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Phases of nuclear matter
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Phase transition in lattice GCD Karsch et al., NPA 698, 199 (02)
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Temperature T (MeV)

QCD phase diagram probed by HIC
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We do not observe hadronic systems with T > 170 MeV
(Hagedon prediction) 4




Statistical model

Assume thermally and chemically equilibrated system of non-interacting
hadrons and resonances with density

% 2
g p-dp 2 2
n. = , E. =+ p~ +m;
g2 BT 0 T \/ i

Determine chemical freeze out temperature T, and baryon chemical
potential yg by fitting experimental data after inclusion of feed down
from short lived particles and resonances decay.

1)
0 [ - - - - - . . ' - -
z plp NA Z/Z QO x/im KIK'K/x p/rK%h oh Ah ZhQ/x*10 © plp KIK'K/x p/a/h™50
o
1 = T s : -
E o, e = T a VO
s :
B " Tch~Tc
) % STAR * : *
v E PHENIX : -_—
= O PHOBOS I - : '
C /. BRAHMS --- ' : 3
i VS 1ei=130 GeV s b \ewcmocey
- Model re-fit with all data - T /[ Model prediction for
0 T=176MeV, 1 =41 MeV % o T=177MeV, 1 =29 MeV




Hvdrodynamic model

Kolb & Heinz; Teany & Shuryak; Hirano, ........

Hydrodynamic Equations
3, 7" (x)=0  Energy-momentum conservation

aﬂnju“(x) = () Charge conservations (baryon, strangeness,...)

For perfect fluids without viscosity e: energy density

T" (x) = [e(x) + p(x)] u“(x)u” (x) |p: pressure
u¥: four velocity

- p(x)g"”
Equation is closed by the equation of state p(e)

Cooper-Frye instantaneous freeze out

E dN; __ 8i q-do 1 do is an element of
d3q (27t23 f exp(q-u) =1 space-like hypersurface




Transverse momentum spectra from hydrodynamic model
Kolb & Heinz, nucl-th/0305084
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Parton cascade Bin Zhang, Comp. Phys. Comm. 109, 193 (1998)
D. Molnar, B.H. Sa, Z. Xu & C. Greiner

. dog ..
p"d,f,(x.p.0) = [ dp,dQ¥, - Vz\d—g(flfz ~£f,)

do O o’ 1
= 22> OF 2 2
dt 2(t-u”) 2u” 1+ u”/s

= Using a,=0.5 and screening mass py=gT=0.6 GeV at T=0.25 GeV,
then <s>12=4 2T=1 GeV, and pQCD gives 0=2.5 mb and a
transport cross section

o, = fde—g(l—cosH) ~1.5mb

» 0=6 mb — p=0.44 GeV, 0=2.7 mb
» 0=10 mb — py=0.35 GeV, 0=3.6 mb



A multiphase transport (AMPT) model
Default: Lin, Pal, Zhang, Li & Ko, PRC 61, 067901 (00); 64, 041901 (01)

= |nitial conditions: HIJING (soft strings and hard minijets)
= Parton evolution: ZPC

» Hadronization: Lund string model for default AMPT

» Hadronic scattering: ART

String melting: PRC 65, 034904 (02); PRL 89, 152301 (02)

» Convert hadrons from string fragmentation into quarks and antiquarks

» Evolve quarks and antiquarks in ZPC

» \When partons stop interacting, combine nearest quark and antiquark
to meson, and nearest three quarks to baryon (coordinate-space
coalescence)

» Hadron flavors are determined by quarks’ invariant mass

PRC 72, 064901 (05); http://www. cunuke.phys.columbia.edu/OSCAR
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Transverse momentum and rapidity distribution

from AMPT
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What have we learnt?

Matter formed 1n relativistic heavy ion collisions reaches

* thermalization early in time t < 1 fm/c

® high initial energy density € ~ 10 GeV/fm?

