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[1rnaH nekunu

BeeneHune (npegMeT nccrnegoBaHna, eanHnLbl U3MepeHnsa, 1 1.4.)
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|. BBegeHue

= Cucrembl eguHnLL N XapaKTepHble BEJTNYUHDI
nccneaymbix rnpoueccoB

= KBapKku U rMOHbI, CUSTbHbIE B3aMOLENCTBUA,
KeaHToBasg Xpomo[uHamuka (KX[), KOHpanHMeHT



Llenb nccnegoBaHun — nsyvyeHme cTpyktypbl MaTtepun Ha cy6baToMHOM
YPOBHE U XapaKTepa cun, AeMCTBYIOLUX MeXay YacTuuamm

kT




EAMHMLbI U3MEepeHusa:

[L]: depmn 1 ¢ = 101> m (pasmep npoToHa)
[E] : anekTpoH-BONbT 1eV* =1.610"° )

V(f) : CKOpoCTb B egMHMLAX C

[t] : fm/c, 1 fm/c = 3:102* cek.
[p] : M/V (8 eduHuyax adepHol nnomHocmu)
[T] : memnepamypa (8 aHepecemuyecKux eouH.)

Mopsapok BesIMUMH B UCClieayeMbIX npoLieccax

L:0.1-10 fm

E': 1-3000 GeV .

ﬁ' ~1 1 eV paBeH KMHETUYECKON 3Hepruv npuobpetaemon
' SMEKTPOHOM MOCHE MPOXOXAEHNS PasHOCTU

t:1-50 fm/c noteHumanos 1 Bonst (E=qV =1.6101°Q . 1V)

T:100 MeV (~10'2 K)
0> pp=Al(4/3nR3) = 2.3 10" kg/m? for Au



HemHoro o cucteme Ucnonb3yemMblix eauHUL

EctecTBeHHble (natural) cuctembl eguHuL, onpeaenatoT
h=c=ks =1 (1 AanAa BEANYNHbI KOHCTAHTbI U PAa3MEPHOCTK)
[v] = [L]/[t] — AAvHa 1 BpemMA NMMetoT OAUHAKOBYIO Pa3MEPHOCTb
E2=p?c? + m? c* sHeprusa, (Mnynbc*c) n (macca*c?) meloT 04MHAKOBYIO pa3MepHOCTb
h~Et, Toraa sHeprua u Bpema UMetoT obpaTHbIe pa3MepPHOCTH
E = kT, TemnepaTtypa B eANHULAX SHEPTUU

B KayecTBe eAMHCTBEHHOM Pa3MepPHOMN BENUYMNHbBI NPUHATA eAnHULA SHeprun GeV

K npumepy,
macca npotoHa m = 0.938 GeV/c* = 1.67 - 10*" kg

pa3smep nNpoToHa (3apagosbiit paguyc) ~ 4 GeV1i=0.8fm=8-101m
Bpems xun3Hun p-meson T~ 7 GeV1=4.5-10%4s

TemnepaTypa pasosoro nepexona B coctoaHue KM T~ 160 MeV =2 - 1012 K
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LEPTONS

Standard Model of Elementary Particles

three generations of matter
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KBapKku v rntooHbl B KX/

0 Kaxablit KBapK obnagaet gon. 3apsaaom (KBaHTOBbIM YMC/IOM) — Y8Eemom.
MmeeTca 3 LBeTa TaK YTO KaXKAblit KBapKk obnagaet 3-ma A0NOAHUTENbHbIMU
cTeneHamu ceoboabl no usety (read, green, blue)

O M30nnpoBaHHbIe LBETHbIE 06bEKTbI He HaboAaeMbl @ KBAapKU CyLLECTBYHOT B
Mpupoae ToNbKo B cocTaBe 6eclBeTHbIX 06bEKTOB (CUHINETHbIX MO LBETY C MOJHbIM
usetoBbim 3apsagom 0) —aapoHos (hadrons)

O KBapKu B3aMmogenctsytoT yepes obmeH rntooHamu (gluon).
MmeeTca 8 TMNOB rM0OHOB, OHM CaMW UMEIOT L BETOBOM
3apag (useT+aHTULBET) M MOryT B3aMMOZAENCTBOBATb APYr C APYTrOM.

Teopus CUNbHOTO B3aMMOOENCTBUSA KBAPKOB U rmooHoB U RJU

Ha3blBaeTCH
KXL — KesaHToBass Xpomo-AnHamuka

QCD (Quntum ChromoDynamics) /—B\
S 5

[1Be ocobeHHocTn KXl — acumntoTnyeckasa csobona
(asymptotic freedom)
N KoHcpanHmeHT (confinement)



Strong interactions: running “constant”

Strong interactions govern by Olg

K "
XN/ @=(-q) = -(k-k)?
g )
N
k \’

= Strength of the charge depends
on the energy scale!

= At lower scales, the coupling constant is

large; quark and gluons stay confined into
hadrons

= At: high energies/short distances/high
temperatures quark and gluons are almost
free = asymptotic freedom
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KoHdanHmeHT (“3annpanHune” usera) B KX

KBapKu 3anepTbl BHYTPU
Uy agpoHa (“KoHPanHMeHT”)
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* MeXKBapKOBbIN NOTEHLNAN IMHENHO BO3PACTaeT C PacCTOAHUEM
Cunosble MHUM GOPMUPYIOTCA B BUAE CTPYHbI BC/IEACTBUE
LIBETOBOrO 3apsAaa [M0OHOB

Mpw NonbITKe pa3aennTb Napy KBapKoB, BO3PacTatoLLan NaoTHOCTb
SHEepruun B CTPyHe NpmBoAUT K ob6pasoBaHuio (13 Bakyyma KX/)

Nnapbl KBAapK-aHTUKBAPK, KOTOpble PEKOMBUHUPYA C UCXOAHOM
napoi obpa3ytoT HOBblE aAPOHbI, NPM 3TOM NONHAaA LBETOBAA
HEeNTPaSIbHOCTb COXPaHAETCH



Il. KBapk-InrooHHasa lNnasma (KI'M)

» MeToabl nosny4vyeHns cnnbHOB3aMMOLEUTCBYOLLIEN MaTepumn
B NlabopaTopHbIX YCNoBUAX, paHHASA BceneHHasa n actpodusnka

=  KITl kak aHcamMbnb cBOOGOAHbLIX KBAPKOB U MMIOOHOB,
pacyeTbl 4ns pasoBon anarpaMmma CUnbHOB3aMMOLENTCBYHOLLEN
MaTepun

= da30Bble Nepexoabl B CTONKHOBEHUSAX PENATUBUCTKUX A0€p,
danepbon n ero apontoLms



Bo3moOXXeH nu 0eKoHhaliHMmeHmM 8 1abopamopHbIX ycaoeuax?
Nodes Keapk-2nooHHOU naa3meol (KIT1)

Upoesa (meton) Ne1 : QkcTpemManbHO ropsiyaa matepus

(apepuom) 0.13 GeV/fm?3, !y '
= (CBepX)BLICOKHE TEMIIEPATYPLI — OTPOMHBIE K
TUIOTHOCTH DHEPIUM —> BBEICOKHE 1 )

MHOKeCTBEHHOCTH yacTull (cortacuo E = mc?)

» TunuyHast MJIOTHOCTh SHECPIuu Ha aApOHHOM ?

