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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 ...

== = Alte r-r"\ati n Q
Gradient

Accelerator ~—SyRchrotron
-] La= [ i

= All different capabilities ‘ T -
= PHENIX, STAR (the ,large” ones)

Van de Grasff
= PHOBOS, BRAHMS (completed) Tendento-
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The “olenoid 'racker /At THIC (STAR)

= Time Projection Chamber
= dE/dx
= Momentum

= Time of Flight detector
= Velocity (1/B)

= Electromagnetic Calorimeter
= E/p
= trigger
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Nucl. Phys. A 757 (2005) p1 ; p28; p102 ; p184 [white papers] ,. ¢
Extremely dense ? \

= 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 . qom: Eini=15 GeV/ITM® p, i > 1.5 GeV/fm?

= Evolution of the particle source? @N\
= Dynamics, space-time extent €correlations «//}L
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HB source and correlation

The Invariant correlation function

No(ky, ko) S(q, K)
Co(ky, ko) = — - ~ ] 4 | =—=
2( L 2) [Vl(kl)[\/l(kg) S

Ni(ky) = /S(:xfl,k1)|llll|2d:rl

‘) source

Ng(kfhk'g) :‘/S(:L'l?kjl)S(CUzjkg)‘wlrglgdiﬁldiﬁg

Depends on relative and average momenta  detector
q — ]61 — ]CQ,K = 05(]61 -+ ]62)

Includes Fourier-transformed form of the source
S(q, K) = /da:'S(a:', k)e'd”
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_ | : : ﬁxm
Gaussian approximation

If the source is approximated with Gaussian.

2 2 2
r r r S
S(x)wexp(xy Z) LR

0

Then the correlation function Is also Gaussian:
C(q) — 1~ exp (— > R* — q2R2 QRg) @

{/R

| et —

These radii are the so-called HBT radii 1
Often specified in the LCMS system (not invariant)

» QOut: direction of the mean transverse momentum of the pair
« Side: orthogonal to out

e | nnn* haam direcrtinn

C(q) =1+ Xexp (=R — ¢RZ — 47 Ry)
* Do not necessatrily reflect the geometrical size
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Complications... ﬁ

Our source Is not Gaussian

= Sometimes Gaussian
assumption is meaningless

= Example: Levy-function
Co—1~2rexp(—[aR[")

o 2r T T T ey

CI Final State Interactions
—' = Coulomb force
(Have to correct for this)

Co (q) — Craw (q) Kc_olulomb

1. Kouomb IS COMputed analytically
o b 2. GC,isfitted, R, A ,a determined

- R = Strong FSI ...

10~ 1
q (GeV)

1.4 | ¢ UAI data ]
' —— APW power law ]

12 |
L‘~\

1 b -

0.8 -

0.6 -

0.4 [
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D. A. Brown, P. Danielewicz, nucl-th/9701010

= Instead of C,,,(q) we directly go for S(r)

C(q)—1=47zjdrr2K(q,r)S(r) :
_—
= 2-particle source function and relative position
= Evaluated in a specific transverse momentum range
= Numerically invert this equation
= No analytical solution, hence systematic errors
= But no assumtions for the shape of the source
» Final state interactions included as well as Coulomb interactions

= Approximations during FT S(q)
= Assumption of weak dependence in single particle sources
= Computation is numerical, ie. integration cut-off, though finite resolution in r

= Derived S(r) formula has further assumptions...
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PHENIX, PRL 98:132301,2007

