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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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Neutrino Mixing & Oscillation Proposed

 Bruno Pontecorvo in 1957:

Interaction Eigenstates # Mass Eigenstates
— Neutrino Mixing and Oscillation

/;}'v%o Tl o Hwresc gl

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

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,
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The Search for Neutrino Oscillation 1957-1997
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Neutrino Oscillation Discovered by Super-Kamiokande in 1998

T. Kajita, Neutrino’98 Summary

Evidence for L oscillations
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Year 2002: Reactor Neutrinos Oscillate Too!

Sometimes, we just need to push it a bit further, and more

from ~10m to over 100,000m

Reactor Neutrino Exp.: 1956 - 2001
1.2 ¥ KamLAND measurement: 2002
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“No water here, try another place” /




a
Hunt of 813 for a Decade (2002-2012)
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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 DY Kam-Biu Luk
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Reactor Neutrinos for Thetal3

«ng SIX antineutrinos/fission:
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Far site (Hall 3)

1615 m from Ling Ao
1985 m from Daya
Overburden: 350 m

g"- .. -
Total Tunnel length =
~ 3000 m

.
‘M‘

Daya Bay. ©
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Daya Bay: Powerful reactor by mountains
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Daya Bay: A Powerful Neutrino Source at an ldeal Location

- 8

» S

N
»

* Mountains shield detectors
from cosmic ray background

9 GWe, [ Ling Ao Il NPP

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




/)
The Daya Bay Anti-neutrino Detector 2010’s r

3-zone antineutrino detector (AD):

Inner zone 20t Gd-doped LS
Middle zone 20t LS
Quter zone 40t  Mineral oil

1 May

UW-Madison physics and PSL
played very important roles in Daya
Bay, especially in detector design,
construction and operation

|
{ complementary) nH : nGd {main )
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Daya Bay,

The Daya Bay Detector and the Reines&Cowan Design (%43

“Standing on the shoulder of giants”
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A Small Big Science Project
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/)
A Small Big Science Project
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a
Oscillation Results with 1958 Days &

13
1.00
10 0.99] Rate-only:
140 il 0.98 | lendf:88/6
- o (p-value=0.19)
120 o
B < 096
% 1 00 :_ ] 4 & & 0 1 E‘
% 80 | —4— Far site data 0931
— N —— Weighted near site - best fit -  —
- N Weighted near site - no osc 0.94{ —— Best fit oscillations
Qo 60 — ) —— No oscillations
= - I Accidental b B
L 40 B ] #am-"c 0.93 b OEH2
- ®Li/ *He }  EH3
= + . 13 15 .92 1 T | | | .
— Rate Sh ape Cleyn) ™0 09(2).00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
20 — X2/n d f: 148 . 0/15 Fast neutrons Effective baseline (km)
— L ———— 1.00
. 1.04 —— Best-Fit
E 1.02E | 0.98! —— WY/O oscillations
s 15 } EH1
[57] — _—
= 0.98F i _ Y EH2
= = 7 0.96
° 0.96F - ¢ EH3
< - 2
§ ONE | - 0.94}
0.92 ;— I
08~ 0 12 0.92
Eprumpt{MEV} +
0.90

0 100 200 300 400 500 600 700 800 900
Lers / Ey (M/MeV)

Wei Wang £/ for DYB&JUNO FLASY 2019 Shanghai & Hefei, China 18



a
Oscillation Results with 1958 Days
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« Measure sin?2013 and |Am?ee| to 3.4% and 2.8% respectively
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Daya Bay,

The Neutrino Decades (1996-2016) Rewarded (3

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

Yifang Wang and the
Daya Bay Collaboration

Kam-Biu Luk and the
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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Mass Ordering via Mass Measurements
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Mass Ordering via Mass Measurements
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e- / u-Flavor Feels Mass Ordering Differently

A fair question to ask: Why care |Am§e| from reactor experiments?
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Am?_, (solid line) and Am, , (dotted line) w.r.t. the value of

i piih
dcp for . and v, disappearance measurements, respectively.

Impractical: Need 1% accuracy!
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Global Efforts Resolving v Mass Hierarchy

Source / Interference of Collective Constraining
Matter Effect Solar&Atm Total Mass or

Principle Osc. Terms oselliztion Effective Mass

Atmoespheric v

Beam m
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Reactor w

SUpeErnoeVva
BUrSt v
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lnterplay: oi
Measuremenits
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Known 013 Enables Neutrino Mass Hierarchy at Reactors @
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Challenges in Resolving MH using Reactor Sources @“‘)
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Challenges in Resolving MH using Reactors
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Looking for Suitable Power Plants is Easy?

