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Abstract. An overview of the present status of J / ~  suppression in p A  and nucleus- 
nucleus interactions is presented. In both cases, model predictions are summarized 
and compared to  the data. The “anomalous” J / ~  suppression in Pb+Pb collisions is 
discussed in some detail. Predictions are also shown for quarkonium suppression at 
collider energies. 

INTRODUCTION 

Data from the CERN SPS [l-41 and the Fermilab fixed target program [5-81 
show that J / $  production in pA and AB interactions is reduced relative to a 
linear extrapolation of the p p  cross section. Recent claims regarding the production 
of a new state of matter in Pb+Pb interactions at the CERN SPS [9] illustrate 
the importance of a thorough understanding of J / $  production in pA and lighter 
AB collisions before the strength of the “anomalous” J / $  suppression in Pb+Pb 
collisions relative to the Drell-Yan dilepton background can be determined. In these 
lectures, we begin with a discussion of quarkonium and Drell-Yan production. We 
then describe the status of J / $  production in pA interactions with an emphasis on 
the most recent 800 GeV data [8]. We will then discuss the nucleus-nucleus data 
and its interpretation in hadronic and phase transition models. Finally, the future 
of quarkonium suppression in heavy ion colliders is speculated upon. 

QUARKONIUM AND DRELL-YAN PRODUCTION 

We describe both quarkonium and Drell-Yan production in this section because, 
in pA interactions, Drell-Yan production is the dominant background to quarko- 
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nium production and, in AB collisions, Drell-Yan production has been used as a 
reference process to provide a figure of merit for J / $  suppression. Both processes 
are detected through the dilepton channel, typically in a muon spectrometer at 
fixed-target energies. Quarkonium resonances, with J p c  = 1--, decay to lepton 
pairs with invariant mass equal to the resonance mass, forming a peak above the 
continuum which is dominated by Drell-Yan lepton pair production for masses 
greater than 4 GeV. These pairs contribute to the continuum rather than a res- 
onance peak since the virtual photon exchanged in the Drell-Yan process has no 
definite mass. 

Quarkonium Production 

Two basic models of quarkonium hadroproduction have been successfully em- 
ployed. The first, the color evaporation model, treats e.g. all charmonium produc- 
tion identically to CC production below the D E  threshold. The second, nonrela- 
tivistic QCD, involves an expansion of quarkonium production in powers of the 
relative Q-& velocity within the bound state. 

In the color evaporation model, CEM, quarkonium production is treated identi- 
cally to open heavy quark production. However, the invariant mass of the heavy 
quark pair is restricted to be less than twice the mass of the lightest meson that can 
be formed with one heavy constituent quark. The upper limit on the CC pair mass is 
2mD. The hadroproduction of heavy quarks at leading order (LO) in perturbative 
QCD is the sum of contributions from 49 annihilation and gg  fusion. If X F  is the 
cc longitudinal momentum fraction in the AB center-of-mass frame and fi is the 
center-of-mass energy of a nucleon-nucleon collision, the quarkonium production 
cross section is [10711] 

where x1 and x2 are the fractions of the nucleon momentum carried by the projectile 
and target partons respectively. The parton densities fi(x, m2) are evaluated at 
momentum fraction x and scale m2, the squared invariant mass of the cc pair. F, 
is the fraction of the free cc cross section that produces the final-state resonance. 
We use the MRST LO parton distributions [12] for f i ( x ,m2) .  Once F, has been 
determined for each state, e.g. J / $ ,  $I  or xc., the model successfully predicts the 
energy and momentum dependencies. We note that includes both direct J / $  
production and indirect production through radiative decays of the xc. states and 
hadronic $ I  decays. In the CEM, the X F  distributions of all states are assumed 



to be the same. Thus in Eq. (1) implicitly includes the x,. and $ I  decay 
contributions. The relative differential and integrated quarkonium production rates 
are approximately independent of projectile, target, and energy [13], necessary for 
the model to have any predictive power. 

The nonrelativistic QCD, NRQCD, approach to quarkonium production expands 
the cross section in powers of a, and Q-& velocity to include not only the leading 
color singlet contributions but also color octet production [ 141. Hadronization oc- 
curs through soft gluon emissions. The X F  distribution of a charmonium state, C ,  
in NRQCD is 

where the C production cross section is the product of expansion coefficients, 
Cij- calculated perturbatively in powers of a, (p2 ) ,  and nonperturbative pa- 
rameters, (O;), describing the hadronization of the charmonium state. We use the 
parameters determined by Beneke and Rothstein [15] for fixed-target hadroproduc- 
tion of charmonium with m, = p/2 = 1.5 GeV. The CTEQ 3L parton densities 
[ 161 were used for f i  (x, p2) .  

The total J / $  X F  distribution includes decay contributions from the x,. and $ I ,  

&& [.I7 

Octet production contributes z 60% of the total J / $  cross section. In NRQCD, the 
J / $ ,  x,., and the $I  distributions differ from each other, both because the relative 
octet contributions to each state differ and, in the case of $ I  and directly produced 
J / $ ,  because the fitted parameters (0;) are different. Thus three parameters are 
needed to fix the $I  production cross section while eight are needed for the total 
J / $  cross section. Only one parameter for each state is needed in the CEM, a 
considerable reduction. 

Drell-Yan Production 

Continuum lepton pairs are produced by the Drell-Yan process, 44 annihilation 
into a virtual photon, 44 + y* + Z s Z - .  At leading order [17], 



where x = Z / A  and n = N/A  are, respectively, the proton and neutron fractions 
in the projectile and target. In pA collisions, ZA = 1 and n A  = 0. Isospin becomes 
important in Drell-Yan production because the parton densities are weighted by the 
square of the parton charge. Since all partons are weighted equally in quarkonium 
production and gluon fusion dominates over most of the XF range, isospin effects 
in quarkonium production are negligible. 

When this leading order cross section is compared to data, it falls short by an 
approximately constant factor K .  Experimentally, K z 1.7 - 2.5, depending on 
the energy, mass range, and parton distribution functions [17]. 

Since lepton pairs only interact electroweakly, the A dependence is expected to 
be weak because no final-state interactions affect the lepton pair. 

P A  INTERACTIONS 

In this section, we address the nuclear dependence of J / $  and Drell-Yan pro- 
duction in pA interactions. As discussed previously, quarkonium and Drell-Yan 
production is described by perturbative QCD. In QCD, the nonperturbative parton 
distributions are separated from the hard interaction by factorization [18]. If factor- 
ization is satisfied, then particle production should be independent of the presence 
of nuclear matter and o P ~  would grow linearly with A for quarkonium and Drell- 
Yan production. Experimentally, the dependence of hard or high mass/transverse 
momentum particle production on atomic mass number A is parameterized by a 
power law as [l-8,19,20] 

where o P ~  and o P ~  are the integrated particle production cross sections in proton- 
nucleus and proton-nucleon interactions respectively. The integrated Drell-Yan 
cross section satisfies a = 1 to rather high precision [19]. A less than linear A 
dependence has been observed for $ [l-81 and Y [20] production. Typical values 
of a are between 0.9 and 1. 

Any dependence on the kinematic variables such as projectile energy or longitu- 
dinal momentum fraction, XF, reveals the importance of going beyond a simple A" 
scaling for production and a constant absorption cross section for J / $  production. 
In quarkonium production, a decreases as a function of XF [4-6,8]. Drell-Yan pro- 
duction shows that a also decreases with XF [19] but not as strongly as quarkonium. 

The XF dependence of J / $  production was studied using a two-component model 
employing concepts developed in Ref. [all. The first component includes target 
effects such as shadowing and energy loss and yields an approximately linear A 
dependence, as in Drell-Yan dilepton production. The second component arises 
from the projectile alone assuming cc pairs are intrinsic to the projectile wavefunc- 
tion [22,23]. Since the charm quark mass is large, these intrinsic heavy quark pairs 
carry a significant fraction of the longitudinal momentum and contribute at large 
XF whereas the perturbative QCD XF distribution decreases strongly. The light 



spectator quarks in the intrinsic cc state interact on the nuclear surface, leading to 
an approximate A2/3 dependence [23].  

