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The Crisis of the beta-Spectrum in 1920s

N Number of . .
Fpanicles (+ or =) The spectrum is continuous!

Total energy of

the decay process

(the Q-value)

|
0 > -
KE of j-particles
» Bohr: “The energy in » Pauli thought of another
microworld was conserved idea ......

not on an event-by-event
basis, only on average”
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Gauvereins-Tagung zu mbif,;m:r Radioaktiven bel der

Abschrift

Physikalisches Institut
der Eidg. Technischen Hochschule

Zirich . .
Qrich Olor:a;tkaub:. i
Liebe Radicaktive Damen und Herren,
Wie der Ueberbringer dieser Zeilen, den ich mldvollst e

ansuhBren bitte, Itnen des niheren auseinandersetsen wird, ¥
angesichts der "falaschen" Statistik der Ne und Li-6 Korno: at:i:ch
des kontimuierlichen beta-Spektrums suf oinen versweifelten Iusweg
verfallen um den "Wechselsats” (1) der Statistik und den Energiesats
- = retten. Nimlich die Pﬁglichkoit, es k¥nnten elektrisch neutrale
;Toﬂdnn.‘ n, die ich Nevtronen nemmen will, in den Kernen existieren,
¥elohe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
sheh von lichtquanten wusserdem noch dadurch unterscheiden, dass sie
mit lichtgeschwindigkeit laufen. Die Masse der Neutronen
Orossenordming wie die Elektronenmasse sein und

Nun handelt es sich weiter darum, welche Kriifte auf die
Meutronen wirken. Das wahrscheinlichste Modell fir das Weutron scheint
mir sus wellenmechanischen Orfinden (nkheres welss der Ueberbringer
dieser Zeilen) dieses su sein, dass das ruhende Neutron ein
magmetischer Dipol von einem gewissen Moment a ist. Die Experimente
verlinren wohl, dass die ionisierends Wirkung eines solchen Neutrons
nicht grosser sein kann, els die eines pﬂt-&tnhh und darf dann
A wohl nicht grosser sein als e * (107 o). e

Ich traue mich vorliufig aber nicht, etwas iiber diese Ides
ablisieren und wende mich erst vertrauensvoll an Euch, liebe
loaktive, mit der , wie es um den experimentellen Nachweis

: ‘ solchen Neutrons lsndo, werm dieses ein ebensolches oder etaa

20msl grosseres Durchdringungsvermogen besitsen wirde, wis ein i
gesa-Strahl.

su, dagr mein Ausweg vielleicht von vornherein
nlich ersoheinen wird, weil man die Neutronen, wemn
"und der Erngt der Situstion beim kentimierliche beta-Spectris
m“ Mgsprech moines vershrten Vmo in Jmte,
Herrn Debye, beleuchtet, der mir Mirslieh in gesagt hats

" Ve AJ D8 o
vom 6. mam 7 Des. in Zirich stattfindenden Balles hMer unabicSmmlich
bin.- Mit vielen Oriissen an Fuch, sovie

untertanigster Diener ;
ges. W, Paull

https://www.symmetrymagazine.org/article/march-2007/neutrino-invention

a neutron is
emitted such that the sum of
the energies of neutron and
electron is constant

| do not dare to
publish anything about this
idea

because one
probably would have seen
those neutrons, if they exist,
for a long time

“l have done a terrible
thing, I have
postulated a particle
that cannot be
detected.”



The First Attempts Detecting Neutrinos in 1930s-1940s

A Suggestion on the Detection of the Neutrino ~ '" 1941 Kan Chang Wang suggested a

i q th o
KAN CHANG WANG method detecting the neutrin

Depariment of Physics, National University of Chekiang Tsunvyi, « In 1942, James S. Allen carried out the
Kweichow, China . .
October 13, 1941 measurement, obtaining ~50 eV recoil E

atom alone. Moreover, this recoil is now of the same amount
for all atoms, since no continuous B-rays are emitted. We

take for example the element Be? which decays in 43 days 1200

with K capture in two different processes:? m
Be'+ex—Li"+n4(1 Mev) £

and ; 80

Be’+ex—(Li7")*45+4(0.55 Mev), 890
(Li")*~>Li"+hv+0.45 Mev. : z
) N N
The first process is relatively large, about 10 to 1 in com- \ \ %
parison with the second process. The recoil energy of the

400
first process is, by assuming the mass of neutrino to be

zero, about 77 ev while that of the second process is about
one-third of that amount. This recoil energy would have to

be detected and measured in some way, and a correction v/ o 1 | ] N l | |
would have to be made for the disturbances due to the © o 2 30 4 50 60
P 01234 RETARDING VOLTAGE
y-rays and the soft x-rays (originating from the replace- i
¢ cM™ F1G. 3. Retarding potential curves for recoil ions. The
ment of the K electrons by outer electrons). The recoil F1G. 1. Experimental arrangement of G-M and horizontal dotted line represents the background counting
electron multiplier tubes. rate.

7/28/24 NUSYS 2024, Beijing Normal University, Zhuhai
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Prof. Kan Chang Wang (1907-1998)

« PhD from Berlin Univ. under Meitner « Vice Director of JINR 1959-1960

MILIKFEEER |

7/28/24 NUSYS 2024, Beijing Normal University, Zhuhai
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Latest Direct Neutrino Mass Measurement by KATRIN

0.6
e KATRIN’s new upper limit —— Lokhov-Tkachov
Feldman-Cousins
0.3 9 ---- Best fit (—0.14eV?) /
m, < 0.45eV (90 % CL)
“ - 0.5
< /< 0.45 eV S
: : o 0.2 Y d
Tritium source Transport section ' Pre spectrometer Spectrometer = Detector USIng LOkhOV'TkaChOV ConStrUCtlon vg g
- 04 =
e Feldman-Cousins limit: S ; e
o m_ <0.31eVat90%CL . ' 0.3
o Shrinking upper limit for negative mV2 |5
. e Bayesian analysis in preparation 0.0 I — ] T

-0.6 —-0.4 -0.2 0.0 0.2 0.4 0.6
mg,fit (ev?)

\
\
\
\
Al
\
£ = 18600 eV \ SHe
\
\
R A ¥

Lokhov, Tkachov, Phys. Part. Nucl. 46 (2015) 3, 347-365
Feldman, Cousins, Phys. Rev. D 57 (1998) 3873-3889

« 259 days of data released at
3
Neutrino 2024 My, = Z |Uei|2m?
« 1000 days planned and \ i

eventual sensitivity 0.2eV

7/28/24 NUSYS 2024, Beijing Normal University, Zhuhai

KATRIN Talk @ Neutrino 2024
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KATRIN: A Long Journey

Nordsee

England Deutschiand

Atlantik Leopolds Deggendorf

Frankreich

Mittelmeer

Marokko Algerien

15 Years of Hard Working
and Persistence!

7/28/24 NUSYS 2024, Beijing Normal University, Zhuhai
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A Very Smart Approach: PTOLEMY

. =

\\QB

——

m, T

Neutrino capture on Tritium Tritum Source Disk o Cryogenic
(Surface Deposition) . Calorimeter
\

1 Long High Uniformity (~0.1eV)

Te — TV —|_ va —|_ Q / High Field Solenoid ~50-150ev  Solenoid (~2T) \
\ below .
0 _ — Enidpoint E,+30kV 0-1keV »
-
""" Ey-18.4keV === (~150eV)a

0 RF Tracking
e (38-46 GHz)
s V. o € mmmmm————— >
< . >< >< g Time-of-Flight
Acceleratlng(Dgggéslglz;ng Accelerating (De-accelerating
Potential i i i
Potential) Potential Potential)

PTOLEMY Collaboration, arxiv/1307.4738, presentations etc; Planned at LNGS.

