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Abstract

The main goal of the dissertation is theoretical determination of the total and differential cross
sections for the production of pairs of mesons, leptons and quarks in ultraperipheral ultrarelativistic
heavy ion collisions. The Equivalent Photon Approximation (EPA) in the impact parameter space
has been used as a theoretical tool for calculation of the reaction mechanism in the electromagnetic
processes. We have presented the predictions in a reference to STAR, PHENIX and ALICE experi-
mental data. We have focused on the calculations with inclusion of the realistic charge distribution
in nucleus and we have shown the difference between results for the realistic nucleus charge form
factor and that for the monopole form factor often used in the literature. We have studied several
elementary cross sections for 7y fusion and we have compared our parametrizations of vy — X7 X5
processes to existing word experimental data. Furthermore, we have calculated the cross section for
photoproduction of single and double p° mesons, the latter due to a double-scattering mechanism.
Additionally, we have studied the p° — 7#t7~ and p°p° — 7t7~7nt7n~ decays. Finally, we have
discussed in detail electromagnetic excitation of gold and lead nuclei by soft photons and as well

as the emission of neutrons from decays of the excited nuclear system.

Streszczenie

Gléwnym celem niniejszej rozprawy jest teoretyczne wyznaczenie catkowitych i rézniczkowych
przekrojow czynnych na produkcje par mezondéw, leptonéw i kwarkéw w ultraperyferycznych ultra-
relatywistycznych zderzeniach ciezkich jonow. Przyblizenie Réwnowaznych Fotonéw w przestrzeni
parametru zderzenia zostalo uzyte jako teoretyczne narzedzie do obliczen przekrojéw czynnych
w tych procesach elektromagnetycznych. ZaprezentowaliSmy przewidywania odnoszac sie do
danych eksperymentalnych grup badawczych STAR, PHENIX i ALICE. Skupili$my sie na obliczeni-
ach z uwzglednieniem realistycznych formfaktoréw jader, ktére sa otrzymane w oparciu o reali-
styczny rozkiad tadunku w jadrze i pokazaliémy réznice pomiedzy wynikami dla realistycznego
i monopolowego czynnika ksztaltu czesto uzywanego w literaturze. Przeanalizowaliémy elementarne
przekroje czynne dla fuzji vy — X;X5 1 poréwnaliSmy nasze wyniki z istniejacymi swiatowymi
danymi eksperymentalnymi. Ponadto wykonaliémy obliczenia przekrojéw czynnych na fotopro-
dukcje pojedynczych mezonéw p® i na produkeje dwéch mezonéw p°, ten drugi w procesie dwukrot-
nego rozpraszania. Dodatkowo rozpatrzyliémy rozpady p° — 7tn~ i p%° — afr—ntr~. Na
konicu szczegdtowo przedyskutowaliSmy elektromagnetyczne wzbudzenie jadra zlota i olowiu oraz

emisje neutrondw z rozpadéw wzbudzonego systemu jadrowego.
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Preface

Ultrarelativistic heavy ion collisions provide a nice opportunity to study -y collisions
which are not available otherwise. One can expect an enhancement of the rate of
the reactions of this type compared to proton-proton or ete~ collisions which is
due to large charges of the colliding ions. In this type of reactions almost real
photons couple to the nucleus (nuclei) as a whole. Naively the enhancement of the
cross section is proportional to Z2Z3 which is a huge factor. We discuss that the
inclusion of realistic nucleus charge form factor, which is equivalent to the inclusion
of realistic charge distributions in nuclei, makes the cross section smaller than the
cross section for the case when using the monopole form factor often used in the
literature. We study many processes that lead to exclusive production of particle
pairs.

The main goal of the dissertation is theoretical determination of the total and
differential cross sections for the production of particle pairs that are created in
ultraperipheral heavy ion collisions. These ions move with ultrarelativistic velocity.
Measurements of ultrarelativistic nuclei and particles are performed with the help
of detection system of the RHIC and LHC accelerators. The Relativistic Heavy-Ion
Collider (RHIC) at BNL and the Large Hadron Collider (LHC) at CERN produce
Au+Au and Pb+Pb collisions at energies 200 GeV /nucleon and 2.76 or 5.5 TeV /nu-

cleon, respectively.
The outline of this Thesis:

Chapter 1 focuses on the discussion of the main theoretical tool of our anal-
ysis: the Equivalent Photon Approximation (EPA). The pioneer of this method

was Enrico Fermi (1924). Some corrections and extensions were proposed later
1



by C. von Weizsécker and E. J. Williams (1934). EPA is a standard semi-classical
alternative to the Feynman rules for calculation of the electromagnetic interaction
cross sections. This Chapter contains derivation of the EPA and a notation which is
used in this dissertation and in our calculations. Next we discuss the size and shape
of the heavy nuclei. This is connected with correct description of the charge density
distribution using two-parameter Fermi model.
In order to derive a formula for the nucleus charge form factor, which is equiva-
lent to introducing realistic charge distribution in the nucleus, it is useful to know
the Rutherford and Mott cross section and corresponding matrix element for the
process. We show results for both realistic and monopole form factors.

Chapter 2 describes one of the most important ingredient of the EPA, elemen-
tary cross sections for vy fusion. Each section in this chapter is devoted to other

subprocess:
e dimuon production,

e p” mesons production,

quark-antiquark production,

two-pion production.

A second category of the underlying reaction mechanisms for the exclusive pro-
duction of simple final state is presented in Chapter 3. This is a vector meson
photoproduction. We show the difference between results when taking into account
a fixed (sharp) and smeared mass of the p° meson. One of main goals of this chapter
is the presentation of the differential cross section for the production of four charged
pions in ultraperipheral ultrarelativistic heavy ion collisions.

Chapter 4 includes theoretical predictions for the production of pairs of mesons,
leptons and quarks in ultraperipheral ultrarelativistic heavy ion collisions. The nu-
clear cross section is calculated with the help of EPA in the impact parameter space.
We present our predictions in a reference to STAR, PHENIX and ALICE experi-

mental data. The possibility of exclusive measurements of pt =, p°p°, c¢, bb, ntn™
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and 7070 pairs is discussed. We focus on the calculation with inclusion of the real-
istic charge distribution and we show the difference between results for the realistic
nucleus charge form factor and that for the monopole form factor.

In Chapter 5 we study a new approach for calculating the electromagnetic exci-
tation of nuclei as well as differential and total cross section for emission of neutrons
from decays of excited nuclear systems for ultraperipheral ultrarelativistic Au-Au
and Pb-Pb collisions. Both single-photon, double-photon and mutual excitation
processes are included and discussed. We compare our results with results of other
theoretical approaches and with recent experimental data of PHENIX, PHOBOS,
BRAHMS and ALICE Collaborations.

Chapter 6 closes the dissertation. It also discusses possibilities to study the
exclusive production of meson, lepton and quark pairs in ultraperipheral ultrarela-
tivistic heavy ion collisions. The importance of the realistic charge distribution in
the nucleus is presented and discussed. Outlook of future phenomenological and
experimental studies is presented.

Appendices include some useful formulae concerning details of the calculations

presented in different sections.
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Chapter 1

Equivalent photon approximation

This chapter is devoted to the introduction of the Weizsacker-Williams method
which is a useful tool for calculating cross sections for the reactions considered in
this thesis. Here some history of the equivalent photon approximation, its deriva-
tion, and the notation which is used in the current dissertation will be presented.
In general, the equivalent photon approximation is a standard semi-classical alter-
native to the Feynman rules for calculation of the electromagnetic interaction cross
sections. In this approach the strong electromagnetic field is a source of photons

that can induce electromagnetic reactions in ion-ion collisions.

Next I will discuss how the size and shape of a heavy nucleus can be (and
was) studied in other processes. This information can be used then to extract the
basic ingredient of the approach - the electromagnetic form factor of a nucleus.
The parametrization of the charge density and the nuclear form factor used in this

dissertation is obtained from electron scattering experiments.

1.1 A short history

In 1924 Enrico Fermi wrote a paper with the title ”On the Theory of the impact be-
tween atoms and electrically charged particles”. He introduced the correspondence
between the electric field of light and that of a charged particle. E. J. Williams [19]

found some corrections and extension of the theory proposed by E. Fermi [20].

9



The generalization of Fermi’s method to the relativistic case was independently de-
termined by C. von Weizsécker [21] and E. J. Williams [22] in 1934. The method
rests on the similarity of the fields of a fast moving charged particle and the fields
of a radiation pulse. The electromagnetic field surrounding the heavy ions is very
strong. This is due to the coherent action of all the protons in the nucleus. The
action of the field takes place in a very short time. The basic idea was described by
Fermi [20]: ”this time-dependent electromagnetic field can be replaced by the field
of radiation with a corresponding frequency distribution”. Following up this sug-
gestion, Weizsacker and Williams demonstrated how to replace the electromagnetic
field of the fast moving nucleus by a spectrum of photons. These photons can be

considered as real or quasi-real.

Figure 1.1: Schematic diagram illustrating EPA / Weizsdcker-Williams method

which is used for description of electromagnetic processes in heavy-ion collisions.

A schematic view of two highly relativistic colliding ions is depicted in Fig. 1.1.
The figure shows two fast moving nuclei with the charge Ze. These nuclei are
contracted by relativistic Lorentz-FitzGerald contraction. Assuming that the nu-

clear radius Ry is equal about 7 fm, and using the formula: R = Ry/v (where



1.2. A derivation of the Weizsacker - Williams method 11

v = 1/4/1 — (2 is the Lorentz factor and f = p/E - the velocity of the parti-
cle with the energy F and momentum p) one can calculate that for RHIC energy
(v/sSny = 200 GeV, v ~ 107) the nuclear radius observed by an observer in the

laboratory frame is equal about 0.13 fm.

Returning to Fig. 1.1, the strong electromagnetic field is viewed as a cloud of
photons which can be called ”equivalent”. During collision of two ions, these photons

can collide with each other or with the other nucleus.

The above physical picture introduces the so-called Equivalent Photon Approx-
imation (EPA). Very often in the literature it is known as Weizsécker-Williams
method. Sometimes the procedure is referred to as a Method of Virtual Quanta.
At present, one can find a lot of review works as well as shorter publications on the
subject, e.g. [23-26].

The impact parameter space is the best suited for application to the nuclear
collisions. The impact parameter is the distance between centers of nuclei (a letter b
in Fig. 1.1) in the plane transverse to the collision axis. The aim of this dissertation
is the description of ultraperipheral collisions (UPC) of heavy ions using explicitly
this variable. For the processes of interest in this thesis it is necessary, that the
transverse distance between the two nuclei is bigger than the sum of their radii
(b > Ryin = Ry + Ry). This condition must be imposed in order to exclude the

breakup of colliding nuclei.

1.2 A derivation of the Weizsacker - Williams
method

The Weizsiacker-Williams method is based on both classical and quantum concepts.
The main idea relies on determination of equivalent photon number n(w). The

equivalent photon number integrated over impact parameter is expressed through

n(w) = / 27bdb N (w, b) . (1.2.1)

Rmin



where N(w,b) denotes an equivalent photon flux differential in both photon energy
w and impact parameter b. The quantum part involves the description of the in-
teraction between emitted photon and a target particle (or photon emitted from
the second nucleus). The total cross section for an electromagnetic photon-induced
subprocess is factorized into an equivalent photon spectrum and the photon-ion

interaction cross section:
o= /dw n(w)oay(w) , (1.2.2)

where the integral runs over photon energies.

For the case of two-photon collisions in the reaction A;A, — A;A>X one would
like to achieve an analogous factorization into the probability that first (or second)
nucleus emits a photon at energy w; (ws), and the probability that two photons
collide with each other to produce some final state called here X for brevity. For

this case, the total cross section would take the form:

A Ay Ay ApX = /dw1 dwa n(w1)n(w2)oyy—x (W1, wa) - (1.2.3)

Figure 1.2: Schematic illustration of Eq. (1.2.3) - production of some final state (X)

by two-photon-induced subprocess in heavy ion collision.

For the case of heavy nuclei, the constraint b > Ry + Ry strictly speaking breaks
such a factorization (see the formulas in Appendix B). A schematic illustration of
Eq. (1.2.3) is shown in Fig. 1.2. Let’s start from a derivation of the equivalent photon
fluxes N(w,b) (see Eq. (1.2.1)). This formula depends on the impact parameter and
energy of the photon. Firstly, one has to determine the frequency spectrum I(w, b)

(energy per unit area per unit frequency interval). A pedagogical discussion can be
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found in the textbook of J.D. Jackson (Ref. [27]) for a fast moving point-like particle

with the charge ¢. In what follows we take guidance from Jackson’s discussion.

€T T/

K K"

Figure 1.3: Particle with the point-like charge ¢ moves with a constant velocity

v & c¢. This particle passes an observation point P at impact parameter b.

In Fig. 1.3 one can see a particle of charge ¢, which when viewed from the frame
K moves with a high velocity v ~ ¢ along the z-axis, and passes an observation
point P in frame K with velocity v = zv. In the frame K’, the particle is at rest in
the origin.

Here the target point P can be considered as an interaction point or another
particle. Relative to the origin of K, point P is located at coordinates (b,0,0) and
the spatial coordinates of ¢ as a function of time in K are (0,0,vt). The K and K’
frames coincide at the time ¢ = ¢/ = 0. The impact parameter b is the distance of
closest approach between ¢ and P.

The electric E and magnetic B field strengths can then be obtained from the

electromagnetic potentials as:

B = -Ve-.% 1.2.4
B = VxA 24

The form of (1.2.4) is the same for massive and massless fields but the explicit
expression is different because ® and A differ for the two cases. In the rest frame of
the charge, its electromagnetic field is given by the electromagnetic potentials (we

use primed quantities to denote that they belong to the frame K'):

1qg .~
q), (I'/,t/) = E;e s A, =0. (125)



Here, to avoid possible subtleties due to the infinite range of the field, we introduced
a "photon mass” m, which will be set to zero in the final results.
Clearly in its rest-frame K’ the electromagnetic field of the charge is purely

electric. It reads, in Heaviside-Lorentz units [28],

0A’
E/ ,,t, — _V/¢l o
rl g -

In the rest frame K’ of the charge the electric field at point P (see Fig. 1.3) has

the Cartesian components [29]:

E.(v',t") = ﬁ%(l—{—mr’) e~
B (r't) = 0, (1.2.7)
B ) = + *ggt’ (14+mr')e ™"

Here r' = 7'(t') = \/b? + (vt’)?. Because the frames K and K’ differ only by a boost
along the z-axis, the impact parameter b is the same in the frame K and K’. By

the Lorentz boost, the time coordinates t and t’ are related by:
t' =7t —vz) =t (1.2.8)

where in the last step z has been set to 0 because the evaluation point P has
coordinates (b,0,0) in the K frame.

The Lorentz transformation of electromagnetic fields is most easily derived by
starting from the transformation properties of the field-strength tensor F,,

0A 0A
F,, =% _=Z
K oxY ozt

(1.2.9)

Using the explicit transformation given in Ref. [27] one can obtain the fields trans-

formed from frame K’ to K

Ex:7<E;c+ﬁB;) ) B, =/( ;_BE‘;) )
E,=~(E,—-BB,), B,=~(B,+BE,), (1.2.10)
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Using the equation system (1.2.7) to (1.2.10), one can find the non-zero transformed

fields at P in the K system [30]

E,(r,t) = ﬁqrif(l—l—mr)e_mr,
E.(r,t) = L9 (1+mr)e ™, (1.2.11)

B, (r,t) = BE,.

Here r = r(t) = \/b% + (yvt)? is expressed entirely in terms of coordinates of frame
K.

Now, we see, that the boosted electromagnetic field contains besides the electric
field component also a magnetic component. It is useful to check that the Lorentz-
invariants I; = E - B and I, = E? — B? are indeed the same in both reference
frames.

Our aim is to replace the electromagnetic field of Eq. (1.2.11) by an effective
plane wave pulse of electromagnetic radiation. Such a pulse would have to fulfill
I, = I, = 0, which by the Lorentz-invariance is not true for the field (1.2.11).

However, we can see, that for § — 1 the magnitude of the magnetic field and
the z-component of the electric field become equal: |B,| — |E,|. Indeed, the fields
E, = E,x, B = B,y are orthogonal, E; - B =0 and E? — B> — 0 for § — 1. Let us
have a look at the Poynting vector, which is the energy flux density (the energy which
flows through a surface perpendicular to S per unit area and unit time) associated

with the electromagnetic field,

S=ExB. (1.2.12)

The Poynting’s theorem says that an energy lost by electromagnetic fields equals
an energy gained by particles plus an energy flow out of the volume. Inserting the
electric and magnetic fields in the rest frame K of the observer/target, we obtain

for the Poynting vector

S = E,Byz+ E.B%=

2 2b2 2
_ q 57 . <1+m /bz—l—(vvt)Q) B—Qm\/bQ-l-(vvt)Qi_’_
b X.

1672 [b2 + (yot)?]

2 2 th 2 5 3
d Hrv = <1 +m/b% + (”yvt)2) e~ 2mV b (Owh) (1.2.13)

167 62 + (yut)?]




We see that the component of the Poynting-vector along the z-axis (the direction of

motion of the ultrarelativistic charge) corresponds to a sharp pulse of electromag-

netic radiation at the observation point, which extends over a time At ~ b/(yv).

Parametrically At oc 1/ vanishes in the ultrarelativistic limit. The component

of the Poynting vector parallel to the z-axis (i.e. parallel to the impact parame-

ter) is linear in the field component E, and would vanish when averaged over the
—At At

time-interval (T, 7). In the method of equivalent photons it is neglected, and

we keep only the pulse
Si=FE,Bjz=E; xB. (1.2.14)

Jackson (Ref. [27]) goes still further, and shows how to include effects quadratic in
E., which would not vanish after averaging over the interval At¢. To this end he

introduces an artificial magnetic field component
B, =-%xE=-E.y, (1.2.15)
which gives rise to a second pulse
Sy = E.2 x By, = (B.)*%X. (1.2.16)

The validity of this method to account for the electric field component FE, rests
on some additional assumptions. Jackson asserts that it is safe to introduce the
artificial magnetic field B, so long as the system situated at point P is composed,
in its rest frame, of nonrelativistic particles whose response to a magnetic field
can be neglected. As we will see below, in the ultrarelativistic limit v > 1 the
effect of the second pulse is strongly suppressed. We do therefore not analyse the
approximations any further, we wish to remark, however, that in a field-theoretic
calculation of Feynman-diagrams, the second pulse naturally arises.

The derivation of n(w) consists of an analysis of the E and B fields of an rela-
tivistic charged particle Ze. The equivalent photon number is a function of photon
energy in the fields surrounding charge per unit photon energy.

To summarize, the core of the Weizsacker-Williams method is to approximate

the B and E fields of an relativistic charge as appropriate plane wave pulses of
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electromagnetic radiation. These pulses are called as equivalent pulses. The chief
assumption of the EPA is that the effects of the various frequency components of
equivalent radiation add incoherently.

Using equations that define the relation between the Poynting vectors and each

of the pulse frequency spectrum

/dt/d2b S (t,b) 7dw/ A% I (w,b) (1.2.17)

one can get the two frequency spectra

L (w,b) = 2|E, (w,b)], (1.2.18)
L(w,b) = 2|E. (w,b)]* . (1.2.19)

The details of the transformation F(t) — F(w) are given in Appendix A. Finally,
the explicit form of the electric force as a function of photon energy ((A.0.17) and
(A.0.24)) (in the Heaviside-Lorentz units) with the electromagnetic limit (m — 0)

and with the ultrarelativistic condition (v = ¢f3) takes the form

1 Ze [2b b

Ei(w) = E,(w) = Eb—; ;7—‘;1(1 (7—;) (1.2.20)
. Ze [2b b

Bj(w) = E.(w) = —ﬁm—; %7—21‘{0 <%> (1.2.21)

One can mark the z component of electric field as 1, because it is perpendicular to
the particle motion. Similarly F)| = E..

The equivalent pulse P; has a frequency spectrum given by

wen - 5 (5) 5 (5) (5) e

Similarly the pulse P, has a frequency spectrum in the form

11 (Ze\>1 [bw)” bw

The intensity of the pulse P, and P, is expressed by the modified Bessel functions
(KO and K1>
In Fig. 1.4 the intensity for first (left panel) and second (right panel) pulse as the

function of the impact parameter (b) end photon energy (w) is shown. The intensity
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Figure 1.4: The frequency spectra for the equivalent pulse P; (left panel) and pulse

P, (right panel) as a function of impact parameter and photon energy.

for both cases is shown in the same scale. Thus, one can observe that the result
obtained from the equivalent pulse P; is more important than for the pulse P,. The
frequency spectra for the equivalent pulse P; has a maximum at the corner of very
small values of the impact parameter and photon energy. The small intensity of the
second pulse comes from the fact, that in comparison to the first pulse, the second
one is divided by a square of v factor (see Eq. (1.2.22) and (1.2.23)). Thus, the
huge difference between I (w, b) and I5(w, b) becomes important for ultrarelativistic
particles. The above figures were calculated for v = 107 (/syny = 200 GeV, RHIC
energy).

In the next step one has to determine the equivalent photon number for a nucleus
with the charge Ze. The dependence between calculated frequency spectra and the

impact parameter-dependent equivalent photon spectra N(w,b) is the following [27]
1

N (w,b) = — [} (w,b) + I (w,b)] . (1.2.24)
w

Usually one uses a fine-structure constant e, ~ 1/137 instead of an electron
charge. Using the Heaviside-Lorentz units, we can write the well-known text-book

relation e? = 47wae,,. In addition defining

wb

=3 (1.2.25)

u
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one can write the final form of the flux of virtual photons (for point-like charge)

Z20em 1 1

1

The unit of the equivalent photon fluxes is GeV~! fm™2 or equivalently GeV.
The argument of the Bessel function is expressed through the impact parameter
b, relativistic parameters v, § and the energy of the photon w. For ultrarelativistic

case, using the uncertainty principle:

b VC ~
AtAE =1 —wo ] 202 % , (1.2.27)
4%

where At is the collision time, one can evaluate maximal value of the photon energy.
This condition is called an adiabatic cutoff energy condition. This means that, for
example, at RHIC energies (y = 107, \/syy = 200 GeV) in an electromagnetic
collision of two gold ("Au) nuclei the excitation of states with photon energies up

to about 3 GeV can be reached.

10-3 T T T T T T T T T T T T
0= 1GeV

®=10GeV

0 10 20 30 40 50
b [fm]

Figure 1.5: The ratio of longitudinal to transverse impact-parameter-dependent
equivalent photon distributions (see Eq. (1.2.28) and (1.2.29)) for two different

photon energies.

Fig. 1.5 presents the suppression of the longitudinal contribution in the equivalent

photon contribution for a point-like charge. One can see the ratio of the longitudinal



N (w,b) (in analogy to Eq. (1.2.21))

Zem 11 4,1
per? 5(72“2?}(3 (u) (1.2.28)

Nj (w,b) =

to the perpendicular one (in analogy to Eq. (1.2.20))

ZPaem 11 4,
7T2ﬁ2 ;ﬁu 1 (U)

N (w,b) = (1.2.20)

for two values of photon energy (red line for w = 1 GeV, blue line for w = 10 GeV;
the Lorentz factor v = 107 (y/syy = 200 GeV)). With larger value of the impact
parameter this difference becomes smaller, however the longitudinal contribution is
about four orders of magnitude smaller than the perpendicular one.

Since the nucleus is an extended object, it is more realistic to consider the charge
distribution. Impact parameter-dependent equivalent photon spectra N(w,b) for
extended charge distribution were given e.g. by G. Baur and L. Ferreira (Ref. [31]),
F. Krauss, M. Greiner and G. Soff (Ref. [32]). Following those suggestions, firstly
one can write the 4-potential which is composed of functions describing the radiation
fields ¢ and A

AY = (9,A) . (1.2.30)

In addition the 4-current is composed of the charge density p and current density J
J" = (p,J) . (1.2.31)

We consider here the case of massless photon. Thus, one can write one of the

Maxwell equations in the gauge 9,A” =0
A" (r) = J"(r) . (1.2.32)

This is the inhomogeneous wave equation for the electromagnetic vector-potential in
the Lorentz gauge in the frame K. In the reference system K’ of the moving (with

ultrarelativistic velocity) charge the current-density is expressed through
JV (") = p (') u” (1.2.33)

with the four-velocity of the spherical symmetric charge distribution " = (1,0, 0,0).
However, in the observer system u” = 7(1,0,0,3). Another 4-vector defining the
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photon momentum in a respective frame of reference has the form: £ = (W', k')
and k¥ = (w, k). Using the Fourier transform of the current-density from = variable

to k one can get
JV(K) = / Atz e " (1) (1.2.34)

= 276 (') p (JK'|) ™
= 26 (K -u)p (\/ —k‘2> u” .

Similarly using the Fourier transform of Eq. (1.2.32) and the solution of Eq. (1.2.34)

one can obtain

AR = g (B)

p(VR)

kQ

F (k)
k2

= =276 (k- u)

= =276 (k-u) Ze u” . (1.2.35)

In this place the electromagnetic nuclear form factor of the nucleus with the nuclear
charge number Z was introduced.

As was demonstrated for point-like charge (Fig. 1.5) also the second pulse can
be neglected (Refs. [24,27]). Thus, only the z component of the electric field is
important for photon spectrum taking into account the realistic charge distribution.

The final form of the equivalent photon flux for realistic charge distribution is

derived in Appendix A.1 (Eq. (A.1.42))

2+u2 2
220y 11 2F(Xb2 )
N (w,b) = 252 Wi /dXX le )| (1.2.36)

where J; is the Bessel function. In the above equation the scaling variable u = ;"—g

was used which was defined in Eq. (1.2.25). In addition, a dimensionless auxiliary
variable x = k; b was introduced.

It seems interesting in this context to calculate the form of the equivalent photon
number for a point-like charge. This will be a check of the correctness of Eq. (1.2.36).

In this case the value of the form factor is a constant F(¢?) = 1. Then

2o, 11
Qem © _2K2 (u) . (1.2.37)

——=1U
262 w b2 1

N (w,b) =




In this place the result of the integral from the Abramowitz’s & Stegun’s handbook

(Ref. [33]): [daa®Ji(a)/(a® + b*) = bK;(b) was used. Eq. (1.2.37) is the same as
0

that given by Eq. (1.2.29).

10T 10T
b 1974 Form factor L 208py, Form factor
R —— Realistic 2R — Realistic
Vo ®=0.1 GeV P ®=0.1 GeV
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Figure 1.6: Equivalent photon fluxes as a function of the impact parameter for gold

(left panel) and lead (right panel) nucleus for two different values of photon energy.

In Fig. 1.6 the equivalent photon fluxes as a function of the impact parameter
is shown. The left panel is for gold nucleus and the right panel for lead nucleus. In
practice for gold and lead different values of v must be used adequate for appropriate

experiments:

o 7TAu-197Au collisions at /syy = 200 GeV (RHIC energy) — v = 107,

o 208Ph-208Ph collisions at /syy = 2.76 TeV (LHC energy) — v = 1471.

