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The 50t
Nnniversary

Sunny Seo @ IBS

“Neutrino 2022”

Organized by IBS, KIAS & KPS

May 30 (M) —June 4 (Sat)
6 days
6 am — 23 pm (KST)

2"d Online meeting using Zoom (fee: 70 Euro)

» 1,382 people registered (44 countries)
> 84 talks (23 sessions)

» 661 posters (8 sessions w/ Virtual Reality)

Successfully finished !



Milestones of v History

Pauli: Lederman et al.:| | Koshiba et al.: || DONUT: KamLAND:

conceptual birth || discovery of observation of || discovery of confirmation of

of v to solve the || muon neutrinos || Supernova tau neutrinos solar n osc. using

B decay problem neutrinos reactor v (0,,)
Reines & Cowan:| | Davis: Kajita et al. McDonald et al. Daya Bay, RENO:
discovery of v observation | | (Super-K): (SNO): measurement of
(from reactor) of solar v discovery of discovery of the last mixing

atmos. v osc. (0,3) | | solar v osc. (0;2) angle of v (03)

See also Chris Quigg’s
Opeing Talk @Nu20232




The last 90 years of
v history has been amazingly great !

What problems
are
still remained & important ?



v in the 2022 and beyond

d Neutrino oscillation: precision, MO, CPV

] # of neutrinos: sterile v ?
J Abs. mass of v: KATRIN, Project-8 etc.

1 Dirac vs. Majorana: Ov[3f3
 Neutrino interaction: CEVNS, v x-section measurements

d Astrophysical v: solar, Supernova, extra galactic v etc.

Sunny Seo @ IBS



1 Neutrino oscillation: precision, MO, CPV

J # of neutrinos: sterile v ?
d Abs. mass of v: KATRIN, Ptolemy, etc.

( Dirac vs. Majorana: Ov[3f3
J Neutrino interaction: CEVNS, v x-section measurements

d Astrophysical v: solar, Supernova, extra galactic v etc.

Sunny Seo @ IBS



Weak Elgen Mass Eigen
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Short baseline (reactor term) Medium baseline (Solar term)
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Sunny Seo, IBS
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Daya Bay, Double Chooz, RENQO for 6,4

Daya Bay
Nov. 2011
— Dec. 2021
T W
Double Chooz
Apr. 2011 8.5 GWi,
— Dec. 2017

(Near: Jan 2014)

Aug. 2011 N
— taking data e se=as




First 0,3 measurements in 2012

~ 10 years ago

Double Chooz Daya Bay RENO
blicati PRL 108, 131801  PRL 108, 171803 PRL 108, 191802
Publication (Mar. 30, 2012) (Apr.27, 2012) (May 11, 2012)
sin%(205) 0.086 0.092 0.113
Stat. error 0.041 0.016 0.013
' (101 days) (49 days) (220 days)
Syst. error 0.030 0.005 0.019
' (flux uncert.) (MC driven) (data driven)
Significance 1.7c 520 49 c

sin%(20,5) precision in 2012: 18%
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Precise 0,3, measurements in 2022

Double Chooz Daya Bay RENO
Publication Neutrino 2020 Neutrino 2022 Neutrino 2022
sin%(203) 0.102 0.0853 0.0892
Stat. error 0.004 0.0044

(F:1350/N:790d) (3158 cal.days) (2900 live days)
Syst. error 0.011 --- 0.0045
Total err: Total: 0.012 Total: 0.0024  Total: 0.0063
Precision: 11.5% (8.70) 2.8% (360) 7% (140)

» Expected final precision on 0,5: 2.7% (Daya Bay)
6.4% (RENO)

Sunny Seo @ IBS 11
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Kam-Biu Luk
@Nu2022



dN/dE [10”/fission/MeV|

Data/Pred.

arXiv: 2203.0668 [hep-ex|

Poster 212
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* Hypothesis of no reactor v, with
E,> 10 MeV is ruled out at 6.2¢
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Kam-Biu Luk
@Nu2022

» Neutrinos w/ E, >10 MeV
can come from high-Q B-decay of

short-lived isotopes,
e.g. 88,90Br, 94,96,98Rb



Atm. v: Super-K
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Linyan Wan
@Nu2022

s SK-1 ~ SK-V (1996-2020)
+ Expanded FV (+20%)

71 SK'atmospheric

neutrino data

1 favors:

maximal mixi
T

* Ocp & —3
* NO (Ay? =5.8

m*Results on MO and

2.4 % 10-3 eV?2 Ocp exceed sensitivity.

sin26,5 = 0.0220 + 0.0007



Atm. v: Super-K Hnyan W

* SK-1 ~ SK-V (1996-2020)

: . + Expanded FV (+20%)
Oscillation Measurements (SK+T2K
( ) ** T2K: 2009-2017
50 LSS B B S AL B L B B T X1(')‘3' 4 | 5 . 4 y T . ' 5 : T J ' '
E SKI-V+T2K.Run 1-9 Model E | Normal ordering, 90% contours ] SK 23 eXternaI TZK
of Tl e = Il e . 7 constraints favor:
N @ Inverted ] i —SKI-V‘+T2KRunl-9Model 7
o :_ B Normal E I + Bestfits -
- 5 maximal mixi
20 i < L | n
25 i ® 6CP ~ _E
10 : A
: : * NO (Ay? = 8.9)
O—TTI\I —n/Z‘ — 0 — IH/IZI - T 2 — 0.14 I ‘0.15 — ‘0.16 —
8 sin2623
*Results from both
I I T T -ocriments exceed
SK+T2K NO 1086.33 4.54 0.53 2.4 % 1073 eV? sensitivity.
-3 2
SK+T2K IO 1095.25 bl 0.53 24X 1072 eV Sin2913 — 0.0220 + 0.0007




UPER
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Gd loading started in 2020.

At SK-6, the Gd concentration is 0.011%,
corresponding to ~“50% neutron tagging
efficiency.

More Gd being loaded NOW!

A"NUPER
JK
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* With 577 days of data in SK-6, the data
qguality is as expected in MC, and event
rate is consistent with pure water phase.

Linyan Wan @Nu2022



. Tom Stuttar
Atm. v: IceCube om stuttar
v, disappearance: Latest results

* New measurement of v,, disappearance with 8 years of IceCube data
« Uses a “golden” sub-sample of ~23,000 track-like events
* Clean events with low levels of photon scattering = robust to ice modelling

TV NOVA 2020 === MINOS 2016 —_— Ue!“’ Ve CC vr + 0. CC = muon === NO osr;. shape
: T2K 2020 === DeepCore 2021 8 v+, CC = vy + by NC = total MC ¢ data
—— SuperK 2020 | Preliminary :
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Atm. v: KM3NeT "

future improvement

: 0,3 [°]
4'55_ - KM3NeT/ORCA Preliminary _ 3{5 | ’40 | ‘4‘5 ,5]0 | 515'
405_ > [ =5 T2K KM3NeT
i o 3._ MINOS NOWA el
- o)
- 3.55_ S : IceCuDe' -— ORCA [
% - [— i pos
B 3.0 o k d
= F . -5 i
s 25 = 2.5" i
20f- \ i v
- 5 : S S s e
- 0.3 0.4 0.5 0.6 . 0.7
. | | | i l | | H
= =pz 0.3 o 8e B 0.7 0.8 3 years of full ORCA operations SN 023
soon later

* More data 355 -> 540 days « Completed ORCA detector will
» Better selection & particle identification reach unprecedented sensitivity

* Neutrino Sample increased by a factor 4
* Unblind in next months



Solar dm?

Before 2020 )

= Best fit values

/KamLAND: \

Am3, = 7501020 x 107° eV?,

SNO/SK:

\Amgl =51113 x 1075 evzj

in 10%eV?
| G |

2
21

Am
—
o

sin2(012) Am?23; [10-5 eV2]
KamLAND | 0.316*393¢ 7.54*313
sk+sNO | 0.306+0.014, 6. 11*6%},7” o
‘Combined | 0. 306+8 813 \ 7.51+912

Year 2020

\

Lok o1

7 S & A B A A “_
\ , .

New result

n%(0,,)=0.316'9%%  AmZ, (754+0 %) 10%V? sin%(0,,)=0.0219:0.0014
| sin (@ ,)=0.306: =0.014 Am2,=(6.11+12}) 10%eV2
| sin%(©,,)=0.306"33 Am2, (751+°v %) 10%eV?

SK+SNO

KamLAND |

,,,,,,,,

q2q

01 02 03 04
sin2(6)

Y
05 24682

Ax~

~2 & tension - Tension decreased to 1.4 c.

(SK: 2055 days data)

(SK: 2970 days data)
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. 77 institutions
The J U NO Expe”ment 607 collaborators
Jiangmen Underground Neutrino Observatory, a multiple-purpose
neutrino experiment, approved in Feb. 2013, 300 MS$, online in 2024?

W

(75+3)% photo coverage

20k 20” PMT
25.6k 3” PMT

20 kton LS detector
700 m underground

T [T AR 11177

[ [T [T [T

] 0 P11 T AT

~3% energy resolution

Rich physics possibilities

* Reactor neutrino
for Mass ordering and
precision measurement of
oscillation parameters

* Supernova neutrino

* Geo-neutrino

e Solar neutrino

* Atmospheric neutrino
* Proton decay

* Exotic searches

20



JUNO: Precision Measurements

JUNO 100k IBD Events

> r Only JUNO can do!
© 2501 \
=) : 9 ... +BG +1% b2b +1%
— 200;_ A M;im Statistics EScale +1% EnonlL
8 _F "
0 150:— sin”0,, 0.54% 0.67%
2 oof N AmZ,,  0.24% 0.59%
. -
3 505 AmZ,,, Am?,,  0.27% 0.44%
b s o ] > MO:~3 o (6yrs data)
2 4 6 8
Eprompt (MeV)
2018 precision Am3, |Am3,| | sin? 012 sin” 0,3 sin’ O3 | 6
Dominant Exps. | KamLAND | T2K SNO+SK | Daya Bay | NOvA | T2K
Individual 1o 2.4% 2.6% 4.5% 3.4% 5.2% 70%
Nu-FIT 4.0 2.4% 1.3% 4.0% 2.9% 3.8% 16%

Probing the unitarity of Upyng to 1%, New physics?



Jie Zhao

JUNO Numbers and Sensitivity Changes ON2022

Mass Ordering 30 (~10) in 6 yrs by reactor (atm.) v

Thermal Power 36 GW,, 26.6 GW,, (26%.)

