Dec.5-9, 2022

L
""?

I'llm ‘Ml'l

Neutrino Oscillation Experiments:
Where are we now?
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Neutrino Oscillation (1) v flavor eigenstate

;é v mass eigenstate

100 % IR AN 100 % - (2) v masses are not degenerate.
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neutrino trajectory

- results in v mixing & oscillation
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Current status of neutrino parameters:
the era of very precise neutrino physics
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The past 20 years have seen a remarkable progress in
determining neutrino properties! )
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Why Leptonic CPV?

Understanding

- J Which flavor symmetry model?
the pattern of v mixing
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. There IS hlnt of CPV in Iepton sector
(~ 2sigma @T2K, NOvA)
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Short baseline (reactor term) Medium baseline (Solar term)
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91 3 and Am231 Neutrino 2022 2.6% ? (nGd + nH)

Daya Bay

RENO

Daya Bay

Double CHOOZ

T2K

Daya Bay

NOvA
T2K
MINOS+
IceCube
RENO

SuperK

Daya Bay

NOvA
T2K
MINOS+
IceCube
RENO

SuperK

sin%20,5
nH ————

— ——————

sin® 26,3, 1072

Normal mass ordering

nGd

nGd

_——.——

|Am3,|, 107 eV?

Inverted mass ordering

nGd

nGd

[Am3,|, 1073 eV?

8.53+0.24 2.8%
8.96+0.67 7
7.1 11 15.5%
10.5 +1.4 13.3%

1164722 17.6%

Am232 (NO) 2.41 +o0.07 :“.'

2.454+0.057 2.3%
2.45 +0.07 2.9%
p +0.08
2.40 Zyog
231 41} s

2.63 +0.14 5.3%

o rq +0.22
2.53

(Daya Bay latest results (n-Gd): days ‘

sin26;3 = 0,08537:8:88%?1 (2.8% precision)

Normal hierarchy: ~ Am3, = + (2.45470027) x 1072 eV? |
(2.3% preci
Inverted hierarchy: ~ Amj3, = — (2.559+8:825) x 1072 eV?

ARENO latest results (n-Gd): 2900 days

sin®26,; = 0.0892 + 0.0044(stat.) + 0.0045(sys.) (£ 7.0 %)
|AmZ,| = 274+ 010(stat ) + 0.06(sys.)(X 103eV2) | (¢ 4.4 %)

ARENO plans to take data until 2025 (~4400 days)

sin220,3: 6.4%, Am?.:4.1%

LDDUNE can measure sin?20,3 in v, =2 v,,
w/ a precision of ~5%.



01>, and Am+,;

Before 2020 W)

= Best fit values

(KamLAND'

SNO/SK:
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11




. 77 institutions
The JUNO Experiment 607 collaborators
Jiangmen Underground Neutrino Observatory, a multiple-purpose
neutrino experiment, approved in Feb. 2013, 300 M$, online in ~2024
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3% energy resolution

Rich physics possibilities

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

* Supernova neutrino

* Geo-neutrino

e Solar neutrino

e Atmospheric neutrino
* Proton decay

* Exotic searches

Talk by Y.F. Wang at ICFA seminar 2008, Neutel 2011; by J. Cao at Nutel 2009, NuTurn 2012 ;
Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen, PRD78:111103, 2008; PRD79:073007,2009

2013

Civil
construction

2015

2022




Precision Measurements in the (near-)Future

1™ Baseline: ~53 km
— Energy resolution:

T T
—— No Oscillation
—— Oscillation NMO
— Oscillation IMO

» MO: ~3 o (6 yrs data)

2 L {1 The following papers argue that
:é o - g JUNO can’t do 3¢ for MO determination.
S - —
2 oa- = 1309.1638
N n; 1508.01392
0.2— Am2 f~o””  Am - 2107.12410
£ » e e
0 1 2 3 4 5 6 7 8 9 '
Visible Energy (MeV) Only JUNO can do!
Central Value PDG2020 100 days (6 years

Amgl (x107° eV?)
w2 —5 x72

An{z«zl (X107 eV*)

Sill‘2 912

Sill2 913

2.5283
7.53
0.307
0.0218

+0.034 (1.3%)
+0.18 (2.4%)

+0.013 (4.2%)

+0.0007 (3.2%)

+0.021 (0.8%)
4+0.074 (1.0%)
+0.0058 (1.9%)
+0.010 (47.9%)

+0.0047 (0.2%
+0.024 (0.3%)
4+0.0016 (0.5%

+0.0026 (12.1°

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

If MO is known
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Current & Future Longbaseline v experiments

» 0,5, Am?;,, and CPV/MO measurements DUNE LArTPC, 1300 km
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Segmented LS detector, 810 km

- Water Chere
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J:PARC Main Ring
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T2K & NOvVA v Oscillation (disappearance) Spectra
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2
6,3 and [Am=s|
[ Recent results from T2K and NOvVA

T T 1 I T T 1 T I |
- Normal Ordering 90% CL o
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v, =2 Ve Appearance Channel in LBL

- Measure CPV, MO
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2020 data set: https://arxiv.org/abs/2108.08219

