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0. SK-Gd
Super-Kamiokande Gadolinium Project

We dissolved Gadolinium (Gd,(SO,);) in the SK
water in Aug. 2020 (0.01 %) in the first time and
added more in 2022 (0.03 %) successfully.

Target Gd concentration is 0.1 % and
fruitful results will be expected in near future.



Super-Kamiokande

50000 tons of
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| Water Cherenkov detector | |
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(For Solar neutrino analysis)
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Why gadolinium?

* Gd has the large cross section o for thermal neutrons
(< 664>=49.7 kb >>0,=0.33 b, 1 b =102%cm?).

* Neutrons captured by Gd emitt y rays (E,;; = 8 MeV)

* We can tag v, by delayed coincidence technique in IBD:
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Physics Targets

Physics targets:

(1)
(2)

"(3)
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Supernova relic neutrino (SRN)

Improve pointing accuracy for
galactic supernova

Precursor of nearby supernova by
Si-burning neutrinos

Reduce proton decay background

Neutrino/anti-neutrino
discrimination (Long-baseline and
atm nu's)

Reactor neutrinos

*(1) SRN: All the neutrinos which have ever been emitted by every supernova since the
onset of stellar formation suffuse the universe.

*(3) Approximately a week before exploding, the turn-on of silicon fusion in the core would
raise the temperature of the star sufficiently and electron-positron annihilations within its
volume would begin to produce ;, just above inverse beta threshold. 6



Improvement of pointing accuracy for galactic SN

Vet ——V, +E : direction information

+ . ° ° .
: no direction information

V,+ p——>n+e

Vv, + p interactions

v, 1D with 80 % efficiency

v, +¢e~ elastic scattering

Declination (deg.)
Declination (deg.)

Right ascension (deg.) Right ascension (deg.)

Direction distribution reconstructed by neutrinos from SN at
10 kpc distance (simulation)



MNumber of events

Improvement of proton decay

B - e ~50 % background
T poetno | events are rejected with
b —— Daa neutron=0.

600 F |
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= | * ~75%ofp—>etnare
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wor e accompanied with

360 neutron from
deexcitation of nucleus.—>

300 F
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only a few % reduction of
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Neutron multiplicity

selection efficiency.



Improvement for T2K

Number of tagged neutrons in T2K energy range

S 'NEUT 5.1.4.2
[ ] v 1-ring e-like

"~~~ 4 v 1-ring e-like

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

1-ring e-like sample
0.5GeV<E, 6 <0.7GeV

Assuming n-tag efficiency of 80%.
(capture eff.=90%, Gd-y det.eff.=~90%)
.

0 1 1 L
0 2 A 6 8 10

Gd-tagged neutrons
v, contamination in the v, enhanced sample: 30% 2> 13 % °






Atmosphere

Large water
Cherenkov detector

Lt e
L%
B 0 0 ...Q.\.’. - - ; ~
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Hssseoony @ S
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Charged
particle

Construction started in 2020
‘Operation will start in 2027
(priority project by MEXT’s
roadmap)

11



Physics goals
CPV measurement
HK " J-PARC accelerator

v. & = o A%
- @ 5 n
Any difference in v oscillation probability ?

Veo _* OVH

Cosmic neutrino observation

Elucidation of the origin and the

history of the universe

Determination of mass hierarchy (MH)
m?2

( @D ms

2.5 x 10° eV 4

X mz
7.6x105eV’{ @ m1 @ m3
>
® NH IH

Proton decay search

Positron
Proton I
70
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HK Long Baseline Project

_es o N Cd

> 9 i A N E
_Map data ©2018 ZENRIN

* J-PARCv beam: 500 kW - 1.3 MW
2.5° off-axis, peak energy @~ 600 MeV (oscillation maximum)
-> narrow band beam suppresses NC-n® and CC-nQE contamination

 ND280 should continue its operation for HK w/
upgrades (SFGD & HA-TPC).

* FD:SK - HK will realize high statistic v data

* Intermediate Water Cherenkov Detector (IWCD)
will be newly constructed at ~1 km from the
neutrino source.




J-PARC beam power upgrade
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. : RF system upgrade
: (2) 2" harmonic RF cavities
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2016 2018 2020 2022 2024 2026 2028 2030
JFY

- 1.3 MW (1.16 sec cycle)
Trial for 1 MW-equivalent operation was successful !



IWCD

Buffer tank

e ~600t water Cherenkov detector located at
~1km from the neutrino source

* Moves vertically to measure energy spectrum at

Pit RS- different off-axis between 1° and 4°.
- ey * Potential to load with Gd to enhance neutron
' , detection
*  Multi-PMT Emlts WI|! be used. 2 good
Water tank reconstruction despite small detector

(detector)

750 m

~50m
\Sfﬁaxis angle (o A4)

~
~

Neutrino -~ _

beam center . _
A

IWCD s{imulation

15



(1) Measurement of CP asymmetry

neutrino anti-neutrino

0.1 ra=

L=295km, sin?20,3=0.1 L=295km, sin2205=0.1

Normal mass hierarchy (NH)
---------- * Inverted mass hierarchy (IH)

» Comparison between the probabilities: P(v,= ve) vs P(v,~> V)

« Upto ~ =30 % variation at 5cp=-90" in NH (or 90° in IH)
wrt Sinécpzo
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Expected events in HK LBL project

Z : 3 |
z ™ Neutrino mode : ** Anti-neutrino =
% 2sel - 3 ol =4
. i | = 2‘.5 Fas — b =-00"
i= R o
i o ol = % i ﬁ‘r—r == -A few % stat. uncertainties
R = == == f = “Ha V., > 7. si
P o] B B el BT || on v, >V, &Y, >V, signals

