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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 thep— e~ e* p 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 aKnitaiyx 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 numbgs): 25.20.Lj, 13.30-a, 13.40--f, 13.60.Fz

[. INTRODUCTION e.g., Ref[10]). In addition to the transverse RF, which can
Compton scatteringCS) on the proton with real and vir- also be measured in unpolarized CS with real photons, there
tual photons is a fundamental process which provides inforare three more RFs for dilepton production. These are di-
mation on the internal structure of the proton and its excitedectly related to polarization properties of the virtual photon.
states. Virtual CS where the initial photon is spacelike, i.e.Jo make this link more transparent we apply to thil
the reactiore” p— e~ py, has recently attracted considerable — ¥*N reaction the density matrix formalism developed
attention. Below the pion production threshold it allows, via[11] for the photoproduction of vector mesons on the proton.
an interference of the Bethe-HeitléBH) process with the Differential cross sections and RFs for the—e e’p

proton virtual CS, to measure the generalized polarizabilitie§€action are calculated in the unitakymatrix model previ-
of the proton. For a review we refer to Ref4.2]. ously developed 12,13 for pion-nucleon scattering, pion

Virtual CS in the timelike region, the reactionp fnhOJOFIOd\l/Jiﬁ“OT'Cag“\jNreal'r‘:r’lhOtr()nitCS'r %?fgri ai’plé’"lg :h?
—e~e'p, is of interest for complementarity reasons. The ode! 1o virtua € compare IS predictions 1o data 1o

rocess is sensitive to the nucleon electromagntim,) real CS in the energy region up to 1 GeV.
P . . 5 5 an ’ In the calculation of virtual CS we concentrate on the first
form factors in the region €k“<4m- (where m is the

. ) and the second resonance regions which are clearly seen in
nucleon massk is the photon momentumwhich are not  he ¢ross section for real CS. The cross section and elements
accessible in elastic electron-proton scatteringoe™ an- ot jhe polarization density matrix, ,, are calculated for two
nihilation topp. This possibility was explored in R€f3]. I energies corresponding to excitation of tRgy(1232) and
the present paper the main interest is to investigate depeithe D,5(1520) resonances. We study effects of different re-
dence of the polarization density matrix of the virtual photonaction mechanisms on these observables. In particular, for
on various contributions to the nuclear matrix element. the A region it is of interest to investigate the effect of

In certain parts of phase space the cross section is domi-channel exchange of the meson.
nated by the BH process. Only when lepton charges are mea- At photon energies of about 700 MeV photon invariant
sured this can be turned to an advantage by measuring amasses up te=540 MeV become accessible. In this energy
e*e” asymmetry which is directly proportional to the virtual regime several contributions are important, in particular, the
CS-BH interference. This was suggested long fgoand D;3(1520) andS;;(1535) resonances, amdexchange. Due
more recently elaborated in Ref&—7]. to their different influence on the density matrix elements

In this paper we study the situation where the electron ang, - these contributions can be distinguished in an experi-
positron in theyp—e e’ p reaction are not distinguished ment provided RFs are extracted. Cross section and other
which is the case for experiments which are being done abbservables are also sensitive to tg(k?) coupling in the
MAMI (Mainz) [8]. Under such conditions, because of the yND;5(1520) vertex which is specific for virtual photon and
different charge-conjugation parity of virtual CS and BH am-does not contribute to real CS.
plitudes[9], the above interference vanishes and one is left The paper is organized as follows. In Sec. Il we specify
with the incoherent sum of virtual CS and BH contributions. variables and give the expression for the exclusive cross sec-
We show that there are large kinematical regimes where thiégon. The decomposition of the virtual CS cross section in
more interesting virtual CS on the proton is dominant,terms of RFs is presented. Relations between RFs and polar-
mainly at backward angles for the virtual photon. In theseization density matrix elements are established and the limit
conditions the(unpolarized yN—e e*N cross section can of “almost” real photons is considered. We briefly discuss
be decomposed in terms of response functiRB9, as is ingredients of the dynamical model used and compare calcu-
usually done for exclusive electron scattering on nu@ee, lated cross sections and polarization observables with data
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FIG. 1. Tree-level graphs describing th&l—e~e* N process.
Diagrams(a)—(f) correspond to virtual CS on the nucledg) and
(h) to the Bethe-Heitler contribution. Singl{double solid line de-

picts a nucleoribaryon resonanggwavy line a photon, dashed line

0

7, o, and » mesons. Diagrani{f) describes a possible contact

vy*NN vertex.
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with ko= (s—m?+M3)/2\s and k®=kj—M3. The solid
angle differential d€); stands fordcosgd¢, and dQ,
=dcos6,d¢,, whered, is the angle between vectoksand

€|. The azimuthal anglé,, is superfluous and can be chosen
zero. For more details about kinematics we refer to previous
papers ore”e" production in capture reactiofi$5,16 and
NN bremsstrahlung17].

The Bethe-Heitler Agy) and the virtual CS Aycg) am-
plitudes are functions of five variables;M,,6,,6,, and
¢, . Before proceeding further one can exploit the different
charge-conjugation properties of these ampliti@dsinter-

changing variables describing and e™, which meansl’

——1 and interchange™ and e helicities, leads to the
relations

for real CS. In Sec. Il kinematical regimes are investigated

where the BH contribution can be neglected compared to

virtual CS. Results for respon$s=W;+ W, and elements

of the photon density matrix are presented. Conclusions are
given in Sec. IV. In the Appendix expressions for RFs for
virtual CS and polarization observables for real CS in terms

of helicity amplitudes are collected.

II. FORMALISM

A. Cross section foryp—e~e*tp reaction

If q=(qo=|q|.q) is the momentum of the incoming real

photon and<=(ko,IZ)=k,+k+ the momentum of the out-
going virtual photon(see Fig. 1, the fully exclusive cross
section in the c.m. frame can be writter as

do(e e')

aM_d0d0, =Ke et |AsntAvcs?,
Y Y

oY)

whereM = \k? is the photon invariant mass an@e-+ is
the kinematical factor

mPmg |k| 4T?

