University of Plymouth
PEARL https://pearl.plymouth.ac.uk

Faculty of Science and Engineering School of Engineering, Computing and Mathematics

2023-11-24



arXiv:2311.14638v1 [hep-th] 24 Nov 2023

Master Formulae for N-photon tree level amplitudes in plane wave backgrounds
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The presence of strong electromagnetic fields adds huge complexity to QED Feynman diagrams,
such that new methods are required to calculate higher-loop and higher-multiplicity scattering ampli-
tudes. Here we use the worldline formalism to present ‘Master Formulae’ for all tree level amplitudes
of two massive particles and an arbitrary number of photons, in a plane wave background, in both
scalar and spinor QED. The plane wave is treated without approximation throughout, meaning in
particular that our formulae are valid in the strong-field regime of current theoretical and experi-
mental interest. We check our results against literature expressions obtainable at low multiplicity
via direct Feynman diagram calculations.

I. INTRODUCTION

Strong fields can generate nonlinear and non-perturbative effects in particle interactions. Strong electromagnetic
fields may be generated terrestrially by several means, including by ultra-intense lasers [1, 2]. QED processes in the
presence of these fields acquire an intensity-dependence characterised by a coupling which typically exceeds unity,
and which must therefore be treated without recourse to perturbation theory. Several upcoming experiments aim to
observe nonlinear effects in the scattering of electrons [3-5] and photons [6, 7] on intense lasers.

The standard theory approach to ‘strong field QED’ is based on the Furry expansion, or background field perturba-
tion theory. The strong (e.g. laser) field is described as a fixed background, the coupling of which to matter is treated
exactly. Interactions between particles scattering on this background are then treated in perturbation theory as usual,
see [8] for a recent review. There are however several topics in strong field QED which require the development of
new theoretical methods.

First, the majority of progress to date has been made for the special, highly symmetric laser model of a plane wave
background, for which the Furry expansion can be practically realised. It is a long-standing challenge to account
analytically for realistic pulse geometry, and the new phenomenology this brings [8]. Second, while plane wave results
can be extended to realistic fields via local approximations (e.g. [9—11]), and so implemented in numerical codes,
those codes must still be benchmarked against theory. This has been performed for first-order (i.e. low multiplicity)
processes, but benchmarking higher-order processes is made challenging by, in part, a lack of analytic results; the
state-of-the-art in the plane wave model is, at tree level, only four-point scattering. Third, if we consider higher loop
corrections, it has been conjectured [12—14] that at very high background field strengths the loop expansion must
be resummed in order to provide reliable physical predictions (at least in the low frequency, ‘constant crossed field’
limit). Doing so is a formidable challenge | ].

To attack these problems one can use approximations that do not rely on weak coupling [18], develop exactly solvable
models which capture some physics of interest [19], or use alternative methods to simplify Furry-picture quantities.
One potential method is the worldline formalism, which casts QFT in terms of path integrals over relativistic point
particle trajectories. Its roots can be traced back to Feynman [20, 21], though its use as a serious alternative to the
standard QFT formalism was first advocated by Strassler [22], following [23, 24]. One of the main advantages of the
worldline approach is that it automatically sums over all Feynman diagrams which contribute at fixed multiplicity and
loop order, thus greatly simplifying the combinatorics which comes with higher numbers of scatterers and/or loops.

The worldline formalism was initially developed for one-loop (and then higher loop) processes in vacuum and in
background fields, and a common output of the approach is ‘Master Formulae’; these are all-multiplicity formulae for
correlation functions of a chosen set of fields, at fixed loop order. Such Master Formulae, which would be extremely
challenging to reproduce using Feynman diagrams, have been obtained for processes in vacuum [22, 25, 26], in constant
electromagnetic backgrounds [27-32] and in plane wave backgrounds [33, 34]. The worldline approach has also been
applied to the calculation of effective actions in background fields via numerical implementations [35], the Casimir

effect [36], vacuum birefringence [37], tadpole corrections [38—40], and nonlinear Breit-Wheeler pair production [41]. A
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FIG. 1. We consider tree level scattering amplitudes of 2 massive charges and N photons, as illustrated on the right (for
scalar QED). The double line represents the presence of a plane wave background, the coupling to which is treated exactly.
Amplitudes are obtained by LSZ reduction of the corresponding correlation functions. In the worldline approach, a natural
starting pointing is the partially amputated correlator, or ‘dressed propagator’, in which the photons are already reduced out,
but the matter fields are not. This is illustrated on the left. Thus LSZ reduction is still required for the external matter lines.

long-standing focus of the approach has been the investigation of non-perturbative effects via worldline instantons [42—

]. For reviews see [19, 50].

Only recently has much attention been paid to worldline Master Formulae for processes with external matter lines,
or processes at tree level [51-56]. Furthermore, while external photon lines typically appear in the worldline formalism
already LSZ-amputated, matter lines do not, and it has not yet been fully established how one should perform the
required LSZ amputation which turns correlation functions into amplitudes.

We fill in some missing pieces of this puzzle in this paper, which is organised as follows. In Sect. II we construct
worldline Master Formulae for all tree level N + 2-point correlation functions describing the emission of N photons
from a massive particle in a background plane wave, in both scalar and spinor QED. In Sect. III we turn to the
LSZ amputation of the master formula, converting it into an all-multiplicity formula for the corresponding N-photon
emission/absorption amplitudes from a massive particle in a plane wave background. Example calculations in which
we compare with known literature results at low multiplicity are presented in Sect. IV. We conclude in Sect. V. The
appendices contain additional checks on our results.

Conventions: We set h = ¢ = 1. We work throughout in Minkowski space with lightfront coordiantes, so that
ds? = dztdz™ — dztda* where 2+ = (z!,2?) are the ‘transverse’ directions. We introduce a null vector n,, which
projects onto the ‘lightfront time’ direction, that is n - x = x*. The covariant derivative is D, = 0,, + ieA,,.

II. MASTER FORMULAE FOR 2+ N-POINT TREE LEVEL CORRELATORS IN PLANE WAVE
BACKGROUNDS

The goal of this section is to write down and evaluate the worldline path integral Master Formulae for tree level
correlation functions of N photons and two charged particles in the presence of a plane wave background, valid for
arbitrary V. We will do this in both scalar and spinor QED.

Our plane wave background may be described by the potential eA,(z) = a,(z") = §,a, (z"), a transverse function
of lightfront time 2. We may always choose a, (—oo) = 0, but then a, (c0) =: a%° is in general non-zero (and carries
an electromagnetic memory effect [57-59].). The corresponding field strength is f,.,(z") = nua,(z*) — n,a,(z7),
where a prime denotes an x*-derivative.

A. Scalar QED

In the Master Formulae we derive in this section, the N external photons will be LSZ-amputated, but the matter
lines not, and thus our correlation functions carry spacetime indices z and z’, as well as a dependence on the N photon
momenta {k;} and polarisations {g;}. We hide the latter dependencies, denoting the partially reduced correlators, or
‘dressed propagators’ as they are called in the worldline literature, by Df\;x; see Fig. 1. We take all photons to be
outgoing; other configurations are trivially obtained by sending k — —k.

The worldline representation of such correlation functions is given in terms of a path integral over relativistic
point particle trajectories, denoted z*(7) with 7 the proper time of the trajectory. The trajectories obey Dirichlet
boundary conditions x#(T") = a*, x#(0) = xz*, corresponding to the spacetime dependence of the dressed propagator.
The trajectories have length T', which is ultimately also integrated out, respecting reparameterisation invariance of
the path integral [60, 61]. To write down this path integral, we start from the worldline action that minimally couples
a relativistic point particle to an arbitrary gauge field A, namely

-2

Swrlz(7), 4] = — /OTdT [% + eA(z(r)) x(T)} , (1)



where over-dots denote proper time derivatives, and where the unusual normalisation of the kinetic term has become
standard in the worldline literature, so we preserve it here. Sy, enters the path integral for the scalar field propagator,
call it D *, via

, 00 L, z(T)=2' ]
D7 = / dTe T / Da(r) e Swrlr(m) AL (2)
0 z(0)=z

Note that A, is not integrated over, rather it appears as a given field — it is well known (see, for example [62]) that
correlation functions with N external photons in vacuum can be extracted from (2) by fixing A, to be a sum over
asymptotic photon wavefunctions with momenta k; and polarisations &;:

N
Au(z) = A () =) epie’™”, (3)
=1

and then expanding the dressed propagator (2) to multi-linear order in the polarisation vectors. The additional
complication here is the presence of the background gauge potential in (6). This is however easily included; we
simply split the gauge field into a semi-classical part representing the plane wave background and a ‘quantised’ part
representing scattering photons:

eAu(z) = ay(r) +eAj(z). (4)

Inserting this into (2) and expanding to multi-linear order, the path integral to be performed is

/ o0 L pa(T)=a’ , N
DI = (—ie)NA dT e~ im°T /(O) 'Dx(T) eiSB[2(7),a] H Ve E[r‘fiy kz] 7 (5)
z(0)=a i=1

in which the weight is now given by the reduced action

Spla(r),a] = - /0 “ar [%2 +a(a(r) - #(7)] (6)

while the N external photons appear (following the expansion to multi-linear order) through the vertex functions
’ T .
Ve k] e / dre - i(r) et (1)
0

(We leave implicit a causal and IR convergence factor exp(—eT') under the dT integral in (5).)