2 .
Overburden ~700m 650 m Osc. Parameters Solar params & |Am?;,|< 0.5% in 6 yrs
Muon flux in LS 3 Hz 4 Hz (33%1) SN Burst ~5k |BD, ~300 EES, ~2k pES of all-falvor v
10kpc
Muon veto efficiency 83% 93% (12%T1) @ P
Signal rate 60 /day 47.1 /day (22%) PN =0 I i
Backgrounds 3.75 /day 4.11 /day (10%1) Solar v Measure Be7, pe!o, CNO simultaneously,
- Measure B8 flux independently
Energy resolution 3% @ 1 MeV 2.9% @ 1 MeV (3%T1)
. Nucleon decays 8.3x10733 yrs (90% CL) in 10 yrs
Shape uncertainty 1% JUNO+TAO (p > vk*)
30 NMO sensitivit <6 yrs x 35.8 GW ~6yrs x 26.6 GW )
’ ST ! y t i " Geov ~400/yr, 5% measurement in 10 yrs
Civil

construction

| 2022

2023

2015 ] now
Detector

construction




Current & Future Longbaseline v experiments

> 0,3, Am?%;,, and CPV measurements

= DUNE

—— — To 1 APD pixel
3D schematic of View from the top Particle 1
NOVA particle detector
patco2
,< T paricen
P =
[ p—
Tiuid sintiatoy e -
[ P typical P
gl 7 View from the side Pariico 2 charged -~
il particle
. ) path
p i ’ i
e 104 Fermilab .w i Ash River
/ 4 Sanford

Underground Formitab
810km scarch ' =

okyo, Japan

23

=Goog



Current & Future Longbaseline v experiments

Beam J-PARC NuMi NuMi J-PARC J-PARC
Beam power 515 kW 700 kW 1.2 22.4 MW 1.3 MW 1.3 MW
(in 2020)
Vv energy <2GeV <8 GeV <2 GeV <2 GeV
Baselines 280m/295km 1km/810km 1300 km 280m/295km  280m/1100km
Off-axis angle 2.5° 0.8° on-axis 2.5° 1~30
Near Det. ND280 DUNE-Prism ND280 ND280
(on-axis) (on-/off-axis) (on-axis) (on-axis)
0.3 kt
Far Det. Water segmented LAr-TPC Water Water
Cherenkov sciintillator Cherenkov Cherenkov
SK (50 kt) 14 kt 4 x 17 kt 260 kt 260 kt
l J | )
Y | IWC detector for HK
operating Construction phase (off-axis)



Comparison to previous result T2K

* Data this year closer to PMNS prediction

* See backup for details of effect of all changes made on results

T2K Run 1-9 preliminary
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Patrick Dunne (p.dunnel2@imperial.ac.uk) 27

T2K Runl-10 Preliminary
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0 5. ox v Best-fit
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Neutrino mode e-like candidates

Imperial College
London

Neutrinos: 14.9 x 1020 POT ‘ Neutrinos: 19.7 x 1020 POT

Anti-nu  : 16.3 x 1020 POT

Anti-nu  : 16.3 x 1020 POT

T2k



NOVA Results: 2018 - 2020

sin°0,,=0.46
IH
AmZ,=-2 55x10%eV?

Neutrinos: 8.85 x 10%° POT Neutrinos: 13.6 x 1020 POT
Anti-nu  : 6.9 x 1020 POT Anti-nu  : 12.5x102° POT
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Sunny Seo @ IBS Statistical error dominant !



Jeff Hartnell

NOvVA 2020 @Nu2022

e New 3-flavor oscillation results:

— Am?;, =(2.41£0.07)x103 eV?
— sin%0,; = 0.57+0:04 , .

— exclude IH, 6 =nt/2 at > 30,

— disfavor NH, § = 3nt/2 at ~2o0.

O Significant progress
on joint fit with T2K
— coming this year (2022)

Sunny Seo @ IBS
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Three flavour oscillation parameters

global analysis NuFIT 5.1 results www.nu-fit.org

Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792] %2

NO, IO (w/o SK-atm)
===z==z=:x NO, IO (with SK-atm)

NUFIT 5.1 (2021) |
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Evolution of g|0ba| 3 flavour fit Gonzalez-Garcia, Maltoni, TS [arXiv:2111.03086]

2012 2014 2016 2018 2021
NuFIT 1.0 NuFIT 2.0 NuFIT 3.0 NuFIT4.0 NuFIT5.1
01> 15% 14% 14% 14% 14% 1.07
013 30% 15% 11% 8.9% 9.0% 3.3
623 43% 32% 32% 27% 27% 1.6
Am?2, 14% 14% 14% 16% 16% 0.88
|Am3,| 17% 11% 9% 7.8% 6.7% [6.5%] | 2.5
dcp 100% 100% 100% 100% [92%]| 100% [83%] | 1 [1.2]
Ax36N0 10.5 —0.97 +0.83  +4.7 [+9.3] +2.6 [+7.0]
w/o [w] SK atm data /
relat. precision at 30 : Z(X+ _ x“) .
(xt +x7) improvement factor from 2012 to 2021

Thomas Schwetz
@Nu2022



3 v Global Fit )
omas Schwetz

@Nu2022
® results from global 3-flavour oscillation fit

o robust determination of Am3,, | Am3, |, 6,5, 0,5

e determination of mass-ordering, 8,5-octant, CP phase depends on
sub-leading three-flavour effects — not yet statistically significant

* interplay of accelerator / reactor / atmospheric data
NuFit 5.1

best fit MO  Ay%(MO) Ay*(CPC)
accelerator 10 1.5 275° 2.0 2nd 2.2

best fit Ocp

+ reactors NO 2.7 195° 0.4 2nd 0.5

+ atmospheric NO 71 230° 4.0 1st 3.2




Neutrino Oscillation Physics in < 2040

HK: JD + KD HK: JD + KD DUNE
Beam v Beam+ atm. v Beam v
295 km + 295 km +
Baseli 295 k 1300 k
asefine m ~ 1100 km ~ 1100 km m
Detector 190 kton 2 x 190 kton 2 x 190 kton 40 kton
Fiducial Vol. water water water LAr
POT 2.7 x 10%2 2.7 x 10%2 2.7 x 10%2 556/ kt. MW.yr
(run time, v:v) (10 yrs, 1:3) (10 yrs, 1:3) (10 yrs, 1:3) (10 yrs, 1:1)
Ocp = 1/2, 31/2
~ 8 > 8 >8 70,8
(known N.O.) © © © [76,80]
Ocp Precision
22° 13~14° ~11° ~Qo
@ 8CP = n/ZI 37[/2
Ocp COVerage ~76 % at3 o >76%at3c  >76%at3c 65%at3 o
(known NO)
MO >1o >60 >750 >80
(true: NO) for all d¢p for all d¢p for all 0¢p for all 0¢p




Reactor v "Shape” Anomaly

The “5 MeV Excess” in 2014

Double Chooz

Hﬂﬂ jut é |

ivetime: 467,90 days

g o2 g
é 0.15§ +++
s O + z
s 0.05 + +++
o Fi 4Tt + 3
-0.05} + ’ :
4,1{23‘56789
Prompt Energy [MeV]

- * "

Besl fit: sin‘26,, = u.nso . s

at A’ = 0.00244 eV*
o =~
... 0

DC-lIl (n=Gd) Preliminary ‘\‘ | " -
L : S 0

2 3 \

Visible Energy (MeV) >

NEOS in 2017

I (b) —+—NEOS/H

MV +
1.1}—+ Systematic total +HH* #H

5
o
: b
2 it f
S 100 +++H+Mﬂ o ottt ﬂ +
© ¥
s |
0.9
11 (c) —+—NEOSID aya B ay
g Systematic total
:‘; i
: e
&
8
= — (1.73 eV?, 0.050)
Bl = (2.32eV?, 0.142)

1 Il L Il | 1
3 4 5 6 7 -- 10
Prompt Energy [MeV]

N
N

NEOS is the only VSBL (<100m) exp.

which observed the 5 MeV excess.

5 MeV excess
compared to
H&M model

Data/MC

No relation w/ sterile neutrinos

32



d > 99 % reactor neutrinos are from 4 isotopes:
235 U; 239PU, 238U, 241 Pu

Which isotope(s) is responsible for
the 5 MeV excess?

0.8}

0.7

Commercial reactors: 0.6t
Low Enriched 23°U (LEU)
3-5 % 235U

0.5f

0.4F

0.3F

Fission fractions

) 0.2 : Daya Bay/
Cf. Natural Uranium: 0.7% 23°U LT I%/ENOy

1 1 1 l 1 1 |
0 2500 5000 7500 10000 12500 15000 17500
Burnup (MWd/MTU)

0.0

Sunny Seo @ IBS
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5 MeV excess of 2>°U and %3°Pu @RENO

239p,, 5MeV excess fraction from fuel isotopes
l ® Best fit (RENO 2900 days) ° 5 Mev excess :

-235y = (2.5 +0.7) % of the observed total flux (3.90)
-23%pu = (0.9 + 1.7) % to the observed total flux (0.60)

1n
o
'Y

o
i

llllllll

5MeV Excess of Z*°Pu (cm¥/fissio )
o

I I 68.3% C.L. Area Shape normalization
s %z;x cC“IL normalization (outside the excess)
[ i 5MeV excess of 25°U 0.15 £ 0.05 0.24 £ 0.07
OSMeV Excess of 29;5(c1111/ﬁssi0n) _— (Cm2/ﬁssion) ( 2.5+ 0.7% ) ( 4.0 £1.2% )
5MeV excess of “YPu 0.04 £0.07 0.05 £ 0.11
I (cm?/fission) (09+1.7%) (1.3+£25%)

i 239Pu

|

Poster presentation #599
i Seok-Gyeong Yoon, “Reactor Antineutrino Flux and Spectrum at RENO”

III|IIII]IIII]IIIIIII

5MeV Excess (10 cm/fission)
(=)

' ' KKJoo

Area Shape

Normalization Normalization @ N u 2 0 2 2



Sunny Seo @ IBS

d Neutrino oscillation: precision, MO, CPV

] # of neutrinos: sterile v ?

d Abs. mass of v: KATRIN, Ptolemy, etc.

] Dirac vs. Majorana: Ov[33
1 Neutrino interaction: CEVNS, v x-section measurements

J Astrophysical v: solar, Supernova, extra galactic v etc.
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Beam Excess

Events/MeV

Smoking Guns of Sterile Neutrinos at ~eV?

