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Abstract This document sets out the intention of the strong-field QED community to carry out, both experimentally and numerically,
high-statistics parametric studies of quantum electrodynamics in the non-perturbative regime, at fields approaching and
exceeding the critical or ‘Schwinger’ field of QED (Fqed � m2c3/e� ≈ 1.3 × 1018 V/m) in the rest frame of a charged particle. In
this regime, several exotic and fascinating phenomena are predicted to occur that have never been directly observed in the laboratory.
These include Breit–Wheeler pair production, vacuum birefringence, and quantum radiation reaction. This experimental programme
will also serve as a stepping stone towards studies of elusive phenomena such as elastic scattering of real photons and the conjectured
perturbative breakdown of QED at extreme fields. State-of-the-art high-power laser facilities in Europe and beyond are starting to
offer unique opportunities to study this uncharted regime at the intensity frontier, which is highly relevant also for the design of future
multi-TeV lepton colliders. A transition from qualitative observational experiments to quantitative and high-statistics measurements
can only be performed with large-scale collaborations and with systematic experimental programmes devoted to the optimisation of
several aspects of these complex experiments, including detector developments, stability and tolerances studies, and laser technology.

1 Scientific context

Quantum electrodynamics (QED) is a part of the Standard Model that has been tested with experiments to a precision of better than
one part in a trillion [1–3]. Such precision tests of QED are in a regime where the coupling α is small and the accuracy of theory
calculations can be increased by adding successive orders of radiative corrections. In this regime, the electromagnetic (EM) field is
incoherent. The situation can be quite different though when studying QED in coherent EM fields, where the coherence can enhance
the fundamental coupling α. A well-understood example is in atomic physics, where the effective coupling in hydrogenic ions of
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Fig. 1 a: Fermion states are ‘dressed’ in the EM background, which can be expressed as a sum overall numbers of exchanges of Fourier momenta with the
background (dashed lines). b: in the ‘long-pulse limit’ higher-order dressed processes are well-approximated by sequences of first-order dressed processes
where the intermediate particle is on-shell and polarised

charge number Z becomes Zα. When Z is large, it leads to a test of non-perturbative QED in strong atomic fields, most lately with
a precision of better than one part in a billion [4]. For spacetime-varying coherent fields such as slowly-varying magnetic fields [5],
laser pulses [6–8], those in beam-beam collisions [9–11], beam-laser collisions as well as internal fields around symmetric structures
in oriented single crystals [12, 13], the effective coupling can be written αξ2n , where ξ is the so-called intensity parameter and n

is the number of interactions with the coherent background. If the EM background is a single laser pulse, which is only weakly
focussed, its interaction with electrons and positrons can be well-described as interactions with a classical plane wave background
[8]. For a plane wave of field strength F, the intensity parameter can be written as (assuming ǫ0 � � � c � 1):

ξ �
eF

mω
≡

work done by field on charge over a Compton wavelength

energy of field quantum
.

Hence, ξ gives a measure of the typical number of equivalent ‘photons’ (the background is classical) interacting with a charge, e,
over its Compton wavelength (we take m to be the electron mass). When ξ ≪ 1, the effect of the background field is
perturbative and the probability is well-approximated by including just the minimum number of charge–field interactions for the
process at hand to occur. For example, the total probability of Compton scattering when ξ ≪ 1 is well-approximated by including just
a single electron–background interaction. For electrons and positrons, values of ξ > 1 can now routinely be probed in experiments
[14–19] and all orders of interaction between the charge and the field must be included (see e.g. Fig. 1a). For electrons and positrons
colliding with a laser pulse, the squared intensity parameter can be written as [20] where λl is the laser wavelength
and nl is the density of equivalent laser photons. Hence ξ � 1 is an example of non-perturbativity at small coupling similar to
gluon saturation in deep inelastic scattering and the x → 0 limit of the Bjorken factor [21] in QCD.

To perform calculations at arbitrary ξ parameter, the Dirac equation is solved in a given EM background Fbg and scattering
processes are calculated using these solutions and the quantised part of the EM field f . ‘Volkov’ fermion wavefunctions corresponding
toa plane wave EM field are routinely employed in calculations. In the ‘Furry picture’ [22], the quantum field f is a perturbation but
the interaction with the background Fbg is included to all orders.

Unlike in ‘standard’ QED with incoherent fields, the tree-level three-point vertex is in general kinematically allowed in a coherent
plane wave background. The example of nonlinear Compton scattering e± → e± + γ is shown in Fig. 1a. The coherent field breaks
the translational symmetry of the vacuum so that four-momentum conservation no longer holds. For example, in a plane wave EM
field, only the momenta transverse and momentum parallel to wavevector kµ (‘lightfront momentum’) are conserved. Therefore it
is useful to define for a given particle of momentum pµ and mass m its energy parameter:

η �
k · p

m2
≡ frequency of the background in the rest frame of a particle of mass m and momentum p.

In the case of nonlinear Compton scattering, the energy parameter of the incoming electron is then equal to the sum of energy
parameters of the emitted electron and photon. Another example of a three-point vertex is nonlinear Breit–Wheeler pair-creation
γ → e+e− (depicted in the right-most diagram of Fig. 1b), which is a purely quantum effect requiring the strong-field parameter

χ to satisfy χ � 1. In a plane wave and for electrons and positrons, the strong-field parameter χ is equal to the field strength in the
rest frame of the charge, Frf in units of the QED field scale, Fqed � m2/e (also known as the ‘Schwinger field’) i.e. χ � Frf/Fqed.
Strong-field QED (SFQED) is then accessed when χ � 1. The strong-field parameter can also be written in terms of the work done
as:

χ �
eFrf

m2
≡

work done by field on charge in its rest frame over a Compton wavelength

rest mass of particle

and hence when χ � 1, pair-creation via nonlinear Breit–Wheeler can be accessed experimentally. In a plane wave background, the
strong-field parameter is the product of intensity and energy parameters, i.e. χ � ξη. Since χ ∝ � whereas ξ is classical, χ can be
used to quantify the magnitude of nonlinear quantum effects.