Proton Quarks
Uoesa (Meton) Ne2 : QkcTpemManbHO NSfIOTHas MaTtepus @

" HyKI0HBI B 4Apax JOCTATOYHO IJIOTHO YIIAKOBAHbI

* [Ipu nnoTHOCTH BewIECTBA B HECKOIBKO pa3 npesbliiaroivx (N
OOBIYHYIO SJIEPHYIO IUNIOTHOCTH (MaJIBIX PACCTOSHUAX MEXKTY
KOHCTUTY?HTaMM) VaTepusi COCTOUT U3 CBOOOJIHBIX KBAPKOB

(quark soup) 5 ]

e o s e
------

-----------

Kernmaterie Quark-Gluon-Plasma



I1e 1 KAaKUM 00pa30M TaKHe IKCTPeMAaJIbHbIE YCJI0BUSA
MOI'YT ObITh JOCTUTHYTHI?

[opsayas PaHHAa BceneHHas

(cBepXx)1noTHbie acTPOHOMMYECKME
00BbEKTbl — HENTPOHHbIE 3BE3/b




From Big Bang to Formation of the Universe

T-180 MeV

i)

15 ‘nvy Ay 1 JaMye

rime 10-"sec 3 min 300000 years 15 Mrd years >

quarks nucleons 7
atoms our Universe
eluons deuterons

~10 s after BB (T~150 MeV): |Raai
QGP and transition to - . . 9
= (Can we go back in time °

hadronic matter




Actpodusuka u ceepxnaomHasa KX mamepus

B3puie ceepxHogou 36e30b CBepxXnnoTHble 06bEKTbI 06pasyloTca Npu
SN 1604 (meneckon Kennep) B3pbIBE CBEPXHOBbIX

BpemeHa »n3sHu obbektos — 107 net

PacctosiHmMA go obbvekToB — 10" napcekK

YacTtoTa noABneHUA - caydamHas

Pasmepbl - 1-2 macc ConHua

YpaBHeHMA onpegensatowme CTPYKTYpy 06 bEKTOB U
XapaKTtep 3Bostounm cnabo nsyyeHol (B OCHOBHOM,
TEOPETUYECKN)

_—MHoHel, anekmpoHel (0.5 km)

~-—— J71eKMpPOHbI, HelimpoHbl, A0pa (2 Km)

\

CmpoeHue HelimpoHHOU
38e30bl (8ecbma
npubauszumernsHoe)

n-p ®epmu-xcudkocme (10 Km)

Krr?, keapkoeas mamepus? (0.3 km)

Bo3moxcHOo nu 8 naGopamoprlx ycao8uUsaxX eocripoussecmu ycsoeus, npueodmuue
K 603HUKHOB€EHUI CBEpXﬂﬂOMHOﬁ mamepuu 0214 uccnedoeaHus ee ceolicme?



NTak, Mbl nccnegyem He nHaMBuayanbHble
cTeneHun ceoboabl (OTAerbHbIE KBApPKM U
[TIIOOHBI), KaK Ha NpMMepe cripaBa BHU3Y,
a UMeHHO cpeay (BeLecTBo, MaTeputo,
aHcambrb YacTuu) rae nHameBuayanbHble
cTeneHn cBoboabl NPosiBNAOT cebs HO He

NMEIOT NPUHLMNMNANBLHOIO 3Ha4YEHUS

T.e. ncnonb3yem TepMognHamMmm4eckmne
(rmopoanHamMmnyeckue) u CTatTucTUYECKme
noaxodbl, @ UMEHHO, COCTOsAHME, OYHKLUUN U
NnepeMeHHble COCTOSHMA (Temnepartypa, X1M.
noTeHuuarnbl, 3HTPONUS,... ), ypaBHEHUS
COCTOSIHUSA, pasoBast gmarpaMmma 1 grasoBble
nepexoabl M T.4.

[TpyHUMNUanbHbIM ABNAETCA YCTaHOBIIEHNE
TepMoAMHaMNYECKOro paBHOBECUSA = CUCTEMDI
c 60MbLLUNM KONMYECTBOM B3aMOOENCTBYHOLLINX

4YacTUL U BPEMEHEM XXU3HU OOCTATOYHbIM A4
YyCTaHOBSIEHNSA paBHOBeECUA (~ 5 CTONKHOBEHUN)

Mpumep HabaoaeHUA
2-X CTPYM YacTum npu
CTONKHOBEHUN KBAPKOB

....... Lon 9 - (0e 0 8mie T3 3 Kiniie 26 Soofe R ariW Sune I z
B




da3oBaa guarpamma (Ha npumepe Boabl)

®da3a — ogHopoaHas (No cBOUM OU3NYECKMM CBOMCTBaAM) YacTb CUCTEMbI, OTAENEHHAs OT
OpYyrux YyacTteun rpaHuuen pagena (pasosagd rpaHuua).

CmMewaHHan pasa — cuctema coctodawada U3 AByxX OOHOPOAHLIX YacTen B pPasfiNdHbIX
doazax.

das3oBbIN Nepexon — NUBMEHEHNE XapaKTEPHOro
(TepMmogmMHaMmn4eckoro) napameTpa CUCTEMbI
(MNOTHOCTb, HAMAarHM4YEHHOCTb, CUMMETPUS
KpucTtanna, CBepXnpoBOANUMOCTb....) CIIOHTaHHO UM
noa BO34ENCTBMEM BHELLHUX YCIOBUN.
XapakTtepuayetca nopagkom nepexoga (1-poaga, 2-ro
poda) n napameTpom nopsaka (L)
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critical pressure

pfl' ritir - H
- critical point

liquid I

phase
KpVITVI‘-IeCKaﬂ TOYKa — TOYKa N3AMeHEHNA poda
Cba3OBOI'O nepexoga, pe3koe naMmeHeHune rnapameTpa

nopsiaka NpMBOAMUT K 3HAYUTENbHBIMU (PNYKTyaunsamm —
(critical opalescence)

p, (riple point; gaseous phase

critical
temperature
Tp Ter

Temperature -
OcHOBHble CBOUCTBa ®3 XOPOLUO U3YYEHDbI

NMono)xxeHne KpUBbIX paBHOBECUS c|)a3 U cneumalibHbiX TOYEK N3BECTHbI

H,0 — cnabo B3anmopencreyolaa matepma. Kakosbl TepMogMHaMUYECKUE 3aKOHDI
N CBOMCTBa A5 CUbHOB3aMMOAenCcTBYoLWEen matepumn?



