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Photon-hadron interactions in relativistic heavy ion collisions
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High-energy photon-hadron interactions in relativistic heavy ion collisions are studied in the impulse
approximation. This leads to an explicit treatment of the spatial distribution of the constituents in the
volume of the nucleus struck by the equivalent photon. Relevant changes in the high-energy tail of the
equivalent photon spectrum compared to the conventional method are obtained. Total fragmentation
cross sections due to photon-hadron interactions which contribute to the luminosity decrease at colliders
like the Brookhaven Relativistic Heavy Ion Collider or the CERN Large Hadron Collider (heavy ions)
are also studied. As an important application we study the yg fusion into quark-antiquark pairs. This
gives a handle to determine the gluon distribution function of nucleons inside the nucleus.

PACS number(s): 25.75.+ r

I. INTRODUCTION

Heavy ions at ultrarelativistic velocities are an intense
source of quasireal photons. Relativistic heavy ion collid-
ers are planned in Brookhaven [Relativistic Heavy Ion
Collider (RHIC)] and at CERN [Large Hadron Collider
(LHC)] with center of mass (c.m. ) energies of 100 and
3400 GeV/nucleon, respectively. Because of the coher-
ence factor Z in the spectrum, an intense Aux of high-
energy photons accompanies the heavy ions. Equivalent
photon energies in the collider frame up to 3 and 100
GeV for RHIC and LHC, respectively, are obtained.

In peripheral collisions (with impact parameters
b )R, +R2) with no strong interactions between the col-
liding nuclei, reactions are purely due to electromagnetic
interactions of the equivalent photons. In close col-
lisions, where very high equivalent photon energies are
available, these photons may directly interact with the
constituents of the struck nucleus, i.e., nucleons, quarks,
gluons, etc. For high equivalent photon energies it is a
fairly good assumption to work in the impulse approxi-
mation (see, for example, Ref. [1]). The conventional
equivalent photon approach for the calculation of corre-
sponding cross sections in peripheral collisions (see, e.g.,
[2]) works with an average over the volume of the nu-
cleus; i.e., the impact parameter b is simply the distance
between the c.m. 's of the colliding nuclei in the transver-
sal plane. Because of the strong b dependence of the
equivalent photon spectrum for close collisions, an ap-
propriate formulation of the interaction with the constit-
uents of the nuclei has to consider the impact parameter
of the single constituent. A modified equivalent photon
spectrum in the impulse approximation considering this
effect was first proposed in Ref. [3].

It is the purpose of this paper to study the interaction
of high-energy equivalent photons with the constituents
of the nuclei in relativistic heavy ion collisions. Special
care is taken of the modified equivalent photon method in
comparison to the conventional one. In Sec. II we
present the improved formulation of the impact parame-
ter dependent equivalent photon spectrum in the impulse

II. THEORY: GEOMETRICAL MODIFICATIONS
OF THE EQUIVALENT PHOTON SPECTRUM

In the equivalent photon approximation the cross sec-
tion for a photonuclear reaction in a relativistic heavy ion
collision is given by

der n(co) cr» (co), (2.1)

where a. ~ is the on-shell elementary photonuclear cross
section. The equivalent photon spectrum n(co) in Eq.
(2.1) is conventionally obtained via

n(co)= f d b N(co, b),
b &2R

(2.2)

where the peripheral collision of two nuclei of the same

approximation in detail. We explicitly derive the spec-
trum valid for peripheral collisions and give analytic for-
mulas in a sharp cutoff approximation.

Numerical results are given in Sec. III. An explicit
comparison of the improved equivalent photon spectrum
to the conventional one is given in Sec. IIIA. An in-
teresting application is the contribution to the luminosity
decrease in relativistic heavy ion colliders [4,5]. At rela-
tivistic heavy ion colliders one has the opportunity to
study the photonuclear cross sections at very high ener-
gies and effects due to the modified equivalent spectra
may be important. This is studied in detail in Sec. III B.

The gluon distribution function in nuclei may be deter-
mined via the investigation of the yg —+qq subprocess in
relativistic heavy ion collisions as proposed in Ref. [6].
This process is determined theoretically by folding the
equivalent photon spectrum and the gluon distribution
function. Therefore it is essential to use an accurate
equivalent photon spectrum at high energies as a theoret-
ical input. In Sec. IV we study the production of cc via

yg fusion in relativistic heavy ion collisions in view of a
possible determination of the gluon distribution function.

Our conclusions are given in Sec. V.
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for these constituents. The minimum impact parameter
b' is given by b'=R.

A. Theoretical formulation and discussion

To treat the impact parameter dependence of the
equivalent photon spectrum properly, we start with the
semiclassical excitation amplitude for the interaction of
photons with matter:

(2.4)

FICs. l. Schematical picture of the peripheral collision of two
nuclei in the fixed target system. The conventional equivalent
photon method uses the impact parameter b defined through the
distance of the c.m. 's of the colliding nuclei. The improved
method takes into account the finite spatial distribution of
scatterers in the nuclei leading to the explicit occurrence of dis-
tances b' & b.

mass number (R l +R2 =2R) is assumed. N(co, b) is
given in Refs. [7,2,8]. The integration in Eq. (2.2) explic-
itly rejects the condition of peripheral collisions; i.e.,
there is no overlap between the two nuclei (for R the nu-
clear charge radius is conventionally used).

