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Abstract

A model for theγp → π+π−p reaction developed earlier is extended to
account for all isospin channels. The model includesN , ∆(1232), N∗(1440)
andN∗(1520) as intermediate baryonic states and theρ-meson as an inter-
mediate2π resonance. Although many terms contribute to the cross section,
some channels exhibit particular sensitivity to certain mechanisms of reso-
nance excitation or decay and the reactions provide novel information on such
mechanisms. In particular theγN → N∗(1520) → ∆π process affects all the
channels and is a key ingredient in the interpretation of thedata. Comparison
is made with all available data and the agreement is good in some channels.
The remaining discrepancies in some other channels are discussed.
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1 Introduction.

There are three possible double pion photoproduction reactions on the proton, and
three on the neutron:

(a) γp → π+π−p (d) γn → π+π−n
(b) γp → π+π0n (e) γn → π−π0p
(c) γp → π0π0p (f ) γn → π0π0n

(1)

These reactions have been extensively studied experimentally in the past ([1, 2,
3, 4, 5, 6, 7]). New improvements in experimental techniquesand facilities have
reopened the study of these reactions at Mainz, with two experiments on the proton
[8, 9].

From the theoretical point of view, only the reaction(a) has been studied with
one early model [10] which considers only 5 Feynman diagrams, and a more com-
plete one [11, 12] which includesN , ∆(1232), N∗(1440) andN∗(1520) as inter-
mediate baryonic states and theρ-meson as intermediate2π-resonance. This model
reproduces fairly well the experimental cross sections below Eγ = 800 MeV , and
the invariant mass distributions even at higher energies [11].

On the other hand, the double pion photoproduction reactions on nucleons has
been recently studied at threshold from the point of view of chiral perturbation
theory [13, 14, 15, 16]. In ref. [14] the authors show that dueto finite chiral loops
the cross section at threshold for final states with two neutral pions is considerably
enhanced.

Thus, with these reactions becoming a target of new experimental and theoreti-
cal studies, plus interesting medium effects predicted forthe(γ, π+π−) reaction in
nuclei [17] (in analogy to those already found for the(π, 2π) reaction [18, 19]), a
thorough theoretical study of theγN → ππN reaction is timely and opportune.

In this work, we have improved the model of reference [11], and have extended
it to the other isospin channels of Eq. (1). Moreover, although is not the purpose of
this paper to perform a thorough analysis of theγN → ππN reaction at threshold,
we have calculated the total cross section for theγp → π+π−p andγp → π0π0p
reactions at threshold energies, and compared our result with the result given in ref.
[13, 14] based on Chiral Perturbation Theory.

The model is based on the coupling of photons and pions to nucleons and reso-
nances using effective Lagrangians and thus leading to a setof Feynman diagrams
at the tree level. As well as in ref. [11], we do not implement unitarity in the final
states, but we made an estimate of possible uncertainties owing to unitary correc-
tions for theγp → π+π−p channel.

2 The model for the γN → ππN reaction.

2.1 the γp → π+π−p channel.

For theγp → π+π−p isospin channel we follow strictly the model of ref. [11],
with some slight modifications in theN∗(1440) andN∗(1520) couplings in order
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to reproduce the new branching ratios of the last Review of Particle Properties [20]
(see Appendix A of the present paper for Lagrangians and coupling constants), and
we have also improved theN∗(1440) propagator, modifying the energy dependence
of the width to account explicitly for theN∗(1440) decay into one and two pions.

We classify our diagrams in one point, two point and three point diagrams, ac-
cording to the number of vertices in the baryonic lines (see Fig. 1). Our basic
components are pions, nucleons and nucleonic resonances: For the baryonic com-
ponents we considerN , ∆(1232, Jπ = 3/2+, I = 3/2), N∗(1440, Jπ = 1/2+, I =
1/2) andN∗(1520, Jπ = 3/2−, I = 1/2). TheN∗(1440) played an important role
in the πN → ππN reaction [18, 19] in some isospin channels and for this rea-
son, together with the fact that theN∗(1440) excited in theγN collision is on-shell
for Eγ ≃ 600 MeV , we pay a special attention to this resonance. TheN∗(1520)
has a particularly large coupling to the photons and proves to be an important in-
gredient, mostly due to its interference with the dominant term of the process, the
γN → ∆π transition through the gauge Kroll-Ruderman term. Higher resonances
have a weaker coupling to photons and do not interfere with the dominant term,
hence their contribution is small, at least for photon energies below800 MeV ,
Mainz energies, where our model is supposed to work. Becauseof the important
coupling of theρ-meson to the two pion system and theγπ system we have also
considered terms involving theρ-meson. These terms are only relevant at high
energies but show up clearly in the two pion invariant mass distributions at these
energies [11].