@[ cunbHoB3anmopgencreyrowen (KX) marepum

L YpaBHeHue coctosinna KXl matepumn (agpoHbl, KBapKu, rMOOHLI)
d KakoBbl pa3bl KX maTtepum n xapakrep ha3oBbIX nepexonos

O Hanunyue cneumanbHbIX ToveK Ha D[4

T, GeV QGP
L tioe 3a ucknroueHmem obnactm o6bIuHOM AAepHOMN
simulations MmaTepum, ceorctBa KX ®[1 Hen3BecCTHbI.
E‘é“ N ECTb TO/IbKO TEeOpeTuveckue npeacKkasaHus,
= ngl%h KOTOpble He06X0AMMO NPOBEpPUTb B SKCNEPUMEHTE
Models
0.1F
hadron : AU =TdS — pdV + Xpu; dn;
8as quark(yonic) matter
phases: Color superconductivi AU (S, V,ny)
nuclear) crystals, ..« P 24 e S : )
vacuum * matter ( CFl o, <1 S,V
Empirical
0 nuelear physics 5. GeV

Kak npoBoasaTcsa pacyeTbl n genatoTtcsa npeackasaHma ana ®O0 KXO7?
» Pacuyetbl Ha peleTke (Lattice QCD)

» OddPeKTUBHLIE MOOENN
» [eHepaTopbl COObITUN



Calculations/predictions for strongly interacting
QCD matter : Lattice QCD (LQCD)

Lelet

gluon

I

BRE

-y

quérk

LOCD:

Non-perturbative method of solving QCD
Computer simulations in discretized space

Provides a non-perturbative tool for addressing
fundamental QCD properties (hadronic spectrum,
confinement and chiral symmetry, equilibrium
properties of QCD at finite T)

Difficulties: discretization, finite volume, only at
vanishing p



CMHbHOB3aMMOﬂeVICTBYI-OI.IJ,aFI MaTepud Npu IKCTPpeMasibHbIX YCIIOBUAX

= KX[ pacyeTbl Ha peLLeTke NpeacKasbiBatoT pe3koe YBennyeHre nnoTHOCTY HTPONWUK 3a CYET
LIBETHbIX CTeneHen cBoboabl npu 3HadeHun T ~ 170 MaB

» TOYHOE 3HayeHMe KPpUTUYECKoM TemnepaTypbl hasoBoro nepexoda 1 ero T1n 3aBUCKUT OT KONMYecTsa
MCnonb3yeMblX B pacyeTax apomaTtoB KBapkoB (M MX Macc)

= (OcTaTo4HOE KBaPK-TMOOHHOE B3aUMOAENCTBME B Nna3Me 0BbSACHAET OTKIMOHEHWE OT NpeackasaHns

ANS uaeanbHoro rasa

160 [ | | | | L
14.0 |4 ' esg/TH 1
12.0 | St ) —=
10.0 t g 1

8.0 |

6.0 + 3 flavour

40 r
20
0.0

2 flavour

TMg

1.0 1.5 2.0 2.5 3.0 3.5 4.0

QGP : “A deconfined system of strongly interaction
matter (quarks and gluons) in thermal equilibrium at T.=1701£8 MeV,

high temperatures and/or densities. Only at & ~0.70 £ 0.27 GeV/fm3
asymptotic high temperatures (as QCD coupling Eeold = My [ 13mr = 0.13 GeV/fm?®

constant g,=0) quarks behave like free particles”
21



CunbHOB3auMoAeNCTBYHOWAA MaTePUA NPU IKCTPeManbHbIX YCNoBUsX (2)

Pacuetbl KX Ha peweTKax ansa popa ¢pasoBoro nepexoaa

Early

\\\\

Hadronic
(confined) phase

Baryonic chemical potential

A

Hea

ion QGP phase

CI'O //// //

Sove, o
Early \

Universe 1st order
region starts

Temperature

Hadronic
(confined) phase

—=
Baryonic chemical potential

= B peweToyHbix pacyetax KX npu bonblumx T 1 ManbIx pg - Nepexoq
2-popa Tuna crossover, hasosblil nepexoq 1-ro poga npu 6OMbLWKX g

= CyLlecTBOBaHME KPUTUYECKOW TOUKN — BAXXHENLLIMIA TECT ANS TEOPUM



Pacuetb! pewetoyHon KX[:

[Netna Nonskosa L (napameTtp nopsgka ans
(ha3osoro nepexoga B Kl ans HyneBbIx Macc
KBapKOB)

YcpeaHeHHoe 3Ha4eHns KBapKOBOrO U1 ITH0OHHOTO
KoHZeHcaToB <y*(0)y(0)> - napameTp nopsaka
015 a3oBoro nepexona u3 KuparnsHoun-
CUMMETPUYHOM (hasbl KBAPKOBOW MaTeEpUn C
HyneBbIMM MaccaMu KBapKoB B COCTOSHME C
HapYLUEHHON CUMMETPUEN U IU3NYECKUMI Maccamm
KBApKOB

Kputnueckas Temnepatypa nepexoga 2-ro poga aro
ToYKa neperuba (inflation point).Oba nepexona npu
oauHakosow Temneparype ~ 160 MeV

10 ———————
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KupanbHas cummeTpud, HapylweHHasa B HM3kotemnepaTtypHoMm npegene KX,
MOXET ObITb YaCTUYHO BOCCTaHOBSEHA NpU AeKOoH(anHMeHTE!
QKcnepnumMmeHTarnbHoe obHapyXeHue nmeet oyHagamMmeHTanbHoe 3Ha4yeHue!



Kak nonyuntb KI'T1 B nTabopaTopHbIX yCNoBUSX
N uccnenosaTb ee CBOUCTBA ECIN.

- MeTo/, 60XXeCcTBEHHOro COTBOPEHUsSI MMpa HaM HEeAOoCTYMneH

- a acTpodumanyeckne obbeKTbl BECbMa peakn 1 yaaneHHb!?



Heavy-ion collisions - mini—-Big Bang in the Lab
Huge amount of energy in very small volumes!
Au+Au central collisions:

V5 = 5GeV, g = 1.4 GeV/fm3
17 GeV (SPS), € = 3.0 GeV/fm3

200 GeV (RHIC), € = 5.0 GeV/fm?3
2 TeV (LHC), € = 14 GeV/fm3

Fireball — a region of hot (~100 MeV)
and dense (up to several ny) matter in the
form of hadron gas, droplets of QGP, or
the mixture of both. Its size ~10-20 fm
and lifetime ~ 50 fm/c

The size of the interaction zone and radial distribution of energy density
IS controlled by the impact parameter



feomeTpua CTONKHOBEHMA (“ueHTpanbHOCTL”)

Nuclei are extended objects - collision geometry defined by impact parameter b

- —®
® :

MNepudepuinHoe (He-UueHTPaNbHOE) CTONKHOBEHMUE,
b — napameTp ygapa (impact parameter)

o- -0

LleHTpanbHoe cTonKHOBeHME, b=0

MHO»KeCcTBEeHHOCTb YacTUL, BO3pacTaer
npu ymeHbweHuun b!
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mini “Big Bang” in the laboratory
bo-1* Sua—tig-15 Y .
Q- i "

Big - p&n low mass neutral star dispersion  Today
Bang plasma formation nuclei atom  formation of massive
formation  formation elements
T >102K 1012K 10° K 4000K 20-3K <20K 3K
tirlne 10;6 S 10;4 S 3 rpin 400I K yr 10‘|a yr > 10.9 yr 15 1|O9 yr

Au + AU




\ % e ‘s final detected
Relativistic Heavy-Ion Collisions particle distributions

made by Chun Shen ; Kinetic
reeze-out

Hadronization
Initial energy
density

pre-.
equilibrium . .
ynamics viscous hydrodynamics

free streaming

>

collision evolution
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Ill. AkcnepumeHTanbHoe uccrnepnosaHue KITl
n cous. nporpamma Ha NICA

= YCcKOpuUTerbHble LLEHTPLI N0 PU3NKE CTOSIKHOBEHUN TAXKENbIX MOHOB
ON1A cKaHMpoBaHUA goasoBon auarpammsl KX

» (KpaTkas) ncropus nccrieqosaHmum u COBpeEMEHHOE COCTOSAHME

= Puanyeckasa nporpamma no taxenoim noHam Ha NICA,
OOCTOMHCTBA U HEOOCTATKU



CkaHupoBaHue haszoBoun anarpammbl KX
(QCD phase diagram mapping)

» Kaxgbln ycKopuTenb MMeeT CBOW Anana3oH 3HEpPruim CTONIKHOBEHUN,
T.€. CBO obnactb Ha ha3oBon ganarpamme

» 3agava-MakcumMmym ansa Bcex nporpamm - nepekpbiTb BCo P KX (YacTuyHble
nepekpbITUA obnacrten nccriegoBaHNM AOMYCKaTCA U Aaxe npuBeTcTByoTCA!)

