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Outline

Part |: Introduction of Neutrino
» The need of Neutrino
» Standard Model Neutrino and Neutrino Oscillation

- Part Il: Discovery of Neutrino Oscillation, Atmospheric Neutrinos, Long-Baseline Neutrino
Experiments

» Search for neutrino oscillation signals; Super-Kamiokande, Hyper-Kamiokande (brief)
» From K2K to MINOS/T2K/NOvA and DUNE (extremely brief)

- Part lll: Reactor Neutrinos
» Daya Bay Reactor Neutrino Experiment and Contemporaries, JUNO

- Part IV: neutrino applications and (relevant) future experiments

« Summary and Conclusion

NOT covering: neutrino absolute mass experiments, neutrinoless double beta decay experiments, high energy neutrino telescopes, cosmological
neutrino experiments, and many specific neutrino experiments

Wei Wang/ =+ %5 SYSU R P R DG RS\ P 2



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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Abschrift

Physikalisches Institut
der Eidg. Technischen Hochschule Zirich, L, Des. 1930

Cloriastrasse
Liebe Radicaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich mldvollgst
ansuhBren bitte, Itnen des niheren auseinandersetsen wird, bia ich
angesichts der "falaschen" Statistik der Ne und Li-6 Kerne, sowie
des kontimuierlichen beta-Spektrums suf oifien versweifelten Iusweg
verfallen um den "Wechselsats” (1) der Statistik und den Energiesats

[ su retten. Mimlich die M3glichkeit, ies kbnnten slektrisch neutrale
Tellohen, die ich Neutronen nemnen will, in den Kernen existieren,
Welche 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

von derselben Orossenordming wie die Elektronenmasse sein und

mfalls nicht grosser als 0,00 Protonemmasse.- Das kontimiierliche

Bo8a- Spektrum wire denn verstandlich unter der Amnahme, dass beim

beha-~Zerfall mit dem Rlektron jeweils noch ein Neutron emittiert

: y derart, dass die Swme der Energisn von Neutron und klektron

Nun handelt es sich weiter darum, welche Kriifte auf die
Meutronen wirken. Das wahrscheinlichste Modell fiir 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 ionisierende Wirkung eines solchen Neutrons
nicht grosser sein kann, els die eines pﬂt—Stnhh und darf dann
A wohl nicht grosser sein als e - (107 o). e

Ich traue mich vorliufig aber nicht, etwas iiber diese Ides
Zeren und wende mich erst vertrauensvoll an Euch, liebe
ocaktive, mit der q,muuumwa
eines zolchen Neutrons stande, wemn dieses ein ebensolches oder etwa
20msl grosseres Durchdringungsvermogen besitsen wirde, wis ein ’
gssa-Strahl.

su, dagr mein Ausweg vielleicht von vornherein
: mmm.wamuﬂu%-—--
‘wohl schon Ifngst gesehen « Aber mur wagty
der Ernst der Situation beim kantimierliche beta-Spekira
m‘m u.wmmmvm. in Jmte,
Herrn Debye, beleuchtet, der mir Mirslieh in gesagt hats
"0, daren soll man sm besten gar nicht denken, -mumn: ‘
Steuern.” mm.m-namwummmmmm -r:n-
Also, liebe Radioaktive, priifet, und richtet= Lelder kann ioh nich
personlich in d"m.&cwmomumw“
vom 6. mum 7 Des. in Zirich stattfindenden Balles Mam&“w
bin,- Mit vielen Oriissen an Fuch, sowie sn Herm Baek,
untertanigster Diener :
ges. W. Pamli

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

e

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.”



Two years later, James Chadwick discovered
what we now call the neutron, but it was clear
that this particle was too heavy to be the
"neutron” that Pauli had predicted. Since
Chadwick had taken the name "neutron” for
something else, Fermi had to invent a new

name. Being Italian, "neutrino"” was the

obvious choice: a little neutral one.



The First Attempts Detecting Neutrinos in 1930s-1940s

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

KAN CHANG WANG

method detecting the neutrino

Depariment of Physics, National University of Chekiang Tsunvyi, « In 1942, James S. Allen carried out the

Kweichow, China
October 13, 1941

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
with K capture in two different processes:?

Be'+4ex—Li"+7+4 (1 Mev)
and
Be’+ex—(Li7")*45+4(0.55 Mev),
(Li")*=Li"+Av+0.45 Mev.

The first process is relatively large, about 10 to 1 in com-
parison with the second process. The recoil energy of the
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
would have to be made for the disturbances due to the
y-rays and the soft x-rays (originating from the replace-
ment of the K electrons by outer electrons). The recoil

8/20/24

measurement, obtaining ~50 eV recoil E
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cM™ F1G. 3. Retarding potential curves for recoil ions. The
FiG. 1. Experimental arrangement of G-M and horizontal dotted line represents the background counting
electron multiplier tubes. rate.

