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The thermal-statistical model for particle production
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Abstract. We introduce the thermal statistical model for particle production and its applications to heavy-ion
collision experiments. We focus on the aspects related to chemical equilibrium, in particular on particle yields.
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Strangeness

E7/Ngy vs. E/N

Thermal Equilibrium

In thermal equilibrium
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Full Hydrodynamic Flow

Bjorken scaling + Transverse expansion

After integration over mr

dN;/dy NP
dN;/dy ~ NP

where N? is the particle yield
as calculated in a fireball AT REST!

Effects of hydrodynamic flow cancel out in ratios.

Statistical Model Strangeness E7/Ngp vs. E/N The Horn in the K™ /= Ratio
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Thermal Equilibrium

Average Energy

Statistical Model Strangeness Er/Ngpvs. E/N The Horn in the K™ /= Ratio

Thermal Equilibrium

—-=

d®p E
N, = g,V/Wexp(—7)e
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Thermal Equilibrium

Hi
.l

T Yo TmKZ(T>e
¢ = Gigs { ( >+3 K2< )]euri
s = o[ (3)+ ()t ()]

Hi

Pl = 055 T2m2K2<T>eT

Statistical Model Strangeness Er/Ngpvs. E/N The Horn in the K™ /= Ratio

Chemical Equilibrium

In equilibrium
Ev+E+ =B+ Es+Es+ - (1)

for the chemical potentials

pttp2t =g+ patps 2
As an example
4+ pem+p+ (3)
leads to
[0 + fp = o + fp F [0 (4)
which leads to
pro =0 (5)

01001-p.6
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Chemical Equilibrium

In equilibrium _
B+B—~B+B+B+B (6)

dE = —pdV + TdS + 1gdNp + 15dNg
Due to baryon number conservation one has

N — Ng = constant

and
dNg = dNg

The energy is a minimum for

dE = (ug + pg)dNg =0 (7)
1B = —Ip (8) &
Statistical Model Strangeness E7/Ngyvs. E/N The Horn in the K™ /7™ Ratio

Chemical Equilibrium

In equilibrium

o d3p E usp
Ne=gV / @n)p &P <_? * T)

Ng = Ng—pug=0
Ng > Ng—pug=>0
Ng < Ng—pug<0

01001-p.7
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Statistical Model Strangeness E7/Ngpvs. E/N The Horn in the K
Chemical Equilibrium | No Chem. Equil.
m | exp [-5] exp [~ &= 4 1]
N'| exp [_E_7,'V + ”—f’} exp [—E—TN + ”—TN}
N | exp [—E—TN - “—P} exp [—E—TN + “—TN}
A |exp[-E + e —ts] | exp[-Er 4 1]
N | exp[-5 2+ 5] | exp[-5+ 7]
K | exp [—E—TK + “—TS} exp [—E—TK + “—TK}
K| o |5 - 4] oxp |- + %]
Statistical Model Strangeness Er/Ng, vs. E/N The Horn in the K+

The number of particles of type i/ is determined by:

dS E: .
nevaf Zhen(§)
For bosons:
d®p 1
N =V ,-/
? (27r)3exp Ei_ -1
T T
For fermions:
Ni=V gi

-

/ d®p 1
3 . .
(2m) exp <5 - /;_'> +1

7" Ratio

7« Ratio

Only conserved quantum numbers matter for chemical equilibrium: In

equilibrium
pi = Biug + Qipg + Sins + Cipc + ..

01001-p.8
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The Role of Resonances

Example: p’s
+

p— T
Final, observed, number of 7= is given by
N+ = N, +(thermal) + N, +(resonance decays)

depending on the temperature, over 80% of observed pions are
due to resonance decays

01001-p.9
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Importance of Resonances.

1.0— , . , . , . ,

0.8 -
~~
—
[a+]
N
= 06 thermal)/rt(all
% nt(thermal)/mt(all)
S
S 041
=
[ =<

02}

0.0 | L | L | L | L

: 100 125 150 175 200
Temperature
Strangeness

Strangeness saturation?

