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We study quantitatively the formation and evolution lnd, bc bound states in a space-time domain of
deconfined quarks and gluoftuark-gluon plasma, QGPAt the Relativistic Heavy lon CollidefRHIC), one
expects for the first time that typical central collisions will result in multiple pairs of hdavythis case
charmedl quarks. This provides a new mechanism for the formation of heavy quarkonia which depends on the
properties of the deconfined region. We find typical enhancements of about 500-fold bar, lﬂnEproduction
yields over expectations from the elementary coherent had®gimeson production scenario. The final
population of bound states may serve as a probe of the plasma phase parameters.

PACS numbgs): 12.38.Mh, 14.40.Nd, 25.75q

[. INTRODUCTION Due to the larger mass, only about one in 20 central events
will produce abb pair.

The recent observation of candiddg-meson events by Consider the events in which there is a sinble pair,
the CDF Collaboration[1] yields measurements for the 500y with the expected 16c pairs. If a region of decon-
ground state mass and lifetime which are consistent Withined matter is subsequently produced in the space-time re-
expectations from nonrelativistic potential modgX. This gion encompassing the heavy quark&-quark will be able
system of states is expected to have properties intermediate “find” any of the initially produced charm quarks with
between thel/¢ andY systems(except for its longer life- which to produce the finaB. bound state. More generally,
time due to the absence of quark annihilation procéssesour study shows that the formation of quarkonium states
Thus it is natural to investigate the fate of such states wheithin a deconfined space-time domain resulting from the

produced in a deconfined environment, where SuppreSSiOiﬁteraCtion of mobile heavy quarks offers a very interesting

relative to “expected” yields may serve as a signature forSignature for deconfinement. = . .
the existence of deconfinement. In Sec. Il we study quantitatively the probability that in

We have previously reported some preliminary work to_the_deconfmed quark-gluon plasr@GP phase the mobile

ward this end3,4]. Our calculations of the expected yield of S ¢-quarks can seek, find, and bind tb &b quark produced
B, at the Relativistic Heavy lon CollideiRHIC) utilize es- in the same event. We also consider the dynamical evolution

i of these heavy quark bound states in the deconfined phase. In
timates of the coherent production of botibh andcc pair  Sec. Il A we establish the kinetic model for the evolution in

in the same initial hard perturbative quantum chromodynamgjme of thebc, bc bound state population. The required cross
ics (QCD) process, followed by hadronization into tl;  sections are presented in Sec. Il B, and the formation and
states. This process is of ordeﬁ, and falls quite rapidly dissociation reaction rates obtained.

with decreasing energy. The resulting prediction at RHIC To calculate the finaB, yield, one needs an estimate of
energies for the bound-state fraction relative to initialthe charm quarldensityduring the deconfined phase. We
b-quark production is in the range 16-107° [5]. Combin-  therefore consider in Sec. Ill A a generic model for the ex-
ing this result with the expected yield bfquarks, we find Pansion and cooling of the QGP. This also enables the com-
that even at design luminosity there will be at most a handfuParison of direct(initial) and microscopic thermal charm

of B, mesons produced at RHIC which decay into obseryPreduction in Sec. lll B. We confirm that at RHIC energy
able final states(all scalar, vector, excited, particle/ CNarm is produced primarily in the initial parton interactions,
' ' ' with only a minor contribution arising from the thermal

antiparticlebc bound states Wi” be calleBl.-mesons or _sim- plasma processes. We also show that the charm density at
ply Bc, except when otherwise notedrhus a scenario of pagronization remains significantly in excess of that which
production via calculable hard QCD interactions followed byyyoyiq be present if full chemical equilibrium were reached.
suppression in a deconfined medium will be irrelevant for \ye then present in Sec. IV a study of the influence of the
RHIC parameters. _ _ _model parameters on the patternRyf production at RHIC.

