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Abstract : Relativistic heavy—ion collisions at RHIC and LHC represent an intense
source for photon induced processes. The strong transverse electromagnetic fields of the
colliding heavy ions can be described as an equivalent swarm of photons, which leads to
the Equivalent Photon Approximation. Cross sections and production rates for various
heavy particles are estimated for two—photon fusion processes. An equivalent photon can
also interact with the other colliding nucleus. Processes like Coulomb dissociation and
photon—gluon fusion are investigated. The latter allows for a deduction of the in-medium
gluon distribution. We also discuss the production of Z° bosons, Higgs bosons and top

quarks in central heavy-ion collisions.
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Chapter 1

Introduction

The two accelerators “Relativistic Heavy-Ion Collider” (RHIC) scheduled for 1999 and “Large Hadron
Collider” (LHC) scheduled for 2004/2008 offer the possibility to investigate heavy-ion collisions at
extremely high energies. At RHIC Au-Au collisions are designed with a collision energy of £ = 108
GeV/u in the center of momentum of the colliding heavy ions. The Pb-Pb mode at LHC will allow for
collision energies of £ = 2.75 TeV/u; in Ca-Ca collisions one can even reach £ = 3.75 TeV/u. The
main emphasis will be on central nuclear collisions to study properties of nuclear matter under extreme
conditions. It is speculated to observe a possible phase transition of nuclear and hadronic matter into a
quark-gluon plasma at sufficiently large nuclear densities. Besides this mainstream effort there are also
other facts worth considering, which can be labelled loosely as “Non Quark Gluon Plasma Physics”:
Two-photon fusion processes into exotic particles, photon-gluon fusion processes and pomeron exchange
in peripheral collisions, and also production processes of exotic particles in central collisions.

As a charged nucleus moves with nearly the speed of light, its electromagnetic field becomes transverse
to its velocity. Due to the overlap of the strong transverse electromagnetic fields of the two colliding
nuclei, very large coherent energy densities can be reached, which represent sources for the electromag-
netic production of exotic particles. The equivalent photon approximation allows a rather simple and
straightforward calculation of these processes: Since the electric and magnetic field associated with one
nucleus take on the same absolute value, this transverse electromagnetic field can be simulated by an
equivalent swarm of photons. Thus the collision of the two transverse electromagnetic fields can be
described as the collision of two equivalent swarms of photons, where two photons, one of each swarm,
may fuse to produce exotic particles.

To have a rough estimate of the energies contained in the strong transverse electromagnetic fields
we consider the maximum available equivalent photon frequencies, which can be derived from the
uncertainty principle:

AAEx1 = El,an o2 gl (1.1)
yu R

At is the collision time, v is the Lorentz contraction factor, R denotes the nuclear radius and v the
velocity of the nucleus (¢ = 1). At RHIC energies (v = 108) a Au beam will contain photon energies
up to about 3 GeV. For the Pb-mode at LHC energies (y = 2750) photons appear with energies up to
about 80 GeV contained in the electromagnetic fields. Even larger photon energies of about 180 GeV
might be reached in a Ca beam at LHC energies (v = 3750). Hence, the fusion of two high-energy
equivalent photons can lead to the production of exotic elementary particle states which have masses
up to about 5 GeV (RHIC}, 150 GeV (LHC, Pb-mode) and 300 GeV (LHC, Ca-mode), respectively.
Those particles are as heavy as the heavy nuclei themselves.

Due to the coherence effect of the strong Lorentz contracted electromagnetic fields of the charged heavy
ions the particle production cross section is proportional to Z*. Considering Pb-Pb collisions, this
immediately leads to an enhancement factor of 107 in the particle cross sections in comparison to ete~
collisions.

The idea to produce such exotic particles via two-photon fusion processes has been suggested in Ref.
[67]. Since then several authors have contributed, we list their references in connection with the specific
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particles considered: p*-leptons [131, 69, 34, 32, 26, 67, 13), T*-leptons [131, 69, 32, 67, 13), light
mesons (7%, 7%, 5, 7, K*, ...) [69, 24, 23, 67, 94], heavy mesons (7., x., m) (131, 24, 20, 23, 67, 94],
glueballs [69, 95], ¢ and b quarks [131, 65], W*-bosons [138, 99, 100, 67|, Standard Model Higgs
bosons [69, 138, 33, 34, 101, 49, 37, 96, 5, 6, 14, 92, 68, 99, 100, 67], Higgs bosons from the Minimal
Supersymmetric Extension of the Standard Model [69, 99], supersymmetric particles [69, 100, 108], and
even magnetic monopoles [80].

Two-photon fusion processes are of course not the only photon induced processes to occur in peripheral
heavy-ion collisions. A photon from one of the equivalent photon swarms can also directly interact with
the other nucleus. This leads to the Coulomb dissociation of the latter as it emits one or several nucleons
or even disintegrates. This process represents a major contribution to the beam loss, which limits the
collider luminosity. The Coulomb dissociation cross section has been calculated in Refs. [23, 19, 132]
for the Pb-mode at LHC, in [35] for the Ca-mode at LHC and in [109, 130] for the Au-Au collisions
at RHIC.

As a very hard photon from one equivalent swarm of photons penetrates into the other nucleus it is able
to resolve the partonic structure of the nucleus and to interact with the quarks and gluons. Photon-
gluon fusion leads to the production of a quark pair. In the case of b—quarks this process represents
the main background for the two—photon production of an intermediate-mass Higgs boson [79]. Since
the open flavors fragment into mesons this process also contributes to the production of exotic mesons,
maybe even unexpected heavy mesons. :
The production of heavy-quark pairs by photon-gluon fusion can also be used to extract informations
about the gluon distribution function of a bound nucleon inside a nucleus, i.e. in a nuclear medium
[79, 72, 19]. This contributes to a better understanding of the EMC effect.

Another possibility to hunt for exotic particles can be performed in central ultrarelativistic heavy-ion
collisions. In case of Pb-Pb collisions we have to deal with 208 nucleons impinging on about 208 nucleons.
If the quarks as individual constituents are considered, we are confrontated with a collision scenario of
624 quarks on 624 quarks, still without counting the other partons, e.g. gluons and sea quarks. A simple
geometric estimate leads to the number of single nucleon-nucleon collisions as A*3, i.e. about 1230 for
a Pb-Pb collision. This means that Pb-Pb collisions are favoured by about three orders of magnitude
compared to pp collisions. But on the other hand the expected c.m. energy and the expected luminosity
in pp collisions are by a factor 2.5 and by about seven orders of magnitude, respectively, larger than in
Pb-Pb collisions. As a result, particle production rates in central collisions seem to be smaller by about
four orders of magnitude compared to pp collisions. For the collision of Ca on Ca only two orders of
magnitude difference appear. But one might ask whether coherent and collective effects may contribute
to particle production. The cooperative interactions of many constituents could provide sufficient energy
to produce heavy particles even if there is not enough energy to produce this particle in a single parton-
parton collision [120]. For example, the production of Higgs bosons in central ultrarelativistic heavy-ion
collisions has discussed in a nuclear density build-up [56]; however, the production rates even seem to
be rather small.

This review intends to summarize a wide range of “Non Quark Gluon Plasma” aspects in relativistic
heavy-ion collisions. In section 2 we provide an introduction into the foundation of the Equivalent Pho-
ton Approximation. First a derivation from classical electrodynamics is given. But also an exhaustive
justification from QED is presented. We also give a detailled derivation of the Equivalent Photon cross
section for two—photon fusion into a charged boson pair, which shows the relevant approximations to be
taken in a very illustrative way. Section 3 is devoted to applications of the equivalent photon approxi-
mation to two photon—photon fusion processes in relativistic heavy-ion collisions. The electromagnetic
production of mesons, leptons, quarks, supersymmetric particles and Higgs-bosons is considered. The
Coulomb dissociation represents the opener of Section 4 on “Single Photon Processes”. Some emphasis
is put on photon-gluon processes, which help to deduce the gluon distribution in a nuclear medium.
Section 5 reviews some aspects of the production of exotic particles in central collisions. Some future
investigations are outlined in Section 6, which constitutes the Conclusions.
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Chapter 2

Equivalent Photon Approximation

A nucleus moving at nearly the speed of light has almost transverse electromagnetic fields; the electric
and magnetic fields have the same absolute value and are perpendicular to each other. Therefore an
observer can not distinguish between these transverse electromagnetic fields and an equivalent swarm
of photons, see Fig,2.1 Equating the energy flux of the electromagnetic fields through a transverse plane
with the energy content of the equivalent photon swarm yields the equivalent photon distribution n(w),
which tells how many photons with frequency w do occur. This derivation is presented in the first
Subsection.

|
EEET%%

Figure 2.1: Fermis idea leading to the Equivalent Photon Approximation: As the velocity of the charge ap-
proaches the speed of light, its electromagnetic field becomes Lorentz—contracted (b) and similar
to a parallel-moving photon-—cloud (c).

This is already the idea of the Equivalent Photon Approzimation. It has been first developed by
E. Fermi [57]. Often this method is also called Weizsicker-Williams—Method as E. J. Williams [135]
and C. F. v. Weizsicker [134)] independently extended Fermis idea. A good review of results and various
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applications of the Fquivalent Photon Approzimation can be found in the articles of C. A. Bertulani

and G. Baur [28] and of J. Eichler [52]; we will solely concentrate on applications in (ultra-) relativistic

heavy-ion collisions.

Given now the classical equivalent photon distribution, it is straightforward to estimate, for example,

the electromagnetic production cross section of particles in a heavy-ion collision in the following way:
gBFA = /dg,), /dggn ny{wy) nolwy) oy x(w

TA1A2— A AR X J AJ < 1w ) Oyy s X w2) ; (21)

two photons steming from the two colliding swarms of equivalent photons fuse to produce the particle
X. ¢4 x represents the elementary two-photon fusion cross section. The cross section (2.1) is called
the equivalent photon cross section. However, some caution has to be taken; the following points have
to be clarified in detail:

The exotic pafuucb we are interested in have Inasses, which come close to the maximum 1requencle>
contained in the electromagnetic fields; therefore they will be produced, where the electromagnetic
interaction energy is largest. That occurs at small impact parameters in the vicinity of the nuclear
surfaces. On the other hand, central collisions have to be excluded in order to have a rather clean
experimental trigger on peripheral collisions. Naturally the question arises, how much do small impact
parameters contribute to the total equivalent photon cross section (2.1)?7 — The equivalent photon
cross section {2.1) consists of a quantum mechanical part (04,x) and a classical part (ning). It is
not clear, how good this ansatz approximates the full quantum mechanical cross section o4, 4,-4,4,x7
— Therefore there is a need to derive the equivalent photon cross section directly from QED and to
generalize this method to include an impact parameter dependence and quantum effects! This will be

done in Subsections 2.2 and 2.3.

2.1 Classical equivalent photon distribution

In order to determine the classical equivalent photon distribution n(w) we first calculate the electro-
magnetic field of a charge distribution moving with v = ¢ on a straig h raJectory, see F1g 2. 1 In

the ohservers svstem K the inh i
the observers system K the inhomogeneous wave equation for ¢

Lorentz gauge reads

note that here Heaviside-Lorentz units have been chosen. In the reference system K’ of the moving
charge the current-density is

g IN (Y AN
7(2") = p(&) u" = p(JF) ", (2.3)
1 fus el P e e R N il r 1 bt [ | 1 . 1 1t 1 i LR I m T
where v = (1,0,0,0) is the four-velocity of the spherical symmetric charge distribution. The Fourier
transformed current—density results as

ik = / d'a’ e j¥(a) = 2m 8(w') p(IF')) - w” = 2m 6(K' - ') p(V=K?) - u” (2.4)

with &% = (W', I;’) This result is written in a covariant way; consequently, we can drop the primes and
switch back to the observer system. Here u* = v(1,0,0,v) and k* = (w, /;) , where we have chosen the
z—axis as the direction of the Lorentz—boost ¥ between the two systems.

We use (2.4) to solve the equation for the vector-potential. Fourier transformation of (2.2) yields

v 1

o
[
~-

—_

Y Y e A i —_ an
A(k):— \k} —2m (5(n'-u)——u = :( )u s

?r"._.

where we have introduced the abbreviation

o(y/—k? iy
r(k) = ( —2m)é(k - u) —E——) = —2reblk-u) %zk) , (2.6)
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with the normalized elastic nuclear charge formfactor F‘(-k2\ = n( I<'2\/

with the normalized ar charge formfactor Ze

number Z. The delta function enforces the validity of the Lorentz—gauge k, A”
of the photons. Furthermore, we deduce, that

and the

e nuclear charge
and the tr ansversallty

Y(w—-vk,)=0 (2.7)
which leads to
2
EQ;_a?_kj_Lj?l:_(i\ OO CANNY - ; (2.8)
vy

the last step holds in the limit v & ¢ = 1. The subscript L labels the transverse components of a vector,
in this case the z- and y-components.
Now we can calculate the components of the electromagnetic field-strength tensor F**. Its Fourier

transform is given by
F# (k) = —i(k* A¥(k) — k¥ A*(k)) . (2.9)
As @, = A, (k) = 0, the transverse components of the electric and magnetic field read

Bi(k) = —iA%k)ky
Bi(k) = #x E (k)= —ivA%k)(~ky, ks, 0)T . (2.10)

The longitudinal components of the field strengths vanish in the limit v — ¢ = 1 [82]. In this limit the
following relations hold as well;

- " Y o= I
|E|=|B|, FLB, Fl1¢ and Bl17 . (2.11)
This justifies the idea of the Eguivalent Photon Approzimation to interpret this electromagnetic field

as an equivalent swarm of photons.

To extract the equivalent photon spectrum n(w), which depends on the photon frequency w, we have
to consider the energy flux of the electromagnetic field through a plane perpendicular to the direction
of the moving charge distribution. The flux of the fields is provided by the Poynting vector

S(7,t) = E(7,t) x B(F,t) 2% |E(7 1) (2.12)
The last step holds due to the relations (2.10) and (2.11). Of course the Poynting vector points in the

direction of the charges’ velocity. Now we require that the energy flux of the fields through a transverse
plane is identical to the energy flux of the equivalent photons:

/dt/dycl (7,1) /dwwn) (2.13)

A partial Fourier transformation of E(k,w) in z—direction,

E.'(z,l-c‘J_,w)

il

dk, 4.
[ e gt

—00

I

- * . k2
2riy(Ze)ky - / d—lj:e"‘" F(-k )J(k.u)

(2.14)
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leads to

N 2
2 F ((3)2 +ki) 72

a [r(e)+m)]
Flls) +R)

|EL(2,kL,w)[? = (Ze)*=% - ~ (Ze) — B (2.15)
AR (7
Performing again a Fourier transformation with respect to the time coordinate in (2.13) and using the
obvious identity |E (2, k1, w)|? = |EL(z, k1, —w)|? the photon spectrum is follows as
1 [ ois 1 Tdky =2, 7
n(w) = —/dxl|El(r,w)|2 = — [Z2 B (e kw0
Tw mw (2m)
0 w z -‘2) :
- & / fro | <(W) 5 k2 (2.16)
w J (27)? (E)Z ) Lo '
0 5 1
where Parsevals identity has been used. Finally, we change to a new integration variable,
2
K= k= <“—’) < (2.17)
v
and obtain
2
20qepZ® T K- (%) 2(,.2

wfy

Notice again, that this expression only holds in the limit v — ¢, where the longitudinal components of the
electromagnetic field can be neglected. Notice also, that the photon spectrum depends quadratically on
the nuclear charge number Z. Due to this fact the cross section (2.1) for elastic two-photon production
scales with Z4.

We will use three different form factors: one for a homogeneously charged sphere labelled by the
subscript hes [125, 67, 119], one gaussian-shaped with subscript gauss [125, 49] and a point-like one
with subscript pt [125, 37, 24]. They are given by

2 _ o JikR)
ics(k ) = 3 kR 9
2 k2
Fgauss(k ) = exp (m) ]
Fe(k?) = 1 (2.19)

respectively. R represents the radius of the nucleus, Qg is a fit parameter to the nuclear shape and j
denotes a spherical Bessel function. The formfactors are depicted in Fig. 2.2.

