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Top discoveries with reactor neutfrino experiments

Discovery (+solar Discovery (*accelerator
U, discovery experiments) of experiments) of neutrino
(Reines,Cowan) neutrino oscillation oscillation due fo
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Reactor Neutrino Experiments with km-scale baseline

o Neutral weakly interacting lepton o Three fawilies: v/, v,, 15
o Mix (0,5, 0,,, 0,,) with three fawmilies of charged f . COSWIOIO(JY
leptons and W+ 7z £

Planck
< 900 KATRIN [2105.08533]
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http://arxiv.org/abs/2105.08533
http://arxiv.org/abs/2203.02139

Reactor Neutrino Experiments with km-scale baseline

Low Enriched Uranium (LEV)

- 3-4 GW thermal power
- Consumes >>°U. Produces >°***'Pu

- Refuel every 1.9-2 years

- Extended core @ few m
- 6-10° /s @3GW,,

Fission fraction (%)
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6v/fission

o High Enriched Uranium (HEV)

- 50-100 MW therwmal power
- Almost pure -°U

- Refuel every 1-2 months
- Gompactcoreo ~0.5wm
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https://indico.cern.ch/event/833568/contributions/3655147/attachments/1957820/3252786/Contributions_of_Non-Fuel_Antineutrinos_at_the_High_Flux_Isotope_Reactor.pdf
https://arxiv.org/pdf/2102.04614.pdf

Reactor Neutrino Experiments with km-scale baseline ——
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1 160 52 OO distance, m
o Three neutrino mixing 03, Am321 Am321, Amzzla 051,015

o Sterile nevtrino: Am;, (eV?) =~ (2 - 10) ~ (1072 - 1071 ~ (107 — 107%)
o Spectrum @reactors v v v
o Neutrino mass ordering v

o @eo- solar, atmospheric, Nucleon 4
decay, SuperNova, PSNB neuvtrino 6




Reactor Neutrino Experiments with km-scale baseline

: : U, Spectrum
Detection: inverse s-decay (1B o, +p — et + 1 g

Prompt = ¢ ionisation + ete™ — yy

Delayed = n capture — y(y...) } Event = prompt+delayed

Reactor neutrino detectors = Precision Instruments ~ v s ¢ °

Energy, MeV
o Percent-level control of absolute detector efficiencies and eneragy scale (multiple
calibration sources, cosmogenics)

o Excellent correlation with reactor power
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Reactor Neutrino Experiments with km-scale baseline

Ratio suppresses correlated uncertainties

NCZF(E)L%ZV NZZZI’ : & ar - OSC(L CZF/E)
Jar o el 20 ks f )
near(E ) near N ilfz?ear ignearg OSC( near/ L ) ,0 D (E )

Far Detector

Near Detector
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IBD detection

Power GdLS mass Near/ Distance Near/Far Overburden Running until correlated
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A decade of
Daya Bay : 365, 490 .' me as U re me "‘rs

1650

Double Chooz Dec 2017

RENO




Three neutrino oscillation dve to 0,;, Amy,

}EH1 {EH2 {EH3

Best fit (3-flavor osc. model)
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Paya Bay@Neutrino 2022



~ Three neutrino oscillation due to 0,5, Ams,. Global picture

)\

Daya Bay  nGd O 8.53+0.24  2.8% By P No I’U"hi"g oY p'ﬂ""ed
RENO  nGd —— 8.924068 71% experiment to surpass this
- Daya Bay n ————&—— 7.1 11 15.5% f precisio“

. RENO nH _— 8.6 +1.2 14.0%
' Double CHOOZ —_————————— 10.2 +12 11.8%
 T9K —_—————————————— 9.52123% 16.9% - .
- NOvVA o I T S 8.5 T2 21.2%

