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Neutrino Oscillations

It proved that neutrinos have non-zero masses = detector

huge impact on particle physics & cosmology y
Neutrinos are the possible source of CP violation, heutrino ¢
. . ) oscillations Vg *,
which may explain the matter-antimatter " W
source %

asymmetry in the Universe

v prod. & detection: W* weak interaction = identify flavor
v propagation: mass eigenstates (!= flavor eigenstates)

After 25 years of v oscillations

discovery, still unknow 1 0 0 cis 0 56\ /e, sy O\[e 0 o
* Mass ordering (Am?2;,>07?) V=10 c25 s o 1 0 <—S12 C12 0) 0 e 0

. 0 —s23 €23 —s13e° 0 C13 0 0O 1 0 0o 1
* Leptonic CP phase (6p) .

0,; & Am?;, 0,3 & 8¢p 0, & Am?,, Majorana phases
* 623 Octant Atmospheric, Reactor, Accelerator Reactor, Solar Double beta
* Very precise knowledge of oscillation Accelerator decays
parameters "Normal" hierarchy "Inverted" hierarchy
« New Physics? (sterile, ..) o B T Am 2 (E M-
23
(atm.) or :

Reactor Neutrinos Experiments will continue to Am. 2 B . Am23
play an critical role in solving the unknowns 12 { e pl i u

(solar) 2



see annotations

Reactor Neutrinos

40 ~11.6
- (a) isotope V. spectra (1/fission/MeV) _:
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antineutrino energy /MeV

Reactor antineutrino: v, emitted as
fission products decay

Commercial reactor (LEU) 23°U, 238U,
239py, 241py; Research HEU (23°U)

Usually detected via Inverse Beta Decay
(IBD)

1.6
: ¢ 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 __ %
v 0 - 1.05 %
. : 1
04F 095
L 09 : .
02 500 1000 1500 200( U
_ Baseline [m]
0_ L IIIIIIII L IIIIIIII L L IIIIIII L L IIIIIII L L IIIIIII L
1 10 10° 10° 10* 10°
Baseline [m] (at E = 4 MeV)
_ Nnear O13 €Xp. Det.
Very Short Baseline Far KamLAND,

