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Introduction

Nuclear Reactors as a Neutrino Source

E}vtjﬂa mm-:ucm.&-__

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.




60 years of reactor 201172012
. . The year of 6,5
neutrino physics

2008 - Precision measurement of
Ami22 . Evidence for oscillation

2003 - First observation of reactor

antineutrino disappearance i b \’l ,_

e/ LAY
1995 - Nobel Prize to Fred .

Reines at UC Irvine _ K-'i’aniLAND

1980s & 1990s - Reactor neutrino flux Sl :
. S - 7| T e Past Reactor Experiments
measurements in U.S. and Europe . L Hanford

1956 - First observation _ 1 R Savannah River
of ( B — - N - ILL, France
_ Bugey, France
Rovno, Russia
Goesgen, Switzerland
Krasnoyark, Russia
Palo Verde
Chooz, France

.;.' i ‘ N

o A a; AU 1053 - first experiment at Hanford
W




MaTtpuua PMNS cerogHna

Motoyasu Neutrinos and mixing

lkeda

Flavor (e,p,t)
Eigenstate

Current status
Solar and reactor (KamLAND)

0. =33.6°+1.0°
Atmospheric, accelerator

g, =45°+6° (90%CL)
Accelerator, reactor (payaBay.DoubleChooz RENO)

6,,=9.1°+0.6°

Remaining questions:

"1s 8,5, =1/47?

*CP phase (8) ?

*Mass hierarchy
m,<m,<m;? m;<m,<m,?




Reactor Antineutrino Experiments

with 1-2 km baselines
are sensitive to 0,, ,

[sotope fission rates vs. reactor burn-up
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but have significant neutrino flux normalization uncertainty




Absolute Reactor Flux: Relative Measurement:

Largest uncertainty in previous Multiple detectors removes absolute

measurements uncertainty

Relative Measurement: A 2-Detector Experiment

Krashoyarsk, Russia
first proposed at Neutrino2000

Krasnoyarsk
Krasnoyarsk reactor underground site: 600 mwe - underground reactor
- detector locations determined

1 .
Detector Detector 2 by infrastructure

Reactor -

115 m 1000 m

Target: 46t 46t
Rate: ~1.5x106 ev/iyear ~20000 ev/year

S:B >>1

Ref: Marteyamov et al, A :
hep-ex/0211070 o 2% i

First proposed by L. A. Mikaelyan et al., Phys. Atomic Nucl. 63 1002 (2000)




2011/2012 — The year of 0,

KamLAND + SOLAR
—@— Original Flux

--{-3- Reevaluated Flux

2011 — Early indications

—@— Normal Hierarchy

--{=3-- Inverted Hierarchy

Double Chooz

2012 Mar - Daya Bay observes non-
zero 0,, with 5.2¢
— & RENO (20120 2012 Apr - RENO confirms

——— @& Double Chooz (2012-07)

—@— DayaBay (2012-03)

® Double Chooz nH (2013-01)

@ T2K Update (2013-04
pate (01300 2012/2013 - Improved by

& — RENO (Prelim. 2013-03) T2K, DC, DB, RENO

—@— Daya Bay (2012-10)
I\II|\I II\I|\IIIIIII|I\II
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Double Chooz experiment
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T | Near Detector el
L 400m

5| Far Detector

D e g [ L=1050m

Chooz Reactors | 10m* target \ '&; || 10m? target
4.27GW, X 2 cores ¢ || 120m.we. N i || 300m.w.e.
| 2013~ & | | April 2011 ~
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RENO Experimental Setup

i Far Detector
(450 m.w.e.)




Adjacent mountains with horizontal access
provide 860 (250) m.w.e cosmic shielding.

- PR e _ e - - e . |
Dy Bay Ling Ao + II =~
6 commercial reactor cores |
With 17.4 GWth total power. . , “. O\-’erbur:ielllz ~265 mwe
- L B Weighted baseline: ~500 m

6(8) Antineutrino Detectors (ADs) % e ogam .?’.-Ln’g‘ e o>
. & - Pn.. 7 reacgtors ’
give 120(160) tons total target mass. IR ,*f an U,
. ng Ao 3
= '8y reactors
Via GPS and modern theodolites, relative Ceb o 1LV /

| ~250 mwe
Weuhted baﬂe]me ~360 m

D'iy'a Bay- wr

"5 .reactors _.,.-’;

detector-core positions known to 3 cm.

s 5 4
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Inverse beta decay has-a-distinctive-signature

Inverse 3-decay (IBD):
vV, +p— e +n

:

n+ Gd—""Gd+y

Prompt positron:
Carries antineutrino energy

E, =E -0.8 MeV

Delayed neutron capture:
Efficiently tags antineutrino
signal

Prompt + Delayed coincidence provides distinctive

signature



Antineutrino Detectors

Calibration robots insert
‘Functionally identical’ detectors: radioactive sources and LEDs.