Baikal School, Bolshiye Koty, Summer 2024 6



Prof. Kan Chang Wang (1907-1998)

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

-

ML KEREER "% mRadiem
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Direct Neutrino Mass Measurement by KATRIN

Tritium source Transport section | Pre spectrometer Spectrometer

« 259 days of data released at

Neutrino 2024
« 1000 days planned and

eventual sensitivity 0.2eV

8/20/24

e KATRIN’s new upper limit
m, < 0.45eV (90 % CL)

using Lokhov-Tkachov construction

e Feldman-Cousins limit;
o m <031eVat90 %CL

o Shrinking upper limit for negative mV2

e Bayesian analysis in preparation

3
Myg = \ Z |Uei|2m
i

Baikal School, Bolshiye Koty, Summer 2024
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Lokhov, Tkachov, Phys. Part. Nucl. 46 (2015) 3, 347-365
Feldman, Cousins, Phys. Rev. D 57 (1998) 3873-3889

KATRIN Talk @ Neutrino 2024



KATRIN: A Long Journey

Nordsee

England Deutschiand

Atlantik Leopolds| Deggendorf

Frankreich

Mittelmeer

Marokko Algerien

15 Years of Hard Working
and Persistence!
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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
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Bdecay: N—N'+e+v

- - Cd
Detection: Y %%
n%ﬁ\lnve/rsed B decay
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Various Neutrino Sources
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Neutrino Mixing & Oscillation First Proposed by Pontecorvo

* Bruno Pontecorvo proposed in 1957

Interaction Eigenstates # Mass Eigenstates
— Neutrino Mixing and Oscillation

.
Ny e
b

ecorvo, J

pro~ts

e 3
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§. e O, Y
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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

sy of Szkata Memorial Arc

S. Sakata Z. Maki M. Nakagawa

1911-1970 1929-2005 1932-2001
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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:

2

o AmZ L
P,sv, =1- 4; |Vaj|2|Vﬂi|2 sin? ﬁ

Amplitude « sin? 20 Frequency «c Am?L/E
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The Search for Neutrino Oscillation 1956-1998
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Neutrino Oscillation Discovered by Super-Kamiokande in 1998
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The Super-Kamiokande Experiment

Discovering Mass

The farther neutrinos travel, the more time they have to oscillate. B%

comparing the ratio of flavors of neutrinos coming "up" through the Earth

to those coming from overhead, physicists determined that neutrinos

oscillate, which neutrinos can only do if they have mass.
A cosmic ray
(usually a proton)
from space

Oscillating
neutrinos

S A neutrino strikes another
elementary particle in the

S detector tank. The interaction
S is recorded and analyzed by
L scientists to identify both the
It flavor of the neutrino and its
flight path.
Neutrinos continue on N \ -
the trajectory and begin o - s
to oscillate as they N N \
pass through the earth \ ~

S = \/\'\~ \‘lt

S

Cosmic ray Earth’s
atmosphere

n The cosmic ray hits the [
earth's atmosphere,
making a spray of
secondary particles,

|
smeawicncecsy | | @ G@OOO DD O

University of Hawai'i media graphic

One cycle of an oscillating neutrino
as it passes through earth

50 kiloton Water Cherenkov Detector
11,146 ID PMTs + 1,885 OD PMTs

clectronics hut
crane

concrete

rock

207 1D PM'Is

87 O PM'ls

access tunnel
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The Very First Long-Baseline Neutrino Oscillation Experiment K2K

Super Kamiokande
malloba cho)

KEK

(I'sukuba City) / & 3 otron

Wei Wang/F %5 SYSU R P R DG RS\ P 2 18



The Very First Long-Baseline Neutrino Oscillation Experiment K2K

SCIFI/Water
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X
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The Final Result of K2K in 2006

SciFi Detector

SciBar Detector

% Water Cherenkov g,
i Detector

Muon Range 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.
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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 B3 0 e %crginf, cosflio sinfis 0 eio/? | 0 0
UPMNS = 0 COSs 923 sin 923 0 1 0 — sin 912 COS 012 0 0 610'_),.' 2 O
0 1

0 —sinfy3 cosfs3 —e¥0P gin fq3 cos 013 0 0 1 0 0

2 V3 i I |
1 y Y AamZ, 1 Two popular ways to measure 04
11 [ [ ]
A 2 ~ 3 . .
: ant,, <A [ ~25x10ev: > Short-baseline reactor disappearance
m 2
A .
T e experiments:
b Am? <:| ~7.5x10°% e V2 Am2. [
P s s B 2 s o Py, 5, =1 —sin® 26,3 sin® ( ol )
Inverted hierarchy =~ Normal hierarchy
ve[d Vpd vrd » Long-baseline appearance experiments
2
P, v, = |sin 023 sin 205 (AglAila[) sin(Agy — aL)e—i(A32+6cp) + €OS 93 sin 2015 (%) sin(aL)‘
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0,; status at Neutrino-2008

Empty detectors: moved to underground
halls via access tunnel.

