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Kaon Femtoscopy in Vsy,=200 GeV
Au+Au Collisions at STAR
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Femtoscopy

= Boson emitting source:
= Symmetric two-boson wave function

Ni(ky) = / Sy, k)| Wy [*day
No(ky, k /S 21, k1)S(wa, ko) | Wy, 3| dzdas

Correlation

Emitting source
Bose-Einstein Correlation / Hanbury-Brown—Twiss effect

Info about shape and evolution of the particle emitting source

= Correlation function:
No(ky,ks)

Ni (k)N (ko) —

= Final state interactions

* Compensating the Coulomb force  C_(q) = Craw(q)Kcoulomb
= Strong FSI ...

= Solving for the source is difficult - assumptions

S(q, K) :/dJ;S(x,k)eiqx
q = k‘l — ]CQ,K = 05(k1 -+ kg)

- 2
S(q, K)

Calky, kz) = S(0, K)
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Source approximation w/ Gaussian &+

w

= |f the source is approximated with Gaussian:

= Then the correlation function is also Gaussian:
C(q) — 1 ~exp(—q;R. — ¢; R, — ¢>R2)

= These radil are the so-called HBT radii

= Often specified in the LCMS system (not invariant)

= Qut: direction of the mean transverse momentum of the pair
= Side: orthogonal to out
= Long: beam direction

C(q) =1+ Xexp (—qo R — 2R — ¢/ R})
= Do not necessarily reflect the geometrical size
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Source imaging 5

Physics in shape: dynamics, resonance decays, rescattering...

= Koonin-Pratt equation (1D)

C(q)-1= 4yzjdrr2K(q, r)S(r)

= |maging: Obtain S(r) directly
= No assumptions for the shape of source  Emitting source
= Kernel includes all interactions (QM, FSI)

= Numerical inversion of the equation

= No analytical solution, hence some limitations and approximations
(integral cutoff, finite resolution ... )

= Assumptions (e.g. weak dependence in single particle sources)

» Needs statistics, stability is a question
D. A. Brown, P. Danielewicz, nucl-th/9701010

Interactions
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Why Kaons?

PHENIX, PRL 98:132301,2007

1o Ha)  Au+Au (O<cen<20 %)
. L 4% 0. 20~<:kT<0 36 GeV/c
= Pion source shows a heavy, 115 _f: T &
non-Gaussian tail s, b > Restored
o * C(q) Fit
_ _ _ 1.05 | ‘-..! s 3D HBT
= [nterpretation is problematic [ T
1 oo BER .
Tall attributed to decays of long- g'"';,""1:5“','5;'"2'5'{'%5'&;{;'"3'5'";;5'“;;5'“59
. q (Me
Ilve.d resonances and/or non-zero 1 > Imaging source
emission duration E & * Spheroid Fit src
%10 Eg fie \f
.—"‘“3'_1;{,;3""""""""'& B
= Kaons: cleaner probe E | ey 200le-averaged
less contribution from resonances & - R
E ;...l....l....|....|....|....|....|....1é:

0 5 10 15 20 25 30 35 40
r (fm)
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The STAR Experiment

= Time Projection Chamber
= |D via energy loss (dE/dx)
= Momentum (p)

= Full azimuth coverage

= Uniform acceptance

for different energies
and particles

© Maria & Alex Schmah
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Kaon femtoscopy analyses

Au+Au @ Vs,=200 GeV

Mid-rapidity |y|<0.5

1. Source shape: 20% most central
Run 4: 4.6 Mevts, Run 7: 16 Mevts

2. m;-dependence: 30% most central
Run 4: 6.6 Mevts

r]

1 TPC |

| ;
1 E

[|ﬂ

0.2<k<0.36 GeV/c | 0.36<k.<0.48 GeV/c
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PID cut applied

1. Source shape analysis

» dE/dx: no(Kaon)<2.0 and no(Pion)>3.0 and no(electron)>2.0

no(X) :deviation of the candidate dE/dx from the
normalized distribution of partice type X at a given momentum

= 0.2<p;<0.4GeVic

2. m;-dependent analysis
-1.5< no(Kaon)<2.0

o _
E 3 = 102
> 6F E
X E :
x S :
S
o e !
3;— E
OE L 1
- > T 0.5 0.6

Rigidity (GeV/c)

-0.5< no(Kaon)<2.0

0.

dE/dx (keV/cm)
S a M W B n o =~ -

6<k<0.48 GeV/c

0.35 0.4 0.45 0.5 0.55

Rigidity (GeV/c)

