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Measurements of dilepton production from charm decay and Drell-Yan processes, respectively, prob
gluon and sea quark distributions in hadronic collisions. In nucleus-nucleus collisions, these hard scat
processes constitute a ‘‘background’’ to thermal contributions from the hot matter produced by the collis
To determine the magnitude and behavior of this background, we calculate the hard scattering contribut
dilepton production in nuclear collisions at RHIC and LHC at next to leading order in perturbative QC
Invariant mass, rapidity, and transverse momentum distributions are presented. We compare these res
optimistic hydrodynamic estimates of the thermal dilepton production. We find that charm production f
hard scattering is by far the dominant contribution. Experiments therefore can measure the gluon distrib
in the nuclear target and projectile and, consequently, can provide new information on gluon shadowing
then illustrate how experimental cuts on the rapidity gap between the leptons can aid in reducing the c
background, thereby enhancing thermal information.@S0556-2813~96!01510-5#

PACS number~s!: 25.75.Dw, 12.38.Mh, 14.65.Dw, 24.85.1p
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I. INTRODUCTION

Dilepton production provides an important tool for mea
suring the temperature of the high density matter produced
the early stages of a relativistic heavy-ion collision~see@1#
and references therein!. To make use of this tool at ion col-
liders such as RHIC and LHC, we must understand ad
tional sources of dileptons from hard scattering and oth
nonequilibrium processes. In high energypp interactions,
the continuum in the dilepton mass range aboveM;2 GeV
is dominated by the Drell-Yan process and by semilepton
decays ofD and other charm mesons. These leptons are p
duced by hard scatterings, at scales exceedingM and
2mc;3 GeV, respectively, so that their production can b
addressed using perturbative QCD. In contrast, the low
mass region arises from soft processes, for which theory
fers little guidance. We therefore hope to find a signal
thermal dilepton production at massesM;223 GeV where
~i! the thermal contribution can still be sizable and~ii ! the
background is calculable.

In this paper, we compare the predictions of dilepton pr
duction from a simple thermal model with the hard ‘‘back
ground’’ from a heavy quark pairQQ̄, decays, and Drell-
Yan production at RHIC and LHC nucleus-nucleus collisio
energies,As5200 GeV and 5.5 TeV in the nucleon-nucleo
center of mass. Previously we compared the thermal dilep
and thermal charm rapidity distributions with Drell-Yan an
initial charm production@1# calculated at leading order~LO!.
Our new next-to-leading order~NLO! results, shown to agree
with pp andpp̄ data in@2,3#, no longer depend on arbitrary
phenomenological ‘‘K factors’’ ~often incorrectly taken to be
‘‘2’’ in the literature!. The remaining uncertainties in the
NLO perturbative approach are well defined and likely rath
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small @2#. Also new to this paper are calculations of the
invariant mass and transverse momentum distributions of th
lepton pairs. We use these distributions to illustrate how
thermal and hard dileptons can be distinguished in an expe
ment. In addition, we introduce the dilepton contribution
from B meson decays, and discuss the effects of nucle
shadowing on the initial production.

The invariant mass distributions of the calculated contri
butions to the dilepton continuum in central nucleus-nucleu
collisions at RHIC and LHC are given in Figs. 1 and 2,
respectively. We find that hard charm quark production an
decay dominates the continuum below theY mass. In par-
ticular, the charm signal is more than an order of magnitud
above the optimistic thermal dilepton and thermal charm
rates forM.2 GeV. This result implies that dilepton mea-
surements can be used to extract the lowx gluon density in
the nucleus~see also@4#!. On the other hand, the isolation of
thermal signals will not be straightforward.

Additional complications can arise from the fact that the
charm production cross section is large enough for multipl
DD̄ pairs to be produced in a single nucleus-nucleus coll
sion. Uncorrelated pairs form when a leptonl1 from one
DD̄ is randomly paired with al2 from anotherDD̄; the
correlated signal in Figs. 1 and 2 includes only dilepton
from DD̄ pairs in which both quarks decay to leptons. In
central Au1Au collisions at RHIC, up to 67 uncorrelated
pairs may be produced while at the LHC, over 3000 uncor
related pairs will contribute to the raw continuum from
Pb1Pb collisions. Uncorrelated charm does not affect th
measurement of parton densities, but it further complicate
the task of extracting thermal information. Ideally the uncor
related pairs can be removed by a like-sign subtraction, lea
ing only the pairs shown in Figs. 1 and 2. Whether this
2606 © 1996 The American Physical Society
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54 2607LEPTON PRODUCTION FROM CHARM DECAY IN . . .
subtraction can hold at the accuracy needed to extract
mal signals is another matter.

To enhance the thermal signal in an experiment, one
choose to count only those lepton pairs that have a s
separation in rapidity. As observed by Fischer and Ge
dilepton pairs from charm decays typically occur with a la
rapidity gap@5#. No such gap is present in Drell-Yan pai
or—importantly—in thermal pairs. Together with like-sig
subtraction, we expect that rapidity gap cuts can essent
remove the uncorrelated charm contamination and gre
suppress the correlated charm background. Indeed, the
acceptance of a real detector can serve a similar purpose
show that the acceptance window of PHENIX/RHIC a
ALICE/LHC can enhance the signal from thermal charm
cays to the point of measurability by rejecting pairs w
large gaps.

FIG. 1. The lepton pair mass distributions are given
As5200 GeV central Au1Au collisions at RHIC. The contribu
tions are: Drell-Yan~dashed! and thermal dilepton~dot-dashed-
dashed! production and thermalDD̄ decays~dotted!, as well as
initial correlated~dot-dashed! DD̄ andBB̄ ~dot-dot-dashed! produc-
tion and decay. Note that lepton pairs from uncorrelated in
DD̄ decays~as well as uncorrelated thermalDD̄ decays at the
LHC! have not been included here but are a very large contribu
to the continuum.

FIG. 2. The same as Fig. 1 forAs55.5 TeV central Pb1Pb
collisions at LHC.
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This paper is organized as follows: In Sec. II, we discus
in detail Drell-Yan,DD̄, andBB̄ production inpp interac-
tions and comment on how these results may be modified
nuclear shadowing. In Sec. III, we show the results for the
mal dilepton and thermalDD̄ pair production at RHIC and
LHC, assuming the most optimistic scenario for the initia
conditions to maximize the thermal rate. We compare th
initial hard production of dileptons to the thermal model re
sults in Sec. IV. We discuss the effects of realistic detect
geometries on the dilepton spectra at RHIC and LHC an
draw our conclusions.

II. DILEPTON PRODUCTION
FROM INITIAL INTERACTIONS

Perturbative QCD calculations of Drell-Yan and heav
quark production at leading order have long been availab
The LO calculations differed from the experimental mea
surements by aK factor (K5sexpt/s theory) of 2–3 for charm
production and 1.5–2 for Drell-Yan production. This differ
ence suggested that higher order corrections to the prod
tion cross sections were important. Additionally, while mul
tiplying the leading order cross section by aK factor
describes the single-inclusive quark distributions as well
the mass and rapidity distributions of Drell-Yan andQQ̄
pairs, the pairpT distributions for both processes are trivia
at leading order since the pairs are produced back to ba
Therefore next-to-leading order calculations are necessary
fully describe hard dilepton production.

In our previous work@1# we used the LO cross sections
Since then, a NLO treatment ofQQ̄ production has been
made available@6#. A NLO treatment of the Drell-YanpT
distribution is also now available@2,7#. With the NLO de-
scription of the perturbative cross sections, we also use NL
evaluations of the parton densities. Our results are obtain
using the MRS D28 @8# parton densities,1 compatible with
the low x data from HERA@10#. The MRS D28 sea quark
and gluon distributions grow}x21/2 at the initial scale,
Q0
255 GeV2, whenx→0. Using recent parton distribution

functions that agree with the HERA data produces a substa
tial increase over our previous results@1#, obtained with ob-
solete leading order parton distributions that become co
stant atQ0

2 asx→0. Observe that older parton distributions
such as@11# substantially underestimate the initial Drell-Yan
andQQ̄ production at heavy-ion colliders.

We remark that updated versions of the MRS distribution
are available, including MRS G@12# which has a slower low
x growth than MRS D28. While small, the changes from
D28 to G affect our charm results most strongly. Compare
to D28, we find that charm rates from G are 5% larger a
RHIC and 20% smaller at LHC. No doubt, these numbe
will continue to improve at that level as more data are an
lyzed, both from HERA and from Fermilab@13#.