With these considerations, the basic diagrams which we consider have the struc-
ture shown in Fig. 1. In diagram (a) and (b) the one pointNNππ coupling stands
for the s-waveπN interaction. We consider there only the isoscalar part of the
amplitude. The isovector part is mediated byρ exchange [21] and hence it is ex-
plicitly taken into account in diagrams (f) and (h). Diagram(c) contains the gauge
term NNπγ or Kroll-Ruderman term. We use a pseudovector coupling for the
NNπ vertex and this allows us to consider exclusively positive energy intermediate
states in the hadronic propagators [22]. In the two point andthree point diagrams
we include nucleon and the resonances as intermediate states. However, while all
possible diagrams with N and∆(1232) intermediate states are considered, we omit
some withN∗(1440) intermediate states which are very small. For theN∗(1520)
intermediate states we keep only the term which interferes with the dominant term
of the amplitude (∆(1232) Kroll-Ruderman term). In addition, all different time
orderings of the diagrams are considered.

The diagram (g) involves a gauge termρππγ coming from minimal coupling in
theρππ vertex which contains a derivative coupling. The diagram (i) involves the
γρπ vertex which appears in theρ → γπ decay. Finally diagram (j) contains the
anomalous couplingγ3π [23].

The Feynman diagrams considered and detailed calculationscan be found in
refs. [11, 12].

In spite of the small contribution of theN∗(1440) terms in the reactionγp →
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π+π−p (less than 2% [11])1, in order to be consistent we have revised the value of
the coupling constants involving theN∗(1440) so that one may fit the new branch-
ing ratios of ref. [20] (see Appendix A of the present paper for coupling constants).
This updating gives us very small differences compared to the values given in ref.
[11].

The main change appears in theN∗∆π coupling constant due to the fact that in
the study of the decay ofN∗(1440) into ∆π of ref. [11] we considered the∆(1232)
as a stable particle. Now we modify this in order to take into account the finite
width of the∆(1232). The fact that the∆(1232) width is not small compared to
the mass difference between theN∗(1440) and the∆(1232) makes this correction
advisable.

Making use of the Lagrangian (A.7), the decay width in the c.m. system of the
N∗(1440) into ∆π, considering the∆(1232) as a stable particle (zero width), is
given by:

ΓN∗→∆π =
1

(2π)2

g2
∆N∗π

µ2

∫

d3p
m∆

E∆(~p )

1

2ω(~p )

4

3
~p 2δ(mN∗ − E∆(~p ) − ω(~p ))

(2)

whereµ, m∆ andmN∗ are the pion,∆(1232) andN∗(1440) masses respectively;

~p is the momentum of the outgoing pion;E∆(~p ) =
√

m2
∆ + ~p 2 and ω(~p ) =√

µ2 + ~p 2 are the∆(1232) and pion energies.
In order to account for the finite∆(1232) width, we have to replace the delta

function of energy conservation in Eq. (2) by

−1

π
Im

1

mN∗ − E∆(~p ) − ω(~p ) + i
2
Γ∆(

√
s∆)

(3)

whereΓ∆(
√

s∆) is the delta decay width, and
√

s∆ is the∆ invariant mass,
√

s∆ =
√

p0
∆

2 − ~p∆
2 (p∆ = (p0

∆, ~p∆) is the∆ four momentum). With this modification,
and using forΓ∆ the expression (B.32) of ref. [11], we getg∆N∗π = 2.07 after
fitting theN∗(1440) decay width into∆π to the average experimental value (87.5
MeV )[20].

On the other hand, in theN∗(1440) propagator

1√
sN∗ − mN∗ + i

2
ΓN∗(

√
sN∗)

mN∗

EN∗(~pN∗)
(4)

where
√

sN∗ =
√

p0
N∗

2 − ~pN∗
2 is theN∗(1440) invariant mass (pN∗ = (p0

N∗ , ~pN∗)
is theN∗(1440) four momentum), andΓN∗(

√
sN∗) is theN∗(1440) decay width.

We have included in theN∗(1440) decay width, both the decay intoNπ and
Nππ, thus

ΓN∗ (
√

sN∗) = ΓN∗→Nπ (
√

sN∗) + ΓN∗→Nππ (
√

sN∗) (5)
1However, for the case of photo-production of two neutral pions, the contribution of these terms

is more relevant (between 10% and 60%, depending on the energy), thus it is important to treat them
carefully.

4



whereΓN∗→Nπ(
√

sN∗) is theN∗(1440) decay width intoNπ which is given by

ΓN∗→Nπ (
√

sN∗) =
3

2π

(

f̃

µ

)2
m

mN∗

|~q |3θ(√sN∗ − m − µ) (6)

wheref̃ is theN∗(1440)Nπ coupling constant (see Appendix A), and|~q | is the
pion momentum in theN∗(1440) centre of mass system. We take a fraction of
65% for the decay intoNπ [20]. ΓN∗→Nππ(

√
sN∗) is theN∗(1440) decay width

into Nππ, which we approximate by a constant, multiplied by three body phase
space. This constant is fitted in order to reproduce the experimental N∗(1440)
decay width intoNππ. Although part of theN∗ → Nππ decay goes through the
∆π channel (and this is explicitly considered in the Feynman diagrams) we follow
the above prescription solely for the purpose of providing the energy dependence
of theN∗(1440) width.

