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The cross section and polarization observables in the process of the electron-positron pair photoproduction on a free electron are
calculated. The double differential distributions, over the square of the 4-momentum transfer to the recoil electron ¢° , and the square

of the created e*e™ - invariant mass , Q* are obtained in the target-electron rest frame taking into account the contributions of the so-

called Borsellino and (y —e) diagrams. The integration of these distributions over ¢° (and over Q) is performed and the results are
analyzed mainly in those kinematical regions where the (y —e) -contribution is larger (or the same order) than (as) the Borsellino
one. Such calculations are motivated by the experiments in search of the possible dark matter candidate (light U-boson) in process of
triplet photoproduction. The original analytical formulas for ¢° (and Q%) distributions can be used to check the work of the
corresponding Monte Carlo generators. We consider the following cases: particles are unpolarized, photon beam is linearly polarized,

photon beam is circularly polarized at polarized electron target.
KEY WORDS: triplet, polarization, cross section, the Stokes parameters, photon beam
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dopmysr A g° (u Q) pacmpeseneHnit MOTYT GBITh HCIONB30BAHBI JUTA MPOBEPKH paboTh cooTBeTcTByRomux MonTe Kapio
reHeparopoB. HaMu paccMOTpeHBl clieayoliue Clydau: YacTHLBl HE INOJAPU30BaHbI, ()OTOHHBIH IyHOK IOJSPU30BAH JIMHEHHO,
(OTOHHBIH IMy4OK NMOIAPU30BAH UPKYIIIPHO MPH MOISIPU30BAHHON JICKTPOHHON MHILICHH.

KJIFOYEBBIE CJIOBA: tpumuier, nonspusanus, cederne, mopamerpsl CTokca, GOTOHHBIN ITydOK

Many authors have studied theoretically the process of the triplet photoproduction (TPP) by an unpolarized photon
on free electrons. This process is completely described by 8 Feynman diagrams. Therefore, the exact expressions for the
differential and partly integrated cross sections of the TPP process are very cumbersome and exist in the complete form
only in the unpolarized case [1]. That is why, the usual practice, in the calculations of various observables, was to use
approximations: for example, to consider the high-energy limit or to neglect some of the Feynman diagrams. The
approximation, when only the so-called Borsellino diagrams (Fig. 1a) are taken into account, is the most often used in
the calculations.
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Fig.1. Feynman diagrams describing the process of the triplet photoproduction on free electrons (the exchange diagrams are omitted).
The diagrams (a) are the Borsellino’s ones, and the diagrams (b) are the y —e ones.

Borsellino [2] calculated the cross section of the TPP process by neglecting the exchange and y—e diagrams

(Fig. 1b). He derived formula for the total cross section in the high-energy limit. Mork [3] calculated numerically the
total cross section of the TPP reaction. He calculated separately the contributions to the total cross section from the full
set of the Feynman diagrams (Borsellino, y —e and exchange terms). It was found that the Borsellino’s calculation [2]

for the total cross section is valid for £, > 8 MeV. The calculated recoil-electron momentum distribution is also agrees
with the Borsellino result which is valid if the exchange and y—e terms can be neglected. Mork showed that the
Borsellino’s distribution is valid for £, > 8 MeV if the energy of the recoil electron is well below the energy of the

electron produced. Because Mork took into account all diagrams, he has verified the accuracy and limitations of the
previous calculations. Haug [1] took into account all diagrams and calculated analytically the angular distribution and
energy spectra of the produced positron as well as the total cross section. Later [4], the total cross section is fitted to
simple analytic expressions in four intervals of the incident photon energy which cover the entire range between
threshold and infinity. Endo and Kobayashi [5] calculated numerically the differential cross section of the TPP on an
electron target in the photon energy region £, =50-550 MeV. They took into account all eight Feynman diagrams,

i.e., the calculation was done without any approximation. For the recoil-electron momentum distribution, it turned out
that the calculation with only the Borsellino diagrams agrees very well with the full calculation. The total cross sections
for the process of n electron-positron pair production in photon-electron collisions have been calculated at high energy
in the main logarithmic approximation [6]. In the work [7], the authors have analyzed 8 Feynman diagrams and have
shown that for energies lower to ~ 500 MeV, the assumption about clear distinction between recoil and created
electrons is not a good approximation. They proposed the way to solve this problem.

The authors of Ref. [8] obtained the expression for the Compton tensor of the fourth rank, which determines the
Borsellino diagrams, in the case when the integration over the produced electron-positron pair variables has been
performed using the method of the invariant integration. This calculation was done for the general case of two virtual
photons.

A few papers were devoted to the investigation of the polarization effects in the triplet photoproduction on an
electron. The authors of the paper [9] calculated the differential cross section in the azimuthal angle of the recoil
electrons in the case of the linearly polarized photons taking into account the Borsellino diagrams only. The cross
section asymmetry slowly decreases from 30% at the 10 MeV of the photon beam energy down to 14% in the far
asymptotic. Later, they [10] investigated the influence on the asymmetry of the minimal detected recoil momentum. The
possibility of the determination of the degree of a linearly polarized photon beam with the help of the triplet
photoproduction was studied also in Refs. [11,12]. The differential cross section with respect to the azimuthal angle is
determined [11] for extremely high photon energies in laboratory system. The distribution with respect to the polar
angle of the recoil electrons is discussed also in this paper. The authors of Ref. [12] calculated the recoil electron
distribution and the energy distribution of one of the pair components as well as the positron (electron) spectrum in the
case when the recoil momentum is being fixed. The authors of Ref. [5] calculated the cross section as a function of
azimuthal angle of the recoil electron and obtained the analyzing power for the polarimetry of linearly polarized
photons. It was found that the analyzing power is greatly enhanced by selecting the events with small opening angles
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between the forward going electron and positron. The detailed description of the various differential distributions, such
as the dependence on the momentum value, on the polar angle and minimal recorded momentum of the recoil electron,
dependence on the invariant mass of the created electron-positron pair, on the positron energy and others, has been
investigated in Ref. [13]. The authors of Ref. [14] calculated the power corrections of the order of m/@ (m is the
electron mass and @ is the energy of the photon beam in the laboratory system), but only due to the interferences of the
Borsellino diagrams with all the rest ones, to the distribution of the recoil-electron momentum and azimuthal angle.
They estimated the deviation from the asymptotic result [11] for various values of @ . The possibility of the
determining the circular polarization of a high-energy photon beam by the measuring the created electron polarization
was investigated in Ref. [15], taking into account the contribution of the Borsellino diagrams. Different double and
single distributions of the created electron were calculated.

Note that the polarization effects in the TPP process were calculated, up to now, in the approximation when only
the Borsellinos’ diagrams were taken into account. Such approximation was checked by many authors for the calculated
unpolarized observables such as the total cross section, the distribution over the recoil-electron variables. It was found
that such approximation is valid for the photon-beam energies > 10 MeV. But such verification was not performed for
the investigated polarization observables in the TPP process. That is why, in this paper, we calculated the polarization
observables taking into account not only the Borsellinos’ diagrams but we take also into account the y —e diagrams.

The results of the paper [9] stimulated a search for the construction of a good polarimetry for high-energy photons
above an energy of a few hundred MeV. So, for the measurement of the photon-beam linear polarization it was
worthwhile to develop polarimetry on the basis of the detection of the recoil electrons from the TPP process. For
example, the authors of Ref. [16] constructed a scintillation counting system for detecting the recoils electrons in TPP
process. It was tested by using tagged photons with £ =120+400 MeV and probed to be capable of identifying the

TPP events with recoil-electron momenta 1.92 - 10 MeV/c.

The astrophysics community shows interest in measuring the polarization of the cosmic gamma rays of the high
energy: for example, the proposal Hard X and Gamma-ray Polarization (see references in [17]). The problem of the
measurement of the yy and ye luminosities and polarizations at photon colliders has been considered in Ref. [18].

