GNN-based neutron reconstruction in

the highly-granular neutron detector at
the BM@N experiment
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BM@N experiment

BM@N (Detector) 9FD -

Extracted beam (Detector) % =
\/I

Collider

Studies of Baryonic Matter at the Nuclotron
(NICA, JINR Dubna)

» Heavy-lon beam with energies up to 4A GeV
interacts with fixed target

= nvestigate the equation-of-state (EOS) of < |
dense nuclear matter which plays a central NI g
role for the dynamics of core collapse
supernovae and for the stability of neutron
stars.

» Azimuthal properties of produced particles -
important tool for EOS studies

MPD
(Detector) *

*we focus on neutron flow and yields
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Neutron detection

Absorber Shower of secondary particles

{4

Incoming
particle

Pt
Calorimetry: Sensor grids
* Particles interact with matter
 Depends on particle type
* Neutrons travel on a long distance w/o
interaction before producing a shower
* Energy loss transferred to detectable signal
e Light (e.g. scintillator) -> electric signal
* Signal collected and acquired
* (Good energy resolution for 5+ GeV n?
* In the end: digitized signal
* Coordinates, energy deposition, time
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Time-of-Flight (ToF) measurements:

* Time of arrival and distance to the production
point gives momentum of a particle

= With known particle mass (neutron) we can
calculate it’s energy

1
V1= G

we use calorimeter image to identify
neutron and ToF to reconstruct it’s energy

Lrop = M, — 1 Good energy
resolution up to

2-3 GeV no

Neutron is one of the most challenging particle
types for reconstruction due to relatively low
probability to interact with matter. Yield of
visible energy is very low at energies < 1GeV



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 SIiPM
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 with full detector setup model:
3 AGeV Bi+Bi DCM-QGSM-SMM model + Geant4 v11.2.0 FTFP_BERT
~1M events
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Hit Level Information

ToF energy for neutron hits
Neutron hits

* Edep >3 MeV ~ 0.5 MIP
* ToF energy for n9 hypothesis:

1
ETOF — mn(\/l —ﬂ2 _ 1)
¢ thit+NV(0,0t = 150ps)

e clip at 10GeV

e Each hit is linked with
corresponding surface MC particle

e sighal — neutrons passed the
upstream HGND surface

10°

109

 Underestimation - neutron shower development
» Overestimation - background contributions in the same hits
= \ore precise labelling is under development
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Hit Level Information

ToF enerav for neutron hits
Prompt neutron hits

* Edep >3 MeV ~ 0.5 MIP 10
* ToF energy for n% hypothesis:

104
| Hit E1or distributions

1 o ; 10° backround
Lr,p= mn<\/1 — 5 — 1) ;'10 N 1 n° prompt hits

e thit+N(0,0t = 150ps) _
O 100 @]
e clip at 10GeV O, , s
« Each hit is linked with 2 G e
corresponding surface MC particle . 10° |
e signal — neutrons passed the - o

upstream HGND surface ok : ; : 100 | : 4 6 8 L

* Prompt neutron deposition Exin [GeV] Etor [GeV]

selected by En € Etor(thit £ 2 L
Y En € Etor(thit = 204  Underestimation - neutron shower development

* Overestimation - background contributions in the same hits
= \ore precise labelling is under development

e other hits - background
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Neutron Multiplicity

Neutron multiplicity per event
e Multiplicity counts require

O
o

e existence of prompt hit - n°
e Eno>0.1GeV ., 0.5
e neutron passed upstream HGND surface %OA
* Distributions normalised to number of events % -
with energy deposition = 0.2
= Neutron detection efficiency is not discussed =
e Reconstruction algorithm has to deal with -
neutron multiplicities > 1 0.0 FEEE ’ ; v y

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 . ne e
HEPML-LivingReview - 4
AN T SO A
o g YO e Non
Graph. / 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:
* hit coordinates: layer, row, column
* Egep >3 MeV ~ 0.5 MIP
e hit time + N(0,0 = 150ps)

e EtoF

 Edges
* Predefined clustering:
e radius graph. R = 3.6 cells
* time window 1.5 ns
* cluster — isolated subgraph
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Labeling for further training
e Cluster level:

e Signal cluster contains at least 1
prompt neutron hit

e Energy of fastest neutron with prompt hit
In a cluster

10



Clustering

e Soft spatial rule.
 search radius R = 3.6 cells
e ~strict temporal rule i
* time window 1.5 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