Apart from these small changes in theN∗(1440) terms, the main improvement
of the model of ref. [11] is coming from the modification of theN∗(1520)∆π
coupling. In ref. [11] we took the simplest Lagrangian compatible with the conser-
vation laws:

LN ′∗∆π = if̃N ′∗∆πΨN ′∗φλT λΨ∆ + h.c. (7)

whereΨN ′∗, φλ and Ψ∆ stand for theN∗(1520), pion and∆(1232) fields (N ′∗

stands for theN∗(1520) in the formulae from now on);T λ is the transition isospin
operator from1/2 to 3/2 with the normalization in terms of a Clebsch-Gordan
coefficient

〈3
2
, M

∣

∣

∣T †
ν

∣

∣

∣

1

2
, m〉 = C

(

1

2
, 1,

3

2
; m, ν, M

)

(8)

andf̃N ′∗∆π is the coupling constant, that we fixed from the data ofN∗(1520) decay
into ∆π of ref. [24]. The sign however was chosen such as to have constructive
interference below theN∗(1520) pole. With the chosen sign the agreement with the
data was relatively good, while with the opposite sign the discrepancies were about
a factor of two and the qualitative features of the experiment were not reproduced
[11].

Here, it is important to note that theN∗(1520) can decay into∆π both in s-
wave andd-wave [20]. However, the Lagrangian of Eq. (7) gives only thedecay
into s-wave, notd-wave2. Then, we have modified the Lagrangian of Eq. (7) in
order to get a term which gives a contribution to thed-wave decay:

LN ′∗∆π = iΨN ′∗

(

f̃N ′∗∆π − g̃N ′∗∆π

µ2
S†

i ∂i Sj∂j

)

φλT λΨ∆ + h.c. (9)

2In the previous version of the Review of Particle Properties[24], there were not branching ratios
to s-wave andd-wave, and only the total decay into∆π was given. Thus, in ref. [11] we assumed
that all the decay was through thes-wave, and we neglected thed-wave. As the fraction of decay
into thed-wave is even bigger than into thes-wave [20], corrections to the coupling of Eq. (7) must
be now implemented. The influence of these changes in the results for theγN → ππN reaction,
although not large, certainly help to improve agreement with the data, as we shall see.
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which gives us the vertex contribution:

− iδHN ′∗∆π = −
(

f̃N ′∗∆π +
g̃N ′∗∆π

µ2
~S† · ~q ~S · ~q

)

T λ (10)

where~S is the1/2 to 3/2 spin transition operators with the same normalization as
Eq. (8) ,µ is the pion mass and~q is the pion momentum in theN∗(1520) rest frame.

In order to fit the coupling constants to the experimentalN∗(1520) decay am-
plitudes to∆π in s- andd-wave [20, 25], we make a partial wave expansion [26] of
the transition amplitude from a state of spin3/2 and third component M, to a state
of spin3/2 and third component M’:

−i 〈3
2
M ′|δHN ′∗∆π|

3

2
, M〉 = As Y M−M ′

0 (θ, φ) +

Ad C
(

2,
3

2
,
3

2
; M − M ′, M ′, M

)

Y M−M ′

2 (θ, φ) (11)

whereY m
l (θ, φ) are the spherical harmonics, andAs andAd are thes- andd-wave

partial amplitudes for theN∗(1520) decay into∆π. In order to compare with the
experimental signs of the amplitudes [20, 25] in Eq. (11) we have followed the
standard “baryon-first” phase convention [27]. In this convention, spin couplings in
all angular momentum Clebsch-Gordan coefficients are ordered such that the orbital
angular momentumL comes before the intrinsic spinS. The angles in the spherical
harmonics are those of the pion referred to the baryon. Then,making use of the
coupling of Eq. (10), theAs andAd amplitudes are given by:

As = −
√

4π
(

f̃N ′∗∆π + 1
3
g̃N ′∗∆π

~q 2

µ2

)

Ad =
√

4π
3

g̃N ′∗∆π
~q 2

µ

(12)

By using Eq. (11) we obtain theN∗(1520) width into∆π:

ΓN ′∗→∆π =
1

4π

m∆

mN ′∗

q
(

|As|2 + |Ad|2
)

(13)

wherem∆ andmN ′∗ are the∆ andN∗(1520) masses respectively, andq is the mo-
mentum of the outgoing pion in theN∗(1520) rest frame. Now, we fit theN∗(1520)
partial decay width ins- andd-wave to the experiment [20] (we take the average
values for these partial decays, 8.5% for thes-wave, and 12% for thed-wave). In
addition, we impose the ratioAs/Ad to be positive, as deduced from the experimen-
tal analysis of theπN → ππN reaction [25]. Thus, with this last restriction, we get
two different solutions for the coupling constants which differ only in a global sign:

(a) f̃N ′∗∆π = 0.911 g̃N ′∗∆π = −0.552

(b) f̃N ′∗∆π = −0.911 g̃N ′∗∆π = 0.552
(14)

Now, theγp → π+π−p reaction allows us to distinguish between both solutions.
In Fig. 2 we have plotted the total cross section for both solutions. As we can
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see, only solution(a) fits the experiment, while the other one under-estimates the
experimental cross section by a large amount.

