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Abstract. In this work the double vector meson production in ultraperipheral heavy ion collisions is in-
vestigated within the BFKL approach. The integrated cross sections and event rates for the processes
AA - V1V AA (V; =p, w, ¢, J/¥,T) are computed and theoretical estimates for scattering on both light
and heavy nuclei are given for energies of RHIC and LHC.

1 Introduction

Photon collisions offer unique possibility to probe QCD in
its high energy limit [1]. The simplicity of the initial state
and the possibility of studing several different combina-
tions of final states make this process very useful for study-
ing the QCD dynamics in the limit of high center-of-mass
energy /s and fixed momentum transfer ¢. In principle, in
this regime the QCD dynamics is determined by the QCD
Pomeron, with the evolution described by the BFKL equa-
tion [2]. One typical process where the QCD Pomeron can
be tested is the vector meson pair production in v+ colli-
sions [3]. For heavy vector mesons, this cross section can be
calculated using the perturbative QCD methods. First cal-
culations considering the Born two-gluon approximation
have been done in Refs. [3] and after considering the solu-
tion of the BFKL equation [4]. Recently, we have studied
the double vector meson production in v+ collisions, where
the the color singlet ¢t-channel exchange carries large mo-
mentum transfer [5]. The presence of a large momentum
transfer allow us to calculate the light and heavy vector
mesons production cross sections for real photon interac-
tions. We have considered the non-forward solution of the
BFKL equation at high energy and large momentum trans-
fer [6] and estimated the total and differential cross section
for the process vy — V1 Va, where V4 and V2 can be any two
vector mesons (V; = p,w, ¢, J/¥,T"). Our results indicate
that this process could be used in the future v~ colliders to
constrain the QCD dynamics.

On the other hand, in [7—10] we have shown that several
processes which can be observed in ultraperipheral heavy
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ion collisions (UPC’s) at RHIC and LHC can be used to
constrain the QCD dynamics. In these collisions the ions
do not interact directly with each other and move essen-
tially undisturbed along the beam direction. The only pos-
sible interaction is due to the long range electromagnetic
interaction and diffractive processes (For a review see,
e.g. [11-13]). Consequently, it is possible to study photon-
nucleus and/or two-photon interactions in these coherent
collisions. An important aspect which should be empha-
sized is that relativistic heavy-ion collisions are a poten-
tially prolific source of v+ collisions at high energy collid-
ers. The advantage of using heavy ions is that the cross
sections varies as Z*a* rather just as a*. Moreover, the
maximum 77y collision energy W.., is 2v/R 4, about 6 GeV
at RHIC and 200 GeV at LHC, where R4 is the nuclear
radius and -y is the center-of-mass system Lorentz factor
of each ion. In particular, the LHC will have a significant
energy and luminosity reach beyond LEP2, and could be
a bridge to v collisions at a future e*e™ linear collider.
For two-photon collisions, the cross section for the reaction
AA — AAV; V, will be given by (see Fig. 1)

dwl
TAASAAVLVy, = or ny(w) X
dw
w—; nQ(wQ) Oyy—V1 Vo (W = Viwiws ) ’

(1)

where the photon energy distribution n(w) is calculated
within the Weizsdcker-Williams approximation [11]. In
general, the total cross section AA — AA~vyy — AAX,
where X is the system produced within the rapidity gap,
factorizes into the photon-photon luminosity d£,-/dr and
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Fig. 1. The process AA — V1V AA and the corresponding
kinematical variables. The two-photon scattering is sketched,
showing the photon-meson impact factors Z iz and the
BFKL Green’s function Kgpkr,- The grey blobs represent the
colliding nuclei

the cross section of the v+ interaction,

dL.. . .
d;'y Oyy—V1 Vo (3)’ (2)

OAA—AAV; VQ(S)Z/dT

where 7 = §/s, § = W? is the square of the center of mass
(c.m.s.) system energy of the two photons and s of the ion-
ion system. The 7 luminosity, d £, (7)/dr , is given by
the convolution of the photon fluxes from two ultrarela-
tivistic nuclei. Here, we consider the photon distribution
of [14], providing a photon distribution which is not fac-
torizable. The authors of [14] produced practical paramet-
ric expressions for the differential luminosity by adjusting
the theoretical results. The comparison with the complete
form is consistent within a few percents. The approach
given above excludes possible final state interactions of the
produced particles with the colliding particles, allowing re-
liable calculations of UPC’s.