10°

102

10
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3D source shapes

Expansion of R(g) and S(r) in Cartesian Harmonic basis
Danielewicz and Pratt, Phys.Lett. B618:60, 2005
_ I I o, =X,yorz
R(Q) B le Z R“lwal (q)A“r-'“l (Qq) (1) X = out-direction
A y = side-direction

S(r) = Z ZS;W&I (r)A(le...a, (©2,) (2) z = long-direction
3D Koonin-Pratt: R(q)zc:(q)—1=47zj driK(g,n)s(r) (3

Plug (1) and (2) into (3) = R!,_, (d) = 4z[drK,(@.n)S, ,, (1) (4)

et @) = R, @@= D%k N0 )r@)
= gy e

Invert 2) =  S!

1---Q

dQ
_(@ El)” [ 7R, (@S ()
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Shape analysis

= ¢=0 moment agrees 1D C(q)

0,

. _ T @ RY,
Higher moments relatively small SR | @Rz | o
: : ' - 1 0.05
= Trial funcional form for S(r): Js B Ierg O oCmngsng 0
. . -0.1¢ ]
4-parameter ellipsoid (3D Gauss) _,| AwAy {005
0.2 Vs =200GeV
X2y 72 03F ocoomwality20% | O
S°(x,y,z)= St — NV
(2 n)sr rr, 4 4r,  4r, 0.1} 1 0.1
) 0.05 1 0.05
= Fitto C(q): technically a g “
simultaneous fit on 6 0057 170-08
. 01Ft 0.20<k;<0.36 GeV/c -0.1
Independent moments ol
R o> 0564 0.11 T + ) Rys 1 0.1
0.05 | ol 1 0.05
» Result: statistically good fit 0 228 ﬂﬁ% SRR 0
Run4+Run7 A=048+001 | BT T I
200 GeV Au+Au  T,=(48+0.1)fm | O[] REmwmeme o 10
Centrality<20% r,= (43+0.1) fm 0 10 20 30 40 50 Mow1o 20 30 40 50 60
0.2<k;<0.36GeVlc 1,=(4.7+0.1)fm 9 (Me¥ie)
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Correlation profiles and source

I 3l 0 2 4
12} (@) C% + Co+ Coy 107 (@) S" + S+ Sy
—_ 10 2L
o’.‘ 1 | o] Lo o [®] o-L-oo- ~
S _ = [ K'K'&KK
O s ! ({; Au+Au (;)10 i
i V) =200 GeV - Au+Au\s=200 AGeV
(L O<centrality<20 % O<centrality<20 %
L 1 L 1 L 1 L L | L | L 1 : ‘ * I : I * * I !
r2f %4%0 . ®)C°+Chr Gy _w0° (0) "+ S+ Sy
~ E 107
o?" 1 ] 5 o0 = () © o p-l... ‘_____:I 0 g
S = L
&) - . ‘ K'K"& KK QX [ ® STAR kaons
08 L )STARarxiv:1302.3168 x%10 | 3D Gaussian source fit
0.20<k;<0.36 GeV/c F 0.36<p,<0.48 GeVlc <
-0.5<y<0.5 -0.5<y<0.5 le,
Ll Ll L L L 1 L 1 - L L M . 1
12} + (c) C° + C5+ Ciy 10 3 (c) S” + Si+ Sy
-~ . 1 ‘]P Q Cqo 090 10 2l
5 ? ooeettots ~ [ Dapax
5 N v}}\"ll'.m arXiv:1302.3168
08 {} ::; o Data Dyp |
7 — Gaussian Fit
0 10 20 30 20 50 80 1o 5 10 15 20 25 30
q (MeV/c) r (fm)

Correlation profiles Gaussian source fit with error band

C(a,) = €(a,.00) Note: Low statistics shows up as systematic

C(qy) C(O,qy,O) _ _
C(qz) C(0,0,qz) uncertalnty on Shape assumptlon
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Source: Data comparison

