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1. Neutrino physics

OUTLINE v"Introduction

v" Opened questions
v" Neutrino detection with liquid-scintillator based detectors

2. Borexino

[ Detector
O Solar neutrinos

v Motivation

v' Latest results from Borexino
1 Geoneutrinos

v Motivation

v' Latest results from Borexino

3. JUNO
v" Reactor neutrino experiments at different baselines

v JUNO experiment
v" JUNO physics potential: mass hierarchy and not only
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NEUTRINOS ARE SPECIAL

Only weak interactions
v" Difficult to detect
o Large detectors
o Underground laboratories
o Extreme radio-purity
v Bring unperturbed information
about the source (Sun, Earth, SN)

Open questions in neutrino physics
\/A Mass Hierarchy
(Normal vs Inverted)
o CP-violating phase
o Octant of 6,; mixing angle
o Absolute mass-scale
o Origin of neutrino mass
(Dirac vs Majorana)
v Existence of sterile neutrino

linked

v
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NEUTRINO MIXING AND OSCILLATIONS

* 3 mixing angles 6;:

@ =6 T 1=1,2,3 o 6,,~45°(which quadrant?)
Flavour eigenstates  |v,) = » Uy |v;) Mass eigenstates = e ) : -
INTERACTIONS Zl PROPAGATION ° gZ z393o(”°” 0 value confirmed in 2012)
1 0 0) e 0 5%\ c, s, 02 0 0  Majorana phases al, a2 and CP-
0 e s.|l 0 1 0 |-s. ¢, 0] 0 e=? 0 violating phase 6 unknown

0 =8, Cy)l=85¢° 0 ¢, 0O 0 1) 0 0 1 ] o
 Neutrino oscillations
o Non-0 rest mass (Nobel prize 2015)
v_production. v._propagation. v_detection o Survival probability of certain flavour =

. as flavor-eigenstate; f(baseline L, EV)
as coherent superposition Superposition of mass . Y .
of mass-eigenstates. - cigenstates has changed o Different combination (L, E,) =>

because of phase factors. sensitivity to different (6;, Am,?)
o Appearance/disappearance

experiments
o Oscillations in matter -> effective (6,

Weak interaction l

m;?) parameters = f(e- density N, E V)
creates neutrino in Different masses create a

i phase difference over time Finite probability to detect J U L I c H
flavor-gigenstate. ' a different neutrino-flavor! Forschungszentrum

Atmospheric Reactor Majorana

e.g. B*-decay

\VAVAVAVAVAVAVAV/ @&

Am,,

2)

Courtesy M. Wurm




NEUTRINO SOURCES

Natural

o

ﬁl )
Tl A

10° 1010 101 102 prey

TeV

Artificial
= ”man made”
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MeV (ANTI-)NEUTRINO DETECTION WITH LIQUID SCINT.

Neutrino detection: SINGLES

» Elastic scattering of electrons

 No threshold
« All flavours

Cross section / 10 ¢cm?

1021l

1/ o(v,) ~5-6 x higher
i (both Z and W contributions)

\l\ll]IIJl\I\l\II‘Illl\l\l\ll‘llll\l\
o 02 04 06 08 10 12 14 16 18 20

Neutrino energy [MeV]

Inverse beta decay (IBD)

Charge current, e-flavour only

Energy threshold = 1.8 MeV
Electron flavour only

o@ few MeV: ~10-42 cm?
(~100 x more than scattering)

E

prompt ~ ™=uvisible

=T, +2x511 keV
~ E_iny — 0-784 MeV
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Antineutrino detection: Coincidences (BGR suppression)

b

Scintillator

Delayed
signal

2.2Me



BOREXINO COLLABORATION
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~100 scientists
from

 ltaly

« Germany
 Russia
 France

« USA
 Poland
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BOREXINO DETECTOR

Laboratori Nazionali del Gran Sasso, Italy W -
S
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 the world’s radio-purest LS detector
<9 x 1019 g(Th)/g, <8 x 1020 g(U)/g

« ~500 hit PMTs / MeV mn il

* energy reconstruction: 5 keV (5%) @ 1 MeV B Muon PMTs
« position reconstruction: 10 cm @ 1 MeV |

» pulse shape identification (a/f, e*/e")

JULICH
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Operating since 2007 'J
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BOREXINO CALIBRATION

Source E [MeV] Position Motivations
YCo Y 0.122 in IV volume Energy scale
JINST 7(2012) P10018 139Ce y 0.165 in IV volume Energy scale
203Hg y 0.279 in IV volume Energy scale
8Sr Y 0.514 z-axis + sphere R=3m Energy scale + FV
>*Mn Y 0.834 along z-axis Energy scale
057n Y 1.115 along z-axis Energy scale
0Co y  1.173,1.332 along z-axis Energy scale
40K y 1.460 along z-axis Energy scale
22Rn+4C By 0-3.20 in IV volume FV-+uniformity
o 55,6.0,74 in IV volume FV+uniformity
0-9 sphere R=4 m Energy scale + FV

Mitglied der Helmholtz-Gemeinschaf




Better than 1% (1.9%) precision
BOREXI NO MONTE CARLO for all relevant quantities in the solar analysis <2 (>3) MeV
Astrop. Phys. 97 (2018) 136

C++ Borexino custom

Electronics simulation

Echidna: C++ Borexino custom

Reconstruction

Several energy estimators
Position reconstruction
Pulse-shape variables
Output in the same format as
reconstructed data files

Geant-4 based

TraCkin code Follows real DAQ conditions

PMT quality and calibration

*  Full detector geometry
Energy loss
Photon production & propagation

Dark noise

Trigger condition

Number of working channels on an
event-by-event basis

eaks from internal calibration . . .
TP « Tuning on calibration data.

