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Particle Physics and Neutrinos

How we do understand the fundamental interactions in Nature? SM?

- (a e-like S
Neutrino oscillations: unique hint of new physics @ e | — _
. . uu;l 60 Q@ ‘-2~ 8/4‘ dOf'
beyond SM of particle physics. > ol A _H )
o = = P =gq3+0.13
e MC 0.9
5 20f +MC stat | Voum —0.12
At least two neutrinos have non-zero mass. L — )
17 E (b) FC p-like + PC “ (SAQPB)
Mass terms in the Lagrangian: how do we describe @ §2°° ] — - 30 /
them? See—saW? C. Amsler (Nucl. and Part. Physics) Lu; 1l :;_—w —+ m_.l_. 4 dD‘f
o June 199'8,|T. Kajita, U. of Tokyo

[’mass o

SM of particle physics must be modified to include the non-zero mass term.

Sterile(non-interacting, only through mixing) neutrinos exist? Dirac or Majorana’?

Full understanding of neutrino physics is one of prime interests in particle physics.
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Schechter and Valle, PRD 25, 2591 (1982).

Particle Physics and Neutrinos Vi
R - - o
: : : 3 5
Known in neutrino physics 1\ u ]
@ Three active neutrino flavors: v, yﬂ, ? 7
® Nonzero neutrino masses |4 {671/77'} : : vV S BLACK BOX
2 =
' : = R
Unknown in neutrino and VL = UL - E
particle physics 7 Wt
Ye
® Existence of Sterile Neutrinos ?
® Property of neutrino: Dirac or Majorana particle ? The VEYE
® Are there any Beyond SM physics phenomena? will explore
Dark photon, ALPs, Low-Energy Electroweak physics and so on. these
® CP violation and mass ordering in neutrino: questions!

Hyper-K and DUNE will answer this question in about 10 years.
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nature View all journals (Q Search Log in

Explore content v  About the journal v  Publish with us v Subscribe Sign up for alerts £} RSS feed

nature » news » article

A new underground facility in Korea (1000 m deep).
NEWS | 30 May 2024 (https://arxiv.org/abs/2402.13708)

Disputed dark-matter claimtobe  Existing Yemilab pit can host 0(2) kilo tonne detector.
tested by new lab in South Korea

A multi-million dollar facility is hoping to put a 21-year-old debate about dark matter to
rest.




Selected Physics Cases



Summary of sterile neutrino search over the last 20 years

Since the LOND anomaly, a lot of efforts went into the search for the sterile neutrino.

- KARMEN (neutron spallation) did not confirm LSND.
- MiniBooNE (v, + 7,) compatible with LSND but with low energy excess.

- pBooNE disfavors MiniBooNE and LSND (not rule out completely).

- Daya Bay, RENO found deficit but likely due to flux calculation issue.
- NEOS, STEREO, PROSPECT, DANSS, SOLID: no evidence, Neutrino4 found arguable 36 signal (Am? =7 eV?).

- SAGE, GALLEX (solar v, disappearance)

found Gallium anomaly:.

- Most recently BEST experiment claimed 4o

signal (3.4 MCi 51Cr source, radiochemical

method)

- Recent nBooNE result, Nature 648, 64—69

Am’ (eV?)

(2025) disfavors a single sterile neutrino state.
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Baksan Experiment on
Sterile Transitions (BEST)

Phys. Rev. Lett. 128, 232501
(2022)



Sterile neutrino? (Example: two talks in Neutrino2024) - eI @ itNars ez te e e

June 21, 2024 (v1) Presentation m

Sterile v: review of positive hints
Gorbunov, Dmitry

7427 b, = v, Mixing angle

MU/ L, — b,

7k&7) 718 |

Dianarstalle at thn Neytrino 2024 conference. Session 14: Re

ber 13, 2024 ® 35 S 45

High Energy Physics - Experiment

Sterile neutrino or

not ?

[Submitted on 14 Jan 2025]

Experiment BEST-2 with 58Co neutrino source
& open_

V.N. Gavrin, V.V. Gorbachev, T.V. Ibragimova, V.A. Matveev

The article describes a new experiment with an artificial neutrino source 58Co on a gallium target GGNT (SAGE). The goal of the experiment is to study the

Sterl Ie V. reVIeW Of negatlve h [ ntS gallium anomaly. The experiment makes it possible to find the parameters of oscillation transitions of electron neutrinos to sterile states in a wide range of

: : . parameters. Including the parameter {\Delta}m2, the experimental determination of which usually causes significant difficulties. An important feature of the
Danl |OV’ Mlkhall experiment is the possibility of identifying the dependence of the gallium anomaly on the neutrino energy.