The model was motivated by the NA3 analysis [4] of J / $  production from hard 
(low x F )  and diffractive (high x F )  components, 

We studied the J / $  and Drell-Yan A dependence as a function of X F  in the context 
of this model [21,24]. The most recent J / $  data are from the E866 collaboration, 
using an 800 GeV proton beam on Be and W targets [8] .  They find a z 0.94 until 
X F  z 0.25, decreasing to a z 0.7 at large X F .  We calculate the cross section per 
nucleon for each target according to Eq. (6), obtaining from Eq. ( 5 ) ,  

(7) 
In[ (dopW / A W d x F ) /  ( d o p B e / A B e d x F ) ]  

ln(AW I A B e )  
a (xF)  = 1 + 

We briefly discuss all the effects considered and compare the results to the E866 
data. See Ref. [24] for full details. 

Nuclear Absorption and Comover Scattering 

We first discuss final-state interactions, occuring after CC production. The CC pair 
may interact with nucleons and be dissociated or absorbed before it can escape the 
target. Comoving secondaries with velocities similar to the cC pair or J / $ ,  formed 
after TO N 1 - 2 fm, may also scatter with it. Because the J / $  formation time is 
less than 70 ,  the final-state charmonium is assumed to interact with the comovers. 

The effect of nuclear absorption alone on the quarkonium production cross section 
in p A  collisions may be expressed as [ l l ]  

where b is the impact parameter, x is the cc production point, S8bs is the nuclear ab- 
sorption survival probability of state C ,  PA is the nuclear density distribution [as], 
and gabs is the nucleon absorption cross section. The J / $  may interact with nucle- 
ons as a fully formed color singlet meson or as a precursor (cC)sg color octet [26].  
Expanding the exponent in Eq. ( 9 ) ,  integrating, and reexponentiating assuming A 
is large gives a = 1 - %abs/ (  16.i.rr;) [ I l l .  

Three different models of nuclear absorption have been studied. All quarko- 
nium states could be produced either as color octets or color singlets. However, a 
combination of production in octet and singlet states is more likely. We check all 
these cases. Our calculation of J / $  production follows the assumptions regarding 



the absorption process. When pure octet or pure singlet absorption is considered, 
J / $  production is calculated in the CEM. When a combination of octet and sin- 
glet absorption is assumed, NRQCD is used to obtain the correct balance between 
octet and singlet production. Both the CEM and NRQCD parameters are tuned 
to fit p p  production. We include the z 30% contribution from xCJ decays [27] and 
the z 12% contribution from $' decays [13] decays. Then the total J / $  survival 
probability on nucleons, including indirect production, is 

SZbs(b) = 0.58S$'~ir(b) + 0.3S;::(b) + 0.12S,$?S(b) . 

The first case is pure octet production. Here, the cc is produced in a color octet 
state, (cc)8, which travels through the nucleus. As it leaves the field of the nucleon 
that produced it, it neutralizes its color by combining with a collinear gluon in a 
nonperturbative interaction. The resulting (Cc)Sg state is in a color singlet as it 
traverses the nucleus. The final-state charmonium resonance will be formed when 
the accompanying gluon is absorbed by the colored (cc)8. When the (Cc)Sg state 
interacts with nucleons, a gluon is exchanged which can couple to either the g 
or the ( 4 8 ,  leaving the remaining state colored. Since this colored state is not 
yet bound, any interaction can lead to the breakup of the state [26]. There is 
thus no energy dependent threshold for J / $  breakup in this description. Because 
the initial color octet is the same regardless of the eventual final-state resonance, 
gabs = o , $ ~  =  IN = o & ~ .  Therefore S8bs is identical for all C states and the 
feeddown contributions to the J / $  in Eq. (10) do not affect the absorption. We 
assume ogN is a constant, independent of energy and X F ,  and treat absorption as 
if only the (Cc)Sg interacts with nucleons, not the final charmonium states. 

On the other hand, if the cc pair is produced as a color singlet in a time r oc mil,  
the proper time required for the formation of the bound state, r1cli N 1 - 2 fm, is 
considerably longer [as]. The singlet cc-N absorption cross section may grow as 
a function of proper time until r$i when it saturates at the asymptotic value oiiN 
[29,30] so that oabs(X' - x) = oiiN(r/r$i)K for r < r$i. The exponent K determines 
the increase of gabs during hadronization of the CC pair. If gabs is proportional to 
the geometric cross section, then we expect K N 2. The proper time r is related to 
the cc path length through nuclear matter, r = (x'-x)/y'u. The y factor introduces 
X F  and energy dependencies into the growth of the cross section. The J / $  may be 
formed inside or outside the target. At 800 GeV, by X F  = 0 the final-state meson is 
produced outside the target so that a z 1 for X F  > 0. Therefore the A dependence 
of color singlet production is virtually independent of oiiN for X F  > 0 at 800 GeV. 

More realistically, J / $  production is a combination of octet and singlet states, 
as in NRQCD. The ratio of octet to singlet production is energy and X F  dependent 
[15]. The relative absorption of each state then depends on X F  since the octet and 
singlet absorption cross sections are expected to be different [31]. In this case, 



where Bxc and B$/ are the branching ratios for X ~ J  and $‘ decays to J/$ and the 
nuclear density profile is T A ( ~ )  = s_s$ dxpA(b, x ) .  Note that since gabs is identical 
for all charmonium states, the X F  and A dependencies factorize while the different 
final state radii dictate oiJN > oiCJN > o;,$N and the X F  and A dependencies of 
singlet states are intertwined. 

The A dependence of J/$ dissociation by comovers is determined from 

where the comover survival probability for directly produced J/$’s is [ 111 

Here r I  is the effective proper time the comovers interact with the J/$, ro is the 
comover formation time, ‘u is the relative J/$-comover velocity, the multiplicity 
in pA collisions is proportional to T A ( b ) d N / d y ,  and o1clc0 is the J/$-comover cross 
section. We take o1clc0 = 0.67 mb [32] with o$/co z 3 .70 ,~~  and oxcJco z 2.40 ,~~ 
[33] , assuming that the asymptotic charmonium states interact with the comovers. 

If a constant absorption cross section is assumed, both the nuclear absorption and 
comover survival probabilities depend on T A ( ~ )  , giving the two processes identical 
A dependencies. Thus comover contributions to pA interactions, while small, are 
difficult to rule out entirely. 

Nuclear Shadowing 

Measurements of the nuclear charged parton distributions, F k ,  by deep-inelastic 
scattering off nuclear targets shows that the ratio R F 2  = F k / F t  has a characteristic 
shape as a function of x [34], generally referred to as shadowing. This behavior is 
not well understood for all x .  However, the shadowing effect can be modeled by an 
A-dependent fit to the nuclear deep-inelastic scattering data. 

The nuclear parton distributions are assumed to factorize into the nucleon parton 
distributions, independent of A, and a shadowing function that parameterizes the 
modifications of the nucleon parton densities in the nucleus, dependent on A, x ,  
and Q2: 



While the location of the parton in the target could influence Si [35], the impact 
parameter is difficult to resolve in p A  collisions. We studied three different param- 
eterizations of the shadowing function, Si(A, z, Q2) .  

The first, S1, is a fit to nuclear deep-inelastic scattering data which does not dif- 
ferentiate between quark, antiquark, and gluon modifications and does not include 
evolution in Q2 [36]. Therefore it is not designed to conserve baryon number or 
momentum. The parameterization is available for all A and is designed so that 
SI 

The second parameterization, Si(A, z, Q 2 ) ,  modifies the valence quark, sea quark 
and gluon distributions separately and also includes Q2 evolution [37] , beginning 
at Q = Qo = 2 GeV and continuing up to Q = 10 GeV. It is based on a fit 
using the Duke-Owens parton densities [38]. It is assumed that ST and S: are 
the same for all valence and sea quarks, consistent with the symmetric sea of the 
Duke-Owens parton distributions. This parameterization conserves baryon number 
and the parton momentum sum but is only available for A = 32 and 200. It is thus 
applied only to tungsten and the beryllium parton densities are left unmodified. 

The third parameterization, Si(A, z, Q 2 )  [39,40], is based on the GRV LO parton 
distributions [41]. The initial scale was chosen to equal the charm quark mass in 
the GRV LO distributions, Q = Qo = 1.5 GeV. At this scale all sea quark ratios are 
assumed to be equal, as are both the valence ratios. The parameters are constrained 
by nuclear deep-inelastic scattering and Drell-Yan data. The gluon ratio is then 
fixed by the momentum sum rule as well as J / $  electroproduction data. Above 
Qo , the individual quark and gluon distributions are evolved separately. 

1 when A = 1. 

