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Heavy-lon collision and HBT method
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Correlation femtoscopy

Size: ~1019m (fm)
Time: ~1023 s

Impossible
to measure directly!

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

but!

different scales,

different measured quantities
K different determined quantities

Hanbury Brown, R.; Twiss,
Nature 178, 10461048 (1956)



| Proton - proton correlation function, Rinv= 3fm |
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Identical pairs:
- Quantum Statistics- QS

Qinv [GeVi/c]

- Final State Interactions- FSI: Coulomb, Strong

| Proton - anti-proton correlation functions Rinv= 3fm |
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Non-identical pairs:

L
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- Final State Interactions- FSI: Coulomb, Strong

Two-particle correlations

X1, X5 - Space-time sizes (and dynamics)

(can not be measured directly) —
Close velocity correlations
(HBT + FSI)

P1, P> - momenta and momentum difference
(can be measured directly)

Single- and two-particle distributions:
dN ,

P(p)=E— = |d"xS(x,p)
d3p

dN

E\Ey————
d’p\d’p,

Py(py,py) =

Py(p1,py) = [d“xlS(xl,pl)d4x25(x2,p2)d>(x2,p2 | X1, py)

The correlation function:

Py(py, 1))
Pi(p)P(p)

C(pl’pZ) -



Relativistic Heavy lon Collider (RHIC)
Brookhaven National Laboratory (BNL), Upton
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Particle |dentification

Particle identification based on dE/dx and time-of-flight

dEdx for selected particles Proton
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Beam Energy Scan Program
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LHC 2.76 TeV

Quark-Gluon

Plasma

Baryon Chemical Potential p;

RHIC Top Energy

0+, p+Al, p+AU, d+AU,
SHe+Au, Cu+Cu, Cu+Au,
Ru+Ru, Zr+Zr, Au+Au, U+U
QCD at high energy
density/temperature
Properties of QGP, EoS

Beam Energy Scan
- QCD phase transition
- Search for critical point

- Turn-off of QGP signatures
- Chiral symmetry restoration

Fixed-Target Program
AU+AU at 4 /Sy = 3.0-7.7 GeV
High baryon density regime

with g = 420-720 MeV
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[dentical pion femtoscopy

1.5
1 — R, Spatial source evolution in the transverse direction
05 — R, related to spatial and time components
T R../Rye Signature of phase transition
=+ R 2-R._2=A12[32, AT—emission time
out side t
- R‘Oﬂg temperature of kinetic freeze-out and source lifetime
C(‘_j) = (l - )\') +KCoul(qmv)7\'
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HBT source sizes determined
for a wide range of collision energy;
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— R, Spatial source evolution in the transverse direction
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New data from , /sy, = 4.5 GeV follow trend

observed for low collision energies
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How 1o measure a phase transition”

’é Fixed Target
S Phys. Rev. C 103,
8
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Clear evolution in the freeze-out shape indicated
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How 1o measure a phase transition”
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How 1o measure a phase transition”
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Other systems: energy dependence

CF(k*)

p —p : Au+Au 0-10%

CF(k*)

1.2¢
- & 39GeV = - 39GeV fit
1.15 --27GeV = - 27GeV fit
- —4-19.6GeV - 19.6GeV fit
1.1 ¥ 115GeV - 11.5GeV fit
1 053_ -4-77GeV = - 7.7GeV fit
- STAR preliminary
1; SRR R R V-
- sfaf uncerfa/nres on/y mot correcfed for feed dovvn
0.95%""0.02 0.04 006 008 0.1 012 0.14
k* [GeV/c]

359-362
energy Ry, p — p [fm] Riny p — P [fm]
7.7GeV  3.59+0.16 + 0.19

11.5GeV  3.66 + 0.08 + 0.05 3.30+0.42+0.28
19.6 GeV  3.82 +0.15 + 0.06 3.32+0.25+0.13
27GeV  3.80+0.12+ 0.08 3.49 + 0.25 + 0.16
39GeV 4.00 +0.15+ 0.02 3.39+0.12 + 0.14

Clear energy dependence seen
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Nucl. Phys. A 982 (2019),
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------- SN stat, uncertainties only
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Non-identical particle correlations - introduction

C(@) =X m C"(@Y™(0,9)

Q —full solid angle
Y™ (6, ¢) — spherical harmonic function

q = 1ql, 8, ¢ — spherical coordinates
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Cl1 — space-time asymmetry
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P. Danielewicz and S.Pratt.

