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Neutrino Masses and
Sterile Neutrino




B-decay and Pauli’s Prediction
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A particle has zero mass and rarely interacts with matter.

= nheutrino

W. Pauli (1900-1958)



Neutrinos and the
Standard Model

* The standard model requires a
large number of input
parameters. Because of this, the
model itself was a very flexible
theory.

* The theoretical basis has been
developed based on
experimental results in the
Standard Model framework.
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ia the weak interaction but also through gravity.
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Neutrino oscillation
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In the beginning of the Universe

And God said, “Let there be the Standard Model,” and there was the Standard
Model. But, God saw that the Standard Model was not good enough.....
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How many neutrino types in the Universe

= From Z-boson decay, it turns out [z = Lee Ly + Trr + Thaa + Nl

N, = 3.00 £ 0.08.

that there are only three types

of neutrinos that have weak 100 oo

Interactions.

75+

= Standard Model prediction
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In the Standard Model

= Strong interactions and electromagnetic interactions are independent of the
particle's spin.

" However, weak interactions depend on the spin direction of the massless
neutrinos.

= Only left-handed neutrino (right-handed antineutrino) affected by weak

Interaction. B
V V
@-’ momentum .@’ momentum
-#— Spin — SPIN
Neutrino Antineutrino

(left-handed) (right-handed)




How to explain neutrino mass in the Standard Model

No mechanism works in the case of neutrino mass.

Therefore, theoretically, there is a lot of room, and the following

assumptions are possible.
= The product of a right-handed neutrino mass and a left-handed
neutrino’s is a constant : See-Saw mechanism

= Simple way to introduce a right-handed neutrino

w Y = v, so called Majorana neutrino



Now are we happy?

= Now we have a tool giving masses to neutrinos, even we do not know it
really works, and three types of neutrinos having weak interaction. So we

are happy in the Standard Model?

Something
strange is
happened.



Sterile neutrino?

« LSND reported an an excess of 87.9+22.4+6.0 anti-electron neutrino
events (3.80) in 2001.

Aguilar A et al. (LSND Collaboration) 2001 Phys. Rev. D 64 112007

 Anomalies, which cannot be explained by three neutrino

oscillations for about 20 years is below:
e 800 MeV proton beam and 30 m baseline

A E * Neutrinos from muon decay-at-rest
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. Am? (1.2 eV?) was significantly larges.

* It could not be explained by the three-neutrmmﬁtandard-ﬁmdel framework.



Am’ (eVz/c4)

2
l() T T T

10 E

| 1 il
Karmen CCFR:
‘ Bugey
NOMA
00% (L L <2.3) :
V9% (l Lk -I. < 4.6) _
L -
10~ o
sin” 26

(1990-1995, 1997-1999)

But signal not seen by KARMEN at

[ ~ 18 m with the same method
[PRD 65 (2002) 112001]

= Which experiment was wrong ?

= What’s going on the neutrino sector?

= Many tests had been there after that.




Another type(s) of neutrino?

= \We have known there are three types of neutrino.

= But these interact via weak interaction only!!
> |f neutrino having only mass and independent of weak interaction ?
> Sterile neutrino

= Some experimental results indicate the possibilty.

_Experiment | vsource | Signal | Significance _

LSND u Decay-At-Rest Vy 2 Ve 3.80
MiniBooNE 1 Decay-At-Flight vV, 2V 3.40
vV, 2V 2.80

combined 3.80

Ga/SAGE e capture v, o Vi 2.70

Reactors f — decay v, > Vi 3.00



Neutrino as Dark Matter

Neutrinos as dark matter
0.04175+0.00004 pJ/m? photons

37.6::0.2 pl/m’

Neutrinos
_ ordinary matter

53527 pJ/m’ 1 to 4 pJ/m?3 neutrinos
pJ/m

dark energy

The observed energy
content of the Universe

matter p<p
radiation p=p/3

N Planck (20135) 1 pJ =1012]
vacuum p—-p TT, TE,EE+lowP+lensing+ext /)Critzl 68 829 hz pJ/I]]3

KATRIN shows the upper
bound of standard neutrino
mass as ), m, <0.17 eV.
Only explains small part of
the total mass of the
Universe.