Our task is to evaluate the integrals in (5). Let us first consider the z* integrals, and in particular the Dirichlet
BCs. To deal with these we follow the standard procedure used for the evaluation of such integrals in vacuum, and
expand z#(7) into a straight line trajectory and a fluctuation ¢(7) according to

oh(r) =2 + Z#% +¢"(7), #= gt — gt 8)

The fluctuation must satisfy the homogeneous Dirichlet BCs ¢(0) = ¢(T") = 0 (with measure Dz (1) — Dq(7)). For the
analogue problem in vacuum (a(x*) — 0) the path integral is Gaussian in ¢,, and can thus be computed analytically?!.
Here, however, the fluctuation appears inside the background field a(z* (7)) = a(z* + 2z*7/T 4 ¢*), and this has an
arbitrary functional form. At first glance this seems to destroy the Gaussianity of the path integral, and prohibit its
evaluation. However, it has been shown for one-loop photon-scattering processes (meaning no external matter lines,
and a path integral with periodic rather than Dirichlet BCs) that the properties of the plane wave background mean

the integral is still effectively Gaussian [33, 37]. It is thus crucial to demonstrate that the hidden Gaussianity of the
path integral is also present here.
To do so we follow the approach of [34], introducing a Lagrange multiplier x(7) and auxiliary field £(7) into the

path integral through the equality

e—ifdr a(zt ()¢ _ e—ifdr a(@t+zt Z+q")¢ _ /Dﬂ)x eide [X(f—q+)—a(x++z+%+£)~(j] ) (9)

I This is also the case for a constant background in Fock-Schwinger gauge [54].
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These auxiliary integrals render that over ¢(7) to be Gaussian. The crucial point, as we show below, is that after
evaluating the g-integral, the remaining integrals over £ and y can still be evaluated, for a plane wave background.

We now compute the fluctuation integral. As is usual in this ‘string-inspired’ approach, it is convenient to manipulate
the vertex operators as follows. We exponentiate the polarisation-dependent factor, so that it appears linearly in an
exponent in the operator, with the understanding that the result should later be expanded to linear order in (each
of) the €;, so we write

T
V] > [ dreteres (10)
0

lin. e

The result of this is that all dependence on the particle trajectory x(7), or rather the fluctuation ¢(7) to be integrated
out, now appears linearly under the path integral. The integrals to be evaluated are now

N .
va'w _ (fie)N/OodTe*iWQT*i% ﬁ /Tdﬂ- e]; ikj-(ztzF)te; & /Df Dy /q(T)_ODq(T) eifdr[—é—J-q} | |
0 =170 q(0)=0 lin. e1...eny
in which J#(7) is an effective (operator valued) source
d al d
TH(1) == a*(xt + 277/T + 6)5 + x(7)n* +i; (ikt — E?d—T)(S(T —Ti) (11)
Since the fluctuation integral is now Gaussian, it is easily computed in terms of the worldline Green’s function A(7;, 7;),

that is the inverse of 2d?/dr? with Dirichlet BCs, which is found to be

1 1 TiTs
T =7l =5+ ) + =

Ajj = Al ) = (12)
It is easily checked that Dirichlet BCs hold: A(0,7;) = A(T, 7;) = A(7;,0) = A(7;,T) = 0. With this, the fluctuation
integral becomes

q(T)=0 o 42 T
/ Dq(T) etJo A= —Td _ —i(47rT)_2 exp {—2/ drdry Ju(1) A TH(15) | - (13)
4(0)=0 0

This defines the fundamental contraction for the fluctuation variable,
(g"(T)q" (")) = 2" A(T, '), (14)

and the free path integral normalisation is recovered by setting 7 = 0. To proceed, we wish to write out the exponent
in (13) explicitly. Note, though, that A;; is not proper time-translation invariant due to the boundary conditions [51],
hence left and right proper time-derivatives must be distinguished. We denote these as follows:

° d ° d [X) . d2
Aij = diTZA” 5 Aij = @A” s Aij = diTZQ

Aij 5 etc. (].5)

With this, we write out the exponent of (13), using that the background is transverse and on-shell (n-a = 0 and
n? = 0) to simplify. We find, writing a; = a(x* + 2*7;/7 + £(13)),

N
/j AN j = /dTide a; - afA'ij + QiZ/dTi (.A;j a; 'E]' —|—i'Aijai . kj)
j=1

N N
+2i Z /dn— XilA%el +ilijk]] — Z [°A% i - €5 + 2i°Agje - kj — Agjki - k) (16)
=1 irj=1

The trivial dependence on x means that this field can now be integrated out, yielding a d-functional:

" . N ° - N
/ Depy e [ R @ ria ] / DES[E(r) = 2Y (A%, et = Arr k)] (17)
j=1



This d-functional has the effect of shifting the argument of the background field, such that from here on we have

N
L T - A®
al' = a' (1) = o (x* + z*% +2 Z [ = Aijks + ZAije;T]) : (18)
j=1
The dynamical fluctuation is thus replaced by a coupling of the plane wave to the N scattering photons [33, 37]. This

is particular to plane wave backgrounds because (a) for n? # 0 equation (16) picks up a contribution quadratic in ¥,
whilst (b) for n - a # 0 there is an additional term linear in x that depends on the background; instead of (18) one
would have obtained via (17) only an implicit equation for a*.

All remaining background-dependent terms in (17) may be expressed in terms of just two worldline structures,
namely the worldline average and the periodic integral

() =7 / arf(r),  Iu(r) = / “dr' [, (r") — a)] (19)

respectively. These would have to be computed for a given background once the functional form of a, has been fixed.
At this stage the path integral has (at least formally) been computed. Gathering everything together we obtain our
Master Formulae for the N-photon dressed propagator

, e’} L2 N T
DL :i(—e)N/O dr (4i7rT)*2eﬂﬁH/O dr;
=1

(20)
o~ IM@TR s () o) et (@) H I, =20 () s~ £,y Aukicky
’ lin. €1...en ’
in which M2(a) :== m? — {(a®)) + ((a))? is analogous to the Kibble ‘mass’ [(3] which typically appears in pulsed plane
waves [64], while %' is defined by
B (er, .. o) = iV D s A2 T () ma0)ekt T RiA ek berven'A] (21)

We emphasise that this Master Formula holds for any multiplicity N > 0; it would be extremely challenging to obtain
this starting from the Feynman rules. Evaluating in specific cases we can check against the literature; for N = 0, for
example, we recover a one-parameter (proper-time) representation of the scalar Volkov propagator:

22

Dg/w — ie—iz-({a)} / dT (4Z<ﬂ_T)—2e—i]W2(a)Te—iﬁ . (22)
0

Observe that in this case a,(7) = a, (:r:+ + z+%) so that, changing variables to u = 7, the worldline average becomes
T—-independent and can be taken outside the T-integral. It may be written as a spacetime average (see [37]),

+

(@) = [ dwauor +20) = ot [ dya) = (o), 23

and as such M?2(a) = m? — (a?) + (a)? now corresponds exactly to the Kibble mass.

Equation (22) is equivalent to the standard momentum-integral representation of the Volkov propagator, and offers
a concise version of the position space propagator in [(65, 66]. For N = 1 we recover the (2-scalar 1-photon) three
point function, and so on. Since the correlators themselves are not of immediate interest, we will present these checks
later, implicitly, as part of our checks on the corresponding formula for scattering amplitudes.

