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Correlation femtoscopy in a nutshell (1/3)
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Correlation function of two identical bosons/fermions at small
momentum difference q shows effect of quantum statistics.

Height/depth of the B-E/F-D bump A is related to the fraction
(\"2) of particles participating in the enhancement.

Its width scales with the emission radius as R".
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Correlation femtoscopy in a nutshell (2/3) &+

The correlation is determined by the size of region from which
particles with roughly the same velocity are emitted

= Femtoscopy measures size, shape, and orientation
of homogeneity regions
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Correlation femtoscopy in a nutshell (3/3) &+

f 1D Koonin-Pratt equation

C(q)—l = 4thK(q,r)S(r)r2 dr

SSSok
Encodes FSI
Emitting source : Source function
t Correlation (Distribution of pair
function separations in the
pair rest frame)

Kernel K(q,r) is independent of freeze-out conditions

S(r) is often assumed to be Gaussian = HBT radii

Other option: Inversion of linear integral equation to

obtain source function

— Model-independent analysis of emission shape
(goes beyond Gaussian shape assumption)
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Source Imaging

Technique devised by

D. Brown and P. Danielewicz Geometric information from imaging.
PLB398:252, 1997
PRC57:2474, 1998 R (Q) = fK (q, I’) S (I’) 2 dr

General task: ,
From dafa w/errors, R(q), determine the source S(r).

Requires inversion of the kernel K.

Optical recognition: K - blurring function, max entropy method

—
2 fhemsms & waswis*  Anydetermination of
- ThamEk @ &% mwews  gsource characteristics
— from data, unaided by
q- TRAGEDY OF  anue: reaction theory, is an

PRINCE OF  CfnNMaEX imaging.



ISMD13, 09/19/2013 M. Sumbera, STAR: Kaon Freeze-out Dynamics at RHIC 6

Inversion procedure

Freeze-out occurs after the last scattering. = Only Coulomb
& quantum statistics effects included in the kernel.
Expand into B-spline basis Vary §; to minimize X’

S(r) = ES]. -B,(r)
C"@) = DK, S,

2

C*"(q,) ‘EKU" ¥
j

(ac®(q,))

D. A. Brown, P. Danielewicz: UCRL-MA-147919

X =

Kl.j = fdr- K(qi,r)Bj(r)
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Why Kaons?

PHENIX, PRL 98:132301,2007

12 [@)  Au+Au (0<cen<20 %)
= Pion source shows a heavy, 4%, 020030 Bevie
. . 115 -, %a .
non-Gaussian tall R Data
. . ] @11 o " o Restored
= Interpretation is problematic G- + 3 C(q) Fit
Tail attributed to decays of long- hos E .~ toomeT
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= Kaons: cleaner probe
less contribution from resonances | =i *

w
= PHENIX 1D kaon result shows also 2
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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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Au+Au @ Vs =200 GeV
Mid-rapidity |y|<0.5

1.
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Kaon femtoscopy analyses

TPC |
Source shape: 20% most central T IT miﬂ

\E

Run 4: 4.6 Mevts, Run 7: 16 Mevts E

m,-dependence: 30% most central
Run 4: 6.6 Mevts
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PID cut applied o

1. Source shape analysis
» dE/dx: no(Kaon)<2.0 and nao(Pion)>3.0 and no(electron)>2.0

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

» 0.2<p;<0.4GeVic
2. my-dependent analysis

-1.5< no(Kaon)<2.0 -0.5< no(Kaon)<2.0
0. 2<kT<0 36 GeV/c 0. 36<kT<0 48 GeVic
95— ._ ;E_ 5 !103
_ 8E . _ 8F .
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E 6F A E, 6F- =10
x 5 | oz z
w 4 <10 W eE g
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215: #;S\L‘TAR I ?: N STAR I
o B ¥ S ¥ Y E— 1 OEI”(1).551”10.14”[(]).:15“IIOSIII(I).ISSHHO.IGHI(I).IGSHH !
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1D analysis result

34M+83M=117M (K*K* & K-K") pairs PHENIX, PRL 103:,142301, 2009
r R r R
1.15 O Data —~ | (a) m Original C, (K'K'+K'K)
11r —Ellipsoid Fit = 13- O Restored C, (4%ndf = 39.66/51)
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LI o B et i — C, of angle averaged S°r)
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STAR data well described by a single Gaussian‘. Contrary to PHENIX no non-gaussian
tails observed. May be due to a different k-range: STAR bin is 4x narrower.
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3D source shapes