In addition here three different forms of the form factor are taken into account:
solid lines - realistic form factor, dashed lines - monopole form factor, dotted lines -
point-like form factor (the types of the form factors are presented in Chapter 1.4).
One can see from the figure that the biggest differences for these three form factors
occur for b < 10 fm. For larger value of the impact parameter, this difference
becomes smaller. This is natural, as from very large distances b > R4, the nucleus
should "look like” a point-like charge. From the comparison of the result for two
different values of ~, one can observe, that for more ultrarelativistic energies these

distributions have larger tail in the impact parameter.
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1.3 Nuclear cross section

In section 1.2 a general formula for the total cross section (see Eq. (1.2.3)) for the
production of pairs of particle in heavy ion collision was written. In this section
we will introduce this equation but in the exact form which will be used in the
calculation of the nuclear distributions for the production of pairs of mesons, leptons
or quarks in ultraperipheral ultrarelativistic heavy ion collisions. The main part of

the following derivation can be found for example in Ref. [32].

Figure 1.7: Diagram illustrates quantities in the impact parameter space. This is

a view perpendicular to the direction of motion of two ions which have the same

radius (R).

In the following the equivalent photon approximation will be considered in the
impact parameter space. This choice gives the possibility to the exclude central
collisions or the situation when the two ions overlap in the impact parameter space
(b < 2R). In this dissertation, we will consider only ultraperipheral collisions.
This means that the distance between two nuclei is larger than the sum of radii
of these nuclei. The definition of the quantities in the impact parameter space

is presented in Fig. 1.7. The value of the impact parameter can be written as

b= |b| = \/|b1|? + |ba|2 — 2|by||b2| cos ¢.

As was mentioned in the previous section, kinematic variables can be separated
into components perpendicular and parallel to the direction of motion of the two
colliding ions. Going by this line of thought, one can take into account a polarization-

dependent cross section for v fusion. Additionally, connecting the relation (1.2.1)



with (1.2.3), one can write

UA1A2—)A1A2X (\/ SAlAQ) — / d2b dCUI de [U'J)/_W*)XIXQ (CU1, CUQ) NL (C{Jl, CUQ, b)

+ agwﬁxl& (w1, w2) Njj (wi,wa,b)| . (1.3.38)

The details of this derivation can be found in Ref. [34]. The total two-photon fusion
cross section is expressed through the polarized two-photon fusion cross section
Oy X = (J#V ox + UEW . X) /2. For these cross sections the polarisation vectors
of the two photons are parallel and perpendicular to each other, respectively. The
definition of fluxes for photons with parallel and perpendicular linear polarizations
are presented in [1].

After introducing a few transformations (see Appendix B), the final form of

the cross section in the equivalent photon approximation is expressed through the

five-fold integral

OA1As—A1 A X (v SA1A2) - /O-’W—>X1X2 (v SA1A2) N (wla bl) N (WQ’ bz) Sgbs (b>

- - W
x  2mbdbdb, db, %dﬂfw dYx, x, , (1.3.39)
where
1
Yxix, = 5 (yx, +yx) (1.3.40)

is a rapidity of the outgoing X; X, system. The invariant mass of the vy system is
defined as

W,W =V 4W1WQ . (1341)

The quantities b, l_)y are the components of the by and bg vectors (see Fig. 1.7):
—p
bl - |:bz + §7by:| )
S
by = |b, — §,by . (1.3.42)

Eq. (1.3.39) allows to calculate the value of the total cross section, distributions
in the impact parameter (b), invariant mass (W,, = Mx,x,) of the considered
particles in the final state or rapidity of the pair (Y, x,) of these particles. The full

derivation of this equation is given in Appendix B.
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We wish to emphasize that very often experimental constraints cannot be easily
imposed. If one wants to put some cuts on produced particles which come from
experimental requirement or have the distribution in some helpful and interesting
kinematical variables of an individual particle, more complicated calculations are
required. A good idea is to use the elementary cross section not as one-dimensional
quantity but differential in some variables. Then one has to replace 04— x, x, (W5,)
by two-dimensional quantity dgwg# (W, 2), where z = cos§. Then the calcula-
tion starts to be more complicated and labour-intensive, because Eq. (1.3.39) has
one additional dimension.

Four-momenta (energy, transverse and longitudinal momentum) of one particle

(X;, 1 =1,2) in the X; X, center of mass frame can be written as

Ex, = - (1.3.43)
pxi = /B, —mk%, , (1.3.44)
Py, = V1—22py, (1.3.45)
Px, = 2Pxy - (1.3.46)

In the equation above, 5 = W% is defined through the energy in the X; X, center of
mass frame (similarly like 2).

The rapidity of each of the particles in the final state,

Y1 = Yx,x, + Yi/x1 X (Wi, 2) (1.3.47)

where ¥;/x, x, (W, z) expresses the rapidity of one of the particles (X; or X5) in
the recoil X;X5 system of reference. Other kinematical variables are calculated by

adding relativistically velocities (Ref. [35])

P
v, = EX1X2 @Vi/XlXQ s (1348)
X1 X2

where the first element in the above equation expresses the velocity vector (v, x,)
of the X;X, system in the nucleus-nucleus center of mass (Px,x, and Ex, x, is
momentum and energy of the X; X, system, respectively) and v;,x, x, is the velocity

of one of the particles in the X; X5 system. Additionally, one can write the relations



which come from the energy-momentum conservation

Exix, = witws, (1.3.49)

P)ZQXQ = W — Wy . (1350)

Above a generic reaction AjAs —+A1A2X X5, where X; and X5 can be mesons,
leptons or quarks was considered. The most important physical quantity in
Eq. (1.3.39) is the elementary cross section for the 7y — X;X5 process and the
charge form factor of nucleus which is hidden in the equivalent photon spectra

(Eq. (1.2.36)).

1.4 Nuclear form factor and charge density

In this section we will focus on our knowledge of the nuclear form factor which is
the main ingredient of the photon fluxes discussed in the previous section.

To start let us introduce the cross section for scattering of a point-like and spinless
projectile with the charge e (e.g. an electron) off a heavy, spinless, scattering centre

with no inner structure and electric charge Ze.

Figure 1.8: Kinematics of elastic electron-nucleus scattering.

Fig. 1.8 depicts the kinematics of the elastic electron-nucleus scattering. The

electron moves with ultrarelativistic velocity, so its energy fulfills the dependences

E > m.c*, (1.4.51)

E =~ |p|c. (1.4.52)

Fixing that primes denote quantities after scattering, one can write four-momentum

of the electron and nucleus in the laboratory frame



1.4. Nuclear form factor and charge density 27

E £
b= (zap) ) p, = <?7p/) ) (1453>

El
P = (Mc,0) , P = <—N,P’> : (1.4.54)

C

The Rutherford scattering formula can be calculated within both the non-
relativistic [36] and relativistic approach [37]. The final form of the Rutherford

cross section reads:

422 2 2 E/2
(d_“) _ A% (h) B (1.4.55)
dQ? ) Rutherford lqc|

where the fine-structure constant equals a = €2/ (4meghc) ~ 1/137 and q = p—p' is
the momentum transfer (see Fig. 1.8). Eq. (1.4.55) can be interpreted in terms of the
exchange of a virtual photon (factor 1/|q|?) coupling to the charged particles with
the strength proportional to their charges. In fact, the three-momentum transfer q
is the momentum transferred by the exchanged photon.

One can assume that the electron energy and the magnitude of its momentum
do not change in the interaction when recoil of the scattering center is neglected in

the Rutherford scattering

E=E, |p|=|p. (1.4.56)
The momentum transfer is given by
.0
la| =2 |p| sin o (1.4.57)

where 0 is a scattering angle (see Fig. 1.8). If we recall that Eq. (1.4.52) is a
good approximation, replacing £’ by Eq. (1.4.52) one can obtain the Rutherford

differential cross section

do 7202 (he)?
(d_Q> = oo (1.4.58)
Rutherford 4E%sin” 5

In fact the Rutherford cross section should be modified by spin effects. Including

1

the spin 5 of the electron and neglecting nuclear recoil, one can write the formula

for differential cross section which was obtained by Mott (Refs. [38,39])

) N ) M ()
— =(—-—= 1 — [%sin” - (1.4.59)
(dQ Mott dQ Rutherford 2



with 8 = v/c. In the limiting case of 5 — 1, the above equation takes a simpler

form

) o~ (0 ;
— = —= - cos’ — . (1.4.60)
(dQ Mott d€2/ Rutherford 2

The expression shows that the Mott cross section drops faster at large scattering

angle than the Rutherford cross section. The same situation can be seen in Fig. 1.9.
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Figure 1.9: Comparison of the Rutherford and Mott cross section for scattering off

a spinless target.

For larger values of a scattering angle (f > 40°) the difference becomes larger.
Maximal deviation from the Rutherford formula appears at 180°. For a particle
moving with relativistic velocity (the calculations presented in the figure are done
for the case when g = 1), the projection of its spin s on the direction of its motion
p/ |p| is a conserved quantity. This is called conservation of a helicity (in the 8 — 1

limit) defined as
s p
s pl -

The relativistic particles have either spin parallel to their momentum (h = 1) or

h= (1.4.61)

spin pointing in the opposite direction of their motion (h = —1).
For a spinless target, at § = 7, conservation of angular momentum would require
that the helicity changes sign, in contradiction with its conservation. The orbital

angular momentum [ is perpendicular to the direction of motion. It therefore can not
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cause any change in the direction of motion component of the angular momentum.
Hence scattering at # = 180° has to be completely lapsed.

If the target has spin, backscattering (6 = 7) of electrons is possible (non-zero
cross section), because conservation of total angular momentum can be compensated
by a change in the spin direction of the target. In this case, the above argumentation
is not valid, and 6 = 7 is possible.

Experimentally, the determination of a nuclear form factor involves some com-

parison of the experimental cross section with the Mott cross section for a nucleus

(). = (@) PO 002

In practice, one therefore measures the cross section for fixed beam energy at various

without spin

angles.
In order to derive the exact form of the form factor, one has to write the ex-
pression for the matrix element for e + A — e 4+ A scattering. The incident and the

outgoing electron (see Fig. 1.8) can be described by plane waves:

v, = \/Ve p( - ) , (1.4.63)
1 .y -
v = e (thr) . (1.4.64)

V is the normalization volume. The Hamiltonian of the Coulomb interaction for a

charge e in an electric potential ¢ (r) generated by the nucleus is given by
Hint = e (r) . (1.4.65)

. Then the matrix element takes the form:

el iq-T
(Vi [ Hint| Vg) = 7 e /exp ( - ) Ag (r)d’r . (1.4.66)

Assuming that the charge density p (r) is static, the electrostatic potential can be

replaced by
Ao (r) = L) (1.4.67)

€0

The charge density is normalized as

/p (r)d®r = Ze . (1.4.68)



Defining a normalized charge distribution function which fulfills the relations

fy=2m /f(r) dBr =1 (1.4.69)

one can finally rewrite

Ze*h?
(i il ) = 2t [ £ e (%

/f exp< )d3 (1.4.71)

is the Fourier transform of the normalized charge distribution function f (r). It is

) d?r . (1.4.70)

The integral

called the form factor of the charge distribution. This factor contains all information
about the spatial distribution of electric charge in the studied object. The form

factor fulfills the relations:

0< |F(a) <1, (1.4.72)
for | - 0: F(q —1, (1.4.73)
for |gf - o00:  F(q) —0. (1.4.74)

One should explain here, that for a spherically symmetric scattering object, the
form factor depends on the modulus of the momentum transfer and therefore is
often written as F' (|q|) or F (q?). In the following we shall use the second notation.

Integration over the total solid angle (in polar coordinates) can be written

sm (q—
h) o
—dn [ f(r r2dr (1.4.75)

lalr
h

with the normalization condition

oco 1 2w 00
1= [ f(r)d® = f(r)yr*dgdcosddr =4n | f(r)ridr (1.4.76)
froe=]]] /

so that £'(0) = 1. In principle, according to Eq. (1.4.71), the radial charge distribu-

tion is determined from the inverse Fourier transform of the measured distribution

F(q?)

S p—— /F(qZ) exp (—iqﬁ' r) d3q. (1.4.77)
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The electron energy is finite and the cross section falls very quickly for larger
momentum transfer, therefore in a given experiment, a very limited range of q is
measurable. Information about radius of the nucleus can be obtained from the form
factor behaviour for q> — 0. If the wavelength A\ = h/|q| is considerably larger

than the nuclear radius R then in the limit
lq| R < h (1.4.78)

we can make a Taylor-expansion and keep only the lowest two terms (Refs. [40,41])

B i|ql|r|cos _
F(q2> - /f - ( A ) dgra 19—<(I‘,q)

:///f [ (\q;L) o5t ..

:47r/f( er———zm/f Yridr 4 ...

d¢ d cos 9 ridr

3 h?

1_101< ’)
6 72

T (1.4.79)

In the above equation the normalization condition (Eq. (1.4.76)) was used and the

mean square radius was defined as

(r*) = 47r/r2f (r)r*dr . (1.4.80)

Table 1.1: Relation between charge distributions and form factors for a few spheri-

cally symmetric charge distributions. This table is partially copied from Ref. [36].

Charge distribution f(r) = Z(’;) Form factor F' (q?)
point % constant 1
—2

exponential £~ exp( T) dipole (1 + 2ﬁ2>

. CL2T2 . 2
Gaussian ( > exp (— 5 ) Gaussian  exp (—Q;‘TﬁQ>
hom. sphere <R= 3R3 oscillating (Isg)g (sm |q;|iR ‘q,,llR coS |q,,LR>

r>R=10
1 A2 A?

Yukawa A exp (—Ar) monopole e




Table 1.1 shows the relation between the normalized charge distribution
p(r)/ (Ze) and the corresponding form factor in the Born approximation. p(r) and
|F(q?)| are shown in Ref. [36] (see Fig. 5.6). If the object is larger then the form
factor falls off faster. The analysis of electron scattering provides more informa-
tion about charge distributions than any other technique. F(q?) can be extracted
from electron-nucleus scattering. Often one choose a reasonable parametrization of
f(r) which approximately describes experimental F(q?). In principle F(q?) can be
used to reconstruct charge density in the nucleus. For heavy nuclei, these charge
distributions [40] can be approximately described by the two-parameter Fermi dis-
tribution [42], called equivalently Woods-Saxon distribution

p(r)= He;ﬁ : (1.4.81)

where the normalization constant pg is chosen so that the condition (1.4.68) is ful-
filled. The parameters a and ¢ determine the shape of the p(r) distribution. The
parameter c¢ is the constant radius at which p(r) has decreased by one half. The
parameter a is usually related to the thickness of the edge of a nucleus ¢, defined as
a distance in which the charge density drops from 0.9 to 0.1 of the density at the
zero radius. When a < ¢ it can be written (Ref. [43])

£ = T(p/po=0.1) = T(p/po=09) = 440 . (1.4.82)

In practice, this value is almost the same for all heavy nuclei.

Table 1.2 and Table 1.3 contain a list of charge density distribution parameters
which were used in Ref. [42]. It is very difficult to find in the literature the parameters
of the two-parameter Fermi model for the charge distribution of the 2°*Pb isotope.
In Table 1.3, the parameters for the 2°"Pb isotope are given. The arguments that it
is reasonable to use the same parameters of ¢ and a for the 2°"Pb and 2°*Pb isotopes
are presented in Appendix C.

In Fig. 1.10 one can see the charge density distribution for gold and lead nucleus.
The red line is related to the gold nucleus and the blue line is for the lead nucleus.
The presented distribution for 2°Pb in Fig. 1.10 has similar values like those shown

in Ref. [40]. The normalization of charge distribution to Ze leads to
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Table 1.2: Charge density distribution parameters for 7Au

(r2) [fm] c [fm] a [fm] Ref.
5.33 6.38 0.535 [44]
5.27 [45]

Table 1.3: Charge density distribution parameters for 2°"Pb and 2°8Pb.

207Pb 208Pb

V(r?) [fm] ¢ [fm] a [fm] Ref. | \/(r?) [fm] Ref.
5.513 6.62 0.546 [46] | 5.499 [47]
5.497 (48] | 5.503 48]

1

F lQ’Au

208Pb
E I I | I I | I I | I I | -
0 2 4 6 8 10

r [fm]
Figure 1.10: Charge densities as a function of nucleus radius for *"Au and 2°8Pb
nucleus obtained using the two-parameter Fermi model.
e po = 20.1604 fm~3 for 197 Au,
® py = %0.1572 fm=3 for 2°Pb.

Knowing "the best” parameters for the description of the charge density for

a given nucleus, one can use formula (1.4.75) to calculate the corresponding form



factor. This form factor will be used then in further calculation. In relativistic
collisions, it is more comfortable to use the natural units (the velocity of light ¢ and

Plancks constant i = 1). In this case Eq. (1.4.75) can be rewritten as

47
=—/r
q|

In the literature often (see e.g. [49]) a monopole form factor is used

F(q® (r)sin (|q| r) rdr . (1.4.83)

A2
F )= — 1.4.84
mon (q ) AZ 1 ]q|2 ( )
which corresponds to the Yukawa charge distribution
L oo
p(r) = —Aexp(—Ar) . (1.4.85)

4rr

The value of the A parameter is determined so that the root mean square of the

electric radius equals to the experimental values

V(r2) = % =1 fm A3 (1.4.86)

giving A ~ 83 MeV (Ref. [49]). This form of the form factor has some practical
advantage over the form factor with the realistic charge distribution because it can
be easily used in analytical calculations. In the literature very often the same value
of A for Au and Pb nuclei is used [49]. This is not quite correct, because the value of
A depends on the mass number A or on the root mean square radius of the nucleus.
The calculations presented in this dissertation are done for different values of A for

97 Au and 2%®Pb. In the further calculations the following values of A will be used:
e for 97Au: /(r?) =53 fm = A = 0.091 GeV,
e for 2®Ph: /(r?) =5.5 fm = A = 0.088 GeV.

The value of A is adjusted to reproduce the root mean square radius of a nucleus
with the help of experimental data [42]. Actually, the above values of \/W are the
arithmetic means of the numbers from the literature, presented in Table 1.2 and 1.3.

Fig. 1.11 presents the modulus of the form factor as a function of the momen-
tum transfer. The results for gold and lead are shown by the red and blue lines,

respectively. The solid line shows the shape of the form factor for realistic charge
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Figure 1.11: A comparison of the realistic and monopole form factor for gold and

lead nuclei.

distribution. One can observe many oscillations that are characteristic for the rela-
tively sharp edge of the nucleus. The distributions for %”Au and 2°Pb are shifted
relative to each other for larger values of ¢ where the symbol ¢ denotes the scalar
quantity ¢ = |q|. The upper lines correspond to the monopole form factor. One can
note that with larger value of ¢ the difference between realistic and monopole form
factors becomes larger. In general, the form factor reduces the scattering intensity

for large momentum transfers.



Chapter 2

Elementary cross sections for

different vy fusion processes

Using the designation ”elementary cross section” in the present dissertation we have
in mind subprocess which ”participates” in the production of particle pairs during
UPC of heavy ions. Initially two-photon production in heavy-ion collisions was stud-
ied in fixed target experiments at the Bevalac, the BNL AGS and the CERN SPS.
The feasibility of these photon-induced processes were demonstrated by experiments
at Relativistic Heavy Ion Collider (RHIC). In general, the obtained cross sections
agree with theoretical expectations but the statistics is rather poor. At the Large
Hadron Collider (LHC) the situation seems to be better. Since the cross sections at
the LHC are larger, this gives higher statistics for many interesting UPCs.

The correct form of the distribution in two-photon collision energy W., is very
important ingredient in the equivalent photon approximation. Below a generic pro-
cess for the vy — X1 X5 reaction will be discussed. Different kinds of the particle
pairs X7 X, will be studied in separate sections. First the energy dependence of the
elementary cross section for the production of muon pairs will be presented. This is
calculated within quantum electrodynamics. Next our fit to vy — p°p® experimen-
tal data will be shown and discussed. At larger energies vector-dominance-model
and Regge (VDM-Regge) approach can be used. Then four different mechanisms for
heavy quarks production will be discussed in detail and compared. Finally the neu-

tral and charged pion pair production in very broad range of energy will be discussed.

36
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We are the first and the only group which describes the experimental data both for
the total cross section and for angular distributions for vy — 7*7~ and vy — 7%7°

reactions simultaneously at all experimentally available energies.

2.1 Dimuon production

The cross section for the elementary vy — eTe™ or u™u~ processes are basic ingre-
dients for the nuclear collisions. The elementary process vy — [Tl~ with on-shell
photons could not yet be studied experimentally. Such internal Feynman diagrams
appear, however, naturally in ep or e*e™ collisions. For example in ep collisions the

following reactions were studied [50]:

e Electroweak muon pair production: ep — epy*v*, (v*v* = putu™),
ep — Bp’y*ZO*, (’Y*ZO* - #Jru*)’
ep — epZO*Zo*7 (ZO*ZO* - ,U+M_)a

e Bremsstrahlung: ep — epy* — eputuT,
e Z'-production: ep — epZ° — eputu.

Both ep and ete™ production can be well described in terms of quantum electro-
dynamics in leading order. Therefore we can safely assume that in nuclear collisions
vy — ptp~ can be calculated within quantum electrodynamics. The total cross

section is known and the corresponding formula can be found e.g. in [23]:

4o w. 4m? 4m2W?2 — 8m?
Oyt — (W) = cm 21n[ﬂ(1+ ——”>]<1+ = “)
VYT Y W»Yer { Qmu nyQ’y W’;l’y
4m?2 4m?
— 1——“<1+ “)} : (2.1.1)
w2, U,

The relevant calculation based on Feynman diagram technique can be found in
many textbooks (see e.g. [23,51-56]). Fig. 2.1 presents the elementary cross section

for vy — ™ process as a function of the vy energy.
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Figure 2.1: The elementary cross section for the vy — p™p~ reaction.

2.2  p’p’ meson production

Experimental data for the vy — p%p" reaction were measured by several groups at
ete” colliders. Since its first observation in 1980 by the TASSO Collaboration [57],
the reaction vy — p°p° has been extensively investigated. A next data set comes

T~ in a way free of

from the determination of the cross section for vy — ntn ™7
assumptions about the relative contributions from p°p°, p"27 and 47. The CELLO
group found a rather high cross section of about 200 nb around W,, = 1.5 GeV
which consists of about 40% of the p°p° production [58]. This experiment was
performed using the CELLO detector at DESY-PETRA at the average beam energy
of 17 GeV. Further results are presented for the exclusive production of four-prong
final states in photon-photon collisions from the TPC/Two-Gamma detector at the
SLAC et*e™ storage ring PEP [59]. The p°0° contribution dominates the four-pion
cross section at low masses (M0 <2 GeV), but falls to nearly zero above 2 GeV.
Next, the DESY-PETRA-PLUTO experiment presented the cross sections for four
charged pions in photon-photon collisions [60]. The process is dominated by 2p°

production with rapid rise of cross section around W., = 1.2 GeV. Spin parity

analysis of 2p° system shows JZ = 2% to dominate, though 0% is also possible for
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W,, < 1.4 GeV. Negative parity states are excluded. Thereafter the DESY-DORIS-
ARGUS experiment observed a partial waves J = 2 with helicity 2 dominance in
the reaction vy — p°(770)p°(770) near threshold [61]. ARGUS experiment found
a dominance of the p°p° production in the region below W, = 1.8 GeV. At last the
CERN-LEP-L3 experiment measured the cross sections for exclusive p°p° production
in the two-photon collisions involving a single highly virtual photon [62]. The data
were collected at LEP in the centre-of-mass energy range 89 to 209 GeV. The cross
section was determined as a function of @* and W.,, for 1.2 < @* < 30 GeV? and
1.1 < W,, < 3 GeV. The data taken into account in this consideration are for the
range of photon virtuality Q? = (1.2 — 8.5) GeVZ2. The above experimental data are
catalogued in Ref. [63].

140
— Low—-energy TASSO
— High- = CELLO
120 igh-energy o
L]
/Two—Y
__100 Y PLUTO
g ¢ ARGUS
& 80 tL3
Q. 1
o
SF- i
60 —
S ]
0 i
40 N
20 -
S .
3 3.5

Figure 2.2: The elementary cross section for the vy — p°p° reaction.

Fig. 2.2 presents the collection of the eTe™ experimental data (points) and our

fit (solid lines). The experimental errors are calculated with the help of the relation

Az = \/Axgtat + Az (2.2.2)

Sys

Experimentally one observes a huge enhancement close to the threshold. The origin
of this enhancement was never understood. One can find some speculation on the
issue in the literature. For example, in Refs. [64,65] the authors proposed a view

that this effect is due to a superposition of resonances with isospin zero. In the same



papers one can find explanation, that the presence of the threshold enhancement in
vy — p°p° in the state of total angular momentum J = 2 and helicity J, = 42 can
be obtained in resonance models by suitable choices of coupling constants. Another
idea [66] is that each photon produces a p° and these vector mesons then interact
through the repeated exchange of an I = 0 o meson leading to an effective potential
between the vector mesons. Another mechanism [67] which could account for the
threshold enhancement with J, = £2 is the effect of Bose statistics in the final
state. In Ref. [68] the huge cross section (at ~ 1.5 GeV) was interpreted as a
tensor resonance decaying into p°p° channel. We leave the difficult problem of the
microscopic origin of this threshold bump and take a pragmatic attitude of using
directly experimental data instead of any model calculation results.

Fig. 2.2 presents the collection of experimental data and our fit

low-ener W, —1.5)\°
o B (W,,) = 106 exp (—41n2~ (6”’57) ) . (2.2.3)

Above W, is given in GeV and the cross section in nb. This formula describes
the cross section in the range of energy W,, = (1 —2) GeV (red line in Fig. 2.2).
The low-energy component is a purely mathematical fit. The issue is a bit subtle as
the peak appears close to the threshold. If this was a simple Breit-Wigner resonant
shape the tails would be broader. The low-energy enhancement could be also some
close-to-threshold mechanism. Our purely mathematical representation of the un-
known effect may be therefore oversimplified. One can observe some disagreement
of the data measured by different groups (Refs. [57-62]). All data sets (except those
measured by the ARGUS experiment) are internally consistent thus we think that
Eq. (2.2.3) gives sufficiently good representation of the world data. We do not have
explanation why the ARGUS data are somewhat below the data obtained by other
collaborations. Formula (2.2.3) effectively includes smearing of the masses of both
p° mesons, and thus gives a strength below W, < 2m 0.

Very little is known for higher (W, > 3 GeV) energies. Several groups discussed
about possible BFKL (Balitsky-Fadin-Kuraev-Lipatov) effects in the vy — p°p°
reaction at high energies. First of all it is not clear how big the energies should be

to observe such effects. Secondly it is not clear how realistic BFKL calculations are,
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especially those in leading-logarithm approximation. On the other hand for many
reactions with small-virtuality photons a description within vector-dominance-model
(VDM) and Regge approach was confronted with the data and gave a reasonably
good description. A good example is yp — p°p reaction (also discussed in this
dissertation in Appendix E) which was described e.g. in Refs. [69-71].