What we now present is a new production mechanismye present in Sec. IV B the fractional yield per initial bot-
which itself depends on the existence of a deconfined stateym, quark pair in QGP. We find that the final yield is most
The new mechanism becomes relevant for the first time a{gnsitive to the initial charm density, and there is very little
RHIC energies, since typical central collision events will yependence on the initial temperature of the dense decon-
have multiple pairs of initially produced charm quarks. Esti-fineq state. In contrast, we show in Sec. IV D that the relative
mates using perturbative QCD to calculate the initial producyjie|q of the first radially excited state to the ground state,
tion of heavy quarks predict approximately £@ pairs in B (2S)/B(19) is significantly more dependent on the initial
each central event in Au-Au collisions a@=200 GeV[6]. temperature in the plasma phase.
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II. CHEMICAL KINETICS OF QUARKONIUM
ABUNDANCE

In our scenario, théoc andbc states formed in the QGP and similar equations for the conjugate states determine the
will be subject to collisions with gluons, which will dissoci- time evolution of the number of bound states in the decon-

ate them into their constituent quarks. This mechanism cafined regionNg :
be thought of as the dynamic counterpart of the plasma
screening scenario, in which the color-confinement force is dNBC
screened away in the hot dense plasi@®]. We do not g, MNbpe—AoNe pg- 1
distinguish between the vacuum and plasma values for the
mass and binding energy of thesground states. Both are
significantly larger than typical temperatures expected
RHIC. Estimates for their behavior as a function of screenin
mass have been mad&0], and indicate that such an ap-
proximation is reasonable. Thus we no longer distinguis
between the plasma bound states and the phyBjcalesons
which can be observed after hadronization. %: _ _

: : e : ApNg_pg—AeNp pg. 2

The primary formation mechanism is just the inverse of dr 9

the breakup reaction, in which unbound heavy quarks are
captured in the bound states, emitting a color octet gluonin Egs. (1) and(2), 7 is the proper time in a small volume
The competition between the rates of these reactions intesell, p; denotes the number density ~3] of species, and
grated over the lifetime of the QGP then determines the finathe reactivityn [L3/time] is the momentum distribution av-
B, populations. Note that in this scenario it is impossible toeraged reaction rate:
separate the formation process from the breafsyppres-
sion) process. Both processes occur simultaneously, in con-
trast to the situation in which the formation only occurs at f f d%py dp; F1(P1)F2(P2) 0 (VS)vre
the initial times before the QGP is prese(@f course, one AN=(0V )=
can includt'a.this case also in our scenariq py adjusting the f f d3p, d3p, f1(p1)fa(py)
initial conditions. However, for the case Bf initial produc-
tion at RHIC, we have already shown that this possibility is &)
negligible) A number of other reactions involvinig quarks . .
are possible in the QGP, but the rates are much smaller thaCte that even though and p are not Lorentz invariant,
those above. For example, formation of bound states witﬁhe'r product, the rate of partlcl_e production, is invariant.
light quarks,Bs,B,,By, are not possible at the high initial | NUS, We evaluate the ratpsh e in the volume cell frame,
temperatures expected at RHIC since their lower binding en/here the(local) densities are given by external inputs.
ergies prevents them from existing in a hot QGP, or equiva- . e study here the deconfined period during which parton
lently they are ionized on very short time scales. They willdistributions have kineticallybut not necessarily chemi-
be formed predominantly at hadronization, but this process i§a!ly) equilibrated. We thus consider an isotropic medium of
too late to affect the finaB, population. We also neglect the mobile quarks and gluons with the momentum distribution

decrease irb-quark population due tbb annihilation into :‘jgnc.tlbon.fi fcf>r_pa|r£t/|TcL_e1| gl;/en by thﬁ therr_nal eq(;ullbrllum
light quarks or formation o¥ states. Both of these processes istribution =(e""=1) " o Is the spin- and color-

. ' o averaged total cross section for the relevant reaction which
depend quadratically on thequark densities, and proceed

) R depends only o= (p;+ p,)?, andv e is the relative speed
too slowly or too rarely, respectlvely, to be S|gn|f|9a_nt. W? Hetvveen the two reacting particles. Except where otherwise
also neglect the breakup cross section due to collisions witl

. : . e . indicatedpg is assumed to be in chemical equilibriupg
light quarks, since their population in the QGP s expected tg ill be determined by its own kinetic equation described in

be very much suppressed relative to gluons as compared ec. llI B. The spatial distribution of charm and bottom

chemical equilibrium values during the early times when the . ; L .
breakup reaction rate has its most significant effaai. quarks will be taken to be uniform, an approximation which

indicates the accuracy to which we will pursue our following
calculations.

