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The dilepton spectra from open charm decay inp 1 A reactions at
p

s ­ 200A GeV are proposed
to constrain gluon shadowing in nuclei. We show that the required measurements are feasible at the
Brookhaven Relativistic Heavy Ion Collider. [S0031-9007(96)00912-X]
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The spectrum of dileptons produced in heavy
collisions at high energies has been proposed in the
to provide information about the dynamical evolution
quark-gluon plasmas (see, e.g., the review by Ruuskan
in Ref. [1]). Unlike hadronic probes, that spectrum
sensitive to the earliest moments in the evolution, wh
the energy densities are an order of magnitude ab
the QCD confinement scale (1 GeVyfm3). However, the
small production cross sections for pairs with invaria
mass above 1 GeV together with the large combinato
background from decaying hadrons necessitate elabo
procedures to uncover the signal from the noise. T
PHENIX detector [2], now under construction at t
Brookhaven Relativistic Heavy Ion Collider (RHIC),
designed to measureee, em, and mm pairs to carry out
this task. One of the important sources of backgroun
the few GeV mass range arises from semileptonic de
of charmed hadrons (DD ). As shown recently in Ref. [3]
the expected thermal signals in that mass range
reach only 10% of the number of pairs from open cha
decay. Therefore, special kinematical cuts and pre
em measurements will be needed to uncover the ther
signals [2].

There have been several attempts [4,5] to take ad
tage of the large open charm background as a probe o
evolving gluon density. Most midrapidity charm pairs a
produced via gluon fusion [6]. Therefore, the dilepto
from charm decay carry information about the distrib
tion of primordial gluons before hadronization. In fa
the inside-outside cascade nature of such reactions gr
suppresses [7,8] all sources of charm production ex
the initial perturbative QCD source. Therefore, the op
charm background is dominated by theinitial gluon fu-
sion (gg ! cc ) rate.

The initial cc rate depends sensitively on the nucle
gluon structure function [9],gAsx, Q2d. The quantity
of fundamental interest [10,11] is the gluon shadow
function

RgyAsx, Q2d ­ gAsx, Q2dyAgN sx, Q2d . (1)

The point of this Letter is to show that theA dependence
of continuum dilepton pairs in the few GeV mass reg
provides a novel probe of that unknown gluon structu
We also show that the required measurements ofee,
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em, and mm pair yields in p 1 A ! ,1,2X at
p

s ­
200A GeV are not only experimentally feasible at RHI
but also that the open charm signal can be easily extra
via the proposed PHENIX detector.

A key advantage of the continuum dilepton pairs fro
open charm decay over those fromJyc decay is that
it is possible to test the applicability of the underlyin
QCD dynamics at a given fixed

p
s by checking for a

particular scaling property discussed below. In quar
nium production the mass is fixed and the required s
ing can be checked only by varying the beam ener
In p 1 A ! Jyc production the required scaling wa
unfortunately found to be violated in the energy ran
20A ,

p
s , 40A GeV [12] thus precluding a determ

nation of RA. Possible explanations for the breakdow
of QCD scaling forJyc production and its anomalou
negativexF behavior [9,12] include interaction of nex
to-leading-order quarkonium Fock state with nuclear m
ter [13], nuclear and comoverJyc dissociation [14], and
parton energy loss mechanisms [15]. It remains an o
question whether the required scaling will set in at RH
energies60A ,

p
s , 200A GeV.

Shadowing of the quark nuclear structure functio
qAsx, Q2d, is well established from deep inelastic,A !

