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1

Abstract2

LHC collisions can act as a source of photons in the initial state. This mechanism plays3

an important role in the production of particles with electroweak couplings, and a pre-4

cise account of photon-initiated (PI) production at the LHC is a key ingredient in the LHC5

precision physics programme. I will discuss the possibility of modelling PI processes di-6

rectly via the structure function approach. This can provide percent level precision in the7

production cross sections, and is therefore well positioned to account for LHC precision8

requirements. This formalism in addition allows one to make use of another useful fea-9

ture of photons, namely that they are colour-singlet and can often be emitted elastically10

(or quasi-elastically) from the proton. I will discuss recent work on applications of the11

structure function approach to precision calculations of PI production in the inclusive12

mode, and to ‘exclusive’ processes with rapidity gaps, which can provide a unique probe13

of the Standard Model and physics beyond it.14
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1 Introduction24

A major aim of the LHC, and the HL–LHC upgrade that will follow, is to precisely test the25

Standard Model (SM) predictions for as wide a range of collider processes as possible. A26
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particularly important element of this involves events with leptons in the final state, which27

play a key role in determinations of the weak mixing angle, sin2 θW , the W boson mass, MW ,28

and constraints on the proton PDFs. A key ingredient in this is the availability of high precision29

theoretical predictions for the SM processes, an important element of which is the contribution30

from the photon–initiated (PI) channel.31

A further feature of this channel in proton–proton collisions is that the colour singlet pho-32

ton exchange naturally leads to exclusive events, where the photons are emitted elastically33

from the protons. This is particularly relevant in the context of the dedicated forward pro-34

ton detectors at the LHC, namely AFP and CT–PPS, which have been installed in association35

with both ATLAS and CMS, respectively [5]. More generally, even if the initial–state photon36

is emitted inelastically, there is no colour flow as a result, and there is still a possibility for37

semi–exclusive events with rapidity gaps in the final–state between the proton dissociation38

system(s) and the centrally produced object. Indeed, a range of data have been collected39

using this technique at the LHC [6].40

Here, we present the application of the so–called structure function (SF) method to the41

calculation of both the PI component of inclusive lepton production, at high precision, and PI42

production in the exclusive mode.43

2 The Structure Function Approach and inclusive photon–initiated44

production45

The SF framework is a rather useful method [1,2] for calculating the PI lepton pair production46

cross section directly in terms of the proton structure functions. For processes such as (off Z–47

peak) lepton pair production this provides percent precision in the predicted cross sections,48

with no accompanying factorization scale variation uncertainty, as is present in the calculation49

within collinear factorization.50
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Figure 1: (Left) Ratio of the PI cross sections for lepton pair production to the NLO QCD
Drell–Yan cross section at the 13 TeV LHC. The LO collinear predictions (including scale
variation uncertainties) and the structure function result are shown, in the latter case for
both the pure γγ initiated and the total. (Right) Percentage contribution from PI production
to the lepton pair p⊥ distribution, within the ATLAS [3] off–peak event selection, at 8 TeV.
The QCD predictions correspond to NNLO + NNLL QCD theory [4]. The total (pure γγ)
contributions are shown by the solid (dashed) lines.

In the SF approach, the PI cross section is given by51
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Here the outgoing hadronic systems have momenta p1,2 and the photons have momenta q1,2,52

with q2
1,2 = −Q2

1,2. We consider the production of a system of 4–momentum k = q1+q2 =
∑N

j=1 k j53

of N particles, where dΓ =
∏N

j=1 d3k j/2E j(2π)3 is the phase space volume. Mµν corresponds54

to the γγ → X (k) production amplitude, with arbitrary photon virtualities. ρ is the density55

matrix of the virtual photon, which is given in terms of the well known proton structure func-56

tions, see [1, 2] for an explicit expression and [2] for the extension to include initial–state Z57

bosons.58

A representative selection of results are shown in Fig. 1. In the left plot we show the lepton59

pair invariant mass distribution, plotting the ratio of the PI contribution to the NLO QCD Drell–60

Yan cross section at the 13 TeV LHC. For this choice of cuts, the PI component is at the ∼ 4%61

level, and hence is small but certainly not negligible. We note that the solid curve includes62

the uncertainty due to the experimental determination of the structure functions, but this is63

so small as to not be visible on the plot. The ‘total’ contribution includes initial–state Z boson,64

and mixed γ/Z+q contributions, but these are found to give a negligible contribution. The LO65

collinear result is also shown for comparison. This is seen to lie above the SF results, though66

consistent within the large scale variation uncertainties; clearly, one should work at least at67

NLO when applying the collinear approach. However, for the present observable we can see68

that the SF approach provides percent level precision already.69

Above the Z peak (not shown here), the PI contribution is as large as ∼ 10%, and can70

again be predicted with high precision by the SF approach. As discussed in further detail71

in [2], these results imply that the PI contribution to the dilepton cosθ ∗ distribution, which72

is used for determinations of sin2 θW as well as PDF constraints, can also be highly relevant.73

