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iangmen Underground Neutrino Observatory:

JUNO is the first multi-kton liquid scintillator (LS) detector ever built, located in China.
Main goal: determination of the Neutrino Mass Ordering (NMO), 3¢ in 6 years with reactor neutrinos
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47 anti-v_ /day after suppressing the cosmogenic backgrounds
vacuum oscillation pattern independent of &cp and 6,,

(matter effect contributes maximal ~4% correction at around 3 MeV, arXiv:1605.00900, arXiv:1910.12900)
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detected by inverse beta decay IBD.
(matter effect contributes maximal ~4% correction at around 3 MeV, arXiv:1605.00900, arXiv:1910.12900)
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JUNO Detector

Top tracker and
calibration house

Water pool / \
— ~2400 20:PMTs 3 : : .
":“"“ R 20-inch and 3-inch PMTs interleaving

el e -% JRAWL!
fof b Al Earth magnetic -
T g S e Large 20-inch PMTs

--------

ASEEES

Sy colls » large coverage (75%)

17611 20” PMTs * high dark rate
25600 3” PMTs .
(78% coverage)

non-linearity at higher energies
« waveforms -> multiple hits with charge

Aeylc s Small 3-inch PMTs
liquid scintillator e small coverage (3%)
e « small dark ratg, smaller non-linearity
nodes » photon counting (ho waveform)
» higher effective dynamic range
43.5m Reduce systematics using the 2

independent PMT systems
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Physics Potential of JUNO

See Yury Malyshkin’s talk

Reactor anti-v Atmospheric v Solar v Supernovae (SN) v Geoneutrinos

+ New
physics

~47/day —— 8B: ~50/day Core Collapse SN ~400 / year Proton decay
G ey CNO: ~1000/day @ 10 kpc: - -
7Be: ~10000/d thousands in few sec Netinkomagngtc
B ay ; moment
Diffuse SN signal: Steril iri
few / year eriie neutrinos
Non standard
e A Abusleme et al, JUNO physics and detector, Progr. Part. Nucl. Ph. 123 (2022) 103927 Interactions
e A Abusleme et al., JUNO sensitivity to 7Be, pep, and CNO solar neutrinos, submitted to Journal of Cosmology and Astroparticle Physics L tz i .
° A. Abusleme et al., JUNO Sensitivity on Proton Decay p—v_K+ Searches, submitted to Chin. Phys. C. orentz invariance
e J Zhao et al,, Model Independent Approach of the JUNO B8 Solar Neutrino Program, submitted to APJ. Others
e A Abusleme et al., Prospects for Detecting the Diffuse Supernova Neutrino Background with JUNO, J. Cos. Astro. Phys. 10 (2022) 033.
e A Abusleme et al., JUNO sensitivity to low energy atmospheric neutrino spectra, Eur. Phys. J. C 81 (2021) 887.
e  Fengpeng An et al, Neutrino physics with JUNO ,2016 J. Phys. G: Nucl. Part. Phys. 43 030401
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https://www.sciencedirect.com/science/article/abs/pii/S0146641021000880
https://arxiv.org/abs/2303.03910
https://arxiv.org/abs/2212.08502
https://arxiv.org/abs/2210.08437
https://iopscience.iop.org/article/10.1088/1475-7516/2022/10/033
https://doi.org/10.1140/epjc/s10052-021-09565-z
https://iopscience.iop.org/article/10.1088/0954-3899/43/3/030401

Atmospheric Neutrinos ... Matter effects

Oscillation probabilities in matter depends on neutrino energy E and electron density N_in matter

Crust
Mantle

Atmospheric
neutrino interact
with the Earth's .
matter and change
the oscillation
pattern

https.:.//www-sk.icrr.u-tokyo.ac.jp/en/sk/neutrino/about/

Sensitivity region to NMO;
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E,in GeV

Neutrino physics with JUNO,J. Phys. G43:030401 (2016)
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Atmospheric Neutrinos analysis in JUNO
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e Key Features:

15 events/day [100 MeV - 15 GeV]
Large JUNO detector mass: 20 kton with 43.5 central detector diameter
m Detect fully contained atmospheric events up to 15 GeV
Effective light yield: ~10* photons per MeV of electron energy scale equivalent
Attenuation length: >20 m @ 430 nm
Excellent energy resolution
Reduction of systematics thanks to the dual PMTs system.

e Precise measurements towards the low energy region which is still not covered by water Cherenkov
experiments

Data for improvement of the current theoretical model

e JUNO detector will allow to investigate the neutrino neutrino mass ordering and the 6., octant.

o A. Abusleme et al., JUNO sensitivity to low energy atmospheric neutrino spectra, Eur. Phys. J. C 81 (2021) 887.