In the impulse approximation the photonuclear cross
section o.~z is interpreted as the superposition of all
photon-constituent interactions. Therefore Eq. (2.2) im-
plicitly contains an averaging over the distribution of
constituents in the volume of the struck nucleus: For the
impact parameter in Eq. (2.2) the distance between the
c.m. s of the colliding nuclei is used. For large distances,
i.e., b ))2R, this is a good approximation, though, in the
case of close collisions, the difference of this effective im-
pact parameter to the one considering the spatial distri-
bution of the constituents in the transversal plane be-
comes important. In fact, for high-energy equivalent
photons the scaling variable x =cub /yv which determines
the exponential decrease of the spectrum for x ~ 1 is sen-
sitive on the value of b. In the conventional picture the
minimum impact parameter is given by 2R, leading to the
maximum equivalent photon energy available in peri-
pheral collisions:

where the interaction potential is given by

V[r(t)] = f d r A„(r, t)j "(r) . (2.5)

Ze y e ip (R R )

p 2 (2.6)

where v„=( 1,0,0, v ). In Eq. (2.6) we introduced
R= (x,y, yz ) and R' = (b, yvt ).

In the impulse approximation we assume that the cou-
pling of the equivalent photon to the constituent of the
struck nucleus, say, a nucleon, is the same as if it were
free. For the energy scale under consideration, i.e., high
equivalent photon energies due to close collisions, this is
a good approximation (see, e.g. , Ref. [1]). The Fermi
momentum of the nucleons inside the nucleus is neglect-
ed; the nucleons may be seen as fixed relative to the c.m.
of the nucleus (frozen nucleus approximation). There-
fore, the current density in Eq. (2.5) is simply the internal
nucleon current density.

To take explicitly reference to the position of the nu-
cleon inside the nucleus we simply introduce c.m. coordi-
nates of the nucleon in Eqs. (2.5) and (2.6). The interac-
tion potential is then given by

Z ip (R+p —R')
V[r(t)] = f d p f d r v„jg(r), (2.7)

where p=(p~, yp, ) is the position of the nucleon relative
to the c.m. of the nucleus.

For the wave functions Ii ), If ) we take

Assuming that the nucleus with charge Ze moves on a
straight line with impact parameter b and constant veloc-
ity leads to a vector potential (see, e.g. , [7]) of the form

A„(r, t ) =@(r,t )v„

yacc
mRx (2.3)

(2.8)

The consideration of a finite spatial distribution of the
constituents allows for even smaller impact parameters b'
in certain volume elements of the struck nucleus. This is
illustrated schematically in Fig. 1. This consequently
leads to a different maximum equivalent photon energy

I

In Eq. (2.8), IN) is the internal nucleon wave function
and IP) is the wave function (for example, the shell-
model wave function) for the center of mass of the nu-
cleon.

Inserting Eq. (2.7) into Eq. (2.4) and writing more ex-
plicitly

+~'
af;= —. (QfI(Nf I f d p f d r f dt e ' e ' v„j]v(r)INO)IQO),

l p
(2.9)

we can carry out integration over t directly. The resulting 5 function can be used to carry out the integration over p, .
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We finally find, for the amplitude Eq. (2.9),

ip, (b-p, )

(Pfl f d pi z z
e' ' '~&o)(Nf

~ f d r e'~"v„jg(r)~No) .
l &V pi+(a~/yv)'

(2.10)

The momentum p' in Eq. (2.10) is given by p' = (pi, co/v ).
The nucleon matrix element in Eq. (2.10) can be rewritten with the help of the continuity equation (see, e.g. , Refs.

[9,2]). In the ultrarelativistic limit we have

(Nf ~ f d r e'r 'v„jg(r)~No) =(Nf
~ f d r e' ' ~No) .pi 'j~(r)

(2.11)

Inserting in Eq. (2.10) gives

ip .(b —
p&)

af;= —. —(Pf ~ f d pJ 2 2e ' ~go)(Nf ~ f d r e'~ 'jz(r)~No) .
l &U CO p&+ (a~/yv )'

The probability of the inclusive process is given by summing over Pf,

(2.12)

(2.13)

Explicitly, this leads to

dP ~
@CO

Z2 1
ip (b —p )

, , —X &Wol d'p
m v oi

~ pi+(co/yv)

—i p -(b —
p&)

2
X —(Nf~ f d r e'~"j&(r)~No) (2.14)

The length scale connected with the nucleon matrix element (Nf ~

. . ~No) is much smaller than the one connected
with the nuclear matrix element (Pf ~ ~Po). Therefore, in the equivalent photon approximation, the transverse
momentum dependence in the exponential of the matrix element (Nf ~

. .
~No ) can be neglected. In this case, the last

factor on the right-hand side of Eq. (2.14) is straightforwardly connected to the total elementary photonuclear cross sec-
tion or&(co). The wave functions ~P) form a complete set and we may apply closure over the final states ~Pf ). We
finally find

2—
ip& (b —

p&)
Z cx CTy~(CO)

, , &col d'pi, , Ido&8co & V pi+(co/yv ) CO

(2.15)

dPrz 3
a i ~(a')= f d p i Po(p) i N(co, ib —pi ) (2.16)

In Eq. (2.16), ~Po~ is the probability density of finding a
nucleon at p in the target nucleus.

Comparison with Eq. (2.1) and introducing a short no-
tation for the probability density (renaming variables)
leads to a geometrically modified equivalent photon spec-
trum:

N (co, b)= f d r p(r)N(co, ~b —ri~), (2.17)

where p(r) denotes the probability density of finding a
nucleon at r in the target nucleus.

By integrating Eq. (2.17) over the impact parameter we
can define a geometrically modified integrated equivalent

The remaining integral in Eq. (2.15) can directly be relat-
ed to the impact parameter dependent equivalent photon
spectrum deduced in Refs. [8,10]. Introducing explicit
coordinate space representations we rewrite Eq. (2.15):

photon spectrum nz(co).
We want to point out that in the equivalent photon

spectrum Eq. (2.17) properties of the target nucleus as
well as of the projectile nucleus are contained. On the
right-hand side p(r) is the probability distribution of the
nucleons in the target nucleus, while N(co, ~b

—r~ ) in prin-
ciple contains the charge form factor of the projectile.
This is in contrast to the conventional method, where
only the properties of the nucleus creating the equivalent
photon spectrum enter.