In some regions of parameter space, strong-field QED processes can display a non-perturbative dependence on χ . For example, in
the quasi-static regime when ξ ≫ 1 and χ ≪ 1, the probability for nonlinear Breit–Wheeler pair-creation scales as ∼ exp(−8/3χ).
If χ is written in terms of the QED field strength scale Fqed explicitly, this scaling becomes ∼ exp[−(8m/3ηk0)(Fqed/F)], which has
a similar dependency on the field strength F as Schwinger pair-creation ∼ exp[−π Fqed/F]. Since Fqed ∼ 1/

√
α, this limit can be

referred to as non-analytic pair-creation, which displays a non-perturbative dependency on the coupling. Thus, a further comparison
with QCD can be made: string-breaking in the process of meson creation can be modelled using the Schwinger mechanism [23],
which displays a similar behaviour to nonlinear Breit–Wheeler in the quasi-static limit.
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Fig. 2 Nonlinear Compton (left) and nonlinear Breit–Wheeler (right) parameter spaces (adapted from [8]). Solid lines and markers indicate reported
experimental results; dashed lines and empty markers indicate planned experiments. The grey ‘Multi-PW Class’ and ‘Multi-10PW Class’ regions correspond
to typical values of ξ that can be produced at these laser facilities, and values of η correspond to 1 . . . 5 GeV particle beams colliding at 20 degrees with
the laser pulse, naïvely assuming the electron reaches the peak intensity at the focus of the laser pulse. The specific experimental values plotted, in (ξ ,
η) co-ordinates, are as follows. Left: Apollon [24]; ATLAS-MPQ (0.9, 5 . . . 6 × 10−4) [25]; BNL-ATF (0.6, 7.5 × 10−4) [26]; CALA [27]; CoReLS
[28]; DIOCLES1 (0.4, 0.0029) [29]; DIOCLES2 (2 . . . 12, 0.0036) [15]; DRACO (0.6, 0.0027 [230 MeV]) [30]; E144 (0.36, 0.83) [31]; E320 (2, 0.15)
[32]; E320II (proposed upgrade) (16, 0.15) [33]; ELI [34]; EP-OPAL [35]; Gemini1 (1 . . . 2, 0.006) [14]; Gemini2 (24.7, 0.003 . . . 0.02) [17, 18]; LUXE 0
(0.1 . . . 5, 0.13 . . . 0.19) [36, 37]; LUXE 1 (5 . . . 20, 0.10 . . . 0.19) [36, 37]; VULCAN [38]; SEL [39]; SULF [40]; XCELS [41]; ZEUS [42]. Right: E144
(0.36, 0.83) [31], NA63 (20, 0.1) [43]. (Both experiments measured nonlinear trident in a regime well-approximated as having nonlinear Breit–Wheeler
pair-creation as the second of two steps.)

Lightfront momentum conservation has a consequence for QED processes of a higher order in dressed vertices, such as the
second-order nonlinear trident process e± → e± + e+e− depicted in Fig. 1b. If the spacetime overlap of the probe with the coherent
background is long enough, the probability is dominated by the contribution from the photon propagator going on-shell such that
the second-order process can be well-approximated by sequential first-order processes (in this case, nonlinear Compton scattering
of a photon followed by the photon’s transformation into an electron-positron pair via nonlinear Breit–Wheeler pair-creation). In the
so-called ‘long-pulse limit’, probabilities are dominated by processes with on-shell propagators. This disrupts the usual perturbative
hierarchy in α and reduces the relative contribution of radiative corrections.

As the intensity and duration of the EM background is increased, it can become more probable for an incoming charge or photon to
scatter multiple times in a cascade of processes. In a shower cascade, the background has a negligible effect on the charges’ trajectory
and the background acts in a similar manner to a dense target producing bremsstrahlung. In avalanche cascades [44] the background
has a significant effect on charges’ trajectory, e.g. by reaccelerating charges that lost energy to emission. An exponentially rising
number of particles can also change the local plasma density and lead to background field depletion [45]. If the colliding particle
is an electron, the classical limit is known as (classical) radiation reaction. Classical radiation reaction is formally described by
the Lorentz–Abraham–Dirac equation (for reviews see [46, 47]), the solutions of which suffer from pre-acceleration and runaways,
signalling the breakdown of classical theory over very short distance scales. Its better-behaved reduction-of-order approximation,
the Landau–Lifshitz equation [48], is believed to be a good approximation for all experimentally-accessible scenarios [49–52].
Deviations from the classical limit are described by quantum radiation reaction and signatures of these deviations are searched for
in experiment [17–19]. At very high values of the strong-field parameter satisfying αχ2/3 ∼ O(1), the Furry picture is predicted
to break down [53]. According to the Ritus–Narozhny conjecture, in EM backgrounds that can be regarded as locally constant and
crossed (transverse), the contribution to the probability of a certain class of (dressed) loop diagrams scales as αχ2/3, and therefore
when this becomes of order unity, the perturbative expansion in the quantum photon field breaks down and QED becomes fully

non-perturbative. The parameter space for nonlinear Compton scattering and nonlinear Breit–Wheeler are depicted in Fig. 2.

2 International landscape and motivation

With the advent of chirped pulsed amplification [63] (that led to the award of the Nobel prize in physics in 2018), the achievable peak
power of laser pulses has been experiencing a fast-paced increase. Several PW-class laser systems are now operational worldwide,
with a handful of laser facilities operating at the 10 PW now entering the international landscape [64] (Table 1). If tightly focussed,
these laser systems can generate peak intensities in excess of 1023 Wcm−2 (ξ > 100 [65]). These lasers can now be coupled with
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Table 1 Summary of the main
high-power laser facilities in
operation or in design (in italics)
capable of hosting SFQED
experiments

Facility Country E (J) τ (fs) ξ Rep. rate (Hz)

FACET-II [33] USA 0.3 30 6 10

GEMINI [54] UK 15 45 32 1/20

BELLA [55] USA 40 40 55 1

EPAC [56] UK 30 30 55 10

CALA [57] DE 70 27 90 1

ZEUS [41] USA 75 25 100 1/60

APOLLON [24] FR 70 22 100 1/60

CoReLS [28] KR 80 20 110 1/10

ELI-NP [58] RO 200 20 180 1/60

SULF [59] CN 300 23 200 1/60

ELI-BL [60] CZ 1500 150 230 1/60

NSF OPAL [61] USA 2×500 20 280 1/300

VULCAN2020 [38] UK 400 20 330 1/300

SEL [62] CN 25,000 25 1,800 /

For all facilities the value for ξ is
indicative, estimated assuming a
focal spot with FWHM � 2 µm
containing 60% of the laser energy

GeV-scale electron beams from either radio-frequency accelerators or from plasma-based wakefield accelerators. In principle, this
experimental capability enables accessing quantum parameters in excess of unity: for example, a 5-GeV electron beam interacting
head-on with a focussed laser beam with a peak intensity of 1023 Wcm−2 would result in a quantum parameter χ ≈ 10. The high
degree of tuneability of the laser and electron beam parameters can also allow for extensive parametric studies across several regimes
of SFQED.

