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1 + Reactor Neutrino
Experiments



Hanford experiment

Hanford reactor "
0.3n?liquid scintillator ), T
90 20 PMTs |
Paraffin to shield neutrons

Lead to shield gammas
Expected events: 0.1~0.3 /min
Observed: 5/min  bkg >>signals

Cowan: The lesson of the work was clear: It is easy to
shield out the noise men make, but impossible to shut
out the cosmos.

Savannah River experiment 12 m rock overburden +
veto A Discovery of Neutrino



Savannah River experiment

The first observation of neutrinos in 1956 by Reines & Cowan.

E Inverse beta decayn CdCl,water solution A coincidence of prompt
and delayed signal

E Liquid scintillator + PMTs
E Underground

Modern experiments are still quite similar, except
E Loading Gd into liquid scintillator =,
E Larger, better detector b=
E Deeper underground, better shielding | |

m+p -e +



Reactor Antineutrinos
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Reactor antineutrino: h emitted as fission products decay
Commercial reactor (LEU) 23U, 238, 239%Pu, %41Pu; ResearchHEU (%3%U)
Usually detected via Inverse Beta Decay (IBD)

T

Rate anomalyy sterile nu
Spectrum anomaly
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J,,, Mass Ordering




Neutrino Signal (IBD)

Prompt signal

Peak at 4 MeV

- B
/—> e + e - Zg .g Observable v Spectrum
q <

Capture on H o6Gd,
Delayed signal, 2.2, 8 MeV

v

reconstructed neutron (delayed) capture energy spectrum

fwso- ) :

St E Inverse beta decay reaction,
=g~ Capture on H Gd proposed byontecorvocalled
20 k CowanReines reaction

E Coincidence of

E Prompt: positron, energy
correlated to neutrino energy

E Delayed: neutron capture
E 10,000 timedokg reduction

2 a 3 8 10 12
Recon. Energy (MeV)

Neutron capture after thermalization

Time constant ~30us 0.1% Gd~



CHOOZ

Baseline 1.05 km 199%1998, France  EEEEEEEREE
: 8.5 GWth @
neutrino G Co‘}gajf.ggent
300 mwe target gl
: acrylic
5ton 0.1% GeL.S [ esse
Bad GdLS e
PP 2P?P?PRPPRPY
|10w activity gravel shielding l
6 1 2 8 4 5 6m
R=1.0T 2.8%(statf 2.7%(syst), sif2q,,<0.17 i
T e’ energy
Parameter Relative error o I t R
Reaction cross section 1.9% w4 + g = Reagton QFF
Number of protons 0.8 % S +
Detection efficiency 1.5% | ++
o) 50 ++ *
Reactor power 0.7 % &: wow%‘H’ Jr%% %
Energy released per fission 0.6 %
Combined 2.7 04 MeV

Eur. Phys. J. C27, 331 (2003) 8



M) = A /(1 + at)
Ao = (587 £ 33) cm
o=42+04)10%a"
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KamLAND
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Baseline 180 km

.
Inter e ona! Nuclear Saiety Cenler 2t ANL, Mer 1995 N

130"E 132°E 134°E 136°E 138°E 140°E 142°E 144'E 4E'E

2002, Japan

53 reactors, 80 GWth
1000 tonLS

2700 mwe

Radioactivity A fiducial cut,
Energy threshold

Chimney

LS Balloon

(diam. 13 m)

Liquid Scintillamgf'” f

(1 kton)
Containment ||
Vessel
(diam, 18 m] Photo-
Mu?lipliers

Outer Detector

Outer Detector
PMT

TABLE I: Estimated systematic uncertamnties (%).

alibration Device

Fiducial Volume 47 Reactor power
Energy threshold 2.3 Fuel composition
Efficiency of cuts 1.6  Te spectra [3]
Livetime 0.06 Cross section [5]

Total systematic uncertainty

[

O
e

i‘\) Lll

i



Events/0.425MeV

KamLAND

e Kam[LAND data
— no oscillation

— best-fit oscillation
B accidental
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R=0.658° 0.044(stat) ° 0.047(syst)

The first observation of reactor anti
neutrino disappearance

Confirmed antineutrino disappearance at
99.998% CL

Excluded neutrino decay at 99.7% CL
Excludeddecoherencat 94% CL
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analysis threshold  ___ best-fit oscillation

= 2.6 MeV prompt ¢ gy AND data
=== best-fit decay

- best-fit decoherence

20 30 40 50 60 70 80

L/E, (kn/MeV)

[ e Data-BG-GeoV,
[ — Expectation based on osci. parameters
1F + determined by KamLAND
0.8
0.6 +
04F
0.2F
G_I N I U I P Leivolesy

20 30 40 50 60 70 80 90 100

Ly/E, (km/MeV)

N\< 8 jo Solar/KamLAND
9 6 (Prelm'na'y) Zenith Seasonal
4 20 Spectrum
2 v 95%CL
4 lo o«

Solar KamLAND

o0 Solar+KamLAND £

Ia 2a ja

0.10.20.30.40.50.60.70.809 2468
sin*(0) ay?

11



Neutrino Mixing @ 2003
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Reactor Neutrino Oscillation
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10

Am2 (eV?)