» chemical equilibrium with limiting temperature
T.~ 170 MeV

* final thermal equilibrium at T, ~ 120 MeV with
large radial collective flow velocity <>~ 0.5

Is the matter a quark-gluon plasma?
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Signatures of quark-gluon plasma

Dilepton enhancement (Shuryak, 1978)

Strangeness enhancement (Meuller & Rafelski, 1982)
JAy suppression (Matsui & Satz, 1986)

Pion interferometry (Pratt; Bertsch, 1986)

Elliptic flow (Ollitrault, 1992)

Jet quenching (Gyulassy & Wang, 1992)

Net baryon and charge fluctuations (Jeon & Koch; Asakawa,
Heinz & Muller, 2000)

Quark number scaling of hadron elliptic flows (Voloshin
2002)
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Dilepton spectrum at RHIC
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Strangeness enhancement

" [In QGP
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Kinetic equation

Equilibrium density

i

Strangeness equilibration Time

M150MeV, og=06

dp,
dt

= (o)

12esspp2 < >sse12pz

_gf

m’ & 1 nm
(2 21 E_HKZ(?)
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|
|
|
|
|
|
|
1
1

Strangeness equilibration
time 1n QGP from lowest-
order QCD t,, ~ 6 fm/c 1s
comparable to lifetime tqp
of QGP in HIC
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Strangeness production in hadronic matter

= [n hadronic matter

mm—K+K (Q=2m, —2m_~=~710MeV)
NN —-= NAK (Q=m, +my —m, =670MeV)
N — KA Q=m, +my —m —m_=530MeV)

— Cross sections ~ a few mb

NA — NAA (Q =380MeV)
A — KA (Q =~ 240 MeV) Crlc;sls sec];tions are |
AA — NAA (Q — 9OM€V) unknow but expecte

to be a few mb as well
p — KA (Q=80MeV)

Strangeness equilibration time in hadronic matter t,, ~ 30 fm/c 1s
longer than hadronic life time t,_; ~ 15 fm/c 16




Experimental results
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Multistrange baryons are significantly enhanced and
can be accounted for by the statistical model — Strangeness
equilibration
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J/\y suppression

" Color charge 1s subject to screening in QGP

V=—as %V:—as e_r/}LD

r r

1

One loop pQCD A, = (NC + 1\;“ )_5 (eT)' =~/2/3(gT)"




Lattice result for J/v spectral function
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J/y disappears between 1.627, and 1.70T,
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J/y absoprtion and production in HIC

= Nuclear absorption: J/y+N—D+A_; p+A data — g~ 6 mb
= Absorption and regeneration in QGP: /¥ +g <= cc
» Absorption and regeneration in hadronic matter: J/¥ + 1t <= DD

RHIC Zhao & Rapp, arXiv:0810.4566 [nucl-th] SPS
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Regeneration from coalescence of charm and anticharm quark
1s non-negligible at RHIC as first pointed out by Thews



Hanbury-Brown-Twiss interferometry

Two-particle correlation function

C(R. )1
| J4*xd*5,8(x,.p)S(x.Ps )eos[q  (x,x,)]
fd4XIS(X1,p1)fd4X28(X2 .P>)

with K= (1_51‘|‘I_52 )/29 q=(p,-p,, E,-E,)

* S(x,p) 1s the emission source function given by the particle
phase-space distribution at freeze out in the AMPT model

* C(K,q) can be evaluated using the Correlation After
Burner (Pratt, NPA 566, 103¢ (94))
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Two-Pion Correlation Functions and source radii from AMPT
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Need string melting and large parton scattering cross sections

24



50

Emission Function from AMPT
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= Shift in out direction (<x_,> > 0)

= Strong positive correlation between out position and emission time
= Large halo due to resonance (®) decay and explosion
— non-Gaussian source
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High PI hadron suppression

Xll lllll L L INI]lll‘xw‘ ||||| I

dN Aut+Au
<TAA > d0p+p

RAA =

Gyulassy, Levai & Vitev, PRL
85, 5535 (00)
Wang & Wang, PRL 87, 142301 (01)

Parton energy loss due to

radiation
—emem EKS shadow * !
—— HIJING shadow | { p, >
1| 40-60% 60-80% ’ Pr
10 11111 Lo 0y | P T | T |
2 4 6 8 10 2 4 6 8 10
pr (GeV/¢c)

Jet quenching — initial energy density — 5-10 GeV/fm3
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p/Tr* and pbar/tr-ratios at high transverse momentum
STAR Collaboration, PRL 97, 152301 (07)
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Same p/1t* and p/11 ratios in central and peripheral collisions —
Same R,, for gluon and quark jets, which is not expected from
radiative energy loss as gluon jets lose more energy than quark Jets




Jet conversions in QGP Liu, Zhang & Ko, PRC 75, 05190 (R) (2007);
Few Body Sys. 41, 63 (2007).