There are two QED processes are of interest to measure the ye luminosity: the Compton scattering y +e — ¥ +e and
the TPP reaction on free electron y+e — e+e+e. At small angles the TPP cross section is even larger and this cross

section only weakly depends on the polarization of the initial particles. The study of the TPP process on a free electron
is a part of the proposed physics program at the planned high luminosity linac IRIDE (Interdisciplinary Research
Infrastructure based on Dual Electron linac and laser), Frascati [19]. At IRIDE one can search for a new, beyond
Standard Model, weakly interacting U boson (see, for example, [20]). Its existence can explain several puzzling
astrophysical observations (PAMELA abundance of positrons and others). The mass of the U boson is expected to be at
MeV or GeV scale. Thus, the QED triplet production is the main background in the search of U boson in the electron-
photon scattering that requires the precise measurement of the triplet production. This, in its turn, needs the precise
theoretical calculations for the various observables in the TPP process.

In this paper we calculate polarized and unpolarized observables in the TPP process on a free electron in the
approximation when the Borsellino and  —e diagrams are taken into account. Integrating the differential cross section

over the produced electron-positron pair variables, using the method of the invariant integration, we obtain the
analytical form of the distribution over the recoil-electron variables. These are the squared invariant mass of the created

e‘e” pair (p, +p;)°, and squared momentum transferred (p, —p)’. For the definition of the particle 4-momenta see

Fig. 1. Really, our results describe the events with well separated created and recoil electrons. Otherwise, the effects due
to the identity of the final electrons have to be taken into account. In this case, the investigation of double distributions

over both (p, + p3)2 and (p, + 193)2 variables seems more natural. We believe that search for U-boson at IRIDE can be
performed in the kinematical regions where the contribution of the y —e diagrams is at least of the same order as the

Borsellino ones. Besides, we understand that at this condition the identity effects have become essential. Thus, for the
U-boson search our results have to be recalculated. Nevertheless, they can be used to determine the optimal kinematical
region and to test the Monte Carlo generators which used for analysis of the real experiments. In what follows we
consider the following cases: unpolarized particles, the photon beam is linear polarized and circularly polarized photon
beam interacts with a polarized electron target. The influence of the y —e terms on the azimuthal asymmetry, due to the

linearly polarized beam, and on the double-spin asymmetry, caused by the circularly polarized photon beam and
electron-target polarization, has been investigated. The analytical expressions are obtained for various observables and
the numerical estimations of the polarization effects have been done. Most of our analytical results are absent in the
literature.

The goal of the paper is to investigate the differential cross section and polarisation observables fot the triplet
photoproduction process in the kinematical region where the contribution y —e mechanism is the same order as of the

contribution of the Borsellino diagrams.
In Section “MATRIX ELEMENT AND CROSS SECTION” the matrix element describing the Borsellino and
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y —e diagrams is given. In Section “THE BORSELLINO CONTRIBUTION” the tensors defining the Borsellino

diagrams were calculated and the distributions over the ¢°>,Q” and ¢ (the azimuthal angle of the recoil electron)

variables were obtained for the following conditions: all particles are unpolarized, the photon beam is linearly polarized
and circularly polarized photon beam interacts with a polarized electron target. In Section “THE y—e

CONTRIBUTION” the similar calculations were done for the py—e diagrams. Section “DIFFERENT
DISTRIBUTIONS” contains the results of calculation of the double (over the ¢* and Q® variables) and single (over the
g®> or O variable) distributions for the same polarization situations. The results and discussion are presented in one
Section “RESULTS AND DISCUSSION”. Finally, in last Section we give some conclusions.

MATRIX ELEMENT AND CROSS SECTION
The reaction of the triplet production by a photon beam on an electron target

y(k)+e (p)—>e (p)+e (p)+e (p,), (1)

where 4-momenta of the particles are shown in the parentheses, is described, in general, by eight Feynman diagrams. In
the calculations we take into account four Feynman diagrams: the so-called Borsellino diagrams (see Fig. 1a) and the
¥ —e ones (see Fig. 1b), i.e., we neglect the effects of the identity of the final electrons.

Therefore, in this approximation, the matrix element of the reaction (1) can be written as follows
M =M (B)+M(C), ()

where M (B)(M(C)) is the contribution of two Borsellino (( 7 —e ) or Compton-like) diagrams. These contributions
have the following form

M(B)=(4za) ¢ 4,j,(B), M(C)=(47a)* Q" 4,/,(C), 3

where g=p—p,,0=p,+p,,a=e/4x=1/137, A, 1s the polarization 4-vector of the initial photon.

The currents corresponding to the Borsellino and the y —e diagrams can be written as

- -
Vky, vk, +el"y, (4)

I L N S

R 1 -
viky, +—v.ky, -y,

J.(©) =i (p)y,u(-py)i(p,)K u(p). K ~

HA =E

where we introduce the following notation

(20 _ pZ/z _& 6(31) =ﬁ_ plu
“d, dT " d, 4,

>

d = (kp), d, = (kp,) (=1.23).
In the case when the polarization state of the photon beam is described by the spin-density matrix, the square of
the matrix element can be written as follows
|M ['=(4ra) p,l¢"'T,, (B)+ 07T, (C)+q 07T, (BO)), 6]

uv

where p], is the photon-beam spin-density matrix and we use the following covariant expression for it

1 .
p;v = E([el,uelv +6,,6, 1+ é[el,uelv —6,6, 1+¢ [el,ueZv +6,8, 1= 152[31;1621/ 6.8, D 6)

where & are the Stokes parameters and the mutually orthogonal space-like 4-vectors e, and e,, relative to which the
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photon polarization properties are defined, have to satisfy the following relations
812 =€§ =-1, (gk)=(ek)=(ee,)=0. (7N

The first term inside the parentheses in r.h.s. of Eq. (6) corresponds to the events with unpolarized photon, the

second and third ones are responsible for the events with linear photon polarization and the last one — for the events
with the circular polarization. The Stokes parameters & and &, which define the linear polarization degree of the

photon, depend on the choice of the 4-vectors e, and e,, whereas the parameter &£, does not depend. As the 4-vectors

e, we choose the following:

e =(0,6)), e, =(0,é,), e, 22522:1’ (€:62) =0. 3
In the laboratory system, we define a coordinate system with the z axis directed along the photon-beam momentum k,
and the x(y) axis directed along the vector g,(¢,) . In this case, the recoil-electron momentum p, is determined by the

polar and azimuthal angles € and ¢, respectively (Fig. 2).

—

p.

[N

Fig. 2. The angles defining the kinematics of the triplet photoproduction process in the laboratory system. g, is the photon-beam

polarization vector, § is the electron polarization vector, k (p,) is the photon-beam (recoil-electron) momentum.
If we define two orthogonal space-like unit four-vectors

:dPZy_dzp,u A :</Ukpp2>

P I 2u N N*=2dd,(pp,)-m*(d’ +d;),
for the description of the photon polarization states, then up to the gauge transformation we can write

e, = Alucos¢ — A“sin¢, e, = Alﬂsin¢ + Azﬂcos¢,

where < ptkpp, >=¢€,,,k,PsPs,» €z =1.

nafy a

The tensors 7, (B)T,,(C)) and T,,(BC) correspond to the contribution of the Borsellino (y —e ) diagrams and

uv uv

to the interference between the Borsellino and y —e diagrams. They are defined as follows

T,.(B)=j,B)j,(B), T,(C)=j,(C)j,(C), T,(BC)=j,(B)j,(C)+j,(C)j (B) ®

The differential cross section can be written in the form

(2”)75 2 d3p1 d3p2 d3p3 (4)
do = M o k+p-p, —p,—p,), 10
3] | | E E, E, (k+p-p—p,—Ps) (10)
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where [ = (kp) . The factors, which correspond to the averaging over the spins of the photon beam and initial electron,
are included in | M |*.