2020 3-Flavour o NOVA

Normal Ordering

Nu : 13.6 x 10%° POT

F req ue ntiSt Res U It 0. e g Anti-nu : 12.5 x 10%° POT

™
QA S .
Best Fit e 05
7 L M 3
Normal hierarchy — - T2K
0.4 —
Am?;, = (2.414£0.07)x103 eV?2 ~ T2K, NEUTRINO 2020: mBF —=<90%CL --<68%CL | Nu © 19.7 x 1020 POT
sin?d,3 = 0.57+004 53 03l NOVA: +BF | |<90% CL .568% ct_1 Anti-nu: 16.3 x 102° POT
6=0.82r1 — —— =
0.7 —
_ Inverted Ordering i
Poster 318 | i
Liudmila Kolupaeva 0.6~ S
Andrew Sutton = - A
3 N ]
£ 0.5 4 .
e Significant progress @ | :
50 g " 4 ]
on JOlnt f|t Wlth TZK g - T2K, NEUTRINO 2020: —<90%CL -~ <68%CL |
— coming this year ogp  Jow  Lewwo Ploma ]
0 i T 3n 2n
2 2 18
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HK vs DUNE: CPV & MO Sensitivities

I DUNE Sensitivity

e 12— All Systematics 10 years (staged) .
18, HK 10 years (2.70E22 POT 1:3 vV) - Normal Ordering p— o D H K 1 O e a rS d ata I I I
E Beam (Known MO) sin?26,, = 0.088 + 0.003 1o: Variations of y W

7 years (staged)

E 165 e, Beam (Unknown MO) HK CPV 10[-0.4 < sin%,, < 0.6 e
i g*:;gph%&mméof@ S DUNE exclude o =0 for 61%

S o % [ CPV of true CP values (50).

S o °F /B

5 Y W  DUNE 10 years data will
g o v \ exclude 8 = 0 for > 50%

Hyper-K preliminary

e o s g R R R P E IO of true CP values (50).
40: DUNE Sensitivity 7 years (staged) .

§ oM Amseamaoke) T T pAISystematies  omn 1 HK alone can determine MO
'2.-}_, - - f\fam B(JD+K\I;>I; ) 10 years of data ] C sin®20,, = 0.088 +0.003 o ——
& 12 o e o 1 aoft4ssirea<os S between 3c and 7c
S Atm (JD+KD) 7 C . .
i 7 = DUNE depending on sin?0,3 (10 yr data).
2 8:_ _: EZOE— MO
5 o / SR  DUNE can determine MO
s E R 3 greater than 7c¢

13 HKMO - for any d¢p values

L P T PR R YR T w/ 7 years of data.

Scp/m



3+1 Neutrinos

> Sterile neutrinos are searched
only “via oscillation” w/ active neutrinos.

4 m ]
Flavor Us., Mass ‘
[ . \
vV, v, U, U,|U, 14 Am2,,.q. ~ 1 eV?
Vu || _ Un Y Uys| U v, I
V‘L’ UTI U‘L’2 U‘L’3 Uz'4 v3 3
Vv v, v, U, U, v, | Am?,,

Usze1 = U(Upyins, gy O, O, 014, 024, 4am?,)
\ Y J \_Y_}

3 mixing angles 2 CPV phases

Sunny Seo, IBS

m v,
@ v,
m v,
O v,
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Smoking Guns of Sterile Neutrinos at ~eV?
GALLEX/SAGE

1] .
§ 17.5 eam Excess Ve dlsappearance 30 S
) .. ~30m/30MeV ource
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10 %a%e%ee? — ) i’ i
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7.5} a ’ . Cr2 A\
5| z -
m -«
25} 3
R e e o R=0.84+0.05
0F > - 8 2
04 0e 48 I - dis Phys. Rev. C83, 065504 (2011)
L/E, (meters/MeV)

MiniBooNE (v, V) v, disappearance 3c
T SR (Y ) appearance PV. D> V.) (2011)
2 ] v fromp
: 4.8C =jme " Very short baseline reactorv |

I «° misid ( 9 ) — Hy
AT ANy v - n
(2018) =, I SN S 5 A S m AT R i
4 S gte);stFri.tSyst. Error g 0-9} _:
? 08— o
______ ~500m/500MeV 3 ool { il
________ E 0.6; ™
______ - (] ~— — -No oscillation -
] 0.5 ——— With oscillations (3 active v’'s + 1 sterilev) T
F— 0_4IHIr Expel”l“l"JeH:s | IHIIHI2 | \HHIM3 | IHIIH‘4 I IHHII|5 | IHIII_s 21
o (Ge\?)o 10° 10 10 10 10 10 10

.~ Reactor To Detector Distance (m)



reactor v

(new B spectra from 235U fission)

With updated input de% flux calculation

Kopeikin Skorokhvatov Titov arXiv:2103.01684
Berryman Huber arXiv:2005.01756

Giunti Li Ternes Xin arXiv:2110.06820

L I

Q& | = Bugey-3 —+— Daya Bay v— ILL ~<4— Palo Verde #-  Rovno91 i
- —o— Bugey-4 %~ Double Chooz —# Krasnoyarsk —#— RENO = SRP
- —&— Chooz <— Gosgen —*—  Nucifer —#%— Rovno88 STEREO .
o
c3 " T ]
ks — x* % -
T 1 |
%“{ o N R zgg- L i 1 =
O W — 3 L1 34 ]-‘ +
5| A : _
aT o ‘
én:m“ g I~ [ m ]
o
= 0.022 |
o +U.
- RKIZO-975_O.021 -
o
|\' | M| L L L L L L ! |
o
10 10° 10°
L [m]

Sunny Seo, IBS

- Reactor v flux anomaly disappears !

