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Heavy quark photoproduction in ultraperipheral heavy ion collisions
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Heavy quarks are copiously produced in ultraperipheral heavy ion collisions. In the strong electromagnetic

fields,cc̄ andbb̄ are produced by photonuclear and two-photon interactions. Hadroproduction can also occur
in grazing interactions. We calculate the total cross sections and the quark transverse momentum and rapidity

distributions, as well as theQQ̄ invariant mass spectra from the three production channels. We considerAA
andpA collisions at the Relativistic Heavy Ion Collider and the Large Hadron Collider. We discuss techniques
for separating the three processes and describe how theAA to pA production ratios might be measured
accurately enough to study nuclear shadowing.
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I. INTRODUCTION

In ultraperipheral heavy ion collisions, heavy quarks c
be produced in electromagnetic or hadronic interactio
Electromagnetic production occurs through strong elec
magnetic fields which can interact with a target nucleus
the opposing beam~photoproduction! or with the electro-
magnetic field of the opposing beam~two-photon reactions!
and produce hadronic final states, including heavy qu
pairs. Hadroproduction of heavy quark pairs is also poss
in grazing interactions. Since photon emission is coher
over the entire nucleus and because the photon is color
the three channels can be distinguished by the presenc
zero, one, or two rapidity gaps in the events and by whe
or not the nuclei dissociate.

Many types of ultraperipheral collisions have been co
sidered@1#. Photonuclear interaction studies have includ
Coulomb dissociation@2# and coherent vector meson produ
tion @3,4#. Final states studied in two-photon interactio
have included production of lepton pairs@5#, single mesons
and meson pairs@6#, as well as production of the Higgs bo
son and other exotica@7#. Although the list of experimentally
observed channels is currently short, as the Relativi
Heavy Ion Collider ~RHIC! gears up, new results shou
come quickly and measurements of heavy quark produc
in ultraperipheral collisions may not be too far off.

We build on previous calculations of heavy quark pho
production@8–10# and two-photon production@11# in heavy
ion collisions. For the first time, we consider resolved pho
processes. We use modern parton distribution functi
along with up-to-date accelerator species and luminosit
We also consider hadroproduction in grazing collisions a
compare the three channels. Finally, since useful meas
ments of shadowing will require high accuracy, we consi
the uncertainties inherent in these calculations and meth
to control them.

We will compare the total cross sections, heavy qu
transverse momentum,pT , and rapidity,y, distributions, and
the QQ̄ pair invariant mass,M, distributions in all three
channels. We also discusspA collisions to see how a com
parison of photoproduction inAA (gA) andpA ~effectively
0556-2813/2002/66~4!/044906~21!/$20.00 66 0449
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gp) can be used to study nuclear effects on the parton
tribution functions~shadowing!.

For consistency, we will use parallel approaches to
three calculations with the same quark mass, parton distr
tion, and QCD scale. For the charm quark mass,mc , this is
somewhat problematic because studies of different prod
tion channels seem to prefer different values. Hadroprod
tion calculations have typically best fit the data with a re
tively light mc , ;1.2–1.4 GeV@12#, while photoproduction
studies have generally favored higher values, 1.5–1.8 G
@13,14#. The limited two-photon data favors an intermedia
value, around 1.6 GeV@15,16#. For the bottom quark, the
typical mass range considered is 4.525.0 GeV. Hadropro-
duction calculations withmb54.75 GeV underpredict thebb̄

cross section observed in 1.8 TeVpp̄ collisions @17#, sug-
gesting that a smaller mass might be preferred@17#. Some
exotic b production mechanisms have been suggested to
plain the excess@18,19#. Lattice studies suggest lowerc and
b quark masses, 1.1–1.4 GeV for charm and 4.1–4.4 G
for bottom ~the pole masses are somewhat higher! @20#. We
usemc51.2 GeV andmb54.75 GeV throughout this pape
but we will also discuss the effect of varying the mass a
scale. The QCD scale entering the running coupling const
as(Q

2), and the parton distribution functions are propo
tional to the transverse masses,Q254mT

2 for charm andmT
2

for bottom @12#.
Table I gives recent estimates of nucleon-nucleon ce

of mass energies,AS, and luminosities forAA and pA col-
lisions at RHIC@21# and the Large Hadron Collider~LHC!
@22,23#. The LHC luminosities assume that two experimen
take data and that there is a 125 ns bunch spacing. At RH
the pA energies are the same as theAA energies while the
luminosities are taken to be the geometric mean of theAA
and pp luminosities (Lpp51.431031 cm22 s21). There is
also the possibility ofpA collisions at the LHC. However, a
the LHC, the proton and the ion must have the same m
netic rigidity. Because protons and ions have different cha
to mass ratios, they have different per nucleon energies
the center of mass is no longer at rest in the lab. ThesepA
collisions are then at somewhat higher per nucleon ener
©2002 The American Physical Society06-1
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TABLE I. Luminosities and beam energies forAA andpA collisions at RHIC and LHC.

AA pA
A ASNN ~GeV! LAA (cm22 s21) ASNN ~GeV! LpA (cm22 s21)

RHIC
O 250 9.831028 250 1.231030

Si 250 4.431028 250 831029

I 208 2.731027 208 231029

Au 200 231026 200 631028

LHC
O 7000 1.631029 9900 1.031031

Ar 6300 4.331028 9390 5.831030

Pb 5500 4.231026 8800 7.431029
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than the correspondingAA collisions. At the LHC, thepA
collision rates can exceed 200 kHz although some exp
ments may need to run at a lower luminosity. Because RH
is a dedicated heavy ion accelerator, it is likely to run a wid
variety of beams than the LHC. At RHIC,dA collisions may
be an alternative or supplement topA. Except for the differ-
ent initial isospin, most of thepA discussion should also
hold for dA because shadowing is small in deuterium.

Section II discusses photoproduction of heavy quarks
AA andpA collisions. Section III covers hadroproduction
peripheralAA and minimum biaspA collisions. Section IV
considersgg→QQ̄ production. Section V compares our r
sults for the three channels while Sec. VI is dedicated t
discussion of how to disentangle the production chann
experimentally. In Sec. VII, we draw our conclusions.

II. PHOTOPRODUCTION

Photoproduction of heavy quarks occurs when a pho
emitted from one nucleus fuses with a gluon from the ot
nucleus, forming aQQ̄ pair @8,9,24# ~‘‘direct’’ production!,
as in Fig. 1~a!. The photon can also fluctuate into a state w
multiple qq̄ pairs and gluons, i.e.,un(qq̄)m(g)&. One of
these photon components can interact with a quark or gl
from the target nucleus~‘‘resolved’’ production!, as in Figs.
1~b!–1~d! @25#. The photon components are described
parton densities similar to those used for protons except
no useful momentum sum rule applies to the photon@26#.

At leading order~LO!, the partonic cross section of th
direct contribution is proportional toaas(Q

2)eQ
2 , where

as(Q
2) is the strong coupling constant,a5e2/\c is the

electromagnetic coupling constant, andeQ is the quark
charge,ec52/3 andeb521/3. The resolved partonic cros
section is proportional toas

2(Q2). Even though the resolve
partonic cross sections are larger than the direct part
cross section, the smaller flux of quarks and gluons from
photon suggests that the resolved contribution should
smaller than the direct component.

The cross sections are calculated using the Weizsa¨cker-
Williams virtual photon flux, modern parametrizations of t
target gluon and quark distributions, and the LO parto
cross sections. Newer parton distributions are consider
softer than the flat, scaling parametrizations used ea
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@8,9#. We require that the photoproduction not be accom
nied by hadronic interactions@8,9#. This could be done by
restricting the impact parameter,b, to greater than twice the
nuclear radius, RA51.2A1/3. Here we weight the
b-dependent photoproduction probability by theb-dependent
hadronic noninteraction probability.

Direct QQ̄ pairs are produced in the reactiong(k)
1N(P2)→Q(p1)1Q̄(p2)1X wherek is the four momen-
tum of the photon emitted from the virtual photon field of th
projectile nucleus,P2 is the four momentum of the interac
ing nucleonN in ion A, andp1 andp2 are the four momenta
of the producedQ andQ̄. The photons are almost real. The
slight virtuality, uq2u,(\c/RA)2, is neglected.

On the parton level, the photon-gluon fusion reaction

FIG. 1. Feynman diagrams for heavy quark photoproduction
~a! direct and~b!–~d! resolved photons. The crossed diagrams
~a! and ~b! are not shown.
6-2
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HEAVY QUARK PHOTOPRODUCTION IN . . . PHYSICAL REVIEW C66, 044906 ~2002!
g(k)1g(x2P2)→Q(p1)1Q̄(p2), where x2 is the fraction
of the target momentum carried by the gluon. The LOQQ̄
photoproduction cross section for quarks with massmQ is
@27#

s2
d2sgg

dt1du1
5pas~Q2!aeQ

2 BQED~s,t1 ,u1!d~s1t11u1!,

~1!

where

BQED~s,t1 ,u1!5
t1

u1
1

u1

t1
1

4mQ
2 s

t1u1
F12

mQ
2 s

t1u1
G . ~2!

Hereas(Q
2) is evaluated to one loop at scaleQ2. The par-

tonic invariants, s, t1, and u1, are defined ass5(k
1x2P2)2, t15(k2p1)22mQ

2 5(x2P22p2)22mQ
2 , and u1

5(x2P22p1)22mQ
2 5(k2p2)22mQ

2 . In this case, s
54kgLx2mp wheregL is the Lorentz boost of a single bea
andmp is the proton mass. Sincek ranges over a continuum
of energies up toEbeam5gLmp , we definex15k/P1 analo-
gous to the parton momentum fraction whereP1 is the
nucleon four momentum. For a detected quark in a nucle
nucleon collision, the hadronic invariants are thenS5(P1

1P2)2, T15(P22p1)22mQ
2 , andU15(P12p1)22mQ

2 .
We label the quark rapidity asy1 and the antiquark rapid

ity asy2. The quark rapidity is related to the invariantT1 by
T152ASmTe2y1 wheremT5ApT

21mQ
2 . The invariant mass

of the pair can be determined if both theQ and Q̄ are de-
tected. The square of the invariant mass,M25s52mT

2@1
1cosh(y12y2)#, is the partonic center of mass ener
squared. The minimum photon momentum necessary to
duce aQQ̄ pair is kmin5M2/4gLmp . At LO, x25(mT /AS)
3(ey11ey2) and x15(mT /AS)(e2y11e2y2). We calculate
x1 andx2 as in anNN collision and then determine the flu
in the lab frame fork5x1gLmp , equivalent to the center o
mass frame in a collider. The photon flux is exponentia
suppressed fork.gL\c/RA , corresponding to a momentum
fraction x1.\c/mpRA . The maximumgN center of mass
energy,ASgN, is much lower than the hadronicAS. Note that
ASgN5WgN , the typical notation for HERA. For consis
tency, we useAS notation for all three processes.

