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- 1. Introduction



High intensity lasers provide...

Large photon density Strong fields
Laser = external Alternating and pulsed
background field Near null (plane
But: Radiation (back) waves)
reaction

Effects can be elusive
Laser = classical field

Nonlinear classical

physics Goal: probe via
Quantum regime: Matter
strong-field QED Light

difficult to access in SF QED regime



QED |

Microscopic theory of light & matter: QED

Parameters:
c and /, : relativistic quantum field theory

e and 1 : electron charge and mass

Combinations:
fine structure constant o = e /4mhc = 1/137

Compton wavelength Ae = h/mc >~ 400 fm
QED electric field

Es =m?c’/eh =1.3 x 10* V/m



QED I

Elementary interaction (vertex):

(Anti-)Lepton

coupling strength ¢

Photon
(Anti-)Lepton

Coupling to external laser field (--------- ) yields
dressed (Volkov) electron
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Elementary processes

Nonlinear Thomson/
Compton scattering

e+ ny, — e+
Pair production

Y +nyL — e e

Light-by-light scattering, e.g.

Y1+ Yo +nyL — v + 74



NL Thomson & Compton

Charge laser scattering

Nonlinear when

eF) X S

Y

1

ao ~
mc?

Classical (Thomson) unless high energy (Compton)
Yehw/me? = yevg 21 (cf. SLAC E-144)
Radiation reaction effects important when
Nav.vg a% = Neé,ag a(Q) > 1

with IV = no. of cycles per pulse
(S. Bulanov, TH, M. Marklund et al., arxiv:1310.0152)



Pair production

Vacuum (Sauter-Schwinger) PP:
ZLero for PW
Nonperturbative (all orders in «)

Exp. suppressed, so conservative estimate:
I>10%" W/cm?
Stimulated PP:
Threshold suppressed
Ecv > 2mc*(1 + ap)

Lab:
E., 2 30 GeV  (cf. SLAC E-144)



-light (LBL) scattering




ldea

1 ldea: use purely photonic probes and targets

Target: ultra-intense optical laser focus

® “infinitely many” photons

Probe: suitable photons (e.g. X-ray)

m High flux, so still “many” photons

Result: very “few” scattered photons

Detect!

D NAYAYAYAVAVA it



QED I

v~ scattering in QED

A

~

Features:

1-loop: purely quantum
UV finite!
Small: amplitude O(a?)

Interaction of
“light with light”
mediated through
virtual matter




Some history

Halpern 1934:

... effects as consequences of hitherto unknown properties of
corrected electromagnetic equations. We are seeking, then,
scattering properties of the ‘“‘vacuum.”

Euler, Kockel 1935:

“Halpern (1934) and Debye (in a discussion with Prof. Heisenberg)
have pointed out that according to Dirac’s theory there must be
scattering of visible light by light. Namely, there are processes in which
two light quanta virtually produce a pair (electron and positron) which
annihilates immediately afterwards. These processes ... can happen
even if there 1s not enough energy to produce a real pair.”



“Quantum vacuum optics”

v~ scattering: effects as in light-matter interactions
Reflection
Refraction and birefringence
Diffraction
Light bending or aberration
Absorptive effects due to PP

Nonlinear (optics) effects
photon splitting

wave mixing



Examples

Photon laser scattering: refraction, deflection etc.

Y

Vacuum emission: 4-wave mixing, etc.



Observation?

LBL scattering with real photons never observed

only for virtual photons — Delbrick scattering (off
nuclei, fiw > mc?)
Difficulty:

Low energy: flux large, but cross section too small
~107% ecm? |  hw < mc?
High energy: cross section larger, but flux too small
~ 1073 em? | hw ~ mc?
Current bound (laser regime)

0y < 1.5 x 107% cm?



Remark

Indirect evidence for LBL scattering from anomalous
magnetic moments (g — 2, virtual sub-diagrams)

Deviation from Dirac value 2 known to NNNLO
(including 891 4-loop diagrams)

_9 1 2 3 4
g— < :—2—0.32848...<g) +1.18124...(3) —1.9144...(9) ¥

2 th 27 T T T

At NNLO: LBL diagrams contribute 30% of 1.18124...!

