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FOUR-LEPTON PRODUCTION FROM
PHOTON-INDUCED REACTIONS IN pp COLLISIONS
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The cross sections for the reaction γγ → 4` in proton–proton collisions
are calculated at the LHC energies. We show that the purely electroweak
process γγ → 4` can be studied at the LHC and can constitute a back-
ground to other processes with 4` or 2` final states.
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1. Introduction

The study of photon–photon (γγ) fusion processes in proton–proton (pp)
collisions at the LHC provides a very important test of the electroweak
theory [1–3]. The γγ interactions leading to four leptons (γγ → 4`, i.e.
γγ → 2e+2e−, γγ → e+e−µ+µ− and γγ → 2µ+2µ−) can be another step
towards these studies.

The baseline cross section, σγγ→4`, has been first estimated in the low-
energy approximation [4–6]. Since then, the theoretical computations of
these processes have been extended to high energy domain, at center-of-
mass energies of the γγ system around the TeV scale [7–13]. This becomes
particularly interesting when these calculations are considered at the LHC
for pp collisions.
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Two-photon production of four leptons can be formed via purely exclusive
process: the leptons are produced through the γγ interaction, where the
photons are emitted coherently by each of the colliding protons. In general, it
is also possible that one or both protons dissociate into some hadronic state.
Then, the reaction is not exclusive but inelastic (as protons dissociate), while
being induced by photons emitted from quarks in the proton. This is why
the label photon-induced production of four leptons is used in the following.

The main purpose of these studies, besides the cross-section estimation,
is to provide the relative contribution of two-photon production of four lep-
tons compared to other processes at the LHC, e.g. to the Z → 4` produc-
tion [14, 15] or Higgs boson decaying to four leptons [16, 17]. This type
of photon-induced processes may appear as a background to the exclusive
γγ →W+W− production [2], which is also discussed.

2. The γγ → 4` cross section

The elementary process cross-section calculation is based essentially on
summation of the leading-order amplitudes, represented by their Feynman
diagrams in figure 1. From these diagrams, it can be shown that the bulk
of the contribution comes from the production (a): the two photons radiate
a pair of leptons and two of these leptons undergo scattering (the t-channel
photon exchange) with its characteristic singularity in the forward direction
(when t tends towards zero). In general, this diagram is divergent in the limit
of massless leptons, which means the leptons are emitted almost collinear to
the beams.

It is also worth noticing that these calculations do not include γγ →
ZZ → 4` process [18], which is forbidden at the tree level, hence this con-
tribution is highly suppressed and can be neglected in these studies.
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Fig. 1. Examples of leading-order diagrams for the process γγ → 4`. All contribut-
ing diagrams form terms of O(α4

em), where αem is the electromagnetic coupling
constant.
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The calculations of the elementary cross section σγγ→4` are performed us-
ing full tree-level Monte Carlo (MC) program MadGraph5_aMC@NLO [19],
referred to hereafter as MadGraph. Indeed, it is important to recall that
the cross sections for the two-photon production of four leptons using Mad-
Graph have already been shown to be in a good agreement with independent
calculations [11].

It is interesting to compare the typical values of electroweak cross sections
that occur in γγ collisions up to energies accessible at the LHC. This is
illustrated in figure 2. The cross sections for γγ → X are presented as a
function of the energy of the two-photon system (Wγγ) for different final
states: four leptons, two leptons and two W bosons of opposite charges
decaying to leptons and neutrinos. Prior to any angular cuts, figure 2 shows
that the cross section for the process γγ → 2` is behaving as 1/W 2

γγ , while
the cross section for γγ → 4` is constant with Wγγ . The same constant
behavior is obtained for the production of twoW bosons once the production
threshold is reached. In each case, this constant behavior as a function of
Wγγ is due to the spin-1 t-channel particle exchange (photon or W boson,
respectively), which implies that the cross section is completely dominated
by configurations where the leptons are emitted in very forward directions,
almost collinear to the beams. Then, no dependence on the energy of the
two-photon system is expected.
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Fig. 2. Leading-order cross sections for the elementary processes γγ → X as a
function of the energy of the two-photon system, Wγγ . Different electroweak final
states are pictured with and without requirements on the pseudorapidities of lep-
tons (|η`| < 2.5). The cross section for lepton–neutrino pair production involves
decays of W bosons.
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However, we are interested in the possibility of measuring such processes
in collider experiments. Therefore, a more realistic view is obtained for
the typical values of cross sections for γγ → X, once some angular cuts are
applied on the leptons, in order to mimic their acceptances inside the trackers
of e.g. ATLAS or CMS experiments at the LHC [20, 21] (see figure 2).
In this case, the cross sections for γγ → 4` and γγ → W+W− reactions
behave as 1/W 2

γγ . Again, this is due to the t(u)-channel poles in the forward
(backward) directions: with increasing energy, these cross sections increase
in the very forward and backward direction being proportional to W 2

γγ but
they decrease in the central region, being proportional to 1/W 2

γγ .