Reduce systematic uncertainties

Target mass measured to %

3 kg (0. 015%) durmg fllllng

AII detectors f|IIed from
common GdLS tanks.

-
i

192 8” PMTs detect light a i
in target, ~163 p.e./Me\V.

Reflectors improve light collection uniformity.



JINR contribution to Daya Bay

* Liquid Scintillator measurements and optimization:
* Light Yield
® Transparency
® Energy Resolution
® Neutron capture for Gd loaded LS

Scintillator | Total detection efficiency of < 0,4 eV
layer height, | thermal neutrons, %

e -

PR T R ER
EER T A FR

* Technology of PPO production was restored in the JINR Member State
Ukraine and 1.5t of PPO were produced and delivered to Daya Bay

® Data analysis:

* Background simulation
e Oscillation Analysis



U3mepeHue yrna cmewmBaHua 0,
B 3KcnepumeHTe Daya Bay

Predicted (si1122613 =0)
Predicted (si112291 - 0.089)

—— Measured

IBD rate (/day)

—
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Entries / 0.25MeV
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IBD rate (/day)

No oscillation
— Best Fit

f=

1BD rate (/day)

/ Near (weighted)

Far

Dec 27 Jan 26 Feb 25 Mar 26

. 10
Run time Prompt energy (MeV)

sin20), = 0.089 1 0.010 (stat) £ 0.005 (syst)

EH1 EH2

Breakthrough of the Year, 2012, by Science Magazine

02 04 06 08 1 12 14 16 18 2
Weighted Baseline [km]
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Projected Daya Bay's Sensitivity of sin’28,,

BA% C. L.
Rate only G->8AD

= 01
Ongoing work B
Daya Bay = N
Running with 8 detectors since October 2012

Rate + Shape analysis for 0,,
Independent determination of Am? (~10%—>~4%)

1000
Time (Days)

Daya Bay Projected A m2, (10”° eV?) Precision

«—0.25
Absolute neutrino flux measurement E 0.2 68% C. L.
Neutrino flux spectral shape :E‘g;o.w
Double Chooz < o
Near detector (systematics 2.2% = 0.6%) | Preliminary

500 1000

Improving all analyses Time (Days)

Expected precision on sin*26,, of 0.01
RENO Uncertainty Projection

RENO Fomf
: gF:iLif;fé This result
Rate + Shape analysis |
Reduce systematic uncertainty on sin*20,, to <
0.01
Goal: total uncertainty <o.omn after 3 years

K.M.Heeger et alWhite Paper




Future (proposed experiments and R&D)

Determining Mass Hierarchy with Reactor Antineutrinos

Daya Bay Il (and RENO 50km)

AmZaim ﬂmzso?l

Daya Bay Il
proposed

128.9 km

* Lufeng NPP
planned 6x2.9G'W

Daya Bay Il R&D from 2012-2015
Construction start ~ 2015/167?

Arbitrary unit

—— 0, oscillation
= Normal hierarchy
Inverted hierarchy

25 30
L/E (km/MeV)

50k events, 3 years— 96%
100k events — 30




JxcnepumeHTel OMAN/UTO® Ha
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Technological
room

13.9 m only!
2.7x1013 vlecmils

3agauu GyHIaMeHTATbHOU U
MIPUKJIATHOU PU3UKH HEUTPHUHO:

v' [ToMCK MarHuTHOTO MOMEHTA HEMTPUHO

v" [ToMCK cTepu/IbHBIX HEUTPUHO

v MI3mepeHue IOTOKOB M CIIEKTPOB
HEUTPHUHO OT PEAKTOpa
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Neutrino Magnetic Moment

In the (extended) Standard Model
Magnetic moment of neutrino is connected to the neutrino mass
and is very small.

i, ~ 10719 4o x (m, / 1eV) =0

if neutrino if neutrino
Dirac Majorana

v ¢ But some models predict:

i, <1014 45 x (m, / 1eV) L, ~ 10-10 '10_11/18

And this is already in the present sensitivity region

Detection of the Neutrino Magnetic Moment could be an
argument in support of Majorana neutrino nature



l/I3N\epeH ne MarHUTHOIroO MOMEHTA

GEMMA: Pe3ynbtaTbl 1 [lepcneKkTusbl

HpGe detector
1.5 kg, 14m

Phase-1: |, £ 5.8x10°11 Hg

New Phase (6kg, 10m): H, <1.0x1011 Hg




Hetektop DANSS

—

M3mepeHne NOTOKOB U CMEKTPOB PEAKTOPHbIX aHTUHEUTPUHO

it porton

“on 102011

Segmental
salid plastic
scintillator
(2200 cells)

Sensitive
volume=1 m?