In order to estimate the double meson production in
UPC’s it is only necessary to consider a suitable QCD
model for the subprocess at photon level. In [7, 15] we have
analyzed several distinct scenarios for the double J/¥,
pJ /¥ and double p production, respectively. In particular,
in [7] we have estimated the double J/¥ production con-
sidering the solution of the BFKL equation at zero momen-
tum transfer and using a small ¢ approximation in order to
calculate the total cross section at photon level. Moreover,
we have evaluated the impact of non-leading corrections
to the BFKL equation and compared our predictions with
those obtained at Born two-gluon approximation. On the
other hand, in [15] we have estimated the pJ/¥ produc-
tion considering the approach proposed in [16], where the
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vy — pJ /¥ cross section is given in terms of the gluon dis-
tribution on the light meson. Moreover, the double pp pro-
duction has been estimated using the pomeron-exchange
factorization theorem [17], which allows relate the vy — pp
cross section with those for J/¥.J/¥ and pJ/¥ production.
Our main result in those analyzes was to show that the
QCD dynamics implies a large enhancement of the cross
sections, which become these processes observable in fu-
ture AA colliders and the ultraperipheral heavy ion colli-
sions an important alternative to study the QCD dynam-
ics at high energies. It strongly motivates a more detailed
study of the double meson production in UPC’s consider-
ing more precise theoretical formalisms for the vy — V1 V5
process, as well as to obtain predictions for other combina-
tions of vector mesons in the final state.

Here, we consider the approach proposed in [5] where
the double vector meson production has been estimated
in terms of the non-forward solution of the BFKL equa-
tion [6]. It is based on the approach introduced in [18, 19] to
describe the process yp — VX at large t, which reproduce
the measured differential cross sections for longitudinal p
meson and for J/¥ production very well [20,21]. In what
follows (Sect. 2), we shortly present the main formulae of
the approach proposed in [5] and its further application
for the double meson production at UPC’s. We analyze
the theoretical estimates for the energies of RHIC and
LHC and its dependence on atomic nuclei. The event rates
are also computed, giving the magnitude of the contribu-
tions to the possible final states at the coherent collisions.
Finally, in Sect. 3 we discuss the main backgrounds for
the photon-photon process in UPC’s and summarize our
results.

2 Vector meson pair production
in the BFKL approach

In the last few years several studies has analyzed the dou-
ble meson production in two-photon processes considering
different approximations for the QCD dynamics [4,5,7,
16,23,24]. In particular, in our previous paper in [7], we
have performed a phenomenological analysis for the dou-
ble J/¥ production using the forward LLA BFKL solution.
In that case, the hard scale was set by the charm quark
mass. There, we also studied the possible effects of cor-
rections at next to leading approximation (NLA) level to
the BFKL kernel investigating the slow down of the ef-
fective hard Pomeron intercept. Afterwards, in [5] the non-
forward solution was considered for a larger set of possible
vector meson pairs, where the large ¢ values provide the
perturbative scale. In that paper the double vector meson
production in real photon interactions was studied, the t-
dependence of the differential cross section was analyzed
in detail and the total cross section for different combi-
nations of vector mesons was calculated using the lead-
ing order impact factors and BFKL amplitude. More re-
cently, two other studies on the process y*y* — V'V has
appeared in literature [23,24]. In the first one [23], the
leading order BFKL amplitude for the exclusive diffractive
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two-p production in the forward direction is computed and
the NLA corrections are estimated using a specific resum-
mation of higher order effects. In the last paper [24], the
amplitude for the forward electroproduction of two light
vector mesons in NLA is computed. In particular, the NLA
amplitude is constructed by the convolution of the v* — V'
impact factor and the BFKL Green’s function in the MS
scheme. In addition, a procedure to get results independent
from the energy and renormalization scales has been in-
vestigated within NLA approximation. In what follows we
shall consider the approach proposed in [5], which is valid
for real photon interactions and has been compared with
the HERA data when applied for photon-proton collisions.
As it is based on the leading logarithmic approximation
(LLA) for the impact factors and BFKL amplitude, we
should consider our results as an upper bound for the total
cross sections.
Following [5] we have that the differential cross section
for the process vy — V1V is given by
do(yy — V1 Vs 167
(77dt 1V2) _ o |~7:BFKL(277')|27 (3)

where z = (3a/2m) In(W?2/A?%), 7= |t|/MZ, My is the
mass of the vector meson and A° is a characteristic scale
related to M2 and [t| (see [5] for details). Moreover, in
the leading logarithm approximation (LLA) the coupling
constant is fixed and we assume o = 0.2 in our calcula-
tions, which is determined from a fit to the HERA data (for
details see [21]). The leading order BFKL amplitude and
lowest conformal spin (n = 0), is given by [6]

