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Reactor Neutrinos
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Reactor antineutrino® [ emitted as
fission products decay

Commercial reactor (LEEPPU, 238U,
239Pu,24Pu; Research HEBY)

Usually detected via Inverse Beta Decay
(IBD)

1.6
L O ILL ) Savannah River O Chooz (1998) /A Double Chooz (2011.11)
14 [ x Bugey X Rovno O Palo Verde (1999)  RENO (2012.4)
: <~ Goesgen X Krasnoyark a7 KamLAND (2002) B Daya Bay (2012.3)
12 F
~ 1F
I> N ﬁ
IIU 0.8 __ %
= F 105
0.6
- 1
0.4 095
L 09 , . U
02 F 500 1000 1500 200(
_ Baseline [m]
0_ L IIIIIIII L IIIIIIII L IIIIIIII L IIIIIIII L IIIIIIII L
1 10 10° 10° 10* 10°
Baseline [m] (at E = 4 MeV)
exp. Det.
. N Qi3
Very Short Baseline "o e KamLAND
7_‘ = /7\ A 7— JUNO
~~~~~~ b
Rate anomaly sterile nu | g, J12s

Spectrum anomaly

Mass Ordering




Daya Bay, RENO & Double Chooz
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RENO & Double Chooz
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Mass Ordering w/ reactors

A WacuumoscillatioQ @A 0K NBFADG 2 NI y
unique and complementary with
accelerator/atmospheric experiments to

determine neutrino mass ordering
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Jiangmen Underground Neutrino ObservatorJ {NO)
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Taishan NPP: 4.6 GW x 2
Equal baseline: 52.5 km

20 kton Liquid Scintillator
Spherical Acrylic Vesde85.4 m
35 kton water shielding
Cylindrical Water Pool 43.5x44 m
700 m overburden

Average photon
detection eff.30.1%

25600 3-inch PMTs
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& Project-approved in 2013/
A Civil construction started in 2015
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Backaground & veto strategies by Lot LABI
Neutron invisibleeac CailianJIANG

Prog. PartNucl Phys.

Reactor
123, 103927 (2022)

New
physics

IBD: inverse beta decay
CCSN: coreollapse supernova
DSNB: Diffused Supernova

~5000 IBDs for

=60 IBDs per day Several per day Hundreds per day CCSN @10 kpe Several IBDs per day Neutrino Background
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Neutrino oscillation & properties

Neutrinos as a probe
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Spherical acrylic vessel
A All 265 panels fabricated, ultlaw

i U/Th impurities (< 1 ppt) '
A >50% spherés finished

o

Liquid scintillator
A Four purification plants construction
' completed, under commissioning -
A Target: Excellent transparencg,( >20m) 8& juNO detectorby Cong GUO
and ultralow radioactivity (U/Th<1®’ g/g) @ Backaround contrpbyJieZHAO
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VSBL &,5; NearDetectors
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VSBL experiments

A Segmented/movable
detectorsC allow a
oscillation measurement
within/with the same
detector

A 0.9¢4tons @O(10 m)

A Homogeneous2.8 ton
A High Eres:<2%@1 MeV
A Highprecision of Ealib

13 near detectors
A Homogeneous]6-80 ton
A O(300500 m)
A High precision of Ealib
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Reactor Anomaly Confirmed (w.r.t to-Nl model)
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Updated Reactor Neutrino Model
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M. Estienne, et al., PRL 123, 022502 (2019)
”

x1

Summation (or, Ab Initio) Method

A Pandemonium effectsundetected weak 0.62

beta tranSItIOHS and IO\‘)‘MﬂltenSlty'I é 0615_ %produce fuel evolution SlOpE
radiation (J. Hardyet al. 1977). % F
- ) ) ) S 06 Rate deficit also exists.r.t.
C Improving with the Total Absorption > the summation predictionbut
Gamma Spectrometers (TAGS) 059 shrinkingw/ new data.
measurements in the past decade 0.58F- Now 1.9% deficit.
0.24 0.26 028" 03 0.32 034 036
F239
Rt /Rii " \m Modekindenpent MM model
C . rM th d w HM EF model HH HKSS model
onversiorMethod 2 = mods |
K eTroTTEgon Data-driven
A New measurement of 1] s | model:
23%/23%pu fission beta | Cevne -
ratio at Kurchatov i A global fit
Institute 0.9 E .
> .. Kopekin, et al., Phys. Atom. Nucl. 84.0, ; 6.0320-21 : Y. F- L 2%,
C ILL normaliation 08{ Phys. Rev. D 104, L071301 (2021) - snso.00 PRDL05(2022)7,073003
3 4 5 6 7 cec b e b becc b bea b b
E. (MeV) 57 58 59 60 6.1 6.2 63 64 65 6.6 17

O [10~*3cm?/fission]



Spectrum Anomaly
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Forbidden beta dec&/Others sources? 2 '} S EE
g 09 - SM- 2017IHM