7 8 9 10 11 12
sin? 2043, 102

Normal mass orderin
Daya Bay nGd 2.45440.057

NOvVA 2.41 +0.07

T2K 2.49 Foog

MINOS+ 2.40 T4,

SuperK 2.40 011

RENO nGd 2.69 +0.12

[ceCube _— 2.31 J—rgﬁﬁ

RENO nH »—m—— o o e 9 4] +0:28

~0.32
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Reactor neutrino flux and spectrum
o Once 0,; determined (far/near cancelation), flux and energy specfr‘um aremeasured t0o0

o Both have issues:

l.  Thefluxis about 6% below of a new HM mode| (=Reactor Am‘meufrmd
Anomaly, RAA)
2 ~ After 67 reduction the spectrum has a bump @(4 6) MeV of pl’ompf onergy.

No = 0943+88§g
¥2/NDF= 125.5/130

is ﬁ' 223 . Reacto Prediction Model 1o Uncertainty
BEZBBBIBBIZE .
NEOS 2016 (Modlﬂed AverageR = 1)
: : Daya Bay 2016 §
Double Chooz IV - ND

o
(o)

o
o

Nucifer @ Osiris H+  Rovno 92

*Other data include
PROSPECT Daya Bay Goesgen, Krasnoyarsk,

R4 HH
STEREO <+ ++ RENO Rovno, Bugey, SRP,
Neutrino-4 Double Chooze CHOOZ, Palo Verde,

DANSS miniCHANDLER K@mLAND
ILL Other data™

~ Observed / Predicted |

‘Data/MC (Shape-Only)

107} 10° |
_Baseline(km) ... ... § ~__Visible Energy (MeV)

 Universe 2021, 7(7), 246 - Pouble Chooz Nature Phys.1 6 (20201 558



https://arxiv.org/abs/1101.2663v3
https://arxiv.org/abs/1106.0687
https://www.nature.com/articles/s41567-020-0831-y
https://www.mdpi.com/2218-1997/7/7/246

Lines of research to resolve the reactor nevtrino anowmalies

o Sterile neutrino state o lmprove v flux calculation method
A) Conversion method

Measured U235 Beta Spectrum Fit ‘Virtual Beta Branches’

3+1 v model for the flux deficit HIN

Am? ~2eV2sin?20 ~ 0.1 PSRN '

-
©
1

5
Betas per fission per MeV

Betas per fission per MeV

7U235 equal power

.......
L)
-
-

(arb. units)

--------
L)
-
.

Event rate

1.2

P

L

U {1 , P. Huber, PRC 84 (2011)
Schreckenbach, et al, Schreckenbach, et al, . 2 3 4 5 6

235

—h
—h

Phys Lett B160 (1985) ’ Phys Lett B160 (1985) . Antineutrino energy (MeV)
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o B) Sumwmation method (SM) =Ab-initio
PRL 123 022502

235U Thermal
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— — *No oscillation
With oscillations (3 active v’'s + 1 sterile v)
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O
)

10° 10° 10’
Reactor To Detector Distance (m)

L. T .- o -~ _ o N ~ _ o

Spectrum ( 1/ MeV fission )

Sonzogni AAP2019

“. ‘ N
- 9 n.& W ,\\,\
4.0 5.0 6.00 7.00
Electron Energy (Mev)

PRV 83 073006 =


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.073006
https://indico.cern.ch/event/833568/contributions/3655258/attachments/1958551/3254251/Sonzogni_-_AAP19.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.022502

Why Sterile Neutrino?

o For E ~ 3.5 MeV o 3-neutrino oscillation can not explain

4nE, the rate deficit at L < 1km

- LOSC = ~ 1'8km s s s
ﬁmgz o 4 SM-neutrino excluded by Z lifetime

E

- Losc e o ~ 59km a"d c?sm?logy . .