7_/7\?§\ 7— JUNO
~~~~~~~ >

Rate anomaly - sterile nu | 64, 015,
Spectrum anomaly Mass Ordering




Daya Bay, RENO & Double Chooz
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Updated Results from Daya Bay
by Runze Zhao
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Completed in Dec. 2020, 3158 days in total. Side-by-side measurements confirm the 0.13% uncertainty in Det. eff.

/Best—fit results:
sin? 26,3 = 0.085119:9924
Normal hierarchy:

Am$, = +(2.466%3080) x 107 3eV?

Inverted hierarchy:
Qm32 = —(2.571%5080) % 10
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Phys. Rev. Lett. 130, 161802 (2023)


https://agenda.infn.it/event/33778/contributions/207833/

RENO & Double Chooz

RENO
@ Neutrino2022 (~2900 d)

sin220,,=0.0892 +0.0044(stat.)+0.0045(sys.) (7.0%)
|Am?,,|=2.74£0.10(stat.) £0.06(sys.) x 10-3eV? (4.4%)

@ NuFact2023

Completed in 2023.03.16 (up to 3800 d), expect
sin?20,,:6.3%, |Am2?_,|: 4.2%
Plan to reoperate the near detector for sterile v

Double Chooz @ TAUP2023

sin226,,=0.102+0.011 (syst.) £0.004 (stat.) (11.4%)
w/ 1276 live-days Far, 587 live-days Near

Events /0.1 MeV

Data / Prediction
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https://indico.cern.ch/event/1199289/contributions/5447257/

Global Picture for 6,

Daya Bay  nGd —e— 8.51+0.24

RENO nGd —— 8.92+063 7.1%
Daya Bay nH ® 7.1 11 155%
in? 26
Sin 13 RENO nH . 8.6 +12 14.0%
Double CHOOZ ‘ o ' 10.2 +12 11.8%
T2K : ° ' 9.5213-%8 16.9%
NOvA - o - 8.5 T30 21.2%
6 7 8 o 10 11 12

SiIl2 2913, 10_2

Normlal mass Iordering

Daya Bay nGd — 2.466+0.060

Greatly consistent results from
NOvA — 2.41 +0.07 Ve (reactor) and v, (accelerator)
Am?2 (NO) T2K —— 2.49 "4 measurements, strongly
32 MINOS+ ’ 2.40 T055 3.5% support 3-flavor framework
SuperK . 2.40 1) 4.8%
RENOQO nGd ® 2.69 +0.12  45%
IceCube ° 2.31 1013 5.2%
RENO nH ° 2.48 T3 12.1%

2.9 2.3 9.4 25 2.6 9.7 2.8
|Am3,|, 1073 eV? 7



Mass Ordering w/ reactors

m ‘Vacuum oscillation” with reactor neutrinos =2 100> . —
. . L B years of data taklng — Mo oscillations
unique and complementary with [ Only solar term
. . i —— Normal ordering
accelerator/atmospherlc experiments to 80: — Inverted ordering
determine neutrino mass ordering >
= 60| JUNO
Poe(L/E) = 1— Py — Py — Py 9]
Py = 0054(913) sinz(Zﬂlg) sin? (Aoq) % a0k
P31 = COSE(H:LE) ."E':'_i]:l:2 (Zglg)SiHZ (&31) i _
sz = SiHE(QIQ:I Sm2(2913) Ejllz(.ﬂ.gg) 20;
5 Am%l
m Precision measurements of 0,,, Am?%,, , Am?,, N AT R .
. _ . o 1 2 3 4 5 6 7 8 9
m  Require huge mass and high energy resolution Ev, (MeV)
(matter effect contributes maximal ~4% correction at
around 3 MeV, arXiv:1605.00900, arXiv:1910.12900)
Am%l and Am%z Amge and Amfm Matter Effect Am?, = cos?0,,4m%, + sin?0,,4m3%,
interplay difference Am?,, = sin201,Am%; + cos?0;,Am%, +
Reactor ————— Atmospheric C0sé sinf,; sin20;,tand,;A4m2,

Accelerator
|am2,| — |AmZ,|

= +Am3,(c0s20,, — cosd sinf,3 sin20;,tanf,;) 8
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Jiangmen Underground Neutrino Observatory (JUNO)

:m: HUANGPU.
Guangzhou e Al
I =i YE 1T vP 5 3 590 35 25 2 2 0 16l B &5 41 541 =
Ztbing Dongguan The 22" JUNO Collaboration M
=
Lt Z Shanw
4 Hi RedSea SR,
= = (o) i
B RS
Ji?nng Shenzhen RN A . oo o ',h;Hu|Zh0u
AT Zhongshan t}”ﬁ’j NPP
i A EY Nareay
Zhujiang River E @ Daya Bayi