Fllled detectors: transported between

i halls via horizontal tunnels.

™ e
Daya Bay Near
. Overburden: 98 m

Bay will reach a sensitivity of < 0.0
Civil construction has begun
Subsystem prototypes exist
Long-lead orders initiated
Daya Bay is moving forward:
— Surface Assembly Building - Summer 2008
— DB Near Hall - installation activities begin early in 2009
— Assembly of first AD pair - Spring 2009
— Commission Daya Bay Hall by November 2009
— LA Near and Far Hall - installation activities begin late in 2009
— Data taking with all eight detectors in three halls by Dec. 2010

Near
<L> 400m
400v/day
120mwe

Chooz Reactors | Target:8.2t

Power: 8.5GW,

Sept 2012

“#'6 cores
16t, IZOWE Near Deteotor ,-« o,g 16'.5 GW ~al

Far

<L> 1050m
50v/day
300mwe

: ] . —
;theﬁbﬁ'gt e : 16t, 450 MWE

Far Detector

= Double Chooz Far integration Started in May 08 O RENO is suitable for measuring 645

= First goal: measurement of 0,,

2008-09
Middle 09

2008-10
2011

- Far Detector construction & integration
- Start of phase | : Far 1 km detector alone

U Geological survey and design of access tunnels &
detector cavities are completed. Civil construction will begin
in early June, 2008.

sin?(26,,) < 0.06 after 1,5 year (90% C.L.) if no-oscillation . .
- Near Lab Escavation & Near Detector Integration O RENO is under construction phase.

- Start of phase Il : Both near and far detectors

sin?(26,,) < 0.03 after 3 years (90% C.L.) if no-oscillation

U Data taking is expected to start in early 2010.

Asian Reactor Anti-Neutrino Experiments DAYA BAY and RENO, Christopher White at Nu-2008
Towards 8,3: Double Chooz and non-asian efforts, Thierry Lasserre at Nu-2008




0,; with nGd -- Daya Bay

Daya Bay reported the precision measurement with 3158-days full dataset in 2022

sin220,; = 0.085110.0024 precision 2.8%

Am?Z;, = 2.466 +0.060 (-2.571% 0.060) X 103 eV?2 precision 2.4%

Best fit (3-flavor osc. model)
1 .........................................................

NO
Systematics, mainly detector differences, contributed about 50% in the total error
1.06 T T T T y T ' T
1.04:— { EHl  fEH2 | EH3 —:
1.02 -

0.98

[10%eV?]
N
(@)Y
P(V.—V,)

25 0.96 =

a3 E =
= - -
B ion 0.94 I ]
092 [~ -

2.3 | | | LN - .

i | | | bl it 09 &= § =

| L | 1 | L
200 400 600 800
L./(Ez,)[m/MeV]

S

0.075 0.08 0.085 0.09 0.095 51015
sin229I3 Ay?
PhysRevlLett. 130 161802

23



A Upgraded K2K: the T2K Experiment Yoty

—

J-PARC {Near detector

accelerator,

Far detector vu survival probability

\\ (Super-K) q
- —I——’/ J —
280m 295km > .
T os §in20,,=10
3 ) |
« 30 GeV proton beam from J-PARC Main Ring extracted onto a 2 Am3, =24 x10%eV?
graphite target A\, e ]
. . : . : I N ]
 p+C interactions producing hadrons (mainly pions and kaons) 1= %& WLOA00°
i N3 . o 4
 Hadrons are focused and selected in charge by 3 electromagnetic ~ | i /;, _ gg‘:ggo |
) PRk T N .
horns < | 5
e If * are focused v, are produced by i+ = p+ + vy g 05
« Changing the horn current we can produce v, from - = p- + vy ¢
« Off-axis technique — detectors intercept a narrow-band beam at i
the maximum of the oscillation probability (B
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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 .
C Vu
. JPMNS 3 x 1072 sin(5 )
v, = - PMNS
Jora 3> 1077

Nunokawa et al, CP violation and neytrino oscillations, arXiv:07100554

Y“ Near DeteCtor 8 C T I T I 1T I T I 1T I T I 1T I ] I T 1T I T TT I 1T I I I T 1T I T I
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B 7 L\ .
- . - - -
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Wei Wang/F %5 SYSU R P R DG RS\ P 2 25