The cross section for direct photon-nucleon heavy qu
photoproduction is obtained by convoluting Eq.~1! with the
photon flux and the gluon distribution in the nucleus a
integrating overk andx2,

S2
d2sgA→QQ̄X

dir

dT1dU1d2b
52E dzE

kmin

`

dk
d3Ng

dkd2b

3E
x2min

1 dx2

x2
Fg

A~x2 ,Q2,bW ,z!s2
d2sgg

dt1du1
,

~3!

whered3Ng /dkd2b is the differential photon flux from one
nucleus~our final results will be integrated overb.2RA)
andz is the longitudinal distance. The factor of two in Eq.~3!
04490
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arises because both nuclei emit photons and thus serv
targets. The incoherence of heavy quark production eli
nates interference between the two production sources@28#.
Four-momentum conservation givesx2min

52U1 /(S1T1) in
terms of the nucleon-nucleon invariants. The equivalent h
ronic invariants can be defined for photon four momentumk
as SgN5(k1P2)2, T1,gN5(P22p1)22mQ

2 , andU1,gN5(k
2p1)22mQ

2 @29#. The partonic and equivalent hadronic in
variants for fixedk are related bys5x2SgN , t15U1,gN , and
u15x2T1,gN .

We now turn to the resolved~hadronic! contribution to the
photoproduction cross section. The hadronic reaction,gN

→QQ̄X, is unchanged, but now, prior to the interaction wi
the nucleon, the photon splits into a color singlet state w
some number ofqq̄ pairs and gluons. There are a few phot
parton distributions available@30–34#. None of them can be
definitively ruled out by the existing data on the phot
structure function @35,36#. As expected, Fq

g(x,Q2)
5Fq̄

g(x,Q2) flavor by flavor because there are no ‘‘valenc
quarks in the photon. The gluon distribution in the photon
less well known. We use the GRV LO set@30#. Its gluon
distribution is similar to most of the other available se
@31,33,34#. Only the LAC1 set@32# has a higher low-x gluon
density, up to an order of magnitude larger than the othe

On the parton level, the resolved LO reactions a
g(xk)1g(x2P2)→Q(p1)1Q̄(p2) and q(xk)1q̄(x2P2)
→Q(p1)1Q̄(p2) wherex is the fraction of the photon mo
mentum carried by the parton. The LO diagrams for resolv
photoproduction, shown in Figs. 1~b!–1~d!, are the same as
for hadroproduction except that one parton source is a p
ton rather than a nucleon. The LO partonic cross sections
@37#

ŝ2
d2sqq̄

d t̂1dû1

5pas
2~Q2!

4

9 S t̂1
21û1

2

ŝ2
1

2mQ
2

ŝ
D d~ ŝ1 t̂11û1!,

~4!

ŝ2
d2sgg

d t̂1dû1

5
pas

2~Q2!

16
BQED~ ŝ, t̂1 ,û1!

3F3S 12
2 t̂1û1

ŝ2 D 2
1

3Gd~ ŝ1 t̂11û1!, ~5!

where ŝ5(xk1x2P2)2, t̂15(xk2p1)22mQ
2 , and û1

5(x2P22p1)22mQ
2 . Thegg partonic cross section, Eq.~5!,

is proportional to the photon-gluon fusion cross section,
~1!, with an additional factor for the non-Abelian three-gluo
vertex. Theqq̄ annihilation cross section has a differe
structure because it is ans-channel process with gluon ex
change between theqq̄ and QQ̄ vertices. Thegg reactions
are shown in Figs. 1~b! and 1~c!; Fig. 1~c! is the non-Abelian
contribution. Theqq̄ diagram is shown in Fig. 1~d!. Modulo
the additional factor in thegg cross section, the resolve
partonic photoproduction cross sections are a fac
as(Q

2)/aeQ
2 larger than the direct,gg, partonic photopro-
6-3



ne

to

r
en
tio
e
m

e

-

ri
e
h
te
f

th

et

tio
e

l
e a
the

-

he
for
two

xi-
-

ss
e
n

SPENCER R. KLEIN, JOAKIM NYSTRAND, AND RAMONA VOGT PHYSICAL REVIEW C66, 044906 ~2002!
duction cross sections. Despite this, the resolved compo
is still smaller than the direct component.

The cross section for resolved photoproduction is

S2
d2sgA→QQ̄X

res

dT1dU1d2b
52E dzE

kmin

` dk

k

d3Ng

dkdb2E
kmin /k

1 dx

x E
x2min

1 dx2

x2

3FFg
g~x,Q2!Fg

A~x2 ,Q2,bW ,z!ŝ2
d2sgg

d t̂1dû1

1 (
q5u,d,s

Fq
g~x,Q2!$Fq

A~x2 ,Q2,bW ,z!

1Fq̄
A
~x2 ,Q2,bW ,z!%ŝ2

d2sqq̄

d t̂1dû1
G , ~6!

wherekmin is defined as before. Sincek is typically larger in
resolved than direct photoproduction, the average pho
flux is lower in the resolved contribution.

The nuclear parton densitiesFi
A(x,Q2,bW ,z) in Eqs. ~3!

and~6! can be factorized intox andQ2 independent nuclea
density distributions, position and nuclear-number indep
dent nucleon parton densities, and a shadowing func
Si(A,x,Q2,bW ,z) that describes the modification of th
nuclear parton distributions in position and momentu
space. Then@38–42#

Fi
A~x,Q2,bW ,z!5rA~bW ,z!Si~A,x,Q2,bW ,z! f i

N~x,Q2!, ~7!

where f i
N(x,Q2) is the parton density in the nucleon. W

evaluate the MRST LO parton distributions@43# at Q2

5a2mT
2 wherea52 for charm and 1 for bottom. In the ab

sence of nuclear modifications,Si(A,x,Q2,bW ,z)[1. The
nuclear density distribution,rA(bW ,z), is a Woods-Saxon
shape with parameters determined from electron scatte
data@44#. Although most models of shadowing predict a d
pendence on the parton position in the nucleus, in this p
toproduction calculation we neglect any impact parame
dependence. Then the position dependence drops out oSi .
We employ the EKS98 shadowing parametrization@45#,
available in Ref.@35# for SiÞ1.

The full photoproduction cross section is the sum of
direct and resolved contributions@13#,

S2
d2sgA→QQ̄X

dT1dU1d2b
5S2

d2sgA→QQ̄X
dir

dT1dU1d2b
1S2

d2sgA→QQ̄X
res

dT1dU1d2b
. ~8!

The total cross section is the integral over impact param
and the hadronic invariantsT1 andU1,

sgA→QQ̄X5E dT1dU1d2b
d2sgA→QQ̄X

dT1dU1d2b
. ~9!

When Si51, the impact-parameter integrated cross sec
in Eq. ~9! scales withA. Including shadowing makes th
dependence onA nonlinear.
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The photon flux is given by the Weizsa¨cker-Williams
method. The flux from a chargeZ nucleus a distancer away
is

d3Ng

dkd2r
5

Z2aw2

p2kr2 FK1
2~w!1

1

gL
2 K0

2~w!G , ~10!

wherew5kr/gL andK0(w) andK1(w) are modified Besse
functions. The photon flux decreases exponentially abov
cutoff energy determined by the size of the nucleus. In
lab frame, the cutoff iskmax'gL\c/RA . In the rest frame of
the target nucleus, the cutoff is boosted toEmax5(2gL

2

21)\c/RA . Table II shows the beam energies,Ebeam, Lor-
entz factors,gL , kmax, andEmax, as well as the correspond
ing maximum center of mass energy,ASmax5A2Emaxmp, for
single photon interactions with protons,gp→QQ̄ @46#. At
the LHC, the energies are high enough fort t̄ photoproduc-
tion @10#.

The total photon flux striking the target nucleus is t
integral of Eq.~10! over the transverse area of the target
all impact parameters subject to the constraint that the
nuclei do not interact hadronically@3#. This must be calcu-
lated numerically. However, a reasonable analytic appro
mation for AA collisions is given by the photon flux inte
grated over radiir .2RA . The analytic photon flux is

dNg

dk
5

2Z2a

pk FwR
AAK0~wR

AA!K1~wR
AA!

2
~wR

AA!2

2
@K1

2~wR
AA!2K0

2~wR
AA!#G , ~11!

TABLE II. Beam energies,Ebeam, Lorentz factors,gL , photon
cutoff energy in the center of mass frame,kmax, and in the nuclear
rest frame,Emax, and equivalent nucleon-nucleon center of ma
energy,ASmax, for AA collisions at RHIC and the LHC. Since th
ion and proton beam energies are expected to be the same ipA
andAA collisions at RHIC, we only distinguish thepA energies at
LHC.

AA

A
Ebeam

~GeV! gL

kmax

~GeV!
Emax

~TeV!
ASmax

~GeV!

RHIC
O 125 133 8.7 2.31 66
Si 125 133 7.2 1.92 60
I 104 111 3.6 0.81 39
Au 100 106 3.0 0.66 35

LHC
O 3500 3730 243 1820 1850
Ar 3150 3360 161 1080 1430
Pb 2750 2930 81 480 950

pA LHC
O 4950 5270 343 3630 2610
Ar 4700 5000 240 2410 2130
Pb 4400 4690 130 1220 1500
6-4
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HEAVY QUARK PHOTOPRODUCTION IN . . . PHYSICAL REVIEW C66, 044906 ~2002!
wherewR
AA52kRA /gL . We use the more accurate numeric

calculations here. The difference between the numerical
analytic expressions is typically less than 15%, except
photon energies near the cutoff. The analytical and numer
photon fluxes differ most forbb̄ production at RHIC.

The photoproduction distributions are shown in Figs. 2
for the largest nuclei at each energy, gold for RHIC and le
for LHC. SinceASmax is close to thebb̄ production threshold
for iodine and gold beams at RHIC, thepT and mass distri-
butions for these nuclei are narrower than those with oxy
and silicon beams. The direct photoproduction results
reduced by a factor of two on the figures to separate th
from the total. There are two curves for each contributi
one without shadowing,Si51, and one with homogeneou
nuclear shadowing,Si5 EKS98. When the effects of shad
owing are small, the curves are indistinguishable.

Shadowing has the largest effect on the rapidity distri
tions in Figs. 2~b!–5~b!. In these calculations, the photon
emitted from the nucleus coming from positive rapidi
Theny1,0 corresponds tok,gLx2mp in the center of mass
~lab! frame. If the photon emitter and target nucleus are
terchanged, the resulting unshadowed rapidity distribut
Si51, is the mirror image of these distributions aroundy1

50. The Q and Q̄ distributions are asymmetric aroundy1
50. The resolved contribution is largest at rapidities wh
the photon momentum is small. The resolved rapidity dis
butions are narrower and shifted to larger negative rapi
than the direct contribution. The average mass and transv
momentum for the resolved component are smaller than
the direct ones. The total heavy quark rapidity distributio

FIG. 2. Charm photoproduction in peripheral Au1Au collisions
at RHIC for b.2RA . The singlec quark pT ~a! and rapidity~b!

distributions are shown along with thecc̄ pair invariant mass~c!.
The direct~dashed curve!, resolved~dot-dashed curve!, and the sum
of the two ~solid curve! are shown. The direct contribution is d
vided by two to distinguish it from the total while the resolve
contribution is multiplied by ten. There are two curves for ea
contribution:Si51 and EKS98. At this energy, the curves are
most indistinguishable but the curves with shadowing are somew
higher, especially at negative rapidities. In the rapidity distributio
the photon is coming from the left.
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are the sum of the displayed results with their mirror imag
when both nuclei emit photons. This factor of two is i
cluded in the transverse momentum and invariant m
distributions.