: . / »
e - /\ glg‘:::am‘f“r ) Mapping — pasmeTka,
ﬁﬁ:‘.ﬂ?' SPS T onpesenenmne N1HNIN asoBbIx
' NepexoaoB 1 KOopAVHaT

. ey e, 0 penepHbIX TOYEK.
,.: ; Tansition 4

KoopauHatamu Ha &
Nuclotron-M PA A

\ - , ABMNAKTCA XUM. NOTeHUunan u

Quarkyonic phase " #

\ _ n Temnepartypa T
S§IS-100
Color Super- A Kak oHu onpedensiromcsi?
y stars conductor

Temperature T [MeV]

B e Sy

paryon density n/ n

IS
Compact Sta no=0.16 fm~—>
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U3yuyeHune xapaktepucTtuk pavepbona ana uenu diagram mapping
(chemical freezeout)
B pamkax ctatuctuyeckon TepmansHoi Modenu MHOXecTBeHHOCTb N YacTul, ¢ maccon m,
3apsaoM ¢, 6apuoHHLIM YUCTIOM B 1 cnnHoBbLIM (hakTopom g=25+1 paBHa

4 Bug + qu m*
—mTK; (m/T) eXP(—BT 1) e e ——ln—

N
¢~ T~

ObpatHas 3agada — no 3MepeHHbIM BbIXO4aM YacTuL, onpeaenuTb napameTpbl ucTodHuka (T, ubB, V)
3atem nonyynTb 3HEPreTUYECKYH 3aBUCMMOCTb A1 MapaMeTPOB — U MOXHO AenaTth npeackasaHus

A. Andronic et aI Phy3| Lett 8673 (2009) 142-145 143

> 180
2 " [laHHbIe NO BbIX04aM apOHOB XOPOLLO
< 160f
= sk OMnCbIBakOTCA B CTAaTUCTUHECKMUX MOAENAX.
1205 'c>f f
s ol — \'S\=7-6 GeV |
1001 new fits (yields) %10 na " 3
80 |- O dN/dy = [ Ed
60 O 4rn — - o,
C - ] A
P parametrization 10+ . .
< 90 e ‘ ; ]
% 800 2005 fits, dN/dy data
~, 700 . A ratios = _
= oo o yields 1 k... _f“~
500
400 £ e ]
300 |- ok ™ Data (NA49) i
200 | - —— Model, y?/N,=16.3/8 M ]
100 E- T=138 MeV, 1 =380 MeV, V=1380 fm* "

[
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U3yuyeHune xapaktepuctuk panepbona (kinetic freezeout)

purely thermal Blast-wave analysis explosive
source oyrce
In the source with strong collective behavior
ligh the spectral shape is determined by more
S than a simple T but also by a radial velocity I e -
3 t p y Yl 5 light
o —
< dN 1 m, cosh(p) | [ p,sinh(p) z
2 | heavy = Al m f(OK,| = | = | heav
E mam =~ Al mf QK Tl S s & | heavy
My i - My
m =.p +m*, p=aan(p($)) &= R
Simultaneous fit to all particle species. Fit parameters:
:;_103 AR T=103 +2MeV
° ““\.'t. B;=0.69 * 0.
T— thermgl freeze-out temperature | : ot S DFL26T6
Bt — maximum transverse flow velocity Z 10 R
UMnynbCHbIe pacnpepeneHus Bcex TUNOB - .
YaCTUL, ONUCbIBAEKTCA OAHUM YHUBEPCalbHbIM :<
3HayeHWeM TemnepaTypbl! 10° pbar
0%, L i e Bemanalye,
0 0.5 1 1.5 2 33




(B

STAR: Hydrodynamic analysis (blast-wave fit) of m.-spectra

200F =
"(a) ]
i B Ty
150} ggg A Al
- Bgm :
100 ﬁ‘*i% i
E Tch Tkin
50(- & X STaroee
! --- T, Andronic et al.
ol --T,, Cleymans et al. _|
AL B 1 B A L
L (b) %*-
061 #* t+ |
0.4 *++ i
0.2¥ % World data .
I m STARBES 1
D_ || IIIIII| | IIIIIII| | IIIIIII| |l
1 10 100 1000

ISy (GeV)

Phys. Rev. C 96, 044904 (2017)

T., increases from 7.7 to 19.6 GeV; after that it remains
almost constant and similar for all centralities.

T, increases from central to peripheral collisions
suggesting longer lived fireball in central collisions

<B> decreases from central to peripheral collisions
suggesting stronger expansion in central collisions.

The separation between T, and T,;, increases

with increasing energy suggesting the effect of
increasing hadronic interactions between chemical and
kinetic freeze-out at higher energies.



YckopuTtenbHble KoMmnnekcbl ana uccrnegosanusa KITl

Large Hadron Collider (LHC) Relativistic Heavy lon Collider (RHIC)

.

LN
7

Fgit

¥ 5
— W

CERN in Geneve Brookhaven in New York“
Pb+Pb @ 1-8 TeV Au+Au @ 8-200 GeV
(L~ 0 paHHAA BceneHHan) (u =[10-500])



| YckoputenbHbIU KoMmnneKkc NICA
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Scientific pillars of the NICA program

g  $0i0aR
2 RHICBES '’ Quark-ﬁll.lon\
gl 4 ’ I. Plasma, /'\; o
8 : Y 7%

NICA *»y* "

%\

. Color Super-
h stars  conductor

200+

"
/

Temperature T [MeV

Heavy-ion program

Probing of fundamental laws
of physics with heavy-ion
collisions:
= Formation of new state
of matter (QGP)
Properties of physical
vacuum
= Properties of massive
stellar objects (neutron
stars)

Spin physics program

New comprehensive
studies with polarized
beams to:

= Resolve nucleon spin
crisis

= New precise
measurements of
nucleon PDFs

Program of applied research

Development of universal charged
particle accelerators

Universality of operating modes &
increasing limiting parameters of
superconducting magnets

