
Eur. Phys. J. C 52, 173–176 (2007) THE EUROPEAN
PHYSICAL JOURNAL C

DOI 10.1140/epjc/s10052-007-0363-y

Regular Article – Theoretical Physics

Recoil proton distribution in high energy photoproduction
processes
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Abstract. For high energy linearly polarized photon–proton scattering we have calculated the azimuthal and
polar angle distributions on a recoil proton in the inclusive experimental setup. We have taken into account
the production of lepton and pseudoscalar meson charged pairs in the point-like approximation. The typical
values of the cross sections are of the order of hundreds of picobarn. The size of the polarization effects are
of order of several percents. The results are generalized for the case of electroproduction processes on the
proton at rest and for a high energy proton production process on a resting proton.

PACS. 25.20.Lj; 13.88.+e

We have considered the experimental setup of processes of
charged pair a−a+ production (pseudoscalars, leptons) by
high energy photon scattering on a proton in the rest frame
followed by the detection of the recoil proton. We used the
approximation of point-like particles. The process consid-
ered was

γ(k, ε)+p(p)→ a−(q−)+a+(q+)+p(p
′) ,

s= 2k.p, k2 = 0 , p2 = (p′)2 =M2, q2− = q
2
+ =m

2 .
(1)

Two different mechanisms of pair production must be
considered. One corresponds to Bethe–Heitler (BH) pair
creation by two photons. The other one is bremsstrah-
lung (B), which corresponds to the case when a pair is
created by a single virtual photon (we have implied the
lowest order contributions in the QED coupling constant
α= 1/137). The contribution of B type is suppressed com-
pared with BH type by a factor of |q2|/s. As to interference
of the B and BH amplitudes: it is exactly zero for the recoil
proton in the inclusive setup we have considered below.
The accuracy of the formulae given below is determined

by the terms we have omitted systematically compared
with terms of order of unity,

1+O

(
α

π
,
|Q2|

s
,
m2

s
,
M2

s

)
, Q= p−p′. (2)

In the peripheral kinematical region s� |q2| ∼M2, the in-
finite momentum frame (IMF) or Sudakov [2] parametriza-
tion of transferred momentum and 4-momenta of the final
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particles works effectively:

Q= αq p̃+βqk+ q⊥, q± = α±p̃+x±k+ q±⊥ ,

c⊥p= c⊥k = 0, p̃= p−k
M2

s
,

p̃2 = 0, q2⊥ =−q
2 < 0 . (3)

From the on mass shell condition of the recoil proton,
(p− q)2 =M2, one infers

sβq =−
(
q2+M2αq

)
/(1−αq)≈−q

2 . (4)

Here we use the smallness of M2αq = (M
2/s)
(
s1+q

2
)

compared with q2. Here s1 = (q++ q−)
2 is the invariant

mass square of the pair, assumed to be of order 4m2.
For the case of large Q one can put the term Q2 =

sαqβq−q2 equal to Q2 =−q2 =−q2.
The ratio of transversal and longitudinal components

of the momentum of the recoil proton (laboratory frame
implied) is

tan θ =
p′⊥
p′||
=

|q|

(q2/2M)
=
2M

q
. (5)

This relation, first mentioned in a paper of Benaksas and
Morrison [1], can be written in a different form in terms of
the value for the 3-vector of the momentum of the recoil
proton P ,

P

2M
=
cos θ

sin2 θ
, q2 = 4M2 cot2 θ , (6)
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where θ is the angle between the directions of initial photon
and recoil proton in the laboratory frame (see for a more
exact formula the appendix).
The matrix element of charged lepton or pion pair pro-

duction in lowest order of QED perturbation theory (keep-
ing in mind the BH mechanism) has the form

M i =
(4πα)3/2

−q2
JpνO

i
µλε

λ(k)gµν , i= l(lept), π(ps) ,

(7)

with the proton current defined as

Jpν = ū(p
′)

[
F1(Q

2)γν +
[Q̂, γν ]

4M
F2(Q

2)

]
u(p)

and F1,2 is for the form factors of the protons. The Comp-
ton lepton tensor has the form

Olµλ = ū(q−)

[
γµ
q̂−− Q̂+m

D+
γλ+γλ

Q̂− q̂++m

D−
γµ

]
v(q+) ,

and similarly for the Compton pion tensor,

Oπµλ =−2gµλ+
(2q−−k)λ(Q−2q+)µ

D−

+
(k−2q+)λ(2q−−k)µ

D+
,

where D± = (k− q±)2−m2. These tensors obey the gauge
invariance requirements OiµλQ

µ =Oiµλk
λ = 0.

