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/ ENERGY 7 STAIR” I \
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PHASE DIAGRAM '
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/ (GENERAL REMARKS I

Cross section
o~ /dV” < flAuli > |2 5(E; — Ey)

f,i— AR, pi,... A, —gi,...
limiting cases:
e clastic, inelastic scattering p+A—p + A
h -
A= ) > 1 W(x) ~exp(tkz) + A(q) exp(ekr)/r

with the Glauber-Sitenko amplitude
1 —

A@) = 5 | 4 exp(agh) T(b)

@) = [ K=Y w7

| < f|Anli > |* ~ const
o~ V™| < fli >

e Pure state — particle ensemble — statistical

consideration

e Adiabatic switching on the interaction 7 — time

evolution

N-body Liouville equation (time reversible !)

d,ON 0 1
_— = — —_— H —

Qo solve it, justified approximations are needed

e participant-spectator model (Fermi) phase space

_/
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LENGTH SCALES '

V() 8

d - attractive NN force range

A = Uip - (nucleon) mean free path
po~0.16 fm=3 o ~40 mb — A~ 1.5 fm

L - "macroscopic” length, 2-8 fm

units A L d/A | Kn=A/L

d

air (1078 cm ) 1 10° 10% | 1073 1073
1
1

liquid (1078 cm ) 2-10 10% | 0.1-0.5 1077
nuclei ( 0.4/1.2 fm) 1.5-2 2-8 | 0.2-0.6 1-0.2

d<AKLL

< kinetics hydrodynamics =

For nuclear case (intermediate energies) : d <A < L

\_ _/
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INTERMEDIATE ENERGIES I

e A-body problem in a classical picture
[Quantum] Molecular Dynamics

Ti zégﬂﬁ:me

: d

0, = —— H(i=1,...A
b oz, 1 )

with H = =32 +> .., Vik

e Fermionic Molecular Dynamics

q=1{p,%,5...}
ZAW qt = —% H
with Ay, = 0o Ol M
QMD limit
Aw =l

\_
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/ BBGKY-HIERARCHY i‘

e Non-relativistic kinetic models

H=T+V = gdaa+Y V(ijij) aalaya;
1 179 J

n-particle density :

pn(ﬂ?l,l‘g,. ZCn) = V”fdxn+1 . ..d:UNp(xl .. .LL‘N)

L Op1(1

ih péi ) [T, p1(1)] + T2y [Viz, p2(1, 2)]
L Opa(1,2
zh% = [(Ty+ T + Vi2), p2(1,2)]

+ TT(3)[(V13 + V23)7/03(17273)]

e Driving Vlasov term (classical limit)

50 .

m 0T

with an effective potential

337 3

\_ _/
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BBGKY-HIERARCHY (CONTINUATION)

e Collision term

P+ po = py + ph, no correlation and retardation effects

27h)0
/ / — — ~ ~
X 0(Ey+Ey,, —E, —E,)p+p2— Py — D)

I gain 1 lost
no exchange, no im-medium effects, ladder approximation for 75

do.el
df?

L d®pad?p! .
C(p,z,t) = /(27r—h)2 S(P'+ pa — P — Ph) V12

{8t+m8m map}f( D, ,t):CQ;:_),t)

BUU = events generators
f < 1 = Boltzmann equation
account for fluctuations = BL equation

0 p(’? pa

Gt et D) = O3+ 00

\_ _/
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L d>pod3pyd3p! , .
C(p,#,t) = / ( 2 | T (pipa; P10%) — To(Pi2; Pap))|?

X [fprQ(l - fp’l)(l - fp’z) - fp’lfpg(l — fp)(1 — fpz)}

X [fpfpz(l - fp’l)(l - fp;) - fp’lfp’g(l - fp)(l - fpz)}
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Lagrangian density for the Walecka 0 — w model

[, - LO ‘l— ['z'nt

/ RELATIVISTIC KINETIC EQUATIONS i‘

_ 1
Lo = Y(i,0" —mn)Y + 5((%0 oMo —mg o)
1 o1
- Z uv F* +§m%/wuw“
Line = gsvbo — gviy'iuw,
equations of motion
(0,0 +m3) o = gsPi
OF kil = gvinty
V(10 + gvw,) — (my —gso)p =0
with F'*Y = gHwY — OYwt
in the mean-field approximation
op = —5 < Wb >= 2 Ps
S S
wy = 5 <Py >= 2 PB
mv my,