Plenary talk at the Neutrino 2024 conference. Session 14: Reactor neutrinos.

Radiochemical method:
Part of Neutrino 2024 (Talks)

Uploaded on September 13, 2024 - _I'Trgaligl. HJ—%%J— _?_ %_C[)_‘%_/I\_% 7;!2&
= 2{=l7]| ore
BEST results are to =304 BEa. _
gatz o2 22|t & 594 J4E
be confirmed. =
—/] O
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Sterile neutrino search with vEYE Will be the first of its kind in the world!

Use high activity radioactive source (144Ce or 51Cr) + in situ detection of signal w/ vEYE.

2 Lf]™ce BD threshold Radiochemical
= - = .
> A 18 MeV TH =22 Both sources show similar
< 77 sensitivity (purple) to confirm
144(a = UV, source
S5 or rule out BEST result.
3107
@) 144Pr
= 10
= :
%10_2....|....|....|...|....|.... — —— @Center (90% CL)
O 0.5 _1 15 2 25 3 — @Buffer (90% CL)
Neutrino energy (MeV) Q B
7 = = IsoDAR @LSC (50)
. 511y O _ —— Best Limits
E Daya Bay + Bugey-3
S NEOS-II
9009%, 752.62 keV 08)- B STEREO
S1Cr U e SOULCE % _ PROSPECT
.
2 1y = [ * RAA
~ @ BEST
9'91%7432'54 kev 10—1 ] I | | ] ] ] ] I | | ] ] | 1 1 1 | ] ] ]
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High Radioactive Source in Korea?”

SARE A A2 (=L A= =71
144Ce: nuclear waste = FE| = (E2 = 710(|A] A|2f). 2t Borexino Al
51Cr: HAL=Z 224 0[A sample activation (B4 &0J). 7|= SN M AFEH.

U YAMIS AL ARSI+ A HAF S T2
=




Mass Squared Difference

Optionally, with a high-current accelerator:

If IsoDAR is available: Generation of neutrinos with high-intensity accelerator.

107"

— Best Limits

— @Center (90% CL)
- @Buffer (90% CL)
— IsoDAR @LSC (50)

Daya Bay + Bugey-3

— NEOS-II
- STEREO ‘
u PROSPECT !
~ + RAA ,
< |
@ BEST N
| | L 1 1 | | | | | L 11 | L 1 1 | | | |
10°° 1072 107"

Oscillation Amplitude

oK

TLi(n,p)®Li", 8Li -8 Be' + e~ + ¢,

Both source and accelerator (green)

allow us to confirm or rule out
BEST result.

Massachusetts Institute of Technology Janet Conrad Building 26, Room 537
Professor of Physics 77 Massachusetts Avenue

I N . Cambridge, Massachusetts
I I 02139-4307

Email conrad@mit.edu

To whom it may concern,

As a scientist who has worked in the field of neutrino studies for more than 25 years, and
has served as co-spokesperson of the MiniBooNE and IsoDAR collaborations, I am writing
this letter to express my strongest support for the construction of the vEYE detector at
Yemilab. vEYE is a crucial project for the international particle physics community, and
my group at MIT intends to actively participate in the experiment. My own interest is in
coupling vYEYE with an underground accelerator, IsoDAR, that we are developing and would
bring to the project, that opens up a program of physics that cannot be explored at any
other site in the world. The area of high-intensity, accelerator-based underground physics
has enormous potential for discovery, and IsoDAR@QYemilab would be first-of-its-kind.

Construction of vEYE in combination with an internationally-funded high-intensity ac-
celeratbt underground is a game-changing idea. At present, particle physicists build mas-

. . . 3 ] .
1N XYy 111/\/1/\1/"[‘?1/"/\111/‘\/4 /*.In“-nn“-/\'v-m +f\ nnv\“-111n/\ 1/\1’1‘7 Vat aat Ve th db d 11n+/\1nnn+1f\'v'\m TTT1+]/\ 111/\7'\(\1/'{\1]/\1/\/1 Lt LV aVvaeh Fakh at 'aY



Solar neutrino physics with vEYE

Among possi!