,X reactions [16]. For heavy nuclei, the quark structu
functions are shadowed by a factor,RqyAsx ø 0.1, Q2d ø
s1.1 0.1dA1y3, nearly independent ofQ2. Perturbative
QCD analysis [10,11] predicts that the gluon structure w
also be shadowed atx , 0.01 due to gluon recombination
processes. Therefore, a systematic measurement of g
shadowing is of fundamental interest in understanding
parton structure of nuclei. The gluon nuclear struct
is also of central importance in the field of nucle
collision since it controls the rate of minijet productio
that determines the total entropy produced at RHIC a
higher energies [17]. We focus here onp 1 A collision
rather thanA 1 A to minimize the combinatorialp, K
decay backgrounds and other final state interaction effe

To demonstrate the sensitivity of open charm dile
tons to gluon shadowingRgyAsx, Q2d, we calculate the
pair spectrum from open charm decay inp 1 Au reac-
tions at 200 GeVyA using for illustration two different
gluon shadowing functions. The first assumes that glu
shadowing is identical to the measured quark shadow
© 1996 The American Physical Society
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i.e., RgyAsx, Q2d ­ RqyAsx, Q2 ­ 4 GeV 2d, and is thus
essentiallyQ2 independent. This is the default assum
tion incorporated in theHIJING Monte Carlo model [18]
The second is taken from Eskola [19], whereRgyAsx, Q2d
is computed using the modifiedGLAP evolution [10] start-
ing from an assumedRgyA consistent with the measure
quark shadowing function atQ2 ­ 4 GeV2. This second
shadowing function depends on scale and differs forq and
g. The two shadowing functions are shown in Fig. 1.

The initial charm pair distribution fromB 1 A nuclear
collisions at impact parameter$b is computed as in [5]:

dNBAs $bd
dp2

'dy1dy2
­ K

Z
d2rb d2rads2ds $b 2 $rb 2 $rad

3
X
b,a

xbGbyBsxb, Q2, $rbdxaGayAsxa, Q2, $rad

3
dŝab

dt̂
, (2)

where GayAsx, Q2, $r d ­ TAs $r dfayN sx, Q2dRayAsx, Q2, $r d
is the nuclear parton density function in terms of
known nucleon parton structure functionsfayN sx, Q2d, the
nuclear thickness functionTAs $r d ­

R
dz nAs

p
z2 1 $r2 d,

and the unknown impact parameter dependent shad
ing functionRayAsx, Q2, $r d. The conventional kinemati
variablesxa,b are the incoming parton light cone mome
tum fractions,t̂ ­ 2spb 2 p1d2, and the finalc, c̄ have
rapiditiesy1, y2 and transverse momenta$p1' ­ 2 $p2' ;
$p'. Next-to-leading-order corrections to the lowest or
parton cross sectionsdŝabydt̂ are approximately take
into account by a constantK factor [20,21]. We use th
r
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FIG. 1. The dileptondNydMdy ratio curves (shadowed ove
unshadowed) at different masses obtained via Monte C
calculation are compared with the shadowing curves.
upper solid curve is Eskola [19] gluon shadowing forQ2 ­
10 GeV2, and the solid curve is fromHIJING [18]. The ratio
curves are plotted as a function of the scaling variable log10xA
from Eq. (4). The scaled dilepton ratios reflect closely the in
shadowing functions.
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recent MRSA [22] parton structure functions. From a
to low energy open charm production data inpp colli-
sions, we fixmc ­ 1.4 GeV,K ­ 3, Q2 ­ ŝy2 for gg !

cc and ŝ for qq ! cc. This choice of parameters lead
to a charm pair cross section of340 mb for pp colli-
sions at RHIC. For impact parameter averaged collisio
the integral over the transverse vector in Eq. (2) leads
a factorBARbyBsxb , Q2dRayAsxa, Q2dys

BA
in , wheres

BA
in is

the inelasticB 1 A cross section andRayAsxa, Q2d is the
impact parameter averaged shadowing function.

In order to compute theDD pair distribution, a
hadronization scheme forc ! D must be adopted. In
e1e2 ! cc ! DDX hadronization can be modele
via string fragmentation or fitted, for example, via th
Peterson fragmentation function (see [23]). The finalD
carries typically only a fraction,0.7 of the originalc mo-
mentum. However, inpp collisions charm hadronization
is complicated by the high density of partons produc
during beam jet fragmentation. In this system recom
nation or coalescence of the heavy quark with comov
partons provides another mechanism which in fact see
to be dominant at least at present energies. The inclus
pp ! DX data are best reproduced [3,24] with the de
function fragmentationDszd ­ ds1 2 zd in all observed
xf and moderatepT regions. This observation can b
understood in terms of a coalescence model if the c
lescence radius isPc , 400 MeV. We assume that hard
fragmentation continues to be the dominant mechani
at RHIC energies, and hence no additionalA dependent
effects due to hadronization arise. However, this assum
tion must be tested experimentally. Our main dynamic
assumption therefore is that thepp ! D transverse
momentum distributions can be accurately reproduc
from the QCD level rates assuming hard fragmentation
at present energies [24]. At RHIC this can be check
either via single inclusive leptons [2] or directly vi
Kp [25].