10 Sprmmmmrmne () S° + S+ S
1D PHENIX kaon: e Ny
. 102 |
= Observed long tall, ~ o
. . . = K'’K™ & KK
possibly due to wide k; bin Dy L
F Au+Au Vs=200 AGeV
(0.3<k<0.9 GeV) | O<centrality<20 %
1 M i | M| L
— - (a) m Original C,(K'K'+K K) 3 0 2 4
T 13- O Restored C, (x2ndf = 39.66/51) 10 (b) S+ Sy2+ SY4
(j“ r Systematic error o:'_xﬁ
1-2__ — C, of angle averaged S%r) ‘.g 10 2_ 5 PHENIX pions
u M- F PRL100, 232301 (2008)
- Au+Au 200 GeV O | o STARkKaons
0.3 0.9 GeV/ — = I
14 0_3;:,:19,,";,“: x%10 | 3D Gaussian source fit 7_
C 0.36<p;<0.48 GeV/c .
i -0.5<y<0.5 . e
1= . 1 i L i L P L
i , I <] P 0,g2,g4
o 20 a0 60 8 _ 10 107 (€) S™ + Spat Sz
q., [MeV/c] F
g * Imaged S(r) (K'K'+KK) | 10°
_E 10 Sys?ematic error 3 N
= = Angle-averaged kaon s |1 =
= a Imaged S(r) (m*m*+w ) 5 Dy L
w === Angle-Averaged pion SG[rI 3 E
Dy ] 1o 5 10 15 20 25 30
7Y (| [/ Kaon vs. Pion: different shape
T e e 30 4 » Long pion tail caused by resonances?

PHENIX, PRL 103, 142301 (2009) = Sign of different freeze-out dynamics?
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Source: Model comparison

Therminator

= Blast-wave model (STAR tune):
= Expansion: vi(p)=(p/Pma)/(P/PmaxtV)
= Freeze-out occurs at t = 1, +ap.
= Finite emission time At in lab frame

Kaons: Instant freeze-out
(At =0, compare to At~2 fm/c of
pions) at t, = 0.8 fm/c

Resonances are needed for
proper description

Hydrokinetic model

= Hybrid model

= Glauber initial+Hydro+uRQMD
= Consistent in “side”
|

Slightly more tail (r>15fm) in
“out” and “long”

R. Vértesi, STAR Kaon Femtoscopy
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(@) S° + S+ Sia

K'K" & KK

© Au+Au Vs=200 AGeV ﬁ’ w
L O<centrality<20 % f} 1

(b) S° + S+ Sya

10 2L v HKM kaons
ﬁ}w r
= [ e STARkaons A
D10 - 3D Gaussian source fit S
0.36<p,<0.48 GeV/c NG
-0.5<y<0.5 '{ '
1 M| L | MR | P
10} (c) S+ S5+ Sy
Therminator Blast-Wave
5 A Res. decays ON
107 . A Res. decays OFF
N ‘}ﬁTAFIarXiV:BOZ.SlGS
@,. | a=0,p,,=9.0fm
10 tD=8.0fnr:1afc, At=0
'o 5 10 15 20 25 30
r (fm)

Therminator: Kisiel, Taluc, Broniowski, Florkowski,
Comput. Phys. Commun. 174 (2006) 669.

HKM: PRC81, 054903 (2010)
data from Shapoval, Sinyukov, private communication
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Transverse mass dependence

Au+Au s, =200GeV

= Radii: rising trend at low m-
= Strongest in “long” (a)

#* STAR kaon (0-30%)
. STAR kaon (0-20%)

= Buda-Lund model & PHENIX kaon (0-30%) 1

» Perfect hydrodynamics,
inherent my-scaling

= Works perfectly for pions 5
= HKM Glauber (0-30%) 1
— Buda-Lund (0-30%)

= Deviates from kaons in the “long
direction in the lowest m; bin

11) —_—
e

= HKM (Hydro-kinetic model)
= Describes all trends
= Some deviation in the “out”

direction : |
= Note the different centrality 0.2d) * s"émarxw-lsoz.sleg _
definition 05 06 07 09 1 14 12

m. (GeW

Buda-Lund: M. Csanad, arXiv:0801.4434v2
HKM: PRC81, 054903 (2010)
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Summary o

* First model-independent extraction of kaon 3D
source shape presented

= No significant non-Gaussian tall is observed
in RHIC Vs,,=200 GeV central Au+Au data

= Model comparison indicates that kaons and pions
may be subject to different dynamics

= The m-dependence of the Gaussian radii indicates
that m--scaling is broken in the “long” direction

15
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3D pions, PHENIX and STAR

PHENIX, PRL100, 232301 (2008) . P.Chung (STAR), arXiv:1012.5674 [nucl-ex]