While the NLO evolution generally improves the agree
ment between the theory and the data, additional uncerta
ties are introduced, including dependence on scale a

1All available parton distribution functions are contained in th
packagePDFLIB @9#, available in the CERN library routines.

for
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scheme. At fixed order in perturbation theory, the calcu
tions depend on the renormalization scale and the factor
tion scale as well as the regularization scheme (MS or DIS!.
The hard scattering matrix elements and the definition of
parton densities for each process are specified by the r
larization scheme. In this paper, we have used theMS
scheme. The renormalization scale enters into the strong
pling constant,as , and the partonic cross sections while th
parton distributions are evaluated at the factorization sc
The precise relationship between these scales and the
mentum transfer,Q, is not uniquely defined. However, sinc
the parton densities are analyzed assuming that they
equivalent, we also assume this. If the perturbative exp
sion converges, further higher order corrections are sma
large enough values of the scalem. For such scales the
physical cross section should become independent of
scale and scheme when calculated at higher and highe
ders. If them dependence is strong, the perturbative calcu
tion at that order is unreliable and further higher order c
rections are necessary@14#. The rates from the initial hard
scatterings are rather sensitive to the scale and scheme i
moderate mass andpT regime relevant to heavy-ion exper
ments.

Another uncertainty in our results involves the nucle
dependence of hard processes. When the charged parton
tributions are probed in deep-inelastic scattering with
nuclear target and compared to a deuterium target, the r
RF2

5F2
A/F2

D has a characteristic shape as a function ofx. A

depletion in the nucleus is observed at lowx, the shadowing
region, and intermediatex, the EMC region. Shadowing oc
curs in the region belowx;0.1 while the EMC region refers
to 0.3,x,0.7. Between the shadowing and EMC region
RF2

.1, referred to as antishadowing. Although the origin
this behavior is not well understood, it is postulated to
either an interplay of coherent and incoherent multiple sc
terings in the target or a modification of the parton densit
in nuclear matter. In any case, the effect can be mode
phenomenologically by a parametrization to fit the nucle
la-
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deep-inelastic scattering data and implemented by a mo
cation of the parton distributions in the nucleus. In the A
pendix, we choose two different parametrizations of t
nuclear parton densities to illustrate the effect inAA colli-
sions at RHIC and LHC. The first is a general fit to the mo
recent nuclear target data@15# that does not differentiate be
tween quark, antiquark, and gluon modifications and d
not include evolution inQ2. The second modifies the valenc
and sea quark and gluon distributions separately and inclu
Q2 evolution @16# but is based on a fit to somewhat old
data using obsolete parton densities. We find that at RH
energies the charm and Drell-Yan yields may be redu
40–50 % while the bottom yield is changed by'10%. At
the LHC, all the yields are reduced 50–60 %. The resu
depend on thex region probed and, in the case of the seco
parametrization, the scaleQ2.

A. Drell-Yan production

A detailed discussion of Drell-Yan production in high e
ergyNN collisions can be found in Ref.@2#. We repeat some
of the pertinent points here. At leading order, Drell-Yan pa
are produced byqq̄ annihilation into a virtual photon which
decays to a lepton pair,qq̄→g!→ l1l2. The production
cross section for lepton pairs with invariant mass,M , and
rapidity y, summed over quark flavorf is

M2
dsDY

dydM2 5ŝ0t(
f
ef
2@qf~x1 ,m!q̄f~x2 ,m!1~1→2!#,

~1!

whereŝ054pa2/9M2 is the LOqq̄ annihilation cross sec
tion, t5M2/s, m is the scale, andx1,25Ate6y are the pro-
jectile and target momentum fractions at which the par
densities are evaluated. Fory.0, x1 increases with rapidity
while x2 decreases. At NLO, the Compton and annihilati
processesqg→qg! andqq̄→gg! contribute in addition to
vertex corrections to the LO cross section so that Eq.~1! is
replaced with
M2
ds

dydM2 5ŝ0tE
0

1

dx1dx2dzd~x1x2z2t!dFy2
1

2
lnS x1x2D G H F(f ef

2@qf~x1 ,m!q̄f~x2 ,m!1~1→2!#G
3Fd~12z!1

as~m!

2p
f q~z!G1F(

f
ef
2@g~x1 ,m!@qf~x2 ,m!1q̄f~x2 ,m!#1~1→2!#GFas~m!

2p
f g~z!G J . ~2!
-
igh

he
side
rk,
b-

s

for
Note that going to NLO requires a redefinition ofx1 and
x2 since the unobserved parton contributes to the total m
mentum in the final state. The correction termsf q and f g are
regularization scheme dependent. The scale and schem
pendences are not large forM.4 GeV. We will only con-
sider Drell-Yan production forM>2 GeV since below this
value the perturbative calculation becomes unreliable. T
mass and rapidity distributions were calculated using a p
gram provided by Rijken and van Neerven@17#. The cross
section grows with rapidity until the kinematic limit is ap
proached becausex2q̄(x2 ,m) increases andx1q(x1 ,m) de-
o-

e de-

he
ro-

-

creases with increasingy. As previously discussed, the par
ton density dependence is enhanced for low masses and h
rapidities atAs55.5 TeV even though the rapidity-integrated
results do not depend strongly on the parton densities. T
strongest dependence on the parton densities occurs out
the x range of current measurements. In our previous wo
the variation with rapidity was weaker because we used o
solete parton distributions wherexq̄(x→0,Q0

2)→const.
The pT dependence is trivial at LO—the lepton pair ha

pT50 if no intrinsic partonpT is included. Some of the
Drell-Yan pair transverse momentum can be accounted
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by introducing a soft intrinsic pT distribution with
^pT&;0.3 GeV. However, this is too small to account for th
measuredpT distributions with ^pT&;1 GeV at M510
GeV. At NLO, the pair acquires transverse momentu
through recoil of the virtual photon with the final-state pa
ton. Here thepT dependence can be calculated perturbative
and is well behaved forpT;M . However, at lowpT , the
perturbative expansion parameter,asln

2(M2/pT
2), becomes

large and the expansion breaks down, making it necessar
resum the perturbation series. The resulting cross section

M2
ds resum

dpT
2dydM2 5pŝ0teq

2E d2b

~2p!2
eib–pTW~b!, ~3!

where a Fourier transformation is made to impact parame
space and the form factor,W(b), effectively sums the lead-
ing and subleading logarithms. ThepT distributions have
been calculated using a code developed by Arnold a
Kauffman for pp̄→W,Z @7# and extended to Drell-Yan in
pp collisions in@2#. This code includes a method of interpo
lating between the low and highpT behavior.

The number of Drell-Yan pairs of massM produced in
central nucleus-nucleus collisions,

dNDY

dM
5TAB~0!

dsDY

dM
, ~4!

is always small in the range where the perturbative calcu
tion is expected to be applicable, i.e.,M.2 GeV. However,
only a calculation of the mass-integrated cross section c
reveal whether or not theAB rate is large enough for false
Drell-Yan pair production to be a problem. Since such
calculation is not possible over all masses, experimen
techniques must be used to ensure that these uncorrel
Drell-Yan pairs do not contaminate the spectrum. For e
ample, apT cutoff should reduce the probability of false hig
mass Drell-Yan pairs arising from low mass pairs with larg
rapidity separation. Additionally, a study of the angular di
tribution would also reduce any uncorrelated Drell-Ya
pairs. The number of lepton pairs in central Au1Au colli-
sions atM52, 4, and 6 GeV are given in Table I for RHIC
and in Table II for central Pb1Pb collisions at the LHC.
They are significantly larger than in our previous work@1#

TABLE I. Number of lepton pairs per event from each of ou
sources in central Au1Au collisions at RHIC.

Nll

Source Mll52 GeV Mll54 GeV Mll56 GeV

DD̄uncorr 1.9431021 4.531022 1.6731022

DD̄corr 2.3131022 2.1031023 3.1031024

BB̄ 1.3831024 6.8531025 2.5231025

DY 5.2931024 3.8631025 8.0631026

l1l th
2 9.0731024 7.631026 1.431027

DD̄ th 9.2931024 5.1831026 2
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due to the different smallx behavior of the parton densities.
The average mass andpT of the Drell-Yan pairs~with
M.2 GeV! produced at RHIC and LHC energies are show
in Table III.

B. Heavy quark production and decay

At RHIC and LHC energies, heavy quark production wil
be substantial. We consider both charm and bottom produ
tion and fragmentation into heavy mesons which subs
quently decay to lepton pairs. The double differential heav
meson pair production cross section at LO is@18,19#

EHEH̄

dsHH̄

d3pHd
3pH̄

5E ŝ

2p

dx1
x1

dx2
x2

dzHdzH̄C~x1 ,x2!
EHEH̄

EQEQ̄

3
DQ/H~zH!DQ̄/H̄~z!

zH
3 z

H̄

3

3d4~p11p22pQ2pQ̄!, ~5!

where H(Qq̄)H̄(Q̄q) is the heavy meson pair,DD̄ for
Q5c and BB̄ for Q5b. The fragmentation function,
DQ/H(z), describes the hadronization of the heavy quark
wherez5pH /pQ is the fractional momentum of the heavy
quark carried by the hadron. Charm hadroproduction at lo
pT is best described by the assumption that the charm
quark experiences no momentum loss during hadronizatio
i.e., DQ/H(z)5d(12z) @18#, resulting in a shift between
yQ andyH due to the quark and meson mass difference. A
LO heavy quarks are produced by gluon fusion,gg→QQ̄,
and quark-antiquark annihilation,qq̄→QQ̄. To LO, the con-
volution functionC(x1 ,x2) is

C~x1 ,x2!5(
f

@x1qf~x1 ,m!x2q̄f~x2 ,m!

