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Charged pion-pair photoproduction and electroproduction on the proton up to 1 GeV
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Institut de Physique Nucle´aire, IN2P3-CNRS, Universite´ Paris-Sud, F-91406 Orsay Cedex, France
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An effective Lagrangian approach for double pion photoproduction and electroproduction on the proton
developed by the Valencia group is improved in a covariant relativistic way. We obtain reasonable agreement
with available experimental data for charged pion-pair channel from threshold up to 1 GeV. The role of the
D13(1520) resonance in this channel as an intermediate state is also discussed. This approach is applied to
calculate thep2 inclusive cross section.
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I. INTRODUCTION

The gp→p1p2p reaction was investigated first in Re
@1# using five Feynman diagrams in the framework of t
gauge-invariant extended one-pion exchange mechan
They obtain reasonable agreement with experimental
from the Aachen-Berlin-Bonn-Hamburg-Heidelber
Munchen Collaboration@2#.

All possible double pion photoproduction reactions on
nucleon have been studied by the Valencia group@3# using
effective Lagrangian and incorporating a set of resonan
D(1232), P11(1440), and D13(1520). These prediction
have been found to be consistent with all available d
@2,4,5#. Some discrepancies remain ingp→p1p0n andgn
→p2p0p channels, recently measured@6#. The role of the
D13-resonance and in particular its interference with
dominant components of the process~Kroll-Ruderman@7#
and pion-pole terms! is emphasized. In addition to singl
pion photoproduction, where theD13 plays an essential role
in the second resonance region, the double pion channe
lows one to investigate the relative phase of this resonanc
those of different amplitudes involved through interferen
terms.

The predictions of the authors of Ref.@8# are compatible
with the invariant mass spectra measured for the (pp6) sys-
tems from thegp→p1p2p reaction, both on hydrogen an
deuterium@6#.

A recent dynamical model for the resonancesD(1232),
D13(1520) and ther meson @9# can reproduce thegp
→p1p0n data. However, a finite range form factor w
given to therpp vertex.

Another interestinggp→p0p0p reaction close to thresh
old has been used to test the heavy baryon chiral perturba
theory @10#. The main result of this investigation is the e
hancement of the production cross section due to ch
~pion! loop corrections.

The precise measurements performed or planned at M
with the large acceptance detector Daphne@5,6#, at ESRF
with Graal@11#, and at TJNAF would clarify the role of thes
resonances and the chiral loop corrections near thresho
double neutral pion production channels.

In the present study, we reexamine the charged pion-
photoproduction and electroproduction on the proton wh
is largely investigated by the Valencia group@3,12,13#. Fol-
lowing our previous study on single pion photoproducti
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and electroproduction@14#, we suggest a covariant relativis
tic approach to this problem, rewriting the coupling of ph
tons and pions to nucleons and resonances using effe
Lagrangians, and we derive the Feynman rules for the dif
ent diagrams at the tree level. The spinors of the nucleon
the resonances (D and D13) are treated in a covariant rela
tivistic way; this is not the case in@12#. TheD resonance is
considered as an intermediate state in the various Feyn
diagrams involved. This means that theD is treated as a
propagator and for the spin 3/2 particle, we adopt the p
scription of Rarita-Schwinger@15#, whereas the approach i
Ref. @12# uses the nonrelativistic propagator of the nucle
andD resonance.

The large coupling of theD13(1520) to the photon and th
gauge invariance of the electromagnetic current in
present paper are largely inspired from the previous work
Garcilazoet al. @16#.

This study has been also developed for the parity vio
ing elastic electron-proton scattering experiment G0, in
backward scattering configuration planned at TJNAF@17#,
with an electron beam energy in the range of 0.335–0.
GeV. Effectively, ap2 coming from double pion electropro
duction channel can simulate a scattered electron; such
cesses in principle could introduce important background
this study, theD is not considered as a final state, this allow
one to control the angular distribution of the pions comi
from D→pN decays.

