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Measurements of dilepton production from charm decay and Drell-Yan processes, respectively, probe the
gluon and sea quark distributions in hadronic collisions. In nucleus-nucleus collisions, these hard scattering
processes constitute a “background” to thermal contributions from the hot matter produced by the collision.
To determine the magnitude and behavior of this background, we calculate the hard scattering contribution to
dilepton production in nuclear collisions at RHIC and LHC at next to leading order in perturbative QCD.
Invariant mass, rapidity, and transverse momentum distributions are presented. We compare these results to
optimistic hydrodynamic estimates of the thermal dilepton production. We find that charm production from
hard scattering is by far the dominant contribution. Experiments therefore can measure the gluon distribution
in the nuclear target and projectile and, consequently, can provide new information on gluon shadowing. We
then illustrate how experimental cuts on the rapidity gap between the leptons can aid in reducing the charm
background, thereby enhancing thermal informat[@0556-28186)01510-5

PACS numbgs): 25.75.Dw, 12.38.Mh, 14.65.Dw, 24.85p

[. INTRODUCTION small [2]. Also new to this paper are calculations of the
invariant mass and transverse momentum distributions of the
Dilepton production provides an important tool for mea- lepton pairs. We use these distributions to illustrate how
suring the temperature of the high density matter produced ithermal and hard dileptons can be distinguished in an experi-
the early stages of a relativistic heavy-ion collisi@ee[1] ment. In addition, we introduce the dilepton contribution
and references therginTo make use of this tool at ion col- from B meson decays, and discuss the effects of nuclear
liders such as RHIC and LHC, we must understand addishadowing on the initial production.
tional sources of dileptons from hard scattering and other The invariant mass distributions of the calculated contri-
nonequilibrium processes. In high energp interactions, butions to the dilepton continuum in central nucleus-nucleus
the continuum in the dilepton mass range abbe 2 GeV  collisions at RHIC and LHC are given in Figs. 1 and 2,
is dominated by the Drell-Yan process and by semileptoni¢espectively. We find that hard charm quark production and
decays oD and other charm mesons. These leptons are prgdecay dominates the continuum below fiiemass. In par-
duced by hard scatterings, at scales exceedihgand ticular, the charm signal is more than an order of magnitude
2m.~3 GeV, respectively, so that their production can peabove the optimistic thermal dilepton and thermal charm
addressed using perturbative QCD. In contrast, the lowefates forM>2 GeV. This result implies that dilepton mea-
mass region arises from soft processes, for which theory ofsurements can be used to extract the ogluon density in
fers little guidance. We therefore hope to find a signal ofthe nucleugsee alsg4]). On the other hand, the isolation of
thermal dilepton production at massds-2—3 GeV where thermal signals will not be straightforward.
(i) the thermal contribution can still be sizable afiid the Additional complications can arise from the fact that the
background is calculable. charm production cross section is large enough for multiple
In this paper, we compare the predictions of dilepton pro-DD pairs to be produced in a single nucleus-nucleus colli-
duction from a simple thermal model with the hard “back- sion. Uncorrelated pairs form when a leptbh from one
ground” from a heavy quark pai@Q, decays, and Drell- DD is randomly paired with 4~ from anotherDD; the
Yan production at RHIC and LHC nucleus-nucleus collisioncorrelated signal in Figs. 1 and 2 includes only dileptons
energies,/s=200 GeV and 5.5 TeV in the nucleon-nucleon from DD pairs in which both quarks decay to leptons. In
center of mass. Previously we compared the thermal dileptooentral Aut-Au collisions at RHIC, up to 67 uncorrelated
and thermal charm rapidity distributions with Drell-Yan and pairs may be produced while at the LHC, over 3000 uncor-
initial charm productiori1] calculated at leading ordétO). related pairs will contribute to the raw continuum from
Our new next-to-leading ord¢NLO) results, shown to agree Pb+Pb collisions. Uncorrelated charm does not affect the
with pp andpp data in[2,3], no longer depend on arbitrary measurement of parton densities, but it further complicates
phenomenological K factors” (often incorrectly taken to be the task of extracting thermal information. Ideally the uncor-
“2" in the literature). The remaining uncertainties in the related pairs can be removed by a like-sign subtraction, leav-
NLO perturbative approach are well defined and likely ratheiing only the pairs shown in Figs. 1 and 2. Whether this
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FIG. 1. The lepton pair mass distributions are given for
\/s=200 GeV central Ad-Au collisions at RHIC. The contribu-
tions are: Drell-Yan(dashedl and_thermal dilepton(dot-dashed-
dashedl production and thermaDD decays(dotted, as well as
initial correlateddot-dashefDD andB B (dot-dot-dashedproduc-
tion and decay. Note that lepton pairs from_uncorrelated initial
DD decays(as well as uncorrelated thermBID decays at the
LHC) have not been included here but are a very large contributio

to the continuum.
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This paper is organized as follows: In Sec. I, we discuss
in detail Drell-Yan,DD, andBB production inpp interac-
tions and comment on how these results may be modified by
nuclear shadowing. In Sec. Ill, we show the results for ther-
mal dilepton and thermdD D pair production at RHIC and
LHC, assuming the most optimistic scenario for the initial
conditions to maximize the thermal rate. We compare the
initial hard production of dileptons to the thermal model re-
sults in Sec. IV. We discuss the effects of realistic detector
geometries on the dilepton spectra at RHIC and LHC and
draw our conclusions.

Il. DILEPTON PRODUCTION
FROM INITIAL INTERACTIONS

Perturbative QCD calculations of Drell-Yan and heavy
quark production at leading order have long been available.
The LO calculations differed from the experimental mea-
surements by & factor (K = oY s"®°Y of 2—3 for charm
production and 1.5-2 for Drell-Yan production. This differ-
ence suggested that higher order corrections to the produc-
tion cross sections were important. Additionally, while mul-

r1iiplying the leading order cross section by K factor

describes the single-inclusive quark distributions as well as
the mass and rapidity distributions of Drell-Yan a@Q

subtraction can hold at the accuracy needed to extract theP&irs, the paipy distributions for both processes are trivial

mal signals is another matter. ] )
To enhance the thermal signal in an experiment, one cahherefore next-to-leading order calculations are necessary to

choose to count only those lepton pairs that have a smalfklly describe hard dilepton production.

separation in rapidity. As observed by Fischer and Geist,

at leading order since the pairs are produced back to back.

In our previous worl{1] we used the LO cross sections.

dilepton pairs from charm decays typically occur with a largeSince then, a NLO treatment & Q production has been
rapidity gap[5]. No such gap is present in Drell-Yan pairs made availablg6]. A NLO treatment of the Drell-Yarpy
or—importantly—in thermal pairs. Together with like-sign distribution is also now availablg2,7]. With the NLO de-
subtraction, we expect that rapidity gap cuts can essentiall§cription of the perturbative cross sections, we also use NLO
remove the uncorrelated charm contamination and great|9valuations of the parton densities. Our results are obtained
suppress the correlated charm background. Indeed, the finitésing the MRS B-' [8] parton densities,compatible with
acceptance of a real detector can serve a similar purpose. e low x data from HERA[10]. The MRS D-' sea quark

show that the acceptance window of PHENIX/RHIC andand gluon distributions growsx

12 at the initial scale,

ALICE/LHC can enhance the signal from thermal charm deQ§=5 GeV?, whenx—0. Using recent parton distribution
cays to the point of measurability by rejecting pairs with functions that agree with the HERA data produces a substan-

large gaps.
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FIG. 2. The same as Fig. 1 fofs=5.5 TeV central PkPb

collisions at LHC.

M (GeV)

tial increase over our previous resulty, obtained with ob-
solete leading order parton distributions that become con-
stant atQj asx— 0. Observe that older parton distributions
such ag11] substantially underestimate the initial Drell-Yan
and QQ production at heavy-ion colliders.

We remark that updated versions of the MRS distributions
are available, including MRS {&E.2] which has a slower low
x growth than MRS B-'. While small, the changes from
D—"' to G affect our charm results most strongly. Compared
to D—', we find that charm rates from G are 5% larger at
RHIC and 20% smaller at LHC. No doubt, these numbers
will continue to improve at that level as more data are ana-
lyzed, both from HERA and from Fermilgli3].