Using the Gribov prescription for the Green function of
the virtual photon in Feynman gauge and omitting small
contributions in the ranges of the declared accuracy,

gµν = gµν⊥ =
2

s
[p̃µkν+ p̃νkµ]≈

2

s
p̃µkν ,

one can write the matrix element, extracting explicitly the
factor s, in the form

M i = s
(4πα)3/2

−q2
Np
2

s
p̃µeλOiµλ , N

p =
1

s
Jpηk

η, i= l, π .

(8)

Both light-cone projections of the proton current and
the Compton tensors are finite in the large s limit. Sum-
ming over the spin states of the proton one has for the
proton current projection square

∑
|Np|2 = 2F (q2) = 2

[
F 21 (−q

2)+
q2

4M2
F 22 (−q

2)

]
.

Expressing the phase volume of the final particles in
terms of Sudakov variables [2], we have

dΓ = (2π)−5
d3q−
2ε−

d3q+
2ε+

d3p′

2E′
δ4(p+k−p′− q−− q+)

= (2π)−5
d2qd2q−dx−
4sx−x+

, (9)

where we introduced the unit factor d4Qδ4(p−Q− p′),
and besides this we have used

d3q−
2ε−

= d4q−δ(q
2
−−m

2)

=
s

2
d2q−dα−dx−δ(sα−x−−q

2
−−m

2) .

Further operations, summing over the spin states of the
leptons of the square of the matrix element, performing the
integration over the energy fractions of the pair x− and x+
(x−+x+ = 1) and its transversal momentum d

2q− (the
conservation law implies that q−+q+ = q), and using the
photon polarization matrix εiε

∗
j = (1/2)[I+ ξ1σ1+ ξ3σ3]ij

(ξ1,3 are the Stokes parameters, I is the unit matrix, and
σi is for the Pauli matrices) is straightforward but tedious.
The result can be written in the form

dσγp→a
iāip

dϕdθ
=

1

2π

dσγp→a
iāip

0

dθ

(
1+Λi(ξ1 sin 2ϕ+ ξ3 cos 2ϕ)

)
. (10)

The azimuthal angle ϕ is the angle between two vectors
transversal to the photon direction: the linear polarization
ε of the photon and q, and we have

dσγp→a
iāip

0

dθ
=
α3

3πM2
F (q2)

sin θ

cos3 θ
ai ,

al =
4Ll
Rl
+1−

m2lLl

M2Rl
tan2 θ ,

aπ =
1

2

(
2Lπ
Rπ
−1+

m2πLπ

M2Rπ
tan2 θ

)
. (11)

Λi is the azimuthal asymmetry

Λi =
bi

ai
, bl =−

(
1−
m2lLl

M2Rl
tan2 θ

)
,

bπ =
1

2

(
1−
m2πLπ

M2Rπ
tan2 θ

)
. (12)

In (11) and (12) the quantities Li and Ri are

Ri =

√
1+
m2i
M2
tan2 θ ,

Li = ln

(
M

mi

)
+ln cot θ+ln(1+Ri) .

It is interesting to consider the distribution dσγp→a
iāip/dq

of the recoil proton over the value of q. Calculations of this
distribution were carried out on the base of the formula
that is obtained from (10) and (11) after the substitution
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Fig. 1. The distributions dσi/dq in units of pbnMeV−1 for
the cases of e+e− pair, µ+µ− pair and π+π− pair production
as functions of q

θ = arctan(2M/q) (see (6)):

dσγp→a
iāip

dq
=
8α

3q3
F (q2)ãi , i= l, π

ãl =
4q√
4m2l + q

2
L̃l+1−

4m2l
q
√
4m2l + q

2
L̃l ,

ãπ =
1

2

(
2q√
4m2π+ q

2
L̃π−1+

4m2π
q
√
4m2π+ q

2
L̃π

)
,

L̃i = ln

(
q+
√
4m2i + q

2

2mi

)
. (13)

In Fig. 1 the distributions dσi/dq for each of the pro-
cesses considered are depicted. For the numerical calcula-
tion we used the dipole approximation [3]:

FE =
FM

µ
=

1(
1+ q

2[GeV2]

0.712

)2 ,

FE = F1−F2
q2

4M2
, FM = F1+F2 .

with µ= 2.79 the anomalous magnetic moment of the pro-
ton. The function F (q2) in the dipole approximation has
the form

F (q2) =
4M2+ q2µ2

(4M2+ q2)
(
q2[GeV2]

(0,71)2
+1
)4 .