- Radio-purification is required.
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Detailed understanding of signal /background (reduction of
background) is critical.

.00

ple topics, so called observation of the “up-turn" seems the most important.

For pp, error doesn't scale with Red: vEYE
1/\/N due to pile up of 4C. Black: Borexino
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Only(*) YEYE can provide points in this region.
(5 year run here)
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Neutrinoless double beta decay (0v33) with VEYE

At the end of the experiment, the vEYE telescope can be loaded with metal to allow a 0v3[3 experiment.
Candidate isotopes: Tin-124 (Q=2.2 MeV) or 130Te (Q = 2.54 MeV).

This topic requires a long-term R&D on the loading issues.

Current R&Ds and Sensitivity

—

o
w
o

EXample fI’OHl CPNR WOI'kShOp Of 2025. r TMHA + Ammonia solution -> Salt + Water % ? — 48C&, bkg-free ,,,.-"if
O [
som -, somt RCOONH, CaCl, Ca(RCOO), S b —— "Ca,bkg=10"kg_ ROl yr A"
Chang Hyun Ha (CNU) Ntteten O Nl ey g yom ooy pentroe s
. . ﬂr ® Ca(RCOQ), | _ q:, — - Cd’ bkg-free ad :
Idea: Isotope loading and extraction 9 P 9 2 S | ‘§ - "6Cd, bkg=10*kg_ ROlyr .~ e
B iso . s
; ® o o
TMHA 50mL .: e T WA g 10% - - :
https://indico.neutrino.or.kr/event/356/timetable/ LAB 0mL Waer, water || S . G o
#20251024 .detailed — S . SR =X o _
Acidification is required 1027
CalLsS Stability E :
& ool | _ - s Liquid scintillator
=" stable foramonth ; R&D with KNU sl : 5 yoar operation
Neutrino: Dirac or Majorana| | ' shows 28 g/LCa - 1% nat. Ca loaded
icl Alsjloz 304 | | . loading possible [ 1% nal. Cdioaded
-_— o 1970__ f-’ Ll 1 lIllIlI 1 1 llilllll 1 1 llllllI l: 1 L 111l
partlc = ngp = o— -H- o - : + 1 10 102 10° 10°* 10°
1960} ; Exposure (kgiso yr)
+ 1% nat. Ca loading would give us 114kg * 5yr Exposure (bkg. better, mass lower)

0or] [BE] [0923) [0923.dark] [0524] [0924cark For Cd, 22,500 kg yr exposure (higher mass, a bit of bkg will not be competitive),
For Se and Mo, somewhere in between.




Neutrinoless double beta

- With vEYE or Ct=

e Massive Maj]

orana fermions

® Lepton num
® New mass creation mechanism

her violation

® New mass scale

LEGEND, nEXO) 7|2 &3 A|2F

decay (0v(3(3) with VEYE

O] A2 Alg-d0| Hlaf

https://arxiv.or

g/pdf/1507.00170

YO 2 A2 7|9t EF0| SYF S MY (of
|71 Qe AMITH O|ZHIEHZ D] AHQl LEGEND-1000 A&
| 1000 kg Al&l0| Zlelg|= 742 20354
BHAtOf| 20| WA g, I x| 2 Vam




Detector Design



Detector concept

A 2 kilo tonne liquid scintillator (the actual target-mass is smaller).

At this moment, we consider two options: spherical or cylindrical.
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Shape

Cylindrical

Spherical

Radius (m)
Height (m)
Volume (m?)
Mass (kg)
Number of PMTs

7

14.5
2232
1920
3700

7.25
1596
1373
3000

Size of buffer volume is under optimization.



# of Entries

Target liquid scintillator

Our primary choice is “slow scintillator”, to separate Cherenkov from scintillation.
A chemical lab was constructed to initiate this R&D @ Yemilab.