The vy — p°p° reaction was discussed long ago in Refs. [72,73] where a simple
Born amplitude for two-gluon exchange was considered. In recent decades BFKL ef-
fects for these reaction were studied (see [74,75] and references therein). The BFKL
approach applies when photon virtualities Q? and Q3 are large [74] or momentum
transfer is large [75]. The first case cannot be studied in ultrarelativistic heavy ion
collisions where the photons are quasi real. The second case requires solution of
so-called nonforward BFKL equation. In Ref. [75] it was done in leading-logarithm
(LL) approximation. The LL approximation is known to lead to too fast (unre-
alistic) grow of the cross section with energy. The cross section with a lower cut
on four-momentum transfer squared |t| > 1 GeV? is of the order of a few pb for
W., < 10 GeV (Ref. [75]). This is much smaller than the cross sections for the soft
nonperturbative region (Q% Q3,t ~ 0) as will be discussed below. At RHIC and
in the run 1 at the LHC the luminosity was too small to study the large-t region.
It seems therefore that at present we can study only the soft processes and in the
following we shall concentrate exclusively on the soft processes.

In our analysis, the high-energy part (W,, > 2 GeV) is modelled in the VDM-
Regge approach with rather standard parameters which are used to describe other

hadronic processes. The total cross section is integrated over Mandelstam variable ¢

tmaz(3) . high-energy
high-energy T 500 0
yy—=p%p" - df

dt | (2.2.4)

where tin and tm,a, are $-dependent kinematical limitations of . The differential

cross section is given by the well-known relation

high-energy
yy—=p%p° _ 1
di 16752

M'y'y%popo (§7£7 Q1;Q2)‘2 : (225)

The kinematics of this process is defined in Fig. 2.3.
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Figure 2.3: Feynman diagram for vy — p%p% — p°p° process.

In the VDM-Regge approach the amplitude for the vy — p°p° can be written as
M'y’y~>p0p0 (éu tAv qi, Q2) = C’y%poc'yﬁ\poMpo*pO*ﬁpopo (§7 1?7 q1, QQ) . (226>

Above C_, 0 = e/ [ = /0en/2.54 factor describes transformation of photons to

(virtual) vector mesons. A more detailed explanation of the vector meson coupling
v is given in Appendix D.2. The amplitude for the p%*p%* — p°p® processes ap-
g pp PP

pearing in (2.2.6) is written in the Regge form

R R 3 a]p<f>—1
-/\/lpO"pO*~>p0p0 (<§7 t;qu, Q2) = <nIP (§7 t) CY]P <_)

;g5 ~0) . (2.2.7)

Here we neglect helicity flip and assume helicity conservation in the whole pro-
cess. F (f; q%) is a vertex form factor which, in general, is a function of exchanged
Pomeron /Reggeon four-momentum squared and photon/p® meson virtualities. We

parametrize them in the following factorized form

] Bi G =My
F (t;qf/z) = exp (Z) exp (%) : (2.2.8)

The first component is for the case when p° meson is on-shell (green vertices in
Fig. 2.3), and the second term takes into account the fact that p® meson can be
off mass shell (red vertices in Fig. 2.3). This second term is normalized to unity
when vector meson is on-mass-shell. We expect the slope parameter of the order

B ~ 4 GeV~2 (typical for meson-meson interactions) and the parameter responsible
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for off-shellness of the p® mesons A ~ 1 GeV. The difference between results for
on/off-shellness form factor is presented in Appendix D.1.
The strength parameters of interaction are taken from the Donnachie-Landshoff

fit [76] to the total NN and mN cross sections. Using the following parameters

CpY =21.7mb , Oy = 75.4875 mb | (2.2.9)
Cp' = 13.63 mb , CrY = 31.79 mb (2.2.10)

and assuming Regge factorization and assuming 0,000 = 0070700 One can

calculate the value of Cp and Cr = Cy, [77):
Cr = 8.56 mb | O =13.39 mb . (2.2.11)

The Pomeron and Reggeon (linear) trajectories determined from elastic and total

cross section given in the form o;(t) = a;(0) + o4t are (Ref. [76]):
am (t) = 1.008 + (0.25 GeV-2)t . am (t) = 0.5475 + (0.93 GeV-2)¢ . (2.2.12)

The signature factors 7; are complex functions. They are consistent with our choice

of normalization,
me (5,6=0) ~i, me (5,8 =0)~i—1. (2.2.13)

Standard signature functions [78] are normalized somewhat different. Ref. [79] in-
cludes very good treatment of Pomeron and Reggeon exchanges.

Fig. 2.2 shows that the cross section exceeds the VDM-Regge expectation (blue
line) by more than one order of magnitude near the p°p® threshold. The vanish-
ing of the cross section below W,, = 2m, is due to energy conservation and the
assumption of sharp (delta-like) p® mesons. It is obvious that this model cannot
explain the huge close-to-threshold enhancement. However, the VDM-Regge ap-
proach nicely describes the experimental data for W, > 2.5 GeV. The cross section
above W, = 3.1 GeV was never measured but we expect that our Regge form well
extrapolate to large subprocess energies. Using the VDM-Regge approach we do
not use the smearing of p° meson masses (large decay width I' ~ 0.15 GeV), be-

cause this mechanism gives only a small contributions at W.,, = 2m,, (see Fig. 2.2).



At higher energies (W,, > 3 GeV) the effect of the smearing is very small when
looking at distributions related to p mesons. It may be important only when look-
ing at two-pion distributions. We shall return to the issue when discussing nuclear
cross section.

The differential distributions in transverse momentum of meson p; can be ob-
tained by replacing total elementary cross section

d
G0 = / ST g, (2.2.14)
dp,

where
ot

op?

This transformation is useful for preparation of a grid which will be used in calcula-

do  dodp; do do

T _ =7 E— 29, . 2.2.15
I dpidp, Al T @ P (2:2.15)

tions of nuclear cross sections. This will allow to impose some cuts appropriate for

experimental limitations.

2.3 Quark-antiquark production

Heavy quarks can be produced not only in gluon-gluon fusion processes in proton-
proton scattering but also in v collisions at ete™ colliders. One can find many
papers (Refs. [80-83]) about inclusive and exclusive quark production including
direct, QCD radiative corrections for the leading subprocesses and one/two-resolved
photon mechanisms.

In the current analysis, we use the following notation: Q/Q - heavy-quark/-
antiquark (in our case: ¢ or b), q/q - light-quark /-antiquark (u, d or s (anti)quarks).
In contrast to dimuon production, the QQ state cannot be directly observed because
of the quark confinement. In practice, some experiments measure rather electrons or
heavy mesons. Then, the hadronization process complicates the situation. Therefore
taking into account the vy — QQ process is not enough and one has to include
another partonic states such as QQg and QQqqg. The contribution from a photon
single-resolved components will be calculated too.

We take into account the mechanisms depicted in Fig. 2.4, 2.5, 2.6 and 2.7.

The blue wavy lines represent the photons, the green curly lines denote the gluons,
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Figure 2.4: Feynman diagrams for the Born 2 — 2 amplitude.
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Figure 2.5: Feynman diagrams for the LO QCD corrections.
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Figure 2.6: Feynman diagrams for the QQqg production.
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Figure 2.7: Feynman diagrams for the single-resolved mechanism.

and the black solid lines correspond to the heavy-quarks. The first of the figures

represents the direct mechanism in the Born approximation. This is very similar



to the production of muon pairs in leading order. But in comparison to dilepton
production, one has to include QCD corrections. Representative diagrams for a next-
to-leading-order (NLO) approximation (leading-order corrections) are shown in Fig.
2.5. Fig. 2.6 depicts the production of heavy-quarks in association with light-quark-
light-antiquark pair. The ovals in the figures mean a complicated interaction which
is described in the present work in the saturation model framework. The diagrams
presented in Fig. 2.7 represent single-resolved photon mechanism when only a small
part of first photon interacts with the other one. All these processes were studied
in details in Refs. [84-86].

Starting from the Born direct contribution (Fig. 2.4), it should be noted that the
LO elementary cross section for vy — QQ at two-photon energy W, takes a very
similar form like the cross section for dimuon production (Eq. (2.1.1))

2
Born _ 4 Ao
797-QQ W) = Neeg erm

¥y

4Am?2 Am2 W2 — 8m?
% {21n [% (1_|_ 1 — 2Q)] (1+ mQ “/74 mQ)
2mq Ww Ww

(1 Ami <1+4mé>} (2.3.16)
w2, Wil -

One should only replace the quantities characteristic for muons by their counterparts

for quarks: the number of quark color N, = 3, the fractional charge ey of the c and b
quark/antiquark. In the current analysis we take the following heavy-quark masses:
me = 1.5 GeV, my = 4.75 GeV. The derivation of Eq. (2.3.16) was presented for
the first time in Ref. [87]. It is obvious that the final QQ state cannot be observed
experimentally. Presence of additional few light mesons is rather natural. Thus one
needs to include also more complicated final states.

In contrast to QED production of leptons in 7 collisions, in the case of quark-
antiquark production one should include higher-order QCD processes which are
known to be rather significant. Fig. 2.5 presents LO corrections only for the dom-
inant, in heavy-ion collisions, direct contribution. The details of the higher-order
corrections to heavy-quark-heavy-antiquark pairs production in v collisions can be
found in Refs. [88-90]. In ay order, Fig. 2.5 presents t-channel one-loop diagrams

contributing to the photon fusion amplitude. In the current analysis, we follow
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the approach presented in Ref. [89]. The LO QCD corrections can be written as

CD-corr. 2m aim Qg
03%2@ (W.,) = NeQW CF—f<1>. (2.3.17)

The function ) is calculated with the help of a code provided by the authors of
Ref. [89] which uses the program package HPL [91]. In this analysis, the scale of as
is fixed at p® = 4mg,.

The vy — QQqq process is depicted in Fig. 2.6. The cross section for this
mechanism can be calculated easily in the color dipole framework [84-86]. In general,
the color dipole model makes use of virtual components of the photon in the plane
transverse to the collision axis and their distribution is obtained in the perturbative
framework.

In the present analysis, the dipole-dipole scattering approach [85] is used. Then

the total cross section for the vy — QQ production can be expressed as

4 2
T0q = [Z /"I)QQ prs21) ‘q’fm P2, 22)| Oad (p1, P2, Tqy)
f2#Q
2
+ Z /’q)flfl 1, 21) “I)QQ (p2, 22) Udd(ﬂl,m,xfcg)]
fi#Q
x d?*pydz d?pades (2.3.18)

where ®QQ/ff (p, z) are the heavy/light quark-antiquark wave functions of the photon
in the mixed representation. The parameters p;/, express the transverse separation
of the quark and antiquark in a pair. This is often call the dipole size. The longi-
tudinal momentum fraction of quark pair is denoted by z. Eq. (2.3.18) is correct
at rather high energy W,, > 2mg. At lower energies (W,, < 4mg), the proximity
of the kinematical threshold must be taken into account. In Ref. [84] a phenomeno-
logical saturation model inspired by the Golec-Biernat and Wiisthoff (GBW model)

choice [92] for the dipole-dipole cross section was proposed

2
Oaa (p1, P2, Tap) = 08" [1 — exp (—#)} , (2.3.19)

where o3? = %ao. Different prescription of an effective radius have been considered

in Ref. [84], but the best phenomenological choice is given by the prescription

r2 (P1P2)
T . 2.3.20
1= Pl P% ( )




In Eq. (2.3.19) we use the same parametrization of the saturation radius as in [92]
. -3
Lab
R =— | — 2.3.21
e = 5 (22) 7 2321)
where Qg = 1 GeV. The parameter x,, controls the energy dependence

4m? + 4m?
Top = W—% (2.3.22)
The three parameters of the GBW model were fitted to all existing Deep Inelastic
Scattering (DIS) data for z < 0.01: gp = 29.12 mb, 2o = 0.41 - 107*, X\ = 0.277.
Some other parametrization of the dipole-dipole cross section were discussed for
example in [93]. The cross section for the vy — QQqq is much bigger than the one
corresponding to tree-level Feynman diagrams [82, 94|, because it resumes higher-
order QCD contributions.

In the standard collinear approach one usually includes so-called resolved contri-
butions, when heavy quark-antiquark pairs are created either in the photon-gluon
or gluon-photon fusion (see Fig. 2.7; the shaded oval means either ¢ and u diagram
shown in Fig. 2.4). This is known as the single-resolved process. Then only a small
fraction of the first or the second photon longitudinal momentum fractions (z;/z5)
enters into the production of heavy-quark or antiquark. As was discussed in Ref. [85]
the QQqG component has a very small overlap with the single-resolved component
because of a quite different final state. Thus adding them together does not lead in
practice to double counting. The cross section for the single-resolved contribution

(Fig. 2.7) takes the form

Uyl;ieSQ = /dxl g1 (ZEl, ,u2) Ogy (8 = 15) + /dxg g2 (:UQ, ,u2) Oqg (8 = x25)
(2.3.23)
where ¢g; and g» are gluon distributions in photon 1 or photon 2. &,, and o,
denote the corresponding elementary cross sections. In the current analysis the
gluon distributions is taken from Ref. [95].
Fig. 2.8 presents the elementary cross section for the production of cé (left
panel) and bb (right panel) quark pairs separately. This is depicted as a function
of the vy c.m. energy. The lines refer to four mechanisms which are described

above. The Born direct contribution is denoted by the green solid lines, LO QCD
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Figure 2.8: The elementary cross section for the vy — QQX reaction.

corrections - blue dashed lines, QQqq production - black dotted lines and single-
resolved mechanism - red dashed-dotted lines. A huge contributions come from the
production of charm and bottom quarks in association with light ¢q pairs. The
LO v+ — c¢ elementary cross section dominates at low energies near the threshold

(W, < 10 GeV).

We are the first group which tries to include all mechanisms for the production
of heavy quarks in 7y — Q@ and then in nuclear UPCs. The corresponding results

will be discussed in section 4.3.

2.4 Two-pion production

0.0

Tr~ and vy — 7'nY reactions are

The elementary cross section for vy — w
interesting by themselves, because understanding of these mechanisms at low
(W,, <1 GeV) and intermediate (W,, = (1 —2.5) GeV) energies is very important
for applications of chiral perturbation theory and pion-pion interaction [96-101].
At higher energies (W,, > 2.5 GeV) the Brodsky-Lepage [102-105] and hand-

bag [106,107] mechanisms have been discussed in the literature.

The elementary cross section for vy — 7t7n~ and vy — 7% process will be

discussed starting from the energy of two-pion threshold up to about W, = 6 GeV.



To obtain correct description of these reactions, one needs to include several mech-
anisms. Every of them will be studied in individual subsection. Then our results
will be compared with experimental data for both total cross section and angular

distributions.

2.4.1 vy — 77" continuum

Y(q1, A1) ™ (pet) Y1, A1) ™ (pat) g M) t
N\NN\sf - - - ’\/\/\/\/\4\\ , -

i S 7 7

A + A< + -

I L {\ A -
AAANE - > — = AAAAN . ~
Y(g2, A2) ™ (p,-) g2, A) ™ (p,-) g2, A2) T

Figure 2.9: One-pion exchange Feynman diagrams for the ¢, v and contact ampli-

tudes.

In the vy — 7t7~ a soft pion-exchange process is possible. The Feynman
diagrams for the Born term matrix elements for charged pion pair production are

depicted in Fig. 2.9. The helicity-dependent amplitude for point-like mesons
M (A1, Az) = M (A, Aa) + M™ (A1, A2) + M (A1, A2) (2.4.24)
is a sum of the three terms [87]:

- t-channel pion-exchange amplitude (left diagram in Fig. 2.9)

M (A, Aas @1, G2, Pty D) = €° Z (2pﬁ+ - Chu) eu(q1, M) (2.4.25)
1
t—m2’

s

X (2py- — a3) €v (a2, X2)
- u-channel pion-exchange amplitude (middle diagram)

MU ()‘17 )\Qa q1, q27p7r+7p7r*) - 62 Z (2]9!7:_ - Q{L) 5/_L <q1, )\1) (2426)

4 v 1
X (207 — @) e (a2, Ae) s,

T

- contact amplitude (last diagram in Fig. 2.9)

ME (A A2 @1, G2, et D) = €2 ) 29" e, (M) ey (Na) (2.4.27)
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where t = (pr+ — 1) = (pr- — @2), u = (pr+ — @2)> = (P~ — @1) and ¢, ave
polarization vectors of the photons. The full helicity-dependent amplitude for the

vy = 77w~ continuum (2.4.24) can be written as
MC ()\1, )\2) = &y (ql, )\1) Ev <QQ, )\2) M!W . (2428)
It is easy to show that the total amplitude fulfills the gauge invariance conditions:

QpM* =0, (2.4.29)

g M" =0 (2.4.30)

The QED Born amplitude for the production of charged (point-like) pions in the
~vv fusion was known for a long time. In many calculations in the literature pions
are treated as point-like particles. An interesting problem is to construct the QED
amplitude for real, finite-size mesons. In 1986 Poppe proposed the form factor [108]
which allows to include finite-size correction. In our calculations we use the idea

proposed in Ref. [104]:
F2(t) + F? (u)
14+ F%(-s) '

QO (s, t,u) = (2.4.31)

where F'(x) = exp (%x) is the standard vertex function. One needs to multiply
the full pion-exchange amplitude (2.4.24) by s-, t-, u-dependent form factor (2.4.31).
The details of Eq. (2.4.31) and comparison with the Poppe form factor are presented

in Appendix D.3.

2.4.2 s-channel 7y — resonances

Exclusive resonance production in vy reactions plays an important role in the study-
ing substructure of resonances. The measurement of the decay widths into vy allows
to test for example the quark composition of the resonances and in this way provides
a better understanding of the meson spectrum. Fig. 2.10 shows a list of all yy — w7

resonances which are taken into account in the present studies:
- scalar resonances: f5(600) = o(600), fo(980), fo(1500), fo(1710),

- tensor resonances: fo(1270), f5(1525), fo(1565), f2(1950),



- spin-4 resonance: f;(2050).

Figure 2.10: Feynman diagram for 4y —resonances— 7t/%7~/% process.

Only ¢(600) and f5(1270) resonances were discussed in this context in the literature.

Table 2.1: Parameters of resonances used in calculations.

No.  Resonance  mpg (MeV) TI'p (MeV) D'z (MeV) T, (keV) FWF” (keV)
1 £,(600) [109] 600 400 400 0.5
2 fo(980) [109] 980 50 51.3 [110] 0.29
3 f(1270) [109] 1275 185 156.9 3.035
4 fo(1500) [109] 1 505 109 38 - 0.033 [111]
5 f}(1525) [109] 1525 73 0.6 0.081
6 fo(1565) [112] 1 570 160 25 0.7
7 fo(1710) [109] 1 720 135 - - 0.82
8 f2(1950) [109] 1944 472 - - 1.62
9 f4(2050) [109] 2018 237 40.3 0.7

Table 2.1 includes important characteristics of the resonances.

rameters are known from Particle Data Group book [109].

Almost all pa-

While the 77 decay

widths are usually well-known, the vy decay widths are known only for some of the

resonances. Therefore, studying the vy — 7w data may help in extracting the latter

quantities.

In most cases, PDG gives values of the resonance parameters: mass of mesons

(resonance) mpg, width of resonance ', I'x; and I',, decay widths. In our study

somewhat smaller values of decay widths for f,(600) resonance are used than given

in the PDG book. In the PDG book [109] a broad range of parameters is given:
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I 45600y = (600 — 1000) MeV, Ty, = (1.2 — 10) keV, but from our fit to experimental

total cross sections and angular distributions, we found:

I fo(600) = 400 MeV, g, (60)>yy = 0.5 ke V. (2.4.32)

Additionally it is assumed here that the branching ratio: Br(fy(600) — 77)= 100%.

For fy(1500) scalar resonance which is a glueball candidate, PDG gives a number:

% = 0.033 keV which was obtained by the BELLE Collaboration [111]. Using
e

this value, one can calculate: I'y, = 0.1 keV.

For f4(2050) the situation is even more complicated. Different values of the ratio

R

T were given in the literature:
£4(2050)

- Ref. [113]: 0.0231 keV,

- Ref. [114]: less than 1.1 keV.

Our fit to the BELLE experimental data (to be shown in the section 2.4.5) gives

Ly lan
I 1, (2050)

= 0.12 keV, Ty, 2050) 57y = 0.7 keV . (2.4.33)

The angular distribution for the s-channel resonances can be written in the stan-

dard (typical for Feynman diagrams) form:

W2
do (yy — 7o) - my 2 4
—_— = _— A, )| ———— 2.4.34
dz > T MO )] 4 X 64m2W2 ( )
A2 2 Y

where the factor 4 in the denominator comes from averaging over initial photon he-
licities. The helicity-dependent resonant amplitudes in Eq. (2.4.34) must be mod-
elled, as we do not have a priori microscopic models of the coupling of two photons to

high-spin resonances. We parametrize the fy, fo and f; resonances by the relativistic



Breit-Wigner resonance amplitude for a spin-J resonance R of mass mpg:

2
\/ 6422, x 87 (2] + 1) (g—ﬁ) Drlr (W)

M, ) = :
(A1, 22) W2 —mp +imglg (W)

)
(Y2(0,0); for fo
o Vs, 4 O 0)ifor L(1270), £5(1525), £(1950)
YP(0, ¢); for f,(1565)
| V(8. 0); for f4(2050) |

X exp (_ (W, = mR)2> . (2.4.35)

The last form factor was introduced to correct the resonance form far from the actual
resonance position where the simple resonance form is incorrect. One can expect Ar
to be much larger than the resonance width I'p. In practice we will treat it as an
extra free parameter to be adjusted to experimental world data. This is important
only for broad resonances with I' > 0.1 GeV.

The energy-dependent resonance width

= m
Lr(Wy,) = Tp—=—=—=—=F" (W, R) (2.4.36)
o

is expressed through the spin-dependent Blatt-Weisskopf form factor [115]

FJ:O(W’Y’WR) = 1
Rpr)* + 3 (Rpr)* +9
FI (W, R) ( pR)4+ ( pRQ) +9 (2.4.37)
(Rp)"+3(Rp)"+9
(Rpr)" + 10 (Rpg)° + 135 (Rpg)* + 1575 (Rpp)” + 11025

(Rp)® + 10 (Rp)° + 135 (Rp)* + 1575 (Rp)? + 11025

F={(W,R) =

2
. m
In the equation above we have defined resonance momentum pg = 1/ —£ — m2 and

4

2
vy — 7 system momentum p = 4/ % —m2. The value of the barrier radius is
taken to be R =1 fm.

We consider two simple models of the amplitude for the tensor meson production:

MR < Yauoa(0,0) - (63, —xa—2 + On—np2) (type A),

Mi;\i X }/27)\1_,\2 (9, gb) . 5>\1_)\270 (type B) (2438)
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We shall call them model A and B, respectively. For f5(1270) production the ampli-
tude is dominantly of the type A [108]. The same situation appears for the f35(1525)
and f(1950) mesons since they are the same nonet partners of f»(1270).

For the first time the decay of f»(1565) into dipions was studied in Ref. [116],
while its decay into two photons was analysed in Ref. [112]. The f5(1565) resonance
is not well understood so far. The BELLE Collaboration found in this region both
components (A, B) in their partial wave analysis [110,111,113]. We tried both models
in order to describe the experimental data, taking the ', decay width from [112]

and fitting I',,. A better description of the data was obtained using the relation:
M{i()}j&:’) (S8 }/29\1—)\2 (07 ¢) . 5)\1—)\270 . (2439)

This amplitude takes a different form than its counterpart for the f(1270) meson.
This is equivalent to the fact that the structure (¢q state) of f5(1565) resonance may
be completely different than that for f(1270), f5(1525) or f5(1950).

The f4(2050) resonance was not studied so far in the 4y — 77 reactions. For

the spin-4 resonance again two simple possibilities come into the game:

Mﬁi\i X Y2 (0,0) - (0x,—ng—2 + Oxn,—np2) (type A),

MITL o Yan-2(0,9) - 6x,-r,0 (type B). (2.4.40)

While the BELLE partial wave analysis [110,111,113] suggests the dominance of the
type A form, in our analysis we find that type B form fits better to the experimental
data.

Fig. 2.11 shows a combination of all s-channel resonances which were discussed
above. The biggest contribution comes from the f5(1270) meson production. Simul-
taneously this is one of the broadest resonances. At lower energies (W.,, < 0.7 GeV),
the scalar 0(600) meson dominates. Although the line shape of f2(1270) meson itself
is crucial, the interference of the right wing of that resonance and other resonances

which have peaks (resonance positions) at W, > 1.5 GeV play very important role.
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Figure 2.11: Contributions of the different s-channel vy resonances for the 77~
production as obtained based on PDG book [109] and our fit to be presented in the

following.

0

2.4.3 ~y — 7% in a simple coupled-channel model with p*

exchange

Due to vanishing charge of neutral pions the vy — 7%7% amplitude vanishes at

the Born-level. In this case a loop mechanism with p* exchange is possible (see
Fig. 2.12). The amplitude for this mechanism is a combination of ¢-, u- amplitudes.
An example of a process which leads to channel coupling is shown in Fig. 2.12.
The left panel corresponds to contact amplitude and the right panel depicts the p*

meson exchange in the ¢ channel.

g, A1) T (k) ™ (p1) g, M) (k) 7TO<pl>

- T~ ) - B ) T T
7’ '
- P () (k) (k)
A I
\ e > - AANNS - > - — - > - -
Nz Ao) 7 (ka) ™ 7 po) @A) wT(ko)  wl(py)

Figure 2.12: Feynman diagrams for vy — 7°7° process with charged p meson ex-

change.
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The contact amplitude can be written as:

C 174 1 (e} (0%
M ()\la)\Q) = /26291l Eu()‘l)EV()Q)mgmr—w (kl +P1)
<_ga[3 + %)

P

e (K5 +18)
% mQ—mz—l—z’FPmpg _>p< 2 P k3 —m2 + ie
- d*
X F(8,f,0) F2% (k)2 (k) F2 (ko) — (2.4.41)
(2)
and the corresponding t-channel amplitude as:
M, 2g) = / - ! (ke + p3)
b ﬁ%—m%—irz’ekf—m?ﬁ—iegﬂ”%p LT h
(—us + "2 1
o) g (k8 B) L
8 ﬁ2—m%+inmpg ﬂ’( 2 TP k3 —m2 + ie
X e (M) (K + KY) € (A2) (K5 — K3)
. d*
X F(3,8,0)F2 (k) F2 (ky) F2- (ko) 5 “>4 . (2.4.42)
7

The amplitude for u-channel is obtained by a interchanging particle 7+ with particle
7~ in Fig. 2.12. The coupling constant equals ¢rr—,, = V4m - 2.6.

The form factors that appear in the above formulae are parametrized here as:
PR F2)+F3(a
- F(s,t,u) = I(JF)T(S)()

7(§74m2>2 7<127m2)2 ~
where F(5) = exp (M—’T> and F(x) = exp (A—4") for x = t, 4,
BOX T

_ ~(o2-m2)’ _
- Fi/-(x) =exp ( ne) ) for @ = ky, ko,
where Agox, A, and A, are, in principle, free parameters. The resulting amplitude
strongly depends on the value of the A parameters.
This coupled-channel model with charged p meson exchange is important for
the vy — 7% channel since the cross section for the 4y — 777~ reaction is much

0

bigger than that for the vy — 7%7° reaction. Similar mechanism for the yy — 77~

can be, however, neglected.