Effects of Energy Loss 

Partons are expected to lose energy when traversing matter [42,43]. Since the 
projectile parton is typically expected to feel the effects of energy loss, the scaling 
of the A dependence at different energies with XF or z1 [6] suggested that energy 
loss could be the cause. We will introduce three models of energy loss that have 
been applied to J / $  and Drell-Yan production. Two assume that the initial parton 
loses energy [44,45] while the third assumes the produced cc loses energy through 
its interactions with nucleons [46]. 

Ini ti a1 - St at e Loss 

Initial state energy loss, as studied by Gavin and Milana [44] and subsequently 
developed by Brodsky and Hoyer [45] assumes that the projectile parton momentum 
fraction, z1, is depleted by multiple scattering as the parton moves through the 
nucleus. The projectile parton momentum fraction in the hard scattering is then 
xi = z1 - Ax1 where Ax1 is the loss in z1. Thus the shifted value, xi, enters the 
partonic cross sections but the parton distributions must be evaluated at the initial 



x1. An additional delta function is added to Eqs. (1) and (2) with the corresponding 
integral over xi so that Eq. (1) becomes 

5 - - 3 1 dm2dx:dz1dx2 S(Z: - X I +  A z ~ ) S ( Z F  - X: + ~ 2 )  S(X:X~S - m2) 
dXF S 

{ ft(x17 m2)f : (x2:  m 2 ) o g g ( m 2 )  

+ [ft(x17 m2)f:(x27 m2) + ft(x17 m2)f:(x27 m2)]oqq(m2) } (14) 
q=u,d,s 

while Eq. (2) is then 

The first model of initial-state energy loss applied to J / $  production was pro- 
posed by Gavin and Milana [44], GM, where 

with cq = 0.00412 from the Drell-Yan A dependence [44] and cg = 9cq/4 due to the 
difference in the color factors. This corresponds to -dE/dx l ,  N 1.5 GeV/fm and 
-dE/dx l ,  N 3.4 GeV/fm [44]. As X F  increases, x1 grows larger and if the parton 
densities behave as N (1 - ~ 1 ) ~ ~  when x1 + 1, a slight decrease in x1 is magnified. 
The effect should be stronger for J / $  than Drell-Yan because ng N 5 and nqv N 3 
in simple spectator counting models [47]. The valence quark distributions dominate 
Drell-Yan production at large X F  and x1. 

Brodsky and Hoyer [45], BH, argued that the GM energy loss was too large 
because there is not enough time after the initial QCD bremsstrahlung for the 
color field of the parton to be regenerated before the next interaction. Therefore, 
the subsequent interactions of the parton in the target should not lead to a large 
energy loss [48]. From the uncertainty principle they deduced that the loss should 
be independent of parton type, giving a bound on Ax1, 

where LA is the path length through the medium, E = xls/2m,, and ( k t )  is the 
average transverse momentum of gluons radiated by the incoming parton. Because 
Ax1 oc l/x1, at small x1 (negative z F )  Ax1 > x1 and the model is no longer 
applicable. The average radiative loss, “original BH loss”, is thus expected to be 
- d E / d x  N 0.25 GeV/fm for quarks and gluons with another 0.25 GeV/fm loss 
arising from elastic scattering. 



The bound on Axl was subsequently refined through the work of Baier et al. 
[43,49]. Their calculations suggest that Axl is 

Now the average transverse momentum squared of the parton, (pt,), is propor- 
tional to as in Eq. (17) 
since the BH calculation assumed ( k t )  to be independent of A. 

Two estimates of (&,) were given in Ref. [43]. The larger value, an upper limit 
on Axl, comes from a single nuclear rescattering of photoproduced dijets [50], 

[43] so that Ax1 oc A2/3 in Eq. (18) rather than 

We assume that (pt,) is identical for quarks and gluons in this case. When 
a, N 0.3 and A = 184, we find - d E / d x  N 1.28 GeV/fm, the “maximum BH 
loss”. The second estimate depends on the nucleon gluon distribution and contains 
explicit color factors so that 

2r2a, 
(P:,)~ = ,--p~xG(x, Q2)LA N 0.07 a, GeV2 

(P?,)~ = 4(p?w)q 9 N 0.15 a, GeV2 

where xG(x)  N 1-2 for the x1 range of E866. This lower estimate is the “minimum 
BH loss”. Now when a, N 0.3 and A = 184, -dE /dx l ,  N 0.12 GeV/fm and 
-dE /dx lg  N 0.28 GeV/fm. 

We assume that shadowing and energy loss effects are independent. This assump- 
tion depends on the ultimate source of nuclear shadowing because the mechanism 
of initial-state energy loss is multiple parton scattering before the hard collision. If 
shadowing in deep-inelastic scattering is due to the recombination of high density 
partons, no rescattering is involved and the effects are independent. If shadowing 
is caused by y* + 49 with the 49 pair free to rescatter as a vector meson, the origin 
of the two effects is similar. The vector-meson approach is a low Q2 effect, lower 
than the effective Q2 needed for J / $  production. Therefore we assume that the 
two effects are independent and include both in our calculations. 

Final-State Loss 

The second model of energy loss is applicable only to the quarkonium system 
and not to Drell-Yan production which does not involve color confinement in the 
final state [46]. When a cc pair is produced in a color octet state, it has to emit a 
soft gluon in order to produce the final-state J / $  or $‘. This CC can propagate a 
distance greater than its path through the nucleus before the soft gluon is finally 



emitted. This is because the Landau-Pomeranchuk-Migdal effect [48] in QCD which 
regenerates the color field after scattering delays the emission of the third gluon 
which neutralizes the color of the cc state. However, each successive interaction 
of the cc pair degrades its momentum. This final-state loss model, developed by 
Kharzeev and Satz [46] is applicable only when the cc pair interacts in the color 
octet state, essentially for X F  2 0. After n interactions along its path length before 
leaving the target, the pair's momentum is reduced so that a J / $  observed at a 
given X F  has actually been produced with a higher value, X F / S .  

The X F  distribution, GA(xF), then has two parts [46], 

GA(XF) oc S::[GP(x~) + (1 - S::[)Gp(~")O(l - x F / S )  , 

where G P ( x ~ )  is the X F  distribution in p p  interactions and S$' is calculated in 
Eq. (9). The second term includes the scatterings in the target that cause the shift 
in x F .  The effect of Eq. (22) does not produce an integrated reduction in a,  only 
Q ( x F )  changes due to the shift in x F .  

Intrinsic Charm 

The wavefunction of a 
Fock state fluctuations, e. 
These intrinsic luudQ&) 

proton in QCD can be represented as a superposition of 
g. luudg), Iuudqij), luudQ&), . . .of the luud) state [22,51]. 
Fock states are dominated by configurations with equal 

rapidity constituents so that the intrinsic heavy quarks carry a large fraction of the 
parent momentum [22]. 

The frame-independent probability distribution of a 5-particle cc Fock state in 
the proton is 

where N5 normalizes the luudcc) probability, e;. The delta function conserves 
longitudinal momentum. 

While the total intrinsic charm cross section is relatively easy to define, there 
are some uncertainties in the relative weights of open charm and J / $  production 
from an intrinsic charm state. Since these weight factors are not fixed [sa], we 
use an effective intrinsic charm probability, eff, proportional to 4;. The EMC 
charm structure function data is consistent with 4; = 0.31% for low energy virtual 
photons but 6; could be as large as 1% for the highest virtual photon energies 
[53,54]. 

Including a delta function to combine the xc and x, in the J / $ ,  the J / $  X F  
distribution from intrinsic charm is 



The factor of p2/462 arises from the soft interaction which breaks the coherence of 
the Fock state. We use p2 N 0.1 GeV2. Only the 5 particle Fock state is considered. 
The intrinsic charm contribution is included as in Eq. (6) with p = 0.71. We show 
the effect of reducing and/or eliminating the intrinsic charm component. 

p A  Results 

We take the S, shadowing parameterization with GM and minimum BH loss and 
vary yF between 0 and 1% and compare to the E866 data in Fig. 1. The GM 
loss mechanism alone causes strong reduction in a at large X F  so that including 
intrinsic charm does not have a large effect. It would appear from Fig. l (a)  that eff = 0.31% agrees best with the data although the agreement is reasonable in all 
three cases. The same is true for the combination model but pure singlet absorption 
would require a larger intrinsic charm probability to agree with the data. On the 
other hand, the relatively good agreement of the minimum BH loss calculations 
with the data at large X F  is due to the intrinsic charm contribution. If eff < 1%, 
the model calculations are far away from the data. Thus increasing the relative 
intrinsic charm contribution is the only way to produce agreement with the data 
at large X F .  This is clearly shown in Fig. l(b).  With no intrinsic charm, Q ( X F )  

is relatively flat at large X F .  Similar results are obtained with the pure singlet 
and combination absorption models. Note that for both loss mechanisms, intrinsic 
charm only affects the shape of Q ( X F )  at X F  > 0.25. 