The p2 inclusive cross section is evaluated without
zero electron mass approximation and the polarized elec
vertex is considered in an exact way.

Our paper is organized as follows. In Sec. II we develo
model for double pion photoproduction and electroprod
tion from threshold up to 1 GeV. Comparison is made w
available experimental data to check the consistency of
analysis. In Sec. III, we estimate double pion electroprod
tion contribution in the kinematical configuration of G0 e
periment. We summarize the main result of our analysis
Sec. IV.

II. MODEL OF DOUBLE PION PHOTOPRODUCTION
AND ELECTROPRODUCTION

We reexamine the reactiongp→p1p2p in order to
check the consistency of our analysis. For this channel,
do not implement unitarity in the final states and we assu
©2001 The American Physical Society14-1
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SARO ONG AND JACQUES Van de WIELE PHYSICAL REVIEW C63 024614
that the contribution of the diagrams containing arpp ver-
tex is negligible at these energies. However, in order to
produce the invariant mass spectra@6# for the (p2p0) sys-
tem at higher photon energies in thegn→p2p0p reaction,
the authors of Ref.@9# predict an important role of the inter
mediate excitationrN state, assuming a finite range for
factor to therpp vertex.

In the energy range in which we are interested, fro
threshold up to 1 GeV, the effective Lagrangian mod
should be applied in detail with good accuracy. Expressi
of the interaction Lagrangians are displayed in Appendix
In Appendix B, we derive the corresponding Feynman ru
at each vertex of the diagrams shown in Figs. 1 and 2
quired in the reaction of our interest. The main contributi
comes from the diagrams in Fig. 1, in particular the Kro
Ruderman and the pion pole terms. Let us notice the imp
tant role of theD13 resonance which interferes with th
dominant term, allowing one to get information about t
sign of thes andd wave amplitudes ofD13→DN. The set of
diagrams in Fig. 2 is needed to preserve gauge invaria

FIG. 1. Feynman diagrams of the main contributions forgp
→p1p2p which have aD in the intermediate state.
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and also to reproduce the data, in particular near the thr
old ~Fig. 3!.

The amplitude calculations of double pion photoprodu
tion has been performed by numerically evaluating the m
trix elements. We emphasize the agreement between the
ferent Lagrangian terms used in this study and those in
previous paper on one pion electroproduction@14#.

The cross section for thegp→p1p2p is given by a dif-
ferential form with respect to the outgoing pions:

d5sg

dEp2* dVp2* dVp1*

5
1

~2p!5

1

32W

upW p2* u

Eg*

upW p1* u3

upW p1* 2Ep* 1Ep1* ~pW p1* 2
1pW p1* •pW p2* !u

3^uMu2&. ~1!

The different variables in Eq.~1! are expressed in the cm
frame of the photon-target proton.W is the photon-proton

FIG. 2. The set of other Feynman diagrams forgp→p1p2p
included in our model~see text!.
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CHARGED PION-PAIR PHOTOPRODUCTION AND . . . PHYSICAL REVIEW C63 024614
center of mass energy,Ep* is the energy of the recoil proto
and ^uMu2& is the mean value of the absolute square of
invariant matrix element forgp→p1p2p, taking into ac-
count all helicity states of ingoing and outgoing particles

For the construction of electromagnetic currents for re
nance excitation in double pion electroproduction, appro
ate form factors must be considered to preserve the ga
invariance. To implement theQ2 dependence, the Lagrang
ian terms~A7! and~A10!, given in Appendix A, should con
tain a third term with an additive form factorG3. For ex-
ample, the term~A7! is replaced by

LgND13
52

G1

4M
C̄D13

r ~grmgn2grngm!$tW ,1%CNFmn

1
G2

8M2
C̄D13

r ~grnPm2grmPn!$tW ,1%CNFmn

1
G3

4M2
C̄D13

r i ~grmgnm]mFmn2grngmn]nFmn!