= Quark jet conversion

Elastic process: qg—gq

I - 3

Gluon is taken to have a larger momentum in the final state

Inelastic process: qq — gg
e

= Gluon jet conversion: similar to above via inverse reactions
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Coalescence + jet quenching + jet conversion

Au+Au @ 200 GeV 1 Au+Au @ 200 GeV
(s 1 - ]
0 % ! o
© T
Y 4 2
g ®
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01}
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0 2 4 6 8 10 12 0 2 4 6 8 10 12
b 66V b (6eY)

Jet conversion leads to good description of data 30



Anisotropic flow

Anisotropic flow v,

pdN__ dN 1 dN [
d’p  p.dp,dedy 27 p.dp.dy

1+ i2vn(ppy)cos(n¢)]

n=1

Sine terms vanish because of the symmetry @ = -® in A+A collisions
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Elliptic flow from hydrodynamic model
Au+Au; ﬁ 200 GeV Mid- rapldlty

o I ' ' I
z 0.3— Hydro model STAR ¥ h +h a K0 e A+A
s | -
E 02— ___. p —
£ | — . -
>
g' 01— -
s _
D i
g PHENIX om'+m o K'+K opp

Transverse Momentum p; (GeV/c)

|deal hydro describes very well data at low p; (mass effect) but fails
at intermediate p; — viscous effect.
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Elliptic flow from AMPT Lin & Ko, PRC 65, 034904 (2002)

0.20

0.18 |

0.00

0.02 |

T T 20—
QSTAR data . ] 0.18 | ® STAR data
| A—Ano string melting - O—C pion
| ®---B3 mb with string melting 0.16 - O--<Okaon T
L ¢—e6mb E - V=<V nucleon $
- ¥—¥ 10 mb 1 0.14
W - 0.12 +
& 0.10
>N
0.08 r
0.06
0.04 +
0.02 r
S S [ S S IS S S S | OOO
0.0 0.5 1.0 1.5 2.0

p, (GeVie)

= Need string melting and large parton scattering cross section
= Mass ordering of v, at low p; as in hydrodynamic model
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Surprise: quark number scaling of hadron elliptic flow

0.14F O m'+ 7 (PHENIX) .

[ O p+p (PHENIX)
- 0 K'+K™ (PHENIX)
0.4 ® K, (STAR)

0.12

- ® A+A (STAR)

£ o.08F
3 i

> ool ﬁj } I
iy ] .

0.04F
0.02F 4
_Eﬁ

0||||

0 0.5 1 1.5 2 2_.5
p;/n (GeV)

Except pions, v, u(Pr) ~ 2 Vv, ((P1/2) and v, g(Pr) ~ 3 vy 4(P1/3)
consistent with hadronization via quark recombination
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Momentum-space quark coalescence model

Only quarks of same momentum
can coalescence, i.e., Ap=0

Quark transverse momentum distribution - 0085
\C\l .

f,(pr) < 1+2v, (p;)cos(2¢)

Meson elliptic flow

2V2,q (pT /2)
1+ 2V§,q(pT /2)

Voum (pr) = =~ 2V2,q (pr/2)

Baryon elliptic flow

3VZ,q(pT /3)
1+ 6V§’q (p:/3)

V,5(Pr) = ~ 3V2,q(pT /3)

0.14f O =+ Tcl_(PHENIX)
" O p+p (PHENIX)
- 0 K'+K (PHENIX)
- . K, (STAR)

0.12

0.1 B
® A+A (STAR)

0.04 = %

0.02 o 7§°

el

Quark number scaling
of hadron v, (except pions):

1
HV2(pT /1)

same for mesons and baryons
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Coalescence model PRL 90, 202102 (2003); PRC 68, 034904 (2003)

Number of hadrons with n quarks and/or antiquarks

N,=gf] [ pdo o )IE foi (%0 ), (%10 X3P, )

Spin-color g, eg 8:=8= 1/36 g, =g, . =1/12
statistical factor
g, =g;=1/108, g, =gz=1/54

