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Abstract. In central collisions at relativistic heavy ion colliders such as the Relativistic Heavy
lon Collider (RHIC), Brookhaven and the Large Hadron Collider (LHC) (in its heavy ion mode)

at CERN, Geneva, one aims at detecting a new form of hadronic matter—the quark gluon
plasma. It is the purpose of this review to discuss a complementary aspect of these collisions,
the very peripheral ones. Owing to coherence, there are strong electromagnetic fields of short
duration in such collisions. They give rise to photon—photon and photon—nucleus collisions with
high flux up to an invariant mass region hitherto unexplored experimentally. After a general
survey photon—photon luminosities in relativistic heavy ion collisions are discussed. Special
care is taken to include the effects of strong interactions and nuclear size. Then photon—photon
physics at varioug y-invariant mass scales is discussed. The region of several GeV, relevant
for RHIC is dominated by quantum chronodynamics phenomena (meson and vector meson pair
production). Invariant masses of up to about 100 GeV can be reached at LHC, and the potential
for new physics is discussed. Photonuclear reactions and other important background effects,
especially diffractive processes are also discussed. A special chapter is devoted to lepton-
pair production, especially electron—positron pair production; owing to the strong fields new
phenomena, especially multiplé € pair production, will occur there.

1. Introduction

The parton picture is very useful to study scattering processes at very high energies. In
this model the scattering is described as an incoherent superposition of the scattering of
the various constituents. For example, nuclei consist of nucleons which in turn consist of

guarks and gluons, photons consist of lepton pairs, electrons consist of photons, etc. It
is the subject of this topical review to discuss that relativistic nuclei have photons as an

important constituent, especially for low enough virtual@# = —g? > 0 of the photon.

This is due to the coherent action of all the charges in the nucleus. The virtuality of the

photon is related to the sizR of the nucleus by

02 <1/R? 1

the condition for coherence. The radius of a nucleus is given approximatelg by
1.2 fm AY3, whereA is the nucleon number. From the kinematics of the process one has
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Z
E Figure 1. A fast-moving nucleus with chargée is surrounded
by a strong electromagnetic field. This can be viewed as
> a cloud of virtual photons. These photons can often be
considered as real. They are called equivalent or quasireal
X= (D/E photons. The ratio of the photon energyand the incident
beam energyE is denoted byx = w/E. Its maximal value
VAVAVAVE is restricted by the coherence conditionto< Ac(A)/R ~
w 0.175/A%3, that is,x < 1073 for Ca ions andx < 10~ for
Pb ions.
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7 Figure 2. Two fast-moving electrically charged objects are an abundant
source of (quasireal) photons. They can collide with each other and
with the other nucleus. For peripheral collisions with impact parameters
b > 2R, this is useful for photon—photon as well as photon—nucleus
collisions.

Owing to the coherence condition, the maximum energy of the quasireal photon is therefore
given by

Wmax ~ % 2

and the maximum value of the perpendicular component is given by

1

QLNEo

We define the ratic = w/E, whereE denotes the energy of the nuclelis= Myy A and
My is the nucleon mass. It is therefore smaller than
RA; A ACI(QA) ®

N
hereic(A) is the Compton wavelength of the ion. Hereafter we use natural units, setting
h=c=1.

The collisions of & and € has been the traditional way to stugyy-collisions.
Similarly photon—photon collisions can also be observed in hadron—hadron collisions. Since
the photon number scales wi#? (Z being the charge number of the nucleus) such effects
can be particularly large. Of course, the strong interaction of the two nuclei has to be taken
into consideration.

The equivalent photon flux present in medium- and high-energy nuclear collisions is very
high, and has found many useful applications in nuclear physics [1], nuclear astrophysics
[2, 3], particle physics [4] (sometimes called the ‘Primakoff effect’), as well as, atomic
physics [5]. It is the main purpose of this review to discuss the physics of photon—
photon and photon—hadron (nucleus) collisions in high-energy heavy ion collisions. With

Xmax =
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the construction of the ‘Relativistic Heavy lon Collider’ (RHIC) and the ‘Large Hadron
Collider’ (LHC) scheduled for 1999 and for 2004/2008, respectively, one will be able to
investigate such collisions experimentally. The main purpose of these heavy ion colliders is
the formation and detection of the quark—gluon plasma, a new form of highly excited dense
hadronic matter. Such a state of matter will be created in central collisions. The present
interest is in the ‘very peripheral (distant) collisions’, where the nuclei do not interact
strongly with each other. From this point of view, grazing collisions and central collisions
are considered as a background. It is needless to say that this ‘background’ can also be
interesting physics of its own.

The equivalent photon spectrum extends up to several GeV at RHIC energied {0)
and up to about 100 GeV at LHC energies £ 3000), see equation (2). Therefore the
range of invariant masse¥,, at RHIC will be up to about the mass of the, at LHC it
will extend into an invariant mass range hitherto unexplored.

We discuss the equivalent photon spectra of strongly interacting particles, from which
yy-luminosities are obtained. Owing to the coherence effect, the correspomding
luminosity is very high. In addition higher order and inelastic processes, which may occur
in heavy ion collisions are discussed. Then the various possibilities fophysics in
the different invariant mass regions will be explored. A special casgjephysics is
lepton pair production, in particular the'e™ pair production. Since the equivalent photon
approximation fails in some regions of phase space, this case is discussed separately. Owing
to its strong-field aspects, the production of multiptee pairs is of basic interest. Electron—
positron pair creation is also of practical interest due to the possibility of capturing a electron
inaK, L,...shell. This changes the charge state of the ion and leads to a beam loss and thus
to a decrease in the luminosity. The very large cross section for the productioreof e
pairs (sometimes called quantum electrodynamic (QED) electrons) is also an important
background for detectors.

Relativistic heavy ion collisions were suggested as a general tool for two-photon physics
about a decade ago. Yet the study of a special case, the productibaopairs in nucleus—
nucleus collisions, goes back to the work of Landau and Lifschitz in 1934 [6]. (In those
days, of course, one thought more about high-energy cosmic-ray nuclei than relativistic
heavy ion colliders). In the meantime the importance of this process has become very clear,
and many studies followed, e.g. [7-9]. This subject will be dealt with in detail in sections 5
and 7, where also recent experimental results will be mentioned.

The general possibilities and characteristic features of two-photon physics in relativistic
heavy ion collisions have been discussed in [9]. The possibility to produce a Higgs boson
via yy-fusion was suggested in [10, 11]. In these papers the effect of strong absorption
in heavy ion collisions was not taken into account. This absorption is a feature, which
is quite different from the two-photon physics ates colliders. The problem of taking
strong interactions into account was solved by using impact parameter space methods in
[12-14]. Thus the calculation gfy-luminosities in heavy ion collisions is put on a firm
basis and rather definite conclusions were reached by many groups working in the field
[15]; for a recent review containing further references see [16]. Subsequent studies—to
be described in detail in this review—revealed in a clear way that the theoretical situation
is basically understood. This opens the way for many interesting applications. Until now
hadron—hadron collisions have not been used for two-photon physics. An exception can be
found in [17]. There the production @f "~ pairs at the ISR was observed. The special
class of events was selected, where no hadrons are seen associated with the muon pair in
a large solid angle vertex detector. In this way one makes sure that the hadrons do not
interact strongly with each other, i.e. one is dealing with peripheral collisions (with impact
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parameter$ > 2R); the photon—photon collisions manifest themselves as ‘silent events’.
We feel that this is a very good basis for planning concrete experiments, as is done at

RHIC [17-20] and LHC [21-23]. This review aims at giving the main physical ideas and

providing the key formula and results. Details can be found in the literature. A few new

results will also be presented, but the main emphasis is to discuss the principle ideas and

results in the field. We hope that this review will further stimulate future investigations. It

is appropriate to recall that RHIC will start operating in 1999, only a year from now.

2. General survey of peripheral collisions

Let us first discuss the importance of electromagnetic interactions in peripheral collisions
for the case of elastic scattering. The strength of the Coulomb interaction is measured by
the Coulomb (or Sommerfeld) parametemwhich is given in terms of the nuclear charges
Z, and Z, by
Z1Z262
=7, 4)
For (ultra)relativistic collisions we have ~ ¢ and thusy ~ Z;Z,/137. Therefore for
proton—proton (pp) collisions we have always« 1 and the Born approximation, that
is, one-photon exchange, is applicable. For this case, i.e F@r137, elastic scattering is
reviewed, e.g. in [25]. (Experimental results fqr pcattering at/s = 546 and 1800 GeV at
Fermilab are given in [25-27].) There is a superposition of nuclear and Coulomb amplitudes
and the elastic differential scattering cross section is divided into three distinct regions,
separated by the value of the square of the momentum transfers defined as usual as
t = (pi — py)?, which is negative (spacelike momentum transfer) in the metric we use. For
|t] < |t|int Coulomb scattering dominates, ff > |tint, Nuclear scattering dominates and
for || =~ |t]int there is Coulomb-nuclear interferendeli is given by (see equation (3.13)
of [25], where the factor o¥Z,Z, is added for the scattering of two nuclei with charge
Z1,Z, instead of two protons)
i 0 ZXELZ2. (5)

Otot
The nuclear elastic scattering amplitude is usually parametrized as

(p + i)otot Bt/2
———¢€ 6
4./ ©)
Refem (0)

whereo is the total cross sectiom, = ) and B is a slope parameter related to the
size of the hadron. In this normalization tHe differential cross section is given by
do
dr
On the other hand for (very) heavy ions we hayes> 1 and semiclassical methods
are appropriate to deal with elastic scattering (see also [29]). nFsr 1 the Coulomb
interaction is very strong and the Born approximation is no longer valid. (In analogy with
optics there is now Fraunhofer diffraction instead of Fresnel diffraction.) Instead, one should
use a Glauber approximation, where the Coulomb interaction is taken into account to all
orders. One can say that many photons are typically exchanged in the elastic collisions (in
contrast to the Born approximation relevant for the pp case, where one photon exchange
is sufficient). One can now integrate over the impact paranietasing the saddle-point
approximation. Thus one recovers the classical picture of scattering. The particles move

F, =

= |F . ()
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essentially on a straight line with a constant velocity and an impact parametéior
Z, = Z, = Z at grazing impact parametér= 2R the momentum transfer is given by (see,
e.g. [30])

272:2\?  z4*
ltlcou = (Ap)* = < R ) ot ®)
This momentum transfer determines the scattering agle Ap/p, where p is the
momentum of the patrticle.

