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Electron-positron annihilation into two photons in an intense plane-wave field
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The process of electron-positron annihilation into two photons in the presence of an intense classi-
cal plane wave of an arbitrary shape is investigated analytically by employing light-cone quantization
and by taking into account the effects of the plane wave exactly. We introduce a general descrip-
tion of second-order 2-to-2 scattering processes in a plane-wave background field, indicating the
necessity of considering the localization of the colliding particles, and that is achieved by means of
wave packets. We define a local cross section in the background field, which generalizes the vacuum
cross section and which, though not being directly an observable, allows for a comparison between
the results in the plane wave and in vacuum without relying on the shape of the incoming wave
packets. Two possible cascade or two-step channels have been identified in the annihilation process
and an alternative way of representing the two-step and one-step contributions via a “virtuality”
integral has been found. Finally, we compute the total local cross section to leading order in the
coupling between the electron-positron field and the quantized photon field, excluding the interfer-
ence between the two leading-order diagrams arising from the exchange of the two final photons,
and express it in a relatively compact form, which contains the dependence on the plane-wave field
only via the dressed fermion momenta. In contrast to processes in a background field initiated by
a single particle, the pair annihilation into two photons, in fact, also occurs in vacuum. Our result
naturally embeds the vacuum part and reduces to the vacuum expression, known in the literature,
in the case of a vanishing laser field.

PACS numbers: 12.20.Ds, 41.60.-m

I. INTRODUCTION

With the development of high-power laser technology the verification of the nonlinear-QED predictions for various
phenomena in an intense background field of a macroscopic extent is becoming attainable in laboratory experiments
[1-5]. Among QED processes in an intense laser field, two first-order ones, nonlinear Compton scattering (e~ =
e~v) [6-18] and nonlinear Breit-Wheeler pair production (y = e~e™) [8, 19-26] have been extensively investigated
theoretically (see also the reviews [2-4, 27]), where by a double-line arrow we highlight the fact that a process
happens in a background field, which in general has to be taken into account nonperturbatively. Recently, nonlinear
Compton scattering was also probed experimentally and signatures of quantum effects were observed [28, 29] (see
[30] for a related experiment carried out in crystals). Moreover, these reactions are the only QED effects included in
common implementations of the QED Particle-In-Cell (PIC) scheme [31-33], which is a standard tool for the numerical
investigation of the interaction between a laser field of extreme intensity (> 10** W/cm?) and matter, in particular,
of the dynamics of the electron-positron plasma, produced in this interaction [34-43] (an electron-positron plasma
interacting with a background field can also arise in a collision of a high-density electron beam with a target [44] and
in some astrophysical scenarios [45-49]).

Other channels of the first-order processes, i.e., electron-positron annihilation into one photon (¢~et = ) and
photon absorption (e~ = e~) are sizable only in a small part of the phase space of the incoming particles [8, 50-52].
Therefore, if electron-positron annihilation and photon absorption are to be also included into the consideration of
the evolution of a many-particle system in an intense laser field, which may involve different geometries of particle
collisions, it is necessary to assess the next-order processes, i.e., e"e™ = v and e~y = e, respectively.

However, a complete evaluation of a tree-level second-order process in an external laser field is not straightforward.
For instance, first theoretical calculations for trident process, i.e., seeded electron-positron pair production (e~ =
e~e~e"), were performed long ago [53, 54]. It was demonstrated that the total probability can be decomposed into
a two-step contribution, which is related to the physical situation of the intermediate electron being real and which
can be reconstructed as a combination of the corresponding nonlinear Compton and Breit-Wheeler probabilities, and
a one-step contribution, for which the intermediate electron is virtual and which was computed in part. Later, first
experiments on trident were also carried out [55, 56]. But only recently, via a series of works, a full evaluation of
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Figure 1. The leading-order Feynman diagrams for electron-positron annihilation into two photons in a plane-wave field: (a)
the direct diagram, and (b) the exchange diagram. Double lines represent dressed (Volkov) wave functions and propagators
(see the main text for details).

trident process was presented for the constant-crossed and general plane-wave background field cases [57-62] (for an
estimation, the one-step part of trident is sometimes taken into account with the use of the Weizsdcker-Williams
approximation [63, 64], see also [59]). A result for double Compton scattering (e~ = e~ v7) has been obtained in a
similar fashion [65-69]. As to 2 = 2 reactions, considerations existing in the literature are limited to very specific
cases, like a monochromatic or an almost monochromatic laser field, the weak-field limit, a circular laser polarization,
and/or so-called resonance processes (see, e.g., [70-74]).

Here, we consider electron-positron annihilation into two photons, with the two leading-order Feynman diagrams
shown in Fig. 1. We present the first analytical results for a total cross section (in a sense explained below) of
e~et = v in a laser pulse represented as a classical plane-wave (or null) field of a general shape. We provide an
exact expression for the contribution of the individual diagrams in Fig. 1, without taking into account the interference
between them. Keeping possible applications of our result to many-body-evolution numerical codes in mind, we define
the cross section in such a way that it has the meaning of a local quantity, and we also write it in terms of the dressed
momenta of the colliding particles in the plane wave. Furthermore, we use the example of e~e™ = ~ for establishing
general features of the description of second-order 2-to-2 collision processes in a plane-wave background field.

In contrast to nonlinear trident pair production and nonlinear double Compton scattering, the reaction e“et = vy
does occur already in vacuum. This may pose a technical problem, since the two parts (vacuum and field-dependent
one) have different numbers of momentum conservation delta functions. Therefore, one might encounter a difficulty
of dealing with the different number of volume factors and of comparing and combining the two parts. We show
that it is possible to incorporate both into a single expression for the total (local) cross section, which, in the limit
of a vanishing external field, reduces to the result, known in the literature for the vacuum case. Moreover, unlike
the mentioned second-order processes initiated by a single particle, for e~e™ = 7y the intermediate fermion becomes
real not in one but in two different cases corresponding to the physical situations in which either the electron or the
positron first emits a final photon before annihilating with the other particle into the second final photon. Using the
Schwinger proper time representation for the electron propagator, we express the two-step and one-step contributions
in a form, which has an advantage that it is concise and involves only integrals with limits independent of any variable.
Another additional feature of 2-to-2 processes in a plane wave is the importance of taking into account the fact of the
localization of the incoming particles, which we carry out by introducing normalized wave packets. The underlying
reason is that the collision of two particles in a plane wave is effectively a three-body collision and it is important at
which moment each participant arrives at the collision region and if a collision region, as a microscopic region where
all participants are for a certain time and significantly interact, does exist at all.

This paper is organized as follows. In Sec. IT we introduce the formalism. In Sec. III we consider the annihilation
into two photons of an electron and a positron, which are described by wave packets. We find out the approximations,
that one needs to make in order to introduce a cross section, and provide a general expression for the cross section
of the reaction e"e™ = 4. In Sec. IV the one- and two-step contributions to the cross section are investigated. In
Sec. V we elaborate on the evaluation of the integrals for the process under consideration. The final result is presented
in Sec. VI and the limit of a vanishing background field is considered in Sec. VII. The conclusions are presented in
Sec. VIII. Five appendices contain explanations of the notation and technical details.

Throughout the paper, Heaviside and natural units are used (¢g = i = ¢ = 1), m and e < 0 denote the electron
mass and charge, respectively, a = €2 /(47) ~ 1/137 is the fine-structure constant.

II. FORMALISM

The formalism, that we employ, combines light-cone quantization [75-78] and Furry picture [79, 80] (a detailed
discussion of the formalism is provided in [81]). With the quantization on the light-cone, a plane-wave background and



particularly momentum conservation laws are naturally included into the calculations (see [60, 69] for an application
of light-cone quantization to trident and double Compton scattering). Also, the light-cone representation of the
electromagnetic interaction via three types of vertices (see Appendix A), or, equivalently, the representation of the
electron propagator (and also of the photon one) as combination of noninstantaneous and instantaneous terms (this
can be done within the instant-form quantization as well [82, 83], see also [66, 67, 84]) allows one to write the spinor
prefactors via fermion dressed momenta (see below), and, as a consequence, the final expressions formally have no
explicit dependence on the background field and asymptotic fermion momenta. In this respect, the obtained result
is similar to the ones usually derived in vacuum, where the final expressions depend on the particle four-momenta in
the form of Mandelstam variables [85].