2.4.4 pQCD mechanisms

At high dipion invariant masses (W,, > 2.5 GeV ) the mechanism of the reac-
tion is not fully understood. Brodsky and Lepage made a first prediction of the
leading-order perturbative quantum chromodynamics (pQCD) [102] which was fur-
ther studied e.g. in [103,117]. In general, the predictions of the pQCD calculation
lay below the experimental data measured at The Large Electron-Positron Collider
(LEP) in ALEPH detector [118] and recently by the BELLE Collaboration [119].
The next-to-leading-order calculations were presented only in Ref. [120] and these
results are not able to describe the present experimental data.

Some time ago Diehl, Kroll and Vogt (DKV) suggested that a soft handbag
mechanism may be the dominant mechanism [106] for the wide-angle scattering at
intermediate energies. In this approach the normalization as well as energy de-
pendence of the corresponding cross section are adjusted to the world data on the
vy — w7~ production [106,107].

7T+/0
_>.__

- ?._70_

Figure 2.13: A generic Feynman diagram for dipion production in pQCD mecha-

nisms.

Fig. 2.13 presents the general diagram for the pions production in LO pQCD.
The oval in the figure means complicated interactions which are described in the

Brodsky-Lepage (BL) or/and handbag mechanisms.

Brodsky-Lepage mechanism

The basic diagrams of the Brodsky and Lepage formalism are shown in Fig. 2.14
(Ref. [121]). In fact, the total number of LO diagrams contributing to the vy —
(qq) + (qq) amplitude is 20 (Ref. [120]). The invariant amplitude for the initial

helicities of two photons is expressed through a parton distribution amplitudes ¢,
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Figure 2.14: Some examples of Feynman diagrams for the Brodsky-Lepage pertur-

bative mechanism for vy — 7.

for each hadron and quark/antiquark carries some fractional x/y momentum of
parent hadron and through a hard-scattering amplitude TI)}“\Q for scattering the

clusters of collinear valence partons from each hadron:

1

1
MO ) = / dz / Ay bn (2,12) T (2,9, 1) 65 (4, 1)
0

0
x  FPeOD (g) (2.4.43)

where p,, = min (24 1 — ) Vs(1—22); z = cosf [102]. The details of the
helicity-dependent hard scattering amplitudes are discussed in Appendix D.4.2.
The extra form factor in Eq. 2.4.43 aims to separate the perturbative from non-
perturbative processes. We use the following function which smoothly switches off
the non-perturbative pQCD region at low energies (W,, < 2 GeV):

FPRCD(g) = 1 — exp (—(g—_W) . (2.4.44)

Af’QCD

The parameter A,gcp is fitted to experimental data (in our calculation we find
Apgep = 2.5 GeV). The other form of the form factor was proposed in Ref. [104].
A discussion about different forms of the form factor is given in Appendix D.4.1.
The distribution amplitudes are subjected to the (Efremov-Radyushkin-Brodsky-
Lepage) ERBL pQCD evolution [122,123]. The scale-dependent valence-quark dis-
tribution amplitude of the pion [124,125] is expanded in terms of Gegenbauer poly-
nomials Co/? [126]

2{%655 (1—2)> C* @2z —1)a, () , (2.4.45)

n=0

Or (l’, :U’2) -



where the expansion coefficient

n41
2 2m+3 <as (u2)) -5 [

an () = 3+ 1) (n+2) \a(12)
X / dz C32 (22 — 1) ¢ (2, 413) (2.4.46)

depends on the form of the distribution amplitude ¢, (x, u). Above Cp = %, 5o
and «a; are explained in Appendix D.4.2.
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Figure 2.15: Quark distribution amplitudes of the pion.

Finally, the pQCD amplitude for the 7y — 77 reaction depends on the pion
distribution amplitude. The letter has been, for long time, a subject of intensive
discussion [102, 105,125, 127]. The reference point is the asymptotic shape [128]

(green line in Fig. 2.15)
¢rasymp. (z) = 6z(1 —z) . (2.4.47)

This functional form turned out to be inconsistent with recent experimental data
presented by the BaBar Collaboration for the pion transition form factor ., for

large photon virtualities [129]. Wu and Huang [130] proposed recently a new form
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of the distribution amplitude (red line in Fig. 2.15)

3A

Grw (T, 115) = 2\55 :};f Vo ( ( +BxC¥* (21 — 1))
mg + g

85%x (1 — x)

2
mq

f [ S——
< | 86%x (1 —x)

— Erf

] . (2.4.48)

where the error function is defined as Erf(z) = \/i; fxexp(—tQ)dt.

The authors take into account both the leading valence quark and the non-
valence quark contribution. This pion distribution amplitude at the initial scale
(u2 = 1 GeV?) is controlled by the parameter B, which defines the broadness of the
pion distribution amplitude. This simple Wu-Huang (WH) model better describes
(see Fig. 6 in Ref. [130]) recent BaBar data [129]. This pion distribution amplitude
is rather close to the well-know Chernyak-Zhitnitsky [131] distribution amplitude
(see the blue line in Fig. 2.15)

broz (x) = 30x(1 —z)(22 — 1)%. (2.4.49)

In the following we use quark distribution amplitude proposed by Wu & Huang
(Eq. 2.4.48) and with parameters B = 0.6 and m, = 0.3 GeV. Then a normalization
constant A = 16.62 GeV~! and a harmonic scale 8 = 0.745 GeV. f, = 93 MeV

above is the pion decay constant.
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Figure 2.16: Comparison of the theoretical predictions of the Brodsky-Lepage pQCD
angular distributions with the BELLE data.



Fig. 2.16 shows the comparison of the results for the BL. approach with exper-
imental data [113,119] for five different values of energy. As can be seen from the
figures the BL pQCD approach is not enough to describe the "high energy” data,

0

especially for the vy — 7%7% reaction. Thus one needs to take into account an-

other mechanism which correctly describes the experimental data at higher-energies

(W, > 2.5 GeV).

Handbag model

Figure 2.17: Feynman diagram for handbag mechanism.

The handbag approach was proposed in Ref. [106,107]. Fig. 2.17 depicts the
Feynman diagram for the handbag mechanism. There two photons interact with the
same quark exchange and the intermediate state "active” gg-quarks have almost the
same momenta as meson, while the ”passive” pair of other ¢’¢’-quarks is picked out
from the vacuum by soft non-perturbative interactions. In this approach the only
non-zero helicity-dependent amplitudes are

2

A=A, = —4mem:—uR% (s) . (2.4.50)

Handbag model predicts that the angular dependence of amplitude is oc 1/ sin® 6,
where 6 is the c.m. scattering angle. The blob in Fig. 2.17 represents the two-pion
distribution amplitude. The form factors Ra,(s) are of non-perturbative nature
and are in principle unknown. In practice they were fitted to the experimental
total (integrated over experimentally measured region) cross section for yy — w7~
[106, 107], assuming that the mechanism exhausts the measured cross section at

high energy (W.,, > 2.5 GeV). This is not a necessary condition. In our analysis
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we relax this rather restrictive assumption and focus on the angular distributions.

Following [106, 107] annihilation form factor is parametrized as follows:

5 1
Rﬂ+7r_ = Rﬂ'oﬂo = RQW = §Rgﬂ + §R§7T
5 Sp\ " 1 80>n5
= — — — — . 2.4.51
93au<s> +9sas(s (24.51)

Above equation is divided into two parts: a valence (u index) and a non-valence
(s index) form factor. The values of a,, n,, as and ng are taken from Ref. [106,
107]. We have averaged the values for different energies (see Table 1 in Ref. [107]):
a, = 1.375 GeV?, n, = 0.4175, a, = 0.5025 GeV? and n, = 1.195. The parameter
so =9 GeV? is fitted to the experimental data for three channels: K+K—, K°K©°
and nmv.

The cross section integrated over cos @ from — cos 6 to cos 6y for pion pairs takes

the form
Ara? cosy 1. 1+ cosb 9
o) = O 2T em S %N R : 2.4.52
o(yy = mm) s (sim2 o * 2 "1~ cos o | (s)] ( )
where C' = +1 for charged pions and C' = —1 for neutral mesons. The ratio of the

cross section for the 7%7% process to the 77~ process does not depend on # and
equals % Usually the experimental data are presented with some limitation on cos @,

thus one can write the additional information coming from handbag approach:

1

o (vy = 777 cos 0y = 0.6) = 425 nb GeV? | Ry (s)|° = (2.4.53)
1

o (yy = 71 cos0p = 0.8) = 866 nb GeV? Ry, (s)? S (2.4.54)

A characteristic feature of the handbag mechanism is the fact that the differential
cross section for charged and neutral pion pairs is the same, in striking contrast with
what is found in the hard scattering approach.

Angular distributions calculated in the handbag approach together with the
BELLE experimental data [113,119] are shown in Fig. 2.18. Here one can see
similar situation as in Fig. 2.16. Only at the highest energies (W,, > 3.5 GeV)
the handbag parametrization looks reasonable. It is very interesting whether the
combination of the two QCD mechanisms can describe the experimental data. This

will be shown in detail in the next subsection.
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Figure 2.18: Comparison of the handbag model predictions with the BELLE angular
data.

2.4.5 Results of the fit to experimental data

In chapters 2.4.1- 2.4.4 T have described all (potential) ingredients which, in our
opinion, are necessary to describe experimental data for the vy — 7w processes
(total cross sections and angular distributions). The technical question is how to
include all these ingredients together and how to fix free parameters of the combined
model.

In our approach we shall make an educated (using our experience in hadronic
physics) adjustment of the parameters essentially ”by hand” in an iterative (several
times repeated) procedure. We gave up from automatic fitting to the data in spite
it leads to good x? solution(s) as such automatic fit may lead to rather unphysical
parameters.

In our adjustment to experimental data we shall include:

e Born soft pion exchange amplitude (see Fig. 2.9) for the vy — 777~ reaction

with one free parameter (cut-off parameter of the form factor).

e soft loop p* exchange amplitude (see Fig. 2.12), where the form factor pa-

0

rameter is adjusted to describe the data for the vy — 770 reaction.

e 77 resonances (see Fig. 2.10) with most of the parameters taken from particle

data book, except of the parameters of rather poorly understood ¢ resonance.
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In some cases we allow for modification of I'y (600), I'fo(600)—yys I f1(2050)—yv-
Since we add the resonances with other processes coherently we have to allow

for a free phase factor in front of the resonance amplitudes.

e Brodsky-Lepage mechanism (see Fig. 2.14), calculated within pQCD. We
start the ERBL evolution for 2 = 1 GeV2 The distributions at large an-
gles (] cosf| = 1), where the pQCD calculations does not apply, are corrected
by the extra form factor (2.4.44) and the form factor parameter is treated as

a free parameter to be adjusted to experimental data.

e Handbag mechanism (see Fig. 2.17) where we allow the magnitude of the
process to be fitted (adjusted) to simultaneously describe the vy — 77~
and vy — 7'7° data. As for the Brodsky-Lepage mechanism we allow for

modifications of the cross section at large angles (one form factor parameter).

In the following we shall show one example of the most preferred by the data solution.
As will be shown below, the agreement with the data is satisfactory and therefore
the "educated fit” can be used for the predictions of the cross sections for nuclear

collisions, which is our main aim.
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Figure 2.19: Contributions of the pQCD continua to the vy — 777~ and vy — 77

reactions.

Fig. 2.19 presents the dipion continuum contributions as the function of incident

photon-photon energy. One can see the results both for the vy — 777~ reaction



(left panel) and for production of neutral pions (right panel). Here we have depicted
the prediction for pion exchange contribution (black lines) with two different values
of the slope parameter B,., pQCD BL mechanism (pink lines), handbag model
(blue lines) and p meson exchange (black line for 4y — 7°7%). One can observe
that for larger values of energy, the QCD mechanisms reasonably well describe the
data. Simultaneously, the low-energy continuum is not sufficient to describe the
experimental data points. Thus the inclusion of the s-channel resonances is very

important (see Fig. 2.10).
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Figure 2.20: Theoretical fit of the vy — 777~ and vy — 7°7° experimental data.

In the next figure one can see our full fit to the world experimental data as
the function of the subprocess energy. Our predictions correspond to limited an-
gular ranges of different experiments. The data for the vy — 777~ reaction are
for the limit |cos#| < 0.6 and they come from the ALEPH [118], BELLE [119],
CELLO [132], CLEO [133], TPC/Two Gamma [134], Mark II [135] and VENUS [136]
Collaborations. For the vy — 7°7% reaction the data come from the BELLE [113]
and Crystal Ball [137] groups and here the angular range is limited to | cos €| < 0.8.
Our approach rather nicely describes the experimental data simultaneously for the
vy — 7wt~ (left panel) and for vy — 7%7° (right panel) reactions. For the charged
pions, one can see the two sums corresponding to two different values of B.,: 4 or
6 GeV~2. Similarly, on the right panel of Fig. 2.20 one can observe the difference

between the results with and without contribution with the p* meson exchange.
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Figure 2.21: Angular distributions for the vy — 77~ reaction.

Fig. 2.21 and 2.22 show the comparison of our predictions with the angular ex-
perimental data measured by the BELLE Collaboration ( [110,113,119]). The calcu-
lations are done for nine different energies ranging from 0.8025 GeV for vy — 77~
or 0.61 GeV for vy — 7°7° to 4.05 GeV. The first four panels for the vy — 7t 7~
reaction present the sum of contributions of many mechanisms for two different
values of the slope parameter in the hadronic form factor. We obtain a better
description of the experimental data points when we use the exponential form fac-
tor with B,, = 6 GeV 2. The description for W,, = 1.4975 GeV shows that one
should include also D wave, but we have no theoretical guidance on how to do

it. The contributions for the QCD mechanism start to dominate for larger values



of energy. The Brodsky-Lepage mechanism is the leading one in the high energy
(W, > 2.5 GeV) domain. For the vy — 797" reaction (Fig. 2.22), the first two
figures present the cross section corresponding to the sum of processes with and
without contribution from the charged p meson exchange. One can observe that the
inclusion of this contribution is important only for W,., < 0.6 GeV (see the right

panel of Fig. 2.20).
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Figure 2.22: Angular distributions for the vy — 7°n" reaction.
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Figure 2.23: The ratio of the vy — 7%7° and yy — 77~ cross sections as a function

of W, together with BELLE experimental data.

Very interesting seems to be the ratio of the neutral and charged pion pair pro-
duction cross sections. This is shown in Fig. 2.23. Our result (red line) is confronted
with BELLE experimental data [113,119]. We have some problem with correct de-
scription of the data in the (2.4 —2.7) GeV range of the collision energy. This can be

0 reaction

caused by not very good description of the angular data for the vy — 7%
in this range of energy as discussed above. However, our results prove that the cor-
rect description of the high-energy cross section requires to take into account both
the Brodsky-Lepage and handbag mechanisms simultaneously. The black solid line
represents only the handbag model result, which is independent of 8 and is constant
(=3).

Finally we get good agreement of the total elementary cross section with all
available experimental data for the first time in such a broad range of energies. Si-
multaneously we have obtained a reasonable description of the angular distributions.
Presented above approach for vy — 77 is well suited for the predictions of the cross
sections for nucleus-nucleus collisions. It is worth to note that the corresponding

nuclear cross section for both charged and neutral pion production is calculated for

the same parameters of resonances and QCD mechanisms.



Chapter 3

Nuclear results for single
and double vector meson

photoproduction

In this chapter we will discuss first nuclear photoproduction of a single p° meson.
We will show that a sequence of two single p" photoproductions in nuclear processes
(explained below) leads to exclusive production of two p® mesons in nucleus-nucleus
UPC. This process may compete with the vy — p°p° mechanism (in nucleus-nucleus)

collisions discussed in the next chapter.

Nuclear photoproduction of a single p° can be understood as a photon fluctuation
into hadronic or quark-antiquark component and its subsequent propagation through

the second nucleus and transformation (fragmentation) into the p meson.

3.1 Smearing of p’ meson masses

The p° resonance is fairly broad, I' 0 ~ 0.150 GeV [109]. In further calculation of p°
photoproduction two-different approximations will be considered: first one in which
mass of p° meson is fixed (Dirac delta function) and second one in which mass is
smeared as dictated by the decay width. Smearing of p° meson mass is included

by using an amplitude which is a sum of the relativistic Breit-Wigner amplitude

70
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and the amplitude B, for the direct 777~ continuum production

mmol 0 (m)

A =A Bir 3.1.1
(m) BV — m2% + imyel o (m) + ( )
with 32
2 2
mpo [ m* —4mz
[po(m) =Ty - <m,2)0 — 4m72r> : (3.1.2)

where myo and Ty are the width and mass of the p° meson, m, is the mass of the
pion. The mass-dependent width (Ref. [138]) assures vanishing of the spectral shape
below the two-pion threshold. The first amplitude in Eq. (3.1.1) has purely resonant
character and the second one is added to describe a big asymmetry (enhancement of
the left-hand side and damping of the right-hand side of the p° resonance). A physi-
cal interpretation of the constant term for proton-proton collisions can be found e.g.
in Ref. [139]. It was explained there as due to the Deck (or Drell-Séding) two-pion

continuum [140].

Table 3.1: Parameters for relativistic Breit-Wigner and continuum amplitudes for p°.

Parameter ZEUS [141]  STAR [138] ALICE [142,143]
m,o [GeV] 0.774+0.002 0.775+0.003  0.761 4 0.0023
[0 [GeV] 0.146 £0.003 0.16240.007  0.1502 £ 5.5

’ o= [GeV 1] 0.669 0.89 4+ 0.08 0.5+ 0.04

m [GeV] (0.55—1.2)  (0.5—1.1) (0.28 — 1.512)

Table 3.1 collects parameters needed to calculate amplitude given by (3.1.1).
The errors given in the table are of statistical origin. The systematic errors can be
found in references given in the table. The last line in the table shows the range of
invariant p° mass for which the parametrization was determined.

Fig. 3.1 presents the square of the amplitude (3.1.1) with (solid line) and with-
out (dashed line) continuum component B,,. One can see results obtained with
parametrizations of the ZEUS [141] (black lines), STAR [138] (blue lines) and AL-
ICE [142,143] (red lines) Collaborations. The results obtained by each of the groups
are very similar. The ALICE parametrization has a huge advantage: the p° mass

smearing is done for larger range of center of mass energy (7,4, = 1.512 GeV) than
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Figure 3.1: The invariant mass distribution for the ”p°” meson.

in other cases. This fact is very important in nuclear calculations if one wants to
make predictions in a broad range of two-pion invariant mass. For comparison see
the dotted lines in Fig. 3.1. At large m the shape of the distributions does not seem
physical. This strange behaviour of the distributions for the large dipion masses
happens beyond upper application limit (see the last row in Table. 3.1). This may
be traced to a crude approximation of invariant dipion mass independence of the
Deck mechanism.

Y-axis in Fig. 3.1 designates the magnitude of the resonance contribution which

fulfills the condition

/N(,rm |A(m)|> dm =1. (3.1.3)

As was mentioned above, the amplitude for the direct 77~ production raises the
left-hand side (m < m0) of the resonance and simultaneously reduces the right-hand
side (m > myo0) of the resonance. In further calculation, we will smear the mass of p°
meson with the extra 77 continuum amplitude, because this way correctly describes
the experimental data points for the invariant mass distribution.

The dominant decay channel of the p meson is a pair of pions with a branching
rate of 99.9%. In the calculations performed in this dissertation the p° — 77~

decays are done in a separate Monte Carlo code. The distributions in the p° center
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of mass are generated either isotropically or randomly with the decay function in

the p° center of mass given by the distribution:
* 3 s 2/ 0%
f(e) = 5 sin 0%) . (3.1.4)

This distribution corresponds to the decay of transversely polarized p°.

To calculate nuclear cross section for p° photoproduction we perform the follow-
ing steps: first a map of the cross section for a dense grid in rapidity of meson(s)
(y) or (y1,y2) is prepared in the case of single/double scattering with fixed p meson
masses (the corresponding p mesons have negligibly small transverse momenta).
One should include the smearing of the p° mass too. The cross section for single

scattering (more details in section 3.2) can be written then as:

dUAA—)AApo _ f(m) dUAA%AAPO (y7 m)

3.1.5
dmdy dy ( )
Analogously for double scattering mechanism (see section 3.3):
d d ;
OAA—AApopo _ f(ml)f(mg) O AA— AApopo <y1y27 mu, m2) ' (3.1.6)

dmy dmy dy; dys dy1dys

The smearing distribution f(m) is called sometimes as spectral shape. It can be

expressed formally through the relation

m) = |A(m)|2Norm
T = A )P Ny

(3.1.7)

Please note that the numerator of Eq. (3.1.7) is displayed in Fig. 3.1.

Next a Lorentz transformation to the overall ion-ion center of mass (laboratory
system for both RHIC and LHC) is performed. Different kinematical variables
related to charged pions are calculated and corresponding distributions are obtained
by an appropriate binning. This way we have the full kinematics of the event thus

any cut on kinematical variables can be easily imposed.

3.2 Single p’ meson production

Fig. 3.2 illustrates a single vector meson production mechanism in ultraperipheral

ultrarelativistic heavy-ion collisions. The cross section for this mechanism can be



IP/IR

A A A A

Figure 3.2: Feynman diagrams for the single vector meson production by photopro-

duction (photon-Pomeron or Pomeron-photon fusion).

written as a differential in the impact parameter b and in the vector meson rapidity y

doa, Ay—A,4,v _ dPp (b,y) dPIP'y (b, y)
d?bdy dy dy

(3.2.8)

Pp(y,b) or Pp,(y,b) is the probability density for producing a vector meson V'
at rapidity y for fixed impact parameter b of the heavy-ion collision. Only such
cases when b > 2R 4 are included in the integration. Probability density expresses
two-different possibilities of the production vector meson shown in Fig. 3.2. Each
probability is the convolution of a energy of photon from first or second nucleus

(w12 = my /2exp(zy)) and a flux of equivalent photons:

Pij3 (y,b) = wij2N (wi)2,b) Oy gV Ay (Whay,) s (3.2.9)

where N (w1 /25 b) is in principle a function of heavy ion - heavy ion impact parameter
b and not of photon-nucleus impact parameter. The effective impact factor can be
formally expressed through the photon flux in one of the nuclei and effective strength

for interaction of the photon with the second nucleus
S?(b
N (wi,b /N w1, by) 2)d2b1 ~ N (wi,b) , (3.2.10)

where by = b + ba. The extra S?(by) ~ §(R4 — by) factor ensures collision when
the photon hits the nucleus. For the photon flux in the second nucleus one needs to
replace 1—+2 (and 2—1). Here we use the photon flux in the form which was given
in Eq. (1.2.29).

The vA — p°A photonuclear cross section is discussed in some details in Ap-

pendix E. The cross section is calculated with the help of the Glauber model for p°
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meson photoproduction. Finally Eq. (E.0.10) expresses the total cross section for

vA — p’ A reaction and can be written as

tmaz

d t=0
OyAspod = "VAHPZ;( )/dt|FA(t)|2. (3.2.11)

—0o0

This cross section is actually a function of energy in the vA system, so in this case
one can write: W = W, 4. The factor |F4 (t)| appears here due to coherent ¢ dipole
rescattering off a nucleus. A good approximation is to use the realistic nuclear charge
form factor which is defined in Eq. (1.4.83). The squared four-momentum transfer:
t=—q*=—(m2/ (2wiw))*.

The cross section for the YA — V A reaction could be also calculated e.g. in the
QCD dipole picture in a so-called mixed representation (see e.g. [144,145]). Slightly
more complicated momentum space formulation of the vector meson production was
discussed in [146].

At high energy above resonances the imaginary part of the amplitude for the

vA — V A process can be written as in Refs. [147-150]:
S (Ayasva(W)) = Z/dz d?p W\5(2,p) Oaip-a(W, p) ¥];(z,p) . (3.2.12)
AX

In the equation above, A and \ are quark and antiquark helicities. Helicity conser-
vation at high energy rescattering of the dipole in the nucleus is explicitly assumed.
The variable p is the transverse size of the quark-antiquark dipole, and z denotes the
longitudinal momentum fraction carried by a quark. The longitudinal momentum
fraction carried by antiquark is then (1 —z). Using explicit formulae for photon and
vector meson wave functions, the generic formula (3.2.12) can be written in a con-
venient way (for calculation see [144]). The dipole-nucleus cross section can then be
expressed in the Glauber-Gribov picture in terms of the nuclear thickness T'4(b,), as
seen be the ¢g dipole in its way through the nucleus, and the dipole-proton o4;,—,(p)

cross section as given for instance in Ref. [151]:

1
Taip—a(p, W) = 2/d2b,y {1 — exp (_éTA(b'y)o-dip—p<p7 W))} : (3.2.13)
This simple formula allows for an easy and convenient way to include rather

complex multiple scattering of the quark-antiquark dipole in the nucleus. Sev-

eral parametrizations of the dipole-nucleon cross section have been proposed



in the literature. Most of them were obtained through fitting HERA deep-inelastic
scattering data which, in principle, does not allow for unique extraction of its func-
tional form. The saturation inspired parametrizations are the most popular and
topical at present.

Returning to Eq. (3.2.11), the integral strongly depends on the running p° meson
mass and not on the resonance position. In section 3.1 the idea of the smearing of
p® mass was discussed. As was already mentioned in our calculations we use the
ALICE parametrization [142,143] which is the most appropriate for the LHC data.
Firstly, the ALICE Collaboration showed data for the largest range of invariant
mass. Secondly, their data for single p° production are for the same energy for

which we wish to make predictions for the p°p® double scattering production.
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Figure 3.3: Rapidity distribution of p° meson with fixed mass (left panel) and with
smeared mass of p® meson (right panel) for gold-gold collision at RHIC energy
(v/sny = 200 GeV) together with the STAR Collaboration data.

Figs. 3.3 show the comparison of cross section for coherent p° production
measured by the STAR Collaboration [138] for different theoretical models. The
left panel depicts the situation when our results are calculated for fixed p° mass
(Ref. [109]) and the right panel includes the smearing of p® mass (convolution of
Eq. (3.1.5) with (3.2.8)). One can observe that the calculation with fixed mass

better describes the experimental points but we think it has no deep meaning. Fur-

thermore I take into account two forms of Bj: the red solid line is calculated
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for the case when the slope parameter appearing in the differential cross section for
the vp — p% reaction (see Eq. (E.0.1)) is constant (like in Ref. [152]). The red
dotted line corresponds to the slope parameters described by Eq. (E.0.13) which
depend on the energy W,, (see Eq. (E.0.2)). Other of the theoretical models were
proposed by

e V.P. Gongalves and M.V.T. Machado (Ref. [153]). GM model uses the de-
scription of the QCD color dipole picture with particular emphasis on the

saturation model.

e L. Frankfurt, M. Strikman and M. Zhalov (Ref. [154,155]). FSZ model is
based on generalized vector dominance model and the Gribov (Ref. [156]) &
Glauber (Ref. [157]) approach. The authors emphasize that the space-time
evolution of high energy processes is different in quantum mechanical models

and in quantum field theory.

e S. Klein and J. Nystrand (KN, Ref. [152]). In the KN approach the nuclear
cross section is a convolution of the vp cross section with the photon spec-
trum in a classical model of multiple scattering to find the exclusive rates.
The Klein and Nystrand calculations [152] are based on the STARLIGHT
code [158] which is a C++ object-oriented Monte Carlo event generator for

ultraperipheral collisions.