Let us compare this quantity with the corresponding one for pp-scattering, equation (5).
With o1t & 87 R? one has

aZ?
|t int = Rz ()]
to be compared with
aZ?
|t|coul = 7(0522). (10)

It seems interesting to note thaticoy IS Z%« times the corresponding quantifyin;.
Evidently the corresponding scattering angles are exceedingly smally Ror, i.e. for
Z ~ 12, the quantitiest |,y and |7|cou (€quations (9) and (10)) are about equal, as should
be the case. For such values 2fthe change from Fresnel to Fraunhofer scattering takes
place. A more detailed discussion is given in chapter 5.3.4 of [31], based on the work of
[32].

The pp cross section is rising with energy (see, e.g. p 193 of [33]). At LHC energies it
will be of the order of 80 mbarn. What does this mean for tha pnd A—A cross sections?
A discussion is given in [34]. Experimental information can be obtained from cosmic-ray
data for pA reactions. Calculations of the cross section fetA data often make use of
a density-folding approach. This approach can be justified starting from Glauber theory
[35, 36]. One uses the thickness functidp(b) of each nucleus, which is defined as the
projection of the density along the beam axis:

+0o0
T,(b) = / dzna (v b2 + Z2). (11)

o]

Here the nuclear density,(r) is normalized tof d® na(r) = A. From this one obtains
the ‘overlap function’ given by

Tap(b) = / by / by t(b— by — b)) Ty (b)Ta (b2) (12)

whereb is the impact parameter between the two ions (see also figure 3).

t(s) describes the finite range of the nucleon—nucleon (NN) interaction. It is proportional
to the profile functionl’(») in the Glauber theory, but it is normalized fodzst(s) =1.
Therefore we havg d?b T5(b) = AB. For high energies the NN cross section rises beyond
the geometrical size of the protons. The finite range of the NN interaction is important then.
A similar situation also occurs in nuclear physics at lower energies, see, e.g. figures 2 and 3
of [37], where the influence of the finite range of the NN interaction is clearly seen on the
total cross section for scattering of Li and Be isotopes.

If the nucleon—nucleon cross section is almost purely absorptive, the scattering amplitude
is almost imaginary and one can géb) from the elastic differential cross section

[dp. expipys) dgﬁ

@) [

t(s) =

(13)

p1=0
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a) side view b) head on view

M

Figure 3. The probability of the nucleus to interact in central collisions can be described within
the p—p folding approach to the Glauber theory. The parameieds andb, used in the text
are explained.

with ngL the elastic nucleon—nucleon cross section. Oft@y is approximated by an
exponential function of the form(b) ~ exp(—(b/bg)?), where by is the range of the
interaction.

If one can neglect the finite range of the interaction compared with the geometrical size
of the nuclei, the ‘thickness function’ can be simplified:

Tap(b) = f d?b, / @%b 8 (b — by — bo) T (by) T (b2) (14)
- / by Ty (b)) Ty (b — b, (15)

The inelastic scattering cross section of the nucleus—nucleus collision is given by
OAB,inel = /dzb [1 — exp(—onnTas ()] (16)

whereoyy is the total nucleon—nucleon cross section. This integration bwatows the
integrand to be interpreted as a probability for the two ions to interact. This probability
is about 1 for small impact parameters, where the nuclei overlap, it drops to zero for
large impact parameters. The width of the area, where it falls off, is given by the surface
diffuseness of the nuclear densities and the range of the nucleon—nucleon interaction as
given byt. Similarly the elastic cross section is given by

S / b [1 — exp(—onnTan(b)/2)]2. (17)

Using results from Regge theory (see, e.g. [38, 39]) one can estimate theiaofe
the interaction by

bo =2,/ Bo,pp + (s /s0)atp. (18)

Using for By ,p ~ 2.4 GeV-2 and fora), ~ 0.25 GeV 2, as found in [38, 39], one gets for
LHC energies{ = (2 x 7 TeV)2, 5o = 1 Ge\P) by ~ 1 fm, which is small compared with
the nuclear radius.

As we will see in the next section, the photon—photon luminosity depends also on the
probability for the two nuclei to interact with each other. Only those processes, where
the ions do not interact, are useful for photon—photon physics. From our discussion here,
we can conclude that the effect of the increasing range of the NN interaction will only
be of some importance at the very high end of the invarjgmmasses for a quantitative
determination of the photon—photon luminosity.
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AZ
Q1
Q2
> > Figure 4. The general Feynman diagram of photon—photon processes in heavy
A Z ion collisions. Two (virtual) photons fuse in a charged particle collision into a
)

final systemf.

3. From impact-parameter dependent equivalent photon spectra tey~-luminosities

Photon—photon collisions have been studied extensively at eolliders. The theoretical
framework is reviewed, e.g. in [40]. The basic graph for the two-photon process in ion-ion
collisions is shown in figure 4. Two virtual (spacelike) photons collide to form a final
state f. In the equivalent photon approximation it is assumed that the square of the four-
momentum of the virtual photons is small, izg. R q22 ~ 0 and the photons can be treated

as quasireal. In this case the/-production is factorized into an elementary cross section
for the process + y — f (with real photons, i.eq? = 0) and ayy-luminosity function.

In contrast to the pointlike elementary electrons (positrons), nuclei are extended, strongly
interacting objects with internal structure. This gives rise to modifications in the theoretical
treatment of two-photon processes.

3.1. Elastic vertices

The emission of a photon depends on the (elastic) form factor. Often a Gaussian form factor
or one of a homogeneous charged sphere is used. The typical behaviour of a form factor is

1

R?
(19)
0 for |¢%| > .

Z for |¢?| <
f@dH=~

For low |¢?| all the protons inside the nucleus act coherently, whereasgfors 1/R?

the form factor is very small, close to 0. For a medium size nucleus with,Bay5 fm,

the limiting 02 = —¢2 = 1/R? is given by 02 = (40 MeV)2 = 1.6 x 103 Ge\2. Apart

from e"e~ (and to a certain extent algo* ™) pair production—which will be discussed
separately below—this scale is much smaller than typical scales in the two-photon processes.
Therefore the virtual photons in relativistic heavy ion collisions can be treated as quasireal.
This is a limitation as compared with"e~ collisions, where the two-photon processes can
also be studied as a function of the corresponding maﬁfsesdqzz of the exchanged photon
(‘tagged mode).

As already discussed in the previous section, relativistic heavy ions interact strongly
when the impact parameter is smaller than the sum of the radii of the two nuclei. In such
casesyy-processes are still present and are a background that has to be considered in
central collisions. In order to study ‘clean’ photon—photon events however, they have to be
eliminated in the calculation of photon—photon luminosities as the particle production owing
to the strong interaction dominates. In the usual treatment of photon—photon processes in
ete collisions plane waves are used and there is no direct information on the impact
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AZ

Figure 5. ‘Elastic photon emission’. In order for the photon to interact

coherently with the whole nucleus, its virtualitg? is restricted to

0% < 1/R?. In the calculation this is incorporated by the elastic form

factor f(g2). This is important for a treatment, where plane waves are
q used. In the semiclassical (or Glauber) method, the detailed forfiigd)

is not relevant for collisions witlh > R (see text).

Figure 6. ‘Inelastic photon emission’. As a nucleus is a rather weakly bound
system, photon emission can lead to its break-up or excitation, especially for

q 0% > 1/R2. Also for this incoherent case an equivalent photon number,
similar to the coherent case, can be defined.

parameter. For heavy ion collisions on the other hand it is very appropriate to introduce
impact-parameter dependent equivalent photon numbers. They have been widely discussed
in the literature (see e.g. [1, 30, 41)).

The equivalent photon spectrum corresponding to a point chdegamoving with a
velocity v at impact parametér is given by

Z%a 1 (c
72 b2 \y
where K, (x) are the modified Bessel functions (MacDonald functions) [42] and ‘;—f}

Then one obtains the probability for a certain electromagnetic process to occur in terms of
the same process generated by an equivalent pulse of light as

N(w, b) = )2x2 [Klz(x) 4 %Kg(x)] (20)

v

Pb) = / %“’N(a), b)o, (w). (21)

Possible modifications ofV(w, b) owing to an extended spherically symmetric charge
distribution are given in [43] (see also equation (47) below). It should be noted that
equation (20) also describes the equivalent photon spectrum of an extended charge
distribution, such as a nucleus, as longZass larger than the extension of the object.
This is due to the fact that the electric field of a spherically symmetric system depends only
on the total charge, which is inside it. As one often wants to avoid final state interaction
between the produced system and the nuclei, one has to restrict onesel&-taR; and
therefore the form factor is not very important. For inelastic vertices a photon number
N(w, b) can also be defined, as will be discussed in section 3.2 below.