The actual computation of the dressed propagator (and, later, the amplitudes) is greatly simplified by observing
that we can choose the gauge n-e = ¢t = 0. This removes the polarisation vectors from the argument of a,, and
thus extraction of the multi-linear piece of (24) reduces to the expansion of PB(eq, ... ex) alone. We adopt this gauge
from here on in order to present the simplest possible expressions and also match to the strong field QED literature,
where this gauge is common. Doing so, then, we can write the Master Formula in this gauge as

e} 2 N T
pr's :i(—e)N/ ar (4i7rT)*2e*"i*TH/ dr; =M @Ta g —iz-(a)+i DI (oo Frim 20 () k=i SNy Agkicks
0 1o

(24)



where the polynomial ’IW’ * is defined by the expansion of the polarisation-dependent terms to multi-linear order:

;i;m/m — iNer:l Ei'%"rQZﬁV:l(« W—a;)-ei+i ZL = 1[20%0 64k +°A% €4 -¢] ) (25)
N lin. e1...en
These polynomials generalise those defined for closed worldlines in vacuum (Py) in [49], for open lines in vacuum
(Py) in [31], and for the closed loop in a background field (P ) in [33] (in position space for the time being). For
convenience let us write out the first few terms:
Pre =1, (26)
P =i| 2+ 2((a) —ar) —2%Buki | o1, (27)
7926,36: [ —al)—2A11k1—2A12kz2} €1
|: — ag) -2 Aglk‘l -2 A22]€2:| €9 — 2i'A12.51 €9, (28)

B. Spinor QED

We now turn to the computation of the analogous N-photon dressed propagators in spinor QED, denoting these by
Sﬁ,/f’“ Due to the spin degrees of freedom this is a Dirac matrix-valued function, but we suppress the corresponding
indices for brevity. Referring the reader to [51, (7] for details, we begin by writing down the analogue of the
‘propagator’ (2) in an arbitrary background, but now accounting for the spin of the fermion:

ST = (=i, —m)K”"(a) (29)

, o) ] z(T)=x2' ] =
K T(CL) _ /0 dTe—mLZT/(O)Dx(T) elsWL[E(T)7A] 2_%837mb71 A/Ew(T) e'LSWL[w(T)a-’L‘(T)vA] (30)

~ T i .
Swnli(r).a(r). A1 = [ ar[50- v+ ie(ulr) + 1) - Fla(r) - (6() +1)] (31)

The kernel K% contains an integral over relativistic particle trajectories, as for the scalar case, and also a path
integral over Grassmann—valued fields ¢(7), obeying anti-periodic (A/P) BCs ¥(0) = —t(T"). These represent the
spin degrees of freedom of the fermion and are minimally coupled to A through its field strength F(x(7)) appearing
in the action Syr,. An additional Grassmann variable 7 also appears; the Dirac matrix structure of the propagator is
produced by acting on this variable by the (inverse of) the symbolic map, defined by

symb{fy[’“fy’”...'y“”]} = (—iV2) gz gt (32)

This map converts between antisymmetric combinations of Dirac matrices (a combinatorial factor of 1/n! factor is
assumed) and products of Grassmann variables 7. Use of the symbol map avoids lengthy Dirac-matrix algebra as it
automatically produces the kernel in the (even sub-algebra of the) Clifford basis of the Dirac algebra. Note that all
n-dependence in (34) or any of our expressions vanishes after evaluation of the inverse map; it is therefore pragmatic
to state once and for all the results relevant to us in (3+1)-dimensions as

_ _ , 1., 1 V
symb™ {1} =1 symb™ {ny"} = — byl = =2,
symb ™ {nn"n1’} = *[ {9l Aoy} — Lyl gy} 4 fylif) qlael}] = iygemt, (33)

Now, taking A as in (3) to introduce both our background plane wave and the N external photons, we expand (29)
to multi-linear order in the photon polarisations to obtain the N-photon dressed propagator

= (=il + d(2™*) = m)KK"(a) + ed” (2" ) K% (a), (34)

, 00 . z(T)=x ) - N ,
K%7" (a) = (—ie)N/ dT e_“”zT/ Da(r) eoelz(7)al 2" Zsymb ! Dy(7) eSBl(7)z(7).a] H Vi Fleis kil
0 z(0)=x A/P =1
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where Sg[¢)(7), z(7), a] is given by replacing eF(z(7)) in Swi[t(7), (7), A] with f(z(7)). In the ‘N-photon kernel’
IC}”\,,””(CL)7 the proper time and bosonic integrals are the same as in the scalar case — these represent the orbital degrees
of freedom which remain unchanged. In the so-called subleading term involving ICj”\;"f 1, for each term in the sum in
A7 (2") we remove the corresponding photon from the kernel to maintain the projection onto the multi-linear sector.
Finally, writing fwy = kiu€iv — Kiv€4y for the linearised field strength associated with the i*® photon, the vertex
operator is now given by

T
Vielenkl = [ dr e a(m) + (0(m) +0) - o (6(m) ) e (35)

in which the second term represents the spin coupling of the external photons to the particle trajectories.

Despite the obvious added complexity from the spin coupling to the photon fields, we stress that the same hidden
Gaussianity is present here as in the scalar case. Consider again the path integral over z#; we treat it as we did
above, introducing auxiliary fields to yield a Gaussian path integral in the fluctuation ¢*. While there is now an
additional dependence on the background f,, introduced by the spin factor, this behaves in the same way as above
when integrating out the auxiliary fields, i.e. f in the spin factor is ultimately evaluated at a shifted argument,

N
f = e (n) = o (o + -2y Ak ), (36)
j=1

just for a,, earlier (recall we have gauged e/ = 0 for conveniences). In short, and as is natural, the only real difference
compared to the scalar case lies in the evaluation of the Grassmann path integral, which is the focus of the remainder
of this section.

Observe that the vertex operators (35) introduce factors of ¢, (7) = (1(7)+n) under the Grassmann integral. This
motivates us to introduce the following functions,

W, (Firie i fis) = (n(mi) - Fir - Ua(min) oy (1ic) - s wn(mic) ) (37)
=2 E DY () FoGa(T) (i) o - g € L ] (g
A/P
which generalise the expectatjon Valu~es of the spin-part of the vertex operator introduced in vacuum (W ( filg cees fz )
on the loop in [19] and W, (fi,;...; fis) for open lines in [51]) and for one-loop amplitudes in the plane wave back-

ground (Q0(fi,;-..; fig) in [33]). We generate the insertions under the path integral by derivatives w.r.t. a fictitious
Grassmann source 6 (anti-commuting with ¢ and 7n), from which follows

= o 0 = ) )
w”](f1173f715):59 <o

e (5 D - rT i i . .
i fio——277% Dip(7) et Jo AT [z dbtrithn fribn+i0-1)] ’ 39
i1 ! 5921 5015 s 5923 A/P ( ) 0=0 ( )

and the corresponding spin factor is produced through
Spin(firs .- -5 fis) = symb™ Wy (fiii . fis) - (40)

To compute the integral in (39) we require the (spinor) worldline propagator in the field, &** (7, 7). This will define
the fundamental contraction between the Grassmann fields,

1
(W (n)g () = 38" (7, 7). (41)
From the quadratic part of the operator appearing in the path integral action, & must obey
1 d ov / v /
(570 7= + fuo (1)) 87 (7,7) = " 6(r = ), (42)

as well as anti-periodic boundary conditions &(0,7") = —&(T,7’) and &(7,0) = —&(7,T). Observe that & has the
anti-symmetric property &#¥(7,7') = —&"#(7/, 7). The general homogeneous solution of (42) for arbitrary f(7) is
written conveniently in terms of an auxiliary function O(r, 7'), which takes care of the ordering of 7 and 7/, defined by

O(r,7') = e 2 /7 doif(@) (43)



where © is the Heaviside step function, P* = P*(r,7') = O(7 — /)P + O(7' — 7)P with P (P) denoting (anti-)path
ordering in proper time and we have made use of a matrix form for the Lorentz indices (with respect to which
O is orthogonal). With the homogeneous solution, we can then find the general solution to (42) with appropriate
anti-periodic boundary conditions as

1 - O(T,0)

&(r,7") = sgn(r — 7)O(7,7") + O(7, O)HT(TO)

00,7, (44)

However, there are notable simplifications in our particular case that f is a plane wave because, as is well known, the
field strength is then nilpotent of order three. Further, f evaluated at different 7 commute. The Green function thus
reduces to?

