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DESY on-site particle physics experiments
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LUXE experiment (intnl. collab.) to study strong-field QED

ELBEX infrastructure provides beam extraction, financed (partly) by EU Infrastructure grant
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« ELBEX goal: prepare beamline to extract 16.5 GeV
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New site for ELBEX:

«  Opportunity: ELBEX in XTD8 tunnel, co-use with planned
EuXFEL fusion facility

 tunnel separately interlocked

— no extended shutdown for installation, frequent access

« more longitudinal space than old site XS1

— multi-user facility

2 l 3 \\
XTD3 near %
ELBEX !
— closely coordinating with EuXFEL branch-off \

« plans for fusion project still developing
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University of Manchester, DESY

ELBEX extraction beamline design
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« Challenge: ELBEX electrons share beam pipe with SASE2 x-rays from mirror at XTD1 to fusion area
— ELBEX extraction beamline: dogleg double bend from XTD3 into XTD8

* Matched lattice design achieved, optimization ongoing
— goal: 10um spot size at IP
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ELBEX beamline and users status
ELBEX beamline:

 Design effort for beamline in new XTD8 location
— aim for CDR end of year

» Developing XTD8 safety and space usage
concept — joint task force with EUXFEL

ELBEX users:

« LUXE: strong-field QED and long-lived particles
search (this talk)

ELBEX ..
i et 111 VE * Plasma: joint effort from FH and M to explore
beamline LUNL use of ELBEX for beam-driven energy doubling
» Testbeam: crystal-based extraction of GeV
electrons for test beam facility
e ‘ X100 T USion EXpenment : nH]:
Plasma boosting Testbeam LUXE Fusion facility
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SFQED Review paper: A. Fedotov et al,

Stron g -Field QED (S F-QED) 2203.00019 [arXiv:hep-ph]

* QED is one of the most well-tested theories in physics — based on perturbative calculations
* LUXE: QED in non-perturbative strong-field regime

mac3

« Schwinger critical field: ¢ = oh (e.g. for electrical field: Eq = 1.32-10'8V/m )
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» Schwinger effect: creation of e*e pair from vacuum in constant field e/y beam
— unobservable: existing constant fields « &,

LUXE: relativistic probe particles (e,y) colliding with laser
— fields O(E,,) in particle rest frame!
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https://arxiv.org/abs/2203.00019

Breit-Wheeler pair production

n=0.1915 [16.5 GeV], 16 cycles
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Non-perturbative regime
— departure from power law (“tunneling”)

T
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LUXE Iin SF-QED Parameter Space
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 LUXE reach in SF-QED parameter space (¢, y) driven by beam energy, laser intensity
— transition between perturbative and non-perturbative QED

« LUXE unique ability: high-statistics datasets with variable laser spot size
— precision mapping of SF-QED parameter space
— confront SF-QED theory predictions with precision data
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.60.092004
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https://doi.org/10.1103/PhysRevD.108.052013

LUXE experimental setup(s)

electron - laser set up (a)

Compton

anvel’ter dum .
target P e" e pair
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The LUXE laser & dlagnostlcs

q =0. 1915 [165 GeV] 16 cycles
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« LUXE laser: TiSa (40TW, upgradeable to 350TW)

 electron boost: current state-of-the-art in laser intensity is sufficient
— require exceptional shot-by-shot stability (<1%)

 laser intensity uncertainty has a large impact on sensitivity — high-precision diagnostics
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Universitat Jena, DESY

JETI40 laser at DESY

« JETI40 (now 10 TW) laser transported
from FSU Jena to DESY May 2025

» Setting up clean room in HERA West.

« Aim to have laser operating early
next year and maintain

« Opportunity for laser experiments, discussion ongoing

* Potential commissioning laser system
for LUXE

» Laser technical and safety team in place

Thanks to the many people who made this possible
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LUXE IP Detectors

Interaction Point
(e- - Laser)

/

Fanout vacuum
chamber

Tracker

« Particle flux varies between ~0.001 e* and 10° (e- and y) per laser shot!

