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Femtoscopy

%Oljrce’ Impossible to examine the particle
(‘r’ﬁ) emitting source directly

T T T T size ~1071° m
life time ~ 10723 s

Femtoscopy measures space-time characteristics
of the source through momentum correlations
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Femtoscopy
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A(q) - correlated S(q,7) - source function
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B(q) - uncorrelated
SQM 2019

Geometry and dynamics

Pawel Szymanski (WUT)

2/22



Femtoscopy

™ P
—
— ., d=Ap
o pr T=AZF
> =N Pia(p1,p2)
CP1:P2) = PGP G
experiment theory (models)
v(q, 7)?

— Al — (3
o) - 42 o = [d
A(q) - correlated S(q,7) - source function

U(q,7) - pair wave function

B(q) - uncorrelated
SQM 2019

Geometry and dynamics

Pawel Szymanski (WUT)

2/22



Femtoscopy
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Femtoscopy
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Introduction

e Kaon femtoscopy (geometry):
provides complementary information
to pions

Quark-Gluon
Plasma

» less affected by resonance decays
» contain strange quark
» heavier than pions

e Non-identical particle

femtoscopy
(geometry + dynamics):

Temperature

» examination of asymmetry in

emission process between two kinds Hadronic Gas ‘
. &
Of parthIGS (7TK) Baryon Chemical Potential i,
» measuring Final State Interactions
(pQ) Nucl. Phys. A 967, 808 (2017)
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The STAR experiment

dE/dx [arbitrary units]

b
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02 04 06 08 1 12 14 16 1.8 2
P, [GeV/c]

The Solenoidal Tracker At RHIC

Time Projection Chamber
PID: dE/dx
Tracking
0<op<2mn <1

Time-Of-Flight
Time resolution < 80 ps
PID: m? & 1/8

sl
+
o5t
T 12 14 16 18 2 %02 04 0508 1 1z 14 16 18
P, [GeVic] P, [GeVic]
Geometry and dynamics SQM 2019 4/22



The STAR experiment

The Solenoidal Tracker At RHIC

Time Projection Chamber
PID: dE/dx
Tracking
0<o¢p<2m|n <1

Time-Of-Flight
Time resolution < 80 ps

PID: m? & 1/8
39
JINN 7| 11
SN [Gev] | 7T 5| (0-10%) | (10-30%) | (30-70%)
#events [mln] | 0.24 | 1.3 | 11.7 25.7 45.4
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Reference frame

Longitudinall
Co-Moving System {LCMS)
G. Bertsch, et al. S. Pratt.
Phys. Rev. C37, 1896, (1988) Phys. Rev. D33, 1314 (1986)
Long: sensitive to the longitudinal
dynamics and evolution time

Owut: sensitive to the geometrical size,
emission time and space-time
correlation

Side: sensitive to the geometrical size
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Reference frame

Pair Rest Frame (PRF) Longitudinall

Co-Moving System {LCMS)

G. Bertsch, et al.

S. Pratt.
v Phys. Rev. C37, 1896, (1988) Phys. Rev. D33, 1314 (1986)
o Long: sensitive to the longitudinal
"o .\ dynamics and evolution time
- K'=|p|=|r|

Owut: sensitive to the geometrical size,
emission time and space-time
correlation

Side: sensitive to the geometrical size

side

kp = [pr,1 ;PT,Z |
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Reference frame

Pair Rest Frame (PRF)

P,
”

K'=[p|=|p,|

Region of homogeneity

_ lpratpral
T = 2

Geometry and dynamics

Longitudinall
Co-Moving System (LCMS)

G. Bertsch, et al. S. Pratt.
Phys. Rev. C37, 1896, (1988) Phys. Rev. D33, 1314 (1986)

sensitive to the longitudinal
dynamics and evolution time

Long:

Owut: sensitive to the geometrical size,

emission time and space-time
correlation

Side: sensitive to the geometrical size

Bout-long
I

o 1

-~
F‘Imlg

Ann. Rev. Nucl. Part. Sci 55, 357 (2005)
Phys. Lett. B356, 525 (1995)
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Kaons — fitting procedure