w10
NPP
2 Hong Kong

JUNO collaboration: >700 collaborators,

= m 74 institutions, 17 countries/regions
2 " Sangazhou SiEF
LJUNO-TAO e
Beijin Gang h TalShan NPP lrw’i o
Yangjlang NPP" i -.4_‘33.;‘;,.

al Lake
S

Yangjiang NPP: 2.9 GW x 6
Taishan NPP:
Equal baseline: 52.5 km

JUNO Status & Prospects

4.6 GW x 2

20 kton Liquid Scintillator
Spherical Acrylic Vessel $35.4 m

- 17612 20-inch PMTs for CD
. 2400 20-inch PMTs for WC

Average photon
detection eff. 30.1%

35 kton water shielding
Cylindrical Water Pool 43.5x44 m

by Marco Grassi

700 m overburden "N 25600 3-inch PMTs


https://agenda.infn.it/event/33778/contributions/207826/

JUNO Campus

Overburden
ol 7650:'m
e Vertical

’ e s S shafe:o.

*” Project apprbved in 2013 | : 74 / ,
14 Civikconstruction startedinZ0 1> ~+ Detector assembly & installation ongoing

» Completed excavation on Dec. 30,2020 ° Expicfég%%lﬁ jdafa in 2024

gl



B8 solar neutrino (poster): Xin Zhan

jUNO Physics Machine Learning reconstruction: Arsenii Gavrikov

Prog. Part. Nucl. Phys.

Reactor Atmosphere
123, 103927 (2022)

“Supernova; )

New
physics

IBD: inverse beta decay
' CCSN: core-collapse supernova
~5000 IBDs for DSNB: Diffused Supernova

~60 IBDs per day Several per day Hundreds per day CCSN @10 kpc Several IBDs per day Neutrino Background
W IIIIIIIIIIEIIIIIIII-IIIIIIIIIIIIIIIIII'

Neutrino oscillation & properties

Neutrinos as a probe

ﬂ Energy resolution 2.95% @ lMeV\ ﬁ Supernova v: ~7300 of all- m  Nucleon Decays: p — \71(\
w/ full simulation flavor neutrinos @ 10 kpc 9.6X1033 yrs (90% C.L.) in
m v mass ordering: 3o (reactor only) m DSNB: 36 in 3 yrs (2205.08830) 10 yrs (2212.08502), neutron
@ ~6 yrs (Neutrino 2022), atmospheric m Solarv: invisible decay (ongoing)

v oscillation being improved Indirect DM search: ~good

* ’Be, pep, CNO (2303.03910) L
m v oscillation parameters: precision . 8B flux (2210.08437) sensitivity in 15-100 MeV
of sin201,, Am2,, | Am2, | < 0.5% ' region (2306.09567)

.~ )
in 6 yrs (2204.13249) = Geov:~400 peryear, 5% m Future upgrade (2030s) :

\ / \ precision in 10 yrs searching for OVBB y



https://arxiv.org/abs/2204.13249
https://arxiv.org/abs/2205.08830
https://arxiv.org/abs/2303.03910
https://arxiv.org/abs/2210.08437
https://arxiv.org/abs/2212.08502
https://arxiv.org/abs/2306.09567
https://agenda.infn.it/event/33778/contributions/209560/
https://agenda.infn.it/event/33778/contributions/208882/

Spherical acrylic vessel \ i L N Stainless Steel structure
* All 265 panels fabricated, ultra-low L —% i ‘ S Ny © Sub-centimeter precision,

#  U/Th impurities (< 1 ppt) T ., satisfies precision requirement
* >50% sphere is finished AN . S e AN «

i T
GV | | U»’
\.“\ LA ;w
o

\.

v

5600 3" PMTs
4 * High performance MCP-PMT achieved

# + Production and performance test done

Wl - >30% LPMTs & SPMTs installed

R
(T a Al - Vi

e The most complex system designed and
built, with four purification technologies
(Al, O, filtration, Distillation, Gas tripping, Water
extraction), under commissioning 4
Target: Excellent transparency (A,, >20 m) &
and ultra-low radioactivity (U/Th<10? g/g)




VSBL & 0,; Near Detectors

S0LIa DANSS VSBL experiments
CHANDLER iy, Kalininskaya * Segmented/movable
'WATCHMAN @i gie o GW. - detectors = allow a
