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Heavy-lon collision and HBT method
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Correlation femtoscopy

Size: ~10°m (fm)
Time: ~102°% s

Impossible
to measure directly!




Correlation femtoscopy

Size: ~10°m (fm)
Time: ~10238 s

Impossible
to measure directly!

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

but!
different scales,
different measured guantities
different determined quantities




Femtoscopic correlations

X1, X5 - Space-time sizes and dynamics
(can not be measured directly) =
Close velocity correlations
(HBT + FSI) <
Py, P> - momenta and momentum difference
(can be measured directly)




Femtoscopic correlations and correlation function

S(X,p) - emission function: X1, X5 - Space-time sizes and dynamics

the distribution of source density (can not be measured directly) —

probability of finding particle with x and p ) ]
Close velocity correlations
(HBT + FSI) «

Py, P> - momenta and momentum difference

(can be measured directly)

Single- and two-particle distributions

dN
Pi(p)=E— =[ d'xS(x,p)

p
dN
d’p,d’p =f d4x1S(x1’pl)d4x2S(x2’pz)q)(xz,pzlxl,Pl)
1 2

Pz(pl ,p2)= E E,

Correlation function

_ P2(p1,p2)
P.(p)P,(p,)
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- C(pppz)




VWhat does femtoscopy measure”

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

Homogeneity region

Qinv
Longitudinal Co-Moving System - LCMS

Identical particles

k*
Pair Rest Frame - PRF

» ‘p/
/‘

k'=1pl=Ip.
Nonidentical particles

0, =2k’ form,=m,




CF(KY)

CF(Qinv)

| Proton - proton correlation function, Rinv= 3fm |
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Identical baryon- baryon

- Quantum Statistics- QS
- Final State Interactions- FSI

Effects and interactions

- Coulomb
- Strong
Proton - anti-proton correlation functions Rinv= 3fm
: C =Sl
25 == COUL
’ == COUL+SI
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0.02 004 006 008 01 012 0.14 0.16 0.18 0.2
. k* [GeVic]
Non-identical baryon- (anti)baryon

- Final State Interactions- FSI
- Coulomb

- Strong
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[ Proton - proton correlation function, Rinv= 3fm |
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Identical baryon- baryon

- Quantum Statistics- QS

- Final State Interactions- FSI
- Coulomb

- Strong

Proton - anti-proton correlation functions Rinv= 3fm
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Correlation function - Size dependence

* 3fm, QS only
* 3tm, calcul.complate

4 5tm, calcul.complate

1 10fm, calcul complete

— 1 /R o 20tm, QS only

® 20fm, caleulcomplete
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~#F = 101m
~e~F = 201m
&R =f01im

P |
0.1 0.12
G [GeVic]

Width of
correlation function
~1/R

Bigger source and
weaker correlation
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Relativistic Heavy lon Collider (RHIC)
Brookhaven National Laboratory (BNL), Upton
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a) Proton Femtoscopy @200 GeV

So far, the knowledge on nuclear force was derived from studies
made on nucleon or / and nuclei.

Nuclear force between anti-nucleons is studied for the first time.
The knowledge of interaction between two anti-protons is

fundamental to understand the properties of more sophisticated
anti-nuclei.
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a) Strong interactions between anti-nucleons

C(k*)
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Fit results:

p-p CF,
R=2.75+0.01fm: x2/NDF = 1.66;
antiproton-antiproton CF,
R=2.80+0.02fm , fo=7.41+0.19fm,
do=2.14+0.2/tm; x2/NDF=1.61
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X2/NDF(fo,do) map of the results between
measured function and fitted one to find
the best values of fo, do parameters



a) Strong interactions between anti-nucleons

| O proton-proton
6 |- proton-neutron(singlet) * fo and do for the antiproton-antiproton
| /. proton-neutron(triplet) . . . .
o neutron-neutron interaction consistent with parameters
| % antiproton-antiproton for the proton-proton interaction.
E 4 Nature 527, 345-348(2015) - | |
= | * Descriptions of the interaction among
o i 0 0 antimatter (based on the simplest systems of
2 * anti-nucleons) determined.
i i * A quantitative verification of matter-antimatter
0 e e symmetry in context of the forces

-16 | 0 | ‘101 | 20 30 responsible for the binding of (ant)nuclei.
f, (fm)

The scattering length fo: determines low-energy scattering.

The elastic cross section, oe, (at low energies) determined solely by I}:I_I)I(l) Oe = 47ng
the scattering length,

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

It 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™ ,fo and do. 16



b) Strange Baryon Correlations (Including /A Hyperons)

proton-lambda correlations:
sensitive to the Strong FSI only

lambda-lambda correlations:
sensitive 1o the Quantum Statistical
effects and Strong FSI

lambda-lambda and proton-lambda correlations:

contain contributions from Residual feed-down

Correlations (RC)
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b) Strange Baryon Correlations (Including /A Hyperons)

For residual correlations correction

see talk by S. Siejka f CXY(k';(ff )W(k}?: k';ﬁ)dk;(?

