MUWHUCTEPCTBO HAYKH U BBICIHIETO OBPA3SOBAHUSA POCCUUCKOU ®EJEPAIIUN
®EJIEPAJIBHOE F'OCYJAPCTBEHHOE ABTOHOMHOE OBPA30BATEJIbHOE YUPEX/EHUE

BBICIIEI'O ObPA3OBAHIS

«HarmoHaIBbHBIN McCIed0BaTe/IbCKUM AaepHbIN YHUBepcuTeT « MUD N »

(HVSTY MUDW)

«Pa3paboTKa METON0B UICHTU(UKALNY U PEKOHCTPYKIIUHU
SHEPrUy HEMTPOHOB AKcriepuMeHTa BM(@N»

AcniapaHT
HayuHas cnenuaibHOCTh

HayuHbIil pyKOBOAUTEIH
JIOIKHOCTB, CTCIICHB, 3BAHUE

MockBa, 2026

3y0aHkoB AJnekcanap AJIeKCaHIpPOBUY
1.3.2 Ilpubopsl U METOABI IKCIEPUMEHTATBHON
1056370970

CanaxytannoB ['asp Xapucoud
1.¢d.-M.H, mpodeccop



1. KoHcTpyKuma npototuna Highly Granular Neutron Detector

2. N3mepeHune pacnpeaeneHnm KNHEeTUYECKOM SHeprmm
HEUTPOHOB BNepea,

3. lekoHBOAOUMA CNEKTPA KUHETUYECKUX SHEPTUN HENTPOHOB
4. Bannpauma ¢oHa U3 moaesiMpoBaHUA

5. U3mepeHune anddpepeHUnanbHOro ceyeHna SMmMCCUU
HEUTPOHOB BNepen

6. CpaBHeHue c gaHHbiMmM LAND ALADIN 600A MeV Sn+Sn



BM@N — nepBbln AENCTBYIOLLMN SKCNEPUMEHT Ha NICA

Nuclotron-based lon Collider fAcility

(Detector)

- BM@N (Detector) \

Extracted beam |




YctaHoBKa BM@N

Baryonic Matter at Nuclotron

O R EEIODBOODO0ODEBOEOBEEBE NO

[

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 (11)

L x CSC 1x1 m*(12)
TOF 400 (13)

2 x CSC 2x1.5 m" (14)
TOF 700 (15)

ScWwall (16)

Small GEM (17)

Beam Profilometer (18)
FQH (19)

FHCal (20)

HGN (21)

Ha BM@N mnamepsatoTca aHU30TPOMHbIE NOTOKM MPOTOHOB C MOMOLLLbIO TMOPUAHON TPEKMHIOBOW CUCTEMDbI
COBMECTHO C BpemsanpoaeTHbiMu aetektopamu TOF u nepegHnm aapoHHbIM Kanopumetpom FHCal 4



MonHomacwtoaHbin HGND

e HGND pa3pabatbiBaetca B MAN PAH ansa
n3MepeHnA asMmyTasibHbIX NOTOKOB U
BbIXOA,0B HEUTPOHOB C SHEPTUAMM OT
300 M3B oo 4 3B B agpo-aaepHbIX
B3aMMOAEeNCTBMAX NPU CTOIKHOBEHUAX
TAXENbIX MOHOB C 3Hepruamun Ao 4A 3B
B SKCNepumeHTe ¢ PUKCMPOBAHHOM
muweHbto BM@N 8 OUNAN.

e JlaHHble O NOTOKAaX U BbIXOAAX
HEWTPOHOB B AMaNa30oHe 3HEPrmm
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

27.05.2026 | A. Zubankov 5



BBeaeHue

FoH - MpoTtotnn HGND 6bin
_ SPyy FD __ NpOTecT1poBaH B

BC1 /4/’ ceaHce 124Xe+Csl 3.8A
[9B sKkcnepumeHTa

BCQAﬂ--B.Q___\ // HGND prototype
J)’ara, = . T BM@N ans

T .07 ey f_N€UultroNs [T]
.......... t._;;}“""""""“' = BanM a MM
def.l'ec!ed f-Of'J.f.).é:_:; F.F.? .............. L:‘:—J. .......... _]__J_]__]_]_J pl LII
........................ _ KoHUenuuu
no/sIHOMacwWwTabHoro
HGND.

Mpototnn HGND moXxeT 6bITb MCNOb30BaAH AJ1 U3Y4YEHUS HEUTPOHOB-CMEKTATOPOB U
HEUTPOHOB U3 YAbTPa-NepnPepmnyeckmnx CTONKHOBEHNN NPU SHEPTUAX SKCNEPUMEHTA
BM@N.

B noKnaae npeacrtaBaeHbl NepPBbie U3MEPEHNA HEUTPOHOB OT pparmeHTauUumM CHapAaa
124X e B LEeHTpa/ibHbIX U NONYLLEHTPa/IbHbIX CTOJIKHOBEHUSAX, @ TaKKe HEUTPOHOB U3

3/1eKTPOMarHuTHom amnccoumaumm (M) cHapsaaa 1%4Xe.
27.05.2026 A. Zubankov 6



1. KoHcTpyKuma npototrnna Highly
Granular Neutron Detector



CneKTpomeTpmAa HEUTPOHOB

OCHOBHble meToAbl CNEKTPOMETPUN Neutron energy, MeV

HENTPOHOB: 1 10 100 1000 10000
|
A : ,
n-p elastic scattering eff. ~10°

c | |
o
= Time-of-flight eff. ~0.01 — 0.9 == HGND === | Calorimetry eff.~1
2 | |
g Pulse height distribution eff. ~0.01 - 0.2
=z | | |
< 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

27.05.2026 A. Zubankov

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




KoHcTpyKumna npototna HGND

 CuwuHT. cnont Veto 120x120x25 (mm)
* 1 yacTb:
5 cnoeB: Pb (8 mm) + CUUHT. (25 mm)
+ PCB + BO3ayX
* 2 4acCTb:
9 cnoes: Cu (30 mm) + CumHT. (25 mm)
+ PCB + Bo3ayXx
CUMHT. auerka — 40 x 40 x 25 mm3
Obuwee yncno syeek — 135
- _ 3
O6wun pasmep —12 x 12 x 82.5cm NS

«  SiPMm

scintillator

Hamamatsu S13360- 6050PE
AKTUBH. naowaab — 6x6 mm?
Yuncno nukcenen — 14400
Pazmep nukcena —50 um
Ycunenune — 1.7x10°

12 cm

O6was gamHa ~ 2.5\, . PDE = 40%
BpemeHHOe pa3speweHune adyeek ~200 nc,
+ C HepaBHOMepHOCTbIo cBeTocbopa ~240 nc,
1 chon - VETO + C Apyrmumm paktopamu (TaKMX KaK HeEHy/ieBOe pa3pelleHune Tpurrepa) ~270 nc

< >

\ J
Y . 825 mm .
Heobxoaumbl Ana pa3aeneHnsa AMBHEN OT Y-KBaHTOB F.F. Guber et al.

27.05.2026 A. Zubankov 10.1134/S0020441223030065 |9




2. U3mepeHune pacnpeaeneHmnn
KWUHETUYECKOUN SHEPTUMN HENTPOHOB
BNepen



OT6OpP HEUNTPOHOB-CMNEKTATOPOB

v = — | | | | | | | | | | | | | | | =

* OTbop cobbITUM Be3 3apAMKEeHHbIX o< n i

yactuu, c nomolbio VETO 0.1 LT ~ Hadronic

N . : ) —EMD :

N 1 i

* lNopaBneHne GOTOHOB C 0.08~ AR .

nomoubto 1 cnoa nocne VETO (T l I ] i

(1.55 X, man 0.11 A, ) - E _ -

¢ P 0.04" |1 N

EKOHCTPYKLMUA SHEPTUN MO - | e -

o — MaKcMManbHaA BEPOSATHOCTb NEPBOro -

MaKCUMMa/JIbHOU CKOPOCTU 0 02__ I B3aMMO/IEICTBMUA HEITPOHOB-CNEKTaTOPOB .

