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Preface to the Series

The RIKEN BNL Research Center (RBRC) was established in April 1997 at
Brookhaven National Laboratory. It is funded by the "Rikagaku Kenkyusho"
(RIKEN, The Institute of Physical and Chemical Research) of Japan. The Center is
dedicated to the study of strong interactions, including spin physics, lattice QCD,
and RHIC physics through the nurturing of a new generation of young physicists.

The RBRC has both a theory and experimental component. . The RBRC
Theory Group currently consists of about twenty researchers, and the RBRC.
Experimental Group, of about fifteen researchers. Positions include the
following: full time RBRC Fellow, half-time RHIC Physics Fellow, and full-time,
post-doctoral Research Associate. The RHIC Physics Fellows hold joint
appointments with RBRC and other institutions and have tenure track positions
at their respective universities or BNL. To date, RBRC has ~40 graduates of
which 14 theorists and 6 experimenters have attained tenure positions at major
institutions worldwide. ‘

Beginning in 2001 a new RIKEN Spin Program (RSP) category was
implemented at RBRC. These appointments are joint positions of RBRC and
RIKEN and include the following positions in theory and experiment: RSP
Researchers, RSP Research Associates, and Young Researchers, who are
mentored by senior RBRC Scientists. A number of RIKEN Jr. Research
Associates and Visiting Scientists also contribute to the physics program at the
Center.

RBRC has an active workshop program on strong interaction physics with
each workshop focused on a specific physics problem. Each workshop speaker
is encouraged to select a few of the most important transparencies from his or
her presentation, accompanied by a page of explanation. This material is
collected at the end of the workshop by the organizer to form proceedings; which
can therefore be available within a short time. To date there are seventy-seven
proceeding volumes available.

A 10 teraflops RBRC QCDOC computer funded by RIKEN, Japan, was
unveiled at a dedication ceremony at BNL on May 26, 2005. This supercomputer
was designed and built by individuals from Columbia University, IBM, BNL,
RBRC, and the University of Edinburgh, with the U.S. D.O.E. Office of Science
providing infrastructure support at BNL. Physics results were reported at the
RBRC QCDOC Symposium following the dedication. A 0.6 teraflops paraliel
processor, dedicated to lattice QCD, begun at the Center on February 19, 1998,
was completed on August 28, 1998 and is still operational.

N. P. S'amios, Director
October 2005

*Work performed under the auspices of U.S.D.0.E. Contract No. DE-AC02-98CH10886.
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Strangeness in Collisions

Since the earliest days of ultra-relativistic heavy ion physics, there has
been interest in strange particle production. Originally, an anomalously
large strangeness production was believed to be a signature of the Quark
Gluon Plasma. Now the flavor composition of the plasma as reflected in
the ratios of abundances of strange and non-strange particles is believed
by advocates to tell us the temperature and baryon number density of the
Quark Gluon Plasma at decoupling. In addition, there are arguments that
suggest that the abundances of strange particles might at intermediate
energy or at non-central rapidity, signal the existence of a critical end point
of phase transitions in the baryon number chemical potential temperature
plane,

The purpose of this workshop is to assess the current theoretical and

experimental understanding of strangeness production for ultra-relativistic
heavy ion collisions.

H. Caines, L. McLerran, M. Lamont, K. Redlich, R. Witt






Strangeness Production and
Parl:onic Eos at Rch

Many thanks to orgamzers

S Blyth, X Dong, H. Hueng M Kaneta Y Lu M. Oidenburg A Poskanzer'
o H RtﬁerK Schweda, P. Sorensen Z Xu :

P. Huovmen, R. Rapp K Redhc_h

= Outline
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> Strangeness productlon .

> Partomc EOS |n hlgh-energy nuclear
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==y  High-Energy Nuclear Collisions

' partonic scatterings?
arly thermalization?
i .

Initial Condition
- Initial scatterings
- baryon transfer
- E; production
- partondof

i

System Evolves
.= parton interaction -
- parton/hadron
expansion

Bulk Freeze-out
- hadron dof
- interactions stop

radial fiow g, TR
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g Hadron spectra from RHIC

p+p and Au+Au collisions at 200 GeV
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) atio analysis
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In central collisions, thermal modei fit well, yg = 1. The system is
thermalized. ' _
Short lived resonances show deviation - There is life after chemical

freeze-oufl White papers - STAR: Nucl. Phys. A757, p102; PHENIX: p184(2005)
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<ny  Compare with hydro-model results

Au + Au Collisions atvsy, = 200 GeV
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Early freeze-out

| Central Au+Au collisions at RHIC |
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Kinetic Freeze-out: elastic interactions stop

Chemical Freeze-out: inelastic interactions stﬂ

1) Muiti-strange hadrons
seem to freeze out earlier
than others = sensitive -
probe for early dynamics

2) Charm-hadrons should
be better. A possible
complication is the pQCD
hard spectrum.

3) Jhp coalescence/melting:
a tool for early dynamics
CGC, deconfinement,
and thermal equilibrium

PHENDG Phys. Rev. CB9 034309 (04).
STAR: Phys. Rev. Left. 82, 112301(04);

Phys. Rev. Lett. 92 182301(04).
A. Andronic ef al., NPAT15, 529(03).

P, Kolb et &L, Phys. Rev, C67 044903(03)

Nu Xu
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Vv, at low pyregion

Vg = 200GeV AU + AU at RHIC

RH ' L
STAR  PHENIX- ey T
&, )
o1 @ z
FyTe (8
208 o 3
] i
> oos g
[
PI— R 2
004 — K 8
a.o2 PP | g ?
FHydrogynamHe results =4
o | et MO 0L (T & 165MCV. T, » 130Mey)
0 2.2 04 08 .8 b] 1.2 1.4 18

Transverse momentum p, (GeV/c)

Nu Xu

11

- Minimum bias data! At low p;, model result fits mass hierarchy well!
- Details does not work, need more flow in the model! :

Strangeness in Collisions, BNL, February 16 -17, 2006
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Coliectivity, Deconfinement at RHIC
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- v,, spectra of light hadrons
and multi-strange hadrons

- scaling of the number of
constituent quarks

At RHIC, | believe we have
achieved:

> Partonic Collectivity

= Deconfinement

PHENIX: PRLS1, 182301(03)
STAR: PRL92, 052302(04), 25, 122301(05)
nuckex/0405022

8. Voloshin, NPAT 15, 379(03)

Models: Graco et al, PRLES, 034904(03)
X, Dong, et al., Phys. Lelt. B597, 328(04).

Nu Xu
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¢-meson flows

VS, = 200 GeV *¥Au + '¥Au Collisions at RHIC (IV)
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2 Dynamic model results
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=t Summary and outlook

- Strangeness .p'roduction and dynamics play important role
for understanding the hot/dense medium at RHIC

- The experimental results on spectra and v, measurements,
especially with the multi-strange hadrons, have clearly
demonstrated the development of partonic collectivity at
RHIC. An important step towards the fixing EOS at RHIC!

Nu Xu Strangeness in Collisions, BNL, February 16 -17, 2006 14

13



=23 Collision Time - a picture for RHIC
‘ deconfinement <-—————— u-; d-quarks and ‘bound-
‘Phase’ and Chiral transitions <—— | _ states’ gain mass

[rom—n

 pantonic phase

Collision Time

1) Coalescence processes occur during phase transition and hadronization;
2) The u-d-quarks and ‘bound-states’ gain mass accompanied by expansion;
3) Early partonic thermalization and its duration need to be checked.

Nu Xu Strangeness in Collisions, BNL, February 16 -17, 2006 l 15

g Open issues

* Measure the partonic velocity to infer pressure 'parameter -
important for mapping the EoS at RHIC

+ Understand the meson and baryon difference in p+p collisions -
more non-biased p+p data should be collected at RHIC

* Resonance v, measurements are needed to understand the
number of constituent quark scaling AND the activities in the
later hadronic period

* In order to demonstrate the possible early partonic
thermalization, we are pushing for the heavy flavor coliectivity
measurement - RHIC heavy flavor program

¢ In order to demonstrate the possible phase transition, we should
push for the energy scan program at RHIC! '

Nu Xu Strangeness in Collisions, BNL, February 16 -17, 2006 16
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System-size dependence of Stran_geness Production at the SPS
(... and RHIC, AGS and SIS)

Claudia Héhne, GSI Darmstadt

+»data
 The system-siie dependence of relative strangeness production from NA49 at 158 AGeV beam energy [PRL 94, 052301
1 (2005)] shows a fast increase for small systems and a saturation for N, > 60 on. Qualitatively , in statistical models this can
i be understood by the release of canonical strangeness suppression due to the increasing system size, quantitatively, however,

* 1 alarge discrepancy remains if assuming the volume to be proportional to Noar- -

| « model [hep-ph/0507276]

- The (macroscopic) hadronization volume used by the statistical model is redefined starting from a microscopic view of the

collision process. The collision process is separated into two independent steps. First, overlapping collisions/ strings form

clusters of highly excited and strongly interacting matter (percolation calculation). Second, these clusters are hadronized

independently as a coherent entity (statistical model). According to this model, several clusters exist in smaller collision
systems, while in central Pb+Pb basically one large cluster is created comprising all participating nucleons. The mode! gives

an exceilent quantitative description of the data and is applicable in the energy regime Vs 217 GeV.

B ° energy dependence of system-size dependence
Data on relative strangeness production (K*, K} in dependence on centrality for AuAu or PbPb collisions are available for SIS,

AGS, SPS, and RHIC energies. Depending on the normalization (N, n) either a strong change of the shape between AGS
and SPS or a smooth evolution of the shape is observed for all energies. Also, the K/ ratio seems to be not saturated or just

saturated, respectively, which has important input on the interpretation.




91

- fast increase for smail systems, saturation from N, > 60 on!

[NA49, PRL 94, 052301 (2003)]
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» microscopic model of A+A collisions — high density of collisions/strings

- assign a transverse extension to the individual NN collisions ("string- radius")
assume that due to the overlap of these strlngs clusters of highly excited and

strongly interacting matter are formed; strings/collisions no longer independent

- assume independent hadronization of these clusters

» particle compositions (here: relative strangeness production) calculated from-

the statistical model (as it is so succesful for central AuAu/ PbPb)

« main purpose: calculate system-size dependence of relative strangeness

production in A+A collisions (at 158 AGeV)

Claudia H6hne Strangeness in Collisions workshop, BNL, February 16-17, 2006
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Comparison

« experimentally, total relative s-production is not accessible:

approximate with . (A>+2(<K+>+<K‘>)
' BT
[hep-ph/0507276]
« assume | w 025 —
| W |
0.2
ES(Nwound) E a(’?(Vh» g"’""‘-"""' -------------------------------- .”"
| 0.15 :
0.1
parameters: | 005 e V=V, N, /2
—— V from percolation
ry = 0.3fm Vp=4.2fm3 0 | . |
m=280 MeV T=160MeV ‘ 0O 100 | 200 300 400

a=0.13 | | | | Nwound

Claudia H8hne Strangeness in Collisions workshop, BNL, February 16-17, 2006
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(2004) 034909]
» T=164 MeV to adjust for lower total s-enhancefment

« assume K*/n* ratio at midrapidity to be representative for the total relative s-production

BRAHMS: ratio nearly independent on rapidity [JPG 30 (2004) S1129]

N/ o
(K )/ >0‘.2 -
. - : )
. ® L
, ® ®
0.15 - J{ ’ |
—— CuCu 200 Gey 01
— AuAu 200G€V Ml ST S N NS N WS S B R S | A
— PbPb  17.3 GeV 0 100 200 300 400
Nwaund

Claudia Héhne Strangeness in Collisions wbrkshop, BNL, February 16-17, 2006
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» saturation of relative strangeness production for all energies — or only for higher??

* role of pions in PbPb/ AuAu?: usage of small systems instead better defined?

» calculation of Nyqung?

<K'>/<m>

PHENIX
NA49
E802

zti%llvl KAOS

< 1 - i}
Z i
Y 075 -;
0.5
® PHENIX
0.25 - m NA49
| - E802
0 AENER R A 0, Y, KAOS
0 100 300  40C
Nwound
Claudia Héhne

Strangeness in Collisions wor'kshop, BNL, February 16-17, 2006
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RHIC Strangeness Physics at high pt
R. Bellwied (Wayne State University)

10°

105 0QCD mass
4 ® Higgs mass

10 Is strangeness production in
3 qe ) ’

" —I\E B B medium different than

1047 Sl BE . .

0 | production in vacuum ?
e\

I will discuss strangeness production through fragmentation in pp and compare the production of
strange particles at high py from pp to central AuAu collisions. I show that recombination of
partonic degrees of freedom can explain the suppression differences between strange baryons and
mesons in AA collisions, but that the effect of canonical suppression of strangeness in pp is needed
to understand the difference between pp and AA strange particle production. Canonical
suppression will be investigated and its dependence on py and the correlation volume will be
shown. Finally I study medium modification of fragmentation in AA by measuring particle
identified two-particle correlations at high p;.

Strangeness Workshop, BNL, Feb.16-17,2006
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Nuclear Modification Factor R,
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Rp double ratios indepen_dent of collision
energy ! Recombination at SPS ?
2.5 | .
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R, , of strange baryons
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and R, that seems unique to strange
baryons. Ordering with strangeness
content. _

This effect must occur ‘between’ pp and
peripheral AA collisions (canonical
suppression in pp). Is it unique to

strange hadrons ? Charmed mesons in
AA are suppressed like pions and kaons.
(STAR, QM 2005).

we need a charmed baryon measurement
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Quark Scaled R, , of Strange Particles
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What does a parton recombination model predict?

=~ 5 — R Hwa Z.Tan: nucl-th/0503060
Befaumemen T T
S 4 Pr evie * AR, AuAu(SD—-QZ"/n))
o ; 4 o LAulQ-20%%) mamr  melme -
§ 3.5k {{ - dAU{60-90%)
% 3_ ' T { : . il NG\ + sTAR AutAu |
Q = u o ] ity i )
= 2.5 2 S PHENIX (prelim)
“%‘; - % ] :“E :
s % t 2t
S 1-5F '
RS L |
Eu 0.5 STAR prefiminary
P pheobeodaedvebvgbe v ol e
R GUeETET TR Y 4 45 5 oL
p associatad {GEV’G) 5
* the ratio of near-side associated yield
in central/peripheral Au+Au collisions o 10
decreases slowly with pssociated S
~ « data are in a good agreement with S,
predictions from recombination model: g
in Au+Au the thermal-shower fzd_
1

recombination dominates.

*The relevance of recombination can be
tested with Q triggered correlations / 10 . .
(R.Hwa, nucl-th/0602024) o p(Gevio)
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Production of Strange Particles at
Intermediate p at RHIC

Rudolph C. Hwa

University of Oregon

~ Strangeness in Collisions
BNL/RIKEN Workshop
February 2006
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~ Outline

What's interesting about the problem

Quick review of recombination
New results on shower partons
Production of K,A,$,Q by recombination

Implications of the results
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Logical connections and experimental relevance

Fragmentation
functions into &, K

-

Parton
recombination

>

Fragmentation

collisions

functions into p, A

Heavy-ion / scattering

Shower

parton

distributions

Shower partons in
heavy-ion collisions

Haid arton

i |

Parton

recombination

p; distributions

i
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0 « K°(STAR)
~30 —_—
(}l sum
>
B -2
G107

!—
1

‘_.
o407
>
T

107}

10°°

4 5 6
p.. (GeV)

TS and "I"TS recomblnatuon
IS umportant

Hwa & CB Yang, nucl-th/0602024

0 2p_ (Gev/c)* 6
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> 107 -- T8 2 CTes
O 89 S0} — 8§88
- q
£ 107 °_
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2 . B107 |
T 10t
10 : - - 107 : .
0 2 b, (@ Iy o) 6 8 0 o, (Gg vic 8.
| We expect Ry, not to bend
Rosy o p Pect Ray ot |
8 for py < 8 GeV/c.
No jets are  Select events with ¢ or Q in the 3<pr<6 region,
~ involved. and treat them as trigger particles.