2 T T T T

N (t/N (equilibrium)

. 1 . |
00 2 4

time (arbitrary units)

01001-p.10



Dense Matter In Heavy Ion Collisions and Astrophysics (DM2008)
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Strangeness saturation?

as E: .
N; = ’7’/|SS| v gl/ (27:))3 exp (_TI + M_TI>

with

~vs < 1 strangeness under-saturation

~vs = 1 strangeness in chemical equilibrium
~vs > 1 strangeness over-saturation

Statistical Model Strangeness E7/Ngpvs. E/N The Horn in the K™ /=™ Ratio
SPS data.
| Measurement |
Pb—Pb 158A GeV
(T +77)/2. 600430
K+ 95 +10
K~ 50 +£5
K% 60 £12
p 140+12
p 10 £1.7
) 7.64+1.1
= 4.42+0.31
== 0.74+0.04
AN 0.2+0.04

01001-p.11
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SPS data.

SPS: Chemical Freeze-Out Parameters:

T = 156.0 +£2.4MeV
ug = 239+ 12MeV
vs = 0.862 £ 0.036

F. Becattini, J.C., A. Kerdnen, E. Suhonen and K. Redlich
Physical Review C64 (2001) 024901.

Statistical Model Strangeness Er/Ng,vs. E/N The Horn in the K /7 Ratio
AGS data.
Measurement |
Au—Au 11.6A GeV
Participants 363+10
K+ 23.7£2.9
K~ 3.76+0.47
T 133.7+9.9
A 20.341+2.74
p/m* 1.234+0.126
p >0.0185+0.0018

01001-p.12
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Statistical Model Strangeness E7r/Ncp vs. E/N The Horn in the K™ /7™ Ratio

AGS data.

AGS: Chemical Freeze-Out Parameters:

T = 1830.6 +5.5MeV
ug = 594 4+ 26MeV
vs = 0.883+0.124

F. Becattini, J.C., A. Kerdnen, E. Suhonen and K. Redlich
Physical Review C64 (2001) 024901.

Statistical Model Strangeness E7/Ngpvs. E/N The Horn in the K™ /=™ Ratio

SIS data.

| Measurement |
Au-Au 1.7A GeV
/o | 0.052+0.013
K*/z* | 0.003+0.00075
e o 2.05+0.51
n/m° 0.018+0.007

SIS: Chemical Freeze-Out Parameters:

T = 49.7+1.1MeV
ug = 818 +15MeV
vs = 1 (fixed)

J. C., H. Oeschler and K. Redlich) E
Physical Review C59, (1999) 1663.

01001-p.13
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E7r/Ncp vs. E/N

RHIC data.

J. C., B. Kdmpfer, M. Kaneta, S. Wheaton, N. Xu, Phys. Rev. C71, 0409071 (2005)

The Horn in the K

/7" Ratio

Ratio Experiment Central Mid-Central Peripheral

F(E)/ﬂ(z) BRAHMS 0.99040.100

PHENIX 0.960+0.177 0.92040.170 0.933+0.172
PHOBOS 1.000+£0.022

STAR 1.000+0.073 1.000+0.073 1.000 £ 0.073

K(Jg)/K(Z) PHENIX 1.1524+0.240 1.29240.268 1.32240.284
PHOBOS 1.099+0.111

STAR 1.109+0.022 1.105+0.036 1.120+0.040

P)/P(1 PHENIX 0.680+0.149 0.67140.142 0.71740.157
P2)/P(2) BRAHMS 0.65040.092
PHOBOS 0.600+0.072

_ STAR 0.71440.050 0.72440.050 0.764+0.053

Aay/ Ny PHENIX 0.750+0.180 0.798+40.197 0.79540.197

/_\(2) /N2) STAR 0.71940.090 0.73940.092 0.74440.100

f(z)/E(E) STAR 0.840+0.053 0.822+0.114 0.8154-0.096
ar/Q- STAR 1.062+0.410

K(;)/w(;) PHENIX 0.15140.030 0.1344-0.027 0.116+0.023

STAR 0.15140.022 0.14740.022 0.130+0.019

Kg/w(;) STAR 0.13440.022 0.13140.022 0.108+0.018

,(_J(U/ﬂ'(;) PHENIX 0.049+40.010 0.047+0.010 0.045+0.009

P(2) /7\'(;) STAR 0.069+0.019 0.06740.019 0.06740.019

/\(1)/77(;) STAR 0.043+0.008 0.04340.008 0.0394-0.007

/\(2)/77(5 PHENIX 0.072+0.017 0.068+40.016 0.07440.017

< K*0 > /73 STAR 0.039+0.011 E
¢/7T(E) STAR 0.02240.003 0.02140.004 0.022+0.004
=/ T STAR 0.009340.0012 0.0072+0.0011 0.0060-+0.0008
Statistical Model Strangeness E7/Ngpvs. E/N The Horn in the K™ /=™ Ratio

RHIC data.

