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1. BbiICOKOrpaHyAapHbI HEUTPOHHbIW
netektop HGND



BM@N — nepBbln AENCTBYOLWNN SKCMEPUMEHT Ha NICA

Nuclotron-based lon Collider fAcility

BM@N (Detector) |
Extracted beam |




NUccnepoBaTtenbckaa nporpamma BM@N
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HEWUTPOHOB K NPOTOHaM
A. Sorensen et. al., Prog.Part.Nucl.Phys. 134 (2024) 104080 UYBCTBUTENBHO K BKAAZY
* Mano akcnepmMmeHTaNbHbIX AaHHbIX NO BKAaAy SHeprmm 3HEepPrnn CUMMeTPUU B
cuMmmeTpumn npun aHepruax sbiwe 800 M3B. YpaBHEeHWe COCTOAHUA

* Heobxoanma peKOHCTPYKLMA NOTOKA HEMTPOHOB W BbIXOA,0B. AfEepPHOM MaTepumn. 5



YcTtaHoBKa BM@N

Baryonic Matter at Nuclotron

O EEIDBODOO0OD0ODBOEBEOHBHEBNNO

L]

Magnet SP-41 (0)
Vacuum Beam Pipe (1)
BC1, VC, BC2 (2-4)
SiBT, SiProf (5, 6)

BD (7)

VSP, FSD, GEM (8, 9, 10)
FD (1)

L x CSC 1x1 m’ (12)
TOF 400 (13)

2 x CSC 2x15 m® (14)
TOF 700 (15)

ScWall (16)

Small GEM (17)

Beam Profilometer (18)
FQH (19)

FHCal (20)

HGN (21)

Ha BM@N n3mepsatoTca aHM30TPOMNHbIE MOTOKM NPOTOHOB C MOMOLbIO TMOPUAHON TPEKUHIOBOM CUCTEMDI
COBMECTHO C BpemaAnpoaeTHbiMu getektopamu TOF n nepegHmnm agpoHHbIM KanopmumeTtpom FHCal 6



HenTpoHHble AeTeKTOopPbI

OCHOBHble MeToAbl HEUTPOHHOM Neutron energy, MeV

CneKkTpomeTpun: 4 10 100 1000 10000
|
A ) :
n-p elastic scattering eff. ~10°

c | |
)
= Time-of-flight eff. ~0.01 — 0.9 €= HGND =9 | Calorimetry eff. ~1
9 | |
g Pulse height distribution eff.~0.01 - 0.2
& | | |
< Threshold reactions eff. < 10°

| |

Bonner spheres
|

[ ] —definite correspondence between energy and measured value

— complicated unfolding procedure with well-known response functions and
some a priori information about neutron spectrum is required

03.12.2025 A. Zubankov

From Vladimir Yurevich,
Study of neutron production
in nucleus-nucleus collisions,
BM@N collaboration
meeting, 3—8 Oct. 2021




MonHomacwTbaHbit HGND

e HGND pa3pabartbiBaetca B UAU PAH ansa
N3MepeHNa a3uMyTaJIbHbIX NOTOKOB U
BbIXOA,0B HEUTPOHOB C SHEPTUAMMU OT
300 M3aB pno 4 3B B aapo-aaepHbIX
B3aMMOAENCTBMAX NPU CTONIKHOBEHUAX
TAXENbIX MOHOB C 3Hepruamu o 4A B
B SKCNepumeHTe ¢ PUKCMPOBAHHOMU
muweHbto BM@N 8 OUAMN.

[1aHHble 0 NOTOKe HEUTPOHOB B
AnanasoHe sHeprnn BM@N noka
OTCYTCTBYIOT.

S. Morozov et al., The Highly-Granular time-of-flight Neutron
Detector for the BM@N experiment, NIM A 2025, 1072, 170152
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KoHcTpykumna HGND

2 nnedva no 8 cnoes:

e 3 cm Cu (nornotutens)

* 11x11 maTpunua CUUHT. AYeeK 2.5 cm
* 0.5cm PCB

* [onepeyHbin pasmep 44x44 cm?

VR A XA kA

03.12.2025 A. Zubankov Scintillator + MPPC e



KoHcTpykumna HGND

EQR15 11-6060D-S MPPC SiPM
* AKTMBHaA naowaab: 6x6 mm? v
e KBaHTOBaA adpPpeKTnMBHOCTb: 45% (420 HM)

* YcuneHune npumepHo 4 X 10° scintillator

CuMHTUANATOPbI HA OCHOBe noauctupoaa c POPOP
* Bpema sbicBeunsaHua: 3,910,7 Hc.