We also want to stress that Eq. (2.17) is only valid for
peripheral collisions. This reads b ~ Rz-+R~ and accord-
ingly b'= ~b —r~ )Ri, where Rz and R~ are the radii of
the target and projectile, respectively.

Furthermore, it is straightforward to replace o&& in
Eq. (2.16) by any elementary cross section for a y-
constituent reaction; i.e., the calculation is independent
of the special nuclear constituent under consideration.
Accordingly, the related probability density has to be
used.
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B. Analytical reductions peripheral collisions are concerned. Therefore we use

In the case of a heavy nucleus such as Pb the proba-
bility density of finding a nucleon inside the nucleus can
be approximated by

N(co, b') = x IC i(x)+ Ko(x), (2.20)b' y

Ir ~R,
p(r)= 4mR /3 (2.18)

xx E,(x)+ Eo(x)

where b'= ~b —
r~ )R and x =cob'/y u.

In a sharp cutoff approximation we have

1, 0~x~1,
0, x)1. (2.21)

where R denotes the charge radius of the nucleus. Since
the impact parameter dependent modified equivalent
photon spectrum in Eq. (2.17) only depends on the
transversal components of r, integration over the third
component using Eq. (2.18) for the target nucleus can be
carried out. We get

2+R ' r', —
N (co,b)= f d ri 3 N(co, ib —rii) .

4m.R /3
(2.19)

Using Eq. (2.18) for the target nucleus, we have to use ac-
cordingly a form factor of a spherical charge distribution
for the projectile. It is well known that the conventional
equivalent photon spectrum of a homogeneously charged
sphere coincides with the one of a point particle of the
same charge with a lower cutoff at the radius as long as

The condition for x in Eq. (2.21) has to be interpreted as
a condition for b'. The spectrum in this approximation
then reads

Z2
Rp b' T/cu,

N pp(~, b')= ' vr b'

0, b') y/m,
(2.22)

where b'=Qb +r 2br co—sy„. In Eq. (2.22) we set
without loss of generality b=(b, 0). In this case we can
solve Eq. (2.19) analytically.

For A-3 collisions, i.e., RT=Rz =R, the geometrical-
ly modified equivalent photon spectrum Eq. (2.19) is
given by

N' P(Pco, b)= r drVR r—dp
Zo,' 2 R 2 2 2 1

4~R '/3 b +r —2br coscp

The integrations can be done analytically (see, e.g. , Ref. [11])leading to an approximated spectrum of the form

(2.23)

2

Napp( b )
Z a 47rR

vr 4rrR /3
+b R- R

1 — arctan
R b R—for b )2R, b +R (y /co . (2.24)

co(b +R) «1.
yacc

(2.25)

For large impact parameters b, Eq. (2.24) can be expand-
ed in terms of z =R /b, leading to

The approximation Eq. (2.24) is expected to be very good
in the case

as the integrated spectra n(co) and n (co). This stresses
the necessity of the geometrically improved equivalent
photon spectrum for calculations of high-energy
equivalent photon interactions in relativistic heavy ion
collisions.

In the second part we apply Eq. (2.1) to the calculation
of the total fragmentation cross section relativistic heavy
ion colliders.

Z cxN'PP ( co, b ) = 1+—z +
b 5' (2.26)

A. Comparison of the equivalent photon spectra
In principle, it is possible to integrate Eq. (2.24) analyt-

ically over the impact parameter. This leads mainly to
the integral J (du /u )arctanu, which results in a very in-
volved expression.

III. NUMERICAL RESULTS

In Sec. II we modified the usual equivalent photon
spectrum by taking into account the finite spatial distri-
bution of constituents in the nucleus struck by the
equivalent photon. First, we compare the equivalent
photon spectra N(co, b), N (co, b), and N'PP(co, b) as well

In the following we compare the different equivalent
photon spectra. For the geometrically improved spec-
trum we use Eq. (2.19) with Eq. (2.20) and integrate nu-
merically as well as the analytical approximation Eq.
(2.24). The spectrum used so far is given by Eq. (2.20) at
b'= b.

In the formulation of the equivalent photon spectrum
Eq. (2.19) the laboratory frame probability density of the
target enters. The relevant transformations to the collid-
er (c.m. ) system are given by
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2
Xlab 23 coll 1

& ~lab Xcoll( +~ )~coll

From Eq. (3.1) we find, in the ultrarelativistic limit,

~lab ~coll

V lab 7coll
(3.2)

0.00300
~

0.00250—

E
0 00200

"'P I3
—"'P b

—= 3000/100 MeV"y

Since it is well known that the equivalent photon spec-
trum scales with co/y, we characterize the spectra by
their scaling variable x =~/y in the following.

In Figs. 2 and 3 the impact parameter dependent
equivalent photon spectrum as a function of the impact
parameter for fixed values of x =co/y is shown. The
spectra are calculated for Pb- Pb collisions where
R =7 fm is assumed.

In Fig. 2 we fixed x=
34(g GeV, i.e., co=1 GeV for

LHC or co=29 MeV for RHIC conditions, respectively.
The restriction to peripheral collisions leads to a lower
limit of the spectra of b;„=14fm. The solid line corre-
sponds to N (co, b) via Eqs. (2.19) and (2.20), while the
dashed line corresponds to the spectrum N(co, b). For
large impact parameters the two spectra coincide. This
property can be seen directly from Eq. (2.20); for b ))R
we have b'=b and the integration in Eq. (2.19) is trivial,
leading to Nz(co, b)=N(co, b). For close collisions the
spectrum N (co, b) is harder than the other one. This
tendency may also be understood from the basic idea of
the modification: For close collisions there are relevant
contributions to the spectrum from R b' 2R which do
not occur in the conventional approach; the averaging
process over the target volume is no longer accurate.