The impact-parameter integrated total direct and resol
photoproduction cross sections are given in Table III
charm and Table IV for bottom. The difference between

at
,

FIG. 3. Bottom photoproduction in peripheral Au1Au collisions
at RHIC for b.2RA . The singleb quark pT ~a! and rapidity~b!

distributions are shown along with thebb̄ pair invariant mass~c!.
The direct~dashed curve!, resolved~dot-dashed curve!, and the sum
of the two ~solid curve! are shown. The direct contribution is d
vided by two to distinguish it from the total. There are two curv
for each contribution:Si51 and EKS98. At this energy, the curve
are almost indistinguishable. In the rapidity distributions, the p
ton is coming from the left.

FIG. 4. Charm photoproduction in peripheral Pb1Pb collisions
at LHC for b.2RA . The singlec quark pT ~a! and rapidity~b!

distributions are shown along with thecc̄ pair invariant mass~c!.
The direct~dashed curve!, resolved~dot-dashed curve!, and the sum
of the two ~solid curve! are shown. The direct contribution is d
vided by two to distinguish it from the total. There are two curv
for each contribution:Si51 and EKS98. The unshadowed curv
are higher than the shadowed, particularly at large rapidities. In
rapidity distributions, the photon is coming from the left.
6-5
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Si51 andSi5EKS98 calculations is due to shadowing. T

change is about 10% forcc̄ with gold at RHIC, rising to 20%
for cc̄ with lead at the LHC. Forbb̄, the shadowing effect is
smaller, about 5%. By selecting charm production in a li
ited rapidity andpT range, it would be possible to enhan
the effect of shadowing slightly but the 10% and 20% effe
at RHIC and the LHC are useful benchmarks of the accur
needed for a meaningful measurement.

The cross sections vary by orders of magnitude betw
the lightest and heaviest targets, primarily due to the cha
ing Z2. At RHIC, (ZAu /ZO)2 is almost exactly the ratio o
the bb̄ production cross sections. Forbb̄ production at the
LHC, the lead to oxygen cross section ratio is;60, less than
(ZPb/ZO)2.

TABLE III. Direct and resolvedcc̄ photoproduction cross sec
tions integrated overb.2RA in peripheralAA collisions at RHIC
and LHC.

AA
sdir(Si51)

~mb!
sdir(EKS98)

~mb!
s res(Si51)

~mb!
s res(EKS98)

~mb!

RHIC
O1O 0.067 0.068 0.0019 0.0019
Si1Si 0.30 0.31 0.0080 0.0083
I1I 8.96 9.74 0.199 0.206
Au1Au 24.8 27.4 0.530 0.550

LHC
O1O 2.35 2.13 0.351 0.346
Ar1Ar 23.3 20.4 3.00 2.93
Pb1Pb 1790 1500 190.0 186.7

FIG. 5. Bottom photoproduction in peripheral Pb1Pb collisions
at LHC for b.2RA . The singleb quark pT ~a! and rapidity~b!

distributions are shown along with thebb̄ pair invariant mass~c!.
The direct~dashed curve!, resolved~dot-dashed curve!, and the sum
of the two ~solid curve! are shown. The direct contribution is d
vided by two to distinguish it from the total. There are two curv
for each contribution:Si51 and EKS98. The unshadowed curv
are higher than the shadowed. In the rapidity distributions, the p
ton is coming from the left.
04490
-

s
y

n
g-

After adjustment for different parton distributions, qua
masses, beam energies, and species as well as the res
contributions, the photoproduction results are compara
with previous studies. The directcc̄ cross sections in Table
III are almost identical to those found by Baron and Baur@8#,
despite significant differences in gluon structure function a
quark masses~e.g., mc51.74 GeV in Ref.@8# rather than
mc51.2 GeV). The quark mass difference can be comp
sated by the newer parton distributions since the lowx
MRST gluon density is much higher than that of the old
Duke-Owens parton distributions used by Baron and Ba
Our bb̄ cross section is about three times higher than tha
Greineret al. @9,47# at the same invariant mass although th
use a smallerb quark mass, 4.5 GeV, due to the larger lowx
MRST gluon distribution.

However, nonperturbative QCD calculations of dire
photoproduction can yield very different rates. A color
glass model predictsQQ̄ production cross sections in Pb1Pb
collisions at the LHC of 800 mb forcc̄ and 100 mb forbb̄

@48#, about half the perturbativecc̄ cross section but 140
times thebb̄ cross section. The ratio of charm to botto
cross sections in this formulation is extraordinarily sm
compared to the perturbative results in Tables III and IV.

We now discuss the resolved rates. At RHIC thecc̄ and
bb̄ resolved contributions are;2 and 6% of the total. The
contribution is small because the availablegp energy is rela-
tively close to threshold: the resolved center of mass ene
is smaller thanASmax. At the LHC, the resolved contribu
tions are;15 and 20% of the total charm and bottom ph
toproduction cross sections, respectively, comparable to
shadowing effect. Interestingly, the resolvedqq̄ component
is considerably greater thanqq̄ annihilation in hadroproduc-
tion because, like the valence quark distributions of the p
ton, the photon quark and antiquark distributions peak
largex. However, the peak of the photon quark distribution
at higherx than in the proton. These large photon moment
fractions increase theqq̄ contribution near threshold. Th
total cc̄ resolved cross section at RHIC is 35–50 %qq̄ while
the bb̄ resolved contribution is 80–90 %qq̄. The relative

TABLE IV. Direct and resolvedbb̄ photoproduction cross sec
tions integrated overb.2RA in peripheralAA collisions at RHIC
and LHC.

AA
sdir(Si51)

(mb)
sdir(EKS98)

(mb)
s res(Si51)

(mb)
sres(EKS98)

(mb)

RHIC
O1O 0.047 0.049 0.0031 0.0031
Si1Si 0.178 0.188 0.0116 0.0115
I1I 2.33 2.46 0.154 0.148
Au1Au 4.94 5.22 0.332 0.315

LHC
O1O 11.9 11.4 2.93 2.93
Ar1Ar 107 102 22.2 22.6
Pb1Pb 718 686 121 126

o-
6-6
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HEAVY QUARK PHOTOPRODUCTION IN . . . PHYSICAL REVIEW C66, 044906 ~2002!
resolved contribution remains larger thanqq̄ annihilation in

hadroproduction at the LHC where theqq̄ contribution to the
hadroproduction cross section is 4% for charm and 10%
bottom. The LAC1 gluon distribution@32# predicts a consid-

erably larger resolved contribution with a smaller relativeqq̄
contribution.

At fixed target energies, near threshold, the resolved c
ponent of charm photoproduction is relatively unimporta
@51#. However, at highergp energies such as those at HER
the resolved component becomes important. RHIC is an
termediate case, with an averagegp energy less than 1/5 o
that at HERA. We find that, at RHIC, the resolved comp
nent is a 2–6 % effect. At the LHC, where the energies
generally higher than at HERA, it is 15–20 % of the to
cross section, concentrated at large rapidities. As was pr
ously mentioned, much early photoproduction data fav
heavier quark masses, 1.5–1.8 GeV, although newer HE
results are ambiguous@52#. Because we use a lowermc , our
cross sections are higher than a direct comparison to HE
would indicate. Changingmc affects the overall cross sectio
and the quarkpT spectrum forpT,5 GeV @13#.

As is typically done, we include allQQ̄ pairs in the total
cross sections and rates even though some of these pairs

masses below theHH̄ threshold whereHH̄[DD̄, BB̄. Pho-
toproduction is an inclusive process; accompanying parti

can combine with theQ and Q̄, allowing the pairs withM
,2mH to hadronize. We assume the hadronization proc
does not affect the rate. Including all pairs in the total cro
section is presumably an even safer assumption for ha
production because there are more accompanying parti
However,gg interactions should have no additional particl
since the interaction is purely electromagnetic and occ
away from the nuclei in free space. Section IV will discu
this in more detail.

One way to avoid some uncertainties due to higher or
corrections is to measure shadowing by comparing thepA
and AA photoproduction cross sections at equal photon
ergies since the parameter dependence cancels in the
s(AA)/s(pA). In the equal speed system, equal photon
ergies correspond to the same final-state rapidities. InpA
collisions, the photon almost always comes from the nucl
due to its stronger field. Thus thepA rates depend on the fre
proton gluon distribution. The photon fluxes are different
pA andAA because the minimum radii used to determinevR
are different: 2RA in AA compared toRA1r p in pA where
r p is the proton radius. There are a number of ways to de
the proton radius. We use the hadronic radius,r p'0.6 fm,
determined from photoproduction data@53#. As we will
show, our results are not very sensitive tor p .

In a detailed calculation, the hadronic interaction pro
ability near the minimum radius depends on the matter
tribution in the nucleus. Our calculations use Woods-Sa
distributions with parameters fit to electron scattering da
These data are quite accurate. However, electron scatteri
only sensitive to the charge distribution in the nucleus. R
cent measurements indicate that the neutron and proton
04490
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tributions differ in nuclei@54#. This uncertainty in the matte
distribution is likely to limit the photon flux determination.

The uncertainty in the photon flux can be reduced by c
brating it with other measurements. Further studies of
matter distributions in nuclei@54# and the total ion-ion cross
sections, as well as comparisons with known photoprod
tion and two-photon processes, can help pin down the pho
flux. For example, the cross section forgp→rp is known to
10% from measurements at HERA@53#. The gA→VA data
are limited to energies lower than but still comparable
those available at RHIC. A combination of lower ener
RHIC data and a judicious extrapolation could fix the ca
bration. Studies of well known two-photon processes, s
as lepton production, can also help refine the determina
of the photon flux. With these checks, it should be possible
understand the photon flux inpA relative to AA to better
than 10%, good enough for a useful shadowing meas
ment.

Our pA results are calculated in the equal-speed fram
This is appropriate for RHIC whereAS is the same inpA
and AA interactions. At the LHC, the proton and nucle
beams must have the same magnetic rigidity and, hence,
ferent velocities and per-nucleon energies. At the LHC,
equal-speed frame is moving in the laboratory frame so
the maximumpA energy is larger than theAA energy. The
gL andAS given for pA at the LHC in Tables I and II are
those of the equal-speed system. ThepA total cross sections
for QQ̄ production are given in Table V.

It is easy to comparepA and AA results at RHIC. For
Si51, the only difference is in the impact parameter ran
b.2RA in AA compared tob.RA1r p in pA. We compare
the numericalAA results presented in Tables III and IV wit
those using the analytical photon flux forpA in Table V. To
normalize the photon cross sections, we divide theAA cross
section by 2A because there is only a single photon source
pA and the proton target is a single nucleon. Due to
reduced minimum impact parameters,s(AA)/2A is 22–37 %
lower for cc̄ and 37–65 % lower forbb̄ with r p50.6 fm.
The results differ least for smallA whereRA2r p is reduced.

TABLE V. Direct and resolvedcc̄ andbb̄ photoproduction cross
sections integrated overb.r p1RA in pA collisions at RHIC and
LHC.

cc̄ bb̄

pA
sdir(Si51)

(mb)
s res(Si51)

(mb)
sdir(Si51)

~nb!
s res(Si51)

~nb!