Am3, o It oscillations wanted —> a smart idea is
required

What is Sterile Neutrino?

o Sterile state = a coherent superposition of v, v,, 15, v,...(similar to flavor)
with vanishing interaction amplitude with W.Z

o NBlv,,1,,15,0,...do interact with WZ
13 pedagogical introduction 1901.00151



https://arxiv.org/pdf/1901.00151.pdf

Lots of experimental searches for the Sterile Neutrino

»
&/

; Current5|tuat|on o
o 0, hear detectors (Paya Bay, RENO, Double Chooz) ¢ \
 SBL reactor experiments (NEOS (-11), STEREOQ, oo |
PROSPECT, PANSS, Neutrino-4 and more) e
Radioactive sources (BEST) = Gl
Current status [ =
No sterile neutrino state is discovered Zz Neutrinod Sy
| RENO-NEOS P 7
Neutrino-4, BEST and NEOS interpret their e X =

observations as evidence for sterile neutrino s’fafe
- in strong tension with other experiments

&/

10_2 | | -— L1 2| 1.111111? | L1111l
107 1072 10°! ‘

Sterile neutrino hypothesis is unlikely [T N I—

14 220307214



https://arxiv.org/abs/2203.07214

v flux and spectrum

o U2%%is ~ 8 % smaller than

HM expectation
- Daya Bay, RENO, NEOSS-II,
STEREQ 5.5
- Total Absorption Gamma = | o Revermdel i g8% C.L
Ray Spectroscopy (TAGS) 27
- Kopeikin et al rep 104 1071301 = as
(533579230 L. =_1.034(5535/ 8530 k1 ,§ '
o Pu239 agrees with the HM Z
MOde' ; ég | 038 = (10.1£1.0) x 10~#
0941 = (6.04 4 0.60) x 10°%
o Disfavors the sterile 752 56 60 64 s 7
neutrino hypothesis o [10% cm?/fission]

v PKl.llS 251801



https://doi.org/10.1103/PhysRevLett.118.251801
https://doi.org/10.1103/PhysRevD.104.L071301

o, [cmPffission]

v flux and spectrum

o Maijor effort to improve the
nuclear data for summation
‘wethod
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.022502

v flux and spectrum

o The bump is present in both 235U and 239Pu when compared to summa’aon
or conversion models —

s
e

—h
I

o This similarify suggests

COWMON origin or 0.9
assumptions. The specfrum . DB/SM2017
anomaly remains G_DBHM.

1.1

s
I

— SM-2018/H.M.
SM-2017/H.M.

4 6
Energy (MeV)

PKL 123 022509

~ Ratio SM/H.M. Ratio DB/H.M.(SM) :
o o
© oo
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.022502

JUNO experiment
The major mission: neutrino mass ordering determination

x103

100 .
6 years of data taking ——— No oscillations ——e——

Only solar term
— Normal ordering
—— |Inverted ordering
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U, spectrum @L=92 kwm :

¢ oS EnerayiscaleZnonlinearity
uncertainty < 1%

Solar neutrinos: 1-2 orders of magnitude higher requirements on radio purity
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Yangjiang NPP s
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65,‘"’ , Vec’ror

,; Cal. House

Cover
i TR O, :
Chimney T D L L AR Acrylic Sphere

Water / B0l s : O
/4 ® 4 NCEN SS Structure

CD PMTs
VETO PMTs

Connecting Bars

Supporting Legs

o 20 PMTs:"1 8k (GO} 24k (WP)
3" PMIs: 25 7.6k _
&0l production

#i @ - performance fests,
./ .&- waterproof potting

o Liquid scintillator

o Four purification plants targeting U/Th
@ (10~ — 107'°) g/g and 20 m
attenvation length @430 nwm

o OSIRIS: 20t detector to monitor radio
purity of LS before and during LS filling

Eur.Phys.J.C 81 (2021) 11, 973



” v |
el

. _ i wn} P
. m‘- - .
,,;‘ \ s

] ‘; ’\. g A
\/AN/AN/

TOP tracker

, Provide control muon samples to validate the track

DT = I rmeny N—_— e i reconstruction and study cosmogenic backgrounds

35 kton of ultrapure water serving as passive shield and water Cherenkov detector

o 2400 20-inch MCP PMTs, detection efficiency of cosmic muons larger than 99.5%

o Keep the temperature uniformity 21°C+1°C

o Quality: 222Rn < 10 mBg/m3, attenuation length 30~40 m .



