Reactor Neutrino Experiment

Liang Zhan
Institute of High Energy Physics

CCEPP Summer School, Aug. 20-28, 2021

Many slides taken from CCEPP 2017 talk glven by Jun Cao
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Reactor neutrino experiments

A global but not complete picture in a matrix

IBD (scintillator, | Electron scattering Coherent scattering VIS
water) (crystal. Ge. TPC)| (noble gas, crystal) [REZgi ey

Oscillation Many(KamLLAND ? ?
parameters ,Daya Bay, JUNO)

Mass ordering JUNO P °
Flux and Many Yes Yes
spectrum

Sterile neutrino Many P ?
Magnetic ? Yes Yes
moment

New physics Yes Yes Yes

Unknown science
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1 - Reactor Neutrino
Experiments
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"1 have done a terrible thing. |
have postulated a particle that

cannot be detected."

-- Puali

Two-Body Final State

Helium-3 (1, 2)

O
!
v
@

Trifium (2, 1) Recoil nucleus and
electron separate
. —_— with equal and
opposite momentum.

WNZ)y—=(N-1,Z+1)+e",

where N =number of neutrons, and
Z—number of proto ns.

2 Observed Expacted
e spactrum of electron
3 energies energy
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gl Endpoint of
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Three-Body Final State
Helium-3 (1, 2)
Tritium (2, 1) .
Electron and
— neutrino share
. the available
A:’" TSA ane ergy.
Electron Antineutrino

WNZ)y— (N-1,Z+1)+e +V



Hanford experiment

Hanford reactor

0.3m?3 liquid scintillator

90 2” PMTs

Paraffin to shield neutrons
_ead 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.

I Yl

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



Savannah River experiment

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

= Inverse beta decay in CdCl;water solution = coincidence of prompt
and delayed signal

= Liquid scintillator + PMTSs
= Underground

Modern experiments are still quite similar, except
= Loading Gd into liquid scintillator . '
= Larger, better detector

= Deeper underground, better shielding

V.,+p—e +n

1995 Nobel Prize (2



Neutrino Signal (IBD)

Prompt signal

— € +e o2y >
179+p—>e++T

Capture on H or Gd,
Delayed signal, 2.2, 8 MeV

v

reconstructed neutron (delayed) capture energy spectrum

Peak at 4 MeV

o
o

Observable v Spectrum

Arbitrary

S ¢ Inverse beta decay reaction,
o Capture on H Gd proposed by Pontecorvo, called
2 k Cowan-Reines reaction

¢ Coincidence of

= Prompt: positron, energy
correlated to neutrino energy

= Delayed: neutron capture
¢ 10% times bkg reduction

0 2 a 5 8 10 12
Recon. Energy (MeV)

Neutron capture after thermalization

Time constant ~30 us (0.1% Gd)



CHOOZ

Baseline 1.05 km 1997-1998, France  EEEEEEEREE
: 8.5 GWth @
neutrino G Co‘}gajf.ggent
300 mwe target gl
: acrylic
5 ton 0.1% Gd-LS J e
Bad Gd-LS e
PP 2222 9P
|10w activity gravel shielding l
5 1 2 8 & & bm
R=1.01+2.8%(stat) +2.7%(syst), sin?20,,<0.17 z | i
o e’ energy
Parameter Relative error el t L
Reaction cross section 1.9 % = 1 ++ @ Reactor OFF
Number of protons 0.8 % i +
Detection efficiency 1.5 % i ++
0 50 + +—+ *
Reactor power 0.7% _ﬁ: wow%% J[%& .
Energy released per fission 0.6 % ol e LR T

Combined 2.7 %

Eur. Phys. J. C27, 331 (2003) 10



Muon Veto Central Detector

Palo Verde

v4.5m
9m 5

R=1.014+2.4%(stat) +5.3%(syst)

eV?)
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Phys.Rev.D64, 112001(2001) 11




KamLAND

Kimchaek

China WestAsia

South Kerea
b 35N

26
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Baseline 180 km

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

130°E 13:'E 134°E 136°E 138°E 140°E 142°E 144°E H4E'E

2002-, Japan

53 reactors, 80 GWth
1000 ton LS

2700 mwe

Radioactivity = fiducial cut,
Energy threshold

Chimney

LS Balloon

fdiam. 13 m)

Liquid Scintillator/”

(1 kton)
Containment ||
Vessel ‘
(diam, 18 m)] Photo-
Mt

Outer Detector

QOuter Detector
PMT

TABLE I: Estimated systematic uncertamnties (%).

alibration Device

Fiducial Volume 47 Reactor power 2.1
Energy threshold 2.3 Fuel composition 1.0
Efficiency of cuts 1.6  Te spectra [3] 2.5
Livetime 0.06 Crosssection [5] 0.2
Total systematic uncertainty 6.5




Events/0.425MeV

KamLAND

— no oscillation

B accidental
B “ca. )0

e Kam[LAND data

— best-fit oscillation

2.6 MeV prompt ¢ gy AND data
analysis threshold  ___ best-fit oscillation
------ best-fit decay

- best-fit decoherence

30 40 50 60 70 80

L/E, (kn/MeV)

0 L 2 3 4 5 6 7

Prompt Energy (MeV)

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 1
Excluded decoherence at 94% CL
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Survival Probability
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Neutrino Mixing @ 2003

Atmospheric
Accelerator

In a 3-v framework
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Reactor Neutrion Oscillation
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Question: what is the difference between two figures?
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How to measure 6,

b " ereliminary
ToK Accelerator (appearance)
ol msick Related with CPV and matter effect
2 Egmififi - 2 ' 2 : 2 2
SR )R, L, =sin®26,sin’ O, sin® (AmS, L/ 4E)
2r + (CPV term) + (matter term)
0:_ !gzgti 4+ ...
N e 14F
J_: Am? =2 4x107 & - \ml\hc 4MeV Ve
0 . 2 o3 04 T s
A e USTREES
Reactor (disappearance) 2 08 L' W%\
Clean in physics, only related to 0, B 05§ gy
Precision measurement Udl s oy
A Krasnoyark
P ~1-sin’20,sin?(AmiL/4E VT w e e KanLanD
Ve Ve ~ 13 31 001 I 1 L 1
4 . 9 . 9 9 00 100 100 10t 10
—cos* 6,,sin? 26, sin (Am21L/4E) e
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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/9908047

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%

18



Proposed Reactor Experiments

| Kmsnoyarsk Russia

Braidwood, USA + KASKA J'qpqn
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8 proposals, most in 2003
« Fundmental parameter
« Gateway to v-CPV and Mass Hierachy measurements
 Less expensive




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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RENO
Y 776 cores
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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)

Daya Bay

17.4

40 / 80

250 / 860

~0.008

Double Chooz

8.5

8/ 8

120 / 300

~0.03

RENO

16.5

16 / 16

120 / 450

~0.02

sin’ 2045 discovery potential (NH, 3o CL)
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Huber et al. JHEP 0911:044, 2009
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Thetal3 and Dmee

Experiment Value 0.16 ————— T
Daya Bay « 3.90 0.0841+0.0033 o.14F o e >
RENO e 0.08240.010 - | ]
D-CHOOZ — 0.111:£0.018 mo'lz: l | L] ]':
s o T
H : . L 0.186709% 7 oosE bl gs s + Bt
) R — 0.051728 : ]
MINOS 00937085 0.06 ~raconly | :
0 005 01 015 02 025 0.04f ~- Rate+Shape ]
sin® 2613 0 TR T
Experiment NH Value (1072 eV?) &
Daya Bay —— 3 404 245+0.08 %
T2K Ce 2.545+0 954 i
MINOS — 2.4240.09 g
NOvA —_— 2.67+0.12 §
Super-K 2.501023
IceCube 2.5070 53
RENO - . o 2.574%
23 24 25 26 27 28
|Am3,| (10-%eV?) 107 3012 2013 2014 2015 2016 2017 2018 2019 2020

« DYB: running to 2020, 3% precision (1.5x stat. in 2018 summer)
« RENO: running to 2021

« Double Chooz: Dec. 2017 24



Mass Hierarchy

_NPP_| DayaBay | Huizhou| Lufeng | Yangjiang | Taishan

Status Operational Planned Planned Under construction Under construction

Power 17.4 GW 17.4GW 174 GW 17.4 GW 18.4 GW
(PR ’:’z‘: pagire § N
j'»« ¢ - Daya Bay ~60 km JUNO
W ‘A Near Site
‘ 12 2% Far Site
Overburden ~ 700 m , s l
J o L2 0% K Ry % ZQ 0.8~ & IEL
AL WA Ny & % Savannah River
2T P 25 % ; é 0.6_ O Bugey
PRGEEE . | sy ] X Rovno
Shen Zhen™~ 04F @ Goesgen
@ \ i A Krasnoyark
o _) - 02 O Palo Verde
\ vilwniwlun- AL B Chooz ® KamLAND
- Zhu Hali @ Qflt‘-.n;; Kong 0.0 i i i I I
AR o ' 10 100 100 10t 10
" &/)I\ ﬁili‘*‘j Hong Kong Distance to Reactor (m)
L -\ 2/ Macau
Cores YI-Cl YJ-C2 YJ-C3 YJ-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 4.6 174 174
Baseline (km) 5276 52.63 5232 5220 215 265




The JUNO Experiment

¢ Jiangmen Underground Neutrino Observatory, a multiple-purpose
neutrino experiment, approved in Feb. 2013. ~ 300 M$.

