
* observation of oscillation signature with 2 or multiple detectors
* baseline O(1 km), no matter effects

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Reactor and Accelerator Experiments

reactor (v, disappearance)

. o[ Amy L . o Amy,’L
P ~1-sin"20, s1n2(Zl3l) —cos” 6,sin”*26,, 81n2(421)
- Clean measurement of 0.,
- No matter effects mass hierarchy
CP violation
accelerator (v, appearance)
matter

P(v, = v.) = 4¢i3812555510° Az

-+ 86.‘338138236238 12€C12 sin A31 [COS A32 C@ sin A32 sin A'Zl

2 .2 2 .2 : :
— 8€{3573853579 €08 Azy sin Ag; sin Ay

2 27,2 2 2 2 2 . 2
+ 4¢i3875]C15C53 + 819852813 — 2€12€235812823813 €Os 0] sin” Ay,
sin A31
2 2 .2 2
— 8¢i3873853(1 — 2587 n Az [cos Agy — A—]
31

- 8in220,, is missing key parameter for any measurement of d.p

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Precision Measurement of Mixing with Reactor v

Search for 6,5 in new oscillation experiment with multiple detectors

2 2
. . Am,. L ) ) Am., L
P, ~1-sin”26,,sin’| —1— |- cos® 6, sin’ 26, sin’| —=
v 4EV
Small-amplitude oscillation Large-amplitude
due to 04, integgated over E oscillation due to 0,,
[ |
0.9 [ ! Q'; i\ o
: I I \ :
0.8 | ! — |
07 b AM?2 15 AM?y
; | I
0.6 | I 1
: . l
0.5 [ : l
04 _ _____ detec':or1 dletectorz
03E L AU H P
0.1 1 10

Baseline (km)

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Concept of Reactor 613 Experiments

Measure ratio of interaction rates in multiple detectors

Ve
distance L ~ 1.5 km
Measured Detector Detector
Ratio of Mass Ratio, Efficiency
Rates H‘/(j Ra‘tlvo sin22€)13
mass measurement calibration

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



ex/0211(

Reactor 0,5, Experiment at Krasnoyarsk, Russia

Original Idea: First proposed at Neutrino2000

Krasnoyarsk
Krasnoyarsk reactor underground site: 600 mwe - underground reactor
- detector locations determined
Petector? Detooior 2 by infrastructure
1O Of-
Reactor -
115 m 1000 m
Target: 46 t 46 t
Rate: ~1.5x106 ev/iyear ~20000 ev/year

S:B >>1

'c

Ref: Marteyamov et al,
hep-ex/0211070

Karsten Heeger, Univ. of Wisconsin



World of Proposed Reactor 813 Neutrino Experiments

Choq;" “‘:-Krasnoxﬁik Rus3|a o
< - Kas'-'fi_a’a,&l Japan

P ' @’w
—Angra, Brazil T

Daya Bay, Double Chooz, and Reno
- international collaborations.
- started construction Daya Bay
- most precise experiment

- only experiment to reach
sensitivity of sin22013< 0.01



Daya Bay, China 5“”"’

13
http://dayawane.ihep.ac.cn/
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Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009
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Daya Bay, China é””

13
http://dayawane.ihep.ac.cn/
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antineutrino detectors

RPCs multiple detectors per site

~ water pool cross-check efficiency o

muon veto system |July 13, 2009



http://dayawane.ihep.ac.cn
http://dayawane.ihep.ac.cn

Daya Bay Antineutrino Detectors

8 “identical”, 3-zone detectors
* NO position reconstruction, no fiducial cut

Besy 4
.d hl. *y |3| jﬁ-ﬂlll_g— | d,
o __—_ )

=—a =

+p—et+n

steel
Gd-doped

liquid scintillator acryli

tank

c tanks

photomultipliers

target mass: 20t per detector
detector mass: ~ 110t
photosensors: 192 PMTs
energy resolution: 12%NE

, July 13, 2009



event/bin

Antineutrino Detection

Signal and Event Rates

Vo+p—er+n
0.3b

+p—=D+y (2.2 MeV)

13

Daya Bay near site 840
Ling Ao near site 760
Far site 90

events/day per 20 ton module

(delayed)

49,000b b +Gd — Gd* — Gd + y’s (8 MeV) (delayed)

Delayed Energy Signal

reconstructed neutron (delayed) capture energy spectrum

Prompt Energy Signal

Reconstructed Positron Energy Spectrum -
: 5 : g 350t Entries 75959
Entries 88465 § g Mean o
250? MeV | f» 8 MéV mzn 31222 3001 Underflow 0
- I >| ‘ : I Underflow 0 250—_
e *} % ! A - 6 MeV 10 MeV
- [f ‘ : 200/ 1 I
1500 ‘ | - '
[ J, w I 150[- :
1o~ ' g ! - |
. : : “ I 100— i
S Wi l i .
so— 1 ‘“w ; sof- ,
- IJ‘ W{‘ﬁw ! -
Al 1 ) | Q L “lwgu..u L ) h Ll | T s —
G T2 a 6 ) 10 12 0 4 § 8 10 12