B Haxo4MTCA B Ha4Yane aapoHHOM YacTtu (7 chon), .

B v KaK U OXKNAOaNn0Cb m

* HopmMpOBKa Ha YacToTy A T T S O S M B

NaaloLLEro MY4YKa MOHOB, 123456 7 8 910111213 14|_1a5y1e;6r
namepaemyto Beam Trigger BT

VETO— I | O | | R

L 1 chowt nocne VETO
27.05.2026 A. Zubankov 11



B3anmoaencraunsa aaep

NeKTpoMarHuTHasa guccoumnaumn AApPOHHbIE B3aUMOAENCTBUA:
(3MA): B 6onblunHcTBe cyyaes, M/ b<R +R
bSR +R tt TAXKENbIX A4ep NPUBOAUT K SMUCCUM L2
1 2 OAHOr0 NN HECKONbKUX HEUTPOHOB

A, Z

17 <1
4

c obpa3oBaHMeEM OAHOTO
A, L OCTaTO4HOro AApa
17 <1

4

»

»

—1
b Y
- I.LA. Pshenichnov et al. Electromagnetic dissociation
of nuclei: From LHC to NICA. Int. J. Mod. Phys. E
(2024) 33, 2441007. A T
A 7 | https://dx.doi.org/10.1142/50218301324410076 28 "2

27 2
27.05.2026 A. Zubankov 12



3I\/I,£I, VS ap,pOHHble B3aMMOAENCTBUS
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CpaBHeHUE U3MEPEHNIN U MoaenmpoBaHma (00 AeKOHBOOLUN)

1073
m 0-1£|I0IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|||||I|||_|_ m :{1||U|i||lllllllllllIIIIIIIIIIIIIIII||||||||||I||||:
g B I n - 02 =
= B - 9 | é‘ m Hadronic, exp -
% - | = EMD,exp 1 5 o0.18F I i 3
*%‘ 0.08 %— : N *g 0.16 ] —— DCM-QGSM-SMM _3
= | i - i - | -T 124y 4 130K 3
O o | + + | Ej)z(lg?lgo)(e - 8 0.14 | .} --'}*JT UrQMD-AMC
06 . — " 124 130 -
. ] 0.12 | i ¥ e
- =270 ps A 0.1 Jj : N =270 ps 3
[ i _ ) f E
004 - ; 1 ooz & T, 3
C g 'F . ) 006 § & e =
D 02 — : — ™ -
XX | 0.04F lys " E
: ﬂ R ] .,;1-"* C KoppeKuuemn Ha I =
L Lt g e, 0.02F= I 3pdeKTUBHOCTb TpUrrepa .
e oo i T T P T T IR f R AN N T PR PR I PR PR P T AR
% 1 2 3 45 6 7 8 90 0 1 2 3 4 5 6 7 8 9 10
T Vv
Zubankov, A., Afanasiev, S., Golubeva, M. et al. Performance n Ge Tm Gev
study of the Highly Granular Neutron Detector prototype in Plotnikov, V.A., Kapishin, M.N. Evaluation of Trigger Efficiency in the
the BM@N experiment. NUCL SCI TECH 36, 226 (2025). BM@N Experiment Session with a Beam of Xenon lons with a Kinetic
Energy of 3.8 AGeV. Phys. Part. Nuclei Lett. 22, 1406—-1415 (2025).
Q.,% €, % Q,x¢€, %
o 2 n 2 n® Ep 7 Nhit Nrec Q.,% €, % Q xg, %
34.56 >4/ D7), = En = 3.2640.02 | 49.25+0.16 | 1.61 % 0.01
+ + +
+ + + . . —_ . . —_ . . —_ .
+0.26 +0.42 +0.15 Ngen Nhlt - - -
7 052026 o 2.45£0.01 | 50.03£0.27 | 122001 |,




3. leKoHBOOUMA CNeKTpa
KWUHETUYECKUX SHEPTUUN HEUTPOHOB



[lekoHBOANOUMA pacnpeaeneHnm KUHETUYECKON SHEePrMm HEUNTPOHOB

[leKoHBONOUMA NO3BONAET y4yecCTb BK/1a4d OrpaHM4eHHOro

BPEMEHHOrro pa3peLleHma 4eTeKTOPOB.
Mbi ncnonblyem ¢ppemopK RooUnfold ROOT ans

BOCCTAHOBNEHUNA NCTUHHOW KNWHETUYECKON IHEPTUN HEUNTPOHOB.

https://gitlab.cern.ch/RooUnfold/RooUnfold

NCcTUHHaA /
KUHETUYECKaS MaTtpuuya PeKOHCprMpOBaHHaﬂ
SHEpr1a HEeNTPOHOB OTK/INKaA KMHETUYEeCKana sHeprusa

Trec V8 T, with + 270 and 150 ps shifts

— Original
t+ 270 ps

Tiec (GeV)

t-270 ps
t + 150 ps

1715 2 25 3 35 4 45 5 55
T, (GeV)

MaTpuua oTKkAnKa R nonyyeHa moaenmpoBaHnem oTKAnKa npototuna HGND Ha HENTPOHLI.

Mcnonb3yeTca ntepatmusHbIn HaiecoBcKnii metoa,. B aopyrnx obnactax sToT Noaxo/, U3BecTeH Kak

AeKoHBotoumAa PuyapacoHa-Jlocu.

27.05.2026

A. Zubankov

Comparison of unfolding methods using RooFitUnfold.,
L. Brenner et al., International Journal of Modern
Physics A, Vol. 35, No. 24, 2050145 (2020)

16


https://gitlab.cern.ch/RooUnfold/RooUnfold

[lekoHBOAOUMA C maTpuuen oTknnka ns RELDIS

% 20_I UL | [ | LI | L | LI | 1l | L | LI | [ | UL I_ E 600 :_ ............ Measured, experiment E

C)E 18__ RELDIS — % 500 :_ Simulated background, RELDIS E

(o [ 48 £ N ]

o - . - - . .

O 16 1 w 400F 0 R 3

8 L ] g - .

- — — o - -

E 14 - <10 5 300 - :

w — — _ o = A .
19 i 200 | P -
10:— R 100 |- i E

8 — . % s 7 8 9 10
C 1 310 T, GeV
— — ] 4l L [ L L
6: . 10 - g‘j we - s Measured T,, EMD =
by b . - ] 2 F imulated T,, RELDI a
Afond T — L R et ) e s F Simulated T,, RELDIS ]
- 5 W 10° ® Unfolded T,, using RELDIS —=
°F E g E -
O:I 1 1 | 1 1 1 | 1 11 | 1 11 | 1 1 1 | 1 11 | 1 1 | | 1 11 | 1 1 1 | 1 1 I: 10_7 QE 102 :_ - R _:
0O 2 4 6 8 10 12 14 16 18 20 = =
Reconstructed T, GeV - -
10 == —
° XopOLuee cornacue B obsactm NuKa = =
° PaCXO)K,EI,eHI/IFI B XBOCTaX U3-34 y3KOIZ CI)YHKLI,I/IM B ]
OTKJ/IUKaA E | | | . E
0 1
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[1eKoHBOOLUMA C MAaTPULLEN OTKAMKA U3
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- 16F 1
'o —
=P = 10°
E 2 f
6 5 10°
4t
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%0246 B 10 12 14 16 18 20
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>20_"'"'I""""""I"'""""'_
TR GMID AN R
= L 1
%16:— =4
2 14 131"
w - 1
121 1 1
10t =
8 .o ' 4 =10°
C L™ " - 10 3
Gé!tiu*“""'ﬁ"**f*-“'='~r:f~=-i’l‘f* :
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Measured, experiment
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—h