[pu oH —

v 2] f(p,x) = Crl(p, )

with myp” = gvp, F* + my (0Vmy)
and quasiparticle parameters

my = mpy — gs 0o

Pu — Pu — gv Wy
RBUU = events generators

\_

_/
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STEP TO HIGHER ENERGIES '

Relativistic Boltzmann equation (¢, 0,w = 0; f < 1)

(pu0") f(p,a) = C™(ff)

e multiple particle production

do.el do.h1+h2—>h—|—X
=
d§2 dp?3

= coupled set of equations for {h}

e finite formation time 6(¢t — 77v), 7 ~ 1 fm;
memory (retarded) effect

e new degrees of freedom (QCD) : quark/gluons
(Nambu-Jona-Lasinio), strings, formation of color rope

solution = Monte Carlo Methods:
event generators = UrQMD, QGSM, HSM . ..

\_ _/
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BAsic KINETIC IDEA '

HIC = subsequent collisions

between quasiparticles
(Boltzmann-like equations)

Physics : What is a quasiparticle ?

non-relativistic

(p—h)
o - dp = | . o
ot dt
iy L dp. N+ V(r)
fr a _VxEV(TJE) free N
relativistic — QHD
(pp0" +m*p,0") f(p,x) = Crel(ff) hadrons + 1
m*p, = gvp, F* + m*(0Fm™)+field egs. (Walecka — like)
Bolt . y _ el resonances
oltzmann + (9, @) f(p. x) = O ([ f) e
color rope
non-abelian fields (color) — QCD
p,x=p,x, 9 quarks/gluons

flow term “+source term

extreme case: free rescattering of quarks and

Qluons /

Int

. Student School July 2004 V.Toneev

11 of 41



"FROZEN” HYDRODYNAMICS '

Participant-spectator picture

. PARTICIPANTS "~

/®Binc "'X/":ix/‘
TARGET
SPECTATORS

\_

PROJECTILE
SPECTATORS

/

“Q/Binc
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// NUCLEAR HYDRODYNAMICS \i

e Non-relativistic case

AL <1
p 1
<[#]>= / ép| pmn | @7
€ p?/2mn

Boltzmann equation + local equilibrium hypothesis

U = u-+c
u = <Uv>, <c>=0
p < cicp, > = P 5ik+Hik , p< C2Ck; >= Qk

HYDRO = codes

% — 0 up = 0
875 8$kp BT
dpu; 0 0 0
_ . — (211, - P
ot 8xkpuﬂM’ {8xk * B J
Oe 0 0 0 0
b — I T — Pu. —
ot Orp Uk {8ask Higui ox; Uk O0xL Qr}

for perfect gas {...} = 0

p,u, €, T = hydro eq.+ | EOS

Re ~ 102 — 103

inertial M
Re = ~ ~ 4 —10
©= Viscous ~ A /L

13 of 41

Qith M =wv/cs and ¢s = /OP/0p|s = 0.2 /
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#® Conservation laws (Gauss theorem) = Fluid dynamics

0, J* = 0 net charge 4

0, T"" = 0 energy momentum |10

& Tensor decomposition of J* and TH” with respect to u*

woo_ ol 0
JI = nut +

T = e ulu” — PAPY + ¢*u” + ¢"u" + 77 + ...

with A*Y = gl —utu” and vy = ALJY

e Perfect hydro in local thermodynamical equilibrium

J' = nut + EoS
T = e ulu” — PAM
. won o [ dp -
with J(x) = p—O p" [fi(z,p) — fi(x,p)]
v d3p v r
™ (z) = rd p"p” [f(x,p) + f(z,p)]
where  [i(e,p) = o3 slexp (wp () — (@) /T(@)) £ 1]

e First order dissipative corrections (viscosity, heat capacity)
= acasuality

e Second order corrections = + 14 Grad equations
Spatial-temporal variation of the macro fields have to be small

& Many fluid dynamics
M

flap) =3 f@.p)