MMTE, july 2023

i e Measurement of energy spectra and flavor identification based on MC simulation
Published results> .

e Sensitivity to neutrino mass ordering based on toy MC analysis

o  Fengpeng An et al, Neutrino physics with JUNO ,2016 J. Phys. G: Nucl. Part. Phys. 43 030401
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https://doi.org/10.1140/epjc/s10052-021-09565-z
https://iopscience.iop.org/article/10.1088/0954-3899/43/3/030401

A. Abusleme et al., JUNO sensitivity to low energy atmospheric neutrino spectra, Eur. Phys. J. C 81 (2021) 887.

Geant4 detector simulation for energy spectra and flavor
identification (e/mu)

£ 10° o —v, CC
i Visible energy from all the cC

4 o8 secondary particles TG
10 ::1‘: p— VX NC

1. Neutrino interaction generation inside the detector:
e Energy range: 100MeV - 20 GeV
e Statistics: ~ 5y ve + vy (and antineutrinos)
e Flux model: Honda Model (HKKM14)

e Software: GENIE Neutrino Monte Carlo Generator

1. Propagation of secondary particles
e GEANT4 detector simulation

2. Oscillation effects included (vacuum + matter)

0 |deg|
6 |deg|

Atmospheric neutrinos interacting inside JUNO can |::>
produce different final states.

1 RN T T T e Coalo s losay R R RN
:1510 :100‘ ~ : ] -150 -100 -50 0 50 100 150
¢ [deg] ¢ [deg]

Hitmap on 3" PMT system
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https://doi.org/10.1140/epjc/s10052-021-09565-z

A. Abusleme et al., JUNO sensitivity to low energy atmospheric neutrino spectra, Eur. Phys. J. C 81 (2021) 887.

Flavor Identification: vu and ve

e vu CC interaction: event elongated in time because of p ability to travel long distances and its late decay
e ve CC interaction: point-like event because of the short e track
e NC interaction: geometry of event depends on the particles produced

the time residual t_, defined for each photo-electron (PE) on 3" PMT system, is a strongly flavor-dependent.

Flavor Identification based on t __calculation, performed for different charge cut selection (NPE).
Relevant for the sensitivity region

10° < NPE < 4.73 x 10° 473 x10° <NPE < 1.01x 10° 1.01x 10° < NPE < 2.32 x 10° 2.32 x 10° < NPE < 1.58 x 107
8 T £1200 2 F g
%000 - g - §1200F 100 1 -

200~ [0.08, 0.3] GeV v, CC 00 [0.3, 0.7] GeV v, CC 10.7,1.65] Gev 11.65, 11.2] GeV v, CC
1000 -v_CC i —-v_CC 1000 800 -v_CC
o oo 600 -v, NC

600f 600}

: - 400

400f -

400F

200F 200fF 200~

40 60 80 100 120 140 40 60 80 100 120 140 40 60 80 1700 120 140 _ 20 60 80 100 120 140
o(t,.) [ns] oft,) [ns] oft,_.) [ns] o(t..) [ns]

JUNO is able to distinguish between the different neutrino flavors (ve from 0.1 GeV vu from 0.3 GeV up 11.2 GeV) and
interaction types (CC and NC).
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https://doi.org/10.1140/epjc/s10052-021-09565-z

A. Abusleme et al., JUNO sensitivity to low energy atmospheric neutrino spectra, Eur. Phys. J. C 81 (2021) 887.

Atmospheric Neutrino Energy Spectra in JUNO

Energy range for: v_ [0.1, 11.2] and v, [0.3, 11.2] GeV divided in 7 bins.

—
<

i = v_ best :
N = e : . oy .
e —  JUNO Based on unfolding probabilistic method:
o L i G ¢ '
£ |
© 107 . S - a=g
> E P(E)V¢|= P(E|NPE)V« -|P(NPE)Ve
S, ~ @ JUNO - This work (5 yrs) v,
S — Super-Kamiokande 2016 v, Unfolded spectrum Detector observable
¥y 10° Fréjus 1995 v,
- HKKM14 v, Flux (w/o osc.) . _ "
- H 4 V: Flux (w/ 050 NPE: number of photo-electron detected by 20" PMTs
10%E= & JUNO - This work (5 yrs) v,
= 4+  Super-Kamiokande 2016 v,
" Fréjus 1995 v,
- = HKKM14 v, Flux (w/o osc.)
107" EMRE 14 V. Flux (w/ osc.) Eur. Phys. J. C 81 (2027) 887. | Atm. energy spectrum based on Geant4 detector simulation
1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1
-1 -0.5 0 0.5 1 1.9 2

Energy spectrum can be measured within a 25% uncertainty in 5 yrs of detector lifetime.

