Relativistic HICs

at energies from
FAIR to LHC
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The phase diagram of strongly interacting matter
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Transition between hadron gas
and matter with deconfined
quarks and gluons expected
for a critical energy density

of g, ~ 1.0 GeV/fm?®.

Bjorken's estimate of initial
energy density:
_d{Er) 1 dN (mg)
"~ dy wR%r dy nRr

Measurements of rapidity
densities and energy distributions
of hadrons give (with t<1 fm/c):

e >3 GeV/im? (SPS), and

e > 5 GeV/fm? (RHIC).
Baryochemical potential g

falling with increasing CM energy.
Do we create a QGP in the lab,
and what is its properties?
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Stages of an ultrarelativistic heavy-ion collision

Initial state in Gluon-dominated  Quark-gluon Hadron gas
colliding nuclei preequilibrium matter

- Initial stage: Hard partonic collisions described
by pQCD. Partons materializing from gluon fields.
- Formation of a quark-gluon plasma, approaching
equilibrium through multiple interactions.

Initial temperature of several hundred MeV.
Violent expansion and cooling.

- Hadronization when the plasma reaches

T, ~ 170 MeV, through parton fragmentation

or quark coalescence.
- Chemical and finally kinetic freezeout. Only
variables surviving to this stage are observable.

ENERGY DENEITY (GeV/fmd

TIME (fm/fe)
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SPS: Signatures of a new phase of matter?

X

- Hyperon enhancement: Quark coalescence NSRS B RS
instead of multistep hadronic reactions? 3 [Typeecn 0 2
e ' ¢ |enhancement _ z W

: " INA57 e BT AT
- J/y suppression: charm-anticharm = | ' 3 F
. . = . = 1z '_'-'il 4 F L
dissociation in deconfined matter? T
- Horn in K*/ =t* ratio and plateau in z

T (inverse slope) of K+ (actually =, K, p):
Phase transition at critical point at lower
SPS energies?

2 1.4 ¢_. : > '
il ; i e Q - ’ :
%TE ] -~ J/¥Y suppression : ; Horn = 300 & Plateau |
277, - NA50 2 of %5 NA49 = NA49  ¢°
Sosy ik,
E 0.6 | e
g -;-
; |

o os 1 18 2 =25 a  as

E {GEeVAm™)
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Equation of State

| ' ! | | v |
K endpoint
[Fodor, Katz]
200 O [Karsch et al.]
vV N UrQMD:
7
_é_ - & A A Aunt+Aun, 11 A GeV
Pb+PDb, 40 A GeV
= 0L Ph+Ph, 160 A GeV
& e
Aun+Au, 21300 A GeV
= i
= 100 |
S0 -
— hemical freezout
L) 2 =v '
0 2 3=y (RHIC) [Cleymans ef al.]
0 u N I 1 A 1 1 . 1
0 200 400 600 300 1000

i, [MeV]

H. Stoecker, nucl-th/0506013

L. Bravinaet al., PRC 60 (1999) 024904; 63 (2001) 064902
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Tricritical point is
located around
10-40 GeV (LQCD)

!

We have to explore
this energy range to
study the possible
phase transition

|

QGP can be formed
aready at low
energies
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Equilibration in the Central Cell

IR Kinetic equilibrium:

/\ /\ | sotropy of velocity distributions
_, / X \ | | sotropy of pressure
Bem \ /
V Vv A2

Thermal equilibrium:
= 2R/(V.. B..) €92 €7 + Az/(2B_ ) Energy spectra of particle_s are
described by Boltzmann distribution

[‘1 055

- eXp (—) exp

dN, Vi, Ul ( E,)
4TT}'JEUT.E (27h)? N A

Chemical equlibrium:
Particle yields are reproduced by SM with thesamevaluesof | 1. jip, [15):

. Vﬂ'; fos M, ' E*
P\“gj — 3’!'3 }‘n P '!Fﬁ ExXpP (T) CXD (\— T)
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Statistical model of ideal hadron gas

Input values output values

- 1
ghic F EEEM{T, B . .I”‘f'_‘;:]?

[”]E ]
g = ? E B; “I'i' [T B, [ ]
1 >
pie = = E :5_& . NSM(T ug. is).

Multiplicit Vg, [ .
p y \ Nt:sjv] - 2?""‘?;3/ pgf(prfn"i)d’p!
SM _ Vi f 2
Energy s | F; = 5253 2/ +m3 f(p, m;)dp
SM )
Pressure ==> |~ ZzTan pﬂ+m yi7z S middp

Y2 [ fm) I f(pmi) — 1] pdp
Entropy density == ot f
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Pre-equilibrium Stage

Homogeneity of baryon matter

Absence of flow

AL

T .
Auau 10.7 AGaV ]

.....