g , B A AT 3;'--4?*r;,'f'f_flflo 12 m o 2724.m . oscillation measurement
s within/with the same
Neutrmo 4 o 35 ¥ 4 NEOS/ detector

STEREO™ SM 2%

'-’fl'

, +r RN IEIM - 0.5-4tons @ O(10 m)
YL HEU _ .‘ it Hanbit
PROSPECT | © 6.4-11.9m JUNO TAO.  2.8GW

.. HEU i -
PROSPECT I 3 Talshan ‘ 24 m UNO-TAO

2 94-11.2m 4 '.
OF1 Rldge A - 4.6 GW-= - * Homogeneous, 2.8 ton
HEU W, g Iz 30m * High E-res: <2%@1 MeV
6.7-92m & L . {8 * High precision of E calib.

©,; near detectors
* Homogeneous, 16-80 ton
e 0(300-500 m)

Very Short Baseline (planning) - High precision of E calib.

Under construction

Low-Enriched Uranium (LEU) fueled reactor: Commercial, ~3 GW,,; Highly-Enriched Uranium (HEU)-fueled reactor: Research, 50-100 MW,


https://indico.cern.ch/event/1199289/contributions/5447258/
https://indico.cern.ch/event/1199289/contributions/5447252/
https://indico.cern.ch/event/1199289/contributions/5447257/

Predicting the Flux and Spectrum

Summation (ab initio): Nuclear database, Z fragments, Z chains, Z branches
(e.g. Vogel et al., PRC24, 1543 (1981), Estienne, et al, PRL 123, 022502 (2019))
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 Mention et al. Phys. Rev. D83, 073006 (2011)

=  Huber: fit w/ improved nuclear effects (Huber-Mueller spectra) Huber. phys. Rev. ¢ 84, 024617 (2011)
Mueller et al, Phys. Rev. C 83, 054615 (2011)

)

~ Q
+0 —#1-92Rb ;-:' 1 Klapdor et al.
10 235U Thermal :ﬁg?ng f 8 ‘§§ 1 |k M__ﬂ_-—e—o—;-.—}-—:'/‘\
o 3 : I
: S5 — |
.§ 101 ::g-ggm\’/ e °3;g. "3, 1 2 3 4 5 3 7
& 48 140Cs g" O::’s
3 e — #9- 91Kr ;, ol R
e - —pe T4 s, U e
E —— #13 - 955r 5 Mpy 8
2 403 —#14 - 1381 4 et %, 08 | fe e
g —:15-92; 107} > Pu 9o o 1 2 3 3 5 o 7
@ e °§? Shape verified by Bugey-3 data
104 55 \ ‘ e A 0 T :“l 7 SR Normalization by Bugey-4, 1.4%,
T f ) see Declais et al. (Bugey), Phys.
SEHANDEE W ATANANE il R e e m e Lett. B338 (1994) 383-389.
1.00 200 300 400 500 600 7.00 800 9.00 E, (MeV) B y g
Electron Energy (MeV) 0 1 2 —3————— 5 6 7
positron energy (MeV)
A.A. Hahn et al. PLB160, 325 (1985) B. Achkar et al., PLB374 (1996) 243-248
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Reactor Anomaly Confirmed (w.r.t to H-M model)

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 14
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.84.024617
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.83.054615
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Reactor Anomaly Confirmed (w.r.t to H-M model)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.84.024617
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RAA not likely due to Sterile Nu

Fuel evolution

= ONLY U235 has deficit, NOT Pu239

= NOT due to oscillation

9
Ay?
4
1 4 9
5.5
A Daya Bay
= —e— Huber model w/ 68% C.L.
© 5.0
wv)
i
U=
Pu239 ¢ *° L
5 A
2 4.0 -
= C.L.
= 3.5 68%
3 95%
© lous=(10.1£1.0) x 107 49.7%
3.0 o1 = (6. 04 +0.60) x 10% '
52 56 6.0 64 68 7.2
o935 [107% cm? / fission] U235

Daya Bay, PRL 118, 251801 (2017)

fission fraction (%)
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Daya Bay, RPL 130, 211801 (2023)
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0.63 0.60 0.57 0.54 0.51
S T T T T
-}~
- Best fit = == Model (Rescaled) RN
= = Average ® Daya Bay

24 0.26 0.28 0.30 0.32 0.34 0.36

Fysg

3 : T

| [199.7% C.L. 1