7/28/24 NUSYS 2024, Beijing Normal University, Zhuhai
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Reines&Cowan Detected Neutrinos in 1956

» Cowan and Reines at the Savannah
River Power Plant (1956-1959)

Creation: 186Ba

O+@ — ey O )
n
N SSon
293U 298U @
geKr

Bdecay: N—N'+e+v

- - Cd
Detection: Y %%
n%ﬁ\lnve/rsed B decay

% prv—e +n
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Various Neutrino Sources
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Various Neutrino Sources
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Neutrino Mixing & Oscillation First Proposed by Pontecorvo

 Bruno Pontecorvo in 1957:

Interaction Eigenstates # Mass Eigenstates
— Neutrino Mixing and Oscillation

/;}'V%o IT6 Hwsesc oplbo
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3-Flavor Neutrino Mixing & Oscillation

» Extended to 3 flavor
mixing by Maki,
Nakagawa and Sakata,
after muon neutrino
was discovered at BNL
in 1962

fSzkatz Memorial Arc L

S. Sakata Z. Maki M. Nakagawa

1911-1970 1929-2005 1932-2001

Wei Wang/=E %5 SYSU NUSYS 2024, Beijing Normal University, Zhuhai 15



Neutrino Mixing & Oscillation

» Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix

1 0 0 COS 913 0 e_iécp sin 913 COS 912 sin 912 0
UPMNS = 0 cos 923 sin 923 0 1 0 — sin 912 COS 912 0
0 —sinfys cosfss —e¥cPginfis 0 cos 013 0 0 1

Ve Ver Ve Ve U1

Vr Vir Vig Vig V3

= Oscillation Probability:

Am?2 L
— 2 2 . 2 J?
Pya_)yﬂ =1-— 42 |Va3| |Vﬂz| S1n T
1<
Amplitude « sin? 20 Frequency «c Am?L/E
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The Search for Neutrino Oscillation 1956-1998

1.0
s o I
S . Ga Cl H,0 > b Atm. v anomaly
£ I
= ~ 1F +
2 e g | *
S 05 + + Sosb® ¢ 4
a e + % J. Conrad, ICHEP’98
= ~ o b b b
Solar v anomaly J. Conrad T 99 7 £ 2
ICHEP’98 el = 0 =
0.0t j,l g j,’,/ E
SAGE Gallex Homestake Kamioka SuperK £ ~ @m >
¢ § = £
14F <
12 4 Reactor V no sign
1.0 _.._+.v;’£_ . .._...__.._glp_........,,,., ______
z% 0sl  The search for neutrino
£ 06F * SovamshRiver oscillation lasted decades
Z O Bugey - "
04l 3 Rowe but nothing conclusive
5 Paienade:
0.2
KamLAND
0.0 | ! I L L
10" 10 10° 10* 10°

Distance to Reactor (m)
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Neutrino Oscillation Discovered by Super-Kamiokande in 1998
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T. Kajita, Neutrino’98
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The Super-Kamiokande Experiment

Discovering Mass 50 kiloton Water Cherenkov Detector
The farther neutrinos travel, the more time they have to oscillate. B

comparing the ratio of flavors of neutrinos coming "up” through the %anh ﬁ [ 1 ) 1 4() ID PNIT'} + 1 ,885 OD pI\/(Tﬁ
to those coming from overhead, physicists determined that neutrinos

oscillate, which neutrinos can only do if they have mass.

A cosmic ray Y b=lh SN
SUPER KAMIOKANDE DETECTOR (usually a proton) clectronics hut

from space

crane

Oscillating

- neutrinos
S A neutrino strikes another
elementary particle in the
S detector tank. The interaction
t } is recorded and analyzed by
{ scientists to identify both the
! L‘ flavor of the neutrino and its
flight path.
M an» e
Neutrinos continue on - > S
the trajectory and begin o \ - s 20 I [) ] M I‘\
to oscillate as they N N \
pass through the earth \\ ~ \
e 22 \'
S /

87 O PM'ls

Cosmic ray Earth's concrewe

atmosphere

The cosmic ray hits the [ One cycle of an oscillating neutrino l'OCk
earth's atmosphere, as it passes through earth
making a spray of

|
secondary particles,
zmesvinieesy | | G G@OOO DI @

University of Hawai'i media graphic

access tunnel

Wei Wang/T 45 SYSU
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Atmospheric Neutrinos

A large uncertainty on the absolute flux
- Good knowledge on flavor ratio @

* Up-down symmetric @

S
[2)]
o
o

J1175F

1150 F

6]
o
(=)

I
o
o

=~ 100 F

1 75F

Integrated neutrino flux {m %sec'st
W
Q
(=

700 = 200 [

{125 =

Up-dové

15r

30

n symmetry

1 50 :‘Ve'ﬂ_)e g
X ] [ [V _+V N
100 1 25F 1°F° e
0.3-0.5 GeV ] 0.9-1.5 GeV 1 3.0-5.0 GeV 1
01 ) ST R T
-1 0 1 -1 0 1 -1 0 1
T o 8 o

Hux ratio

Fluy ratio

0 T T T TrTIT lll T T L L ll' T T T T T1ITT
9 I .
8 n .
7r — ]londa flux
6 F 00 e Bartol flux
o3 IFluka flux |
4 n A
Well predicted ratio
3 = -
2 _ i
1 1 L 11l lll 1 1 1 Ll lll 1 1 LA L L1l
10" 1 10 10
I, (GeV;
T Illlllll T llllllll T llllllll T T TTTTT
1.4 .
1.3 B Abs flux: ~20% uncertainty
1.2
1.1
1
0.9
0.8
0.7 — Bartol/Honda
06 F  suees Fluka /Honda |
107 1 10 10? 10°
E(GeV)

Wei Wang/T 45 SYSU

NUSYS 2024, Beijing Normal University, Zhuhai

26



Great Advantage: Five Orders of Magnitude Energy Coverage

1400 250 Fully . ~1GeV
1200 — e-like 5(2)8 — PC through Contained
1000 singlering . | 175 PC stop FC
200 ltios 150 o . ~3GeV
muitlrng 11 Lo e Multi-Ring
600 100
£ 400 75
c 5 PC STOP . ~5GeV
C]>) 200 25
© 10'1 10 10w 1 10 10 10 PC
@ THRU ~10Gev
S 600 800
§ 500 | — NCsub-Gey | /00| —— stoppingy
7 600 | ----- non-showering | UPp ~10GeV
400 | - NCmulti-GeV | 559 | ... showering |1 STOP
300 400 4 4
200 300 S UPp ' ~100GeV
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100 100 . 7
0 AN el J 0 B L T"”"-.- U P“ ~1 TeV
01 10 10210°10* 1 100 10% 10° 10* SHOWER
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How to Identify/Reconstruct Neutrinos in the Super-K Detector?

Vertex finding: first, PMT hit time; then more precise fitters
Ring recognition: charge & position of hit PMTs

PID (e-/p-like): hit pattern _

Momentum: total number of photoelectrons

ELECTRON

HEUTRINO
......... electron
~ shower

(@)

Number of events

MUON
HEUTRINO
-------- — YUUON

PID likelihood
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An Over-Simplified Super-K Neutrino Event Reduction Scheme

Super-Kamiokande /'_'\'
Raa TlaL Sul: s B LEULAD | !
s N

Charga (pa)
. »26.7

' l ~ S
Fully Partially Upward-
Contained Contained going

Z
— I

1
R ki
1) i 1= PHEN

limas ins)
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Data Analysis: 2-Flavor Oscillation Analysis as an Example

Am?L
A : P, =1 —sin? 20sin? [ ———
or FC FC FC FC PC PC
/OgEV,-S Tring  m-ring { 1ring mring stop thru
e-like e-like i -like u-lik Showerin
-u ike pu-like - gu
> - Non-Showering u
<
S Up stopping p
>
----------- Data Analvsis- Pull Method
b b Nobs M €. 2
X*= 2 NPP—NP*=N»*In——)+> ()
e Data bins: likelihood ratio - gystematic uncertainties: Gaussian
’
- based on v flux
e-like events for u-like events for {N 7= Psumval(model x with parameters) N;**
flux normalization oscillation signal l N&P= 1+Zf exPO/\ Expected number of events

without considering systematics

\/—\___/ Expected number of events
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Current Super-Kamiokande Status (from Neutrino 2024 Milan)

Added!

Gd o
0.011% in weight.

1996 2002 2006 2008 2018 2019 2020 2022

SK-11I

Aug-2002

—

Pure water Gd-loaded water
6,511 days live-time 583.3 days + the future...
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The Very First Long-Baseline Neutrino Oscillation Experiment K2K

G.

Super Kamiokande
malloba cho)

KEK

(I'sukuba City) / A 3 otron

Wei Wang/=E %5 SYSU NUSYS 2024, Beijing Normal University, Zhuhai 33



The First Results of K2K in 2002: Indication of Neutrino Oscillation

cl2r

10 |
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The Final Result of K2K in 2006:

SciFi Detector

SciBar Detector

Muon Range Detector

% Water Cherenkov g,
i Detector

FIG. 7: The schematic view of the near neutrino detectors
for K2K-IIb period. In K2K-I, the Lead-Glass calorimeter
was located at the position of the SciBar detector.