As the termx?[K2(x) + 1/y2K2(x)] in equation (20) can be roughly approximated as
1forx <1 and O forx > 1, so that the equivalent photon numb€fw, b) is almost
a constant up to a maximummax = /b (x = 1). By integrating the photon spectrum
(equation (20)) oveb from a minimum value ofRnyi, up to infinity (where essentially
only impact parameters up tgnax &~ y/w contribute, cf equation (2)), one can define an
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Figure 7. View of the collision perpendicular to the beam direction.
The electric field vector points along the direction of the individual
impact parameter.

equivalent photon number(w). This integral can be carried out analytically and is given
by [1, 30]
2%-2
n(w) = / &b N(w, b) = —Zla ( ) [gKoKl -k Kg)] (22)
where the argument of the modified Bessel functions is “’Rm'" The cross section for a
certain electromagnetic process is then

o :/d—n(a))ay(a)). (23)
1)

Using the approximation above for the MacDonald functions, we get an approximated form,
which is quite reasonable and is useful for estimates:

Z%a y

In .
® Rin
The photon—photon production cross section is obtained in a similar factorized form, by
folding the corresponding equivalent photon spectra of the two colliding heavy ions [13, 14]
(for polarization effects see [13], they are neglected here)

n(w) ~

(24)

dw dw
Oc = f ! / _ZF(wlv a)Z)O'yy(W;/y =V 4(1)1(1)2) (25)
with
[ o) 2
F(a)l, a)z) =2n bl dbl'/ bg dbg/ d¢
Ry Ry 0
x N (w1, b1) N (w2, b2)® (b2 + b3 — 2b1b, COSP — R, o) (26)

(Reut-of = R1+ R»). This can also be rewritten in terms of the invariant méss, =
Vw10, and the rapidityy = 3 In((Po + P.)/(Po — P.)) = 3 In(wy/wy) as
2

o, = /dWy,,dY dyOW(WVV) (27)
with

dZLV)/ — 2 F WV)/eY WVVefY (28)

aw,,dv — w,, 2 2 '

Here energy and momentum in the beam direction are denot®d &dgd P,. The transverse
momentum is of the order aP, < 1/R and is neglected here. The transverse momentum
distribution is calculated in [44].

In [44, 45] this intuitively plausible formula is derivedb initio, starting from the
assumption that the two ions move on a straight line with impact paraimeEguations (25)
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and (27) are the basic formulae fer -physics in relativistic heavy ion collisions. The
advantage of heavy nuclei is seen in the coherence fﬁxﬁﬁg contained in equations (25)—
(28).

Let us make a few remarks. In equation (26) a sharp cut-off in impact parameter space
at bmin = Reut-or IS introduced. There is some ambiguity in the numerical valu® Qf of:
As was discussed in section 2 the total cross section for nucleon—nucleon collisions is rising
with energy. To a certain extent this will also affect the valueskgf.o. They are not
just the (energy-independent) radii of the nuclei, but they rather describe the probability of
nuclear interactions between the heavy ions. A more realistic calculation can be done by
replacing this sharp cut-off with a smooth one, using the overlap function of equation (15)
and (12). Thed-function in equation (26) has to be replaced by

P(b) =1— exp(—onnTap(D)) (29)

with b = b; —b,. Comparing this refined model with the one with a sharp cut-off, significant
deviations are only present at the very upper end of the invariant mass range. Only the
smallest impact parameters contribute significantly to these events, therefore a sensitivity
to the cut-off is expected. All other (smaller) invariant masses are not very sensitive to the
details of this cut-off.

Integrating over allr the cross section is

o= [ @, g W, (30)
For symmetric collisionsk; = R, = R) we can write the luminosity in terms of a universal
function f(7) as
d.  Z%* 1
dw,,, mh Wy,
with = W,,, R/y [14]. For large values of, f(z) is given by

f(@) (31)

2

f(x)= an/ uldu1/ up duy dqb@(u% + u% — 2u1u2COSP — 4)
1 1 0

+00 T T 3
f_oo dy K2 <§u1eY) K? (Euze Y) . (32)
The function f (1) is shown in figure 8, a useful parametrization of it was studied in [14].
As a function of Y, the luminosity dL/dW,,dY has a Gaussian shape with the
maximum atY = 0. The width is approximately given baY = 2In[(2y)/(RW,,)].
Depending on the experimental situation additional cuts in the alldvezhge are needed.

104 N
10°

f(1)

- - Figure 8. Plot of the universal functiorf (z) (see equation (32))
10 10 10 as a function oft = W, R/y.
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Table 1. Parameters for different ion species at RHIC and LHC. In the entries we give the total
invariant mass,/s of the system, the Lorentz factprand the beam luminosity. Parameters are
taken from [23, 21].

lon Z, A Js y Laa (cm2s71)

LHC
Pb—Pb 82,208 1148 TeV 2950 x110%6
Ca—Ca 20,40 280 TeV 3750 41030
p—p 1,1 14 TeV 7450 #§-10%

RHIC
Au-Au 79,197 20 TeV 106 % 10?6
[ 53,127 13 TeV 111 X 10%7

Cu—Cu 29,63 72Tev 122 £10%8
Si-Si 14,28 35Tev 133 41028
0-0 8,16 20Tev 133 % 10®
p—p 1,1 250 GeV 266 % 10%1

3.2. Inelastic vertices and higher order corrections

Heavy ions are complex objects unlike the pointlike, structureless electrons. The effects
owing to the finite size (and the nuclear interactions between them) has been considered by
using an impact parameter approach. The additional processes coming from elastic nuclear
interactions (diffractive processes, Pomeron interactions) will be considered separately in
sections 4 and 6. Here we wish to discuss mainly additional electromagnetic processes that
can occur in distant collisions.

Especially for very heavy ions, such as Pl is no longer small. Therefore processes
with more than one photon-exchange are important. In addition terfherocess one can
have electromagnetic dissociation of the ions. Furthermore the ions can also be excited
owing to the emission of the photon. This excitation can lead to an excited nucleus, or
to the break-up of the nucleus, when the proton is knocked out of the nucleus owing to
the photon emission. At even high@? the photon can also be emitted from the quarks
contained in the protons.

In section 4 we will see that the electromagnetic dissociation of the ions is an important
process. This cross section is often so large that it can also occur in addition o the
process.

In the impact-parameter dependent approach the probability of several processes to occur
in one collision can be calculated by assuming that the processes are independent of each
other; their probabilities have to multiplied:

PfA*(b) = Pyyﬁf(b) PyAﬁA*(b)- (33)
Therefore the processes given in figure 9 are effectively included in this approach. This is
a good approximation as long as the nucleus is not disturbed substantially. Integrating from

b = 2R up to infinity, one obtains the cross section fop — f fusion accompanied by a
specificy A — A* interaction

o
e f bdb Py, ;(b)Pyas s (b). (34)
2R

Since ) " ,. P,a—a- = 1 (where we sum over all possible staté$ of the nucleus
including the ground state), we have

ZO‘fA* = 0oy (35)
A*
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+

A A A A

%‘f + % f
A A" A A
A A A A
%f + ;,;ég?f
A A" A A"
Figure 9. Owing to the large charge of the ions, electromagnetic excitation in addition to the
photon—photon process may occur.

that is, the same as the cross section of the — f process alone, without any higher
order processes, as given above.

One can make an estimate of the importance of the higher order processes in the
following way. The luminosity, especially at high invariant masses peakssabmi, = 2R
and one can therefore make the approximation

0fa ~ Pa(2R)0yy— (36)

for the cross sectiony 4, that isyy — f with the nucleus in the ground state in the final
state and

Of, A* ~ (1 - Pa(ZR))O'yy%f (37)

for the nucleus to be excited. The impact-parameter dependent probability for the excitation
of the nucleus can be found in [1,45-47]. They are strongly dependeAt ¢tarticularly
important (see also section 4) is the giant dipole resonance (GDR), a highly coherent excited
state, which can be interpreted as the movement of all neutrons against all protons. The
probability of such an excitation of a nucleus with chargg and nucleon numben,

(N2 = A, — Z) by a nucleus with charge numbgy is given in [1] as

Pepr(b) = 1 — exp(—S/b%) (38)
with
Z2N,Z
S =5.45x 107522 ;3 2 fm? (39)
A2

where the Thomas—Reiche—Kuhn (TRK) sum rule was used and the position of the
GDR is given by 8a~Y2 MeV. For Pb—Pb we get a value & = (104 fm)2. A
parametrization which also includes all additional contributions (quasideuteron absorption,
nucleon excitation, etc) was given in [49]; they get a valueScf (17.4 fm)2. For the
system Ca—Ca we geét= (0.86 fm)2 using equation (39).
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Figure 10. For Pb—Pb collisions a substantial portion of the total luminosity, full curve)
comes from events with are accompanied by the excitation of at least one jondouble-
dashed curve) The dominant contribution is to the giant dipole resonapgs: { dotted curve).

For Ca—Ca collisions this is no longer very important. Shown are full calculations for the LHC
(y ~ 2950 for Pb—Pb, 3750 for Ca—Ca).

From this estimate one finds that about 75% of the photon—photon events in Pb—Pb
collisions are accompanied by an excitation, about 40% leading to the GDR. For Ca—Ca
these are less than 2% of all events. As each of the ions can be excited, we get a total
probability for excitation of at least one of them of about 2% for Ca—Ca and of about 95%
for Pb—Pb (65% from GDR). These effects are therefore dominant for Pb—Pb, but almost
insignificant for Ca—Ca.

A detailed calculation of the cross section using the fullependence is shown in
figure 10. It shows that the excitation probability is lower than the estimate given above.

The GDR excitation is followed most of the time by neutron evaporation. Also other
photon-induced reactions predominantly lead to the emission of individual nucleons. This
emission of relatively low-energy nucleons in the nucleus rest frame leads to highly-energetic
neutrons (protons) with energies of about 3 TeV (LHC) or 100 GeV (RHIC). The neutrons
can possibly be detected in a zero-degree calorimeter.