P a6 i v v v, | "V is reconstructed from
;. vl —ezenl| (. 6) ofeory
4 ! i ) 4 o g .
3" it fmﬂ - (it et «Realistic estimates of wrong
T o ! ol i1
- *++++ JHAEE | 5 S A '*+m A Sign & NC BG contaminations
g s g -
§' . Difference from &¢cp = 0° é‘ ad are based on T2K

VY R TS (SR IR D AR T R RS T I > O

Recomstructed Energy E™ (GeV) Reconstructed Eacrgy E™ (GeV)

Expected signals & BG’s : 10 years (1.3 MW X 108 s), 1 tank, sin220,5;=0.1, 6.p=0, &

v:v = 1:
o3 =0 Signal Wrong sign v /¥.CC Beam v, /v, NC
L v,2v,CC | appearance p/ ¥p contamination

1,643 15 7 259 134

1,183 206 4 317 196
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SCP SenSiti\lity
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* Preliminary
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Significance to exclude
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(Scp = 0°and —90°

18

(2.7 x 1022 POT, v: ¥ =1:3)



(2) Mass hierarchy determination

*See Miura-san’s lecture in detail.

Mantle Normal Hierarchy case
Outer Core

Inner Core \ 2

P(v,> v,)

Resonance

illation Resonance
by Earth's Matter

—— ‘

v er‘wergy (Ge\i/u) v e;mergy (Ge&)
* The resonance appears for v,
(V, ) in NH (IH) case.
e Sensitivity enhanced by
combining atm & beam v
p— lNormald orarchy data.~> 30 determination
nverted Hierarchy -

R N 1 within 2~ 5 years !
1 2 3 4 5 6 7 8 9 10

wrong hierarchy rejection
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(3) Neutrino astrophysics

SN burst

~9 — 13 events for M31
(Andromeda)
50 — 80 k events/SN @ 10 kpc
Time & energy profiles with high
statistics
- Dynamics of SN central engine,
explosion mechanism,
NS/BH formation
1° pointing for SN @ 10 kpc
- Multi-messenger measurement
with optical, GW, etc.

events/0.22Mega-ton

(%)
3 3 g,
oS s e o =
85 §g8 3 =
gpeTT FTTTT T T
8
7k _\Q
5% x“xk \ ve.|. p
N NV
4% ~ L /O Ve + 160
E T{E\\ ve + 160
X NN
oF ) \
E '\. \k\\w
L ] L1 L ;:-rlui | ?“u.-un\n ]
-1 2 3
10 1 10 10 10

distance(kpc)



(3) Neutrino astrophysics

T.i= 6 MeV
— HK r
400 | , A
%] — SK-Gd /|
o | . , i
o 350| —— JUNO
g 300| T4 =8 MeV
Q250 HK
2 — — SK-Gd
|
- 200 —— JUNO
v 150 - -
2 -
g 100: e
2 S
05020 2025 2030 2035 2040 2045
Year
SN relic v

* 1st discovery by SK-Gd
* HK will measure the spectrum.
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(3) Neutrino astrophysics-solar v-

Day-night asymmetry observation

Sensitivity (See Oyama-san’s E
lecture in detail) T >
2.6» g ‘E
V¢ regeneration + 5
_ 2®[ lin|night
%
“E 24
S | E4, = 6.5 MeV
- Night

1

Energy spectrum up-turn

(See Oyama-san’s lecture in detail)
0-8 TTT TTTIT T T T T T T T T T T T T T T T T T T

X ' iﬁg‘ G | | | |° Borex:no éB) .
0.7 F ~ (& 4 SuperK ;]

u 2 |& = SNO P ]

06F

05F

()

L m
I i
04— x
o o

Pee

03
E —— Standard  —— NSl-up i o la
0.2 — | L b oo
L | —— Sterile NSI-dw i T ]
0 1 _l 11 I Lot} l 1 1 =1 I 1 =X I 1 1 1 l | | S { l : 1 1 I l: 1 : 1 3l
‘01 05 1 2 3 5 7 10 14
E, [MeV]

:0.3%
+ 0.1%

0.3%

[=]

Sensitivity (sigma)
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(3) Neutrino astrophysics

[am
o

sET T T T T T T T T T T T3
] __Solary 3
== « (SN1987A) =
@ - % —
S P sl =
g 10 5 3
=10 -
- 3
1 -

10°E Geov Atm. v 3
1072 3
107" =
Cosminv

102 =
10°% 3
102 -
TR RN

10* 10 10" 10® 10" 10"
Ev [eV]
Neutrino fluxes at Kamioka as a
function of neutrino energy.
Precision measurements for solar,
SN(R ), and atmospheric neutrinos
can be done with high statistics.

-Cosmic v Observation-

Sun

Za—hNYyJs
4 Neutrino

INAIN—HhZFAhVT
Hyper-Kamiokande

Indirect DM search:
Hyper-Kamiokande detects the
neutrinos generated by the
interaction of dark matters in
the Sun or the earth. 23



Number of Events

—

(4) Proton decay search
lpée’fno search

0 5
9 T.,m—l ?xmﬂyeam {SK ||rr1|t} Slg ﬂa| 3
% 0 < py,, < 100 MeV/c / v E
6 10 years ot "i/
5 -~
4 backgrmund P NE
L . E
DEDD EIDU 1 L']l{]{] 1200

Invariant Proton Mass (MeV/c2?)

Almost BKG free measurement !