Thelocal equilibrium in the central zoneis quite possible
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Kinetic Equilibrium
Isotropy of velocity distributions | sotropy of pressure

pr—
Vy
—— I
o\,

XY, Z

dN /dv,, |
L.B. et al., ar Xiv:0804.1484

Velocity distributions and pressure become isotropic for all energies
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Boltzmann fit to the energy spectra

s s
[ (a) UrQMD t=13fm/c.
- _ :

dndnpEdE, (GeV7e)

Thermal and Chemical Equilibrium
ds
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Thermal and chemical equilibrium seemsto be reached

L.B.etal., arXiv:0804.1484
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How dense can be the medi um?

s 12 TG T ) Ve EAG T ;
(ﬂ} - < (a }
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F-"B-'IP‘D = 1{' ; 1']
Pe'Po

Dramatic differences at the non-equilibrium stage; after beginning of
Kinetic equilibrium the energy densities and the baryon densitiesare the
same for "small” and " big” cell
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| sentropic expansion

s0f a) UrQMD Expansion proceeds

- 40 AGeV/c
‘I

L D30 AC Isentropically (with constant
£ Byl entropy per baryon). This
£ F ___.-ﬂ""‘""—} result supports application of

hydrodynamics

o N

60
- b) QGSM ;325 AceVic
r O -40 AGeN/e
% L — R ""i' ¥/ c
: a -AG
ik m _11.6.

s/pp = const = 12(AGS), 20(40). 38(SPS)
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Equation of State in the cell
pPressurevs. energy sound velocity

EH}U]'Q}[D ® - 158 AGeVic E ——r . . ——rry . .
G - 40 AGeV/e 0.175 o — UrQMD §

P Q
0.3 'rl] -'-lin-‘i. - P QN
. llﬁiGﬂm ,f' & 3 QGSM

0.4p

P (GeV/m™)

e E [
0.2 Hﬁ.’_{ E 0.15 | /— o ®
S E L

: 0125 F .
[' = . . B E' T
(b) QGE\[ - 158 AGeVie E E
-40 -'LE—E\ c et 0

]
- ¥ _ . E
_E 0.3 h - 'l" 'I'.L'; rEﬁl- E -: [ .
- m-11.6 AGeVic - 01 7]
> Ly ; :
s, et
= 0.2 S o

gl : 10 .- 10
0.1 E Vs (GeV)

2

P " G ” 0 | P/e=0.13(AGS), 0.14(40). 0.146(SPS), 0.15(RHIC
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Equation of State: sound velocity vs. T
Comparison with Hagedorn mode energy and entropy densities

TTTTITT I TN IT AT I AT IR I I AT TITITIT T _l lllllllllllllllllllllllllllllllllllll l-

() UrQMD | 7 1F th’\ﬂ} — 41] AGH (a) :
- e SM & k- g 20 AGeV j
0.2 - ; _- ﬂ Tﬁ E__.___ El'IEi}:(TlfTﬂ}l:l 1/ '1-_], a=c .:2 ‘? -E
ot e X '+ g Heavy T i1 <
T Ao, s : w 4 o
R it ny resonances & A
0.15F A ngak QRO * w 03F g 1 &
[ e Lo : ] 9
: éw t* & I 3 .-_?-f"-.? 3 8
g wk - S 0.25F AN 1 =
0l i .I" 4 Bigdifference ; N i 2
: . E S " 3 x
..-‘: ||' between models ﬂ}rmm&wmm G
MR (b) QGSM 1 withand w/o 1f QGSM: —- 40AGeV (b)y 3 =
: -u 40 AGeVic i h eavy - 20 AGeV }l 3
E & _20°ACE) : E . sfs =(T/TY* a= i .
E .- 1% é(iELET."c o . %' resonances 0.75F Slsg=(T/Ty)" ", a=c ? f = a8
0.15F R 3 E —
F "5 ?35]&? # ;II‘
o E *ﬁ"_ i n- E = 0.5F ’;\i i
0.1 AmimE :
n.usi f —
100 200
T (MeV)
Still c_s**2 drops faster than in Hagedorn model No difference between the models

Non-zero chemical potential ?
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EOSin the cdll: observation of knee

temperature vs. chemical potentials
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The“knee’ issimilar to that in 2-flavor lattice QCD
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« Thereisa kinetic equiftbrrum stage-of hradrons
ceptral ﬁffnﬂp
: ant and
. (40@/),and WLOWRE
é.g[satu a‘tionm’g M-.,_'*'“
T al\

-

/atior mainsc :
. T -
This supports applicatiorkgl hydradynaniicsSs ﬁ.ﬁiﬁ“

o Temperatureyvs. chemical potenﬂ the knee
structure which appears at the on
equilibrium should be studied further 07
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http://uhkm.jinr.ru

UHKM- vniversal Hydro Kinetic Model
The creation of the UHKM Universal Hvdro Kinetic Model was initiated bv Nikolai Amelin.

