NEUTRINO: an experimental summary
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Reines&Cowan Detected Neutrinos in 1956

» Cowan and Reines at the Savannah
River Power Plant (1956-1959)
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The First Attempt Detecting Neutrinos

A Suggestion on the Detection of the Neutrino = TEE7eET 1941FRN 7 KEFRERTRHT

KAN CHANG WANG

BT, MECHRE

Depariment of Physics, National University of Chekiang Tsunvyi, « 19424F , 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)*+2n+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
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measurement, obtaining ~50 eV recoil E
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F1G. 3. Retarding potential curves for recoil ions. The
horizontal dotted line represents the background counting
rate.
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Latest Direct Neutrino Mass Measurements: Kinematics
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KATRIN Efforts: Were They Worth It?

Nordsee
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and Persistence!
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Future Direct Neutrino Mass Measurements
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 Electron Capture Strategy Revived:
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A Very Smart Approach: PTOLEMY
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PTOLEMY Collaboration, arxiv/1307.4738, presentations etc; Planned at LNGS.
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Latest Direct Neutrino Mass Measurements: 0vf3f3

»Neutrinoless Double Beta Decay
eg. :5Xe » 3%Ba + 2e” + (20)
»Neutrinoless Double Electron Capture
eg. ‘2iXe + 2e” - 5Te + (20)
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Global Competetion in Ov(3f3

* OvBB is definitely an overheated battle ground

»GERDA, Kamland-Zen, and CUORE published highly competitive 5
results on Ge-76, Xe-136, Nd-130 ) 5‘7_
»In China, PandaX, CDEX, CUPID-CJPL, NvDEX, and JUNO are all . | u:c;
making tremendous efforts to catch up 2at 4
> -
R RS v RN i 3.5 o o 5ONd
amioka L
| g%nlggégpnfx el 2 .§ of S0cr JJooMo
9 CANDLES > &2Se
: o [ Mecde
0 2.5@ ® 136Xe
v C 124Sne
of o JioPa
.;_- 76Ge

SNOLAB
SNO+
(nEXO)

LNGS
CUORE
GERDA
LEGEND

odane
SuperNEM
(@)

antran

10

2020/7/20 SthaETeVWIETFRFAMYS , b5, 2021574

1.5“ 0 - .10 el .2.0‘ A4 30 d

natural abundance (%)

1307e

el

50



OvBB Experiment Summary (International)

ISOtOpe T10/vz (x 10%° years) (m B ﬂ) (eV) Experiment Latest Results & Future Plans
*BCa >5.8x 1073 <3.5-22 ELEGANT-IV
6Ge >8.0 <0.12-0.26 GERDA > 1.8x1026 years (2021);
>1.9 <0.24-0.52 Majorana
DEMONSTRATOR
82Ge >3.6 x 1072 <0.89-2.43 NEMO-3
%7y >9.2 x 10~ <7.2-19.5 NEMO-3
100 o >1.1 x 107! <0.33-0.62 NEMO-3
16cq >2.2 x 1072 <1.0-1.7 Aurora 165
1282 >1.1 x 1072 NE C. Arnaboldi et al. 166
B0Te >1.5 <0.11-0.52 CUORE > 3.2x10%5 years (2021);
136Xe >10.7 <0.061-0.165 KamL.AND-Zen
>1.8 <0.15-0.40 EXO0-200
LONd >2.0 x 1073 <1.6-5.3 NEMO-3 169

M. J. Dolinski,A.

7/19/21

W.P. Poon, W. Rodejohann, Annu. Rev. Nucl.