B.+g—b+c,

tSince the total number df quarks does not change under the
a ; :

assumptions above, the rate of change in the number of un-
%oundb guarksNy is just the negative of that for the number
hof bound stateB. mesons:

A. Chemical rate equations

The abundance of bottom and charm quarks and their B. In-plasma cross section and reaction rates
bound states is thus governed by very simple magtepu-
lation) equations involving only two reactions. Specifically,
the formation reaction F

We now need to estimate the cross sections involved in
the formation and breakup reactions. For these purposes, we
first utilize a derivation based on the interaction of a gluon
field with the color dipole moment of a nonrelativistic heavy

b+c—Bc+0, quarkonium state. It is implemented via an operator product
expansion techniqug7], and has been applied to tldéy
and the dissociation reaction D breakup rates in a QGP®]. We generalize this result to any
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heavy quarkonium 3 state with arbitrary flavor content, so 0.25
that the spin and color averaged dissociation cross section is
written 0.2
27 (32\2) 2\ Y2 K2 (k—kg) 32 g 0.15

“D:?(E) (—) a2 e @ N
Here k is the gluon momentun{in the quarkonium-rest 0.05
frame, kg is the minimum value required to impart the bind-
ing energye to the bound state, and is the reduced mass. 0 0 02 0.4 06 08 ]
This form is valid if the quarkonium system has a spatial size T [GeV]

small compared with the inverse dfocp, and its bound _ _ _ o
state spectrum is close to that in a nonrelativistic Coulomb_FIG. 1. Formatiom\g (solid) and dissociationp (dashed reac-
potential with e large compared with\ ocp. These condi- fVitesasa function of temperature.
Somewhat better fof thB, Kinematcs. The form above has on and dissociation tend to balance at very high tempera:
also been altered to account for recoil of the finite mas%.ur.e’ where the endotherr_n nature of the dissociation is neg-
system, since in the original form the valueseaindk, were |g|ble._ At tempe_ratures_ in the range 150-300 MeV the
identical. formation reactivity dominates by about a factor of 4.

We use valuesn,=5.8 GeV andn,=1.3 GeV which are L
consistent with typical potential model fits to the spectra. C. B, dissociation time scales
The magnitude of the cross section is controlled by the geo- From Eq.(1), one sees that if the system is at a constant
metrical factor (4.?) !, which for these quark masses is temperature(or equivalently the reaction rates are suffi-
consistent with the size of the bound state wave function irtiently fasj, the final ratio of bound state to free quark popu-
the same potential models. The rate of increase just abovations is just given by the ratio\gps)/ (A ppg) - The relevant
threshold is due to phase space andptweave color dipole time scales are set by the magnitudes of either factor in this
interaction, and it reaches a maximum valueBgrdissocia-  ratio. We have calculated the dissociation rates of several
tion of about 1.5 mb whek=%? ko. For our model calcula- quarkonium states under breakup by gluons with full chemi-
tions we use a central value of 6.3 GeV for Bgmass, and cal equilibrium density, and the results are shown in Fig. 2.
a binding energy of 0.84 GeV which follows from the had-  As expected, these rates rise quite sharply with tempera-
ronic open flavorB- and D-meson masses. We retain theseture. TheB, curve fits quite nicely between those for thies
values for our kinetic calculations, as an approximation forandY, also as expected. We also show the same calculation
physical values in the QGP. One might expect that botifor the B state, although the approximations made for this
would decrease somewhat in a QGP. Some potential modetoss section have a very marginal validity in view of such a
calculations utilizing screening indicate the magnitude of thiarge state with small binding energy. For tBg, one sees
effect is expected to be small for ti#& at RHIC conditions  that in the range of initial temperatures expected at RHIC
[10]. (roughly 300 to 500 MeY, these dissociation rates imply