Detailed comparisons are presented in [2] and this is indeed found to be the case, with the SF74

approach providing high precision predictions for the PI contribution.75

As the SF formulation of Eq. 1 is provided differentially with respect to the photon vir-76

tualities, Q2, we can also readily provide predictions with respect to the dilepton transverse77

momentum, pl l
⊥. In Fig. 1 (right) we show the ratio of the PI contribution to NNLO+N3LL78

resummed QCD predictions produced with NNLOjet+RadISH [4]. The total (solid) curve in-79

cludes mixed γ + q diagrams, which will be sensitive to resummation effects in the low pl l
⊥80

region, not included here, is only shown for rough guidance in this region. Focussing on the81

pure γγ component, i.e. the dashed lines, one can see a significant enhancement observed82

in the pure γγ contribution in the lower 0 < pl l
⊥ < 2 GeV region. This is explained in part83

by the Sudakov suppression in the QCD contribution in this region, which is absent in the γγ84

channel. However, another key factor in this is that the γγ cross section is particularly peaked85

in this region, due to the significant contribution from elastic photon emission. This elastic86

component, or indeed the low Q2 resonant and non–resonant components, are not modelled87

differentially in a pure collinear calculation, and hence the SF calculation is particularly well88

suited to deal with this very low pl l
⊥ region. As explored in [2], this could have implications89

for experimental determinations of MW , through the tuning that is done to the low pl l
⊥ region90

of dilepton production.91

Finally, we note that the benefit of applying the SF approach directly, while transparent92

for process where the final state of interest (l+l−, W+W−...) is directly produced by the γγ93

initial state, is less clear in the mixed γ+ q case. Here, one must deal with the collinear en-94

hancement of the γ→ qq splitting, and at this level of precision include QED DGLAP evolution95

of the quark/antiquark PDFs, which certainly requires one introduce a photon PDF within the96

LUXqed approach. Further discussion can be found in [2].97
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3 Modelling (semi)–exclusive photon–initiated production98

This theoretical treatment of exclusive and semi–exclusive events is rather distinct from the99

standard inclusive case. The reasons for this are twofold: first, if events are selected with a100

rapidity veto than the case where decay products from the proton dissociation system enter the101

veto region must be excluded, and second, there may be additional inelastic proton–proton102

QCD interactions (in other words, underlying event activity) that fill the gap region. The latter103

effect must be accounted for via the so–called ‘survival factor’ probability of no additional104

proton–proton interactions [7], while the former requires a fully differential treatment of the105

PI process, including a MC implementation such that the showering and hadronisation of the106

dissociation system may be accounted for.107

In [6], we presented such a MC implementation, SuperChic 4, for the case of lepton108

pair production. This makes use of the SF approach, to provide a high precision prediction for109

the underlying PI process that is fully differential in the kinematics of the final–state protons110

and/or dissociation systems. This can then be interfaced to a general purpose MC for further111

showering/hadronization; we make use of Pythia 8.2 [8]. We in addition account for the112

survival factor, in a manner that take full account of the dependence of this quantity on the113

event kinematics and the specific channel (elastic or inelastic). SuperChic 4 is the first gen-114

erator of its kind to take account of all of these features, which are essential when providing115

results for semi–exclusive PI production.116

In Fig. 2 (left) we show the predicted survival factor as a function of the dimuon invariant117

mass, at
p

s = 13 TeV. We can see that broadly there is a large difference in the magnitude of118

the survival factor between the DD and elastic/SD cases, with the former being significantly119

smaller. This is driven by the fact that in the DD case the photon Q2 is generally much higher,120

and so the collision is less peripheral in terms of the impact parameter of the colliding protons;121

the most peripheral elastic interaction has the highest survival factor. We can also see that122

as the invariant mass increases, the survival factor decreases, due to effect of the kinematic123

requirement for producing an on-shell proton at the elastic vertex for larger photon momentum124

fractions, which implies a larger photon Q2. For the DD case the survival instead increases125

somewhat, due to the smaller phase space in photon Q2 at the highest Ml l values. These are126

examples of a broader result, namely that the survival factor is not a single constant value, but127

rather depends sensitively on the process and kinematics.128

In Fig. 2 (right) we show a comparison of the predicted acoplanarity distribution for muon129

pairs to the ATLAS data on semi–exclusive dilepton production at
p

s = 7 TeV [9]. The theory130

result includes the impact of the rapidity veto that is applied in order to selected these events,131

as well as the survival factor (we show results without this included for comparison). We can132

see that the distribution is described rather well once the survival factor is included.133

4 Conclusion134

In summary, PI production is a rather unique channel at the LHC that plays a key role in both135

inclusive and exclusive particle production. We have presented state–of–the–art results for136

dilepton production in both of these channels, including MC implementations; SFGen [2] and137

SuperChic 4 [6] for inclusive and exclusive production, respectively.138

Funding information I thank the Science and Technology Facilities Council (STFC) for sup-139

port via ST/L000377/1.140
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Figure 2: (Left) Soft survival factor for lepton pair production as a function of the invariant
mass, Ml l , of the dilepton system. (Right) Comparison of SuperChic 4 + Pythia 8.2
predictions for the dilepton acoplanarity distribution compared to the ATLAS data [9] atp

s = 7 TeV, within the corresponding experimental fiducial region, and with a rapidity veto
applied on tracks in the central region. Results without the soft survival factor included are
shown in addition.
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