1.0

1.0 A

0.20 A

0.8 - 0.8 -

0.15 A

0.6 A 0.6 -

0.10 -

0.4 - 0.4 A

0.2 - 0.2 - 0.05 A

T T T OO - ! ! ! OOO =
1 2 3 4 5 1 2 3 4 5 0 2 4 6 8 10

0.0 -

* isolation >95% » prompt n0 splits in secondary ¢ significant background
clusters at level of < 2% contribution => make use of ML
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GNN Model

Heteregenious GNN architecture
* MPhit. EdgeConv+GraphSage layers hit -> hit within

Training objective
e Cluster level:

: ot t I clusters
predict neutron class score » GraphConv layer to aggregate hit nodes -> virtual
e reconstruct expected neutron cluster node

energy * MP.uster. FC EdgeConv layer. cluster -> cluster

 Cluster output: class score, predicted energy

Loss function

e Binary Cross Entropy for classification HoUD - i
energy

e Mean Squared Error for energy ) ) | score,
regression O-O9© N '

g 0*0566 0 energy,
Loss = b CEcluster +M SEcluster er‘f‘ggj’

@ PyTorch Geometric library
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Cluster Reconstruction Performance

e QOverall good cluster classification
performance. ROCAUC=0.96

e Energy resolution =13% —
estimated on integrated relative
error for true neutron clusters

e Linearity within 10% for the
most part of energy spectrum.
Model compensates ToF
overestimation
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GNN energy regression
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Neutron Energy Spectra

Examples of resulting neutron energy spectra

3 best clusters per event. Threshold = 0.3 3 best clusters per event. Threshold = 0.5 3 best clusters per event. Threshold = 0.7

all signal neutrons
L1 Etrue
] Epredicted

-__.! Epredicted for fake

10000

8000

6000 1

N events

4000

. . Etrue
Efficiency =

all signals
20001
0
, Efake
Purity =
1.09 Epredicted
0.51
0.0

 Energy dependent reconstruction performance
* Trade between purity and efficiency
* Optimal reconstruction scenario will be optimised on end-to-end physics performance simulation
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Summary & Outlook

» Graph Neural Network-based neutron reconstruction algorithm in the highly granular time-of-
flight detector is presented

» Further steps for GNN model development:
* Implementation of differentiable clustering
» Detailed study of background contributions
= Model architecture development