With this assumption, the impact parameter averag
DD pair distribution inp 1 A is given by

dNpA

dp2
'dy3dy4

­
KA

s
pA
in

E3E4

E1E2

X
b,a

xbfbyN sxb , Q2dxa

3 fayN sxa, Q2dRayAsxa, Q2d
dŝab

dt̂
. (3)

From this distribution of charmed mesons, we comput
the dilepton spectrum via Monte Carlo usingJETSET7.3

[26] to decay theDD.
While the lepton pair massM and rapidityy fluctuate

around a mean value for any fixedMcc and ycc, on the
averagek yl ø k yccl, andkMccl can be well approximated
by a linear relationkMccl ø bM 1 M0 over the lepton
pair mass range1 # M # 4 GeV. For the delta function
fragmentation case,b ø 1.5 and M0 ø 3.0 GeV are
determined by theD-meson decay kinematics.

Since gluon fusion dominates, there is an approxim
scaling in terms of the light cone fractionxA that one of
1223
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the gluon carries from nucleusA:

ln xA ­ 2ycc 1 lnsMccy
p

s d

ø 2y 1 lnfsbM 1 M0dy
p

s g . (4)

The ratio of the dileptondNydMdy spectra inpA to
scaledpp for different pair masses is thus expected
scale approximately as

RpA
emsssM, y ­ 2 ln xA 1 lnfsbM 1 M0dy

p
s gddd

;
1
n

dN
pA
em

dN
pp
em

ø RgyAsssxA, Q2 ø sbM 1 M0d2y2ddd , (5)

where n ; As
pp
in ys

pA
in , A1y3. In order to test gluon

dominance and the accuracy of the above approxim
scaling we compare in Fig. 1 the gluon shadowing fu
tion to the above dilepton ratio from the Monte Ca
calculation. The solid curves are the input gluon sh
owings as a function of the Bjorkenx. The other six
curves are ratios of dileptondNydMdy spectra of shad
owed p 1 Au over those from unshadowedp 1 Au as
given by Eq. (5) as a function of the scaling variablexA

for three different dilepton masses.
Overall, the scaled ratio of lepton pair spectra appro

mates the shadowing function remarkably well. We c
clude that this ratio can therefore serve to map out gl
shadowing in nuclei. Note that in the case of Eskola sh
owing, even theQ2 dependence of the shadowing fun
tion is visible through the rise of the ratio curves withM
in the smallx region.

Finally, it is important to estimate the dilepton bac
ground to see if the proposed signal is experiment
feasible. Therefore we also calculated the signal
background dileptons for the PHENIX detector [2] taki
into account the detector geometry and specific kinem
cal cuts. The electron background is mainly due top0

Dalitz and photon conversions. The background m
arises from random decays of charged pions and ka
The electrons fromp0 Dalitz decay can be suppressed
small angle cut on dielectrons [27], and the backgro
muons are mainly suppressed by reducing the free d
volume. For the detector geometry, the electron a
cover pseudorapidity range20.35 , he , 0.35, and
azimuthal angle range6s22.5±, 112.5±d. The muon arm
covers pseudorapidity range1.15 , hm , 2.44 and
almost full azimuthal angle. For the kinematical cut,
take Ee . 1 GeV, Em . 2 GeV, and require that th
relative azimuthal angle of the lepton pairf,1,2 . 90±

in order to improve the signal-to-background ratio.
For this background study, we use centralp 1 Au

collision with HIJING shadowing. We calculate theee,
em, and mm signals and backgrounds coming into t
detector, where the background electrons and muons
generated fromHIJING Monte Carlo calculation. We fin
(see Fig. 2) that the signal-to-background ratio foree is
very large; thus the dielectron signal from open cha
decay is the easiest to extract. That ratio falls to ab
2.5 for em, and about 1y4 for mm. The pair rapidity
1224
te
-