COLLABORATION:
UHKM development

R. Lednicky, TI.A. Pocheptsov: Joint Institute for Nuclear Research, Dubna, Russia

LP. Lokhtin, A.M. Snigirev, L. V. Malinina: Moscow State University, Institute of Nuclear Physics, Russia
Iu.A. Karpenko, Yu. M. Sinyukov: Bogolyubov Institute for Theoretical Physics, Kiev, Ukraine
I. Arsene, L. Bravina, E. Zabrodin: Department of Physics, University ef Oslo, Norway

A. Stavinsky, K. Mikhailov, 8. Kiselev, Institute of Theoretical and Experimental Physics, Moscow
(FASTMC-y)

Implementation in AliRoot

B.V. Batyunya, S.4. Zaporozhets, A.A. Fedunov Joint Institute for Nuclear Research, Dubna, Russia
I. Arsene Department of Physics, University of Oslo, Norway
L.V. Malinina: Moscow State University, Institute of Nuclear Physics, Russia
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Outline

1. UHKM — Universal Hydro-Kinetic Model

2. FASTMC - FAST hadron freeze-out Monte-Carlo generator
Introduction- motivation.
Model parameters.
Physical framework of the model

Examples of calculations for RHIC
Predictions for LHC

3. FASTMC-J FASTMC+jets high-pt part related to the partonic states

(PYTHIA+PYQUEN)
Status, Examples of calculation
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UHKM - Universal Hydro-Kinetic Model‘

! l l

FASTMC - SPHES- UKM -

FAST hadron Smoothed Particle Universal Kinetic
freeze-out Monte- Hydrodynamics Model

Carlo generator Equations Solver

FASTMC - version 1:
central collisions
version 2: extension on
non-central collisions

FASTMC-J UKM- Phys.Rev.C73:044909,2006
FASTMC+jets

high-pt part related to FASTMC-1 Phys.Rev.C74:064901,2006.
the partonic states

(PYTHIA+PYQUEN) FASTMC-2 Phys.Rev.C77:014903,2008.

FASTMC-y
FASTMC+direct
gammas
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FASTMC-Introduction-Motivation

- LHC very high hadron multiplicities ==
fairly fast MC- generators for event simulation required

- FASTMC- fast Monte Carlo procedure of hadron generation:
We avoid straightforward 6-dimentional integration =—»
~100% efficiency of generation procedure

- Matter is thermally equilibrated. Particle multiplicities are determined by the
temperature and chemical potentials. Statistical model. Chemical freeze-out.

- Particles can be generated on the chemical (Tth=Tch) or thermal freeze-out
hypersurface represented by a parameterization (or a numerical solution of
the relativistic hydrodynamics).

- Various parameterizations of the hadron freeze-out hypersurface and flow velocity

- Decays of hadronic resonances (from u.d and s quarks) are included (was 85 / now 360)

- The C++ generator code 1s written under the ROOT framework.
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Phvsical framework of the model: Hadron multiplicities

1. We consider the hadronic matter created in heavy-ion collisions as a
hydrodynamically expanding fireball with the EOS of an ideal hadron gas.

2. “concept of effective volume™ T=const and p=const the total yield of particle species
1S: — . total co-moving volume, p-particle number density
Ni_p:'(Tﬁuf)Veﬁ Veﬁ g Pl 1

3. Chemical freeze-out: T. Il,= [ls B, + Us S, + e Q; : T, Me—can be fixed by particle
ratios, or by phenomenological formulas ) — d
J.Cleymans et al. PRC 73 034905 (2006) |7 (Hz)=a=0lg —clip: Hp(say) = ———

T €S

4. Chemical freeze-out: all macroscopic characteristics of particle system are
determined via a set of equilibrium distribution functions in the fluid element rest

frame: . 1 .
U p" T, 1) = _ o,
e h)@ﬁﬁmﬂﬂﬂﬁﬂ

* kD

qwﬁ)wwfmﬁnﬂp@N4ﬂ@pfwa%>

k+1

HEZTZ & ) exp(— Ir,ui, f{m

?‘”(T,u)—
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Physical framework of the model: Thermal freeze-out

1. The particle densities at the chemical freeze-out stage are too high to consider
particles as free streaming and to associate this stage with the thermal freeze-out

2. Within the concept of chemically frozen evolution, assumption of the conservation

e’ W

of the particle number ratios from the chemical to thermal freeze-out :
eg prrch  ch eg ¢ ih th
p, (I, 1) _ P .
P (T 1) P (T, u7)

e th th
3. The absolute values P, ! (T s H. ) are determined by the chmce

th
of the free parameter of the model: effective pion chemical potential )u t [
Assuming for the other particles (heavier then pions) the Botzmann appmmmatmn

Pl " pI (T ")
Pl (T g =0) pI (T, ")

Particles (stable, resonances) are generated on the thermal freeze-out hypersurface, the hadronic
composition at this stage i1s defined by the parameters of the system at chemical freeze-out

}u:ﬁ — Trh lﬂ
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Phvsical framework of the model: Hadron momentum distribution