* Independently measured input parameters:
emission spectra, attenuation length, PMT
after-pulse, refractive index, effective quantum
efficiencies.

- Biasing technique for external background.

« Simulation of pile-up events.

200 400 * 600‘ I SOOI I 1000l I 1200 o o
' 4 ) JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum

IIIJIII[IIIlIlIJIIIIILIJIIIJIIIIIII'IIIIIII

(=)

Page 11



SOLAR NEUTRINOS

N - y .
AN SN 77 8 70 AN (v“
A\ /e %) (7 N

.‘
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SOLAR NEUTRINOS AND WHY TO STUDY THEM

CNO cycle

990/0 ene"gy

pp chain

pep-v

1

2 +1 0,
p+p—>2H+et+v,

p+e+p—>2H+,

| 2C+p—-"N+7y ‘

T
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H+p—>°%He +vy

]
0.4%

¥

2x10°% pep,
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!

i
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Y
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pp-lll

LS detectors == WCh —

"Be [+6%]

e M|

99.96% 0.04%

pep [+1%]

115N+p—>‘60+7 |

8B [+12%)]

hep [£30%)]

Neutrino energy (MeV)

10

4p + 2e ->*He + 2e* + 2 v_ + 26.7 MeV

Solar and stellar physics

» Direct probe of nuclear fusion

« Testing thermodynamical stability of the Sun

« Standard Solar Models
v Helioseimology
v" High-Z and Low-Z models (different ¢, prediction)
v Metallicity problem

Neutrino physics

« Survival probability as f(E,) and its upturn

« Matter effects

* Testing LMA-MSW predictions

 Searches for Non-standard Neutrino Interactions
« Solar mixing angle 6,, and global fits of oscillation

parameters ‘ J U LICH
Page 13 J Forschungszentrum



BOREXINO MILESTONE RESULTS

2 - ,
p+p—>» *H +e +v,

pte+p —» *H+y,

U 024%

*H+p —» *He +y

U, 16.70%

2012
R 2017/2018

He + *He —> "Be +y

best limit on CNO
solar neutrinos
(2012, 2017/2018)

99.88% |

Be+e —» LI+,

‘U’O 12%

Be+p —» B +y

99.76% )
2017/2018
8330% Y
*He +3He —>» *He +2p
ppl
_00%7/23008 i
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U

Li+p —» 2 *He

Y
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Courtesy A. Pocar, PIC 2018
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Geoneutrinos (2010, 2013, 2015)

Search for solar, astro anti-v
(2011)

Test of electric charge
conservation (2015)

Limit on v-magnetic moment
(2017)

Search for solar axions (2008,
2012)

Search for coincidence with
GRB’s (2016)

Search for coincidence with
GRB’s (2016)

Search for coincidence with
GW’s (2017)

IJ JULICH

Forschungszentrum



Spectroscopy of all pp-cycle neutrinos at once

Low Energy Region (LER) 0.19 - 2.93 MeV:
pp 9.5%), 'Be (2.7%), pep (>50)

High Energy Region (HER) 3.2 -16 MeV:

8B (3 MeV threshold, 8%)

First Borexino limit on hep neutrinos
Limit on CNO cycle neutrinos
Neutrino and photon luminosity in agreement

SSM-HZ
GLOBAL | &=
& BX
F SSM-LZ 1
3x10°8 4x10° 5x10° 6x10° 7x108
Pglem= s

Nature Oct 25th 2018

https://doi.org/10.1038/541586-018-0624-y

LATEST BOREXINO RESULTS ARIICLE

pp-chain solar neutrinos

The Borexino Collaboration*

Solar v Rate
[epd/100 t]

-.F
. AD 134410%,
Be ADT 483 +1.1%04

pep (HZ) 2.43 +0.363033
ot

‘\.
pep (LZ) 2.65 + 0.367)13

0.136+0'013+0'003

8
Buea =0.013-0.003

0.087 +0.080+0.005

L) .
B e -0.010-0.005

0.223 +0.015+0.006

K
Buz 7 ~0.016~0.006

Comprehensive measurement of

Indication towards HZ Standard Solar Models
BR(pp,/pp,)=<*He+*He>/<3He+3He> = 0.18+0.03

Survival probabilities at different energies in both
vacuum and matter domains

Vacuum-LMA model excluded at 98.2% CL

0.8
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LOW ENERGY REGION (LER): MULTIVARIATE SPECTRAL FIT

Events / (day x 100t x 40 cm )

