
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Measurement of exclusive γγ → ℓ+ℓ- production in proton-proton collisions at √s
= 7 TeV with the ATLAS detector

Aad, G.; et al., [Unknown]; Aben, R.; Angelozzi, I.; Beemster, L.J.; Bentvelsen, S.; Berge, D.;
Bobbink, G.J.; Bos, K.; Brenner, L.; Butti, P.; Castelli, A.; Colijn, A.P.; de Jong, P.; de Nooij,
L.; Deigaard, I.; Deluca, C.; Duda, D.; Ferrari, P.; Gadatsch, S.; Geerts, D.A.A.; Hartjes, F.;
Hessey, N.P.; Hod, N.; Igonkina, O.; Karastathis, N.; Kluit, P.; Koffeman, E.; Linde, F.;
Mahlstedt, J.; Meyer, J.; Oussoren, K.P.; Sabato, G.; Salek, D.; Slawinska, M.; Valencic, N.;
van den Wollenberg, W.; van der Deijl, P.C.; van der Geer, R.; van der Graaf, H.; van der
Leeuw, R.; van Vulpen, I.; Verkerke, W.; Vermeulen, J.C.; Vreeswijk, M.; Weits, H.; Williams,
S.
DOI
10.1016/j.physletb.2015.07.069
Publication date
2015
Document Version
Final published version
Published in
Physics Letters B
License
CC BY

Link to publication

Citation for published version (APA):
Aad, G., et al., U., Aben, R., Angelozzi, I., Beemster, L. J., Bentvelsen, S., Berge, D.,
Bobbink, G. J., Bos, K., Brenner, L., Butti, P., Castelli, A., Colijn, A. P., de Jong, P., de Nooij,
L., Deigaard, I., Deluca, C., Duda, D., Ferrari, P., ... Williams, S. (2015). Measurement of
exclusive γγ → ℓ+ℓ- production in proton-proton collisions at √s = 7 TeV with the ATLAS
detector. Physics Letters B, 749, 242-261. https://doi.org/10.1016/j.physletb.2015.07.069

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

https://doi.org/10.1016/j.physletb.2015.07.069
https://dare.uva.nl/personal/pure/en/publications/measurement-of-exclusive----production-in-protonproton-collisions-at-s--7-tev-with-the-atlas-detector(5629155f-4752-4f62-a3ba-63e51ad1121a).html
https://doi.org/10.1016/j.physletb.2015.07.069


Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:16 Dec 2025



Physics Letters B 749 (2015) 242–261

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Measurement of exclusive γ γ → �+�− production in proton–proton 

collisions at 
√

s = 7 TeV with the ATLAS detector

.ATLAS Collaboration �

a r t i c l e i n f o a b s t r a c t

Article history:
Received 23 June 2015
Received in revised form 27 July 2015
Accepted 28 July 2015
Available online 31 July 2015
Editor: W.-D. Schlatter

This Letter reports a measurement of the exclusive γ γ → �+�− (� = e, μ) cross-section in proton–proton 
collisions at a centre-of-mass energy of 7 TeV by the ATLAS experiment at the LHC, based on an inte-
grated luminosity of 4.6 fb−1. For the electron or muon pairs satisfying exclusive selection criteria, a fit 
to the dilepton acoplanarity distribution is used to extract the fiducial cross-sections. The cross-section 
in the electron channel is determined to be σ excl.

γ γ →e+e− = 0.428 ± 0.035 (stat.) ± 0.018 (syst.) pb

for a phase–space region with invariant mass of the electron pairs greater than 24 GeV, in which 
both electrons have transverse momentum pT > 12 GeV and pseudorapidity |η| < 2.4. For muon pairs 
with invariant mass greater than 20 GeV, muon transverse momentum pT > 10 GeV and pseudorapidity 
|η| < 2.4, the cross-section is determined to be σ excl.

γ γ →μ+μ− = 0.628 ± 0.032 (stat.) ± 0.021 (syst.) pb. 
When proton absorptive effects due to the finite size of the proton are taken into account in the theory 
calculation, the measured cross-sections are found to be consistent with the theory prediction.

© 2015 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open 
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

A considerable fraction of proton–proton (pp) collisions at high 
energies involve reactions mediated by photons. This fraction is 
dominated by elastic scattering, with a single photon exchange. 
Quasi-real photons can also be emitted by both protons, with a 
variety of final states produced. In these processes the pp colli-
sion can be then considered as a photon–photon (γ γ ) collision. 
At the LHC, these reactions can be studied at energies well be-
yond the electroweak energy scale [1]. The cross-section of the 
pp(γ γ ) → �+�− X process has been predicted to increase with en-
ergy [2] and constitutes a non-negligible background to Drell–Yan 
(DY) reactions [3].

