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Introduction



QCD Phase diagram of strongly interacting matter
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Heavy-Ion collision and the HBT method

| HBT; Rigng @nd HBT w.rt. reaction plane
-

N(7) [
|
Fpartide emission

Plot from Mike Lisa
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Correlation femtoscopy

- Size: ~10-15m (fm)
Time: ~1023s |

~Source

g

Impossible
to measure directly!

Femtoscopy (HIC) inspired by
Hanbury Brown and Twiss
interferometry method (Astronomy)

but!

- different scales,

- different measured quantities

- different determined quantities




Traditional and non-traditional femtoscopy

e ]
Femtoscopy (originating from HBT): }

the method to probe geometric and dynamic properties of the source |

| f i -

V

Space-time properties (107°m, 107>%s) can be determined due to

Quantum Statistics (Fermi-Dirac, Bose-Einstein);

= A two-particle correlations that arise due to:
/n/

Final State Interactions (Coulomb, strong)

determined assumed measured
Senl(k*)
Bckg(k™)

C(k*, r¥) = | S(r) | P(k*, r%) | d>r * =

S - emission function

W(k*, ") - two-particle wave function (includes e.g. FSI interactions)

Senl(k*)

Beka (k) - correlation function




Traditional and non-traditional femtoscopy

If we assume we know the , measured 1
~ can be used to determine of

assumed determined measured

I Sonl(k*
COkx, %) = | S0) | Wk, ) P+ = 8D
) Bckg(k™)




Traditional and non-traditional femtoscopy

a b
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Ck*, %) =
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Lisa MA, et al. 2005.
Annu. Rev. Nucl. Part. Sci. 55:357-402

Lisa MA, et al. 2005.
Annu. Rev. Nucl. Part. Sci. 55:357-402

Homogeneity region

What does femtoscopy measure?

Qinv
‘ Longitudinal Co-Moving System - LCMS

Identical particles

k*
Pair Rest Frame - PRF

Dy

k'=Ip|=Ip.

Nonidentical particles




Proton - proton correlation function, Rinv= 3fm

N Effects and interactions
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Measurement of interaction between antiprotons

The STAR Collaboration

Nature 527, 345-348 (2015) | Cite this article
9961 Accesses | 47 Citations | 368 Altmetric | Metrics

© This article has been updated

Abstract

One of the primary goals of nuclear physics is to understand the force between nucleons,
whichis a necessary step for understanding the structure of nuclei and how nuclei
interact with each other. Rutherford discovered the atomic nucleus in 1911, and the large
body of knowledge about the nuclear force that has since been acquired was derived
from studies made on nucleons or nuclei. Although antinuclei up to antihelium-4 have
been discovered' and their masses measured, little is known directly about the nuclear
force between antinucleons. Here, we study antiproton pair correlations among data
collected by the STAR experiment? at the Relativistic Heavy lon Collider (RHIC)?, where
goldions are collided with a centre-of-mass energy of 200 gigaelectronvolts per nucleon
pair. Antiprotons are abundantly produced in such collisions, thus making it feasible to
study details of the antiproton-antiproton interaction. By applying a technique similar
to Hanbury Brown and Twiss intensity interferometry*, we show that the force between
two antiprotons is attractive. In addition, we report two key parameters that characterize
the corresponding strong interaction: the scattering length and the effective range of the
interaction. Our measured parameters are consistent within errors with the
corresponding values for proton-proton interactions. Our results provide direct
information on the interaction between two antiprotons, one of the simplest systems of
antinucleons, and so are fundamental to understanding the structure of more-complex
antinuclei and their properties.
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Unveiling the strong interaction among hadrons at the
LHC

ALICE Collaboration

Nature 588, 232-238 (2020) | Cite this article
9258 Accesses | 6 Citations | 231 Altmetric | Metrics
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Abstract

One of the key challenges for nuclear physics today is to understand from first principles the
effective interaction between hadrons with different quark content. First successes have
been achieved using techniques that solve the dynamics of quarks and gluons on discrete

1,2

space-time lattices ’“. Experimentally, the dynamics of the strong interaction have been

studied by scattering hadrons off each other. Such scattering experiments are difficult or

3,4,5,6

impossible for unstable hadrons and so high-quality measurements exist only for

hadrons containing up and down quarks7. Here we demonstrate that measuring

8,9,10,11,12 producedin

correlations in the momentum space between hadron pairs
ultrarelativistic proton-proton collisions at the CERN Large Hadron Collider (LHC) provides
aprecise method with which to obtain the missing information on the interaction dynamics
between any pair of unstable hadrons. Specifically, we discuss the case of the interaction of
baryons containing strange quarks (hyperons). We demonstrate how, using precision
measurements of proton-omega baryon correlations, the effect of the strong interaction
for this hadron-hadron pair can be studied with precision similar to, and compared with,

13:1% Thie large number of hyperons identified in

predictions from lattice calculations
proton-proton collisions at the LHC, together with accurate modelling15 of the small
(approximately one femtometre) inter-particle distance and exact predictions for the
correlation functions, enables a detailed determination of the short-range part of the

nucleon-hyperoninteraction.