In [50] it was proposed to use the mutual emission of neutrons from both nuclei as a
measure of the beam luminosity at RHIC. Using the coincidence of two neutrons in the very
forward and backward direction other sources of neutrons can be suppressed effectively.
Since the photonuclear processes are large and well understood they can lead to a good
determination of the luminosity. The authors of [50] estimate to be able to determine the
luminosity to about 5%. It seems interesting to note thatAtsependence of the excitation
cross section with two photons is given approximately by’® mb [12], the one-photon
exchange cross section is given approximately by°#6 mb [51], see figure 11. So for
nuclei heavier than about, the two-photon mechanism is dominant over the one-photon
mechanism.

In the calculation of the luminosity we were always assuming that both nuclei remain
in their ground state; but nuclei are weakly bound composite systems and it is possible
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Figure 11. The mutual excitation procesa)( where both ions are excited owing to one-photon
exchange, becomes less important at large@ompared with If) the second-order process.
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Figure 12. In photon—photon collisions,aj one and f) even both nuclear vertices can be
inelastic, leading to excited nuclei.

that the photon emission leads to their excitation (see also figure 12). We distinguish two
different types: those leading to an excited nucleus with a well defined excitation and the
incoherent photon emission from individual protons (or even quarks within the protons),
which are best treated as inclusive processes, summing over all excitation energies.

An equation for the inelastic photon-emission to a discrete state, was derived in [52]
(see also [40]) using plane waves and therefore not subtracting the central collisions. It was
applied to nuclear excitation, as well as to the case of the proton-delta transition [53]. The
equivalent photon number can be expressed in terms of the structure furCteom$D of
the general hadron tensor

~ g P P
ZFM*F\)Z[glLv_q Z :|C~|—|:Pﬂ—q—2q“:| |:PV_q_2qu:|D (40)
i, q q q
whereI",, denotes the nuclear four-current. One obtains
(=2C + g1 /®® P2D)w?
= d<g; 41

v = [ e (4D
where E and P are energy and momentum of the nucleus. Whereas in the elastig<ase
was given by—(w?/y? + ¢2), it is herex — [% (% +2A)], where A is the excitation
energy. Using the Goldhaber—Teller model, the transition to the GDR was found to be

very small, below 1% of the elastic contribution. Using the elastic structure functions of
the proton in its usual dipole form (see, e.g. [40]) the elastic proton equivalent photon
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number was obtained analytically in [54]. Quite similarly the equivalent photon number
corresponding to the pA-transition was obtained analytically in [53] using the structure
functions of [55] as

*2 * 2
alw) = =B () () oo Smin
o> () 47r9m2< 2m ) [m'”{ (A2+tmin>+ 6 A2+ fmn

3tr%in lr?ﬂn } A8 i|
+ — + (42)
2(A2 + tmin)z 3(A2 + tmin)s 3(A2 + fmin)s

with
®?  (m* —m)? w(m* —m)
fmin = — + 5 +2
14 14 14
and wherem* = 1232 MeV is the mass of th&, m = 938 MeV the proton mass,
A? = 0.71 GeV? and u* = 9.42. For not too large photon energy it is given by a

constant

(43)

(44)

a w2 (m*+m 4 A2
na(w) ~ —— | =

45 9m? 2m 3
This is an effect of the order of 10% [53].

As we have seen above, the knowledge of impact-parameter dependent equivalent photon
numbers is very helpful, as it allows in a direct way to take the strong absorption into
account (equation (26)). The equivalent photon spectrum corresponding to a fast-moving
point particle is given by equation (20). This result can now be generalized to arbitrary
charge-current distributions (also quantum mechanical transition currents in the framework
of the Glauber theory).

The equivalent photon spectrum corresponding to a spherically symmetric charge
distribution p(r) moving with velocity v at an impact parametdr is derived in [43].

The Fourier transformation of this charge distribution, wftﬂ3rp(r) = Z, is given by

fk? = ZF (k%) = f d*r exp(—ikr)p(r). (45)

For y > 1 we only need the perpendicular component of the electric and magnetic
fields, E, and B,. One finds [43]

dsz Ze

= | G f (k) exp(—ik bk, (46)

1

wherek? ~ —k? —(w/y)?2. It can easily be seen, that, || b and one obtains the equivalent
photon number as

Z2%a sc\2 1| (™ > f(—% ?
Vb =23 (0) | [ aetnw T #7)

wherex = wb/y.

In a similar way the equivalent photon spectrum of a pointlike magnetic dipole, moving
with a constant velocity at a given impact parameter, is calculated in [56]. This purely
classical result can also be interpreted quantum mechanically by using the corresponding
electromagnetic matrix elements.

An interesting question is the incoherent contributions due to the protons inside the
nucleus. We generalize equations (45)—(47) in the following way. The static charge
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distribution is replaced by a transition charge dengify(r) and the Fourier transform
of it is given by

o) = [ i expt=iker)ppo(r) (48)

where f is some final state of the nucleus and

Y4
Sro(k) = /d3V dsWi(§) 25(7“ — 7)) Wo(§) exp(—ikr) (49)
i=1
zZ
= Z/df Wi (&) exp(—ikr;)Wo(§) (50)
i=1
where& = ri,rp, ..., rz is the set of all proton coordinates (for our argument we can

neglect the neutrons). We get the total incoherent contribution by summing over all states
f excluding the ground statg = 0. The sum can be performed using the closure relation
and we obtain:

Stk k) =Y fio(k) fro(k') = / de d&" ) W5 (8) explikr) Wy (§)Wf (&)
170 i
x exp(—ik'r))Wo(&') — foo(k) foo(k')

= 3 [ celvo(e) explitr, —ik'r;)  finlk) foolk). (51)
i

We split the sum over,j now into one fori = j and one fori # j, following [57]. In the
limit of no correlation (not even Pauli correlations) we obtain

Sk, K)=ZF(k — k') — ZF(k)F (K (52)

where we have introduced a normalized form factofk) of the nucleus asF(k) =
foo(k)/Z, i.e. F(0) = 1.
The equivalent photon number owing to the incoherent contribution can now be written

as

incoh a sc\2 1 o o , explik, b — ik’ b)
Nw.b) = 5 (5) 5 / / FhL Gk b k) =2
wherek = (k;,w/v), k' = (K|, w/v). Using equations (45) and (52) and defining a
thickness functior?; (b), see equation (11), where the nucleon densjtyis now replaced
by the charge density, we have

Sk, k) (53)

NPy, ) = / ri .0 )HNPM@, b+ 1)) = ZN™(, b) (54)

where N™ is the usual equivalent photon number for a given form factor (divided by
7Z?), see equation (47)NP°" denotes the equivalent photon spectrum owing to a point
charge. Fob = 0 this expression would diverge, and a suitable cut-off has to be introduced
(bmin = Rproton, OF @nother value obnmin, for which the equivalent photon approximation
ceases to be valid). If one is integrating over all impact parameters (therefore also including
central collisions), the total incoherent equivalent photon number can be defined:

nincoh(a)) — Z[npoint(a)) _ nform(a))] (55)

wheren’(w) = [ d®b N'(w, b) and we have used d’r| T,(r,) = Z.
Incoherent scattering is a well known general phenomenon. For example, the blue
sky is caused by the incoherent scattering of sunlight by gas molecules or other randomly
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distributed dipole scatterer (see, e.g. p 418 of [30]). It can also be formulated in a way that
makes a connection with the parton model. As an example let us look at the contribution
from incoherent photon emissions of the quarks in the proton. In the parton model a proton
in the infinite-momentum frame consists of partons (quarks, gluons, We use the plane-

wave approach (see [40]), where the impact-parameter dependence is not manifest. The
equivalent photon spectrum corresponding to a given proton final state can be expressed
in terms of the structure function®; and W,. We only consider the dominant term
corresponding toW,. We are also interested only in inclusive reactions, therefore we
integrate over the invariant mass of the final st&t& One has [40, 58]

/ / dQ;S)Af Zlquziwz(Mz, 0% (56)
with 0? = Q2. (w) +¢2. Sincep = p’' + g we obtain
M? = m? 4 2mv — Q° (57)
with v = —pg/m. (Since we assume that the photon is emitted, not absorbed, from the

nuclear system, our sign gf andv is somewhat unconventional.) Introducing the scaling
variablex = Q?/(2mv), we can write in the scaling limit, see e.g. [58],

1
Wa(M?, Q%) = = Fo(x). (58)

Changing the integration variable? to dx, we obtain

(o4 1 2 |CIJ_|2
We express the structure functidip(x) in terms of the quark distribution functions
fq,\p(x):

Fa(x) =x Y € f1p(x) (60)
qi

wheree; is the charge of the quaik (i = u, d, s, ...). Equation (59) now has an intuitive
interpretation: The proton consist of partonsgliarks) with a momentum fraction, they
radiate as pointlike particles. This is described by ti@? dntegration. Taking also the
energy loss of the quarks into account in a more complete formula, the photon spectrum
from a quark is given by

2 2
o 1+ 1-2) IOg(Q_;)
z 05
wherez is the ratio of photon-energzy and energy of the quarkE.
According to [59] we choos@f to be the maximum value of the momentum transfer
given by x1xpz1225/4 — m? and the choice of the minimun®3 = 1 Ge\? is made such

that the photons are sufficiently off-shell for the quark—parton model to be applicable. The
inelastic contribution to the y-cross section is then given by

Inel / dx1 / dXQ/ / dZ2
4n 4m2 4m?

SX1XQ $X1X027

fq;\p(xla Q )fq‘/-\p(XZ» Q )fy/q; (Zl)fy/q, (z2)
6VV(WVV = /X1X221225 /4) (62)

(equation (3) of [59]) and where is the invariant mass of the pp system. Of course the
photons are now somewhat more off-shell than in the elastic case, and for some cases it

fy/q (z) = (61)
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Z X

Qi> IR
f

Q< UR

O S O Figure 13. With Q2 < 1/R? the photon is emitted coherently
Z Z from all ‘partons’ inside the ion. Fo@? >> 1/R? the ‘partonic’
structure of the ion is resolved.

could be less safe to use the assumption of real photphs=(0), when calculating the
cross section for thg y-subprocess .