PHENIX, PRL 103:142301,2009

RIHENIX 1D pions and kaons

1.0 Ha) Au+Au (O<cen<20 %) - - (a) m Original C_ (K K'+K K)
L 4% 0.20<k;<0.36 GeV/c = 131 © Restored C, (x%ndf = 39.66/51)
N lﬁ ] T|:+T|:+ & TE_TE_ Lf‘ o Systematic error
1.15 | - & A * Data B — C, of angle averaged S%r)
- = 12
S,4 L e = Restored § Au+Au 200 GeV
S b - : i 0.3<k,<0.9 GeV/c
- % %.__ C(q) Fit 1.1 0-30% centrallty
1.05 [ ‘-._‘ a 3D HBT -
C - -
. ® 1—
1 :— -------------------------- * LR X N U ap— C . . o
M PR PR T P FTEE PR PR e S 0 20 40 60 80 10l
0 5 10 15 20 25 30 35 40 45 5 q._ [MeV/c]
q (MeV) -
— o Imaging source ‘E 10° . g:?:rgasti(;}éﬁgfnﬂ(’} é
= * Spheroid Fit sr — —.Iﬁngla-j\ée(r?(ged kaon}SG(r] 7
= = A Image r) (ot
10 -6 b I W =:= Angle-Averaged pion SS(r ?
o -1 “ﬁ-ﬁnﬁn = _ﬁh‘“ﬁ 1 05 ;_ -.““11 &
—A10 IS PR PETEE R R R e X - 3 N 3
v (c) ~ 3D HBT source - By, .
E Wn le-averaged 10°F eensn b |
5 o W&M N T
.‘5310 - L_t ﬁﬁéd-ﬁaﬁ 10_7§E .
g 141 I. 4 L35 1 IJ L1 I.I 181 1 J il IJ L1 1 8 I L4 1 1 I A1 1 1 I. I ! 7| l L I
=I 10°
(8] 5 i0 15 20 25 30 35 40 10 20 30 4
r (fm) r [fm]
= QObserved long tail in 1D pion correlation
= Attributed to resonance decays and non-zero emission duration
|

Former contradicted by even more pronounced tail in kaon C
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AR
slD source shape analysis ﬁ

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

R@)=> YR, . (@A, .(€Q) @ HaY o

X = out-direction
y = side-direction

SIN=2 2.5 (DA, . (Q) (2 z = long-direction

3D Koonin-Pratt: R() =C(a)—1=4z[dr’K(q,ns(r) (3)
Plug (1) and (2) into (3) = R, _ (q)=47rjdr3K.(q,r)SL1._.a,(r) (4)
(2|+1) J

Invert (1) = R

aq.. a|

v o (£24)R(Q)

Invert (2) = S =(2l+1)!'j A, . (Q,)S()
b ! A
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sDipions, PHENIX vs. STAR Py

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

F 10 ¢
F (a) S° + S5+ S+ SY : 0 2 4 6
B Y ..._-....,n_.. ! ° Au+Au Vs, =200GeV T (a) S+ SX2+ SX4+ SXB
:_}102? . AR O<cen<20 % ,:;(10? 1._____:__.._2_.““!" % STAR
» | Tm&mm — | AutAu W 0 PHENIX
1o || 0-20Pr<0.36 GeVrc wn - Vs, =200GeV R
-0.35<y, -y,<0.35 10; 0<cen<20 % My
() 87+ 82+ S+ S —~ T a0 o2 o ob
e N
' 2 ks Therminator Blast-Wave =—10¢ i +_+ - -
Ef 8. 55mIc, praeB 92| o - o &
cw A At=0, Res.decay OFF (e]dp] i eU<Ry<U. evic
> 10 b A At=0, Res.decay ON — 10 E -0.35<y¢:0.35
O Atr=2fm/c, Res.decay ON 5 f .
o .I||2||I|4|.||I6||||
< (c) 8" + Sp+ S+ S
= —_
=3 J‘w 3 STAR PRELIMINARY
= — C
= w
= 10F
E '| .||.|I|in.....|....|....
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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= Dataset #1 (Source shape analysis)
= 20% most central Au+Au @ VsNN=200 GeV '
= Run 4: 4.6 Mevts, Run 7: 16 Mevts

= Dataset #2 (mT-dependent analysis) l |
= 30% most central Au+Au @ VsNN=200 GeV ] T -

= Run 4: 6.6 Mevts

dE/dx

0.2<kT<0.36 GeV/c

D m N L a0 O N O W
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10°
g 10°

10%

R L l‘
== T
| i

0.36<kT<0.48 GeV/c

dE/dx

9
8
7
6
5
4=
3
2
1
8

303504 045 05 055 06 065 07 075 -
Rigidity (GeV/c) _
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cut applied ﬁﬂ

= Dataset #1 (Source shape analysis)
» dE/dx: o(Kaon)<2.0 and o(Pion)>3.0 and o(electron)>2.0
= |y] <0.5
= 0.2<pT<0.4GeVic

= Dataset #2 (mT-dependent analysis)
-1.5<0(Kaon)<2.0 -0.5<0(Kaon)<2.0

0.2<kT<0.36 GeV/c 0.36<kT<0.48 GeV/c

B

& - .

