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Neutrino Physics at Reactors

Next - Discovery
and precision
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2008 - Precision measurement of
Am+122 . Evidence for oscillation

2003 - First observation of reactor
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Discovery of the Neutrino

1956 - “Observation of the Free

Antineutrino” by Reines and Cowan
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Discovery of the Neutrino

1956 - “Observation of the Free
Antineutrino” by Reines and Cowan
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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 FNAL, May 12, 2011



Reactor Antineutrinos

Ve from n_rICh fISSIOn prOdUCtS From Bemporad, Gratta and Vogel
neutrinos/MeV/ission 2

£ observed spectrum
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mean energy of Ve: 3.6 MeV
only disappearance experiments possible

~ 200 MeV per fission

~ 6 v, per fission

~2x 1020V /GW, -sec
cross-section accurate to +/-0.2%

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011



Reactor Antineutrinos

v, from n-rich fission products From Bemporad, Gratta and Vogel

time-dependent rate and spectrum

observed spectrum

Arbitrary

Fission rates over single reactor
fuel cycle

Pu-241

02 -~ calculat

— - — days spectrum
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Fissions per sec (fraction of total rate)
o
o
\ /
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mean energy of Ve: 3.6 MeV
only disappearance experiments possible
only ~ 1.5 ve/fission are detected cross-section accurate to +/-0.2%

threshold: neutrinos with E < 1.8 MeV
are not detected

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011



Measurement of Reactor Spectra
1ol ; ! 37.9m

Goesgen Experiment (1980’s) op fo N

comparison of predicted spectra to 0.4 i
observations 02~ e

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%

reactors are “calibrated” source of Ve’s 04 41

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011
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Reactor and Accelerator Experiments

MethOd 1 . ACCG|eI’a’[0r EXperimentS p target horn decay pipe absorber r:iﬂ(ra“tector
.2 . 2 : zAm312L e W s . S—
P, =sin”20,,sin" 20,, sin + ... - S
" AE T "

* 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 FNAL, May 12, 2011



Oscillation Experiments with Reactors

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

) . 4 ) .
P, =1-smn"26,, smcos 6, s1n” 26, Sl

\4 \4

for 3 active neutrinos, can study oscillation with two different oscillation
length scales: Am?212, Am?243

Am2i2~ 8 x 105 V2 L ~1.8 km
Am2i3 ~ 2.5 x 103 eV2 L ~60 km

What about reactor appearance experiments?

Mean antineutrino energy is 3.6 MeV.

Only disappearance experiments are possible.

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011



Oscillation Searches with Reactor Antineutrinos

1980-1990s RN 51 P

B _ + + ® Reactor ON
ChOOZ R— 200 | +_ +++ © Reactor OFF
8.5GW power S 4 o | +  ~3000 events
1 km baseline 8 i3 |- ; +, 335days

| 50 - +
IR XL
5 ton target - l‘:: R=101 28 % (stat)

V.+p—et+n = Tr. g
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0OSs -
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"3 Ref: hepex/0301017

— No evidence for oscillation, absolute measurement with 1 detector -



Reactors in Japan

Kashiwazaki

¢
E ’” Japan

Kamioka

55 reactors Vo+p—etr+n

235|238 :239P 241 Py = 0.570" through inverse [-decay
0.078: 0.0295: 0.057

Ey, ~ E, + E,, + 0.8MeV,
reactor v flux at KamLAND

— 6/~m2
6 x 10%/cm?/sec FNAL, May 12, 2011




KamLAND 2003:

First Direct Evidence for Reactor v, Disappearance

1.4F _ _ .
Reactor Neutrino Physics 1956-2003 | PRL 90:021802 (2003)
2L | Observed v, 54 events
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1.0 ket _M ....... .4;.. ——— — — — Background 1+ 1 events
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Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011



Events / 0.425 MeV

KamLAND 2008: Precision Measurement of Oscillation

Prompt event energy spectrum for ve

U S [ S SN TR S SN T S 1

KamILLAND data
no oscillation
best-fit osci.
accidental

. best-fit Geo V,
best-fit osci. + BG
+ best-fit Geo V,

K
L

number of events

expected: 2179 + 89 (syst)
observed: 1609
bkgd: 276 +23.5

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.)

Detector-related (%) Reactor-related (%)
systematic uncertainties: Am3; | Energy scale 1.9 U.-spectra [7] 0.6
fiducial volume reduced from Fiducial volume 1.8 Te-spectra 2.4
4.7% — 1.8% Event rate| Energy threshold 1.5 Reactor power 2.1
total systematics: 4.1% Efficiency 0.6 Fuel composition 1.0

Cross section 0.2 Long-lived nuclei 0.3

Karsten Heeger, Univ. of Wisconsin



KamLAND 2008: Precision Measurement of Oscillation

Prompt event energy spectrum for ve aumber of events
..... o0 expected: 2179 + 89 (syst)