J. Kopp
@Nu2022
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* Reactor: 100 MW,

e Segmented GdLS (1.8 ton)

e Baseline: 6-12 m

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

(r=10.5cm)

neutrino flux measurment:
"NGa+ve— "Ge+e

Inner zone

Neutrino-4 (2016-2020

Quter zone

N(LEYN(LE),,

)

?,sin’26,, = 0.36

13
12
11 " ff».
w0l ™ &
0.9 - i%
0.8
0.7 4

0.6

Reactor ON

T

+/DOF =1.21, unity "/DoF = 1.68 |

I
1 Best fit: ~140 K IBDs

05 , . .
1.0 15

L/E (m/MeV)

BEST (2019)

B/ By = 0.97 £ 0.07

2.0

T
25

BEST best fit:

Am?,, =3.3eV?,
sin%(20,,) =0.42

Combined result:

%08 T ]—
I [Tt Ry=080%0.05
0.7
0.6 1 1 1 | 1
o : v ol & &
& & L g o o
T Y

Ry

R,

Am’ (eV?)
(=] b [ S} w > wn (=)} ~ oo O
1 1 1 1 1 1 1 1 1

® Am412 =7.30 +/- 1.17 eV2
sin2(20,,) = 0.36 +/- 0.12,... (2.9 5)

Combined w/ past Gallium Exps.

S

( ‘ I3(}' J

| . [ 26 1
Neutring-4 | [ Jie ]

! * b.fp.

[ [ ‘ ‘J‘ Am? = 7.3eV?

/) sin?26 = 0.36 1

——"" Am? = 1.25eV? ]
> sin?20 =0.34

T T T T T T T T T
00 01 02 03 04 05 06 0.7 08 0.92 1.0

sin26



AmZ, [eV?]

VAN

—— NEOS 90% CL
—— Mension (2011) 95%
Kopp (2013) 95%

Gariazzo (2016) 20

107"

102 107" 1

sin®20,,,

PRL 118, 042502 (2017)

arXiv:1912.06582

HEPdata.92323

fon 10! T
> }
Q L — il
— 1 — H ST E R EO
iE x 24—
< xag 5. 41/ n
. ° o
1 ] off
= RAA 95% C.L.
— - RAA99%CL. —)
*  RAA Bestit {
STEREO (179 days reactor-on): \\\
[ Exclusion Sensitivity: 95% C.L. \\\
1 0 1 [ Exclusion: 95% C.L. \ N
1072 107"

10

VSBL = Very Short Base Line

Am?, [eV?]

Neutrino-4 2005.05301

Y Y T Neutrino-4 = P = 2
Neutrino-4 e - i 0 4
j 90% CL
10 t 95% €L \ : o~ ———— .
] ] 107
1 720d on ]
1 417d off 2¢ lo
- J Neutrino-4
>
Q
w1
£
<
DANSS™* :
90% CL st
NEOS /.7 Yo
90% CL
0.01 0.1 1

sinz(20 ",

Neutrino-4 result is partially excluded
by STEREO and PROSPECT.

193d on

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

Gallium Anomaly (Kopp), 95% CL

A3, [eV7]

1072 107 : 1
sin®20,,

PLB 787, (2018) 56-63
PROSPECT

10 —
- 96d on
73d off
1 - =
| — FC Exclusion, 95% CL
| — CLg Exclusion, 95% CL
[0 Sensitivity, 95% CL, 10
I (] Sensitivity, 95% CL, 20
[ ]SBL + Gallium Anomaly (RAA), 95% CL
107 ; | ;
102 107" 1

arXiv:2006.11210 S" 2%



VSBL Near Future Plans

J DANSS-II

-- Data-taking until spring 2022
-- Finish upgrade of detector in 2022
E resolution goal: 13% @1MeV

L PROSPECT-II

-- will upgrade detector

- PMTs outside LS target
- Better isolation & control of LS
- Increase target size

-- Data-taking: 2023 (?)

J Neutrino-4

-- will upgrade current detector
-- Restart of data-taking: end of 2022

Sunny Seo, IBS
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A m3,, 3B?