T T mili = A LTI

U]

L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,
PRD78:111103, 2008, PRD79:073007,2009

® 6 o6 o

20 kton LS detector
3% energy resolution
700 m underground
Rich physics possibilities
= Reactor neutrino
for Mass hierarchy and
precision measurement

of oscillation
parameters

Supernovae neutrino
Geoneutrino

Solar neutrino
Atmospheric neutrino
Proton decay

Exotic searches

R Rt
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Determine MH with Reactors

L4F .. 4MeV v, ]
121 * l FarSi
1.0 f— *# #* “*"‘*t":‘{'il'/w\—ﬂ —————— PEE (L/E)
g el v\ l.un\\r‘ q PE]_
Ew A l‘l',l., o h
ég 0.6 zK) E«:}:}I;mh River n‘ 1! | PB]_
04 >0< (}:z:;:n ‘Ll I' ! P 32
A Krasnoyark ,J
(02 O PaloVerde \
m Chooz ® KamLAND
0.0_1 1 1 | I
10' 100 10° 0t 10 -
Distance to Reactor (m) E\ 0.6
.. £ 05
Precision energy spectrum measurement =
interference between P;; and P, 04
- ¢: Relative measurement 0.3
. _ 0.2
Further improvement with Am? |
measurement from accelerator exp. o
> AmZ,: Absolute measurement 0

= l—Pgl—Pm—PBZ

cosd‘(ﬂlg) sin? (2612) sin? (Ag1)
— cos?(612) sin®(26;3) sin? (Ag;)
— sin®(f12) sin®(2613) sin?(Ass)

------- Non oscillation
—— 6, oscillation
Normal hierarchy
Inverted hierarchy

10 15 20 25 30
L/E (kn/MeV)
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» Different technologies: (Gd, Li, B) (seg.)(movable)(2 det.)

Very Short Baseline Exps.

* Most have sensitivity 0.02~0.03 @Am~1eV? @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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Reactor Neutrino Experiments

Discovery of v | Early searches for | Reactorv
oscillation spectra ~2%

1980 Savannah,
1980 ILL,

1984 Bugey,
1953, Hanford, 0.3 ton 1986 Gosgen,

1956, Savannah River, 4.2 ton 1995 Bugey-3,
1997, CHOOZ, 8 ton
Mass Hierarchy, 2000, Palo Verde, 12 ton
Precision meas.
, /sin22613<0.15

P& - Daya Bay, 160 ton
7‘ Double Chooz, 16 ton
: RENO, 32 ton

2020, JUNO, 20 000 ton

Non-zero 0,4

Xp
REES
-
-
B
|
53
™
e

Nohse/N,
=
1
-
i

», P * ver
y £ o6k o b
421 2 X Re 1
R | @ Goesgen \
/) eaCtOr V o & Krasnoyark 1 t
/] O Palo Verde

I /fh . . 021 m Chow - ‘\/
_ S oscillation (0,,) wboxee L
Ve ry S h O rt base I I n e " = " gs‘lancc ILORcaclor}(Om) "

exp. for sterile v 2002, KamLAND, 1000 ton
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2 - Neutrino from
Reactor
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Structure of a Reactor Core
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Fuel Evolution

Initial 4.45% U235, Others:U238 and O

U238 — n capture —» Pu239 239, 2% 245, fssie fosorr
—»2X n capture — Pu241 NN e
Four major fission isotopes - ./ , o
= U235, Pu239, Pu241
= U238 fission w/ fast n

WRF#E(Burnup): MW-day/ton U

o,
100 Y
H—O—H——.—H_.‘,_:i o 85% 85%
%I—]—l % | ——v2s }243Cm >944Cm >7d5|:r‘ﬂ
.._.,.l—l"' 1% 3% 13% 4% 81%
10 — —a-PU239
. A A & & e e e e
EUERVERTS
- IRV o e ——T238 80 =
=X —-U23s
= 1 —PU241 70 [ —=pUzs || |
= \ —a-TU238
g —-U236 60 \““*\, —pr2al ||
= £ U236
i £
o1 ki 6 | P20 g% T
WW T
“‘_r.a—-o—*“ N =
[ e —=—PT238 : 40 . 7_._7'7_._,._,|rl
po-e B = T W ) £ 30 =T
0.01 pa— —— —-TU234 & T
P [ - )
ot - 20 et e
- ——PU242 -
0,001 10 O | o —— 4 e
i 5000 10000 15000 0000 e e e L e e
0 " - -
FRFE (MWD/TUD 0 5000 10000 15000 20000
Burn-up (MWD/TU) 33



FRTREBREERIEZREETN RHAIREEY, ERNE
PN A B AL A BRI R 40

BIREL R sE &

>  —EHERNRZEF=YIR SRR R FEE

> —EB P E;

> —¥ORETENFEZRE, KEMTEZEERBEE (BEZ4L)
> BHE—HTREERPTFREIR (BEZL)

X BA A BEIEBORIERL, #RE (0.30-0.47)%.

Isotope [ Ey;, MeV /fission Isotopes Energy (MeV)
25U | 201.92 & 0.46 U-235 201.7£0.6
e V) 205.52 £ 0.96 U-238 205.0+0.9
“Pu | 209.99 £+ 0.60 Pu-239 210.0+0.9
Py | 213.60 £ 0.65 PU-241 212.441.0

Kopeikin et al, Physics of Atomic Nuclei, Vol.
67, No. 10, 1892 (2004) M.F. James, J. Nucl. Energy 23, 517 (1969)
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VR Ve e ok

Neutrinos from subsequent B-decays of fission fragments.
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Spectra of Isotopes

Ab initio: Nuclear database, X fragments, X chains, X branches 2 10%
uncertainty (e.g. Vogel et al., PRC24, 1543 (1981)).

Conversion: ILL measured the B-spectra = convert to neutrino spectra

= ILL spectra: Use spectra of 30 virtual (allowed) decays, fit amplitude
and endpoints (ILL-Vogel spectra)

= Mueller: 90% ab initio + 10% fit = rate anomaly

Huber: fit w/ improved nuclear effects (Huber-Mueller spectra)
= 1.34% at 3 MeV t0 9.2% at 8 MeV.
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1
u v . Klapdor et al. ‘
; 3
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data/MC

09
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°
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S, (counts MeV™ fiss™)

1 2 3 ( St e MR Lot Siha i | )

E, (MeV)

K. Schreckenbach et al. PLB118, 162 (1985) - ~ positron energy (MeV)
A.A. Hahn et al. PLB160, 325 (1985) Shape verified by Bugey-3 data
Normalization by Bugey-4, 1.6% 36
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Long Term Monitoring — Fuel composition

Removal of 250 kg #*°Pu,
replacement with 1.5 tons of

fresh 23°U fuel

- ————

300 - Fuel Cycle n

Refuelin
Outage

|
f

Detected v candidates per day

r+ 100

i T
100 - Predicted rate e 10'1; ‘al
— — —  Reported power c 5
- Observed rate, 1512k o
30 day average -
06/2005 10/2005 02/2006 06/2006 102"
BOWden, LLNL, 2008 105()- 1 2 3 4 5 6 7 8 9 10

Energy (MeV) 38



Flux Calculation

isotopes

Neutrino Flux S(E,)= > f,S,(E,)

S(E,) =

istopes

Z(f/F)S(E)

\Nthzzifiei’ F= ifi

NNP

Heat balance test
Online calibration

Core configuration

Thermal power Sim.

