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Photoproduction of electron-positron pairs on the proton in the resonance region
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Production of lepton pairs in thegp→e2e1p reaction is studied at photon energies up to 1 GeV. We show
that even if lepton charge is not measured there are extensive kinematical regimes where the nuclear process
dominates over the Bethe-Heitler contribution. The decomposition is performed of the unpolarized cross
section for virtual Compton scattering in terms of response functions. These are expressed in terms of a
polarization density matrix of the virtual photon and are shown to be sensitive to the properties of baryon
resonances in the first and the second resonance regions. In the analysis a unitaryK-matrix model is used,
based on an effective Lagrangian including nucleon, mesons, and baryon resonances with masses up to 1.7
GeV. Results of the model are compared with data for real-photon Compton scattering and predictions are
given for observables in photoproduction of lepton pairs.

PACS number~s!: 25.20.Lj, 13.30.2a, 13.40.2f, 13.60.Fz
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I. INTRODUCTION

Compton scattering~CS! on the proton with real and vir
tual photons is a fundamental process which provides in
mation on the internal structure of the proton and its exci
states. Virtual CS where the initial photon is spacelike, i
the reactione2p→e2pg, has recently attracted considerab
attention. Below the pion production threshold it allows, v
an interference of the Bethe-Heitler~BH! process with the
proton virtual CS, to measure the generalized polarizabili
of the proton. For a review we refer to Refs.@1,2#.

Virtual CS in the timelike region, the reactiongp
→e2e1p, is of interest for complementarity reasons. T
process is sensitive to the nucleon electromagnetic~e.m.!
form factors in the region 0,k2,4m2 ~where m is the
nucleon mass,k is the photon momentum!, which are not
accessible in elastic electron-proton scattering ore1e2 an-

nihilation topp̄. This possibility was explored in Ref.@3#. In
the present paper the main interest is to investigate de
dence of the polarization density matrix of the virtual phot
on various contributions to the nuclear matrix element.

In certain parts of phase space the cross section is d
nated by the BH process. Only when lepton charges are m
sured this can be turned to an advantage by measurin
e1e2 asymmetry which is directly proportional to the virtu
CS-BH interference. This was suggested long ago@4# and
more recently elaborated in Refs.@5–7#.

In this paper we study the situation where the electron
positron in thegp→e2e1p reaction are not distinguishe
which is the case for experiments which are being done
MAMI ~Mainz! @8#. Under such conditions, because of t
different charge-conjugation parity of virtual CS and BH a
plitudes@9#, the above interference vanishes and one is
with the incoherent sum of virtual CS and BH contribution
We show that there are large kinematical regimes where
more interesting virtual CS on the proton is domina
mainly at backward angles for the virtual photon. In the
conditions the~unpolarized! gN→e2e1N cross section can
be decomposed in terms of response functions~RFs!, as is
usually done for exclusive electron scattering on nuclei~see,
0556-2813/2000/62~1!/015205~13!/$15.00 62 0152
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e.g., Ref.@10#!. In addition to the transverse RF, which ca
also be measured in unpolarized CS with real photons, th
are three more RFs for dilepton production. These are
rectly related to polarization properties of the virtual photo
To make this link more transparent we apply to thegN
→g* N reaction the density matrix formalism develope
@11# for the photoproduction of vector mesons on the prot

Differential cross sections and RFs for thegp→e2e1p
reaction are calculated in the unitaryK-matrix model previ-
ously developed@12,13# for pion-nucleon scattering, pion
photoproduction, and real-photon CS. Before applying
model to virtual CS we compare its predictions to data
real CS in the energy region up to 1 GeV.

In the calculation of virtual CS we concentrate on the fi
and the second resonance regions which are clearly see
the cross section for real CS. The cross section and elem
of the polarization density matrixrll8 are calculated for two
energies corresponding to excitation of theP33(1232) and
the D13(1520) resonances. We study effects of different
action mechanisms on these observables. In particular,
the D region it is of interest to investigate the effect
t-channel exchange of thes meson.

At photon energies of about 700 MeV photon invaria
masses up to'540 MeV become accessible. In this ener
regime several contributions are important, in particular,
D13(1520) andS11(1535) resonances, ands exchange. Due
to their different influence on the density matrix elemen
rll8 these contributions can be distinguished in an exp
ment provided RFs are extracted. Cross section and o
observables are also sensitive to theG3(k2) coupling in the
gND13(1520) vertex which is specific for virtual photon an
does not contribute to real CS.

The paper is organized as follows. In Sec. II we spec
variables and give the expression for the exclusive cross
tion. The decomposition of the virtual CS cross section
terms of RFs is presented. Relations between RFs and p
ization density matrix elements are established and the l
of ‘‘almost’’ real photons is considered. We briefly discu
ingredients of the dynamical model used and compare ca
lated cross sections and polarization observables with
©2000 The American Physical Society05-1
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for real CS. In Sec. III kinematical regimes are investiga
where the BH contribution can be neglected compared
virtual CS. Results for responseWS5WT1WL and elements
of the photon density matrix are presented. Conclusions
given in Sec. IV. In the Appendix expressions for RFs
virtual CS and polarization observables for real CS in ter
of helicity amplitudes are collected.

II. FORMALISM

A. Cross section forgp\eÀe¿p reaction

If q5(q05uqW u,qW ) is the momentum of the incoming rea
photon andk5(k0 ,kW )5k21k1 the momentum of the out
going virtual photon~see Fig. 1!, the fully exclusive cross
section in the c.m. frame can be written as1

ds~e2e1!

dMgdVgdV l
5K e2e1uABH1AVCSu2, ~1!

whereMg5Ak2 is the photon invariant mass andK e2e1 is
the kinematical factor

K e2e15
m2me

2

2~2p!5s

ukW u

uqW u

4u lWu3

Mgb2k0

. ~2!

Here m(me) is the proton ~electron! mass, b5(1
24me

2/Mg
2)1/2 is thee2 (e1) velocity in the virtual-photon

rest frame, ands is the invariant energy squared. The avera
over initial and sum over final polarizations of all particles
implied in Eq.~1! as well as in the following.

