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o Introduction

o Hadronic rescattering in elliptic flow

Deuteron elliptic flow
Coalescence mode
Dynamical model

Transport model

o Heavy quarks in RHIC
Baryon to meson ratio

Nuclear modification factor of non-photonic electrons
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INnthodliction

o Relativistic heavy ion collision

QGP: a new state of matter
Vacuum stability and vacuum excitation in a spin-0 field theory*

T. D. Lee and G. C. Wick
Columbia University, New York, New York 10027
(Received 17 January 1974)

The theoretical possibility that in a limited domain in space the expectation value (¢(x)) of a
neutral spin-0 field may be abnormal (that is to say quite different from its normal vacuum expectation
value) is investigated. It is shown that if the ¢’ coupling is sufficiently large, then such a configuration
can be metastable, and its physical size may become substantially greater than the usual microscopic
dimension in particle physics. Furthermore, independent of the strength of the ¢* coupling, if ¢(x) has
sufficiently strong scalar interaction with the nucleon field, the state that has an abnormal ( ¢(x))
inside a very heavy nucleus can become the minimum-energy state, at least within the tree
approximation; in such a state, the “effective” nucleon mass inside the nucleus may be much lower
than the normal value, Both possibilities may lead to physical systems that have not yet been observed.

sQGP (strongly interacting QGP)

A= [HS 3 2/27/2011-
o=x_/H= 3/1/2011



Ralktiviste Reavy lon Gollisiens

Au+Au E,=200 AGeV t=-19.89 fm/c

H. Weber / UrQOMD Frankfurt/M
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Hadronization Hadron detector
rescattering

® Test of hadron models
- Large multiplicity
- Find the physical quantities that are sensitive to hadron models

® QGP signals
- Hadron rescattering effects
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0 Observed state in relativistic heavy ion collisions @ RHIC

Perfect fluid behavior (hydrodynamics)

Strong collective behavior (large elliptic flow)

Strong coupling nature of Quark-Gluon Plasma

O New lattice results
cc bound state could survive at T > Tc
Even at T > Tc, the interaction is still strong

Possible existence of quasi bound states of quarks and gluons

such as 49, 99, 99  Shuryak and Zahed, PRC 70
Diquarks in hadron physics

Existence of a diquark in baryons?

A IZ,~7 ine'e collisions

Lichtenberg, Anselmino,Wilczek & others
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Ellipticiilow;

o Elliptic flow V, :a measure of the strength of the second Fourier
coefficient in the azimuthal angle distribution of particle
transverse momentum relative to the reaction plane

= azimuthal anisotropy of the momentum distribution of particles
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Ellipeic

O information on the properties of the hot dense matter formed
during the initial stage of RHIC

Mass ordering: v, decreases with increasing hadron mass

Constituent quark number scaling
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Slipde iew

I
o Negative elliptic flow at small pT for heavy particles?
deuteron (~1.9 GeV) B S ———
—Baryon v,
30 |- @ d+d (TOF) @
O d(TPC) :
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Elipede flow (seelling)

O Coalescence model
F (o) :distributi on of the composite particle

f (o) - distributi ons of the constituen ts

F(p) < f(p)® c1+2V, cos2¢ )
V, = 2v, for 2-body particles f(p, pr)ocl+ ZéVn(DT)COS ng

o For]lly

charm quark + charm anti-quark

v, of the charm quark: negative at small p;?
O For deuteron

proton + neutron

v, of the nucleon: positive (by experiments)

O Intriguing questions on the mechanism of particle production and their
interactions

o 2/27/2011-
ZSHSm P 11 3/1/2011



2 Dafeeren cllipte iew

O Coalescence model (the simplest version)

The deuteron yield in momentum space is proportional to the
product of the proton and neutron densities at half the momentum
of produced deuteron

P dN,

dp,

wf(r,/2) 1, (p.12)

The deuteron elliptic flow would satisfy exactly the nucleon number scaling
and thus the quark number scaling as well.

fcz(pd)(1+2"2,d(pd)0052f)
» [Py 12)(1+2v, ,(p, 12)cos2f)” f,(p, 1 2)(1+2v,,(p, | 2)cos2T)
» 1,2, 12)1,(p, [2)” {1+2év2,p(pd 12)+v,,(p, /Z)HCOSZf}

\ Vz,d(pd) = VZ,p(.pd /2)+V2,n (p,12)= 2V2,N(pd /2)
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Elliptic

o Blast-wave model

U. Heinz, K. 5. Lee, and E. Schnedermann, Hadronization of a quark-gluon plasma, in
Advanced Series on Directions in High Energy Physics, Vol. 6, Quark-Gluon Plasma, edited
by R. C.Hwa, pp. 471-517, World Scientific, Singaport, 1990.

d3
dp3 (2 ) o

g spin-isospin degeneracy

; 0 f(x,p)p,ds”

S, :freeze - out surface with normal vector ds

f(x, p) :local thermal distribution function

f(x,p)= L > Lorentz boost with the flow velocity 6(x)

exp{(E-m)/T}x1
In cylindrical coordinates

Transverse flow velocity

g, =1/\1- b
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O Test of a simple blast-wave model

Transverse flow velocity

b, = by(1+ecos2f),  e=aexp(-p;, / b) with free parameters a, b

Requires different parameter sets!