Temperature
pressure

A

Thermal Power
Wth

Core Simulation
f./F

E, : Neutrino energy
f, . Fission rate of isotope i
S;(E,) : Neutrino energy spectra/f

(f; /F): Fission fraction
W,, : Reactor thermal power
e; : Energy release per fission

v

Energy release/fission

> Flux
Spent fuel

Measurements —_, U, Pu Spectra

Calculations

Si(E)

Non-equilibrium

»
»
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N, fission™ MeV™

2100
- ',""""' Z”U(n, ,y)zssu '§ 90 E_ a) V_ interactions in detector [1/(day MeV)]
Joi Flesite et ] b) v_ flux at detector [10%/(s MeV cm?)]
‘ - “\\ Fission g 80 y
T . g [ ©)o(E,) [10™ cm’]
. ~ 70 B
] : Peak at 4 MeV
60 —
50
2 40 —
30
] 20 |-
2 T T T T 10 :
0 1 2 3 4 6 7 8 -
Energy (MeV) 0

Event Rate

Back-on-the-envelope: 2.9GW,,, 200 MeV/fission, 6 v/fission
= 5.4x10%° v /s (only 1/3 higher than 1.8 MeV threshold

v) — s <ﬁ> i \Ly
S(E,) Zi(%).eiZi 7| Si (Ev)

IBD event rate at 1 km from reactor
~ 1 IBD/(day-ton-GW) — 20 ton x 2.9GWx2/(0.36x0.36km)
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Reactor Anomaly (Rate)

ILL spectra agree w/ data

2011, Huber-Mueller spectra higher than data by 6%
Sterile neutrino?

== B =3 3 I 5]
L | = = == 0
L] ! ) LI =4 !‘-’: ‘|:I ;IJ:I ml II
782 Har s o P
. ¥ 3
Paokes & Hae B $&S E8 & & 38
: 1 ﬂ
- K
oo - |
! - —— =
. . . I : - »
fit with sterile v R 35 1
Am? ~ 1 eV* ¢ 5%
: T :
i1 i 1 1 1 ] i i [ ] | i i i 1 1 1 |—"'I 1 1 I i i i | | —
10° 10' 10° 10°

Distance to Reactor (m)

G. Mention et al.
Phys.Rev. D83 (2011) 073006
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Daya Bay Absolute Rate Measurement

[ J— — e
1.04 B
1.02[" A reaeier - -
S - R N W, S
2 0.98 g LWV 7 | ' 7 5 z %
Z 096 = T R iﬂ 'il ' ' S aany
2 094 a i t —— previous data
3 092 Far Hall :@' 0,8 b— - Daya Bay
“ 09 R = i — world average
0.88 i £ 1-¢ Exp. Unc.
0.86F- L 3 1-6 Flux Unc.
0 02 04 06 08 1 12 14 16 18 2 0.6 ' : :
effective baseline/km 10 1 02 1 03
distance/m
Chin. Phys. C41, 013002 (2017
y (2017 o Data/(Huber+Mueller): 0.94640.020
= Past global average: 0.94240.009
= Data/(ILL+Vogel): 0.99240.021
contribution uncertainty
statistics 0.1% Special calibration
oscillation 0.1% in Jan. 2017
reactor 0.9%

detection efficiency

Y

total 2.1%
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Daya Bay Fuel Evolution

Combined fit for major fission - F
Isotopes 23°U and 2%°Pu - S
¥ 1 4 9
. DiD .

0235 1s 7.8% lower than . s omamny
Huber-Mueller model (2.7% 3 °°
meas. uncertaint <4

3 4.0
6239 Is consistent withthe = | &
prediction (6% meas. T ptning o B0

3.0 B ————

uncertainty) '52 56 6.0 6.4 6.8 7.2

o35 [107% cm? / fission]

2.8c disfavor equal deficit (H- PRL118, 251801 (2017)
M model & sterile hypothesis)
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Reactor Anomaly (Spectrum)

DATA/MC ratio compaJlson | !

:_ » ™ netrine flux spectra different in DC (Haag) and DB/Reno (Huber)
» different reactor fuels

® Double Chooz (shape only)

- = DayaBay
arxiv1 80708378 -

5> MeV Bump
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Possibly due to forbidden

=
N

DC Preliminary

[
=
0

A RENO (modified for shape anly) "
arxivi1610.04326 -

Ratio Data / MC

-
[
|

OC 1o syst. error e t —t

(=3
o
(5}
®
e
™
-
-
o &
® -
i -
!;+4
# -1 °
1L 1 1

decays (PRL112: 2021501; 12"'";'%";';2:..,1:‘-3"“ T
PRL114:012502) 7

Visible energy (MeV)*

* can shightly differ from one experiment to another due to detector effects
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em?/fission/MeVx 10

6+8AD/6AD data/preduiction

Measuring the spectrum

Unfolding the reactor neutrino spectrum
= Between 1.5 and 7MeV: 1.0% at 3.5 MeV, 6.7% at 7 MeV
= Above 7 MeV it is larger than 10%.

020 —

=
—
Lh

0.10

0.05 |

1.00 &

0.80 |

S T S T T T T T Y [ S S [ S S S S
120 F

1.04 E
1.02 £

1.00 E
0.98 E
0.96 -

antineutrino energy/MeV

2 3 4 5 6 7 8

fractional uncertainty

0.20

.:
—_—
wn

e
—
=

0.05

— total

2 3 45 6 7 8
antineutrino energy/MeV

antineutrino energy/MeV

New prediction besides ab initio method and conversion method

W/ the direct measurement, spectra uncertainty comes mainly from
energy non-linearity uncertainty: 1% energy scale = 10%
uncertainty in spectrum.
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Unfolding

S(Ey) = [ S(Ev)R(Es. By )dEs,

121
10f 10°
2 of
§ [ 10°
5 o
= T 10?
£ 4 .
Qz:— 10
e e
E; /MeV
¢ SVDF#E GEMERE)
o DIM-HRE A \C(x) = (Az—y) TV, H(Az —y) +7(Cx) " C.
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Fission fraction
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Neutrino spectra

Antineutrino energy spectrum unfolding based on
the Daya Bay measurement and its applications, F.
P. An et al 2021 Chinese Phys. C 45 073001.

Bayesian iteration method —— SVD method

—=— Wiener-SVD method

2F
1.8F
16
L4
1.2F
If
0.8f

Pu combo

o x 107 [em®/MeV/fission]

Rel. Uncer.

734567 8923456780923 45672809
Antineutrino energy [MeV]

Rel, Uneer.
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Ab-initio method
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Precision Spectrum with Gas TPC

How to reach 1% spectrum uncertainty?
Improving Daya Bay
= Electronics non-linearity
192 channels Flash ADC for AD1. Data taking completed.
= Liquid scintillator non-linearity
Replaced LS in AD1 for JUNO R&D
—> Consequence: Daya Bay from 8 AD to 7 AD since Dec. 2016

Testing detector responses with 13 different LS configurations
(PPO from 0.5¢g/L to 4g/L, bis-MSB from 0.1-15 mg/L)

—> Building precision Monte Carlo
= Relative meas. to cancel non-linearity btwn Daya Bay and JUNO
Gas TPC detector at ~20 m from a reactor (Prototyping at IHEP)
= v-g scattering
= High energy resolution (1%/sqrt(E), Daya Bay 8%, JUNO 3%)
= Other motivations: Ow, abnormal magnetic moment (to 10-1?)
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https://arxiv.org/abs/2005.08745
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Where the radioactivities come from?
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Why Daya Bay dope Gadolinium into LS?
Why JUNO will not dope Gadolinium into LS?

% 10° —_-""ﬁ"‘ -+ AD1
% 10° £ | ._-_. = AD2
E E'_ Ay S n Gd-capture
P 2.62Mey, ™.
N "r...._:‘_
104 .
10° |- Mﬂm
S0 o
I "Mw«wwf*ﬂﬁﬂﬂw FJ i ﬂﬂﬁﬁﬁ
02F {H b3
Iy :
1 10 Energy [I"-"IE'Er"]\i'2




4 - Cosmic Muon
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Cosmic Muon

p —proton
n—neutron
p w, v, n’—pions
i, W —muons
¢ —electron
¢’ —positron
v —neutrino
¥ —gamma-ray

u Flux on surface ~ 200Hz/m?
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Muon Flux

Muon on surface: Gaisser formula
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— point line: the Gaisser’s
B solid line: the modified formula
- @ L3+C00;6=0
L o Rastin84;8 =0
% CAPRICE97;8=0
L L ‘ L1l ‘

Sformula

¢ Mars75;0=0

v  L3+C00;0 =56

® Kiel-Desy data; 6 =75
L1 ‘

10°

iy
(=]

10°

E, (GeV)

115GeV 850GeV

Modified Gaisser formula

More precise flux need
simulation (Earth Magnetic
field)
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Muon Energy Loss

Continuous process —— lonization energy loss
1E _ E, .
A~ 1.9+ 0.08In(—=L)
dr “ my,
Discrete process ——Bremsstrahlung, pair production,

hadron process, important for high energy muon

dE E,

— _F fERAYP, €225 x10%g-em2.