1.0 1.0 

6 
0.8 0.8 

6 

0.6 0.6 
0.0 0.5 0.0 0.5 

XF XF 
FIGURE 1. The effective probability of intrinsic charm is varied for pure octet production with 
(a) GM loss and (b) the minimum BH loss. The curves represent an effective intrinsic charm 
probability of 1% (solid), 0.31% (dashed) and 0% (dot-dashed). From Ref. [24]. Copyright 2000 
by the American Physical Society. 

The Drell-Yan data at 800 GeV do not show strong evidence for energy loss 
and, in fact, definitively rule out the maximum BH loss. However, since both 



the shadowing parameterizations and the GM loss model use the E772 data [19] 
data to fix model parameters, the importance of either mechanism for Drell-Yan 
production is difficult to ascertain. More data on J / $ ,  $I  and Drell-Yan production 
as a function of XF at other energies is needed to determine the importance of all 
effects. Such measurements have been proposed at 120 GeV [55]. 

NUCLEUS-NUCLEUS COLLISIONS 

It has been suggested that nucleus-nucleus collisions could create a quark-gluon 
plasma [56]. The prediction relies on the fact that the properties of quarkonium 
bound states can be described nonrelativistically. In particular, the J / $  of the CC 
states and the Y of the bb states are rather tightly bound with correspondingly small 
radii, smaller than normal hadrons which have r N 1 fm. These larger hadrons 
are broken into their constituent quarks at T,, the critical temperature for the 
formation of a quark-gluon plasma. However, the smaller quarkonium states will 
remain bound above T,, until their breakup temperatures T D  have been reached. 
This breakup occurs when the bound state energy, 

no longer has a minimum [28,56]. The actual values of TD depend on the functional 
form of the screening mass, p ( T ) ,  which will be discussed later. 

At the CERN SPS, only the charmonium states are produced frequently enough 
in AB collisions for them to be studied with meaningful statistics. The $ I  is 
also measured but because its event rate is only a few percent of the J / $ ,  its 
measurement is not definitive. The J / $  measurement is typically presented as a 
ratio with respect to Drell-Yan production to reduce systematic errors. The ratio 
has been shown as a function of global transverse energy, ET, path length, L,  and 
system size, AB. In this section, we discuss the presentation of the SPS data and 
describe several models used to confront the data. We then make predictions of 
J / $  and Y suppression patterns at RHIC, where experiments are just beginning, 
and the future LHC at CERN. 

The Data 

The only group currently measuring J / $  production in nucleus-nucleus collisions 
is the NA38 (S+U) and NA50 (Pb+Pb) collaboration. The experimental setup 
consists of a dimuon spectrometer to measure the signal dimuons and up to three 
ways of measuring the centrality of the collision. These centrality detectors are a 
zero degree calorimeter (ZDC) , an electromagnetic calorimeter, and a multiplicity 
counter. The ZDC measures the forward going energy of the projectile remaining 
after the collision while the electromagnetic calorimeter and multiplicity counter 



collect the energy and particles, respectively, blown to the sides by the collision. 
The energy measured by the calorimeter is referred to as transverse energy or ET. 
The ZDC and ET measurements are strongly correlated since large energy in the 
ZDC corresponds to low ET, a peripheral collision with high impact parameter, b, 
while little energy in the ZDC corresponds to a central collision with high ET. 

The lead target itself has played an important role in the interpretation of the 
data, as we now describe. The lead beam runs began in 1995 at the CERN SPS. 
The 1995 and 1996 runs used seven subtargets amounting to 17% and 30% of 
an interaction length respectively. The longer interaction length in the 1996 run 
significantly increased the J / $  database. However, the large number of subtargets 
and the relatively long interaction length increased the probability of reinteractions 
in the same target or another subtarget. Reinteractions can lead to a medium ET 
event appearing to be at higher ET. To remedy this situation, in the 1998 run 
the NA50 collaboration used only a single target with 7% of an interaction length. 
Fewer J/$’s were obtained but the reinteraction problem was considerably reduced. 
Since only data with ET > 40 GeV were obtained in 1998, the NA50 collaboration 
will take data with the target in vacuum to improve their low ET data. As we will 
see, any misunderstanding of the high ET data could lead to quite different physics 
interpretations. 

Over the years of SPS heavy ion operations, J / $  and Drell-Yan data have been 
collected at 158 GeV (Pb+Pb), 200 GeV (pW, pU, O+U, and S+U), and 450 GeV 
(pp,  p d ,  pC, pAl, pCu, and pW). It is attractive to try to present all the data collec- 
tively. This requires a number of adjustments for rapidity and angular acceptance, 
isospin of the projectile and target, the Drell-Yan mass region, and projectile en- 
ergy, as we outline below. Once these adjustments have been carried out, the ET 
integrated data is plotted as a function of AB. Two facts are immediately evident 
from the data. The first is that the ratio of measured Drell-Yan to a leading order 
calculation is independent of AB, signifying a linear A dependence and a constant 
K factor. The second is that the J / $  per nucleon cross section follows the (AB)“ 
dependence expected from pA interactions until the Pb+Pb point which lies 30% 
below the “normal” curve. This difference is the anomalous suppression in Pb+Pb 
interactions [3]. 

The differential J / $  data has been presented two ways: as a function of ET, and 
L [3]. Both are approximate measures of the centrality, or impact parameter, of 
the collision. Low impact parameter, high ET and L,  collisions are almost head 
on while high impact parameter, low ET and L,  are grazing collisions where the 
nuclei barely touch. When the data is presented as a function of L,  all the data 
can be shown together after the adjustments mentioned above are made. All the 
data are reported in the rapidity interval 0 < ycm < 1 and in the measured angular 
interval in the Collins-Soper frame I cos 8cs I < 0.5. Muon pairs from J / $  decays are 
isotropic in phase space [57] so that a factor of two is needed to adjust calculations 
of the J / $  cross section from I cos 8csl < 1 to I cos 8csl < 0.5. However, the Drell- 
Yan cross section is proportional to 1 + cos2 8cs [17], resulting in a reduction by a 
factor of 2.46 between the full region and the measured angular interval. 



The continuum/Drell-Yan cross section was originally adjusted for energy, isospin 
and mass interval by calculations with the GRV LO parton distributions [41]. More 
recently the MRS A’ [58] next-to-leading order, low Q2, parton distribution func- 
tions have been used. The isospin correction is used to adjust the nucleus-nucleus 
data to the p p  value at the same energy and mass interval, see Eq. (4). The Drell- 
Yan K factor is obtained by comparing the measured cross section in the given mass 
interval to the calculated LO cross section. The isospin correction and K factor 
depend quite strongly on the parton distribution functions used in the calculation. 
The GRV LO set gives an isospin correction in Pb+Pb collisions of pp/PbPb = 
1.30 at fi = 19.4 GeV and 2.9 < M < 4.5 GeV while the MRS A’ set indicates a 
correction of only 1.03 for the same calculation. 

The Drell-Yan data are reported in the mass range 2.9 < M < 4.5 GeV. The 
original S+U data reported in Ref. [l] was for the “continuum” in the range 
1.7 < M < 2.7 GeV and included not only low-mass Drell-Yan pairs but also 
contributions from open charm decays and an intermediate mass enhancement [59]. 
After the intermediate mass enhancement was identified, the K factor was fit to the 
continuum above M = 4.2 GeV, a region where only Drell-Yan pairs are expected 
to be important since dileptons from open charm decays are small. This Drell-Yan 
calculation was then extrapolated backwards to lower masses and the S+U data 
was reported for Drell-Yan pairs alone in the mass interval 1.5 < M < 5.5 GeV 
[59]. The Pb+Pb data was reported in the more restricted interval 2.9 < M < 4.5 
GeV and the S+U data was consequently adjusted to the Pb+Pb mass range [3]. 

Most recently, the 1996 and 1998 Pb+Pb data have been compared to “minimum 
bias” Drell-Yan. This has been done because the accuracy of the J / $  to Drell-Yan 
ratio is limited by Drell-Yan production. The minimum bias ET distribution does 
not include the lepton pair trigger and thus has a many times greater statistical 
base. The minimum bias data reduced the error bars considerably [60]. The 1998 
run with the thin target showed that reinteraction effets were significant, leading 
to a decrease of the J / $  to Drell-Yan ratio at large ET, as seen in Fig. 2. The 
reinteractions in the 1996 data caused the J / $  to Drell-Yan ratio to appear to be 
constant at large ET, as also shown in Fig. 2. 

