Evolution of the concept of Quark Matter

The lanus face of Quark Matter

a subjective view

God of beginnings and endings
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COLLISION

color glass condensate? (M. Gyulassy, L. McLerran, 2005)

'QGP formation ?|
transfer from high to low momenta (G.L.V. 2000) ‘

‘ expands and cools, undergoes through a set of phases ‘

quarks and antiquarks gather effective mass (P.Lévai, U.Heinz, 1996) ‘

HADRONIZATION
guarks and antiquarks coalesce into hadrons (ALCOR, 1995)
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IN HEAVY ION COLLISIONS

BUT A SET OF DIFFERENT TYPE OF MATTER

IS CREATED

IN THE CONSECUTIVE STAGES OF THE REACTION
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Evolution of the concept of Quark Matter (1)

Ed Shuryak, 1980 |

microstructure of QM bulk properties of QM
very high quark density; static, homogeneous gas;
Fermi levels occupied very high temperature;

up to very high momenta; sound velocity vanishing;

coupling constant vanishing; long lifetime;
zero effective mass

of quarks and gluons;
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Evolution of the concept of Quark Matter (2)

microstructure of QM bulk properties of QM

not too high quark density; fast expansion ;

coupling constant temperature near to critical;
not vanishing; short lifetime;

finite effective mass

of quarks and gluons; strongly interacting constituents;
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Evolution of the concept of hadronization (1)

thermodynamical first order phase transition;

mixed phase transition;

coalescence
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Evolution of the concept of coalescence (1)

number conservation in coalescence;

simple quark counting;
linear vs. nonlinear coalescence;
momentum conservation in coalescence;

mass conservation in coalescence
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Coalescence hadronization with

constituent quark number conservation

(J. Zimanyi, P. Lévai and T.S. Bird, 1995)

For the description of hadrons the constituent
quark model was quite successfull. In this approach
the quarks are dressed, with mass of approxima-
tively 300MeV. The question arises, that at what
stage of hadronization is crated this effective mass?
In the ALCOR model (ALgebraic COmbinatoric

Rehadronization) it is assumed, that this effective
mass 1s created 1n the very last stage of the evolu-
tion of fireball.
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The main assumptions of the ALCOR model.

At the beginning of hadronization the quarks
are dressed constituent quarks.

These quarks coalesce to form the hadrons.

The number of different quarks and anti-
quarks is conserved during hadronization.

The effective mass of gluons is much higher than
that of quarks near the critical temperature. Thus
the gluon degree of freedom is neglected in this late
period of the heavy ion reaction.
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'T'he number of a given type of hadron 1s propor-
flanal to the product of the numbers of different
quarks from which the hadron consists.

In the linear coalescence model
the subprocesses are independent,

In the nonlinear ALCOR. coalescence model

the subprocesses are not independent,
they compete with each other.



The coalescence equations

In order to make this definition transparent, first
we display its consequences for the the case, where
the up and down quarks are assumed to be the
same: u=d, u+d =q.

The essence of the ALCOR model will be ap-
proximated by an oversimplified situation. Let us
assume, that in the quark phase we have Né” and
N number light and strange quarks. In the hadron
phase the number of these quarks are J\-‘Tqﬂ“t and N2,
Further in the hadronic phase we have only pro-
tons and A particles. Then the coalescence equation
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reads as

& in n
Np = V*Pv(bq-‘wq )*(bfi'"wfi' )* (bq
Cﬁ in mn
Nﬁ _ V*V(bq‘Nq)*(bq Nq)*(bs
We demand
%‘Tm:f _ N‘Tm = N
Vg I
N = Ni"=N,
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Thus the balance equations are:

N, = 3%N,+2%Ny (1)

4

Ng = Ny

Substituting the expressions for the proton and A
production we get the equations defining the b, and
b. normalization coeflicients:

. C .
N, = 3x - fv (by - Ny)