RHIC
pO 2.68 0.081 2.34 0.154
pSi 7.29 0.213 5.79 0.378
pI 54.2 1.32 23.5 1.52
pAu 100 2.34 35.5 2.31

LHC
pO 110 20.7 630 202
pAr 485 83.9 2670 774
pPb 7940 1190 40 100 9910
6-7
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Increasingr p by 50% would decrease thecc̄ cross sections
6–3.5 % and thebb̄ cross sections by 11–7 %. Changingr p
has the largest effect for smallA sinceRA /r p is smaller. The
bb̄ differences are largest because the energy is close to
duction threshold and highk corresponds to small impac
parameter.

At the LHC, the maximumpA and AA energies differ,
adding another variable to the comparison. Here, we c
pares(AA)/2A directly with s(pA), using the analytic flux
for both to maximize the parallelism. For equalpA andAA
energies, the differentb range is less significant at the LHC
The decrease inAA relative topA is 18–23 % forcc̄ and
24–30 % for bb̄. As at RHIC, the effects are larger fo
heavier nuclei. Increasingr p by 50% is only a 2–5 % effec
with the bigger change forbb̄.

The effect of the higherpA energy is significant. At the
lower AA beam energy, thepA cross section is reduced 23
32 % for cc̄ and 30–40 % forbb̄ relative to the maximum
pA energy. The major difference between thecc̄ and bb̄

results is likely due to the smallerx values probed incc̄
production. The increased energy has a larger effect on
cross section than the change in the minimum impact par
eter. The energy dependence illustrates the desirability of
taining energy excitation functions in bothpA andAA inter-
actions.

Tables VI and VII give the total monthlyAA andpA QQ̄

production rates assuming a 106 s/month run. Thecc̄ rates
are quite high. Of course, hadronization, branching ratios
detector acceptances will all reduce the observed rates.
bb̄ rates are only significant at LHC. However, RHIC is
dedicated heavy ion facility, originally planned for more th
30 weeks of operation per year compared to 4 weeks
heavy ion running at the LHC and should thus accumu
more data than the tables indicate.

III. HADROPRODUCTION

Hadroproduction of heavy quarks in heavy ion collisio
has been considered by many authors, see, e.g., R

TABLE VI. Total cc̄ andbb̄ photoproduction rates in periphera
AA collisions over a 106 s run at RHIC and LHC. The rates ar
based on Tables III and IV.

cc̄ bb̄
AA N(Si51) N(EKS98) N(Si51) N(EKS98)

RHIC
O1O 6.753106 6.943106 4.883103 5.103103

Si1Si 1.363107 1.413107 8.353103 8.733103

I1I 2.473107 2.693107 6.703103 7.063103

Au1Au 5.073106 5.603106 1.063103 1.103103

LHC
O1O 4.153108 3.803108 2.293106 2.203106

Ar1Ar 1.133109 9.983108 5.583106 5.373106

Pb1Pb 8.293108 7.053108 3.583105 3.463105
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@38,39,49,50# and references therein. Here, we consider
special characteristics of heavy quark production in peri
eral heavy ion collisions. Two aspects meriting our attent
are the form of the parton densities at the nuclear surface
the overall appearance of the collision—could hadroprod
tion mimic a photon-nucleus or two-photon interaction? T
section addresses the first issue while Sec. VI considers
second.

At leading order, heavy quarks are produced via the re
tion N(P1)1N(P2)→Q(p1)1Q̄(p2)1X. The LO parton
reactions are g(x1P1)1g(x2P2)→Q(p1)1Q̄(p2) and
q(x1P1)1q̄(x2P2)→Q(p1)1Q̄(p2). The LO partonic
cross sections are those of Eqs.~4! and~5! with ŝ, t̂1, andû1
replaced bys, t1, andu1. Thus the partonic couplings are
factor as(Q

2)/aeQ
2 larger than direct photoproduction bu

have the same coupling strength as resolved photopro
tion, as discussed in the preceding section. The partonic
variants, s, t1, and u1, are now s5(x1P11x2P2)2, t1

5(x1P12p1)22mQ
2 5(x2P22p2)22mQ

2 , and u15(x2P2

2p1)22mQ
2 5(x1P12p2)22mQ

2 .
The hadronic heavy quark production cross section is

convolution of two nuclear parton distributions with the pa
tonic cross sections,

S2
d2sAA→QQ̄X

dT1dU1d2bd2r

5E dz dz8
dx1

x1

dx2

x2
S Fg

A~x1 ,Q2,rW,z!Fg
B

3~x2 ,Q2,ubW 2rWu,z8!s2
d2sgg

dt1du1

1 (
q5u,d,s

$Fq
A~x1 ,Q2,rW,z!Fq̄

B
~x2 ,Q2,ubW 2rWu,z8!

1Fq̄
A
~x1 ,Q2,rW,z!Fq

B~x2 ,Q2,ubW 2rWu,z8!%s2
d2sqq̄

dt1du1
D .

~12!

TABLE VII. Total cc̄ andbb̄ photoproduction rates inpA col-
lisions over a 106 s run at RHIC and LHC. The rates are based
Table V.

cc̄ bb̄
pA N(Si51) N(Si51)

RHIC
pO 3.303106 2.993103

pSi 6.003106 4.933103

pI 1.113105 5.003103

pAu 6.083105 2.273103

LHC
pO 1.323109 8.323106

pAr 3.113109 1.883107

pPb 6.703109 3.693107
6-8
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HEAVY QUARK PHOTOPRODUCTION IN . . . PHYSICAL REVIEW C66, 044906 ~2002!
If the quark is detected, the hadronic invariants are agaS
5(P11P2)2, T15(P22p1)22mQ

2 , and U15(P12p1)2

2mQ
2 @37#. The partonic and hadronic invariants are no

related by s5x1x2S, t15x1U1, and u15x2T1. Four-
momentum conservation at leading order givesx2min

52x1U1 /(x1S1T1). We again perform a fully leading or
der calculation using the MRST LO parton distributions a
a one-loop evaluation ofas(Q

2).
Since both the projectile and target partons come fr

nuclei, we consider the spatial dependence of the nuc
parton distributions, as suggested by shadowing meas
ments @55#, in more detail. Shadowing in peripheral coll
sions could then be significantly different than in central c
lisions. We consider three scenarios: no shadowing,Si51;
homogeneous shadowing with the EKS98 parametrizat
Si5EKS98; and inhomogeneous shadowing,Si5EKS98b,
with spatial dependence included, as described in Refs.@38–
42#.

To obtain theAA cross sections, we integrate Eq.~12!
overd2r andd2b. WhenSi51 or EKS98, the onlyb depen-
dence is in the nuclear density distributions and

sAA}sNNE d2b d2r TA~r !TA~ ubW 2rWu!, ~13!

whereTA(r )5*dzrA(rW,z) is the nuclear profile function an
sNN is theQQ̄ production cross section in anNN collision.
When Eq.~12! is integrated over allb, sAA}sNNA2 for Si

51. Homogeneous shadowing makes theA dependence
nonlinear so that the integrated cross section is effectiv
sAA}sNNA2a wherea can be determined from theA depen-
dence of the EKS98 parametrization. Of course whenSi

5EKS98b, the full integral overb and r is needed in Eq.
~12!. In this section the impact parameter integral is
stricted tob.2RA to be consistent with the photoproductio
results.

This calculation treats the nuclei as a continuous flu
neglecting the lumpiness due to the individual nucleo
Whenb.2RA , only a handful of nucleon-nucleon collision
can occur, resulting in significant statistical fluctuation
These fluctuations, although unimportant for heavy qu
production, may affect some of the observables used for
pact parameter determination such as transverse energ
charged particle multiplicity.

The hadroproduction distributions for the heaviest io
are shown in Figs. 6–9. There are three curves for each
liding system. When the smallx region is probed, theSi

51 result is the highest, EKS98 is the lowest, and EKS9b,
with b.2RA , is between the other two. If we consider min
mum impact parameters much larger than 2RA , the EKS98b
curves would move even closer to theSi51 results. The
order is reversed forbb̄ production at RHIC becausex
;M /AS;0.0520.1 for 2mb,M,20 GeV, in the gluon
antishadowing region of the EKS98 parametrization. Th
the shadowed results lie above those withSi51. The quark
pT andQQ̄ pair mass distributions are harder than the p
toproduction results in Figs. 2–5 since nowAS is the full
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nucleon-nucleon center of mass energy. In hadroproduct
the quark rapidity distribution is symmetric aroundy150.

The cc̄ AA cross sections and rates are given in Tab
VIII and IX. The bb̄ cross sections and rates are in Tables
and XI, respectively. Shadowing has less effect on the t
cross sections than in our previous calculations@38,39#
which used earlier shadowing parametrizations@56,57# with
stronger gluon shadowing at lowx and weaker gluon anti-
shadowing.

Shadowing effects depend on the final state rapidity a
pair mass. The region away fromy150 tends to be mos
sensitive to the shadowing parametrization@41,42#. At

FIG. 6. Charm hadroproduction in peripheral Au1Au collisions
at RHIC for b.2RA . The singlec quark pT ~a! and rapidity~b!

distributions are shown along with thecc̄ pair invariant mass~c!.
The curves areSi51 ~solid curve!, EKS98 ~dashed curve!, and
EKS98b ~dot-dashed curve!. At this energy, the three curves ar
almost indistinguishable.

FIG. 7. Bottom hadroproduction in peripheral Au1Au collisions
at RHIC for b.2RA . The singleb quark pT ~a! and rapidity~b!

distributions are shown along with thebb̄ pair invariant mass~c!.
The curves areSi51 ~solid curve!, EKS98 ~dashed curve!, and
EKS98b ~dot-dashed curve!.
6-9
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RHIC, the effect grows with rapidity because aty1;0 x is
not small and shadowing is weak~charm! or x is in the an-
tishadowing region~bottom!. Higher positive rapidities cor-
respond to lowerx2 for the target~stronger lowx shadowing!
and largerx1 for the projectile~the EMC region!, increasing
the effect.

For bb̄ production, thex region moves from antishadow
ing at y150 to shadowing asy1 increases. In Au1Au colli-
sions at RHIC,s(Si5EKS98)/s(Si51)51.22 aty150 and
0.917 aty152.5. At the LHC, the cross section varies le
with rapidity because both the target and projectile mom
tum fractions are in the shadowing region. In fact, shadow
tends to decrease slightly with rapidity becauseSi increases
more withx1 than it decreases withx2.

FIG. 8. Charm hadroproduction in peripheral Pb1Pb collisions
at LHC for b.2RA . The singlec quark pT ~a! and rapidity~b!

distributions are shown along with thecc̄ pair invariant mass~c!.
The curves areSi51 ~solid curve!, EKS98 ~dashed curve!, and
EKS98b ~dot-dashed curve!.