Predict: no associated particles giving rise
to peaks in A9, near-side or away-side.
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Conclusion
o K, A well described by thermal-thermal,

and thermal-shower recombination.

But R, / is not well reproduced.
Need some fine-tuning.

e,  are due mainly to TeTg TsTT recombination.

Rate of recombination is 'suppressed due to light
quark environment. Inverse slope is higher.

e 5 quark shower partons have no effect in the production

of ¢, L2 for pT<8 GeV/c. Jets are not involved.

- No peaks in asso’ciatéd particle distribution.



Baryon-Strangeness
Correlations

VOLKER KOCH ‘
 In collaboration with A. Majumder & J. Randrup

33
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*Introduction |
*BS and other correlations
*Some speculations

Work in collaboration with: A. Majumder and J. Randrup
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d F

m)=Tr

_dF
(0y=4F

Susceptibilities
_d?F
" dH?
_d'F
d u”

X

Xo

~—_ .

(m)=X,, 6 H
<5Q>,:XQ5H_

{(6m)*)=X,,

Fluctuations



Waveléngth [oro]

9¢

Brightness £, [erg cm ~ sec st} Hz '}

1

LAAnan an o g
‘al“.g,......‘.‘&; E
3 i : kY
E} "‘ .

Y
Vg : .E
s b

- = FIRAS . -COBE satallite
% DMR COBE satellite .
¢ LBL~Ialy White Min & South Pole ]
- = Finegton  ground & balloon - ]
© UBC. - sounding rocket
+ Cyanogen - oplcal
w2726 K blackbody

1o bl L ' |_|'|"||| e
10 ) 100
Frequency [GHz] -

Fluctuations at the
level of 10> 11!
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EdNidp® (1/GeV™)
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-5
10F » pih o ”
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pp (GeVie)

NA49 Pb+Pb Event-by-Event Fluctuations

Evénts

0.3 <x®.4 0.5
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=
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(51000 |-

Mixed Events
500 ' .:.
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Single Event K/t Ratio

-by-E meas_u_; es
2-—partlcle correlatlons




e.g. La‘ime Q(/D

Z=Tr|exp(~B(H~p,0~pyB-uS))|

Mean : | I iy Q.B,
_ 2 . 2
2 Variance: (6 X))=1"25 10g(Z)=-T L F
' ' O Uy Oy

l . | 2 2
Co-Variance: (6 X)(57))=T"=—2 —log(Z)=-T 2
‘ Ouxduy Oy Ouy

“q eas . .....___!‘_ : 62 —
Susceptibility:  Xw= Vomom ! - VauXG’)
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Or how can we test the sQGP

Simple QGP: strangeness is carried by strange quarks

—» - Baryon Number and Strangeness are correlated

Hadron Gas: strangeness is carried mostly by mesons

— Baryon Number and Strangeness are uncorrelated

Bound state QGP: strangeness is carried by partonic bound states

‘—»  Baryon Number and Strangeness should be uncorrelated
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(8B)(6S) __, (B

(BIS—(S)) _

Define: Cp=-3
efine BS TSP

L S B,

eve i

<(S'—

()

ZBZS

eve i

In Experiment Cp=—3

Uncorrelated particles:

ZS—

eve i

Cps=—

ZSZS

eve !

2. (N)S,B,

NI

-~ (-3) compensates

baryon-number and
strangenes of quarks
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In a QGP phase

_3(BS)=(n,)+(n,)

{(8%)=(n, )+ (ny)

_—3(BS)
(8%)

C'BS

In hadron gas phase

—3(BS)=3|A+A+Z+3+.. |
+6|E+E+...|+9[Q2+...]

(SH=K"+K +K°+A+A+...

At T=170MeV, p=0

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
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T

e B> [f<N2=1GeV

A0+ SR TOEO0D

214

ol LEP

Correlation coefficierit, CBS = GBS/G

0.0

-= QGP
&—e Hadron gas

100 200 300 400 500
Baryon chemical potential, p (MeV)

At large p: N(K*) = N(A+ %)

Cy=3

A+S

K+A+X

—% at large n
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hhhhhh

QGP

TABLE 1 Binary attractive channels discussed in this work,
the subscripts s, ¢, and f mean spin, color, and flavor; N £ = 3is
the number of relevant flavors. :

Chonnel  Representation  Charge factor  No. of states

1 1 974 . 9,

gg 8 9/8 9, %16

qg T qg 3 9/8 3% 6,0 20 N,
48 T 48 6 37% 5. ¥ 0, FIF N,
Lag Bl ] 8t NT )

gq t 44 3 1/2 4, %3, =:=21¢N"’

Gluon-Gluon states do not contribute!
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 Heavy quark, antiquark quasiparticles: =~ C,~=1

"« Quark gluon states _(c'olor triplet, 36 stateS): Cy =1

* Quark-antiquark states: 8  like, 24 p like: Ci=9

T=1.5T¢, Css=0.61

Similar to Hadron gas estimate. ..
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Us

Calculated by ( quenched): R.V. Gavai, S. Gupta, Phys.Rev.D66:094510,2002

AtT=15Tc X, X <X

Cas = 1+ 0.00(3)/0.53(1)

Essential result: off-diagonal susceptibilities << dia.gon_al susceptibilities



e Hadron Gas C. = 0.66

« Bound State QGP  C,_ =0.62
. Independent quarks C =1
e Lattice QCD - CBS—' 1
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Full ¢

CD, but with 2 flavors, gives similar insight!

- 2 4
XI(T,u

w0 —(——2—9‘) = 2¢,+12¢,| 22| +30¢,| Be| ..

S T T T

S

v}

¥ . :

v ]“u I I . ] I T

% ] ol gﬁm— 238 092

bl

M 6

.01

<32

Ga2

im

From C.R. Alton et. al. Phys.Rev.D71

4 a2 ]
401
0.t
-3
-1 S RS NS ST YO NS M NS N '-'l‘a!-l-!-h
3013 3 ) 13 TT 1% i3 2 _l:f [ i 12 i4 ] i5
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20X,
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0.8
0.6

0.4
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S

(2 Xiud)¥(Xi{uu)

T
|

1.2

1.4
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(quenched) Lattice QCD:

‘ Xud:Xus:deN 0

NO cross correlations among quark flavors!

~ quark — anti-quark bound states ?

Strongly interacting QGP?‘?? Why are there no correlations?
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Correlator:

tr|p(u* (y)s(y)
J
Y
—

Clx,7)= ) (5" (x)u(x))

stu

uts )<

Measure for mass,
correlation length of
bound state

“Simply”” counts number of
bound states |
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* No statement about glubn bound states
* No statement about quark gluon bound states

e No statement about the heavy states (> 1.5 GeV) seen in
correlation functions (Hatsuda et al, Karsch et al. )

= Susceptlblhtles only measure the bulk'
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*As many quark-quark states as
quark-antiquark states
* Not consistent with Shuryak model
* Problem with higher order

susceptibilities
( Ejiri et al. hep-ph/0509051

*Large width of bound states

e ~1 % correction is allowed by lattice
* What is a bound state with large width?
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C,, can be measured in principle e S NS AR aanaseasy
bg 1.2F o °¢ -

] b L
Advantages: | B . i
* Conserved quantities = sl . ° L
* “Heavy” particles 9 hadrons | )
* Less uncertainty due to hadronization EO8FSTocp o ° -
) 8 t . et o g )
o 04 ¢ .
. 2 ® HUING :
ISSU@S. % 0.2k o _JETSET o -
* Baryon number (neutrons) E ot . . ‘ . -
Sogbt g

* Weak decay corrections for strangeness

Maximum rapidity accepted, y__
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Cos(n=0) = 1.15

C,o(n=0) = 0.66

\ 4
ﬁ...:

1.0p ==— *._-é---- e T T
| ideal QG | -

Correlation coefiicients CBSg and CQS

> |
0.5} : o6& C.. =+30,./0 -
I Hadron gas: B eSS
| B—H Cpg = ~30,/04g |
| (freeze-out)
OO-I Ll l‘l 401 ‘I | S . | ll T | !.l 1 li.l .l .lll'
0 100 200 300 400 500 600

- Baryon chemical potential, u, (MeV)

J. Randrup
Panic '05
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Hadron Gas

1.5 , e

[43) .
% ) OG 1.5 LANNC L N B NN BN B BB ML e D B R ML Rt R i | Tl 1TrL1¢
1.08] 4) X=Q . . % -
@ : g (:
1- %@ h@d ""‘E“'" 1 (') 1_0-————-——-—--—-—»——--———--—- NS v e e —
e [% ldeal QGP
P0.75 & ]
S| [%] 1 B .
0.5 | § I ' G 3./ ]
Hr 1 & 0.5 08 C g =+30,/0c - -
: | Hadron gas: ]
0.25 [%] X8 ' § X _ 9 B8 Cpg = —3054/0gg ]
&9k 1 ©
. ?‘__) - :
. Ty 1 5 ‘5 BN AN SN B BN BN B B B B T BT B B AN RN NN A A T A A | PR
'y " 15 » s O %% 700 200 300 400 500 600
TiTe Baryon chemical potential, u, (MeV)

Gavai,Gupta, hep-1at/0510044



Pressure in LQCD < ideal gas
Lattice suggests a quasi-particle picture for QGP
Lattice EOS requires massive quasi-particle

A repulsive mean field generates flow! |
RHIC data possibly consistent with large viscosity

9¢

eAlternative:

* Glue has low viscosity and quarks tag along

A. Peshier, B. Kampfer and G. Soff, Phys.Rev. D66:094003,2002.

J. P. Blaizot, E. Iancu and A. Rebhan, Phys.Rev. D63:065003,2001.

This suggests a repulsive mean field (~500 MeV‘ 1y 3"

2.0

I BPgp

Karsch et al
‘ Tre

1.0 1.5 20 25 3.0 as 4.0 -
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BS correlation valuable diagnostic for structure of matter

BS correlations impose strong limit on existence of bound
states in the QCP |

Lattice QCD consistent with quasi-particle quarks
Higher order “susceptibilities” need to be analyzed as well

Mean field? Flow? High Viscosity? 77777
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G?: fitto 2+1 Bielefeld data, Tc = 170 MeV

2-0' 1 B | ] ‘ ¥

m. [GeV]

! 1 4 I

~ stran ge

1

I ! | Y LI

m_ .= 1.2 GeV

u d

i g | a §

0.0 ' " i 1 i

0.7 100 125 150 1.75 200

B. Kaempfer, SQM 2004

T/Tc

225 250 275

3.00
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Quantum numbers conserved in Heavy ion collisions:
» Baryon number B (exactly)

Charge Q (exactly)

Strangeness S (almost!)

Combmatmns are also conserved BS, QS, BQ etc.
dN /dy

@

e . 47 T T —
e T T T T e - ik aiy - h
- g P L

ﬂ i

Fluctuations of conserved

accept

Condition for charge fluctuations: AY,  >> AY___ >>

accept

AY

coll
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R . - SN . NPT YU S Y
1 . | : | .\ |

12 14 16 18 2
T/T.

co(Tie (T)

b ! i

Quasi-parti'cle model by
Bluhm et al, hep-ph/0411106



Independént quarks and - (QS)

LATTICE QCD fOI’ T>1.1T_C .CQS:*3 <S2>
$14 .
L 15 ,
P %
© 1.25 9 x-Q C
%10 ________________________ - @ QS
© ] L owe  w e
>  Bound state & I 9 0.75 |
%) O
QGP == ] i
S 0.5 C
D -
) BS
c 04 -~ QP i _ 8
2 &—=& Hadron gas N 0.25} [1]]
% 0.2 o
P " 0 . ] : )
BOB...,.I..-.I..-.I....l....l-.... 0.5 1 1.5 2
O % 100 200 300 400 500 600 | e

Baryon chemical potential, u,, (MeV)

V.K, Majumder, Randrup PRL95:182301,2005 Gavai,Gupta, hep-lat0510044 -
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Speculation / conjecture

Lattice gauge calculations show that ..

..the QGP is notan - .. the quarks and antiquarks in QGP
ideal quark-gluon gas: | behave as independent particles:
1.0 + . r v ‘ 15 T v
‘:).B | PfPse ] } : 125} +@ :;O 'CQS
28 | ; p /pSB ] | T % i G
- U’Qo.?ﬁ.
| == o 1% Cas
B4.§ Yearur s :
22 | ' 1 [% =B '
| Karschetal 0% %ﬂ Gavai & Gupta
P Y 15 20 25 a0 a5 40 r %5 : T‘T?: ; 25
¥ | C, (lattice QCD)
P <Pss =1 (X=BQ)

Cys (g-gbar gas)

This apparenf inconsistency might be resolved in a mean-field picture:

The quark acquires an effective mass by the medium: mT => pl

" The associated repulsive interaction may cohtribute to the flow
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Strangeness in Collisions

RIKEN-BNL Workshop, February 16-17, 2006 BNL [

L [deal Hydrodynamics

e Comparison with data
® Spectra
o Elliptic flow
e Beyond Ideal Hydro
¢ Summary, Conclusion and Open Questions

Jeff Speltz

Institut de Recherches Subatomiques, Strasbourg

IreS

Fachardas g&tﬁ%‘?ﬁ’gg
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Central Spectra

Best agreement for :
iX preli = a1
STAR pr gﬁ; Im. | Tye= 100 MeV ; a=0.02 fm

+ PHOBOS prelim| e o # (0 : importance of initial conditions
17 BRAHMS prellm
- 0=0.00 foi” hydrol ¢ Only atlow p; (pr<1.5-2GeV/c)

4

10 — «=0.0 L _ |
Central Data | ® Failing gt higher pr (> 2 GeV/c)
expected:
) P . | Thermalization
107} ® Lessrescattering —25> | dity limit

1008 ! v | T T T

- STAR preliminary data

(1/2r) dN/dyp.dp._ (GeV™)

3

-
o

. Tdecmlge M@V
o 1 2

PN
o

© Hydro:b=241fm

pr (GeV) > Ryl
P.F. Kolb and R. Rapp, Phys. Rev. C 67 (2003) 044903 : N ‘m Lo
107 T = 100 MoV

a : initial (at 1,) transverse velocity : v(r)=tanh(ar)

(1/2n) *N / (dy P dp) (GeVic)*?

e Caveat: Predictions normalized to data 103!

e Limited range of agreement |

¢ Hydro starts failing at 62 GeV? -

o different feed-down treatment in data and hydro? S

e Different initial / final conditions as at 200 GeV ? | EeTE
e Lower Ty, at62GeV? 1 p

e Larger 1,at 62 GeV ?

16/02/2006 1. Speltz - RIKEN-BNL Workshop, BNL : 2

ansverse Momentum p_ (GeVie)
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Spectra,

(1/27) &N / (dy m_dm,) (Gevic®)? 2x) &*N / (dy m_dm,) (GeVic?)