FerkL(z,7) =
QIR (QL),
(4)

where @ | is the momentum transfered, t = —Q? , (the sub-
script denotes two dimensional transverse vectors) and

X(v) = 4Re <¢(1) —y G + w>>

is proportional to the BKFL kernel eigenvalues [22], with
() being the digamma function.

The quantities I, Vi are given in terms of the impact fac-
tors Z,v, and the BFKL eigenfunctions as follows [19],

g B 16w I'(1/2—iv) [ Q2 \ ™
B@) = GG T ()

1/24+1i00 2 1/24u
-1t
1/2—ic0 211 4MV7.

L T2/24 ) /2—u/2—iv/2) D (1/2—u/2+iv/2)
T1/2+u/2—w/T(1)2+u/2+v)2)
(6)

2 V2
K / W1y

(5)

where C; = 31 e‘QM% /@em. Notice the non-relativistic ap-
proximation for the impact factor is considered here. The
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differential cross section can be directly calculated substi-
tuting the above expression in (4) and evaluating numer-
ically the integrals. The total cross section will be given by

* o(yy — ViVa)

d
sy = [ SR

‘tlmin

where |t|min i the minimum momentum transfer in each
particular process. In order to use a perturbative approach
for the interaction of real photons the presence of a hard
scale is necessary. It can be the mass of the vector meson or
the momentum transfer in the process. Consequently, for
heavy vector meson production we can assume |t|pin = 0,
while for light vector meson production we need to consider
a lower limit for the momentum transfer. Here, we will
assume |t|min = 1 GeV? as in [5]. In principle, for smaller
values of t non-perturbative contributions should dominate
the total cross sections. In what follows we estimate the
double vector meson production assuming |¢|min = 0 when
a heavy vector meson is present and |t|min = 1 GeV? for
double light vector meson production. For comparison, we
also present our predictions for the latter process assum-
ing |t|min = 0, which must be used with some caution, since
we are extrapolating the perturbative approach for very
small momentum transfer where its direct application is
questionable. However, as we expect that the t-dependence
will not be strongly modified at small ¢, it can be used as
a rough estimate.

Lets now compute the double meson production in ul-
traperipheral heavy ion collisions within the BFKL ap-
proach. Using (3) into (7) and substituting it in (2) we
can calculate the total cross section for the double vector
meson production at different values of the center of mass
energy and distinct ions. Moreover, using these results we
can estimate the expected number of events for the RHIC
and LHC luminosities considering the collision of differ-
ent ions at distinct center of mass energies. In Table 1 we
present the luminosities and beam energies for AA colli-
sions at RHIC and LHC which we use in our calculations
in order to estimate the number of events. Moreover, we as-
sume the standard 10 s/month heavy ion run at the RHIC
and LHC. Notice that the number of events by year are dif-
ferent for RHIC and LHC, since RHIC is a dedicated heavy
ion mode with a run of 107 s/year and LHC is planned to
have one month (10%s) of run in its ion mode. Moreover,
we have that the center of mass energy at LHC is factor 20
larger than the RHIC one.

In the Tables 2, 3, 4 and 5 we present our predictions
for the production of different combinations of two vec-

Table 1. Luminosities and beam energies for AA collisions at
RHIC and LHC

COLLIDER  ION  /Syy (GeV)  Lga (em 2s71h)
RHIC Si 250 4.4 % 10%8
Au 200 2.0 x 1026
LHC Ca 7200 5.2 x 10%°
Pb 5500 4.2 x10%




222 V.P. Gongalves et al.: The QCD pomeron in ultraperipheral heavy ion collisions: V

Table 2. Double light mesons: The total cross section (number of events/
month) for double vector meson production in two-photon reactions in UPC’s
at RHIC and LHC energies (¢pin = 1 GeVQ). Cross sections in units of nb