A similar formula can also be written for the semi-elastiee(astic—inelastic) cross
section, see [59, 60}y -luminosities are calculated according to this procedure in both of
these papers. The MRSD parametrization [61, 62] for the partonic densities is used in [59],
in [60] the simple parametrizatioR, = 0.16In(1/x) was used. One finds that typically the
inel-inel contribution is largest, as the charges of the partons (quarks) are comparable to
the charges of the proton.

For the proton contribution to the photon spectrum of a heavy nucleus, the situation is
different. The coherent contribution is proportionald®, whereas they are only proportional
to Z for the incoherent one. AZ > 1 one expects the coherent part to be dominant.

4. v—A interactions

The cross section for the collisions of the equivalent photons of one nucleus with the other
is given by (see equation (23)):

o :/d—wn(w)ay(w). (63)
13)

where the equivalent photon numbe(w) is given in equation (22) and, (w) is the
photonuclear cross section. This gives rise to many interesting phenomena ranging from
the excitation of discrete nuclear states, giant multipole resonances (especially the GDR),
guasideuteron absorption, nucleon resonance excitation to the nucleon continuum (see, e.g.
[33, 63]). Photoinduced processes lead in general to a change of the charge-to-mass ratio
of the nuclei, and with their large cross section they are therefore a serious source of beam
loss. In particular, the cross section for the excitation of the the GDR, a collective mode of
the nucleus, is rather large for the heavy systems (of the order of 100 barn). For a recent
discussion see [64]. The cross section scales approximatelyZ¥A. (Another serious
source of beam loss, thé @ bound—free pair creation will be discussed in section 7.) The
contribution of the nucleon resonances (especiallyhresonance) has also been confirmed
experimentally in fixed-target experiments with 60 and 200 Ge&Vheavy ions at CERN,
‘electromagnetic spallation’) [63-65]. For details of these aspects, we refer the reader to
[16, 47, 48, 69], where scaling laws, as well as detailed calculations for individual cases
are given.
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Recently the total dissociation cross section for different ion species was studied in an
experiment at CERN [70]. There it was found that this cross section is dominated at medium
and largeZ by the electromagnetic dissociation, with the region of the GDR contributing
with about 80%. The theoretical calculations, which can be considered to be fairly reliable
and detailed, see e.g. [71], agree quite well with the experiments apart from an additional
effect, which can be parametrized@agq = 0.12Z barn, a very sizeable effect (for largeit
is even larger than the nuclear cross section). It is tempting to guess thatdbeendence
is due to an incoherent effect of th# protons in a nucleus. However, the corresponding
incoherent photon number (equation (54)) is very small for the relevant régio®R; + R,.
Therefore we exclude an incoherent effect as the explanation of the anomaly observed in
[70].

The interaction of quasireal photons with protons has been studied extensively at the
electron—proton collider HERA (DESY, Hamburg), witfiss = 300 GeV E. = 27.5 GeV
and E, = 820 GeV in the laboratory system). This is made possible by the large flux of
guasireal photons from the electron (positron) beam (for a review see [38]). The obtained
yp centre-of-mass energies (up #g,, ~ 200 Ge\j are an order of magnitude larger than
those reached by fixed-target experiments. Similar and more detailed studies will be possible
at the relativistic heavy ion colliders RHIC and LHC, owing to the larger flux of quasireal
photons from one of the colliding nuclei. In the photon—nucleon subsystem, one can reach
invariant masse®, y up to W,n.max = v4WmaxEn ~ 0.8y A~Y/® GeV. In the case of RHIC
(*°’Au, y = 106) this is about 30 GeV, for LHGEPb, y = 2950) one obtains 950 GeV.
Thus one can study physics quite similar to that at HERA, with nuclei instead of protons.
Photon—nucleon physics includes many aspects, such as the energy dependence of total cross
sections, diffractive and non-diffractive processes (see, e.g. [38]). An important subject is
elastic vector meson productionp — Vp (with V. = p,w,¢,J/¥,...). A review of
exclusive neutral vector meson production is given in [72]. The diffractive production of
vector mesons allows one to obtain insight into the interface between perturbative QCD and
hadronic physics. Elastic processes (i.e. the proton remains in the ground state) have to be
described within non-perturbative (and therefore phenomenological) models. It was shown
in [73] that diffractive (‘elastic’)J/ ¥ photoproduction is a probe of the gluon density at
X~ v"‘j’—% (for quasireal photons). Inelastit/ ¥ photoproduction was also studied recently
at HERA [74]. Going to the hard exclusive photoproduction of heavy mesons on the other
hand, perturbative QCD is applicable. Recent data from HERA on the photoproduction of
J/¥ mesons have shown a rapid increase of the total cross sectioWiyithas predicted
by perturbative QCD. Such studies could be extended to photon—nucleus interactions at
RHIC, thus complementing the HERA studies. Equivalent photon flux factors are large for
the heavy ions owing to coherence. On the other handAthe luminosities are quite low,
as compared with HERA. Of special interest is the coupling of the photon of one nucleus to
the Pomeron-field of the other nucleus. Such studies are envisaged for RHIC, see [17-20]
where experimental feasibility studies were also performed.

It is useful to have estimates of the order of magnitude of vector meson production in
photon—nucleon processes at RHIC and LHC. Let us assume a cross section that rises with
the yp centre-of-mass energy approximately with a power law:

B
o, =0g (M) (64)

with Wy chosen to be 1 GeV anfl ~ 0.22 for V = p,w, ¢, andp ~ 0.8 for V = J/ V.
Also the total hadronic interaction cross section can be parametrized in this form with
B ~ 0.16. From figure 17 of [38] or figure 5 of [75] one has fe§ ~ 50 ubarn for the
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total hadronic cross section, Barn forV = p, 0.5 ubarn forV = w, ¢ and 102 pbarn

for V. = J/W¥. Making use of the photon number of equation (24) the total cross section
for vector meson production on the reactidnt- p — Z + p+ V owing to the equivalent
photon spectrum of the nucledsis obtained as

27%q 2mnYyp pr2 ®OminR B2\ 4 wminR B2 21n (wminR/yp)
o= 0o > 1-— -+
T RW Vo B Yo B
(65)

where some minimum value of the energy of the equivalent photon is usedy,gay=
1 GeV for the total hadronic cross sectiodg,, = 2 GeV for V = p,w and ¢ and
wmin = 10 GeV forV = J/W¥, andwmax = yp/R. For § = 0 one obtains in a similar way

72 2
az—“o[m( Yp )] (66)
V4 ®minR
The Lorentz factory, of the nucleusZ, as viewed from the proton, is given by
w=2y—1 (67)

We assume that a proton and a nucl@uollide, with the same valug (see figure 1,
where one nucleus is replaced by a proton). We obtain the following numbers, shown in
table 2.

The numbers in table 2 refer to the photoproduction on one protor Arcollisions
there is incoherent photoproduction on the individdahucleons. Shadowing effects will
occur in the nuclear environment and it will be interesting to study these. There is also the
coherent contribution where the nucleus remains in the ground state. Owing to the large
momentum transfer, the total (angle integrated) coherent scattering shows an undramatic
A*? dependence. This is in contrast to, e.g. low-energyelastic scattering, where the
coherence effect leads to atf dependence, which is relevant for stellar collapse, see, e.g.
[76], where also a pedagogical general discussion of coherence effects is given. In addition
there are inelastic contributions, where the proton (nucleon) is transformed into some final
stateX during the interaction (see [74]). The experimental possibilities of this at RHIC are
investigated in [18, 20, 21].

At the LHC one can extend these processes to much higher invariant niastessefore
much smaller values af will be probed. Whereas thé/ W production at HERA was
measured up to invariant masses Wf ~ 160 GeV, the energies at the LHC allow for
studies up tox 1 TeV.

Table 2. The expected cross sections for the elastic vector meson production on a proton induced
by the equivalent photons of a nucledsare given for RHIC and LHC conditions. Also shown
are the total electromagnetic cross sectieps See text for details.

RHIC LHC
lon | Au Ca Pb
y 111 106 3750 2950
R (fm) 6 7 4 7
oot (Mbarn) 20 40 15 200
o, (mbarn) 2 35 15 25
0w, 0y (Mbarn) 0.2 0.35 0.15 25

oj/v (ubarn) 0.5 15 3 40
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Z
f
Figure 14. By using three (or more) photon processes also, states that are
forbidden in the two-photon fusion process can be produced. Interesting
final statesf are, for example, orthopositronium, orthomuonium, or the
V4 vector mesong, w, ¢.

At the FELIX detector at LHC [23] hard diffractive vector meson photoproduction can
be investigated especially well inA collisions. In comparison with previous experiments,
the very large photon luminosity should allow observation of processes with quite gmall
cross sections, such a&production. For more details see [23].

C = —1 vector mesons can be produced in principle by the fusion of three (or, less
important, five, seven,..) equivalent photons (see figure 14). The cross section scales
with Z®. This graph has been calculated by Ginzbetgal [77] using the methods of
[78-80]. It is smaller than the contributions discussed above, even for nuclei withZarge
Quite similarly the QED analogue of thé = —1 mesons, the orthostates of positronium,
muonium, or tauonium can be calculated [81].

One may have thought that these three or more photon contributions are of the same
order of magnitude, sinca < 1. However, there is another scale: as one can see from
equation (74) below, there is another factoi7ith). For electrons the important range
b ~ 1/m and this factor therefore is of the order of unity. From this one expects that
orthopositronium production can be similar in size to parapositronium production. For
heavier systems the impact parameter raingannot be smaller thaR, the nuclear radius.
Putting YR = A ~ 30 MeV (for R ~ 7 fm), the scale factor ig\/M with M the mass
of the produced particldf = m,,, .... This factor is always (much) smaller than one, thus
the production via these higher order processes is small. Of course the above arguments
are rather qualitative and should be complemented by more detailed calculations. Such
calculations can be done using the technique developed for vector meson production in
proton-proton collisions via gluon-exchange processes [74—76].