Radiation hardness and modification of
materials

Radiobiology research with heavy-ion
beams




Au+Au ctonkHoBeHUA Ha NICA. NnoTHOCTb 6apUOHHON MaTepun

=0.00 fmic =201 fmic i i " =301 mic ' ' T | =401 fmic

t=5.01 fm'c =6.02 fmic 1=7.02 fmic 1=8.02 fmic

1=9.98 fm/c 1=13.99 fmic

CBepxnnoTHble
06beKTbl B Au+Au
peakumnax

L~ 101 m
t~10%3c

Rate ~ 107/cek

Dense baryonic matter at NICA energies (p/p, up to 7)



bapnoHHasa nnoTHOCTL B A+A peakunax Ha NICA

0o ~ A/(4/31R%)=0.16 fm3

p/po Y. Nara, et al, Phys. Rev. C61,024901

> 15
: L
o Vs =4 GeV
QC, [ = [InoTHoCTb : Ao (7-8)p,
S i
g 1 0_ U+U = [inutensHocTb (p>5p,): (4 -8) fm/c
E " Au+Au
© |
m Bcuscu Taxenblie NoHblI = Bbile NIOTHOCTK U DONbLUME
I OMUTENbHOCTY B SKCTPEMarbHbIX COCTOSIHUSIX
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NMouck n nsyvyeHue KI'Tl: npegbicTopuss u coBpeMeHHOCTb

JKcnepumeHTbl no nomcky curHanos o KM 6binv Havatel B 80-x rogax SPS (LLEPH), AGS (BHIT) u
CunxpoasoTpoH (OUNAN)

K cepeaunHe 90-x 6onbLUOE KONMYECTBO AaHHbIX MO CTOsKHOBEeHUAM nerkux (d,C) n cpeaHux agep
(Si,0,S) npun aHeprusax go 10A 3B (TMBC, OUAN), no 15A 3B (E814, AI'C) n 200A 3B (NA3S,
LIEPH). B TeyeHun 1994-1999 nanHble no Pb+Pb cTonkHoBeHuamM npu max. aHeprm 158A 9B Ha SPS
(NA44, NA49, NA45, NA57, NASO/NAGO, WA9S8)

2000-2004: PacwupeHwue nporpammbl Ha SPS B 061aCTb HU3KMUX SHEPrUIM, HECKOMBKO 3HaueHun (20A,
30A, 40A, 80A GeV) ans noucka curHanos 0 Havane aekoHganHmeHTa (onset of deconnement) —
nepsasi B UCTOpuM odoumarnbHas nporpamMmma aHepreTnieckoro ckanuposanusi (SPS Energy Scan)

2008-2022: Bropoit (v TpeTwit) B uctopum ckaH no aHeprum (BES + BESII) Ha yckoputene RHIC
2010 - LHC WcnepoBaHue bapnoH-aHTUbapuoH cummeTpuyHoin KIl

OcHoBHbIMK Lenamu SPS/RHIC Energy Scans sBnsnuce:
= Onpegenexne Habopa HabnogaeMblX W HaxOXOEHWE [uanasoHa SHEpPrud [Ons Hadvana
(a3oBoro nepexopga B sgepHonm Mmatepum (onset of deconfinement), a Takke wu3syyeHue
XapaKTEPUCTKK 3TOro pasoBoro nepexoaa
= [I3yyeHune cBoncTe aaepHon matepuu B popme KITl

OnTUManbHbLIM  MPOOHUKOM CYMTAeTCA CWUrHam, XapakTepusyembli aHoManuen B
3HepreTMYeCKOM 3aBMCMMOCTM NINOO B 3aBUCUMOCTU OT LIEHTPaNbLHOCTU CTONIKHOBEHMUSI.
40



CTpaHHble YacTUUbI U CUrHan o AeKkoHdanHmere -
HEMOHOTOHHOCTb 3HEepreTM4ecKom 3aBMCUMOCTH
I/Ip,eﬂ - dHOMalind B 3Hepl'eTl/I‘-IeCKOI7I 3dBMCUMOCTN OTHOLLUEHUA CTPaHHOCTU K SHTPOMUN MOXET ObITb

CBSI3aHHOA C W3MEHEHMEM MacCChl YacTULbI-NMEPEHOCYMKA CTPaHHOCTM NpW TemnepaTypax BbILLE
KPUTMYECKOro 3HaveHns ans gekoHdanHmeHTa Ic (~160 MaB)

[Mpenckasanue 1999
(Gazdzicky, Gorenstein)

strange/non-strange

T

-

= POCT OTHOLUEHMS KAOHOB K NMOHaM B (ha3e afpOoHHOro rasa, 1< Tc<<M,,-a3osbiil 00beM

B da3ze KI'Tl ocHoBHOM CcTeneHbto cBODOAbI ANS CTPAHHOCTU CTaHOBUTCS S-KBapK ¢ Maccon m<Ic.
B TakoMm criyyae MHOXeCTBEHHOCTb CTPaHHbIX KBApPKOB MPUMEPHO MPOMopLUMOHanbHa SHTPOMUK
(oueHnBaemoe no uucny U v d KBapKOB), @ OTHOLUEHWE CTPAHHOCTM K 3HTPOMUM (MPUMEPHO
COOTBETCTBYIOWE OTHOWeHMO K*/mt*) pe3ko nagaeT ¢ MakCMManbHOro 3HaveHus Ans agpOHHOro
rasa, 0CTaBasiCb NOCTOSAHHbLIM NPY AanbHENLIEM YBENUYEHUN SHEPTUN CTONKHOBEHMS.



JHepreTn4yeckas 3aBUCUMOCTb OTHoLWeHusa K/t

(NA49 Collaboration) Phys.Rev.C 77 (2008) 024903

K+ gt (=)
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i lé l {F {]} BL+Pb I+ |
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: &Ju !’ Eiﬁnuca :
&80l il | T
1 10 1o
ﬁ{(}eﬁf}
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K"/ @")

— HSD
-- SMES — -RQMD
-~ HGM -+ UrQMD

B NA4O
A AGS
o ptp @ RHIC
L 1 I 1 1 L 1 11 |
10 10%
\/ Sy (GeVY)

= [lanHble NA49 noateepxaatotcs pesynbtatamn STAR BES nporpammbl

" CDopma HE ONnCbiBaeTCA MMKPOCKOMNMN4YECKUMI MOAENAMMA

PasHuua B noseeHun and A+A v p+p peakumi

SPS findings: Onset of deconfinement above 7 GeV!
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JpdeKkTMBHAA TemnepaTypa UCTOYHMKA
KaK cUrHan o AeKoHd)anHMmeHTe

» B cmelwaHHon dase (KI'Tl v agpoHHbIN ra3) aaBneHue u Temnepartypa (onpedensiouime 3HavyeHme
napameTpa HaknoHa CMekTpoB T) He 3aBWUCMT OT MMOTHOCTW SHEPrUM (ONpedensiemont 3Hepruen

CTONKHOBEHWS ).

» XapakTepHOe MOCTOSHCTBO napameTpa T (“nnamo”) MOXET CNyXWTb yKkasaHWEM Ha 0Bpa3oBaHue
TaKoOW CMeLlaHHOW (hasbl B LieHTPanbHbIX CTONKHOBEHUSX SAep npu aHeprusx SPS.