O.|35 T | T | T I T O.|35
0.3 * T P 0.3 0.3 T P 103
L | = K n  d (PHENIX) L K n  d (PHENIX) |
0.25 b o d (STAR) 0.95 . ¢ o d (STAR) 0.95
02 02 02 -02
0.15 10,15 0.15 —40.15
0.1 01 0.1 101
0.05 0.05 0.05 - 0.05
0 0 0 -0
-0.05 -0.05 -0.05 - -0.05
- 1 . . L | | | .
0.1 40.7 O.To 1 Bl 40.7
Fitted for mesons Fitted for baryons
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Modified

O Take into account the momentum spread of the deuteron
wave function

d°N, 3 V 5 . 2\ g
e o L 2o, ()L P)|Y (2 - ) 12) ¢ (p+ P, - )
d
b)Ya,b ) )
Y (k) = J(@,+b,)'ab, . a2=023fm™ b =1.61fm"

o Gives small deviation from the exact quark number scaling

o Does not satisfy energy conservation.

Effects of energy conservation!?
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BDynamical

O Use dynamical processes for deuteron production

Dominant deuteron production reaction: two-body scattering NN — dp
Only the rate can be calculated.

d°R, _ d°p,
dp; (Zp) 2E, I H(Zp) 2, fN(p)(z jor L PIMNN —dp)f

X(Zp) 0(4)(]71"'192 ~Pp -P,)

Energy is conserved as
= well as momentum
Prn

3-body reactions can be added suchas NNN —dN and NNp—dp

2/27/2011-
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o Inputs (Nucleon spectrum)  fv(Pr) =gy €xp(-m; | T4 gL+ 2v, , cos2 Y
with 7. =295 MeV, g, =0.021

Vz,N(pT) =ay exp{_ eXpé( I, - pT) / bNH}
with a, =0.258, b, =0.683 GeV, [, =1.128 GeV

T T 1 1 [ rrrr 1] 1 1T 1T | T T T T
N 0.3 (b) .
> L
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S [
> 02k
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Q >
>
N‘c 0'1_
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4 \ I e PHENIX
S 107 g 0 — Fit .
S— C ] L i
'5_| 11 | | I | | | I I | | | I | _l 11 | | I | | | I I | | | I |
107p 1 2 3 4 0 1 2 3 4
p; (GeV) p; (GeV)
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o Inputs (pion)

102

® PHENIX

10°g — Fit

P18

v2, g

0.25

0.2

0.15

0.1

0.05

=b

fp(pT):ngH&g gl+2v, ,cos2 7
a

with a=1.29 GeV, b=-12.0, g,=2.0
v2,p(pT) = ap exp{—expé( Ip _pT) / prI}

with a,=0.184, b, =0.461GeV, I, =0.547 GeV

® PHENIX ]
— Fit
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o Input for the production amplitude of NN — dp
N(p,) (k) . i
—— - ] . -
== 4 Ci4 v 2)G NN 2 2 2 glcaamﬂv
(2p) J. 1v{p g (pZ_)_mpq_MN
N(p3) d-q+M
N _(4+ Bk
;o ><(d-q)z-f\ffv( Julp)
N(p») Nq) d(d) M(PN — pN)=u(p")(A+Bk)u(p)
: pp — dr

Adjusted to fit the data
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Dynamicalimedel

—
O Results
Oh and Ko, PRC76
TOOEI T T T | T T T T | T T 1T | | L |§ [ T T T T | T T T T T |_

Py C ® PHENIX . - ® PHENIX =
o 1| = = coalescence model | 0.3 W STAR —

~ 10 F — dynamical model 3 . - - .- proton ]

D C - . =— =— coalescence model

g 10_2:___ N . —— dynamical model ]
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BDynamical

o Results

Deuteron spectrum
Radial flow effect is not fully taken into account
Deuteron elliptic flow
Consistent with the PHENIX data
Cannot explain the negative v, of preliminary STAR data
Support coalescence model at medium p+
Momentum conservation has more important role in this region.

Holds also for low momentum region?

ZASCHsk P 21
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Dymemica] meda vs Cerlessenee meaE]

O In coalescence model, p,/2=p,=p,
O In dynamical model, energy-momentum conservation
determines the physical region
<= p;,=01GeV
o Prg=40GeV
(; ey, Allowed by the coalescenc
Pr (GeV) e
model
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Dymemical mede v8 Cerllesesnes med]

o At low p; region

The momenta chosen by the coalescence model is not
physically allowed region.