MMTE, july 2023 Mariam Rifai, Forschungszentrum Juelich


https://doi.org/10.1140/epjc/s10052-021-09565-z

Fengpeng An et al, Neutrino physics with JUNO ,2016 J. Phys. G: Nucl. Part. Phys. 43 030401

Sensitivity to neutrino mass ordering (NMO)

"statistical only" “Toy MC analysis (work-in-progress)”
3-0|'|'|'|_'|'|_'_|' T
[eeesnees Electron neutrinos -------- Point-like
[- - --Muon neutrinos - ---Track-like
2.5 —— Electron+Muon Point+Track ]
- Normal Hierarchy JUNO sensitivity on NMO:
20+ ]

0.75 ~1.4 ¢ (atmospheric only) @ ~6 yrs exposure,
based on toy MC simulation.

-
-
e
o=
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-
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e To be combined with the 3o in 6 yrs with
reactor neutrinos

Sensitivity (o)

J. Phys. G: Nucl. Part. Phys. 43 030401

8 10 12 14 16 18 20
Livetime (year)
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https://iopscience.iop.org/article/10.1088/0954-3899/43/3/030401

Current Analysis!

1. Considering different neutrino generator models: GENIE, NuWro,
GiBUU

2. Developing further reconstruction techniques for energy and
directionality

3. Flavor identification based on machine learning approach

MMTE, july 2023 Mariam Rifai, Forschungszentrum Juelich




Neutrino Interaction Model in LS

To check reconstruction robustness and estimate systematic uncertainties, different generators (GENIE, NuWro, and
GiBUU) is being implemented in JUNO.

1. Validation physics w.r.t to transverse Kinematic imbalance

-39
x1 0“39 x1 049 x10~ — T T
' P S T " - GlBUU A —(;34
GENIEV32.0 =135.95 L NuWro nuwro -199 L (b) . o= Q
GENIE . QE 1’ - Q 3+ GiBUU REST
r RES 1° 1 - RES mo . L — RES m&JItI n° |
45 . RES mult-x” . 4 RN FES e 1 [ == ms mulu ]
] L 2pi
B DIS multi-x° I DIS multi-x® L mm 2piBG multn %]
—=— n° Data :n 0 Data 2 L +7|:9 Data

N
——

do/dp_(cm?GeV/c/nucleon)

do/dp (cmf/GeV/c/nucleon)
do/dp (cm?/GeV/c/nucleon)

M . . + i o | | | |
0 0.2 0.4 0.6 0.8 R T 0 0.2 0.4 0.6 0.8
p, (GeV/c) 5 02 p, (%gV/c) o 08 p_ (GeV/c)
Cross sections in p_from previous MINERVA measurement compared to S | GENIE B wCConprton. IS
the different neutrino generator models. % 0.4k T — (0.04) 7
Channel: Neutrino-Induced Charged-Current Neutral Pion CCrt° 5\; i T, 0.0-)
SSE 025 https.‘//github.com/GENIE—MC{
2. Improving generator: fixing GENIE x Jeneratorlissues/226
AGKYLowW (DIS) and aka directionality bug g [ e
o Bl B B A 8

0 0.2 0.4 0.6 0.8 1
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Energy Reconstruction: Graph Convolutional Network co: 1oszuzenodessssr

Idea: Use convolution on charge (npe) detected by PMTs and on detector surface to reconstruct the energy of charged
current atmospheric neutrino events.

[ PMT Data ] [ Graph ] [ Summed npe(t) ] T T T T
14+ dE = 0.0+/-0.15 GeV ) :
Mean Energies 1505 I dE = -0.0+/-2.05%
\ B Mean dE (%)
/C Ta 1D Convolution - e ST I
S - . (Ng to 2Ng) = =
2 s v 3101 W 5.0
S © [ 1D Batchnorm ] =
c o > 2.5
§ e £ o
_5 = [ 1D MaxPooling ] ._..; -
S 2 5
Q L 5 40 -25
N\ 2
a
[ y . -5.0
[ Flatten ] 20
hl 2 z =751 Latll Energy [GeV]
_ Work in progress | Work in progress
S Linear Layer 0 I | ! : : : : 00 : : | : : ; ;
£ || (constant feature size) 0 2 - 6 8 10 12 14 0 2 4 6 8 10 12 14
- % i Label Energy [GeV]
[ Prediction ] .
Inputs: Reconstructed energy vs MC visible dE [% ] L (Elabel—Eprediction) . 100
e “Graph”: first hit time and total number of energy. Elabel
photo-electron detected per large PMT
e “test data”: summed of number of photo-electron . o .
over time per Event No bias and ~2% energy resolution.
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Directionality: topological reconstruction
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https://indico.ihep.ac.cn/event/18269/contributions/135315/

Directionality and flavor identification: machine learning based

about the event's direction, flavor types.