dx £

Minimum muon energy to pass X.... thick rock

EJ"" =€ (E e — 1)

£=500GeV, the energy at which the continuous process has
equal contribution to discrete process

min
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Propagate Muon to Underground Lab

Mount map of Daya Bay
darea

= 1x2 km high precision (1m)
= 3x4 km 1:5000 map (5m)
= 10x10 km SRTM map

/M uon propagation software:
. MUSIC, FLUKA

Rock density: ~2.6 g/cm?3

C 2200 -
2500 — DYB 2000 = — DYB
[ RS o C .
o ) LA 1800
2000F iy - Far 1600 = -
o Sl 00 PR L
£1500{- L £ 120055
O & Z 1000
o L 5 o E
1000 g, 800 £
: L 600
L T E
500 400 £
- "‘uu':,--_ . 200 F
ool b b b by n by n Ly L 0:““""""‘"“"“""""“""
0 01 02 03 04 05 06 07 0.8 09 1.0 0 5 100 150 200 250 300 330
E_ 1 i 1 L 1 L 1+COS(6) ¢(deg)
1 10 10° 10° 10* 10°

Muon Energy(GeV)

Muons at Daya Bay Lab -
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Muon Simulation

800 ——

700

600 |~

500

400

300

200

E_F
1500

1400 1+

1300 =

Hall QOverburden Muon flux Average Energy
m  mwe Hz/m? GeV
EH1 93 250 1.27 57
EH2 100 265 0.95 58
EH3 324 860 0.056 137
Detector EH1 EH2 EH3
AD 1.21+£0.12 0.87+0.09 0.056 £+ 0.006
IWS 1.154+0.12 0.86+0.09 0.055 % 0.005
OWS 1.124+0.11 0.84+0.08 0.053 & 0.005
RPC 1.17+0.09 087=+0.11 0.053 = 0.006
Average 1.16 £ 0.11 0.86 +£0.09 0.054 + 0.006
Simulation 1.27 £0.13 0.954+0.10 0.056 £ 0.006

- 1200~

= 1100

o e T 10001,
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NIMA 773 (2015) 8-20
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Spallation Neutron

muon Spallation Gamma-N

- )
v I:

1A 4T IR K

¥

" .. * muonfE¥ EfF

REEPT (R
AED

Cosmogenic neutron is one of the most important bkg

Neutron yield

N =4.14FE>" x107° neutron /(muone g/ cm”)

( %%E%Eﬁ%l g/cm3iy) P muonZ i lemrzAE i)

T8 (PFRIEE
Neutron density at Daya Bay near (far) site
0.03 (0.001) neutron/ms3/sec

Y.F. Wang et al
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Neutron vield

Cosmogenic neutron production at Daya Bay,
Phys.Rev.D 97 (2018) 5, 052009

Neutron yield (n'g'cm?)

10

10°

-
e T
e T

— H.._—_.'J--‘
~ == "KamLAND
B Aberdeen Tunnel - am
~Z =" DYB-EH3
v "
- ‘_I,._-rf"
= DYB-EH2
5 ak
L /% DYB-EH1
B r.’. Boehm . Daya Bay Measuremenis
B b Greantd Predictions
* 1 H )
HEﬂEﬂb&rgEr FLUKA Predictions
Global Fit
===~ Wang et al
0T BT 8T Bl b4 65 66 67 B8 69 0 =-=nes Eudryavisey et al
II|Il|II|IIII||||||IIII|I|||IIIII|III|
50 100 150 200 250 300 350 400

Average muon energy [GeV

71



Muon capture on nuclel

Stopping muon: u—e+v, Michel e, lifetime 2.19703 ps

Form a p— molecule, then decay p~—e~+ v, or capture

on nuclel. hT+p — v, +n

- +.J_? C = v, _|_12 B*

JLE | p FFdw (ns) | BARIRE (s71) | BAFBRARILE (%) | PPN (/ U
C 2026.3 0.388 x 10° 7.85 1
H 2194.9 0.420 x 10° 0.11 1
O 1795.4 1.026 x 10° 18.43 0.98
Fe 201 45.30 x 10° 01.08 1.12

differential capture rate [ 1000/ ( s MeV )f

differential capture rate [ 1000/ (s MeV )]
- -
= R
I I
————
| |

. 'QT"\'"""' T

-
S

neutron energy E (n)

- 5 e b s — 1.35: A ? T\_"”'i;m_' ~ -:- - : IR,
1.33: BART M SULRTI o T L AR ST R
foeh F A 64 # 164



Cosmogenic Longlived Isotopes

1= 5747 +/-93
EH1-AD1 Tug = 29.8 +/-0.3 ms
B = 14786 +/- 133

10°

Entries/bin

¢+ Hard to remove by muon veto

¢ The most important bkg in DYB: 10
He8/Li9 with a delayed neutron

Ttot (E,u) X Eﬂ_'m

TABLE V: Summary of the neutron and isotope production yields from muon-initiated spallation in KamLAND. The results of the FLUKA
calculation shown in this table include corrections for the muon spectrum and the 1/~ composition of the cosmic-ray muon flux.

PR TN (NN TN TN TR TR NN TR NN TR SN AT NN TR NN SO NN TR SO TN |
100 200 300 400 500
Time since last muon [ms]

Lifetime in o Spallation Production Yield (% 10~7 (g - (g/em?))~ ") Fraction from showering pt
Radiation Energy . .
KamLAND LS Hagner, ef al. [10] FLUEKA cale. this measurement this measurement
n 207.5 ps 2.225MeV (capt. ) — 2097 £ 13 2787 + 311 64 £ 5%
B 29.1 ms 13.4MeV (37) — 27819 42.9 +£ 3.3 68 + 2%
BN 15.9ms 17.3MeV (57) — 0.77 £0.08 1.8 +04 7T £ 14%
SLi 1.21s 16.0 MeV (3~ a) 1.9+ 0.8 21.1+14 1224+ 2.6 65 £ 17%
“B 1.11s 18.0MeV (37 a) 33+1.0 5.77 +£0.42 8.4+24 78 +23%
oC 182.5ms 16.5MeV (57) 23+09 1.35 £0.12 30£12 91 £+ 32%
7T+ 6%
e 29.4 min 1.98 MeV (57) 421 + 68 416 £ 27 866 = 153 62 £ 10%
¢ 27.8s 3.65MeV (3 ) 54 + 12 19.1+13 16.5+1.9 76 + 6%
T4+ 12%
“He 1.16s 3.51MeV (57) 75X 1.5 12.08 = 0.83 — —
"Be 76.9 day 0.478 MeV (ECy) 107 £ 21 105.3 +6.9 — —
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RPC + Water Cherenkov Detector

Gas gap

bakelite resistivity 10'°--10"Qem

D .

¥

~2000 ton pure water

/,/’
.r/i
=10k
K16k 10K () 516K (Guds)

RPC

Pool Cover

¥

Concrete

s & st % I8

k Tyvek

PMTs

~._ OWS

IWS

SR AD

AD Support

s e i

EFHLRTFHER G BT
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S — Detector Response
and Calibration



prompt energy/MeV

(]

F.
=

oo

]

e

(o]

=

Response matrix

S(E,) = [ S(Es.)R(Es..E,)dEs,

- ‘ 10¢
3 10°
- 107
:_ 10
B I L1 I |. . I
0 2 4 6 10 12

E,j. /MeV
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Detectors
3 layers separated by Acrylic Vessels [\

ACU-B ACU-A

PMT cables =;.! ——— = ' RPC

radial shield Water Cherenkov

Water shields radioactivity and
neutron

« Two layer water Cherenkov detector
- RPC

e Combined eff. 99.5%+-0.25% 77
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mA/W)

(
)

CATHODE RADIANT SENSITIVITY
QUANTUM EFFICIENCY (%

100

e
o

-k

°
L

0.01

Photoelectrons

LS ~ 10k photons/MeV, Isotropic, point-like
Photocathode coverage (with reflector): 12%
Light attenuation ~exp(-3/20)=0.86

PMT quantum eff. ~20%, PMT collection eff. 0.8
10k*0.12*0.86*20%*0.8 ~ 165 p.e./MeV

%%%%%%% EA
i w— CATHODE ] 10t
II N RADIANT - o
SR \ SENSITIVITY C — gamima =D = - =
,o L > - e
4 L "\ \ i =) =
It ‘ : :F — _ neutron = =
] T Y L0 E
‘ £k
; * . | < ™
h QUANTUM ‘\‘ \ .5 - C:'r:[,] \ L].‘/:’
| ErriciEncy,” ‘\ C =0 .
; T {‘ | | </ >
A 1
o 1 =0 N \\ =
T ' 10°F | 4 N
1 : E =D s
.‘ i ‘ w =) \/ c =
“ P I T I N AV A
g 3 0 20 40 60 80 100 120 140 160 180
- time(ns)
Fig. 15. Experimental light pulse measured for
200 400 600 800