The maximum photon energy wp contained in the swarm of equivalent photons can be estimated by the
uncertainty principle as the inverse of the Lorentz—contracted nuclear radius:

=2
w=p - (2.20)

With the substitution z = kR Eq. (2.18) can be cast into (v = 1)

20gEpZ? w
T NOR

Jaz2 s (2)] -

T

=
8

&
[
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Figure 2.2: Different nuclear charge form factors for a Pb-nucleus. Al-
ready for k) = 1/R =~ 30 MeV they converge to zero.

For the point-like form factor the integral in (2.21) diverges for large z, i.e. for large transverse momenta
k). Hence, a cut—off (k1 )max = 1/R is introduced, which we relate to the inverse of the nuclear radius.
We arrive at

1 _ 1
Julz) = [ln(l FE g 1] . (2.22)
For a homogeneously charged sphere we obtain
3 3 3 7 1
= 4 cos(22) | b —
foal®) = s + gga — os(2) [163:6 T 20]
. 3 1 9 z . z°
with the integral-cosine
Ci(z) = — / dt“’t_“ : (2.24)
For a Gaussian shaped nucleus we find
1 z? z? 1 z?
alUss == 1 oy E 2 Do I T TR9 1 .
fomte) = 3 (14 o) B (i) -7 (i) (229
with
Ei(z) = /dt = . (2.26)

The photon spectra for the different form factors are displayed in Fig. 2.3. We realize that except for
the point-like form factor the different form factors do not modify the photon spectra for w < wy. Only
for w > wp some minor differences occur between the equivalent photon distribution with the Gaussian
form factor and the form factor of a homogeneously charged sphere.
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Figure 2.3: Equivalent photon distributions for different charge form factors of a Pb nu-
cleus.

2.2 Impact-parameter dependence

The classical equivalent photon distribution n{w) tells us how many photons with frequency w are
contained in the equivalent swarm of photons simulating the strong transverse electromagnetic fields of
a charged nucleus moving with nearly the speed of light. However, we have no information on how many
photons with a given frequency do occur at a certain transverse distance from the straight trajectory of
the nucleus. We have lost this information because in the identification (2.13) an integration over the
whole transverse plane has been performed on the left hand side. We can recover this information once
we generalize (2.13) to

7dt/d11 SR 7dw/dz1wn(w,x'j_) (2.27)
o]

and consider the energy flux through an infinitesimal element dz1 of the transverse plane instead of
the full transverse plane. We get:

n(w, 7)) = — lEL(W, 55.!.)‘

o et L (y)
2
7 o0 F (k¢2 + (£)2)
_ Zlaomp O/dk k2 kﬁ+($32 J(zik) (2.28)
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where J; is a Bessel function. The form factors (2.19) approach fast enough zero for the ky — oo
asymptotics, so that the integral (2.28) converges. For extended nuclei the integral has to be calculated
numerically, but for a point-like nucleus the photon distribution can be expressed in closed form:

Z%agppw wey ?
loyzs) = Z02Epe (g (v22) (29
EARRAERS
Z? 2 wz
5 OQED exp ( wxl) for —= — o0
aTYTL \ T J Y
Z’agep or L 0
mlwr? ¥

In Fig. 2.4 we depict the impact-parameter dependent photon distribution for different form factors and
different values of w in dependence on the transverse distance z;.

v =2750

T I 1*] T ] T r' r T l T
10“E

1/2% n(w,b) [GeV]

IIJ_A I J;l Al;l 1 Ll ngLL IAL
4 6 8 10 12 14 16 18 20

b [fm]

Figure 2.4: Impact-parameter dependent equivalent photon distribu-
tion n(w, b) for different charge formfactors of a Pb nucleus.
From top to bottom the photon energies are w = 10 MeV,
w=1GeV and w = 100 GeV.

With the expression for the impact-parameter dependent equivalent photon distribution given in Eq.

{2.28) we are tempted to generalize the electromagnetic production cross section (2.1) in a heavy-ion
collision to

UE%:—M;A;X = /dwl /dwz /dzb /dzz'_l n(wy, £ — E) n(we, £1) Opyax(wr,wz), (2.30)

which would allow us to introduce further cuts on the impact parameter b in order to discard central
or semi-central collisions and to concentrate on the peripheral collisions with no hadronic background.
It turns out that the expression (2.30) is not correct because it neglects polarization effects for the
interaction of the two photons. Hence, a solid derivation is in order and this means to start the
description of two-photon fusion processes in relativistic heavy-ion collisions directly from QED. We
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will extend our previous considerations to deduce the correct impact-parameter dependence for the
equivalent photon cross sections.

We will use the external field approximation, where the electromagnetic potentials are treated classically.
The two nuclei are supposed to move with constant velocities on straight parallel trajectories, which
have a distance b. The electromagnetic potentials then follow again from OA* = j*:

A’i‘(kl) = 7 eik"b Tl(kl) u‘f s

Ab(k2) = Zra(k)uhy (2.31)
consult Eq. (2.5). The velocities are u; = v(1,v,0,0) and uz = y(1,—v,0,0) in the collider system.
The total cross section for the electromagnetic production of particles in a heavy-ion collision is given

as the integral of the transition probability, which is the square of the S-matrix element, over the phase
space of the outgoing produced particles and the impact parameter b:

onmonir = [ (T @) || S5 [ G (A0 Ttk p) 2501

{(27)* 8 <k1+k2 Ep,)

(2.32)

with d%p = (1/2E)d3p/(27)? for bosons and d3j = (m/E)d3p/(2r)? for fermions; the electromagnetic
potentials do enter in the S-matrix element as does the transition current T'y, (27 )44 (k; + k2 — ¥ pi),
where the §-function guarantees energy-momentum conservation and the vertex function I',, describes
the interaction of the two virtual photons with the produced outgoing particles. Expressions for I',,
are given for example in Ref. [126]; for the process vy — b¥b~, where two photons fuse into a pair of
charged bosons, see also Eq. (2.35) and Fig. 2.5.

Within the external field approximation the expression (2.32) is still exact. It is now to introduce
reasonable approximations, which will lead to the equivalent photon cross section (2.1} and a correct
generalisation of Eq. (2.30). It is our goal to separate the fusion process of two virtual photons into an
emission process of equivalent photons and a successive fusion process of two real photons. Real photons
are massless since the square of their four-momentum k = (w, 0, 0,w) is zero; the first component of k
represents the photon energy, whereas the last three components represent the photon momentum, which
we have chosen along the z-axis. Actually the relation #? = 0 is the result of an exact cancellation of
two big quantities. The four-momentum of the virtual photons k = (w, k J_,w/v) where v is the velocity
of the moving heavy ion, is determined by the classical electromagnetic potentials. The virtual photons

-2 . . .
are not massless, since k> = —w?/y® —k; as v = ¢ = 1; see Eq. (2.17). Again this relation traces back
to a cancellation of two big quantities, but in this case not to exactly zero. This motivates the following
assumption:

o(lKl) =0 (%) - %O(w) - %O(k“) : (2.33)

the Lorentz contraction factor v = (1 — v?)~!/? assumes values of several hundreds to thousands in our
cases of interest (RHIC, LHC). Further support for relation (2.33) can be given from the equivalent
photon distribution n(w) itself, where the main contributions to the integral in (2.16) originate from
the regime |k1 | < w/v. Applying relation (2.33), does not mean that |k1| and w/v can simply be set
equal to zero in the invariant matrix element A%T,, AY; in fact, if we would do so, the invariant matrix
element would vanish. This becomes clear, if we again have a closer look on the expression (2.16)
for the equivalent photon distribution; the factor |k1|? has still to be extracted from the invariant
matrix element appearing in (2.32)! As a consequence special care has to be taken, when applying
relation (2.33) to the invariant matrix element. We indicate two derivations: The direct calculation
is very intuitive, but rather tedious; details are only given for the two-photon fusion into a pair of
charged bosons. The more general approach [126] makes use of gauge invariance in order to separate
the emission and fusion of the two virtual photons.
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Figure 2.5: Feynman diagrams for boson-pair production by two real photons.

2.2.1 Derivation of the equivalent photon cross section for the production
of charged boson pairs

As an explicit example we discuss the two-photon fusion process into a pair of charged spin-0 bosons.
At first we concentrate on the elementary fusion cross section:

1 d3p1 d p2 1
2wwy J 2E,; 2 E2

3t eent? 84 (pi + po — ki — ka), (2.34)

€162

Oy—abth= =

where €; and €; are the corresponding polarisation vectors of the two photons. The notation of the
four vectors are: py = (Ey,p1), p2 = (Ea,2), k1 = (w1,w1,0,0) and &y = (w2, ~w,,0,0). The transition
current I'* reflects the lowest order Feynman diagrams depicted in Figure 2.5 and is given by the
expression:
1e? i e
M = ——— W +q)) (@ — 1) - 55— (& —pl)(ps + &5) +2ie’ g™ . (2.35)
Gq—m @ —m

The polarisation vectors of the photons are fixed by €; = (0, €,,0) and ¢; = (0, &,0). With
1 - _
Ottt = (o™ 4 o) (2.36)

we then get for the polarisation dependent cross sections:

~yy—rbt b _ 1 ﬂ d p2 64 —k _k i———
ol T 2wwn J 2E J 2E, (Pr+p2 = b = ka) (ky - p1)*(k2 1 )?

x {2(ks - pr) (ks pr)? = 2 (ks - 1) (ka - 1) [(ky - pa) + (ke - ) 72,
(ks p) + (oo )] 55 + )} (237)

and

. 1 d3 d

4et 2
X o 20k i) [(kx cp1) + (k2 p1)| Pl Pl (2.38)

where || symbolizes that the polarisation vectors of the two incoming photons are parallel to each other
whereas L stands for the orthogonality of the polarisation vectors. Carrying out the integrations finally
leads to the two-photon fusion cross sections stated in Section 3.1. The expressions (2. 37) and (2.38) are
of tremendous use to derive the correct impact-parameter dependent generalization of the equivalent
photon approach.

Within the external field approximation the total production cross section (2.32) for a boson pair
becomes

d? a3
Oa mpabts- = (2m)?2* /d2 251 2_E’B?- (2.39)
1 2

d*k w s { dik 2
W ri(ky) e*? /@r—; ra(kz2) 6*(p1 + p2 — Ky — k) T (i, pi) s w2
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Note the similiarity of the invariant matrix element ['*" u;, up, with the one in (2.34), where the only
difference is the replacement € ¢» u. From the 12 é-functions in the expression (2.39) it follows that
w; = w! and k;, = kI,, where the primed quantities result from the square in (2.39). If we were to carry
out the integration over the impact parameter, an additional two-dimensional é-functions &(k;, — I_c‘h)
would show up, which would lead to k; = k} and k, = k}. But we will not integrate over d?b; instead
we go on integrating over dk}, dw}, dk}_, dk;, and dk,.. Introducing the new integration variable
g=1(0,0,§.) = k1 — k| = &} — k, the cross section (2.39) then reads:

_ 8 Z4 d2k“_ dzkgl qu ——il;"-
TAidzabtss = /d b /dwl /dwz (2m)? /‘(271')2 /(271')2 e
( k) F(—(k —q)*) F(=k}) F(=(k2-q)*)
ki (ky — g)? k3 (k2 — q)?

Epr [ 82y pugy I (K, 5 by — k
25, | 2E, (T (i, pi) wa iz ) (D" (K], pi) w wa, )] 8% (py + p2 — ki — k)
(2.40)

With kl = (w,,w,/v, ];;1_‘_), k‘z = (wg, ~w2/v, ];2_]_), k; = (wl,wl/v, kl_L - (7_]_) and k; S (w2,u)2/’l), Egl +Q.J_)
Since we do not deal with real photons, the square of the photon momenta are not equal to zero but for
example —k? = w; /(v?y?) + k2, . This form of the cross section is especially suited for the derivation of

the impact-parameter dependent equivalent photon cross section.

Let us now again turn our attention to the reduced invariant matrix element of eq. (2.39), which can

be rewritten as

Wi o _ o2 o lpw) (o) | (P2 w2) (pr-wi) ) 5
T (ki pi) urpuar = 27te€ { =20k 1) +2 = 20k ) +(ug-ug)p - (2.41)

It is then most convenient to rewrite the scalar products including the four-velocities as

(p2-w) = v (Ez—vps.) =7 [E2— pa + (1 = v)py;]

W1 P2y
= l[(kl P2}t P2 R - (2.42)
Wi vy?
Analogously it follows that
i [ W2 Piz r - ]
. = L (ky-py) — . ’
(p1 - u2) @ ( 2 P1) oy |
T
i = Ttk ) — ’
(p2 - u2) . _( 2 P2)
(pr-w) = wl (ky-p1) + 1p12+k‘u Pl s
1
2 1+ 2 P X
{u1-ug) = 7 [(kl'kz)— T‘Ulw’z“}'le'k?.L] . (2.43)
wWiws vy

Furthermore, noting that k? <« (k; - p), the denominators appearing in eq. (2.41) can be transformed

1 __(=1 kf 1
ki —2(ki-p)  2(ki-p1) [1 * 2(ki - p1) +0 (74>] : (2.44)

We go on inserting all Eqs. (2.42)-(2.44) into Eq. (2.41). Keeping all terms up to the order [w®/~2) =
[w“Ef_] yields for the reduced invariant matrix element:
2
v —21€? . .
(k: ki -k
wiwy (ky-p1) (k2 p1) { 2 P1) [ 1L u]
_[(kl-Pl)Jf‘(kz-Pl](kl_{_-pxl) (kZ.L'I;IL)} . (2.45)

into

T (ki pi) urp e, =
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Taking the square as in (2.40) yields
(P2 (ki pi) s wa ) (P (RS, pi) wn wa) =
44 4t

wiw} (ki pi)? (k2 p1)?
x {(kl p1) (kz - p1) [Eu : Eu] - [(kl “p1) + (k2 'Pl)] [(Eu “pi1) (Eu ﬁh)]}
X {(k1 -p1) (k2 - p1) [(Eu. —q) (ko + ff)]

~[tkr - p) + (k2 - p0)] [((Rrs = @) Fos) ((Ros + @) - 0]} (2.46)

where we have employed (k; - p1) = (k] * p1) ® w1 By — wipr, and (ko - p1) = (k) - p1) = w By + wipse.
We employ the substitutions

[Eu 'é‘ZJ.J [((Eu —§)-pry) ((Eu +q) '1711.)] + [(I_C‘u -q)- (Eu + 5)] [(Eu “P1L) (Eu 'ﬁu)l
— 2 [Eu . Eu] [(Eu. ~q)- (Eu + (7)] pi.(2.47)
and
[(Fus - fos) Bor - 0] [((Rre = @) - i) (Rar + ) - )] (2.48)
— [Eu . Eu} [(Eu. —7) (R + 5)] P+ [Eu X Eu] [(ElL —§) % (kaw + ff)] pi, Pl

because of the integrations {dpy. pZ, = [dpyy p?, and [dpiz piz = [dpy, p1y = O appearing in Eq.
{2.40). With this we can identify the real polarization dependent v+-fusion cross sections of Egs. (2.37)
and (2.38). The diflerential cross section then finally leads to

O A Agmr Ay Agbtb— = /d2b /dwl /dwz [nu(wl,wz;g) ol prs- (w1, 02)
+nl(w1,w2;g) a;_,b”,_(w],wg)] (2.49)

= /dwl /dw; nl(wl)n2(w2)0'-y~y—yb+b'(wl’w2)

The two-photon distribution

- 1 - W o = T
mlwnsd) = e [ d% |Bisfen 70 =) Basfen 21)]
—~ 2
) . 7§ s
= / 4%z} n(wi; 71 — B nwy; 71 M (2.50)
[#0 — bl Z4]

depends on the transverse electromagnetic fields El 1 and Eg 1 of the two heavy ions; for n; (w;,ws; I;)
the dot product in the expression (2.50) simply has to be replaced by a cross product. The two-
photon distribution function essentially contains a product of one-photon distribution functions. The
integration over &, means that the photon—photon interaction can take place over the whole transversal
plane resulting in a product of local one-photon distribution functions. The geometric expression in
large brackets appears due to the polarization dependence of the two photons. This point deviates from
the treatment of Papageorgiu [100, 101].

An integration over the impact parameter in (2.49) leads to the tota] equivalent photon cross section
(2.1). Omitting the integration over b, yields the correct impact-parameter dependent equivalent cross
section for the production of a pair of charged bosons.