QCD Phase diagram of strongly interacting matter
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la) Strong interactions between anti-nucleons

* The knowledge on nuclear force derived from studies of &
nucleon or / and nuclei. vl

* Nuclear force between anti-nucleons is studied for the
first time.

* The knowledge of interaction between two anti-
protons fundamental to understand the properties of
more sophisticated anti-nuclei.
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la) Strong interactions between anti-nucleons

(O proton-proton
6 _[] proton-neutron(singlet)
~ /\ proton-neutron(triplet)

¢ neutron-neutron
% antiproton-antiproton

4 Nature 527, 345-348(2015)
: D Q ]
2+ *
0 PR T TN SN (N TN TN SN S SN S S S S S ' ]
-10 0 10 20 30
f, (fm)

~ the binding of (anti)nuclei.

* fo and do for the antiproton-antiproton interaction
consistent with parameters
for the proton-proton interaction.

* Descriptions of the interaction among antimatter
(based on the simplest systems of anti-nucleons)
determined.

— _ _— —_— - I = = = S — — —

* A quantitative verification of matter-antimatter

|

- symmetry in context of the forces responsible for

The scattering length fo: determines low-energy scattering.

The elastic cross section, oe, (at low energies) determined solely by the scattering
lim o, = 47 f?

length, ;1M Oe 15

do - the effective range of strong interaction between two particles.

[t corresponds to the range of the potential in an extremely simplified scenario - the square well potential.

fo and do - two important parameters of strong interaction between two particles.
Theoretical correlation function depends on: source size, k™ ,fp and do.

16



1b) Inside a neutron star

Proceedings of the 12th Asia Pacific Physics Conference (APPC12)
Downloaded from journals.jps.jp by 217.149.243.2 on 04/21/22

Proceedings of the 12th Asia Pacific Physics Conference

JPS Cont. Proc. 1, 011003 (2014)
©2014 The Physical Society of Japan

Nuclear Matter in Neutron Stars
—A Great Challenge in Nuclear Physics—

Hirokazu TAMURA !

! Department of Physics, Tohoku University, Sendai 980-8578, Japan

E-mail: tamura@lambda.phys.tohoku.ac.jp

(Received September 1, 2013)

Lack of our knowledge on the nuclear (hadronic) matter in the neutron star prevents us from under-

standing its internal structure.|The elucidation of the neutron star matter is one of the most important

and challenging subjects in nuclear physics today. The nuclear matter EOS (Equation Of State) which
would describe pure neutron matter in the outer core of the neutron star 1s studied via various lab-
oratory experiments particularly by using neutron-rich nuclei. Hyperons and/or kaons are expected
to appear in the high density matter in the inner core, which is also experimentally investigated via
hypernuclei and kaonic nuclei. Most of the EOS’s including hyperons or kaons lead to a serious dis-
crepancy against the large mass (~ 2M,,) for the recently observed neutron stars, and resolution of
this mystery requires new theoretical frameworks in nuclear physics which correctly describe high
density matter, some of which may incorporate hadronic degrees of freedom with a deconfined quark
matter phase.

17



1b) Neutron star puzzle

* Hyperons: expected in the core of neutron stars; conversion of N into Y
energetically favorable.

,‘

Mps = 1+2 Mg,

e Appearance of Y: The relieve of Fermi pressure — softer EOS — mass reduction
(incompatible with observation)

2.5

()
l

[a—
Ln

Gravitational mass M i; |solar mass units|

— N
0.5 — N+free Y -
— N+Y
0 1 l | 1 | 1 1
0 0.5 1 1.5 2

Central baryon number density [fm“B]

po = 2.8 X 1014 g/cm?3
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1b) Neutron star puzzle

,‘

‘I MNS =~ 1+2 M@

2.5

The solution: a mechanism providing the additional pressure to make the EoS
stiffer.

()
|

Possible mechanisms:

[a—
Ln

* Two-body YN & YY interactions

e Chiral forces

* Hyperonic Three Body Forces

* Quark Matter Core - Phase transition at densities lower than hyperon threshold

Gravitational mass M, [solar mass units]

0.5 — N+free Y -
— N+Y
0 | [ | i | J 1
0 0.5 1 1.5 2

Central baryon number density [fm“'z]

pPo = 2.8 X 101* g/cm3

19




1b) Neutron star puzzle

* Hyperons: expected in the core of neutron stars; conversion of N into Y
energetically favorable.

* Appearance of Y: The relieve of Fermi pressure — softer EOS — mass reduction
(incompatible with observation).