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

= (Generative model is under development

V. Bocharnikov. FCS Conference 2025 15



Event Displays

O n% Erpe = 2.39 GeV O n® Erpe = 1.13 GeV O n% Erpe = 1.16 GeV

n° Erpe = 1.8 GeV o :'c‘fr‘;er_oa s () n®Erme=1.336ev
js, Cluster L: “=! Ereco = 1.14 GeV ... Clustero:
¢\ score = 0.75 | } (" ) score = 0.0
‘-~ Freco = 2.3 GeV ., Clusterl: =" Ereco = 3.94 GeV
. 4.0 (" 7} score = 0.0 4.0 i 4.0
. cluster 4: “~" Freco = 4.23 GeV . cluster 1:
¢\ score = 0.39 ) score =0.01
“~-? Epeco = 1.57 GeV “~  FEpeco = 0.8 GeV
_ cluster 2:
{ ) score=0.17
“~~  FEpeco = 1.18 GeV - 3.5
- 3.5 3.5 - cluster 3:
") score = 0.0
~~  Fpeco = 0.32 GeV
74 4 cluster 4: 4
0 740 ("7, score = 0.22 740 3.0
= Epeco = 1.02 GeV
730 3.0 730 3.0 -« Clusters: 730
(" 7 score =0.0
~~  FEgeco = 0.1 GeV
720 720 ..., Cluster6: 720 25
€ £ {7, score = 0.0 £ :
[¥] %] “«  Epeco = 0.65 GeV %]
710 710 710
— —_ — cluster 7: —
2.5 3 2.5 N (" ) score = 0.0 3
700 9 700 5 ~= Egeco = 0.4 GeV 700 S}
kS 5 cluster 8: 2.0 4
iy i score = 0.37 &
690 690 EReco = 0.34 GeV 690
— cluster 9:
680 2.0 680 2.0 {7} score = 0.34 680
“~«  Epeco = 1.33 GeV 1.5
— cluster 10:
{* ) score =0.0
N~ Fpeco = 0.76 GeV
- cluster 11:
{~ ) score =0.01
15 - N—' Freco = 3.82 GeV 10
— cluster 12:
{~ 7 score = 0.01
N~ Fpeco = 1.36 GeV
0.5
1.0 1.0
-100 30 -100 30 -100 30
O n® Erpe = 321 GeV O n® Erpe = 1.24 GeV O n® Eqpe = 1.39 GeV
O N Erpe = 1.24 GeV O n° Eqppe = 2.03 GeV . Clustero:
. ] (" ) score = 0.0
. Clustero: - Clustero: ~~' Ereco = 0.25 GeV
" ) score = 0.84 " ) score =0.09 .
=" Epeco = 1.72 GeV =" Epeco = 1.26 GeV ., Cluster1:
I . 4.0 | . 4.0 [ ) score=0.4 4.0
-~ cluster 1: -~ cluster 1: “~ Freco = 1.58 GeV
[ score=0.0 [ score=0.0 )
“~" Egeco = 0.26 GeV “~" Egeco = 0.37 GeV o g'clésr?f_% o
cluster 2: cluster 2: ! Eo = 022 Gev
(" score = 0.0 (") score = 0.79 Reco = =
~~" Ereco = 0.6 GeV L35 =" Freco = 2.24 GeV 35 o g'clgsrzef:é o -3.5
cluster 3: cluster 3: ~-! Eneeo = 0.36 GeV
(" score =0.0 (" score =0.0 Reco
= Fpeco = 0.17 GeV ~~' Fpeco = 3.72 GeV o Sc%srfeer;(:) o
cluster 4: cluster 4: ! =01
740 740 N~ E = 0.1 GeV
(", score = 0.01 30 (", score = 0.0 Reco 3.0
=" Epeco = 0.68 GeV : ~~' Epeco = 3.61 GeV 3.0 S glclf,srfr:sé 78
- cluster 5: 730 730 \4, Ereco = 1.37 GeV
(" 7 score=10.0 ‘
~=" Epeco = 0.19 GeV -~ Custers:
. 720 720 [ =
- cluster 6: 55 “«  Fpeco = 0.11 GeV 2.5
{  score=0.09 £ . £
“ = Freco = 1.29 GeV o o 2.5 -~ cluster 7:
oeter 7 710 710 (", score = 0.04
cluster /7 - - =" Epeco = 1.18 GeV -
i~ score = 0.0 3 3 Reco 3
= Egeco = 0.24 GeV ) I5) cluster 8: 3
700 2 700 = score = 0.0 207
20 & £ Egeco = 0.73 GeV &
2.0
690 690
680 680 15
1.5 ’
1.5
1.0
1.0
1.0
0.5
0.5
30 30 30
-100 -100 05 -100

V. Bocharnikov. 15th BM@N Collaboration Meeting 16



Physics performance toy-test

Resample test HGND dataset to get different neutron spectra:

SMASH simulations Xe+Cs @ 3.8A GeV:

500k events for 3 symmetry potential (Spot) ® Sp=18MeV: predicted - true
B S,:=90MeV: predicted true
values
Neutron to proton ratio vs Exin.
All reaction particles. S
Centrality selection: |y| < 0.5 s e U
o 1S5p——T1Tr———1Tr———r——rrTT G 1.0 -__::,_ﬁ:;1_3‘-#-_--_-!'_'5'_'_"_’_"_"_"_"_".".".".".‘;‘;‘f;';';'-::~_.h,_.:;_
c 1.45 : g::?:';‘e’v | [] 1 _i 0.9 - *n
1.4 - SerooleV q W | -; %00 0.5 1.0 15 2.0
' = — Ekin,GeV
1.3 o =
o il 1.25 ® l _;
G 12F 0 ee e 4 Pl 4 £
.'::.'::,-,-, “l. 1.15 !!x:::AAA A , ‘ —;
smash 11 5
1.05 —5
o0 1 15 2 25 3
E..,GeV
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Physics performance toy-test

Resample test HGND dataset to get different neutron spectra:

SMASH simulations Xe+Cs @ 3.8A GeV:

500k events for 3 symmetry potential (Spot) ® Spor=18MeV: predicted - true
Va|ueS B S,t=90MeV: predicted  **** true
Neutron to proton r atio vs E more strict neutron selection
Kin- 1.5 1.5
All reaction particles Threshold =95 " ;  Threshold=07
Centrality selection: |y| < 0.5 T . e
a 15T 5 1.0 ---:,.‘,-‘m--'-'1-3'-#::!'Jg'-'-"-’-"-"-"-"-"-"i1';'-‘;';'111":'-'-~~.-.;;- 5 1o- e R B g —
2 tasp 4o, Bl 2 0s) o
1.4 o e O : | _; o8 0.0 0.5 1.0 1.5 2.0 0.8 0.0 05 10 15 50
o oo ; Exin,GeV Exin GeV
g 'y 1.25 ‘.I; © A —E
B 12F 0 ee e 4t L 3 E
l.::.,::::._‘l. 1.15 .’x:::AAA A 4 ‘ —; . . . . .
smash 11f 4 « Qualitatively, it’s possible to separate different symmetry
‘-°f T potential at ~1GeV+ with relatively strict selection criteria
oo T % P sev ¢ Detailed understanding of background contributions is
essential
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Multiplicity Reconstruction
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Energy Reconstruction

Event level. Threshold = 0.1 Event level. Threshold = 0.2
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N events

10° 1

104 4

103 4
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101 4

N events

Best cluster per event. Threshold = 0.1

Spectra Reconstruction

2 3 4
Exin [GeV]

3 best clusters per event. Threshold = 0.1

qomi
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i
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N events
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Efficiency In the XY-plane
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EOS for high baryon density matter

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

Symmetric matter Symmetry energy

IHII(ll(nl/p)l -
mass(Skyrme)

ASY-EOS
FOPI-LAND

oo
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[W—
(-
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T T T ]

mass(DFT)

Lynch, Tsang
HIC(1sodiff)

S
N 4

! ]
v'§
Tsang et al. ¥ IAS
Qo
+
A
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T T T 1 l

¢4 1eFevreetal !
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% i

pressure [MeV/fim’]

Oliinychenko ef al.
Danielewicz et al.

symmetry energy S(ng) [MeV]

Walecka model
=== Fermi gas
1 | | l l l | l I l | | | | I | l | I O ! ! ! ! | ) ! ! ! | ! ! ! ! ] L L L L
1 2 3 : ) 0 0.5 1 15 )
baryon density np/n baryon density ng/n,

A. Sorensen et. al., Prog.Part.Nucl.Phys. 134 (2024) 104080
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0 = (pn — pp)/p - Isospin asymmetry

« Symmetric matter is extensively
studied

 Symmetry energy contribution lacks

experimental data at energies above
800A MeV

* Neutron-rich matter like a neutron
star requires measurement of
symmetric energy parameters

= reconstruction of neutron flow and
yields

24



Multiplicity Reconstruction

 [est dataset e 4 multiolicity cl |  E
. 502198 events multiplicity classes:
L e [0, 1, 2, 3 and more]  E
e Selection: _ .
Fixed cluster score i

* Etrue > 0.1 GeV

threshold = 0.5 a
e Ereco> 0.1 GeV

01 365508 = “2ioiclel BN ; 04 387504

1.0

e horizontal normalisation is related to efficiency o 1 2 5 o 1 3 3

o efficiency decreases for higher true multiplicities e Hmatched
and higher score threshold

e vertical normalisation is related to purity

e high score threshold allows to separate up to 3
‘good’ neutron clusters

Nmatched

262

Matched neutron - reconstructed cluster corresponds 13 wosss ER K
to MC-truth neutron cluster.
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Tracking Outlook

« BM@N has a dedicated tracking system to
reconstruct charged particles

* Tracks may be projected to the HGND

upstream surface T

= Additional source of information to reject
clusters from charged particles
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Physics performance toy-test

Resample test HGND dataset to get different neutron spectra:

SMASH simulations Xe+Cs @ 3.8A GeV:

, 1.4- Threshold = 0.2 1.4- Threshold = 0.3
500k events for 3 symmetry potential (Spot)
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o o5 1 15 2 25 3 e Qualitatively, it’s possible to separate different symmetry
potential at ~1GeV+ with relatively strict selection criteria
* Detailed understanding of background contributions is
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Event Level Performance

Single neutron reconstruction approach:
» Select best cluster in event by cluster score
—— Purity —— Efficiency

* Varying threshold for event score and calculate 0 purity prim Efficiency prim
neutron reconstruction efficiency and purity

Event classification performance vs score threshold
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» At selected threshold 0.5 Efficiency = 0.57, Purity = 0.77
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Motivation

Measurements of neutron flow and yields require reconstruction of neutrons

Neutron reconstruction task:

e |dentify neutrons produced in reaction in presence of background
= yse of high granularity

e Reconstruct neutron kinematics:
e Kinetic energy — time-of-flight (ToF) method

e Multi-parameter task = may benefit from ML-based methods
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