1x1q̄f~x1 ,m!x2qf~x2 ,m!#
dŝ~x1 ,x2 ,m!

dt̂
U
q q̄

1x1g~x1 ,m!x2g~x2 ,m!
dŝ~x1 ,x2 ,m!

dt̂
U
gg

, ~6!

wheredŝ/dt̂ can be found in, e.g.,@3,14#.

r TABLE II. Number of lepton pairs per event from each of our
sources in central Pb1Pb collisions at LHC.

Nll

Source Mll52 GeV Mll54 GeV Mll56 GeV

DD̄uncorr 4.803102 1.903102 1.073102

DD̄corr 1.403100 1.6931021 2.9531022

BB̄ 2.0531022 1.1531022 4.9831023

DY 6.9031023 7.8331024 2.0631024

l1l th
2 1.4331022 4.6831024 3.2631025

DD̄ th, corr 4.831022 1.0231023 3.5731025

DD̄ th, uncorr 1.423100 4.3231021 2.0331021
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The NLO, orderas
3 corrections toQQ̄ production have

been calculated for the total cross section@20#, single-
inclusive quark distributions@21,22#, and exclusiveQQ̄ pair
distributions@6#. In addition to real and virtual corrections t
the LO processes, quark-gluon scattering,q(q̄)g→QQ̄q(q̄)
is also included.2 The total partonic cross section,ŝ i j , can
be expressed as

ŝ i j ~x1x2s,mQ ,m!5
as
2~m!

mQ
2 H f i j0 ~r!1

as~m!

4p
@ f i j

1 ~r!

1 f̄ i j
1 ~r!ln~m2/mQ

2 !#1O~as
2!J ,

~7!

where r54mQ
2 /x1x2s and f qg

0 50. The double differential
meson pair production cross section to NLO is then

EHEH̄

dsHH̄

d3pHd
3pH̄

5(
i , j

E dx1dx2dzHdzH̄

3
EHEH̄

EQEQ̄

DQ/H~zH!DQ̄/H̄~zH̄!

zH
3 z

H̄

3

3FEQEQ̄

dŝ i j ~x1x2s,mQ ,m!

d3pHd
3pH̄

G
3qi~x1 ,m!qj~x2 ,m!, ~8!

whereqi andqj are the quark, antiquark, and gluon densitie
appropriately defined in the particular scheme. The sum r
over gg fusion, qq̄ annihilation, andq(q̄)g scattering. The
NLO corrections become large whenmQ /As!1 since gluon
exchange dominates the asymptotic behavior. However,
perturbative expansion may still be valid if further high
order corrections are small.

The cc̄ total cross section at NLO,scc̄
tot , has been com-

pared withpp andpA data atAs<63 GeV @23,24#, assum-
ing a linear nuclear dependence@25–27#, to fixmc andm and
provide an extrapolation to collider energies@3#. Reasonable
agreement with the data was found formc51.2 GeV and
m52mc for MRS D28, leading tosc c̄

tot5344mb at RHIC
and 17.7 mb at the LHC. We usemb5m54.75 GeV to cal-
culatebb̄ production, findings

b b̄

tot
51.5mb at RHIC and 224

mb at the LHC. Thecc̄ cross sections are larger than earli
estimates@1# because of the lowx behavior of the gluon
distributions.3 However, the theoretical K factor,
s
QQ̄

NLO
/s

QQ̄

LO
;223, is rather large, particularly forcc̄, sug-

2This process has been interpreted at LO as the scattering
heavy quark excited from the nucleon sea with a light quark
gluon, e.g.,gQ→gQ, and is referred to as flavor excitation@14,20#.
However, for moderatepT , flavor excitation is suppressed at LO
due to the small heavy quark parton density near threshold.
3Choosing another parton density with a lower initial scale b

similar smallx behavior@28# leads to a somewhat smaller char
cross section at LHC,scc̄

tot
56.7 mb while thecc̄ cross section at

RHIC is 351mb, nearly independent of the choice of parton den
ties @3#.
s,
ns

the
r

r

gesting that the perturbative expansion is unreliable fo
mQ /As!1. For details of the calculation and the theoretica
uncertainties, see@3,29#.

It was recently shown that whenm}mT , the theoretical
K factor is nearly constant for distributions that are nontrivia
at LO @29#.4 Therefore, the NLO calculation is essential only
for the pairpT and azimuthal distributions. We calculate the
meson pair invariant mass distributions and the double d
ferential rapidity and rapidity gap,yg5yH2yH̄ , distribu-
tions dsHH̄ /dydM and dsHH̄ /dygdM at LO assuming
DQ/H(z)5d(12z) and checked that our results agreed wit
the LO results from the program of Nason and collaborato
@6#. The rapidity gap is needed for acceptance studies sin
the mesons decay independently. The total cross section a
QQ̄ pair pT distributions are calculated at NLO using the
same program@6#. We note that, so far, no resummation o
the QQ̄ pT distribution has been performed for lowpT ,
analogous to Drell-Yan production~see Eq.~3! and @2,7#!.
Therefore, we have only shown theQQ̄ pT distribution
where the calculation may be considered to be reliable. T
QQ̄ andHH̄ pT distributions are assumed to be equal, in
keeping with the trivial fragmentation function used for the
longitudinal momentum distribution@18#. At largepT , this is
no longer a good approximation. However, in the lowpT
region, of interest in heavy-ion collisions, this assumptio
should be reasonable. We assume no intrinsic light part
pT in the parton densities and integrate overx1 andx2 using
four-momentum conservation. The triple differential cros
section, Eq.~5! is then

dsHH̄

dydygdM
2 5

sNLO

sLO
E dpT,Q

2 dzHdzH̄dyHdyH̄C~x1 ,x2!

3
EHEH̄

EQEQ̄

DQ/H~zH!DQ̄/H̄~zH̄!

zHzH̄

3d@y2~yH1yH̄!/2#d@M22~pH1pH̄!2#

3d~yg2yH1yH̄!, ~9!

f a
or

ut

i-

4Reference@30# reaches a different conclusion withm}mQ .
However, this choice introduces large logarithms forpT>mQ ,
making the calculation unstable.

TABLE III. Average lepton pair mass~for Mll.2 GeV! and
transverse momentum at RHIC and LHC. For the Drell-Yan an
thermal lepton pairs, the averagepT’s are calculated forMll.2
GeV only while all the averagepT’s from heavy quark decays are
for all masses.

As 200 GeV 5.5 TeV

Source ^Mll &
~GeV!

^pT,l l &
~GeV!

^Mll &
~GeV!

^pT,l l &
~GeV!

DD̄uncorr 3.73 0.84 4.57 1.00

DD̄corr 2.41 0.77 3.03 0.84

BB̄ 3.95 1.91 4.20 2.05

DY 2.45 1.68 2.68 2.45
l1l th

2 2.44 1.06 2.61 1.26

DD̄ th, corr 2.39 0.85 2.52 0.98

DD̄ th, uncorr - - 2.28 0.97
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54 2611LEPTON PRODUCTION FROM CHARM DECAY IN . . .
wheresNLO /sLO is the theoreticalK factor. The definition
of the pair rapidity, y5(yH1yH̄)/2, holds when
pT,Q5pT,Q̄ which is true when the initial partonpT is ne-
glected. The meson pair rapidity distributions are somew
narrower than the corresponding quark pair distributions d
to the quark and mason mass differences.

If the average number ofHH̄ pairs,

NHH̄5TAB~0!sHH̄ , ~10!

produced in central collisions is small,NHH̄!1, the lepton
pairs will be correlated withNll

corr5NHH̄BR
2(H/H̄→ l6X).

However, ifNHH̄.1, opposite sign lepton pairs from unco
relatedHH̄ pair decays need to be taken into account. Wh
NHH̄@1, the average number of uncorrelated lepton pair
Nll
uncorr5NHH̄(NHH̄21)BR

2(HH̄→ l6X). If NHH̄'1, a distri-
bution inNHH̄ must be considered to calculate the uncor
lated pairs.

The cc̄ production cross sections are large enough
lepton pair production from uncorrelatedDD̄ decays to be
substantial in nuclear collisions, particularly at the LH
Given our values ofscc̄

tot and assuming that allcc̄ pairs pro-

duce final-stateDD̄ pairs, we findNDD̄;8.7 at RHIC and
NDD̄;450 at the LHC.5 Up to 3100 uncorrelated pairs can b
formed among theBR(D→ l1X)NDD̄;55l1 and l2 leptons
from the charm decays in central Pb1Pb collisions at the
LHC.