FIG. 9. Bottom hadroproduction in peripheral Pb1Pb collisions
at LHC for b.2RA . The singleb quark pT ~a! and rapidity~b!

distributions are shown along with thebb̄ pair invariant mass~c!.
The curves areSi51 ~solid curve!, EKS98 ~dashed curve!, and
EKS98b ~dot-dashed curve!.
04490
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Nuclear shadowing is more important at the LHC than
RHIC because the higher energy collisions probe smallex

values. Shadowing is also larger forcc̄ thanbb̄ because the
lighter charm quark is produced by lowerx partons thanb
quarks. Homogeneous shadowing reduces thecc̄ total cross
section by 3–5 % at RHIC while at the LHC the reduction
18–34 %. As expected, the reduction is largest for the he
est nuclei. With the inhomogeneous shadowing parametr
tion, EKS98b, the cc̄ cross section is reduced by 1–2 %
RHIC and;10% at LHC. Thebb̄ cross section is antishad
owed at RHIC by 6–20 % using EKS98, reduced to 3–8
with EKS98b. At the LHC, thebb̄ cross section is reduce
by 10–19 % with EKS98 and;6% with EKS98b. At large
b, any inhomogeneity reduces the effect of shadowing. T
larger the impact parameter cut, the closer the peripheralAA
events mimic hadroproduction in free proton collisions.

A direct comparison with the photoproduction cross s
tions in Tables III and IV shows that the only rate comp
rable to hadroproduction at RHIC iscc̄ photoproduction in
Au1Au collisions when the same impact parameter rang
considered. The photoproduction cross section is;25 mb,
comparable to the 33 mb hadroproduction cross sect
With lead beams at the LHC, thecc̄ photoproduction cross
section is actually larger than the hadroproduction cross

TABLE VIII. Total cc̄ hadroproduction cross sections integrat
over b.2RA in peripheralAA collisions at RHIC and LHC.

AA
s(Si51)

~mb!
s(EKS98)

~mb!
s(EKS98b)

~mb!

RHIC
O1O 4.04 3.93 4.00
Si1Si 8.54 8.22 8.42
I1I 22.6 21.6 22.3
Au1Au 33.1 31.6 32.6

LHC
O1O 113 93.2 104
Ar1Ar 426 323 379
Pb1Pb 1090 714 948

TABLE IX. Total cc̄ hadroproduction rates in peripheralAA
collisions at RHIC and LHC with a 106 s run. The rates are base
on Table VIII.

AA N(Si51) N(EKS98) N(EKS98b)

RHIC
O1O 3.963108 3.853108 3.923108

Si1Si 3.763108 3.623108 3.703108

I1I 6.103107 5.843107 6.023107

Au1Au 6.623106 6.333106 6.523106

LHC
O1O 1.7431010 1.4431010 1.6131010

Ar1Ar 1.8331010 1.3931010 1.6331010

Pb1Pb 4.573108 3.003108 3.983108
6-10
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HEAVY QUARK PHOTOPRODUCTION IN . . . PHYSICAL REVIEW C66, 044906 ~2002!
tion. Thebb̄ photoproduction cross section is always mu
lower than that of hadroproduction.

The hadroproduction cross sections tend to be larger
photoproduction cross sections for several reasons. In ha
production, the fullAS is available for heavy quark produc
tion while coherent photon emission requiresASgN!AS.
The lower energy reduces the cross section and restrictsx
range of the gluons taking part in the interactions. Thus
droproduction probes smallerx values than photoproduction
At low x the gluon densities are larger than the photon fl

The minimum biaspA results with Si51 and Si5
EKS98 are presented in Tables XII and XIII for charm a
bottom, respectively. We report the minimum biaspA cross
sections only since it is difficult to select peripheralpA
events. Shadowing is less important than inAA collisions
since thepA cross section is linear inSi while theAA cross
section is quadratic inSi . The minimum bias cross section
proportional toA for Si51. A comparison of the RHIC mini-
mum biaspA and the peripheralAA cross sections show
that thepA cross section without shadowing is equal to t
AA cross section divided by (1/A)*d2b TAA(b.2RA), as
expected. There is no corresponding factor ofA for photo-
production so the hadroproductionpA cross sections are a
ways bigger than the photoproduction cross sections inpA.
Recent studies have shown that a comparison of hadro

TABLE X. Total bb̄ hadroproduction cross sections integrat
over b.2RA in peripheralAA collisions.

AA
s(Si51)

~mb!
s~EKS98)

(mb)
s(EKS98b)

(mb)

RHIC
O1O 22.7 24.1 23.3
Si1Si 47.9 51.7 49.5
I1I 111 127 117
Au1Au 154 183 167

LHC
O1O 2490 2260 2390
Ar1Ar 9110 7930 8600
Pb1Pb 21 700 17 500 20 200

TABLE XI. Total bb̄ hadroproduction rates in peripheralAA
collisions with a 106 s run at RHIC and LHC. The rates are bas
on Table X.

AA N(Si51) N(EKS98) N(EKS98b)

RHIC
O1O 2.223106 2.363106 2.273106

Si1Si 2.113106 2.273106 2.183106

I1I 3.013105 3.433105 3.163105

Au1Au 3.173104 3.673104 3.343104

LHC
O1O 3.843108 3.483108 3.683108

Ar1Ar 3.923108 3.413108 3.703108

Pb1Pb 9.113106 7.353106 8.483106
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duction in pA and pp collisions at the same energies ca
provide detailed information on nuclear shadowing effe
@58#. In this case, there is no difference in flux betweenpA
andAA collisions as there is in photoproduction. Such stu
ies could provide important input to theAA collisions dis-
cussed here.

The variations in the cross section due to quark mass
QCD scale are similar in both hadroproduction and pho
production. However, the additional next-to-leading ord
~NLO! corrections are larger in hadroproduction. Even
NLO the calculations do not always agree with data. T
measuredB1 production rate in pp̄ collisions at AS
51800 GeV is 2.960.260.4 times the NLO calculation
@59#. The reason for this discrepancy is unknown but so
nonstandard suggestions have been made@18,19#. The dis-
crepancy may also be due to an incomplete understandin
the hadronization process@60#.

The major uncertainty for hadroproduction in periphe
collisions is the minimum impact parameter. There is
known method for effectively selecting very large-impact p
rameter hadronic events or, alternatively, collisions with
small but well defined number of participants. Zero deg
calorimeters~ZDCs! can be used to select events with

TABLE XII. Total cc̄ andbb̄ hadroproduction cross sections
minimum bias~all b)pA collisions at RHIC and LHC.

cc̄ bb̄

pA
s(Si51)

~mb!
s(EKS98)

~mb!
s(Si51)

(mb)
s~EKS98)

(mb)

RHIC
pO 4.19 4.14 23.7 24.4
pSi 7.33 7.21 41.5 43.1
pI 26.2 25.8 131 139
pAu 38.6 38.1 187 201

LHC
pO 153 138 3740 3540
pAr 368 318 8850 8180
pPb 1820 1460 43 000 38 200

TABLE XIII. Total cc̄ and bb̄ hadroproduction rates in mini
mum biaspA collisions over a 106 s run at RHIC and LHC. The
rates are based on Table XII.

cc̄ bb̄
pA N(Si51) N(EKS98) N(Si51) N(EKS98)

RHIC
pO 5.023109 4.963109 2.853107 2.923107

pSi 5.863109 5.773109 3.323107 3.453107

pI 5.253109 5.173109 2.623107 2.793107

pAu 2.323109 2.283109 1.123107 1.203107

LHC
pO 1.5331012 1.3931012 3.7531010 3.5731010

pAr 2.0131012 1.7531012 4.8731010 4.5031010

pPb 1.3531012 1.0731012 3.1831010 2.8231010
6-11
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small number of spectator neutrons but these come fro
poorly defined range of impact parameters. For this rea
peripheralAA collisions may best be studied by compari
different processes in a ZDC-selected data set. These d
ent processes, such as heavy quark and gauge boson pr
tion @42#, could be used to compare nuclear parton densi
for several species at a varietyx andQ2 values.

IV. TWO-PHOTON PRODUCTION

Heavy quark pairs can also be produced in purely elec
magnetic photon-photon collisions. This process has b
studied ate1e2 colliders. However, in ion colliders the cros
sections are enhanced since thegg luminosity increases a
Z4.

The gg luminosity has been calculated by many auth
@61#. Naively, it is given by the convolution of the photo
fluxes from two ultrarelativistic nuclei. The photon flux from
one nucleus is the integral ofd3Ng /dkd2r in Eq. ~10! over r
excluding the nuclear interior. Not all the flux is usable b
cause, when the nuclei actually collide, the two-photon in
action products will be lost amongst the much denser h
ronic debris. The usable flux is limited by the requireme
that the nuclei do not interact hadronically. This is typica
done by requiring thatb.2RA . However, when the photon
energy is close to the kinematic limit,kmax'gL\c/RA , the
flux is sensitive to the exact choice ofRA . To reduce the
sensitivity to RA , we calculate the probability,P(b), of a
hadronic interaction as a function of impact parameter,

P~b!512expF2sNN
tot ~s!E d2rTA~r !TB~ ubW 2rWu!G ,

~14!

and use it to calculate the effective photon flux. Wood
Saxon density distributions@44# are used to calculate th
nuclear overlap integral. The nucleon-nucleon total cr
section,sNN

tot , is 52 mb at 200 GeV and 93 mb at 5.5 Te
@20#. We use the total cross section to exclude any interac
that could cause the nuclei to break up. This soft cutoff
the flux reduces the effective two-photon luminosity by
few percent fork!gL\c/RA , rising to about 15% at the
kinematic limit compared to a hard cutoff withRA51.16(1
21.16A22/3)A1/3 fm. We also exclude the flux when th
heavy quarks are produced inside one of the nuclei. Altho
these heavy quarks would probably survive, the resulting
teractions are likely to disrupt the nucleus, making the co
sion appear hadronic. With these exclusions, the differen
gg luminosity is

dLgg

dk1dk2
5LAAE

b.RA

E
r .RA

d2bd2r
d3Ng

dk1d2b

d3Ng

dk2d2r

3P~ ubW 2rWu!. ~15!

The two-photon center of mass energy,ASgg, is given by
the photon energies,Sgg54k1k2. This Sgg is equivalent
to W2, commonly used in other two-photon calculation
The maximumASgg is 2kmax52gL\/RA , given in Table II.
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This limit is a factor of (\c/mpRA)2 smaller thanAS,
a factor of 1023 for gold or lead. Indeed, 2kmax,2mb for
I1I and Au1Au collisions at RHIC. Thus heavy quark pro
duction in this channel should be much smaller than
photoproduction and hadroproduction.

As in photoproduction, there are also direct and resolv
contributions. Either one or both of the photons@15# can
resolve itself into partons. At the parton level, the sing
resolved photon case is equivalent to photoproduction w
the double-resolved photon situation is equivalent to had
production. Both of these contributions are included he
The diagrams for all of these processes are shown in Fig.

The LO cross section for heavy quark production in dire
two-photon interactions is also proportional toBQED, as in
Eq. ~1! for direct photoproduction, but with different cou
plings,

s2
d2sgg

dt1du1
56pa2eQ

4 BQED~s,t1 ,u1!d~s1t11u1!, ~16!

where s5(k11k2)25Sgg , t15(k12p1)22mQ
2 , and u1

5(k22p1)22mQ
2 . Here t15U1 and u15T1 for a detected

quark. The gg→QQ̄ cross section is a factor o
6eQ

2 a/as(Q
2) smaller than the partonicgg→QQ̄ cross sec-

tion, Eq.~1!. A factor of 3 comes from the three quark colo
while another factor of 2 is from the spin averages. The ra
a/as(Q

2) reduces the cross section for two-photon prod
tion relative to photoproduction. The same two Compton d
grams apply to both two-photon production and photop
duction except that a second photon replaces the gluon ingg
interactions.