In Fig. 3 the same quantity as in Fig. 2 is shown at
x =co/y = ', MeV; the labeling of the curves is also the
same. The value of x in Fig. 3 is large enough that the
spectra are reduced by one order of magnitude for small
impact parameters in comparison to Fig. 2. In this case
the contributions from R ~b'~2R lead to much larger
differences (more than a factor of 2) between the spectra.

0.0300

0.001 50—

0.001 00—

0.00050—

O. QQOQ

b (fm)

I

40
I

45

FIG. 3. Same quantity as in Fig. 2 for x=,~ MeV.

As shown in Figs. 2 and 3 the absolute deviation of
N (co, b ) from N(co, b ) for close collisions depends on the
value of the scaling variable x. To study the net
difference between the spectra the impact parameter in-
tegrated spectra have to be studied as a function of co or
ro/y. This is done in Fig. 4 where the impact parameter
integrated equivalent photon spectrum as a function of
x =co/y is shown for the o Pb- Pb system. The solid
line corresponds to the spectrum n (co) calculated from
Eq. (2.19), while the dashed line shows the conventional
result n(co) (see, e.g., Ref. [2]). The curves are universal
in the sense that they may be applied to RHIC and LHC
conditions by considering the appropriate Lorentz factor.
For small x the two integrated spectra do not differ
significantly, while for larger x the decrease of (neo) is
much stronger than the one of n (co).

This behavior may be explained by considering the
scaling variable x =cob/yu which determines the ex-
ponential decrease of the impact parameter dependent
equivalent photon spectrum. For high equivalent photon

0.0250— 10

~l 0.0200

0.01 50— 10

0,0100—

0.0050— 10 '-

0,000 I

15
I

20
I

25
I

30
I

35
I

40
I

45 50

b (tm)
FIG. 2. Impact parameter dependent equivalent photon spec-

trum as a function of the impact parameter b for Axed values of
the scaling variable X =co/y =

34QQ
CxeV. The dashed line corre-

sponds to the usual N(co, b), while the solid line corresponds to
N~(co, b). The spectra are calculated for the Pb- 'Pb system
where E. =7 fm is assumed.

-4
I I I I I I I I & I

.000 .010 .020 .030 .040 .050 .060 .070 .080 , 090 .10

~/v (Gev)
FIG. 4. Impact parameter integrated equivalent photon spec-

trum as a function of the scaling variable 2=co/y. The solid
line corresponds to n (co), while the dashed line corresponds to
the usual n(cu).
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30 X 50
100X200

(3.3)

This provides an excellent approximation of the full spec-
trum by the approximated one.

In Fig. 6 the same quantity with the same labeling as in
Fig. 5 is shown for X = ',~~MeV. In this case the validity
of the approximation is restricted to 14 fm ~ b ~ 30 fm.

energies the main contribution to the integral over the
impact parameter dependent spectrum arises from close
collisions where the two spectra differ significantly from
each other; i.e., the geometrically modified spectrum
gives larger contributions. For n(co) the exponential de-
crease is determined by cob/yv ) 1, while for n (co) we
mainly have cob'/yv ) 1. While the spectrum n(co) is al-
ready dominated by the exponentially decreasing parts,
n (ro) is still not.

The differences of the spectra arise at the high
equivalent photon energy part where the overall magni-
tude is already decreasing exponentially. Effects on the
cross sections calculated via Eq. (2.1) are expected to be
small if low equivalent photon energies are involved. In
the case where only the high-energy tail of the equivalent
photon spectrum is tested the use of the geometrically
modified equivalent photon spectrum becomes essential
for accurate calculations.

The accuracy of the sharp cutoff approximation for
X (m, b ) [see Eq. (2.24)] is studied in Figs. 5 and 6. There
the impact parameter dependent equivalent photon spec-
trum again is shown as a function of the impact parame-
ter b at fixed x =co/y. The labeling is the same as in
Figs. 2 and 3 except that KP(co, b) is included as the
dashed dotted line.

In Fig. 5 we show the spectra at co/y= —,
" MeV. In

this case the approximated spectrum is valid over the
whole range considered and practically coincides with the
full calculations. Coming back to Eq. (2.25) we find that
in this impact parameter region we have

0.0300

0.0250—
"'P b —"'P b

0.0200—

0.0 l 50—

0.01 00—3

0.0050—

0.000
0 15 20 25 30 35

b (fm)
50

FIG. 6. Same as in Fig. 5 for x =
—, MeV.

The approximation clearly overestimates the full calcula-
tion; the corresponding x may be set:

500X 15 O(1)
100X200

(3.4)

B. Luminosity decrease at RHIC and LHC
due to electromagnetic fragmentation

If the equivalent photon energy is further increased, the
range of validity of the approximation gets smaller; for
values of about X =10 MeV the approximation Eq. (2.24)
completely breaks down.

Since the significant effects of the geometrical
modifications of the equivalent photon spectrum on in-
tegrated cross sections arise from the region x —1, the
approximation Eq. (2.24) is not the appropriate one for
such calculations. For the calculation of impact parame-
ter dependent cross sections it may be very good, though,
special care has to be taken of the corresponding values
of x.

0.0300

0.0250--

0.0200—

0.01 50—

0.01 00—3
Q.

0.0050—

0,000
15

L
25

I

30
I

35 40
I

45

FIG. 5. Same as Fig. 2 for X =,~ MeV. The labeling is also
the same as in Fig. 2; the analytic approximation N'P" (co, b) is
added as the dash-dotted line m'hich practically could not be dis-
tinguished in this figure from the solid line.

