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« Measuring reactor antineutrinos

 Reactor neutrino oscillation measurements: status and
prospects

- From one to multiple detectors
* Near-far detector concept
- Systematics in reactor experiments
— reactor site
— detector
— backgrounds
« Sensitivity of future reactor experimenrs

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010
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Neutrino Physics at Reactors  ccision measurement

of 0,5

History of reactor 2008 - Precision measurement of
neutrino research 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 Past Reactor Experiments
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Discovery of the Neutrino

1956 - “Observation of the Free
Antineutrino” by Reines and Cowan

BI.( SOOI -

SYIA RASIOSUDISSE. Tooted . Taasamiy
70 A| - L
I “ !
Br L = ,
2 ‘?“Gfﬁﬂfﬂmﬂ) T I
I NESHLASS PROFESSOR ¥ PALL1 Py 1
FROEW. PAULE J ZURICH UNIVERSITY ZUR1CH Lost

:
) t Y |
NEUTRINOS FADM FISSION FRAG
OF PROTONS O "o o e~ y |
TINES TEN TO
A
N A0S X e W 1

(1)
NACHIASS
PROF. W. "'aUL

Mtinoutrino’from reactor

/@ uiquid
,’ scintillation
’ detector
/
n Capture
in cadmium ® Hq0 + CdCl,
after 7.6 cm (target)
moderation proton Annihilation
Annihilation
gamma rays @ Liquid
scintilfation
detector

NuFact10, October 23, ¢



Antineutrino Detection

Inverse beta decay e e T

_ e
’\/e + p —_— e+ + n geo neutrino Y k\e"' prompt
coincidence signature Ve p / \‘

....................... > / delayed
prompt e+ and delayed N ¥

-
neutron capture :
mean capture time \
~ 200 usec on proton n-* Y

Y
anti-neutrino detection by inverse beta-decay

10-100 keV

g /
Ev, = Eet + En

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

1.805 MeV

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010



Reactor Antineutrinos

From Bemporad, Gratta and Vogel mean energy Of Ve 36 Mev
only disappearance expts possible

observed spectrum

Arbitrary

cross-section accurate to +/-0.2%

time-dependent rate and spectrum

Fission rates over single reactor
fuel cycle

calcu
spec

.

O

Fissions per sec (fraction of total rate)
o
o

Pu-241

—

threshold: neutrinos with E < 1.8 MeV are
not detected
only ~ 1.5 veffission can be detected

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010




Measurement of Reactor Spectra
Goesgen Experiment (1980’s)

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

flux and energy spectrum agree to ~ 1-2%

reactors are calibrated source of ve’s

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010
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Oscillation Experiments with Reactors

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

) . 4 ) .
P, =1-sin"206, smcos 6,;sin"20,, 51

14 \4

for 3 active neutrinos, can study oscillation with two different oscillation
length scales: Am?242, Am?243

Am2io~ 8 x 109 eV?2 L ~ 60 km
Am2s3 ~ 2.5 x 10-3 eV/2 L ~ 1.8 km
Am213 ~ Am?2o3 search for 643 at baseline of ~ 1.8km

- look for rate deviations from 1/r2 and spectral distortions
- baselines relatively short, no matter effects

- Mean antineutrino energy is 3.6 MeV, only disappearance experiments
possible ve— Ve.

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010



Oscillation Search at Baseline of 1km

Chooz (1998) ‘Wl 4
thermal power 8.5 GW Tt ++ * Reactor ON
200 + © Reactor OFF
[t +
1 km baseline B +  ~3000 events
5 | | t, 335days
° H*% . Wﬁ% M,X,l
5 ton target | -
Ve+ P —€*+n f N -
[i'l - 15- R=1.01 28% (stat)
125 - 1 1
L FTW,
(i
No evidence for oscillation, absolute o7s | T+~
measurement with 1 detector at ~1km osk L
"# T Ref: hepex/0301017

( 2 x —
Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 20 Med



Oscillation Search at Baseline of 1km

Chooz (1998)

- systematic uncertainty on
normalization

parameter relative-error (%)
reaction cross section %1)_%%/
number of protons 870
detection efficiency
reactor power C0.7%>

