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Reactor Neutrinos

Discovery of neutrino in 1956

Smallq,;in 1990s

limit on neutrino magnetic moment

Observation of reactor N disappearance in 2003
Discovery of norzeroq,;in 2012

Mass hierarchy and precision measurements

Sterile neutrinos, Magn“et'l'c
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Reactor Neutrino Flux at a Glance

Using PWR (Pressurized Water Reactor) as-examples in the following.
(3-5)% U-235 enrichment. >95% is |J238.

Neutrinos from subsequenb-decays of fission fragments.
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Spectra of Isotopes

Ab initio: Nuclear database, f r agment s, E AHW® n

uncertainty (e.g. Vogel et al., PRC24, 1543 (1981)).
ILL measured the b-spectraA convert to neutrino spectra

o

E ILL spectra: Usespectra of30 virtual branches, fit amplitude and
endpoints

Mueller spectra: 90% Ab initio, 10% fit A rate anomaly
Huber spectra fit w/ improved nuclear effects
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Detecting Reactor Antineutrino

A 3-e scattering
A Inverse beta decay (IBD)

Prompt signal

_2g

Delayed signa) Capture on H (2.2
MeV, ~180vs) or Gd (8 MeV, ~30rs)

\

reconstructed neutron (delayed) capture energy spectrum
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Measuring d,;(see NuA session@TAUR
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Reactor Results
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Reactor Results
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Uncertainty of sin“20, ,

Future Prospects

Daya Bay:

D §in22qg,,) ~ 0.003C ~ 3%
., D(ni3,)~0.07C ~3%
RENO: ~5%

Double Chooz ~10%
Rate + Shape, by J. Zhao
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Uncertainty of sinzZ()H
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Combination Prospects

The 3 experimentsstarted to discuss combination.

To the end 0f2006 (by J. Zhao)

E Daya Bay: 0.00307

E Daya Bay + RENO: 0.0028A, improve by 6.5%

E Daya Bay + RENO + DC: 0.00282, improve by 8.2
Assumed uncorrelated

E Reactor, detector,background

E Cosmogenidokg correlation A worse

E Cosmogenidkg (50% systematicuncer.) reduction A better
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Reactor Anomaly (Rate)

ILL spectra agree w/ data
Mueller/Huber spectra higher than data
Sterile neutrino?
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G. Mention et al.
Phys.Rev. D83 (2011) 073006
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Daya Bay Absolute Rate Measurement
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Daya Bay measurement of absolute Flux
E Data/(Huber+Mueller) 0.94% 0.022
E Data/(ILL+Vogel ) 0.992a 0.023

arXiv:1508.04233
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Future Reactor Exp. for Sterile Neutrino

Different technologies: Gd, Li, B) (seg)(movable)(2 det.)
Most have sensitivity 0.02~0.03 @m~1e\* @90%CL
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See next talk by J. Link
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5> MeV Bump on Reactor Spectrum

Events ar@eactor power related & time DC, Neutrino 2014
Independent e ———
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Measuring the spectrum

Bump local significance 4s
Unfolding the reactor neutrino spectrum

E Between 1.5 an@MeV, it ranges from 1.0% at 3.5 MeV to 6.7% at 7
MeV, and above MeV it is larger than 10%.
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Determine MH with Reactors
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JUNO for Mass Hierarchy
| NPP | DayaBay | Huizhou | Lufeng |  Yangjiang | Taishan

Status Operational Planned Planned Under construction Under construction
Power 17.4GW 17.4GW 17.4GW 17.4 GW 18.4 GW

by 2020: 26.6 GW

_+~ Previous site candidate
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Rich Physics Program

= JUNO has been approvedn Feb. 2013. ~ 300 M$.