To describe thee2e1 pair the relative four-momentuml
5 1

2 (k22k1) has been introduced@15#. The orientation oflW
is determined by the polar angleu l and the azimuthal~or
out-of-plane! anglef l which are defined in the frame wit
OZ axis alongkW andOY axis alongkW3qW . The magnitude of
lW is given by

u lWu5
Mgbk0

2~Mg
21kW2 sin2u l !

1/2
~3!

1We follow the notation of Ref.@14#.

FIG. 1. Tree-level graphs describing thegN→e2e1N process.
Diagrams~a!–~f! correspond to virtual CS on the nucleon,~g! and
~h! to the Bethe-Heitler contribution. Single~double! solid line de-
picts a nucleon~baryon resonance!, wavy line a photon, dashed lin
p0, s, and h mesons. Diagram~f! describes a possible conta
gg* NN vertex.
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with k05(s2m21Mg
2)/2As and kW25k0

22Mg
2 . The solid

angle differential dV l stands for d cosuldfl , and dVg

5d cosugdfg , whereug is the angle between vectorskW and
qW . The azimuthal anglefg is superfluous and can be chos
zero. For more details about kinematics we refer to previ
papers one2e1 production in capture reactions@15,16# and
NN bremsstrahlung@17#.

The Bethe-Heitler (ABH) and the virtual CS (AVCS) am-
plitudes are functions of five variables:s,Mg ,ug ,u l , and
f l . Before proceeding further one can exploit the differe
charge-conjugation properties of these amplitudes@9#. Inter-
changing variables describinge2 and e1, which meanslW

→2 lW and interchangee2 and e1 helicities, leads to the
relations

uABH~u l ,f l !u25uABH~p2u l ,p1f l !u2,

uAVCS~u l ,f l !u25uAVCS~p2u l ,p1f l !u2,

ABH* ~u l ,f l !AVCS~u l ,f l !52ABH* ~p2u l ,p1f l !

3AVCS~p2u l ,p1f l !, ~4!

whereu l varies from 0° to 180° and only the dilepton angl
are indicated. Therefore, if the electron and positron can
be distinguished in an experiment, the cross section is
incoherent sum ds̄(e2e1)5ds(e2e1)1ds(e1e2) ,
which results in

ds̄~e2e1!

dMgdVgdV l
52K e2e1~ uABHu21uAVCSu2!, ~5!

where the interference term drops out.
Another interesting observable, thee2e1 asymmetry,

which is proportional to the virtual CS-BH interference~see
Refs. @4–7#!, will not be addressed here. Measuring th
would require detection of the charges of the leptons.

The expression forABH can be read off diagrams~g!,~h!
in Fig. 1. After some algebra it takes the form

ABH5
e3

Q2
ū~k2!FgmS k1

n

k1q
2

k2
n

k2qD
1

gnq”gm

2k2q
2

gmq”gn

2k1q Gv~k1!ū~p8,L8!

3FF1~Q2!gm1 i
smrQr

2m
F2~Q2!G

3u~p,L!en~l!, ~6!

whereu(p,L) @ ū(p8,L8)# is the spinor of the initial~final!
nucleon with momentump (p8) and helicity L (L8). In
Eq. ~6! e is the proton charge,ū(k2) and v(k1) are the
lepton spinors~omitting spin indices!, ande(l) is the photon
polarization vector for helicityl. The nucleon e.m. form
factorsF1,2(Q

2) depend on the momentumQ5p82p.
The virtual CS matrix element is
5-2
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AVCS5
e2

Mg
2
ū~k2!gmv~k1!Jm, ~7!

where the e.m. currentJm is expressed through the CS tens
Mmn

Jm5eū~p8,L8!Mmnu~p,L!en~l!. ~8!

Some of the ingredients in the calculation ofMmn are dis-
cussed in Sec. II C.

Note that the real CS matrix element (ARCS) can be writ-
ten in this notation as

ARCS5e2e
m

8*
~l8!ū~p8,L8!Mmnu~p,L!en~l! ~9!

with e8(l8) being the transverse polarization vector of t
final photon which is real in this case.

B. Response functions and polarization density matrix

In kinematics where virtual CS is the dominant proces
is of interest to decompose the cross section in terms
response functions, similar to what is common practice in
spacelike region. We will not go into much detail becau
the derivation is similar toe2e1 production in other reac
tions @15–17#.

After summing over lepton polarizations and making u
of gauge invariancekJ50 one obtains in the c.m. frame

ds̄~e2e1!

dMgdVgdV l
5

a2m2u lWu3

2p3sMg
3b2k0

ukW u

uqW u
2S, ~10!

S5WTxT1WLxL1WTTxTT cos 2f l1WLTxLT cosf l ,
~11!

where a is the fine-structure constant,Wi[Wi(s,ug ,Mg)
are RFs fori 5T,L,TT, andLT, and the factor 2 in front of
S comes from the definition Eq.~5!. Dependence on the po
lar angleu l is contained in the factorsxi

xT5122
lW2

Mg
2
sin2u l , xL5124

lW2

k0
2
cos2u l ,

xTT52
lW2

Mg
2
sin2u l , xLT5A2

lW2

Mgk0
sin 2u l , ~12!

whereu lWu, which also depends onu l , is defined in Eq.~3!.
RFs are defined in terms of the space componentsJi of

the e.m. current as@16#

WT5
1

4 (
polar

uJxu21uJyu2, WL5
1

4

k2

k0
2 (

polar
uJzu2,

WTT5
1

4 (
polar

uJyu22uJxu2,
01520
r
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WLT52
1

4

Ak2

k0
(
polar

2A2Re~Jz* Jx!, ~13!

where the sum runs over the proton and initial photon po
izations.

It is interesting to note that certain combinations of t
e.m. current vanish due to reflection symmetry (OY→
2OY) with respect to the scattering planeOXZ:

(
polar

Re~Jx* Jy!5 (
polar

Im ~Jx* Jy!

5 (
polar

Re~Jz* Jy!5 (
polar

Im ~Jz* Jy!50.

~14!

These constraints are specific for a two-body final state s
asN 1g* and may be useful for checking consistency o
model.

