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Highly granular time-of-flight neutron

detector (HGND)

Longitudinal structure Active layer

X
scintillator \, Rm——
*(2x) 8 layers: 3cm Cu (absorber) + 2.5cm Scintillator  <scintillator cells:
+ 0.5cm PCB; 1st layer — ‘veto’ before absorber esize: 4x4x2.5 cms,
= [otal length: ~0.5m, ~1.5 A, total number of cells: 968 (x2)
= neutron detection efficiency ~60% @ 1 GeV *individual readout by SIPM
e Transverse size: 44x44 cm?2 *expected time resolution per cell: ~150 ps

» 11x11 scintillator cell grid
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Detector Setup and Simulations
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 HGND sub-detectors are located at 10° to the beam axis at ~7m from the target
* Monte-Carlo event simulations:
3 AGeV Bi+Bi DCM-QGSM-SMM model + Geant4 v11.2.0 QGSP_BERT
~1M events
V. Bocharnikov. 14th BM@N Collaboration meeting 3



Hit Level Information

* Egep >3 MeV ~ 0.5 MIP

| ToF energy for primary neutron hits Hit Etor distributions
* ToF energy for n9 hypothesis: 10 : e
1 : |
ETOF — mn(\/l —ﬁ2 1) _ 3 1 E_103 o
: — o 10°;
* thit+tN(0,0 = 150ps) & 6 o %;
e hits with Etor>10GeV are set to LE . o 10
10 GeV o |
* Each hit is linked with 2
corresponding surface MC particle
. ‘ys 0 100 0 2 4 6 8 10
Prompt neutron deposition selected Eror [GeV]
by 6(Etor) < 0.35
» other hits - background * Underestimation - neutron shower development
- Primary neutrons are selected by * Overestimation - background contributions in the same hits
MotherlD=-1 = \More precise labelling is under development
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Neutron Multiplicity

Neutron multiplicity per event

o Multiplicity counts require 0.8 :
e existence of prompt hit with §(Eor) < 0.35 0 ; Y
* Eno>0.1GeV "o .
e Distributions normalised to number of events E -
with energy deposition ~ 0.4
= Neutron detection efficiency is not discussed £ 0.3
e Reconstruction algorithm has to deal with 295
neutron multiplicities > 1 01
0.0 .
0 1 2 3 4

N particles
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Graph Neural Networks (GNN)

Why Graph Neural Networks: Message passing architecture
* Natural vector event representation Key idea:

» Detector cell hits as graph nodes e Edges propagate information between nodes in a
» Easily applied to sparse data with variable trainable manner to encode local graph structures

input size e Node embeddings are then aggregated to a

» Typically we have signal only in small problem-specific value, e.g.:

fraction of sensors e Graph/hit class “probability” — signal/background

» Captures event structures e Jarget value — neutron energy
* Increasing number of successful

implementations in HEP X ma mar
HEPML-LivingReview - 1

e Y AN . '~ .
N Graph. N o Messages. o Propagation. |

J. Gilmer et al.,, "Neural message passing for quantum chemistry,” 2017.
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https://arxiv.org/pdf/2007.13681.pdf
https://iml-wg.github.io/HEPML-LivingReview/

Graph Construction

« Nodes — hits. Observables per hit: Labeling for further training
» hit coordinates: layer, row, column * Cluster level:
¢ Egep >3 MeV ~ 0.5 MIP * Signal cluster contains at least 1
+ hit time + N(0,o = 150ps) prompt neutron hit | |
e Energy of fastest neutron with prompt hit
* Emor in a cluster
e Node level (additional):
 Edges e Prompt neutron deposition
* Predefined clustering: e Connection between same MC particles

e radius graph. R = 3.6 cells
* time window 1 ns
e cluster — isolated subgraph
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Clustering

e Soft spatial rule.
 search radius R = 3.6 cells
e ~strict temporal rule
 time window 1 ns
= first guess parameters, to be optimised, included in GNN

Prompt n® multiplicity per signal cluster Cluster multiplicity per prompt n° Background multiplicity per signal cluster
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* isolation >95% » prompt nO splits in secondary ¢ significant background
clusters at level of <13% contribution => make use of ML
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GNN Model

Training objective GNN architecture
e Cluster level:  MPyit. Message passing layers hit -> hit within clusters
e predict neutron class score * Average pooling layer to aggregate hit nodes -> cluster
e reconstruct expected neutron node
energy « MP.uster. Message passing layers. cluster -> cluster

» Cluster output: class score, predicted energy

Loss function

e Binary Cross Entropy for classification |©VD ~ i
energy

e Mean Squared Error for energy 0 i score,
| OO N |
regression S LD " L
Loss = b CEcluster +M SEcluster esggj’
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Cluster Reconstruction Performance

Energy reconstruction for signal clusters.