3. Photon-induced production of four leptons at the LHC

In order to compute the cross section for the photon-induced production
of four leptons in pp collisions at the LHC, at pp center-of-mass energy

√
s,

we follow a similar methodology as presented in Refs. [22–24] for the photon-
induced W+W− production. At first, what is needed is the calculation of
the elementary cross section of the γγ interactions leading to four leptons,
σγγ→4`, performed in Section 2.

For the exclusive reaction, each of the two incoming protons emit a quasi-
real photon which then fuse to give a centrally produced four-lepton final
state (γγ → 4`). The calculations rely on the so-called equivalent photon
approximation (EPA) [25–29]. For the modeling of the exclusive reaction in
pp collisions, the EPA is used with the standard dipole parameterization of
proton electromagnetic form factors [30]. No specific corrections are applied
to take into account proton absorptive effects [31].

When one or both protons dissociate into a hadronic state, dedicated
parton distribution functions (PDFs) for photons are used [22, 32]. In
view of making realistic estimates for what can be observed at the LHC,
another interest of using MadGraph is that it allows to take into account
QCD effects, such as the underlying event and parton shower in single and
double-dissociative events. For this purpose, MadGraph is interfaced with
PYTHIA 8 [33].

Differential cross sections for γγ → 4` production in pp collisions at√
s = 8 TeV as a function of the transverse momenta for all outgoing lep-

tons are presented in figure 3, where the NNPDF2.3QED PDFs are used
for the proton-dissociative case. In this figure, some kinematic require-
ments are imposed to mimic realistic measurements in the ATLAS and CMS
experiments. As in figure 2, the absolute values of the pseudorapidities
for all leptons are required to be |η`| < 2.5. In addition, the transverse
momenta for the leading and sub-leading leptons are taken to be above
10 GeV. This requirement is imposed to ensure high triggering efficiency in
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Fig. 3. Differential cross sections for γγ → 4` (` = e, µ) production in pp collisions
at
√
s = 8 TeV as a function of (a) leading lepton pT, (b) sub-leading lepton pT,

(c) third lepton pT and (d) fourth lepton pT. The stacked histograms, in top-to-
bottom order, represent the exclusive, single-dissociative and double-dissociative
contributions. Some fiducial cuts are applied (see the text).

the ATLAS and CMS experiments during nominal LHC runs [34, 35]. The
two other leptons are requested to have transverse momenta above 1 GeV.
This threshold should be taken as low as possible, in the limit where it is
still possible to use trackers in order to discriminate between e.g. electrons
and pions [36]. Finally, the angular separation between each pair of leptons,
∆R`` =

√
∆φ2

`` + ∆η2
``, is taken to be ∆R`` > 0.1 to allow the experimental

separation of these objects.
There are two important points to observe in figure 3: (1) the single- and

double-dissociative reactions have similar cross sections in the kinematic
phase space defined above and (2) this cross section (summed) is about
ten times larger than for the exclusive case. The exclusive and proton-
dissociative contributions can be easily separated using lepton kinematic
distributions, like total pT of the 4` system [1, 3], since the lepton directions
and momenta can be precisely measured.

Comparison of total cross sections for γγ → 4` production in pp collisions
at
√
s = 8 TeV and 13 TeV with typical lepton kinematic cuts is shown in

Table I. Here, also the two different photon PDFs are compared for modeling
proton-dissociative contributions. The double-dissociative part is about 3
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times larger when using MRST2004QED PDF set. This is due to the growth
of the MRST2004QED photon PDFs over the NNPDF2.3QED set at smaller
x values of photons (x < 0.005) [22].

The cross sections compared in Table I are of the order of ∼ fb, therefore
possible to be measured at the LHC under nominal running conditions.
The identification of γγ → 4` events of interest can be performed using
veto on additional charged-particle tracks, successfully used by the ATLAS
and CMS experiments to significantly reduce the inclusive background [1–3].
Moreover, all quoted cross sections can be increased by a factor of 2.3 when
the requirement on leading and subleading lepton pT is lowered from 10 GeV
to 5 GeV.

TABLE I

Total cross sections for γγ → 4` (` = e, µ) production in pp collisions for
√
s =

8 TeV and 13 TeV. Leptons with |η`| < 2.5 and p`1T > 10 GeV, p`2T > 10 GeV,
p`3T > 1 GeV, p`4T > 1 GeV are considered. Different contributions are presented:
exclusive, single-dissociative and double-dissociative. For modeling of single and
double-dissociative contributions, two different photon PDFs are compared.