0 < proe < 100 MeV /e

€sig (%]

Bkg [/Mton-yr]

l(N, ‘f 1'((,

Esig [70]

¢ < 250 MeV /e
Bkg [/Mton-yr]

18.7+1.2

0.06 £ 0.02

19.4 +2.9

0.62 +0.20

(SK: 0.18)

(SK: 1.1)

TR [years]

*See Miura-san’s lecture

3o discovery sen5|t|V|ty

p—»ert0 I
| ——HK186kon

10% rj":::':::‘ B

T
2020 2030 2040 2050
Year

30 discovery sensitivity :
T,/Br = 10% years
for 20 year operation.
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(4) Proton decay search

Hp->vK* search
® K+ is identified by its decay products

*See Miura-san’s lecture

20 10 — A'- ——
r T F LI 3
.ﬂ 8 | Tproten=0.6% | 03 years N o :
Br = 63.5% % ol 070 % (SK 959: CILn“r:T; Br=20.7% y T . 3 ff‘x O;(?Jy
R }14: , D(')ﬁ T 0 2 g 7 | ™ ‘);‘
s @— :]_J 12 |‘ f <——0n L Lt — b—b D%
K+ O w 4_.,: V' K+ y "'5 . _ _ )
!a 3 / ¢' \ !a3 “ _ i <\~
Q . Q sfi
g 4 + g 2' 7 +
Z m#BQ z (BGL . | ]
200 250 300 350 . 400 500 600 700
Muon momentum (MeV/c) Invariant Kaon mass (MeV/c2)
3o discovery sensitivity Prompt 7 1 Spectrum
e P exie [%) |Bkg [/Mionya]| ey %] [Ble [/Mbon 3] ||y (%] Bl [/Mronya] o 1%
% gg"‘“K‘B“‘m | ;:].T:I:'.].-l‘ 0.0+0.2 Hm.sil.1| 0.7+02 || 310 | 1016.0 H 2.0
30 discovery sensitivity :
T,/Br =3 X 1034 years
, for 20 year operation. e




Detector Locatio

Under Mt. Nijugo(25)-yama (mountain)
~ 8km south from SK
Overburden ~650m (~1755m w.e.)

n

*See Miura-san’s lecture

Identical baseline (295 km) and off-axis angle (2.5 ) to T2K

¢ N “Hyper-K
(EHRR),
=R ot m=em] 26




Timeline

* 2022-2027: Construction, 2027-: Operation
* No change of schedule since the approval of project in 2020

JFY2020 JFY2021 JFY2022 JFY2023 JFY2024 JFY2025 J-Y2026 JFY2027 JFY2028

-‘- _I | -
nst. in

Cavern Tank PMT

Preparation Tunnel const.
- I excavation I Co

PMT productlon

PMT cases, Electromics etc.

stallation

-

\Water system
|

Power-upgrade of J-PARC and Neutrino Beam-line

Near Detector Facility, R&D, production ND construction
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Cavern excavation status

Access tunpel (~2km)

Mine
. ¥’entrance

Main cavern

""" Widened section w/
- ‘turn around' space

o] Widened section

Approach tunnel

Top of the Detector Cavern (March 14, 2023)

Clrcular tunnel Main cavern

EN
2
%L

Access tunnel
"

Approach tunnels ~ *** Vertical shaft

* Access tunnel (~2 km) completed in Feb. 2022

* Excavation of the main cavern started in fall 2022 and
is proceeding as scheduled %

T. Nakaya, Neutrino workshop @ IFIRSE on July 27, 2023



Detector component (some production starting)

pMTs (X 2 better photodetection eff. )

ID mockup Underwater electronics:
20 x 50 cm ID PMTs + 12 x OD PMTs

Feedthroughs
for ID and OD_

T. Nakaya, Neutrino workshop @ IFIRSE on July 27, 2023



Sanford Underground _ . cus = K
Research Facility :

——e gy

Sanford Underground
Research Facility o (—————

N Fermilab Research Facility

. M..". (Proposed)

‘...-..“

..“.ﬁq......“‘

Fermilab
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Introducing DUNE

1,300 km beamline
70kt LArTPC far detector 1.5 km underground
* Primary physics goals:
(1) v oscillations (8¢p, 0,3, 013, mass ordering)
(2) SN burst v's and astrophysics
(3) Proton decay

SURF FNAL

Sanford Underground

Research Facility Fermilab

...........
_____




YV source

Long Baseline Neutrino Facility (LBNF)

MW-scale wide band beam

s

o
.
.

——
DUNE Simulation

=y

8 — -\

& 10" Vg Ve

=

X

= 10°

O 10°%

(4] 2

E b

- Rk Ad A Al PR e 2 W T
e 2 4 6 8 10

Neutrino energy (GeV)

Sanford Underground

Research Facility Fermilab

...........
— -



Near Detector (ND)

* Located 574 m from the beam target

* ND-LAr: pixelated LArTPC

* ND-GAr (in Phase Il): high-pressure
GAr TPC surrounded by ECAL and
0.5 T magnet

'« SAND (System for on-Axis Neutrino
Detection ): tracker surrounded by
ECAL and 0.6 T magnet

* ND-LAr/ND-GAr can move to off-axis
up to 33m modifying the energy
spectrum (DUNE-PRISM)

Sanford Underground
Research Facility

Fermilab
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Far Detector (FD)

4 LArTPC detector modules

Long-Baseline Neutrino Facility

South Dakota Site Neutrinos from
Fermi Katiora
‘ Accolerator Laboratory
n ifnois

Ross Shaft
1.5 km to surince

T~ Faciiey
' cryogen
IuPpCrt systoTs

™ One of tour
detector mocuies ¢f the
Deep Uncerground
Neutnc Saperiment

4850 Level of
Sanford Undarground
FResearch Facilty

Sanford Underground
Research Facility

Fermilab



Appearance

Disappearance

Events per 0.25 GoV

Events por 0.25 GeV

v Oscillation Prospect

Neutrino Mode

Antineutrino Mode

Events per 0.25 GoV

OUNE v, Dissppoarance
sy, = 0500

el w2451 < 10" oV
15 yoars (staged)
win Sigeal v CC

Order 1000
appearance
events in 7 years

Order 10,000
disappearance
events in 7 years
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Sensitivity Over Time

