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“Neutrino 2022”
Organized by IBS, KIAS & KPS

2nd Online meeting using Zoom (fee: 70 Euro)
Ø 1,382 people registered (44 countries)
Ø 84 talks (23 sessions) 
Ø 661 posters (8 sessions w/ Virtual Reality)

May 30 (M) – June 4 (Sat)
6 days

6 am – 23 pm (KST)

Successfully finished !
2Sunny Seo @ IBS



Daya Bay, RENO: 
measurement of 
the last mixing 
angle of n (q13)

……2012200220012000199819871968196219561930

Pauli: 
conceptual birth 
of n to solve the 
b decay problem

Reines & Cowan:
discovery of n
(from reactor)

Lederman et al.: 
discovery of 
muon neutrinos 

Koshiba et al.: 
observation of 
Supernova 
neutrinos

McDonald et al. 
(SNO):  
discovery of 
solar n osc. (q12)

Davis: 
observation 
of solar n

KamLAND: 
confirmation of 
solar n osc. using 
reactor n (q12)

1988

2002
2015

2002
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Milestones of n History

2015

DONUT: 
discovery of 
tau neutrinos 

Kajita et al. 
(Super-K):  
discovery of 
atmos. n osc. (q23)

1995
See also Chris Quigg’s 
Opeing Talk @Nu2022
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The last 90 years of
n history has been amazingly great !

What problems 
are 

still remained & important ?



5Sunny Seo @ IBS

q Neutrino oscillation: precision, MO, CPV

n in the 2022 and beyond

q # of neutrinos: sterile n ?

q Abs. mass of n: KATRIN, Project-8 etc.

q Dirac vs. Majorana: 0nbb

q Neutrino interaction: CEvNS, n x-section measurements

q Astrophysical n: solar, Supernova, extra galactic n etc.
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q Neutrino oscillation: precision, MO, CPV

q # of neutrinos: sterile n ?

q Abs. mass of n: KATRIN, Ptolemy, etc.

q Dirac vs. Majorana: 0nbb

q Neutrino interaction: CEvNS, n x-section measurements

q Astrophysical n: solar, Supernova, extra galactic n etc.
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PMNS matrix in 1962

• Pontecorvo
• Maki
• Nakagawa
• Sakata

Mass Eigen 
state

Weak Eigen 
state

Atmos. (nµ, nµ deficit)
Long baseline (nµ deficit)

Reactor (ne deficit)
Long baseline (nµàne)

Solar (ne deficit)
Reactor (nedeficit)

Reactor   



|Dm2
ee|

Dm2
21

Daya Bay
Double Chooz
RENO

JUNO

KamLAND

Nunokawa, Parke, Funchal
PRD 72, 013009 (2005)

sin2(2q12)sin2(2q13)

(Solar term)(reactor term)Short baseline Medium baseline

8Sunny Seo, IBS

Reactor n
~2x1020 ne 

per GWth
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365 m

490 m
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290 m
1380 m

16t 16t

16.8 GWth
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Daya Bay, Double Chooz, RENO for q13
Daya Bay

RENO

Nov. 2011 
– Dec. 2021

Apr. 2011 
– Dec. 2017
(Near: Jan 2014)

Aug. 2011 
– taking data

Double Chooz



First q13 measurements in 2012
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Double Chooz Daya Bay RENO
Publication PRL 108, 131801 

(Mar. 30, 2012) 
PRL 108, 171803 

(Apr.27, 2012)
PRL 108, 191802 
(May 11, 2012)

sin2(2q13) 0.086 0.092 0.113

Stat. error 0.041 
(101 days)

0.016 
(49 days)

0.013 
(220 days)

Syst. error 0.030
(flux uncert.)