Improved Results
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The Status of Neutrino Oscillation in 2006

» Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix (with Majorana CP phases),

1 0 0 cos 013 0 e %cPginf; cosfia sinfy5 0 eio/2 | 0 0
Upuns=| 0 cosfas sinfag 0 1 0 —sinf, cosfip 0O 0 ela2/2 )

0 —sinfy3 cosfos —e"°P ginfi3 0 cos 013 0 0 1 0 0 1

Ve Vel Ve2 Ve3 V1 UV [T [ | V3 [] [ |
— A A 2 A
vy | =1 Viu Vie Vi3 Vo " VlAlmlsou
v Vi Vo V. %
T Tl T2 73 3 A Amitm<: ~2 55103 eV2
m2 Am2
= Neutrino Oscillation Probability: s T
Am2L v famg, <}:I ~7.5x105 eV?
_ 2 2 2 7 3 U l | 11 [ [ ]
PV —Vg T 1 4 Z |Va3| |V,Bz| SIn AE Inverted hierarchy ~ Normal hierarchy
1<J Ve [] Vp ] vr [
Amplitude o sin% 20 Frequency x Am?L/E
7/28/24 Baikal School, Bolshiye Koty, Summer 2024
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A Upgraded K2K: the T2K Experiment Yoty

‘0
C\.
%o, .
(7
N . %,
J-PARC ¢ (Near detectors %4
accelerator, S—— 7 @/‘/
o ND280 €y, .
- VD28 %,
2.5 “0-,
Muon | V.,  INGRIL v
\ Decay volume moﬁﬁgr | Vi INGR{ID Far detector vy survival probability
7777 Neutrino beamiine | N (SuperK) |
Om 118m 280m 295km > .
T o5 2sin22923= L0 =
* 30 GeV proton beam from J-PARC Main Ring extracted onto a = Am;, =2.4x107eV" 1
graphite target I ]
* p+C interactions producing hadrons (mainly pions and kaons) 1= sz WLOA00° -
: . - NE / °
* Hadrons are focused and selected in charge by 3 electromagnetic ~ | \E - %OAZ'OO |
= e S O0A25
horns < T \Ba
- | [k
« If i+ are focused vy are produced by 1+ = p+ + vy £ osk
>
* Changing the horn current we can produce v, from - = Y- + v ©
« Off-axis technique — detectors intercept a narrow-band beam at r
the maximum of the oscillation probability 0

6
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: e : CKM

-+ Offaxis beam, L/E at oscillation maximal d s b

- Disapearance for atmospheric sector " - y

« Appearance for mass ordering and CP
¢ N Viu
. JPMNS 3 x 1072 sin(5 )

'v —_
‘ Joxw 31073 T

Nunokawa et al, CP violation and neytrino oscillations, arXiv:07100554
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The Latest Results from T2K+Super-Kamiokande See arXiv:2405.12488
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C ] o 200 . . L — v "N
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2= 4 = 180 — w10t g M Troe 10
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1; =20 E Q? 140;_ .............. 30 _; E pll 08
OF 7 e, — 120~ E 2 1073} |
C PP LRI 3 100 = Z.
i - 80E- = '
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- i ] a 4 E g 1077 |
-2 Y — 40F- : = g ol J ‘ 1
: i, F ] 20E : c [ |
S e e P 0E——1 L L : il T | J
035 040 045 050 055 060 065 070 075 004 002 0.00 0.02 0.04 R T RS L0 |
Sin2623 Jep = 815C13812€128236,381N0 p Y (NO) = ¥ {10)
FIG. 1. The (sin® 23, dce) credible regions obtained with the FIG. 2. The posterior density for the Jarlskog invariant with FIG. 3. Distribution of the MO test statistic under true nor-
SK, T2K, and combined datasets. The MO is marginalized credible intervals overlaid, marginalized over both MOs, and mal and inverted ordering hypotheses. The filled areas to the
over and a prior uniform in dcp is used. assuming a uniform prior in either dcp or sindce. left (right) of the data result indicate the p-values for the in.

verted (normal) hypotheses.

The results show an exclusion of the CP-conserving value of the Jarlskog
invariant with a significance between 1.90 and 2.00, a limited preference for
the normal ordering, and no strong preference for the 9::octant.
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What to Do to Answer the Remaining Questions?

* More statistics: always a good thing
- Better detectors: to better reconstruct events

- Better neutrino sources: tailored sources - stronger signals

7/28/24 Baikal School 2024, Bolshiye Koty, Summer 2024

Wei Wang/=E %5 SYSU NUSYS 2024, Beijing Normal University, Zhuhai 40



&/ K84 Summer 2024

Future Long-Basline Program: Hyper-Kamiokande

Kamiokande Super-Kamiokande

1983~1996 1996~Present

¢ 39000

Size

19m diameter x 16m hight 39m diameter x 42m hight

Water mass ( Fiducial mass)

4500 ton* 50000 ton
(680~1040 ton) (22500 ton)

#*The waer mass in the tank(inner tank
and, upper and bottom outer tank) is
3000 ton

Photomultiplier Tubes

50cm diameter / 948 50cm diameter / 11146

Hyper-Kamiokande

Aiming to start observation in 2027

-
g«:

12500
2000

i S — J PARC accelerator

Tokal

X o e - S
“um“ 2 e e

68m diameter x 71m hight N Kam|°ka
Hyper—Kamloka nde

260000 ton
(190000 ton)

NIKKEN SEKKEI

50cm diameter / about 40000

Wei Wang/T 45 SYSU

NUSYS 2024, Beijing Normal University, Zhuhai 41



Future Long-Baseline Program: Hyper-Kamiokande

« Super-K/T2K - Hyper-K/T2HK

1000 m ' Mt. Ikeno-yama

Hyper-Kamiokande schedule

FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 F/202¢%0mii
' [ E o

Cavern Tank ’ sl
. installa
excavation Const.

PMT production

PMT cases, Mirrors, Electromics etc.

\|
8 \
%
3 " Mt. Nijyugo-yama Hyper-K

detector

‘mtz

600m -

Access tunnel
(~2km) -

Water system
&

Route 1 SR

Power—upgrade of J-PARC and Neutrino Beam-line
Near Detector Facility, R&D, production ND construction

7/28/24 Baikal School, Bolshiye Koty, Summer 2024
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U.S. Efforts of Long-Baseline Neutrino Experiment

* In the U.S., MINOS/MINOS+/NOVA upgrading to LBNF -> DUNE

B B L R B B L
ket 3 — DUNE (1.2 MW)
"""""""""""""""" 3 — MINERVA
3 —— NOVA
— BNB (SBND)

Neutrinos
1285 km
Normal Ordering

Antineutrinos

1285 km
Normal Ordering Mg, =0

Flux at ND

v, /cm?/GeV/year (x 10')

530 1 2 3 45678 530 1 2 3 4 5678
Neutrino Energy (GeV) Neutrino Energy (GeV)
oy e oy, ouliind 2oeT

7/28/24 Uainai oL1ivul, LU
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A Dream Neutrino Detector: Liquid Ar TPCs

LArTPC: flavor & energy reco over a

broad range of topologies

DUNE Horizontal Drift ] DUNE Horizontal Drift
- simulated 3.0 GeV v, Jsimulated 2.5 GeV v,

* 60% of interactions at DUNE energy have final state pions — LArTPC Neutrino’24
enables precise hadron reconstruction UNE®@

* Excellent e/u and e/y separation Chris Ma

Wei Wang/=E %5 SYSU NUSYS 2024, Beijing Normal University, Zhuhai



&/ K&t¥4 Summer 2024

A Dream Neutrino Detector: Liquid Ar TPCs

ProtoDUNE preparlng for second runs

’Oﬂ SOMEEAYT 0

- S — 2
s B

Npoa—cﬁﬂr—im; . 7 ] { ””” ﬂ

DUNE:ProtoDUNE-SP Run 5779 Event 12360

10.0 O

=

5000 75 @
C

AV 50 2
L ]
= 4500 25 5
stopping %

proton 0.0 o

4000 25§

0 100 200 300

Wire Number

400

e Successful prototype of horizontal
drift at CERN Neutrino Platform in
2018 (ProtoDUNE-SP)

| © ProtoDUNE-HD completed filling

30t April, running since May, with
beam turning on at 6pm tomorrow
evening

 LAr will be transferred to

ProtoDUNE-VD in October for
running starting in early 2025

f
Chris Mar rshal
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DUNE versus Hyper-K Comparison in CP Phase

DUNE

Hyper-K . T*MKAJTAL
(Nu2018, E. Worcester) > T

295km

-

=
R
. -

1

10
OUNE Sensiiiviy BN 7 years (staged) 10
Normal Ordering .
$in’26,, = 0.085 + 0.003 S 10 yoars (staged)

0,,: NUFit 2016 (90% C.L. range) -~-==*- sin‘e,, = 0.441 1 0.042

- Normal mass hierarchy HK 1tank 10years

R §in®28,,=0.1

> 8 B Sin2623=0.5
I &
O

L = 6 L o
Y S A\ 7 oo A T Y AR WA S W 3
n -
© 4 - -
2r f
0 [ 1 A l - Ll l ' 1 - l ' .. 1 A 1 A 1 - . ' l 1 A L 1 l 1 ' q
"1 08 0604020 02 04 06 08 1 -150 -100 -50 0 50 100 150

Ocp/T . . e . 6Cl’ [degree]
=» Both experiments have very high sensitivities!