10':'

- DANSS-I| =4

- 1.5 years of data taking

I Sensitivity of Upgraded DANSS
10201-H { 1 e e e S B | ! i | |

=TT Neutrino-4
positive
result

Sensitivity
2018

1 2 1 1
g 2 sin’20,,
PROSPECT-II Sensitivity Gains
(\‘> QL)% CL, PROSPECT ‘
[ —1yr Sensiti\{it.y ]
(\IE; :: z::: g:::?:sz Sensitivity —
— Curren t Exclusion
g 10 ; =
i3
107" E
—J 1 l 1 L 11111 J 1 1 1 L1l l_
107 107" 1
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Short-Baseline Anomalies: Current Status

uuuuuuuuu

Measured / predicted

Beam Excess

WEEEEEEEY

reactor flux anomaly
resolved with new input data
to flux calculation

reactor spectra
is there really an anomaly?

gallium anomaly
unresolved, recently reinforced

LSND
unresolved

MiniBooNE
unresolved

DUS 2022 @Sydney

lw IQ lﬂ ]

S—

J. Kopp
@Nu2022

Still
unresolved
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Short-Baseline Anomalies: Current Status

reactor flux anomaly
resolved with new input data
to flux calculation

Events

10 : 95% CL B LSND 90% CL (allowed) —
i exclusion LSND 99% CL (allowed)
— i limits
__ 10F - MicroBooNE 95% CL, (BNB data)
s - profiling over sin°e,,
NEV N
>
e Ve appearance
: - MicroBooNE
-BNB Run 1-3
[ 6.369 X 10#' POT
.; 10—1 r 1l L 1 el L aaw
] 107 0° 1072 10 1
. Sin°20,,, |
unresoivea o

Measured / predicted

DUS 2022 @Sydney

S—

J. Kopp
@Nu2022

Still
unresolved
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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] | 7 DIF 800 MeV [ 110m /470 m /600 m | v, = Ve / D), — Ve
JSNS? [6] m DAR | 40 MeV 24 m Uy — Ve

e 17 ton GdLS target (cf. LSND = 167 ton LS) JSNSZ-II Data taking:
* Better E resolution than LSND (2.4 % vs 7% at 45 MeV) End of 2023

N

——— JSNS” 90%C.L

—— JSNS’36

—— JSNS’ 56

7] LSND 90%C.L

[ LSND 99%C.L

------ OPERA(2013) 90%C.L

-1 ~
10
- 5 years x MW X2 dete::\\\

DUS 2022 @Sydney10-120,4 Ly ““1.3 VI ] ‘JA“I.z UL 2K 1 } H“l.l T b S H L 28

—— JSNS? 90%C.L
[Jsno %cL
[ snp %cL

----- OPERA(2013) 90%C.L

Al
—h
o
IlIHl T T 17177511

A m?[eVZ/cH]
3’\)
T T TTTIIT
2
Am [eVZ/c4]
—
o

T TTTTIT

IRRL
—t
|

T

T T TTTTI0
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Short Baseline Neutrino (SBN) Status @Fermilab

it Anne
' i ST Schukraft
T L N @Nu2022
o ICARUS MicroBooNE .~ — -SBND
SBND * Detector construction underway <+— Systematic
. . Constraint
§ (110m, 112ton) Detector installation: end of 2022 (~% level)
A ’

* Detector commissioning: 2023

ICARUS ¢ Detector installation: July ‘18 —"19
* Detector commissioning: 2020

e 1St Physics data: June 2021

e (Calibration campaign in process

* Preparing to start its physics run

(600 m, 476 ton)
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SBN@Fermilab Sensitivities

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

Appearance and disappearance
tested in one program

Ve dppearance
B v
i ) Jostm— Vv, —> V. appearance
10k 8 [ LsND 90%
= . [ ] LsND99%
A~~~ I
< B
> —— SBN 30
QL B
oS -
e B
< |
107
: (1) S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
| (2) M. Dentler et al., arXiv:1803.10661 [hep-ph]
1 | 11 | | | 1 | 1 11 | | | ‘ 1 |1l |

v, disappearance

[ Global 3+1, 30 allowed”
E= v./ v. App, 3c allowed®

(eV?)

2
41

Am

v, disappearance

[ Global 3+1, 30 allowed"”

v,/ v, Dis, 30 excluded”
—— SBN 3o

LI
~
-
e
e
e
e
.
-
.
e
ea.
tea.
“a
“
-
ey
s
.y
“an
e

(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 I I N |

1072 1072 10™"
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Sunny Seo, IBS
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https://arxiv.org/pdf/1903.04608.pdf




LSC @Yemilab, Korea

d Yemilab: new underground lab in Korea (~1 km overburden)
LSC Hall

LSC = Liquid Scintillation Counter
A LSC Pit: 20 m (D) x 20 m (H)

Y;ancheon °xel —.OA.yZL
: ; AYzlgyens LSC Hall construction:
e~ GANGWON _
e seo . Tunnelentrance  June 2021 — Feb. 2022
o .
Incﬁeonewrm Yemilab

QI

CHUNGNAM

Gongju Daeieo
F59 Crfx

GYEONGBUK

XiBs H
u (o)
Jeonju é:\eg Pohang
M Ho:‘l 3}
o]}
JEONBUK Cheongdo, UI%sgn
3 o
" GYEEONGNAM
GWEEEQ(QJU “Gurye Gum?l%ﬁo
H4ampyeon o | =] o
g’ Gwangyang Busan
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The 1st Yemilab Workshop Oct.15-18, 2022

Oct 15— 882022

High-1 Resort, Grand Hotel Convention Tower 5th floor https://indico.ibs.re.kr/event/531/ Q

Asia/Seoul timezone

This is a Hybrid Workshop. Registered participatns will get ZOOM connection info.