Our dominant formation cross section: can then be di- time scales of order 1-10 fm/Since the total QGP lifetimes
rectly obtained fromo, by utilizing the detailed balance
relation. This is written in the zero-momentu@@M) frame 10"
of two-body interactions as

(op?9)p=(0pP*9)E, (5) 10

where ppe is the three-momentum of the initial state par- -
ticles for these reactions in their respective ZM frames, and~
gpsr is the statistical degeneracy in the two channels. In the &
present case of an unpolarized Q@R=((3+1)-1)(2-8), 210
counting spin and color multiplicities & color-singlet and
gluon, andge=(2-3)(2-3), counting spin and color multi-
plicities of the initial statéb andc quarks. In this formalism
we have included both the pseudoscalar and vec®rBl o
states with the same cross sections, since in the nonrelativis  '°
tic approximation one would expect the same spatial wave
function and no spin dependence. These two states are als 107 ‘ ‘ ‘ ‘
included in the no-deconfinement scenario initial production 01 02 03 TIGev] 04 0.5 06
estimate$5], so that a direct comparison can be made. Using

these formation-dissociation cross sections we calculate the FIG. 2. Thermal QGP quarkonium dissociation rates by thermal
reactivities as defined by E@). As shown in Fig. 1, forma- gluons as functions of temperature.

<v_ G
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10
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FIG. 3. Temperatur¢GeV] vs proper time[fm] for various FIG. 4. (Invariany charm production rate per unit of time and

initial temperaturesT,, with parameterst;=1 fm, v,=0.58. The  volumeAT] as a function of temperaturg
horizontal line marks hadronization.

freeze-out temperaturd@;=0.15 GeV indicates the QGP
are also in this region, it is evident that the equilibrium So-lifespan between thermalization and hadronization.
lutions will not in general be reached at each temperature,
and one must solve the rate equations numerically to obtain

. . B. Thermal charm production in QGP
the final populations.

From fits to experimental nucleon—nucleon reaction data
lIl. EVOLUTION OF CHARM DENSITY IN QGP it is estimated that at RHIC there will be an average number

N¢,= 10 of directly produced:? pairs per central collision

[6], and this is the standard value for which our calculations
In order to obtain the chemical evolution of quark boundwill be carried out. However, additional charmed quarks

state abundances in QGP we need to establish a relation besuld be produced in the QGP by collisions of gluons:

tween plasma temperature and proper time. We assume that .

the expansion of the QGP follows an isentropic pgth]. g+g—c+c,

We utilize a generic scenario for the proper-time dependence

of the volume involving both longitudinal and transverse ex-and of light quarks:

pansion, and examine the sensitivity of our final results to

variations in the parameters involved. As a specific example Q+a—>C+E

we consider an adiabatically expanding homogeneous QGP

domain having the shape of an ellipsoid of revolution aboutThe local evolution of charm densigy, can be described in

the longitudinal axis with semimajor and semiminor axesa fashion quite similar to the model developed for strange-

parametrized with an initial length/2=7, and an initial ness production, see, e.f13]. Allowing for charm produc-

transverse radius;. These are fixed at the time of QGP tion and volume dilution under adiabatic expansion, the local

equilibration at an initial temperaturg,, when our forma- charm density obeys

tion and breakup reactions are assumed to start. We will

A. Evolution of temperature

explore the range 05l;<2 fm (equivalent to thermaliza- dp. AJT] Pl T] 2 1
tion times between 0.25 and 1.0 ¥nand taker;=5 fm for aT :T 1- T +3PCT, (7)
Au-—Au collisions at RHIC, corresponding to 15—20 % most pelTl

central interactions. The longitudinal growth occupies the re- . o

gion between thealmost unstoppedreceding nuclei. For WhereT=dT/dr. The rate of charm production is
transverse growth we allow a radial expansion at a speed ) _ , - —

The speed of sound in an ideal relativistic gas=0.58c¢ is AdT]=2pg N9+ pgaad—ee, 8
taken as a nominal value, but the effects of significant varia-

tions in parameter space will be considered. Thus the volumeherep™ denotes the density in thermal and chemical equi-
evolves as a function of proper timeaccording to librium. A[T] is shown in Fig. 4, obtained with running
QCD parameterspg(M;)=0.118, m.(1 GeV)=1.5 GeV
[14].