, _energy released per fission 0.6%

l'nl combined 2.7%

systematic limitations on absolute measurement:
1. reactor power

2. reaction cross-section
3. detection efficiency

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010



Oscillation Search at Baseline of 1km

Chooz (1998)

thermal power 8.5 GW

- systematic uncertainty on
normalization

1 km baseline

parameter relative-error (%)
reaction cross section %1)};\(7?
number of protons 870
detection efficiency
reactor power C0.7%>

, _energy released per fission 0.6%

fn'l combined 2.7%

systematic limitations on absolute measurement:

1. reactor power ——)p cancels with independent normalization of
reactor source

2. reaction cross-section =3 cancels if we compared un-oscillated and
3. detection efficiency oscillated antineutrino flux

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010



Oscillation Search at (Average) Baseline of 180km
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/0.425 MeV

Events

Oscillation Search at (Average) Baseline of 180km

KamLAND (2003-present)

Prompt event energy spectrum for ve

o KamLAND data
e : no oscillation

250 ' it 0scl

- best-fit oscl.
accidental

200 b il “Clan)"O
=] best-fit Geo ¥V,
: ‘ | R . .
- : ‘-:ﬁ ﬁ— best-fit osci. + BG
150 ,j .- + best-fit Geo v,

significance

of disappearance

(with 2.6 MeV threshold): 8.50
no-osc X2/ndf=63.9/17

significance of distortion: > 50
best-fit x2/ndf=21/16 (18% C.L.)

systematic uncertainties:
fiducial volume reduced from
4.7% — 1.8%

total systematics: 4.1%

1 | P
0 2 3 4 ) 6 7 8
E, (MeV)
Detector-related (%) Reactor-related (%)
Am3; Energy scale A9 Ue-spectra [7] 0.6
how to improve reactor neutrino Fiducial volume @ T -spectra 24
mea_su_rementS: _ Event rate| Energy threshold 1.5 Reactor power 2.1
1. eliminate reactor source systematics . .
, , Efficiency 0.6 Fuel composition 1.0
2. reduce detector fiducial volume error : : :
Cross section 0.2 Long-lived nuclei 0.3

Karsten Heeger, Univ. of Wisconsin



a
Next Generation Reactor Experiments

Applying the Lessons Learned from Chooz and KamLAND
1. Normalize flux from reactor source with near detectors

2. ldentical detectors near and far

3. Detectors without fiducial volume cut

distance L ~ 1.5 km

[ Psur(Ea Lf) ]
Psur(Ea Ln)

Measured Detector Detector
Ratio of Mass Ratio, H/C Efficiency Ratio .
Rates \ 4 .
sinZ20,,

mass measurement calibration

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010



ex/0211(

Reactor 0,5, Experiment at Krasnoyarsk, Russia

Original Idea: First proposed at Neutrino2000

Krasnoyarsk reactor underground site: 600 mwe

Detector 1 Detector 2
‘v;‘ >
Reactor ‘ ) < ) —~
115 m 1000 m
Target: 46 t 46 t
Rate: ~1.5x106 ev/iyear ~20000 ev/year

S:B >>1

Ref: Marteyamov et al,
hep-ex/0211070

Karsten Heeger, Univ. of Wisconsin

Krasnoyarsk

- underground reactor

- detector locations determined
by infrastructure




Multi-detector Reactor 813 Neutrino Experiments
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Dayé‘fBay, Double Chooz, and Rend
- international collaborations -
- under construction

Angra, Brazil

DEVEREEY, Use Daya Bay as example for
- most precise experiment discussion of issues that are
- only experiment to reach sin22813< 0.01 common to reactor 813 experiments.