Experimental separation of RFs can be performed us
the different dependencies of the kinematical factors in
~11! on the dilepton angles. In Ref.@18# an example of such
a separation for the case ofNN virtual bremsstrahlung is
discussed.

To obtain some further insight we relate the above RFs
elements of the polarization density matrixr̂ of the virtual
photon. The formalism of the polarization density matrix h
been used before in production of vector mesonsr,v ~see
Refs.@19,11,20,21#!. One introduces the 333 density matrix
for a spin-1 particle@11#

r̂5S r11 r10 r121

r10* r00 2r10*

r121 2r10 r11

D , ~15!

in the helicity basisl,l850,61. It satisfies the conditions
of hermiticity rll85rl8l

* , parity conservation rll85

(21)l2l8r2l2l8 , and has a unit trace@r115
1
2 (12r00)#.

r00 andr121 are thus real quantities while the elementr10 is,
in general, complex.

The form~15! is valid only for a reaction with a two-body
final state~such asN1g* ), in which the initial hadron and
photon are not polarized and the polarization of the fi
hadron is not measured. If the initial photon ingN→g* N is
~fully or partially! polarized the general density matrix
more complicated@11#.

From the density matrix and thege2e1 vertex, which is
well known from QED, one can obtain the angular distrib
tion F( ū l ,f̄ l) of g* decay intoe2e1. In the virtual-photon
rest frame it takes the form~see Ref.@22#,2 Chap. 4-13!

2There is a misprint in Eq.~13.14! of this reference: in front ofa1

there should be an additional factor of 1/2.
5-3
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F~ ū l ,f̄ l !5
1

4p H 12
b2

32b2 F1

2
~3r0021!~3 cos2ū l21!

23r121 sin2ū l cos 2f̄ l

23A2Rer10sin 2ū l cosf̄ l G J , ~16!

where b is defined after Eq.~2! and (ū l , f̄ l) denote the
dilepton angles.

Expression~11! in terms of RFs, boosted to theg* rest
frame, can be cast in the form~details on the angle transfor
mation can be found in Refs.@15,17#!

S5WTS 12
1

2
b2 sin2ū l D1WL~12b2 cos2ū l !

1WTT

1

2
b2 sin2ū l cos 2f̄ l1WLT

1

2A2
b2 sin 2ū l cosf̄ l

5S 12
b2

3 DWSH 12
b2

32b2 F2WL2WT

2WS
~3 cos2ū l21!

2
3WTT

2WS
sin2ū l cos 2f̄ l2

3WLT

2A2WS

sin 2ū l cosf̄ l G J , ~17!

whereWS[WT1WL . It is seen that the angle dependent p
of S has the same structure asF( ū l ,f̄ l) in Eq. ~16!. Com-
paring terms with the same angle factors one obtains

r005
WL

WS
, r1215

WTT

2WS
, Rer105

WLT

4WS
. ~18!
ion
a-

01520
t

Note that the imaginary part ofr10 does not enter in the
g* →e2e1 angular distribution ~cf. @11# for gN→rN
→ppN). For completeness we give an expression
Im r10 through an additional~independent! function W̃LT :

Im r105
W̃LT

4WS
, W̃LT52

1

4

Ak2

k0
(
polar

2A2 Im ~Jz* Jx!.

~19!

WLT andW̃LT can be regarded as the real and the imagin
parts of one complex function. Thus only three~out of four
independent! components of the photon-polarization dens
matrix in addition to the cross section can be determin
from measuring WT ,WL ,WTT , and WLT in the gN
→e2e1N reaction with unpolarized leptons.

SinceuWTTu<WT<WS @see definitions in Eqs.~13!#, the
following inequalities are in order:

0<r00<1, ur121u<
1

2
~12r00!<

1

2
. ~20!

The upper bound forr10 was obtained in Ref.@19# using the
Schwartz inequality

ur10u<
1

2
Ar00~12r0022r121!<

1

A2
Ar00~12r00!<

1

2A2
.

~21!

Additional constraints have recently been derived in R
@21#.

Sometimes~see Refs.@23,20#! the density matrix for the
spin-1 particle is expressed in terms of tensor and ve
polarizations
r̂5
1

3S 11
1

A2
t20 A3

2
t112A3

2
t21 A3t22

2A3

2
t112A3

2
t21 12A2t20 A3

2
t111A3

2
t21

A3t22 2A3

2
t111A3

2
t21 11

1

A2
t20

D , ~22!
in
where the tensor polarizationst20, t21, andt22 are real, and
t11 is purely imaginary and related to the vector polarizat
py via t1152 i (A3/2)py . Relations between these polariz
tions and elementsrll8 follow from Eqs.~15! and ~22!,

r005
1

3
~12A2t20!, r1215

1

A3
t22,
Rer1052
1

A6
t21, Im r1052

i

A6
t11. ~23!

Using Eqs.~18! and~23! one can express the polarizations
terms of RFs

t205
1

A2

WT22WL

WS
, t225

A3

2

WTT

WS
,

5-4
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t2152
A3

2A2

WLT

WS
, t115 i

A3

2A2

W̃LT

WS
. ~24!

As a last point it is interesting to consider the limiting case
small invariant massesMg close to the threshold valueMg

th

52me . In this case the longitudinal component of the e.
current becomes negligibly small, and elementsr00 andr10

vanish. As follows from Eqs.~24!, t20→1/A2, t21, t11→0.
In this limit Eq. ~15! reduces to

r̂5
1

2 S 1 0
WTT

WT

0 0 0

WTT

WT
0 1

D . ~25!

From a physical point of view this limit is close to real CS.
real photon is, in general, described by the 232 density
matrix in the helicity basis@11#

r̂g5
1

2 S 16I C 2I L exp~22ic!

2I L exp~2ic! 17I C
D , ~26!

whereI L(I C) is the degree of linear~circular! polarization,c
is the angle between the direction of linear polarization a
the OX axis, and1 (2) stands for the right~left! circular
polarization. Comparing Eqs.~26! with ~25! ~dropping there
the superfluous line and column with elements equal to z!
one finds

I C50, I L5
uWTTu
WT

,1,

c5H 0, if sgn~WTT!521,

p

2
, if sgn~WTT!511.

~27!