&(r,7') = o270 do f(o) [sgn(T —7') + tanh (/OT do f(U))} (45)

— sgn(r — 7') [1 —9 /jdaf(a) + 2( /jdof(a))z} F TS [1 ~9 //Tdo f(a)] . (46)

Equlpped Wlth the Green function, we compute the integral in (39) by completing the square, using the shlft
(1) = )+ [dr'&(r,7') - (f(7') - n+ 16(7")) The integral over ¢ then generates the determinant Det( ~+ f)

(for anti—periodic boundary conditions) which because of the nilpotency of f simply gives a factor of 2= 2 , bemg the
number of degrees of freedom of the fermion in D (even) space-time dimensions (this should be contrasted with the

constant field case, where the normalisation picks up a non-trivial field dependence [27, 29]).
Gathering all of the above together, the Grassmann integral as defined in (39) becomes
~ ~ (5 ~ 5 (5 ~ (S T T ’ ’ ’ 1 ’ ’
W, (fisee i i) = ——fo e e —— fi - = Jo AT [n-f(7) m+0(r)n]— [ drdr'[n-f(7)-&(7,7)-0(7")+30(7)-&(7,7")-0(7)] )
o2 fis) = gt gy g s 5 i ' 0=0
(47)
The Grassmann path integral is therefore formally computed. In particular,
W, (0) = e~ Jo drn-f(r)m (48)
- ~ ~ T
W, (fi,) = {=6lf(m) - O(m, 7))l + 0 87(7,) - flm,) - &(mi,) e I I, (49)

%n(fiﬁfiz) { [7%tr[-f(7—i2) . Qj(Tiz’TZé)] +n- QjT(Tlé) f~(7—12) : (Ti2) ' 77] X [Ti2 — Til}

— %tl‘[f(ﬂ;l) . 6(7-731 ) Tiz) f(7—12) . (TimTil)]
+ 277 . QﬁT(TZE) f(Tzz) : (Ti2>7—i1) f(Tn) ' (Til) : 77}6_ foT drn-f(r)n ) (50)

where &,,,(7;) = m» fo dr[® (7, 7) - f(7)]w and T denotes the transpose in Lorentz indices — in particular we have

®T,uy(7-i) = Nuv — fo dT ) 6(7-7 TZ)]/LV'
Putting all of this together, the N-photon dressed propagator can be written in a ‘spin-orbit decomposition’ by
summing over assignation of the N external photons to either the spin or bosonic part of the vertex [33], as follows:

N = <—z‘am, + (@) — m)KFT (a) + ed” (@)K (a) | (51)
K:x x _ Z Z K:{zl zs}x x ) (52)

S=0 {i1:ig}
© A r2 .52 .
Ic{h s ta’ T(a) _ i(—e)N / aT (47TZ‘T)72 o~ iM?(a)T—ifp —iz-(a)
0
SN 2
% H deL Spln f“, o f?,s) m{zl vigta'x o >ics I:I—‘—TTi—QI(Ti):I i—i Zl =1 Agikikj ] (53)
2 This is an alternative way of writing the Green function given in equation (45) of [33], with the advantage of being manifestly gauge

invariant. There &*¥ was written in terms of periodic integrals of the derivative of a(7) which made its anti-periodicity easier to see.



Th/e sum on the second line runs over the allocation of S, out of the IV, photons to the spin part of the vertex operator,
V,;®, which subsequently appear in Spin(fi,;...; fis). Then the remaining N — S photons appear in the polynomial

plis}e’s defined by

. ) . ip--€ig=0
A{iis}a' — z'N_Sezﬁl €i % +2 Zf\;l |:(<<a>>—a1i)'5'i} +1 Zf\.{j=1 [Ei'gk.A.ij"'m.AijEi'kj] tis

NS (54)

igyy iy

where the notation on the far right means that the polarisation vectors ¢;, to €;; should be put to zero before
the remaining expression is expanded to multi-linear order in the e;,,, to €;,. These polynomials generalise those

introduced in vacuum (Pgé;iS}) in [51] and satisfy

No T=FRT PN =1 (55)
Again, these are position space expressions, but below we shall transform to momentum space for the purpose
of evaluating scattering amplitudes. Although this Master Formula appears lengthy, it is important to emphasise
that it represents a formal evaluation of the path integral for an arbitrary number of photons inserted along the
background-dressed propagator, conveniently split into contributions from the vertex function representing orbital
interactions (in ‘,]_3%?5}%%) and spin interactions (in Spin(f;,;...; fis)). All of these insertions are integrated along
the particle trajectories, so that the Master Formula represents a sum over all Feynman diagrams contributing to the
dressed propagator that differ by permutation of the external photons. Obtaining such a formula from the standard
formalism (Furry picture, say) of strong field QED would be a significantly more complicated task.

For completeness, we note that the N = 0 case provides a worldline representation of the well-known Volkov
propagator as a one-parameter integral

’ . © . .2 ’
Sa: T _ Z( o Z(ax/ + Z¢($/+)) _ m)esz'<a> / dT (47TZ‘T)*26_1M2(a)T_lﬁ+ZL+ l}ﬂ‘ﬁ(w +)+¢(w+)¢} , (56)
0

where we used Spin(f)) = 1 + %’y ~(f) v = 1+ Ty(¢'), computed the integral in the average explicitly and re-
exponentiated using 7/L2 = 0. This is again equivalent to other representations of the Volkov propagator [8, 65, 66].

ITI. LSZ FOR SCATTERING AMPLITUDES

The objective of this section is to take the Master Formulae for the dressed propagators D%w and S}f,/x above and
produce from them equivalent Master Formulae for (2-scalar) N-photon scattering amplitudes (for N > 1). To do so
we must perform LSZ reduction on the two massive, external legs of the dressed propagators.

In previous worldline literature, amputation was often done ‘by-hand’, by obtaining the N-point correlation func-
tions in momentum space and then — once the proper-time integral had been computed — removing external legs
with the appropriate inverse matter propagators [51, 52]. Only then could the external particles be taken on-shell
— the proper-time integral produces the pole structure of the correlation functions with respect to external matter
legs and so is divergent in the on-shell limit. This is a notable example where the Feynman diagram prescription to
omit external propagators had appeared less trivial from a worldline perspective. Recently, however, [68, 69] showed
how amputation can be achieved under the proper-time integral for scalar matter legs, with the inverse propagators
simply modifying the bounds on the proper-time and parameter integrals. This exposes the on-shell residue of the
correlation functions without the need to carry out amputation by hand. We will here generalise this approach to
spinor theories, and also show it is unspoiled by the plane-wave background.

To perform LSZ we draw the external legs out to asymptotic times and Fourier transform. Alternatively, we can
Fourier transform to momentum space and find the residues of the dressed propagator as the momenta are taken onto
the mass-shell. Starting with scalar QED, the amplitude takes the form

A?\;P - _ lim /d4x/d4x ei(p/Jraoo)';p’,ip-w [(axl + iaOO)Q + m2] [83 + m2] ,Df\’/w , (57)
P2, p2m?
= lim —(p? - m?)(p*—m?*)DLP, (58)

p/2 7pZ —m?2

where in the second line we defined p' = p + a* and introduced the momentum-space propagator Df\;p , defined by

DEP = / Al Aty e ¥ e prE (59)
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The expression (57) is (almost) textbook-standard LSZ in position space but to compensate for the fact that our
potential becomes pure gauge in the far future, the on-shell, outgoing momentum p’ in the Fourier kernel is shifted

to p’ = p' +a> [57, 63]. The expression (58) makes it clear that the amplitude .Af\l,p is the residue of D?V/p at on-shell

momenta. In our conventions A]J”\;p describes N-photon emission from a particle traversing the plane wave. Absorption
and pair-production/annihilation amplitudes are of course obtained by crossing.
Similarly for the spinor case, starting from the master formula for the dressed propagator (51), we can extract the

spin-polarised amplitude MR, = as

/ .~ 7 . ! %
MiE, =i lim / ol dba e T () (i — 47— m)SKT(—i @ o — m)us(p), (60)

7
s's
p'?2,p2—m?

in which @y (p’) and us(p) are free Dirac spinors. We now proceed to perform the LSZ reduction explicitly, starting
with scalar QED.

A. Scalar QED

We begin by evaluating the momentum-space propagator via direct Fourier transform of the Master Formula (24):
DEP = / dta'dtp e e pEE (61)

The integrals over 2/~ and z*~ generate®, as in the vacuum case, four §-functions, explicitly 53_’7 (13’ + K — p)é(xJr —

't +2gT + 2p'TT), where we write K = ZZ\; k; to compactify notation. The first three d-functions describe the
(expected) conservation of lightfront three-momentum in the plane wave background. The final d-function allows
us to trivially perform e.g. the z/* integral, so that we can replace '™ — 2 + 2¢g% + 2p/TT in what remains; in
particular, the classical trajectory on which the gauge field depends throughout Dj{;ﬂ as in (18), is modified to, where

9= g({n}) = XN (kimi — ie),

N

sh(r) =at+ g+ +p)tT =D kilr—7il. (62)
=1

Thus we can do all but one of the Fourier integrals, which eventually yield

’

+

DRY = (—ie)" (2m)*6% (' + K —p) / dT ¢/ 0T / da* e/ HK el (63)
0 —o0
N T
% H/ dr; o219 (a) =20Tp"- (Sa) +iT((8a?) ~2i S, [ki-I (ri) —ies-T' (7))
i=1"0
X eig'(Qﬁ,JrK)*iZﬁ\,’j:l (wki‘kj*iSign(ﬂ*T.j)si'k.ﬁfs(ﬁ*fy‘)81“51‘)
lin. e1...en ’
in which we have defined da(z") := a(z™) — a™ and a(7) = a(z}(7)). Note that in the vacuum limit a, — 0 we

can carry out the 2T integral to complete the conservation of 4-momentum and so recover one version of the Master
Formula given in [51] and [27].