" 2(2m)%s |q| M 8%

)

e et

Here m(m.) is the proton (electron mass, B=(1
—4mZ/M%)2is thee™ (e™) velocity in the virtual-photon

rest frame, andis the invariant energy squared. The average
over initial and sum over final polarizations of all particles is

implied in Eq.(1) as well as in the following.

To describe the™e™ pair the relative four-momentuin
=21(k_—k,) has been introducdd5]. The orientation of
is determined by the polar anglg and the azimuthalor

out-of-plane angle ¢, which are defined in the frame with

0Z axis alongk andOY axis alongk x g. The magnitude of
[ is given by
N M., Bko

M= 2
Il 2(M3+k2sinfg)) 2

©)

We follow the notation of Ref{14].

|Agn( 60, ) |2=|Asn(T— 6,7+ ¢))|?,
|Aves( 61, ) 2= |Aves(m— 6,7+ )|,

BH( 01, P Avcs(0), )= —Agy(T— 0y, 7+ b))

XAvcs(m— 0, m+ ), (4)
where#, varies from 0° to 180° and only the dilepton angles
are indicated. Therefore, if the electron and positron cannot
be distinguished in an experiment, the cross section is the
incoherent sum do(e e)=do(e e")+do(efe),
which results in

do(e"e')

av_dndo, ~ 2eer(1Asl™+ [Avcs®),
Y Y

(5

where the interference term drops out.

Another interesting observable, the e* asymmetry,
which is proportional to the virtual CS-BH interferensee
Refs. [4-7]), will not be addressed here. Measuring this
would require detection of the charges of the leptons.

The expression foAgy can be read off diagramg),(h)
in Fig. 1. After some algebra it takes the form

3

Agn=—u(k-)

Q?

ke kK
Tk kg

Yhy. vudy” —
2k7q 2k+q U(k+)u(p 1A )

P Q

X
2m

Fi(Q%)y +i

”F2<Q2ﬂ

Xu(p,A)e,(N), (6)
whereu(p,A) [u(p’,A")] is the spinor of the initialfinal)
nucleon with momentunp (p’) and helicity A (A’). In
Eqg. (6) e is the proton chargey(k_) andv(k,) are the
lepton spinorgomitting spin indicel ande(\) is the photon
polarization vector for helicity. The nucleon e.m. form
factorsFlyz(Qz) depend on the momentu@=p’'—p.
The virtual CS matrix element is
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e?_ 1 k2
Avcs=—u(k-)y,v (k) d*, (7 Wir=-7 \/k__ > 2\2Re(J%,), (13
My 0 polar
where the e.m. curredt* is expressed through the CS tensor\yhere the sum runs over the proton and initial photon polar-
M#Y izations.
_ It is interesting to note that certain combinations of the
Ji=eu(p’, A" )M#"u(p,A)e,(N). (8)  e.m. current vanish due to reflection symmetr@®Y—

—QY) with respect to the scattering plagexz:
Some of the ingredients in the calculation Mf*” are dis-

cussed in Sec. Il C.

Note that the real CS matrix elemem{-9 can be writ- 2 Re(J:Jy): 2 Im (J% Jy)
ten in this notation as polar polar
"% _ _ * _ * _
Arcs=€%€ (\)u(p’, A)M*u(p,A)e,()  (9) =2, Re(I[3)= 2, Im(3;3,)=0.

with €'(\") being the transverse polarization vector of the (14

final photon which is real in this case.

These constraints are specific for a two-body final state such
asN + y* and may be useful for checking consistency of a
model.

In kinematics where virtual CS is the dominant process it Experimental separation of RFs can be performed using
is of interest to decompose the cross section in terms ohe different dependencies of the kinematical factors in Eq.
response functions, similar to what is common practice in thg11) on the dilepton angles. In Refl8] an example of such
the derivation is similar t®@~e™ production in other reac- giscussed.
tions[15-17. o _ To obtain some further insight we relate the above RFs to

After summing over lepton polarizations and making US€elements of the polarization density matgxof the virtual

of gauge invariancéJ=0 one obtains in the c.m. frame photon. The formalism of the polarization density matrix has

B. Response functions and polarization density matrix

do(e-et) a2m2|r|3 IIZI been used before in production of vector mespns (see
= —28, (100  Refs.[19,11,20,2]). One introduces the83 density matrix
dM,d0.,dO; 243 Miﬁzko lq| for a spin-1 particld11]

S= WTXT+ WLXL + WTTXTT Ccos 2¢| + WLTXLT COS¢| f

(1) P11 P10 Pi-1

_ . p=| Plo  Poo —Plo|, (15
where «a |s'the fine-structure constarWiEWi(s,.ey,My) P11 —p  Pu
are RFs fori=T,L,TT, andLT, and the factor 2 in front of

S comes from the definition Ed5). Dependence on the po- . o ) , L »
lar angled, is contained in the factors, in the helicity basis\,\'=0,*1. It satisfies the conditions

of hermiticity pM,=p;‘,)\, parity conservation p,, =

B 2 o B 2 2 (-1 Mp_,_,,, and has a unit tracEpy;= (1 - pgo) 1.
xr=1- ZWS' O, X =1- 4EC° o, poo @andp, _, are thus real quantities while the elempry s,
Y 0 in general, complex.
P2 P The form(15) is valid only for a reaction with a two-body
L B . final state(such asN+ y*), in which the initial hadron and
XTT_ZM SITO, Xir= V2 Mykosm 20, (12 photon are not polarized and the polarization of the final

7 hadron is not measured. If the initial photonyiN— y* N is

where||, which also depends o# , is defined in Eq(3). (fully or partially) polarized the general density matrix is

RFs are defined in terms of the space componéntsf more comphcate(ﬂll]. . _ L
the e.m. current agL6] From the density matrix and theee”e™ vertex, which is

well known from QED, one can obtain the angular distribu-

1 112 tion F(6,,¢,) of y* decay intoe"e*. In the virtual-photon
Wr== 2 [32+[35 Wi=7— > 3,2 rest frame it takes the forrfsee Ref[22],2 Chap. 4-13
4 Solar 4 kg polar
WTTZE Z | |2_ |JX|2’ There is a misprint in Eq13.14 of this reference: in front of;
4 sorar Y there should be an additional factor of 1/2.
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1 _
3——[32 (3P0~ 1)(3 cosf—1)

|

where B is defined after Eq(2) and (4, ¢;) denote the
dilepton angles.