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

IAll available parton distribution functions are contained in the
packagerpFLiB [9], available in the CERN library routines.
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scheme. At fixed order in perturbation theory, the calcula-deep-inelastic scattering data and implemented by a modifi-
tions depend on the renormalization scale and the factorizazation of the parton distributions in the nucleus. In the Ap-
tion scale as well as the regularization schemS (or DIS). pendix, we choose two different parametrizations of the
The hard scattering matrix elements and the definition of theuclear parton densities to illustrate the effectAiA colli-
parton densities for each process are specified by the regsions at RHIC and LHC. The first is a general fit to the most
larization scheme. In this paper, we have used M@  recent nuclear target data5] that does not differentiate be-
scheme. The renormalization scale enters into the strong cotween quark, antiquark, and gluon modifications and does
pling constanta,, and the partonic cross sections while thenot include evolution irQ?2. The second modifies the valence
parton distributions are evaluated at the factorization scaleand sea quark and gluon distributions separately and includes
The precise relationship between these scales and the m@? evolution[16] but is based on a fit to somewhat older
mentum transferQ), is not uniquely defined. However, since data using obsolete parton densities. We find that at RHIC
the parton densities are analyzed assuming that they aenergies the charm and Drell-Yan yields may be reduced
equivalent, we also assume this. If the perturbative expamrd0-50 % while the bottom yield is changed by10%. At

sion converges, further higher order corrections are small ghe LHC, all the yields are reduced 50—60 %. The results
large enough values of the scale For such scales the depend on the& region probed and, in the case of the second
physical cross section should become independent of thearametrization, the sca@?.

scale and scheme when calculated at higher and higher or-

ders. If theu dependence is strong, the perturbative calcula- A. Drell-Yan production

tion at that order is unreliable and further higher order cor- : . . L
rections are necessaf{4]. The rates from th% initial hard A detailed discussion of Drell-Yan production in high en-

scatterings are rather sensitive to the scale and scheme in tfi yNN collisions can be found in Refi2]. We repeat some

moderate mass angl regime relevant to heavy-ion experi- of the pertinent points he.re..At '?ad'”g (_)rder, Drell-Yan pars
ments are produced by g annihilation into a virtual photon which

Another uncertainty in our results involves the nucleardecays to.a lepton paiqg-— 7*._)|+.| ) The production
dependence of hard processes. When the charged parton offé0SS section for lepton pairs with "?"a”a”‘ mabé, and
tributions are probed in deep-inelastic scattering with & 2Pidityy, summed over quark flavdris
nuclear target and compared to a deuterium target, the ratio
Re,=F5/F3 has a characteristic shape as a function.oA Mzmz oot €105(Xq, 1) qs(Xp, ) +(1—2)],
depletion in the nucleus is observed at lsythe shadowing y ! (1)
region, and intermediate, the EMC region. Shadowing oc-
curs in the region below~ 0.1 while the EMC region refers whereo,=4ma?/9M? is the LOqq annihilation cross sec-
to 0.3<x<0.7. Between the shadowing and EMC regions.tion, 7=M?/s, u is the scale, anel; ,= Jre™Y are the pro-
Re,>1, referred to as antishadowing. Although the origin ofjectile and target momentum fractions at which the parton
this behavior is not well understood, it is postulated to bedensities are evaluated. Fpr-0, x; increases with rapidity
either an interplay of coherent and incoherent multiple scatwhile x, decreases. At NLO, the Compton and annihilation
terings in the target or a modification of the parton densitieprocessesig—qy* andqg—gy* contribute in addition to
in nuclear matter. In any case, the effect can be modeledertex corrections to the LO cross section so that @&y is
phenomenologically by a parametrization to fit the nucleareplaced with

) do R 1
M WZUOT deldxzdzé(xlxzz— 7)0)

1 —
y—;n(%”HZ e?[qf<x1,mqf<x2,m+<1~2>]}
2 f

ag(u) ag(u)

X|8(1—2z)+ ?fq(Z) +

Ef: e%[g(xl!M)[qf(XZ!M)+E(X2!M)]+(l_>2)]} fg(z)}] (2)

Note that going to NLO requires a redefinition ©f and  creases with increasing As previously discussed, the par-

X, since the unobserved parton contributes to the total moton density dependence is enhanced for low masses and high
mentum in the final state. The correction terfygsandf, are  rapidities atys=5.5 TeV even though the rapidity-integrated
regularization scheme dependent. The scale and scheme desults do not depend strongly on the parton densities. The
pendences are not large fr>4 GeV. We will only con-  strongest dependence on the parton densities occurs outside
sider Drell-Yan production foM =2 GeV since below this thex range of current measurements. In our previous work,
value the perturbative calculation becomes unreliable. Théhe variation with rapidity was weaker because we used ob-
mass and rapidity distributions were calculated using a prosolete parton distributions WherﬁxHO,Qg)econst.

gram provided by Rijken and van Neervgh7]. The cross The pr dependence is trivial at LO—the lepton pair has
section grows with rapidity until the kinematic limit is ap- py=0 if no intrinsic partonpy is included. Some of the
proached becauseq(x,,u) increases and;q(x;,u) de-  Drell-Yan pair transverse momentum can be accounted for
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TABLE I. Number of lepton pairs per event from each of our ~ TABLE Il. Number of lepton pairs per event from each of our

sources in central AtAu collisions at RHIC. sources in central PbPb collisions at LHC.
N, Ny

Source M, =2 GeV M, =4 GeV M, =6 GeV Source M, =2 GeV M, =4 GeV M, =6 GeV
DD yncor 1.94x10°* 4.5x10°2 1.67x10 2 DD yreorr 4.80¢ 107 1.90x 10 1.07x 107
DD cor 2.31x10°2 2.10x10°3 3.10x10°* DDorr 1.40x<10° 1.69<10°* 2.95x 102
BB 1.38x10°* 6.85<10°° 2.52<10°° BB 2.05x<102 1.15x<10°2 4.98<10°3
DY 5.29x 104 3.86x10°° 8.06x10°° DY 6.90x 103 7.83x10°* 2.06x10°*
Il 9.07x10* 7.6x10°8 1.4x1077 g, 1.43<10 2 4.68<10°4 3.26x10°°
DDy, 9.29x10°* 5.18<10°° - DDy, con 4.8x10°2 1.02x10°%  3.57x10°°

DDy, uncor 1.42x10° 4321071 2.03x10°!

by introducing a soft intrinsic pt distribution with
(p7)~0.3 GeV. However, this is too small to account for the due to the different smak behavior of the parton densities.
measuredpy distributions with (pr)~1 GeV atM=10 The average mass ang; of the Drell-Yan pairs(with

GeV. At NLO, the pair acquires transverse momentumpy >2 GeV) produced at RHIC and LHC energies are shown
through recoil of the virtual photon with the final-state par-in Table III.

ton. Here thep dependence can be calculated perturbatively
and is well behaved fopr~M. However, at lowpy, the

perturbative expansion parameterslnz(lepﬁ), becomes ) . .
large and the expansion breaks down, making it necessary to At RHIC and LHC energies, heavy quark production will

resum the perturbation series. The resulting cross section ig€ substantial. We consider both charm and bottom produc-
tion and fragmentation into heavy mesons which subse-

quently decay to lepton pairs. The double differential heavy

B. Heavy quark production and decay

) meson pair production cross section at LJ18,19
Mz—z—dgfes“m = 7o yTel f a’b e®PTW(b), (3
dpsdydMm? °0"™a | (2m)? : donn S dx; dx, ELEq
EqEn—— 5 —= J 5= — ——dz4dZ5C(x;,X,)
dipudipy J 27 X1 X oEo
where a Fourier transformation is maple to impact parameter Dosm(z1)Dga(2)
space and the form factowy(b), effectively sums the lead- 33
ing and subleading logarithms. The; distributions have hZ
been calculated using a code developed by Arnold and 54 5
Kauffman for pp—W,Z [7] and extended to Drell-Yan in XX (P1F P2~ Po=P), ®)
pp collisions in[2]. This code includes a method of interpo- _— o —
lating between the low and highy behavior. where H(Qq)H(Qq) is the heavy meson paiDD for
The number of Drell-Yan pairs of madd produced in Q=c and BB for Q=b. The fragmentation function,
central nucleus-nucleus collisions, Do/n(2), describes the hadronization of the heavy quarks

wherez=py/pgq is the fractional momentum of the heavy

quark carried by the hadron. Charm hadroproduction at low
dN do pt is best described by the assumption that the charmed
by _ AB ﬂ, (4) quark experiences no momentum loss during hadronization,
dMm dMm i.e., Dom(z)=8(1—2) [18], resulting in a shift between

is always small in the range where the perturbative calculayQ andyy due to the quark and meson mass difference. At
tion is expected to be applicable, i.81,>2 GeV. However, LO heavy quarks are produced by gluon fusigg—~QQ,

only a calculation of the mass-integrated cross section caﬁnd quark-anpquark ann'h.”at'oquQQ' To LO, the con-
reveal whether or not thAB rate is large enough for false volution functionC(xy,Xy) is