A single fluid may consist of several particle species. Different

/ MOTIVATIONS (WHY 3-FLUIDS 7) \

Quids may be of the same particle species. /

Int. Student School July 2004 V.Toneev
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FroMm KINETICS TO MULTI-FLUIDS I \

target projectile

distribution function

momentum along beam

e Distribution functions are separated in momentum space
= can be associated with different fluids

e Leading particles carry baryon charge
= 2 baryon-rich fluids: projectile-like and target-like

e Produced particles populate mid-rapidity region
= fireball fluid

e Intra-fluid equilibration is faster than inter-fluid stopping
= local equilibrium in each fluid

Pty = Cplfp, fp) + Cp(fps [t) + Cp(fps fr)

puOife = Ci(fe, fr) + Celfp, fr) + Cie(ft, fr)

pulyfr = Ci(f, 1)+ Crfp, ft) + Cp(fp, fr) + Cp(fe, ff)
(', = collision integral (having lost and gain terms)

Cy(fp, f»), etc. = intra-fluid collision terms = 0 = f(cauilit)
Cp/t(fps ft) = projectile-target friction/emission into fireball

Cp/t(fp/t, ff) and Cf(fp/t, ff) = friction
C¢(fp, ft) = particle production in mid-rapidity (fireball) region

\_ _/
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DERIVATION OF MULTI-FLUID EQUATIONS I

Baryon number conservation:

> /—Opuﬁ fo = OuJt=0

“baryons’’
D / o Pudafe = OuJi =0
“baryons’’
d3p
iz _ N
> [ = gp =0
“baryons’’

Energy—momentum exchange

d3p . .

Z / pupuOi fp = 0,T)" = Friction + Emission
SpeCZ€S

Z / 5 pupuOift = 0,I}" = Friction + Emission
SpeCZ@S

Z / pupuOi fr = 0,Tf" = Friction + Production

- pY

specles

with using "sum rules” for hadron-hadron ab — cX collisions

Z bj /dgab—>cX — (ba + bb) Oab

jec

Z/daab—mXpi — (pa +pb)z Tab
c

\_ _/
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A
fireball-fluid

overlaped fluids

A/ / ~a
Finally: v
TARGET-LIKE FLUID:
) T
Baryon conservation Energy-momentum
Lead. particles carry b-charge exchange /emission

PROJECTILE-LIKE FLUID:
w o uv __ v v
o Jf =0, 013" =—Fy, + Ff,

FIREBALL FLUID:

mo 1P )Y v v v
Je =0, aqu _Fpt + Ftp_ fo T ft
) ) )
Baryon-free fluid Source term Exchange

The source term is delayed due to a formation time 7 ~ 1 fm/c

TOTAL ENERGY-MOMENTUM CONSERVATION:
pv pry
3M(T;5W+Tt —i—Tf )=0

\_ _/
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3-FLUID HYDRODYNAMICS WITH DELAYED
FORMATION OF FIREBALL

FOR BARYON-RICH FLUIDS (o =P AND T):
B g
JE = uing

TH = (eq + Po) ull up — g"" P,

Nno = proper baryon density
£, = proper energy density
P, = pressure

U, = hydro 4-velocity

FOR FIREBALL FLUID, only thermalized part is of hydrodynamic
form: n, = 0 baryon-free fluid

T}eQ),UJV — (Ef _|_ Pf) ul; u; . g,uypf

Its evolution is defined by a retarded source term

0T M (@) = [ &5 (o~ of — Uple')r) [Fya') + Fi(a')
Fp(z) — Fr(x)

where 7 = formation time, and

(') + Fl ()

B [ Fpt (') + Fip(a')]
is a free-streaming 4-velocity of the produced fireball matter.

Up ()

The residual, free-streaming part of fireball matter

(fs)pv _ ppv (eq)pv
Tf = Tf — Tf

Kis not formed and hence not thermalized. /

Int. Student School July 2004 V.Toneev
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FRICTION I \

PROJECTIVE-TARGET FRICTION:
Fty = ppe [(u — uf) Dp + (uf +u) D]

i i

heating fireball production

EoS depend.
enh. 5}% (Spt)

pPo = scalar density of « fluid
_ pt
DP/E —mnN Vrel OP/E(SPt)7
mpy = nucleon mass
o 1 5 N2 : :
Spt = M7y (u + ut) = mean invariant energy squared
VP = [spi(spe — 4m%,)]'/2/2m2, = mean relative velocity

op/E(Spt) = proton-proton cross sections integrated with certain
weights (L.M. Satarov, Sov. J. Nucl. Phys. 52, 264 (1990))