Quark distribution 43 D
function fq (X,p) fp -do (2n)'E f,(x,p)=N,
Coalescence
probability Fu (X1 X05P1P2) = (X, - X55p, - Psy)
function = exp[(X, - X2)2 /2A)2<]

Aoty 2h <exp{[(p, - )’ - (m, -m,)*)2A%}

For baryons, Jacobi coordinates for three-body system are used. 36



Effects of hadron wave function and resonance decays

Effect of resonance decays
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Puzzle: Large proton/meson ratio

PHENIX, nucl-ex/0304022

o - ® Central 70 (0-10%)
O  Peripheral n° (80-92%)

- %"%"?%?%ﬁp‘ .......................................
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PHENIX, nucl-ex/0212014

lp
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p, [GeVie]

0 suppression: evidence of jet
quenching before fragmentation

* Fragmentation leads to p/1tr ~ 0.2

» Jet quenching affects both

* Fragmentation is not the dominant

mechanism of hadronization at
pr <4-6 GeV
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Large proton to pion ratio e vihesm  AutAu@200AGEV |
. === without s+h (central)
Quark coalescence or S .
recombination can also explain | "~
observed large p/pi ratio at .i
intermediate transverse o
momentum in central Au+Au _
collisions. 0
3 1.8

' OREGON

B e 1 2 . rd
. . ° PHENIX 0-5%
o 1.0 ‘ o PHENIX 60-92% |
o TTT IS S — R+F b=0 fm
7 { __________ L BN 0.8 — R+F b=7.5fm
0.6 — R+F b=13 fm

----- Stat. Model
o P/7" Au+Au 130 GeV
a P/7v Au+Au 200 GeV ] 02

1 1
o 2 a 6 0.0
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Higher-order parton anisotropic flows

Including 4" order quark flow Kolb, Chen, Greco, Ko, PRC 69 (2004) 051901

fo(pr) < 1+2v, (pr)cos(Z2¢) +2v,  (pr)cos(4¢)

Meson elliptic flow

2
. :2V2,q‘|‘2V2,qV4,q — 2v, tVy,
R AR MM S U PR

Baryon elliptic flow

3 2 2 2 3
. 3V, FOV, V. T3V, TOV, Vi, . 3V, F3vy, TOV, v, T3V,
2B 2 2 2 > V4B 2 2 2
1+ 6(V2’q vt V2’qV4’q) 1+ 6(\/2,q vt Vz,qV4,q)
Vuu 1 1 Vey vy 11V
REIRIE TR A v 4
Voum Voa Vo Vg 0




Anisotropic flow (%)

Higher-order anisotropic flows

5] @) v, Au+Au@200 AGeV (min. bias)
Charged hadrons  mew
10- g & oo
|, i
st STAR data
5 / :'.--’"” O-3mb
at " 10mb
0+J/ ; ;
v v{3} * v{EP} STARdata
SECTA =
® 10mb - —_—
24 —"—1.
1-
0+ -
A STARdata
10] (©)V, o 3mb
05 ® 10mb *
o'o--. W ‘T 7 ] +_."
. _.'_ —* -
-0.5-
-1.0 . . .
0.0 0.5 1.0 15 2.0
p, (GeVic)
Vy

2
Data | —=1.2=v, =2v)

v, of partons (%)

Data can be described by
a multiphase transport

(AMPT) model with large
parton cross sections.

8 T T ' T T T
| AutAu@200 AGeV (min. bias)
AMPT with string melting
6 crp=10 mb i
| —
/l/ \‘\- v /2
] R
4 —~ 4
/ )
] -
2+ / Ay, .
- L ;_:‘;A:;;___ A 2
A...—-“A_"—_Ad— ) —A v2
0_..-6£€-—-—*——-¢#—-T:. #_ﬁ‘;_. ..........  + J ey
T
* v,
-2 . . : r . —
00 05 1.0 1.5 20

p, (GeV/c)

Parton cascade gives v, ,~V, .2
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Charmed meson elliptic flow

