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Outline

• 3 n oscillation

• 3 +1 n oscillation

• keV sterile n oscillation  



Neutrino Oscillation
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(1) n flavor eigenstate 
n mass eigenstate=

PMNS matrix in 1962

à results in n mixing & oscillation

100 %
nµ

100 %
nt

100 %
nµ

??

å=
i

iiU nn aa

(2) n masses are not degenerate.
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Reactor   

PMNS matrix

in 1962
• Pontecorvo (1957)
• Maki
• Nakagawa
• Sakata

Mass Eigen 
state

Weak Eigen 
state

Atmos. n osc. 
Super-K in 1998

Reactor n osc. 

Daya Bay, RENO in 2012

Solar n conversion 

SNO in 2001

Mass Ordering 
(MO)

dCP ?
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Neutrino 2022



Why Leptonic CPV?
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Understanding 
the pattern of n mixing

q Which flavor symmetry model?

Ballet et al. JHEP 1412

à dCP measurement will help identifying 
flavor symmetry model.

Why so different?

PMNS

CKM



Hint of Leptonic CPV

• There is hint of CPV in lepton sector.
(~ 2sigma @T2K, NOvA)



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

Inverse Beta Decay (IBD)

Prompt signal

Delayed signal

H/Gd

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

|Dm2
ee|

Dm2
21

Daya Bay
Double Chooz
RENO

JUNO

sin2(2q12)sin2(2q13)

KamLAND

~2x1020 ne 
per 1 GWth

Sunny Seo, IBS



Daya Bay RENO

DoubleChooz

2900 days

818 days
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(2011-2020) (2011-2025)

(2011-2018)

8.5 GWth

8 ton GdLS
17.4 GWth

80 ton GdLS

L: 1650 m

16.8 GWth

16 ton GdLS

L: 1380 m

L: 1050 m

P(ne à ne) = 1 – sin22q13(Dm2
ee L/4E)



qDaya Bay latest results (n-Gd): days

qRENO latest results (n-Gd): 2900 days

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

qDUNE can measure sin22q13 in nµà ne,
w/ a precision of ~5%. 

q13 and Dm2
31

sin22q13

Dm2
32 (NO)

Dm2
32 (IO)

2.6% ? (nGd + nH)

sin22q13: 6.4%,     Dm2
ee: 4.1%

Neutrino 2022



Tension decreased to 1.4 s.
(SK: 2,970 days data) 11

KamLAND:

SNO/SK:

§ Best fit values

~2 s tension
(SK: 2,055 days data)

Before 2020 Year 2020

q12 and Dm2
21

Future



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 

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

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

12

77 institutions
607 collaborators

78% photo coverage
18000 20” PMT
25000 3’’ PMT



Precision Measurements in the (near-)Future

Ø Probing the unitarity of UPMNS to 1%, New physics? 
13

Ø MO: ~3 s (6 yrs data)

Only JUNO can do!

If MO is known

1309.1638
1508.01392
2107.12410

The following papers argue that
JUNO can’t do 3s for MO determination.
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Hyper-K
T2K

NOvA
DUNE

Current & Future Longbaseline n experiments
Ø q23, Dm2

31, and CPV/MO measurements

T2HKK

Segmented LS detector, 810 km

Water Cherenkov, 295 km

WC, 295 km

WC, ~1100 km

LArTPC, 1300 km



C. Bronner

T2K & NOvA n Oscillation (disappearance) Spectra
NOvA

T2K

15



q23 and |Dm2
32|

qRecent results from T2K and NOvA
T2K best fit (NO) sin2q23 = 0.532 +0.030

-0.037

Dm2
32 = (2.45 +/- 0.07)X10-3 +/- 2.9%

qConstraints from SK and IceCube (atm. nµ)
210K nµ

Sunny Seo, IBS

+5.6%
-7%



nµ à ne Appearance Channel in LBL
à Measure CPV, MO 
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T2K, HK

T2HKK

NOvA, DUNE

Sunny Seo, IBS
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NOvA

Anti-nu :  12.5 x 1020 POT 
Nu        :  13.6 x 1020 POT 

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

T2K



HK vs DUNE: CPV & MO Sensitivities
q HK 10 years data will 

exclude dCP = 0 for 61% 
of true CP values (5s).

q DUNE can determine MO 
greater than 7s

for any dCP values 
w/ 7 years of data.

q HK alone can determine MO 
between 3s and 7s

depending on sin2q23 (10 yr data).

q DUNE 10 years data will 
exclude dCP = 0 for > 50% 
of true CP values (5s).