» LUXE detector technologies adapted to signal and background flux
— baseline defined, but rich opportunities for further upgrades

» Testbed for detectors (e.g. pixel tracker, high granularity calorimetry) + software (e.g. key4dhep, ACTS,...)

for future colliders
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LUXE electron detectors at E-320 UCL, DESY

Run 12245. Laser Energy: 0.392 |
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* LUXE high-rate electron detection system (Scintillator + camera and Cherenkov straw tube detector)
« DESY + UCL team performed combined test campaign at E-320 (FACET-ii, SLAC)
» Collisions between 10GeV electron beam and 10TW laser (¢€~1...5)

« Edge from non-linear Compton scattering visible in scintillator screen data
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SFQED on the DESY campus

NP-QED/LUPE - Laser Und Plasma Experiment

e- beam collision

a

7
LINAC Il
450 MeV

LPA simulation

4 . N
CRM Incident laser W«Ml»»»’

y>>1
Doppler

upshifted light
LUPE concept: e-laser collisions with Plasma-
boosted laser and LPA electron beam

Laser: 100TW system boosted by Plasma mirrors
e-beam: 6 GeV Plasma injector for Petra IV

reach fully non-perturbative regime x~50 in SFQED
phase space

DESY Pls: J.List, A. Maier

recton erc NEW Opportunity:
T NP-QED ERC Synergy Grant approved

PETRA IV

Cea BRI [l
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LUPE In SF-QED Parameter Space
3| b /’ T | IHlCI T T TTT . ol 2/3| T
10~ Xy s M X7
— " AN\ > . .
- Linear < A ¢ Fully nonperturbative ?
I > A0 =L :
ES20 4% AT VULCAN [ T 07
X=1 e EP-OPAL |10
1 S - AP <~ |Apolion F oV
A . ELI i -
144 H | E320 |57 CoRELS R
. A W v — - P
// Gemini || ZEUS | J7.,%
il \N e
0.100 [UXE O araam
o et A
J\"Oj"" ’_‘
- @3\\ Diocles 2 |7/
%
AM /"
/
0.010 g Mulﬁﬂhmnn Gemini1 '-,i" Tunnaling
[| _2n, 0
S|~ ~X P&-&ra Xy
Diocles DRACO
ool T e
0.1 1 10 100 1000

DESY. | KET ErUM-Pro Strategy Workshop: LUXE | Ruth Jacobs, 22/11/2025 Page 15



Summary

ELBEX: New high-energy electron beam = new on-site opportunities for particle physics at DESY

« LUXE: SF-QED precision experiment to confront theory with data in transition regime (+ long-lived particle search)
 New site XTD8 is a game changer for ELBEX and LUXE

« ELBEX and LUXE strongly rely on German expertise

* Schedule: ELBEX commissioning 2029, start of LUXE operation 2030, first SF-QED results 2031
— could come online during next ErUM-Pro funding period

* Recent boost for SFQED at DESY with successful ERC Synergy Grant NP-QED

pAOR]Y)

’ Start of LUXE data-taking

’ First LUXE SF-
QED results

ELBEX & LUXE

Opportunities for contributions (Detector upgrades, Software,...) linked to ErUM-Pro projects

Interested? Join us!
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NAG63: 10.1103/PhysRevD.108.052013

Creating strong fields in the laboratory

1) Solid state fixed-target experiments (e.g. NA63)
» Highly relativistic electrons impinging on crystalline target

« Crystal: EM field of ~1011 V/m
— reach Schwinger limit in probe electron rest frame

* Observed multiple SF-QED processes at critical field

2) Laser — particle beam collisions (LUXE, E320, E144)
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» High-intensity optical laser pulse colliding with GeV particle beam (e~,y)

» Lorentz-boosted EM field in particle rest frame: £ = y&,(1 + cos0)
e’/y beam

» Collisions with secondary GeV photon beam possible (LUXE)

» ,Clean lab conditions®: no dependence on solid-state dynamics

E144: Phys. Rev. D 60 (1999) 092004
E320: HILAS-2022-HF4B.6
LUXE: arXiv:2308.00515