2-5 | I 1 I | ‘l |

(14 b
The solution requires a mechanism that could provide the additional pressure at stiff” EoS
high densities needed to make the EoS stiffer. -

)
|

Possible mechanisms:

¢

* Two-body YN & YY interactions
 Chiral forces

* Hyperonic Three Body Forces

|

* —
“soft” EoS

Gravitational mass M i; |solar mass units|

* Quark Matter Core - Phase transition at densities lower than hyperon threshold — N
0.5}~ — N+ifree Y -
— N+Y
A lot of experimental and theoretical effort to understand:
. . 0 1 l | l ! l 1
- The KN interaction, governed by the presence of A(1405) 0 0.5 1 LS, 2
- The nature of A(1405), the consequences of KNN formation B _ Ko banyen ““f"“fm

- K and K investigated to understand kaon condensation




1b) Equation Of States for different types of baryonic matter

3

o

= n

0

> | EOS for pure _

e . =

» | neutron maﬂe\ o

5 T e EO§

S| including

= g aas—" hyperons

g (charge-neutral
/»..» 20, o baryonic matter)
of - . z

| EOS
ordinary  for symmetric
nucleus  pyclear matter

HE

n

Fig. 1. A schematic illustration for nuclear (bary-
onic) matter Equation Of State (EOS) as a function
of baryon density for symmetric nuclear matter, pure
neutron matter, and charge-neutral baryonic matter
with hyperons. The EOS i1s determined only for sym-
metric nuclear matter around p ~ (0.5-2)pp and has
large uncertainties particularly for pure neutron mat-
ter, as symbolically shown in the figure.

,10 establish the EOS applcable to the

|
|
l
|
I
|

‘neutron star has been one of the most]|
important subjects in nuclear physics for a
llong time but has not been achieved yet.”
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1b) Equation Of States for different types of baryonic matter

Determining the Equation of State (EOS) of dense neutron-rich nuclear matter is a
shared goal of both nuclear physics and astrophysics. Except possible phase transitions,
the density dependence of nuclear symmetry Esym(p) is the most uncertain part of

the EOS of neutron-rich nucleonic matter especially at supra-saturation densities.

,Lhe Energy per nucleon E(p, ) in
nuclear matter at density p and
isospin asymmetry o0 = (p, — p,)/p
is the most basic input for
calculating the EOS of neutron star
matter regardless of the models
used.”

150

120

T, e — /1 7 -] —— BHF (Vidana) ' ' ]
i daac i L S ’ ( /_‘_— BHF (Z.H. Li) b
 RHF() /.t A ------ DBHF (Fuchs) y
, DBHF (Sammarruca
|-~ DDRMF(2) /A HF (SeniTance) ;
Gogny-HF(Z) VN Chiral EFT-N'LO450 ;s ,f___f,
- —— SHF(33) | ~ Chiral EFT-N’LO600 T
5 = \IMB-FP 3
- B VMB-WFF1 27 -
= e e VMB-WFF2 %7 =
Y e — 1~ VMB-WFF3£~ o
i | e P
5 2 P 7
. .- f
_) ..... Neutron Star Observations |3y i A
LA B B 20 N AR5 /7 T S S B
0 1 2 3 0 1 2 3
p/p,
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1b) Y-N and Y-Y interactions

* Experiment: More interest about Y-N and Y-Y interactions.

* Theory: Major steps forward have been made (Lattice QCD).

* Numerous theoretical predictions exist, but no clear evidence for any such bound states,
despite many experimental searches.

 The existence of hypernuclei (confirmed by attractive Y-N interaction) — indicates the
possibility to bind Y to N.

* The measurement of the Y-N and Y-Y interactions leads to important implications for the
possible formation of Y-N or Y-Y bound states.

* A precise knowledge of these interactions help to explore unknown structure of neutron stars.
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Ic) YN interactions at HADES

S 2.6:—
; o C.(K=C__(K/C (K 24 Phys. Rev. C 94, 025201
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1 35_ Lednicky’s fit
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155
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C(k) = Comeas(K) The femtoscopy technique to study interactions between
C. (o CLRlC(k) L 2 particles can be applied to many colliding systems at very
Lrc(k®) =1+ ak +

H

|

different energies,
understanding of H-Y interactions.

C(k), )

which can help to improve the |

25
1.5%-
S
0.50'— 5|0 160 | 1§o S
k [MeV/c]

NLO scattering paremeters

S = 2.91fm
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1c) Strange Baryon Correlations (Including A Hyperons)

c(Q)

- Phys.Rev.Lett. 114 (2015) no.2, 022301

———- LL w/o residual

| |

LL with residual

|

state estimated within an effective-
range expansion approach.
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1d) Strange Baryon Correlations (including p-£2)
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1d) Strange Baryon Correlations (Including = Hyperons)

N S N Y

First measurement of =-= correlation
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- (/F L a,es=0 oo+o 00 '.es=° 000:0.00,r,=0.43+0.21
07‘_ ® oDatazzzz |
o ‘ C | LI Lednicky(w/o residual)
Anti-correlation at Q < 0.25 GeV/c. ¥ S N N ——
06:_‘ ............. ............. o QS ...........
: : : . FSI
0.5_11 lllllllllllIllllllllllllllllllllllllllllllllll
— 0O 01 02 03 04 05 06 07 08 09 1

Qinv(GeV/c)

‘Lattlce QCD/ch1ral EFT calculations
~" indicate an attractive interaction |
| potential, but not strong enough to |

’ form a bound state.




1d) Proton-kaon (bound state?)

Same charges 0-10% @ Au+Au 39 GeV Opposite charges 0-10% @ Au+Au 39 GeV

ALICEppIs=5TeV 0.7 <8, <13}
ro=1.13+0.02 *27 fm
A=064+006

Auc:EppF 7TeV 07<8.<1
ro=1.13+002 *2.7 fm
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E Phys.Lett.B 813 (2021) 136030
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(anti-correlation) between kaons and protons.