The laser field is described classically by the field tensor F#¥(¢), which is a function of the scalar product ¢ = ko,
with k£ being the characteristic wave four-vector of the field or, in the quantum language, the characteristic four-
momentum of a laser photon (k§ = k{ ko, = 0) and z* being a position four-vector. We assume that F*¥(¢) does not
contain a constant-term (zero-frequency) contribution, but only a ¢-dependent part, which vanishes asymptotically
(as ¢ — £00). Then the most general form of F*¥(¢) is given by

Fr(g) = Y i), (1)

i=1,2

where fI" = kfa? —k§a', the four-vectors a!’ define the amplitude of the field in two polarization directions (koa; = 0,
ajaz = 0), and the functions ¢}(¢) = du;(¢)/(d¢) characterize its shape [|[¢}(¢)| < 1, 9i(£oo) = 0]. In the following,
the indices i, j, k, . . . always take the values 1, 2.

The light-cone coordinates are defined via specifying the light-cone basis {n*, 7", e/, e5} (see Appendix A for
details). Below, we employ the canonical light-cone basis, which is defined as [86]
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where the four-vector ¢* is such that g™ # 0. The calculations are greatly simplified if one chooses

m

q" =i + b, (3)

which implies py + pi = k:2L + kf = 0. Here, p and p} are the asymptotic four-momenta of the incoming electron
and positron outside the plane wave, respectively, whereas k)" and k4 are the four-momenta of the final photons (see
Fig. 1 and note that in the following we employ wave packets for the electron and positron and therefore p} and ph
will be ultimately identified with the central four-momenta).

Since n* = kff /m, the laser phase is ¢ = mz™ and the field F*(¢) depends only on the light-cone time. With the
adoption of the light-cone gauge A1 (z) = 0, the four-vector potential for F*¥(¢) reads

A (¢) = Z ali(9). (4)

In the following, we assume A*(—oo) = 0, which implies 1;(—o0) = 0 [together with the fact of the absence of a
constant-term contribution in F*¥(¢) this implies that also A*(o0) = 0 and therefore ¢;(c0) = 0].

The solution of the Dirac equation with the classical field (4) is the Volkov solution [87]. We write the positive-energy
one in the form [84]
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and the negative-energy one in an analogous way (see Appendix A). Note that the phase S,(x) is the classical action
of an electron in the plane wave and that the dressed momentum 74 (¢) = —0"S,(x) — eA¥(¢) is the corresponding
solution of the Lorentz equation. It is given by

(7)

epA(g) e2A2<¢>>)
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such that 7r127 (¢) = P2, W;((b) = pT. The free Dirac bispinor Upe is normalized such that Uy, tper = 2Mdger, UpeYH Uper =
2p/L500_,7 Eo upaapa =7p+m [85]

The fermion field ¢ (x) is expanded in the basis set of the Volkov wave functions (5) (and analogous ones for
negative-energy states) and, as a consequence, in all diagrams free fermion lines are replaced with the corresponding
Volkov ones [79, 80] (details on the quantization are given in Appendix A).

Though in electrodynamics, quantized on the light cone, there are three types of vertices, for our purposes it is
convenient to combine them in the form of propagators. Then we have only the usual three-point QED vertex, but
each electron and photon Feynman propagator consists of two terms [82, 83] (see also [66, 67, 84]), in particular,
for the electron propagator G(xa,x1) we have: G(xy,x1) = GO (xy,21) + G (29, 21), with G (9, 21) being a
noninstantaneous (propagating) part

ni d4p —ip(za—x1)—1iSp(P2,¢ wptm I
GO (5, 1) :/(27r)4e pza—21)—iSp (2, 1>Kp(¢2)p2 i Ko, (8)
and with G0 (29, 1) being an instantaneous part
in d4p —ip(xe—x1)—1 ’YJF
el )(3;2,331) :/7(27T)4e p(r2—x1) 3p(¢27¢1)72p+, (9)
Here, Sp(¢2,¢1) = Sp(¢2) — Sp(¢1) and
12 2
~ p+m
p# = < +72p+apL> ) (10)

such that p? = m?2.

Below, we will employ the classical intensity parameters [3, 8]

g = LV ”n;az (11)

We also introduce € = /&2 + £2. Other parameters characterizing the scattering process are the quantum nonlinearity
parameters, which are defined as x;; = pj«fj /m for the fermions, and analogously for the photons [3, 8]. Note
that by considering the interaction with the quantized photon field to leading order, we implicitly assume that the
quantum nonlinearity parameters are much smaller than 1/ a?/? =~ 1600, such that this interaction can be treated
perturbatively. This assumption is reasonable for current and near-future laser-based setups (for discussions of the
fully nonperturbative regime, see, e.g., [88-93]).

For a process with two incoming particles, the classical intensity parameters and the quantum nonlinearity param-
eters do not exhaust the list of quantities, that are necessary for describing the scattering (even when considering
an observable obtained by averaging/summing over the discrete quantum numbers and by integrating over the final
momenta). We introduce the additional parameters t;(¢), which are given by [81]

le|m1, (@) 1 70, (0)
&m3(pf +p3)

ti(¢) = (12)

where 7' (¢) = 7t (¢) and —7",(¢) = 7" (¢) are the dressed four-momenta of the electron and the positron,
respectively. The asymptotic values of ¢;(¢) are denoted as t;, they have been employed in the literature before [8].
The parameters ¢;(¢) have a particularly clear physical interpretation if we use the canonical light-cone basis (2)
with ¢# from Eq. (3). With this choice, we have 7., (¢) + rfe’m((b) =pi +py =0 and t;(¢) = 7i(p)/m, i.e., t1(¢)
and ta(¢) correspond to the transverse dressed momentum components of the incoming particles (with respect to the

laser-pulse propagation direction).

III. CROSS SECTION

Strictly speaking, a collision of an electron and a positron in the presence of a finite-duration laser pulse is a
three-body process and the result of the collision depends on the time of arrival of each participant at the collision
region and on whether a collision region, as a microscopic region where all participants are for a certain time and
significantly interact there, can be defined at all. Thus, in the most general setup, one cannot rely on the description
of the incoming particles via monochromatic plane waves, since they have an infinite temporal and spatial extent.



Therefore, in order to consistently describe the reaction e~e™ = 77, we represent the electron and the positron as
normalized wave packets with central on-shell four-momenta p4 and p4, respectively. A positive-energy wave packet
U, (z) with the central four-momentum p# is constructed according to

d?q

¥0) = [ Gl @), (13)

where f,(q) is the momentum distribution density and ,(z) is the positive-energy Volkov state (5) with four-
momentum ¢ (for the definition of d3q see Appendix A). Note that Volkov states are on-shell such that ¢— =
(g% + m?)/(2q"), ie., f,(q) depends on g and ¢T only, but for simplicity, we write f,(q) as a function of g*.
The fact that the function f,(¢) is centered around the on-shell four-momentum p* has to be intended analogously.
Correspondingly, one can also define negative-energy wave packets. We refer to Appendix B for further details about
the general properties of the wave packets ¥, (x).

The polarization degrees of freedom of both incoming (outgoing) particles are averaged (summed) in the final
expressions, with the assumption of the initial states being unpolarized, and therefore, for notational brevity, we
suppress the subscripts for these degrees of freedom.

As already mentioned, the final photon four-momenta are k) and k5 (k3 = k3 = 0). The S-matrix element
corresponding to the diagrams in Fig. 1 can be written as

[ g P, 4 4 7
Spi=1 (2)3 (2m)3 f3(q2) fi(qr) | d*wad zy T(22, 21,92, q1), (14)
where f1(q) and f3(q) are the electron and positron wave-packet momentum distributions, respectively, and

~ d4 Mdirect , .2, ) )
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N
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with

s+ m K0 (92,007 .

direct 2
M (b2, p1,q2,q1) = —€ Vg, [Kﬁqug (¢2)nggql(¢1) + R Uqgy €5,,€7,- (16)

Here and below, ¢; = koz; = mmj and the term {7y, +> 2} corresponds to the exchange diagram with the photon
quantum numbers swapped (see Fig. 1b). Also, the functions K] ,(¢) and K (¢,¢') are given by

K}, (0) = Kp(0)7" Ky (9),  Kppi(9,0') = Kp(@)y" v 9" Ky (¢), (17)

where K,,(¢) = 7K} (¢)7" and a dagger denotes the Hermitian conjugate.