Lepton pairs fromDD̄ andBB̄ decays have been obtaine
using a Monte Carlo code based onD decays measured b
Mark-III @32# andB decays observed with CLEO@33#. Op-
posite sign lepton pairs can be produced from a singleB
decay by the chainB→D̄l1X, D̄→ l2X. Our calculation as-
sumes that the lepton pairs result from the decay of the in
B andB̄. Note that the CLEO analysis@33# assumes that the
measured leptons are from the decays of the initialB’s rather
than from secondary decays. However, ifBB̄ production is
significant, the secondary decays in the chain could ad
component to the low mass background. The inclus
branching ratio forD meson decay to leptons, averaged ov
charged and neutralD ’s, is BR(D

0/D1→ l1X);12% @34#.
The corresponding branching ratio forB mesons of unspeci-
fied charge isBR(B→ l1X);12%@34#. The momentum vec-
tors of each meson are computed in theHH̄ pair rest frame
using the rapidity gap distribution,dN/dygdM, to separate
the mesons. The rapidity gap increases withM so that
dN/dygdM has a minimum atyg50 since for fixed mass,

5The cc̄ production rate at LHC is compatible with an earlie
estimate using the parton cascade model@31# where;400cc̄ pairs
are produced atAs56.3 TeV. However, our RHIC rate is consid
erably smaller than the 60cc̄ pairs predicted by the parton cascad
The discrepancy cannot be fully accounted for within the theoret
uncertainties. In fact, if we use the same parton densities as in
parton cascade model with the same charmed quark mass and
our production rate drops by a factor of 2 at the LHC but is u
changed at RHIC energies@3#. Therefore, initialcc̄ production can-
not be the only important source of charm in the parton casc
model.
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2(11coshyg), small yg corresponds to largepT .

However, the mass integrated rapidity gap distribution, do
not have a minimum atyg50. The decays are calculated in
the meson rest frame according to the measured lepton m
mentum distributions@32,33# and boosted back to the
nucleon-nucleon center of mass frame where the lepton p
quantities are computed. To account for uncorrelated lept
pair production in the Monte Carlo code, twoHH̄ pairs are
generated and theH from the first pair is decayed with the
H̄ from the second.

The number of lepton pairs from heavy quark decays
M52, 4, and 6 GeV are given in Table I for central Au1Au
collisions at RHIC and in Table II for central Pb1Pb colli-
sions at the LHC. Note that in obtaining the number of pair
from our Monte Carlo simulation, we average over mass bin
of width 400 MeV. The average mass andpT of the decay
pairs produced at RHIC and LHC energies are shown
Table III. The dileptons resulting from uncorrelatedDD̄
pairs have larger masses since the rapidity gap between
uncorrelated mesons is larger on average than between
correlated pairs. In fact the average mass of lepton pairs fro
uncorrelatedDD̄ decays is 30% larger than that of the cor
related pairs at LHC. The average rapidity of the lepton pai
from uncorrelatedDD̄ decays is smaller than from correlated
decays at the LHC whereas the averagepT is somewhat
larger for the uncorrelated pairs. UncorrelatedBB̄ decays
have not been considered here but should produce only
relatively small enhancement at LHC forM,10 GeV. In
general, the average lepton pairpT increases with dilepton
mass while the average lepton pair rapidity decreases w
mass.

III. DILEPTON PRODUCTION BY THERMAL PROCESSES

We now calculate the rates of thermal lepton pair produ
tion, both directly from thermalqq̄ annihilation and from the
decays ofDD̄ pairs produced thermally. We expect that the
longitudinal expansion approximately follows the scaling
law, vz5z/t, at RHIC and LHC until large rapidities where
particle densities become small and pressure gradients ca
scaling violations. Numerical calculations@35,36# give sup-
port for a picture where these deviations are small up to th
fragmentation regions, therefore we neglect them here.

With the scaling ansatz for the longitudinal velocity we
can relate the initial density and initial time to the final mul
tiplicity distribution of hadrons bynit i5(dN/dh)/(pRA

2).
The temperature is therefore a function ofh, Ti[Ti(h),
where we can identify the fluid and particle rapidities sinc
the overall rapidity distribution is much broader than th
thermal distribution at freezeout. We parametrize the mult
plicity distribution in the form

dN

dh
5S dNdh D

0

exp~2h2/2s2!, ~11!

where (dN/dh)0 is the total multiplicity ath50 ands mea-
sures the width of the hadron rapidity distribution. As before
@1# we assume the following initial conditions: at RHIC en-
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ergies,uhu<6 and we choose (dN/dh)052000 while for the
LHC uhu<8 and we take (dN/dh)055000. The width is
estimated from the total energy of the final particles. We fi
s;3 at RHIC and at LHC,s;5. These rapidity densities,
while somewhat high, are consistent with the~optimistic!
high initial temperatures taken here, as well as with part
cascade model calculations@31#. Like the scaling properties
of the longitudinal velocity, the Gaussian form of the mult
plicity distribution must break down at rapidities close to th
phase space limit. There, however, the densities become
small for thermal production to be important.

A. Thermal dileptons

In the quark-gluon plasma, lepton pairs are expected to
produced by the annihilation processqq̄→g!→ l1l2, simi-
lar to Drell-Yan production in the initial nucleon-nucleon
interactions. However, in the plasma, the nuclear quark d
tributions are replaced by thermal distributions. Neglecti
nd

on

i-
e
too

be

is-
ng

the transverse flow the dilepton emission rate is then@37,38#

dN

d4xd2pTdydM
2 5

a2

8p4Fexp$2@mTcosh~y2h!/T#%,

~12!

whereT is the temperature andh is the rapidity of the me-
dium. In a plasma,FQ5(eq

2 while in an equilibrium hadron
gas, assumingpp→r→ l1l2 is the dominant channel,
FH5 1

12mr
4/@(mr

22M2)21mr
2Gr

2#. The mixed phase has a
fractional contribution from each with FM
5 f 0(r21)$ f 0FQ1@(r22) f 012#FH%.

In addition to pp→r→ l1l2 other hadronic processes
contribute to the dilepton rate. In the region above ther
mass they dominate@39# over ther contribution which is cut
off by the form factor. The assumption that vector mesons
saturate thee1e2→hadrons cross section indicates that at
the phase transition temperature the dilepton rate in the had
ron gas could be very similar to that from the quark-gluon
plasma@40#. Neglecting these contributions underestimates
the hadronic emission in the mass range between ther and
J/c mesons.

The rapidity distribution for a given dilepton mass is
dN

dMdy
5

a2

2p3pRA
2 H u~si2sQ!

3FQ

M3 E
2Y

Y dh~t iTi
3!2

cosh6~h2y!
P1~x!e2xUxcxi 1u~si2sH!M3

tm
2

2
FME

2Y

Y

dhS 1xc 1
1

xc
2D e2xc

1u~si2sdec!
3FH

M3 E
2Y

Y dh~tHTH
3 !2

cosh6~h2y!
P1~x!e2xUxdecxH J , ~13!

whereP1(x)5x415x3115x2130x130, x5Mcosh(h2y)/T, si is the initial entropy density andsQ andsH are the entropy
densities of the plasma and the hadron gas at the transition temperatureTc . The invariant mass distribution is obtained by
integrating Eq.~13! over the rapidity interval2Y<y<Y. Likewise the transverse momentum distribution for massM is

dN

dMdpT
5

a2

2p3pRA
2MpTH u~si2sQ!3FQE

2Y

Y dhdy~t iTi
3!2

mT
6cosh6~h2y!

P2~z!e2zUzczi 1u~si2sH!
tm
2

2
FME

2Y

Y

dh dye2mTcosh~h2y!/T

1u~si2sdec!3FHE
2Y

Y dh dy~tHTH
3 !2

mT
6cosh6~h2y!

P2~z!e2zUzdeczH J , ~14!
where P2(z)5z515z4120z3160z21120z1120 and
z5mTcosh(h2y)/T.

As defaults, we assume a three-flavor plasma and a h
ron gas of massless pions withTc5200 MeV and
Tdec5140 MeV. Then

si5H 4gk

p2

90
Ti
3 , si.sQ or si,sH ,

f 0sQ1~12 f 0!sH , sH,si,sQ ,

wheregk is the number of degrees of freedom withgH53
and gQ516121nf /2 and ni5si /3.6. The beginning of the
mixed phase occurs at
ad-
tm5H t i~Ti /Tc!

3, Ti.Tc ,

1 fm, Ti5Tc .

The initial plasma content of the mixed phase is

f 05H 1, Ti.Tc ,

~si2sH!/~sQ2sH!, Ti5Tc ,

0, Ti,Tc .

