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The measurement of photon structure function in the future e
+
e

-
 collider ILC energy range will 

improve our understanding of the QCD. In order to check the possibility of measuring the 

photon structure functions at this collider the simulations of two-photon processes were 

performed at the ILC centre-of-mass energy range using Monte Carlo generators and the 

ILCSoft package. The analysis used the information obtained from the forward detectors, 

tracking detectors and calorimeters which are parts of the ILD detector concept. 
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1. Introduction 

 

The discovery of the Higgs particle at the LHC [1, 2], currently the most powerful 

accelerator, was an essential step in achieving the present level of our understanding of the 

fundamental interactions of nature and the structure of matter described by the Standard Model. 

However, there are still many questions to answer. For instance, the Standard Model does not 

explain dark matter. Therefore, future experiments are planned and the construction of a new 

electron-positron collider is much anticipated. Such accelerators, both linear (ILC in Japan [3] 

and CLIC at CERN [4]) and circular (FCC at CERN [5] and CEPC in China [6]), are currently 

in the phase of intense studies. Future accelerators will be precise research tools that will allow 

us to explore the nature beyond the knowledge acquired from the LHC. The research program 

for future experiments is very rich. One possibility would be to measure the photon structure 

functions. 

The first measurement of the photon structure functions was performed using the PLUTO 

detector at the DESY storage ring PETRA (1981) [7]. Following this pioneering work, many 

experiments have been performed at all high energy e
+
e

−
 and ep storage rings, where the lepton 

beams serve as a source of high energy photons. In spite of extensive research, the photon is so 

far not understood at the same level as HERA has achieved for the proton. This will offer new 

insights into QCD. Recent experimental data have been derived from the experiments at LEP 

[8]. New data can be obtained from a new linear e
+
e

-
 collider.  

 

2. Method of measuring the photon structure functions 
 

The photon as a gauge boson of QED is a massless and chargeless particle with no 

internal structure in the common sense. However, according to quantum field theory 

the existence of interactions carried by a gauge boson means that this boson can develop some 

structure. The photon, for example, can fluctuate for a short period of time into a charged 

fermion – antifermion pair carrying the same quantum numbers as the photon. It can therefore 

interact with other particles directly as a whole quantity (direct photon) or through particles 

produced by the quantum fluctuations (resolved photon) (see e.g. [9]). The diversity of the 

photons’ behaviour allows us to study its leptonic or hadronic structure. The quantities used to 

describe this structure are the photon structure functions.  

The classic way to investigate the photon’s structure at e
+
e

-
 colliders is the study 

of the process: e
+
e

-
 → e

+
e

-
 γ

(*)
 γ

(*)
 → e

+
e

-
 X, proceeding via the interaction of two photons, 

which can be either quasi-real (close to the mass-shell) or virtual (off-shell) [10]. The incoming 

leptons radiate photons producing a hadronic or leptonic final state X. The kinematics of these 

two-photon interactions is illustrated in Figure 1, which also includes the definitions 

of the photons’ virtualities (Q
2
 and P

2
, where P

2
 means the virtuality of the target photon) and 

the invariant mass squared of the γγ system (W
2
). The polar angles θi, i = 1, 2 at which the 

electrons are scattered are measured with respect to the direction of beam electrons and depend 

on the virtualities of the photons. 

In the case where only one of the scattered beam electrons can be detected (single-tagged 

event), the process can be described as deep inelastic electron scattering off a quasi-real photon 

(eγ DIS). These events can be studied to measure both the QED and the hadronic photon 
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Fig. 1. Kinematics of the two-photon process [8]. 

 

structure functions [9], analogously to the studies of the proton structure functions at HERA 

[11]. The measurements of the QED structure functions are possible by analysing the events 

with lepton pairs in the final state. Because of the low statistics and difficulty with the 

identification of the τ
+
τ

 –
 pairs as well as the number of different Feynman diagrams contributing 

to the process with e
+
 e

-
 pairs, the cleanest measurement from the experimental point of view 

can be performed for μ
+
μ

-
 final state. Whereas the contribution to the hadronic photon structure 

functions comes from processes with hadronic final states. 

Experimentally, the kinematical variables used to describe the process of deep inelastic eγ 

scattering: the virtuality Q
2
, the Bjorken variable x and the inelasticity y, are obtained from 

the four-vectors of the tagged electrons and the hadronic or leptonic final state using 

the information about the polar angle θ at which the tagged electron is scattered and their energy 

E (discussed in detail in [12]) via: 

                                                                Q2 = 4EbEsin2 (
θ

2
),                                                                   (1) 

 

                                                                x =
Q2

Q2 + W2 + P2
,                                                                    (2) 

 

                                                               y = 1 −
E

Eb
cos2 (

θ

2
),                                                                  (3) 

 

where Eb is the energy of the beam electrons. The differential cross section can be written in 

terms of x and y as [10]: 
 

                                
d2σ

dQ2dx
=

2πα2

xQ4
([1 + (1 − y)2]F2

γ(x, Q2) − y2FL
γ(x, Q2)),                              (4) 

 

where F2
γ

(x, Q2) and FL
γ

(x, Q2) are the photon structure functions. In the present experimental 

conditions y is quite small in general, so it is very difficult to measure FL
γ
 [8]. Therefore 

the experiments usually neglect FL
γ
 and focus on the measurement of F2

γ
, a procedure justified 

by theoretical considerations based on QCD that F2
γ
 is the leading component. The structure 

function F2
γ
, as defined in Eq. (4), is extracted from the differential cross section. 