— pr=2GeV/c

—

S
(%) ]

o
©

—
=
by

16/02/2006

centrality dependence : 62.4 GeV

central

-
o

STAR p

reliminary

peripheral

Strange Baryvons

pr<2GeV/c: good agreemént except for very
peripheral collisions

Most peripheral not reproduéed by hydro
(what ever Ty,

pr > 2 GeV/c : deviation larger for peripheral
collisions than for central |

Central: Data best reproduced with hydro
using same parameters as for K, p

® Ty .=100MeV, a0 |
T4 = 164 MeV (decoupling at hadronization): not

“enough radial flow

3.

hydro T, =100 MeV ; a = 0.02 fm"
hydralT,.. = 164 MeV) a =0.02 fm*; ©, = U6 Im/c
T T T

Q- f

..... STAR preliminary
......... preIAY S b (fm)
.......... 1% 0-5% 24
i 105-10% 41

$10-20% 57
v20-40% 7.4
440-60 % 105
60 -80 % 12.4

Scaling factors
applied for better
viewing

1 2 '
my-m, (GeV/c?)

‘T, Speltz - RIKEN-BNL Workshop, BNL 3



Central Spectra

wﬁk Preliminary Au+Au, 5, = 62.4 GeV
|

. ] ! b | N
02 1‘&3\ ‘ —A'PA(‘}-G') - ®
< W e AtA(2-0)
- _ 4 bt
o
o
&
b=
o
2
o
@
& g- NAS7 (0-53%)
o 17.3 GeV: (7)1, =
b ' ,,‘:‘\'1\" ¢
0.1 STAR (central 0-5%} "*"*="*"*"""" 1 |
200 GeV: (1) (3)nK.,p Ly fewdl g
0.08 |- 62.4 GeV: ()2 {B)n,K.p Y . 1e
I | I ] : - | ] | ;
0.2 0.3 0.4 0.5 0.6
| Transverse velocity { BT » (C)
J. Speltz (for the STAR Collaboration), nucl-ex/0512037 _ ®

E. Schhédermahn étal, Phys;- Rev. C .48 (1993) 2462
F. Retidre and M. Lisa, Phys. Rev. C 70 (2004) 044907

Blast-Wave

Blast-Wave:
hydro inspired
parameterization:

®  Parameter T,

® Parameter <>

® Direct fit (X2) on the data
Blast-Wave gives slightly
different results than hydro :

e T, ~T,4>100MeV
sensitivity on fit range and
on the velocity profile?
Large errors
B-W fit on hydro :
Tkin #1
(up to 30
Are T,

Mev difference)
and Tkjn the same

| physiceacl quantity?

16/02/2006 ' J. Speltz - RIKEN-BNL Workshop, BNL 4
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Elliptic flow : 200 GeV

Self-quenchmg Sensitive to early stage of the evolution

Hydro features

e Mass hierachy at low py from hydro
— \ ~in data

Hydro modet

e  Agreement until pr ~2 GeV/c

()
>
..... s
g b ok -
o creee P e Same as for spectra
0.2} = -

g | % | ¢ pr>2GeV/cdata deviates from
m R o W+“'.w..‘.,:¢,......,. . _.._— hydro
? ol 1 o Describtion possible with
g A PHENIX Data  STAR Data - dissipative effects
@ ey o mT L rL e .
¥- e ® Y KK A K D. Molnar and M. Gyulassy,
T R R L PP : — | Nucl. Phys. A 697 (2002) 495

0 ' 2 4 R

b, (GeVic) ﬁ = 200 GeV 197Au+197Au Collisions at RHIC (run IV)
t v Y ™ Ty

J. Adams et al., Phys. Rev. C 72 (2005) 014804 0.5

e Early thermalization : account
for large v,

e squark flow : further indication o.1i

of thermalization and partonic
dof (QQ small cross-section, ¢

flow, baryon/meson difference) ol

16/02/2006

0.2}

< 0.5k

0.05}

M. Olde_nburg, QM 2005 Transverse Momentum p_{GeVic)

Kieupwijad ¥yLS

T. Speltz - RIKEN-BNL Workshop, BNL
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Conclusion/Summary and open questions

Ideal hydro gives good agreement with (strange‘ness) data:

Spectra and Elliptic flow at all RHIC energies (62 GeV to 200 GeV)
EoS including phase transition gives nice accord

Indication for (early) thermalization |

Kinetic Freeze-out (T,..) similar for all particles

clarify on Blast-Wave (more precise measurement, Alice...)

() : Mass evolution and test full equilibrium of all light flavors
Interplay of 1y, & and Ty is it really understood?

Importance of 62.4 GeV! Possible insight to hydro breakdown

¢ Nothing is really perfect (ideal):
¢ but closest to perfect we have ever seen .
e Breakdown (peripheral, finite n)): hybrid models, viscosity

16/02/2006

Test these tools on strangeness

J. Speltz - REKEN-BNL Workshop, BNL



Hydrodynamms at RHIC ~ Successes, Fa,llures and Perspectlves

Ulnch Heinz
Department of Physics, The Ohio State Umversmy, Columbus, OH 43210

Collective flow measurements provide access to the Equation of State (EOS) of the expanding
fireball matter. This connection is most direct and clear if the matter behaves like an ideal fluid.
Predictions of collective flow features, especially of anisotropic elliptic flow at midrapidity, based on
ideal relativistic fluid dynamics have been very successful at RHIC. Roughly speaking, ideal fluid
dynamics describes the bulk (> 99%) of hadron prodaction, up to transverse momenta of about
1.5-2 GeV/ec. This includes the successful hydrodynamic prediction of the mass splitting of v2(pr)
for identified hadrons, and the preference of this observed splitting for an EQS with a quark-hadron
phase transition over equations of state without such a transition.

However, the ideal fluid dynamical description of RHIC data also has its limitations. If one assumes
chemical equilibrium, all the way down to kinetic freeze-out, one reproduces the shapes of spectra
and v, (pr) for identified hadrons, but not the relative hadronic yields. If one corrects the hadronic
EOS to take into account chemical freeze-out directly at hadronization (Tinem =170MeV), one
reproduces the hadronic yields and the shapes of their pr spectra, but overpredicts the pr-slope
of v3(pr). 'This shows that, even though in the hydrodynamic simulation the total momentum
anisotropy saturates before hadronization, final hadronic kinetics redistributes it among the differ-
ent hadronic species in a way that depends on the chemical composition of the hadronic phase, and
if one assumes that the latter behaves as an ideal fluid one cannot describe all aspects of the hadron
spectra simultaneously. The discrepancies at midrapidity in minimum bias Au+Au collisions at
RHIC disappear if one replaces for the late hadronic stage the ideal fluid dynamic model by a
(highly viscous) hadron resonance cascade model.

The hydrodynamic picture also breaks down for va(pr) at pr > 1.5 GeV/c for mesons and pr > 2.5
GeV/c for baryons. This can be attributed to viscous effects, but the limits for the shear viscosity
that one extracts from these deviations from ideal behaviour are very small, making the qua.rk-glu
plasma the most perfect fluid so far created in the laboratory.

Further and more significant deviations from ideal fluid dynamical behaviour are seen in the elliptic
flow in peripheral Au-+Au collisions at RHIC, at forward rapidities in minimum bias collisions at
RHIC, and in collisions of all centralities at lower collision energies. All these deviations seem to
scale with the ratio of charged multiplicity density dNyy, /dy over transverse overlap area which can
be directly related to the initial entropy density produced in the collision which again controls the
time until the point of hadronization is reached. Recent work has shown that all these deviations
from ideal fluid dynamics can be eliminated if the late hadronic stage is described by a realistic
(and highly viscous) hadron rescattering model instead of ideal fluid dynamics. With Glauber
model initial conditions, hadronic dissipation can account for all observed deviations from ideal
fluid predictions at pr < 1.5 GeV/c. If one instead uses the more eccentric initial entropy density
profiles calculated from the Color Glass Model, the predicted elliptic flow is still too large and must
be further reduced by shear viscosity in the QGP phase.

An extraction of the value of the QGP shear viscosity requires a viscous relativistic hydrodynamic
code for comparison with the data. Work along this direction is in progress, and some first results

are shown.

References to relevant work are given on the attached transparencies.

69
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Successes of hydrddyhamiCS at RHIC:

Single particle spectra from central and peripheral Centrality and momentum
Au+Au @ 130 A GeV (STAR, PHENIX): dependence of elliptic flow v
N ) >« PHENIX e[+ PHENKX (STAR, PHENIX, PHOBOS):
T 10? . P PHENIX i
3 . P STAR 8 A oo
s g — «* hydro & o T eRe ]
&10° e " R fyero by 8t -
g g o~ } STAR
5 5 - . ;
_i'i 107 § g 4
' most central .
0 1 2 3 0 05 1 15 2 25 2t
pT (GeV) PT (GBV) ) h+f—
o~ R . - ] " T [ . R
:}|> 10° : g}l—_lEng - w . 0 0.25 0.5 0.75nch n ma:
o} ~ hydro L, 10 {5-16% . . 4
a > - . o5l t STAR . 1
g T 10 . E7 4 opHenx T
g \Q; g faett - Mao —EOSQ _
g. 5-15%0]. _% { --- EOSH 2w i } }
S , 3 15 * : .
..(5__ ~]15-20 5
- \\\ d 10/
' @\_m'- B 05 1 15 2 st A
b, (Gev) ' By (@Y * -
i} _ _ % 3 Gvé
 Model parameters fixed with 7, p spectra at b = 0: Pr(GeV)
all other spectra predicted (UH & P.Kolb, hep-ph/0204061). Vg = (COS(qu))

Final radial flow (v;) > 0.5¢ = bang!

‘Ulrich Heinz - o U Tiniwtn Hydrodynamics at RHIC . . . (RBRC, 02/15/2006)  1(31)
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Limits of ideal fluid dynamics: smaller, less dense systems

STAR, PRC 66 ('02) 034904; NA49, PRC 68 ('03) 034903 | 3d hydro: _
& R ' T. Hirano, PRC 65 (’02) 011901; 66 (02) 054905
REAEEE R REERE R R B R
=025 HYDRO Hmiis .: 008 —— . _
- s 1] STAR [3 PCE —
02F - i - : ' PHOBOS CE ----
1 : %{ I~ ] 0.06 -
: [ *‘};} :
0.15} : -4 -
3 i’{(.ﬁﬁ . 1)
041 :- e ® ¢ | —5— Euir=11.8Gov, EB77 -;q
! iyl | 0o}
0.05 E‘ |;| % - —fn =120 GeV, STAR -E
3 i 5 =200 GaVY, STAR Frafim. | - )
0-'llllllllll_l.'lll ||||| .nnu: |||||||||| 1 0_6 6
0 5 10 15 20 25 30 35 n
(1/8) dN, /dy
Urznea,sured _- 1 dN,
P - 1 = c -
2

® et > 10 GeV/fm?_’ needed for vy to saturate before hadronization and exhaust ideal
hydro limit! |

e hydrodynamics predicts non-monotonic ve/€: between AGS and RHIC it decreases, due
to softening of EOS by quark-hadron transition (Kolb, Solifrank, UH, PRC 62 (2000) 054909)

e data show instead monotonous increase of v /€ with /s!?

What's going on??

~ Ulrich Heinz : _ . MEssl.opr w7 Hydrodynamics at RHIC L. . (RBRC,.02/15/2006)  2(31) |
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Is hadronic dissipation enough to explain deviations
from perfect fluidity?
(T. Hirano, U. Heinz, D. Kharzeev, R. Lacey, Y. Nara, nucl-th/0511046)

3D Hydro+Cascade Model: Ideal fluid dynamics for QGP above T, hadronic cascade
with realistic cross sections (JAM) below T (similar to Bass & Dumitru (1D), Teaney & Shuryak (2D))

0.12 - ' ‘ 012 0.12 ' :
[ +  hydro+JAM e hydro+JAM +  hydro+JAM
oil. b=4.0fm Th=100MeV oaf. b=6.3fm — T"=100Mev o b=8.5fm — 1"z100mev
i - TR=1BIMEV - = T"=159MeV : S Th=160MeV
0.08}- = PHOBOS 3-15% 0.08 _ « PHOBOS 15-25% 0.08 « PHOBOS 25-50%
= 0.06F = 0.06 . s 0.06
004 ' 004 i . ‘ 0.04
0.02[- 0.02 1 b ) 0.02
: il ! 1 1 ?i
% B e . N Y B %

[Glauber model initial conditions (85% soft/15% hard)]

e Not enough elliptic flow from perfect QGP fluid — hadronic cohtribution to vq is required

° 'Treating' hadronic stage as ideal fluid overpredicts v in peripheral collisions and at
forward rapidities

e Dissipation in hadronic cascade brings theory in line with data (except for small b —
excess in data due to event-by-event geometry fluctuations? (Mitter & Snellings))

Ulrich Heinz ~ - | . "":' Co T s Hydrodynamics at RHIC . .A.-(RBRC,'O2/15/2006) 3(31)
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CGC initial conditions give larger elliptic flow
— is the QGP ’"imperfect’ after all?

(T. Hiranb, U. Heinz, D. Kharzeev; R. Lacéy, Y. Nara, nuci-i:h/0511046)

0.16 ‘
— o di : —__ CGC, T, =100MeV
0.7 no diffuseness 044 N e BGK, T:ec=1 00MeV | -
—CGC F ——- CGC, hydro+cascads
. 0.6 — Glauber 042 N e BGK, hydro+cascade
- s+ PHOBOS(hit)
0.5 0.1 e PHOBOS(track)
w 0.4 >N 0085’ .......
03 0.06¢
0.2 0.04f
0.1 002k =
1 L [T W [ S WA R T T S N SO S O PO C
| 00 2 4 6 8 10 12 14 00

50 100 150 200 250 300 350 400
: part

| b (fm)
e Color Glass Condensate (CGC) model (McLerran & Venugopatan 1994; Kharzeev, Levin, Nardi 2001) pro-
duces steeper edge of initial distribution, resulting in larger eccentricities € than in

~ Glauber model

e ldeal hydrodynamics turns larger spatial eccentricity e into larger elliptic flow v
e Hadronic dissipation insufficient to reduce the calculated v enough to agree with data
— additional QGP viscosity needed!?

—> Need better control over initial conditions!