The beginning of the hadron phase is then

tH5H tmr , Ti>Tc ,

1 fm, Ti,Tc ,
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54 2613LEPTON PRODUCTION FROM CHARM DECAY IN . . .
wherer5sQ /sH5gQ /gH . There is no thermal contribution
if Ti,Tdec.

In our previous work, we used three different hypothes
to fix Ti andt i @1#. Since here we wish to determine if any
plasma contribution is observable at all, we focus on th
highest temperature scenario,t i(3Ti).\c, yielding
Ti ,max;515 at RHIC and 810 MeV at the LHC, similar to the
results of Ref.@41#. The corresponding initial times are
t i; 0.2 fm and 0.08 fm, respectively. Thermalization at suc
early times is a bold assumption, if taken literally. Followin
McLerran, Kapusta, and Srivastava@41#, we employ it to
schematically characterize preequilibrium pair productio
@42,43#. For our choice of initial conditions, plasma produc
tion dominates the thermal distributions over all observab
phase space. However, other initial conditions with lowe
initial temperatures result in a much smaller thermal yield fo
M>2 GeV. For example, if we choose insteadTc5150
MeV andTdec5100 MeV, as recent lattice calculations with
quarks indicate@44#, then the hadron gas contribution is con
siderably reduced. Since we have assumed a high initial te
perature and study pairs withM>2 GeV only, the hadron
contribution is a small fraction of the yield. AtM52 GeV,
the yield is reduced by;30% with Tc5150 MeV while
higher masses are virtually unaffected. Reducing (dN/dh)0
would reduceTi , increasing the relative importance of the
hadronic contribution and decreasing the plasma yield. A
ditionally, recent analyses of the initial conditions@45,46#
suggest that the quark density is too low for the quarks to
in chemical equilibrium. Therefore, even if the initial tem
perature is high, the dilepton yield would be significantl
reduced because of the low quark density.

We neglect the transverse expansion and describe
matter in the longitudinal direction only. Transverse expa
sion mainly affects the later part of the mixed phase and t
hadron gas phase@47,48#. If it is included, the contribution
from the hadron gas phase is negligible forM>2 GeV ex-
cept at large rapidities where the initial density is too low t
produce a plasma. Therefore a full three-dimensional hydr
dynamic calculation would give a narrower thermal pair ra
pidity distribution than our longitudinal scaling approxima
tion.

We have so far discussed the properties of the lept
pairs. However, once acceptance questions are addresse
is necessary to track each lepton separately. The space-t
integration remains the same, but now we write more gen
ally

E
dN

d4xd3pdygdM
2 5E d3k1

Ek1

d3k2
Ek2

d3p1
Ep1

d3p2
Ep2

f ~k1! f ~k2!

3
36uMu2

16~2p!8
d4~k11k22p12p2!

3d@M22~p11p2!
2#

3d~yg2yp11yp2!

3d~pW 2pW 12pW 2!, ~15!

wherek1 and k2 are the incoming quark and antiquark,p1
and p2 are the outgoing leptons, andf (k) is the thermal
es
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~Boltzmann! distribution of the initial partons. Note that if
the rapidity gap is integrated over, Eq.~15! reduces to Eq.
~12!. The number of thermal lepton pairs withM52, 4, and
6 GeV are given in Tables I and II for central collisions a
RHIC and LHC. The rapidity gap distribution,dN/dygdM
does not increase withyg at fixedM as it does for the initial
QQ̄ production because the thermal partons are not align
along a particular direction. However, the averagepT and
rapidity of the thermal distributions follows the trend of th
heavy quark decays:^pT& increases with mass whilêy& de-
creases. The average thermal pair mass andpT are shown in
Table III for M.2 GeV at RHIC and LHC.

B. Thermal charm

With a large initial temperature in the most optimistic
scenario,Ti ,max;(1/321/2)mc , significant thermal charm
production may be expected, as previously sugges
@49,50#. The thermalcc̄ production rate can be found by
making the replacement

36uMq q̄→ l l u2→gquMq q̄→c c̄u21gguMgg→c c̄u2, ~16!

in Eq. ~15! where nowp1 and p2 are the four-momenta of
the charm quarks and the quark and gluon degeneracy fac
are gq533(233)2 for three quark flavors and
gg5(238)2/2 ~the factor of 1/2 is needed to prevent doubl
counting! @50#. The matrix elements are given in@51#. We
usemc51.2 GeV to be consistent with the initialcc̄ produc-
tion calculations and include only plasma production.6 The
fragmentation of the charmed quarks intoDD̄ pairs has also
been incorporated, as in Eq.~5!. We find approximately one
thermalDD̄ pair at RHIC and 23 pairs in Pb1Pb collisions
at LHC. These results are essentially in agreement with tho
of the ideal thermal case discussed in@52,53#. The rate is
high enough at the LHC for'500 lepton pairs to be pro-
duced from uncorrelated decays. Again, an ideal backgrou
subtraction should remove the uncorrelated pairs.

The number of thermal lepton pairs withM52, 4, and 6
GeV are given in Tables I and II for central collisions a
RHIC and LHC. As before, the number of pairs at each ma
is averaged over mass bins of width 400 MeV. The avera
DD̄ pair mass andpT are somewhat larger than the corre
spondingcc̄ averages. TheDD̄ pair mass is 1.5 GeV larger
while ^pT& is 400 MeV larger at RHIC and 600 MeV larger
at LHC. These increases deplete high rapidityDD̄ pairs with
respect tocc̄ production. The rapidity gap is also decrease
although not significantly. The average thermal pair ma
andpT are given in Table III for both RHIC and LHC. The
mass andpT distributions of lepton pairs resulting from cor-
relatedDD̄ decays are similar in shape to the thermal dilep
tons and with a similar yield at the same lepton pair mas
However, the lepton pair rapidity distributions fromDD̄ de-
cays are narrower. As in the case of initialcc̄ production, the

6In a previous paper@1#, a normalization constant was left out of
the calculation. The correction has the effect of reducing the th
mal charm yield. Note also that a typographical factor of 2 is als
missing from Eq.~13! of that paper.
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2614 54GAVIN, McGAUGHEY, RUUSKANEN, AND VOGT
uncorrelated lepton pairs have a much broader mass di
bution than the correlated pairs.

IV. RESULTS AND CONCLUSIONS

A. Results

We now compare the perturbative lepton pair product
with thermal production. The mass distributions have alrea
been shown in Fig. 1 for RHIC and LHC although witho
the uncorrelatedDD̄ decays. ThepT distributions for lepton
pairs withM52, 4, and 6 GeV are shown in Fig. 3 for RHIC
and Fig. 4 for LHC. Here the yield from the uncorrelate
DD̄ decays are included. We remark that the Drell-YanpT
distributions atM54 and 6 GeV are calculated aty50 and
2. The distributions at higher rapidity are nearly parallel un
the kinematic limit is approached. Thus we have assum
that thepT distribution has the same shape forM52 GeV
and scaled the 4 GeV results to obtain thepT distribution at
M52 GeV. The rapidity-integratedpT distribution for a
given mass is obtained by normalizing thepT distribution at
y50 to ds/dM. The average lepton pair masses forM.2
GeV and transverse momenta at both energies are give
Table III. The averagepT of the lepton pairs are given fo
M.2 GeV only for Drell-Yan and thermal dilepton produc
tion. The averagepT from heavy quark decays, initial an
thermal, are given for allM .

Uncorrelated initialDD̄ decays dominate the distribu
tions, by several orders of magnitude at the LHC. Howev
the like-sign subtraction that removesp1p2 andKK̄ decays
from the continuum should also remove the uncorrela
DD̄ decays. The correlatedDD̄ decays are part of the signa
and will not be subtracted. These decays dominate the c
tinuum up toM510 GeV. At higher masses, theBB̄ decays
begin to be as important as correlatedDD̄ decays. The same
results are observable in thepT distributions. At RHIC, the
contributions from the initial hard processes are above
thermal contributions over all phase space except atM52
GeV andy.4.5, as seen in Fig. 3~b!. The thermal dilepton
and thermal charm contributions are somewhat above th
of theBB̄ and Drell-Yan pairs forM,3 GeV at RHIC. Both
thermal contributions have very similar distributions a
yields at RHIC energies. The thermal dilepton and therm
DD̄ distributions are also similar at the LHC although th
thermal charm yield is larger than the thermal lepton p
yield. At the LHC, theBB̄ decays produce more lepton pai
than the thermals forM.2 GeV. However, the correlated
thermal charm yield is above theBB̄ decays atM52 GeV.
The uncorrelated thermal charm yield is larger than theBB̄
decay rate. If all the heavy quark decays could be subtrac
there might be a small window of opportunity to obser
thermal dileptons, both prompt and from charm decays, o
Drell-Yan production at lowpT , as seen in Fig. 3. Becaus
RHIC is at a significantly lower energy than the LHC, th
slopes of the distributions of each of the contributions a
somewhat different, even in the central region, as seen
Fig. 3. The difference in the slopes could perhaps help d
entangle the dilepton sources, if very large rapidities co
be measured since thermal dilepton production is domin
here @1#. All the LHC pT and rapidity spectra have simila
tri-
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slopes, see Fig. 4, making differentiation more difficult.
Our results suggest that it is very unlikely that the therma

qq̄ annihilation signal can be extracted. However, the expe
mental acceptance has not been included. The accepta
should be smaller for lepton pairs fromDD̄ decays than for
Drell-Yan or thermal dileptons. Since, especially forDD̄ de-

