
ʀʟʫʯʝʥʠʝ ʩʠʣʴʥʦʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʝʡ

ʤʘʪʝʨʠʠ ʚ ʩʪʦʣʢʥʦʚʝʥʠʷʭ ʷʜʝʨ

ʥʘ ʫʩʢʦʨʠʪʝʣʴʥʦʤ  ʢʦʤʧʣʝʢʩʝ NICA

ɺ.ʀ. ʂʦʣʝʩʥʠʢʦʚ

ʃʌɺʕ, ʆʀʗʀ 

н ͔͊ͨͪ͡Ύ нлно ͎Φ                                       м

ʐʢʦʣʘ ʆʀʗʀ-ʄʌʊʀ ʧʦ ʬʠʟʠʢʝ ʢʚʘʨʢ-ʛʣʶʦʥʥʦʡ ʤʘʪʝʨʠʠ 

ɼʫʙʥʘ, ʋʅʎ ʆʀʗʀ 



ʇʣʘʥ ʣʝʢʮʠʠ

Áɺʚʝʜʝʥʠʝ (ʧʨʝʜʤʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʝʜʠʥʠʮʳ ʠʟʤʝʨʝʥʠʷ, ʠ ʪ.ʜ.)

Áʉʠʣʴʥʦʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʘʷ ʤʘʪʝʨʠʷ, ʤʝʪʦʜʳ ʝʝ ʧʦʣʫʯʝʥʠʷ ʠ ʩʚʦʡʩʪʚʘ,

ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʂʍɼ ʠ ʜʝʢʦʥʬʘʡʥʤʝʥʪ

Áʉʦʚʨʝʤʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʂɻʇ, ʧʨʦʛʨʘʤʤʘ ʬʠʟʠʯʝʩʢʠʭ

ʠʩʩʣʝʜʦʚʘʥʠʡʥʘ NICAʠ ʜʝʪʝʢʪʦʨʳ ʜʣʷ ʠʟʫʯʝʥʠʷ ʩʪʦʣʢʥʦʚʝʥʠʡ ʷʜʝʨ

Á ɿʘʢʣʶʯʝʥʠʝ,



ʃʠʪʝʨʘʪʫʨʘ

˨Φ ˽͔͙ͪͤͫ͟ άʕ ͍͔͔͙͔͒ͤ ͍ ͺ͙͙ͯ͘͟ ͍·͙ͫͦ͟ͻ Ή͔͎͙͚ͤͪέ

Ch.-¸Φ ²ƻƴƎ άLƴǘǊƻŘǳŎǘƛƻƴ ǘƻ ƘƛƎƘ-energy heavy-ƛƻƴ Ŏƻƭƭƛǎƛƻƴǎέ

B. FrimanŜǘ ŀƭΦ ά¢ƘŜ /.a ǇƘȅǎƛŎǎ ōƻƻƪΦ /ƻƳǇǊŜǎǎŜŘ ōŀǊȅƻƴƛŎ ƳŀǘǘŜǊ

ƛƴ ƭŀōƻǊŀǘƻǊȅ ŜȄǇŜǊƛƳŜƴǘέ

ALICE/LHC Experiment - https://alice-collaboration.web.cern.ch/

STAR/RHIC Experiment - https://www.star.bnl.gov/

NA61-SHINE/SPS Experiment - https://shine.web.cern.ch/

MPD/NICA Experiment - http://mpd.jinr.ru/

CBM/FAIR Experiment ςhttps://www.cbm.gsi.de/

BM@N/NICA Experiment - https://bmn.jinr.ru/

https://alice-collaboration.web.cern.ch/
https://www.star.bnl.gov/
https://shine.web.cern.ch/
http://mpd.jinr.ru/
https://www.cbm.gsi.de/
https://bmn.jinr.ru/


Áʉʠʩʪʝʤʳ ʝʜʠʥʠʮ ʠ ʭʘʨʘʢʪʝʨʥʳʝ ʚʝʣʠʯʠʥʳ

ʠʩʩʣʝʜʫʤʳʭ ʧʨʦʮʝʩʩʦʚ

Á ʂʚʘʨʢʠ ʠ ʛʣʶʦʥʳ, ʩʠʣʴʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, 

ʂʚʘʥʪʦʚʘʷ ʍʨʦʤʦɼʠʥʘʤʠʢʘ (ʂʍɼ), ʢʦʥʬʘʡʥʤʝʥʪ

I. ɺʚʝʜʝʥʠʝ



ʎʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʡ ïʠʟʫʯʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʄʘʪʝʨʠʠ ʥʘ ʩʫʙʘʪʦʤʥʦʤ

ʫʨʦʚʥʝ ʠ ʭʘʨʘʢʪʝʨʘ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ 

?



ȵɔɖɥɊɔɐ ɈɋɑɎɝɎɓ Ɉ ɎɗɗɑɋɊəɋɒɡɛ ɕɖɔɜɋɗɗɆɛ 

[L] : ͅ ͔͙ͪͣ1 ͅ = 10-15 (͔ͣͪ͊ͣͪ͘ ͨͪͦͭͦͤ͊)
[E] : Ή͔ͭͪͦͤ͟͡-͍ͦ͡Έͭ1eV* = 1.6.10-19 J
v (b) : ͫͦͪͦͫͭ͟Έ ͍ ͔͙͙͒ͤͼ͊ͻ ͫ

[t] : fm/c, 1 fm/c = 3.10-24͔ͫ͟Φ

ȫɊɎɓɎɜɡ ɎɍɒɋɖɋɓɎɥ:

L : 0.1-10 fm
E : 1-3000 GeV
b: ~ 1 
t : 1-50 fm/c
T : 100 MeV (~1012 K)

* 1 eVʨʘʚʝʥ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʧʨʠʦʙʨʝʪʘʝʤʦʡ

ʵʣʝʢʪʨʦʥʦʤ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʨʘʟʥʦʩʪʠ

ʧʦʪʝʥʮʠʘʣʦʚ 1 ɺʦʣʴʪ(E = qV = 1.6.10-19 Q . 1 V) 

[r]: M/Vό͍ ͔͙͙͒ͤͼ͊ͻ Ύ͔͚͒ͪͤͦ ͙ͨͦͭͤͦͫͭ͡ύ
[T] :  ͭ ͔͔ͣͨͪ͊ͭͯͪ͊ ό͍ Ή͔͎͔͙ͤͪͭ;͔͙ͫ͟ͻ ͔͙͒ͤΦύ

r > r0 = A/(4/3pR3) = 2.3 1017kg/m3 for Au



ʅʝʤʥʦʛʦ ʦ ʩʠʩʪʝʤʝ ʠʩʧʦʣʴʟʫʝʤʳʭ ʝʜʠʥʠʮ

˩͔͍͔ͫͭͫͭͤͤ·͔(naturalύ ͙͔ͫͫͭͣ· ͔͙͙͒ͤͼ ͔͔ͦͨͪ͒͡ΎΌͭ
h = c = kB = 1 (͙  ͒͡Ύ ͍͔͙͡;͙ͤ· ͦͤͫͭ͊ͤͭ͟· ͙ ͔͙ͪ͊ͣͪͤͦͫͭ͘)

[v] = [L]/[t] ς͒ ͙ͤ͊͡ ͙ ͍͔ͪͣΎ ͙͔ͣΌͭ ͙͍ͦ͒ͤ͊ͦͯ͟Ό ͔ͪ͊ͣͪͤͦͫͭ͘Έ
E2 = p2 c2 + m2 c4 Ή͔͎͙ͤͪΎΣ (͙ͨͯ͡Έͫ*c)͙ (ͣ͊ͫͫ͊*c2)͙͔ͣΌͭ ͙͍ͦ͒ͤ͊ͦͯ͟Ό ͔ͪ͊ͣͪͤͦͫͭ͘Έ

h ~ E t Σ ͎ͭͦ͒͊ Ή͔͎͙ͤͪΎ ͙ ͍͔ͪͣΎ ͙͔ͣΌͭ ͦ͋ͪ͊ͭͤ·͔ ͔͙ͪ͊ͣͪͤͦͫͭ͘
E = kT, ͭ ͔͔ͣͨͪ͊ͭͯͪ͊ ͍ ͔͙͙͒ͤͼ͊ͻ Ή͔͎͙͙ͤͪ

ˤ ͊͟;͔͍͔ͫͭ ͔͙͍͔͚͒ͤͫͭͤͤͦ ͔͚ͪ͊ͣͪͤͦ͘ ͍͔͙͡;͙ͤ· ͙ͨͪͤΎͭ͊ ͔͙͙͒ͤͼ͊ Ή͔͎͙͙ͤͪGeV

˴ ͙͔ͨͪͣͪͯΣ

ͣ͊ͫͫ͊ ͨͪͦͭͦͤ͊ mp = 0.938 GeV/c2 = 1.67 . 10-27 kg

͔ͪ͊ͣͪ͘ ͨͪͦͭͦͤ͊ ό͊ͪ͘Ύ͍͒ͦ·͚ ͙ͪ͊͒ͯͫύ ~ 4 GeV-1 = 0.8 fm = 8 . 10-16 m

ˤ͔ͪͣΎ ͙͙͗ͤ͘ r-mesont ~ 7 GeV-1 = 4.5. 10-24 s

͔͔́ͣͨͪ͊ͭͯͪ͊ ͺ͍͎͊ͦͦͦ͘ ͔͔ͨͪͻͦ͒͊ ͍ ͫͦͫͭͦΎ͙͔ͤ ˴˥˽ T ~ 160 MeV = 2 . 1012 K



ˣͦͦͤ͘(Boson ) : ͼ͔͡·͚͙ͫͨͤ(0,1,2,..)

͔͙̅ͪͣͦͤ(Fermion ) : ͨͦͯ͡ͼ͔͡·͚͙ͫͨͤ(1/2,3/2,..

6 ͙͍͍͍ͭͨͦ͊ͪͦ͟͟(flavors)

6 ͔͍ͨͭͦͤͦ͡

12 ͔͔ͨͪͤͦͫ;͙͍͙͊͊ͣ͘͟.