* A structure (ALICE in p+p collisions) observed around a
relative momentum of 58 MeV/c in the measured
correlation function of opposite charges in p+p collisions.
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1d) Neutral kaons

Parametrization - KJK¢

Gaussian density distribution (includes only QS effects): CF(q,,) = 1 + 2el-Retie)

A - the correlation strength, R,y - the size of the particle-emitting source.
Lednicky & Lyuboshitz model includes strong FSI: [Sov.).Nucl.Phys. 35, 770 (1982)]

2 ARf(kY) 23f (k*)
+ F 1 (q ianinv) — \/TtRinv

F 2 (q ian inv)

\/ER inv

QS effect  strong FSI through the f,(980) and a,(980) resonances

2 2

XYl —pX
F,(z) = f:dxe Zx , Fy(z) = - ;
o, TR 1 % * N o Yr o 2 *2
FU) =3 1fok") + f1(kD)],  f1lk") = S——F 7, S = 4(mg + k*?)
GeV GeV
Tn-f0 C_Z onKI_( onnn mao C—z YaoKI? Yaomt
Antonelli [1] 0.973 2.763 0.5283 0.985 0.4038 0.3711
Achasov2001 [2] 0.996 1.305 0.2684 0.992 0.5555 0.4401
Achasov2003 [3] 0.996 1.305 0.2684 1.003 0.8365 0.4580
Martin [4] 0.978 0.792 0.1990 0.974 0.3330 0.2220

L SR MLk

[1] eConf C020620, THATO6 (2002), [2] Phys. Rev. D 63, 094007 (2001)
[3] Phys. Rev. D 68, 014006 (2003), [4] Nucl. Phys. B 121, 514-530 (1977)




1d) Neutral kaons

KK? STAR Preliminary | | KIK? STAR Preliminary | | KoK? STAR Preliminary
Au+Au collisions Au+Au collisions Au+Au collisions
@ 200 GeV, 0-10% @ 200 GeV, 10-70% @ 200 GeV, 0-70%

=1.D

CF(q_)

0.4 GeV/c< pt <2.0 GeV/c
In| <0.5

0.4 GeV/c< pr <2.0GeV/c
In| <0.5

0.4 GeV/c< pt < 2.0 GeV/c
In| <0.5

1 I | 1 1 1 | | | | | | | | | I | | | | | | | | I | | |

| I | | |

L T B R PR I S S PR I T !
0 0.1 0.2 0.3 040 0.1 0.2 0.3 040 0.1 0.2 0.3 0.4
q . [GeV/c] q . [GeV/c] q . [GeV/c]

1 l 1 1

The strong final-state interaction has a significant effect on the neutral kaons correlation due to the
near-threshold f,(980) and a,(980) resonances



1d) Neutral kaons

Parametrization - KSOI(i

Lednicky & Lyuboshitz model includes strong FSI: [Sov.J.Nucl.Phys. 35, 770 (1982)]

ARFK) o 2SO
T F,(2k'R) N

2
CF(k*) =1+ + F,(2k*R)

4

A |f (k™)
R

strong FSI through the a,(980) resonance

2 2

V4 eX —x 1—e”*
Fi(z) = {de p— F,(z) = .
k*) = z : , s = 4(m% + k*2
= s~k — ik i + &)
GeV _
m,, [CLZ Y aykK Y agmm
Antonelli [1 0.985 0.4038 0.3711
Achasov2001 [2] 0.992 0.5555 0.4401
Achasov2003 [3] 1.003 0.8365 0.4580
Martin [4] 0.974 0.3330 0.2220

[1] eConf C020620, THATO6 (2002), [2] Phys. Rev. D 63, 094007 (2001)
[3] Phys. Rev. D 68, 014006 (2003), [4] Nucl. Phys. B 121, 514-530 (1977)



1d) Neutral kaons

KK? STAR Preliminary L KIK? STAR Preliminary I KIK? STAR Preliminary
Au+Au collisions : Au+Au collisions Au+Au collisions
@ 200 GeV, 0-10% » @ 200 GeV, 10-70% @ 200 GeV, 0-70%

0.4 GeV/c< pt < 2.0 GeV/c
In| <0.5

0.4 GeV/c< pr<2.0GeV/c
In| < 0.5

0.4 GeV/c < pt < 2.0 GeV/c
In| <0.5

o o041 02 03 040 041 02 03 040 01 02 03 o4
q [GeV/c] q [GeV/c] q . [GeV/c]

1.05 1.05 1.05
KK

KIK*

==

T 1T 1

STAR Preliminary

STAR Preliminary

5’0 95 e %, STAR Preliminary 50 95 i
tLJ =) Au+Au collisions i 0.95¢ Au+Au collisions t:_) : Au+Au collisions
k @ 200 GeV, 0-10% | © | @ 200 GeV, 10-70% @ 200 GeV, 0-70%
[ —— Antonelli : — Antonelli —— Antonelli
L —— Achasov2003 - — Achasov2003 i —— Achasov2003
r — Martin : —— Marti i —— Martin
A R R artin A B
089 01 02 03 04 085 01" "05 03 04 ° 5% 01 02 03 04
k* [GeV/c] k* [GeV/c] K* [GeV/c]