FIG. 3. ThepT distributions of the contributions to the dilepton
spectrum in central Au1Au collisions atAs5200 GeV for pairs
with M52 ~a!, 4 ~b!, and 6 GeV~c!. The distributions from Drell-
Yan ~dashed! and thermal dilepton~solid! production and thermal
DD̄ decays~dotted!, the initial correlated~dot-dashed! and uncor-
related~dot-dashed-dashed! DD̄ andBB̄ ~dot-dot-dashed! produc-
tion and decay are included.
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54 2615LEPTON PRODUCTION FROM CHARM DECAY IN . . .
cays, large lepton pair mass implies a large rapidity gap,
least one of theDD̄ decay leptons may be outside the finit
detector acceptance. In particular, relatively few high ma
lepton pairs from uncorrelatedDD̄ decays will be detected,
significantly reducing the uncorrelated yield even befo
like-sign subtraction. TheBB̄ decay pairs will have a larger
acceptance due to the increase in pairpT over the
DD̄→ l1l2 decays at the same mass which reduces the

FIG. 4. The same as Fig. 3 for central Pb1Pb collisions at
As55.5 TeV. In addition to the contributions shown in Fig. 3
uncorrelated thermalDD̄ decays are shown in the dot-dot-dash
dashed curves.
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pidity gap. Therefore a judicious choice of kinematic cuts
can reduce the initialDD̄ acceptance relative to other dilep-
ton sources that produce nearly equal but opposite transve
momentum leptons withpT,M . To show how the finite
detector acceptance changes the yield, we choose some re
istic cases to examine in more detail.

B. RHIC: PHENIX

The RHIC PHENIX detector is specially designed to mea
sure electromagnetic probes. It consists of two central ele
tron arms with a rather small acceptance,uhu<0.35 and
630°,f,6120°, one muon arm in the forward direction
@54# covering the pseudorapidity region 1.1<h<2.4, and a
second muon arm in the backward direction with a simila
angular coverage@55#. We assume that electrons with mo-
mentum greater than 1 GeV and muons with momentum
greater than 2 GeV can be efficiently detected. Although w
choose a rather high momentum cutoff, lower momentum
leptons will be measured as well. Additional coverage from
the electron arms together with the muon arm will partially
fill in the rapidity gap between the two detector system
through electron-muon coincidence studies. The rapidity ga
between the lepton pairs becomes particularly importan
when finite acceptance cuts are applied. Pairs with a sma
rapidity gap are more likely to be accepted, particularly in
the central electron arms.

The detector acceptance can have a substantial effect
the relative rates, as shown in Fig. 5~a! for the central elec-
tron arms, Fig. 5~b! the forward muon arm, and Fig. 5~c! the
combinedem coverage for PHENIX. Note that some of the
distributions are limited by statistics. For each system, th
accepted lepton pair mass distributions are shown. The pe
centage of accepted pairs withM.2 GeV and the average
lepton pair mass from all our sources in this mass range a
given in Table IV. In principle all finite masses are accepted
However, since the Drell-Yan and thermal dileptons calcula
tions are most reliable forM.2 GeV, we useM52 GeV as
a lower bound on the accepted masses. Note that many of t
DD̄ decay pairs, both correlated and uncorrelated, have a
invariant mass less than 2 GeV so that the additional ma
cut to compare the number of accepted pairs on an equ
footing significantly reduces the total acceptance, especial
for the uncorrelatedDD̄ pairs.

The finite acceptance strongly reduces the uncorrelate
DD̄ production relative to the correlated production, as see
in Fig. 5. In the central detector,DD̄ decays have the small-
est acceptance due to the relatively large rapidity gap b
tween the leptons. Particularly, the high mass uncorrelate
pairs are removed from the spectrum. TheBB̄ decays have
the largest acceptance here because the combination of
relatively small pair rapidity and rapidity gap favors their
detection. They will have the largest contribution to the con
tinuum for M.6 GeV, after the correlatedDD̄ signal is
negligible.

In the forward muon arm, the Drell-Yan andBB̄ decays
have very similar yields forM.3 GeV since theBB̄ accep-
tance will be decreased relative to the tightly correlate
Drell-Yan and thermal production with their broader rapidity
distributions. Although both correlated and uncorrelate

,
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FIG. 5. The mass distributions of pairs accepted into the PHENIX detector in central Au1Au collisions at RHIC. The acceptance cuts
are shown for pairs in~a! the central electron detector,~b! the forward muon arm, and~c! pairs formed when an electron is accepted into on
of the PHENIX central arms and an opposite sign muon is accepted into the forward arm. The contributions are Drell-Yan~dashed! and
thermal dilepton~solid! production and thermalDD̄ ~dotted!, initial correlated~dot-dashed! and uncorrelated~dot-dash-dashed! DD̄, and
initial BB̄ ~dot-dot-dashed! production and decay. In~c!, only the mass distributions for correlated and uncorrelatedDD̄→e6m7X decays
are shown.
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DD̄ decays are reduced relative to the smaller rapidity gap
the BB̄ decays, the uncorrelatedDD̄ acceptance is reduced
still further because of the larger rapidity gap between t
uncorrelated lepton pairs. In general, the broader rapid
coverage in the muon arm increases the acceptance of b
the correlated and uncorrelatedDD̄ pairs. After like-sign
subtraction, the initialDD̄ decays will dominate the spec-
trum for most of the pair masses studied.

In Fig. 5~c! we show only the acceptance for correlate
and uncorrelated initialDD̄ decays toem pairs. The in-
creased rapidity coverage of the combined system results
the acceptance of more low mass uncorrelatedDD̄ decays.
We have not included the yield from any of the other sourc
of
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sinceem pairs cannot be produced by correlated Drell-Ya
and thermal production. The rate must be large enough for
least two lepton pairs to be produced per event for uncorr
latedem pairs to be important~except forBB̄ decays! and
the yields from the other sources are small enough for su
production to be unlikely~see Table I!.

If the uncorrelatedDD̄ decays can be completely re-
moved by a like-sign subtraction, thenem coincidence is a
good way to extract the correlatedDD̄ yield, which consti-
tutes the charm signature. Even with a complete charm me
surement, thermal sources will be hard to detect, especia
the thermal dileptons. In the muon arm, Drell-Yan andBB̄
decays have nearly the same rate and could be hard to se
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TABLE IV. Percentage of lepton pairs withMll.2 GeV accepted in the PHENIX detector and their
average pair mass. We have included the central electron arms, the forward muon arm, and a combinat
electrons and muons from both detectors.

e1e2 m1m2 e6m7

Source % Acc. ^Mee& ~GeV! % Acc. ^Mmm& ~GeV! % Acc. ^Mem& ~GeV!

DD̄uncorr 0.01 2.75 0.07 2.53 0.084 3.2

DD̄corr 0.032 3.05 0.42 2.84 0.08 3.74

BB̄ 0.60 4.53 1.7 3.56 - -

DY 0.16 3.15 3.7 2.64 - -
l1l th

2 0.23 2.51 3.3 2.18 - -

DD̄ th 0.014 2.47 0.12 2.58 - -
e

d

h

u

n

e

h

a

h

E

,
-

rate. However, in the electron arms, for 6,M,10 GeV,
BB̄ decays are most important and could be removed fro
the lower mass continuum by a comparison of the slop
The thermalDD̄ signature may be measured below 3 GeV
the initial charm production can be reliably subtracted. At
GeV in the central detectors, the accepted thermalDD̄ yield
is five times larger than theBB̄ yield. At low mass and
pT , thermal charm could also be seen in the pairpT distri-
butions. Measurements from all the detector systems m
complement each other for reliable results.

C. LHC: ALICE

At the LHC, only one heavy-ion detector, ALICE, is
planned. It includes a central detector that will measure
electrons withM<MJ/c @56# and coveringuhu<0.9. We se-
lect leptons with momentum greater than 1 GeV. The ALIC
collaboration has also proposed a forward muon spectro
eter, with 2.4<h<4 to cover higher mass pairs@57#. We
consider only muons with momentum larger than 4 GeV
the muon arm.