0.005
(MC driven)

0.019
(data driven)

Significance 1.7 s 5.2 s 4.9 s

~ 10 years ago

sin2(2q13) precision in 2012:   18%



Precise q13 measurements in 2022
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Double Chooz Daya Bay RENO
Publication Neutrino 2020 Neutrino 2022 Neutrino 2022

sin2(2q13) 0.102 0.0853 0.0892

Stat. error 0.004 
(F:1350/N:790 d)

---
(3158 cal.days)

0.0044 
(2900 live days)

Syst. error
Total err: 

0.011
Total: 0.012

---
Total: 0.0024

0.0045
Total: 0.0063

Precision: 11.5% (8.7s) 2.8% (36s) 7% (14s)

Ø Expected final precision on q13: 2.7% (Daya Bay)
6.4% (RENO)

Sunny Seo @ IBS



Kam-Biu Luk
@Nu2022



Ø Neutrinos w/ En > 10 MeV
can come from high-Q β-decay of 
short-lived isotopes, 
e.g. 88,90Br, 94,96,98Rb

Kam-Biu Luk
@Nu2022



Atm. n: Super-K Linyan Wan
@Nu2022

v SK-I ~ SK-V (1996-2020) 
+ Expanded FV (+20%)



Atm. n: Super-K Linyan Wan
@Nu2022

v SK-I ~ SK-V (1996-2020) 
+ Expanded FV (+20%)

v T2K: 2009-2017



Linyan Wan @Nu2022



Atm. n: IceCube Tom Stuttart
@Nu2022



Atm. n: KM3NeT Aart Heijboer
@Nu2022



Tension decreased to 1.4 s.

Solar dm2

(SK: 2970 days data) 19

KamLAND:

SNO/SK:

§ Best fit values

~2 s tension
(SK: 2055 days data)

Before 2020 Year 2020 New result



The JUNO Experiment

• 20 kton LS detector
• 700 m underground
• ~3% energy resolution
• Rich physics possibilities

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

• Supernova neutrino
• Geo-neutrino
• Solar neutrino
• Atmospheric neutrino
• Proton decay
• Exotic searches 

Jiangmen Underground Neutrino Observatory, a multiple-purpose 
neutrino experiment, approved in Feb. 2013,  300 M$, online in 2024?

20

77 institutions
607 collaborators

(75+3)% photo coverage
20k 20” PMT
25.6k 3’’ PMT



Precision Measurements

Statistics
+BG +1% b2b +1% 
EScale +1% EnonL

sin2 θ12 0.54% 0.67%

Δm2
21 0.24% 0.59%

Δm2
ee 0.27% 0.44%

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

Only JUNO can do!

21

Ø MO: ~3 s (6 yrs data)

2018 precision

JUNO:



Phyiscs Sensitivity
Mass Ordering 3s (~1s) in 6 yrs by reactor (atm.) n

Osc. Parameters Solar params & |Dm2
32|< 0.5% in 6 yrs

SN Burst 
@10kpc

~5k IBD, ~300 eES, ~2k pES of all-falvor n

DSNB 3s in 3 yrs

Solar n Measure Be7, pep, CNO simultaneously, 
Measure B8 flux independently

Nucleon decays 
(p à nK+)

8.3x10^33 yrs (90% CL) in 10 yrs

Geo n ~400/yr, 5% measurement in 10 yrs

JUNO Numbers and Sensitivity Changes Jie Zhao
@Nu2022
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Hyper-KT2K

NOvA DUNE

Current & Future Longbaseline n experiments
Ø q23, Dm2

31, and CPV measurements

T2HKK



24Sunny Seo @ IBS

T2K NOvA DUNE Hyper-K T2HKK/KNO

Beam J-PARC NuMi NuMi J-PARC J-PARC

Beam power 515 kW
(in 2020)

700 kW 1.2 à2.4 MW 1.3 MW 1.3 MW

n energy < 2 GeV < 8 GeV < 2 GeV < 2 GeV

Baselines 280m/295km 1km/810km 1300 km 280m/295km 280m/1100km

Off-axis angle 2.5O 0.8O on-axis 2.5O 1~3O

Near Det. ND280
(on-axis)

DUNE-Prism
(on-/off-axis)

ND280
(on-axis)

ND280
(on-axis)

0.3 kt

Far Det. Water
Cherenkov

segmented 
sciintillator

LAr-TPC Water
Cherenkov

Water
Cherenkov

SK (50 kt) 14 kt 4 x 17 kt 260 kt 260 kt

IWC detector for HK
(off-axis)

Current & Future Longbaseline n experimentsCurrent & Future Longbaseline n experiments

