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1. Introduction

In the early universe shortly after the big bang existed a strongly integastaie of matter
called the quark-gluon plasma (QGP). The strong interaction is descytibd theory of quantum
chromodynamics (QCD). To investigate the details of QCD we recreate tluitioms present in
the early universe. Today these conditions can only be found in the inténi@utron stars or be
created in heavy-ion collisions at relativistic energies. For probing tbegiy interacting matter,
various experiments are running at colliders, such as the SPS, RHICH@dHowever in all
of these experiments neither the extent of the particle emission region, npattiee emission
duration is directly accessible since the size is only on the order of a few é&vertheless by using
Hanbury Brown—Twiss (HBT) interferometry it is possible to extract the siad even the spatial
orientation of the particle emission zone created in these collisions.

2. Description of the UrQMD model and the Gaussian fitting proedure

For the study of HBT correlations we employ the Ultrarelativistic Quantum Mdée®ynam-
ics (UrQMD) [1, 2] in version 3.3 (for details of version 3.3 see [3, 4)e source of the model is
available at [5]. UrQMD is a hadronic non-equilibrium transport modeatWwidescribes the whole
spacetime evolution of nucleus-nucleus collisions from the beginning untlittetic freezeout.
Particles in UrQMD are produced via hard collisions, string excitation aaghfientation, and via
resonance excitation and decay.

To extract the pion HBT radii we calculate the HBT correlation function in tmgikudinal
comoving system (LCMS) by [6]

C(q,K) =1+ /d"’xcos(q-x) d(x,K) , (2.1)

whereC is the correlation functiong is the four-momentum distance of the correlated particles,
K = (p1+ p2)/2 is the pair momentunxis the particle separation four-vector atd the normal-
ized pion freezeout separation distribution.

The HBT radiiR;j are then obtained by fitting the function

C(q7K):1+)\(K)exp[— > qiqu-zj(K)] (2.2)
i,j=0,s|
to the calculated three-dimensional correlation functions.

For the azimuthal sensitive analysis of the HBT correlations the spacedivildul in several
azimuthal sections around the beam axis. For each of the sections aduaticorrelation function
is computed. The azimuthal angle of the pair momentum vector determines in vaniefation
function each pion pair is counted.

3. Azimuthally sensitive HBT from UrQMD generated correlation functions

For the azimuthal analysis each of the correlation functions is fitted with Eceep@rately.
The resulting HBT radii are plotted versus the corresponding azimuthhd anFig. 1. An obvious
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Figure 1: The six HBT radii obtained via fits with Eq. 2.2 to the correlationtions corresponding

to different azimuthal angle@. Curves represent a Fourier decomposition, including terms up to
second order. The results are for pions from Au+Au collision§ at= 6A GeV withb =4—-8

fm, p. < 0.6 GeV/c andy| < 0.6. Taken from [9].

oscillation is visible in all six radii parameters. From these oscillating radii thei€ocomponents
are extracted using formulas [7, 8]

RA(¢) = REo+2¥n-246. RencOSNQ),
= R o+25n-246,. R5ncOINP),
22n:2,4,6,...R<2)sn sin(ng),
Rlz,o +23n-246.,.. R|2,n cogng),
(@) = 251135, R ,COSP

RG(9) = 25 n_135. R ,SINQ.
Since the oscillating radii in this analysis are not a continuous function thdtirgsFourier coef-
ficients need to be corrected for finite binning effects by applying

(
RS
%S(
R(@
RAi(

(

(3.1)

nAg/2

S — — 3.2
K0 sinnag/2 (32)

whereﬁm are the corrected radii of nth-order, afs@ is the width of the phi bins, in this case45
In Fig. 2 left a projection on the reaction plane of the pion freezeout disioito for Au+Au
collisions atEjgp = 6A GeV withb =4—-8 fm, p, < 0.6 GeV/c andy| < 0.6 is shown. It is
obvious that in these non-central collisions the source is not aligned dierigeam axis but tilted
away from this axis. The black line shovés from a fit to the freezeout distribution with the
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Figure 2: Pion freezeout distribution (left) for Au+Au collisionsE, = 6A GeV withb=4-8
fm, p. < 0.6 GeV/c and|y| < 0.6. The black line represents the tilt andle from the fit to
coordinate space. The right side shotsas extracted from the HBT analysis via Eq. 3.4 for
different fit ranges to the correlation functions. Taken from [9].

function

(3.3)