Consider the experimental setup when the produced electron-positron pair is not detected. In this case, it is
necessary to integrate over the variables of this pair. The most convenient way to do this is to use the method of the
invariant integration. In this experimental conditions, the contribution corresponding to the C- odd interference of the
Borsellino and the y —e diagrams becomes zero. It is convenient to express the phase space of the recoil electron in
terms of the invariant variables

d’p, _d(-¢’)dQ’d¢ _ dT

E, 4(kp) 4(kp)’
where ¢ =(p-p,)’, O’ =(p,+p,)’ =(k+q)’ is the square of the invariant mass of the produced electron-positron

AT =d ®dg,

pair, ¢ is the azimuthal angle of the recoil electron (i.e., the angle between the photon polarization vector ¢, and the
plane containing the initial-photon and recoil-electron momenta, Fig. 2).
The limits of the integration over the QO and ¢’ variables are defined by the following relations

am’ < QP <(NW? -m)’, x <-¢ <x,, W =(k+p) =m" +2mo, (11)

n =0 -0 200 — a0

2 2
am*> < Q° S—q—(a) /1—4m—2—m—a)), x (Q* =4m*)<—¢° Sx+(Q2 =4m?),
m q

where @ is the photon-beam energy in the laboratory system. The accessible region of the Q° and ¢° variables is

shown in Fig. 3.
Therefore, the distribution over the recoil-electron variables can be written as a sum of two contributions

d_0=d0(3)+d0'(C)’ (12)
dr dr dr
where the first (second) term is the contribution of the Borsellino (  — e ) diagrams.

Fig 3. The allowed domain of the variables ¢*> and Q°.

THE BORSELLINO CONTRIBUTION
The tensor T, (B), which describes the contribution of the Borsellino diagrams, can be represented as a product

uv

of two tensors of the second and fourth rank

T,,(B)=1,,(B),,,(B), (13)
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where the current tensor ¢,,(B) describes the transition e (p) — y"(q)+e (p,) and the tensor ¢,,, (B) describes the

process y(k)+7"(q) > e (p)+e (py).
The part of the distribution, caused by the Borsellino diagrams, can be written as

do(B) _ o
2 B 14
ar  l6rx *d* q (B), (4
where we introduce
d’pd’p
2(B) = pxyvaﬂvlptlp (B)a Q#vlp = -[ /lvﬂp( )ﬁé‘ﬂ) (k+ q- pl p3) (15)

The Borsellino tensor ¢, ,

the expression for this tensor in this paper contains some misprints. Correct expression has the following form

(B) in the case of unpolarized electron-positron pair was calculated in Ref. [15]. Note that

/zv}p (B O) (yv)(/ﬁp) (B) + ZL[,uv][&p] (B)5 (16)

where we use the index notation (af) ([@f]) to emphasize the symmetry (antisymmetry) under permutation of the
indices @ and . Note that the first tensor, which is symmetric, contributes in the case of unpolarized or linearly

polarized photon beam. The second tensor, which is antisymmetric, contributes in the case of a circularly polarized
photon beam.

t(,uv)(lp)(B) d {g}p[(d +d ) gﬂv dd3q2 on (“)] 2d1d3(1+13;1v)g/1vg/1p _2(p1p3)yvk k + (17)
1

(1+P/,V+P/1p+ Pvaﬂ,p)gpv [k, (d3p1y +d1p3/,l)+d d;(p,, — ps; )3(31)]+[d3 (plem))ﬂv (kp, )/1p —d, (p3e(3]))yv (kpl)/lp]_
_gyv[(d1 + d3 )(kp1)4p + (d1 + d3 )(kp3)4p - 2(m2 + (p1p3 ))k/lkp]+ 2d1d3€/(,31)6531)(191p3 );4; },

(d12p3,u - d:fp]p)kp[p]p:; ],,v

D 2 2
t[W]W](B):?al}{(I—P/:p)[(a’l +d, )gﬂgvp+ id. 1+ (18)
+(l PﬂV _Plp +P;lvPlp)[gﬂp (31)(d32p1ﬂ _dlzp3ﬂ)+
d* —(d, —d,)(m" d2 —(d, —d,)(m*
T —(d, 3)(m +(p1p3))g k.p. + ; —(d, )(m +(p1p3)) k p}ﬂ]}’

va p 1y va P
d] d3

where we use notation (ab),, =a,b, +b,a, and [ab],, =a,b b

aPp =50 -
The tensor Q,,,, was calculated in Ref. [8] for the case of k* # 0 using the method of the invariant integration. The

expression for this tensor in the case of k> =0 is given in Ref. [9] and it can be written as
D D
Qi = 2BLD8 18,y + D28y, + D388y + — 8 kK, +— 85,4,4, + (19)
D D
— (849K, + 8,4,k )+ (80, 4,K, % 8,0k +—4,4.k:K, )

where f=(1-4m>/Q*)"*, a=(kq) and the structure functions D, — D, have the following form

% Q2
4a2 24°

D, =-2- (6a=m)+— Lm0 ~2a-m)+a(a—0")} (20)
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2 L 4
D, = —Q—2(3Q2 —4a+2m’)+—la(a- 0’ +2m2)+Q——m4],
4a a 2
Q2

D, =-

. 2(Qz+4a+2m2)+£2(a+m2)(Q2—a—mz),
a

4a>

2 2 2 2
D4=q2(D2—Qj’ 229 1) p =0, D,=-a’D,
a a

1+p
-8

1
D, =-a’D,, D,=a’(D,+D,), L:Em

Unpolarized case.
In the case when all particles are unpolarized, we have

|
Z(Bﬂ 0) = E(elluelv + 62;1621/ )tlp (B; O)va}.p : (21)
The current tensor in the case of unpolarized initial electron is given by
Ly (B;0) = ng/:p +2(pp, )/lp' (22)

Performing the contraction of the tensors in the expression (21), one can obtain

d*+d?
(B;0) = —278{2(¢> + 2m*)D, + 4dd, %1)4 +(D,+ D) 2m* + 52 oy, (23)
a a

A similar expression was calculated in Ref. [21] for the case of the lepton pair photoproduction on a proton target,
yp —1I"'I” p, taking into account the Bethe-Heitler mechanism. This process was proposed to test a lepton universality

by detecting the recoil proton.
Note that the expression (23) for the unpolarized cross section, calculated by the authors in Ref. [9], is not correct.
The reason is that they used for the unpolarized photon spin-density matrix the expression g,, /2 and contracted it

It is not correct procedure because the expression for the tensor O is not gauge invariant

HVAp

with the tensor O,

AP *

(here the terms proportional to k, and k, were omitted).

Linearly polarized photon beam.
In the case of the linearly polarized photon beam, we have

1
2(B;¢) = 5[51 (el#eZV +e,,6, )+ &, (e,uelv —€,,6,, )] qulp t (B;0). 24)
The contraction of these tensors in the above expression gives
X(B;¢) = —47[,HL2(Dl + D, Yma® + dd2q2 )& sin2¢+ &,cos2p). (25)
a

Circularly polarized photon beam.
In the case of the circularly polarized photon beam, we have

i
%(B;s,8,) = ) S (e,e, —€,,6,)0,,,L,,(B;S). (26)

The current tensor in the case of polarized initial electron is given by

t,,(B;s) = 2im < Apgs >, (27)
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where s is the polarization 4-vector of the initial electron which satisfies the following conditions: (ps)=0, s’ =—1.In
the laboratory system this vector has the form: s=(0,5), where the unit vector s is determined by the polar and

azimuthal angles " and ¢, respectively.
The contraction of these tensors in the above expression gives

L(B;s,8,) =4npmé, (D, — D;)[< ee,qs > _l((qel) < ke,qs > —(ge,) < ke,gs >)]. (28)
a

As follows from this expression, the electron polarization vector normal to the plane (lg, p,) does not contribute to
the polarization observable. Indeed, let us choose sff ~< pkpp, > (in the laboratory system we have sff =(0,5"),
where 5 ~ (k x p,)), then we have <ee,gs” >=0 and (ge,) < ke,gs" >=(ge,) < ke,gs" > . Thus, only components of

the electron polarization vector which belong to the plane (k, D,) give nonzero contribution to the polarization
observables, namely they are s, and the following combination s, cosg+s, sing .