* BpemeHHOe pa3peweHune aveek: 150 nc
* [lonHaa gnavHa getektopa: ~0.5m, V1.5 A,
* OPPEeKTUBHOCTb AETEKTUPOBAHMA HEUTPOHOB: “50% @ 1 GeV

* JHepreTnyeckoe paspelieHue: - 2% (0.3 GeV); 20% (4 GeV)
* CsetoBbixoa Ha MIP: 15819 ¢.s.
 [InHamunyecknn gnanasoH: 1 —8 MIP

03.12.2025 A. Zubankov 10



[NnaHnpyemoe nonoxkeHne HGND Ha BM@N

ScWall | i »

e . TOOD

* ToF metop c TO B KayecTBe «CTapTOBOro» BpemMeHu
 BpemanponetHaa 6a3a~ 7 m
* [leTeKTOp pa3geneH Ha ABa «nae4va» 414 yBe/IM4yeHMAa akuenTaHca

03.12.2025 A. Zubankov 11



2. [Npototnn HGND



[NMpoTtotTnn HGND

YcTaHOBKa
BM@N

20 [1na NnpoBepPKU KOHLENUUU
noaHomacwTabHoro HGND 6bin
npotectuposaH npototun HGND B
peakumm 124Xe+Csl npu sHeprum nyyka
3.8A 3B B akcnepumeHTe BM@N.

AneKkTpomardmtHasa gmuccoumauma (M)
paHee He M3yyanacb B CTO/IKHOBEHUAX Xe
Mpototun HGND | NPV 3Hepruax 2—4A I3B.

Mpototnn HGND moXeT bbITb MICNONb30BaH ANA U3YYEHNA HEUTPOHOB U3
yAbTpanepndepmniecknx CTOIKHOBEHUM N HEUTPOHOB-CNEKTATOPOB Ha Ny4YKax n3 HyknoTpoHa.

N3mepeHbl BbIXoabl HEUTPOHOB ¢ NomoLlbto npototTnna HGND ¢ moaenbHO-OLEHEHHOM

30 PEKTUBHOCTLIO ANA LEHTPAbHbIX M MONYLEHTPANbHbIX CTOIKHOBEHWUI, a TakKe ana M/
124Xe

03.12.2025 A. Zubankov 13



KoHcTpyKuma npototmna HGND

 CumHT. chom Veto 120x120x25 (mm) B SIPM
* 1uyacTb: PSS S
5 cnoeB: Pb (8 mm) + CUMHT. (25 mm)
+ PCB + BOo34yX
* 24aCTb:
9 cnoeB: Cu (30 mm) + CUMHT. (25 mm)
+ PCB + BO34yX
CumHT. AYenKka — 40 x 40 x 25 mm3
Ob6wee uyncno ayeek — 135 t2em
O6wmnit pasmep —12 x 12 x 82.5 cm?

scintillator

Hamamatsu $13360- 6050PE
AKTMBH. naowaab — 6Xx6 mm?2
Yncno nukcenen — 14400
Paszmep nukcena —50 um

\
| Ycunenune — 1.7x10°

O6uwan gnamHa ~ 2.5 A, e - PDE —40%
BpemeHHOe pa3peweHune a4yeek ~200 nc,
+ C HepaBHOMepPHOCTbIO cBeTocbopa ~240 nc,
1 chow - VETO + c apyrnmmn pakTtopamm (TaKMx KaK HeEHYNEBOE pa3pelleHue Tpurrepa) ~270 nc

< >

\ J
Y 825 mm x
HeobxoanMmbl Ana pasgeneHusa NMBHeN OT Y-KBaHTOB F.F. Guberet al.

03.12.2025 A. Zubankov 10.1134/50020441223030065 14




[NMpoToTnn HGND B ceaHce Xe+Csl@3.8A GeV Ha BM@N

O
’ [U( ! ‘ H MNonoxeHue 0.7°:
1 il === TecTUpOBaHWe C U3BECTHOM
!