So, the similarities between the dynamical model and coalescence
model are accidental,
If v, of the nucleon at low p is negative
Coalescence model gives negative deuteron v,

Dynamical model gives positive deuteron v,

(=1m] P 23
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i20S PO Kt

f(x, p)cc exp(— p“u, /TC)
p* :four - momentum of the particle
u, :flow four - velocity

u, =7y (cosh 1, ,sinh 77) B = p(n)[L+e(p;)cos(2¢) |

ﬁ(r):ﬁo(%} e(p;)=c.exp(—p;/c,)

Assume that initial hadrons formed %

by
the QGP are thermalized. Initial state
(blast-wave model) %
—
and, then, hadronic rescattering ) _
Hadron rescatterings/collective

[ expansion via ART ]

y A=Hstn P 24 2/531/3%11 1



il[i;210’S PO Gt

o Transport model ART (A Relativistic Transport model)

includes
mesons (7, p, ®, 1, K, K*, §)

and baryons (N, A, A, X and their anti-particles)

In this work, we include the interactions with the deuteron

?‘OEE I T T T T I T T T T I
i B gidnt — pp) expt
TUT = @ [Tr_rpp — dﬂ:‘) E‘Kpt 3
10°F
=
E | e
b 10'E i
.
|
10°F @
Vs (GeV)
ZASCHsk P 25

® oxp. dala
——- resultof Amdt etal. |
—— our parameterization 1

21 2.2

Vs (GeV)
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i20S PO Kt

o Inputs

The parameters for the initial state are determined
to reproduce the measured pion/nucleon data

1 LI | 1 I 1 1 1 1 I 1 LI | LI | 1 1 I 1 1 1 1 I 1 1 1
® x (expl) 1+ = pexpi ]
R o - —— p (inifial)
x (imfial) A __ p (final -/.{
ox g

AN T A TR TR TR T N N A
LI L N N H N R

. * 1, expl
10° t_;* = poexpt{x10")
ty* -, initial
m::“ . —— x, final
g0 1"4-_-.:" -—-- p, initial (x 10)
m% ~ ﬁi;-_ — p, final (x 10°)
— ﬁ-’lﬁ-
.
2
e .
g b TR
% ) T
10 Tyow
LY
=
o ' | | |
10" 1 2 3 4
Py (Geli)
£ =i _I
¢y A5HE P. 26

0.3

0.z
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i20S PO Kt

o Output Oh et al, PRC80

Deuteron spectrum p; spectrum and elliptic flow

107 g — T — T3
[ i 0.4 . , . , .
0% = 3 [ = d(PHENDY -
o F i . -« d(STAR)
> S . 0.3 ——— d (initial) ]
Q 2 - o, L —— o (transpaort]
W& 10 E = 2 3 [ -—-— d (coalescence) s ’_E ]
- ) . 0.2F Gt i b
nl o i 5 i ;?'f . J
=10E d expt \“\ E - “ /
o : - LY ] 011 . E/ .
= L ——— d{initial) . - 7
= [ —— d(transport) . i ,r,iflz"‘r/*
10" -—-— d(alescence) E Fe T
E = L -
\ 5 i TE
g M R I RN - . | , , ,
10"g 1 2 3 4 015 i 2 3
Pt (GeVic) p; (GeVi)
m = 2/27/2011-
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Hadronization Hadron Measurements
rescattering
For more complete ﬂ
simulation of RHIC ﬂ

Modify Quark

recombination Modify hadronic rescattering

Use improved hadron models: structure & interactions

2/27/2011-
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Hedren medds @ RHIC

Test of diquark model for baryons at RHIC S.H. Lee et al, PRL100 (2008)
Sateesh, PRD45 (1992)

Ay = (udQ)
Wilczek

A JZ,~7 ine'e collisions

Three-quark model Diquark model

The most attractive diquark channel: scalar digaurk §C
How to distinguish diquark model from the three-quark model

A, : diquark + heavy-quark or three-quark
2. : three-quark

= use the production df, aid in relativistic heavy ion collisions

L. / D° ratio will be enhanced by a factor of 4-8: S.H. Lee et al, PRL100
| /S (ratio)will be enhanced by a factor of 80: Sateesh, PRD45 (1992)

o~ 2/27/2011-
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E NN
o PYTHIA model (pp) Oh et al., PRC79, 044905

067902
0
[D+j ~ 3.1, (A—gj ~ 0.13, (A—gj ~ 0.7
D pp D pp B pp

@

Mostly due to D* decay: D*® » D+n-
is prohibited by energy conservation

O Thermal model (AA)