This strong dependence of the total cross section on theN∗(1520) coupling was
already remarked in ref. [11], and it is due to the important interference between
the∆ Kroll-Ruderman term (diagram(i) of Fig. 3) and theγp → N∗(1520) →
∆π term (diagram (p) of Fig. 3) ins-wave [11]. The amplitudes for these two
diagrams have exactly the same structure, except by theN∗(1520) propagator and
coupling constants (see Eq. (6) of ref. [11], wheref̃N ′∗∆π would be substituted by
f̃N ′∗∆π + 1

3
g̃N ′∗∆π~q

2/µ2). Then, theN∗(1520) interference term is proportional to
the real part of theN∗(1520) propagator [11]. There is also a contribution to the
total cross section coming from the imaginary part of theN∗(1520) propagator, and
also from theAd amplitude, which do not interfere. Thus, this interferenceis zero
at

√
s = mN ′∗, where the real part of theN∗(1520) propagator vanishes. Then,

what matters in the interference is the value ofAs for different values ofq than the
one from theN∗(1520) on-shell. Then, theγp → π+π−p reaction provides us with
novel information about theq dependence of theAs amplitude, respect to the one
obtained from the analysis of theπN → ππN reaction [25].

This q dependence in thes-wave amplitude is given by the chosen Lagrangian
(on the other hand for theAd amplitude there is no choice in the momentum de-
pendence exhibited in Eq. (12)). It is, thus, possible to postulate other Lagrangians
which would produce a differentq dependence of theAs amplitude. For instance,
in a preliminary work reported in [28, 29] a different Lagrangian was investigated.
There we proposed a similar Lagrangian to Eq. (9), but with the3/2 spin operators
instead of theSi transition operators. With such a Lagrangian and an appropriate
choice of parameters we were able to reproduce the experimental data, though the
ratioAs/Ad was negative.

In order to investigate the most generalq dependence of the amplitude, we re-
placef̃N ′∗∆π by

f̃N ′∗∆π

(

1 + ǫ
~q 2 − ~q 2

on−shell

µ2

)

(15)

where~q is the momentum of the decay pion, and~q 2
on−shell is de momentum of the

pion for an on-shellN∗(1520) decaying into∆π (|~qon−shell| = 228MeV ). Then, we
changeǫ and compare the results to the data. We find that, to a good approximation,
ǫ = 0 gives the best agreement with the data, hence supporting theLagrangian of
Eq. (9).

It is interesting to remark here that thisq dependence of the amplitudes coin-
cides exactly with the predictions of the non-relativisticconstituent quark models,
although the absolute values of the amplitudes are only qualitatively given by these
models [30].

2.2 The others isospin channels.

For the others isospin channels we use the same model as for theγp → π+π−p case,
changing the isospin factors and introducing some terms which are only relevant in
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the case of neutral pions (although their influence in the cross sections is small).
However, we have neglected some Feynman diagrams which werefound to be very
small in [11]. The Feynman diagrams that we take into accountare shown in Fig.
3, where all possible charge combinations allowed by chargeconservation have to
be implemented for each isospin channel. In the case of neutral pions and neutral
deltas some of the diagrams in Fig. 3 are automatically zero.For instance, diagrams
(c) and (d) of Fig. 3 with the photon attached to a neutral pionare zero.

Nevertheless, some remarks are necessary for the isospin channels with neutral
pions: When in the diagrams of Fig. 4 (a) and (b) we evaluate the contribution
from the intermediate states of negative energy we get an extra contribution with
the same structure as the Kroll-Ruderman term [22]. In the case of charged pions,
we have neglected this contribution due to the fact that it isvery small compared
with the Kroll-Ruderman terms. However, for the neutral pions, as there is no Kroll-
Ruderman term, this contribution has to be considered and, for a nucleon in the final
state is given by [22]:

− iTα = e
f

µ
C(α)~σ · ~ε (16)

where

C(α) =















−q0

(

1

p0+k0+E(~p+~k )
+ 1

p′0−k0+E(~p ′−~k )

)

for proton

0 for neutron

(17)

where(p0, ~p ), (p′0, ~p ′), (q0, ~q ) and(k0, ~k ) are the four-momentum of the incoming
nucleon, the outgoing nucleon, the pion and the photon respectively.

We can write Eq. (16) as:

− iT =
1

2
(1 + 〈N |τ3|N〉)e f

µ
C ~σ · ~ε (18)

where

C = −q0

(

1

p0 + k0 + E(~p + ~k )
+

1

p′0 − k0 + E(~p ′ − ~k )

)

(19)

andτ3 is the third component of the isospin Pauli matrices:

〈p|τ3|p〉 = 1 ; 〈n|τ3|n〉 = −1 (20)

The advantage of expression (18) is that it allows us to generalize it to the case
where we have aN∗(1440) or a∆(1232) in the final state by the following method:
for theN∗(1440) we replace the coupling constantNNπ (f ) by the coupling con-
stantN∗Nπ (f̃ ):

− iT =
1

2
(1 + 〈N |τ3|N〉) e

f̃

µ
C ~σ · ~ε (21)
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For the∆(1232) case we replace the coupling constantNNπ (f ) by the∆Nπ
coupling constant (f ∗) and the~σ andτ3 operators by the transition spin an isospin
operators from1/2 to 3/2 objects (with the normalization given by Eq. (8)). How-
ever, the isoscalar part does not contribute in this case. Then, for the∆Nπ0 cou-
pling we have:

− iT =
1

2
e

f ∗

µ
C ~S† · ~ε T †

3 (22)

The verticesγNNπ0, γN∗Nπ0 andγ∆Nπ0 of Eqs. (18), (21) and (22) are
diagrammatically represented with the same Feynman graphsas the corresponding
Kroll-Ruderman terms with charged pions in Fig. 3.

