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Direct Accessibility of the Fundamental Constants Governing Light-by-Light Scattering
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Quantum field theory predicts that the vacuum exhibits a nonlinear response to strong electromagnetic
fields. This fundamental tenet has remained experimentally challenging and is yet to be tested in the
laboratory. We present proof of concept and detailed theoretical analysis of an experimental setup for
precision measurements of the quantum vacuum signal generated by the collision of a brilliant x-ray probe
with a high-intensity pump laser. The signal features components polarized parallel and perpendicularly to
the incident x-ray probe. Our proof-of-concept measurements show that the background can be efficiently
suppressed by many orders of magnitude which should not only facilitate a detection of the perpendicularly
polarized component of the nonlinear vacuum response, but even make the parallel polarized component
experimentally accessible for the first time. Remarkably, the angular separation of the signal from the
intense x-ray probe enables precision measurements even in the presence of pump fluctuations and
alignment jitter. This provides direct access to the low-energy constants governing light-by-light scattering.

DOI: 10.1103/PhysRevLett.129.061802

Introduction.—Vacuum fluctuations induce nonlinear
interactions of electromagnetic fields. This implies light-
by-light scattering and violations of the superposition
principle which predicts that light rays traverse each other
without interacting. Within the standard model (SM) the
leading effect is governed by quantum electrodynamics
(QED), where a virtual electron-positron pair can couple
electromagnetic fields [1,2]; see Refs. [3-5] for reviews.

Macroscopic electromagnetic fields available in the labo-
ratory fulfill {|E|,c|B|} < Es, with Eg= m?c®/(eh)~
1.3 x 10'"® V/m set by QED parameters: the electron mass
m and elementary charge e. If these fields vary on scales
much larger than % = /(mc)~3.8 x 10713 m, their
leading interactions are governed by (¢ = A = 1) [6,7]
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The constants a and b control the strength of the four-field
couplings. QED predicts that these have a series expansion
in @ =e?/(4n) ~ 1/137 and read as [1,8,9]
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The subleading terms ~a result in corrections on the
1% level.

While there is evidence for light-by-light scattering in
heavy-ion collisions [10-13], to date the interaction of
macroscopic fields could not be detected in a controlled
laboratory experiment. A measurement of a and b would
constitute a new precision test of QED and constrain the
parameter space of beyond the standard model extensions
(BSM) extensions such as weakly interacting slim particles
which are expected to leave an imprint on these.
Corrections of the QED values by other SM sectors are
suppressed with (m/M)* < 1 because their effective
masses (charges) fulfill M > m (Q ~ e).

A famous prediction of Eq. (1) is vacuum birefringence
[14,15]: linearly polarized probe light traversing a pump
field can obtain a L-polarized component and become
elliptical. Progress in laser technology has resulted in
realistic concepts to detect this effect in head-on laser
pulse collisions [16-26] for the first time; see Refs. [27-31]
for searches in magnetic fields. In this scenario, typically
the number of _L-polarized photons N |, a subset of the total
signal N + N, constitutes the observable. The scaling

I \?
NjL~ep (1——) N, (3)

sm

with the pump intensity / and the probe photon energy w
(number N) suggests the use of an x-ray free electron
laser (XFEL) as a probe and a tightly focused high-intensity
laser as a pump for this experiment [17,32]; Iy = E3.
The coefficients ¢| = [a+ b+ (a —b)cos(2$)]* and
¢, = [(a—b)sin(2¢)]*> depend on a, b and the relative
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polarization ¢ of the pump and probe; the ratio ¢, /¢
depends on ¢ and (a + b)/(a — b). For collisions with a
transverse impact parameter r, the signal photon numbers
[Eq. (3)] decrease as [33]

Nexp{_4 (ﬂﬁ} 4)

from their maximum values at zero impact; w, (/) is the
waist radius of the pump (probe) beam.

Detecting both N | allows a and b to be inferred. As
these depend on the driving fields in the same way, a
simultaneous detection provides access to the ratio

a—>b\? 9 260 o
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This observable does not depend on intensity and thus is
insensitive to fluctuations in experimental parameters such
as spatiotemporal jitter or intensity fluctuations. These
typically limit the achievable precision in experiments
requiring the overlap of pump and probe foci.

As the signal photons are predominantly emitted in the
forward cone of the probe, discerning the signal from the
background constitutes a formidable challenge. Recent
theoretical work showed that this is possible with a probe
modified such as to exhibit a shadow in the far field while
retaining a peaked focus profile [34]. Experimentally, this
annular beam approach was pioneered by Refs. [35,36]
for the detection of weak nonlinear optics signals in the
presence of strong fields: blocking a part of the cross
section of the original beam prior to focusing with a well-
defined beamstop creates a shadow in the collimated beam,
which is then also present in the converging (expanding)
beam before (after) focus. This arrangement can be seen as
analogous to the commonly used spatial filtering tech-
niques in linear optics.

