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Introduction

* The Highly Granular Neutron Detector (HGND) at the BM@N experiment is under
development for measuring the energy of neutrons up to 4 GeV produced in
nucleus-nucleus collisions.

= Neutron measurements are necessary to obtain robust information on the symmetry
energy of the Equation of State for high baryon density matter.

= A compact HGND prototype has already been designed and constructed to validate
the concept of the full-scale HGND.

= For the first time, small prototype of the HGND was used in 1**Xe+Csl at 3.8A GeV
run at the BM@N.

= The neutron yields in the HGND prototype acceptance were evaluated with model-

estimated efficiencies for central and semi-central collisions and for electromagnetic
dissociation (EMD) of 1%4Xe.
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e Design of Highly Granular Neutron Detector prototype

e EMD in RELDIS model

e UrQMD-AMC vs DCM-QGSM-SMM models

e HGND prototype efficiencies and acceptances
e Neutron yields and cross sections

e Background problem at 27° position



HGND prototype design

e Scint. layer Veto 120x120x25 (mm)
e 15t (electromagnetic) part:

5 layers: Pb (8mm) + Scint. (25mm)

+ PCB + air ~ ' scintillator
e 2" (hadronic) part:

9 layers: Cu (30mm) + Scint. (25mm)

+ PCB + air Hamamatsu S13360- 6050PE
Photosensitive area — 6x6 mm?
: _ 3
Scint. cell =40 x 40 x 25 mm ; Number of pixels — 14400
Total number of cells — 135 C”ﬂ Pixel size — 50 pum
Total size—12x12 x 82.5 cm3 L Gain — 1.7x108
Total length ~ 2.5\, e L PDE = 40%
Time resolution of cell ~200 ps’,
+ with light collection heterogeneity ~240 ps,
1%t layer - VETO + with other factors (such as trigger time resolution) ~270 ps

<

\ : 825 :
Necessary to s'eparate showers from y-quanta mm F.F.Guberet al.
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HGND prototype in the Xe+Csl@3.8A GeV run of BM@N
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Interactions of nuclei
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In most cases, EMD of a heavy Hadronic interactions:
nucleus results in the emission of a b<R +R

single or just few neutrons with the 1 "2
production of a single residual
nucleus
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Criteria for selecting events with spectator neutrons

FQH
Only single Xe ion in target
L__ SP4 : a
BC1 BN //’
beam - > /—-—
B
c2 / HGND prototype
o) "
uéEé'ﬁéé}'e'é'}Sé'Eé};% """"""""""
......................... >

Central & semi-central collisions

Ultra-peripheral collisions — EMD _ hadronic interactions
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Criteria for selecting events with spectator neutrons

* Selection of events without charged particles, ToF cut, y-cut (1.55 X, or 0.11 A ,)
* Reconstruction of energy by maximum velocity
* Scaled by incident ion beam rate

ch : - 3A Gev run Phlt :I | | | | | | | | | | | | | | I:
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Criteria for selecting events with spectator neutrons

* Selection of events without charged particles, ToF cut, y-cut (1.55 X, or 0.11 A ,)
* Reconstruction of energy by maximum velocity
* Scaled by incident ion beam rate

107 x10°°
0 T T T T T T T T e T T () SRR ERARE LA LA AL LA RALE RS AL R
o 0 3F + EMD i o) 0.45 E_ Hadronic interactions _E
% T F m Csl2% 18  04F - m Csl2% =
% 0_25;_ + ++ o without target _;% 0-352_ - O without target _z
© ook + 4° o3 - - E
Tt | o .
015:_ %‘ —: 0_22_ . . _z
Togn 1 oo
0055 :%: .%]4% - 0.1 o =
" . UVE el ST
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Run with Csl 1% target
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HGND prototype efficiency for neutrons

