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Abstract: The suppression of J/i production at transverse momenta p; < .2 GeV/c in
central 160 +238 U — ¥ + X at 200 AGeV has been interpreted as a possible signature of quark-
gluon plasma formation. We show, howevér, that the observed p; dependence is consistent with
extrapolations from p + A — ¥ + X data, and that qua.sieléstic initial-state parton scattering

together with final-state inelastic hadronic reactions may explain the preliminary data.
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Physics of the Office of High Energy and Nuclear Physics of the U.S. Department of Energy under
Contract No. DE-AC03-76SF00098.



Ongoing experiments at CERN with 200 AGeV Oxygen and Sulphur beams on nuclear targets
indicate a substantial suppression of the production of J/4’s with transverse momenta p; < 2 GeV
in central collisions [1]. This suppression has been attributed to both screening in a quark-gluon -
plasma [2,3] and to final-state inelastic scattering in a dense hadron gas [4-7] (see also [8-10]).
While the magnitude of the suppression can be explained by either effect, the rapid p, depen-
dence is not easily described by final-state scattering alone. However, recent p+ A — ¥ + X
data at SPS energies reveal a considerable increase in the mean p, with increasing A, e.g.,
(PLB)p+ Ptoswt x [{PLY) p+p—w+x = 1.3 [11,12]. Significantly, similar results are found in Drell-Yan
dimuon production [13] where screening and final-state scattering effects are negligible. These nu-
clear enhancements of (p, ?) in hadron-induced reactions can result from the quasielastic scattering
of projectile and target partons before 1§he hard ¢ or Drell-Yan production [14].

In this paper we emphasize the strong influence of initial-state scattering on the p; depen-
dence of J/% production in nucleus-nucleus collisions, as suggested in Ref. [5]. We show that the
py variation in nuclear coll_isions is in fact consistent with the hadron-nucleus results, and that
initial-state interactions together with final-state inelastic hadronic processes [4-7] can explain the
preliminary nucleus-nucleus data.

The NA 38 experiment at CERN studies the J/1 yield dN,,/d®p, relative to the p, -integrated
continuum dimuon yield N, in the central rapidity region, and reports the transverse momentum

dependence of the ratio [1]
(N.7'dNy/d*py )3
(N.7'dNy/d*p, )E<

for several high transverse energy bins EZ, compared to the lowest bin Ef (central collisions

R(p.) =

(1)

typically generate more hadronic transverse energy than do peripheral collisions). The preliminary
data [1] together with the calculations discussed below are shown in Fig. 1a. In Fig. 1b we compare
the normalized p, distributions N, ~'dN,/dp, from Ref. [1] with those measured using a 200 GeV
proton beam on Platinum and Hydrogen targets [11]. We see that the Pt distribution is wider than
the p distribution, and that the O + U distribution is wider still. The difference in the Pt and p

distributions corresponds to an increase in the p; dispersion

(DL o4 Ptmw — (PLY) prpyy = 0.34 £+ 0.06 GeV?, 2)

2



where (p) ?)p4poy = 1.23 £ 0.05GeV? [11].
Measurements of Drell-Yan production by NA 10 [13] in 7~ + A at 140 GeV show a similar

increase of

(PLY w4 Wt y= — (PLY) w= 4 Dt = = 0.15 + 0.06 GeV?, (3)

where (p1%), - p_yty- = PL¥)p-ipopytu- = 144 £0.02 GeV? [17]. The p, enhancement in
Drell-Yan production can only be caused by initial-state interactions, since the final state does
not interact strqngly. This effect was predicted[14] due to the possible quasielastic scattering
of the sea quark and anti-quark before their annihilation. Such scattering adds to the (p,?)
of the resulting dimuons but does not reduce the p, -integrated yield, because it redirects the
beam momentum transversely without changing the net parton flux. The enhancement is stronger
in heavier nuclear targets because thefe is more opportunity for partons to scatter. The ab-
sence of an absorptive component of initial-state interactions is supported by the A10%003 go
pendence of the p, -integrated cross section. In Fig. 2a we show that a gaussian parametrization
for the Drell-Yan continuur;i yield dN./d*p, prm}ides 2;. good fit to t.he.measured ratio of yields
(dNe/ 4P 1) -4 Wt = /(dNe/ 8P L )am 4. pspit - in Ref. [13]. |

To understand how initial-state and final-state interactions a.re'manifested in the NA 38 ratio
of relative yields, we express the J/v yield as the product of a formation distribution Ny, Fy(p,),

and a survival probability S(p, ),

dNy/d’py = NyFy(pL)S(pL) (4)

where all quantities implicitly depend on the global observable E through the impact parameter,
and the formation probability F, satisfies [ Fy(p.)d?p, = 1. Final-state interactions such as
p+ ¥ — DD reduce the J/4’s survival probability in high Er events, as discussed in [5]. In
analogy to (4), we write the Drell-Yan continuum yield as dN./d’p, = N .F.(py),i.e., S =1. We
further assume that the ratio A, /A is independent of E, since both J/v and Drell-Yan dimuon
production are hard processes. The ratio (1) is then

(Fy(p1)S(pL))ez
(Fy(p)S(PL))Es

3
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Initial-state scattering enhances the dispersion of Fy with increased centrality, so that the ratio
(F,p)E; /(F,,,)E; rises with increasing p, .