RHIC: Chemical Freeze-Out Parameters:

T = 169 +4.2MeV
ug = 39.6 + 6MeV

J. C., B. Kdmpfer, M. Kaneta, S. Wheaton, N. Xu
Phys. Rev. C71, 0409071 (2005)

01001-p.14
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Strangeness

E/Nin 1999
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E/N in 2005
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Statistical Model Strangeness E7/Nghvs. E/N The Horn in the K
Chemical Freeze-Out: Status in 2005
O2———T "7 7T T T

0.05

————  ng+n, =0.12/fm’

O 1 I 1 I 1 I 1 I 1
0 0.2 04 0.6 0.8 1

Ky (GeV)

V. Magas and H. Satz, Eur. Phys. J. C32 115 (2003).

P. Braun-Munzinger and J. Stachel, J. Phys. G:Nucl. Part. Phys. 28 1971 (2002).

Statistical Model Strangeness E7/Ngpvs. E/N The Horn in the K™

Chemical Freeze-Out: Status in 2005

02 T T
0.15 — —
= B ]
S 0.1 —
= B ]
0.05 — <
olov v Lo by by Lol

0 0.2 0.4 0.6 0.8

ny (GeV)

T(ug) = 0.169 — 0.1894% + 0.165.% — 0.22948.
J. C., H. Oeschler, K. Redlich, S. Wheaton

01001-p.17
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ug as a function of /syn

Hy (GeV)

Ol I IIIII]O 100 IIIII1”000
VE g (GeV)
1.273 GeV
18(V's) =

1+0.258 GeV ™ '\/s
This predicts at LHC pg ~ 1 MeV.

J. C., H. Oeschler, K. Redlich, S. Wheaton E
Statistical Model Strangeness E7/Ngpvs. E/N The Horn in the K™ /=™ Ratio
T as a function of /sy
0‘2_ T B | T B | ]
RHIC 1
0.15 —
=
9 0.1 —
[
:SIS
0.05 —
0 i - L
1 10 100
Vs (GeV)

This predicts at LHC T ~ 170 MeV.

J. C., H. Oeschler, K. Redlich, S. Wheaton

01001-p.18
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Statistical Model Strangeness E7r/Ncp vs. E/N The Horn in the K™ /7™ Ratio
Hadronic freeze-out
500———— R T B
I i Pt

\Q"\Q

400

300 :__ — !-lq=i-'~3=0 (quanﬂ

- —- Hy=hg=0 (class)

—— $=0 & Q/B=0.4 ]
200} 2
= RHIC i g

+  FAR

Energy density € (MeV/fma)
=
1

B g g e gl AL v I
8.00 0.04 0.08 0.12 0.16
Net baryon density pg (fm's)
J. Randrup and J.C., Phys. Rev. C74 (2006) 047901 E
Statistical Model Strangeness E7/Ngpvs. E/N The Horn in the K™ /=™ Ratio

Will it be possible to determine directly E/N ?
E: energy of primordial hadrons
N: number of primordial hadrons

(Er) = (Esin®)

T
= —(E
7 (E)
Low energy limit
. ET B %m/\/ N
lim N, 04 ~ 1.8 GeV
High energy limit
- Er E(M)
However E7 : subtract my for baryons add my for E

antibaryons.