In the following and analogously to the vacuum case (see, e.g., [94, 95]), we assume the momentum distributions of
the electron and the positron being sufficiently narrowly peaked around the central four-momenta and the detectors
not being sensitive enough to resolve the final momenta within the widths of such distributions, such that we can in
particular replace the four-momenta ¢! with the central ones in relatively slowly varying functions, i.e.,

]wdi1rec:t(¢27 ¢1, q2, q1)/ q;"qii_ ~ MdirECt(¢2a ¢1)/\/&7 (18)

where Mt (py, ¢1) = MY (hy, ¢1, pa, p1), and we do the same for the exchange term as well.
The total probability, obtained as the modulus squared of Eq. (14), averaged over the initial polarization states and
summed over all final polarization and momentum states, can be written as

1

1 - -
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qn
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where the abbreviation “qn” indicates that the sum/integral is taken over the discrete quantum numbers of the initial
and final particles and the momenta of the final photons. Also, in Eq. (19) we have introduced the electron and
positron wave packet amplitudes Fiy(z1) and Fj(z2) in configuration space, which are defined analogously to the
vacuum case [94], e.g., for an electron we have

J3
Fyo) = [ @) explila = p)a =i8,(6) +15,(0) (20)

for a given four-momentum distribution f,(¢). The wave packet in configuration space is given by

q3
folx) = /(;176)13,7%(61) exp|—igr — i8y(¢)] = Fp(x) exp[—ipz — i5p(¢)] (21)

(for a positron, the expressions are analogous). Note that |f,(z)|? = |F,(x)|? is the (time-dependent) particle density.
The properties of the particle density |F,(z)|? are discussed in Appendix B and we only recall here that for a
narrow wave packet, on the condition that also |f,(z)|? is sufficiently peaked in configuration space, the center of the
distribution |f,(x)|? follows the classical trajectory of an electron in a given plane wave (see Appendix B for further
details).

In principle, Eq. (19) is the expression one needs to employ in order to evaluate the total probability of the process
under consideration. However, depending on the widths of the wave packets and on the formation lengths of the
integrals in the space-time variables, one can achieve further simplifications.

The first step is to assume that the wave packets are sufficiently narrow (in momentum space), that on the formation
length of a single-vertex process (essentially, a process obtained by cutting the propagator line, see Fig. 1) one can
neglect the interference among the wave packets, i.e.,

Fy(@1)Fy (1) = Fi(X1 = 01/2)Ff (X1 +61/2) = | f1(X1)? (22)

and analogously for the positron wave packet amplitudes, where
Xt = (2} +a)/2, of =2\ —af, & =af -2 (23)
We point out that the assertion in Eq. (22) [and the corresponding one for Fp(xh)Fy (x2)] is a more complicated
statement than in vacuum, in the sense that the typical scale of 67" (and of 65 for the positron) depends in general on
the form and on the intensity of a considered background field, and Eq. (22) results from an interplay between the

scale introduced by the field and the scale of the wave packets (details are given in Appendix C).
Under the approximation (22) and an analogous for the positron, the total probability (19) reads

W [ 4t oK) PLA ) W (X, Xa), (24)
with the two-point probability distribution

1 - -
W(X2, Xy) = 1 Z/d452d451 T (w2, 1, p2,p1)T" (25, 27, P2, p1).- (25)
qn

An additional simplification is attained under the assumption, that on a typical distance between X}" and X% (in
essence, on the typical distance between the two single-vertex processes, see Fig. 1) the wave packets do not change
significantly, i.e.,

FPIAKD)E = | fal + 6/2)PIfue — 3/2) = | fol@) 2l f2 ()2, (26)
where

ot = (X5 +XV)/2, o =XE— XV (27)

Then Eq. (24) transforms into

W~ / Az | o) P ) PV (), (25)



where

1 - N
W(z) =W(¢) = 1 Z/d45d452d451 T(x2,21,p2,p1) T (25, 21, 2, 1)- (29)

Eq. (28) is the approximation that is commonly used for the description of scattering in vacuum and that allows to
define a cross section, a quantity, which characterizes the process itself without relying on the precise shape of the wave
packets [94, 95]. We stress that in a background field the assumption (26) can be restrictive as the intermediate particle
may become real and hence * can have a macroscopic scale, i.e., of the order of the extension of the background field
(see Appendix C for details).

Now, it is worth pointing out an additional difference with the vacuum case. In the latter case, in fact, the quantity
W (z) is independent on the coordinates and therefore non-negative [94, 95]. In contrast to this, the quantity W(¢)
here explicitly depends on the light-cone time (via ¢) and it can be negative for some values of ¢. Thus, generally
speaking, the quantity

w(@) = |f2(2) | f1(2)PW(9) (30)

cannot be interpreted as a probability per unit time and unit volume. However, it can be seen as a quantity, which
generalizes this probability and which contains interference effects among contributions from different points of the
particles trajectory in the plane wave, and therefore may become negative. This is somewhat similar to the relation
between a classical phase-space distribution and the Wigner distribution, with the latter generalizing the former and,
indeed, being also potentially negative [96].

Furthermore, we can define a generalized (local) cross section, which, though not being directly an observable
quantity, since it can become negative, is a useful theoretical tool for investigating the influence of the external field
on the scattering process. We follow the approach in the instant-form quantization in vacuum, where the cross section
is obtained from the probability per unit time and unit volume by dividing it by the factor |go(2)|?|g1(x)[*1/(p3pY),
where I = /(p2p1)? — m* and g;(z) are wave packets in the instant form [85, 95]. Then in our case we can analogously
introduce the local cross section as

I SR '
"= L@rin@ri@ Y = 1o VY (31

where the invariant I(¢) reads
1(8) = \/[7—e s (D) ()2 — . (32)

Below, we explicitly verify (except for the interference term, as has been pointed out in the introduction) that in
the absence of the background field the cross section (31) reduces to the one, known for the vacuum case in the
instant-form quantization. One should also keep in mind that the choice of the invariant I(¢) implies that the cross
section is normalized to the flux coming into the point z* inside the laser field and in this sense is a local quantity.
This can be useful, for instance, in the analysis of the importance of the studied process in the development of QED
cascades where the colliding particles are produced inside the field. However, if one would like to consider a beam-
beam collision experiment in the presence of a laser field, then the use of the vacuum counterpart I in place of I(¢)
could be more convenient. The total probability W is of course independent of this choice. Indeed, we emphasize
that in order to obtain a physically observable quantity, one has ultimately to rely on the probability W in Eq. (28)
or, of course, on the corresponding differential probabilities.
With the use of Egs. (15) and (16), we obtain for the cross section:

& dk+ d?kl it 1 T &
32k+k+[ A5tdsdsy o Y - M(¢a, 61,02, 00) M (8. 61 p2.p1),  (33)

‘777)\1

where k(+’ ) = = (p2+p1 — kl)(J“J-), o; and \; denote the polarization states of the incoming and outgoing particles,
1“espectlvely7 and we have divided the result by 2, in order to adjust it for the double counting of the final states of
the two identical particles. The reduced matrix element M (¢o, 1, p2, p1) is given by

~ dps . o _ _ o _ _
M(p2, ¢1,p2,p1) =/&Mdlrm(%,%)exml(/‘?z —p3 —py)xy +i(ky +p3 —py)xf

2
- i8p3(¢2, ¢1) - i8p1 (¢1) + iS—Pz (¢2>]
+{m ¢ 12}, (34)



where p(+’ ) = = (p1 — k1)) = (kg — p1) .