Part. Sci. 2019.69:219-251 with 2021 updates
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OvBB Experiment Summary (Domestic) P

Experiments/

PandaX-Ill (R&D)
PandaX-4T (commissioned
and teaking testing data)

CDEX-50(DM, ongoing) =
CDEX 6Ge HPGe CDEX-300(0vpBpB, 2021-26)
- CDEX-1000(2027-32)

Liquid/High
Pressure Gas TPC

Liquid Xe tech. ready; seeking funding

136
PandaX Xe for xT; enrichment

Ge enrichment, crystal growth, detector
technology and low bkg electronics etc

DEMO(10kg): 2022-2024- International Tech and Collaboration: Italy, France,

US; Mo considered; LMO crystal testing; simulation

. 130 100
CUPID-CJPL Te/1%Mo Bolometer 200kg: 2024+ e

82
SefFe H.P.(10 TopMetal R&D; LBNL Collaboration;

82 -
JIDIEX Se at_lr_ggl\'/ll'ePt(;l+ AD22 (MBI, testing system set up already
136X e or LS Caloremeter + 50 ton Xenon or 100-200 Te (most sensitive given the
JUNO-bb 130 Target Mass 2030 target mass and JUNO performance); R&D in parallel
Te Balloon with JUNO and nEXO

Based on Materials from Chinese Strategy Workshop for Non-Collider HEP, IHEP June, 2021
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PandaX Multi-Purpose Platform
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Searching Ov@3 at PandaX-ll

» Fl|FAPandax-115E35403. 1KY IR IR EUR S B &5 1A
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OvfpB at PandaX-4T and Beyond

AR BiF : FIAPandaX-4TAREZEESHILIRIARTIF |, IXNREIESLIN0.2-0.5eV
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Complications Come from Mixings and Oscillations

» Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix (with Majorana CP phases),
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Latest Results from NOVA and T2K

« Offaxis beam, L/E at oscillation maximal d

- Disapearance for atmospheric sector J

« Appearance for mass ordering and CP .
t
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Latest Results from NOVA and T2K

T2K Runl-10 Preliminary - NOVAI P!’?'l'm!rl‘e}"ly
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Latest Results from NOvVA and T2K
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The U.S. Efforts in Neutrino Oscillations

* In the U.S., MINOS/MINOS+/NOVA shifting to LBNF > DUNE
« kate 202%: 2022: ProtoDUNE-SP run |l

« Laser and neutron calibrations, new DAQ, new instrumentation

Sanford Underground
Research Facility

Fermilab

00 miles

S - meters) _

«— (1300 \u\m\'\v s ¢o=z32E
Vvt

2024 : Installation of first DUNE module (SP)

2025 : Start installing second module

= DUNE physics data starts with atmospheric neutrinos

2026: Beam operational at 1.2 MW
= Start of DUNE physics data taking with beam

‘ s, « Total fiducial mass of 20 kt

Whid Y | ] \ \
— / g / )
Slow Control Racks e\ LB iy "ot 4y Y' -
2 iy i\ . } A A
; &) oy \

v o

w 4 b

A 2027: Add third FD module

20¢9: Add fourth FD module
2032: Upgrade to 2.4 MW beam
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The Japanese Efforts in Neutrino Oscillations

 In Japan, Super-K/T2K - Hyper-K/T2HK

1000 m ' Mt. Ikeno-yama

Hyper-Kamiokande schedule

\|
8 \
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PMT cases, Mirrors, Electromics etc.

~

Access tunnel
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Water system
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Rout(;41

\ > Nde

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

Kamioka town..

g
ool TR s
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DUNE versus Hyper-K Comparison in CP Phase

DUNE Hyper-K
(Nu2018, E. Worcester)
10¢
' ::.‘s:;m : ;’o"‘"‘ S 107 Normal mass hierarchy HK 1tank 10years -
sin’20,, = 0.085 + 0.003 . e [ Sin 26,,=0.1 4
0. NUFit 2016 (90% C.L. range) ~«----* sinfa,, = 0.441 + 0.042 » 8 " Sin2623=0.5 1]
Il [~ =1
o) |

........