7/28/24 e S ———
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DUNE versus Hyper-K Comparison in Mass Ordering

Baseline 1300 km Baseline 295 km
Energy 3.0 GeV Energy 0.6 GeV

0-08 T ' T | T ! ! I ' ! ' I ! ! ! O 08 T T T T T T T T T T T T
| Baseline = 1300 km —NH i Ol Baseline =295 km | __NH 1
- Energy = 3.0 GeV —IH 7 —  Energy = 0.6 GeV —IH ~
0.06— 0 dcp=0 o 0.06— (0 3cp=0 B
_ i A Opp = +T/2 - A Ogp=+m/2
~ - 3 8gp=-m2 A 2 - % Ogp=-m2 -
B 0 =7 i i Ocp= T |
Ti 0.04— < Ocp — Ti 0.04— O Ocp _
= i 1 & i i
¥ - a - - il
~ sinzeI2 =03 . B sinf@l2 =0.3 .
0.02f sin’,; = 0.022 — 0.02— sin’6,;=0.022 -
- sin’0,, = 0.45 - - osin8,=045 7
i Amfz = 75%107 eV?2 N - Am£2=7.5><l()_; eV; =
L Am3, =2.5x107 eV? 1 1 | - Ay, =25x107 eV | B

1 l.- 1 l 1 1 1 1 1 1 1 1 1 : : : : : : : : : : : I

002 004 006 008 0Lz Obsk 000 0Ds
P(v, = V,) P(Vy — Vo)
7/28/24 Baikal School, Bolshiye Koty, Summer 2024
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DUNE versus Hyper-K Comparison in Mass Ordering

. DUNE Sensitivity (Staged) -2 — T 5 18 I T A S LI L L L L LB LB LB LB
12}—Normal Ordering [ 100% of 5, values g 6 ——— Atm + Boam (True Normai) cirfo_ =0.4 E
- sin’20,, = 0.085 = 0.003 Nominal Analysis o o -
™ sin’e,,=0.441 :0.042 A = sieees 6,, & 6,, unconstrained ry [ s Anelmmiimn g e .
10-_ o |~ s Atm + Boam (True Inverted) cirf &, =0.4 —
! > O =gsths Bk P Bl ™ * =~ * = =
B f, i Atm + Boam (True inveried) cirfe_=0.8 -
- —_— — —
] - -

— -
o 2 4 -
NX R “. " -
= m p— —
= 6 6 3 — . A @ e et m e m = N
af . n
[q 2l Blue = Normal it
............................................................. 7 [ =
n Red = Inverted .
2 u N
11— e
0 - .
0 1 2 3 4 5 6 7 8 9 0 1 I A} I L1 1 I L1 11 l N BNl . l L1l I |- I Ll 11 l L1l I Ll 11 l L3

Years 1 2 3 4 5 6 7 8 9 10

Running Time (Years)

7/28/24 Baikal School, Bolshiye Koty, Summer 2024
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The Search for Neutrino Oscillation @ Reactors 1956-2002

14F Neutrino Mass (A n? ) sensitivity (e\? )
R R S B )
=]
L[ X I
1.2 " oo
I U 1 S —— s I
1.0 ﬁ# I — s o
g S
ZO 0.8 F % 6—
2 A ILL = 107
© 0.6 x Savannah River s L
Z O Bugey = 10t
X Rovno = B
0.4F o Goesgen 4 - i
A Krasnoyarsk H avanna
(1 Palo Verde 5 1021 Rweias.
0.2+ ol Rov
£ il
OO — l | I | | E 10¥ ALL 81
1 E ;(amLAND 4 S , I
10 10 1 10 10 10m 100m 1km  10km 100 km

Distance to Reactor (m) Baseline
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KamLAND Set Out to Discover Reactor Neutrino Oscillation

KamLAND uses the entire Japanese nuclear power industry as a longbaseline source

100 —

E I\I T T yguuul T T l.ﬁl T T ||1§_ |/ j\ o // Lf: 7 46°N
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E s g é]’ ; { I\‘Imari'kiang j 7 }W ) ]{,;’ 1
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01 L
= S N
E // o4& i d
0.01 - \ ”gﬁongjin 42°N s teel DCCk
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- . . " China WesNAsia ki 40'N '
o[ €xclusion region £ Outer Detector
= ! Water Cherenkov
= (3 years) r
- - || Onagawa
B South Korea “@
-5 \ . J
10 B ‘Kashiwazaki Kariwa | 38°N Steel Sphere _
- SuperK exclusion - r - ¢
- day-right asymmetry | j\ Ulchin| ¢ , ’?‘agmka S
wel 4 == e [ 1\{? 7 ' Nylon Balloon
i S o \ Cm Tok)% 36'N
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= Vi . LR .
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= in ‘Be - 2]
- P s 5 34°N
_— KamLAND .=~ Ay OD PMT'
= seasonal 4 o 5 o S
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Year 2002: Reactor Neutrinos Oscillate Too!

Sometimes, we just need to push it a bit further......

from ~10m to over 100,000m

1.4}
Reactor Neutrino Exp.: 1956 - 2001

1.2 ¥ KamLAND measurement: 2002

0 ,_Hr_#ﬁ ...... 4._..."——- S

oy
2 0.8 A
Z A ILL 1 iba
S 0.6 * Savannah River H L H
Z O Bugey
X Rovno T
04 o Goesgen
A Krasnovarsk
O Palo Verde
02 [ m Chooz
e KamlLLAND
0.0 | | I 1 I S — —
1 5 o 4 P —XTHERAEK, BRMEAE AL E
10 10° 10 10 10
Distance to Reactor (m) “No water here, try another place”
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The Status of Neutrino Oscillation 2002-2012

» Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix (with Majorana CP phases),

1 0 0 cos 013 0 e %crginf, cosflio sinfis 0 eio/? | 0 0
Upuns = 0 COS 923 sin 023 0 1 0 — sin 912 COS 012 0 0 6102"'2 0

0 —sinfy3 cosfos —e"°P ginfi3 0 cos 013 0 0 1 0 0 1

Ve Vel Ve2 Ve3 V1 UV [T [ | V3 [] [ |
— A A 2 A
vy | =1 Viu Vie Vi3 Vo " VlAlmlsou
v Vi Vo V. %
T Tl T2 73 3 A Amitm<: ~2 55103 eV2
m2 Am2
= Neutrino Oscillation Probability: s T
Am2L v famg, <}:I ~7.5x105 eV?
_ 2 2 2 7 3 U l | 11 [ [ ]
PV —Vg T 1 4 Z |Va3| |V,Bz| SIn AE Inverted hierarchy ~ Normal hierarchy
1<J Ve [] Vp ] vr [
Amplitude o sin% 20 Frequency x Am?L/E
7/28/24 Baikal School, Bolshiye Koty, Summer 2024
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We Were All Very Very Very Desperate

Work Harder...