The quantity M (g2, ¢1,p2,p1) in Eq. (34) contains four distinct terms because MY (¢y, ¢1) alone consists of a
noninstantaneous and an instantaneous contributions. Taking the modulus squared yields 16 terms. However, only 8
of them are different after we sum over the states of the final photons, i.e.,

o(¢) = 094() + () + 09°(¢) + 0°U () = 2094(¢) + 20%°(9)), (35)

where 094(¢) is the contribution, arising from squaring the amplitude for the direct diagram (see Fig. 1a), and can
be written as

O'dd ((b) _ O_nndd ((b) + O_nidd(¢) 4 O_indd (¢) + Uiidd(¢)7 (36)

with o"7dd(#) originating from squaring the noninstantaneous direct term, o™94(¢) from the product of the non-
instantaneous and complex-conjugated instantaneous direct terms, etc. The other contributions in Eq. (35) can be
written down analogously. In the following, we only consider 099(¢). We note that for the differential quantities
the interference terms ‘de’ and ‘ed’ lead to an enhancement of the cross section by a factor of two in the case of the
final photons being in the same state. On the other hand, at least in an ultrarelativistic setup, the available phase
space is typically so large that one might expect that the integrated interference term 09¢(¢) should give a negligible
contribution. Moreover, in the vacuum case, the interference contribution for the total cross section is relatively large
only for mildly relativistic collisions [85]. If we assume a similar behavior in our case, then we should expect that the
term 09¢(¢) can be nonnegligible only for some +/s(¢) ~ m, where the invariant mass squared s(¢) in the field is
defined as

m2 -+ +\2
5(0) = [F—ea(®) + Tegn (D) = %Wu L2 (g, (37)

with t12(¢) = t2(¢) + t3(¢). It follows that if pj ~ py and t+%(¢) ~ 1, the interference term might provide a
somewhat sizable contribution. However, in the highly nonlinear regime, i.e., in the regime of £ > 1, which we are
interested in here, the function ¢-2(¢) is rapidly oscillating and the condition ¢+2(¢) ~ 1 is fulfilled only in some
narrow ranges ~ 1/& < 1 of ¢’s. Therefore, if one considers dynamics over one/several laser period(s), one might
expect that on average the term 09¢(¢) can be neglected.

Summing over the final photon polarizations results in the replacement

u*y

- —g", (38)

(we discard the terms proportional to k! and kY due to the Ward identity).
Averaging over the polarization states of the initial particles results in the replacements [85]
uty = p1, Valp — Péf) =—p_2, (39)
and taking the trace over the bispinor part of M (¢o, d1,pa, p1)M*(dh, ¢, pa, p1). The quantities p; and péf) denote
the electron and positron density matrices, respectively. In the case of the initial particles being unpolarized, we have

1 _ 1
p1= 5(7171 +m), py)=—po= 5(’7102 —m). (40)

Upon squaring the noninstantaneous part of the direct diagram, we obtain:

1 B _ d d “ynndd
_ Z MndMnd* — 78€4m4/ p3 p3 exp (’L@dd) M 5 —, (41)
4~ 2r 27 (p2 — m? +ie)(py~ — m? — ie)
with pf ) = pz()f’l). The phase ®49 reads
U = (ky —p3)dy — (ky —p1)0f —ps (23 —af) +p~ (25" —21") + O (42)

with the field-dependent part ®¢¢ given by [we use the canonical light-cone basis (2)]

Y = % Zfzki (53121 + 5ffu)

e (B2 5+1 LR ) S e (R, 1 B e 43
Z 51 2z p+ 1 414 2p+ Zgl p+ 2 J24 + p+ 1 Y1 | ( )
4 1 3 2 1

i



where

1 1
1 1 1 1
L =3 / d\; (mxj + QmajA)  Ji=35 / d\y? <ij+ + 2m5j+A> . (44)

For the products of the noninstantaneous and instantaneous direct terms and vice versa, we obtain correspondingly

1 “rnd ypids 4 2 + + 4 dps_ o dd Mnidd
and
1 ~ g~ dpl~ Mindd
=N MM = 2¢12m? 5(05 + 67 +26" / = o) 46
12 el (@005 + 51 +20%) [ e (1990) 5 (16)
Finally, the product of the two instantaneous direct terms is given by
1 e .
i > MM = e*5(55 + 67)5(5T) exp (1@9) MU, (47)

OisNi

The quantities M™0dd - pqnidd - pgindd = an g Aqiidd are the traces of the corresponding bispinor parts, which are
subsequently rearranged with the use of momentum relations in the background field. Details and explicit expressions
are provided in Appendix D. The prefactors in Eqs. (41), (45), and (46) are chosen in such a way, that M"*dd =
Mindd — Aqnidd — 1 ip the limit of a vanishing laser field.

IV. ONE-STEP AND TWO-STEP CONTRIBUTIONS

As it has been pointed out in the introduction, in contrast to the vacuum case, the probability of a tree-level second-
order process in an external field [and hence the cross section (33)] contains contributions with the intermediate particle
being virtual, as well as real, and it can be written as a sum of so called one-step and two-step or cascade terms [53,
54, 5862, 67, 69]. If the intermediate particle is real, generally speaking, the propagation distance may be arbitrarily
large inside the field. This causes at least two problems: for sufficiently large distances, the approximation (26) may
break down and also radiative corrections to the electron/photon propagator may become sizable. On the other hand,
in principle, one can recover the two-step contribution as a combination of the two corresponding first-order processes,
therefore, it is the one-step contribution that is the most nontrivial.

Let us single out the one-step contribution from the cross section (33). In our approach, we employ the Schwinger
proper time representation for the denominators of the electron propagators. This allows us to avoid the use of the
Heaviside step functions and to write the two-step and one-step contributions as integrals with limits independent of
any variable. But let us first highlight the main ideas of the common approach employed in the literature.

Note that the two-step contribution is contained in the ‘nndd’ term [60, 69]. For the ‘nndd’ term (41), let us
consider the integrals in p; and p§ ™ :

dpy dply~ o3 (e —o]) gy (@l —al) "
P a2 (] —m? i)y —m? — i)
Evaluating each of the integrals separately and then combining the results, one obtains:
1 o
Ty = gy P73 (63 + 0] [0(p3)0(x3 — a1 )0(ay” — i) + 0(=p3)0(zf —a3)0(a" —a5")] . (49)
3
The product (x5 — x7)0(zh" — 277) can be written as [60, 62]
65 + 67
B(xf — e O — ) = 6(67) [1 y ('2;1 - 5+)] . (50)

In Eq. (50), a two-step contribution is usually associated with the first term, and the second term is referred to as a
one-step contribution. Recalling the definition of §* [see Eq. (27)], we conclude that the function #(§1) identifies the
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two-step contribution corresponding to the electron emitting a photon first and then annihilating Wlth the positron
into the second photon. Using an analogous transformation for the product (x| — x3)8(2;" — 257) in Eq. (49),
one obtains a two-step contribution oc §(—41), which corresponds to the positron emitting a photon first and then

annihilating with the electron into the second photon. The total two-step contribution can be written as

1
two-step __ o + + o+
ng,pg = e exp[—ip; (05 + 07)]0 (p3 ) ) (51)
and the one-step contribution, originating from the ‘nndd’ term, as
5 1 7 65 + 67|
one-step __ .~ + + + + 2 1 +
I = s explity 5 +7) oo e (P
55+ 07

Now, let us show an alternative way of representing the two-step and one-step contributions in Egs. (51) and (52),
respectively. We employ the following proper-time representation for the denominators:
o0 o0

1 . . 1 Ly )
R S —i/ds eilvsmirios  _— = i/dt e~ i(ps’ —m’—ie)t (53)
p3 —m* + e ) Pt —m? — e

Below, we do not write the terms with ie for brevity. The integrals in p; and p4~ yield [see Eq. (48)]

dps dps + + + ot
o 9 O12p3s —(z3 — o)) 0[2p3t — (25" —277)]. (54)

In place of s and ¢, we introduce the variables 7 and v [97, 98]:

1
s—t T
T=s+t, w oy / s —>/ v/ 5" (55)
0 1

In terms of the new variables the delta functions in Eq. (54) can be written as
d[2pf's — (23 —x{)]d[2pgt — (w3" — 21")] = 0(6" — pi7)0(d5 + 0] — 2p3vr), (56)
and the initial quantity I, ,. in Eq. (48) reads

Evaluating the integrals in 7 and v, one obtains that
55 + 67

1 oo
L, p, /dv/dT % §(6T —piT)8(65 + 07 — 2p o) exp[—ip; (05 + 67)]. (57)
Z100
1 o
Iy, = 7z ©XPl=ibs (85 + 0110 (p507) 0 ( Tt