Drell-Yan pair production to be a problem. Since such a

calculation is not possible over all masses, experimental c(x, x,)= > [X,qs(Xy,m)X205(Xo, )
techniques must be used to ensure that these uncorrelated f

Drell-Yan pairs do not contaminate the spectrum. For ex-

ample, ap; cutoff should reduce the probability of false high - X{Tr(Xe )Xol (X )]da'(xleZ!:U“)
mass Drell-Yan pairs arising from low mass pairs with large 195X X0 (X2, di _
rapidity separation. Additionally, a study of the angular dis- aq
tribution would also reduce any uncorrelated Drell-Yan do(Xy, X0, 1)

pairs. The number of lepton pairs in central -A8u colli- +X19(X1, ) Xo9(Xp, ) —————| , (6)
sions atM =2, 4, and 6 GeV are given in Table | for RHIC dt 99

and in Table Il for central PbPb collisions at the LHC. .
They are significantly larger than in our previous w@il§  wheredo/dt can be found in, e.g[3,14).
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The NLO, ordera? corrections toQaproduction have TABLE Ill. Average lepton pair masgfor M;;>2 GeV) and
been calculated for the total cross sectif20], single- transverse momentum at RHIC and LHC. For the Drell-Yan and

inclusive quark distributiong21,27], and exclusiveQ Q pair gz\r/mfriulem?e F;‘";‘l'rt?etg\e/ear‘;era?’?ffoam‘rehg:\lfulfttztrjkfgx;zzare
distributions[6]. In addition to real and virtual corrections to y ger ¥4 4

. i for all masses.
the LO processes, quark-gluon scatterigfg)g— QQq(q)

is also included. The total partonic cross sectiodr;; , can Js 200 GeV 55 TeV
be expressedas Source (M) (pr) (M) (pra)
- ag(p) | o as(n) 4 (GeV) (Gev) (Gev) (GeV)
0ij(X1Xg$, Mg, p) = —5— Tij(p) + ———LTij(p) —
Mg m DD yneorr 3.73 0.84 457 1.00
_ DD corr 2.41 0.77 3.03 0.84
+Hi(p)IN(u?m)]+O(a?) |, BB 3.95 1.91 4.20 2.05
DY 2.45 1.68 2.68 2.45
@y 2.44 1.06 2.61 1.26
where p=4md/x;x,s and fJ,=0. The double differential DD, cor 239 0.85 2.52 0.98
meson pair production cross section to NLO is then DDy, uncorr - - 2.28 0.97
_ donwn _ : . P :
Ey d3—d3_: 2, | dxpdx,dz,dz, gesting that the perturbative expansion is unreliable for
pradTpy 1

mq/ Js<1. For details of the calculation and the theoretical
uncertainties, segs,29].

XEHEH Dom(z1)Dar zr) It was recently shown that whememy, the theoretical
EoEq zﬁza— K factor is nearly constant for distributions that are nontrivial
at LO[29].* Therefore, the NLO calculation is essential only
_doyj(XgXpS,Mg , 1) for the pairpt and azimuthal distributions. We calculate the
X| EqEqg 3 meson pair invariant mass distributions and the double dif-
d°pydpy ferential rapidity and rapidity gapy,=yn—ysy, distribu-

tions doyy/dydM and do7/dy,dM at LO assumin
X G ) 0 (X ), ® DQ,H(Z)zHg(lxz) and checﬂgd t%%t our results agreed \?vith
whereq; andq; are the quark, antiquark, and gluon densities,the LO results from the program of Nason and collaborators
appropriately defined in the particular scheme. The sum runip]. The rapidity gap is needed for acceptance studies since
over gg fusion, gq annihilation, andy(q)g scattering. The the mesons decay independently. The total cross section and
NLO corrections become large whem, //s<1 since gluon QQ pair pr distributions are calculated at NLO using the
exchange dominates the asymptotic behavior. However, thgaMe prograni6]. We note that, so far, no resummation of
perturbative expansion may still be valid if further higher the QQ py distribution has been performed for lopy,

order corrections are small. analogous to Drell-Yan productiofsee Eq.(3) and[2,7)).

The cc total cross section at NLQr'%, has been com- Therefore, we have only shown tH@Q py distribution
pared withpp andpA data atys<63 GeV[23,24, assum- where the calculation may be considered to be reliable. The
ing a linear nuclear dependeri@5—27, to fix m, andx and QQ andHH py distributions are assumed to be equal, in

provide an extrapolation to collider energi@. Reasonable K€€Ping with the trivial fragmentation function used for the
agreement with the data was found fo,=1.2 GeV and longitudinal momentum distributiofl8]. At largep+, this is

T . . tot _ no longer a good approximation. However, in the @
p=2m, for MRS D-', leading tooc=344ub at RHIC region, of interest in heavy-ion collisions, this assumption

and 17.7 mb at the LHC. We usey=p=4.75 GeV to cal-  should be reasonable. We assume no intrinsic light parton
culatebb production, findingsr, ;= 1.5ub at RHIC and 224  p; in the parton densities and integrate oxgmndx, using

wb at the LHC. Thecc cross sections are larger than earlierfour-momentum conservation. The triple differential cross
estimates[1] because of the low behavior of the gluon section, Eq(5) is then

distributions® However, the theoretical K factor,

doyy o

NLO, LO . . — HH NLO 2 -

=g —~2— - = d dz,dzdy,dyLC(X4,X
O'QQ/O'QQ 2-3, is rather large, particularly focc, sug dydyngz ULof PT,odz4dZdyLdyHC(X1,X2)

P . _ EHEn Doim(zn) Doin(zh)

This process has been interpreted at LO as the scattering of a X — —
heavy quark excited from the nucleon sea with a light quark or EqEq ZnZy
gluon, e.g.gQ—gQ, and is referred to as flavor excitatifiv,20. X Sly— + /215TM2— + 2
However, for moderat@, flavor excitation is suppressed at LO Ly=(yntynilzle (PrtPr)°]
due to the small heavy quark parton density near threshold. X8(Yg—YrutYr), (9)

3Choosing another parton density with a lower initial scale but

similar smallx behavior[28] leads to a somewhat smaller charm
cross section at LHqutCO—Ct= 6.7 mb while thecc cross section at 4Reference[30] reaches a different conclusion withoemg, .

RHIC is 351 ub, nearly independent of the choice of parton densi-However, this choice introduces large logarithms for=mg,
ties[3]. making the calculation unstable.
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where oy o/0 o is the theoreticaK factor. The definition M2=2m$(1+cosryg), small y, corresponds to larger.

of the pair rapidity, y=(yy+yy)/2, holds when However, the mass integrated rapidity gap distribution, does
Pr.o=Pr,o Which is true when the initial partopy is ne-  not have a minimum ag,=0. The decays are calculated in
glected. The meson pair rapidity distributions are somewhage meson rest frame according to the measured lepton mo-
narrower than the corresponding quark pair distributions dugnentum distributions[32,33 and boosted back to the

to the quark and mason mass differences. nucleon-nucleon center of mass frame where the lepton pair
If the average number diH pairs, quantities are computed. To account for uncorrelated lepton
pair production in the Monte Carlo code, tvibH pairs are
Nun=Tas(0)onun, (100  generated and thel from the first pair is decayed with the
H from the second.
produced in central collisions is smahl,;<1, the lepton The number of lepton pairs from heavy quark decays at

pairs will be correlated withNf*"=N,;BA(H/H—I*X). M=2, 4, and 6 GeV are given in Table | for central AAu
However, ifNy;> 1, opposite sign lepton pairs from uncor- c_oIIisions at RHIC and in Te}ble 1l f_or central P#Pb colli- .
relatedHH pair decays need to be taken into account. Wherions at the LHC. Note that in obtaining the number of pairs
Nup>1, the average number of uncorrelated lepton pairs i%?m_gtl?]r zﬂo%ml\jg\?”_?hse'rg“gt%% V&’}Zggegsgi]?;’ﬁé rg:s: bins
NUO™= N, (Npir— 1)BE(HH—1=X). If Nyp=~1, a distri- wi ' v ; Y
bution in N5 must be considered to calculate the uncorre-P&" produced "?“ RHIC and lTHC energies are shown in
lated pairs. Table Ill. The dileptons resulting from uncorrelat&D

The cc production cross sections are large enough foPalls have larger masses since the rapidity gap between the
lepton pair production from uncorrelatd@D decavs to be uncorrelated mesons is larger on average than between the
P pairp . . y correlated pairs. In fact the average mass of lepton pairs from

substantial in nuclear collisions, particularly at the LHC. — .
: tot ; — . uncorrelated D decays is 30% larger than that of the cor-
Given our values otr__ and assuming that adic pairs pro- . - :
) — ¢c¢ _ related pairs at LHC. The average rapidity of the lepton pairs
duce final-stateDD pairs, we findNpp~8.7 at RHIC and .