The energy adjustment of the J / $  cross section has been performed with the 
“Schuler parameterization” [3]. No isospin correction is needed for the J / $  since 
its production cross section is dominated by gluon fusion. The dilepton invariant 
mass range corresponding to the J / $  peak is 2.7 < M < 3.5 GeV. 

Models of J / $  Suppression 

We now discuss several models of J / $  suppression and compare these to the 
data. We first describe analytical models in some detail. With this foundation, we 
then briefly discuss suppression in microscopic transport models. Since the success 
of some of these calculations depends strongly on the comover cross section, we 
mention recent attempts to quantify this cross section. We then describe how 
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nuclear shadowing effects could alter this picture. Finally, we discuss how the 
assumption of a phase transition affects the description of the data. 

Analytical Models 

To quantitatively compare suppression calculations to the data requires a model 
of the global ET distribution. Early results from the CERN SPS heavy-ion measure- 
ments showed that the global transverse energy of the collision, ET, is proportional 
to the multiplicity of produced particles [61]. The mean multiplicity is directly 
proportional to the number of nucleon participants in the initial collisions [62], 

= 1 d2s [ N A ( ~ ,  S )  + N B ( ~ ,  b - s)] , (26) 

where o r  is the inelasticpp interaction cross section. The actual number of particles 
produced at a given impact parameter fluctuates. Thus the probability to produce 
ET at b is 

1 (ET - E$"(b))' 
p(ET; b)  = ( - 202(b) 

-AB where the mean ET, ET ( b ) ,  and standard deviation, o ( b ) ,  are [63] 

The energy per participant is c p  and w governs the fluctuations in  NAB(^). The 
parameters c p  and w are chosen to agree with the NA38/NA50 neutral ET distribu- 
tions. In S+U interactions c p  = 0.74 GeV. The 1996 Pb+Pb data were originally 
analyzed with c p  = 0.4 GeV. However, after the ET scale was adjusted to agree 
with that obtained using the RQMD event generator [64], the ET scale was reduced 
[65] so that c p  = 0.27 [66]. A smaller c p  is needed for Pb+Pb because the pseudo- 
rapidity acceptance of the electromagnetic calorimeter in the laboratory frame was 
reduced to 1.1 < 7 < 2.3 from 1.7 < 7 < 4.1 for S+U. The same value, w = 3.2, is 
used to set the width of the fluctuations in both cases. 

The minimum bias cross section as a function of ET is then 

~ d o  = /d'bp(ET; b) . 
dET 

The number of hard processes produced in the collision is proportional to the 
nuclear overlap per area, 



The Drell-Yan production cross section, adjusted for isospin, in nuclear collisions 
is then 

1 d ' b 1  d2STA(s'>Tr,($- s ')p(ET; b)  . (31) 
~ o A B + ~ + ~ -  - 

- O N N + ~ + ~ -  d E T  
Note that the minimum bias analysis obtains the adjusted Drell-Yan cross section 
by multiplying the measured minimum bias ET by a calculation of the ratio of 
Eq. (31) to Eq. (29) with o N N + ~ + ~ -  replaced by o r .  This ratio is the number of 
nucleon-nucleon collisions [ 601. 

In Fig. 3 the Drell-Yan ET distributions for S+U and Pb+Pb interactions cal- 
culated with Eq. (31) are compared with data from Refs. [67,68] respectively. The 
continuum S+U data for M > 4 GeV is from Ref. [67]. The Pb+Pb Drell-Yan 
calculation is compared to the number of pairs with M > 4.2 GeV [68] using the 
1995 ET scale since the Drell-Yan ET distribution with the new ET scale has not 
been published. Note that the integrated Drell-Yan cross section [3] agrees with 
the calculated value. 
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FIGURE 3. The ET distributions of Drell-Yan pairs are shown for S+U and Pb+Pb interac- 
tions. The cross sections are given in units of nb/GeV. The Drell-Yan data are from Refs. [67,68]. 

The J / $  can suffer interactions with nucleons in both nuclei and comoving sec- 
ondaries. In this case [as], 

(32) 
~ O A B + $  - 

- gPp+$ 1 d2b 1 d2 s Tiff (s'> Tiff ($ - .?) S,, (13, S )  p ( ET; 13) 
d E T  

where e.g. Tiff (s'> = TA ( s'>SibS (s'>. The comover survival probability, S,, (13, s )  , is 
modified for AB collisions as [ll] 



where n ~ B ( b ,  s )  is the participant density, n ~ ~ ( b ,  s )  = N A ( ~ ,  s )  + N B ( ~ ,  b - s ) ,  as 
in Eq. (26). The comover formation time depends on the path length  LA(^) = 
N ~ ( b ) / 2 O r p ~ ( 0 )  [69,70] SO that 

is N 2 fm in central collisions and N 1 fm in the most peripheral collisions. The 
comovers interact with the J / $  only if  TI(^) > ~ ~ ( b ,  s )  where 

The calculations are compared to the NA38 and NA50 data in Fig. 2. While the 
ET dependence of the S+U data can be described by either absorption alone or 
by absorption and comover interactions, the extrapolation to Pb+Pb interactions 
fails. In this picture, there are two possible explanations for this. Either the co- 
mover density increases more rapidly than the number of participants in Pb+Pb 
interactions [71] or a threshold has been crossed, possibly resulting in the produc- 
tion of a new state of matter. The dashed curve in Fig. 2(b) shows the effect of 
doubling the participant density in Pb+Pb collisions. While the agreement with 
the 1996 data is reasonable above 50 GeV, there is no way to significantly increase 
the suppression above 100 GeV, as observed in the 1998 data, without introducing 
important elements that do not appear in light ion collisions. 

Capella and collaborators [71] have refined the comover density to include the 
fluctuations beyond the turnover of the ET distribution at high ET, similar to the 
early calculations of Gavin and Vogt [as]. Their comover density, Nco(b, s ) ,  which 
includes contributions proportional to the number of collisions as well as the number 
of participants, is thus multiplied by the ratio ET/EgF(ET) .  The non-fluctuating 
transverse energy, EFF(b), replaces ET (b )  in Eq. (27) with [71] -AB 

where q = 0.56 GeV and Ein = 158 GeV. The integral over s and y gives the 
comover density in the rapidity interval covered by NA50 without the multiplicative 
factor proportional to ET. The first term of EFF is used to fix agreement of the 
transverse and zero degree energies with k = 1/4000 from the shape of the ET-ZDC 
correlation at low ET. The width of the Gaussian is qaEFF(b) with a = 0.94. In 
this calculation, the number comovers changes faster above the knee of the ET 
distribution due to fluctuations, causing the J / $  to Drell-Yan ratio to decrease 
faster with ET than previous comover models. However, the inflection is small and 
does not significantly improve the agreement with the data. 



One of the most important considerations regarding the NA50 analysis is their 
comparison curve which assumes nuclear absorption alone with o$N = 6.4 mb. The 
absorption cross section is obtained by fitting a with Eq. (9) when A is large. This 
simple absorption curve can explain the trend of all the NA38/NA50 data except the 
Pb+Pb data. The departure of the 1996 data from this curve at ET z 40 GeV has 
been referred to as a “step”. However, there is no significant change in slope in the 
data at this ET [72]. The “anomalous” J/$ suppression is the deviation from this 
curve. The only change in slope appears in the 1998 data which decrease above 
ET = 100 GeV. Most simple models of comover absorption cannot explain any 
decrease at high ET. Capella’s calculation includes a mechanism, the fluctuations, 
by which this decrease might occur [71] but it is too weak to explain the data. 

Microscopic Models 

A way to move beyond the simple analytical models described in the previous 
section is to go to a microscopic transport approach. A number of microscopic 
hadronic transport models have been used to study J/$ suppression [73-791. To 
simulate J/$ suppression in microscopic models, energy loss in soft particle in- 
teractions with nucleons must be neglected for the A dependence of charmonium 
to be consistent with that observed in p A  interactions [8]. In the UrQMD model 
[80] , perturbative production and hadronic cascades are treated separately to avoid 
strong correlations betwen hard and soft processes [79]. The charmonium-nucleon 
absorption cross section is assumed to grow in size [81], similar to the color singlet 
model of absorption described earlier. The transport calculation includes all states 
of eight different meson multiplets which are populated through string fragmenta- 
tion and which interact with the J/$ with a constant cross section equal to 2/3 the 
asymptotic J/$-nucleon cross section. Contributions from xC. and $‘ interactions 
and decays are included in the total J/$ suppression. In the model, only z 37% 
of the total J/$ dissociation by comovers is due to 7r and p interactions. 

