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LUXE: A new experlment to study
non-perturbative QED in electron-LASER
and photon-LASER collisions
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» proposed new experiment at DESY and EU.XFEL in Schenefeld & Hambyrg,
Germany

What is the LUXE experiment?

 collisions of XFEL electron beam and high-power LASER
» synergy between particle physics and LASER physics

» (growing) international collaboration
— 88 members (26 institutes)

More documentation?
« LUXE CDR: H. Abramowicz et al., Eur. Phys. J. Spec.Top. 230 (2021) 2445

03/05/2022 » LUXE website: https://luxe.desy.de. - Luxe, bis 2022, usc



https://luxe.desy.de/

Synergy between particle physics and LASER physics

Particle Physics — non-perturbative QCD Laser Physics — non- perturbatlve QED
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—DGLAP .0 laser intensity parameter &
) ® Eqir — Schwinger field (Schwinger limit)
log (%) i g - Laserfield

X - work done over A, in units of m_c? (when y=1, the laser can do work over
the electron wavefunction to create a pair).

Can not calculate in non'perturbative § - work done over A, in units of hiw; (gives a measure of the number of

H . laser photons interacting with the electron at a given time. &€ is a measure of the
region. as too blg' photon density of the laser beam)

Know how to calculate. Need to sum all
contributions in charge-field coupling, §.
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Schwinger limit - €_.,

Schwinger
Phys. Rev. 82
(1951), 664

+
e’ Field energy:
-> < B ==
) _ field — m,
e

Fluctuation time > A,

Efield < 2m, Efield > 2m, so do not annihilate
_— but use energy
mgc i
Ecrit = =1.32 x 1018 V/m supplied by strong
€ field to become real

Fluctuating vacuum is stimulated by high field
to produce real pair-creation
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Synergy between particle physics and LASER physics

Particle Physics — variables Laser Physics — variables

X, QZI Y, S &; X' N

Q*=sxy
n —cm energy square (s) in units of m_c?
X - work done over electron Compton wavelength A, in units of m_c?
¢ - work done over A, in units of iw, (§* is a measure of the photon

density of the laser beam)

n (LUXE, Ee=16.5 GeV, EL=1.55eV) = 0.192

¢ — Classical non-linearity parameter
¥ —Quantum non-linearity parameter

n — Energy parameter
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Experimental specs: laser

High power CPA Ti:Sapphire laser from HI Jena (JETI-40) and 350TW commercial laser
Laser repetition rate at 1 Hz
High precision laser diagnostics: less than 5% uncertainty on peak intensity & 1% shot-to-shot

uncertainty

Development & Installation in 2021-2025

Phase 0

Phase 1

Power @ waist radius

40 TW @ 8 um

40 TW @ 3 um

350 TW @ 3 um

wavelength

800 nm red laser (1.55 eV)

Duration

30 fs (10 cycles)

Peak intensity

0.19 x 1020 W cm-2

1.33 x 1020 W cm-2

12 x 1020 W cm-

Peak ¢

3.0

7.9

23.6

Peak y (16.5 GeV)

0.56

1.5

4.5

Collision angle

17.2° (angular coefficient = 0.978)
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Experimental specs: EU.XFEL

European X-ray Free-Electron Laser

« Electron beam injected at DESY campus

 Accelerated in a 1.9-km LINAC to a SO maeeErEy ey
17.5 GeV beam, and then turned into X-ray & %S T Euronsan Xray aser roect FEL

LUXE will use 1/2700 bunches from one

EU.XFEL train

« Bunch: 16.5 (14) GeV @ 10 Hz

- Laser: 1 Hz

« 9 bunches for backgrounds + 1 bunch for
signal data taking

 each bunch includes 1.5 x 10° electrons

- convertible into photons via Bremsstrahlung
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LUXE: Electron + LASER collisions

High-energy electrons e »
(16.5 GeV XFEL beam)

Lorentz boost:
electrons “see” larger
E-field of the LASER
in their rest frame:

E* =vy,E.(1 + cosO)

High-intensity LASER
(Tera-Watt, 800nm)
-> large E-field

note: in reality, LASER
crossing angle 6=17.2°

electron-positron
pair production

Physics processes:

-----

\/
e Non-linear Breit-Wheeler pair production: Y- + ny; - et + e~

DESY. LUXE main goal: Measure positron rate as function of LASER intensity 8



LUXE: Photon + LASER collisions

e »

High-intensity LASER
(Tera-Watt, 800nm)

-» large E-field
High-energy electrons
(16.5 GeV XFEL beam) \
Target: electron-positron
electrons produce GeV pair production
Bremsstrahlung photons

Physics process:

Non-linear Breit-Wheeler pair production: Y5 + ny; - et + e~

LUXE: first SF-QED experiment to probe directly photon-photon interaction

DESY. 9
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Non-perturbativity at small coupling

- Electron-laser mode -

(Laser) photon number density, &2

2
~ 6 mueu::2 £

‘= h E.

n laser photons

Nonlinear Compton scattering

ei+nfr;_—>ei+':r

‘Non-perturbativity at weak coupling’

‘Effective mass' me — mey/1 + &2

AL - LUXE, DIS 2022, USC
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Compton edge

Ny/shot
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in strong fields, electron
acquires { — dependent
effective mass m,

- mem
->Compton edge shifts as
function of &
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Schwinger-type non-perturbativity

- Photon-laser mode -

Linear Breit-Wheeler, CM energy:

2m?n, > 4m’(1 + &)

(Multiphoton) Nonlinear Breit-Wheeler:

.= [0

T~

(Non-perturbative) Nonlinear Breit-Wheeler

Y+ ny — e e

AL - LUXE, DIS 2022, USC
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H pairs/photon

n=0.1915 [16.5 GeV], 16 cycles

0.1r )
Leading-order Breit-Wheeler (~£2?) ,,/ /
o \a |
d Theory+sim. error
107"
¢+£2.5%
1 0—16
107" E144 Plane-Wave BENCHMARKING
0.2 0.5 1 5
4

AL - LUXE, DIS 2022, USC

13



LUXE in Strong-Field QED Parameter Space

T B g g g g ] 10| . o b
w” [ — €=16.5 GeV . / fi &2n power law
:iT ERE £=14.0 GeV : » / £
X | £,=11.0 GeV : f ’ = £ PRD 60 092004 (1999)
3 g E144 experiment: collision between
=5 46.6 GeV electron and sub-TW laser beams
NN\ - photon num. equivalentto n= 5
0 RN SO
0.1 0.2 0.3 0.4
(:' = n at laser focus

. _ 10
laser intensity parameter &

+ E144: SLAC experiment in 1990’s, using 46.6 GeV electron beam [Bamber et al. (SLAC 144) '99]

— reached x < 0.25, €<0.4, observed e~ + ny; — e~ et e process
— observed start of the £2" power law

 LUXE: - good chance to be first to enter ¢>1 and x>1 regime!
- directly study collisions between LASER and real GeV photons

DESY 14
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electron - laser set up (a)

Compton

e*e par  dump

gamma - laser set up (b)

e beam
Converter dump

AL - LUXE, DIS 2022, USC
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Experimental specs.. LUXE setup

Laser Floor




number of positrons / BX

Challenges
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y dump  [—
YaLps detector (TBD) Backscattering calorimeter ("
e-laser setup ALPs + v-laser setup )

. ; Shielding
m— d .
(NOt n Scale) Backscattering calorimeter v Gump (NOt 1mn Scale) _ - y-profiler
Scint. screen

Shielding .

-profiler .

Scint. screen _9 - L y-converter Dipole magnet 3
€ /.

] -
Dipole magnet 2 e~ detector (TBD)

Shielding Pixel tracker

Calorimeter

y-converter

Electron beam dump Pixel tracker

: Compton ¥,
Calorimeter s .ec 1 Cherenkov counter
. : ; Laser pulse
Pixel tracker behind a Scint. screen ‘B Dipole magnet 2
Photon beam Xp ! z
(Bremsstrahlung y’s) ..~ i
Laser pulse S0 X
Y s

Electron beam A Electron beam dump = Shielding
from the XFEL X M)

Dipole magnet 1 ¥ =2 v, monitor: Cherenkov counter behind a Scint. screen
N YB convert}E(