- . from uncorrelatedd D decays is smaller than from correlated
Npp~450 at the LHC Up to 3100 uncorrelated pairs can be decays at the LHC whereas the averageis somewhat
formed among th&x(D—1*X)Npp~55 " andl~ leptons —

from the charm decays in central PBb collisions at the larger for the uncorr_elated pairs. Uncorrelai@ decays
LHC. have not been considered here but should produce only a

. - — . relatively small enhancement at LHC féd <10 GeV. In
usith;olr\]/lgﬁ'ltres gg:}‘oj Eozre]deaZgo? %ydsetg\)lli tﬁfgsﬂfézmbid general, the average lepton pgif increases with dilepton
) hile th lept i idity d ith
Mark-Ill [32] andB decays observed with CLE{33]. Op- mg: while the average leplon pair rapidity decreases wi
posite sign lepton pairs can be produced from a sirigjle '

decay by the chaiB— DI "X, D—1~X. Our calculation as-
sumes that the lepton pairs result from the decay of the initialll- PILEPTON PRODUCTION BY THERMAL PROCESSES

B andB. Note that the CLEO analysj83] assumes thatthe  we now calculate the rates of thermal lepton pair produc-

measured leptons are from the decays of the irftialrather  tion, both directly from thermad q annihilation and from the

than from secondary decays. HoweverBiB production is  decays ofDD pairs produced thermally. We expect that the

significant, the secondary decays in the chain could add gngitudinal expansion approximately follows the scaling

component to the low mass background. The inclusivgaw, v,=z/t, at RHIC and LHC until large rapidities where

branching ratio foD meson decay to leptons, averaged overparticle densities become small and pressure gradients cause

charged and neutrdd’s, is Bg(D%/D " —17X)~12%[34].  scaling violations. Numerical calculatiofig5,36 give sup-

The corresponding branching ratio fBrmesons of unspeci- port for a picture where these deviations are small up to the

fied charge iBr(B—1"X)~12%[34]. The momentum vec- fragmentation regions, therefore we neglect them here.

tors of each meson are computed in thEl pair rest frame With the scaling ansatz for the longitudinal velocity we

using the rapidity gap distributiordN/dy,dM, to separate can relate the initial density and initial time to the final mul-

the mesons. The rapidity gap increases with so that tiplicity distribution of hadrons bwiri=(dN/d1;)/(7rR,§).

dN/dy,dM has a minimum ay,=0 since for fixed mass, The temperature is therefore a function of T,;=T;(7),
where we can identify the fluid and particle rapidities since
the overall rapidity distribution is much broader than the

>The cc production rate at LHC is compatible with an earlier thermal distribution at freezeout. We parametrize the multi-

estimate using the parton cascade m¢@&] where~400cc pairs  plicity distribution in the form

are produced at@=6.3 TeV. However, our RHIC rate is consid-

erably smaller than the 6€c pairs predicted by the parton cascade.

The discrepancy cannot be fully accounted for within the theoretical dN [dN

uncertainties. In fact, if we use the same parton densities as in the -—= (—) exp(— p?20?), (11

parton cascade model with the same charmed quark mass and scale, o

our production rate drops by a factor of 2 at the LHC but is un-

changed at RHIC energi¢8]. Therefore, initialkcc production can- ~ where @N/d %), is the total multiplicity aty=0 ando mea-

not be the only important source of charm in the parton cascadsures the width of the hadron rapidity distribution. As before,

model. [1] we assume the following initial conditions: at RHIC en-
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ergies| 7| <6 and we choosed(N/d 7),=2000 while for the  the transverse flow the dilepton emission rate is {{&h38g
LHC |»|<8 and we take {N/d7%),=5000. The width is dN o2

estimated from the total energy of the final particles. We find P Po-dvdVE = FFexp{— [mycosiy— 7)/T]},
o~3 at RHIC and at LHCg~5. These rapidity densities, xd“prdy ™ (12)
while somewhat high, are consistent with tfeptimistic)
high initial temperatures taken here, as well as with partowhereT is the temperature ang is the rapidity of the me-
cascade model calculatiofisl]. Like the scaling properties dium. In a plasmako=ZSej while in an equilibrium hadron
of the longitudinal velocity, the Gaussian form of the multi- 93S fsﬁum'”gwﬂ?gﬂl 2' . 18 the dominant channel,
plicity distribution must break down at rapidities close to the ™ # = 2M,/[(M,=M7)"+m,[".]. The mixed phase has a
phase space limit. There, however, the densities become t(%actlonal coniribution ~ from  each  with Fy

small for thermal production to be important. In addition to m7— p—I171~ other hadronic processes

contribute to the dilepton rate. In the region above the

mass they domina{e&9] over thep contribution which is cut

off by the form factor. The assumption that vector mesons

saturate thee™e~ —hadrons cross section indicates that at

. the phase transition temperature the dilepton rate in the had-
In the quark-gluon plasma, lepton pairs are expected 10 by ‘gas could be very similar to that from the quark-gluon

produced by the annihilation procegs—y*—171", simi-  plasma[40]. Neglecting these contributions underestimates

lar to Drell-Yan production in the initial nucleon-nucleon the hadronic emission in the mass range betweer thad

interactions. However, in the plasma, the nuclear quark disj/s mesons.

tributions are replaced by thermal distributions. Neglecting The rapidity distribution for a given dilepton mass is

A. Thermal dileptons

2

_dN _ o R2 3FQJ'Y d77(7'i-|—i3)2 p “xlx MaTmF de 1 1 i
dMdy 273" A 05— So)y3 _vcostf(n—vy) 1(0€ 7 Hosi—syMT5 R | d X_c+_§ ¢
3Fy (v dn(1Ti)? —x|XH
+ 6(Si— Sged M3 ffyCOSf?(n—y) P.(x)e e (13)

where P (x) = x*+ 5x3+ 15x2+ 30x + 30, x=Mcosh@—y)/T, s; is the initial entropy density ans,, andsy are the entropy
densities of the plasma and the hadron gas at the transition tempéeFatufidne invariant mass distribution is obtained by
integrating Eq(13) over the rapidity interval- Y<y<Y. Likewise the transverse momentum distribution for mislss

dN  @? Y dydy(nT})? _ (Y
- 2 o A AL o _m —mycosh n—y)IT
aMdp, 277 TRAM p1i 6(S; SQ)SFQJYm$COSW(ﬂ_y) P,(z)e ZC+ 0(si—sy) 5 FMJlendye T
Y dndy(mqTi)? .
+6(s — F ———P T 14
6(Si — Sged 3 nym$cosﬁs(77—y) 2(2)e e (14
|
where  P,(z)=2°+57*+ 2023+ 602+ 12Qz+120  and n(TiIT)3, T>Te,
z=mycosh@—y)/T. m=]|1 fm, T.=T,.