The ET dependence in transport models is obtained by simply adding up the 
transverse energies of all particles falling into the acceptance. In the lefthand side 
of Fig. 4, we show the Drell-Yan ET distribution obtained in the model for Pb+Pb 
interactions, compared to the 1995 Drell-Yan data. The ET scale of the data has 
been reduced 20% to simulate the NA50 adjusted ET scale [79]. The results are 
encouraging, especially since the UrQMD model successfully reproduced the NA49 
S+Au and Pb+Pb minimum bias data [82] without adjustment. 

The J/$ to Drell-Yan ratio is compared to the Pb+Pb data in the righthand 
side of Fig. 4. The gross features of the 1996 data are relatively well described 
by the model except at low ET. The model calculation is smooth and saturates 
with increasing ET. The high ET decrease in the 1998 data is inconsistent with the 
simulation, as shown in the triangular points. These results are in agreement with 
those found by other transport models [73-771. The major difference between the 
analytic calculations described previously and the transport models is the greater 
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increase in the number of interacting particles. In the transport model, the meson 
yield increases proportional to Nig5 in central collisions. 

The Comover Cross Section 

The largest uncertainty in all of these models is the J/$-comover cross section. 
All the hadronic models discussed here have typically assumed ( o $ ~ ~ v )  z 1-3 mb. 
However, calculations within the framework of short distance QCD suggest a strong 
suppression of such J/$ dissociation due to the relative abscence of hard gluons 
in mesons [83]. If true, J/$-comover interactions would play a negligible role in 
the observed suppression. Of course, indirect contributions from xc. and $ I  decays 
could still be suppressed in this scenario because the mass threshold is smaller or 
negligible for pion interactions with xc. and $ I .  Interactions of these more massive 
charmonium states with mesons have not yet been calculated. 

More recently, a number of groups have modeled J/$ interactions with 7r and p 
mesons in the context of meson exchange models [84-871. These calculations show 
that while threshold suppression is important, even for pJ/$ + DO, the calculated 
dissociation rate ( o $ ~ ~ v )  is compatible with a 1-2 mb cross section [87]. 



Nuclear Shadowing Effects 

Shadowing of the nuclear parton distribution functions was described in the dis- 
cussion of pA interactions. However, the effect of shadowing on the ET dependence 
of the NA50 data has only recently been considered. There is some evidence [88] 
that shadowing depends on the parton location in the nucleus. This spatial de- 
pendence could affect the interpretation of the J / $  to Drell-Yan ratio in heavy ion 
collisions because quarks and gluons are affected differently by shadowing. 

Shadowing is assumed to be proportional to the local nuclear density [89]. The 
spatial dependence is parameterized as 

shs = s ~ ( A ,  x, Q ~ ,  7, x) = 1 + N ~ ~ [ s ~ ( A ,  X, Q ~ )  - 11- P ( 4  
Po 

(37) 

where Nws is chosen so that (1/A) J d3sp(s)S& = Si. For lead, Nws = 1.32. At 
large radii, s >> RA, SkS + 1 while at the nuclear center, the modifications are 
larger than the average S'. An alternative parameterization, proportional to the 
thickness of a spherical nucleus [35], leads to a slightly larger modification in the 
nuclear core. The spatially averaged shadowing parameterizations are the same as 
those described earlier. 

Shadowing affects different Drell-Yan mass regions differently because low M 
corresponds to lower x than high M .  Thus the experimental K factor could be 
underestimated in the mass region 2.9 < M < 4.5 GeV since the Drell-Yan nor- 
malization is obtained by extrapolating from the region M > 4.2 GeV. This dis- 
crepancy would increase in peripheral collisions showing that using a calculation to 
extrapolate to an unmeasured region could be problematic [89]. 

In Fig. 5, the J / $  to Drell-Yan ratio obtained from spatially-dependent shadow- 
ing alone is presented as a function of ET. After adjusting for the NA50 acceptance, 
with no shadowing, the J / $  to Drell-Yan ratio N 40.3, in agreement with the NA50 
data [3]. The combined Drell-Yan shadowing and J / $  antishadowing in the x re- 
gion of NA50 increases the ratio at low ET to 40.6 with SI, 44.5 for S2 and 54.4 
using S3. The S1 ratio is independent of ET because S1 is identical for quarks and 
gluons. However, S2 and S3 vary with ET. The S2 ratio rises about 7% while the 
S3 ratio increases z 11% as (ET) grows from 14 GeV to 120 GeV. These enhance- 
ments are opposite to the decrease with ET [3], neglecting shadowing. Because of 
the uncertainties in the nuclear gluon distribution, it is difficult to draw detailed 
conclusions. However, S1 should represent a lower limit and S3 an upper limit. A 
stronger spatial dependence would slightly increase the effect with ET while other 
parameterizations might predict a smaller effect. The calculation suggests that if 
the S3 parameterization is correct , the suppression effect could be underestimated. 
This should be investigated further. 
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Plasma Screening? 

In this section, we discuss two calculations that consider a quark-gluon plasma 
origin of the J / $  suppression seen in Pb+Pb collisions. The first describes a simple 
model of the phase transition based on energy density and discusses possible initial 
conditions leading to the transition [32]. The second, models the phase transition 
by percolation and thus does not rely on the model-dependent energy density [go]. 

As discussed previously, the quarkonium states break up in a quark-gluon plasma 
if their bound state energy can no longer be minimized at some finite temperature 
T O .  The temperature at which breakup occurs depends strongly on p ( T ) ,  the 
screening mass which modifies the quarkonium potential at finite temperature. We 
describe two estimates of the screening mass which lead to different predictions of 
the quarkonium suppression patterns, referred to hereafter as Case I and Case 11. 
Case I is based on perturbative estimates of the screening mass [91], 

We use nf = 3 and T, = 170 MeV [92]. In their prediction of J / $  suppression, 
Matsui and Satz [56] used a parameterization based on SU(N) lattice simulations 
[931 



where T, = 260 MeV for SU(3) [94]. This is our Case 11. The resulting values of 
T O  in both scenarios are given in Table 1. 

TD (MeV) 
ci? Case I (nf = 3) Case I1 (SU(3)) bb Case I (nf = 3) Case I1 (SU(3)) 

J l ~  406 260 T 994 391 
$+ 189 260 T’ 386 260 

X c  J 178 260 X b  J 314 260 

TABLE 1. The values of TD for the two choices of p ( T ) ,  Eq. (38) from perturba- 
tive estimates assuming the high-temperature limit and the pure gluon SU(3) case, 
Eq. (39). 

The importance of any possible plasma effects depends on the energy density, E ,  

of the system in this idealized model. The energy density is not directly measur- 
able but must be inferred from the relationship between ET and the average num- 
ber of collisions per area [70,95,96]. This correlation cannot fix €(ET) precisely- 
fluctuations in ET cause the energy density bins to overlap, especially in the most 
central collisions. Comparing the ranges of E reached in S+U and Pb+Pb collisions 
suggests that the maximum E obtained in S+U collisions is less than that at which 
the anomalous suppression sets in in the new Pb+Pb data [97]. 

The plasma predictions build upon the naive hadronic suppression model just dis- 
cussed. The survival probability, Eq. (12), is modified to include plasma screening 
effects on each state. The calculated J / $  to Drell-Yan ratio including quark-gluon 
plasma production with radius R = Rpb and p ~ $  z 0 are compared with the 
Pb+Pb data in Fig. 2(b). The calculation is in better agreement with the low ET 
data than simply increasing the participant density and, in fact, does very well 
in describing all the data below ET z 100 GeV. However, it is obvious that an 
additional suppression mechanism is needed at large ET to describe the new data. 
Capella et al. [71] have assumed this is due to the ET fluctuations at small impact 
parameter. However, as explained earlier, this effect is too small to explain the 
drop. Blaizot et al. have obtained a better fit by assuming the energy density 
increases due to fluctuations in the number of participants [96,66]. They were able 
to explain the original anomalous suppression [60] assuming a threshold for addi- 
tional suppression when npbpb 2 ng? [96]. Including two thresholds gives excellent 
agreement with the 1998 data [66]. 