Expression(11) in terms of RFs, boosted to thg* rest
frame, can be cast in the forfdetails on the angle transfor-
mation can be found in Ref§15,17])

— 1
F(6,¢1)= E{ 1-
—3py_4 SiMP6, CoSs 24,

—32Rep;0sin 26, cose (16)

8=WT< 1— % B2, |+ W, (1—B%cos6))

+Wrr5 8 Sir? 6, cos 2, + W, 1 —— 82 sin 26, cosd,

242
_ B? B% | 2W_ —Ws —
_(1—? Wei 1— 3 5| 2w (3cogh,—1)
3Wrr . — — 3Wgr -
— ————sir 6, cos 2p, — sin 26, cos , (1
2Ws | 2, 2 2. | COS¢h| (17)

whereWs=W;+W, . Itis seen that the angle dependent part

of S has the same structure B$6,,¢,) in Eq. (16). Com-
paring terms with the same angle factors one obtains

W, Wrr Wit

PO~y P17 owg Replo:4—ws- (18

PHYSICAL REVIEW C62 015205

Note that the imaginary part g5, does not enter in the
y*—e e angular distribution(cf. [11] for yN—pN
—aaN). For completeness we give an expression for
Im p1o through an additionalindependentfunction W, 1 :

W - 1 k2

Im =— W i=—-— 2421m(J%*J,).
P10 4Ws LT 4k, poElar \/— (3730
(19

W, 1 andW, 1 can be regarded as the real and the imaginary
parts of one complex function. Thus only thr@mut of four
independentcomponents of the photon-polarization density
matrix in addition to the cross section can be determined
from measuring W ,W, ,\W;1, and W, 1 in the yN
—e~e" N reaction with unpolarized leptons.

Since| W] <W;<Wjs [see definitions in Eqg13)], the
following inequalities are in order:

1 1
O<poo=1, |P1—1|$§(1_Poo)$§- (20)

The upper bound fop,o was obtained in Ref.19] using the
Schwartz inequality

1 1 1
< —\Vpod L= poo—2p1-1)< —=Vpoo1— pod) <—=.
|P10| 2 Pool Poo—2p1-1) \/E Pool Poo) 2\/5
(21)

Additional constraints have recently been derived in Ref.
[21].

Sometimegsee Refs[23,20) the density matrix for the
spin-1 particle is expressed in terms of tensor and vector
polarizations

1 3 3
1+ Etzo St Vst V3tz,
~ 1 3 3 3 3
P=3| ~ \[Etll_ \[5'521 1- 2ty \[ztll"‘ \[Etzl , (22
3 3
V3t,, - \[Etll+ \[Etﬂ 1+Et20
|
where the tensor polarizations,, t,;, andt,, are real, and 1 i
t;1 is purely imaginary and related to the vector polarization Repqo=— %tﬂ, Impo=— %tn. (23

py via ty;= —i(\/§/2)py. Relations between these polariza-

tions and elementg,, follow from Egs.(15) and(22),

—1(1 V2t50) —1t
Poo 3 20y Pi1-1 \/522:

Using Eqgs(18) and(23) one can express the polarizations in
terms of RFs

V3 Woy

1 Wy—2W,
—w. t22:7WS,

_ Wo

ton=
20\/5
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R 3 W functions of M, and the thresbold vaIue_WT, TatM,
=~ =wo T s (24)  =2m, can be used to calculat&? ;. Making use of Eq.
2y2 Ws 2y2 Ws (26) and time-reversal invariance one obtains for the real CS
Cross section

As a last point it is interesting to consider the limiting case of )
small invariant masseldl , close to the threshold valud " do(y) _am® . .
. L. Y (Wr—W54l cos 2p), (28

=2m,. In this case the longitudinal component of the e.m. dQ, 4ms

current becomes negligibly small, and elemewgsand p4q

vanish. As follows from Eqs(24), t20—>1/\/§, tpy, t13—0. where the angle) specifies the direction of the incoming

In this limit Eq. (15) reduces to photon polarization and all other particles are not polarized.
The cross section for unpolarized photons is expressed via

WL, and the asymmetry is proportional to the interference

Wrr

1 0 — Wiy
1 Wr
p=5| 0 0 o] (25) _do(y)=doy(y) _ Wiy 9
Wry 0 1 Vodo(y)tdo(y)  wy
Wr

Calculations of the cross section and RFs for virtual and real

. : . o CS are performed in the helicity formalistaee the Appen-
From a physical point of view this limit is close to real CS. A iy \where details are presented

real photon is, in general, described by th&2 density

. - : It is of interest to make a link between the representation
matrix in the helicity basi$11]

in Eq. (11) and the longitudinal—transverse+') decompo-
sition established for electron scattering on nuclei. At invari-

1 1*1¢ —1_exp—2iy) ant masse , considerably larger thanrd, one can rewrite
=3l _, _ - , (260 Eg.(11) as
L eXFKZI ¢) 11 C
1 1

wherel (1) is the degree of linegkcircular polarization,y S=2X7 (EWT) —&, (—W)—e, cos 2¢|< — EWTT)
is the angle between the direction of linear polarization and
the OX axis, and+ (—) stands for the rightleft) circular 1
polarization. Comparing Eq$26) with (25) (dropping there + 77\/28+(1_8+)COS¢I(_WLT) ; (30)
the superfluous line and column with elements equal to)zero 22
one finds

where n=sgn(sin 3,), ande , = (1—X7)/X7 which satisfies
the conditions &<e, <1. Expression30) is similar to the

_ _|WTT| L-T decomposition used in electron scatterifgge, e.g.,
lc=0, 1= Wy <1 Refs.[10,25) To obtain exactly the same form one can make

in Eq. (30) the formal substitution&k®— —|k?| and &, —
—¢&_. This results in

0, ifsgnWrp)=-1,

— S=2x{[Rt+e_R_ +&_cos2pR
V= z, if sgn(Wrp)=+1. (27) 1Ry L 2p\Ry7
2 +9\2e_(1+e_)cosp R 1], (31)

Thus the “quasireal” photon has no circular polarization, Where RFs for the electron scattering, denotedRpy are
and may have a linear polarization along @ axis(in the ~ related toW; via

scattering plankg or along theOY axis (perpendicular to the
scattering planedepending on the sign of the interference
W51. Note that this is a particular feature of any reaction
with unpolarized particles in coplanar kinematics and can be
understood based on reflection symmetry with respect to them————
scattering plane.