We assume that the initial-state scattering of the gluons prior to fusion contributes most
of the p; enhancement evident in Fig. 1b, since the S(p.) varies by less than ~ 20% in for
0 < py < 3 GeV/c [4-7). In Fig. 1b we compare our parametrization of Ny 'dNy/d?p, ~ Fy(pL)
to the measured yields [11] for 200 GeV protons on Platinum and Hydrogen. We take F, to be

exponential in the transverse mass m; = /p1?+ M2,
Fy(pL) = Ae™o™4, (6)

where we use (p, %) = [p 2 F(pL)d?py torelate the slope parameter a to the relevant experimental
dispersion [11] (the gaussian parametrization for F, used in Fig. 2a does not provide an adequate
fit to the J/v data in the 0 to 3 GeV/c range).

To estimate the J/v yield (4) in a nucleus-nucleus collision, we use multiple scattering theory
to relate (p. %) in (6) to the mean number of inelastic nucleon-nucleon collisions 7 that occur as
the projectile traverses the target. We use data on hadroﬁ-nucleus scattering to determine the
parameters in the model, and then use the LUND Fritiof model [15,16] to relate @ to Ep. This
procedure determines (Fy)g> [(Fy) eg- Next, we incorporate final-state absorption following Ref
[5], and estimate the ratio of relative J/v yields shown in Fig la. In addition, we compare the
calculated Ny ~'dN,/d?p, to data on O + U in Fig. 1b. Finally, we predict the distribution of
Drell-Yan dimuons in the same Er cuts shown in Fig. 2b.

To understand how (p,?) varies with the number of inelastic nucleon-nucleon interactions
and A, consider first hard Drell-Yan or J/4 production in a proton-nucleus reaction at an impact
parameter b. Suppose that a total of n inelastic proton-nucleon collisions occur and that during
the m'”* collision, a parton i from the incident nucleon suffers .a hard interaction. In any of the
inelastic collisions prior to the m®*, this parton may have suffered an elastic interaction with a
target parton. If the probability that such an elastic collision occurs is Py, then the average

3 -~ 4 tN 2 iN .
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The probability P;x, which we assume to be independent of momentum and m, is proportional to
an effective parton-nucleon elastic cross section ;. In each of these initial-state elastic collisions the
parton acquires a transverse momentum, 67, , of random direction with a dispersion ép,?. After

n steps this random walk leads to
pL(n)? = pio? + (n:)6pL? = pro? + Pinbpii{n - 1}/2, (8)

where p;o? arises from the intrinsic motion of the partons inside the nucleon. In J/¢ production
where the parton i is a gluon, p + p data [11] fix the intrinsic dispersion p1o? = (p1?)psp—y+x =
1.23 £ 0.05 GeV?. Similarly, p1o? = (p1?)psputu-+x = 1.38 £ 0.07 GeV? from Drell-Yan data

[17]. Averaging over impact parameters, we see that
(pL®) = pro?+ A2 {m -1}, (9)

where \; = {Pin6p.?/2}!/? is the effective transverse-momentum transfer per collision, and 7 is
the impact parameter averaged number of inelastic interactions. We use (2), (3), and (9), and take

ipt Pt X Tpsw = 3.7 (Tipt 4 = 0.77 A%3), to find
A %~ 0.12 4+ 0.02GeV?, A% =~ 0.056 % .0.022 GeV>. | (10)

Note that the ratio (A\g/))? = ay6p_|_§/aq6pl';’ ~ 9/4 agrees remarkably well with a simple per-
turbation theory estimate, assuming that parton-nucleon scattering is dominated by forward-angle
parton-gluon scattering. We surmise that the )A; are independent of the projectile hadron, since
the A dependence of the p, shift for J/¢ is found to be the same for 7% and p beams [11-13].