Overview
Timetable
Contribution List
Registration
Participant List
Venue
Accommodation
Meals and Banquet
Gondola and Hiking
lOE

Covid Situation

Visa & Entrance to
Korea

X1 sunny.seo@ibs.re.kr

Welcome to the T1st Yemilab Workshop!

Yemilab is the first deep underground lab dedicated to science in Korea and its construction
was successfully finished recently. To celebrate the kick-off of the Yemilab, we are organizing
this workshop and cordially invite world experts in underground physics. New ideas,
technologies, or perspectives will be shared in this workshop.

Anyone who is curious or excited about Yemilab is very welcome to join us!
No registration fee.

Free meals for all in-person participants who register by Oct. 6 (Th).

e 10/15 (Sat): Arrival, Registration, Reception
e 10/16 (Sun): Yemilab Tour
e 10/17(M)-18(Tu): Physics Workshop, Banquet




LSC cavern




Candidate Detector Design

\§©¥ Target: 2.26 kton LS
i Buffer

Buffer: 1.14 kton mineral oil
Veto: 2.41 kton water

20m [|17m

v 17m N
v, 20m 4

1200(1800,2400) x 20 inch PMTs = 20% (30, 40)% coverage

Sunny Seo, IBS DUS 2022 @Sydney 34



Broad Physics Program

Crust
Mantle

Outer Core
Inner Core

g New step to
Dark Photon ' Geo Science

. e Sterilev ------

FIII >
r Balloon (1B)
iameter

Sunny Seo, IBS

P
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] Sterile v search w/ IsoDAR@Yemilab

The IsoDAR Cyclotron and lon Source

44— "6 meters —>

Protons
60 MeV
10 mA
600 kW 4L

Cyclotron

Low Energy Beam
lon Source Transfer Line

9 St
IsoDAR v spectrum (1) o Bem e

IBD interaction

e
g2 p+°Be = B +n . S
518 (2) n+7Li—BLi+y p +v,—>e +n
£1.6F

o] E A

B14F 'k Y
1.2 _ o // - \\

é 1 ®Be+ e~ + Ve n / /6 delayed \\_,,,ﬁ
0.8 @V ~200ps ;
0.6 " LT v

£ T
0.41 . ‘-\\ — v (2.2 MeV)
0.28 p ‘. ~few ns
%

DUS 2022 @Sydney v (511 keV)< - - - @ --- > (511 keV)
+
€



Observed/Predicted

Sterile v Search w/ IsoDAR@Yemilab

Possible Models & Signatures

(3+1) v

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

Tl

0.5 E\\. /\\ |
VARV

o position/energy smearing
* With position/energy smearing

R A o L R e
0 1 2 3 4 5 6

L/E (m/MeV)

7

Observed/Predicted

1.00

0.95

0.90

0.85

(3+2) v

IsoDAR@Yemilab: (3+2) Model

with Kopp/Maltoni/Schwetz Parameters

=

L/E (m/MeV)

\ iy
Al oo
\\/W \l\

Observed/Predicted

1.00

0.95

0.90

0.85

0.80 1

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-!

\

A

\\\\ //\‘ \ M%TI‘H\H/ = *ﬁ%

L/E (m/MeV)

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

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

1910.13456
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Sterile neutrino search Sensitivity

arXiv:2111.09480
PRD 105 (2022) 5, 052009

Am? (eV?)

/

Global Fit 2019

Sunny Seo, IBS

IsoDAR @Yemilab P(V.> V.)

10
IsoDAR@ Yemilab RAA
(5yr 50)

—IsoDAR@Yemilab 5yr 50
——Prospect 96days 50
RENO+NEOS 50
—Best-Gallex-Sage 30
---Best-Gallex-Sage 10

—
]

'utrino-d(lc} q
)

0.1 .
0.001 0.01 0.1

sin220,,

 World-leading result
e Definite conclusion on
(3+1) v or not

Advantage:
Unlike reactor/accelerator v,
IsoDAR has very well defined
v flux and shape.
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keV Sterile v

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 Leach

@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
V.
Z
N !:, 14 S v,
v, D, 7 W

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

107

Image Courtesy: Chandra/NASA

I
= 1071} ‘ 7.1 keV neutrino?
.= y Clusters
n | 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)
1 0-] 1]

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
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keV Sterile v Search Experiments
KATRIN & TRISTAN

CUP Tritium Exp.