Recon. Energy(MeV)

I Recon. Engrgy (MeV)



Daya Bay,

Muon Veto System N3

1m outer water shield

‘ l B 7 l inner water veto

+— Cave

Cerenkov ,
Water Pool (2 layers) RPC’s

Anti-neutrino
" detector

PMTs

RPCs: muon detect efficiency 98.6% and ~0.5m spatial resolution.
Two-layer water pool: 962 PMTs, >2.5m water shield for neutron background,

~0.5m spatial resolution
Daya Bay veto system provides a combined muon detection efficiency > 99.5%.

NUSS, July 13, 2009

Karsten Heeger, Univ. of Wisconsin



Daya Bay,

Background Sources -

1. Natural Radioactivity: PMT glass, steel, rock, radon in the air, etc
2. Slow and fast neutrons produced in rock & shield by cosmic muons
3. Muon-induced cosmogenic isotopes: éHe/SLi which can p-n decay

- Cross section measured at ., B-n decay of °Li mimics signal
CERN (Hagner et. al. s
( J _ ) £ 0.35 (a) Oscillation Signal  (sin226,,=0.01 )
- Can be measured in-situ, even ¥ . (b) °Li (0.2%)
. 2 . (c) Fast Neutrons (0.08%)
for near detectors with muon 2 (d) Accidentals (0.1%)

rate ~ 10 Hz:

o.l‘hlll""lllll%‘-
01 2 3 4 5 € 7 8 & 10

Visible e* eneréy (MeV)

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Daya Bay Background Summary

DYB site | LA site | far site
Antineutrino rate (/day/module) 840 760 90
Natural radiation (Hz) <50 <50 <50
Single neutron (/day/module) 18 12 1.5
(3-emission isotopes (/day/module) 210 141 14.6
Accidental/Signal <02% | <0.2% | <0.1%
Fag rgnal 0.1% 0.1% 0.1%
®He”Li/Signal 0.3% 02% | 0.2%
backgrounds from beta-delayed neutron emission g
isotopes 8He and °Li will have to be measured and o
subtracted 2 o3
= 1.003 g .
OLj —fooe 2 _
g 1.001 + } \} % } i 0.15
— . (Ea L % \\\‘\—L‘ %_T%I%T _T_T_}__I_ 0.1
V Slgnal % o I 1 l ff I l 0.05
;-)'0999 - % } } n o
‘-%0998 : : !
0.0 0.5 1.0 1.5 2.0

Karsten Heeger, Univ. of

Time since muon (sec)

13

(d)

(a)

(a) Oscillation Signal
(b) °Li (0.2%)

(c) Fast Neutrons (0.1%)
(d) Accidentals (0.1%)

(b)

—
(c)

] I ] ] ] I I I I
0 1 2 3 4 5 6 7 8 9 10

E,,, (MeV)




Systematic Uncertainties

L3

Detector-Related Uncertainties

Absolute Relative
measurement measurement
Source of uncertainty Chooz Daya Bay (relative)
(absolute) | Baseline | Goal | Goal w/Swapping
# protons 0.8 03 0.1 0.006
Detector | Energy cuts 0.8 0.2 0.1 0.1
Efficiency | Position cuts 0.32 0.0 0.0 0.0
Time cuts 04 0.1 0.03 0.03
H/Gd ratio 1.0 0.1 0.1 0.0
n multiplicity 0.5 0.05 0.05 0.05
Trigger 0 0.01 0.01 0.01
Live time 0 <001 . <0.01
Total detector-related uncertainty 1.7% ( 0.38% | 0.18% 0.12%

0(0.2-0.3%) precision for relative measurement between

detectors at near and far sites

Ref: Daya Bay TDR

Karsten Heeger, Univ. of Wisconsin

NUSS, July 13, 2009



Fabrication and Delivery of Detector Components .”’
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Sensitivity of Daya Bay

Daya Bay Sensitivity to sin22613  **°F
0.04 |
sin?2613 < 0.01 @ 90% CL :[\
in 3 years of data taking W - J—
T A
L \ M s \\
O - : ——— Chooz E
M"'i + - : Daya Bay 3y 0L T T
X 4 — 1 [
NE E : O_IIII|III||IIIII|III|III
< 3.5 E_ 1 2012 2013 2014 2015 2016
3 ;
2.5 :
= : 2008-2011 experiment construction
s E \ 2010 start data taking with near site
L E Coal : 2011 start data taking with full experiment
0_551111“: Lii] I | . . . ]
02 0! nominal running period: 3 years
" sir122(?)13