10

How large is Q57

Sin226,3
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Gonzalezqurlclia et al.,
JHEP1004:058, 2010
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How to measure (5

assuming sinZ22823=1

~ 2 preliminary
ToK Accelerator (appearance)
ol msick Related with CPV and matter effect
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Precision Measurement at Reactors

Major sources of uncertainties: Lessons from past experience:

Reactor related ~2% CHOOZ: Good Gd-LS
Detector related ~2% Palo Verde: Better shielding
Background 1~3% KamLAND: No fiducial cut

Near-far relative measurement
Mikaelyan and Sinev, hep-ex/©908047

Parameter Error Near-far
Reaction cross section 1.9% 0
Energy released per fission 0.6 % 0
Reactor power 0.7 % ~0.1%
Number of protons 0.8 % <0.3%
Detection efficiency 1.5 % 0.2~0.6%

CHOOZ Combined < 0.6%

16



Proposed Reactor Experiments

| Krasnoyarsk Russia

Braidwood, USA + KASKA Japan
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The Daya Bay Experiment

A 6 reactor cores, 17.45W,,
A Relative measurement
I 2 near sites, 1 far site
A Multiple detector modules
A Good cosmic shielding
I 250m.w.e @ near sites
I 860m.w.e @ far site
A Redundancy




Double Chooz
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T

nree on-going experiments

Experiment

Power
(GW)

Detector(t)
Near/Far

Overburden
(m.w.e) Near/Far

Sensitivity
(3y,90%CL)
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~ 0.008

Double Chooz
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Huber et al. JHEP 0911:044, 2009
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A DYB: shutdown in Dec. 2020
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Neutaorino Mass 2090Q@er |
| NPP | DayaBay | Huizhou | Lufeng | Yangjang | Taishan

Status Operational Planned Planned Under construction Under construction

Power 17.4GW 17.4GW 17.4 GW 17.4 GW 18.4 GW
s " f ~60 km JUNO
W by 2020: 26.6 GW|  14F " DayaBay

2 X ; 1.2+ * l Far Site
o #M- R .
=3
Z"-’ 0.8 A ILL
) X Savannah River
_ 4 2 007 o Bugey
E R X Rovno
Shen Zhen™ ~ 04F @ Goesgen
@ i A Krasnoyark
o _/ - 0.2+ O Palo Verde
_L‘l\,_m]{wlmn- AL B Chooz ® KamLAND
- Zhu Hai @ Qflt‘-.n;; Kong 0.0 i i i I I
I K ‘ 10 100 100 10t 107
* &/);\ ﬁi““*"f Mo n g Distance to Reactor (m)
S Macau
Cores YJ-C1l YJ-C2 YIJ-C3 YIJ-C4 YIJ-C5 YI-C6

Power (GW) 29 29 2.9 29 2.9 29
Baseline (km) 5275 5284 5242 5251 5212 5221

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB  HZ

Power (GW) 4.6 4.6 4.6 4.0 17.4 17.4
Baseline (km) 52.76 52.63 5232 5220 215 265




The JUNO Experiment

= Jiangmen Underground Neutrino Observatory, a multiplepurpose
neutrino experiment, approved in Feb. 2013. ~ 300 M$.

L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,
PRD78:111103, 2008, PRD79:073007,2009
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Determine NMO with Reactors
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Veryy

ShorntEXms el

A Different technologies:&d Li, B)$eg)(movable)(2 det.)
A Most have sensitivity 0.02~0.03~1e\* @90%CL

Experiment Reactor Overburden Detection Segmentation Optical Particle ID
Power/Fuel (mwe) Material Readout Capability
DANSS ¢ 3000 MW ~50 Inhomogeneous | 2D, ~5mm WLS fibers. Topology only
(Russia) LEU fuel PS & Gd sheets
NEOQS 2800 MW ~20 Homogeneous none Direct double | recoil PSD only
(South Korea) LEU fuel Gd-doped LS ended PMT
nulat 40 MW few Homogeneous Quasi-3D, 5cm, | Direct PMT Topology, recoil
(USA) U fuel °Li doped PS 3-axis Opt. Latt & capture PSD
Neutrinod 100 MW ~10 Homogeneous 2D, ~10cm Direct single Topology only
(Russia) U fuel Gd-doped LS ended PMT
PROSPECT 85 MW few Homogeneous 2D, 15cm Direct double | Topology, recoil
(USA) U fuel °Li-doped LS ended PMT | & capture PSD
Solid 72 MW ~10 Inhomogeneous | Quasi-3D, 5cm | WLS fibers topology,
(UK Fr Bel US) 22U fuel °LiZnS & PS multiplex capture PSD
Chandler 72 MW ~10 Inhomogeneous | Quasi-3D, 5cm, | Direct PMT/ topology,
ue iZn -axis Opt. Latt cint. capture
USA U fuel °LiZnS & PS 2-axis Opt. L WLS Sci PSD
Stereo 57 MW ~15 Homogeneous 1D, 25cm Direct single recoil PSD
rance ue -dope ende
(France) “2U fuel Gd-doped LS ded PMT

Talk by Nathaniel Bowden @NEUTRINO2016
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JUNO-TAO

= TaishamntineutrinoObservatory TAO), a tonlevel, high energy
resolution LS detector at 40 m from the core, a satellite deteciiNd.

= Measure reactor neutrino spectrumswi-percent E resolutian
E modelindependenteference spectrufior JUNO
E a benchmark for investigation of theclear database

= Taishan Nuclear Power Plant, 44.5 m from a 4.6 GW core, in a Ra0 at
m underground.

= First low-temperature LS experiment: SIPM + GdLS, 4500 p.e./MeV

TAO C®HRX2005. 08745

0.95

0.9

0.85

..
B y =N N
— £ ’
Neutrino energy (Me)\ ,

Constrain the fine structure in [2.5,6] MeV to < 1%




Reactor Neutrino Experiments

Discovery ofs | Early searches for Reactom
e SR oscillation spectra ~2%
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VSBL for sterile 3
JUNO-TAO for spectrum




2 - Neutrino from
Reactor
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