As another possibility we mention photon—gluon fusion leading to the productioa of ¢
and b quark pairs. It was suggested in [82] as a possibility to deduce the in-medium gluon
distribution. Further studies were done in [83, 84], and this possibility is reviewed in [16].

5. Photon—photon physics at various invariant mass scales

Scattering of light on light, while absent in classical Maxwell electrodynamics, takes place

owing to quantum effects, such as pair creation. At low energies, photon—photon scattering
is dominated by electron intermediate states, the scattering of light on light occurs in higher
orders via an electron loop, see, e.g. [85]. The lowest order proces®ispair creation

and is well described by QED.

Until now photon—photon scattering has been mainly studied at eolliders. Many
reviews [83—-86] as well as conference reports [88-91] exist. The traditional range of
invariant masses has been the region of mesons, rangingsffofm o = 135 MeV) up to
aboutn, (m,, = 2980 MeV). Recently the totaly — hadron cross section has been studied
at LEP2 up to an invariant mass range of about 70 GeV [92]. We are concerned here mainly
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with the invariant mass region relevant for RHIC and LHC (seeytheluminosity figures
below). Apart from the production off@~ (and ™ ™) pairs, the photons can always be
considered as quasireal. The cross section section for virtual photons deviates from that for
real photons only for?, which are much larger then the coherence lidft < 1/R? (see
also the discussion in [40]). For real photons general symmetry requirements restrict the
possible final states, as is well known from the Landau—Yang theorem [93]. In particular, it is
impossible to produce spin 1 final states. free annihilation, only states withi ¢ = 1~
can be produced directly. Two-photon collisions give access to most éf thet-1 mesons.

The cross section foyy-production in a heavy ion collision factorizes intoya-
luminosity function and a cross sectien, (W,,,) for the reaction of the (quasi)real photons
yy — f, where f is any final state of interest (see equation (25). When the final state is a
narrow resonance, the cross section for its production in two-photon collisions is given by

0y r(M?) = 812(2Jg + 1T, (R)S(M? — M3)/ Mg (68)

where Jg, Mg andT,, (R) are the spin, mass and two-photon width of the resondhce
This makes it easy to calculate the production cross seetjon, 145 of a particle in
terms of its basic properties. In figure 15 the function’dL,,/dM/M? is plotted for
various systems. It can be directly used to calculate the cross section for the production of
a resonance& with the formula
472dL,, /dM
M2 '

We will now give a general discussion of possible photon—photon physics at relativistic
heavy ion colliders. Invariant masses up to several GeV can be reached at RHIC and up to
about 100 GeV at LHC.

We can divide our discussion into the following two main sections: basic QCD
phenomena inyy-collisions (covering the range of meson, meson-pair production, etc)
and y y-collisions as a tool for new physics, especially at very high invariant masses.

Oaa—saatr(M) = 2Jg +DT',, (69)

5.1. Basic QCD phenomena jny-collisions

5.1.1. Hadron spectroscopy: light quark spectroscop@®ne may say that photon—photon
collisions provide an independent view of the meson and baryon spectroscopy. They provide
powerful information on both the flavour and spin/fangular momentum internal structure of
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Figure 15. The universal function AZde/dMW/Mfy is plotted for different ion species at
(a) LHC and ) RHIC. For the parameters used see table 1.
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the mesons. Much has already been doné at eolliders. For a review see, e.g. [94]. Light
quark spectroscopy is very well possible at RHIC, benefiting from the hjgtuminosities.
Detailed feasibility studies exist [18-21]. In this stugyy signals and backgrounds from
grazing nuclear and beam gas collisions were simulated with both the FRITIOF and VENUS
Monte Carlo codes. The narrom -spectra of the y-signals provide a good discrimination
against the background. The possibilities of the LHC are given in the FELIX Lol [23].

The absence of meson production vig-fusion is also of great interest for glueball
search. The two-photon width of a resonance is a probe of the charge of its constituents,
so the magnitude of the two-photon coupling can serve to distinguish quark dominated
resonances from glue-dominated resonances (‘glueballs’y.yhtollisions, a glueball can
only be produced via the annihilation of g @air into a pair of gluons, whereas a normal
gg-meson can be produced directly, so we estimate

olyy >M) T(M—yy) 1

o(yy > G) T(G—yy) o (70)

whereq; is the strong interaction coupling constant and wh&iis a ‘glueball’, M a normal
gg-meson. Glueballs are produced most easily in a gluon-rich environment. This is, e.g.
the case in radiativd /¥ decays,J/¥ — y0gQ.
In order to form a meson out of the gluon pair, they must first annihilate inip pad.”
So we estimate
rJ/v—yG 1

—. 71
rJ/v—yM) o? (1)
The ‘stickiness’ of a mesonic state is defined as (see, e.g. [95])
rJ/v—yX)
LJ/¥ = yy)

We expect the stickiness of all mesons to be comparable, while for glueballs it should be
enhanced by a factor of aboSg/Sy ~ 1/a ~ 20.

Recently in [96] results of the search ffy(2220 production in two-photon interactions
were presented. There a very small upper limit for the produdt,9fBg x, was given,
where Bk g, denotes the branching fraction of its decay irRKeK;. From this it was
concluded that this is a strong evidence that €220 is a glueball.

5.1.2. Heavy quark spectroscopyfor charmonium production, the two-photon width,
of 1. (2960 MeV, JF¢ = 0=*) is known from experiment, but the two-photon widths of
P-wave charmonium states have been measured with only modest accuracy. For RHIC the
study ofn, is a real challenge [19]; the luminosities are falling and the branching ratios to
experimentally interesting channels are small.

In table 3 (adapted from table 2.6 of [23]) the two-photon production cross sectiorts forc
and b mesons in the rapidity rang¥| < 7 are given. Also given are the number of events
in a 1¢ s run with the ion luminosities of # 10°* cm~2 s! for Ca—Ca and B cm2 s!
for Pb—Pb. Millions ofC-even charmonium states will be produced in coherent two-photon
processes during a standard® heavy ion run at the LHC. The detection efficiency of
charmonium events has been estimated as 5% for the forward—backward FELIX geometry
[23], i.e. one can expect detection of about 50° charmonium events in Pb—Pb and about
10° events in Ca—Ca collisions. This is two to three orders of magnitude higher than what
is expected during five years of LEP200 operation. Further details, also on experimental
cuts, backgrounds and the possibilities for the study afven bottonium states are given
in [23].
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Table 3. Production cross sections and event numbers for heavy quarkonia producedSis a 10
run in Pb—Pb and Ca—Ca collisions at the LHC with luminositie¥’ #hd 4x 103 cm=2 s71.
Adapted from [23].

6(AA —> AA+X) Events for 18 s

Mass T,
State MeV  keV Pb—Pb Ca-Ca Pb-Pb Ca-Ca
n 958 4.2 22 mbarn  12G&barn 22x 10 50x10°
e 2981 75 59Qubarn 38ubarn 59 x 10° 1.5x 107
X0c 3415 3.3 16Qubarn 10 ubarn 16 x 10°  4.0x 10°
X2c 3556 0.8 16Qubarn 10 ubarn 16 x 10°  4.0x 10°
p 9366 0.43 370 nbarn 3.0 nbarn 370 12000
nob 9860 25x 102 18 nbarn 0.14 nbarn 18 640
N2 9913 67 x10°% 23 nbarn 0.19 nb 23 76

5.1.3. Vector meson pair production. Total hadronic cross sectidiere are various
mechanisms to produce hadrons in photon—photon collisions. Photons can interact as point
particles which produce quark—antiquark pairs (jets) (see figur@)Yl&¢hich subsequently
hadronize. Often a quantum fluctuation transforms the photon into a vector meson
(p,w,0, ...) (VMD component) opening up all the possibilities of hadronic interactions
(figure 166)). In hard scattering, the structure of the photon can be resolved into quarks
and gluons. Leaving a spectator jet, the quarks and gluon contained in the photon will take
part in the interaction, some examples are given in figures)l&id @). It is of great
interest to study the relative amounts of these components and their properties.

The L3 collaboration recently made a measurement of the total hadron cross section
for photon—photon collisions in the interval 5 Ge¥ W,,, < 75 GeV [92]. It was found
that theyy — hadrons cross section is consistent with the universal Regge behaviour of
total hadronic cross sections. They show a steep decrease in the region of low centre-of-

My
I . g
ff‘\f @ (b
T, et
q 99N, q
g¢ —— 4 g 6€+ a
ﬁjﬁ% © ﬁjﬁ% @

Figure 16. Diagrams showing the contribution to they — hadron reaction: &) direct
mechanism, If) vector meson dominanceg)(single and ) double resolved photons.
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mass energy followed by a slow rise at high energies. It is parametrized as follows (see
equation (5) of [92])

otot = A(s/s0) + B(s/s0)™" (73)

with € = 0.0790+0.0011,, = 0.4678+0.0059,A = 173+ 7 nbarn,B = 519+ 125 nbarn,
and s = 1 Ge\?. Using this together with the effective luminosities (see table 1),
one expects about & 10° events GeV! at an invariant mass of 25 GeV and still
4 x 10* events GeV'*' at W,, = 100 GeV.

The production of vector meson pairs can be studied at RHIC with high statistics in
the GeV region [18]. For the possibilities at LHC, we refer the reader to [23, 24], where
experimental details and simulations are also described.