7 TFC 7\  pTFC 75
Results on pp, 'Be, pep, and limit on CNO solar neutrinos LO) =LLh0)- LLE0) - Lps(8) - Lraa(0)
“j"...?ﬂ"’...??"....“?"...??3"...6?"....7?"...?‘,’0....9?0.. ‘j"’...?ﬂ"’....3‘,’0....“?"...?‘,’y."..?‘,"’....7?0...??0...??".. * 1291.51 days of Borexino Phase ||
_ 14 1N _ 14 1 . .
10} o 200 pile-up 10 op 2ibpy T 10g « Selection cuts in 71.3 ton FV
~ & 298] ____extbkg ~ 1e —21Bi —pile-up
% 1L 'Be —2Kr % 1L L — eitbig 2
é : ono — Total fit: p-value=0.7 é ; | : - Total fit: p-value=0.7 I Fe(I; esrgbyt rsa Efe(;tra
:1015{ pep ‘B S0 4CNO pep °B -Su |
§ A . g L 64% of exposure, 8% of "'C
~ fom 11 ~ o AL 1 [ | .
AL | WY | | P | ! ‘ TFC-tagged:
& v : I [ ‘ a v o Wmt;ﬁ;ﬁ?j.;m% it | 36% of exposure, 92% of 11C
10° 5 , WL 1072 ﬁ:;: ok Al o ) b, . . =
3 PR TP N oo~ P W 5T Pulse-shape distribution
500 1000 Energy (kmo 2000 2500 500 1 Energy (k1e5\;/(;0 2000 2500 11C(e+)/e_ discrimination
s, 2 g | Constraining "'C in the TFC-subtracted
g " : | | “ TTTRRIEIE S .l‘L! g“ Ll i ki L B AL spectrum
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3 4 | 3 3¢l Hl .
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= Uniform component — - TP E’ositrons
- Ext | t ) 1 it -2 - H H
ol Best Ft - ZNOF - 47,8069 g SLBLLSLIAN MC-based and analytical fit of the
- Al 2 energy spectra
0 : o « Complementarity
- i }L « Thousands of fits
10° =
3 55 i e 25 5 <3 Differences included in sys error

R (m)



SYSTEMATIC ERRORS IN LER

Systematic errors in the LER analysis

pp neutrinos 7Be neutrinos | pep neutrinos
Source of uncertainty -% +% -% +% -% +%
Fit models -4.5 +0.5 -1.0 +0.2 -6.8 +2.8
Fit method (analytical/MC) -1.2 +1.2 -0.2 +0.2 -4.0 +4.0
Choice of the energy estimator 2.5 +2.5 -0.1 +0.1 2.4 +2.4
Pile-up modeling 2.5 +0.5 0 0 0 0
Fit range and binning -3.0 +3.0 | -0.1 +0.1 -1.0 +1.0
Inclusion of the 85Kr constraint 2.2 +2.2 0 +0.4 -3.2 0
Live Time -0.05 +0.05| -0.05 +0.05 | -0.05 +0.05
Scintillator Density -0.05 +0.05| -0.05 +0.05 | -0.05 +0.05
Fiducial Volume -1.1 +0.6 | -1.1 +0.6 -1.1  +0.6
Total systematics (%) -7.1 +4.7 | -1.5 +0.8 9.0 +5.6

Mitglied der Helmholtz-Gemeinschaft
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Fit models:

the shapes of fit functions are varied
within the uncertainties allowed by the
calibration data.

Fit methods:
analytical approach versus Monte Carlo

approach.
Energy estimators

#triggered PMTs in a fixed time window,
#of hits, #photoelectrons.

Pile-up modelling:
Synthetic pile-up vs convolution with with
random data spectrum.

85Kr constraint:
Constrained based on the 85Kr -> 85mRp
fast coincidence (BR = 0.43%).

Fiducial Volume:
Position reconstruction precision based
on calibration data.

IJ JULICH
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Borexino has 10-18 g/g of 14C
40 + 2 counts / s / 100 ton

14C-DOMINATED PILE-UP

Critical for pp neutrinos: multiple events reconstructed as a single event

Method A: convolution of all spectral Method B: synthetic pile-up as a separate PDF,
shapes with random data spectrum with constrained shape and rate
(mostly visible as a kink in *C spectrum) (1. MC- and 2. data- based PDF construction)
th2
100 150 2 P 250 300 350 .
o[ T T~ T T T T T 1 L I L L M 10° _
10 < F - and data- based pile-up spectra
& pp e and its main components
Z 10 10°¢ = )
X = R
é S "n" MC pileup synthetic
— 1§ / 10 E_ (Emin=5) pileup (Emin=5)
X - / — “I
S0 b oL iy
310 E_ ¥ 10 E_ o lﬁ“hl ‘!‘.“ . J : A ]| d I [ ‘
~ - - X It }
% 10—2 :_ 10°° __ kg+Cl4 .\ i I"l |”|“|||| || l Lif
L%) = ~\ = = cla+cia = "-., H" ‘ {
— — [
3| \ -\- I T R [
10 = T T T LAY 60 80 100 120 140 160 180 200 220
300 400 500 600 700 800 N230
Energy (keV) P
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THREE-FOLD COINCIDENCE (TFC) TO TAG YIC \,  oyiindrical cu

around u-track

Critical for pep and CNO neutrinos

Muon detection € = 99.992%:
u+1”2C-> p+UC+n « Outer Detector triggers

/ \  Cluster of hits in Outer &
" Detector data
"1C> "B+e"+v, [N+*p>d+y(22MeV) |« Pulse-shape of Inner
t~ 30 min T~ 260 us Detector data
Neutron detection: after each ID u, 1.6 ms gate is opened
to detect neutrons: example with several tens of neutrons. *
= n-capture
‘ H | ‘ ‘ Likelihood that a certain event is 1'C
e pe——_ uses in input time and space correlations
Exposure divided to 2 categories: between subsequent muons and
TFC-tagged (36% of exposure, 92% of 11C) cosmogenic neutrons.

TFC-subtracted (64% of exposure, 8% of C)

IJ JULICH

Mitglied der Helmholtz-Gemeinschaft Page 19 Forschungszentrum



ELECTRON-POSITRON PULSE SHAPE DISCRIMINATION

Critical for pep and CNO neutrinos

in ~50% of the cases, e* annihilation is delayed
by ortho-positronium formation (t ~3ns);

- .
T S0F :
2] — I
= — I
g 40 :— 1
z l
% 30 !
o Z ' e
O 20 ' Scintillation
e ! .
s F I ' light deca
= F |e» . Y
T 10 = ~10 ns
O _ 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 1
-20 0 20 40 60 80 100

PMT hit times [ns]

Single ortho-positronium event,
in which annihilation occurs ~10 ns
after o-Po formation.