During the beam crossing in relativistic heavy ion col-
liders there will be electromagnetic excitation of the nu-
clei. Since this excitation leads mainly to particle emis-
sion, the electromagnetic interaction contributes to a
luminosity decrease. In Ref. [12] the contributions of the
giant dipole resonance (GDR) as well as of the e+e pair
production with e capture were considered. In Refs.
[4,5) additionally the contributions of high-energy
equivalent photon interactions were taken into account;
in Ref [13] a ca. lculation especially for RHIC conditions
has been done using the most accurate experimental data
for the photonuclear cross section. In the following we
study fragmentation cross sections due to the high-energy
photon interactions.

The total cross section for photon-hadron interactions
in relativistic heavy ion collisions is given by Eq. (2.1),
where o.

&z is the total cross section for the subprocess
y+nucleus~X. Above pion threshold this cross section
can be approximated by
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[taking into account the results for the GDR region from
Eq. (2.2) of Ref. [5]]

= A,acrr (co) . (3.5)
o', ,(LHC)=171 b, o„,(RHIC)=68 b . (3.8)

The total cross section (referring to one nucleus) for rela-
tivistic heavy ion collisions in this energy region is then
given by

dcoo.„,= A, fr

n(co)cry~~(a))

.
thres

(3.6)

To carry out numerically the integration over co in Eq.
(3.6) we take the experimental values of Refs. [14,15] for
the total y-p cross section. Above photon energies of 4.2
GeV we set 0.

&
=100 pb=const over the whole range.

As a check we used the analytical approximation given
(in units of pb) in Ref. [5],

o„,()2 GeV) =0.23A,sZ ln [co,„/(2 GeV)], (3.7)

where co,„=y&,bA'c/2R and cr „=100 pb is assumed [the
corresponding Eq. (2.4) of Ref. [5] refers to the excita-
tion of both nuclei].

The numerical calculation using the conventional
equivalent photon spectrum in Eq. (3.6) was compared to
Eq. (3.7) and found to be in very good agreement. To
study the effect of the geometry we also used the spec-
trum from Eq. (2.19). The numerical values for the
different energy ranges for both calculations are collected
in Table I, where the Pb- Pb and the ' Au-' Au sys-
tem is taken for LHC and RHIC conditions, respectively.

Obviously, the contribution of the high-energy region
is large; the contributions from the nucleon resonance re-
gion and the asymptotic region (constant err ) are com-
parable in magnitude. Setting 3,&=3, the results for
RHIC in Table I (conventional spectrum) are consistent
with the calculations of Ref. [13]. In this case we get a
3% enhancement of the cross section in the asymptotic
region due to the modification of the equivalent photon
spectrum. For this choice of A,z and the asymptotic
value of o. we find a total fragmentation cross section of

We want to point out that in Eq. (3.8) the quasideuteron
region of the photonuclear cross section is not included.
The effect of e capture contributes additionally to the
luminosity decrease.

The modifications of the total cross section due to the
use of Eq. (2.19) for the equivalent photon spectrum are
very small. The very-high-energy part of the spectrum
contributes only little to the sum in Eq. (3.7); the sum is
dominated by the low-energy part of the equivalent pho-
ton spectrum.

This can be seen clearly in Figs. 7 and 8. There the
corresponding differential cross section d cr„,/d &s is
shown as a function of &s in the yN system for RHIC
and LHC conditions, respectively. In the RHIC case
(Fig. 7) the differential cross section is already exponen-
tially decreasing for energies of &s & 40 GeV. In this en-
ergy region the correct treatment of the geometry in the
equivalent photon spectrum via Eq. (2.19) (solid line) in
comparison to the conventional method (dashed line) gets
essential; the differences are larger than one order of
magnitude. In Fig. 8 where the same quantities with the
same labeling are shown for LHC conditions, the
differences between the methods are negligible up to
&s -700 GeV. Only above this value do the deviations
become relevant. At &s =210 GeV, the energy reached
in ep collisions at HERA [16], the use of Eq. (2.19) does
not lead to any significant changes. In the high-energy
region the fragmentation cross section is directly propor-
tional to the elementary yp cross section. The HERA re-
sult [16] is given by 154+16(stat)+32(sys) pb at
+s =210 GeV. The corresponding results in Table I
therefore can easily be scaled with any preferred value of
the yp cross section. The argument may be turned
around by making use of the extremely hard part of the

10

TABLE I. Total photonuclear cross section integrated over
the indicated equivalent photon energy range for Pb- Pb
and ' Au-' Au collisions at LHC and RHIC conditions, re-
spectively. The GDR region can be taken from Ref. [5].

LHC: Pb- Pb 0 17—2 GeV 2—10 GeV & 10 GeV

10

10'

10'—

10

'Au

1
tot (mb)

eff

o.)t', t (mb)
1

eff

RHIC: ' Au-' Au

237.36

238.42

28.95

63.91

64.20

7.80

157.60

159.44

19.22

10

10

10
-5

10 20 30 40 50 60 70 80 90 100

(Gev)

1 o,o, (mb)
eff

1 o.stot (mb)
eff

o, , (b)

50.48

50.93

5.86

10.46

10.62

1.21

6.94

7.22

2.23

FIG. 7. Differential cross section do.«t/d&s divided by A, ff

as a function of &s of the yp system for RHIC conditions in
Au-' Au collisions. For the asymptotic value of o'yp we set

o.» =100 pb. The solid line corresponds to the calculation us-
ing n (co), while the dashed line corresponds to the use of the
conventional n (co).
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10'
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lisions is dominated by the yg fusion. The possible deter-
mination of the gluon distribution function in such exper-
iments was proposed and studied theoretically in Ref. [6].