The exclusive two-photon production of lepton pairs (pp(γγ ) →
�+�−pp, referred to as exclusive γ γ → �+�−) can be calculated in 
the framework of quantum electrodynamics (QED) [4,5], within un-
certainties of less than 2% associated with the proton elastic form-
factors. Exclusive dilepton events have a clean signature that helps 
discriminate them from background: there are only two identi-
fied muons or electrons, without any other activity in the central 
detectors, and the leptons are back-to-back in azimuthal angle. Fur-
thermore, due to the very small photon virtualities involved, the 
incident protons are scattered at almost zero-degree angles. Conse-
quently, the measurement of exclusive γ γ → �+�− reactions was 
proposed for precise absolute luminosity measurement at hadron 

� E-mail address: atlas.publications@cern.ch.

colliders [5–8]. However, this process requires significant correc-
tions (of the order of 20%) due to additional interactions between 
the elastically scattered protons [9,10].

At hadron colliders exclusive γ γ → �+�− events have been 
observed in ep collisions at HERA [11], in pp̄ collisions at the Teva-
tron [12–14] and in nucleus–nucleus collisions at RHIC [15,16] and 
the LHC [17]. The exclusive two-photon production of lepton pairs 
in pp collisions at the LHC was studied recently by the CMS col-
laboration [18,19].

This Letter reports a measurement of exclusive dilepton produc-
tion in pp collisions at 

√
s = 7 TeV. The measurement of exclusive 

dilepton production cross-section is compared to the QED-based 
prediction with and without proton absorptive corrections.

2. The ATLAS detector

The ATLAS experiment [20] at the LHC is a multi-purpose par-
ticle detector with a forward–backward symmetric cylindrical ge-
ometry and nearly 4π coverage in solid angle.1 It consists of in-
ner tracking devices surrounded by a superconducting solenoid, 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point in the centre of the detector and the z-axis coinciding with the 
axis of the beam pipe. The x-axis points from the interaction point to the centre of 
the LHC ring, and the y-axis points upward. The pseudorapidity is defined in terms 
of the polar angle θ as η = − ln tan(θ/2), and φ is the azimuthal angle around the 
beam pipe with respect to the x-axis. The angular distance is defined as 
R =√

(
η)2 + (
φ)2. The transverse momentum is defined relative to the beam axis.

http://dx.doi.org/10.1016/j.physletb.2015.07.069
0370-2693/© 2015 CERN for the benefit of the ATLAS Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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electromagnetic and hadronic calorimeters, and a muon spectrom-
eter. The inner detector (ID) provides charged-particle tracking 
in the pseudorapidity region |η| < 2.5 and vertex reconstruc-
tion. It comprises a silicon pixel detector, a silicon microstrip 
tracker, and a straw-tube transition radiation tracker. The ID is sur-
rounded by a solenoid that produces a 2 T axial magnetic field. 
Lead/liquid-argon (LAr) sampling calorimeters provide electromag-
netic (EM) energy measurements with high granularity. A hadron 
(iron/scintillator-tile) calorimeter covers the central pseudorapidity 
range |η| < 1.7. The end-cap and forward regions are instrumented 
with LAr calorimeters for both the EM and hadronic energy mea-
surements up to |η| = 4.9. The muon spectrometer (MS) is op-
erated in a magnetic field provided by air-core superconducting 
toroids and includes tracking chambers for precise muon momen-
tum measurements up to |η| = 2.7 and trigger chambers covering 
the range |η| < 2.4.

A three-level trigger system is used to select interesting events. 
The first level is implemented in custom electronics and is fol-
lowed by two software-based trigger levels, referred to collectively 
as the High-Level Trigger.

3. Theoretical background and event simulation

Calculations of the cross-section for exclusive two-photon pro-
duction of lepton pairs in pp collisions are based on the Equivalent 
Photon Approximation (EPA) [4,5,21–24]. The EPA relies on the 
property that the EM field of a charged particle, here a proton, 
moving at high velocity becomes more and more transverse with 
respect to the direction of propagation. As a consequence, an ob-
server in the laboratory frame cannot distinguish between the EM 
field of a relativistic proton and the transverse component of the 
EM field associated with equivalent photons. Therefore, using the 
EPA, the cross-section for the reaction above can be written as

σ EPA
pp(γ γ )→�+�−pp =

�
P (x1) P (x2)σγ γ →�+�−(m2

�+�−)dx1 dx2 ,

where P (x1) and P (x2) are the equivalent photon spectra for the 
protons, x1 and x2 are the fractions of the proton energy car-
ried away by the emitted photons and m�+�− is the invariant 
mass of the lepton pair. These variables are related by m2

�+�−/s =
x1x2 where s is the pp centre-of-mass energy squared. The symbol 
σγγ →�+�− refers to the cross-section for the QED sub-process. As 
discussed previously, the photons are quasi-real, which means that 
their virtuality Q 2 is very small compared to m2

�+�− . In this kine-
matic region the EPA gives the same predictions as full leading-
order (LO) QED calculations [4,5].