2.2.2 General derivation of the equivalent photon cross section

The rather cumbersome direct derivation of the equivalent photon cross section (2.49) from lowest order
QED (within the semiclassical approximation) has been given for the two photon fusion process into
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a pair of charged spin-0 bosons. For the production of other particle species like neutral (scalar or

pseudoscalar) bosons or fermions this approach has to be repeated from scratch in order to validate

an equivalent expression. Especially for the production of fermions this task is very time-consuming

as traces of y-matrices have to be manipulated and an expansion of the invariant matrix element

|u1,[* uy,|? has to be performed up to fourth order in k_,_ Hence, there is a need for a quite general

derivation, which is lndependent of the particle species to be produced
e

1.5 -1 4l

nnnnnnnnnnn ~ ~ (PN S At e R ) PR - N
We make use of gauge f the S t ering into {2.32), which leads to the

v ola
vwE Imake use Ol gauge invariailCe Ol i€ S-mailrix €ie

conservation of the transition current, i.e.

=0 . (2

o

E1)
\_u/

Its time-like coordinate may be expressed by its space-like components (latin indices run only over the
transverse plane):
. k i[‘iu + k 21'\31/
[ (hkip) =~ Rl
10
kg T4 4 ko, 42

PO(kkyip) = — = (2.52)
20

The nuclei move on straight trajectories and thus &./k° = +1/v; consult Eq. (2.7). We obtain
7 lc_lisz T"J + 1 /kz.? r‘3] kli Fi3\ _ 1 F33
ko k‘20 \kzo ko } ¥o?

Precisely at this point we introduce the decisive approximation (2.33): the ratios ki;/kio or ko;/ky are
of the order 1/v, which leaves the first term in (2.53) to be dominant over the remaining two terms by
the order v. Hence, we approximate

—
to
[&)]
w

<=

L
g Rly v25
uluug,,[‘“ = r (2 54)
Wy W
On the right hand side now appears the vertex function I'V = I'J(w;,wy; p;) for real photons, which

On the righ
have transverse polarisations. This identification is the heart of the equivalent photon approach! Except
for a flux factor the integration of the square of the vertex function |[/|2§4(k; + k; — 3°; p:) over the
phase space of the produced outgoing particles leads to the polarized two-photon fusion cross sections
U,lyl,,’ _yx (w1,w2) and U,W _x (w1,wz), for which the polarisation vectors of the two photons are parallel and
perpendicular to each other, respectively. Observe, that the transverse components k;; and k2; of the
virtual photons coming from the two heavy-ion lines are extracted in the transformation (2 54); this is
a very important point because the square of them will lead to quantities like k 1, and ku, which are
so desperately needed to make an identification with the equivalent photon distributions.

Using the transformation (2.54) and performing most of the integrations in the expression (2.32) we
arrive at

OA A+ A1 AaX = jdzb/ dwy / dws ["u(wl,wz;g) ol x (@iwn) + 1 (wrn,w;8) 0 x (w1, w0)]

J/ dw, J/ dws n1(wr) na(ws) Oy x (wr,w2) 5 (2.55)

all further technical details of this derivation

the nn]nrvn:-r‘ fwn—n]'\nfnn 1

i ot
section Oyysx = (0., x + 05,

The second step in Eq. (2.55

section (2.1) from QED directly. If we skip the integration over the impact parameter in Eq. (2.49), we

come up with a correct impact parameter dependent differential equivalent photon cross section!

26]. ULIW_,X and o3, , x represent

total hx!n_nhnfnn fusion cross

S101 Cross sert.ope vvvvvvvvvv on ¢ross

02

illu strates, that we have indeed derived the equivalent photon cross
r

Jo ho ucceeded to derive an impact-parameter dependent genera
VVC 11 QVC succeeaea o dcerive an uuyauh-yad(uucucl UCP AUCTILL 501 <la.

Approximation for two-photon fusion processes in relat1v1st1c heavy -ion colhsmns A semiclassical ap-
proach has been chosen as the electromagnetic potentials of the charged heavy ions moving on classical
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trajectories have been considered; all the rest, i.e. the interaction of the two virtual photons and the
production of the new particles, has been described by QED (in lowest order). Two approaches have
been followed: the first resembles a strategy by brute force whereas the other using the conservation
of the transition current is much more elegant and general. There is one more approach around [68]:
again we can make use of the gauge freedom of the S-matrix element to transform the four-velocity u*
into a polarization-like four-vector, i.e. u* = u# + ak* = h(k)e*. With a suitable choice of o (or ~(k),
respectively) a straightforward identification with the real two-photon subprocess becomes feasible.

Similiar impact parameter dependent cross sections were obtained in Refs. {24, 37]:
W _ ]dwl /dw2 [Jier,w2) oy(wi,wa) + Ju(wr,w2) o1 (wr,02)] (2.56)

with

27
Jy = or /dbl blfdbg by /dq& (wy,by) n(wa,by) cos? é O(b— 2R) ,
R R 0

2r
J. = 2r / dby by / db, by / d n(wr, b) n(ws, b) sin? d O(b — 2R) (2.57)
R R 0

where b? = b2 + b2 — 2byb; cos §. After some transformations this leads to the same result but the
integration over the transverse plane z, is here performed with the black-disk approximation (|Z.| >
R, |, — b| > R), which is a little different from our description.

One word of caution has to be mentioned: the equivalent photon approximation can only be applied to
particle production with particle masses larger than |I; 1|max & 1/R. Therefore the equivalent photon
method can not be used for e*e™ pair production in heavy-ion collisions. Phenomenologically this is
easy to understand because the Compton wavelength of the electron is larger than the nuclear radius.
In fact, if one takes a closer look on the propagator, it has the denominator like 1/(g* — m?), where q is
the momentum transfer ¢ = k — p with the photon momentum k and the momentum p of the produced
particle of mass m. The denominator of the propagator

1 1

= 2.58
@?-m? kK-2p-k) (2.58)

has to be transformed into the propagator where only real photons are coupling, i.e. k> = 0. The approx-
imation one has to perform reads |k?| < |2(p- k)|. With k = (w, El,w/v), p=(E,pL,/E*—m?-p}
and m « w we deduce in the CM system of the two photons, that the transverse momentum of
the photon has to be much smaller than the mass of the produced particle, i.e. m > |El| In Pb-
Pb collisions for example the photon have transverse momenta up to the inverse nuclear radius, thus
lkilmax = 1/R = 30 MeV. The electron is unique in the sense, that all other particles produced by
two photons are heavier. Therefore electron-positron production has to be calculated without using
the equivalent photon approach; the exact cross section has to be evaluated [17, 73, 76, 77]. Of special
interest is the ete~-production with capture; this process sets limits to the collider luminosity and due
to its non-perturbative character it is also of fundamental interest {9, 18]. A comprehensive review is
presented in the book of Eichler and Meyerhof [53].

2.3 [Equivalent photon approximation for virtual photons

So far we have employed the external field approximation for all derivations of the equivalent photon
cross section, i.e. we identified the classical electromagnetic fields of heavy ions moving with constant
velocity on straight lines with the equivalent photon swarm. Although we are convinced that this quasi-
classical approximation is justified for high energetic heavy-ion collisions, we feel that it is nevertheless
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worth discussing the impact of small derivations from the straight line motion. The small deflections of
the two projectiles introduce a non-negligible virtuality of the equivalent photons, so that the question
arises how large of a deflection angle is admissible to guarantee the validity of the equivalent photon
approach. For an exemplary demonstration we choose pp—collisions instead of heavy-ion collisions lead-
ing to the production of a pair of fermions. In the following we will use some results given in the article
of Budnev et al. [36]. We keep this very technical subsection rather short and compressed as it is not
of relevance for the various applications to be presented in sections 3 and 4.

We start our derivation with the full cross section for photoproduction of fermions with fermionic photon
sources:

1 I i
do = —/—————" (47TQQED)2 T Ty M2, M
44/(p1p2)? — mim3 g *

(27164 (q1 + ¢z — P)dP &p) &p),
2E! 2E} (2m)8

(2.59)

In this equation the first term on the right hand side is the flow factor for the incoming particles. The
second one contains the elementary matrix elements M for the transition y*y* — X and the density
matrices T; for the emission of a photon with momentum g; by the i—th particle. The last term reflects
the conservation of four-momentum and the phase-space integrations over the outgoing photon sources
denoted by d®p! and the phace space dP of the produced system.

First we focus on the photon density matrices. They are given by the usual tensor for the emission of
a virtual photon by a fermion multiplied with (q'z)2 stemming from the photon propagator. Notice,
that this photon density is not diagonal reflecting the polarisation of the photons. It is given by

1
T = T (bt mpT )]
1 Hag” M — g)*(2p — q)”
q q q
For structureless point-like particles like leptons the ['* are given by the usual Dirac matrices v# and

the form factors are Hyj,(¢g*) = 1. For particles with structure this changes of course; for protons the
form factors are given by

pi’
a7 Gt

M = y*F(¢") —i——=Fl(d), (2.61)

2 272 2 2,742 2

q 4m*GE(¢®) — ¢°Gu(d)
Hi(¢") = F¢') - 5F(d) = pieC , (2.62)
Hy(q®) = Giy(d?). (2.63)

Fy and F; are given in the usual Sachs combinations for the elastic electric and magnetic form factors
Gg and G In our calculations we use the common dipole form factors :

2N _ 1
) = o rar
Gulg®) = (L+uwr) Geld) (2.64)

with g2 = 0.71 GeV?. Of course these elastic form factors are only valid as long as the proton remains
intact. In other words, our expressions for the cross sections are valid as long as we consider elastic
photoproduction. Obviously this sets limits on the energy fraction carried away by the photon and its
virtuality.

Integrated over the phase space of the produced particle state the corresponding matrix elements read

1 .
My = 5 / dP (27)*5%(q1 + gz — P) My M,.,. (2.65)
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osorn inusriancs ang
uausc invariance ensures th

fa My =90 (2.66)
so that the term g*q?/q? of the completeness relation
a . _ ¢
L-1reHa)eia) = ¢ -5 (2.67)

vanishes. Consequently we insert the completeness relation in between the matrices T and M of equation
(2.59). This results in a 3 X 3-matrix for the photon~density

T = T* €5 (a)e,(b), (2.68)

where the helicity labels a,b stand for +,—,0 which reflect transverse and longitudinal polarisations,
respectively. A similar expression in the helicity basis can be obtained for the production-matrix
elements. They are connected to elementary cross sections for y*y* — ff via

1
o = —
™= 2 2\/)7
?c, ( [ L 2m3)* LGt dgsn 3 ﬂ?,é 2]
= ) - <
\ [ z kqwz) T 22(qig2)? 4 I(Qle) j
[omt @d4ed F 34i¢E]N
At LT N TN
[ + E t z + T 4 z° J ’
gopin—flip E_t:
T 2\/7{-
7\'(12 2At 2 _ a2)2 3 2,2
- _ ‘?’ED (T 2m}+(‘hh 4) +ZQ&512.|
4N \ £ L ‘>’Y’7 & 4 J
L [ 2mi g +q 3 qig
+ 16m?t — 16m2(q? 2_422(2 f 1 2 _ 2 _ 9192
(ae)l 7 il G) A4 y T da(qg)) |)
MO+0+

o = —
s WX

2 2 2
TagEp Y2 5 2 3 ‘h 42
= ——=—"|At|1+ = i )
Xz ( [ + T <6mf +q+ 3 22

¥

/ 3q2q2\ TN
amiz + 9 2{ 2, 2, dU% ’ '
(qlq){ 23 4 gy + 2m2) + ¢ (q1+q2+2 (2.69)

where we used the following short-hand notations:

Syy = (‘h‘f“h)z’

X = (q@) -4d4,
X

T = —,
Sy

At = \[4z(syy —4m3) ,

T = dem}+qiq;,
2
N ] (‘I1Q2+%At)
In —m——™+—

T



522 F. Krauss et al.

As one can easily see longitudinal polarisations result in a factor of roughly ¢*/s,,, which leads to a
suppression in the region of ¢% < s..
Obviously only the two contributions o7t are left to survive for g — 0. In this limit they reduce

to the well-known P]Pmpnfm'v cross sections for vy — ff in the corresnonding hn]lmhz decomnaosition.

vvvvvvvvvvvvvvvvv Y sponding hel rpesition.
Additional cross sections are due to more scalar photons and due to antisymmetric he11c1ty combinations
occuring for polarised photon sources.

ML 4 o S PR I LA R | M + 11
111€ ua.ualuuua.uuu Ul IllLl \A 021) to the nelcity pasis yleias

Q. - s A0 5 9 I
do = °W§ED”2¢ (42)” —4qiq; ap, &°p)
(

Hes pipz)? — mimi 2E; 2E; (2m)°

o A+t g
X |34y Ly oTT 410y

i
\

The numerator in the square root is due to the factor X in Eq. (2.69). The integration is over the
phase space of the outgoing sources. The angie ¢ is the correlation angle of the scattering planes of the
outgoing particles in the photons ¢. m. s..
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Figure 2.6: The photon spectra for protons. For the spectrum obtained
by considering small deflection angles we integrated over
0 < 8 < 0.003. For the equivalent photon spectrum we
employed a Gaussian shape for the proton with parameter
Q3 = Q2 gipoe = 0.71 GeV2.

We now perform a transformation to polar coordinates for the phase—space integral; it then reads

i dpy s dq} dgj duwy dw, d¢
2E12E (2r)°  2[(pipa)® — mimd] 1287 ’

—
N
~3
—
~—

where ¢ is the already mentioned correlation angle in the c. m. s. of the colliding particles.
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In the limit of small scattering angles the following relations hold :

¢ = &,
. 2E? w; q?'min 2 w? 2
TH =T;" ~ w—f[(l_f) (1— —'7— Hi(q)) + 5y Halar)
2 q-'zmin PN 2 .
= o |0 —z) | 1= 75 ) Hile) + 5 Halg)] (2.72)
[T#7| = T - Halad): (2.73)
Defining “relative polarisations”
7| .
6= (2.74)

we can write Eq. (2.70) as

1 in—fli d
do = (UTT + 55152 COS(2¢)) G';E;n_ﬂlp) dnldnz;)% (275)
with
_ QQED w.-dw,-dq? o
dni(wigf) = — =TI Fig (2.76)

Here the dn; are the differential photon—distribution functions for virtual transverse polarised photons.
We compare this photon distribution integrated over the region of small angles 8; with the equivalent
photon spectrum (2.21). We consider pp—collisions with v = 3000, where we have taken the usual
dipole form factor for the protons emitting the virtual photons. For the equivalent photon spectrum
we assumed a Gaussian shape for the proton with the parameter Qo from the dipole form factor. The
striking fact of Fig. 2.6 is that the two spectra are nearly identical for low photon energies w, whereas
for the high energy region they differ.

Once again it should be noted that we only were able to neglect the scalar contributions to the cross
section due to the relative smallness of the scalar components of the elementary cross sections compared
to the transverse ones. Those scalar components are suppressed by a factor of ¢*°/M2,. The photon
spectra in dependence on @2 with two different fixed values of z are displayed in Fig. 2.7. In the full
kinematics of two—photon production processes the matrices T; depend on both photon momenta ¢;. It
is in the region of small scattering angles only, where they depend solely on one momentum.



524

n(x,Q% [GeV ]

F. Krauss et al.

LELELARLLL LR RN | T T 17

—
o-
@

-t
o-
o

10°®

1

:
reaagnl e M IR R TTTT BACY T W AR

— point-form
=« dipole-form

A

10°®

102 10™ 10° 10

Q° [GeV?]

Figure 2.7: The photon spectra for protons in dependence on the virtu-

ality @2. We took two different fixed values for z: z = 0.05
- the two upper lines — and z = 0.25 - the lower ones. Two
different, proton forms were taken into account, a point-like
one and the dipole form with @F 40 = 0.71 GeV?.
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Chapter 3

Two—photon fusion processes

The idea to produce exotic particles not only in e*e™- and pp-collisions, but also in peripheral relativistic
heavy-ion collisions via the strong transverse electromagnetic fields is very appealing. These processes
could be investigated at the heavy-ion colliders RHIC and LHC almost for free: The main emphasis
at these facilities is of course to search for signals from a Quark-Gluon-Plasma which is believed to be
formed in central collisions. But there is also an overwhelming number of peripheral collisions with no
hadronic interaction between the two colliding nuclei. This would represent a very clean environment
for the electromagnetic particle production processes to be detected. The maximum photon frequency
contained in the transverse electromagnetic fields is directly proportional to the inverse of the Lorentz-
contracted nuclear radius, wmax = ¥/R. This amounts to wpmax = 80 GeV for the LHC Pb-mode with
v = 2750, wmax ~ 180 GeV for the LHC Ca-mode with v = 3750 and wmax &~ 3 GeV for the RHIC
Au-mode with v = 108. Thus, particles such as exotic heavy mesons in the 1 GeV - 10 GeV mass
range as well as even Higgs bosons and supersymmetric particles in the 100 GeV mass range could be
produced. With the equivalent photon approach, presented in general in the previous Section, we will
now evaluate cross sections and production rates.