NS Geant4 simulation:
= - rerrrreeeereererere e e e ey Tt T T T 4 Box generator, only neutrons
& 10 e —| + VETO-cut
2 = 4 ° y-cut
- 60— —] °* ToFcut
- -4 We use the
S0 —| DCM-QGSM-SMM" and UrQMD-
= 4 AMC models to estimate the
40— —] detector efficiency for hadronic
m - interactions, and RELDIS™ for
30 — EMD
E E *M. Baznat et al., Monte-Carlo
20— —]|  Generator of Heavy lon Collisions
- = DCM-SMM, Phys. Part. Nucl. Lett.
- - 2020, 17, 303.
10 —
-1 **I. Pshenichnov, Electromagnetic
0 —1]  Excitation and Fragmentation of
--.I....I....I...I....I....I....I...._ Ultrarelativistic Nuclei. Phys. Part.
1 5 3 ) 3 5 B 3 Nucl. 2011, 42 (2), 215-250.
T, GeV
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RELDIS — EMD in simulation

o 102:""I""I'"'I""I'"'I""I""I""I""I""‘: ‘][]_5 v
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RELDIS — EMD in simulation

x10°
* _
-
o 03F 270ps
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S 025
S
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|\lhit
adCC =
I\Igen
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= EMD, exp

— RELDIS

u:'.t """""""""" ARARE RERRELARRE RARES
5 005 - EMD,exp -
c _
g 004 —RELDIS
) N
Only central module 1
0.03 —
0.02 =
0.01 &
: .
8 9 10 0 10
T, GeV T, GeV
Model acc, % g, % accx €, %
RELDIS 36.77 £+ 0.27 | 55.77 £ 0.41 | 20.51 £+ 0.15
RELDIS (1 mod.) | 8.15+0.14 | 36.80+0.65 | 3.00+0.05
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UrQMD-AMC vs DCM-QGSM-SMM

L A L B I R BN BRI
T,. = 3.8A GeV 3

‘0 — UrQMD-AMC, "®*Xe+""Xe B

— DCM-QGSM-SMM, *Xe+'*Cs 3

® 600A MeV Sn on Sn, P. Pawlowski et al (2023) .

1 _g O =

10~ o E
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Y. - Y,

A. Zubankov

DCM-QGSM-SMM and
UrQMD-AMC describe
the experiment well in
the rapidity region y, -
y,<0.

In the region y -y,>0,
DCM-QGSM-SMM
underestimates the
data whereas UrQMD-
AMC overestimates.

For DCM-QGSM-SMM,
there is a shift in the
rapidity relative to the

beam rapidity.
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UrQMD-AMC vs DCM-QGSM-SMM for BM@N

UrQMD-AMC
3.8A GeV 124Xe + 130Xe
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14.05.2025

DCM-QGSM-SMM
3.8A GeV 131Xe + 133Cs
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Spectator neutrons on the surface of the HGND prototype

with trigger efficiency correction from V. Plotnikov
72}
-
9
E - DCM-QGSM-SMIM
= 107
=
o
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10°° f H1
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P(multiplicity)

— DCM-QGSM-SMM

UrQMD-AMC

_|_|_|_|_u|| |||||u|| |||||u|| L1

2 3 4 5 6 7 8 9
Multiplicity

Neutron multiplicity on the
surface of the HGND prototype
—1.36 for UrQMD-AMC

—1.51 for DCM-QGSM-SMM
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Backgrounds & time resolution
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Reconstructed neutron energy spectra for hadronic interactions
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S O06F 2/ 4 © osf = | E
> F — uwaMpAvMc 3 3 F LB  DCM-QGSM-SMM
O 05F + I 4 O 05F ql e ] R =
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0.4F Xe Xe g 04F I‘I -] -
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c = E S T E 3 .
3 0.08F  UGMDAMC 3 3 oosf — bomacswsww 4 | Peak position of the
© o00sE Only central = 0.05E- || Only central 3 | reconstructed spectra of the
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B 3 310 % 6 7 8 9 10
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HGND prototype efficiencies for hadronic interactions

acc = 1 £ = Nieo
Ngen Nhit
Model acc, % g, % acc X €, %
DCM-QGSM-SMM 4.08+0.02 | 36.23+0.17 | 1.48 £0.01
UrQMD-AMC 2.87+0.02 | 43.64+0.24 | 1.25+0.01
DCM-QGSM-SMM (1 mod.) | 0.62+0.01 27.81 £0.37 0.173 £ 0.002
UrQMD-AMC (1 mod.) 0.40 £ 0.01 35.73 £ 0.58 0.142 + 0.002

The difference in acc and € is explained by the differences in angular distribution of

primary neutrons (17.70 vs 16.01) and in average multiplicity of neutrons hitting the
detector (1.36 vs 1.51).