T T T T I T T T T I T T T T I T T T T T T T l_
o2 0O h ]
mT

0.05

0.05}

Greco, Rapp, Ko, PLB595 (04) 202

1 —"|v, at low p; due to mass effect

Smaller charm v, than light quark

| Single electron invariant p; distribution |

' V_Greco, C_.M.Ko, R.Rapp nuclth/0312100
>N 0.3 I I T T l T T T T | T T T T I T T ]
S - | —e— Non-photonic electron v, PHENIX PRELIMINARY -
=0.25 [ | =——— Systematicemor ]
% = Theory '~ thermalization S - Kel IY’ Q M 04 1
(3] 0.2_— Theory'— no reinteractions g
: - - R
s | ]
Q0.15(-
= - -
& T ]
& 0.1 =
= - ]

oos5- | 1| LA e E

o — J -

-0.05}- _ l R

_0_ - | | | PRI B | 1 .
}) 0.5 1 1.5 2 25 3

p; [GeV/c]

Data consistent with thermalized
charm quark with same v, as light
quarks before boosted by radial #low




V,(Pq) (%)

Charm R, , and elliptic flow from AMPT

Zhang, Chen & Ko, PRC 72, 024906 (05)
25 ! I ' 1 ! I ' T N 1 ' 2 ' T T T N I ! I

® PHENIX

20 + O STAR prelimifiary . .Au+Au@200GeV minbias

15 | T <>i 1'5'_
HERANTS %%i g

5 —===-——-1 s 05 :
- o
0 - :
L ® i O i
_5 _ | black: 3mb charm
| dashed:c =3mb 1 _ red: 10mb charm
_10 | dotted:c _10mb(cq forward) | -0.5 r blue: PHENIX e .
- SO|Id ‘o _10mb(cq |sotrop|c) ] - green: STAR e
-15 : _ o
0 o. 5 1 15 2 2 5 3 1 0 o 4 6 8 10
pr (GeVrc) p; (GeV/c)
* Need large charm scattering cross section to explain data
» Smaller charmed meson elliptic flow is due to use of current light
quark masses 43




Resonance effect on charm scattering in QGP

Van Hees & Rapp, PRC 71, 034907 (2005)

\/ 127+1 7 >
I

O oo
‘" 9 4 K (9 imy) T2/

With m_=1.5 GeV, qu5-10 MeV, mp=2 GeV, ';=0.3-0.5 GeV, and
including scalar, pseudoscalar, vector, and axial vector D mesons gives

O-Cq—>cq(s1/2=rnD)z6 mb

Since the cross section is isotropic, the transport cross section is

6 mb, which is about 4 times larger than that due to pQCD t-channel
diagrams, leading to a charm quark drag coefficient y ~ 0.16 c/fm in
QGP at T=225 MeV. 44



Heavy quark energy loss in pQCD

a) Radiative energy loss (Amesto et al., hep-ph/0511257)

ot PR e

b) Radiative and elastic energy loss (Wicks et al., nucl-th/0512076)

RS

c) Three-body elastic scattering (Liu & Ko, nucl-th/0603004: NPA 783,233c
(2007))

a b+ | [T L LA e

» May be important as interparton distance ~ range of parton interaction
= At T=300 MeV, N ~(N,+N,)~ 5/fm3, so interparton distance ~ 0.3 fm
= Screening mass mpy= gT~600 MeV, so range of parton interaction ~ 0. 3%




dN/(2np dp,dy) (GeV™?)

Spectrum and nuclear modification factor

of electrons from heavy meson decay

10%

L 0 STARPelm.

v PHENKX |
X —D+B 1
0

b (GeV)

Electron RAA

2-bod); dlas
2-body elas+rad
fotal

o (T)=210(T)
STAR prelim
PHENIX

Reasonable agreement with data from Au+Au @ 200A GeV
after including heavy quark three-body scattering.

10
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Baryon to Meson Ratio

Enhancement of charmed baryon to meson ratio

on non-photonic electrons in HIC

= Sorenson, EJPC 49, 379 (2007)

----- Total Charm

— Decay €' +&
« e'+e PHENIX Prel.