In the reaction pp(γ γ ) → �+�− X the protons scattering can 
be: elastic, X = pp; single-dissociative, X = p X ′; or double-
dissociative, X = X ′ X ′′ (the symbols X ′ , X ′′ denote any additional 
final state produced in the event). Unless both outgoing protons 
are detected, the proton dissociative events form an irreducible 
background to the fully elastic production.

Such photon-induced reactions, in particular exclusive γ γ →
�+�− production, require significant corrections due to proton ab-
sorptive effects. These effects are mainly related to pp strong-
interaction exchanges that accompany the two-photon interaction 
and that lead to the production of additional hadrons in the final 
state. Recent phenomenological studies suggest that the exclusive 
γ γ → �+�− cross-section is suppressed by a factor that depends 
on the mass and rapidity of the system produced [10]. For the 
kinematic range relevant for this measurement the suppression 
factor is about 20%. This factor includes both the strong pp ab-
sorptive correction (∼8% suppression) and the photon–proton (γ p) 
coherence condition (bγ p > rp , where bγ p is the γ p impact pa-
rameter and rp the transverse size of the proton).

Simulated event samples are generated in order to estimate 
the background and to correct the signal yields for detector ef-
fects. The signal event samples for exclusive γ γ → �+�− produc-
tion are generated using the Herwig++ 2.6.3 [25] Monte Carlo 
(MC) event generator, which implements the EPA formalism in 
pp collisions. The dominant background, photon-induced single-
dissociative dilepton production, is simulated using Lpair 4.0 [26]
with the Brasse [27] and Suri–Yennie [28] structure functions 
for proton dissociation. For photon virtualities Q 2 < 5 GeV2 and 
masses of the dissociating system, mN < 2 GeV, low-multiplicity 
states from the production and decays of 
 resonances are usu-
ally created. For higher Q 2 or mN , the system decays to a va-
riety of resonances, which produce a large number of forward 
particles. The Lpair package is interfaced to JetSet 7.408 [29], 
where the Lund [30] fragmentation model is implemented. The
Herwig++ and Lpair generators do not include any corrections 
to account for proton absorptive effects.

For double-dissociative reactions, Pythia 8.175 [31] is used with 
the NNPDF2.3QED [32] parton distribution functions (PDF). The 
NNPDF2.3QED set uses LO QED and next-to-next-to-leading-order 
(NNLO) QCD perturbative calculations to construct the photon PDF, 
starting from the initial scale Q 2

0 = 2 GeV2. Depending on the mul-
tiplicity of the dissociating system, the default Pythia 8 string or 
mini-string fragmentation model is used for proton dissociation. 
The absorptive effects in double-dissociative MC events are taken 
into account using the default multi-parton interactions model 
in Pythia 8 [33].

The Powheg 1.0 [34–36] MC generator is used with the 
CT10 [37] PDF to generate both the DY Z/γ ∗ → e+e− and Z/γ ∗ →
μ+μ− events. It is interfaced with Pythia 6.425 [38] using the 
CTEQ6L1 [39] PDF set and the AUET2B [40] values of the tun-
able parameters to simulate the parton shower and the underlying 
event (UE). These samples are referred to as Powheg+Pythia. 
The DY Z/γ ∗ → τ+τ− process is generated using Pythia 6.425 
together with the MRST LO* [41] PDF. The transverse momen-
tum of lepton pairs in Powheg+Pythia samples is reweighted 
to a Resbos [42] prediction, which is found to yield good agree-
ment with the transverse momentum distribution of Z bosons ob-
served in data [43,44]. The production of top-quark pair (tt̄) events 
is modelled using MC@NLO 3.42 [45,46] and diboson (W +W − , 
W ± Z , Z Z ) processes are simulated using Herwig 6.520 [47]. The 
event generators used to model Z/γ ∗ , tt̄ and diboson reactions are 
interfaced to Photos 3.0 [48] to simulate QED final-state radiation 
(FSR) corrections.

Multiple interactions per bunch crossing (pile-up) are ac-
counted for by overlaying simulated minimum-bias events, gener-
ated with Pythia 6.425 using the AUET2B tune and CTEQ6L1 PDF, 
and reweighting the distribution of the average number of inter-
actions per bunch crossing in MC simulation to that observed in 
data. Furthermore, the simulated samples are weighted such that 
the z-position distribution of reconstructed pp interaction vertices 
matches the distribution observed in data. The ATLAS detector re-
sponse is modelled using the GEANT4 toolkit [49,50] and the same 
event reconstruction as that used for data is performed.