JW(kyg b x)dkyy

CXY’—}pf\(k;I\) _

Clky) = 1+ A (C’pﬁ(k}’:ﬂ) - 1)

XY 1%\
T Z AXY (C (k3a) 1) HZ, A. Kisiel, M. Szymaniski
XY Phys.Rev. C89 (2014) no.5, 054916

< 1.1F X
O ro =3.0 fm O
Re(fo) =0.2 fm 10-2 T

Im(f ) = 0.88 fm




.b> Strange Baryon Correlations (including p-£2)

Binding energy Ebin [MeV]

. g 3f .
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% Background
K. Morita et al. Phys. Rev. C 94, 031901 Tty e,
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For strange meson correlations 0.5
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c) Program Beam Energy Scan

Early Univgrse The Phases of QCD RHIC Top Energy
LHC Experiments O+pP, D—I-A‘, D—I—AU, d+AU,

Vl SHe+Au, Cu+Cu, Cu+Au,

7 ' Ru+Ru, Zr+Zr, Au+Au, U+U
QCD at high energy
density/temperature
Properties of QGP, EoS

Temperature

Beam Energy Scan
Au+Au 7.7-62 GeV

QCD phase transition
Search for critical point
Turmn-off of QGP signatures

Critical Point

-
e e xed-Target Program

Nitiot i Au+Au =3.0-7.7 GeV

ol e b High baryon density regime

&= 1 l

300 MeV with 420-720 MeV

Baryon Chemical Potential

Hadron Gas
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Geometry: dependence on collision centrality

m— K @ Au+Au 39 GeV

1.1
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— ==
:x, 1 $*=l#lsiiho=
o O . o
098 TEITT
0.961- Same signs
B - - ¥
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Clear centrality dependence
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Dependence on collision energy

CF(k*)

1
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Dependence on interacting system

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

1.05
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Determined by Coulomb Interactions

Clear system dependence

For non-identical particle correlations
see talk by P. Szymanski

Opposite charges 0-10% @ Au+Au 39 GeV
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C 8 (K - p) different shape due to strong
interaction

Determined by full FSI: Coulomb and
Strong interactions (kaon-proton)
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Dynamics: Space-time asymmetry in emission process

C(q) = Xym C (@Y™ (6, $)

Q1 —full solid angle
Y™ (6, ¢) — spherical harmonic function
q = |ql, 8, ¢ — spherical coordinates
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A. Kisiel
Phys. Rev. C81:064906 2010

A. Kisiel and D. A. Brown
Phys. Rev. C80:064911 2009

P. Danielewicz and S.Pratt.
Phys. Lett. B618: 60 2005

P. Danielewicz and S.Pratt.
Phys. Rev. C75:034907 2007

C"(q) = [, €(q,6,0)Y™(6,$)dQ
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Dynamics: centrality and energy dependencies
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Source dynamics: system dependence

Like-sign 0-10% @ Au+Au 39 GeV

Unlike-sign 0-10% @ Au+Au 39 GeV
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Summary



Summary

Correlation femtoscopy probes the source:

- geometry (sizes)

- dynamics (evolution process, emission seqguence, ..)
- interactions (strong, Coulomb)
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Summary

Correlation femtoscopy probes the source:

- geometry (sizes)

- dynamics (evolution process, emission seqguence, ..)
- interactions (strong, Coulomb)

Thankyou for Your attention Qo
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Program Beam Energy Scan
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BES Program goals:
Study QCD Phase Diagram

1) localize where the QGP is
not registered

2) signatures of the 1st order
Phase transition

3) localize the Critical Point
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Spherical Harmonics

2.0 RE
1.8 Aoo
1.6

14
1.2

1.0 ; : : -0.15 . . .
00 02 04, 06 00 02 04 06
Q| [GeVi/c] Q| [GeV/c]
o.10F

‘o RE
. . Az

A =1in each case -0.10E

00 02 0.4 06
Q] [GeV/c]
e R =1 M, R =21m, Rlong=2 fm

......... Ryy=2fm,R_ =1fm, Rlong=2 fm
R =2 fm, FlSi de=2 fm , Rlong=1 fm
Rout=2 fm, Rsi de=1 fm Rlong:1 fm
wieieie Byy=11m, R_ =2fm, Rlong=1 fm
......... Roy=1fm, R_ =1fm, Rlong=2 fm

0.04f

0.02
0.00

-0.02f

-0.04

0.

0.01

0.00

-0.01

0.

0.02
0.01
0.00

-0.01f

-0.02

0.

oy RE

_ g A
0 02 04 06
|Q| [GeV/c]

- RE

o AT

&
d 0’\'

i o,

Pl o

%

0 02 04 06
|Q| [GeV/c]

j;:\A?f

0 02 04 06
|Q| [GeV/c]

4



Source dynamics

35