Utrich Heinz S .. e oo Hydrodynamics at RHIC . . . (RBRC, 02/15/2006) 4(31) ..
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- (141)-d viscous hydrodynamics: first results (II)
(Chaudhuri & Heinz, nucl- th/0504022) o |

Sensitivity to initial #”", Z, and relaxation time Tr (Tf = 160 MeV):
n/s =0.135, 7l

Tﬂzgﬂp, 7";‘;;:‘32_7% _ 1m—32%'

=50, 1 =0.135
104 T=.3 GeV, t=.5 fm, no phase transitign

10+ T=3 GeV, 1=.5 im, no phase transitign 101 T=.3 GeV, 1=.5 fm, no phase transitign
n/s=0 N n/s=0 n/s=0
8- e el . 8 WL AR 81 B SR LT A
P _ ] __mle=135 | __nfs=.135,1 ~1:
' - — m/s=.135, 1: =. 51:

r
n/s=.135, n' =5 2n/3t n/s=2.0".135 el

£ 6 1s=.135, a, =2n/3t = '6‘_
12 6o 2 4 6 8 10
r (fm)
. Larger initial viscous pressures create larger overall viscous effects
(“memory effect”) |
e Significant viscous effects for 2 > L

e At fixed I, viscous effects increase with increasing relaxation time 7,

(RBRC, 02/15/2006)  5(31)

Ulrich Heinz | Hydrodynamics at RHIC . . .
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Leptonic and Charged Kaon Decay Modes of the ¢ meson Measured in
Heavy-Ion Collisions at CERN-SPS

A. Marin (GSI) for the Ceres Collaboration

We report a measurement of ¢ meson production in central Pb+Au collisions at E,,,/A=158
GeV. For the first time in heavy-ion collisions, ¢ mesons were reconstructed in the same
experiment both in the K ‘K - and the dilepton decay channel. Near mid-rapidity, this yields
rapidity densities, corrected for production at the same rapidity value,of
2.0510.14(stat)+0.25(syst) and 2.04 + 0.49(stat) + 0.32(syst), respectively. The shape of the
measured transverse momentum spectra is also in close agreement in both decay channels.The
data rule out a possible enhancement of the ¢ yield in the leptonic over the hadronic channel
by a factor larger than 1.6 at 95% CL. |

Strangeness in Collisions Workshop . February 16 (2006) A. Marin (GSl)
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Decay cocktail+rho+QGP

Strangeness in Collisions Workshop, _Febri.lary 16 (2006)

SN
¢ :mass 0.9-1.1 GeV/c2

229 + 53 Counts

S/B=1/12

Physics Background:
in-medium modified rho
- dilepton yield from QGP
35% contribution in ¢ peak
(R. Rapp)

’ | Decay cocktail

A. Marin (GSI)
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dNidpdy ((Gevic))

10"

=L T HI

LA T At B BRI L |
Pb-Au 158 AGeV

--------
pes

I 1 Ill[l!l

L ' L 1 1 ] I 1 L 1 ] I L 1 1 L ' ] 1 L 1

—05 1 i5 2 25
P, {GeVic)

Different rapidity

dN,/dy 2-34=0.93.(dN,/dy)* ! %
(from NA49, PLB 491(2000) 59 )

K*K-:

dN/dy=2.05+0.14(stat)+0.25(syst)
T = 273+ 9(stat)+10(sys) MeV

e‘e :

dN/dy=2.04+0.49(stat)+0.32(syst)
T = 306 + 82(stat) MeV

Strangeness in Collisions Workshop‘, February 16 (2006)

Ceres Collaboration: nucl-ex/0512007

A. Marin (GSl)
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Invariant mass ¢—> K*K-

| SN
All charged particles asigned the Kaon mass (no PID) |

Selection of target tracks with matched SDD-TPC tracks |
Single track cuts: 0.13<6<0.24 rad, p,>0.250 GeV/c

Opening angle vs pt cut following the ¢, Armenteros cut

S IS0 L L L L L M A L B

2 300001 Pb-Au 158 AGeV_]

% ¢ = KK

€ i

3 20000 —

8F

§ n .

£ 10000 4 1.5 6eV/c < p, < 1.75 GeV/c

2.2<y<2.4

d

I°Il
|
-

| ] 1 Ll L I I | F L 11 | 1 L1 I 1.1 I 1l L 1‘
098 1 102 104 106 10B 11 112
Moo (GeVIcz)

Strangeness in Collisions Workshop , February 16 (2006) A. Marin (GSI)
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Comparison to NA49/NA5O results

m, (GeVic’)

NA49 and NA5O:D.Réhrich, J.Phys.6.27(2001)355

CERES: nucl-ex/0512007

Different measurement conditions:

NA49 CERES Correction
centrality: 4% 7% h™4o./h"54 CERES
rapidity: 3.4 2.2 dN/dy NA49

Scaling factor: F =1.15 + 0.12

Strangeness in Collisions Workshop , February 16 (2006) A. Marin (GSI)



Conclusions

08

For the first time in heavy-ion collisions the Iep1'omc and
charged kaon decay channels of the ¢ meson are
measured in the same experiment |

The measured rapidity densities and transverse
momentum spectra are in agreement in both decay
channels

The data rule out a possible enhancement of the ¢ |eld
in the leptonic over hadronic channel by a factor Iarger'
than 1.6 at 95% CL.

CERES results are in agreement wu'rh NA49 results

Possible differences of maximum 40-50% as expected by
models like UrQMD or up to 70% at lowest pt as
expected by AMPT model cannot be ruled out by CERES

| r'esulfs

gt T = SR S

Strangeness in Collisions Workshop, February 16 (2006) A. Marin (GSI) '



I8

Prof. Dr. Johann Rafelski

THE UNIVERSTTY OF
| ) rafelski@physics.arizona.ed
Department of Physics Cell: 1-520-990-4213" RIZONA ® htwp:/rwrarw. plgls)lcz arizona. edu;: "rl;felslu/
1118 E. 4th Street, 386D FAX: 1-520-621-4721 TUCSON ARIZONA

Tucson, AZ 85721-0081 Res.: 1-520-209-3326 .

Strangeness Signature of QGP

BNL, February 16, 2006

ABSTRACT: nucl-th/0602047, with Jean Letessier

We study the process of chemical equilibration of strangeness in dynamically evolving QGP fire-
ball formed in relativistic heavy ion collisions at RHIC and LHC. We account for the contribution
of direct and explore the thermal—QCD strangeness production mechanisms. The specific yield of
strangeness per entropy is the primary target variable. We explore the effect of collision 1mpact
parameter, i.e., fireball size, on strangeness chemical equilibration in QGP. Insights gained in
study the RHIC data are applied to the study strangeness production at the LHC. We further
consider how characteristic hadronic observables are influenced by the differences in the chemical
equilibration, given a specific per entropy strangeness yield. OBJ ECTIVES:

‘1. Introduction: nonequilibrium -+ statistical hadronization

2. Analysis and parameters for strangeness RHIC results (ZXPRC nucl-th /0412072 0506044)
3. Strangeness equilibration with fireball expansion

4. Centrality dependence of s/S at RHIC-200 and LHC

5. Soft strange hadrons at RHIC and LHC

With Jean Letessier, Inga Kuzﬁetsova, and Giorgio Torrieri, now Montreal
Supported by « grant from the U.S. Department of Energy, DE-FGO2-04FER{1318

Johann Rafelski, Department of Physics, University of Arizona, TUCSON, AZ 85718, USA
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Smooth across the phase boundary are the yields
strangeness, charm, entropy = multiplicity
and hence ratios, we will focus in this presentation on the observables:
s or ¢ number of valance strange, charm quark pairs
S multiplicity = entropy content in final state

And across any phase boundary when V' does not adjust (and even in that cése) :
| A I
Examples of what non-equilibrium parameters do

® ¥; = v,/7, shifts the yield of strange vs non-strange hadrons:

the horn : — oc 1‘% , ¢ enhancement ¢ X ’Yiz ,
: "y kg
enhancement rise with strangeness number : & 11—5 ,

7

. q .
¢ For fixed ¥, = v/, and fixed other statistical parameters (T, X;,...):

baryons oc y2* |
x 7.

mesons o yf2

Countmg particles
The counting of hadrons is conveniently done by counting the va-
lence quark content (u,d.s. ... /\5 = Mg, A= /\u,/.}\d_) :

?

. ‘ 5 [1p/3—15]
T =TAPNe = e/T ) = eT = ¢ N=eT=e T
Example of NUCLEONS vy = 73 |
‘ —Hy,
Ty = ’YNG%Q.,- N= weT

oy =+ Ty, oy = —pp+TInyy
Meaning of parameters from e.g. the first law of thermodynamics:
dE+PdV —TdS = ondN +oxdN
= 15(dN — dN) + T lnyw(dN + dIV).
NOTE: For vy — 1 the pair terms vanishes, the y; term remains, it

costs dFE = pp to add to baryon number.

82
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Strangeness / Entropy in QGP

Relative s/S yield measures the niumber of active degrees of freedom and degree

of relaxation when strangene_ss production _.f_reezes—out. Perturbative expression

in chemical equilibrium: '
LT3 (m /T2 Ko/ T)

S o2
=2 - ~ (.028
S (g2m?/45)T3 + (gsni/6)u2T

much of O(a) interaction effect cancels out

Allow for chemical non-equilibrium of strangeness v2%%, and possible quark-gluon .
pre-equilibrium — gradual increase to the limit expected: '

: . 0.03yR6P

S 0.dvg + 0.178%F+ 0.5925F+ 0.0592%F (In A,)?

We expect the yield of gluons and light ciuarks to approach chemical equilibrium
fast and first: ¢ — 1 and ’Y;‘IGP — 1, thus s/5 ~ U.OQS’*{?GP.

- (0.028.

CHECK: FIT YIELDS OF PARTICLES, EVALUATE STRANGENESS AND
ENTROPY CONTENT AND COMPARE WITH EXPECTED RATIO,

RHIC200 results: dependence on centrality

Statistical parameters Physical properties Strangeness and Volume
__ 180 'E' 0.16
% 155 { 75 [
150 :
=, 145 e 50 = O1p
B 140 -§- 25 R
185 o — 600 “ 0.05 |
R L]
. 18 ' g - 400 9
= %
1 TP 2 200 sd:
0.5 e l;:‘
1.5 — B o
o ) ) 4 s
o~ 1 -
~ P R TS g E =3 2
& % 2
1
0.5 o
= 30En
" oI 7o) 0n
= 20 \5\. 0.8 \5‘"
[
10 = E 3
3 ————t-g e E 3
g E NI | L TE 0.7 Eaeyd 1 RPN T | 3
10 100 _ 16t 10°
A A
LINES: blue: nonequilibrium ~,,v, #1 and green semi-equilibrium -, # Ly, =1, Yo=Y =1

Highlights: v, changes with A « V from under-saturated to over-saturated value,
nyG increases steadily to 2.4, implying near saturation in QGP.

P,o.¢ increase by factor 2-3, at A > 20 (onset of new physics?),

E/TS decreases with A - test of EoS.

(1enmetric traneveres gize araling
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s/b and s/S5 rise with increasing centrality A o« V; E/s falls

10 o Showing results for both v,, v, # 1,
9 g~ for v, # 1,7, = 1. Note little
Q 8 4  difference in the result, even
® I E though the value of T will differ
6 E significantly.
5 En 1| w11l L 3 .
: 1) s/5 — 0.027, as function of V;
0.03 ENOTE LIMIT - 2) most central value near
Q } QGP chemical efluilibrium;
w o 3) no saturation for largest
0.02 g volumes available;

Illl 1 1 | I ] 1 1

Behavior is consistent with QGP
prediction of steady increase of
strangeness yield with increase
of the volume, which implies

Illllll_l_ll!l'll 1IIIIII’IIIIII

E/s [GeV]

5 B Bunguig. oo longer llfespan and hence greater
| Lot o1 sveeal ' StraﬂgeﬂeSS yle:ld both SpeCIﬁC
10 100 yleld and larger y2GF,

NOW ON TO THE THEGRY DO WE UNDERSTAND $/S?

: rSTRANGENESS IN ENTROPY CONSERVING EXPANSION |
QGP expansion is adiabatic i.e. (gg = 2,8, = 16, g, = 2,3.n4)

4 3 _ _ 1504(T) 7 B 50013(T)
S = 5 g(TYVT* = Const. g—gg(l e +... +4gq 1 s +..0]

The volume, temperature change such that 5{gT3V) = 0. ‘Strangeness phase space
occupancy, g = 2:3; (1 — MST(T) +.. ) k=2 for my/T — 0:

ns(T)

T) m

=) ) = ) 2, =% K, Bessel f.
W) = gy ™) = WOTOFE 2K, 2=
evolves due to production and dilution, keeping entropy fixed:

s = v e+ gy e =]
Which for ~, assumes the form that makes dilution explicit:
dvs N dinfg,zKa(2)/g] _4c &
ar dr nge LG
For m; — 0 dilution effect decreases, disappears, and v; < 754, importance grows
with mass of the quark, z = m,(T)/T, which grows near phase traunsition boundary.
VOLUME EXPANSION, THROUGH ENTROPY CONTENT THIS FIXES T(7)
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.5/S and 7, at RHIC centrality dependence

:—% 0.6 Y T T 1.:‘1‘ll|_ % 0.6 T T T ‘:"_:u_n_ UL RURRESY
[ S (- - - ]
e 04 1F 0.4} —: ]
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The two left panels: Comparison of the two transverse expansion models, bulk expansion (left),

and wedge expansion. Different lines correspond to different centralities. On right: study of the
influence of the initial density of partons.

Top: 7', middle v, and bottom s/

Assumptions: _ _ . .
dotted top panel: profile of v, (7}, the transverse expansion velocity; middle panel: dashed

Y9(7),{which determines slower equilibrating -, dotted: normahzed dV/dy(7) normalized by the
freeze—-out value.

What this means for LHC
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Comments (same LHC and RHIC:
Top Panel: Initial temperatures accommodate dS5/dyl; beyond participant scaling.
Middle Panel: Solid line(s): resulting -y, for different centralities overlay;

Bottom panel: resulting s/S for different centralities, with Ry stepped down for each line by
factor 1.4.°
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Strange quark mass matters
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Left RHIC, right LHC, bulk volume expansion. m, varies by factor 2.

75 overlays: Accidentally two effects cancel: for smaller mass more strangeness

production, but by definition -~

smaller. s/5 of course bigger for smaller mass.

Multi strange hadrons are more sensitive to s/S
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Top three - panels:
/xt, = /T, Q /7" (log scale)

relative yields of multistrange

hadrons, as function of s/§
®/xt, =7 /7T, QO /at (log scale).

Solid lines primary relative
yields, dashed lines after all weak
decays. Thick line with s/5 < 0.3
are for RHIC and thin lines are
for LHC physics environment.

Bottom panel: Kt /7%,
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Hadron production at chemical equilibrium

from Epegm/A=2 GeV to /syny=200 GeV (central collisions)

A.Andronic, P.Braun-Munzinger, J.Stachel, nucl-th/ 0511071

e Thermal fits
e Energy dependence of T', tp - comparison to other results
e Excitation function of particle ratios

e QCD phase diagram

A. Andronic - ”Strangeness in collisions”, BNL,'FebMary 2006
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Measured yields at mid-rapidity

dN/dy
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e minimize: x* =Y,

Thermal fits

e conservation (on average) of the quantum numbers:

i) baryon number: V' > .n;B; = Np

ii) isospin: V' -, nls; = I

iii) strangeness: V' »_,1;S; = 0
iv) charm: V' ) . n;C; = 0.

-e interactions: excluded volume correction

e widths of resonances taken into account
ETp therm\2
(R Rtherm)

02‘2 ) Z’L Rthe'rm)

>  R;: ratio of hadron yields (=> T, ,ub)- or yield (extra param., V)

( Rech Rtherm)2

> Data: 47 or dN/dy data (our choice, unless stated 4r)

?  extra parameters: g, X’s (physical meaning?) (NOT, m'our_ca,se)

A. Andronic - GSI Darmstadt



One more ingredient: the canonical volume

06

Cano'nical suppression ...whenever the yields are very small (low energies)

ng’ —_nfsc/Fs, Fg = Ip(Ns)/Is(Ns)

suppression factor

~ T T T T ]
O - ]
10 2 [ T T T T T T T | : T _l E 120 T __
- ’ ] — L i
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i A 1, ) 80 N
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- : 5 F ]
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I ] e 08| -
| 0.6 - ~
0.4 -
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A. Andronic — GSI Dermstadt
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10 ) _.

