Fragmentation of the Fireball and
Event-by-Event Fluctuations of Rapidity Distributions

Boris Tomasik

Czech Technical University, Prague, Czech Republic
Univerzita Mateja Bela, Banska Bystrica, Slovakia

in collaboration with
lvan Melo (University of Zilina)
Giorgio Torrieri (Universitat Frankfurt)
lgor Mishustin (FIAS Frankfurt)
Pavol Bartos (UMB Banska Bystrica)
Mikulas Gintner (University of Zilina)
Samuel Korény (UMB Banska Bystrica)

XXXVII International Symposium on Multiparticle Dynamics
LBL Berkeley
August 5, 2007



Fragmentation: where and how to see it

 Fragmentation
e at 1 order PT: spinodal decomposition
« at crossover: due to bulk viscosity

« How to see it?
« Look for differing rapidity distributions
« Look at rapidity correlations
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Spinodal fragmentation at phase transition

Example:
Van der Waals
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Example: linear sigma model coupled to quarks
[O. Scavenius et al., Phys. Rev. D 63 (2001) 116003]

What is fast?
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Bubble nucleation rate

eqg. [L. Csernai, J. Kapusta: Phys. Rev. Lett. 69 (1992) 737]

nucleation rate:

AF,
I'=I1gexp| — T

difference in free energy:

4
AF = ?ﬂ po(T) — pn(T)]| R® + 47 R0

critical size bubble:
R.(T) =

at phase transition
R.(T.) — o0

=> must supercool
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Supercooling down to spinodal

O. Scavenius et al., Phys. Rev. D 63 (2001) 116003:
compare nucleation rate with Hubble constant (1D)
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The size of droplets

[I.N. Mishustin, Phys. Rev. Lett. 82 (1998), 4779; Nucl. Phys. A681 (2001), 56c]
Minimize thermodynamic potential per volume

AQ B AQbull{ + Aqurf + igkin

V V
where

AQpuk = —%TRS (Pq — Pn)

AQuwt = 4nR%c

Ay, = %’er’AsH?
this gives

. 5 1/3
AE H?

also [D.E. Grady, J.Appl.Phys. 53 (1982) 322]
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Bulk viscosity near T_

Bulk viscosity increases near T :

[K. Paech, S. Pratt, Phys. Rev. C 74 (2006) 014901,
D. Kharzeev, K. Tuchin, arxiv:0705.4280 [hep-ph]]

Kubo formula for bulk viscosity:

_1 : 1 - 3. Jiwt it it
¢ glim = dt/d r et (62(x), 04(0)))
ifs
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Bulk-viscosity-driven fragmentation
1.(s)QGP expands easily ... and freeze-out

2.Bulk viscosity singular at
critical temperature

Honey (clusters)

"Oil" (continuum)

3.System becomes rigid /& @
SN N
4.Inertia may win and /s 0\

fireball will fragment | e

Hagedorn" cascade time
HG S QeGP
(hydro not applicable: J (fluid,local equilibrium)
5.Fragments evaporate T
| ] ar rrom equilibrium R
g
hadrons =
Hadrons p pcrit ~A ZCD
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“Sudden viscosity” => fragmentation

Energy-momentum tensor
T" = (e + p)ut'u” — pg"” + (O u’ (g — u'u”)

energy density decrease rate

1 — (O, uf
—u”aug: e+ p—GOpu @#uﬂ
£ £

fragment size:
Kinetic energy = dissipated energy

— 24C.7,
==

LQ

where ((7) = (7 0(7 — 7¢)

Almost universal size!
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Fragmentation and freeze-out: HBT puzzle

R = (z%)—28,(zt) + 5 (1)
R = (3%

Evaporation from
droplets

Cooper-Frye
from FO hypersurface
<xt> <0
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Droplets and rapidity distributions

rapidity distribution in a single event

dN/dy dN/dy

without droplets with droplets

If we have droplets, each event will look differently
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The measure of difference between events

Kolmogorov-Smirnov test:

«Are two empirical distributions generated
from the same underlying probability
distribution?

rUDp maximum D measures the
_I"J distance difference of two
empirical distributions

y
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Kolmogorov-Smirnov: theorems

How are the D's distributed?