Mitglied der Helmholtz-Gemeinschaft

et - 10
Annihilation Ys
B+ prompt e- et
® 1

4

—— e- Monte Carlo

—— e+ strict ''C sample

:p IIII| I IIIIIII| I IIIIIII| I IIIIIII| T

]

Pulse shape estimator:

normalized likelihood of the position
reconstruction algorithm that uses light
emission profiles for electrons.

Used to pin-down the remaining 'C(e*)

in the TFC-subtracted spectrum. ‘ ’ J U LICH
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HIGH ENERGY REGION (HER) ANALYSIS

Results on 8B solar neutrinos

Analysis in 2 energy regions

o D LA o B L L L B B L BN LR
p: - Step due to the z-cut in the LE %
@
P | 02__1k * no natural radioactivity
S = expected above 5 MeV
N HIL  benchmark: compatibility
2 r Hﬂj\,vmh N\U‘rw\l’m with SNO and SuperK
3 l_ —
8 Ty g, |
T HER1 HER2 1
1 ~3-5MeV ~5-17 MeV =
- FV: 266 t FV: 227.8t N 3
300025003000 3500 4000 4500 5000 5300 6000
Energy [pe]

Backgrounds after selection cuts
(neutron, cosmogenics, TFC('°C),
214Bj-214Po, random coincidence)

HER1

v" cosmogenic ""Be HER2 _

v 208T| (bulk , emanation = ¥ cosmogenic "'Be
and vessel surface) v' y's from n-captures

v' y’s from n-captures

Almost all scintillator volume used in the analysis.
Factor 2 improvement wrt PRD 82 (2010) 033006.

5x lower internal 2°8T| background estimated from
212Bj-212Pg coincidences within 3 m radius.

Two components of the external 2°8T| background:
pure surface (from 1V) and due to 22°Rn emanation.

|dentified new source of background: y’s from
neutrons captured on materials different than H,C.
The source of neutrons are (o,n) reactions and
fissions from U and Th chains.

New estimation of the ""Be background compatible
with 0.

AN

220 Rn

55.6s

)
)
o

216 Po

0.145s

Page 21 208 T|[a929,12°% Pb

3.053 m stable




counts /1494 d/ 227t/0.10 m

RADIAL FITS IN HER1 AND HER2

No use of energy spectra is a choice: no assumptions on the P_(E,) shape

HER1: ~3-5 MeV

103 : I | I L l LI I T I ] I 1 I LI l LI I L I—GE
- —%— Data =
- —— Model -
- — ®Bsolarv . .
102 == —— Neutron captures —
= 2%811: bulk 3
- 2%7). emanation " .
[~ 208, . _
N TI: surface " : * _
- Q ] —
10 & kPR 0 B rJ -
- et e -
[ 'j 1‘ B
1 0‘" ' & —
— & o -
- O 3 =
- N il BE ]
| L \_J : & N [ -
- Sl N ]
10—] 1 Ll | IR N l a1 l 11 L l L 11 I L1 1l l | | I 1 1 I 1Ll 1 L.
0 0.5 1 15 2 2.5 3 3.5

Mitglied der Helmholtz-Gemeinschaft

HER2: ~5-17 MeV

102 El—l LI l L ] L l LB ] L l LB l T ] L I LA B ] L =
E —#— Data E
= Model —
- ®B solar-v —
| Neutron captures i _

10

I Illlllll

[——
| — lllllll

counts /1494 d/ 266t/0.10 m

I IIIIIIIl
1 llllllll

-1 e 1 L1kl 111 1 b
10 0 0.5 1 1.5 2 25 3 35 4 4.5 5
Radius [m]

In the previous analysis this component was erroneously neglected
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RESULTS AND SYSTEMATIC ERRORS IN HER

Systematic errors in the HER analysis (8B neutrinos)

HER-I HER-IT HER (tot)
Source of uncertainty % 4% | % 0% | o 4o Additionally studied:
Target Mass 20 20| 20 20| 20 420 * PDF’s radial distortion +3%.
Energy scale 05 +05 | 49 +49 | .17 +1.7  Emanation vessel shift +1%.
z-cut 07 407 0 0 04 404 » Distortion of the emanation PDF’s.
Live time 2005 +0.05 | -0.05 +0.05 | 005 +0.05 * Binning dependence.
Scintillator density -0.05  +0.05| -0.05 +0.05 [ -0.05 +0.05
Total systematics (%) -2.2 +2.2 5.3 +5.3 2.7 +2.7

SuperKamiokande

2.345 +0.014 £0.036 x 106 cm? 5!

BX 2010

2.4+0.4 x106cm2s]

This measurement

2.55 +0.18 #0.07 x 10* cm2 5!

