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The first reports ofyy and ¢’ production from experiment NA50 at the CERN Super Proton
Synchrotron are compared to calculations based on a hadronic model of charmonium suppression
developed previously. Data on centrality dependence and total cross sections are in good accord with
these predictions. [S0031-9007(97)02336-3]

PACS numbers: 25.75.Dw, 12.38.Mh, 24.85.+p

Experiment NA50 has reported an abrupt decrease The hadronic contribution to the suppression arises from
in ¢ production in Pb+ Pb collisions at 158 GeV per scattering of the nascent with produced particles—
nucleon [1]. Specifically, the collaboration presented ahe comovers—and nucleons [3,4]. To determine the
striking “threshold effect” in thel-to-continuum ratio by  suppression from nucleon absorption of heve calculate
plotting it as a function of a calculated quantity, the mearthe probability that a’c pair produced at a poinib, z) in
path length of thay through the nuclear mediund,, as  a nucleus survives scattering with nucleons to form.a
shown in Fig. 1(a). This apparent threshold has sparked@he standard [4,9] result is
considerable excitement as it may signal the formation of -
quark-gluon plasma in the heavy PbPb system [2]. Sy = exp{— [ dz pA(b,z)0¢N], 1)

Our aim is to study the Pb results in the context z

\(;\f/ a fha?rgnlc motdetl oihcrtla:rznonk;u? s_upp_rests;,]lon l\E&’gg)wherepA is the nuclear density; the impact parameter,

€ first demonstrate ‘that the benavior n the ando,y the absorption cross section fgrnucleon inter-
plot, Fig. 1(a), is not a threshold effe_'ct bl.Jt,. rather’actions. One can estimasg ~ exp— oy poL4}, where
reflects the approach to the geometrical limit bOf L, is the path length traversed by the pair '
as the coIhsmns_become increasingly central. When Suppression can also be caused by scattering with
plotted as a function of theneasuredneutral transverse mesons that happen to travel along with thepair (see
energyEr as in Fig. 1(b), the data vary smoothly as in references in [3]). The density of such comovers scales

S + U measurements in Fig. 3(b) below [1,5-8]. The : ; i
difference between S U and Pb-+ Pb data lies strictly roughly askr. The corresponding survival probability is

in the relative magnitude. To assess this magnitude, we
comparey and ¢’ data to expectations based on the Seo = eXp[_]dT”‘TCOUYCI}’
hadronic comover model [3,4]. The curves in Fig. 1

represent our calculations using parameters fixed earlig¥here n is the comover density and is the time in
in Ref. [4]. Our result is essentially the same as thehey rest frame. We writeS., ~ exp{—BEr}, whereg

(2)

Pb + Pb prediction in [3]. depends on the scattering frequency, the formation time of
the comovers, and the transverse size of the central region,
Rr, cf. Eq. (8).
A 40 . 30 . . To understand the saturation of the Pb data with
:{ NAS50 1] \\\ NG in Fig. 1(a), we apply the s_chematic approximation of
& @] 20 FN, ) | Ref. [9] for the moment to write
O U T N\ttt AB
310 b 7 L Ty (ET) ~ o~ Oynpol o —BEr
p} ® Pb+Pb 10 — - nucleons only;\‘\ 0_2§M7 (ET) oe <SASBSC0> (& € B (3)
‘g o S+U . 0 — comovers alndded
5 10 15 0 50 100 150 where the brackets imply an average over the collision
L (fm) ETNASO (GeV) geometry for fixedEr ando(Er) = do/dEy. The path

_ o lengthL = (L, + L) and transverse sizRr depend on
EIbGJr 1ﬁ>b (a)dTgf UNA5"Q [1] Comp?”SC;_n oisz tIEFOdUCtIOH in " the collision geometry. The path length grows wih,
an cofisions as a function of the average path 5qymptotically approaching the geometric liRit + Rp
length L; see Eq. (3). B is the 4y — u*u~ branching ratio. L - . .
(b) Transverse energy dependence ofPPb data. Curves in Explicit calculations show that nugleon absorption begins
(a) and (b) are computed using Egs. (4)—(6). Dot-dashed curv® saturatefor b < R4, whereR, is the smaller of the
shows sensitivity to comovef; andb dependence. two nuclei; see Fig. 4 below. On the other harit
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continues to grow fob < R4 due, e.g., to fluctuations
in the number of NN collisions. Equation (2) falls
exponentially in this regime becauge like L, saturates.