01001-p.19
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Primordial vs Final State Hadrons
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J.C., R. Sahoo, D.K. Srivastava, S. Wheaton
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J.C., R. Sahoo, D.K. Srivastava, S. Wheaton
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ET/NchVS' E/N

Transverse Energy per Charge

i T I T I T I T I
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J.C., R. Sahoo, D.K. Srivastava, S. Wheaton
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Statistical Model Strangeness E7/Ngpvs. E/N The Horn in the K™ /=™ Ratio

Lines of constant ET/NCh

T (GeV)

i l
0 02 0.4 0.6 08 1
My (GeV)
Etr/N,
mainly follows T and is determined by E/N,
J.C., R. Sahoo, D.K. Srivastava, S. Wheaton E
Statistical Model 3 K™ /7™ Ratio
Centrality Dependence of the Baryon Chemical
Potential
400 T T T T T T
350 =]
JOO:U-'- it ;
5 £ ]
= e S

]
7]
(=]

el

&
F. Becattini et 1l. (47T) —@—gps— =

i, (MeV)
T
1

150 [~ —
100 - -
50 |- -

& ™ RHIC & i - E

o A \ . ! : I ‘
0 100 200 300 400
N
part

J. C., B. Kdmpfer, P. Steinberg and S. Wheaton, Journal of Physics G30 S595-S598 (2004).
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Statistical Model

Centrality Dependence of the Chemical Freeze-out

200

190

120

170

160

150
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T T z T :
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SPS i iy i)

I~ RHICg F. Becattini et al. (SPS, 47) SPS |
5 o=

" | | | s | L
1] 100 200 300 <400

N
part

J. C., B. Kémpfer, P. Steinberg and S. Wheaton, Journal of Physics G30 S595-S598 (2004).

Statistical Model

0.9
038
YS 0.7
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J. C., B. Kémpfer, P. Steinberg and S. Wheaton, Journal of Physics G30 S595-S598 (2004).
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The NA49 Collaboration has recently performed a series of
measurements of Pb-Pb collisions at 20, 30, 40, 80 and 158
AGeV beam energies . When these results are combined with
measurements at lower beam energies from the AGS they
reveal an unusually sharp variation with beam energy in the

A/ (), with (7) = 3/2(7+ + 7~), and K* /= ratios. Such a
strong variation with energy does not occur in pp collisions and
therefore indicates a major difference in heavy-ion collisions.
This transition has been referred as the “horn”.

Statistical Model Strangeness E7/Ngh vs. E/N The Horn in the K™ /= Ratio
The Elephant in the Room
Friese g’
Dinkelaker ot
Blume ¥ o7 It
Speltz g s 1 1

A A AGS (midiapidity)
AGS

NA49 prelirminaty
NA49

STAR {midrapidity)
BRAHMS

=
*omE»

0 L L \’
L 10 1~

se[GeV]

Difficult to avoid, Hard to Model
- But no unambiguous corroborating evidence E

01001-p.24
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Statistical Model Strangeness E7/Ng vs. E/N The Horn in the K /=" Ratio

Strangeness in Heavy lon Collisions
VS
Strangeness in pp - collisions

Use the Wroblewski factor
__2(s§)
° " (ub) + (dd)
This is determined by the number of newly created quark —
anti-quark pairs and before strong decays, i.e. before p’'s and
A’s decay.

Limiting values :
As = 1 all quark pairs are equally abundant, SU(3) symmetry.

As = 0 no strange quark pairs. E
Statistical Model Strangeness E7/Ngh vs. E/N The Horn in the K™ /= Ratio
0.2 T T T T
018+ —— Ireeze-out Curve —

B Wroblewski Factor T

0.06 |- \
! ; | 1 | :
S 0.2 0.4 0.6 0.8
Chemical Potential Mo (GeWV) E
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Statistical Model Strangeness E7/Ngp vs. E/N The Horn in the K™ /= Ratio
10 [
9l Entropy Density / T~ |
8 — —
S ]
L |
61 1 Total
& 5L ]
k2 5 Fo Mesons]
4 ’,_——-—““__""__—_:
= 4\. // - -
3 A -
L T < J
2 // S~ Baryons
A et =
11 -
L/ i
o by
0 10 20 30 40 50

Vs (GeV)

J. C., H. Oeschler, K. Redlich and S. Wheaton, Physics Letters B615 (2005) 50-54.

Statistical Model Strangeness E7/Ngp vs. E/N The Horn in the K* /= Ratio
0.2 —T T T T — T T — T T
0.15— —
E
= 01— .
=
ccéx
0.05— —
ol b
o 10 20 30 40 50

VS un (GeV)

J. C., H. Oeschler, K. Redlich and S. Wheaton, Physics Letters B615 (2005) 50-54.
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Strangeness

T (GeV)
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E7/Ngy vs. E/N
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J. C., H. Oeschler, K. Redlich and S. Wheaton, Physics Letters B615 (2005) 50-54.