LAB+3 g/L PPO +15 mg/L bis-MSB under
WAVELENGTH (nm) + and fast neutron radiation 79
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Energy Calibration

¢ LED (PMT gain, timing) A
¢ Ge68 (positron threshold 1.022 MeV) e = (zeoc = e3 xtoc) x e = ¢5  reoc):

Co60 (2.506 MeV) + Am-C (neutron) =
1.04 :_ -+—Spdlallm neutron +MU»\Co ‘
102 +mcacu-a +MU”AG& 12 §_ ¢ ADM ACUA = ADM ACU-B 4 ADM ACUC
. S A% 2e 3 = E o AR ACU-A O aD2 ACUS 4 ADR AEULE
R=1.7725m _ 'F T T’H— g 115 &
R=0 Sowp T Ty T O11E R S-S B R S
R=1.35m = g o A, = ME.t o N S S
L * -y =] " B i
Fuu’ TooB bl il
094 £ u 1;—...-1-!.---,_&:.
r [ 095 [
0.92 Iy E. 1 1 1 1 1 21
0.9 :l FER I A T I T N T B AN A B S A B || -
450 100 -50 0 50 100 150 1.06 -
Z(cm) r o AD1ACU-A = AD1ACU-B 4 AD1ACU-C
o o o AD2 ACU-A o AD2ACU-B 4 AD2ACU-C
13T 1.04 N
12 > i
144 S 1.02- i o
. o - a A A a a A H y 3 A
1 g a8 § [! . . = .
094 y [ . 0 c 2 8 o .
0.8 c - "gasnfego
w | . *
0000 | [ " .
<7 1000 ' 098 ©
() F1o08 3020 - .
=50 1000 130 R (™ C
-3000 ¢ 0.96 -
1 ] ]

Ge68: 15 Hz Am-C: Co60: 100 Hz :1'56"5106'"-s'o"'z'(gn;)'“so'”'1$d"'15'o

0.511x2 MeV  0.5Hz 1.173 +1.332 MeV a1



Spallation neutron

—
a N
r

Alternative method

0.5

1

1.5

2
r2 (m)

2.5
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Epeak / Epeak

Epeak / Epeak

112!

1.1

1.08F
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1
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- e
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Energy scale stability

Good scintillator

®Co Light Yield (PEs/MeV)

170
——EH1-AD1  ——EH3-AD4
1BBE EH1-AD2 —=-EH3-AD5
166-'-;!,1,_ —— EH2-AD3 EH3-AD6
C P —=— EH2-AD8 EH3-AD7

158
156
154

'=I||||||||||||

01/0112 311212 311213 311214

Date
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Energy resolution

14 - Data MC

o o] e Calibration sources
12— 1 7cs | m IBD neutrons

= " A s+ Natural alphas
10— Best fit to all peaks

B ®Ge e Naked gammas

Energy resolution (%)

OIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0 1 2 3 4 5 6 7 8 9
Reconstructed energy (MeV)

Question: Why energy resolution Is not important
for Daya Bay and very important for JUNO?



AV effect

Energy leakage

12

10

10°

energy deposited/MeV
(o)
1 I | | I 11 I 1 | 1 I 11

-
o
)
o [
—
-
—
b

T++1.022 MeV
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Non-linearity

LS nonlinearity

E
E

= /3\.45 [ft](Elmc:r* kB) + kaC(EmIE)]H

true

Electronics nonlinearity

=B |1 +aexp | -2,

4500 B
- 11—
4000=— > B
= 2B decays % -
-, 3500 ¢+ Data 0 C
@ = . . 05~
S 3000 E%stan Model ® B
0 - ---- “B signal = -
) e . - 12N backg. 5 £
o = o L
& 2000/ S Gamma ray data
= = L , Sin ¢ Single gamma source
g 1500— % . “;e 197 ¢ Multiple gamma source
L = = - —_— i
1000/ % B Best fit model
500~ 91—
_ _‘ Ll b bpesenpahsgassgassgeer oo essrosfrsspeemsgansoregane o l-‘ T .I ) z ; b b bvve b b b b b P a o |
g 1.2: +T | + E g
2 1= +$¢.¢‘.n' 28,4008 P '-‘_'¢¢¢¢++#+ JLai ‘ ® 4 = =
%085 ' r ] g-EIII\|\||\||||\||\|\|||||||\|\||\||||\|\\|\|||
D E 1 ‘ 11 1 ‘ 11 1 | 11 | | 11 | | 11 1 | 1 | 1 | 1 | 1 | 1 11 0 1 2 3 . 4 5 6 7 8 9
0 2 4 6 8 10 12 14 16 18 Effective gamma energy (MeV)

Reconstructed energy (MeV)
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Asy. w.r.t AD1-6 mean

0.006

0.004

0.002

-0.002

-0.004 &

Energy Scale Uncertainty

e Po215alpha © Ge68
= Po212 alpha © Co60

T

w IBD n-Gd

a Po214alpha » AmCn-Gd * Span-Gd

%
=

REtRIR £ 0.2%

i iT Monte Carlo 7
EAE B AL ARIRE £ B
A FEIE £ >FFEAD
A 0.12% &9 48 3T 32k
£ £ 3

1000

500]

0,py = 0-29 MeV

- AD1

©-AD2

10

12
Energy(MeV)

5 6
AD number

< 2000
Q
.
= y— ) —
I AD 4 I i
: vy AR
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6- Event in Detector
and Event Selection
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Neutrino event rate (0.01 Hz@near site)
Trigger ~ 0.4 MeV Data reduction
AD event rate 280 Hz
PMT dark noise
PMT flasher
Radioactivity (low E) "ﬂ
Muon(high E)
Cosmogenic n, isotope ¢
Neutron source bkg 1u . SEBEN N |
Neutrino Freray e
Muons in Inner Water Pool (IWS), outer (OWS)
RPC. FADC readout

Events / MeV
Eﬁ

-
L=

10%F

$ 4 4 0 43

89



K ZRE

=

] :III IIIIIII T LI LI III: 1ﬁaurlllllllllllllllllllIIIIIIIl—_
40005— _E 14»00:— _:
35000 3 - ]
- WS E 1200 OWS -
3000 4 r ]
F ] 1000_— ]
2500F] = r ]
: E 800 -
2000 — F ]
15001 ] 600 E
1000} = 400 =
500F- = 2001 -
E i AT T I TN T T |||E :||||||||||||||||||||||| lJl:
Dﬂ 20 40 80 100 120 140 ED 60 80 100 120 4140 160
NHit NHit
220
200 CCrooooa ORI G e Or 00 DOBOCEmO0E) o0 0 CEBmONCOIIDII00 ol —_
= X
- )
180 = <
- o
160 - _ 5
140 &
) o o =
T 120 A A A A I S A AL § —
g 100 2 .
=4 = % B
80 5 ~EHIIWS -« EH2IWS -=EH3IWS 5 o9oa[- —eADI —— AD4
60 = s =
10 - -=EH| OWS = EH2 OWS -e-EH3 OWS E — === AD2 = ADj5
— 5 B
- g 99921~ 4 AD3 ~= AD6
i i i | i i i 1 i i I i i i 1 I I :
Dec 22 Jan 21 Feb 20 Mar 21 Apr20 e R v T Ly T S — Sy Ty Ty S—
Date Jan 21 Feb 20 Mar 21 Apr 20 May 20 Jun 19

Nhit > 12
90



Entries / 0. 1MeV

350
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200
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First look at the delayed (n) signal
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(spallation n)
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Ring
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PMT Flasher
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Reject PMT Flasher

S%HIPMTSAT K, FEREIARREH] & B H15%
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Data Reduction

Data reduction

Events / MeV

—
=

10%F
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DayaBay Praliminary

ADT all triggers

After Masher cui
After I'VWSUUIWSRPC muoon vets
After AD non-shower muon vefo

er shower muon

vieto

(liml
L

1o HiAEHEIEYHEE
5| —Flasher
KFEEET ERAER
J&&

> KESEPMTEH
s =

= KEURET

= spallation#+

—

20

Energy (MeV)