=+ Measured, experiment

Simulated background, UrQMD-AMC

o
1 ®
1 @
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®OoH, pacno3HaBaembIi
Kputepnammn otbopa cobbiTnia
KaK HEMTPOHbI M KOTOPbIN He
MOMKeT ObITb NOAyYeH m3

. | aHaNM3a MMEIOLWMXCA AaHHbIX
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4. Banngauma ¢oHa U3 moaesimpoBaHUA



Bannaaumna doHa ¢ NOMOLLbIO NPOTUBOMOJIOXKHOIo 0TO0opa

FQH
- SP-41 FD
s, /t—/
vc
beam /"_——
B
ﬂ\/ C.? / HGND prototype
\/] ;‘_"_' ¢ neutrons 0 rr—rrrr—ﬂ
—>
undeﬁec;ed ; Ofw beam u_J_J_J._J_U_LJ_J_J_LJ_LJ
OT60p HENTPOHOB - [MpoTNBONONOXKHbIN OTOOP
VETO  1stafter VETO VETO  1stafter VETO
- \ 6" X z&"

\ NG X . XYM .
69‘0 ?1’9\‘ ? X | ?\jeé‘




Background validation from simulation using opposite selection

0.2
0.18

Counts/ions

0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

00 1 2 3 4 5 6 7 8 9
T, GeV

27.05.2026

-3

ﬂ(;j T 1 I NI L N L D L L L L L Y I L O Y I O O o
:_ : | | B Exp neutron selection _:
[ | | — DCM-QGSM-SMM, neutron selection ]
_— : I UrQMD-AMC, neutron selection —_
E l Exp, opposite selection E
[ I DCM-QGSM-5MM, opposite selection ]
:_ : UrQMD-AMC, opposite selection _:
B 1 m
- I —
C FH 1 gu
1 .

= | g
T -
B —

— o g
T E

M

A. Zubankov

Ncnonbsya
NPOTUBOMNOJIOKHbIN OTHOP,
Mbl aHaNM3Upyem cobbITuA,
KOTOpble 0TOpacbIBaOTCA NPU
aHaNM3e HEUTPOHOB.

AHann3 NoKasbIBAET, YTO
pacnpeneneHuns
PEKOHCTPYMPOBAHHbIX
KMHETUYECKMX SHEPTU
XOPOLLO COr/lacytoTca ¢
MOAENINPOBAHUEM, YTO
FOBOPUT O XOPOLLEM
onucaHum GoHa U HENTPOHOB

10 B MmOo4eNnnpoBaHNN.
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[MonyueHTpasibHble CTO/IKHOB

CnekTaTopbl 1
HEUTPOHbI CNEKTATOpPbI

Banangauma ¢oHa B Hanbonee LeHTPaabHbIX CTOJIKHOBEHUAX

YYacTHUKHK
(MCTOYHMKM PoHa)

Awnana3oH 0-10% ueHTPanbHOCTU U3MEHUT

S g COOTHOLLEHME YMUCNa HEMTPOHOB K GOHY, MO3BO/IMB
. . 0 oy TEéM CaMbIM BaTMANPOBATb Ka4eCTBO
Most central collisions 0-10% ) 10 A
G MeHblwe | more p, €, T, Y ...
HEeNTPOHOB- 1M |
CMeKTaTopoB ~ | - /':, ~ | 4819\ ——
. P BN ) Y e
(3)(4) (7) B e et S 1 S : % 20
\ S NI MR 1 g 12m14) T 3G
— Bonblle YHaCTHUKOB o st 29
e Il;_}'i Lo fe *%
=> 6onble poHa ety 11 1] 1§ e
(5)6) AMIEEINENYE | 1T - --“mineutrons | HGND
| prototype
27.05.2026 10

A. Zubankov

22



Banangauma ¢oHa B Hanbonee LeHTPaabHbIX CTOJIKHOBEHUAX

DCM-QGSM-SMM - CCT

(c Koppekumen Ha 3PpPeKTUBHOCTb TPUITEPA)

All events

4000

Counts

3500
3000 SNR =2.010
2500

2000

1500

1000

500

Events with neutrons

Events without neutrons

O g
—

2 3 4 &5 6 7

Plotnikov, V.A., Kapishin, M.N. Evaluation of Trigger Efficiency in the
BM@N Experiment Session with a Beam of Xenon lons with a Kinetic
Energy of 3.8 AGeV. Phys. Part. Nuclei Lett. 22, 1406—1415 (2025).

27.05.2026

8

9 10
T, GeV

A. Zubankov

Counts

DCM-QGSM-SMM - 0-10%

400 :— + All events

[ Events with neutrons
350 —

= Events without neutrons
300— SNR = 1.020
250 —
200

i ]
AEE"II'IIII'||||||||||||||||||||||||||||||||
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100 ;— I“I
50
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e
Q)
o)
<

Mpu ueHTpanbHocTN 0-10%, oTHOLWEHME
CUrHan-wWym (HEMTPOHOB K POHY) CTaHOBUTCA
NOYTU B 2 pasa XyKe.



Banangauma ¢oHa B Hanbonee LeHTPaabHbIX CTOJIKHOBEHUAX

E :I | I UL I LI I I rri I LI I LI I LI I LI I UL I LI |:
o — | =
B C | m Exp CCT =
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27.05.2026 A. Zubankov Tn, GeV

AHanun3 nokasbiBaeT, 4YTo
pacnpegneneHusa
PEKOHCTPYUPOBAHHOM
KUHETUYECKOWN aHeprum
XOPOLLO cornacyroTcsa
pesynbTaTamu
MOJeSIMPOBaHUA, UTO
yKasblBaeT Ha XopolLuee
onucaHue poHa n
HEUTPOHOB B

Mo eNIMpoBaHUN.
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5. U3mepeHune agnuddpepeHUnanbHoro
cevyeHna sAMUCCUU HEUTPOHOB BNepea



[lekoHBoOAOUMA ¢ maTpuuen otkanka n3a DCM-QGSM-SMM n UrQMD-AMC
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NnddepeHUManbHOe ceyeHme SMNCCUN HEUTPOHOB BNepea

10— * — 102 *:+}

06 04 02 0 02 04 06 04 02 0 02 04 06

PR

0.6

Y-y, Y-y,
y — ObICTPOTa HEUTPOHOB Pa3Huua MeXAy ModeNAMU NCTNOJ1Ib30OBaJlaCb
Yo — bbICTPOTa NyuKa B Ka4decTBe AOMNOJIHNTEJIbHOIO MCTOHYHUKA

27.05.2026 A.Zubankov ~CUCTEMaATUHECKUX OLLKNOOK. 27



6. CpaBHeHUe ¢ aaHHbiMM LAND
ALADIN 600A MeV Sn+Sn



N3mepeHna 600A MeV Sn+Sn Ha ALADIN LAND

P. Pawtowski et al., Neutrons from projectile fragmentation at 600 MeV/nucleon, Phys. Rev. C 108,
044610. https://doi.org/10.1103/PhysRevC.108.044610

. 10;_ 88555556 :‘E
> : Sé 55 g=
S 1L & 8, lab e
~ S ¢é - -
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g 1015 1243n "%,
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| LN -.-U
1073 °0
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o-Ne + Pb, 390
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LAND vs HGND prototype