3$tW ,1%CN1H.c. ~2!

The parametrizations of these form factors are inve
gated in Refs.@12,18,19#. In the kinematical region where
(Q2;0), one can neglect the term containingG3. We adopt
this strategy to suppress another free parameter introd
by G3 in our analysis.

We assume the dipole type for the electric form factor

GE
p5S 11

Q2

L2D 22

, ~3!

with L250.71 GeV2.

FIG. 3. Total cross section prediction forgp→p1p2p as a
function of the real photon energy.
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The expressions ofF1
p(Q2) andF2

p(Q2) are given in the
following form:

F1
p~Q2!5

GE
p1tGM

p

11t
, ~4!

F2
p~Q2!5

GM
p 2GE

p

11t
, ~5!

with t5Q2/4M p
2 , GM

p 5mpGE
p (mp52.793).

The Q2 dependence ofG1 andG2 is taken in the simple
monopole type:

G1~Q2!5G1~0!
1

S 11
Q2

L2D , ~6!

G2~Q2!5G2~0!
1

S 11
Q2

L2D . ~7!

For the delta resonance, we follow the prescriptions of
authors of Ref.@12#

F1
D~Q2!5F1

p~Q2!, ~8!

GM
D ~Q2!5mDGE

p~Q2!. ~9!

In the case ofD11, we use the experimental valuemD

51.62mp .
For the pion-pole diagram in Fig. 1, the exchanged pion

off-shell and we use a form factor of the monopole type:

Fp~p2!5
Lp

2 2mp
2

Lp
2 2p2

,

with Lp5900 MeV. The Kroll-Ruderman and the (p2D)
diagrams in Fig. 1 are affected by the same factor which
motivated to preserve gauge invariance.

The contributions of each vertex in Appendix B are no
well defined and one can write down the differential cro
section for the double pion electroproduction as being

d8s

dEe8 dVe dEp2* dVp2* dVp1*
5G

d5sg

dEp2* dVp2* dVp1*
,

~10!

whered5sg/dEp2* dVp2* dVp1* is the virtual photoproduc-
tion cross section of the processg* p→pp1p2 andG is a
known flux factor given by

G5
a

2p2

Ee8

Ee

Eg

Q2

1

12«
~11!

in the limit me50. Q252q252EeEe8(12cosue) and W2

5M22Q212M (Ee2Ee8), whereEe andEe8 are the labora-
tory energies of the incident and scattered electron andM is
4-3
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SARO ONG AND JACQUES Van de WIELE PHYSICAL REVIEW C63 024614
the mass of the proton.Eg5(W22M2)/2M is the laboratory
energy necessary for a real photon to excite the hadr
system with massM to the cm energyW, and the quantity
«5„112uqW u2 tan2(ue/2)/Q2

…

21 characterizes the transvers
polarization of the virtual photon.

One can integrate Eq.~10! over the pion variables an
rewrite the differential cross section for electroproducti
with the invariant quantitiesQ2 and W, in the following
form:

d2s

dQ2dW
5

pW

MEeEe8
G@sT~Q2,W!1«sL~Q2,W!#. ~12!

sT(Q2,W) and sL(Q2,W) are the proton absorption cros
sections for transverse and longitudinal polarized virt
photons respectively. In this form, a comparison can be m
with available data@20# on the double pion electroproductio
reaction with 0.3,Q2,1.4 GeV2 and a range of 1.3,W
,1.5 GeV~Fig. 4!. We have averaged the cross section v
ues calculated between 1.3,W,1.5 GeV. The data point a
Q250 in Fig. 4 is obtained by averaging the experimen
data @5#. The agreement with the data is very good. F
higher values ofW (W.1.5 GeV!, our model cannot accom
modate the data; ther0-production channel is found to b
important @20#. This shows the validity domain of thi
model, which is the same as in the photoproduction chan
~Fig. 3!.