The effective Lagrangians needed for the evaluation of the Feynman diagrams
and the corresponding coupling constants are given in appendix A. The correspond-
ing Feynman rules are given in Appendix B of ref. [11].

3 Results and discussions.

In Figs. 5 to 10 we show the total cross sections for all the isospin channels, as well
as the contribution to the total cross section of diagrams with nucleon,∆(1232),
N∗(1440), N∗(1520) andρ(770) as intermediate states (in ref. [11] we also showed
differential cross sections and invariant-mass distributions for theγp → π+π−p
channel). We show results up toEγ = 800 MeV , where the new experiments at
Mainz concentrate, and we compare our results with the available experimental data
[1, 2, 3, 4, 8]. In the errorbars of the DAPHNE data [8] we have plotted only the
statistical errors. The systematic errors are of the same order of magnitude.

The isospin channels with one or two charged pions in the finalstate are shown
in Figs. 5, 6, 8 and 9. We observe that the∆(1232) terms (short-dashed lines) are
dominant in these isospin channels. Essentially the∆(1232) Kroll-Ruderman and
∆(1232) pion-pole terms (diagrams (i) and (k) of Fig. 3) are the more important
terms. The non resonant terms (short-dash-dotted lines) are much smaller and they
provide a small background which grows up moderately as a function of the energy.
TheN∗(1520) contribution (long-dashed lines) by itself is also small compared to
the∆(1232) one, but it is essential to reproduce the total cross sectiondue to its
interference with the∆(1232) Kroll-Ruderman term as we already remarked in ref.
[11]. This interference occurs only between the∆(1232) Kroll-Ruderman term and
thes-wave part of theN∗(1520)∆π contribution. Since now part of theN∗ → ∆π
decay is due tod-wave, the interference effects are smaller than in ref. [11] where
all theN∗(1520) → ∆π decay was associated tos-wave. This has as a consequence
a better agreement of theory with experiment than in ref. [11] (see Fig. 5 here in
comparison with Fig. 5 of ref. [11]). Theρ-terms are negligible at these energies,
but they show up clearly at higher energies (see ref. [11]). Contributions from other
terms are still smaller.

For the isospin channels with two neutral pions in the final state things are
rather different (see Figs. 7 and 10). In these cases a lot of terms vanish due to
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the fact that the photons cannot couple to neutral pions. In particular, there are no
Kroll-Ruderman and pion-pole terms. Thus, the total cross section for these isospin
channels is much smaller than the cross section for the otherisospin channels. Fur-
thermore, terms that in the other isospin channels are very small become important
in these isospin channels.

In Figs. 7 and 10 we can see that, except for the contribution from N-intermediate
states (short-dash-dotted lines), which is very small, theother contributions are all
of them relevant. Below500 MeV we can see that theN∗(1440) (long-dash-dotted
lines) dominates the reactions. At500 MeV the∆(1232) (short-dashed lines) and
theN∗(1520) (long-dashed lines) start to grow up, and around600 MeV all these
diagrams have similar strength. At600 MeV theN∗(1440) contribution starts to
fall down, and theN∗(1520) and∆(1232) dominate the reaction. TheN∗(1520)
contribution peaks at720 MeV (it is responsible of the peak of the total cross
sections) and from this energy on it falls down, while the∆(1232) contribution
continues growing up moderately.

It is worth noting that, in these latter cases, theN∗(1520) contribution is im-
portant by itself, and not by its interference with other terms as it happens in the
isospin channels with one or two charged pions, and again it is essential to repro-
duce the peak of the cross section around700 MeV . To further stress the role of
theN∗(1520) resonance, we plot in Fig. 11 the results for theγp → π0π0p cross
section using the two possible combinations of Eq. (14) for the s- and d-wave
couplings. We see that the curve(a) is clearly favoured by the data, precisely the
same case which was favoured in theγp → π+π−p reaction. This provides further
support for our choice of amplitudes in theN∗(1520) → ∆π decay.

At this point, we should mention that in spite of the largeN∗(1440) decay
branching ratio intoNππ (around 35%), and the fact that in the present reaction
theN∗(1440) is on-shell atEγ ≃ 600 MeV , theN∗(1440) contribution to the to-
tal cross section is very small for some of the isospin channels. This is due to the
relatively smallN∗(1440) coupling to photons [20], compared to the∆(1232) or
theN∗(1520) resonances (the branching ratio toNγ is around one order of mag-
nitude smaller for theN∗(1440) than for the∆(1232) or theN∗(1520)). However,
it is important in the two-neutral pion channels in the low energy region (below
Eγ ≃ 650 MeV ) (see long-dash-dotted line of Figs. 7 and 10). Note again, that for
Eγ < 600 MeV theN∗(1440) is the dominant contribution, and although there are
some discrepancies with de DAPHNE data [8] in this region, our model agrees well
with the preliminary data of the TAPS collaboration [9] in the same region.

For the total cross sections, in Figs. 5 to 10 (solid lines) wecan see a remarkable
agreement with the experiment in some isospin channels, andsome discrepancies
in others.