One of the Funders of the
SM, Glashow, called for
the measurement of 013

Photo by Kam-Biu Luk

Wei Wang/=E %5 SYSU NUSYS 2024, Beijing Normal University, Zhuhai 53



What Reactor Neutrinos Can Measure

— . A 7. \ ) : ] >\
P(Ve _>V€.) ~1-§in" 2813 sin” (AT;L)% cos’ 813 sin” 2812 sin” (AZZ{L l

I sin2(Am§e i) = cos” 612 sin2(Am§1 =)

+ sin® Oz sin’(Am3, &)

32 3E

« At different distances, the O N
survival rate is dominated by & b :
different mixing angles o8 - ]
- ~Sin<20,; -
- To measure 0,3, a baseline of 0.6 .
~2 km is optimal B -
0.4_— .
0,2__ ~sin22012 _
oL m Ll Ll |

10”7 1 10 10°

Baseline [km]
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Reactor Neutrinos for Theta13

Six antineutrinos/fission:

@—» Neutron '*“a o ~2-8MeV, ~5% accuracy
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4 x 20 tons target
mass at far site

Far site (Hall 3)
1615 m from Ling Ao
1985 m from Daya
Overburden: 350 m

Total Tunnel length
~ 3000 m

Daya Bay: Powerful reactor by mountains

s\‘.

\
| ‘ ¥
t"'.
..

Ling Ao Near site (Hall 2)
481 m from Ling Ao
526 m from Ling Ao II
Overburden 112m

“Eing Ao-ll NPP
2x2.9 GW~
e

.
-~
%

.ng Ao

- -‘)PP,2\29W, ,
L A

. 295 - Daya Bay Near site (Hall na
"' . '  Bay

363 m from Da
~ Ovcrburden 98 m

Mikaelyan LA, Sinev
VV., Phys. At. Nucl.
63:1002 2000.

“Two identical liquid
scintillation
spectrometers
stationed at the Krasno-
yarsk underground site
(600 MWE) at distances
R1 =1100 m and R2

= 250 m from the
reactor source
simultaneously detect
(e+,n) pairs”



Daya Bay: A Powerful Neutrino Source at an Ideal Location

o “*.
§ %

Mountains shield detectors
from cosmic ray background

LK T e S m
k,é-:-;': ;:ﬁ'ﬁ -\:“:-' ;A? &

Among the top 5 most powerful reactor complexes in the world,
21 ~
6 cores produce 17.4 GWy;, power, 35 x 10%° neutrinos per second



The Daya Bay Anti-neutrino Detector

3-zone antineutrino detector (AD):

Inner zone
Middle zone

20t Gd-doped LS
20t LS

Quter zone 40t  Mineral oil
1 My
ﬁ_ﬁu
. E; = E, Lﬁ'v-aﬁ
~ e
\'( e‘:/"\-m\ ’J'"s__-.‘ ’ m\r’ﬁ.ﬂ'
- o o P == v -
- Sy =
|
P. |
.‘:l\ I
n\ |'~.;‘

] -
-

K 22Ma

) LY
L P
= ‘

teap ~ 100 ps
[

|
(complementary) nH : nGd

(main)

ACU-B ACU-A ACU-C
overflow tank
— Py
® @ ®
calibration pipe
top reflector " e T
PMT cable dry box — ; - = ==
radial shield —|
PMT
4m acrylic vessel —
3m acrylic vessel —
stainless tank — [ 3 11
bottom reflector —| .
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A Small Big Science Project
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A Small Big Science Project
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First Daya Bay Oscillation Results with 1958 Days

IBD rate (/day)
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Daya Bay, RENO, and Double Chooz in 2012

- -
35k
& BOR;nnmemmnnenn et
Z 11 25k
\g L 20E
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0.9
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«  We see a deficit through the
near-far ratio: 0.94+/-0.011(stat)

| i |

+/-0.004(syst) at the far site

* sin220:3=0.092 + 0.016(stat)+
0.005(syst)

« A 5-sigma discovery!

Daya Bay Phys.Rev.Lett. 108 (2012) 171803

0.113 + 0.013(stat.) = 0.019(syst.)

April 2012, 4.9¢ 0.086 + 0.041(stat.) + 0.030(syst.)
Nov. 2011, 94.6% C.L.
= e T T
% 0 ® Data : : 1
<) A Reactor Off-Off ; .5'
8 | No osc. (y2/dof=16/6) : }
S | Best fit (y2/dof=3.5/4) ;
-4 [ ]90% CL interval e
9 ; : gy :
g ] 2 T : ; ;
F . . g3 2 ; : :
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Double Chooz far detector

RENO Phys.Rev.Lett. 108 (2012) 191802
Phys.Rev.Lett. 108 (2012) 131801

Wei Wang/T 45 SYSU

NUSYS 2024, Beijing Normal University, Zhuhai

62



The Daya Bay Measurement with the Full Data Set (Neutrino 2024)

Daya Bay reported the precision measurement with 3158-days full dataset in 2022
sin?20,, = 0.0851+0.0024 precision 2.8%
Am?;, = 2.466 1+0.060 (-2.571+0.060) X 103 eV? precision 2.4%

Systematics, mainly detector differences, contributed about 50% in the total error

1.06 y T y T ' T : T

T
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1 I 1 I 1

1.02

Best fit (3-flavor osc. model)
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PhysRevLett. 130 161802
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Global comparison 0,

Daya Bay leads the precision measurement, nGd+nH gives 2.6% precision
By combining all reactor results, ultimate precision of sin?20,5:2.5%

Consistent results from reactor and accelerator experiments

Experiment Value
nGd == 0.0851 +0.0024 2.8%
Daya Bay nH —— 0.0759 3599 6.5%
nGd+nH — 0.0833 £0.0022  2.6%
nGd —_— 0092 tggggg 6.5%
RENO
nH < 0.082 +0.013 15.9%
Double Chooz nGd+nH+nC o 0.102 0012  11.8%
Note: average is error Reactor Average o 0.0839 +0.0021  2.5%
welght.ed average NO 0.0892 *9a1s8  15.99%
assuming no correlation T2K + NOvA
10 0.1008 =512 14.2%
0.06 0.07 0.08 0.09 0.10 0.11 0.12
SiIl2 2913

ﬁummo
2024

Wei Wang/= %y SYSU NUSYS 2024, Beijing Normal University, Zhuhai Figure by Hongzhao Yu



Global comparison Am?

Consistent results from reactor and accelerator experiments

Reactor weighted average 2% dominated by Daya Bay
Accelerator weighted average 1.5% (SK+T2K) + NOVA + MINOS + IceCube

Experiment Normal Mass Ordering Value (1073eV?)
nGd —— 2.466+0.060 2.4%
Daya Bay
nH = 2.72 314 5.3%
RENO nGd ———— 2.52 %4 4.6%
T2K + NOvA 2.429+50%2 1.5%
T2K o 2.49 +0.06 2.0%
NOvA —— 2.41 +0.07 2.9%
MINOS —— 2.40 3% 3.5%
Super-K + T2K 2.520+9%48 2.1%
Note: average is error Super-K 1 240 285 I
weighted average I__Ic_egEb_e __________________ oy ol NV NSO NPV VRGN PPN Zal ;—“(iol____zfo_/“_l
assuming no correlation ! Reactor Average —— 2.506+0.050 2.0% |
| AcccleratorAverage | == ool 24645005 __15% |

21 22 23 24 25 26 27 28 29
|Am3,|, 107%eV?

(e )]
un
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Global comparison Am?

Consistent results from reactor and accelerator experiments

Normal Ordering slightly preferred (<2c) from reactor/accelerator averages

Experiment Inverted Mass Ordering Value (10%eV?)
nGd —_—C— 2.571+0.060 2.3%
Daya Bay
nH = 2.83 +o14 5.1%
T2K + NOvA 2.477+£0.035 1.4%
T2K —— 2.54 £0.06 1.9%
NOvA —— 2.45 +0.06 2.4%
MINOS ——— 245 % 3.1%
Super-K + T2K 2.555+9%2 2.0%
No'Fe: average Is error Super-K N 2.48 5% 3.6%
weighted average e e e o 1
assuming no correlation | Reactor Average T 2.611x0050  1.9% :
: Accelerator Average —— 2.499+0.034 1.4% :

21 22 23 24 25 26 27 28 29
|Am3, |, 107%eV?