LAND HGND prototype . iotype = 2.07 - 10 sr

T%‘HTWFWF%‘H‘WF fl HGND prototype (0.3°): MaKcvManbHbii
T g NnabopaTopHbIN Yroan sSMUCCUn
HENTPOHOB C UMMNYNLCOM B CUCTEME
oTcyeTa NokoA cHapsaga p’' < 100 MaB/c u
0.12m p’ <300 MaB/c coctasnsaet 1,23° 1 3,7°
B, < COOTBETCTBEHHO.
S S wr 203
- LAND
B0 < ¥2° £ 10 HGND prototype
52
< 8 103£HJJJ 124X e + 130Xe
Zs 3.8A GeV
N WG‘ 102%IJ
f - 10
2m Q, avp = 3.86 - 103 sr - Pa3Huua ~7.9 pas
LAND (2°): MakcMmanbHbI NabopaToOpPHbIA Yroan SMUCCUN L
HEWTPOHOB C MMMY/IbCOM B CUCTEME OTCYETa NOKOA CHapAAa o e ey s e e e e e T, GeV
p’ <100 M3B/c n p’ <300 MaB/c coctanset 4,69° n 13,8° AKCenTaHC AeTeKTOPOB B 060MX 3KCMEPUMEHTAX HeA0CTAaTOYEH
COOTBETCTBEHHO. ,ﬂkflﬂ OXBaTa NOJIHOro pacnpeaeneHns HeMTPOHOB.
27.05.2026 A. Zubankov 30



CpasHeHue ¢ aaHHbIMM LAND 600A MeV Sn+Sn

| - 1 07 § I T T ! I ! T [ T T T | T T T T T I T I T I 3
g g . 600A MeV '24Sn on '2*Sn, ALADIN 3
E 10° B 0 600A MeV '?*La on '®*Sn, ALADIN ]
> : A 3.8A GeV '**Xe on Csl, BM@N =
g 108 - A 3.8A GeV '**Xe on Csl, BM@N, with acceptance correction -
3 F
© 4 [ ]
“-‘O 10 % %
10° = =

—
Q
N
3_%!,
_*

KaK n npeanonaraet KoHUeNUuA npeaesibHon dparmeHTaumm,
HabntopaeTca cnabaa 3aBUCMMOCTb OT SHEPTUM NMYyYKa.
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® /I3amepeHo pacnpeaeneHne KNHeTUYECKOM SHEePIrMmu HEMTPOHOB OT
aJpOHHON dparmeHTauum 24Xe.

e PacnpeneneHune B npegenax norpeLlHOCTEN XOPOLLO COrNacytoTcs C
pesyabTaTaMu MOAE/IMPOBaHUA.

® 13mepeHbl anddepeHumnanbHblie ce4eHNA SMUCCUN HEUTPOHOB-
CreKTaTopoB BNepea.

e C y4yeTOM pa3HULbI B aKCenTaHCe NoayyeHHble anpdpepeHumnanbHble
ceyeHuna cornacyrotca ¢ AaHHbIMU, NOY4eHHbIMU aKcnepumeHTomMm LAND

Ha ycTaHoBKe ALADIN npu ctonkHoBeHUsax 124Sn + 124Sn npu aHeprum 600A
M>3B.

https://bmn.jinr.int/wp-content/uploads/2026/05/Note_forward_neutrons_ HGND.pdf

27.05.2026 A. Zubankov 32
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HGND prototype



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

Kruglova l.
beam
E
Central
tracker

Outer tracker

MNono)xeHue 0.7°;
TecTnpoBaHMe C N3BECTHOM

i SHEPrUen HEMTPOHOB (HEMTPOHDI-
§ cnekTatopsbl) — 3.8 '3B.

MonoXxkeHue 27°:

MN3mepeHna cnekTpoB HEMTPOHOB
B obnactn ~ midrapidity.



Introduction

Basic Methods of Neutron Spectrometry: Neutron energy, MeV

1 10 100 1000 10000
|
A : ,
n-p elastic scattering eff. ~10°

c | |
o
= Time-of-flight eff. ~0.01 — 0.9 G HGND === | Calorimetry eff. ~
2 | |
g Pulse height distribution eff. ~0.01 - 0.2
=z | | |
< 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

27.05.2026 A. Zubankov

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

1
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Analyzed runs

Interaction | Run BT prescale | Target Noigr | Ney N,

Hadronic | 8299, 8300 Csl 2% 20286 | 522672 | 164872
Hadronic | 8225 Csl 1% 3416 | 46752 | 14183
Hadronic 8285, 8291, 8296 empty 12006 2789 393
EMD 8281, 8284 Csl 2% 877084 | 694206 | 2266
EMD 8282, 8283 empty 141782 | 139717 160

27.05.2026

A. Zubankov
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Only single Xe ion in target

,__7__7_§P-41

B

Selection of EMD and hadronic interactions events

Ultra-peripheral collisions — EMD

c‘riq40{}0:"""”"””'““'“” =
T C  Xeions on Hodoscope 3
C 35{}05 around Z?=3000 in EMD =
30{}0;— _ __;;
2500 -
- Beam Trigger (BT) ]
2000EFQH 2252500 cut E
1500 E_(<0.02% of CCT events)= _E
1000F- - =
500F- - S
:....I....I....I... == - ]

00 1000 2000 3000 4000 5000 6000 7000 8000
27.05.2026 FD amplitude

FQH
FD
—p

q— | I./:

—
/ HGND prototype

...................... R a— | |
U&E«é'ﬁé&}é’&'}aé'};;é};}é ........................
............................. »

—
o

1

Central & semi-central collisions — hadronic interactions

FQH Z°

A. Zubankov

4000+

b LAY BLELELELEN B 0
S Central trigger 5. =
(CCT) E = 104 8
3000 FD amplitude - 3
2500 <4500 cut 4 ] 10°
2000 =
1500 43
1 =
000 = : 10
500 - ———= E
0 --_==:_:____ .I....I....I....: 1
0 1000 2000 3000 4000 5000 6000 7000 8000
FD amplitude 39



Selection of spectator neutrons

E — | | | | | | | | | | | | | | | =
* Selection of events without A 0.1E- __ ) — Hadronic ]
charged particles using VETO N e W —EMD i
- 0.08—._ 1] | —
* Background rejection from - 2 ! o i
spectator neutrons using ToF cut 0.06—3 N jq:b_‘_ —
. -
L 2 -
* Photon rejection using 15t layer 0.04" I —
after VETO (155 XO or 0.11 }\int) § I The highest first interaction probability for -
_ 0'02__ spectator neutron is at the beginning of .
e Reconstruction Of energy by K ; the hadronic part (7t layer), as expected B
. . ] ] ] | ] ] ] | | ] ] | | ] | |

maximum velocity O 23456 78 9101112131415 16
Layer

* Scaled by incident ion beam rate
measured by Beam Trigger BT VETO— 0 EE BB B E

L 15t layer after VETO
27.05.2026 A. Zubankov 40



Reconstructed neutron spectra

x10°
U:‘J 0.18""_'_"""'I""I'"'I""I""I""I""I""I"': g 0.2 T T T T T T T
L% 0.16 EMD - g 0.18 | :* = Hadronic interactions 3
m Csl2% = I - m  Csl2% -
g 0.14 O wihnuttarget — -g 0.16 | “ “ O without target e
3 0.12 + = o 0.14 1 - - =
O * . ) | - -
0.1 . 3 Ol N E
0.08F {’ s SEN - E
=3 4o E Rl . " 5
0.06) i 'e : 006F | ® “ 3
0.04F ++ = 0.04 1 " -, =
- + m ) m
0.02f% 'iL %ﬂ%%;&m iy, = 0.02f4 ]
0: R ""‘ﬁé"éé """ Elﬁw- ::::::::!:!: _____________________________ =
5 6 7 8 9 10 0 . 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.