H end point gp w ;

LiF + MMC

LiFCH)

MMC MAGNETO-v

Detector: Magnetic Quantum Sensors with Gold foils

SQUID

Pu Aufoil Ay wire 241py end point
LiF crystal (Thermal couple) '
N ] Magnetic sensor
L
q;f: -
/ \/ Phonon collector

gold wires Superconducting Pick-up coil

PROJECT-8

3H end point

Magnetic
trap

g Detector

BeEST  Ec decay of 'Be

10~100 keV




KATRIN

Tritium 3 Decay
T1, (3H) =12.3 yrs

e B
- &
\o_
'H V' ’He

Q-value (Ep): 18.57 keV

Tritium Source
* 95% gaseous T,
* High activity 2:101° decays/s

Transport and Pumping
* Transport of electrons

Spectrometer
* MAC-E filter = High pass filter
* Energy resolution 2.7 eV

Focal Plane Detector
* Silicon detector

* 117/148 pixels used
* Counts electrons

* Rejection of tritium ions

L N Gd—N(m ive) + sinz(Bl))ﬂ (m 2))
If m, =0, then 3" end pointis 18.57 keV. dE TR IEG
~ 510"
100 - - ' Eul specirum s F Characteristic
80 1,0 ° ag: kink-like signature
L -9 - 5 '*-A'_‘.‘
2 £ :
S 6ot 3 03 ] 15 The count rate will be
L = .
© A orders of magnitude
- 0,0 - e .
§ 40 D186 124 6.2 0 s larger than in the normal
E. —E,in keV i .
ol mve) =0ev n o I EE | Z KATRIN operation
m(Ve) = 1ev 51
rn(ve) =2ev ‘
30 —2.0 —2.0 -1.5 -1.0 —05 0.0 SO A T SO TR T e 41
Ekin - E,ineVv 1) Active-to-sterile mixing amplitude E (keV)




TRISTAN dPhase-0: using existing KATRIN

« To handle high statistics: >100 MHz U Phase-1: new detector system

 To measure entire spectrum
w/ extremly small systematic uncertainty

* Good energy resolution (300 eV @200 keV)
* Low threshold: 1 keV

Prototype

Silicon Drift Detector Final detector
n+ anode Install in 2023

V The final detector will consist of
.~ 20 modules with 14x12 SDDs.

p+ back contact

DUS 2022 @Sydney



keV Sterile v Searches: Conclusion & Outlook ks

@Nu2022

° Nuclear decay provides c? 1% T 1 ||\|\|\||| T 1T I T T TTTT
a powerful, model- = 10 N\ ,,
Lr;]dekpci/ndi:t\p;robe in c\!| 10°2 é‘ X 1:\\1;
e keV — MeV mass N - W
D103 N
range = = e S
104 (110 ke Wb
* Significant progress in JgrEg — SHstencallimis gt -
measurements over the sE T BEES 3
W™ E s DUNE =
past 3 years —enabled = =
: 10" e ----- HUNTER
by quantum sensing
108k KATRIN, TRISTAN
] . . B eeee- Project 8
* Experiments poised to 10°E i
increase SensitiVity by 10_10 11 IIIIIII L1 IIIIIII L1 IIIIIII L1 11hil
5+ orders of magnitude 10" 1 10 102 10° 10% 10> 10° 107

in the next decade m, (eV/c?)

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



Takeaway Message

v oscillation physics has been very successful in the past and present.

J Precise measurements of oscillation parameters are needed.
JUNO: sin?20,,, Am?,,, |Am?3;| 2> <1 % level (6 yrs data)

(J DUNE and Hyper-K will measure CPV and v mass ordering w/in 15 yr.

d Sterile v (~eV scale) scenario will be checked by (near-)future exp.

d keV sterile neutrino is still one of candiates of DM.
— Direct searches are pursued by many current/future lab experiments.
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Recent Results on CP, MO

. g . 20
Anti-nu  : 12.5x10%2° POT Anti-nu  : 16.3 x 102° POT
| I T 1 I | I I | I T | I 1 | | T | I | l-’
60-NOVA FD m . T2K Runl1-10 Preliminary

: 13-60x1 020 POT_equiV (V) : 8 24 i T T T T T T T T T I T T T T T T T T | T T T T | T T T T I T T T T | T :
g - 12.50x10%° POT (v) 2020 1 r§ = e, 2020 :
8 3 1 T 2f g =
50(— o — = = s .
o . O - ]
g B n EOM: 20 [ ."x: =
3 I ] - - 7
(0] B 1 o 18— _
S 40— = 3 - :
S | ] g 16 =
[ - ] o) — i
0 L | R= 14 I ]
T 30— | 8 - ——sin’0,,=045,050,055,060 O 85=0 .
o 7 | 2 T AmZ,=249x107 eV? ® dp=-m2 §
> ((,\\ S 12 [ e Amﬁl = —2.46x10" eV2 [ 168% syst err. at best-fit —
2 i | = - 0 d=n v Best-fit _
_ﬂ : 1 < 10 . m 5; = +7/2 —o— Data (68% stat err.) 7
(@] 20— &0( | 0l v by v b v b b b b oy

= [ ©8cp=0 © dp=m/2 i 50 60 70 80 90 100 110 120
:Dl Sgpm B Ocp= ?“/ 2 ,* 202? best fit ] Neutrino mode e-like candidates

20 40 60 80 100 120

Total events - neutrino beam Statistical error dominant ! 46



MicroBooNE

: SBN NEAR Mir
— DETECTOR T4

SBN FAR
DETECTOR

MicroBooNE/ SciBooNE
LArTF DETECTOR ~
MINOS H Bea e e
o Booster Neutrino Beam ... .(¥3). ...
= e o 6 o s o @

- y
IC

AR

AR\JS MicroBooNE =

Sense wires

U\/Y V plane waveforms LArTPc
| \/  LAr: 150 ton (80 ton active)

e TPC: 3 wire planes

LAr-TPC

( v Charged f1-**
particles [.[.2

(2.5x2.3x10.4 m3)

p total 8256 wires

Ziig > Data taking: 2015 — 2019?