It can be seen that a reasonable agreement with the da
obtained with our model for different kinematical regio
both in double pion photo and electroproduction. We
going to discuss, in the next section, thep2 contamination
in backward scattering configuration of G0 experiment.

FIG. 4. Cross section ofgvp→p1p2p as a function ofQ2.
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III. PION CONTAMINATION IN ELASTIC ep
SCATTERING

We investigate the double pion electroproduction chan
as an important background source for the G0 experim
which is planned at TJNAF to measure parity violatin
asymmetry in elasticep scattering. In this experiment, th
parity-violating asymmetry will be measured at forward a
backward angles in order to perform the precise Rosenb
separation ofGE

Z andGM
Z , the neutral weak electric and mag

netic form factors of the proton. The strange quark fo
factorsGE,M

s can be related to theGE,M
Z and the electromag

netic form factors of the nucleonGE,M
p,n :

GE,M
Z 5S 1

4
2sin2uWDGE,M

p 2
1

4
GE,M

n 2
1

4
GE,M

s . ~13!

The forward angle asymmetries in differentQ2 bins from 0.2
to 1.0 GeV2 will be measured simultaneously utilizing
beam energy of 3.2 GeV.

The backward configuration measurements for eachQ2

point will require a different beam energy in the range
0.33520.940 GeV. Only the scattered electrons are detec
at ue5108°. Thep2 contamination coming from double
pion electroproduction channel is important for extracti
the tiny asymmetry term with high accuracy. We have sho
in the previous section that our model can offer valua
predictions for this channel in this range of energy.

For an accurate estimation of this contamination, we n
to calculate the cross section

FIG. 5. Differential cross sectiond2s/dEp2 dVp2 for ep
→epp1p2 versus thep2 laboratory energy, and for two values o
the electron beam energy~428 and 810 MeV!. Solid line: up

560°; dashed line:up5100°; and dash-dotted line:up5140°.
4-4
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d3s

dEp2 dVp2

5E d8s

dEe8 dVe dEp2 dVp2 dVp1
R dEe8 dVe dVp1

R ,

~14!

whereEp2 and Vp2 are the laboratory frame variables
the p2, while theVp1

R is the solid angle of thep1 in the
(p1-proton! center-of-mass frame:

d8s

dEe8 dVe dEp2 dVp2 dVp1
R

5
1

~2p!8

1

64M upW eu

upW e8uupW p2uupW p1
R u

WR
^uMu2&.

~15!

WR is the (p1-proton! center of mass energy,pW p1
R is the
c-

tri

n

02461
momentum of thep1 in the same frame.pW e , pW e8 andpW p2 are
the momenta of the incident electron, scattered electron,
the p2 in the laboratory frame, respectively.

We display in Fig. 5 theEp2 dependence of the differen
tial cross section forep→epp1p2 at different values of
up2. Two values of the electron beam energy are selec
corresponding toQ2 values of 0.3 and 0.8 GeV2.

Special attention to very smallQ2 values permitting an
exact consideration of effects with nonzero electron mas
very important here, given that the main contribution to t
photon spectrum is due toQ2.0.

We emphasize the important effect of the electron m
(meÞ0) in the integral calculation of Eq.~14!. The factor-
ization formula~10! can be used to estimate this cross s
tion with caution. The popular virtual photon spectrum co
cept @21# is useful to extract the electron induced cro
section from the photon induced cross section.

In this study, the virtual photon spectrum concept is e
tended to the case of a polarized electron beam. Formula~10!
should then be rewritten allowing for an incident electr
helicity h, a scattered electron helicityh8 and the helicities of
the nucleon target and recoil nucleonhN , hN8 , respectively,
d8sh

dEe8 dVe dEp2* dVp2* dVp1*
5

1

128~2p!8

upW e8u

upW eu

upW p2* u
M

upW p1* u3uMu2

upW p1* 2Ep* 1Ep1* ~pW p1* 2
1pW p1* •pW p2* !u

, ~16!