‘e
‘.
.
.
.

| ! | T T T - T
ANK + Central Au+Au: STAR
2 § « 40%-60% central: STAR
« p+p: STAR
- Assumed A /D (p+p)
—Assumed A /D (Au+Au)
1.5/
1
0.5
o I | l | l | l A I

Transverse Momentum p, (GeV/c)

Transverse Momentum p (GeV/c)

Assuming that same A /D and A/Kratios could also explain
observed nuclear modification factor for charmed mesons
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Diguark in sQGP and A_. enhancement Lee, Yasui, Ohnishi, Yoo
- & Ko, PRL 100, 222301 (08)

Diquark mass due to color-spin interaction:

1

mumd

~450MeV

my,=m, +my-Cs s,

for m,=m,= 300 MeV and C/m2~195 Me V from m,-my

Coalescence model Statistical model
N T oseer 3/2
— —- no diquark correlation Ac _ 2 mAc e'(mAC —mp, )Tc _ 0.24
D, mpy

« Enhanced by a factor of 4-8
* Similar for Ag/B,
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Inclusion of resonances and fragmentation Oh et al., PRC

0
| A_ /D
1 0 T T LI L I B L l‘? rT T[T T rtrrJrrryprrrprrt 2, 0
A i three-quark model ]
c —?_ — — diquark model (C) ]
10-1 ' - ®—® PYTHIA 7
o i —H1.5
% 3 —?'_ 7N ]
10 ]
Q) |
T
Al ]
5
— — 1.0
o 10 N ]
T 10°p N ]
Q. 5 i
&4 -
3 —1 0.5
< 10°F J
'4 L1 1 | | | | | I | 111 [ 111 I 1 I 11 I | | I | I - | | | | L1 1 I |
[ .| 0. 0
100 71 2 3 4 5 0 1 2 3 4 5 &6

p; (GeV) p; (GeV)

Including coalescence contribution enhances A/ D ratio, which is

further enhanced by the presence of diquarks in QGP

79, 044905 (09)
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LI L L L L L LI L L L L LN L B l_‘ 12,0
1 0'3 ~——— three-quark model 4
— — diquark model ( C) -
4 PYTHIA —10.0

__10 1
N —— -
> 10'5 _ \\\ -

O S, 8.0
— 10 \~
~— i

~107 -6.0
%\10 y
4 |

(% 10 4.0
N L5 ]
> 10 i

S 2.0
10 1
MW'!

10'7 1 11 l 111 l 1 1| l 111 l 1 1| I 111 | - I 111 l | - l 111 l 11 l 111 0 0

0 1T 2 3 4 5 0 1 2 3 4 5 6
p; (GeV) p; (GeV)

As for A /DY, including coalescence contribution enhances A, /B ratio,
and 1t 1s further enhanced by the presence of diquarks in QGP

S




Effect of A. enhancement on non-photonic electron R, ,

2 1 l T I I I 1 I 1 I I
i —— fragmentation (energy loss) |
— — diquark-quark coalescence
: 0
1.5 ~ “— diquark-quark coalescence (D only) _|

----- coalescence (toy model)

3
p; (GeV)

Oh & Ko,
PRC 79,
067902 (2009)

R, , at large pyincreases as A, enhancement is at low p,
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Net charge fluctuations

Adams et al., STAR Collaboration, PRC 68, 044905 (2003)
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Favor quark coalescence

picture for hadronization

Pseudorapidity Acceptance
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RHIC low energy run and FAIR

Chen, Ko, Liu & Zhang, Proc. Of Science 034 (2009)

W71 T ]
AMPT with string melting

-~ Aut+Auatb =7 fm
(Central cell)

t, = 1fm/c

100 '?:2.4 e~

——E,_=10AGeV ——E__ =40 AGeV
——E,__ =20 AGeV E,_ =160 AGeV

—E, _ =30 AGeV =———s_"*=200 GeV

I

0
0 /100/ 200 300 400 500
1, (MeV)

Require first-order phase transition ?
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dN/dy

300

250

200

100

50

Rapidity distributions

CAMPT
" string melting
‘cp=1 Omb, b=0fm

| Au+Au@7GeV

1

—fe— T -
N (x2) .
—— ZA(x10)
¥ K (x10)
—~— = (x100)
—A— O (x1000)]
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v, (%)

Elliptic flow

' l ' I ' [
Au+Au@sNNm=7.1 GeV and b=7 fm
Charged hadronsiny_:[-1,1]
AMPT with string melting

cp=10 mb A
»— Al pions 7

All kaons
A Protons

30 — 1 T T T T 1 T | 2
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0 /1 . ] 1 ] ] P 0
00 0.5 1.0 15 20 25 3.0 00
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Partonic scattering enhances

elliptic flow

1.0
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15

20

Mass ordering of hadron
elliptic flows
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Comparison of transport model predictions of elliptic flow

0.20

' . . ' .