The mass distributions for~a! the central detector and~b!
the forward muon spectrometer are shown in Fig. 6. T
relative rates are similar to the corresponding RHIC detec
systems although, overall, the acceptances are larger in
ALICE detector, as shown in Table V. In the central dete
tor, this is probably due to the full azimuthal coverage an
the larger rapidity coverage. While the acceptance cuts s
stantially reduce the rate from uncorrelatedDD̄ decays com-
pared to the correlated decays, the uncorrelated yield is s
nearly an order of magnitude larger than the correlated yie
for masses below 4 GeV. This higher acceptance for unc
related pairs means than an accurate like-sign subtractio
crucial. An additional background comes from uncorrelate
thermalDD̄ decays. In the central detector, the uncorrelat
thermalDD̄ rate is as large as the initial correlatedDD̄ rate
at low masses. However, in the muon arm, theBB̄ decays are
clearly the most important source of lepton pairs after t
initial charm production due in part to the smaller rapidit
gap between the leptons—it is more likely that both dec
leptons will lie within the rapidity window of the detector.
The acceptance does not decrease in the muon arm bec
the pair rapidity distribution is not significantly reduced wit
respect to the Drell-Yan and thermal pair distributions, as
the case at RHIC. The correlated thermalDD̄ yield may also
be observable atM'2 GeV although theBB̄ decay rate is
m
s.
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FIG. 6. The same as Fig. 5 for pairs accepted into the ALIC
detector in central Pb1Pb collisions at LHC. The accepted distri-
butions are given for~a! the central detector and~b! the proposed
forward muon arm. In addition to the contributions shown in Fig. 5
uncorrelated thermalDD̄ decays are shown in the dot-dot-dash
dashed curves.
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within a factor of 2 here and more difficult to remove reli
ably. The average mass of the accepted pairs in ALICE a
also given in Table V. The observed trends are similar to t
PHENIX results except that the conclusion that the therm
dilepton signal is unlikely to be measured is even strong
here although thermal charm may still be observable.

D. Conclusions

Charm production is the dominant source of dileptons
heavy-ion collisions, even with acceptance cuts, f
M,628 GeV. Uncertainties in QCD calculations ma
change the rates by a factor of 2 at RHIC and 3–4 at LH
not enough to affect this conclusion. Charm is both sign
and background because the multiplecc̄ pair production re-
sults in substantial uncorrelatedDD̄ contributions to the
background. We have only included heavy quark producti
by first collisions. However, multiple hard scattering inAB
collisions can increase the charm yield before equilibratio

Nuclear shadowing is not yet well understood for th
gluon. If the shadowing effects can be mapped out in pha
space, the detection of thermal signals could be improv
SincepA studies are planned at RHIC, nuclear shadowin
could be mapped out in phase space. Such measurement
themselves important results. The effects are strongest at
LHC where the saturation of the shadowing curve is reach
Unfortunately this saturation region is unlikely to be probe
at RHIC and no correspondingpA measurements can be
performed at the LHC so that the shadowing effects may
more difficult to interpret. It is clear that systematic studie
of charm production inpp, pA, andAB interactions at the
same energy are needed to fully understand charm prod
tion.

We stress that our work differs from previous effort
@41,42# primarily in our estimate of the perturbative back
ground. Kapusta, McLerran, and Srivastava@41# assumed
hydrodynamic initial conditions similar to ours, but con
cluded that thermal dileptons dominate the continuum belo
theY. We attribute this striking difference to their estimat
of the initial hard scattering processes. First, they omitted t
contribution from semileptonic charm decays. They also u
derestimated the Drell-Yan contribution by using Duke
Owens parton distributions@11#, long obsolete. This same
Drell-Yan estimate was also used in the comparison w
dilepton production by the parton cascade model@42#.

TABLE V. Percentage of lepton pairs withMll.2 GeV ac-
cepted in the ALICE detector and their average pair mass. We h
included the central detector and the proposed forward muon a

e1e2 m1m2

% Acc. ^Mee& ~GeV! % Acc. ^Mmm& ~GeV!

DD̄uncorr 0.093 2.69 0.12 2.58

DD̄corr 0.44 3.10 0.67 2.92

BB̄ 4.42 4.33 3.58 4.01

DY 3.6 2.62 5.27 2.58
l1l th

2 4.9 2.55 4.76 2.22

DD̄ th, corr 0.46 2.52 0.29 2.34

DD̄ th, uncorr 0.33 2.70 0.056 2.49
-
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Our calculations show that charm cannot be omitted. T
production of charm-decay and Drell-Yan dileptons in pr
mary collisions in any parton cascade or hydrodynam
model must agree with perturbative QCD and, therefore, t
rates should be similar to ours. Other initial charm calcul
tions @52# are within a factor of 2–3 of ours, within the
theoretical uncertainties involving the quark mass and sca
The cc̄ production rate in the parton cascade model agre
with perturbative QCD inpp collisions but overestimates the
importance of flavor excitation@14#, leading to a larger
charm yield than ours, particularly at RHIC@31#. However,
we have omitted cascading of thec andc̄ quarks in the high
density medium, which can lead to energy loss@58,59# ~simi-
lar to ‘‘jet quenching’’ @60#!. If this loss is sufficient, these
quarks can be equilibrated with the flowing plasma@61#.
Since it is highly unlikely that all of thecc̄ pairs can anni-
hilate, cascading will not change the number of pairs app
ciably.

We expect that thermal charm will prove to be an expe
mentally accessible temperature probe at RHIC and LH
On the other hand, we emphasize that thermalqq̄ annihila-
tion, perhaps the more familiar thermal signal, will be muc
more difficult to pick out. Thermal annihilation would be a
more direct thermometer because the kinematics of the l
ton pair specifies the off-shell photon’s four-momentum
However, the heavy quark and Drell-Yan contributions a
too high for the steeply falling thermal contributions to b
extracted, unless the charm contributions can be reliably s
tracted.

What is the best way to measure charm? Coinciden
measurements ofem can prove useful. Charm was first mea
sured by this method at the ISR@62# and such coincidence
measurements are planned for PHENIX@54#. Pairs of like-
sign electrons may also offer a measure of uncorrelat
charm production. Charm was measured with single ele
trons by a study of thee/p ratio at the ISR@63#. Addition-
ally, semileptonic decays can be experimentally tagged a
separated from direct production of lepton pairs with a vert
detector. If a detached vertex is observed for at least one
the leptons, then direct production of the pair can be rul
out. Such a vertex detector is planned for the STAR detec
@64# at RHIC. Another technique for reducing the signal lev
els from semileptonic decays is the use of selective kin
matic cuts. Since the leptons from decays have a wea
correlation in rapidity or angle than those from directly pro
duced pairs, cuts can be placed on these variables. W
some signal events will be lost, the signal to backgroun
ratio can be improved for large acceptance detectors.

Note added:DetailedpT , mass, pair rapidity, and rapid-
ity, gap distributions for all the dilepton contributions can b
obtained either from the Los Alamos preprint archive, he
ph/9604369, or from vogt@nsdssd.lbl.gov.
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FIG. 7. ~a! The shadowing
function RF2

(x) for A5197. We
also show the charm and bottom
Au1Au to pp production ratios as
a function of ~b! heavy quark
pT , ~c! QQ̄ invariant mass and
~d! QQ̄ pair rapidity. Charm pro-
duction is given in the solid curve
at RHIC and the dashed curve a
LHC. Bottom production is shown
in the dot-dashed curve for RHIC
and the dotted curve for LHC.
Both Au1Au and pp production
is calculated atAs5200 GeV for
RHIC and As55.5 TeV at the
LHC.
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APPENDIX: SHADOWING EFFECTS
ON INITIAL PROCESSES

When the charged parton distributions are probed in de
inelastic scattering with a nuclear target and compared t
deuterium target, the ratioRF2

5F2
A/F2

D has a characteristic

shape as a function ofx. The lowx region, belowx;0.1, is
referred to as the shadowing region, and betweenx;0.3 and
0.7 is the EMC region. In both regions a depletion is o
served in the heavy nucleus relative to deuterium. At ve
low x, RF2

appears to saturate@65#. Between the shadowing
and EMC regions, an enhancement occurs, called antish
owing, whereRF2

.1. There is also an enhancement a

x→1, assumed to be due to Fermi motion of the nucleo
The entire nuclear dependence is often referred to as sh
owing. Although the behavior ofRF2

is not well understood,
the effect has been described by either an interplay of coh
ent and incoherent multiple scatterings in the target or
modification of the parton densities in nuclear matter. In a
case, the effect can be modeled by anA dependent fit to the
nuclear deep-inelastic scattering data and implemented b
modification of the parton distributions in the proton. In th
appendix, we show the effect of two different parametriz
tions of the nuclear parton densities to illustrate how t
Drell-Yan andQQ̄ distributions calculated forpp interac-
tions might change in nuclear collisions at RHIC and LHC

In the central region at RHIC and LHC, the values ofx
probed are small enough for the hard processes we cons
a-
red
-
e
r
of
-

ep-
a

b-
ry

ad-
s
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to be predominantly in the shadowing region. However, th
momentum fractions increase with pair mass, transverse m
mentum, and rapidity. Aty50 andpT50, x;M /As so that
in the mass range 2,M,6 GeV, 0.01,x,0.03 at RHIC
and 3.631024,x,1.0931023 at the LHC. It follows that
RF2

may change significantly at RHIC. At the LHC,x is
small enough for the shadowing to be saturated over m
measurable rapidities. The most important point to note
that the reduction in the Au1Au cross section is never sig-
nificantly more than a factor of 2 for any of the processe
considered. If the shadowing function can be mapped out
pA interactions at RHIC, as discussed in Ref.@4#, then the
corrections toAA interactions may be relatively clear for
QQ̄ and Drell-Yan production, especially since the lepto
pairs fromQQ̄ decays should reflect the shape of the sha
owing function in the same way as theQQ̄ pairs themselves
@4#.