Thus the ‘‘quasireal’’ photon has no circular polarizatio
and may have a linear polarization along theOX axis ~in the
scattering plane!, or along theOY axis ~perpendicular to the
scattering plane! depending on the sign of the interferen
WTT . Note that this is a particular feature of any reacti
with unpolarized particles in coplanar kinematics and can
understood based on reflection symmetry with respect to
scattering plane.

The photon asymmetry@24#, as can be measured in re
CS with a linearly polarized photon beam, is related toWT

r

and WTT
r ~the superscript ‘‘r’’ denotes taking the real C

limit !. If there are no bound states in the energy regime
interest, the RFs fore2e1 production behave smoothly a
01520
f

.

d

o

,

e
e

f

functions3 of Mg and the threshold valuesWT, TT at Mg

52me can be used to calculateWT, TT
r . Making use of Eq.

~26! and time-reversal invariance one obtains for the real
cross section

ds~g!

dVg
5

am2

4ps
~WT

r 2WTT
r I L cos 2c!, ~28!

where the anglec specifies the direction of the incomin
photon polarization and all other particles are not polariz
The cross section for unpolarized photons is expressed
WT

r , and the asymmetry is proportional to the interferen
WTT

r :

Sg5
d s'~g!2d s i~g!

d s'~g!1d s i~g!
5

WTT
r

WT
r

. ~29!

Calculations of the cross section and RFs for virtual and r
CS are performed in the helicity formalism~see the Appen-
dix where details are presented!.

It is of interest to make a link between the representat
in Eq. ~11! and the longitudinal–transverse (L-T) decompo-
sition established for electron scattering on nuclei. At inva
ant massesMg considerably larger than 2me one can rewrite
Eq. ~11! as

S52xTF S 1

2
WTD2«1 ~2WL!2«1 cos 2f l S 2

1

2
WTTD

1hA2«1~12«1!cosf lS 1

2A2
WLTD G , ~30!

whereh5sgn(sin 2ul), and«15(12xT)/xT which satisfies
the conditions 0,«1,1. Expression~30! is similar to the
L-T decomposition used in electron scattering~see, e.g.,
Refs.@10,25#! To obtain exactly the same form one can ma
in Eq. ~30! the formal substitutionsk2→2uk2u and «1→
2«2 . This results in

S52xT@RT1«2RL1«2 cos 2f lRTT

1hA2«2~11«2!cosf lRLT#, ~31!

where RFs for the electron scattering, denoted byRi , are
related toWi via

RT5
1

2
WT , RL52WL , RTT52

1

2
WTT ,

3In principle, kinematical conditions exist when the electron int
acts strongly with the proton via the Coulomb attraction and may
captured in a hydrogen atom. However, this happens in a tiny
gion of the phase space and is neglected in the present m
Likewise the Coulomb interaction between thee2 and thee1 and
possible formation of positronium is not considered.
5-5
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FIG. 2. Differential cross sec-
tion ~top!, photon asymmetry
~middle!, and recoil-proton polar-
ization ~bottom! for real-photon
Compton scattering as a functio
of photon energy. Solid~dashed!
lines are the present model calcu
lations with the parameter set A
~B!, dotted lines are calculation
from Ref.@31#. Data for cross sec-
tions are left panel:d Mainz @33#,
! Cornell @36#, n MIT @37#, L
Bonn @38#, s Tokyo @39#; right
panel: d Bonn @38#, s Tokyo
@40#, h Moscow ~Lebedev Insti-
tute! @41#. Data for photon asym-
metry: s LEGS Collaboration
@42#, d Erevan@43#; and for pro-
ton polarization:s Tokyo @44#.
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RLT52
i

2A2
WLT . ~32!

Comparison of Eq.~31! with the L-T decomposition in@25#
@Eqs.~22!,~23!# suggests that«2 has a meaning of degree o
transverse polarization of the spacelike photon. The inter
enceRLT is of course a real function in this case since t
factor i merely accounts forAk2→ iAuk2u in the definition of
Eqs.~13!.

C. Description of the model and comparison with data for
real Compton scattering

As mentioned in Sec. I we employ theK-matrix model
which is unitary in the channel spacepN% gN. The tree-
level K matrix includes the four-star baryon resonanc
P11~N1440!, D13~N1520!, S11~N1535!, S11~N1650!,
P33(D1232), S31(D1620), andD33(D1700) in thes- and
u-type diagrams. Thet-channel contributions come from th
exchange ofs andr mesons~for pN scattering!, p, r, and
v mesons~for pion photoproduction!, and p0, h, and s
mesons~for CS!. The amplitude for CS is shown in Fig. 1
diagrams~a!–~f!. For more details about the model we ref
to Ref. @13#. In order to calculate the virtual CS the longitu
dinally polarized photons have also been taken into acco

In this paper we concentrate on theP33(1232) and the
D13(1520) resonance regions. ThegNR vertex for the e.m.
couplings of the spin-3/2 resonances is chosen as foll
@26–29#:
01520
r-

s

t.

s

VNg→Ra5
ie

2m FG1~k2!uab~z1!gd2
G2~k2!

2m
uab~z2!pd

2
G3~k2!

2m
uab~z3!kdGG~kbed2kdeb!, ~33!

and VRa→Ng52g0VNg→Ra
† g0. In Eq. ~33! p (k) is the

nucleon~photon! momentum ande is the photon polarization
vector. For isospin-1/2 resonancesGi(k

2)5@gi
(p)(11t3)/2

1gi
(n)(12t3)/2#FVMD(k2), while for isospin-3/2 case

Gi(k
2)5giT3FVMD(k2), where T3 is 1/2↔3/2 isospin-

transition operator andFVMD(k2) is the form factor in the
extended VMD model@30#. Note that theG3(k2) term con-
tributes only for virtual photons. Further,G5(g5 ,1) for the
resonances (3/21, 3/22), and the tensoruab(zi)5gab
1aigagb with ai[2(1/21zi) contains the off-shell param
eter zi @26,27#, where i 51,2,3 . In the present work we
show calculations for two parameter sets A and B:~A! ai
50 for all spin-3/2 resonances,~B! a150.12, a250.5, a3
50 for theD13(1520), andai50 for other resonances. Th
fitted values of the couplings (g1 , g2) are~4.9, 5.27! for the
P33(1232),~7.25, 7.9! for theD13(1520) ~on the proton!, and
~1.74, 4.75! for the D33(1700).