The elementary subprocess of the yg fusion was stud-
ied theoretically starting in the 1970's (see Refs.
[20—22]). The equivalent photon method is a powerful
tool for the treatment of photon induced reactions in
peripheral ultrarelativistic heavy ion collisions (see, e.g. ,

[2]). The basic relation for the calculation of the heavy
quark production cross section in peripheral ultrarela-
tivistic heavy ion collisions is given by

1 ~ 100 200 300 400 500 600 700 800 900 1000

do =2 Gg(x)der (s)dcodx,n(co)
(4.1)

FIG. 8. Same quantity as in Fig. 7 with the same labeling for
LHC conditions in Pb- Pb collisions.

equivalent photon spectrum in ultrarelativistic heavy ion
collisions to measure the yX cross section in this energy
region.

The improved treatment of the equivalent photon spec-
trum due to the geometry of the system is of minor im-
portance for the total cross sections. This is due to the
fact that the deviations from the conventional method be-
come important only in the very-high-energy range where
the overall contribution to the total cross section is very
small.

IV. PHOTON-GLUON FUSION
IN RELATIVISTIC HEAVY ION COLLISIONS

The determination of the distribution functions of par-
tons in hadrons is essential to investigate the structure of
hadrons, to test QCD in general as well as to understand
the physics at present and future hadron colliders. In
measurements of deep inelastic scattering processes with
lepton beams the quark and sea quark distribution func-
tions have been investigated. The determination of the
gluon distribution function is of special interest since, for
example, it is well known that the gluons carry about
50% of the momentum of the proton. So far, the gluon
distribution function is only known to some extent, i.e.,
for values of x essentially above 0.1. Since these experi-
ments are not directly sensitive to the gluon distribution
function, the determination proceeds mainly indirect
through the determination of the proton structure func-
tions [17]. However, there are processes such as the pho-
toproduction of heavy quarks which are directly sensitive
to the gluon distribution function. There are first mea-
surements of the charm production at Fermilab [18] and
also at HERA there are plans to measure charm produc-
tion for the determination of the gluon distribution func-
tion [19]. In peripheral collisions at 100 GeV/nucleon
(RHIC) and 3400 GeV/nucleon (LHC) where the direct
strong interactions are completely suppressed, there is a
large Aux of high-energy equivalent photons. Apart from
other reactions, this Aux leads to heavy quark production
via yy and yg fusion. Because of the small electromag-
netic coupling the heavy quark production in such col-

where s is determined in the yg subsystem and x is the
Bjorken scaling variable. The gluon distribution function
is denoted by Gs, while n(co) is the equivalent photon
spectrum. In the high-energy limit the Bjorken scaling
variable is given by

sX—
s

(4.2)

where s refers to the yX subsystem.
Assuming that do. for the production of heavy

qq

quarks is known accurately, the correct deduction of the
gluon distribution function G (x) from Eq. (4.1) requires
a proper knowledge of the equivalent photon spectrum.
Calculations using the conventional spectrum n(co) were
already done in Ref. [6]. In the following we want to ap-
ply the improved equivalent photon spectrum Eq. (2.19)
and compare the results to calculations where the con-
ventional spectrum n(co) is used.

In principle, Eq. (4.1) contains the gluon distribution
function of the whole nucleus under consideration. Since
we want to point out mainly the modifications due to the
treatment of equivalent photon spectrum, we set

Gs(x, Q )=A,~G~(x, Q ) . (4.3)

do
qq xg qq qq

=4M cr (M )
eff qq

M
n( )(s)

s
XJ~™,",'G (4.4)

The notation n(p) indicates that calculations are per-

Shadowing (antishadowing) effects (see, e.g. , Ref. [23]) or
nuclear modifications such as the gluonic European
Muon Collaboration effect (Refs. [24,25] and references
quoted therein) are not explicitly included in our ap-
proach. Phenomenologically, we use an effective nucleon
number in Eq. (4.3); this is also done in Ref. [6]. For the
gluon distribution function G&(x, Q ) we take the fit of
Ref. [26] at QO=4(GeV/c) . To test the sensitivity on
the gluon distribution function also slightly different
types are tested [6].

For integrated cross sections we may simply rewrite
Eq. (4.1) in terms of the invariant mass of the produced
qq pair M, leading toqq'
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formed either with the conventional equivalent photon
spectrum or with the geometrically modified spectrum
Eq. (2.19). The total elementary yg~qq cross section is
given in lowest order by (see, e.g., Ref. [27])

21rlxcx~ eq 1 +po (s }= (3 — )lnrg w 2s 1 —P

10'

10

1O'-

1O'-

—2P(2 —P ) (4.5)

where we defined P=+1—m /s. The strong coupling
is denoted by a, and e is the charge of the quark in units
of the electron charge. The range of validity of Eq. (4.5)
is restricted to s=M &4m, which is the productionw
threshold for the qq pair. We use the running coupling
constant a, evaluated at m (see, e.g., Refs. [20,6]):

12"
(33—2nf)ln(m /A )

(4.6)

where nf is the number of fiavors (nf =4) and A=0. 4
GeV [26,27].

We want to point out that in Eq. (4.4) the integration
contains both the equivalent photon spectrum and the
gluon distribution function. The gluon distribution func-
tion enters over the whole range of the Bjorken variable
x; Eq. (4.4) may only be used to get information on the
product of the distributions. To be directly sensitive to
the gluon distribution function, especially to obtain trans-
parent information on the small x region we may also
rewrite Eq. (4.1}in terms of &s of the yX system:

2nI I(+s )
ds Gz — o. (s) .

Qg 4 2 +
g 'Vg

qq

(4.7)

In Eq. (4.7) the gluon distribution function enters for a
fixed value of &s only down to a value of x;„=4m& /s.