Fig. 3.4 shows our predictions in comparison to the ALICE experimental point
[143]. In this case lead-lead collisions were studied at the center of mass energy
equal to \/syy = 2.76 TeV. The left panel represents the case when meson mass is
fixed and the right panel corresponds to the situation when smearing of the p° mass
described by the parametrization proposed by the ALICE Collaboration is included.
In both situations our results are smaller than the experimental data point. Again
one can see the distribution for different approaches to the slope parameter for the
vp — p"p reaction (solid line - By = const (see Eq. (E.0.1)), dotted line is for the
case when B (W) @ BIf (W) (like in Eq. (E.0.13))). Tt is worth to note that the
do/dy,0 data point comes from the same analysis as the parametrization for the line

shape of the p” meson mass.
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Figure 3.4: Rapidity distribution of p° meson photoproduction with fixed sharp p°
mass (left panel) and with the smearing the mass of the p° meson (right panel) for
lead-lead collision at the LHC energy (y/syy = 2.76 TeV). The theoretical results
are compared with the ALICE data point.

Table 3.2 presents the total nuclear cross section for p photoproduction in UPCs
at RHIC (\/syy = 130 and 200 GeV) and LHC (y/syy = 2.76 TeV) energies.
Now I wish to accomplish a comparison of theoretical integrated cross section with
experimental data. The numbers in the table were obtained with the same models
as in Fig. 3.3. Omne can see the total coherent cross section for the full range
of rapidity and with the cuts on yy,. This limitation is caused by experimental
acceptance. The difference between results when the slope parameter B o is constant
or it depends on Pomeron and Reggeon characteristics (this was discussed in the
context of Fig. 3.3) is only about 3%. The table contains a comparison of our results
without (my = const) and with (my # const) smearing of the p° meson mass.
The differences between these numbers are not negligible. At higher center of mass
energy (1/sSyy = 200 GeV) results obtained with both model exceeds the STAR cross
section. The KN result and our number are much larger than the value extrapolated
by experimentalists. For \/syny = 200 GeV we obtain results similar as in Ref. [152].
But this is no surprising because our model is almost the same as the model proposed

by Klein & Nystrand. The comparison of our numbers with the ALICE experimental
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data shows that the relative difference (= theog;;’fi erment. 100%

(for full range of p” rapidity) or —12% (for |y0| < 0.5).

) equals about —23%

Table 3.2: Total (integrated over phase space) cross section in mb for the coherent

photoproduction of p° meson in ultrarelativistic heavy ion collisions at RHIC and

LHC energy.
GM | FSZ | KN Our result Experimental
[153] | [154] | [152] B,o = const BY%(W.,) & BR(W,,) data
m,o0 = const | m,o 7# const | my0 = const | m,o # const
Vnn = 130 GeV; full |y,0| STAR [138]
490 359 407 346 392 370+ 170 £ 80
VAN = 130 GeV; |yo| < 1 STAR. [138]
140 130 143 126 139 106 +54 14
V3NN = 200 GeV; full |y, STAR. [138]
876 | 934 | 590 590 646 570 623 391 £ 18 £+ 55
VNN = 2.76 TeV; full |y0| ALICE [143]
3309 3405 3229 4300 £ 1007500
VENN = 2.76 TeV; |y0| < 0.5 ALICE [143]
371 380 365 373 420 + 10722

Finally, our result relatively well describes the STAR and ALICE experimental

data. This fact is necessary for further calculations, i.e. for double-scattering mech-

anism which is discussed in the next section. We need a correct model for single

p® meson production, because we will use this to calculate the cross sections for

double-scattering mechanism. So far nobody, except of us, has presented a model

or/and theoretical predictions for the AA—AAr 77T 7n~ reaction.

3.3 Double-scattering mechanism

Large cross sections for single p° production were found in Ref. [152,153,155,159].

This fact suggests that the cross section for double scattering process could be

also rather large. The best example of a similar type of reaction is the production




of ccce final state in proton-proton collisions which was measured recently by the
LHCb Collaboration [160] and which was predicted and explained as a double-parton
scattering effect in Ref. [161]. The calculations show that the cross section for the
cccc final state has the same order of magnitude as the cross section for single c¢¢ pair
production. The situation for exclusive p° production is somewhat similar but the
details will be discuss below. Due to easier control of absorption effect, the impact

parameter formulation seems the best approach.

This section focuses on double p° production in ultraperipheral ultrarelativistic
heavy ion collisions. In order to impose experimental cuts of existing experiments
one should take into account explicitly the p® — 77~ decay. This is necessary step
because so far the STAR and ALICE groups have got some distributions of kine-

matic variables for the AA—AAn 7~ 77~ reaction, and not for the AA—AAp°pY

reaction.
A A A A
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\% \% v \%
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A A A A
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A A A A

Figure 3.5: Schematic diagrams for the double-scattering mechanism of two vector

meson production.

Fig. 3.5 shows the Feynman diagrams for the double-scattering mechanisms of
two-vector-meson production in ultraperipheral ultrarelativistic heavy ion collisions.
This mechanism is described with the help of single p° meson production mecha-

nism. For example a two-dimensional distribution in rapidities of both p° mesons
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is expressed through the equation

d0A1A2—>A1A2p0pO _ 1/(deIP (ba yl) + dPIPw (b7 yl))
2

dyrdys diy dy
(dPﬂp (b, y2) N dPp (b, 92)) .  (3.3.14)
dys dys

The factor % appears due to identity of mesons in the outgoing channel. Additionally,
the smearing of p° meson mass is included as given by Eq. (3.1.6). In the following we
consider a smearing of masses of both p° mesons as we intend to make distributions
related to pions (in rapidity, transverse momentum and four-pion invariant mass).
Having fixed the details of single vector meson production one can now proceed to
the production of two vector mesons.

In the case of double p® production there are two mechanisms possible that we
want to consider. The first one is the v fusion (section 2.2) where the elementary
cross section is divided into two parts: low-energy component (W,, = (1 —2) GeV)
(Eq. (2.2.3)) and the VDM-Regge parametrization (W,, > 2 GeV) (Eq. (2.2.4)).

The second one is the double-scattering mechanism.
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Figure 3.6: Rapidity distribution of one of the p mesons produced in the double-

scattering mechanism and in the v~ fusion.

The main results are shown in Fig. 3.6. The double-scattering contribution is
shown by the red solid line, the blue dotted lines and the blue dashed lines represent

distributions of forward and backward p® corresponding to the low-energy bump



and for high-energy VDM-Regge v fusion, respectively. One can observe a clear
dominance of the double scattering component over the photon-photon component.
This calculations are done for RHIC (left panel) and LHC energy (right panel). The
distribution for center of mass energy /syn = 5.5 TeV is much broader than that
for \/syn = 200 GeV. At the LHC energy the higher values of two-meson invari-
ant mass becomes more important which corresponds to larger values of particle
rapidity. Thus the high-energy component of the elementary cross section starts to
dominate at the LHC energy. Somewhat surprisingly at this energy, the VDM-Regge
component is about three orders of magnitude larger than the low-energy (bump)
component which is opposite to the case of RHIC energy. The left panel shows sep-
arate contributions for the forward and backward p° mesons. Both at the RHIC and
LHC energy, the contributions coming from the ~~ fusion is one order of magnitude

smaller than that from the double-scattering mechanism.

Fig. 3.7 shows the contributions of individual diagrams from Fig. 3.5 to the
(yp?, ypg) two-dimensional distribution. The distributions for different combinations
are identical in shape but located in different corners in the (yp?, ypg) space. Obvi-

ously the total cross section for every case (diagram) is the same.

The left panel of Fig. 3.8 presents a full (including four diagrams of Fig. 3.5)
two-dimensional distribution in rapidity of each of the mesons. This is approxi-
mately a sum of the individual contributions (Fig. 3.7). The distribution is rather
flat in the entire (ypcf, ypg) space. This is in contrast to the two-photon processes
(right panel), where the cross section is concentrated almost along the Yoo = Yl
diagonal. In principle, this clear difference can be used to distinguish the double
photoproduction from the v fusion contributions. The asymmetry with respect to
Y0 =Y,y line for the photon-photon mechanism is due to our convention where yo
denotes rapidity of the first meson which is emitted in forward direction and y,g is
rapidity of the second vector meson which is emitted in backward direction. This

can be done only in model calculation.

In real experiment, charged pions are measured rather than p” mesons. There-

fore, presentation of some observables related to charged pions might be useful.
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Figure 3.7: Contributions of individual diagrams of Fig. 3.5 to two-dimensional

distribution in rapidities of both p° mesons for double scattering production at

V5NN = 200 GeV.

Fig. 3.9 depicts kinematic distributions for pions which comes from p° meson de-
cay at the RHIC energy. The left panel shows the differential cross section as a
function of pion transverse momenta (left panel). Of course transverse momentum
distributions of each of the pions are the same. Again the red solid line denotes the
double-scattering photoproduction mechanism, blue dotted line - the low-energy
component for the v+ fusion and the blue dashed line corresponds to the VDM-
Regge component. The peak (the maximum of the cross section) for all mechanisms
appears at ~ my/2. Here we have taken into account the smearing of p° meson

masses. The sharp upper limit is an artifact of our maximal value of p” meson mass
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Figure 3.8: Two-dimensional distribution (yp(l),ypg) in the p° meson rapidities for
double scattering (left panel) and VDM-Regge photon-photon (right panel) produc-
tion at \/SNN = 200 GeV.
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Figure 3.9: Transverse momentum distribution (left panel) and four-pion invari-

ant mass distribution for the limited acceptance of the experiment (right panel) at

VNN = 200 GeV.

m,"** = 1.5 GeV taken in our calculations. However, we have imposed this upper
limit because the spectral shape of “p” meson” above m, > 1.5 GeV is not under
good theoretical control. In principle, at larger p, ., the contribution coming from
the decay of a p® meson produced in the v~ fusion can be larger than that of double

scattering mechanism, as the transverse momentum of p° mesons are not strictly
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limited to small values. However, the cross section for such cases is expected to be
rather small. The right panel of Fig. 3.9 shows four-pion invariant mass distribu-
tion for double-scattering, low-energy bump and high-energy VDM-Regge v~ fusion
mechanism for the limited acceptance of the STAR experiment (|n,| < 1) [162]. The
double-scattering contribution accounts only for 20% of the cross section measured
by the STAR Collaboration. The dash-dotted line represents a fit of the STAR Col-
laboration. The STAR experimental data [162] have been corrected by experimental
acceptance function [162,163]. Probably the production of the p°(1700) resonance
and its subsequent decay into the four-pion final state (see e.g. [109]) is the domi-
nant effect for the limited STAR acceptance. Both, the production mechanism of
p°(1700) and its decay into four charged pions are not yet understood. In addition,
there is another broad p°(1450) resonance [164], which also decays into four charged
pions. A model production of the resonances and their decay is has to be work out

in the future.
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Figure 3.10: Impact parameter dependence of the cross section (left panel) and pion

pseudorapidity distribution for limited range of pion pseudorapidity (right panel) at
\/SNN = 2.76 TeV.

Fig. 3.10 shows the distribution in impact parameter b (left panel) for PbPb—
PbPbp®p® process. One can observe a peak at b = 14 fm which corresponds to
minimum value of impact parameter corresponding to ultraperipheral heavy ion

collision. The probability of the exclusive production of p? pairs very fast decreases



with increasing b. The right panel of Fig. 3.10 presents the differential cross section
in mb as a function of charged pion pseudorapidity for three different limits on 7,
(full range of |n,| - pink dotted line, |n,| < 2.5 - blue dashed line and |7, | < 1.2 - red
solid line). We wish to emphasize that the STAR Collaboration at RHIC observes
only a small fraction of pions (both for double-scattering and v fusion mechanisms)
due to the rather limited angular (pseudorapidity) coverage n, ~ 0. The ALICE

Collaboration at the LHC can measure somewhat larger range of |n,| < 1.2 [165].
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Figure 3.11: Pion transverse momentum distribution (left panel) and four-pion in-

variant mass distribution (right panel) for limited range of pion pseudorapidity at

3NN = 2.76 TeV.

The last figures in this sections show the pion transverse momentum distribution
(left panel) and four-pion invariant mass distribution (right panel) for limited range
of pion pseudorapidity at the LHC energy. This is calculated with the smearing of p"
masses using parametrization of the ALICE Collaboration [142,143]. The distribu-
tion in p, . falls almost symmetrically around p, . ~ m,/2 independent of the limit
on pseudorapidity. Both the STAR and ALICE experiments have a fairly good cov-
erage in pion transverse momenta and could measure such distributions. Very useful
seems to be the differential cross section as a function of four-pion invariant mass.
The ALICE group collected the data for four-charged-pion production with the lim-

itation |n,| < 1.2. One can see that with larger cut on pseudorapidity, the tails
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in do/dMy, fall quicker with growing M,,. We cannot compare this distribution
with the ALICE data [166], because those data are not absolutely normalized.



Chapter 4

Nuclear cross section for the
exclusive production of particle

pairs

Exclusive production of the Standard Model elementary particles or mesons in ul-
trarelativistic heavy ion collisions is an interesting field of theoretical investigation
and a very good opportunity to study 7y processes (Refs. [23-26,167]). On the ex-
perimental side the situation is slightly different. One can find only a small number

of publications with results.

In this chapter I will present some predictions dedicated to the STAR exper-
iment at Relativistic Heavy Ion Collider (**"Au+'7Au collisions at \/syn = 130
or 200 GeV) and to the ALICE experiment at Large Hadron Collider (2*Pb-+2%Ph
collisions at \/syy = 2.76, 3.5, 5.5 TeV).

In order to calculate the nuclear cross sections for different reactions we use the

elementary cross sections which have been presented and described in Chapter 2.

4.1 Dimuon production

First 1 will focus on the nuclear cross section for muon-pair production. Fig. 4.1

shows the differential distribution as a function of the impact parameter. One can see

88
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Figure 4.1: Impact parameter dependence of the cross section for

AuAu—AuAuptp~ reaction at RHIC energy (left panel) and the ratio of
nuclear cross section for the realistic charge distribution to that for the monopole

form factor (right panel).

the result for the exclusive muon-pair production for typical RHIC energy. The dis-
tribution with realistic charge density falls off somewhat quicker than that for the
monopole form factor. This is better visualized in the right panel where the ra-
tio of corresponding cross sections is shown: do (AuAu — AuAuptp; Frealistic) /

do (AuAu — AuAuptp; Fy ) The both results agree within 88% at small

onopole
b and with larger values of b the difference becomes larger.

In Fig. 4.2 I present the differential cross section for gold-gold scattering
as a function of the v+ center of mass energy W, = M+, (left panel) and as a func-
tion of dimuon pair rapidity (right panel). The calculations are performed for the
RHIC energy. Again one can see significant difference between cross sections for
"realistic” and monopole form factor. The distribution in invariant mass of the
wp~ pair falls steeply off. We show the z-axis only up to 10 GeV to allow a com-
parison of the left panel of Fig. 4.2 with the vy — p*pu~ cross section shown in
Fig. 2.1. The elementary cross section changes by about two orders of magnitude
in the range of W,, (= M,+,-) between 0 and 10 GeV. The nuclear cross section

falls off about eight orders of magnitude in the same range of energy. This is caused

by w; or/and wy dependence of the equivalent photon fluxes in formula (1.2.36).
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Figure 4.2: Invariant mass (left panel) and rapidity of u*u~ pair (right panel)
distribution in AuAu—AuAuputu~ process for /syy = 200 GeV.

We remind that wy /s = W,,e*". The right panel of Fig. 4.2 shows the distribution
in Y+, = %(yw + y,-). One can observe a huge difference between results for
realistic and monopole form factors for large dilepton rapidities.

The distribution presented in Fig. 4.1 is purely theoretical as it cannot be easily
measured. The distributions which could, at least in principle, be measured are
presented in Fig. 4.2. However, every experiment is limited by some acceptance of
its experimental apparatus. We have to include the experimental cuts on rapidity
of outgoing particles or transferred momentum. This can be done relatively easy
within the exact momentum space Quantum Electrodynamics framework. Some
details of this approach are presented in Appendix F. By exact method we mean
the correct inclusion of the 2 — 4 process with exact treatment of the phase-space.
It is, however, rather difficult to include absorption effects in this approach.

Continuing the consideration of differential distributions for dimuon production
in ultrarelativistic heavy-ion collisions, we will show predictions for some experi-
ments. We will include also experimental limitations of the experiments. An inter-
esting example are the predictions for the PHENIX experiment (/syn = 200 GeV).
The PHENIX detector records many different particles emerging from the RHIC
collisions, including photons, electrons, muons, and some charged hadrons. The

PHENIX Collaboration can measure both forward (7, > 0) and backward (7, < 0)
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muons with pseudorapidity coverage 1.2 < |n,| < 2.4 [168] and uses a relatively low
cut on muon transverse momentum p, > 2 GeV. Due to the rather limited range of
pseudorapidity coverage, we have given names to the four possible regions (squares)

in Fig. 4.3.

Yq A

24 +

—24 ¢}

Figure 4.3: The pu* and p~ rapidity regions available with the PHENIX detector.
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Figure 4.4: Differential cross section as a function of pseudorapidity of the first (left

panel) and second (right panel) muon for square 1.

In spite of these limitations, interesting measurements can be done. As an ex-
ample, in Fig. 4.4 and 4.5 one can see the results for the first and second square.
Here the distributions such as the muon pseudorapidity function are shown. The

left panels are for ™ and the right panels are for . The predictions for two other
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Figure 4.5: Differential cross section as a function of pseudorapidity of the first

muon for square 2.

)

panel) and second (right panel

squares are the mirror images of the presented results (1 — 3 and 2 — 4). The com-

parison of the red lines (form factor with realistic charge distribution) with the blue

lines (monopole form factor) shows that the inclusion of ”realistic” form factor is

here very important. The difference between the results is larger than one order of

This can be caused by a cut on transverse momentum of each muon

magnitude.
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Figure 4.6: Two-dimensional distributions in pseudorapidity and transverse mo-

mentum of muon for the STAR experimental conditions for the realistic charge

distribution (left panel) and for the monopole form factor (right panel).
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Figure 4.7: The ratio of the cross sections for the realistic charge distribution and
for the monopole form factor in pseudorapidity and transverse momentum of muons

for the STAR conditions.

Now I will present results for the STAR experiment at RHIC. There muons can
be measured in the midrapidity region || < 1 and with limitation on p,, > 1 GeV
[169]. The two-dimensional distributions in muon pseudorapidity and muon trans-
verse momentum are shown in Fig. 4.6 for realistic (left panel) and monopole (right
panel) form factors. Their ratio is presented in Fig. 4.7. Big differences with respect
to the monopole case can be seen for large p,,. We can conclude that with larger
cut on transverse momenta, we obtain a bigger difference between results with "re-
alistic” and ”"monopole” form factors. So if we want to do more precise predictions
for concrete experimental situation, we should include the more realistic approach

which takes into account the realistic charge distribution in nucleus.

In our paper on exclusive muon-pair production (Ref. [3]), many more distribu-
tions are discussed and shown. There we present e.g. predictions for the ALICE and
CMS detectors at the LHC. For every case one can observe that the cross sections
obtained with realistic form factors are significantly smaller than those obtained with
the monopole form factors. The effect is bigger for large muon (pseudo)rapidities

and/or large muon transverse momenta.
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Figure 4.8: Total nuclear cross section for the AuAu—AuAuu®pu~ reaction at

Vsnn = 200 GeV as a function of the lower limit on impact parameter.

To close our presentation of results for putp~ prediction we wish to compare
results obtained in different approaches. The calculations in the literature usually
concentrate on the total cross section and not on differential distributions. In Fig.
4.8 one can see the dependence of the total cross section on the lower limit of the
impact parameter for different approaches. We present impact parameter space EPA
results (solid curves) for realistic (red lines) and monopole (blue lines) form factors.
The cross section without the cutoff on impact parameter is by about 15% larger
than that for b = 14 fm. This result is smaller than the corresponding cross sections
obtained within momentum space approach (dashed lines). The upper limit of the
integration in b depends on the mass of produced particles. The muon mass is very
small (m, = 106 MeV) so the distributions in b should probably be calculated in
larger range. But this implies the necessity of extension of the calculation time.
Concurrently the numbers given by Jentschura and Serbo (Ref. [56]) up to b ~ Ry4
are between our results for the b space EPA. However, they have used monopole
form factor. Similarly, Baltz et al. [170] calculated the total cross section in the EPA
framework, but this number is much smaller than the other results. However, they

have imposed extra cuts on b; and by (see Fig. 1.7) instead on b as is usually done.
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Comparing the numbers: o021tz €t al. — 149 1, and oOW TesWt — (137 b (red
point in Fig. 4.8), one can see that these results are very similar. The percentage
difference equals to about 3.5%. It is very difficult to decide which approach is
better.

The calculations for exclusive muon-pair production were restricted to lowest-
order QED calculations with special attention to realistic form factors and absorp-
tion effects. Here higher-order correction were completely ignored. The importance
of the QED higher-order correction was demonstrated in Refs. [56, 171]. While
Jentschura and Serbo [56] suggest that the higher-order corrections are rather small,
Baltz [171] obtains a huge reduction of the total nuclear cross section of the order of
20%. Predictions given in Ref. [56] are in agreement with the ALICE experimental
data [172].

It would be also very interesting to calculate the higher-order corrections for
differential distributions which will be measured by the LHC experiments. These

calculations seems to us rather difficult technically.

4.2 p’p" meson production

Now I will present results for the production of p°p® pairs. No experiment showed
such data. So far only the single p° meson exclusive cross section AA—AAp° was
measured at RHIC (Ref. [138]) and recently at the LHC [143]. In this case the p°
meson is produced accordingly in photoproduction (photon-Pomeron or Pomeron-
photon fusion). For double-p® prediction one can find only some theoretical predic-
tions in the literature. Usually the integrated cross section is estimated only.

In Fig. 4.9 we show distributions as a function of the impact parameter b cal-
culated in the EPA. The left panel corresponds to the gold-gold collisions at the
RHIC energy /syn = 200 GeV and the right panel presents the results for the
lead-lead collisions at the LHC energy /syy = 5.5 TeV. The dash-dotted lines
are for low-energy vy fusion component (W,, = (1 —2) GeV) and the dashed
lines show the results for high-energy VDM-Regge component (W., > 2 GeV).

By comparing the contribution of the low- and high-energy components one can
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Figure 4.9: Impact parameter dependence of the cross section for AuAu—AuAup®p?
reaction at RHIC energy (left panel) and for PbPb—PbPbp®p° reaction at LHC

energy (right panel).

observe that the low-energy bump dominates at smaller center of mass energy and
the VDM-Regge component becomes important at larger values of \/syxy. The same
conclusion can be drawn from the distribution in meson rapidity. This was presented
in the previous section (3.3) when discussing results obtained in the v fusion and
photoproduction. Next, in Fig. 4.9 I present the results calculated with realistic
charge density (red lines) and monopole form factors (blue lines). One can clearly
see different results for different approaches for calculating the flux factors of equiv-
alent photons. The difference between these two approaches occurs in the whole
range of impact parameter but is larger at larger values of b. Here the results with
absorption effect (b > 2R 4) are presented. For larger values of the center of mass
energy one should take a broader range of impact parameter as the corresponding
distribution decreases rather slowly. For example at the LHC energy, the probabil-
ity of the meson pairs production in ultraperipheral heavy-ion collisions is still huge
even at b = 140 fm ~ 10x the nucleus diameter.

The comparison of the left panels of Figs. 4.9 and 4.1 seems very useful. The
cross section for particle-pairs production at the same range of b is smaller for p°p"
production than for x4 p~ production. This is caused mainly by the mass of particles.

The muon is about seven times lighter than the p°(770) meson.
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4.3 Quark-antiquark production

In Ref. [56] the authors developed a code which calculates the corresponding cross
sections in the EPA in the momentum space. Thus it is possible to compare the
results obtained with the help of the EPA in the impact parameter space with cal-
culations done in the momentum space EPA including realistic charge distribution
in the nucleus [4]. A comparison of the methods has sense only provided the inte-
gration over full range of b is performed in the b-space EPA. Interesting seems to
be also a comparison of the EPA with the exact Quantum Electrodynamics method
(Appendix F). This will be presented as an example for double-photon exclusive

processes with heavy-quark-heavy-antiquark pair production.

Table 4.1: Total nuclear cross section for the direct component of the QQ production

at LHC energy (y/syy = 5.5 TeV) for different cuts on the impact parameter.

Process b-space EPA p-space  p-space
b>0fm b>14fm brmax EPA

PbPb—PbPbcec  1.18 mb 1.05 mb 4000 fm 1.23 mb 1.36 mb
1.13 mb 1.00 mb 1000 fm

PbPb—PbPbbb  2.53 ub  2.05 ub 1000 fm 2.54 ub  2.54 ub

In Table 4.1 I summarize the results for the total cross sections for the QQ direct
component calculated within the various models: EPA in the impact parameter
space (second and third column), EPA in the momentum space (the next to last
column) and exact momentum space (last column). The main assumptions of the
momentum space EPA are described in Ref. [56]. To illustrate the absorption effect
(breakup of nuclei), we show both the total cross section calculated from 0 to baz
and the integral cross section calculated from R; + Ry ~ 14 fm to b,,.,. The last
row shows the total cross section for the PbPb—PbPbbb reaction. Two approaches
(b-space and momentum space) give results which almost coincide. Additionally,
the cross section for the momentum space approach has exactly the same value as
the cross section for the others approaches. b quark has rather large mass (m;, =

4.75 GeV), therefore, the distribution in the impact parameter falls off very quickly



and a limit of b,,,, = 1000 fm seems sufficient. These numbers demonstrate that
the EPA in impact parameter space (b > 0 fm), EPA in momentum space and
the standard momentum space approach give the same results. Each of the models
allows to consider the process in different kinematic variables. However, only b-space
EPA has a possibility to control the peripheral character of the process. ¢ quark
is more then three times lighter than that for b quark. Thus the integration in the
impact parameter b is also rather slowly convergent. Therefore we also show the
upper limit dependence of the cross section for b,,,, = 1000 fm and for b,,,, =
4000 fm. The cross section grows very slowly with the upper limit of the impact
parameter. The results obtained with the help of the momentum space EPA are
very similar to those obtained with the help of the Feynman graph approach.

In contrast to dimuons, the QQ state cannot be directly observed. This was
briefly discussed when presenting elementary cross sections for the vy — QQ reac-
tion (section 2.1). Finally, in practice one measures rather complicated final states.
Thus one should include quite different processes: Born direct mechanism, LO QCD

corrections, partonic states such QQgqq (4-quarks) and QQg (single-resolved).

Table 4.2: Total nuclear cross section for four different mechanisms of QQ production

at the LHC energy /syny = 5.5 TeV.