CP Violtion Sensitivity Mass Ordering Sensitivity
12 8cp = —nT2 = 35(
DUNE Sensitivity (Staged) W= 50 % of 6pvalues [ DUNE Sensitivity (Staged) W 5cp = —nT2
All systematics w70 % of 8¢pvalues | All Systematics B 100 % of Svaa:lIues ,
Normal Ordering Normal Analysis 30 - Normal Ordering Normal Analys.ns
10 w12 unconstrained [ sin’20,, = 0.088 £ 0.003 ~ B13 unconstrained
sin22043 = 0.088 + 0.003 - sin’0,, = 0.580 unconstrained
sin20,; = 0.580 C
unconstrained 25 i
N C
Y
<1 201
Il 156
© 2
10F
D eI eecsessesssasanssssssssammnssssssssssssnsed
ovlllllllllllll lllllllllllllll. 0
0 2 4 6 7 8 10 12 14 0 1 2 3 4 5 6 7
Year Year
* CPV discovery if true 8.p = — /2 in ~7 years

e CPV discovery for 50 % of true d.p values in ~10 years
* In 2 years, mass ordering will be determined w/ 50 regardless .p
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Other mixing parameter measurements

0.125¢ - 26
EJA Normal ordering [ Z‘,’g.m“mm ;’:;:;;‘:"M)
0.12F \ sin26,, = 0.580 - Normal Ordering B < s st
C - sin’26,, = 0.088 + 0.003
0.115E 90 % C.L. 2.55|-90% C.L. (2 d.o.t) 1"_:':"\’:;.:9“ Gl
- o e 7 yeQrs I
B 10 years :
0.11~ = 15 years & L
C NuFIT* 4.0 90 % C.L. e 25
:O.105 :— True value X =
—_ o~ -
- > [ :
°§ 0.1F e [ ‘[\ D A )
(] o o
= N 245 y
0.095F § J b
! >
0.09- h
- 24
0.085~ L
0-08:_ -l lllllllllllllllllllllllllll
04 045 05 055 06 065

&
8

-1 -08-06-04-02 0 02 04 06 08 1

8¢ P/n sin’om

* 013 measurement will be comparable with reactor experiments after ~ 15 years.
* Significant improvement in precision measurement of atmospheric parameters.

* NUFIT provides:
*An updated global analysis of neutrino oscillation measurements determining the leptonic mixing matrix and the neutrino
masses in the framework of the Standard Model with 3 massive neutrinos and some of its extensions.

*Graphical and numerical bounds on the parameters. .



Supernova v’s

* A core collapse SN produces an intense burst of neutrinos

e ~10000 neutrinos from a SN in our galaxy over a period of 10
seconds.

* Inargon (uniquely), the largest sensitivity is

Ve + OVAr 5 e~ + 40k

izl Feuronizzion Acogeion Cixding

|
= ;=

Number of Events
L]

Highlights include: 1
Possibility to “see” neutron star formation stage
Even the potential to see black hole formation

10
Time (sec)



DUNE: Schedule & Plans

* Far site construction is underway.
* Near site preparation is also in progress.
* Physics should begin this decade.
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1-3. ESSnuSB

(European Spallation Source
neutrino super-beam)

Nest-to-next CPV precision measurement experiment at the 2"
oscillation maximum

P(u—>e, p, 7)
1.0

0.4

N 0.8
>l~‘
>3.

a) 0.6 . )Y
- e
1 -

|z
;5.
—
al

0.2

L/E (km/GeV)

500 1000 1500 2000



Why 2" maximum ? (1)

CP violation in ESSnuSB

8i; = sinb;;

cij = cos b

AmZ; =m? —m3
Am2, L . Am3,L . Am3, L af _ pr4 i oEd
Acp =P, 5, — P55, = —16J sin 4;1 4%2 3 42} Aij =UqiUajUpiUg;
J = 812€12813€13823C23C13 Sin dcp
E =400 MeV
If B
o 0.121— 2" maximum
! — Vacuum CPV signal is
' - . Acp @Q 2nd max o7
" o1 2.7 times larger than 1% Acp @ Ist max
o — .
- Maximum ! * Does not depend on J, i.e.
0.08 . i
15t maximum PMNS matrix elements
E} * Depends only on mass
< 006 splittings
0.04
Vacuum
0.02
0
1 1 11 | 1 1 1 | 11 11 11 11 I 1 1| 1 | 1| 1 1 | 1| 1| 1 11 1 I 1 11 1 I 1| 1 Parameter Best_ﬁtvalue j:lo- range
100 200 300 400 500 600 700 800 900 1000 5
L /km sin? 61, 0.304 & 0.012
sin” B3 0.02246 + 0.00062
sin? 263 0.9898 + 0.0077
Am3, (7.42+0.21) x 107> eV?

Amy (2.510 £ 0.027) x 103 eV?




Why 2" maximum ? (2)

2nd maximum
- larger sensitivity to &,

OSC] I Iat|o N patte rnL matter doesn’t matter

M km)

=
B |
@ Pl v, Ocp = 0)
- 1st maximum | T il )
o ,4 : - smaller sensitivity to &, —— Py oy, (50P -n/g)
f \ | - matter can mimic CP violation | ———— P, _,, (85 = -n/2, matter)
0.08 # ‘ T PV v (SCP-O matter)
’ i :
== PVu v, Bcp =1/2)
0.06 Vi, (SCP = /2, matter) .
vl; oy Ve (SCP _— 0, mattel’)
0.04 -
L | ’// - i “.~::‘;‘_ Lt
0.02H { o ; ~"".'“~—-§,'_'__ ’ :
a | I | ! ! I | | | I |
g 1.4 1.6 1.8




ESSnuSB neutrino baseline

Zinkgruvan mine, 360 km from the source
partly covernig 15t and 2" maximum




Layout of the
ESSVSB components

To Far Detector

/

e 5 MW average beam power A Near Detector

e 14 Hz > 28 Hz

* 3GeV 2> 3.5GeV

e >2.7 %102 POT/year

e Start: 2026 Accelerator

e (under constructien

v -
- -

ESS Target .