The Current Global Analysis of Neutrino Oscillation Experiments

sz

NO, 10 (w/o SK-atm)
—====: NO. IO (with SK.atm) | NUFIT 5.3 (2024) |
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» Global Analysis http://www.nu-fit.org, JHEP 35— : / B ;/ \ ! ]
09 (2020) 178 [arXiv:2007.14792] 103 i 4
Y L 1L i
< L 4L _
« Good or bad: Normal Ordering is preferred 5 ; 10 7
i L 1L i
* OCtant: NOt reSOIved : 1 1 1 | [ \I a2 1 | | 1 1 1 | | : :I | | | L1111 P 1 111 I:
L i . . (5?018 0.02 0.022 0.024 0.026 0 90 180 270 360
« CP: indication of being violated sin” o, 8cp

Wei Wang/F %5 SYSU R P R DG RS\ P 2 26


http://www.nu-fit.org/

Future Long-Basline Program: Hyper-Kamiokande

Kamiokande Super-Kamiokande Hyper-Kamiokande

1983~1996 1996~Present Aiming to start observation in 2027

12500
2000

65751093

i e : J PARC accelerator

Tokal

o e - S
“um“ 2 e e

19m diameter x 16m hight 39m diameter x 42m hight 68m diameter x 71m hight Kam|°ka

. _ Hyper-Kamlokande
ater mass ( Fiducial mass)

Size

4500 ton* 50000 ton 260000 ton
(680~1040 ton) (22500 ton) (190000 ton)

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

Photomultiplier Tubes

NIKKEN SEKKEI

50cm diameter / 948 50cm diameter / 11146 50cm diameter / about 40000
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U.S. Efforts of Long-Baseline Neutrino Experiment

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

4-l | T I 1 T 1 I 1 1 T I T T 1 I 1 1 L)

— DUNE (1.2 MW)
— MINERVA

— NOVA

—— BNB (SBND)

Sanford Underground
Research Facility

Fermilab

________

Neutrinos
1285 km
Normal Ordering

[ 8gp = -2 . Antineutrinos

1285 km
8ep= 0 )
. cp E Normal Ordering ISCP °
D Ocp = W2

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)
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DUNE versus Hyper-K Comparison in Mass Ordering

L DUNE Sensitivity (Staged) -2 c T 85 18, POAJSAARLILELE ILRLELELE BUELELELE ILELELELE BLELELELE BUBLELEL S
12}-Normal Ordering [ 100% of 5, values -g 6- P I -
- sin’26,, = 0.085 = 0.003 Nominal Analysis o o S - -
[ sin’0,; = 0.441 + 0.042 AF seeses 8,4 & 6,, unconstrained ry M e o .
10-_ o [ e Atm + Boam (True inveried) cirf o, =0.4 Al
: > O =gsths Bk P Bl ™ * =~ * = -
s 5 = —— Aﬁn’”ﬂh’hmm'?"ﬂ.. o
= —_— — —
© = =
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o o 4 -
NX R “. " -
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= o 5 Bl o o R I & s o m o = s e ¢ o o8 - -
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............................................................. 7 [ =
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2 u .
= g
0 - .
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Global Efforts Resolving v Mass Hierarchy

Interference of Collective Constraining Total
Source / Principle Matter Effect Solar&Atm Osc. D Mass or Effective
Oscillation
Terms Mass

Atmospheric v JUNO

Supernova Burst v

Interplay of
Measurements

Wei Wang/=F % SYSU Hh [ O IR D TR )\ P 2 30



Known 613 Enables Neutrino Mass Hierarchy at Reactors

PDe—n?e =1 _130084 913 Sil’l2 2912 SiIl2 Azl!
1
T ———————
—l;lsin2 2013(cos? 619 sin® Agz; + sin® 619 sin® Ags) i

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

70
’@ 60 v Mass hierarchy reflected
= 50 in the spectrum
-
o) 40 v'Independent of the
:c_'c'/ 30 unknown CP phase
> 20
Z
10

1 o< sin%2013

s
..'.

2 3 4 5 6 7 8
E, (MeV)
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Challenges in Resolving MH using Reactors

» Energy resolution: ~3%/sqrt(E) oo o L=SOkm o 7
: w0 | Best Fit to NH data oY A W
- Energy scale uncertainty: <1% B z gy | A N
. . ‘.;)’ - .j
- Statistics (the more the better) $ Wl AARAAL ,ﬁf
. . N LL]) 2000 {é —
° D <~ S gl S-F Geetal Al
Reactor distribution: <~0.5km St S ety 11