Cy . . T

o ;V * V(bq - Ny) * (b - Ny) * (bs - Ns)

N, = — 2 (b
VxV

*
~
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)
=
—
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g Ng) * (by -
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Notation: ¢ = N,/V. The baryon productions:

p = C,b,b,b,qqq
A = Cpbib,b:qqs
E = Cgbgbsbsqgss
2 = Cab.b.b.sss (2)

We obtain similarly the antibaryons:

P = Cpbgbgbgqqq
A = C4bgbzbsqqgs
E — Cgbqjgbgqgg
ﬁ — Cﬁbg-:lgbgggg (3)
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Finally the mesons:

— CGT bqbqqq
Ck b bsqs
— Cgbcb.qs

C, bsb.§s (4)

>~ RS
|

n

The normalization coeflicients, b;, are determined
uniquely by the requirement, that the number of
the constituent quarks do not change during the
hadronization
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s = 3Q+2=2+A+K+1
s = 3Q+2E+A+K+7
q = 3p+E+2A+K -+
q = 3p+tE+2A+ K+ (5)

Substituting eqs. (3-4) into eq. (5) one obtains
equations for the normalization constants.
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ALCOR model

Preliminary data

Ref.

h— 280 280 + 20 STAR (12)
K=/m~ 014 0.15 4 0.01 STAR (13)
K+t/K— 114 1.14 +0.06 STAR (13)
7 /pt 0.63 0.60 4 0.03 STAR (13)
A/A 0.73 0.73 4 0.03 STAR (13)
/5" 083 0.82 4 0.08 STAR (13)
== /m—  0.015 0.013 + 0.01 STAR (14)
O/K°  0.38 0.49 4+ 0.13 STAR (15)
B/h™ 0.087 0.070 + 0.002 STAR (16)

Table 1: Hadron production in Au4Au collision at 1: = 130 AGeV
from the ALCOR model and the preliminary experimental data. Red
numbers are the input data.
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The simple quark counting

(linear quark counting, A.Bialas, (1999))
(non linear quark counting J.Zimanyi, T.S.Biro, T.Csorzo, P.Lévai,(2000))

Realizing that
Cp, = C, (6)

very transparent relations can be obtained for the
ratios of the different multiplicities:
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< = [ == o9

bqbsbsqqq
bqbqbg(_l(_lg B bq bgqg

b,b,b:qqs bgb.qs
bqbgbg(_lgg B bqbgqg

b,b:b.qss bgb.qs
bgbgbgggg B b{lbgqg

b.b.b.sss bz b;qs
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The common factor appearing on the right hand
side of equations (7) is
bybsqs K

D = = — 8
bgbsqs K (8)

Thus one can write eq.7 in the simple form

K -
A _p.P
A p
= A
E A
Q =
_ — 9
Q = (9)

|
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RATIOS STAR SPS

Kt/K~ 1.092 4+ 0.023 1.76 4 0.06
{A/AYB/pY  0.98 £0.09 2.07 £+ 0.21
{E/EY/{A/A} 11740.11 1.78 £ 0.15

(Q/Q{E/E} 1144021  1.4240.22

Table 2: Compilation of experimetal particle ratios obtained at RHIC
and SPS at energies /s = 130 GeV and 18 Gev, respectively. (STAR,
nucl-ex/0211024 )
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Figure 1: Graphical display of the particle ratios at mid-rapidity in
Pb+PDb collisions at SPS and in Au+Au collision at RHIC. (Compilation
by STAR experiment, nucl-ex/02 1924 )



CHARGE FLUCTUATION
IN A QUARK-ANTIQUARK SYSTEM
(A Bialas )
In a recent paper |A.Bialas| interesting observa-
tion was made on the problem of charge Hluctuation.

