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Outline

1. Lasers and prospects.

2. Time-dependent processes.

� Front form vs. instant form.
� The mass shift.
� Pair production: the Wigner formalism.

3. Nonperturbative methods.
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Experimental prospects

Low energy, high intensity.
Femtosecond duration, 1020 photons/ pulse.
101-102 J Ñ intensity 1022-1023 W/cm2

� Light-by-light scattering.

� Vacuum birefringence.

� New particle searches:
Light shining through walls

� Radiation reaction.

� Schwinger pair production.

Thomas Heinzl, Anton Ilderton: Exploring high-intensity QED at ELI 3

subsection. Case (ii) is the most spectacular and corre-
sponds to Schwinger pair production [11] by spontaneous
vacuum decay. This is a completely nonperturbative pro-
cess with an exponentially suppressed pair creation rate,
R ∼ exp(−π/ε), typical for tunneling processes. Note that
it cannot be expanded in ε or a0. It is covered thoroughly
by G. Dunne in these proceedings [10]. We will move on
to the analysis of the real part of the polarisation loop of
Fig. 3.

2.2 Vacuum birefringence

The real part of the vacuum polarisation diagram de-
scribes photon propagation modified by virtual pairs. As
such it corresponds to a dispersive process. Strong back-
ground fields actually modify the dispersion relation for
photons in a peculiar way. As first discussed by Toll in his
unpublished thesis [12] the external field with its preferred
direction induces ‘vacuum birefringence’, i.e. nontrivial re-
fractive indices which differ for different polarisation direc-
tions of the probe photons. To lowest order in ν and ε the
two principal indices are [12,13]

n± = 1 +
αε2

45π

{
11 ± 3 + O(ε2ν2)

}{
1 + O(αε2)

}
, (4)

where α = e2/4πh̄c # 1/137 denotes the fine structure
constant as usual. As αε2 $ 1 the deviation from unity is
basically a function of the product εν (first curly bracket)
and, even for ELI intensities (ε # 10−2), extremely small,
of the order of 10−8. Nevertheless, it is not hopeless to at-
tempt a measurement [14]. The setup for a vacuum bire-
fringence experiment is shown in Fig. 5.
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Fig. 5. Schematic experimental setup for a vacuum birefrin-
gence measurement.

A linearly polarised probe beam collides head-on with
a laser of ultra-high intensity I concentrated within a fo-
cus size d (taken to be the Rayleigh length). The rela-
tive phase retardation due to birefringence induces a small
but nonvanishing ellipticity once the beam has passed the
high-field region. For ε, ν $ 1 the signal is given by the
expression

δ2 = 3.2 × 105

(
d

µm
ε2ν

)2

, (5)

and hence power law suppressed. For an X-ray probe (i.e.
ν # 10−2), a Rayleigh length d # 10 µm and ELI intensi-
ties one finds an ellipticity signal δ2 of the order of 10−5.
This is at the lower end of what can nowadays be measured
using X-ray polarimetry [15]. Assuming a larger Rayleigh
length one can gain an order of magnitude so that the sig-
nal could safely be detected with present day techniques.
The result (5) is valid for small ν and ε (low energy and
intensity). While the field strength ε cannot be increased
easily we may, however, consider large probe frequency,
ν > 1, hence scenario (i) of the preceding subsection. For
this we need polarised high-energy photons. The standard
method to produce these is via Compton backscattering
off an electron beam [16,17]. This was also the method
of choice for the SLAC E-144 experiment [18]. To achieve
high photon energies (i.e. a Compton blue shift, hence ‘in-
verse’ Compton scattering) it is best to use another laser
with a0 < 1 (see Sect. 3). The maximum frequency is then
given by the Compton edge ω # 4γ2ω0 with h̄ω0 # 1 eV
for optical lasers. To exceed the pair creation threshold
hence requires electrons of a minimal energy of Ee # 250
MeV. This is nowadays routinely achieved using laser wake
field acceleration (or modern variants thereof).
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Fig. 6. Real and imaginary parts of the QED refractive indices
as a function of lnΩ ≡ ln εν. Dashed line: n+, full line: n−,
vertical line: lnΩ = 1, achieved for photons backscattered off
3 GeV electrons.

T. Heinzl et al, Opt. Commun. 267 (2006) 31820 The Low-Energy Frontier of Particle Physics

γ γX X

Figure 5: Schematic of a “light-shining-through a wall” experiment. An incoming

photon γ is converted into a new particle X which interacts only very weakly with

the opaque wall. It passes through the wall and is subsequently reconverted into

an ordinary photon which can be detected.

technological applications of hidden photons [84].

4 WISP Searches with Low-Energy Photons

One of the most striking features of many new light bosons is that one can have

photon – light boson oscillations in very much the same way as the different neu-

trino species oscillate into each other. Below we will start with the description of

so-called “light shining through a wall” (LSW) experiments, which most directly

make use of this oscillation phenomenon. We will also use this opportunity to

introduce the basic equations governing these oscillation phenomena.