DESY. | KET ErUM-Pro Strategy Workshop: LUXE | Ruth Jacobs, 22/11/2025 Page 22


https://doi.org/10.1103/PhysRevD.108.052013
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C. Thaury et al, Nat. Phys (2007)
Dromey et al, Nat. Phys (2009)

Creating strong fields in experiments

3) Relativistic curved mirrors f \

Incident laser

« Doppler-boosting Laser intensity using curved relativistic mirrors CRM

» ,Plasma mirrors® ejected by impinging laser light on solid state taget ol

Doppler
upshifted light

N /

 solid-state fixed target experiment, or collision with particle beam
— reach extreme regions of SF-QED phase space

L-shaped target

e- beam collision
Vincenti et al, Nat. Comm. (2014)
Fedeli et al, PRL (2021)

Qa

Silica

(b)
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Creating strong fields in the laboratory

4) Beam-beam interactions (linear colliders)

» Schwinger critical field reached in collision of dense e+/e- bunches
— aided by particle boost

- deflection — Beamstrahlung photons
- scattering of photons — pair production

ANVTVIN A
* Pinch effect: - particles in one bunch deflected by strong field of the other %@

— Luminosity enhancement, beam energy spread, detector backgrounds

Brait—Wheel -
process >{I\real + real (few %)
-

Cethgteitler >Qeal + virtual (~1/3)

'h\-.,___\_\___-- __________——— —
—
Landau—Lifshitz ‘I
FI rccess
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Source: Thesis A. Vogel (2008)
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https://www2.physnet.uni-hamburg.de/services/biblio/dissertation/dissfbPhysik/___Volltexte/Adrian___Vogel/Adrian___Vogel.pdf
https://e-publishing.cern.ch/index.php/CYRSP/issue/view/37
https://e-publishing.cern.ch/index.php/CYRSP/issue/view/37

16.5 GeV electron, 800 nm laser, 17.2° crossing angle

Non-linear Compton scattering

-1
10 — £=0.01 — £=05
: T: 1072 — =01 — &=1
oo : "':::::::'---/ L 1078 — §%02 — =2
L ang m
S 104 ,
Q
T 1075 _
S
| | & 107 _
Non-linear Compton Scattering 10-2 | | | |
¢ Fmme T o 2 4 6 8 10 12

. . . . Photon energy (GeV
 in strong fields, electron obtains larger effective mass 1M, = me\/ 1+ 52 gy ( )

—Compton edge shifts with laser intensity parameter ¢
—n-th order harmonics (interaction with n laser photons)

* Note: Non-linear Compton scattering has a classical limit
— deviation between non-linear QED and non-linear classical Compton: quantum non-linearity parameter y

« Parameters ¢ and y determined by laser intensity and electron beam energy

Different combinations of { and x result in different types of non-linear behavior!
DESY. Page 25



LUXE BSM Searches (LUXE-NPOD)

« LUXE will produce a high-intensity photon beam through Compton Scattering

— produce e.g. axion-like (ALPs) in photon beam-dump

— detect via new particle decay to two photons

 production of new particles also possible in primary electron/LASER interaction

« advantage of photon-on dump compared to electron-on dump: lower background

« conceptual design of photon detector with pointing capabilities ongoing
— similar technologies applicable as e.g. in SHiP

Secondary
Production

€

e-lager int.
chamber

Photons
Dump

Magnet

v

Primakoff
process
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ALP decay

g4 Photons

Muon det.

1/AqglGeV

Phys. Rev. D 106, 115034
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https://arxiv.org/pdf/2107.13554.pdf
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« Goal: kick out 1 bunch at angle -6.742° and transport to LUXE experimental area

» Lattice: Fast kicker magnet, Septa (asymmetric deflection magnets), Dipoles (deflection), Quadrupoles (focusing)

 Performance: - beam spot size: o, = 9.3um, o, = 8.1um

- pulse size 130fs

- jitter parameters (measured): - shot-to-shot position variation: 1um
- time-of-arrival jitter: 20fs
- energy variation: 0.01%