As defaults, we assume a three-flavor plasma and a had-
ron gas of massless pions witf,=200 MeV and

The initial plasma content of the mixed phase is
Tgec= 140 MeV. Then

1, T,>T,
2
77 —_—
B 4'}’k%Ti3, Si>Sq Or §;<<sy, fo=1 (Si—su)/(sg—su), Ti=T,
o 0, T<T,.

foSo+(1—Tfo)sy, su<si<sg,
The beginning of the hadron phase is then
where vy, is the number of degrees of freedom with=3
and yo=16+21n¢/2 and n;=s;/3.6. The beginning of the
mixed phase occurs at

Tml, Tich,

M1 fm, T<T.,
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wherer =sqg/sy=yq/yy4 . There is no thermal contribution (Boltzmann distribution of the initial partons. Note that if
if Ti<Tgec the rapidity gap is integrated over, E@.5) reduces to Eq.
In our previous work, we used three different hypotheseg12). The number of thermal lepton pairs with=2, 4, and
to fix T; and 7; [1]. Since here we wish to determine if any 6 GeV are given in Tables | and Il for central collisions at
plasma contribution is observable at all, we focus on theRHIC and LHC. The rapidity gap distributiomiN/dy,dM
highest temperature scenarios;(3T;)=7%c, yielding does notincrease wity, at fixedM as it does for the initial
Ti max—515 at RHIC and 810 MeV at the LHC, similar to the QQ production because the thermal partons are not aligned
results of Ref.[41]. The corresponding initial times are along a particular direction. However, the averggeand
7,~ 0.2 fm and 0.08 fm, respectively. Thermalization at suchrapidity of the thermal distributions follows the trend of the
early times is a bold assumption, if taken literally. Following heavy quark decay€pr) increases with mass whilg/) de-
McLerran, Kapusta, and Srivastaydl], we employ it to  creases. The average thermal pair masspanare shown in

schematically characterize preequilibrium pair productionTable Ill for M>2 GeV at RHIC and LHC.
[42,43. For our choice of initial conditions, plasma produc-

tion dominates the thermal distributions over all observable
phase space. However, other initial conditions with lower
initial temperatures result in a much smaller thermal yield for  With a large initial temperature in the most optimistic
M=2 GeV. For example, if we choose instedd=150 scenario,T; ma~ (1/3—1/2)m., significant thermal charm
MeV and T4~ 100 MeV, as recent lattice calculations with production may be expected, as previously suggested
quarks indicatg¢44], then the hadron gas contribution is con- [49,50. The thermalcc production rate can be found by
siderably reduced. Since we have assumed a high initial tenmmaking the replacement

perature and study pairs witkl=2 GeV only, the hadron ) ) )

contribution is a small fraction of the yield. Al =2 GeV, 36| Mqgi|*= vol Mg-.cet®+ Yol Mgg-.cct®s  (16)

the yield is reduced by-30% with T.=150 MeV while

higher masses are virtually unaffected. Reducidiy/d»),  in Eq. (15) where nowp, andp, are the four-momenta of
would reduceT;, increasing the relative importance of the the charm quarks and the quark and gluon degeneracy factors
hadronic contribution and decreasing the plasma yield. Adare 'yq=3><(2><3)2 for three quark flavors and
ditionally, recent analyses of the initial conditiof¥5,46  y,=(2x8)?2 (the factor of 1/2 is needed to prevent double
suggest that the quark density is too low for the quarks to beounting [50]. The matrix elements are given jB1]. We

in chemical equilibrium. Therefore, even if the initial tem- usem,= 1.2 GeV to be consistent with the initiat produc-
perature is high, the dilepton yield would be significantly tion calculations and include only plasma producficfhe

reduced because of the low quark density. _ fragmentation of the charmed quarks ifd® pairs has also
We neglect the transverse expansion and describe thgeen incorporated, as in E@). We find approximately one
matter in the longitudinal direction only. Transverse expan,ormalDD pair at RHIC and 23 pairs in PPb collisions
sion mainly affects the 'atef part of the mixed phage a'nd &t LHC. These results are essentially in agreement with those
hadron gas phasi@7,4§. If |t_|s mchd_ed, the contribution of the ideal thermal case discussed[82,53. The rate is
from the hadron gas phase is negligible fe2 GeV ex- high enough at the LHC for=500 lepton pairs to be pro-

cept at large rapidities where the initial denSity is. 100 low 0 uced from uncorrelated decays. Again, an ideal background
produce a plasma. Therefore a full three-dimensional hydro

) . . . Subtraction should remove the uncorrelated pairs.
dynamic calculation would give a narrower thermal pair ra-

ity distribution th lonaitudinal i . The number of thermal lepton pairs wiM=2, 4, and 6
lt[?lor:y IStribution than our fongitudinal scaling approxima- gy gre given in Tables | and Il for central collisions at

. . RHIC and LHC. As before, th ber of pairs at each
We have so far discussed the properties of the lepto an S DeTore, the nUMbEr Ol pairs a each mass

. g ik, averaged over mass bins of width 400 MeV. The average
pairs. However, once acceptance questions are addressed

is necessary to track each lepton separately. The space-tirP pe_ur mass angr are scinevx_/hat Iarg.er than the corre-
integration remains the same, but now we write more genersPondingcc averages. Th®D pair mass is 1.5 GeV larger

B. Thermal charm

ally while (p) is 400 MeV larger at RHIC and 600 MeV larger
at LHC. These increases deplete high rapiify pairs with
dN d3k, d3k, d®p, d3p, respect tcnc_pr(_)du_c_tion. The rapidity gap is also decr_eased,
E-r—3 zzf f(ky)f(ky) although not significantly. The average thermal pair mass
d*xd*pdy,dM Bx, Be, Ep, Ep, andpy are given in Table Il for both RHIC and LHC. The
36 M|? mass angy distributions of lepton pairs resulting from cor-
><m5“(kpL Ko—pi—p2) relatedDD decays are similar in shape to the thermal dilep-
68(2m) tons and with a similar yield at the same lepton pair mass.
X 8[M?—(p1+p2)°] However, the lepton pair rapidity distributions frobD de-

cays are narrower. As in the case of initia production, the
X 5(yg_ yp1+ ypz)

X 6(p=P1—P2), (15 %In a previous papefl], a normalization constant was left out of
the calculation. The correction has the effect of reducing the ther-
wherek; andk, are the incoming quark and antiquayk, mal charm yield. Note also that a typographical factor of 2 is also
and p, are the outgoing leptons, anfdk) is the thermal missing from Eq(13) of that paper.
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uncorrelated lepton pairs have a much broader mass distri- 10! : : : I :
bution than the correlated pairs. .
P b RHC W uweor ]
''''' - corr
(a) M=R GeV = .-.._.. - BB |

IV. RESULTS AND CONCLUSIONS

~.. — — — - DY p—

(GeV™?)

A. Results

We now compare the perturbative lepton pair production
with thermal production. The mass distributions have already
been shown in Fig. 1 for RHIC and LHC although without
the uncorrelatedD decays. The distributions for lepton
pairs withM =2, 4, and 6 GeV are shown in Fig. 3 for RHIC
and Fig. 4 for LHC. Here the yield from the uncorrelated
DD decays are included. We remark that the Drell-Ygn
distributions atM =4 and 6 GeV are calculated gt=0 and
2. The distributions at higher rapidity are nearly parallel until

dN/dMdp,

L./

]

the kinematic limit is approached. Thus we have assumed 100 , i : i ,
that thep+ distribution has the same shape fdr=2 GeV | _
and scaled the 4 GeV results to obtain fhedistribution at 1071 — ]
M=2 GeV. The rapidity-integrategh; distribution for a C}T‘ N - (b) M=4 GeV
given mass is obtained by normalizing the distribution at 2 i Treal
y=0 todo/dM. The average lepton pair masses b2 S 10-3 [~ =~ N - _
GeV and transverse momenta at both energies are given in« / Tl RN
Table 1ll. The averagg+ of the lepton pairs are given for g 1074 T~ NS . -]
M>2 GeV only for Drell-Yan and thermal dilepton produc- % | e T e
tion. The averagepr from heavy quark decays, initial and > 105 7 Tl TN -
thermal, are given for alM. o e TTTRew
Uncorrelated initialDD decays dominate the distribu- 10 7/ Tl
tions, by several orders of magnitude at the LHC. However, 10-7 s | N : ]
the like-sign subtraction that removes 7~ andKK decays 0 2 4 6
from the continuum should also remove the uncorrelated pr (GeV)
DD decays. The correlatddD decays are part of the signal 10-1 . . .
and will not be subtracted. These decays dominate the con- ! ! |
tinuum up toM =10 GeV. At higher masses, tiBB decays 1078 = -emmees - —
begin to be as important as correla@® decays. The same  § ot TTeel (c) M=6 GeV
results are observable in thpg distributions. At RHIC, the % 7 [~ RN 7
contributions from the initial hard processes are above theZ P Tl _
thermal contributions over all phase space exceptlat2 & 4 N RN RN
GeV andy>4.5, as seen in Fig.(B). The thermal dilepton = 1075 [~ ..o T~ XA
and thermal charm contributions are somewhat above thoseﬁ i R Tl T _
of the BB and Drell-Yan pairs foM <3 GeV at RHIC. Both > 107° 7 TTe-al T T
thermal contributions have very similar distributions and ™ o T
yields at RHIC energies. The thermal dilepton and thermal A
DD distributions are also similar at the LHC although the 108 L - | - 1
thermal charm vyield is larger than the thermal lepton pair 0 2 4 6
Yy pr (GeV)

yield. At the LHC, theBB decays produce more lepton pairs
than the thermals foM>2 GeV. However, the correlated  FIG. 3. Thep; distributions of the contributions to the dilepton
thermal charm yield is above tH&B decays aM =2 GeV.  spectrum in central AttAu collisions at\/s=200 GeV for pairs

The uncorrelated thermal charm vyield is larger thanBige ~ With M=2 (a), 4 (b), and 6 GeV(c). The distributions from Drell-
decay rate. If all the heavy quark decays could be subtractedan (dashegdiand thermal dileptortsolid) production and thermal
there might be a small window of opportunity to observeDD decays(dotted, the initial correlateddot-dashefiand uncor-
thermal dileptons, both prompt and from charm decays, ovefelated(dot-dashed-dashedD and BB (dot-dot-dashedproduc-
Drell-Yan production at lowp;, as seen in Fig. 3. Because tion and decay are included.