Transfer Line _—

w

Accumulator Ring_—

Far Detector




Oscillation coverage

o o1 ﬂ : . o
;o.os;— :?szfg T. 000F
0081 B i 0 oos ﬁ
o.07§- Flux x cross section 0_07;;_
0.06" 008 L=
°~°5;‘ o.osE—
o.oai— PL o.oaé—
i
0.021 o02E—]
0,01 001E- l U/
57 b2 o3 04 05 06 07 08 hé: ; ;\,‘ °:'o!1' O B G Y T e T T R
E, / Gev
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NINJA-like water-emulsion N ear d ete Cto I'S

detector (1 t fiducial)

Scintillation cube

Code name: VIKING



Far detectors

Design
* 2 x 270 kt fiducial volume (~2x HyperK)
* Readout: 2 x 38k 20” PMTs
* 30% optical coverage
* design here for 40% with an option
that 4 PMTs will not be installed

Can also be used for other purposes:

* Proton decay

* Astroparticles

* GalacticSN v

« Diffuse supernova neutrino background
« Solar Neutrinos

* Atmospheric Neutrinos




1-4. Neutrino Factory

Neutrino Factory serves high luminosity, in particular
also at high energies, both muon and electron flavor
content, well known neutrino energy spectra

and very well determined beam intensity.



Composition of v Factory

Proton Beam Neu'tr ino F adory J

Matching SoleRgidm

Pion Capturq!:_:;

— pion
 ——
Phase Rotation
Captu[)e Solenoid | RF Linac
roton beam :
Low-energy proton beam Decay Solenoid

Muon Sourc

Muon lonization Mugn Beam
Cooling 4

—

RF RF

Four neutrino species from
muon decays

Muon
Accelelator

Neutrino Beam

Muon Storage Ring

Neutrino Beam

Pion capture by high magnetic field solenoid.

Suppression of transverse momentum of pions
* Deceleration by absorbers
* Acceleration by RF

Immediate acceleration by a muon accelerator
with high repetition (~50 Hz)

High intensity & energy v, (v,,) & v, (v,) beams
simultaneously from the straight part of the
muon storage ring



Some future plans

| 6D cooling demonstrator 15 Ve,

Detector

- [

OCS

@ FNAL or CERN

(The Neutrinos from Stored Muons)

“ [

arXiv:2203.07545v2 [hep-ex] 9 Aug 2022

Storage ring

NuMAX (Neutrino from Muon Accelerator complex) @FNAL site

Neutrino Factory (NuMAX) 1
Proton Driver Front End |[Cool- | Acceleration u Storage Ring v Factory Goal
ing . O(10%") wyear
= JE within the accelerator
5 5 [8-% = 5] el 0.2-1 1-5 - 7
5 ¢ |EREZL (S | eev G i -
F O - 2|8 T u-Collider Goals
5 g §§> @ @ ';‘: N ecelarst 126 GeV =
" ccelerators: ~d S /!
g = ;32 g g Single-Pass Linacs 14,000 Higgs/yr
s (Opt. RLA or FFAG) Multi-TeV =
Lumi > 10¥cm3s

BNL-205756-2018-JAAM




2. Reactor Neutrino Experiment
(JUNO)

*See Huang-san’s lecture






Ha Nzi
Harci
i

PN A 2k

Location

et

N 22°07°05", E 112°31'05" g

/ Jinji town, Kaiping city,

Jiangmen city, Guangdon_g province

-~

-
-

=i Gaanqhu'

ﬁ% npp oawn
(17.4GwW)

Dajiang Zi1

)
aw®
Taishan

Taishan npp
(18.4 GW)
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LS detector §§

I:
09F P
07 = 500 m Dava Bay FD
|>"’ E « 1600 m i
T 0.6F tH
I> 05 E. |sled L i
& TE KamLAND »
04F  ~ 180 km B
- =—  total : ! i
0.3 E — slow osc. P TR
3 . INO I
02— Btote. 1 'L_ N(C SRR Y .
E ; 50 km .
0_1_— bk ddd i idiiddt idd
2
10" 1 10 10

L [km] (at E = 4 MeV)

JUNO Layout

Source: 6+2 reactors
(Yangjiang and Taishan NPP)
Baseline: 53 km

Detection channel: inverse B-
decay

V4 p—>e +n
Target: single volume 20-kt liquid
scintillator

Detection technique: system of
photomultiplier tubes (18k 20°’
PMTs + 25k 3" PMTS)

Overburden: 700 m
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Supernovae v / e
_skin 10s for 10kpc_1arget 1’s & Rates

: o
Atmospheric v/ /"
Several/day / il

Solar v
Hundreds/day

Cosmic muons
~ 250k/day

53 km > Geo-neutrinos*

\ Several/day

*a neutrino or antineutrino emitted in decay of radionuclide naturally occurring in the Earth

44

reactor v, ~ 60/day



(

V, survival probability in vacuum*

Physics goals

F V=V,

L™

=1 — cos* ngtﬂillz Eﬂlg]silﬁ?le

| Am3 Am3
: : 31 . . EEE
{smz 2513] cos? B4, 511‘12~T]£ + sin? 4, sin®

~

ﬂmf;

o = .

4F

Events per 1 MeV

120

100

80

le3

2000 days of data taking —— No oscillations

Only solar term
—— Normal hierarchy
—— |Inverted hierarchy

P T T

Mass ordering (main goal)

* The energy resolution is one of the
key factors for determining neutrino
mass ordering.