2 2
S(7) ~ exp(—1fz — 15 — 742
W(q, 7)|* = 1+ cos(qF)

Bowler-Sinyukov formula:

C(qos qss @) =1 — A+ AK (ginv) (1 + exp[—R2¢2 — R2¢? — Riq}))

. iy ~ i
A - the correlation & : T 3T 040 <k (Geviey <050 £ i |
gz AurAu 5y, = 200 GeV o o
strength 10 ol 1 o
. an
2k 0-10% centrality 12k + KK 12f E
K (ginv) - Coulomb y
inv
factor .
1
M. Bowler il
Phys. Lett. B270, 69 (1991) STAR Preliminary STAR Preliminary STAR I:reliminary
1 1 1 1
Y. Sinyukov, et al. %o LX) 02 % 01 02 % 0.4 02
Phys. Lett. B432, 248 (1997) q,,, (GeVic) G, (GEVIC) Yorg (GeVIE)
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Radii from BES-I

Agige [fm] Aoy [fm]

Rygng [fm]

g STAR RHIC BES I:%x KK 0-20%
r * mn 0-5%
5} s ox * i * * *
4__ . x * i * K *
[ * STAR preliminary
HALICE: ®KKO0-10% ® 1 0-5%
6‘ +
Fx o x i * * * °
4? * * l * X *
L+ * STAR preliminary
[ ALICE, Nucl. Phys. A 956 (2016) 373 +
[ . *
G_F . * ; * X °
[* *
a- « * Ex ~
[ * STAR preliminary
10 10 10°
\ S\ [GeV]

Rg;qe spatial source evolution in
the transverse direction

R,y related to spatial and time
components

Riong temperature of kinetic
freezeout and source lifetime
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Results from 200 GeV

6 . STAR preliminary ~ STAR preliminary * STAR preliminary
T 5 ‘; - Centrality 0-5%
5 o “ta S s, Centrality 30-40%
E4 M0 Ed4 | E5 i b3
54 ueA; A;‘é,& 8 eéA‘ ~-$§§ g i i
3 i p- YNV n
L P Ag§é$ T & & o 3 Afﬁ‘% - ‘}A% ('3 A~A_§ 2
y AT 4 L L 3 B |
AATTD N R ) ¢ Eog g FA
2 AA rn with ToF®@ FOAKK . 2 , & gog
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
m; [GeV/c?] m; [GeV/c?] my [GeV/c?]

e R4 trend for kaons is similar to that of pions

e Rout and Ryppg of pion and kaon source radii follow different mp
dependences
L4 Rlong(K) > Rlong(ﬂ')

» contribution from long-lived resonances at the kinetic freeze-out?()
(1) STAR, Phys. Rev. C 92, 014904 (2015)

(2) STAR Preliminary
(3) Y. Sinyukov, et al. Nucl. Phys. A 946, 227 (2016)
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Results from 39 GeV

< = =
) Centrality: £ Aus+Au (s = 39 GeV
o8l Z6le 00-10 2 o
5 o« . 010-30 o«
b0 d n, . ©30-50 ..
.
L+ L] 000 ™ . o
_@.%u.g: qre L mecoo AT e,
& b + O, o, .DS el
. L] ¥ %efue.D: + 40,00&3:8=
. a0 o*o *
04 T * T
STAR Preliminary STAR Preliminary STAR Preliminary
L 1 L 1 1 L 1 1 1 1 1 1
02 04 06 08 1 . 2 . . ¥ . Y .
<m,> (GeV/c?) 02 04 06 <m?>8(eawc2‘) 02 04 o8 <m?>a|GeV/c2]
E ;1
< e ®m+ T 4 et
Fo . 00 o KKE 3 Only statistical
< L
: 12l ® ¢§ o uncertainties
+ * o0 " o g0
4 4 ™ ®poO b £t g Y s
m o0 + 5
: o
* oM 200 o8|
2 ¥ JOm 8
L]
Forg y
STAR Preliminary 06F STAR Preliminary
n . L . . .