In Fig. 2 the asymmetriesΛi as functions of the momen-
tum q for each of the considered processes are shown.
In Fig. 3 the mentioned asymmetries as functions of the

scattering angle θ are shown. The ratio

Λtot =
be+ bµ+ bπ

ae+aµ+aπ

Fig. 2. Asymmetry Λi for the cases of e+e− pair, µ+µ− pair
and π+π− pair production as a function of q

Fig. 3. Asymmetry Λi for the cases of e+e− pair, µ+µ− pair
and π+π− pair production and also Λtot as functions of the
scattering angle θ

can be considered as the asymmetry averaged over all pro-
cesses, which estimates the total influence of the linear
polarization of the initial photon on the value of the azi-
muthal asymmetry of the recoil proton. This value is also
presented in Fig. 3.

1 Discussion

From Figs. 2 and 3 one can see that in the inclusive setup
of the process of charged pair production by interaction
of a linearly polarized high energy photon with a proton,
the distribution of the recoil proton has a rather essential
azimuthal asymmetry, from 0.02 at relatively small polar
angles θ up to Λtot ∼ 0.05 at θ ∼ π/2.
In an exclusive setup for the processes with more heavy

particles than e+e−, the mentioned asymmetry increases.
Particularly interesting is the process of π+π− pair photo-
production. One can see that the azimuthal asymmetry of
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the recoil proton in this process reaches the value Λπ ∼ 0.5
at the region of small transferred momentum or for po-
lar angles close to the value θ ∼ π/2. The connection of
the process of lepton pair production by exclusive photon–
proton scattering with generalized parton distributions is
investigated in [4].
For the recoil proton in the inclusive setup the distribu-

tion is the sum over all possible channels, including fermion
(e+e−, µ+µ− and τ+, τ−) and pseudoscalar meson (π+π−

and K+K−) pairs. The production of heavy resonances
such as ρ± meson can be excluded using experimental cuts.
The suggested method of measuring the recoil distri-

butions can provide an independent way to control the
luminosity and polarization properties of the photon beam.
In [5] the photoproduction of an electron–positron pair

on an electron was considered in lowest order of PT. The
radiative corrections to the cross section were considered
in [6] and in all orders of PT in the parameter Zα in [7] –
both for the unpolarized case. It turns out that for Z < 6
our results can be applied to the photoproduction on nuclei
with a relevant modification of F (q2). The radiative cor-
rections can change the values of ai and bi/ai in ranges of
1–2%.
The proton recoil momentummeasurements can as well

be arranged in ep→Xep′ and pp→Xpp′ experiments with
the initial proton at rest. Using the Weizsäcker–Williams
approximation the corresponding cross sections can be
written as

dσep→Xep′ =
2α

π

s/(2M)∫
2m

dω

ω

[
ln

s

2ωme
−
1

2

]
dσγp→aāp

′

(14)

for electron–proton collisions and

dσpp→Xpp′ =
2α

π

s/(2M)∫
2m

dω

ω

[
ln
s

2Mω
−
1

2

]
dσγp→aāp

′
,

(15)

for proton–proton collisions with s = 2EM ; E is the en-
ergy of the initial electron or proton, and dσγp→aāp

′
is

given above. Inferring these formulae we supposed that the
transversal momentum of projectile (e or p) does not ex-
ceedM . The polarization vector of a virtual photon inter-
acting with a proton at rest is directed along the transverse
momentum of the projectile.
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Appendix

Amore exact formula that takes into account power correc-
tions for the recoil proton momentum has the form [8]

p=M
(s−M2)

(
s− s1−m2

)
cos θ± (s+M2)

√
D1

4M2s+(s−M2)2 sin2 θ
,

D1 =
(
s− s1+m

2
)2
−4M2s− (s−M2)2 sin2 θ . (A.1)

Under the condition s�M2 the upper branch of (A.1)
passes to

p=M

(
2 cos θ

sin2 θ
−
M2

s

(1+cos2 θ)(1+3 cos2 θ)

cos θ sin4 θ

−
(s1−4m2)

s

(1+cos2 θ)

cos θ sin2 θ
+O

(
M4

s2
,
s21
s2

))
,

(A.2)

with s1 the invariant mass square of the pair produced.
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