DANSS ... .,

Goal of the project:
To build relatively small (1-2 m?3) Direct detection of the reactor antineutrino allows

detector which Measure the actual reactor power (Nv)

- would not contain any aggressive, Deduce the actual fuel composition(Ev)
cryogenic or other dangerous liquids in On-line reactor monitoring (tomography?) .
big amount Especially important in view of the future

- could be installed close to the Non-proliferation (prevent unauthorized

industrial power reactor (BB3P-1000) extraction of 239-Pu)

- and detect about 104 neutrino/day with  Weak (v-e) cross-section (more precise)

good S/B ratio. Neutrino oscillations (to a sterile state?)




YTO Ham M3BeCcTHO O Yyucne
TUNOB HENTPUHO?

ALEPH
DELFPHI
L3

Another
Am?2~ 1eV2 ??

CALLEX Cr2  gAGE Ar

Heo0xoauMm mounck

= OCIV/TAITMOHHBIX
g Num of Nus: nepexojoB HEUTPUHO B
- Nett = 3.62 + 0.48 (SPT+WMAP7) CTepUIbHBIE COCTOSIHUSA Ha

Nest = 3.71 £ 0.35 (SPT+WMAP7+Ho+BAO)

(cBepx) MampIx
Neir = 2.97 = 0.56 (ACT+WMAP7)

Nt = 3.50 + 0.42 (ACT+WMAP7+Ho+BAO) PACCTOAHUAX

1500 2000 )



There Is already a well working prototype:
DANSSIno

90+50=100 strips

2 PMT (X+Y—odd+even)
20 cm x 20 cm x 100 cm
40 kg (movable)

DANSS =25 DANSSino

Ju Ty
i

.f:.\

: Purpose:
. * BG& conditions
=0 N(ON)-N(OFF
e s MoV / day] Run# 043+044 = - fest SHLD efficiency
* acq Hard Trigger

* btw IBD count rate ~400/day

(1.0<Ed <8.0) Conclusions :
and {15 =T=< BDD} :‘ » Tt works=ll @ (zmn withoud flash ADs am:‘)l-fﬂnf:!
and (Xp and Yp) L :

and (no Muj) _ =l = * Ln spite of huge edge-effects, we see V@

: * 10 em of (Pb+Cu] iz enough te shield against y
The main (important) B& = fast # ¥

* Impossible to operate en-greund &

+ BB3P-1000 shiclds well against cosmic m &

- pproduced (secondary) fast neutrons = &

==l ] » Improve eff. of p-vete ( 47 + "sandwich")
This is already measured reactor il EEEE + Aveid heavy materials inside.  hange the

(a n tI ) ne utri no s pectru m | stueld composition (and mecharveal canstruction?)




N3mepeHuna Ha uccneaoBaTeNbCKUX PeaKkTopax

Neutrino4, Russia

passive shielding muon veto
Pb, CHx(B)

multisection detector
for segmentation in
radial direction

| ‘A ! o 4
‘ Fimm multi-zone active

background
rejection

Reactor (Rate+Shape) + Gallium (Rate)
- No-oscillation hypothesis disfavored at 3.60

100 kg 30 d (3-4) MeV

POSEIDON at Reactor PIK, Russia

LAB+PPO+Gd

Gd-LS Detector: 2.1x1.3x1.3 m3
Energy resolution: ¢ = 7% at 1 MeV
Spatial resolution: o = 15 cm at 1 MeV

Energy and spatial
resolution to measure
oscillation curves for
different Ey

. aim to detect
i . oscillatory signature

"3 4 5 6 7 8 9 10 11

Benchmark measurements of reactor neutrino spectra

and beta-particles spectra from irradiated targets
» Neutrino sources production: 5'Cr, 8Li etc
(thermal neutron flux 4.5x10'> cm2s™)
 Search for short base line oscillations
» (Coherent scattering neutrino by nuclei
» Neutrino-electron elastic scattering
» BSM processes search at low energies

100 MW thermal
power

Small zone: h=50
cm, d=39 cm

Start of
experimental
program 2014-15



3akmouerne

®* Ha nmporTsbkeHMM  MHOIMX  JIeT  peaKTOPHbIe
OKCIIEPUMEHTHI  OBIIM U OCTAIOTCSI  MOUIHBIM
MHCTPYMEHTOM JJIsI U3YYEeHUU CBOUCTB HEUTPUHO

* HemaBHee OoTKpbITHE (OTHOCHUTEIBHO) OOJIBIIOrO yIJia
CMEeIIMBaHUs 0, OTKPBIBAET HOBbIE MEPCIIEKTUBBI /IS
IaTbHENIINX NCCIeI0BAaHNN B pU3HKe HEUTPUHO

® [IpoBemeHrie HEMTPUHHBIX BKCIIEPUMEHTOB Ha CBOEU
0aze, a TaKKe ydacTHe B BeAyIINX MEXIyHAPOAHBIX
[IPOEKTAX, SBJIAETCS IPUOPUTETHOMW 3aZayen s
Poccumckux nacrutytoB nu OMAN
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