14.05.2025 A. Zubankov 19




Cross-section estimation

N A d =0.175cm
o=—2"-(accxe)-(N)- N, =6.02-10% mol ™
Nions d-N,-p p=453g/cm?
RELDIS DCM-QGSM-SMM | UrQMD-AMC
N, /N. (1.51+0.14)-10°3 (3.87+0.02)-10°3
N, /N -(accxs)-(NY[(7.21+0.72)-103| (16.38+0.15)-10° |(17.47+0.18)-10°
o &P 1.96+0.20 b 4.46+0.04 b 4.76x0.05 b
o5 1.89+0.02 b 4.76+0.01 b 4.89+0.01 b

Glaub
A detailed study of the systematics will be in the future. o o =5.28Db
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Neutron yields at 27°
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Neutron yields at 27°
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Counts

Backgrounds DCM-QGSM-SMM

. Kinetic energies —— Side backgrounds
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- Kinetic energy reconstruction | side backgrounds
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Backgrounds

Experimental data _

Kinetic energy reconstruction Hosunua - 1 (-26.8 2padycos )
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Conclusions t

® The acceptance and efficiency of the ® Preliminary estimates of neutron yields at
HGND prototype in detecting projectile the 0.7° position and cross sections have
spectator neutrons from hadronic been made. A detailed study of the
interactions were studied using UrQMD- systematics will be in the future.

AMC and DCM-QGSM-SMM models to

, N e Measurement of neutron yields by the
generate primary collisions.

HGND prototype at 27° position is not

e The models were validated with GSI data possible due to the large number of
on neutron production in 600A MeV %4Sn  background-only events (more than a
+ 124Sn reaction. factor of 20).

® Also, efficiency and acceptance have been @ See A. Shabanov’s report on methods of
investigated for neutrons from EMD using  background control in full-scale HGND.
the RELDIS model.

https://arxiv.orq/abs/2503.12624 75
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Time resolution

T Vs T, with+ 270 and 150 ps shifts

T(t) vs t with = 270 ps shift

— Orriginal

------- t+ 270 ps
t-270 ps
t £ 150 ps

(8

IIIIEIIIIIIIII
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T | t+270ps | cl
5 : .
-1-270ps | Th=m
L 1=8.35m |
4? :.: ...... c=39+08m’1’5 ............. ................................................ ............................................... ............................................... 4
[l: m=0.938GeV |

T(t) (GeV)
__ N
e
Tiec (GeV)

e -
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HGND calibration

Ideal case
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HGND calibration

1. Amplitude normalization

1
Ampl = Ampl. ——
P P MPV

3500

3000

2500

2000

1500

1000

500

Time, ns

T

Time, ns

landau fit

1.887e+04 £ 1.073e+02

TITTTT[7TT

['h2_tvschan_cut_veto_min

1678095

Entries
Mean x
Mean y

Std Dev x
Std Dev y

51.45
0.265
31.06
1.572

0 5000

0
Channel

3. Determination

parameters of

the
approximating function for all
channels & time limit

4. Time-amplitude correction 5. Time shift
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HGND calibration

Time fit rms

Time-amplitude

correction of signals
made it possible to get
rid of the dependence of
time on signal
amplitude, which
improved the time
resolution by ~2.4 times.
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Fastest cells for EMD vs hadronic interactions

Comparison of hadronic interactions (CCT2) with electromagnetic dissociation (BT)
Run 8281 (BT) vs 8300 (CCT2) 3.8 AGeV