We suppose that a hydrodynamic expansion of the fireball ends by a sudden system breakup
at given T and chemical potentials. Momentum distribution of produced hadrons keeps

the thermal character of the equilibrium distribution.
We avoid straightforward 6-dimentional integration by the special simulation procedure
FASTMC-1  PRC 74 064901 (2006)

JN ,

0l 1y ! Vo (-

P F D - ,‘.qur(x)ﬁ f ‘@ ”ﬁ(':‘)’ﬂ ! %) Cooper-Frye formula:
o(x)

Freeze-out surface parameterizations

1. The Bjorken model with hypersurface |7 = (¢* —z*)"* = const

2. Linear transverse flow rapidity profile: _r , max
P, = P.
R

3. The total effective volume for particle production at

V= |dc,u x)=c[y,rdr[dp [dn= Erfﬂw[%J (p,™ sinh p;™ —cosh ™ +1)
a(x) 0 0 Mzin u
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FASTMC-Model parameters for central collisions:

1. Thermodynamic parameters at chemical freeze-out: Teh . {z, s, Wo}
2. If thermal freeze-out is considered: Tth, r-normalisation constant

3. As an option, strangeness suppression Y's < 1

4. Volume parameters:

T -the freeze-out proper time and its standard deviation AT (emission duration)
R- firebal transverse radius

5. pP* -maximal transverse flow rapidity for Bjorken-like parametrization

i

6. 1max -maximal space-time longitudinal rapidity which determines the rapidity
interval [- Ny, Nmael 10 the collision center-of-mass system.

7. To account for the violation of the boost invariance, an option corresponding to the
substitution of the uniform distribution of the space-time longitudinal rapidity by a
Gaussian distribution 1in 1.

8. Option to calculate T. (e using phenomenological parametrizations L 3(\/; ).T(ptg)
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FASTMC-Model parameters for non-central collisions:

The SAME parameters which were used to simulate central collisions were used for noncentral
collisions at different centralities. The additional parameters needed only for noncentral
collisions are:

For the impact parameter range: (bmin . bmax)
9. Flow anisotropy parameter: 0(b)

10. Coordinate anisotropy parameter: &(b)
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FASTMC Examples of calculations:

—_—

Comparison with RHIC Au+Au at m.-""' S = 200 GeV
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Mit- spectra of . K.p (STAR)—FASTMC (thermal f.o +weak decavs)
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Elliptic flow- versus pt (STAR)—FASTMC (thermal f.o T=110 MeV)
dN  dN
d"pdy 2mp.dpdy

(1+v,cos2¢p+2v, cos4p +...)

0.5 Ty, = 0.165 MeV, T =100 MeV

n—

016—

wost- [0=5%
o D.IE—
> 05—

“2_\10-21}%

# STAR measured v,
FASTMC calculated Vo

0.25F

-|20-30%

0.16—

02— -

oiE-30-40%

05 I I
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Momentum correlations

- " Due to the effects of QS and FSI.

2 - Ap  the momentum correlations of two or more
QS+FSI| particles at small relative momenta in their
center-of-mass system are sensitive to the
space-time characteristics of the production
process so serving as a correlation
femtoscopy tool.

P

g=pl-p2. Ax=x1-x2 w=1+cos qAx)
) '} T% S(O)
iy : "‘i‘l_ [ P \Yinw/
R \’h - l “‘ F—— ' (JF A B (Q:m ]'

e
'

; Y
sicde The corresponding correlation widths are
usually parameterized in terms of the Gaussian
out || transverse correlation radii R _1:

pair velocity vt

B
L

/ CF(pl > Pz) =1+ ‘;L(_Rju!qsm S Rs:;a’eq;n’a o R2 2 =3 2R§ur,f&nggaurqmng)

| be;ﬂn long t.?.f-:mg

We choose as the reference frame the longitudinal co-moving system (LCMS)
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Momentum correlations

Tth=Tch =165 MeV, no weak decavs / Tch=165 MeV, Tth= 100 MeV + weak decavs + AT
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20 g [ e : Y
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Conclusions (RHIC):

-Fixing the temperatures of the chemical and thermal freeze-out at
0.165 GeV and 0.100 GeV respectively, and using the same set of
model parameters as for the central collisions, we have described
the single particle spectra at different centralities with an accuracy
of ~ 13 %.

-The comparison of the RHIC v_2 measurements with our MC
generation results shows that the scenario with two separated
freeze-outs describes better the p_t-dependence of the elliptic flow.

-The description of the k_t-dependence of the correlation radii
has been achieved within ~ 10% accuracy.

-The experimentally observed values of the correlation strength

parameter A have been reproduced due to the account of the weak
decays.