10 years of data

HK CPV

HK MO

DUNE 
CPV

DUNE 
MO



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

3+1 Neutrinos

U3+1

U3+1 = U(UPMNS , q14 , q24 , q34 , d14 , d24 , Dm2
41) 

3 mixing angles 2 CPV phases

Flavor Mass

Sunny Seo, IBS 20



3s~4s
evidences

Very short baseline reactor n

LSND (n)

MiniBooNE (n, n)

ne disappearance
P(ne à ne) Source 

Calibration
(n)

ne disappearance
P(ne à ne)

ne appearance
P(nµ à ne)

ne( ne) appearance
P(nµ à ne)4.8 s

(2018)

3.8 s
(2001)

3s
(2011)

~30m/30MeV

~500m/500MeV

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

21

3s
(2011)



22à Reactor n flux anomaly disappears !

J. Kopp
@Nu2022

reactor n

Sunny Seo, IBS
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q Best fit: 
• Dm41

2 = 7.30 +/- 1.17 eV2

• sin2(2q14) = 0.36 +/- 0.12stat (2.9 s)

~140 K IBDs

Neutrino-4 (2016-2020)

• Reactor: 100 MWth
• Segmented GdLS (1.8 ton)
• Baseline: 6 -12 m

BEST (2019)

Dm2
41 = 3.3 eV2,  

sin2(2q14) = 0.42 

BEST best fit:

Inner

Outer 
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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

PLB 787, (2018) 56-63

arXiv:1912.06582

STEREO

179d on
235d off

PROSPECT

96d on
73d off

arXiv:2006.11210

2005.05301Neutrino-4

720d on
417d off

Current VSBL Reactor (3+1) n Limits

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

VSBL = Very Short Base Line



1.5 years of data taking

Sensitivity
2018

DANSS-IIVSBL Near Future Plans

q Neutrino-4
-- will upgrade current detector
-- Restart of data-taking: end of 2022

q PROSPECT-II

q DANSS-II

-- Data-taking until spring 2022
-- Finish upgrade of detector in 2022

E resolution goal: 13% @1MeV

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

-- Data-taking: 2023 (?)

25Sunny Seo, IBS
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J. Kopp
@Nu2022

Still 
unresolved

Short-Baseline Anomalies: Current Status

DUS 2022 @Sydney
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J. Kopp
@Nu2022

Still 
unresolved

Short-Baseline Anomalies: Current Status

DUS 2022 @Sydney



• Direct tests for LSND.

28

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

28Sunny Seo, IBS DUS 2022 @Sydney



• 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

Short Baseline Neutrino (SBN) Status @Fermilab
Anne 

Schukraft
@Nu2022

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

(600 m, 476 ton)

29



SBN@Fermilab Sensitivities

30Sunny Seo, IBS



LSC @Yemilab, Korea

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

LSC Hall construction: 
June 2021 – Feb. 2022

20 m

LSC Hall

e-/n beam
e-/n beam

28m20 m

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

IBS HQ

2.5
 hrs

Y2L

Tunnel entrance
Yemilab
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Oct.15-18, 2022
https://indico.ibs.re.kr/event/531/

DUS 2022 @Sydney
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LSC cavern

e-/n beam

e-/n beam

LSC cavern Oct. 5, 2022



15m

17m

20m

20m 17m 15m

Target: 2.26 kton LS
Buffer: 1.14 kton mineral oil
Veto: 2.41 kton water1.5m

1mTarget

Buffer

Veto

Candidate Detector Design

Sunny Seo, IBS 34

1200(1800,2400) x 20 inch PMTs = 20% (30, 40)% coverage
DUS 2022 @Sydney



Broad Physics Program

Supernova n

Geo ne- beam

Solar n

n Telescope

New step to
Geo Science

0nbb ?

~2000 ton

Sterile n
Dark Photon

35Sunny Seo, IBS
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qSterile n search w/ IsoDAR@Yemilab

LSC

IsoDAR n spectrum
IBD interaction

DUS 2022 @Sydney
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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



Sunny Seo, IBS 3838

Sterile neutrino search Sensitivity 

• World-leading result
• Definite conclusion on

(3+1) n or not

Sunny Seo, IBS

Advantage:
Unlike reactor/accelerator n,
IsoDAR has very well defined

n flux and shape.