In the chosen coordinate system we can write

) a

2(B;s,8,) =27pS, (D, — D)[2m| p, | sinb(s, cos¢ + s, sing) + G ﬂ +2m E)S_, ] (29)
a

Note that if the electron polarization vector is parallel or antiparallel to the photon beam momentum, then the cross
section is not dependent on the azimuthal angle.
THE y—e CONTRIBUTION
The tensor 7,,(C) can be represented as a product of two tensors of the second and fourth rank

T, (C)=1,,(C)t,,,(C), (30)

where the current tensor #,,(C) describes the transition 7' (Q) > e (py)+e (p,) and the tensor ?,43,(C) describes the

process y(k)+e (p) >y (Q)+e (py).
We consider the case when the produced electron-positron pair is unpolarized. Then the current tensor is given by

L )= _Zngap +4(p,p, )/1p' (€2))

The part of the distribution, caused by the ¥ —e diagrams, can be written as

do(C) &
d?d0d$  167°d°0

7 Pty (O)C, . 32)

where we introduce

d’pd’p
C, =)t (O)=—=—L5Y0-p - p,). 33
Ap JAp( ) 2E12E3 (Q p] p3) ( )

Taking into account that Q,C,, =Q,C, =0 and that the tensor C,, depends only on one variable Q,, we can write

the general form for the tensor C,, as

L

C,, =C(O")g,, — 0 0,0,) 34

The function C(Q?) can be easily calculated in the c.m.s. of the electron-positron pair. As a result we obtain

(0 = —%”ﬁ(QZ +2m), (35)
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Write down the expression for the distribution, caused by the ¥ —e diagrams, in the form

do(C) o' ()

= >(0), 36
do  1672°Q* d’ © (36)
where
1
Z(C) = p;ylv (glp - E QAQp )t‘uvAp (C)
Unpolarized case.
In the case when all particles are unpolarized, we have
. —_ 1 1 .
Z(C, 0) - E (eu,e]v + ezuezv )(gip - & Q;,Qp ) t/,yzp (C, 0) (37)

The tensor ¢,, (C), caused by the y —e diagrams, in the case of unpolarized particles has the following expression

HVAp
(we present here only symmetrical (over the A, p indices) part of this tensor since the antisymmetrical part does not
contribute in the case when the produced electron-positron pair is unpolarized)

1
t(/,v)up)(C;0)=g{g;p[(d d,)’ g, tdd Q2 062914 2dd, (1+Pm)ghgup+2(pp2)ﬂvk k,+ (39)
2

A A 1 1
+(1+P#V +P/1P +P#Vpﬁp)gpv[_k/1 (dpz;, +dzp;,)+N(p1 +p24)elﬂ]_N[d_(pzel)yv (kp)lp +;(pe1)w (kpz)/:p]_
2

~g,,[(d, =d)(kp,),, +(d = d,)(kp) ,, = 2(m* = (pp, kK, 1+ 2dd,e,) e (pp,) 1, ),

where IAJ/,V is the u <> v permutation operator, the averaging over the initial electron spin is taken into account in this

tensor.
Performing the contraction of the tensors in the expression (37), one can obtain

(C; O)——J{Z(d2+d Y+ (0 +2m*)[q° 39)
Linearly polarized photon beam.
In the case of the linearly polarized photon beam, we have
1 1

E(C’ 5) = 5[51 (el;erV + eZ;telv ) + 53 (el/telv - 62;1621/ )](glp - E QA Qp )tyvﬂ.p (C’ 0) (40)

The contraction of these tensors in the above expression gives

1 m? .

2(C;6) = —ﬁ(Q2 +2m*)[q” + ﬁ(d ~d,)’1(&sin2¢ + & cos2¢). (41)

2 2

Circularly polarized photon beam.

The tensor ¢,,,,(C;s), caused by the  —e diagrams, in the case of the polarized initial electron has the following

expression

L (C38) = ———={4dd,(p,p, + P11 P,,) =2’ +d;)(pp,),, ~[0°(d +d,)’ =2d(d* = d})]g,,} < uvks > - (42)

d22

2 dz < pvkq >[~dd,(se™),, +(d +d,)(p,5)g,,1~

2d dz (1+ Pip) < pvph >[d(d +d,)(Q” +2d, ~2d)s, = 2(d(p,5) + d, (ks))(d, p,, — dp,)).
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The contraction of this tensor with the tensor C,, leads to the following expression (we omit here the terms

proportional to &, and k, since they do not contribute to the observables)
S, (Cys)=a, < uvks >+a, < uvpk >, (43)

where we introduce

c©")

2 2 [4dd,(d -d,)—d,0’3d +d,)-2m’(d —d,)’],
2

a, =—im

a, =2im ii(ii) (d —d,)(p,s).

2

From the formula (43) one can conclude that if the electron polarization vector is perpendicular to the plane (K, Dy
then it does not contribute to the polarization observable. The coefficient a, =0 since (p,s")=0 and the expression

< uvks" >~ k,(dp,,—d,p,)+k,(d,p,—dp,,) and it also does not contribute to the polarization effects. Thus, only
components of the electron polarization vector which belong to the plane (k, D,) give nonzero contribution to the

polarization observables, namely, they are s_ and the following combination s,_cos@+s, sing.

The contraction of this tensor with the photon spin-density matrix leads to non-zero result in the case when the photon
beam is circularly polarized. The contraction is

(Cis.6) =&, ﬁ{m | B, |5infdy(Q° — ¢ )(s, cosp+s, sind) +.[m | p,| cosfdy(Q* —¢*)+  (44)

+2dd,(Q* +¢°) +2m*(d —d,)* +d,(d, —d)Q’1},

2 2
- m 2 2y 4

m cos@=— (0 —q°)——

| D, | 2d(Q q°)

7 P, 2sin*0 = —%[mz(af—a’z)2 +dd2q2],

where s,,i=x,y,z are the components of the electron polarization vector in the laboratory system
(5. =cost, s, =sinl cosg’, s, = sinf"sing" ). Note that if the electron polarization vector is parallel or antiparallel the

photon beam momentum, then the cross section is not dependent on the azimuthal angle.

DIFFERENT DISTRIBUTIONS
The differential cross section of the reaction (1), in the case when the electron target and photon beam are
polarized (the polarization state of the photon beam is described by the Stokes parameters) and the produced electron-
positron pair is not detected, can be written as

do do¥ ) do'” . do“D do'?
d_F: 10 + (& sin2¢ + &, cos2 @) 7D +&,(s, cosg+s, sing) 10 +&,8, T (45)

where the first term describes the unpolarized differential cross section of the reaction (1), the second term corresponds
to the part of the differential cross section caused by the linearly polarized photon beam. The third (fourth) term
corresponds to the part of the differential cross section caused by the circularly polarized photon beam and polarized
initial electron in the case when the polarization vector of the target is orthogonal (parallel) to the photon momentum.

The azimuthal integration in (45) leads to multiplication of the d o anddo" by factor 2 7, and to extract the
part d """ we have to take the difference of the events number with two opposite values of z-component of the target

electron polarization, s.. To separate the part d o at fixed electron polarization, it is enough to take difference
between the events number in the forward (O<¢<7z/2,37/2<¢<2m;cos¢p>0) and backward

(m/2<¢<3m/2;cos¢<0) hemispheres. To probe the part d 0'(“, it is allowed to sum the events in the sectors



32
EEJP Vol.2 No.4 2015 G.I. Gakh, M.1. Konchatnij, N.P. Merenkov

O<p<nm/4Tn/4<¢p<2m);3r/4<¢p<5x/4) and subtract the events number in the sectors
(m/4<¢<37/4),(5x14<dp<Tn/4).