The cross section for real CS on the proton and polar
tion observables are presented in Fig. 2 for photon ener
up to 1 GeV. The cross section in theD-resonance region
agrees with the data as well as with other calculations wh
are based on dispersion relations@31–34#, and an effective
Lagrangian@35#. For comparison we show results of the ca
5-6
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culations from Ref.@31# ~dotted lines! as they extend to high
energies. In Ref.@31# the imaginary part of the Compto
amplitude is calculated directly from pion-photoproducti
data and the real part is calculated using fixed-t unsubtracted
dispersion relations. Our model and@31# give the same re-
sults for the photon asymmetrySg at theD resonance, how-
ever they predict a different slope. Similar disagreement w
noticed in@35#—it may point to the importance of analyticit
constraints in the calculation of the Compton amplitude. T
data@43# for the photon asymmetry atug590° and energy
Eg

lab>500 MeV are not reproduced by the calculation w
set A. The description improves with set B~dashed lines!
though both parameter sets give very close results for c
sections~top panels!. For the photon angle 120° the diffe
ence between solid and dashed lines forSg diminishes and
the data do not allow to distinguish between the two para
eter sets. The recoil-proton polarizationPy

pr ~Fig. 2, bottom!
vanishes below the pion-production threshold since
imaginary part of the amplitude due topN rescattering is
zero.4 The behavior ofPy

pr is in agreement with the presen
calculation as well as with the model@31#, although the error
bars on the data are large. Above'900 MeV the presen
model loses predictive power as tails of the higher re
nances~not included in the model! will start to influence the
cross section.

III. RESULTS OF CALCULATIONS AND DISCUSSION

A. Cross sections for virtual Compton scattering

Calculations of the exclusive differential cross sectio
for gp→e2e1p at two photon energies are shown in Fig.
The energyEg

lab5320 MeV corresponds to theD resonance,
andEg

lab5700 MeV roughly corresponds to the region of t
D13(1520). At fixed energy the cross section depends on f
essential variables. In presenting the results we will there
fix some of them. The virtual-photon scattering angleug is
chosen in the backward hemisphere as our calculations
cate that this provides favorable conditions to suppress
BH contribution.

In Fig. 3 the azimuthal lepton angle was fixed in plan
i.e., f l50 ~coplanar kinematics!. For the case whene2 and
e1 are not distinguished the angle combination$f l50,u l% is
equivalent to $f l5p, p2u l%. The results are shown a
function of the polar angleu l at several values of the photo
invariant mass.

The feature of the BH cross section~dashed lines! in co-
planar kinematics is a pronounced peak which devel
when either electron or positron moves along the direction
the initial photon. The propagator of the lepton in the B
amplitude in Fig. 1@diagrams~g!,~h!# becomes large in this
case. As is seen from Fig. 3, with increasingMg the BH peak
is shifted towards larger anglesu l , and forMg5500 MeV
~Fig. 3, right, bottom! it occurs at the angleuBH532°. The
maximal photon invariant mass at a given energy is de

4Contribution to the imaginary part from thegN rescattering is of
the ordere4 and thus negligibly small.
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mined from the relationMg
max5As2m and corresponds to

production of leptons with energiese25e15 1
2 Mg

max and

momentakW 252kW 1 . At this so-called kinematical limit the
position of the peak reaches the maximal angleuBH

max5p
2ug which, for instance, forEg

lab5700 MeV andug5135°
takes the value 45° atMg

max5543 MeV.
An example of a calculation in noncoplanar kinematics

shown in Fig. 4. It is seen that the BH peak disappears as

FIG. 3. Exclusive differential cross section in the c.m. as a fu
tion of lepton ‘‘sharing’’ angleu l in coplanar kinematics. Left pane
corresponds toEg

lab5320 MeV, right panel toEg
lab5700 MeV. The

virtual-photon angle isug5135°. Dashed and solid lines are, r
spectively, the Bethe-Heitler and the virtual Compton scatter
~parameter set A! contributions.

FIG. 4. Exclusive cross section at an incoming energy of 7
MeV in noncoplanar kinematics. Notation for the curves is the sa
as in Fig. 3.
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TABLE I. Minimal photon angle~defined in Sec. III A! as a function of photon invariant mass.

Eg
lab5320 MeV (Mg

max5278 MeV! Eg
lab5700 MeV (Mg

max5543 MeV!

Mg ~MeV! ug
min ~deg! Mg ~MeV! ug

min ~deg!

5 30 5 30
50 90 50 60
100 120 100 70
150 150 150 90
200 170 250 110

350 130
450 150
530 170
n
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momentum ofe2 or e1 cannot be collinear to the photo
momentum in this case. Thef l dependence of the nuclea
CS cross section is governed by the interference RFs w
stand in front of cosfl and cos 2fl in Eq. ~11!. The f l de-
pendence of the BH contribution is more complicated.

At small invariant masses the nuclear CS cross sec
~Fig. 3, solid lines! shows a distinct peaking at forward an
backward angles, while at large invariant masses it tend
flatten. This behavior can be understood from Eq.~10!. As-
suming that (Mg /2me)

2@1 one can show that the relativ
e2e1 momentum obeys the condition

u lWu5H 1

2
Mg~sin2u l1Mg

2/kW2!21/2, if Mg!ukW u,

1

2
Mg , if ukW u!Mg;Mg

max.

~34!

Therefore at smallMg the phase-space factoru lWu3 rapidly
increases asu l approaches 0° or 180°. The functionsWT and
WTT become the dominant contributions in Eq.~11! and u l
dependence ofS is determined byxT andxTT :

xT5
sin2u l12Mg

2/kW2

2~sin2u l1Mg
2/kW2!

, xTT5
sin2u l

2~sin2u l1Mg
2/kW2!

.

~35!