4. Event reconstruction, preselection and background estimation

The data used in this analysis were collected during the 2011 
LHC pp run at a centre-of-mass energy of 

√
s = 7 TeV. After appli-

cation of data-quality requirements, the total integrated luminosity 
is 4.6 fb−1 with an uncertainty of 1.8% [51]. Events from these 
pp collisions are selected by requiring at least one collision ver-
tex with at least two charged-particle tracks with pT > 400 MeV. 
Events are then required to have at least two lepton candidates 
(electrons or muons), as defined below.
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Events in the electron channel were selected online by requir-
ing a single-electron or di-electron trigger. For the single-electron 
trigger, the transverse momentum threshold was increased during 
data-taking from 20 GeV to 22 GeV in response to the increased 
LHC instantaneous luminosity. The di-electron trigger required a 
minimum transverse momentum of 12 GeV for each electron can-
didate. Electron candidates are reconstructed from energy deposits 
in the calorimeter matched to ID tracks. Electron reconstruction 
uses track refitting with a Gaussian-sum filter to be less sensi-
tive to bremsstrahlung losses and improve the estimates of the 
electron track parameters [52,53]. The electrons are required to 
have a transverse momentum pe

T > 12 GeV and pseudorapidity 
|ηe| < 2.4 with the calorimeter barrel/end-cap transition region 
1.37 < |ηe| < 1.52 excluded. Electron candidates are required to 
meet “medium” identification criteria based on shower shape and 
track-quality variables [54].

Events in the muon channel were selected online by a single-
muon or di-muon trigger, with a transverse momentum threshold 
of 18 GeV or 10 GeV, respectively. Muon candidates are identified 
by matching complete tracks in the MS to tracks in the ID [55], 
and are required to have pμ

T > 10 GeV and |ημ| < 2.4. Only iso-
lated muons are selected by requiring the scalar sum of the pT of 
the tracks with pT > 1 GeV in a 
R = 0.2 cone around the muon 
to be less than 10% of the muon pT.

Di-electron (di-muon) events are selected by requiring two 
oppositely charged same-flavour leptons with an invariant mass 
me+e− > 24 GeV for the electron channel and mμ+μ− > 20 GeV
for the muon channel. After these preselection requirements 
1.57 × 106 di-electron and 2.42 × 106 di-muon candidate events 
are found in the data.

The background to the exclusive signal includes contributions 
from single- and double-proton dissociative γ γ → �+�− produc-
tion, as well as Z/γ ∗ , diboson, tt̄ and multi-jet production. The 
contribution from γ γ → W +W − and γ γ → τ+τ− processes is 
considered negligible. Single- and double-dissociative background 
contributions are estimated using MC simulations. The electroweak 
(Z/γ ∗ , diboson) and top-quark pair background contributions are 
also estimated from simulations and normalised to the respective 
inclusive cross-sections calculated at high orders in perturbative 
QCD (pQCD), as in Ref. [56]. Scale factors are applied to the simu-
lated samples to correct for the small differences from data in the 
trigger, reconstruction and identification efficiencies for electrons 
and muons [54–56]. MC events are also corrected to take into ac-
count differences from data in lepton energy, momentum scale and 
resolution [55,57].

The multi-jet background is determined using data-driven 
methods, similarly to Refs. [44,58]. For the e+e− channel, the 
multi-jet sample is obtained by applying the full nominal pres-
election but requiring the electron candidates to not satisfy the 
medium identification criteria. For the μ+μ− channel, it is ex-
tracted using same-charge muon pairs that satisfy the remaining 
preselection criteria. The normalisation of the multi-jet background 
is determined by fitting the invariant mass spectrum of the elec-
tron (muon) pair in the data to a sum of expected contributions, 
including MC predictions of the signal and the other backgrounds.

5. Exclusive event selection and signal extraction

In order to select exclusive γ γ → �+�− candidates, a veto on 
additional charged-particle track activity is applied. This exclusiv-
ity veto requires that no additional charged-particle tracks with 
pT > 400 MeV be associated with the dilepton vertex, and that no 
additional tracks or vertices be found within a 3 mm longitudinal 
isolation distance, 
ziso

vtx, from the dilepton vertex. These condi-
tions are primarily motivated by the rejection of the Z/γ ∗ and 

multi-jet events, which typically have many tracks originating from 
the same vertex.