Construction phaseoperating



Neutrinos:  19.7 x 1020 POT 
Anti-nu     :  16.3 x 1020 POT 

Neutrinos:  14.9 x 1020 POT 
Anti-nu     :  16.3 x 1020 POT 

2018 2020

T2K



NOvA Results: 2018 à 2020

Statistical error dominant ! 26

Anti-nu     :  12.5 x 1020 POT 
Neutrinos:  13.6 x 1020 POT Neutrinos:  8.85 x 1020 POT 

Anti-nu     :  6.9 x 1020 POT 

2018

2020

Sunny Seo @ IBS



NOvA 2020

27Sunny Seo @ IBS

T2K

NOvA

q Significant progress
on joint fit with T2K

– coming this year (2022)

Jeff Hartnell
@Nu2022





Thomas Schwetz 
@Nu2022



Thomas Schwetz 
@Nu2022

3 n Global Fit

NuFit 5.1



HK: JD
Beam n

HK: JD + KD
Beam n

HK: JD + KD
Beam+ atm. n

DUNE
Beam n

Baseline 295 km 295 km +
~ 1100 km

295 km +
~ 1100 km

1300 km

Detector
Fiducial Vol.

190 kton
water

2 x 190 kton
water

2 x 190 kton
water

40 kton
LAr

POT
(run time, n:n )

2.7 x 1022

(10 yrs, 1:3)
2.7 x 1022

(10 yrs, 1:3)
2.7 x 1022

(10 yrs, 1:3)
556/ kt.MW.yr

(10 yrs, 1:1)

dCP = p/2, 3p/2
(known N.O.)

~ 8 s > 8 s > 8 s [7 s, 8 s]

dCP precision
@ dCP = p/2, 3p/2

22o 13~14o ~11o ~9o

dCP coverage
(known NO)

~76 % at 3 s > 76 % at 3 s > 76 % at 3 s 65 % at 3 s

MO
(true: NO)

> 1 s
for all dCP

> 6 s
for all dCP

> 7.5 s
for all dCP

> 8 s
for all dCP

Neutrino Oscillation Physics in < 2040



Reactor n “Shape” Anomaly

No relation w/ sterile neutrinos

NEOS in 2017

NEOS is the only VSBL (<100m) exp.
which observed the 5 MeV excess.

The “5 MeV Excess” in 2014
RENO Double Chooz Daya Bay

5 MeV excess
compared to
H&M model

Mention 2017

32



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

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

Commercial reactors:
Low Enriched 235U (LEU)

3-5 % 235U

Cf. Natural Uranium: 0.7% 235U 

33Sunny Seo @ IBS



KKJoo
@Nu2022

@RENO
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q Neutrino oscillation: precision, MO, CPV

q # of neutrinos: sterile n ?

q Abs. mass of n: KATRIN, Ptolemy, etc.

q Dirac vs. Majorana: 0nbb

q Neutrino interaction: CEvNS, n x-section measurements

q Astrophysical n: solar, Supernova, extra galactic n etc.



3s~4s
evidences

Very short baseline reactor n

LSND (n)

MiniBooNE (n, n)

ne disappearance
P(neà ne)

Source 
Calibration

(n)

ne disappearance
P(neà ne)

ne appearance
P(nµ à ne)

ne( ne) appearance
P(nµ à ne)4.8 s

(2018)

3.8 s
(2001)

3s
(2011)

3s
(2011)

~30m/30MeV

~500m/500MeV

GALLEX/SAGE
Smoking Guns of Sterile Neutrinos at ~eV?

36



Reactor n “Flux” Anomaly
Mention et al. PRD83, 073006 (2011)

2.4% à ~6% deficit (3s)

DB, RENO, DC (2012)
JUNO KamLAND

SBL MBL
Very Short Base Line

RAA best fit: Dm2
41 = 2.4 eV2,   sin2(2q14) = 0.14 (3+1) n

RAA = Reactor Antineutrino Anomaly

VSBL



Daya Bay RENO

R = 0.940 +/- 0.020 (exp)

à 5~6% deficit @Near detector data
38Sunny Seo @ IBS

ND @ 500~600 m ND @ 400~500 m
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Ø Daya Bay and RENO results suggest that 
n from 235U is less by ~3 s than HM model.

à Also need HEU reactors (20-90% 235U), 
i.e., research reactors to thoroughly test this.

