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Introduction LUXE

* Quantum electrodynamics (QED) is the most precisely tested theory in modern physics.
- But its predictions remain unexplored for extreme electromagnetic fields.

- When field strengths approach the Schwinger limit, QED enters a non-perturbative regime.
- The quantum vacuum becomes unstable, spontaneously producing e*e- pairs.
- Matter and antimatter created from pure light.

- Make high precision measurements and challenge theory in the transition from perturbative
to non-perturbative regime and beyond.

« World-leading high-quality and high-energy European XFEL electron beam is key.
- Complemented by precise diagnosis of laser pulse and suite of detectors.
- LUXE experiment !




Why are we interested in strong-field QED ? LU XE
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Strong-field QED physics




Strong-field QED

Weak field
Efield < Ecrit Efield

AL

Critical field or mc mc

= = =1.3x%X10'% V/cm

Schwinger limit: Ecri eX. eh
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10,000x greater than
world’s largest lasers.



Exceeding the critical field

Laser bea™
/ . * o
photon beam © L

- Critical field can be reached with relativistic length contraction.
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Strong-field QED LUKE

 LUXE: Laser Und XFEL Electrons experiment ger beam

Lf/

0 Boosted
photon be? frame
E‘e"“o)eamV
- Critical field can be reached with relativistic * Investigate QED in new parameter space
length contraction. - E.g. transition to nonlinear QED.
- Relativistically boosted field, x = y Er / Eciit - With high precision and control.



Strong-field QED parameters LUXE

- Intensity parameter:

m,E; - Measure of coupling between probe and laser field
(also square root of laser intensity).

a)LEcrit

« Quantum parameters:

EE

2. = (1 4+ cos )— L - Ratio of laser field and Schwinger critical field.
meEcrit

%, = (1+cos6) B E..: Schwinger critical field
MLy .

ot E,: Laser field
- Energy parameter: wy:  Laserfrequency
X wp Ly, 0: ely—laser crossing angle

= — = 1
! & e m2 /5 Probe electron/photon energy
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Nonlinear Compton scattering LUXE

16.5 GeV electron, 800 nm laser, 17.2° crossing angle
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. In strong fields, electrons obtain larger effective mass, m* = m, (1 + £%)> Photon energy (GeV)

- Compton edge shifts as a function of &.
- Higher harmonics appeatr, i.e. interactions with n laser photons.

: 2n - 2n
Strong-field g _F { Classical f |
QED cdgels) = Ee 2+ 14+E2  limit edgele) = By + &2 o
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Nonlinear Breit-Wheeler pair production LUXE
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Photon from Compton scattering or secondary beam. J
Perturbative regime: power law f<l: R,x&"xI"
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Non-perturbative regime E>1: R+ x X, €Xp <——>
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E144 experiment at SLAC

 Pioneering experiment, E144, at SLAC in the g I
1990s. % ol
« Used 1 TW laser and 46.6 GeV electron beam. = :
- Reached x ~ 0.25, £~ 0.4. g I
. Observed process e~ +ny; > e~ +e” +e” é A
* Measured about 100 positrons. ; S 3 A

- Observed start of &7 power law, but not departure I
from it. \+
10'3\ N /\\
NN
0.1 0.2 03 0.4
& at laser focus

E144 Coll., C. Bamber et al., Phys. Rev. D 60 (1999) 092004. 7]
T. Koffas, “Positron production in multiphoton light-by-light scattering”, PhD thesis, University of WLIIIIII

Rochester (1998) SLAC-R-626.
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Strong-field QED parameter space LUXE
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- Determined by particle beam energy and laser intensity.
- LUXE will precisely map parameter space in transition region. uclﬂ
i
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Strong-field QED parameter space
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- Determined by particle beam energy and laser intensity.

- LUXE will precisely map parameter space in transition region.