+ -˹͋ͦͦͤ͘

ʚ ʝʜ.ʢʦʥʩʪʘʥʪʳ ʇʣʘʥʢʘ  h)



˴͍͙͊ͪ͟ ͙ ͎͡Όͦͤ· ͍ ˴̆˨ 

Ç˴͊͗͒·͚͍͔͊ͪͦ͋͊͒͊ͭ͒ͦͨ͟͟͡. ͊ͪ͘Ύ͒ͦͣ(͍͍͊ͤͭͦ͟·ͣ;͙ͫͦͣ͡) ðͼ͍͔ͭͦͣ.

ˮ͔͔ͣͭͫΎ3 ͼ͍͔ͭ͊ͭ͊;ͭͦ͊͟͟ ͗͒·͚͍͔͊ͪͦ͋͊͒͊ͭ͟͟͡3-ͣΎ͒ ͙͔ͦͨͦͤͭ͡͡Έͤ·͙ͣ
͔͔ͫͭͨͤΎ͙͍ͣͫͦ͋ͦ͒·ͨ ͼ͍͔ͦͭͯ(read, green, blue)

Çˮ͙͍ͦͪͦ͊ͤͤ͘͡·͔ͼ͍͔ͭͤ·͔ͦ͋Ά͔ͭ͟·͔ͤͤ ͊͋͡Ό͔͒͊ͣ·͊͟ ͍͙͊ͪͫͯ͟΅͔͍ͫͭͯΌ͍ͭ
˽͙͔ͪͪͦ͒ͭͦ͡Έ͍ͦͫ͟ ͍͔͔ͦͫͭ͊͋ͫͼ͍͔ͭͤ·ͻͦ͋Ά͔͍ͭͦ͟(͙͎͔ͫͤͭͤ͡·ͻͨ ͼ͍͔ͦͭͯͫͨ ͦͤ͡·ͣ
ͼ͍͔͍ͭͦ·ͣ͊ͪ͘Ύ͒ͦͣ0) ð͊ ͍͒ͪͦͤͦ(hadrons )

Ç˴͍͙͍͙͔͚͍͊ͪ͊ͣͦ͒ͫͭͯ͘͟Όͭ;͔͔͔͎ͪͦ͋ͣͤ͘͡Ό͙ͦͤ͊ͣ(gluon ).

ˮ͔͔ͣͭͫΎ8 ͙͍͎ͭͨͦ͡Ό͍ͦͤͦ, ͙͙͙ͦͤͫ͊ͣͣ ͔Όͭͼ͍͔͍͚ͭͦͦ
͊ͪ͘Ύ͒(ͼ͍͔ͭ+͙͊ͤͭͼ͍͔ͭ) ͙ͣ ͎͍͙͔͚͍͍ͦͯͭ͊ͣͦ͒ͫͭͦ͊ͭ͘Έ͎͒ͪͯͫ͒ ͎ͪͯͦͣ.

ʊʝʦʨʠʷ ʩʠʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʚʘʨʢʦʚ ʠ ʛʣʶʦʥʦʚ 

ʥʘʟʳʚʘʝʪʩʷ

ʂʍɼ ïʂʚʘʥʪʦʚʘʷ ʍʨʦʤʦ-ɼʠʥʘʤʠʢʘ

QCD (Quntum ChromoDynamics)

ɼʚʝ ʦʩʦʙʝʥʥʦʩʪʠ ʂʍɼ ïʘʩʠʤʧʪʦʪʠʯʝʩʢʘʷ ʩʚʦʙʦʜʘ 

(asymptotic freedom)

ʠ ʢʦʥʬʘʡʥʤʝʥʪ(confinement)



Strong interactions: running ñconstantò

Strong interactions govern by as

Confinement          Asymptotic freedom

10

Q2=( -q)2 = -(k-jŝ(2

Á Strength of the charge depends

on the energy scale!

Á At lower scales, the coupling constant is 

large; quark and gluons stay confined into 

hadrons

Á At: high energies/short distances/high 

temperatures quark and gluons are almost 

free Ą asymptotic freedom



Å˸͔͍͍͗͊ͪͦ͟͟·͚ ͔ͨͦͭͤͼ͙͊͡ ͙͔͚ͤͤͦ͡ ͍͔ͦͪ͊ͫͭ͊ͭ͘ ͫ ͪ͊ͫͫͭͦΎ͙͔ͤͣ
Å˿͙͍ͦ͡·͔ ͙͙͙ͤ͡ ͺ͙ͦͪͣͪͯΌͭͫΎ ͍ ͍͙͔͒ ͫͭͪͯͤ· ͍͔͍͙͔ͫ͒ͫͭ͡ 
ͼ͍͔͍͎ͭͦͦͦ ͊ͪ͘Ύ͒͊ ͎͡Ό͍ͦͤͦ

Å˽͙ͪ ͨͦͨ·͔ͭ͟ ͔͙ͪ͊͒ͭ͘͡Έ ͨ͊ͪͯ ͍͍͊ͪͦ͟͟Σ ͍ͦͪ͊ͫͭ͊͘Ό΅͊Ύ ͨͦͭͤͦͫͭ͡Έ 
Ή͔͎͙͙ͤͪ ͍ ͔ͫͭͪͯͤ  ͙͍͙ͨͪͦ͒ͭ ͟ ͍͙ͦ͋ͪ͊ͦ͊ͤ͘Ό ό͙͘ ͍͊ͯͯͣ͊͟ ˴̆˨ύ 
ͨ͊ͪ· ͍͊ͪ͟͟-͙͍͊ͤͭ͊ͪ͟͟Σ ͦͭͦͪ͟·͔ ͔͙͙ͪͦͣ͋ͤͪͯ͟Ύ ͫ ͙ͫͻ͚ͦ͒ͤͦ 
͚ͨ͊ͪͦ ͦ͋ͪ͊ͯ͘Όͭ ͍ͤͦ·͔ ͊͒ͪͦͤ·Σ ͙ͨͪ Ήͭͦͣ ͨͦͤ͊͡Ύ ͼ͍͔͍ͭͦ͊Ύ 
͔͚ͤͭͪ͊͡ΈͤͦͫͭΈ ͫͦͻͪ͊ͤΎ͔ͭͫΎ

˴ͦͤͺ͚͔͊ͤͣͤͭ όά͘ ͙͙͔͊ͨͪ͊ͤέͼ͍͔ͭ͊ύ ͍ ˴̆˨

˴͍͙͊ͪ͟ ͔͊ͨͪͭ͘· ͍͙ͤͯͭͪ
͊͒ͪͦͤ͊(ñ͟ ͦͤͺ͚͔͊ͤͣͤͭò)



Á ʄʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʩʠʣʴʥʦʚʟʘʠʤʦʜʝʡʪʩʚʫʶʱʝʡ ʤʘʪʝʨʠʠ

ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ, ʨʘʥʥʷʷ ɺʩʝʣʝʥʥʘʷ ʠ ʘʩʪʨʦʬʠʟʠʢʘ

Á ʂɻʇ ʢʘʢ ʘʥʩʘʤʙʣʴ ʩʚʦʙʦʜʥʳʭ ʢʚʘʨʢʦʚ ʠ ʛʣʶʦʥʦʚ,

ʨʘʩʯʝʪʳ ʜʣʷ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʘ ʩʠʣʴʥʦʚʟʘʠʤʦʜʝʡʪʩʚʫʶʱʝʡ

ʤʘʪʝʨʠʠ

Áʌʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ ʚ ʩʪʦʣʢʥʦʚʝʥʠʷʭ ʨʝʣʷʪʠʚʠʩʪʢʠʭ ʷʜʝʨ,

ʬʘʡʝʨʙʦʣ ʠ ʝʛʦ ʵʚʦʣʶʮʠʷ 

II. ʂʚʘʨʢ-ɻʣʶʦʥʥʘʷ ʇʣʘʟʤʘ (ʂɻʇ)



ˤ͔ͦͣͦ͗ͤ͘ ͙͡ ͔͒ͦͤ͟ͺ͚͔͍͊ͤͣͤͭ ͊͋ͦͪ͊ͭͦͪͤ͡·ͻ ͍͙ͯͫͦ͡Ύͻ?
ˮ͔͒Ύ ͍͊ͪ͟͟-͎͡Ό͚ͦͤͤͦ ͨ͊ͣ͘͡· ό˴˥˽)

ʀʜʝʷ (ʤʝʪʦʜ) ˉ1:ʕʢʩʪʨʝʤʘʣʴʥʦ ʛʦʨʷʯʘʷ ʤʘʪʝʨʠʷ

Áʊʠʧʠʯʥʘʷ ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʥʘ ʘʜʨʦʥʥʦʤ 
(ʷʜʝʨʥʦʤ) 0.13 GeV/fm3. 

Á(ʉʚʝʨʭ)ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳŸ ʦʛʨʦʤʥʳʝ 
ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠŸ ʚʳʩʦʢʠʝ 
ʤʥʦʞʝʩʪʚʝʥʥʦʩʪʠ ʯʘʩʪʠʮ (ʩʦʛʣʘʩʥʦ E = mc2)

ʀʜʝʷ (ʤʝʪʦʜ) ˉ2:ʕʢʩʪʨʝʤʘʣʴʥʦ ʧʣʦʪʥʘʷʤʘʪʝʨʠʷ

Áʅʫʢʣʦʥʳ ʚ ʷʜʨʘʭ ʜʦʩʪʘʪʦʯʥʦ ʧʣʦʪʥʦ ʫʧʘʢʦʚʘʥʳ
Áʇʨʠ ʧʣʦʪʥʦʩʪʠ ʚʝʱʝʩʪʚʘ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʧʨʝʚʳʰʘʶʱʠʭ
ʦʙʳʯʥʫʶ ʷʜʝʨʥʫʶ ʧʣʦʪʥʦʩʪʴ (ʤʘʣʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʤʝʞʜʫ
ʢʦʥʩʪʠʪʫʵʥʪʘʤʠ) vʘʪʝʨʠʷ ʩʦʩʪʦʠʪ ʠʟ ʩʚʦʙʦʜʥʳʭ ʢʚʘʨʢʦʚ
(quark soup) 



ɻʜʝ ʠ ʢʘʢʠʤ ʦʙʨʘʟʦʤ ʪʘʢʠʝ ʵʢʩʪʨʝʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ 

ʤʦʛʫʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʳ?