Features extracted from each PMT's waveform reflect the event's topological structure and carry information

‘é’) 4:_ Max charge Charge FHT
g 350 Charge and time distribution detected by a = A ~
S = single PMT, after waveform reconstruction Planar  : s
3F- / projection £ St
— R J/
2.5 :—- ‘V‘r irection
= p "
2f - [PMT features] —| Spherical Spherical |
= Slope projection " Wil )
1.5 FTQFHT + 4) — Q(FYT)]/ \
- =
1= 3D Point cloud-
= FHT Point clouds [ bl
0.5 : J
- , Pea
T R 0 M ST Y W [ SO M 4
900 250 300 450 500 550 600
Time (ns)

waveform reconstruction based on deconvolution method

3 categories of machine learning methods have been
evaluated.
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Directionality and flavor identification: machine learning based

EfficientNetV2 DeepSphere PointNet++
180 _ 180 180
o 135 ; 135 o 135
T T T
g 0t 8 . £ o ok 10!
v (%) « o™ 2"
( 3 90 g 90 10 S 90 - —_
(7] b 7]
< 7] c _Takad
S as S 45 S as, -/
d s} Q F
4 @ -4 =\
100 o 0 0 100 |
135 180 0 10
True 0 (°) —
R ; | \ | | - B
1F e . . - :
- FHT 2D distribution of Reconstructed 6 VS True 0 in all energies. — [ﬁ;‘;ﬁlﬁ'jﬁ,ﬁ'
0.5F J
ST I\MJJ W /L/\/\f 2 :
%00 250 300 350 400 450 550 600

Time he] 3 categories of machine learning methods have been

waveform reconstruction based on evaluated
deconvolutional method
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https://indico.ihep.ac.cn/event/18269/contributions/135315/

Directionality and flavor identification: machine learning based

I S L B B L Y i B i .._.l.'l._.lE the Ll
25 25
(a) vu/P, Work in progress! ~ # EfficientNet-v2 (b) ve/Ve Work in progress! @ EfficientNet-v2
¥ DeepSphere ¥ DeepSphere
201 _—o— # PointNet++ 20 —9%— # PointNet++
._-_
—§— .
| = 15 0 resolution for »v”/'v“ ya| = 15 0 resolution for ve/ve
( O !. i (G} :': —_—
° 0- o e 101 —— Planar
o * — @ :_—o— ——__ 4 models
———— _
—n———
" ——f—% = E—
B Spherical
— model
(0] T r . (1) ’ , J
1 3 5 7 9 1 3 5 7 9
E, (GeV) E, (GeV) )
: Y ) | Point cloud —* [ "Fassa ot
0.5 . )
g The direction resolution is less than 10 deg in the sensitivity energy region [3, 10] GeV.
-~ 3 categories of machine Tearning methods have been
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waveform reconstruction based on
deconvolutional method

evaluated
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https://indico.ihep.ac.cn/event/18269/contributions/135315/

Directionality and flavor identification: machine learning based

Extra physics inputs has been added to the ML nfusnon matrix (Efficiency)
approach: lepton energy ratio, neutron Ve-CC
multiplicity ... m
D,~CC
o 0.04————————— . v
80,035 E ® _
o kT V-G : v Wce
3 003 — v,-CC E =
= 0.025} = Vu-CC
§ 0.02;— g
0.0151 NC -
S
0.005t - i & & &
0551 02 03 04 05 06 07 08 08 1 Predicted label

i
Nirue

Efficiency = SN
i‘Ytrue

Result obtained
without considering
the electronic effect
of the detector.

Lepton energy ratio

correctly classified in JUNO.

More than 70 % of the different neutrino flavors will be

MMTE, july 2023
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Summary and outlook

Civil _ ey
construction SN maes e ;. End of

2015

JUNO has potential to measure the atmospheric neutrino spectra

Advantages: low energy threshold and fine energy resolution

Sub - GeV to multi — GeV energy range

First measurement with a LS — based detector, 15 events/day

Low O(100 MeV) threshold - backgrounds for rare events searches and benchmark for theoretical models
e Energy spectrum can be measured within a 25% uncertainty in 5 yrs of detector lifetime

Ongoing!