2900 daysDaya Bay
RENO



RENO IBD Yields KKJoo
@Nu2022 Daya Bay IBD Yields

• y235 = 6.17 ± 0.17 [10−43cm2/fission]
à 0.92 of HM model (~3 s)

• y239 = 4.27 ± 0.26 [10−43cm2/fission]
à consistent w/ HM 

arXiv:1704.01082

• y235 = 6.69 ± 0.15 [10−43cm2/fission]

• y239 = 4.36 ± 0.11 [10−43cm2/fission]

HM model



NEOS-II (2018 -- 2020)
§ Refurbished detector from NEOS-I.
§ Took full fuel cycle (500 cal. days) + 2 OFF periods
§ Time evolution of reactor n flux/shape 
§ spectral decomposition (235U, 239Pu)
§ Rate+Shape analysis

~1 kton Gd-LS
(4.5% Gd)



Jinyu Kim
@Nu2022

NEOS-II New Results

Preliminary Preliminary



235U, 239Pu Spectral Decomposition
NEOS-II

@Nu2022
RENO

@Nu2022 Daya Bay



Scintillation Detectors @VSBL

Homogeneous

Segmented

Liquid scintillator (LS) Plastic scintillator (PS)
GdLS, 6LiLS PS (Gd/6Li sheet), 6LiPS

Segmented

Gd, Li à n-tagging

NEOS, 
Nucifer
(finished)

*Neutrino-4,
*STEREO
PROSPECT

(* : operating exp.)

*DANSS,
*SoLid,
NuLat (R&D),
Chandler (R&D)

44Sunny Seo @ IBS



Experiment
Thermal 
power
[MWth]

Baseline
[m]

Target 
Mass, Vol

Target
material Segment

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

SoLid 72 6-9 1.6 ton PS(6Li layer) 3D

STEREO 57 9-11 2.4 m3 GdLS 1D

NuLat Moving n lab any 0.9 ton 6LiPS 3D

Chandler Moving n lab any ? PS(6Li layer) 3D

VSBL Reactor n Experiments
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14θ22sin
2−10 1−10 1

]2
 [e

V
412

m
Δ

1−10

1

2 χ

58

60

62

64

66

68

70

72

74

>76

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

σGariazzo (2016) 2

NEOS-I

PRL 118, 042502 (2017)

180d on
46d off

DANSS

193d on
2005.05301

PLB 787, (2018) 56-63

arXiv:1912.06582

STEREO

179d on
235d off

Neutrino-4

PROSPECT

96d on
73d off

arXiv:2006.11210

720d on
417d off

Best fit @~3s 
sin22q14 = 0.36, 
Dm41

2 = 7.3 eV2

Current VSBL Reactor (3+1) n Limits



• R1 = 0.66 m 
• R2 = 1.096 m 
• h  = 2R1

Baksan Experiment on Sterile Transition 



Steve Elliot
@Nu2022

BEST

v Possible alternative explanation 
was not identified.

v Possible Future Plan                                 



RAA best fit: Dm2
41 = 2.4 eV2,   sin2(2q14) = 0.14 (3+1) n

RAA = Reactor Antineutrino Anomaly

Neutrino-4: Dm2
41 = 7.3 eV2,   sin2(2q14) = 0.36 

Dm2
41 = 1.25 eV2,   sin2(2q14) = 0.33 GALLEX+SAGE+BEST:

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



MiniBooNE Results in 2020
Ø Total 17 years of data
Ø Total ~36 x 1020 POT roughly 1.66 : 1 in n : n

50



MicroBooNE

LArTPC
• LAr: 150 ton (80 ton active)
• TPC: 3 wire planes

(2.5 x 2.3 x 10.4 m3)
total 8256 wires

Ø Data taking: 2015 – 2019?
Ø Total ~1.32 x 1021 POT  

Sunny Seo, IBS 51Ø MicroBooNE can distinguish e- and g.