8000 _ _ «»n 8000 «» 8000
— \\\// time correction [ 0
7000 —— W/o time correction £ 7000 £ 7000
LLI LLl
6000 “s 6000 “s 6000
Pyrene 8 g/L H 41g/L ** C : : :
5000 5000 5000 Hit time distribution from
4000 4000 4000 Geant4d simulation
3000 3000 3000
2000 2000 2000
1000 1000 1000
050 700 150 200 250 300 % 50 100 150 200 250 300 050 700 150 200 250 300
Hit Time [ns] Hit Time [ns] Hit Time [ns]

Detailed R&D status can be found from

CherenkOV Separatl()n 1S enhanced Wlth 2 g/L Optl()ﬂ. . https://sites.google.com/korea.ac.kr/the-nueye-

telescope/pubpresentations
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https://sites.google.com/korea.ac.kr/the-nueye-telescope/pubpresentations
https://sites.google.com/korea.ac.kr/the-nueye-telescope/pubpresentations
https://sites.google.com/korea.ac.kr/the-nueye-telescope/pubpresentations

Photodetector

Our primary choice for the photodetector is photomultiplier technology.
Another possible option: LAPPD - complication of readout, cost issues have to be resolved.

(https://sites.google.com/korea.ac.kr/the—nueye—telescope/pubpresentations)

All well studied by community:
In the market, we have three major choices.

We have samples of all and

- R12860 1 l hoice for this proiject.
is our primary choi r this proj R&D is underway

8 inch MCP PMT Test setup to see Dark

Model R 12860 N6203 N6082

Size (inch) 20 20 8

Peak wavelength (nm) 420 380 380

HV (V) 2000 1900 1750

Q.E. (%) 30 30 30 BN
TTS (ns) 2.4 5 1.6

Supplier Hamamatsu NVT  NVT

4 wf

18 Darkbox L
Inside darkbox


https://sites.google.com/korea.ac.kr/the-nueye-telescope/pubpresentations

Environmental backgrounds @ Yemilab

Measured Radon activity

At the Yemilab site, HPGe is utilized, to Location Radon level (Bg/m?)
. . Up 68 + 14
measure the radioactive background from rocks. Middle 84 4 19
Bq/kg Middle (opposite) 118 =12
Middle (low) 125 + 21
23817 40K 2321 Hall center 148 + 17

Shotcrete 16.7 0.6 447 +16 25.3 +0.6
Rock # 1 19 =2 618 == 69 22 £ 2

Rock 772 18+2  872+98  26+2 We are exploring a new method: silver-ion exchanged zeolite

Dedicated Radon reduction system is required.

Rock # 3 13 & 561 4= 63 15 £ .
(PTEP 2024 023C01) @ Korea U Sejong campus.
239 keV
T 2°00K=mpp 295, 357 ke T 2500 261 KoV ~—
— 214 = _ . - ——
£ 2000 Pb £ 2000F K '\ \ — 4 - f
T / 602?4k¢V - - E '—ﬂl.' ‘ = F o ;// [ / ==
1500 583 keV Bi 1500:— 3 b \ . | ‘)’ll o B - o274 *‘ 1 = ~
208T] - u |} : | 1 1
1000 1000 911 keV P | | o, ;; |
- 9228A§ 1120 keV l"‘ ‘. . t Tigh If . ‘a - ' .
500 500F #14Bi I B < ‘ .
0 ............ O
200 400 600 800 1000 1200 1400 f - g
Energy [keV] Energy [keV] - g
P - e &
= 200 = 300 == : e
£ i . 1765 keV £ : 2615 keV oy 0 [ S
o C 214B; o 250F 208T| = ?‘ . '—'i — D
w 150F w 5 m 2=
s : 2119, 2204 keV s : = 3 -
i 214B; . at:(e[e generatic DC &
100: % : = oo =Je 3 s DC
K n /
S0 : 100 Bo
07600 1800 2000 2200 05400 2600 2860 3000 JU B0

Energy [keV] Energy [keV]



Flavor fraction

Software developments
v0scillation: a software package for computation and simulation of neutrino

vOscillation

e Early study: K. Lee et al, J. Korean Phys. Soc. 85, 381-388 (2024),
https://arxiv.org/abs/2401.13215

propagation and interaction

Seong-hyeok Jang,! Eun-Ju Jeon,? Youngju Ko,? Kyungmin Lee,! and Eunil Won!

0.9
0.8
0.7
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0.5
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Flavor oscillation
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ITOI11 TNne Sun., ana tne OosClilation oI
the neutrino oscillation with assuming a reactor located'ed i
at 53 km away from the detector.