RHIC is at a significantly lower energy than the LHC, the ) } ) e o

slopes of the distributions of each of the contributions ares!oPes, see Fig. 4, making differentiation more difficult.
somewhat different, even in the central region, as seen in_Our results suggest that it is very unlikely that the thermal
Fig. 3. The difference in the slopes could perhaps help disdd annihilation signal can be extract.ed. However, the experi-
entangle the dilepton sources, if very large rapidities couldnental acceptance has not been included. The acceptance
be measured since thermal dilepton production is dominarghould be smaller for lepton pairs frobD decays than for
here[1]. All the LHC pt and rapidity spectra have similar Drell-Yan or thermal dileptons. Since, especially @D de-
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FIG. 4. The same as Fig. 3 for central PBb collisions at
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pidity gap. Therefore a judicious choice of kinematic cuts

can reduce the initidDD acceptance relative to other dilep-
ton sources that produce nearly equal but opposite transverse
momentum leptons wittpr<<M. To show how the finite
detector acceptance changes the yield, we choose some real-
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 elec-
tron arms with a rather small acceptan¢e|<0.35 and
+30°< ¢<£120°, one muon arm in the forward direction
[54] covering the pseudorapidity region £<2.4, and a
second muon arm in the backward direction with a similar
angular coveragg55]. We assume that electrons with mo-
mentum greater than 1 GeV and muons with momentum
greater than 2 GeV can be efficiently detected. Although we
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 systems
through electron-muon coincidence studies. The rapidity gap
between the lepton pairs becomes particularly important
when finite acceptance cuts are applied. Pairs with a small
rapidity gap are more likely to be accepted, particularly in
the central electron arms.

The detector acceptance can have a substantial effect on
the relative rates, as shown in Figabfor the central elec-
tron arms, Fig. B) the forward muon arm, and Fig(& the
combinedeu coverage for PHENIX. Note that some of the
distributions are limited by statistics. For each system, the
accepted lepton pair mass distributions are shown. The per-
centage of accepted pairs wili>2 GeV and the average
lepton pair mass from all our sources in this mass range are
given in Table IV. In principle all finite masses are accepted.
However, since the Drell-Yan and thermal dileptons calcula-
tions are most reliable favl >2 GeV, we useM =2 GeV as
a lower bound on the accepted masses. Note that many of the
DD decay pairs, both correlated and uncorrelated, have an
invariant mass less than 2 GeV so that the additional mass
cut to compare the number of accepted pairs on an equal
footing significantly reduces the total acceptance, especially
for the uncorrelatedd D pairs.

_The finite acceptance strongly reduces the uncorrelated
DD production relative to the correlated production, as seen

in Fig. 5. In the central detectoRD decays have the small-
est acceptance due to the relatively large rapidity gap be-

Js=5.5 TeV. In addition to the contributions shown in Fig. 3, tween the leptons. Particularly, the high mass uncorrelated
uncorrelated thermaDD decays are shown in the dot-dot-dash- pairs are removed from the spectrum. TBB decays have

dashed curves.

the largest acceptance here because the combination of the
relatively small pair rapidity and rapidity gap favors their

cays, large lepton pair mass implies a large rapidity gap, adietection. They will have the largest contribution to the con-

least one of thédD decay leptons may be outside the finite tinuum for M>6 GeV, after the correlate®D signal is
detector acceptance. In particular, relatively few high massegligible.

lepton pairs from uncorrelateldD decays will be detected,

In the forward muon arm, the Drell-Yan arB:I?_decays

significantly reducing the uncorrelated yield even beforenye very similar yields foM >3 GeV since thé8B accep-
like-sign subtraction. Th&B decay pairs will have a larger tance will be decreased relative to the tightly correlated

acceptance due to the increase in pa@i over the

Drell-Yan and thermal production with their broader rapidity

DD—I"1~ decays at the same mass which reduces the radistributions. Although both correlated and uncorrelated
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FIG. 5. The mass distributions of pairs accepted into the PHENIX detector in centiadhAweollisions at RHIC. The acceptance cuts
are shown for pairs ifa) the central electron detectgh) the forward muon arm, an@) pairs formed when an electron is accepted into one
of the PHENIX central arms and an opposite sign muon is accepted into the forward arm. The contributions are Didzkkegi and
thermal _dilepton(solid) production and thermaDD (dotted, initial correlated(dot-dashefland uncorrelateddot-dash-dashed D, and
initial BB (dot-dot-dashedproduction and decay. I¢c), only the mass distributions for correlated and uncorrel&t®d—e™ u* X decays
are shown.

DD decays are reduced relative to the smaller rapidity gap o$inceeu pairs cannot be produced by correlated Drell-Yan
the BB decays, the uncorrelatddD acceptance is reduced and thermal production. The rate must be large enough for at
still further because of the larger rapidity gap between thdeast two lepton pairs to be produced per event for uncorre-
uncorrelated lepton pairs. In general, the broader rapidityated ex pairs to be importantexcept forBB decay$ and
coverage in the muon arm increases the acceptance of bothe yields from the other sources are small enough for such

the correlated and uncorrelatddD pairs. After like-sign

subtraction, the initiaDD decays will dominate the spec-
trum for most of the pair masses studied.

production to be unlikelysee Table)l
If the uncorrelatedDD decays can be completely re-
moved by a like-sign subtraction, thep. coincidence is a

In Fig. 5(c) we show only the acceptance for correlatedgood way to extract the correlaté@D yield, which consti-

and uncorrelated initiaDD decays toeu pairs. The in-

tutes the charm signature. Even with a complete charm mea-

creased rapidity coverage of the combined system results isurement, thermal sources will be hard to detect, especially

the acceptance of more low mass uncorrelddddl decays.

the thermal dileptons. In the muon arm, Drell-Yan 88

We have not included the yield from any of the other sourceslecays have nearly the same rate and could be hard to sepa-
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TABLE IV. Percentage of lepton pairs withl;;>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 combination of
electrons and muons from both detectors.

ete M+,Uv7 e‘:MI
Source % Acc.  (Mgo) (GeV) % Acc. (M) (GeV) % Acc. (Mg,) (GeV)
DD yncorr 0.01 2.75 0.07 253 0.084 3.2
DDy 0.032 3.05 0.42 2.84 0.08 3.74
BB 0.60 453 1.7 3.56 - -
DY 0.16 3.15 3.7 2.64 - -
1, 0.23 2.51 33 2.18 - -
DDy, 0.014 2.47 0.12 2.58 - -

rate. However, in the electron arms, fo®1<10 GeV,

BB decays are most important and could be removed from 10! . I . I . I .

the lower mass continuum by a comparison of the slopes. . + -

The thermaDD signature may be measured below 3 GeV if 100 = (a) ALICE e”e _
the initial charm production can be reliably subtracted. At 2

GeV in the central detectors, the accepted thefdialyield -1 - —————— DD uncorr ]
is five times larger than th&B yield. At low mass and e R N g]—; eerr

pt, thermal charm could also be seen in the gairdistri- o=z [ —— = DY 1

butions. Measurements from all the detector systems mus
complement each other for reliable results.

C. LHC: ALICE

dN/dM (Gev™!)

At the LHC, only one heavy-ion detector, ALICE, is
planned. It includes a central detector that will measure di-
electrons withM <M, [56] and coverind |<0.9. We se-
lect leptons with momentum greater than 1 GeV. The ALICE
collaboration has also proposed a forward muon spectrom-
eter, with 2.4&< »<4 to cover higher mass paif§7]. We
consider only muons with momentum larger than 4 GeV in
the muon arm.