To convert (63) into a master formula for the amplitudes, we have to perform LSZ on each massive scalar leg (these
are produced by the parameter and proper time integrals). To do so we observe that (58) has, using (63), the following
form, writing down only the relevant structures:

—i(p® —m? 4i0") / AT i@ =m*+i0)T p() (64)
0

3 To evaluate similar integrals in the existing literature it was found to be convenient to change variables to endpoint centre of mass and
relative separation (z). However, for our later LSZ amputation of the external legs it is more useful to integrate separately with respect
to the endpoint coordinates.
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The on-shell limit p?> — m? — {07 therefore returns the residue of the mass-shell pole of the function defined by the

integral. To isolate this pole we proceed as in [68-70] where LSZ was considered for, e.g., the N-graviton-dressed
propagator in vacuum®*. We integrate by parts (off-shell) in order to expose the residue, as so:
oo ., . oo ., A d
i —m? +i0%) / AT &0 ~m*+i0)T b7y — p(0) + / dT !¢ DT (T (65)
0 0

We can now take p’> — m?2 and 0+ — 0 (in either order), upon which the integral becomes exact, and we have

oo
lim —i(p/” —m? +i0") / AT ! ®*=m*+i0T p(T) = F(c0) . (66)
p’2~>m2 0

Ultimately, then, performing the first amputation on (63) is equivalent to dropping the integral over proper time T
and its accompanying mass-shell exponent, and taking the limit 7" — oo of what remains (this is the same argument
as in vacuum, which we comment on further after performing the second amputation, below). We thus find

o0 N o0
lim _—i(p? — m® +i0") DY = (—ie)N (21)°63 (5 + K — p) / i | / dr; (67)
oo i=170

p’2—>m2

N N PR
—i [£°[2p'-6a(r) =602 (N)]dr—2i 3 [ [T kiva(r)dr—ie;-a(ry)]+ig- (25 +K)—i 5 (LgTi ki ky—isgn(ri—r;)es -k +6(ri—7))eie;)
i=1 ij=1

e 052

lin. Ei...€EN

We note that all terms with worldline averages have ultimately been replaced with (convergent) integrals over R™T.
This was the advantage of having computed the Fourier integrals with respect to the individual endpoints as discussed
above. Equation (67) is the one-side amputated propagator.

Turning to the amputation with respect to p, at this stage it is advantageous to introduce the mean and deviation
proper time variables as follows:

1 N
T0 == N;Ti, Ti = T; —T0 - (68)

The reason for this change of variable is that it allows us to re-express (67) in a form which renders the second LSZ
amputation immediate. To achieve this, we first rewrite the proper time integrals appearing in (67) in terms of the
new variables as (note the factor of + in the §-function is missing in (3.18) of [69])

N 0o ) N ) N 7
;I:[l/o dr; :/Ochoil:[l/_oodTi5<jz_:l ]\]/v) , (69)

We also make a change of variable for the z*-integration, Z* := z* + (p' + p+ K)* 19 + ¢* ({7 }), and it is convenient
to change variables in all d7 integrals from 7 to 7 := 7 — 79, such that the background gauge field now appears as

N

a(f)=a(z*+ (' +p) 7= kil —7l). (70)
i=1

In terms of the shifted variables {Z*, 19, 7;}, the once-amputated propagator (67) takes the form

oo 0o o N N _
AN 3 ~ . —t Ji(K+p' —p)yzt i(p>—m?)r = Ti
(e en)o, ¢+ K —p) [ dr et [Fag oot [~ [Jans( 35 e @
in which the function appearing in the factor is
G(ro) = o U2P'+a%)-a%ro—i [ dF (2p"-8a(7)—=da®(7)]—2i 0L, [/70 A7 ki-a(F)—iei-a(F)] (72)

N |7 —7

% ei(iﬁ'+p)~9—izi,j=1( 2 j‘ki"fj—iSgn(ﬂ—ﬂ')fi'kﬁ'é(ﬂ—ﬂ')&i‘Ej)

lin. €1,...en

4 We note in passing that the same ‘trick’ is useful in exposing the connection between gauge invariance and infra-red behaviour of
amplitudes in background plane waves [71]
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Note that the factor —i(2p’ 4+ a*°) - a®7p in the exponential diverges in the 79 — oo limit, but can be absorbed into
the Volkov-like term, also divergent in the same limit, to yield the convergent factor —i f 27" - a(F) — a?(7)]dT —

i [;°[2p" - 6a(F) — 6a?(7)]d7. After this rearrangement, one finds that the dependence on {p —m? 7} in (71)—(72)
exactly mirrors the dependence on {p’?> —m?2, T} in the original expression, before the first amputation. Thus we can
simply repeat the previous LSZ argument but applied to {p? — m?, 79} in order to extract the pole at the incoming
mass-shell; effectively this removes the integral over 79 and takes 7y — oo in the remainder, yielding our final master
formula for the 2-scalar N-photon scattering amplitudes:

N N
-~ N 3 ~ i(K+p’ z %
AP = (—ie)" (2m)%6L —(p' + K —p) [wdx+6 v / Hdﬂ (Z N>

71j0 [2p"-a(T)—a ('r) Jdr— zfo [2p’-6a(T)— 6a2(7)]d'r 2ZZN1[IJ ki-a(T)dT—ig;-a(7;)]

. ) \ﬂ 7l
% 61(p’+p)-gf7, Zﬁ\l,jzl( ki-kj—isgn(mi—7j)e;i-kj+0(mi—7j)e;- sj) (73)

lin. e

where a(7) is as in (70), and we have simply relabelled z© — z*, and 7,7, — 7, 7;.

There are several features of this all-orders formula worth discussing. First, as a consistency check, it is straightfor-
ward to check that in the vacuum limit (e — 0) the =™ integral can again be performed and one recovers the known
results in [54, 69, 72]. Second, similarly to [69], a short set of rules summarises the LSZ reduction. The first three
are shared with the vacuum case [69]: (i) drop the T integral, (ii) insert (5(2 1 7j/N) and (iii) take the dr; and dr
integrals over R. Here, beyond the vacuum case, there are additional rules: 1V) drop all worldline averages and (v)
‘introduce’ the divergent factor fi)oo —2ip’ - a®drt into the exponential, which ensures that the proper-time integral
is convergent in the asymptotic past — we stress that this ‘by hand’ addition only occurs at the level of these rules, it
emerges naturally as part of LSZ reduction, as described above.

Third, the change in integration range for the dr;-integrals can be understood as manifesting the fact that A’]’\;p is
an asymptotic quantity, while the purpose of (5(2;-\;1 7;/N) is to ‘gauge’ the proper-time translational symmetry of
the system. Clearly neither of these features should be particular to any choice of background that tends to at most
a constant asymptotically, and indeed they are the same in our plane wave background as in vacuum.

Finally, we observe that x(7) in (70) solves the classical worldline equation of motion with the boundary conditions
ix*( o0) = p_ and x*( ) = p__. Tt is natural for this solution to appear in the amplitudes because, although it
may not be obvious, the stated boundary conditions are (particular components of) those in play for the momentum
space propagator, frorn which the amplitude is constructed. We will show this in the following subsection, in which
we briefly digress from the master formula in order to investigate how the Volkov wavefunctions arise from worldline
path integrals.