In a nucleus-nucleus collision the p, dispersion is increased by the scattering of target partons
in the projectile as well as by that of projectile partons in the target. The total dispersion is then
simply

(P aB = prol + M {74 + 7 - 2}. (11)

where 74 and 7 g are the number of inelastic collisions suffered by nucleons in the projectile A and in
the target B. The distribution Fy, then varies with ET through (p, %) 4p, since T4 +7g and ET are

correlated via the impact parameter. We estimate this correlation using the ATTILA version [16] of
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the LUND Fritiof/JETSET 6.3 string fragmentation model [15]. This Monte Carlo nuclear collision
event generator incorporates exact Glauber geometry and kinematics and generates exclusive events
from which global observables such as Er can be calculated incorporating the finite experimental
acceptances. This and similar multi-string fragmentation models successfully reproduce many of
the gross features the preliminary CERN data [18] and provide the only se}f-consistent way to
calculate such correlations at present.

To simulate the acceptance of the NA 38’s electromagnetic calorimeter, we calculate the Ex
from the transverse energy of the neutral particles together with a 30% contamination of charged

particles in the pseudorapidity range 2.0 < n < 4.2. For O + U at 200 AGeV, we find that
fio + v = 2.5+ E7/(11 GeV). . (12)

In addition, we find the correlation between the initial hadronic resonance rapidity density and the
above defined Er is

dNy/dy ~ Ep/(1GeV). | ).

These linear correlations are a simple consequence of Glauber geometry and independent string
fragmentation. The coefficients however depend sensitively on the exact definition of Er, the beam
energy and on A and B.

The sensitivity of (12,13) to the definition of E presents one the major obstacles in interpreting
the NA 38 data. Our calculations suggest that the ATTILA/LUND model may underestimate
the NA 38 Er distribution by as much as 50% in central collisions. For example, we find that
(ET) =~ 60 GeV in a central collision, while the highest NA 38 Er bin has a centroid of roughly
94 GeV. Such a severe disagreement cannot be attributed entirely to dilepton trigger bias, and is
inconsistent with the satisfactory agreement of ATTILA and similar models with the WA 80 and
NA 34 Er distributions [18]. In view of the possible inconsistency in the present experimental Er
scale, one can only confront the data at a qualitativelevel. In analogy with experiment, we calculate
the ratio (3) for EZ = 60 GeV and Ef = 15 GeV rather than use the experimental centroids at
94 and 23 GeV, because the number of inelastic nucleon-nucleon collisions, which generate both

(p1?) and Er, saturates at b = 0. This approach is consistent within the LUND model, and leads
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to a conservative estimate of initial state effects, since blind use of the measured Er values in (12)
giveé a somewhat larger (p, ?).

To calculate the ratio of relative J/v yields (5), we specify the survival probability S(p.) as a
function of Er. Recall that the survival probability of a J/1 in a dense gas of hadronic resonances

of initial rapidity density dNg/dy is [5]:

S(BL) = (toy/ts)’ (14)

where t; is the last time that the J/1 can interact, and #y is the Lorentz-dilated J/4 formation
time. The survival probability varies with Er through the absorption parameter 8, which is the

ratio of the dissociative-collision frequency to the expansion rate, and is given by
B = (0ve) (TRA?)"1d Ny /dy. (15)

where ¢ is the cross section for final-state interactions such as p + ¢ — DD that dissociate the
J/. Similar expressions are aiso derived in [4,6,7]. For concreteness, we take toy ~ 2 fm/c (3],
and use the simple approximation for ¢;(p ) from Ref. [5] with R4 ~ 3 fm and ¢, ~ 1/v3. We
assume that the dissociation cross section in the resonance-rich gas is momentﬁm independent, so
that (0Veel) = T Vrel, with & ~ 3 — 5 mb and T, ~ 0.6. Refinements of the estimate of S(pl),.
to be reported elsewhere, using a Monte Carlo cascade approach to incorporate a more realistic
spacetime geometry and time dependent J/ cross sections [19] indicate that such refinements do
not change the results significantly.

The magnitude of J/1 suppression is determined by &. To get a handle on this parameter
independent of the uncertainties in the transverse momentum distributions, we study the Er de-
pendence of the p, -integrated J/+-to-continuum ratio Y = N,/N,.. Equation (4) implies that
Y(Er) « [d*pyiFy(p1)S(pL) = S(py = 0), provided that S(p,) varies sufficiently slowly com-
pared to Fy(py). We find that

Y(Er) x e~ Er/Es(4) (16)

where Eg(A) ~ 15(5mb/&)A%/3 GeV, plus small corrections of order A2/31n A. Note that Y scales

roughly with Ex/A%/3 in accord with the preliminary observations [1]. We compare (16) with data
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in Fig. 3 and see that & = 3 mb provides a reasonable fit, if we take the NA 38 Er scale literally.
A recalibration of the E7 scale by a factor f would change the best fit cross section by a factor '
1/f; in particular, if we rescale the LUND model Er in (16) to agree with the data as explained-

above, then we find @ = 5 mb.