5.2. yy-collisions as a tool for new physics

The high flux of photons at relativistic heavy ion colliders offers possibilities for the search of
new physics. This includes the discovery of the Higgs boson inythgroduction channel
or new physics beyond the standard model, such as supersymmetry or compositeness.

Let us mention here the plans to build2ee linear collider. Such future linear colliders
will be used for ée~, ey and yy-collisions (PLC, photon linear collider). The photons
will be obtained by the scattering of laser photons (of eV energy) on high-energy electrons
(= TeV region) (see [97]). Such photons in the TeV energy range will be monochromatic
and polarized. The physics programme at such future machines is discussed in [98], it
includes Higgs boson and gauge boson physics and the discovery of new particles.

While the yy-invariant masses which will be reached at RHIC will mainly be useful
to explore QCD at lower energies, they-invariant mass range at LHC—up to about
100 GeV—will open up new possibilities.

A number of calculations have been made for a medium heavy standard model Higgs
[99-102]. For massesy < 2mwy= the Higgs bosons decays dominantly into, bvhereas
a heavier Higgs decays into a™W~ pair. For theyy — H cross section we can use
equation (69), where the two-photon width of the Higgs bosons in the standard model can
be found, e.g. in [99]. The calculations, using the integrated luminosity of table 1, show
that for Ca—Ca collisions only about one Higgs boson is produced during one year of the
LHC operation. Therefore, the chances of finding the standard model Higgs in this case are
marginal [24].

An alternative scenario with a light Higgs boson was, e.g. given in [103] in the
framework of the ‘general two-Higgs doublet model’. Such a model allows for a very
light particle in the few GeV region. With a mass of 10 GeV, the-width is about
0.1 keV (see figure 1 of[103]). We get>210° events for Ca—Ca collisions, 40 for pp and
8 for Pb—Pb, with the integrated luminosities of table 1. The authors of [103] proposed to
look for such a light neutral Higgs boson at the proposed low-engggygollider. We want
to point out that the LHC Ca—Ca heavy ion mode would also be very suitable for such a
search.

One can also speculate about new particles with strong coupling tejthehannel.
LargeT",, -widths will directly lead to larges y -production cross sections, see equation (69).
We quote the papers [104, 105]. Since the-width of a resonance is mainly proportional to
the wavefunction at the origin, huge values can be obtained for very tightly bound systems.
Composite scalar bosonsat,, ~ 50 GeV are expected to haye -widths of several MeV
[104, 105]. The search for such resonances imtheproduction channel will be possible
at LHC. Production cross section can be directly read off from equation (69) and figure 15.
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For example, takdV,,, = 50 GeV and assume a width of,, = 1 MeV, one obtains for
a scalar particle {r = 0) ocaca~ 1 MeV10 pb keV'! = 10 nbarn. With an integrated
luminosity of 4 pbarn! in the Ca—Ca mode, one obtainsc4L0* events.

In [59, 60]yy-processes at pp colliders (LHC) are studied. It is observed there that non-
strongly interacting supersymmetric particles (sleptons, charginos, neutralinos, and charged
Higgs bosons) are difficult to detect at the LHC. The Drell-Yan and gg-fusion mechanisms
yield low production rates for such particles. Therefore the possibility of producing such
particles iny y-interactions at hadron colliders is examined. Since photons can be emitted
from protons which do not break up in the radiation process (see also section 3) clean events
can be generated which should compensate for the small number. Formulae and graphs for
the production of supersymmetric particles are also given in [16], where further references
can also be found.

In [59] it was pointed out that at the high luminosity &f = 10** cm2 s~ at the
LHC(pp), one expects about 16 minimum bias events per bunch crossing. Even the elastic
yy events will therefore not be free of hadronic debris. Clean elastic events will be
detectable at luminosities below 3#0cm2 s . This danger of ‘overlapping events’ has
also to be checked for the heavy ion runs, but it will be much reduced owing to the lower
luminosities.

Detailed calculations have also been made for the production of a charged chargino pair
via yy — x; %1 . The production of these charginos can be studied via their decay into a
neutralino and a fermion—antifermion pajf;® — %°f; /;- The most clean channel is into
muons or electrons. Such an event would therefore be characterized by two fermions of
opposite charge (e, u*u~ or €5 F) together with an unbalanced transverse momentum.

In order to be able to detect the missing momentum, a closed geometry is needed. Studies
were made for this process as a function of the mass of the chargino. In this case the main
background—the production of a YW~ pair also decaying into two leptons of opposite
charge—was studied also. The cross section for this process was found to be 3.6 pbarn,
comparable to the chargino pair production. However, the harder momentum distribution of
this background process can be used to distinguish it from the chargino production. Similar
calculations have also been made for pp collisions [60].

6. Diffractive processes as background

Diffractive processes are an important class of background/téinal states. As the nuclei

can remain intact in these collisions, they have the same signature as the photon—photon
events. Therefore they cannot be distinguished from each other. Diffractive events have
been studied extensively at HERA for photon-proton collisions. A future programme will
also study diffractive processes involving nuclei [106]. Diffraction processes in pp@and p
are also well known from studies at the Tevatron and ISR (CERN).

Diffractive events at high energies are best described within Regge theory and in the
language of the Pomeron (see, e.g. [107]). It is needless to say that the possibility to
study photon—Pomeron and also Pomeron—Pomeron collisions in peripheral collisions are
interesting fields in themselves. In particular, photon—Pomeron fusion processes could
be of interest, as they allow for final states, which are not directly possible in photon—
photon events (see also the discussion about the diffractive vector meson produgtidn in
collisions in section 4). Here we restrict ourselves to the estimate, how big the contribution
of diffractive processes are compared with photon—photon events. Of course it is difficult
to give quantitative answers at present.
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A number of calculations were made within the phenomenological dual parton model
(DPM) [108]. These calculations [108] have been interpreted, that Pomeron—Pomeron fusion
dominates over the photon—photon cross section for almost all ions used. Only for the
very heavy ions, such as Pb—Pb, does the photon—photon process become comparable.
Unfortunately these calculations were made without the constraint that the nuclei remain
intact in the final state. As the nuclei are only a weakly bound system and the nuclear
interaction strong, it is very likely that a short-range interaction between them leads to
the break-up of the nucleus. More refined calculations have been made in the meantime
[109]. The cross sections for diffractive processes are then reduced by roughly two orders
of magnitude for Ca—Ca and three orders of magnitude for Pb—Pb (both at LHC conditions).
Only for proton—proton collisions can diffractive processes be expected to dominate over
photon—photon ones. Particle production from diffractive processes are also studied in
[110, 111]. They also find that the increase of the cross section with mass number
much smaller than that for electromagnetic processes.

The problem of separating two-photon signals from the background has been studied
in detail for RHIC conditions in [112]. Four sources of background have been considered:
peripheral (hadronic) nucleus—nucleus collisions, beam—gas interactions, gamma-—nucleus
interactions and cosmic rays. In order to separate signals from background, cuts have been
developed which utilize the characteristics of two-photon interactions; the most important
of these cuts are multiplicity and transverse momentum. It was shown in [4], to which we
refer the reader for details, that there are high rategjointeractions and that the signals
can well be separated from the background.

7. Electron—positron pair production and QED of strong fields

Electrons (positrons) and to some extent also muons have a special status, which is due
to their small mass. They are therefore produced more easily than other heavier particles
and in the case of &~ pair production lead to new phenomena, such as multiple pair
production. In addition the Compton wavelength of the electrer386 fm) is much larger

than the size of the nuclep(7 fm). This also means that the virtualiy? of the photons,

which ranges from 0 up to the order of R? can be much larger than the electron mass

m2. Whereas in all cases discussed above we could treat the photons as being quasireal
and relate their cross section to the photon cross section; here this is no longer the case in
general and therefore corrections to the EPA are needed.

The muon has a Compton wavelength of about 2 fm. This length is of the same order as
the nuclear radius. We therefore expect that the EPA will give more reliable results. Both
electrons and muons can be produced not only as free particles but also into an atomic state
bound to one of the ions.

7.1. Free pair production, strong field effects and multiple pair production

We consider the e~ pair production in the collision of two nuclei with charg&s and

Z, and relative velocity. Forv — 0 the electrons and positrons can adjust adiabatically

to the motion of the nuclei and, with sufficiently high charge and Z, one can enter a
supercritical regime, wher€Z, + Z,)a > 1. Such a situation has been studied extensively

at GSI and later at Argonne; we refer the reader to the (vast) literature on this subject, see
[113] where further references are given. We here study the opposite regiony with

A very useful and complete reference for this field is [114].
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Figure 17. The impact-parameter dependent probability to prodiceste~ pairs (V =

1, 2, 3, 4) in one collision is shown for both RHIG(y = 106, Au—Au) and LHC&, y = 2950,
Pb-Pb). Also shown is the total probability to produce at least dree gair. One sees that at
small impact parameters multiple pair production can be dominant over single pair production.

The special situation of the electron pairs can already be seen from the formula for the
impact-parameter dependent probability in lowest order. Using EPA one obtains [1]

D\ A ﬂ 4 1 2 V8
PR b) ~ o= (Za) povTE] In <2meb> (74)
wheres ~ 0.681 andy = 2y2, — 1 the Lorentz factor in the target frame, one can see
that at RHIC and LHC energies and for impact parameters of the order of the Compton
wavelengthb ~ 1/me, this probability exceeds one. It was first described in [115] how
unitarity can be restored by considering the production of multiple pairs

Multiple pair production was later studied by a number of authors [108-111] using
different approximations. A general feature found by all was the fact that the probability is
given to a good approximation by a Poisson distribution:

[PE®)]"

P(N.b) ~ =

exp[-PY (b)] (75)
where PM(b) is the single pair creation probability from perturbation theory, see, e.g.
equation (74). Deviations from this Poisson form were studied in [120] and were found to
be small at high energies.

