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1. Introduction.
2. The NA49 experiment.

3. Search for structures in the energy dependence
to discover a signal of onset of deconfinement

a. Particle yields and spectra
b. Anisotropic flow
c. Bose-Einstein correlations

4. Conclusion.

Fluctuations (see Talk of Tim Schuster)
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| 49 Phase Diagram of Strongly Interacting Matter for Advanced Studies 44

% * |s a phase transition reflected in
= quark gluon plasma | padronic observables?
|_
) * NA49 at CERN SPS allows to explore an
% E essential part of the phase diagram
5 170"
% - In order to search for the onset of
- deconfinement NA49 started in 1997 the
energy scan program
=-Ecm=6.3-17.3 GeV
hadrons
M. conductor
0 o
1000

baryonic chemical potential Mg (MeV)

Critial Point and crossover from Lattice-QCD:
Fodor et. al.:JHEP 0404 (2004) 050
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The CERN Accelerator Complex for Advanced Studies

e Ecm from 6.3 - 17.3 GeV.

e Beam species from proton to Pb.
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e Large acceptance hadron spectrometer: ¢ pions, kaons and protons: dE/dx in TPCs +
TOF (mid-rapidity).
) $CP)(F: ? pi,’ ::E/gtx e KL,A,Z,0 : decay topology +
) 'me ot tlig inv. mass. + dE/dx

e Centrality by the Veto-Calorimeter. e, K\ : inv. mass. + dE/dx
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| 4.9 Collected A+A Data

Ecwm System Centrality Statistics

17.3 GeV Pb+Pb 10%, 23% 800k, 3M
min. bias 410k

C+C, Si+Si 15%, 12% 220k, 300k
p+p min. bias 6.8M
12.3 GeV Pb+Pb 7% 300k
8.7 GeV Pb+Pb 7% 600k
min. bias 750k

C+C, Si+Si 66%, 29% 240k, 130k

7.6 GeV Pb+Pb 7%, 35% 440k, 230k

6.3 GeV Pb+Pb 7%, 35% 360k, 330k

Michael K. Mitrovski
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a) Particle yields and spectra

e "Horn", "Step” and "Kink": Equilibration at early stage of
both hadron gas and QGP.
(Gazdzicki, Gorenstein:APP B30 (1999) 2705)

e Minimum in the sound velocity: Observation of the softest

Point in the EoS.
(Bleicher:arXiv:hep-ph/0509314)

e Experimental access: Systematic study of (strange) hadron
production as a function of energy and system size.
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¢ (Double-) Gaussian shape for
all particles, with exception of
A at higher energies.

NA49 Ref.: [1], [2], [8], [10]
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Rapidity Spectra %
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20 AGeV 30 AGeV 40 AGeV 80 AGeV 158 AGeV
> 2 . —
AN - * First measurements of = and Q
o) I . .
; rapidity spectra.
1_
' e Shape is = Gaussians.
=t [ [
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y
Michael K. Mitrovski

NA49 Ref.: [7], [9]
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e Weak energy depend-
ence for A at SPS.

NA49 Ref.: [1]-[11]
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 Assumption of chemical
equilibrium at freeze-out.

e Particle production can be
described with a few parameters: V,

Ts IJB! VS-

e Extract chemical freeze-out
parameters — phase diagram.

3
— 10 "
S .. e
S = SpS Pb+Pb collisions 158A GeV/c o T
> K"
=210"F o
= A ‘I‘K:::
-] _ K
E 10 F :‘p %q)
FA
o
— - A(1520
1: Qe
10 |||||_‘| L a3 sl Lo sl I ||||||||2| R ERET
10 1 10 10
Multiplicity (therm. model)
(2JZ-+1)V/ ; 1
n;) — d b —=<.
i) = o S eapl(Er — (im 1 s + )/ T] £ 1
Model:

Becattini et al. :PR C73 (2006) 044905

Michael K. Mitrovski
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+~ o| Phase Diagram of Strongly Interacting Matter for Advanced Studies A2
m

e Chemical freeze-out points approach phase
quark gluon plasma boundary at top SPS energies.

chemical freeze-out
A SIS, AGS
E B SPS (NA49)

170r RHIC

¢ Look for signatures for the onset of
deconfinement and the critical point.