Expansion of R(qg) and S(r) in Cartesian Harmonic basis
Danielewicz and Pratt, Phys.Lett. B618:60, 2005

R@ =Y DR, @4, @) O e outdoction
A y = side-direction
S(r)= 2 2 Sétl--.az (r)A(lxl_._al (2,) (2) z = long-direction

3D Koonin-Pratt: R(q) = C(q)~1=47[d"K(qr)S(r) (3)
Plug (1) and (2) into (3) = R, ,,(q) =47 [dr’K (4,1, ., (r) (4)

(21+1) |

Invert (1) = R, _(q)= f4 L4, . (Q)R(q)

a...q;

Invert (2) = ¢! _ ”) f Q )S(q)
4 0‘1
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4-parameter ellipsoid (3D Gauss)
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Shape analysis

= ¢~0 moment agrees 1D C(q)
Higher moments relatively small

= Trial function form for S(r):

( x2 yZ ZZ
exp| -

+ +
477 4ry2 47}

X

= Fit to C(q): technically a
simultaneous fit on 6
Independent moments
Rgocl...ow > 0<¢<4

= Result: statistically good fit

|
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Correlation profiles and source &
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Source: Data comparison 13

10 -4é (a) SOAO + S)%XA)%X-F S)fXXX AQXXX
G 10 L
E | K'K" & KK
] . ] —_— -6
10 ¢
kaon vs. pion: different shape | S | ey
7F O<centrality<20 % .
10 I e e e 1 NS
10 (b) S°A + Sy A+ Sy Ay
= Long pion tail caused by e .
. . ?_ 10 ¢ TR O pions
resonances and/or emission E . STARK ~ PRL100, 232301 (2008)
- : '6' ° aons i BN
dura‘hon? =10 3D Gaussian source fit Ny
& © 0.20<k;<0.36 GeV/c AN
7t -0.5<y<6.5 “
10 PSS S S IS S S S S S S S S N ST SO ST S S PRI ErE— L
-4 0,0 2 52 4 4
. . 10 e, (c) STA™ + SL,A,,+ S,,,,A
= Sign of different freeze-out 3 22 Dem iz
dynamics? 107 .
=10k
n ?
_7"“‘ L L L “‘.DDD‘D‘D
105 5 10 15 20 25 30



ISMD13, 09/19/2013

Source: Model comparison o
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Therm i nator 10 4 (@) SOAO + Sfo)%x"' S)‘:rxxfo(fxxx

[ _

= Blast-wave model (STAR tune): | « 4~
= Expansion: v,(p)=(p/ryu)/(p/Pras V) '

)

S(r,) (fm

10 ¢ e
= Freeze-out occurs at t = 1, +ap. A%+Au \{sﬁooz/gc?yev ‘Hf 4} # o b
_7r <centrality< 0 .,
= Finite emission duration At 10_:; Bt ATSUTITEOVE ‘4+
= Kaons: Instant freeze-out C OSSR S B
(At = 0, compare to At~2 fm/c of g . pThENXpone
plonS) at TO = 08 fm/C g>10 -6; ) gggz::solgi source fit S S
i 0.20<k;<0.36 GeV/ .
= Resonances are needed for @ Qdgosscevic 3
R R 10 PSS SO I S ST SN AN SN S SN I S ST ST SR Y P L
P— Therminator Blast-Wave
. . — 5[ . A Res. decays ON
Hydrokinetic model £ " § Avinarkwerans3 5 Res. decays OFF
= Hybrid model 0 Tadmeem T M 4
= Glauber initial+Hydro+UrQMD 7t N |
_ e 0 0% 90 5 20 25 30
= Consistent in “side ¢ (fm)

Therminator: Kisiel, Taluc, Broniowski, Florkowski,

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

Comput. Phys. Commun. 174 (2006) 669.