For theγp → π+π−p channel (Fig. 5) we reproduce quite well the total cross
section up toEγ = 800MeV (we also reproduce invariant mass distributions even
at higher energies [11]).

For theγp → π+π0n channel (Fig. 6) we have found an important discrepancy
between our calculations and the experimental data. It is very easy to understand
qualitatively our results for theγp → π+π0n cross section from isospin coeffi-
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cients. As we have already said, the photoproduction of one or two charged pions
is dominated by the∆(1232) Kroll-Ruderman and∆(1232) pion-pole terms. In the
γp → π+π−p channel, these terms with a∆++ in the intermediate state have a fac-
tor 1 in the amplitude from isospin (T λ), while in theγp → π+π0p case with a∆0

in the intermediate state, this factor is
√

2/3. Then we have that the cross section
for theγp → π+π0n channel is around4.5 times smaller than theγp → π+π−p one
(this relation is not exact because there are other terms with different isospin coef-
ficients that also contribute). As we can see comparing Figs.5 and 6 this relation is
approximately satisfied.

In order to understand these discrepancies, we have tried tolook for additional
contributions for this channel. For instance, we have calculated the contribution to
the total cross section of new diagrams withρ-intermediate state decaying intoππ
where the photon is coupled to theNNρ vertex in one case and to the intermediateρ
meson line in another case. Note that these additional diagrams only contribute for
theγp → π+π0n andγn → π−π0p channels, because for the others channels, the
intermediateρ-meson is neutral, and does not couple to photons. However, we have
found that these contributions are very small, and they do not modify our results.

On the other hand, we have also investigated the contribution to the total cross
section of the off-shell part of the∆ interactions with photons and pions (see ref.
[31]). For this purpose, we have evaluated diagram(i) of Fig. 3, including the
off-shell part of the∆-interaction. Then, from the off-shell parameters of the∆ in-
teraction, we get an additional term which is very similar tothe one obtained from
diagram(i) of Fig. 3 without the off-shell parameters, but it has a multiplicative
factor (

√
s∆ − m∆)/2m∆ (

√
s∆ is the∆ invariant mass, andm∆ is the∆ mass).

This factor is zero for a∆ on-shell, and in our range of energies, it changes between
−0.05 and+0.07, and it strongly peaks around zero (see Fig. 6 of ref. [11]). This
is so, because the pion of theγ∆Nπ vertex in Fig. 3 (i) picks up the necessary
momentum to make the∆ closest to on-shell. When we perform the actual calcula-
tions the modifications from the consideration of these off-shell corrections are of
the order of 1% for a broad range of the off-shellZ parameter (we have checked
it for several values ofZ between−1/2 and1/2). Then, we conclude that the off-
shell contribution of the∆(1232) resonance to the total cross section is very small,
and we can neglect it.

For theγp → π0π0p channel (Fig. 7) we can see a good agreement with the
experimental data above650 MeV , but our results are below the experimental ones
for Eγ < 650 MeV . We should also mention that there are already preliminary
results for this channel from the TAPS collaboration [9], which for Eγ < 600 MeV
are below the DAPHNE data, and our model agrees very well withthese preliminary
results in this energy region. Nevertheless, we should waitfor their final results.

For theγn → π+π−n we can see in Fig. 8 that we approximately reproduce the
experimental data below650 MeV , but above this energy our model overestimates
the experimental data.

For theγn → π−π0p isospin channel (Fig. 9), the theory is a bit below the ex-
perimental results [3, 4], but the trend of the energy dependence is well reproduced.

However, in connection with the data of refs. [3, 4] for theγn → π+π−n
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andγn → π−π0p reaction, we should point out that there is some disagreement
between the results of the same experiments for theγp → π+π−p channel and the
experimental results of ref. [1, 8] (see Fig. 5). One should then be cautious and wait
for new measurements in these channels before extracting any conclusion from the
present discrepancies of our model with these data.

In Fig. 10 we show the results of our model for theγn → π0π0n channel for
which there are not yet any experimental data.

Due to the interest raised on the two pion photoproduction atthreshold [9, 13,
14, 15, 16], we have also calculated the total cross section for theγp → π+π−p
andγp → π0π0p channels at energies near threshold. In Figs. 12 and 13 we show
our results for the total cross section for these channels, compared to the results of
ref. [13, 14] (in ref. [13] only the amplitude at threshold isgiven, not the total cross
section. Then, we have taken that amplitude as a constant, and we have integrated
it over the three body phase space).

In Fig. 12 we see the results for theγp → π+π−p channel. There appear to be
some discrepancies between the results of refs. [13] and [14] which are mostly due
to the fact that we use the constant amplitude at threshold ofref. [13]. Indeed, if the
same is done for the work of ref. [14] the results are very similar (see Fig. 9 of ref.
[14]). This also means that energy dependent terms are important even very close
to threshold.

Our results are above the results of refs. [13, 14]. We shouldnote that in addition
to the Chiral terms which contribute at threshold, and whichwe have in terms of
our effective Lagrangians, there is one important contribution at threshold which
is missed in the two other approaches. This corresponds to the diagram of Fig 3.
(q) and the crossed one which is not drown there but is actually calculated in this
channel. They correspond toN∗(1440) excitation with decay intoππ in s-wave and
N . These terms were also shown to be important at threshold in theπN → ππN
reaction [18]. Its relevance in that reaction has been stressed in a recent paper [32]
where the existence of an additional energy dependent term of unknown strength is
pointed out.