But if sterile neutrino have
~keV mass scale (high mass
sterile neutrino), whole
dark matter can be
explained!!



JSNS? / JSNS2-1| Experiment
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Indication of a sterile neutrino (Am? ~ 1eV?)

Experiments (Neutrino source, signal, significance, energy, baseline)

« LSND (i Decay-At-Rest, Dﬂ - U,, 3.8 0,40 MeV, 30 m, LINAC (600 us), 120 Hz)

« MiniBooNE (7 Decay-In-Flight, UV, = Vp, V)= v, , 4.8 o (combined), 800 MeV, 600 m)

 BEST (e capture, v, —> v, , ~4 0, <3 MeV, 10 m)

» Reactors (Beta decay, v, — v, significance varies, 1-8 MeV, 10 - 100 m)

« However, other experiments have produced results that contradict the existence
of sterile neutrinos.

* "Therefore, a completely independent test under the same conditions is
necessary."

Myoungyoul Pac July 26 2024@CNU
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JSNS2 / JSNS2-|| Collaboration

(J-PARC Sterile Neutrino Search at J-PARC Spallation Neutron Source)

Collaboration meeting @ J-PARC (2024/Fep)
Op Ffo 42 020 B0 -

— ¢ V? SR ReASAE | f Y £ JSNS? collaboration (61 collaborators)

— L0 | | LD * e 7 Japanese institutions (27 members)
f s * 10 Korean institutions (25 members)

e 4 US institutions (5 members)

1 UK institution (1 member)

* 1 China Institution (3 members)

Y 4
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KEK Jeonbuk National Florida -
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100ns 100ns

<> <2

J-PARC Facility

y F—

% 2] J-PARC Facmty il
(KEK/JAEA ) 40ms

O o Low duty factor beam
= a-c: ‘South to North * )

(short-pulses + low repetition rate)
Gives an excellent signal to noise ratio

1 MW (design)

. 0.6-0.7 MW (2021)
Materials and Life . 0.84 MW (2023) / 0.65 MW (2023 Dec)

Science Experimental

Facilty (MLF) @9 + 0.88-0.95 MW (2024)

vvvv

Beam power at RCS: 1 MW (2024)
* A part of the beam is passed to the
main ring (for T2K or Hadron)

Myoungyoul Pac July 26 2024@CNU 20



JSNS2 detector

(Nucl. Instrum. Methods A 1014 (2021) 165742) & - .. e o
17 tons target, Gd-LS + 10% DIN

31 tons gamma-catcher and veto, LS
120, 10-inch PMTs

Near detector

(24 m from Hg target) fm

8 . =4 Commissioning (2020)
Hg(neutron) target B e e e Calibration

> Neulrino source ' e Beam data with 25 us window
* Eur. Phys. J. C (2022) 82:331

| Short pulsed beam

. With 3 GeV protons
40 A, ”"\

Physics run (2021 - present)

 Eur. Phys. J. C (2024) 84:409

* More papers are under review and
available on the arXiv also.

Myoungyoul Pac July 26 2024@CNU 21



* JSNS? uses the same neutrino source (i), target (H), and detection principle
(IBD) as the LSND

 Even if the excess is not due to the oscillation, JSNS2 can catch this directly.

Two advantages: short-pulsed beam (100 ns X 2, 25 Hz) and gadolinium(Gd)-
loaded liquid scintillator

Myoungyoul Pac July 26 2024@CNU
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Operation

................................... Hourly Dellvered POT

(o))

4

1st physics run
* 0.6 MW (2021/Jan - Apr/5)
0.7 MW (2021/Apr/5 - June/22)

oS

w

2nd physics run
0.7 MW (2022/Jan/28 - Apr/6)
0.8 MW (2022/Apr/7 - Jun/6)

21/01/01 22/01/01 ; 23/01/01 ; 24/01/01

400:_ ......... et oo, e — B ..... — e oo — ................. et e ..... et eeeeeeeee e, eeeeeee e e e ..... — e oo e

450 |

3rd physics run
 0.84 MW (2023/Apr/15 - Jun/2)