Earlier M. Asakawa et al.(2000) suggested, that the

ratio

< 0Q)? >
10
< N > ( )

i1s approximately D &~ 3 for hadron gas in equi-

D=4

librium, and D ~ 1 for the quark gluon plasma.
< 0Q)* > is the average of the charge fluctuation
and < N, > is the average value of the charge

15



multiplicity. The measured D value is near to 3.

That would indicate that in the heavy ion reac-
tions no quark - gluon plasma, but a hadron gas
was produced.

A .Bialas, however, did show , that in the coa-
lescence scenario (ALCOR) one can also expect a
D = 3 value. Thus one can conclude that the mea-
sured charged fluctuation is also in agreement with
the basic assumption of the ALCOR, 1.e. during
the hadronization the number of constituent quarks

and also the number of constituent antiquarks are
conserved.
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Coalescence hadronization
with constituent quark momentum conservation

R.Hwa, C.B.Yang, (2003)
V.Greco, C.M.Ko, P.Lévai, (2003)
R. J. Fries, S. A. Bass, B. Muller, C. Nonaka, (2003 )

Using notation of R.Fries et al. and restric ourself
to the region

Pconstituent quark > > Meonstituent quark (1)

and with the assumpton

p1=p2 = Pp/2 (2)
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Under this conditions the expression for the me-
son emission Spectrum:

dﬁu_ P .
dBP /dﬂ' ﬂ( 35)%5(?“55) "

A similar expression for the baryon emission spec-

trum:
iNg ;. P-ulr) , P. , P P
Eﬁ E/f do (27)? We(7; g) wy(7; g) we(7; g)
(4)
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These two equations lead to an interseting con-
sequence:

since the momentum distribution of constituent
quarks 1s expected to behave as an exponentialy
decreasing function of trasverse momentum, there
are more partons at P/3 than at P/2,

P, P,
w, (7; ?j > wy(7; 5) (5)

s

From that follows, that we have
more baryons than mesons
at the momentum range of hadrons produced by
coalescence.



The predictions are radically different, when one
considers a power law spectrum as it is character-
istic in perturbative (QCD at large transverse mo-
mentum:

i —_—
! ¥

W (ryp) = A, (1 -+ %) + (6)

Mesons always dominate over baryons at large
momentum, and that parton fragmentation wins
out over quark recombination. On the other hand,
for an exponential quark spectrum, fragmentation
1s always suppressed with respect to recombination.
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charged hadrons @ 200 GaV
- ra@comblination+fragmentation
---=- fragmentation '

recomblination

4 5 6 T 8

P, [GeV]
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Conclusion:
Hadron emission |

Tom a thermal parton ensemble

1s always dominated by parton recombination; only

when the thermal c

istribution gives way to a per-

turbative power law at high momentum, does frag-

mentation become t

he leading hadronization mech-

anism. The threshold between the two domains de-

pends on the size of the emitting system and the

hadron species.
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Properties of quark matter
produced in heavy ion collision
J. Ziményi, P. Lévai, T.S. Biré

The most important aim of heavy ion experiments
performed at the RHIC accelerator besides the pro-
duction of quark matter is the reconstruction of its
properties from the observed hadron measurables.

Three questions:

a) the effective mass of the quarks,
b) the momentum distribution

of quarks,
c) the hadronization mechanism.
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Mass of quark:

i) the quark matter consists of an ideal
gas of non-interacting massless quarks and
gluons and this type of quark matter under-
goes a first order phase transition during the

hadronization;

ii) the effective degrees of freedom in quark
matter are dressed quarks with an effective
mass of about 0.3 GeV, which mass is the
result of the interactions within the quark
matter; this type of quark matter cluster-
izes and forms hadrons smoothly, following a
cross-over type deconfinement — confinement
transition.
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Mass distribution of Quarks

'The effective mass of quarks are determined by
the neighborhood of the quark.

The matter in the fireball is not smooth and ho-
mogeneous. More probably it consists of granulates,
in space and time, having different size and densi-
fles.

The granulated structure of the fireball is reflected
in the effective mass distribution of the quarks.