The ay(9380) FSI parametrization gives very good representation of the shape of the signal region in CF; the parametrization with the larger
ay(980) mass and decay coupling gives larger size of the source; Antonelli parametrization favors a,(930) resonance as a tetraquark



1d) Neutral kaons

b STAR Preliminary ® Antonell
al # Au+Au collisions @ 200 GeV ® Achasov2001
i + ® Achasov2003
s * ® Martin
| - Only statistical
E‘ + uncertainties for KK
=, 4—
- ¢
| K*K* o KOK*
2H  Kkp€<0.2,0.36 > GeV/c ° o S|
|| Centrality range: 0-20% and 0-30% m K'K" -1 QS + SI
Phys. Rev. C 88 (2013) 34906 | KchKch + QS + COUL
L | | [ I 1 1 | | L
0 20 40 60
Centrality [%)]

The ay(9380) FSI parametrization gives very good representation of the shape of the signal region in CF; the parametrization with the larger
ay(980) mass and decay coupling gives larger size of the source; Antonelli parametrization favors a,(930) resonance as a tetraquark



C(k*)

C(k*)

C(K")

le) Light nuclei formation at STAR

T Auhucolisons |  PoonDeseonCF | 04<p <20Geve |  STAR Preliminary
@ \s,, =3 GeV -05<y<0 | o Io; _
SR S S S | *First measurement of proton-deuteron and
A 1 . I > wwwe | deuteron-deuteron correlation functions
" il + - i r=2.5fm :
05 °pdCF 1 ™ T 7 Ta" em 1 from STAR
g 1 - ! 4l r=5fm )
j 0-10% ] 10-20% | 20-40% | 40-60%
k* (MeV/c) First measurement of p-d CF at STAR
R T T BRI SN — 1 eProton-deuteron and deuteron-deuteron
L Au+Au collisions 1| Deuteron-Deuteron CF . 0.4<p_<20GeVlc ! STAR Preliminary |
[ CPwmscey ] . sl [ correlations qualitatively described by the
17————_5_.@-00—0-0-0-97————;_0_-6-@-9-0-0—0_—————;_6__— ————— -o‘-'o' . .
> ;; = | Z | e | Lednicky-Lyuboshits model; deuteron-
! 7o | -0 - o T /4 r=4fm : . . .
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| O 1l o /i 1 & r=5fm J
T own {7 wew {f  wew {f s | than proton-deuteron
k* (MeV/c) First measurement of d-d CF at STAR
T sosumomions | DusoDesents | 0dwey <sdger B —— e
_ @ s, =3 GeV I [ -0.5<y<0 I 1 _ . . ‘
- - - - = gl - - === apasy soao *Deuteron-deuteron correlations described |
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L i _¢_.o. ! -O- SMASH(Direct) + CRAB } -O- w SMASH(Coal.) + CRAB.
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1f) Kaon-Lambda T

To measure scattering parameters of A — K pairs in all three charge combinations A — K™, O
A—K and A — K§.

Strong force is repulsive in the A — K™ interaction and attractive in the A — K~ and
A — Kg interactions.

Different ¢ — g interactions between the pairs (s —5in A — KT and A — Kg and u — i in
A—K)

Different net-strangeness for each system (S=0for A — K, and S=-2 for A — K7).

Source radii larger than expected from extrapolation from identical particle femtoscopic
studies, due to separation in space-time of the single-particle A and K source

distributions. _

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII Q _'.: IIIIIIIIIIIIIIIIIIIIIIIIIII
C 1r 7 LL
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N 8 [11] KA 1[ ] - -
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0.6F + 1E |4 4 C T _
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0'4:_ *ﬂ'*’+ 1F [ 1-6 - .
0.2F - 4E ' 1.8 0.6 - ~
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CBM (and HADES) challenges

Challenges in QCD matter physics —
The scientific programme of the Compressed Baryonic Matter experiment at FAIR

diagnostic probes which are sensitive to the dense phase of the nuclear fireball. The goal of the

CBM experiment at SIS100 (\/syny = 2.7 — 4.9 GeV) is to discover fundamental properties of QCD
matter: the phase structure at large baryon-chemical potentials (up > 500 MeV), effects of chiral
symmetry, and the equation-of-state at high density as it is expected to occur in the core of neutron
stars. [In this article, we review the motivation for and the physics programme of CBM, including
activities before the start of data taking in 2024, in the context of the worldwide efforts to explore
high-density QCD matter.

arXiv:1607.01487v3 [nucl-ex] 29 Mar 2017 |
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QCD Phase diagram of strongly interacting matter - intermediate energies
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LHC 2.76 TeV

-

N

Program Beam Energy Scan

@} Quark-Gluon

Baryon Chemical Potential p,

RHIC Top Energy: 200 GeV
p+p, pt+Al p+Au, d+Au, 3He+Au, Cu+Cu, Cu+Au,
Ru+Ru, Zr+Zr, Au+Au, U+U