√
s σexcl

γγ→4` σsdiss
γγ→4` with σddiss

γγ→4` with
NNPDF2.3 (MRST2004) QED NNPDF2.3 (MRST2004) QED

8 TeV 0.22 fb 0.91 (1.4) fb 0.71 (2.0) fb
13 TeV 0.29 fb 1.2 (1.8) fb 0.86 (2.7) fb

4. Background to inclusive production of four leptons at the LHC

The inclusive production of four leptons has been recently measured by
the ATLAS experiment [37]. Let us recall that in the Standard Model,
the 4` production in the invariant mass range domain around the Z-boson
resonance occurs dominantly via the s-channel process, where the Z boson
decaying to leptons includes the production of an additional lepton pair from
the internal conversion of a virtual Z boson or a virtual photon. Also, the
cross section is significantly increased when both Z bosons are produced on-
shell, resulting in the rise in the m4` spectrum observed around 180 GeV. In
addition to the qq̄-initiated process of 4` production, there are some gluon–
gluon initiated processes, gg → 4`, needed to be considered [14, 15]. The
gluon-induced processes significantly contribute to the on-shell Higgs boson
production that obviously gives a sharp resonance around 125 GeV [16, 17].
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A comparison of photon-induced 4` contribution to the abovementioned
processes is presented in figure 4, alternatively for MRST2004QED and
NNPDF2.3QED PDFs, where the latter includes additional PDFs uncer-
tainty estimation. For this figure, the same fiducial cuts as in [37] are applied.
Similarly as in Ref. [37], the qq̄ → 4` and on-shell Higgs-boson production
contributions are modeled at next-to-leading-order (in perturbative QCD)
using POWHEG-BOX [38] MC generator. The non-resonant gg → 4` process
is simulated at leading-order with MCFM [39] program. Both generators are
interfaced with CT10 [40] PDF set.
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Fig. 4. Differential cross sections (dσ/dm4`) from the γγ, qq̄ and gg initial states
at
√
s = 8 TeV for the e+e−µ+µ− final state in the fiducial phase space from

Ref. [37]. For γγ production, two different photon PDFs are compared, where the
shaded region indicates 68% confidence level for the NNPDF2.3QED PDFs.

Figure 4 shows that, depending on the photon PDFs used, the photon-
induced part can reach up to 5% of the standard qq̄ contribution in the
non-resonant mass range of the Z boson (i.e. 70 GeV < m4` < 80 GeV and
100 GeV < m4` < 110 GeV) and up to 3% in the mass range of the Higgs
boson.

5. Background to exclusive γγ → W+W− production at the LHC

The enhancement of the elementary γγ → 4` cross section at large lep-
ton pseudorapidities gives the possibility that some of the four leptons will
escape detection, whereas other could mimic the exclusive 2` final state.
In particular, this is interesting when comparing to processes with relatively
small cross sections at the LHC, like the exclusive γγ →W+W− production,
used to test the anomalous γγWW couplings [2, 41]. Here, the e±µ∓νeνµ
final state is examined, which forms effectively an experimental state with
two charged-leptons.
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Using the same fiducial region definition as in Ref. [2] (p`T > 20 GeV and
|η`| < 2.4) applied to one of the e±µ∓ pair in the e+e−µ+µ− final state and
imposing additional pseudorapidity veto (|η`| > 2.4) on the remaining e∓µ±
pair, we obtain

σfid
pp(γγ)→ppe+e−µ+µ− = 0.4 fb (1)

to be compared with [2]

σfid
pp(γγ)→ppW+W−→ppe±µ∓νeνµ = 0.66 fb . (2)

However, imposing final requirement on the e±µ∓ pair transverse mo-
mentum, pe

±µ∓

T > 30 GeV [2], leads to

σfid,cut
pp(γγ)→e+e−µ+µ−X = 0.03 fb . (3)

It is worth mentioning that the contribution of the process γγ →
e+e−µ+µ− can be estimated using the same-sign lepton pairs i.e. e±µ±,
whereas the remaining e∓µ∓ pair is emitted at large pseudorapidities. This
would allow to reduce the contamination from other (inclusive and exclusive)
processes, which mostly produce opposite-sign lepton pair final states.

6. Conclusion and outlook

The production of γγ → 4` events at the LHC provides an ideal testing
ground for the study of QED at O(α4

em) elementary process level. The
obtained values of the cross sections show that it can be possible to measure
the γγ → 4` reactions in pp collisions at the LHC. Indeed, it has been
already demonstrated that the γγ interactions can be studied at the LHC,
under normal running conditions, i.e. in the presence of additional pile-up
events that spoil the identification of the γγ interactions of interest.

For 4` production in pp collisions, the mechanism of two-photon fusion
is compared with that of quark–antiquark and gluon–gluon. The predic-
tions show that the total γγ cross section should contribute up to 5% in
some kinematical regions accessible by the LHC experiments. Moreover, the
e+e−µ+µ− final state with one of the e±µ∓ pair emitted at large pseudora-
pidities can be a background to the γγ → W+W− → e±µ∓νeνµ reaction,
reducing the sensitivity for anomalous γγWW coupling searches. Finally,
the photon-induced production of 4` system can also be a non-reducible
background in searches for anomalous γγZZ couplings [41] at the LHC,
especially with dedicated proton tagging [42, 43].

We thank David d’Enterria for useful discussions. This work was partly
supported by the Polish National Science Center under contract No. UMO-
2012/05/B/ST2/02480.
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