Locations of nuclear power plants Hongyanhe 1 W MW
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The Jiangmen Underground Neutrino Observatory @
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JUNO collaboration Collaboration established on July 2014

Now 77 institutions ~600 collaborators

China|IMP-CAS , : ; e
ChinalJilin U. .

ChinalJinan U.
China|Nanjing U.
ChinaJNankai U.
China|[NCEPU
China]NUDT
ChinalPeking U.
China|Shandong U.
ChinalShanghai JT U.

"~ Armenialyerevan Physics Institute

Belgium Université li Ch?na SY.SU
Bruxelles China|Tsinghua U.
BrazillPuc ChinalUCAS
BrazillUEL ChinalUSTC
Chilelpcuc China]U. of South China ltalyINFN Catania
__ChileJuTFSM ChinaWu Yi U. ltalyINFN di Frascati
ChinalBISEE ChinalWuhan U. ‘ Italy|INFN-Ferrara
China|Beijing Normal U. ChinalXi'an JT U. ‘\ Italy|INFN-Milano
ChinalCAGS hinafXiamen University Italy|INFN-Milano Bicocca
ChinalChongQing University inalZhengzhou U. Italy]INFN-Padova
Ch!na CIAE Italy|INFN-Perugia
China|CUG Czech|Charles U. ItalyINFN-Roma 3
China|DGUT Finland[University of Oulu Latvial]l[ECS
China]ECUST France|lAPC Paris Pakistan|PINSTECH (PAEC)
China]ECUT France|CENBG RussialINR Moscow
China|Guangxi U. France|CPPM Marseille RussialJINR
Chinal Harbin Institute of France|lPHC Strasbourg Russia|MSU
_ Technology France|Subatech Nantes SlovakialFMPICU
China)lGG i i i i
! Germany|ZEA FZ Julich Taiwan|National Chiao-Tung U.
China]lGGCAS hen U. . . .
e Germany|RWTH Aac Ta!wan Nat!onal Talwan u.
Germany[TUM Taiwan|National United U.
Germany[U. Hamburg Thailand|NARIT
LR T B Cermampip F2 Jalich ThalandPPRLCU
28 - Germany|U. Mainz Thailand[SUT
Germany|U. Tuebingen USAJUMD1
USA|UMD2
USA|UCI
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Underground Tunnel and Hall

A 564 m vertical shaft
A 1266 m long tunnel(40% slope)
A 50 m diameter, 70 m high cavern

B (5. TmX5. 6m
L.=1340m

» #it T. % (4. 5mX5. 2m)
L=240m
4 )/
280 1T 3% (4. 5mX 5. 2m) 5
L=600m >
| '
-
/ 'f 4
( / \_“iﬂ}j:lj' Kith ( D=42. 5m)

H=40m
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D

The JUNO Detector System Detalls
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The Detector Performance Goals @.)

KamLAND Daya Bay PROSPECT JUNO

Target Mass ~1kt 20t ~41t ~20Kkt
- 0)

Photocathode ~34% 12% ESR + PMTs ~80%
Coverage (Effective)
PE Collection | ~250 PE/MeV | ~160 PE/MeV | ~850 PE/MeV ~1200 PE/MeV
EWEEY ~6%/NE ~7 5%/E ~4.5%/\E 3%/E
Resolution
L ~204 1.5%— 0.5% ? <1%
Calibration

— [ An extremely demanding detector and a challenging job
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Packing PMTs as Tight as Possible

20” PMT (~18K)
Supper layer arrangement method 77.8% ‘ MCP-PMT (~13K)

Hamamatsu HQE (5K)

3”SPMT(~25K) e ¢

Roor 0 9o ooessrossd HZC XP72B22 (Photonis) \X

bbb A A & L L L XL LA A SSd

Volleyball arrangement method 75.9 S i \lr/
\

R

i

Ll
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Characterizing Every Single PMT with Great Care @‘)

PDE(1pe)
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a
Calibration System based on the Daya Bay experiences @

Automatic Calibration Unit (ACU) Cable Loop System (CLS)
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volume position coverage
Inside JUNO central detector
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Putting Everything Together (Simulation) @

Resolution of E ,/E, . (Acrylic)
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Expected Significance to Mass Hierarchy
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JUNO Precision Measurements Warranted