Stemming from proof-of-principle experiments carried out at SLAC in the mid-90s [66, 67], pilot experiments in the area have
recently reported novel and intriguing hints of strong-field phenomena. Studies of nonlinear Compton scattering [14–16], quantum
radiation reaction [17–19], and Breit–Wheeler pair production [68] have been recently reported, demonstrating the possibility of
accessing SFQED in the laboratory. It is now necessary to progress to the next stage of scientific investigation, stepping from pilot
experiments to systematic and high-statistics studies. This is necessary to benchmark and refine existing analytical and numerical
models, it will significantly contribute to advancing our understanding of fundamental science in a scarcely explored regime, and
will provide disruptive advancements in several areas of basic and applied sciences. SFQED phenomena are thought to play a
dominant role at the interaction point of the next generation of particle colliders [10] and in the dynamics and radiative properties of
astrophysical plasmas in proximity of ultra-massive objects [5]. SFQED phenomena will also play a significant role in the dynamics
of laser-driven plasmas, thus strongly affecting the properties of novel particle and radiation sources (see, e.g. Ref. [69]). Several
high-power laser facilities (see, e.g. Table 1) have studies of SFQED as a central topic in their scientific agenda. Some examples of
phenomenology that can be experimentally accessed are given below:

2A) Nonlinear Compton scattering involves a charged particle emitting a photon during interaction with the laser background. It
can be written schematically as:

e− + nγl → e− + γ (1)

where n is the harmonic number (net number of equivalent laser photons). The magnitude of nonlinear and quantum effects in this
process can be directly observed in the spectrum of the scattered electrons and the emitted photons, in particular by measuring the
position of the ‘Compton edge’ (end of the kinematic range of the first harmonic), which is sensitive to the laser intensity ξ and the
strong-field parameter χ and must thus be identified with a high spectral resolution (of the order of, or less than, a per cent).

2B) Nonlinear Breit–Wheeler pair production is the inelastic counterpart to the scattering of real photons, where a photon is
transformed into an electron-positron pair. It can be written as:

γ + nγl → e− + e+ (2)

where n is the laser harmonic order. This process is sometimes referred to as linear Breit–Wheeler (BW) when the centre-of-
momentum energy is high enough that the threshold for creating an electron-positron pair is already satisfied with n � 1. Linear
BW pair production was recently observed in Coulomb fields in ultra-peripheral heavy ion collisions involving quasi-real photons
[70], but has never been directly observed during the collision of real photons. Linear BW can be triggered during the interaction of
GeV-scale photons (e.g. from bremsstrahlung or inverse Compton scattering of an ultra-relativistic electron) with keV-scale x-ray
photons (as, for instance, produced during the interaction of a high-energy laser beam with a thin solid target), as first attempted in
[68] and numerically studied in different configurations (see, e.g. Refs. [71, 72]). Nonlinear BW can be triggered, e.g. during the
interaction of bremsstrahlung or Compton photons with the field of a focussed intense laser pulse, which, as mentioned in Sect. 1,
can lead to an experimental signal of non-analytic pair-creation [73, 74].
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2C) Nonlinear trident pair production is the leading-order tree-level production of an electron-positron pair by an electron
e− → e− + e−e+, see Fig. 1b. Because a laser pulse is extended in spacetime compared to, e.g. the EM fields in a heavy ion
collision (which are relativistically contracted), the contribution from the photon propagator being on-shell is expected to dominate
for most realistic experimental scenarios. This means that nonlinear trident can be approximated as a combination of the previous two
processes: nonlinear Compton scattering of a real photon followed by its propagation and subsequent nonlinear BW pair production.
In terms of laser harmonics:

e− + nγl → e− + γ and γ + n′γl → e−e+ (3)

This process has been observed in the perturbative regime (ξ ≪ 1) [66]. The non-perturbative regime (ξ ≫ 1) has been explored
theoretically [75–77] and observed during the collision of 200 GeV electrons with oriented crystals [43], but questions still remain
about the contribution when the photon propagator is off-shell [78, 79].

2D) Radiation reaction broadly refers to the cumulative recoil experienced by an accelerated charged particle when it emits
photons [47]. Classically, radiation reaction is consistently accounted for by the Landau–Lifshitz equation [48]. In this case, the
energy loss of an electron with Lorentz factor γ can be expressed as [80]:

�γ

γ
�

√

π
2 τ0τlω

2
l γ ξ2

1 +
√

π
2 τ0τlω

2
l γ ξ2

, (4)

where τ0 � 2e2/3m ≃ 6.4 × 10−24 s and τl is the laser pulse duration. When the field in the rest frame approaches the Schwinger
field, two main quantum phenomena should be incorporated. First, in the classical limit there is no constraint on the frequency of the
radiation emitted. However, in a quantum picture, the energy of the emitted photon cannot exceed that of the electron. This results
in a reduction of the energy loss, which can be quantified by the so-called Gaunt factor. This factor can be expressed as the ratio
between the spectral intensity of the quantum and classical synchrotron radiation. Useful approximations to the Gaunt factor are
([80] and [81], respectively):

g(χ) ≈ (1 + 12χ + 31χ2 + 3.7χ3)−4/9; g(χ) ≈ (1 + 4.8(1 + χ) ln(1 + 1.7χ) + 2.44χ2)−2/3 (5)

The latter has been compared to experiments colliding O(100 GeV) electrons with single crystals [82]). Additionally, while emission
of radiation is classically a continuous process, the emission of photons is probabilistic. This implies that an electron can propagate
further in the laser electromagnetic field without emitting (straggling and quenching) [83, 84]. Emission of gamma photons in
this regime can further lead to spin-dependent deflection of electrons [85] and even twist of the electron wave-packet [86]. A
strong observable is a broadening of the energy spectrum of the electrons after the interaction [87–89]. Quantum radiation reaction
is extremely high order in dressed vertices, hence its theoretical interest. Laser-based experiments have provided strong initial
evidence of this phenomenon [17–19], but precision measurements and validation of theoretical models and approximations are still
outstanding.

