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1. Introduction

Ultrarelativistic collisions of heavy ions provide a nicpastunity to study photon-photon
collisions [1]. In this type of reactions virtual (almostafe photons couple to the nucleus as a
whole. Naively one expects an enhancement of the crososgmtoportional ttoZ% which is
a huge factor. Recently we have shown that the inclusion alfstee charge distributions and
realistic nucleus charge form factor makes the cross sestoaller than the naive predictions.
Several processes have been discussed in the literaturentRewe have studied some of them.

We have discussed production pf u~ pairs [2] heavy-quark heavy-antiquark pairs [3] as
well as production of two mesong°p® pairs [4], T 77 pairs [5] as well as oDD meson pairs

[6].

2. Formalism

The equivalent photon approximation (EPA) is a standaetradttive to the Feynman rules for
calculating cross sections of electromagnetic interastilyY]. Due to the coherent action of all
protons in the nucleus, the electromagnetic field surrondhe ions is very strong. This field
can be viewed as a cloud of virtual photons. In the collisibbw ions, these quasireal photons
can collide with each other and with the other nucleus. Ireotd calculate the cross section of a
process it is convenient to introduce= w/Ea, wherew energy of the photon and the energy of
the nucleus an&a = YAmyoton = YMa @andMa, is the mass of the nucleus akg is the energy of
the nucleus.

Below we consider a generic reactid — AAcCy. In the EPA the total cross section is
calculated by the convolution:

O'(AA—> C1CAA S/_\A) = /6 (yy—> C]_CZ;WW = X1X28,/_\A) dnyy (Xl,Xg, b) . (21)

The luminosity functiordn,, above can be expressed in term of flux factors of photons pre-
scribed to each of the nucleus:

dao, day

iy (01, 02.0) = [ SEos(b) PaN (cn, br) €PN (cz, b2) 2

(2.2)

The presence of the absorption fac@gs(b) assures that we consider only peripheral colli-
sions, when the nuclei do not touch each other. This can e tao account by the following
approximation:

Shs(0) = 6 (b—2Ra) = 6 (|by — ba| — 2Ra) . (2.3)

In the present case, we concentrate on processes with ficlal muthe ground state.
The charge distribution obtained from those experimentgten parametrized with the help
of two—parameter Fermi model:

r—c\\ !
p(r)=po <1+exp<7>> ; (2.4)

wherec is the radius of the nucleua,is the so-called diffuseness parameter of the charge gtensit
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Mathematically the charge form factor is the Fourier transf of the charge distribution:
F(q) = / %np (r)sin(gr) rdr . (2.5)

The monopole form factor [8F (¢?) = /\2/\—+2q2 leads to a simplification of many formulae for

production of pairs of particles via photon-photon subpsscin nucleus-nucleus collisions. In our

calculation/ is adjusted to reproduce root mean square rafligs <r62>.

3. Reaults

3.1 Exclusive production of u*u~ pairs

Elementary cross section for charged leptons can be ctddulgithin Quantum Electrody-
namics. Several groups have made relevant calculatioase(ge[9, 10, 11, 12]).

In Ref.[2] we have presented several distributions in mamdity and transverse momentum
for RHIC and LHC experiments, including experimental acaapes. We have demonstrated how
important is inclusion of realistic form factor in order tbtain realistic distributions of muons.
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Figure 1 d‘% (left) and the ratio (right) for the STAR conditiongs,ys € (—1,1), pa, p4 > 1 GeV and
Wn = 200 GeV.

The distribution in the muon transverse momentum for STARater is shown in Fig.1. The
STAR rapidity cuts -1< ys3,y4 < 1 are taken here into account. The inclusion of realistiagia
distribution is here extremely important. The relativeeeffof damping of the cross section with
respect to the results with the monopole charge form fastshown in the right panel. Ak = 10
GeV the damping factor is as big as 100!