4.1 Photon Regeneration Experiments

4.1.1 Light Shining Through a Wall – Theory One of the most strik-

ing consequences of the photon – light boson oscillations is the possibility of

“light shining through a wall” [85–87]. This is exploited in experiments of the

same name. A schematic setup is shown in Fig. 5. The idea is as follows. If

an incoming photon is somehow converted into a WISP the latter can transverse

an opaque wall without being stopped. On the other side of the wall the WISP

could then reconvert into a photon.

This type of experiment is sensitive to a whole variety of WISPs as shown in

Fig. 6. In particular, the classic axion or axion-like particles can be searched

for by employing a magnetic field in the conversion regions. This facilitates the

conversions of photons into axions via the two photon interaction predicted for

axion-like particles (cf. Fig. 6(a)).

These oscillation phenomena can be described using a non-diagonal mass term

in the equations of motion decribing the photon A (with energy ω) and the new

Jaeckel & Ringwald, Ann.Rev.Nucl.Part.Sci. (2010)
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Approaches to ‘strong field QED’

Laser Ñ background field.

Dimensionless field strength a0 �
eE

mω
" 1.

Cannot be treated perturbatively.

Treat background exactly: use Furry picture. Furry, 1951γ

e−

e− γ

e−

e+
γ

e−

e−

Fermion propagator:
�
i{B �m� e {Aext

�
S � δ4px� yq

Ñ This talk: Furry picture and simple backgrounds.
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Spacetime structure

Simple field model. Fµνext � Fµνextpx
�q.

x+ = 0

x+

x3

x0

x−

x+ = x+
f

1. Plane wave (K to lightfront)

2. Longitudinal electric (pairs)

Compare x0 and x�.

All particles enter at same front times.

Lorentz orbit: x� � p�

m τ
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Physics in plane waves: quantum

Scalar field in a plane wave.

φ �

»
dp bpϕp � d:pϕ�p

ϕp � exp

�
� ip.x� i

x�»
2p.a� a2

p�

�

Volkov Z. Phys. 94 (1953)
x+ = 0

x+

x3

x0

x−

x+ = x+
f

Canonical quantisation, instant form:

rφ, B0φs � iδ ùñ . . .?

8 Orthogonality of ϕp on spacelike hyperplanes?
Progress only in recent years.

Lavelle, McMullan, Raddadi, PRD 87 (2013) 085024
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Physics in plane waves: quantum

Scalar field in a plane wave.

φ �

»
dp bpϕp � d:pϕ�p

ϕp � exp

�
� ip.x� i

x�»
2p.a� a2

p�

�

Volkov Z. Phys. 94 (1953)
x+ = 0

x+

x3

x0

x−

x+ = x+
f

X Front form: as in free theory.

rbp, b
:
qs � 2p�p2πq3δK,�pq � pq

X Usual particle interpretation.
X Time dependent processes in lightfront QED.

Neville & Rohrlich PRD 8 (1971) 1692, Ilderton & Torgrimsson PRD 87 (2013) 085040
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Poles in the propagator

Monochromatic plane wave, frequency ω.
Volkov propagator G: infinite series of poles (n P Z)

ppµ � nkµq
2 � m2

�

m2
� � m2p1� a20q

kµ � ωnµ
k.x � ωx�

k.p � ωp�

‘Shifted mass’ in a plane wave, intensity a0. Sengupta 1952

Discrete spectrum? Zel’dovich 1967, Oleinik 1967

Debate
Divergences? Higher loops? No mass shift! Mass shift is there

Oleinik 1967 Becker & Mitter 1976 Fried & Eberly 1964 Kibble 1965

Finite mass reform. Non-pert. effect Pert. effect What about pulses?

Reiss 1966 Reiss 1966 Lavelle 2012 Corson & Peatross PRA 85 (2012)

Mackenroth & Di Piazza PRA 85
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The shifted mass: osbervation

1. Compton Scattering.

2. ‘Nonlinear Compton’.
ÐÝ

m� ùñ frequency shift.
Kibble 1965

Ñ Spectrum (ν 1 � ω1{m)

:" Never observed.
(N.B. undulators!)
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Answers from lightfront quantisation

� Llightcone quantisation:

P�px�q| pµ y � π�px�q| pµ y

Particle content of free theory.
x+ = 0

x+

e−

x3

x0

x−

x+ = x+
f

e−

Time dependence ùñ no explicit Lorentz invariance.
All poles contribute. Resum contributions

G �
³
dp δpp2 �m2qϕppxqϕ

�
ppyq

Off shell poles = going onto ordinary mass-shell.
Källén-Lehmann in a background field.
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Living on the edge

Poles/mass shift: fingerprint of beam shape.
Requires fine tuning.
Harvey, Heinzl, Ilderton, Marklund PRL 109 (2012)
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Laser
40µm spot radius.
a0 � 2, 800nm.

