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Quantum Electrodynamics?

Neutron stars Dirac-/Weyl materials Particle colliders
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Quantum Electrodynamics!

EuropeanXFEL
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XFEL pulse as a driver

XFEL pulse
scattering partner

(electrons, photons,...)
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The parameter space: EuropeanXFEL

ωX λX I a0 τ Ncycles

[keV] [nm] [ W
cm2 ] [fs]

∼ 10 0.12 1021 ∼ 10−3 20 ∼ 105

Thomson scattering? locally-constant field approximation?

→ we need a more QED-like description & new tools!
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Model: strong-field quantum electrodynamics
• Feynman-rule: vertex

�p p′

k′

︸ ︷︷ ︸
−ieγµ(2π)4δ(4)(p−p′−k′)

−→ �p p′

k′

lkX︸ ︷︷ ︸
=−ieΓµ(l)(2π)4δ(4)(p+lk−p′−k′)

• vertex function
Γµ(l, p, p′, k) = Γµ

0B0(l) + Γµν
1 B1ν(l) + Γµ

2B2(l)

• Phase integrals
B0(l)

Bµ
1 (l)

B2(l)

 =

∫ ∞

−∞
dϕ exp(ilϕ+ iG(ϕ))


1

Aµ(ϕ)

Aµ(ϕ)Aµ(ϕ)

[UHA, Kämpfer. Phys.Rev.D 108 (2023) 1, 016013][UHA. PhD thesis (2021)]
[Meuren,Keitel,Di Piazza. Phys. Rev. D 88, 013007 (2013)] [Mitter. Acta Phys. Austriaca Suppl. 14, 397–498 (1975)]
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First-order processes ICompton scattering
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First-order processes IIBreit-Wheeler pair production

�kγ p′

p

XFEL

threshold: √s = 2me ≈ 1022 keV

• positron in the final state
→ "easy" to detect

• investigated in optical setups
[DiPiazza et al. Rev. Mod. Phys. 84 (2012), Fedotov et al. arXiv:2203.00019 [hep-ph]]

• seminal experiment: E-144@SLAC
• upcoming: LUXE@Desy, E-320@FACET-II

→ no direct observation yet
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Second order processTrident pair production

�k′

p p3

p2

p1XFEL

XFEL

• positron in the final state
→ "easy" to detect

• threshold process
• impact of spectral structure

• two vertex process
• interesting physics

• no MeV partner photon needed
• enabled by e− beam
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Trident processkinematically reachable
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• ∼ 10− 50MeV electron energyis sufficient
• conceivable electron sources

• e− guns
• stable kHz+mJ laser wakefield accelerator

[ J Faure et al 2019 Plasma Phys. Control. Fusion 61]
• laser-driven e− in thin targets@ HED/HIBEF
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Trident processprevious insights are promising
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• Subthreshold effects for √s < 3me!
• raw estimate:

• σtrident ∼ 10−5 mb
• 1 nC electron beam
• XFEL focused on 1micron

⇒ ∼ 6000 positrons

[UHA et al. Plasma Phys.Control.Fusion 61 (2019) 8, Titov et al. PRA 104 (2021) 6]
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XFEL pulse as a driver

XFEL pulse
scattering partner

(electrons, photons,...)

How many "ticks" will be in the pixel?
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Particle-physics-like simulation workflow

Differential cross sections Monte-Carlo event generation

Computational Model

�
Showering and clustering

Transport

Detector simulation

Event reconstruction
and

Analysis

Signal Transport/
Amplification

Machine
(EuXFEL + e− beam)

Detector

quick and dirty

[Stefan Gieseke - MCnet Vietnam summer school (2019)]
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Differential Cross Sections: k1, . . . , kM → p1, . . . , pN
• Scattering Matrix Element

�
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• Golden Rule
dσ =

1

4I︸︷︷︸incident flux
×

∑
σ1...,λ1...