Temperature T (MeV)

hadrons

O 1000 “«., Hypothetical trajectories
of the expanding matter

baryonic chemical potential Mg (MeV)

Critial Point and crossover from Lattice-QCD:
Fodor et. al.:JHEP 0404 (2004) 050
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T (MeV)

200

s HSD

——— HSD with Cronin effect
UrQMD v1.3
B ———— UrQMD v2.3
.............. Hydro+Phase Transition
O | L1 111 | | L1111 |
2
1 10 10

\[S\n (GEV)

HSD:Bratkovskaya et al.:PRC 69 (2004) 054907
UrQMD:Bleicher et al.:arXiv:0805.0567

Hydro+Phase+Phase Transition:Gazdzicki et al.:BJP 34 (2004) 322
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» A step-like dependence is observed at SPS
energies.

* Large deviation between various string-
hadronic models

- UrQMD v2.3 describes the data
approximatly

 Model with 1st order phase transition describe
the spectra well.

NA49 Ref.: [1], [2]
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< 600 _
O i A AGS | mm Par.tlcles.(UrQMD v2.3) #
= Anti-Particles (UrQMD v2.3)
= B NA49 o
=3 @ RHIC ,9
G e
200 éﬁ "
Pions | Kaons Protons
Lol coro vl L1 Lol Lol L 11 Lol L ol L 11
1 10 10° 1 10 10° 1 10 10°
(open symbols Anti-Particles) NSy (GeV)

e The step-like behaviour is seen for Pions, Kaons and Protons

— UrQMD 2.3 reproduces approximately the data
— Signature of change of EoS due to phase transition?

Michael K. Mitrovski Critical Point Workshop - Seattle - August 2008

UrQMD:Bleicher et al.:arXiv:0805.0567

NA49 Ref.: [1]-[4]
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i A AGS * No significant energy
! | B NA49 dependence of <m¢>-mo in SPS
4 I % ® RHIC l energy range
400~ SIaF: - 0 1 .. :
| [ Eat e I.d — Missing measurements for heavier
- {#—" ---------- : = ink particles at FAIR energies
- ,“ | l‘f_. ...... Ty e
200 - — FAIR up to Vsnn = 10 GeV (E=45 AGeV)
- - —
Al =
L L I Dd
| == Particles (UrQMD v2.3) | Py
. Anti-Particles (UrQMD v2.3)
~ 500 . i B .
_ 1 T
e e
0 Lol Lol L1 1 ~(-'||||||| Ll L1
1 1 0 1 02 1 1 0 1 02 UrQMD:Bleicher et al.:arXiv:0805.0567
(open symbols Anti-Particles) Sy (GeV)

NA49 Ref.: [5], [7]-[10]
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| NA49 Ref.: [1], [2] |

Michael K. Mitrovski

\|Syy (GeV)
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e Non-monotonic structure in A+A,
not visible in p+p.

* Large deviation between various string-
hadronic models.

 Hadron gas model reproduces the trend
in the AGS and lower SPS region, but
overestimate it at higher SPS and RHIC
energies.

HSD:Bratkovskaya et al.:PRC 69 (2004) 054907
UrQMD:Bleicher et al.:arXiv:0805.0567
RQMD:Sorge et al.:NPA 498 (1989) 567

Hadron Gas:Cleymans et al.:PRC 60 (1999) 054908
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o i o - - UrQMD v2.3 e Maximum for K*, A, =" at low SPS
:;E 0.23_ ;/\: —— Hadron Gas Model 6 energies_
~ I 0.1~ e Increase of K-, A, =+, @, Q+Q* from
0.1 [ AGS to RHIC energies.
e = I
Y i =
g 0.05(- < I
: 0.002—
—~ = I
g £
m |
0.002- 0.0005—
E
A~ ~
< s |
|c10.0005 0.005"
-+ - i UrQMD:Bleicher et al.:arXiv:0805.0567
g i Vogel:Private communication
: _ Hadron Gas:Cleymans et al.:PRC 60 (1999) 054908
0 0
1 1 + -
<> =15 (< >+ < >) | | NA49 Ref.: [1]-[11]

Michael K. Mitrovski
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e Consistent results fors and s
quarks.