17.6

15

12.5

i ~3o+/30|v|ev

V. appearance
P(v, > Vo)

0.6

0.8 1

L/E, (meters/MeV)

1 " 1
1.2 1.4

MiniBooNE (v, V)

v, disappearance

P(ve =2 V)

\

GALLEX/SAGE

30 Source
. (chg-l-—l—) Calibration
(v) :

Phys. Rev. €83, 065504 (2011)

v, disappearance 3o

(2011)

I . Data (stat( P 9 V
=uen Vel Ve) appearance Ve = Vel
4.80C ==ymne N """ Very short baseline reactorv "
----- =~ P2V o i
(2018) =, : - i
,,,,,,,,,,,, Consr Syst Evor ] Bos - i
S 08— { il
______ ~500m/500MeV Sl 1
------- E 06 o
,,,,,, ] o - No oscillation -
] 0.5 With oscillations (3 active v’'s + 1 sterile v) M
P— 0_4\|HT Ele\e\"Jnm e I O T O R O 1 R AR 36
3.0 1 2 3 4 5
E% (GeV) 10 10 10 10 10 10 10

Reactor To Detector Distance (m)



Ratio of Observed To Predicted Reactor-v's

Mention et al. PRD83, 073006 (2011)
1.1

1

Reactor v “"Flux” Anomaly

= Observed/predicted averaged event ratio: R=0.927x0.023 (3.0 0)

09—

08

0.7

0.6

0.5

0.4

.

- _ll21.4%_9.¢6%aé.ﬁcit(3o_) [ l I 1 IHH‘ | | T TTT | | T TTTTT] . I I
T L noosciition | SORTISlIRe ||
| 'ﬂ T 3V~ (1968-2001)
m ) —> v-oscillation
4 v II . J : || -
— ] » » g r \—
— SBL . \
— Viry Short Base Line - v

Atmospheric

Terra Incognita
to be explored
> 20 projects....

N\ ~/ VSBL

Reactor
Antineutrino
Anomaly (2011-)
—> v-oscillation ?
4&

-t Neutrino Anomaly

(1986-1998)
> v-oscillation

DB, RENO, DC (2012)

lllllll | lJlJHM L1 11

100 1000
Reactor — Detector Distance (m)

eV?.m
MeV

Am?2, L
E,

P ~ 1 — sin? 26, sin? [1.27

(

)|

RAA = Reactor Antineutrino Anomaly

[(3+1) v RAA best fit: Am?,;, = 2.4 eV?, sin?(20,,) =0.14 J




Daya Bay

ND @ 5007600 m

RENO

ND @ 400~500 m

o 1.2 A N —
9 B ! R . ) R |
g 1230 day 1 20 R=0.940+0.001(stat.) + 0.020(sys.) for H-M model
*g R I# . i 1_ ll 1 l .
= I 1 e I | H - 4 | 4
0.8 ’ : ][))I:;’;Oél;ydata - : T i [ T TI —=— Other experiments :
- — World average -e- RENO
1-6 Exp. Unc. 0.8 __ — Globa.l average __
I o Flux Une: I | Preliminary | — O
10 102 , p - T TS
7 data Distance [m] 10 Distance (m) 10
"~ Model (Huber + Mueller)
= 0.952 + 0.014(exp) + 0.023(model) R =0.940 +/-0.020 (exp)
- 5~6% deficit @Near detector data )

Sunny Seo @ IBS



o239 [107% cm? / fission]

Phys. Rev. Lett. 118, 251801 (2017)

9 1230 days Yass = 6.15575-183 % 10743 cm? /fission
Ax? - : 4
4 8 f : - Preliminary
5 . -]
1 4 9 - :/ s
5'5 1 T T I T
A Daya Bay I Dgg;go St : 2.8860 _
—— Oo fm— - . (2 S N 1
50 Huber model w/ 68% C.L. 5 5__ B 68.3% C.L. : _
n 1
7 ' =
g : 3 /
e / % I + g' 7
g iy~ A SR -~ "ttt
4.0 o 4
c.L 2 : i
. 68% ¢  RENO '+ Model
3 95% > 3; 2900 days : e« RENO
7238 = (10.1£1.0) x 10 131_ 99.7% Daya Bay | :
30 0911 = (6.04 £ 0. 60) x 107 L .515. L é. . A615‘ L .;) : 5| .110.
52 56 6.0 64 68 7.2 y [1043 cm2/fissic;n] Ay?
0935 [107%3 cm? / fission] U235

» Daya Bay and RENO results suggest that
v from 23°U is less by ~3 o than HM model.

- Also need HEU reactors (20-90% 23°U),
i.e., research reactors to thoroughly test this.

uotssy/ wo . 0T X S0 zpT§ = 68eh



IBD yield (10'43 cm?/fission)

KKJoo

RENO IBD Yields

@Nu2022
i —&— Data
Ly ] mm HM
- — - == EF
T B . B HKSS
61— — = - B K1
- ¢ 0.91 +0.022
[ (HM) 0.94 £0.015
- ¢
B 0.95 +0.048
3- | 235, 239+
Total U “Pu
Y535 = (6.16 + 0.15) x 10~*3cm? /fission
-> 0.91 of Huber model prediction ( 4.10 )
Y239 = (4.16 + 0.21) x 10~*3cm? /fission
-> 0.94 of Huber model prediction ( 1.60 )
Similar flux deficit from

233y (8.6+2.1%) and **°Pu (5.5+4.7%)

Daya Bay IBD Yields
arXiv:1704.01082

* Y35 =6.17 £ 0.17 [10-43cm?/fission]
- 0.92 of HM model (~3 o)

* V39 = 4.27 + 0.26 [10*3cm?/fission]
- consistent w/ HM

HM model
* Y35 = 6.69 £ 0.15 [10-43cm?/fission]

* V39 = 4.36 + 0.11 [10*3cm?/fission]



IBD candidate counts /day

Effective fission fraction

~1 kton Gd-LS
(4.5% Gd)

NEOS-II (2018 -- 2020)

Refurbished detector from NEOS-I.

Took full fuel cycle (500 cal. days) + 2 OFF periods
Time evolution of reactor v flux/shape

spectral decomposition (*3°U, 23°Pu)

Rate+Shape analysis

T T T T T T T T

® | ocation ® Hanbit Reactor &
2000 |+pte | . ,«
) TN | sy B dsniaslds ¢ s Whyle ol Tendon Gallery
1500 - (I
1000 :(
500 9
1 2 3 4 5 6 7 8 9

0.1
0.0

B 238)) 241py

Detector

| 1 | | 1 | 1 |
Jan/19 Mar/19  May/19 Jul/19 Sep/19  Nov/19 Jan/20 Mar/20



NEOS-II New Results

Preliminary

DD

5.0

4.5

4.0

V239 (Xx10743 cm?/fission)

3.5

I I I | |

B 4 NEOS-II Preliminary
X1 RENO (2018)

[A] Daya Bay (2017)- " gSSS
_m Huber (2011) ...... ................

.............
.= -
‘e

= : N \ .
P 1 Y .
— ‘/ , ........... \ “:
F 4
i M
/ i
/ b s
r ) /
_ I i / s 4
:.. \ ‘ V4 /
& \ \_/4/:/; /
: \ \ /’ a‘/;
\\\\__._—” A
s S R o
| "I --------------- qreanset® I~‘ A | |
5.6 5.8 6.0 6.2 6.4 6.6 6.8

Vo35 (Xx10743 cm?/fission)

1.55

1.50

=
>
vl

Y235/Y239

=
>
o

1.35

1.30

Jinyu Kim

@Nu2022
Preliminary
| Huber |
(2011)
Kl
 (2021) @ NEOS-II -
Preliminary
u [ i
Daya Bay RENO

(2017) (2018)

® Detection efficiency: 45+ 1.3% (not finalized yet.)

® yr35/y239 = 1.36 & 0.06

® yo35 = 6.32 4+ 0.18 [10~*3cm? /fission]
® y»39 = 4.66 £ 0.26 [10~*3cm? /fission]



235, 239Pu Spectral Decomposition

IBD yield (cm?/fission/0.2 MeV)

Ratio to shuber

NEOS-I|
@Nu2022

e 235 & 239p

le—44

.¢_
+

Preliminary
T

neos
S235

neos
5239

huber
5235

huber
5239

dyb + prospect
5235

dyb + prospect
5239

Prompt energy (MeV)

o
—
7 10

IBD yield (10" cm¥fission/0.3MeV)

U ratio

235

Pu ratio

239

RENO
@Nu2022

Neutrino spectra

0.6

04

0.2

¢
12

=

0.8
0.6

—

0.5

_+_
_Fh i

T 1 | 1T 1 I

.....

LI IL AL N B S S B N B S E B B B B B B R B

T
U RENO

Py RENO

Py Huber x 0.94

11 | 11 1 | 11 | |

15

+ Preliminary ne ""_..;

2 3 4 5 6
Neutrino Energy (MeV)

ox10™* [em?/fission/MeV]

Ratio to HM

Daya Bay

PRL 128 (2022) 081801

—4— Combined: 25U
—4— Combined: ***Pu

poand Ny

3 4 5 6 71 8
Antineutrino energy [MeV]



Scintillation Detectors @VSBL

Liquid scintillator (LS) Plastic scintillator (PS)
GdLS, SLILS PS (Gd/5Li sheet), SLiPS
(* : operating exp.) Gd, Li = n-tagging

Homogeneous

NEOS,

Nucifer P

(finished) DANSS, S e
*Solid,

Nulat (R&D),
Chandler (R&D)

*Neutrino-4,
*STEREO
PROSPECT

Sunny Seo @ IBS BHIT 44




VSBL Reactor v Experiments

Thermal

i Baseline Target Target
Experiment power : Segment
[m] Mass, Vol material
[MWi]
NEOS ** 2800 24 ~1 m3 GdLS None

DANSS ** 3000 10-12 1 m3 PS(Gd layer) 2D
Neutrino-4 100 6-12 1.8 ton GdLS 2D
PROSPECT 85 7-12 4 ton 6LILS 2D
SolLid 72 6-9 1.6 ton PS(5Li layer) 3D
STEREO 57 9-11 2.4 m3 GdLS 1D
NuLat Moving v lab| any 0.9 ton 6LiPS 3D
Chandler |Moving v lab| any ? PS(6Li layer) 3D




— 10!

AmZ, [eV?]