B. Mixed boundary conditions and the Volkov wavefunction

Before moving on to the spinor case, we remark that one can, in fact, compute the momentum-space propagator
without going explicitly via the position-space representation. Returning to the original expression (5) for D%*, we
immediately perform the Fourier transform (59). Now, the exponent p’ - ' — p - = in the Fourier kernel is, under the
path integral, the same as p’-x(T) — p-2(0), and the spacetime integrals d*2’d*z can be interpreted as d*z(7)d*z(0).
Hence, taking the Fourier transform of (5) is equivalent to performing a path integral with a free boundary, i.e. no
apparent restriction on the endpoints of the worldline. There is though an alternative, but equivalent, perspective;
consider the change of the total action, 65, under the variations of the endpoints of the worldline, z(0) — x(0) 4 dx
and z(T) — «(T) + dx:

68 =0Sp +6(p' . 2(T) — p.x(0))
1

= [380)+ aw(©) ~ | 800 [ 34(0) + atalD) ~ ] - s (74)

Integrating over dzr and dx( therefore returns delta functions which impose the vanishing of the terms in square
brackets of (74); these are Robin boundary conditions which relate the worldline end-point momenta & to the end-
point positions x and the external asymptotic momenta. It follows that the momentum-space propagator can be
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computed alternatively from the path integral expression

N

, S o 2(T)2+a(x(T))=2p’ )
,D%p _ (7756)N/ dT =™ T / DSC(T) eZSB[I("')] H V[gl ]{;l] . (75)
0 #(0)+2a(x(0))=2p i=1

In the previous section we carried out the Fourier transform of D}‘\;"‘ literally, to obtain Dﬁ;p . Expression (75) shows
a more ‘direct’ approach to deriving the master formula in (63), through a modification of the boundary conditions
on the path integral. This fits in more naturally with the ‘worldline philosophy’ of incorporating all information
into the worldline path integral. Note that evaluation of (74) requires a worldline propagator with different boundary
conditions. Indeed, this helps explain a puzzle arising in [26] (Section 3, footnote 3), where a version of the momentum
space Master Formula was given that involves a Green function with mixed boundary conditions: by expanding about
a suitable reference trajectory, (75) can be cast into a path integral for the fluctuation variable that must satisfy the
mixed boundary conditions ¢(0) = 0 = ¢(T).

This discussion prompts us to study the propagator Dy¥ with mixed boundary conditions which, examining (75),
is given by the integral

o o, z(T)=x ) N
D = (—ie)N / AT e T / Da(r) 5B Ve ki - (76)
0 £(0)4+2a(xz(0))=2p i=1

To see the significance of the mixed propagator, consider the case N = 0, that is the tree level two-point function for
the scalar field, with mixed boundary conditions. In Feynman diagram language, this is just an external leg, Fourier
transformed at one end. Taking the momentum at this end onto the mass-shell, i.e. performing LSZ reduction, we
must recover the scalar Volkov wavefunctions. These are solutions of the Klein-Gordon equation in a plane wave
background which reduce to e*-* in the asymptotic past/future and thus represent incoming and outgoing particles
in scattering amplitudes.

To confirm this, we first compute the path integral in (76) for N = 0 (we drop the product of vertex operators).
We do not dwell on this step; the entire integral turns out, unsuprisingly given the nature of the Volkov solutions
and hidden Gaussianity of the worldline path integral, to be equal to its semi-classical value exp[iS.(T)], i.e. the
exponential of the classical action evaluated on the classical path obeying the mixed boundary conditions, which is
+

x 2 - 2
Sa(T) = (p? —m2+i0+)T—p~x—/ dsM . (77)
xt—4p_T dp_
The final step is to take p?> — m? and identify the on-shell residue via
oo
lim —i(p2 _ m2 + ZO+)/ dT e—iszeiScz(T) . (78)
p2—m?2 0

Of course it is clear from the preceding calculations how to proceed; we perform the same manipulations as for the
master formula, in particular taking the T'— oo limit, immediately finding

zt 2
lim —i(p? — m?)D" = exp [ ip-x— z/ ds p-als) — als)® = " (z). (79)
p2—m? —o0 dp_ ?

The right-hand side is precisely the incoming scalar Volkov wavefunction gpi,n(ac) which reduces to e~'® in the
asymptotic past. A similar amputation of the propagator D§* (where the boundary conditions are swapped) yields
the outgoing Volkov wavefunctions, i.e. those which reduce to et % in the asymptotic future. Of course the same
procedure can be applied to the spinor propagator, wherein the path integral with mixed boundary conditions produces
the spinor Volkov wavefunctions. Worldline path integrals analogous to (76), with mixed boundary conditions, have
also been used before, in a similar context, to recover the exact solutions of the Klein-Gordon equation in a constant
external electromagnetic field [73]. For numerical studies of open line instantons see [11].

C. Spinor QED

Turning to LSZ reduction in spinor QED, we proceed from (60), writing S]“{,/x in terms of the kernels appearing in
(51) and evaluating the @,,, @, derivatives (using integration by parts) in (60) to find

N
ML =i lim / ata'dha o () — m){ (—p () = m) KR e fe ™ KR (p - mus(p).

p'?,p2—=m? -
i=1

(80)
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Next, following [52] we use the on-shell relation @y (p')(p' +m)~" = e (p')(2m)~", (which is allowed since it does
not remove the associated pole, or affect the final expression), and likewise for (p + m)~tug(p) to find

’ ]_ s~ 1 ’
PP __ . - 4, .1 34 1P T —IpT ! 22 o - /4 x’ x
Ns's = zplzélzrgnﬂ 2m /d v d re us,(p )(p m ){[ 1+2m6¢(x ))] ]CN
e & .
oY e KR 0P - (). (81)
i=1

Due to the worldline approach being based on the second order formalism of QED, the exponent under the proper time
integral of the spinor amplitude contains the same terms as for the scalar amplitude — in particular the parameter and
proper time integrals produce (free) scalar propagators. Hence it suffices to revise the scalar case for this argument.
The difference lies in the spin factor of the kernel, the subleading contibutions (those proportional to Kx_1), and
the da(z*") factor from the covariant derivative. However the differences do not impede processing the T', and later
To, proper time integrals as for scalars. The result is that the LSZ amputation is realised in precisely the same way,
by taking T, 79 — o0 as in equations (64)—(69). Moreover, after taking the Fourier transform, the conservation of
momenta enforced by §(zT — 2’ + 2g7 + 2p'TT) sends

a(z't) = a(2Tp' " + 2t +2g7). (82)

The LSZ truncation projects onto asymptotic late time, taking a(z'*) — a® when T — oo, cancelling the field
dependent term in square brackets of (81). One may then express (81) in terms of the momentum space kernel

M, =i lim () mZ){_’Cfv/p Z;z kg }( ? —m®)us(p) . (83)

p’2,p2—m?2 2m

Now we address the subleading terms. These are seen to have poles not in the required mass-shell p’> — m?, but
rather in ((p’ + k;)? — m?). Contributions involving these shifted poles hence vanish after taking the on-shell limit of
(p? —m?)/((p' + ki)> — m?). This is a remarkable generalisation of the vacuum case [52]. We can be more precise
with how this cancellation comes about. In the kernel of the subleading terms, ICE\Z;/'Eki)p , one must first remove an
¢; and k;, and then replace a® with a® + k; in (73). This operation leaves p’ + K invariant, but it does affect the
term fooo drp' - da(r), which was convergent as 7 — 0o, but now produces a rapidly oscillating phase; noting that the
proper time integral calculates the Laplace transform of the function F(7T') in (64), the Abelian final value theorem
can be invoked to confirm that the subleading contributions must vanish.

Since the manipulations are similar to the scalar case, let us simply record the spinor amplitude in its final form as

Nss Z Z Ml{\igz;gs}plp (84)

S=1 {ll 15}

0o N N
MEEETT = (—ie)¥ (2m)oL / | Hdné(ZZ) (85)
=1 j=1

efi ono [2;3'11(7’)7(12(7)] dr—i [5° [2p'-6a(7)75a (T)] dr—2i N 1[f i kira(r)dT—ig;- a('ri)]

s =51 €ig--€ig =0

% ei(ﬁ'+p)'9—i2fj:1< ki-kj—isgn(r;—7j)eikj+6(mi—7j)e; 63>

Cigp1--Cin
1 L=
X %{LS’ (p")Spin(fi, .is )us(p) -

After LSZ reduction, the argument of the exponential in the spin factor, (47), takes the following form
[ Cartsensoen = [ar [T @l ) o) 06 + 300 0 060 (56)

the worldline average in the fermion Green function is also now understood to be T(f)) = [~ drf(r). Also, the
background gauge potential, a, and field strength, f, are understood to be functions of the classical solution x,(7)
as shown in (70). Finally, the sums in the first line of (84) are — as usual — over the assignation of S photons out of
N to the spin part of the vertex operator.
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IV. EXAMPLES

In this section we provide checks on our amplitude Master Formulae (73) and (84), showing by comparison with
the existing literature that they are consistent with results expected from Furry picture perturbation theory.