In this Letter, we combine the results of a first-principles
calculation and a proof-of-concept experiment to show that
this scheme is capable of determining both a and b; see
Fig. 1 for a schematic illustration. Such a measurement
could, e.g., be performed at the Helmholtz international
beamline for extreme fields (HIBEF) at the European
XFEL [37], SACLA [38], or LCLS [39].

Theoretical scenario.—Both the pump and the counter-
propagating x-ray probe are pulsed paraxial beams [40].
The waist wy = 24f/x of the fundamental Gaussian pump
(wavelength A, pulse energy W, 1/e? duration 7) is
determined by the f number of the focusing element.
The annular probe (duration 7') is obtained by superposing
two flattened Gaussian beams [34,41] characterized by far-
field intensity profiles Iy/(9) ~ [[(N + 1,9%/6%)/N1)?
with different integers N' > N’ > 1; the angle 9 is mea-
sured from the beam axis, I'(-,-) is the incomplete T’

N,
N
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FIG. 1. Schematic layout of an experiment to measure the

coupling constants. The XFEL is focused to a spot with a wire
creating a central shadow in the beam on both sides of the focus
while retaining a central intensity peak in the focus. X-ray optics
image the wire to a matched aperture plane. The interaction with
the pump results in signal photons scattered into the central
shadow. The L, ||-polarized components are directed to separate
detectors using a crystal polarizer.

function, and @ determines the beam divergence. The outer
(inner) radial divergence of this annular probe is 8, ~
OVN +1 (@pn ~O0VN'+1), such that the ratio
(On/Ox)* = (N +1)/(N + 1) measures the fraction of
the cross section of the original probe (N photons of energy
w) to be blocked by the beamstop. Here we set 6 =
(2/mgw)[(2=2/e)/(N +N'+1+2/e)]'/?  ensuring
the probe waist to be given by ww, [34]. Upon this
identification 1,(9) approaches a Heaviside function
OOy —9) for N' = 0. Hence, for N' = N’ > 1, which
we assume to hold in the remainder of this Letter, the

far-field intensity profile of the probe scales as
1% (9) ~ OOy — 9) — OOy — 9).

A general expression for the far-field distribution
d*N| | /d*k of signal photons of wave vector k=
k(cosgsind, singsing,cosd) induced in the head-on
collision of a fundamental Gaussian pump and a paraxial
x-ray probe of generic mode composition was recently
derived in Ref. [34]; here the integration over the
longitudinal coordinate z is still to be performed. Note
that in the conventions of this Letter we have r(z) =
Ow(z)w/2 with pump radius w(z). The result of Ref. [34]
serves as a starting point for our calculation. As
0~1/VvN + N'" < 1, functions of r(z) are slowly vary-
ing with z by definition. Hence, the z integral can be
evaluated with the saddle point method; it can be easily
checked that the leading order approximation captures the
dominant contribution at A" > A’ > 1. Making use of
the fact that the signal is predominantly emitted at k ~ @
and J <« 1, it moreover amounts to an excellent approxi-
mation to identify k = @ in the overall prefactor and
whenever k effectively occurs in combination with powers
of 9 [4,33]. Besides, we may neglect terms parametrically
suppressed by w9? < 1. Finally, we expand the individual
factors constituting the signal photon emission amplitude
in § <1 and keep only the leading contributions. For
ro = 0, this results in
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Next, we aim at fixing o, such as to maximize the signal
in the shadow for given wy. To this end, we demand the
second derivative of Eq. (6) for  to vanish as this ensures
the slowest drop of Eq. (6) from its maximum at 9 =0
toward larger 9. This yields 6= (2/wyw)[2/(N+
N+ 1D)]Y2, and thus wy=~w[(1—1/e)/2]'/? ~0.6w,
for N' 2 N’ > 1. The number of signal photons scattered
into the shadow then scales as

with S, = Cptl

Ny~ b, ———
I~ dcosdde|y_

vin) v 7

. (/\/—/\/’)2/\/’

which becomes maximum for N’ = (v/5 = 2)N =~ 0.2\,
i.e., when the beamstop blocks (6y/0))? =~ 20% of the
cross section of the original probe. Adopting this choice,
we finally find that