Integrating Eq. (7), we obtain the total number of
charmed quark pairs in plasma at freeze-out, with initial tem-
Note that we have rescaled the initial proper time to zero. peratureT being a parameter, along with the initial longitu-

This simple approach produces temperature vs time pradinal sizel;. Figure 5 shows our results for three different
files which appear to be very similar to those arising in moreinitial longitudinal sizes |;=2 fm (dotted, ;=1 fm
complex studies. These are shown in Fig. 3 for a homogetdashed, andl;=0.5 fm (solid): the three thick up-curving
neous bulk QGP state in a range of initial temperatures 0.8nes include both the ten directly produced charm pairs and
<Ty=<0.6 GeV. Intersection with the horizontal line at the QGP charm production. The larger the initial volume and

(6)

[
EI-I—T .

4
V(1= (ri+v, 7’
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FIG. 7. B, fractional abundance vs temperat{i&eV/] for vari-
FIG. 5. Thick lines:N, at freeze-out as a function of initial ous T, until freeze-out. Dashed Iin&’g:%Pg- Other parameters
temperaturdl, [GeV]: thermally produced charm is combined with are the same as Fig. 3.
N¢o=10 charm pairs from direct initial production. Longitudinal
sizes ard; =2 fm (dotted, 1 fm (dashed] and 0.5 fm(solid); other initial temperature T=350 MeV) the state will most likely
parameters are the same as Fig. 3. Thin lines: chemical equilibriuriemain bound, while already @=500 MeV the plasma will
abundance at freeze-oi,p¢ |, most likely dissolve theéB.. One can infer from this result
that the final state population is mainly dominated by the
the longer the lifespan at high temperature, the greater is th@rmation process as the plasma cools between these tem-
QGP contribution to charm yield. peratures. This of course is not in exact correspondence with
For the range of initial temperatures expected at RHICthe actual physical process, which involves the formation of
ones sees that there is virtually no additional charm producethe bound state at any time after QGP forms at the initial
in the QGP, and also that charm annihilation processes aftémperature, where the expansion has already produced a
too slow to significantly reduce the initially produced num- partial decrease in the gluon density.
ber of charm quark pairs. The thin lines show for comparison Another way to interpret the results shown in Fig. 6 is that
the number of charm quarks which would follow from a the effective collision-mediated color screening is most ef-
chemical equilibrium density at the hadron freeze-out temfective in dissolvingB. bound state when the average gluon
peratureT;=0.15 GeV form,=1.5 GeV. (This value de- energyEy=3T exceeds the binding energy. Using this argu-
pends on the initial temperatuiig through its effect on the ment we can also easily see that the flavor transfer reaction
ways Significantly smaller than the Corresponding direct much smaller b|nd|ng energies and are color screened al-

thermally produced abundance, i.e., direct initial charm proready at all temperatures above the hadronization tempera-
duction at RHIC is predicted in general to significantly over-e.

saturate the statistical phase space at freeze-out.

B. Fractional B yields

IV. DISCUSSION OF RESULTS We numerically integrate the evolution of tH& abun-

dance as function of the temperatdreusing our expansion

) model to obtain the temperature as a function of time. The
To see what temperature range contributes to breakUgyitial conditions areN- =0 andN.=1. We useN. =10
. . o . B, b . Co
Fig. 6 shows the survival probability of ori22. meson being

placed in the QGP at different initial temperatures. At low

A. B, survival in plasma

and the volume expansion model for the charm quark den-
sity, and a full thermal gluon density. The finB] popula-

tion per initialbb pair is shown in Fig. 7. The factor of 2 in

i the axis label indicates that on average an equal number of

1

0.8 - particle and antiparticle bound states will be produced. Thus
. the numbers can be directly compared with the bound state