In the first Subsection we list the relevant elementary two-photon cross sections to be used within the
equivalent photon method. Some general features of the equivalent photon cross sections for particle
production are discussed in the second Subsection. In the subsequent Subsections we then focus with
increasing mass on the production of mesons, leptons, quarks, supersymmetric particles and Higgs
bosons.

3.1 Elementary two-photon fusion cross sections

In general we have to distinguish between the two elementary two-photon cross sections al]’”’*x(wl,wg)

and a}_"’x (w1,w2). For the first one the polarisation vectors of the two photons are parallel to each
other whereas for the second one they are perpendicular to each other. The two cross sections with
polarized photons add up to the total elementary two-photon cross section

1
0" ¥ (wy,w2) = 3 (7% (wryw2) + 07 (wr,w2)) (3.1)

which simply represents the average over all polarisations.

For the production of one (pseudo-) scalar boson we notice that it can only be produced when the
polarisation vectors of the two photons are parallel (or perpendicular) to each other. The two-photon
production cross section of those bosons is given by the following relation:

1 —+B,(ps 8n?
o TP () = Sopesy " "N8) = (2 1)~ T d(s = m}) (3.2)
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Here, s = 4wws, I is the (usually measured) two-photon decay width and J denotes the spin of the
boson. The delta function ensures total four-momentum conservation as physical particles can be
produced only on—shell.

Charged bosons are nroduced in nairs he elementarv two--nhatan cross sections for the nhotonie
VLG /UW UUSVLIS il pPluluuvoud il pPallS. 4 U CivhIClival y vy })llUbUll L1iUdo dTuuivie 1UL ulc PllUl/UlllL
subprocess are given in lowest order (see Figure 2.5) by
2 2 2
bt 2ro 4m, 6m,
UIT’ = 1—— (14—
s s
4m}? 6m} s s
- —2-"h i+ —— — 1| O(s - 4m}) (3.3)
s S 2my, 4my
and
2 2 2
btp— 2mo im 2m
T = 1-—=2 1+
s s
4m? 2m? s s
- —(2-2]I i+ — —1]|O(s—4m}) . (3.4)
s s 2my, 4mj

Again the Mandelstam variable s is equal to s = 4wjw; and m, represents the mass of one charged
boson; the step—function ©(s — 4m?) guarantees, that the charged boson pair can only be produced, if
the cm—energy of the two photons is larger or equal to twice the boson mass.

For the electromagnetic production of a fermion pair both the polarized scalar and pseudoscalar two—
photon fusion cross section again contribute. In lowest order in « [36] they read

AL [(1 b Lm?) 2In (—\/g e - 1)
S S

f 82 2my 4m§
6m? 4m?
- (1+—i) 1——8-1]@(5—4m}) (3.5)
8

and

- 2 am?  4m?
oIt = 4”50‘ [(1+ sf_ s!>2ln(\/g+ s —1)

my represents the mass of the fermion.

3.2 General discussion

Before we present explicitly results for the production cross sections of specific particles, we discuss
some general features of the equivalent photon cross sections: impact-parameter dependence, exclusion
of central collisions and rapidity dependence.

Two elementary cross sections depending on the mutual polarization of the two photons enter into
the expression (2.55) for the impact—parameter dependent cross section do/dbd. For the production
of fermions or charged bosons both elementary cross sections contribute. However, due to the Yang-
Theorem [140] a scalar boson can only be produced by two photons with polarizations parallel to each
other, whereas a pseudoscalar boson only by two photons with polarizations perpendicular to each
other. For the case of scalar spin—0-meson production only the first part of do/db in (2.55) contributes
since 0 = 0.
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Figure 3.1; Impact parameter dependent cross section do/db for scalar (s) and pseudoscalar (ps) boson pro-
duction in a Pb-Pb collision for LHC energies (y = 3500) taking a homogeneously charged sphere
(hes) and a Gaussian (g) formfactor into account. A particle mass of 100 GeV is assumed.

1 A

Figure 3.1 depicts the impact-parameter dependent cross section for the production of a scalar and
a pseudoscalar boson with a mass of 100 GeV in a Pb-Pb collision for maximum LHC energies. For
the production of a scalar boson a dip exists around & & R; it is a result of the two overlapping
electromagnetic fields, which for this constellation are mostly perpendicular, but only the parallel part

On the other hand, for the production of pseudoscalar mesons the

contributes (consult Eq. (2.50)).
maximum between R and 2R occurs due to the field constellation, where a large proportion of the

electric fields are perpendicular to each other.
Furthermore, two different formfactors are considered in Figure 3.1. Taking the formfactor of a homoge-
neously charged sphere the dip is more pronounced than for the Gaussian formfactor which effectively
smears out the nuclear surface. The lighter the produced particle the more the dip is smeared out
because the particle has to be produced in a small volume, which should roughly be proportional to
the cube of the particle Compton wavelength, so that for small particle masses this volume becomes
relatively large and diminishes any structure. For the production of a pair of charged bosons or of a pair
of fermions the scalar (||) and pseudoscalar (L) part contribute together. Only if the pair is produced at
threshold one of the two contributing parts vanishes: for the boson pair at threshold (s = 4m}) it is the
pseudoscalar part which diminishes because the pair is created with no kinetic energy in the cm-system
of the two photons and therefore can be understood as a composite scalar boson. Hence, a double-hump

structure appears in the differential cross section do/db. For the fermion pair at threshold (s = 4m})
Y7 contributes to

it is the other way around: it represents a pseudoscalar boson, so that only o

do/db.
Small impact parameters have to be excluded in order to discard central collisions and the accompanying
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large hadronic background for the particle detection; this motivates the introduction of a sharp cut-off
impact parameter bc = 2R, which leads to a reduced total cross section

red daAlAz—*AlAzx .
A Ax3A Az X / db ; (3.7)

R denotes the nuclear radius.

1.0 ———rrrrr——— ey

0.8

WW
lo

0.6

red

0.4

P ST st aagl et aaanl

0.1 1 10 100

Figure 3.2: Reduction factor 67 /o=FA in dependence on the scalar boson mass for RHIC (v = 108, Au) and
LHC (v = 3000, Pb: v = 3750, Ca) energies.

In figure 3.2 the reduced cross section 0"*¢/o=F4 is shown in dependence on the produced boson mass
m for RHIC and LHC energies. It is evident that the reduction gets larger as the considered boson
mass increases. Whereas the reduction for the production of a 1 GeV boson for LHC energies leads to
a somewhat less than 10% effect, it amounts already to 30% for RHIC energies. Since the maximum
available photon energies at RHIC is about 3 GeV, the production of heavy mesons takes place in
the vicinity of the strongest electromagnetic field densities, i.e. at small impact parameters. This
indicates already that at RHIC it becomes almost impossible to search for electromagnetically produced
unexpected heavy mesons in the mass range around 10 GeV. Ca-Ca collisions lead to a somewhat smaller
reduction because of the smaller radius B ~ 4.1 fm in contrast to Pb with R = 7.1 fm. The reduction
factors for the production of a pseudoscalar meson, charged mesons and fermions are quite similar to
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the ones presented in Fig. 3.2. Another, maybe more sophisticated reduction employs the Glauber
approximation with an absorption factor [92]:

EPA
ocd :] db dodb exp{—Abao T(b)} . (3.8)

0 is the total nucleon-nucleon cross section and T'(b) represents the profile function

T(b) = / (ngz Fi(q?) Falg?) € (3.9)

where F' denotes the nuclear form factor. It turns out that this approach differs only to a minor extent
from our simple cut—off introduced in (3.7).

The impact-parameter dependent cut—off introduced into the equivalent photon cross sections is not the
only one relevant for a rigorous comparison with future experimental data. Usually a detector has no full
4m-coverage. At least this is the case for the proposed ALICE detector designed for the LHC heavy-ion
experiments; it will have a polar angle coverage of 7/4 < © < 3n/4. Hence, produced particles moving
closely to the heavy-ion beam axis will not be detected. - According to this perspective it is necessary to
know the kinematical distributions of the produced particle system; in particular: transverse momentum
and rapidity distributions.

First, we will discuss kinematical distributions for the produced particle state as a whole. In the
equivalent photon approach the kinematics of the two photons can be easily described since they are
on-mass shell and transverse [131]. The momentum of the produced particle state is therefore given by
the total momentum

|
P = (witw, kyy + ko, ;(wx — wz))
~ ((.AJ1 +wy, 6, Wiy —WQ) . (310)

Actually, the particle state can have a small transverse momentum of twice the transverse momentum
of the two photons, which is approximately |I~c'J_|,,,,ax = 1/R, i.e. approximately 30 MeV for Pb-Pb
collisions. Compared to the longitudinal momentum p = wy — w;, which is of the order of several GeV,
the transverse momentum of the produced particle state is negligible. As a consequence its cm-system
will always move along the beam axis.

Instead of the two photon frequencies w; and w, we now introduce the center-of-momentum rapidity
y= %ln %%l = %ln “, where according to (3.10) E = w; +w; and Fj = w; — ws, and the Mandelstam
variable s = 4wyw, = 4w?. After a transformation of the integration variables in Eqgs. (2.55) and (3.7),
ie.w =wet¥ and w, = we™¥, we then obtain

d o.red

dy

= /db 27h /dw 2w [n”(we“,we"’;i;) aﬂ""x(s)
2R
+ni(wet we¥b) af’"x(s)]. (3.11)

w is the photon energy in the center-of-momentum system of the two photons.

As an example the rapidity dependence of the differential cross section do™*d/dy normalized to o™ for
the production of a fermion pair with four different masses my in a Pb-Pb collision at LHC energies (y =
3000) is presented in Figure 3.3. As one expects from a symmetric collision, the rapidity distribution
is symmetrically peaked around y = 0; therefore, we only present the rapidity dependence for positive
values, The rapidity distributions for heavier fermion masses are more narrow around y = 0 than the
corresponding ones for lighter fermion masses.
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Figure 3.3: Normalized rapidity-dependent reduced cross section for fermion production for various masses m s in Pb-Pb
collisions at LHC energies (v = 3000).

Only if the detector outline of the RHIC and LHC heavy-ion experiments would have a full rapidity
coverage the expression (3.11) is relevant. The suggested detector of the ALICE collaboration at LHC
will only cover charged particles in the polar angle range 45° < © < 135°, which corresponds to
pseudorapidities of 7 < 0.9. In order to fully characterize the produced particle state not only its
center-of-momentum rapidity, but also the rapidities of each single produced particle has to fall into
this rapidity range. For example, both fermions of an electromagnetically produced ferimon pair have
to be detected in order to reconstruct the invariant mass, the total rapidity and the total transverse
momentum. This requirement to detect all particles in a rather narrow rapidity range of course reduces
the observed productions rates.

The detection of the produced boson or fermion pairs requires to consider their individual rapidities §

x Jmax do_"y]rx
ol = / dg J——d_ , (3.12)
Y

~Pimax
where Jmax 1s the maximum available single rapidity
B 11 @+ V&t —m? 11 148
x=-In |——————]==-In | —=
Fmax = 3 /"3 3
with 8 = (1 —4m?/s)/%. m represents the particle mass and s = 4wyw, = 452, The maximum
available single rapidity is reached by a particle if it has no transverse momentum. It is considered
in the center-of-momentum system of the two photons, which is identical with the rest system of the

produced pair, so that one particle has the single rapidity § and the other —3.
The ALICE detector cut |tan#| > 1 = a.y can be expressed in terms of rapidities:

sihjy£gl o 1 (3.14)

\/1 — (1 =% cosh?y ~ Geut

Then a modified cross section results, which takes the rapidity cuts into account:

(3.13)

ot — _7 dw 2% 7‘ dy ]Odb 2% b [n"(u_)e*’y,we“y;g) &ﬁ”ﬂx(s)

Wmin —Ycur 2R
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+ ny(@et,mev;5) 7 ] (3.15)

where Wi, = m. The limits of the rapidity integration results from (3.14) with g =0:

Yeut = arcsinh ( b ) . (3.16)
Qcut
The modified elementary polarization dependent cross section are
2
W—'b"b‘ = % (=1 =2B% + 38*)§cue + 3(1 — %)* sinh Four cosh §eys + 2tanh gm}
~ bt To’ 2 4y 2\2 o] = h hi 7
o1 = —S_ (_3 + ZB + 5 )ycut + (1 - ,@ ) sinh Yeur €OSh Yo + 2tan ycut} (31 )

for the production of a boson pair and

2
Gt 2ra

ot o el T {(7 - 267~ B5eut = (1~ B sinh eur cosh fous — 2tanh Geus}  (3.18)

{(5 +28% - 36")Fcur — 3(1 — $%)? sinh eye cosh Feye — 2tanh gcut}

for the production of a fermion pair.
Besides the kinematical quantities s and 3 they also depend on the parameter %.,,, which follows from
the cut condition by determining the maximum available single rapidity ¥:

1, (1487 +a2,) +2/B2(1 + a2,) — alu(1 — B7)sinh’y
dow = L 1n (3.19)
2 (1 =32+l et)
Furthermore, for Jeyt < Jmax One has to apply
Syb b f T bt fY
i =0/ , (3.20)

because no rapidities larger than the maximum single rapidity (3.13) are allowed.

In Figure 3.4 we show the rapidity distribution for the production of a fermion pair production the
rapidity cuts for the ALICE detector. In contrast to Figure 3.3 the rapidity cut reduces the maximum
measurable rapidities to about 0.8. The cut—off ensures that both fermions are measured. - For particle
states with rather small masses the reduction in the cross section will be pronounced by more than one
order of magnitude, but for those particle states with high masses, in which we are mainly interested
in, the reduction is not too severe.

3.3 Production of neutral mesons

The two-photon processes in relativistic heavy-ion collisions are of particular interest for meson spec-
troscopy. Neutral mesons do not couple directly to the two photons, so that the latter probe the quark
content of the mesonic final state. This information enters into the two-photon decay width I'p_,.,
which forms an essential part of the elementary two-photon production cross section (3.2). Hence,
peripheral relativistic heavy-ion collisions offer the possibility to produce resonant heavy meson states,
open g (jets) as well as vector meson states and exotic QCD bound states like glueballs, hybrids or even
many-quark systems, and to study their electromagnetic properties such as for example decay widths
and form factors. — Furthermore, the heavy-ion option perfectly supplements the meson production ob-
served in e*e~-collisions. There, mesons with an even C quantum number can not be produced directly
by e*e -annihilation; only by two-photon fusion processes. But then due to the enhancement factor
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Figure 3.4: Normalized rapidity-dependent reduced cut cross section for fermion production with variable mass
my in Pb-Pb collisions at LHC energies (y = 3000).

Z* the yy-luminosities occuring in relativistic heavy-ion collisions exceed those achieved at existing or
future e*e~-colliders by many orders of magnitude [27, 110].

As can be deduced from the elementary cross section (3.2) for the production of a neutral boson we
have assumed a narrow resonance. Usually a Breit-Wigner form is taken, which results in a resonant
delta function for Ty, <« Tiot, where [y is the total decay width of the meson. Consequently, one
integration in Eq. (2.55) is trivial due to the occuring delta function §(s — m?) in (3.2), where m is
the meson mass and s = 4wyw,. To estimate the cross sections for the electromagnetic production of
neutral mesons in peripheral ultrarelativistic heavy-ion collisions we take the corresponding two-photon
decay widths from experimental data [103, 21, 84]; they are listed in Table 3.3 for various mesons.
The lightest meson known in nature is the pion 7° with a mass of about mp = 135 MeV and a
two-photon decay width of [';, = 7.7 £ 0.6 V. Because of the relative small mass most of the pions
are produced outside the central collision region. Hence, the reduction of the total cross section with
respect to the impact parameter cut b, = 2R has no dramatic consequences and is of the same order of
magnitude as the uncertainty in the two-photon decay width. In a Au-Au collision at RHIC energies
(¥ = 108) we compute a total cross section of ¢®F4 = 6.20 mb and a reduced cross section of g™¢ = 5.72
mb, in a Pb-Pb collision at LHC energies (y = 2750) we get c5°A = 44.05 mb and ¢ = 42.94 mb
and in Ca-Ca collision at LHC energies (y = 3750) we calculate 0B = 0.177 mb and o™¢ = 0.167
mb. In Table 3.2 we summarize the reduced cross sections of various mesons. These results are in fair
agreement with similar calculations in Refs. [24, 94]. For the production of a mesonic state with high
spin, e.g. f4(2050) with a decay width of Iy, = 1.4 keV, an additional factor of (2J + 1) = 9 increases
the cross section.