27.05.2026 A. Zubankov 41



Comparison with thinner target

g D.E }_i.lll:'l || I rrri I | L LI I | LI DL I | L DL I | L LB I | LB I | LB I | LI I | L ._
% o1aF .1"* T s cazs 4 CoOrrected spectra after
§ E iﬁ it —I— Hadronic, 2x Csl 1% E SuU btracting empty target
& D.1E: !} ; —— Empo _: Spectra
0.14— g § =
[ B -
0.12 & i —
0.1 ¥ —
- I ;?-p -
op o g Tw :
0.06 s &TH —
m & . 3
0.04 :_.1&'1* :2‘ " 2# —  Measurements with 1%
g,ng;g!‘;.. !; 'j‘.],'j‘-}@@ a and 2% target are
) e consistent
0 f 2 3 4 5 6 7 8 9 10

T, GeV

27.05.2026 A. Zubankov 4?2



Sources of systematics

—F— Hadronic, Csl 2%

—f— Hadronic, 2¢ Csl 1%

—1 emp

The sources of systematics in obtaining the number of neutrons:
1. The number of incident ions with Csl 2% or Csl 1% targets.
2. Start trigger time obtained using BC1 or BC2. 012
3. Unevenness of the number of neutrons on HGND prototype ...
surface — using only the central module or all 9 mudules. 008
4. Uncertainty in the number of neutrons estimated with or e
without photon rejection.

Counts/ions
=
e
co

FQH

//E

HGND prototype

------
""""""""""
..............
...............
........

27.05.2026 A. Zubankov



Sources of systematics

Osyst = \/ 8 sions. + Oertime- + Omodutes- + Oy—rejection
Source of EMD systematics Hadronic systematics

systematics RELDIS DCM-QGSM-SMM UrQMD-AMC
0, ions - 0.62%

O time 0.09% 2.93%

O odules 7.47% 6.74% 4.39%
5V_,ejecﬁon 0.66% 6.20% 6.77%
Total 6 7.50% 9.64% 8.61%

syst




BanaHue BPEMEHHOIO pa3peweHnAa Ha CreKkTp HEVITpOHOB
T.ec VS T, with + 270 and 150 ps shifts

RELDIS

% 55: 0.35_ -----
ED_,, - |— Original n
8 g | t + 270 ps 0.25F
|_ = :
- t-270 ps 0.2
4.5?_ t+ 150 ps 0-152_
af 0.1
- 0.05F-
3.5_ OE e RS e
E 0 1 2 3 4 5 6 7 8 9 10
3k T, GeV
- ~r U.Z4F -
25F E 0.22 E‘ DCM-QGSM-SMM
- O — 0ps
2[ 0-185_ ot ----- 200 ps
. 0.16:— —— 270 ps
1.5 0.14F L
0.12F ks
i1 15 2 25 3 35 4 45 5 55 0.08F _
T, (GeV) 0.06F-
CneKTpbl pa3mMasblBalOTCA B CTOPOHY BbICOKUX SHEPTU 38‘2‘: =5
M3-3a BpemMeHHOoro paspelueHunsa ~270 ps. I RERTN NORTPR I M 10t e S e

27.05.2026 A. Zubankov Tn GeV 45



Time resolution

T(t) vs t with = 270 ps shift

.-}--. 6_._: ............ ................................................................................................ ...............................................................................................
R E : —
2 [ |—Original |
S |- t+270ps | c
— 5 _E_ ...... s o l ..............................................................
t |- t-270p8 O
1=835m ' !
4? :: ...... c=se+08m’!5 ..............................................................................................................................................................
f|i m=0.938 GeV
| | | | | | |
45 50
t(s)
27.05.2026

Tiec (GeV)

A. Zubankov

T VS T, with + 270 and 150 ps shifts
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120

Background source

Cells for which the T, is reconstructed

= L LA B 2
S " Experimental data | <
N 15 —0.012
o - 1
6F- I o008
i I 11 —0.006
a .
N 1p0.004
L H :
- ] g 0-002
Y R A L
Layer
BG that passes the neutron selection
criteria and cannot be obtained by
analysis of existing data
1§12 3
= In the events where neutrons were not
i PR incident on the HGND prototype but were
falsely identified as neutrons, the cells
closest to the beam are most often triggered
27.05.2026 A. Zubankov
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.0.016EL

—0.014
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—0.01

—0.008
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0.004
0.002
' 0
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Sources of background in events without primary neutrons

DCM-QGSM-SMM

—————————————————-

. Charged BG — 58. 5%l Photon BG —26.0% Neutron BG — 15.5%
6.2%, 1.6% 3.0%, 0.5%
5.9% 48.5% 5.8% 22.1% 2.4%
3.4% 12.6% 1.5% 3.4% 0.4%

11.7%, 6.9% 6.4%, 1.7% 3.7%, 0.6%
6.4% 0.4% 30.4%

. 2.7% 68.8% <0.01%
3.8% 0.2% 7.9% 0.7% 10.6% <0.01%
* The main source of the background is the background from charged particles — 58.5%.
* The main direction of the background is the side closest to the beam — 53.9%.

* Only 0.02% of the background from charged particles on the side surface of HGND prototype
closest to the beam is the background from the primary charged particles

27.05.2026 A. Zubankov 48



LAND vs HGND prototype acceptance

10°

LAND

Number of neutrons
in acceptance

2,

|

27.05.2026

10° =
UrQMD-AMC - DCM-QGSM-SMM
- LAND
124Xe + 130Xe B 124Xe + 130Xe
3.8AGeV - 3.8A GeV
105"%;4J
HGND - HGND
prototype 100 prototype
10?
1— \ \ \ \ \ \ | \ J‘HJ‘“‘LH [
45678 g 10 Ol\\\1\\\\2\\\\3\\|\4\\\\5\\\\6\\\\7\|\\8\\\,9 ,|\1O
T, GeV T., GeV
~7.9 times difference
A. Zubankov 49



HGND calibration

Ideal case

A

A

‘“/\\/\

f \
/
|

S

=0.08 ,’

n (3.86GeV)

n (3.0GeV)

Calibration on
—o 97 neutrons

\

N /\““
/ \/ \

Tlme

Calibration on
photons

v

Time

A

Real data

N + y(0.2%) and p(0.2%)
mixture

Calibration on
neutrons

[
»

Time

v(0.2%) + n(?%) and p (0.2%)