1 1
RTZEWTi Ri==W_, Ryr=- EWTTv

The phot trj24] b di | 3In principle, kinematical conditions exist when the electron inter-
(_3 P o_on asymme_rE/Z » @S can be m(_aasure In real ,ots strongly with the proton via the Coulomb attraction and may be
CS with a linearly polarized photon beam, is relatedM®  a01red in a hydrogen atom. However, this happens in a tiny re-

and Wi+ (the superscript “r” denotes taking the real CS gion of the phase space and is neglected in the present model.
limit). If there are no bound states in the energy regime of ikewise the Coulomb interaction between the and thee™ and
interest, the RFs foe~e® production behave smoothly as possible formation of positronium is not considered.
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g

B3 FIG. 2. Differential cross sec-
i tion (top), photon asymmetry

(middle), and recoil-proton polar-
ization (bottom) for real-photon
Compton scattering as a function
of photon energy. Soliddashed
lines are the present model calcu-
lations with the parameter set A
(B), dotted lines are calculations
from Ref.[31]. Data for cross sec-
tions are left panel® Mainz[33],

* Cornell[36], A MIT [37], ¢
Bonn [38], O Tokyo [39]; right
panel: ® Bonn [38], O Tokyo
[40], O Moscow (Lebedev Insti-
tute) [41]. Data for photon asym-
metry: O LEGS Collaboration
[42], ® Erevan[43]; and for pro-
ton polarization:O Tokyo [44].

o
o

-0.5

photon asymmetry
(=]
o

proton polarization

o 0 200 400 600 800 1000 200 400 600 800 1000
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i ie 2 GZ(kz)
RLT: - mWLT . (32) VN'yﬂR": % Gl(k )0aﬂ(zl) Ys— W 0aﬂ(22)p§
Ga(k?) 8.5 5B
Comparison of Eq(31) with the L-T decomposition if25] ~om Pap(Z)ks| T(KPe—K%€"), (33

[Egs.(22),(23)] suggests that _ has a meaning of degree of
transverse polarization of the spacelike photon. The interfer- _ + .
enceR, 1 is of course a real function in this case since theand VRe—ny= = Y0V,_raYo- IN EQ. (33 p(k) is the

) . . - nucleon(photor) momentum and is the photon polarization
E(;:;o(rll??erely accounts fox’k?—i/[k?[ in the definition of vector. For isospin-1/2 resonances(k?)=[g®(1+ r5)/2

+gi(”)(1— 73)/2]Fump(k?), while for isospin-3/2 case
Gi(k?)=g;TsFymp(k?), where T is 1/2-3/2 isospin-
transition operator and yyp(k?) is the form factor in the
extended VMD mode]30]. Note that theG;(k?) term con-

As mentioned in Sec. | we employ thématrix model tributes only for virtual photons. Further,=(ys,1) for the
which is unitary in the channel spaceN@ yN. The tree- resonances (3/2 3/27), and the tensord,5(z) =da.s
level K matrix includes the four-star baryon resonancest+a;y,ysz With aj=—(1/2+z) contains the off-shell param-
P,1(N1440, D;5(N1520, S;;(N1535, S;;(N1650), eter z; [26,27], where i=1,2,3. In the present work we
P33(A1232), S31(A1620), andD33(A1700) in thess and  show calculations for two parameter sets A and(B) a,
u-type diagrams. Thechannel contributions come from the =0 for all spin-3/2 resonanceéB) a;=0.12,a,=0.5, a3
exchange otr andp mesongfor wN scattering, =, p, and =0 for theD,5(1520), anda;=0 for other resonances. The
o mesons(for pion photoproduction and 7°, 7, and o fitted values of the couplingsy(, g,) are(4.9, 5.27 for the
mesons(for CS). The amplitude for CS is shown in Fig. 1, P33(1232),(7.25, 7.9 for the D,5(1520) (on the protoi, and
diagrams(a)—(f). For more details about the model we refer (1.74, 4.7% for the D35(1700).
to Ref.[13]. In order to calculate the virtual CS the longitu-  The cross section for real CS on the proton and polariza-
dinally polarized photons have also been taken into accountion observables are presented in Fig. 2 for photon energies

In this paper we concentrate on ti;(1232) and the up to 1 GeV. The cross section in teresonance region
D15(1520) resonance regions. TH&R vertex for the e.m. agrees with the data as well as with other calculations which
couplings of the spin-3/2 resonances is chosen as followare based on dispersion relatior&l—34, and an effective
[26-29: Lagrangiar 35]. For comparison we show results of the cal-

C. Description of the model and comparison with data for
real Compton scattering
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culations from Ref[31] (dotted line$ as they extend to high E,™ = 320 MeV E,*” = 700 MeV
energies. In Ref[31] the imaginary part of the Compton N DU RN VAL
amplitude is calculated directly from pion-photoproduction 182 $1=0 M, =5 MeV =0 M, = 5 MeV
data and the real part is calculated using fixethsubtracted 10" F {1 F ]
dispersion relations. Our model ah8@l] give the same re- 10° F {1 F 1
sults for the photon asymmetdy, at theA resonance, how- 10_'21 3 1 F 3
ever they predict a different slope. Similar disagreementwas 1% |\ A 1
noticed in[35]—it may point to the importance of analyticity 10t F 1R A
constraints in the calculation of the Compton amplitude. The & -t~ L N
data[43] for the photon asymmetry at,=90° and energy 3 08 M,=50MeV 5 & M, =200 MoV 5
E®">500 MeV are not reproduced by the calculation with € hl 16 3
set A. The description improves with set (Bashed lines gOR A n