Satz and collaborators have proposed modeling the quark-gluon plasma phase 
transition by percolation [98]. This method of studying properties of phase tran- 
sitions has been applied to many systems [99]. Percolation may be described as 
the populating of an area rR2 with thin discs of area rr2 .  Discs which, when 
randomly distributed over the surface area rR2, overlap each other, begin to form 
clusters. When the overlapping clusters span the entire system, the percolation 
point has been reached. If the discs have color, like partons, the percolation point 
corresponds to the onset of deconfinement. 

In nucleus-nucleus collisions, the percolation point is reached when z 50% of the 



surface is covered with discs, corresponding to a cluster density of n,l = 6fmP2, 
reached at b z 8 fm [go]. This model avoids the uncertainties in the determination 
of the energy density that the calculation of the dot-dashed curve in Fig. 2(b) is 
subject to since the ET - b correlation is better defined and less model dependent. 

Note that in both calculations, the xc. and $‘ states are both essentially sup- 
pressed at the transition point. The J / $  must be dissociated at a higher tem- 
perature. This occurs at a smaller impact parameter than the percolation point, 
assumed to occur at an energy density a factor of 1.6 greater than the energy den- 
sity at the critical point. In this case, the model dependence of the energy density 
is again introduced. Thus, in this picture, two “steps” are then obtained which are 
smeared out by fluctuations in ET with impact parameter. If the number of gluons 
increases above the nonfluctuating ET, then more J / $  suppression can occur at 
large ET, in accord with the 1998 data [loo]. 

Quarkonium Suppression at RHIC and LHC 

The colliders at RHIC and LHC will collide nuclei at energies factors of 10 and 275 
greater than the energy of the CERN SPS, opening up a new frontier in quarkonium 
physics. 

Not only will J/$’s be produced in the normal channels but new production chan- 
nels will open up. The bb production cross section is large enough for B + J / $ X  
decays to contribute to the observed J / $  yield, particularly if the normal channels 
are suppressed by plasma production. This late-time contamination could probably 
be separated from initially produced and suppressed charmonium by detecting the 
decay vertex. Additionally, such J/$’s will have lower transverse momentum, p T ,  
relative to the maximum p~ at which initial J/$’s can be produced. 

At high energies, J/$’s can also be produced at later times than those produced 
in the initial nucleon-nucleon collisions. At RHIC, up to 10 CC pairs might be 
produced while at LHC, up to 400 cC pairs could be produced [13]. These cC pairs 
could propagate through the system, find each other, and recombine to form a 
J / $  [101,102]. The calculations of recombination processes depend strongly on 
the initial cc production rate and the comover absorption cross section, needed to 
construct the reverse reaction D O  + J/$.i.r. A wide range of assumptions show that 
either this contribution is negligible or leads to J / $  enhancement. However, these 
secondary J/$’s would also have lower pT than the initial production. Therefore, 
the suppression signal of low pT J/$’s could be contaminated from these additional 
sources, especially at the LHC where all these cross sections will be larger. Large 
p~ J/$’s and the Y family could be more useful plasma probes than low p~ J/$’s. 
One would then want to look at the quarkonium suppression as a function of p ~ .  

Unfortunately the dilepton continuum will not be a useful reference process since 
cC and bb decays to dileptons are at least as large or larger than Drell-Yan production 
for high masses [lo31 and these decays could be influenced by energy loss and modify 
the spectrum as a function of pT [104,105]. 



A viable alternative would be to compare yields of quarkonium states, $‘/J/$ 
[27,106-1091 and Yl/Y [110-1131 as a function of pT.  These ratios have been found 
to be independent of pT in pp ,  p p  and p A  interactions. Nuclear effects due to 
absorption, shadowing, and energy loss should affect the similar mass quarkonium 
states in nearly identical ways, canceling in the ratio [114]. Any pT dependence 
due to comover scattering has been shown to be weak [115-1171. 

We note, however, that in the secondary production model of Ref. [ lo l l ,  while 
secondary J / $  production is negligible, the low pT $I  suppression signal could 
be wiped out by the large secondary $I  production. The possible Y suppression 
might then be the clearer quark-gluon plasma signal. In this section, we show some 
predictions for the $‘/J/$ and Yl/Y ratios at RHIC and LHC for initial production 
and suppression alone. If the ratios exhibit a significant pT-dependence at large p~ 
in nucleus-nucleus collisions, it will be virtually certain that a quark-gluon plasma 
was formed. 

The initial conditions strongly influence the p~ dependence of the suppression. 
We have made two different assumption about the initial conditions. The first, a 
minijet plasma, assumes fast equilibration at r N 0.1 fm with high initial temper- 
ature. This scenario depends on the behavior of the nuclear parton distribution 
functions, especially at the low momentum fractions probed in the initial nucleon- 
nucleon collisions at the LHC. Equilibration at these high temperatures is actually 
unlikely, even at the LHC, and less likely at RHIC [118]. Therefore we show results 
for minijets only at the LHC, with and without nuclear shadowing. 

Alternatively, the initial conditions could be dominated by kinetic equilibration 
processes [119] with a correspondingly longer equilibration time, to N 0.5 - 0.7 fm. 
This time is reached when the momentum distributions are locally isotropic due to 
elastic scatterings and the expansion of the system. Chemical equilibrium is gen- 
erally not assumed but the system moves toward equilibrium as a function of time. 
Then the cooling of the plasma is more rapid than the Bjorken scaling [120] adopted 
here, producing incomplete suppression at low p ~ .  Because the equilibration time 
of the parton gas is longer than that obtained from the minijet initial conditions, 
the time the system spends above the breakup temperature is also longer, leading 
to stronger suppression even though To is lower. 

The time at which the temperature drops below TD and the state can no longer 
be suppressed, tD = tO(TO/T~)3, and the maximum quarkonium p~ for which the 
resonance is suppressed, p ~ , ~  = Add-, are given in Table 2 for Cases I 
and I1 with both the parton gas and minijet initial conditions. Unfortunately the 
short equilibration time of the minijet system correspondingly reduces the plasma 
lifetime in the scaling expansion, causing the minijet plasma to be too short-lived 
to produce quarkonium suppression in some cases. Results for the minijet initial 
conditions are given for the GRV 94 LO parton densities for both S = 1 (no 
shadowing) and the lowest temperatures obtained with shadowing when S = SI. 
Note that the reduction of the initial temperature due to shadowing significantly 
reduces the p~ range of the suppression. However, this result can be distinguished 



Case I (nf = 3) Case I1 (SU(3)) 
parton gas (RHIC) 

TO = 550 MeV, t o  = 0.7 fm 
t D  (fm) PT,max (GeV) to (fm) PT,max (GeV) 

J / ~  1.2 2.8 6.63 22.6 
~’ 12.3 30.12 6.63 15.9 

X c J  13.7 23.75 6.63 11.1 
T 0 1.95 22.3 
T’ 0 6.63 33.4 

X b J  0 6.63 23.2 
parton gas (LHC) 

TO = 820 MeV, t o  = 0.5 fm 
to (fm) PTm (GeV) to (fm) PTm (GeV) 

J / ~  4.12 13.96 15.69 54.0 
~’ 40.8 100.6 15.69 38.5 

X C J  48.9 85.47 15.69 27.2 
T 0 4.6 56.53 
T’ 4.79 23.16 15.69 81.98 

X b J  8.90 32.42 15.69 58.9 
minijet plasma, S = 1 (LHC) 

To = 820 MeV, t o  = 0.1 fm To = 1.05 GeV, to = 0.1 fm 
to (fm) PTm (GeV) to (fm) PTm (GeV) 

J l ~  - 0 6.59 22.7 
~’ 8.17 19.8 6.59 15.8 

X C J  9.78 16.75 6.59 11.0 
T 0 1.94 22.2 
T’ 0 6.59 33.2 

X b J  0 6.59 23.05 
minijet plasma, S = S1 (LHC) 

To = 699 MeV, t o  = 0.1 fm TO = 897 MeV, to = 0.1 fm 
to (fm) PTm (GeV) to (fm) PTm (GeV) 

J l ~  - 0 4.11 13.8 

X C J  6.06 10.0 4.11 6.3 
T 0 1.21 11.7 
T’ 0 4.11 19.2 

~’ 5.06 11.9 4.11 9.4 

X b J  0 4.11 12.1 

TABLE 2. Values of to, and p~~ with Cases I and I1 for p ( T )  
with a parton gas and a minijet plasma with S = 1 and SI from 
the GRV 94 LO calculation. 



from a case with no significant shadowing and a plasma with a smaller spatial 
extent [114]. 