The ALICE collaboration can measure only forward muons vpslndorapidity 3< n < 4
and has relatively low cut on muon transverse momengdm 2 GeV. In Fig.2 (left panel) we
show invariant mass distribution of dimuons for monopold egalistic form factors including the
ALICE cuts. The bigger invariant mass, the bigger the diffee between the two results. The
same is true for distributions in muon transverse momeseg ff3e right panel).
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Figure2: 92 (left) and-9Z = 9% (right) for ALICE conditions:ys,ys = (3,4), pa, pa > 2 GeV.
AWy dpz — dpy

3.2 Exclusive production of ccand bb

In Ref.[3] we have discussed several photon-photon presdssding to th@@ in the final
State.

Let us start with the Born direct contribution. The leadiogder elementary cross section
for yy — Qdas a function of\, takes a simple form which differs from that fgy — |1~ by
color factors and fractional charges of quarks. In the curcalculation we takem; = 1.5 GeV,
m, = 4.75 GeV. It is obvious that the finﬂ@ state cannot be observed experimentally due to the
qguark confinement and rather heavy mesons have to be obdastedd. Presence of additional
few light mesons is rather natural. This forces one to inelatdo more complicated partonic final
states.

In contrast to QED production of lepton pairs, in the cas@@ production one needs to
include also higher-order QCD processes. Here we incluatding—order corrections only for the
direct contribution. Inag-order there occur one-gluon bremsstrahlung diagrgms< Q(Sg) and
interferences of the Born diagram with self-energy diagrdm yy — Q(§) and vertex-correction
diagrams (inyy — Q(§). We have followed the approach presented in Ref. [13].

We include also the subprocegs— QQag, whereq (q) areu, d, s, quarks (antiquarks). The
cross section for this mechanism can be calculated in ther dgpole framework [14, 15]. In the
dipole—dipole approach [15] the total cross section fonthe- Q(§ production reads:

Gxﬁqd(ww)
_ 2| . - 2
=3 /‘CDQQ(Pl,Zl)‘ ‘CszfZ(Pz,Zz)‘ 0dd (P1, P2, Xqt) d°prdz1d*pd 2
f2#Q

- 2, - 2
+ ; /‘qulfl(Pl,Zl)‘ ‘CDQQ(Pz,Zz)‘ Oda (01, P2,X1q) d°p1dz1d° P20, (3.1)
f1#£Q

where¢Q5(p, z) are the quark — antiquark wave functions of the photon in tixedrepresentation
and ayq is the dipole—dipole cross section. Eq.(3.1) is correcuftcsently high energyw,, >
2mg. At lower energies, the proximity of the kinematical threlshmust be taken into account.
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The cross section for thgy — Q@qq_process here is much bigger than the one corresponding to
the tree-level Feynman diagram as it effectively resumbdrigrder QCD contributions.

As discussed in Ref. [15] th@dqﬁ component have very small overlap with the single-
resolved component because of quite different final stdte.cFoss section for the single-resolved

contribution can be written as:
O1-res($) = / dxa [0 (¥4, 1) Ggy (8= x19)] + / dxe [G2 (%2, %) Gyg (5=%29)],  (3.2)

whereg; andg, are gluon distributions in photon 1 or photon 2 adyg and 6,4 are elementary
cross sections. In our calculation we take the gluon digiiob from Ref. [16].

Elementary cross sections have been presented and didgéudRef.[3]. Here we show only
nuclear cross sections. In Fig. 3 we compare the contribsitaf the different mechanisms as a
function of the photon—photon subsystem energy. For tha Base it is identical as a distribution
in quark-antiquark invariant mass. These distributiorfiece the energy dependence of the ele-
mentary cross sections. Please note a sizable contribottithe leading—order corrections close to
the threshold and at large energies for ¢thease. Since in this ca¥¥,, > Mqg, it becomes clear
that theQQag contributions must have much steeper dependence @Q@rrvariant mass than the
direct one which means that Iar@ﬁ invariant masses are produced mostly in the direct process.
In contrast, small invariant masses are populated domjnbypthe four—quark contribution.
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Figure 3: The nuclear cross section as a function of photon—photosystem energy\, in EPA. The
solid line denotes the results corresponding to the Bornliamp (cc -left panel andab_-right panel). The
leading—order QCD corrections are shown by the dash-dbttedFor comparison we show the differential
distributions in the case when an additional pair of ligh&idgs is produced in the final state (dashed lines)
and for the single-resolved components (dotted line).