16(5v/5 = 11)a* oW 4
N L — | N
20257 mm wo
w W 4
~5.17 x 10~ 18c”L<kVJ> <WO>N (8)

signal photons are scattered in the central shadow in the
beam, where the background is significantly reduced; the
effect of a transverse impact ry # 0 can be estimated by
multiplication with Eq. (4), which for the choices of
parameters adopted here becomes =~ exp{—2.3(ry/wg)*}.
The strength of the remaining background component can
be further reduced by imaging the beamstop onto an
aperture, allowing one to eliminate the original beam fully.
The residual background is then due to scattering and
diffraction. For the experimental parameters 4 = 800 nm,
@ = 12914 keV, and N = 8.26 x 10'! available at the
European XFEL [42,43], Eq. (8) predicts N); ~9.17x
1073 f~*¢)  (W/J)%. For ¢ =z/4, W=101J, and f =1
this implies N; ~8 (N ~ 107) signal photons scattered
into the shadow per shot. While these photon numbers are
easily detected by single photon sensitive detectors like
CCDs, the challenge lies in designing the experiment such
that any backgrounds are sufficiently suppressed. However,
the very small wavelength and the small scattering cross

Ny

sections for crystalline media in the x-ray regime suggest
the possibility of very low background count rates and
hence high precision measurements. The availability of
polarizers with differential transmission on the 107! level
[44,45] typically makes the weaker, L -polarized compo-
nent easier to access.

To determine the feasibility of measuring both a and b
we demand the signal over n shots nN|| | (choose n) to be a
factor C above the standard deviation of the background

nNgg, with Ngg background photons registered by
the detector per shot, and calculate the required pump laser
energy. We concentrate on the ||-polarized component, as
the added background rejection afforded by the use of
polarizing crystal easily outweighs the relatively small loss
of signal. This results in the stringent criterion

I’lNH > C\/ nNBg, (9)

which for ¢ = z/4 and the explicit experimental para-
meters given above yields a condition on the required
number of shots n for given values of C, Ngg, W, and f,

n>0.8178C2 (W/B}“’)4 (10)

We emphasize the strong dependence on the f number.

Measurement concept.—Most measurement concepts to
date have focused on the _L-polarized component, which
allows for the rejection of the background using polarizers
but is sensitive to alignment fluctuations and only provides
access to a — b. The experimental concept envisioned here
allows both a and b to be determined; see Fig. 1. In this
scenario the XFEL is focused and recollimated using a pair
of compound refractive lenses (CRL). A beamstop (wire or
disk) is placed in the beam center and is imaged onto a
matched aperture plane. An additional, intermediary aper-
ture is placed before the collimating CRL to prevent
scattering in that CRL.

As the direct path to the detector is geometrically
blocked the background consists of XFEL photons trans-
mitted past the beam block and scattered in the first CRL or
diffracted from the beam block edge. The scattering in the
CRL can be estimated as N; = P,QN/(4x) = kN, where
P is the scattering probability in the CRL and € the solid
angle subtended by the slit or aperture. The contribution
due to diffraction can be estimated using Fresnel diffraction
theory [46]. The primary source of suppression in the
transmission N, is the small subtended angle of Q/(4x) ~
O(1073) for a sub-mm aperture and 0.7 m focal length. For
high quality crystalline x-ray optics the diffuse scattering
probability is < 1073 [47]. Since the second set of CRL
and slit acts identically to the first one the transmission due
to scattered photons can be estimated as N, = kN| = k’N.
For the above parameters and a single XFEL pulse this
value is well below the detection threshold.
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FIG. 2. The top figure shows the simplified geometry used for
the shadow contrast measurements. The middle figure displays
0.5 s exposures of the full x-ray beam profile (a) without and
(b) with Au wire inserted. The green box indicates the slit
position for shadow measurements. (c) The number of photons
per 1000 s integrated over the y axis for different configurations.
The 0.5 s exposures from (a),(b) are scaled to 1000 s resulting in a
lower detection limit of Nyp, = 2 X 103 in (c). For high dynamic
range measurements with a 1000 s exposure a slit was used to
block the transmitted beam on either side of the wire. With this
arrangement three 8 keV photons were observed in the wire
shadow consistent with the level predicted due to diffraction and
the off-Bragg-peak reflectivity of the silicon crystals.

The success of this scheme depends on the experimen-
tally achievable purity of the shadow. We therefore con-
ducted a proof-of-concept experiment [48] at a 1.2 kW
rotating Cu-anode x-ray source to obtain an upper bound
for the number of background photons expected to be
scattered into the shadow. Rather than using an annular
structure we block the central portion of the x-ray probe
with a thin Au wire of 500 ym diameter. Our simplified
setup shown schematically in Fig. 2 (top) completely omits
the lenses: the wire and the slit are placed in close proximity
separated by only 4 cm. The beam is collimated by a
confocal multilayer optic yielding =5 x 10° Cu-Ka

photons per second with a symmetric divergence of
0.4 mrad within a thombic beam profile with side lengths
of 2 mm. A Si 400 Bragg crystal is used as final scatterer
before the wire, which also reduces the angular spread from
0.4 mrad to 18.8 urad determined by the rocking curve. A
tungsten slit is placed approximately 4 cm downstream of
the wire. For high sensitivity measurements the slit is
adjusted to a width of 340 ym to block the direct beam.
Scattering from the wire and slit is reduced by placing the
assembly between two parallel, polished Si crystals using
the 400 reflex. The signal is recorded with an x-ray CCD
(Roper PI-MTE:2048B).