though both parameter sets give very close results for cross & 10" F P I Y y:
sections(top panels For the photon angle 120° the differ- ;’»10'2 Eo I B N 3
ence between solid and dashed lines Xgr diminishes and o 10°F . B
the data do not allqw to d|st|ngU|§h t_)etwee_n the two param- 3§ of T M — 150 MIeV_ ] M 500 MIeV_
eter sets. The recoil-proton polarizati®¥" (Fig. 2, bottom ‘02 i ---BA --- BH
vanishes below the pion-production threshold since the W ——vimwalcs 1 F ,—— vialCs
imaginary part of the amplitude due toN rescattering is 10" 104 1
zero? The behavior ofPY" is in agreement with the present 10° g% I A 3
calculation as well as with the modd@1], although the error 107F Y BT
bars on the data are large. Abowe900 MeV the present L RS B T
model loses predictive power as tails of the higher reso- 0 30 60 90 120150180 0 30 60 90 120 150 180
nancegnot included in the modgill start to influence the % (deg) 6 (deg)

cross section. FIG. 3. Exclusive differential cross section in the c.m. as a func-

tion of lepton ““sharing” angled, in coplanar kinematics. Left panel
Il. RESULTS OF CALCULATIONS AND DISCUSSION corresponds ttE';‘b: 320 MeV, right panel tcE'j‘b: 700 MeV. The
virtual-photon angle isg,=135°. Dashed and solid lines are, re-
spectively, the Bethe-Heitler and the virtual Compton scattering

Calculations of the exclusive differential cross sections(parameter set Acontributions.

for yp—e e p at two photon energies are shown in Fig. 3.
The elg'bergﬁlvab: 320 MeV corresponds fo the resonance, mined from the relatiorM "= \s—m and corresponds to
andE;"=700 MeV roughly corresponds to the region of the production of leptons with energies =e, =M r;)ax and

D14(1520). At fixed energy the cross section depends on fourrnomentalz,= K. . At this so-called kinematical limit the

essential variables. In presenting the results we will therefore . . )
P g osition of the peak reaches the maximal angf§ ==

fix some of them. The virtual-photon scattering angleis P ) ) ab_ o
chosen in the backward hemisphere as our calculations indi- % Which, for instance, foE,"=700 MeV andf,=135

o max__
cate that this provides favorable conditions to suppress thikes the value 45° al!*=543 MeV. _ o
BH contribution. An example of a calculation in noncoplanar kinematics is

In Fig. 3 the azimuthal lepton angle was fixed in p|ane,shown in Fig. 4. It is seen that the BH peak disappears as the
i.e., ¢, =0 (coplanar kinematigs For the case whea™ and
e’ are not distinguished the angle combinatjgh=0, 6,} is
equivalent to{¢ =, mw— 6,}. The results are shown as
function of the polar angl®, at several values of the photon
invariant mass.

The feature of the BH cross sectigtashed linesin co-
planar kinematics is a pronounced peak which develops
when either electron or positron moves along the direction of
the initial photon. The propagator of the lepton in the BH
amplitude in Fig. 1 diagrams(g),(h)] becomes large in this
case. As is seen from Fig. 3, with increasig, the BH peak
is shifted towards larger angles, and forM,=500 MeV
(Fig. 3, right, bottom it occurs at the angl®g,=32°. The

maximal photon invariant mass at a given energy is deter- 0 30 60‘9 (%0 )120 150 180
11 deg

A. Cross sections for virtual Compton scattering

Tt 1T T 17
E,* = 700 MeV
M, = 500 MeV

T |
¢ =90°

o
T T T

n
T
1

b —
o, o
[T 4] N
7T T T
/
/
AY
N
|

o

T
/
\
Lol

do / d M, df2, d€, ( nb/GeV sr* )

N

FIG. 4. Exclusive cross section at an incoming energy of 700
“4Contribution to the imaginary part from theN rescattering is of ~ MeV in noncoplanar kinematics. Notation for the curves is the same
the ordere* and thus negligibly small. as in Fig. 3.
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TABLE I. Minimal photon angle(defined in Sec. Il A as a function of photon invariant mass.

E'%°=320 MeV (M7*=278 MeV) E'°=700 MeV (M7*=543 MeV)
M, (MeV) 7" (deg M, (MeV) 07" (deg
5 30 5 30
50 9 50 60
100 120 100 70
150 150 150 90
200 170 250 110
350 130
450 150
530 170

momentum ofe™ or e* cannot be collinear to the photon (almosi coplanar kinematic$, is taken to be larger thaf,
momentum in this case. Thé, dependence of the nuclear to syppress the BH peakAs follows from Table | favorable
CS cross section is governed by the interference RFs whichonditions in theA region are at invariant masses up to
stand in front of cogy and cos 2y in Eq. (11). The ¢ de- <200 MeV. At larger values oM, the BH background
pendence of the BH contribution is more complicated. becomes comparable to or larger than virtual CS at all angles

At small invariant masses the nuclear CS cross sectiop . At an energy of 700 MeV larger invariant masses up to
(Fig. 3, solid lineg shows a distinct peaking at forward and 500 MeV become accessible.

backward angles, while at large invariant masses it tends to
flatten. This behavior can be understood from BEd). As-
suming that M7/2me)2>1 one can show that the relative
e”e” momentum obeys the condition

B. Results for response functions in virtual Compton
scattering

In Figs. 5—7 the respond¥s=W-+W, and the ratios of

1 R . . . . .
EM7(8i¥6|+M§/k2)’1’2, if My<|k|, RFs [or elements of the density matrix defined in Egs.

Iil= (34) .