Au+Au, 25 A GeV, b=7 fm, lyl<l
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Phase transition and effect of hadronic scattering

30

-30

Without QGP

Crossover

First order

default |

string melting|
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First-order phase transition modeled by increasing initial volume of

hadronic matter by 4 and with or without density fluctuation
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Mean transverse momentum fluctuation

Without OGP Crossover

First order

100 S— . . . . . . . . . . .
default | string melting | 4 XV non-fluc|  fluctuation
80 freezeout freezeout freezeout freezeout
I 6=0.015GeV T 6=0.013GeV | c=0.014 GeV]| c=0.013 GeV|
initial initial initial initial
c=0.037 GeV c=0.028 GeV c=0.03 GeV c=0.046 GeV
60} + 1 1 .
= 1
2 )
ZCD
40}
20}

%.3 0.4 0:5 0.6 O.70i3 Oi4 0:5
p, (GeV) p; (GeV)

0.3 04 05 0.2

p, (GeV)

04 06
p; (GeV)

Similar mean transverse momentum fluctuation after hadronic scattering




Deuteron vield

Without QGP Crossover First order
120
default | string melting | 4 X V non-fluc| fluctuation|
<N >=3.77 <N _>=4.98 <N >=1.86 <N_>=1.84
01 5215 [ o=1.9 [ o=1.12 6=0.98
260}
Q
Z
30}
O AR SRR TP TP S S TR T — PR L 1 1
0O 2 4 6 8 0 2 4 6 8 2 4 6 8
Ny Ny N4
Deuteron yield 1s reduced if there 1s a first-order phase transition
but is not affected by initial density fluctuation 59




Two-pion correlation functions

14F ' ' ' - ' '
-8 AMPT with ¢ =10mb
\. Au+Au@7GeV, pion
1.3F \ 0.125GeV< p.<0.225GeV-
-05<y<05
—®— Default
1.2} —m— String Melting
\_  —&— 4V with Flu.
@ —%— 4V wio Flu.
N11F LN i
O ~ ‘\
L .\.\ s.~.
m-A. <
1.0} :
0.9 -‘ J
o
1 1 L 1 " 1 M
0 20 40 60 80

Q_ (MeVic)

First-order phase transition leads to a narrow correlation function but
effect of density fluctuation is not seen




RAA

Charm suppression in baryon-rich

1.8

T =225 MgV ——v =016 ofim.
0
15 L =300 MeV . 0_ -wT - R _ dNAu—|—Au
q0 YC_Yoe ] AA T
1= 1fm Y5=Yoem _ <TAA > do p+p

12

dashed line: incl HM eff | _ _
0.9+ 1 = dN,,.5,= differential heavy flavor
____________ yield in Au+Au collisions
06+ - : : :
__________ | " do,, = corresponding differential
03 cross section in p+p collisions
= <T, ,>= nuclear overlap integral
0'0 | ! | ! ] 1 | " |

p (GeV)

* pQCD gives similar ¢ and cbar cross sections in QGP, irrespective to the baryon
chemical potential (solid line).

= Resonance scattering leads to different ¢ and cbar cross sections in QGP with
finite baryon chemical potential (solid and dashed lines)




QGP phase transition and Double phi peaks

m—— ¥ T T T T T T T
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Heavy ion collisions at LHC

Pb + Pb @ /s =5.5TeV

Abrue et al., JPG 35, 05400 (2008)
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800

Rapidity distributions at LHC

‘ [
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Particle multiplicity at LHC increases by a factor of ~ 4 from

that at RHIC
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Transverse momentum distributions
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Particle transverse momentum spectra are stiffer at LHC than
at RHIC — larger transverse flow
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v, of partons (%)
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Quark elliptic flows
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Quark elliptic flows are larger at LHC than at RHIC, reaching ~ 20% _