We parametrize P(Er,b) = C exp{—(Er — Er)*/2A},
where E;(b) = e N (b), A(b) = weEr(b), C(b) =
[27AMB)]7!, and N (b) is the number of participants

In Fig. 1(b), we compare the Pb data to calculationgsee, e.g., Ref. [3]). We take and w to be phenomeno-

of the ¢/-to-continuum ratio that incorporate nucleon and

logical calorimeter-dependent constants.

comover scattering. The contribution due to nucleon We compare the minimum-bias distributions for total

absorption indeed levels off for small values bf as

hadronic Er calculated using Eq. (7) foe = 1.3 GeV

expected from Eqg. (3). Comover scattering accounts foand w = 2.0 to NA35 S + § and NA49 Pb+ Pb data

the remaining suppression.
These results arpredictionsobtained using the com-

[12]. The agreement in Fig. 2(a) builds our confidence
that Eq. (7) applies to the heavy PbPb system.

puter code of Ref. [3] with parameters determined in Figure 2(b) shows the distribution of neutral transverse
Ref. [4]. However, to confront the present NA50 analysisenergy calculated using Egs. (5) and (6) to simulate the

[1], we account for changes in the experimental coverag
as follows:

(i) Calculate the continuum dimuon yield in the new
mass range.9 < M < 4.5 GeV.

(i) Adjust the E7 scale to the pseudorapidity accep-
tance of the NA5O calorimetet,1 < n < 2.3.

The agreement in Fig. 1 depends on these updates.

We now review the details of our calculations, high-

&IA50 dimuon trigger. We take = 0.35 GeV,w = 3.2,
and o",- ~ 37.2 pb as appropriate for the dimuon-
mass range.9 < M < 4.5 GeV. The Er distribution
for S+ U— utu~ + X from NA38 was described
[4] using € = 0.64 GeV and w = 3.2—the change in

e corresponds roughly to the shift in particle production
when the pseudorapidity coverage is changed ftam<

n < 4.1 (NA38)tol.1 < n < 2.3 (NA5S0). Takinge =

lighting the adjustments as we go. For collisions at a fixed).35 GeV for the NA50 acceptance is the second update

b, the s-production cross section is
UQB(b) = O’{ZN] d’sdzdz pa(s,2)psb — 5,2) S,
(4)

whereS = S485S., is the product of the survival proba-

bilities in the projectileA, targetB, and comover matter.
The continuum cross section is
oyl (b) = apt,- ] d*s dz dz' pa(s,2)ps(b — s5,2').

5)
The magnitude of (4) and (5) and their ratio are fixed
by the elementary cross sectiong™ and o))”,-. We
calculateag’v using the phenomenologically successful
color evaporation model [10]. The continuum in the

mass range used by NA50,9 < M < 4.5 GeV, is de-
scribed by the Drell-Yan process. To confront NA50

listed earlier.

We now apply Egs. (1), (2), (4), and (5) to charmonium
suppression in PB- Pb collisions. To determine nucleon
absorption, we usedpA data to fix oyy = 4.8 mb
in Ref. [4]. This choice is in accord with the latest
NA38 and NA51pA data; see Fig. 3(a). The survival
probability for comover scattering, Eq. (2), is

Sco = eXp[_U'covreanTO In(TF/TO)} s (8)

where o, = 20yy/3 and ng is the initial density of
sufficiently massivep, w, and n mesons; we take, ~

2 fm, 7F ~ Rr /v, andve; ~ 0.6 asin [3]. To account
for the variation of density withEr, we take ny =
noEr/E7(0) for the solid curves in Figs. 1(b) and 3(b)
3]. Avaluen, = 0.8 fm~3 was chosen to fit the central
S + U datum. To test the sensitivity to this ansatz,
we employ an alternative equally schematic ansatz in

and NA38 data in the appropriate kinematic regime, weVhich the number of comovers scales willy but the
compute these cross sections at leading order followinjolume scales with the transverse area of the overlap
[10,11] using GRV LO parton distributions with a charm '€gion as a function ob; see the dot-dashed curves.

K factor K. = 2.7 and a color evaporation coefficient
Fy = 2.54% and a Drell-YanK factor Kpy = 2.4. Ob-
serve that these choices were fixed by fitting data at
all available energies [10]. Computing,",- for 2.9 <
M < 4.5 GeV corresponds to the first update.

To obtain Er dependent cross sections from Egs. (4)
and (5), we write

) = [ @ PELHAG). ©)
The probability P(Er, b) that a collision at impact pa-
rameterb produces transverse energy is related to the
minimum-bias distribution by

Omin(Er) = f d*b P(Er,b). 7

Both ansatze may be inaccurate for peripheral collisions.

min Gu-v-p—
(barns) (ub) (b)
107 10° |,
107 10°
1 0-6 -2

0 200 400 p s 0 50 100 g N0 Gy

FIG. 2. Transverse energy distributions from Eq. (7). The

S-Pb comparison (a) employs the same parameters.
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2.5 . To see why saturation occurs in RbPb collisions but
PA @) 1 o notin _S+ U, we compare the.NA.S(D(ET) [1] to the av-