(e \]
(¢ )]
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The Neutrino Decades (1996-2016) Rewarded

LAUREATES

Breakthrough Prize  Special Breakthrough Prize New Horizons Prize  Physics Frontiers Prize

2016 2015 2014 2013 2012

\

Koichiro Nishikawa and
the K2K and T2K
Collaboration

Atsuto Suzuki and the
KamLAND Collaboration

Kam-Biu Luk and the A Yifang Wang and the
Daya Bay Collaboration Daya Bay Collaboration

Yoichiro Suzuki and the
Super K Collaboration

Takaaki Kajita and the
Super K Collaboration

Arthur B. McDonald and
the SNO Collaboration
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e- / u-Flavor Feels Mass Ordering Differently

P(v, — 1)

1 — sin” 2013(005 12 8in” Asy + sin” #15 sin” Ass) —60849138111 2615 sin” Aoy

Both reactor

2 (Am3y + @)L

and Iong- P,,#_H,“ =1-— P} — cos? @3 sin® 20,3 sin iE
baseline |
experiment 3
mgasure 0.15:(10 ....... v, 1.5 GeV + 810 km 088 = —1 cosS= 0 cosS = 1
: — 26()EII|IIIIIIIII|IIE IIIIIIIIIIIIIIEE ||||||IIII|II
mass-squared : R sstwmiman] 3 | ZE '
Py & 0.1+ o - == R | = 3E
= _ 2 2.54 = = W | =
Spllttlng 2 L "PO 2528 sz(ee]i TAB— - 4:——3 =
A natural T O o 20 =l = E
question fo ask: <10.05:— “g 246 a;:_-_—___—_—_—i_;; g— J}% g—‘
Is this i g:; E A () tore T—E 3 CHOOZ limit —>! El3
. 7 [ T 2.40: |||||||||||||:: |||||||||||||—: |||||||||||||
meaningful’ 2 0 2 005 010 0.5 005 0.0 015 005 010 0.15

Qian et al, PRD87(2013)3, 033005

FIG. 6: The dependence of effective mass-squared difference
Am?_, (solid line) and Am] , , (dotted line) w.r.t. the value of
dop for v, and v, disappearance measurements, respectively.

.2 .2 . 2
sin 2913 sin 2913 sin 2913

Minakata et al PRD74(2006), 053008

Also See: Zhang&Ma, arXiv:1310.4443/
Mod. Phys. Lett. A29 (2014) 1450096

Wei Wang/T 45 SYSU
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Global Efforts Resolving v Mass Hierarchy

Interference of
Source / Principle Matter Effect Solar&Atm Osc.
Terms

Collective
Oscillation

Atmospheric v JUNO

Constraining Total
Mass or Effective
Mass

Supernova Burst v

Interplay of
Measurements
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Known 013 Enables Neutrino Mass Hierarchy at Reactors @")

P, ;. =1 _._;(3034 0,5 sin? 26, sin? Am! v Mass hierarchy reflected

in the spectrum

—'{lSil'l2 2913(0082 012 SiIl2 A31 = SiIl2 012 sin2 A32) i Jlndependent of the

unknown CP phase

Petcov&Piai, Phys. Lett. B533 (2002) 94-106

70 g 0.6 ;_ ------- Non oscillation
S - —— 6, oscillation
~ 60 = 05 —— Normal hierarchy
.z;) 3 - Re oy Inverted hierarchy
= 50 0.4 F Cucy;,, bas
- o
= 40 - X7 State.
L 031 N, *Are 4,
s 30 : Wiog,
~ 0.2
10 /A
Ve I OCSin22913 — 0—". P N B T T
' 10 15 20 25 30
2 3 4 5 o6 7 B8 L/E (km/MeV)

E, (MeV)
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Challenges in Resolving MH using Reactor Sources

1500 ——— !deal Spectrum 100 kTyear 1500 ———— !deal Spectrum 100 kTyear 1500 ——— —— NH: [AmZ,| = 2.43e-3 eV*
3 I 100 kTyear
3 = NH: |[Am | = 2.43e-3 eV = NH: |AmZ,| = 2.43e-3 eV e
§ 1000 I e [H: [AM,| = 2.43e-3 eV? 1000 '_ = |H: [Am},| = 2.55¢-3 eV* 1000 '_ 100 kTyear Ideal Spectrum
3 L
@
<% [ I
£ 500 500 1 5001,
s I |
>
Ll
L.
P PRI N SR R 0
0 057 % 8
E.is (MeV)
| Ratio of NH/IH l | Ratio of NH/IH l | Ratio of NH/IH I

1.15¢ 1.15¢ 1.3
> 1.1} 1.1} 1.2
= i :
S 1.05; 1.05} 1.1
S E
s 1 1 1
&
£ 0.95} 0.95 0.9
q, L
LI>J 0.9 0.9 0.8

T IV R SR T —
E,.c (MeV) E.is (MeV) E.is (MeV)
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Challenges in Resolving MH using Reactors

L [ ! : L=50km . 7% .
- Energy resolution: ~3%/sqrt(E) S0 ¢ AT A Vo
5000 + Best Fit to NH data iy L
- Energy scale uncertainty: <1% _ oo | SEfBis=0 | Y \
- .
. . <3000 S ~ ,[ v
- Statistics (the more the better) S ol 2 WY
T g | SFGeetal |
« Reactor distribution: <~0.5km Z ;’;’) JHEP 1305 (2013) 131 7~ ™\ |
ao00 | FEvisEri = 6RNE / \’"\
3000 L l//
Sdr———7—"—T" T T T T T T T ” g —
| Y.F Lietal 200 / - , - g
PRD88(2013)013008 6 years s _
20 + L =52 km - > 3 x10 10” Signal 1BD Events - Baseline 52.5 km - 3% Energy Resolution
E_res =3% g Osc. Parameters — NO
~ o2 5 |- Capozzi+ 1703.04471 — 10
g
o 2
15
1+
05
05 53 4 5 67889

Visible Energy [MeV]
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Looking for Suitable Power Plants is Easy?

Locations of nuclear power plants Hongyanhe 1 W W I

-
Haiyang ERC0 °
Tianvwwan BEROO

)
Qinshan | °
Qinshan No.2 ER

-
QinshanMo3 B B °
Sanmen ] Imm)
Ningde RR00 ®

Fuging BERC000

|

B Operating

% Under construction Davya Bay BB

Start of preliminary work »
approved by NDRC Ling'ao [=lG] %
Fangchenggan
&D = g Ll Lingdong | o
) Changjiang

L2 Taishan oo

Source: Ministry of Environmental Protection's B ®
Muclear and Radiation Safety Center "
Yangjian

Graphic: Chen Lei ™ i an -
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‘) Jiangmen Underground Neutrino Observatory (JUNQ)&:

¢ Proposed as a reactor neutrino experiment for mass ordering in 2008 (PRD78:111103,2008; PRD79:073007,2009)
= driving the design specifications: location, 20 kton LS, 3% energy resolution, 700 m underground

¢ Rich physics program in solar, supernova, atmospheric, geo-neutrinos, proton decay, exotic searches

¢ Approved in 2013. Construction in 2015-2024
i T T Sylearsl — = \'[“eg-.;‘;‘si,
= Ideal distribution iy LONGHUA o ‘!:”‘, =V e 59 Shanwei ¥
J.PhYS.G43 9 03 040()1 (20 1 6) E_res=3% ] " .tr‘-T‘E:_m - B G5 ik o s CGatd J)eé%gan o
§ 15+ 2 . -
b Jiangmen N ‘f"‘,"__{‘}";_HUIZhOU I‘Ufeng
of i scv Shenzhen — = =&
el e k- NPP NPP
‘ ) @ Daya Bay*
NPP

%@ Hong Kong

B Mace 74 institutions, >700 collaborators
@52 Asia: China (34), Taiwan,China (3) Thailand (3), Pakistan, Armenia

angmao Sy '%;wm Europe: Italy (8), Germany (7), France (5), Russia (3), Belgium, Czech,
i riRey « . Finland, Latvia, Slovakia, UK

U NO -TAO
Talshan NPP
"Z'Wres, 9.2 GWy,

Yangjiang

America: Brazil (2) Chlle (2) USA (2)

Zhenhal Wan

i‘;r o o S
..Yangjiang NPP 7+
S 6 cores, 17.4 GW,




The Jiangmen Underground Neutrino Observatory

<

N B
5

¥

* ,r
. " s ower Plant

“*.  Taishan NPP "
Y 9.2(GWi B

“?

v

BajinDao  opao Pao

0 - Total Power
Yangjian NPP  Vawszos o annd Stngnanoee | 35.8 = 26.6 GWih

17.4 GWin

Credits: Fabio Mantovani

Nanpeng:Dao

Yangjiang Power Plant
Power (GW)
Baseline(km) Only 8 Reactors Left.....
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JUNO Site