Pion and proton Elliptic flow at LHC

30 | | I I | | |
— AMPT with string melting (cp=1 0 mb) .
25 |- Pb+Pb@s'*=5.5 TeV and b=8 fm _
| R 4 4

v, of light hadrons (%)
o
I

N

S [~ p ,//z/"/ Au+Au@s *=200 GeV and b=8 fm |

Nl T e S

0.0 0.5 1.0 1.5 2.0
p, (GeVic)

Elliptic flow is larger for pions but smaller for protons at LHC than at RHIC




Heavy meson elliptic flows at LHC Quark coalescence model

50 | I | I | I | I | I |
| Pb+Pb@s"*=5.5 TeV and b=8 fm _
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Vou(pr) = Vo, ((mq] /my, )pr)+ Vo, ((qu /my,)pr)

68



Pion interferometry

AMPT v2.12 String Melting TN &N
10mb, b=0 fm -0.5<y<0.5, 0.3<pt|_2<l S5GeV/e
1.4 —————— ——————— 1.4
I — - - RHIC 200AGeV Au+Au { cut=35MeV/c for 1-D projections
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Two-pion correlation functions narrower at LHC than at RHIC
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Radii from Gaussian fit to correlation functions

C,(Q.K) =1+AeXp(—2R§(K)Q?)

Rnul (fll]) R.'si(ln (_fl[l] fI-::m,;g [_flll] A H(:ul ."l. Rsi(lt'

RHIC (7]  3.60 3.52 3.23 050 1.02

LHC (7) 4.23 4.70 4.86 (.43 (.90
RHIC ()  2.95 2.79 262 09 1.06
LHC (K) 3.56 3.20 3.16  0.80 1.11

Source radii for pions are larger than for kaons and
both are larger at LHC than at RHIC
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Thermal charm production in QGP  £"ang.

Liu & Ko,

30

T,=700 MeV, t,=0.2 fm/c
m =1.3 GeV, massive partons

—— Next-to-leading order
— — Leading order

3
T (fm/c)

4 5 6

PRC 77, 024901 (08)

1.0 —— Next-to-leading order
— —- Leading order

m.=1.3 GeV

< _ 107
g 50
S 10° o 40f
o T 3.0
10 T 20
1. '
e )

10-6 " | 1 | 1 1 1 1 N 1
0.2 0.3 0.4 0.5
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* Thermal production non-negligible
» Next-leading order and leading

order contributions are comparable
* Insensitive to gluon masses

» Effect increases by about 2 for initial

temperature T,=750 MeV but
decreases by ~ 2 for m_=1.5 GeV

1




Charm exotics production in HIC |[ee, Yasui, Liu & Ko

Eur. J. Phys. C 54, 259 (08)

» Charm tetraquark mesons

- T..(udcc) is ~ 80 MeV below D+D" according to quark model

- Coalescence model predicts a yield of ~5.5X10%in central Au+Au
collisions at RHIC and ~9X10-°in central Pb+Pb collisions at LHC
if total charm quark numbers are 3 and 20, respectively

- Yields increase to 7.5X104and 8.6X10-3, respectively, in the
statistical model

» Charmed pentaquark baryons

- O.(udusc) is ~ 70 MeV below D+2 in quark model

- Yield is ~1.2X10* at RHIC and ~7.9X10-+ at LHC from the
coalescence model for total charm quark numbers of 3 and 20,
respectively

- Statistical model predicts much larger yields of ~4.5X10-3 at RHIC
and ~2.7X102at LHC
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Summary

= Most proposed QGP signatures have been observed at RHIC.

» Strangeness production 1s enhanced and 1s consistent with formation
of chemical equilibrated hadronic matter at T

= Large elliptic flow requires large parton cross sections in transport
model or earlier equilibration and small viscosity in hydro model.

» HBT correlation 1s consistent with formation of strongly interacting
partonic matter.

» Jet quenching due to radiation requires initial matter with energy
density order of magnitude higher than that of QCD at T,

* Quark number scaling of elliptic flow of 1dentified hadrons 1s
consistent with hadronization via quark coalescence or recombination.

» Electromagnetic probes and heavy flavor hadrons will be studied by
upgraded RHIC.

» Experiments from future low energy run at RHIC and FAIR as well as
LHC allow for probing QGP at finite baryon chemical potential and
even higher temperature, respectively.