S ey ; —+— KamLAND data observed: 1609
- : — R no oscillation .
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- : E ’ idental N :
T os000 | o4 = B significance of disappearance
= C ' 2/ best-fit Geo V, (with 2.6 MeV threshold): 8.50
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g 00f 3 7 significance of distortion: > 50
o774 best-fit x2/ndf=21/16 (18% C.L.)
SUEEE A
O:_A_A_A_Lm i P
0 1 2 3 4
E, (MeV)
Detector-related (%) Reactor-related (%)
systematic uncertainties: Am3; | Energy scale 1.9 U.-spectra [7] 0.6
fiducial volume reduced from Fiducial volume @e—spectra 2.4
4.7% — 1.8% Event rate| Energy threshold 1.5 Reactor power 2.1
total systematics: 4.1% Efficiency 0.6 Fuel composition 1.0
Cross section 0.2 Long-lived nuclei 0.3

reactor flux and fiducial volume important for precision reactor experiments



KamLAND 2008: Precision Measurement of Oscillation

L

<

.

reduced systematics in target protons by calibrating fiducial volume

glovebox wit
motion spoo}

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011



Neutrino Oscillation

Mixing Angles & Mass Splittings
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Precision Measurement of 6., with Reactor Antineutrinos b"“"ﬂ’ﬂ/

13
Search for 6,5 in new oscillation experiment with multiple detectors
. o[ Amy’L . o Amy’L
P, ~1-sin”26,,sin’| —L1— |- cos® 6, sin 26, sin’| —2—
14 4EV
Daya Bay Reactors: Small-amplitude oscillation  Large-amplitude
Powerful v, source, multiple cores due 10 6,5 integrated over £ oscillation due to 6y,

11.6 GW,, now,17.4 GW,, in 2011

1 N . ]
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Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011



/
Concept of Reactor 813 Experiments

Measure ratio of interaction rates in multiple detectors

distance L ~ 1.5 km

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011



/
Concept of Reactor 813 Experiments

Measure ratio of interaction rates in multiple detectors

distance L ~ 1.5 km

far
& B Tp,f (&)2 (E) [Psur(E~Lf>]
Tn Tp,n Lf €n & sur(E ; L‘n)
Measured
Ratio of
Rates

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011



/
Concept of Reactor 813 Experiments

Measure ratio of interaction rates in multiple detectors

distance L ~ 1.5 km

near far
2
& e 2 (ﬁ) (i) [Psur(E~Lf>]
N n L’f €n o sur(E ; Ln)
Measured Detector
Ratio of Mass Ratio,
Rates H/C

¥

mass measurement

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011



/
Concept of Reactor 813 Experiments

Measure ratio of interaction rates in multiple detectors

.
]\f o | Psur(Ewa>]
Nn Psur(Ea Ln)

Measured Detector Detector

Ratio of Mass Ratio, Efficiency
Rates H/C Ratio
mass measurement calibration

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011



/]
Concept of Reactor 813 Experiments

Measure ratio of interaction rates in multiple detectors

’ Psur(Ea Lf) ]

B sur(E ’ Ln)

Measured Detector Detector
Ratio of Mass Ratio, Efficiency

Rates f Ri) sin22613
mass measurement calibration

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011



/]
Concept of Reactor 813 Experiments

Measure ratio of interaction rates in multiple detectors

Measured Detector Detector
Ratio of Mass Ratio, Efficiency

Rates f R?) sin22613
mass measurement calibration

cancel reactor systematics, no fiducial volume cuts



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




World of Reactor 813 Neutrino Experiments

%f%%KraanxﬁikfRussia ¢

Daya Bay, Double Chooz, and Reno
- international collaborations
- under construction/taking data



Double Chooz Reactor Experiment*
In Ardennes, France

ﬁear 8.6t i '_‘ N R Far 8.6t
overbdn 45m ,. o R overbdn 110m

Slide from M. Shaevitz



‘RENO

_Vf\/\/\/\/\/\/ 913

v\‘lb-b"\c; mag

Wi Qi ‘PM'
S

Slide from M. Shaevitz

Reactor Experiment for Neutrino Oscillations

at YoungGwang in Korea

Near 20t L}r
70m overbdn '

YeongGwang Power Plant

« 6 cores, 17.3 GW,_

Far 20t
200m overbdn




Daya Bay, China éﬂw

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

......

7
(j under consth.sctlo

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011
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Daya Bay, China émy

http://dayawane.ihep.ac.cn/ 13
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Daya Bay, China f,,,a,,,
http://dayawane.ihep.ac.cn/ 1 3
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Daya Bay, China émr

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

antineutrino detectors

| RPCs
water pool
muon veto system

May 12, 2011
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Daya Bay, China 5””

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

antineutrino detectors

multiple detectors per site

| RPCs
water pool cross-check efficiency —

muon veto system

May 12, 2011
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Reactor 613 Experiments

Thermal | Distances Depth Target Mass Start Date Sensitivity
Experiment Power Near/Far | Near/Far (tons) Near/Far @2.5x10-3 eV2
(GW) (m) (mwe) 90% CL, 3 years
0.03
Double- 8.6 410/1050 | 115/300 8.8/8.8 2012/2011
CHOOz
(France)
RENO 17.3 290/1380 | 120/450 20/20 2011/2011 0.02
(So. Korea)
Daya Bay 17.4 363(481) / | 260/910 | 40(x2)/80 2011/2012 0.008
(China) 1985(1613)