ɻʦʨʷʯʘʷ ʈʘʥʥʷʷ ɺʩʝʣʝʥʥʘʷ

(ʩʚʝʨʭ)ʇʣʦʪʥʳʝ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʝ

ʦʙʲʝʢʪʳ ïʥʝʡʪʨʦʥʥʳʝ ʟʚʝʟʜʳ



~10msafter BB (T~150 MeV):

QGP and transition to 

hadronic matter



ˤͪ͘·͍ ͍͔ͫͪͻ͍͚ͤͦͦ ͍͔͒͘͘·
SN 1604 (ͭ ͔͔ͫͦͨ͟͡ ˴͔͔ͨͪ͡)

ˢͫͭͪͦͺ͙͙͊͘͟ ͙ ͍͔ͫͪͻͨͦͭͤ͊͡Ύ ˴̆˨ ͔͙ͣ͊ͭͪΎ

˿͍͔ͪͻͨͦͭͤ͡·͔ ͦ͋Ά͔ͭ͟· ͦ͋ͪ͊ͯ͘ΌͭͫΎ ͙ͨͪ
͍ͪ͘·͍͔ ͍͔ͫͪͻ͍ͤͦ·ͻ

ˤ͔͔ͪͣͤ͊ ͙͙͗ͤ͘ ͦ͋Ά͔͍ͭͦ͟ ς107͔ͭ͡
˾͊ͫͫͭͦΎ͙ͤΎ ͒ͦ ͦ͋Ά͔͍ͭͦ͟ ς10n͔ͨ͊ͪͫ͟
̉͊ͫͭͦͭ͊ ͨͦΎ͍͔͙ͤ͡Ύ -ͫͯ͡;͚͊ͤ͊Ύ
˾͔͊ͣͪ͘·    - 1-2ͣ͊ͫͫ ˿ͦͤ͡ͼ͊
͍͔͙̂ͪ͊ͤͤΎ ͔͔ͦͨͪ͒͡ΎΌ΅͙͔ ͫͭͪͯͭͯͪͯ͟ ͦ͋Ά͔͍ͭͦ͟ ͙
ͻ͔͊ͪ͊ͭͪ͟ Ή͍ͦ͡Όͼ͙͙ ͫ͊͋ͦ͡ ͙ͯ͘;͔ͤ· ό͍ ͍ͦͫͤͦͤͦͣΣ 
͔͔͙ͭͦͪͭ;͔͙ͫ͟ύ

ˤͦͣͦ͗ͤͦ͘ ͙͡ ͍ ͊͋ͦͪ͊ͭͦͪͤ͡·ͻ ͍͙ͯͫͦ͡Ύͻ ͍͙͍͔͙ͦͫͨͪͦͫͭ͘ ͍͙ͯͫͦ͡ΎΣ ͙͍ͨͪͦ͒Ύ΅͙͔
͟ ͍͙͍͔͙ͦͤͤͦͤ͘͟Ό ͍͔ͫͪͻ͚ͨͦͭͤͦ͡ ͔͙͙ͣ͊ͭͪ ͒͡Ύ ͙͔͍͙ͫͫ͒ͦ͊ͤ͡Ύ ͔͔ ͍͚͍ͫͦͫͭ?

ˮͦͤ·Σ Ή͔ͭͪͦͤ͟͡· όлΦр ͣ͟ύ

͔̏ͭͪͦͤ͟͡·Σ ͔͚ͤͭͪͦͤ·Σ Ύ͒ͪ͊ όн ͣ͟ύ

n-p ̅ ͔͙ͪͣ-͙͗͒ͦͫͭ͟Έ όмл ͣ͟ύ

˴˥?˽, ͟ ͍͍͊ͪͦ͊͟Ύ ͔͙ͣ͊ͭͪΎ?όлΦо ͣ͟)

˿͔͙͔ͭͪͦͤ ͔͚͚ͤͭͪͦͤͤͦ 
͍͔͒͘͘· ό͍͔ͫΈͣ͊ 
͙͙͙͔ͨͪ͋ͭ͘͡͡Έ͔ͤͦύ



ʀʪʘʢ, ʤʳ ʠʩʩʣʝʜʫʝʤ ʥʝ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ 

ʩʪʝʧʝʥʠ ʩʚʦʙʦʜʳ (ʦʪʜʝʣʴʥʳʝ ʢʚʘʨʢʠ ʠ 

ʛʣʶʦʥʳ), ʢʘʢ ʥʘ ʧʨʠʤʝʨʝ ʩʧʨʘʚʘ ʚʥʠʟʫ,

ʘ ʠʤʝʥʥʦ ʩʨʝʜʫ (ʚʝʱʝʩʪʚʦ, ʤʘʪʝʨʠʶ, 

ʘʥʩʘʤʙʣʴ ʯʘʩʪʠʮ) ʛʜʝ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ

ʩʪʝʧʝʥʠ ʩʚʦʙʦʜʳ ʧʨʦʷʚʣʷʶʪ ʩʝʙʷ ʥʦ ʥʝ 

ʠʤʝʶʪ ʧʨʠʥʮʠʧʠʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ

ʊ.ʝ. ʠʩʧʦʣʴʟʫʝʤ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ 

(ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ) ʠ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ 

ʧʦʜʭʦʜʳ, ʘ ʠʤʝʥʥʦ, ʩʦʩʪʦʷʥʠʝ, ʬʫʥʢʮʠʠ ʠ 

ʧʝʨʝʤʝʥʥʳʝ ʩʦʩʪʦʷʥʠʷ (ʪʝʤʧʝʨʘʪʫʨʘ, ʭʠʤ. 

ʧʦʪʝʥʮʠʘʣʳ, ʵʥʪʨʦʧʠʷ,... ), ʫʨʘʚʥʝʥʠʷ 

ʩʦʩʪʦʷʥʠʷ, ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʠ ʬʘʟʦʚʳʝ 

ʧʝʨʝʭʦʜʳ ʠ ʪ.ʜ.

ʇʨʠʥʮʠʧʠʘʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʠʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ Ąʩʠʩʪʝʤʳ 

ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ  

ʯʘʩʪʠʮ ʠ ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ ʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ (~ 5 ʩʪʦʣʢʥʦʚʝʥʠʡ)

˽͙͔ͪͣͪ ͤ͊͋͡Ό͔͙͒ͤΎ
2-ͻ ͚ͫͭͪͯ ;͊ͫͭͼ͙ ͙ͨͪ 
͍͔͙͙ͫͭͦͤͦͤ͟͡ ͍͍͊ͪͦ͟͟ 



ʌʘʟʘ ïʦʜʥʦʨʦʜʥʘʷ (ʧʦ ʩʚʦʠʤ ʬʠʟʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ) ʯʘʩʪʴ ʩʠʩʪʝʤʳ, ʦʪʜʝʣʝʥʥʘʷ ʦʪ 

ʜʨʫʛʠʭʯʘʩʪʝʡ ʛʨʘʥʠʮʝʡ ʨʘʜʝʣʘ (ʬʘʟʦʚʘʷ ʛʨʘʥʠʮʘ).

ʉʤʝʰʘʥʥʘʷ ʬʘʟʘ ïʩʠʩʪʝʤʘ ʩʦʩʪʦʷʱʘʷʠʟ ʜʚʫʭ ʦʜʥʦʨʦʜʥʳʭ ʯʘʩʪʝʡ ʚ ʨʘʟʣʠʯʥʳʭ 

ʬʘʟʘʭ.

liquid

vapor

ʌʘʟʦʚʘʷ ɼʠʘʛʨʘʤʤʘH2O

ʌʘʟʦʚʳʡ ʧʝʨʝʭʦʜïʠʟʤʝʥʝʥʠʝ ʭʘʨʘʢʪʝʨʥʦʛʦ  

(ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ) ʧʘʨʘʤʝʪʨʘ ʩʠʩʪʝʤʳ 

(ʧʣʦʪʥʦʩʪʴ, ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ, ʩʠʤʤʝʪʨʠʷ 

ʢʨʠʩʪʘʣʣʘ, ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴé.) ʩʧʦʥʪʘʥʥʦ ʠʣʠ 

ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ ʫʩʣʦʚʠʡ. 

ʍʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʦʨʷʜʢʦʤ ʧʝʨʝʭʦʜʘ (1-ʨʦʜʘ, 2-ʛʦ 

ʨʦʜʘ) ʠ ʧʘʨʘʤʝʪʨʦʤ ʧʦʨʷʜʢʘ (L)

ʂʨʠʪʠʯʝʩʢʘʷ ʪʦʯʢʘ ïʪʦʯʢʘ ʠʟʤʝʥʝʥʠʷ ʨʦʜʘ 

ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʨʝʟʢʦʝ ʠʟʤʝʥʝʥʠʝ ʧʘʨʘʤʝʪʨʘ 

ʧʦʨʷʜʢʘ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʬʣʫʢʪʫʘʮʠʷʤʠ

(critical opalescence)

2˹˻ðͫ ͍͙͔͚͍͊͋ͦ͊ͣͦ͒ͫͭͯ͘͡Ό΅͊Ύ͔͙ͣ͊ͭͪΎ. ˴͍͊ͦ͟·͔͙͙ͭͪͣͦ͒ͤ͊ͣ;͔͙͔ͫ͊ͦͤ͘͟͟·
͙ͫ ͍͚͍ͦͫͭ͊͒͡Ύ͙ͫ ͡Έ͍͙͔͚͍ͤͦ͊ͣͦ͒ͫͭͯ͘Ό΅͔͚͔͙͙ͣ͊ͭͪ?