Y plane waveforms

» » Total ~1.32 x 10*! POT

| 4

» MicroBooNE can distinguish e and v. v



MicroBooNE arXiv:2110.14054
MiniBooNE

Events/MeV

1eNpOm v, selection 20.0 1e0pO0n v, selection
MicroBooNE 6.86 x102° POT ' MicroBooNE 6.86 x102° POT
— — — — — — — ’ 20.0+1 —— constrained prediction vother: 5.5 17.5 —— constrained prediction v with n°%: 8.6
B ! e Data (stat err.)| t 175 == eLEE model (x=1): 9.3 . ve CC: 75.4 ——. eLEE model (x=1): 3.3 Ve CC: 12.8
A ] 227 B Outside TPC: 0.0 BNB Data: 64 ; . .
5_+ ] v, from “Z 1 > R Uncertainty = 15.01 [ Out5|de. TPC: 0.5 4 BNB Data: 34
from K ) ] —_— o [J) v other: 2.6 Uncertainty
- l:lve 0 - 215.0 1 1 v with n%: 5.1 s — ics: 5.7
- - s 1 S 1251 H— S 2 o
4= A - - - =5 ~ 10.0
|t — ] g0y 1leNpOm 2 1e0p0
| 1 = | +~ i e p TC
[ other c 75, c 75
3 + ——— Constr. Syst. Error 7 g ' 2
i Best Fit qw | W 5.0
] .51 2.5
2 - o . +
______ . 500 1000 1500 2000 ' 500 1000 1500 2000
] Reconstructed E, (MeV) Reconstructed E, (MeV)
1 """" —]
________ - 45 MicroBooNE 6.369 x 10% POT
- —e— BNB data, 338 Pred. uncertainty
- [ Others, 10.0 NC,22.5
8.2 0.4 0.6 0.8 1 1.2 1.4 3.0 40 v, CC, 193 [ v, CC,333.1
E%E (GeV) 5 - = =+ eLEE Model (x=1), 37.0

W W
S

leX

6.86 x 1020 POT
v data

» Data taking: 2002 - 2019
» Total “3 x10%* POT (1.66:1inv:V)

— N
W O

Events/100 MeV
o
IIlllIIlIIIIlIIlIIIIIIIIIIIIlIIlIlIIIIlIIIIII

19F (50 % data)
SE-> +
5= P - e

Sunny Seo, IBS 0 500 1000 1500 2000 2500 48

Reconstructed E, (MeV)




MicroBooNE

arXiv:2110.14054

Signal-enhanced region comparison

lelp
CCQE leNpOm | 1e0pOm leX

E, (MeV)|l 200-500 150-650 | 150-650 0-600
Predicted, || ¢ ¢ 1+ 50 1/30.4 4 6.1/19.0 + 5.3|/69.6 + 9.4

no eLEE
Predicted,

W/ oLEE 18.5+4.4(139.0 £6.8{22.3 +5.7|| 104 + 12

Observed 6 21 27 56

eLEE : e Low Energy Excess

U The expected event rate is dominated by
intrinsic v CC events originating from
the beamline, rather than background
events involving photons.

Sunny Seo, IBS

CUBES lll @Gurye

Events Observed / Predicted (no eLEE)

2.5 A

2.0 -

1.5 -

1.0 -

0.5 A

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

-

0.0

{ ¢

lelp
CCQE

1eAip0rr 1e0lpOrr 1éX

49




eLEE Signal Strength (x)

2.0

1.5 1

1.0

0.5 1

0.0

MicroBooNE

arXiv:2110.14054 for that excess at > 97% CL for both

» MicroBooNE rejects the hypothesis that
ve CC interactions are fully responsible

—@=— MicroBooNE Observed (1, 20)
1|==== Expected, no eLEE (20)

10'g ———— MiniBooNE approx. (x10)

exclusive (1e1p CCQE, 1eN p0O1r) and
inclusive (1eX) event classes.

» Additionally, MicroBooNE disfavors
generic v, interactions as the primary
contributor to the excess, with a 10 (20)

Fefpm————— i —

upper limit on the inclusive v, CC
contribution to the excess of 22% (51%).

-]

—t =l

(@t —

lelp CCQE

» While the MiniBooNE excess remains
unexplained, MicroBooNE sensitive
measurements are so far inconsistent
with a v, interpretation of the excess.