These are also rapidly changing functions, namely,xT in-
creases from 1/2 to 1 andxTT decreases from 1/2 to 0 whe
u l approaches 0° or 180°. The productu lWu3S determines the
behavior of the cross section shown in the top panels of
3. At large invariant masses the phase-space factor is i
pendent of the angle. Theu l dependence of the cross secti
then comes only from the factorsxi in Eqs. ~12! and turns
out to be rather flat for this particular kinematics.

Even if one moves away from the BH peak there is stil
BH background. With increasingMg its relative importance
increases as is seen from Figs. 3,4. Therefore one ha
choose a relatively largeug to obtain the situation in which
the BH contribution can be ignored with respect to virtu
CS. There is a relation betweenMg and the angleug

min which
we define as the photon scattering angle, where virtual C
larger than BH by approximately one order of magnitud
The dependence is shown in Table I for two energies@for
01520
ch
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to
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~almost! coplanar kinematicsu l is taken to be larger thanuBH

to suppress the BH peak#. As follows from Table I favorable
conditions in theD region are at invariant masses up
'200 MeV. At larger values ofMg the BH background
becomes comparable to or larger than virtual CS at all an
ug . At an energy of 700 MeV larger invariant masses up
'500 MeV become accessible.

B. Results for response functions in virtual Compton
scattering

In Figs. 5–7 the responseWS5WT1WL and the ratios of
RFs @or elements of the density matrix defined in Eq

FIG. 5. ResponseWS5WT1WL ~top! and polarization density
matrix versus virtual-photon invariant massMg ~left! and photon
angleug ~right!. Incoming photon energy is 320 MeV. Solid line
are calculated with the total amplitude, dashed lines withouts ex-
change.
5-8
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~18!,~19!# are shown. The calculations are presented with
parameter set B, as it gives better description of the pho
asymmetry in real CS.

First one notices from the angular distributions that
ug50° and 180° the interference termsr121 andr10 vanish,
that can be explained from rotation symmetry around
beam axis. This property serves as an additional test of
model.

In the D region ~Fig. 5! the transverse RF is dominan
over the whole interval ofMg . We studied the contribution
of the additional couplingG3(k2) in the gND vertex in Eq.
~33! by varying g3 within the limits 6g2. The effect turns
out to be extremely small. This is due to smallk2

<0.08 GeV2 which can be reached at this energy, and
dominance of the magneticf MM

11 transition, which is very
weakly dependent onG3(k2). There is an effect ofs ex-
change on the interference RFs, or onr121 andr10 ~compare
solid and dashed curves in Fig. 5!. This is interesting in view
of the very small contribution of sigma exchange to the cr
section near theD peak. However, the region ofMg above
' 150 MeV will be difficult to access due to large BH co
tribution ~see Table I!. The angular distribution ofWS at
fixed Mg is similar to real CS cross sectionds(g)/dVg ,
and is determined by the dominantM1 multipole and its
interference withE1 andE2 multipoles.

At a higher photon energy, shown in Figs. 6,7, the tra
verse response is still rather substantial. In Fig. 6 the eff

FIG. 6. The same as in Fig. 5 but at photon energy 700 M
Solid lines show the calculation with the total amplitude~parameter
set B!, dotted lines withoutD13(1520) resonance, dash-dotted lin
without S11(1535) contribution, short-dashed lines withouts ex-
change, and long-dashed lines are calculated with the total am
tude ~parameter set A!.
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of the important contributions are shown by switching off t
corresponding process. The effect of theD13(1520) reso-
nance is clearly seen in a pronounced angular distribu
while other contributions give rise to a flat background~dot-
ted lines! with Im r10 as an exception. This background
r121 and Rer10 is also independent ofMg as is seen in the
left panel. Other important contributions in this energy r
gion are theS11(1535) excitation and thes exchange. The
S11 resonance contributes 10–20 % to the cross sectio
Mg5300 MeV, and also tor00 and Rer10 at backward
angles; its role increases with increasing invariant masss
exchange, as at-channel contribution, shows up at backwa
angles with the exception of Imr10, where it is seen at for-
ward angles. There is also a small contribution tor121 from
the D33(1700), however, its effect is not shown separat
because the e.m. couplings of this resonance could no
fixed quite accurately from pion photoproduction. We shou
emphasize that all contributions add coherently in the to
amplitude resulting in a strong interference. In particular,
P33(1232) resonance, through an interference, affects
servables in the second resonance region.

For comparison we also present calculations with the
rameter set A~long-dashed lines!. In WS large differences
between the set A and set B appear atug,90° and large

.

li- FIG. 7. ResponseWS5WT1WL ~top! and rll8 calculated for
different values ofg3 in the gND13 vertex Eq.~33!. Solid lines:
g350, dashed lines:g3523.3 ~from pion electroproduction!, and
dotted lines:g3527.9. Couplingsg1 andg2 are, respectively, 7.25
and 7.9.
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TABLE II. Electromagnetic helicity amplitudes and pion-production multipoles forD13(1520) and

P33(1232) resonances in model@47#. F(kW2)5(11a2kW2)22, b25mqk0 /gq , andmq ,mq ,gq , anda are, re-
spectively, constituent quark mass, scale magnetic moment, gyromagnetic ratio, and scale parame
constantf 5(p/k0)1/2(kgmGpN /4pqpMRG tot

2 )1/2 relates helicity amplitudes to e.m. multipoles, wherekg is
equivalent real-photon energy,qp is pion three-momentum,GpN(G tot) is one-pion~total! decay width of the
resonance.

D13(1520), I 51/2 ~proton! P33(1232), I 53/2

Sk0

p D1/2

A1/2 2i (kW22b2)aF(kW2)mq 2
2A2

3
ukW uF(kW2)mq

Sk0

p D1/2

A3/2 22iA3b2aF(kW2)mq 2
2A2

A3
ukW uF(kW2)mq

A1/2/A3/2
1

A3
S 12

kW2

b2D 1

A3

E22
I (E1) i

A3
(kW224b2)aF(kW2)mqf

E11
I (E2) 0

M11
I (M1) 4

A3
ukW uF(kW2)mqf

M22
I (M2) 2

i

A3
kW2aF~kW2!mqf
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invariant masses, on average the differences are about
The most striking effects can be observed inr00, r121, and
Rer10 ~compare solid and long-dashed lines in Fig. 6!. The
big difference inr121 at 90° is similar to that for the photo
asymmetry in Fig. 2, while at larger angles the difference
reduced. As is seen from Fig. 6 forr00 and Rer10, the
longitudinal response also proves to be rather sensitiv
parametersa1,2 for the D13.