Since the beam energy at the ILC/CLIC will be higher than at the previous experiments, 

it is expected that it will be possible to measure the evolution of the photon structure functions 
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in a wider kinematical range than presently available. Moreover, at the largest values of Q
2
 one 

could measure the contributions from Z
0
 exchange in deep inelastic eγ scattering and 

the charged-current process eγ → υX, mediated by a virtual W boson could be used to study 

the weak structure of the photon [13]. Another very important improvement would be 

the possibility of detecting the electron which radiates the quasi-real photon. This electron 

is scattered under almost zero angle. Tagging both electrons would allow W
2
 to be measured 

independently of the hadronic final state. Then the precision of the determination of the photon 

structure functions may be significantly improved [9, 14]. Additionally, new light on the photon 

structure could be shed by spin-dependent structure functions (more details in [15, 16]), which 

have not been measured so far. This would be possible using polarized electron and positron 

beams in the future linear collider. Furthermore, two-photon processes are a background for 

physical analyses in which signals from the so-called new physics are being searched for, and 

their evaluation will be important to obtain reliable results [17]. 

3. Results from Monte Carlo simulations 

 

For the study of the possibility to measure QED and hadronic photon structure functions 

at the future linear e
+
e

-
 collider, the simulations of two-photon processes were performed 

at the ILC centre-of-mass energy equal to 500 GeV using Monte Carlo generators and the 

ILCSoft package [18]. The analysis used the information related to the forward detectors, 

tracking detectors and calorimeters which are parts of the ILD (International Large Detector) 

detector concept [3]. The results of PYTHIA 6.4 [19] Monte Carlo studies as well as those 

obtained using the reconstructed kinematic variables in the case of tagging the scattered 

electrons in deep inelastic eγ scattering with the special calorimeters in the very forward region, 

LumiCal
2
 and BeamCal

3
 detectors [20], are presented in Figure 2. These forward detectors 

allow scattered electron tagging in the regions 31 – 78 mrad and 5.8 – 43.5 mrad respectively. 

There has been observed large detector effects which will require correcting due to detector 

acceptance (the so-called unfolding method). The uncertainties marked on the plots are 

statistical only. Of course, the systematic effects should be also estimated. This will be, besides 

the consideration of possible background processes, the next step of the analysis. 

Because the study is based on the Monte Carlo generations of single-tagged events in deep 

inelastic eγ scattering regime it is important to select a Monte Carlo generator, which enables to 

describe these processes at the energy range of the future experiment. It is thus intended to 

compare the PYTHIA generator level results with results from other Monte Carlo generators, 

such as the latest version of WHIZARD [21] and those used at the LEP experiments (HERWIG, 

TWOGAM) [22].  

The initial comparison of the PYTHIA generator level results with the predictions of 

the HERWIG and TWOGAM generators has been made. Figure 3 shows the centre-of-mass 

energy Wμμ and polar angle distributions of a two muon system obtained using different 

generators in the case of the QED photon structure’s study. Various generators give different 

values of kinematic variables, therefore further investigation is necessary in order to find out 

what is the reason of this discrepancy and which results are the closest to the true value. 

                                                           
2 The LumiCal will be the luminometer of the experiment using Bhabha scattering as the gauge process. 
3 The BeamCal will be used to measure remnants of beamstrahlung to assist beam tuning and also high energy single 

electrons. 
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Fig. 2. The QED and hadronic photon structure functions divided by the fine structure constant as 

a function of x variable in the case of tagging the scattered electrons at LumiCal and BeamCal detectors  

(generation and reconstruction levels). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The centre-of-mass energy Wμμ and polar angle distributions of a two muon system obtained 

using different generators in the case of the QED photon structure’s study. 
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4. Summary 

 

Further investigations of the photon structure are undoubtedly necessary and they would 

greatly benefit from the measurements performed at the future linear e
+
e

-
 collider. Therefore 

studies on the potential of the ILC/CLIC in this field of research are needed. In order to check 

the possibility of measuring the photon structure functions at the future experiment 

the simulations of two-photon processes were performed using various Monte Carlo generators 

and the ILCSoft package. The obtained results indicate that the forward detectors, LumiCal 

and BeamCal, can be used for tagging electrons scattered at eγ DIS and would be accordingly 

useful in the measurement of the photon structure functions. 

The next step towards a complete analysis will include the consideration of possible 

background processes (beamstrahlung, annihilation, etc.) and the estimation of systematic 

uncertainties. Moreover, the determined kinematical variables should be corrected with regard 

to detector effects (the so-called unfolding method). It is also intended to compare the results 

with theoretical predictions at NLO QCD. 
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