1 £ >

—— NEOS 90% CL

Mension (2011) 95%
Kopp (2013) 95%
Gariazzo (2016) 20

107"

107 1
Sin“20,,

PRL 118, 042502 (2017)

1072

arXiv:1912.06582

HEPdata.92323

AmZ,[eV?

T
‘ 7
T ||
—r—= (t STEREO
L k ‘)/' |
L s b
g Sy lm n
- ‘
1 | ©235d off
= RAA95%C.L.
— - RAA99%CL. —)
*  RAA Best-fit l
STEREO (179 days reactor-on): \\\
[ Exclusion Sensitivity: 95% C.L. \\
10-1 =3 Exclusion: 95% C.L. - N
1072 1071

]
Sin%(26,.)

Neutrino-4 2005.0530110_

10

Amt, [eV?]

1

10

Neutrino-4
Neutrino-4 rﬂy
__ o |

eV’

2

147

-
!

Am

720don s S

1= lo
\ 20

Neutrino-4

S

STEREO
“ 90% CL

I

OSPECT

193d on

—%— All v, Disappearance Expts (Mention), 95% CL
—— SBL Reactor Anomaly (Kopp), 95% CL

Best fit @~3c
Sin22914 = 036,
Am412 = 7.3 eV2

—— All v, Disappearance Expts (Kopp), 95% CL
Gallium Anomaly (Kopp), 95% CL
1072 107

; 1
sin®26,,

PLB 787, (2018) 56-63

PROSPECT

96d on
73d off

T T T
Ll

— FC Exclusion, 95% CL

— CL Exclusion, 95% CL
[ Sensitivity, 95% CL, 1o
| [ Sensitivity, 95% CL, 20
[ ]SBL + Gallium Anom‘aly (RAA), 95% CL

T T T T
Ll

107

1072 107 1

arXiv:2006.11210 572
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Baksan Experiment on Sterile Transition

proposal: 1006.2103, 1204.5379, ...
artificial dichromatic source:

51Cr of 3 MCi (AW/W < 0.5%) i

cooling system

neutrino flux measurment:

"NGa+ Ve — "NGe+e™

2 detector volumes: —~—

for the flux cross check B

geometry is chosen: * R1=0.66m

to search for ~ 1eV neutrino - 2 =106
N h = 2R1

data taking:

July—September 2019 -/

Ts51 Cr — 277d — /

punfps @compressor

g

source
—



BEST ‘N
8 / ;‘,“ E lo ]

“ b.fp
1.2 M 7 4 \ -1
Steve Elliot . .
64 l { -
i @Nu2022 :.] B _.
1.0 T ‘ 1
S | ‘
;5 0.9 34 P -
S { T ]_Comblned result: 2] — ]
0.8 - E - —— ——
g + RO = 0-80 -I__ 0-0 5 ) -. —— N ]
0.7F 0 — T T T T T T T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0
0.6 | ! ! I | sin26
& o o s & \\\é
?.OQ/ ?,OQ/ <<,+’ Qj', d}’\\ (_«)&O FIG. 8. Allowed regions for two GALLEX, two SAGE and two
v ° ,?,\/\/ ?}/\/ Qg" Q,<<f BEST results. The best-fit point is sin°260=0.33, Am?* = 1.25
o o eV? and is indicated by a point.
S ° . ° / -
% Possible alternative explanation ** Possible Future Plan

was not identified.

Cross Section

Source Strength
Extraction Efficiencies
Counting Efficiencies
Average Path Length

652” SOU FCe (pro 97 (2018) 073001)
* Higher energy source (1.35 MeV vs. 0.75 MeV).
* Almost twice the cross section.
* But adds a couple additional excited states.

* 13-14 kg of 95% enriched %*Zn to produce 0.5 MCi.

* About 9x longer half life (244 d), many more events even
with lower activity.




RAA = Reactor Antineutrino Anomaly
(3+1) v RAA best fit: AmZ,; =2.4eV2, sin(20,,) =0.14 |

Neutrino-4: Am?,, =7.3 eV?, sin?(20,,) =0.36

GALLEX+SAGE+BEST: | AmZ,, = 1.25 V2, sin?(20,,) = 0.33

» These best fit values are exclued by several VSBL experiments.



MiniBooNE Results in 2020

» Total 17 years of data
» Total ~¥36 x 10%° POT roughly 1.66 : 1inv :V

CI0°F LR N * Neutrino mode excess 4.70,
© r — 68% CL . . . .
v f — 00% CL - * Neutrino+Anti-neutrino modes excess : 4.80
< r — 95% CL
i —99% CL 1 % 25:_ ! ! T T T T T _:
— 30 CL % E ——e—— v.: 18.75x10°° POT -
105_ 45 CL E ‘qc'; = ——®—— ¥V, 11.27x10°° POT =
- < KARMEN2 ] = a .
- 90% CL - ﬂ 1 - (0.807,0.043 eV?) best fit{\/:} =
i OPERA 1 3 SE L (0.01, 0.35 ev?)() =
| 90% CL i o — MiniBooNE preliminary ]
° X 1.0k Combined (v + D) fit ]
MiniBooNE preliminary ul :_,_.':"%j 18.75 10% POT -
| . N = . v:18. 20 =
1E c°l':':’;';;’5(:'o”:o'gg: E 0.5F—--"""" .ﬁ—\:‘ 7:11.27 1020 POT —]
. 7:11.27 102 POT - g | S — 3
- i $ —
i 1 BED 30
10" EV" (GeV)
E LSND 90% CL : H H
- [ Neutrino + Anti-Neutrino Mode
L [ esnoeewct 1 (Am? sin220) = (0.043 eV2, 0.807)
10—2 Ll Ll L] L1l xz/ndf= 21.7/15.5 (pr0b= 12_3%)
107 107 107 1 20

sin’20



MicroBooNE

— DETECTOR T/

SBN FAR
DETECTOR

<
Booster Neutrino Beam -
T ‘o’ e © © e o e o o @ @ ® ® o & e & e o o ® © 0
e © o © e © o © \m
MicroBooNE S A

Sense wires

uvy V plane waveforms LArTPC

\/ * LAr: 150 ton (80 ton active)
e TPC: 3 wire planes

LAr-TPC

ey .
r Ml(,roBooN BN
oy / .l " ﬂ_‘a s

! Charged fi-**
particles [_..

(2.5x2.3x10.4 m3)

7| & total 8256 wires

il > Data taking: 2015 — 20197

Y plane waveforms

&= » > Total ~1.32 x 10?1 POT

» MicroBooNE can distinguish e and y. 8



MiniBooNE
» Data taking: 2002 - 2019

o ° Datil (stat err)
+ 1 v, from u"’

B [ v, from K

- & v, from K°

- I «° misid
O A—Ny
I dirt

I___ [ other

——— Constr. Syst. Error
------- Best Fit

Events/MeV
(8]

-
mIlIIlIIII|IIII|IIII|IIII|I
o

8.2 04 0.6 0.8 1 1.2 1.4
E%® (GeV)

Electron-like excess (v, excess)
* Mismodeled/unknown process?
» Oscillation-driven excess?

Photon-like excess

* Mismodeled/unknown process producing photons
e.g. NC A resonance radiative decay?

Total ~3.6 x 10%* POT (1.66:1 in v:V) ||~

Hanyu Wei
@Nu2022

MicroBooNE

arXiv:2110.14054

6.86 x 1020 POT
(50% data)

1eNpOmn v, selection

MicroBooNE 6.67 x102° POT + Data (25)
20.0 : : . CC v, (25.8)

Fitted
Background (3.2)
eLEE(x=1)

Model (11.6) %
Constrained

g . 1elp071- /7 Uncertainties

MicroBooNE 6.86 x102° POT

—— constrained prediction v other: 5.5
== eLEE model (x=1):9.3 ve CC: 75.4
Emm Outside TPC: 0.0 4 BNB Data: 64
mmm Cosmics: 0.8 Uncertainty

v with n%: 5.1

.0
200 400 600 800 1000 1200
Reconstructed E, (MeV)

1e0pO0n v, selection

2000

500 1000 1500
Reconstructed E., (MeV)
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MicroBooNE eLEE Search Result Hanyu We

Events Observed / Predicted (no eLEE)

2.5 -

2.0 A

1.5 A

1.0 A

0.5 -

0.0

® MicroBooNE Observed
== Predicted, no eLEE (x=0.0)
== Predicted, w/ eLEE (x=1.0)

=

{ ¢

lelp
CCQE

1eNpOn 1e0pOm  1leX

« Observed v, candidate rates are statistically

consistent with the predicted background rates in
the LEE region



v, disappearance [\/i[eife]=Tolo]\NI=NECE DAY, v, appearance

Amg, (eV?)

C 10°E |
i 95% CL GALLEX+SAGE+BEST 20 (allowe - - B LsND 90% CL (allowed)
. Neutrino-4 2¢ (allowed) - 95% CL 0
oL eXCIUS|On - exclusio LSND 99% CL (allowed)
? limits — Micr.c?BooNE 9§°£o CL, (BNB data) 10 3 limits —— MicroBooNE 95% CL, (BNB data)
K profiling over sin"6,, c% C profiling over sin’e,,
~--- MicroBooNE 95% CL, (BNBdata) £ |
1 5_ v, disappearance-only < 1
[ MicroBooNE Preliminary § MicroBooNE Pr
- BNB Run 1-3 L BNB Run 1-3
"~ 6.369x102° POT - 6.369x10%° POT
10—1 1 Lo | 1 1 1 1 1 111 10_1 L1l L1l
107 ) 1 10 107° 1072 107" 1
. - ' o2
SiN"29ee v, disappearance v, appearance SN0
Nve = Nintrinsic Ve Pve—we + Nintrinsic Yy 'va—ovg
= Nintrinsic Ve [1 "z Rv“/ve ’ Sin2924 = 1)|' Sin22014 . Sin2A4l
Hanyu Wei
.7 - Nu2022
- Degeneracy when sin“ 6,, approaches Ryov, which @
is the ratio of intrinsic v, and v, in the neutrino flux
» Sensitivity/exclusion limits gets much worse
around the degeneracy point




SBN (LarTPC) Status pne

‘Y son e e Schukraft

EEEEEEEE e oerecTon [ S @Nu2022
: Booster Neutrino Beam | ,. . S
- e ® % o -6 6o e A" + & & 6 o e e 000 / \\\\

* Detector construction underway  <«— Systematic

: . Constraint
* Detector installation: end of 2022 (~% level)

* Detector commissioning: 2023

ICARUS * Detector installation: July ‘18 -’19
(600 m. 476 ton) * Detector commissioning: 2020
’ e 1st Physics data: June 2021
e (Calibration campaign in process
* Preparing to start its physics run




SBN Sensitivities

* Reach of full program
« SBND/ICARUS (6.6e20 POT ~ 3 years)
. MicroBooNEi(13.2e20 POT ~ 6 years)

Ve appearance

10

(eVv?)