2E) QED cascades: for sufficiently intense electromagnetic fields, an avalanche of electron-positron pair production can take
place. The cascade can be sustained by nonlinear BW pair production and inverse Compton scattering, with a multiplicity that is
directly linked to the laser intensity. This particular class of QED phenomena can result in the creation of dense pair plasma, a
common occurrence in extreme astrophysical environments, such as neutron stars, pulsars, and magnetars [5]. Several schemes have
been proposed: irradiation of a solid target with an ultraintense light pulse [90], collision of several laser pulses in vacuum [91–93],
and collision of a laser pulse with a beam of relativistic electrons or high-energy photons [17–19, 68]. A key experimental observable
would be the number of electron-positron pairs generated, which is predicted to increase exponentially in time as the cascade forms.

2F) Photon–photon scattering is the elastic counterpart of the Breit–Wheeler process. Four-photon scattering is the elastic
counterpart to the linear BW process and as such is not a SFQED process, but is the most discussed in the literature. When one
or more outgoing photons are provided by an intense laser pulse, the strongest signal is from stimulated photon–photon scattering,
which can be written in terms of laser harmonics n and n′ as:

γ + nγl → γ ′ + n′γl

(with n � n′ � 1 for the four-photon process). Stimulated photon–photon scattering is enhanced by the coherence of the laser field
[94] and has a different kinematics to the scattering of free photons. The emitted photon can be distinguishable from the incoming
photon by having a modified momentum, energy and/or polarisation [95–98]. The cross section of elastic photon–photon scattering
with real photons is only loosely constrained experimentally [99] (although the ATLAS collaboration reported the observation
of light-by-light scattering with quasi-real photons during ultra-peripheral heavy ion collisions [100]). An enhanced feasibility of
detection has been put forward in a strongly asymmetric setup of the two scattering photon sources in [101]. Nonlinear photon–photon
scattering is the elastic counterpart to nonlinear BW and is a SFQED process but proposals for discovery currently require measuring
the polarisation of GeV photons [102–104].

2G) Vacuum polarisation: photons from a probe beam can scatter when they collide with an intense laser background. The
Heisenberg–Euler effective Lagrangian can be used to calculate the standard QED contribution, but the process is particularly
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interesting because it is sensitive to physics beyond the Standard Model (such as axion-like particles [105]) and alternative theories
such as Born–Infeld electrodynamics [106, 107]. The resulting modified photon dispersion relation can be described by adding a
vacuum current and charge density to Maxwell’s equations, so that the intense laser background appears to magnetise and polarise
regions of the vacuum the photon propagates through (see e.g. [8, 108] for reviews). At the microscopic level, this corresponds to:

γ1 + γ2 + · · · γ j → γ ′
1 + γ ′

2 + · · · γ ′
j ′ .

If written in a form that includes laser harmonics, nγl would be added to one side and n′γl to the other side of this equation. The
simplest case is leading-order photon–photon scattering j � j ′ � 1, or ‘vacuum birefringence’ [109, 110]. One way to measure this
effect is to use a bright probe beam (such as an X-ray free electron laser (XFEL)) and enhance the process by colliding the probe
X-ray photons with an intense coherent EM field such as provided by a high-power optical laser. This is one of the aims of the HIBEF
collaboration [111, 112], which aims to detect such effects at the Eu.XFEL, and the SEL (Station of Extreme Light) in the SHINE
project [113]. In order to make the polarisation flip in the x-ray photons and hence the signal of vacuum birefringence detectable,
it has been suggested to achieve very high polarisation purities [112], develop X-ray polarimeters with extremely high precision
[114], implement a sufficiently good ‘shadow factor’ [115], or use two optical beams to spatially separate the signal photons in the
detector plane [116, 117]. Beyond j � j ′ � 1, interesting effects can occur at higher orders: j > j ′ corresponds to photon merging
or higher-harmonic generation; j < j ′ corresponds to photon splitting, such as hypothesised around strongly-magnetised neutron
stars [118].

Several alternative schemes (i.e. not laser-based) to experimentally study strong-field phenomena in this area have been reported.
For example, a possible alternative is to study the dynamics of ultra-relativistic particles, and their radiative properties, as they
propagate through aligned crystals, in the so-called channelling regime. Signatures of quantum effects in radiation reaction in this
configuration have been recently reported [13].

3 Objectives of the SFQED input

Stemming from the proof-of-principle results mentioned above, it is necessary to transition from qualitative observational exper-

iments to quantitative and high-statistics precision measurements. This demands a step-change improvement in experimental
capability, numerical modelling, and theoretical understanding, which requires expertise across several areas of physics (e.g. lasers,
accelerators, detector technology, plasma physics, and QED) in large-scale collaborations with programmatic funding. The main
objectives are summarised below.

3.1 Experimental objectives

As our overarching goal, we propose the installation and operation of experimental platforms at high-power laser facilities, open

to the growing user community in Europe and beyond, focussed on detailed and high-statistics study of SFQED phenomena.
Such an endeavour requires systematic studies on a wide range of complementary aspects of cutting-edge experimental and theoretical
physics and investment in beamlines for high-power laser and electron beams. This work will also enable key technical developments
with significant impact in other applications envisaged for high-power laser facilities, such as the generation of novel radiation and
particle sources and proof-of-principle studies towards TeV-scale colliders. Key developments in experimental capability can be
grouped as:

3.1.A) Design and installation of dedicated beamlines and user areas at high-power laser facilities: several facilities in Europe
are equipped with high-power lasers capable of accessing SFQED regimes; however, dedicated investment is urgently required to
ensure their effective use. Examples of this include, but are not limited to, beam transport to ensure co-location of different laser
beams within the same experimental area, installation of high-power lasers at high-energy accelerators, construction of dedicated
end-stations equipped with suitable diagnostics and detectors, and schemes for long-term programmatic access that extend beyond
the typical duration of beam-time allocation in user facilities.