Component b-space EPA b-space EPA
b>0fm b>14fm b>0fm b> 14 fm
PbPb—PbPbce PbPb—PbPbbb
Born 1.18 mb 1.05mb  2.53 ub 2.05 pb
QCD corrections  0.41 mb 0.36 mb  1.00 pb 0.83 ub
4-quarks 0.82 mb 0.67 mb  9.40 ub 6.98 ub
Single-resolved 0.52mb  0.39mb  1.51 ub 0.97 ub
Total 2.93 mb 247 mb 14.44 ub  10.83 ub

Table 4.2 presents cross sections for the PbPb—PbPbQQ reaction at the LHC
energy /syny = 5.5 TeV. Each row is assigned to another component. The last row
shows the total cross section for the production of ¢é or bb quarks. Here we show

the results for the b-space EPA without and with absorption effect. The difference
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between the values of total cross section for b,,;, = 0 and b,,;, = 14 fm varies
from 15% (for cé production) to 25% (for bb in the final channel). More interesting
is percentage contribution of every component to the total cross section. Relative
contribution of the Born mechanism to ¢¢ production equals about 43%. This large
number is due to the dominance of this component near threshold as shown in Fig.
2.8. The production of bb pair is dominated by the bbgg component (65%). The
cross sections presented in the above table are larger than the estimations for the
exclusive heavy-quark production in the double-Pomeron exchange (DPE) process.
In Ref. [173] one can find: 0B/p; , pyppee = 4.2 pb and 0Bl 2 - = 0.2 pb. Since
the QED process can be reliably calculated, it can be used as a background for much

more involved diffractive processes.
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Figure 4.10: Differential nuclear cross section as a function of vy subsystem energy

for c¢ (left panel) and bb (right panel) production.

Fig. 4.10 depicts nuclear cross section as a function of W, in the EPA (here
bmin = 0 fm). For the Born direct production case it is identical as a distribution in
quark-antiquark invariant mass (Mgg). In the other cases the v subsystem energy
is clearly different than the Q@ invariant mass. Therefore, this distribution is rather
theoretical and would be difficult to measure experimentally. The presented distri-
butions reflect the energy dependence of the elementary cross sections (see Fig. 2.8).
Please note a sizeable contribution of the LO corrections close to the threshold and

at large energies for the cc case. Since in this case W, > Mg, it becomes clear



that the QQqq contributions must have much steeper dependence on the QQ in-
variant mass than the direct one which means that large Q@ invariant masses are
produced mostly in the direct process. In contrast, small invariant masses (close
to the threshold) are populated dominantly by the four-quark contribution. There-
fore, measuring the invariant mass distribution one can disentangle the different
mechanisms. As far as this is clear for the cc it is less transparent and more compli-
cated for the bb production. In the last case, the experimental decomposition may

be in practice not possible.

In the present theoretical studies we have presented theoretical cross sections
for quark/antiquark production. In experiments with heavy flavour production one
measures rather charmed or bottom mesons or baryons. The formalism of the quark-
to-meson conversion is rather well known and we could relatively easily calculate
the cross section for a given type of mesons (Refs. [174,175]). The corresponding
integrated cross sections can be estimated easily by multiplying the present cross
sections for quarks/antiquarks by a corresponding transition probabilities which are

know for a given type of mesons [109, 176].

4.4 Two-pion production

Now I will concentrate on the dipion production in ultrarelativistic lead-lead UPCs.
As in the whole dissertation the calculations for 7t7~ and 7%#° pair production
in 7 scattering are done for realistic charge distribution (form factor) in the col-
liding nuclei. The ~v-induced dipion production in nuclear collision, interesting by
itself, constitutes a background to another type of nucleus-nucleus reactions induced
by photon-Pomeron (Pomeron-photon) exchanges !, leading to a coherent produc-
tion of p meson [155,177,178] and its radial excitations. The interplay of the both

processes was not discussed so far in the literature.

'We use the name photon-Pomeron or Pomeron-photon as an abbreviation of multiple scattering
of hadron-like states in the nucleus. This can be better understood in the section about classical-

mechanics Glauber model (Appendix E).
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Figure 4.11: Differential nuclear cross section as a function of 7+~ (left panel) and

7070 (right panel) invariant mass at /syy = 3.5 TeV and p ., > 0.2 GeV.

Fig. 4.11 shows theoretical distributions for the full phase space (blue dashed
lines) and for the angular range corresponding to the experimental limitations usu-
ally used for the mm production in ete™ collisions (|cosf| < 0.8 - red dash-dot
lines) or for |cosf| < 0.9 (black dotted lines). The results are presented for the
PbPb—PbPbrtr~ (left panel) and for the PbPb—PbPbr’7® (right panel) reac-
tions. For both cases, the low-energy contribution (W,, < 1.5 GeV) does not depend
on the angular cuts. Large differences occurs in the region where the elementary

cross section is described by the pQCD mechanisms (see Fig. 2.19).

Table 4.3: Total nuclear cross section for the dipion production at the LHC energy

Vsny = 3.5 TeV for different lower cuts on pion transverse momentum.

Plrmin PbPb—PbPbr*r™ PbPb—PbPbr%7°
0.2 46.68 8.67
0.5 12.07 5.09
1.0 0.08 0.05

Usually every experimental set-up requires some minimal value of transverse
momentum. The total cross section strongly depends on the cut in p,. Table

4.3 shows the dependence between the value of nuclear cross section and different
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Figure 4.12: Differential nuclear cross section as a function of the transverse pion

momentum at /syy = 3.5 TeV.

lower cuts on the pion transverse momentum at the LHC energy /syy = 3.5 TeV.
The total cross sections are collected for both 777~ and 7% channels. One can
see that with larger cut on p,, the difference between cross section for charged
and neutral pions starts to be much smaller. This can be better seen in Fig. 4.12.
Here we show distribution in p,, for charged (black dashed line) and neutral (red
dotted line) pions for PbPb—PbPbrm reaction. The respective calculation was
performed for the full phase space (|cosf| < 1) and for the full range of particle
(pseudo)rapidity.

The considered here mechanism of charged pion production constitutes a back-
ground for exclusive production of the p° mesons. In the next section I will present
a more comprehensive analysis of the single and double production of the p mesons

in nuclear collisions.

4.5 Single and double p meson production

Having fixed the details for single-vector-meson production (see Table 3.2), one can
go to the discussion of double-vector-meson production. Table 4.4 collects total cross

section for single- and double-p® scattering in ultrarelativistic heavy ion collisions.
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A first part of Table 4.4 represents some extension of Table 3.2. Here we concentrate
on the results with a fixed value of the parameter B, and using the parametrization
for the p° meson smearing which was proposed by the ALICE Collaboration [143].
The cross section for the smeared p” masses is somewhat larger than that for sharp
resonance masses. The difference between the results without and with mass smear-
ing is about 10% for the RHIC energy and 2% for three different LHC energies.
For double-scattering mechanism this difference starts to disappear and equals only

about 3% at the RHIC energy. The double scattering cross section for the p°p® pair

Table 4.4: Total nuclear cross section for single p” meson photoproduction and for
~v fusion as well as for double-scattering production of p°p° pairs in ultrarelativistic

heavy ion UPCs.

Energy mgo = 0.77549 GeV | Mass smearing
single p° production
RHIC (/sny = 130 GeV) 359 407
RHIC (,/sny = 200 GeV) 590 646
LHC (\/snn = 2.76 TeV) 3309 3405
LHC (y/sny = 3.5 TeV) 4000 4089
LHC (/sny = 5.5 TeV) 4815 4944
double scattering
RHIC (,/sny = 200 GeV) 1.50 1.55
LHC ({/snn = 3.5 TeV) 15.25
double scattering, |n,| < 1
RHIC (,/sny = 200 GeV) 0.15
LHC (/sny = 3.5 TeV) 0.30
~7 fusion
RHIC (\/syn = 200 GeV), VDM-Regge 751073
RHIC (y/syn = 200 GeV), low-energy bump 95.0 1073

vy fusion, |n,;| <1

RHIC ({/syy = 200 GeV), VDM-Regge 0.51073
RHIC (\/syn = 200 GeV), low-energy bump 14.6 1073




production at the RHIC energy is about 1.5 mb. This is a rather large cross section
(compared to the cross section for exclusive production of p°p® via v fusion which
is of the order of 0.1 mb at the RHIC energy /syn = 200 GeV). The cross section
for the VDM-Regge component is rather small. Its relative contribution becomes

larger at LHC energies where the v+ luminosities are much bigger.

Table 4.5: Total cross section for nuclear single and double p°(770) meson and two

and four pion production in ultrarelativistic UPCs.

Energy mechanism Otot [mb]

RHIC (\/syn =200 GeV) | p°0° in double-scattering 1.6
|- p°p° in vy fusion 0.1

—I|- ntr-ntn~ in vy fusion 0.1

LHC (y/snyy = 3.5 TeV) p° in photoproduction 4089.3

—||- 7t~ in vy fusion 46.7

Table 4.5 collects predictions for double p° production in the double- -Pomeron
exchanges and v fusion as well as results including the p° meson decays into four pi-
ons at RHIC energy. The last part of Table 4.5 shows results for single p° production
and the cross section for pions in the final channel. The photon-photon production
of ™7~ composes an irreducible background to the AA—AAp® reaction. At LHC
energy, this background constitutes, however, only about 1% of the AA—AAp° cross
section.

Theoretical calculations of the photonuclear p® production in the Pb-Pb collision
for LHC energies give very large cross section of the order of a few barns. Table 4.6
contains total cross section predicted by several theoretical groups. The KN, FSZ ans
GM models were discussed in section 3.2. Ivanov et al. [179] have presented results
of calculations which were performed with two parametrizations of the dipole cross
section, KST [180] and GBW [92] fitted their parameters to low and high Q* data
from HERA experiments.

Fig. 4.13 shows the contribution of the p°(770) and p' = p°(1450) meson inte-
grated over the whole phase space (without any extra cuts). While the predictions

for the p’ meson production are rather uncertain, our prediction for the ~~ process
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Table 4.6: Total cross section in barns for the coherent p°(770) and p°(1450) meson

production at the LHC energies.

Model 010t (PbPb—PbPbp’(770)) | 040t (PbPb—PbPbp®(1450))
/Snn ~ 5.5 TeV
KN [152] 5.200
FSZ [154] 9.538 2.216
RSZ [181] 9.706
IKS [179] /KST-R 4.900
—||— /JKST 4.360
—||— /GBW 3.990
—||- /VDM 10.030
GM [144] 10.069
our results 4.944 0.267
\/SNN = 3.5 TeV
our results 4.089 0.221
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Figure 4.13: Invariant mass distributions of 777~ from the decay of p°(770) and

p°(1450) meson photoproduction and from the v fusion in Pb-Pb collisions at

A/SNN — 3.5 TeV.



(blue solid line) should be fairly precise. Here we have taken into account a minimal
experimental cut on transverse momentum p,, > 0.2 GeV. The contribution from
the p°(770) meson photoproduction dominates over the other contributions up to
about M., ~ 1 GeV. For larger values of the invariant dipion masses, the p’ state
is expected to appear. Because the continuum contribution (called Drell-S6ding
mechanism in yp — 777~ p reactions) of single-photon photoproduction 77~ back-
ground in this region was not studied, we have no information about its interference
with the p’ resonance. Therefore, at present it is possible to show only the reso-
nance contribution and we leave the question of the background for future analyses,
including perhaps the ALICE experimental data. The parametrization of the p’ line
shape used in our estimate is similar as that for p°(770) (see Eq. (3.1.1)). Below we

have introduced an extra form factor which was already discussed (see Eq. (2.4.35)):

2

do pypy—s PoPby _ 4, VM (M) . (W — mp/)2
dM, OV =+ imy Ty (M) A2
(4.5.1)
and width:
3/2
m, [ M2 —4m?
r,(M,.)="I,—*~ in x . 4.5.2
(M) pMm(mi_M) (452)

Here we use parameters from [109]: m, = 1.465 GeV and I'y = 0.4 GeV. The
width of the resonance is very large (I';y > 0.1 GeV) and thus one should include
extra (exponential) form factor to suppress the line strength far from the resonance

position (this was already discussed in section 2.4.2).

The cross section for the photoproduction of p' = p°(1450) was calculated only in
Ref. [154]. This calculation finds that the ratio of total nuclear cross section for the
production of p°(770) to the p°(1450) photoproduction is about 5. Here the signal
in 777~ channel is discussed and thus a corresponding branching fraction has to be
included. Unfortunately, this value is not well known. The CRYSTAL BARREL
Collaboration has measured only the ratio of the cross section for two- and four-pion

channels [182]. They found

Br (p°(1450) — 27)
Br (p°(1450) — 4m)

—0.3740.10 . (4.5.3)
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In this situation we can only calculate an upper limit for the two-pion branching

fraction:
Br (o°(1450) — 7t77) = Br (2m)
T\ - Br (27) + Br (47) + Br (other)
- Br (27) __Br (2m) /Br (4)
Br(27) 4+ Br(47) Br(2w) /Br(4w) +1
~ 0.27. (4.5.4)

We think that reasonable approximation at the moment is to multiply the resonance
contribution for the p°(1450) by 0.27/5, as suggested by the calculation (Ref. [154])
and the above upper limit for the branching fraction into charged pions (Eq. (4.5.4)).
It is clear that this will be only an upper estimate for the p°(1450) contribution
in the 777~ channel. The relative two-pion contribution from the p°(1450) pho-
toproduction is still somewhat larger than observed, for example in the exclusive
electroproduction of two pions with the ZEUS detector at HERA (Ref. [183]). Our
prediction will of course change when we take into account experimental cuts for
a concrete experiment.

In Fig. 4.13, the p° spectra are concentrated in pion-pion invariant mass around
the p-resonance position. The p® photoproduction contribution cross sections there
are much above our vy — 77~ contribution. It is not clear in the moment how the
kinematic cuts may change the proportions of these two mechanisms. This should
be studied in the future, because a comparison of these distributions with real data
could be very interesting and should shed new light on the reaction mechanism.

In contrast, the PbPb—PbPbr%7Y reaction is free of the photoproduction mech-

anisms. However, it is not clear for us if, in this case, any measurement is possible.



Chapter 5

Electromagnetic excitation of

nuclei

Production of particle pairs in heavy ion UPC at ultrarelativistic energies is as-
sociated with simultaneous production of huge fluxes of photons. The photon(s)
may excite the nucleus (e.g. to a Giant Dipole resonance) and the de-excitation
leads to breakup of the system and the emission of one or a few neutrons in the
direction of the beam. Such neutrons can be registered by the so-called zero-degree-
calorimeters (ZDC’s), i.e., the Solenoidal Tracker (STAR) at RHIC [184] and A Large
Ion Collider Experiment (ALICE) at LHC [185]. In this chapter a description of the
photoexcitation of nuclei and the decay of excited nuclei in the framework of the
Hauser-Feshbach theory will be presented. In addition, the results of our calcula-
tions for yYAu—Au*kn and yPb—Pb*kn reactions will be confronted with existing
experimental data. Then topological cross sections with a given number of neutrons

in ion-ion collisions will be compared to RHIC and LHC data.
108
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5.1 Photon-induced excitation of nuclei and neu-

tron evaporation

5.1.1 Photoabsorption cross section

In the first step of the calculation of the electromagnetic excitation of nuclei one
has to correctly describe photoabsorption cross section for gold and lead nucleus

(Fig. 5.1).
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Figure 5.1: Photoabsorption cross section for the y°7Au (left panel) and for the

7?9 Pb reaction (right panel).

To evaluate the photoabsorption probabilities, in nucleus-nucleus collisions we
need to parametrize the total photoabsorption cross section over a broad range
of energies. Here we are not interested in a microscopic modelling of the different
mechanisms which play an important role at different energies, but rather in a useful
fit of empirical data.

At the lowest energies (E., < 40 MeV) of relevance, photoabsorption is dominated
by giant resonances. The energy dependence of the cross section for the giant dipole

resonance (GDR) component (ogpr) is parametrized following Refs. [186,187] as:
2 E°T,

OGDR = ;O'TRK<E2 - ETQ)Q n (EFT)QST .

The parameters for the GDR component are presenten in Table 5.1. They are

(5.1.1)

taken from Ref. [188] for gold and from Ref. [189] for lead nucleus. The value of



orrxk depends on the number of protons (Z), the number of neutrons (N) and the

mass number (A) of the nucleus: orrx = 60% mb MeV.

Table 5.1: Parameters for the giant dipole resonance.

Parameter 97 Au 208ph
E. 13.712 MeV  13.373 MeV
I, 4.517 MeV  3.938 MeV
S, 1.35416 1.33716

At somewhat larger energies a so-called quasi-deuteron contribution plays im-

portant role and this component is parametrized as in Ref. [190]:

NZ
oQDp = 6570'61]0(5]) y (512)
where
(E — 2.224)%?
o= 61.2 o= mb | (5.1.3)
and

—73.3
f(E <20MeV) = exp <T> ;

f(20 < E < 140MeV) = 8.3714 x 1072
— 9.8343 x 103E +4.1222 x 10 *E?
— 3.4762 x 107°E3 +9.3537 x 1077E* |

F(E > 140MeV) = exp <%42> | (5.1.4)

Above photon energy £, > 100 MeV the nucleon resonances must be taken into
account. The A resonance being the dominant feature of the excitation spectrum.
We parametrize this region of the photoabsorption cross section as a sum of three

(1 =1,2,3) Gaussian functions:

3 ; i \2
Ce — (E — o)
Onucleon res. — - €x - ; 5.1.5
: Z:: onV 21 P < 2 (ot )2 ( )

i=1 G

where the parameters for gold nucleus found from our fit (see Fig. 5.1) are given in

Table 5.2. For gold nucleus, the Gaussian function is scaled by 197/208.
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Table 5.2: Parameters for the Gaussian (nucleon resonances, see Eq. (5.1.5)) and
exponential components (low-energy continuum, see Eq. (5.1.6)) in parametrization
of the total photoabsorption cross section for gold nucleus. The units of these
parameters are the following: [0 exp] = MeV, [tg/exp] = MeV, [Cg] = b MeV,
[Cexp] = mb/MeV.

Parameter i=1 i=2 i=3
Cq 17 19 4
oG 90 200 90
Jite 315 700 1
Cexp 321073
Oexp 1050
Hexp 100

Above E, > 0.5 GeV the resonant contributions disappear and the continuum
related to breakup of nucleons starts to be important. The corresponding total cross
section (forward amplitude of photon elastic scattering) is usually parametrized by
exchange of Pomeron at very large energies and subleading Reggeons at interme-
diate energies. In our simple parametrization the Pomeron exchange contribution
is parametrized as a constant and slightly phenomenological function is used to
represent the Reggeon exchange contribution.

For energies between 1 GeV and 8 GeV we describe the data by using an expo-

nential function:

Ulow—energy _ Cexp (E _ ,Uexp) exp (M) , (516)

nucleon continuum
Oexp

where the parameters are given in Table 5.2.
For the high energy part (£, > 8 GeV) we use a simple functional form given in

Ref. [191]:
high—energy 2 E
o - (15.2 4 0.06In2 [ — ) mb, (5.1.7)

nucleon continuum
Wo

For gold nucleus, this is scaled by 197/208 and wy = 80 GeV (Ref. [191])

Summarizing the nuclear photoproduction cross section can be written as

U*yA = OGDR + O-QD + Onucleon res. + Onucleon cont. (518)



This multicomponent parametrization is compared to the experimental data [192]
for photoabsorption on gold and lead nuclei in Fig. 5.1. As can be seen from the

figure the quality of the description of the data is fully sufficient for our purpose.

5.1.2 Decays of excited nuclear system

The calculation of probability of evaporating a given number of neutrons as a func-
tion of ¥TAu and 2°Pb excitation energy was performed with the help of a Monte
Carlo code GEMINI++ [193]. In this code the evaporation process is described
by the Hauser-Feshbach formalism [194], in which the decay width for evaporation

of a particle ¢ from the compound nucleus with excitation energy £* and spin S¢y is:

oo ScnN+Sa J+S;

1 *
Fi:m/dez > ) Tue)p(E*—Bi—¢€5,), (5.1.9)

Sa=0 J=|Scn—5Sq| £=|J—S;|

where S, is the spin of the daughter nucleus, .S;, J and ¢ are spin, total and angular
momentum of the evaporated particle, €, B; are kinetic and separation energies,
Ty is its transmission coefficient, p and poy are level densities of the daughter and

compound nucleus, which can be calculated from the formula:
p(E*,S) x (25 4+ 1) exp <2 a(U, S)U) , (5.1.10)

where U = E* — E,,(S) — 0P is thermal excitation energy calculated by taking
into account pairing corrections to the empirical mass formula (6 P) and rotational
energy F,,(S). In the calculations the separation energies B;, nuclear masses, shell
and pairing corrections were used according to Ref. [195]. Level density parameter

a(U, S) was calculated as:

o(U, S) = a(U) (1 WU/ 4+ S/s,,)‘%w) , (5.1.11)

where 0W is the shell correction to the liquid-drop mass and a is smoothed level-

density parameter, the function specifying the rate of fadeout is h(z) = tanh z, the

fadeout parameter 1 was set to 18.52 MeV and the parameter .S, was set to 50 A.
The smoothed level density parametrization depends on the excitation energy of

nucleus as:

a(U) = (5.1.12)
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where kg = 7.3, koo = 12 and k£ = 0.00517 exp(0.0345A4) [193].

We assume that in photoproduction excited nucleus is formed with angular mo-
mentum equal to 0 (which we believe is a good approximation for photoproduction)
and full energy is used for excitation of the nucleus. The calculation of the decays
is done with energy step of 1 MeV. For each excitation energy 10° events (decays)
were generated. Finally, neutron emissions probabilities were obtained from the MC
sample for each excitation energy (see histograms in Fig. 5.2). The sum of all prob-
abilities obtained from GEMINI++ code (orange solid line = sum of all coloured
lines) coincides with the sum off all probabilities from our fit (green dotted line =

sum of all black solid lines).
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Figure 5.2: Probability of neutron multiplicity as a function of excitation energy of
197 Au nuclei (left panel) and of 2°Pb nuclei (right panel).

The fractions of events with a k-neutron final state (k is the neutron multiplicity)

at excitation energy E* can be well fitted by a sum of the following purely empirical

functions:
JE" k) = fop(E" k) + feaus(E", k), (5.1.13)
where
Fonl B K) = Cog (" = o (=) s
2

fGauSS(E*uk) = Ce €xp <M> (5.1.15)



5.1.3 Excitation functions for the YAu—Au* —kn and for

the yYPb—Pb* —kn reactions

Using photoabsorption cross sections which are shown in Fig. 5.1 and probabilities
to emit a fixed number of neutrons (k) which are shown in Fig. 5.2, one can calculate
photon-induced excitation function with a given number of associated neutrons. The

results are presented in Figs. 5.3, 5.4, 5.5.
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Figure 5.3: Excitation function for the v19"Au — 1n'%Au reaction (left panel; ex-
perimental data are from Refs. [188,189,196-203]) and for the v**Pb — 1n?**"Pb
reaction (right panel; experimental data are from Refs. [188,203-209]).

Experimental data are denoted by the coloured points and the description in
the legend means the year when the paper was published where one can find the
experimental data. References to these data are set in the figure caption. A relatively
good agreement with the world data is obtained. This is rather surprising given
that our calculation implicitly assumes equilibration of the nuclear system (Hauser-
Feshbach formalism) formed after absorption of the photon. One can observe a small
disagreement of experimental data sets obtained by different groups for production
of two neutrons (Fig. 5.4). If we assumed that part of the energy of the photon would
escape before equilibration of the nuclear system (due to pre-equilibrium processes)

the agreement with the data would be much worse. Having proven usefulness of our
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approach we can proceed to the excitation of nuclei in UPCs and related production

of neutrons from the excited nuclear systems.
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Figure 5.5: Excitation function for the y1°7Au — 3n'%Au reaction (left panel; ex-

perimental data are from Ref. [188]) and for the v?**Pb — 3n?%Pb reaction (right

panel; experimental data are from Ref. [188]).



5.2 Electromagnetic excitation in heavy ion

UPCs

In this section we will use the classical probability methods [211-213] needed to

describe the electromagnetic excitation of ions in UPCs due to multiple photon

exchanges.
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Figure 5.6: Feynman diagrams for single (left panel) and double (right panel) exci-
tation in heavy ion UPCs.

One can identify single and double excitation in heavy ion UPCs (see Fig. 5.6).
Because the coupling constant Za.,, is large (=~ 0.6 for gold and lead nuclei), single-
photon and two-photon reactions may be accompanied by additional photonuclear
reactions. These photonuclear reactions can lead to collective nuclear excitations
(e.g. GDR).

The excitation cross section for the mechanism presented in the left panel of Fig.

5.6 can be expressed through the following equation
o (A1Ay — AAL) = / d*b Py (b) P (b) . (5.2.16)

Py (b) here is the probability for the nuclei to survive the collision without ad-
ditional strong interactions. This factor takes the form similar to the absorption
factor (Eq. (B.0.2))

Pouro (b) = 6 (|b] — (R1 — Rs)) (5.2.17)

where R;/; denotes a radius of the first and second nucleus and b is impact parameter
vector. Now we should introduce the mean number of photons absorbed by a nucleus

Ay in the collision with nucleus Ay:

oo

Tia, (b) = / dE Ny, (E,b) 0y (vAs; E) . (5.2.18)

Emin



5.2. Electromagnetic excitation in heavy ion UPCs 117

Here 040t (7Asg; E) is the photoabsorption cross section which was discussed in section
5.1.1. Here the nucleus photon flux is expressed through Eq. (1.2.37) (but one should
replace the parameter w — F and now argument u (Eq. (1.2.25)) explicitly depends
on the vy, = 272, — 1 and not yem, = v/snn/(2my)). Above E is the photon energy
in the rest frame of nucleus As. The lower limit of integration in Eq. (5.2.18)
is the threshold for photoexcitation. For statistically independent absorption, we
can write the probability of absorption of n photons at impact parameter b in the
Poissonian form
(4 (b))"

wy, (b) = XD (74 (b)] . (5.2.19)

In the next step, one should define the probability density for a single photon (left
panel of Fig. 5.6) to excite nucleus A, in a collision at the impact parameter vector
b of the A;-A, collision:

Na, (E,b) 0 (YA2; E)
ﬁAz (b)

Py (E,b) = (5.2.20)

Still under the assumption of statistical independence, n photons will excite the

nucleus with the probability density

i) (E,b) = /dEl dB,...dE,6 (E _ ZEJ)
j=1

pY) (B1,b)ply) (Ez,b) ..py) (En,b) . (5.2.21)

X

All the n-photon probability densities at each b are normalized as follows

o0

/ dEp) (E,b) = (5.2.22)

Emin
We shall show the results for n = 1 and n = 2, i.e., we will consider processes up to
two photon exchanges (second diagram in Fig. 5.6). Generally, the probability for

the excitation of nucleus As in the n-photon process is given by
w, (b) p7) (E,b) . (5.2.23)
Summing over all numbers of photons

dPe{L‘C
A2 an )y (E,b) (5.2.24)



and expecting the single-photon absorption to dominate one can rewrite
d pPexc (b) _
‘C‘f—E ~ exp [~7ia, (b)] Na, (E,b) 010y (YA E) (5.2.25)
It is worth to note that this may, in practice, depend on the impact parameter.