A. N =1, nonlinear Compton scattering in scalar QED

The case N = 1 describes single photon emission from a (scalar) electron in a plane wave background, which is
the well-studied process of ‘nonlinear Compton scattering’. In this case, several parts of the Master Formulae (73)
simplify immediately. First, the delta function fixes 7 = 0. Next, the gauge field is evaluated as

a(zt +2p*7), T<0
= 87
a(7) {a(x+ +2p*71), 7>0. (87)

This form facilitates an easy conversion of integrals over proper time 7 to integrals over lightfront time x*, which are

expected in the standard formalism (see also [37]). Specifically, we can conveniently treat the positive and negative 7
regions separately. The field-dependent terms in the exponent of the master formula then reduce to

—z/ Ar2f - alr) — a3(r —z/ dr[2y’ - a(r) — da2(r —21/ dr by - a(7) (88)

+) _ 42( et +
_ d+2p a(st) —a*(s )—i d+2p da(st) — da?(s* (89)
—00 2p+ zt 2p/+ 7

in which we simply inserted (87) and used momentum conservation in the transverse directions to eliminate k; in
favour of p’ and p. With this, expanding (73) for N =1 to linear order in 1, and using the Fourier representation of
the momentum conserving é-functions shows that the amplitude is equivalent to

AV = e / A4z {7, + P — 2a(a) ) b1 oo () o™ () (90)

where <pi is the incoming scalar Volkov wavefuncion of (79) while <p°“t is the outgoing wavefunction,

. . 2p - Sa(st) — da?(st)
out __ Aipix
et (x) = e'P " exp [—z /x+ ds* o0 . (91)

Expression (90) is precisely the expected result for nonlinear Compton scattering in scalar QED, providing a positive
check on our master formula.

We stress that the method we employed above to process the worldline integrals was meant only to allow direct
comparison with existing results. It is mot the approach we wish to take in future work; instead, we will use the
worldline representation to deal directly with the T-integrals. Since the major advantages of the worldline approach
include that (a) one does not have to split amplitudes into sectors according to permutations of external legs, and (b)
internal momentum integrals are recast in terms of the proper time integral, we expect this to provide some advantage
over the standard formalism, at least in various physical limits of interest. This will be discussed elsewhere.

B. N =1, nonlinear Compton scattering in spinor QED

Let us now confirm the N = 1 case for spinor QED, which requires expanding the Master Formula (84) to linear
order in £1. Since the field dependence of the exponent in for spinor QED contains that of scalar QED one may write
the resulting amplitude using the scalar Volkov wavefunctions, (91), as

/ 1 ik - i _ - . .z
VE = ieg— [ dtr et )l () () (7 + p — 20()) - 21Spin®) + Spin(f)|uap),  (92)
requiring only the evaluation of the spin factor (we have again used the Fourier representation of the é-functions).
Before embarking upon the comparison to the standard formalism, we should emphasise that the approach outlined
here, namely writing in terms of spacetime averages with steps to follow, is necessary to make the connection to
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the perturbative Furry picture with Volkov wavefunctions. However, this would be inefficient for practical worldline
calculations.

The spin factors are determined using (48) and (49) under the LSZ reduction (86) and the inverse symbol map, (33).
Because of the nilpotency of f one has, under the inverse symbol map, exp(— fix;odTn -fen)=1- ffooodﬂ] - femn,
and therefore the factor without photon insertion is readily determined to be

Spin) = [1 = 3 hdd(a)| [1+ 5 i) (93)

where we have already transformed the parameter integral to a spacetime average and computed its value. This is
simply the Dirac matrix structure necessary to construct the spinor Volkov wavefunctions.

Let us next treat the single photon spin factor, Spin(f;). Beginning with the Grassmann integral with one photon
insertion, provided in (49) we apply the inverse symbolic map in (33) and realise the LSZ reduction according to (86).
The various worldline averages are then transformed into their corresponding spacetime averages as was done in the
N =1 scalar case, to find

Spin(F1) = 3Ky, +er (<2 + ) e (P SED) ik

2p'* 2p* 2p*

1 Set(xt xt da(zt a(zt Sa(x
ek g [t et S o i (5 ) o (B )
2k da(z™) a(z™)

- [a()og () 4+ da(a )+ (b + a®)penma (%G 7 — G0

Next, we express the photon momentum, k1, in terms of the electron momenta and asymptotic value of the background
field. For the 4, 1L components we can use momentum conservation, k+ L = (p—p')"+. The k; component requires
us to carry out an an integration by parts with respect to 1. We 111ustrate this step, to be applied to the various §,
terms in (94), with the following manipulation:

- 0 o T/2palxt) —a(zt)? 2p' - da(z™) — da(xT)? _ .

4, Jiki-zpp out in — 4, ki o “w w__~/ul|, out in
Jateet it @) = [ateetr () = Y () )
(95)

In fact, if additional factors of a(z™) appear under the above integral, in turns out that the additional derivatives
produced by integrating by parts always contract away. Therefore (95) can be used throughout (94). Moreover,
applying the above procedure to k1 in the 5 term of (94), one can see that in effect k}' — p* — p'*, since the two n#
contract to zero against the Levi-Civita tensor. In fact the only term in which the n* part of (95) survives after these
replacements is the first term on the RHS of (94).

Last, since we are taking the on-shell limit we may use the Dirac equation for the sandwiching spinors so as to send
their corresponding p and }/}’ to m, anti-commutating where necessary. Again, illustrating this step with the -5 term
in (94) we rewrite 75 in terms of products of four matrices using (33). After acting on the spinor solutions at most
three matrices will remain. After this process, the s term, as it appears in the amplitude (92), becomes
da(z™) a(z™) Lrog(a™)  d(a™) o) %(M(:ﬁ) ¢($+)>

€1

_ L uvaB _ (o /+,{
o opt )BWse (" +p7)3

i cHVOB
2p’+2p+ )ﬂl’}/g,E . (94)

2p't 2pt #1 }

(p+ op'+ op+
a(z™
) (B - Dy () - HE ) (90)

Using the above steps to replace k|’ in the remaining terms of (94), after some algebra one may gather terms to find
that

() { (/4= 20(a) - 218pin(0) +Spin(F) b (o) = 2mive () = 504N + o ridla™) ), O7)

and hence

(kl + aoo)p,slvnoe (

./\/lp . =—ie /d4:17 eik"”\I/g}tts, (x);z‘I\I/;ng(:r) , (98)
where we have used the spinor Volkov wavefunctions, which read

V(o) = [1+ 5o s (el a). (99)
WO, (2) = s (p )[1f2,+¢6¢< H]ept @) (100)




17

This successfully verifies that the worldline approach reproduces the known amplitude for the N = 1 process.

C. N =2, double nonlinear Compton scattering in scalar QED

To complete our discussion of the relevant structures in scalar QED we must also consider the case N = 2, where
the so-called seagull vertex (the four-point scalar-photon-photon-scalar vertex) first appears. We will describe the
way this works briefly here, as the calculations proceed largely as for N = 1, leaving the details for the Appendix.
Expanding (73), there are now two 7-integrals, with one, say 7o, fixed by the worldline delta function in (73), and the
other, say 71, remaining. The mapping onto Feynman diagrams is most natural: the contributions from 71 > 0 and
71 < 0 recover one each of the expected contributions from the two diagrams with two 3-point vertices, with 7 being
mapped to the lightfront time of one vertex. The seagull contribution is picked up from the term in (73) which goes
like €71 - £9; this comes with a delta function with support at exactly 7 = 0, hence leaving only a single unevaluated
integral, as expected. The full calculation is presented in Appendix A.

V. CONCLUSIONS

We have presented worldline Master Formulae for all-multiplicity tree level scattering amplitudes of 2 massive
charged particles and N photons, in a plane wave background, in both scalar and spinor QED. The background
field may have arbitrary strength and functional profile, and is treated without approximation throughout. This
is particularly relevant as the target application of our results is to laser-matter interactions in the high intensity
regime where the field is characterised by a dimensionless strength (the coupling to matter) larger than unity, and
hence must be treated without recourse to perturbation theory.

Our Master Formulae have been derived using the worldline approach to quantum field theory. While several
previous publications have derived wordline Master Formulae for various correlation functions in vacuum, or even at
higher loop level in background fields, our focus here has been on scattering amplitudes involving external matter. As
such it was necessary to identify the worldline description of LSZ reduction in a plane wave background. We found
this to be a fairly direct generalisation of the known worldline prescription for LSZ amplitudes in vacuum [68, 69].
A second notable generalisation from known results in vacuum holds for the spinor case: namely that in the second
order formalism, which implies a split into ‘leading’ and ‘subleading’ terms, only the former survives the on-shell limit
once the LSZ prescription is imposed. Furthermore, the background field dependent part of this leading term also
drops out in the asymptotic limit. This allows for a large number of terms to be discarded (and in the vacuum case
allowed for the gauge invariance of the amplitudes to be manifest).