Integrated POT ( X 10°") Delivered POT (X 10'%/h)
?ﬂ L] } | I‘ I

4th physics run

* 0.65 MW (2023/Dec/7 - Dec/25) e
. 0.88 MW (2024/Feb/6 - Apr/8) 21/01/01 22/01/01  23/01/01  24/01/01
* 0.95 MW (2024/Apr/8 -) [Date]

4.09 x 10%% POT has been delivered by end of March

(35.9 % of the approved POT of JSNS?), LSND : ~ 107> POT
Myoungyoul Pac July 26 2024@CNU 23



Production and detection

If sterile neutrinos exist, Eﬂ — U, oscillation occurs with 24m

Timing Energy

prompt | 1.5 <T,<10 us | 20<E<60 MeV

Coincidence of Inverse Beta Decay (IBD)
* The positron annihilation

delayed | ATp.4<100 us | 7<E<12 MeV

-’ N P -
\ / \
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= |
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et \
O.__—_b gammas : Prompt signal

Pair annihilation |

|

|

|

|

|

|

|

|

|

|
|
: () > Gd :
! : oscillation :
; | 24 m |
! ' | |
\I ‘ | |
| | m , '
| ve | “ Thermalized I
| I “ At ~26 us & captured .
| | \ gammas Delayed signal
. Mercury target ,' p LS /
\ P ~ o

Ry
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Events/4MeV

40

35

30

25

Expected energy spectrum and sensitivity

(JSNS2 TDR, arXiv:1 705.08629) $in?20 = 3.0 x 103 87
Am? = 2.5eV?
_ _ _ _ _ Signal (Best fit values of MLF)
» U, follows decay-at-rest v, energy distribution Sin?20 = 3.0 x 10°°
H Am? = 1.2eV? 62
4 (Best fit values of LSND)
« Prompt single rate (background): ~3.9 X 107" per spill ] C'—( fml_“)f.,“\- u
TU(Ve, € )7 lg.s. :
3 background | beam-associated fast. n <2
 Delayed single rate (background): ~4.4 X 107 per spill Cosmic-induced fast n | negligible
Total accidental events 20
o . . 0% o
e Spectral fit is sensitive to the difference of energy spectrum 2 F — ISNSTeo%CL
= - LSND 99%C.L
Olg. - LSND 90%C.L
_/E] [ ) USRI v, . <ot TOOS WSRO S OPERA(2013) 90%C.L i
p——— —sin?260 = 3.0 x 1073 E -8in*20=3.0x 107  E
—| [ V, from ¥, oscillation Am2 — 2.5€V2 ¥ 35| [V, from¥, oscillation | Amz — 1 26V2 - |
- Vv, from | : : 2 m R v : : i
= Zo,e N 1 o — ) 3 g LA (LSND best fit) 1MW X Syears
:_ ------------------- A CC|denta|S ------------------------------- L ;— 9.5 ...................... ........ 1 ? T T
: 5 l ---------------------- ------- 3 B s s e e 1oL
3 O 3 :
- — 5 6'0} 10_120-4 L 11“11613 L 1111‘;|0i_2 L1 1111‘1113)-1 ! 11111111
Energy (MeV) Energy (MeV) sin°26






Evis /MeV

Event _{ 1.0 MeV
o

Commissioning run
(Eur. Phys. J. C (2022) 82:331)

* June/5-15, 2020

-
o

. Integrated POT: 8.9 x 10"

> I I AR
5 YRR MO I x 2 :Gd}' ------- Delayed candidate
. . . S ol nGd| T I
 Beam trigger with 25 us width g fiin s A Gp T
- M 4 T P B -
§ i 5 fack iR Eh
e H0? [
10° 5 oo s
B L e S B oL S L s [
| .'_;:@;.:f‘.‘::i::j:;.prompt signal window (%= % = Observed correlated event candidates
- , S S P S £ B :
T LTS TR L 410« 59 = 8 events / 8 M spills
Y ae¥ “'Si ___ 1+ Cosmic-induced fast neutrons are the dominant background
el i !.:._ A o i

o
g

1

 Correlated background: 55.9 = 4.3

* Two independent groups are working on |it.