Then the total probability for the nucleus to be excited is

AP (b)
Pir) = [ap™ R

= 1 —exp[—Tia, (b)]
— exp [T, (b)] (exp [a, (b)] — 1)

Tia, (b) exp [~Tia, (b)] . (5.2.26)

Q

Inserting the excitation probability to Eq. (5.2.16) one can calculate the single
excitation cross section. Sometimes we are interested in the excitation cross section
containing only excitations up to F,.,, < 100 MeV, then we can calculate the cross

section from:

Gron (A1 Ay = Ay AL Bys) / b Py (b) exp [—Ti, (b)]

Emaac
X / dE N4, (E,b) oo (VA2 E) . (5.2.27)
E'min
As is apparent,
wo (b) = exp [—T4, (b)] (5.2.28)

is the contribution to the survival probability from the electromagnetic dissociation
channels.

The cross section for mutual electromagnetic dissociation can be written

Ot (A1 Ay — AJAY) = /d2b Pauo (b) P¢ (b) PE (b) . (5.2.29)
Aq AT(ET = Ey)
?/;m N
M'/’c/n NNNNEl
N0
NNNN V't/nf'j
As A5(E5 = Es)

Figure 5.7: Feynman diagram for mutual excitation in heavy ion UPCs.
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Fig. 5.7 shows the case when each of the nuclei emits a photon that then excites
the collision partner. We shall call this case mutual excitations. the diagram shows
the minimal mechanism needed to excite both nuclei simultaneously. Higher-order
diagrams are possible as well.

In the next part of this section I will present our results for electromagnetic
excitation of nuclei in UPCs.

Table 5.3 presents the dissociation cross section at the RHIC energy
Vsnvn =200 GeV. We compare the results obtained by us to the results given
in Ref. [214]. Our results extremely well agree with those obtained by Baltz et al.

This is a very good check of our model.

Table 5.3: Cross section in barns for single-nucleus, single-photon excitation for

different ranges of excitation energy for 197 Au+197Au collisions at \/syy = 200 GeV.

Wmaz [MeV]  Our results Baltz et al.

25 65.0 65
103 71.4 70
440 82.7 82

2000 89.9 90
17840 94.0 94

Table 5.4 shows the cross section in barns for one-nucleus single-photon excitation
for different ranges of excitation energy and different collision energies represented
by different 7., adequate for RHIC and the LHC. The calculation was done for
lead nuclei even at lower (RHIC) energy in order to compare with results published
in Ref. [191]. Our results are compared with an earlier calculation by Vidovi¢ et
al. [191]. Again very good agreement is observed. One can see that the largest
difference between presented numbers is for the middle (second row) range of energy
(= 2%).

Now I will present results in the form of distributions. In Fig. 5.8 we have
collected the cross section for neutron emission from only one Au nucleus relevant
for Au-Au collisions at the RHIC energy /syy = 130 GeV (left panel of Fig.
5.8) and similar results but for Pb-Pb collisions at \/syy = 2.76 TeV (right panel)



as a function of neutron multiplicities (k = 0,1,2,3,4,5,6). Our results for the LHC
energy are confronted with the experimental data of the ALICE Collaboration [215].
One can observe some disagreement especially for three neutron final state. However,
for the ratio 2n/1n we obtain within 21.6% which is in good agreement with the

ALICE result of (22.5 £ 0.5 stat £0.9 syst) %.

Table 5.4: Cross section in barns for single-nucleus, single-photon excitation for

different ranges of excitation energy for 2°*Pb+2%Pb collisions.

w Our results Vidovié et al.

(6 —40) 7.7 77.6
(40 — 2000) 2.1 95.7
(2000 — 80000) 5.6 5.6
(6 — 40) 1334 133.6
(40 — 2000) 55.1 53.7
(2000 — 80000) 18.8 18.7
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Figure 5.8: Cross section for a given multiplicity of neutrons in single-nucleus, single-
photon excitation in 197 Au+'7Au collisions at /syy = 130 GeV (left panel) and in
208Ph4-208Ph collisions at y/syy = 2.76 TeV (right panel).
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Table 5.5: Cross section (in barns) for mutual excitations with a given number of

neutrons emitted from both nuclei in *TAu+19"Au collisions at the RHIC energy

\/SNN = 130 GeV.

In 2n 3n 4dn on 6n

In 0.5082 0.1002 0.0195 0.0137 0.0096 0.0091
2n 0.1002 0.0198 0.0038 0.0027 0.0019 0.0018
3n  0.0195 0.0038 0.0007 0.0005 0.0004 0.0003
4n  0.0137 0.0027 0.0005 0.0004 0.0003 0.0002
on  0.0096 0.0019 0.0004 0.0003 0.0002 0.0002
6n 0.0091 0.0018 0.0003 0.0002 0.0002 0.0002
> 0.6603 0.1302 0.0252 0.0178 0.0126 0.0118
> 0.8579

Table 5.6: Cross section (in barns) for mutual excitations with a given number of
neutrons emitted from both nuclei in 28Pb+2%Pb collisions at the LHC energy
VSN = 2.76 TeV.
In 2n 3n 4n on 6n

In 0.7043 0.1543 0.0248 0.0168 0.0121 0.0116

2n  0.1543 0.0339 0.0052 0.0037 0.0026 0.0025

dn  0.0248 0.0052 0.0009 0.0006 0.0004 0.0004

4n  0.0168 0.0037 0.0006 0.0004 0.0003 0.0003

5n  0.0121 0.0026 0.0004 0.0003 0.0002 0.0002

6n 0.0116 0.0025 0.0004 0.0003 0.0002 0.0002

>> 0.9239 0.2022 0.0323 0.0221 0.0158 0.0152

> 1.2115

Two-photon exchanges may also lead to simultaneous excitation of both nuclei
(see Fig. 5.7). In Table 5.5 and 5.6 we have collected topological cross sections with
a given number of neutrons emitted from first (k; neutrons) and second (ks neutrons)
nucleus. We can compare our results with numbers given by Pshenichnov [213]. Our

cross sections for neutron multiplicities &, = 1 and ky = 1 are smaller by about 17%



for RHIC and 5% for LHC energies than those in [213]. The differences quantify the

uncertainties of theoretical calculations.
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Figure 5.9: Cross section for one-neutron and two-neutron emissions in 7 Au+'7Au
collisions at /syny = 130 GeV (left panel) and mutual cross section for RHIC and

LHC energy (right panel).

The left panel of Fig. 5.9 depicts the summary of the cross section for one-neutron
and two-neutron emissions at the RHIC energy. We refer to the data published in
[216] from the PHENIX, PHOBOS and BRAHMS Collaborations, where the ratios:
o(1,X) /o, 0(1,1) /0101, 0(2,X)/0(1,X) were collected. In our figure we have
presented also corresponding values obtained by Baltz et al. [217] and Pshenichnov
et al. [218]. In order to obtain our cross sections in barns we have multiplied the
ratios given in Ref. [216] by the o4,y = 10.8 b taken from the same reference. We
have fairly good agreement with the experimental data for one neutron emissions
and rather bad agreement for two neutron emission. In Ref. [15] we have shown
contributions to mutual excitations from different regions of excitation energy of
the first and second nucleus for RHIC and LHC. Quite large ranges of excitation
energies (Ef, E5 > 10 GeV) contribute to the mutual excitation. The right panel of
Fig. 5.9 presents the sum of the cross sections corresponding to the different regions.
The sum adequately describes experimentally measured cross section at RHIC and
LHC. We have confronted our numbers with the results obtained at RHIC [216] and
by the ALICE Collaboration at the LHC [215]. We have obtained good agreement
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with the experimental data. A percentage difference equals to 7.2% for RHIC and
only 2.5% for LHC energy. This seems to be a rather satisfactory agreement.
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Figure 5.10: Single EMD cross sections as a function of /syy for Au+Au (left
panel) and Pb+Pb (right panel) collisions.

Excitation functions are particularly interesting. In Fig. 5.10 we show the total
cross section (black solid lines) for electromagnetic excitation as a function of \/syn
as well as the partial cross sections for one-neutron (green dashed lines) and two-
neutron (blue dotted lines) final states. Our results are collected together with
existing experimental data. The data for oy p(AuAu—AuAu*) reaction are taken
from SPS [219] where Au-Pb collision were measured. These data were rescaled
to Au-Au case. The results for Pb-Pb collisions are taken from SPS [220] and
from the LHC (ALICE) [215]. We get very good agreement with experimental
data for both SPS and the LHC. It should be noted that we concentrate only on
the neutrons evaporated from the electromagnetically excited nuclei. We do not
account for neutrons from other hadronic processes, like the intranuclear cascading
(see for example [213,218]). We also neglect the mutual excitation of nuclei by

strong interactions.

Fig. 5.11 presents purely theoretical results. Here we show our result

for Au+Au—AuAu* reaction at the RHIC energy /syy = 130 GeV and for
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Figure 5.11: Differential cross section for a single and double excitation in UPCs
of ¥TAu+Y"Au at \/syny = 130 GeV (left panel) and 2®Pb+2%Pb at /syy =

2.76 TeV (right panel) as a function of nucleus excitation energy.

PbPb—PbPb* reaction at the LHC energy /syn = 2.76 TeV. The dashed line repre-
sents contribution of single-photon excitation (left diagram in Fig. 5.6) and the dot-
ted line double-photon excitation (right diagram in Fig. 5.6). Both leading-order
and next-to-leading order contributions reflect maxima present in the energy de-
pendence of photoexcitation of Au or Pb nuclei. The double-photon contribution is
rather small. Even at the very high nucleus-nucleus collision energy the low-energy
(E* < 40 MeV) nuclear excitations are still essential. The double-photon excitation
contribution is much smaller than the single-photon one. In addition, the highest
peak appears at the excitation energy twice larger than for single-photon excitation,
which corresponds to excitation of giant dipole resonance excited on top of an al-
ready excited one. Such processes were already discussed in the literature (see [213]
and the references therein).

So far we have applied the formalism to the calculation of the electromagnetic
excitations of one or both nuclei. However, the formalism presented in this chapter
may be easily applied to other exclusive ultraperipheral ultrarelativistic heavy ion
processes such as: AA — AAJ/U, AA — AAp®, AA — AAete, AA — AAuTu~.
AA = AAT ™, AA — AAT Tt



Chapter 6

Summary

The main goal of the dissertation was a theoretical determination of the total and dif-
ferential cross sections for the production of different particle pairs that are created
in ultraperipheral ultrarelativistic heavy ion collisions. The Relativistic Heavy-Ion
Collider (RHIC) at BNL and the Large Hadron Collider (LHC) at CERN produce
Au+Au and Pb+Pb collisions at energies 200 GeV /nucleon and 2.76 or 5.5 TeV /nu-
cleon, respectively. In this dissertation theoretical predictions for different ultrape-
ripheral processes that could be studied experimentally at these energies have been

presented.

In Chapter 1 we have discussed the Equivalent Photon Approximation which
is a theoretical tool for calculation of the reaction mechanism in ultrarelativistic
electromagnetic heavy ion collisions. In the literature this analysis is commonly re-
ferred to as the Weizsécker-Williams method. The core of the Weizsacker-Williams
approach is to approximate the electric and magnetic fields of an ultrarelativistic
charge as appropriate plane wave pulses of electromagnetic radiation. The first pulse
is a transverse electromagnetic wave which moves along the fast moving particle di-
rection and the second one is perpendicular to the first one. From the presentation
of a frequency spectrum of these pulses, one can conclude that a significant contri-
bution to further calculations comes from the perpendicular contribution of N(w,b).
For ultrarelativistic collisions of heavy ions, the second pulse can be neglected. We
have derived the exact form of the equivalent photon fluxes for realistic charge dis-

tribution and for a point-like charge and we have compared the equivalent photon
125



fluxes as a function of the impact parameter for gold and lead nucleus for realis-
tic (Fourier transform of the realistic charge distribution), monopole and point-like
form factor. The biggest differences for these three cases appears for b < 10 fm.
A typical analysis of the EPA leads to the total cross section which is factorized into
an equivalent photon spectrum and the photon-ion interaction cross section. We
consider ultraperipheral heavy ions UPCs, thus impact parameter plays a key role
in this approach. The final form of the cross section in the b-space EPA is expressed

through the five-fold integral over:

1. b - impact parameter,

2. b, - x component of %,

3. b, - y component of %,

4. W, - energy in the v system,
5. Yx, x, - rapidity of the outgoing X; X5 system.

In our approach we have an opportunity to present differential cross sections
as a function of the impact parameter and in other kinematic variables. The most
important physical quantity for the production of particle pairs is the charge form
factor of the nucleus which is hidden in the equivalent photon spectra.

In Chapter 1.4 we have presented the calculation which leads to our better un-
derstanding of the role of the nuclear form factor. First, we have reminded the
differential cross section (Mott cross section) for elastic electron-nucleus scattering
which is a modification of the relativistic Rutherford (for point-like and spinless par-
ticles) differential cross section. The change relies on the inclusion of the electron
spin effects. In practice, the experimental cross section differs from the Rutherford
cross section by a factor which depends on the momentum transfer. This quantity
is so-called nucleus form factor. In the literature one can find several different forms
of the form factor. We have focused on a comparison of results for the realistic and
monopole form factor both for Au-Au and Pb-Pb collisions. The realistic charge
distribution in a nucleus, which is used to calculate the Fourier transform, can be

parametrized with the help of the two-parameter Fermi formula. The monopole
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form factor depends on the root mean square radius of the nucleus. It was shown
that the monopole and realistic form factors coincide at very limited range of mo-
mentum transfer. With larger value of q the difference becomes larger. In general,
the form factor reduces the scattering cross section for large momentum transfer.
In Chapter 2 we have focussed on the discussion of the elementary cross sections

for the v fusion. Each section in this chapter is devoted to another subprocess:

dimuon production,

e p° mesons production,

quark-antiquark production,

two-pion production.

First we have presented the elementary cross section for dimuon production
as a function of the vy energy. The formula describing the vy — p*pu~ process
is a text-book formula and is often called the Breit-Wheeler formula.

In the next section of Chapter 2 we have discussed the low- (W, = (1 — 2) GeV) and
high-energy (W.., > 2 GeV) components of the vy — p°p® cross section. The low-
energy part of the elementary process has been parametrized and the parameters
have been fitted to the ete™ data while the high-energy part has been modelled in
the vector-dominance Regge type model with parameters which were used to de-
scribe other hadronic processes. The model turned out to be consistent with the
highest-energy data point (W, > 2.5 GeV) obtained from e*e™ collisions. The cross
section above W, = 3.1 GeV was never measured.

In the next section we have studied the elementary cross section for the vy — QQX
reaction. We have started with the Born direct contribution. The leading-order ele-
mentary cross section for the vy — QQ reaction as a function of W, takes a simple
form which differs from that for the vy — [T1~ reaction by color factors and frac-
tional charges of quarks. However, in contrast to the QED production of lepton
pairs in v collisions, the situation for vy — Q@ is much more complicated and we
have included other partonic final states such as QQg and QQqqg. The contribution

from photon single-resolved components has been calculated too. The contributions



of each reaction to the elementary cross section have been compared to other mech-
anisms for the production of c¢ and bb quark pairs.

In the last section of this chapter we have discussed the vy — w7 reactions, starting
from the two-pion threshold up to about W, = 6 GeV. Several reaction mechanisms
have been identified. We have included:

e the dipion continuum due to pion exchange (for the vy — 77~ reaction),

0

e p* exchange (for the vy — 797° reaction),

e several dipion s-channel resonances:

1. fo(600),
2. f0(980),
3. f(1270),
4. fo(1500),
5. f3(1525),
6. f2(1565),
7. f2(1950),

8. f4(2050).
e QCD mechanisms:

— Brodsky-Lepage mechanism,

— handbag model mechanism.

This multicomponent model was then used to describe the world data for the
vy — w7 reactions. We have described the world data for 4y — 7r for the first time
both for the total cross section and for angular distributions both for vy — 7tax~

Y reactions simultaneously for all experimentally available energies.

and vy — 797
We have adjusted some free parameters to get a reasonable description of the experi-
mental data. We have obtained that the decay width of f,(600) is much smaller that

that found in other partial wave analysis. Inclusion of the f;(2050) spin-4 resonance
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improves angular distributions close the position of resonance peak. By fitting to
the BELLE Collaboration data we have found I'f,(2050)—+y = 0.7 keV. At higher
energies (W,, > 2.5 GeV) the angular distributions for the vy — 7°7° reaction
show an enhancement at large |cos|. Such an enhancement was predicted before
both by the Brodsky-Lepage and by the handbag model approaches separately. We

have shown that a proper mixture of both processes provides a better description of

the experimental data than each of them separately.

In Chapter 3 we have presented calculations for differential distributions for
double-p®-meson production as well as four-pion production in exclusive ultrape-
ripheral ultrarelativistic heavy ion collisions via a double-scattering mechanisms of
single p° photoproduction. The calculations have been done in the impact parame-
ter space. We have included the smearing of p° meson masses and we have used the
latest ALICE data to parametrize the Breit-Wigner amplitude and the Drell-S6ding
type continuum term to calculate distributions of the final state pions. The ex-
istence of these data allows to consider p°p" or corresponding 7*7~7F7~ double
photoproduction in broad range of center of mass energy of the four pion system.
Our results for single-p" production well agree with the STAR and ALICE exper-
imental data. The produced p° mesons decay, with almost 100% probability, into
charged pions, giving large contribution to exclusive production of the 77~ 7t 7~
final state. We have made a comparison of four-pion production via p°p° production
(nuclear photoproduction and 7 fusion) with experimental data measured by the
STAR Collaboration for the AuAu—AuAur™ 7~ 77~ reaction. The theoretical pre-
dictions have similar shape in four-pion invariant mass as the distribution measured
by the STAR Collaboration, but exhaust only about 20% of the measured cross sec-
tion. The missing contribution can come from excited states of p°(770) (e.g. p°(1450)
and p°(1700) resonances) and their decay into four charged pions. A separation of
the double-scattering, v, p°(1450) and p°(1700) mechanisms seems very important
in a future. In general, transverse momentum of each of the produced p°’s in the
double-scattering mechanism is smaller than in the other mechanisms. As a conse-

quence, the pions from the decay of p°’s from the double-scattering mechanism are



produced dominantly back to back in azimuthal angle. This could be used to en-
hance the purity of the experimental sample as far as double-scattering mechanism
is considered. Clearly further studies are needed. At large (pseudo)rapidity sepa-
rations between two p°’s and/or large 77~ 77~ (pseudo)rapidity separations, the
double-scattering contribution should dominate over other contributions. The iden-
tification of the dominance region seems difficult, if not impossible, at RHIC. We
plan a separate careful analysis devoted to the ALICE experimental conditions.
It would be interesting if different mechanisms discussed in this dissertation could
be separated and identified experimentally in the future. This requires, however,

rather complicated correlation studies for four charged pions.

Chapter 4 includes collection of our theoretical results. The nuclear cross sections
have been calculated with the help of EPA in impact parameter space. A part of
results have been obtained with the help of EPA in momentum space and even using
Feynman diagrammatic approach in the momentum space. This Chapter is divided
into five sections and each section includes nuclear calculations corresponding one-
to-one to the sections in Chapter 2 (elementary cross sections) plus additional section
which sums up the results for single and double p°(770) meson and two and four pion
production. We have presented predictions of a total and differential cross sections
for the production of particle pairs which come from ultraperipheral ultrarelativistic
heavy ion collisions. Calculations have been devoted to experiments at the RHIC
and LHC accelerators. We have presented one and two-dimensional distributions
in impact parameter (b), invariant mass (Myx, x, ), rapidity of particle pairs (Yx, x,),
pseudorapidity of a particle in the final state (nx, /2) and transverse momentum of
the produced particle (p, x, /2). In this dissertation we have presented a study of the
role of charge density in nuclei or nuclear form factor for the exclusive production of
particle pairs in heavy ion UPCs. Most of calculations in the literature use so-called
monopole charge form factor, which allows to write several formulae analytically.
While it may be reasonable for the total rate of the particle production it is certainly
too crude for differential distributions and for the cross sections with extra cuts
imposed on transverse momenta of the particles X; and X,. Our calculations have

shown that the results obtained with the realistic and the approximate form factors



Chapter 6. Summary 131

may differ considerably. The effects related to the charge distribution in nuclei
are particularly important at large invariant mass and rapidity of particle pairs
or at large pseudorapidity and transverse momenta of particle. We have presented
predictions for the PHENIX detector at RHIC. We have found significant deviations
from the reference calculation obtained with the monopole form factor. It would
be interesting to pin down the effects discussed here and verify the predictions in
future studies at the LHC. In practice such studies may not be simple as an efficient
trigger for the ultraperipheral collisions is required. The multi-photon exchanges
leading to additional excitation of nuclei and subsequent emission of neutrons could
be useful in this context. The neutrons could be then measured by the Zero Degree
Calorimeters. First measurements of this type for ete™ pair emission have been
already performed by the STAR and PHENIX Collaborations.

We have also discussed the role of absorption effects which can be easily estimated
in the impact parameter space. We have done this e.g. following the example
the exclusive production of charm-anticharm and bottom-antibottom pairs, for the
QQg and QQqq final state, as well as for the single-resolved components in lead-
lead collisions for the LHC energy (\/syy = 5.5 TeV). Large cross sections have
been found in the case of charm quarks (antiquarks) production. In contrast to
the exclusive dilepton production in the case of the heavy-quark-heavy-antiquark
production, large QCD corrections appears. Their fractional contribution strongly
depends on the vy subsystem energy. The absorption effects turned about to be
larger for bottom quarks (20%) than for charm quarks (10%). The calculations
obtained with the help of EPA in the parameter space, EPA in the momentum
space and exact momentum space are very similar. Since these methods lead to
similar effects, one can use the momentum space approach to calculate, or at least
to estimate, different observables which are not straightforward in the b-space EPA
approach. We have found that the contributions of two- and four-quark and single-
resolved final states are of similar size. We have found also that the large invariant
masses of the QQ system are populated predominantly by the direct vy — QQ
subprocesses, while smaller invariant masses are dominated by the vy — QQg, vy —

QQqq, or photon single-resolved components. This could be potentially helpful



in experimental identification of the all components. There are known experimental
methods for distinguishing large transverse momentum b (b) jets; therefore, exclusive
measurement of such jets should be possible in future LHC experiments.

Next we have calculated the cross section for the exclusive production of charged
and neutral pions in heavy ion UPCs. The calculation of distributions for individual
pions is slightly more complicated in the b-space EPA. The distributions in dipion
invariant mass have been compared with the contribution of exclusive p® — 77~
production in YIP (IPv) mechanism. Close to the p° resonance the vy — 7F7~
mechanism yields only a small contribution. The + contribution could be, perhaps,
measured outside of the p° resonance window. A detailed comparison with the
absolutely normalized ALICE experimental data should allow a quantitative test
of our predictions. Imposing several experimental cuts may enhance the vy — 7w
contribution. We have analysed exclusive production of two and four pions. So far
nobody, except of our group, has presented a model or/and predictions for four-
pion production in nuclear reactions. In this dissertation we have concentrated on
processes with final nuclei in the ground state. It is very difficult, if not impossible,
to measure such very forward/backward nuclei. The multiple Coulomb excitations
associated with p°p® production may cause additional excitation of one or even both
nuclei to the giant resonance region. We plan a detailed study of these processes in

the future.

In Chapter 5 we have presented a new approach for calculating the excitation
of Au and Pb nuclei in photoabsorption reactions as well as in ultraperipheral ul-
trarelativistic heavy ion collisions. The photoabsorption cross section on Au and
Pb nuclei have been fitted using physics-motivated multicomponent parametriza-
tion. The giant resonances, quasi-deuteron, excitation of nucleon resonances, and
breakup of the nucleon mechanisms have been included in the fit to the world data.
The neutron emission from the excited nuclear system has been calculated within the
Hauser-Feshbach formalism. Within our approach we have obtained a very good de-
scription of the excitation functions for y4+°“Au and v4-2®Pb reactions with a fixed
number of neutrons. The excitation function has been used next to calculate several

cross sections in UPCs. Both single-photon and double-photon excitation processes
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have been included and discussed. We have calculated the corresponding excitation
functions for single nucleus excitations. We have obtained a good agreement of the
calculated total cross section for electromagnetic excitation as well as the cross sec-
tion for one-neutron and two-neutron emissions with the recent experimental data
of the PHENIX, PHOBOS, BRAHMS, and ALICE Collaborations. After small
modifications the prepared package of programs can be used in future to exclusive

production of particle pairs studied in this dissertation.



Appendix A

Frequency spectra of equivalent

pulses

We start from rewriting equations defining electric field (1.2.11) in Gaussian units
E.(r,t) = Zebl (I4+mr)e ™, (A.0.1)
E.(r,t) = —ZeT—3 (I4+mr)e ™. (A.0.2)
Denoting a general field in the time domain as W(t), the corresponding Fourier

transform U(w) is given as

17 |
\/ﬁ/ dt U(t) exp (iwt) (A.0.3)

for an even function of ¢, W(—t) = W(¢), the Fourier transform reduces to

U(w) =

/dt\IJ cos (wt) , (A.0.4)

ﬁ\w
3

0
while for an odd function W(—t) = —W¥(¢), it can be calculated from

U(w)

= z\/%o/dt\ll (t) sin(wt) . (A.0.5)

The derivation for the equivalent pulse 1:

E.(w) = Ze 2 by/dti(l—i—mr) e """ cos (wt) (A.0.6)

o0 o0

2 1
= Zey| —=by /dt—e ’"cos(wt)—i—/dt%e_m’"cos(wt) ,
r
0 0
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i 1 —mr
X, = dt e cos (wt)
0
aXx 7o
= 8_ml = —/dt ﬁe’mr cos (wt) (A.0.7)
0
Xy, = /dt ge_"" cos (wt)
0
aXQ I 1 —mr i m —mr
= 5 = /dt g€ cos (wt) —/dt e cos (wt) (A.0.8)
0 0
OE, (w) \F 0X, 0X,
— ZealZh Ly e A.0.9
om © T i om + om ( )

2 7 1
—Zem\/ib K T
. ) V0?2 + (yut)?