Ratio

10 |-

10k

—e—
! t - ! i
K K
K 7 X

Vs,y=3.84 GeV

g [y .

i I 1
K K K
K* t 'l

AGS, 2-8 AGeV

i 1 :—.— V5,y=3.32,GeV ' _
10 1_ “‘*#‘*“—O—- + (T’ ub)
10‘2;— | E (64’760)
| : I_.— |
e v v e (BE0)
. | . (86,615)
i Vs, =4-30 GeV (93 ;580)
10" T T A: from A
| 1 (width = p)
[ ——
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AGS, 10.7 AGeV

120

100

o T =124+ 3, puy = 537 £ 10 MeV, x*/Ny=6.9/7 (no K~ /77
eno d/p, p/p, AJA and ¢/K™ (to check bias at lower energies):

[ @ T=124, =537 MeV, x*=6.9/7
_IlllllilllgllIllllllll'III

IIII

Ratio

10

! |

Vsy=4.85 GeV

1)
T T 11 TT

I L |

10 L @ Data,dN/dy ¢ 4n. -
B e T-.124 ub-537 MeV

460 480 500 520 540 560 580 8600 T

b, (MeV) *

T =108 49, pp = 555 & 18 MeV, x /Ndf—l 3/3
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AGS: fits of yields

| I | | } | I I

2 109 | =
g e —8— Vs\=4.86 GeV 3
10 | —&— v -
| e
A o ]
1 - - 3
- ® Data : —5
4F —  T=132, p, =545 MeV
_2f Y o
10 I | | I | I | - I i

X2/ Ndf:S.'S/ 7. V=950 fm3; even A works (higher T')

excluding p, A, ¢, d: T=110, j15=550 MeV, x?/Ngr=1.2/3, V=2620 fm®

A. Andronic — GSI Darmstadt
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SPS, 40 AGeV

S 170 T8 T T 1 T T T T T T T T T 1
2 18 1 ’ﬁ" Vs, =8.76 GeV El
- ] A ]
160j -1 A . -
X 1 10 F -
: ] 10 n - _‘?“ﬁ?
150 - — N _ 0
. I O
i ) _§_ ' g _
: 0= o & E
140 - | — - g -
b Vsy=8.76 GeV (NA49,NA57) - 3: e o N oz 10 ) i
i 1 .- 1 + @) ¢ 4x .
‘ - T=156.5, 1, =403 MeV, x*=15.4/13 1 - ‘ ' T‘g S
jaof @ TE1965 k=403 MeV. | 81 10 ¢ — | T=156, 4,=403 MeV ok
Bt v Ly o Lo e boa s s 1 )] [~ | | | ] N
340 360 380 400 420 440 460 T v = T = A = -
o MeV) T Kp AEQKKpPpAEQdEQ
Ho T K'p A QA wn p AE

not included in the fit: K~ /7, Z/7~, Q/7~, d/p
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SPS, 80 AGeV

_I:llllllllll'illllI||l||||lillIIIIIII -Q | i | | l
L g T g e .
1701 Vsy=12.3 GeV o : Vs =12.3 GeV -
160 4l ®
10 | S E
- —— ;
- . ) -
150 _
i T @
-2 =
10 = ® Data (NA49) =
A _ _ 2_ - ' — N
ol |. T_|154, ;lxb..zgfla Me\ll,x —2l3.4/5I i : T=154, 1, =298 MeV ® " :
11 1111 ;I ) | I ) | | Ll Ll .| I 11t . 11 I [ | ’ ! | | | I
1 4 = = = =
270 230 290 300 3 .0 320 330 340 T K b A K* K b A d
K, (MeV) K p A ot * w®w ® p

not included in the fit: K= /=, d/p
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' SPS, 158 AGeV -

96

1 b 1T
Vs\n=17.3 GeV

Ratio
&_

3
1_%: :

10

I IIIIIII|

Pt 1 1ty

_ gt = N —
10 L ' -‘4‘5—3{% 0 =
- A NA44 O NA57 o ¢ E
kO NA49 ¢ 4x | ]
[ —  T=160, j1,=240 MeV el '
LA o S B B L%

not included in the fit: K~ /77, Z/7n~, Q/n~, d/p
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SPS, 158 AGeV

140 -
[ ® T=179, 5,=267 MeV, %°=8.7/10

130j’|“l\1}Ll)!!I\i-|ri‘z|\['1"
180 200 220 240 260 28O

160 |-

150 |-

V8=17.3 GeV (NA44,NA57)

P A A B L B N B R S L B B

180 - 180 Vs,=17.3 GeV (NA49) R
! | ® T=150,11,~226 MeV, x°=27.8/10 ]
170 |- 1 1701
160 |- LI -
4 150} ﬁ 150{“
Vsn=17.3 GeV (NA44,NAS7,NA4S) | L
----- 140} _ -1 140
[ ® T=160, =240 MeV, y°<56/22
i I T V) S I S S B R B T ] S B S S S B

data set

Ky, (MeV)

T (MeV) py, (MeV) x%/Ngy

180 200 220 240 260 2801
u, (MeV)

! 1 I 1 1
180 200 220 240 260 280
i, (MeV)

T (MeV) pp (MeV) 62

NA44+NAS7
NA49

combined

179475 267+26 8.7/10
150+4.5 226£15 27.8/10
160+£5 2404+18 56/22

174 243 0.15 -
168 240 0.66
172 243 0.86-

A. Andronic — GSI Darmstadt
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SPS: fits of yields

Yield

10

10 E

1
—
T TTTTT?

.751],q o ]

A NA44 0 NAS57
O NA49 -

| —  T=164, p, =234 MeV

[ I A A A

g

™ KKK KEp p A AE E

||rEQ11_:
Q Q¢ d

X%/Ngr=105/23, V=1000 fm? (nod)

NA44+NABT: T=174, 11p=240 MeV, V=750 fm?, x*/Nzr=24.2/10
NA49: T=158, 11;=231 MeV, V=1250 fm3 XQ/Ndf_z—sﬁ 2/10
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RHIC, 130 GeV

T (MeV)

66

1851| T T T T LI B B B R B T T 1 t 9 ]' | | | | | l i | ' | |
- 18 1 e -8 \ GeV 3
180 |- JT nahd Suy=190 Ge ]
o v
10 1 0L Bds & - |
165 £ : . E
: 5 ; - :
160 - B i i
155 F | 1 10?. @ Data ‘o _
wf 17— e :
- Vs)y=130 GeV . - | : ]
1455 E . T=165.5, \1,=38 MeV i
- ® 7-165 5, 1,=38 MeV, x Z_4.1/11 ] 3
1400, ) PR S OO U T O TN N M Y S O O "— ‘ 10 ] | | | ] | I | | | f | i
TR R R R 60 T Kp AE QKKpAEQO K
Ky (MeV) T Kp AE QU agr v KK

experimental pion yields not corrected for feed-down!
we assumed 30% contribution
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RHIC 130: fits of yields

N R

% T | | i
> -98 Vs =130 GeV
10 2:— | 3
- . i
. | T ]
L = ]
10 | | s
: | -
| ® Data @ ° :
; — Model _ —

, T=168, =34 MeV, V=1700 fm® E
R A N P N NN S N F'*' L

nr n K K P P AAE E o K

2 /Ndf—15 3/10

‘No No Z’s: T=160, pp=32 MeV, V=2200 fm3, y?=4. 3/8 (less blas in ratlos)
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01

'RHIC, 200 GeV

. | I | ! !_ | i | ! I l | | I | I | ;175_| LA I A L Y O B B B [T I-E I:
E e 6 Vs=200 GeV E g 170E E
- ' | 1+ :I65— ' ' E
| q) ..Q; 5 . ]
j TR - | teof ' E
B 9] - E F ' -
- T o 1 155 E
. 0 STAR | ? | 1sof E
- A BRAHMS - o N :

——  T=160.5, j1,=20 MeV. S 1 F TewmR00Ce :
e T=155, =26 MeV | "F e T-1605, 4,20 MeV, 16021 ]
SHN AT I N N I I N I A N N M= BN ¥ 1) RIS AP P S W
T KpAZQKKPAZQddaeo KA A™ 10 15 20 25 30 35
TK'p AZQrrnrnnnpp KKAP W, (MeV)

i) all data (no K*/K~, A*/A, and A**/p): T =155+ 2 MeV, pp = 26 + 5 MeV, x%/Ny = 34.1/23
(with resonances: T = 1554 2 MeV, pp = 25 + 5 MeV, x?/ Ny = 41.8/26)
i) excluding 5/~ and ¢/K~ from PHENIX: T' = 160.5 & 2 MeV, pp = 20 & 4 MeV, XZ/Ndfr-16.0/21

A. Andronic — GSI Darmstadt -
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Energy dependence of the thermal parameters

T (MeV)
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i #d] E °F 0 ¢ E
;_ i 1 IIIIJI 1 I.I IIIII| i l I_- 4}_ ' -_:
- T T IIIII| I I I IIIIII i T I: : —
- o) 3 o ]
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T (MeV)

i, (MeV)
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140
120
100

80

60

40
200

800
700
600
500
400

-~ 300

200
100

Energy dependence of the thermal parameters

lIIIIIi‘ T IIIIlIIl [}

® Becattini et al.: +vyg (V) - hep-ph/0511092

"‘_6 8 : 1 T TTTTT I T P Td I| ' T 1 ] :
%c ; C 4 | 4 dNdy ¢ 4m 7
€t 'k ¥ dN/dy, vields
= 6 - ¢ O review (2003) 1
- A A Becattinietal. 3
5 - ' ]
- 09 ]
af v E
3f A =
- A ApQg o ]
25_ ot A © v E
e ' -
= o B8 O .
- O D .
- M ]
0" Mﬁ1l!1' t ] |||1|||D. ] bl
10 102
Vs (GEV)

yt s
- $§ E
- E##%J thiswork [0 dN/dy ¢ 4z -
— © | O review (2003) —
5 (:ﬁ] A Becattini et al. (4w) .
} ] ] | I | J 1 1 1 1 1¢ ll ] [l I—:
- T T T T71T | ] T LI L] | T T T -
- O =
- 5
3 Eé%o E
- ‘ AN =
3 ® 4 E
g i 1 1t 1 ¢11 | H ! Lol 0 1E1 | Q @ L H ;
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T (MeV)
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. 100
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80
60

40
900

800
700
600
500
400
300
200
100

| Energy dependence of the thermal parameters

- T T 1 T TTTT | T T T T TTTT | $ éb T I___
1L % i
- ?ﬁ X X X
_ this work [T dN/dy ¢ 4n ]
— O review (2003) —
- q] A Becattini et al. (4w) ]
= C:) X Letessier,Rafeiski (4x) .
:_ l.. il | | I . 1 I | | | l l \_:
B T T T T TTI1 | I 1 | L LA % I I T .
O x =
- 5
- ¢ =
g A E
g 1 1 Ll iLl] | ] L] | | II Q @ ! 1 -E-
1 10 10°

\/sNN (GeV)

o Becattini et al.: +vg (V) - hep-ph/0511092

o Rafelskiet al: T', V, 54, Ag515 - nucl—th/0504028
v5=0.18,0.36,1.72,1.64,..
| fyq_0.33,0.48,1.74,1.49,1,._39,1.47...

Z."a 8: T Iilillio_l .||||||; T T |:
s, 3 O dN/dy .<> 4n
£ - ¥ dN/dy, yields B
= oF o O review (2003) -
C A A Becattinietal. 3
5 .| + Kaneta,Xu ]
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Energy dependence of the thermal parameters

T (MeV)

y (MeV)
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o Becattini et al.: +yg (V) - hep-ph/0511092
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* Rafelski et al.: T, V., 75g, Ag,1, - nuckth/0504028
~5=0.18,0.36,1.72,1.64, .
7,=0.33,0.48,1.74.149.1.39.1.47...

e Dumitru et al.: inhom. (07", dpp) - nucl-th/0511084

|

O review (2003)

A Becattini et al. (4x)-
X letessier,Rafeiski (4x)
% Dumitru et al. (4n)

: dﬁ] this work 3 dN/idy ¢ 4x

I]}lllllllllllt
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T (MeV)

by (MeV)
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40
900

800
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- 100

Energy dependence of (T,pb)-l— parametrizations

T T TTTT T I{IIIEII T

|Il|ll|l|-l|

- fits, dN/dy data

M ratios
O vyields

LI !l
—— parametrization
A Braun-Munzinger et al.

_ ¢ Kaneta,Xu

|Ilfl l||||||i||||$

11!

Illll!|IlillIIlllllilll‘lH%llllllill f[.lIlilllllll_lIllllliiiililir'll
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1 1 *Illlll 1 1] IIIiI'Il

10 102

Vs (GeV)

—_

| | 1 | o
TMeV] = Ty, (1 0T+ (exp(/snn(GeV)) - 2-9)/1-5) |

Thim = 161 & 4 MeV (x2/Ng=0.3/3)

a

1+ by/swn(GeV)

| pp[MeV] =

a = 13034120 MeV, b = 0.28640.049 GeV~ (x2/Ny=0.5/8)
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x/n
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K/K*

0.75 |-

0.25 |-

Antiparticle/particle ratios

Illillll T IIIIIIIE T IIIIJIIl T LI

A EB895,866
¥ . E802,866,917 )
®© NA49 O NA44 -
m PHENIX O STAR

e thermal model -

L.

0.5~

1||I

1
|

. “"HL' Ly e

|

=
<

Wi B RN AR SR 1]

I|III| | IIIII!Ii 1 IllllllI' 1 | |

10 10% 10°

Vs (GeV)

1

tr]
1{x]

QrQ

0.75

0.5

0.75 |-
0.5

0.25 |-

0.75 |-

05

0.25

'Iiil'illl T IIIIIIII T T TTTTIT T T rr1ri

® NA49 © NA4S
A NAB7
B STAR

L

[!I]ii!t

b

FoT 17

i
I e |

I

L
FIN I T

it

I!III 1 Lll'llll[ 1 IIIIIIII 1 | I |

10 10% 10°
Ve (GeV)

A. Andronic — GSI Darmstadt



801

Ratios to pions

K"/«

Kin

IIIII T IIllIIII

A E895868 ¥V E802,866 ]

® NA49 O NA44
® PHENIX O STAR

- thermal model

16 10°
Vs (GeV)

e main features reproduced

e ... including the "horn”
(broader in the model)

e disagreement at higher SPS en.
(both KT /7t and K /7T )

~ A. Andronic — GSI Darmstadt
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Hyperon ratios to pions

10xZ/7

100xQ/n

III| T T llllIl' [ T T TriTIT T F Illl_
¢ . A E895 ¥ E896
® NA49 .
O
™

NAS7 ,NA44
STAR

— thermal model

II:J!!;I’

lll|| 1 IIlIII;I i Illlllll

10 10 10°
Vs (GeV)

@ main features reproduced

e discrepancies in the data

e ..model is in between
("by construction”, fits of all data)

o’ hier'archy” of maxima,
(determined by T" and pp)
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A global ratio: strangehess /entropy

strangeness / entropy

0.2

T TTTTI 1 T TTTTI I T T TTTTT I LR

*

—— thermal model
PHENIX,STAR

lll!lilIlllilllllllllllllllll

NA49 O NA49NA57

"lIIIlllil|IIllllilltl'lllllllllll_

i
[0 NA44,NA57
@
A

£866,895 ¥V [E802,866,896

IIIIJIIl | IIIIlIIi | IIIII—

10 102 108

Vs (GeV)

"strangeness”:

2x (KT +K7)+154x (A+A)

"entropy”: |
15X (7 +7)+2Xp

anything beyond thermal?

hard to argue...
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Predictions for LHC

... based on the extrapolation of parametrized T', up

a/nt K=/K* p/p AN E/E Q0

1.00 0.99 095 1.00 1.00 1.00

p/mt K*’/wjr K /m~ ANn~ =27 [n~ Q [m~

0.074 0180  0.179 0.039 0.0058 0.0010

A. Andronic — GSI Darmstadt
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The phase diagram of QCD

T (MeV)

< 225

175
150
125
100
75
50
25

0

llllilllll

i 1 | [T T I L 1 L i L I Pl I‘

QGP

LQCD

e

.-~ crossover
A critical point

1%t order

e the only way to put points on
the diagram |

. phase bou_ndary reached at
low SPS energies |

e ...in the vicinity of the CP
Fodor,Katz, hep-lat /0402006
(not the final word on it)

— effect on thermal fits?

lklllilI'llliIllllililIIE[|III!lIiIIIIil]iIIIil

- Data (fits) ¢ ‘

- @ dN/dy O 4n '

- hadron gas

SRR n,=0. 12 fm™

R 8—500 MeV/fm®

RN T 0N A A YO0 P A R T N OO T T NI /5 B

0 200 400 600 800 1000 - 1200

Hy (MeV)
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Summary

e limiting temperature = phase boundary (LQCD)
— there are skeptics though... LHC case will be decisive
e indications (bad fits) for the critical point?