] i erage impact parametér) (Er) in Fig. 4. To best under-
= ~ stand Fig. 1(a), we show the valuesiaf;) computed by
£ 15 1< NASO for this figure. We use our model to comptibe =
< ] & (bTag)/(Tap), where(f(b)) = [d’b P(Er,b)f(b) and
2 [ o NA38 200 GeV 1S oo Tup = [ d*>sdzdz'pa(s,z)p(b — s,7'). [Note that

[ o NA38 450 GeV 1 8 [o92(scaked) 1 NA5O reports similar values ofb) (Er) [1].] In the
-';Ngfaf‘ﬁ?[‘fa’ 1 Er range covered by the S experiments, we see that
0.5 La 203, . 0 : ; (b) is near ~Rs = 3.6 fm or larger. In this range,
1 100 0 30NA3860 ‘90 increasingb dramatically reduces the collision volume
A E; " (GeV) and, consequently,,. In contrast, in Pb+ Pb collisions

FIG. 3. (a)pA cross sections [1] in the NA50 acceptance (b) < Rpp = 6.6 fm for_aII but the lowest7 bin, so that
and (b) S+ U ratios from 1991 [6] and 1992 [1] runs. The L does not vary appreciably.
1992 data are scaled to the 1991 continuum. The dashed line NA50 and NA38 have also measured the tofal
indicates the suppression from nucleons alone. Fpecross  production cross section in Pb Pb [1] and S+ U re-
e ot e o oJomi, i 1 St aciions [6]. To compare to tha data, e inegrate Eqs. (4
andb dependence. and (6) to obtain the totdl/AB), = 0.95 nbin S+ U
at 200 GeV and 0.54 nb for Pb Pb at 158 GeV in
the NA50 spectrometer acceptandée4 > xr > 0 and

(Densities~1 fm~3 typically arise in hadronic models of —0.5 < cosf < 0.5 (to correct to the full angular range
ion collisions, e.g., Refs. [13]. The internal consistency ofand1 > xz > 0, multiply these cross sections by2.07).
hadronic models at such densities demands further studyThe experimental results in this range ar@3 + 0.04 +

We expect the comover contribution to the suppressiof.10 nb for S+ U collisions [5] and0.44 = 0.005 +
to increase in Pbr Pb relative to S+ U for central 0.032 nb for Pb+ Pb reactions [1]. Interestingly, in the
collisions because both the initial density and lifetime ofPb system we find a Drell-Yan cross sectiotyAB)py =
the system can increase. To be conservative, we assumg@2 pb while NA50 finds(o/AB)py = 32.8 = 0.9 *
that Pb and S beams achieve the same mean initi@l3 pb. Both theys and Drell-Yan cross sections in Pb
density. Even so, the lifetime of the system essentiallyPb collisions are somewhat above the data, suggesting that
doubles in Pb+ Pb becaus®r ~ R, increasesto 6.6 fm the calculated rates at thév level may be~20%-30%
from 3.6 fm in S+ U. The increase in the comover too large at 158 GeV. This discrepancy is within ambigu-
contribution evident in comparing Figs. 1(b) and 3(b)ities in currentpp data near that low energy [10].
is described by the seemingly innocuous logarithm in We remark that if one were to neglect comovers and
Eq. (8), which increases by=60% in the larger Pb takeo,y = 6.2 mb, one would findo/AB), = 1.03 nb
system. in S+ U at 200 GeV and 0.62 nb for Pb Pb at

In Ref. [4], we pointed out that comovers were nec-158 GeV. The agreement with-§ U data is possible be-
essary to explain § U data from the NA38 1991 run cause comovers only contribute to the total cross section
[5]. Data just released [1] from their 1992 run supportat the ~18% level in the light system. This is expected,
this conclusion. The 1991 data were presented as a since the impact-parameter integrated cross section is
ratio to the dimuon continuum in the low mass range
1.7 < M < 2.7 GeV, where charm decays are an impor-
tant source of dileptons. On the other hand, the 1892 .
data [1,8] are given as ratios to the Drell-Yan cross sec- L(E,) from [1]
tioninthe rangd.5 < M < 5.0 GeV. That cross section
is extracted from the continuum by fixing thé factor
in the high-mass region [14]. To compare our result
from Ref. [4] to these data, we scale the 1992 data by