We now calculate the p; dependence of the ratio of relative yields (5). We use (12) and (13)
to estimate dNy/dy and T4 for the LUND model energies E2 = 60 GeV and Ef = 15 GeV
analogous to the centroids of the highest and lowest experimental bins. Combining (6,11,12) with
our estimate of S(pL), wé obtain the solid curve in Fig. la. In contrast, a neglect of initial-state
scattering gives the dashed curve in this figure. We see that initial-state scattering has a profound
effect on the p, -dependence: While the ratio of survival probabilities varies little for p; < 3 GeV/c,
the full R exceeds unity at a transverse momentum of ~ 2.4 GeV/c. Fortunately, we find that the
calculated ratio is not sensitive to changes in the overall Er scale within our 50%-uncertainty
range. Replacing the LUND Ep’s with the NA 38 centroids and taking @ = 3 mb (see Fig. 3.)
results in an overall change of less than 10% in R. We also use (4) to calculate the normalized
distribution N¢'1dN¢ / dp 1. In Fig. 1b we show the result for a central O + U collision, and again
find surprisingly good agreement with the preliminary data. Here, the normalized distribution does
not agree with the data if we take the experimental Er rather than the self-consistent LU.ND value.
We again emphasize that a more rigorous comparison with data awaits better understanding of the

ET scale.

The effects of initial-state scattering must also show up in Drell-Yan production at the SPS,
and should be accessible to NA 38. In analogy to (1), we calculate a Drell-Yan ratio R.(p, ) using
(10,11,12) to determine the dispersion in the gaussian approximation to F.(py). In Fig. 2b, we
predict the ratio obtained using the same Er cuts as in la. We note that the statistics of the

reported continuum data [1] are too poor to test our prediction.

We briefly comment on the preliminary S + U data reported in Ref. [1], which exhibits
a weaker p, dependence than that seen in Fig. 1la for Ef < 51 GeV and E7 > 125 GeV.
Whether or not this flattening is accounted for by the larger Wy expected with the heavier §

projectile critically depends on the absolute Ep scale. The ratio'(F,,,) E2 [/(Fy) Es varies over the
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scale ép; ~ {(p2)3! — (p%)<'}~'/%, which depends on the Er scale mainly through a factor
(EZ — E5)~Y/2. If we follow the Oxygen calculation and take EZ to be the calculated (ET) at
b= 0, and Ef = EZ/4, then we find that R is indeed flatter.

In summary, we have calculated the effect of initial-state interactions on the transverse mo-
mentum dependence of J/% production at CERN. Our results are consistent with the preliminary
NA 38 data only if the survival probability is slowly varying with p; as expected with final-state
interaction models. Our study is motivated to a large extent by the NA 10 experimental results,
which rs.how a p;l_ enhancement in Drell-Yan dimuon production. A study of the p1 dependence of
the NA 38 continuum would provide important information on initial-state scattering, as would a
systematic study of Drell-Yan and J/% production with hadron beams as a function of target mass
number.

We are grateful to A. Jackson, M.-C. Chu, G. Landaud, T. Matsui, H. Stocker, and R. Vogt for
valuable discussions. This work was supported by the Director, Office of Energy Research, Division
of Nuclear Physics of the Office of High Energy and Nuclear Physics of the U.S. Department of
Energy under Contract No. DE-AC03-76SF00098. |

Note Added: After completing this ;;aper, we learned that J. P. Blaizot and J. Y. Ollitrault

are investigating similar questions.
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Figure Captions

1. (a) The preliminary NA 38 data [1] on the relative J/1-to-continuum yield (1) with EZ > 85 GeV
and E5 < 34 GeV are compared to our calculations for the analogous LUND model values Er = 60
and 15 GeV including both quasielastic initial-state scattering and final-state inelastic J/4-hadron
scattering for @ = 5 mb. The dashed curve shows the suppression factor in the absence of initial
state interactions. (b) Transverse momentum distributions of p+ A — ¥+ X at 200 GeV for 1°° P¢
(diamonds) and p (squares) targets from [11] are compared to those measured in O + U (dots) for
E7 > 85 GeV [1]. We use (6) and the measured values of (p, %) [11] to obtain the p + A curves.
The O + U curve is calculated using (4) for ET = 60 GeV.

2. (a) Measured [13] ratio of Drell-Yan yields as a function of transverse momentum for a 140 GeV
7~ beam on ®*W and Deuterium targets are compared to the gaussian fit (solid curve) with (p,?)
taken from [13,17]. (b) Shown is the expected p, variation of the Drell-Yan continuum ratio for
the same Er cuts as in la.

3. The ratio of the p _L-integratgd J/-to-continuum yield Y(E7) to Y(Er = 23 GeV) from [1] com-
pared to eq. (16) for a J/ ¢-disso<éiation cross section @ = 3 mb. A recalibration of the Er scale by

a factor f changes the best-fit cross section by a factor 1/f.
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