3.3 Exclusive production of 71" 71~ pairs

Here we discuss production of “large” invariant massit— pairs. Brodsky and Lepage de-
veloped a relevant perturbative formalism [17]. The irsmatiamplitude for the initial helicities of
two photons can be written as the following convolution:

1 -1
M (A1, A2) = /0 dx /0 dy@r (%, 12) TAY2 (.Y, %) @ (¥, 12) - (3.3)
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We take the helicity dependent hard scattering amplitudas Ref. [18]. These scattering am-
plitudes are different forr" 1~ and °m®. The distribution amplitudes are subjected to the ERBL
pQCD evolution [19, 20].

Different distribution amplitudes have been used in thd.pBecently Wu and Huang [21]
proposed a new distribution amplitude based on a light-eeenee function.

The pion distribution amplitude at the initial scale is colfed by a parameter B. They have
found that the BABAR data for pion transition form factor aiM and high transferred four-
momentum squared regions can be described by sddting).6. In the following we shall use
B = 0.6 andmq = 0.3 GeV. TherA = 16.62 GeV'! andB = 0.745 GeV.

The hand-bag model was proposed as an alternative for tden¢geéerm Brodsky-Lepage
pQCD approach [22]. As in the case of BL pQCD the hand-bagaaubr applies at large Man-
delstam variables~ —t ~ —ui.e. at large momentum transfers. In this approach the odtibe
cross section for the®® process to that for ther" 1~ process does not depend 8rand is%.
The nonperturbative obje®,;(s) in the hand-bag amplitude, describing transition from arkjua
pair to a meson pair, cannot be calulated from first prinsiplln Ref. [22] the form factor was
parametrized in terms of the valence and non-valence foctorfaas:

Ny Ng
R (8) = gisau (2)"+ gisas (2)" (3.4)
Theay, ny, as andng values found from the fit in Ref. [22] slightly depend on eryefigor simplicity
we have averaged these values and usgd: 1.375 GeV, n, = 0.4175,as = 0.5025 GeV and
ns = 1.195.

In Fig. 4 we show distribution in the two-pion invariant magsich by the energy conservation
is also the photon-photon subsystem energy. Here we haga tadperimental limitations usually
used for therrrr production inete collisions. In the same figure we show our results for ye
collisions extracted from the" e~ collisions together with the corresponding nuclear crestisns
for it (left panel) and®r® (right panel) production.

Comparing the elementary and nuclear cross sections welagganhancement of the order
of 10* which is somewnhat less th@fZZ one could expect from a naive counting.

3.4 Exclusive production of p°p° pairs

At low energies one observes a huge enhancement of the aoisnsfor the elementary
processyy — p°p° [4].

In Fig.5 we show distribution ip°p° invariant mass (left panel) and the ratio of the cross
section for realistic and monopole form factors.

3.5 Outlook

We have presented selected examples of processes thatbeostddied at RHIC or LHC. In
all cases we have obtained sizeable cross sections. We hawa shat the inclusion of realistic
charge form factor is necessary to obtain realistic particstributions.

Measurements of the processes discussed here are not essyteess to assure exclusivity of
the process, i.e., it must be checked that there are no aéineclps than that measured in central
detectors. In all cases fissibilty studies, including Mdd#lo simulations, are required.
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Figure 4: The nuclear (upper lines) and elementary (lower lines)seextion as a function of photon—
photon subsystem enery,, in the b-space EPA within the BL pQCD approach for the elerugntross
section with Wu-Huang distribution amplitude. The angukanges in the figure caption correspond to

experimental cuts.
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Figure5: Distribution in thep®p® invariant mass

| am indebted to Mariola Klusek, Wolfgang Schéfer, Valegjri®o and Magno Machado for
collaboration on the topics presented here. | congratdiaibann Collot and collaborators for very
good organization and friendly atmosphere during EPS2011.
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