—
()}

length (fm)
=
t e
S
/

an empirical factor. This factor iss10% larger than our 5 N b S
calculated factowpy (92)/a ¥V, (91) = 0.4; these values Ny N2>
agree within the NA38 systematic errors. [NA50 simi- S+U ~1 Pb+Pb IS
larly scaled the 1992 data to the high-mass continuum to 0 : - :

produce Fig. 1(a).] Because our fit is driven by the high- 20 5’88 80 50 NA51000 150
estEr datum, we see from Fig. 3(b) that a fit to the 1992 E; (GeV) E. 7 (GeV)

da'ta would not appreciably'change our result. Note thatg g 4 Er dependence of. (solid line) used by NA5O0 [1]
uniform decrease of the ratio would increase the comovekee Fig. 1(a)] and the average impact paraméter (dot-

contribution needed to explain-& U collisions. dashed line). The solid line covers the measuredange.
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FIG. 5. Comover suppression of compared to (a) NA38 Iscatte_:lr_wg eXIF')ILaIInStLhet ta#dltlon?J sutppre_ss,lon.. Neveérlghse-
and NA51 pA data [1,8] and (b) NA38 St U data [7] (filled ~ '€SS: 1L IS unfikely thal thiS explanafion IS unique.

points) and preliminary data [1]. inverse-kinematics experiment® & A) and AGS pA
studies near thes threshold can help pin down model
uncertainties.

dominated by largeb and the distinction between cen- This work was supported in part by US-DOE
tral and peripheral interactions is more striking for theContracts No. DE-AC02-76CH00016 and No. DE-ACO3-
asymmetric S+ U system. As in Ref. [4], the need for 76SF0098.
comovers is evident for th&r-dependent ratios, where  Note added—After completing this manuscript, we
central collisions are singled out. learned of cascade calculations [13] that confirm our con-
To apply Egs. (4)—(6) to calculate thg'-to-y ratio  clusions. Such calculations do not employ the simplifica-
as a function ofEr, we must specifyaf),’f\’, oyn, and  tions (e.g.no « Er) needed to derive (8). Some of these
oyco- Following Ref. [10], we use p data to fingg,N/ authors too_k(rw ~ 6 mb (instead of~5 mb) to fit the
Bo)V = 0.02 (this determines,,). The value ofo,y ~ NAS1 datain Fig. 3(a) somewhat better.
depends on whether the nascefit is a color singlet
hadron or color octetc as it traverses the nucleus. In the
singlet case, one expects the absorption cross sections til] M. Gonin et al., Nucl. Phys.A610, 404c (1996).
scale with the square of the charmonium radius. Taking[2] J.-P. Blaizot and J.-Y. Ollitrault, Phys. Rev. Lett7, 1703
this ansatz and assuming that theforms directly while (1996); D. Kharzeev, Report No. hep8609260, 1996.
radiative y decays account for 40% @f production, one  [3] S. Gavin and R. Vogt, Nucl. Phy&345, 104 (1990).
expectsoy, ~ 2.1, for interactions with either nucleons [4] S: Gavin, H. Satz, R.L. Thews, and R. Vogt, Z. Phys. C

~ 61, 351 (1994); S. Gavin, Nucl. Phy8566, 383c (1994).
or comovers [4]. For the .OCtet case, we takgy — OyYN [5] O. Drapieret al. (Experiment NA38), Nucl. PhysA544,
and fixo g, = 12 mb to fit the S+ U data. In Fig. 5(a),

- . . 209c (1992).
we show that the singlet and octet extrapolations descrlb%] c Ba(glin ez al. (Experiment NA38), Phys. Lett. R70,

pA data equally well. 105 (1991).

Our predictions for Pbt Pb collisions are shown in  [7] c. Baglin et al. (Experiment NA38), Phys. Lett. B45,
Fig. 6. In the octet model, the entire suppression of the 617 (1995); S. Ramoet al., Nucl. Phys. A590, 117c
J'-to- ratio is due to comover interactions. In view (1995).
of the schematic nature of our approximation$&g in [8] C. Lourenco (Experiments NA38/NA50), iRroceedings
Eqg. (8), we regard the agreement with data of singlet and  of the Europhysics Conference on High Energy Physics,
octet extrapolatlons as equ|va|ent BI’USSG|S, 1995W0r|d SC|ent|f|C, Singapore, 1996)

In summary, the Pb data [1] cannot be described b 1[?)] (F:a' gersqhel f‘”ld ‘]-JH:\J;“S“P? Phﬁg‘gg}; (11335)
nucleon absorption alone. This is seen in the NA5(111% S'ngﬁgttglqlzsi Mgd. Phg::. MO 2961 glg%;'
lot, Fig. 1(a), and confirmed by our results. The ' A e :
gaturatic?n v(vit)hL but not Er su yests an additional [12] S. Margetiset al. (Experiment NA49), Phys. Rev. Le,
T Sugg 3814 (1995).

density-dependent suppression mechanism. Earlier stugrg,] W. Cassing and C.M. Ko, Report No. nucl/8609025,
ies pointed out that additional suppression was already ~ 1996: D. Kahana, S.H. Kahana, and Y. Pang (to be
needed to describe the § U results [4]; recent data [1] published); L. Gerlanet al. (to be published).

support that conclusion (see, however, [2]). Comovef14] M.C. Abreuet al., Nucl. Phys.A566, 77c (1994).
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