Classifier output Threshold = 0.15
106 e 0.4
: : background *
signal 0.31
10° - 0.2
¢
] 0.11 .
104‘ U:'g g ’ 0000000%0500,4,,
| 5 ALY
—0.1
103 4 +
] —0.2 1
102 | —0.3 1
T ; ' ' ' ' 040 1 2 3 4 5
0.0 0.2 0.4 0.6 0.8 1.0 Eirye, GEV

cluster score

e Qverall good cluster classification performance
e Bump at score =0.1 is caused by a technical issue for single hit clusters (more detalils in backup slides)
e Energy resolution =15%. Linearity within 10% for the most part of energy spectrum
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Multiplicity Reconstruction

threshold=0.2 threshold=0.5 threshold=0.7
* lest dataset 3 = : . 2061 o 3 9 : . 1866 3 b : : 1396
e 540565 events 0.422 0.382 0.286
¢ SeleCthn > B - ) 9482 > 1o - - 6394 - 2 4 ] : 3539
° Etrue > 01 GeV g 0.373 g 0.252 S 0.139
= = =
* Ereco > 0.1 GeV 145 . 13064 o 145 S 4801 T 1- : 1652
e 4 multiplicity classes: 0.101 0.037 0.013
° [Oa 1,2, 3 and more] WERPLIEE SIS0 = 3538 S 0-5322355 E 19030 & 664 & 04g 332224 = . 148
e 3 cluster score o.868 i BN BZ%ed 10:056  0.002 0.971 0.0
threShOIdS : : Nreco 2 : : : Nreco 2 : : : Nreco 2 :
* [0.2,0.5,0.7] e horizontal normalisation is related to efficiency
e efficiency decreases for higher true multiplicities and higher score

threshold
e vertical normalisation is related to purity
e high score threshold allows to separate up to 3 ‘good’ neutron clusters

V. Bocharnikov. 14th BM@N Collaboration meeting 11



Event Level Performance

Single neutron reconstruction approach:
» Select best cluster in event by cluster score
» Varying threshold for event score and calculate neutron reconstruction efficiency and purity

Event classification performance vs score threshold

Event level. Threshold = 0.15

5
—— Purity —— Efficiency 3
1.0 1 . . . . - 10
------- Purity prim -« Efficiency prim LR :
"n
4 !
B .
. Nreco true
Purity = > 31 :
Nreco all 0.61 8 E -
= "
N LLI 2 ] =l " n
. . reco true 0.4 - o
Efficiency = Tt 101
Nneutmns
. 1 i
0.2
0.0 L— , , , , 0 . . . . 10°
0.0 0.2 0.4 0.6 0.8 0 1 2 3 4 5

Threshold E, GeV
ruer

 Minimum working point is ~0.2 cluster score threshold
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Neutron Energy Spectra

Example of resulting neutron energy spectra at fixed score threshold

Best cluster per event. Threshold = 0.2 3 best clusters per event. Threshold = 0.2
all signal neutrons 10° ] ) all signal neutrons
B all primary neutrons ] B all primary neutrons
1 Etre : 1 Etre
A : Epredicted 1 —l Epredicted
10% ; =73 Epredictea for fake =73 Epredicted for fake

104 ]

103 .
] 103 1
hd hd
[ [
(O] Q
> >
< 102 - =
] 102 -
10! 4
101 ]

109 g

1 2 3 4 5 6
Exin [GeV]

o Efficiency and background composition slightly differ for multi-neutron reconstruction (more

examples in backup slides)
* Possible neutron double counting to be corrected for multi-neutron reconstruction

* Optimal reconstruction scenario will be optimised on end-to-end physics performance simulation
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Summary & Outlook

» Status of the Graph Neural Network-based neutron reconstruction algorithm in the HGND is
presented

* Neutron multiplicities >1 are addressed by applying pre-defined clustering
* Promising results have been achieved

 GNN model is under development
* I[mplementation of cluster recombination in the model architecture
* Implementation of differentiable clustering instead of rule-based

» Detailed study of background contributions is ongoing

* Final physics performance and optimal reconstruction procedure will be defined using
parametrised simulations
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Cluster Reconstruction Performance

signal clusters

1.0 - e —— 104 1.0 10
background y .':_- : : o= ;
signal
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cluster score

