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Reactor Neutrinos

Discovery of neutrino in 1956

Small 6,5 in 1990s

limit on neutrino magnetic moment

Observation of reactor v, disappearance in 2003
Discovery of non-zero 0,5 in 2012

Mass hierarchy and precision measurements

Arbitrary

Sterile neutrinos, Magnetic moment, ...
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Qutline

Measuring 0,; and Am?,
= Daya Bay

= Double Chooz

= RENO

Determining Mass Hierarchy & precision
measurement of 6,,, Am?,; and Am?,,

= JUNO

= RENO-50

Search for sterile neutrinos

Measuring reactor neutrino flux and spectrum
Search for abnormal magnetic moment
summary




Detecting Reactor Antineutrino

e V-e scattering
* Inverse beta decay (IBD)

Prompt signal
— e +e 52y
V,+p—oe +n

|

Delayed signal, Capture on H (2.2

MeV, ~180us) or Gd (8 MeV, ~30ps) Near _site: ~thousands IBD/day
Far site:  ~hundreds IBD/day

Arbitrary
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Measuring 6., and Am?,,
= Daya Bay

= Double Chooz

= RENO



The Daya Bay Experiment

6 reactor cores, 17.4 GWy,
Relative measurement

— 2 near sites, 1 far site
Multiple detector modules
Good cosmic shielding

— 250 m.w.e @ near sites
— 860 m.w.e @ far site
Redundancy




Double Chooz
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Double Chooz Near Site

the second detector was inaugurated on September 25, 2014

Buffer closed
main tank fo be closed this week

Fill this summer >
Neutrinos in september/October




RENO
Y 776 cores
Near Detector ;‘*ﬁj@}"ﬂIG‘S G\WV

¥, P - ¢ N - ) o

o ¢ . ?/‘,’ L /
Pod ) e G 1
 » \,“ P -~ . g

16t, 120 MWE

-

Far Detector

16t, 450 MWE




Double Chooz

2011.4-2013.1 (460 days). No near site data until 2014.9
Used spectrum analysis for both nGd & nH events
Used Reactor-off data to directly measure backgrounds

New analysis = less background and uncertainties, better
flux prediction(?%U), better energy reconstruction, ...
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RENO

2011.8-2013.12 (800 days)

Also reactor rate modulation analysis

Shape analysis is on the way

Reduced systematics but worsened by 2°2Cf contamination
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AD relative energy scale differences

Daya Bay

2011.12-2013.11 (621 days)

Detailed and precise corrections for E non-linearity
Continue to improve: reduced backgrounds and systematics
Rate + Shape analysis for nGd events

Rate analysis for nH events
0.5% 2%

Relative energy scale difference: <0.2% Non-linearity uncertainty 1%
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Daya Bay Results

nGd rate+shape
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sin?2613 = 0.083 +- 0.018

A(S|n22913)/8in22913 =~ 6%

= best among all mixing angles

A(AM?)/Am?,~ 5%

= similar to that of MINOS
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Systematics at Daya Bay

Side-by-side calibration: Multiple detectors at near sites
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Backagrounds at DC

Major backgrounds for reactor exp.
= Cosmogenic neutron/isotopes: 8He/’Li and fast neutron
= Ambient radioactivity: accidental coincidence

Direct measurement of backgrounds:
= 7 eventsin 7.24 days

= 12.9737 expected

= Tension @ ~ 2c = no room for unknown backgrounds
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Remarkable Improvements on 0,,
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For accelerator experiments

assuming 0-p=0, 6,;=45°

Uncertainty reduced
significantly = now 6%,
will be 3% in 2017.

2014
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Error of sin®20,,

Future Prospects

.. . . .. 20.02-
Precision still dominated by statistics &, .- 68.9% L.

