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- Probing the high-density equation-of-state
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- Exploxing the role of hyperons in neutron stars
» Upgrading the BM@N detector system
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BM@N:
beams from p to Au, heavy ion energy 1- 3.8 GeV/n (17 kG Nuclotron magnets), Au intensity ~ few 10 Hz
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Experiments performed at BM@N:
o Short-Range Correlations (SRC)

k<k: Mean field region: Single nucleons
k>k: High momentum region: Correlated pairs of

Mean Field
Region

nucleons, which are close together in space with a high 4
relative momentum, but a low ¢.m. momentum compared \‘\k
coreltedtail  £0 the Fermi momentum k.. SRC probe nucleonic and copace
S0 ’:(30% . partonic degrees-of-freedom in nuclear systems. k> ke fz”zrso’;”v’jz
f = eV/c

Experiment at BM@N with a 4A GeV C-beam:
First fully exclusive measurement in inverse kinematics
probing the residual A-2 nuclear system!

2C+p—->2p+1B+n (hp SRC)
“C+p—>2p+19Be+p (pp SRC)




Experiments performed at BM@N:
Short-Range Correlations (SRC)

k<ke: Mean field region: Single nucleons

k>k: High momentum region: Correlated pairs of
nucleons, which are close together in space with a high
relative momentum, but a low c.m. momentum compared ;
to the Fermi momentum k.. SRC probe nucleonic and copace

partonic degrees-of-freedom in nuclear systems. k>ke k>kp K=k,
k, =250 MeV/c

n(k)

Mean Field
Region

Correlated tail

(b) Nuclear Fragments Key features of the experiment:
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i LS Suppression of final-state interactions ‘g - 0°C(p,2p)°B
_ b5 by post-selection of nuclear fragments S o oPC(p,2p)"°Be
§ 9 = » Direct measurement of the SRC pair center of | -GCF simulation
§, N M‘ g mass motion st
N - : Show case: 5t '
7 _ o Inverse kinematics offers the opportunity to measure
61 e SRC in short-lived neutron-rich nuclei at radioactive
, beam facilities, which will shed light on the properties 05 05 1

2 3 4 3 of dense and cold matter in neutron stars. M. [GeV/c']
1SS, eXcCl.



Experiments performed at BM@N:

Lambda production in C + C, Al, Cu collisions at 4A GeV
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Upgrading the BM@N experiment:
Exploring nuclear matter at neutron star core densities
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Neutron star mergers and heavy-ion collisions

density temperature

M. Hanauske et al.,
J. Phys.: Conf. Ser.
878 012031

n-star merger
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The nuclear matter equation-of-state

The nuclear matter equation of state (EOS) describes the relation between
density, pressure, temperature, energy, and isospin asymmetry

P = 8E/8V | 1-const
V=Alp

SV/ 5p_ Alp?

P = p2 8(E/A)/8P | 1-const

Symmetric matter (0=0):
» E/A(p,) = -16 MeV
» slope o(E/A)(p,)/0p =0

» curvature K = 9p? 8%(E/A)/8p?
(nuclear incompressibility)

EA(p,é)
100
> 50
=
<
~
L]

EA(p,0)+

Eqym(p) 0% with 8= (pn P,)/P

 —— DBHF (BonnA)
BHF AV, +3-BF
var AV, ,+3-BF

p/p,

Ch. Fuchs and H.H. Wolter, EPJA 30 (2006) 5



Mass-density relation of neutron stars
for different EOS
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Observable in heavy-ion collisions: Collective flow of nucleons

semi-central Au+Au collision at 2 AGeV
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Collective flow of nucleons: driven by pressure gradient in the fireball
P. Danielewicz, R. Lacey, W.G. Lynch, Science 298 (2002) 1592



Nuclear incompressibility from collective proton flow
P. Danielewicz, R. Lacey, W.G. Lynch, Science 298 (2002) 1592
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FOPI at GSI: EOS from the elliptic flow of fragments
in Au+Au collisions at SIS18 energies (p < 3p,)
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Nuclear incompressibility from collective proton flow
P. Danielewicz, R. Lacey, W.G. Lynch, Science 298 (2002) 1592
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Exploring the EOS with subthreshold strangeness production