3.1.B) Control and diagnosis of high-intensity laser beams: the electromagnetic fields of a tightly focussed high-intensity laser
have complex spatiotemporal distributions with steep transverse and longitudinal gradients that significantly influence the dynamics
and radiative properties of particle beams traversing it. Novel diagnostics for the detailed measurement of the spatiotemporal
distribution of electromagnetic fields in the focus of a high-power laser have been recently proposed [119]; however, it is necessary
to ensure precise on-shot characterisation and control of these quantities. Ideally, one would need to achieve %-level precision
and shot-to-shot reproducibility on the field intensity in focus. This is necessary also for laser-solid interactions [90] and for the
implementation of intensity-enhancing techniques such as relativistic mirrors (see, e.g. Ref. [120]).

3.1.C) Control and diagnosis of high-energy electron beams: for an effective interaction with the laser, electron beams must
contain sufficient charge (10s of pC up to nC) in femtosecond-scale durations and micron-scale transverse sizes, while having
well-characterised and controllable spectrum and chirp [121]. Due to the invasive nature of the interaction, the electron beam
properties prior to interaction are not readily accessible. While neural network techniques have been developed to circumvent this
issue [122] in laser-wakefield accelerators, a superior level of stability and control over the electron beams must be achieved, with
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pilot experiments showing potential in this direction [123]. While the coupling of a high-power laser with electron beams from a
radio-frequency accelerator is expected to ease this issue, this type of experimental configuration is still not widely available, with
only two experimental platforms worldwide currently operating or proposed [33, 37].

3.1.D) Active stabilisation of the interaction region over sustained periods of operation: maintaining micron-scale spatial overlap
and femtosecond-scale synchronisation between multiple high-power lasers or between a high-power laser and a high-energy
particle beam is a phenomenally challenging task. However, it is a necessary ingredient to ensure sustained periods of operation
and, thus, high statistics. Even a slight spatiotemporal misalignment can dramatically change the interaction conditions (see, e.g.
Ref. [19]). Active feedback loops and optics stabilisation techniques are starting to be implemented; however, detailed experimental
programmes devoted to this task must be carried out to ensure the high level of statistics required. Developments in this area will also
be of particular benefit for the generation of novel radiation and particle sources and proof-of-principle studies towards TeV-scale
colliders.

3.1.E) Development of high-precision and high-sensitivity particle and photon detectors: detectors with high-resolution operating
in a high-background environment must be developed and thoroughly characterised. The detectors must be able to operate in a
wide range of particle and photon energies and over a wide range of fluxes. Typical examples include single-particle detectors to
characterise BW pair production [32], ultra-high quality x-ray polarimeters to study vacuum birefringence [114], and high-flux
gamma-ray detectors [124–127]. These developments require large-scale collaborations with interdisciplinary expertise (see, e.g.
the HIBEF and LUXE collaborations [37, 112]).

3.1.F) Novel strategies for background reduction and noise rejection: several aspects of SFQED are associated with relatively rare
events, thus producing weak signals in a high background. Advancing pilot work in this area (e.g. Ref. [32]), specific and sophisticated
strategies for background reduction and for noise rejection at the detectors must thus be developed to ensure statistically meaningful
measurements.

3.1.G) New concepts to increase field intensity with existing laser facilities: new concepts to further enhance the field strength at
the interaction point must be developed and experimentally tested. Recently proposed techniques include back-reflecting the laser
onto the wakefield-accelerated electron beam [128, 129], and exploiting intensity boosts from relativistic plasma mirrors [130]. In
parallel, current work on increasing the repetition rate of high-power laser facilities must be supported.

3.2 Theory objectives

3.2 A) Higher-multiplicity ( dressed) processes: in comparison to scattering in vacuum, little is known about higher multiplicity

amplitudes in strong backgrounds, even in the archetype example of plane wave backgrounds: the non-trivial spacetime dependence
of the background massively increases the difficulty of even tree-level calculations. Higher multiplicity is important for QED cascades
[131, 132], but calculations are mostly approximated using the ‘incoherent product’ assumption which puts all internal lines on-shell
mentioned in Sect. 1.

3.2 B) Higher loops and the Ritus–Narohznyi Conjecture: in the Furry picture, loop corrections correspond to higher powers of e

(beyond leading order), but with ξ treated exactly at each perturbative order. It has however been conjectured, based on the ‘constant
crossed field’ (CCF) model of a laser pulse, that extreme intensities can also enhance the dynamical coupling such that, effectively,
each loops adds a factor of not α, but αχ2/3. This ‘Ritus–Narozhny conjecture’ [53, 133, 134] implies, at least in a CCF, that the
Furry expansion breaks down meaning an all-order resummation must be performed. As such, there are no theory predictions in
the literature for the behaviour of physical quantities in the very high-intensity regime—it is simply not known how QED behaves
there.

It has been confirmed that ‘bubble chain’ corrections Mn to electron forward scattering indeed scale asymptotically order-by-
order with the number of loops n as Mn+1/Mn ∼ αχ2/3 [135]. Intriguingly though, the resummed bubble chain remains unbounded
as χ grows, hence (by unitarity) these cannot be the only relevant loop corrections at large χ . Explicit examples suggest that an
analogous breakdown of perturbation theory can be found in fields other than a CCF, and even in classical physics, though quantities
scale with a different power of intensity [136]. Other examples, however, show that there are also fully quantum cases where the Furry
expansion remains convergent and well-approximated by its lowest order terms [137]. In a constant magnetic field, it is possible to
determine the strong-field limit of the Heisenberg–Euler Lagrangian to all loops; these corrections exhibit a different field-depdence
to those seen in CCF calcualations. Interestingly, the all-loop result is fully determined by one particle reducible contributions [138].

These disparate results tell us we must take a broader perspective on the Ritus–Narozhny conjecture – as well as pushing CCF
calculations to higher precision, we should look for analogous behaviour in other backgrounds, in other theories and regimes where
the CCF model (or its extension in the locally constant field approximation (LCFA)) does not apply, and so on. This is a very
challenging topic, and significant progress will likely require novel insights or the development of new theory tools.