95
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Neutrino Selections
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B pRiT . P Lithium-9 > 1500 = Gapt = 0.29 MeV
E 122 . E Ham-"C S <Ejpy> = 8.039 MeV
& & i [ Fast n 3 I Gapz = 0.20 MeV
103 A 2 1000
C 00_ g r
°F ' i £
6L i “ 500
4r i E I : é
2t i N IR IR . .
i k- L s L 6 8 10
C IEI I 1 .- 1 I ﬁ‘}l“l I-.l 1 Il 1 | 1 I.I .l 11 .I 1 Prompt energy (Mev} Energy (Mev)
2 6 8 10 12 14 16 18 20

Delayed energy (MeV)

Correlated Events in 1-200 ps

Reactor Neutrinos

(Prompt)

Neutrons (Delayed )
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Neutrino Event Selection

Pre-selection

=
=

Reject Flashers
Reject Triggers within (-2 ns, 200 ns) to a tagged water pool muon

Neutrino event selection

=

U

Multiplicity cut
e Prompt-delayed pairs within a time interval of 200 pus

e No triggers(E > 0.7MeV) before the prompt signal and after the
delayed signal by 200 ps

-~ 20 b —
Muon veto Sl o d =
e lsafteran AD shower muon (He8/Li9 E* w3 = .. . -~ . 3"

e B

e 1ms after an AD muon (double n)
e (.6ms after an WP muon
0.7MeV < E, ot < 12.0MeV
6.0MeV < Ejqjayeq < 12.0MeV

1ps < At , < 200ps

Prompt

=10°

—5102

10

Phaies L
1 111 I 111 1 II II 1 ﬁ-ﬁ-l I.I 111 | 1 Illll 111

4 6 8 10 12 14 16 18 20
Delayed energy (MeV)
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Events/0.25 MeV

500

Events/2 us

.
<
3%

10

(\®)
j)
j)
o
[

1500

1000

—
o
[

Selected Signal Events

—— Data, DYB-ADI1

— MC

o
[ e

I R S S T b
Prompt energy (MeV)

""" Time between prompt-delayed

— Data, DYB-ADI

-] | |||

20 740 60 80 100120 140 160 180 200
Time interval (ULs)

Events/0.05 MeV

Events/0.03 m

|
1500+ —~
[ — Data, DYB-AD1
1000 —MC —
500 -
0 L b b e s by Ly
6 7 8 9 10 11 12
Delayed energy (MeV)
S000F "
- *» Distance between prompt-delayed
L. i
4000~ —— Data, DYB-AD1
3000 — MC .
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1000F ]
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Efficiency and Uncertainty

.o e

F— Xk (cutZFH) B HR—ITRE!

N2
ARIFRNEZ FRZERN D RIRE (JERERD
Efficiency  Correlated  Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed energy cut 90.9% 0.6% <0.12% >
Prompt energy cut 99.88% 0.10% 0.01%
Multiplicity cut 0.02% <0.01%
Capture time cut 98.6% 0.12% 0.01%

Gd capture ratio 83.8% 0.8% <0.1%
Spill-in 105.0% 1.5% 0.02%
Livetime 100.0% 0.002% <0.01%

Total 78.8% 19%  C 02%
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Functional Identical Detectors

Why systematics is so small? c.f. Anetal. NIM. A 685 (2012) 78

= ldea of "identical detectors™ throughout the procedures of design /
fabrication / assembly / filling.

= For example: Inner Acrylic Vessel, designed D=3120+5 mm
e Variation of D by geometry survey=1.7mm, Var. of volume: 0.17%
e Target mass var. by load cell measurement during filling: 0.19%

Surveyed(mm) 3123.12 3121.71 3121.77 3119.65 3125.11 3121.56
Variation (mm) 1.3 2.0 2.3 1.8 1.5 2.3

= "'Same batch" of liquid scintillator

5x40 t Gd-LS, circulated

/ ..
Y ".1“!\“ -
AL LT AW \‘I|ll’\;
:
Z]\

200t LS, circulated

4-m AV in pairs Assembly in pairs



Side-by-side Comparison

Expected ratio of neutrino events: R(AD1/AD2) = 0.982
Measured ratio: 0.987 + 0.004(stat) £ 0.003(syst)

:

c
R Ty AD3 AD4 ADS ADE | AD4 ADS ADB AD7 ] - '0:9:-'2
1_025_“,2 ADB (EH3) EH3 (EM3) | (EH3 (EH3),  (EM3) EHSE % i -i'. '!':G: —_— ADI
g F % + E < . * © AD2
‘é o.gsé— +_+_ _+_ N _§ E 5000 — . :g:g,
2 et BB . .
T ] i ¢
09? Uncertainty dominated by statistics and the 0.13% uncorrelated error ‘ B ® E...
Most of the background uncertainty has been cance lled. L . ..‘
~ 0=, , , , l ; ._._"_. d —
- A 1.2F —— ADI/AD2
This check shows that S E | stifea ADVAD?

- = F 2% , —_—
systematic err(_) 'S ar? under 1 ;T.-.%mﬂ;“ﬁ‘,ﬂ?ﬁ%ﬁ# = 23 Pomven v RN
control, and will verify the 09F |
final systematic error 08

o 5 10

Prompt Energy (MeV)
Data set: Dec 24 to May 11
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Side-by-side comparison

o Neutron from muon spallation
® Neutron from IBD
¢ Neutron from Am-C source

A Alpha from natural radioactivity
B Gamma from calibration source
4+ Gamma from natural radioactivity

o
!

r AD1 ¢ Aoz

- "L S 5

I SR S NSOy WP SR * S

A o © - 4:*4*4. é

C + B

I S T B N A I T T T T B N il I

- AD3 o AD8

L A : L

: ¢ | 4

T SO SN Y PO, A e S S B

C % t N v C ¢ © ! .

o [ o A ] D

_||||||||| NN EEEE FEEEE Ry FR ||||_IIII|IIII|IIII|II+I|IIII|Irn'Illlllgllll

- AD4 - AD5

C * & [ z )

rast om b 2 :

‘_ t - A l 2’

:|||||||| v bve e by 1 il ||||__||||||||||||||||| |||||||| |||||| 111
AD6 - gAD?

L 1T -é-c—

T I T I T | T I T | T
[
- >
I
>

~iF
nl
CO e

Reconstructed energy (MeV)

IH3

gH3

EH3

Neutron capture time (Us)

28.5

28

Spallation neutrons 3

ADS ADZ
Detector

AD5  AD6  AD7
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7 - Background



AR (BtHED
RiR: FEHL, ROBCHTE, ALHTSER R 25

LifHe (CGREEAE) (H3HB/S 0.3%)
> FHETFENKEFRAMLR, B-nRBER, 5HHMFESRL.
“PRp7” R CGREEARE)  (f71HB/S 0.1-0.2%)
> FHAFENERT T, PTFERFREERIGES, BLF
FRBABES .
= FFER. P EER, REREEPT.
BREEARE (HIFB/S ~1%, WRERIRE ~0.1%)
= RIEBTFES (BREHZ <100 Hz)
o RATIGHE (PMT, B4, 4R, WIN, ... <50 Hz)
o FHLZE. FHATENFANMNE, FF
= RPF55 (<200/day)
o NPT FHATEN. RETHEFRMESHHTF.
o FHATAERKEMEME (Bl 12B/12N)
o H'ETE 6-10 MeV JEFE N BIZEH (B Michel’s electron, FH £85F)
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1— 8He/ Li

Cosmic p produced °Li/®He in LS

= B-decay + neutron emitter

= t(®HelPLi) = 171.7ms/257.2ms

= 8He/°Li, Br(n) = 12%/48%, °Li dominant
= Production rate follow E ' power law

d °Li events / muon

1tte

F

Measurement: (55 '166"156"1(:'136\;)
muon energy (Ge
= Time-since-last-muon fit “uioFi
f(t)=B/X-e A4 §/T e t/T 0 9Li yield

= Improve the precision by reducing the
muon rate:

e Select only muons with an energy deposit
>1.8MeV within a [10us, 200us] window

e Issue: possible inefficiency of °Li : I 2 3 i e lad muon (5
= Results w/ and w/o the reduction is Error follows
studied

| 7
oy = N ...H.f(l + 7R, )" — 1

NIM A564 (2006)471 106



2 - Fast Neutron

0
=

FHZEmuon =4 56E
« FRFRMP (IRES)
s Bt FFEIK (BlE=

Im|

1 F

Entries / 2 MeV

k1 . IhfE
Fi%2: EEHK

— V. candidates
—— OWS
—— RPC

Entries / 2 MeV

10 20 30 40 50 60 70 80 90 100
Energy (MeV)
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Entries / MeV

10*

102

Delayed-like Signal Rate(/day)  Pompt-like Signal RateiHz)
]

3 - Accidental

! . 10 Energy [l\.-"leV]102
Prompt candidate

*Abl = ADY :; 10* —s— Data, IBD candidates
L)
& A2 Al E —e— Data, Accidentals
m )
4 ADE A ADG 10° — MC.IBD
== = 1 .
—h= ‘tL:rEE-‘q:-'-?'J-—!'Fq'F:"h 10

—“'-l-‘—l.“—l—-l.-—l—-l—‘—l—l—-—j—a—-_.,—.‘ g — ]

F=_-0-=O="-!-'l'—'_|_=l==|=="= gy . 1.

i T R o e Sl o

1 1i0
Energy [MeV]
Alayed candidate

tm&w*”wwﬁ_ )

-_‘ﬁ\\ - AD 1 2 10 -_HA\‘\

D s s - AD 1

7 T e - AD 2 g 10°F oot - AD 2

-_ 0K T .°. n Gd-captiure = 105 -_ 0K T .'. n Gd-capture

i 208, ., l i 208, ", \L

[ ..h'... » ..Nn-'...