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

FASTMC Examples of calculations:

Predictions for LHC.
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Predictions for LHC: Conclusions

The extrapolated values :
R~11fm, 7~ 10 fin/c, At~ 3.0 fin/c,

pEE 1.0, Tth~ 130 MeV.
Tch=170 MeV, [1=0, [1s=0, [1o=0 MeV

dN/dy ~ 1400 twice larger than at RHIC
~ 5 nw =200 GeV

in coincidence with the naive
extrapolation of dN/dy.

These parameters yield a small

imcrease of the correlation radii
Rout, Rside , Rlong
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FASTMCj Examples of calculations:

FASTMC + high-pt part related to the partonic states
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FASTMC + high-pt part related to the partonic_states :

Jet-quenching model PYTHIA/PYthiaQUENched is implemented.
PYTHYA+PYQUEN (I.P.Lokhtin and A.M.Snigirev, Eur. Phys. J. C 45, 211 (2006).)

http://cern.ch/lokhtin/pyquen
Goals of this work:

--We are studying influence of the mini-jets/jets production on CFs at RHIC/LHC energies.
--FASTMC produces background for the jet production. direct gammas. ..

Example of calculations
with FASTMC-J code for RHIC

1] <=
= = § TR
w 10T =
& 1|]|: —— EAETMC al w
—_ =
N'U - N (| Fr=TMC: hizhy =m
-~ 1=
% = e RRETRIC Bice aucl
A0 =
o =
11|:rq=
o =
Zw. =
?m"é‘
®
Tig’- :
-1 Ei i T :
AL 1 i 3
;.“:l'.' ;_ é 3 .E Eisl__ :é L : i .-E 0
b (GeVic)
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Example of calculations for LHC
(c=20-30%)

with FASTMC-] code under the assumption
that (g,8) are as at RHIC.

o 05
>

045
0.4
0.35

]

02 i

R
|"..|."

o J‘_.J{I

pt. Gelljc
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FASTMCj - Model parameters.

1. Thermodynamic parameters at chemical freeze-out: Teh . {e, s, Wo}

2. If thermal freeze-out 1s considered: Tth . Ma-normalisation constant

3. Volume parameters: T, AT.R

4, ,G:m -maximal transverse flow rapidity for Bjorken-like parametrization

5. Mmax -maximal space-time longitudinal rapidity which determines the rapidity
interval [- 1,.. Ny, 10 the collision center-of-mass system.

6. Impact parameter range: minimal bmin and maximal bmax impact parameters

7. Flow anisotropy parameter 0(b)

8. Coordinate anisotropy parameter &(b)

PYTHYA+PYQUEN parameters

9. Beam and target nuclear atomic weight A

10.~/5 m —c.m.s. energy per nucleon pair (PYTHIA initialization at given energy)
11. ptmin — minimal pt of parton-parton scattering in PYTHIA event (ckin(3) in /pysubs/
12.To - initial temperature of quark-gluon plasma

13. To - proper time of QGP formation

14. Flag to chose the type of calculation of medium induced partonic energy loss
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FASTMC+high pt — MC realization.

—

1. PYTHIA initialization at given ~/5 w

2. calculation of total inelastic pp cross section at given -~/ 5
3. calculation of hard scattering cross section at given Ptmin and /s yy

4. calculation of the probability of the hard parton-parton scattering with pt= ptmiu

h

. calculation of number of participants in the event

6. calculation of number of binary collisions in the event according with probability
of hard process, calculated at step 4

7. for each binary collision call PYTHIA(pyexec)+PYQUEN
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[ Lokhtin, “Fast simdation toels in UHIC” CMS HI Waorkshop, CERN  Dime ]12-15 2004

PYQUEN: MC realization (event-by-cvent)

Initial parton configuration
PYTHIA6.2 w/o hadronization: mstj(1)=0
. l -
Hard parton rescattering and energy loss + emitted gluons

PYQUEN (input: beam atomic number and centrality)

" (] ‘l' " -

Parton hadronization and final particle formation

PYTHIAG6.2 with hadronization: mstj(1)=1, call pyexec

More details on internal PYQUEN physics sets can be found in:
I.Lokhtm, A Smigirev, “Nuclear geometry of jet quenching”, EPJ C16 (2000) 527
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Conclusions

-We have developed a MC simulation procedure and the corresponding C++
code allowing for a fast but realistic description of multiple hadron production
in relativistic heavy ion collisions. Reasonable RHIC data description.

-As options, we have implemented two freeze-out scenarios with coinciding
and with different chemical and thermal freeze-outs.

-Also implemented are various options of the freeze-out hypersurface
parameterizations

- simulation from the 3D hydro as input can be done.

-FASTMC-j is created, high-pt part related with partonic states is available

A high generation speed and an easy control through input parameters make
our MC generator code particularly useful for detector studies.