1. QCD at high energy density/temperature
2. Properties of QGPB EoS

 Beam Energy Scan: Au+Au 7.7-62 GeV
1. Search for turn-off of QGP signatures 1
2. Search for signals of the first-order phase transition i
3. Search for QCD critical point {

! 4. Search for signals of Chiral symmetry restoration

Fixed-Target Program: Au+Au =3.0-7.7 GeV
High baryon density regime with 420-720 MeV
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How to measure a phase transition?
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Conclusions &
Summary



Summary

*Descriptions of the interaction among antimatter (based on the simplest systems of
anti-nucleons) determined.
*A quantitative verification of matter-antimatter symmetry in context of the forces responsible

for the binding of (anti)nuclei.
*Scattering length is positive and favor A — A bound state hypothesis
*Scattering length is positive and favor p — €2 bound state hypothesis
*Searched for = — = bounds states have started

* Antonelli parametrization of Kg — K™ strong interactions favors a,(980) resonance as a tetraquark
*d-d CF described better by the model including coalescence
*Light nuclei are likely to be formed via coalescence

*Two-particle correlations are useful tool to explore unknown QCD phase diagram area




Back-up slides
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,The most efficient
cooling mechanism of a
NS by neutrino emission
is the nucleonic electron
direct Urca (DU)
process (Lattimer et al.,
1991) described by the

equations:

Inside a neutron star

Frontiers in Astronomy and Space

Sciences | )
www.frontiersin.org 1 March 2019 | C‘“
Volume 6 | Article 13 \%
AN
N
Mys = 122 M, v
P =3+ Po
v 2. Atmosphere
Po = 2.8 x 1014 g/cms3 f ( H, He, C etc.)
' Envelope
Hyperons 2% ( Fe atoms/ions + e )
kaon condensate )
Quark—gluon plasma Outer Crust

( nuclei +e-)

.y Inner Crust

|
|
|
|

> Radius (km)

FIG. 1: Internal structure of a neutron star |2].
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Strange hadronic matter in the inner core

The inner core of the neutron star is totally unknown. One of the most probable scenarios is that

hyperons (baryons with strange quarks) appear at a density larger than (2-3) p,

A hyperons, being free from Pauli exclusion principle by neutrons, are allowed to stay at the
bottom of the attractive nuclear potential made by neutrons. When the kinetic energy of a neutron
on the Fermi surface of the degenerate neutron matter exceeds the A-n mass difference of 176 MeV,

it converts into a A hyperon via weak interaction. T ——

(1) weak interaction  KEKE369(SKS)  f,
5 n+n—>A+n\ o= 2~3p 200 | [ SR i
P = pO // = 2~3pP9

—L

3

Counts / 0.25MeV

U

8

''''''

my—m, 30 25 -20] 15 10 5 0 5\ 10
=176 MeV Mass/(-B, : A bindihg energy) (MeV)

v Un A
(a) w/o BB interaction (b) w/ BB interaction Q # *

Fig. 3. (1) Energies of neutrons and A hyperons in high density neutron matter confined in the potential
made by gravity. See text for details. (2) Excitation spectrum of a A hypernucleus igY via the (#7,K™) reaction
on %Y target [6].
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Lednicky - Lyuboshitz model

Complete description of two-particle correlations for small
relative velocities including quantum statistics effects and

interactions at the final states (Coulomb, strong)

Assumptions:

independent emission,

single-particle source,

point emission sources;

unpolarized particles;

individual spin-state, momentum and position;
Gaussian distribution of emission point’s coordinates;
s-wave component dominant in the description of FSI
(valid for close relative velocities)

Source size bigger than the range of interaction (~1fm)
Smaller source sizes should include contribution of
nuclear interaction)

Sov. Journ. Nucl. Phys. 35 (1982) 770
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MCCAELOBAHMA

AYOHE

E2-81-453

R.Lednicky, V.L.Lyuboshitz

INFLUENCE
OF FINAL-STATE INTERACTION

ON CORRELATIONS OF TWO PARTICLES
WITH NEARLY EQUAL MOMENTA

Submitted to AP

1981
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Lednicky - Lyuboshitz model

Complete description of two-particle correlations for small
relative velocities including quantum statistics effects and

interactions at the final states (Coulomb, strong)

Assumptions:

independent emission,

single-particle source,

point emission sources;

unpolarized particles;

individual spin-state, momentum and position;
Gaussian distribution of emission point’s coordinates;
s-wave component dominant in the description of FSI
(valid for close relative velocities)

Source size bigger than the range of interaction (~1fm)

Smaller source sizes should include contribution of
nuclear interaction)

Sov. Journ. Nucl. Phys. 35 (1982) 770

2. The correlation function (7) should be averaged over

a space-time distribution of particle sources. The result is
denoted as follows:

B(Qsp) =<b0(P1:p2)> +<bi(p1!p2 )> ='B0 (Q:p) * Bi(q'p)° (!l)

Below we consider in detail the correlations of two unpolari-
zed neutroms. According to eq. (8), we have

Bo(q,p) =-—;-<oos(qx)>. (12)

Using formula (6) also inside the range of the interaction
potential, eq. (9) yields |

B.(qp) = -él-{ff(k*) I2<i®p1p2(x)]2> + 2Rel f(k*)<¢p1p§x)cosg-§>] . (13)

The nn-interaction amplitude in the effective range approxi~
mation is of the form/14/ |

_d i 2 _ g% )-1
f(k*)..(-f—. +..2..d0k.* ~ik*)-1 | (14)

7 ! » the scat~
tering length f; and the effective radius dy are equal to |

17 fm * and 2.7 fm, respectively.