2 ° "Ene,gy (,iev) 6 7 8 Daya Bay, CPC 2021, 45(7): 073001
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Fine Structures In the Spectrum (JUN®O)

TaishanAntineutrino Observatory TAQ, a ton
level, high energy resolution LS detector at 30 m
from the 4.6GW,, core, a satellite exp. oJUNO

Measure reactor neutrino spectrum whigh E
resolution.

A Model-independentreference spectrunfor JUNO
A A benchmark for testing thewuclear database

Detector Features

1.1

SeTﬁng

Side
Shield
(HDPE)

SiPM arrav

Cu shn:-II

Top shield
HDPE, heat insulation layer

PU, heat insulation layer

Bottom shield
G10Q ppe, heat insulatio n layer

Ground

Shield

2| (HDPE)

A 2.8'ton GaLS, Fultoverage oSiPMw/ PDE > 50%:
A Operate at50% (SiPMdark noise)
A 4500p.e/MeV, <2% resolution @ 1MeV

Expected online in 2024 i

1.05

Solid: Summatlon/Daya Balerue spec )

REDTAO/Da a Bay
Blue: JUNO/ aya Bay

7 8
Neutrino energy (MeV)

CDR:
2005.08745

Calibration

strategy:
2204.03256

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

2111.10112
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https://arxiv.org/abs/2005.08745
https://arxiv.org/abs/2204.03256
https://arxiv.org/abs/2111.10112

Sterile A searches; Positive

. ! ! ! : ! _ , Am2, L
A If oscillating into sterile neutrino of P =1 cost fsin? (2000 sin? (5725 )
~ 1 eV mass, baseline ~10 m Am L)

B -
. 29 7
sin”(26,,) sin < 1E,

1 = Am’=7.2 eV?, sin’(26) = 0.36, resolution 250 keV, bin 125 keV o) T - T w
1.8 4 O Observed, 24p, average (125, 250, 500 keV). First obs. + sec. cycle + backgr é e (A m2, sin> 28,,) = (241 eV*,0.08) ] 12
| g ' ’+ (A m2, sin® 26 ) = (0.34 eV2, 0.05) l E
Average 125, 250, 500 keV & 1 1;
164 am’=7.2 eV’, sin’(20) = 0.36 x'/DoF  3.98/17 (0.23) GoF  0.99 g r
{ Unity 2/DoF  11.66/19 (0.61)  GoF  0.82 2 5 1o T T
£ 1.4 _% ] 1.0}
_F 8 X ook
w o, 2 0 I R=0.80° 0.047
£ ,% 11 J'_ (Am2,sin®20,,) = (236 eV, 0.06) — E;,_ 0.8F % t
LI{ 1.0 4 ~ ++ 2 2 _ 2 . t
] > (Am2,sin® 26,,) = (0.34 ¢V2,0.05) + | o7k
:
0.8 1 gl - 0_6i|....\H‘.|....\‘...|.H.|_
E & &
0.6 g —— i © © $F $F ! N
2 data systematic uncert. ot o & & Q%’ Qﬁ’
I v I v I ' 1 E 091 ] | 1 I I B Q?’ C/)Y’ Q) Q’
1.0 1.5 2.0 25 N 2 3 1 5 6 7
L/E Prompt Energy (MeV)
Am?, = (73 £0.13, + 1.16,,,) eV? = (7.3 £ 1.17) eV? > .3 > .
’ (A my,, sin” 20,,) = (2.41 V-, 0.08) nm2> 0.5 eV, sirt2' ~0.42
§in226 = 0.36 & 0.12,,,(2.90)
RENGNEOSarXiv2011.00896 BESPRL128,232501 (2022)
Neutrino-4, PRDL04 (2021) 032003 PRD105(2022)11,L111101 PRCL05, 0655042022)
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Sterile Asearches; Negativew! reactors

DANSS

90% C.L. contours
BEST:
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[ lie
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HM-model

1 Exclusion (sensitivity) with
(- relative IBD rates

[ Exclusion (sensitivity) with
- absolute IBD rates

% Neutrino-4 result
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sin26
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103 E LI ||||||| I 1 ||||||| T TTTTIT 1 T TTTTT 1 1 IIIIIE 101
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- - re/.
> [ILSND ] I/)’Ib
10° E° — MiniBooNE (2018) E o,
C []Dentler et al. (2018) .
10 :_ [ ] Gariazzo et al. (2019) _:
. - i - RAA 95% C.L.
N’B 1 = C\iIB * EAA:_Best fit
~ = = LS eutrino-4
~F - 1 — 1 RENO + NEOS
g 10" a Ngﬁ
- 1 < STEREO
el i NOW2022
)
- . /
3 L gao n STEREQ/95% CL
10 = 99% C.L. (CL,) Excluded = [ I //2D Sensitivity
E = MINOS, MINOS+, Daya Bay and Bugey-3 E lO—l —/f 2D Exclusion ]
1 —4 L1 ||||||| L ||||||| L1 ||||||| L1 ||||||| I _2 / _1
%10° 10°* 10° 10° 10 1 107= / 120
P2 _ 2 2 / 1
sin’20,,, = 41U, FIU | sin”(26,,)
I/
DayaBay+MINOS, w b2 2 anatExcldded(giaRig=0.54)

PRL 125, 071801 (2020)

AlsoDouble Chooz

w w!! 08aid nmarnG SEOF
w b S dAibNsk fif cluded at 3.1
WRENO+NEQfst fit excluded at 2.8

RAA: Reactor Antineutrino Anomaly

Relative Spectrum e}_baseline

PROSPECT
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123456712 345671234567
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21



MicroBooNEJessie Micallef

Sterile A searches; Negativeat MicroBooNE  MoBooNElessie vicalet

PRL128 111801 (2022)

Noevidence o ¢ O y A f £ | €
sterile neutrino oscillation

A Parts ofMiniBooNE LSND,
gallium allowedegions excluded

PRL128, 241801 (2022)

obmMD

O hy

No evidence of underestimation of
n My decay background (94.8% C.L

Noevidence oh_background
enhancement atow energy (>97% C.|

he© hy

PRL130, 011801 (2023) 22