_ i 2 2 . 2
f(X,Y,2) ~ EXp<_ (xcosBs—2zsinbs)®  y*  (xsinBs+zcosbs) ) |

202 202 203
Equation 3.3 describes a three dimensional Gaussian ellipsoid tilted awayhedbeam axis by
the angleds, whereoy anday, are the widths along the principal axes.
Since the freezeout distribution is not experimentally accessible the tilt ¢drerextracted in
this way. However, the tilt anglé; is related to the Fourier coefficients of the HBT radii via [9, 10]

o } _1 _4§§I,1
0s = 2tan <m> (3.4)

In the right plot of Fig. 2 the value ofs, extracted using the Fourier decomposition of the
oscillating HBT radii and using Eq. 3.4, is show8.is plotted versus the maximegirange max
used when fitting all the correlation functions. An increasédmvith gmax is seen. At the same
time a saturation 06s shows up at higlymax We interpret this as a sign that differemtegions
pick up the tilt of different regions in the freezeout distribution. On thedife of Fig. 2 not only
a tilt of the source away from the beam axis is seen, but the source is asedw itself. How-
ever more work needs to be done to clarify the relation betweeq tlependence of the tilt angle
and the changing tilt angles at different points in the freezeout distribufigis 34 — 41° from
the fit to freezeout distribution and 27 — 27.9° from the HBT analysis in the range 100 MeV/c
< Omax < 150 MeV/c. Further investigations showed that @gérom the HBT is, as in the present
case, always slightly smaller th#&g extracted from the fit to the freezeout distribution.



azimuthal sensitive HBT from UrQMD Gunnar Graf

It is natural to extrac8s also for higher energies, such as the energies at LHC. Further inves-
tigations [11] showed however, thé decreases with increasings and is basically zero above
\/S=56A GeV. At higher energies other interesting features can be exgigribe@ HBT technique.

4. Decoupling time for various system sizes

At high energies the HBT technique can be used to estimate the decoupling tinthiskthe
hydrodynamically motivated equation [12, 13]

T Ko(my /T
RIzong = T‘?rszl(mj//'l')) (4.1)
is used. Here T is the pion freezeout temperatore,= |/K? +m2, 1; is the decoupling time
andK; are the integer order modified Bessel functions. The decoupling time is&dray fitting
Eq. 4.1 to than, dependence dRqng. For all the different systems a temperaturd of 120 MeV
is assumed. The explored systems feature Au+Au and Pb+Pb collisions/fse= 17.3 GeV up
to /s=2.76 TeV for the centralities 0-5%, 5-20%, 20-40% and 40-80%, centr&l &d Cu+Cu
collisions at,/s= 200 GeV and also p+p calculations\@ = 7 TeV divided in several multiplicity
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Figure 3: The freezeout time as determined by Eq. 4.1 versus the culoé tie® number of charged
particles per unit of pseudorapidity. The different points in each gramg system correspond to
UrQMD calculations for the centralities 0-5%, 5-20%, 20-40% and 40-B0&be heavy ion case
and various multiplicity classes in the proton + proton case. The experimetégydeen stars) are
from central collisions of gold and lead nuclei at the AGS, SPS, RHICL&id [12].
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classes.

The first interesting feature that shows up in the UrQMD results for thewgging time is that
the scaling with[dNep,/dn )Y/2 is only valid within each energy and nucleus species, but not across
energies and species. The second feature is the much smaller decouplinig fifeecollisions
compared to the decoupling time in A+A at the same multiplicities. We relate both alisew
to the fact that the particle composition and production mechanisms changecivaeging,/s.
This alters the decoupling time of the system. The decoupling time from UrQMUDeiesirmated
compared to the experimental data. We attribute this to the well known fact thptdbsure in the
early stage is not strong enough in the cascade mode calculations. A highksume would lead
to a more explosive expansion of the system, thus leading to smaller regiomsofjeneity and a
faster decoupling [14, 15].

5. Summary

We showed that in UrQMD the shape of the freezeout region of notraddreavy ion colli-
sions is tilted away from the beam axis. The angle of this tilt was extracted wimtml sensitive
HBT and via a direct fit to the freezeout distribution. It was found thatithengle from a fit to the
freezeout distribution is always slightly bigger than from the HBT analysisstill close by. With
increasing energy the tilt angle decreases. At high energy we usedd#&timate the decoupling
time of various system and energies. We found that the decoupling time waties Ny, /dn )/3
within each energy but the scaling is broken across energies.
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