] i . A= Daya Bay
Continue to improve systematics 30016 — Fate Only 6840
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Current 6+8 AD
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Determining Mass Hierarchy

Precision measurement of 0,,, Am?,, and Am?;,
= JUNO
= RENO-50

18



Determine MH with Reactors

1.4+

4MeV v, ]
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JUNO for Mass Hierarchy
| NPP_| DayaBay | Huizhou| Luferng | Yangjiang | Taishan

Status Operational Planned Planned Under construction Under construction

Power 17.4 GW 174 GW 174 GW 17.4 GW 18.4 GW
e . f ~60 km JUNO
G by 2020:26.6 GW | 14F - DayaBay

'3 X ; 1.2+ x* l Far Site
1.0_'*#'#*?——%_______
e
& 08F 4 me
pa) X Savannah Rive
A_ 25 06F O Buey
TGRS | e R X Rovno
) Shen Zhen™ - 04 & Goesgen
: @ A A Krasnoyark
s _/ E 02+ O Palo Verde
WB//hongoshar AR ‘ B Chooz ® KamLAND
@ Q;lt‘-.n;; Kong 0.0 i i i I I
‘ 100 100 100 10" 10
> -~ Sty Hong Kong Distance to Reactor (m)
Cores YJ-Cl YJ-C2 YIJ-C3 YIJ-C4 YI-C5 YI-Co

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




JUNO Physics

¢ JUNO has been approved in Feb. 2013. ~ 300 M$.

¢ iIsa multiple-purpose neutrino experiment

4

T T mili = A LTI

U]

* & O

20 kton LS detector

3% energy resolution
700 m underground
Rich physics possibilities

=

5 4 4 348

Reactor neutrino

for Mass hierarchy and
precision measurement
of oscillation
parameters

Supernovae neutrino
Geoneutrino

Solar neutrino
Atmospheric neutrino
Exotic searches

Neutrino Physics at JUNO, arXiv:1507.05613
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http://arxiv.org/abs/1507.05613

High-precision, Giant LS detector

Steel __
Ta n k »

20 kt LS

coverage: ~77%
~18000 20” PMTs

Muon tracker 2

_JUNO
~1500209 —

Acrylic tank: ©~35.4m /|
Stainless Steel tank: ®~39.0m/ / |

LS mass

KamLAND

1 kt

energy resolution vs rec_energy
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o o
[T I I—+—T T TT

total charge-based energy
reconstruction with an

ideal vertex reconstruction

2.57%
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O'E=0.18%+
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0.5 kt

JUNO
20 kt

8 9
rec_energy(MeV)
« 77% photocathode coverage
« PMT QE from 35%

« Attenuation length of 20 m
= abs. 60 m + Rayl. scatt. 30m

Energy Resolution

6% /\E

5% /\VE

3%/VE

Light yield

250 p.e./MeV

511 p.e./MeV

1200 p.e./MeV
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Sensitivity on MH

PRD 88, 013008 (2013)

Relative Meas.

Use absolute Am? JUNO MIH
Statistics only 4o 56 sensitivity with
' [ ]
Realistic case 36 4o 6 years' data:
— 10 —VaT 1% am, pr}or" 50% vé. 50% 0 |
E I ; 63_;:0?09 p;;iojumo —— 1.1% vs. 98.9% IS U N A EERE
i % of exp. — 6 \ —— 5 cp=90°/ 270°
i 95% of exp. JUNO S/ X107V, ) 20l \ - --5cp=180°
- — \ (6 years)
__________ s |
> :
___________ S 20
=
J— q .
AT ~ 2 10 - | ‘!"'“———é'-"-'l' :::
hl - e L S |JI:IIJI:I I]EJ1 I]EJZ IJI|]3 0.04
0 2 4 6 8 10 ' ' ' ' '
Years o(AM?)
Ideal Core distr. | Shape | B/S (stat.) | B/S (shape) |Am2 4,
Size 52.5km Real 1% 4.5% 0.3% 1%
Aximg | +16 —4 ~1 —0.5 —0.1 +8
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Precision Measurements