Precision Measurement of 6., with Reactor Antineutrinos b"’ﬂ’a/

13
Search for 6,5 in new oscillation experiment with multiple detectors
: [ Am’L . [ Am, L
P, ~1-sin”26,,sin’| —1— |- cos® 6, sin’ 26, sin’| —2
' AE,
Daya Bay Reactors: Small-amplitude oscillation  Large-amplitude
Powerful v, source, multiple cores due lt? 0,5 integrated over E  oscillation due to 0,,
11.6 GW,, now,17.4 GW,; in 2011 R AR R B
I _ :
i |
0.9 NQ/: %\ ---
L I -
0.8 | ! _: \
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; ' |
0.6 [ | 1
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Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010



Reactor Source ’oy

Multiple Reactor Sources

Chooz has double  KamLAND used>55 't (B8 80 B0 &1
reactor core —==s_—  reactors with flux- .

averaged baseline

@ a
............ m Japan
AL

T Kamioka

can analyze near-far pairs of detectors

Reactor Power Fluctuation in Multiple

I Residual Systematic Uncertainty from Reactor Power I

Reactor Cores g N TS
_ 5= All nominal powers equal ]

+ £ . . 3

(Daya Bay near) + Ling Ao near & 2B\ \ Varying nominal pow =

Far S E

E 0.2; é

2% uncertainty per core in reactor power g oas| 0.1% syst error
— residual systematic uncertainty is < 0.1% 0.1} -
0.05[— -

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, T T R T s O



Daya Bay Antineutrino Detectors

Detector Design

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

calibration
_ aal system
I @nhl.mlﬁlﬂlﬁl i
——— _._:::“—_:_}_“"*”![

§ )

I
§ G2

steel tank

Gd-doped

liquid scintillator ;; acrylic tanks

photomultipliers

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

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010



Daya Bay Antineutrino Detectors

3-Zone Design 00
no position reconstruction, no fiducial cut for 450
event identification 100
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Karsten Heeger, Univ. of Wisconsin NuFact10, October 23,

Daya Bay,

13

oil buffer (MO) thickness

> 15cm buffer between
PMT and OAV L
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event/bin

Antineutrino Detection

Signal and Event Rates

Vo+p—etr+n
0.3b

+p—=D+y (2.2 MeV)

Daya Bay near site
Ling Ao near site
Far site

13

840
740
90

events/day per 20 ton module

(delayed)

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

Prompt Energy Signal

Reconstructed Positron Energy Spectrum

c :
- g3s501 Entries 75959
B ' Entries 88465 § - o S
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Recon. Energy(MeV)

Delayed Energy Signal

reconstructed neutron (delayed) capture energy spectrum

| Recon. Engrgy (MeV)



Antineutrino Detector Performance

Detection Efficiencies Geant4-based simulations

Prompt e+ Signal Delayed n Signal
1 MeV cut for prompt positrons: >99%, 6 MeV cut for delayed neutrons: 91.5%,
uncertainty negligible uncertainty 0.22% assuming 1% energy

uncertainty

reconstructed neutron (delayed) capture energy spectrum

@ -
= - c
c — 1 |—
; 4001 g 3501 Entries 75959
H - : Mean 7
g 3s0E 3 S00C | RMS 2.22
2 o I g [ Underflow 0
300 : | Overflow 3
250 2501 | |
= - 6 MeV 10 MeV
200 200} I ‘ I
- : | '
158 E_ ——True Energy 150 — ) y | | !
100 ¢ Geant Energy = : I :
- —R [ 1L
soF- econstructed Energy 100 14 I ! 1 i
- E d ! I | |
0 - PR T N N T W 50 _— . 1 1 | K 1
0.2 0.4 0.6 0.8 1 1.2 1.4 [= f E : \ I
OLMMMW NG, N (P
2 4 ¢ 8 10 12
1 Recon. Engrgy (MeV)

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010



Systematic Uncertainties

13

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

NuFact10, October 23, 2010



Daya Bay,

Sensitivity and Systematics

Reactor and ve Source Detector
0018 T 0.016 —
n » " -
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Reactor Flux, or Fuel Composition, Uncertainty (%) Detector Identicalness Systematic Uncertainty (%)

Ref: GLOBES
McFarlane, Wisconsin

- near-far detector concept largely cancels source and detector systematics
- knowledge of reactor source is still helpful

and what about backgrounds....?