E

IS a multiple-purpose neutrino experiment

0101 R 1

1l
-

m m m

E

[Tlc [Tic [Tic [T

E

= 20kton LS detector

3% energyresolution
700 m underground

Rich physics possibilities

Reactor neutrino

for Mass hierarchyand
precision measurement
of oscillation
parameters

Supernovaeneutrino
Geoneutrino

Solar neutrino
Atmospheric neutrino
Exotic searches

Neutrino Physics at JUNO, arXiv:1507.05613

Michael Wurm , Nu-A session@TAUP
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http://arxiv.org/abs/1507.05613

Sensitivity on MH

PRD 88, 013008 (2013)Relative Meas| Use absolutedDm? JUNOMH
Statistics only 4s 5s sensitivity with
Realistic case 3s 4s 6 years data:

— 10 —VaT 1% am, pr}or" 50% vé. 50% 40— _
<] - —— VAT: no prior ——1.1% vs. 98.9% \ : : .....
= [ [ 68%ofexp.JUNO _ _ . M. i 5.cp=90°/270°
95% of exp. JUNO 3.7x10C vs. 1 a0l L‘ -,i | —(ﬁ—y;:r;k 180
) VA G |
= X i
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10 - . . S NEEEEP
0 : i !
0.00 0.01 0.02 0.03 0.04
Years o(AM%)
Ideal Core distr. | Shape | B/S (stat.) | B/S (shape) |Am3 4
Size 52.5km Real 1% 4.5% 0.3% 1%
Axym | +16 —4 ~1 —0.5 —0.1 +8




Reactor

Complementary MH Determination

Y& and Ya Ya and Ya

Interference (f) || difference Matter Effect

I atmospheric
I A ccelerator

Reactors
E  JUNO: approved, data in 2020, 34s in 6 years.
E RENO-50: R&D

Atmospheric

E INO: approved, data in 20192020, 3 in 10 years
E PINGUE planned, datain 2021 3s in 4 years
E ORCAE planned, data in 2020 3s in 4 years
E Hyper-KE planned, data in 2025.

Accelerator
E NOVA: operation
E DUNEE 10kton from 2024,40kton from 2030, >5 for all CPs
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Impacts of Inputs

= Many studies on sensitivity. All areconsistent,given the same inputs

E  Imcomplete list: Learned, PRD78:071302, Qian, PRD87:033005, Ge, JHEP1305:131,
Balantekin, arXiv:1307.7419 Ciuffoli, JHEP1212:004Ghosha, JHEP1103: 0
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M. Blennowet al., JHEP 1403 (2014) 028ntonio Marrone, nu-A session@ TAUP
NOVA LBNED _ Reactor spectrum uncertainty
PINGU, INOg,;=40-50 .

JUNO:GE 304-3.5% DYB Current spectrum: 10% @>7 MeV
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High-precision, Giant LS detector

energy resolution vs rec_energy

Muon tracker o fr— .
ceel ' F | e — f - MC simulation based
Tank | 20Kt LS 5_ - on Dayg Bay MC
coverage: ~77% Un g | ‘2 Eroy
~20kt - | 4 ~18000 20" PMT: = _ 0770
watot ; s | 2 o =0.18% +W
Acrylic tank: &~35.4m | | oL ' N S A
mﬁktl;' 1\ Stainless Steel tank: ©~35.0n/ /| -
| r | 0:..i......|..i..,,,,\umu.‘.\,..
~15Q00200_ . . . . o0 . . . . J ISm LB 8 % o8 R recs,energyg(MeV)
VETO PMTs A 77% photocathode coverage
| A PMT QE: 35%
JUNO CDR: arXiv:1508.07166 A Attenuation length of 20 m
Zhimin Wang, Nu-A session@TAUP ¢ abs. 60 m + Rayl. scatt. 30m
KamLAND BOREXINO JUNO
LS mass 1 kt 0.5kt 20 kt
Energy Resolution 6%/ |- 5%/ ¢ 3%/

Light yield 250p.e/MeV 511p.e/MeV 1200p.e/MeV  p5




Beyond Photo-statistics

() e ()

Generic form of E resolution

E a: stochastic term
E b: constant term
E c:noise term

Impact to MH
sensitivity

Energy resolution [%]

Data validated Full MC (DYB & DC)

Noise term dominated by PMT dark noise

Constant term
E Residual noruniformity

E Flaws in readout electronics

Energy resolution [%]

E Artifacts from resolution plotting

No JUNO show stopper found in DY

model

.

