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The process of the creation of an electron-positron pair at the scattering of a polarized high-energy photon
(photo-trident) in the field of a monochromatic linearly polarized electromagnetic wave was investigated in the
framework of the resonance approximation. This approximation allows to neglect the interference of amplitudes, i.e.
resonance for each amplitude occurs in different kinematic regions. Despite these simplifications the expression for
the probability for the investigated process, which has a second order in the fine structure constant, is sufficiently
cumbersome. That is a consequence of the polarization properties of the intermediate state. And only for the case of
linear polarization of the wave and an unpolarized initial photon, the probability of a photo-trident is factorized into
the product of the probabilities of the first-order subprocesses into which the sequence of the studied process is

divided.
PACS: 12.20.-m, 34.80.-i

INTRODUCTION

The process of formation of an e+e pair during
scattering of a laser beam on an electron beam (trident
process) was observed in the SLAC E-144 experiment
[1]. New studies of this process may be conducted in the
upcoming experiments LUXE at DESY [2] and E320 at
SLAC [3]. The main difficulties of the theoretical
description of processes of the 2nd order process in the
fine structure constant are the complexity and
cumbersomeness of expressions for the probability.
Therefore, various approximations are used to describe
such processes. Thus, in our work, the resonance
approximation is used to study the process of formation
of an electron-positron pair during the scattering of
high-energy photons on the laser beam (photo-trident)
(Fig. 1). This process adds to the results of the
experiment with the trident process, i.e. high-energy
photons will arise as a result of the most likely process
of photon emission by an electron when scattered on a
laser wave. As a result of the photo-trident process,
these photons can form an electron-positron pair, which
makes a certain contribution to the trident process
research experiment. Note that the studied process is
described by two diagrams: the first diagram
corresponds to the case when a positron is formed in the
first half of the process, and the second to the final
electron. The resonant approximation, which will be
used to solve the problem, lies in the assumption that
the main contribution to the process is made by
intermediate states close to the mass shell. Divergences
arising in the probability are eliminated by adding an
imaginary additive to the mass of an intermediate
particle — the width of the intermediate state, which is
determined by the full probability of a decay of the
intermediate state due to one-photon radiation. Note that
in this approximation the interference of amplitudes can
be neglected, i.e. resonance occurs in different
kinematic regions. To use the resonance approximation,
the amplitude of the process is recorded as a double sum

of partial amplitudes, which corresponds to the number
of the laser field photons that took part in the process in
the 1st and 2nd vertices. The main difficulty that arises
when finding an expression for the partial probability
(the square of the partial amplitude) is related to the
calculation of a spur (trace) from the product of 8 or
more Dirac matrices, consequently results are so
cumbersome therefore unsuitable for further analysis.
We propose a method that allows you to reduce the
probability calculation to finding the probabilities of the
1st-order processes. In particular, for the 1st diagram,
this is the absorption of the initial photon with the
formation of an electron-positron pair and the process of
scattering of the intermediate electron in the field of a
laser wave with the emission of a finite photon, and the
calculations must be carried out for a polarized
intermediate state.

1. AMPLITUDE

Fig. 1. Feynman’s diagram
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According to the diagram (see Fig. 1), the amplitude
of the studied process has the form:
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where k; = (w;, k;), ks = (wy, k;) are 4-momentums
of the initial and final photons; k = (w, k) is the wave
vector; py = (E,ps), Py = (Ef, 5) — 4-momentums of
the final electron and positron; g, g— 4-momentums of
the intermediate particles (note that in the general case:
q*#m? §@*#m?); e, e — A4-vectors of the
polarizations of the initial and final photons; C =
ie?2m/(,[w;wsV), V is the normalizing volume.

In the formula (1) the wave functions of particles
¥,(x) and Green’s function of intermediate G (xy,x,)
are given by the expressions:
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where u,, is the bispinor of a free electron; ¢ = (kx) =
w(t — z) is the wave value.
To integrate by the 4-coordinates of the vertices in

the amplitude (1) we separate the parts related to each of
the vertices with taking into account the formulas:
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where 4-row matrices M;" are equal to:
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Using formula (6), the amplitude (1) is equal to a
double sum of partial components:
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Each partial process corresponds have the conservation
laws:
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where symbolic notations are introduced to shorten the
record: 2= (prq), 1=(q.-pf), 2'=(ps9),
1'=(q,—py); hats above 4-vectors denotes their
convolution with Dirac matrices: @ = (a,y*); y* are
Dirac’s matrix; the quasi-momentums are marked with
tildes above the 4-momentums:

1
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2. KINEMATICS OF RESONANT PROCESS

In the final state, we have 3 particles, which are
described by 9-values. The 4-law of conservation
(argument — function in expression (12)) allows to
determine 4 of them. The remaining 5 values are
independent variables, as which we will choose: the
direction of electron propagation ny (and the direction
of positron propagation 1, for the second diagram), the
direction of final photon z;, the frequency of final
photon w, which is within:

I(kk;) — 2m?
—_— (16)
([k; + Uelzy)
The resonance condition additionally reduces the

number of independent quantities by one. As which we
will choose the frequency of the final photon wy.