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010



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 <0.2% | <0.2% | <0.1%
Fas tgnal 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 g iRt
SUbtraCted _‘;": 0.3 (a) (c) Fast Neutrons (0.1%)
rv T T m '3 o 25 (d) Accidentals (0.1%)
oL
T T 0.15 @
_— . I : — T =L % - +AT'.1% o

uU.u

Karsten Heeger, Univ. of

Evis
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Nobs/Nexp

Expected Precision and Sensitivity of Daya Bay

Expected Precision to ve Flux

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

_*;jr.,gﬁ_,_q?m I

Savannah River

Bugey Daya Bay -

Rovno _ _
Goesgen projected uncertainty
Krasnoyarsk

Palo Verde

Chooz

® KamLAND

B> X0 Xp»

10! 10° 10° 10* 10°

Distance to Reactor (m)

past reactor experiments
= 1 detector

next generation of experiments
> 2 detectors

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010



Expected Precision and Sensitivity of Daya Bay

Sensitivity vs. running time

0.05 ! ! ! ! i ! !
0.08f o ]
: sin’ (2913) < 0 01 @ 90%; CLin 3 years
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/?’: 003 ..‘\... .in... . ; .............En. —
S z
5 L
= N
@ 0.02f- % d |
Am? =25 x 10 3eV?
008555 1o 15 20 25 30 33

Running time [years]

Daya Bay Sensitivity to sin?2013

sin?2043 < 0.01 @ 90% CL
in 3 years of data taking

4.0

Am*(x107eV?)

\

e (Ch0OOZ

Daya Bay 3y

Goal

I

10 ~ 10

IIII|IIII|IIIIIIIIIIlllllllllllllllllIIII T

o
[

.2
sin 2613

2011 start data taking with
near site

2012 start data taking with full
experiment

Karsten Heeger, Univ. of Wisconsin

NuFact10, October 23, 2010
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Summary and Outlook

arXiv:0007.1896

GLOBES 2009

sin22913 sensitivity limit (NH, 90% CL)

by Daya Bay

precision measurement to sinf2013 < 0.01

Y
©

—

>

A

first hint of 613 by Double Chooz
and T2K possible if 813 large

..............
......
e ®
e ®

- -
=
- -

Double Chooz

0| === T2K

o S e RENO

£ ’

? / Daya Bay

’
‘ e NOV AL v+V
'
' CHOOZ: === NOvVA:voOnly
10° . Solar excluded . e R
2010 2012 2014 2016 2018
Year

Ref: Huber et al.

Karsten Heeger, Univ. of Wisconsin

NuFact10, October 23, 2010



Summary and Outlook

precision measurement of 613 for unambiguous discovery and

combined analysis with T2K and NOvA

NoVA could provide unique sensitivity to mass hierarchy in next decade

, 90% CL)

l

precision measurement to sinf2013 < 0.01
by Daya Bay

Y
O

—

>

A

first hint of 613 by Double Chooz
and T2K possible if 813 large

107" }
D

(8}
o

early measurement of 613 will help make decision on future

long-baseline experiments

T2K may see early signature of ve appearance if 613 # 0

10° L

Solar exclqdeq

- .
PR R LR -ee
-
P L A
«®

—
=
- =

Double Chooz
- e w e T2K

Daya Bay
e NOv A V47

NOvA: v only

2010

2012

2014

Year

2016 2018
Ref: Huber et al.

Karsten Heeger, Univ. of Wisconsin

NuFact10, October 23, 2010






Reactor Related Systematic Uncertainty

For multi cores, reweight oversampled cores to maximize near/far
cancellation of the reactor power fluctuation.

1 1
2 3 T 2 2
o L35 L7, L3, L5
Q= T 1
2 2 2 2
Ly, L3, Lis Ly

Near - Nearl Near2

=Q +
Far Far Far
Assuming 30 cm precision in core position
Number of cores Qv o,(power) | o,(location) | o ,(total)
- 0.338 | 0.035% 0.08% 0.087%

6 0.392 | 0.097% 0.08% 0.126%




Arbitary Units

105

104

102 F

101

-

0.99

0.98

0.97

0.96

103 -

Systematic Errors from the Reactor Site (3

Reactor Power Fluctuation in

Multiple Reactor Cores

(Daya Bay near) + Ling Ao near

2% uncertainty per core in reactor

Far

power — residual systematic

uncertainty is < 0.1%

X’/ ndf 5912 / 8
: P1 2631.
P2 0.2433E+06
i ——
2 —— ——
0.95:....I....I....I....I....I....I....I...,l,,”!;x;.
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Time (s)

| Residual Systematic Uncertainty from Reactor Power

0.4IIIIIIIIIIIIIIIIIlIIIllllIlIIIIIIIIIIIIIIIII[IIII

0.35
All nominal powers equal

Varying nominal

=
w

0.25

powers

Residual Syst Uncertainty (%)

0.15

34 0.1% svst

0.05 error
o....I....I....I....I....I.|..I....I....I....I|.|.