Mitglied der Helmholtz-Gemeinschaft
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BOREXINO QUEST FOR CNO SOLAR NEUTRINOS

219Bj and CNO correlated BE3Kev) g
» external constraint on 219Bi from 2'°Po (time) needed | *'°Pb " *!Bi 2190

206Pb
T1/2=22y 5 days 138 days stable

S
0\\§0( R(?1°Po, Dec 2011) ~1400 cpd/100 ton
e R(219Bi, Phase Il) = 17.5 + 1.9 cpd/100 ton fit with CNO constrained to SSM F. Villante et al., Phys. Lett. B 701 (2011)

o\\(\
v « Nylon vessel holding the scintillator is a source of 21%Po
v' diffusion slow -> 219Po cannot penetrate to the FV
v" block convection -> thermal stabilisation 3
Npo (t) = [Npo o — Ngl €XP(-t/Tp,) + Ng: at regime R(2'°Po) = R(1%Bi) .+
I 1Sonal effe — )
% E ] B l-q . | B J-.T.he_r Al ;‘.F_“, S ﬂ 1 ”::
=gy r -2 o Strategy g
£ - identify portion of the iﬂ :
) detector in which
C BY . 210Bj rate low, stable,
£ and known
BORNENNGE - SSE— e additional water | LTS,
T - extraction campaign .
Dcz X' “FRE LY. W T e T for further 21°Bi ‘J J U L I c H
S 9 reduction possible Forschungszentrum
AN
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GEONEUTRINOS

T A RN

A A

|

‘
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i

@) JULICH
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GEONEUTRINOS AND WHY TO STUDY THEM

Surface heat flux: 47 + 3 TW

Nuclear physics . .
Abundance of = Radiogenic (based on the measured
radioactive 28 - 206Ph + 8 o + 8 & + 6 anti-neutrinos + 51.7 MeV heat temperature gradients along 30,000
elements BTh 3P + 6o +4e +4animeltinos +428MV  (Main goal) bore holes around the globe)

OK - 40Ca + e + 1 anti-neutrino + 1.32 MeV

il

| From geoneutrino
To predict: Geoneutrino flux measurement:

eat production
continents
BTW (7-8TW

Earth shines in antineutrinos: flux ~10° cm-2 s-1 mantle cooling

leaving freely and instantaneously the Earth interior
(to compare: solar neutrino (NOT antineutrino!) flux ~101% cm-2 s-1)

7TW)| 16TW (4-27TW)

Mitglied der Helmholtz-Gemeinschaft



DETECTING GEONEUTRINOS (IBD with LS-detectors)

Expected “known” crustal signal

40
35 b
30 D
Z
25 H
20
15
10
5
1 TNU = 1 event / 1032 target protons / year
Cca 1 event /1 kton /1 year,
100% detection efficiency
The signal is small, we need big detectors!
MANTLE = Bulk Silicate Earth model - CRUST
Mitglied der Helmholtz-Gemeinschaft Page 27

v" CONTINENTAL CRUST

Chimney

Liquid Scintillator
(1 kton)

Containment |

Vessel i'
(diam. 18 m

I<f
|< |

Outer Detector #.Ti_";“

Outer Detector
PMT

IR=3

KamLAND

=T T~

iiiah

2
=1
AL

|

1777727/
RREEEE )

‘ i
N\

OO G O

Only 2 experiments have measured geoneutrinos:
« Borexino in Gran Sasso, Italy (280 ton LS)

KamLAND in Kamioka, Japan (1000 ton LS)
v'Border between OCEANIC / CONTINENTAL CRUST

Calibration Device

LS Balloon
(diam. 13 m)

Photo- .
Multipliers

~— Buffer Oil

¥
)




GEONEUTRINOS ENERGY SPECTRA

1.8 MeV kinematic threshold

§ 10 F A —-—-- 298 geries
- =T P e *2Th series
8_ : ;/,/ -1 . — 4OK
> i _ :

N SN )
I e - IBD cross section
S /l R e S « U/Th in chondritic ratio
.é L 7 40 \I i Tl
E / K ! ]
2 below the | :
5 107 threshold | T 23
S : resho : S [ - - )
5 f : S~ Visible spectra
2 i I 2.0 ]
= | :
=

1 L 4 J B T i PR I T 31 PR T TR N T 1

-2 il de— PR | e d
10 0.5 1 5 2 25 3 3

Anti-neutrino energy, E, (MeV)

Arbitrary units
(=]

05 -

00

1.0 1.5 20 2.5
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BACKGROUNDS

B) Non-antineutrino background

1) Cosmogenic background
-9Li and 8He (T,, = 119/178 ms)
-decay: B(prompt) + neutron (delayed);
- fast neutrons

scattered protons (prompt)

Estimated by studying coincidences detected
AFTER muons.

2) Accidental coincidences;
Estimated from OFF-time coincidences.

3) Due to the internal radioactivity:
(o, n) reactions: 13C(a, n)'%0

Prompt: scattered proton, '?C(4.4 MeV) & 160 (6.1 MeV)
Estimated from 2'9Po(a) and '3C contaminations,

cross section.

Mitglied der Helmholtz-Gemeinschaft

A) Reactor antineutrino background

RIBUTION OF WORLD REACTORS CONSIDERED FOR BOREXINO

External water tank 18m ¢

a7, .15 N
- ¢ R P walN
T -, - o A - ~, - J
. - < - . ']
4 »
4 Ol
Stainless steel sphere 13.7m #%s
. (1320m 3 PC) ’ |
:
= ' Nylon outer vessel 11.0m
'y k O Nylon inner vessel 8.5m 2
Alth P <
»
L. -

Rope tendons
2200 Thorn BV 8" PMTs
(1800 with light collectors
400 without Ijght ogllectors)

208 PMTsin waffer for Water
External Muo tector

)
) \ Fidudgal volu 6.01‘
AN /’ “h
2" N
%
/ X0

. —
vy

Seel pfatesin
concrefe for extra
shieldfng-

10m § 10m x 10cm




BOREXINO GEONEUTRINO RESULTS AND ANALYSIS

Borexino 2015: 23.7 *6-5 (stat) " (sys) geonu’s

22
20
18
16
14
12
10

Events /233 p.e. / 907 ton x year

o\nn B OO @

v

Mitglied der

——+— Data
Reactor neutrino
----- Best-fit U+Th with fixed chondritic ratio
4 Il U free parameter
! Th free parameter

-~ Soc oo

I\IIIII IlllIIIIIIIIIII]lllllllllllllllllllllI

- +
!
! ST B e (O

2000 2500 3000 3500

Prompt Event Energy [p.e.]
MeV ~7 MeV

PRD 92 (2015) 031101 (R)

P
500 1000 1500

Non-antineutrino background almost invisible!
5.5 x 103! target-proton year

Helmholtz-Gemeinschaft
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Unbinned maximum likelihood fit of 77 candidates.