Also heavier mesons which contain ¢ and b quarks, as for example 7., x. and #;, can be produced in
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meson | J¥C [ m[GeV] | T,, [keV]
70 0t | 0.135 0.0677
7 0-t | 0.547 0.51
7(958) |0+ | 0.958 45
£o(975) | 0t | 0974 | 0.25
£o(1250) | o++ | 1.250 3.4
£01270) | 2++ | 1.275 3.19
a(1320) | 2+ | 1.318 1.14
m(1670) | 27+ | 1670 | 1.41
£4(2050) | 4++ | 2.05 1.4
Te 0=t | 2.98 6.3
Xe 0t+ | 3.42 5.6
m 0+ | 9.37 0.4

Table 3.1: Properties of the mesons considered.

meson v=108,Z =179 ~ =2750,Z = 82 v =3750, Z = 20
ot [ub] | o™ [ub] || o™ [ub] [ o™ [ub] || o™ [ub] [ o™ [ub]
70 6198 5721 44056 42937 177 167
n 1528 1285 20689 19897 85.8 78.4
n 1280 989 25984 24780 110 98.1
fo(975) 126 90.9 2674 2496 11.3 9.88
fo(1250) 488 332 12643 11728 53.8 46.5
f2 1008 679 26616 24674 113 97.9
az 377 252 10304 9542 43.9 37.9
Ty 155 104 5500 5188 23.6 20.6
fa 38.3 22.1 1758 1605 7.62 6.39
Ne 7.19 3.66 598 555 2.64 2.21
Xe 3.00 1.36 343 290 1.44 1.15
7 1.4-107* ] 2.0.10°% 0.466 0.406 1.9-107% | 1.4. 1073

Table 3.2: Cross sections for the production of different scalar and pseudoscalar mesons in two—photon processes
mediated by various heavy-ion collisions at different energies. The second and third column refer to RHIC in the Au+Au-
mode, whereas the last four columns refer to LHC in the Pb+Pb- and Ca+Ca-mode, respectively.

peripheral relativistic heavy-ion collisions [23, 67, 69, 94]. For the electromagnetic production of 7,
we obtain reduced cross sections of o*¢ = 1.951 - 10~ ub for Au-Au collisions at RHIC (v = 108),
o4 = 0.406 pb for Pb-Pb collisions at LHC (y = 2750) and o™*¢ = 1.356-10~3 b for Ca-Ca collisions at
LHC (v = 3750). With an expected RHIC (Au+Au) luminosity of L = 2- 102 cm~2 sec~! and a beam
time of 107 sec (~ 1/3 year) we arrive at an integrated luminosity of £ = 2.0 /nb, which translates into
0.04 produced n; per year. For LHC (Pb+Pb) we have L = 1.6 - 102" cm™2 sec™! and a beam time of
108 sec (= 1/30 year), which results in £ = 1.6 /nb; hence about 650 n,-mesons can be produced per
year. Recently it was discussed to accelerate Ca rather than Pb at LHC because of its much better Z /A
ratio, which leads to a higher collision energy with v = 3750 and, what is more important, to a more
than three orders of magnitude larger luminosity, i.e. £ = 4000 / nb [35]. With the calculated reduced
cross section for 7. production the expected particle production rate is about 5424 per beam year.
This demonstrates that the various heavy-ion modes at LHC offer excellent opportunities to search for
unexpected heavy mesons in the mass range of 10 GeV and above.

Other interesting mesons, which could be studied in peripheral ultrarelativistic heavy-ion collisions are
glueballs or hybrids, which contain several gluons and quarks. These exotic particles are believed to
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exist due to the self coupling of gluons and are predicted by QCD. Of course, pure glueballs consisting
only of gluons can not be produced directly by two photons. However, the glueball states can mix with
other hadronic states in order to form a new physical state, which in fact may decay into two photons.
A definite experimental evidence for their existence has not been provided, but the general point of
view is, that glueballs should be produced in reactions involving J/¥ decays [61]. Several theoretical
models describe the physical properties of various glueball states: MIT bag model, potential models,
QCD sum rules, lattice gauge theory, flux-tube models, method of vacuum correlators [39, 48]. There
are several exotic quantum number combinations JFC, which are kinematically forbidden for ¢ states,
e.g. 077, 0%~ and 17*, and would provide a direct evidence for the existence of glueballs.

Here we consider two glueball candidates, i.e. 7(1440) with mass m = 1440 MeV, JF® = 0=* and
f2(1720) with mass m = 1713 MeV, JF¢ = 2%+ [103]. The two-photon decay width is the relevant
quantity entering into the calculation of the reduced cross section. Several groups evaluated the two-
photon decay width of n(1440) with the above mentioned QCD models; the results are 4.3 keV [38], 2.5
keV [58, 7], 15.9 keV [75] and 3.7 keV [61]. From the experiment one can deduce an upper limit for the
two—photon decay width of 3.2 keV [39]. The two-photon decay width of f3(1720) seems to be in the
keV region [39], whereas the experimentel limits are below approximately 0.3 keV [87].

In Fig. 3.5 we present the reduced cross section of the two glueball candidates in dependence on their
unknown two-photon decay width for RHIC and LHC energies. As we can see the calculated cross
sections vary between 0.001 mb and 100 mb depending on the two-photon decay width. Assuming
Iyy = 1 keV about 10° glueballs are produced at RHIC with an assumed integrated luminosity of
£ = 2.0 / nb, whereas at LHC about 107 glueballs per year are produced in Pb-Pb collisions assuming
£ = 1.6 / nb and about 10® glueballs in Ca-Ca collisions with the higher integrated luminosity of
L = 4000 / nb. These results agree with the ones from Ref. [95].

100 . ———rt —r

— 17(1440)
.......... £,(1720) et

0.01

3
Pb-Pb (4=3000)
Au-Au (=108) ]
Ca-Ca (v=3750) |

0.001 . .
0.1 1 10

' (keV)

Figure 3.5: Reduced cross sections for the electromagnetic production of the two glueball candidates 7(1440) and
f2(1720) for different collider systems. From top to bottom the lines refer to LHC in the Pb-mode, RHIC and LHC in
the Ca—mode, respectively.

An additional possibility to produce mesons in peripheral ultrarelativistic heavy-ion collisions is given
by Pomeron-Pomeron exchange [111]. For the case of light mesonic resonances cross sections are about
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one order of magnitude larger compared to the two-photon fusion cross sections [94]. For the formation
of charmed mesons they are comparable and for the production of bottom mesons the two-photon
fusion process dominates the Pomeron-Pomeron process. The same comparison was performed for the
production of glueballs [95].

3.4 Production of charged meson pairs

As for the neutral scalar and pseudoscalar mesons considered before the electromagnetic production
of a pair of charged mesons in a relativistic heavy-ion collision would allow to study their properties
as electromagnetic formfactors, decay modes and decay widths. — For our estimates we will assume
the charged mesons to be pointlike charged bosons; hence, we will also neglect final state interactions.
Table 3.3 lists the total and reduced equivalent photon cross sections (2.1) and (3.7), respectively.

meson | mass [GeV] ~v=108,Z =179 ¥y=2750,Z =82 || v=3750,7Z =20
o' [ub] | o™ [ub] T o** [ub] [ o™ [ub] [| o%F [ub] [ o™ [ub]
nt 0.140 14762 12159 181034 172005 749 676
K* 0.494 218 145 6985 6452 30.0 25.6
D* 1.87 0.599 0.219 178 155 0.821 0.609
Df 1.97 0.449 0.158 153 133 0.789 0.522
B* 5.28 25-107* [ 1.4.10"8 7.64 6.00 0.039 0.021

Table 3.3: Cross sections for the production of different charged meson pairs in two—photon processes occuring in various
heavy-ion collisions.

Again, these results demonstrate that only at the LHC facility heavy charged mesons can be produced
in reasonable numbers. The rapidity cuts due to the ALICE detector layout mentioned in Section 3.2
further reduce the production rates of the heaviest charged mesons by only a factor of 2-3. With the
RHIC collider there is hardly a chance to search for unexpected heavy charged mesons.

3.5 Production of leptons and quarks

The electromagnetic production of leptons in relativistic heavy-ion collisions is interesting for several
reasons. On the one hand it can provide informations about the current collider luminosity [35] and on
the other hand electromagnetic properties such as a hypothetical magnetic quadrupole moment of y*
and 7* can be studied [10] in order to test the point-like behavior of the leptons [10]. - The violation of
unitary in case of e*e™ pair production has been discussed by many authors; see for example [25, 29, 76].
Unfortunatly, the electromagnetic production of e*e~ can not be described by the Weizsacker-Williams
approach because of the very low electron mass; we have already discussed this point at the end of
Section 2.2. For the electromagnetic production of u* pairs of course no unitarity violation remains.

fermion | mass [GeV] || y=108,7 =79 v =2750,Z = 82 v =23750,Z = 20
0** [ub] | 0™ [ub] || o™ [mb] [ o™ [mb] | o™ [ub] [ o™ [ub]
uE 0.1057 208329 | 177789 2360 2257 12303 11907
Tt 1.777 3.77 1.35 1.273 1.116 8.79 8.07
c* 1.5 5.56 2.25 1.230 1.089 8.27 7.63
bE 4.5 0.0028 0.0023 0.024 0.021

Table 3.4: Cross sections for the production of various fermion pairs in two—photon processes occuring in relativistic

heavy-ion collisions.
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In Table 3.4 we list the results for the equivalent photon cross sections (2.1) and (3.7) without and with
impact-parameter cuts for the production of p* and 7% pairs. In terms of production rates per year the
reduced cross sections translate into 3.5 10% u* and 2.7 - 10% 7% pairs for Au+Au collisions at RHIC
with an integrated luminosity of £ = 2.0 / nb, 3.6-10° 4% and 1.8-10° 7% pairs for Pb4Pb collisions at
LHC with an integrated luminosity of £ = 1.6 / nb, and 4.8 - 10'® 4* and 3.2- 107 7% pairs for Ca+Ca
collisions at LHC with an integrated luminosity of £ = 4 -10% / nb. These large numbers demonstrate
that the heavy leptons indeed represent a very good measure to extract current beam luminosities.
Table 3.4 also lists the calculated cross sections for open heavy quark-pair production. The lowest
order elementary two-photon fusion cross sections (3.5) and (3.6) have been corrected for the adequate
electric charges of the quarks and for a factor due to the colour degrees of freedom. These cross sections
represent approximate upper bounds for the production of heavy charged mesons; compare with the
previous Section on D*, DT and B* production. — Since the incoming two equivalent photons practically
have no transverse momenta, the two quarks are produced with opposite p . Replacing the elementary
two-photon cross section .yg5 by doy,o4/dpL in the equivalent photon cross section (2.1) we are able
to estimate the differential cross section do%¥% ;/dpy with respect to the transverse momentum of a
single quark. An expression for do.,,4/dp, is straightforwardly derived from the lowest order Feynman
diagrams for the two-photon production of a fermion pair. The results for bb- and cz-production are
depicted in Fig. (3.6). They indicate that for the bb-case larger transverse momenta are pronounced
over small transverse momenta; this is not the case for c¢-production. This effect is explained by the
higher mass of the b-quark in connection with the elementary two-photon fusion cross section: for larger
masses the fermions are more and more produced away from the beam axis.
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Figure 3.6: Differential equivalent photon cross section do/dpr for the production of b— and c-quark pairs in heavy-ion
collisions at LHC.

QCD corrections for the production of quarks can not be neglected. This is due to the fact, that even in
the region of heavy quarks like c- and b- quarks the strong coupling constant ag can not be considered
to be small. In first order perturbation theory the QCD corrections correspond to the emission of a
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Gabainl on oo anft naal sluon. The modification of the elementarv two-nhoton cross section for the process
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¥y — ¢ reads [50}:
4dmaPelN, am? [ 4o, z 2\ ]
™
(1) () g*'e m s _ _ -
Orrsqi{Sv7) = Omyosgq(Smy) + 1- 1+ 3 2 S+ 3 - (3.21)
Sy Sy T \2/1 —4m?/s.,

Here, a,(,?,)_,qq(sw) is equal to the lowest order expression given in expressions (3.5) and (3.6). Insertion
of (3.21) into the equivalent photon cross section (2.1) leads to an 80% enhancement; this is illustrated
in Fig. 3.7.
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Figure 3.7: The ratio ¢(})(EPA)/¢{®) (EPA) for quark pair production with variable quark mass my in Pb-Pb collisions
at 2.75 TeV /Nucleon.

3.6 Production of supersymmetric particles

The concept of supersymmetry (SUSY) [91, 122] provides a promising candidate for the unifying de-
scription of all fundamental interactions in nature. SUSY requires a symmetry transformation between

bosonic and fermionic degrees of freedom. Consequently bosons like gauge and Higgs bosons have su-

persymmetric fermionic partners, and fermions such as quarks and leptons have superpartners which
are bosons. Except for the particle spin supersymmetric partners carry the same quantum numbers. It
is a fundamental prediction of SUSY that every particie is related to a superpartner that differs by haif
a unit of spin. Furthermore, supersymmetric particles have to be created in pairs. Relatively model
independent bounds on the masses of various supersymmetric particles are: m_x > 45 GeV, m_x > 99

GeV, m; > 45 GeV (I=¢pn, #) {103). Considerable improvements of these mass bounds are expected
from the energy upgrade of LEP II.

The electromagnetic production of supersymmetric particles in relativistic heavy-ion collisions has been
studied in Refs. [69, 100, 108, 119]. In lowest order it is the charge of supersymmetric particles which
determines the coupling to the two incoming equivalent photons, and it is their mass and the collider
energy which determine the production cross sections. Consequently, the expressions for the elementary
two-photon cross sections stated in Section 3.1 for the production of bosons and fermions can be applied.
Due to the large masses (m > 50 GeV) of the supersymmetric particles, the Au+Au collisions at RHIC
are not suited to produce such heavy particles. Also at LHC the Pb+Pb mode does not seem to be too
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attractive because of its rather low integrated luminosity. Hence, the Ca+Ca mode at LHC appears
to be most promising for the production of such heavy particles as supersymmetric particles. Fig.
3.8 depicts the reduced equivalent photon cross section (3.7) for the production of shosons, which are
supersymmetric partners of fermions, and sfermions, which are supersymmetric partners of bosons, in
dependence on their assumed mass for Ca+Ca collisions with vy = 3750. With an integrated luminosity
of £ = 4-10%/nb this would lead to a production of 66 sfermion pairs and 354 sboson pairs with single
mass m = 50 GeV per year.
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Figure 3.8: Reduced equivalent photon cross section oreq for the production of sbosons and sfermions in dependence
on their mass for Ca+Ca collisions at LHC (y = 3750).

3.7 Production of Higgs bosons

After the recent detection of the top quark [1, 2], the existence of the Higgs boson remains the last
important open question for a validation of the Standard Model. It is searched for at ete™ colliders
(LEP) and at pp colliders (TEVATRON, LHC). But also relativistic heavy-ion collisions represent an
opportunity to produce Higgs bosons via two-photon fusion in a rather clean environment. This option
has been discussed intensively [5, 24, 37, 49, 66, 67, 68, 71, 92, 96, 99, 138] It turned out that due to the
large background processes vy — bb and g — bb intermediate mass Higgs signals via the dominating
decay into bb seem unlikely to be detectable; the production rates are too low. For the Ca+Ca mode at
LHC the situation is different as it comes with a much higher luminosity and a slightly higher collision
energy per nucleon. This possibility has been discussed in Refs. {101, 132].