””u B

-ﬂaai——-

-~ Surface bmldmgs / campus

R S

ey -*G,fflcewborm

i PR

« .~ Surface Assembly Building

» LAB Storage (5 kton) < . Vertlcal Shaft 564 m

»  Water purification / Nitrogen = ™=+, - V %' put into use in 2023 Sh

R, ~0.004 Hz/m?
<E,>~ 207 GeV




‘) JUNO Detector

Acrylic Sphere:
Inner Diameter (ID): 35.4 m
acker (TT .
(TT) Thickness:12 cm
gL Stainless Steel (SS) Structure:
'\ ID: 40.1 m, Outer Diameter (OD): 41.1 m
' 17612 20-inch PMTs, 25600 3-inch PMTs
1 Ls Water pool:
Twatet _{- [ Acrylic Sphere ID: 43.5 m Height: 44 m, Depth: 43.5 m
Water [ 2400 20-inch PMTs
] A‘/E/A_‘J/ “"'11313131EIEIEIEIE:EIEIEIEE:«,-: N || ssStructure
_ §/ﬂ/§l/° 'E\TxI~1~1+i*i~ifi+ifi*i'i+i*?( i
HIEN? . {|  CDPMTs
R I 4 R‘E g ) 4 VETO PMTs
: l allo it Al ,: E E2
' 4!&@%_’__ /1l Connecting Bars
i , |
TR “‘;,'_\‘.'|’.\!|LI5|A,I'! g A0/ Supporting Legs Energy leakage & Pho on Noise
- L:}‘Il“‘",:“(‘“-l- »«y" = non-uniformity statistics (~background)
i
S

niversity, Zhuhai



"he Detector Performance Goals

KamLAND Daya Bay PROSPECT JUNO
Target Mass ~1kt 20t ~41 ~20kt
ng’/teorgzt:"de ~34% ~12% (Effective) ESR + PMTs ~80%
PE Collection ~250 PE/MeV ~160 PE/MeV ~850 PE/MeV ~1200 PE/MeV
Energy Resolution ~6%/E ~7.5%INE ~4.5%/\E 3%NE
Energy Calibration ~2% 1.5%— 0.5% ~1% <1%

An extremely demanding detector and a challenging job

Wei Wang T %% for DYB&JUNO
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‘) Central Detector

¢ 35.4 m spherical acrylic vessel, containing 20 kton LS, supported by
the 41.1 m Stainless Steel structure via 590 supporting bars

¢ SS structure completed except bottom 4 layers

¢ Acrylic panel production completed

= A special production line for low backgrounds (< 1 ppt U/Th/K)

= Processed while maintaining high transparency (>96%) and low surface
background (<5 ppt U/Th in 50 um thickness): Shaping, sanding/polishing,
cleaning, machining, and protection of panels by PE film

¢ Acrylic vessel construction on-going (critical path)

= SS structure built from bottom to top, then, acrylic built from the top to bottom,
layer by layer, 17/23 layers finished, defects repaired

= SS bars connecting the acrylic and SS, sensors for stress monitoring




@x Inside the detector

Acrylic Sphere

Wei Wang/=E %5 SYSU NUSYS 2024, Beijing Normal University, Zhuhai



‘) Veto Detectors

¢ Water Cherenkov + Top tracker

¢ Water Cherenkov detector
= 35 kton water to shield backgrounds from the rock
= |nstrumented w/ 2400 20-inch PMTs on SS structure

= Water pool lining: 5 mm HDPE (black) to keep the
clean water and to stop Rn from the rock, will cover
w/ tyvek

= 100 ton/h pure water system installed. Requirement:
U/Th/K<10-'* g/g and Rn<10 mBqg/m3, attenuation
length>40 m, temperature controlled to (21+1) °C

& Top tracker (to be installed) | NMA 1057(2023) 168680
= Refurbished OPERA scintillators

= 3 layers, ~60% coverage on the top
= AO ~0.2°, AD ~ 20 cm
¢ Earth Magnetic Field compensation coil

Wei Wang/+ % SYSU NUSYS 2024, Beijing Normal University, [l



Packing PMTs as Tight as Possible

20” PMT (~18K)

Supper layer arrangement method 77.8% | MCP-PMT (~13K)
Sl P9 DD 90000 0D PGP ISP Hamamatsu HQE (5K)
NP D
1 3”sPMT(~25K) = :
HZC XP72B22 (Photonis) . c '
Y a—— K s
y am -/-l—/AV/
2
Volleyball arrangement method 75.96%
3

Football arrangement method 74.08%

12x
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Characterizing Every Single PMT with Great Care

Photon Detection Efficiency

1000
LIGHT SHAPING TUBE [ ALL:Mean=29.6%, STD=2.6%
3 NNVT:Mean=30.1%, STD=2.8%
ey e - 800 - [ HPK:Mean=28.5%, STD=1.7%
«
LIGHT TRAY S 600
LIGHT SOURCE —
("]
S
& 400
ks
#
200
0 1 L
20 25 30 35 40
PDE Corrected [%]
Dark Counting Rate
3 ALL:Mean =27.6kHz, STD = 15.7kHz
200 r [ NNVT:Mean = 31.2kHz, STD = 15.8kHz
[ HPK:Mean =17.0kHz, STD = 9.7kHz
_175}
N
é 150 f
S1o5 L Instrumented with
(%] .
100 waterproof potting
[a
S 75
$#
50
25
0
0 20 40 60 80 100
DCR [kHz]
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PMT Summary

. 20-inch PMT: 15,012 MCP-PMT (NNVT) + 5,000 Dynode PMT(Hamamatsu HPK)
3.1-inch PMT: 25,600 Dynode PMT (HZC XP72B22)

— All PMTs delivered and their performance tested OK
- Water proof potting done: failure rate < 0.5%/6 years
« Implosion protection: acrylic top & SS bottom (JINST 18 (2023), P02013)
— Mass production completed

LPMT (20-in) SPMT (3-in)
Hamamatsu| NNVT HZC
Quantity 5,000 15,012 25,600
Charge Collection | Dynode MCP Dynode
Photon Det. Eff. 28.5% 30.1% 25%
Dyn?g;g]rmﬂf for [0, 100] PEs [0, 2] PEs
Coverage 75% 3%
Reference Eur.Phys.J.C 82 NIM.A 1005
(2022) 12, 1168 (2021) 165347
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Calibration System based on the Daya Bay experiences @.)

Automatic Calibration Unit (ACU) Cable Loop System (CLS)
OQ‘\C:\(?N \d\(\\ % %;)‘la@ By Centralcable by /oiie”denf
S 5" ﬂ’.
f/ ¢ Spool drive
K ) Water Line
N\ ACU L

< Side cable

pulley

Side cable

Neutron £ Gamma /
souree souree \ /‘/ source | Source storage system
. e SR s \ | S Remotely Operated
B central i N e 1/ under-liquid-scintillator
Guide Tube Calibration source V

System(GTCS) Ny Vehicles (ROV)

O Complementary for covering L
entire energy range of o
reactor neutrinos and full- B,
volume position coverage
inside JUNO central detector o

NUSYS 2024, Beijing Normal University, Zhuhai



Calibration and Expected Energy Resolution @‘)'

- Four systems for 1D, 2D, 3D scan with multiple sources arXiv:2405.17860 (2024) For positron
- Energy scale and non-linearity will be calibrated to <1% t o 2.61%)\" 1.20%)”
spectrum Eys < s ) +(0.64%)% + ( E, )
JHEP 03 (2021) 004 l l
—— Photon Constant  Dark noise,
.""i' || Automatic Cateeation uni statistics term Annihilation

-induced ys

———R OV guide rail
Calibration house
- : Expected energy resolution: 2.95% @1MeV
- Sldecable.-‘ :g > . ,_|
8 - : X C
H | I*JL —13 “1 : \ = 3E —— totalPE
— — X i 3] -2 C \ —e- - Scint. Stat.
?, - Il || Bridge 'S ‘ I - {QH vy '_'2 2.5 :_ \ \ —e- - Scint. Quench.
f ‘; ~ = . == ; é e 2 - \\\ Cherenkov
AURORA / o - T § = 2K —e - Covariance
-3 r o P | > " A
/ E , ‘u JI‘ l’_!_‘!" "1 % en N \\~ Summation
/ s o : ! L - — ha
/ > % LS 1.5 . \\ \.\\, .
b~ < [ . N \ B = - -
Ul ’ Calibration house E N —— T
G(r/ @ N \' T —— e
3 & All systems ready for installation 0.5F T —
%q N VE e, e — T E T — - ———
%'b/, o“be‘ N -
£ & oL ! ! ! L N B
3§
%, o 0 2 + 6 8 10
& NUSYS 2024, Beijing Normal University, Z E, [MeV]37