Phys. Lett. B618: 60 2005

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

A. Kisiel
Phys. Rev. C81:064906 2010

A. Kisiel and D. A. Brown
Phys. Rev. C80:064911 2009
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Source dynamics: centrality and energy dependencies

m— K @ Au+Au 39 GeV

- STAR preliminary ——-0-10%
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Nucl. Phys. A 982 (2019),
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Source dynamics: system dependence

Like-sign 0-10% @ Au+Au 39 GeV
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= stat. uncertainties only
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Unlike-sign 0-10% @ Au+Au 39 GeV
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35 Stat, uncertainties only
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Heavier particles directed
towards edge of the source.

Heavier particles freeze-out
earlier

Phys. Rev. C81:064906 2010
/0,

(Tdf) 7‘()‘30‘3

(\J3+52) TR+ T/m

Py - the same for both particles

(Tout)

B, ~ 1/my - smaller for heavier particles



Strong interactions between anti-nucleons

C(k*)

_(k¥)
9

C,p(k*)/C

13 F 13
1.2 ;—. _Cinclusive 1.2
1.1 ;_ == 1""xpp[cpp_” 1.1
1E .- 1
09 [ 0.9
08 [ 0.8
07 E proton-proton 0.7
13 1.3
1.2 E_ _Cinclusive 1.2
1.1 ;_ [ 1+Xp_§[cw-1] 1.1
1 1
09 0.9
08 [ 0.8
07 E antiproton-antiproton 0.7
14 E 14
13 E Nature 527, 345-348(2015) 13
12 £ 1.2
1.1 F ++¢ 1.1
1 | || | 990%00, 2 %0e%000000000rasestnceasen 1
09 F 0.9
08 ~ : ‘ 0.8
0 0.05 0.1 0.15
k*(GeV/c)
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+0.27Tm; x2/NDF=1.61

d, (fm)

O proton-proton fo and do - parameters of
6 [ proton-neutron(singlet) , .
| /. proton-neutron(triplet) strong interaction
| ¢ neutron-neutron .
| % antiproton-antiproton Scaﬁermg |eng’[h o
4 Effective range do
, Elastic cross section Ce
O
lim o, = 4 f2
k—0 € fo
Nature 527, 345-348(2015)
P - - PR PR

0 0 10 20 30
fo (Fm)

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

Descriptions of the interaction among antimatter
(lbased 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 (antnuclei.
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Strange Baryon Correlations (including p-£2)

Binding energy Ebin [MeV]
Scattering length ao [fm]
Effective range reff [fm]
for 3 scenarios:

K. Morita et al. Phys. Rev. C 94, 031901
(2016)

A comparison of the measured correlation
functions from Au+Au collisions with
theoretical predictions

Scattering length is positive and
favor pQ bound state hypothesis

Phys.Lett.B 790 (2019) 490

3F

1

Static Source
(S,L) =(2,3) fm

Static Source
(S,L) =(2,4) fm

Au+Au |5, = 200 GeV

e PQ+PO
% Background

Static Source
(S,L) = (2.5,5) fm

(e) -

0.5+

005 04 015
k* (GeV/c)

[ AusAu (S, = 200 GeV |

A pPosPTI
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—
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—
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k* (GeV/c)



Particle Identification for hyperons

Reconstruction of A and =

Decay channel Mass (from PDG 2018) » KFParticle package was used.
A (uds) A—>n" +p 1.115683 (GeV/c?) KFParticle is based on Kalman filter.
A A—>nt+p
(63.9%) » Very good Purity for A(~88%) and =(~90%).
E(dss) |E—>A+nt 1.32171 (GeV/c?)
= E=>A+7n"
(99.87%) Daughter particle selection for A and =
Invariant mass For pion
A 1winﬁ..,. R sswqu'  =Candidaes | » | Ngg [<3
f ’ s il N 7 =Rt » -0.15< Mass? <0.15 (GeV/c?)?
iof- | ‘ - Bacrowe Fipol) - ~es% | For proton
f ' 2‘5’: > | ngp |<3
“ [ T : > 0.5 <Mass? <1.5 (GeV/c?)?
) R b For Aand =
) e > pr 2 04GeV/e

2021/05/19

invariant mass(GeV/c?)

