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A possible way of using two-photon very forward production of posit-
ron—electron pairs for a luminosity measurement of ion collisions at the
LHC is discussed. The main characteristics of this process are introduced,
and followed by results from fast Monte Carlo simulations of the measure-
ment using the proposed CASTOR detector. The statistical accuracy of this
method is discussed for the considered LHC ion beams.

PACS numbers: 13.40.—, 25.75.—q, 29.27.—a

1. Introduction

The possibility of using two-photon processes for luminosity measure-
ments at hadron colliders was first considered in [1,2]. The cross-section for
very forward two-photon production of eTe™ pairs in proton—proton colli-
sions can be calculated within QED to a very high accuracy, especially at the
LHC energies for which the high energy approximation can be used in the
calculations [3|. Therefore, measuring these pairs could allow for a precise
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luminosity determination at the LHC. That has been already considered for
the pp collisions [4], and in this work application of such a technique for ion
collisions at the LHC is discussed. One should note that in this case no well
established methods are available to normalize the AA luminosity.

2. Characteristics of the forward pair production

The main characteristics of the reaction pp — pp eTe™ are the very small
(of the order of the electron mass) invariant mass, M,.+.-, and transverse

momentum, pr, of the produced pairs (see Fig. 1). In addition, the acopla-

narity angle ¢ is close to zero, ¢ ~ pT/pSF_’Jr), where pgf_’Jr) is the transverse

momentum of an electron, or a positron. In contrast, in the case of the pair
production in the inelastic two-photon process, where one or both protons
break up, the distribution of pr is significantly wider, as well as for hadronic
reactions, where the typical energy scale is the pion mass or higher, rather
than the electron mass. This characteristics corresponds to a very small
emission angles of the produced electrons and positrons, with respect to the
colliding protons. For example, for energies of a few GeV the typical angles
are of the order of 1 mrad. Detection of such events requires, therefore,
detectors which are installed very close to the proton beam.
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Fig. 1. Feynman diagram of the two-photon process; variables defined in the trans-
verse plane are introduced — the transverse momentum of a pair, pr, and the
acoplanarity angle, ¢, which is an azimuthal angle between the transverse mo-
menta of the produced electron and positron.

The ATLAS and CMS experiments plan to study both the proton and ion
collisions at the LHC, therefore, the issue of the ion luminosity measurement
has to be addressed. The usual method of the pp luminosity normalization
using the optical theorem and elastic and inelastic hadronic interactions is
not applicable here due to experimental difficulties, in particular necessity
of measuring the elastic ion scattering at extremely small angles. In this
context, the two-photon e*e™ pair production is particularly interesting be-
cause the two-photon interactions in ion collisions are enhanced owing to the
coherence effects [5]. For forward pair production this enhancement scales



Very Forward Two—Photon eTe™ ... 2419

as Z*, whereas the hadronic backgrounds scale approximately as A%, where
A and Z are atomic numbers of the colliding ions (here collisions of same
ion species were assumed). In addition, the inelastic two-photon produc-
tion is suppressed in the coherent ion interactions [6]. The full coherence is
ensured for the very forward two-photon process AA — AA ete™ thanks
to very small virtualities of the exchanged photons. In other words, this
process usually occurs at distances where ions can be regarded as point-like
particles having charges equal to Z.

The backgrounds to the two-photon pair production in pp collisions can
be strongly reduced, with remaining two dominant components due to the
Dalitz decays of 7° and the pair production via bremsstrahlung process in
hadronic interactions [7]. These two hadronic backgrounds will be, therefore,
even more suppressed in the ion collisions, because in this case the signal
to background ratio is expected to be significantly better than in the pp
collisions.

3. Fast simulation of the measurement using
the CASTOR detector

Recently, CASTOR, a new detector in the forward region has been pro-
posed for studies of the ion collisions in the CMS experiment. Below, the
following performance of this detector is assumed in fast simulations of
the forward pair measurement: the CASTOR (geometrical) angular accep-
tance, extending between 2.2 and 8.2 mrad, and relative energy resolution
of 20% /' E, where energy E is given in GeV [8]. To measure precisely the
position of the charged particles hitting CASTOR, usage of the TOTEM T2
telescope, with a spatial resolution of 70 pm [9], is proposed. Since, this
aspect is not yet fully developed, a conservative spatial resolution of 0.5 mm
has been assumed below.