5000 F "\‘ 1
8E,,/E,, = 6%NE, l / ' "\

3000 . e
Sdr———7—"—T" T T T T T T T ) g T ——
i Y.F. Li et al 6 200 A/; 2 1 < P
PRD88(2013)013008 years ] _
20 - L =52 km - > 3 x10 107 Signal 1BD Events - Baseline 52.5 km - 3% Energy Resolution
E_res =3% g Osc. Parameters — NO
; 2 5 |- Capozzi+ 1703.04471 — |0
T
2
m 2
15
1
05
o4 x ; y - ~—-
1 2 3 4 5 6 7 89

Visible Energy [MeV]
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‘) Jiangmen Underground Neutrino Observatory (JUNO) ::

¢ 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
=1 T S — :t‘: ”
2 6 years | Sow 8
Ideal distribution LONGHUA Fanhe Gang Red Sea 'k‘i'_-"-’rl‘__’:""
J.Phys.G43, 030401 (2016) Eres = 3% ] i SHENZHEN N ‘z‘ﬂ'j o % N YRR O
Em 00
3 o} Ji?jngl.":n = Shenzhen 2> . e ‘i*;_]_é;,_HUIZhOU LUfeng
AP e B s OO NPP NPP
En,‘;‘an?:}i{ﬁatuuy @ Daya Bay‘.‘,‘av
NPP
§® Hong Kong
< a 74 institutions, >700 collaborators
@;‘]' s e Asia: China (34), Taiwan,China (3) Thailand (3), Pakistan, Armenia
o - f;gwm Europe: Italy (8), Germany (7), France (5), Russia (3), Belgium, Czech,
o ~ 4. Finland, Latvia, Slovakia, UK

JUNO*TAO
Talshan NPP

Yangjiang

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

Baﬂ‘l;};;ng 4 Zheggéun 2 9 2 GW
e vl .’SQFGS th
..Yangjiang NPP 7+
o 6 cores, 17.4 GWj,



JUNO Site

”9)1,1 ﬁn RS

-ﬂaai——-

-~ Surface bmldmgs / campus

R v

ety '*G,fflcewborm

o, Sﬁﬁéce Assembly Building
» LAB storage (5 kton)

»  Water purification / Nitrogen

~ 650 m
R, ~ 0.004 Hz/m?
<E,>~ 207 GeV



@&
) JUNO Detector 35
Acrylic Sphere:
Inner Diameter (ID): 35.4 m
Thickness:12 cm
= Stainless Steel (SS) Structure:
Cal. House ! torr ID: 40.1 m, Outer Diameter (OD): 41.1 m
e 17612 20-inch PMTs, 25600 3-inch PMTs

Water pool:
ID: 43.5 m, Height: 44 m, Depth: 43.5 m

2400 20-inch PMTs

Toa, Tracker (TT)
a——

LS
Acrylic Sphere

SS Structure

CD PMTs
c2
2

2
VETO PMTs A_E _ \/a2+b— o

Connecting Bars

Supporting Legs

Energy leakage & Photon Noise
non-uniformity statistics (~background)




"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

H R IR EOE ISR\ 2
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Construction of the Central Detector

Wei Wang T %% for DYB&JUNO

R PR DG RS\ A P 2

arXiv: 2311.17314 (2023)
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Veto Detectors

« Water Cherenkov + Top tracker NIMA 1057 (2023) 168680
- Water Cherenkov detector
— 35 kton water to shield backgrounds from the rock