() (%) + (wr)

Contributions to energy resolution from naked gammas
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Energy non-linearity
Not only energy scale, but also reactor spectrum shapge
Daya Bay as a virtual nearsite.
Daya Bay calibration plan for non-linearity (FADC+LYS)
SBL reactor experiments (such as PROSPECT)

m Scintillator nonlinearity : > 1.04—
modeled based on Birks’ law| &, .F
and Cherenkov fraction @ -
| { | F -I __ a B T R S BB R S 1 R
B Electronics nonlinearity: 5 0 oal ___DayaBay:1.5%
modeled based on MC and 2
single channel FADC g 0.96—
8 % - ——— Mominal response + 68.3% C.L.
measurement £ 0.94fib
| | £ - mmmmnee Cross-validation
B Nominal model: fit to mono- 8 g2~
1 1 ! o -
energetic gamma lines and °B N R T E SR B
b q 0 2 4 B 8 10
eta- ecay SDECtrum True Positron Energy [MeV]

B Cross-validation model: fit to

. Gamma calibration datac 3? = 216/ 12 praks B12 speciram: f = BB.6 ! 65 hins

2087|, 212Bj, 214Bj beta-decay i SRS S Y L
. e —— 2", aE- Tots
spectrum, Michel electron j ﬁﬁf"--- ' w4 L

| é | " -wi r,"- kY
B Uncertainty <1% above 2MeV o /i~ b
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Entries / 250 keV

Data/Prediction

Short Baseline Exp. with Gas TPC

Gas TPC detector at ~20 m from a reactor (J. Cao, L.J. Wen
E 3-e scattering

E High energy precision ( <3%#sqrt(E) )

Major motivation: high precision reactor spectrum to 1%

E Input for JUNO. DayaBay energy resolution 8%, JUNO 3%
Other motivations:

I? The weak mixing angleqw MUNU exp:
E Abnormal magnetic moment m<0.93 10! ‘m
E  Sterile neutrino CF,, T>700 keV
g PLB 615(2005)153
- e —=— Data sinfly (Q)
20000~ : . B HubersMueller (full unc.) 022 ] ]
I R - Huber+Mueller (reac. unc.) : o i scim:ztil:lu (Grenpt::cl\tl;u?lhatef—Palﬁqva—ZL:rlclr
: . =:’ ILL+Vogel 024 (veto+anti-Compton) |

0232

PDG2004

5 10 ' T 10" 1 10 0 G
PromMyﬁ/Energy (MeV) Q (GeV)
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Precision Measurements

JUNO 100k IBD Events

Smeared by 3%/sqrt(E)

Probing the unitarity
of Upyns 10 ~1%

more precise than CKM
matrix elements !

2 4 6 8
Epmmpt (MeV)
Statistics +BG+1% b2b+1% Scale +1%nonL
sin? Qz 0.54% 0.67%
I ' m?,, 0.24% 0.59%
' m?, 0.27% 0.44%
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JUNO Progress and Schedule

Ground breaking in Jan. 2015
E 600 m slope tunnel excavated out of

1340 m —L
E 100m vertical shaft excavatedout of

611 m
Central detector using acrylic

International Collaboration formed w/
380 members from 55 institutions in 12
countries/regions

Schedule:
Civil preparation 20132014
Civil constructioh 20142017
Detector component productiorf0162017
Detectorassembly & installation 20182019
Filling & data taking 2020
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Civil Progress
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