s
0.2 0.4 06 0.2 04 0.6

08 1 08 1
<m,> (GeV/c?) <m;> (GeV/c?)

o Riong & Row are larger for kaons at the same mp — breaking of the
mp-scaling

e R.q4e radii for pions and kaons are closer than in other directions
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Pion-kaon femtoscopy — Spherical harmonics (SH)

SH representation of 3D correlation function as a set of 1D plots

Cr'(a) = | Cla.0.0)¥" (6,00

Cla) =Y C(a)Y;"(0, ¢)
lym

Q - full solid angle

Y, (6, ¢) - spherical harmonic function
q = |q| - pair relative momentum

0 and ¢ - polar and azimuthal angle

P. Danielewicz and S. Pratt.
Phys. Lett B618, 60 (2005)
Phys. Rev. C75, 034907 (2007)

Z. Chajecki and M. Lisa
Phys. Rev. C78, 064903 (2008)

cos(8) =

Qoo
s Qe
QTOT

Q.
= a(anaimY )
Q

our

QS\DE

A. Kisiel and D.A. Brown
Phys. Rev. C80, 064911 (2009)

A. Kisiel
Phys. Rev. C81, 064906 (2010)
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Pion-kaon femtOSCOpy — Spherical harmonics (SH)

SH representation of 3D correlation function

as a set of 1D plots

Cla) = P @Y (0.9)  CP'la) = [ Cla.0.0)Y" (68,00
lym

Q - full solid angle

Y, (6, ¢) - spherical harmonic function
q = |q| - pair relative momentum

0 and ¢ - polar and azimuthal angle

C’g — sensitive to the size of the emitting source
(shapes same as correlation function)

C’l1 — sensitive to the spacetime emission asymmetry

Cl
0,02 1
0,015
0,01
* 0,005
2
~
= 0
) 0,05 01

0005 k* [GeV/c

—  aSymmetry visible

= No asymmetry

P. Danielewicz and S. Pratt.
Phys. Lett B618, 60 (2005)
Phys. Rev. C75, 034907 (2007)

Z. Chajecki and M. Lisa
Phys. Rev. C78, 064903 (2008)

A. Kisiel and D.A. Brown
Phys. Rev. C80, 064911 (2009)

A. Kisiel
Phys. Rev. C81, 064906 (2010)
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Which particle...”

Like-sign particle combinations Unlike-sign particle combinations
gn p g
s -
1 —~
~ * 14
& o S
T S
0,75 1,1
0,7 1
0,65
0,6 09
0 0,05 0,1 0,15 0,2 0 0,05 0,1 0,15 0,2
0,02 0,01
0

Lighter particle
emitted closer to the

oo Lighter particle
008 emitted closer to the

k)

e
S o0s center and/or later. 008 center and/or later.
[ -0,05
0,06
-0,005 ) 0,05 0,1 0,15 0,2
[ 0,05 01 0,15 0,2
0,005 0,06
o 0,05
;_; Heavi ticl O oo Heavier particle
: eavier particle 2 -
= thed p] to th < o emitted closer to the
emitted closer to the
© o Qo center and/or later.
oss center and/or later. 001
! 0
0,02 0,01
[ 0,05 01 0,15 02 ] 0,05 0,1 0,15 02
k* [GeV/c] k* [GeV/c]
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Pion-kaon femtoscopy — asymmetry

CY@ :ﬂ\l}((ﬁ f) |2S(7:)dST phyft?ﬁeﬁ(}négl%, estoa(liggs)

known unknown
2 2
S(f‘) = e.’L'p(_ (T"“t_“"“t)Q _ Tside rlong)
Ugut Uz'd Gl2
side ong

Lout — asymmetry in the outward direction
assumption: gide = Touts Tlong = 1.300ut

Sour.cle of S:%gﬁeozf Separation

particle p between source 1
and 2 in-pair rest Al
frame

Ar Boost to pair rest frame
—
g 7 g g \ \
RTransverse (fm) - = 0 2 4 s 1
R*transverse (fm)
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Pion-kaon femtoscopy — asymmetry