The impact-parameter dependence of the lowest order process was calculated in
[121, 122] (see also figure 17), the total cross section for the one-pair production in [123],
for one and multiple pair production in [124] (see figure 18). Of course the total cross
section is dominated by the single pair production as the main contribution to the cross
section comes from very large impact parametersOn the other hand one can see that
for impact parameters of about R the number of electron—paositron pairs produced in
each ion collision is about 5 (2) for LHC withd = 82 (RHIC with Z = 79). This means
that each photon—photon event—especially those at a high invariant mass—which occur
predominantly at impact parameters closé tg 2R—is accompanied by the production of
several (low-energy)fee™ pairs.

1 Itis interesting to remark that the fact that pair production in ion collisions grows beyond the unitarity limit was
already observed by Heitler [116]. Of course at that time available energies made this only ‘of academic interest'.
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Figure 18. The total cross sections for the multiple pair production of up to three pairs are
shown as a function of the Lorentz factpr Shown are the results for a Pb—Pb collision.
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Figure 19. The single differential cross section for & pair production at LHC energies.
Shown are the cross sections as a functionadftle energy of either electron or positron, and
(b) as a function of the angle with the beam agis

As the total cross section for this process is huge (about 200 kbarn for Pb at LHC,
30 kbarn for Au at RHIC), one has to take this process into account as a possible background
process. Most of the particles are produced at low invariant masses (below 10 MeV) and
into the very forward direction (see figure 19). Therefore most of them leave the detector
along the beam pipe and are not observed. On the other hand a substantial amount of them
is left also at high energies, e.g. above 1 GeV. These QED pairs also constitute a potential
hazard for detectors at the colliders. In table 4 we show the cross section for this process
with the energy of either the electron or the positron above a certain threshold. Singles
angular distributions of electrons (positrons) are calculated for peripheral collisions using
EPA in [125]. Numerical results in the relevant energy and angular ranges are presented
there. The physics is discussed in terms of easy to handle analytical formulae.
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Table 4. The cross sections of'@~ pair production withboth electron and positron having an
energy above a certain threshold value. Shown are results for both LHC for two different ion
species.

Enr (GeV) o (Pb—Pb, LHC) o (Ca—Ca, LHC)

0.25 3.5 kbarn 12 barn

0.50 1.5 kbarn 5.5 barn
1.0 0.5 kbarn 1.8 barn
2.5 0.08 kbarn 0.3 barn
5.0 0.03 kbarn 0.1 barn

Differential production probabilities foy y-dileptons in central relativistic heavy ion
collisions are calculated using EPA and an impact-parameter formulation and compared
with the Drell-Yan and thermal ones in [45, 126, 127]. The very lewvalues and the
angular distribution of the pairs give an idea of their discrimination. Nuclear stopping leads
to bremsstrahlung pair production and some modification ofythalilepton spectra. For
details we refer the reader to these references. In [128] the low-energy dilepton spectrum
in 16 GeV x—p collisions was studied using the two-photon mechanism. It was found that
this mechanism could not explain the experimental data [129]. This is in contrast to the
findings of [130].

In the Bethe—Heitler procegs+ Z — ete™ + Z higher order effects are well known.
Using Sommerfeld-Maue wavefunctions higher order effects are taken into account. This
leads to a modification of the Born result. For example, the total cross section (no screening)
for w > me is given by (see [131])

28 , L[ 2w 109
= EZ (6208 [In m_ - E - f(ZOC)i| (76)

e

o

with the higher order term given by

2 = 1
f(Za) = (Za) ;n(nz D (77)
andre = a/me is the classical electron radius. As far as total cross sections are concerned
the higher order contributions tend to a constant.

Using those results a modification of & pair creation inZ; + Z, collisions with
respect to the lowest order result was obtained [1]. Such a treatment was not symmetrical
with respect toZ; and Z, and anad hoc symmetrization was introduced there (see
equation (7.3.7) of [1]).

A systematic way to take leading terms of higher order effects into accouriein gair
production is pursued in [132] using Sudakov variables and the impact-factor representation.

Non-perturbative effects are also studied in a light-front approach [133]. In this approach
a gauge transformation on the time-dependent Dirac equation is performed, in order to
remove the explicit dependence on the long-range part of the interaction. Similar approaches
are also studied in [134, 135]. Numerical evaluation of the non-perturbative effects will be
considered in a future work.

In this context the paper [136] is of interest. In this work the electromagnetic field
of a particle with velocityv is calculated, see e.g. the textbook result of [30]. Then the
limit v — ¢ is performed. This corresponds to the electromagnetic fields of a massless
particle, which can be regarded as an ‘electromagnetic shock wave’. The results of this
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paper are very much reminiscent of the sudden approximation in the semiclassical theory;
for a connection of semiclassical and eikonal methods see also [137].

7.2. Bound-free pair production

The bound-free pair production, also known as electron-pair production with capture, is
a process which is also of practical importance in the collider. It is the process where a
pair is produced but with the electron not as a free particle, but into an atomic bound state
of one of the nuclei. As this changes the charge state of the nucleus, it is lost from the
beam. Together with the electromagnetic dissociation of the nuclei (see section 4) these
two processes are the dominant loss processes for heavy ion colliders.

In [1] an approximate value for this cross section is given as

337 1 5

Ko~ —22782———— |In(y8/2) — = 78
Teapt ™ g L1220 G ey —1 | VD T 3 (78)

where only capture to the K-shell is included. The cross section for all higher shells is

expected to be of the order of 20% of this cross section (see equations 7.6.23 and 24 of

[1]).

The cross section in equation (78) is of the form
oc=Alny + B. (79)

This form has been found to be a universal one at sufficiently high values Bhe constant
A and B then only depend on the type of the target.

The above cross section was found making use of the EPA and also using an approximate
wavefunction for bound state and continuum. More precise calculations exist [127-132]
in the literature. Recent calculations within PWBA for high valuesyohave shown
that the exact first-order results do not differ significantly from EPA results [144, 145].
Parametrizations foA and B [139, 141] for typical cases are given in table 5.

For a long time the effect of higher order and non-perturbative processes has been under
investigation. At lower energies, in the region of a few GeV per nucleon, coupled-channel
calculations have indicated for a long time, that these give large contributions, especially at
small impact parameters. Newer calculation tend to predict considerably smaller values, of
the order of the first-order result and in a recent article Baltz [146] finds in thejlimit co
that contributions from higher orders are even slightly smaller than the first-order results.

The bound—free pair production was measured in two recent experiments at the SPS, at
y = 168 [147] and aty ~ 2 [148, 149]. Both experiments found good agreement between
measurement and calculations.

A similar process was recently used at LEAR (CERN) to produce antihydrogen. An
antiproton beam with a momentum of 1.94 Ge\hit a Xenon targetZ = 54) to produce
and detect antihydrogen in the bound—free pair production mechanism[150]. The same

Table 5. Parameterst and B (see equation (79)) as well as total cross sections for the bound—
free pair production for RHIC and LHC. The parameters are taken from [141].

lon A B o(Au,y =106 o (Pb y = 2950
Pb 15.4 barn  —39.0 barn 115 barn 222 barn
Au 12.1 barn  —30.7 barn 90 barn 173 barn
Ca 1.95 mbarn —5.19 mbarn 14 mbarn 27.8 mbarn

(0] 450 ubarn —12.0 pubarn 32ubarn 643 pbarn
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technique is also used at Fermilab [151], where it is also planned to measure the Lamb shift
in antihydrogen as a test of CPT invariance [152, 153]. Their results are in good agreement
with the recent calculations [144, 145].

We note that the electron and positron can also form a bound state, positronium.
This is in analogy to theyy-production of mesons (pstates) discussed in section 5.
With the known width of the parapositronium((ete™),—1'Sy — yy) = mc?a®/2, the
photon—photon production of this bound state was calculated in [154]. The production of
orthopositroniump = 13S; was calculated recently [77].

As discussed in section 5 the production of orthopositronium is only suppressed by the
factor (Za)?, which is not very small. Therefore one expects that both kinds of positronium
are produced in similar numbers. Detailed calculation show that the three-photon process
is indeed not much smaller than the two-photon process [77, 81].

8. Conclusion

In this review the basic properties of electromagnetic processes in very peripheral hadron—
hadron collisions (we deal mainly with nucleus—nucleus collisions, but proton—proton
collisions are also treated) are described. The method of equivalent photons is a well
established tool to describe these kind of reactions. Reliable results of quasireal photon
fluxes andy y-luminosities are available. Unlike electrons and positrons heavy ions are
particles with an internal structure. We have described how to treat effects arising from
this structure, and we conclude that such effects are well under control. A problem, which
is difficult to judge quantitatively at the moment, is the influence of strong interactions in
grazing collisions, i.e. effects arising from the nuclear stratosphere and Pomeron interactions.

The high photon fluxes open up possibilities for photon—photon as well as photon—
nucleus interaction studies up to energies hitherto unexplored at the forthcoming colliders
RHIC and LHC. Interesting physics can be explored at the high invasianimasses,
where detecting new particles could be within range. Also very interesting studies within
the standard model, i.e. mainly QCD studies will be possible. This ranges from the study of
the totaly y-cross section into hadronic final states up to invariant masses of about 100 GeV
to the spectroscopy of light and heavy mesons.

We also reviewed dilepton production in very peripheral collisions. This is essentially
well understood and gives rise to an experimental background. Multiple pair production
is a strong-field effect of principle interest. Pair production with capture is, in addition to
nuclear fragmentation (sometimes called the ‘Wadker—Williams process’), a source of
beam loss in the collider operation.

RHIC will be operational in only one year, LHC in approximately seven years. Therefore
the planning of the experiments and necessary detectors for this kind of physics has to be
done now. With the new data and new insights, that will come from these experiments,
new work and theoretical understanding will be required. As an ancient motto says: ‘no
surprise would be a surprise’.
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