The direct cross section is the convolution of the parto
two-photon cross section with the two-photon luminosity f
photon energiesk1 andk2,

FIG. 10. Feynman diagrams for two-photon production of hea
quarks in~a! direct,~b! single-resolved, and~c!–~e! double-resolved
photons. The crossed diagrams for~a!–~c! are not shown.
6-12
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HEAVY QUARK PHOTOPRODUCTION IN . . . PHYSICAL REVIEW C66, 044906 ~2002!
Sgg
2

d2sgg→QQ̄
dir

dT1dU1
5E dk1dk2

dLgg

dk1dk2
s2

d2sgg

dt1du1
. ~17!

The photon fluxes are exponentially suppressed fork
>gL\/RA .

The resolved processes follow from the discussion in S
II. The cross section for singly resolved production of hea
quarks is

Sgg
2

d2sgg→QQ̄
1-res

dT1dU1
52E dk1dk28E dx2

x2

dLgg

dk1dk28
f g

g~x2 ,Q2!ŝ2

3
d2sgg

d t̂1dû1

, ~18!

where the partonic invariants,ŝ5(k11x2k2)25x2Sgg , t̂1

5(k12p1)22mQ
2 , and û15(x2k22p1)22mQ

2 , are related

to the total invariants byt̂15U1 and û15x2T1 and k28
5x2k2. The partonic cross section,sgg , is the photoproduc-
tion cross section in Eq.~1!. The cross section for double
resolved heavy quark production is

Sgg
2

d2sgg→QQ̄
2-res

dT1dU1
5E dk18dk28E dx2

x2
E dx1

x1

dLgg

dk18dk28

3F f g
g~x1 ,Q2! f g

g~x2 ,Q2! ŝ̂2
d2sgg

dt91du9 1

1 (
i 5u,d,s

@ f q
g~x1 ,Q2! f q̄

g
~x2 ,Q2!

1 f q̄
g
~x1 ,Q2! f q

g~x2 ,Q2!# ŝ̂2
d2sqq̄

dt91du9 1
G ,

~19!

where k285x2k2 , k185x1k1 and the partonic invariants,ŝ̂
5(x1k11x2k2)25x1x2Sgg , t915(x1k12p1)22mQ

2 , and u9 1

5(x2k22p1)22mQ
2 , are related to the total invariants b

t915x1U1 and u9 15x2T1. The partonic cross sections,sqq̄
andsgg , are given in Eqs.~4! and ~5!.

The full two-photon heavy quark cross section is the s
of all three contributions,

Sgg
2 d2sgg→QQ̄

dT1dU1
5Sgg

2
d2sgg→QQ̄

dir

dT1dU1

1Sgg
2

d2sgg→QQ̄
1-res

dT1dU1
1Sgg

2
d2sgg→QQ̄

2-res

dT1dU1
.

~20!

In Eqs.~18! and ~19! the scale entering into the photon pa
ton densities andas(Q

2) has been set equal to 4mQ
2 due to

the structure of thegg luminosity. Changing the scale from
04490
c.
y

4mT
2 to 4mQ

2 increases the single-resolved cross section
about 10%, while the double-resolved cross section chan
by at most 2%.

Figures 11–14 show the correspondingcc̄ and bb̄ pro-
duction distributions. The RHIC results are shown for Si1Si
collisions since that is the largestA for which 2kmax
.2mb . The Pb1Pb results are shown for LHC. The inte

FIG. 11. Charm production by two-photon processes in peri
eral Si1Si collisions at RHIC. The results are shown for all pa
with no mass cut. The singlec quarkpT ~a! and rapidity~b! distri-

butions are shown along with thecc̄ pair invariant mass~c!. The
solid curve is the sum of all contributions:sdir ~dashed curve!, s1-res

~dot-dashed curve!, and s2-res ~dotted curve!. The direct contribu-
tion is divided by two to facilitate comparison. Since either phot
can be resolved, the single-resolved rapidity distribution is reflec
aroundy150 to account for both sources.

FIG. 12. Bottom production by two-photon processes in peri
eral Si1Si collisions at RHIC. The results are shown for all pa
with no mass cut. The singleb quarkpT ~a! and rapidity~b! distri-

butions are shown along with thebb̄ pair invariant mass~c!. The
solid curve is the sum of all contributions:sdir ~dashed curve!, s1-res

~dot-dashed curve!, and s2-res ~dotted curve!. The direct contribu-
tion is divided by two to facilitate comparison. Since either phot
can be resolved, the single-resolved rapidity distribution is reflec
aroundy150 to account for both sources.
6-13
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grated cross sections for all the other nuclei are given
Tables XIV and XV. The quarkpT and rapidity and theQQ̄
pair invariant mass distributions are narrower for the hea
nuclei due to the lower associatedASgg. The production is
mostly direct. The single and double resolvedpT and mass
distributions are narrower than the direct results at all en
gies.

The rapidity distributions are symmetric aroundy150 ex-
cept for the singly resolved processes. Since either pho
may be resolved, we give the single-resolved rapidity dis
butions in both cases. The total single-resolved rapidity d
tribution is the sum. We present both to be consistent w
the direct and double-resolved calculations. The factor o
in the cross section, Eq.~18!, is included in the single-
resolved transverse momentum and invariant mass distr
tions.

Direct gg production dominates two-photon productio
of heavy quarks. Forcc̄ pairs, at RHIC the single-resolve
cross section is 0.6–1.6 % of the direct production. Doub
resolved production is 2.5–3.3 % of the single resolved. T
single-resolved to direct ratio increases withA or, equiva-
lently, decreasingASgg. Interestingly, the single- to double
resolved cross section ratios decrease with increasingA, pre-
sumably due to the largerqq̄ component at lower energies
closer to production threshold where the quark distribution
the photon is dominant. At LHC, the single-resolved cro
section is 4.5% of the direct production. The single-resolv
component is higher at LHC because of the higher ene
However, double-resolved production is only 2.1% of t
single resolved because the higher beam energy reducx,
increasing the photon gluon distribution but thegg contribu-
tion is too small to make up the difference. The situati

FIG. 13. Charm production by two-photon processes in peri
eral Pb1Pb collisions at LHC. The results are shown for all pa
with no mass cut. The singlec quarkpT ~a! and rapidity~b! distri-

butions are shown along with thecc̄ pair invariant mass~c!. The
solid curve is the sum of all contributions:sdir ~dashed curve!, s1-res

~dot-dashed curve!, and s2-res ~dotted curve!. The direct contribu-
tion is divided by two to facilitate comparison. Since either phot
can be resolved, the single-resolved rapidity distribution is reflec
aroundy150 to account for both sources.
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changes forbb̄ production. At RHIC, single-resolved pro
duction is 0.3–0.7 % of the direct component but doub
resolved production is 20% of the single resolved. The low
energy strongly reduces the single-resolved cross sec
relative to the directgg but has less effect on double
resolved production because of the strongqq̄ component. At
the LHC the single-resolved result is 10% of the direct wh
the double-resolved result is reduced relative to the sin
resolved one by the same factor. The LEP results sug
relatively low quark masses and a large resolved cross
tion @62#. Our resolved contributions are smaller, possib
because thegg luminosity at LEP drops more slowly with
ASgg than do thegg luminosities for ions.

These results are for allQQ̄ pairs, as are the result
shown for the other channels. However, a significant fract
of the pairs have masses below theHH̄ threshold, especially
at RHIC. Pairs with massM,2mH are also produced in
photoproduction and hadroproduction. A few of these pa
will become quarkonium states@63#. Most of them will had-
ronize into heavy-flavor hadrons, thanks to the presence
accompanying particles. A soft gluon can provide the ene
to bring the quarks on shell. However, two-photon intera
tions occur in a vacuum with no available energy sour
Pairs with M,2mH may annihilate if they do not form
quarkonium. Tables XIV and XV compare the total cro
sections for allQQ̄ pairs to those pairs withM.2mH . In
both cases, the two-photon cross sections are several o
of magnitude below those for hadroproduction and photop
duction. Thecc̄ cross sections are of the order of nb rath
than mb and thebb̄ cross sections are of the order of p
rather thanmb. The corresponding rates are shown in Ta
XVI.

-

d

FIG. 14. Bottom production by two-photon processes in peri
eral Pb1Pb collisions at LHC. The results are shown for all pa
with no mass cut. The singleb quarkpT ~a! and rapidity~b! distri-

butions are shown along with thebb̄ pair invariant mass~c!. The
solid curve is the sum of all contributions:sdir ~dashed curve!, s1-res

~dot-dashed curve!, and s2-res ~dotted curve!. The direct contribu-
tion is divided by two to facilitate comparison. Since either phot
can be resolved, the single-resolved rapidity distribution is reflec
aroundy150 to account for both sources.
6-14
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TABLE XIV. Two photoncc̄ cross sections in peripheralAA collisions at RHIC and LHC, integrated ove
b.2RA .

All cc̄ M.2mD

AA sdir ~nb! s1-res ~nb! s2-res ~nb! sdir ~nb! s1-res ~nb! s2-res ~nb!

RHIC
O1O 4.64 0.08 0.0020 1.65 0.022 0.00039
Si1Si 32.0 0.49 0.013 10.8 0.125 0.0023
I1I 1320 10.7 0.345 288 1.18 0.027
Au1Au 3650 22.2 0.786 601 1.37 0.035

LHC
O1O 236 11.7 0.24 128 6.01 0.10
Ar1Ar 4530 210.0 4.36 2410 105 1.76
Pb1Pb 1 110 000 45 000 951 565 000 21 400 352
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The requirementM.2mH dramatically reduces charm
production. At RHIC thecc̄ cross section is reduced by
factor of 3–6 for directgg, 4–16 for single resolved, an
5–22 for the double resolved. The higher LHC energy le
ens the threshold effect considerably; the reduction is on
factor of ;1.9 for direct and single-resolved production a
;2.5 for double-resolved production. These reductions
pend strongly on the heavy quark mass. Ourmc , 1.2 GeV, is
about 0.64mD but the reduction is much smaller for larg
charm masses. This threshold effect reduces the overall
sitivity of the calculation to the charm quark mass. Cha
production calculations with a threshold cut match rec
LEP data@64#, indicating that the reduced cross sections
more appropriate experimentally.

The threshold reduction is smaller for bottom quarks sin
mb54.75 GeV'0.9mB . At RHIC, the cross section is a fac
tor of ;1.5 smaller for direct photoproduction and 1.5–2
for single- and double-resolved production. At the LHC,
the cross sections are reduced by 10–20 %. The thres
effect is more important for largerA becauseASgg falls with
increasingRA .

