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Hydrodynamic Flow.

Cooper-Frye formula

From

N = [ j*do, and j* = [ d®pEf(r, p, 1)

obtain

dN L
Edsl):/pldg'u f(l’,p,t)




Hydrodynamic Flow

The number of particles of type i is determined by:

N _ g oo (P U
Edp =~ @y / doup eXp( T T

Integrating this over all momenta
9 @ 1 PP
N,(2F)3/dau/ Ep exp T +T

N; = /dauul‘n/(T,u)

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

or

Particle Yield:

N; = n,-(T, ,u,)deHU”
i.e. integrated (47) multiplicities are the same as for a single fireball at
rest (apart from the volume).
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Full Hydrodynamic Flow

Bjorken scaling + Transverse expansion after integration over

mr
(99) ~9 [ rarsty
dy y:O m o
or . m;
{cosh(yr) — (6:) smh(yﬂ} m? TK> (7’)
_dNi/dy N
Consequence : N, /dy ~ N/Q

Effects of hydrodynamic flow cancel out in ratio.



The Horn in the KT /7 Ratio

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 () = 3/2(7" + n~), 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”.
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The Elephant in the Room
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The Horn in the KT /7 Ratio

Strangeness in Heavy lon Collisions
VS

Use the Wroblewski factor

N = 2 (ss)
° " (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.
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—— Freeze-out Curve
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The Horn in the KT /7 Ratio

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

VS (GeV) Value

A/ (m) 5.1 0.052
= /rt 10.2 0.011
K+ /at 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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Excluded Volume Corrections.

z exp { 5“*}
oo N
Z VN T [/ d°p e—?]
3
o N! (27)
with excluded volume corrections

~Im

/ gi’;)s - }Ne(v—voN)
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Excluded Volume Corrections.

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

0o 0 VN dSp £ N
— —PV/T uN/T _E
Zy = /0 dv e NE_O NI e [/ (Qﬂ)se T]

Z, — Z/ av e PV/IT
N=0"0

(V- VON)NeyN/T
NI

[/ (erfs ¢

introduce x = V — VN. @

]Ne(v—voN)

~im
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Excluded Volume Corrections.

Z, = Z/ dx e PX/T
N=0"0

N
Le—onN/TeuN/T
NI

]

anew variable i = u — PVj
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Excluded Volume Corrections.

Zy — Z/ dx e PX/T
N=0"0

N
XN Ny / PP o
N! (2m)3

which is the original partition function with the replacement
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Excluded Volume Corrections.

The particle number density now becomes:

T O
n = Va—MInZ
~ Topo
_ Om
= aMn

= [1—=VWon]ng

Mo

R

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

(1991).



Canonical Corrections

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
Ny ~ exp *ZMK/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 The Horninthe K™ /7™ Ratio Excluded Volume Corrections Canonical Corrections Transverse Momentum

Exact Strangeness Conservation.

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

> m(§=1) +2Zn,8 2+3an

i

> +2Zn, -2) +3th(sz—3)
k

i

and rewrite it as
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Exact Strangeness Conservation.

2

Z= L do exp {21 e’ + Z 4 e~ '?
o 0

+  Ze*0 4+ 7 7%
+  Zge¥ 4 Z,3e‘3"¢}

oo
i)

7. euum of all narticlee with etranaenece 1 ea K+

27

T e {m
27T0

+ ZgZ 2
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Exact Strangeness Conservation.

Use
expd X H—1 = i Im(x)t"
P12 t)f = 2"
to obtain
7 — l / an eSim¢+2in¢+ip¢
271' 0
Z Io(x1) Z In(x2) Z Im(X3)
p=—0o0 n=—oo m=—oo
yryays
where

Z.
yi= i X =2/ZZ_ "

i



Hydrodynamic Flow The Horn inthe K™ /7 * Ratio Excluded Volume Corrections Canonical Corrections Transverse Momentum

Exact Strangeness Conservation.

Z = > > bmyen(xt) y 3

m=—o00 N=—00

In(x2) ¥2 Im(x3) y3'
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Exact Strangeness Conservation.

1 27 ) )
Z = — doexp {21 e’ + Z_ 4 6_1¢}

or 0

Z;: sum of all particles with strangeness 1, e.g. K
Z_4: sum of all particles with strangeness -1, e.g. A

27
= l d¢exp{\/Z1Z_1
271' 0
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Exact Strangeness Conservation.

Use
exp | X t+1 = i Im(X)t™
P12 t)f = 2
to obtain
1 (o)
Z= o A elP? pzz_oo /p(X1 )y1
where
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Exact Strangeness Conservation.

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

_ T Oh(x1)

N+ =
K Z 8MK+

Hg+=0

Use
d

E’o(z) = h(2)
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Exact Strangeness Conservation.

T 0
Ng+ = ?8/JK+/O(X1)
T 0Xq
= I (x
6D 1( 1)3MK+
T 02/Z7

= h(x
Io(X1) 1( 1) 8MK+

_ I1(X1) éNO
b(x)\ zz K

where N,O(+ refers to the "unmodified" kaon multiplicity.
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Exact Strangeness Conservation.
In the small volume limit this becomes

Im () =

and

z
lim 4 (2) = =
z[no 1(2) 2
lim = N
VITO Nic+ 2
lim = N2.Z

N (M AR ]

i.e., the particle multiplicity is
« proportional to V2, and not V.



Canonical Corrections

Exact Strangeness Conservation.
In the small volume limit this becomes

Im () =

and 5
Jim h(2) =3
; _ 0
\I/ITO = N2
lim = N2.Z

N (M AR ]

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

K'/n" Ratio
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in the Thermal Model

Hydrodynamic Flow The Horn in the K

Transverse Momentum

aN; g , Ei | pi
iBp ~ (2r)e VEIOXP <_T T
dy :'I;/&mT - (2?:)2 Vmr coshy o= 7 coshy+
aN; g mr\ _n
mrdmy — 272 Vimr Ki (?) e’

For large values of mr :

aNi g\, 32 mr '
dmy ~2a2Vmi o0 (7 )y 5o

SCALING in mr |
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Rapidity Distribution in the Thermal Model
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Superposition of Fireballs.

dN; 4 dN?
diyl = /YdYFB p(Yrs) dyl (Y — Yrs)

where
NO . 3 2 ;
dy 22 | cosh?(y — Ypg) cosh(y — Ys)
m
o T cosh(y — Yrg)
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Superposition of Fireballs.

an?
n,-:/ dy/ dYes p(YrB)— - dy ~(y — Yrs)

% dn?
n; =/ dYrs P(YFB)/ dy-g, (v = Yrs)
-Y —00 .y

1 B Y
n =g V22TmK2(T 7 /_YdYFBp(Y,:B)

Equivalent to changing the volume V.
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Superposition of Fireballs.

/ood/de (Y )d—n’o( — YrB)
n; . y oy FB Pl YFB dy y FB

0

nj o0 4 anf
/ d}’/ dYrs p(Yre)— (v = Yre)
—o0 -Y y

no_ o Iy dYes p(Yes)
nj m 1Y, dYes p(Yes)
n_ MR (mifT) iy

oY m ke (my/T)

Effects Cancel Out in Ratios.
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Hydrodynamic Flow The Horn in the K

The cartoon
shown by
Weisskopfat
the
conclusion of
the 1962
ICHED in

Geneva is stll

timely

" This could be the discovery of the century. Depending, of course, on how far down it goes. *

Drawing by O'Brian  (C) 1958 The New Yorker Magazine, Inc.
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