Pt

rel

< thermal or Fermi velocity = Unification of p and t fluids

PROJECTIVE(TARGET)-FIREBALL FRICTION:

Absorption of a fireball matter by baryon-rich fluids (estimated
by pion-nucleon resonance cross sections)

T(GQ)
Ffp Dfp—Pp
Uy
where
Vel Oi\éf—)R(Sfp)'

VI = [(syp —m% — m2> — 4m3m2)Y? /(2mym,)

Kfp (Mmruy + mNup)2 /

Int. Student School July 2004 V.Toneev
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FREEZE-OUT '

e Criterion:
Local proper enerqy density of matter
N— \ J/ N ~ V]
(at x position) (in local rest frame) (summed over all fluids)

is less than £ 7).~
Other criteria are available but not used.

e Shock-like freeze-out:
Thydro and fipydro are mapped to Ty,s and fi44s proceeding
from baryon, energy and momentum conservations.

Energy accumulated in “mean fields” is released.

e Freeze-out a la Milekhin
dN
E% — /fgas (.T,p)p’uddu, dau = Uy (dgx)proper

Uy :hydl’O 4—ve|ocity proper = in the frame, where u, = (1,0,0,0)

o In “space-like regions” it is very similar to Cooper-Frye

o In “time-like regions” there is no problem with energy
conservation, because P = 0 on the system boundary

o In fact, there is no “time-like freeze-out” in the code. Only
tiny fireballs are frozen out.

o Therefore, there is no problem with Cooper-Frye's negative
contributions into particle numbers

o Baryon number, energy and momentum are exactly conserved!

o Problem of shadowing still persists

o Further study of Freeze-out is needed!

_/
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HADRONIC EOS (GASEOS)

Energy density:

e(nB,T) = €ga3(nB,T) —+ W(?’LB)
N ~~ d N——
gas of free hadrons mean field

Pressure:
dW
P(nB,T): Pgas(nB,T) —|—TLBM—W
N ~ / \ dnB .
gas of free hadrons mean field

o = [(32) < (22)

W (np) saturates the cold nuclear matter at ng = 0.15 fm—3
and e(ng, T =0)/ng — my = 16 MeV, and provides
incompressibility of nuclear matter K = 235 MeV.

To preserve causality at high np
2 -1
n n
e(ng, T =0) =nomxy [A(—) +C’—|—B(—) ], ng > ne. ~ 6ng

Parameters are determined on the condition that e(ng,T = 0) and its two

first derivatives are continues at n..

21 of 41
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X[fm] Baryon

GLOBAL DYNAMICS

density, Pb+Pb (158 AGeV), b=3fm

17 AT T T T
14.

1.

8

6

NCO O W

3

Time= 0.38 fm/c 228

0

‘ \ L e e e L L S B
Time= 3.08 fm/c
20.0
171
14.3
11.5

’

171
14.

11

Woom
NO W O W

Tre = S fm/c

i

Time= 4.6W fm/c

~FNON [0O=-n
1= 0N O

17.1
14.

1.

W oo o
N OO D U W

T\me*‘ T 54 fm/c

/

171
14.

11

Woom
NSO W O W

T\me—‘ 2 WW fm/c

¢

17.1
14.

1.

woo
N O D U W

T\me—‘ 2 69 fm/c

F

Time= 7. 69 fm/c

”

4.9 6.5 8.1 4 1.7 3.3 4.9 6.5 8.1 9.7 11.4
Z[fm]
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X[fm] Baryon density, Au+Au (10.5 AGeV), b=3fm
108E Time=1.16 fm/c 7‘.9E§ Time= 9.29 fm/c
14.0 & 69 + E
11.3F 59 + -
E 50 + ]
ser 4.0t E
s.2f 0.5 ]
16.8 St ]
a T\me— 5 48 fm/c 7.9E’ Time="11.03 fm/c E
14.0F 6.9 E
11.3F 5.9 4 -
g 5.0 ]
86F 4.0 T E
s2F 0.5 5
16.8 — 1 SO ]
e Time— 464 fm/c 7.9E Time=2.77 fm/c i
140F 6.9 E
11.3F 59 + e
E 50 + ]
ser 4.0t E
s2f 0.5 ]
16.8 — | — SR ——
“F Time='6.38 fm/c 7.9E Time=13.95 fm/c ]
14.0 5.9 E
11.3F 59 & E
F 5.0 + ]
86F 4.0 E
16.8 ‘ — ‘ ]
Tr T\me— 8 W2 fm/c T\mefﬁ5 67 fm/c
14.0 =
11.3F 59 + -
E 50 ¢ ]
ser 4.0t E
59k 3.2 E E
£ 1. r 1
320 0.5 * ’
C | ) ) ) ) q.‘]‘ I ]
3.3 6.4 9.6 12.7 12.7
Z[fm]
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GLOBAL DYNAMICS

