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Phase diagram

critical point ? * Phase boundary separating
é _ quark gluon plasma hadron gas and QGP
— 200 Sps * T=0: 1* order phase transition
(NA49)
Y onset of
' ®ae 9=~ deconfinement? e 1 =0: a smooth cross over
ANV Bt
100 f * Critical point (2" order phase
_ transition)
| hadrons & SIS * Chemical freeze out points
we nuer wnaer — from Hadron Gas Model,
O——— 560 . ‘Llolool | Becattini et al.
Hs (MeV) "o |5 the onset of deconfinement
(baryon density)

seen In data ?
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Heavy 10n experiments

Various heavy 1on experiments cover a broad energy range:

* AGS (E..)

e SPS (WA..., NA..., NA49) Slispen
energy

e RHIC (Star, Phobos, Phenix, Brahms)

e LHC (Alice, CMS, Atlas) \/

AGS

> SPS

e

EOS, E895 NA49 STAR
Benjamin Lungwitz IKF Universitat Frankfurt I 5-,; \ 3




NA49 experiment

* Large detector acceptance for charged hadrons

* Energy range: 20-158A GeV T
e Different collision systems: p+p, C+C, Si+Si, Pb+Pb, ... Si+S1

* (Centrality selection with veto calorimeter
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Particle ID

(n -
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dE/dx (a.u.) m (GeVZ)

e dE/dx in TPCs and TOF (mid- * decay topology, invariant
rapidity) for 7*, K, p,d mass for K’ ,A,=,€Q,0,...
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NA49 data examples

central Pb+Pb C+C, S1+S1 at 158A GeV
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¥

* Measuring of 47 yields

Compilation of NA49 data on hadron production:
http://na49info.cern.ch/na49/Archives/Data/NA49NumericalResults/na49 compil.pdf
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Pions: energy dependence

s 5
\Z/ (A+A)-(P*P) i1 é
g 20
151 | et
10+
o m NA49
5 @ﬁ@) A AGS
.59'9” ® PHOBOS
N
0] 5 10 15
\/S—NN_2 N 3/4
= (m;’m) ~ (T F (Gev™™)

p*p and central Pb+Pb (Aut+Au) collisions

p+p:

e 1/N, rises linearly with F

Pb+Pb:

* low energies: /N
smaller than in p+p

e high energies: /N larger

Possible explanation:
* Pion absorption in baryonic
medium

* Pion enhancement in QGP
(more degrees of freedom)

* Onset of deconfinement at
~30A GeV (“Kink”) ?
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Pions: system size dependence
~2A GeV 40A GeV 158A GeV

Vs ~2.4 GeV Vs, =8.8 GeV Vs, =17.3 GeV
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Pion yield per N :

* Absorption and enhancement rises quickly with system size
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Kaons: energy dependence

+/l; /g\ 0.2 NA49 preliminary /
= < - m NA49
= « NA49 oo = [
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* K'/n": maximum at 30A GeV (“Horn”)
* K*/m: rises for lower energies faster than for higher energies
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Kaons: energy dependence

N ~ 0.2
B ] B i
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* K'/n": maximum at 30A GeV (“Horn”)

* K*/m: rises for lower energies faster than for higher energies
* Shown hadronic models fail to describe data
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Kaons: system size dependence
~5A GeV 40A GeV 158A GeV

Vs ~3.4 GeV Vs, =8.8 GeV Vs, =17.3 GeV
NN NN
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F. Wang, J.Phys.G27:283-300,2001

* Fast increase followed by a saturation for central collisions
— Canonical suppression in small systems ?
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Kaons: system size dependence

Number of participants Np

~5A GeV 40A GeV 158A GeV
Vs, #3.4 GeV Vs, =8.8 GeV Vs, =17.3 GeV
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F. Wang, J.Phys.G27:283-300,2001

* Fast increase followed by a saturation for central collisions
— Canonical suppression in small systems ?