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RENO, PRL 122, 232501 (2019)
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Updated Reactor Neutrino Model

M. Estienne, et al., PRL 123, 022502 (2019)

Summation (or, Ab Initio) Method

* Pandemonium effects - undetected weak

0.63

__ 062
beta transitions and low-intensity y s Renroducerualevalitontone
. e 0.61
radiation (J. Hardy et al. 1977). 2
(E 0.6 Rate deficit also exists w.r.t.

=» Improving with the Total Absorption -

the summation prediction, but

o)

Gamma Spectrometers (TAGS) 059 shrinking w/ new data.
measurements in the past decade 0.58 Now 1.9% deficit.
| | | | | !
0.24 0.26 0.28 0.3 0.32 0.34 0.36
F239
Rut /R "' Modelindenpent = HM model
HH EF model HH HKSS model
Conversion Method 1.2 —I— ® Kl model ]
KI STToTTEgTon Data-driven
* New measurement of 111 6.3520.16 model:
t L i °
235 /23%Pu fission beta prote
- 07 —a A global fit
spectrum ratio at o 8
Kurchatov Institute 09 . ,
Kopekin, et al., Phys. Atom. Nucl. 84 1-10 - 6'0320'21 | Y F L 2
=> ILL normaliation 08{  Phys. Rev. D 104, L071301 (2021)  reoon PRD 105 (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 18

O [10~*3cm?/fission]



Spectrum Anomaly

210 DYB, PRL 123, 111801 (2019) 102 STEREO @ Neutrino2022
2 i :
Spectrum Anomaly Significance | s | R
= = — Data % 150 — U DYB E L ™ e — ~—— SM pure U5
D B E 8001 e e [ Full uncertainty = — "%y DYB ? - —e— STEREO full data set
aya ay: > ol L = Prediction uncertainty | & - zzg :uze,x g_gj g
g L,_ I—\ @ 1 u uper » 0. NE 0.15 . o
£ S z ° “
* 5.3 o (overall) g wop - 5 £ =, g sre
. 200f ~ n—m 3, 05F | - ff++ .03
* 6.3 o (in 4-6 MeV bump) e — | " i e, | B

also seen in RENO, Double Chooz : iy It . s | A
8 .__-_: = s 5
E 09! T . % = L 4
STEREO: 4.6 ¢ (bump) R e — : 2
. e g & 2 MeV Windows 2 o
NEOS/NEOS-II: deficit & 5 MeV 3+ W/ \\
s 3 3 . . A . — o
bump for 235U from HM model, not °- ‘ : e e S A

Prompi Energy / MeV Prompt Energy / MeV Antineutrino eneray MeV]

conclusive for 23°Pu

PROSPECT: 3.7 o (no-23>U hypo.) & Estienne, et al, , PRL 123, 022502 (2019) ——Dm  —— HMmdx095  —— SMI0I8madel x 100

2.0 o (all-23>U hypo.) for 5-7 MeV excess = E z
PRL 131, 021802 (2023) = | T
E 0.9 F Y é 4
S 08 . DBEM2017 £ 2
T - O DBHM . . . . : M
Similar shape for Summation and g “E e
G- S NGRS Bkl
Conversion, & in both 23U and 23°Pu S oob  ~Zswaorarim £ 095
T - SM-2017HM. . . . ‘ 0.9
. 2 3 - 5 5] 7 8 .
Forbidden beta decay? Others sources? Energy (MeV) Daya Bay, CPC 2021, 45(7): 073001
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Spectrum Anomaly

e DYB, PRL 123, 111801 (2019) PROSPECT-I : PRL 131, 021802 (2023)
2 a
Spectrum Anomaly Significance | . W o N
= = o 8 o - o 84000; A , Smeared and scaled
E soof *'_ —‘__Lm -El?ltlat_ln(_:erlaimy - E 1.5F +Z:§gu g:,lg 3500; ' " * Mlreactor corrections
Daya Bay: § 600k _ ——l_ ......... Prediction uncertainty % 1 _ mgu ::E::: :g:gs 3000? 4 .
* 5.3 0 (overall) & woof ~ T : %, ot [ ot
i 200} g bosp | =, 1900 E-§ 1
* 6.3 0(in4-6 MeV bump) s e o ot .
also seen in RENO, Double Chooz g L - | = e
s B - BE e e
STEREO: 4.6 ¢ (bump) T e — = T x
.. & 5 / \ 2 MeV Windows H = _ . L
NEOS/NEOS-II: deficit & 5 MeV 3 ¢ W \ A I \\/\@
v S gvE  messwimdewsiaswer N /0 .
bump for 23°U from HM model, not ° ‘ : T T T A B S
Prompi Energy / MeV Prompt Energy / MeV Antineutrino Energy [MeV]