(2p5)? ) ’ (58)

where the first §-function comes from the integral in 7 and the second one comes from the integral in v. We notice that
Eq. (58) is the same as Eq. (51), apart from the presence of the second #-function. Then, the two-step contribution
can be written as

Jiworsten _ / dv / dr Z5(6% — piT) 6(65 + 0 — 2pFor) expl—ipy (63 + 7)), (59)

Py

which agrees with Eq. (51) upon the evaluation of the integrals in 7 and v [note that the limits of the integration in
v are extended to be (—oo,00)]. The difference between Eqgs. (57) and (59) is the one-step contribution:

one-ste T - ~—
I pgt P = /dv/dT 3 561 —pIT)8(65 + 67 — 2p5vT) exp[—ip; (05 + 07)], (60)
r, 0

with T',, = (=00, —1) U (1, 00). In the following, we consider the one-step contribution and therefore employ Eq. (60).
The final expression can be easily transformed into the result for the two-step contribution [Eq. (59)] or for the sum
of both contributions [Eq. (57)].
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V. EVALUATION OF THE INTEGRALS

For the ‘nidd” and ‘indd’ terms in Eqgs. (45) and (46), respectively, we also employ the proper-time representation,
e.g., we have

dp e 1p3 .,2 ,/1 o0 -
o 72 P —mZtic Z/dT 50(87 — pg ) exp[—ipz (5 + 67)] (61)
0

for the ‘nidd’ term and an analogous expression for the ’indd’ term [note that for the ‘iidd’ term no proper-time
representation is required, since there are no noninstantaneous parts of the propagators and integrals in the -’
momentum components, see Eq. (47)]. After that, we notice that each of the four terms, which we need to compute,
contains two delta functions [see Egs. (41), (45), (46), (47), (60), and (61)], and they allow us to evaluate the integrals
in 6+ and 65 in Eq. (33). In place of §;” we introduce

_m ’ps + oy m*p; +
p= K pi 0 k:* - 0 (62)
and we also rescale 7 as
m2r — 1, (63)

such that the rescaled variable is dimensionless. Then the direct-direct parts of the total cross section are given by

o2 e dk* A2k
0nndd(¢) _ il T / / /dp/dT/deexp ’Lq)dd) Mnndd (64)

I( p2 Jrpl

Pit + 27.1
{ni}dd/ »y _ i rZ[2m® 4 (¢ / dk /d kq /d /d ddy yymidd dd indd
o T exp (1D M —exp (i®4) M , 65

(¢) = 2m2I(¢) p2 —|—p1 P p( ) p( ) ] (65)

pi+pt
i dk+ d%ki i
olldd () = — / / /dp exp (i@‘ldd) , (66)
1(¢)(py +p1
where 7, = a/m is the classical electron radius, and the ‘nidd’ and ‘indd’ terms have been combined as
U{ni}dd(¢) — Uindd(¢) + Gnidd(¢). (67)
The phase @4 is given by
p p(L+12 +12) [ki? k2
Pl == o Skt 2k PY) + S | (= 1) = o (ut)
P2 by
+2 +2 +2
k} k
gz & [ (= 1)1y — 5 o (ut1) IM] p Zgz { — 1) — plﬁ(w DJul|,  (68)
1 1
where
=[G -1/ G -3%) )
s P/ P ps Pl
and
;1 k;‘ kf‘ 2mt; vt
P = §m§z |:p3_(u — 1)]21‘ - E(u + 1)Ili — P > (70)

the phases in Eq. (65) are the same as ®3¢, but with v = 1 and v = —1, respectively, and the phase ®!4¢ is given by

iidd Pkf Pk+k 2 2
gt - LN 2++[1+Z &I+ Y- 1), (71)




12

Tlmp

NG

\

Rep

Figure 2. The employed deformation of the integration contour for the ‘iidd’ term. As e — 0, the integrals over the two
half-lines combine together into a principle value integral, and the integral over the semicircle results in a term proportional to
the residue at p = 0 (see the main text for details). The choice of the deformation into the lower half-plane is dictated by the
fact that after the deformation the integral in ki has to be convergent for a finite value of e.

where
h kS kit 1 / kS kit
L-:f/dwi (¢+ “m>, Ji:f/dw? (¢+“m). (72)
2 2m(p; +pf) 2J) 2m(py +p{)
The old variables 51+ and 62+ are expressed via the new ones as
+ 1.4 + 1.4
+_ Pk +_ DP3ky

The integrals in k:lL are Gauss-type (Fresnel) integrals and can be evaluated analytically [note that the exponential
prefactors in Eqs. (64), (65), and (66) do not depend on ki; see Appendix D for details]. However, before being
able to perform an integral in kf‘, we need to change the order of the integrations and, strictly speaking, we have to
ensure that upon those changes the integrals remain convergent. It can be seen from Eqs. (68) and (71) that p =0
is a possible problematic point. Then, assuming that, if necessary, the integration contour for p is deformed from
(—00,00) into a new appropriately chosen contour I', we obtain that

21.1L -2 12
d kl d exp —ZL kJ_Q +2kJ_PJ_ _ m @ exp ZPP : 74
)2 P 5 (R 1
FP

(2w 2m 2 ) p 2m?
FF’

where one should put P+ =0 for the ‘iidd’ term. In order to specify I',, let us consider the ‘iidd’ term and the other
two separately. We start with the ‘iidd’ term [Eq. (66)].

If follows from Eq. (74), that upon the exchange of the integrations the integral in k:f‘ yields an infinite volume
factor, if P+ = 0 and p = 0. Therefore, we indeed need to deform the contour, such that the new contour I', does
not go through the point p = 0. One of the possibilities is to shift the integration line by ie off the real axis. This
results in an ie prescription for p [99, 100]. However, since the singularity is only at p = 0, it is enough to deform the
contour locally by introducing a semicircle of radius ¢, as shown in Fig. 2. Then, as ¢ — 0, the integral over the two
half-lines results in the principal value integral, and the integral over the semicircle yields iwC'_;, with C_; being the
residue at p = 0 [101].

For the other terms [Eqgs. (64) and (65)], the vector P is given by Eq. (70). As a result, upon setting p = 0, the
integral in k:ll is evaluated not to an infinite volume factor, but to a delta function. Therefore, we argue that the
deformation of the contour for p is not required for these terms and I'y = (—o00, 00). We justify this by reproducing
the vacuum results, known from the literature, if the external field is set to zero (see below).

We also point out that if one makes the replacement p — —p, then

(I,Sd N _q)dd Mnndd N Mnndd’

—u

~indd ~midd ~midd ~indd
sy M - MMM — MM (75)
Therefore, the integral in v can be reduced to an integral over the interval (1,00) [alternatively, the integral in p can
be reduced to an integral over (0, 00); we use the first option below].
As the last steps, we notice that after the integration in ki, upon rescaling p as pky ki /(pp7) — p for the ‘idd’
term, the integral in k‘f can be also evaluated analytically and only a single integral in p remains in this term, which
can be also written as an integral over (0, c0).
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VI. FINAL RESULT

After all steps described above are carried out, one obtains the final expressions for the direct-direct contributions
to the total cross section:

p2 +1’1
nndd — I / dk+/d /d /7 q)dd nndd 76
o™ (@) = I(¢)(p2 s m v [ dr Texp (i )/\/l (76)
[ ++p1
; 2m? + s(
{n1}dd(¢ — / dk.Jr/d /7 (I)dd Mmdd 77)
o T exp
T (@) (ps +p1 (
.. r2m? dp . 7r
olidd () = 2; ) /?psmq) dd 4 5] (78)
0

where Im and Re denote an imaginary and a real part, respectively, expressions for the quantities M™dd and Aqmidd
are provided in Appendix D, and the phase ®34 is given by

2

k+2 k+2 p k+ k‘+
pdd =P [2 (u—1)— 25 (u+ 1)} + S (u? = 1) ( (s — = gu)
it p DM i
P ki _ (2) _ 2\ _ E (2)
+43 - (6 - @) - S (@7 -a)| (79)
with
1] 1 1
2
Gi= 3 / dAt; (ij+ + Qmap) , (D= / dAt? <ij + 2m5;-r>\> : (80)

and X5 = a7 +pf7/m?, X{" =27 — pJr/m?2. For the ‘iidd’ term, the phase ®!4 is given by

il — p [1 GG - c?)} : (81)

where

1

1
1 2924 @ _ 2 P3Py
G = f/dAti <¢+ ———P\ |, G dAti |9+ ——F——<p\ . (82)
2 m(pg +py) m(p3 +py)

—1

VII. ZERO-FIELD LIMIT

In general, the integrals in Eqgs. (76), (77), and (78) have to be computed numerically. However, in the case of
a vanishing plane-wave field, one should be able to evaluate them analytically and thus recover the result, known
from the literature [85]. Since this derivation is different from and also somewhat less trivial than the one usually
presented, we show explicitly how the vacuum expressions are obtained.