X%
- "u:a.'i. e

- [

r"-_.
O 4 6 8 10
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Toward the sterile neutrino search
(For the blind analysis)

-~ energy side-bands
QL
. : : — : . g .
Energies define side-bands like a right plot. < Side bandl
+ (domlnated §
o All side-bands should be understood before = ngi;CCldental
Opening the signal region §12 ................................... e
o Side band3 . Side band4
. . : : > | (dominated | . . (dominated
* Therates in the side-band regions will be 5 |by neutron = 1831y heutron
Predicted by the control samples driven by data < | BkeG) . BKG)
~ | .
20 T S S
_ = Slde band2
 Now, side-band 4 data are opened p ;(domlnated .
« Cosmic fast neutrons and accidentals are 2 giG’)‘e“;"ggar
the main backgrounds in side-band 4 c signal region

20 60
Energy of IBD prompt candidate (MeV)

Myoungyoul Pac July 26 2024@CNU 28



| | Ll
60 65 70 75 30 85 00 95 100

The first comparison between the observation vs expectation

(Side-band 4, prompt 60-100 MeV)

Prompt Energy

o,l;l

Recc viMeV1

10°g

10E

1E
=
—

3 :

Delayed Energy

2 : P | :

10 E
-

Observed
events

Expected
Events

Total

1498 = 38.7

1528.5 5.9

Neutrons

1421.7 £ 5.7

102 L1 11

5

L 7 Accidentals

106.8 = 1.5

JSNS2 prellmlnary

The observed events are compared with the
background expectations
(Cosmic fast neutrons + Accidental)

; AT ; | f I~ |+ They are well-agreed

10 2 1 1 ] | 1 1 1 | ] 1 1 l ] 1 1 l 1 1 1 10 2 . : | 1 | 1 [ . | 1 |
0 20 40 60 30 100 0 500 1000 1500 2000 2500 3000 3500
AT, [us] A\/"‘p.d [mm]
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Pulse Shape Discrimination (PSD)

* Fast neutrons can mimic IBD signals from electron anti-neutrino (correlated background)
 PSD can separate the IBD signals and fast neutrons.

* 10% diisopropylnaphthalene (DIN —> EJ-309, 2000L) has been added to improve the
PSD power.

* The goal is to remove 99% of fast neutrons.

Cosmic ray muons

o

- neutron
- positron
| Tail : 100nsec

-—>}

2 0 Captur
(s X,
/OO 0‘ ermalized gammas
O

Recoil proton; 20-60MeV
mimics IBD prompt]

Myoungyoul Pac July 26 2024@CNU
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Likelihood method

(arXiv:2404.03679)

 The DAQ of JSNS2 can measure a waveform every 2ns (500MHz sampling)

* The likelihood judges that each event looks like “a neutron” or “an electron”

1<96 j<2438

L= H H [Pl-j(PH)], PH is the peak normalized pulse height of jth bin

PMT bin

arb. units

0.8

0.6

04

0.2

0

0 50 100 150 200 250 300 350 400 450

time [ns]

Myoungyoul Pac
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.
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01f-
0.085
006

0.04 -

PSD score
distribution

sevesrey IO I I e L e nnmTmemmmmmmIIh,mIImmmImnmmImmmIIIIhIInoIInoInomnoInhnI I

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

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

| l | | 1 l

400 600
PSD score

200
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x10°

ME efficiency

0.9

0.8

[—
[ I

0.7

FE r'ejec'tion'vsl
ME efficiency S } ..... -

0.6 A S S S
05 ;flil """ i i A { I . f"i"'l"'l l'l'"i"]'l L } I l I'"l'"l'"l"'i"i"]
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

FN rejection
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Accidental single rate of IBD prompt and delayed

Eur. Phys. J. C (

" 0 I Th y 01"’}
T I |:| |"|‘|'}|' l'l J ,J” > .'-’-.”.n.

Evis / MeV
S

2024) 84:409

Special calibration run using beam timing with 125 us time window

0 20 40 60 80

100
Timing / pus

Observed (at 0.75 MW of averaged beam power)
. Prompt single rate: (2.20 % 0.09) x 10~*/spill
. Delayed single rate: (1.80 = 0.01) x 107%/spill

Myoungyoul Pac

July 26 2024@CNU
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Better understanding the neutrino beam
(JSNS2 TDR, arXiv:1705.08629, )

« How to get the absolute Dﬂ flux”?