ȴɗɓɔɈɓɡɋ ɗɈɔɏɗɘɈɆ Ⱥȭ ɛɔɖɔɞɔ Ɏɍəɝɋɓɡ
ȵɔɑɔɌɋɓɎɋ ɐɖɎɈɡɛ ɖɆɈɓɔɈɋɗɎɥ ɚɆɍ Ɏ ɗɕɋɜɎɆɑɢɓɡɛ ɘɔɝɋɐ ɎɍɈɋɗɘɓɡ

͍̅͊ͦ͊͘Ύ ͙͎͒͊ͪ͊ͣͣ͊ όͤ͊ ͙͔͔ͨͪͣͪ ͍ͦ͒·ύ



̅˨ ͙ͫ͡Έ͍͙͔͚͍ͤͦ͊ͣͦ͒ͫͭͯ͘Ό΅͔͚ ό˴̆˨ύ ͔͙͙ͣ͊ͭͪ

liquid

vapor

Ç ʋʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʂʍɼ ʤʘʪʝʨʠʠ (ʘʜʨʦʥʳ, ʢʚʘʨʢʠ, ʛʣʶʦʥʳ)

Ç ʂʘʢʦʚʳ ʬʘʟʳ ʂʍɼ ʤʘʪʝʨʠʠ ʠ ʭʘʨʘʢʪʝʨ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ

Ç ʅʘʣʠʯʠʝ ʩʧʝʮʠʘʣʴʥʳʭ ʪʦʯʝʢ ʥʘ ʌɼ

ȭɆ ɎɗɐɑɤɝɋɓɎɋɒ ɔɇɑɆɗɘɎ ɔɇɡɝɓɔɏ ɥɊɋɖɓɔɏ
ɒɆɘɋɖɎɎ, ɗɈɔɏɗɘɈɆ ȰȻȪ ȺȪ ɓɋɎɍɈɋɗɘɓɡ.
ȫɗɘɢ ɘɔɑɢɐɔ ɘɋɔɖɋɘɎɝɋɗɐɎɋ ɕɖɋɊɗɐɆɍɆɓɎɥ,

ɐɔɘɔɖɡɋ ɓɋɔɇɛɔɊɎɒɔ ɕɖɔɈɋɖɎɘɢ Ɉ ɣɐɗɕɋɖɎɒɋɓɘɋ

ʂʘʢ ʧʨʦʚʦʜʷʪʩʷ ʨʘʩʯʝʪʳ ʠ ʜʝʣʘʶʪʩʷ ʧʨʝʜʩʢʘʟʘʥʠʷ ʜʣʷ ʌɼ ʂʍɼ?

Áʈʘʩʯʝʪʳ ʥʘ ʨʝʰʝʪʢʝ (Lattice QCD)

Áʕʬʬʝʢʪʠʚʥʳʝ ʤʦʜʝʣʠ

Áɻʝʥʝʨʘʪʦʨʳ ʩʦʙʳʪʠʡ
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LQCD:

ÁNon-perturbative method of solving QCD

ÁComputer simulations in discretized space

ÁProvides a non-perturbative tool for addressing 

fundamental QCD properties (hadronic spectrum, 

confinement and chiral symmetry, equilibrium 

properties of QCD at finite T)

ÁDifficulties: discretization, finite volume, only at 

vanishing ɛ

Calculations/predictions for strongly interacting

QCD matter : Lattice QCD (LQCD)
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ʊʡʤʵʦʧʛʠʙʡʥʧʝʞʢʪʫʛʬʷʲʙʸ ʥʙʫʞʩʡʸ ʨʩʡ ʶʣʪʫʩʞʥʙʤʵʦʴʮ ʬʪʤʧʛʡʸʮ

Áʂʍɼ ʨʘʩʯʝʪʳ ʥʘ ʨʝʰʝʪʢʝ ʧʨʝʜʩʢʘʟʳʚʘʶʪ ʨʝʟʢʦʝ ʫʚʝʣʠʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʵʥʪʨʦʧʠʠʟʘ ʩʯʝʪ 

ʮʚʝʪʥʳʭ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʧʨʠ ʟʥʘʯʝʥʠʠ ʊ~ 170ʄʵɺ

Áʊʦʯʥʦʝ ʟʥʘʯʝʥʠʝ ʢʨʠʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠ ʝʛʦ ʪʠʧ ʟʘʚʠʩʠʪʦʪ ʢʦʣʠʯʝʩʪʚʘ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʨʘʩʯʝʪʘʭ ʘʨʦʤʘʪʦʚ ʢʚʘʨʢʦʚ (ʠ ʠʭ ʤʘʩʩ)

Áʆʩʪʘʪʦʯʥʦʝ ʢʚʘʨʢ-ʛʣʶʦʥʥʦʝʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʧʣʘʟʤʝ ʦʙʲʷʩʥʷʝʪ ʦʪʢʣʦʥʝʥʠʝʦʪ ʧʨʝʜʩʢʘʟʘʥʠʷ 

ʜʣʷ ʠʜʝʘʣʴʥʦʛʦ ʛʘʟʘ

TCå 170°8 MeV,

eCå 0.70 °0.27 GeV/fm3

ecoldå mp / 4/3pr0
3 å 0.13 GeV/fm3

QGP: ñA deconfinedsystem of stronglyinteraction 

matter (quarks and gluons)in thermal equilibriumat 

high temperaturesand/or  densities. Only at 

asymptotic high temperatures (as QCD coupling 

constant gsĄ0) quarks behave like free particlesò
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ʊʡʤʵʦʧʛʠʙʡʥʧʝʞʢʪʫʛʬʷʲʙʸ ʥʙʫʞʩʡʸ ʨʩʡ ʶʣʪʫʩʞʥʙʤʵʦʴʮ ʬʪʤʧʛʡʸʮ (2)

Áɺ ʨʝʰʝʪʦʯʥʳʭ ʨʘʩʯʝʪʘʭ ʂʍɼ ʧʨʠ ʙʦʣʴʰʠʭ ʊʠ ʤʘʣʳʭ mB - ʧʝʨʝʭʦʜ 

2-ʨʦʜʘ ʪʠʧʘ crossover, ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ 1-ʛʦ ʨʦʜʘ ʧʨʠ ʙʦʣʴʰʠʭ ÕB

Áʉʫʱʝʩʪʚʦʚʘʥʠʝ ʢʨʠʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ïʚʘʞʥʝʡʰʠʡ ʪʝʩʪ ʜʣʷ ʪʝʦʨʠʠ

ʈʘʩʯʝʪʳ ʂʍɼ ʥʘ ʨʝʰʝʪʢʘʭ ʜʣʷ  ʨʦʜʘʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ



ʉʙʪʰʞʫʴ ʩʞʱʞʫʧʰʦʧʢ ʃʎɽ:

Åʇʝʪʣʷ ʇʦʣʷʢʦʚʘL(ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ ʜʣʷ 

ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʂɻʇ ʜʣʷ ʥʫʣʝʚʳʭ ʤʘʩʩ 

ʢʚʘʨʢʦʚ) 

Åʋʩʨʝʜʥʝʥʥʦʝ ʟʥʘʯʝʥʠʷ ʢʚʘʨʢʦʚʦʛʦ ʠ ʛʣʶʦʥʥʦʛʦ 

ʢʦʥʜʝʥʩʘʪʦʚ <y*(0)y(0)> -ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ 

ʜʣʷ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠʟ ʢʠʨʘʣʴʥʦʡ-

ʩʠʤʤʝʪʨʠʯʥʦʡ ʬʘʟʳ ʢʚʘʨʢʦʚʦʡ ʤʘʪʝʨʠʠ ʩ 

ʥʫʣʝʚʳʤʠ ʤʘʩʩʘʤʠ ʢʚʘʨʢʦʚ ʚ ʩʦʩʪʦʷʥʠʝ ʩ 

ʥʘʨʫʰʝʥʥʦʡ ʩʠʤʤʝʪʨʠʝʡ ʠ ʬʠʟʠʯʝʩʢʠʤʠ ʤʘʩʩʘʤʠ 

ʢʚʘʨʢʦʚ

Åʂʨʠʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʝʨʝʭʦʜʘ2-ʛʦ ʨʦʜʘ ʵʪʦ 

ʪʦʯʢʘ ʧʝʨʝʛʠʙʘ (inflation point).ʆʙʘ ʧʝʨʝʭʦʜʘ ʧʨʠ 

ʦʜʠʥʘʢʦʚʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ~ 160 MeV

ʂʠʨʘʣʴʥʘʷ ʩʠʤʤʝʪʨʠʷ, ʥʘʨʫʰʝʥʥʘʷ ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʧʨʝʜʝʣʝ ʂʍɼ, 

ʤʦʞʝʪ ʙʳʪʴ ʯʘʩʪʠʯʥʦ ʚʦʩʩʪʘʥʦʚʣʝʥʘ ʧʨʠ ʜʝʢʦʥʬʘʡʥʤʝʥʪʝ!

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʙʥʘʨʫʞʝʥʠʝ ʠʤʝʝʪ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ! 



ʂʘʢ ʧʦʣʫʯʠʪʴ ʂɻʇ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ

ʠ ʠʩʩʣʝʜʦʚʘʪʴ ʝʝ ʩʚʦʡʩʪʚʘ ʝʩʣʠ:

-ʤʝʪʦʜ ʙʦʞʝʩʪʚʝʥʥʦʛʦ ʩʦʪʚʦʨʝʥʠʷ ʤʠʨʘ ʥʘʤ ʥʝʜʦʩʪʫʧʝʥ

-ʘ ʘʩʪʨʦʬʠʟʠʯʝʩʢʠʝ ʦʙʲʝʢʪʳ ʚʝʩʴʤʘ ʨʝʜʢʠ ʠ ʫʜʘʣʝʥʥʳ?



Au+Au central collisions: 

Heavy-ion collisions - miniïBig Bang in the Lab

Huge amount of energy in very small volumes!

5 GeV,e = 1.4 GeV/fm3

17 GeV (SPS) ,e = 3.0 GeV/fm3

200 GeV (RHIC),e = 5.0 GeV/fm3

2 TeV(LHC),e = 14 GeV/fm3

The size of the interaction zone and radial distribution of energy density 

is controlled by the impact parameter

25

Fireballïa region of hot (~100 MeV)

and dense (up to several n0) 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 



͔̇ͤͭͪ͊͡Έ͔͍͔͙͔ͤͦͫͭͦͤͦͤ͟͡, b=0

b

˽͔͙ͪͺ͔͙͚͔ͪͤͦ(ͤ-͔ͼ͔ͤͭͪ͊͡Έ͔ͤͦ) ͫ ͍͔͙͔ͭͦͤͦͤ͟͡,
b ïͨ ͔͊ͪ͊ͣͭͪ ͯ͒͊ͪ͊ όimpact parameter)

˥͔͔͙ͦͣͭͪΎ ͍͔͙ͫͭͦͤͦͤ͟͡Ύ(ñͼ͔ͤͭͪ͊͡ΈͤͦͫͭΈò)

˸͔͍͔ͤͦ͗ͫͭͤͤͦͫͭΈ ;͙͊ͫͭͼ ͍͔ͦͪ͊ͫͭ͊ͭ͘
͙ͨͪ ͔ͯͣͤΈ΄͔͙͙ͤ b!