Cosmogenic Backgrounds

Using Monte Carlo estimate how well background can be
estimated from data using only time since last muon.

8He/PLi 0 <0.2%

Calculate muon rate underground using surface distributions and
MUSIC simulations.

Using measured cross section for production of °Li and 8He at 190
GeV and scaling with o ~ E%73, obtain an estimated production rate.

See poster by C. Jillings —
NuFact10, October 23, 2010



Antineutrino Detector Overview ’,,,

overflow tanks, gas and
electrical distribution boxes

calibration pipes

calibration boxes

~
top/bottom reflector
PMTs

inner 3-m acrylic vessel
outer 4-m acrylic vessel

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010



Detector Top/Bottom Reflectors bp’

specular reflectors consist of ESR® high
reflectivity film on acrylic panels

reflector flattens detector response

1300 300

o Without reflector |t

total pe

200F - 200 F

150 150 -
100 100+
soF = soF

with reflector

N P P Y P PP | Liaaslanasl

Lis aalis aclisis FPPTY FPPPY FRURY FTYUTY FTPY FRUTY PPPTY FETTy TP Fem
35()200!5()—]()0-50 0 50 100150200250 -QSDZ()(HSO-IUO-SU 0 50 100150200250
r PN Y

y4 (Cm) z (cm) —

Dctober 23, 2010



Photoelectron/Visible energy (MeV

—
(]
o

Antineutrino Detector Response

Detector Uniformity

- Entries 23784 200 :
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Energy Calibration and Efficiencies

Prompt Energy Signal

Reconstructed Positron Energy Spectrum
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e+ threshold: stopped positron signal using
68Ge source (2x0.511 MeV)
e+ energy scale: 2.2 MeV neutron capture
signal (n source, spallation)

1 MeV cut for prompt positrons: >99%,
uncertainty negligible

Delayed Energy Signal

reconstructed neutron (delayed) capture energy spectrum
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6 MeV threshold: n capture signals at 8 and
2.2 MeV (n source, spallation)

6 MeV cut for delayed neutrons: 91.5%,
uncertainty 0.22% assuming 1% energy uncertainty

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010



Antineutrino Detector Event Distributions

6000

5000

4000

Events

3000

2000

1000

g
(=)

1111

Enmes 314842

R2 distribution of neutron

production point

LS

l

lll,ll

—— Gd caprure position

———- H capture position

A

e U P e MWt ATl e P A b

Resolution (%)

R2 distribution of neutron

capture position

30 35

Geant4-based simulations

[*]
IIIIIIIIIIIIIIIIIIIIII

(%)

X' /ndf
P1

3350 / 7
11.77

~12% / E"*

reconstructed energy
resolution

IIlIIIIIIlIIl

=

W —

4

6 8

Energy (MeV)

:.0 1ct10, October 23, 2010



I I e B.
Detector Calibration aaar

automated calibration system tagged cosmogenic background
— routine weekly deployment of sources (free)

LED light sources — fixed energy and time
— monitoring optical properties

e+ and n radioactive sources (=fixed energy)
— energy calibration

0 20 40 60 80 100 120

R(cm)

68(Ge source
Am-C + 69Co source

o/E = 0.5% per pixel requires:
LED diffuser ball

1 day (near), 10 days (far)

Karsten Heeger, Univ. of Wisconsin NuFact10, October 23, 2010



Muon Veto System
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Anti-neutrino
" detector

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%.

Karsten Heeger, Univ. of Wisconsin

NuFact10, October 23, 2010



KamLAND 2008: Systematics and Backgrounds

Systematic Uncertainties

Detector-related (%) Reactor-related (%)
Am3 Energy scale L9  Te-spectra [7] 0.6 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




