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Quantum Electrodynamics? Cycnsys
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s | SYSTEMS UNDERSTANDING

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

EuropeanXFEL
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. 2 “scattering partner
(electrons, photons,...)

do

XFEL pulse

do
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The parameter space: EuropeanXFEL
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— we need a more QED-like description & new tools!

Monte-Carlo event generation for the interaction

locally-constant field approximation?
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Model: strong-field quantum electrodynamics
e Feynman-rule: vertex

K K
—»—E—k
p ' P %
Ty
—ieyH (2m)46@ (p—p' —k') =—iel*(1)(2m)46@) (p+lk—p’ —k')

e vertex function
(L p,p' k) =T Bo(l) + ' B1, (1) + T4 Ba(1)
e Phase integrals

By (1) - 1
Bi) S = / 06 exp(ild + iG(6)) 4 A"()
Bs(1) o AM($)Au(9)

[UHA, Kampfer. 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 |
Compton scattering
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~
First-order processes Il Cycnsys

Breit-Wheeler pair production = 7 Sistens unoerstaNoN

Ky

/

XFEL p

threshold: /s = 2m, ~ 1022keV

e 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]]

5 [keV]

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

— no direct observation yet
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Second order process
Trident pair production

e positron in the final state
XFEL P1 — "easy" to detect

threshold process
® impact of spectral structure

/ D2
k * two vertex process

® interesting physics

p b3 ® no MeV partner photon needed
XFEL * enabled by e~ beam
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Trident process Cycnsys
kinematically reachable -

® ~ 10 — 50 MeV electron energy
is sufficient

e conceivable electron sources
® ¢~ guns
® stable kHz+m) laser wake
field accelerator
[J Faure et al 2019 Plasma Phys. Control. Fusion 61]
® |aser-driven e~ in thin targets
@ HED/HIBEF

Monte-Carlo event generation for the interaction of x-ray laser fields and hot electrons Uwe Hernandez Acosta| 10



) crerorsovco
Folbirtssc

~
Trident process (‘3 CASVUS
previous insights are promising

-

1072

e Subthreshold effects for /s < 3m,!

(mb]

10
® raw estimate:

® Otrident ™~ 10_5 mb

® 1nC electron beam

e XFEL focused on 1 micron
= ~ 6000 positrons

o(v/5)

10~

1078
27 28 29 30 31 32 33 34

Vs/m

[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

“scattering partner
(electrons, photons,...)

do

XFEL pulse

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

Computational Model

Showering and clust

Differential cross sections Monte-Carlo event generation
A “ |“ m Transport
..|||‘ ||| |||I|._

Detector simulation

Event reconstruction
and
Analysis

quick and dirty

Machine Signal Transport/

P Detector
(EuXFEL + e~ beam) Amplification

[Stefan Gieseke - MCnet Vietnam summer school (2019)]
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Differential Cross Sections: %1, ...,
e Scattering Matrix Element

ky P
ANANANS——
qB1
ky A~AA~AA~~gy
+ '1}11
p——— o
L/
P p3
e Golden Rule
do = S X Z |M|?
47
N~~~ T1.eiyALeee
incident flux

squared matrix element

HQED(kla .. .,k'M,pl, ..
HSfQED(K,kl,...,pl,...;l,’r,...

k]w—)ph...

oN) = 0B (kg 4 - -
Yy=0W((I+7r+...

(“ 1 CASUS

y PN o d cerenror souceo
o ¢ SYSTEMS UNDERSTANDING
ko P2
aha
" P1
o + — M
p ps
qra
k1
H 3 0 27T) H(kl,“'»kMapla"'apN)
N 27r) 2
i=

phase space measure

+ kv — (p1+ - +pn)) X O(cuts)

JK+ki+---—(p1+...)) x O(cuts)
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Differential Cross-Section: get your hands dirty Cycnsys

~

(Generate Feynman

~
Decide Model Choose Scattering Di
jagrams
Process
QED/sfQED e ty—e +y
J

Optlmlze DAG )

Execute and
calculate result

[WIP: Anton Reinhard]
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Directed acyclic graphs - simplified
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Optimization for target architecture

() ()
TR
@) €2 @) &) &) &) @) &)
OIOICICIOICICIO)
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How to generate events

total cross section

1 do/d cos6(u
>y / ()

TN g(u)

Wy,

uER[g]

l—KIein-Nishina adaptive grid‘

>
(‘, CASUS

s | SYSTEMS UNDERSTANDING

sample drawing (unweighting)

(u,wy) = (4,1)

@ accepted @ rejected target distA‘
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NN-Enhanced sampling wi. rom jungricken ( ), CASYS

SYSTEMS UNDERSTANDING

e VEGAS (Standard) [Lepage. J.Comput.Phys. 27 (1978), 192]

100 100 10
08
o7 075
06
050 050
04
025 025
02
000 o0,
o0 025 050 075 100 o

e Neural importance-sampling wotmann et al. scipost hysics, 84069, 20201

trained NN
Coupling layer h; hy hr *
Partition A
2 T yA \a 5/ 0rs
™
e ves (= <o

Partition B
B

x
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Neural importance-sampling: Pulsed-perturbative Compton Ny crcromsumcs

groundtruth
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w !
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preliminary results!
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Pulsed-perturbative Compton events - preliminary results LA SASYS

W ¢ L O pulsed-perturbative QED

e wx = 40keV on electron at rest

el * pulse profile: cos?() Maag (¢)