Presently we consider the following mass

distribution:

p(m) = Ne fevam®y (1)

with ¢ = 0.20 and 0.25GeV and 1, = 0.26GeV .

From this distribution the effective mass of quarks
Is never negative

0-3



00102 03 04 05 06 0/

m (GeY)

Figure 1: Distribution of effective quark mass from eq. (1) with
= 0.2GeV (dashed line) and p = 0.25GeV (solid line) at T. =
0.26GeV.
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Momentum distribution of quarks

At RHIC experiments:

a) nearly exponential spectrum at low trans-
verse moimenta,

b) power-law like at high transverse mo-
menta.
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Assume an analytic, parameterlzed transverse mo-
mentum distribution, which is similar to an expo-
nential distribution for low momenta and a power
law distribution for large momenta.

fquark (pJ_: 111, (fb? ??) —

A

1+ (q — 1) x BLmani(q/(q-1))

Here ¢ is a parameter characterizing a possible
deviation from the usual Boltzmann distribution,
which is recovered for ¢ = 1. The parameter 1’ is
in general not the usual temperature, but in the

Boltzmann limit, ¢ — 1 it becomes the canonical
temperature.
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Although this expression (2) coincides with the form of the
Tsallis distribution|?]| (as many simple minded fits do), we
do not necessarily have to assume a special equilibrium state,
which is considered in the non-extensive thermodynamics.

One may assume the existence of such an equilibrium Tsal-
lis system in quark matter if one of the following conditions
is fulfilled:

i) there is an energy dependent random noise in the
system:

i1) the system contains a finite number of particles
which interact indefinitely long;

iii) there are long range forces in the system.

We realize, that such conditions may be found in a
fireball produced in high energy heavy ion collisions,
it is just not sure, whether the tl]llE' is E'IlDll'-'ll to arrive
at such a special equilibrium state.
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Coalescence of Massive Quarks
Using the covariant coalescence model of Dover
et al. |7], the spectra of hadrons formed from the

coalescence of quark and antiquarks can be written
as

dNp dNp
E. b _ 1 _

d*p  dyprdprde,
_ gh " q P | x.
- (2?’{')3 /(ph ' gh!f-‘r’)' h(Xh, ljhx_}.

Here Fy(xp;pr) is an in principle eight dimen-
sional distribution (Wigner function) of the formed

hadron. Furthermore do denotes an infinitesimal
element of the space-like hypersurface where the

0-8



hadrons are formed, while g5 is the combinatorial
factor for forming a colorless hadron from a spin

1/2 color triplet quark and antiquark. For pions the
statistical is g, = 1/36 , for antiprotons gz = 1/108

T

For the a + b — M meson production the source function,
Fa(par)

FM(ph) — fdapadapbfa(pa: U)fb(l:'biO)CM(Pme,PM)-
(2)

The coalescence function Cy;(pa., Py, Par)

oo N P2 _
Cri(Pa, Pb, PM) = Qnp - € ((Pa=Pp)/Pe) (3)

The parameters a;; and F. reflect properties of the hadronic
wave function in the momentum representation convoluted
with the formation matrix element.
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Assume that P. is so small, that partons with practically
zero relative momentum form a meson.

Pa=Pbo = Pm/2 (4)
m, +my = Ip (5)
This leads to the meson coalescence function
Cym=an - 6(Ba—PBum/2) 6(By — Br/2)
o(m, + my — myy) (6)

Thus we arrive at the following meson distribution function:

Fum(pe:0) = aur

Impg IMpg
fﬂ dm, - fﬂ dmy, - §(my; — (m, + my))
p(m,) - £,(ps/2: m,)
p(my,) - £, (py/2: my,). (7)
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Figure 2: The product of the two quark mass distributions p(m)- p(m, —
m), eq{”] Its maximum is at m = m.. /2