* Increase with centrality, no saturation at AGS for centrality
selected AutAu collisions

e Similar behaviour of K- (not shown here)
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Kaons: system size dependence (2)

0 % 100 150 200 250 300 350

M. Konno, QM2005
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400

RHIC: Cu+Cu = Aut+Au at same NP

Earlier saturation with centrality for higher energies

IKF Universitat Frankfurt

Vs, =200 GeV Pb+Pb (Au+Au):
K/ ratio (p,=1.5GeVic) £
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(- mesons

[
[\
T

AN
A E917
& B NA49 preliminary
VvV 10 |- B NA49 E :
x - O RHIC (midrapidity) ;
vV 8
X L
S
]
o
—

* Structure 1n energy
dependence of ¢/m ?

Benjamin Lungwitz

158A GeV
Vs, =17.3 GeV
£ 0.02 g
Y W SiSi
A @ CC
vV 0015 5 pbpb
L L
0.01 —m L
9 |
0.005
OHEILJILJllIILJlJlEIlr
0 100 200 300 400

<Nw>

e Fast increase with NW 1n central
collisions

e Difference between central and
peripheral collisions with same N,
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(M)(m)

0.05

A- hyperons

AGS E895

AGS E896/E891
NA49

NA49

RHIC

p+p

Hadron Gas Model

10°

s (GeV)

+

<A>/<TT >

O
—

0.05

* Maximum of A/mt at low SPS energies in A+A collisions

* System size dependence:

Benjamin Lungwitz

IKF Universitat Frankfurt

- 1n agreement with Hadron Gas Model (Redlich et al.)

fast increase from p+p to S1+S1, then saturation

158A GeV
Vs, =17.3 GeV
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0 200 Ny
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Strangeness carriers

* strangeness carriers:

0.2¢

g %% e
X 018" e s-Quarks K, K
[Fa) | .
% U.I{J:_ B s-Quarks = A (lnCI. 20)
C:J 01 ﬂi_ . gacgignhgis rlnodel, - 5, Q
% F X edlich et al. =
s 013 i ® ] n . .
5 . ° 3 ® anti-strangeness carriers:
A

ol / ) = e
S 0.08 ' Sefve /15 =
< . / - A (incl. %)
006 e T

r 1 m e NA49 g, 0

0.04— N 5
E AGS
0.02— o black: measured (at least partially)
{]_ 1 ‘.I}II [ | el b b v b v by red: estimated by symmetries or empirical factors
o 2 4 6 8 10 12 14 16 18 2ZC
sy (GeV) @ Data not described by hadronic

models
* Strangeness conserved

* Consistent with phase transition

* “Horn” also seen in s/t and s/w
M. Gazdzicki, M. Gorenstein, Acta Phys.Polon.B30:2705,1999
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Mu1t1p1101ty fluctuations

T T T
® Pb+Pb central u Pb Pbsem peripl

/\\ ﬁ F\ ﬁ | 158A GeV, \s_ =17.3 GeV

AL . “.. | *® Increase from central to

+ e it | peripheral collisions
HIJNG: .

A3 % + et - (also observed in other systems)
M — all charged |
%2 # | * Var(h")/<h™ = Var(h’)/<h>
> ¢ 4 < Var(h*)/<h™>

L M

* To come:
P - C+Cand Si+5i1
N PROJ
P — Energy dependence
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Transverse mass spectra

- Commonly used measures:

® SiHSi |

* Inverse slope parameter T
i d’n e My
m; dy dm; e CXP( T )

e Mean transverse mass <m_>

>|

Determined by:

* Freeze-out- temperature

o os 1 0 0s * Transverse expansion of the
fireball
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Energy dependence of T(K)

2 | s |
2 300- | = 300- [ ®
- o ® — - °
| |
I Lgmun I
200 A& o y 200}
. o s
I A 8 O I 1
1005 0+p (P): A;Nm 100+
oKg Ao
Ll L
1 10 10° 1
\[Syy (GeV)

e A+A: T(K") constant for SPS energies (“Step”)

— Indication for phase transition (like heating curve of water)
— Consistent with hydro calculation with 1% order phase transition

* ptp: Step not seen

~® What about other particles ? m
Y - Benjamin Lungwitz IKF Universitiat Frankfurt I 2 ; \ 20




Energy dependence of <m >

600 T T IIIII||

< torrTrTh L LR LR tor

= | a AGS t Pb+Pb (AutAu) ¢ :
£ 500 m NA49 T T :
E - 4 4 .