-

-
-
n
-

y
d

i-

n
s.

d
ay
s

re

t

FIG. 2. Charm signals and backgrounds coming into t
detector are plotted as a function of the lepton pair rapid
y. The solid curves are the signals from open charm decay
labeled CC signal. The label C refers to the lepton comi
from open charm decay, label D refers to the electron com
from Dalitz and photon conversion, and label R refers to t
muon coming from random decay of pions and kaons. In (
the dielectron backgrounds are the dashed curve DC and
dot-dashed curve DD; and both are scaled up by a factor
100. In (b), the opposite-signem backgrounds are the dotted
curve CR, the dashed curve DR, and the dot-dashed curve
In (c), the dimuon backgrounds are the dashed curve RR
the dot-dashed curve RC.

distributions of the signal and backgrounds for cent
p 1 Au collision are shown in Fig. 2. Because of th
detector geometry,ee, em, and mm spectra cover pair
rapidity regions centered at about 0, 1, and 2. (One c
also study Au1 p collision and measure pair rapidity
regions centered at21 and 22.) Like-sign subtraction
[28] should significantly reduce the noise, especia
in the mm channel. We conclude that the propose
measurement is feasible.

Further details of the calculations will be reported els
where [29]. For example, the Cronin effect and ener
loss are estimated to lead to distortions up to 10%
RHIC energies. From studies of the nuclear depende
of transverse momentum ofJyc production, the typical
increment,dp2

'sAd, due to multiple collisions is limited
to ,0.34 GeV2 even for the heaviest nuclei [30]. Thi
momentum spread is shared between thec and c, and
distributed approximately asgsdp'd ­ e2dp2

'yD2ypD2,
D2 , 0.17 GeV2. For energy loss, we assume th
the charm quark loses an energydE in the lab frame,
and the charm quarkp' is reduced bys1 2 ed, where
e ­ dEym' sinhsy 1 y0d. Combining these two effects
we may write for the charm quark that the final$p' ­
s $pini

' 1 $dp'd s1 2 ed. Therefore theD-meson spectrum
Fsp'd ; d2Nydm2

' becomes F0sp'd ­
R

Fspini
' d 3

gsdp'dd $dp'. TakingFsp'd ~ e2ap' , a . 1.3 GeV21

from HIJING, and expanding the convolution to lowes
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order, the relative change of theD-meson spectrum is
given by

F0sp'dyFsp'd . 1 2 ap'e 1 a2D2y4 .

This is also the relative change of thecc pair spectrum
when Mcc ­ 2m' in the case ofy1 ­ y2, p'1 ­ p'2.
For m' , 3 GeV, dE ­ 10 GeV, coshy0 . 100, the
relative change in the pair spectrum is estimated to
F0sp'dyFsp'd . 1 2 0.1se2y 2 1d.

In summary, we calculated the lepton pair spec
from open charm decay in two different shadowin
scenarios. By scaling the ratios for different mass ran
according to Eq. (5), we showed that the dilepton rapid
dependence of those ratios onxA reproduces well the
underlying gluon shadowing function defined in Eq. (1
Finally we showed that the measurements required
extract the gluon shadowing are experimentally feasi
at RHIC. The above analysis depends on the validity
our basic assumption regarding the hard fragmentation
charm quarks, and this can be checked explicitly via
single inclusive measurements ofD production.

We conclude by emphasizing the importance of det
mining gluon shadowing inp 1 A to fix theoretically the
initial conditions in A 1 A. In A 1 A the open charm
decay is regarded as an annoying large background
must be subtracted to uncover the thermal signal.
p 1 A that background becomes the signal needed to
termine the incident gluon flux inA 1 A. The continuum
charm dileptons inp 1 A at RHIC are likely to provide a
unique source of information on the lowxA nuclear gluon
structure at least until HERA is capable of accelerati
heavy nuclei.
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