— 103

dE/dx
o..muhl.f-nm-.lwrn

—{ 10

i e A i
+ =l . = T e L
W - | P e
1 = e, A -
i, P B = = =E
PR, 2] - - K
B e ¥ e =
ot b B ) = %
el Y T N N N TN T T T N N N | L I I-l

0.2 0.3 o 05 0.6 035 04 045 05 055 06 065
. Rigidity (GeV/c) Rigidity (GeV/c)
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1.2

1.15

1.1

0.9

(.85

STAR Rund & Run7 Au+Au s=200GeV

K'K* & KK |=0 moment
* C°
C(qinv)

¥

% %

Y

- i’r STAR PRELIMINARY
| 0<cen<20 %
i 0.20<k.<0.36 GeV/c
‘ -0.5«y<0.5

q.., (MeV/c)

L | L 1 1 L | L 1
0 10 20 30 40 50 60 70 80 90 100

o(diny) VS. C(Qinv)

1.25

1.2

1.1

1.05

0.95

STAR Rund Au+Au \s=200GeV

STAR Rund Au+Au \s=200GeV

q,., (MeV/c)

KKY& KK KK & KK
*  C° moment *  C° moment
s w C{q.,) 1D % Clg,.)1D
ﬁ’ 0<cen<30 % s | O<cen<30 %
| 0.20<kT<0.36 GeV/c | 0.36<kT<0.48 GeV/c
4;' -0.5<y<0.5 %# -0.5<y<0.5
I II*%
STAR PRELIMINARY
0710 20 30 40 50 60 70 80 90 100 10 20 30 40 50 80 70 80 80 10C

g, (MeVic)

=0 moment in agreement with 1D C(Qq)
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SO correlation moments #1 ﬁ

= Trial funcional form for S(r):

4 ter ellipsoid (3D G R S
-parameter ellipsoid ( auss) R
| 2 2 2 o1l & % 7 MOmeMllhe Qe e s
SG(X, y’Z)E e)q:) _( . + y2 + Zj 0.05 :T[le)qi:)
2p)rr,r, ar? - 4r7  Ar, o # ,
_ _ 015} ) Rp | (e) R
= Fitto C(q): technically a o N U
. . <centrality<20% |[O
simultaneous fit on 6 0 'TTW'#%%%O RS
] i K'’K*& KK |
|n|dependent moments SRl emsomenel| PRELINARY
R al...al » 0<I<4 0.15 | (c) R - (f) 934
0.1f :
= Result: statistically good fit o1 5 %%%%-vo%%omm
Dataset #1 A=0.48 = 0.01 '9'00_? I —— Ellipsoid Fit :
Run4+Run7 n=(4.8=0.1)fm| -0.15 | x°Indf = 497/289 = 1.7
Cent<20% ry= (4.3 =0.1) fm 0 10 20 30 40 50 0 10 20 30 40 50 6
0.2<kT<0.36 GeV/ic  I,=(4.7 £0.1) fm q (MeVie)

15
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{o1s .l @R Q] @Rk {ods
N ) U+Al N

0.15 & 45 =200GeY | o1 0.15+ 8y =200GeY i {1 0.1

. P O<centrality=30% ([ ¢ 4 0.05 ' ¢ C<centrality=30% |fl’ d}&b Q 41 0.05

0.1 w, ® 1D R{g}[p ¢T¢:)w e revises DL 01 ded, ® 1DRQp i ¢%m"“7 gatev, -8 BN

0.05 %, T Moment|} et & K 1-0.05 0051 -. 2 Momendl} e KK 1-0.05

o) L0 . - 0 0.20<k<0.36 GeVic 0.1 ol 0.36<k<0.48 GeVic 0.1

0.5<y<0.5 1-0.13 0.5<y<0.5 {-0.15

015} (b) R% (e} R 1015 045} (e} Ru 1015

0dr 1l 01 01} ]l 0.1

. 0.05 : ‘ JA) loos o005} 41 ]

= 0 > -'Mlid" WU%QM 052 op - 'éf'é;'?‘f‘#,:,%%”é 0
*0.05 : o 1-0.05~F-0.05| | T‘i’% v 1-0.05~