A
@ Q Q o = 037100529,
P




- 3. Vacuum birefringence

(from LBL scattering)



- 3. Vacuum birefringence

3.1 Generalities
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TH, B. Liesfeld, K.-U. Amthor, H. Schwoerer, R. Sauverbrey and A. Wipf, Opt. Commun., 2006
G. Shore, NPB, 2007
V. Dinu, TH, A. llderton, M. Marklund and G. Torgrimsson, PRD, 2014 (I & Il)

Experiment

Zavattini et al., PVLAS, arxiv:1201.2309
Rizzo et al., BMYV, arxiv:1302.5389
HIBEF @ DESY: in preparation



Scenario

Probe intense laser X-rays:
focus with X-ray probe XFEL, e.g. HIBEF @ DESY
L Via Compton back-

scattering from multi-

GeV electron beams
(e.g. ELI-NP)

(HIBEF @ DESY —
‘flagship experiment’)

Optimal: counter-

propagation (6 = ) 7 (optical BG)




Experimental signature: Ellipticity

timal:
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Polarisation transport |

.

Ry -

1 Transformation of BG basis G B/czym’s text)
i) — |€;) = Uij(2)]e;)
0 “Transfer” matrix (kg = wy,/c)
U(z) = exp(ikogNz)
1 Matrix of refractive indices

N = diag(n1,n2)



Polarisation transport |l

\,
™,
<.

0 Transformation of probe polarisation /
1) = aler) + Ble) TN
[] Non-ﬂip amp litude S/

a = (e1le)) ~ exp(ikoz)

o Flip amplitude | é¢ «— Phase shift
() . [ \
B = (e21e1) = 9 exp(tkoz) koz (n2 — n1)




Ellipticity again

Ellipticity
field strength ratio
= amp ratio:
0=p/a=(i/2)A¢
Observable

intensity ratio

fraction of photons with flipped polarisation:

0]* = |B/al® = (A¢/2)* = N} /N



- 3. Vacuum birefringence

3.2 QED Calculation




TeX.I-bOOk fheOr)’ I (Akhiezer and Berestetskii)

o Ingredients: 4 wave and 4 polarisation vectors, so
4™ rank tensors...

1 e \* 1
do = (2”)2 (47t) 162 ]elye%eslelolﬂwlo(—kl’ _k29 k3: k‘)|2 do

4 (54.9)
10Ky s Ky Ky ky) = T2\ {aS,‘w'lo'(kl’ ko ks, ky)
(&)
+ bR ,,;, (ki, ks, kg, k9 }.
S okys ks, kg, ky) = 4{k2”k1vkuk3‘,+ Ky ko Kinkost Ke ks Kaykyg

— 0, kyy Koy (ky ko) — 0;,K5, Ky, (Kgky) — 0,3 Ka, Koo (KiKy)
_6rak3y kyy (koky) — 6,,ak3ykzz(k1k4)_ 6,1k10k4”(k2k3)
+0,,0,4(k1ks) (ksky) +0,,0,,(ky k3) (kaky) +6,,6,; (k1 k) (ko ks)}



TeX'l'bOOk fheOry ” (Akhiezer and Berestetskii)
o

(ky, ko, Ky, ky) = ka ky, ks, ksa+k2,.k3ykqaklo+k ki, kaykog
ko ke, Ky koo tKa kg, ki Kog ks ko ko kg0, Koy kg (Kaky)
+klzkza(k3k4)"kz).kao(klka)"‘kukla(kzks)"kukzo(klks)
—ky Kao(kak)) 40,1k, ks, (ki ko) +ky, ko, (ki ko) — Ky Ky, (Ko Kky)
—ky, Ky, (kyky)—ky, Ky, (koky)—ko Ky, (ki kg)]4-0 [k, Kag (Ko Ky)