Fig.2. shows the product of two quark mass distribution functions
appearing in the coalescence probability eq(7) for the coalescence produc-

tion of a plon. Already the naive coalescence approach works, whenever
this maximum 1s sharp enough.
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Similar arsumentation leads to the three-fold coalescence expression.
In the place of eq.(h) we get:

P1=Pz2=Ps = PB/3 (Sj'
m; +ms +ms = mg (9)

and the baryon source function becomes

Fe(pt) = o=

/ dm, / dm- / dms
0 0 0

p(my) fq(pe/3, my))
p(mz) fq(ps/3, mz))
p(my) f4(pt/3, mg)) 6(mp — (m; +mg + ms)). (10)



O B = O O -]

Figure 3: Product of three mass distribution, eq(10), where the X and
Y axes are mq and mao, and ma is defined as m- = mpg — (M + mo ).

The maximum contribution to the coalescence integrals are obtained
from the equal mass part of the mass distributions.
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At the end of this section we may compare the basic
philosophy of the different coalescence models. In all
cases we are met with the problem of mismatch of the
initial and final state quantum numbers. To resolve
this problem different solutions are proposed:

a) In the quantum mechanical approach the over-
lap of the initial and final state wave function is cal-
culated. In this process - simply said - the quantum
mechanical uncertainty bridges the mismatch gap.

b) In the most often used classical approximation
the coalescence probability is smeared around the mo-

mentum conservation, Ref. [7] .

c) In the present approximation in the coalescence
transition the momentum is strictly conserved, as in
Ref.[7], but the masses of the particles of the initial
state have a finite width distribution.
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Numerical results and comparison with experimental data

The parameters used in the calculations are as follows. T = 0.07
GeV, g = 1.19, vfion = 0.56, p = 0.25 GeV, T, = 0.26 GeV. The a s
and ap coalescence constants were adjusted to fit the absolute value of
the measured 7 and p vields. In Fig.() both the 7~ and 7" data are
displayed.

In the Figures 4-6 we show the calculated distributions together with
the corresponding experimental data. The experimental points are taken

from Ref. [?].
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Conclusion
Earlier in low, medium and high transverse momenta:

thermal, coalescence and fragmentation processes.
In the present a model

a) the masses of the partons have a finite
width distribution;

b)the momentum distribution of partons is
described by one and the same function for
a wide range of transverse momenta;

c) the hadronization happens via effective

quark coalescence;
d) in the hadronization process both mo-

mentum and energy are nearly conserved lo-
cally.
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Meson and baryon
elliptic flow at high pr
from parton coalescence

(S.Voloshin, D.Molnar, R.J.Fries et al.)

Assymmetric quark momentum distribution:
dN, 1 dN,
pidp,d® 27 p,dp,

In the coalescence dynamics and for vy < 0.1, the hadron
elliptic How:

(14 2034(q1 )eos(22)) (1)

o

vo.mr(pL) 2% v 4(pL/2) (2)
U2.B (pr) =~ 3% U2 g (pL/3)
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Figure 1: Qualitative shape of baryon and meson elliptic flow

* The large and saturating differential el-

liptic flow vs(p, ) observed in Au+ Au reactions
at RHIC can be explained by
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Figure 2: Measured baryon and meson elliptic flow (STAR experiment,
2005)

hadronization via parton coalescence,
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Figure 3: Measured baryon and meson elliptic flow (STAR experiment,
2005)

because it enhances hadron elliptic flow at

large ?i relative to that of partons at the
same transverse momentum.
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The behaviour of How asymmetry parameter
Vay — UVpg — Vo g (3)

implies that the

collective low for quarks of all lavour is the same

The quarks of all lavour in this stage have an

effective mass of the same order of magnitude
(In contrast to the values of current masses.)
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CONCLUSION

with the assumption that
in the prehadronization stage

the quark matter consists of

and the hadronization proceeds via
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the initial stage of heavy ion collision

is strong color field (gluon) dominated
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