VB HOUD? cog(wt) |

Using a mathematical handbook, such as Gradshteyn and Ryzhik’s Tables of Inte-

grals [126]:

/ L VR os(au)du = Ko(Cr/a2 + 57
0

(A.0.10)

where K(z) is the modified Bessel function of the second kind with order zero. The

integral in Eq. (A.0.9) one can solve as follows:

o

dt %e_m VOHOUD? cog(wt)
TV (yvt)
T 1 —ymu %—‘rﬂ
= /dt — e v cos(wt)

b2
R RV B~ ot o

= iKO (i ('ymv)2+w2)

Tv v
1 2
= _KO b m2 + (i)
YU YU

Finally, Eq. (A.0.9) takes the form

[ 2
8Eac (LU) — _Zem\/géKO b m2 + <i>
om TV YU

= —Zem\/géKo € .
T

(A.0.11)

(A.0.12)



Here a new helpful quantity is defined as:

2
€ =by|m2+ (ﬁ) . (A.0.13)
Y
Using the Bessel function property:
LK, ()] = " () (A0.14
dr T n—1 \T U.
and
of  b*m
— = — A.0.1
. : (A.0.15)
one can calculate
0F, (w 0FE,(w) Om
@) _OBom __, [re
3 om  0& bv
_ 2 1 9[§K:(8)]
= Zefbva—g . (A.0.16)
Finally, the solution of Eq. (A.0.6) has the form
21
E,(w) = const. + Ze\/jb—le(ﬁ) : (A.0.17)
7 bv

In order to calculate the electric field in the z direction one has to use the

following Fourier transform

2

3

2 oo
/dt\If sin(wt) (A.0.18)
0

Transformation of Eq. (A.0.2)

E.w) = \/7 / dt { P81 ) e ]sin(wt)
_ —zZe\/g'yv/dt (% + g) e~™tsin(wt) . (A.0.19)

0
Using the relation

tsin(wt) = % (— cos (wt)) (A.0.20)

one can continue and write
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The same form of the integral was calculated for E,(w) case, so automatically one

. 2 0 1
E.(w) = zZe\/;’yv% {WﬁKl(f)}

L [210kK(9)] 0

can write

Using the Bessel function property (A.0.14) and the relation
o6  bw
0w (y0)*¢
one can continue. Finally, the solution of Eq. (A.0.19) has the form

(A.0.23)

w

E.(w) = —iZe\/g 5 [Ko(§)] - (A.0.24)

(v)

A.1 Realistic form factor

Let us start from a derivation of the realistic form factor argument in Eq. (1.2.35).

The delta function d(k - u) in Eq. (1.2.35) enforces the dependence
yw =Pk, . (A.1.25)

Argument of the form factor fulfills the dependences [32]:

2
k2= (%) K2, (A.1.26)
B =w—k -k -k, (A.1.27)

where k = (w, k). The transverse component is expressed through x and y compo-

nents:
kD =k + k. (A.1.28)
Eq. (A.1.27) can be rewritten
B =w? -k — k. (A.1.29)

In addition, using Eq. (A.1.25)

(A.1.30)



and the ultrarelativistic dependence

1 1
V= —=pf 1= (A.1.31)

Vi g %

one can continue to derive the argument of the elastic nuclear charge form factor

o= W (%)2—/{

w? (6% - 1)

_ 2
= — - k2

w \2
= — =] —k. A.1.32
(vﬁ) - ( )

Now one can write:
Ex=E, (k) = —iA’(k)k,
F(—k2)

= 2mivé (k- u) Ze k, . (A.1.33)

kZ

A partial Fourier transform of E(k, ,w) in the z direction:

[ dk. |
B (ekiw) = [ GOEL(hw)et

— 00

[e.o]

. F
= iZevkL/dkze”“zz—

2
[e'e) W 2
1 ” F((vﬁ) Hﬁ)
= —iZevkL—/dwe’vz 5 .
(% w 2
—00 (7_[3) +kj_

When Fourier transform of radially-symmetric functions are to be calculated, the

(A.1.34)

one-dimensional Hankel transformation of order zero (the radial Fourier transform) is
a useful alternative to the two-dimensional Fourier transform. The Fourier transform

of the two-dimensional function f(r) reads

1
Fk) = o / Lrf (r) exp (—ik - 1) (A.1.35)
which, if f is radially symmetric, becomes
1 oo 27
fk)= Q—/drrf (r)/d@ exp (—ikr cos @) | (A.1.36)
T

0 0
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where ® is the angle between k and r. A useful integral representation of the Jy

Bessel function is
iy

Jo(z) = %/d@ cos (z cos ) (A.1.37)

Below we will also need the Bessel function J;(2):

Ji(z) = —d‘]do—iz) (A.1.38)

so that Eq. (A.1.36) can be rewritten in the radial Fourier transform form

o0

fk) = /drrJo (kr) f(r) . (A.1.39)

0

For the Fourier transform of the magnetic field we need to evaluate a Fourier integral
of the type (where k; = |k, |):
d%k
I(x)) = / Gy K () e (i)
. d’k :
= —ZVL/—éf(kJ_) exp (ik,x)

(2m)
. —@'VL/ hrdhy Fky) Jo(x i ky) = —int kidk, f(h)ijo(mm)
0

27 x1 Jo 27 o |

X [T Rk kD) (k) (A.1.40)

2
x5 Jo 2m

Using these steps, we obtain the expression for the electric field

a2k .
E (w,x,) :/ LB, (k) ek

(2r)°
2
Fl(&) +#
X Ze ka_dk’J_ (<57> J‘)

()" )

Finally, the equivalent photon flux for realistic charge distribution takes the form

Nwb) = —[Bwx)]

W

252w

() +
_ Lo /d/@_ki (BW g k)

20 1 F %5
= /dxx2<—J1 )| (A.1.42)

7232w b2



where .J; is the appropriate Bessel function and x is a dimensionless auxiliary vari-

wb

able x = k. b. In Eq. (A.1.42) we have used the scaling variable u = =3 which was
defined in Eq. (1.2.25).



Appendix B

The cross section in EPA - the

form used in the calculation

The basic equation for the calculation of the cross section for the exclusive produc-
tion of pairs of particles in ultrarelativistic heavy ion collisions in the equivalent
photon approach is Eq. (1.2.3). Starting from this notation and using the relation

(1.2.1), one can write

OA1A2—A1AxX (\/ 3A1A2) = /O—’Y’YHX1X2 (wlv WQ) N (wb bl) N (w27 b2) Sgbs (b)
X d2b1 d2b2 dwl du}g . (BO].)

The above equation is the convolution of the vy — X; X5 subprocess cross section
and the equivalent photon spectra N (w,b). The factor related to the absorption is
approximated in most of the calculations presented in this dissertation as (Refs. [221,

222])
52

abs

(b) =6 (b—2R4) = 0 (|by — by| — 2Ry) . (B.0.2)

The main goal of the absorption factor is to exclude the situations when nuclei
breakup. This is equivalent with taking into account only ultraperipheral collisions.
This is possible when the colliding nuclei overlap. This factor can be calculated
in different models. For example a model introduced in section E is a reasonable
approach. On the other hand, the Glauber model is correct at not too high energies

but Eq. (B.0.2) nicely describes the situation at higher energies too.
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Performing the following change of integration variables: the energies of photons

(¢ = 1,2) are expressed in terms of W, and rapidity of the pair Yy, x, as:

w.
w; = %exp (+Yx,x,) - (B.0.3)

Using some further transformation
Wy
dw1 dWQ = wa’y’y dYX1X2 (BO4)

the cross section can be written equivalently

O’AlAQ*}AlAQX (\/ SA1A2) = /VO-’V’YHXlXQ (V SAlAQ) N <W17 bl) N ((A)Q, b2) Sgbs (b>
- - W
x  2mwbdbdb, db, %dVVW dYx, x, - (B.0.5)
Here the equivalent photon approximation is formulated in the impact parameter
space. Thus it is the most comfortable to use the form of the cross section which
explicitly depends on impact parameter. Then nuclear cross section for the ~v

mechanism can be rewritten

o0

dUA1A2 A1A2 vV SA1A2
- d;b(( ) = / Oy X1 X5 (W1, w2) N (wy,b1) N (wa, be)
bmin
X d2b1 d2b2 dw1 dWQ (B06>

Above equation can be derived using a new kinematic variable x = w/FE,, where

Ey = yAmyroton = 7Ma is the energy of the nucleus. This approach is described in
Ref. [3].



Appendix C

Form factors - details

In Table 1.2 and Table 1.3 the root mean square radii of the charge distributions
are presented, so using Eq. (1.4.83) and (1.4.79), one can compare the shape of the

form factors, which will be calculated with the help of the two equations.

10 FrrT T 97 two-parameter
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.
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Figure C.1: A comparison of a shape of the form factor described by approximate

(Eq. (1.4.79)) and exact (Eq. (1.4.83)) formula.

In Fig. C.1 we show the approximate and exact form factors for gold and lead
nuclei. The solid lines correspond to two-parameter Fermi model (1.4.83) and the
dashed lines represent form factor described with the help of the approximate for-

mula which depends on the root mean square radius of the charge distribution
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(1.4.79). The different nuclei are marked by red (**"Au), green (**"Pb) and blue
(2%8PDb) colors. The parameters for the charge density distribution are taken from
Table 1.2 and 1.3, though Eq. (1.4.79). One can conclude that the expansion given
by Eq. (1.4.79) is correct only in very limited range of momentum transfer. The
consistency between the two methods appears only up to ¢ =~ 0.05 GeV. One cannot
believe in the result obtained by means of Eq. (1.4.79) for ¢ > 0.12 GeV, because
there the form factor is not physical (F'(¢) > 1). Secondly, the results described by
Eq. (1.4.79) for two isotopes of lead are almost the same, which is shown by the dot-
ted line. This line represents the ratio: |F(q;**" Pb)/F(¢;**® Pb)|. This comparison
shows that it is correct to use the same charge density distribution parameters for

the 2°"Pb and 2°®Pb isotopes for the two-parameter Fermi model.



Appendix D

Some details for vy — X1.X>

subprocesses

D.1 High-energy vy — p°p’ cross section

The elementary cross section for high-energy part (W, > 2 GeV) of the vy — p%p°
reaction is calculated with the help of the VDM-Regge approach. This model is
described in section 2.2. This appendix focusses on the importance of the off-shell

form factor which depends on virtuality of the meson involved. The second term of

Eq. (2.2.8):
~ BtA Q% 2 m2
F (t;qi)) = exp (Z) exp (W

is normalized at p meson mass shell.

Fig. D.1 shows the blow-up of Fig. 2.3 focussing on higher energies. The
blue solid line is the correct description of the experimental data point from e*e™
collisions. Fig. D.1 presents the elementary cross section i.e. for the case when
we take into account only on-mass-shell vector meson (dashed green line). One can
see the respective contribution from Reggeon (dashed-dotted lines) and Pomeron
(dotted lines) exchanges. The green lines depict the cross section only for on mass
shell form factor and the blue lines correspond to calculations which include form
factors responsible for off-shell effects. We conclude that application of the correction

for p” meson virtuality is necessary.
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Figure D.1: The high-energy part of the vy — p°p° cross section obtained with the
help of the VDM-Regge approach.

D.2 Vector meson coupling

The basic V —+ coupling constants fi, can be measured in the annihilation processes.
For example considering e*e™ decay to hadronic final state F', the total cross section

in the narrow-width approximation [223] takes the form
e
Oetomsvsp = AT Qe Z <f_v> ) (s — m%/) BY | (D.2.1)
%

where BY. is the branching ratio to the final state F. Summing over F' and using

experimental B}, one can get the expression for the radiative decay width [224]

My Qe e 2_ 47r
FV—>e+e*_< 3 ><f_v) = 3 fv (D.2.2)

Knowing the value of the leptonic decay partial width, one can calculate the exact

value of the vector meson-photon coupling. We can say that in almost every paper
a slightly different value of fy is used. Different values of for the p° — v coupling
from the literature are collected in Table D.1.

In order to calculate the high-energy amplitude for the vy — p°p° reaction, we
use the upper limit of the value calculated in Ref. [225]. The vector meson coupling

is a dimensionless parameter.
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Table D.1: Examples of the p° — v coupling constant from the literature.

J Ref.

2254026  [225]
2114029  [223)
2.06 [224]
2.02 [226]
1.96 [109)

‘ Form factor

X —=By=6 GeV

co.6f
0.5)
0.4f
0.3 ‘
0.2 :

b L b b b b Ly

‘0 1 2 3 4 5 6
W,, [GeV]

Figure D.2: A comparison of the form factors for the two-pion continuum.

Fig. D.2 shows a comparison of a few examples of form factors which include

the finite-size pion corrections. Poppe proposed the following form of the form

factor [108]
L] 1-p2 1+ Bz
) s(1+p2) - s(1-Bz) | ° (D.3.3)
L+ 1+ 550
)

where § = /1 — 4m2 /s is the velocity of the pion in the center-of-mass frame. The
result obtained with the help of this formula is denoted by the blue solid line and it



is smaller than 1 in the whole range of the yv energy. The dashed and dotted lines
correspond to exponential form factor (Eq. (2.4.31))

F2(t) + F? (u)
Q(s,t,u) = T P2 ()

This form with B, = 4 GeV~! and B,.=6 GeV~!is used in our further calcula-
tions.

In Eq. (2.4.31) the standard vertex function F'(x) is smaller than 1 and it provides
the standard normalization F(0) = 1. Additionally F(t) — 0 when t — —o0.
Eq. (2.4.31) has the feature that in the limit of large s

Q (s, t,u) =% F2(t)

Q (s, t,u) =5 F? (u) . (D.3.4)

Then in the large s limit (z = cosf ~ 0) one can write Q(s,t,u) ~ 2F* (3), ie.

do

T (z=0,5) x F* (;) . (D.3.5)

D.4 Some details for the vy — 77 pQCD mecha-

nisms

D.4.1 Form factors

Same extra form factor for the amplitude in the BL mechanism (2.4.43) was proposed

in Ref. [104]

FPOP (t,u) = {1 — exp <t/;2tm>] [1 — exp (“/;2“”1)] , (D.4.1)

reg reg

where t,,, = u,, are the maximal kinematically allowed values of ¢ and u. A, is
a cutoff parameter, which value is of course not completely well known. This form
factor cuts the regions of the phase space where the Brodsky-Lepage formalism does
not apply.

Fig. D.3 illustrates the role of the extra form factors described by Eq. (D.4.1) and
Eq. (2.4.44): FrCP(s) =1 — exp (ﬂ

15 > The main aim of the form factors
PQCD
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Figure D.3: Comparison of the cross section for vy — w7~ for different forms of

the extra form factor in Brodsky-Lepage pQCD mechanism.

is the exclusion of the region of small Mandelstam ¢ and u variables, i.e. the re-
gion which is clearly non-perturbative. The three lines presented in the figure are
described in the figure caption. It is clear from the figure, that one cannot use
the pQCD BL prediction without any form factor, because at low energy limit, this
tends to infinity. The red line shows the BL. pQCD cross section which we use in our
further calculation. The green line corresponds to the form factor used in Ref. [§]

(Areg = 1 GeV).

D.4.2 Leading-order hard-scattering amplitude TI’}“\Q

The leading-log expression for analytic effective coupling in the QCD case takes the

form
|
as (Q?) = ———5 D.4.2
@) =G D4.2)
where
11 2
= —Cy — = D.4.3
o= 5Ca— 5Ny ( )

with U4 = 3 and the number of active quarks flavours Ny = 3. In our calculations

the running coupling constant proposed in Ref. [227] is used. This includes a spectral



function in the one-loop approximation

4 1 A?
(QY) = — 2 : D.4.4
“ (Q) Bo <an—2+A§_Q2> ( )
The A, is the QCD scale parameter. In our numerical applications this equals to

200 MeV.

Ji and Amiri [103] presented the exact form of the LO hard-scattering ampli-
tude including the running of a;,. The helicity-dependent amplitudes for the 7+~

production read:

167 32T ey, a

3sx(l—x)y(l—y)l—22

X [elog (X1) — ecey (s (Xa) + as (X3)) + eyas (Xy)] . (D.4.5)
167 32T e,

3s x(l—x)y(l—y)

11_—:2 {ela, (X1) — ecep (a5 (Xa) + o (X3)) + epas (Xa) }

r eaP0oRtyloy ad), o)

++ ——
Ty TorT, =

+— -+ _
Ty orTy =

2 a—bz a+ bz
+ {63045 (Xl) - 6%0&5 (X4)} & g y:| ) (D46)
where arguments of «, are denoted by
Xl = ‘y(l—l’)8| )
X, = ‘(—a+bz)§ ,
X3 = ‘(—a - bz)g , (D.4.7)
Xo = [z(1-y)s|

The auxiliary quantities:

a = (1-2)(1-y)+azy,
b = 1—-2)(1—-y) —zy. (D.4.8)
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The helicity-dependent amplitudes for the 7°7° production take the forms:

167 32T ey, a L
3s x(l—x)y(l—y)l—22/2
X {eias (X)) + e2a, (Xy) — €2 as (X2) + ag (X3)]

++ ——
T5" orTy

- 65043 (X1) — ezas (X4) + el% [as (X2) + s (X3)]} 5 (D.4.9)
167 32T ey, 1

T+= Tt = —
R 35 1(1—2)y(1—y) V2

X 11_—52 {20, (X1) — €2 [ay (Xa) + a, (X3)] + 2o, (X4)}
22 (L—2)+y(1—y) [as(Xa) | a5 (X3)
t 2 [a—bz+a+bz}

+ (el (X1) — €a (X)) v ; y
- 11_;:2 {egas (|X1) — e} s (Xa|) + as (Xg)} + efa, (X4)}
27 1-—2z)+y(1—y) [as (X)) (Xg)}

’ 2 a— bz a+ bz

— (e (X1) — €jas (X)) i ; y}

where arguments of ay are given in Eq. (D.4.8).
Neglecting the difference in the a, argument, one can obtain simpler results

presented by Brodsky and Lepage [102] and Nizié [117].



Appendix E

A semi-classical model for

~A — pV A reaction

A certain version of the classical mechanics (in our opinion wrongly called Glauber)
model with application to YA — p°A is described e.g. in Refs. [152,228-230]. There
the authors present a short history, the essence of the model and a comparison of
the model results with experimental results. Below I present a set of equations
for description of the yA — pA reaction. In the multiple scattering model the
vA — pPA cross section needs the vp — p°p cross section as input. The vp — p’p
data from HERA [231] can be described by the Regge inspired parametrization

do—’yp—mop (t = 0)
dt

=By (XW+YW™) | (E.0.1)

where W is respective center of mass energy, By =11 GeV™2 X =5 pub, € = 0.22,
Y = 26 ub, n = 1.23. These parameters are taken from Ref. [152] where the
parameters for four kinds of mesons (p°, w, ®, J/¥) are given. The first term of Eq.
(E.0.1) describes the Pomeron exchange and the second term corresponds to the
Reggeon exchange. In the Regge theory the slope parameter is energy-dependent
and is parametrized as:

| | W2
Bl = Bj +2a}1n (ﬂ) : (E.0.2)

S0

where BY = 5.5 GeV ™2, afp = 0.25, Bf = 4.0 GeV 2, ajg = 0.93, sp = 1 GeVZ.

The values of the Pomeron IP and Reggeon IR slope parameters are taken from
152
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Ref. [232]. Having the differential distribution of the yp — p°p cross section (E.0.1)

one can calculate the differential cross section for the p’p — p°p reaction

dO'pop_mo,p (t = O) . fgo dO'W,_mop (t = 0)

= E.0.3
dt 4T oy, dt ( )
using standard VDM relation. The total cross section can be calculated as
d t=0
o2, (p°p) = 16w —£le=2rr (t=0) (E.0.4)

Having the nuclear thickness function

Ty (r) = /dsz (\/]r|2 +z2> : (E.0.5)

where p4 is the charge distribution in nucleus A defined in Eq. (1.4.81) and writing

the overlap function at a given impact parameter
Taa(|b]) = /er Ta(r)T4(r—Db) (E.0.6)
one writes the probability of having no hadronic interactions in the nuclear collision:
P (|b]) = exp (=Taa (|b|) onn) - (E.0.7)

Above r and b are vectors perpendicular to the direction of motion of p°. The
Taa (|b]) is so-called overlap function. The cross section for the yA — p°A (see

e.g. [152]) takes the form

Ot (pOA) = /dzr (1 — exp (—O’tot (pop) Ty (r))) ) (E.0.8)

The differential cross section can be written as

doya—sp0a (t=0) Oéemotzot (pOA)

- E.0.9
dt 4 fgo ( )
and now the total cross section for the yA — pY A reaction takes the form
d O tm(lﬂ:
t =
OqyA—p04 = O—VA*P;-’; ( ) / dt |FA (t)|2 y (EOlO)

where F4(t) is nucleus QCD-matter form factor. This form factor is approximated

by charge form factor of the nucleus.
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Figure E.1: The differential cross section for coherent p° photoproduction.

Fig. E.1 presents do/dt;—o for coherent p° photoproduction on Au (left panel)
and Pb (right panel) nucleus. The results are obtained with the help of the model
discussed above. There are four lines in the figure. The first one (black line) cor-
responds to the slope parameter By = 11 GeV~? which is taken from Ref. [152].
The other lines are calculated using Eq. (E.0.2) and parameters given below this
equation. One can see separate contributions from Pomeron (green lines)

oy p0p (t = 0)
dt

= BOXW*, (E.0.11)

fo Reggeon (blue lines)

dopp0p (t = 0)
dt

= BRYW™", (E.0.12)

and the sum of these two contributions (red lines)

doypp0p (= 0)
dt

= BEXW +BRYW™". (E.0.13)

The shape of the distribution in W, 4 for the approach with the Pomeron and
Reggeon two-component-model (see Eq. (E.0.13)) is very similar as for the one with
the slope parameter independent of W,, (see Eq. (E.0.1)). At higher energy the
largest contribution to Eq. (E.0.13) comes, of course, from the Pomeron exchange.

In our analysis we use the classical mechanics quasi-Glauber formula for cal-

culating oy,¢(p°A). As discussed in detail in Ref. [155] Eq. (E.0.8) implies that
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in the black disk limit the total cross section becomes equal 7w R%, which is a predic-
tion of the classical mechanics. In contrast, a quantum mechanical approach implies
that in that limit o.¢(p°A) = 27 R%. The quantum mechanics expression is given

by the Glauber model [155,233,234]:

ol (0°A) =2 / d’r (1 — exp (—%awt (p°p) Ta (r))) : (E.0.14)

400
STAR Glauber—-quantum mech. 1100 ™ ALICE Glauber—-quantum mech.
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Figure E.2: Rapidity distribution of coherent p° production using the quasi-Glauber
approach (black) and the quantum mechanical Glauber approach (red).

Now we proceed to the AA—AAp® reaction. The authors of Refs. [154, 155]
suggest that the classical mechanics formula leads to substantially smaller value of
the total cross section than the quantum mechanical Glauber expression (a factor
of two smaller for heavy nuclei). One can observe in Fig. E.2 that the difference
between rapidity distribution of p° meson calculated in the classical (blue lines) and
quantum Glauber approach (red lines) is really huge (a factor = 2.5). The left panel
corresponds to the results at RHIC energy /syy = 200 GeV and the right panel is
dedicated for LHC energy /syny = 2.76 TeV. Both panels depict the situation when
our results are calculated for sharp p® mass (solid lines) and including the smearing
of p° mass (dashed lines). As is shown in Fig. E.2, the classical Glauber model
surprisingly well describes the STAR data for AA — AAp" whereas the quantal
Glauber model substantially overestimates the experimental data of the STAR and

ALICE Collaboration. The overestimation of the experimental data by the Glauber



model is not clear to us in the moment. The difference between the theoretical
classical mechanics model and experimental results for the ALICE data is only
about 10 — 15%. Therefore in this dissertation we shall use the classical mechanics

model to estimate the double scattering effects (see section 3.3).



Appendix F

Momentum-space approach

The most of the results for nuclear production of fermion-antifermion pairs which
are presented in this dissertation is calculated in the Equivalent Photon Approxi-
mation. Here I wish to concentrate on details of the calculations in the momentum
space. However, this method has some shortcomings. Here we cannot easily exclude

situations when the two ions collide with small impact parameter.

Pa L‘/\,\/l
q1 M+ D3 q1 D3

t 4\—@m ' +><p4
e
T~

Figure F.1: t-channel (left panel) and w-channel (right panel) amplitudes of the

AA — AAITI™ process in the momentum space.

In Fig. F.1 one can see Feynman diagrams for a genuine 2 — 4 reaction with
four-momenta p, + p, — p1 + p2 + p3 + ps. In the momentum space approach the

cross section for the production of a pair of particles can be written as:

1 ———
o = [ PR S (b o= 2= = )
d*py d*py d’ps d®py
(2m)° 2B, (21)° 2B, (27)° 2E5 (27)° 2B,
157

(F.0.1)



Using a transformation
d*pi
E;
Eq. (F.0.1) can be rewritten as:

= dy; d°pi1 = dyip;1dp;1 do; (F.0.2)
1 11

o = /Z\M|25 (Pa +Pb— 1 — P2 — D3 — Da) sz

X (dyiprodpr1doy) (dyspsai dpsy deéo) (dysdzpu) (dy4d2p4L) . (F.0.3)

In the above formula p; | are transverse momenta of outgoing nuclei and considered
charged particles in the final state, ¢1, ¢ are azimuthal angles of the outgoing nuclei.

Additionally, we introduce a new auxiliary quantity

Pm = P3L — P4l (F.0.4)

and benefiting from 4-dimensional Dirac delta function properties, Eq. (F.0.3) can

be written as:

1 1 1
o = /£|M|25 (E, + Ey— Ey — Ey — E5 — Ey) 5 (1> + P2z + P32 + Daz) Wﬂ
X (dyip1 1 dpr1den) (dyapsi dpay des) dysdysd®py, - (F.0.5)

The energy-momentum conservation gives the following system of equations that

has to be solved for discrete solutions
Vs =By — By = \/mi, +pi,+/m5, +p3.

—P3z — P4z = P1; + D22,

(F.0.6)

where my,, msy, are the so-called transverse masses of outgoing nuclei which are
defined as:

mi = pi +m; (F.0.7)

We wish to make the transformation from (y1, y2) to (pi1z, pa.). The transforma-

tion Jacobian takes the form:

D1z (k) . P2z (k)
vmi+pt (k) /m3y +p3. (k)

where k& numerates discrete solutions of Eq. (F.0.6). Thus the cross section for the

Tk =

, (F.0.8)

2 — 4 reaction reads:

B 1
o = ij; ! (p1t7 ¢17 Dat, ¢27 Y3, Y4, Pm, ¢m) |M|2 94
k 2

1
X (prodpiider) (p2rdpaidds) Zdy3dy4d2pm : (F.0.9)



Appendix F. Momentum-space approach 159

For photon-exchanges, considered here, it is convenient to change the variables

P — & = logo (p11), P2 — & = logyy (per). The lepton helicity-dependent

amplitudes of the process shown in Fig. F.1 can be written as:

« —1 ap — . 7 — +m
M, a, (t-channel) = e Fy, (q1) (pa +p1)" — 9 L3 (ps, Ag) i7" (3 ﬁ;) ;]
1 (QI - pg) —my

qi +1ie
—1 L
92 (4 p2)” € Fun ) (F.0.10)

@G+

X 17" v (pa, Ag)

and

Vi [(Ps— f2) +my)

(g2 — p3)2 - mi

a —1 o — .
M,z (u-channel) = e Fu (q1) (pa + 1) 7 fi’;u(pg, A3) iy
1

4 +ie

X iy" v (pg, A1) (oo 4+ p2)” € Fun (q2) - (F.0.11)

These amplitudes are calculated numerically. Finally, to calculate the total cross

section one has to calculate 8-dimensional integral inserting

Moy r, = My, a, (t-channel) + M, 5, (u-channel) (F.0.12)

into Eq. (F.0.9).
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