Figures 15 and 16 show the ratios forQQ̄ production with
and without the threshold cut as a function ofpT and rapidity
for cc̄ production at RHIC andbb̄ production at the LHC.
An invariant mass cut simply selects pairs withM.2mH .
The threshold cut only affects lowpT quarks. The minimum
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pT for a quark to pass the 2mH threshold is pT

>AmH
2 2mQ

2 , 1.4 GeV for mc51.2 GeV and 2.3 GeV for
mb54.75 GeV. Naturally, with a larger quark mass, t
minimum pT would decrease. The larger threshold effect
charm production appears because the peak of thepT distri-
butions in Figs. 11 and 13 is below this minimumpT . The
averagepT for bottom production is larger so that more
the cross section survives the threshold cut. However,
cross section is reduced most neary150 where low pT
dominates the rapidity distribution. At large rapidities, t
pair QQ̄ mass is always above threshold. The threshold
the smallest effect on direct production and the stronges
the double-resolved cross sections, as can be expected d
the decreasing effective energy available for each proces

Energy conservation requires that a heavy quark pair p
duced with massM retain that energy. To compensate for t
‘‘mass deficit,’’ M22mH , the final state mesons must hav
less kinetic energy than the initial state quarks. Near thre
old, the quarkpT and rapidity distributions presented in Fig
11–14 will differ from the final state meson distributions.

We do not present any two-photon results forpA since the
cross sections are very small and the proton substruc
could play a role@65#. However, the small proton radiu
allows pA collisions to reach highergg energies than the
correspondingAA collisions so thatbb̄ production would be
energetically accessible inpI and pAu collisions at RHIC.
r
TABLE XV. Two photonbb̄ cross sections in peripheralAA collisions at RHIC and LHC, integrated ove
b.2RA .

All bb̄ M.2mB

AA sdir ~pb! s1-res ~pb! s2-res ~pb! sdir ~pb! s1-res ~pb! s2-res ~pb!

RHIC
O1O 0.268 0.0018 0.00038 0.194 0.0010 0.00029
Si1Si 0.923 0.0031 0.00083 0.582 0.0013 0.00046

LHC
O1O 285 31.7 3.08 262.6 28.9 2.62
Ar1Ar 4890 491.0 49.3 4480 444 41.7
Pb1Pb 943 000 75 000 8 260 855 000 66 800 6 820
6-15
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The major uncertainties in thegg calculations are the
quark masses and thegg luminosity. In contrast to hadropro
duction and photoproduction, the higher order correctio
seem fairly well known. If thegg luminosity can be suffi-
ciently well determined, heavy quark production could th
be used to fix the quark masses. The uncertainties in thegg
luminosity are comparable to those forgA and also depend
on the minimum impact parameter. However, final sta
with known gg couplings can be used for calibrations. Le
ton pair production covers the full range ofSgg and may be
accurately calculated using only electrodynamics. Produc
of well known mesons may also help check the luminos
With these calibrations,s(gg→QQ̄) could clearly be mea-
sured to the 10% level. At that point, other theoretical unc
tainties will dominate and the measurements can be use
determine the heavy quark masses. These masses can th
used in calculations of other processes.

V. THEORETICAL COMPARISONS

In this section, we compare and contrast some of the
culational uncertainties in our results. We have perform
fully LO calculations, including LO parton densities and
one-loop evaluation ofas(Q

2). We first compare our LO
results with NLO calculations. We also describe the dep

FIG. 15. Reduction in charm production due to the requirem
that M.2mD in two-photon production in peripheral Si1Si colli-
sions at RHIC. The ratio of the cross section above threshold r
tive to the total cross section is shown as a function ofpT ~a! andy1

~b! for sdir ~solid curve!, s1-res ~dashed curve! and s2-res ~dot-
dashed curve!. Since either photon can be resolved, the sing
resolved rapidity ratio is reflected aroundy150 to account for both
sources.

FIG. 16. Reduction in bottom production due to the requirem
that M.2mB in two-photon production in peripheral Pb1Pb colli-
sions at LHC. The ratio of the cross section above threshold rela
to the total cross section is shown as a function ofpT ~a! andy1 ~b!
for sdir ~solid curve!, s1-res ~dashed curve! and s2-res ~dot-dashed
curve!. Since either photon can be resolved, the single-reso
rapidity ratio is reflected aroundy150 to account for both sources
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dence of our results on the chosen quark mass and scal
At any order, the partonic cross sections for all three p

cesses studied may be expressed in terms of dimensio
scaling functionsf i j

(k,l ) that depend only on the variableh

5 ŝ/4m221 @66#,

ŝ i j ~ ŝ,mQ
2 ,Q2!5

~aeQ
2 !qas

p~Q2!

mQ
2

3 (
k50

`

@4pas~Q2!#k(
l 50

k

f i j
(k,l )~h!lnlS Q2

mQ
2 D ,

~21!

whereŝ is the square of the partonic center of mass ene
mQ is the heavy quark mass, andQ2 is the scale. The cros
sections are expanded in powers ofas(Q

2) anda. The ex-
ponentsq and p depend on the initial process:q51, p51
direct photoproduction;q50, p52 hadroproduction; andq
52, p50 direct two-photon production. The summatio
over k includes all corrections beyond LO which only in
volve powers ofas(Q

2) with k50 corresponding to the
Born andk51 to the NLO cross sections. It is only at NLO
that the logarithms lnl(Q2/mQ

2 ) appear. Two scales, for reno
malization and factorization, appear in the calculation b
they are generally assumed to be the same since this ch
is used in fits of the parton densities. The total cross sect
are obtained by convoluting the partonic cross sections w
the parton distribution functions or photon fluxes. The sc
Q2 enters the total cross section in the evaluation ofas(Q

2)
and in the parton densities of the proton or photon~for re-
solved processes!.

For a fully consistent calculation of the partonic cro
sections,as(Q

2) should be evaluated to one loop whenk
50, two loops whenk51, . . . . Thestrong coupling con-
stant has been evaluated up to three loops, correspondin
k52. However, a consistent evaluation of the cross sect
order-by-order in partonic cross section, parton distributi
and as(Q

2), is usually not done. One is usually interest
only in the effect of the next-higher-order corrections to t
total cross section and it is only possible to measure
change by leaving other inputs, such as the parton dens
the same at all orders. Thus, theoretical ratios of the t
NLO to LO cross sections, theK factors, are typically inde-
pendent of the observable@67,68#.

The hadroproductionK factor is larger for ‘‘light’’ heavy
quarks, lowpT , and low M. As the heavy quark mass in
creases,K drops from 2.5–3 forcc̄ to 1.8–2.3 forbb̄ in this
energy range. For direct photoproduction, theK factors are
smaller. The calculatedK factors for direct photoproduction
of bottom are 1.4–1.7 forASgp5314 and 1265 GeV, respec
tively @29#. The LO resolved photoproduction results,O(as

2)
with p52, q50 in Eq.~21! as at LO in hadroproduction, ar
typically used without NLO corrections in photoproductio
so that the same order inas(Q

2) is used for both direct and
resolved photoproduction. Thus theK factor would only be
constant with rapidity and transverse momentum for dir
photoproduction, not for the sum in Eq.~8!. However, the
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FIG. 17. The quark-mass dependence of o
calculated cross sections. The left side is f
charm, normalized to the cross sections withmc

51.2 GeV while the right side is for bottom, nor
malized to cross sections withmb54.75 GeV.
The RHIC results are for Si1Si interactions
while the LHC results are for Pb1Pb interac-
tions. The photoproduction ratios in~a! and ~b!
are for direct ~solid curve, RHIC; dot-dashed
curve, LHC! and resolved~dashed curve, RHIC;
dotted curve, LHC! production. The hadropro-
duction results at RHIC and LHC are given b
the solid and dashed curves, respectively, in~c!
and ~d!. The two-photon ratios in~e! and ~f! are
for sdir ~solid curve, RHIC; dotted curve LHC!,
s1-res ~dashed curve, RHIC; dot-dot-dot-dashe
curve, LHC! ands2-res ~dot-dashed curve, RHIC
dot-dash-dash-dashed curve, LHC!.
no

o

l-
nd
l
ili
d

n
5

C
i

v
ith
du
se
p
ho
io
th
it

th

re
r

ar-

ding

e
LO
ver,
-
ns

total

.

as
ast
ton
ence.
espe-
rm
by

ly

are
en-

h

-

resolved contribution is always rather small and should
significantly change theK factor. The NLOgg corrections
are smaller still,K51.33 for cc̄ and 1.24 forbb̄ in direct
gg, dropping toK;1.15 for cc̄ and 1.21 forbb̄ single-
resolved production@15#. The smallK factor for directgg
should perhaps not be a surprise since, in a sense,gg is the
cleanest determination of theK factor because there is n
parton density,as(Q

2) or scale dependence at LO.
This K factor, calculated with both the LO and NLO sca

ing functions convoluted with NLO parton densities a
two-loop evaluations ofas(Q

2), does not mesh with a ful
LO calculation using LO parton densities. The incompatib
ties include the difference inas(Q

2) evaluated at one an
two loops. In the MRST LO densities,L350.204 GeV so
that as

1-loop50.287 andas
2-loops50.220. The hadronic LO

cross sections calculated with the MRST HO distributio
@43# aresLO5196 mb at 200 GeV, rising to 6.03 mb at 5.
TeV, compared withsNLO5382 mb at 200 GeV and 5.83 mb
at 5.5 TeV. The NLO evaluation is two times larger at RHI
but at the LHC, the results agree within 3%. The difference
mostly due to the higher one-loopas(Q

2). Because of these
variations, we do not apply anyK factors to our LO calcu-
lations.

Our calculations for all three processes use the same
ues of mQ and Q2. The values are chosen to agree w
hadroproduction data at fixed target energies. Photopro
tion and two-photon data imply larger charm quark mas
than used here. The typical charm mass used for those
cesses, 1.6–1.7 GeV, predict lower cross sections than t
employing the quark masses obtained from hadroproduct
One can speculate as to why this is true. It may be that
incident quarks and gluons in hadroproduction interact w
the virtual heavy quark at its current quark mass while
almost real photons interact with the constituentc and b
quarks. The constituent quark mass is larger than the cur
quark mass and is thus more compatible with the photop
04490
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duction data. However, sinceK.2 for hadroproduction, un-
incorporated higher order corrections may explain the app
ent need for different quark masses. Near threshold, thebb̄
cross section has been evaluated to next-to-next-to-lea
order and next-to-next-to-leading logarithm~NNLO-NNLL !.
Recent results from HERA-B@69# agree very well with the
predicted 3068610 nb NNLO-NNLL cross section@66#
calculated withmb54.75 GeV. The NLO evaluation at th
same energy is a factor of two smaller, suggesting that N
calculations require smaller bottom quark masses. Howe
the NNLO-NNLL expansion is invalid far away from thresh
old so that the importance of further higher order correctio
is difficult to quantify.

Figure 17 shows the quark mass dependence of the
cross sections for all three processes. We plots(mQ)/s(m0)
where m051.2 GeV for charm and 4.75 GeV for bottom
The scale used isQ2}4mc

2 and mb
2 for charm and bottom,

respectively. Results are shown forAS5250 GeV Si1Si
collisions at RHIC and 5.5 TeV Pb1Pb collisions at the
LHC. The mass sensitivity is smaller at higher energies,
expected. For a given energy, hadroproduction is the le
mass dependent. The direct photoproduction and two-pho
production processes have nearly the same mass depend
Resolved production has a stronger mass dependence,
cially at RHIC. The mass dependence is stronger for cha
than bottom, mainly because the charm mass is varied
50%, from 1.2 to 1.8 GeV while the bottom mass is on
varied 18%, from 4.25 to 5.00 GeV.