0.1 + 101  0df ot | 0.1

-0.15 STAR PRELIMINARY- 4-0.15 015 - [STAR PRELIMINARY]-0.15

1 1 1 1 1y 1 1 1 1

0.15 - (f) Rys 1015 o015} (f) Ry, 10.15

0.1 - Jf 1l oA o1p ]l 041

0.05 - ‘%; 4 0.05 005 4 0.05

0 —_—! 'liqi:gr@ﬁm% 0 0p 2= 0

-0.05 T T w 1-C.05 005 N 1-0.05

01t — Ellipsoid Fit || 1 0.1 o1k — Ellipsoid Fit || + 1 o1

013 Pmdi=316283=1.1 [ {%15 015} |f.fndf -363/263=1.3 [ |l + 1-0.15

q (MeV/c}

Zimanyi 12
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Dataset #2 q (MeVic)

Run4 Cent<30%

16

O 10 20 30 40 50 0 10 20 30 40 50 60
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- 0 2 4
1o} (@) C" + G+ G
S
O
[ )1( Au+Au Vs=200 AGeV
osf ¥ | O<centrality<20 %
F 0 2 4
1ol +++ & (b) C° + Co+ CJy
¢ "
_ ; KK & KK
>
R R
O
[ | 0.20<k,<0.36 GeVi/c
0.8 STAR PRELIMINARY -0.5<y<0.5
12]
EA! i —
2 :
’L % Data
0.8 ‘ + — Ellipsoid Fit
0 H0 20 30 40 B0 80

g (MeV/c)

Correlation profiles

C(q,) = C(q,,0,0)

C(q,) = C(0,q,,0)

C(q,) =C(0,0,9,)
Zimanyi 12
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3D Kaon source vs. Model ﬁ

103 (@) S° + S5+ Sy,
Au+Au Vs=200 AGeV
2

A1 0 2 O<centrality<20 %
E%:i‘ I K'K'& KK

10 £ 0.20<k,<0.36 GeV/c

1 -05<y<05 | N f |4
102 (b) S° + SP+ Sy

& Therminator Blast-Wave
= 2 a=0, p__ =9.0fm

o loTr 1,=8.0fmlc, At=0

o .>

E:’m 10 | A Res.decay ON

& Res.decay OFF

L e (© S+ Shpe S,

® Gaussian source function

1 c; 5 10 15 20 25 30
r (fm)
Source consistent with Therminator

Blast Wave model w/ resonances
= [nstant freeze-out at 1, = 0.8 fm/c

= Zero emission duration
17 R. Vértesi




10 F

O=cen<20 %
0.20<k;<0.36 GeV/c

Au+Au Vs, =200GeV

(a) S(r,)

(b) S(r,)
0O PHENIX pions

® STAR kaons

o 5 10 15 20 25 30
r (fm)

Kaon vs. Pion: different shape
» Gaussian, no long tail present

= Sign of different freeze-out dynamics?
Note: systematic errors for kaons are not represented
Zimanyi 12

comparison

PHENIX, PRL 103:142301,2009

—~ [ (a) m Original C_(K'K'+K K)
13- O Restored C, (x¥ndf = 39.66/51)
Lf‘ Systematic error
— C, of angle averaged S°r)
1.2~
Au+Au 200 GeV
0.3<k.|.<0.9 GeV/c
1.1 0-30% centrality
1=
o] 20 40 B0 80 101
9., [MeV/c]
S s * Imaged S K+KK
; | ged S(r) (K'K'+K'K))
E 10 E_(b) Systematic error _§I
oy -~ = Angle-averaged kaon SG(r) 7
= 10% & Imaged S(r) (t*n*+n ) o
o ==+ Angle-Averaged pion SG[Q E
10°F . E
L, ]
105 o
107
8L L N ! N ! L ! N ! !
10 10 20 30 4

1D PHENIX kaon:
Observed long tail due to

wide KT bin?
0.3<kT<0.9 GeV
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Rising trend at low mT

Buda-Lund model
» Inherent mT-scaling
= Works perfectly for pions

= Deviates from kaons in the “long’
direction in the lowest mT bin

HKM (Hidro-kinetic model)
= Describes all trends

= Some deviation in the “out”
direction

» Note the different centrality
definition

Zimanyi 12
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P. Chung (STAR), PoS WPCF2011 (2011) 036