—— Now
o 10 20 30 scan systems with multiple calibration
sources to control

a l b ra‘l’lo “3 By —— JHEP03(2021)004 |

JUNO Simulation Preliminary

- the energy scale

f‘-‘i‘ﬂ Automatic Calibration Unit i de‘rec‘ror response

7OV guide vai | non- umformn‘y 3 —— Now/JHEP03(2021)004

pmcammualll [P - < 17 energy non- Imean’rv

Sﬂdecabme

source storage

=i

f t

AURORA

Inherent nonlinearity
Best fit
Uncertainty

Tlllllllllllllllllllllll Illlllllllllll Illllllll

True electron energy [MeV]

JHEP 03 (2021) 004




Taishan Antineutrino Observatory (TAQ)
The major mission:

measure the reactor antineutrino spectruwm at best accuracy ever
A T e - SiPM with “94% coverage

Top Shield (HDPE) |

ST - 4500 PEs/MeV

Water Tank

SUUCIN - energy resolution< 27 @ 1 MeV

LAB Buffer
GdLS

il o Gd-1S at -50°C to lower the dark woise of SiPM

Cu Shell
S1PM Array

HDPE Support

Acrylic
Vessel

SS Tank

Insulation (PU)

Bottom Shield
(Lead)

ILEIR H

|
-
O —

—— TAO-based (arXiv:2005.08745)
DYB-based (Phys. Rev. Lett.123, 111801)
Model-based (Phys. Rev. Lett. 112, 202501)
----- JUNO Yellow Book (J. Phys. G: 43 030401)

TAO CPR
2000 1B0/day @30m from the nearest reactor.
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https://arxiv.org/abs/2005.08745

JUNO Physics Program

o NMO: 36@ 6yrs o Diffuse Supernova Neutrino
Packground: 36@ 3yrs and
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JUNO Physics Program
o Precision as for quarks: < 0.5 % forsin”26,,, Am3,, | Am3, |

- Stat.+syst.

o lmprove meas. accuracy for | o i %
solar 'Be, pep, CNO, °B

Ision [%]
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Q
a el

o ([eo-neutrino:
400per year, 5 % in10 yrs

10°
JUNO Data Taking Time [days]




New detector technologies:
opaque liquid scmhllaor

Sunsef in wulk:

What: medivm with 4, ~ Imm an example of
elastic scattering and minimal | such medium

absorption L L 8
Why: native self-seqmentation

Who: LIQUIPO Consortsivm

Benefits: good PID (e*, v, n, p, .. )

26


https://liquido.ijclab.in2p3.fr

More details can be found in|

A. Cabrera talk

stochastic light confinement

Hits ér Fibre

1 10

b

LiquidO can have up 3 orthogonal fibre lattice orientations (3D) 1 10

47

100

Hits per Fibre

100
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https://indico.ijclab.in2p3.fr/event/7663/contributions/23924/attachments/19341/26196/SuperChooz-FirstSeminar@IJCLab-June2022-Anatael.pdf

New detector technologies: hybrid
of Cherenkov and Scintiallor

o What: water based LS, slow
scintillation light, fast PMT readout

Cherenkov

o Why: add directionality

Ve NN TS e
EEEEEEEEEEEEEREEEENFEEREEEREEND

N Scintillation

o Who: ANNIE, SANDI, EOS,
Jinping 1T, ...

28



Neutrino experiments @nuclear reactors

o improved our knowledge about

Neutrino (0,5, 0,,, Amz,, Am?)

measuremenfs)

o provided new possibilities to search ‘ |
physics BSM

o Are becoming very precise (sub—-percenﬂ
instruments for further discoveries.
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