— Instrumented 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

~~~~~

00 1o | 520 |nch PMT

— 100 ton/h pure water system installed.
Requirement: U/Th/K<10-'4 g/g and Rn<10 mBg/m3, 3 EJMF ol \ ;
attenuation length>40 m, temperature controlled to \
(21£1) °C

- Top tracker (to be installed)
— Refurbished OPERA scintillators

— 3 layers, ~60% coverage on the top

— A9 ~0.2°, AD~20cm
« Earth Magnetic Field compensation coil

Wei Wang F % for DYB&JUNO Hh R b IR B RS\ P il 39



Packing PMTs as Tight as Possible

20” PMT (~18K)
Supper layer arrangement method 77.8% | MCP-PMT (~13K)
i Hamamatsu HQE (5K)

1 : R 3”’sPMT(~25K)
.f‘ DOWD WD DD
.. , e es HZC XP72B22 (Photonis)

JJJJJJJJJMJMJM
e b A A A A AL AN LA A AASA

Volleyball arrangement method 75.96%

Football arrangement method 74.08%

12x

Wei Wang T % for DYB&JUNO Hh R b IR B RS\ P il 40



PMT Summary

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

— Al PMTs delivered and their performance tested OK
- Water proof potting done: failure rate < 0.5%/6 years 3 mm clearance

« 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%
Dy?grjlg] rﬁ‘eg\i for [0, 100] PEs [0, 2] PEs
Coverage 75% 3%
Reference Eur.Phys.J.C 82 NIM.A 1005
(2022) 12, 1168 (2021) 165347

Wei Wang T % for DYB&JUNO o [ L TR VR TS ) U P i 41



Calibration System based on the Daya Bay experiences @.)

Automatic Calibration Unit (ACU) Cable Loop System (CLS)
OQ\"\C,:\‘Z\;;{\; \d\(\\ % %;'Ila@ -_ 2 Fen}r?l cable — cab /oiie”denf
S 5" ﬂ’.
f/ ¢ Spool drive
K \ Water Line
g 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

B e IR EDE IR R 2



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
o g Expected energy resolution: 2.95% @1MeV
= Sldecable.-‘ .E > " .
8 - 1 X C
H | I*JL —13 “1 : \ = 3E —— totalPE
- e A f e | -2 C \ —e- - Scint. Stat.
a:f Il || Bridge ) ‘ ' o f@ oy 35251 A\ \ —e - Scint. Quench.
f Nfl ~ = i - ; é e % E \ \ Cherenkov
AURORA Q - T 1 = 2 . . C .
V.4 § wis oy LI Covariaes
/ 2 | z ) 5y C .
/ \ : S 1.5 N T
: o S T N
2 Calibration house 1=\ T
Go% & . . - E R ST —
%, . F All systems ready for installation 05F T r—eee—ae o
0//6':9/ \)obe‘ : —
6,) @ O C | | | | 1 1 | 1 1
%, Ry 0 2 4 6 8 10

iy b L P TR R P TR\ i 2 E,. [MeV] 3



Precision Measurement of oscillation parameters

_ _ . 9 9 . 9D . 9 . 9
P(vVe — Ve) = 1 — sin” 26013(cos” #12 sin” Az + sin” #12 sin” Ag2)

Events per 1 MeV

/ . 92 . 9
— cos? By sin® 26,5 sin? Ay, Chin. Phys. C46 (2022) 12, 123001
100 ?lﬁoyears of data taking = No oscillations 0'22: 5 107" . ' ' 1012‘;" . Gye'a‘rs' = Ye':a'rsrl - 3
I ~== Only solar term 0.2 ' H ZfSZSZZEZL“ ;:}'(i::le.");o ..... — ::thzjt ]
8o — Normal ordering _048F L = e | T ® i x Amy |
- nverted ordering 50.162 et T 10 TTee—_ < s % sincoy |
ol s ot 1 s i
[ 2 0.12F §
40:— sin” 26, § 015 1o B AT b iy & 100:
: g 0.08H : : ': Visible énergy (Mevi A %)
_ 2 0.06f e . — BDSignal T 0
20 N 0.045 ' E E N\ — :sgis-fesitljual 2] J— o 10 g
g Ami, 002l ' s
% ilzl 3 4 5 6 7 8 9 0 é % 1i0' = 0726 a3
Ey, (MeV) Visible Energy [MeV] 10 Jlj&o Data Taking Timel[%ays] 10
Central Value PDG2020 100 days r 6 years \ 20 years
AmZ, (x1073 &V?) 2.5283 10.034 (1.3%)  £0.021 (0.8%) [£0.0047 (0.2%)| +0.0029 (0.1%)
Am3, (x107° eV?) 7.53 +0.18 (2.4%)  40.074 (1.0%) | £0.024 (0.3%) | =+0.017 (0.2%)
sin? 01 0.307 £0.013 (4.2%)  £0.0058 (1.9%) \&0.0016 (0.5%)) +0.0010 (0.3%)
sin? 013 0.0218 +0.0007 (3.2%) +0.010 (47.9%) +0.0026 (12.1%) =0.0016 (7.3%)

sin220,,, Am3,, |Am3,|, leading measurements in 100 days; precision <0.5% in 6 years

Wei Wang T % for DYB&JUNO Hh R R P R e TS ) e P 2 44



a
Neutrino Mass Ordering arXiv:2405.18008 (2024) @

JUNO 6.5 years X 26.6 GW,

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

500 2 henctor s sgnat 10 ] Design Now
5 3 10 """" sackground specra | Thermal Power 36 GW4;, 26.6 GWy, (26%1)
Faof| et ;ﬁlﬁ - , Signal rate 60 /day 47.1 /day (22%!)
100; gcic; een als eumnos' Reconstructed Energy [MeV] _ Overburden ~7OO m ~ 650 m
e Muon flux in LS 3 Hz 4 Hz (33%1)
3" B szhb” _ Muon veto efficiency 83% 91.6% (11%1)
= ok PPTYIVAV.V- OO