Double differential distributions
The unpolarized part of the differential cross section can be read as

o _do"(B) do(C)

(40)
do do do
(B ’ 1 B
do"( ):a_£4 L -Zo, 47
do 2r q" mw ;
where the functions A and B are
qZ 2 2
A=m" +1—+=(q* +3m’q’ +2m* - (]2 l¢" +m*2m’ +3¢° +20°) - (48)
h i
—~Amea(m® +2¢*)]+8mow(2mw —q* )(m®* +24° ) +16m’w’ g (m +24%),
l 1
B=8m’w’ q (q +6m’q” —4m* )+4ma) [4m (m+ o) +2mq* (w-3m)—q*]+ (49)
r i
7"2
+25[4m* +q* +2m(2m - w)q’ 1+ '?(q2 +2m°) +4m(m - w)q* —8m® +q° —2m’q* (dmw —20°),
45(C) _ "‘—ﬁ#—(g 1 2m?) 2m? ot —m?)— 2 20" + m* + mo)O* + (50)
dd 127 0 Mm@’ 1, )
M £ 20(mt )¢+ P02 + 2 (1= ™0 + L gt + Z w0 + 2m)),
@ 2w 2 o 2 7
where 1, =0° - ¢’ and r, =2mw+q’* - Q.
The part of the differential cross section caused by the linearly polarized photon beam can be read as
(L) (L) (L)
do :dO' (B)+d0' (C)’ 1)

do do dd

do'(B) o ﬂ L1 [lq +m2 0% + 2m>(m — )L {(m + 20)g" + mO* +2¢*[2ma@” — (m+ @)0*1}, (52)
do 7 ¢ mo’ 2

dG(L)(C) a p 1 1 2, 20+m -
> 1270 ma (Q H2my et = Q +am r] (53)

2

The part of the differential cross section, caused by the circularly polarized photon beam and polarized initial electron in
the case when its polarization vector is orthogonal to the photon momentum, can be written as

do'”  do'“"(B) . do'“"(C)
dd do do ~

(54
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dT ——4—2—517’19[3Q2 +q2 —(Q2 +q2)L], (55)

do'" (9) o’ B b, 1 2 2 2 2
=— ind - +2m°). 56
10 127 0" mie r sind(Q° —q")(Q" +2m”) (56)

2

The part of the differential cross section, caused by the circularly polarized photon beam and polarized initial electron in
the case when its polarization vector is parallel to the photon momentum, can be written as

do'™ _do'(B) do'(C)

57
dd do dd 7
do'(B) o 1 m m  mo
e B _a b1 5300 hg 0+ )0 -1+ -2, (58)
) dr nqg” m o w w n

do'(C) & B 1, om omo. o
dd 2470 Mo’ (©+2m )[a)(1+2 7, NQ =q7) +q" ~ 0" +4ma(Q"+ 7)) (59)

Distributions over Q° variable
Let us obtain the distributions over the square of the invariant mass of the produced electron-positron pair, i.e.,

over the Q® variable. To do this, it is necessary to integrate the distributions (46) - (59) over the ¢ variable. As a
result, we have for the unpolarized part of the differential cross section

o _do"(B) do(C)

dQ? do? ao* (60)
w=“—3ﬁﬁ%[q +Dan(V_A)+D3Ln[Q2(m+2w)+w(A_V)]], (61)
dgo 27 Q" m @ V+A

O*(m+20)—a(A+V)
D, = =2 (0° —4maQ" —8m* 00 +4m’ QX (O + T’ ) +4m* (O® +170")+

3me
+é[—Q8 +maoQ’ +12m’ Q" - 2m*Q* (O + 8w ) —160m’Q* +4m*Q* (Q* - 210*) +8m° (Q° +17w")]},
2 3 2 2 L 4
D, =2m{RQ"(w—-3m)—2m" (50" +4w )+§[RQ Cm-w)+
2m*RO*Bm—w)+4m’Q* (m” +4mo+ o) —16m’ v’ ]},
D, :%[Q“(Qz —4mo+12m*)+8m° Q> (2m* —2mw+ @* ) +32m*w* -
—é(Q4 +4m’Q* —8m*)(Q* —dmwQ’ +4m*Q* +8m’ w’)],

da(C) _a_3 B O +2m? A . - 2
IO 220" mw \miaey LU @) Im Q90T+ (62)

R+A

+16m’w+4m* +70° 0’ |-[R(Q* +2m*) + 2m’®° ]Ln(R A

)
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where symbol Ln stands for natural logarithm and we introduce the following notation

A=J(O" —2mw)’ —4m* Q" , R = 0* —2mar—2m*,V = 0" + 2mo.
The Q7 distribution of the differential cross section caused by the linearly polarized photon beam can be read as

do _do"(B) do"(C)

dQ’ dQ’ dQ* - ©2
% - “735 L2100 L am L s iegr +am 41 73—2) —dom’)- (64)
—m*L(50" + 8w2)+%2(Q2 —20*)]+2m*[R(w+m(L—1))—2m’ + 4m*wL(1 —%)]Ln[% ,
w:iéw(m—mmm%. (65)
Q0 1220° mw R-A

The Q° distribution of the differential cross section, caused by the circularly polarized photon beam and polarized
initial electron in the case when its polarization vector is orthogonal to the photon momentum, can be written as

(CT) (CT) (CT)
do " do Z(B)+da 2(C), (66)
dQ dQ do
dc“"(B) a’f 1
dQ2 4Q2 meS

(0> (1= DN +2ma + Q*[m =30+ (- m)L]+ 2ma{o(3 - L)+ 20> (L= 2)]}, (67)

dO'(CT)(C) __0!_3£(Q2 +2m2) 2 L 3/2r A2
T TBe wa ®m? + v (m+20) " [A% + 4mR(m + 2w)]}. (68)

The Q2 distribution of the differential cross section, caused by the circularly polarized photon beam and polarized
initial electron in the case when its polarization vector is parallel to the photon momentum, can be written as

do'™ _do'(B) do'(C)

do’ do’ o’ )

%;(B) = %é mzla)z {2A(7 -3L) +2[2(Q* - 3mw) — L(Q* - 2mw)]Ln(Z ; i) + (70)
+é[w(L ~3)(Q — 4mw)+ mQ*(1- L)]Ln[gi En’f " Z; - izz fZi]},

% _ % é Q;; jlﬂz - +A2 7 0n+ 3004+ 207" 1+ 2m(meo - - QZ)Ln(f; - i)}. (1)

Distributions over ¢’ variable
Let us obtain the distributions over the ¢* variable. To do this, it is necessary to integrate the distributions (46) -

(59) over the Q° variable. As a result, we have for the unpolarized part of the differential cross section
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do'” dO'(U) B) do'”(C
; @, ( ),qm -4, (72)
dq,, dq, dq,
de”’(B) o 1 1 l+r . mY = =
2( ) =——— {—4((]4 —Zma)q2 -i-4m2q2 +4m4)Ln(T)Ln[ﬁ(l—ﬁ) 2]+ (73)
dq, 2r m " 2q -7 q @
2 2m* (Y +m)-Yq' (1-rf
+L4[2q4 —2mwq* +5m’q> +2m*|LnG, + — Ln[ m( +m2) (At V’B)]
q 4B 2m* (Y —m)

7 2 4
m

[8’(’;—4(a)—4m—2qﬂ2(4m2 +2mo— @) — 4m’® 2)—4)4—4?(0)2 —8ma+11m>) +¢*(q* —ma—Tm>) + 4m* Go+m)] +

8
+2 " ArcTanh(r g )[1- 64“”" _om@t2m_ 2’” (4* + 24ma—21m )+——0(7a)2—6ma)—12m2)+
q q 3 ¢q

2

q

2 6
6m’

Y 4 m?
+§m—4(a)2+9mw—6m2)+1——8(4a)2+3ma)+12m2)]—r[2—-+2ﬂ2(3m—3w—Y)+—’"—4(3m2—w2)+
3¢q 3 q m q 3¢q

16m m +2 _ m’ - _ = _
10m (4247 gy A1 By g eg? - By
3 a)q wq
+m’ (40° +9¢° 2—2m3)—§%(q4+6mzqr2—4m4)+
q (1-5)

3

m = _ m =
2 " 1-8)%(q*(q° —2ma)+6m2)—4m3(a)+m))+w—qé(l—ﬁ) "(—q° +dmaq® +4m* > Qmow - q* - ©*) +8m°)] -

1 4 2 2 2 4 . 1 1
~—5q" ~2moq’ +an'q’ +am )[le( 5y Lzz(1 3> LQ( ;) LzQ(ljg) iy ( *%) (;r)]},
4o7(0) o 1 — L _[480’m" +960m” (& —q7) +48m* e’ g’ + ') + (74)

dq’ 127 me’ 6ma)y
+4m’ (260°q” +400° +23wq* ) +2m*q’ (11" +400°¢” +1200*) +20q° m’ (120" +70¢°@” +7¢*) +