In principle one might expect a contribution of the Rop
resonance,P11(1440), to the longitudinal response. Data
pion electroproduction~see Ref.@45#! indicate, however, tha
the corresponding helicity amplitudeS1/2 is very small, con-
sistent with zero. The longitudinal coupling in thegNP11
vertex has thus been neglected. The transverse couplin
known to be small from real-photon data.

In Fig. 7 the effect ofG3(k2) in thegND13(1520) vertex
is demonstrated. The dashed curves are calculated witg3
523.3 which is chosen to reproduce thek2 dependence o
the ratio of the helicity amplitudesA1/2 andA3/2 ~or the cor-
responding multipolesE22

1/2 and M22
1/2) for pion electropro-

duction @45#. As is seen, theG3(k2) coupling has a consid
erable effect onWS and thus on the cross section. The reas
is that G3(k2) strongly influences the electric dipole trans
tion E1 and the latter in turn becomes the dominant term
large positivek2. For the following consideration we choos
As5MR (MR is a resonance mass!, then the three-
momentum squared of the virtual photon is

kW25k0
22k25

1

4MR
2 @~MR1m!22k2#@~MR2m!22k2#.

~36!

It is seen thatkW2 decreases in the timelike region and va
ishes at the kinematical limit, wherek05Mg

max5MR2m.
01520
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The behavior of RFs fore2e1 production can be under
stood based on general properties of the resonance m
poles at smallukW u!R21, where R is a typical interaction
radius. According to Ref.@46# ~Chaps. 6.2 and 6.3! one has
for the e.m. transition with multipolarityj

T~kW ;M j !}ukW u j , T~kW ;E j !}ukW u j 21k0 ,
~37!

T~kW ;L j !.2T~kW ;E j !S j

j 11D 1/2

.

Therefore for theD13 resonance magnetic quadrupole (M2)
vanishes, and electric dipole (E1) and longitudinal dipole
(L1) remain finite atk25(Mg

max)2. At the same time all mul-
tipoles for theP33(1232) resonance, magnetic dipole (M1),
electric and longitudinal quadrupoles (E2 andL2), are pro-
portional toukW u and go to zero. To have a more quantitati
estimate we can use predictions of the nonrelativistic qu
model~e.g., Ref.@47#!. In Table II expressions are collecte
for the e.m. helicity amplitudes and the resonance pi
production multipoles. It follows from Table II that~i! A1/2

andA3/2 for theD13 are finite at smallukW u, while those for the
P33 vanish,~ii ! if ukW u→0 the ratioA1/2/A3/2 for theD13 takes
the value 1/A3 which coincides with the corresponding rat
for the P33 @in this and other SU~6! symmetrical models#,
~iii ! ask2 increases towards the maximal value the spin-
contribution ~terms }kW2) diminishes for theD13, corre-
spondinglyE22 increases andM22 decreases~absolute val-
ues!.

Since theE1 transition dominates theD13→g* N process,
the couplingG3(k2) affects strongly the cross section in Fi
7. The transverse responseWT at the resonance position i
roughly proportional touE1u4, while the longitudinal re-
5-10
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sponseWL to uL1u2 uE1u2. At small ukW u one can make use o
Siegert’s theorem@last relation in Eqs.~37!# which relates
L1 andE1 amplitudes. From this it can be seen that the ra
r005WL /(WT1WL) is equal to 1/3, irrespective ofG3(k2).
Other elements of the density matrix on Fig. 7, exc
Im r10, show a dependence onG3(k2).

It is of interest to compare Figs. 6,7 for theD13 with Fig.
5 for theP33 resonance. Due to a decrease of theM1 inten-
sity as a function ofMg the responseWS for theD resonance
falls off towards the maximalMg . The longitudinal response
WL contains the small resonance multipoleL2 which also
vanishes atukW u→0, while the background receives nonva
ishing contributions fromL1 multipoles~such asL01 and
L22 in pion electroproduction!. These cause an increase
r00 at large photon masses in Fig. 5. This effect comes a
result of a balance betweenG1(k2) andG2(k2) contributions
in the gND vertex in Eq.~33!. Note also that in the quark
model in Table II the electric quadrupole is absent,E2
5L250, which corresponds to a particular choice of t
couplings 2mg15MDg25MDg3.

The features of the e.m decay of the resonances in
timelike region are, in general, different from those stud
in electron scattering, whereukW u is always larger thank0. For
instance, in pion photoproduction and electroproduction
teresting properties of theD13(1520) resonance have bee
observed at23 GeV2,k2<0 ~see, e.g., Ref.@45#!. In terms
of the multipoles, the ratioE1/M2'21 at large negativek2,
crosses zero atk2'21 GeV2 and is about12.1 at the real-
photon point. It would be of interest to see if this ratio kee
on increasing at positivek2 and becomes very large ne
k25(MD13

2m)250.3364 GeV2.

Finally we note that the increase ofWS in Figs. 6,7 above
Mg'500 MeV is due to the fact that the e.m. form facto
contain ther-meson propagator. AsMg approaches the
r-meson pole~which would be possible at photon energi
above 1 GeV!, the processgp→e2e1p proceeds through
creation of ther meson, as assumed in VMD models.

IV. CONCLUSIONS

We investigated virtual Compton scattering on the pro
in the timelike region (gp→e2e1p). When in an experi-
ment thee2 ande1 are not distinguished, the Bethe-Heitle
nuclear interference vanishes and the cross section is th
coherent sum of cross sections for the BH and the nuc
processes. We have shown that, contrary to common pre
ception, a considerable part of the phase space, main
backward angles for the virtual photon, is hardly contam
nated by the Bethe-Heitler process. Under these conditio
is possible to decompose the exclusive cross section in te
of response functions. These are directly related to the p
ton density matrixrll8 which characterizes polarizatio
properties of the virtual photon. This offers a possibility
analyzee2e1 production experiments also in terms of m
trix elementsrll8 or, equivalently, tensor and vector pola
izations of the timelike photon.