3.2 C) Resummation: connected to the above, we seek methods by which to re-sum a variety of corrections to SFQED processes.
The resummation of leading IR logs and cancellation of IR divergences has been understood [139], but there are relatively few
results on the resummation of finite IR terms, collinear degeneracies [140], or loop corrections [135, 138]. For backgrounds of
long duration, a ‘glueing approach’ is available to build high-multiplicity and high-loop diagrams from a minimal set of leading
contributions, valid even at moderate intensity where the LCFA fails [141]. This has been applied to processes such as nonlinear
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trident [142], and has generated several new results, in particular an all orders (all loops and all multiplicity) derivation of classical
radiation reaction directly from QED [143].

Physics can benefit greatly from the import of new mathematical ideas and methods. Resurgence and trans-series are particularly
interesting for quantum field theories. An important concept here is that working with only perturbative information, resurgent
methods allow for the reconstruction of non-perturbative information. Precision tests of this idea have been made for strong, even
inhomogeneous, fields, in the context of the Euler-Heisenberg action [144, 145]. Trans-series structures can also be seen explicitly
in e.g. spin contributions to quantum radiation reaction [146].

3.2 D) Beyond background fields and plane waves: almost all theory calculations in SFQED, and by extension theory input into
Particle-In-Cell (PIC) simulations, is based on modelling the laser as a background plane wave (or even its zero frequency limit, the
constant crossed field). Accounting analytically for focussing and going beyond the background field approximation are two of the
most challenging theory problems in the field.
Focussing (i.e. spatial field inhomogeneity) opens the door to richer physics [94, 147–153], but calculations based on the Furry
expansion fail at, essentially, the first hurdle, because the Dirac equation cannot be solved for a realistic, intense, focussed pulse.
To address this one can consider, broadly, two approaches. First, identify other approximations with which to construct particle
wavefunctions, without using perturbation theory in ξ . Second, identify (special) cases in which one can find, by construction or by
accident, exact solutions. Both approaches have yielded progress, the former in the context of high-energy approximations [150],
the latter using techniques from integrable systems [151].
Going beyond the background field approximation presents a conceptual challenge, as to date almost all SFQED calculations have
been performed within this framework (for exceptions based on lattice approaches see, e.g. [154, 155]). In the background field
approximation the laser is unaffected during interactions; it acts as an (infinite) reservoir of available energy which contributes to (or
in the case of e.g. nonlinear Compton stimulates) processes, but evolves in time according only to Maxwell’s equations in vacuum.
While this sounds unphysical, there is a concrete re-interpretation of scattering in backgrounds in terms of scattering of coherent
states of light [156, 157], hence background field amplitudes are sensible quantities. Furthermore, the actual level of, e.g. beam
depletion in laser experiments is estimated to be irrelevant due to the very large flux of photons in the beam, and the low density of
probe electron beams [158]. Studies are nevertheless motivated by future relevance in extreme regimes, and the Ritus–Narohznyi
conjecture.

3.3 Simulation objectives

As experiments make the transition from “discovery” to “precision”, it will be necessary for simulations to include more accurate

models of QED processes, as well as additional QED effects that, while not accessible today, will become visible with the next
generation of experiments. It is also essential to quantify the error that is made by simulations, in order to allow experiments to more
closely verify and constrain the properties of the underlying theory.

3.3 A) Error determination: numerical simulations of SFQED processes are built upon a series of approximations, namely: the
background field approximation, a local field approximation (either locally constant or locally monochromatic), and the cascade

approximation. (In addition, where spin and polarisation are included as degrees of freedom, non-classical correlations between
the spins of produced particles, present in the theory [159], are neglected.) These approximations arise from the underlying theory
itself, and their validity is usually assessed by comparing the simulation result to a theoretical calculation, i.e. benchmarking [160,
161]. By definition, this kind of benchmarking can only be carried out in a parameter regime where it is actually possible to do
the theoretical calculation. As such, the error made by simulations is not known quantitatively where it is needed, specifically, in
parameter regimes where only simulations can be used to make predictions for experiments. A key objective in the development of
numerical simulations is therefore to identify methods by which this error can be quantified.

3.3 B) Better approximations: going beyond the current set of approximations, on which simulations are built, is fundamentally
connected to the goal of placing error bounds on those simulations. This is partially because comparing the ‘standard’ and ‘improved’
result when replacing an individual approximation can yield information about the true error made by the simulation framework. As
an example, the locally constant field approximation (LCFA), in which SFQED events are assumed to occur instantaneously, can be
improved with post-local approaches that depend on field gradients [162, 163] or assume that field is close to a monochromatic plane
wave [164]. Similar work is needed with regard to both the background field and cascade approximations. Like the theory itself,
simulations will assume that the total electromagnetic field may be separated into two components: a classical, coherent contribution
at low frequency, which is unchanged by strong-field QED events, and an incoherent, quantised contribution at high frequency.
One objective is therefore to account for depletion of the background field [158] and to allow for situations where the background
and radiation fields are not well-separated in frequency. Furthermore, simulations of high-order processes, like radiation reaction
or EM showers, fundamentally rely on the cascade approximation, which posits that the dominant contribution to a high-order
strong-field QED process is the incoherent product of its constituent first-order processes [7, 8]. Another objective is to find ways
to model the ‘one-step’ contributions (where multiple QED events occur within a single formation length) that are neglected under
this approximation [165].

3.3 C) Reproduction of experimental conditions: the rates and spectra of strong-field QED processes are highly sensitive to the
spatiotemporal structure of the driving laser, as well as to the energy, emittance and spatial properties of any colliding electron
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beams. These are often, if not always, modelled in idealised ways. If a high-precision comparison to experimental data is to be made,
it will not be sufficient to treat a focussed laser pulse as an ideal paraxial Gaussian beam [166] or the phase-space of the electron
beam as uncorrelated [121]. Many codes now make it possible to inject arbitrary EM pulses into the simulation domain [167, 168],
generally by determining the pulse’s representation in Fourier space and propagating this to a given boundary. The effect of complex
laser structure on the expected results of a strong-field QED experiment has not yet been systematically studied. Nevertheless, it is
possible in principle for a simulation to match the laser pulse used in an experiment, provided complete information about the pulse’s
spatial and spectral properties is available. Even without complete information, incorporating measurements of the laser transverse
profile, duration and phase to improve the modelling of the background field (see, e.g. [169]) in strong-field QED simulations is a
key objective.