860 events/year
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Expected event rate (/day/keV/100 tons)
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1 1.5 2
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Physics, Korea University, Seoul 02841, Korea
hysics, Institute for Basic Science, Daejeon 34047, Korea

101,
| — 90%C.L.
| —— P%CL BEST (2022)
| 99% C.L. (0.31, 2.85)
*
, Global fit (2020)
109 (0.0531, 1.32)
101
Sterile
neutrino
10 1073 1072 1071 100

sin226014



Software developments with (Geant4

144Ce p, production simulation (Geant4) and reconstruction of inverse beta decays (IBD)

Counts

Counts

1B
Require hits in 200 ns
If NPE > 400, all hits in 500 ns constitute first cluster (S1)

144Ce at (9,0,0) m

NPE

S = N W

vEYE CDR: arXiv:2601.12569

Hit time distributions (S1, S2 together, S1 and S2 respectively)

x10° x10° x 107
2 2
LL] LL]
ol al
Z 1 Z 1+
. . 95. R () . !
0O 100 200 .0 0.2 2442 244.4
Time [us] Time [us] Time [us]

Time difference btw S1 and S2 (left) and energy deposit (right)

4 4
8><1O | 6><1O |
61 y 4l
41 S
@)
51 O 2+
970 =5 0 5 10 QY10 =5 0o 5 10
X [m] y [m]
6><1O4 |
i 5 E?
4' [ O :‘
5
2_
5
| | | _5 N
910 =5 06 5 10 . 0 5 -5 \\\@
z [m] [my
D events trigger

No issues with IBD
reconstruction

e Search for the second cluster (same condition, S2)

21

12°F

Counts

x10* . 1O7§ IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
: Exponential fit  —— S1 —— S2
---- No=132317 106l ---- Gaussian fit
T=214 ps (u=2.25, 0=0.08)
0 400 800
At [us] Energy [MeV]



A prototype vEYE (1 tonne) construction

Volume : 1.2 m x 1.2 m acrylic tank: O(1) tonne of LS.
Buffer : pure water or mineral oil.

PMTs : 31 PMTs of 10" R7081.

DAQ and HV
FADC: 500 MHz (from Notice Korea).
CAEN A7435SP

Purpose

Study and optimize LS.
Measure the intrinsic background : 10-13or-14 g /o

To provide feedback to full scale vEYE detector.
Optimize and validate the Geant4 simulation.

Construction started from summer of 2025.
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- 1 = prototype preparat

Tent, outer/iner containers

Purification system
Readout/DAQ all prepared.
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The NUEYE Experiment at Yemilab

In September 2022, a new underground laboratory, Yemilab, was completed in Jeongseon, Gangwon Province in South Korea, with a depth of 1,000 m. In the
laboratory, the largest site is the LSC Hall, combining a square dome measuring 22 m (width) by 22 m (length) by 8 m (height) on top, with a cylindrical pit having a
diameter and depth of 20 m. The pit has a volume of 6,200 m” 3 and serves as a multipurpose space for detectors. For a liquid type, about a 2 kilo-tonne detector can

be hosted as an expample. The NUEYE experiment is a new proposed underground neutrino telescope at Yemilab for a multi-purpose neutrino science.

NEWS | 30 May 2024

Disputed dark-matter claimto be
tested by new lab in South Korea

A multi-million dollar facility is hoping to put a 21-year-old debate about dark matter to

rest.

By Gemma Conroy
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International Collaboration and R&D_

Through workshops we collaborate w/ Borexino and im0
INFN: 2024, 2025. (2026 Nov. in Gran Sasso planned.)

e Detector design optimization
e Liquid Detector R&D, radioactive source preparation
e State-of-the-art purification

Discussions with IsoDAR (MIT, U of Michigan, BNL)

e Bi-monthly (last one on June 5, 2026)

e Installation scenario (cyclotron in ramp way: main-issue) . |

R&D activities

e “Slow LS”

e Opaque LS+fiber based (LiquidO type). Or segmented.

e New Radon reduction technology, 0v(0.
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Budget

No civil engineering cost for the site preparation: 0|0| pit (Z4%x) 2tH

We expect 6 years of construction and > 15 years of operation.