' 1.4
invariant mass(GeV/c?) > | y | < 1-0

SQM 2021 Moe Isshiki
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Studies of strong interactions

_IlllllIIIIIIIIIIIIIIIIIIIIIIIII_JIII]llllIl]l]lllllllllllllllll_ 2IIIIIVI\|IIIIII\IlIIIIII
26 —+ -] r b
- STAR Au+A =200 GeV 0-40% T, STAR Au+A = 200 GeV 40-80% 1 - I 4
- e pE !,s_g”g ° + +u+p_u£_\(§%€ N ; vol STAR Au+AU {5, =200 GeV |
2.4:— Coulomb (r=3.5fm) + Coulomb (r=2fm) 1 ~ F o pzopE ]
- Coulomb (r=4fm) + Coulomb (r=2.5fm) e 135 B ) )
22 = = = Coulomb (r=4.5fm) T = = = « Coulomb (r=3fm) - 26| 0 HAL Lattice ratio ( 3fm/5fm]
C Coulomb (r=5fm) T Coulomb (r=3.5fm) ] 3 K. Coulomb ratio ( 3fm/5fm ) ]
2r p-Z sideband background =+, p-= sideband background . [®) Fy 4
) T ] ?« 140 p-E sideband background—|
L8 T 1 = [ i
S r T ] A 1
1647 i - @ 12k \
it R 1 oF Font o e
140y n T 1 A - e e - S o
& I - 1 X 1 i ]
12 n -1 ————— — ~ L ]
% I — T Y ] o I ]
L Ay [ E = + be u E o 0.8
1'____'_'_';__-_-_v_._._.___—._',::._.__—*{________;___v_-_‘«;s_._,?!:_._i._:_-.—*% r ]
08_1 111 I 11 1 1 I Ll 11 I L1 1 1 l L1l I L1 1 I l:i 11 1 l | I - I 11 1 1 l L1 1 1 I 11 1 1 l 11 1 1 I l: 06:__ STARPreIImInary —_
0 0.05 0.1 0.15 0.2 0.25 03 0 0.05 0.1 0.15 0.2 0.25 0.3 W T AT I A I
k*(GeV/c) k*(GeVic) 0 0.05 0.1 0.15 0.2 0.25 0.3
k*(GeVrc)
C (k™) ratio of small to large systems,
*
Strong and Coulomb ey _ C(k)40-80%
_ . (k*)o-20%
Final State Interactions. Cs. (k*) is more sensitive to strong interaction with largely
canceled Coulomb interaction[1].
» Below k* = 0.1 GeV/c, the signal is enhanced beyond the
Coulomb interaction and background.
» Similar to lattice QCD calculation [2] which suggests an
attractive strong interaction between pand £°.
[1] K. Morita et al, Phys. Rev. C94(2016) 031901 23

[2] T.Hatsuda Nuclear Physics A 967 (2017) 856-859



Search for bound states”?

Hyperon-Hyperon (Y-Y) and Hyperon-Nucleon (Y-N) interactions: important to
study exotic hadronic states (e.g. H-dibaryon) and to understand the EoS of
neutron stars.

Do bound state of Y-N and Y-Y (5=-2) exist 7
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New high statistics data ~4 times larger than before

e semspocoos | corrected for feed-down.

Anti-correlation seen
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Search for bound states”?
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[1] J. Haidenbauer et al., Eur. Phys.
J AB1. 17 (201H)

2] T.Doi et al., EPJ Web Conf. 175
(2018) 05009

First measurement of =-= correlation in Au+Au
collisions.

Lattice QCD/chiral EFT calculations indicate an
attractive interaction, but not strong enough to form a
bound state [1,2].

The result shows anti-correlation at 2k* < 0.25 GeV/c.

Combination of quantum statistics, strong interaction,
and Coulomb interaction.

Feed-down and Coulomb effects need to be
evaluated for further discussion.

More events will be taken in 2023 and 2025
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sSummary
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sSummary

+ Femtoscopic source parameters determined for a wide range of collisions energy;

. Non-monotonic behavior of R(\/%\,) seen in three directions;

. New data for \/% = 4.5 GeV follow trend observed for low collision energies;

. Data for \/% = 7.7 GeV and higher collision energies indicated that the system evolves
faster in the reaction plane;

. System created for \/% = 4.5 GeV is round-shaped (Ry;z, = Ryy,);

. Visible peaks in around \/%\, ~ 20 GeV at R, /R4, and RZ,, — RZ ..

consistent with prediction of QGP transition threshold;

-« VHLEE + UrQMD verifies sensitivity of HBT measurements to changes in EOS;

- A clear energy dependence of source sizes for particles combinations other than pions;
- A clear signal of emission asymmetry between nonidentical particle combinations;

+ Heavier particles directed towards the edge of the source or freeze-out earlier.

Studies of strong interactions possible

Thank you for Your attention
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