PDPC3r20 9y best-fit 30
2202013 WY
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— e m === =TT ' are warranted in a experiment
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. — Enable a future ~1% level
2 3 4 5 PMNS unitarity test
E_res [%/sqrt(E)]
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Conclusion

Neutrino oscillation tells us that neutrinos have non-zero

mass --- the only new physics beyond the SM

Neutrino mass ordering must be resolved using oscillation

experiments

« Daya Bay measurement has made the mass ordering

resolution possible using reactor neutrinos

 JUNO is the only experiment taking the advantage of

copious free reactor antineutrinos

« Global complementary efforts in parallel for neutrino mass

ordering, for science and beyond
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Year 2002: Reactor Neutrinos Oscillate Too!

Sometimes, we just need to push it a bit further, and more
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KamLAND data added: Am#y, ~ 7 X 107> eV?
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Sterile Neutrino Search

1.1-EH2  — Data
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Packing PMTs as Tight as Possible
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Approval by the Beginning of
collaboration production
SPMT consortium

20”’+8”’ M.He 20”+3”" A.Cabrera
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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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P

. a
Comblnlng JUNO and PINGU (courtesy of M. Wurm) f?é
e
NMO sensitivity (NO = True) NMO sensitivity (10 = True)

Significance (o)

Time (years) Time (years) Time (years) Time (years)

= Nominal configuration, i.e. PINGU (26 strings) + JUNO (10 cores)
» Neduced configurations, i.e. IC Upgrade (7 str) + JUNO (8 cores)

» In any case, 50-discovery after 5 years
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Motivation of the JUNO Near Detector

« Danielson, Hayes and Garvey, Reactor Neutrino Spectral Distortions Play
Mass Hierarchy Experiments, arxiv.1808.03276:
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A Conceptual Design as of Summer 2018 @.)

e Gd-LS In diameter of 1.8m

— Surface 10.2 m?; V = 3.05 m3, or
2.63 ton; 1 ton fiducial volume w/ a
25cm cut

— ~30 m from the core, Event rate 30
times of JUNO

— Resolution better than 1.7%

* Nylon bag w/ acrylic support
(JUNO backup option)

« 10 m? SiPM of 50% PDE, at -50

« LAB+quencher as buffer cryogenic
vessel

32000  DYB Automatic Calibration Unit

@2100
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Underground Construction Status
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JUNO Has a Rich Physics Program @"‘)

Large mass (20 kt)

S.upemnva v - Good E resolution (3%)
5-7k in 10s for 10kpc

Rich physics potentials

Atmospheric v
several/day

Solar v
(10s-1000s)/day

Cosmic muons
~ 250k/day

0.003 Hz/m#
215 GeV

36 GW, 93 km v 10% multiple-muon

‘: —- 20k ton

Reactor v, 60/day LS _
Bkg: 3.8/day - _ \ Gei-q?;;r;nns
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Other Physics Potential of JUNO @.)

° I N s Events for different (E,) values
Supernova neutrinos Channel P MV 1 MeV 16 MeV
e Diffused supernova neutrinos Vet+p— et +n (:(‘ 4.3 X 1()1 5.0 X 1()"x 5.7 X 1():‘
v4p—ov+p NC 6.0 x 102 1.2 x 103 2.0 x 103
e Proton dece- 3 Vi+e— v+ NC 3.6 x 102 3.6 x 102 3.6 x 10?
‘P> K'"+1p v+ 12C v+ 12¢° NC 1.7%x 102  32x10%2 5.2 x 10?
ve+ BC—o e + N CC 4.7 x 10! 9.4 x 10 1.6 x 10°
7> 1.9 x 10 yr (90% C.L.) Do+ 2Coet+ 2B CC 60x100  LIx10° 16 x 10?
» (Geoneutrinos
— KamLAND: 30+7 TNU ) 85 —— ao%cL
[PRD 88 (2013) 033001] 82 = o
— - Super-Kamiokande limit (90% C.L.)
— BOREXINO: 38.8£12.0 TNU 2 °F
[PLB 722 (2013) 295] “; 5t
— JUNO (preliminarily :gz 4E
projected): o 3
37+10%(stat)+10%(syst)TNU = .=
. : O Bz i s v s v 44 -
* Dark matter indirect searches & F—"_" preciction
noE
5 92 13 s 16 171819 20 2

Mean supernova neutrino energy, MeV

« Solar neutrinos: high demand on the radioactive background purity.
« Atmospheric neutrinos: could potentially aid the MH
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