1 o
oM, if [K[<M,~ M7

7 S LIS L B P R A B
=320 MeV T E,” =320 MeV A

=135° -+ M, =150 MeV

T
E,
b,

Therefore at smalM,, the phase-space factpk|® rapidly
increases a8, approaches 0° or 180°. The functiong and
W51 become the dominant contributions in EG1) and 6,
dependence of is determined by andxyt:

Sin20|+2M§”22 Sir\20|
X1= — .
T 2(si? 6, + M2/K?)
(39

XT_z(sin20|+M2;/|22)’

These are also rapidly changing functions, namgly,in-
creases from 1/2 to 1 and; decreases from 1/2 to 0 when

0, approaches 0° or 180°. The prodl.hE|138 determines the 0.05 - Re p1o T Re pio ]
behavior of the cross section shown in the top panels of Fig. ool /1 1
3. At large invariant masses the phase-space factor is inde- = .. SN N
pendent of the angle. Th& dependence of the cross section S0 A R PR AU AU N HUNN N NN N O IO
. T T
then comes only from the factoss in Egs.(12) and turns o1k Impw A\ Im 1o i
out to be rather flat for this particular kinematics. - | ——
Even if one moves away from the BH peak there is still a 0.0 === === =
BH background. With increasini , its relative importance NI N I N I
increases as is seen from Figs. 3,4. Therefore one has to 0 50 100 150 200 250 O 30 60 90 120 150 180

choose a relatively largé,, to obtain the situation in which H (MeV) 6, (deg)

the BH contribution can be ignored with respect to virtual g 5. Respons#Vs=W;+W, (top) and polarization density
CS. There is a relation betwedh, and the anglé}"" which  matrix versus virtual-photon invariant mabs, (left) and photon
we define as the photon scattering angle, where virtual CS igngle 6., (right). Incoming photon energy is 320 MeV. Solid lines
larger than BH by approximately one order of magnitude.are calculated with the total amplitude, dashed lines withoeix-
The dependence is shown in Table | for two enerdgfes  change.

density matrix elements
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L LA LU L L I L L N N Y L Y LB B

6|E,=700Mev [ L E,™ = 700 MeV -

LT T T
ab ;
=700 MeV | i
M, = 300 MeV ;

o

density matrix elements

density matrix elements

0.0 e

-0.1

P I I T N T S T T T N X

0 100 200 300 400 500 O 30 60 90 120 150 180 B “E\\\ Im P10 1
M, (MeV) 6, (deg) 0.05 2"“3..\ // ]
FIG. 6. The same as in Fig. 5 but at photon energy 700 MeV. i | | | | | T
. . . . 5 - 1 1 1 1 1 1 1
Solid lines shqw the palculatlon with the total amphn(@aramet(_ar 0 0 700 200 300 400 500 600
set B, dotted lines withouD ,5(1520) resonance, dash-dotted lines M., ( MeV)
it

without S;;(1535) contribution, short-dashed lines withantex-
change, and long-dashed lines are calculated with the total ampli- 15 7. Respons#Vs=W-+W, (top) and p,,. calculated for
tude (parameter set A different values ofg; in the yND,5 vertex Eq.(33). Solid lines:

. . =0, dashed linesg;= — 3.3 (from pion electroproduction and
(18),(19)] are shown. The calculations are presented with th‘%gtted linesgs= _;%3. Couplingsy, aeldgz are, repspectively, 795

parameter set B, as it gives better description of the photog 5 o
asymmetry in real CS.

First one notices from the angular distributions that atof the important contributions are shown by switching off the
6,=0° and 180° the interference terms_, andp,gvanish,  corresponding process. The effect of thBgy(1520) reso-
that can be explained from rotation symmetry around thenance is clearly seen in a pronounced angular distribution
beam axis. This property serves as an additional test of th@hile other contributions give rise to a flat backgroundt-
model. ted lineg with Im p4o as an exception. This background in

In the A region (Fig. 5 the transverse RF is dominant p, , and Rep,q is also independent ¥, as is seen in the
over the whole interval oM . We studied the contribution left panel. Other important contributions in this energy re-
of the additional couplings;(k?) in the yNA vertex in Eq. gion are theS,;,(1535) excitation and the- exchange. The
(33) by varying gz within the limits +g,. The effect turns S, resonance contributes 10-20% to the cross section at
out to be extremely small. This is due to smd&f M =300 MeV, and also topg, and Repy, at backward
<0.08 GeV which can be reached at this energy, and theangles; its role increases with increasing invariant mass.
dominance of the magnetity,), transition, which is very exchange, as tichannel contribution, shows up at backward
weakly dependent oB3(k?). There is an effect ob- ex-  angles with the exception of Ipy,, where it is seen at for-
change on the interference RFs, ormn ; andp,o(compare  ward angles. There is also a small contributiomio; from
solid and dashed curves in Fig. Fhis is interesting in view the D35(1700), however, its effect is not shown separately
of the very small contribution of sigma exchange to the crossecause the e.m. couplings of this resonance could not be
section near thé peak. However, the region &, above fixed quite accurately from pion photoproduction. We should
~ 150 MeV will be difficult to access due to large BH con- emphasize that all contributions add coherently in the total
tribution (see Table )l The angular distribution ofiWg at  amplitude resulting in a strong interference. In particular, the

fixed M, is similar to real CS cross sectiaw(y)/d(},, P33(1232) resonance, through an interference, affects ob-
and is determined by the dominahtl multipole and its servables in the second resonance region.
interference withE1l andE2 multipoles. For comparison we also present calculations with the pa-

At a higher photon energy, shown in Figs. 6,7, the transtameter set Allong-dashed lings In Wy large differences
verse response is still rather substantial. In Fig. 6 the effectsetween the set A and set B appearfgt90° and large
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TABLE IlI. Electromagnetic helicity amplitudes and pion-production multipoles Boi(1520) and
P34(1232) resonances in modgt7]. F(k?)=(1+a%k?) 2, b?=mgke/gq, andmy,uq,9,, anda are, re-
spectively, constituent quark mass, scale magnetic moment, gyromagnetic ratio, and scale parameter. The
constantf = (/ko)Y(k,ml .y /4mq,MgL'Z) Y relates helicity amplitudes to e.m. multipoles, whietgis
equivalent real-photon energy,. is pion three-momentunt; .\ (I" o) iS one-pion(total) decay width of the

resonance.
D,5(1520), 1 = 1/2 (proton P3(1232),1=3/2
kO 1/2 o -+ 2\/5 ~ R
(; Ar 2i(k*=Db%)aF(k) uq — 5 [KIF () g
ko2 _9i 20 (2 2V2 . .
(; Agp 2i\3b%aF (k%) uq - |K|F (K2) g
1 k2
Aspl Az —( 1- —) 1
V3T b 3
| [ .,
Ez- (E1) ﬁ(k2—4b2)aF(k2),uqf
El. (E2) 0
M (M1) 4 2
—|K|F (k%) uqf
|
Mb_ (M2) — —k2aF(K?) uf
\/§ q

invariant masses, on average the differences are about 20%. The behavior of RFs foe"e* production can be under-
The most striking effects can be observewijg, p1-1, and stood based on general properties of the resonance multi-