Ø Data taking: 2002 - 2019
Total ~3.6 x 1021 POT (1.66:1 in n:n)

MiniBooNE MicroBooNE 6.86 x 1020 POT

arXiv:2110.14054
(50% data)

Sunny Seo, IBS

Hanyu Wei
@Nu2022



MicroBooNE eLEE Search Result Hanyu Wei
@Nu2022



MicroBooNE (3+1) nne disappearance ne appearance

Hanyu Wei
@Nu2022



• Detector construction underway 
• Detector installation: end of 2022
• Detector commissioning: 2023

SBND

ICARUS • Detector installation: July ‘18 – ’19 
• Detector commissioning: 2020
• 1st Physics data: June 2021
• Calibration campaign in process
• Preparing to start its physics run

55

SBN (LarTPC) Status Anne 
Schukraft
@Nu2022

Systematic
Constraint
(~% level)(110 m, 112 ton)

(600 m, 476 ton)



SBN Sensitivities

56Sunny Seo @ IBS



Sunny Seo, IBS CUBES III @Gurye 57

qSterile n search w/ IsoDAR@Yemilab

LSC

IsoDAR n spectrum
IBD interaction



Future Sterile n Sensitivities in ne à ne

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

• 2y: PROSPECT-II à high Δm2 
• 3y: JUNO-TAO    à low Δm2 
• 5y: IsoDAR@Yemilab à full coverage

Daniel Winkleihner
@Nu2022

2.5 kton

• p+ + Be à spallation neutrons 
• n + 7Li à8Li* à 8Be + e- + 𝜈e
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Sterile n Search w/ IsoDAR@Yemilab
Possible Models & Signatures

(3+1) n (3+1) n + ns decay(3+2) n

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

arXiv:2111.09480 
PRD 105 (2022) 5, 052009

• The (3+1)+decay model significantly reduces the tension between appearance    
and disappearance experiments, improving the global-data goodness-of-fit. 1910.13456

Daniel Winkleihner
@Nu2022



• Direct tests for LSND.

60

JSNS2 @J-PARC
à Direct tests for LSND

• 17 ton GdLS target (cf. LSND = 167 ton LS)
• Better E resolution than LSND (2.4 % vs 7% at 45 MeV) JSNS2-II Data taking:

End of 2023



JSNS2 KDAR
En(KDAR) = 236 MeV mono-energetic

KDAR: 
1st observation 
by MiniBooNE

(3.9s)

JSNS2:
KDAR clear observation
730 events
(5.2% BKG )

v Models and n generators 
strongly disagree in this transition region.

Jungsic Park
@Nu2022



keV Sterile n Searches
keV sterile nà good candidate of warm DM If purely keV sterile n DM à mn > 0.4 keV

Kyle Leech
@Nu2022



keV Sterile n Searches
q In Particle Phys. keV sterile n are searched in beta decays (3H, 241Pu, etc) or EC

Kyle Leech
@Nu2022



keV Sterile n Search Experiments

CUP Tritium Exp.

KATRIN & TRISTAN

241Pu end point

MAGNETO-n

PROJECT-8

BeEST EC decay of 7Be

10~100 keV

LiF + MMC

3H end point
3H end point

3H end point



Kyle Leech
@Nu2022 3H end point

CUP tritium exp.

163Ho EC



keV Sterile n Searches: Conclusion & Outlook Kyle Leech
@Nu2022
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Cosmological Limits on Neff
PDG 2021

[11] N. Schöneberg 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]



68Sunny Seo @ IBS

q Neutrino oscillation: precision, MO, CPV

q # of neutrinos: sterile n

q Abs. mass of n: KATRIN, Project-8, etc.

q Dirac vs. Majorana: 0nbb

q Neutrino interaction: CEvNS, n x-section measurements

q Astrophysical n: solar, Supernova, extra galactic n etc.



Direct 
measurements 0nbb decay

§ Tritium b decay:
KATRIN, PROJECT-8

§ Electron capture:
ECHo, HOLMES

§ Many experiments:
KamLAND-Zen

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

Majorana, LEGEND etc.

Nature of n
Origin of n mass

Cosmology
• Neutrino mass affects 

shape of CMB power 
spectrum.