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009



Ratio of Measured to Expected Ve Flux

Expected precision in Daya Bay to reach sin22813< 0.01

1.4

1.2

1.0

0.8

0.6

Nobs/Nexp

0.4

0.2

0.0

B past experiments T

A ILL ¢
L ¥ Savannah River Daya Bay -

O gugey projected
- i nglslgen uncertainty

A  Krasnoyarsk

0 Palo Verde
— m Chooz

@ KamlLAND
— | | | | |

2
10" 107 10° 10* 10°

Distance to Reactor (m)

13

past reactor
experiments
= 1 detector

next generation
of experiments
> 2 detectors

Karsten Heeger, Univ. of Wisconsin

NUSS, July 13, 2009



Daya Bay,

Future of Neutrino Oscillation Experiments

13

j .
U -
5 i Chooz Excluded Fig: M. Mezzetto
K MINOS
CDQ
N -1
g 10 OPERA
) -

i World limit

Double Chooz first indication of “largish”
013 by DC

precision measurement at 1%
level by DYB

-2
10 - 90% CL sensitivity Daya Bay
i Computed with:
B Scp=0
B sign(Am2)=+1
- - early measurement of 613 will help make decision
‘ ‘ on future long-baseline experiments
2006 2008

- precision measurement of 013 useful for combined

analysis with T2K and NoVA, 20 hint for 2P possible? —

Karsten Heeger, Univ. of Wisconsin




Other Physics with Reactor Antineutrinos



What about a Neutrino Magnetic Moment?

; e ;e
Magnetic Moment

\_/ e e
Weak Interactions

2 ~ 01
do . omatu, (1 1) T ' '
— = weak Int+ : — b5 .
7] a magnatic, u, =10 My
e me T'e EV &2 10 I -
N o weak, sin 2 1., = 0.226
Y B m
=
N% 109}
Reactor Experiments 9
. o101
UC Irvine u, reac < 2-4 x10-10 pg 2
reac -10 “~ 0 2
Kurchatov u, et < 2.4 x10-10 pg 5 10 21 v.- e from U235 at a reactor
Rovno u reac < 1.9 x10-10 ug 8 0a L )
v T 101 100 101
MUNU u, e3¢ < 1.0 x10-10 pg Electron fecoil T {MeV )

Karsten Heeger, Univ. of Wisconsin NUss, July 13, = Electron Recoil T (MeV)



Low Electron Recoil Energy Experiment

Experiment at Nuclear Reactors (low energy source of v,)

anode cathode
(20 l.nm) v (-45 kV)
: 1o
© grid— :.—+;+ o T 3bar CF, gas
\otentlal T ,’/9¥ . .
olark100 um) i .| High density,
_ o / —\ relatively low Z, good
Time Projection ™ acrylic vessel drifting properties

Chamber +field shaping rings
o

Kars



Coherent Neutrino Scattering

Nucleus
Z;

Nucleus

neutral current process at low neutrino
energies of about 1- 50 MeV

At low momentum transfers, a neutrino of
any flavor scatters off a nucleus, neutrino
interacts simultaneously with all nucleons

cross section for CNNS is very large
compared to other neutrino cross sections.

momentum transfer is still tiny

Karsten Heeger, Univ. of Wisconsin
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Applied Neutrino Physics: Reactor Monitoring

238 239 23 min _239 23d

—
U +n—>75,U 03 NP o PU
Evolution of the fresh fuel
10° -
10° 4
Q 3
& ] — 1235
= —— U238
2 10° —ru239| F
g
Y— 6
210 —
m -
& 405
o 10° 3 s
© 3 E
=
10°
<®>=710"n/cm’s L
103 th:33%;ep:0.5%;ra:42% [
0 200 400 600 800 1000 1200
Irradiation time (days)

fraction of 239Pu increases during
reactor operation

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 20
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Uriversity of Calffarria

| Kaurence Livermors

. . . ational Laboratory

Reactor Monitoring in US Sanda
ationa

Laboratorigs

Targets under consideration  Liquid Scintillator

Plastic Scintillator
Gd-doped Water

water/polyethylene shielding Muon veto paddles

ans)

50 cm 0.2% wt. GdCl, 50 cm
100 cm
500
_§ FrTTTTTYTTTT T "‘.,'.““““1'“':_TA'H:["__*:T:;—_Ca::’;_ 100
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_ _ Next - Discovery and
Neutrino Physics at Reactors  ccision measurement

of 0,5

2008 - Precision measurement of
Am122 . Evidence for oscillation

2004 - Evidence for
spectral distortion

2003 - First observation of reactor
antineutrino disappearance

1995 - Nobel Prize to Fred Reines at UC Irvine

1980s & 1990s - Reactor neutrino flux

measurements in U.S. and Europe Past Reactor Experiments

. . Hanford
1956 - First observation Savannah River
ILL, France

of (anti)neutrinos

- : Bugey, France
Rovno, Russia
Goesgen, Switzerland
Krasnoyark, Russia
Palo Verde
Chooz, France