In the following we restrict ourselves to o Pb-zosPb
and ' Au-' Au collisions at LHC and RHIC conditions,
respectively. Our calculations are performed for cc pro-
duction, where we use m, =1.74 GeV [18]. In Figs. 9
and 10 the differential cross section do, , /dM, divided

by the effective nucleon number A,& is shown as a func-
tion of the invariant mass M,, of the cc system for LHC
and RHIC conditions, respectively. The solid line corre-
sponds to Eq. (4.4) using the geometrically modified
equivalent photon spectrum Eq. (2.19), while for the
dashed one the conventional spectrum has been used. In
Fig. 9 (LHC conditions) the energy scale where the devia-
tions between the two calculations become significant is
well above invariant masses of 500 GeV. For invariant
masses of about 1000 GeV, where the cross section is
dominated by the exponential decrease of the equivalent
photon spectra, the deviations are about one order of
magnitude. In Fig. 10 (RHIC conditions) the energy
scale is shifted corresponding to the characteristic
Lorentz factor. At invariant masses of about 15 GeV the
geometrically modified calculation (solid line) gives

10

10 I

100 200 300 400 500 600 700 '800 900 1000 1 100

Mcc (GeV)

significantly larger cross sections; the difference is of one
order of magnitude if invariant masses of 30 GeV and
larger are reached.

The same comparison but in terms of &s in the yX
system is shown in Figs. 11 and 12 for LHC and RHIC
conditions, respectively. In Fig. 11 the differential cross
section do /d&s from Eq. (4.7) divided by the efFective
nucleon number A,Ir is shown as a function of &s (same
labeling as in Figs. 9 and 10) for LHC conditions. For
energies above 700 GeV the differences become
significant, reaching one order of magnitude above 1400
GeV. For energies of about 700 GeV the gluon distribu-
tion function is tested down to values of x =2.5X10
which is well below the region open to HERA [19]. In
Fig. 12, where the same quantities as in Fig. 11 are
shown, the energy scale is again correspondingly shifted.
Clear differences in the two calculations arise at 20 GeV;
the cross section using the conventional equivalent pho-

10'

10

1O'

1O'

10

m, = 1.74 ('eV

10

10 I

10
I I I

15 20 25

M.—.(Ge V)

30 35

FIG. 10. Same as in Fig. 9 but for ' Au-' Au collisions at
RHIC conditions (also same labeling).

FIG. 9. Di8'erential cross section do,, /dM, , divided by A ff

as a function of the invariant mass M,, of the cc pair is shown
for Pb- Pb collisions at LHC conditions. The solid line cor-
responds to Eq. (4.4) with the use of the geometrically modified
equivalent photon spectrum; the dashed one corresponds to the
use of the conventional spectrum. For the charm quark mass
we use m, = 1.74 GeV [18].
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of the high-energy tail of the equivalent photon spectra to
the integral in Eq. (4.4) are suppressed. The correct use
of the geometrically modified equivalent photon spectrum
becomes important in the high-energy region. For RHIC
conditions at an energy scale of about 20 GeV this is
essential for the possible determination of the gluon dis-
tribution function, while the corresponding energy scale
for LHC conditions is at around 700 GeV.

To get greater insight into the possibility of determin-
ing the gluon distribution function from Eq. (4.4) or (4.7),
the sensitivity to different choices for this function has to
be studied. We use the following gluon distribution func-
tions [Qo =4 (GeV)/c) ], also used in Ref. [6]:

FIG. 11. DifFerential cross section do.„/d&s divided by 3 ff

as a function of &s in the yX system is shown for 'Pb- Pb
collisions at LHC conditions. The labeling of the lines and the
choice of the charm quark mass are the same as in Fig. 9.

xG (x)=0.879(1+9x)(1—x)

xG (x)= 1.564(1+9x)(1—x)

xG(x)=0.22x ' (1—x)

xG (x)=0.79x (1—x)

(4.8a)

(4.8b)

(4.8c)

(4.8d)

ton spectrum decreases much more strongly than the one
corresponding to the geometrically modified spectrum.
For energies of about 30 GeV at RHIC values of x =0.01
are reached.

The procedure of reconstructing the invariant mass
or &s from the experiments is described in Ref. [19].

The consideration of the &s spectra (see Figs. 11 and 12)
seems to be advantageous since it gives more insight into
the characteristics of the gluon distribution function.
According to Eq. (4.7) the gluon distribution function is
only folded with the elementary cross section and tested
down to small values of x. The equivalent photon spec-
trurn enters directly into the calculation; therefore, the
importance of the use of the geometrically modified spec-
trum is directly determined by the spectrum (see Fig. 4).
The invariant mass spectrum (Figs. 9 and 10) is less sensi-
tive to the use of the geometrically modified equivalent
photon spectrum. This originates from the fact that in
Eq. (4.4) there is a folding of the two distribution func-
tions and the elementary cross section; the contributions

10

10

In Eqs. (4.8a) —(4.8d), x is the Bjorken scaling variable.
So far, Eq. (4.8a) has been used.

In Fig. 13 the same quantities as in Fig. 11 are shown
for the four different gluon distribution functions
[(1/A, z)do /d&s as a function of &s ]. Label 1 corre-
sponds to the use of Eq. (4.8a), 2 to the use of Eq. (4.8b), 3
to the use of Eq. (4.8c), and 4 to the use of Eq. (4.8d).
The solid lines correspond to the use of the geometrically
modified equivalent photon spectrum in Eq. (4.7), while
the dashed lines correspond to the use of the convention-
al spectrum in Eq. (4.7). For energies below 600 GeV the
cross sections are well separated, independent of the use
of the modified equivalent photon spectrum or the con-
ventional one. In this energy region the differences due
to the different gluon distribution functions are large.
Above 800 GeV the differences due to the different gluon
distribution functions are of the order of the ones due to
the different equivalent photon spectra (see labels 1 and 2,
labels 3 and 4). In this energy region the use of the

10

10

10 10

10 10

10

10
m, = 1.74 GeV

10 1o 'I 5
I

20 25 30 35

Qq' (GeV)

40 45 50

FICs. 12. Same as in Fig. 11 but for ' Au-' Au collisions at
RHIC conditions (also same labeling).