conclusive for 23°Pu

PROSPECT: 3.7 o (no-23>U hypo.) & Estienne, et al, , PRL 123, 022502 (2019) ——Dm  —— HMmdx095  —— SMI0I8madel x 100

2.0 o (all-23>U hypo.) for 5-7 MeV excess = E z
PRL 131, 021802 (2023) = | T
E 0.9 F Y é 4
S 08 . DBEM2017 £ 2
T - O DBHM . . . . : M
Similar shape for Summation and g “E e
G- S NGRS Bkl
Conversion, & in both 23U and 23°Pu S oob  ~Zswaorarim £ 095
T - SM-2017HM. . . . ‘ 0.9
. 2 3 - 5 5] 7 8 .
Forbidden beta decay? Others sources? Energy (MeV) Daya Bay, CPC 2021, 45(7): 073001
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Fine Structures in the Spectrum (JUNO-TAO)

Taishan Antineutrino Observatory (TAO), a ton- il . S -
level, high energy resolution LS detector at 30 m
from the 4.6 GW,,, core, a satellite exp. of JUNO.

m  Measure reactor neutrino spectrum w/ high E sl sl
resolution. -

* Model-independent reference spectrum for JUNO

CDR:
2005.08745

SiPM arraf

-
Cu shell

Calibration
PU, heat insulation layer

« A benchmark for testing the nuclear database Bottom shield strateqy:
G1 HDPE , heat insulation layer 2204, 03256

Ground

1.1

Ratio

m Detector Features

e 2.8ton Gd-LS, 10 m? SiPM (84.6%
photocathode coverage) w/ PDE > 50%

e  Operate at -50 °C (SiPM dark noise)
e 4500 p.e./MeV, <2% resolution @ 1MeV Solid: Summation/Daya

Constrain the
fine structure
in [2.5, 6]

MeV to < 1%

Bay (True spec.)
—— JUNO/DayaBay Statistical uncertainty
RED: TAO/DQ?éya Ba-y— Ab_initial/DayaBay
Blue: JUNO/Daya Bay

0'8 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 |
2 3 4 5 6 7. 8 2 l
Neutrino energy (MeV)

m Expected online in 2024 2111.10112



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

Sterile v searches — Positive

2
. . . . . . _‘4 e 2 yu 2 A77l31L
m If oscillating into sterile neutrino of Pee =1 — cos™ 4 sin”(2613) sin (—4E -
7
~ M ~
1 eV mass = baseline 10 m 5 NIN
sin“(26,,) sin® | ———
4F;,
1 = Am’=7.2 eV?, sin’(26) = 0.36, resolution 250 keV, bin 125 keV o) T - T w
184 O Observed, 24p, average (125, 250, 500 keV). First obs. + sec. cycle + backgr é e (A mj,sin® 28 ) = (241 eV, 0.08) 3 1.2
i = o mz,sin2 J=(034¢ 2, i E
Average 125, 250, 500 keV £ + (A may,sin” 28, = (034 €V, 0.0 l Lk
164 am’=7.2 eV’, sin’(20) = 0.36 x'/DoF  3.98/17 (0.23) GoF  0.99 § r
{ Unity ¥/DoF  11.66/19 (0.61)  GoF 0.82 2 < 1ok T T
[ o |
1.4+ _§ g 1 0j
H 1%} ~ L
Py @) ~ E
o, 2 0 5 OO R=0.80 + 0.047
= @) 2 I 1 T
E 411 J’— (A mj,sin’ 20,,) = (2.36 ¢V*,0.06) — E;._ 0.8F I
w10 & ++ . , r t
4 % (Am2,sin® 26,,) = (0.34 ¢V2,0.05) + | o7k
=z o
0.8 Zgl """ 06i|....\‘H.l....\‘...|.”.|
1 £ : R N o 5 3
0.6 g Q‘C’Q <§<’R$ *‘w’d ‘Jr’O ,\*‘& ,0‘)@
e 5 —— data systematic uncert. cv‘?’ ca?' \3’ \io Q%’ ':-:,g
T T T T 1 E‘. 09— ] Y/y Yy Y <§/
) 1 1 1 | O C/)
15 2.0 25 5 3 4 5

L/E

Ami, = (7.3 £0.13; = 1. 164y) eVZ = (7.3 +£1.17) eV?

Prompt Energy (MeV)

(A mj,, sin® 20,,) = (2.41 eV, 0.08) Am?2 > 0.5 eV?, sin?26~0.42
§in226 = 0.36 + 0.12,,(2.90)
RENO-NEOS, arXiv:2011.00896,

PRD 105 (2022) 11, L111101

BEST, PRL 128, 232501 (2022)

Neutrino-4, PRD 104 (2021) 032003 PRC 105, 065502 (2022)
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Sterile v searches — Negative w/ reactors

103 E I I ||||||| I 1 ||||||| 1 T TTTIT 1 T TTTTT 1 1 IIIII% 101 = DANSS 90% C-L- contours