Mercury target
and retracted

trolley

e Simulation may give a marginal number.
* UDAR neutrino production by 3 GeV protons

* However, there are Ambiguities in pion production
 No measurement data of 3 GeV protons to
a mercury target is available
* Uncertainty in pion production from mercury
* Target geometrical modeling

Beryllium reflector

* Different simulation packages may help

Neutron beam
channel

Mercury target

e Or we can estimate from the data

Myoungyoul Pac July 26 2024@CNU 33



Better understanding the neutrino beam
(JSNS2 TDR, arXiv:1705.08629, )

FLUKA hadron simulation package (central value)

™ s ut S, | TS uT S
« Simulated DAR neutrino production by 3 GeV protons 7/p 6.49 x 1071 4.02 x 107!
* Two different packages (FLUKA vs Geant4) 1/p 3.44 x 1071 3.20 x 107
v/p 3.44 x 1071 7.66 x 10~
_ — 104
. //tDAR Iu-l- N €+ _|_ I/ﬂ v after 1/,LS 2.52 x 1071 4.43 x 10
e CNgs: Geant4, QGSP-BERT package (cross-check)
. 12C +—> 2 N, ;. (prompt: electron) i N e R
12N 12 C + del d: _ 7T/p .41 X ].0_1 4.90 X :.0_1
. g5, + v, + e (delayed: positron) i/ 568 x 10-1 390 x 103
* Lifetime: ~16 ms v/p 2.68 x 1071 9.34 x 10~
 Understand the neutrino flux from the data v after 1us | 1.97 x 1071 5.41 x 10~

Myoungyoul Pac July 26 2024@CNU 34



JSNS2-|| : The second phase of
the JSNS2



JSNS2-||

(arXiv:2012.10807)

New far detector
 Fiducial 32 tonnes and 48 m location)
e Two detectors with two different baseline

* A solid conclusion of LSND anomaly N \ T

* |mprove the sensitivity

. Especially in the low Am? region

Myoungyoul Pac July 26 2024@CNU



Ty &% e I °
New far detector Copyrights KEK-IPNS '8 "3

Almost identical to the near detector

* The detector is placed outside of the building

* 37 m3 Gd-LS for the neutrino target

150 m3 pure LS for the gamma-catcher and veto

e 228, 10-iInch PMTs were installed "'

* The acrylic vessel was made in Taiwan and installed T T
 GdLS and LS were donated by Daya-Bay in 2021 and are ready to fill

 An LED calibration system and temperature sensors were installed ":‘35(,‘ T

Wavelength [nm]

Myoungyoul Pac July 26 2024@CNU 37



Sensitivity for the JSSNS2-|I

(Based on the simulation)

* Each background simulation was done based on the JSNS2 data

o0

Coverlng LSND by 3 S|gma

4
1
o

[ ]

> = : © = . [—— MLF s0%CL
% 45 I .................. ........ TOtaI _ _ A W . : . : ﬂ>, B MLF 3a |
g€ E | &= V. from ¥, oscillation Simulation of the far detector % I SN 90%C.L
3 405_ ..... .................. ........ ;%L:(ér;]ntlals ....... Sin2 29 — 3() ;< 10_3 o . B OPEM19(NW .
355_ ..... .................. ........ Cosm|c neutron ....... Am — 1 zeV E
30__ ..... .................. ................... .................. ................... .................. ....... (LSND beSt flt) :
: : : : : : : : : 1 -
10 ' 5
= JSNS? 3 years +
- JSNS2-|| 5 years
10—2 ] ] IIIIIIi ] ] IIIIIIi ] ] II-+I+IrI"I‘I~i ] 1 1 1 1111
0 -3 2 -1
Enoray[MeV 107 10 10 10 sin®o 91
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Construction schedule of the JSNS2-II

2021

2022

2023

2024

s.S.tank

Acrylic
Vessel

Data taking

Construction
............................................... *#**
bid |Construction|Trans. Installation
---------------------------------------------------------------------------------------------------------------------- q

Myoungyoul Pac
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