The photoproduction and two-photon cross sections
more mass dependent than hadroproduction at the same
ergies. The maximumgp collision energies,ASmax, are a
factor of 426 less thanAS in AA collisions at both collid-
ers. The maximum photon energy fraction,\c/mpRA , is
;0.03 for gold or lead, rising to 0.1 for silicon, muc
smaller than the maximum parton energy fraction,x51.
This energy deficit is difficult to overcome and is only com
6-17
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pensated for by the photon flux factor ofZ2 in charm pro-
duction with the heaviest ions. The energy difference is m
important for bottom production, especially at RHIC sin
ASmax is close to thebb̄ threshold. As Table I shows, lighte
ions may be advantageous for photoproduction studies s
the higher photon energies and accelerator luminosities
compensate for the smaller cross sections. The energy d
in gg production is even larger, 9.8231.25 between the
maximumASgg andAS. For the heaviest ions at RHIC, th
maximum ASgg is below thebb̄ threshold. In these colli-
sions, even charm is not far from threshold. The factor ofZ4

cannot compensate for such an energy deficit. The 1 mbcc̄
cross section forM.2mc at LHC is still a factor of 1000
lower than those of the other processes. Thus good exp
mental separation is essential for observing cleangg inter-
actions. The photoproduction and hadroproduction scale
pendence is small. The cross sections only change a
percent betweenQ25mQ

2 and 4mQ
2 because increasing th

scale decreasesas(Q
2) but increases the gluon densi

Fg
p(x,Q2) and vice versa. The two effects largely cancel.

NLO, the scale dependence is usually larger for charm
bottom quarks than at LO@12# becauseas(Q

2) multiplies
the logarithm ln(Q2/mQ

2 ). The scale dependence only ente
through the resolved contributions ingg production where
the effect is a factor of 1.522 on single-resolved productio
and 1.0521.4 on double-resolved production. However, t
total cross section is essentially unaffected because the d
contribution is independent of scale.

VI. EXPERIMENTAL SEPARATION

To study ultraperipheral heavy quark production, it is ne
essary to be able to disentangle the three channels. Phot
duction, hadroproduction, and two-photon interactions m
be separated on the basis of overall event characteristics
signatures that can be used to distinguish between produ
processes are whether there are rapidity gaps in the even
whether the nuclei break up. Nuclear breakup can be m
sured with downstream ZDCs.

TABLE XVI. Total cc̄ and bb̄ two-photon rates in periphera
AA collisions over a 106 s run at RHIC and LHC. The rates ar
based on Tables XIV and XV.

All QQ̄ M.2mH

AA N(cc̄) N(bb̄) N(cc̄) N(bb̄)

RHIC
O1O 4.623102 2.6531022 1.643102 1.9131022

Si1Si 1.433103 4.0831022 4.813102 2.5731022

I1I 3.613103 7.813102

Au1Au 7.363102 1.213102

LHC
O1O 3.973104 5.113101 2.153104 4.713101

Ar1Ar 2.043105 2.333102 1.083105 2.133102

Pb1Pb 4.843105 4.413102 2.473105 3.903102
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Other variables may be helpful in separating eve
classes. The event multiplicity is lower for photoproducti
and two-photon interactions because less energy is availa
The multiplicity also depends on the details of the intera
tion. For two-photon interactions, the total eventpT should
be less than 2\c/RA . Unfortunately, it is necessary to recon
struct the entire event to measure the totalpT . This is diffi-

cult in QQ̄ events. Because of these difficulties, multiplici
and pT will not be further considered here as a separat
factor.

This section will focus on isolating clean photoproducti
and two-photon final states. The large hadroproduction cr
sections are a background to these events. The cuts discu
here are geared toward reducing the hadroproduction b
ground and thereby differentiating between the three prod
tion processes. RHIC data@2# show that almost all hadronic
interactions break up both nuclei. In contrast, photoprod
tion should only dissociate the target nucleus while tw
photon interactions should leave both nuclei intact. Howev
the photoproduction and two-photon interactions occur
moderate impact parameters, less than 50~500! fm at RHIC
~LHC!, where one or more additional photons may
exchanged.

For heavy nuclei like lead or gold, the additional photo
can excite one or both nuclei, leading to nuclear break
Except for the common impact parameter, these additio
photons are independent of the two-photon or photonuc
events@70#. The probabilities for excitation are significan
The probability of a single given nucleus being excited in
collision atb52RA is about 30% with gold at RHIC, rising
to 35% for lead at the LHC@1#. As b rises, the excitation
probability drops as 1/b2. The breakup probability scales a
A10/3 so that for even slightly lighter nuclei like argon o
silicon the breakup probability is considerably reduce
Since the nuclear breakup probabilities are independen
each other, the probability for both nuclei to dissociate
simply the square of the single dissociation probability.

One way to select photoproduction events is to elimin
events where both nuclei break up. This should elimin
almost all of the hadroproduction events while retaini
most of the photoproduction and two-photon interactio
Unfortunately, there are no calculations of the hadronic
teraction cross sections without accompanying nucl
breakup. Indeed, such a calculation is problematic beca
too little is known about the recoil energy transfer in t
nucleus. However, using a Glauber calculation, we find t
the cross section for a single nucleon-single nucleon inte
tion in an Au1Au collision is about 700 mb, 10% of the tota
hadronic cross section. At RHIC and LHC energies even s
nuclear interactions involve significant energy transfer. Th
phase space considerations dictate that the interacting n
ons are likely to be ejected from the nucleus. There co
then be considerable momentum transferred to the nuc
fragments. Here we assume that each nucleus has a
chance of remaining intact. With these assumptions,
heavy quark hadroproduction cross sections with one nuc
remaining intact are not too different from those presented
6-18
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Sec. III. The 10% chance of remaining intact may be hi
but, to be conservative, we will use the rates in Sec. III
calculate the hadronic backgrounds to photoproduction.

The rejection factorR is the probability of finding a ra-
pidity gap with width y in a hadronic collision, R
;exp(2ydN/dy), where dN/dy is the average multiplicity
per unit rapidity. Here, we will only consider charged pa
ticles but with a calorimeter to detect neutrals, the reject
would be enhanced. The UA1 Collaboration parametriz
the charged particle multiplicity asdNch/dy'20.32
1 ln AS/GeV @71#. Neglecting the small difference betwee

pp̄ and pp collisions, at midrapidity at RHIC,dNch/dy
'2.6 @72#, rising todNch/dy'4.4 at the LHC. Most modern
experiments use forward detectors such as beam-b
counters to measure particle production over a wide rapi
range. These counters can be used to find rapidity gaps.
we will consider two charged particle detectors each cov
ing two units of rapidity on each side of a central detect
representative of modern experiments. We scale the mi
pidity multiplicities by 0.6 becausedNch/dy decreases awa
from midrapidity.

For photoproduction, requiring a single rapidity gap w
reject all butR5exp(2230.632.6)50.04 of the hadronic
interactions at RHIC while at LHC the rejection for a simil
detector is R5exp(2230.634.4)50.005. These factors
calculated forpp collisions, should be conservative forpA
andAA collisions where there is typically more than a sing
nucleon–single nucleon collision. These factors would a
apply to the rejection of photoproduction backgrounds wh
considering two-photon reactions. Since there are two ra
ity gaps in two-photon interactions, these rejection fact
are squared.

The CDF collaboration has experimentally observed co
parable rejection factors in a study of diffractive bottom p
duction @17#. They isolated a diffractively produced botto
sample frompp̄ collisions@17# with a signal to noise ratio o
3:1 despite the fact that diffractive production was 1/160
the total hadronicb cross section. This corresponded toR
50.002, smaller than theR values calculated above. This
probably because the CDF forward counters cover 2.7 u
of rapidity and are supplemented with forward calorimet
that detect neutrals. Thus the rejection factors are not u
alistic and could even be improved on with more solid an
coverage. Of course, for nuclear beams the higher multip
ties per participant pair should increase the rejection fact
even for single nucleon–single nucleon interactions, due
possible secondary interactions.

The rapidity gap requirements should reject relatively f
signal events since photoproduction always leads to a ra
ity gap. The exceptions are the events that are accompa
by additional electromagnetic interactions. A small fracti
of these breakups will involve high-energy photons that p
duce final state particles that fill in the rapidity gap, caus
the signal event to be lost. Even at the LHC, the brea
probability due to high-energy photons is quite small a
events with additional particles should not appreciably aff
the signal. If it is necessary to also require that one nucl
remains intact, then signal loss will need to be considered
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such loss will not affect the viability of the measurement.
Other backgrounds are neglected here. Examples inc

single diffractive~hadronic! charm production and double
Pomeron interactions. Single diffractive production will ha
one rapidity gap and could potentially mimic charm pho
production. However, the diffractive final state would be pr
duced quite near the beam rapidity, forward of the predo
nantly photoproduced charm. Double-Pomeron cha
production will be in the central region with two rapidit
gaps. Because the Pomeron has such a short range,
single and double diffractive interactions can only occur o
a very narrow range of impact parameters so that theirAA
cross sections should be small@73#. The other major back-
ground, beam-gas interactions, is detector and vacuum
tem specific and will not be discussed here.

Conservatively, both the rapidity gaps and nucle
breakup criteria should reject more than 99% of the hadro
events. Although these criteria are not completely indep
dent, comparing the numbers in Secs. II–IV shows that
plication of either criteria should lead to a good signal
noise ratio for selecting either photoproduction or tw
photon interactions. If 99% of the hadronic events withb
.2RA can be rejected, then hadroproduction is only a sm
background to photoproduction of heavy quarks, one that
be controlled to the degree necessary to measure shado
by comparingpA andAA.

One could also select events with two rapidity gaps a
no nuclear breakup to search for two-photon interactio
However, in almost all cases, the two-photon cross sect
are a factor of at least 1000 smaller than the photoproduc
cross sections. This factor is smaller than the single-gaR
calculated above as well as larger than rejection obtained
CDF and unlikely to be achieved in a real experiment. S
lecting two-photon events may require completely reco
structing the events and using the low totalpT of the event as
a final selection criteria. This reconstruction will necessar
have a very low overall efficiency, thus requiring very lar
data sets.

In conclusion, both rapidity gaps and the absence
nuclear breakup are effective criteria to separate photo
duction interactions. Charged-particle multiplicity and oth
event characteristics may also be useful in refining the ev
selection. Once a sample of photoproduction events has b
isolated, charm and bottom production may be studied w
conventional selection techniques such as prompt lept
separated vertices, andD or B meson reconstruction.

VII. CONCLUSIONS

We have calculated the total cross sections, quarkpT and
y distributions, and pair mass spectra for hadronic, pho
nuclear, and two-photon production of heavy quark pairs
ing a consistent set of quark masses and scales. The had
processes have the largest cross sections, followed by ph
production and two-photon interactions. However, using
characteristics of rapidity gaps and nuclear breakup, ph
production and two-photon processes should be cleanly s
rable.
6-19
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Photoproduction and two-photon measurements can
used to test the QCD calculations. Shadowing has a 1
effect oncc̄ production with heavy nuclei at RHIC, rising t
20% at the LHC. By comparing the production cross secti
in pA andAA collisions, most theoretical uncertainties ca
cel so that shadowing can be accurately measured if the
ton flux is well known. By using appropriate calibration si
nals, it appears that the photon flux uncertainties can
understood and useful gluon shadowing measurements m
n
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