mixture
B=1 Calibration on
photons is
Real possible up to
B<1 8 layer
Time



HGND calibration

L] L] o e L] [ ]
1. Amplitude normalization 2. Time shift for all channels by the average fit value
3500/ — Entries 227188
C Mean 8599 ” [h2_tvschan_cut_veto_min | ” [ h2_tvschan_cut_veto_min
i Std Dev 6494 < [ Entries < k Entries 1678095
3000 landau fit 22/ ndf 63.25/23 g s E oF Mty 00
C Constant  1.887e+04 * 1.073e+02 36f gggevx = 2;3 gevx 31.06
2500 MPV 4390 £10.3 % pal i 8 AT
1 c Sigma 805.7 + 12.6 E
2000[— % 2f
Ampl = Ampl - —— ™. . P
MPV = ‘
10003— 8k ~E 1
C 241 5 -6 }
e et - |
o= 1 1 R e B0 B R TP B E— e kg
0 5000 10000 20000 25000 30000 Channel Channel
Signal
) [ ) [ L] L] (]
3. Determination of 4. Time-amplitude correction 5. Time shift
a 10 i _ 10,
parameters of the |: ¢ I =
E Meany  0.0365 A 0.0365 H H
. . . 6 Sioes: 1w ot 198 Timestamp vs Channelld (cut veto) min cell
approximating function for all | - . et |y as, 600
o £\ e e | 5 U F
L3 L3 L E 50 E % -
channels & time limit . > e e F S 100
E F BT s S -
s ’E ) 33—
h2_tvsamp_veto_min_pfx b % af E 1200
10 Entries 1597962 oF 20 sf 32—
C Mean 2.279 E o =
8- Mean y 0.8306 2k Lot K T , | 3E- 1000
. Std Dev 1.534 o 5o 7 s oo 0 TR L B
6 Std Dev y 4.989 Signal, MIP Signal, MIP 0=
Eo a x2 / ndf 2536 / 559 . 2gl
af || — +tn PO 4.433 £ 0.072 EE oo Son| g
F N 4 Qeb p1 0.08698 + 0.02075 £ s o osF
2 |y p2 -2.49 +0.03 & SwDavy 06138 F
: © 27
o— 2 C
s
-2 _2; -
- £ 255 46 55 64 73 82 91 100 108 118 127 136 °
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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.

Time fit rms corrected

g bk ek =k ek ok =k o
ST wh oo N

—e

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

Time resolution between cells, ns

0.9

0.8

0.7
§ 600? 7 Entries 18582 | 0.6}
s, 05
m gE 04
ol / Soma 02614 100019 g-g
) / 0.1}

L 1 10 19 28 37 46 55 64 73 82 91 100 109 118 127 136

0 Ll .L.-_}._Jr.h +..:ﬁ.—~1H:"'||i‘;.5l Ll 0 11 0_5 1 I['# Jt'r.v—’.r-l{ .1-5_._,17--._.‘_:.;-;...-‘.._ Chann el
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

o B e e = = B BRI 014 2
S 10f EMD __.0_0161 8 1of hadronic __.00 o
i 1" —0.014 i I 1" 0012
i3 B A3 :
- B 1 —o0.012 - .. ] —o.01
61 L C o 61 I - —0.008
- 1000% - 1 —0.006
ar 7 —0.006 ar E
- - - {40.004
- L] {0.004 . 1%
2 - 2 -
B 1 0.002 B | [ 0-002
e N I BT BT B M TN N T B B
% 10 12 14 16 24 "6 8 10 12 14 16 VY
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
. [ — 7t for both EMD and nuclear interaction
al - | 0| D layer
27.05.2026 ! 130 ? A. Zubankov 53



Reconstructed neutrons

~a —— 3AGeV run
0.1— — 3.8A GeV run
0.08 —
0.06—
0.04—
0.02—
0 _I | | | | | FI | | | | | | | | | | | | | | | | | | | | | | | | | : ) e S e ! } | | =;=$
0 1000 2000 3000 4000 5000 6000 7000 _ 8000 9oooT M1 Q/ooo
» Me

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

27.05.2026 A. Zubankov 54



Efficiency of HGND prototype

R Geant4 simulation:
E"‘ :I | L L I LI L L I L L L L I L L L L I L L L L I LI L L I I I 11 I I I 1 I_I ]
S 70 — Particle source, only
s 70C _ =
= E SIG RO 4 neutrons
| = 166% =
= 4 °* VETO-cut
50— — ¢ y-cut
- _ °
Py = = ToF cut
a0f- =
20 —
10| —
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

FQH
L SPgq i
bea = B
m
BC2 / / HGND prot
y prototype
‘ Targdy) e )_-0_: ......... [ neutrons | ' ' ,

. . . UNGefloaqas ™ sermnnn..

Only single Xe ion in target P G gy s L

............... N

Ultra-peripheral collisions — EMD
4000 e

N - = 2
T 35{]0:— Xe ions on Hodoscope _Z. . 5
C C around Z?=3000 in EMD e 10° 3
30{}0;— _\S __——_; .
2500 o 3]
- Beam Trigger (BT) — 1l o 10°
2000E"FQH 72>2500 cut —=mege ~ o 3
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1000F- = = B
:. RN PR A B A A A _:— | T -
00 1000 2000 3000 4000 5000 6000 7000 8000 1
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Selection of hadronic fragmentation events in measurements

BC1

Only single Xe ion in target

L SPygq FD

/\@80%% ! / HGND prototype
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e
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Central & semi-central collisions — hadronic interactions

4000

FQH Z°

3500
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2000
1500
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500

%

27.05.2026
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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
(%) ?IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'? ; 1 | | | | | | | | | I?
c = ] = E— 3
% : I DCM-QGSM-SMM : %— : ~ omassis
E’ 1078 3 . ERE= 107" E UrQMD-AMC E
o m - c C =
O 10 —E 41— UrQMD-AMC E- a 10-2 i Average:
= = 1.36
10_5 :? ?: 10_3 T 1.51
T 1 107 :
10°F E 11
. i 10°5
7 '
L E.I I I I P I L |jé (I) !I é é ;1 é é 7 8 lgI
o 1 2 3 4 5 6 7 8 9 10 2
T GeV Multiplicity

Trigger efficiency correction from experimental data was applied for all
histograms.
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Background in simulation

220—
" 0,=270ps 2
ol o e RELDIS, BG
160 —
e SNR = —12198 =9.44
120 —
100 —
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40—
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o oA 1 e et e ki L
0 1 3 4 5 6 7 8 9 10
T, GeV
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HGND prototype efficiency

Model Q.,% ., % Q xe, %
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

27.05.2026

A. Zubankov
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Cross-section estimation using different models

d=0.175cm
N_. -(N
o=—= < ”>. A .(Q xg) N, =6.02-10* mol ™
N. d-N,- S 3
ions AP p=453g/cm
RELDIS DCM-QGSM-SMM | UrQMD-AMC

Y =N, /N, ,neutrons/ion

(1.49+0.12)-10°3

(3.7840.02)-10°3

Ne, (N, Y/ Nigws - (2, x&,)

(6.92 +0.57,,
+0.17,,,) -10°3

(16.31 £0.10,.,
+1.31 ) 107

(17.98 £0.13 . ,
+0.60,,,) -10°3

ex
JIO

1.88 +0.16,,.,
+0.05, ., b

4.44 +0.03,,,
+0.36,,, b

4.90 +0.03,,,
+0.16,, b

Gsim

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=453g/cm?3
ev A
o = (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
O 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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Reconstructed spectra for EMD and hadronic interactions

%) S I S LA LA AL L A R LA I bl RN LR RARLS LERRE LARLE R LS RS LR
E} 0.3 + EMD 41 O 0.4F - Hadronic interactions ™=
I - = Csl2% 1 3 oasF - = Csl2% :
S 025F + o withouttarget 4 <€ “-OUF W O without target E
3 n 1 3 - -
O C + + 4 O 0.3 =
(..) 02'_ _ O ~ HiH il -
- + . 0.25¢ =
0.15F + = 0.2F . . =
0.1F %* e 3 0.15F - e

: * * : 0.1F- - - =

0.05F 34 *% %* & T : ' * '

— — - |-.-| =

—F RIS 0.05F = it T
D:Itﬁﬁll’_ﬁjﬁlﬂ% TR iy ) 2T P PO E, NIt I, PP PRPRTE TFRTOnt PP NYRP

o 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
S 0.4 il
“jé ' ™ —F— Hadronic, Csl 2%
= : 10
(_G,) 0.35 F!:I'i" + Hadronic, 2x Csl 1%
HilH
. 3
0.3
- -
0.25 52
0.2 CI: t=j
0.15
HilH t-j*
-
0.1 = =
0.05 . e
D .||||||||||_L|||||||||||_||||||||_I_||||||.|-
0 1 2 3 4 5 6 7 8 9 10
T GeV
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Corrected spectra after
subtracting empty
target spectra

Measurements with 1%
and 2% target are
consistent
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[MpoTtoTnn HGND

YCcTaHOBKaA

—20 [nAa npoBepKu KoHuenuum
BM@N '

nonHomacwTtabHoro HGND 6bin
npoTtectnuposaH npototun HGND B
peakumu 124Xe+Csl npu sHeprmu nyydxa
3.8A 3B B akcnepumeHTe BM@N.