The different threshold behaviour of the approaches of refs. [13, 14] and the
present work, apart from some differences in the treatment of the∆ terms, is mostly
due to the fact that we include theN∗(1440) resonance. In addition there is a small
contribution from theN∗(1520) a few MeV above threshold, and there are also
other terms which vanish at threshold but contribute close to it.

We should also mention that in the region of interest to us,450 MeV < Eγ <
800 MeV , the cross section is dominated by resonance terms which arenot pro-
vided by Chiral Perturbation Theory.

In Fig. 13 we show the threshold results of theγp → π0π0p channel. We
observe large discrepancies between the results of refs. [13] and [14] which are
commented in refs. [15, 16]. Among other differences, the results of ref. [14]
include loop corrections which are relatively important inthis channel close to
threshold [14]. Once again our results, which also miss the loop corrections, are
bigger than in the two approaches of refs. [13, 14] for the same reasons discussed
above. Our results at threshold also include the contribution of the crossed term of
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theN∗(1440) diagram of Fig. 3(q), which is negligible at higher energies.
Furthermore, we should also stress that, like in theγp → π+π−p channel, the

terms which vanish at threshold dominate the reaction at large energies.
One limitation of our model is that we neglect unitarity. Unitarity for three par-

ticles in the final state is a nontrivial problem [33], and is not the purpose of this
paper to deal with it. However, for the dominant channel (γN → π∆[πN ]), due
to the fact that the∆-width is implemented in the∆-propagators, our model ap-
proximately satisfies unitarity. In order to estimate the errors that unitarity could
introduce, we follow the procedure of Olsson [34] to unitarize this channel by mul-
tiplying the∆-terms by a phase and requesting that the resulting amplitude, after
adding the background, has the phase of theπN amplitude. The angleφ needed
for this phase,eiφ, is of the order of100. We have checked, for theγp → π+π−p
channel, that implementing this phase in the amplitude changes the results at the
level of 3% at energies belowEγ = 800 MeV . Even increasing the angleφ to
200 the changes are of the same order of magnitude. This result isdue to the fact
that, except for the already commented interference between theN∗(1520) and the
∆ Kroll-Ruderman term, the interference between the different terms of the ampli-
tude is small.

This is only a rough approach to such a difficult problem, however it gives hints
that the unitary corrections might be small in that energy range. This conclusion
is also supported by another approximate scheme to unitarize the Born amplitudes
used in [10]. An absorptive correction factor is used there which does not modify
the cross section belowEγ = 800 MeV , although it produces a substantial reduc-
tion at much higher energies. Nevertheless a rigourous treatment of this problem
would be welcome.

4 Conclusions.

We have constructed a model for theγN → ππN reaction extending the model
of ref. [11] for theγp → π+π−p reaction to the rest of the isospin channels,
including some improvements in the∆(1232), N∗(1440) andN∗(1520) couplings.
Our model reproduces quite well the experimental results ofrefs. [1, 8, 9] below
Eγ = 800 MeV for theγp → π+π−p andγp → π0π0p isospin channels, but we
have found some important discrepancies for theγp → π+π0n channel. For the
isospin channels on the neutron we have found also some discrepancies with the
old data of refs. [3, 4], but as we have already mentioned, these experiments should
be improved.

As we already observed in ref. [11] the reaction is dominatedby the∆(1232)
Kroll-Ruderman and∆(1232) pion-pole terms, but we get an appreciable contribu-
tion from other terms. In particular we have shown the crucial importance of the
N∗(1520) terms. In the isospin channels with one or two charged pions in the final
state, theN∗(1520) contribution is small compared with the∆(1232) terms, but it
shows up clearly in the total cross section due to its interference with the∆(1232)
Kroll-Ruderman term. For the cases with two neutral pions inthe final state the

13



dominant terms in the other isospin channels vanish, and thecontribution of the
N∗(1520) terms is bigger than the contribution of the∆(1232). At energies be-
low Eγ = 600 MeV theN∗(1440) plays an important role in the two neutral pion
channels.

One of the interesting findings was the possibility to extract information on the
coupling constants forN∗(1520) decay into∆π. The interference of theN∗(1520)
excitation term, followed by∆π decay, with the dominant∆(1232) Kroll-Ruderman
term in theγp → π+π−p channel allowed us to determine the sign of the couplings
for thes-wave andd-wave in theN∗(1520) → ∆π decay, when the absolute val-
ues given by the branching ratios, and the constraintAs/Ad > 0 obtained form the
πN → ππN reaction were used. We also observed that the same choice of ampli-
tudes gave rise to a fair agreement with theγp → π0π0p channel while the other
possible choice gave rise to a cross section in sheer disagreement with the data.

While in theγn channels there are reasons to expect that the data will change
when new experiments are done, the discrepancy found with the recent data [8]
of the γp → π+π0n channels is puzzling. For the moment we cannot envisage
a solution to this problem. Alternative experiments would be in any case most
welcome.
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Appendix A
LAGRANGIANS.