3.3 D) New physics accessible at high precision or high quantum parameter: as the precision of experiments increases, it will
become possible to investigate strong-field QED processes that are suppressed with respect to the cascade component, which is
assumed to be dominant at high intensity and long-pulse duration. Apart from the ‘one-step’ contributions discussed above in Sect.
3.2 A), e.g. one-step trident, this includes loop processes. Some of these are already included in simulations: the one-loop mass
operator, for instance, contributes to the evolution of the electron spin, which is modelled using a strong-field version of the T-BMT
equation [170, 171]. For consistency, it will be important for simulation codes to include other processes that occur at the same order
in α. Moreover, as discussed in the Sect. 3.2, these higher-order contributions are conjectured to become as important as tree level
in the extreme limit of αχ2/3 � 1. A key objective is to solve the problem of simulating SFQED processes when the distinction
between the cascade and non-cascade contributions is no longer meaningful. At the same time, simulations are already needed to
an identify a pathway to achieve such a high value of χ [172–174], and crucially what signals would provide evidence that it has
been reached.

4 Readiness and expected challenges

A comprehensive and consistent experimental characterisation of the SFQED regime can only be achieved if all the collision
parameters are known in detail. These include the spatiotemporal distribution of the laser electromagnetic fields with femtosecond
and micron-scale precision and the phase-space distribution of the particle beam.

High-quality and stable electron beams with ultra-relativistic energies can be provided by radio-frequency particle accelerators,
such as the Stanford Linear Accelerator (SLAC) and the Eu.XFEL, able to accelerate electron beams with a maximum energy of 13
and 16.5 GeV, respectively. These accelerators are suited to drive X-ray free electron lasers (FEL) and can thus provide superior beam
qualities, including sub-per cent energy spreads, micron-scale normalised emittances, and micron-scale longitudinal and transverse
dimensions. FACET-II at SLAC is currently coupled with a relatively high-power laser system (peak power of the order of 10 TW)
and a dedicated experimental campaign (E320 [33]) is currently underway to study inverse Compton scattering and nonlinear BW
in a moderately perturbative regime (ξ ≈ 1 − 5). A technical design report for comparable experiments to be carried out at the
Eu.XFEL has also been recently published by the LUXE (Laser Und XFEL Experiment) collaboration [37, 175]. LUXE is proposed
as a permanent end-station at the Eu.XFEL, which will thus provide the unique opportunity to carry out long-term experimental
campaigns specifically targeted at generating high-statistics datasets at high precision. The design and installation of a beamline to
transport the electron beam to the LUXE experimental area have been funded by the European Union, but significant investment is
still required for the installation and operation of a high-power laser and the necessary suite of detectors.

Significant progress on laser-wakefield acceleration of ultra-relativistic electron beams has also been reported, thus allowing
in principle for SFQED experiments to be carried out in an “all-optical" setup at high-power laser facilities. For example, laser-
wakefield-accelerated electron beams with a maximum energy exceeding 10 GeV have been recently reported using a 500 TW laser
pulse [176]. While the stability and spectral and spatial quality of wakefield-accelerated electron beams can still not match those
attainable with radio-frequency accelerators, proof-of-principle experiments demonstrate the possibility of finely controlling the
beam parameters (see, e.g. Ref. [123]), thus opening up the possibility for high-precision studies of SFQED in high-power laser
facilities as well.

The quality and stability of the electron beam needs to be matched by those of the laser beam. Even small shot-shot fluctuations
in the beam pointing, synchronisation, spatiotemporal distribution, and energy of the laser beam can result in non-negligible
fluctuations in the intensity effectively experienced by the electron beam. The generally strong dependence of SFQED phenomena
on field intensity can thus result in large fluctuations in expected outcomes, which thus significantly limits the possibility of carrying
out detailed benchmarking of SFQED models against experimental results. Plans to achieve %-level monitoring and stability in
the focussed laser intensity have been proposed (see, e.g. the Technical Design Report of the LUXE experiment [37]), but require
significant investment in laser technology to be translated into reality. Experimental programmes in this area will be instrumental
also for other applications of high-power lasers, such as plasma-based particle acceleration and generation of secondary photon
sources.

Another issue that is common to both “all-optical" and “hybrid" (i.e. with electron beams from a radio-frequency accelerators)
experiments is related to the detectors. These experiments require the simultaneous measurement of the spectral and spatial properties
of particle and photon beams with an extremely wide range of energies and yield. For example, BW pair production requires
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single-particle detection capability in a highly noisy environment, while Compton scattering would require detectors capable of
measuring high-flux photon beams with a high photon energy. Several numerical and experimental studies on detector technology
and background rejection have been recently reported (see, e.g. Ref. [32]). However, significant investment, dedicated access, and
networking between different research communities are urgently needed to study SFQED with sufficient precision.

Several smaller-scale laser facilities are also now operational across Europe in both research institutes and Universities. While
these systems are generally not suited to directly access the SFQED regime, they do provide laser parameters suitable to carry out
research and development in several technical aspects of a full-scale SFQED experiment, including stabilisation and high-precision
characterisation of laser and particle beams and development of novel detectors. Moreover, facilities of this kind represent valuable
hubs for the training of a pool of researchers, both at doctoral and postdoctoral level that can then successfully undertake SFQED
experiments at large-scale facilities.

5 Key recommendations and required support

Step-change progress in this emerging area of frontier fundamental physics can only be enabled by dedicated international pro-
grammes devoted to addressing key technical and scientific challenges. Successful delivery of these programmes is expected to
produce tangible impact well beyond SFQED, in areas such as particle acceleration, generation and exploitation of novel particle
and radiation sources, detector technology, and the design of the next generation of particle colliders. In the following, some key
recommendations are outlined, together with the predicted level of support required.