HKM: PRC81, 054903 (2010)
data from Shapoval, Sinyukov, private communication
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RHIC pion radii and perfect fluid hydrodynamics +*

M. Csanad and T. Csorgd: arXiv:0800.0801[nucl-th]

- PHENIX 0-30% Au+Au Vs, =200Ge\ -
8 B + - 8 [ 8 -
Lyt AT . I
|\ —Budalund i !
E 6 - - Kaon Prediction :E- 6 - é 8 -
\-:) i T > [
O = - - c -
B 5 o
m 4 B \ CC 4 [ o m 4 [ +
- My # : ﬁ""- : #?..*
> | 1 o b # 1T oL o
_Illlllllllllll _Illlllllllllll _l||||l||l||||l

0 0.5 1 1.5 0 0.5 1 1.5 0 0.5 1 1.5
m, (GeV)

Excellent description of PHENIX pion data (PRL 93:152302, 2004)
using exact solutions of perfect fluid hydrodynamics (Buda-Lund).
|deal hydro has inherent m,-scaling = predicts kaon radii m-dependence
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SPS results on pions and kaons

“The kaon radii are
fully consistent with
pions and the
hydrodynamic
expansion model. “

“Pions and kaons
seem to decouple
simultaneously.”

M. Sumbera, STAR: Kaon Freeze-out Dynamics at RHIC

S.V. Afanasiev et al. (NA49 Coll).: Phys. Lett B557(2003)157
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Kaon RHIC result 5

o 5F ]
= Radii: rising trend at low m; E,res. AU+AU Vs =200GeV
= Strongestin “|Ong” "; ........................................
G 2 o ——
B ('a) e
= Buda-Lund model = 55'| | | R ISTARkIaon(O-éO%) :
» Perfect hydrodynamics, £ afek, o STan keon (0:20%) -
inherent m,-scaling §3 S '
- Works perfeCtly for plons - ('b) e T e S .
= Deviates from kaons in the = SF % < HKM Glauber (0-30%)
“long” direction in the lowest S S — Buda-Lund (0-30%)
m+ bin > |
g:g Sr ]
('C) ——t—— ::
: HKM (Hydro-kinetic model) 08} :
Describes all trends B ° o .
= Some deviation in the “out” 04 :
direction 0.2 —(Id) L 7smnarx|\lz1|3(?2|31es K
= Note the different centrality 05 06 07 o(gevo/g) o2
definition T

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 tail is observed
in RHIC s\,=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
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PHENIX, PRL100, 232301 (2008)

Au+Au Vs, =200GeV

B

O Ar=2fm/c, Res.decay ON
40 510

("wiou) (Mhy)p/Np

Elongated source in “out” direction

Therminator Blast Wave model suggests
non-zero emission duration
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3D pions, PHENIX and STAR

0 . P. Chung (STAR), arXiv:1012.5674 [nucl-ex]
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Very good agreement of PHENIX and
STAR 3D pion source images
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Fit to correlation moments
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Source parameters

7

Year 2004+2007 2004

Centrality 0-20% 0-30%

kt [GeV/c] 0.2-0.36 0.2-0.36 0.36-0.48
R, [fm] 48+0.1£0.2 434+0.1£04 45+02+0.3
Ry [fm] 43+0.1£0.1 4.04+0.1£0.3 3.7+0.14+0.1
R; [fm] 47+0.1£0.2 434+02+04 3.6+024+0.3

A 049+0.02+005 0.39+001£0.09 0.27£0.01+0.04

x> /nd f 497/289 316/283 367/283

TABLE I. Parameters obtained from the 3-D Gaussian source func-
tion fits for the different datasets. The first errors are statistical, the
second errors are systematic.

J
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Cartesian harmonics basis  ©

- Based on the products of unit vector components, n 4 N
n, - Unlike the spherical harmonics they are real.

* Due to the normalization identity n?, + n? +n?, =1, ata
given £ 2 2, the different component products are not
linearly independent as functions of spherical angle.

« Atagiven{, the products are spanned by spherical
harmonics of rank £' < £, with £' of the same evenness as {.

A:(r.l) = Ng Ag]), = Ny ny n,
&2:,3 — n —1/3 42;,;)” = n — (6/7)n% + 3/35
Agry = Ng Ny Amg;y = N3Ny — 3/ Ng Ny
4.:(,3233 =n3 — (3/5)ng Amyy n2 n —(1/7). (1/7)nz +1/35
Amy = n2ny, — (1/5)n, A;(,;?y,« = n2nyn, — (1// Ny Nz
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Spherical Harmonics basis  ©

Rim(g) = (47)72 [ A0 Via(2) R(@).

Sem(r) = (4m)712 [ QL Y, () S(r).

» Disadvantage: connection between the geometric
features of the real source function S(r) and the complex
valued projections S, (r) is not transparent.

* Y,, harmonics are convenient for analyzing quantum
angular momentum, but are clumsy for expressing
anisotropies of real-valued functions.