2
41

Am

107"

Sunny Seo @ IBS

1

1 L \Ilw

I T II\W

I T Il\w

(1) S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
(2) M. Dentler et al., arXiv:1803.10661 [hep-ph]
L -~} \ L

ol

‘.'iéﬁ
L

v, — Vv, appearance

7] LSND 90%
[ ] LSND99%

[ Global 3+1, 30 allowed”

% ve/ Ve App, 30 allowed®
— SBN 30

107

1072 107" 1

.2
Sin“26,,,

10

Am2, (eV?)

10
: (1) S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
(2) M. Dentler et al., arXiv:1803.10661 [hep-ph]
L L L L L L Ll ‘ L L L L L Ll
1072 107" 1
in2
sin“20

Appearance and disappearance

tested in one program

vy disappearance

v, disappearance
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https://arxiv.org/pdf/1903.04608.pdf
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] Sterile v search w/ IsoDAR@Yemilab

The IsoDAR Cyclotron and lon Source

lon Source

.~ 6 MEErS e

Cyclotron

Low Energy Beam
Transfer Line

IsoDAR v spectrum

N

© A DONN
TT

Flux (arbitrary units)
(MLRLSRAN RN RAAN A RALN KRR RN AN

oooo
N DO

"2 4 6 8 10 12

1
EV

4 16
(MeV)

Y-_l/ e
Protons
60 MeV
10 mA
600 kW Pe

(1) p+°Be — 8Li+ 2p

p+°Be = °B+n
n+ Li — 8Li+ v

(2)

®Be+ e~ —I—Ve]

CUBES lll @Gurye

IBD interaction

p +v, >e +n

7\

T _ -

n A / delayed \\\/,*$
o ~200 ps ’

g

/I
7.®---> @
prompt
P ‘' ~few ns
N
N

v (2.2 MeV)

v (511 keV) « - - -‘.+- >y (511 keV)

(]



Future Sterile v Sensitivities in v, 2 v,

* On timescales from 2-5 years there are 10
good prospects to cover the most important
regions in parameter space

e 2y: PROSPECT-Il &  high Am2
* 3y: JUNO-TAO -2 low Am?2
* S5y: IsoDAR@Yemilab =  full coverage

* p++ Be = spallation neutrons
*n+’Li28i* > 8%Be+e +V,

Am?2 (eV?)

0.1

Daniel Winkleihner

@Nu2022

1S0DAR@ Yemilab,*"
(5yr50) 7

A

\
--- IsoDAR@Yemilab 5yr 56
-==PROSPECT II 2yrs 50
===JUNO-TAO 3yrs 50
——PROSPECT 96days 50
~-~RENO+NEOS 50
- Best-Gallex-Sage 30

0.001 0.01

sin220,,

0.1 1



Daniel Winkleihner

1.00

0.95

0.90

Observed/Predicted

0.85

* The (3+1)+decay model significantly reduces the tension between appearance
and disappearance experiments, improving the global-data goodness-of-fit.

Sterile v Search w/ IsoDAR@Yemilab

@Nu2022

(3+1) v

IsoDAR@ Yemilab: Am2 = 1 eV2 and sin220 = 0.1

l

/\ / |
VERVERT

——No position/energy smearing
¢ With position/energy smearing

..................................

0 1 2 3 4 5 6
L/E (m/MeV)

Observed/Predicted

1.00

0.90

0.85
0 1 2 3 4 5 6 7

Possible Models & Signatures

(3+2) v

IsoDAR@Yemilab: (3+2) Model
with Kopp/Maltoni/Schwetz Parameters

\ |

0.95

L/E (m/MeV)

Observed/Predicted

1.00

0.95

0.90

0.85

0.80 +

arXiv:2111.09480
PRD 105 (2022) 5, 052009

(3+1) v + v, decay

IsoDAR@Yemilab: (3+1) plus Decay Model
Am2 = 1.35 eV?, sin226 = 0.214 and 7 = 4.5 eV-!

\

3 /N e

................................
t 1 t

L/E (m/MeV)

- IsoDAR@Yemilab can well distinguish different new physics models.

1910.13456
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JSNS2 @J-PARC

- Direct tests for LSND

Experiment v-source | Energy E, Distance L Signal

LSND [1] m DAR | 40 MeV 30 m Uy — Ve
MiniBooNE |2] m DIF 800 MeV 600 m Vy = Ve | Uy — Ve
FNAL SB program [7] | = DIF 800 MeV | 110m /470 m /600 m | v, = V. / U, = U,
JSNS? [6] m DAR | 40 MeV 24 m Uy — Ve

e 17 ton GdLS target (cf. LSND = 167 ton LS)

e Better E resolution than LSND (2.4 % vs 7% at 45 MeV)

4_‘1 02 E 2
u E —— JSNS? 90%C.L
‘% - [[LsND %clL
= ] [ snp %cL
5 1 0 I e .t W O A OPERA(2013) 90%C.L
) e g e e
107'E 3 ‘:
C 3yearsx MW x 17 tons
10—2 vl vl | {1
107 10° 10 10" =
sin“20

—
| B

2

Data taking:

2_
JSNS*II End of 2023

";10 g ~ JSNS” 90%C.L
S b —— JSNS’36
& [ —— JSNS’ 56
E il (7] LSND 90%C.L
< =

-1
10
- 5 years x MW X2 detectors

[ LSND 99%C.L ‘
------ OPERA(2013) 90%C.L |

.2 | 1 Ll Ll
10724 S A



JSNS? KDAR

KDAR K* - p* + vy,

E,(KDAR) = 236 MeV mono-energetic

1do

odT,

v
Prompt v, +'C ->X + p~
|

v

Delayed u - e + 7.+ vy,

Signal

KDAR Timing Signature

pt and p

KDAR:
1st observation
by MiniBooNE
(3.90)

(MeV

2

MiniBooNE, PRL 120 141802 (2018)

0.03

[ ] miniBooNE allowed (1)

0.025

0.02

).015

).005

00 20 40 60 80 .100 . .120
Time T, (MeV)
3 JSNS2: .
** Models and n generators _ Jungsic Park
strongly disagree in this transition region. KDAR clear observation @Nu2022
Bl |l B =236 Mev* Yems s o cormom st 730 events yisible energy spectrum w/ backgrounds
/ &, M?EERVE.%’Gé35§¢9,037(22()%197('2017) i‘ ‘,fﬁ[‘s;é;;“é,“;‘ff;;’z 5 Z(y BKG Z240— T —— s s
8 .t gﬁ‘(éﬁ? 2%879%0%252%%%014) ®  GGM-SPS, PL 1048, 231 ( . (o} ) E 220 & i ]
2 14f 3 poolat PRO® MASGIY g AL PRD 1 2521 (197 e E |
1 X SciBooNE, PRD 83, 012005 (2011) o , d £ = g S i i
T o2f | o MiNos PROSLOTANZ @ND) B NP 50,837 (1979 2 WFE |~ KDARPrompt | f |
(8] J:F _,J & NuTeV, PRD 74, 012008 (2006) %  SKAT, PL 818, 255 (1979) g = BKG [Accidental]
Q - Es5S cciaental
@ 1F ! + &3 160 - bz
p i \ =
g I ] 140 — D BKG [Correlated] |- fodiciv] b
|||-|> 0.8 : 120;_ ....................
v ~ 06r - 100
O 1 =
KDAR © 04l : 80
Neutrino T L O
02} | wf - .
! = ; —fj
@ Proton 0 Lidiniul A RPN I FUVE FUUTN FPETE ST PTI IR S 1Y) 10 SR SN S -
1 10 100 150 200 250 300 350
® Neutron E, (GeV) % 20 40 60 80 100 120 140

Reconstruction Energy /MeV



keV Sterile v Searches
keV sterile v 2 good candidate of warm DM  If purely keV sterile v DM = m, > 0.4 keV

“Light” keV Searches (1 — 10 keV) — Hints? Kyle Leech

@Nu2022
* Few keV mass neutrinos are strong WDM candidates
* Deep-field X-ray measurements of galactic clusters hint at a 3.5 keV line

N

" - - ]
Ve
7
R s v U < 3
R AT A ——
o e F v, Dy v, W

R. Adhikari et al., JCAP 25 (2017)

107}

Image Courtesy: Chandra/NASA

D
N F
N, 1010 , 7.1 keV neutrino?
= S Clusters
w0 N. Cappellutiet al., Astrophys. J 854, 179 (2018)

M14 Dwarfs (90%) F.A. Aharonian et al., Astrophys. J 837, L15 (2017)
A. Boyarsky et al., Phys. Rev. Lett. 113, 251301 (2014)

10711 L :
Or something else?

Dessert et al., Science 367, 1465—-1467 (2020)

6.6 6.8 7.0 72 7.4
mg [keV]
These measurements provide intriguing hints of new physics, BUT we need model independent measurements across a

wide mass range for definitive searches....
Here is where the power of beta decay plays a major role!

Image Courtesy: HITOMI/NASA



 In Particle Phys. keV sterile v are searched in beta decays (3H,

10 Counts

keV Sterile v Searches

Electron Energy Spectrum -Deca
from 3-Body Decay (B*") B y @, Dauehter
Total E _
RZIZaszgri?\yDecay O//('. e
T v
Parent ove
Electron Kinetic Energy
EC Decay
Recoil Energy Spectrum from -
. aughter
2-Body Decay (EC) — ~
Released in Decay \ /
Parent O e

Recoil Kinetic Energy

Counts

Counts

Kyle Leech
@Nu2022

241py, etc) or EC

B*/B~ decay (3-body)

Endpoint from
(mostly sterile)

neutrino mass
state(s)

A

3

Electron Kinetic Energy
EC decay (2-body)

Recoil from heavy
(mostly sterile)

neutrino mass
state(s) ’ \

v

Recoil Kinetic Energy

v



keV Sterile v Search Experiments
KATRIN & TRISTAN

CUP Tritium Exp.