Non-antineutrino background almost negligible
(< 1 event) and constrained in the fit.

Reactor background left free in the fit: results
compatible with expectations.

2 kinds of fit;
v U/Th left free;
v U/Th constrained to chondritic value.

Statistical error largely dominates systematic
uncertainty (reactor spectra, uncertainty of
backgrounds, and detector response).

New update with ~20% precision under preparation.

First geologically significant results available but
more statistics needed!

Important new tool for future experiments

IJ JULICH

Forschungszentrum



Multi-site

Experiments at
geologically
particular locations

FIRST GEOLOGICAL INTERPRETATIONS
Measured geoneutrino signal is in agreement e T AT AR R
with expectations, but we cannot distinguish B e % | " By e e A
among various geological models: o WANTED -
Borexino: S, = 43.5 *118_, , (stat)*27 , ,(sys) TNU e i,
KamLAND: S, = 34.9 *6.0 ., TNU More statistics
U/Th ratio is compatible with chondritic ratio, &
but the errors are too big: i :
KamLAND: Th/U = 4.1+55 ; ; Y experiments
First indications of the measured non-zero
mantle signal
Borexino 2015: S_, . =20.1*15>1 .. TNU
|dea of Herndon about the active geo-reactor in
the Earth core excluded
Borexino 2010 < 3TW @95% CL B e R
KamLAND 2011 <5.2TW @ 90% CL o
J
Mitglied der Helmholtz-Gemeinschaft
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JUNO AND REACTOR NEUTRINOS
the strongest human-made v-source

-

-

i S o i il T

(L]
@) JULICH
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TYPICAL REACTOR ANTINU SPECTRUM AND FUEL CYCLE

Arbitrary units

o o o = =
N » o 0 o
I

o
o

,,,,,,,,,,,, SRS — 7, flux [ ,,,,,,,,,,,, /
‘ ‘ | IBD o 1
Count rate
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SURVIVAL PROBABILITY FOR REACTOR ANTINU

Slow

Fast

Peeg=1— Py — P31 — Pso

Full oscillation probability
P21 = COS4 (913 Sin2 2(912 SiIl2 A21

P31 = COS2 (912 SiIl2 2(913 Sin2 Agl Amij
. Aij =
P32 = SlIl2 (912 SlIl2 2913 SlIl2 A32 J 4F

P

Ve—)

and very similar: introducing effective

Fast Slow (solar)
long baseline

. . L L
. =1-sin’ 26, smzﬁ) cos’ @, sin” 26, sin’ (Anz, —)

: L :
sin @ E) =cos’ 6}, sin ‘E)Jrsm g, sin ‘
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REACTOR NEUTRINO OSCILLATIONS ~ Gnipeting oo

 1980+90s: ILL, Bugey... Reactor

o Medium neutrino flux measurements
Two modes of oscillations: P(v, — 7.) =1 _— baceline * 2000s: KamLAND: 15t evidence for

Is there 3rd mode?!? Short Am?,, — driven oscillations
S e e mede Y baseline « 2012: Daya Bay, Double Chooz,

RENO - non-zero 6,5 mixing angle

e

TR « 2014: Double Chooz, Daya Bay,
T W * RENO - “5 MeV bump” in energy
E’ - & ot spectrum

0-8_;«, S LK « Since 2014: Stereo, NEOS, DANS,
. F (g‘v PROSPECT, Double Chooz, Daya
2 060 D B Bay, RENO--- - reactor anomaly
o "I S Dou?D‘I,: ngoz and sterile neutrinos
3 L $ « Since 2017: Daya Bay, RENO - fuel
2 04A RENO vs spectral time evolution
¢ L « DAQ start in 2021: JUNO - mass
S hierarchy, precision 6., Am2__ astro-
2 0.2 . _ 12, ee,
£ L - S!"Zg”—g 084 particle goals
S B — SINn 13=0.

. . o - - KamLAND o
05 ! ! — @) JULICH

1 0-1 1 10 Page 35
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Jiangmen Underground Neutrino Observatory

the first multi-kton liquid scintillator detector ever

¥ S -
= = < - ~ T T S ~

JULICH

Forschungszentrum

J. Phys.G: Nucl. Part. Phys. 43 (2016) 030401 (166 p)
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JUNO COLLABORATION

Armenial
Belgium
Brazil
Brazil
Chile
Chile
Chinal
Chinal
Chinal
Chinal
China
Chinal
Chinal
China
Chinal
Chinal
Chinal
Chinal
China

'Yerevan Physics Institute
‘Université libre de Bruxelles
PUC

UEL

PCUC

UTFSM

BISEE

Beijing Normal U.

CAGS

ChongQing University
CIAE

CUG

DGUT

ECUST

ECUT

Guangxi U.

Harbin Institute of Technology
IGG

IGGCAS

China

IHEP

China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China
China

IMP-CAS

Uilin U.

Uinan U.

INanjing U.
INankai U.
INCEPU

INUDT

Peking U.
[IShandong U.
IShanghai JT U.
ISYSU

Tsinghua U.
IUCAS

IUSTC

IU. of South China
Wu Yi U.

Wuhan U.