._ * 104 -_

_ , o ey _ i ) g R
02

3 F33%1: Evaluated by coincidence probability
:,_; A = e e T ] . ] .
' | | . . F53%2: off-windows coincidence
Jan 21 Feb 20 Mar 21 Apr 20
Date

vertex distance distribution

F33%k3:
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Prompt energy (MeV)

4,5 — neutron souce and 3C(a,n)%0

s PTRAK: KEBERE

* Alpha-n#& )&, KamLAND3%

B/S @ EH1/2 ~ 0.01%, B/S @ EH3 ~ 0.05%,

25 3
Delayed energy (MeV)
Time correlations of the cascade decays

15 2

natural abundance

AB/B ~ 50%

1.1% 6.130MeV 3
| QT 22MeV 6.019MeV | 07
#C(e, )0 (6.1MeV)
16() Of 6.0Me
a 13C //'. 0 ( V) L0
o—@ / o
\'n /}!&l/"t\_ delayed
Ay @n_~ ( 8MeV)
12C prompt
0
O 44Mev) ~Gd
12C(m, ny)12C
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]
nﬁf

Possible sources

B

Fillin|

=57 (6.0~12.0MeV)?

ectr eV)
EanTL 7]
E i A ]
®10°F h 4
=3 F - 3
- F ]
S10°F 3
= E 3
w r ]
10°F - 3
10°F - —
F S E
C TR ]
10° b
o E : - - ' - q
:'g 04 7
e
0.2
0:_ —— — +++ -+
- +, * + o+ + T
0.2 - + .+
r =+
0.4
0 5 10

8T (Exclusive) :
BIRIRIR, BAFERAA)E

Energy (MeV)

fRINIFATERE] 1 250
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1 FREXE
 EH1 | EH2 | EH3

Fraction

Fraction Rate

Rate Fraction Rate

(/day/AD) (/day/AD) (/day/AD)
AmC neutron 271+-10 26.3+-1.0 277+-7 33.0+-0.8 205+-11 74.3+-5.5%
12g /12N 478+-13 46.4+-1.3% 354+-4 42.1+-0.5% 35+-2 12.7+-1.0%
3Li/33 216+-18 21.0+-1.8% 155+-16 18.5+-1.9% 16+-5 5.8+-1.8%
°C 40+-16 3.8+-1.6% 24+-9 2.9+-1.1% 4+-4 1.4+-1.4%
ILi/BHe 4+-2 0.4+-0.2% 3+-2 0.4+-0.2% <1 <0.4%
11ge 7+-4 0.7+-0.4% 5+-3 0.6+-0.4% <1 <0.4%
IBD e* (n captured on H) 14+-1 1.4+-0.1% 12+-1 1.4+-0.1% 2+-1 0.7+-0.4%
Sum 1030+-29 100.0+-2.9% 830+-20 98.8+-2.4% 262+-13 94.9+-6.7%
All singles 1030+7 = ----- 840+-3 = - 276+14 -
[Entries_113747]

w= 5747 +/-93
10° EH1-AD1 Tug = 20.8+-0.3ms
2B = 14786 +/- 133

Entries/bin

10°

105—

PR TR NN TR NN T SN AT TN SN TN T [N TN TN SN TR S T SN N
100 200 300 400 500
Time since last muon [ms] 111




1 b X S AR ) LAY

£ ERNBRINEE R 5 B RS LR
BHE T RWSFEEH, BAERKKRARR GHRetd)

> i —— Data
=15000 5 -
N B | —— AmCn
S [ L .
= o
£ [ — 8L
£10000 — — —c

| ——— — °Li

N — - . et

5000 — - —
= I — — _-__.__._
06 7 8 9 10 1" 12

Energy [MeV]
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Reactor antineutrino candidates

PN RS R ib

2011 2012 2013 2014 2015 2016 2017
0.15 5
| nH |
0.1 I I I I | , MH
: O
0.05 : ] [
| ! [ : !
Near detectors i ——
5 . .
Far detectors ‘ —— - ——
_ . : : :
aM |i — i 'e !
2M
—— Near d:etectors
—— Far detectors
0 I N ! ! |
2011 2012 2013 2014 2015 2016 2017
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KR E =%

Shielding Selection cut Subtraction
(estimation)

Accidental
He8/1.19

Fast neutron

. WRARBHEIMAT, BERE, EFE
18 Mshieldingn ? A At

i J[ ; |
4 6 8 10 12
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Observed Neutrino Rate

Z s b eyt 1'2§ Hall 1 e i

i"-; E ST Ny P : 1.1 - { | * H | po r.!ristu.ut}z?w

‘QE 600~ EH1 -oo-oe Predicted (sin’26,, = 0) 1EH| | | Wi

C — Predicted (sin”20,, = 0.089 =

= w0l Prdicted s'29,,=0.089 S o i U L L | | :

= L - 999+ 0.00

2 ool TN T T T

& 600 - | I H | m | |

2 T IJWWWWMWﬂWMWWWWWW“MMWWW

|
400 |- 08l

100 F Hall 3 e i

-'-3 N 1.2 po 0.9942 % 0.00614

‘q‘é 80: 1 - i i LLETHE ! i |” | [l {1 ||J H I e | 11l

) - - |

g 60p osfty T} F ty { |

T Tom R Ma® A “Dec2i  Jan26  Feb25  Mar2s  Apr2s
Run time Run time
d 2
6 [Md_Td(l +8+Z&)r(}'r+8d)+nd] ) 6 " )
2 . ¥ (84 ¥ Ed
() M, + B fLaT Z +
d=1 d T Pd r Or a=1

NS (RMET) , =KIRENRIR: RNHE. RUF. KK
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(=i

ﬂf f 4.'1.{ f % 800 - —4— Far hall
H= — S —}— Near halls (weighted)
N f a M o T ﬁﬂ,f b % 600:
s [
400
H—fl et FARGHR=1 ;
200
Zi:fif_fi :&Zi:ﬂif_}iﬁ—_ﬁzi:biﬂf. % 0:
denote F'=3". fiv;,, A=Y, a,7;, and B =Y, b;7;. %:D 1.23_ ! ::;?;Ciilllation
8= (F—aA)/B. ER T TR S |
Z 5 se o) 1 e LT l] .
N E sk R )
mE R/ MEFM R e

10
Prompt energy (MeV)

AN;=N;—N; = Z fivi— (@M, + M) | R=0.94440.007(stat) 4 0.003(syst)

7an = D (fi = aa; = Bbi)o" BT, NISE AT 5 55.6%.
o2 HIRZN0.0076. HIGETHKHEE B K
8@* =0, HIMEZN7.4 sigma
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i | ----- No oscillation
L2F . — BestFit

RIFKES5SSHHE
REHLE: Hib 5 |
BB BHAL, ] 5 A AL N
Z/ndf (MA B’Jﬁtg) Prompt energy (MeV)
A REER
=XTH, HESH.

Far / Near (weighted)
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Rate-only analysis

ﬁ _ RPN Y
V= Z[ﬂfd—Td[_1+E+Erwfﬂ'r+id)+ﬁd] ZETJL?