25\2
+q*m? (=3¢* +400°¢> +360") + mwg® (5¢° +180°) +30°¢" +3Bag’ v (@ —m)+12yom’ 2(2”(2—5”1)2] -
m”+(B-1)q

2

3wYq'y'

1
[wq“(q2 +6mw) + 4a)m2q2 (q2 + 4a)2) +2m’ (q4 + 4q2a)2 +8a* )]+ —2 [2m(m+ a))2 — a)q2 1LnG, -
w

L
—n—G[16a)m (m—w)’ —=32¢°m’ (m+w)+4m*q* 2m* +3¢°)-8m*w* (5¢° —6m”) +

Y y(y—4m*)

4 2 2

+HAm'o’q* (12m* +13¢*)+16m° 0’ (5¢° — 0° )+ doq*m’ 11m* —110” +4¢%) - ¢*(Smaw+ ¢*) - 2m*¢° (130” — ¢*)]},

— 4m? — 4m’ N q2
=l-——Y=m+w(1-B),r=1-—,y=q" +2mw,G =—1+r)Y -1,
B = (1-5) ,/ Yq y=q | 2m3( )

where
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Liz(X)=—I—ln(1—t) G, = ml [2m* +¢* (B -DI'{g*YIryy(y —4m*) + y = 2m*] = 2ym’}.

0

The ¢* distribution of the differential cross section caused by the linearly polarized photon beam can be read as

do® dO'(“ B) do'®(C
2 (8) , do'(C) 75)
dq,, dq,, dq,,

(L) 3 20 5
do (B) _ & 1\ I35 (m+ o)+ dme’ -3 m’B_z(q2+2mY)+8’:;—2(l B)? +4Q’LZM]+

dq’ T mo'q' " 6 o (1-p) 1-8y
5 m*(m* —q*) 8m2 _ 1+r ia)zm3 2m2(Y+m)—Yq2(1—rE)
+m’LnG, +2—(1 7 [3 -pB)" =1]Ln (l—r)+ 3 5g Ln[ e f) 1, (76)

do'’”(C) B o 1 2m’r
dq’ 2z me " 6wy’

[24a) m’® +48om* (0 — ¢*) + 240’ m’ (0° +3¢%) + 20q°m* (23¢* +560° )+ (77)

2 252
m? 4 T2YD +2yci) —6yom’ —(3/+22m_) 1+
wo(l-f) 2m” +q7 (B -1)

LnG,

1 3 2 2
+—(m* +2m*w—wq )LnGl——
@ VA y(y—4m®)

+og'm’ (11g° +160°)—4m*q* (4o* —120°q" —-3¢*) —160m’¢* Qw’ —q°) - 2m*q° (120° — ¢°) —Smaq® — ¢"°}.

[160m’ —32m"(¢* + @*)—1600m’ (2¢"> + @*)-8m°(¢* —4w’q> — 4" ) +

The ¢° distribution of the differential cross section, caused by the circularly polarized photon beam and polarized initial
electron in the case when its polarization vector is orthogonal to the photon momentum, can be written as

(CT) (CT) (CT)
do . do Z(B)+d0' 2(C)’ (78)
de,, dq,, dq,,
o T(O) _ o 1 ! ﬂ 9 2%C 34y 1 amig )K(“(b A (79)
dqm 127 m*@® \[b(a+c) 3my a b(a+c)

2 —
2m a+cE(a(b c)

> N3ab(3q"* + 4ma(ma—2m* +24°)) - yq* (a(b+c)—bc)] -
3wy ac b(a+c)

4% 2 m? + y)am® — )T
y

@ W=ab=0) o B ot e g =B @00

(a+c)b—y) bla+c) m ( +c) b(a+c))}

where K, E , and IT are the standard elliptic functions [22] and

2 2

a :—q—(m+a)+a)ﬁ),b :q—(m+a)—w3), c=4m’.
m m

Note that we can not represent the analytic expression for the contribution do'“”'(B)/dgq’ in terms of the

elementary or known special functions.
The ¢* distribution of the differential cross section, caused by the circularly polarized photon beam and polarized

initial electron in the case when its polarization vector is parallel to the photon momentum, can be written as
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do'™ _do'“(B)  do'™(C)
dq. dq,, dq,,

) (80)

, mY 1+r

aVU(CL’(B)_ot3 1 qu2 ~ (Ln (1_ )= 2r)—

& 2(7Y +8m—160) — 6m*]1-8¢> B(mw— ¢*) Arc Tanh—— +8
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RESULTS AND DISCUSSION

There are a few reasons to investigate process of the triplet photoproduction in the framework of a more
elaborative approach. Our analysis of the triplet production is caused mainly by the search for a physics beyond SM in
the frame of the project IRIDE [19]. It is assumed that there is a new light particle (U-boson [20] which is one of the
possible dark-matter candidate) that does not interact with the matter fields of the SM but can mix with a photon.

In the last time there were a number of the experiments on the measuring of the electron-positron invariant mass
distributions in different processes. The inclusive dielectron spectra, measured by the HADES (Darmstadt) in the
collisions of the 3.5 GeV proton with the hydrogen, niobium and other targets, were presented in the paper [23]. The
mass range M(U)=20 — 550 MeV has been investigated. The results of a search for a dark photon in the reaction
e'ee > yU,U > e'e, iy using the BABAR detector were given in [24]. The dark photon masses in the range

0.02 - 10.2 GeV were investigated. Strong constraints on sub-GeV dark photon from SLAC beam-dump experiment
were given in the paper [25]. Similar experiments were performed at KEK and Orsay [26]. The physics motivation for a
search of the dark photon at JLab are presented in [27]. This is not a complete list of the current and planned
experiments to search for a dark photon. A review of the theoretical and experimental activity related to the search for
the particles in various scenarios of the physics beyond the SM can be found in Ref. [28].

We think that the measurement of the distribution over the invariant mass of the created electron-positron pair in
the process (1) would be a good method to search for a light dark photon. The contribution of the Borsellino diagrams is
a background in search of this effect, so, it is necessary to separate the contribution of the Compton-like diagrams
(Fig. 1b) when the scattered virtual photon converts into the electron-positron pair and where the signal from the dark
photon may be measured. Because this contribution, in contrast to the Borsellino one, decreases with the growth of the
photon-beam energy, it is reasonable, in such investigation, to restrict yourselves to the low and intermediate photon-
beam energies. Besides, one has to have the precise knowledge of the background due to the double-photon e'e” -
system (in fact the contribution of the Borsellino diagrams) and to try to find the kinematic regions where this
background is smaller or the same order as the Compton contribution.

The next reason is the investigation of the possibility of determining the circular polarization degree of a high
energy photon by measuring the asymmetry in the triplet production by a circularly polarized photon beam on a
polarized electron target. It is necessary also to analyze the influence of the (¥ —e ) diagrams contribution on the

calculated observables.

The authors of Ref. [9] calculated the cross section asymmetry caused by the azimuthal angle of the recoil
electrons in the reaction (1) for the case of the linearly polarized photons. They suggested to use this effect for the
analysis of the photon beam polarization. The authors took into account only the Borsellino diagrams, and, up to now,

there are no calculations beyond this approach. We consider the influence of the (¥ —e™ ) diagrams contribution on the
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asymmetry as a function of the ¢, variable and calculate its dependence on the Q* variable.
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Fig. 4. The parts of the cross section (45) (the first and second rows) integrated numerically over all the phase space except the
azimuthal angle, in ub, as a function of the photon-beam energy @, in MeV. The solid (dashed) curves correspond to the

contribution of the Borsellino (  —e™ ) diagrams. The asymmetries (84) are shown in the third row. The dotted curve in the upper left

panel is the nondecreasing (with the increase of the photon-beam energy) contribution caused by the Borsellino diagrams that is
defined by Eq.(83). The upper indices in the second and third rows (£ ) denote the positive (+) or negative (-) value of the
corresponding observables. For the negative value of the observable the logarithm of its modulus is shown.