In the following simplified simulations only the Gaussian resolutions are
used, with the quoted widths, to smear the “true” variables. In addition, the
smearing due to the ion beam angular divergence and spatial distribution at
the interaction point are taken into account. All quoted results, presented
further in the text, correspond to an energy range for electrons and positrons
of 3-20 GeV. The lower energy limit is a compromise between the need for
a maximal cross-section and the good performance of CASTOR, while the
upper limit is rather arbitrary and affects the results very little, even if it is
significantly increased.

The LPAIR event generator is used for the simulation of the two-photon
process [10]. This is a leading order, Born-level, generator initially con-
structed for proton interactions. Because of the Born approximation its
results cannot be trusted if the product of two ion charges exceeds signifi-
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cantly 137. Therefore, we present mostly results obtained for proton—ion
collisions and light ion collisions, where the higher order corrections, in
particular the so-called Coulomb corrections should be at most at the 1%
level [11]. The heavy ion case is not discussed in detail here, and requires
another approach — the Coulomb corrections, for example, result in a 11%
decrease of the cross section [12|. The LPAIR generator has been modified to
allow for ion collisions by scaling the charges of the colliding particles by Z,
and by increasing the radius of the charge distribution by A'/? with respect
to the nominal proton case. The same shape, though, of the electromag-
netic form factor, according to the so-called dipole approximation, has been
assumed. In this approximation:

G _
Gr =2 = (1+Q*RY)7?, (1)
Hp

where Gy, and Gy are the electromagnetic formfactors, Q? is the photon
virtuality, and Rg =1/0.7 1GeV? is the proton radius squared.
Hence, for the ion collisions the ion radius R4 is given by:

Ry = RPA%. (2)

The cross section calculations depends however very little on the actual form
of Ra. If, for example, R4 scales as AY2, or as A%, the result changes
by less than per mille. This is just a manifestation of very small photon
virtualities involved.

The simulations were done for the nominal energies of 7, 140 and 574 TeV
for the proton, calcium and lead beams, respectively.

4. Results

Table I shows the results of the simulation with the modified LPAIR
program assuming the nominal CASTOR calorimeter acceptance and perfor-
mance. A simple reconstruction procedure has been implemented, and the
values in brackets correspond to the results obtained when the cuts were
done using the reconstructed variables. The results with the cuts applied on
the transversal pair momentum, pair invariant mass and acoplanarity angle
are shown in the column 2-4. The definition of the applied cuts 1, 2 and 3
are as follows:

e cut 1 — 2.23 < ©® < 8.17 mrad, 3.0 GeV< FE < 20.0 GeV
e cut 2 — pr < 30 MeV, M, +,- < 70 MeV

e cut 3 — |p| < 60°
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TABLE 1

The cross sections for three types of ion collisions calculated using the modified
LPAIR program after applying the acceptance and selection cuts. The values in the
brackets show the results after smearing of the production vertex and angle, and

obtained using the reconstructed variables.

1500 -

1000 -

500

(o]

1Nn2

1Nn2N3

Ca—p | 29.08 (29.16) b

Ca—Ca | 11.62 (11.71) mb

Pb—p 0.41 (0.41) mb

9.40 (9.43) mb

0.34 (0.34) mb

21.28 (21.32) ub | 18.22 (18.19) ub

7.31 (7.33) mb

0.26 (0.26) mb

In Fig. 2 distributions of the transverse momentum, the invariant mass
and acoplanarity angle of the eTe™ pairs produced in calcium—proton col-
lisions and detected in CASTOR are shown. The acoplanarity distribution
shows the peak around zero, unique for the two-photon production, where
about 80% events are contained within an interval +60°. Moreover, the
pr distribution is very narrow with majority of events with pr < 10 MeV.