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0.25

02

‘ + KT /7 Ratio

T
— %g Meson Dominated I
- EE i
I-m S ]
- A - 4
I N R B R
—— Tttt

L =8 b |
22 Meson Dominated

-5E _
m S

- a 4
| I I K'/m' i
- -7 Kin —
I 1 ]
L 13 _

Lo v b e b b
0 10 20 30 40 50
Vs (GeV)

J. C., H. Oeschler, K. Redlich and S. Wheaton, Physics Letters B615 (2005) 50-54.
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Statistical Model Strangeness E7/Ng vs. E/N The Horn in the K /=" Ratio

0.014 T

Meson Dominated R

Baryon
Dominated

0012~

001 —

0.008 —

0.006 —

0.004 —

0.002 |~

Vs (GeV)

J. C., H. Oeschler, K. Redlich and S. Wheaton, Physics Letters B615 (2005) 50-54.

Statistical Model Strangeness E7/Ngh vs. E/N The Horn in the K™ /= Ratio

Maxima in Particle Ratios predicted by the Thermal Model.
Ratio Maximum at | Maximum

VS (GeV) Value

A (7 5.1 0.052
= /rt 10.2 0.011
K+ /a+ 10.8 0.22
Q /nt 27 0.0012

J. C., H. Oeschler, K. Redlich and S. Wheaton, Physics Letters B615
2005) 50-54.
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions Rapidity Distributi

The Thermal-Statistical Model for Particle
Production II.

J. Cleymans

25 July 2008 / Dubna, Russia

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Outline

Hydrodynamic Flow

Excluded Volume Corrections
Canonical Corrections

Transverse Momentum Distributions

Rapidity Distributions
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Hydrodynamic Flow.

Cooper-Frye formula

From

N = [j*do, and j* = [ d®pECf(r,p,t)

obtain

E g5y — | P'do f(r.p.1)

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions Rapidity Distributi

The number of particles of type i is determined by:

anN; " plu. | pi
Ed3p @r )3/d0up exp< T £y T>

Integrating this over all momenta

__9 @u CPMU
N,_(zﬂ)a/do—u/Epexp< T +T

N,' = /dO'HU“n,'(T,,u)

If the temperature and chemical potential are unique along the
freeze-out curve

or

Particle Yield:
N,‘ = n,-(T, ,u) fdJHU”
i.e. integrated (4x) multiplicities are the same as for a single fireball at
rest (apart from the volume). E
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Hydrodynamic Flow Exclu

t (fm/c)

T T T T T T T T
= Freeze-out surface at z=0 =
Pb+Pb r=1lim/c
- 100 MeV —
B 130 MeV n
L | s | L 1 L |
0 2 4 6 8
r (fm)

J. Cleymans. K. Redlich, D.K. Srivastava
Phys. Rev. C55 (1997) 1431

Jistributions  Rapidity Distributi

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections  Transverse Momentum Distributions  Rapidity Distributi

20

15

RHIC sy = 200 GeV

o] 2 4 6 8

10 12

r [fml

14

K. Eskola, H. Honkanen, H.Niemi, P.V. Ruuskanen, S.S. Rasanen, hep-ph/0506049
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Full Hydrodynamic Flow

Bjorken scaling + Transverse expansion after integration over

mr
(ﬂ) - Q/rdr 7e(r)
dy y:O ™ o
or . m;
{cosh(yr) — (a—:) smh(yr)} m? TK; (%)
; NO
Consequence : sz’ﬁgi = N_;O

Effects of hydrodynamic flow cancel out in ratio.

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions ~ Rapidity Distributi

Excluded Volume Corrections.

—I=

N

_ et
< = exp{ (2 @re }
o 3
= ZV uN/T[/dp?’e_?]
o N! (27)
with excluded volume corrections

% v N

7 Z(V l\‘l/!ON) N/
N=0

dp

c N
Wer] oV — VoN)
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions ~ Rapidity Distributi

Excluded Volume Corrections.