Kruglova I.
i SHepruen HeEMTPOHOB (HEMUTPOHBDI-
Outer tracker § cnekTaTopsbl) — 3.8 '3B.
MonoxkeHue 27°:
N3mepeHnA CNeKTpoB HEMTPOHOB
B o6bnactmn ~ midrapidity.
|
N -
iy
Ry
g - T )
= &
Central d | & .
\ : o%% = o

tracker
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3. U3amepeHunsa BbIXxo40B HEUTPOHOB



Bsanmopaencreuna agep

IMA: AAPOHHbDbIE B3anmMmoaeuncrema.
<K.+
t 4 Ncnonbsyem moaenm: b Rz Rz
b>R +R, RELDIS DCM-QGSM-SMM
I. Pshenichnov, M. Baznat et al., Monte-Carlo A Z
Electromagnetic Excitation Generator of Heavy lon 17 1
Z and Fragmentation of Collisions DCM-SMM, Phys.
1 | Ultrarelativistic Nuclei. Part. Nucl. Lett. 2020, 17, 303. V
o || Phys Part. Nucl. 2011, 42 A >
A (2), 215-250. UrQMD-AMC
A.O. Svetlichnyi et al., b
b B 60nbLUMHCTBE Cnhy4vaes, B Production of spectator
pesynbTate IM/, TAXKeNbIX neutrons, protons and light Y
fragments on fixed targets at
AAEP NponcxoamnT 3IVLMCCMH NICA. ArXiv:2510.02992v2
oA4HOIro nanm AByx HEUTPOHOB [Nucl-Th], 2025 1-15.

C poXAeHnem oHOoro
OCTaTOYHOrO A4Pa

A, Z
21 <3
A, Z,

03.12.2025 A. Zubankov 17



Bsanmopaencreuna agep
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CpaBHeHMe N3MepeHnin 1 Moae/IMPOBaHMA

m x‘!IDI—E:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII w X10_3
c n N - 07:_
% 0'3:_ = EMD, exp E % 0 6: m Hadronic, exp
S oaf 15 o Pl e
o - S . — o e Xe + 133Cs
&) - RELDIS ] 8 0-5E *JJ | P—E’% —— UrQMD-AMC
0.2:— o, = 270 DS E . 4:_ I 124y + 130y @
0 15:_ = - 1 o,= 270 ps
E . 0.3F FL
0.1 = - 8!
- n 0.2F -
0.05:_ _: 0_1:_ - C KoppeKumen Ha EF
E - - 3pHEeKTUBHOCTb TpUrrepa
OOI I1 23456785310 T R B
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), = N En = PeKOHCTPYMPOBaHHbIE CNEKTPbI M3 MogenuposaHua {2, = N En = N
gen Nyit XOPOLLO COr/IacytoTca C AaHHbIMU. gen hit
Q., % £, % Q.x&g, % | A.Zubankov et al. Performance study of the Q, % En Yo Q, x &, %
34.21 60.06 20.55 | Highly Granular Neutron Detector prototype in || 3 87+ 0,02 | 37.33+0.17 | 1.45 + 0.01
the BM@N experiment. NUCL SCI TECH 36, 226
+ + +
£0.25 £0.44 2021 | (2025). https://doi.ore/10.1007/541365-025- 2.63+0.01 | 45.09+£0.25| 1.19+£0.01
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https://doi.org/10.1007/s41365-025-01817-x
https://doi.org/10.1007/s41365-025-01817-x
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4. BocCTaHOBAEHME CNEeKTPa HENTPOHOB



BanaHue BpeMeHHOIo pa3peweHna Ha CNneKkTp HeﬁTpOHOB
T.ec VS T, with + 270 and 150 ps shifts
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CneKTpbl Pa3masblBalOTCA B CTOPOHY BbICOKMX SHEPTrUni 88‘2‘:
1N3-3a BpeMeHHOro paspeweHua ~270 ps. Opskiadel
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TeKkyllan paboTa — pa3BopaymMBaHmMe CNEKTPOB

PasBopaumBaHume (unfolding) cnektpa nomoraeTt ycTpaHUTb BKAaJ BOPEMEHHOIO pa3peLleHunn B
dopmy cnekTpa.

Mbl nucnonbzyem ppermaopk RooUnfold ansa BocctaHoBeHUA cneKkTpa BHYTPU cpedbl ROOT.
https://gitlab.cern.ch/RooUnfold/RooUnfold

NCTUHHAA / \ \
MaTtpuua PekoHcTpynpoBaHHaa || ¢poH

KNMHeTn4yeckan
SHeprua HeVITpOHOB OTKJ/IUKa KMHETNYECKaA IHEPTUA

MaTpuuy oTKAKKA R nonydaem moaenmpoBaHnem oTkamka npototna HGND Ha HENTPOHBI.

Ncnonb3yeTcsa ntepatmBHbIM BanMecoBCKMM MeToa, BBEAEHHbIN B PU3MKY YacTul, [1'ArocTMHMU
Ha OCHOBE 3/IeMEeHTOB 6aleCOBCKOW CTAaTUCTUKM.
B Apyrmx obnactax aTOT Nnoaxod M3BeCTeH KaK AeKoHBoaoUmnA PnyapacoHa-Jltocu.