13



r-
(o=
2%
m

LUXE experiment at European XFEL




LUXE at European XFEL LUXE

EuXFEL electron beam:

- Energy: 16.5 GeV (+ whatever provided)
* Bunch: 1.5 x 10° e-

* Repetition rate: 10 Hz

« Use 1 of 2700 bunches per train
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ton Tunnels EEFACEAE
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electron tunnel € clectron switch

photon tunnel @ clectron bend

Himn - undulator B electron dump

— ()
\\\\\\\\\\\’

ww . .
.................. @1 - Use electron beam without undulation
W \"Im,,”:. FXE

- Minimal impact on photon science
programme.

linear accelerator

- Minimal impact on fusion science

programme. ucl,‘
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LUXE at European XFEL LUXE

« XTD8 — a tunnel section for scientific instruments

- Initial schematic and details being worked out.
- ELBEX: Electron beamline for LUXE.

SASE 2 =@
“\“\\\\\\“

s €

I B Y European XFEL

Y
o
XS4 XTD8 Fusion instrument E
X
— K ~350 m §
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LUXE at European XFEL

« XTD8 — a tunnel section for scientific instruments
- Initial schematic and details being worked out.
« ELBEX: Electron beamline for LUXE.

High Energy
HED Density Science

Materials Imaging
MlD and Dynamics

Laser

ELBEX Fusion

Instrument
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LUXE laser LUNXE

* Repetition rate 1 — 10 Hz.
- Crossing angle, 170

Wavelength 800 nm (1.55 eV)
(energy)

Power 40/ 350 TW ~ =

* Phases:

- Phase-O witha 40 TW
‘ ! | laser (JETI40)

- Upgrade to a 350 TW
laser for Phase-1

- Potential for higher power
with fusion laser ?

S o —

e — p—

il
5

Pulse length 30 fs

| Tee
"

", -
Spot size >3 um

Peak intensity |13.3/120 x 101° W/cm?2

Peak intensity |7.9/23.6
parameter ¢

Peak quantum (1.5/4.5
parameter y

Goal:

* < 5% uncertainty on laser intensity
* 1% shot-to-shot uncertainty

18




Experimental layout

YaLps detector (TBD)
ALPs_+

— y dump

e-laser setup
(Not in scale)

Electron beam
from the XFEL

Backscattering calorimeter

Shielding
B y-profiler

Dipole magnet 2

Shielding
Electron beam dump

Scint. screen

y-converter

Compton 1's ey

ec

Calorimeter 1' Cherenkov counter

Pixel tracker behind a Scint. screen

)

- Similar but different layouts.
« Many of the detectors are the same.

* Note programme to search for axion
like particles (ALPs) too.

19
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Two data-taking modes

y dump ——
1 Backscattering calorimeter
T as?r Setup Shielding
(Not in scale) s y-profiler
Scint. screen -

y-converter Dipole magnet 3

Calorimeter Calorimeter

Pixel tracker Pixel tracker

Laser pulse
Photon beam

z
(Bremsstrahlung y’s) <" /

)
Shielding

Dipole magnet 11 73 vs monitor: Cherenkov counter behind a Scint. screen
YB Convmyj

Electron beam from XFEL
WL ML

Electron beam dump
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LUXE in XTD8

7
t l’

Figure 2.6: Conceptual placement of the LUXE experimental installations in the XTD8 tunnel.

Fits in XTD8 tunnel and some flexibility to adjust layout. m
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Detector requirements and challenges

- Want to detect electrons, positrons and photons in the O(GeV) range.
- Measure fluxes and energy spectra.

é 10" g
_ > 10° s ¢, phase-1 N
- Detector technology to cater for varying S 10° s €, phase-0 N .
fluxes of signal and background. = 40t - g::::(‘) A
o v )
- Fluxes vary between ~10-4 (e*) and 10° & 10° R
(e-and y). > 10° : _
3 10 . "
£ A 0
2 1 A - g U
10~ - -
107 s
1073 LUXE TDR
10 ™
1075 &= i L . . . R
8x107" 1 2 3 4 5 67 88910

g




Vacuum chamber '
(outside dipole volume) Positrons Tracker

o Z :
Calorimeter

—Dip / |
c

Screen

Vacuum chamber
(inside dipole volume)

Electron beam ----
exits the vacuum here

Electrons Tracker *
(down in e+laser mode)

Cherenkov

« Two complementary detector technologies per measurement:
- Different sensitivities, cross calibration, reduction of systematic uncertainties.

* In-situ measurements of beam back backgrounds when laser off. UCLm

22



High-rate electron detectors

« A scintillator screen and camera is inexpensive, flexible and simple with good position resolution.
- Cherenkov straw detectors have small low-energy background.
- Simulations show good performance and reconstruction of important quantities.