CY@ :ﬂ\l}((ﬁ 7?) |2S(’I:)d37’ Physl.xi_‘?tet(.hggl;);, e;oa(liggs)
known unknown

S(7) = eap(— Conipon)® e T

2
Tout Oside Ulong

Lout — asymmetry in the outward direction
assumption: ogige = Oouts Olong = 1.300ut

ﬁparticle = Bf + Bt

By — collective (flow) velocity

A Kisiel B+ — thermal (random) velocity

Phys. Rev. C81, 064906 (2010)

Emission asymmetry arises in a system where both thermal and

collective velocities exist and are comparable in magnitude
zymanski (WUT) Geometry and dynamics SQM 2019 12 /22




Energy dependence

T BT, st i -39 GeV
[ e 108 - 11.5 GeV
0.98f- % - # - 7.7 GeV
—~ F K _ e —-n K*
1‘_30.96? ﬁ K * r 1K
co r oot 04j %
094~ e STAR Preliminary
i + 1021~ E=
o2 STAR Preliminar i +E .
r y 1j %45,# ¥ & +—:—
0'90 - ‘0.62‘ ‘ ‘064‘ ‘ ‘0.68‘ ‘ ‘068‘ ‘ ‘0‘.1‘ ‘ ‘0.‘12‘ ‘ ‘0.‘14‘ 0‘ ‘ ‘0.‘02‘ ‘ 0.‘04‘ ‘ ‘0.‘06‘ ‘ ‘0.‘08‘ ‘ ‘0‘.1‘ ‘ ‘0.‘12‘ ‘ ‘0‘14‘
k* [GeV/c] k* [GeV/c]
e Visible energy dependence e Higher statistics for lowest

energy needed (BES-II)
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Centrality dependence, \/syy = 39 GeV

ST o I - 0-10%
- . 1.08— - 10-30%
098 [ - 30-70%
L == . 1.08]- e
Tosl - K o [ - K
< =1 K < == - mt K
25 I gt
084 i i = STAR Preliminary
r 1.02? E =l
092 STAR Preliminary i =
[ P == =
0.8 o0e " o0d " o0s b8 o042 004 B T R T 7 T R B R A X
K* [GeV/c] k* [GeV/c]

e Visible centrality dependence
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System dependence, \/syy = 39 GeV, 0-10%

1.051 1.25 . .
g g STAR Preliminary
11— 1.2
c - = E
oss- == ii 1153; S K ek
T F P emp
Zosl K~ K L ~K'pP =Kp
0085?‘#7 +n+p +7[7§ 0105; :;
TR ~K'p -KpP P == .
C . . C = o
osf- STAR Preliminary e T
0_1‘@‘\H‘L‘Hm”m”m”m 0_95:‘”[?_%‘” R |
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.02 0.04 0.06 0.08 0.1 0.12 0.14
k1GeVic] k1GeVic]

e Like sign pairs are dominated
by Coulomb

e Kp — strongest correlation
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System dependence, \/syy = 39 GeV, 0-10%

1.051 1.25 —
g g STAR Preliminary
11— 1.2
c - == E
oss- == ii 1153; S K ek
b E et Trp wp
;:‘609} Kt e ;:‘61.1} ~K'p -Kp
© Et ~xp P © = A peak
ot “K'p KB o —.«_ visible
oaf- STAR Preliminary e T e
1 i N T O O T A S B :\ L E?_% L I | Lol
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.95 0.02 0.04 0.06 0.08 0.1 0.12 0.14
k1GeVic] k1GeVic]
e Like sign pairs are dominated e Unlike sign more complicated
by Coulomb e A peak visible in pion-proton

e Kp — strongest correlation
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System dependence, \/syy = 39 GeV, 0-10%

1.051 1.25 —
g g STAR Preliminary
11— 1.2
c - == E
Ossi - iﬁ: 1153‘ Stgongt - K -~ K*
Rathats o interaction _up L xp
;:‘609} Kt e ;:‘61.1} +K+p =K p
O By “mp P © F = A peak
ot “K'p KB s —.«_ visible
osE- STAR Preliminary (S N Aee==— =
0_1‘@‘\H‘L‘Hm”m”m”m 0_95:‘”[?_%‘” P B |
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.02 0.04 0.06 0.08 0.1 0.12 0.14
k1GeVic] k1GeVic]
e Like sign pairs are dominated e Unlike sign more complicated
by Coulomb e A peak visible in pion-proton

e Kp — strongest correlation e Strong interaction not

negligible in Kp
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Source dynamics — energy dependence