Probing the unitarity of Up,\s 10 ~1%

. D Ok ED Bren more precise than CKM matrix elements
o 250F |
i r H
2 200F \5 2 *BG
5 b Matm Sasicd +1% b2b
a 150F ) atisties +1% EScale
= 100f N +1% EnonL
o C & rng
* 5o olar sin? 0, 0.54% 0.67%

0 S S Am?2,, 0.24% 0.59%

Eprompt (MeV) Am?, 0.27% 0.44%
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Current Status & Brief Schedule

Ground breaking in Jan. 2015

= 500 m slope tunnel excavated out of
1340 m

= 75 m vertical shaft excavated out of

611 m
Central detector using acrylic

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

Schedule:

Civil preparation: 2013-2014

Civil construction: 2014-2017

Detector component production: 2016-2017

PMT production: 2016-2019

Detector assembly & installation: 2018-2019
Filling & data taking: 2020
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RENO-50

An underground detector
consisting of 18 kton ultra- low-

radioactivity liquid scintillator & '| 1000 20” OD PMTs Water

Mineral il

15,000 20” PMTs, at 50 km away ¥
from the Hanbit (Yonggwang)
nuclear power plant

Goals :

[CSRN (O8] w
~N I o
= Precision meas. of 8,, and Am?,, 3| 3]|]3

= Determination of mass hierarchy
=  Study neutrinos from reactors,

LS (18 kton)
15000 20” PMTs (67 %)

A

(the Sun), the Earth, Supernova, ]

\ 4

30 m

A

and any possible stellar objects

A\ 4

32 m

Budget : $ 100M for 6 year(Civil
engineering: $ 15M, Detector: $ 85M)
Schedule
= 2014-2019: Facility and detector construction
= 2020~ Operation

37 m
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Reactor

Complementary MH Determination

Am3, and Amj, ||Amg, and Amj,

Interference (¢) difference Matter Effect

I atmospheric
I A ccelerator

Reactors
= JUNO: approved, data in 2020, 3-4c in 6 years.
= RENO-50: R&D

Atmospheric

= INO: approved, data in 2019-2020, 3c in 10 years
= PINGU: planned, datain 2021, 3o in 4 years
= ORCA: planned, datain 2020, 3o in 4 years
= Hyper-K: planned, data in 20257

Accelerator
= NOVA: operation, 1/3 chance at 95% CL
= DUNE: 10 kton from 2024, 40 kton from 2027, >5c for all CPs

29



Reactor Anomaly

1-2 L | T J LA LB L | L T 1 L LN

1-(3; 4 1, H ‘ { H

N l —— [Pravious data

Data / Prediction

—=— Daya Bay
— Warld Average

[[] 1-0 Exp. Unc.
[] 1-o Flux Unc.

0.8

0.6 =
10 10

3
Di]sFance (m)

Short baseline experiment observed deficit comparing to
an improved flux model (Huber+Mueller) (Mention et al.)
Daya Bay measurement of absolute Flux
= Data/(Huber+Mueller): 0.94740.022
= Data/(ILL+Vogel): 0.992 & 0.023
= Consistent with others
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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 @Am~1eV? @90%CL

:‘. " bt e -
e 'SOLID@BR2, Belgium s e

By ey - .
P i \\a 4 Posseidon@PIK, Gatchina,™~ 2y delay
S o8 Nucifer@Osiris, X * o w - -
: : / Neyg imitrovgrad
Prospect@HFIRJORNL , % Saclay % A o U ove
: Stereo@ILL”, , S~ _
Grerioble \ ¢ {/7% % Korean project
. ‘ li | ,“"y f
‘ DANSS@KNPP

N Udomilya CARR site, Beijing

A 3 Not funded) & &
? | ( ) i
¢

- . ;
e B\ z . ——

NuLat@NIST
And later on ship Lhuillier, Neutrino 2014
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Example: PROSPECT

Run DAQ,
Remote data-taking pnospf‘?g‘z%;:
See¢ n-Li + PSD
PROSPECT 2*
D ielded Dec 2014-
emonstrate chie
background rates Mar 2015
Demonstrate full timing ROSPECT 20*
and PE response Mar 2015
\

\
\
l Deploy final design concepts | \PROSPECT 200

l Observe relative segment responses I\

See antineutrinos I \ =

| Meet physics goals |\ PROSPECT 2k
5

\ PROSPECT
*Deployment complete!!! \| Phase II (6k)?