Experiment: C. Sturm et al., (KaoS Collaboration) Phys. Rev. Lett. 86 (2001) 39

K* meson production in Au+Au and Theory: QMD Ch. Fuchs et al.,, PI_’\YS. _RGV. Lett. 86 (2001) 1974
C+C collisions at 0.8 — 1.5A GeV IQMD Ch. Hartnack, J. Aichelin, J. Phys. G 28 (2002) 1649
7 : ' I ! I ' I i | -I — 80 — .
pp — K*Ap | & s £03 ot e T U --k=380Mey
E = 1.6 GeV Q2 6 O—O soft EOS, IQMD, pot RMF E T — k=200 MeV ;
( thres™ - = ) 2" i [ Ihard EOS, IQMD, pot RMF — 60— ;
I KaoS Py = :

] \g S ‘_Zsoft EOS, IQMD, Giessen cs ? - g ‘7
subthreshold production: s | \/hard EOS, IQMD, Giessen c3 = 40 ; "
density dependent S 4t %— B

o L = '
o o K 2,1 :
N NN : ] 20
N 1 ! . ! . A . | . ! ] Lo b b b b b b
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E_, [GeV] baryon density p/p,

Au+Au: strong EOS effect, ~ Au/C ratio: |
C+C: no EOS effect cancellation of systematic errors

both in experiment and theory Soft equation-of-state: k < 200 MeV

Confirmation of flow measurements



Probe of the high-density EOS:
subthreshold production of multi-strange hyperons

Idea: E and Q yield at subthreshold energies ~ multi-step collisions ~ density — EOS

Hyperon production via multiple collisions

Strangeness production: pp —» K'nZt—yg S A0y 0
pp > KA% (B, = 1.6 GeV) PP > Kt —> =
pp — K*Kpp (Ene = 2.5 GeV) pn — K'pX —> ¥ 50 Qn

pp > EKKp (B = 3.7 GeV)

- W+ +K0 =
pp —> Q K*K*K%  (Ey, = 7.0 GeV) PP — K*'PA’—s ropo_y =1

pp — /_\‘+’/\_0 PP (Etne = 7.1 GeV) 0p — KpAO— \
pp — EY E pp (Ey, = 9.0 GeV) O ok, _
pp —> Q" Q pp (Ey, = 12.7 GeV pn > nK*30 —— 2°E > Qn

pp —> Kn2*— I
on — Kps- —> 22 >8P

pp > KpA® —> A0=- 5 QO n



Probe of the high-density EOS:
subthreshold production of multi-strange hyperons

Idea: E and Q yield at subthreshold energies ~ multi-step collisions ~ density — EOS

Isospin-dependent strangeness-exchange  Hyperon production via multiple collisions
cross sections in UrQMD
. T pp > K'n2*—
] 2 +Y > IZH+p +A0 =0
-" ' -==A+tA > E+p - pp_)K+p/\O E >N E P
150 |

200

pn - Kp2r —> 350 5 O n

pp = K'PA'— \op0 .« =
oD —> K*pA? _,/\/\—>$p

50", .~
"N pn - nK*z0 —— 205 > Qn

pp —> Kn2*— .
on — Kps- —> 22 2 EP

\s-Vs, [GeV]
G. Graef, 1. Steinheimer, F. Li, M. Bleicher, Phys. Rev. C 90, 064909 (2014)

pp > KpA® —> A0=- 5 O n



Probe of the high-density EOS:
subthreshold production of multi-strange hyperons

Idea: E and Q yield at subthreshold energies ~ multi-step collisions ~ density — EOS

Q- production in 4 A GeV Au+Au Hyperon production via multiple collisions
(BM@N energies!)