DESY. | KET ErUM-Pro Siriegy Woriiion) [k [R@Sacatkl 2h120sd raction line fulfil requirements for LUXE physics Page 34



LUXE CDR

e+laser (5 um)

Positron Detection System

Tracks/BX
3

Kapton-copper fanout

Silicon sensor +-+—+-++++++

10

High voltage kapton

1

High-granularity ECAL layer

I |IIIIII|
—
-
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> ALPIDE tracking detector stave

T IIIIII|
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—
P
's

Silicon Pixel Tracker: R P R A

Signal positrons

—— Reconstructed tracks

2 — e —

« four layers of ALPIDE silicon pixel sensors — developed for ALICE pixel tracker upgrade % b I |H+¢“TL.L+T%++|| """""""""""""""""""""""""""""""
« pitch size (27 x 29 pym), 5 pm resolution > T o A o
0 2 4 6 8 10 12 14 E [1G63V]

« tracking: & > 98%, %p ~ 0.3%

« very small background (<0.1 event / bunch crossing)

Si — W High-granularity Calorimeter:

« 20-layer sampling calorimeter — high granularity: independent energy measurement through shower and position
« shower medium: 3.5mm Tungsten plates (1Xo), active medium: Silicon sensors (5x5cm?, 320um thick)

« read out by FLAME ASIC (developed for FCAL)

ey Positron detectors: High signal efficiency, high resolution!
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Ng-/shot

Electron Detection

10°
107
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10*
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ST dipole magnet
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Energy[GeV]

Scintillator screen (LANEX):
« camera takes pictures of scintillation light
« resolution of full system ~500um

Cerenkov detector:

System

photodetectors

0

60000-

© 40000

Al, gas-tight SiPM/APD
shielded box

Air-filled straw tube

300 um entrance window Cerenkov light
(same in the exit)
electron

scintillator screen
+ camera system &

calibration LED

ool ol oyl ., i
0 200 400 600 800 1000 1200

,,,,,,

Straw prototype

y pixel
Beam spot imaged on Scint. Screen

- finely segmented (@ = 4mm) Air-filled channel (reflective tubes as light guides) — charged particles create Cherenkov light

« Active medium Air: low refractive index - reduce light yield, suppress backgrounds (Cherenkov threshold 20 MeV)

Electron detectors: High rate tolerance, large dynamic range!

DESY.
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Electrons simulated in Gamma Spectrometer
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— y beam location and shape o
— precision measurement of Laser intensity
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« Gamma spectrometer with scintillator screens behind converter
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3—) Deconvoluted Compton photon spectrum

SE
—>flux,energyspectrum(?<2%) T S

Energy (GeV)

« Gamma dump backscattering calorimeter — photon flux

DESY. Photon detectors: Precision measurement of §, complementary to Laser diagnhostics Page 37



Expected Results

« Number of Breit-Wheeler pairs produced in photon-Laser

Number of e* x (10/w,)*

Ratio to QED

10*
10°
102

10

e Phase-0
® Phase-1
— full QED
e pert. QED
{ corr. error
Np=0.01/BX, N, =10
x107" 2 3 4

collisions

« assuming 10dy of data-taking and 0.01 background events/

bunch crossing

« 40% correlated uncertainty to illustrate effect of uncertainty on ¢

DESY.

Compton Edge [GeV]
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Compton edge position as function of ¢ in electron-
laser collisions

assuming 1h data-taking, no background

2% correlated uncertainy to illustrate impact of energy
resolution
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SFQED parameters

Intensity parameter:

§ = Vama

me SL

wLme) W€

Quantum parameters:
-1+ 0) E, €
— 0 — —
c05 Me Ecr

E, SL
y = (1+cos€)——

e SCT‘

Energy Parameter

w E
77=)—(—(1+c059) e/y
$ me?

measure of coupling between probe and

Background (laser) field
(also: square root of laser intensity)

¢ = 1:non-perturbative regime

Note:

&, . Laser field
E.. Schwinger critical field

6: Laser - probe crossing angle
w; . Laser frequency

E, . probe electron (photon)
energy

ratio of background laser field and Schwinger critical field

x = 1:non-linear quantum effects become probable

(e.g. pair production)

(dimensionless) energy of collision between probe particle

and background

Different combinations of  and x result in different types of non-linear behavior!