Karsten Heeger, Univ. of Wisconsin

FNAL, May 12, 2011




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 __—_ )

=N =

+pPp—=et+n
steel tank
Gd-doped

liquid scintillator acrylic tanks

photomultipliers

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

, May 12, 2011



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
760
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
2505 Mev ' 1 hnn;asn :1,222 l-u300: Underflow . 0
I ATy Underflow 0 5 [ Overflow 3|
] o ﬂ[ LY [Overfiow 0] 250
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- T L 200 I I
100 | E 1
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Fi 1 %) \ B :
100 | U - : 1 1
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Recon. Energy(MeV)

Delayed Energy Signal

reconstructed neutron (delayed) capture energy spectrum

| Recon. Engrgy (MeV)



Systematic Uncertainties

Detector-Related Uncertainties

13

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 0.03 003
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 | <0 <0.01
Total detector-related uncertainty | 1.7% \_ 0.38% | 0.18% ) 0.12%
\/

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

detectors at near and far sites

Ref: Daya Bay TDR

Karsten Heeger, Univ. of Wisconsin

FNAL, May 12, 2011



Measuring 613: A Possible Scenario e/

Upper limit at 90% CL in case of no signal

T2K
NOvVA
DayaBay

DoubleChooz
RENO
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Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011



What about sterile neutrinos?

013 Experiments and Light Sterile Neutrinos (0.01-0.1 eV?2)

O e L L H
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B14-driven oscillations affect far and near detector data differently

B14-driven effects impact ones ability to measure sin220813,
shape analysis can disentangle 613 from B14-driven effects.

roles of near and far detectors may be reversed compared to those

associated to studying 643 effects

Am142=1.0x102eV>2
Daya Bay setup

de Gouvea and Wytock

Karsten Heeger, Univ. of Wisconsin

FNAL, May 12, 2011

arXive:0809.5076



What about sterile neutrinos?

013 Experiments and Light Sterile Neutrinos (0.01-0.1 eV?2)

-c _I T | T T T | T T T T T |_ -o _I T | T T T | T T T | T T+ |_
£1:045 sin’29,,=0 7 £1.04F sin20,,-0.069 E
81.02f near detector 1] &1:02F I3
W s 5 bprprieb] W -no-oscillation ... J-|- I
35 n - ] . O - NN
$0.98F "TTTH So.98F canes
§0.96:—+ = §0.96:—+ ORI [1 1
@) - 10 C roid + 1]
0.94; - ~0.94 o =

- far detector ] - o »{« .

0.921 4 0.92F fﬁ + :
CJ.9:_I | | | | | | | | | | | | |_: 0.9:_I+| | IH" | | | | | | |_:

2 4 6 8 2 4 6 8

E.(MeV) E.(MeV)

B14-driven oscillations affect far and near detector data differently

B14-driven effects impact ones ability to measure sin220813,
shape analysis can disentangle 613 from B14-driven effects.

Amq42=1.0x102eV?2

Daya Bay setup
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de Gouvea and Wytock

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011
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What about sterile neutrinos?

013 Experiments and 3+2 Sterile Neutrinos (~1 eV?)
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Double Chooz setup

oscillations driven by the extra sterile neutrinos would produce
a constant suppression at both the near and far detectors

data from near and far detectors can be used to probe 613 and 014-driven effects

Bandyopadhyaya and Choubey

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011 arXive:0707.2481v1



Very Short Baseline Oscillation Search?
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a multi-detector experiment with
baseline O(10m) in experimental hall
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Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011



Very Short Baseline Oscillation Search?

reactor Ve
from 1.8km distance

Ve SOUrce
~90 events/

day/detector ¥ artificial sources of Ve?

a multi-detector experiment with spent nuclear fuel?
baseline O(10m) in experimental hall

Look for very short-baseline variations on top of the reactor ve background

-> sterile oscillations?
-> Pontecorvo vV =V oscillations?
-> flavor change from magnetic moment scattering?

Littlejohn, KMH —

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011
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Very Short Baseline Oscillation Search?

Daya Bay Far Hall %
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Summary and Conclusions

- Atmospheric, solar and reactor experiments were key to the discovery
of neutrino mass and oscillation in the past decade (1998 - ).

- Upcoming reactor experiments will measure 613. Key to model
building. Measurement of sin22613> 0.01 is key to planning leptonic
CPV searches in long-baseline v oscillation experiments.

» Future intermediate/long-baseline reactor antineutrino experiments may
be used for a precision measurement of 6812 (using baseline from Am?24,-
Am?2g)).

- Determination of mass hierarchy with kt-size detectors is being explored.
* New experiments with multiple detectors at distances of 5-15m may offer

opportunities for very short baseline oscillation searches with appropriate
Ve SOUrce

Karsten Heeger, Univ. of Wisconsin FNAL, May 12, 2011