Figure 2 shows the measured x-ray beam profile (a) with-
out and (b) with the wire shadow for 0.5 s exposures. The
wire introduces a shadow that eliminates all photons within
the dynamic range of the camera for these short exposures.
Long (1000 s) exposures with the tungsten slit adjusted to
block the direct beam are shown in Fig. 2(c) and compared to
other configurations. The angular acceptance of this geom-
etry is Q/(4z) = 3 x 107>, and we observe a signal level of
(3 £1.7) x 1078 of the primary beam intensity in the wire
shadow. This value agrees well with the level of 2 x 1078
predicted by Fresnel diffraction taking into account the
angular dependence of reflectivity in the second Si crystal,
which further suppresses the diffracted x rays. The contri-
bution due to scattering in the first Si crystal is expected to be
negligible in this geometry. A significant diffuse scattering
contribution at twice the background level could be observed
when an amorphous solid (135 ym glass) was placed
between the crystals. The observed result agrees very well
with expectations and is close to the experimental sensitivity
limit of our setup for reasonable integration times.

Implications for experiment.—As before we only con-
sider the ||-polarized channel. To estimate the background
suppression factor achievable in the setup with two lenses
and slits with 1:1 imaging of the wire by the second CRL
as shown in Fig. 1, we estimate scattering to be insignifi-
cant at k ~2 x 107! due to the smaller angle subtended
and therefore x* =~ 4 x 1072 in line with the results of our
proof-of-concept experiment. As in the test setup the
background levels will be dominated by diffraction. For
a setup with CRLs with 0.7 m focal length double
diffraction into the detector is estimated at the 2 x 107!!
level with the signal in the 1 channel further significantly
suppressed by polarization selection.

The predicted level of background suppression would
allow for a single shot measurement of the observables for
W=10J and f =1 or multishot measurements with
relaxed laser requirements in terms of energy and/or
focusing. As an experimental measurement of the back-
ground transmission level of the full setup is beyond the
measurement sensitivity of our test setup, we take a
conservative approach and assume that the full experiment
with CRLs and two apertures would perform no better than
our test setup at 3 x 1078, which implies Npg =
3 x 1078N. Equation (10) predicts that even in this case
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a measurement of the ||-polarized signal component—and
thus also a direct determination of the fundamental constants
[Eq. (2)] and a measurement of vacuum birefringence for
the first time—with a significance of C = 5 would require
only 50 shots for the above XFEL parameters and a laser
energy of W = 101J and f = 1. Equation (9) predicts the
required number of shots for a given value of C to scale as
n~ (N )72 Correspondingly, with the above experimen-
tal parameters and a repetition rate of 10 Hz, in a one-day
(one-year) measurement one could achieve a precision
on the 107 (107) level for N ;, and thus on a correspond-
ing level for a and b; cf. Eq. (9). This implies the
principle accessibility of subleading terms in Eq. (2).
Finally, we note that the experimental scheme presented in
this Letter can be extended to the optical regime where
repetition rates of 100 MHz are feasible with cavities. For
sufficiently high circulating pulse energy this might facilitate
quantum vacuum measurements with even higher precision.

Conclusions.—We have shown that the use of an XFEL
probe modified to exhibit a central shadow in both the
converging and expanding beam makes the low-energy
constants governing light-by-light scattering directly acces-
sible experimentally for the first time. These can be
extracted from a simultaneous measurement of the |-
and _L-polarized components of the nonlinear response
of the laser driven vacuum. This constitutes a sensitive test
of QED in an untested parameter regime and has the
potential to probe and constrain physics beyond the
standard model of particle physics. Our approach also
provides a realistic experimental platform for the first
observation of vacuum birefringence in a controlled labo-
ratory experiment: it has the potential to reduce the
experimental time required for 5S¢ significance from pre-
vious estimates of about 6 days [45] to less than 1 minute at
currently available facilities such as HIBEF, and thus
makes quantum vacuum nonlinearities accessible with
moderate experimental efforts for the first time.
Moreover, we emphasize that due to its high sensitivity
our setup offers a great potential in searching for BSM
extensions leaving an imprint on a and b; see Refs. [5,49]
and the references therein.
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