Rep,, (compare solid and long-dashed lines in Figg. Bhe  poles at smallk|<R~%, whereR is a typical interaction

big difference inp;_; at 90° is similar to that for the photon radius. According to Ref.46] (Chaps. 6.2 and 6)3ne has
asymmetry in Fig. 2, while at larger angles the difference isor the e.m. transition with multipolarity

reduced. As is seen from Fig. 6 fgr,, and Rep,q, the

longitudinal response also proves to be rather sensitive to T(E;Mj)oc|lz|j, T(IZ;Ej)oc|I2|j*1k0,

parametersy, , for the D 3. 37)
In principle one might expect a contribution of the Roper R ) jo\ve

resonanceP;,(1440), to the longitudinal response. Data on T(k;Lj)=-T(k;EJ) J+_1

pion electroproductioisee Ref[45]) indicate, however, that
the corresponding helicity amplitud® , is very small, con-
sistent with zero. The longitudinal coupling in theN P,
vertex has thus been neglected. The transverse coupling
known to be small from real-photon data.

Therefore for theD 13 resonance magnetic quadrupoM %)
vanishes, and electric dipolel) and longitudinal dipole
(£1) remain finite ak?= (MT®)2. At the same time all mul-

In Fig. 7 the effect 0fG3(k?) in the yND4(1520) vertex tipoIe; for theP33_(12_32) resonance, magnetic dipok 1),
is demonstrated. The dashed curves are calculated gyith elec-trlc and Longltudlnal quadrupole&Z andL.2), are p.ro--
= —3.3 which is chosen to reproduce tk& dependence of Portional tolk| and go to zero. To have a more quantitative
the ratio of the helicity amplitude&, , and A, (or the cor- estimate we can use predictions of the r)onrelatlwstlc quark
responding multipoleE%’_z and M%’_Z) for pion electropro- model(e.g., Ref.[_4_7]). In Table Il expressions are collecte_:d
duction[45]. As is seen, th&,(k?) coupling has a consid- for the_e.m. he_I|<:|ty amplitudes and the resonance pion-
erable effect oWg and thus on the cross section. The reasorPrOdUCt'On multipoles. It follows fror;n Table Il that) Ay,
is that G(k?) strongly influences the electric dipole transi- aNdAg for theD 15 are finite at smallk|, while those for the
tion E1 and the latter in turn becomes the dominant term aPs3 vanish,(ii) if |k|—0 the ratioA,,,/A, for the D 5 takes
large positivek?. For the following consideration we choose the value 1{/3 which coincides with the corresponding ratio
Js=Mg (Mg is a resonance massthen the three- for the P53 [in this and other S(B) symmetrical models

momentum squared of the virtual photon is (iii ) ask? increases towards the maximal value the spin-flip
contribution (terms «k?) diminishes for theD,s, corre-
R2= 12— k2= 1 [(Mg+m)2—K2][(Mg—m)2—K?] spondinglyE, _ increases antl,  decreasegabsolute val-
0 2 2R R R ' ues.
(36) Since theE1 transition dominates thg ;53— y* N process,

_ the couplingG;(k?) affects strongly the cross section in Fig.
It is seen thak® decreases in the timelike region and van-7. The transverse respon¥é at the resonance position is
ishes at the kinematical limit, whek%=Mr;“aX=MR—m. roughly proportional to|E1|*, while the longitudinal re-
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sponseW, to |L1|?|E1|?. At small ||2| one can make use of hucleon, mesons, an_d baryon resonances with masses up to
Siegert's theorenlast relation in Eqs(37)] which relates 1.7 GeV. The model is tested for real-photon Compton scat-
L1 andE1 amplitudes. From this it can be seen that the ratid€ring at energies up to 1 GeV. The agreement with data is
poo=W, /(Wr+W,) is equal to 1/3, irrespective @;(k?). reasonqble and of a comparable quallty to redemhatrix
Other elements of the density matrix on Fig. 7, exceptc@lculation[35] and dispersion-relation analyg81].
Im p19, Sshow a dependence @y(k?). The dilepton production in the\-resonance region is

It is of interest to compare Figs. 6,7 for the; with Fig. ~ dominated by the transverse response. At the larigsat
5 for the P43 resonance. Due to a decrease of khé inten-  this energy certain elements,,. show the effect ofo- ex-
sity as a function oM, the responsis for the A resonance ~ ¢hange. The latter could be an approximation to various
falls off towards the maxima1 . The longitudinal response -channel scalar-isoscalar exchanges., two-pion,e(760)
W, contains the small resonance multipalé which also andfo(400-900]. _
vanishes atIZ|H0, while the background receives nonvan- F_’hoton energies corresponding to the secon(_j resonance
ishing contributions fronL1 multipoles(such asLy, and region, of about 7g80MMeV\,/a'UIov_v one tr? e>_<p|ore hlghgr pho-
L,_ in pion electroproduction These cause an increase of ton masses up te eV. Main mechanisms contributing

poo at large photon masses in Fig. 5. This effect comes as Qere are thé ;5(1520)-resonance excitation and, to a lesser

result of a balance betwe®y (k?) andG,(k?) contributions XNt the $,,(1535) resonance ana exchange. The
in the yNA vertex in Eq.(33). Note also that in the quark transverse-transverse element ; strongly depends on the

model in Table Il the electric quadrupole is abseBR so-called off-shell parameteag anda, in the e.m. vertex of
=L2=0, which corresponds to a particular choice of thethe Dys. The longitudinal pgo and longitudinal-transverse
counlinds Mo =M «aa— M Rep;o elements turn out to be sensitive to all contributions

T%e gfeatur%s OfAtﬁé o n?%sécay of the resonances in th@nd With increasing photon invariant mass this sensitivity
timelike region are, in general, different from those studiedaﬁgomgs d?r?sfi?yprrr?;t(r)iingggé rﬁ(te I:trrg:nygfce dg;r)%Sr? dsstthl)?wn the
in electron scattering, wherk| is always larger thako. For - ot of the e.m. vertex of thB,4(1520) which contributes
instance, in pion photoproduction and electroproduction in

; , ‘only for virtual photons.
teresting properties of t£‘13(1520) resonance have been  pasponse functions are thus shown to be an important
observed at-3 Ge\/2<k.$0(see, e.g., Ref4s)). Int_ern;s tool to distinguish between different mechanisms in the
of the multipoles, the rati&1l/M 2~ — 1 at large negativk,

A2 Y ) e e’ production in the resonance region. If the resonance
crosses zero &°~—1 GeV" and is about+2.1 atthe real-  ontriputions can be separated, this will allow for studying

photon point. It would be gf interest to see if this ratio keepsiheir e.m. properties in the timelike region which may give
on Increasing j‘t positiv&” and becomes very large near 4, information supplementary to that obtained from the elec-
k?=(Mp,,—m)?=0.3364 GeV. tron scattering.