“Sterile Neutrino Searches with MicroBooNE: arXiv:2111.05793
Electron Neutrino Disappearance”

leX channel
45 MicroBooNE 6.369 x 10’ POT
= —e— BNB data, 338 Pred. uncertainty
40 [ Others, 10.0 NC,225
= v, CC,193 v, CC,333.1
b5 35:_ = = =« eLEE Model (x=1), 37.0
O - .
= 30 :
S i
& 20F + ‘
o= e =
215t .]. ‘[’ -
10E- _
O: =] P
0 500 1000 1500 2000 2500
Reconstructed E, (MeV)

O Note the deficit was observed in 1eX channel.
- v.disappearnce ?
- sin?(20,4) = 0.30, Am,,>=1.42eV? at 2.2
(* The other partially independent channels
have compatible hints. )

103 :
arXiv:2111.05793
10% | f
omm
=
9D, 1
~ g ].0 3
<
100 T -
*  Wire-Cell best fit Gallium best ﬁt
Wire-Cell 1o Gallium 10 : —— RAA 20
1 Wire-Cell 20 Gallium 20 : +++++ Solar 20
10~ ;

102 1071 100

= Or unmodelled inefficiencies cause the deficit ? sin2(20,)



» Disagreement between MiniBooNE & MicroBooNE
» The tension between appearance and disappearance in the global fits
» The possible unmodeled source of photon-like signals in MiniBooNE

- Need a more complex sterile v model ?
(if new physics is indeed the source of the anomalous results)

» IsoDAR@Yemilab can test more complex sterile v model.

Sunny Seo, IBS CUBES lll @Gurye 52



PRL 125, 071801 (2020)

IIIIHI 1 IIIIIIII I IIIIIIII 1 III]IIII I
90% C.L. Allowed
[JLSND

— MiniBooNE (2018)
[]Dentler et al. (2018)

[]Gariazzo et al. (2019)

10°

L e

 Some disagreements between
MiniBooNE & MicroBooNE

The tension between appearance
and disappearance channels

10?

TTTTIT T IIIIIIII T IIIIIIII T TTTTI

(eV?)

= P(v, 2 v,)

v

2
_;41
-
=
N
<|

Am
(p]

- Need a more complex sterile v

model ?
(if new physics is indeed the source of

90% C.L. (CL,) Excluded

| IIIIIIl| | IIIIIII| | 1 III| 1| IIIII[ | IIIIIII| | lIIIII[|

T IIIIIII| T IIIIIIII T TTTT

10_3 — NOMAD
-~ KARMEN2 the anomalous results)
— MINOS, MINOS+, Daya Bay and Bugey-3

10—4 llllllll 1 IIlllllI 1 llllllll 1 llllllll 1 llllllll 1 lllllllI L L L1V

10°% 10° 10* 10° 102 10 1
. 2 _ 2 2
sin 2eue = 41U, IUMI

» IsoDAR@Yemilab can test more complex sterile v model.

Sunny Seo, IBS DUS 2022 @Sydney 53



Current Limits & Future Projections
10-2 _ S.H. Seo & Y.D. Kim
§ JHEP04(2021)135

10~°

Belle-ll
—— FASER ]
—— HPS E
LHCb 5
SHiP
—— SeaQuest
——— VEPP3 -
— Yemilab 0 bkg 3
95% CL —— Yemilab 103 bk ]

106
10~/ 7

10—8;

10—9- /A N |||||I_ R | L
/ 1072 \ 107 100 10! 102
Yemilab 0 BKG Yemilab 10% kg M [GeV] https://gitlab.com/philten/darkcast

Best “direct” DP search sensitivity in M,< 30 MeV (103 BKG) 54



y = A’ Oscillation Sensitivity S.H. Seo & Y.0. Kim

0 JHEP04(2021)135
N I/]/\ b T v T EW
\\\?,\ "1 "
-3 i
6 L: 10° bkg e o) my<1MeV
w YL: zero bkg
&0
) Y
= r QO\L Sun-T |
12t HE TdpM
15 k ' i
2 0 2 4 s
Logip m, [eV]

s s BeSt “direct” DP search sensitivity at sub-MeV region
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Current & Future Longbaseline v experiments

T2k | NOvA | DUNE | Hyper-k | TZHKK/KNO
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 <2 GeV <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° 1~3°
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 | )
1 1
operating Construction phase

Sunny Seo, IBS

IWC detector for HK

DUS 2022 @Sydney

(off-axis)
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Leptonic CPV & MO in < 2040

Sunny Seo, IB

HK: JD + KD HK: JD + KD DUNE
Beam v Beam+ atm. v Beam v
295 km + 295 km +
Baseli 295 k 1300 k
aseline 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)
Scp - TC/Z, 31'[/2
~8 >8 >8 70,8
(known N.O.) © © © [70,80]
Ocp precision
22° 13~14° ~11°
@ O¢p = /2, 31/2
Ocp cOVerage ~76%at3 o >76%at3c  >76%at3oc 65%at3 o
(known NO)
MO >1lo >60 >750 >80
(true: NO) for all o¢p pufaralbdcpey for all 5¢p for all d¢p
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NH enhance v, suppress antl -V IH enhance antl -V, suppress Y
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