* Energy dependence of
strangeness is changing at
30 AGeV.

s-quark carriers :

(1) <K®> = <K*>, <K% = <K> due to isospin symmetry KoK 1
(2) empirical factor <Z*>= 0.6 <A> + X° A+30, Tt 2)
(3) From hadron gas model if not measured =20 0 3

Michael K. Mitrovski

Comparison s- and s-carriers

Critical Point Workshop - Seattle - August 2008
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0.2r N
0.18— .Q‘b* ® s-Quarks
_ O
0.16__ &Q}\& ® S-Quarks
- <
0.14F W .
- é?’ _
0.12 N N i ________
0.1 _
0.08F
0.06—
:_ -— Hadron Gas u e NA49
0.041 L saes
C O o AGS
0.02—
:IlllII|III|III|III|III|III|III|III|III
% 2 4 6 8 10 12 14 16 18 20

\Syn (GeV)
e Maximum in strangeness/r ratio.

* Not reproduced by hadron gas models.

e Can be described assuming the onset of
deconfinement.

'S-quark carriers :

K*, KO 1) Hadron Gas:Cleymans et al.:PRC 60 (1999) 054908
A0, TE 2>) SMES:MG et al.:APP B30 (1999) 2705
=+ = Q"' 3
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Hyperon Enhancement

STAR\[S,, = 200 GeV
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L

Yield/N,, relative to pp

e Strong increase of yields
with centrality (NA57 observes
similar behavior).

=| ¢ Enhancement stronger

for = than for A and A.

Al e Stronger enhancement at SPS
A| than at RHIC energies.

e Shape for A and A is different at

SPS compared to RHIC
e energies.
1 I p& Au+Au g
| ] ] IIIIII| ] ] IIIIII| ] L 11111
2
1 10 10 N,
) / (Yield)
A+ A Nw pp NA49 Ref.: [9], [12]
Critical Point Workshop - Seattle - August 2008 20
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b) Anisotropic flow

* Proton antiflow near midrapidity.

(Stécker:NPA 750 (2005) 121,

Brachmann et al.:PRC 61 (2000) 024909,
Csernai et al.:PLB 458 (1999) 454)

e Collapse of Proton v2 at midrapidity.
(Stocker:NPA 750 (2005) 121)

e Weakening of vz as a function of Ecm.
(Kolb et al.:PRC 62 (2000) 054909)

e Experimental access: Systematic study of hadron vq and v2
as a function of energy and centrality.

Michael K. Mitrovski Critical Point Workshop - Seattle - August 2008 21
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. =
0.15 : 0.08 pr——T———r——rr—— e AR :
Ny 0 p, <2 GeV/c 40A hGeY 3 S 0.06 p, < 2 GeV/c 158A Ge _
S periphera - S 0.04 peripheral 3
s 005 E S o0.02 : L
5 B o hal..... E 8 o= ' Ao
LA : E .
-0.05 : | E 9 : E
0.1 A Vy{3} E -0.04 : A v.{3} E
' @ V, standard : -0.06 . @ v1 standard -
2 15 1 05 0 05 1 15 2 2 A5 A 05 0 05 1 15 2
rapidity rapidity
e At 40 AGeV a difference in the shape of v e At 158 AGeV a same difference is visible
for peripheral collisions is visible by using between the different analysis methods
different flow analysis techniques. like at 40 AGeV.
vi4
< Antiflow = No clear conclusion can be drawn
/\ / whether antiflow is visible in the v1 of
/ Protons.