ViVa RHIC LHC
Si Au Ca Pb
pp 102 (0.42) 1.2 (0.2) 4.3 (2x10%) 432 (181)
ww  6x107° (3x1073)  8x 1073 (1073) 0.03 (15) 3(1.2)
b 2x1072 (0.01) 0.02 (4x1073) 0.14 (74) 14 (6)
pw 7x 1074 (0.03) 0.1 (0.02) 0.3 (174) 34 (14)
pd 1073 (0.06) 0.16 (0.03) 0.7 (378) 73 (31)
we 6 x107% (0.03) 0.013 (3x1073) 0.06 (32) 6 (3)

Table 3. Double light mesons: The total cross section (number of events/
month) for double vector meson production in two-photon reactions in UPC’s
at RHIC and LHC energies (tyin =0 GeVQ). Cross sections in units of nb

ViVa RHIC LHC
Si Au Ca Pb
op 3.2 (140) 340 (68) 2821 (10°) 2x10° (10%)
ww 0.02 (1) 2 (0.5) 20 (10°) 1.6 x 10% (690)
pp  0.02(0.9) 1.6 (0.3) 20 (10%) 1.6 x 10% (704)
pw 0.5 (23) 55 (11) 500 (2.10%) 4 x10° (1.6 x 10°)
po 0.2 (10) 22 (4.5) 230 (10°) 2% 10° (1.6 x 10°)
wé  0.02(0.9) 2 (0.4) 19 (10°) 1.6 x 10° (667)

Table 4. Double light-heavy mesons: The total cross section (number of events/month) for
double vector meson production in two-photon reactions in UPC’s at RHIC and LHC ener-
gies. Cross sections in units of nb

ViVa RHIC LHC
Si Au Ca Pb

pJ /¥ 8x 1073 (0.34) 0.25 (0.05) 15 (7 x 10%) 1200 (504)

wJ/w 6x10~* (0.03) 0.02 (4x1073) 1.3 (657) 101 (42)

I W 4 %1072 (0.18) 0.08 (0.01) 2x10% (107)  8x10* (3 x 10%)
or 107% (5% 107°) 3x107% (6x1077) 0.02 (10) 1.3 (0.5)
W 1077 (4x1079) 2x1077 (5x1078) 1073 (0.85) 0.1 (0.04)
#T  2x1077 (8x107°) 4x1077 (1077) 2x1073 (1.5) 0.2 (0.08)

Table 5. Double heavy mesons: The total cross section (number of events/month) for double vector
meson production in two-photon reactions in UPC’s at RHIC and LHC energies. Cross sections in

units of nb
HEAVY ION J)w J)w J)er rY
RHIC SiSi 2x1073 (1072) 1.6x1077 (7x107%)  8x 10710 (4x1079)
AuAu 2x1073 (5x107%)  2x1077 (3x107%) 6x 1071 (10711
LHC CaCa 0.74 (387) 3x 1073 (1.8) 8 x 1077 (0.05)
PbPb 61 (26) 0.25 (0.1) 5% 1073 (2x1073)

tor mesons and distinct energies and ions. In particular, in
the Tables 2 and 3 we present our results for double light
meson production assuming tmin = 1 GeV? and tpi, = 0,
respectively. The first aspect which should be emphasized

is the large difference between the predictions shown in the
two tables. As already shown in [5], the differential cross
sections peaks at small values of ¢, which implies a large
contribution from the region of small values of momentum
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transfer. We have that independently of the choice for the
minimum momentum transfer the production of light vec-
tor mesons is predicted to be huge, mainly at LHC energies
and heavy ion collisions, which become the analysis of this
process feasible. In comparison with our previous calcu-
lations for double-p production, we have that our predic-
tions using the BFKL approach are somewhat smaller or
same order than obtained in [15] in terms of the pomeron-
exchange factorization relations. However, the compari-
son depends on the particular choice for the photon par-
ton distribution function (pdf) used in the pJ/¥ calcu-
lation and on the treatment of the double J/¥ produc-
tion. Namely, in the pomeron-exchange factorization rela-
tions, o(yy = pp) o [o(yy = pJ/O) [o(yy — J/WJ/¥).
The result presented here (for ¢y, =0) is equal to pre-
diction in [15], 0 (AA — ppAA) =200 ub, obtained choos-
ing the GRS NLO parameterization for the photon pdf
and a NLO BFKL treatment for the double J/¥ cross
section.