5 I LA A DL LN BRI WL L LB £ 5 B N L LR S L 014 -
O 10— EMD —_.0.016':" 3 10 hadronic __.00 o
i 1" —0.014 i I 17 =0.012
i3 | E 3 :
- B 1 —o.012 - .. ] —o.01
61 L C - 001 61 I - —0.008
: 1 —10.008 : ) 10,006
ar 1 —0.006 ar .
- - - {=10.004
- [] 1B 0.004 . 1
o - o -
N 1 0.002 B | [ 0-002
e N I TR P B M NN I B B
% 10 12 14 16 0 % 24 "6 8 10 12 14 16  °
Layer Layer
y-quanta cut — no hits in 1-2 layers in module => 1.55 X, or 0.11 A, ,
Most of the neutrons are deposited after the 7t layer for
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Neutron yields at 27°
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Trigger efficiency



Trigger efficiency by V. Plotnikov ()
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Trigger efficiency by D. Idrisov
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Impact parameter distribution

| DoM-QGSM-SMM

| uraMD-AMC

10 12 14 16

14.05.2025 A. Zubankov

38



Spectator neutrons on the surface of the HGND prototype

with trigger efficiency correction
wn
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10

— DCM-QGSM-SMM

UrQMD-AMC

P(multiplicity)

2 3 4 5 6 [ 8 9
Multiplicity

Neutron multiplicity on the
surface of the HGND prototype
—1.32 for UrQMD-AMC

—1.43 for DCM-QGSM-SMM
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Backgrounds & time resolution
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Reconstructed neutron energy spectra for hadronic interactions
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HGND prototype efficiencies for hadronic interactions

acc = 1 £ = Nieo
Ngen Nhit
Model acc, % g, % acc X €, %
DCM-QGSM-SMM 3.30£0.02 | 39.36+0.21 | 1.30+£0.01
UrQMD-AMC 2.57+0.02 | 4545+0.28 | 1.17+£0.01
DCM-QGSM-SMM (1 mod.) | 0.62+0.01 24.02 + 0.38 0.150 + 0.002
UrQMD-AMC (1 mod.) 0.40 £ 0.01 33.11 £ 0.61 0.132 + 0.002

The difference in acc and € is explained by the differences in angular distribution of

primary neutrons (17.70 vs 16.01) and in average multiplicity of neutrons hitting the
detector (1.32 vs 1.43).

14.05.2025 A. Zubankov 4?2




Cross-section estimation

N A d =0.175cm
o= & -(aCng)-<N>- N, =6.02-10% mol™
I\Iions d NAIO p=453g/cm®
RELDIS DCM-QGSM-SMM |  UrQMD-AMC
N /N [(1.51%0.14)-10° (3.8740.02)-10°3
N, N, _-(acex)-(N}] (7.2140.72)-10°3| (18.63+0.19)-103 |(18.77+0.21)-10°3
o &P 1.9610.20 b 5.07£0.05 b 5.11+0.06 b
o°m 1.89+0.02 b 4.76x0.01 b 4.89+0.01 b

Glaub
A detailed study of the systematics will be in the future. o o =5.28Db
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Cross-section estimation

( N d=0.175cm

P(d): X -(aCng)-<N> N, =6.02-10% mol
J N ions p=453g/cm?
kP(d):l—exp(—%)
d< A:
P(d):gzd N,-p-o

A A

O = Ill\::;/s -(aCng)-<N> d-NA;-p



UrQMD-AMC



Ablation Monte Carlo: decay code from AAMCC

* The excited nuclear fragments are formed by means of MST-clusterization
algorithm after UrQMD

* A few excited nuclear prefragments can be formed, in contrast with DCM-QGSM-SMM,
where all the spectator nucleon remain bound in one prefragment.

* Excitation energy of prefragment is calculated by hybrid approximation: a
combination of Ericson formula for peripheral collisions and ALADIN
approximation otherwise?)

* Decays of prefragments are simulated as follows:
* Fermi break-up model from Geant4 v9.2 ?)