• Model dependent
• Different data sets 

give different results.

nmass



Tritium b Decay

Q-value (E0): 18.57 keV

If mn = 0,  then b- end point is 18.57 keV.

t1/2 (3H) = 12.3 yrs



KATRIN n Mass Measurement
Thierry Lassere

@Nu2022

@Nu20222



Abs. n Mass Sensitivity

0.2 eV
(KATRIN)

0.04 eV
(Project 8)

72Sunny Seo, IBS



73

Cyclotron Radiation Emission Spectroscopy 
(CRES) technique

< 2 eV

< 0.04 eV

Elise Novitski 
@Neutrino2022

30 mK, atomic tritium @ 1 T
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Cosmological Limits on
PDG 2021

[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



Dirac vs Majorana n

0nbbà Majorana n, LNV, absolute n mass (mbb)

1st observation of 2nbb
in 1987 for 11 nuclei

T1/2 = 1018 ~2x1021 yr

2nbb (1935)
M. Goeppert-Mayer
PRL, 48 (1935), 512

0nbb (1937/39)
G. Racah, 
Nuovo Cimento,
14, (1937) 171
W. H. Furry
PRL, 56, (1939) 1184

75



bb Emission Isotopes
Lo

w
er

 B
K

G

Lower cost
76

q Qbb > 3 MeV is better 
to avoid 

huge natural radio bkg.

à only 11 have Qbb > 2 MeV

q Total 33 bb emission isotopes



Experimental Sensitivity of T1/2 (0nbb)

Eb
MTaT
D

en ~(exp)0
2/1

Isotopic
Abundance

Background level
(count/keV kg year)

Energy
Resolution

Time

Detector Mass
Detection
Efficiency

q “zero background” case: 

q Sizeable background case:

CLn
MTaT en ~(exp)0

2/1

Sunny Seo, IBS 77

• T1/2 (U, Th): ~1010 yrs

• T1/2 (2nbb): 1018~1021 yrs

• T1/2 (0nbb): > 1024, 1026 yrs

Ø Good energy resolution (< 3~5% FWHM), no/low BKG, 
high efficiency, etc will improve sensitivity of 0nbb search.



0nbb Challenge
G(Q,Z): phase-space factor

well calculated
M: nuclear matrix element

Big uncertainty

Several models

78



Fedor Simkovic
@Nu2022

Energy Resolution of 100-kg class 0nbb Experiments

• Resolution better than 
2% FWHM to
fully reject 2νββ mode

• Solar ν is not an issue 
for 100 kg-class 
0νββ experimentsAlsd

ka
lskda



Current 0nbb Limits at 90% C.L. Fedor Simkovic
@Nu2022



arXiv:2202.01787

Isotope masses, efficiencies, sensitive background & exposure and backgrounds



Sensitive background and exposure for recent & future Exp.

arXiv:2202.01787
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Liangian Wen 
@WIN 2021



84Sunny Seo @ IBS

q Neutrino oscillation: precision, MO, CPV

q # of neutrinos: sterile n

q Abs. mass of n: KATRIN, Ptolemy, etc.

q Dirac vs. Majorana: 0nbb

q Neutrino interaction: CEvNS, n x-section measurements

q Astrophysical n: solar, Supernova, extra galactic n etc.



CsI detector

8514.6 kg CsI crystal~8 m.w.e.
Far away from neutron beam lines.

Coherent Elastic n-Nucleus Scattering

Coherent up to 
~ 50 MeV

COHERENT @ Oak Ridge SNS

Predicted in 1974 (Freedman)

ü 2017: > 6 s (CsI) discovery
ü 2019:  4.9 s (LAr)
ü 2020: > 11 s (CsI) w/ > x2 stat.



Efremenko
@IAEA 2019 86

NEON
(Korea)

TEXONO
(Taiwan)



Sunny Seo @ IBS 87

Flavored x-section
Credit: Kate Scholberg

CEvNS Detections and Future Prospects
à CsI data in 2020



Sunny Seo @ IBS 88

Physics with CEvNS
§ Weak mixing angle (qW)
à probe dark Z at low q2

§ Sterile neutrino search
§ Neutrino magnetic moment
§ NSI, DM, etc.