— case weakened by discrepancies in the data

indications for strangeness non-equilibrium (yg) in central collisions?
our results: clearly not (others: not at SIS, RHIC, some yes at AGS-SPS)

are resonances (K*, A*) different? case rather weak (only A* at 200)

Strangeness: where to go?

..besides "little” clarifications (Z’s at 130, ¢ at 200...) and final data at 200

SPS energies - not only resolve discrepancies, but strengthen case for CP (7) |

A. Andronic —~ GSI Darmstadt
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From pp to pA (and to heavy ions)

Karel Safaiik, CERN, Geneva, Switzerland
| Karel.Safarik@cern.ch
In this talk, the importance to study both pp and pA collisions is addressed. On

few examples it is shown how in the past the reference data from pp and pA
interactions allowed for discovering new effects in AA collisions. pA collisions

were studied in details in 80s. When the particle yields are parameterized as

A, the fits are always slightly above the pp experimental results. This effect may
be attributed to neglecting the neutron content of nuclear targets or to -
rescattering inside nuclei. Also the K/x ratio is slightly higher in pA than in pp,
however, independent on A. Recent reports about steady increase of strangeness
enhancement in pA and AA are based on different definition of enhancement

factor. This new definition-calculates the enhancement under assumption that

the increase in production happens only in beam fragmentation hemisphere and
put this factor only for that part of the event. This way the enhancement factor for
pA became numerically larger and A-dependent. Further we discussed the pp
and dA data from RHIC, showing examples where they were useful standalone,
not only as a reference. At the end the possibility to collide pA at LHC is
discussed, and the necessity to study pp interactions in ALICE detector both, for

‘comparison with AA, and for genuine pp physics, is argued. Example of study of

baryon-number transfer in large rapidity gap is given.
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e .gand mcreases w:thhv -

- ‘Str angeness En ha n C em ent pp____) p A | :"f .

event the enhancement factor (F) has to be Iarger than |f we

o :assume enhancement for all event (E)

F= E-I-(E 1)xv
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Comparlson ATLA-; aml MS

. pt cut-off

BN OMagnetlc fleld (but thls could be Iowered) S R n
L | Magnetlc ﬁeld(T)
§ _ALICE 02- 04
AT ATLAS H 20 |
oMatenaI thlckness (hard to change)

Matenal thlckness : annal pion (ni)
X/Xo (%) momentum (MeV)

SALiCE — 7 | 80

[ATLas| — 30— T 130

ToMs | 20 o 115

oPartucIe |dent|f|cat|on (T.F and HMPII)
oATLAS and CMS have better 11 coverage

- BI“}!I.,a ‘Feb;*uarylf?th, 2006_ . From pp t0 ;;}Axélﬁd to E;eavy ions, E{areﬁaﬁmh_ 7 
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Central reg|on at LHC

Asymmetry AB-- 2 (B antl B) 1 (B + antl-l)

Baryon aSymmetry e P4

o O

n
o

S’ | . o g'UOﬂS

m & :
< i :
1 valence quarks_.

3

N

o N

;:._Qﬁ'é}i-(s.es)«-_n 3 =1 ]

(B. Kopeliovich)

BNL. Fébruary_l’hh, h{}Oé o From pp ig:;'_;')x«*u-xnd:_t{é heavy im"xsﬁ Karel Safatik S 5



611

Conclusmns

e 'ALICE detector has large potentlal to study g
- minimum bias pp physrcs wh|ch W|Il dommate at?-i_;"___.ﬁ

% ~the |n|t|aI LHC stage

. _\ . _M|n|mum blas pp phyS|cs is |mportant for both

= its mtrmsm mterest

= reference for comparlson W|th -o-A and A-A colllelons ;
e .:Complete ALICE detector has consnderable St
- advantages compared to other LHC detectors at

| ':'iflow luminosity stage =
- low momentum threshold o
~ good momentum and angle resolutlon
= unlque partlcle ldentlflcatlon capablllty

ALICE should not miss this opportumty and

~ should be ready right at LHC start-up

BNI E*ebruary 17th 2006 t rom pp to pA md 10 he,;t\y ions, Kcucf Sa.!artk o
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Strangeness in Collisions Workshop

“Strangeness in p+p: Data vs Models”

Mark T. Heinz, Yale University

Summary

New version of the PYTHIA model (6.3) describes strange particle and resonance data well
when a K-factor of 3 is used. For mesons no K-factor is required.

Increase in <p> with N, -d'se to mini-jets & multiple scattering is succesfully modeled in
- PYTHIA 6.3 with K-factor 3. |
Further statistics needed to see drop of anti -baryon/baryon ratio vs p; as predicted from
quark vs gluon jet phenomenology
e Baryon/meson “anomalie” is not reproduced in pQCD models
' m, scaling also shows interesting baryon vs meson differences at intermediate p;
AKK (Albino,Kniehl,Kramer) NLO calculations using constrained fragmentation functions
reproduce STAR and UA1 strangeness data nicely
EPOS does a good job compared to our p+p d+Au data.
Statistical models (THERMUS) can descnbe our particle yields in p+p colhs:ons with
T~177 MeV

Mark Heinz " Strangeness in Collisions, BNL, February 2006 ' . 1
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p--spectra comparison

Mark Heinz

Strangeness in Collisions, BNL, February 2006

e First comparisons with PYTHIA version 6.2 (2004)
e Version 6.3 (January 2005): New multiple scattering algorithm
e Tune K-Factor: accounts for NLO processes in hard cross-section
i 2k ._‘tng
Stableppartlcles . ijw " ' -
| H wE STAR Preliminary £ wE STAR Preliminary
I ¥
2“10‘;? 2 E
g F g1°F
- 10.55_ - E
-t: ' 10‘%—'
— PYTHIAGS wE ~ E
—— PYTHIAS.3, K3 Ty .
) ' 10 el b L E Liden]
g 05 1 15 2 25 3 35 4 45 ¢ ¢ 65 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4
P, [GaVic) P, [GeVic] P, [GeVic]
,
L 10'g : 10"
10 ‘ Tons: K-Alatiotd . : . Tune: Kfactorsd . . Tunw: Kdactarel
o STAR published b STAR published R STAR Preliminary
.*;!‘ 104§ 107 . :
w? }‘%‘ i
.\W 104: 10"
10 g 3
. '\\\\jﬁg 10 w0
10 _ o~ _
: | Ww 10°F 10°
Resonances
W TE TR 10 T s 48 EL ¥ I R X R M R B R KR
P, [GaVic] P, {GaVic] . P, [GaVic]
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PYTHIA <p:> vs N,

e More sensitive observable to implementation of muitiple scattering algorithm
-> mini-jets.

e K-factor is required to account for increase of <pT> with charged
multiplicity |

0.9

0 & STAR data [ \
0.85 Kshort — PYTHIAB.2 : N,

TAR Preliminary ~" o000 STAR Preliminary

)
—n

0.8

&
hd
T T 1

<pt> [GaVic]
lllllllllllll
<pt> [GeVic]
<=
o

_Illlilllllllll{‘

III4IIII5|III6|III .
uncorrected <dN , /dm> uncorrected <dN  fdn>

Mark Heinz Strangeness in Collisions, BNL, February 2006 - 3



£zl

Baryon-meson “anomalies”

° Baryon production is mterestlng at intermediate p;
e Strange baryon/meson ratio is under—predlcted by PYTHIA at 200

and 630 GeV

A+RI2°KS . (no feeddown corrections)

PYTHIA 6.3

1.2 : A 5TARprp 20004V

s PYTHIAB.A dataubl, pop 20004V

— — PYTHIAZA Ked, pop 20000V

B W UA1 P § B0V
1 ] e PYTHIAE.A datault, b+ 583004V
0.8

0.6] +
P

0.4

STAR preliminary

A N A T

1 2

0.8
0.7
0.6
0.5
0.4
0.3

0.2

_|Ill|Illl|lllltlIlltill‘[]lill]llll

" qgigevents (se9a002) PP @\8=200 GeV

— ggig-q events (9101988) Pythia v6.317 - default

- gl events

IIlIIIIIIIIlI ll ill!l'llll

5 2 253 35 4 45 5
P, [GeVic]

- Mark Heinz _ Strangeness in Collisions, BNL, February 2006



m;-scaling

vl

e m-scaling first studied with ISR data.

e In the Color Glass Condensate (CGC) picture mT-scahng would be indicative of evidence of gluon
saturation.

No absolute scaling.'Species are scaled with prefactors

STAR data reveals an interesting feature of baryon vs meson splitting above 2 GeV in m;
PYTHIA reproduces shape difference between mesons and baryons

10®

sk
L=

)

——1(x1.0)

b

--K* (x 2.0}

-
<

&
P

= KO (% 2.0}
+ proton (x 0.4)
e AR (% 0,3)
A E4E (X 2.2)

12r N, M} (dN/dm dy

All avents
10~ Pythia v8.317 -default

STAR preliminary i< 0.5

A S IS IS AT AT A N |lg||1l||1|t||||||h|n1||||||||||

1 2 3 5 6 005115225335445"'5
m; [GeV]

Mark Heinz ' - Strangeness in Collisions, BNL, February 2006 ' 5
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Statistical models have been
proposed by Becattini et al for
small systems (e+e-, p+p)

Canonical calculation

How do we interpret the
model parameter T ?

~ Codes are now available "€ STAR vs THERMUS
publicly: SHARE, THERMUS L pHp |

3

UL 'E' T Ty

Becattini STAR .
| UAS5 p+p | ptp
T (MeV) |175¢15 | 17749

Vs 0.54+0.07 | 0.5 +0.04

Data - Fit (o)

b oo o M
¥

Mark Heinz Strangeness in Collisions, BNL, Febfuary 2006 6
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The Glasma

Larry Mc Lerran
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Glasma

Definition:

The matter which is intermediate between thé Color Glaés
Condensate and the Quark Gluon Plasma

It is not a glass, evolving on a natural time scaie

It has components which are highly coherent,
A¥ ~1/g

Components which are particle like
AF ~ 1
Components of strength in between
1< A < 1/yg

I'nitia_lly it has large longitudinal color electric and color
magnetic fields, and maximal topological charge density

Bo was right!
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Choose A = 0 in backward light cone.
In left and right halves, pure gauge.

'Discontinuity across light cone to match

y . . .
i color charge sources on light cone

A = pure gauge | A= pae g? 2 ] ) )
\ uge Field is not pure gauge in forward

lightcone

Physical motivation: Renormalization group description.

In center of mass frame, degrees of freedom with
y << l/ag
are coherent fields.

Larger y are sources

as(Qs) <<1
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v Q%
~> g

L /\ Lo
AN\ A\
L /\ NN

S

Before the coliision, two sheets of mutually fransverse color electric and color
magnetic fields.

Boosted Couiomb fields
Random in color
Thickness of sheels is

1
s

e—h‘,/as

Az ~
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Initial fields:

. 1. .- '
al12 = 7= Una (@r) VU, 5 (er)

in radial gauge, |
xT A + :1:“A+_= 0
the fields in the forward light cone are:
AT = 2% a(r, 27)
A‘i = 0513 (T, TT)

Assume boost invariant solution
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Boundary conditions are determined by solving equations across the light
cone: .

Infinitesmally after the collision there are
No transverse fields

Longitudinal magnetic and electric fields

B* = ige;;{a], od)]
A B > L AN
’/\> ———t > oL
AN T - Yo
N N - N .
T U
T - N\ P

132



These fields have a local topological charge density
Chem-Simons charge

FF%~ §,K*"
The Chemn-Simons charge density is maximal!
FFe~ 1/g°

and has a transverse correlation length

Azrp ~1/Qs
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‘How do the sources of color magnetic
and color electric field arise?

. e D-E=0
V-E = —glA F|
- - D-B=0

Ay = pure gauge 1 A, = pure gavge 2

V.B = —g|A, B]

in forward light cone,
the vector potential
from one nucleus can
multiply the CGC field
from the other.

Equal and opposite
densities of charge
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The Lund model made the daring proposal that there were longitudinal electric
fields which decay by pair production

There is also a longitudinal magnetic field

it can also decay by rearrangement of the charge in the classical field (classical
screening) whch is nalveiy dominant

Kharzeev and Tuchin and Janik, Shuryak and Zahed made the daring
proposat that particles are made by decay of Chem-Simons charge.

Both are correct!
They are included in the color glass initial conditions!
Everyone is HAPPY!

The matter which is this melting glass, or hadronizing
strings or sphaleron decays is the Glasma
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The Glasma has three components:
Coherent classical fields:
‘Hard particiés:

Degrees of freedom which can be described as either hard
particles or coherent fields

A~1/g pr << 1/1
A<<1/g pr >>1/{asT)

1<<A<<1l/g  1/r<<pr << 1/{agT)

The Glasma has mostly evaporated by atime 7+ ~ ] /(@SQS)

During this time, scattering among the hard modes (parton cascade) is
not important
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Interactions in the coherent fields takes place on a scale of order 1/Qs
Because of coherence, interactions of hard particles 'with the classical fields,
gxlg-~1
Aiso take place on a time scale 1/Qs
Very rapid strongly interacting system

But boost invariance is a problem, as this does not allow
longitudinal momentum to become thermalized

Important for two reasons:

Almost certainly instabilities of the hard-soft coupled system
under boost non-invariant perturbations

The local topological charge wants to decay, and this is
easiest with a boost non-invariant distribution
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Technical probiem: Probabiy not classical chaos since expect
CAS>>1
ez’AS

Oscillates wildly for configurations initially very close
together in phase space

rt from quantum fluctuations:
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Summary:
The Glasma may be responsible for rapid thermalization seen at RHIC

It has longitudinal color electric and magnetic fields formed
immediately after the collision

There fields carry maximal Chern-Simons charge

Instabilities may be important for rapid thermalization, and for the
-' ‘decay of Chern-Simons charge

Non-zero total Chern-Simons charge may arise from such instabilities
Chern-Simons charge change may be responsible for:
Large CP violation on an event by even basis
(Kharzeev, Pisarski and Tytgat)
The generation of mass
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Peter Z. Skands

~ Power Showers, the Underiying Event, and other news in PYTHIA .

_ More detailed models for pp collisions are emerging, involving more sophisticated descriptions
of collective phenomena such as the underlying event, baryon number flow, and colour
(re)connections in hadronisation. These developments will undoubtedly have implications for
heavy ion physics as well. Recent theoretical progress on a new parton shower and on the
underlying event, implemented in the Pythia generator, is described. Some points of contact
between Tevatron/LHC physics and RHIC physics which | believe to be important are
emphasized. interesting questions raised by the new models are briefly touched on.
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A complete model should address...

L

How are the initiators and remnant partons correllated?
* in impact parameter?

* in flavour? | |

* in x (longitudinal momentum)?
* in k; (fransverse momentum)?
* in colour (= string topologies!)
« What does the beam remnant look like?

* (How) are the showers correlated / intertwined?
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| Pythia 6.3
[l Plonax= = = = = = = om e = " : )
int. AP AP APraR, dPJI)
o S | 2 [ (o) -
- Pli=1 fdPuyg dPisr dPyry ., )
expl — + E o e K
e ( [m . ( dp’, ', Z dp’, +
interleaved o . N N _ -/

'Interleaved eVqu’rion " with
ultiple Parton Interactions

The new picture: start at the most inclusive level
Add exclusivily progressively by evolving everyihing downwards.

mult int,

- ==~ — interleaved — - — - -
muylt. int.