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



y

x

ˤ·ͫͦ͊͟Ύ ͨͦͭͤͦͫͭ͡Έ
Ή͔͎͙͙ͤͪ ͍ ͼ͔͔ͤͭͪ
ͺ͚͔͊ͪ͋ͦ͊͡l

ec



mini ñBig Bangò in the laboratory

Big

Bang

T

time

Q-G

plasma

>1012 K

10-6 s

p & n

formation

1012 K

10-4 s

low mass 

nuclei

formation

109 K

3 min 

neutral 

atom

formation

4000 K

400 k yr

star

formation

20 - 3 K

109 yr

dispersion

of massive

elements

< 20 K

> 109 yr

Today

3 K

15 109 yr

Au + Au
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Á ʋʩʢʦʨʠʪʝʣʴʥʳʝ ʮʝʥʪʨʳ ʧʦ ʬʠʟʠʢʝ ʩʪʦʣʢʥʦʚʝʥʠʡ ʪʷʞʝʣʳʭ ʠʦʥʦʚ

ʜʣʷ ʩʢʘʥʠʨʦʚʘʥʠʷ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʂʍɼ

Á(ʂʨʘʪʢʘʷ) ʠʩʪʦʨʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʩʦʚʨʝʤʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ

Á ʌʠʟʠʯʝʩʢʘʷ ʧʨʦʛʨʘʤʤʘ ʧʦ ʪʷʞʝʣʳʤ ʠʦʥʘʤ ʥʘNICA,

ʜʦʩʪʦʠʥʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ  

III. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʂɻʇ

ʠ ʬʠʟ. ʧʨʦʛʨʘʤʤʘ ʥʘ NICA



ʉʢʘʥʠʨʦʚʘʥʠʝ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʂʍɼ
(QCD phase diagram mapping)
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Mappingïʨʘʟʤʝʪʢʘ, 

ʦʧʨʝʜʝʣʝʥʠʝ ʣʠʥʠʡ ʬʘʟʦʚʳʭ 

ʧʝʨʝʭʦʜʦʚ ʠ ʢʦʦʨʜʠʥʘʪ 

ʨʝʧʝʨʥʳʭ ʪʦʯʝʢ.

ʂʦʦʨʜʠʥʘʪʘʤʠ ʥʘ ʌɼ 

ʷʚʣʷʶʪʩʷ ʭʠʤ. ʧʦʪʝʥʮʠʘʣ m

ʠ ʪʝʤʧʝʨʘʪʫʨʘ T

ɸ ʢʘʢ ʦʥʠ ʦʧʨʝʜʝʣʷʶʪʩʷ?

Áʂʘʞʜʳʡ ʫʩʢʦʨʠʪʝʣʴ ʠʤʝʝʪ ʩʚʦʡ ʜʠʘʧʘʟʦʥ ʵʥʝʨʛʠʡ ʩʪʦʣʢʥʦʚʝʥʠʡ,

ʪ.ʝ. ʩʚʦʶ ʦʙʣʘʩʪʴ ʥʘ ʬʘʟʦʚʦʡ ʜʘʠʘʛʨʘʤʤʝ

Áɿʘʜʘʯʘ-ʤʘʢʩʠʤʫʤ ʜʣʷ ʚʩʝʭ ʧʨʦʛʨʘʤʤ Ąʧʝʨʝʢʨʳʪʴ ʚʩʶ ʌɼ ʂʍɼ (ʯʘʩʪʠʯʥʳʝ

ʧʝʨʝʢʨʳʪʠʷ ʦʙʣʘʩʪʝʡ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʦʧʫʩʢʘʶʪʩʷ ʠ ʜʘʞʝ ʧʨʠʚʝʪʩʪʚʫʶʪʩʷ!)



ɼʘʥʥʳʝ ʧʦ ʚʳʭʦʜʘʤ ʘʜʨʦʥʦʚʭʦʨʦʰʦ 

ʦʧʠʩʳʚʘʶʪʩʷ ʚ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʷʭ.

ɺ ʨʘʤʢʘʭ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʪʝʨʤʘʣʴʥʦʡ ʤʦʜʝʣʠʤʥʦʞʝʩʪʚʝʥʥʦʩʪʴ NCʯʘʩʪʠʮ ʩ ʤʘʩʩʦʡ m, 

ʟʘʨʷʜʦʤ q, ʙʘʨʠʦʥʥʳʤ ʯʠʩʣʦʤ Bʠ ʩʧʠʥʦʚʳʤ ʬʘʢʪʦʨʦʤ g=2s+1 ʨʘʚʥʘ
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ʁʠʬʰʞʦʡʞ ʮʙʩʙʣʫʞʩʡʪʫʡʣ ʭʙʢʞʩʚʧʤʙ ʝʤʸ ʯʞʤʡdiagram mapping

(chemical freezeout) 

ʛʜʝ

ʆʙʨʘʪʥʘʷ ʟʘʜʘʯʘ ïʧʦ ʠʟʤʝʨʝʥʥʳʤ ʚʳʭʦʜʘʤ ʯʘʩʪʠʮ ʦʧʨʝʜʝʣʠʪʴ  ʧʘʨʘʤʝʪʨʳ ʠʩʪʦʯʥʠʢʘ (T, mB, V)

ɿʘʪʝʤ ʧʦʣʫʯʠʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʫʶ ʟʘʚʠʩʠʤʦʩʪʴ  ʜʣʷ ʧʘʨʘʤʝʪʨʦʚ ïʠ ʤʦʞʥʦ ʜʝʣʘʪʴ ʧʨʝʜʩʢʘʟʘʥʠʷ

A. Andronic et al. Physi. Lett. B 673 (2009) 142ï145 143
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Simultaneous fit to all particle species. Fit parameters:

T ðthermal freeze-out temperature

bt ðmaximum transverse flow velocity

ʁʠʬʰʞʦʡʞ ʮʙʩʙʣʫʞʩʡʪʫʡʣ ʭʙʢʞʩʚʧʤʙ(kinetic freezeout) 

Blast-wave analysis
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the spectral shape is determined by more 

than a simple T but also by a radial velocity T

Pb+Pb158A GeV
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Á Tch increases from 7.7 to 19.6 GeV; after that it remains 

almost constant and similar for all centralities.

Á Tkin increasesfrom central to peripheralcollisions

suggestinglongerlivedfireballincentralcollisions

Á <b> decreasesfrom centralto peripheralcollisions

suggestingstrongerexpansionincentralcollisions.

Á TheseparationbetweenTchandTkin increases

withincreasingenergysuggestingtheeffectof

increasinghadronicinteractionsbetweenchemicaland

kineticfreeze-outathigherenergies.

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

Phys. Rev. C 96, 044904 (2017)



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

CERN in Geneve
Pb+Pb@ 1-8 TeV
(m~ 0 ͪ ͊ͤͤΎΎ ˤ͔͔ͫͤͤ͊͡Ύ)

Brookhaven in New York
Au+Au@ 8-200 GeV

(m= [10-500])

ʋʩʢʦʨʠʪʝʣʴʥʳʝ ʢʦʤʧʣʝʢʩʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʂɻʇ



ʋʩʢʦʨʠʪʝʣʴʥʳʡ ʢʦʤʧʣʝʢʩ NICA 
(Nuclotron-based Ion Collider fAcility)

Collider

Detector
BM@N

Detector
MPD

Detector
SPD

ʕʥʝʨʛʠʠ3-11 GeV, m= [300-750]

Booster
Nuclotron



Scientific pillars of the NICA program

Heavy-ion program

Probingof fundamentallaws
of physicswith heavy-ion
collisions:
ÁFormationof new state

of matter (QGP)
ÁProperties of physical

vacuum
ÁPropertiesof massive
stellar objects (neutron
stars)

Spin physics program

New comprehensive 
studieswith polarized 
beams to:

ÁResolve nucleon spin 
crisis

ÁNew precise 
measurements of 
nucleon PDFs 

Program of applied research

ÁDevelopment of universal charged 
particle accelerators

ÁUniversality of operating modes & 
increasing limiting  parameters of 
superconducting magnets

ÁRadiation hardness and modification of 
materials

ÁRadiobiology research with heavy-ion 
beams
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Au+Au͍͔͙ͫͭͦͤͦͤ͟͡Ύ ͤ͊ NICA. ˽ ͦͭͤͦͫͭ͡Έ ͙͚͋͊ͪͦͤͤͦ ͔͙͙ͣ͊ͭͪ

Dense baryonic matter at NICA energies (r/r0 up to 7)

˿͍͔ͪͻͨͦͭͤ͡·͔ 
ͦ͋Ά͔ͭ͟· ͍ ˢuҌus
͔ͪ͊͟ͼ͙Ύͻ
L ~10-14ͣ
t ~ 10-23ͫ
Rate ~107/͔ͫ͟
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Y. Nara, et al, Phys. Rev. C61,024901
r/r0

ɹʘʨʠʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʚ ɸ+ɸ ʨʝʘʢʮʠʷʭʥʘ NICA 

r0 ~ A/(4/3pR3)=0.16 fm-3

ί= 4 GeV
Áʇʣʦʪʥʦʩʪʴ: ʜʦ (7-8)r0

Áɼʣʠʪʝʣʴʥʦʩʪʴ(r>5r0): (4 -8) fm/c

ʊʷʞʝʣʳʝ ʠʦʥʳĄʚʳʰʝ ʧʣʦʪʥʦʩʪʠ ʠ ʙʦʣʴʰʠʝ

ʜʣʠʪʝʣʴʥʦʩʪʠ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʩʦʩʪʦʷʥʠʷʭ
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Áʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʧʦʠʩʢʫ ʩʠʛʥʘʣʦʚ ʦ ʂɻʇ ʙʳʣʠ ʥʘʯʘʪʳ ʚ 80-ʭ ʛʦʜʘʭ  SPS(ʎɽʈʅ),  AGS(ɹʅʃ) ʠ 

ʉʠʥʭʨʦʬʘʟʦʪʨʦʥ (ʆʀʗʀ)

Áʂ ʩʝʨʝʜʠʥʝ 90-ʭ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʘʥʥʳʭ ʧʦ ʩʪʦʣʢʥʦʚʝʥʠʷʤ ʣʝʛʢʠʭ (d,C) ʠ ʩʨʝʜʥʠʭ ʷʜʝʨ 