Puc. 2. Geometry of process

For n ~ 1 the number of photons of waves [, I’ also
is not big. Therefore, to overcome the threshold of the
process, the ultrarelativistic energy of the incident
photon is necessary, and therefore the energy of the
created pair is also ultrarelativistic:
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where a = A(ki,pf), B = 2(k; — ps, /) (Fig. 2).
3. PROBABILITY OF THE PROCESS
IN THE RESONANCE APPROXIMATION

In the framework of the resonance approximation,
everywhere except for the denominator in the
probability, we will assume that the intermediate state is
located on the mass shell: g% =m? is for the first
diagram, g% =m? is for the second diagram. To
eliminate resonance divergence in the denominator we
use the Breit-Wheeler rule, in which the mass of the
intermediate particle is complex:

m-m,, m*=m—iEL, (19)
where the width of resonance I; is determined by the
probability of decay of the intermediate state:
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For small intensities (n? « 1):
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In the case of significant intensities (n = 1) we use
(23)
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where A, = D, /2, A, = (Ll + i(Ll+2+Ll—2)> /2.

The differential probability per unit time in the
resonance approximation for the 1st diagram is given by
the expression:
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Transforming of expression (26) in the standard way
and summation on polarization of final electron and
positron leads to the need to calculate the spur:

H=Sp {(ﬁf + m) (e}MHr(Z)) (g + m)(eier(l)) X
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Calculations can be greatly simplified by rewriting
the expressions for expression (7) as follows:
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but even in this case, we will have 8 terms containing
the spur from the product of 8 Dirac y-matrices, each of
which will have 105 terms in turn. There will also be no
less number of terms containing the spur from the
product of y> Dirac matrices by 6y Dirac matrices.
There are no ready-made formulas for calculating such
spur in the literature.

For the calculation of expression (29), we have
proposed a method that allows you to reduce the
calculation of spurs to the calculations of much simpler
spurs corresponding to subprocesses, the sequence of
which can be divided into the investigated process. In
the framework of this method, we introduce an
orthogonal basis a,, a4, a,, a5 such as:

at=1la}=-1,j=123. (30)
Let’s take @y = q/m, and the remaining 4-vectors
will not be specified at this stage. A set of 4-row
matrices: 1, a;, ay, @3, 105, A a3, Ax03, V21, Y7y,
ySas, y> form a complete system of independent
orthogonal 4-row matrices. Let's isolate the 4-row
matrix corresponding to the first vertex in expression
(28) and expand it by these set:

A=@G+ m)(e-Ml (1))(@ - m) (e (1)) =
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Expansion coefficients are:

1 1
=2 Sp{a} b = a? ZSp{a,-A}, (32)
c] = a? af —Sp{a]a A} (33)
d; = ajZZSp{V A}, f = ZSp{ySA}. (34)

Let's introduce the notation
B(Z) = (p +m) (ejM,_y(2)) Z(q +m) X

x (efMl_l,(Z)) . (35)

Taking into account expansion (31) and notation
(35), the expression (28) takes the form:

H = Sp{B(1)}Sp{4} + Z a?Sp(B(&,)}Sp{a;A} +
‘=0

i=0 j=it+1
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Let's use equalities:
@,A = A, B(&,) = B, y°@,A = y°A, (37)
B(&,y®) = -B(r®), B(&,&;) = —B(&;). (38)

Taking into account that for the vectors forming the
basis (30): &@,&; @,a; = iy> we will get:

@,18,(G +m) = —iy*a;(G + m), (39)
@,@5(q +m) = iy®a,(G +m), (40)
(G +m)@,a; = —iy>a, (g +m). (41)
As a result, we get
2 3
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Hence
3
H=BA+ Z D;C;, (43)
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where A determines the probability of the 1st-order
process: the production of an electron-positron pair by
an initial photon; B is the probability of the 1st-order
process: the scattering of an intermediate electron by a
wave with the emission of a final photon.

Note that the probability of the 1st sub-process
contains a factor similar to the expression (29). That is:

1
h(1) = ESp{(f] +m)(1 —oy5a;)(e;My (1)) x

« 5, ) o).