AneKTpomardmTtHas auccoumauma (3MA)
paHee He U3y4yasiaCb B CTONIKHOBEHMAX Xe
Mpotorun HGND | NPV 3Hepruax 2—4A '3B.

MpoTtotn HGND moeT 6bITb UCMONb30BAH A1 U3YYEHUSA HEUTPOHOB U3
yAbTpanepnpepmnyecknx CTONKHOBEHNN N HEUTPOHOB-CMEKTATOPOB Ha NyYyKax n3 HyKnoTpoHa.

MN3mepeHbl BbIXOAbl HEUTPOHOB C NomoLlbto npototTmna HGND ¢ mogenbHO-OLUEHEHHOM

3(|)¢eKTMBHOCTbEO ANA UeHTPa/IbHbIX U NONYLEHTPA/IbHbLIX CTOﬂKHOBeHMIZ, d TaKxe AnA 3|\/|,£|I
124Xe
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OT160p cobbiTn IM/1 M aaPOHHbBIX B3aMMOAENCTBUM

FQH
TonbKO 0ANH MOH Xe Ha MULLEHMU .
,-_,__7__7__7-_‘_371__7_7__7__ " >
- BC1 - \, B /
BC2 BD // HGND prototype
arg ...................... ).9_7:' ______ | neutrons ' ’ , '
e A
LleHTpanbHble U NoAyUueHTpasibHble CTO/IKHOBEHNA —
YnbTpanepudepuueckme ctonkHoseHua — M/ afpOHHble B3aUMOAELHCTBUA
q, 4000 m40‘3'0"""""""""""""""'i""':. @
T 45q0F. V10He! Xe Ha FQH okono E T ae00 Central trigger El =
J = 72=3000 8 3M[ S J (CCT) = [l PPV
3000F- e 3000 FD amplitude 3
2500 . - 2500 <4500cut 30 1,0
- Beam Trigger (BT) = ] :
2000 —FQH 2252500 cut = 2000 =
1500F-(<0.02% of CCT events)= i 1500 E E 10?
- 1. 10 =
1000F- = 1 =
(’J{}OE — = 000 = 1 10
500F - . 500 - ———= E
0:....I....I....I... := - ] 1 0 --_==:_:____ .I....I....I....: 1
0 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000
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Cumynauma M/ c nomouwbio RELDIS

0

—

o
)

- 10°E [ R
@ - RELDIS model 124Xe + 130Xe @ 3.8A GeV ml - O
l 1 - %
- | -
) ] 3
B
10 — = 107 O
= 107~
1E i =l -
FEEEE NS IR PR N e A T T e AT e e
0 1 2 3 4 S 6 7 8 9 10 l. Pshenichnov, Electromagnetic Excitation and
Tn: GeV Eragmentatlon of Ultrarelativistic Nuclei. Phys.
art. Nucl. 2011, 42 (2), 215-250.

CpeaHAAa MHOXeCTBEHHOCTb HeUTpoHOB— 1.05
CpeaHAa MHOXXeCTBEHHOCTb HEUTPOHOB B akuenTaHce npototmna HGND — 1.02
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UrQMD-AMC vs DCM-QGSM-SMM

UrQMD-AMC (in Cascade mode) DCM-QGSM-SMM
, 3.8A GeV 1%4Xe + 130Xe 3.8A GeV 131Xe + 133Cs
o 10 AR RERREREN i RAREE RS LR LY LR~ 10%w © L SRR RARAY LARRE AN L RS RN ALY LR L= 2}
s F W5 o {8 105
E 1R @ 153 &
- 179 € 155 €
— =3 I =
' 1od. .8 4 8
| -5
1088 i =l b 9| =107
i -f(.f.;', 2l 1.
| B _ _E -
| | B 3 10 B 10_5
||| E =
W ( e :
LA :
o 1 2 3 4 10 10
T Ge‘v’ T, GeV
Cpe,EI,HFIH MHOXECTBEHHOCTb HEUTPOHOB-CMNEKTATOPOB.
A.O. Svetlichnyi et al., Production 17.70 16.01 M. Baznat et al., Monte-Carlo
of spectator neutrons, protons and CpeaHAAa MHOXeCTBEHHOCTb HEMTPOHOB B Generator of Heavy lon Collisions
light fragments on fixed targets at . DCM-SMM, Phys. Part. Nucl. Lett.
NICA. ArXiv:2510.02992v2 [Nucl- akuentaHce nportotuna HGND: 2020, 17, 303.
Th], 2025 1-15. 1.36 1.51
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Unfolding using the response from DCM-QGSM-SMM for all

N
o

DCM-QGSM-SMM

—_
(8]

Simulated T,,, GeV

—
N

—_
N

0III|II\|III|III|III‘III|III|III|\II|III

0 2 4 6 8 10 12 14 16 18 20
Reconstructed T,, GeV

We can use the response matrix from other
models with minor distortions.
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Unfolding using the response from UrQMD-AMC for all

> 20r § 5 gl Measured T,, EMD
S - UrQMD-AMC = = Simulated T,, RELDIS
e 18— ] 3 - ®  Unfolded T,, using RELDIS
5 i e
(0] L - .
E 16_ 1 - Ty
g : 10-5:_ ........
12— 5 o
- 10'7;—
B = L1 T B R B
- 0 1 2 6 7 8 9 10
L T.. GeV
~ z ~ Measured T,, hadronic
B 2 - Simulated T,, DCM-QGSM-SMM
% 10°° & Unfolded T, using DCM-QGSM-SMM
3 = Simulated T,, UrQMD-AMC
o - Unfolded T, using UrQMD-AMC
10 -
1075 = T . T
oL Lo b b b bov o b v by by 10’7 = '\-fu!“".!l_I
0 2 4 6 8 10 12 14 16 18 20 B —
Reconstructed T,, GeV 0t | e -~
= e M
We can use the response matrix from other - % gt
. . . . 107 = ]
models with minor distortions. S | | R | S
0 1 2 3 4 5 6 7 8 9 10
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Trigger efficiency



Trigger efficiency by V. Plotnikov ()

00 30
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Trigger efficiency by D. Idrisov

B i —— DCM-QGSM-SMM
B — UrQMD-AMC
0.8—
0.6 —
04—
0.2—
0 _—+ | | | : | : : : |
0 2 4 6 16 18
b, fm
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Impact parameter distribution

o  0.03

A : | DCM-QGSM-SMM ?ﬁ" : -
0.025 T uramp-amc i —
0.02|- | =
0.015F —
0.01F I! —
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0 10 12 14 16

o
3
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Cross-section estimation

) d=0.175cm
(d)z Ney <N”>-(angn) N, =6.02.10% mol

< N ions p=453g/cm®
kP(d):l_eXp(_%) Qn _ I\lhit £ = Nrec
dr A Vo N
P(d):gzd N,-p-o

A A
G_NGV.<NH>.( nxgn) A

I\lions d NAIO



UrQMD-AMC



UrQMD-AMC vs DCM-QGSM-SMM

e T [ S S e s e B e e e
= Ty, = 3.8A GeV 3
A- .o [ — UrQMD-AMC, **Xe+'*“Xe (in Cascade mode) -
— DCM-QGSM-SMM, *Xe+'*Cs =
® 600A MeV Sn on Sn, P. Pawlowski et al (2023) -
1 _g O =
10" & .
1072 Elee® E
107° =

| T T R | | | |
06 04 02 0 0.2 0.4 0.6
yn- yﬂ

27.05.2026 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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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

* 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. Nucl. 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).
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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

27.05.2026

.