In Fig. 4 we present the integrated over Q° and ¢_. (in the limits (11)) parts of the cross section, given in the r.h.s. of
Eq. (45), and corresponding polarization asymmetries. They are obtained by the numerical integration over Q° of our

analytic distributions, derived in subsection “Distributions over Q° variable” of the Section “DIFFERENT

DISTRIBUTIONS”. For unpolarized case we show also the well known asymptotic cross section (at large photon-beam
energy o > m ), caused by the Borsellino diagrams only, which in our normalization reads [29]

a® 28 2w 218
~(—In—-"). (83)
9 m

o=
2rm

The asymmetries, as functions of the photon beam energy (Fig. 4), are defined as follows

1
1

4 =2 1=1,cL,cCT, (84)
(o2
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where o is unpolarized cross section caused by a sum of the Borselino and ( » —e™ ) contributions.

The differential asymmetries, as functions of the ¢ or Q° variables and photon-beam energy, are defined as

. do ldgt "1dQ?
AZZM’ A2=M. (85)
“ do ldg. ¢ do 1dQ?

We see that the (7 —e ) diagrams contribute to the unpolarized part at 100 MeV < w < 200 MeV on the level of a

few ub (remind that we consider the ¢ -distribution, and integration over the angle ¢ increases the unpolarized part

o, as well as the polarization-dependent part 0'“, by a factor 2 7). The Borsellino contribution to the total cross
section is more than two orders larger.
As regards the polarization-dependent parts at these energies, the (¥ —e ) contribution is the largest for the

circularly polarized photon and the longitudinally polarized (along the direction (q)) target electron (CL-part). It is
negative and amounts to about 0.5 x b in the absolute value at @ = 100 MeV, which very slowly decreases with the

growth of the photon-beam energy. If the the target electron is polarized transversally (in the plane (q,p,) ) (CT-part),
the corresponding part of the cross section is positive and equals to about 5-10 > ub at @= 100 MeV and decreases
up to 2-10 > ubat @= 200 MeV. In the first case, the Borsellino contribution exceeds the (7 —e~) one (in absolute
value) by an order, and in the second case — by two orders. The part, caused by the linear polarization of the photon (L-
part), is negative for both the (y—e ) and Borsellino contributions (this agrees with previous calculations). The
(7 —e") contribution is less than one percent of the Borsellino one at @ = 100 MeV and decreases with the rise of the
energy whereas the Borsellino contribution increases.

Thus, to separate the effect due to the (¥ —e™ ) diagrams using the total cross section, even in the frame of the pure

QED, the radiative corrections (RC) to the Borsellino contribution have to be taken into account. At present, we know
such RC to the positron spectrum and to the total cross section in the Weizsacker-Williams approximation only [30] (in

unpolarized case). This correction covers the region g, <m’ and amounts to about one percent. It means that for our
goal we have to compute RC more accurately and consider in the first order the contribution of the region of the ¢ ~ a

few tens of m” and even the leading (enhanced by a large logarithm) terms of the second order. Such calculations are
absent at present.

The asymmetry 4" (caused by the linear polarization of the photon beam), as a function of the photon energy @,
is noticeable and depends weakly on @ . The contribution of the y —e™ diagrams is small (~1% at @ <10 MeV) and
decreases rapidly as the photon energy increases. The asymmetry A< is of the order of 10—15% in the region
@ <20 MeV and decreases as a function of @ . The contribution of the y —e”~ diagrams is less than 1% in the region
® <10 MeV and decreases very rapidly. The behavior of the asymmetry A" is similar to the asymmetry A but it is
somewhat less. The circular polarization of the photon beam can be determined, in principle, by means of the
measurement of the asymmetry 4" for the photon energies <20 MeV.

The main contribution to the triplet total cross section, given by Eq. (83), arises due to the region of a very small
values of ¢ ~m’. To reduce this contribution kinematically, we have to select events with large values of g > m’.

The different distributions over the g variable (at large enough values of ¢.) and the ratio R of the Borsellino
contribution to the (7 —e™ ) one are shown in Figs. 5, 6, and the polarization asymmetries defined by Eq. (84) are given
in Fig. 7.

We see from Figs. 5, 6 that the (y —e~) contribution increases with the rise of g whereas the Borsellino one
decreases. Such behaviour ensures the suppression of the Borsellino contribution at large ¢. near its maximal possible
values, where the corresponding parts of the cross section is determined, almost completely, by the (y—e’)
contribution. The unpolarized part equals more than 0.1 xb at @ =100 MeV and two times smaller at @ =200 MeV.
At @ =100 MeV the CL-part reaches, in absolute value, 0.04 b, the CT-part — 0.001 b and the L-part — about
0.01 ub.
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The Fig. 7 shows that the asymmetry Aqﬂ is of the order of 15-20% in the region g <90(160) MeV’ at

® =100 (200) MeV. The Borsellino contribution decreases and the y —e~ one increases. The asymmetry A:;L is of the

order of 40-50% . The ¥ —e contribution is small in the region g <50(100) MeV® at =100 (200) MeV and

beyond this region its contribution is dominated. The magnitudes of the asymmetry A:;T is less than 1% in entire
considered region. We see that the asymmetry chf is appreciable and can be measured, in principle. So, it is possible to

determine the circular polarization of the photon beam at more higher energies than for the case of the asymmetry A4
since the general picture of the behavior of these asymmetries depends weakly on the photon energy.
To search for the deviation from SM due to the possible mixing of a photon with the light dark matter candidate

(U-boson), it is necessary to study the distribution over the created pair invariant mass Q°. In Figs.8-11 we show such

2> 10, 20

m

distributions which derived by the integration over the restricted region of ¢, including the events with ¢
and 40 MeV® and analyse the corresponding effects. In contrast to the Borsellino contribution, the (y—e”) one
depends not very strong on the value of the ¢, cut.

In Fig. 8 we show the unpolarized part of the cross section caused by the (y—e”) diagrams with chosen
restrictions and the ratio R™' of the (¥ —e”) to the Borsellino contributions. We see that for @ =100 MeV, even for the
events with ¢, > 20 MeV?, there exist regions of the relative small and large values of Q° where the (y—e")
contribution is greater than the Borsellino one (but the event number is larger at small Q). For the events with ¢ >

40 MeV ?, this effect manifests itself more significantly. The more sizeable restriction on the minimal values of ¢ is

required at larger photon-beam energies to decrease the Borsellino contribution, as it is seen even for @ =200 MeV.
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Fig 8. The (y —e") contribution to the polarization-independent part of the cross section as a function of Q°, in ub-MeV 2, at
different restrictions on the event selection (the upper row) at @ =100 MeV (the left panel) and 200 MeV (the right panel). The solid
line corresponds to the events with g> > 10 MeV *, the dashed line — ¢ > 20 MeV* and the dotted one — g~ > 40 MeV >. In the

lower row we show the respective ratio R™' of the (¥ —e™) contribution to the Borsellino one.

In Figs. 9, 10 we show the effect caused by the restriction on the minimal values of ¢_ for the polarized parts of
the cross section for both the (y—e”) and Borsellino contributions. The corresponding polarization asymmetries,
defined by Eq. (85), are given in Fig. 11. Again, we see that the (¥ —e™ ) diagrams give the dominant contribution in the

region of the large values of O and at large enough cuts on the ¢’ variable.
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(20, 40) MeV . The dashed (solid) lines describe the ( ¥ — e~ ) (Borsellino) contribution.

CONCLUSION

In this paper, we analyzed the process of the triplet photoproduction on a polarized electron target by a polarized
photon beam. The calculation of various observables has been done in the approach when four Feynman diagrams were
taken into account. Besides the two Borsellino diagrams we took into account the two (7 —e ) (or Compton-like)
diagrams. So, we neglect the effects of the final electron identity. The results obtained in a such approximation describe
the events with well separated created and recoil electrons. Otherwise, it is necessary to take into account the identity
effects. The numerical calculations were performed in the laboratory system for the photon energy less than 200 MeV.
We investigated the possibility of determining the circular polarization degree of a high energy photon by measuring the
asymmetry in the triplet production by a circularly polarized photon beam on a polarized electron target. The influence
of the (y —e ) diagrams contribution on the calculated observables are also analysed.

