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he JUNO physics programme. ..
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a long story short...

Probability(V,—V,)
©o o o o

Length (km) [at E~3MeV]

JUNO sensitive to both oscillations— first time!
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JUNQO spectrum in more detall...
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the rationale

Best Fit (IH)

2 3 4 5 6
Positron Energy [Me

data-like (challenging)

elegant @ rich physics (01200;3:@0m?@+Am?)
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, what to do with the largest LS detector in the world!

= ® (reactor-V) unique solar@atmospheric vacuum-oscillations fit
Am? (i.e. period)
<>

® (reactor-V) mass hierarchy (atmospheric)...

® subdominant (813 modulated) spectral distorsion
“atmospheric” ® driven by Am?(atmospheric)
oscillations ® vacuum effect— no via matter enhance effects

“solar” ® no By3-octant or dcp ambiguities
oscillations ® complementarity to NOVA,ORCA®PINGU,DUNE
® (reactor-V) solar dm2 & 012 highest precision. ..
3 4 5 6 ® needed for CP-violation (Jarlskog Invariant)— ambiguities!
Energy Visible (MeV) ® complementarity to T2ZK@NOVA & DUNE
® test: Solar (MSW) vs KamLAND (complex baseline)

7 - ® (supernova-V) unique capabilities (size & observation: IBD, Ve, Vx)

w ® (proton-decay) unique capabilities (size & unique channels)
e | ® proton fraction larger in scintillator than water (up to ~2x)

® (geo-V) observation (reactorV large BG)— aid geo-physics

s\ @ other physics. .

SO et B e et S L @ golary, non-standard-interaction (different phase-space), etc
vt t '_.. yoe e 3 -- ‘. g et Byl .','-',-’Vo_,.:'- AR } e é 2008
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: IBD selection & backgrounds...

Antineutrino signal spectra and

five kinds of main background

Applying the different selection cuts, 1800 — accor
1 - 1600:—_me
the signal rate will be 60 events/day 1400 —— om

_ ——— Geo-neutrino

and the background will be 3.8 events/ 12001

1000 F
day. 300 F
600 F
400
200 |

Efficiency, signal and background rates after each selection criterion

Selection IBD efficiency | IBD | Geo-vs | Accidental | “Li/®He | Fast n | (a,n)
- 83 1.5 | ~5.7 x 10 84 -
Fiducial volume 91.8% 76 1.4 7 0.1
Energy cut 97.8% 410
Time cut 99.1% 73 1.3 71
Vertex cut 98.7% 1.1
Muon veto 83% 60 1.1 0.9 1.6
Combined 73% 60 3.8




; single-detector experiments. ..

(a priorl) like KamLAND — no need for near-detector

DC-IV-IBD(Gd+H) 481(SD)+384(MD) days
PRELIMINARY (CERN seminar Sep.2016) . .
: Non oscillation

—— 6, oscillation
—— Normal hierarchy
Inverted hierarchy

29 I 3) Prior to Ra

¥ FDIData

o oscillation) + BG

Arbitrary unit

3
sin2(29|2)

3 10 12 14 16 18 20 | 30
Visible Energy (MeV) L/E (km/MeV)

Double Chooz JUNO

(FD only) (one detector only)
| o[sin2(2013)] < O(flux)

fundamental physics ( )— strongly affected by d(flux) uncertainties
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’ Mass Hierarchy significance. ..

25 — 1T ' T T T T ]I

T K spectral measurement
| Normal true MH “ ! ] : .
ol Il with no Am? external constrain
A~~~
~ |
NCD 15: ............................. A Ve RS -
= . external Am? measured
310 _ Il to ~1% error (v, disappearance
éf e with v-beam off-axis)
5L = = False MH (6,, = ©) |
True MH (o6, = 1.0%)
False MH (o, = 1.0%)
N el . - Am? @~1% by T2K+NOVA

234 236 238 240 242 244 246 248 2.50 -combined analysis [13’]2’]477]

[AMZee| (X10” eV?)

ingredients...
v Realistic reactor distributions considered
v 20kt valid target mass ® 36 GW reactor power ® 6-years data

v 3% energy resolution ® ~1% energy scale uncertainty assumed
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NuFit 3.0 (2016)

JUNO sensitivity

JUNQO high precision oscillations. ..