* Tests done w

BX

Particles /

ith ARES and E320 experimen

= \ | \ | | E 8
- - “6 10
107- LUXE TDR = O
- IP Scintillator - e-laser - 2> 107
6 ]
10 % Signal e, £ =2.0 %
5| — Background e ] 1 06
1 0 ; — Background vy %
10° = E 10°
10°= -
10°
102 = E
- 3 3
0o § 10
: | | | l | | L | | | | | | I | | Il | | | | | | | | 1 | | }
800 -500 -400 -300 -200 -100 0
X position[mm]
A. Athanassiadis et al.,
Nucl. Instrum. Meth. A
1080 (2025) 170777. 23
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t at FACET-Il beamline in SLAC.
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Energy[GeV]



Positron detectors LUXE

- Pixel tracker: - High granularity, compact, sampling
- 4 layers each of which has 2 staves. calorimeter.
- Each stave is 27 x 1.5 cm2 built from 9 ALPIDE - Based on technology developed by (LC)
chips, 3 x 1.5 cm2. FCAL collaboration and CALICE.

- 20 layers of 3.5 mm of tungsten.
- Energy resolution o/E = 20%/(E/GeV)*,

Tests at E320, ELI-NP PERNER = 750 [,
and APOLLON.
X gogE T T T ey s ‘ ‘ ‘ 8 Tests at DESY test beam.
= - LUXE TDR 15 1 ] N
o 700K Mean=0.000003 4 £ 4/0_ LUXE CDR |
2 E 0=0.0052 3 I§ : e-laser ECAL
§ 600 E_ XZ/NDO,::" 2 _E ?: 2%:.’. IPsTrONG (& = 5.18)
T 5001 = -z "
S 400F E R "j WL E
D - ] ﬂ:‘l‘_—lﬁ:!" s
S 300F E 1 .
(0] - ] 2%t . J
T 200F = - |
100F- = 3 ;
P IR I - <ol [ IR e N : ]
8.05-0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 0.05 WLIIIIII

0 1000 2000 3000 4000
Ntru e

(E,-E o)/ E

tru 24
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Photon detectors LUNXE

10-2- 104 positrons
1 .5x1 09 Tracker 1 09 photons

ECal

Magnet

105 positrons

¥ Monitor
X ’ } Dump

e l/ |
e N | |
e W e
Scintillator —, \
Cherenkov _
Scintillator

Profiler

105 electrons
109 electrons

» Large flux (10°) of high-energy photons.

- Have three complementary systems:
- Gamma-ray spectrometer where a fraction are converted to e+e- pairs.

- Gamma-ray profiler which uses radiation-hard sapphire.

- Gamma-flux monitor which relies on backscattering from photon dump.
"
i
25
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Gamma-ray detectors LUAL
Beam = £ 08
x £
; 107 8
profiler ot
10°
10
A A e 10°
G. Avoni et al., 190 “ i______ | 10* K. Fleck,
Nucl. Instrum. ~150 :_. R AT 10 (I\Bl. gavgnggh &
Metn. A 1068 20006 200 300 400 500 600 Rép.a‘lrg, (28’2- 0)

(2024) 169752, 2 (em) i

- Large flux of high-energy photons.
- Measure photon energy spectrum.
- Measure &.
- Measure number of photons (luminosity).

Flux
monitor

- Also doing tests of flux monitor at FLASHForward.
Y

A. Athanassiadis et al., T
arXiv:2508.17991. 26
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LUXE physics expectations
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Strong-field QED parameter space LUNAEL
;  Linear QED '// \\\ ]
g B —/ Nonperturbative at \\\ .
c ] O SIS RN small coupling S
()] B T
© X7
@
m
0.100+
~ C
0.010 < pe <PW Class  Mulli<(OPW Class \
B Non-analytic 1
pair creation
0.001: \
0.71 | 1 | 10 | HHH{OO | 1000 | ““1‘04
_ o : Laser intensity —
« Aim to map significant part of phase space.
- Variation of key parameters.
Y