M,+ B,
My: S5d/MADITIE T3

. Z%+Z(§+E_§) Ty SEAADIITRI BT
— 7 S \% 78 By: HdMADHIAEE
E: %%E—'f’h?\ﬁ’ Xﬁ&ﬁ&%%ﬁﬁ 70E
SHRABWRBGRE3.6%. SHTRRML
W, BIsEAANTE S0
o s FErAN SR BIHER HEd MR AR K A jﬂ -----------------------
FHERELA 20

0F | s> :

a,: RMIERERRZE, XMNo,=0.8% b wl, TS 0L L
0 005 2%.1 0.15
, - sin”
gq: TRMBRIERBRIRE, XPcy=0.2%  ------ T OO
sin220,,=0.089 =+ 0.010(stat)
ng: BREIRE, WPic,=0.2-0.37% i £0.005(syst)
MHMESERER)
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AEwe, &

Release time Data Config sin” 26044 A2,
2012/3/8 [17] 55 days 6 ADs 0.092 &= 0.016 &= 0.005 -
2012/10/23 [18] 139 days 6 ADs 0.089 4= 0.010 == 0.005 -
2013/10/24 [20] 217 days 6 ADs 0.0007 5 o0 2 5975350
2014/6/24 [19] 217 days 6 ADs (nH) 0.083 &= 0.018 -
2015/5/13 [21] 621 days 6-+8 ADs 0.084 # 0.005 2.42 +0.11
2016/3/14 [22] 621 days 6+8 ADs (nH) 0.071 = 0.011 -
2016/7/5 [23] 1230 days 6-+8 ADs 0.0841 % 0.0033 2.50 4 0.08
. 0
20184 H T 1958 K& # i 4t . smn”26,, =0.0856+0.0029
(PRLEZHO

R e B 6IRRE 0, EBER, (FAEFHK

\

BN o nHU L P ) 38 2 M 20% B A B

g U w s R T o
1 o 5 R SO HE 4 B4

) PR w45 e S HE A 7T
, 92, 219, 180/375 .

sin?(20,,)
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Events/MeV

Far/Near(Weighted)

Precision Measurement at Daya Bay

x10°
140 __ B T PR
- ‘. 510 o,
| : 3 <
120 — =P
C ek
100 — 1
L I i e ) .
80 — J 2 4 & 8 ){10
| 2 4 [ 8 10 12 TTTTTTTITTT]ITITT]ITT
60 L 1 —j— Far site data
C =] —— Weighted near sitebestfit | | L, | i p i R S— -
40 — [ Accidental o "T/
— [ J1*am™ || ¢ i A SEE L E
- ®Lis *He e |
— *c(o,n)"*0 - ;
20 — Fast neutrons /:/ i
_I 1 I 1 1 1 1 1 1 I 1 1 L I L L L I L L L i\ i
e R AEE S
E = + E -—————————————__—__-:;:_—\:\——:\—“L.‘
0.95 — M;iw ||
- + | R S L | |
0.0 - . . . | 0.07 0.08  0.09 0.1
' 2 4 6 8 10 12 sin’(26,,)

& prompilMeV]

Using this method, values of sin*26;3 =0.0856+0.0029
and Am2, = (2.52210%%) x 1073 eV? are obtained, with
y?/NDF = 148.0/154. Consistent results are obtained
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1958 R E#E

TABLE L. Summary of signal and backgrounds. Rates are corrected for the muon veto and multiplicity selection efficiencies €, - €,,,.
The procedure for estimating accidental, fast neutron, Am-C, and (e, n) backgrounds is unchanged from Ref. [7].
EHI EH2 EH3

ADI AD2 AD3 ADS AD4 ADS AD6 AD7
v, candidates 830036 964 381 889 171 784736 127 107 127 726 126 666 113922
DAQ live time (days) 1536.621 1737.616 1741.235 1554.044 1739.611  1739.611 1739.611 1551.945
€, XEp 0.8050 0.8013 0.8369 0.8360 0.9596 0.9595 0.9592 0.9595
Accidentals (day™!) 8.27+0.08 8.12+0.08 6.00£0.06 5.86+0.06 1.06+=0.01 1.00+£0.01 1.03+0.01 0.86+0.01
Fast neutron (AD™! day~") 0.79 £0.10 0.57 £ 0.07 0.05 £0.01
°Li/®He (AD™! day~1) 2.38 £0.66 1.59 +0.49 0.19+£0.08

Am-C correlated (day~') 0.17£0.07 0.15£0.07 0.14£0.06  0.13£0.06 0.060.03 0.05£0.02 0.05£0.02 0.04=40.02
BC (a. n) %O (day™) 0.08+0.04 0.06£0.03 0.04£0.02 0.06=0.03 0.04£0.02 0.04£0.02 0.04£0.02 0.04%0.02

v, rate (day™!) 659.36+1.00 681.09+0.98 601.83+0.82 595.82+0.85 74.75+0.23 75.194+0.23 74.56+0.23 75.33+0.24
EEI Efficiency  Correlated  Uncorrelated
llls‘j % 7@ Target protons - 0.92% 0.03%

Flasher cut 99.98% 0.01% 0.01%

= é}ﬁ‘[,‘l‘ % ? Delayed energy cut 92.7% 0.97% 0.08%
Prompt energy cut 99.8% 0.10% 0.01%

= ? Q}E % 9 Multiplicity cut 0.02% 0.01%
AN Capture time cut 98.7% 0.12% 0.01%

2 - = \ Gd capture fraction 84.2% 0.95% 0.10%

= j\ ]’I | /Z\SI n2291319€§ j"]3%7 Spill in 104.9% 1.00% 0.02%
Live time - 0.002% 0.01%

Combined 80.6% 1.93% 0.13%
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I n-HPf

EFEFA  MAVEEEE | ARNA
ZTNES
Hekk : RENBATEANE (1T
12% , 1T/754% )
g : IEERESEEERE
(>1.5MeV ) FIEKRIEESSIER
( <0.5m)
MASEHESRIERZ ST © Sn-Gd
DITEER—E

217 0.083£0.018  PRD 90, 071101(R)
(2014)
621 0.0714£0.011  PRD 93, 072011 (2016)

BEIE DT IEfEH T

Entries / (0.3 MeV

Far / Near (weighted)

Measurement / Prediction

i~

10000 F
F ey — Far hall
. -'_"'_O_ —4— Near halls (weighted)
- *$
6000 FF *_
[ T
4000 — -
2000 ~ .
- *_._
0 -_ _____________________________ -_‘:-2-:*“-.—.-.._
1I1 - 1 Il Il 1
g -
g
H+____r__+r+-+-_{: ¥+ A_ +
0.9 E + +
C - - - No oscillation
0.8 —— Best fit
2 3 4 5 6 7 8 9
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0.96

0.94

0.92

0.9

Prompt Energy [MeV]

Daya Bay: 621 days

—4— nH data
-=- nH best fit
—4— nGd data
== nGd best fit
— nH+nGd result

=]

0.5 1 1.5
Weighted baseline [km]

(R

0,5 A3

Daya Bay,
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https://inspirehep.net/jobs/1838117

Experimental Neutrino Physics
Beijing, Inst. High Energy Phys. » Asia
hep-ex = hep-ph | nud-ex | physicsins-det PostDoc
@ Deadline on Jul 1, 2022
Job description:
The Institute of High Energy Physics (IHEP) of the Chinese Academy of Sciences in Beijing invites applications for twe postdoctoral fellowship positions in Experimental Meutrine Physics.
IHEF carries out a comprehensive program in neutrino researches, including leading the Daya Bay (http://dayabay.ihep.ac.cn/) and JUNO (http://junc.ihep.ac.cn/) experiments, participating in EXO/nEXO, and actively carrying out
R&.D of detection technologies. The postdoc fellows are expected to play important roles in one or more aspects in the areas of data analysis with the Daya Bay experiment, design and construction of the JUNO experiment

(including physics, software, detector, data acquisition, etc.), R&Ds of nEXO (including charge readout tiles, cold electronics, 5IPMs readout, software, ICP-MS technologies, etc), RAD of new technology, as well as neutrino
phenomenology.

The positions are open to candidate of all nationalities. Candidates should have a PhD degree in related fields awarded in & years, or to be awarded when the term starts. The successful applicants will be based in Beijing, China.
Knowledge of Chinese language is not required.

The position comes with an international competitive salary. Initial appointment will be made for two years, with possible renewal. The successful candidates could also compete for “Chung-Yao Chao Fellowship” hosted by CAS
Center for Excellence in Particle Physics, and the "CAS President's International Fellowship Initiative” program (PIFL http://international-talent.cas.cn/front/index.html#/bicsite/pifilntroduce/pifi). The outstanding postdocs could
also apply for research grants hosted by the China Postdoctoral Science Foundation.

The neutrino group in the Experimental Physics Division of IHEP has 14 employees including several professors: Yifang Wang, Jun Cao, Miao He, Liangjian Wen, Liang Zhan and Wuming Luo.

Interested candidates should submit applications including a curriculum vitae, a statement of research interest and plan, a list of publications, and three letters of recommendation to Miac He (hem@ihep.ac.cn) and Liang Zhan
(zhanl@ihep.ac.cn).

Contact: He, Miao (hem®@ihep.ac.cn); Zhan, Liang (zhanl@ihep.ac.cn)
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