) Reconstrugied Eneray (Mev) 10 12 Backgrounds 3.75 /day 4.11 /day (10%7)
SenS|t|V|ty mostly from 1.5-3 MeV .
Reactor ¥, signal IBD event number (x10°) Energy resolution 3.0% @1 MeV  2.95% @ 1 MeV (2%T1)
o} . -5,0. _ .1?0. _ -15|0- _ -20,0. _ .2?0. _ '3OIO )
6l B Shape uncertainty 1% JUNO+TAO
sF 27 £ 30 NMO sens. Exposure <6 yrs X 35.8 GW,, ~6 yrs X 26.6 GW,,

IR I\ AR

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

¢ Combined reactor and atmospheric neutrino
analysis in progress: further improve the NMO
0 sensitivity

—— NO: stat.+all syst.
—— 10: stat.+all syst.
--——- NO: stat. only
————— |O stat only

N b

Coov v b v v by vy b b by P
oO 2 4 6 8 10 12 14 16 18

JUNO and TAO DAQ time [years]

Wei Wang T % for DYB&JUNO e R b TR D TSR R 4l 45



Reactor Antineutrino Anomaly (RAA)

Nuclear Fission

O neutron
fission
product
neutron () === ) () neutron
target fission
nucleus product
O neutron

(Fission YIeld is a function of the fissioning nuclide and the incident neutron energy)

10 - T

T. A. Mueller et al., PRC83, 054615 (2011) 12
P. Huber, Phys. Rev.C84, 024617 (2011) 14
Daya Bay, PRL116(2016), PRL123(2019) § i
RENO, PRL121(2018) 2 09
NEOS, PRL118(2017) ? 08
Double Chooz, Nature Physics 16(2020) E 0.7
206

eaCfO/' 8

el,,,./

Fission yield (%)

120
Mass number

100
Fission induced by thermal
(fission spectrum) neutrons

1.2
E >
c
Q
[0} (s
Q.
4 @®
3 L
L
€ 1.0
5
©
Q
. 0.9
140 1\éﬂ
Fission induced by high
energy neutrons (14.7 MeV)

http://irfu.cea.fr/Spp/Phocea/Vie_des_labos/Ast/ast_visu.php?id_ast=3045

—— — No oscillation
With oscillations (3 active v’'s + 1 sterile v)
T Experiments

0

0

1 et

| | 1]
X lf 1 16 Uncertainty
RENOZO1££AverageR bl

+

R S R S RN SR S G S == —"
g
]

g

= _l...J....L...}...I...J....I 1

} 3 = | l

10° 10° 10° 10°

Reactor To Detector Distance (m)

10'

| NEOS 2016 (Modtied Average R - 1)
i Daya Bay 2016 §
Double Chooz IVAND .

i
2 3 B
Visible Energy (MeV)



JUNO-TAO

* Main goal: Measure the reactor neutrino
spectrum (as a reference to JUNO)

» 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%/E, 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 tiles/readout (out of 4100 in total), to
be re-installed in the Taishan Nuclear Power
Plant in 2024

o
o o
o !
o U

S
o
[
i~

Energy Resolution (6/E)

0.01

0.005

—e— Total

———— Statistics

——e— Neutron Recoiling

——e— Scintillator Quenching
Charge Resolution
Cross Talk
Dark Noise

1 r—"r'—'l’?’:;:-| S Tt

2 < 6 8 10
Equivalent Visible Energy (MeV)
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Neutrino as Probes: Nuclear and Earth Sciences

8/23/24

Distance to JUNO(km)
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A. Donini et al, Neutrino tomography of Earth,
Nature Physics 2018
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Neutrino as Probes: Neutron radius from CEVNS

10 — S OF Vi < Neutron distribution radius can
Sl S = 74 be probed via pure weak
ER N N et N N . £ interaction of CEVNS by using
i =40 /:’ neutrinos from Spallation Source
cE I e Science 357 (2017) 6356, 1123-1126
B©10'E Ge g
g J - ) - < The latest results from the Csl
% -2 Si 2 2 # COHERENT |[..
S/ ek aens detector present a measurement
10 T T LY comeen - of | R.(Csl) = 5.55+ 0.44fm
0 10 20 30 40 50 60 70 80 90
eutron number PRL 120 (2018) 7, 072501, PRC 104 (2021)
é - 7 = 6, 065502
(a) 4 ° ° ° ° °
0.4 - < It has important implications in
particle physics, nuclear physics,
03] and astrophysics.
f‘% R AN weozess, | % Impact on the measurement of
ogf ‘\"’ i the weak mixing angle can be
L BRI i aided I?y a direct Cs-p elastic
0. . -, OL (D) =997% (11 +118) scattering measurement at IMP.
g 40 nJmeI PLB 856 (2024) 138902
£ o
o oG 8 10 12

an(CS) (fm)




Detector Design:
Pure Csl at 77K

» Pure Csl: 3kg x 4

— OFHC (part)

double side readout

Detector Performance

241Am Spectrum

& =
= C
3 C
O 7000 — b A
[~ ——— Data
C —— Total Model
I, 59 54keV
6000 — K Shell Escape
~ “w. 263keV
C 20.8keV
5000|— DIl e
- K ---- 77.0 keV
: Other Xrayle
4000 —
3000 3—
2000 f—
1000 E—
OZJM" I VIR SR AP | AT e P
0 500 1000 1500 2000 2500 3000