Solar Mixing Angle
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don't forget...

JUNO unique MH measurement!!
(regardless of any time scale)

JUNO = others
(nicel)
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but

JUNO = others
W(breakthrough?)

1

. 2016 2018 2020 2022 2024 2026 2028 2030 2032 2034

Time (years)

JUNO: huge amount of neutrino physics since early 2020’s...
*V oscillation: complementary & necessary for high precision &(CP) [complementary]
expected world leading knowledge in dm?, £Am?, 0,2 and unique 0,3 validation

*beyond Vv oscillation: study other sources (supernova, geo-neutrino, proton-decay, etc)
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INto today's panorama.
(an appetlser)
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KamLAND vs SOLAR discrepancy...

NUFIT 3.0 (2016)

— (GS98
--- AGSSO09
— KamLAND

—~
N

6,,=85°

=)

0.25 0.3 0.35
12 2 T
sin'8., Am,. [10 ~eV']

solar-V physics vs reactor-v physics!?
(an experimental feature: I.e. bias?)

JUNO measurement of sin?(20,2)®dm? (unique!)
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DC- \\/@ CERN breliminary. ..

DCIV-PRELIMINARY@CERN i B o R
Double Chooz REEE LID NH;
JHEP 1410, 086 (2014) — i i -‘ :' -| Best fit
Preliminary P b YR !
(CERN seminar 2016) P ;: A.(ISYB 50 §22 : = o\ RS --68% C.L. il
in2(20,3)=(0.119£0.016 BT :DC) ~2.20% (~+45% O\ |
sin®(2013)=( ) i e —90% C.L.

Daya Bay Pl - ' B :

PRL 115, 111802 (2015) o wHl Reactor
A i 68% C.L.

RENO

PRL 116 211801(2016)

T2K o
PRD 91, 072010 (2015) j . i i i Arbitrary 6(7})
Am§2>0 -~ l - - — :

5
Am3, <0
NOvA
Preliminary (private communication)
2
Am3, >0

" Reﬁcto s PDG
-" DC IV CERN ]

III'II|I1I1|IIII|IIII

,
Am3, <0

L H ' ' : :
H ' . : g
: L 1: L El L 11 [ L L L 1 [ L L L L l

PR EE R | L
0 0.05 0.1 0.15 0.2 0.25 0.1 02 03 04 05
(Many thanks to NOVA: latest reference) Sin22613 SIN“20, 4

Example: NOVA

DC vs DYB discrepancy unresolved?
(beam use this as input to tackle key unknowns(023,0cp)— richer physics)

beyond reactor-0,; (DYB®DC®RENO)— only JUNO might be able to help!
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also against the latest 12K (

: l

|CH

EP-2016)

-

I

—

T2K Runl-7c¢ preliminary

68.27%CL
— 90%CL
*  Best-fit

PDG 2015

—— Normal Hierarchy

—— Inverted Hierarchy
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- (Marrone et al @ NEUTRINO-16) 3v osclllation status...

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos
' T T normal orderlng...

\
- . - - - v -
1111 I 11 [ I 1111 I 1111 1 1 | I 111 I | : 1 I 111 1111 I 1111 I 11| I 1111

7 75 8 85 2 22 24 26 28 05 1 15
dSm/10™ eV? AMZ107 eV? &/

lllllllllllllll)lll
- A .
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03 0. 0.01 0.02 003 03 N\ozs/e'b( 07

2
Sin 612 Sin 913 Sin 923

oscillation parameters: 6,2, tAm?,+0m?,03, 03, 0(CP)

= improve world precision knowledge towards &(CP)

BARI - NPB908 (2016)218-234  VALENCIA - PRD90 (2014) 9, 093006 NU-FIT JHEP 11 (2014) 052 (www.nu-fit.org) Anatael Cabrera (CNRS-IN2P3 & APC)




’ a (tough) BIG question. ..

UPMN

(zzm) (0

= ~maximal mixing = ~minimal mixing

UCKM

PMNS meets unitarity!?

(beyond standard model—= only 3 families?)

Anatael Cabrera (CNRS-IN2P3 & APC)



(Many novelties)
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the JUNQO detector (predecessors)...