The mass distributions fga) the central detector anh)
the forward muon spectrometer are shown in Fig. 6. The
relative rates are similar to the corresponding RHIC detector
systems although, overall, the acceptances are larger in the
ALICE detector, as shown in Table V. In the central detec-
tor, this is probably due to the full azimuthal coverage and —~
the larger rapidity coverage. While the acceptance cuts sub-..
stantially reduce the rate from uncorrelat@® decays com- 3
pared to the correlated decays, the uncorrelated yield is still ™~
nearly an order of magnitude larger than the correlated yield 5
for masses below 4 GeV. This higher acceptance for uncor-g
related pairs means than an accurate like-sign subtraction is®
crucial. An additional background comes from uncorrelated
thermalDD decays. In the central detector, the uncorrelated
thermalDD rate is as large as the initial correlatBdD rate
at low masses. However, in the muon arm, Bt decays are
clearly the most important source of lepton pairs after the
initial charm production due in part to the smaller rapidity M (GeV)
gap between the leptons—it is more likely that both decay
leptons will lie within the rapidity Window of the detector. FIG. 6. The same as Fig. 5 for pairs accepted into the ALICE
The acceptance does not decrease in the muon arm becayi&e tor in central PBPb collisions at LHC. The accepted distri-
the pair rapidity distribution is not S|gn|f|qanFIy r_edqced Wlth_ butions are given fota) the central detector an@) the proposed
respect to the Drell-Yan and thermal pair distributions, as i§orward muon arm. In addition to the contributions shown in Fig. 5,
the case at RHIC. The correlated therddd yield may also  yncorrelated thermaDD decays are shown in the dot-dot-dash-
be observable a1~2 GeV although the8B decay rate is dashed curves.

10
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TAB!_E V. Percentage of lepton _pairs witlvfl”>_2 GeV ac- Our calculations show that charm cannot be omitted. The
cepted in the ALICE detector and their average pair mass. We havgroduction of charm-decay and Drell-Yan dileptons in pri-
included the central detector and the proposed forward muon aMmary collisions in any parton cascade or hydrodynamic
model must agree with perturbative QCD and, therefore, the
rates should be similar to ours. Other initial charm calcula-
tions [52] are within a factor of 2—3 of ours, within the

e'e” Ay
% Acc. (Mo (GeV) % Acc. (M) (GeV)

DD—uncorr 0.093 2.69 0.12 2.58 theoretical uncertainties involving the quark mass and scale.
DD, 0.44 310 0.67 2.92 The cc production rate in the parton cascade model agrees
BB 4.42 4.33 358 4.01 yvith perturbative QCD irpp cqllisions but qverestimates the
DY 36 262 597 258 |mportance of flavor eXC|tf_;1t|or{14], leading to a larger
g 4.9 255 4.76 292 charm yield .than ours, part|cularly at_RHI[Gl]. _Howevgr,
DDy con 0.46 252 0.29 234 we have omitted cascading of theandc quarks in the high

density medium, which can lead to energy 1068,59 (simi-

lar to “jet quenching”[60)). If this loss is sufficient, these
guarks can be equilibrated with the flowing plasfitd].
Since it is highly unlikely that all of thec pairs can anni-
within a factor of 2 here and more difficult to remove reli- hi|ate, Cascading will not Change the number of pairs appre-
ably. The average mass of the accepted pairs in ALICE argjably.

also given in Table V. The observed trends are similar to the We expect that thermal charm will prove to be an experi-
PHENIX results except that the conclusion that the thermaimentally accessible temperature probe at RHIC and LHC.
dilepton signal is unlikely to be measured is even strongeOn the other hand, we emphasize that therquplannihila-

DD, uncorr 0.33 2.70 0.056 2.49

here although thermal charm may still be observable. tion, perhaps the more familiar thermal signal, will be much
more difficult to pick out. Thermal annihilation would be a
D. Conclusions more direct thermometer because the kinematics of the lep-

. ton pair specifies the off-shell photon’s four-momentum.

hegvr;/airg pfjﬁ;tc')?]g IS éczndow;rhangigg;?§n22d|lciﬁ)ttsonsfg;However’ the heavy quark and Drell-Yan contributions are
) o . ' high for th ly falling thermal contribution
M<6-8 GeV. Uncertainties in QCD calculations may too high for the steeply falling thermal contributions to be

tract less the ch tributi liabl -
change the rates by a factor of 2 at RHIC and 3—4 at LHCeX racted, unless the charm contributions can be reliably sub

) . . ) racted.
not enough to affect this conclusion. Charm is both S|gnaf

d back db th \tiolB pai ducti What is the best way to measure charm? Coincidence
and background because the mullipepair production ré- 0 55, rements afu can prove useful. Charm was first mea-

sults in substantial uncorrelatddD contributions to the g red by this method at the ISI82] and such coincidence
background. We have only included heavy quark productionneasurements are planned for PHENB4]. Pairs of like-
by first collisions. However, multiple hard scatteringAB sign electrons may also offer a measure of uncorrelated
collisions can increase the charm yield before equilibration.cparm production. Charm was measured with single elec-
Nuclear shadowing is not yet well understood for theyons py a study of the/ ratio at the ISR63]. Addition-
gluon. If the shadowing effects can be mapped out in phasgy semileptonic decays can be experimentally tagged and
space, the detection of thermal signals could be improvedseparated from direct production of lepton pairs with a vertex
Since pA studies are planned at RHIC, nuclear shadowingyetector. If a detached vertex is observed for at least one of
could be mapped out in phase space. Such measurements g{g |eptons, then direct production of the pair can be ruled
themselves important results. The effects are strongest at thgt Such a vertex detector is planned for the STAR detector
LHC where the saturation of the shadowing curve is reacheqg] at RHIC. Another technique for reducing the signal lev-
Unfortunately this saturation region is unlikely to be probedg|s from semileptonic decays is the use of selective kine-
at RHIC and no correspondingA measurements can be matic cuts. Since the leptons from decays have a weaker
performed at the LHC so that the shadowing effects may bgorrelation in rapidity or angle than those from directly pro-
more difficult to interpret. It is clear that systematic studiesqced pairs, cuts can be placed on these variables. While
of charm production irpp, pA, andAB interactions at the some signal events will be lost, the signal to background
same energy are needed to fully understand charm produgatio can be improved for large acceptance detectors.
tion. . ) Note addedDetailedp;, mass, pair rapidity, and rapid-
We stress that our work differs from previous effortsjty gap distributions for all the dilepton contributions can be
[41,42 primarily in our estimate of the perturbative back- gptained either from the Los Alamos preprint archive, hep-

ground. Kapusta, McLerran, and Srivastgv] assumed h/9604369, or from vogt@nsdssd.lbl.gov.
hydrodynamic initial conditions similar to ours, but con-

cluded that thermal dileptons dominate the continuum below
theY. We attribute this striking difference to their estimate
of the initial hard scattering processes. First, they omitted the S.G., P.V.R., and R.V. thank the Institute for Nuclear
contribution from semileptonic charm decays. They also unTheory at the University of Washington in Seattle for their
derestimated the Drell-Yan contribution by using Duke-hospitality. R.V. thanks Brookhaven National Laboratory
Owens parton distributiongl1], long obsolete. This same and the University of Jywekylafor their hospitality. We are
Drell-Yan estimate was also used in the comparison withgrateful to J. Carroll, K. Geiger, W. M. Geist, B. Jacak, D.
dilepton production by the parton cascade mddél. Jouan, V. Koch, J. Smith, and E. V. Shuryak for discussions
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and K. J. Eskola for providing the shadowing parametrizato be predominantly in the shadowing region. However, the
tions used in the paper. This manuscript has been authoreadomentum fractions increase with pair mass, transverse mo-
under Contract No. DE-AC02-76CH00016 with the U.S. De-mentum, and rapidity. Ay=0 andp;=0, x~M//s so that
partment of Energy. This work was supported in part by thein the mass range 2M <6 GeV, 0.0kx<0.03 at RHIC
Director, Office of Energy Research, Division of Nuclear and 3.6< 10 *<x<1.09x 102 at the LHC. It follows that
Physics of the Office of High Energy and Nuclear Physics ofRF2 may change significantly at RHIC. At the LHQ, is

the U.S. Department of Energy under Contract No. DE-gma| enough for the shadowing to be saturated over most
AC03-76SF0098. measurable rapidities. The most important point to note is
that the reduction in the AtAu cross section is never sig-
nificantly more than a factor of 2 for any of the processes
considered. If the shadowing function can be mapped out in
o _ pA interactions at RHIC, as discussed in Ref], then the
When the charged parton distributions are probed in deepsgrrections toAA interactions may be relatively clear for

inelastjc scattering with a nucle:/ir t%rget and compar(.ad'to Qaand Drell-Yan production, especially since the lepton
deuterium target, the ratiR- =F5/F; has a characteristic pairs fromQQ decays should reflect the shape of the shad-

shape as a function of. The lowx region, belowx~0.1, is ; L ;
. . ' ' owing function in the same way as tREQ pairs themselve
referred to as the shadowing region, and betwee.3 and Ving function | S way as pairs selves