~.5F AU+AU Vs, =200GeV
E I O<centrality<30%
4
3
o |
3 F STAR PRELIMINARY ]
—_5 - * STAR kaon -

2 PHEMNIX kacn

[ B B HKM Glauber (5%

—
= ° [0 HKM Col Glas Con (5% ]
= a 2 —  Buda-Lund
o |
5 | 0
C 3f

0.5 055 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
m (GeV/c)
Note: systematic errors are not represented here

Buda-Lund: arXiv:0801.4434v2
HKM: PRC81, 054903 (2010)
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* First model-independent extraction of kaon 3D
source shape presented

= No significant non-Gaussian tail is observed in
Vs =200 GeV central RHIC data

= Comparison with Therminator model 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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backup slides follow...
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http://drupal.star.bnl.gov/STAR/

HBT effect ﬁm

ll"'f d|2 1 2

= History

= Interference between two different photons can
never occur.”

L

P. A. M. Dirac, The Principles of Quantum Mechanics,
Oxford, 1930
= Robert Hanbury Brown and Richard Q. Twiss, X y
(engineers, worked in radio astronomy) found
correlation between photons from different
sources.

= Infact to a surprising number of people the idea
that the arrival of photons at two separated
detectors can ever be correlated was not only
heretical but patently absurd, and they told us so in
No uncertain terms, in person, by letter, in print,
and by publishing the results of laboratory
experiments, which claimed to show that we were
wrong ...”

= Astronomical usage
» Intensity interferometry in radio astronomy

= Angular diameter of a main sequence star
measured
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34M+83M=117M
K*K* & K'K-pairs ¢8|

1

~0.95
STAR data are s 09
well described  ©%%

by Gaussian, Ob?g
contrary to

PHENIX no
non-gaussian 3

tails are observed. ° 4

10

May be due 10"
to a different <,
k-range: o
STAR bin is 10

4X narrower. 10"

0 5 10 15 20 25 30 35

O Data
—=Ellipsoid Fit

Au+Au (0-20%)
Vs =200GeV
K'K' & KK
TAR PRELIMIRA}R<0-36 GeVie
-0.5<y<0.5

0 10 20 30 40 50 60 70 80 90
a,, (MeVfc)

® Ellipsoid source function

I STAR PRELIMIN-.l

r (fm)

S(r) [fm*]

107

10.3....

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

a0 680 80

100

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

Systematic error

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

TR IR T I pol |

N
W,
s &g
"""
____
Ty A
) SRR,
ri

.
L]
Sy, e,

tou,
i3

20 30 40
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Vie@el comparison: thermal Bwﬁm

' a) 8% + 82,4+ S2

Therminator ; (a) 8° + S5+ Sy
I Au+Au Vs=200 AGeV

(A Thermal Heavy lon Generator) 102 Occontraliy<20 %
A. Kisiel et al., Phys. Rev. C 73:064902 2006 = KK R KK

. . . . ) B
= Longitudinal boost invariance 10 F 0.204k<0.36 GeVic g

: . : -0.5<y<0.5 N f +

= Blast-wave expansion: transverse velocity 1 —uw 1. Nl

I
= |
e
wm |
o_
+ |
Rl
+
A

profile semi-linear in transverse radius p: 10744

[=p]

ViP)=(P/Prnax)/(P/PrmaxtVe) 5 Vy =0.445 E

Therminator Blast-Wave
a=0 . P =9.0fm

20
from BW fits to particle spectra " :;0 : 7o=8.0ffm/c, At=0
= Thermal emission at proper time r, x%10 - 4 Resdecay ON +
from an infinite cylinder radius p,,, (| & Pesdecayorr s
= Freeze-out occurs at T = 1, +ap. 10 Aot
= Particles which are emitted at (z, p) i
have LAB emission time 12 = (10 +ap)>+z2. —° :
= Finite emission duration At B g
Source consistent with BW and resonances, ., .. ., . T4 ¢
0 5 10 15 20 25 30
= |nstant freeze-out at t, = 0.8 fm/c ‘ (fm)

= Zero emission duration
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