In Table 4 we present our predictions for the produc-
tion of double light-heavy mesons. We have that the pre-
dicted cross sections for pJ/¥ production in Pb-Pb colli-
sions at LHC are in agreement with the results obtained
in [15] using a distinct approach. In [15], the pJ/¥ cross
section at photon-level was computed in the double log-
arithm approximation (DLLA) of pQCD and its magni-
tude depends on the particular choice for the photon pdf.
The result presented here is similar to those calculations,
0(AA — pJ/WAA) = 1-2 ub, when GRS NLO parameteri-
zation for the photon is considered. Finally, in Table 5 we
present our predictions for the double heavy vector me-
son production. We have that the cross sections diminish
for heavier vector mesons. In particular, we have that our
result for the double J/¥ production (A = Pb and LHC
energy) is similar the one obtained in [7] where we have
used a phenomenological analysis also based on the BFKL
approach. We have still predicted a reasonable rate of pro-
duction, allowing future experimental analyzes, even if the
acceptance for the J/¥ detection being low. On the other
hand, the detection of double 1" production will be a hard
task. Due to the higher integrated luminosity for light ions,
the event rates are enhanced in this case despite the in-
tegrated cross section being small. The present estimate
for the double J/¥ production is consistent with our pre-
vious phenomenological analysis using the forward BFKL
solutionin [7], 0 (AA — 2J /¥ AA) ~ 60 nb. There, the main
uncertainty to the overall normalization was the value for
the diffractive slope B,y j g, which is clearly determined
in the present treatment.

In order to evaluate how much the BFKL resumma-
tion amplifies the cross sections, we can compare our pre-
dictions which those obtained at Born level. We obtain
that opom(AA — ppAA) =6 (736)1nb (tmin = 1 GeV?),
0Bom (AA — pJ/WAA) = 0.11 (129)nb (tmin = 0 GeV?)
and opon(AA — J/WJ/WAA) =0.001 (11)nb (tmin =
0 GeV?) at RHIC (LHC) energies. It is important to em-
phasize that although the vy — V1V, is energy indepen-
dent at the Born level, there is a dependence on energy
which comes from the equivalent photon flux. We can ob-
serve that the BFKL effects imply cross sections which are
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a factor 2-3 larger than the Born one, while at LHC this
factor is > 10.

3 Summary

Before to present a summary of our results, lets briefly
discuss the main backgrounds for the photon-photon pro-
cesses in UPC’s. An important background is given by
the photonuclear interactions, since these reactions have
similar kinematics. For the processes considered here, the
diffractive vector meson production in photon-pomeron
interactions [10,26,27] should contribute significantly. In
particular, because the cross section for this process is
large, as predicted and recently confirmed by the experi-
mental result obtained by the STAR collaboration [28],
the probability of having double (independent) production
of vector mesons in a single nucleus-nucleus collision and
associated to multiple interactions, is non-negligible [27].
Moreover, the two-photon cross sections have been esti-
mated as being at least 103 smaller than the corresponding
photoproduction cross sections [25], which make the ex-
perimental separation between the two interactions very
hard. Our calculations indicate that the inclusion of the
QCD Pomeron effects implies higher cross sections at two-
photon level and, consequently, larger cross sections in ul-
traperipheral collisions. Therefore, the inclusion of these
effects implies that, in general, the contribution of two-
photon interactions is non-negligible. Moreover, in prin-
ciple, an analysis of the impact parameter dependence
should allow to separate between the two classes of re-
actions, since two-photon interactions can occur at a sig-
nificant distance from both nuclei, while a photonuclear
interaction must occur inside or very near a nucleus. We
notice that the experimental separation between the two
classes of processes is an important point, which deserves
further precise studies.

As a summary in this paper we have estimated the dou-
ble vector meson production in ultraperipheral heavy ion
collisions within the BFKL approach. We have considered
the non-forward solution of the BFKL equation and cal-
culated the total cross section and event rates for different
combinations of final states, energies and heavy ions. Our
results demonstrate that the number of events predicted
at future colliders is large, allowing a future experimental
analysis of this process. It is important to emphasize that
in our calculations we have considered the leading order
solution of the BFKL equation as well as leading order
impact factors. In principle, the inclusion of the next-to-
leading order corrections implies a smaller growth of the
cross section with the energy. Similarly, saturation effects
can contribute significantly, reducing the total cross sec-
tion. Consequently, our predictions should be considered as
an upper bound.
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