— K3, Koo (Ky K]0, K2, Ky, (Ky Kg) Ky, Ko (Ky Kg)—Kg K1 5(K3Ky)
—ky Ko (ky ko) —ks, kig(koke) =Ky, Koo(ki ka)]+0,, ks, Koy (ky K3)

k4,,k2/1(k1ks)—ka,;ku(klkz)—kz,,ku(k3k4)—k4”kla(k2k3)
—ka,,kzz(]ﬁkq)]+aya[klyk«u(k2k3)+k4»kn(k2ka)—klykzz(k3k4)
_k3vk4l(kl kz)_ksykm (k2k4)"‘k4vku(k1 ks)]‘f'é,w 520[(1‘1 ka) (kzka)
+(kyky) (kek )] +0,, 0,,[(k1 k) (k3ko)+(ky ky) (Kkoksy)]

+0,,0,,[(ky ko) (kyk o)+ (ky ky) (Kok )], (54.18)

w Ao



Effective Lagrangian

Simplification: Low energy (< mc*) + BG

Use LO Heisenberg-Euler Lagrangian (193¢

2
= st ropt, {2)o (1]

C2 T 45 mA

with basic invariants

1
= tr F? = (E* - B%)/2

EitrFﬁzE-B

F, F field strength tensor and its dual



Scattering amplitude |

Lowest order LBL scattering (off BG)

A 4

[ = khe” — Vet

v f(k, € v: f(k,e)

Need forward scattering amplitude (k' = k) :

St = (k, &'| S|k, €)




Scattering amplitude |l

1 Standard Feynman rules yield equivalent rep.s:

Sii ~ crtr (Ff) tr (Ff') + cotr (Ff) tr (Ff')
~ c1(e, Fk)(Fk,e") + co(e, FEk)(Fk, &)
= ¢ (e, by)(bi, €') + co(e, by ) (by, €
= (¢, (k)€

with polarisation tensor 117 (f)



‘Traditional’ analysis (1952

VacPol tensor
[T" (k; A) =

Two nontrivial eigenvalues
2 _
II) 0 = —c12b; =c12(k, Tk)
with /" = energy momentum tensor

Two dispersion relations (‘deformed LC’)
k2 + 1110 = (g" + c1 27" )k, Ky, = 0

Two indices Of refrCIC’rion (Toll 1952; Narozhny 1968; Brezin, ltzykson 1970)

Ny = 1+ H172/2w,%



Scattering analysis

1 Non-flip amplitude:

A1 =1+ <€1‘S|€1> =1+ 2F2k02 (Cl —+ CQ) =1+ O(Ck2)

o Flip amplitude:

A12 == <82|S|€1> = 2F2]€QZ (Cl — CQ)
1

O for Bl |

o1 Ellipticity:

0 = A12 — (1/2)]€02 (n1 — TLQ)



EX p. feCISi bilill.y (TH et al., Opt. Commun., 2006)

Rewrite ellipticity

dov 2 E?

o= BN ‘L E

p) V)

Optimal scenario: XFEL () ~ 10°X.) & HP laser
HIBEF (e, ~107*): 6% ~10"H
ELI (e, ~107%): 62 ~10""
X-ray polarimetry:

Current record in polarisation purity: 2.4 x 107" @ 6.5 keV
(Marx, Uschmann, Paulus et al., PRL 110, 201 3)



- 3. Vacuum birefringence

3.3 Generalisations



Directional and BG effects

Non-forward (e.g. reflection, deflection,...)

Non-constant BG, e.g. pulsed PW: finite duration

Si = (K',&'|S|k,g) ~ e ka WHYP(q) el k]

g = k' — k momentum transfer
WHerP(q) ET. of et F'F + ¢ F'F'; intensity form factor’

g Ve 5 ¥ 4 & *. 4
K : K K - 5 - K -
N > AY N AY 4
~ 7/ N # AN 7

k' k k k k' k

|. Affleck, J. Phys A21 (1988)



Finite size effects: Gaussian beams

finite longitudinal and transverse size (2, ,wq ):
Rayleigh length and waist:
20 = wi /T
Small parameter: beam divergence
oc=wy/zg S1/7

Paraxial approximation: O(c") L wr,

New phase shift: A¢p = Ap(b) X \/ lb

Dependence on impact parameter RN !