5 year data

IsoDAR @Yemilab P(neà ne)

Global Fit 2019

arXiv:2111.09480 
PRD 105 (2022) 5, 052009



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

Kyle Leach
@Nu2022

39



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

40
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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

The count rate will be 
orders of magnitude 

larger than in the normal 
KATRIN operation 



DUS 2022 @Sydney 42

TRISTAN
• To handle high statistics: >100 MHz
• To measure entire spectrum 

w/ extremly small systematic uncertainty

qPhase-0: using existing KATRIN
qPhase-1: new detector system

Install in 2023
Silicon Drift Detector

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

Prototype

Final detector



keV Sterile n Searches: Conclusion & Outlook Kyle Leach
@Nu2022



Takeaway Message

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

q Precise measurements of oscillation parameters are needed.

q DUNE and Hyper-K will measure CPV and n mass ordering w/in 15 yr. 

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

JUNO: sin22q12, Dm2
21, |Dm2

31|   à < 1 % level (6 yrs data)

q keV sterile neutrino is still one of candiates of DM. 
à Direct searches are pursued by many current/future lab experiments. 

44Sunny Seo, IBS



Backup Slides



Recent Results on CP, MO

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

2020

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

T2KNOvA

46Statistical error dominant !

2020



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 47Ø MicroBooNE can distinguish e- and g.



Ø Data taking: 2002 - 2019
Ø Total ~3 x 1021 POT  (1.66 : 1 in n : n)

MiniBooNE
MicroBooNE

6.86 x 1020 POT
n data

arXiv:2110.14054

1eNp0p 1e0p0p

1eX

(50 % data)

Sunny Seo, IBS 48



MicroBooNE arXiv:2110.14054

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

Sunny Seo, IBS CUBES III @Gurye 49

eLEE : e Low Energy Excess



Ø MicroBooNE rejects the hypothesis that 
ne CC interactions are fully responsible 
for that excess at > 97% CL for both 
exclusive (1e1p CCQE, 1eN p0π) and 
inclusive (1eX) event classes.

Ø Additionally, MicroBooNE disfavors 
generic ne interactions as the primary 
contributor to the excess, with a 1σ (2σ) 
upper limit on the inclusive ne CC 
contribution to the excess of 22% (51%). 

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

MicroBooNE
arXiv:2110.14054

Sunny Seo, IBS CUBES III @Gurye 50
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q Note the deficit was observed in 1eX channel.
à ne disappearnce ?
à sin2(2q14) = 0.30, Dm41

2 = 1.42 eV2  at 2.2s1eX channel

arXiv:2111.05793

(* The other partially independent channels 
have compatible hints. )

à Or unmodelled inefficiencies cause the deficit ?

“Sterile Neutrino Searches with MicroBooNE: 
Electron Neutrino Disappearance”

arXiv:2111.05793
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• Disagreement between MiniBooNE & MicroBooNE
• The tension between appearance and disappearance in the global fits 
• The possible unmodeled source of photon-like signals in MiniBooNE

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

Ø IsoDAR@Yemilab can test more complex sterile n model.
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• Some disagreements between  
MiniBooNE & MicroBooNE

• The tension between appearance 
and disappearance channels

à Need a more complex sterile n
model ? 

(if new physics is indeed the source of 
the anomalous results)

Ø IsoDAR@Yemilab can test more complex sterile n model.

PRL 125, 071801 (2020)

P(nµà nµ)

P(nµà ne)P(neà ne)

DUS 2022 @Sydney
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Current Limits & Future Projections

Sunny Seo, IBS

https://gitlab.com/philten/darkcastYemilab 0 BKG Yemilab 103 BKG

S.H. Seo & Y.D. Kim
JHEP04(2021)135

Best “direct” DP search sensitivity in  Mf < 30 MeV (103 BKG) 

95% CL
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AC
Lo

g 1
0

‘

Log10 m„, [eV]

-15

-12

-9

-6

-3

0

-2 0 2 4 6

EW
Rydberg

Sun-T

HB

RG

dDM

LSW

CAST
Sun-L

TEXONO

NA64: EOT= 4.3 · 1010

NA64: EOT= 4 · 10 12

YL: zero bkg

YL: 103 bkg

Best “direct” DP search sensitivity at sub-MeV region

gà A’ Oscillation Sensitivity S.H. Seo & Y.D. Kim
JHEP04(2021)135

mf < 1 MeV
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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

DUS 2022 @Sydney



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

Leptonic CPV & MO in < 2040

57Sunny Seo, IBS DUS 2022 @Sydney



Hyper-K
improves statistics

Blue: Energy of peak QE rate
Red: median of high-energy tail
Green:   “       “   low-energy   “

58

Stat. 
error

520
620
770
MeV

T2K-1 Hyper-K

T2K NOvA DUNE

More mater effects
at DUNE

à Better separation
between NO & IO

Sunny Seo, IBS DUS 2022 @Sydney