The charged-particle multiplicity distribution in Z/γ ∗ MC 
events is reweighted to match the UE observed in data, follow-
ing the same procedure as in Ref. [59]. Uncorrected Z/γ ∗ MC 
models overestimate the charged-particle multiplicity distributions 
observed in data by 50% for low-multiplicity events. In order to 
estimate the relevant weight, the events in the Z -peak region, 
defined as 70 GeV < m�+�− < 105 GeV, are used. This region is 
expected to include a large DY component. The correction proce-
dure also accounts for the effect of tracks originating from pile-up 
and ID track reconstruction inefficiency. The requirement of no 
additional tracks associated with the dilepton vertex completely 
removes multi-jet, tt̄ , and diboson backgrounds.

The 
ziso
vtx distribution for events with no additional tracks at 

the dilepton vertex is presented in Fig. 1(a). The structure observed 
at small 
ziso

vtx values is due to the vertex finding algorithm, which 
identifies the vertex as two close vertices in high-multiplicity DY 
events: the two-track vertex formed from the lepton tracks and the 
vertex from the UE tracks. The 3 mm cut significantly suppresses 
the DY background, at the cost of a 26% reduction in signal yield. 
The inefficiency is related to tracks and vertices originating from 
additional pp interactions.

Contributions from the DY e+e− and μ+μ− processes can be 
further reduced by excluding events with a dilepton invariant mass 
in the Z -peak region. The invariant mass distribution of muon 
pairs for events satisfying the exclusivity veto (exactly two tracks 
at the dilepton vertex, 
ziso

vtx > 3 mm) is presented in Fig. 1(b) 
(where the excluded Z -peak region is indicated by dashed lines). 
The figure shows that the MC description of the mμ+μ− distri-
bution is satisfactory. To further suppress the proton dissociative 
backgrounds, the lepton pair is required to have small total trans-
verse momentum (p�+�−

T < 1.5 GeV). This is shown in Fig. 1(c), 
which displays the di-muon transverse momentum distribution for 
events outside the Z region that satisfy the exclusivity veto. The 
p�+�−

T resolution below 1.5 GeV is approximately 0.3 GeV for the 
electron channel and 0.2 GeV for the muon channel.

The result of each step of the exclusive selection applied to the 
data, signal and background samples is shown in Table 1. After all 
selection criteria are applied, 869 events remain for the electron 
channel, and 2124 events are selected in the muon channel. From 
simulations, approximately half are expected to originate from ex-
clusive production. The number of selected events in the data is 
below the expectation from the simulation, with an observed yield 
that is approximately 80% of the sum of simulated signal and back-
ground processes (see discussion in Section 7).

After the final exclusive event selection, there is still a signif-
icant contamination from DY, single- and double-dissociative pro-
cesses. Scaling factors for signal and background processes are esti-
mated by a binned maximum-likelihood fit of the sum of the sim-
ulated distributions contained in the MC templates for the various 
processes, to the measured dilepton acoplanarity (1 −|
φ�+�−|/π ) 
distribution. The fit determines two scaling factors, defined as 
the ratios of the number of observed to the number of expected 
events based on the MC predictions, for the exclusive (Rexcl.) and 
single-dissociative (Rs-diss.) templates. The double-dissociative and 
DY contributions are fixed to the MC predictions in the fit proce-
dure. Contributions from other background processes are found to 
be negligible.

Fig. 2 shows the e+e− and μ+μ− acoplanarity distributions 
in data overlaid with the result of the fit to the shapes from 
MC simulations for events satisfying all selection requirements. 
The results from the best fit to the data for the electron channel 
are: Rexcl.

γ γ →e+e− = 0.863 ± 0.070 (stat.) for the signal scaling factor 
and Rs-diss.

γ γ →e+e− = 0.759 ± 0.080 (stat.) for the single-dissociative
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Fig. 1. Illustration of exclusive event selection in the muon channel (see text). (a) Longitudinal distance between the di-muon vertex and any other tracks or vertices, 
(b) di-muon invariant mass, and (c) transverse momentum of the di-muon system, after application of subsequent selection criteria (indicated by the dashed lines). Data are 
shown as points with statistical error bars, while the histograms represent the expected signal and background levels, corrected using the scale factors described in the text.

Table 1
Effect of sequential selection requirements on the number of events selected in data, compared to the number of predicted signal and background events for electron and 
muon channels. Predictions for exclusive and single-dissociative event yields do not take into account proton absorptive corrections.

Selection γ γ → �+�− Z/γ ∗ → �+�− Multi-jet Z/γ ∗ → τ+τ− tt̄ Di-boson Total 
predicted

Data

Signal S-diss. D-diss.