DESY.
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Link to QU lecture by Ben King
Review paper: A. Fedotov et al, 2203.00019 [arXiv:hep-ph]

Compton scattering in strong fields

« Consider Compton scattering in plane-wave background field: A(x) = A, sin(k - x)

S RA
§r + exchange diagram

fine structure constant

2N
- €
Probability P ~ o (TAU) = &N [ £E=— ] ‘Classical nonlinearity / intensity parameter’, &.

T
k k! k X K k X N k'
TR I DU £ X o RS
A AN "
k k'
mx>_—_<r ‘Nonlinear’ Compton scattering

“weak” field & < 1 strong field: £ > 1

Strong field (¢ = 1): Need to take into account all order diagrams!
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https://indico.desy.de/event/33978/
https://arxiv.org/abs/2203.00019

Link to QU lecture by Ben King
Review paper: A. Fedotov et al, 2203.00019 [arXiv:hep-ph]

The Furry picture

« How to do calculations? Solve equations of motion (Dirac equation) in field background
— analytical solutions exist in plane wave background (,Volkov wave functions®)

« derive Feynman rules for ,dressed” states (,Furry expansion®)
— treat background exactly, particle scattering perturbatively (a «< 1)

L=—2FuF" + 3 (iD—m)o —eify,

N \w
v interaction
‘unperturbed’
s N\ N |7 A4 )
n ==.§ /vv\< >.zv\/\ 9=r=
- E :n Nonlinear Nonlinear One-photon One-photon
Compton Breit-Wheeler annihilation absorption
“ . S \. by . / . v
,2dressed” state p \
r N N
Mass operator Polarisation operator
Vertex operator
\. J y,
\_ J
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https://indico.desy.de/event/33978/
https://arxiv.org/abs/2203.00019

[Bamber et al. (SLAC 144) ‘99]

E144 experiment at SLAC

Cartoon of SLAC E144 experiment

&2" power law

no. of positrons / laser shot

0.1 0.2 0.3 0.4
N at laser focus

E144: SLAC experiment in 1990’s using 46.6 GeV electron beam (e+LASER only!)

reached x < 0.25, ¢<0.4

observed processe” +ny; - e ete”

observed start of the 2" power law, but not departure

LUXE : Three orders of magnitude more powerful laser than E144, will enter non-perturbative regime
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E_320 eXperlment at SLAC Link to E320 overview by S. Meuren

LASER dipole

e+
: : : €
Picnic Basket (IP) Spectrometer Spectrometer Positron Detection Electron Detection Future pair Dump Table
Quadrupoles Dlpole Chamber Chamber spectrometer Diagnostics
- e e — o A/ <=
- \
e F S 1 --!
_—. m— )

« E320: ongoing SF-QED experiment at SLAC using 13 GeV electron beam (FACET-II) and 16 TW optical Laser

- first electron-LASER collisions in 2022 __E3£0 03027, shot 448.‘ —— 250
By design: similar parameter reach as LUXE 2400 200
(after Laser and Detector upgrades) % 500 150
o
. T : = 100
Main differences to LUXE: §eoo "
« electron-Laser collision mode only 3 . . | Rt
6 65 7 75 8 85 9 95
» E-320 data-taking time limited due to other users of FACET-II Energy [GeV]
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https://facet-ii.slac.stanford.edu/sites/default/files/E320_smeuren_2022_PAC_0.pdf

ALPSII VMB: Talk by A. Spector

S FQED across the cam puUS BIREF@ HIBEF Letter of Intent (2024)
Vacuum Magnetic Birefringence: ALPS Il and HIBEF
« Prediction of QED: Vacuum exhibits birefringence  BIREF@ HIBEF: collision of EUXFEL x-ray
(polarization-dependent refractive index n) in presence photons and 300 TW ReLaX optical laser
of a B-field : L .
* Measure x-ray photons with polarization flip
« An=34,B%> (4, =1.32x10724T72) after passing through high-intensity laser pulse
Initial state VMB « Experimental challenge: high-precision x-ray