with

uMu251O21,21(
h8

uA[ 21]~h,h8!u21O1,1(
h8

uA[1]~h,h8!u212 ReFO21,1(
h8

A[ 21]~h,h8!A[1]* ~h,h8!G
12 ReFO21,0(

h8
A[ 21]~h,h8!A[0]* ~h,h8!G12 ReFO0,1(

h8
A[0]~h,h8!A[1]* ~h,h8!G1O0,0(

h8
uA[0]~h,h8!u2. ~17!
In theg* p c.m. frame the virtual photon polarization ve
tor « [l]

m reads as

« [0]5
1

Q
~ uqW * u,0,0,q0* !, « [ 6]5

1

A2
~0,71,2 i ,0!. ~18!

The hadronic tensorOl,l8 , calling l,l850,61 the helici-
ties of g, is expressed in terms of the hadron current ma
elementJm(hN ,hN8 ) in the following form:

Ol,l85(
m,n

(
hN ,hN8

« [l]
m « [l8]

* n Jm~hN ,hN8 !Jn* ~hN ,hN8 !.

~19!

Let us remark that the Hermiticity relationOl8,l5Ol,l8
! ,

entails formula~17!.
In the limit Q2→0 and with an unpolarized electro

beam, the formula~16! is reduced to a factorization form
x

d8s

dEe8 dVe dEp2* dVp2* dVp1*
5Ḡ

d5sg

dEp2* dVp2* dVp1*
,

~20!

where the flux factor reads as

Ḡ5
a

8p2

upW e8u

upW eu
EgFv irt ~21!

and

Fv irt 5 (
h,h8

@ uA[1]~h,h8!u21uA[ 21]~h,h8!u2#, ~22!

Fv irt 5
2

Q4uqW u2
~X11X21X3!, ~23!

2Q25q252@me
22„EeEe82upW euupW e8ucosue…#, ~24!
4-5
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uqW u25~ upW eu2upW e8u!
214upW euupW e8usin2~ue/2!, ~25!

X15@ uqW u21Y 2#@A 1
2 sin2~ue/2!1B 1

2 cos2~ue/2!#, ~26!

X254upW e8u
2 sin2~ue/2!cos2~ue/2!

3@A 1
2 cos2~ue/2!1B 1

2 sin2~ue/2!#, ~27!

X354YupW e8usin2~ue/2!cos2~ue/2!@A 1
22B 1

2#, ~28!

Y5upW eu2upW e8u12upW e8usin2~ue/2!, ~29!

A15A~Ee81me!~Ee2me!1A~Ee1me!~Ee82me!,
~30!

B15A~Ee81me!~Ee2me!2A~Ee1me!~Ee82me!.
~31!

In the limit (me50), h5h8 and the expression of the flu

factor Ḡ coincides withG given in Eq.~11!. Formula~20!,
with nonzero electron mass, is numerically included in o
code for multipion electroproduction channels.

The realistic estimate of this background requires kno
edge of the collimator geometry and the magnetic field c
figuration. This will be done by the G0 Collaboration.
quasielastic measurement on a deuterium target is
planned at TJNAF. The asymmetry term is more sensitive
the axial electric form factorGA

e and less sensitive to th
GM

s . Thep2 can be produced from the neutron in deuteriu
via en→epp2. This channel is largely investigated in th
literature.

IV. CONCLUSIONS

In this paper, we developed a model for double pion p
toproduction and electroproduction on the proton, selec
diagrams which have aD in the intermediate state as well a
those withoutD. We obtain good agreement with availab
photoproduction data and a reasonable agreement for
electroproduction channel, assuming aD in the final state.
The important contribution from theD13 through its interfer-
ence with the Kroll-Ruderman and pion pole terms is
essential ingredient in this study. It would be important
have electroproduction data where theD is not in the final
state to check the assumptions of our model. Such meas
ments are planned at Graal and also at TJNAF.