3H end point
LiF + MMC

3H end point

LiFCH)

MMC MAGNETO-v

Detector: Magnetic Quantum Sensors with Gold foils

SQUID

241py  Aufoil Ay wire 241py end point

(Thermal couple)
Magnetic sensor

LiF crystal

—w
,/ x Phonon collector
gold wires Superconducting Pick-up coil

Nb

PROJECT-8

3H end point

Magnetic
trap

J
ﬁ Detector

BeEST  Ec decay of 7Be

10~100 keV
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keV Sterile v Searches: Conclusion & Outlook i

@Nu2022

) Nuclear decay provides c? 1% I III\I\\I\III L IIIIIII LI T rrrem -
a powerful, model- % 107" / ,
Lrlldekp(i/ndeMnt \;;robe in c\!| 102E *
e keV — MeV mass L = S
3103k Sac
range =N " =
10_4 gf (1_L1|§r:;v) (I;(:al\gg,sgg
« Significant progress in jgre- — fhstercalimits <
measurements over the sF T BeEST :
T e DUNE -
past 3 years — enabled = =
: 10" = ----- HUNTER
by quantum sensing =
R . s KATRIN, TRISTAN
. L ! ‘ icod t 5 = - Project 8
Experiments poised to 10 E_ _____ SR
Increase SenSItIVI.ty by 10_10 11 IIIIIII | | IIIIIII L1 IIIIII| L L i1
5+ orders of magnitude ! 4 9@ #gor 90F q¢¢ ¢ 100 107

in the next decade m, (eV/CZ)

Figure courtesy - W. Pettus for Snowmass Light Sterile Searches White Paper



Cosmological Limits on N

PDG 2021
Model [ 95%CL  \ Ref.
CMB alone
P118[TT,TE,EE+lowE] ACDM+Neg 2.927 050 [22]
CMB + background evolution + LSS
P118|TT,TE,EE+lowE+lensing] + BAO ACDM+ Neg 2.997053 22]
” + BAO + R21 ACDM+N.g | 3.34 £0.14 (68%CL) | [11]

? 45-params. \2.85 + 0.23 (68%CL)/ [23]

[11] N. Schoneberg et al. (2021), [arXiv:2107.10291.
[22] N. Aghanim et al. (Planck) (2018), [arXiv:1807.06209].
[23] E. Di Valentino, A. Melchiorri and J. Silk, JCAP 01, 013 (2020), [arXiv:1908.01391]



Sunny Seo @ IBS

d Neutrino oscillation: precision, MO, CPV

1 # of neutrinos: sterile v

1 Abs. mass of v: KATRIN, Project-8, etc.

( Dirac vs. Majorana: Ov[3f3
1 Neutrino interaction: CEVNS, v x-section measurements

d Astrophysical v: solar, Supernova, extra galactic v etc.
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* Neutrino mass affects
shape of CMB power

My =3 mi Cosmology

7 spectrum.
\_ ) * Model dependent
* Different data sets
v give different results.
2 2 92 2
" Z Uil M = Z Uzimi
‘ i

¢ .

Ov[3p decay

Direct
measurements

Nature of v
Origin of v mass

= Many experiments:

= Electron capture: KamLAND-Zen

EXO, Gerda, CUORE,
ECHo, HOLMES SNO+, AMoRE, CUPID

Majorana, LEGEND etc.

= Tritium [ decay:
KATRIN, PROJECT-8




Tritium 3 Decay ° B

T/, (3H) = 12.3 yrs

Countrate - 10°

3 oy 3
lH 2He
Q-value (Ey): 18.57 keV

If m, =0, then 3~ end pointis 18.57 keV.

100 T ) .
Full spectrum
1,0F ' '
80 9, ]
I
5 05 |
&
0,0 ' : .
-18.6 -12.4 -6.2 0
En — Eo in keV
-3.0 -2.0 -2.0 -1.5 -1.0 -0.5 0.0

Byii— Be in eV



KATRIN v Mass Measurement

Thierry Lassere
@Nu2022

* commissioning

* only 0.5% tritium

EPJ C 80, 264 (2020)

Thierry Lasserre - Neutrino 2022

Cumulative electrons in ROI

>70e6 e registered

xl 17 1L I ] ]l ]I gt
lx 1) llx llx llx le VT
2 Z Z =z = 2 Z e
= = = = = = -
= N w B U (o)} ~I =
61 e
5_
4<
37 e
/
2 e
///_/
14 .
L -
vl -y . L S ——S ey , 1 ,
12 Jun26 Apr il Oyl 09 / Dl 14 Oct 29 Apr
2018 2019 2019 2020 2020 2021 2021 2022
15t campaign e 15t+ 2" campaigns * next data unblinding in summer 2022
2e6 e in ROI * 6e6 e inROI ' et gnd g ath B B EiENE
m,<1.1eV * m,<0.8eV * ~30e6 e in ROI
PRL. 123, 221802 (2019) Nat. Phys. 18, 160-166 (2022) )
PRD. D 104, 012005 (2021) 24

@Nu20222




Abs. v Mass Sensitivity

Sunny Seo, IBS

=
2 0.2 eV
B &= ATRIN)
(@)
£ qum 0.04 eV
D (Project 8)
=
(&)
=
= hierarchic region s i
o region
L L —

10 10’ 10 1

lightest neutrino mass [eV]
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First CRES Event

Cryocooler

’ Cryogenic Sigal
l—
Amplifiers

Pacific The Project 8
Northwest Waveguide ‘
NATIONAL LABORATORY Energy IOSS AEE
CRES Demonstration ~eV Resolution via FY_C|0tT°n = Scattering
PRL 114:162501, 2015 J. Phys. G. 44, 2017 B radiation L
off of a
Superconducting R residual gas
Solenoid Magnet i molecule
Phase | :

Gas Cell Time (ms)

Elise Novitski
I

30 mK, atomic tritium @ 1 T
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Cyclotron Radiation Emission Spectroscopy
(CRES) technique 73



Cosmological Limits on S

—
N

PDG 2021 Model (05% CL (V)] Ref.
CMB alone
P118[TT+lowE] ACDM+> " m,, < 0.54 [22]
Pl18[TT,TE,EE+lowE] ACDM+> " m,, < 0.26 [22]
CMB + probes of background evolution
P118[TT+lowE] + BAO ACDM+> " m,, < 0.13 [43]
P118[TT,TE,EE+lowE]+BAO ACDM+) m,+5 params. < 0.515 [23]
CMB + LSS
P118[TT+lowE-+lensing] ACDM+3) " m, < 0.44 [22]
P118[TT, TE,EE+lowE+lensing] ACDM+3) m, < 0.24 [22]
CMB + probes of background evolution + LSS
PI18[TT,TE,EE+lowE] + BAO + RSD ACDM+) " m,, < 0.10 [43]
P118[TT+lowE+lensing] + BAO + Lyman-« ACDM+>"m, < 0.087 [44]
PI18[TT,TE,EE+lowE] + BAO + RSD + Pantheon + DES ACDM+> m,, \_ < 0.13 . [45]

[22] N. Aghanim et al. (Planck) (2018), [arXiv:1807.06209].

[23] E. Di Valentino, A. Melchiorri and J. Silk, JCAP 01, 013 (2020), [arXiv:1908.01391]
[43] S. Alam et al. (eBOSS), Phys. Rev. D 103, 8, 083533 (2021), [arXiv:2007.08991].

[44] N. Palanque-Delabrouille et al., JCAP 04, 038 (2020), [arXiv:1911.09073].

[45] T. M. C. Abbott et al. (DES) (2021), [arXiv:2105.13549
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Dirac vs Majorana v

2vBB (1935)

M. Goeppert-Mayer
PRL, 48 (1935), 512

15t observation of 2v[33

in 1987 for 11 nuclei
Ty, = 1018 ~2x10%! yr

OvBp (1937/39)

G. Racah,

Nuovo Cimento,

14, (1937) 171

W. H. Furry

PRL, 56, (1939) 1184

llllll

1 1 1
0.5 1
G+ Tz)/Qpﬁ

Qpp =M(A,Z) —M(A,Z+2)

OvBB = Majorana v, LNV, absolute v mass (mg)
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Better

Lower BKG

BB Emission Isotopes

] Total 33 B3 emission isotopes

Q value (MeV)

o
3,

N
3]

w
T

N
T T

L Qg >3 MeV is better
to avoid
huge natural radio bkg.

—_
(4]
o LR

= only 11 have Qg > 2 MeV

[ 48Ca

jel
- 150Nd
T e
- 96Zr  4p0Mo

116Cde 025°
130Te
= ® 136Xe .
L 124Sno. 110Pd
= ®
76Ge
| I | S l | BAs) EEEE . | l | IO 28 | l | o P . | I | M S 3 )
0 10 20 30 40 50
natural abundance (%) Lower cost

> Better
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Sunny Seo, IBS

Experimental Sensitivity of T,,, (OvBp)

Detection
Isotopic Efficiency  Detector Mass

Abundance\‘\
MT/ Time
T (exp) ~ agwf—
172 (€Xp) DAL
/‘ N
Energy

Background level ~ Resolution
(count/keV kg year)

1 “zero background” case:

MT
T, (exp) ~ ag —

Reyp

] Sizeable background case:

T,,, (year)

lllll 1 1 Illllll

10 102 10°
Mass*Time (kg year)

Ty, (U, Th): ~10%9 yrs
Ty, (2vBP): 1018~10%! yrs
T1/; (OVBR): > 1024, 1026 yrs

» Good energy resolution (< 3~¥5% FWHM), no/low BKG,

high efficiency, etc will improve sensitivity of Ovp[3 search.



G503(10‘15 yr 1)

Ovpp Challenge

G(Q,Z): phase-space factor

well calculated

100} 130Te 136Xe
Nd W approximate
50 L 5
@ this work
Ca 825e Zr cd
20+ \s 0 < € U
1
10p Nd
5 L
Pd
, IOOMO Kol
€
1 L
76
T
Ge © Phys. Rev. C 85, 034316 (2012)

40 60 80 100 120 140 160 180 200 220 240

Mass Number

1/'5 = G(Q;Z) gA4 | |VInucI | : mﬁﬁz

3
=

M: nuclear matrix element

Big uncertainty

- e T T T 1 :
R-EDF
- QRPAJy - Al o
QRPATu I A 4
- QRPACH + J‘ I s
BM2 o | g & A
- sMMi I = 7 T |
(SMStMTk @ = "i =
= - - - - i _
- ™ -
- ©oo *® bo w
- A % 3 A -
[ z 3
. Several models + =
- || Ll L1 -
1 ™ 1 [ p—
= g,~ 1.27 (no quenching) —
E o &
136
° Xe
-
|
= & 76Ge ] B
b A
82 =
Se 130Te -
100\lo
l I R]ep. Pr?gf Phys. 180, |O4?391 (201}7)
48 7682 96100 116124130136 150

A

78



Energy Resolution of 100-kg class Ov[3[3 Experiments

Resolution (% at Q;5) / FWHM
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Fedor Simkovic
@Nu2022

Resolution better than
2% FWHM to
fully reject 2vBp mode

Solar v is not an issue
for 100 kg-class
OvBp experiments



Current Ovpf Limits at 90% C.L.