T ppo KT —
0.000148 Enties &7 pp — K'pA\0 —> 2*N\— E0p

pn > K'p2 — 520 Qn

— K*pA©° -
EE - K+E/\O\>’> NN— i p
” P I I pn - nK*z0 ———> 275 > Qn
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pp —> K+nz+\ e .
HYPQGSM calculations , K. Gudima et al. pn - KpX —> 272> Ep

pp > KpA® —> A0=- 5 O n
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Multi-strange hyperons: promising observables for the

EOS of symmetric matter at Nuclotron beam energies

Hyperon yield in heavy ion collisions at 4A GeV (BM@N energies):
soft EOS (K=240 MeV) / hard EOS (K=350) MeV
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Searching for the onset of deconfinement

2-body forces
schematic oo s Bt—

3-stage e, e i @
model - . ,
o ® @@

many-body forces

baryons overlap

pach

Courtesy of T. Kojo

e () 0

nucleons with
hard core and
pion cloud

quark occupation Sl o
function with localized |
(red) and delocalized

(blue) modes ¢ ¢

BM@N density rangé

A J quark
I

K. Fukushima,T. Kojo, W. Weise,
arXiv:2008.08436



Searching the onset of deconfinement with multistrange hyperons

Excitation function of strangeness: = (dss),=*(dss),f2(sss),2*(sss)
— chemical equilibration at the phase boundary ? _

. . . Py ) 2.
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A. Andronic et al., Jour. Phys G38 (2011)
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Searching the onset of deconfinement with multistrange hyperons

Excitation function of strangeness: =(dss),=*(dss),2(sss),Q2*(sss)

— chemical equilibration at the phase boundary ?

. . . 2
Particle yields and thermal model fits . _ vy - _L9Zi _ 9 /OO prdp
! ! Vo op 212 Jo  exp[(E

i— i)/ T]£1

— T T T T T
10° . ® Data, Vs, =261 GeV
T=75.8:2.1MeV, i =799.4121.6MeV,
R =2.2:0.2fm, R_=4.1:0.5fm

+

» = production by multiple collisions including 2
strangeness exchange i
> No thermal equilibration in hadronic environment ——Jo%
because of small hyperon-nucleon cross sections

yield

109} :
Strategy: @ 1.5- -
measure excitation function of = and Q production. E Lot I |
The beam energy, where thermal equilibration is react & | |
(or disappears), indicates onset of deconfinement X o5 -
0

HADES:

Ar + KCI 1.76 A GeV
G. Agakishiev et al.,
Eur. Phys. J. A 47 (2011) 21

23



Hyperons in massive neutron stars?

chemical 400 A MA — HUn

/
-\V
AN + ANN
2+3 - body

potentials
A,
Both the chemical potentials of nucleons

OE 300 /

Hi — 8—91 [NI;:V] HA /{ ) f
200 // é /

Ln

h NEV/A RN

4 f

/)\’\ u, and hyperons p, increase with

’ N increasing baryon density.

[ IAN 2ogy) MerEREI BEVOR GENSIY

g
PRELIMINARY ) = If u, > u,, the EQOS softens, and prevents
the existence of massive neutron stars.
0 1 2 3 |
P/ po

Measure AN, ANN, and AAN interactions !

W. Weise, arXiv:1905.03955v1, to appear in JPS Conf. Proc
(Lambda single particle potential in neutron star matter from Chiral SU(3) EFT interactions)



Hypernuclei productlon in heavy-ion collisions

Hypernuclei at

IyCMI{D 5 3 y ° 3‘ M - * 5 N - *
He H _ H _ H _ He “"He _ He o
0O 20 40 60 B0 100 120 140 160 central Pb+Pb/Au+Au collisions

1DD " | ! 1 = I 5 | o L o | " L o :- 10D

Lines:
Thermal production

107 : 107 (UrQMD-hydro hybrid model)
- ] 402 Symbols:
Coalescence results
5 oo f 400 (Dubna Cascade Model, DCM-QGSM)
2 10° 110+ The discovery of hypernuclei and
5 the precise mearurement of their
10° . __!;wﬁ life times will shed light on the AN,
e & ANN, and AAN interactions
10° ;11':'*‘3

Nudotron B [A Gé?,?] 120 140 160 4 greinheimer et al., Phys. Lett. B 714 (2012) 85