Let us start with the ‘iidd’ term in Eq. (78), which is the simplest out of three. If the external field is set to zero,
then ®199 = (1 4+ ¢t12)p, where t+2 = ¢? + 2. The integral in p reduces to the Dirichlet integral and we obtain that

2

O_iidd — _ e ’ (83)
A/l —1)

where y is the scaled invariant mass squared: pu = s/(4m?), with s = (p2 + p1).
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_The other two contributions require some more manipulations. Upon setting the laser field to zero, the quantities
Mrdd and MPidd are equal to unity, and the phase ®39 reduces to

1 1
pdd — p + Za2v27'2p — bur, (84)
where
tH2(1 4+ t2) kg K <k+ kit
a=2 , b= 2+1) (14 t+2), (85)
\/ pspy ps Pl

and we have rescaled p as p/(2t120%72) — p. After that, the integrals are evaluated in the order shown in Eqs. (76)
and (77). Details are presented in Appendix E. The results are given by

7T7°2

dpy/p(p—1) (%)

O_nndd _ _

and

2
where In indicates the natural logarithm. Combining all three terms together, we obtain that

2

which is the same as the corresponding cross section in Ref. [85].

We point out, that initially the cross section ¢99 has been defined within the light-cone quantization formalism.
However, the obtained expression (88) is the same as the one derived within the instant-form quantization, which
supports the way of defining the cross section on the light cone, that we have suggested.

Another important remark is the fact that the ‘nndd’ term in Eq. (76) does not contain the two-step contribution.
Nevertheless, the complete result has been recovered, which means that the two-step contribution vanishes in vacuum,
as it has to be, if the two-step contribution indeed corresponds to the physical situation of the intermediate fermion
becoming real. In fact, one can verify this directly by setting the integration interval for the virtuality v to (—oo, 00)
and confirming that the integral vanishes (one should be aware that in this case it is necessary to recover the ie
prescription for 7 in order to shift the pole v = 0 off the real axis).

VIII. CONCLUSIONS AND OUTLOOK

We have investigated analytically the process of annihilation of an electron-positron pair into two photons in the
presence of an intense plane-wave field, as a characteristic example of 2 = 2 reactions. The external field has been
taken into account exactly in the calculations by working in the Furry picture, and light-cone quantization has been
employed, in order to have a formalism automatically incorporating the properties of the plane-wave background.

Though the presented description of the scattering based on the use of wave packets is tailored to the reaction
e"eT = ~v in a laser pulse, it applies to a general second-order 2-to-2 reaction in an intense background field. We
have seen that it is convenient to introduce the concept of a local cross section, which although not being a measurable
quantity, is a useful tool especially for comparison of the results in a laser field and the corresponding ones in vacuum.
Indeed, the local cross section in a plane-wave field is a qualitatively different entity with respect to its vacuum limit,
since it bears the dependence on the light-cone moment of the collision and may also become negative in some regions
of the parameter space. Therefore, the cross section in the external field cannot be seen as an observable, but instead
could be interpreted as a quantity, which extends the concept of the classical cross section, similar to the relation
between the Wigner distribution and the classical phase-space distribution.

In contrast to processes in a plane wave initiated by a single particle, in fact, the pair annihilation into two photons
does also occur in vacuum. The vacuum part has an additional momentum-conserving delta function at each vertex,
which is hidden, if one works in the Furry picture (see [102] for a discussion of splitting the amplitude of a second-
order tree-level process in a laser field into different parts). Our definition of the cross section and also the analytical
evaluation of Gauss-type integrals in the transverse momentum components of the final particles effectively remove
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those delta functions and allow one to write the total local cross section without a formal split into a vacuum and
a field-dependent parts. We have also ensured that by setting the external field to zero, the vacuum cross section is
recovered.

A distinct feature of second-order tree-level processes in an intense background is a nonvanishing contribution from
the cascade or two-step channels, which correspond to the intermediate particle becoming real. In contrast to 1-to-3
reactions, 2-to-2 reactions have not one, but two cascade channels, which in the case of e~e™ = v correspond to
either the electron or the positron emitting first a photon and then annihilating with the other particle into the
second photon. Though the different contributions can be treated in a standard fashion, which involves the use
of Heaviside step functions, we have demonstrated a concise way of representing them via virtuality integrals with
different integration limits being independent of any variable.

We have explicitly evaluated the total cross section (without taking into account the interference term between
the direct and the exchange amplitudes) and presented the result in a form, which should be particularly suitable
for numerical computations. In fact, as many as possible integrals have been performed analytically, and the result
itself is expressed in terms of the dressed fermion momenta. Even though the interference term, which has not been
calculated here, might have a sizable effect for some values of ¢, each range of these values within a laser pulse shrinks
as ¢ grows. Hence, in a highly nonlinear (ultrarelativistic) regime one might expect that on average the interference
term is negligible, if dynamics over the duration of A¢ = 1 in terms of the laser phase is considered (even for realistic
ultrashort pulses, the condition on the pulse duration A¢pyse 2 1 is still fulfilled).

The final result for the total cross section contains integrals which, generally speaking, need to be evaluated
numerically. Commonly, a simplification is achieved in the constant-crossed and locally-constant field cases [8]. For
the reaction e“et = 77, however, the usual symmetry of processes in a plane-wave background is not preserved
owing to the transverse momentum components of the incoming particles, which are encoded in the new parameters
t;(¢), appearing in the final result. Therefore, it might not be possible to reduce the number of the integrals even in a
constant-crossed field. A detailed study of special cases and the numerical analysis are left for a future investigation.
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Appendix A: Light-cone quantization

We define the light-cone coordinates in a covariant way using light-cone basis {n*, 7", e/, €4 }, with the four-vectors
of this basis satisfying the following properties [98]:

n”=i*=0, ni=1, ne; =ine; =0, eie; = —0j;. (A1)

Then an arbitrary four-vector a* can be written as

a* =atit +a 0t +atel +ael, (A2)
where
at=an, a =an, a'=—ae;, a®=—aes. (A3)
The metric tensor is given by
g =i — el — efes, (A4)

which can be written in the matrix form as

oSO = O
o= OO
=]
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(note that the order of the components is +, —, 1, 2). The scalar product of two four-vectors a* and b* is

ab=a"b" +a bt +a'b; =atb +a" bt —atbt, (A6)
where a' = (a',a?) and b* = (b',b?). For the quantization in the presence of a plane-wave field A*(z) = A (kox),
we choose " = kff /m. We also need to specify the signs of scalar products. In order to do that, we assume the
signature (4, —, —, —) for the metric tensor in the instant form. Then, we have p* > 0, p?> = m? for an on-shell
fermion with four-momentum p*.

The derivation of the light-front Hamiltonian is analogous to the one in the vacuum case (see [76-78]), however,
the background field A*(koz) is included in the zeroth-order Hamiltonian Hy [79, 80]. The result is [76-78, 81]

H=Ho+Vi+Vo+ V3 (A7)
with

_ _ 1 1
Hy = / d2ztda™ [m—ia,zp + ey TP AT + 5(a,A— )2+ 5(81/12 — 82,41)2],

Vi=e / d?atde™ YyipA,,

. o2 i A At (A8)
2 = 5/ x—dw AM/"Y 71'3_7 YA,
V:ez/d2 L™ Py sy

where ¢ and A* are the electron and photon fields, respectively, to be quantized (in fact, only the projection ¥y = A
is an independent degree of freedom, where A, =y~ 7% /2, and A* has only two independent components [76, 77]).