Mean 0.1558E-01 Mean 0.4231E-01 Mean —0.2365
RMS 0.1163E-01 RMS 0.2433E-01 | 3000} RMS 60.16
3000+ i
2000 -
2000 -
1000 1000 -
0 0.0T 0.02 0.05 0.04 605 %0 005 01 015 02 O —=foo 0 100
Preser [GeV] M.se- [GeV] Acoplanarity angle ¢ [deg]

Fig. 2. Distributions of the transverse momentum, invariant mass and acoplanarity
angle of the forward (along the ion beam direction) pairs produced within the
CASTOR acceptance in calcium—proton collisions. The dashed histograms show the
reconstructed distributions.



2422 D. Bocian, K. PIOTRZKOWSKI

The reconstructed distributions (overlaid dashed histograms) are very close
to the true ones, demonstrating the adequate performance of CASTOR. The
results of simulations are very similar for the p—Ca cases, both in terms of
the cross sections and the shape of distributions.

In Fig. 3 the same distributions are shown for the case of calcium—calcium
collisions. They exhibit very similar features to the p—Ca case.

Mean 0.1556E—01 Mean 0.4235E-01 Mean 0.3627
RMS 0.1169E—01 RMS 0.2423E-01 RMS 59.84
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; 3000 -
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2000 |
1000} 2000 |
500 T, 1000 | | 1000 |
05 0.0170.02 0.05 6.04 6.05 %0 ~0.05 01 0715 02 % ~H00 0 100
Prese- [GeV] M., [GeV] Acoplanarity angle ¢ [deg]

Fig. 3. Distributions of the transverse momentum, invariant mass and acoplanarity
angle of the pairs produced within the CASTOR acceptance in calcium—calcium
collisions. The reconstructed distributions are overlaid as dashed histograms.

Finally, the same distributions are shown for the proton—lead collisions
and can be seen in Fig. 4. They are similar to both previous cases.

As discussed previously in the context of the pp luminosity measure-
ment, the distribution of acoplanarity angle and pr is a unique signature of
the (elastic) two-photon pair production and is a key factor in the precise
luminosity determination. It is, therefore, crucial to see if the detector-
reconstructed variables still exhibit the observed properties, i.e. if the detec-
tor resolutions do not smear-out the signature of this process. In
Figs. 2—4 the distributions of the reconstructed variables assuming the CAs-
TOR performance are shown (dashed line). It demonstrates that the efficient
selection of the luminosity events can be achieved.

From the point of view of statistical precision, the effective rate of lumi-
nosity event is crucial. In Table IT are shown: the “observed” cross-sections,
obtained by requiring the produced pairs to be detected in CASTOR, and
the time which is needed to collect a sample of ten thousand events (or to
obtain a 1% statistical precision), for corresponding nominal luminosities
of ion collisions at the LHC. It clearly demonstrates that the detection of
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Fig. 4. Distributions of the transverse momentum, invariant mass and acoplanarity
angle of the forward (along the ion beam direction) pairs produced within the
CASTOR acceptance in lead—proton collisions. The reconstructed distributions are
overlaid as dashed histograms.

very forward ete™ pairs in CASTOR should allow not only a precise (and
absolute) measurement of the LHC luminosity but also fast on-line lumi-
nosity monitoring. Further studies of the systematic uncertainties and more
detailed experimental aspects of the luminosity measurement using forward
lepton pairs, including the possibility of using CASTOR to measure also the
pp luminosity at the LHC, will be published elsewhere [13].

TABLE 11

Results for four types of ion collisions: the observed cross-section using the CASTOR
detector; the expected ion luminosities in ATLAS and CMS, and the time needed
to collect 10* luminosity events.

Collision type | oobs [mb] | L [em™2/s| | Ty [s]

Ca—Ca 7.31 1029 14
Ca—p 18.2 x10~3 1031 55
Pb-—p 0.26 1039 39

Pb-Pb ~ 1.67 x 103 10%7 6
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5. Conclusions

In summary, the measurement of the forward two-photon production of

ete”

pairs will allow a precise and fast luminosity determination for all

planned types of ion collisions at the LHC. The recently proposed CASTOR
detector seems to be a very good candidate for that purpose, and should
give a unique opportunity of using the same technique to normalize the
LHC luminosity.
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