= KanopumeTpuyeckas
KpuBasi XapaKTepHbIX
HaKIOHOB CMEKTPOB
(Temnepatyp) — ©a3oBbIN
nepexop NepPBOro poaa

collision energy



JHepreTnyeckas sasucumocTtb ansa T (“Step”)

(NA49 Collaboration) Phys.Rev.C 77 (2008) 024903

; L DL DL L L L
R
=} + Ste 300 K-
Sl K P
: : =
| < 200 ..
_ | | < i
L ' &
s 4 - r — HSD
Fb+Fb J: HED» + [85
A4S L L T UMD
I 8w 100 _ -
¥ LHCAIICE) i i i b g iual i i i b g paal i
1 11 11111 1 |||||||| 1 1 ||||||| 1 1 ||||||I 1 :.
; g . 1 o 10
i (G o (GeV)

PacyeTbl N0 rMapoanHaMUYeckum Mogensm ¢ Ucnosib3oBaHMeM ypaBHeHWn coctoaHua ang KTl v agpoHHOM
(ha3 XOpOLLO ONMChIBAOT NoBeAeHe napameTpa T (CM. LUTPUX-MYHKTUPHYH NWHUIO NpaBas NaHenb), Toraa Kak
Mogenu 6e3 pasoBoro nepexoaa MpeackasbiBatdT MOHOTOHHLIA POCT € dHepruent (cMm. nuHum ans UrQMD u

HSD reHepaTopoB Ha PUCYHKE)

SPS findings: Mixed phase (QGP + hadron gas) from 6 to 20 GeV!
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K/rt

STAR: Particle production
L. Adamczyk et al (Star Collab.) Phys. Rev. C 96, 044904 (2017)
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RHIC findings: sQGP — naeanbHas XXMaKkocTb?

TN T —
e u‘ ‘\\ Au+Au (central collisions):
y

,/ W é B Directy (PHENIX Preliminary) B
N 2 10— ¥ Inclusive h* (STAR)
‘\\ : RAB(pT) = d N/dedT] , = ® 0 (PHENIX Preliminary)
E TAB d2 0—[)[) /dp Td M C GLV parton energy loss (dN*/dy = 1100)
X )/ L
: v L
e e Bt
MaTepusa B dpanepbore ABnseTca Henpo3padHom '}

(highly opaque) ona HocuTenen LBETHLIX 3apsaoB
(agpoHOB 13 CTpyn), HO He POTOHOB!

oy R LYY {"q‘ #HH +

KI'TT He ras a »xungkocTtb! 107
C P \ P I I R L
0 2 4 6 8 10 12 14 16
p; (GeVic)
- STAR Preliminary s 7.7GeV
QHepreTnyeckas 3aBMCUMOCTb: statistical errors only " 11.5GeV
—10 | 14.5GeV
B 19.6GeV
H H B 27GeV
= Jet quenching no longer evident - o
below 20 GeV - 62.4GeV

= RHIC finding: No deconfinement
below 20 GeV?!
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RHIC findings (2): sQGP — ngeanbHas XNaKocTb?

Initial spatial anisotropy of the
overlap zone leads to the final
state momentum azimuthal

asymmetry
de 1 E 2 2 |'IT1IITTI'|'||ITI|'|TII
fdip o< 1 4 2o cos(ih) + 2z cos(2¢)) 0.1+ @ x(PHENIX) < p (PHENIX)
: o i :jj mK c:{PHENI}{) O A (STAR)
3 et + 10-31 % X | * K5 (STAR) O =(STAR)
2 1ok . 0-10 % s ]
E o [T k‘:_--'-:
5 : 1
Z osf *\;;f IZVzi am '**¢ *
0.6F e 1 . ey) *
%% 0.5 1 1.5 Fl 25 3
¢Iab-‘rphne [rad} B
= CKeunuHr no YNCJTY KOHCTUTYEHTHbIX KBAapPKOB
yKa3blBaeT NapTOHHbLIN XapakTep hopMnpoBaHus
KOMNNEKTUBHbIX 3PEKTOB B PENATUBUCTCKOMN |
KBaHTOBOM)KM'D'KOCTM | IIIIIIII|IIII|IIII
= [mgpoamMHamMmmyeckme pacyeTbl aAns onncaHus 0 0.5 . 15 2
[AaHHOro noseaeHns TPebyoT 3Ha4YeHUs (my - mg)/n, (GeV)

T
T_01+ 0.1(th) = 0.08(exp) - 6AM3KOro K 3HAYEHUIO A5 UAEeaNbHOMN

5
KBaHTOBOW uaxkoctn = h/(4n)



UccneposaHuna ®O KXO n KITl : Tekywaa cutyauums

Ha HacToawmun MOMEHT CUTyaumna C MHTeﬂpeTaLLMelz AaHHbIX MO CTOJIKHOBEHAUM
PENATUBUNCTCKUK AOEep ABIAETCA AOCTATOYHO I'IpOTI/IBOpeL-II/IBOIZZ

» HabpaHo 6osbLLoe KONMMYECTBO IKCNEPUMEHTASTbHbIX JaHHbIX, HO HE BCe
OOCTYynHble obnactn dpaszoBon gmarpammbl KX nccrnegoBaH.l

HeT coMmHeHnWn, 4TO cunbHOB3anmMogencTeywaa marepuma B popme KIT1
OencTBuTenbHO obpasyeTcsa B CTONKHOBEHUAX A40ep, 0OAHAKO HET MOSHOro
NOHMMAaHUSA NO ONTUMasribHbIM NPOBHMKaAM 1 MHTepBana ansa cMewaHHon doasbl

HecmoTps Ha akTUBHbIE MOUCKKU KpuTuveckas Touka Ha KX d[1 He obHapyxeHa

B naHHbIX ecTb Hamekun (hints), HO HET OQHO3HAYHOro yKas3aHUs Ha YaCTUYHOe
BOCCTaAHOBIIEHME KMpanbHON CUMMETPUN B MNOTHOWU BapnoHHOW MaTepumn

3Ha4nTEeNbHOE KONMMYeCTBO HepeLleHHbIX npobnem u 3aragok (puzzles):
rmnepagpa, NnoToku NpPsAMbIX OOTOHOB U T.4.

HoBaga nporpamma nccrnegoBaHun HaleneHa Ha uccrnegoBaHusi B obnactu
MakcumMmarnbHoOM GapnoHHOM NSIOTHOCTMN HA YCKOpUTENE C LUMPOKMM HabopoMm
MNYYKOBbIX OMLWIA N BbICOKOM CKOPOCTbIO Habopa AaaHHbIX > NICA
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NICA niche in the QCD phase diagram

NICA energy range — dense matter at non-zero pug and moderate T

®» baryon density p up to 10p,, freeze-out net-baryon density — highest
» ug= (300 - 750) MeV, T, ~ (120-150) MeV

PHYSICAL REVIEW C 74, 047901 (2006)
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The region of the highest net-baryon density, which is ideal for phase transition and chiral
symmetry restoration search is fully covered by MPD and BM@N experiments at NICA
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Physics at NICA: dileptons

Correlated electron-positron pairs (dileptons) are sensitive to the interior
of dense QCD matter and to CSR effects

v’ provide time-integrated picture of the collision dynamics

v’ penetrating probes — no strong interactions in the medium

| %1, - Dalitz

AN, /dydm

(05

mass (GeV/oz) 0.08

= LMR: Low-mass region (0.2<Mee<1.1 GeV) — vector
meson in-medium modification (resonance melting as =

approaching chiral symmetry restoration) + thermal "
radiation from HG o

= IMR: Intermediate region (1.1<Mee<3 GeV) - QGP , }

00 05 10 15 20

thermal radiation + heavy-flavor contribution

I< ﬁq>p,1|

= Degeneracy of the chiral partners (p and al) at high T

Hohler and Rapp, PLB 731 (2014) 103

a0
5
G
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= Axial=vector

T=100 MeV
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a 06 -
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<qq> -0
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Physics at NICA: prospects for dileptons

= Modifications of vector meson properties due to CSR are simulated
within the PHSD model for Au+Au collisions at NICA energies

Au+Au, 14 A GeV, b=0.5 fin
HSD:

— [I]' oo

Ratio = dN/dM(in-medium) / dN/dM(free)

collisional broadening + dropping mass

e c0ll. broad.
coll. broad. + drop. mass.