03.12.2025 A. Zubankov 22
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PasBopaumBaHue c nomouibio oTKAnKa n3 RELDIS
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PassopaumsaHue c otknmnkom n3s DCM-QGSM-SMM n UrQMD-AMC
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2 - Measured T, hadronic
-..g — Simulated T, DCM-QGSM-SMM
c 10° = Unfolded T, using DCM-QGSM-SMM
3 = Simulated T,, UrQMD-AMC
© = Unfolded T, using UrQMD-AMC
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B : Ceqe v —
10° = 5 “ole®
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CpaBHeHMe ¢ gaHHbIMmK 600A MeV Sn+Sn

::: 103 =
- - «  B600A MeV '2*Sn on '**Sn, P. Pawlowski et al (2023)
102 =
. +  3.8A GeV ®*Xe on Csl, HGND prototype at BM@N
10 =—
- °® y ._:_ ?:_:__4‘_
e '
1 = o * .T L
E o® .ﬁﬁ* L :r n
10_12:%..-"' - "T;w |
— o * * ::—4—?:&
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107 =
= | | | | | | | | | | | | | | | |
-0.6 0.4 -0.2 0 0.2 0.4 0.6
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Ul
‘N

BbiBOAbI t

® BbiCOKOrpaHynapHbIn HEUTPOHHbLIKM aeTekTop HGND pa3pabaTbiBaeTca B
NAN PAH ana namepeHuns BbiXxoaoB U MOTOKOB HEUTPOHOB HAa BM@N.

® [Ipototnn HGND ycnewHo ncnosb3osasnca B ceaHce Xe+Csl@3.8A 3B.
® /13mepeHbl BbIXOAbl HEMTPOHOB € NomoLlbto npotoTuna HGND.

® PeKoHCTpyMpoBaHHbIe CNEKTPbl XOPOLLO COrnacytoTcs B npeaenax
NnorpeLHocTen ¢ MOAE/IMPOBAHMNEM.

® [lony4yeHbl NepBble pe3y/ibTaTbl MO BOCCTAHOBAEHUIO CNEKTPa HENTPOHOB
C MOMOLLIbIO NpoLeaypbl AEKOHBOOLUMM.

® HenTpoHbl M3 IMJ] U HEMTPOHbI-CNEKTaTopbl OyAYT NCNOJIb30BATbLCA ANA
Kannbposku HGND.

03.12.2025 A. Zubankov 27






Backup



HGND prototype



T(1) (GeV)

Time resolution

T(t) vs t with = 270 ps shift

-;—Oﬂ@nm
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- 1-270ps

176’2 3e+08 m/s
1|1 m=0.938 GeV

............................................................................................................................................................................................................
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e

I=835m

|
Tiec (GeV)
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T, Vs T, with + 270 and 150 ps shifts
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HGND calibration

Ideal case h (3.86GeV)
[ Y q n (3.0GeV)
B=1 \
|3.=0.98\‘ Calibration on
' B=0.97 neutrons
- - o
Time
A Y n
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Calibration on
photons

v

Time

A

Real data
N+ y(0.2%) and p(0.2%)

mixture
B=0.98 Calibration on
neutrons
Real
B>0.98
Time

v(0.2%) + n(?%) and p (0.2%)
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/g1 \ Calibration on
/ photons is
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[ Real g layer °
H/ B\ d




HGND calibration

1. Amplitude normalization
2500! [ Entries 227188 |
I|"\.||I r;lea;! 8599
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HGND calibration

Time-amplitude

correction of signals
made it possible to get
rid of the dependence of
time on signal
amplitude, which

improved  the time

Time resolution between cells, ns

-y =k - =L i =
S NhNwbhUooN®

......................

Time fit rms

_ Time fit rms corrected
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resolution by ~2.4 times. oo e
0.8 ....................................................
0.7}
§ 800 Entries 18582 | 0.6
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ol Gooman  Srezesh 0.4
o Sama 02414 2 001s 0.3
g 0.2¢
= 0.1}
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I e T e Channel

T2-T1, ns
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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

= LRI [RLASLIL LI [ i= = B L UL LS | '_
S 1o EMD —_.0.0161 S 10k hadronic _.0.014,3_
n B ] o014 N I 17 =0.012
°F B 1 —0.012 °F .. 1 —0.01
6 = . -} 001 6 I -} —0.008
: ) —0.008 : i 0,006
4 1 —{0.006 4 .
- - - {j10.004
oL B {E0.004 . )
N 1 0.002 N 7 0-002
B P I BT I AT P I T e
% 1092 94 96 0 o2 "4 "% 8 10 12 14 16 O
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