The Dirac equation for the electron field 1 is [y(i0 —eA) —m|y = 0, as a result, in the interaction picture we obtain
the following expansion of ¢ (z) via the Volkov wave functions (see [81, 103] for discussions of the completeness of the
Volkov solutions on the light cone)

13
va) =3 [ (;177)’ (400 (@) + b}, 15 ()] (A9)

where

a3p d2pJ_ dp+
= = _f(pT Al
(2m)3  (2m)? 27 (™), (A10)

Oy Dpo (aly, bl,) are the annihilation (creation) operators, with the anticommutation relations
{apzﬂ a;:fi/o’} = {bpa’ b;r?'a/} = (27T)35(+7l)(p - p/)aao’v (A11)

Ype () are the positive-energy Volkov wave functions (5), and 1/)1();) (z) are the negative energy ones:

K_ .
0l (@) = Bnltoe sy (A12)
2pt
with the free Dirac bispinor v,, defined such that Up,vpsr = —2mbgor, VpoV*Vpor = 2006575 Yy VpoUpe = YP—m [85].
The quantized part A*(z) of the photon field is represented in the same way, as in the vacuum case [75-77]:
H d*k e Tk A
Al (z) = Z W {CkA(bkA(x) +Ck,\¢m($)} ’ (A13)
A
where the creation and annihilation operators obey the relation
[ekas chon] = (2m)260 D (k= K)oan, (A14)
and ¢}, (z) is given by
1 €ox —ika
(@) = e (A15)

V2kt

with the polarization four-vectors €, satisfying the conditions

kY + Y ke
iairn =~ ke, =0, ZGZLAGK =—g"+ i (A16)
A
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Appendix B: Wave packets

A positive-energy wave packet ¥, (z) with the central momentum p# (the polarization degree of freedom is sup-
pressed) is constructed according to Eq. (13). The density f,(¢) is defined such that ¥,(z) is normalized to one

particle:
d3q
2,13 .— 2 _
[ eatar i, @p = [ o

The four-current density is defined as J¥(z) = U, (z)y"¥,(x) [85]. By assuming that f,(q) is peaked around the
four-momentum p* and by taking into account that the bispinor part of the wave packet is slowly varying with ¢*,
we obtain that

(@) =1. (B1)

7@ ~ P (B2
The subscript e denotes the electron current density, and 7 ,(¢) = 75($) [see Eq. (7)].
For positrons, one obtains that
7t @) = ) e, (B3)
where
e p(@) = =7 (9). (B4)

Physically, the quantity | fp(x)|2 has a particularly transparent form in the considered case of a narrow wave
packet in momentum space. We indicate as (we focus on the positive-energy states, for the negative-energy ones all

considerations are analogous)

3
() = / (d L 1y(0) exp(=iaa) (B5)

the asymptotic form of the particle density for ¢ — —oo, where the field-dependent part of the phase vanishes. By
expanding the phase gz up to leading order in g+ — p and ¢+ — p*, one neglects the spreading of the wave packet
and it is easy to see that if the function h,(x) is peaked at = = 0 around the point &+ = 0 and z~ = 0, then for a
generic xt it will be peaked at *+ = ptat/pt and 2= = (m? + pt2)xt/2pT2, as expected for a freely-propagating
wave packet. By carrying out the same calculation with the full wave packet f,(z) [see Eq. (21)], one obtains

2

| fp(2)]? = ‘/ )exp[—i(q — p)z — iV, Sp(d) (g™ — p*) — 0 Sp()(a —p™)] (B6)

Now, by recalling that the phase of a positive-energy Volkov state corresponds to the classical action of an electron
in the corresponding plane wave, one obtains that | f,(z)|* & |hy(p)|?, where 22 = [0,z (z7), 5 (2T)], with

2 12 J_AJ_ 2AJ_2
Z;(x+) =r - mQ;__;,_I; —xT + / dp (ep Pt (ﬂ) - 2p+2(5)> ) (B7)
p* ¢ |
A / dBA*(B), (BS)

which indicates that the function |f,(z)|? is centered around the classical trajectory of the electron in the plane wave
under consideration.

Appendix C: Conditions for the approximations for the wave packets

Here we provide a discussion about the approximations given in Eqgs. (22) and (26).
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For the case of a plane-wave field A (kgx), since the dependence of the field on a* is only via the light-cone time
xt, the conditions for the approximations for the components z—, ', that one needs to make in order to obtain the
final expression (28), are ultimately the same as in vacuum, i.e., related only to the resolution of the detector and the
widths of the wave packets.

In order to get an idea about the conditions for the light-cone time in Eq. (22), i.e., for the variable (5?, let us
first consider the approximation F;(X; — 01/2) ~ F;(X;) formally (for the positron wave-packet the consideration
below proceeds analogously). Let us assume to work in the highly nonlinear regime, i.e., £ > 1. Then the integrand
in Eq. (20) is highly oscillating, and the first-order process is expected to form on the scale m|d]| ~ 1/¢ < 1 [8].
Requiring the correction to the phase in Eq. (20) due to 6; to be small, and keeping only linear terms in 4, and in
the widths Ap] and Api of the wave packet, one arrives at the following condition:

i (@1)Apt m? + w1 2(Py)
s - — L AT < (C1)
2py 4p]

where ®; = mX;". Estimating |7i (®1)| to be ~ m& and assessing each term separately, we obtain that the conditions
are

mx1 Pixa
£’ £’

where x1 = pi‘{ /m. One notices that for typical values x; < 1 the derived conditions can be quite restrictive.

We point out, however, that the above relations are generic, in the sense that one requires that the neglected
phase is always much smaller than unity independently of the relevant integration regions. It implies that they rather
apply to differential probabilities, i.e., not integrated over the final photon momenta. The actual conditions for the
total probability are expected to be less restrictive. In order to see this, let us consider a subprocess of the reaction
e~et = ~, in particular, nonlinear Compton scattering e~ = e~ . Assuming the initial electron to be described by
the wave packet distribution f1(q1), and replacing ¢}' with the central momentum p/' in slowly varying functions, one
again encounters the necessity of making the approximation (22). However, if we proceed with the evaluation without
making this approximation, we obtain that the total probability is given by

|Apy| < Apf < (C2)

dkT aS / a3
Weoy ~ [ Gt s [ 430081 fu(ar) expliSy, (1)) () expliSi (X1 .} explid, (X7 .57)). (C3)

where the combination {...} indicates a prefactor, which is nonessential for the considerations below, and where

mki
a (g = k)

with k" being the ‘+’ momentum component of the final photon and (X, ) being a function independent of
the momenta. One can approximate ®,, (X, ) with ®, (X;F,8]), if (X", ;) is fastly oscillating and Ap] <
T, pf' — ki (note that ki is an integration variable, therefore, strictly speaking, one needs to limit the integration
interval for k:;r , or consider the differential probability, or ensure that the interval with Apf' ~ pf — k:f' does not give
a significant contribution, which in general has to be done numerically). Then one arrives at

(I)Q1(X1+76fr) = @(vadr)’ (04)

Wy / 44X | (X)) P W o (XT), (C5)

i.e., the result obtained if the approximation (22) is made in the first place. Note, however, that the conditions of the
validity of Eq. (C5) are different from the ones given in Eq. (C2) as the only required conditions (after integrating over
the transverse momenta of the final electron and photon) are on Apf, they do not depend on &, and, indeed, are less
restrictive than those in Eq. (C2). It is also worth pointing out that for the reaction e~ = e~~ different momentum
components of the wave packet in fact do not interfere with each other (due to the momentum conservation relations)
and the total probability (C3) can be simplified to the average of the probability for a definite-momentum initial state
over the modulus squared | f1(q1)]? [17].