0.7 Is the EMC region. In both regions a deplletlon is 0b- The first parametrization is a general fit to the most recent
served in the heavy nucleus relative to deuterium. At very,

. nuclear deep-inelastic scattering data. The fit does not differ-
low x, Re, appears to saturafé5]. Between the shadowing entiate between quark, antiquark, and gluon modifications
and EMC regions, an enhancement occurs, called antishagnd does not include evolution i@2. It is not designed to
owing, whereRg >1. There is also an enhancement assatisfy the baryon number or momentum sum rules. The
x—1, assumed to be due to Fermi motion of the nucleonsfunctional form ofRF2 is [15]

The entire nuclear dependence is often referred to as shad-
owing. Although the behavior dRr, is not well understood,

APPENDIX: SHADOWING EFFECTS
ON INITIAL PROCESSES

1+0.01341/x— 1/xg)

the effect has been described by either an interplay of coher- Rs - , o X<Xens
ent and incoherent multiple scatterings in the target or a 1+0.0122%(1/x— Lixg)
modification of the parton densities in nuclear matter. Inany ~ R. ={ @emc—bemeXs  Xsh<X<Xgermi,
case, the effect can be modeled byfadependent fit to the 2 1 0.321
P P P ; — Xfermi
nuclear deep-inelastic scattering data and implemented by a Rf(—) v Xpermi<X<1,
modification of the parton distributions in the proton. In this 1-x (A1)

appendix, we show the effect of two different parametriza-
tions of the nuclear parton densities to illustrate how the
Drell-Yan andQQ distributions calculated fopp interac- where Rg=agme DemXsh:  Ri=aeme DemXrermi»  Demc
tions might change in nuclear collisions at RHIC and LHC. =0.525(1—- A~ 3—1.1450%/3+0.93A 1+ 0.88A 4/3
In the central region at RHIC and LHC, the valuesxof —0.59A"%%), and agne=1+bemXeme. The fit fixes
probed are small enough for the hard processes we considey;=0.15, Xgme= 0.275, andXgem=0.742. In Fig. Ta) we
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showRg,(x) for A=197. In the nucleus, the parton densitiesaty=0 due to the increase &, asx; =X, grows from 0.01
are modified so that to 0.03. At higher rapiditiesRFz(xz) moves toward the satu-
ration region whileRg_(x4) passes through the EMC region
A - p 2
ar(x,) RFz(X)qf(X”“)’ (A2) and then rises again ag— 1. Near the edge of phase space,
A o the transition from the EMC region to the Fermi motion
9°(X, ) =Re,(X)GP(X, 1), (A3)  region can be seen. The phase space is depleted at higher
~ rapidities for lower masses. At the LH& remains in the
where g represents both valence and sea quarks. Sincghadowing region foy<4. The ratios of rapidity integrated
Re,(x) is scale independent and the parton densities argass distributions rise slowly with mass, reflecting the broad
treated equivalently, the ratio of hard process production inapidity distributions.

Au-+Au to pp collisions at the same energy is The second parametrization modifies the valence and sea
quark and gluon distributions separately and includes evolu-
dopyay/dydprdM tion with the square of the momentum transf@¥, [16] but
R(y.pr.M)= do,,/dydprdM *Re, (X)) Re,(X). is based on an older fit to the data using the Duke-Owens

(A4)  parton densitie§11]. The exact form oRg,(X,Qo) is given
in Ref.[16]. The initial scale is chosen to Iigy=2 GeV and
In Figs. 1b)-7(d) and Fig. 8 we show the nuclear effect the Q2 evolution is done with both the standard Altarelli-
on leading order calculations of heavy quark and Drell-Yanparisi evolution and with gluon recombination at high den-
production. Figures (b)-7(d) showR(py) for singlec and  sity. The gluon recombination terms do not strongly alter the
b mesons andR(M) and R(y) for DD and BB pairs at  evolution. In this case, the nuclear parton densities are modi-
RHIC and LHC. At RHIC energies, the increaseR®fwith  fied so that
pr andM reflects the integration over the loxy, X, midra-

pidity contributions as well as the growth ﬁFZ asx ap- QC(X,M):Rv(X.M)q\p/(X-M), (A5)
proaches the antishadowing region, reachetfat20 GeV

for DD andBB pairs. Note thaR(M) is almost identical for A

DD andBB production, as it should be since at fixigtithe As(X, ) =Rs(X, 1) q8(X, 1), (AB)
samex values are probed. ThB p; ratios are generally

flatter because the change maz(x) with p+ is slower than gA(x, 1) = Ra (X, ) gP(X, 1), (A7)

the change irRFZ(x) for D production at the same energy.

The ratio R(y) is nearly constant foDD production at Where gqy=u,+d, is the valence quark density and
RHIC, caused by the coincidencexyfincreasing toward the ds=2(u+d+s) is the total sea quark density and we as-
antishadowing region while, decreases into the saturation sume thatR,, and Rs affect the individual valence and sea
region. In contrast, th&B ratio decreases with rapidity at quarks identically. The ratios were constrained in the model
RHIC since aty=2, x; lies in the EMC region while [16] by assuming thaRe ~Ry at largex and R, ~Rs at
X,~0.001. Figure 8 show&(y) and R(M) for Drell-Yan  smallx sincexqgy(x,ux)—0 asx— 0. We use ansatz 1 for the
pairs at RHIC and LHC. At RHIGR(y) increases with mass  gluons,Rg_~Rg for all X [16], since one might expect more
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shadowing for the sea quarks, generated from gluons, a&nd maximum, 10 GeV, values @ for A=200. Outside
smallx. The parton densities satisfy baryon number conserthis range the ratios are fixed to those at 10 GeV. The va-
vation fédxq@'A(x,M)::’) and momentum conservation lence quarks show littl€? evolution, the gluons the great-
fédxx[q@,A(X,M)Jrqg,A(X’M)Jrgp,A(X,M)]: 1atallu. We  ©st. The sea quarks evolve more slowly th:_:m t_he gluons and,
have used the MRS B’ densities with this parametrization 8 Q=10 GeV,Rs=Rg of the first parametrization, E1).
instead of the original parton densities, leading to some smallhe ratios ofAA to pp production ofQQ and Drell-Yan
deviations in the momentum sum but the general trend ipairs are shown in Figs.(8)—9(d) and Fig. 10. The rati®®
unchanged. for this parametrization is not as straightforward to write

Figure 9a) shows the ratioR, (solid curve$, Rg (dashed down as in Eq.(4) except forgg fusion. For example for
curves, andRg (dot-dashed curvgdor the minimum,Q,,  qg—QQ,
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0 2 4 00 25 50 75 100 FIG. 10. The same as in Fig. 8
y M (GeV) . . .
12 . . . : : . 1.2 with the shadowing functions as
L | | i L | | | i in Fig. 9a).
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- M=2 GeV . - .
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Roc RS(Xl)RS(XZ)Eq:u,d,szqs(xl)a(xz)+[RV(Xl)RS(XZ)Eq:u,dqv(Xl)E(XZ)+(14’2)]
3 4=0,d,820s(X1) As(X2) + [ 2 g=y,q0y (X1) Gs(X2) + (1= 2) ]

, (A8)

whereqs is a generic sea quark distribution and thede- pt andM. As seen in a comparison of Fig. 10 with Fig. 8,
pendence has been suppressed. The fast evolution of the glire shadowing effect is actually stronger for low mass Drell-
ons has the strongest effect on the charm and bottom produ¥-an production with this parametrization due to the strong
tion sinceQQ production by gluons is dominant. In fact, for sea quark shadowing &.

bb production at RHIC energies, the shadowing effect has In either case, the reduction RA yield relative topp
nearly vanished irR(pt). The ratios for Au-Au to pp are  due to shadowing is generally not larger than a factor of 2,
shown in Figs. $)—9(d) as a function of quarlp; and pair  depending on the shadowing model. It is important to note
mass and rapidity. The trends are the same as for the firghat the total depletion is a dependent on botmdQ and is
parametrization but, overall, tH@ Q distributions are not as not a constant factor as a functionf, M, andy in either
strongly modified since the effect decreases for increasinghodel.
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