>
J y
Csernai et al.:PLB 458 (1999) 454
Stocker:NPA 750 (2005) 121 | NAA49 Ref.: [15]

Brachmann et al.:PRC 61 (2000) 024909 |  peripheral : o /o = 43.5%—

Michael K. Mitrovski Critical Point Workshop - Seattle - August 2008 22
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S
-t
1

< - V2{4,} : — ,40A G,ev . = 0.08 — mid-central E 1$8A GeV‘;
§ 0.1 E_ oV, standard E l _E é 0_05;_ ) E T J\_I_ﬁ
O o.05F : . £ oo0apr | ' I =
o n > . " : .
0:_-- «f - - - _: 0.02:—1 . ]_—:
: : : oF s =
-0.05F : 3 | A v, {4} : :
L mid-central p, <2 GeV/c ] 0.02H ® vi standard | . p, <2 GeV/c E
rapidity rapidity
At 40 AGeV a difference in the shape of v2 * At 158 AGeV the elliptic flow is too small
for central collisions is visible by using to use four-particle cumulants due to
different flow analysis techniques. statistical fluctuations.

Collapse = No clear conclusion can be drawn_
whether the collapse of Proton vz is

N‘/\ visible.

Stocker:NPA 750 (2005) 121 mid — central : o/op = 12.5% — 43.5% | NA49 Ref.: [15]

Michael K. Mitrovski Critical Point Workshop - Seattle - August 2008 23
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Kolb et al.:PRC 62 (2000) 054909
UrQMD:Petersen private communication
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0.1 mim:i UrQMD v2.3 (b =5 - 9fm)

NA49 (cumulant method)

i V¥V Fopi (prelim.)
m NS ® EOS
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B v M E877
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| O Phenix
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c) Bose-Einstein correlations

e Enhancement of Rout/Rside.
(Rischke,Gyulassy:NPA 608 (1996) 479)

e Experimental access: Systematic study of two-particle
correlations as a function of energy.

Michael K. Mitrovski Critical Point Workshop - Seattle - August 2008 25
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e Measurement of the two-pion correlation function to
extract the three-dimensional source radii:

Cy(p1,p2) =

P(p17p2)

P(p1)P(p2) -

real event pairs

maixed event pairs

e Combines ,,Blast wave* fit to HBT radii and transverse

mass spectra.

e The model fits the date quite well, except from Rside at

high k.

-------------------------

Critical Point Workshop - Seattle - August 2008

Fit function:
Retiére,Lisa:PRC 70 (2004) 044907

NA49 Ref.: [16]
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MES95  @NA49 OCERES A RHIC .
= FR. * No energy dependence is observed for the
= 8 side HBT-Radii from AGS to RHIC energies, expect
oC 2; u Hgy ©0@ o o é A A for Rlong.
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E 8:— I:{out
o 6 mEER e0° % o A A A
41— O
21
qg 8_— RIong
~ B A A
- 4612 avng *°3 8 ° ’
21
| L Lo | >
ki = 0.2 GeV/c 10 10
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NA49 Ref.: [16]
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Energy Dependence of HBT-Radii

WESYS  ®NA49 O CERES A RHIC
15 B I:{ou’t/Rside
- g 00 2 @ A
1 i I O A
0.5
B | Lo
ke= 0.2 GeV/c 10 10?
12 ———— \‘S GeV
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Michael K. Mitrovski
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* No energy dependence is observed
for Rout/Rside from AGS to RHIC
energies.

e Predicted signal for onset of
deconfinement is not observed.

e No indication for Rout >> Rside
(1st order transition, soft point of
EoS).

e Interpretation of the HBT data is
still under discussion.

Rischke,Gyulassy:NPA 608 (1996) 479

NA49 Ref.: [16]

Critical Point Workshop - Seattle - August 2008 28
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a) Particle yields and spectra

e Comprehensive results on particle production from NA49.
* Indication of a "Step" structure observed in <m¢>-mo. @
* The strangeness to 1 ratio shows a "Horn" at low SPS energies.