Differential cross sections and matrix elementsrll8 are
calculated in a unitaryK-matrix model which includes
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nucleon, mesons, and baryon resonances with masses
1.7 GeV. The model is tested for real-photon Compton sc
tering at energies up to 1 GeV. The agreement with dat
reasonable and of a comparable quality to recentK-matrix
calculation@35# and dispersion-relation analysis@31#.

The dilepton production in theD-resonance region is
dominated by the transverse response. At the largestMg at
this energy certain elementsrll8 show the effect ofs ex-
change. The latter could be an approximation to vario
t-channel scalar-isoscalar exchanges@e.g., two-pion,e(760)
and f 0~400–900!#.

Photon energies corresponding to the second reson
region, of about 700 MeV, allow one to explore higher ph
ton masses up to'500 MeV. Main mechanisms contributin
here are theD13(1520)-resonance excitation and, to a les
extent, the S11(1535) resonance ands exchange. The
transverse-transverse elementr121 strongly depends on the
so-called off-shell parametersa1 anda2 in the e.m. vertex of
the D13. The longitudinalr00 and longitudinal-transverse
Rer10 elements turn out to be sensitive to all contributio
and with increasing photon invariant mass this sensitiv
becomes more pronounced. At largeMg the cross section
and the density matrix become strongly dependent on
part of the e.m. vertex of theD13(1520) which contributes
only for virtual photons.

Response functions are thus shown to be an impor
tool to distinguish between different mechanisms in t
e2e1 production in the resonance region. If the resonan
contributions can be separated, this will allow for studyi
their e.m. properties in the timelike region which may gi
an information supplementary to that obtained from the el
tron scattering.
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APPENDIX: RESPONSE FUNCTIONS IN HELICITY
FORMALISM

It is convenient to introduce the following set of polariz
tion vectors for a timelike photon

e* ~0!5
1

Mg
~ ukW u,0,0,k0!, e* ~61!5

1

A2
~0,71,i ,0!,

~A1!

which satisfye* (l)•k50 and
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e* ~l!•e~l8!52dll8 ,

(
l50,61

e* m~l!en~l!52gmn1
kmkn

Mg
2

. ~A2!

The RFs defined in Eq.~13! can now be written as

WT5
1

4 (
polar

uJ•e* ~11!u21uJ•e* ~21!u2

5
1

4 (
L,L8561/2,l561

u f 11L8,lLu21u f 21L8,lLu2,

WL5
1

4 (
polar

uJ•e* ~0!u25
1

4 (
L,L8561/2,l561

u f 0L8,lLu2,

WTT5
1

4 (
polar

2 ReJ•e* ~11!@J•e* ~21!#*

5
1

4 (
L,L8561/2, l561

2 Ref 11L8,lL f 21L8,lL
* ,

WLT5
1

4 (
polar

2 ReJ•e* ~0!@J•e* ~11!2J•e* ~21!#*

5
1

4 (
L,L8561/2, l561

2 Ref 0L8,lL
*

3@ f 11L8,lL2 f 21L8,lL#, ~A3!

where we introduced the helicity amplitude

f l8L8,lL5eem* ~l8!ū~p8,L8!Mmnu~p,L!en~l!, ~A4!

which is a function ofs, ug , and Mg . The additional RF
W̃LT , which defines the vector polarizationpy5 i (2/A3)t11
of the virtual photon@see Eq.~24!#, can be calculated usin
the last formula in Eq.~A3!, where the operation Re•••
should be replaced by Im•••.

Due to space-reflection invariance there are 8~4! indepen-
dent transverse~longitudinal! amplitudes in the sums in Eqs
~A3!. They can be chosen according to Table III. The
g

c

B

01520
-

maining amplitudes are determined from the relati
f 2l82L8,2l2L5(21)l82L82(l2L) f l8L8,lL @48#.

In terms of f i of Table III one can rewrite the respons
functions as

WT5
1

2 (
i 51

8

u f i u2, WL5
1

2 (
i 59

12

u f i u2,

WTT5Re~ f 1f 3* 1 f 2f 4* 1 f 5f 7* 1 f 6f 8* !,

WLT5Re@ f 9* ~ f 12 f 3!2 f 10* ~ f 22 f 4!1 f 11* ~ f 52 f 7!

2 f 12* ~ f 62 f 8!#. ~A5!

For real photons due to the time reversal@48# one has in
addition f 7

r 5 f 3
r and f 8

r 52 f 4
r , where the superscriptr indi-

cates the real CS limit:f l8L8,lL
r (s,ug)5 f l8L8,lL(s,ug ,Mg

50). In this case

WT
r 5

1

2
@ u f 1

r u21u f 2
r u212u f 3

r u212u f 4
r u21u f 5

r u21u f 6
r u2#,

WTT
r 5Re@ f 3

r* ~ f 1
r 1 f 5

r !1 f 4
r* ~ f 2

r 2 f 6
r !#, ~A6!

since f 9
r , . . . ,f 12

r vanish. Eq.~A6! agrees with definitions
given in Refs.@24,40# up to a common normalization facto

In addition to the photon asymmetry in Eq.~29! we will
also calculate the polarization of the recoil proton in real C
It can be expressed through the helicity amplitudes as

Py
pr5

1

4WT
r (

L561/2, l,l8561

2 Im f l821/2,lL
r f l811/2,lL

r*

52
1

WT
r
Im @ f 4

r* ~ f 1
r 1 f 5

r !1 f 3
r* ~ f 6

r 2 f 2
r !#. ~A7!

TABLE III. Independent helicity amplitudes in thegp
→e2e1p reaction.

f 1 f 1111/2, 1111/2 f 5 f 1121/2, 1121/2 f 9 f 011/2, 1111/2

f 2 f 2121/2, 1111/2 f 6 f 2111/2, 1121/2 f 10 f 021/2, 1111/2

f 3 f 2111/2, 1111/2 f 7 f 2121/2, 1121/2 f 11 f 021/2, 1121/2

f 4 f 1121/2, 1111/2 f 8 f 1111/2, 1121/2 f 12 f 011/2, 1121/2
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