BM@N upgrade for Au+Au collisions up to 4.0A GeV

esc. GEM group

«Anclyzing Magnet ToF-400 » ToF-700 »

ZDCe

Upgrade:

> 4 stations double-sided micro-strip silicon sensors
» 7 full stations Gas-Electron-Multiplier (GEM) chambers
» Forward Hadron Calorimeter

» vacuum beam pipe from Nuclotron to BM@N
» vacuum target chamber and downstream beam pipe with low material budget



The BM@N Silicon tracking system:
Based on double-sided micro-strip sensors

SENSOrs ASIC

- Front-end Board with 8 STS YTER ASICs

BM@X

Technical Design Report STS XYTER v.2.1

The Silicon Tracking System
as part of the hybrid tracker of the BM@N experiment

Assembled modules are covered main frame
with aluminum shielding gl

half-station &

AN A A A Y |

Dec. 2019

Modules are in groups installed on CF
trusses with mounting blocks




GEM central tracker for heavy ion runs BM@N

« 7 upper GEM 163x45 cm? chambers produced at CERN were integrated into BM@N
« 7 lower GEM 163x39 cm? chambers were assembled, delivered to BM@N and tested

Setup of GEM detectors
for cosmic tests

| o PO

GEM 163x39 cm? chamber
assembly at CERN




Efficiency

central Au+Au collisions at 4A GeV (QGSM generator)

track reconstruction efficiency

Efficiency vs P for primaries |
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Physics performance simulations
of the hybrid tracking system

Lambda reconstruction in 1000 central Au+Au 4A GeV (A. Zinchenko)
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Forward Hadron Calorimeter

Determination of:
» Orientation of the reaction plane
» Collision centrality

e FHCAL assembled and installed into BM@N setup
e Cosmic tests are under way

CBM modules MPD modules

Team of INR RAS, Troitsk




Radiation environment
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Beam parameters and setup at different stages
of the BM@N experiment

Year

Beam

Max.inten
sity, Hz
Trigger rate,
Hz

Central
tracker
status

Experiment
al status

2016

d(1)

0.5M
5k

6 GEM half
planes

technical
run

2017
spring

C
0.5M
5k

6 GEM half
planes

technical
run

2018
spring
Ar,Kr,
C(SRC)
0.5M

10k

6 GEM half
planes +

3 forward Si
planes

technical
run+physics

fall 2021

Kr,Xe
0.5M
10k

7 GEM full
planes +
forward Si
planes

physics run

2022

up to Au
0.5M
10k

7 GEM full
planes +
forward Si +
2 large STS
planes

stagel
physics

2023

up to Au
0.5M
50k

7 GEM full
planes +

4 large STS
planes

stage?2
physics



CREMLINP.LUS

Connecting Russian and European Measures
for Large-scale Research Infrastructures

Budget 25 M€ over 4 years: 2020 - 2023
GSI/FAIR and JINR involvement in two Working Packages

WP2: Collaboration with NICA
Develop the instrumentation for NICA/BM@N and FAIR/CBM
Engineering and construction of fast detectors, and development of high rate data

acquisition chain and software packages for simulation and data analysis
Total budget 4.61 M€

Participants: JINR (9 FTE), FAIR (8.5 FTE), U Tubingen (1 FTE), WUT Warsaw (2 FTE),
Wigner Budapest (2 FTE), MEPhI (4 FTE) INR Moscow (1 FTE), NPI Prague (2 FTE)

WP7: Joint development of detector technologies

Develop a beyond state of the art CMOS pixel sensors (MAPS) for high-rate Silicon
trackers for several particle physics and heavy-ion research communities in Europe and
Russia for the potential upgrade of many experimental setups (e.g. at SCT, at NICA, at

CERN-colliders), development of neutron detectors, detector school at BINP
Total budget 1.8 M€

Participants: JINR (1 FTE), FAIR (1 FTE), DESY (1 FTE), U Frankfurt (1 FTE), IPHC
Strasbourg (1 FTE), KINR Kiev (1 FTE), BINP (1 FTE)
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