— 06 = ratio 10 4— 10 ° expected if no deconfinement occurs.
A ] The nominal initial volume and expansion parameters are

04 used. We explore a range 6&72,<0.6 GeV of initial tem-

perature in steps of 0.1 GeV. We see that Bheabundance
i grows approximately linearly during the entire expansion as
ol v v by | N —e temperature decreases. This verifies that the formation and
0.2 04 0.6 0.8 1 dissociation reactions do not come to equilibrium during the
To [GeV] QGP phase, as previously anticipated4h This linearity is

FIG. 6. Survival probability of an initiaB, as a function of UOt of any inh?rent physical origin, as can bg seen by chang-
initial temperatureT, [GeV]; other parameters are the same as Fig.INd Variables in Eq(1) from 7 to T and noting thatNg_
3. Solid line:N.=10+thermal production, dashed link, = 10. <Ny . The linearity inT is seen to follow from the numerical

0.2
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FIG. 8. B, fractional abundance at freeze-out Vg for v,
=0.5& (solid), v,=0.7% (dashefl v,=c (dotted, and V,=26
fm® (upper six linek 52 fn? (middle six lines, 105 fn? (lower six
lines). The effect of neglecting additional charm production in the
QGP is shown in the thin lines which are only visible fb&0.5
GeV.

FIG. 9. B, fractional yield at freeze-out as a function of the
initial (width) parametet; [fm] for T;=0.5 GeV(dotted, 0.4 GeV
(dashed, and 0.3 GeMsolid).

varyingl;. The set of six lines in the middle corresponds to
li=1 fm (Vo=52 fm®), our standard scenario, while the up-
per set of lines corresponds to the high density das®.5

flm (Vo=26 fm®) and the lower set of lines represents the
Sow density casel,; =2 fm (Vo= 105 f?).

values of the produci[ 7] V[ 7]\ remaining almost con-
stant forT;=<0.6 GeV. The important conclusion we draw
from the results shown in Fig. 7 is that we can expect a rath

To independent fractionaB, yield, which for the main In all of these calculations we have used an initial charm
benchmark of our assumptions is at 5%.

Shown by dashed lines in Fig. 7 is the scenario whereguark numben\lcozlq, and for th? range of temperatu.res
gluon density is 1/2 its thermal equilibrium valyg(T). expected at RHIC, this number will not change appreciably
This corresponds to an effective reduction in the availabléuring the QGP lifetime. Eq(1) then predicts thalg_will
degrees of freedom for gluons in a QGP for temperatures thdte exactly linear with the initial number of charm quarks,
are not yet “asymptotically” largg15]. One sees the ex- and our numerical results verify this. The calculated fiBal
pected effect of reduced gluon density leading to reducegtields utilizing the average initiaN, thus will correctly
dissociation, and hence increased final bound state populinclude the fluctuations expected according to a binosaial
tions. However, the increase is substantially less than lineaRoisson distribution. This linear property is not evident in
indicating that the formation term in the rate equation isthe results shown in Fig. 8 in terms of the initial charm
dominant. density, since there one is changing the density by changing

In order to better understand this result, and also to illusthe volume, and this also effects the lifetime of the QGP and
trate the dependence on initial QGP volume and transvers@rough that the finaB, abundance.

velocity, we show in Fig. 8 the freeze-out fractioril yield Shown in Fig. 9 is the fractionds-yield dependence on
per one bottom quark pair, as a function T, while also initial volume measured through variationleffor a range of
varying the other parameters. initial temperatures. One sees that the temperature variation