The Higgs boson is a scalar boson. In order to calculate the equivalent photon cross sections we need
to determine its two-photon decay width, which enters into the elementary two-photon cross section
(3.2). It is given by

2
CHany = —SED. ol |12 (3.22)

8213
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where the dimensionless quantity
1| =Aw + Ar + As. (3.23)

reflects the contributions of W-bosons, fermions and ghosts in the triangle coupling between the Higgs
boson and the two photons [22, 119]:

Ay = BmE,V " 2md, [2_ 3mfv] g (ﬁ) ’

2 2

My my My My
2,2 2 2
eymy 4m% my
Ar = =Y 2= -1)g| ]| "
7 Mu my my
2 2
As = E_Ezﬂ <m_‘2V) (3.24)
2 myi” \my

The function g reads
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The mass of the top quark has been set equal to mo, = 175 GeV.

Fig. 3.9 displays the calculated reduced cross section (3.7) for the production of the SM Higgs boson
in Ca+Ca collisions at LHC (v = 3750) in dependence on its mass. In the intermediate mass regime
mz < my < 2mw the reduced cross section 0™ is approximately around 1 pb. The small enhancement
around my & 2mw = 160 GeV is due to the resonant behaviour of the W-boson running around in the
triangle coupling between the Higgs boson and the two photons. Assuming a Higgs mass of my = 100
GeV and a luminosity of L = 4-10%°cm~257! with a running time of 10® (107) s for the Ca+Ca mode
at LHC about 4 (40) SM Higgs bosons could be produced per year.

T

The main decay channel of the intermediate SM Higgs boson is into bb [74]. Therefore the irreducible
background resulting from vy — bb fusion processes has to be considered. The differential reduced
cross section do/dM,; with respect to the invariant mass My; = /4 wyw; can be calculated from Eq.
(3.7). With an optimistic mass resolution AM,; = 1 GeV the Higgs signal surpasses the background
signal for masses above 100 GeV. The statistical significance N,/+/N, + N; with N, and N, denoting
the number of signal and background events would be 4.5 for a SM Higgs boson with a 100 GeV mass
and a LHC running time of about 1/3 year = 107 sec. Of course, larger mass resolutions and less beam
time reduce the statistical significance.

Besides the direct background vy — bb an additional background results from photon-gluon fusion into
bb [72, 19]. A photon stemming from the one colliding nucleus penetrates into the other nucleus and
fuses with one of its gluons. This process will be described in more detail in Sect. 4.2. The results for
the differential cross section do/dM; for 7g — bb in a Ca-Ca collision at LHC energies (y = 3750) is
also plotted in Fig. 3.9 assuming the optimistic mass resolution AM = 1 GeV. Apparently this process
overwhelms the production signal from the Higgs boson by about three orders of magnitude.
Kinematical cuts like rapidity cuts increase the ratio of signal to background events [132], but in view
of the rather small absolute Higgs production rates no severe cuts can be introduced. As a consequence
it appears that the intermediate mass SM Higgs boson will only be detectable in Ca4Ca collisions at
LHC if a veto trigger on g fusion events could be found. The difference between photon-photon fusion
and photon-gluon fusion processes has to be studied in more detail. Since the bb quark pair produced
by photon-gluon fusion is a color octet state, the quark pair has to radiate a gluon to become a singlet
state. This automatically would lead to the disintegration of the Ca nucleus. Hence, a fragmentation
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Figure 3.9: Reduced cross section oreq for the electromagnetic production of a SM Higgs boson in dependence on its
mass for the Ca+Ca collider mode at LHC. Also displayed are the differential cross sections do™d/dM,; for the two
background contributions ¥y — bb and vg — bb.
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trigger could be suitable to distinguish between 77 and ~yg processes. Furthermore, the quark pair
resulting from two-photon processes in Ca-Ca collisions obtain a maximum total transverse momentum
Ap, = 2/R =~ 100 MeV in contrast to Ap, &~ 1/R + 1/r =~ 250 MeV (r and R denote the radii of
the nucleon and the nucleus, respectively) for photon-gluon processes. This has to be studied in more
detail.

The overall situation might change if the production of Higgs bosons required from the minimal super-
symmetric extension of the standard model (MSSM) is considered. The electromagnetic production of
intermediate mass MSSM Higgs boson may be enhanced over the SM Higgs boson by a factor of about
10 for certain choices of the free model parameters [69]. Therefore the number of bb resulting from
produced MSSM Higgs Boson decays is enhanced for these specific parameter choices with respect to
the SM Higgs signal. On the other hand, the background of directly produced b remains unaffected.
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So far we have discussed two-photon induced particle production processes in relativistic heavy-ion
collisions. As the two equivalent photon swarms collide one photon steming from the first swarm
fuses with another photon emerging of the second swarm to produce purely electromagnetically the
exotic particles. But these are not the only electromagnetic processes occuring in peripheral heavy-ion
collisions. Depending on its energy an equivalent photon associated with one nucleus might interact
with the other nucleus as a whole, or might penetrate into the latter to interact with one of its nucleons
or even with one of its partons. In this Section we will discuss two processes falling into this category:
Coulomb dissociation and photon-gluon fusion.

The strong Lorentz-contracted electromagnetic field of one of the nuclei leads to the dissociation of
some nucleons or to the disintegration of the other nucleus. This process is of great importance for the
design of the relativistic heavy-ion colliders RHIC and LHC as it implies limits to the beam luminosities
of the heavy-ion mode with Au and Pb nuclei, respectively.

The fusion of a photon and a gluon leads to the production of a pair of heavy quarks. Its invariant

mass spectrum provides direct information about the o-]nnn distr ]n ion of a nnrlpnn within a nuclear

mass Speciruin pr 1aes GIrect 1NIoriration adoul e giuon 10T mucieon thn & nuciear

medium.

4.1 Coulomb dissociation

To describe the interaction of the strong transverse electromagnetic field being associated with nucleus
B with the other nucleus A, which leads to its dissociation (or disintegration), we again employ the
equivalent photon approach. The cross section for the Coulomb dissociation process can be estimated
according to

Gie = / b db / dw np(w,b) oy a(w) = / P(b) 2rb db . (4.1)

b>2R b>2R

Here only peripheral collisions (b > 2R) are considered in order to avoid any direct hadronic interaction.
The equivalenu yuuu‘)n spectrum n\w,u; indicates the number of real puubOﬂS with ENneErgy w at the
distance b, which represents the impact parameter. The photon spectrum is given by Eq. (2.28) and is
displayed in Figure 4.1. Due to its asyinptotic behavior (2.29) n(w, b) is multiplied with w and b?; this
explains that the depicted quantity wb® n(w,b)/Z? is constant in the low w-regime and does not depend
on the collider energy. Here the effective Lorentz factor Yeg taken in the rest frame of the collision
partner A enters. It is related to v in the c.m. system of the two colliding heavy ions by a Lorentz
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transformation:
Yr=2v" -1 . (4.2)

This Lorentz boost leads to a tremendous increase of the maximum photon frequency wmax = 7Yerr/ R
contained in the electromagnetic field of the first nucleus; for Au-Au collisions at RHIC (y = 108) we
find wyax & 500 GeV and for Pb—Pb collisions at LHC (y = 2750) we get wmax = 400 TeV.
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Figure 4.1: Equivalent photon-distributions in the rest frame of nucleus A
are displayed for RHIC (Z = 79,4 = 108; dotted lines) and LHC
(Z = 82,4 = 2750; solid lines). The upper lines refer to b = 10
fm, the middle ones to & = 100 fm and the lower ones to b = 1000
fm.

A modified equivalent photon spectrum was suggested [19, 72], which takes the impact parameter of
the single constituent of the nuclei into account because of the strong dependence of the equivalent
photon distribution on the impact parameter for close collisions; consult the next Subsection. But as
estimated, impact parameters up to 1000 A are contributing to the dissociation cross section for LHC
energies. Therefore the simple form of the equivalent photon distribution can be used.

As far as they are available we will use experimental data for the elementary photo-absorption cross
section {11]. At least two sets of data are existing, one is for Pb up to a photon energy of 80 GeV, the
other one is for Au up to an energy of 9.5 GeV. So we will use the Pb data scaled down by the mass
ratio % for gold. In order to take higher energetic photons with w > 80 GeV into account the photon-
nucleus cross section has to be extrapolated up to w & v/R. At these high energies the photon does not
interact purely electromagnetically with the nucleus but also by its hadronic structure [117] resulting
from vacuum fluctuation of the photon such as v = n*7 ", p,w, ¢4, qdg, etc. [133]. To extrapolate o.,4
we adopt the proton absorption cross section measured extensively for w < 200 GeV and for w ~ 20
TeV at HERA [136], which results in the actually applied fit

Tua= A (X +Y 577 (4.3)
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s & 2M,w is the c.m. energy in the yp system, where M, denotes the proton mass and the used
parameters are ¢ = 0.0808, n = 0.4525, X = 0.06 mb/GeV? and Y = 0.16 mb/GeV?. Az = A”® takes
nuclear shadowing into account [59].
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Figure 4.2: The photo-absorption cross section used {dashed line) in compar-
ison with experimental data (little circles). For photon-energies
larger than 80 GeV we used (4.3)

The photo-absorption cross section per nucleon is displayed in Fig. 4.2. It consists of a superposition
of different multipolarities. The main contribution to the dissociation results from the excitation of the
giant resonance in the energy region from 6 to 40 MeV, which predominantly leads to the emission of
single nucleons. These processes will occur even if the two nuclei pass each other at large distances. At
energies from 40 MeV to 2 GeV the formation of quasi~deuterons and A-resonances becomes important.
At even higher energies the hadronic structure of photons determines the photoabsorption cross section.
Some care has to be taken with the straightforward insertion of the interpolated photo absorption cross
section 0,4(w) into the expression (4.1) for the dissociation cross section o4;s. For small impact para-
meters the Coulomb dissociation probability P(b) exceeds its maximum value one [127] and therefore
violates unitarity, which would be restored by taking into account higher-order corrections like multi-
photon exchange. Whenever P(b) becomes larger than one, we artificially reduce it down to one; this
procedure has only a minor impact on the dissociation cross section og.

In Table 4.1 we list the calculated total Coulomb dissociation cross sections for the various heavy-
ion collider modes. In order to estimate the contributions from very high-energetic photons (w > 80
GeV) we distinguish between a cross section a;,‘i‘;i,' +» Which integrates over the total photon frequency
spectrum, and o4 which integrates only over photon energies up to w = 80 GeV. Both cross sections
have been unitarized, i.e. P(b) < 1. For the Au-Au mode at RHIC the high energetic equivalent photons
practically have no influence on the dissociation cross section; our calculated value is in accordance with
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the result of Ref. [109]. On the other hand for the Pb-Pb mode at LHC the photons with w > 80 GeV
increase og; by about 10% from 192 b to 214 b. Results presented in Refs. [19, 23] are systematically
lower as they have neglected contributions from the quasi-deuteron region.

Collider | Ions Energy iy (b) | ogn' (b)
RHIC | Au-Au | 108 GeV/Nucl. 88.15 87.62
LHC | Pb-Pb | 2.75 TeV/Nucl. | 214.04 191.84
LHC | Ca—Ca | 3.75 TeV/Nucl. 2.77 2.40

Table 4.1: Dissociation cross sections for different nuclei colliding at different accelerators. The left column refers to
cross sections including the high—energy tail of the photo—absorption cross section of Fig. 4.2, the right column is without
this, excluding photon-energies of more than 80 GeV.

These calculations of the dissociation cross sections imply some serious consequences for the heavy-ion
collider luminosities. A new calculation of the expected luminosities was presented in Ref. [35]. Taking
into account the three contributions which reduce the heavy-ion luminosity, i.e. Coulomb dissociation,

electron-positron pair production with caputure and nuclear interactions, the luminosity is expected to

......... OSILTo oaucg1on Capuiure a uclea)l LETACLIOY 0O JUMinoesity 1s €

be L = 1.6-10% crn’2 o for the Pb-Pb mode and L = 4.0-10%° cm~2?57! for the Ca-Ca mode at LHC.
These results imply that in comparison with the Pb-Pb mode the Ca-Ca mode is more attractive for
two-photon fusion and photon-gluon processes in relativistic heavy-ion collisions. Because of the lower
charge of Ca compared to Pb, the cross sections for two-photon fusion processes are smaller by a factor
of (20/82)* ~ 0.0035, but on the other hand the more than three orders of magnitude difference in the
expected luminosity will lead to about one order of magnitude larger production rates. Furthermore,
due to the better Z/A ratio the energy per nucleon is larger for Ca in comparison to Pb. This finding let

also to a reconsideration of the electromagnetic Higgs boson production in Ca-Ca collisions [101, 132].

4.2 Deduction of the in—-medium gluon distribution via photon-
gluon fusion

The production of ¢z and bb quark pairs by single photon-gluon fusion processes in peripheral ultrarel-
ativistic heavy-ion collisions offers the possibility to extract informations about the gluon distribution
in a nuclear medium [19, 72, 79]. This process has also been suggested for the direct measurement of
the gluon distribution of a nucleon in ep collision at HERA [60]. Measuring the gluon distribution of a
bound nucleon utilizing the photon-gluon fusion process yg — ¢§ in ultrarelativistic heavy-ion collisions
might represent an important supplement for a better understanding of the original EMC effect [103].
Thiw gluon distribution could be quite different form what it is in free nucleons.

The formalism to describe photon-gluon fusion is in close analogy to the impact-parameter dependent

equivalent photon method. Two heavy ions moving on classical straight trajectories collide with an
equivaient photon methoq. heavy lons mov ing on ciassical straignt trajectories coilide with an

impact parameter b. The strong Lorentz-contracted transverse electromagnetic field of one of the two
nuclei can be substituted by a swarm of equivalent photons. One of these photons penetrates into the
other nucleus and interacts with one of its gluons, which are described by a gluon distribution function.
The photon-gluon fusion cross section can be calculated by [19, 72]

o= [ [ dun [ dus lwn,b) g(2) Trgmae(s) (4.4)
2R
where .
7w, b) = /dazl N(Z1) n(w, 1~ B). (4.5)

N(Z,) denotes the nucleon number distribution projected onto the transverse plane.
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o

4

Figure 4.3: Impact parameter, nucleon and gluon coordinates in the transverse reaction plane for photon-gluon-
processes in ultrarelativistic heavy—-ion collisions.

The expression (4.4) can be deduced from a more complicated approach presented in [72], where the mu-
tual polarisation of the photon and gluon are taken into account in analogy with the impact-parameter
dependent equivalent photon cross section in Eq. (2.55): The polarisation dependent two-photon dis-
tribution functions are replaced by a polarisation dependent photon-gluon distribution function:

. 2
-' " » ~ N Arf - £ +3), —b)- 7
fyy(wy,wz; ) = /dzl / d#) n(wy, &L + &) — b) N(Z1) g(ws, &) (———————(wl Gl Il) . (4.6)

Here 7, represents the transverse distance of the gluon to the center of the nucleon, which has the
distance ¥ to the center of the nucleus in the transverse plane; see Fig. 4.3. g{wq, &} is the gluon
distribution function for a nucleon, which can be parametized by

9wz, 7)) = glw2) A(IZ,1) (4.7)
with [dZ A(|7",|) = 1. As a parametrisation for ~(]2", ) one can use a gaussian distribution

22

1 z
= _ L
R(|Z',|) = —2 XP (—;2‘> , (4.8)
where 7 represents the radius of a nucleon. If only peripheral collisions are considered,
EARYEE (4.9)

holds, and the photon-gluon distribution loses its polarisation dependence. As a result Eq. (4.4) is
deduced.

The elementary photon-gluon cross section 0.4-,4; entering in (4.4) has the same structure as the two-
photon cross sections (3.5) and (3.6); we only have to replace

2,4

e 2raa,e?
_)

2ma .
. (4.10)

q
s 28

The factor three reflects the color degree of freedom of the quarks in the final state produced by a colour
singlet, the two photons. e, denotes the electric charge of the quarks. The running coupling constant
«, is evaluated at the invariant mass scale Q2 = M? with

127

= 3320 (1)’ (1)

Qg
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546
where n; represents the number of active flavors (ny = 4) and A = 0.2 GeV.