* Statistical Multifragmentation Model (SMM) from Geant4 v10.4 2

. . . 1) R. Nepeivoda, et al., Particles 5 (2022) 40
* Weisskopf-Ewing evaporation model 2) J. Alison et al. Nucl. Inst. A 835 (2016) 186

fl"Om Gea nt4 V104 2) 3) 55t Geant4 Techical Forum
https://indico.cern.ch/event/1106118/contributions/4693132/

* They were validated and adjusted to describe the data3.

14.05.2025 github.com/Spectator-matter-group-INR-RAS/AAMCC 46



https://github.com/Spectator-matter-group-INR-RAS/AAMCC

Combining UrQMD and AAMCC

 AMC is developed to simulate secondary decays of spectator fragments created in other models, in
particular UrQMD.

* It is assumed that spectator matter is formed out of nucleons that do not undergo any collisions.

UrQMD:

Version 3.4

Cascade mode in this work
Offset radius 5 fm
Evolution time — 100 fm/c

Other parameters are set
to default values

14.05.2025

-

Unigen file

AMC:

* Find spectator nucleons

e Define prefragments via MIST-
clustering

e Constantd=2.7fm
* Model prefragments decays

e All the participant data remain
intact

A. Zubankov

.

Unigen file
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Knocking out some spectator nucleons
by mesons

b=10fm, T=13.5 fm/c b=10fm, T=14.0 fm/c

& &

z, fm 3 z, fm 2}

250 115 150 ? (.) —!5—}9-}5-%91_20 210 115 1.0 ? (.) —15—}9;[5-?})1_20

~15

—10

-5
£
0 %

5

10 10

15 15

20 20

Blue and yellow - spectator nucleons, red — participant nucleons, green — produced mesons
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MST-clustering

Clusters representation on the Side A

W) &V JETE S
.’v — £ :].@ 4 y
5y IS
.\.’ .1 f.- e

* Graph vertexes — nucleons, edges weights — Cartesian

Beam- eye view

distances between them. i.

* (@) The minimum spanning tree is selected from the _ \

complete graph

* (b) All edges with a weight greater than d are removed. d is

the clustering parameter depending on the excitation energy

* (c) Connectivity components are separate (pre-)fragments Prefragments in a central
collision

.\ACZ

The prefragment is dynamically divided into several
prefragments until thermodynamic equilibrium is reached.
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137Au fragmentation
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UrQMD-AMC and AAMCC describe Zmax. Models give similar numbers of He
UrQMD-AMC is systematically lower than AAMCC for Zpouna < 50. This is due to a smaller spectator volume in UrQMD.

AAMCC is closer to data on Miur, while UrQMD-AMC overestimates Mivr in semi-central collisions. This is because of higher
excitation energy of prefragments since more nucleons are removed.

.The difference in H fragments can be attributed to the different number of participants, because of a larger contribution of
protons from MST-clustering
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Nuclear interaction

Number Of free nLlCleonS .-"'“""‘u 60 ._I | L [ | L I L P | L I | | | | | I_
80 ! — AAMCC-MST -
~ 50 - ---AAMCC N
70 i e ALICE (2021)
60 - «®® i
401 ® ¢ o N
50 C i
40 30:— _
S 20 |- -
20 i :
' 10 ® e L ] -
10 E - | : |
0 0 '_'_ | | | | 1 I 1 11 | I 11 | 1 11 I I 11 ]
0 2 4 6 8 10 12 14 16 18 20

Number of free spectator nucleons as a
function of the impact parameter in collisions
between %7Au nuclei at NICA at Vs, =5 GeV

A. Svetlichnyi & I. Pshenichnov, Formation of Free and
Bound Spectator Nucleons in Hadronic Interactions Nepeivoda, R. et al., Pre-Equilibrium Clustering in
between Relativistic Nuclei. Bulletin of the Russian Production of Spectator Fragments in Collisions of

Academy of Sciences: Physics 2020, 84 (8), 911-916. Relativistic Nuclei. Particles 2022, 5, 40-51. 52

b, fm

Average multiplicities of neutrons in 2°2Pb—2%8Pb collisions at
Vsyy = 5.02 TeV as functions of the collision impact parameter




Nuclear interaction

protons neutrons
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