E 10 E
- (a) S° + S+ S+ S 5 0, o2, o4, b
R 7 T Au+Au Vs, =200GeV s (3.) S” + SX2+ SX4+ SXB
,_.\102. - O<cen<20 % ,..-.;(10 ''''''''' % STAR
a": Tt & Tw _— : Au+Au ."!“!"""'-'-_.-___I_ ] o PHENIX
[ 0.20<p,<0.36 GeV/c . o ¢ Vs, =200GeV Mo
10 F 035<y,-y,<0.35 A4 10? O<cen<20 % :
: b|2'|4 6,. '||||
f (b) S™ + Sio+ Syu+ —~ : 0 2 4 6
— R e S e 0 Image ﬂPE (b) S+ SV2+ SS/4+ SYB
E 2| R Therminator Blast-Wave —~10E o + ot oy
r:_ g;lo E Sy ’C0=8.55fm/0, pmax=8'92fm I\I-q_.‘::ﬂ ; h O 2(::];: l“?: Og(éétét VIC
cw A At=0, Res.decay OFF -ldp] i s e
> 10 b 2 A At=0, Res.decay ON — 10 E -0.35<y¢:0.35
O Ar=2fm/c, Res.decay ON > F =
10 42688y 30 40 50 ~ L R
(c) S” + Sh+ S+ Sie %(d) 12 ; 0, g2, g4, b
L. : E (C) S + 822+ SZ4+ SZS
I > —
=3 h”‘lo : STAR PRELIMINARY
S —
= w
—81 10 ¢
E i A B E':.':-‘n 11T TP RPN B
0 10 20 30 40 50 60
r (fm)
Elongated source in “out” direction Very good agreement of PHENIX and
Therminator Blast Wave model suggests STAR 3D pion source images

non-zero emission duration
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34M+83M=117M
K*K* & K'K- pairs

STAR data are
well described
by Gaussian,
contrary to
PHENIX no
non-gaussian

tails are observed. °

May be due
to a different
K.-range:

STAR bin is
4X narrower.

R. Vértesi, STAR Kaon Femtoscopy

STAR 1D kaons

1'11? O Data
1,65 —=Ellipsoid Fit
1F
~0.95 i
= 0.9 Au+Au (0-20%)
(085 \/SNN=20{]G9V
0.8 K'K*& KK
0.75 F ISTAR PRELlMlR}B\%ﬁ"U 36 GeV/c
0.7 05<y<0.5
0 10 20 30 40 50 60 70 80 90
iy (MeV/c)
-3
10 ® Ellipsoid source function
5
E 10
:E;: "8 \“
510 r \\
_? ‘~§§‘\~b
10 T STAR PRELIMINARY
_a \
1 () L L L L 1 - 1 1
0 5 10 15 20 25 30 35

r (fm)

S(r) [fm*]

10.3....

18

- (a) ‘
1.2}

1.4

m Original C, (K'K"+K'K))
O Restored C, (x¥ndf = 39.66/51)
Systematic error

— C, of angle averaged S%r)

Au+Au 200 GeV
0.3<k,<0.9 GeV/c

0-30% centrallty

40

60

80 100
q_, [MeV/c]
b) * |Imaged S(r) (K'K'+K'K’) _EI

Systematic error

— Angle-averaged kaon S%(r) ]
& Imaged S(r) (m*n*+r ) =
= Angle-Averaged pion SG[r} E

-
----
g
e

ey
'*'-, "TRAL
vy, gL
-

-
h
-
*e,
b
»
*u
*a

30
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Fit to correlation moments #2 &
0.2<kT<0.36 GeV/c 0.36<kT<0.48 GeV/c

o a) R @Ry {015 ool @R LY @Ry {o1s

" ) AU+AU N D 1 " ) AU+AU B N D 1

0.15 & VB =200GeV - 0 65 0.15}F WSy =200GeY 5 - o 65

. ¥ Occentrality<30% [ 4 U ' C<centrality=30% 17

0.1 w, * 1D R{q}|PI—TH ¢¢T E e 0 0.1 , , * 1D R{q} '+ %%QJ%GH:L 0

@ < Momenil| & 1-0.05 ®. O Momenil ? ¢ 1-0.05

0-05 i K+]{+ & KK i D 1 DOE B ot K+K.+ & KK N D 1

3) (L O . - W 0.20<k<0.36 GeVic - ol 0.36<k<0.48 GeVic | -

0.5<y<0.5 1-0.15 0.5y<0.5 1-C.15

0.15} {b} R% (e} R 1015  0.15 {e} Re 10.15

0.1} 1 0.1 0.1 41 1 041

. 0.05 . 1005 ___ 005 {005
3°% | 8 nssi] 5 25 °% [tsanmmed °% 2
*0.05 : o 1-0.05 =% 0.0 | T‘i’% v Y00l 505"