For the 2nd subprocess, a similar expression h(2) can
be obtained by substituting in the formulas (48):

1= (q,-p7) » 2= (pp.9) 0 > —0.

(48)

Comparing (46) with (48) and (47) with h(2), we
see that the three 4-vectors a;, a,, a; of the basis (30)
can be interpreted as the spin space in which the spin
vector of the intermediate state is located. The first term
in expression (46) corresponds to the unpolarized
intermediate state, the other three determine the effects
associated with the polarization of the intermediate
state.

In this article, we are not interested in the
polarization properties of the incident photon. In this
case, we use the formula:
€iueiy % (49)

As a result, expressions (44), (45) take on the
following form:

- —

11 - T
A=—55p {(51 +m)My (1) (5)‘ - m) Mﬁ(l)}‘ (50)
G = %Sp {r*a;@+mmy (DG - m)MED]. (51)

The function A coincides with the results given in
[4]. The result of the calculation of C;:

1 -
C=m <Z Sp {ysaqul"M(l)M;f(l)} —

1 L —
— 250 {r My (D MED)) = 0. (52)

Hence

H = BA, (53)

where A determines the probability of the 1st-order
process: the production of an electron-positron pair by
an initial unpolarized photon (50); B is the probability
of the 1st-order process: the scattering of an
intermediate electron by a wave with the emission of a
final polarized photon (50).

Therefore, the terms in the probability corresponding
to the polarization effects associated with the
intermediate  state  for the linear  polarized
electromagnetic wave and the unpolarized incident
photon vanish, and we state that in the resonance
approximation the probability of a phototrident is
factorized by the product of the probabilities of
subprocesses of the 1st order. So for the first diagram in
Fig. 1, that is the production of an electron-positron pair
by an initial unpolarized photon and the scattering of an
intermediate electron by a wave with the emission of a
final polarized photon.

CONCLUSIONS

It is shown that the process of the formation of an
electron-positron pair during the scattering of a high-
energy photon in the field of an electromagnetic wave
(phototrident) can proceed in a resonant way, associated
with coming of an intermediate particle to the mass
shell, and the condition of the resonance is revealed, as
a condition for the frequency of the final photon.

A calculation method is proposed that allows to
simplify finding the probability of 2nd-order processes
in the resonance approximation, reducing the problem to
calculating the probabilities of 1st-order subprocesses
that take into account the polarization of the
intermediate state.
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PE3OHAHCHE HABJIMKEHHS JJIS1 ITPOLUECY HAPOI/KEHHA
EJIEKTPOH-TIO3UTPOHHOI TAPH ITPU PO3CIIOBAHHI BUCOKOEHEPTETUYHOI'O
HEIOJIAPU30BAHOI'O ®OTOHA HA ITOJII JITHIMHO MOJIIPU30OBAHOI
EJEKTPOMATHITHOI XBWJII

O.1. Bopouwuno, B.M. Heoopewima

VY paMKkax pe30HaHCHOTO HAOJIMKEHHs JOCIIKEHO MPOIEeC HapOKEHHs eJIEKTPOH-TIO3UTPOHHOI Mapu Hpu
PO3CISIHHI HENOJIAPU30BAHOTO BHCOKOEHEPTeTHYHOro (GoToHa (POoTOTpH3yO) y IMOJIi MOHOXPOMATHYHOI JHIHHO
MOJIIPU30BAHOT ENEKTPOMArHiTHOI XBWIi. Take HaONIKCHHS MO3BOJISAE 3HEXTYBAaTH iHTep(EpeHIier0 aMILNTYI,
TOMY IO JUIA KOKHOI i3 JiarpaM pe30HAaHC BHHUKAE Yy DPI3HUX KiHEMaTHYHUX oOmactsax. HesBakaroum Ha i
CIIPOILLCHHS, BUpa3 AL IMOBIPHOCTI Ul JOCIIDKYBAHOTO MpOLeCy, SKUH Ma€e APYTHH MOPSIOK 32 CTAIOK TOHKOI
CTPYKTYpPH, € JOCUTBH TpoMizaKkuM. Lle € HacmiIkoM MoJspH3alliiHUX BIACTUBOCTEH MPOMIKHOTO CTaHy. | jume s
BUMAJIKY JHIHHOI MOJSIpHW3amii XBWJII Ta HETOSIPU30BAHOTO TOYATKOBOIO (DOTOHA HMOBIpHICTH (OTOTPU3YOY
(hakTOopU3yeThCSI Ha TOOYTOK WMOBIPHOCTEH MiAMPOIECiB MEPIIOTO MOPSIKY, Ha TOCHINOBHICT SKUX PO30UBAETHCA
JIOCITIDKYBaHHH MTPOILIEC.
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