|M|2︸ ︷︷ ︸squared matrix element

×
N∏
i=1

d3pi
(2π)32p0i

(2π)4H(k1, . . . , kM , p1, . . . , pN )︸ ︷︷ ︸phase space measure

HQED(k1, . . . , kM , p1, . . . , pN ) = δ(4)(k1 + · · ·+ kM − (p1 + · · ·+ pN ))×Θ(cuts)

HsfQED(K, k1, . . . , p1, . . . ; l, r, . . . ) = δ(4)((l + r + . . . )K + k1 + · · · − (p1 + . . . ))×Θ(cuts)
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Differential Cross-Section: get your hands dirty

[WIP: Anton Reinhard]

Monte-Carlo event generation for the interaction of x-ray laser fields and hot electrons Uwe Hernandez Acosta 15



Directed acyclic graphs - simplified
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Optimization for target architecture
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How to generate events
total cross section sample drawing (unweighting)

σ ≈ 1

N

∑
u∈R[g]

dσ/d cos θ(u)

g(u)︸ ︷︷ ︸
∼wu

(u,wu) → (ũ, 1)
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NN-Enhanced sampling [WIP: Tom Jungnickel]

• VEGAS (standard) [Lepage. J.Comput.Phys. 27 (1978), 192]

• Neural importance-sampling [Bothmann et al. SciPost Physics, 8(4):069, 2020]

borrowed from [Müller, et al. ACM Transactions on Graphics (ToG) 38.5 (2019)]
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Neural importance-sampling: Pulsed-perturbative Compton
groundtruth VEGAS sample NIS sample

ω′ :=
ω′

ω′
max(cos θ)

∆ϕ = 20

preliminary results!
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Pulsed-perturbative Compton events - preliminary results

�p p′

k′

XFEL

• LO pulsed-perturbative QED
• ωX = 40 keV on electron at rest
• pulse profile: cos2( πϕ

2∆ϕ ) ⊓2∆ϕ (ϕ)
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Pulsed-perturbative Compton events - preliminary results

∆ϕ = 50

∆ϕ = 500
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Trident + Compton (perturbative): preliminary resultsincludsive electron distribution
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Trident process: preliminary resultsexclusive electron distribution
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QED.jl - Strong-field particle physics code
[https://github.com/QEDjl-project]
Requirements

• open source
• written in Julia
• user-friendly
• modularised
• extensible
• performant
• CPU + GPU

Base Packages

QEDbase.jl
Lorentz vectors, spinors,...

QEDmc.jl
(D)RNG, Vegas, MCMC,...

QEDio.jl
hepMC3, openPMD, LHA,...

Physics Packages

QEDphasespaces.jl
RAMBO/MAMBO, SARGE,...

QEDmodels.jl
pQED, sfQED,...

QEDfields.jl
em. fields, spectra, ...

Event Generation

QEDprocesses.jl
concrete processes,

generic Feynman diagram generation

QEDevents.jl

Applications

QEDcascades.jlQEDinCell.jl ?

−→ Proof-of-concept release: soon!
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BACKUP
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Parameter spaceWhere are we?

[Gonoskov, et al. Reviews of Modern Physics 94.4 (2022)]

ωX λX I a0 τ Ncycles

[keV] [nm] [ W
cm2 ] [fs]

∼ 10 0.03 1021 ∼ 10−3 20 ∼ 105

• decoherence assumption breaks
→ interactions accumulate over severalXFEL wave-cycles
→ modeled with higher order processesand spectral extensions

• almost monochromatic
• K ∼ 1.5− 9 ⇒ higher harmonics?

• high-precision description available
→ pulsed-perturbative QED
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EuXFEL pulse as a driverTrident for dark matter exclusion
[Gakh et al. PRD 101 (2020) 7]

�k′

p p3

p2

p1XFEL

XFEL

→ �
p p3

p2

p1
XFEL

XFEL

[Endo et al. PRD 86 (2012), Graham el al. Ann.Rev.Nucl.Part.Sci. 71 (2021)]
• Dark photon

→ hypothetical dark matter candidate
→ massive photon-like particlekinematically mixing with photons

[Holdom. PLB 166 (1986)]

• sensitive for lower pair energy
• full control over the pure-QEDbackground
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