5.1 Experimental recommendations

1. Installation and operation of experimental areas specifically devoted to SFQED and related high-intensity experiments: while
several international facilities can in principle provide field intensities sufficient to access SFQED regimes, specific investment
is required to enable high-precision studies of SFQED in the laboratory. To do so, it is necessary to co-locate and synchronise
different high-power laser beams within the same experimental area, and to enable co-location of high-power lasers with XFEL
radiation or high-energy electron beams from radio-frequency accelerators. As possible examples of this activity, hosting a
high-power laser at the Eu.XFEL and coupling it with both the X-ray and electron beam will enable high-precision studies of
vacuum polarisation (see, e.g. the HIBEF programme [111]), quantum radiation reaction, and BW pair production (see, e.g. the
E320 programme in the US [33] and the proposal of the LUXE collaboration [36, 37, 175]). Co-locating and synchronising the
1PW and 10 PW lasers at ELI - Beamlines would also allow for a unique capability worldwide to combine high-power and
high-energy (1.5 kJ) laser beams. The scale and international interest for projects of this kind demands for large-scale investment
at the European level.

2. Dedicated access to high-power laser facilities for the stabilisation and high-precision characterisation of laser and particle

beams: high-power laser facilities generally award beam-time on a competitive basis, with particular attention being given to the
ground-breaking and high-impact nature of the expected outcomes. Moreover, beam-time allocations rarely exceed 3-5 weeks.
However, several technical advancements require longer periods of access, possibly by large and international collaborations. We
would thus recommend designing beam access programmes that are specifically targeting technical research and development,
with associated expenses covered by transnational support. A similar programme has been established for particle accelerators
(see the ARIES project [177]) and could, for instance, be included as a specific access route within the Lasers4EU programm
[178].

3. Distributed investment in smaller-scale laser facilities and University laboratories for R&D: capillary development of small-
scale laser laboratories at University level would strongly benefit the development of SFQED experimental research. Laser
laboratories of this kind can operate as test-bed facilities for experimental techniques, novel detectors, and laser technology,
while also providing the necessary training platform for the next generation of scientists. Besides their central role in SFQED, the
radiation and particle sources delivered by facilities of this type can also be directly used for industrial and societal applications
in areas as diverse as manufacturing, material characterisation, and healthcare. A coordinated plan across national research
councils and specific calls for funding will enable developing and exploiting this type of facilities.

4. Establishment of large-scale collaboration networks: following the example set by the particle and accelerator physics commu-
nities (see, e.g. the EuroNNAC [179] and ALEGRO networks [180]), the interdisciplinary nature of this endeavour will strongly
benefit from the formal establishment of international collaborations, with dedicated yearly workshops and funding for network-
ing as well as the participation in the design of future particle accelerator facilities [181]. COST action funding and applications
for dedicated international Doctoral Networks (e.g. via the Marie Skłodowska–Curie Actions) will enable establishing this type
of networks.
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5.2 Theory recommendations

Almost all theoretical calculations in SFQED—and, by extension, theory input into PIC simulations and experimental analysis—are
based on modelling the laser as a background plane wave (or even a constant crossed field). New ideas and methods are needed if
we are to make significant advances in regimes of high precision or ultra-high intensity.

1. Development of methods to efficiently calculate both higher multiplicity and higher-loop diagrams: beyond the CCF limit, a
brute-force approach using standard models and methods seems unlikely to yield significant progress. Possible simplifications
may be offered by going to the self-dual sector [182]. Inverse methods may potentially have a role to play [183], though to date
there has been little exploration of their use in, e.g. nonlinear Compton scattering or nonlinear BW. Worldline, or first quantised,
approaches, certainly have a role to play, and can provide results which are not apparent or accessible in standard Feynman
diagram approaches [184, 185].

2. Continued development of resummation methods: this is not unrelated to the above and, in particular, we would need novel
methods that allow for resummation of the Furry expansion at large χ . In the CCF case it is possible to resum some sub-classes
of diagram exactly, e.g. bubble chains [135], and this will likely be extended to other classes of diagrams eventually. It would
be extremely useful to identify methods by which to identify which diagrams are relevant at high χ , ideally without computing
all diagrams first.

3. Development of an entirely different expansion scheme which holds in the high-χ regime, or an approximation which can be
trusted to effectively approximate the impact of higher-loop effects on a given process, or “blue-sky goals. At present, it is
not clear what form these would take, but they could be transformative for our understanding of QED in previously uncharted
regimes.

4. Dedicated work for translating theoretical developments into simulation codes: this might include implementation of more
accurate methods, error estimation, verification and benchmarking.

5.3 Simulation recommendations

1. Establish a network to focus on error determination: quantifying the theory uncertainty in SFQED simulations will require
collaboration between researchers in theory, phenomenology and numerics. We recommend that a network of experts in these
areas is established, with the aim of finding methods to quantify the uncertainty and how they should be implemented into
simulation codes.

2. Create an open-source database of theory calculations and numerical methods: identifying better approximations and verifying
the performance of SFQED simulations requires benchmarking with theoretical predictions. We recommend that the numerical
routines required to calculate these, as well as test case results, should be made publicly available, in the same way that many
simulation codes are open-source.

3. Develop a start-to-end simulation framework for SFQED experiments: we recommend starting developments towards an open-
source, start-to-end simulation framework for SFQED experiments, which can import data from experimental measurements and
beam-tracking software to model initial conditions, and includes synthetic detector responses. This could be integrated within
existing frameworks used in high-energy particle physics [186].

6 Conclusions

State-of-the-art laser facilities are now able to generate laser pulses with peak power approaching 10 PW and focussed intensities up to
1023 Wcm−2. Recent pilot experiments are starting to demonstrate the potential of these facilities to access quantum electrodynamics
in the strong-field regime in the laboratory. This research area is now sufficiently mature to transition from qualitative observational
experiments to quantitative and high-statistics precision measurements. This is of paramount importance not only for several areas
of fundamental physics but also for the optimisation of unique particle and radiation sources that these laser systems promise to
deliver and for design of future multi-TeV lepton colliders. However, the full potential of multi-PW laser facilities can only be
realised with significant investment in several areas of experimental, computational, and theoretical physics. This document sets out
the main objectives and recommendations from the research community to carry out the first systematic and high-statistics studies
of strong-field quantum electrodynamics in the laboratory.
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