_ interleaved - —3 correlations betw
ault int.

Tt B D - | - all perturbative activit
at ‘%UC”@-:;QIVQN simlier c;c:aies

D imin

14
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Multiple Parton Interactions:
Junction Hadronisation

« Several valence quarks kicked out = string topology
with explicit baryon number - ‘Junction hadronisation

Biyizis = €9 [| P[cig Iotean 4 g, (:rn)} Assume Y-shaped
e e topology. Baryon number
- carried by topology,
rather than quarks
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‘Underlying Eveh’r and Colour

Fragmentatnon strongly depends on colour
connections.

" _ Multiplicity in string fragmentation ~ 109(Mgging)
Mo re strings -> more hadrons, but average p; stays same
*Fla t <p;>(N,,) spectrum ~ ‘soft’ underlying event -

_ But if MPI interactions correlated in colour

e ach scattering does not produce an independent s-tring,'
“a verage pr = not flat.

- — Central pomt multlpllmty vs pT correllatlon probes
colour correllations! (applicable in AA as well?)

19
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Colour Reconnec’nons?

. Searched for at LEP (major source of W mass
uncertainty) Most aggressive scenarios excluded,
but effect still largely uncertain.

» Prompted by CDF data and Rick Field’s ‘Tune A’ to
reconsider. What do we know? |

* More prominent in hadron-hadron 1" Recpnngeted |
collisions? Top mass? QCD? AA? Tevalron Run I: p>(ny)
! : . 9’:’ Tune A
A possible complete picture? 06 - ”“f’ffgrgga
MPI: perturbative 2->2 interactions - ————= High FSR ;J,,Hf”’"

+ interleaved with perturbative
bremsstrahlung (parton showers)

plus non-perturbative interconnection
effects? From hadronic vacuum? More in
AA? What is <pr>(N,) telling us?

(string) hadronization (Nielsen-Olesen

0 3 i i l 13 1 ik 1 l

vortex lines w/ linear V~kr) still universal? | 50 700
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Energy dependence of strangeness productlon

and
Onset of deconfmement

M. Gazdzicki, University of Frankfurt and Swietokrzyska Academy, Kielce

RHIC quark gluon plasma

100

,_' ' colouf
super-
~ nuclear ‘conductor
M ‘_-.,_ matter
1 i3 | 13 L

i T B _
/500 1000
ug (MeV)
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Heating curves of strongly
__interacting matter

hadrons

- mixed QGP

AGS

SPS  RHIC

collision energy

hadronic observables

AGS SPS RHIC
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& A
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The step in m_slopes

AGS SPS RHIC

S
D K+
= 300- 1
- ? ®
. 3 _r %@ * j H :
200+ AA . ' I _. <L
A‘ é 0 (lg ‘ EP )
100__ | . .p+p (E): 'Aigé;‘)
‘ Oif l'gkmc
1 10 10?
\Snn (GeV)

T - inverse slope parameter
of transverse mass spectra

Gorenstein, M.G., Bugaev
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The horn in strangeness yield

AGS SPS RHIC
0.2
- T
| ]
- |
A .
I
0.1 A - l %y li
) 1
§: I
A § A AGS
| o p+p ® BRAHMS
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\Is (GeV)

M.G., Gorenstein
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Déynamical Fluctuaﬁﬂns [_%]'

The kaon/pion fluctuations

-
e

6

|'||ig_a

NAt®  STAR

T

. .,ll..,"l B DR O 1. |

(K + KT + )

T O R I 'S I TS

10

10°
5 r*t:(.sii)




161

To do list : strangeness and deconfinement

“Finish analysis of already taken data, in particular: -

-centrality dependence at 20A and 30A GeV,
-particle fluctuations

‘Confirm and extend the NA49 results by new measurements:

-in the near future: at RHIC and at SPS
-in the far future: at FAIR

the onset @f
dm:ﬁmﬁﬁmm&n&

dense confined | the onset of e
‘matter " critlcality o dense QGP

ENERGY

| =304 GeV ? .

SIS- NT AGS  SIS- SPS  RHIC  LHC
18 100/300



(491

A hadronic non-equilibrium interpretation of the K/m horn

Boris Toma%ik" and Evgeni Kolomeitsev*
TUniverzita Mateja Bela, Banska Bystrica, Slovakia
*University of Minnesota, Minneapolis, Minnesota

‘We ask whether the "horn” in the excitation function of the ratio of multiplicities

(KT)/{m™) is indeed a signature for the onset of deconfined phase. We test a
hadronic non-equilibrium scenario, where strange species production is accounted for

by kinetic equations. In contrast to other approaches presently or previously on the

market we make an ansatz for the expansion pattern of the fireball. This ansatz is
motivated by the measured femtoscopic data and hadronic single partitle
distributions. We find that a hadronic non-equilibrium scenario cannot be safely ruled -
out just_by' comparison to the multiplicity data (the horn). Cross checks with other
sorts of data will be necessary if hadronic scenario should be ruled out safely.

Boris Tomdsik: A hadronic non-equilibrium interpretation of the K/« hom _ 1/6
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The model

e want to calculate ratios of yields — look at densities of species
e study evolution of the (kaon, pion, B, ...) densities

dngk d Nxk Ng 1dV 1 dNg

G &V vV Va Var
ar ”K(“m;)+ RO R

expansion rate  production rate annihilation rate
ansatz for this calculate from known cross-sections
and evolved densities

Boris Tomasik: A hadronic non-equilibrium interpretation of the K/ horn 2/6
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Ansatz for the expansion

&(7)

?’LB,I(T)

4
go(l —ar —b1?) T <75 acceleration
)8 . .
=00 T > Ty power-law expansion
( . 2\5 :
ng.p (1 —ar —b7%)° T <7, acceleration

Y | " .
= T > T, power-law expansion

e explore a range of values for the model parameters

e at the end power-law scaling suggested by HBT

e this is a parametrisation “between Landau and Bjorken™

Boris Tomagik: A hadronic non-equilibrium interpretation of the K/# homn 3/6
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Production and annihilation

Calculation of densities: |

e explicit kinetic calculation: K+, KO K**, K*° (vacuum properties)
e kaons in kinetic equilibrium (until decoupling)

e chemical equilibrium: non-strange species

e relative chemical equilibrium: S < 0 sector (K, A, &, E, Q)

e no antibaryons assumed at these energies

Implemented K-production (and annihilation) rates:
TN KY, 7N > NKK, N KY, A - NKK
NN — KNY, | NN — NNKK, NN — AKY
NA - NYK, NA — NNKK, NA = AKY
AA — AYK, AA - NNKK | |
7 KK, e~ KK, pp — KK, p— KK*
K* o Kr,  nY¥ o KE, |

Boris Tom3sik: A hadronic non-equilibyium interpretatioﬁ of the K/x hom 1/6



9¢1

Summary of all
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Boris Tomsgik: A hadronic non-equilibrium interpretation of the K/7 horn _ 5/6
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Comparison to data
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K- and K are linked

AutAu and Ni+Ni 1.5 AGeV

A. Forster, F. Uhlig et al.,
KaoS PRL 91 (2003) 152301

dashed line: stat. Model
Step 1 NN -> A K"N
Step2 AT->K'N

K- and K* are linked via
strangeness exchange

,,Law of mass action®
J. Cleymans, et al. PLB603(2004)

1.5 AGeV (KaoS)

x10° K
: ;ﬂd% o ! +.
xw'l‘ | IK
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‘Strangeness Exchange at AGS?

K M*(n)l<Apm>

K/K
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Expected Centrality Dependence (SM)

Pion dCl’lSity _ | L Tl=15l0 I\I/|eVl ! | L '_.
- n(m) =exp(-E/T) 0.20 -
Strangeness 1s conserved! . 015 i
. (=
Kaon density N "

| ¥ 0.10 -

NN=% N AK* ],
n(K) = exp(-E/T) 0.05 | -

- T=60 MeV_

[g V J‘.'... exp[—(EA-ﬂB)/T] 0.00 Lewmt—t— 11 Lo . |
. -0 50 100 150 200 250
J. Cleymans, HO, K. Redlich,
| - Apart

PRC 60 (1999)
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Multiplicity
=
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AGS
AutAu 6 A GeV
P. Chung et al.,

'E895 Coll.

PRL 91(2003)
updated
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NA49 Data - 158 AGeV PRL ...
0.2— e

o~ Pb+Pb
+
g
>~ 0.1 .
.
4
[ ptp
B data
I — statistical model |
0 L oaa el Lol L1
1 10 10
‘ ( Npart ) |
Ingrid Kraus et al., |

to be published ~ Corr. vol. NOT prop to Apart
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B 3. First p+p Collisions and beyond First measures to target |

Strangeness opportunities at the LHC

B 1. Strangeness at LHC energies  Extrapolations / Motivations -

2. Strange probes with ALICE - Detector and Simulations

Boris HIPPOLYTE, STRASBOURG

RIKEN BNL Research Center Workshop - BNL - 15/02/06
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Wroblewski factor extrapolation to LHC energies

\S,y (GeV)

Data corhpilation using Becattini et al., PR C64 (2001) 024901, hep-ph/0002267 and references therein

Using thermal model description with corresponding system formalism
(canonical or grand-canonical), extrapolation is straightforward.

02/2006 RIKEN-BNL Rescarch Center Workshop - BNL 2

1 1 1 | S D L ll T | I 1 1T 1TT1 I t L B L II
& A . ] Wroblewski factor:
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L o4 /| =
e | ]
=t ig e
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: p-p
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A+A dN/dy (central mid-rapidity)

A+A diN/dy (central, mid-rapidity)

Excitation functions of hyperons yields in A+A
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RIKEN-BNL Research Center Workshop - BNL ' 3
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~ Equilibrium vs non—equilibrium scenarii in A+A

Eq. [ Oeschier et al., to be published ]
[ Andronic et al., nuci-th/0511071 ]
Non Eq. [ Rafelski et al., Eur. J. Phys. C45 (2006) 61 ]

ALICE Estimates : Equilibrium vs Non Eq. particle ratios

1 \ + 1 ! . . i S
BX o B ¥ E‘<}ﬂ+~qa§,@'_¥“¥,5§
vy 3aRMWMIKC<S W dIFx <%
(@) T i ! ' ' — ' T ' l
S1Ee © o CHRCEECN ~
- ' \ {1  Calculations from
- Q - {Kraus etal., (Eq.)
i | Rafelski et al., (Non Eq.)
] _ K O - e
- e e Q - - -
O ©
107 F +
- O
" [— THERMUS v2.0 =1 T=17015MeV p, = T MeV
| SHAREV1.2  H=1 T = 156 MeV b, =257 MeV
ey Bl SHAREVI2  #=3-55 T=135->125MeV p_=2.28—2.70 MeV l

02/2006 RIKEN-BNL Research Center Workshop - BNL 4
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- Temperature T (GeV)

stak - Preliminary Au+Au 62 GeV

Blast-Wave for Multl-Strange Baryons vs \/§NN

0.18 -

fo

0.16 -

014

0.12  STAR (central 0-5%)
] 200Gev:i(1)Q (2 E (3) nKp
0.1 - 62Gev:(4)Q (5 E (6) mKp

----- A+A (2-0)

0.2 _I | | | \\ ———A+A(1 G) i
W N |

NAS57 (0-53%) . ':i‘? ,

' 0.08 - 17Gev:(7)Q.E T
| L § L | 1 |

02 0.3 0.4 - 0.5 0.6

Transverse velocity < [3 > (C)

G.E. Bruno J.Phys. G 31 (2005) s127
J. Speltz nucl-ex/0512037 :
S. Salur nucl-ex/0509036

02/2006 RIKEN-BNL Research Center Workshop - BNL




02/2006 RIKEN-BNL Research Center Workshop - BNL




The central detectors of the ALICE experiment
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€Ll

Time Of Flight

-0.9<n<09
azimuth 2x -
length 7.45 m
active area 141 m?
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Transition-Radiation | ARSI
Detector & SR L LTe

inner Tracking
bystem

Time Of Flight
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Fiducial volume and reconstruction strategies
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Simulation of hyperons in Pb+Pb
R. Vernet et al. ALICE Internal Note 2005 - 042
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PID Range of ALICE at mid-ra

i

pidity

CiRE FRmihTnt

107 central Pb+Pb events
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Figure 6.87: Tranverse momentum ranges for particle identification at mid-rapidity using the main sub-detectors
of the ALICE experiment. Each range s an estimate for 10 M most central events. Mesons and baryons p; ranges
are shown in the left panel and right panel respectively. Arcows are specified when the PID range exceads that of
the figure i.e. 20 GeV/e.
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Hadronization via coalescence at LHC energies
Fries and Miiller, EJP C34, S279 (2004)

Amplitude for mixed ratio is the

same at LHC than for RHIC but
the limit is pushed to higher pT
8 N Pb+Pb@5 5TeV
b N ===+ Reco . 14/ Pb+Pb@5 5 TeV
%ﬁ Wil N m— ? Frag , 121 e - — p/arr Reco+Frag |
" Ny %, mmm= 7" Reco+Frag =a== p/x’ RHIC 200 GeV
Z 107 | KA
<
107
o110
& 10}
= 105}
10°
0

Probing baryon/meson differences at LHC
energies implies PID over a large p; range
and ALICE is perfectly designed for this.
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Simulation of hyperons in p+p
L. Gaudichet et al. ALICE Internal Note 2005 - 041

Reconstruction rates for different
multiplicity regimes (soft / hard)

104

o]
s
5 e £429 percents of events
10% /
10 & 7l b
£ aof T +
g | + i@ﬁﬂ; T4
cu [ h L
o 20+ *wﬁwﬁ+ + + [
T
2 I
8 oL¥ T
=t - _
% + oK? "A+A
e Og— I
N,, with n|<0.75
02/2006

RIKEN-BNL Research Center Workshop - BNL

Expected ra.w spectra extrapolated
to 10° events (first year p+p data).

Raw Yield

107
10°
10°

10t
- 10°E

10?
10
1

3 Statistics = 10° Events

= ml< 0.80, =: ledn|y_0=o.0024.
g‘ — i .

g ' —~+ |

F _?_T B

L = PYTHIA 8.214 TTT + _ '
:| PR T I T SRNPINN [T T ST W N SN N BN B NNEY A Tl-_- | SIS R |
o 2 4 6 8 10 12 14

P, {GeV/c)

18



z81

10°

02/2006

BOCQUET et al. (UA1.Collaboration)
Phys. Lett. B 366 (1996) 441

o Kg
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w— Exponential fit

al

1 I 1 I T I T i T | ] , I T

Sy oW
e N : .

i }", , 2 ‘Using BOCQUET et al. (UA1 Coliaboration) -
8 7 8 o""s, Phys. Lett B 366 {1996) 441 i
p. (GeVic) F o~ 1
T Ratio extracted from spectra _|

fit parameterizations
P 1] -
e (A'l-A)fKS
i
1 | 1 i L 1 ' | 1 i \ | i 1 L | )
1 2 3 4 5 & 7 8
P, (GeVic)
RIKEN-BNL Research Center Workshop - BNL ‘19



€81

-Hard/soft/min.bias spectra @ CDF: p+p @ 1800 Ge
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Mixed ratio using PYTHIA: p+p @ 14 TeV
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2
Le)

1 IpT

Simulation used for PPR
analysis by L. Gaudichet
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Conclusion

jUsinq_str'-_angeness- as a powerfull probe at LHC energies
with the PID capabilities of the ALICE experiment

a) equilibrium vs non-equilibrium scenario
b) kinetic freeze-out of multi-strange particles
c) hadronization and coalescence validity at LHC

- & strange particles (specific probes and PID) !