0.05 £
: .39 GeV of %ﬁff?%;ﬁiﬁi
0.04F —-11.5 GeV E
F 7.7 GeV -0.011
£ — K £ I - K*
= s =0.02F -
3k =7 K L -7t K
© 0.02 = © E
oo .. O _o.03F
oo STAR Preliminary .
r 0,04/ olipnd
i3 e tl STAR Preliminary
L | \JTF Lo L B | | | | ! |
0 002 004 006 008 01 012 014 ~0.05) 565004006 bos oq b2 044
k* [GeV/g] k* [GeV/c]
e (lear signal of emission e Visible energy dependence
asymmetry
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Source dynamics — centrality dependence

T 003

0.05 e
~0-10% o P
0.04 -10-30% - F
~-30-70% o 2
%% ~ 1t K" T I -7 K*
iy e K =o0.02 .
0.02 T o E

STAR Preliminary

r ‘%j—ﬂk“‘
+
!
~

e o= STAR Preliminary
0 =
:\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\ 70_05\\\‘\\\‘\\\‘\\\‘\\\\\\\‘\\\‘\
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
k* [GeVic] k* [GeVic]
e (lear signal of emission e Visible centrality dependence
asymmetry
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Source dynamics — system dependence

0.02
E —~nt K" -1 K
0.01E - T p =T P
%005; +K+ p ~Kp
SF % i
Ui %+T == A: =t
005 STAR Preliminary
R 1 ST M X B X -y 3
k1GeVic)

e Visible signal of emission
asymmetry

0.01

0.005

o

= 0005
o

-0.01

-0.015

—-0.02,

STAAFR Preliminary
am a —+
Fl —
|+
£l - K -1t p -K'B A peak
E - K = p &K'p visible
C P IR B s N e S WO Y
0.02 0.04 0 06 0.1 0.12 0.14
k*[GeV/c]
SQM 2019 18 /22
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Source dynamics — system dependence

0.02 0.01-
i STAR Preliminary
E Kt K o005 +
o.m; - T p ~ TP 0; ;; ==
ok + - = o +
.005]— +K p ~Kp = o00s{ -
(&] E % (&) E
o~ %+T %%i =t -0.01H i \
’°°°5é STAR Preli fomsik+ «~1tK -t p -K'P A peak
e reliminary e ~mK mp -Kp visible
R 1 ST M X B X -y 3 002G a5 B AR PRy
k*[GeVic] k*[GeV/c]
e Visible signal of emission e Expected ordering of particles
asymmetry — confirmed

Lighter particle is emitted closer to the center and/or later.

R. Lednicky, et al., Phys. Lett. B272, 20 (1996)
STAR, Phys. Rev. Lett. 91, 262302 (2003)
A. Kisiel, Phys. Rev. C81, 064906 (2010)
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Source dynamics — system dependence

0.02
S
om; -7t p =T P
é’goosi p Kp
o, % N
ot ++T e
o005/ STAR Preliminary
B T T

T BRI R
0.06 0.08 0.1
k*[GeV/c]

e Visible signal of emission
asymmetry

0.01
i STAR Preliminary
0.005] +
I REE R
}ffo.oos; - -
) £
-0.01 f - \
o015 -t K - p ~K'p A peak
E - K = p &K'p visible
—0.02 wLwH\H\_‘_‘_‘_L T T O
0.02 0.04 0.06 0.1 0.12 0.14

k[GeVic]

e Expected ordering of particles
— confirmed

We are sensitive to collective effects

(WUT)

Geometry and dynamics
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p§) dibaryon