[1000000x17 DataFrame
Row | pnum i_photon_p@ i_photon_pl i_photon_p2 i_photon_p3 i_elec_pd i_elec_pl i_elecp2 i_elec_p3 o_photon_pd o_photon pl o_photon_p2 o_photon p3 o_elecpd o_elec pl  o_elec_p2

o-07a2761 o.07a2761
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-0.0162319 0.0498587
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-0.0102091 -0.0379429
0.0102775 . 0.0731398

-0.0665046  -0.0021324 00702 -0.0254992
-0.040349 . . -0.00557886
0.0706587 -0.0103051 0.0582852 -0.0385913  1.00762 03051
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999986 | 0. 0.0782781
999987 | 1.0159 0.0782781
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0.0794708 -0.0100127 0.0788218  0.998807 0.0100127  -0.00157875 -0.000543702
0.072449  0.0457775 0.049934 . -0.0457775  -0.0256882  0.0283441
0.0690182  0.0150056 .03 9.0563227 . -0.0369607  0.134601
0.0749693  0.0706619 -0.0201764 . ©0.0148302  0.0984545
0.0720688 -0.0513603 0.0408839 . 0.0297413  0.0373942
0.080803  -0.0560486 0.0581851 -0.00147259
0.0636467  0.0237841 -0.0573283 0.0140955

-0.00276088 -0.00187523

-0.0245916

0.0436517

-0

555555555555555 sooscosscssoss
5955595555955 995595995599

.00263
Oa7adizs o.07i36i  -0.00300993 -0.0%04047 1.0  0.07a3s1s 00339393

999999
1000000 | 10075 le782781
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0 rows omitted
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Pulsed-perturbative Compton events - preliminary results (-,‘,
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Trident + Compton (perturbative): preliminary results
includsive electron distribution

152000
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Compton + Trident
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Trident process: preliminary results Cycnsys
exclusive electron distribution -
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QED. j1 - Strong-field particle physics code (-_‘, caAsYs

[https://github.com/QED]jl-project]

Requirements BASE PACKAGES
QEDmc.jl ‘ ‘ QEDbase.jl ‘

(D)RNG, Vegas, MCMGC,..

QEDio.jl ‘

Lorentz vectors, spinors,... hepMC3, openPMD, LHA,...

® Oopen source

PHyYsics PACKAGES

e written in Julia ‘ QEDmodels.jl
models.] ‘

PQED, sfQED,...

QEDphasespaces.jl ‘ ‘ QEDfields.jl ‘

RAMBO/MAMBO, SARGE,.. em. fields, spectra, ...

e user-friendly

. EVENT GENERATION
e modularised

QEDprocesses.jl
CERETCE PREEEEEER, QEDevents.jl
e extensible s Femvimem dWegem et
APPLICATIONS
e performant
‘ QEDinCell.jl ‘ ‘ QEDcascades.jl ‘ ‘ ? ‘

e CPU+ GPU

- - Monte-Carlo event generation for the interaction of x-ray laser fields a ot electrons Uwe Hernandez Acosta| 25




~
QED. j1 - Strong-field particle physics code Cycnsys

s | SYSTEMS UNDERSTANDING

[https://github.com/QED]jl-project]

Requirements BASE PACKAGES
QEDmc.jl ‘ ‘ QEDbase.jl ‘

(D)RNG, Vegas, MCMGC,..

QEDio.jl ‘

Lorentz vectors, spinors,... hepMC3, openPMD, LHA,...

® Oopen source

PHyYsics PACKAGES

e written in Julia ‘ QEDmodels.jl
models.] ‘

PQED, sfQED,...

QEDphasespaces.jl ‘ ‘ QEDfields.jl ‘

RAMBO/MAMBO, SARGE,.. em. fields, spectra, ...

e user-friendly

EVENT GENERATION

e modularised

QEDprocesses.jl
CERETCE PREEEEEER, QEDevents.jl
e extensible s Femvimem dWegem et
APPLICATIONS
e performant
‘ QEDinCell.jl ‘ ‘ QEDcascades.jl ‘ ‘ ? ‘

e CPU+ GPU

— Proof-of-concept release: soon!
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—~S
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Parameter space Cycnsys
Where are we? -

106

1051 wx )\X I ao T Ncycles

, keV] [nm] [ ] 5]

104 ~10 0.03 1028 ~1073 20 ~10°

1031 .
S e decoherence assumption breaks

— interactions accumulate over several
XFEL wave-cycles
— modeled with higher order processes

1027

107 p LA and spectral extensions
i insignificant
1 g fndynamics e almost monochromatic
esaherency 8 ® K ~ 1.5—9 = higher harmonics?

assumption breaks
T

1pm 1nm 1ym 1mm 1m ® high-precision description available
A — pulsed-perturbative QED

[Gonoskov, et al. Reviews of Modern Physics 94.4 (2022)]
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EuXFEL pulse as a driver
Trident for dark matter exclusion 104

[Gakh et al. PRD 101 (2020) 7]
107°
10°° R .V -
P = -
XFEL b R
e 10 4" APEX -
XFEL P
. RN Do 10°% P E
! XFEL " IU_” HPS test E
p p3 1071 E
XFEL | |
10 100 1000
ma [MeV]
[Endo et al. PRD 86 (2012), Graham el al. Ann.Rev.Nucl.Part.Sci. 71 (2021)]
® Dark photon
— hypothetical dark matter candidate e sensitive for lower pair energy
— massive photon-like particle
kinematically mixing with photons e full control over the pure-QED
[Holdom. PLB 166 (1986)] background
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