First measurements of strange particles in p+p to extract:

1) interesting for baryon creation mechanisms
2) references for Pb+Pb mandatory

WARNING: minimum bias trigger for p+p !
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A time picture

N/Neg

" Optical depth =
probablity for all
Decay product to
escape without
rescattering

Before Hohem) the

decay and production
processes are in chemical
equilibrium,

After it the production does not
keep up whth decays

this time, t{visible}

Is the maximum of the
production of resonances
vigibie to the detector

it is maximal when absobtion of
products and their production in
the decay have the same rate!
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Popular (but véry naive) myt-hs

» All' hadrons including resonances are produced
at the same chemical freezeout time, at “T=T¢"

- after it one can ignore reproduction but include
decays only. Also there is no rescattering.

*But, T=Tc is not a time moment but actually a rather long
period of time - the mixed phase, about 4 fm/c - :n which
densities change by a large factor

*At t(chem) both rates are in fact equal, while

at very late time reproduction must dominate since it
decays as a power of time, not exponent .

~ «There are no thousends of Maxwell demons which would
prevent collisions: trust your {n sigma v) formula!

Universal expansion'foi" RHIC
(but dlfferent for SPS)

RM mam

From P.Kolb,
nucl-th/0304036

Fig: 1.  Evoiution of ike e aw density (ieft aod the o Ll‘xml we tright? for
conteal- Au=Au collisions 2t M n = 2K GeV, Shown are the deasities sod twn-
prratures at dislanees £ =0 ' and 3 Fm frow tiw cower of tie Fystei,

" <Transition from 1d to 3d‘expansion happens in the mixed phase
T remains constant till the onset of hadronic phase
-« but density changes all the time
« little dependence on r ~ position of the fluid cell
‘But scales with R - the size of the system (centrahty)
— because hydro is scale mdependent
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-
[ -7 ]

3
‘ tf i
Let me propose
1 very simple
parameterization
] n‘““"ﬂm of the volume(t)
| N ,a“ﬂ*'d',,
Fig. 3. Evolution of the local expansion parameter e and the product of vepansion
rite an time, 7t al dhistances B = 0, 3 ek 5 fin fromn the center, .
0 = =% Bs _ _ Ologs =>1+2(tau/tau_fs)}
' s o7 Olog T il free streaming
—3 after that

VD)=V Oexplo(i)d)

For those who are not interested
in rescattering/absoption

+ Select resonances with similar width and decay
products, but different internal structure

 PiPi resonaces rho, f0(980) and f2(1200): they
all produced at about the same time. Are their
ratio thermal (with T at that time)?

« At T=Tc or in QGP s-wave ones (rho,K*) are
expected to survive while p-wave (f0,f2) meit
down. Does it matter for yields? (if reproduction
is very robust, it should not be...)
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Two more extreme pipi resonances

f0(500) or old sigma meson. Expected to get
shifted toward zero mass at Tc and gets very
narrow (suppressed 2pi decays).

it is the lowest resonance ever, good for cool
late stages

There were STAR |nd|cat|ons for it, never
published (to my knowledge...)

Another is f0(1700) the glueball candidate:

Would there be anything special for its
production from glue-rich QGP?

What happens with resonances in

QGP/mixed phase?

S-wave hadrons seem to survive,

Including mesons (rho, K* phi) and baryons

(N,Delta,Y...) up to 1.6Tc or so, getting
heavier (1)

P-wave ones do not (e.g. f 0(980) f2,
Lambda(1520) or N*(1440))

» The formers show yield larger than

expectation (from chem fr.at Tc), the latter
ones more suppressed
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Baryons go from light to heavy!

' JLiao, ES hep-ph/

H
H i ]
5
‘.
ol k :‘
N :
~ o, »
a1 3 =
-3
5
=,
Delta .—
N — , Mq(T)
H 2.8 1 ¥ 2 2.5 3

FIG, 5, Masses of various states studied in this work. The
thin solid Ene b fur quark amd the dashed Jine is toice guark
pnass witich s rougldy for guark-giuors wed diguark, The lower
thick sofid line is for nusleon states and the appor aze for 3
states. Fhese masses aze used for caloudation of Hp¥.

Unlike colored objects,
Such as q, qg, qq etc,
paryons (N...) should
Evolve through the

QCD phase transition
Continuously

Their mass grows

Into the sQGP side because

Quasiparticle quarks are
heavy

This will generate T and mu
Derivatives!

«For 4 N and 16 Delta = .266

'Baryons dominate d4 and d6

82l | 2u=(QL)/ B2

Derivatives work like this: 15t
«For quarks d_In/d_n=1

«For N and Delta+, Delta0=1/9

«For Delta ++ and Delta -=1

N+A

0.3

FIG. 6 Tl suseepiibilities ravios o :i; gt]u !h!u seidl)
aned LAk (the thick soliely. The -]ns]]ml lines correspond 1o
idond ruark gos {ppery ol idesd baryenic g owory,

1

1,2 1.4 1.6 1.8 2

T/Te
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Statistical Hadronization phenomenology...

~G. Torrieri, Physics Department, McGill University
Based on: nucl-th/0510024,0509077,0509067,0503026
(Review coming shortly) In collaboration with |
S. Jeon, J. Rafelski, J. Letessier

e The usefulness of fluctuations: They can provide
an experimental answer to each of the questions
below:

— s statistical hadronization really there?

— What is the strangeness - enhancement
mechanism? |

— How significant are post freeze-out reinteractions?

— |s there quark chemical non-equilibrium? |

— What is the chemical freeze-out temperature?

e The pitfalls of using iluctuations,and how to deal
with them

— Volume fluctuations

— Global conservation laws

— Detector acceptance corrections for primary particles
— Detector acceptance corrections for resonances

e Conclusions and use SHARE!
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The dependance of fluctuations on yields is
Ensemble-specific (Begun,Gorenstein,Gazdzicki,Zozulya)

— o = s e e e e T . em

 canonical limit]

o 5 1
,?-n{:g.c.e.

It is very unlikely for the incorrect ensefnb_le to
describe both vields and fluctuations with the
same parameters

If canonical ensemble is a good description of
strangeness in p-p collisions, than it has to describe
strangeness fluctuations in p-p collisions with same
T,V as yields |
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Third question: How much re-interaction between
chemical and thermal freeze-out?

Consider Y* — Y7(eg K* — K7, A — pm)

Oy/r probes correlation of Y and 7 from Y~
at chemical freeze-out.

_{@ayy) (@an?) 2
(V)2 (my?  Y) () o

/m

(further rescattering/regeneration does not
change the correlation.) o |

Y*/Y yield probes Y*at thermal freeze-out (after
~ all rescattering.

So...

o If can fit stable particles and resonances and
fluctuations in same fit — no reinteraction

o If Stable particles+ Fluctuations fit gives wrong
value for resonances — magnitude of reinteraction
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On+/m—VS pG/-Wm |
Probes (lack of?) reinteraction and mass
modification separately

[ T Ol d T .' T T T T T | T T T ' T T T T T -
meltin | . |
» \;_.:;_.3_5‘,-3::_.__ (Non statistical) |
-2
10 — 8) . 150 E
S 160
(o] g ‘.G_J‘ N 170
10° 1S Q. 190 ;
IT F o
[ 200 p mass |
decrease]
10_4 ] 1 ] 1 ] i I 1 1 | 1

~0.03-0.010.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 0.17 0.19
0, -
pin

(I am cheating a bit here since o+ /.~ contains a
volume dependance... but as we will see, this is easy
to get around! | -
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- Third and fourth questions
We heard about 2 statistical models!

Equilibrium statistical model - --Non-equilibrium
oven-like ) Explosion-like
High T (~ 165 MeV) Supercooled (~ 140MeV)
Equilibrium (v, s = 1) | Over-saturation (y,s > 1)
Staged freeze-out Sudden freeze-out -
Resonances don't freeze-out Resonances freeze-out
at same T at same T
Strangeness systematics due - Strangeness systematics
to approach to thermodynamic due to phase transition

* limit (Canonical — GC) Ys/Vq Erows | i

| - " since more s/Q in QGP

No info on phase transition First order

| or sharp cross-over
No info on early phase Early phase probed
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Fluctuations: Non-equilibrium

14 T T T T T T T

Ty —5

—pmmE =
- = ——

=== -

1 T=140 MeV

v(Q)

08 |

| T=140 MeV

. e
— ——
—p—
— — — ——
e S ——
———
o v—

T=170 MeV

i ——
o — —
r P
o —
—

i —— 1

0.6

i ————

04 I} . 1 . L N Il )
0.8 1 1.2 14 1.6

Yo

T increase = 7w Fluctuations decrease because of
enhanced resonance production
Resonances affect correlations

over-saturation (v, > 1) = 7 Fluctuations increase faster
than yields because of BE corrections

Ny ((AN,)?
’ygem“/Tzl-"e:s(V)Ne <( V)>Ne2

v > 1 affects primordial fluctuations so
can's compensate for T
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Strangeness and multi-strangeness
in pp, dAu and AuAu at RHIC,

within HIJING/BB v2.0 model.

Workshop Strangeness in Collisions,
BNL—Rieken, February 16-17, 2006

V. Topor POp

McGill University, Montreal, Canada

Collab.

d. Barrette, C. Gale, McGlll Univ.
M. Gyulassy, Columbia University, NY
R. Bellwied, YWavyne State University
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HIJING/BB v2.0 +(SCF) 04

. e In microscopic string modeis the heavier flavors are
suppressed according to Schwinger formula:

o =P@QD _ o w(mh —m])
“T P K

k = |eFE| is the string tension;

mg is a quark mass; (Q=s for strange quark; Q=qq
for a di-quark), and q=u,d are the light nonstrange
quarks.

e Two possible processes leading to
an increase of (multi) strangeness production.
i) increasing the field strength by a modified
string tension k = (1-3) ko; ko = 1 GeV/fm.
or ii) dropping the quark masses due to chiral sym-
metry restoration (Brown, Rho PRL66(281)).

e The current quark masses (FDB-PLB592(04)):
m, =1.5-5 MeV; m;=3-9 MeV, m,=80-190 MeV; di-
quark m,=450 MeV (Ripka, PRD71{05)).
The Constituent quark masses M, = 230 MeV
M,=350 MeV, M,=550 + 50 MeV,

e Schwinger tunneling: could explain the thermal car-
acter of spectra; if x fluctuates we can define an
apparent temperature T = /< & > /27 (Florkowski,
AP Polonica(04).); (T = 250 MeV, for < &k > = 2
GeV/Tm); (T = 310 MeV, for < k > = 3 GeV/fm)
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Sensitivity to strmg tensnon K

Rgaq.: 1D particles.
Centrality 0-20% (left); Minbias (right).
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ht+h,

pr spectra. (left); R4, 4, (right).

Lower: Centrality 0-5%; ID particles.
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Summary and Conclusions 01

Multi-gluon dynamics, “gluon junctions” play an im-
portant role in particle production at mid-rapidity at
RHIC. |

Introducing a corrected junction loop algorithm leads
to a significant improvement in the description of the
recent RHIC data. '

The strange and multistrange particles could only be
described in the framework of string models, if we
consider strong color field effects SCF.

A greater sensitivity to SCF effects was predicted
for the nuclear modification factors of (multi)strange
hyperons. The measurement of £2 and 2 vields would
provide an important test of the consistency of SCF
and baryon junction mechanisms at RHIC. '

‘The full understanding of the production of
(multi)strange particles in relativistic heavy-ion colli-
sions remain an exciting open question.
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~ Parton Ladder Splitting and Fusion:
How to Understand Particle Production at
| RHIC and LHC

Klaus Werner 12, Nantes

Claim: All pp, dAu, AuAu data at RHIC, pp, CC, SiSi, PbPb data at
SPS can be understood within a single picture!

1 Basic ideas

[1 Take a sophisicated parton model (EPOS}), which works at pp, and
which is formulated such that it can be generalized towards AA
(unlike Pythia).

[0 Add an effective treatment of parton ladder splitting to account
for nuclear effects in pA or dA (EPOS+).

1 Add another feature, important for AA (EPOS++); consider the
possibility that pieces of parton ladders (mainly in the middle) in-
teract —> fuse to form clusters, when corresponding densities are
high.

Let the clusters decay according to phase space (covariant micro-
canical procedure), allowing for radial flow (two parameters), at
some given energy density (parameter). Very few parameters !!

[1 Works excellently for small pt’s! Enormous predictive power! There
are essentially three parameters, very little freedom, centrality de-
pendence, system size dependence, is really predicted, nothing to
tune.

[0 Works even for intermediate pt’s, \mth the exception of pions in
central AuAu collisions...

but this should be so
(see discussion at the end)

[0 There are some small deviations, but the RHIC simulation curves
are ususally between the PHENIX and STAR data points 2.

werner@subatech.in2p3.ir
2in collaboration with ¥.M. Liu, T. Pxero&
spresented differently, so I cannot plot them together

1
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3 EPOS++

In (central) AA there are many A —

parton ladders in paraliel,

impossible to hadronize inde-

pendently | | ——

—collective hadronization

/|
hadrons
(finally)

high pt segment
escape

g

g

="
segments —> clusters
when segment density

high
segments
In practice:

[0 We define a grid in = — y — 5 — 7 coordinates. The corresponding
volume element AV is considered to be the “proper volume” of the

" local matter.

[J We consider the segments at some 7. If the density of segments
per “proper volume” is bigger than some pg,, the the correspond-
ing segments are considered to be part of the cluster,

5
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O unless a segment has a p; bigger than some pyy.

O Connected cluster cells build global clusters, which are expected
- to expand and acquire flow.

O The eluster_decays at some energy'density €qy, Which is taken to
be the same for all energies and centralities.

[0 We assume a linear transverse flow profile (in tranverse rapidity),
with some maximum transverse rapidity increasing logarithmi-
- cally with energy: y=% = araq + braq log v/ s/ ssps.

[0 The cluster deeays according to the covariant microcanonical phase
space :

[T 41T s P2 5 653 o
_ species &

where we assume that |M?| is proportional to the total proper
volume, In addition, there is a factor 14 ¢ for each strange particle
(sign plus inside a baryon, sign minus inside a meson). (maybe
not necessary?)

O In the whole procedure, we perfectly conserve energy, momentum
and flavor.

0 The cluster formation parameters are not too much affecting the
results, the “real” parameters are the decay density ¢y, and the
flow parameters araq,bra4-

O Our procedure has nothing in common with thermal fitting, there
is no freedom whatsoever concerning the energy of the initial
state, it is a straight extrapolation of pp and dAu.
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4 Can we understand the data?

0 The model works very well (considering the available parameters,
the predictive power is enormous!) :

- OWhy?

O To understand the data , we first have to understand that we have
-always two contributions : cluster decay and “normal stuff” (as in
pp). In central collisions this “normal” contribution is very small,

- but it grows with decreasing centrality

O ...and it is exactly this interplay between these two contributions
which explains everything ! o

[0 How to understand the éentra]iw dependence? Why does the
Omega or Xi yield increase so much? |

O This is because Qs or ='s are much less supressed in phase space.

- decay compared to string decay, so the cluster makes relatively

much more ’s and ='s than we observe in the “normal” contribu-
tion.

O And the change of the relative weight ‘Of these two contributions
with centrality explains this strong centrality dependence.

[i Why do baryon nuclear modification functions behave so differ-
ently compared to mesons?

OO Look at the pt spectra of of Z's. They are totally dominated by
cluster contributions, well beyond 3 GeV (flow!!!), not the pions.

0 Even for central collisions, the normal contribution exceeds the
cluster particles already at 1.5 GeV. So what we observe is flow!
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