It is more convenient to consider these corrections in the
pressure ensemble:

oo > N Bp e N
_ —PV)TN Y uN/T —E
Zp_/o dve > N € { e
N=0
Z, — Z/ av e PVIT
N=0"0
(V- VON)Ne;LN/T
N!
Bp _E N
[/ (27T)Se T 6(V— WN)
introduce x = V — V,N. E

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Excluded Volume Corrections.

N=0"0
N

X g~ PVoN/T guN/T
N!

U (gjrl)js ¢ ]

a new variable o = u — PV

N

~im
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions ~ Rapidity Distributi

Excluded Volume Corrections.

o S [Caen
N=0"0

N 3
XT GiN/ T / a°p -5
N! (2r)3

N

which is the original partition function with the replacement

(fi=p—P Vg

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Excluded Volume Corrections.

The particle number density now becomes:

T O
n = V@Inz
TOonp 0

LY, 7
Voo

Effects Cancel Out in Ratios.
J.C., K. Redlich, H. Satz, E. Suhonen, ZfP C33, 151, (1986)
D.H. Rischke, M.l. Gorenstein, H. Stocker, W. Greiner, ZfP C51, 485

(1991).
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions ~ Rapidity Distributi

Exact Strangeness Conservation.

For a small system at low temperatures (T ~ 50 MeV), e.g. at
GSI canonical corrections are necessary.
Instead of

NK ~ exp —MK/T

one gets
Nk ~exp—2Mg/T

Extra suppression is due to strangeness conservation and lack
of a large heat bath. This correction disappears quickly at
higher energies and is already small at AGS energies.

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Exact Strangeness Conservation.

H_ N
Z=Tre T T
Insert a Kronecker delta in the trace:

dom(S=1)+2) n(S=2)+3> m(3) =
i j k

/
STA(S=-1)+2) m(S=-2)+3) m(S=-3)
i j K
and rewrite it as

) (Zn/(s—1)+....,Zﬁ/(3——1)+ ..... )

i i
1 27

exp <i¢>Zn,-(S—1)+.. —i¢>Z/’7,-(S_—1)> "

de
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions ~ Rapidity Distributi

Exact Strangeness Conservation.

2 ) )
Z = l do exp {21 e’ + Z 1 e~ ¢
27T 0

+  Ze% 4 Z 7%
+  Zyet 4 Z_3e‘3’¢}

4 s Z 4 _,-¢_
,/271e +4 7€

L2 oig Z 3 _2/¢>_
i\ 7.\ e

L io | |48 g3

Z Zs a

Z+: sum of all particles with stranaeness 1. e.a. K+

1 2

= — do exp {\/212_1
0

2m

+ \/ZLoZ o

+ Z3Z 3

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Exact Strangeness Conservation.

Use
exp i X t+1 = i Im(Xx)t™
P12 t)f = 2"
to obtain
7 1 / 2T i 2ing-+ipo
27'(' 0
ST b(xt) Y h(x) D In(xs)
p=—00 n=—o0 m=—o0
yrysyg
where

Z.
Yi=1]5— Xi =2/ ZiZ_; e
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Exact Strangeness Conservation.

Z = > > lmeaalx) y2mEn

m=—00 N=—00

In(%2) ¥2 Im(x3) y3"

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions ~ Rapidity Distributi

Exact Strangeness Conservation.

1 2T

_ ip —i¢
Z = o7 o d¢exp{Z1e +Z 4€ }

1 27rd¢5exp Vi Z ie"¢+ 21 i
Y A 1z Z

Z;: sum of all particles with strangeness 1, e.g. K
Z_4: sum of all particles with strangeness -1, e.g. A
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions ~ Rapidity Distributi

Exact Strangeness Conservation.

Use
exp{ X t‘~|—1 = i Im(X)t™
P12 t)] = 2"
to obtain ,
1 m >
Z = Z ; elp¢ pzzoo Ip(X1 )y1
where

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Exact Strangeness Conservation.