Significant parts of the budget:

e PMT -+ fast FADC based readout.

e LS, detectors, and the ultra-purification system.
e Human resources.
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Timeline

2017-2018
2019
2022.09
2023.09 H
2024.07 SAKE A =L - =2,
2024.11 The first IBS-INFN workshop: “the radioactive source meeting”
2025.06 One tonne prototype AA| &7 4l Z44A A|AF
2025.10 INFN GRC opening, LS &= R&D =9].
2026.01 VEYE CDR release: arXiv:2601.12569
2026.05,06 =9 R&D Al A& 10| R|=2|ete]
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Summary

Neutrino: gateway to physics beyond Standard Model of Particle Physics.
The VEYE neutrino telescope: a multi-purpose, 2 kilo tonne LS detector @ Yemialb.

e In situ search for sterile neutrino: unique with vEYE.

e New physics search: dark sector/ALP-+tin ElectroWeak physics.
e Solar neutrino: ‘“‘up-turn” in the survival probability to be explored.
e Reactor neutrino: Yemilab is at the first minimum of Hanul reactor.

e Ultimately, The VEYE will probe the Majorana nature of neutrinos with Ov33 experiment.

From 2025, construction of one-tonne prototype vEYE was started.

7Ol0| Z2HE= Ul 2|04 + DAISS 292= AdE oI YL

OO =2 a—
Please join us for future !
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GAFeLLL.

JLO[H A= e|efe] A5 R&D Atg 282

Jetfetul et HEE
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New physics program with IsoDAR + vEYE

Intense beams of nuclei, mesons, e¢™, ¢,y allow competitive new physics programs.

Dark photon (A’): spin-1 massive gauge boson, kinetic mixing with SM photons.
Production: Meson decay (ex: #° — yA’), proton brem. (p + N = p + N+ A’), annihilation
(eTe™ — yA')

Decay: A"’ — eTe™, A’ - yy (y: dark matter)

Axion Like Particle: light pseudoscaler, 1022 eV - GeV.

Production: Primakoff production (y + N = a + N), meson decay (ex: n° — ya), electron

brem.
Decay: a = yy, a > eTe”
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PRD 105 052009 (2022)
Photon Spectrum Produced by IsoDAR Experiment
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If Huber-Mueller of reactor is incorrect, Li should not see it.
If IsoDAR@Yemilab sees it, can be from °C(7, pHeC”

:PRD 99, 055045 (2019).

U, — e scattering

Non Standard Interactions in

weak mixing angle:

* Seodong. Shin, PRD 112,
055046 (2025)

Similar study with source

available)

in progress (Both 7, and v,

More on new physics cases in PRD 105 052009 (2022) 35
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Atomki anomaly region

PRD 105 052009 (2022)
Global
¢ reactors
Dune
7y on-axis
[soDAR@ I
Yemilab - ) E158 E D-DIS
I (w/ direction) Qweak { PVDIS NuTeV [ EPLHC
APV(Cs) Tevatron s ®yg o
SLC
UL | ! UL | ! o rrrny ! UL | ! L | !
1072 107! 10° 10! 10°

Q[GeV]



Reactor neutrino with vtEYE

The JUNO experiment will measure 3-v oscillation parameters with high precision.

But JUNO findings need to be validated: the v.

397
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Yemilab
A

Hanul

WeolSung
Hanbit Gori

125

126 127 128 129 130
Longitude (° E)

Hanul Wolsong Gori Hanbit

Thermal

Power (GW)

Baseline

(km)

20.8 11.8 21.3 16.9
6o 180 216 282

SYE is also at the first minimum.

From Hanul, we expect
860 events per year.
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VEYE sensitivity on Am;, and sin®26,,

vEYE CDR:

L 15E
X 0B - N .
< BE S arXiv:2601.12569
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= 0.848 = 0.010 (all statistical error only)



Radio-purification (for one tonne)

Filtration Water extraction
Removes dissolved radioactive metal 1ons
K, U, Th, Pb removal Water extraction

Inorganic impurities Custom build.

Removes optical impurities.
Removal of U/Th and K.

Nitrogen gas stripping

Remove dissolved gases
Vacuum Distillation

2-Year Warranty

Removes high boiling point impurities
Metal & Oxide, U/Th, K, Bi, Po/Pb

(1) Vertical-type “WEV-1001V"

Now @ Yemilab

Glove box (see the picture on the right)
Other components are being purchased.
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