- Excellent detector systems, coverage and systematic understanding. L
28




Expected LUXE results LUXE
LWUNL
% 17:IIII'”lllll,Hllulllll'”I”lllllllulli ? :g: e Phase-0 '
Q - LUXE TDR i ‘;:(’ 10? e Phase-1
> 16 [ e Reconstructed (stat) ] :g 1(1) — full QED
l.-?l - Recon. total uncertainty N g s pert. QED
[~ non-linear QED e
5 15 --- nlQED Ag=s25% N § 102 j COIT. error
Q. - === linear QED - 10°°
§ | : -
14'__ __' 10‘5
- — 10-7
i ] 10°®
13 — 10°° NgG=0.01/BX, N, =10
i ] g 3 ) _ B
: : S
LR a3 i Bl S sl i B aafafol sl i 2 ol
0 02 04 06 08 1 12 14 16 18 2 € ok -
3 ” &
- Compton edge position as a * Number of Breit-Wheeler pairs
function of & in e—laser collisions. produced in y-laser collisions.
- Can be done within 1 day of « Assumed 10 days of data taking per
dedicated data taking. point.
* lllustrative 2% energy scale * 40% correlated uncertainty ucl-m...

uncertainty. 29 illustrates effects of uncertainty on &.
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Search for new particles, ALPs

Detector after photon dump: extra longitudinal space in XTD8 helpful.

Y 1
i i y
—3 : \_/{J H P e\ u.“ﬁ‘ ¥Compton _amy) ®
10 PrimEXx
e it b
A ' :C:Sl . BESIII Dump | |
SNONNGluex
— 10744 " LUXEZNPOD Belle-ll
| finea oA N ONN\phase-0.10-- )
% _ N \.LUXE-NPOD /_/a_“-\/e‘gg BS:\:I‘ De_te:tor
9 10-5 B ’ phgie;g,éu—)(\‘atﬁ (with pointing)
- B eSS 5T Ve R . _ . .
5 I FAS = Lgﬁ;i QD + Search for axion-like particles or milli-
< 1076 BeamDumps=... 3 charged particles.
— e NAG2 . _ .
- TR - High-flux photon beam offers potential.
| /Bo ~~~~~~~~~ \\
10774 ONg el | .| - Should look asap !
SHIP i

0.05 0.1 02 05 1 2 |
LUXE-NPOD: Z. Bai et al., Phys. Rev.
m, [GeV] D106(2022)1150§I4(.9 o P T mm

M. Almanza Soto et al., Phys. Rev. D
30 112 (2025) 112014.




LUXE data taking LUNXE

« LUXE’s default planning is to take data when EuXFEL is delivering electrons, ~4000 hours.
- Variation in beam energy, e.g. 14 GeV, allows different n to be probed.
* Have two phases:
- Phase-0 with a laser power of 40 TW.
- Phase-1 with a laser power of 350 TW.
- Variation of laser intensity to allow different & to be probed.
* Have two modes:
- Electron-laser mode
- Photon-laser mode.
- Would want 1 year of smooth data taking per phase and mode.

- Gives > 4 years of data taking. Plus calibration, alignment, tests, changeover, etc., + very-
high-power laser ?
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Collaboration status
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LUXE status

« LUXE initiated in 2017.

- Officially recognised as a DESY
experiment in November 2022.

membership of Russian
institutes suspended

&
z|
2 5
& o/
T
o /e ®)
| DEsY
— \“a®
\\1!,
HELMMOLTZ
UNF AT

 About 20 institutes, 100 people.

UNIVERSITY OF
PLYMOUTH

@ X s LU —
L a
@ nnnnnnnn té L
N2PL  sARIS-SACLAY .

 Technical Design Report published by
European Physical Journal.

+ Experiment could be realised quite

quickly. ) —— > ol
_ [FIC s ' | g )

- Could be taking data by end of .» - ot N = 000

decade- (N:) s . 2N { \ - \mjb';E]mj TELAVIV UNIVERSITY

CDR: H. Abramowicz et al., TDR: H. Abramowicz et al.,
LUXE Coll., Eur. Phys. J. ST 230 LUXE Coll., Eur. Phys. J. ST 233
(2021) 2445, arXiv:2102.02032. (2024) 1709, arXiv:2308.00515.