[ ll 1 Ll l ' 1 - l ' ' -] 1 A 1 A l 1 - ' l 1 A L 1 l 1 ' q
' 0 (|
"1 08 06 0402 0 0.2 0.4 0.6 0.8 1 -150 -100 50 0 50 100 150

it . . o cp[degree]
=> Both experiments have very high sensitivities! -

7/19/21 E+RETeVIE TIEEZAITS , 4t , 2021478 21




DUNE versus Hyper-K Comparison in Mass Ordering
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DUNE versus Hyper-K Comparison in Mass Ordering
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Far Hall
1540 m from Ling Ao |
1910 m from Daya Bay 'S
324 moverburden |

>

Full nonlinearity

3 Underground
Experimental Halls

Ling Ao Il Cores
Ling Ao | Cores

m 17.4 GWy, power
m 8 operating detectors

m 160 t total target mass

Daya Bay has “Stolen” Some Shows

Experiment Value
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013 Enables Neutrino Mass Ordering Resolution at Reactors

P,;e_nje =1 —10084 913 SiIl2 2912 sin2 Agli

2 2 + 2 s 2 e 2 I
—.iSIIl 2013(COS 012 Sin A31 —+ sin 912 Sin A32)

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

v Mass hierarchy reflected in the spectrum

v Independent of the unknown CP phase

- Energy resolution: ~3%/sqrt(E)
Energy scale uncertainty: <1%
- Statistics (the more the better)
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The Jiangmen Underground Neutrino Observatory
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Inventing & Packing PMTs as Tight as Possible
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Reactor Antineutrino Anomaly (RAA)
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Global Reactor Neutrino Efforts and Non-Proliferation
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Latest Reactor Antineutrinos Measurements

Daya Bay Collaboration, CPC 45(2021) STEREO Collaboration, PRL 125(2020)

STEREO + PROSPECT

6 x 10 [em*/MeV/fission]

Rel. Uncer. Rel. Uncer.

¢ Largest reactor neutrino IBD events and most precise

Antineutrino energy [MeV]

results: 235U & 239Pu+241Puy
% Combined analysis with PROSPECT ongoing

*» Rates consistent with Daya Bay
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The Future: JUNO-TAO Detector at and Its Potentials
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Neutrino as Probes: Nuclear and Earth Sciences

Cadeddu & Y.F. Li et al, PRL120, 072501 (2018)

sz

R NSaSSEEEELERERREREES III!IIIIIIIIIIIIIIIIIIII'IIIIIIIII'IIIIIIIII TTITTTTTTT[TTTTITITTT IIIIIIIII'I)IIIIIIIIIIIIIIIII IIIIIIII£
e T
H — — Helm =
= 99.73%3
@ £ 3
~E 3
E 99%
©E 3
£ E
VE 95.45%
o E e
E 90%3
~E e
-k / 68.27%3
O :IllllllIlIllllllllllllllllllllIllIlllllllllllllllllllll] 11 1l l lIlllllllllllllllllllllllllIlIllllllIlllllllllllllllllllllllll;
2.5 5.5 7.5 8.5
R, [fm]

= 557 fim,

First time measuring neutron radius!

7/19/21

FTHETeVETEEFATIS

T100° T4 ¢ ~-Jios v T2° r T16° 207 ]
3 : N [N]@ﬁ’itﬂm @fmﬁ@@ @[m - 341
NZ) ou,_\ ________
e = ° ‘\ Zhengzhou PSS =
el =) Xi'an '\ Nanjing
So~a ___L___ A == L -~ Hefei i
Chengd —C . & -
engdu @ Changqmg o :\ = 30°
\ '1 oS
"—-I\ @" \\~ . ©
S L A0 e
1
N °
LT Guivang ! oA\
- Wi - I %, % ou
® Kunming v~~~ _-~
e e ® %, |
—I I
a N ocao Hong Kang:
| JU I 22
|
1
el
! ' A’ hlchma S
1
1 Sout
1 ' 87
1100° 1104° B8 = = = == = = = Ik o 1120°
S F S
E T Elad
g 30— Z
S5 L 4 .8
7] - —0.7©
8 r 108
1 o]
= 5L 1 €
oL —0.6 8
- 1 [
- 1 o
20— —o5 8
L —lo.a
15— =
L —o.3
10— =
- —o.2
_I Ll | Ll Ll | Ll Ll | Ll Ll | Ll 1l 1 | L Ll | Ll Ll | Ll Ll | Ll Ll | Ll la
0 50 100 150 200 250 300 350 400 450
Distance to JUNO(km)

b, 20215578

Density [g cm ®]