X[fm] Baryonrich fluid energy density, Pb+Pb (158 AGev), b=3fm

Al aanaic ey e TR BRRE
14.3 I =
r 14.0 F E
11.5EF 12.0_+ E
F 10.0 + ]
8-8F gl =
6.0F 6.1t e
£ .0 r ]
32t '5E :
177 - AL SR F———— —— | | g
L T\me— W5 fm/c 16.0 T Time= 461 fm/c 1
14.3 T =
g 140 I ]
11.5F 12.0__ T E
F 10.0, + E
8.8 8.1 E
6.0F ©. 1t E
L 2.0 ]
3.2? 0.5 7;
177 f : | }O:'WJ + o f
T T\me* W 54 fm/c 16.0 = Time= fm/c 1
14.3 T =
F 14.0 T 1
11.5F 12.0__ T+ E
F 10.0, + E
3 51 ;
6.0 F A E
£ .0 ]
3V2;7 -SE 7;
171 = 1 }O:’W: ———— ——— | 1
T T\me— 2 WW fm/c 16.0 = T\'me— 6 75 fm/c ]
1435 = 3
g 14.0 1 ]
11.5F 12.0__ T E
F 10.0, + ]
88F 8.1 E
6.0F 6.1 -
[ 2.0 ]
3.2? 0.5 7;
F ‘ 0.1, — T ]

r f i T ; 1
17'1; T\me— 269 fm/c 160 = T\me* 769 fm/c 1
14.3F ’ T E
E 14.0 ¥ ]
11.5F 12.0__ T E
F 10.0, + E
3 51 ;
6.0 F 1 E
£ .0 1
3.2F .5 ’
E L 0.1 ]

1.7 3.3 4.9 6.5 9.7 11.4 1.7 3.3 4.9 6.5 8.1 9.7 11.4
Z[fm]
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GLOBAL DYNAMICS

X[fm] Boryonrich fluid energy density, Au+Au (10.5 AGeV), b=3fm
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EVOLUTION OF THERMODYNAMIC (QUANTITIES I

<ng>/ny

10 |

(0 0)
' I

Pb+Pb (central)

— = Eg=10.5 GeV, b=2.fm
— E4=30 GeV, b=2.5fm
= =E,=80 GeV, b=2.6fm
= E,=158 GeV, b=2.2fm

Pb+Pb (central)

=~ Ey=10.5 GeV, b=2.fm
— E,=30 GeV, b=2.5fm
= “E,=80 GeV, b=2.5fm
= E,=108 GeV, b=2.2fm

/A | 6 | 8
t [fm/c]
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PROTON RAPIDITY DISTRIBUTIONS

EXPERIMENTAL DATA & OTHER MODELS

70
60
50
40
30
20

10

oN/dy

80  AU+AUL(O. B AGeV)

o e 3F-hydro,b=2.5

3F —hydro,b=2fm

—_— HSD, B©5%*

UrQMD, 5%
EQ17, 5%
ESVY, 4%
Eg02, 3%

-1.5

-1.0 -0.5 0.0 0.5

Y

40 -

35 -

30 |

25 -

N/dy

20

15

10

3F —hydro,b=2.2fm

= = 3F -hydro,b=2.5fm
—_— HSD, ©%

cUraMmb, Bb%

NA4L3S-1, B%

NA4LS -2, ©5%

3-Fluids: gasEoS

\_

-1

0 1
Y

NA49 (prot.): Phys. Rev. C69 (2004) 024902
NA49-1: Phys. Rev. Lett. 82 (1999) 2471
NA49-2(preiminary): Nucl. Phys. A661 (1999) 362c
Models: H. Weber, E.L. Bratkovskaya, W. Cassing and H. Stocker,
Phys. Rev. C67 (2003) 014904