— 7th for both EMD and nuclear interaction
layer

7 8 9
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Reconstructed neutrons

o~ - —— 3A GeV run
0.1— — 3.8A GeV run
0.08—
0.06 —
0.04—
0.02—
0 _I | | | | FI | L1 11 | L1 | | | 1 | 1 | |- | 1 | ] L1 1 : T — ! —— =;=$
0 1000 2000 3000 4000 5000 6000 7000 8000 9000T IVI1 (3/000
ny VIE

Reconstructed neutron spectra for both 3A GeV and 3.8A GeV runs are in correct positions.
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Efficiency of HGND prototype

Geant4 simulation:

X
E:' _I | L | I | I L L I I 1T i I I fnnrni I | I L L I | I L L I | | I L I 1 I 1 I_l ]
S 70 — Particle source, only
L = _ 3
= - G A0 1 neutrons
5 gof PI66% E
50— — ¢ y-cut
— - °
a0 = ToF cut
30 =
20 —
10E —
0 —
I I [ | [ | [ | I [ | I [ | I [ | [ | I [ |
1 2 3 4 5 5 7 8
T, GeV
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Selection of EMD events in measurements

SP.41 FD
b r/# ﬂ’-—"_‘-{
\ﬂ' a = ﬂ.,,,’ _.--w-/"/ll o T e
Only single Xe ion in target e B

Ultra-peripheral collisions — EMD

4000

Xe ions on Hodoscope
5L around Z2=3000 in EMD
3000

2500

FQH Z2
3,
Counts

—he
R

Beam Trigger (BT)
2000E"FQH 2252500 cut
1500F-(<0.02% of CCT events)=

10{}02—
500

E....I....I....I... | bl —
00 1000 2000 3000 4000 5000 6000 7000 8000 1

03.12.2025 FD amplitude A. Zubankov
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Selection of hadronic fragmentation events in measurements

FOH
SP.q1 FD —
e,
Bco
prototype
a Hr& __--1 Neutrons [] TN
-'1|:|'E"El.j‘ tod . o ue-a = "JJJ 1] L1 J

Only single Xe ion in target

Central & semi-central collisions — hadronic interactions
4000 g

o~ - L) [RLISLILILIN [LASLLILY (UL - g2
g 35{]05 Central trigger E._ 5
5 3500 (ccT) {510 S
3000F- FD amplitude o 3
2000F- ElL
1500F- 13°
1000 3 = 4B 10
500F- = E
0 = ' 500 !

0 1000 20{}0 3000 4000 50{]0 6000 ?0{}0 8000
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Spectator neutrons in acceptance of the HGND prototype

Neutron kinetic energy in acceptance of the HGND prototype Neutron multiplicity in acceptance of the HGND prototype
m E rri I L L I LI I LI I LI I LI LI I LI L I LI LI I L L I rri E ; 1 I I I I I I I I I I
E = 4 =
@ B DCM-QGSM-SMM 1 %. T DeNraesM-SiM
= —3 - - — —
S 10 E_ _E' = 107" UrQMD-AMC
S n T ] £
10 | UrQMD-AMC 4 O o2 Average:
= = 1.36
10_5 :? ?: 10—3 T 1.51
N ] 4 )
10°E E 10 T
F i 10°°
1D?E||||||||||||||||||||||||||||||||||||||||||| | ] ] ] ] ] ] ] | ]
0 1 2 3 4 5 6 7 8 9 10 L A
Tn= GeV ultiplicity

Trigger efficiency correction from experimental data was applied for all

histograms.
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Background in simulation

é - 2 DCM-QGSM-SMM, neutrons
S00E G, =270 ps 3.8A GeV 131Xe + 133Cs
220 — 70— 5 qm DCM-QGSM-SMM, BG
- _ ——— RELDIS, neutrons -
a0 0y = 270 ps 3.8A GeV 124Xe + 190Xe O SNR — 29979 379
180:— .............. RELD|S, BG 500} — M —_— .
160 400"
= 12198 -
“E SNR=——""=9.44 o~
20 1292 E
100 =
80 ; 10 ;_ LT
60;_ 00_' . “I — L > L1 1| 3 L 1 L1 5 T - 5 L1 7"7""?"'F""T"'18'=-r-"ﬁ-"w'--r--g":----,--u.,...u:l-0 Tn’ Gev
40 — =
— 500 — — UrQMD-AMC, neutrons
20;— ...... - c)-t - 270 pS 3 8A GeV 124Xe + 130Xe
0 T RV | o : """"""" UI'QMD-AMC, BG
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300:— SNR :—7114 =293
200}
100 — i
Oil IR N clvvv b b b b -\.\ \“.\T‘\.Tll-"Wl‘['rw-"
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HGND prototype efficiency