: AR

N 1 ﬁ 1 "
- P | # z
S 14 P ‘:

100 L . T T _‘

- Pions T Kaons T Protons

ol v v b v b il

1 10 10 1 10 10° 1 10 10?
open points: negatively charged \s \ (GeV)

e Kaons: <m_> similarto T

* “Step” also seen for other particles
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Mass dependence of T

158A GeV, \s =17.3 GeV

C+C S1+S1 Pb+Pb
2 s40fF 2 340F 2 340fF
= F = F = F
— 320 + 320 + 320
300 300 300F-
280F- 280F 280F
260 260F- 260F- K A
240F 240F 240F
220F- K (I) A 220F 220 TU p (I)
200E M 200F 200F
- - - @\A49
180F 180F 180F
: : : AWA97
160F 160F 160F
BV (S YR V¥ B N U | S YR ¥ R w— B (¥ S YR V¥R R
m [GeV/c ] m [GeV/c ] m [GeV/c ]
spectra fitted in intermediate m_ region WA9T7: Eur.Phys.J.C14:633-641(2000)

* T increases with particle mass

— Collective expansion more important for heavy particles

* Increase 1s stronger for larger systems
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Summary

* NA49: Systematic studies of system size and energy dependence of
various hadronic observables

* System size and centrality dependence:

— Early saturation with system size for central collisions
- No N, scaling
* Anomalies in energy dependence of various observables in A+A
collisions
— pions: “Kink”
— strangeness to pion ratio: “Horn”
— 1nverse slope parameter and mean transverse mass: “Step”

Not described by hadronic models but consistent with onset of
deconfinement at low SPS energies !
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Backup
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Phase transition 1n strongly
interacting matter

* Hadron gas:
color neutral objects,
confinement

* Quark-Gluon-Plasma:
1, colored objects,
deconfinement

* Heating / compression
of hadronic medium:
phase transition 1s
expected

&

hadron gas
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Kaons: system size dependence @)
~5A GeV 40A GeV 158A Ge

\s, 73.4 GeV Vs, =8.8 GeV \s, =17.3 GeV
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oo sim 1 poaz p 012
r @ EB866: Au+Au 1 % + _ % i
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0.014 % %@ . i - L T
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25 ER RN
0‘008; E § § ] 0.06:* : I T }@{ @{ ?‘ 0.06 ;;J T
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0008 F ¢ ] 0.04 e e p+p 0.041- CtC
0004 ) § : C+C i v Si+Si
0.002 - ] 0.02 4 v Si+Si 0.02 * S+S (200)
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g 07050 100 150 200 250 300 350 400 07050 100 150 200 250 300 350 400
Number of participants N, <N,> <N,>
AGS: F. Wang, arXiv: nucl-ex/0010002
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Strangeness carriers

* strangeness carriers: p 250,
— - iO(a) = e s-Quarks
K , .K 0 qéj ri:[’]{:'_ u E-QUHH{‘S I
- A (incl. 2%) g *
- = b oy ;
2, Q® T 1501 -
— SE — i .
>+ (©) | . ;
* anti-strangeness carriers: 100}~ |
- Kt KO0 I -
K 2 K g -~ 50 _ ) m o NA49
— A (incl. X%) T AGS
) O E A - ) )
F €2 N B R TV I P N T- S T Ty
o Sy (GeV)

(a): obtained by 1sospin symmetry
(b): taken from hadron gas fit if not measured
(c): empirical factor of /A assumed
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K—I—

T(m) (MeV)

T(K) (MeV)

System size dependence of T
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158A GeV
Vs, =17.3 GeV
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* T(m) independent of

system size

— light particles less

sensitive

collective expansion

to

* T(K) increases with

system size

— stronger collective

expansion 1n heavier

systems

Y
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Hydro calculation

Hydro calculation =] AR IRRAN
Y. Hama et al. EDD__ 'EI EI j
Braz. |. Phys. 34 {2004), 322, |
hep-ph/0309192 250 omg A a
=, 2001 C? -
| =
Assuming 1st order .~ 150 o
o _ _.
phase transition 100 d
Initial conditions 50
from NeXus 0 | | o
Q 1 2 3
10 0 10 10
(GeV)
— Change of EOS seen?

F
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