(Si,O,S) ʧʨʠ ʵʥʝʨʛʠʷʭ ʜʦ 10ɸ ɻʵɺ (ɻʀɹʉ, ʆʀʗʀ), ʜʦ 15ɸ ɻʵɺ (ɽ814, ɸɻʉ) ʠ 200ɸ ɻʵɺ(NA35, 

ʎɽʈʅ). ɺ ʪʝʯʝʥʠʠ 1994-1999ʜʘʥʥʳʝ ʧʦ Pb+Pbʩʪʦʣʢʥʦʚʝʥʠʷʤ ʧʨʠ ʤʘʭ. ʵʥʝʨʛʠʠ 158ɸ ɻʵɺ ʥʘ SPS 

(NA44, NA49, NA45, NA57, NA50/NA60, WA98)

ʇʦʠʩʢ ʠ ʠʟʫʯʝʥʠʝ ʂɻʇ:ʧʨʝʜʳʩʪʦʨʠʷ ʠ ʩʦʚʨʝʤʝʥʥʦcʪʴ

Á 2000-2004:ʈʘʩʰʠʨʝʥʠʝ ʧʨʦʛʨʘʤʤʳ ʥʘ SPS ʚ ʦʙʣʘʩʪʴ ʥʠʟʢʠʭ ʵʥʝʨʛʠʡ, ʥʝʩʢʦʣʴʢʦ ʟʥʘʯʝʥʠʡ (20A, 

30A, 40A, 80A GeV) ʜʣʷ ʧʦʠʩʢʘ ʩʠʛʥʘʣʦʚ ʦ ʥʘʯʘʣʝ ʜʝʢʦʥʬʘʡʥʤʝʥʪʘ(onset of deconnement) ï

ʧʝʨʚʘʷ ʚʠʩʪʦʨʠʠ ʦʬʠʮʠʘʣʴʥʘʷ ʧʨʦʛʨʘʤʤʘ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʢʘʥʠʨʦʚʘʥʠʷ (SPS Energy Scan)

Å 2008-2022: ɺʪʦʨʦʡ (ʠ ʪʨʝʪʠʡ) ʚ ʠʩʪʦʨʠʠ ʩʢʘʥ ʧʦ ʵʥʝʨʛʠʠ(BES + BESII)ʥʘʫʩʢʦʨʠʪʝʣʝRHIC

Å 2010 Ą LHC ʀʩʣʝʜʦʚʘʥʠʝ ʙʘʨʠʦʥ-ʘʥʪʠʙʘʨʠʦʥ ʩʠʤʤʝʪʨʠʯʥʦʡ ʂɻʇ   

ʇʪʦʧʛʦʴʥʡʯʞʤʸʥʡSPS/RHICEnergyScans̫ ʚʣʷʣʠʩʴ:

Á ʆʧʨʝʜʝʣʝʥʠʝʥʘʙʦʨʘʥʘʙʣʶʜʘʝʤʳʭʠʥʘʭʦʞʜʝʥʠʝʜʠʘʧʘʟʦʥʘʵʥʝʨʛʠʡʜʣʥ̫ʘʯʘʣʘ

ʬʘʟʦʚʦʛʦʧʝʨʝʭʦʜʘʚʷʜʝʨʥʦʡʤʘʪʝʨʠʠ(onset of deconfinement), ʘʪʘʢʞʝʠʟʫʯʝʥʠʝ

ʭʘʨʘʢʪʝʨʠʩʪʠʢʵʪʦʛʦʬʘʟʦʚʦʛʦʧʝʨʝʭʦʜʘ

Á ʀʟʫʯʝʥʠʝʩʚʦʡʩʪʚʷʜʝʨʥʦʡʤʘʪʝʨʠʠʚʬʦʨʤʝʂɻʇ

ʇʨʫʡʥʙʤʵʦʴʥʨʩʧʚʦʡʣʧʥʪʰʡʫʙʞʫʪʸʪʡʜʦʙʤ,ʮʙʩʙʣʫʞʩʡʠʬʞʥʴʢʙʦʧʥʙʤʡʞʢʛ
ʶʦʞʩʜʞʫʡʰʞʪʣʧʢʠʙʛʡʪʡʥʧʪʫʡʤʡʚʧʛʠʙʛʡʪʡʥʧʪʫʡʧʫʯʞʦʫʩʙʤʵʦʧʪʫʡʪʫʧʤʣʦʧʛʞʦʡʸ.



ʊʫʩʙʦʦʴʞ ʰʙʪʫʡʯʴ ʡ ʪʡʜʦʙʤ ʧ ʝʞʣʧʦʭʙʢʦʥʞʫʞ -

ʦʞʥʧʦʧʫʧʦʦʧʪʫʵ ʶʦʞʩʜʞʫʡʰʞʪʣʧʢ ʠʙʛʡʪʡʥʧʪʫʡ 
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ʁʝʞʸ- ʘʥʦʤʘʣʠʷʚʵʥʝʨʛʝʪʠʯʝʩʢʦʡʟʘʚʠʩʠʤʦʩʪʠʦʪʥʦʰʝʥʠʷʩʪʨʘʥʥʦʩʪʠʢɻ ʥʪʨʦʧʠʠʤʦʞʝʪʙʳʪʴ

ʩʚʷʟʘʥʥʦʡʩʠʟʤʝʥʝʥʠʝʤʤʘʩʩʯrʘʩʪʠʮʳ-ʧʝʨʝʥʦʩʯʠʢʘʩʪʨʘʥʥʦʩʪʠʧʨʠʪʝʤʧʝʨʘʪʫʨʘʭʚʳʰʝ

ʢʨʠʪʠʯʝʩʢʦʛʦʟʥʘʯʝʥʠʷʜʣʜ̫ʝʢʦʥʬʘʡʥʤʝʥʪʘTc(~160ʄʵɺ)

ʇʨʝʜʩʢʘʟʘʥʠʝ 1999 

(Gazdzicky, Gorenstein)

Áʈʦʩʪʦʪʥʦʰʝʥʠʷʢʘʦʥʦʚʢʧʠʦʥʘʤʚʬʘʟʝʘʜʨʦʥʥʦʛʦʛʘʟʘ,T<Tc<<MK,-ʬʘʟʦʚʳʡʦʙʲʝʤ

Á ɺʬʘʟʝʂɻʇʦʩʥʦʚʥʦʡʩʪʝʧʝʥʴʶʩʚʦʙʦʜʳʜʣʩ̫ʪʨʘʥʥʦʩʪʠʩʪʘʥʦʚʠʪʩʷs-ʢʚʘʨʢʩʤʘʩʩʦʡm<Tc.

ɺʪʘʢʦʤʩʣʫʯʘʝʤʥʦʞʝʩʪʚʝʥʥʦʩʪʴʩʪʨʘʥʥʳʭʢʚʘʨʢʦʚʧʨʠʤʝʨʥʦʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘʵʥʪʨʦʧʠʠ

(ʦʮʝʥʠʚʘʝʤʦʝʧʦʯʠʩʣʫu ʠd ʢʚʘʨʢʦʚ),ʘʦʪʥʦʰʝʥʠʝʩʪʨʘʥʥʦʩʪʠʢɻ ʥʪʨʦʧʠʠ(ʧʨʠʤʝʨʥʦ

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʦʪʥʦʰʝʥʠʶK+/p+)ʨʝʟʢʦʧʘʜʘʝʪʩʤʘʢʩʠʤʘʣʴʥʦʛʦʟʥʘʯʝʥʠʷʜʣʘ̫ʜʨʦʥʥʦʛʦ

ʛʘʟʘ,ʦʩʪʘʚʘʷʩʴʧʦʩʪʦʷʥʥʳʤʧʨʠʜʘʣʴʥʝʡʰʝʤʫʚʝʣʠʯʝʥʠʠʵʥʝʨʛʠʠʩʪʦʣʢʥʦʚʝʥʠʷ.



ʕʥʝʨʛʝʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʰʝʥʠʷ K/p

Áɼʘʥʥʳʝ NA49 ʧʦʜʪʚʝʨʞʜʘʶʪʩʷ ʨʝʟʫʣʴʪʘʪʘʤʠ STAR BES ʧʨʦʛʨʘʤʤʳ

Áʈʘʟʥʠʮʘ ʚ ʧʦʚʝʜʝʥʠʠ ʜʣʷ A+A ʠ p+pʨʝʘʢʮʠʡ

Áʌʦʨʤʘ ʥʝ ʦʧʠʩʳʚʘʝʪʩʷ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʤʠ ʤʦʜʝʣʷʤʠ

42SPS findings: Onset of deconfinement above 7 GeV!

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



Mixed

phase

phase1

phase2

Åɺʩʤʝʰʘʥʥʦʡʬʘʟʝ(ʂɻʇʠʘʜʨʦʥʥʳʡʛʘʟ)ʜʘʚʣʝʥʠʝʠʪʝʤʧʝʨʘʪʫʨʘ(ʦʧʨʝʜʝʣʷʶʱʠʝʟʥʘʯʝʥʠʝ

ʧʘʨʘʤʝʪʨʘʥʘʢʣʦʥʘʩʧʝʢʪʨʦʚT) ʥʝʟʘʚʠʩʠʪʦʪʧʣʦʪʥʦʩʪʠʵʥʝʨʛʠʠ(ʦʧʨʝʜʝʣʷʝʤʦʡʵʥʝʨʛʠʝʡ

ʩʪʦʣʢʥʦʚʝʥʠʷ).

ÅʍʘʨʘʢʪʝʨʥʦʝʧʦʩʪʦʷʥʩʪʚʦʧʘʨʘʤʝʪʨʘT (ñʧʣʘʪʦò)ʤʦʞʝʪʩʣʫʞʠʪʴʫʢʘʟʘʥʠʝʤʥʘʦʙʨʘʟʦʚʘʥʠʝ

ʪʘʢʦʡʩʤʝʰʘʥʥʦʡʬʘʟʚrʮʝʥʪʨʘʣʴʥʳʭʩʪʦʣʢʥʦʚʝʥʠʷʭʷʜʝʨʧʨʠɻʥʝʨʛʠʷʭSPS.