Electron beam
5Mev, 8µm radius.
e� see a plane wave.

REGAE at DESY

Plane wave vs. Gaussian beam.
Peaks = mass-shift signals.
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Radiation reaction from QED

Classical radiation reaction: LAD ùñ runaways.
Ñ Different classical equations.

Measurable at 1023 W/cm2?
Di Piazza et al. Rev. Mod. Phys. 84 (2012), Heinzl Int. J. Mod. Phys. A27 (2012), Harvey,

Heinzl, Marklund PRD 84 (2011), Di Piazza, Hatsagortsyan, Keitel, PRL 102 (2009), Bulanov et

al. PRE 84 (2011)

Radiation Reaction from QED?
Progress using lightfront quantisaton. Ilderton & Torgrimsson (2013)

See talk by Greger Torgrimsson
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Pair production Ñ zero modes

Dirac-Heisenberg-Wigner function W px, pq.
Wigner Phys.Rev.40 (1932), Heisenberg Z.Phys.90 (1934), Dirac Proc.Camb.Phil.Soc.30 (1934)

Phase space (quasi) probability distribution.
Instant and front forms:

WI �

»
d3yeip.yx 0 |ψpx� y

2 q e
ie

³
dz.Apzq ψ:px� y

2 q| 0 y

����
y0�0

WF �

»
d2yKdy�eip.yx 0 |ψ�px�

y
2 q e

ie
³
dz.Apzq ψ:

�
px� y

2 q| 0 y

����
y��0

W px, pq � prob. momentum p at time/position x.
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Compare: instant vs. front form

In a pair producing background
W = momentum (p) distribution at time x.

� Instant form.

20

15

10

5

0

p! 3

0.1

0.2

!

0

"1

1

2

x!0

Oscillations: transient effects.
Virtual particles.
Bialynicki-Birula, Gornicki, Rafelski, PRD (1991),

Bialynicki-Birula and Rudnicki (2011)

Bump moving out: real particles

Hebenstreit, Ilderton, Marklund Phys.Rev. D84 (2011) 125022
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Compare: instant vs. front form

In a pair producing background
W = momentum (p) distribution at time x.

� Instant form.
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� Front form.
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Hebenstreit, Ilderton, Marklund Phys.Rev. D84 (2011) 125022
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Compare: instant vs. front form

In a pair producing background
W = momentum (p) distribution at time x.

Only real particles.

W supported on classical
worldlines.

Zero modes essential!
Tomaras et al. JHEP 0111 (2001),

Woodard, Nucl.Phys.Proc.Suppl 108 (2002)

� Front form.
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Hebenstreit, Ilderton, Marklund, Phys.Rev. D84 (2011) 125022
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Pair production?

Ñ Phenomenology.

:" Very far from Sauter-Schwinger limit ES � 1018 V/m.
Heisenberg and Euler 1936; Sauter 1931; Schwinger 1951

Next generation: E   10�2ES .

Many ways to ‘lower’ the threshold.
Schutzhold, Gies, Dunne PRL 101 (2008), PRD 80 (2009)

Geometry helps. Simple illustration:

Number of pairs �
Vol
λ4c

E2

E2
S

exp

�
� π

ES
E




Focal Vol � 1µm4, 1 pair ùñ E � 0.06ES .
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Focussed fields

Multiple colliding pulses. Bulanov et al, PRL 104 (2010)

Ñ near optimal focusing
Gonoskov et al, 2013

Ñ

Nonperturbative calculations in real fields? / in general?

Ñ Numerical approaches.
PIC Codes + Monte-Carlo modules?
Would like to retain quantum and lightfront approach.
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A non-perturbative approach

� Time dependent Basis Light-Front Quantisation.
For explicitly time-dependent problems in QFT.

Xingbo Zhao, Anton Ilderton, Pieter Maris, James Vary (2013)

P� � P�QED � Vextpx
�q

1.) Solve QED. :!

P̂�QED|β y � Eβ|β y

2.) Transitions due to Vext:

|β y Ñ |β1 y

1.) Fock space truncation.

| ephys y � | e y � | eγ y � . . .

2.) Time step discretisation.

T�e�
i
2

³
P�Ñ p1� i

2P
�px�n qδx

�q � � �

Fully quantum, real time. See talk by Xingbo Zhao.
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Conclusions

Intense laser fields offer prospects for
testing QED
new particle searches

Old problems: lightfront provides answers.
Effective mass Ilderton & Torgrimsson PRD (2012)

Radiation reaction Ilderton & Torgrimsson (2013)

Nonperturbative methods. Talk by Xingbo Zhao
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