Qn ]]\\[]hit gn Nrec
gen Ny
Model Q,., % €, Y% Q. xeg, %
RELDIS 34.21£0.25 60.06 £ 0.44 20.55+0.21
DCM-QGSM-SMM 3.87 £0.02 37.33+0.17 1.45 £ 0.01
UrQMD-AMC 2.63+0.01 45.09 £ 0.25 1.19+0.01

03.12.2025

A. Zubankov
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Cross-section estimation using different models

d=0.175cm
N, (N
o=—= < ”> A .(angn) N, =6.02-10" mol™
Nions dNAIO p=453g/cm’
RELDIS DCM-QGSM-SMM |  UrQMD-AMC
Y= Ny Ny meutrons fion | (1.4940.12)-10-3 (3.78+0.02)-10°3
N (NN, (@ xe) (6.92 £0.57 (16.31 £0.10,, ., (17.98 £0.13, .,
i0.17syst) -103 il-3lsyst) -103 iO.GOsyst) -103
exp 1.88 £0.16,., 4.44 + 0.03,,, 4.90 £0.03, .,
O
+0.05,, b +0.36,, b +0.16,, b
o 1.89+0.02 b 4.7620.01 b 4.8910.01 b

Preliminary estimations are in good agreement within the errors with the modeling predictions.
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Approach to cross-section estimation

d=0.175cm
Ny
= 6.02 - 10%3mol™?
p=453¢g/cm3
ev A
0O = (Nn> (-Q X gn) — corr )
Nions dNA'D dNap
RELDIS DCM-QGSM-SMM UrQMD-AMC
Oexpr b 1.88 £0.16, ., 4.44 + 0.03,_, 4.90 +£0.03,;
+0.05, +0.36,, b +0.16,, b
Oy D 1.89+0.02 b 4.76x0.01 b 4.89+0.01 b

Estimations are in good agreement within the errors with the modeling predictions.
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Selection of spectator neutrons

after VETO (1.55 X, or 0.11 A,,)

The highest first interaction probability for
0.02 spectator neutron is at the beginning of
the hadronic part (7t layer), as expected

——

'E :I | | | | | | | | | | | | | | I:

e Selection of events without A 0.1 __ ) — Hadronic ]
charged particles using VETO N e = aaiip — EMD i
L 0.08,_ 11 I B

* Background rejection from - Qo I T I
spectator neutrons using ToF cut  0.06F-% L]° .

P e THH -

* Photon rejection using 15t layer 0.04 :—-“—‘-" I _

=«
M=

 Reconstruction of energy by
maximum velocity 0

l ] l l ]
11213141516
Layer

A R S N N B
3456 78 9101

e Scaled by incident ion beam rate
measured by Beam Trigger BT VETO—> il Al B

L 15t layer after VETO
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Reconstructed spectra for EMD and hadronic interactions

g :""|""|""[""I""l""l""l""l""l"": g L R I L I I L L B B
fe 0.3 + EMD =4 O 0.4F - Hadronic interactions =
@3 C = Csl2% 1 3 gasF - . Csl2% :
% 0.25F s o without target - % ' E_ HiH O without target _E
o) - + + 1 O 0.3 —
O 0. 2F i 4 O = - -l =
E - . 0.25F -

- | - . = - -

0.15F T - 0.2F - =

: S : E - 5

0.1 s T 7 "1" E 0.15F- - F

: ‘ 'H%l | : 0.1F - - E

0.05F - ] _'[H T lT * - é - é

o T, %o 3  0OE -

OLbs L ird PSP PP P B ?‘..I i alis [}:-"""'E'mmf'“mmmmmf"'i'm'm'm'm'i'z'z:

0 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10

T, GeV T., GeV

Reconstructed spectra were obtained both for runs with Csl 2% target and without it to
estimate fraction of out of target interactions.
Empty target spectra were subtracted from target spectra.
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Comparison with thinner target

w
c
Re)
2 0.4 T adronic, ol 2% Correcte.d spectra after
g 0.35 {— Hadronic, 2x Csl 1% SUbtraCtlng empty
© - target spectra
0.3
0.25
0.2
0.15
0.1 Measurements with 1%
and 2% target are
0.05 .
consistent
0
03.12.2025 A. Zubankov Tn. GeV 47