Electron channel (� = e)

Preselection 898 2096 2070 1 460 000 83 000 3760 4610 1950 1 560 000 1 572 271
Exclusivity veto 661 1480 470 3140 0 9 0 5 5780 5410
Z region removed 569 1276 380 600 0 8 0 3 2840 2586
p�+�−

T < 1.5 GeV 438 414 80 100 0 2 0 0 1030 869

Muon channel (� = μ)

Preselection 1774 3964 4390 2 300 000 98 000 7610 6710 2870 2 420 000 2 422 745
Exclusivity veto 1313 2892 860 3960 3 8 0 6 9040 7940
Z region removed 1215 2618 760 1160 3 8 0 3 5760 4729
p�+�−

T < 1.5 GeV 1174 1085 160 210 0 3 0 0 2630 2124

scaling factor. Similarly, for the muon channel the results are: 
Rexcl.

γ γ →μ+μ− = 0.791 ± 0.041 (stat.) and Rs-diss.
γ γ →μ+μ− = 0.762 ±

0.049 (stat.). The central values and statistical uncertainties on 
Rexcl. are strongly correlated with the central values and uncer-
tainties on Rs-diss. , respectively.

6. Systematic uncertainties and cross-checks

The different contributions to the systematic uncertainties are 
described below. The dominant sources of systematic uncertainty 
for both the electron and muon channels are related to background 
modelling.
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Fig. 2. (a) Di-electron and (b) di-muon acoplanarity distributions for the selected sample after exclusivity requirements. Data are shown as points with statistical error bars. 
The stacked histograms, in top-to-bottom order, represent the simulated exclusive signal, and the single-dissociative, double-dissociative and DY backgrounds. The exclusive 
and single-dissociative yields are determined from the fit described in the text.

The uncertainty on the electron and muon selection includes 
uncertainties on the electron energy or muon momentum scale 
and resolution, as well as uncertainties on the scale factors applied 
to the simulation in order to reproduce the trigger, reconstruction 
and identification efficiencies for electrons or muons measured in 
the data. The lepton energy or momentum scale correction uncer-
tainties are obtained from a comparison of the Z boson invariant 
mass distribution in data and simulation, while the uncertainties 
on the scale factors are derived from a comparison of tag-and-
probe results in data and simulations [54–57]. The overall effect 
on the exclusive γ γ → �+�− cross-sections is approximately 1–3%, 
where the dominant electron uncertainties originate from the elec-
tron reconstruction and identification and the dominant muon un-
certainty originates from the trigger.

The uncertainty on the contribution of DY processes mainly ac-
counts for disagreements between data and simulations which are 
related to the reweighting procedures of the charged-particle mul-
tiplicity (10%) and p�+�−

T (5%) distributions. It also includes a 5% 
contribution for the PDF and scale uncertainties in modelling DY 
processes, as well as a 5% statistical uncertainty on the Z/γ ∗ MC 
samples after event selection. An overall normalisation uncertainty 
of 20% is assigned to cover all these effects. Because of the similar 
shapes of the DY and single-proton dissociative γ γ → �+�− com-
ponents in the fitted acoplanarity distribution, this uncertainty on 
the DY normalisation is partly absorbed by the single-dissociative 
contribution. The 20% uncertainly has a 1.2% effect on the exclu-
sive cross-section for the electron channel and 1% for the muon 
channel.

In order to estimate the double-proton dissociative γ γ →
�+�− uncertainty, this contribution is varied according to the pho-
ton PDF uncertainties, defined at 68% confidence level and eval-
uated using NNPDF2.3QED replicas [32]. The photon PDF are af-
fected by sizeable uncertainties, typically of the order of 50%. 
The resulting uncertainty on the exclusive cross-sections related to 
double-dissociative background uncertainty is 1.9% for the electron 
channel and 1.7% for the muon channel.

The uncertainty arising from the choice of acoplanarity shapes 
in the fit procedure is evaluated by refitting the data with differ-
ent template distributions. A small deviation of the proton elastic 
form-factors [60] from the standard dipole parameterisation used 
in the simulations has a 0.2% effect on the exclusive cross-sections. 
This effect is estimated by reweighting the equivalent photon spec-
tra in signal MC events to agree with the model predictions. The 
impact of the shape uncertainty in the single-dissociative template 

is evaluated by reweighting the corresponding MC events with an 
exponential modification factor ∝ exp

[
−a(p�+�−

T )2
]

. A value of a =
0.05 GeV−2 is extracted from the data (before the p�+�−

T < 1.5 GeV
selection) to improve the shape agreement with the simulation, 
shown in Fig. 1(c). Propagating these weights to the acoplanarity 
distribution and the signal extraction results in a 0.9% change of 
signal yields.

Possible mis-modelling of the angular resolution of the tracking 
detectors [61] measuring the lepton tracks could also distort the 
shape of the signal template, and leads to uncertainties of up to 
0.3% (0.2%) in the electron (muon) channel.