A. Donini et al, Neutrino tomography of Earth,
Nature Physics 2018
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Frontiers at Solar Neutrino

Muon PMTs
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measured CNO! .

e Still background
challenged due to single
hit signals

Water Tank [
\.

Stainless Steel Sphere

g, o 2y \' I
L7y

B Nylon Vessels

S
<
o Scintillator
3

W -scintillating Buffer
e 1\

! g

Muon PMTs

T

v
T

pp chain: ~ 99% E

CNO cycle: ~1% E

sun sun
pp-v pep-v s
[pretp2Heve| || “Cap-Nay |
7 f
99.6% 2H+p R 3He+y 0.4% 13N _, 13C+e*+

85%
‘ *He+°He - *He+2p
pp-l 15%

l SHe+‘He - "Be+y ‘
; 0.13%

2x1 9‘5 % hep-v

I3He+p - 4He+e*+ve|

Be-v 99.?7%

| Be+e - Li+Ve | ‘ 7Be+p'_.‘iB+y ‘
¥

| Litp-2He |spy| "B-"Be're+v, |
Y

¥C+p - “N+y

’ UN+p - 50+y H 70+p - 1“N+“He‘
I I
%0 - "*N+e*+ F - 70O+et+

Y A
1‘-‘N+p_.“He+‘ZC‘ ’ %O+p - ""F+y ‘

N
200 300 400 500 " 600 700 800 900
:I I T I T I T I T I T I T | T I
C —— CNO-v — 7Be-v and ®B-v
[ R E i pep-v ____. external backgrounds
10° 210
..... Bi ... other backgrounds
= — Total fit: p-value = 0.3
To)
~ 10
2]
= ~
S B
TR
10
15 ) g - . :
500 1000 1500 2000 2500
Energy [keV]
7/19/21

800 -
Room for
CNO

600 r

400

21OBi

200

Others

0
Events in the ROI

FTHETeVETEEFATIS

pp-l
‘ 8Be’+p - 2*He ‘ e = N+p - 180O+y
pp-lil ’ '
40
E i i ----- Fit without systematics | 0.06
35} : ] ; —— Fit with systematics :
| i i HZ-SSM 68% ClI
30} ! : ! LZ-SSM 68% Cl 10.05
p : i i s Borexino 68% Cl
25 ! ! | [ Counting analysis 10.04 LDI-
Q i H i
£ 20 il : >
< 1 1 10.03 ¢
N 1 I =
151 i i 5
- : 1002 8
10} L i -
i H i
5} ; : 0.01
i 1 i
: i h ; 0.00
00 2 4 6 8 10 12 14

CNO-v rate (cpd per 100 1)

b, 20215578

33



Frontiers at Neutrino Telescope(s)
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lce/water Cherenkov neutrino telescopes - global view
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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 - we might get disappointed; but we need to complete it ---

hopefully, oscillation parameters by 2035; Majorana nature quite uncertain

**Encouraged by the Daya Bay success, Chinese HEP projects are attracting more

resources, in both funds and manpower; but far from enough

‘*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

*» While collaborating with international partners, we need to build up a larger &

better HEP community in all aspects in China

7/19/21 B+HRBETeVIIRTERZATS | b2, 2021578 36
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L TRSHASREN