We think that the measuring the distribution over the invariant mass of the created electron-positron pair in the
process of the triplet photoproduction would be a good method to search for a dark photon. So, we search for the
kinematical regions where the contribution of the dominated background mechanism (the Borsellino diagrams) can be
suppressed as compared with the useful Compton-like diagrams where the signal from the dark photon may be
measured. Besides, the contribution of the Borsellino diagrams can be calculated with the necessary accuracy.

For the first time, the different distributions were obtained in the analytical form. We obtain the double

distribution over the ¢ (the square of the four-momentum transfer to the recoil electron) and Q* (the created e'e” -
pair invariant mass squared) variables, and single distributions over the ¢* or Q° variables.

We obtain the expressions for the asymmetry A° caused by the linear polarization of the photon beam as a
function of the photon energy @ and as a function of ¢ at fixed @ . The asymmetries A< (4“"), caused by the
circularly polarized photon beam and polarized initial electron in the case when the polarization vector of the target is
parallel (orthogonal) to the photon momentum, have been also calculated as a functions of g, and @ . Although the
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final expressions for all the observables are given in the laboratory system but until this step all the expressions are
given in the invariant form and it is easy to transform the final expressions to the invariant form by the substitution

w=W?*-2m*)/2m. It was found that the measurement of the A4 or chf asymmetries can be used for the

m

determination of the circular polarization of the photon beam for the @ < 20 (200) MeV for the case of A (AqCZL ).

m

Acknowledgments
This work was partially supported by the Ministry of Education and Science of Ukraine (project no. 0115U000474).
REFERENCES
1. Haug. E. Bremsstrahlung and Pair Production in the Field of Free Electrons // Z. Naturforsch. — 1975. — Vol. 30a. — P.1099-

1113.
2. Borsellino A. Sulle coppie di elettroni create da raggi in prezenza di elettroni // Nuovo. Cim. — 1947. — Vol.4. — P.112-130.
3. Mork K.J. Pair Production by Photons on Electrons // Phys. Rev. — 1967. — Vol.160. — P.1065-1071.
4. Haug. E. Simple Analytic Expressions for the Total Cross Section for y—e Pair Production // Z. Naturforsch. — 1981. —

Vol. 36a. —P.413 -414.

5. Endo L., Kobayashi T. Exact evaluation of triplet photoproduction // Nucl. Instr. and Meth. — 1993. — Vol.A328. — P.517-521.

6. Ahmadov A.l, Galynskii M.V., Bystritskiy Yu.M. et al. QED peripheral mechanism of pair production at colliders // Phys.

Rev. —2008. — Vol.D78. — 074015.

Iparraguirre M.L., Depaola G.O. About Electrons in Triplet Production // arXiv; 1406.3001 v1. —2014. — [hep-ph].

Baier V.N,, Fadin V.S. Khoze V.A. Electromagnetic pair production // Zh. Eksp. Teor. Fiz. — 1966. — Vol.50. — P.156-168.

9. Boldyshev V.F., Peresun’ko Yu.P. Electron-positron pair production on electrons and analysis of photon beam polarization //
Yad. Fiz. — 1971. — Vol.14. — P.1027-1032.

10. Boldyshev V.F., Peresun’ko Yu.P. On determination of photon polarization from asymmetry of the recoil electrons in triplets //
Yad. Fiz. — 1974. — Vol.19. — P.144-147.

11. Vinokurov E.A., Kuraev E.A. Production of Triplets by Polarized Photons // Zh. Eksp. Teor. Fiz. — 1973. — Vol.63. — P.1142-
1150.

12.  Vinokurov E.A., Merenkov. N.P. On Production of Triplets by High-Energy Polarized Photons // Yad. Fiz. — 1975. — Vol.21. —
P.781-784.

13. Boldyshev V.F., Vinokurov E.A., Peresun’ko Yu.P., Merenkov N.P. A Method for Measurement of the Photon Beam Linear
Polarization by Means of Recoil Electron Asymmetry in the e‘e” -Pair Photoproduction on Electrons // Physics of Elementary
Particles and Atomic Nuclei — 1994. — Vol.25. — P.696-778.

14. Akushevich I.V. et al. Triplet production by linearly polarized photons // Phys. Rev. —2000. — Vol.A61. — 032703.

15. Gakh G.I., Konchatnij M.I., Levandovsky L.S., Merenkov N.P. Analysis of Triplet Production by a Circularly Polarized Photon
at High Energies // Zh. Eksp. Teor. Fiz. — 2013. — Vol.144. — P60-74.

16. Endo I. et al. Detection of recoil electrons in triplet photoproduction // Nucl. Instr. and Meth.-1989. — Vol.A280. — P.144-146.

17. Depaola G.O., Iparraguirre M.L. Angular distribution for the electron recoil in pair production by linearly polarized y -rays on
electrons // Nucl. Instr. and Meth. — 2009. — Vol.A611. — P.84-92.

18. Pak A.V., Pavluchenko D.V., Petrosyan S.S., et al. Measurement of yy and ye luminosities and polarizations at photon

colliders // Nucl. Phys. (Proc. Suppl.). — 2004. — Vol.B126. — P.379-385.

19. IRIDE. Interdisciplinary Research Infrastructure based on Dual Electron linac and lasers // Nucl. Instr. and Meth.-2014. —
Vol.A740. — P.138-146; Alesini D. et al. IRIDE White Book, An Interdisciplinary Research Infrastructure based on Dual
Electron linac &lasers // arXiv:1307.7967v1 [physics.ins-det], 270 PP.

20. Fayet P. U-boson production in e'e” annihilation, ¥ and Y decays - Phys. Rev. — 2007. — Vol.D75. — 115017; Arkani-Hamed
N. et al. A theory of dark matter // Phys. Rev. — 2009. — Vol.D79. — 015014; Pospelov M. Secluded U(1) below the weak scale
// Phys. Rev. —2009. — Vol.D80. — 095002.

21. Pauk Vladislav and Vanderhaegen Marc. Lepton Universality Test in the Photoproduction of e*e” versus p'u~ Pairs on a
Proton Target / Phys. Rev. Lett. — 2015. — Vol.115. — 221804.

22. Byrd Paul F., Friedman Morris D. Handbook of Elliptic Integrals for Engineers and Sientists, Second Edition, Springer-Verlag
New York Heidelberg Berlin, 1971.

23. HADES Collaboration. Searching a Dark Photon with HADES // Phys. Lett. -.2014. — Vol.B731.- P.265-271.

24. Lees J.P. et al. Search for a Dark Photon in e’e” - Collisions at BaBar // Phys. Rev. Lett. — 2014. — Vol.113. —201801.

25. Batell B. Strong Constraints on Sub-GeV Dark Sector from SLAC Beam Dump E137 // Phys. Rev. Lett. — 2014. — Vol.113. —
171802.

26. Andreas S. Hidden Photons in beam dump experiments and in connection with Dark Matter // Frascati Phys. Ser. — 2012.
Vol.56. — P. 23-32.

27. lzaguirre E. et al. Physics motivation for a pilot dark matter search at Jefferson Laboratory // Phys. Rev. — 2014. — Vol.D90.
014052.

28. Soffer A. Search for Light Scalars, Pseudoscalars, and Gauge Bosons // arXiv: 1507.0233v1. — 2015. — [hep-ex].

29. Berestetskii V.B., Lifshitz E.M., Pitaevskii. Quantum Electrodynamics, Moscow: Nauka, 1989; Oxford: Pergamon, 1994.
P.221.

30. Mork K., Olsen H. Radiative Corrections. 1. High-Energy Bremsstrahlung and Pair Production // Phys. Rev. — 1965. —
Vol.B140. — P.1661-1674; Vinokurov E.A., Kuraev E.A., Merenkov N.P. Radiative corrections to e‘e” pair production by a
high-energy photon in the field of an electron or a nucleus // Zh. Eksp. Teor. Fiz. — 1974. — Vol.66. — P.1916-1925

b




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