OT160p cobbiTM IM/1 M aAPOHHbIX B3aMMOAENCTBUN

r’_‘—’,——_'“.pl-"
-1‘-”/’-—4 HGND prufﬂtyp&
a \,/Ih"g_; neutrons ] [[T]]
l.'-fc:frf“-: LT
SCled beam LJJ_I_I J_l

. T

U,EHTpaI'IbeIe U nonyueHTpas/ibHbleé CTO/ZIKHOBEHUA —

YnbTpanepudepuyeckme ctonkHoseHua — IM/ a OHHble B3aMMO eMCTBMﬂ

LU S o . @ 5, 4000gTT p,p r .q :. @

I 4500F. VoHb! Xe Ha FQH okono , % I 3500 Centraltrlgger El %

g - 72=3000 8 3M] 1100 ¢ (CCT) 141000
3000F- - 3000 FD amplitude — 13
2500F = = 2500 <4500cut .

- Beam Trigger (BT) = 1l o 10° I
2000E°FQH 7252500 cut  —Smme El - 2000 ElS
1500F-(<0.02% of CCT events —=iz = | 1500 3 10
1000F- === g 1000 .

500 = - 2 500 — 3

:.|..I.|..I.|.|I.|. == bl — 5 — | :

00 1000 2000 3000 4000 5000 6000 7000 8000 1 00 1000 2000 3000 40{]0 50['!0 6000 ?OI‘JU 8000 1

03.12.2025 FD amplitude A. Zubankov FD amplitude 48



Cumynaumna M/ c nomouwibio RELDIS

@ E RELDIS model  124Xe + 130Xe @ 3.8A GeV =l - O
i il I%
- -
- ' :
5
10 - = 107 O
- 107~/
3 i El
g laa o b s b v s byl o aa b aa loas sl onsa sy
0 1 2 3 4 ) 6 7 8 9 10 l. Pshenichnov, Electromagnetic Excitation and
T. GeV Fragmentation of Ultrarelativistic Nuclei. Phys.
n’ Part. Nucl. 2011, 42 (2), 215-250.

CpeaHAa MHOXeCTBEHHOCTb HenTpoHoB— 1.05
CpeaHAa MHOXXeCTBEHHOCTb HEUTPOHOB B akuenTaHce npototuna HGND — 1.02
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UrQMD-AMC vs DCM-QGSM-SMM

UrQMD-AMC (in Cascade mode) DCM-QGSM-SMM
3.8A GeV 124Xe + 130Xe , 3.8A GeV 131Xe + 133Cs
o 102_ R RN R WL I I I L= 10%w © VAl A RARAN AR MARANRAL MERRAASRALES RRAASLALES RALE )
T F M 5 s [ 1 105
E 40 B E 453 I
o 45 € - 474 €
_ = ] =
' ' 8 ' 14 8
_ | -5
i gk ff* 10 b ,:',J,l i E
| (- - e 1 -
| | [ B — 1[} 1 B 10—8
[l E -
il |||W : :
e M ' EEEEE EEEN
0 1 2 3 4 10 o 1 2 3 4 5 6 7 8 9 10
T Gev T.. GeV
Cpe,EI,Hﬂﬂ MHOXeCTBeHHOCTb HEUTPOHOB-CNMNEeKTaTOpPOB:
A.O. Svet||Chny| et al., Production 17-70 16.01 M. Baznat et al-’ Monte-Ca rlo
of spectator neutrons, protons and CpeaHAA MHOXeCTBEHHOCTb HEUTPOHOB B Generator of Heavy lon Collisions
light fragments on fixed targets at . DCM-SMM, Phys. Part. Nucl. Lett.
NICA. ArXiv:2510.02992v2 [Nucl- aKuenTaHce nporoTtina HGND: 2020, 17, 303.
Th], 2025 1-15. 1.36 1.51
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Sources of systematics

The sources of systematics are:

The number of interactions per incident ion €

Source of trigger time ¢,

Unevenness of the number of hits on HGND prototype modules &
Uncertainty in the number of neutrons after photon rejection ¢

ev/ions

— NO
Qn — Qn " Eev/ions

— 0
€n = €n * €time * €modules * €y-re

modules

y-rejection

Source of EMD systematics Hadronic systematics
systematics RELDIS DCM-QGSM-SMM UrQMD-AMC
Eev/ions - 1.60%
Etime 0.53% 0.36%
E modules 2.36% 7.72% 1.47%
e 0.73% 1.58% 2.55%
Total 2.52% 8.05% 3.36%