Since it has been demonstrated that the xc. and $‘ contributions to large pT 
J / $  production can be subtracted at p p  colliders [27], the direct or ‘prompt’ ratio 
is displayed. However, it is doubtful that the prompt Y rate can be successfully 
extracted because the feeding from X ~ J  states will be difficult to disentangle [121]. 
The Y family is also more complex, including feeddown to the Y from Y’, Y“ and 
two sets of x ~ J  states and feeddown to the Y’ from the Y“ and xbJ(2P) states. 
Thus in the Y’/Y ratio, all sources of Y’ and Y, each associated with a different 
suppression factor, must be considered [114]: 

Y‘ Y’ + XbJ(2P)(+ Y’) + Y”(+ Y’) - 1 .  . = 
Y lndlrect - Y + X b J ( l P ,  2P)(+ Y) + TI(+ Y) + TI’(+ Y) 

In computing this ‘indirect’ Y’/Y ratio it is assumed that the suppression factor is 
the same for the xbJJ(2P) and xbJ(1P) states and that identical suppression factors 
can be used for the Y’ and Y“. The relative production and suppression rates in 
the color evaporation model, including the x ~ J  states, can be found in Ref. [114]. 
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FIGURE 6. Quarkonium production ratios as a function of p~ assuming a parton gas at RHIC 
with plasma radius R = Rpb. The lefthand plot gives the direct or prompt ~ ’ / ~  ratio assuming 
Case I (dashed) and Case I1 (solid). The righthand plot shows the indirect T’/T ratio assuming 
case I. The horizontal lines represent the p p  ratios. 

Because the minijet plasma cannot effectively suppress the quarkonium states at 
RHIC, only the parton gas results are shown in Fig. 6. The lefthand plot shows the 
$‘/J/$ ratio. Plasma screening in Case I1 indicates that the J / $  is suppressed over 



a larger p~ range than the $I  due to the difference in formation times. The ratio of 
cross sections is thus larger than that found in previous experiments. For a plasma 
with R = Rpb, the ratio continues to grow until the $ I  is no longer suppressed at 
pT = 16 GeV and then drops smoothly to the p p  value at pT = 23 GeV. In Case I 
the $ I  is more strongly suppressed than the J / $ ,  leading to a smaller ratio than in 
p p  collisions. The J / $  is no longer suppressed at p~ = 3 GeV, producing a small 
kink in the ratio which then proceeds to increase to the p p  value when the $I  is no 
longer suppressed. 

The results for the indirect Y'/Y ratio at RHIC are shown on the righthand side 
of Fig. 6 for a parton gas with radius R = Rpb. At low p~ and also at p~ > 10 GeV, 
the total Y' rate is suppressed more than the total Y rate. The kink appears at 
pT z 23 GeV when both the Y and x ~ J  are no longer suppressed. If Y suppression 
is observed at RHIC, the equilibration time must be relatively long. A significant 
deviation from the previous results for the ratio in p p  and p p  collisions would signal 
plasma formation. 
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FIGURE 7. The direct or prompt $ + / ~  ratio as a function of p~ at the LHC is shown for several 
choices of initial conditions and R = Rpb. In (a), parton gas results are shown for Case I (dashed) 
and Case I1 (solid). In (b) minijet results are given for both cases without shadowing, Case I 
(dashed) and Case I1 (solid), and with S = SI, Case I (dotted) and Case I1 (dot-dashed). The 
horizontal curve represents the p p  ratio. 

In Fig. 7, the ratio of the directly produced $I  and J / $  cross sections are shown 
for several sets of initial conditions at the LHC. The parton gas produces suppres- 
sion over nearly twice the p~ range as the minijet initial conditions, as shown in 
Table 2. In Case 11, the J / $  is more suppressed than the $I  for a large range of 
p ~ ,  up to 54 GeV for the parton gas. In Case I, the $I  is more suppressed than 



the J / $  except when p~ < 9 GeV in the parton gas. The kink in the dashed curve 
appears when the J / $  is no longer suppressed. In each case, the pT signature obvi- 
ous in the $‘/J/$ production ratios is unique if the full pT range can be measured. 
Otherwise it may be difficult to distinguish between the parton gas and minijet 
plasma initial conditions for pT < 20 GeV at the LHC unless the measurement is 
made with sufficiently high statistics. Note that even though the decreased initial 
temperature of the minijet gas when shadowing is included reduces the p~ range of 
the suppression, the shape of the ratio remains similar. 

Figure 8 gives the indirect results for the Y’/Y ratio at the LHC. In a parton gas 
assuming a plasma like Case 11, all the Y states can be suppressed for pT > 50 GeV, 
producing the rather flat ratio given in the solid curve. A measurement at the 20% 
level is thus needed to distinguish between the p p  value of the ratio and the QGP 
prediction. Substantial systematic errors in the ratio could make the detection of 
a deviation quite difficult due to the slow variation with p ~ .  This is a disadvantage 
of the indirect ratio: the prompt $‘/J/$ ratio is enhanced by nearly a factor of 
two over the p p  value, making detection easier. With the slowly growing screening 
mass of Case I, the direct Y rate is not suppressed while the Y’ and x b  states are 
suppressed. Under these conditions, the indirect ratio is less than the p p  value until 
the Y’ is no longer suppressed and then is slightly enhanced by the x ~ J  decays until 
they also no longer suffer from plasma effects. Thus although the indirect ratio is 
less sensitive to the plasma, the Y’/Y and $‘/J/$ ratios together can significantly 
constrain plasma models, especially if the quarkonium states can be measured with 
sufficient accuracy up to high p ~ .  Again, the shape of the ratio is similar when the 
effect of shadowing on the initial conditions is included although the range of the 
suppression is reduced. 

SUMMARY 

A wealth of interesting data on charmonium production exists in fixed-target in- 
teractions with both proton and nuclear beams. The strong kinematics dependence 
of the p A  data indicates that more than simple absorption by nucleons is taking 
place. However, the difficulties involved in interpreting the results as a function of 
XF arises in part because, so far, shadowing and energy loss effects are not separa- 
ble due to the way the Drell-Yan data has been incorporated into the shadowing 
parameterizations. More direct measures of the gluon distribution in the nucleus 
would help pin down the nuclear parton distributions more precisely without having 
to rely too strongly on the Drell-Yan data. Since Gavin and Milana fit their energy 
loss to the A dependence of the Drell-Yan data without including shadowing and 
the shadowing models include this same data in their fits without assuming any 
energy loss, the results of a full calculation remain somewhat ambiguous. Until this 
is sorted out it is difficult to discern what role, if any, energy loss may play in the 
p A  data. The importance of intrinsic charm is larger for models where the energy 
loss is not too high but a small intrinsic charm component of J / $  production seems 
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to improve the agreement with the data. More data at other energies could provide 
a means of distinguishing between models [24]. 

The interpretation of the present nucleus-nucleus data on J / $  suppression is 
also somewhat ambiguous even though most practitioners agree that some novel 
effect appears in the Pb+Pb data. Whether this is interpreted as increased co- 
mover density or as crossing a threshold (like a phase transition would account 
for), everyone can agree that some effect of high density appears in the Pb+Pb 
data that is not present in the S+U data. The upcoming NA50 run with target in 
vacuum will provide better J / $  data at low ET than is presently available. This 
new data will clarify whether or not the peripheral Pb+Pb collisions behave like 
central and semi-central S+U interactions-a prerequisite for determining the onset 
of the anomalous suppression. The minimum bias comparison [9,60] has consider- 
ably reduced the statistical uncertainites of the J / $  suppression data but since the 
minimum bias analysis is rather model dependent , high statistics Drell-Yan data 
at large masses should ideally be used. Unfortunately, a very precise Drell-Yan 
measurement is not likely to be forthcoming from Pb+Pb collisions. 

Perhaps definitive data will not be obtained until quarkonium data is available 
from heavy ion colliders. In these lectures, the p~ dependence of the quarko- 
nium ratios $ I /  J / $  and Y/’Y has been suggested as a measurement through which 
quark-gluon plasma production might clearly manifest itself [ 11 , 1141. It will be 
particularly interesting to see if ‘Y production can be suppressed since screening 
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has been predicted to be much less effective for the Y than the other quarkonium 
states [as]. Clear evidence for Y suppression will most likely have to wait until 
data is available from the LHC. 
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