Smirnov (1944):

If we have two sets of data generated from the same
underlying distribution, then D's are distributed
according to

lim P(v/nD <t)= Z (—1)% exp (—2&2t2)  with n = n1Mn2

nq,Mg—00 1 + N9
k=—oc0

This is independent from the underlying distribution!

For each =D we can calculate
Q(vnD)=1- Y (-1)*exp (-2k"n D?)

For events generated from the same distribution, O's
will be distributed uniformly.
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KS-test on generated distributions

fix_KS prob, 100 000 random pairs out of 100 000 normally distrib. (0,1} (Miki generator)}

- random data 11600 _
generated 11400 Entries 99999
. 11200 Mean  0.5127
according to half-normal £ RMS 02024
distribution e
10600 —
- peak closetoQ =1 10400
(“too similar” events) 10200F-
10000i—
9800 —
S e
WHY? 9600:II|IIII|IIII|II\IlIIII|IIII|IIII|IIII|IIII|\I
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 09 1

- we use asymptotic formula valid for very large n
results improve with larger n and/or correction terms

- we have limited number of significant figures
Does it matter in other e-by-e studies?
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Droplet generator

MC generator of (momenta and positions of) particles

* some particles are emitted from droplets (clusters)

« droplets are generated from a blast-wave source
(tunable parameters)

« droplets decay exponentially in time (tunable time, T)

« tunable size of droplets: Gamma-distributed or fixed

* N0 overlap of droplets

 also directly emitted particles (tunable amount)

« chemical composition: equilibrium with tunable params.

 rapidity distribution: uniform or Gaussian

Boris Tomasik: Fragmentation and e-by-e fluctuations 15/23




Droplet generator: rapidity spectra

T =175 MeV, various droplet sizes, all particles from droplets

18007 v ol
c B 3] | rapidity spectrum 2000 N 3 idi
£ |Dr°p|et size 2 fm | Entries 1.8081430+07 E |Dr0p|et size 10 fm | :::’r:e;t’::f_;ﬁ::'::;
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x102 x10?
F P 31 [ rapidity spectrum = . 3 [rapidity spectrum
1800 — Droplet size 20 fm Entries 1.942181e+07 1800 Droplet size 50 fm Entries 1.9240042+07
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No difference in distributions summed over all events!
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Droplet generator: all from droplets

| KS prob, V=50 fm"3, T = 175 MeV, 105 random pairs/1075 events | h3 | KS prob, V=20 fm"3, T = 175 MeV, 10%5 random pairs/ 1075 events | h3
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Droplet generator: part from droplets

‘ KS prob, ¥=10 fm#3, 20% from droplets, T = 175 MeV, 1045 randem pairs/10~5 events
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KS prob, ¥=10 fm#3, 40% from droplets, T = 175 MeV, 1045 randem pairs/10~5 events
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Droplet generator: smeared rapidities

‘ KS prob, V=2 fm*3, T = 175 MeV, 10~5 random pairs/10A5 events l h3
Entries 99998

= Mean 0.4294
= RMS 0.3064
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‘ KS prob, ¥=10fm*3, Gauss = 0.4, T = 175 MeV, 1045 random pairs/105 events | h3
Entries 100000
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s Clusters seen even for unprecise measurement
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Proton-proton rapidity correlations

Motivation:
S. Pratt, PRC 49 (1994) 2722; J. Randrup, nucl-th/0406031

*Only correlations due to droplets included
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Rapidity density of droplets

. 3 idi . 3 idi t
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Include also directly produced protons

*Only correlations due to droplets included

*Not normalised

*Gaussian rapidity
profile
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Conclusions

‘Fragmentation of the fireball:
e due to spinodal decomposition (lower
energies)
* bulk-viscosity driven

Fragments can be seen:
* KS method - different rapidity distributions
 Femtoscopy
* Rapidity correlations
e Fluctuations
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