The first parametrization is a general fit to the most rece
nuclear deep-inelastic scattering data. The fit does not diff
entiate between quark, antiquark, and gluon modificatio
and does not include evolution inQ2. It is not designed to
satisfy the baryon number or momentum sum rules. T
functional form ofRF2

is @15#

RF2
55

Rs

110.0134~1/x21/xsh!

110.0127A0.1~1/x21/xsh!
, x,xsh,

aemc2bemcx, xsh,x,xFermi,

Rf S 12xfermi
12x D 0.321, xFermi,x,1,

~A1!

where Rs5aemc2bemcxsh, Rf5aemc2bemcxFermi, bemc
50.525(12A21/321.145A22/310.93A2110.88A24/3

20.59A25/3), and aemc511bemcxemc. The fit fixes
xsh50.15, xemc50.275, andxFermi50.742. In Fig. 7~a! we
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FIG. 8. The ratio of Drell-Yan
rapidity and mass distributions in
Au1Au to pp collisions at
As5200 GeV at RHIC and 5.5
TeV at the LHC. The ratioR(y) is
given for M52 ~solid!, 4
~dashed!, and 6~dot-dashed! GeV
for RHIC ~a! and LHC ~c!. The
mass R(M ) is also given for
RHIC ~b! and LHC ~d!.
,

her

d

ea
u-

ns

-
e
di-

-

el
showRF2
(x) for A5197. In the nucleus, the parton densitie

are modified so that

qf
A~x,m!5RF2

~x!qf
p~x,m!, ~A2!

gA~x,m!5RF2
~x!gp~x,m!, ~A3!

where qf represents both valence and sea quarks. Sin
RF2

(x) is scale independent and the parton densities a
treated equivalently, the ratio of hard process production
Au1Au to pp collisions at the same energy is

R~y,pT ,M !5
dsAuAu /dydpTdM

dspp /dydpTdM
}RF2

~x1!RF2
~x2!.

~A4!

In Figs. 7~b!–7~d! and Fig. 8 we show the nuclear effec
on leading order calculations of heavy quark and Drell-Ya
production. Figures 7~b!–7~d! showR(pT) for singlec and
b mesons andR(M ) and R(y) for DD̄ and BB̄ pairs at
RHIC and LHC. At RHIC energies, the increase ofR with
pT andM reflects the integration over the lowx1, x2 midra-
pidity contributions as well as the growth ofRF2

as x ap-

proaches the antishadowing region, reached atM.20 GeV
for DD̄ andBB̄ pairs. Note thatR(M ) is almost identical for
DD̄ andBB̄ production, as it should be since at fixedM the
samex values are probed. TheB pT ratios are generally
flatter because the change inRF2

(x) with pT is slower than

the change inRF2
(x) for D production at the same energy

The ratio R(y) is nearly constant forDD̄ production at
RHIC, caused by the coincidence ofx1 increasing toward the
antishadowing region whilex2 decreases into the saturation
region. In contrast, theBB̄ ratio decreases with rapidity at
RHIC since at y52, x1 lies in the EMC region while
x2;0.001. Figure 8 showsR(y) andR(M ) for Drell-Yan
pairs at RHIC and LHC. At RHICR(y) increases with mass
s

ce
re
in

t
n

.

aty50 due to the increase ofRF2
asx15x2 grows from 0.01

to 0.03. At higher rapidities,RF2
(x2) moves toward the satu-

ration region whileRF2
(x1) passes through the EMC region

and then rises again asx1→1. Near the edge of phase space
the transition from the EMC region to the Fermi motion
region can be seen. The phase space is depleted at hig
rapidities for lower masses. At the LHCx1 remains in the
shadowing region fory,4. The ratios of rapidity integrated
mass distributions rise slowly with mass, reflecting the broa
rapidity distributions.

The second parametrization modifies the valence and s
quark and gluon distributions separately and includes evol
tion with the square of the momentum transfer,Q2 @16# but
is based on an older fit to the data using the Duke-Owe
parton densities@11#. The exact form ofRF2

(x,Q0) is given

in Ref. @16#. The initial scale is chosen to beQ052 GeV and
the Q2 evolution is done with both the standard Altarelli-
Parisi evolution and with gluon recombination at high den
sity. The gluon recombination terms do not strongly alter th
evolution. In this case, the nuclear parton densities are mo
fied so that

qV
A~x,m!5RV~x,m!qV

p~x,m!, ~A5!

qS
A~x,m!5RS~x,m!qS

p~x,m!, ~A6!

gA~x,m!5RG~x,m!gp~x,m!, ~A7!

where qV5uv1dv is the valence quark density and
qS52(ū1d̄1 s̄) is the total sea quark density and we as
sume thatRV andRS affect the individual valence and sea
quarks identically. The ratios were constrained in the mod
@16# by assuming thatRF2

'RV at largex andRF2
'RS at

smallx sincexqV(x,m)→0 asx→0. We use ansatz 1 for the
gluons,RF2

'RG for all x @16#, since one might expect more
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FIG. 9. ~a! The shadowing
functions RV(x) ~solid!, RS(x)
~dashed!, andRg(x) ~dot-dashed!
for Q52 ~lower curves! and 10
GeV ~upper curves! for A5200.
We also show the charm and bo
tom Au1Au to pp production ra-
tios as in Fig. 7 but with the shad
owing functions given in~a!.
-

d,
shadowing for the sea quarks, generated from gluons,
small x. The parton densities satisfy baryon number cons
vation *0

1dxqV
p,A(x,m)53 and momentum conservation

*0
1dxx@qV

p,A(x,m)1qS
p,A(x,m)1gp,A(x,m)#51 at allm. We

have used the MRS D28 densities with this parametrization
instead of the original parton densities, leading to some sm
deviations in the momentum sum but the general trend
unchanged.

Figure 9~a! shows the ratiosRV ~solid curves!, RS ~dashed
curves!, andRG ~dot-dashed curves! for the minimum,Q0,
at
er-

all
is

and maximum, 10 GeV, values ofQ for A5200. Outside
this range the ratios are fixed to those at 10 GeV. The va
lence quarks show littleQ2 evolution, the gluons the great-
est. The sea quarks evolve more slowly than the gluons an
atQ510 GeV,RS'RF2

of the first parametrization, Eq.~1!.

The ratios ofAA to pp production ofQQ̄ and Drell-Yan
pairs are shown in Figs. 9~b!–9~d! and Fig. 10. The ratioR
for this parametrization is not as straightforward to write
down as in Eq.~4! except forgg fusion. For example for
qq̄→QQ̄,
FIG. 10. The same as in Fig. 8
with the shadowing functions as
in Fig. 9~a!.
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R}
RS~x1!RS~x2!Sq5u,d,s2qs~x1!q̄s~x2!1@RV~x1!RS~x2!Sq5u,dqv~x1!q̄s~x2!1~1→2!#

Sq5u,d,s2qs~x1!q̄s~x2!1@Sq5u,dqv~x1!q̄s~x2!1~1→2!#
, ~A8!
,
ll-
g

2,
te
whereqs is a generic sea quark distribution and them de-
pendence has been suppressed. The fast evolution of the
ons has the strongest effect on the charm and bottom pro
tion sinceQQ̄ production by gluons is dominant. In fact, fo
bb̄ production at RHIC energies, the shadowing effect h
nearly vanished inR(pT). The ratios for Au1Au to pp are
shown in Figs. 9~b!–9~d! as a function of quarkpT and pair
mass and rapidity. The trends are the same as for the
parametrization but, overall, theQQ̄ distributions are not as
strongly modified since the effect decreases for increas
glu-
duc-
r
as

first

ing

pT andM . As seen in a comparison of Fig. 10 with Fig. 8
the shadowing effect is actually stronger for low mass Dre
Yan production with this parametrization due to the stron
sea quark shadowing atQ0.

In either case, the reduction inAA yield relative topp
due to shadowing is generally not larger than a factor of
depending on the shadowing model. It is important to no
that the total depletion is a dependent on bothx andQ and is
not a constant factor as a function ofpT , M , andy in either
model.
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