The systematic effect related to the pile-up description is esti-
mated from data-to-MC comparisons of the pT- and η-dependent 
density of tracks originating from pile-up, as in Ref. [59]. The re-
sulting uncertainty on the cross-sections is 0.5%.

The dilepton vertex isolation efficiency is studied by comparing 
the spatial distribution of tracks originating from pile-up in MC 
simulations and in data. The effect of mis-modelling of the vertex 
isolation efficiency is determined by comparing the efficiency in 
data and simulations for different 
ziso

vtx values (varied between 
2 mm and 5 mm, where the sensitivity of the measurements to the 
level of background is maximal). The relative variations between 
the data and simulations are found to be at most 1.2%, which is 
taken as a systematic uncertainty.

The LHC beam energy uncertainty is evaluated to be 0.7%, fol-
lowing Ref. [62]. This affects the exclusive cross-sections by 0.4% 
and is considered as a systematic effect. The impact of the non-
zero crossing angles of the LHC beams at the ATLAS interaction 
point is estimated by applying a relevant Lorentz transformation 
to generator-level lepton kinematics for signal MC events. This re-
sults in a 0.3% variation and is taken as a systematic uncertainty.

The effect of QED FSR is predicted to be small (below 1%) 
in exclusive γ γ → �+�− reactions [63]. However, as experimen-
tal corrections for electrons are derived from Z/γ ∗ → e+e− and 
W → eν processes including significant QED FSR effects, these 
corrections may not be directly applicable to the exclusive dilep-
ton signal MC events without QED FSR simulation. A possible bias 
in the electron efficiencies is studied by comparing DY e+e− MC 
events with and without QED FSR photons being emitted. The 
observed difference in the efficiency to trigger, reconstruct and 
identify electron pairs is 0.8%, which is taken as a systematic un-
certainty.

Additional tests of the maximum-likelihood fit stability are per-
formed by comparing different bin widths and fit ranges. Starting
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Table 2
Summary of systematic uncertainties on the exclusive cross-section measurement 
for the electron and muon channels. The data statistical uncertainties are also given 
for comparison.

Source of uncertainty Uncertainty [%]

γ γ → e+e− γ γ → μ+μ−

Electron reconstruction 
and identification efficiency

1.9 –

Electron energy scale 
and resolution

1.4 –

Electron trigger efficiency 0.7 –
Muon reconstruction efficiency – 0.2
Muon momentum scale 

and resolution
– 0.5

Muon trigger efficiency – 0.6
Backgrounds 2.3 2.0
Template shapes 1.0 0.9
Pile-up description 0.5 0.5
Vertex isolation efficiency 1.2 1.2
LHC beam effects 0.5 0.5
QED FSR in DY e+e− 0.8 –
Luminosity 1.8 1.8

Total systematic uncertainty 4.3 3.3
Data statistical uncertainty 8.2 5.1

from the nominal number of 30 bins in the fit range 0 ≤ 1 −
|
φ�+�−|/π ≤ 0.06, variations of the bin width (0.002 ±0.001) and 
fit range from [0, 0.03] to [0, 0.09] produce relative changes of at 
most 0.9%. Since these variations are strongly correlated with the 
statistical uncertainties, no additional systematic uncertainty is as-
signed in this case.

Table 2 summarises the contributions to the systematic uncer-
tainty on the exclusive cross-sections from the different sources. 
The total systematic uncertainty is formed by adding the individ-
ual contributions in quadrature for each analysis channel, including 
the uncertainty on the integrated luminosity. Control distributions 
of the dilepton transverse momentum for events satisfying the 
selection criteria listed in Table 1 are shown in Fig. 3, with the ex-
clusive and single-dissociative yields normalised according to the 
fit results. Here an additional cut on the dilepton acoplanarity 
(1 −|
φ�+�−|/π < 0.008) is used, instead of the cut on total trans-
verse momentum (p�+�−

T < 1.5 GeV). The MC predictions for the 
shapes of dilepton distributions are found to be in good agreement 
with the data.

7. Results and comparison to theory

The exclusive γ γ → �+�− cross-sections reported in this arti-
cle are restricted to the fiducial regions defined in Table 3. The 
event selection results in an acceptance times efficiency of 19% 
for the electron channel and 32% for the muon channel. The fidu-
cial cross-sections are given by the product of the measured signal 
scale factors by the exclusive cross-sections predicted, in the fidu-
cial region considered, by the EPA calculation:

σ excl.
γ γ →�+�− = Rexcl.

γ γ →�+�− · σ EPA
γ γ →�+�− .

For the e+e− channel,

Rexcl.
γ γ →e+e− = 0.863 ± 0.070 (stat.) ± 0.037 (syst.)

± 0.015 (theor.) ,

σ EPA
γ γ →e+e− = 0.496 ± 0.008 (theor.) pb .