. T / optics and polarimetry
B-field
H o F HELMHOLTZ INTERNATIONAL
= > i B E BEAMLINE FOR EXTREME FIELDS

> -
Ll -

F 3

=
v L detect:
« ALPS Il VMB: measure polarization changes induced by
(modulating) B-field using laser interferometry
» optical cavities enhance path length in B-field
E-" ):|—"[| —"\—"D Potential portal to new physics
DOOODOODOD  DOODODOO00 é (alternative QED models, mixing with dark sector,...)
Page 44
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https://arxiv.org/pdf/2405.18063
https://indico.desy.de/event/42124/contributions/158560/attachments/88007/117789/Spector_ALPS_fest_2024_v1.pdf

SFQED across th e cam p us Borysov et al. [PHYS REV D 106, 116015 (2022)]
Vacuum Magnetic Birefringence: LUXE 1

Optical theorem:

p;(s)
* LUXE indirect VMB measurement: one-loop dressed

0.31f ; . :
T _ vacuum polarization operator related to polarized NBW
0.30F ] pair creation
20F . ] : . . .
0 9;*—* ————— Daas N ] « Experiment: collide (partially) polarized photon beam
0.28f ' (e.g. coherent bremsstrahlung in crystal) with laser
"2 10f . .
0'2?; 5 8 * Measure NBW pair production rate for values y up to
D.EE;% ;- Xmax
0.25;5 « Hilbert transform in x to relate pair creation yield

to photon helicity flip/no-flip amplitude ratio R

—_—

X - Accuracy of estimated ratio R benefits from high ¥q.
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.116015

Synchronization

critical: spatial and temporal overlap of electron beam and LASER

temporal overlap requirement (30fs LASER pulse, >100fs electron bunch)
— at least half the pulse width (50fs)

XFEL developed world-leading syncronization system
— sychronization of two RF signals to <13fs

synchronise the XFEL.EU master clock oscillator to the oscillator of the Laser
— already used across XFEL to sychronize LASERS and accelerator
— fine-tune repetition rate via piezo-elements controling LASER cavity size

stability against temperature variations: isolation and active feedback loops

spatial overlap: beam pointing monitoring systems for both electron and LASER beam

Electrooptic Crystal

/

: : Electron bunch and associated E-field

DESY. | KET ErUM-Pro Strategy Workshop: LUXE | Ruth Jacobs, 22/11/2025
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How does LUXE relate to LHC light-by-light
scattering?

« LHC: photon-photon interaction in ultra-peripheral heavy-ion collisions (UPC)
— €.9. YY—YY, YY—UH

« UPC: fields above the Schwinger limit can be reached in the lab

« main difference to LUXE: in UPC, EM field is extremely short-lived, cannot travel over macroscopic distances
« this regime is still covered by linear perturbative QED

Pb Pb(*} Pb(m}

Y —rr,_r \i\{ B
- b . B u-
V:‘.—C‘@ Y LL'_‘_‘
em-fields

Ph Pb™ Ph®

em-fields

~

——V=C

Figures from: arXiv:2010.07855v3

(Also a nice review to read, if you want to know more!)
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Ritus-Naroshny Conjecture

» Ritus-Naroshny Conjecture: in the vicinity of sufficiently strong fields, the Furry expansion breaks down
— perturbative QED coupling « is modified by the field strength: a - ay?/3

« Conjecture interpreted to hold for any ,locally constant” background
(field constant over formation length scale of physics process)

a <> a, £? o «

X X
10 a0l O(e") " Oe

Bt £e=0.1 D{E } D{E } 60 :

6t ="0(&") 40

O(£%) 20l —_0O(e)
4} . | \\%E )
2 20 40 60
~20} 1
2 4 6 8 107 _s0t

A. llderton: The Ritus-Naroshny conjecture: A tutorial
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https://indico.tpi.uni-jena.de/event/194/contributions/351/attachments/161/313/Ilderton_EXHILP.pdf
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