Dark Matter search



89Sunny Seo @ IBS

CEvNS Prospects

q COHERENT is comissioning two detectors in 2021. 
à 16 kg Ge PPC, ton-scale NaI scintillator crystal

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

q Many CEvNS experiments at reactor sites are expected 
to obtain new results in the near future. 

q CEvNS: good test ground for BSM physics. 

q “Magnificent CEvNS” workshop is held yearly basis. 



n X-section Measurements
Laura Fields

@Nu2022



Laura Fields
@Nu2022



92Sunny Seo @ IBS

q Neutrino oscillation: precision, MO, CPV

q # of neutrinos: sterile n

q Abs. mass of n: KATRIN, Ptolemy, etc.

q Dirac vs. Majorana: 0nbb

q Neutrino interaction: CEvNS, n x-section measurements

q Astrophysical n: solar, Supernova, extra galactic n etc.
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Borexino
• Operation: 2007 – 2021 @LNGS
• 300 ton LS (~2200 PMTs, ~6% @1MeV  )
• Very low radioactive BKG

Oct. 2021: 
end of 

data taking

Data taking: 
I  : 2007 ~ 2010
II : 2012 ~ 2015
III: 2017 ~ 2021
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** Notable achievements of Borexino



CNO neutrinos: tagging 210Bi with 210Po At secular 
equilibrium, 

rate(210Po) 
= rate(210Bi);

Barbara
Caccianiga
@Nu2022

Borexino CNO n Measurement



Borexino CNO Update in 2022

• Improved MC
• Increased exposure by ~33%
• Cleaner data set
• More stable temperature

à More stringent limit on 210Bi

à CNO-null hypothesis is excluded at ~ 7σ.

Barbara
Caccianiga
@Nu2022



Borexino New Results

q CNO-null hypothesis excluded at ~ 7σ

q First measurement of NNC in the Sun 
with solar neutrinos

q NNC in good agreement with HZ 
photospheric measurements; 
~2σ tension with the LZ 
photospheric measurements;

q CNO+7Be+8B neutrino flux results from 
BX disfavor SSM-LZ at 3.1σ
(when compared to HZ-SSM)

Barbara Caccianiga
@Nu2022



LSC @Yemilab, Korea

LSC = Liquid Scintillation Counter

20 m

LSC Hall

LSC Pit: 20 m (D) x 20 m (H)

e- beam
e- beam

Sunny Seo, IBS 98

Tunnel entrance

LSC Hall construction: June – Nov. 2021

28m20 m

Yemilab: new underground lab in Korea (1 km overburden)



Broad Physics Program @Yemilab

Supernova n

Geo ne- beam

Solar n

n Telescope

New step to
Geo Science

0nbb ?

~2000 ton

Sunny Seo, IBS 99

Sterile n
Dark Photon

S.H. Seo & Y.D. Kim
JHEP04(2021)135
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• Operation: 2005 – present @S. Pole
• 86 strings (60 DOMs/string) in 1km3 à completion: 2011

=== Notable achievements ===
§ Discovery of astrophysical n events in 2013

à more events w/o source identification
§ Identification of astrophysical n source in 2018

Blazar TXS 0506+056: IC-170922A n
à open up multi-messenger astronomy

§ Glashow resonance event at 6.3 PeV in 2016 data

Evis: 2.6 PeV (nµ: > 10 PeV, nt: ~100 PeV)

6.3 PeV

En: 1.14 PeV

IceCube



2011.03561

à disfavoring a 
no-astrophysical
nt flux scenario 
with 2.8σ

Science 2013

2005.12943
Phys. Rev. D 102, 052009 (2020)

Blazar
TXS 0506+056

Science 2018
IceCube

Nature 2017
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Gen2 Goals: 

-- Identification of more astro. n sources
-- Precise measurement of astro. n

spectral power law index & flavor ratio
-- Multi-messenger n astronomy

etc.

O(10) PeV neutrinos/year

IceCube-Gen2



Zhan Dzhikibayev
@Nu2022



Baikal-GVD Zhan Dzhikibayev
@Nu2022

v Up-going events + down-going HE cascade events (2018-2021: 5522 live days in terms of one cluster)

Ø 16 events are expected from 
IceCube E^(-2.46) diffuse astrophysical n flux

Plan
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KM3NeT

• ARCA (Astronomy) @French sea
-- 115 strings,  18 DOMs / string
-- 31 PMTs/DOM (Total: 64k*3¨ PMTs)
• ORCA  @Italian sea

-- NMO+ ν properties

1 km 1 km

200 m

ARCA

ORCA

Credit: M. Huber/TUM



Aart Heijboer
@Nu2022

Antares & ARCA 6



Neutrino 2022 Group Photo



Nu1972 Nu2022 Nu2072

?

Hope n continues !

Feynman & 
Pontecorvo
planting
twin-oak trees 

Twin-oak trees 
in 2021