E802: Phys. Rev. C60 (1999) 064901
E877: Phys. Rev. C62 (2000) 024901
E917: Phys. Rev. Lett. 86 (2001) 1970

b = 2 fm for Au+Au(10 AGeV) and b = 2.2 fm for Pb+Pb(158 AGeV)

are experimental estimates.
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40

dN/dy

20

80

60

40

dN/dy

20

80

60

40

dN/dy

20

\_

SIS&AGS DATA

80 -

60

Au+Au

(1.06 AGeV)

| = 3F-hydro prot
= *3F-hydro,deut

® FOPIprot
|| ® FOPI,deut

dN/dy

dN/dy

= 3F-hydro,b=2fm
® £3895, 5%

AGeV

dN/dy

— 3F-hydro,b=2fm
® [£895, 5%

3-Fluids: gasEoS

50

PROTON RAPIDITY DISTRIBUTIONS

FOPI: N.Herrmann,Nucl.Phys. A610 (1996) 49c [Au(1.06 GeV /nucl.)+Au]
E895: Phys. Rev. C68 (2003) 054905 [Au(2 and 4 GeV /nucl.)+Au]
E917: Phys. Rev. Lett. 86 (2001) 1970 [Au(6, 8 and 10.5 GeV /nucl.)+Au]
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Pb + Pb

3-Fluids: gasEoS

dN/dy

dN/dy

dN/dy

40

20

40

20

SPS DATA

(p — p) RAPIDITY DISTRIBUTIONS

= 3F-hydro,b=2.5fm
A NAL4LY prot, 7%
— HSD, 7%
= = UrQMD, 7%

= 3F-hydro,b=2.5fm
A NAL4LY prot, 7%
— HSD, 7%
= = UrQMD, 7%

= 3F-hydro,b=2.2fm
—— HSD, 5%

= = UrQMD, 5%

A NAL9Yprot, 5%

B NA49-1, B%

® NALY-2, 5%

0
Y

b = 2.2 fm for 158 AGeV, and b = 2.5 fm for 40 and 80 AGeV

are experimental estimates.

NA49 (prot.): Phys. Rev. C69 (2004) 024902
NA49-1: Phys. Rev. Lett. 82 (1999) 2471
NA49-2(preiminary): Nucl. Phys. A661 (1999) 362c
Models: H. Weber, E.L. Bratkovskaya, W. Cassing and H. Stocker,

KPhys. Rev. C67 (2003) 014904
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(1/2nmy;) d?N/dm; dy

\_

102
109

10+

b=2fm

100k

10

=]
&

109
107 |

109

10-9 ; 1 1 1 1

10! [ ¢ AutAu

8 AG
y=0

0.1

eV)

00 02 04 06 08
M=

3-Fluids: gasEoS

10 12 14

AGS DATA: PROTON pr SPECTRA I

AutAu (8 AGeV)
102 Y=Yem

10'F

—_—
(=]
=]

(1/27nmy) d2N/dmy dy

103

(:

10-5 P RS
01 02 0.
mT_m

E917: Phys. Rev. Lett. 86 (2001) 1970 [Au(6, 8 and 10.5 GeV /nucl.)+Au]

3 04 05 06 07
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SPS DATA: PROTON pr SPECTRA I

_ Pb+Pb (central) ]
101k E=158 AGeV B NA4Y, p-anti p, 5% |3
O NALY, prot, b%
> ® NALY, prot, 7%
L=
E 100 3
-o -
N
Z
N L
O
—_ 10-1 3 E
— S
E L
(=4
N
2 1072 E
107 E
0.0 0.b 1.0 1.6
m]‘_mo
Pb + Pb

3-Fluids: gasEoS

b = 2.2 fm for 158 AGeV, and b = 2.5 fm for 40 and 80 AGeV
are experimental estimates.