Approximate mass kg Y

¢ LI-LS

¢ 4-5% energy resolution 10°

¢ U-235 spectrum

3x3x1 meter
mockup at [IT

T T T TUTTT

10!

Best fit
*

PROSPECT-accesible region

| Dietector, | Year Livetime, 3o CL
| Detector, 3 Year Livetime, Jo CL

2 Detectars, 3 Year Livetime, 37 CL

|:| Reactor Anomaly, 95% CL

III Allv, Disappearance Exps, 93% CL

102

10!

sinzﬁﬁml
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More Examples: NEOS, Neutrino-4

~Jul 2015 Aug~Sep 2015 Oct 2015~Mar 2016 ~ ...
Reactor
Detector Construction ) Reactor On
L Overhaul Maintanance
& Commissioning
& Installation on site Reactor Off data Reactor On Data
2 ! ! 1 Ll 1 | | 1! ll \/ L Ll l[{ )
10 :é 2dolf Ay,glco;lo‘ur; : ' v =] 2 ] ===t
10", 1
: E
N% 2} Am?  zeV? €= = = == =
v§ 100-5— =
E < Neutrino-4 :
10'1’?_ 90% CL e

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

10% 05““'” l bl -2 T T S | [ 1l [ 11111
010'2 ] y 10" 1 10 -3 2 3 4 s 678 -2 2 3 48820 4 2 3 4 5

9594 CL sinZ 20,4 10 10 sind(20_) 10 “10°
Neutrino-4, waiting for filling
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Precise reactor neutrino spectrun d
from Daya Bay near site can test
the sterile neutrino hypothesis

~400 m baseline i1s not ideal for the

Search for Light Sterile Neutrinos

reactor anomaly - much better

exclusion in 0.001-0.1 eV?region

1.2

1.1

1

0.9

0.8
1.2
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5 MeV Bump on Reactor Spectrum

Significance ~ 4 ¢
Events are reactor power related & time
Independent

Events are IBD-like:
= Disfavors unexpected backgrounds

No effect to 6,; at DYB, RENO; under
control at DC

Possibly due to forbidden decays (PRL112,

2021501, 2014, arXiv:1407.1281)

All three experiments
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e+ spectrum uncertainty 0.9% @3.5 MeV
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Absolute neutrino spectrum

= Unfolded from the positron spectrum after non-linearity

correction. Most precise reactor spectrum.
= Unfolding bias 0.5% between 2.2-6.5 MeV
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Short Baseline Exp. with Gas TPC

Gas TPC detector at ~20 m from a reactor (J. Cao, L.J. Wen)

= v-e scattering

= High energy precision ( <3%/sqrt(E) )

Major motivation: high precision reactor neutrino spectrum
= Input for JUNO. Daya Bay energy resolution 8%, JUNO 3%
Other motivations:

= The weak mixing a_mgle ow MUNU exp:

= Abnormal magnetic moment n, <0.9x 10710y,

= Sterile neutrino CF,, T >700 keV
. PLB 615(2005)153
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Summary

Significant improvement on Sin%20,, precision from the
Daya Bay, Double Chooz and RENO experiments.

Ultimate precision of Sin%20,, will reach ~ 3-4%

A precision measurement of the absolute neutrino flux and
spectrum from Daya Bay.

A bump around 5 MeV observed by all three experiments.
Reactor Anomaly may have a definite answer before 2020.
Reactor neutrinos will play important roles on:

= Mass hierarchy

= Precision measurement of 3/6 mixing parameters up to
< ~1% level =» unitarity test of the mixing matrix

= Sterile neutrinos
= Other Neutrino properties
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Thanks !