Super-KamiokaNDE @ Japan
(Nobel prize 2015)
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JUNO can be regarded as a hybrid of both...
(filled with liquid-scintillator— ~100x more light)

Ll o
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*u ~ o s

k= e |»4,000 PMTs (20" diameter)

tute 1
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underground lab status. ..
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new laboratory underground
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Calibration room
CD chimney

Acrylic sphere

SS Latticed shell
CD PMTs

the JUNQO detector...
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229N A4l

largest light level ever detected z1200PE/MeV = stochastic resolution <3% @ |MeV

control of non-stochastic resolution extremely demanding— =<1%

I , ' f ‘ | B ' ,‘ 3 < . *\» Yy NN
: / p { ] A ) | “a \ \ ) - N ' -




~ 18,000 PMTs (20" diameter)— Large-PMT system (LPMT)
~25,000 PMTs (3" diameter)— Small-PMT system (SPMT)

JUNO first double-calorimetric detector

response maximal redundancy & control of response systematics (— linearity)
(impact to energy resolution non-stochastic terms)




JUNO readout

— small®large

(“equilibrium™t

N extremes”’)

26
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atest JUNO highlights...
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excellent progress on all fronts...

eunderground (~700m) laboratory civil construction
*surface laboratory
ecentral detector & M (veto) detectors

edetector installation & integration

readout

*double calorimetric system

ecalibration (sources & deployment)

*detector prototype (validate dynamics/performance)
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2 JUNQO LS stunning transparency...

LS pilot plant commissioning P&ID

Temporary pipeline
200 meters Loop line (line of Hall 1to Hall 5)

Liquid Scintillator Purification Plants
composed of...
« AlL,O35 Column g 1 O Tl
Dustillation Tower
«  Water Extraction

«  Steam Stripping
 very accurate cleaning of all the parts

It will be

IV

<
UOT)ORIIXD I0)E A\

Distillation Tower

>
C
~
=

— Final Quality Check before Filling
—RawLAB Namjing2015124#20170223

val id ati o n @ Daya Bay d ete Cto r' (H al I - I ) —— AI203 column purification LAB_07:00,20170223

| — Distillation sample after A1203 column_07:00,20170223

° ge . ' 3 |
2 3 - F E B T'O 7-th - M A RC I_l ' p u rl ﬂ e d ZO m Water extraction sample after A1203 column and Distillation_07:00,20170223
Ll q u | d S C | n‘tl | | a‘tO r‘ ( LA B —|— P P O) 'th I"O u g h ‘th e | Steam stripping sample after AI203 column,Distillation and water extraction_07:00,20170223

Hall 1# replacement system input tank sample(after four purification system) 14:00,20170223

4 subsystem: clear improvement of the

absorption spectra.
* attenuation length: ~20.5m— ~25.Im

. feasible
470 520

Wavelength / nm
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arge PIVIT new readout (1 GHz FADC baseq)...

14000

many PE’s pulse
(data) o

tlmestamp 6474050496
trig_num: 152

ns

| st prototype demonstration...

*analogue front-end...
—baseline, noise, no ringing/overshoot, etc
edigital front-end...

—FADC sampling, data handling
econnectivity (underwater-surface)...
— cabling, interfaces, etc

edigital back-end...

— DAQ, clock, data-collection, etc
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y double calorimetry 3" PMT system...

26,000 XP72B20 3” PMTs ordered to HZC-Photonics (China)
[8th MAY 2017]

n: plane of symmetry of the multiplier
ic’ internal connection

new development with improved T TS (based on KM3Net design)
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L B > precision & redundancy.. .

PE DETECTED BY S-PMT
Normalised to 200k detected IBDs
Light Level: 40 pe/MeV
Resolution: 16% (6pe @ 1MeV)

PRELIMINARY 2 measurements 0,,®@dm? Rate®Shape

Non-Oscillated Spectrum [Shape—Oﬂ |>/ e 3 ) iAmZ:I

(@ Reactor)

— Oscillated Spectrum
(@ 53km baseline)

sin?(20),,) « 20" PMT readout: resolution ~3%@ | MeV

&2 * 3" PMT readout: resolution < 15%@ | MeV
i 4.-*

10 102

Total number of p.e.