As T, increases, the yield initially increases. However, asis less important than the initial volume effect, at least in the
the initial temperature further increases, the dissociation rerange of these parameters which we consider. For a figed
action becomes more prominent and adversely impacts thg change in the initial volume not only causes an inverse
yield, an effect which is not fully compensated by the addi-yariation in the initial charm density. 1", but also influ-
tional QGP-produced charm available at these temperaturegnces the plasma lifetimg . Empirically it was found that
This is seen comparing the thick up-curving lines with thin 7,12 is a good fit. These two factors combine to give the

lines which do not include QGP-produced charm. Howevermugmy | -2 dependence of the final fractionBl, meson
this competition between formation and dissociation doe§/ield sholwn in Fig. 9

lead to a very broad yield maximum in the vicinity of the
expected range of initial temperatures at RHIC. This effect
has been noted for the nominal expansion and initial volume
parameters in Fig. 7. Here we see this effect persists for a The dissociation cross section magnitude and shape is an
variety of these parameters. essential part of our dynamical calculation, since in addition
In order to establish a lower limit for the fin&, frac-  to providing a time scale, it provides through detailed bal-
tional abundance, we show by the dashed and dotted curvegice the relative magnitude of the formation cross section.
in Fig. 8 the effects of increasing the expansion rate, thughe form in Eq.(4) has been used to estimate the breakup
decreasing the lifetime of the QGP. We see that this effect isate of J/¢ due to final state collisions with hadrons, via
less than that generated by a change in initial volume, whicltonvolution with the gluon structure function of the hadron
controls the formation rate through the change in charni8]. Recently, there have been several additional attempts to
quark density. The different initial volumes are controlled bymodel the hadron—quarkonium cross secfib], which has

C. Sensitivity to dissociation and formation cross sections
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FIG. 11. Ratio ofB.(2S) to B,(1S) abundance at freeze-out vs
initial temperaturg GeV] for I;=2 fm (dotted ling, 1 fm (dashed
line), and 0.5 fm(solid line).

FIG. 10. B, fractional yield at freeze-out for various theoretical
breakup cross sections, nomir(ablid), 2 X nominal (dotted, con-
stant(dasheg 2X constant(dotted-dashed

grerature than the individual yields, varying by at least a fac-
of 2 within the expected range for RHIC.

We also find that this yield ratio is insensitive to initial
%harm abundance and production, as charm density enters
linearly in both theB.(2S) and B.(1S) population equa-

breakup cross section in E@) is increased by a factor of 2. t|:)ns. hAIsobth% initial vo.lum.e a? sholwn1|_rr1] F'g'h.ll Q()Igs not
Also shown are corresponding results if the cross section i& tef the abundance ratio significantly. Thus this yield ratio

assumed to immediately rise to its maximum value just"® allow one to draw conclusions abogt initial tempera-
y J tures present in the QGP phase at RHIC, independent of the

All other model parameters are kept at the nominal value other parameters. To estimate the systematic uncertainty that

One sees that in all cases the filgl yields are increased would arise in such a procedure, we consider the effects of
One can understand this behavior as a combination of twghanngg tge CLOS_S Sﬁct]lcoﬁmrmanon and b_y detal!ed t;]al-
effects. First, the detailed balance relation provides the relgdlCce also brea upn the following cases(a) increasing the

tive magnitudes of formation and breakup rates. Second, a@s) Cross SeCt'ons by a factor of &) increasing b.Oth 3
increase in the magnitude of the cross section just decreas@ld 1s cross sections bY factor of_2, and decreasing the

the corresponding time scales, allowing the favored formabc(1S) and B¢(2S) binding energies by 100 MeV. In all
tion reaction to proceed further toward completion. Thus thdhree cases the overall shape of the results as shown in Fig.
cross section we have utilized provides a conservative lowe}l rémain nearly unchanged. However, we note an overall

bound for ourB, production estimates at RHIC via this new Increase in the relati\(e yield by a factor of 2 in cash
mechanism. practically no change in the result in ca®g, and a decrease