ʖʭʭʞʣʫʡʛʦʙʸ ʫʞʥʨʞʩʙʫʬʩʙ ʡʪʫʧʰʦʡʣʙ 

ʣʙʣ ʪʡʜʦʙʤ ʧ ʝʞʣʧʦʭʙʢʦʥʞʦʫʞ 

Áʂʘʣʦʨʠʤʝʪʨʠʯʝʩʢʘʷ 

ʢʨʠʚʘʷ ʭʘʨʘʢʪʝʨʥʳʭ

ʥʘʢʣʦʥʦʚʩʧʝʢʪʨʦʚ 

(ʪʝʤʧʝʨʘʪʫʨ) ïʬʘʟʦʚʳʡ

ʧʝʨʝʭʦʜ ʧʝʨʚʦʛʦ ʨʦʜʘ



ʕʥʝʨʛʝʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴʜʣʷ ʊ(ñStepò)

ʈʘʩʯʝʪʳʧʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʤʤʦʜʝʣʷʤʩʠʩʧʦʣʴʟʦʚʘʥʠʝʤʫʨʘʚʥʝʥʠʡʩʦʩʪʦʷʥʠʷʜʣʂ̫ɻʇʠʘʜʨʦʥʥʦʡ

ʬʘʟʭʦʨʦʰʦʦʧʠʩʳʚʘʶʪʧʦʚʝʜʝʥʠʝʧʘʨʘʤʝʪʨʘT(ʩʤ.ʰʪʨʠʭ-ʧʫʥʢʪʠʨʥʫʶʣʠʥʠʶʧʨʘʚʘʷʧʘʥʝʣʴ),ʪʦʛʜʘʢʘʢ

ʤʦʜʝʣʠʙʝʟʬʘʟʦʚʦʛʦʧʝʨʝʭʦʜʘʧʨʝʜʩʢʘʟʳʚʘʶʪʤʦʥʦʪʦʥʥʳʡʨʦʩʪʩɻ ʥʝʨʛʠʝʡ(ʩʤ.ʣʠʥʠʠʜʣU̫rQMDʠ

HSDʛʝʥʝʨʘʪʦʨʦʚʥʘʨʠʩʫʥʢʝ)

44

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

(NA49 Collaboration) Phys.Rev.C 77 (2008) 024903
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Á TheK+/pi+ratio- a maximumat7.7 GeVĄ associated

productiondominanceat lowerenergiesdueto a large

baryonstoppingpower. Thismaximumcorrespondsto

themaximumbaryondensitypredictedtobeachieved

inheavy-ioncollisions.

Á Fora thermodynamicsystemtheenergydependenceof

<mt>-mcouldreflectthecharacteristicsignatureofa first

orderphasetransition. Theconstantvalueof <mt>-m

aroundBESenergiescouldbe interpretedas reflecting

the formation of a mixed phase of a QGP and

hadronsduringtheevolutionoftheheavy-ionsystem.

STAR: Particle production

L. Adamczyket al (Star Collab.) Phys. Rev. C 96, 044904 (2017)



RHIC findings: sQGPïʠʜʝʘʣʴʥʘʷ ʞʠʜʢʦʩʪʴ? 

ʄʘʪʝʨʠʷ ʚ ʬʘʡʝʨʙʦʣʝ ʷʚʣʷʝʪʩʷ ʥʝʧʨʦʟʨʘʯʥʦʡ

(highly opaque)ʜʣʷ ʥʦʩʠʪʝʣʝʡ ʮʚʝʪʥʳʭ ʟʘʨʷʜʦʚ

(ʘʜʨʦʥʦʚ ʠʟ ʩʪʨʫʡ),  ʥʦ ʥʝ ʬʦʪʦʥʦʚ!

ʂɻʇ ʥʝ ʛʘʟ ʘ ʞʠʜʢʦʩʪʴ!

ʕʥʝʨʛʝʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ: 

Á Jet quenching no longer evident

below 20 GeV

Á RHIC finding: No deconfinement

below 20 GeV?!



p
y

y

x

Initial spatial anisotropy of the

overlap zone leads to the final 

state momentum azimuthal 

asymmetry

x
z

y

RHIC findings (2): sQGPïʠʜʝʘʣʴʥʘʷ ʞʠʜʢʦʩʪʴ? 

Á ʉʢʝʡʣʠʥʛ ʧʦ ʯʠʩʣʫ ʢʦʥʩʪʠʪʫʝʥʪʥʳʭ ʢʚʘʨʢʦʚ

ʫʢʘʟʳʚʘʝʪ ʧʘʨʪʦʥʥʳʡ ʭʘʨʘʢʪʝʨ ʬʦʨʤʠʨʦʚʘʥʠʷ

ʢʦʣʣʝʢʪʠʚʥʳʭ ʵʬʬʝʢʪʦʚ ʚ ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ

ʢʚʘʥʪʦʚʦʡ ʞʠʜʢʦʩʪʠ

Á ɻʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʜʣʷ ʦʧʠʩʘʥʠʷ

ʜʘʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʪʨʝʙʫʶʪ ʟʥʘʯʝʥʠʷ

-͙͎͋ͦͦ͘͟͡ ͟ ͤ͊͘;͔͙ͤΌ ͒͡Ύ ͙͔͒͊͡Έ͚ͤͦ
͍͍͚͊ͤͭͦͦ͟ ͙͙͗͒ͦͫͭ͟ Ґ h/(4p) 



ʅʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʩʠʪʫʘʮʠʷ ʩ ʠʥʪʝʧʨʝʪʘʮʠʝʡ ʜʘʥʥʳʭ ʧʦ ʩʪʦʣʢʥʦʚʝʥʷʠʤ 

ʨʝʣʷʪʠʚʠʩʪʩʢʠʢ ʷʜʝʨ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ  ʧʨʦʪʠʚʦʨʝʯʠʚʦʡ:

ʀʩʩʣʝʜʦʚʘʥʠʷ ʌɼ ʂʍɼ ʠ  ʂɻʇ: ʪʝʢʫʱʘʷ ʩʠʪʫʘʮʠʷ

Áʅʘʙʨʘʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʥʦ ʥʝ ʚʩʝ

ʜʦʩʪʫʧʥʳʝ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʂʍɼ ʠʩʩʣʝʜʦʚʘʥʳ

Áʅʝʪ ʩʦʤʥʝʥʠʡ, ʯʪʦ ʩʠʣʴʥʦʚʟʘʠʤʦʜʝʡʩʪʚʫʱʘʷ ʤʘʪʝʨʠʷ ʚ ʬʦʨʤʝ ʂɻʇ

ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʦʙʨʘʟʫʝʪʩʷ ʚ ʩʪʦʣʢʥʦʚʝʥʠʷʭ ʷʜʝʨ, ʦʜʥʘʢʦ ʥʝʪ ʧʦʣʥʦʛʦ

ʧʦʥʠʤʘʥʠʷ ʧʦ ʦʧʪʠʤʘʣʴʥʳʤ ʧʨʦʙʥʠʢʘʤ ʠ ʠʥʪʝʨʚʘʣʘ ʜʣʷ ʩʤʝʰʘʥʥʦʡ ʬʘʟʳ

Áʅʝʩʤʦʪʨʷ ʥʘ ʘʢʪʠʚʥʳʝ ʧʦʠʩʢʠ ʢʨʠʪʠʯʝʩʢʘʷ ʪʦʯʢʘ ʥʘ ʂʍɼ ʌɼ ʥʝ ʦʙʥʘʨʫʞʝʥʘ

Áɺ ʜʘʥʥʳʭ ʝʩʪʴ ʥʘʤʝʢʠ (hints), ʥʦ ʥʝʪ ʦʜʥʦʟʥʘʯʥʦʛʦ ʫʢʘʟʘʥʠʷ ʥʘ ʯʘʩʪʠʯʥʦʝ

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʢʠʨʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ ʚ ʧʣʦʪʥʦʡ ʙʘʨʠʦʥʥʦʡ ʤʘʪʝʨʠʠ 

Áɿʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʝʨʝʰʝʥʥʳʭ ʧʨʦʙʣʝʤ ʠ ʟʘʛʘʜʦʢ (puzzles):

ʛʠʧʝʨʷʜʨʘ, ʧʦʪʦʢʠ ʧʨʷʤʳʭ ʬʦʪʦʥʦʚ ʠ ʪ.ʜ.

ʅʦʚʘʷ ʧʨʦʛʨʘʤʤʘ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘʮʝʣʝʥʘ ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ

ʤʘʢʩʠʤʘʣʴʥʦʡ ʙʘʨʠʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʥʘ ʫʩʢʦʨʠʪʝʣʝ ʩ ʰʠʨʦʢʠʤ ʥʘʙʦʨʦʤ

ʧʫʯʢʦʚʳʭ ʦʧʮʠʡ ʠ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʥʘʙʦʨʘ ʜʘʥʥʳʭ Ą NICA



Nuclotron (45 Tm)

injection of one bunch 

of 1.1Ĭ10 9 ions,

acceleration up to 

1 - 4.5 GeV/u max.

Linac ȷȿ-20
Ion sources

Fixed Target Area

Booster (25 Tm)

1(2-3) single -turn injection, 

storage of 2 (4-6)Ĭ10 9,

acceleration up to 100 MeV/u,

electron cooling, acceleration 

up to 600 MeV/u

ȿɝɖɚɜɔɞɑɗɨəɧɕ ɖɚɘɛɗɑɖɝ NICA. 

Stripping ( 80% ) 197 Au 32+ => 197 Au 79+

Two SC

collider 

rings

Linac HILac KRION

IP-1

IP-2



NICA energy range ïdense matter at non -zero mB and moderate T

baryon densityr up to 10r0, freeze-out net -baryon density ïhighest
mB = (300 - 750) MeV, Tch ~ (120 -150) MeV

NICA niche in the QCD phase diagram   

collider

fixed target

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
50



Physics at NICA: dileptons 

LMR IMR

ÁLMR:Low-mass region (0.2<Mee<1.1 GeV) ïvector

meson in-medium  modification (resonance melting as 

approaching chiral symmetry restoration) + thermal

radiation from HG

Á IMR: Intermediate region (1.1<Mee<3 GeV) ïQGP

thermal radiation + heavy-flavor contribution

Hohlerand Rapp, PLB 731 (2014) 103

ÁDegeneracy of the chiral partners (r and a1) at high T

3250MeVqq >º<

0qq

51

Correlated electron-positron pairs (dileptons) are sensitive to the interior

of dense QCD matter and to CSR effects

Vprovide time-integrated picture of the collision dynamics

Vpenetrating probes ïno strong interactions in the medium



Physics at NICA: prospects for dileptons 

Á Modifications of vector meson properties due to CSR are simulated

within the PHSD model for Au+Au collisions at NICA energies

arXiv:1605.07887

Á Enhancement of dilepton yield for 0.2<M<0.7 GeV and reduction at 

the phi-meson peak at NICA energies

Á Small contribution from correlated charm in dilepton spectra at NICA



Trajectories calculated by a 3-fluid hydrodynamics 

model Toneev& Ivanov
If the trajectory is in the vicinity of 

the critical endpoint ðabnormal 

fluctuations can be observed

Critical End Point (CEP) at the QCD phase diagram

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! 