Fedor Simkovic

@Nu2022
Experiment Isotope Exposure TO, ,[10% yr] mg, [meV]
[kg yr]

Gerda 6Ge 127.2 18 79-180
Majorana 6Ge 26 2.7 200-433
CUPID-0 82Se 5.29 0.47 276-570

NEMO3 100Mo 343 0.15 620-1000
CUPID-Mo 100Mo 2.71 0.18 280-490
Amore 100Mo 111 0.095 1200-2100
CUORE 130Te 1038.4 2.2 90-305
EXO0-200 136X e 234.1 35 93-286
KamLAND-Zen 136Xe 970 23 36-156




Isotope masses, efficiencies, sensitive background & exposure and backgrounds

. Isotope mass (m,,) Total efficiency Energy resolution (o)  Sensitive exposure  Sensitive background Background rate
arXiv:2202.01787 [mol] Cact * Coont * Srwe * Shon (keV) [(mol yr)/yr] [events/(mol yr)] (events/yr]
10 10 10° 10 0 02 04 06 1 10 10° 1 10 10° 10° 10* 10°10*10°10%10" 10%10" 1 10 10

GERDA'" l"“.l l”""i I l””": ] ' ] | | J ' | J ' '
o ——— |k e s g

®Ge 1 Leaenp-200 0 0 0
LEGEND-1000 0 0 (
EXO-200
nEXO
NEXT-100
NEXT-HD
PandaX-Ill
LZ-nat
LZ-enr
DARWIN
KLZ-400
KLZ-800
KL2Z

t SNO+ = o D 0
natTe SNO+II o - i

CUORE a = E
CUPID-0 = @ Ji]
[ CUPID-Mo a = n
100Mo CROSS b | u
" O
—

CUPID
Amore-l|
- NEMO-3

SuperNEMO-D
8288 | SuperNEMO

"

(|
B
|I
a




Sensitive background [events/(mol yr)]

Sensitive background and exposure for recent & future Exp.
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Zhao et al., CPC 41 (2017) 053001

Future prospect
of JUNO

~102 tons of Ovpp target;
best LS shielding;

excellent energy
resolution (3%/VE);

After the completion of the

primary physics goals, JUNO
can be upgraded by loading

OvpB isotope into LS, for

ultra-low background

Isotope mass (ton) <mg;>, meV

searching for OvBp (*2030) = yamLAND-zen 136Xe 1 61-165
EXO 136Xe 0.2 93-286
136 -
The most sensitive to nEXO Xe > 7-22
: GERDA 76Ge 1 10-40
probe the Majorana nature
. - Majorana 6Ge 1 10-40
of neutrinos, aiming at a
B SNO+ 130Te 8 19-46
sensitivity level of [ mgg |~
JUNO-BB 136Xe 50 4-12

meV
130Te 100-200 2-6 ?

Liangian Wen
@WIN 2021
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d Neutrino oscillation: precision, MO, CPV

1 # of neutrinos: sterile v
d Abs. mass of v: KATRIN, Ptolemy, etc.

] Dirac vs. Majorana: Ov[33

1 Neutrino interaction: CEVNS, v x-section measurements

d Astrophysical v: solar, Supernova, extra galactic v etc.

Sunny Seo @ IBS 84



Coherent Elastic v-Nucleus Scattering

do

Predicted in 1974 (Freedman)

dT

Qw = (1 — 4sin? eW)ZFz(QZ) — NFN(QZ)

GF MT T\’
—Qly i Lty

do
dT

Coherent up to
~ 50 MeV

]\[2

COHERENT @ Oak Ridge SNS

Hg TARGET

SHIELDING MONOLITH

CONCRETE AND GRAVEL

= :

NIN Cubes

" O

CENNS-10 Nal

Ge ARRAY MARS
(LAr) p

~8 m.w.e.

v' 2017: > 6 & (Csl) discovery
v’ 2019: 4.9 o (LAr)

v’ 2020: > 11 o (Csl) w/ > x2 stat.

X 10740 cm2

169132

14.6 kg Csl crystal

Far away from neutron beam lines.

85



World Wide Efforts to Detect CEVNS

,,,,,,, ¢ NL_

RIC®CHET. ‘}E!v U §( NEON

(Korea)

Mills A Y O TEXONO
NN S (Taiwan)

CO/VNie

Except COHERENT and CM |co||aborations, all others attemptingl to use nuclear reactors
as a neutrino source

Nuclear reactors give large flux, but low energy neutrinos with a constant flux

Various detector technologies are being investigated. We heard first indication of %OAK RIDGE

Efremenko e A - National Laborato
positive signal from the Conus experiment last year § 8§

@IAEA 2019
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Excess Counts / PE

(0), (10 cm?)

CEVNS Detections and Future Prospects
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+-Data Residual
[Jv, CEVNS

v, CEVNS

@v, CEVNS

[EININ Background
BBRN Background

200 300

(o), (10 cm?)

- Csl data in 2020

Flux-avera

ged cross section (10° cm?)
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Physics with CEVNS

10

Preliminary

= Weak mixing angle (6,
- probe dark Z at low g2
= Sterile neutrino search
= Neutrino magnetic moment
= NSI, DM, etc.

—Illlll IIIIILI.I.| 1 III]III| LIl Illll LIl

T | IF; T |I- | ll T T T 1 rnl(meV) 10
i reliminar
i y See Phys Rev D96 11 115007
i Preliminary /
0.5
0.4
>q [ 4
30 0_— ]
%202 _
w —
05 B cHARM !
" [l Csl 2020 I Oscillation Data i
-9 Bl Csl 2020 .
-4 05 0, 05 1 Ay W |
Sunny Seo @ IE €, 1D Gaussian 90% ’ -0.5 Eu'VO 05

critical up-values e



CEVNS Prospects

(d COHERENT is comissioning two detectors in 2021.
- 16 kg Ge PPC, ton-scale Nal scintillator crystal

J The 2nd target station is planned at SNS at Oak Ridge.
- Very large detectors, new detector ideas could be realized.

(d Many CEVNS experiments at reactor sites are expected
to obtain new results in the near future.

(d CEVNS: good test ground for BSM physics.

d “Magnificent CEVNS” workshop is held yearly basis.



v X-section Measurements

T2

Laura Fields
@Nu2022

Off Axis
( | On Axis |.5 tons
, y 0.6 tons
0.3 ton plastic 0.5 tons
N~ o\ L Ajtons B
Ev ~ 0.86 GeV Ev ~ 0.6 GeV
0.2 tons
193 fons
L 0.6 tons
cells ' ,j' 0.7 tons
. : 04t
E, ~ 1.8 GeV l.l ONA_J | il
5.5 1ons

. 85 tons
_Ev ~ 0.8 GeV (BnB)
Ev ~ 0.9 GeV (NuMl)

E ~ 3 GeV (Low Energy)
E ~ 6 GeV (Med Energy)
4



Neutrino-electron scattering
will reduce flux
uncertainties

Testbeam
measurements will reduce
detector systematics

Big focus on ratios (eg.
VIV, Ve/Vy)

Improved reconstruction ->
exclusive
measurements

VA S NEXCE

T2

New Wagasci/Babymind detectors

ND280 upgrade will bring larger angular
acceptance, lower tracking threshold, neutron

sensitivity

Improved statistics

a5 oNP_

Multi-differential cross sections

Doubled statistics, better reconstruction

Special variables (e.g. TKI)

Laura Fields
@Nu2022

Completed data taking in
2019, but 30+ active
analyses ongoing

A-dependence of 0-
pi, |-pi
Deep and shallow
inelastic scattering
Data preservation
project

36



d Neutrino oscillation: precision, MO, CPV

1 # of neutrinos: sterile v
d Abs. mass of v: KATRIN, Ptolemy, etc.
] Dirac vs. Majorana: Ov[33

 Neutrino interaction: CEVNS, v x-section measurements

J Astrophysical v: solar, Supernova, extra galactic v etc.

Sunny Seo @ IBS 92



Borexino

» Operation: 2007 — 2021 @LNGS Data taking: o
* 300 ton LS (~2200 PMTs, ~6% @1MeV ) | 2007 ~ 2010 7| NG T

* Very low radioactive BKG Il - 2012 ~ 2015

Isotope 2007-2010 2012-2020 Il: 2017 ~ 2021

1.6+0.1 107 g/g <9410 g/g
51+1 1018 g/g <5710%g/g Oct. 2021:

85Kr ~ 30 cpd/100 t ~ 5 cpd/100 t end of F i
~ 40 cpd/100 t ~10 cpd/100 t data taking LRI B L2

SOLAR NEUTRINO SPECTRUM

g 1()11 T T \7 T T T
s 107 E
S 10| N - T =
~ S
— ]'»(') eC13N S
o0 ' 1 =
(\I‘ 11 - o]
E ::<)<1()-1'F o
o, 10? ' ) —
b 11 ep [} pp (1\(,)
» 11 g 0.10¢ 7Be . 3
E 10! v > pep
| | 1 1 . | . N L N L
l ()2 l ()3 l (]4 0.0 02 04 06 08 10 12 14

sunny Neutrino Energy [keV] Electron recoil energy [MeV] 93



** Notable achievements of Borexino

8B

C

Be

o
o3

o
N

0.6

Pee
o
(é)]

0.4

0.3

0.2
Sunny Seo @ IBS

~48
<1
~3

~140
~5

Clear signature on the shoulder

Small, but high energy, low background

Weak signature on top of ""C

Low energy, partially covered by 14C
Small signal, migrating background (see talk)

Not measurable today Signal too low, mostly covered by éB

~  Pe survival probability with Borexino data only! ]
—  pp -
3 8o E
- pep Vacuum-LMA " -
— 8B ]
C 48311707 ]
- +6 cpd/100t | .
— 134110 3 P —
- cpd/100t n
— +0.1 ]
- 27*+04 02 0.223 ‘:?(;)22; - =
- TPd/u’O t cpd/100 t MSW-LMA i
1 10