Predictions for LHC. Implementation in AliRoot was performed. Presentation

of the first data simulated with FASTMC under AliRoot framework will be
done in Aliceweek.
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Additional slides
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Elliptic flow at RHIC:
Evidence of partonic degrees of freedom

-
£

Non-central collisions: Anisotropic overlap zone.
ey Spatial anisutm -> momentum anisotropy:

plane

dN L
. 1+ X7, 2v, cosn(gd — Up)
d(t' Zr [ = ]. qf, B
Particle Elliptic flow coefficient v, = v,(p; y).
**'““l-*f"'*;” v,(p,) different for mesons and baryons, scales
andle @ :
with number of valence quarks n,

v2 close to expectations for perfect liquid.

' Hydromodel = PHENIX Data'  STARData - ~, R ITILL :
o~ o O e A Kg = 0.25 1 t :
il + o | B A KT+K ® A+A 2 ]
E ----- r:. F‘I- F‘| ™ - : T :
E i M 1}__1},51_:,&::#-’-" [ 2 0.2 — f —
T S s : o ;
E 0.2 j,-:f;:f""" lJ|+ + | - i .ﬁ.%i' L
P e ® 0.15} o ]
P L - - ; x
a 3"'#%! & ‘:II-, L A & - - : i_ ’-;ﬁ ]
o 041 e 01 - ® B EAEGNET |
=] o g’f B L | — i E e GV, NAS
= s ' oosf " I i il -
=T |0 SR —————— P L — — - E li.l |—-.Fl-—\h =130 Gav, BTAR z
s __.*_qh =200 GV, STAR Presirn, | =
| L 1 1 | i 1 D e T e e O TR R I A -] d
0 2 4 6 0 5 10 15 20 25 :m 35
Transverse Momentum b - (GeV/c) (1/S) dN _, /dy
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High-p,. suppression:
More evidence of partonic degrees of freedom

HI collisions:

Fast partons lose energy
in medium with free
colour charges.

Nuclear Modification Factor

Comparison to reference spectra from
p+p collisions with no medium
gives nuclear modification factor R, ,:

d>N 44/ dprdy

LB I e e

Raa =

i — p+p min. bias

In central Au+Au collisions we observe;:
5_.J[ * Au+Au Central

Strong suppression of high-p, hadrons (low R, ,). i |
Disappearance of away-side peak in dijets. L

.|

f
Reference system with cold nuclear matter and = [ ’L
initial state effects: d+Au collisions. e T
No suppression (Cronin enhancement) at y=0.

Dijets similar to p+p collisions.
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What is the nature of the initial state?

d+-*hu s.rs 200 be".

10" e e
$ e : ,2.—
Partoh d; tribution- ﬂﬂtlbhﬁ_d_ﬂwmé Py
. | BRAHMS -

funation in neutron o N kA 2 W P .
P e . . L ® Preliminary STAR m° |

.{. -‘"! r b
shadowing="  SFS )| § osleps,, Gl %
" RHIC , L R .
~ [ il np=32 |
'

i- LHC #*
ARSTOEDOA ™ i bl — PEG
et ont fi“r.", : | [ gPelngeV

Hf+ =400

—— P20 G

[d+Au Syy'“=200 GeV
05 1

Initial state: Characterized by

high gluon density at low x

(X p@ ¥/ IR

RHIC: Strong suppression at

forward y, both in d+Au and

Au+Au. Colour Glass Condensate

or energy-momentum
conservation + shadowing?

Iriiticil stat fact -pT.JEew;:] pT.[Gew;] -plllﬁew;] -JJ1-[GE'#‘|'I.:I -p1-[Ge'|ffq-:]
nNitial staie efrecis even more : BRAHMS Pre im'l‘il'f.l'

Au+Au, s,,,'"?=200 GeV

important at LHC!
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Conclusions at RHIC so far:
New state of matter, nicknamed sQGP

Preliminary conclusions summarized in 4 "whitepapers" from the RHIC experiments:
- |. Arsene et al. (BRAHMS collaboration), Nucl.Phys. A757, 1 (2005)

- K. Adcox et al. (PHENIX collaboration), Nucl.Phys. A757, 184 (2005)

- B. Back et al. (PHOBOS collaboration), Nucl.Phys. A757, 28 (2005)

- J. Adams et al. (STAR collaboration), Nucl.Phys. A757, 102 (2005)

Quote from the PHENIX paper (representative for RHIC consensus):

"In conclusion, there is compelling experimental evidence that heavy-ion collisions

at RHIC produce a state of matter characterized by very high energy densities,
density of unscreened color charges ten times that of a nucleon, large cross sections
for the interaction between strongly interacting particles, strong collective flow,

and early thermalization. Measurements indicate that this matter modifies jet
fragmentation and has opacity that is too large to be explained by any known
hadronic processes. (...) The most economical description is in terms of the
underlying quark and gluon degrees of freedom."

Later, more detailed measurements at RHIC confirm this picture.

Mostly smooth evolution of observables with energy, system size and rapidity ->
consistent with a crossover transition.