Observables - event-by-event fluctuations:

Á multiplicity, charge number

Á particle ratios

Á mean pT, azimuthal angle

Á baryon number

53



ˤ͙͔ͦͪ͊ͫͭ͊ͤ͘ ͺͯͭͯ͊͟͡ͼ͙͚
͙ͨͪ ͙͙͔͙͙ͨͪ͋͗ͤ͡ ͟ ˴́

Á Theory predictions for CEP are rather 

uncertain, still..

Á QCD predictions within the region

probed by NICAïchance to discover

CEP experimentally

N
IC

A

NICA

˽͔ͪͦ͋ͣ͊͡ ͙ͨͦͫ͊͟ ͙͙ͪͭ͟;͔͚ͫͦ͟ ͭͦ;͙͟ ͤ͊ NICA

BM@N
MPD
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ɸʩʪʨʦʬʠʟʠʯʝʩʢʘ ʟʘʛʘʜʢʘ (puzzle) ʩʪʨʘʥʥʳʭ ʯʘʩʪʠʮ

ʚ ʧʣʦʪʥʦʡ ʙʘʨʠʦʥʥʦʡ ʤʘʪʝʨʠʠ

REVIEWS OF MODERN PHYSICS 88 (2016)

The main obstacle ïlack of knowledge about YN (YY, YNN) potentials in dense 

matter. Thus, new data on BL, lifetimes, branching ratios of hypernuclei are needed 

to provide tighter constrains

Data

EoSswith 

hyperon dofs

Á Hyperons appear in the core of neutron stars (NS) at ~twice the normal nuclear density

Á In a new chemical composition, due to attractive YN potentials, the EOS becomes softer

Á A new balance among the (inward) gravitational force and (outward) thermal + Fermi

degenerate pressure impacts the mass-radius (M-R) relation for NSs

Á But.the latter is in contradiction with observations (NShyperon puzzle)
Phys. Rev. C 89, 015806 (2014)



A. Andronicet al, PLB 697 (2011) 203 
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Hypernuclei in HIC : expectations & data

Thermal model predicts an enhanced

production of (hyper)nuclei within the
NICA energy range

ÅFew data on the 
production of 
hypernucleiin HIC

Å Available data leave 
space for various model 
predictions (thermal, 
coalesce, hybrid)

ÅFurther and deeper 
investigations of the 
hypernucleusformation 
mechanisms require
additional data at
different energies and
collision  systems (NICA)

vaΩнлнн

Hypernucleiare nuclei containing at least one hyperon

Á Precise measurements of binding energies, lifetimes

and branching ratios can give tighter constrains Ą NICA!



NICA physics cases & observables

üBulk properties, EOS and phase transition from hadronic matter to QGP

Å excitation function of strangeness
Å yields and spectra of hadrons and light nuclei

üPhase coexistence

Å excitation function (invariant mass) of lepton pairs: 
thermal radiation from QGP, caloric curve

Å anisotropic azimuthal angle distributions

üCritical End Point 

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

üOnset of chiral symmetry restoration
Å in-medium modifications of hadrons: r,w,fe+e-

Ådileptons at intermediate invariant masses

ü QCD EOS at neutron star densities 
Å Collective flow of identified particles
Å Excitation function of multi-strange hyperons

ü In-medium ǭ-N andǭ-N interactions 
Å Yields and lifetime of single and double ǭ-hypernuclei



ɼʝʪʝʢʪʦʨʳ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ

ʩʪʦʣʢʥʦʚʝʥʠʡ ʪʷʞʝʣʳʭ ʠʦʥʦʚ

ʥʘ ʫʩʢʦʨʠʪʝʣʴʥʦʤ ʢʦʤʧʣʝʢʩʝ  ʢʦʤʧʣʝʢʩʝNICA
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Baryonic Matter @ Nuclotron (BM@N) Experiment



BM@N Experiment : status prior to 2023

Åɼʝʪʝʢʪʦʨ ʩʦʙʨʘʥ ʚ ʧʦʣʥʦʡ

ʢʦʥʬʠʛʫʨʘʮʠʠ

Åʅʘʙʨʘʥʦ ʙʦʣʝʝ 600 ʤʣʥ. ʩʦʙʳʪʠʡ

ʥʘ ʧʫʯʢʘʭ ʷʜʝʨ Arʠ Xe

Åʅʘʯʘʪ ʘʥʘʣʠʟ ʜʘʥʥʳʭ

ʠ ʧʦʜʛʦʪʦʚʢʘ ʧʫʙʣʠʢʘʮʠʡ  

arXiv:2303.16243[hep-ex]

https://arxiv.org/abs/2303.16243


˨͔͔ͭͭͦͪ͟ MPD͒͡Ύ ͔͎͙ͪͫͭͪ͊ͼ͙͙ ˢҌˢ ͍͔͙͚ͫͭͦͤͦͤ͟͡

ˤ͟ ͍͔͙͙͔͊͗͒ͦͣͫͭͦͤͦͤͤͦ͋͟͡ͻ͙ͦ͒ͣͦ:

˾͔͎͙͙͍ͫͭͪͪͦ͊ͭΈ͍͔ͫͪͦ ͔͗͒ͤͤ·͔;͙͊ͫͭͼ·
(͊ͪ͘Ύ͔͗ͤͤ·͔͙ͤ ͔͚ͭͪ͊͡Έͤ·͔. ́͊;͙͊ͫͭ͟ͼ·
͍·͔ͭ͊͡Όͭͨͦ͒͡Ό͋·͙͎͙͔ͣͯ͊ͣͤͦ͋͡ͻ͙ͦ͒ͣͦ
͔͔͔ͨͦͤͦͨͪͪ͟͡·͙͔ͭ(4pcoverage )

˾͔ͦͤͫͭͪͯ͟͟ͼ͙Ύ͎͔͔͙͙ͦͣͭͪͫͦ͋·͙ͭΎ:

-ͭͦ;͙͍͔͙ͫͭͦͤͦͤ͟͟͡Ύ(òmain vertexó)

- ͤ͊ͻ͔͙͔͍͔ͦ͗͒ͤͫͻ͍͙ͭͦͪ;ͤ·ͻ͍͔ͪ΄͙ͤ(òdecaysó)

-͔͔͔͙͔ͦͨͪ͒ͤ͡ͼ͔ͤͭͪ͊͡Έ͙͍͔͙ͤͦͫͭͫͭͦͤͦͤ͟͡Ύ(òimpact parameteró)

ˮ͔͙͒ͤͭͺ͙͊͟ͼ͙Ύ͍͔ͨͪͦ͒ͯͭͦͪ͊͟͟ͼ͙͙: ͣ͊ͫͫ·, ͊ͪ͘Ύ͙͒͊ͭ . .͒

ˮ͔͙ͣͪͭ͘Έ͙͔͙ͤͣ͊ͭ͟;͔͙͔ͫ͟ͻ͔͙͙͙͊ͪ͊ͭͪͫͭ͟͟: (px,py,pz)



Iron Yoke

Pole

Cryostat
& SC Coil

Control
dewar

ʉʚʝʨʧʨʦʚʦʜʷʱʠʡ ʤʘʛʥʠʪ MPD(ʩʦʣʝʥʦʠʜ)

˭͊ͪΎ͔͗ͤͤ͊Ύ ;͙͊ͫͭͼ͊
͍ ͎͙ͣ͊ͤͭͤͦͣ ͔ͨͦ͡

͍͙͔͒͗ͭͫΎ ͨͦ ͙ͫͨͪ͊͡Έ͚ͤͦ
͔͙͙ͭͪͭͦͪ͟



MPD superconducting solenoid ïa unique

equipment providing ahigh level of field homogeneity

Magnetic field ï0.56 T

Volume ï5.4 m x 6.4 m

Weight ï440 ton



MPD TPC ï3Dʪʨʝʢʝʨ
Au+Au@ 9 GeV

˾ͦ͡Έ Time-Projection Chamber (TPC):

Å ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʪʨʘʝʢʪʦʨʠʡ ʟʘʨʷʞʝʥʥʳʭ

ʯʘʩʪʠʮ

Å ʆʧʨʝʜʝʣʝʥʠʝ ʠʤʧʫʣʴʩʘ ʠ ʟʥʘʢʘ ʟʘʨʷʜʘ

ʧʦ ʢʨʠʚʠʟʥʝ ʪʨʘʝʢʪʦʨʠʠ

Å ʀʟʤʝʨʝʥʠʝ ʠʦʥʠʟʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ

ʠ ʨʘʟʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʩʦʨʪʘʤ



ʕʣʝʤʝʥʪʳ TPC ʚ ʩʙʦʨʦʯʥʦʤ ʮʝʭʫ



Barrel 
TOF

FFD

MPD Time-of-Flight (TOF) system

EndCapTOF
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1/b= ct/L, where
Lςtrack length,
tςtime of flight,
cςspeed of light

Time resolution is a crucial parameter!

p=mv

͔́ͫͭ· ͔͚ͣͦ͒ͯ͡ TOF
͔͔ͨͪ͒ ͚ͫ͋ͦͪͦ͟



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 blocksĄfulll attenuation

Á A high energyelectronor photoninitiatesa

cascadeelectromagnetic(EM)shower of e+/-, g

viabremstralungandpairproduction
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Characteristiclengthdefinedby thepropertiesof the

material: heavyelementshaveshorterlength

A depth > 25 X0 is needed to contain EM showers

͔́ͫͭ· ͔͚ͣͦ͒ͯ͡ ͙͔͊ͦͪͣͭͪ͊͟͡
ECAL ͨ ͔͔ͪ͒ ͚ͫ͋ͦͪͦ͟