by a factor of 1/3 in caséc). The ratioB,(2S)/B.(1S) is
i : . thus primarily sensitive to initial temperature, but to be able
D. Relative excited stateB yield to draw firm conclusions we need accurate relati®st@ 1S
We have also calculated the ratio o6 20 1S-stateB,  cross sections, and a good understanding of in-plaBma
yields within our model scenario. This is prompted by thebinding energy.
observation that the corresponding ratio in the charmonium
system at SPS may serve as a thermometer of the QGP phase
[17].
As a first estimate of this ratio we use as@dssociation We have shown that this new mechanism of quarkonium
cross sectiortd) with e,;=0.25 GeV. This of course is only Production in a deconfined medium predicts timénimum
a rough guess, since one should change the parametersftgal state abundance d@. mesons at RHIC to be of the
those corresponding to eSXstate, but this state has binding order of 5% per initialbb pair. This result is relatively in-
and energy levels which are very marginal in terms of thesensitive to the initial temperature and volume of the QGP,
constraints used for the validity of the cross section formulaas well as to changes in the transverse expansion dynamics.
The individual population equations can be solved indepenThere is a linear dependence on the charm quark abundance
dently, since both final bound state fractions are smalin the initial state, which in fact is the primary controlling
enough that the source &f quarks is not significantly de- factor in the final stat®, yield.
creased. FractionalB, yields at the level of & 10 2 significantly
Figure 11 shows the ratio of yieldB8.(2S)/B.(1S) at exceed expectations based on initial coherent one step pro-
hadronization as a function of the initial temperature for theduction in individual nucleon—nucleon interactions, where a
three different initial volumes we considdr=2 fm (dotted relative yield in the range of 1d— 10 ° is expected. Such a
line), 1 fm (dashed ling and 0.5 fm(solid line). It appears small yield would not be observable at RHIC. Even the 500—
that this ratio is somewhat more sensitive to the initial tem-1000 times greater multistep yield we obtain may pose con-

led to results which typically are much larger and have
more rapid rise above threshold. Here we investigate the sefR’
sitivity of our predictionB. yields to such variations in the

in the predictedB, yields at RHIC which follow if our

V. SUMMARY AND CONCLUSION
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siderable experimental challenges. However, should such axtensively studied in thé/« system will produce a much
experiment succeed to even roughly confirm these predidess significant effect in thB. system.
tions for the fractionaB, yield, we would have a convincing Our work relies heavily on the presence of mobile
evidence for the mobility of charmed quarks over an ex-charmed quarks: investigation of other bound state forma-
tended space—time region in the dense phase. tion, such asl/¢, is currently underway. Initial results indi-
While in principle one could argue that incoherd®t  cate that while a significant fraction of charm will be in fact
formation could also occur in the hadronic phase in collisionbound(at the 10% levelthis is too little to significantly alter
of D mesons withB mesons, such a process requires localthe results we have presented By yields. In fact the over-
ization in phase space of both these hadrons, which is highlgll initial charm production uncertainty is at least as large as
unlikely. A calculation has been performed for the analogoushis effect. One such source is the possible shadowing of
case in thel/¢ system, usindd-meson interactiongl8]. It gluons in nuclei, which could reduce the primary yield by
was found that this mechanism is negligible even at Largemounts in the tens of percerf0].
Hadron Collider(LHC) energies, except for possibly some If the experimental techniques enable observation of these
observable effects in thg' yield. predictedB. yields with significant efficiency, one has the
We emphasize here that an essential element of this capossibility to embark upon a general study of both the
culation relies on the assumption that colored heavy quarksacuum and plasma properties of Bgsystem. Even should
will be subject to large energy loss processes in a plasmehis prove not to be possible in the RHIC energy range, it
[19]. This is necessary if these heavy quarks are to exist in @ill most certainly be easier at the LHC, where the collision
common region of the phase space volume. Without thignergy is 30 times greater. Several bottom quark pairs will
stopping, heavy quarks are highly unlikely to remain for thebe produced in each central nuclear collision, along with
required period of time inside the thermal deconfined phasditerally hundreds of charm quark pairs, leading to expecta-
The details of this scenario cannot be fully justified attions involving copious production &.-mesons. A study of
present, and considerable effort has to be invested to betteglevant parameters for this production mechanism at LHC is
understand the mechanisms which determine the initial phasenderway.
space distribution of heavy quarks formed in nuclear colli-
sions.
Another issue is the final state reductiorBafmesons due
to collisions with comoving hadrons. However, we would  This work was supported in part by a grant from the U.S.
expect the smaller size of these bound states relative to thogepartment of Energy, Grant No. DE-FG03-95ER40937.
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