0.1 + 101  -of | | -0

0.15 ||| STAR PRELIMINARY- {015  -0.15 L ISTAR PRELIMINARY]-0.15

1 1 1 1 1 J 1 1 1 1

0.15 (f) Rys 1015 015} (f) Ry, 10.15

0.1 Jf 1 o4 0.1 +¢¢4¢ 1 o4

0.05 . {005 0.05 | . {1005

0 b lﬁlﬂ&;@ﬁ:ﬁﬁ%ﬂ? 0 op ﬁ—z;@,@%: 220 0

-0.05 T T 1005  oosf | o |t Q 1-0.05

01t — Ellipsoid Fit || 1 0.1 o1k — Ellipsoid Fit || + 1 0.1

015 ,ndf=216283=1.1 17015 057 Pmar - 363283 - 1.3 I |l + {-0.15

0 10 20 30 40 50 O 10 20 30 40 50 60 0 10 20 30 40 50 0 10 20 30 40 50 60
q (MeV/c) Dataset #2 q (MeVic)

Run4 Cent<30%
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Model comparison: thermal BW &+

_ 10 %okt 2) S0, s2, gl
Therminator ; (@) 57+ S+ S
i Au+Au Vs=200 AGeV
(A Thermal Heavy lon Generator) 102 O<centrality<20 %
A. Kisiel et al., Phys. Rev. C 73:064902 2006 = I KK &KK
D10

: 0.20<k.<0.36 GeV/c
-0.5<y<0.5

= Longitudinal boost invariance

= Blast-wave expansion: transverse velocity 1 |—
profile semi-linear in transverse radius p: 10744

I
= |
e
wm |
D_
+ |
Rt
+
2

Therminator Blast-Wave

Vt(p):(p/pmax)/(p/pmax+Vt) » Vi =0.445 m:g 1020 a=0, D{nﬂ,j=9-0fm
from BW fits to particle spectra DIl 7,=8.01m/c, At=0
= Thermal emission at proper time T, x%10 - & Res.decay ON : +
from an infinite cylinder radius p,,, b o ResdecayOFF TR 44T 4
= Freeze-out occurs at T = 1, +ap. 10 Pkt o (c) S° + 8%+ S%,

® Gaussian source function

= Particles which are emitted at (z, p)

20
have LAB emission time 12 = (10 +ap)>+z2 . -° _
= Finite emission duration At 10 F STAR PRELIMINARY ﬂ
Source consistent with BW and resonances, ., .. . ., . T4 ¢
0 5 10 15 20 25 30

= [nstant freeze-out at 1, = 0.8 fm/c ¢ (fm)
= Zero emission duration


http://drupal.star.bnl.gov/STAR/

SQM13, 07/23/2013

STAR kaons
PHENIX pions +,—
Buda-Lund

HKM

R. Vértesi, STAR Kaon Femtoscopy

Radii vs. mT, pion, kaon
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Buda-Lund: M. Csanad, arXiv:0801.4434v2
HKM: PRC81, 054903 (2010)
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Two independent rings
= 3,9 km long each

Collides heavy ions...

= Au+Au, Cu+Cu, U+U...

= sy = 7,7 — 200 GeV

...and protons

= p+p up to Vs = 500 GeV

= Different polarization patterns
Asymmetric setups

= d+Au, Cu+Au ...

4 experiments

= All different capabilities
= PHENIX, STAR (the ,large” ones)
= PHOBOS, BRAHMS (completed)

The RHIC facility

% ,./"'
— _-‘___m__ e J—

ATR Alternating

Accelerator A —SyAchrotron

| e

Linac / ) B Tandem
' J Van de Graaff

Tandem-to-
Booster line
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Hot nuclear matter

Nucl. Phys. A 757 (2005) p1 ; p28; p102 ; p184 [white papers] | #
= Extremely dense A

= Au+Au: jet suppression
No effect in d+Au

- Strongly interacting, new state of matter
A~3fm (5 GeV jet)

= Perfect fluid of quarks
= Contradicts expectations
= Degrees of freedom: quarks
= Viscosity consistent with theoretical limit
n/s ~h/4n, c,=0.35C

= Quark Gluon Plasma (sQGP)
Phys.Rev.Lett. 104, 132301 (2010)

= Thermal radiation, T;,;~4 x 102 K
Tini>300 MeV>>T, . eqom: Eini=15 GeVITM® p, > 1.5 GeV/fm?

= Evolution of the particle source? “*m::\
= Dynamics, space-time extent €correlations //;7L
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