The neutron emission points are assumed to be independent
and distributed according to the Gaussian law

According to the experimental data (see, e.g.,/ls/)

¥ The data on neutron-proton scattering yvield the singlet
scattering length equal to 23.7 fm/ 147 Such a violation of iso-

topic invariance is not yet completely clarified.
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Formalizm opisu korelacji dwuczastkowych

HZ, Monografia habilitacyjna, 2018

4.1.1 Pary nieoddzialujacych identycznych bozonéw, np. (7+,77) gdzie ¢ jest r6znicg pedéw q = p; — pa2, a x jest réznica wspolrzednych = = 27 — xo,
o _ . _ . ' _ _ otrzymujemy wyrazenie:

Przyjmijmy na poczatek, ze emitowane czastki sg bozonami (np. pionami), a wiec

czastkami o spinie s = (0. Jesli rozpatrywane pary czastek stanowia piony iden- PQC (p1, p2) = / diz 1 dizo W (1, pr; o, pa)[1 + cos(qz)] (4.5)

tyczne, czyli nierozréznialne, to opisujac ich funkcje falowe w postaci fal ptaskich

oraz uwzgledniajac warunki statystyki kwantowej Bosego-Einsteina (BE), czyli w Zgodnie z sugestia Kopylowa i Podgoreckiego [91, 92, zdefiniujmy teraz funkcje ko-

tym przypadku symetryzacj¢ funkcji falowej, mamy dla pary identycznych pionow relacyjna Cs(p1, ps) jako stosunek prawdopodobienistwa emisji czastek w przypadku
2 S 7 R . | | | ] kiedy efekty statystyki kwantowej sa wlaczone (,,on”), czyli PS (p1, p2), do przypadku,
P2 (])1,])2) — /([ Jfld _/172[..-][/2(;171’1)1; ..172}])2”%(62?13:1—#21723:2 4 62P1x2+2p2x1)| (43)

kiedy sa wytaczone (,0ft”) czyli P»(p1, p2). Mamy wiec

f d*x1d*zoWo (21, p1; 2o, p2)[1 + cos(qx)]

Majac na uwadze, ze

Co(p1,p2) = 4.6
2(P1, P2) f(14;1‘1(14;1‘,21"%(;1.*.1,pl;;172,])2) (4.6)
T N |
_—_(pP1ZT1+1p2T2 ip1T2+ip2®1\|2 _ T -
V2 (€ te ) L +ensigm) (4:4) co inaczej moze by¢ takze zapisane w postaci
Ca(p1,p2) = 14+ < cos(qz) > (4.7)

gdzie usrednienie przeprowadza sie po obszarze emisji. Jak wida¢, dla malych pedow
wzglednych zwicksza sie populacja par bozonéw i dla zdazajacej do zera réznicy
pedéw ¢, funkcja korelacyjna zbiega do wartosci 2.0. Szybkosé zbiegania zalezy od
rozktadu gestosci zrodel w obszarze emitujacym czastki. Im obszar ten jest wiekszy,
tym zakres efektu korelacyjnego jest wezszy, co wynika takze bezposrednio z zasady

nieoznaczonoscl.

51



Formalizm opisu korelacji dwuczastkowych

4.1.2 Pary nieoddzialujacych fermionéw identycznych, np.
(p,p) lub (n,n)

W przypadku pary identycznych nukleonéw, np. protonéw lub neutronéw, musimy
uwzgledni¢, ze sg one fermionami i moga wystepowaé¢ w stanach: singletowym, S = 0
oraz trypletowym, S = 1, a populacje tych stanéw w przypadku niespolaryzowanej
emisji sa odpowiednio: 1/4 i 3/4. Funkcja korelacyjna bedzie mie¢ wtedy postac
193, 94]:

3 1

1 :
Co(p1,p2) = 1[1+ < cos(qx) >| + Z[l_ < cos(qr) > =1-— 5 % cos(qr) > (4.8)

Jak wida¢, w obszarze malych pedéw wzglednych zmniejsza sie populacja par fer-

mionéw 1 dla zdazajacej do zera wartosci , funkcja korelacyjna zbiega do wartosci

1/2.