Matter produced at RHIC, "sQGP" - different from the expected weakly interacting,
long-lived QGP. Will we enter that regime at LHC energies?
PDF created with pdfFactory Pro trial version www.pdffactory.com
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Exploration of the new state of matter
with the ALICE detector

Size: 16 x 26 meters i3
Weight: 10,000 tonnes At VAGHET

Physics focus of ALICE: Properties and time evolution
of the hot partonic matter.

Signals from early stage: Collective anisotropic

flow. Hard and electromagnetic probes - jets,

direct photons, heavy flavoured hadrons and
quarkonia, and their interaction with the medium.
Must disentangle initial- and final-state effects!
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ALICE detector n acceptance

s TP U tracking
—u—u—u-ui-—ﬁ-l"l;l er layer
D — DA

dN_ /dn (Pythia)

Pseudorapidity n

Central tracking system for
charged particles (CTS):

ITS (Inner Tracking System)
TPC (Time Projection Chamber)
TRD (Transition Radiation
Detector)

Detectors for neutral particles:
PHOS (Photon Spectrometer)
EMCAL (Electromagnetic
Calorimeter)
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Performance of the ALICE detector

CTS with TOF and HMPID: Good PID capabilities for
low- to intermediate-p_charged hadrons.

Neutral hadrons, photons, leptons identified up to
high p; (~102 GeV) in TRD, PHOS, (EMCAL), Muon
spectrometer.

ITS: Excellent position resolution (<~ 102 um).
Needed for identification of heavy flavour!

Good p, resolution in both CTS and PHOS ->

important for invariant mass analysis of quarkonia

and neutral mesons. ITS position resolution b, (GeVrc)

e TN T LT TR L LT TN
(dEdx)

L O AR RN R R RN R 5
—— |TS+TPC

e = TS+ TPC+TRD

HMPID (RICH)

TRD

PHOS

Transverse momentum resolution (%)

a0 100
B {GeVie)
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Elliptic flow v,-

0- Sﬂ"? i
S, [i= 00 |.::u.ll-l- JI
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iy Freereamt curs |
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species and p, dependence

4 K

CER

¥ () p

; AT o2lm @

RHIC prefiminary

PHENIX ]

12 14 16 18 2

5 03 04 6608 1
p, [GeV/c]

- Low p,: Mass scaling consistent with hydrodynamics.
- Intermediate p_: v, scaling with number of valence
quarks n,-> flow originates in partonic phase, and
coalescence dominant mechanism for hadronization.
- High p,: Breakdown of n_ scaling, non-flow effects

from hard processes starting to dominate.

_ B B M coalescence | | W
|_hydro__| I H B B :els=)

" E .- —
D 1 :’_ 3 Pl 5 7 8

P [GeV/c]
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Measuring elliptic flow in ALICE

Strong elliptic flow predicted
in HI collisions at LHC energies!
Large v, and high particle

multiplicity -> easy to measure.

. Al Main tool: Central tracking system.
PHOBOS | - Charged particle v, Day 1-physics

RASCNEN in ALICE. Later: Many differential

CERDES

E&T7 Il measurements.

E8US

cos - Challenge at LHC energies:
Il Huge non-flow effects from jets!

11
| 3]

& NA { (I =4 L7 ]

Methods for extracting elliptic flow in ALICE:
- Standard (event plane) method, with event plane
extracted from data in various n intervals -> v {EP}

Sensitive to non-flow effects (mainly jets).
- Two- and multi-particle correlations (cumulants : N

of n-th order -> v,{n} ). e i

- Lee-Yang Zeroes method (~ infinite order cumulant e :

estimate) - least sensitive to non-flow effects -> v,{LYZ} p, (GeVie)
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Scaling with eccentricity € of the overlap region -

Is v, /e consistent with hydrodynamics?

05 H)

Hydrodynamic limit - perfect, thermalized liquid: ® 0.3f HYDRO (E
v,/e ~ constant, independent of centrality. i;

Eccentricity e:

[STAR Preiim. . vo(FTPGYV:,

ﬂ"' ‘%;f ' = \L- +=200 GaV -ﬁu-c-:!u.
o 1 =

""" 2 Gy, Ausdu

el = .y Not trivially quantified 0.0sfp I 11?‘““;‘&3”‘1 5

....... Jav h r RP 5 . - T ,;. e 2 =
"""""""""" g for given centrality. | S T lh"“‘” f:
o8 g Depends on initial state 05 10 15 20 25 30 35

1/S chh /dy

and on event-by-event

fluctuations. (VS [t
% 1.4 X 185 = 204 4 . =] ;::: :::: .
. 3 . . g - Eot - 18% f,-"" & 30U - A0
Degree of thermalization given by the inverse 12 7 T o
Knudsen number K- ' (number of collisions): R 74 —
- _.K
0.8 ~ Gentral 1 4 T
J k% o
0.6 kT '
‘- - s &
e 53 "‘" E"‘ : - % (W] i
0.2| : ; .
: : i F’eupheml sl 7
Data approaching hydrodynamic limit only at e G R B
low p.and for central collisions. p, (GeV/c)
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Suppression of high-p; hadrons -
energy, centrality and pathlength dependence

R,, for = ® spectra shows Cronin enhancement at
‘*’2 = 22 GeV and suppression for s, 2>~ 62 GeV.