The pion contamination in elasticep scattering for the G0
experiment is manageable. On the basis of our analysis
event generator forep→epp1p2 can be constructed. Ou
code contains an original procedure to connect the ph
and the electroproduction of multipions without introduci
the virtual photon spectrum@21#. This method is very impor-
tant in the exact consideration of effects with polarized el
tron beams. Our event generator can be used in full dete
simulations.
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APPENDIX A: LAGRANGIANS

LpNN52 f pC̄Ngmg5]mfW •tWCN , ~A1!

LgNN52eC̄NS F1gmAm2
F2

2M
smn]nAmDCN , ~A2!

LpNNg52 iqp

f p

mp
C̄Ngmg5AmfW •tWCN , ~A3!

LpND5
gpND

mp
C̄D

mgmn~TW 1
•]nfW !CN1H.c., ~A4!

LgNDp52 iqpC̄Dm
Am~fW •TW 1!CN1H.c., ~A5!

Lppg5 ie~f [ 2]]
mf [ 1]2f [ 1]]

mf [ 2] !Am , ~A6!

LgND13
52

G1

4M
C̄D13

r ~grmgn2grngm!$tW ,1%CNFmn

1
G2

8M2
C̄D13

r ~grnPm2grmPn!$tW ,1%CNFmn1H.c.,

~A7!

LD13Dp5 i f̃ D13DpC̄D13

m gmnfW 1
•TW CD

n

2 i
g̃D13Dp

mp
2

C̄D13

m ~]m]nfW 1!•TW CD
n 1H.c., ~A8!

LpDD52
f D

mp
C̄D

mgmngr]nfW •TW DCD
r , ~A9!

LgND52
G1

4M
C̄D

r ~grmgn2grngm!g5TW 1CNFmn

1
G2

8M2
C̄D

r ~grnPm2grmPn!g5TW 1CNFmn1H.c.,

~A10!

LgDD52eDC̄D
sgsmS F1

D
gnAn2

F2
D

2MD
snr]rAnDCD

m .

~A11!

fW , CN , CD , CD13
, Am are the pion, nucleon,D, D13 and

photon fields respectively.tW andTW 1 are the isospin 1/2 op
erator and transition isospin operator from 1/2 to 3/2. For
pion fields,f@1# createsp1 and destroysp2 andf@2# cre-
4-6
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atesp2 and destroysp1. The four-momentumP in Eqs.
~A7! and ~A10! is defined asP5pN1pR wherepN and pR
are the four-momenta of the nucleon and resonance, res
tively.

In these expressions, the values of different coupling c
stants aref p51, gpND52.06,G1525.57,G252.97 for the
gND13 vertex, f̃ D13Dp50.911, g̃D13Dp520.552, andF1

D

5F1
p , mD /mp5eD /e.

APPENDIX B: FEYNMAN RULES FOR DIFFERENT
VERTICES

We display in this appendix some Feynman rules in
case where the photon and the nucleon~proton! are incoming
particles, while the pionp1 is an outgoing particle:

VpNN52 iA2 f pp” pg5, ~B1!

VgNN
m 52eS F1gm1 i

F2

2M
smnqnD , ~B2!

VpNNg
m 52 iA2

f p

mp
gmg5, ~B3!

VpND
m 52 i

1

A3

gpND

mp
pp

m , ~B4!

VgNDp5 i
1

A3

gpND

mp
, ~B5!

Vppg
m 52e~pp1

m
2pp2

m
!, ~B6!
cl.

02461
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VgND13

mn 52 i
G1

2M
~qmgn2q”gmn!

2 i
G2

4M2@qmPn2~P•q!gmn#, ~B7!

VD13Dp
mn 52 i

1

A3
S f̃ D13Dpgmn1

g̃D13Dp
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In order to obtain the amplitudes of various Feynman d
grams used in the model, we need an explicit expressio
the propagator of the spin-3/2 resonance. For theD reso-
nance, the Rarita-Schwinger propagator reads
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