We discuss three different variations for the nucleon number density N(Z,). A very crude ansatz is
(4190
(4.12)

that of a pOiIlt nucleus with
N (F)V=A-8F)
4ATpn\w.L} Slemt YAwLl)y

where A.g simulates nuclear shadowing [59]. A more realistic distribution, which was adopted in Refs.
[19, 72], is represented by the projection of a uniform sphere onto the transverse plane:

. - Ae
Nis(ZL) = 2/R? — &2 4_”‘2’3
3

In order to introduce a quantity such as an absorption length the following parametrisation of the

(4.13)

osed [72]:

nuclear number distribution has been prop
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Figure 4.4: The influence of the three different nuclear mass distributions onto the differential cross section da/db for
photon-gluon fusion into bb pairs; Pb-Pb collisions at LHC energies (4 = 3000) have been considered The subscripts hs, cs
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number density is still very simple, e.g., it does not account for a frequency dependence of the absorption
lenght.
The dependence of the differential cross section (4.4) with respect to impact parameter on the three dif-
ferent parametrisations of the nuclear number distributions is shown in Figure 4.4. Here, the production
of a bb pair with m; = 4.5 GeV is considered. For the gluon distribution g{w) we use the one of Ref. [98]
and for the photon distribution n{w,b) we take a Gaussian nuclear charge formfactor. Compared to the
pointlike nuclear number distribution (4.12) the impact-parameter dependent cross sections with the
distributions (4.13) or (4.14) lead to somewhat larger values for 10 fm < b < 30 fm. This is due to the
fact that nucleons closer to the electromagnetic source interact more with equivalent photons of larger
energies than more distant nucleons, which encounter equivalent photons of lower energies. Since the
equivalent photon spectrum is strongly nonlinear for this impact-parameter region, the contribution of
adjacent nucleons to do/db dominates over those of the more distant nucleons by up to about 20%. As
expected, for larger impact parameters the cross sections converge for the three parametrisations of the
nucleon number density. Since only peripheral collisions will be considered further the deviations for
b > 2R are irrelevant. For the remaining calculations we will rely upon the “cut sphere” ansatz (4.14).
It is more convenient to employ the rapidity y = 4 In(w;/w;) and the invariant mass M = /4 wyw, of
the photon-gluon system instead of the photon and gluon energies w;, and w;. Then the cross section
(4.4) becomes
o0 o
o= / 4% /
IR 2m,
p is the momentum of the nucleon, which is much larger than the invariant mass. This expression
demonstrates explicitly that the double differential cross section d‘)";"dy with respect to the invariant
mass and to the center—of-momentum rapidity of the produced quark pair is directly proportional to
the gluon distribution function g(w;) of a nucleon inside a nucleus. It could be directly deduced if the
double differential cross section is determined experimentally.

M. 7 M M
v [ ay g(—z-e"’> ﬁ(—z—e“,b> Frgmaa(s) - (4.15)

M
lni-’;

In Fig. 4.5 the double differential cross section ﬁfl}v is depicted for photon-gluon fusion into a bb-

quark pair in a peripheral Pb-Pb collision at LHC energies (v = 3000). It is assumed that the gluon
is emerging from the nucleus moving to the “left”, i.e. with negative rapidity. Hence, ﬁ;‘;—y is not
symmetric around central rapidity y = 0. The main contribution results from small negative rapidities,
because on average the gluons carry more momentum than the equivalent photons. With an assumed
LHC (Pb-Pb mode) luminosity of L = 2 -10% cm~%sec™!, a running time of T = 10° sec/year, a
rapidity window of Ay = 0.1 and an invariant mass resolution of AM = 1 GeV the contour line of
10 ub/GeV in Fig. 4.5 for the double differential cross section translates into a production rate of
2. 10° bb-pairs per year. Usually the gluon distribution is parametrized in terms of the dimensionless
variable z = wyfp = ‘;—ﬁ e ¥, so that g(w,) = g(z = &;})/p. For Pb+Pb collisions at LHC energies
the nucleon momentum is equal to p = 3000 GeV; hence z = ﬁe‘”. Then the two points
(y=-3.5,M =15 GeV) and (y = 1.5, M = 15 GeV) on the contour line 10 gbarn/GeV correspond to
z-values of z = 0.083 and z = 0.00056. The points (y = —4, M = 20 GeV), (y = -2, M = 35 GeV),
(y = 0,M = 35 GeV) and (y = 2,M = 20 GeV), all belonging to the contour line 1 pbarn/GeV,
correspond to z-values of z = 0.182, 0.043, 0.0058 and 0.00045, respectively. This demonstrates that
the photon-gluon fusion process into a bb quark pair occuring in peripheral ultrarelativistic heavy-
ion collisions at LHC represents a promising tool to determine the low z and very low z regime, i.e.
0.0005 < z < 0.15, of the gluon distribution in a nuclear medium.

The expression (4.15) assumes that we know from which nucleus the gluon originates. In practice this
will be hard to distinguish. The initial gluon and hence the produced quarks in the final state represent
a color octet. Color conservation will be guaranteed by the exchange of at least one soft gluon with
the participating nucleus, which therefore will break into fragments. This would be a clear trigger for
the nucleus, from where the gluon emerges. On the other hand, the electromagnetic dissociation cross
section of Pb is about 220 barn for LHC energies [127] and thus this process is undistinguishable from
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Figure 4.5: Double differential cross section dey for vg-fusion into bb pairs production in a Pb-Pb collision at LHC
energies (v = 3000); here the gluon originates from the nucleus moving with a negative rapidity.

the fragmentation process resulting from color conservation. For Ca+Ca collisions it might be possible
to detect from which nucleus the gluon comes, since the electromagnetic dissociation cross section is
about two orders of magnitude lower than in Pb-Pb collisions.

In case it is not possible to identify the nucleus from which th
has to be symmetrized:

(t;
f’f‘_
)

d%s
aMd = g(ws) {(wr,w2) + glwr) E(wz,wr) (4.16)
Y
with
\ /00,121\ = IAY ( 4 \ (417)
5(&/1,&4‘2; = ./ R Q70 MW, 0} Tygaggls = R1Wz; . (F.al)

As one can verify from (4.16) the double differential cross section d*/(d Mdy) is no longer proportional

AR NN SRS LINRUU: PUICHRND: [OINE) ANY'S.DUNIIL NP SAR P, RS . an ’
(0 ine In-meaiumn giuon daisirivuiion, Since in 5c11c1a1 (75} # Wa. Ouly if ¢ W) =Wy I8 \,uuS}dCfcd, the 511}\;“

distribution again can be directly extracted from the measured double differential cross sections. This

particular case corresponds to zero-rapidity: y = 1/2In(w;i/we) = 0.

In Figure 4.6 the symmetric double differential cross section d;l‘;y o is displayed in dependence on
y=

the invariant mass M of the produced bb quark pair in a Pb-Pb collision at LHC energies. Various
n—lunn distributions have been used: two old pnrampfriqaﬁnnc of Duke and Qwens ['\ﬂ and a new
parametnsatxon of Owens [98); the resolution momentum has been set equal to Q? = M?. 2 Also the last
parametrisation has been used agaln but with a rescaled Q% = 2M?; this has been suggested in Ref. {89]
for the in-medium gluon distribution. For small invariant masses M the different parametrisations for
the gluon distribution result in variations for dMZul by a factor of 1.5; for larger invariant masses the

deviations are smaller. - For invariant masses in the range 10 GeV < M < 50 GeV, which corresponds

to the range 0.0017 < z < 0.0083 for the dimensionless variable r used for the gluon momentum,

the values of the double differential cross section di!ij' , lie in the range of 100 pgbarn/GeV down
y=
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to 0.5 ubarn/GeV. With the assumed LHC luminosity L = 2 - 10*" cm™?sec™ and a running time
T = 10° sec/year for the Pb+Pb mode, a rapidity width of Ay = 0.1 and an invariant mass resolution
of AM =1 GeV, these cross sections translate into 2-10* — 10? produced bb quark pairs per year, which
should be sufficient to get reasonable statistics. The statistics might even be increased if cross checks
for (Ay, AM) windows away from zero rapidity are applied [72].

—— QOwens new
........... Duke old I

....... Duke old I
....... Owens new 2 Q°

[
<
o

-

d’5 / dy dM |,_o (ub/GeV)

) INE NI R UN RN SN RS R

10 15 20 25 30 35 40 45 50
M (GeV)

for yg-fusion into bb pairs production in Pb-Pb collisions at LHC
0

d?&

dMdy
energies (v = 3000) for various parametrisations of the gluon distribution; the origin of the ingoing gluon is not known.

Figure 4.6: Double differential cross section

If one considers the differential cross section do/dM [79, 19] instead of the double differential cross

section d‘,i:f‘;y o the gluon distribution can not directly be deduced. The glion distribution enters into
y=

the calculations as an input parametrisation and one has to compare the experimental results with
the calculated output. In Fig. 4.7 the various gluon distributions are taken into account. They lead
to about the same variations as in Figure 4.6. On the other hand, due to the full rapidity coverage
the production rates are enhanced by a factor of about 50 with respect to the analysis at y = 0. The
differential cross section do/d M can be used to perform another cross check for the measured in-medium
25

dil‘t;y y=0'

Two important consequences should be noted at the end: First, the produced quark-antiquark pair is
in the colour-octet state of the gluon. Before leaving the nucleus or the reaction region, there should
be an emission of at least one soft gluon. This is the mechanism to provide colour blanching. Even
a soft gluon radiated by this colour source changes of course the reaction kinematics and changes the
rapidity and invariant mass assignment. In the same way the hadronisation of the two quarks — a soft
reaction as well — changes the results. So far those problems have not been taken into account properly
and are still open for further investigations. — Second, in our model we simulated nuclear effects on the
gluon—distribution only by the introduction of an effective nucleon number. This represents a rather
simple modeling of such effects as for example nuclear shadowing.

gluon distribution, which can be deduced from the double differential cross sections
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Figure 4.7: Same as Fig. 4.6, but for dg/dM.

The presented calculations are only premature to deduce the gluon distribution from experiment. More
elaborated studies should be performed, which take high order corrections of the quark-pair production
into account [60]. The production of ¢Z instead of bb allows for further extensions for the accessible
z-range of the nuclear gluon distribution. The study should also be performed for lighter nuclei, e.g.
Ca-Ca collisions, which would lead to a loss of a factor (Z2Aeg)ca/(Z2 Aest)pp ~ 1/60 in the cross section,
but on the other hand according to luminosity considerations at LHC [35] we would gain more than
three orders of magnitude in luminosity. Furthermore, one should answer the question, whether it is
possible to distinguish production by single photon-gluon fusion processes from contributions caused
by diffractive processes and single gluon-gluon fusion, which result from the overlapping tails of the
nucleus distribution at close impact parameters. In addition, the produced quark jets can partially or
totally be absorbed by the remaining nucleus. Here parton cascade models might be rather helpful [62].
We conclude that photon-gluon fusion processes in peripheral ultrarelativistic heavy-ion collisions offer
the possibility to study the EMC effect and the formation of heavy quarks in a nuclear medium.
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Chapter 5

Particle production in central collisions

The production of new and more exotic particles, e.g. the heavy vector mesons, the top quark, the Higgs
boson or supersymmetric particles, represents one of the major motivations in high-energy physics.
Specific properties of the generated particles are determined experimentally and are compared with
predictions from underlying theoretical models within the standard model or within its supersymmetric
extensions. An optimal tool for creating particles is provided by an electron-positron collider, e.g. LEP
at CERN, since the event environment in electron-positron collisions is relatively clean which allows for
precision measurements and for a rigorous analysis of experimental data. But LEP only provides c.m.
energies up to about 110 GeV [103]. New high-energy e*e™ linear colliders called Next Linear Collider
(NLC) with c.m. energies larger than 300 GeV are widely discussed [88].

In addition to NLC, a high-energy pp collider (large hadron collider LHC) will be available within a
few years. But also heavy-ion collisions being realised at LHC or RHIC could be a suitable tool for
the formation of heavy particles. Traditionally, the nuclear colliders at LHC and RHIC are dedicated
to the search for a phase transition from hadronic matter into a quark-gluon plasma [112]. But in
addition the high—energy photons available due to the strong Lorentz contracted electromagnetic fields
of both nuclei may also lead to the formation of new particles in photon-photon fusion processes, confer
chapter 2, which is also a relatively clean process. Furthermore, the production of heavy quark pairs by
photon-gluon fusion is rather sensitive on the gluon distribution of a bound nucleon inside a nucleus, see
chapter 3. In the present chapter we concentrate on particle production in central heavy-ion collisions,
which are treated as an ensemble of individual nucleon-nucleon collisions.

The production of new particles in central heavy-ion collisions will not play such a dominant role in
the experimental analysis as in single pp collisions. In the framework of the parton model the particle
production results from single interactions between the constituents of the nuclei, where collective effects
are widely neglected. A simple geometric estimate for the number of nucleon-nucleon collision leads to
A*3, which for a Pb-Pb collision yields a factor of about 1230. In this respect heavy—ion collisions are
favoured by about three orders of magnitude compared to pp collisions. Contrary to this, the expected
c.m. energy in pp collisions is by a factor of about 2.5 and more important the expected luminosity is
by about 7 orders of magnitude larger than in Pb-Pb collisions. Consequently, particle production in
central heavy-ion collisions is expected to be by typically four orders of magnitude smaller compared
with pp collisions. However, considering Ca—Ca collisions, which lead to about three orders of magnitude
larger luminosities in contrast to Pb-Pb collisions due to the lower Coulomb-dissociation cross section,
confer chapter 3, in total only about two orders of magntitude difference in the particle production
yield appears compared to pp collisions. On the other hand, particle production in heavy-ion collisions
offers the possibility to deduce relevant informations about the parton content of nuclear matter and of
medium effects as well as cooperative phenomena.

5.1 The parton model for ultrarelativistic heavy-ion collisions

Obviously, in central ultrarelativistic heavy-ion collisions we are confronted with produced particles in
abundance. More than 200 nucleons are colliding again with more than 200 different nucleons at c.m.
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energies up to 2.8 TeV per nucleon in a Pb-Pb collision, i.e. at a total c.m. energy of more than 1000
TeV. Regarding the quarks as individual constituents of nuclei, more than 600 quarks are interacting
with more than 600 additional quarks, still without taking the important contributions of gluons and
complex scenario.

In order to describe particle production in these extreme heavy-ion collisions we have to employ various
assumptions. Considering typical LHC energies of 3 TeV per nucleon one expects a more transparent
behavior of the nuclei in contrast to the stopping of impinging nuclei at the current CERN heavy-
ion accelerator energy. The constituents of the fast heavy ions are supposed to retain a high fraction
of their initial four-momenta. The applied ’incoherence model’ includes the underlying assumptions
[120]: (1) dominant transparancy of ultrarelativistic heavy-ions in a collision, (2) neglection of single
nucleon-nucleon interactions inside a single nucleus, and (3) nuclear cross sections are obtained by an
incoherent sum over binary nucleon-nucleon collisions. Clearly, with these assumptions we are reducing
the complex problem of an ultrarelativistic heavy-ion collision to the consideration of binary nucleon-
nucleon collisions. It should be regarded as a very first step, since the results from experiments at CERN
and BNL indicate that nucleus-nucleus collisions cannot be completely described as a straightforward
superposition of independent nucleon-nucleon reactions [112].

Following the concept of the parton model, particle production results from numerous independent
nucleon-nucleon collisions occuring during the the nucleus-nucleus collision. This immediately leads to
the following expression for the total particle production cross section:

OAA; (SA) = Z UNiNj(sN) = -Ncoll UNN(SN) . (5.1)
i

Here the assumption of incoherence enters since the total production cross section o4, a, is assumed to
consist of an incoherent sum over the individual nucleon-nucleon production cross sections on;n;. The
connection between the nucleus-nucleus c.m. energy /sx for A = A; = A; and the nucleon-nucleon
c.m. energy /3y is simply given by

Sor— A See (5.2)
VYA 42N YIN O Ay J

Based on the assumption of transparancy the number ny of nucleon-nucleon collisions prevailing in
the nucleus-nucleus collision can be estimated by the following geometrical analysis: A circle is centered
around a nucleon of the first nucleus; the area of the circle is equivalent to the total hadronic cross
section, for which the parametrization [40]

o ~ 0 _ 2 SN
U&&(SN) ~ U;pt(SN) = 138.3 + 0.43 In (m)] mb (53)

is utilized. The number of nucleons of the impinging nucleus, which propagate on straight lines, through
these circles during the collision will be taken as the number of binary collisions rcon(b) at a fixed impact

number of nucleon-nucleon collisions is finally introduced by

Ny = — [ d% ne(b) , 5.4
1l af\f}f,/ Neoll(b) (5.4)

which is normalized to the total nucleon-nucleon cross section of%. To initialize the proper nucieon
distribution and to compute nu(b) the relativistic quantum molecular dynamic model (RQMD) was
employed [123]. In Figure 5.1 the number of binary collisions n. depending on the impact parameter
b is depicted for a Pb-Pb collision at LHC energies. The mean collision number Nt for LHC energies
is Neout = 1651 as it has been determined via eq. (5.4), which is somewhat larger than the geometrical

estimate 4%/ = 1232.