Unigen file

AMC:

* Find spectator nucleons

* Define prefragments via MST-
clustering

e Constantd=2.7 fm
* 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 .1 z, fm 3
2!O 1!5 150 ? (1) —!5—}9-:![5-%/01_20 210 15 1.0 5 (.) —15—}9}5?})_20
~15
-10
-5
E
0 %
5
10 10
15 15
20 20

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



MST-clustering

Clusters representation on the Side A

YY) I S
.’v — £ :].@ 4 y
SRS
.\: ./% 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

.VICZ

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

A 80—g AANMCC, G4 A 5¢ S
3 O UrQMD-AMC £ 4sE E
£ 70| A Adamovich etal. 97 = g ~O00 E
N ¥ Botvina et al. 95 = aE 0C 3
L v g ~ae®e © :
£ 10A GeV Auon Ag 3.51 0e® @
50 3f Oce 1 "
E g ﬁ. = f; m ) @
a0f 255 o A T?T
30E 2F o “44 . 2 Tgl
‘ 156 ® L . o
20: B E QTAY % é =
F o~ 15 o4& elA
10F = o5 @ ® ,‘A E
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UrQMD-AMC and AAMCC describe Z ... Models give similar numbers of He
UrQMD-AMC is systematically lower than AAMCC for Z,,,,q < 50. This is due to a smaller spectator volume in UrQMD.

AAMCC is closer to data on M,y 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

C PbPb, |'s,, = 4.5 GeV, AAMCC
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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 6 8§ 10 12 14
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
between Relativistic Nuclei. Bulletin of the Russian

Academy of Sciences: Physics 2020, 84 (8), 911-916.

™ GO_III LI [ IIIIIII III|III|III|III|III_
= — AAMCC-MST 1
~ 50__ .- AAMCC N
: e ALICE (2021) -

40 -
30 -

20 |- .
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0:'_'_I-|III|III|IIIIIII|III|IIIIIII | :
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Average multiplicities of neutrons in 2°8Pb—2%Pb collisions at

= 5.02 TeV as functions of the collision impact

Production of Spectator Fragments in Collisions of
Relativistic Nuclei. Particles 2022, 5, 40-51.
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Nuclear interaction

protons neutrons
E _||||| TT 11 IIII|IIII|IIII|IIIIIIIMean 10.92 E-. EI | | Mean 17.62
o 01F T 00.07F T

0.08- i 0.06 E
0.05F .
0.04 _' 0.03F B
! ] 0.02F h
0.02 — : ]
: : 001 [ -
O-I L1 1 I 11 1 I L1 11 I L1 11 I 11 I L1 11 I L1 11 I L1 11 I- O:I I:
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N 'Xe"""Xe, 3.8A GeV, 0-60%, Gy gy, = 3.164922b |
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Neutron yields at 27°

© SprTE T j 0018 =~ ] | ] I | 1 | | | |
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Neutron yields at 27°
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Backgrounds DCM-QGSM-SMM
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Backgrounds

Experimental data -

Kinetic energy reconstruction Hosunus - I (-26.8 cpagycos )
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HGND



3Heprus cBA3U Ha HYKJ/IOH: EA(P; 5) = EA(p, O) -+ -?sym(p)52 + 0(54)

]

pressure [MeV/fm’

UccneposaTtenbcKaa nporpamma BM@N

CMMmmeTpuUHana maTtepus

JHeprna cMMmeTpumn

ASY-EOS
FOPI-LAND
=== Tsang et al.

i Lynch, Tsang
HIC(isodifY)
Op

OE .

[u—
S
(=

T

3
o

B
(e

10

T

%4 e Févre et al. ]
== Lynch et al. from Fuchs et al ]
H#HH  Oliinychenko et al. 1
== Danielewicz et al.
Walecka model
iF ermi gas

symmetry energy S(ng) [MeV]
N
(e)

\\\\\\\

HIC(n/p)
mass(Skyrme)
IAS
mass(DFT)
PREX II y

T T

1 2 3 4 5

baryon density ng/n, baryon density ng/n,

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

Mano IKCNepnmMmeHTa/ibHbIX AaHHbIX MO BK/1a4dy 3aHEPTNA

cuMmmeTpumn npu aHeprmax sbie 800 M3B.

Heobxoanma peKoOHCTPYKLMA NOTOKa HEMTPOHOB U BbIXO4,0B.

(TSZ (Pn — pp)/P

U3ocnnHoBaa acummeTtpua

* 3yyeHune EoS
Heobxoanumo ans
NOHMMAaHUA CBOMNCTB

| TAKUX acTpOPU3NYECKUX

06BbEKTOB KakK
HEWTPOHHbIE 3BE3/bl.

* OTHOLWEHMe BbIXOA0B U
HanpaB/1IEHHbIX MOTOKOB
HEWTPOHOB K MPOTOHaMm
YYBCTBUTENbHO K BKNaAy
3HEepPrMm CUMMETPUN B
ypaBHEHMe COCTOAHMUA
A0epPHON maTepun. 92



KoHcTpykumna HGND

2 nneya no 8 cnoes:

3 cm Cu (nornoturtens)

* 11x11 maTpuua CUUHT. a4eeK 2.5 cm
* 0.5cm PCB

* [lonepeyHblt pasmep 44x44 cm?

YR A XA KA
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KoHcTpykumna HGND

EQR15 11-6060D-S MPPC SiPM
e AKTMBHasA naowanb: 6x6 mm? | T
e KBaHTOBas apPpeKTnBHoOCTb: 45% (420 HMm)

* YcuneHue npumepHo 4 x 10° | scintillator

CumHTUANATOPDLI HA OCHOBe noauctupona c POPOP
* Bpema BbicBeunBaHua: 3,910,7 Hc.

* BpemeHHOe pa3peweHune ayeek: 150 nc
* lNonHaa gavHa petekTopa: ~“0.5m, V1.5, ,
* 3dPEKTUBHOCTb AETEKTUPOBAHUA HEUTPOHOB: ~“50% @ 1 GeV

e JHepreTnyeckoe paspeweHune: - 2% (0.3 GeV); 20% (4 GeV)
e (CsetoBbixoa Ha MIP: 15819 ¢.s.
* [nHamunyeckmm gnanasoH: 1 -8 MIP
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FEE & readout board

* 16 choes A4eekK * 3 FPGA Ha nnaTty

* 16 LED nnat * 84 KaHana Ha FPGA

* 32 FEE nnart * 2000 KaHanoB CyMMapHO
* 8 cyMTbIBAOWMUX NNAT

absorber

{ Space for Cu [ Mechanical guides
=

/

connectors

FEE board coupled to Readout PCle
scintillation matrix board connectors Second Readout
board (invisible) 95
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[lhaHnpyemoe nonoxkeHne HGND Ha BM@N

Scwall | ]
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* ToF meTtoa c TO B KayecTBe «CTapTOBOro» BpemeHu
* BpemsanponeTtHaa 6a3za~ 7 m
* JleTeKTop pa3gesieH Ha ABa «naevya» AnAa yBennvyeHuAa akuenTaHca
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LAND acceptance

magnet TP—MUSIC IV

trigger
detector )

target

beam

I

LAND
detector

L]
111

j

position
detector
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