E 99% C.L. Allowed . - 10 4——>l 1 - L 1 4 ., |BEST:
e | B ] ", g B I
E — MiniBooNE (2018) E " - .
- [] Dentler et al. (2018) ] ” 1 : HM-model %?g
10 ;_ [ ] Gariazzo et al. (2019) _; :— - -+ bip.
- 1 — RAA 95% C.L. - )
S kB - C\ils *  RAA: Bestfit > 6 @ EPS-HEP2023
Q9 E 3 o Neutrino-4 % e
= - 1 —= 1 RENO + NEOS o 27 1
E1o'f 4 F 3 4] ]
- 1 g STEREO, ]
102 ;_ _; NOW?2022 3—. 1 Exclusion (sensitivity) with |
8 3 / 2 - relative IBD rates L
B § q’/ 1 Exclusion (sensitivity) with
3L ago | STEREQ/95% CL l - absolute IBD rates .
10° E 99% C.L. (CL,) Excluded 1 | e=--- // 2D Sensitivity * Neutr?no-4 result
- — MINOS, MINOS+, Daya Bay and Bugey-3 . — 2D Exclusion () T o e T
—4 L1 1 |||||| L1 1 |||||| L1 1 |||||| L1 1 |||||| L1 1 [ 1] l_O_l 2 /I ) * 1 - § . 0'0 04] ()'2 0~3 0~4 ()~5 0'6 0~7 0-8 ()-9’ 10
19400 10 10° 102 10 1 107=/ 10~ 1 sin"20
. / s 2
sin®20,, = 41U_,FIU P / sin~ (20 ) — Data = Best Fit —— RAA
/ O L B m e s e
/ £ 2
Daya Bay+MINOS+, * No oscillation not excluded (p-value=0.54) g
. > = 15
PRL 1251 071801 (2020) L RAA b'est f|t excu{ded at < 4 o g
e Neutrino-4 best fit excluded at 3.1 ¢ g
e RENO+NEOS best fit excluded at 2.8 o g
Also Double Chooz §05 PROSPECT,
RAA: Reactor Antineutrino Anomaly E - PRD 103 (2021)
[0]
< —1 032001

123456712 345¢86712345867
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Sterile v searches — Negative at MicroBooNE icropoonE' otest

results by Lu Ren

150

\i 3
MicroBooNE 1yOp Data

™ (6.80x10% POT)

0.5 - }
sE\_Total Constrained
S\ Background & Error

0 - . 0.0 . . : .
Unconstrained Constrained lelp CCQE leNpOmn 1e0p0mn lex

[200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV]
PRL 128, 111801 (2022)

|
|
L

enhancement at low energy (>97% C.L.)

100

50

% 400 f— NC A — Ny [ INC1x° Resonant A(1232) m 25{PRL 128, 241801 (2022) | ¢ :imaobomi;bse;ve‘j
- w 0Nn=Ve Dackgroun . . .
0 ggf — LEEModel (x,,=3.1)  |IINCT DIS E nirnsic va No evidence of underestimation of
- [l cC vy/v, on° Il NC 1 Higher Resonances 2, —/ - ;zt:: " :I':EE (‘;ff'g; o
00 @l CC vi/v, (0 B NG Coherent = ' -9 A->Ny decay background (94.8% C.L.)
= .. Total Unconstrained S
250 ;7§f Background & Error [__]All Other Backgrounds 3 1s
2001 < . i
~ 3 —{— | No evidence of v, background
2
0
o

10

F t C
! MicroBooNE 6.369x10*" POT i GALLEX+SAGE+BEST
B { 95% CL i 26 (allowed)
10 = { — Data, profiling 0L Hl Neutrino-4 26 (allowed)
. " . ” F ) ==== Sensitivity, profiling -
No evidence of (“vanilla” 3+1) ~ F ’ — = Sensitivity. v Apponly | F
Lo { = [ Ve Ve
teril tri illati 2 A !
steriie neutrino osciliation - 1k - i
e ‘£
< X < | b MicroBooNE 6.369x10% POT
- VYV, 2V E 95% CL
o o e C s
9 PartS Of MIHIBOONE, LSN D, 107 # i == Data, profiling
c c E LSND 90% CL (allowed) | = === Sensitivity, profiling
ga | I Ium a | | OWEd regIO ns EXC| u d ed C - LSND 99% CL :2“2:;) | — = Sensitivity, v, Disapp. only
1072 1 1 IIIIIII 1 ] IIIIIII 1 1 IIIIIII 1 L1 1 1111 1071 1 1 1 1 L1 III ] 1 1 ] L1 11
107 10°° 107 107! 1 1072 107! 1

sin"20,,, PRL 130, 011801 (2023) sin’20,, 24


https://agenda.infn.it/event/33778/contributions/207837/

Sterile Searches Prospect -- accelerators

| ICARUS SBND

RS y 600 m baseline 110 m baseline
476 t active volume 112 t active volume

&N Data Taking | Under Completion

SBND status and prospects