Finally we note that the increase ¥fs in Figs. 6,7 above
M,~500 MeV is due to the fact that the e.m. form factors
contain the p-meson propagator. A8, approaches the ACKNOWLEDGMENTS
p-meson polegwhich would be possible at photon energies
above 1 GeYV, the processyp—e e*p proceeds through
creation of thep meson, as assumed in VMD models.
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V. CONCLUSIONS dispersion-relation approach. We thank also J. Bacelar for
stimulating discussions on the experimental feasibility of vir-

We investigated virtual Compton scattering on the prOtor}ual Compton scattering and valuable suggestions. Discus-

in the timelike region ¢yp—e~e*p). When in an experi- _. . : )
ment thee™ ande™ are not distinguished, the Bethe-Heitler- sions with ‘J Messchenqlorp, M. Mostovoy, and R. Timmer
.mans are highly appreciated.

nuclear interference vanishes and the cross section is the in-
coherent sum of cross sections for the BH and the nuclear
processes. We have shown that, contrary to common precon- »ppenDIX: RESPONSE FUNCTIONS IN HELICITY
ception, a considerable part of the phase space, mainly at FORMALISM
backward angles for the virtual photon, is hardly contami-
nated by the Bethe-Heitler process. Under these conditions it It is convenient to introduce the following set of polariza-
is possible to decompose the exclusive cross section in ternt®n vectors for a timelike photon
of response functions. These are directly related to the pho-
ton density matrixp,,, which characterizes polarization
properties of the virtual photon. This offers a possibility to . 1 . . T
analyzee e’ production experiments also in terms of ma- € (0)= M_(|k|’0’0k0)' e (x1)= E(O’J“l"’o)'
trix elementsp, . or, equivalently, tensor and vector polar- 7 (A1)
izations of the timelike photon.

Differential cross sections and matrix elemepts, are
calculated in a unitaryK-matrix model which includes which satisfye* (\)-k=0 and
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€*(N)-e(N)=—0d\,

Yz
> EHNEN) =g —. (A2)
A=0,*=1
Y
The RFs defined in Eq13) can now be written as
1 2
Wr=2 > [J- e (+1)]2+]3- €* (- 1)|2
4 polar
1
=7 > Ifoaaraal®+F1fo1araal?
AN =*12\==*1
1 1
W=7 2 [3-e0P=7 2 Iforanl
polar AA =+12 =%1

WTT:% 2 2ReJ € (+ 1[I € (~1)]*

polar

1
*
:Z E 2Ref+lAry)\Af_1A,’)\A,
AN =x12,\==*1

1
Wir=7 > 2ReJ-*(0)[J-€*(+1)—J-e*(~1)]*

polar

1
:Z z 2Ref3A’,)\A

AN =x12\==1

X[fraaaa—foaaaals (A3)

where we introduced the helicity amplitude
frraraa=ees(NHu(p’, A )M# u(p,A)e,(\), (Ad)

which is a function ofs, 0y, andMy. The additional RF

W1, which defines the vector polarizatigey=i(2/y/3)t;;
of the virtual photor{see Eq(24)], can be calculated using

PHYSICAL REVIEW C62 015205

TABLE Ill. Independent helicity amplitudes in theyp
—e e’ p reaction.

f+1*1/2,+1*l/2 f9 fO+ZI./2,+1+1/2
f10
fll

f12

f1 f+l+l/2,+l+112 f5

f2 f7171/2,+l+1l2 f6 f71+1/2,+171/2 f071/2,+l+l/2

f3 f—l-%—l/2,+l+1/2 f7 f—1—1/2,+1—l/2 f0—1/2,-%—1—1/2

f4 f-*—l—l/2,+l+1/2 f8 f+1+1/2,+1—l/2 fO-%—l/2,+l—112

maining amplitudes are determined from the relation
foyraroaea= (=DM A0SR L [‘_18]-

In terms off; of Table Il one can rewrite the response
functions as

18 2
WT:_E Ifil%, WL:_E |fi]2,
2 i=1 2 =9
WTT:Re(flfg+f2fz+f5f’7‘+f6f§),
Wi r=Re[fg(f1—f5)—flo(fo—fa) +f1(fs—f7)

_ffz(fe_fs)]-

For real photons due to the time rever§d8] one has in
additionf}=f5 and fg=—f},, where the superscriptindi-

cates the real CS limitf},,, ,\(s,0,)=f\ s xa(5.6,, M,

=0). In this case

(A5)

1
W= [f3]24 [ 1512+ 2] f5]+ 2| £ 2+ [ f5] 2+ £52],

Wir=Re[ f5* (f1+fL)+ ¥ (f5—f5)], (AB)

since fg, . .. ,f}, vanish. Eq.(A6) agrees with definitions
given in Refs[24,40 up to a common normalization factor.

In addition to the photon asymmetry in E®9) we will
also calculate the polarization of the recoil proton in real CS.
It can be expressed through the helicity amplitudes as

the last formula in Eq(A3), where the operation Re- P§”=m > 2 'mf;«—l/z,\Af;’fH/z,\A
should be replaced by Im - . TA==L2AN =1

Due to space-reflection invariance there afd)dndepen- 1
dent transversédongitudina) amplitudes in the sums in Egs. =——Im[f*(f1+f5)+ 5 (fg—fH)]. (A7)
(A3). They can be chosen according to Table Ill. The re- Wr
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