N cluster hits N prompt hits

« Bump at score =0.1 corresponds to single node clusters .
« GNN model is able to reconstruct clusters with a single prompt n0 hit for clusters with at Ieast 2 nodes
e graph construction is done without self-loops => single node subgraphs participate in message passing in a fishy way
= solution will be to test self-loops or other connections
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Cluster Reconstruction Performance

Signal neutrons passing top front wall

900
Cluster score > 0.2 500 Normalized bins 0.675
0.650
700
0.625
600
10° - . - 1400 0.600
] . background Slgnal neutrOnS 500
signal 0.575
10° 4 1200 400 0.550
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800
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* Low score signal clusters have a notable 034
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corespondency to a beam-pipe-side neutrons xicm xiem .

100
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threshold=0.1
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‘O’ vs ‘1’ vs ‘2’ vs ‘3 and more’
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Multiplicity Reconstruction
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Energy Reconstruction

Cluster level. Threshold =0.0

Cluster level. Threshold =0.1

Ereco, GEV
Erecor GeV

Etrue, GEV

Cluster level. Threshold = 0.2
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Cluster level. Threshold = 0.5
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Cluster level. Threshold = 0.15

Etrue, GEV

Cluster level. Threshold = 0.7

Etrue, GV
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Spectra Reconstruction

Best cluster per event. Threshold = 0.2 Best cluster per event. Threshold = 0.5 Best cluster per event. Threshold = 0.7

Best cluster per event. Threshold = 0.1
105 - [0 all signal neutrons [ all signal neutrons [0 all signal neutrons [ all signal neutrons
Bl all primary neutrons Bl all primary neutrons B all primary neutrons 10% 4 Bl all primary neutrons
— Etrue — Etrue 10% 4 — Etrue — Etrue
— Epredicted 4 — Epredicted — Epredicted — Epredicted
T3 Epredicteq for fake 10% 5 T3 Epredicteq for fake T3 Epredicteq for fake T3 Epredicteq for fake
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3 best clusters per event. Threshold = 0.1 3 best clusters per event. Threshold = 0.2 3 best clusters per event. Threshold = 0.5 3 best clusters per event. Threshold = 0.7
5
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10° E 1 Etre 1 Etrge 4 1 Etre 1 Etree
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GNN Model

Training objective
e Cluster level:
e predict neutron class score

e reconstruct expected neutron
energy

e Node level (additional):

e ‘prompt’ neutron deposition class
score

e Edge class score connecting same
MC particles within clusters

Loss function
e Binary Cross Entropy for classification
e Mean Squared Error for regression
Loss = BCE, + MSE, + (BCE,;, + BCE,;,,)

luster luster
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GNN architecture
 MP:ir. Message passing layers hit -> hit within clusters

* Average pooling layer to aggregate hit nodes -> cluster
node

* MP.uster. Message passing layers. cluster -> cluster
» Cluster output: class score, predicted energy
» Additional outputs: node class score, edge class score




EOS for high baryon density matter

The binding energy per nucleon: EA (,0, 5) — EA (,0, O) -+ Esym (,0)52 -+ 0(54)

Symmetric matter Symmetry energy
. ASYEOS & HC@w 0 = (pn — pp)/p - Isospin asymmetry
'; 80~ FOPI-LAND v  mass(Skyrme)
100k g |7 Tangerd % IAS |+ Neutron flow measurements are
A : il Lynch, Tsang © mass(DFT) _ :
& 2 o ® HCGsd®) -+ _- essential to further constrain
E 7 [t * | symmetry energy
= %640' "~ Sensitive observables:
3 10¢ g
a % LeFveetal | E | Anisotropy flow coefficients:
= m Ié)lrpch e}i anli( from }Juchs etal| 8 | AN
11nychenko ef al. .
== Danielewicz et al. g 20- d—Otl T ZZ 0, COS [Tl (Qb_\IJRP)]/ Un = (COS [n ((P_\IIRP)])
Walecka model > Qb =1
ﬂﬂﬂﬂﬂ Fermi gas -
1 l ] l l l l l : l l l ] l l l l l O \ ! | ! ! ! ! | | | ! ! ! | ! ! ! | |
1 2 3 4 5 0 0.5 1 15 2
baryon density ng/n baryon density ng/n,

A. Sorensen et. al., Prog.Part.Nucl.Phys. 134 (2024) 104080
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