Unfolding using the response from DCM-QGSM-SMM for all
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Unfolding using the response from UrQMD-AMC for all
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Trigger efficiency



Trigger efficiency by V. Plotnikov )

00 30
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Trigger efficiency by D. ldrisov

- 1 B —— DCM-QGSM-SMM
: — UrQMD-AMC
0.8—
0.6—
0.4 —
0.2—
0 ; | | | : | : ; : |
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Impact parameter distribution
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Cross-section estimation

( , d=0.175cm
P(d):Nev <N”>-(Qn><5n) N, =6.02-10% mol™
Nions p=453g/cm’

kP(d)zl—exp(—%) O — N, 5n=N
d: ﬂ« Ng Nht
p(d):i_d'NAVO o

A A
G:NQV.<NH>.(QHX5) A

Nions dNAp
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UrQMD-AMC



UrQMD-AMC vs DCM-QGSM-SMM

~ 10T 7T T T T T T T3
> T,. = 3.8A GeV =
~ ., [ — UrQMD-AMC, "*Xe+'*’Xe (in Cascade mode) -
— DCM-QGSM-SMM, *'Xe+'*Cs =
® 600A MeV Sn on Sn, P. Pawlowski et al (2023) -
1 o =
10~ o .
107° EZe b E
107° ==

| I R T N T TR SR N TR TN SUN N TN TN TN AT NN THNT TN N S T
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yn- yﬂ
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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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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 otherwisel)

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

e Statistical Multifragmentation Model (SMM) from Geant4 v10.4 ?)

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

from Geant4 v10.4 2) 3) 55t Geant4 Techical Forum
https://indico.cern.ch/event/1106118/contributions/4693132/

* They were validated and adjusted to describe the data3).

03.12.2025 github.com/Spectator-matter-group-INR-RAS/AAMCC 61



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

03.12.2025

AMC:

* Find spectator nucleons

e Define prefragments via MST-

‘ clustering

. . e Constantd=2.7fm
Unigen file

 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=10 fm, T=13.5 fm/c b=10 fm, T=14.0 fm/c
& &
z, fm 3 z, fm 3
201510 5 0 -5-161520 5 201510 5 0 —5-161520 -,
-15
-10
-5
E
0 <
5
10 10
15 - 1
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 (b) & e,
.’v — £ :3.@ 4 y
SRS
.\.’ .1 pr oe

* Graph vertexes — nucleons, edges weights — Cartesian

Beam- eye view

distances between them.

.i
382,
* (@) The minimum spanning tree is selected from the / (J

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

.VICZ

collision
The prefragment is dynamically divided into several
prefragments until thermodynamic equilibrium is reached.
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197Au fragmentation

80— 5
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UrQMD-AMC and AAMCC describe Z,,... Models give similar numbers of He
LUrQMD-AMC is systematically lower than AAMCC for Z,qung < 50. This is due to a smaller spectator volume in UrQMD.

AAMCC is closer to data on My, While UrQMD-AMC overestimates M, 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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Spectator matter volume as a function
of impact parameter

- e .
T r T T T T T TrTr LI LI rrr Trr T T T F3 F : Pbpb, :4-5d V, 'j u“b : :11‘
- PbPb, |'s,, = 4.5 GeV, AAMCC 1 < VSun e !
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UrQMD gives less spectators than AAMCC for all b
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Nuclear interaction

Number of free nucleons
80

70
60
50
40
30

20 k

0
Number of free spectator nucleons as a

function of the impact parameterin collisions
between ¥7Au nuclei at NICA at Vsy, =5 GeV

A. Svetlichnyi & I. Pshenichnov, Formation of Free and
Bound Spectator Nucleons in Hadronic Interactions
between Relativistic Nuclei. Bulletin of the Russian

Academy of Sciences: Physics 2020, 84 (8), 911-916.
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Average multiplicities of neutrons in 298Pb—2%Pb collisions at

Vsyy = 5.02 TeV as functions of the collision impact
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Nepeivoda, R. et al., Pre-Equilibrium Clustering in
Production of Spectator Fragments in Collisions of
Relativistic Nuclei. Particles 2022, 5, 40-51.
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Nuclear interaction

protons heutrons
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Neutron yields at 27°
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Neutron yields at 27°
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Backgrounds

Experimental data -
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FEE & readout board

* 16 choeB A4YeeK
* 16 LED nnat
* 32 FEE nnat

* 8 cYUTbIBAOWMX NAAT

* 3 FPGA Ha nnaty
* 84 KaHana Ha FPGA

* 2000 KaHano0B CyMmMapHO
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FEE board coupled to
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