Different machine learning and conventional reconstruction techniques under developpement.

More realistic sensitivity study to NMO via atmospheric neutrinos.

Joint analysis with atmospheric neutrinos in order to enhance the sensitivity of JUNO to NMO.
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Back up
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https://indico.ihep.ac.cn/event/18269/contributions/135315/

On going! Study the effects of different generator on
the directionality reconstruction performance

e The difference in the Bv resolutions obtained from vy and ve CC samples simulated by
NuWro and GENIE using different ML models as functions of incoming neutrino energy.

6 6
e (a) Vu/‘-)u #® EfficientNet-V2 s (b) ve/De ® EfficientNet-V2
t i ¥ DeepSphere & i ¥ DeepSphere
) # PointNet++ ) # PointNet++
b b —¥—
@ 2 @ 21——
il - & —.— v
2 —&— =g = = ;];—I—_._
c ol—8—=—=8— T e —__w ——-@ € ol TE_—e— == __
3 01—y i . iE'E = 8 0 EE = S ——
| 1 ]
o 2 o 2
= 3
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Neutrino Basics

STANDARD MODEL OF ELEMENTARY PARTICLES

Q
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Originally, in the Standard Model neutrinos
have exactly zero mass, all neutrinos are

left-handed and all antineutrinos are right
handed

Discovery of neutrino oscillation ( from
atmospheric and solar neutrino experiments)
(Nobel Prize 2015) leads to a non-zero
neutrino mass.

Non-zero mass requires at least a minimal
extension of the Standard Model;

No electric charge = no elmag interactions
No color = no strong interactions
Only weak interactions = very small cross sections
of interactions with matter
Difficult to detect
o Large detectors
o Underground laboratories
o Extreme radio-purity
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Neutrino Oscillation Physics

: ) A V3 I | m, <m,, Inverted ordering
a =W T 1=1,2,3 1 m, > m, , Normal ordering
Flavour eigenstates V&) = Z Ugi [vi) Mass eigenstates o
INTERACTIONS i=1 I PROPAGATION 2
)| v2mET= Y
my, { Am3, { Amy,
V1 T 4 _
Primary Goals of Neutrino Physics: measure the oscillation
parameters of the PMNS matrix 5
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Determination of the Mass Ordering is relevant to the neutrino oscillation tomography
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Energy reconstruction

4
dE [%] ! i &l 9
o |® o,udE [%]
Work in progress
Gauss fitted: 0 = 1.887, u = -0.01 3 - ___p g ‘®  mean, std dE [%]
= - % . ofummni—
200 - H mean = 0.2444/-2.705 [%] 1| |
2 e s
. [J_] il | ' 4
150 Work in progress &l 1 | |
(<)
T 0- }—ﬁ ————1 L l # ]
100 A g -1 4 e
fs]
O G e il —
-2 e
50 1 S
_3 -
0 - b y ; 0 2 4 6 8 10 12 14 16
—-10 0 10 20 30 Label Energy [GeV]
dE = (E true-E pred)/E true*100 [%]
Rosmarie Wirth 6/ 14

MMTE, july 2023 Mariam Rifai, Forschungszentrum Juelich



Energy Spectrum Reconstruction

e Unfolding probabilistic method to extract the energy spectrum from detector observables

e Based on lterative Bayesian Unfolding
o G. D'Agostini, Nucl.Instrum.Meth.A 362 (1995) 487-498. arXiv:1010.0632
~5 yrs of detector lifetime MC events have been generated as real data
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Systematic Uncertainty
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Total uncertainty between 10 — 25%
e Dominant contribution from cross — section
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https://doi.org/10.1140/epjc/s10052-021-09565-z

Neutrino Oscillation ... Matter effects

d M*

. 2 . 2 2 2
Schrodinger equation: iEUf =U Y U' +v o, With...M * =diag (m;,m,,m;)

and ...V =diag (21/2GfNe ,0,0)

Two flavor approximation: Matter effects is proportional to L

Amz
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 Vacuum: P(vu - ve) ~ sin“(2604,) sin%(20,3) sm4—é AmZ,= Am?2,. .k
Matter effect mL n26, = sin>
e Matter effect: . . ) sin = sin—
P(v, = V,) = sin?(26 ) sin?(20,3) sin iE M £
A, \2 A, = +2/2.GrE,N, J
E = Sin2 (2931) + (COS(2813) —_ > )
Amgem +: nelftrino _ neutrino Electron density
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