NA49: Phys. Rev. Lett. 82 (1999) 2471
NA49: Nucl. Phys. A715 (2003) 166¢
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SPS/AGS DatA: NUCLEON v /p, FLOW I
_ [ p Py AN 3 dN
pPT a°p p
Pb+Pb (40 AGeV) Pb+Pb (158 AGeV)
020 F — /¢ I I I 7 020 F — /¢ I I I 7
| -- b=5.6fm o= [ -- b=5.6fm |
015 @ (ct);central A ] 015  m (3);mid-central 7
A (st);mid-central / A (st);mid-central PN
0.10 B (3);mid-central /l ++ 7 0.10 ® (3);central T
0.05 2* - 0.05 | u
= 0.00} 1 = 0.00r 7
-0.05 [ - -0.05 | u
-0.10 B -0.10 | -1
-0.16 | B -0.15 | |
-0.20 | | | | | | | B -0.20 [ ) ) ) ) ) ) ) -
-3 -2 -1 (o] 1 2 3 -3 -2 -1 0 1 2 3
Y Y
b = 3.7 fm for central coll., and b = 7 fm for midcentral coll.
are experimental estimates.
(st): standard method; (3): 3-particle correlation method
NA49: Phys. Rev. Lett. 80 (1998) 4136
NA49: Phys. Rev. C68 (2003) 034903
: : : : 2 3
200 - T T T ’I T - d dN d
[ AutAu (10 AGeV) 4 h <pm>(y) — f prw( / p)
) J p{dN]dp)
100
S sl E877: Phys. Rev. C56 (1997) 3254
= I
z
M =50
v X —— 3F-hydro 4 fm
-100 -
N = = 3F-hydro,6fm
-150 ® 377 jprotons 4
r N A 377 nucleons
-200 L 1 N |- N 1 N 1 n 1 .
-2 -1 0 1 2
Yy
3-Fluids: gasEoS is too hard
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AGS&SPS DATa

Au+tAu (4 AGeV)

= 3F-hydro,b=2fm

dN/dy

60 - ® £895, i+, 5%
B £895, n-, 5%
——HSD, n+ 5%
= = UrQMD, =+, 5%
>
T 40|
N
= -
=) -’ N
4 ~
rd N
4
20 / L)
/ L)
7 L)
4 ;\
ld N
// N
A
ri 1 Il n Il
T T Ll T Ll
r = 3F-hydro,b=2fm
E,=6 AGeV ® E£895, n+, 5%
B £895, n-, 5%
60 |

——HSD, n+ 5%
= = UQMD, n+, 5%

Eo=8 AGeV
60

dN/dy

20
® E£395,

B E£g95,

= = UrGMD

= 3F-hydro,b=2fm

——HSD, n+ 7%

T+, 5%
n-, 9%

, e, 7%

-1 0 1
Y

3-Fluids: gasEoS is too hard

KPhys. Rev. C67 (2003) 014904

PioN RAPIDITY DISTRIBUTIONS

| Pb+Pb (40 AGeV)
200

150 |

dN/dy

= 3F-hydro,b=2.5fm
® NALY, n-, 7% M
B NALY, n+, 7%
A NALY, n-, 7%
——HSD, n-, 7%
= = UrQMD, n-, 7% 4

200 -

dN/dy

200 - ’

150
>
el
~
5 100t
= 3F-hydro ,b=2.2fm
® NALY, n-, 5%
50 F W NALY, n+, 5%

A NALY, n-, 5%
——HSD, =n-, 5%
= = UrGMD, =n-, 5%

0
y

NA49: Phys. Rev. C66 (2002) 054902
E895: Phys. Rev. C68 (2003) 054905
Models: H. Weber, E.L. Bratkovskaya, W. Cassing and H. Stocker,

b = 2.0 fm for 4, 6 and 8 AGeV, b = 2.2 fm for 158 AGeV, and b = 2.5 fm
for 40 and 80 AGeV, are experimental estimates.
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AGS DATA
PioN RAPIDITY DISTRIBUTIONS

100 F === 3F-hydro,b=2.2
Au+Au (10.b AGeV) |= =3F-hydrop=2.0

i B E866, 1o, 7%

® £366, 1+, 7%

80 A E877, a-, 4%

i —HSD, n+ b%

- = UrQMD, 7+, 5%

dN/dy

3-Fluids: gasEoS is too hard

b = 2.0 fm for 7%oc and b = 1.5 fm for 4%o are experimental estimates.