We have checked our results against the existing literature, which contains only low-multiplicity amplitudes derived
using Feynman rules. Explicitly, these are the cases N = 1 and N = 2, or single and double nonlinear Compton
scattering. Moving beyond scattering amplitudes, we have also seen how to recover off-shell quantities, in particular
the scalar and spinor correlation functions dressed by the background and the Volkov wavefunctions, from worldline
path integrals. The latter is a particularly interesting case as it exposes the relevance of mixed boundary conditions;
the relevant path integrals carry Dirichlet conditions at one limit, representing the local spacetime argument of the
wavefunction, and Robin boundary conditions at the other limit, encoding the asymptotic momentum characterising
the Volkov solution.

It is fair to say that the Master Formulae for amplitudes we have derived here still require, for a chosen number
of photons N, some processing in order to extract all their physical content. In future work we will pursue methods
of evaluating the remaining proper time integrals in an efficient manner, or in an approximate manner relevant to
interesting physical regimes. Here, benefit should be gained by mot breaking the parameter integrals into ordered
sectors corresponding to photon permutations, which will maximally exploit the calculational efficiency. Constructing
observables from our amplitudes at N > 2 (which are lacking in the literature) will help to benchmark numerical
codes which approximate multi-photon processes using sequential single-photon emissions. It would be revealing to
compare our expressions with the compact all-multiplicity results of [74, 75]. We also plan to generalise our results
to higher loop orders, in order to pursue the Ritus-Narozhny conjecture on the behaviour of loop corrections at very
high intensity, see [3, 14] for reviews.
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Appendix A: Master formula check for N =2

In this appendix we confirm that the master formula (73) correctly reproduces, at N = 2, the amplitude for ‘double
nonlinear Compton scattering’ [76, 77] in scalar QED, that is the emission of two photons from a particle in a plane
wave background. (By crossing symmetry this is directly related to the amplitude for the Compton effect in the
background.) Recall that in scalar QED, the standard approach would require evaluation of three separate Feynman
diagrams — conveniently combined into one calculation on the worldline — one of which contains the four-point seagull
vertex.

Starting from (73) with N = 2, the LSZ factor §(71/2 + 72/2) means that we have only one non-trivial proper-time
integral, over, say, 7. It is convenient to split this integral into three pieces and analyse each separately; we split the
integration range into —co < 7, <07, 0” <7 < O+ and 07 < 7 < oo, and refer henceforth to the corresponding

contribution to the amplitudes as A2 ?, .Agl and ABP 7, respectively.

1. 71 E(0,00)

When 71 > 0, the field-independent terms in the exponential of (73) reduce to
i(p +p) - (ky—ka)mi+e1- (B +p—ka)+ea- (B +p+ k1) —2imky ko +i (K, +p, —pi)z*. (A1)

The gauge field at the interaction points +7; (indicating the insertion point of photon with momentum k) takes the
values

a(r1) = alzt +m(2p" + ki —k3), (A2)
a(—m) = alzt = (2p* + kT — k). (A3)

This motivates us to make the change of variable 2+ — z* — 71 (2p* + k{ — k3 ), such that the field-independent terms
(A1) transform to
To =i (4(p+ +kit)g" =243 —2m® +i07) 71 +e1- (2 + ki) + ez (B +p+ ki) +i (K +p, —p )t (Ad)
—i(2p' + a™)a> 7,
where we have defined ¢ = p — k2 and used the fact the momenta are on-shell to simplify. We shall shortly need the

last term —i(2p’ 4+ a®°)a®7; to simplify some of the field dependent terms. Before going into that, we return to the
exponent of (73) and note that the following field-dependent term is already sufficiently simplified.

N
T = —2281 ca(ri) = —2e1-a(z’) — 22 - a(z” +4¢" ). (A5)

i=1
The rest of the field-dependent terms combine with —i(2p’ + a®)a®7; from (A4) to yield

To—i(2p" + a™)a>®r = (AG)

- 2@2/ drk; - a(r) — z/ dr[2p - a(t) — a®(7)] — i/OOdT[Qp’ Sa(1) — 6a’(T)] —i(2p" + a™) - a™7y

:—22 / drk; - a(r —z/ dr 20 - a(r) — a® —z/ dr[2p’ - da(T) — da*(1)] .

We now use the dependence of a,,(zc1(7) on the classical solution to transform the proper-time integrals into space-time
integrals and simplify the above terms as

oo

_ QZZ/ drk; - a(r —Z/ ' dr [2p" - a(T) — a2(7')] —i‘/T dr [2p" - da(T) — 5a2(7')} (A7)

1

:_Z-/ 21"“(5)“2(5)513_1-/95 e “d52q'a<8>a2<5>_i/°° ds 22 0as) = 0a%(s) g

2p+ + 2q* + gt 2p'
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where we have used momentum conservation to replace p, + K| with p,, and p; + k1, with ¢;. The contribution
A to the amplitude from 7; > 0 can then be written as

A’;’f = 2(—ie)?(2m)35, / da™ / dry eTotTitTe in - (A9)

We are now going to show that the right hand side of the above expression is equivalent to one of the three Feynman
diagram contributions to double nonlinear Compton, namely that containing two 3-point vertices in which photon &
is emitted on the outgoing leg. The Feynman rules give this contribution as

<~

(—ie)? / da/dt o [ (') (61 D) Gla! ) (e D) o ()] 42, (A10)

where D denotes the background-covariant derivative and G(z/,z) = D"” ” is the scalar particle propagator in the
plane wave background (the double arrow indicates the right—left alternatlng derivative). We then observe that this
is equivalent to

/d4x’d4x sOg}lt(x/ _ ’i€1) eikl-x’_Qeya(x/) G(LU/ +ieq,x — ’iEz) iko-x—2e5-a(x) 90 ( + 262) (All)
lin. £€1...€EN
Taking this expression, we start by using the Fourier representation of G(z’, x) to rewrite it as
/d493’ dz oot (' —ieq) ethra’=2e10(@) Qo 4jey @ — igy) eiRee 2oz () cpip“(x + igq) (A12)
d4r Z.efzr-(x 7x+7,€1+152)7if‘:_;_+ Wd
= [ e dl @l — e e et e gitr==26r0(®) G (s 1 i)

We can easily evaluate the 2/~ =+ and r—

Schwinger proper-time integral to obtain

* integrals and rewrite the propagator denominator using a standard

3 < ertages [ it i(pe ki —ry )3t —2era(at) =i [y 22t osa?(e) g
(27T) 5L,—(p JrKip)e:D 1Tq.€2 dz’t e\ P+TR1+ T+ 1 e x 2pt

— 00
00 00
% 2 dx+e—252~a(x+)e—iz+q+ dm dry ei7'+(x+—x'++4q+7—1)6—21’7'1 [qi+m2—i0+]
—0o0 0 2

. ex/t 0 2gia(s)—a?(s) . pat 2p-a(s)—a?(s)
7sz+ ds 2gats)—a 15) 3aF 7szoods sprals)—a 1s) Py

(A13)

The r, integral can now be evaluated to give 2r§(x+ — 2+ +8¢_71). The remaining z’* integral is therefore trivialised
and effects the replacement '+ — x* + 8¢_7;. Taking the multi-linear limit, one recovers precisely the right hand
side of (A9) as promised.

2. 11 € (—00,07)

For 71 < 0, one recovers the Feynman diagram contribution in which photon k5 is emitted from the outgoing leg.
The proof of this follows exactly the same steps as for A% above. Hence we simply state that

nd

AL = (—ie)? /d"‘x’d"‘x etk [sog‘“( ") (e2- Do) G(2', ) (e1- Bx)@;,"(x) etkre, (A14)

3. 7€(07,0%)

In this range, the field-independent term in the exponent of (73) going like 6(71)e; - €2 cannot be neglected. Noting
that this term is already linear in both ¢; and €3, the corresponding contribution to the amplitude is immediately
seen to be proportional to the 71 — 0 and €; 2 — 0 limit of the integrand of the proper-time integral:

by = —2(—ie)*(2m)%6, _ (p' + K —p) (A15)

2 . roore, 2 0
/ dl‘ 251 52) +1(K+p p) T 7zf 29" -a(T)—a®(7)]dT—i [J°[2p"-6a(T)—ba?(T)]dT—2i [°  K-a(r)dT
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By inspection, this is equivalent to
Ag;” = —2i(—ie)%e; - &9 /d4a: ellkitha)w pout ()i () (A16)

which is indeed the seagull vertex contribution to double nonlinear Compton scattering. Summing (A9), (A14) and
(A16) recovers the full amplitude.
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