N ugm’K,(m/T), g:degeneracy, K,: modified Bessel function
&L 0 gL, 0

- @ 0.27, 0.86
SDO : §B° @

2/27/2011-
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Therme] mead (AA)

o Role of resonance decays
DO
— =1 without resonances
D BR(D™® —> D°0°)=100%, BR(D™ —D'p~)=0%

*0
At T =175 MeV, D—O @1.47 BR(D" - D'p°)=32%, BR(D®—>D'p)=68%
‘ D

Considering D™ decays,
D" _1+(1+0.68)"1.47

. - =2.36
D 1+0.32" 1.47
Likewise,
L {1+S (2455)/L_ +S (2520)/L
L, _L.{1+S.(2455)/L, *c( ) C}:0.28
D° D°(1+1.68D"/ D)
Including D,(2420) gives
l';g =0.27

A 2/27/2011-
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Cerleseznes mead] (AA)

O Coalescence model
Production of a particle is proportional to the overlap integral of the
wave functions of the constituents
(parameters: fitted by the rms radii of the particles)
dN,, dN, dN
oc | dp,d L= 2 exp(—k*c*)S(p,, — P, —
o J do.dp, o, Pk (v — P = P,)
K = m,p,'—m. p."
s (mep-m.p:)
dN, dN, dN, dN
oc | dp,dp,d L= 2 — Sexp(—klo:—kio2)d(p, —p,— P, —
. [ dpydp,dp, T 0 o Sl =e)) (Ps = P.— P, = Ps)
Thermal distributions for light quarks and diquarks
Heavy quark distributions: from pQCD
ZHE[HsHD P 34 2/27/2011-
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Resulfes Cerllesesnes meda] (AA)

O Results

Ag ~ (0.83, {A—gj
~1.6 D pp B pp
times

Ag ~ 1.34, (A—g)

D B op

pp
Meson/baryon ratio

o
.-"chﬂ
?{.?l‘ T LIL III 1 I LI II III LI IIII Eﬂ
—_ R k modal T
‘ T iuask modal i) A
?ﬂ" —8 FYTHIA 7
0o - 15
2 10? .
2 ]
Tt _ -
= 10" N 1.0
%} - 9\ i
a 10" EF e A .
.4 .
3 ~. o5
< 107 \
sassssertiigt,
d L1 Ll I I IIII I I L1
L - B A I R R R R
Py (GeV) P; (GeV)
£\
74 T
¢y A5HE P35

dN /2mp.dp_ (1/GeV?)

|
Three-quark model
diquark model
W
e 120
a _— £ N e
N —_— D;:-nw::merm {Cj ]
107 PYTHIA . 100
5 T g
; T~ 80
10° “J
107 .{s_a
-nf :
) —_4.15'
10° :
10° —_E'.G
s T RS LTRSS 2 0 2 % 0
IJ?,Q i 2 3 4 & ,g"r"'l;_'j"'é""'I"'S"--Sg_g
Py (GeV) p, (GeV)
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Nudlear medliiicaidon heter

I
O Non-photonic electron R,
Decay channel p° D D A,
e a ¥ €
R — dNAA/de | . . _ 16
AA AA e BRie* + anything) 6.53 £ 0.17% 16.0 £ 0.4% 8—5% 454 1.7%
<Ncoll >dN pp /de BR(K e v,) 3.58 + 0.06% 8.6 £ 0.5%
BR(K®*etu,) 2.18 £0.16% 3.66 £0.21%
BR(nf*v) 294+ 0.6%
BR(n'£*vy) 1.02 £ 0.33%
BRiAe v,) 2.1 +0.6%
BR{pe™ + anything) 1.8 +0.9%
( )
The R, puzzle.
The electron R, shows that the production of heavy-flavor hadrons
IS suppressed as much as that of pions.
\. <— pQCD: the energy loss of heavy quark is smaller. )
4 N

BR(D — eX) is larger than BR(L , — eX).

L
Does enhanced —¢ can reduce R, ?

\_
- 5797/2011-
AS50Hstn P 36 3/1/2011



Nudlear mexlifcatfien Heter

O Non-photonic electron R,

2 ! I ! I ! I ! | ! | ! 2 T T T T T T T T T T T
Sragmentation fenergy loss) | fragmentation (energy loss)
-=--= J-guark coalescence -—--— 3-guark coalescence
15 —— - diguari-guark coalescence 15 — —— diguark-guark coalescence
| -—-— diguark-guark coalescence (17 only) : ===~ coalescence (tay model)
. coalescence |":'r::1-' model)
E » ——
[ S . I |
o T e I
I e —
o :-1'-- -~ B E e o et tn i i et e e St a2 P N
» : i A
O5-_ |1 {\“'{——_"- Py — e TR o e 0.5+ —

The enhancement of —& occurs in the low p;..
D

So it cannot solve the puzzle unless we assume the enhancement at large p,.

- 2/27/2011-
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