Neutrino energy (MeV)

Count Rate Comments on detection First detection
[cpd/100t/d] in BX

2007
2010
2012
2014
2020

never

Comprehensive chain:
Nature 562 (2018) 7728, 505.
Phys. Rev. D (2019)

pp:
Nature 512 (2014) 7515, 383.
Be:
Phys. Lett. B658 (2008) 101
PRL 107 (2011) 141302

pep:
PRL 108 (2012) 051302

8B:
Phys. Rev. D82 (2010) 033006

94



Borexino CNO v Measurement

N
o
w

N
o
N

Events / 5N,

-
o

Final Phase-lll dataset: Jan 2017-Sep 2021; N~ 110000

[ TTTT

T TTT

oo,
s )

o
&
°
o

__ Data
e CNO-v
. 210,
*»
MMW” *"’f”ﬂ”?’*”ﬂ”#*

i it i,

£ ”H*Hﬂ++++++++++++++#+++++*++

ot

g

T | S S (T
1500 2000

Energy [keV]

I 1 1 I 1
500 1000

CNO neutrinos: tagging 21°Bi with 21%Po

210Pb <> 210Bj + B- (r=33y)
210Bj.—> 210Pg +f (z=7d)
210Pg > 206Ph +¢, (1=200d)

T
2500

Barbara

Caccianiga
@Nu2022

At secular
equilibrium,

rate(219Po)
= rate(2'19Bi);



Borexino CNO Update in 2022

* Improved MC

* Increased exposure by ~33%
* Cleaner data set

 More stable temperature

- More stringent limit on %10Bi

R (?1°Bi) < 10.8+/- 1.0 counts/day/100t

CBar!oar_a Results (including sys errors)
dacclaniga
@Nu20292 Rate(CNO)= 6.7 +20 . cpd/100t
&(CNO)=6.6 *20 ,  x 108 vcm 2 s -
Nh
200 300 400 500 600 700 800 900
:I I T ] T l T l T l T I T l T l
E —— CNO-v —— "Be-y and ®B-v
F —pepv ___."C
10 — external backgrounds
P . T — other backgrounds
7
§ 5 — Total fit: p-value = 0.2
5 10
C
T e S
g ”
Y10
500 1000 1500 2000 2500
Energy [keV]

- CNO-null hypothesis is excluded at ~ 70.




Borexino New Results

CNO-null hypothesis excluded at ~ 70

First measurement of Ny¢ in the Sun
with solar neutrinos

Nyc In good agreement with HZ
photospheric measurements;
~20 tension with the LZ
photospheric measurements;

CNO+7Be+8B neutrino flux results from
BX disfavor SSM-LZ at 3.10
(when compared to HZ-SSM)

Barbara Caccianiga

@Nu2022
GS98 [17]1 | — - ‘
AGSS0%met [13, 14] —— o —— -
1 +1.85 41
C11[15]| —— :NCN = (5.78750) X 10 :
AAG21 [16] O ————— 0
MB22 [18]
Borexino ® ‘
3 4 6 7 8
Nen [x1074]
7% 10°
—T 6% 10 /f\)
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LSC @Yemilab, Korea

Yemilab: new underground lab in Korea (1 km overburden)
LSC = Liquid Scintillation Counter LSC Hall
LSC Pit: 20 m (D) x 20 m (H) 7 )

LSC Hall construction: June — Nov. 2021

Tunnel entrance

B

Sunny Seo, 1BS >
P,

98



Broad Physics Program @Yemilab

Solar v

S.H. Seo & Y.D. Kim
JHEPO4(2Q2})135

SN
4
’ N
/

oe- beam

Outer Core
Inner Core

New step to
Geo Science

99

P e

Sunny Seo, IBS
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lceCube O SECLEE e —— @

* QOperation: 2005 — present @S. Pole ‘,
* 86 strings (60 DOMs/string) in 1km3 = completion: 2011 - ‘*fg"ﬁ"f‘ff:ﬁ"fc*'"‘dv“'""'
\h.\h“i;\{Iw;?lllﬂm“gmi. o
=== Notable achievements === e |
= Discovery of astrophysical v events in 2013 e s

5,160 DOMs
deployed in the ice

<~ p—

- more events w/o source identification
= |dentification of astrophysical v source in 2018
Blazar TXS 0506+056: IC-170922A v
— open up multi-messenger astronomy
= Glashow resonance event at 6.3 PeV in 2016 data

s
-$
Rt 2
s
=
s
&

]



lceCube

2005.12943

Phys. Rev. D 102, 052009 (2020)
2.0

HESE 7.5yr
Multi-Year Cascades ,,»*""
—— Diffuse 6y v, .""

1.0

0.5

S
o

- disfavoring a
no-astrophysical
o V. flux scenario
with 2.80

\/\

N
N N} N} N} N N} % Q Q' N
Fraction of v,

—— HESE with ternary topology ID v, : v, : v; at source — on Earth:

% Best fit: 0.20 : 0.39 : 0.42 0:1:0 — 0.17 : 0.45 : 0.37
Global Fit (IceCube, APJ 2015) e 1:20—0.30:0.36:0.34
Inelasticity (IceCube, PRD 2019) A 1:0:0 > 055:0.17: 0.28

-------- 3v-mixing 30 allowed region ¢ 11:0—036:031:033

10

2ALLH

Science 2018

A original GCN Notice Fri 22 Sep 17 20:55:13 UT
6.6° refined best-fit direction IC170922A
' = |C170922A 50% - area: 0.15 square degrees
= |C170922A 90% - area: 0.97 square degrees
5 Fx,
E
[2]
§ o 2
*g 5.8 - 8
§ TXS 0506+056. ':(
a Blazar -
5.4° i<
TXS 0506+056 8
5.0°
4.6°
78.4° 78.0° 77.6° T 76.8° 76.4°
Right Ascension
0.9 Nature 2017 _
-==Neutrino
0.8 =+ Antineutrino
o7 ﬂv: L —Weighted combination
> Wl —This result
0] 0.6 .
T
5 0.5
3
S 04
E 03
D>
0.2 Accelerator
01 Data
0.0
1.5 25 3.5 4.5 5.5 6.5
logo(E, [GeV])



lceCube-Gen2

v Gen2-Radio Gen2-Optical

5km 1 km

Gen2 Goals:

-- [dentification of more astro. v sources
-- Precise measurement of astro. v
spectral power law index & flavor ratio
-- Multi-messenger v astronomy
etc.

O(10) PeV neutrinos/year

® IceCube o IceCube Upgrade
o ® ..0. . ® @ = *
..o e ¢ °* ..'0 ot ()
e ° o * e o o 2 ¢ *
..0 '.. ..',..'....0 '.. * ) ®
250 m

:%" ICECUBE UPGRADE OPTICAL SENSORS

1600 m

2150 m

2425 m

2600 m

— D~~~

Sa
-
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Baikal-GVD construction status and schedule
Status 2022: 10 clusters, 5 laser stations, experimental strings

om

750 m -

525m
36 OM

1275 m
1366 m —

540 m

b Ostankino
f  Tower

@ e

(e
c- @OCFE G @

(r

(r

G

N(—.

2016

2017

2018

2019

2020

2021

2022

Laser
station

Deployment schedule
Year | Number of | Number of

R
2016 il 288
2017 2 576
2018 3 864
2019 5 1440
2020 7 2016
2021 8 2304
2022 10 2880
2023 12 3456
2024 14 4032
2025 16 4608
2026 18 5184

Zhan Dzhikibayev
@Nu2022



Baikal-GVD Zhan Dzhikibayey

»Baikal-GVD is now the largest neutrino telescope in the Northern
Hemisphere and growing

»Modular structure of GVD design allows a search for HE neutrinos and
multimessenger studies at the early phases of array construction.

» Observations of atmospheric neutrinos by Baikal-GVD agree with expectations
+ Up-going events + down-going HE cascade events (2018-2021: 5522 live days in terms of one cluster)
» First 25 astrophysics neutrino candidate events have been selected -

Baikal-GVD confirms IceCube observation of astrophysical diffuse neutrino
flux at 3c level

» 16 events are expected from
IceCube E~(-2.46) diffuse astrophysical v flux

Plan > 2025/2026 — ~ 1km?3 GVD with total of 16-18 clusters

» 2022-2024 — “Conceptual Design Report” for next generation
neutrino telescope in Lake Baikal



ARCA

1km L km

KM3NeT

-
— ORCA

......... oo

KM3NeT: 6 strings operating & g
stably for one year A

m  |ceCube
GVD, Russia
KM3NeT, Sicily
ONC, Canada
-« Galactic center/plane
TXS 0506+056

s
=

* ARCA (Astronomy) @French sea
-- 115 strings, 18 DOMs / string / = =
-- 31 PMTs/DOM (Total: 64k*3~ PMTs)
. ORCA @Italian sea L Sde

-- NMO+ v properties gmR =

redit: M. Huber/TUM




Antares & ARCA 6 Aart Heijboer

@Nu2022
° ° 3 10°E
P E KM3NeT Preliminary
OSMIC NeUTrinos | ..
g g _*_+_'._—+—°— , _E::a:;w::’
5 [= - : -+ — signal
— 10° 2 10 ‘ g
g - — Data mi‘i‘-_+ EE KM3NeT
¥ - ; o+ 4
) - - Atmospheric MC L ﬁ__ o
S — Cosmic signal Z
a 10E -
IS wE
s F ANTARES E e T
Prellmlnary L T R T S Y-S ST S M N
1 Log(E,_, [GeV])
For the diffuse cosmic neutrino flux of [2]: Number
1.44 x 1018 (E/100TeV) 228 [GeV! cm?2 st srl] of events
Dgpo o [GEVIemZ st srl] | D, [GeViem?Zs?tsr!] | N, mugno = 68.4
10! L L TR S T L L L (i G LA L L
= 2 5.5 2 45 g, (é’mﬂﬁl. W 17.3 x 10 51.4x 108 Neoamicny = 1.3
Antares data fully compatible with comic flux ARCA6, 101 days
- Data: 50 events (27 tracks + 23 showers) *  Sample dominated by muon, PO173
. Background : 36.1 + 8.7 * No high-E excess due to neutrinos

* Results compatible with background
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Hope v continues !
Nu1972 Nu2022
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Feynman & Twin-oak trees
Pontecorvo in 2021
planting

twin-oak trees
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