by Miquel Nebot-Guinot

MicroBooNE &\ BNB
8 GeV protons
4 /4 == M - 2 Ev (on axis)= 0.8 GeV
o= BT NS w Bobster]VéutrI'no'Beétg‘fBNB) v N\ 95% vuand <1%v
‘ s ' - arXiv:1503.01520
Short Baseline Neutrino Program (SBN) at FNAL (VL ) S N
=>» search for sterile neutrino oscillations both in 10— T ) s ]
] L --- SBN (99% C.L) H — SBN(3yr,30) |
appearance & disappearance channels at ~eV? scale e o) —— KPe By 3ol
=» multi-LArTPCs, at 110 m, 470 m, 600 m baselines
Update of Gariazzo,
Giunti, Laveder and Li,
N% JHEP 06 (2017) 135 %
s ! -
JSNS- @ J-PARC h <
=> search for sterile neutrino viav, —» V., same I
oscillation channel and detection principle as LSND |
=>» JSNS2-1l: Near-Far, 24 m (17 tons), 48 m (32 tons) -
10 A =
107 107° 107 107 1 107 1
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https://agenda.infn.it/event/33778/contributions/209557/
https://agenda.infn.it/event/33778/contributions/209557/
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Sterile Searches Prospect -- reactors

Current

2 i
10 T T lI T TG : T

- M Reactor Rates ! :
- M Reactor Spectra E ': ]
"M DB+Bugey-3 | '= |
M Solar . L ,-'
10 M KATRIN E =7 -
_ T ] -
~ W Gallium - 7, i" 4 -
C R a2 ]
L il 74 a

LA
i ””)E// l ) ”//. ;
1 C S 4 E
a Wl f-.-: .
:\‘. ---F-_d ?—-
7
10_1 ""/j RAA
e,
& 4
7
10-2. 1 ||.__ S B N R A T
1073 1072 107!
sin®26,,

Future

10?

- B Solar

M Gallium

- B KATRIN
M LBL CPV

107!
Future Reactor
B PROSPECT-II
B DANSS
B JUNO-TAO
-2 ETIT I
1010—3 1072

sin®26,,

L1l

101

HEP Physics Opportunities Using Reactor Antineutrinos:

A Snowmass 2021 White Paper Submission, arXiv:2203.07214

Current

 BEST confirmed GALLEX & SAGE deficit,
but no dependence on the oscillation
baseline.

e Katrin + Reactor experiments excluded
most regions of the Ga anomaly.

* The solar constraint and the gallium
preference are in 30 tension

=» Seems not due to sterile neutrinos but
other explanations should be looked for.

Future
 New data from Prospect-Il, DANSS and
JUNO-TAO
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Neutrinos oscillations at reactors can precisely understand
neutrino mixing parameters

0,5 by Daya Bay (2.8%)

0,,, Am?%,, , Am?;, by JUNO (<0.5% in 6 yrs)
* Mass ordering w/ reactor by JUNO (30 in 6 yrs)

m Sterile neutrinos, an active area in short-baseline reactor (&
accelerator) experiments
* Unlikely the cause of reactor anomalies (rate, spectrum)
* Negative from accelerators on the LSND anomaly
 Several new experiments will be operational, new results are expected
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Updated reactor neutrino models

Phys. Rev. Lett. 123, no. 2, 022502 (2019)

Summation EF model
( Modern method: Take more Pandemonium-free data
Theoretical Phys. Rev. D 104 (2021) L071301
Kl model HKSS-KI A: Rate corrections from KiI
L 235U B spectra
Conversion I A o I A
B: Shape corrections from
HM model HKSS model part of forbidden transitions

Phys. Rev. C 85, 029901 (2012)
Phys. Rev. C 83, 054615 (2011)

' * Huber-Mueller model

 * Hayen-Kostensalo-Severijns-Suhonen model

E * Recent Kurchatov Institute measurements

'« HM — Kl model e HKSS — HKSS-KI model
i * Estienne-Fallot summation model

Phys. Rev. C 100, no.5, 054323 (2019)

Diagram Courtesy: XIN Zhao
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