Most realistic: finite space-time extent

Dependence on pulse duration



Finite pulse effects

[l GI‘CI ph (V. Dinu, TH, A. llderton, M. Marklund and G. Torgrimsson, PRD 89, 90 (2014))

® Flip amp. A,,— paraxial vs. pulsed Gaussian beam

2 17.2
. —— Pulse (left scale)
S N N — Parax. (right scale) 12.9
106 A, 1 Aparax ~ 10 Apulse 2 6
(L N 43
0- -0
00 0.5 1.0 1.5 2.0

b/ Wo



- Vacuum Emission

(work in progress)




Scattering amplitude |

1 LO Feynman diagram:

’Ylf(k,(i) F

11 Scattering amplitude:

St = (k,e|S]|vac)



Scattering amplitude |l

1 Feynman rules yield:
Sii ~ c1 S tr(Ff) —|—0273tr(13’f)
~ (c1 — 2¢2) S tr (Ff) + 4dco tr (F2 f)
-1 Zero for plane waves where invariants

S=P=0

1 Use e.g. Gaussian beams instead...



Gaussian beams

Y

recall parameter: beam divergence o = wy/20 < 1/7

Field strength tensor = “deformation” of PW

2101
( 0 —1 O 14232 \
1 1 O 12239 1
FW — F ) Yoy +O%Z ; + c.c.
 1+42iz —1 0 0
+E,
Invariants nonzero:
9 EH
S, P=0(c")
B ¢



- Outlook and Conclusion



Summary

Nonlinear scattering and PP:
Quantum regime difficult to reach

Need high energy and/or extreme intensity

Light-by-light scattering:
Low-energy quantum regime
still small cross sections: O(a*)

Wealth of effects: quantum vacuum optics



Conclusion

Theory
Perform systematic study of vacuum optics effects

Identify most feasible /interesting of these

Experiment
New strong-field QED experiment urgently needed!

Vacuum birefringence experiment feasible @ 10%* W/Cm2
(HIBEF)

Requires careful optimisation and fine tuning of parameters

but at current sensitivity limits



- Thank you very much...

...for your attention!







Parameters

Simultaneous expansion in «, vx and €,
Large external field parameter ¢, :

Incarnation of strong-field QED — unprobed region of SM!
energy[mc?]

E-144 []

QED [— SFQED

v

A

1
_____ =TT TSSSSTTSTSSSSSSSSSSSSSSSSSSSSSSSSSSSS

Low energy (e.g. all-optical)
| | -

|
10~ 1 €7r,




g — 2: NNLO

<6 R
R O G R L ¢

L LC
L
L@ ¢ L L
L <& <G <<
¢ ECLCLL<
<Lk

RA AR R A




LBL and g — 2

Numerical values:

— 9 SRR
g . _ 000115965218279(771) (Th: Kinoshita et al., 2008)
th .
g% — (0.001 15:96;52;185073(28) (Exp: Gabrielse et al., 2008)

exp A
g—2 SR

T — (0.001 15964207 (LBL contribution = Q)
7y=0 SN

2 3 4

NB: additional LBL terms at (numerically known) NNNLO
€L



Colliding pulsed plane waves

0.6

-0.6

-0.8

Eternal lifetime — unrealistic !



Colliding Gaussian beams |
N

t=-5.
0.8 1

0.6
0.4 -

0.2 1

v T J J J J T v v ! J ' ' ! J T ! J J v T J !
-10 -5 0] 5 10
-0.2 -

-0.4
-0.6 —
-0.8

-1 4

Good space-time overlap



Colliding Gaussian beams Il

0.8
0.6

0.4 -

-0.4 -

=0.6 1

-0.8 +

Bad space-time overlap — jitter |

T
10