Precision Measurement of oscillation parameters

¢ P(Ve — Ve) = 1 —sin® 2613(cos” f12 sin” Az + sin” A2 sin” Asz)  days; precision <0.5% in 6 years

/ . 9 . 9
— cos? B3 sin® 2615 sin? Aoy

Chin. Phys. C46 (2022) 12, 123001

x10% 100 d 6 years 20 years
109Fg years of data taking —— No oscillations 022F ’ ' ' ' 102 ] I o o
[ - 107 i 7 T o E i i —— Stat.+syst. ]
~== Only solar term 0.2 | Tacmon i —Pumo | | Bee—_ L Stat. only
oL = Normal orderir‘.lg 0.185 i i —;G'°ba'§ead°f$;:»;::toézmcngc I e ® AMmi * Am$
L Inverted ordering - - 1 i T neuons - T T —— « sin%0 ® sin%
> 3 0.6 Lo e ” 3
) o - Eoo e e
I : E p o
= 60| 3 014 : ke
L | %]
5 2 0.12F v
Q o - g 100
a9 in? 26, S 0.1 ] o o :
S a0l sin” 261, o 5 s 2 25 3 35 4 45 o ]
S L R 1] ] e Visible Energy (MeV) >
I R Al e S S — IBD Signal T 8101}
20r 0.04 N, Wy 1) RO oo (1] - ¢ J— g i P ]
5 Am21 0.02 oo s I ; T
0 1 2 3 4 5 6 7 8 0 6 8 10 12 10 1_62 . P .,.Aié):i M ...‘.iéd . N ..l.iés 3
Es, (MeV isi
. (MeV) Visible Energy [MeV] JUNO Data Taking Time [days]
Central Value PDG2020 100 days ( Gyears ) 20 years

Am3, (x107° eV?)
Am3, (x107° eV?)

SiIlZ 7, 12
SiIlz 7, 13

2.5283
7.53
0.307
0.0218

£0.034 (1.3%)
+£0.18 (2.4%)

+0.013 (4.2%)

+0.0007 (3.2%)

£0.021 (0.8%)
+0.074 (1.0%)
+0.0058 (1.9%)
+0.010 (47.9%)

£0.0047 (0.2%)
+£0.024 (0.3%)

+0.0016 (0.5%)

£0.0026 (12.1%)

£0.0029 (0.1%)
+0.017 (0.2%)
+0.0010 (0.3%)
+0.0016 (7.3%)
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Neutrino Mass Ordering arXiv:2405.18008 (2024)

JUNO 6.5 years X 26.6 GWiy

T - MAAPAASRUAANISE Design Now
500:_ N Mo\ —.— Reactor U, signal: 10 _:
o} s T e ! Thermal Power 36 GWy, 26.6 GWy, (26%1)
§3oo_ § 101; P o~ ;- H 0,
2 esisont backarouns PR e T | Signal rate 60 /day 47.1 /day (22%)
Z200f| == Geoneutrinos = Fastneutrons Y MR UL PRI ~ ~
| xvcciljentals - A(n:Q;p)herjc ! Reconsztructed3Energy ?MeV] 5_: Overburden 700 m 650 m

100 : m CLifHe Neutrinos

Muon flux in LS 3 Hz 4 Hz (33%1)

£l — __ 10 beskfit o NO Asmov cata Muon veto efficiency 83% 91.6% (11%T1)
O 0.5 Vi _
5 AN e Eash Backgrounds 3.75 /day 4.11 /day (10%7)
e 4 6 8 10 12
reconsirucied Eneroy fhev! Energy resolution 3.0% @ 1 MeV  2.95% @ 1 MeV (2%T)
Sensitivity mostly from 1.5-3 MeV .
y Rs%ach vleOS(l)gnal I??oeventznc;lomber (2><5%)03) 300 Shape uncertainty 1% JUNO+TAO
6— T T — 30 NMO sens. Exposure <6 yrs X 35.8 GW,, ~6 yrs X 26.6 GW,,

: ¢ JUNO NMO median sensitivity:
: 30 (reactors only) @ ~6 yrs * 26.6 GWy, exposure

: ¢ Combined reactor and atmospheric neutrino analysis in

—— NO: stat.+all syst. -

 lo:stat.rall syst. ] progress: further improve the NMO sensitivity (see next

————— NO: stat. only

I____- |o stat only . E page9 )

(o] 2 4 6 8 10 12 14 16 18 20
JUNO and TAO DAQ time [years]
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Atmospheric Neutrino

- JUNO will be the first to study atmospheric neutrino oscillation with liquid scintillator:
e/u separation, v/v separation, v energy (instead of lepton energy), track direction in LS

20007 s nC
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¢ Improving the reconstruction and
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PID algorithm, as well as

sensitivity

¢ Plan to install all spare PMTs on
top wall of the water pool to
improve PID and direction

reconstruction
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Reactor Antineutrino Anomaly (RAA)

1.2 http: //lrfu cea fr/Spp/Phocea/Vle des Iabos/Ast/ast visu.php?id_ast=3045
. ||||| [T I|| I | ITIIIII] | T||||||| T T TTTII

Nuclear Fission
O neutron

- T. A. Mueller et al., PRC83, 054615 (2011)
| - P. Huber, Phys. Rev.C84, 024617 (2011)

/2,@ poduc Daya Bay, PRL116(2016), PRL123(2019)

RENO, PRL121(2018)

esion NEOS, PRL118(2017)
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The “ab initio” (summation) Method

S(E.)= ZRl.ZfijSij (E.) fl-j — the branching fraction from isotope i decaying to the energy level j of daughter
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JUNO-TAO

- Main goal: Measure the reactor neutrino _
spectrum (as a reference to JUNO) arXiv:2005.08745

— better resolution to reduce fine structure effects
and spectrum uncertainties

— Improve nuclear database
« 10 m? SiPM + 2.8 ton Gd-loaded LS @-50°C
— 700k/year@44m from the core (4.6 GW), ~10%
bkg
— Energy resolution: <2%/VE, 4500 p.e./MeV
— SiPM (>94% coverage) w/ PDE > 50%
— Operating at -50°C, dark rate 100k-=>100 Hz/mm?
— 2.8 ton (1-ton FV) new type of Gd-LS for -50°C

« Detector assembled at IHEP with ~100 SiPM

Detector
.\

4 FEC+GU+CU

—1200

tiles/readout (out of 4100 in total) S Eee f —
— Temperature uniformity and stability OK! : ol =t o
— Single PE readout o} o
- Disassembling, to be re-installed in the Taishan “3 muon signal
Nuclear Power Plant in 2024 MZ
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JUNO'’s Multi-Physics Potential
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Neutrino as Probes: Nuclear and Earth Sciences

Cadeddu & Y.F. Li et al, PRL120, 072501 (2018)
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Summary and Future Perspectives

¢+ Neutrino physics has provided the first new physics beyond the SM and it is now
entering the precision phase > Reactor Neutrinos are playing essential roles
continuously

** We have been using reactor neutrinos for free --- is it time for us to pay the industry
back? ©

“* Technologies are always essential for making progresses in science;
Science always gives technologies more values and, often, leads the
developments of technologies; Applications and fundamental science drive new

technologies in synergy

+» The unanswered questions in neutrino physics require new technologies
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Summary and Future Perspectives

“* Looking back to the modern history of neutrino experiments
*» Important to “dream big” and dare to “dream”
*» Important to be programmatic
*» Important to prepare the young generations

*» Important to collaborate internationally
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Understanding Reactor Antineutrinos

* Fuel evolution: Phys.Rev.Lett. 118 (2017) no.25, 251801 - Isotope decomposition, PRL 123 (2019) no.11, 111801
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KM3NeT/ORCA and PINGU Sensitivities

 F Capozzi et al for KM3NeT/ORCA, PINGU Group for PINGU
J. Phys. G: Nucl. Part. Phys. 45 (2018) 024003
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- More advantageous for the normal ordering case

« Uncertain due to a different unknown parameter, the atmospheric
mixing angle
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Combining JUNO and PINGU/DeepCore (courtesy of M. Wurm)

NMO sensitivity (NO = True) NMO sensitivity (I0 = True)

—
o

Significance (o)
= N w EeN w ()} ~J oo O

o

Time (years) Time (years) Time (years) Time (years)
» Nominal configuration, i.e. PINGU (26 strings) + JUNO (10 cores)

» Reduced configurations, i.e. IC Upgrade (7 str) + JUNO (8 cores)

> In any case, 50-discovery after 5 years
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