The ways to study

25 =
e Invariant mass method g v —
. . 2
(Large combinatorial background) % Static Source
. . . ‘-I;! 5 3,
e Two-particle correlation functions  &'"5 2t S+ oo
. . . I
(Final State Interactions, exotic g ,
. =1
particles) &
. . . 05
The ratio of correlation function 0 20 40 60 80 100 120 140
between small and large collision Q=|mygkg-mkpl/M [MeVic]
3
systems can be used to extract strong w—
. . a n
interactions between proton and ) €25 Vin —
Qo
K. Morita et al. Phys. Rev. C 94, 031901 (2016) & }
TABLE L Binding energy (Eg), scattering length (a), and ‘.;, 2 Expanding Source
effective range (r.) with and without the Coulomb attraction in the d“
pQ system. Physical masses of the proton and € are used. W15 552 +3s. , + Coulomb
Spin-2 pQ potentials Vi Vit Vin Q
-
Eg (MeV) 0.05 24.8 dﬂ 1
Without Coulomb ay (fm) -1.0 23.1 1.60 (a)
rerr (fm) 115 095 065 0.5
Eg (MeV) 6.3 269 0 20 40 60 80 100 120 140
With Coulomb (fm) —1.12 579 1.29
ith Coulom ) a2 & 1w Q=|mykgo-mgk,|/M [MeV/c]
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p§) correlation functions

STAR, Phys. Lett. B 790, 490 (2019)

z T
= 0-40% [ 40-80%
L Model:R, =R, =5fm_| |' Model:R, =R, = 2.5 fm] 1
15 Fo=Fa ¢ o=Fo Au+Au |5, = 200 GeV
A Po+PT
PQ+PQ (PP)
O +_( ) K. Morita et al. Phys. Rev. C 94,
® PQ4P (PP+SC) 031901 (2016)
1k vi 4 Binding energy (Ep), scattering length (ag) and effective
===V, range (refr) for the Spin-2 proton-Q potentials [24].
hi
—Vy Spin-2 pS2 potentials 1 Vi Vi
Ep (MeV) 63 269
ag (fm) ~112 5.79 129
(@) Tegr (fm) 116 0.96 0.65
0.5+ 1 1
1 1 1
0 0.1 0.2 0 0.1 0.2
"
R - Emission source size k* (GeVic)

Caps — Systematic uncertainties

Comparison of the measured p{2 correlation functions from 0-40% and 40-80%

central Au+Au collisions with the predictions for p{2 interaction potentials
Vi, Vir and Vi

Geometry and dynamics SQM 2019 20 /22



p§) correlation functions

STAR, Phys. Lett. B 790, 490 (2019)

8
F F r E [+
39 \ Au+Au |(5,,=200 GeV
e Static Source ' Static Source AutAu |5, =200 GeV
3 1 S=eym | H (S.L)=(24)fm | - | Data 552 " 35‘ +Coulomb
871 . ¢ Pad 6|~ k*=20MeVic -~ k=20 MeVic

Y . qp  Background
74 * | é * I | —, | —=k"=60MeV/c ---- k*=60MeV/c
- ===V, H %
— V], it
o + @ 1 * ® L ] ar

T
H Static Source Static Source Expanding Source
'

4
(SL)=(255) fm ' (SL)= (35) fm

N
i N
d + © 1 + @ L © | J

_ A , . . L .
[] 0.05 0.1 0.15 0 0.05 0.1 015 0 0.05 0.1 0.15 1/a, (fm™
K* (GeVic) 3 (fm")

e Data favor a positive scattering length for the p{) interaction

e Positive scattering length and measured ratio less than unity for £* < 40
MeV /¢ (within 1o) favors pf2 interaction potential Vi ; with E, ~ 27
MeV for proton and €2
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Summary

Geometry:
e Femtoscopy is sensitive to the homogeneity length

e Visible centrality, system and energy dependence of source size at BES
energies

e Pion and kaon radii seem to follow different mr dependence
Dynamics:
e Clear signal of emission asymmetry for pion-kaon systems
» which implies collectivity effects
e Lighter particles are emitted closer to the center and/or later
Hadron physics:

e Obtained data indicate that the scattering length is positive and favor
pS2 bound state hypothesis
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Summary

Thank you for your attention
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