A Brief Introduction to IFCEN

® 2009%F: HRIXRZESZERMEHRIETIKFEA
BB TZINZSERER (FINUCH)SER
VHRLKZREZTESHEAFER

® 2010F: S—RFENF

® 20154: FIKF5-FINUCIZEITE_EIS(E

® 2019%: EIRF—HFHEWEES (WHitkl)

® 20215: BEFIXR10FRIHITE=HISIFiTiE
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Disciplines, Research Fields and Research Teams
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A Very Daring Approach: PTOLEMY

Low Field Cryogenic
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The Complication inside Nuclear Reactors

. . ' o  Asymmetrical fission
(Fission yield is a function of the fissioning nuclide and the incident neutron energy) SY ©

products: “One of the

10" 5
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regarding nuclear
107 3

Fission yield (%)

physics is the fission of

heavy elements into

107 3

asymmetrical daughter
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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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The “ab initio” (summation) Method

S(EV) = ZRZ- Zf,-jSl-j (Ev) f,-j — the branching fraction from isotope i decaying to the energy level j of daughter isotope

"Lg o M S A—_——_— 113 N_uclearCaIcuIation
8 () o, . NEER § Conversion; Iuber | R, — the equilibrium decay rate of isotope i
_‘; = Y /4 B : p Conversion, Mueller p
~ Vg 2 %, | ---' Nuclear Calc., Fallot
Qo yr : : : ¥ ~ f c
= p % : f ; R = ZRP Y,
LIJ> 0.1 , STRRERL RS ........................ o N Eiossnaspaexsisnesent bsivarassissnmasrmsnzas =0
(7)’ s e \'k., :
X : : : : 2 : . . .
‘A ; ; ' - g v RZ — the fission rate of the parent isotope p
. Phys.Rev.Lett. 114, 012502 (2015) '
PRI PR IS P PP .. ¢ v : :
= I v Y ,— the cumulative yield of isotope i
3 1.9 ® RENO N S D R— — -
§ "E: ¢ DoubleCHOOZ : ’ : -~
an 1:—--‘ e e T D Al 5 T o e gl - (e g D - s -‘ :_ __________________________________________ ____________. _________________________ :
s E S R . The 5 MeV bump was predicted with a large |
LIJ> 09:_'4\., ........ X R Y RN T T et e eenaneee- - R | !
& 0% retotonubervodl | L[1]] | uncertainty from summation calculation. |
085 3 4 5 8 7 8

_______________________________________________________________________________________________________________________________________________________________
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Global Efforts Resolving v Mass Hierarchy (a5 s

Interference of Constraining Total

Source / Principle Matter Effect Solar&Atm Osc. COII?Ct'Ye Mass or Effective
Oscillation
Terms Mass

) Super-K
Atmospheric v

T2K, NOvA,

Supernova Burst v

Interplay of
Measurements
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Cosmological Bound on Neutrino Mass: A Synergy

<
q
Excluded by KamLAND-Zen, 7
GERDA, EX0-200, CUORE 0.20 - Y, "o,
OC \9((/
0.1 </
‘;‘ ; ch
) I N V E R T E D 2. 0.10 Inverted Hlerar%o/(forecast)
£001 TR " £ 0.081
0.06 1§ plognsl Hiera"ﬂ-%mology (forecast)
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00000 0000l oo0l ool ol — 107 1073 1072 107 10°
o N [eV] Miightest [eV]
Astro2020 Science White Paper
Ref: APPEC Committee, Double Beta Decay C. Dvorkin et al, Neutrino Mass from
APPEC Committee Report Cosmology: Probing Physics Beyond the
Standard Model
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Frontiers at Comic Neutrinos

cosmic rays + * For a Hadronic PeVatron:
neutrinos
’1*Ny~ N,
| X E.~E,
+garcnorfmr:—ifaryzys  UHE (>0.1 PeV) neutrinos are
expected

* The last nail on coffin!

Cosmic Messengers NS --- The origin of galactic CRs

Mingjun Chen’s courtesy
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