* 30 MO sensitivity within 6 years with
only JUNO data

Oscillation parameters

* Sub-% accuracy for 817, Am221, & Amg1

* Qscillation in matter with effective oscillation parameters
(J.physletb.2020.135354).
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Calibration roo

Pure water roo

Central detector
SS latticed shell
Acrylic sphere

Liquid scintillat
20 kton, high purity
( > 20 m att. Length)

700m
underground

JUNO Detector

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

AE/E =3% @ 1 MeV

LS Filling room

- Precision muon tracking
- 3 plastic scintillator layers
- Covering half of the top area

Top Tracker

Double calorimetry
PMT k
~18,000 20" PMTs +

~25.000 3" PMTs:

\coverage :78 % i

Water Cherenkov
35 kton pure water
2,000 20" veto PMTs
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Taishan Antineutrino Observatory (TAO)

Physics potential N T
‘ ) ) I S == L Tep Shield (HDPE)
v' Precise measurement of antineutrino spectra o "' [ 3 oz
. . — Water Tank
v’ Sterile neutrino searches e
- Owerflow Tank
v" Provide a reference spectrum for JUNO, nuclear databe _— | LAB Buffer
v ~ GdLS
etc. _ Cooling Pipe
Q0 Cu Shell
2.8 ton GdLS detector —~ SiPM Amay
- HDPE
Baseline ~30m S Auy,:u”m
" Wessel
Reactor Thermal Power 46 GW 0 - §S Tank
Light Collection SiPMV) i
- (Lead)

Photon Detection Efficiency >50%

R R T e P e & et o U A S WA R S )

Working Temperature
Dark Count Rate [Hz/mm?] ~100 v 10 m? SiPM is used to achieve high light yield with ~94% coverage

Coverage ~94% -> 4500 PEs/MeV & energy resolution < 2% @ 1 MeV

Detected Light Level [PE/MeV] 4500 v Gd-LS works at -50°C to lower the dark noise of SiPM
Energy resolution <2%@ 1 MeV

Yongpeng Zhang | Neutrino Workshop at IFIRSE | 2023-07-17 25

19% neutrino workshop @ IFIRSE July 2023



Jie Zhao

Physics

Neutrino Mass Ordering
Neutrino Oscillation Parameters
Supernova Burst (10 kpc)
DSNB

Solar neutrino

Nucleon decays (p - vK*)

Geo-neutrino

Qutlook

Sensitivity

30 (~10) in 6 yrs by reactor (atmospheric) v,

Precision of sin20,,, Am3,, [Am3,| < 0.5% in 6 yrs

~3000 IBD, ~300 eES and ~2000 pES of all-flavor neutrinos

3oin3yrs

Measure Be7, pep, CNO simultaneously, measure B8 flux independently
8.3x10% years (90% C.L.) in 10 yrs

~400 per year, 5% measurement in 10 yrs

Neutrino2022
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3. Atmospheric
&
Astrophysical Neutrino
Measurements

60



Future Plans

Optical Detection of Cherenkov Radiation gg} P-ONE
— IceCube -Upgrade & Gen 2- @ South Pole S e
— P-ONE @ Pacific Ocean
— Trinity (candidate site:not decided yet)
— Baikal GVD @ Lake Baikal

An Air-Shower Imaging Instrument 3 | &

to Detect Ultrahigh-Energy Air : it B e '-7’,‘ 15§
Neutrinos down to PeV Energy shower f Cherenkov light https://www.pacific-neutrino.org/p-one ili 1 i {? D

Phys. Rev. D 99, 083012 (2019) 1 - i i i ; {12
ICRC 2019 arXiv:1907.08732 ° S— ; t% ‘g) ..|..

Vi Trini i i1 '

rini 1 iy o8 i E

v Bikal GVD i §§}-. [;

ﬁigaton Volume Detector) B AL -

Radio Technique (Askaryan effect)

(" GRAND GRANDPROT3S GRAND1OK . )
. (Giant Radio Array for " :
\\,A ) ‘ 2018 2020 2025 2035

Neutrino Detectie

= - N Ny o ~.....] Askaryan effect
k" (. = ../:’— ggé;lg}oo :AND zqu > 2 TR
E > 10YeV
— RNO-G (Greenland)

o Coherent radio emission from
R neutrino induced cascades o< EZ2
The Radio Neutrino Observatory in Greenland

T - 2 e e
i o — - s
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http://www.pacific-neutrino.org/p-one

IceCube — Upgrade & Gen 2 —

~Located in the South Pole

d as a Cherenkov detector. "
es astrog

Gentoo
penguin

liba Univ. R R T e NG



IceCube : Upgrade & Gen2

v Gen2-Radio ® Gen2-Optical ® IceCube o IceCube Upgrade
............... - _‘, P v I
S e I sl | w
A Rz N A i :
............................ , o iy 9" ';-". s @ "
Skm " T L lomm” & S 25m
~ R Y4
IceCubeGen 2 (design phase) IceCubeUpgrade
*Optical array “8 X Gen 1 N
*New sensor (Gen 2 LOM) will Testbed for new
be used. sensor types 2>
*Increase statistics around the
PeVregion

Improved detector calibration/

Qen 2 LOM (= D-Egg+mDOM) / G model characterization /




4. 0v[3[3 Decay Experiments

*See Huang-san’s lecture in detail
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Double beta decay

12vpP

2 neutrons decay in a nuclei.

.

Possible in SM
Lifetimes are measured for
~10 nucleus

VL

No v is emitted.

>
Forbidden in SM
(Lepton number violation)
Possible if v is Majonara
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How to detect

e Catch 1 electron pair emitted !

Continuous energy spectra
because V’s escape with energy

l Constant energy because of
no neutrino emission

/

Ov

Decay rate

Sum of electron energy




High-P TPC |
@LSC .