Y
https://luxe.desy.de Wme
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LUXE at European XF
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LUXE planning LUXE

2025 2026 2027 2028 2029 2030 2031+
(ELBEX)

LUXE Laser JeTi 40 operated at DESY Procurement + Installation LUXE @10 LUXE @ 40TW**

(** later upgrade to 350TW)

LUXE Detectors Design, Procurement Construction, Testing Installation Minimal Detectors Installation Full Detectors

Figure 2.8: Timeline for the staged construction of the LUXE experiment.
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Summary LUXE
- LUXE is an exciting new experiment planning to investigate QED in uncharted territory.

- An exquisite electron beam.

- 24/7 running.

- e-laser and y-laser modes.

- Comprehensive suite of detectors.

- Strong collaboration with a broad range of expertise.
- Measure over a wide range of quantum parameters, e.g. transition to non-perturbative QED

- High precision measurements — large samples and controlled systematics.

- Serious confrontation of experiment and theory.

« |nitial work shows new site, XTD8 tunnel, is suitable for LUXE.
- Instruments as previously designed fit with (longitudinal) space for optimisation.
- Working on detailed design to realise LUXE by end of the decade.
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Backup
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European particle physics strategy

B mWCScz-LUXE_ESPPU.pdf - Page 10f 16
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The LUXE Experiment

The LUXE Collaboration

Contact persons:

Matthew Wing" (Spokesperson, m.wing@ucl.ac.uk)
Ruth Jacobs’ (Editor, ruth.magdalena.jacobs@desy.de)
Federico Meloni' (Editor, federico.meloni@ desy.de)

Abstract

This document presents an overview of LUXE (Laser Und XFEL Experi-
ment), an experiment that will combine the high-quality and high-energy elec-
tron beam of the European XFEL with a high-intensity laser, to explore the un-
charted terrain of strong-field quantum electrodynamics. The scientific case,
facility, and detector setup are presented together with an overview of the fore-
seen timeline and expected capital costs.

“University College London, London, UK
' Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany

https://arxiv.org/abs/2504.00873
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Abstract

This document sets out the intention of th g-field QED i y out, both experi and
high-statistics parametric studies of quantum in the regime, at fields
and exceeding the critical or 'Schwinger' field of QED (Fyy = m?c®/eh = 1.8 X 10™® V/m). 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 program
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. However, a transition from qualitative observational

i to itative and high-statisti can only be performed with large-scale collaborations and
with systematic experimental programs devoted to the optimisation of several aspects of these complex experiments,
including detector developments, stability and tolerances studies, and laser technology.

G. Sarri et al., Eur. Phys. J. Plus FY
140 (2025) 1151 i
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Systematic uncertainties

e Low multiplicities (e*e~ pair production):

- Efficiencies for individual particles < 2 — 3% (cross-checks and in-situ
calibration).

- Linearity of response < 2% based on current tests.
- Background: statistical uncertainty based on 9 Hz data, significant at low

é.
e High multiplicities (Compton):

- Linearity of response < 2% for Cherenkov (and scintillator) based on test
beam and experience from other experiments.

- Calibration < 2% based on test-beam calibration.
- Background (for scintillators): constrain in situ.
e Energy scales (all):
- Calibration/knowledge of magnetic field ~ 1%.
- Alignment of < 50 um results in < 0.5% uncertainty.



Data handling
« Data handling should be “straightforward”: low frequency, modest
rates.

- Maximum data-taking frequency 10 Hz.
> 1 Hz collision data, up to 9 Hz background.

- Typical maximum rate per sub-detector O(10 MB/s).

Need ~ 1 PC per sub-detector.

All data is kept — no physics trigger.

Should be able to use known/off-the-shelf solutions for control and
synchronisation.

Should be able to use/adapt existing software for data acquisition.

41



Gamma-ray spectrometer
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Gamma-ray profiler

Two sapphire strip detectors movable with
micron precision perpendicular to beam.

Photon beam location and shape
Precision measurement of laser
intensity.

Two detectors 2 x 2 cm2 (100 um thick)
with 100 ym strip pitch should guarantee
<5% precision in laser intensity.
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Gamma flux monitor

« Measure energy flow of particles back-
scattered from photon beam dump.

« Gamma flux monitor:

- Consists of lead glass blocks,
3.8 x 3.8 x 45 cm3.

- Beam tests ongoing at
FLASHForward.
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