= Indication for the onset of deconfinement at low SPS energies

b) Anisotropic flow

» Sufficient data for conclusion and to verify the v1 antiflow for
Protons and the weakening of va.

* Better measurements for vqi and vz are needed for low SPS
energies (RHIC low energy and/or FAIR).

c) Bose-Einstein correlations

* Rside, Rout and RLong shows no energy dependence (5 fm).

* Rout/Rside is constant with energy. No anomalous structure is @ @
observed.

Michael K. Mitrovski Critical Point Workshop - Seattle - August 2008 29
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20 AGeV:Central 7% Pb+Pb
158 AGeV:Central 5%,10%,23.5% Pb+Pb

e Radial flow fit (“Blast Wave”).
e “kinetic” freeze out at T =100 - 120 MeV, <Br>= 0.5 at SPS.

Michael K. Mitrovski Critical Point Workshop - Seattle - August 2008

[ ]
10° ‘\
_ \\\ ¢
L = { _
A X (x 0.01)
10° _"\.\*‘ |

u Q (x 0.003)
N R R AN SO N S S N S

0 1 2

m, - m, (GeV/c?)

Fit function:
Retiére,Lisa:PRC 70 (2004) 044907

NA49 Ref.: [1]-[11]

34



NH =LY - - g . . FIAS Frankfurt Institute
l A1 (0] Mldrapldlty Part|C|eS Yle|dS for Advanced Studies &%
>

AGS  NA49 STAR AGS  NA49 STAR
° ! ° e Energy dependence is
2,40%" 21 0°k weaker for hyperons
. T . Z T e than for anti-
N o ® E ) () ¢ h
= N o = 5 PR yperons.

i F o m B - K g =

) gm B N )
o i K* B K
- X - - v
. A ()f O.AOS) T ¢
1 sba, ‘ 1r a Y A (x 0.02)
[ | A A
| " ¥ ¥ ) ¢ - " A
! i X !
A
i = (x 0.05) i : s *F
B qr gp - AA *
3 L w 3 A X —
1071 & Q'+ (x 0.008) 1071 # = (00D
| IIIIIII| | IIIIIII| | L 1 111 | IIIIIII| | IIIIIII| | L 1 111
2 2
1 10 10 1 10 10

\[s\ (GeV) \s\y (GeV)

NA49 Ref.: [1]-[11]

Michael K. Mitrovski Critical Point Workshop - Seattle - August 2008 35



NH s - - q- . - FIAS Frankfurt Institute
l A1 (0] Mldl‘apldlty Particle Ratios for Advanced Studies &2
=/

- .- UrQMD v2.3  Maximum for K*, A, =- at low SPS
; - Hadron Gas ModelW energies.
0.1- ’ e Increase of K-, A, =*, @, Q-+Q* from
i AGS to RHIC energies.
i - - e Hadron gas model is designed to fit
£ - - A acs * k 41T yields and could only fit
< .05 R e e midrapidity values if the system is
1 B ! boost invariant.
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B = S
isospin isospin
symmetry symmetry

v , 0

high baryon

density
<<
- Sensitive to strangeness content only

Sensitive to strangeness content and baryon density
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. =

G/GTOT =5.0-23.5%

0.08|- NA49 DATA

0.9 1.2 1.5
p/n (GeV/c)

e No Quark number scaling of v2 at SPS
(Quark coalescence picture).

e Scaling seems to work for p, A and K? but
not for Tr.

e At SPS the pt-range is too low compared to
RHIC results.

c 0.1 — 5
;, 6l0:57=5.0-23.5%
0.08l NA49 DATA
® T
K°
0.06[ p
e

0.041 7
A

| | | |
0.0, 03 06 09 12 15
KE-/n (GeV)

e Scaling with KE«/n works for 1, p and A.

e K¢ is below the others.

* Also no clear quark number scaling when
scaling with KE¢/n (too large errors).

| NA49 Ref.: [13] |
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