Xi'an JT U.
Xiamen University

Zhengzhou U.

JUNO Collaboration

established in 2014
79 institutions
600 collaborators

Italy}INFN-Perugia
ItalylINFN-Roma 3
LatviajJECS
PakistanfPINSTECH (PAEC)
RussialiNR Moscow

ENBG
PPM Marsaeille
IPHC Strasbourg

FrancefSubatech Nantes
Germany|ZEA FZ Julich Fuselop NP
Germany|RWTH Aachen U. SIRUSS!a it
Germany{TUM ovakiafFMPICU

TawanNational Chiao-Tung U.

GermanyjU. Hamburg . "

GermanylIKP FZ Jalich TawanNational Taiwan U.
TamwanNational United U.

GermanyU. Mainz ThailandINARIT

Germany|U. Tuebingen .

ltalyJINFN Catania ThailandiPPRLCU

italyINFN o Frascati ma'l'fg: ‘h"‘};‘
ltaly/INFN-Ferrara USAIUMD2
Italy}INFN-Milano USAUC

Iltaly/INFN-Milano Bicocca
ltalylINFN-Padova



JUNO EXPERIMENTAL SITE

SheRgHoNS

; .y
2

% JUNO site

700 m overburden

Hangkong
Macao 2
; ¢

L Taishan (9.2 GW under construction,

9.2 GW planned)

Q)
,." ‘"\?-f(:'h
1: 10003 ¥

e
T—Yangjian (2.9 GW operating,

s | 14.5 GW under construction)

| Sandstone Hornstone

Mitglied der Helmholtz-Gemeinschaft
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Underground Facilities

NP MRS R TR
W FRE =AW

Vertical Shaft

BB

LS Storage & Purification
Hall

24 T30

Water

Purification 15k il

Hall
3=k il
Slope Tunnel .
Experiment
18 T3 12 B Hall
284K it
HEK 3
HFE) Zax
UERD Installation Hall
12, 1+4OKH B
| | 650 m underground
Nice granite structure
at right distance from « Jan 10, 2015: civil constructions start
reactors (very lucky!) « June 22, 2017: slope tunnel finished

* July 1, 2017: vertical shaft finished
«  Civil Construction of Experimental Hall

ongoing
J

Jiangmen City
Guandong province

JULICH

Forschungszentrum



ACCESS TUNNEL TO EXPERIMENTAL HALL

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum




JUNO OSCILLATED SPECTRUM, MH & OSCIL. PARAM.

x10° - : . .
E’ e b 5 Spectrum L TUNG. I — 525 kma Mass Hierarchy (MH) determination:
- —No osc. 1 First: high resolution measurement of reactor antinu
@ 0.12 -1 Second: fit the (pseudo-) data with both hypothesis
S 1o “1P;08¢. 1 (normal and inverted hierarchies)
= g —P,forNO ]  Third: define A? as standard statistics
0.08 1 —P_forl0 Finally: use Ay? as the discriminator for design and
0.06 - o 3 optimization, as well as for the final MH discrimination
0.04 :
0.02 e ; AXim /I\ﬁm (N) — \ﬁm\(l)l
0.00 P N
g 9 fit with NH assumption fit with IH assumption
Am,, E, [MeV]
Parameter
Precision (current) 2.2% 3.9% 1.2%

Precision (JUNO) 0.7% 0.6% 0.4%



JUNO SENSITIVITY TO MASS HIERARCHY

0.040
' Nominal exposure = 100k IBD events
; 5 0.035 | / = 6 years x 20 kt LS x 36 GWth
oZ _5 i > 25 T T T T T T — T
2] & 0030p <o Normal true MH
z| 2
ST ®
S|g 0025 »
T [
: /25 /
0.020 - . ~ 1367 L '
0.50 0.75 1.00 1.25 1.50
Exposure
Target mass & cosmogenics veto
’ I True MH (ideal)
= = =True MH (real)
False MH (ideal)
ey = . . L | = = —False MH (real)
Sensitivity on MH with nominal exposure
and energy resolution 234 236 238 240 242 244 246 248 250
e Ayx?>9 with JUNO alone |AMZee| (X1 0’ eVz)

* Ax? > 16 with external input of Amj,~ 1%

Am?2, = cos? 0y, sin? A3, + sin? 0, sin? A3,




JUNO EXPERIMENTAL CHALLENGES

O Resolving signature wiggles in the L/E spectrum

O Large statistics O(100k) = large mass (20 kton)
 Backgrounds: radio-purity and rock overburden of ~650 m

» excellent energy resolution 3% @ 1 MeV
» better than 1% understanding of the energy scale
« possible micro-structures in the spectrum under control (e.g. PRL 114 (2015) 012502)

Stochastic terms Systematic effects

(photon statistics) « Calibration

- High light yield (LY) v o/p/y sources, light pulses, UV-laser

« Good transparency: A,,,> 20 m @ 430 nm v 5 complementary systems under R&D
- PMT geometrical coverage: 78% * Double calorimetry concept

Mitglied der Helmholtz-Gemeinschaft Page 42

: .. v large 20-inch and small 3-inch PMTs
PMT collection efficiency x quantum . TAO - Taishan Anti trino Ob " th
efficiency: ~27% aishan Antineutrino Observatory wi

Effective LY: ~1200 photoelectrons/MeV excellent energy resolution 1.5% @ 1MeV

'J JULICH

Forschungszentrum



JUNO DETECTOR
I .