8236»
Tracking

76Ge
HPGe
@LNGS

rSUperNEMO démonstrator -

Ov[3[3 experiments now & future

: 130Te’ )
R&D

PandaX-lll
136)(e
High-P TPC
@Jin Ping

KamLAND2-Zen ¥ majorana demonstrator
136X o | Ge
XelS | HRGe

@Kamioka
CANDLES AXEL (R&D)
48Ca 136Xe
CaF erystal High-P TPC
@Kamioka DCBA

@Sanford

ZICOS (R&D) 150Nd
S A g Drift chamber
Zr-lS @KEK




5. Sterile Neutrino

Experiments

e JSNS2II
* PROSPECT-II
* |[soDAR
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Why sterile neutrino ?

Do 3-neutrino oscillations explain all experimental results?
I_ ND LSND: Phys.Rev.D64:112007,2001 —
> MiniBooNE

17.5 ® Beam Excess

15

Beam Excess

125

Events/MeV

4.80

3.8g| offt T e

04 06 08 1 12 14 — — B
L/E, (meters/MeV) vu/ vy — Ve / VeEXCess ‘

Possible common explanation: (L Cootngopten

v, — V.excess

Additional squared mass difference

D = 167" Tl T
12 * Experiments with intense | E
i Ve +71 Ga _>71 Ge + e_ p. . + “lnmg:rgct
H?T | radioactive sources T ”
'0> . . L) L) Bz
: :T T Neutrino detection via R
= 09F _
Pl I ! "1Ga+ v, » "'Ge + e
0.8F 1 .
] I"""1]  + Recently confirmed by BEST
NI L L (Baksan Experiment on Sterile Transitions)
N > S o measured
¢ ¢ & & & & R=|———)=0.803+0.035>
= & c}y& Qf & ¢ (predicted) - =50 69



JSNS? i

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

. o cm—

% =1 JPARC Facility
(KEKWAEA ) [

% 'South to North A

M_aerials ém Life &
Science Experimental ¥
Facility (MLF)

24 m from the Hg target.
e « 17t GdLS

A | Fern i | * 96, 10” PMTs for ID &
T 24, 10” PMTs for OD

48 m from the Hg target
e 32t GdLS

« 228 PMTs

* Under construction




Sensitivity of JSNS2-l|

« Each background simulation was done based on the JSNS? data.

 The sensitivity becomes better in the low Am? region.

10 ‘EJSst 3 years + .
-JSNS2-1I 5 years

10—-2 (S IO 0 B 1 IS Y LS 0 1 111 1 AN I O B .j,l,lll—l. 1 1 raaul
15 20 25 30 35 40 45 S0 55 60 10“ 103 102 101
Energy[MeV]

> 50¢ : ; ; — 0% e
= i ] 3 i . . (3} - o | = MLF 30%CL
2 - . [—— Total S.lrnvulamn of the far gietector £ F ' |
2 E E== v, from v, oscillation | sin”260 = 3.0 x 10™ 2 T | 3 isnosonce
5 40 — ¥, from p’ i 2 2 E T -~ | 1snos9%CL
g 40F i e fTOM U | Am* = 1.2eV*+ = e OPERAZ019(NH) 90%C.L
35 e Accicenals - (LSND best fit) : G ]
= ——— Cosmic neutron : - : s
30— TR NI SR | OO | ; [ G

sm?ze'
ChangDong Shin Neutrino Workshop at IFIRSE (2023) -



Construction schedule of JSNS2-||

10-1 10-1 10-1 10-
5 1-3 4-6 7-9 5 ) 2
s.s.tank bid cc;nstructlon 1L
Acrylic —)  —
vessel bid construction Transp. installation
PMTs Installation (inner) I Installation (veto)
DC dismantle/ shipping (1 QUPM%) shippMSUPMTS)
Gd)LS P*
(Ga) onation Storage / keep I
electronics —
| Delivery
Filling I —
Data taking I I

30
ChangDong Shin Neutrino Workshop at IFIRSE (2023)



PROSPECT-II

Original PROSPECT Design

Shielding

3¢ :lilllkl-l-lzl: ‘
588680968 880890

Active L
detector -
000000 E
A

5 1000009086 '

Shield |
wall £

Chassis

Reactor
Floor
core Concrete Monolith

https://arxiv.org/abs/2107.03934

4

PROSPECT Il Design

<h, "
V"fo,, i ¢ Teflon-lined Al

Yl 3¢, containment vessel
ee_g‘,e{ow c,},/c

4 :
-4 C
p’h) p’h} M
19/-/. Sy, ",
a,, o,

https://arxiv.org/abs/2107.03934

High Flux Isotope Reactor (HFIR)
at Oak Ridge National
Laboratory

Segmented °Li-doped liquid
scintillator

IBD detection of protons on LS,
1.8 MeV threshold

Prompt (positron annihilation,
1-8 MeV) + delayed (n + ¢Li— a
+t+4.8 MeV)

Slightly higher 6Li loading

(0.08 % = 0.1% by mass)
Larger segment length 118 cm

- 145 cm =2 IBD rate increases
to roughly 1150/day
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ISODAR

(Isotope Decay At Rest)
Underground facility at Mt. Yemi in Korea

ML Yoo
(n

> 1000 m overburden (cosmic ray shielding)
60 MeV proton cyclotron
p*+ Be = spallation neutrons

n+ ‘Li— 8Li*> ®Be+e +7,

L The

10 mA protons @ 60 MeV

- n Source
. Neutring 2
soDAR

’ ’

V. Betarget Lisphere



Am? (eV?)