2
Sinhep =(0.304 energy resolution @ 1 MeV =3%
2 -5 2 energy resolution @ 1 MeV = 6%
Am , =7.50 x10 " eV °
) 21 energy resolution @ 1 MeV = 9%
Sin_elg =(0.0218 energy resolution @ 1 MeV = 12%
2 3 2 energy resolution @ 1 MeV = 15%
Am",, =25x10" eV

energy resolution @ 1 MeV = 18% ® 20, ’ P MT — | m eaS U re m e th

: :\PRELlMlNARY * 3" PMT— | measurement

(not iIndependent, same detector)

~
~
oo

Nf_\
>
)
0
=
—
X
S 750
—
a
(@]
g
<

anrall unique JUNO self-redundancy articulation

Normal Mass Ordering is assumed

= [ d [ [ ] o
param uncert. + sys erros (with all pull terms) (a mu St fo r h Igh p recision S I /O)
o(sin’0 ) = 4.1% o(Am’,)=24% oy, =3%
o(sin’6,,) = 4.6% o(Am’,))=19%

T R e ol [\ O 1 E:no JUNO competitor envisaged (unfortunately)

No Geo-v

.2
sin 6, Anatael Cabrera (CNRS-IN2P3 & APC)



KamLAND vs SOLAR discrepancy...

NUFIT 3.0 (2016)

— (GS98
--- AGSSO09
— KamLAND

—~
N

6,,=85°

=)

0.25 0.3 0.35
12 2 T
sin'8., Am,. [10 ~eV']

solar-V physics vs reactor-v physics!?
(an experimental feature: I.e. bias?)

JUNO measurement of sin?(20,2)®dm? (unique!)
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Detector running continuously
PMT bench test calibration spots

PMT potting
Supporting/Installation

JUNO prototype...

1GHz Electronics + DAQ steel vessel
Water system study
Detector calibration and simulation

selected spot for analysis

Arylic ball

20” Hamamatsu-PMT(4)
20” MCP-PMT(8)
8”Hamamatsu-PMT(10)
§”"MCP-PMT(19)
9"HZC-PMT(10)

stat_trigger_rates run818

Raw trigger rates ~320Hz

\Ml\WIIlWIIH 111

||||J|\|II|I|II‘IIII|III

Muon Rates ~30Hz

’

| | | |

Data PRELIMINARY
Fitted

Michel electron (2.2us)

1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 L L L
200 250 300 350 400 450
Time/s

OO

Trigger Interval / ns
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s what to remember?

® JUNO: a world reference in neutrino oscillation. ..
® several unique measurements: (012, dm2, £Am2, 013 [not just Mass Hierarchy]...

® no O(CP) and B23-octant nuisance [both unknown]— clean input to beam [DUNE®HK]
® similar to the critical reactor-013 & T2K@NOVA interplay

® up to 20years of copious physics with reactor-v and beyond (geo-V, supernova-V, etc)

® double calorimetric detector for maximal precision...
® mproved LS detector design with exquisite transparency

® very challenging design (high precision calorimetry) with latest state of the art technology

® |atest status...
® much progress — technical developments (all within schedule)
® [aboratory civil construction delay due to unexpected underground water (under control)

® trying to address a priori all critical issues (including the challenging systematics)

Anatael Cabrera (CNRS-IN2P3 & APC)
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. JUNQO neutrino detector system. ..
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~SuperKamiokaNDE

~20x KamLAND or SNO
~600x DC or ~300 DYB

® |UNO detector major requirement (MH)
®high precision calorimetry
® highest light yield: ~1.2kPE/MeV
® systematics control (transparency)
® must be large (reactors @ ~50km)

—over-designed for all other physics

® ~) 0kt spherical liquid scintillator detector
® ~|.5m of buffer (isolation + optics)
® ~|8k 20” PMTs (~80% photo-coverage)
®~25k 3” PMTs (calorimetry control)
® excellent p-tracking—Li+8He rejection
® cylindrical water pool system (surrounding)
® shield (radioactivity + fast-n moderator)
® muon active veto (Water-Cherenkov)
® top-tracker detector systems (= OPERA)
® stopping-muons & fast-neutrons

® critical complementarity to v-detector

e input (BX, DB, DC, KamLAND, SuperK; etc)
Anatael Cabrera (CNRS-IN2P3 & APC)