Number of Photoelectrons (NPE)
LightYield | 35.2 4+ 0.6PE/keV,,
FWHM@60keV 6.9%,
Expected
Threshold 1'5keV1'1r

10.5m from target

Data Taking Time (days)

360 -
330 -
300 -
270 -
240 -
210 -

B L&
© © o©

‘ ':' ?(ﬂ 4{"/?/‘5%&? CLOVE RS Coherent eLastic neutrinO(V)-nucleus scattERIing at csnS

University of Chinese Academy of Sciences

Expected Sensitivity

offset

Sufficient shielding

2.3m shield

| U
10 100

Detector Mass (kg)



Development of 300kg Csl(Na) detector
For Coherent Elastic Neutrino Nucleus Scattering (CEVNS)

3y
N\ Nuclear Recoil ¢
\~~ - —”

CEVNS cross section

CICENNS
Wio

- Obtain sufficient CEVNS event rate with substantial target mass m2

600 - or Y 30

- Establish a new field of studying unexplored physics using CEVNS N —

500/ N N mm——— COHERENT(2110.07730) |
i \ N

“Research s
contents” < b < b LN

Detection of neutrinos from pion/muon decays at rest
(at China Spallation Neutron Source)

DR \
N b \ .8
R \ \
k. BEY [ \ \
TPES Al \

T TI— 1 2 A ] y \\ N L TR
0 100 200 300 400
@ < au>(10'4° cmz)

Search for NSI

(1) Precise measurements (world-most accurate)
» CEVNS cross section 2 weak couplings at low momentum transfer (+3%)

« Mean radius of neutron distribution inside nucleus (£2%) R N te—
“Scientific » Understanding of dark-matter background and detection of solar neutrinos h
(2) New physics searches

« Non-standard (new) neutrino interactions (world-best search)

* New particle searches: dark photons or sub-GeV dark matter

* A new region of neutrino magnetic moment

« Efficient search for sterile neutrino oscillation by neutral current

M CICENNS
I COHERENT(This work)

goals”

-0.5

L L I

-1.0 -0.5 0.0 0.5 1.0
LV

&

[* CICENNS: Csl detector for Coherent Elastic Neutrino Nucleus Scattering] .



Schematic drawing of Csl(Na) crystal detector (CICENNS)
Csl crystal (I ¥k d4%)

« 20kg Csl x 15
* 14 cm (¢) x 28.7 cm each

5-inch PMT
CAXE L9




Innovative ideas on improved detector design

“Major improvement from COHERENT detector”

Sufficient signal events for precise measurement: 300 - 6500
- Increase of neutrino target mass: 14.6 - 300 kg
- Lowering energy threshold: 7 > 3 keV,,

Significantly (20 times) lower radioactivity contamination of Csl crystal
by purification (in collaboration with ¥ B #} 52 Iz £ % 582 & #F 7¢ B7)

Significant (3 orders of magnitude) reduction of PMT dark rate by coincidence
between two PMTS of each crystal

Rejection of most beam neutron backgrounds with plastic scintillator veto
component




RELICS HR{—F+BENE1sCie

);angzhou
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High Energy Physics - Experiment
arXiv:2405.05554 (hep-ex)
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[Submitted on 9 May 2024]

RELICS: a REactor neutrino Liquid xenon
Coherent elastic Scattering experiment

Chang Cai, Guocai Chen, Jiangyu Chen, Fei Gao, Xiaoran Guo, Tingyi He, Chengjie Jia,
= I L = . Gaojun Jin, Yipin Jing, Gaojun Ju, Yang Lei, Jiayi Li, Kaihang Li, Meng Li, Minhua Li,
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Summary and Outlook

**Neutrino physics has provided the first new physics beyond the SM and it is now entering
the precision phase - we might get disappointed; but we need to finish the job ---

hopefully, oscillation parameters by 2035

‘*Reactor neutrinos played irreplaceable role and are playing even more essential roles
- China leads in this field

*»After the success of Daya Bay, non-collider HEP experiments are booming in China

**Technologies are always essential for making progresses in science; Science always
gives technologies more values and, often, leads the developments of technologies -

Neutrino is becoming promising new technologies/tooles in various fields.
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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
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The “ab initio” (summation) Method

S(EV) = ZRizfszéf (Ev) fl-j — the branching fraction from isotope i decaying to the energy level j of daughter
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