10

Sensitivities

e 2y: PROSPECT-Il =
high Am?2

* (3y: JUNO-TAO =2 low
Am?2)

* 5y: IsoDAR@Yemilab
—> full coverage

NEUTRINO 2022

] 5201l Way 30 (Mow - Junc 4 a0, 2022

Joshua Spitz, Daniel Winklener

IsoDAR@ Yemilab,~" RAA - |
(syr50)
I'
’
’
’
’
’
’
1
1
I
I
1
' -
I "
I ’
: 7
1} ~
:
1] 4
L _l
E H
' ! \
: / \
) 5
] ? \
H Global Fit
1 ; 2019 (26)
1
“ 1
\ '
Y 1
\ '
A) 1
kY '
I
\“ :
! 1
! \
1 \
! 3
! : \
1 ! [
1 ! \
1 4 '
[} ! '
. H \
--- IsoDAR@Yemilab 5yr 50 %\ \ \
--- PROSPECT II 2yrs 50 X
===JUNO-TAO 3yrs 50 ‘\ \
——PROSPECT 96days 50
RENO+NEOS 50 Y :
——Best-Gallex-Sage 30 . i
N
0.1 | s '
0.001 0.01 0.1
Th2
sin“20,,
Am?[eV?]L[m]

Poe= 1 — sin?20 sin? (1.27 E,[MeV]

1 _—
3+1 oscillations assumed

) :



6. High statistic v, Experiment
(SHiP)



SHiP
(Search for Hidden Particles)

* to explore the domain of hidden particles, such
as Heavy Neutral Leptons (HNL), dark photons,
light scalars, supersymmetric particles, axions
etc., with masses below O(10) GeV

* Large amount of V’s, especially v.s with three
orders of magnitude more statistics than
available in previous experiments combined.
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SHiP: experimental site

CMS

LHC North-Area I 2
ALICE o é LHCb sercofif

TT40 TT41

:Ta‘fget Hall

1976 (7 km)

T2
— AWAKE
A\ ATLAS )
HiRadMat
2011 Ji TTGO\
1
AD
M BOOSTER
G IO ISOLDE
P’ et ) East Area
1
U
n-ToF i PS
unac2 * JF3

neutrons

LINAC 3 ‘ LEIR
ons _

Fixed target facility @ CERN SPS
400 GeV protons
4 X 1013 POT/spill in every 7 sec = 2 X 1020 POT in 5 years
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SHIP detector

Active ™

- Sh'\e\d

ECC brick

7.3 cm

Compact Emulsion Spectrometer

3.1 cm

:: -/(—4-
v ‘T'/-,*../ r—1 \
l\.

| \(‘:3\\_‘-—
% . e

~ —

Lead plate Air gap . .
Emulsion Film Emulsion Film

Basic unit of the SND & the ECC brick

~12 m

Overview of the SHiP experimental layout

In the SND, the *Emulsion Cloud Chamber (ECC)
is used as tracking detector and the Compact
Emulsion Spectrometer (CES) is used for charge
measurement.

* Nuclear emulsion has the best position resolution of ~1um.
The emulsion technique has been highly developed in Japan.

https://doi.org/10.1007/JHEP04(2021)199
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Nuclear emulsion

Charged  Sgemonrmdopsieie - S
° . 1 J Ry N P
L particle % ® Yo
Light atent \
h B % B image '
III:I:.:-. 'u:l. ".":I:II II:I:I. ":'IIII'-:I.I"I"II:II'-'I. 1". i
L T R ;
AERNRAN 20000
- I._.'.
AgBr Y
Development  Nuclear
Photo film .
emulsion
[ ]
-
]
| - L ] ‘e
e Kind of photo film. Simulated electromagnetic shower

induced inan ECC by a 6 GeV/c electron.

e Contains small grains of AgBr.
e Ag grains are remained after charged particle pass.

* We can detect the track after the development.

* Position resolution is ~1um (still the best in all detectors).



Discovery of v

. . T .
DONUT experiment, 2000 (Direct Observation of NeUtrino Tau ,Fermilab. E872)

Nagoya Univ., Kobe Univ., et al

Creating a Tau Neutrino Beam DONUT Detector

| Identification of
zu%ns ccoming from
u
Beam of Jungsten | Tau Magnets Shielding Neutino | To DONUT achy
high-energy blo neutrinos beam detector
protons and other Calorimeter determines
particles 3 energy of decay products
Drift chambers record
decay particle tracks
oo o=
-0 ol S Magnet spreads tracks
'0_909 < eoooge ofc%z‘medpamdes
090 e
# Emuision
< with planes
S scintillation fibers
I Remove all particles but neutrinos I tsxlu'e;: SN:,IS 0
articles
]othef s:an
neutrinos
Proton hits The tau lepton
tungsten decays, producing
nucleus atau neutrino %,
ey
Incoming ?
proton b ___Tauneutino DONUT Detector for
direct observation of Neutrino
tau neutrinos (V) (5> i
Some particles H
o oo Nuclear emulsion
decay into tau leptons
. i DONUT Target Station +
Detecting a Tau Neutrino

Scintillating fiber

Layers of emulsion
to identify tau lepton
and its decay products

Tau neutring
hits iron nucleus,
Neutrino | produces

beam |taulepton

1mm 1
Particle
Tau from tau
lepton | Emulsion lepton Emuision Tracks
ltrack  |layers dacay layars. recorded

Of one million million tau neutrinos crossing the DONUT detector, scientists expect about one to inferact with an iron nucleus.




y physics @ SHiP

e Production of large amounts of neutrinos

B Study v_and U, properties (ex. Cross sections, etc)
B Test lepton flavor universality by comparing v, to v,
interactions

Hy, study in high energy range.

CC DIS interactions Expected CC DIS interactions in

1 20
N, g 6 x 10° the SND assuming 2 X 10
. protons on target
Ny, 2.4 % 10°
Ny, 2.8 x 107
Vo 1.9 = 10°
N+ 5.5 % 1P

N+, 1.9 x 10°




Summary

 There are many interesting and fascinating
future v experiments.

* Introduced today are

(SK-Gd,) HK, DUNE, ESSnuSB, v-factory,
JUNO, IceCube Gen 2 & atmosphericv
experiments, Ovf33 experiments, sterile v
experiments, and SHiP.
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