30 L AtHAL, b=0.5fm
: HSD: 4
55 A GV CB+DM/ free

20

0.2 04 0.6 0.8 1.0 1.2

Ratio

M [GeV/c'] i
1.0 [
Pb+Pb, b=2 fm, 1.2<M<3 GeV
jPHSD: arXiv:1605.07887 ] 05
1 D+D ->ee+X _;
gtq->e'e from QGP E
a]---qrg > ge'e 00

- - - q(@)+g > q(g)+e’e

M[GeV/]
---------------- = Enhancement of dilepton yield for 0.2<M<0.7 GeV and reduction at
/o i< the phi-meson peak at NICA energies
-’-1.0 ————r = Small contribution from correlated charm in dilepton spectra at NICA



Critical End Point (CEP) at the QCD phase diagram

Trajectories calculated by a 3-fluid hydrodynamics

model Toneev & lvanov

JuUu — —— — —
----- freeze-out
* end-point
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If the trajectory is in the vicinity of
the critical endpoint — abnormal
fluctuations can be observed
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Observables - event-by-event fluctuations:
=  multiplicity, charge number
particle ratios
= mean pT, azimuthal angle
= baryon number

Experimental challenge: fluctuation signal may be suppressed due to final state interactions
that washed out the signal. True CEP signal should show consistency in several observables!




Mpobaema noncKka Kputuuyeckom Toukn Ha NICA

» Theory predictions for CEP are rather PHYSICAL REVIEW D 68, 014507 (2003}
uncertain, still.. L P ML B S e

xq/r PO pq/T=l'0 —
— - : — W /T=0.8
= QCD predictions within the region p(:sz().ﬁ |
probed by NICA — chance to discover T=0.4
CEP experimentally — =027
— pq/T:0.0 -
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AcTtpodmanyecka 3aragka (puzzle) crtpaHHbIX YacTuu

B NIOTHON GapUOHHON MaTepumn
= Hyperons appear in the core of neutron stars (NS) at ~twice the normal nuclear density
= |n a new chemical composition, due to attractive YN potentials, the EOS becomes softer
= Anew balance among the (inward) gravitational force and (outward) thermal + Fermi
degenerate pressure impacts the mass-radius (M-R) relation for NSs

= But. the latter is in contradiction with observations (NS hyperon puzzle)
REVIEWS OF MODERN PHYSICS 88 (2016) Phys. Rev. C 89, 015806 (2014)

1

2.8
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2.4 - - N mixed phase  __
n — matter Data “ L o T
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_ G | S e ~~
5] 4 4 N
! 5 °F 2 NN :
= ./ e 7N Pure quark 1
(] - =1 = t )
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plp,

The main obstacle — lack of knowledge about YN (YY, YNN) potentials in dense
matter. Thus, new data on B, lifetimes, branching ratios of hypernuclei are needed

to provide tighter constrains
55



Yield (dN/dy) for 10° events

Hypernuclei in HIC : expectations & data

Hypernuclei are nuclei containing at least one hyperon .~ o

Thermal model predicts an enhanced @ S
production of (hyper)nuclei within the
NICA energy range

-------
...........

* Few data on the QMm’2022
. o F @ Au+Au 0-10% (STAR)
A. Andronic et al, PLB 697 (2011) 203 produc“on of 1E @ Au+Au 0-10% (STAR preliminary)
.. E 4 Pb+Pb 0-10% (ALICE)
hypernucleiin HIC 101k + Ag+Ag HADES (prel)
* Available data leave &3‘10 °H
g . 3l
space for various model VAR, o
predictions (thermal, =104k -
coalesce, hybrid) B 10k Central Au+Au
zZ E — Hybrid URQMD
o 10*{; —goa:esc. (.E)%P\a
* Further and deeper N; e
. . 107 e N PHQMD
investigations of the b P
hypernucleus formation ) e
: : 10
_ mechanisms require £
. e o 107°g
10° - T H— additional data at S
\ Sy (GeV) different energies and VS [GEV]
collision systems (NICA) 56

= Precise measurements of binding energies, lifetimes
and branching ratios can give tighter constrains - NICA!



NICA physics cases & observables

> Bulk properties, EOS and phase transition from hadronic matter to QGP
« excitation function of strangeness .

S
« vyields and spectra of hadrons and light nuclei = y
— i
> Phase coexistence 2 o
« excitation function (invariant mass) of lepton pairs:g 100l ¥~z Hadrons "8
thermal radiation from QGP, caloric curve @ L
« anisotropic azimuthal angle distributions J/
> Critical End Point . 0 Yo Net Baryon Denshty

 event-by-event fluctuations of conserved quantities (B,S,Q)

» Onset of chiral symmetry restoration
¢ in-medium modifications of hadrons: p,m,¢ —e*e
e dileptons at intermediate invariant masses

» QCD EOS at neutron star densities
o Collective flow of identified particles
e Excitation function of multi-strange hyperons

Quark Star Neutron Star

» In-medium A-N and A-N interactions
e Yields and lifetime of single and double A-hypernuclei




[leTekTOopbl ANs perncrpaymnm
CTOJTIKHOBEHUU TAXKeNbIX MOHOB

Ha yckopuTtenbHoM KomMmnnekce komnnekce NICA



Baryonic Matter @ Nuclotron (BM@N) Experiment

CSCa
“Analyzing Magnet ToF-400# |

mSTS

" Barrel N\
mTarget -
wSi beam tracker .
wVetoC
= Si beam tracker
= Si beam tracker

ToF-700 #  ZDCa

%“Si beam profiler A, \ \.CSCa

aBct /

% Si beam profiler /|
/
@ FwdSi / - GEM,

59



BM@N Experiment : status prior to 2023

[eTekTop cobpaH B NOMHOWN
KOH(pUrypaumu

HabpaHo 6onee 600 MnH. cobbIT
Ha ny4ykax agep Ar n Xe

HauyaT aHann3 gaHHbIX
N NoAroToBKa I'W6J'II/IK8LI,I/II?I

700
600
500
400
300
200
100

% 123456 7 8 9 10
p/q, GeV/c/q

Integral statistics, events x 10°

Integral statistics of physics events
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run date
arXiv:2303.16243 [hep-ex]
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:_l—' 10% “M\
T 10— :
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z | » »
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£ 1072}
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10‘—6 1 1 1 1 | 1 1 1 1 I 1 1 1 1 l 1 1 1 I 1 1 1 |
0.1 0.2 0.3 0.4 0.5 0.6

P, (GeVl/c)


https://arxiv.org/abs/2303.16243

Aetektop MPD pna peructpaunmn A+A CTONKHOBEHUMA

\~

CPC
Tracker

B KaXXaoMm CTONKHOBEHUU Heobxoaumo:

®» PernctpmMpoBaTth BCE PONKAEHHbIE YaCTULbI
(3apsKeHHble 1 HelTpanbHble. TaK YacTULbI
BbINETAIOT NoA Nto6bIMM yriamm HeobxoamMmo
nonHoe nepekpbitue (4r coverage)

®» PEKOHCTPYKLUMA reoMeTpun cobbiTus :
- TOYKW cToNIKHOBeHMA (“main vertex’)
- HaxoXKAeHWe Bcex BTOPUYHbIX BepwuH (“decays’)
- onpeaeneHue LeHTPanbHOCTK cTonkHoBeHus (“Impact parameter”)

» NaeHTMPMKaUMS NPOAYKTOB peakuMn: macchl, 3apsaga U T.4.