By considering the full process e~ e™ = 77, one should expect to be able to relax the formal conditions (C2) as well.
We conclude that the approximation (22) (and the analogous one for the positron wave-packet amplitudes) should
be understood as an effective one, i.e., arising from the consideration of the total probability (19). In this sense, in
order to obtain the true conditions of the validity of the approximation (22) one needs to perform the (numerical)
evaluation of the whole expression with the wave packets.
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The approximation in Eq. (26) is qualitatively different than that in Eq. (22), since it is an approximation for
the particle densities (which are classical concepts), rather than for the wave packets themselves. However, it can
be related to the approximation (22). For assessing the conditions for the approximation in Eq. (26), we refer to
Eq. (58). The second 6-function in this equation establishes a connection between 6+ and 67, d5. It can be written

(-

where the first term corresponds to the one-step contribution, and the second one to the two-step contribution (for
details see Sec. IV). Then, one sees that the one-step contribution is nonzero only if [§+| < |55 + §;|/2, therefore, the
approximation (26) should be acceptable if the electron and the positron densities do not change significantly over
the phase m|d| < m|d65 + 8]7|/2 < 1/€. In the two-step contribution, on the other hand, no limit on 6+ is imposed,
and consequently mdéT can in principle be of the order of the total laser phase. Hence, if we are to employ the cross
section (33), in general, we need to restrict ourselves to the evaluation of the one-step contribution alone, unless we
consider incoming wave packets, which are broader in configuration space than the laser pulse.

S+ 6
26+

) - 1] +1, (C6)

We emphasize the semi-quantitative nature of the above considerations restating the importance of performing
numerical calculations in order to ascertain precisely the conditions under which the approach based on the local
cross section in Eq. (33) is applicable.

Appendix D: Traces

The initial traces for the four terms, constituting the direct-direct part of the cross section, are given by

1
M = el K% (020 ) (01)1 K (G000 + S, () b (DD

. 1 - (&1, 03)
Mudd — 2y {pgK% ops (02) (VD3 + m) K (é1)p1 L G Gorns (D2)
omZ + 5(9) paps par 2p3 "
. 1 K= o (¢2,61)
MPU = e ST py B p K (67) (Y3 + ) B, (05) 8 GG (D3)
9m2 + s(¢) { 2p n(%1 P2 '
B ) K/LV ,
Mudd - _Tr P —p2p1 (f2 (bl)pl —p2 (¢1 ¢2) Gov o (D4)
2p3 2p3

[note that ¢] = ¢4 and ¢ = @2 for the ‘nidd’ and ‘indd’ terms, respectively, see Eqgs. (45) and (46), and both relations
are valid for the ‘iidd’ term, see Eq. (47)]. In principle, the traces can be evaluated with the use of the standard
techniques [85]. Alternative approaches have also been suggested [81, 84]. The results can be written in a manifestly
Lorentz-invariant form [81]:

nn -1 1 1
Mondd — ( +p+2)A2 + Zkl D] TkiZ, — 2p1 p3 ] [2(17;'2 —|—p§'2)A§ - 2k;p;k2Z2 + 2p;'p§'m2}

Ap3 pipgim* 2

om2ki kf D) f - pf
bA A, + 201 fﬂ( - )[AlAg (ki kit 2120 — kf pi ks Zo + K pl ko Zy — pd pi haky)
Do P1 P3

+ kQ pl k1A2A1Z2 — ]{1 ;_kQAlZlAQ — k;kTA1ZQZlA2 —|—p2 pl k’lAngAl] 5 (D5)
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. 2 1
MU — = m2(pf — K)o+ kD) + < (0 + i) (07 — p)ALA
pT22m? + 5(9)] (ps 1) (p3 2) 4(171 ps)(ps — Pz ) A1
1 1
- §’€2+(p1+ +p3)A1Zy — *kf(p:? —p3) 2109
1 1
~ P2 3 (07 +p3 )kaAy + SP1 1 (03 — 3 k1
+ ks ki Z1Zo — k3 pi k1 Zo + K pg ko Zy — py pi koka | (D6)
. . .. 2p+p+
indd __ nidd iidd __ 2 1
MO = MU g ag s ap M= ECR (D7)
where
Alf = ASI (¢/1a ¢1)’ Zf = Z;gl (¢/17 ¢1)’ Ag - —p2 (¢)27 ¢2) ZS - Zl—Lpz (¢)27 ¢l2)7 (DS)
with
Ab(p,¢') = mh(0) — 7k (¢)), Zh (9, ") = [7h(6) + 7k ()] /2 (D9)

(note that, in order to be consistent, we should have used A", and Z*,, but for clarity the minus signs are suppressed).
In Eq. (D5) a combination of four four-vectors stands for the product of two scalar products, e.g., k1AgkoAy =
(k1 - Ag) (k2 - A1) and analogously for the other combinations.

The results in Eqgs. (D5), (D6), and (D7) can be cast into a more convenient form with the use of momentum
relations for the dressed momenta. First, we notice that, since ‘4’ and ‘L’ momentum components are conserved in
the plane wave, the relations

[T (6) + k — mp(0)]HH) =0 (D10)

hold, where k* and m,(¢)* are the photon and fermion four-momenta, respectively, which come into the point z* and
7y (¢) is the outgoing fermion four-momentum. For an analogous combination of the ‘-’ components, in each vertex
we have the integral

/ de* [y (¢) + k™ = my ()] = —i / dat o, o], (D11)

where ®(z1) = (p'~ + k= —p )zt + Sy (¢) — Sp(¢). Assuming that the boundary terms must not affect observables,
we obtain the full four-momentum conservation law (see [14, 27, 58, 66, 84] for similar considerations)

T4 () + K — () = 0, (D12)

which, strictly speaking, holds only inside the integral in z7. With the use of Eq. (D12), one can derive the following
momentum relations [81]:

k() = L

S0 ), myl6) = 507 K 1), m@)m(e)= (). (D13)
The relations (D13) allow one to extract instantaneous parts, i.e., terms o (p3 — m?) and (p’32 — m?) from the
‘nndd’ contribution (D5) and include them into the ‘indd’ and ‘nidd’ contributions, respectively. Subsequently,
the instantaneous parts can be extracted from the ‘nidd’ and ‘indd’ contributions and combined with the ‘iidd’
contribution. These rearrangements are significantly simplified if one employs the coordinate system, defined by
Egs. (2) and (3). The result is (see [81] for details)

- 1 1 1 kS Ky
Aqondd _ F )AL L optptm?| | S 4 pr) AL — opipim?| + 201 ALAL
4p;“pfp§2m4 [2( P3) P1 P3 2(p2 p3 )AL P2 D3 4p§“2m2 142

8p2+2p1+2p+2

+ + (o +
+ 1 1
+ (pl P3 )( p2 ) {AfAQL [Zu + k2+2p1+2 (mz + 4A2L2> + k;ﬂp;z (mg + 4A1L2):|

- 2ZLA1LZLA2L}, (D14)
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1

Aqridd _
p3pip3?12m? + s(9)]

{p;)rZ [QPQLPIF + (792+ +pir) ] m? +p3 pz p1 (A2L2 + AllQ)

1 1 2
; [zL Lt o)A 1 Lot p;mﬂ

2 2
1 2
- {2]5 (P1 + 3 )Al - *kJr( — P2 )Az} }a (D15)
~indd __ \ynidd ~iidd __
MPE= M Arareay M =2, (D16)
where
z = k3 py ZL ki pa ZL (D17)

Note that the final expressions do not depend on the vector kf‘. This facilitates the analytical evaluation of the
integral in this variable, as we have mentioned in the main text.

Appendix E: Integrals for the zero-field limit

Here, we present the evaluation of the integrals, given in Egs. (76) and (77), for the case of a vanishing laser field.
The phase @9 is given in Eq. (84).
The integral in p evaluates to a Bessel function of first kind, in particular [104],

/ 9P xp ( + 4a 7 ,0) — 2 Jo(avr). (1)

For the integrals in 7, formally, one needs to recover the ie prescription, in order to make them convergent at infinity.
On the other hand, we can rotate the integration contour clockwise by 7/2 and then make replacement 7 — —ir,
after that the ie prescription is not necessary (note that b > a). One obtains [104]

/dT TJo(avT)e T = — 3/2 /dT Jo(ar)e ™" = S (E2)

(b2 _ b2 _ a2

The integral in v is elementary in the case of a vanishing external field. The evaluation of the integrals in &} is also
straightforward. Afterward, one needs to express the result in terms of p, which can be written as

)2
= 7@1 tpi) (1+t42). (E3)
D2 P1

We obtain:

pz +p1 Py TPy

Py i 1L py+pl VI Vi —
/dk+ )3/2_ dp /dk;r\/bz—a2_4\/u —1) (f Vi ) (E4)

Combining everything together, one recovers the final expressions, presented in Sec. VII.
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