Electron beam from XFEL

Detectors for LUXE
Tracker, Calorimeter, Cherenkov, Scintilator screens,
Gamma-Ray Spectrometer, Gamma-Ray Profiler, Gamma-flux Monitor

03/05/2022 AL - LUXE, DIS 2022, USC 18



Tracker

Ly

« >

collimators
~~

\
-

dipole

Ly

Gamma-Ray Spectrometer
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profiler

Calorimeter

Gamma-Ray Profiler

AL - LUXE, DIS 2022, USC

Cameras
Movable ——
on Platform
Cherenkov Optical

Scintillator Detector Cameras
Screen + Frame

Electron Source \ \v .

+ Magnetic Field

Cherenkov, Scintilator screens

Gamma-flux Monitor

<~—— Ceiling

Mount
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Bonus: Searching for BSM Physics with LUXE

« LUXE will produce a high-intensity photon beam
— produce ALPs or milli-charged particles (MCP) in photon beam-dump

1073F ™

o
: S

e
target/dump / detector 10-4L
oy —
b T
SRS A
d------- 210
Primakoff Z ALP decay B
¥
process to two photons
10-6¢

LUXE CDR
L¢=0.5m, L)=3.0m, detector=1m

107 -
10-
mp[GeV]

Sensitivity could be competitive with other experiments ongoing and in planning

DESY. 20



Conclusions and outlook

e Exciting opportunity to explore QED in a new regime

using EU.XFEL electrons and high power laser.
* Observe transition from perturbative to non-perturbative QED.
e Parasitically use for BSM physics.

* CDR received CDO approval by DESY.
 TDR is presently under review by DESY PRC.

If approved, installation could happen in about 3 years.
* Results —still in this decade!

 Come and join us in a breakthrough experiment!!

03/05/2022 AL - LUXE, DIS 2022, USC
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L. PAIR CREATION IN QED

21 FLUCTUATIONS IN AN EXTERNAL EI ECTRIC FIELD

Already in quantum mechanics we agree that the ground state displays Auctua-
tions. In QFT the ground state is the vacuum of the theory, and vacuum fluctuations
correspond (o quanta appeaning and disappeanng. Yel charge is conserved even
for virtual processes, consequently electron-positron pairs are constantly created and
annihilated in the QED vacuum, waiting for an external source of energy to allow
them out into the real world. When a pair emerges the electron and the positron ini-
tially separate, then reunite into annihilation. In the "Auctuation time™ At before the
electron-positron loop closes, enough energy (AE > 2m,c”) should be imparted to
the pair to ensure the energy conservation of a real process. Consistency with the
lime-cnergy uncertainty relation requires

AEAL = k. (1)

Above, At is the time interval of brief "existence’ of the pair, whereas AE gives the
degree of energy non-conservation implied by the virtual process,

AE =2mc, 2)

where m is the electron mass. Again, Af is the time before the e~ — €™ loop closes.
If an extenal elecinc field 1s apphed, it will tend to separate the electron and the
positron. To achieve the break-up of the pair, it must convey the energy AE = 2me?
to the pair during the time Af, i.e. before annihilation takes place. An electron of
charge e is imparted the mechanical work £ EAx upon being displaced by Ax in an
electric field E, and similarly but with displacement in the opposite direction for the
positron. Assuming displacement with velocity close to the speed of light, one thus

03/05/2022

— Schwinger

requires
Az-(e E) ~ Atc(e E) ~ mc® 3)

for the pair to break. Applying (1). (2) and dropping a factor of 2 from this qualitative
argument leads to a minimal break-up field £, given by

h‘, -c-(e E.)=mc. 4)
mc2

Note that Az = - is the Compton wavelength. All in all

mc

23 : “r : ‘,,'
S REPT T AR iy (5)
eh m cm

Ec‘n!uul = E:a' —_

This quantity, called he critical clectric field, is a useful unit of comparison. In a
region with electric fields even remotely close to E,,, the vacuum would become a
conductor.

C.R. Acatrinei, QED in Strong Electromagnetic
Backgrounds — Effective Action Methods,
Romanian Journal of Physics 64 (2019) 113.
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