How abrupt is the transition?
R,, falls with increasing centrality, scales with

N for different systems. .
R, scales approximately with density-weighted af - Cwc F}HlE-N-lx, 2"
pathlength through medium. obysliid

20 30 40 50 60 10° 2:10%

W5, = 200 GeV

<A, > |[|::|]= = 5.0 GeV/c)

".I'Ith '\“H ;:{2,4 Gla-kf

=l
- : 5, =224 GeV 1 =L
o || o energy -ts A et : PHENIX 5«=p,; =8 GaV/c
\& ® /s, =200 GeV I
2 IL -'U'He'u 20.4 GeV, 130 < dN/dy <185 |
I I Vitew, 62.4 GeV, 1?5-‘-::“"5."!:!]' = 255
[ Vitey, 200 GeV, 255 < di/dy < 370 |

Cu+Cu, 0-10% most central

PHENIX preliminary

F’enphemF
i] I IR SN AU I S
0 CIE 04 06 08 1 1
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Puzzle: Species dependence of suppression

HLO PQCD calculations withh AKK FF

| S Expected energy loss
| for gluons vs quarks:

STAR Prelimary -

A
* p+P

U T
| ]

:
0-12%
AuAu

‘ibghf i
.

. . e, .
Fraction T _
= < '-|11'|. iE.r!l:_“L__II
“produced b

Eals i B | arger baryon fraction
p+p collisions at 200 GeV 'horn gluons e oI PR L i é 1-.: .12

1 7T

- K2 R,.(meson) > R,,(baryon) p, (GeVi/c)

< Same for R, (central

. Fee 08¢
vs peripheral A+A). A~ i
i

R

=
=]

©oPoo - e

NEOOLNROEE

=
-9

Gluon jat contribution factor

ObSQW&ﬂOI’IS: 12 ::.{ -[re|au~.r|5nc dEfdx)
For p, ~ 2 -6 GeV/c: R,,(baryon)>R,,(meson) L 26 (DF)

For p,> 5 GeV/c: R, ,(baryon)~R, ,(meson) T2y
Also: Strong baryon/meson enhancement in Au+Au

relative to p+p collisions.

Parton fragmentation not dominant source of

hadron production at intermediate p, ->
| — - 111 11 11 LJ..I.l. 1130 _.I.J.J..... I N JI.]..I.'__.l..l.]_

parton coalescence / recombination?
Behaviour at high p, not understood. B R LR R RS "

0.8 |
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Heavy quarks - energy loss and flow

00-10 % T P
et PRL 98, 172301 (2007)

R, 0-10 % P
AutAu @ |5, = 200 Gey I sl e
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Production: Hard gg -> cc, bb. —

Open heavy flavour - detection channels:
Semileptonic (e, p),

Hadronic (mainly D% -> K* + - )

Expected hierarchy
for radiative energy
loss in medium:

AE(g) > AE(q) >
DE(c) >DE(b)

Heavy quarks should
be less suppressed!

RHIC: Heavy flavour flows, more suppressed
than expected from radiative energy loss.

Also collisional loss + in-medium fragmentation?
Important to separate ¢ and b contribution:

Use track impact parameters, electron-tagged
angular correlations.

LHC: Heavy flavour copiously produced.

Probes for initial gluon distribution, medium
properties, thermalization.

oead Gong Elght
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Photon physics - extracting direct component

PHENIX : Ausu MB x10¢

AuhAu 0-20% x10°

Aufu 20-40% 10

Direct photons - penetrating probes from
early stage of collision.

Major sources of photons in HI collisions:

- Prompt photons from hard pQCD processes
- Thermal photons from quark-gluon plasma

- Huge background from neutral meson
decay (mostly n?)

-
=
na

:'.-II-IFl TTTT I|:||:rE| |.||..mT| T II]I1 |||I11.||ﬂ| TITT

[i5]

-'|-|r| IRLIRLLI

Ed*N/dp’(GeV2c?) or Ed’sidp’ (mb GeV*c)
3 3 3

Y
=
(]
|I1'| T T

TN S A T T ANV B |||_|]L|hqlr$}"“"

Challenge: Disentangle the different sources. - 4 % i = = >
- Subtraction of meson background (n° n) p, (GeVic)
- Isolation cut (no hadrons in vicinity)

-
-
=
-

RHIC: Excess over pQCD component.

Photons (+ neutral mesons) in ALICE: Fits to PHENIX data: QGP with
- Electromagnetic spectrometers PHOS, EMCAL T~ 300-600 MeV, equilibration time
- Conversion and virtual y -> e e* pairs in CTS 1,~0.15- 0.6 fm/c.
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