10 200 400 600 800 1000 1200 1400

Qy' (GeV)

FIG. 13. Same as in Fig. 11 for the four difFerent gluon distri-
bution functions labeled by 1 —4. Label 1 corresponds to Eq.
(4.8a), label 2 to Eq. (4.gb), label 3 to Eq. (4.8c), and label 4 to
Eq (4gd)
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FIG. 14. Same as in Fig. 13 but for ' Au-' Au collisions at
RHIC conditions (only labels 1 and 3 are shown).

FIG. 16. Same as in Fig. 15 but for ' Au-' Au collisions at
RHIC conditions (also same labeling).

geometrically improved equivalent photon spectrum is
essential for the proper separation of the different types
of gluon distribution functions.

In Fig. 14 the same quantities with the same labeling as
in Fig. 13 are shown for ' Au-' Au collisions at RHIC
conditions. For reasons of clearness only labels 1 and 3
are shown. In the RHIC case also for low energies it is
essential to use the geometrically modified equivalent
photon spectrum to determine properly the gluon distri-
bution function.

In Figs. 15 and 16 the effect of varying the gluon distri-
bution function is studied for do.„/dM, , as a function of
M . In these figures we only show the calculations using

the geometrically modified equivalent photon spectrum.
The solid line corresponds to the gluon distribution func-
tion Eq. (4.8a), the dashed one to Eq. (4.8b), the dash-
dotted one to Eq. (4.8c) and the dotted one to Eq. (4.8d).
In Fig. 15 the calculations for 2osPb-208Pb collisions at
LHC conditions are shown. The differences between the
lines corresponding to the different gluon distribution
functions are less pronounced in comparison to the &s

spectra. Above 500 GeV the different gluon distribution
functions lead to significant variations in the differential
cross section. In Fig. 16 the same quantities with the
same labeling are shown for ' Au-' Au collisions at
RHIC conditions. Significant differences due to the
gluon distribution functions are obtained over a wide
range of invariant masses M (already above 10 GeV).

The cross sections do /d&s and do /dM„ for cc
production in peripheral relativistic heavy ion collisions
via yg fusion are sensitive to the use of the equivalent
photon spectrum. For high energies the use of the
geometrically modified equivalent photon spectrum is im-
portant for a proper description; especially for RHIC
conditions, this is essential. For the determination of the
gluon distribution function from such processes the study
of do. /d&s is most suitable; the sensitivity leads to
significant differences over a wide range of energies. For
this purpose the correct input for the equivalent photon
spectrum, especially for RHIC conditions, is also essen-
tial.

10'
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10'
10'

Io 10'

10

10

10

10 I I I I I
'w

I . I

'IOO 200 300 400 500 600 700 800 900 1000 1100

M, —,(GeV)

FIG. 15. Same as in Fig. 9 for the four different gluon distri-
bution functions. The solid line corresponds to the use of Eq.
(4.8a), the dashed one to Eq. (4.8b), the dash-dotted one to Eq.
(4.8c), and the dotted one to Eq. (4.8d).

V. CONCLUSIONS

In close peripheral relativistic heavy ion collisions at
RHIC and LHC conditions there are copious (equivalent)
photon-hadron interactions at very high photon energies.
Because of the strong impact parameter dependence of
the equivalent photon spectrum in such collisions we ex-
plicitly take into account the finite spatial distribution of
constituents in the nucleus struck by the equivalent pho-
ton. We apply the impulse approximation and derive ex-
plicitly a geometrically modified impact parameter
dependent equivalent photon spectrum. An analytical
approximation of this geometrically modified spectrum is
also obtained. The modifications in the impact parameter
dependent spectrum are significant for small impact pa-
rameters; for very large impact parameters the modified
spectrum coincides with the conventional one. For the
impact parameter integrated spectra the geometrical
modifications lead to an enhancement of the high-energy
tail. The use of scaling variables leads to a transparent
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presentation.
In the framework of the equivalent photon method to-

tal fragmentation cross sections contributing to the lumi-
nosity decrease at RHIC and LHC conditions are studied
including the geometrically modified equivalent photon
spectrum. The contribution of the nucleon resonance re-
gion and of the asymptotic region are comparable in
magnitude. The effect of including the geometrical
modifications of the equivalent photon spectrum is of
minor inAuence. For Pb- Pb collisions at LHC con-
ditions a total fragmentation cross section of o.„,=171 b,
for ' Au-' Au collisions at RHIC conditions o.„,=68 b
is obtained (excluding the quasideuteron contribution).

In distant heavy ion collisions it may be possible to
determine the gluon distribution function from the heavy
qq production via the yg fusion process [6]. In the frame-
work of the equivalent photon approximation the cross
sections are given by folding the equivalent photon spec-
trum and the gluon distribution function with the ele-
mentary qq production cross section. For charm tluark
production the differential cross sections do „/d&s and

der, , /dM indicate the importance of the use of the
geometrically modi6ed equivalent photon spectrum in the
high-energy region. Especially for RHIC conditions this
is essential. To show the sensitivity of the cross sections
on the gluon distribution function several parametriza-

tions are tested explicitly. For RHIC as well as for LHC
conditions the variation due to the different gluon distri-
bution functions is of the same order of magnitude as the
differences due to the use of the geometrically modified
equivalent photon spectrum in contrast to the conven-
tional one. Especially for RHIC conditions it is essential
to use the correct input for the equivalent photon spec-
trum to get a proper signature for the gluon distribution
function.

Photon-hadron interactions at very high photon ener-
gies in relativistic heavy ion collisions depend sensitively
on the input of the equivalent photon spectrum. In gen-
eral, the use of the geometrically modified spectrum for
such reactions is of special importance.

The process of heavy qq production via the yq fusion is
of further special interest. Therefore a more extensive
study on the angular distributions of the corresponding
two jet events in the framework of the equivalent photon
approximation should be done in the future.
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