% M3mMepuTb KUHEMATUYECKUE XapaKTEPUCTUKM : (Py,Py,P,)



CeepnpoBogsawmm marumt MPD (coneHomJ,)

Control

solenoid

3apAxeHHasa Yactmua

B MarHUTHOM rone
Cryostat JBUXETCA N0 CNUPaibHOM
& SC Coil TpPeKTopumn
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MPD superconducting solenoid — a unique
equipment providing ahigh level of field homogeneity
Magnetic field — 0.56 T
Volume -54 mx6.4m
Weight — 440 ton




MPD TPC - 3D Tpekep

HV-electrode

Sketch of TPC 3400 / ~28kV

—

Au+Au @ 9 GeV

beam
~110 000 readout channels 7
B
Ponb Time-Projection Chamber (TPC):

§ z 60 R

« BoccTaHoBMneHe TpaekTopuiA 3apsiKeHHbIX 2

YyacTu, =

g 40
-

« OnpeaeneHne MMNynbca 1 3Haka 3apsiaa

MO KPUBU3HE TpaeKkTopumn
20

i I/13mepeH|/|e MOHN3AUMOHHbLIX NOTEPb
n pasgersieHne 4actumy no coptam 0

02 04 06 038 1 1.2 1.4

p/q (GeV/c)



onemeHTbl TPC B c6OpOYHOM LiEXY




MPD Time-of-Flight (TOF) system

i ~ p=my < Time of flight

FFD e 4

t v = s/(t-to)

EndCap TOF _

1/p = ct/L, where
L —track length,
t —time of flight,
c —speed of light

Tectbl moaynen TOF

nepepn cbopKo

T Time resolution is a crucial parameter!

10

g
P (GeVl/c)



Measure of total energy in MPD (Calorimetry)

Particles (neutral or charged) incident on a block of material deposit their energy through ionization
or excitation of the atoms of matter. Massive blocks—>fulll attenuation

' = A high energy electron or photon initiates a
cascade electromagnetic (EM) shower of e*, y
via bremstralung and pair production

Characteristic length defined by the properties of the
material: heavy elements have shorter length

716g cm <A

ke Z(Z +1) In(287/ JZ) A depth > 25 X, is needed to contain EM showers

TecTbl moaynen KanopmumMeTpa
ECAL nepep, cbopkom




MPD simulation, reconstruction & analysis framework

http://mpdroot.jinr.u

= Branches for all the MPD subdetectors
» A variety of event generator options
= Detector response simulation + reconstruction tasks

Event generator Transport
(PHQMD model) GEANT3,4

Detector
response
(TPC, TOF)

-

f=a}
(=]

‘// p/‘hysics analyses of the simulated or experimental.data for MPD experiment

=
(=]

dE/dx (keV/cm)

reconstructio
n (tracking,

vertexing, :

PID) LR

p/q (GeV/c)
-— @

-

60005

2

Z L 3 HoMesr

= [* Mass = 2.9919
g Sigma = 0.0022
< 4000

E L S/B=22

g S/VS+B =883

Eff. = 3.0%

Secondary

L
3 3.05 kR
GeV/ic?

LH —sd+p+n
[11 cuts

vertex S
. Z 800
technique: N
topology £
selection oo
or # 2000
ML-based of

MLP>0.3&&BDTD=(.18

Mass = 2.9926
Sigma = 0.0025
S/B=49
SIS+B =433
Eff, = 0.12%

TMVA

L
3 305 31
M, (GeVic?)


http://mpdroot.jinr.u/

Entries / 1 MeV/c?

10%E

10°F

800—
AH3—>He3+‘.n:'
r Mass =2.9918
6001~ p,=1.5-2 GeV/ Sigma = 0.0020
S/B=23
400 S/VS+B =443
= Eff. = 1.7%

2000

. ¥2hndf = 3.742/3
= \\ pO =2.826e+05 £ 8.480e+03
\ pl =0.2651 £ 0.0040
'\\

F SHoHedr \

- -sreconstructed \

| — generated
N
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Proper time, ns

MoaenupoBaHue getekropa MPD
ANA pa3nnyHbIX HabnoagaemMbix

_,: |.5»
e'e invariant mass _| o If
b 3000 - E [
% ) —— reconstruction
; 2500_ l ﬁ — simulation 05
Ezooo; 1t [
z 1500; !##1 X
1000 | f OS5
500 % T th +‘ ' ﬁ #h a P (GeVic)
ST L s
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ul x .
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10_1 ‘::::,l STAR E ’- ’ . AA
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MoapobHoe moaennpoBaHUe ANs NPOBEPKN XapaKTEPUCTUK
NIETEKTOPA MO UCC/IeA0BAHMIO POXKAEHMA aAPOHOB

N AN-NEenTOHOB, NOUCKa KPUTUYECKOM TOYKM, 06pa3oBaHUA
MNEPoOHOB U rMnepaaep U T.4. T.n.

[eTeKTop rotoB K Habopy AaHHbIX NOC/e 3aBEPLLUEHUS
cbopKku B 2024 .




3aknodyeHune

= B CTONKHOBEHUSIX PENSATUBUCTCKUX SAep obpasyeTcs CUNbHOB3aNMOAENCTBYOLLAS
MaTepust Npu aKCTpeMarnbHbIX 3HAaYEHUNAX NNOTHOCTU U TeMMNepaTypbl

= B TeueHune bnmxkanwmx net Ha yckoputenbHom komnnekce NICA 6yoet
peann3oBaHa nporpaMmma 3HepreTM4yeckoro CKaHMpoBaHUA pa3oBou
anarpammbl KX B o6nactn MakcumanbHbIX 3Ha4eHU BapUOHHOM NAOTHOCTH

* [logpobHoe naydyeHmne 6onbLLIOro Kos-Ba NPOOHMKOB (aApOHbl, NENTOHHI,
rmnepsiapa u T.4.) NO3BOMUT 3HAYUTENBHO PaCLLUMPUTL HaLWIW 3HAHUSA 00 ypaBHEHMU

coctosHua KX matepun, o CTpykType pasoson gmarpammbl KX, o dpa3oBbIx
nepexogax N KPUTUYECKUX ABMEHNAX

Cnacubo 3a sHumaHue!



Kinematics in HIC

Y

transverse pr = £/ D5 + p% A o

momentum PR

. '_,-"—’—? E i

o P .

transverse mp = \/p% 4 m?2 e | : o |

mass : ) —
beam G:'.’E'GFJICIH {_r’ Z

. g o 1 + Pz —1 Pz
rapidity y=5 In E o tanh = ./
7
pseudorapidity n = —Intan 9 E = mr ci:rshy
y~nforp>m P> = mrsinhy
Invariant d*c 1 d?c _
cross-section: =f(y)a(p)h(¢)

dp® — 27 prdprdy

can be factorized as a product of longitudinal, transverse
and athimuthal parts
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