HZ, Monografia habilitacyjna, 2018

4.1.3 Przypadek czastek spolaryzowanych

Kiedy mamy do czynienia z emisja czastek spolaryzowanych, to populacje stanow
zaleze¢ beda od stopnia polaryzacji okreslonej przez wektor polaryzacji P,. Mamy

wtedy populacje stanéw: singletowego (pg) i trypletowego (p1):

1 _

Po = Z(l—Pﬁ) (4.9)
1., 5

Ty = 1(3+Pn) (4.10)

Funkcja korelacyjna w takim przypadku okreslona jest wzorem:

1+ P2
2

Co(pr,p2) =1—] | & eos(qr) > (4.11)

Warto zauwazyé, ze w przypadku catkowitej polaryzacji (P? = 1) czastki

moga by¢ wytacznie w stanie trypletowym, a funkcja korelacyjna wynosi wtedy zero

dla zerowej réznicy pedow g.
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4.1.4 Pary nieidentycznych oddzialujacych barionéw, np. (n,p)

Omawiane wyzej efekty statystyk kwantowych nie maja odniesienia do par czastek
nieidentycznych, np. neutron - proton (n,p). Jednakze zaréwno czastki identyczne,
jak i1 nieidentyczne podlegaja wzajemnemu oddzialywaniu w stanie koncowym, ktore
takze zalezy od czasowo-przestrzennych wspoétrzednych punktow ich emisji. Wszyst-
kie hadrony podlegaja oddzialywaniu silnemu, wszystkie czastki obdarzone tadun-
kiem elektrycznym - kulombowskiemu. Dla uwzglednienia oddzialywania w stanie
koncowym zamieniamy fale ptaskie z powyzszych rozwazan przez amplitude Bethe-
Salpetera [93, 94, 95, 96]:

6zp1:1:1+zp2$2 =2 11’51 p;_,(ll 12) == 62P1$1+1P1$2 + ¢ AI(?I )])2(11 IQ) (412)

gdzie go},‘lg?pz(rl, r9) jest fala rozproszona. W takim przypadku funkcja korelacyjna

przyjmuje postac:

Ca(p1,p2) = po < W5, (2)]* > +p1 < [P (z)]* > (4.13)

gdzie L’,(,l)pz( ) jest otrzymana z amplitudy Bethe-Salpetera po separacji ruchu uktadu

srodka masy pary

B (1,0) = XY (1) (4.14)

Ped i potozenie uktadu srodka masy pary okreslamy jako: P = p; + po oraz
X = [(p1P)x1+ (p2P)x2]/ P? = {Xo, R}. Poprzez taka faktoryzacje oddzielamy ruch

ukladu jako calosci od wzajemnego oddzialywania rozpatrywanych czastek.

Populacje stanéw: singletowego (pg) i trypletowego (p1) dla pary (n,p)

mamy: |
w=ta-AiF) 15

1. B
P1 = Z(3+Pnpfn) (416)

Przechodzimy teraz do uktadu srodka masy pary, ktéry oznaczaé¢ bedziemy
gwiazdka (x). Zdefiniujmy z* = (r*,t*) w tym ukladzie. Mozna pokazaé, ze jesli
|t*| << mr*?, to uzasadnione jest zalozenie jednoczesnosci emisji czastek w ich ukta-
dzie srodka masy 1 amplituda ) ;1 )pz(’r*‘) moze by¢ zamieniona przez funkcje falowa

( ) o« (177), ktora opisuje wzgledny ruch czastek i ich rozpraszanie w kinematyce od-
Wrotnego biegu czasu, za$ przy r* — oo jest superpozycja fali plaskiej i rozchodzacej

sie fali kulistej:

_Zk* *

S —'l'_;?"*
), (%) = e F T 4 O () E (4.17)

r.*

gdzie k* = \/—q¢%/2, a f) jest dltugoscig rozpraszania i dla ukladu (n,p) wynosi:
ff©(0) = 23.7fm oraz ff(0) =

o, CTo ~ (2 + 3) fm mamy Cy(p; = po) & 10, a wiec korelacje sa bardzo silne.

—5.41fm. W rezultacie, dla typowych rozmiaréw:
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4.1.5 Pary oddzialujacych czastek identycznych

Najogolniejszy przypadek dotyczy spolaryzowanych fermionéw - oddzialujacych cza-
stek identycznych o niezerowych spinach. Mamy wtedy do czynienia zaréwno z efek-
tami statystyki kwantowej, jak i z oddzialywaniem w stanie koncowym. Amplituda
Bethe-Salpetera przyjmuje wtedy postac:

0 (@) + 0, @) > +

£
1 f (4.18)
Z(3+P,%)<I\f(c’pﬂ,g( ) + P, (2))* >

1
Ca(p1,p2) = 1(1 — P2)

Warto zauwazy¢, ze w zakresie malych pedéw wzglednych (male war-
tosci £*) dominuje oddzialywanie silne w fali-s, i uczestniczy tylko w singletowe;
kombinacji spinowej (dwa identyczne nukleony w stanie fali-s nie moga mie¢ spinéw
réwnoleglych, tj. by¢ w stanie trypletowym). Kiedy wiec |P,| ~ 1, to korelacja
wynikajaca z oddzialywania silnego znika. Efekt ten w zasadzie moégtby byé wy-
korzystany do badania stanéw polaryzacyjnych emitowanych nukleonéw, chociaz
praktycznie byloby to trudne w realizacji. Funkcja korelacyjna dla czastek niespo-
laryzowanych, jak réwniez dla bozonéw, to po prostu uproszczone warianty réwn.

4.18 i podanych wczesniej wzoréw.
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Nonidentical particle correlations
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