The theoretical uncertainties are fully correlated between
Rexcl.

γ γ →e+e− and σ EPA
γ γ →e+e− , and cancel each other in the cross-

section extraction procedure. They are related to the proton elastic 
form-factors (1.6%) and to the higher-order electroweak correc-
tions [63] not included in the calculations (0.7%). The proton 
form-factor uncertainty is conservatively estimated by taking the 
full difference between the calculations using the standard dipole 
form-factors and the improved model parameterisation including 
pQCD corrections from Ref. [60]. The latter includes a fit uncer-
tainty and the prediction furthest away from the dipole form-
factors is chosen.

Similarly, for the μ+μ− channel,

Rexcl.
γ γ →μ+μ− = 0.791 ± 0.041 (stat.) ± 0.026 (syst.)

± 0.013 (theor.) ,

σ EPA
γ γ →μ+μ− = 0.794 ± 0.013 (theor.) pb .

The resulting fiducial cross-section for the electron channel is mea-
sured to be

σ excl.
γ γ →e+e− = 0.428 ± 0.035 (stat.) ± 0.018 (syst.) pb .

This value can be compared to the theoretical prediction, including 
absorptive corrections to account for the finite size of the pro-
ton [10]:

Fig. 3. Control distributions of (a) the di-electron and (b) the di-muon transverse momentum for events passing the exclusivity veto together with the other selection criteria 
described in Section 5, and passing a cut on the dilepton acoplanarity (1 − |
φ�+�− |/π < 0.008), instead of the total transverse momentum. Data are shown as points 
with statistical error bars, while the histograms, in top-to-bottom order, represent the simulated exclusive signal, and the single-dissociative, double-dissociative and DY 
backgrounds. Systematic uncertainties on the signal events are shown by the black-hashed regions. The exclusive and single-dissociative yields are determined from the fit 
described in the text.
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Table 3
Definition of the electron and muon channel fiducial regions for which the exclusive 
cross-sections are evaluated.

Variable Electron channel Muon channel

p�
T > 12 GeV > 10 GeV

|η�| < 2.4 < 2.4
m�+�− > 24 GeV > 20 GeV

Fig. 4. Comparison of the ratios of measured (red points) and predicted (solid green 
lines) cross-sections to the uncorrected EPA calculations (black dashed line). Re-
sults for the muon and electron channels are also compared with a similar CMS 
measurement [18]. The inner red error bar represents the statistical error, and the 
blue bar represents the total error on each measurement. The yellow band repre-
sents the theoretical uncertainty of 1.8% (1.7%) on the predicted (uncorrected EPA) 
cross-sections, assumed to be uniform in the phase space of the measurements. (For 
interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)

σ EPA, corr.
γ γ →e+e− = 0.398 ± 0.007 (theor.) pb .

For the muon channel, the fiducial cross-section is measured to be

σ excl.
γ γ →μ+μ− = 0.628 ± 0.032 (stat.) ± 0.021 (syst.) pb ,

to be compared with [10]:

σ EPA, corr.
γ γ →μ+μ− = 0.638 ± 0.011 (theor.) pb .

The uncertainty of each prediction includes an additional 0.8% un-
certainty related to the modelling of proton absorptive corrections. 
It is evaluated by varying the effective transverse size of the proton 
by 3%, according to Ref. [64]. Fig. 4 shows the ratios of the mea-
sured cross-sections to the EPA calculations and to the prediction 
with the inclusion of absorptive corrections. The measurements 
are in agreement with the predicted values corrected for proton 
absorptive effects. The figure includes a similar CMS cross-section 
measurement [18].

8. Conclusion

Using 4.6 fb−1 of data from pp collisions at a centre-of-mass 
energy of 7 TeV the fiducial cross-sections for exclusive γ γ →
�+�− (� = e, μ) reactions have been measured with the ATLAS 
detector at the LHC. Comparisons are made to the theory predic-
tions based on EPA calculations, as included in the Herwig++ MC 
generator. The corresponding data-to-EPA signal ratios for the elec-
tron and muon channels are consistent with the recent CMS mea-
surement and indicate a suppression of the exclusive production 
mechanism in data with respect to EPA prediction. The observed 
cross-sections are about 20% below the nominal EPA prediction, 

and consistent with the suppression expected due to proton ab-
sorption contributions. The MC predictions for the shapes of the 
dilepton kinematic distributions, including both the exclusive sig-
nal and the background dominated by two-photon production of 
lepton pairs with single-proton dissociation, are also found to be in 
good agreement with the data. With its improved statistical preci-
sion compared to previous measurements, this analysis provides a 
better understanding of the physics of two-photon interactions at 
hadron colliders.
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