In more detail, e.g. the multiplicity of K™

I alo(X1 )

Ni+ =
K Z 8/LK+

Hg+=0
Use

9 (z) = h(2)

dz 0V T
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions ~ Rapidity Distributi

Exact Strangeness Conservation.

T 0
= I
Z O o(x1)

T aX1
= L) 2
lo(x1) il 1)3MK+

( )azw/z1z_1
L NV

X
lo(x1) Op+

_ hx) éNo
h(x)\ Z K

where N,O(+ refers to the "unmodified" kaon multiplicity.

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Exact Strangeness Conservation.
In the small volume limit this becomes

lim lp(z) =1
z—0

e lim I(z) = 2
z—0 ! - 2
; _ 0
\l/lino = NirZos
lim = N2.Z 4

N (M A ]

i.e., the particle multiplicity is
« proportional to V2, and not V.
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions ~ Rapidity Distributi

Exact Strangeness Conservation.
In the small volume limit this becomes

lim lp(z) =1
z—0

and

V4

lim (2) = =

z'LT101(Z) 5
im = NO.Z
\l/ILno KT
im = N2.Z 4

N (M AR ]

i.e., the particle multiplicity is
e proportional to V2, and not V.
« proportional to exp(—2myg/T) or to exp(—(mk + mp)/T)
and not simply exp(—mg/T), i.e. there is additional E
suppression of strange particles.

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Exact Strangeness Conservation

= 103 MeV B/V = 0.050 fm 2
= 700 MeV B/V = 0.040 fm > |
T = 96 MeV B/V = 0.024 fm >
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Transverse Momentum in the Thermal Model

dN; g _ B i
E’dTp_WVE’eXp( T+T
aN; 9i T cosh i
— Vi h coshy+
dy mrdmy ~ (2x)? mrcoshy e™ 7 7
aN; g

5 Vmr K <ﬁ> e#

demT 27 T

For large values of mr :

dN; g 3/2 mr\ [ Tm _w
o B o)l

SCALING in mt \

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Rapidity Distribution in the Thermal Model

dN; gi

dy mrdm - (2 )2 Vmrcoshy e—m—TT cosh y+4i
T T T

dN,' gi vV 278 2mT? > Hi
— = +mT| eT
dy 272 |cosh?y  coshy

m

- 7_c:oshy

Narrow Distribution in Rapidity | Approximately Gaussian
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Hydrodynamic Flow Excluded Jolume Corrections Canonical Corrections Transverse Momentum Distribufions  Rapidity Distributi
O025F . .. . . -
Rapldﬁy Distribution in the Thermal Mogel
02 =
3
> 0.5 -
ol
K
0.1 =
0051 -
I p
0 L | L | L | L A L I L I I
-0 -8 6 4 2 0 2 4 6 8 10
y

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Superposition of Fireballs.

dN; 4 dN?
d—y’ = /_YdYFB p(YrB) dyl (v — YrB)
where
0 , 3 2 ,.
aN? g,\g 22T Looemr? ]
dy 272 | cosh®(y — Yes) cosh(y — Yeg)

*% cosh(y — Yrs)
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions ~ Rapidity Distributi

1.5 —

dN/dy

Rapidity

Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions  Rapidity Distributi

Superposition of Fireballs.

o Y dn?

n; =/ O'Y/ dYes p( YFB)d—'(y — YFB)
oo _y y
Y © dn?

nj :/ dYrs p( YFB)/ dy- (v = Yrs)
-Y —00 y

1 miN wo [
=gV 2—7@7_”7/2/(2 (%) et /Y dYes p(Yes)

Equivalent to changing the volume V.
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Hydrodynamic Flow Excluded Volume Corrections Canonical Corrections Transverse Momentum Distributions ~ Rapidity Distributi

Superposition of Fireballs.

/Ood/YdY (Y )d_nf-’( — YEB)
n ) y . FB Pl YFB dyy FB

nj [ 4 dn?
/ d}// dYes p( YFB)d—(y — YrB)
oo _y y

no_ n 1Y, dYes p(YeB)
n; ' [Y, dYes p(Yrs)

ni ) m Ky (mi/T)

n; B an B FIZKQ (mj/T)
Effects Cancel Out in Ratios.

e(ﬂi_/"j)/T
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