E895: Phys. Rev. C68 (2003) 054905

E877: Phys. Rev. C62 (2000) 024901

Models: H. Weber, E.L. Bratkovskaya, W. Cassing and H. Stocker,
Phys. Rev. C67 (2003) 014904
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SPS Data: A+ X% RAPIDITY DISTRIBUTIONS
PRELIMINARY

20 i
_Pb+Pb(40 AGeV)
ON

15 | & ¢ e .
- L 4
= t ?
Z 10 — -
e}

5 o= 3F-hydro,b=2.5fm -

® NALY, 7%

20 F E =80 AGeV

== 3F-hydro,b=2.5fm
® NALY, 7%

15 | -
b @ 5

dN/dy

20 F £ =158 AGeV

o= 3F-hydro,b=2.5fm
® NA4S, 10%
15 -

dN/dy

3-Fluids: gasEoS

dashed line = contribution from the fireball fluid

QA49: nucl-ex/0311024 /
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3-Fluids: gasEoS

QA49: nucl-ex/0311024

SPS DATA: A + X0 RAPIDITY DISTRIBUTIONS

PRELIMINARY

Pb+Pb (40 AGeV)

o= 3F-hydro,b=2.5fm
® NALI, 7%

Eo=80 AGeV

e 3F-hydro,b=2.5fm
® NALY, 7%

[ E,=158 AGeV

== 3F-hydro,b=2.5fm
® NALY, 10%

<o}

dashed line = contribution from the fireball fluid
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SPS DATA: p RAPIDITY DISTRIBUTIONS
PRELIMINARY
p=3sN
(A — N + 7 is excluded)
) I ) I ) I ) I ) I ) I ) I ) I ) I )
8 L -
;[ E;=158 AGeV _
6 _ = 3F-hydro,b=2.2fm _-
L | @ NALY, 5%
> [ ]
O
N bt :
Z A
O 3t |
2 L -
1 L -
0
b e e 11
-20-15-10-050.0 05 10 15 20
3-Fluids: gasEoS
dashed line = contribution from the fireball fluid
NA49: Nucl. Phys. A661 (1999) 45c.
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SUMMARY I

e All global observables, considered up to now (!!!), are

reasonably reproduced with a simple hadronic EoS, provided the

friction is enhanced as follows

w
|

This enhancement repro-
duces the observable Stop-
ping Power. 5

1 20 Ejap, GeV 160
1 IT I IT I Il I Il I TI
0 4 8 12 16
si1/2, GeV

20

e Is it reasonable enhancement in view of model uncertainties?

(medium effects, multiparticle collisions, poor knowledge of various o)

o Mixed quark/hadron phase formation = at T ~ T the

scattering length for ¢ — ¢ (quasi-)mesons and gluons goes
th rough o0 7 (at RHIC the enhancement factor 10 — 10? is needed
partonic o !; E.Shuryak and I.Zahed, hep-ph/0307276; ”sticky moaless

G.E.Brown, C.-H.Lee, M.Rho, hep-ph/0402207)

for

es” :

e Different EoS (with different order of phase transition) should be

probed

e Observable Stopping Power = there are certain windows
incident energies, where a matter with desired properties is
efficiently produced, e.g.

o 15 GeV/nucl. < Ejqp < 80 GeV/nucl. is preferable for

Qroduction of thermalized baryonic matter with ng > 8ng

of
most
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39 of

A1

/

Int. Student School

July 2004 V.Toneev



40 of 41
/ PHASE DIAGRAMS i °

Pb+Pb, central collision

300

1
= 200 158 GeV
(ab)
=
-
I—
V' 100

O [ I [
12 16

<ng/ng>

300 Pb+Pb, central collision

freeze-out
* end-point 1fm/c
158 GeV
= 200
(<3}
=
/\-
v
100
0 ] ]
0] 1000 2000 3000

<u.>, MeV

KCritical end-point: Z.Fodor, S.D.Katz, hep-lat/0402006.
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FURTHER STUDYING '

& Within 3F hydrodynamics, to repeat comprehensive analysis of
experimental data with Two Phase MIT bag model (first order
phase transition) and Mixed Phase model EoS (crossover) for
finding " friction enhancement factor”

#® To disentangle different EoS through 3F-hydro analysis of
excitation functions in the SIS-SPS energy range :

e Directed v; and elliptic vy flow
e Strangeness production ng/n
e Transverse temperature 1™

e Dilepton production

\_ _/
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