Photon and Gluon Induced Processes 553
1400 — T T T T T —
208Pb
1200 LHC 3.5 TeV/u |

1000 F
. 800Ff
) _
S 600F
400 |
200 |

0 4 | 8 12 16
b (fm)

Figure 5.1: Collision number n.o(b) depending on the impact parameter b for
a Pb-Pb collision at a maximum LHC energy of 3.5 TeV/u [116].

The computation of hadronic collisions at relativistic energies is usually performed in the framework of
the parton model, i.e. the nucleon is described as a swarm of non-interacting partons (valence quarks,
gluons, and sea quarks). Hence the nucleon-nucleon cross section onn is reduced to an integral over
the parton distributions f;(z, @?) of the impinging nucleons and the associated elementary cross section

Oijx(s12):

onn(sn) =K 3 / / dey dey fi(21,Q%) fi(22,Q%) oijox(s1a) - (5.5)
‘l ] 0
Here sn denotes the squared c.m. energy of the colliding nucleons, Q? is the squared four-momentum
transfer, and 7 and j distinguish between the different kinds of partons. The enhancement factor K,
which is introduced to simulate higher-oder effects, is set equal to A" = 1 for simplicity. Furthermore,
2, and z, are the four-momentum fractions of the mother nucleons, carried by the partons, and s, is
the squared invariant energy of the parton subprocess, depending on z; and z,:

s12 = (21 — 22)’m} + 1298w (5.6)

where my denotes the nucleon mass. The parton distribution functions published by Owens (98] are
employed.

In addition, particle production in peripheral collisions should be considered as well by using the equiv-
alent photon method in conjunction with the parton model:

R = A 3 / doy fi(1,@) [ dws n(ws) ouox(on) (5.7)
0

Aes = A simulates approximately the nuclear shadowing effect [59]. This prescription of peripheral
collisions corresponds to the one presented in chapter 3, the photon-gluon fusion process, but here the
central collision region is incorporated.
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5.2 The production of Z° bosons

In this section various processes which result in the production of Z° bosons are studied. It includes
processes such as quark-antiquark annihilation and gluon-gluon fusion for central heavy-ion collisions as
well as quark-photon fusion for peripheral collisions. The production of neutral intermediate Z° bosons
during a high-energy heavy-ion collisions can contribute as a background process, e.g. for the production

of nggs bosons in central heavy-ion collisions, and, in general, can serve for further investigations of
electroweak phenomena in heavy-ion collisions.

According to the standard model of electroweak interaction several processes on the partonic level
a+b— Z°+ X have to be considered, where at least one Z° is produced in the final state. For a and b
being quarks and antiquarks, respectively, the following processes contribute in first-order perturbation
theory: g+q = 2° =2 1¥~,q+3—>2°+ 2% q+qG— Z°+v, g+ 4§ — Z° + ¢g. In the first resonant
process [ stands for any kind of leptons, i.e. e, u, 7. Since collinear singularities appear in the last
two processes when integrating the differential cross sections cuts for the rapidity (Jy| < 3) and for
the transverse momentum of the produced bosons have to be introduced. Whereas the cut for the
tra.nsverse momentum is fixed for the next to the last process to p; > 10 GeV, Arnold and Kauffman
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40 GeV. Consequently, the cut p, > 40 GeV is used for g+ §— 2%+ g.

For only one incoming quark or antiquark and additionally one photon or giuon processes such as
(@)g+~ = g+ Z° and (§)g + g — g+ Z° have to be taken into account. Furthermore, the gluon fusion
processes g+ 9 = Z°+ 2% g+g9 — Z° + v, g+ g — Z° + g can only contribute in higher order of
perturbation theory, since aluons do not couple directly to Z° bosons. Therefore gluon fusion processes
occur only via quark loops or triangle diagrams with the Higgs boson. The last kind of process can be
neglected because the Z%ggg coupling contributes at most 3% to the total cross section for Z° bosons
with large transverse momenta [64]. Although gluon fusion is suppressed by o?, gluon fusion producing
a Z°Z° pair [47] or a Z% pair [15] via quark loops can make significant contribution at ultrarelativistic
heavy-ion collisions. For the computation of these subprocesses as a first assumption a top quark mass
of 140 GeV and a Higgs mass of 500 GeV has been used.

On the other hand photon fusion processes occur through quark and additionally through lepton loops
and W-boson loops, v+ v = Z° + Z° v + v = Z° + 4. But it was found that both photon fusion

processes can be neglected (83].

The detection of produced Z° bosons is assumed to proceed via their decay into dileptons, which will
lead to a detectable clear signal. Results of the LEP measurements [115] were used to fix the partial
decay rate of the Z° boson to

Lot _ 5959 (5.8)
Ftot

All results are summarized in Table 5.1. The respective columns indicate the nucleon-nucleon cross
sections onn and the total heavy-ion cross section opppp.

The results in Table 5.1 demonstrate that the resonant process g + § = Z° — [/~ contributes domi-
nantly to Z° boson production in ultrarelativistic heavy-ion collisions. Non-resonant contributions are
smaller bv orders of magnitude. depending on the masses of additionallv produced particles. It should
S1lialicTl U.y VLIUTIO U 1ua5uu:uuc, ucl.lcuujus Ull L1IT 111adDdTo Ul a.uuu:luua..u_y yluuubcu Pal lll\/lCD 14 olvulu
be emphasized that the photoproduction process g + v — ¢ + Z°, which occurs also in peripheral col-
lisions, achieves the highest yield of all non-resonant processes. This high contribution can be traced
back to the equivalent photon spectrum which is proportional to the square of the charge number of
the colliding nuclei, which is a characteristic feature of ultrarelativistic heavy-ion collisions.

It can be stated that there will be sufficient production rate of Z° boson in ultrarelativistic heavy-ion

collisions which yields an important background for the search of top quarks and Higgs bosons, but it
allows for further investigation of electroweak interactions during ultrarelativistic heavy-ion collisons.
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Process onn [pb] opbeb [Pb]
qg+q— Z2° 5 IF- 1.3 x 10%3 2.2 x 10%®
g+q—= 2°+ 2° 3.5 x 10*0 5.8 x 10*3
qg+q— 2%+~ 3.3 x 10t! 5.4 x 10
g+q—>2%+g 2.8 x 10t2 4.7 x 10%°
qg+y—=q+2° 8.8 x 10+5

g+g— Z°+ Z° with Higgs graph 5.1 x 107! 8.4 x 10*?
g+g— Z°+ Z° without Higgs graph 3.9 x 107! 6.4 x 10*?
g+9— 2%+~ 43 x 107! 7.0 x 10%?

Table 5.1: The production of Z° bosons is considered for LHC energies (\/s/2 = 3.5 TeV/u). For the processes
g+§— 7%+~ and g+g — Z°+ v the cuts |y} < 3 and p; > 10 GeV are employed, whereas for ¢ +§ — Z° + g the cuts
|yl < 3 and p; > 40 GeV are used.

5.3 The production of top quarks

The detection of the top quark at the Fermilab Tevatron is one of the most important recent discoveries.
The CDF collaboration has obtained mass values for the top quark of 176 £+ 8 + 10 GeV [2], whereas
the DO collaboration has measured 199%3% + 22 GeV [1]. Currently the Tevatron is the only machine
which generates top quarks on its mass shell, but in future high-energy electron-positron collider and
proton-proton collider LHC will also play an important role for the determination of the properties of
the top quark, such as its mass, production cross section and branching ratios. The large top quark mass
indicates that the top quark experiences the strongest coupling to the symmetry breaking sector of any
of the other observed particles. Thus, it provides the possibility to extract some more information about
the dynamics of the symmetry breaking, with a scale v which is about the same order of magnitude as
the top quark mass m, (= v/v2 = 174 GeV).

In the following top quark production in central and peripheral ultrarelativistic heavy-ion collisions
is discussed. Whereas in central collisions the gluon fusion and the various quark-antiquark annihi-
lation subprocesses are contributing most to the hadronic cross section, in peripheral collisions the
photon-gluon and photon-photon fusion subprocess take this place due to the vanishing hard parton-
parton subprocesses. Furthermore, the production of toponia, i.e. bound states of top-antitop pairs is
considered.

The elementary cross sections are calculated up to second-order perturbation theory. The most dom-
inant elementary cross section for central collisions up to Tevatron energies is the quark-antiquark
annihilation subprocess into a free heavy-quark pair because the quark luminosities are larger than the
gluon luminosities for large z, i.e. for heavy top-quark production:

2 4 7 &?(mlk s —4m2\/? 2m? 2m?
T97 =g (m) 2 1+ —2) [1+==], (5.9)
9 3s $ $

where m; and mgq are the masses of the ingoing and outgoing quarks, respectively. as(m}) denotes
the running coupling constant of the strong interaction, evaluated at the squared mass of the formed
quark. Neglecting the light-quark mass m,, Eq. (5.9) leads to the actually applied formula

2 47 at(md)
0',;5 = § ‘TQ— (3 + 2777,20) AT (510)
with the threshold function

Ar = (1—4m}/s)'/?. (5.11)
The calculation of the gluon-gluon fusion subprocess, which becomes most important for LHC energies,
yields

o = Toa(my) [1( . 3lm§
i 3s 4 ]

4m}  m} 14 Ap
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The creation of 1S, quarkonia leads to the gluon fusion cross section

2,2
mla;

Ogg = B |Rs(0)[* 6(s — M?), (5.13)
with M, the mass of the 1'Sy quarkonium and Rs(0) the radial wave function at the origin [115].
Assuming the measured top-quark mass of 176 GeV the total cross section for top quark pair production
at LHC energies in central collisions is about 2 pbarn, which corresponds to roughly 3200 top-quark
pairs assuming a luminosity of 1.6 x 102" ¢cm~=2 5! and a beam time of 10° s (~ 1/30 year).

The production cross sections of toponia is also of definite interest. Assuming m, = 2 m, = 360 GeV
the cross section yields about 50 nbarn, which corresponds to about 80 toponia produced in one year
of beam time. The toponium creation cross section is lower by about a factor 40 in contrast to the free
top-quark production.

The top-quark pair production cross section in peripheral collisions is roughly two orders of magnitude
lower compared within central collisions, cf. chapter 3. But with higher collider energy the peripheral
collision becomes more and more important, since the photon luminosities resulting from the strong
electromagnetic fields increase considerably.

5.4 Production of Higgs bosons

In this section the production of Higgs bosons in central ultrarelativistic heavy-ion collisions is discussed
in contrast to the production in peripheral collisions via two-photon fusion processes, cf. chapter 2.
Electron-positron colliders such as LEP represent an optimal tool to produce and to detect Higgs
bosons for masses below about 100 GeV. On the other hand Higgs bosons with masses larger than
about 160 GeV could be generated utilizing a p-p collider such as the proposed LHC. Alternatively,
Higgs boson production also occurs in central heavy-ion collisions, which provide an additional hunting
method.

Assuming the mentioned dominant transparency the main elementary production chanmnel of the Higgs
boson proceeds from the gluon-gluon fusion mechanism and quark-antiquark annihilation process. Thus
the parton cross section reads

2
™
TogmH = g TH-vgg 6(s12 — miy) (5.14)

for the gluon-gluon fusion into a Higgs boson and

4 x? 4 m2\ 7!
Cog—+H = 2 § _ (1 — m%;) FH—WE (S(Slz - m};) (515)

for the quark-antiquark annihilation into a Higgs boson. The additional factor 2 in Eq. (5.15) appears
because in symmetric collisions the quark might come from the first nucleus and the antiquark from
the second nucleus and vice versa. The corresponding decay widths 'y, and I'y_4; are presented
both for Higgs bosons required from the standard model (SM) and from the minimal supersymmetric
extension of the standard model (MSSM) in Ref. {74, 71].

In Figure 5.2 the production of SM-Higgs boson in central Pb-Pb collisions at LHC energies is displayed
in dependence on the mass my of the SM-Higgs boson. The dominant contribution to the total cross
section for the SM-Higgs boson production results from the gluon-gluon fusion process; the quark-
antiquark annihilation subprocess contributes less by about two orders of magnitude. The computed
cross sections are in the range 4 - 40 nb, decreasing with increasing Higgs-boson mass. With an
expected beam luminosity of L = 10?" cm™2 s™! and a running time of 10%s about 4 - 40 Higgs bosons
are produced per one year of beam time. The calculated cross sections are typically one to two orders
of magnitude larger than the ones by two-photon fusion processes, cf. chapter 2., and about five to six
orders of magnitude larger than the hypothetical collective production [56].
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The main decay channel for the intermediate mass Higgs boson is given by the decay into a bb pair with
a branching ratio of about 90 %. But this channel seems to be overwhelmed completely by background
processes, e.g. gluon fusion and quark-antiquark processes. Rare processes such as the two-photon decay

H 0 H 014 1= wars nranacn,
Hspr —+ vy or the decay into 2 Z° bosen and 2 pair of charged leptons Hgzy = Z%H™ were proposed

for the detection. Taking the two-photon decay branching ratio of about 10~3 [45] into account, the
detection rates of produced SM-Higgs bosons into two photons is lowered to about 0.04 - 0.4 events per
year. One obtains about the same result if the decay Hsyr — Z°[*[~ is considered.
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Figure 5.2: Total cross section for SM-Higgs boson production in central Pb-
Pb collisions at LHC energies (3.5 TeV/u) in dependence on the
SM-Higgs boson mass mg. Dashed line: gluon-gluon fusion; full
line: quark-antiquark annihilation.
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Conclusions

“Non quark gluon plasma” aspects of relativistic heavy-ion collisions have been discussed: Produc-
tion of exotic particles in peripheral collisions, photon-gluon physics and particle production in central
collisions. For the description of these processes the Equivalent Photon Approximation has been em-
ployed, which is well justified in relativistic heavy-ion collisions except for ete~~production: A rigorous
derivation from quantum electrodynamics also allowed for various generalisations as for example the
impact-parameter dependence of the cross sections.

For Au-Au collisions at RHIC only light mesons with masses up to 5 GeV can be produced in two-
photon fusion processes. This is simply caused by the maximum equivalent photon frequencies contained
in the transverse electromagnetic field of the heavy ion, which amount only to about 3 GeV. For LHC
the situation is different: In the Pb-mode as well as in the Ca~mode exotic mesons like hybrid mesons,
multiquark states and glueballs can be produced in relatively large numbers. This also represents an
excellent opportunity to search for unexpected heavy mesons in the mass range of 10 GeV and above.
For very heavy exotic particles as Higgs bosons and supersymmetric particles only the Ca~Ca collisions

at THO ony ts he o
at LHC appear to be promising. This conclusion results predominantly from luminosity arguments. Not

all exotic two-photon fusion processes have been calculated so far. It would be interesting to reconsider
light mesons as for example pion pair production with capture or even pionjum production.

Exotic mesons like D- and B-mesons can also be produced in photon-gluon fusion processes, where
the equivalent photon penetrates directly into the other nucleus to fuse with a gluon and to produce
a pair of heavy quarks, which then fragment into the mesons. From a different perspective the vg-
fusion into a gg-pair is also very enlightening, as it allows to deduce directly the gluon distribution
in a nuclear medium. Here some additional studies are still necessary; for example the deflection and
absorption of the produced jets in the nuciear medium, the calculation of the in-medium K -factor and
the nuclear reactions after the yg—fusion. In conclusion, the photon-gluon processes contribute to a
better understanding of the behaviour of heavy quarks in nuclear medium.

As a further fascinating topic we have to consider the hadronic component of the photon, which interacts
with the other photons’ hadronic component or with the other nucleus. QCD-parametrisations turn out
to be necessary to understand these processes. Also photon-pomeron or additional diffractive processes
play an interesting role in the framework of relativistic heavy~ion collisions and could be studied.—

@
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quark gluon plasma” physics will frultfully contri bu e to th
at RHIC and LHC.
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