Calibration

I e = .
1 P S S

B
v WTET

SN

. NN
S

Central Detector

20 kton LS

~17000 20” PMTs +
~25000 3” PMTs

MUON VETO

\e

".:‘.?' T o o g < et
Top Tracker B M () TN B
25T A

AR, W i it el s
Water Cherenkov ARIM | /| K VR Ry v ava b l{f‘/a{« i\
of

~2000 20” PMTs + Ry L | Rt o o

B W S S|

Electronic

LS filling room

Acrylic Sphere:
ID=35.4 m

Stainless steel
latticed shell:
ID=40.1 m

Experiment BOREXINO

KamLAND

JUNO

LS mass ~300 ton

~1 kton

20 kton

Coverage ~34%

~34%

~80%

Energy resolution 506 E ~5%/,JE

~6%/\[E

~3%/,JE

Light yield

~ 160 p.e./MeV | ~500 p.e./ MeV

~ 250 p.e./ MeV

~ 1200 p.e./ MeV

Solvent:
Linear alkylbenzene
(LAB) as solvent

+

non-radiative
- 280nm

Fluor:
2.5 g/L PPO

+ ,
Wavelength | non-radiative
shifter: - 390nm
1-3 mg/L

bis-MSB 'S
P2 aaat

light emission
2> 430nm, t=4.4ns




LS Purification Pilot Plant
MORE ON J UNO DETECTOR * Prototype tested at Daya Bay
« Low radioactivity < 10-°g/g U/Th

20-inch PMTs 20-inch PMTs « Achieved A, =23 m
| att —

* 15k MCP-PMTs from NNVT
» 5k dynode PMTs from Hamamatsu
» 12k delivered

SRS
P/V 3.5 3 (18 ton, 120
TTS 12ns  2.7ns ¥ 10"PMTs)
Dark Rate 20kHz  10kHz | ’
Pre/after Pulse  0.5%/1% 0.8%/10%
/ LrJndrerWaterBox“ v
s‘i;&& | ’FADU' % Backl!nd Card L ReadOUt
N ; = S (BEQ — TRG e|ectr0niCS
g | ~ |_Asynclink " Gbit Enterprise Wavefo 'ms
Vo — = swith  —{ DAQ
AN Wbk sampled at 1GHz
A .WVW HVU




JUNO-TAO - TAISHAN ANTINEUTRINO OBSERVATORY

A ton-level, high-energy resolution LS

detector at ~30 m from the Taishan-1 5 R&D ondoin
reactor core: =z ) going

» Reference spectrum for JUNO R . « 3tons of Gd-LS
« Benchmark for nuclear DB :

« 10 m? SiPM with 50%
photon detection efficiency
operated at -50 °C

* Cryogenice vessel, HDPE
shielding, muon veto,
calibration system

* 10 m udnerground

* Plan to be online in 2020

Relative flux

E, [MeV]

Relative difference of 3 synthetic spectra to spectrum
predicted from ILL data (Huber+Mueller model) $2000

dac IJ JULICH

Forschungszentrum
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OTHER PHYSICS WITH JUNO Super-novae neutrinos

Geoneutrinos: 400/year!

Events for different (E,,) values

Channel Iype oty 14 MeV 16 MeV
S 40 : e Geoneutrinos 'H Uet+tp—et +n cc 4.3 x 10° 5.0x 10° 5.7 x10°
2 | year simulated data vhporvtp NC  06x10%  12x103 2.0 x 10°
S 350 Signal * SOlar v+e—=v+te ES 3.6 x 10? 3.6 x 102 3.6 x 102
P : v+ 12C 5y 120t NC 1.7 x 102 3.2 x 102 5.2 x 102
g ™ SLi 8He neutrlnos_ @ CC 05x102  09x10%2  1.6x 102
— . Accidenaals « SN neutrinos TSI RCS T P8 CC 06x100  L1x102 1.6 x 102
200 o DSNB JUNO collab., arXiv:1507.05613
150 . . . .
Huge statistics + Flavour information
+  Proton decay 9
508 .
2 — « Atmospheric
0 1 2 3 4 5 6 7 8 9 10 o
Visible energy [MeV] neutrino
. v, Burst Accretion Cooling
] , o « Sterile )
SOIar neUtranS. Be, B neutrino :g"
Bef ] * Indirect DM >
= E Be v m‘Nv 2214 é
§ b ~ searches :
> £ N . =
S b « Other exotic . b
3 1o’é—\,\ ‘ SearCheS Time [ms] Time [s] Time [s]
102-7*"“‘ JUNO collab.,arXiv:1507.05613, based on: L. Hudepohl, PhD Thesis, TU
F st/ Munich (2013), A. Mirizzi et. al., arXiv:1508.00785
1 . .
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JUNO TIMELINE

2014

* International
collaboration
established

20

2021:
+ Detector ready
+ Data taking!

2019-2020:

» Electronics
production starts

* Civil work and

2018: lab preparation

« PMT potting completed
starts + Detector

 Delivery of construction

2017: surface buildings
« Start PMT + Start production
testing of acrylic sphere

 TT arrived

« Start of PMT

production
+ Start of CD parts
15: construction
PMT production
line setup
CD parts R&D
Start of civil

construction




SUMMARY AND OUTLOOK

Liquid scintillator detectors are fundamental in low-energy neutrino physics

Borexino
Solar neutrinos:
« comprehensive spectroscopy of pp-chain neutrinos
« quest for neutrinos from the CNO fusion cycle
Geoneutrinos:
« observed geoneutrinos and provided first geological insights
« preparing an update with ~20% precision

JUNO
 the first multi-kton detector ever to start DAQ in 2021
» reactor antineutrinos with 53 km baseline: mass hierarchy and <1% precision for 6,, Am2,, Am?,,
« large potential in astrophysical neutrinos and exotic searches

IJ JULICH
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