LNNπ =
−f

µ
Ψγµγ5∂µ

~φ · ~τ Ψ (A.1)

LNNππ = −4π
λ1

µ
Ψ~φ · ~φΨ (A.2)

L∆Nπ =
−f ∗

µ
Ψ†

∆Si(∂iφ
λ)T λΨN + h.c. (A.3)

L∆∆π =
−f∆

µ
Ψ†

∆S∆i(∂iφ
λ)T λ

∆Ψ∆ + h.c. (A.4)

LN∗Nπ =
−f̃

µ
Ψ†

N∗σi

(

∂i
~φ
)

· ~τ ΨN + h.c. (A.5)

LN∗Nππ = −CΨN∗
~φ · ~φΨN + h.c. (A.6)

LN∗∆π =
−g∆N∗π

µ
Ψ†

∆Si(∂iφ
λ)T λΨN∗ + h.c. (A.7)

LN ′∗∆π = iΨN ′∗

(

f̃N ′∗∆π − g̃N ′∗∆π

µ2
S†

i ∂i Sj∂j

)

φλT λΨ∆ + h.c. (A.8)
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LNNγ = −eΨN(γµAµ − χ
N

2m
σµν∂νAµ)ΨN (A.9)

Lππγ = ie(φ+∂µφ− − φ−∂µφ+)Aµ (A.10)

LNNπγ = −iq
f

µ
Ψγµγ5Aµ

~φ · ~τ Ψ (A.11)

L∆Nπγ = −iq
f ∗

µ
Ψ†

∆SiAiφ
λT λΨN + h.c. (A.12)

LN∗Nπγ = −iq
f̃

µ
qΨ†

N∗σiAi
~φ · ~τ ΨN + h.c. (A.13)

L∆Nγ =
−f∆Nγ

µ
Ψ†

∆ǫijkS
†
i (∂jAk)T3ΨN + h.c. (A.14)

LN∗Nγ =
f̃N

γ

µ
ΨNσµν∂νAµΨN∗ + h.c. (A.15)

LN ′∗Nγ = ΨN

{

g̃γ
~S · ~A − ig̃σ

(

~σ × ~S
)

· ~A
}

ΨN ′∗ + h.c. (A.16)

LNNρ = −Ψ

{

GV
NNρ γµ~φ(ρ)

µ −
GT

NNρ

2m
σµν∂ν

~φ(ρ)
µ

}

· ~τΨ (A.17)
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Lρππ = −fρ
~φ(ρ)

µ ·
(

~φ × ∂µ~φ
)

(A.18)

L∆Nρ = −
√

Cρ
f ∗

µ
Ψ†

∆ǫijkSi

(

∂jφ
(ρ)
k

λ
)

T λΨ + h.c. (A.19)

LN ′∗Nρ0 = −g̃ρΨNSiφ
(ρ)
i ΨN ′∗ + h.c. (A.20)

Lρπγ =
gρπγ

µ
ǫαβγδ ∂αAβ

~φ ∂γ
~φ

(ρ)
δ (A.21)

Lρ0π+π−γ = efρφ
(ρ)
µ (φ+Aµφ− + φ−Aµφ+) (A.22)

Lπππγ =
F 3π

6
ǫµναβǫabc Aµ ∂νφ

a ∂αφb ∂βφc (A.23)

Lπγγ =
F π

4
ǫµναβφ0FµνFαβ (A.24)

Fµν = ∂µAν − ∂νAµ

In these expressions,Ψ, ~φ, Ψ∆, ΨN∗, ΨN ′∗, ~φ(ρ)
µ andAµ stand for the nucleon,

pion, ∆(1232), N∗(1440), N∗(1520), ρ(770) and photon fields, respectively;m
andµ are the nucleon and pion masses.

For the∆∆γ coupling we write directly the vertex contribution to the Feynman
rules [35] in analogy to theNNγ case:

− iδH∆∆γ = i

{

(~p + ~p ′)

2m∆
e∆ + i

eµ∆

3m
(~S∆ × ~k )

}

· ~ε (A.25)
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where~S∆ is the ordinary spin matrices for a spin3/2 object,~p and~p′ stand for the
initial and final delta momentum respectively, and~k for the photon momentum;µ∆

ande∆ are the magnetic moment and charge of the delta;m∆ is the delta mass.
The coupling constants are listed below.

Coupling constants:

f = 1 f ∗ = 2.13

λ1 = 0.0075

f∆ = 0.802 f∆Nγ = 0.116

f̃ = 0.477 C = −2.29µ−1

g∆N∗π = 2.07 e = 0.3027

f̃N ′∗∆π = 0.911 g̃N ′∗∆π = −0.552

χ
N

=

{

1.79 for proton
−1.91 for neutron

f̃N
γ =

{

0.0173 for proton
−0.0112 for neutron

g̃N
γ =

{

0.108 for proton
−0.129 for neutron

g̃N
σ =

{

−0.049 for proton
0.0073 for neutron

GV
NNρ = 2.9 GT

NNρ = 18.15

fρ = 6.14 Cρ = 2

g̃ρ = 0.591 gρπγ = 0.0378

F 3π = 0.0259µ−3 F π = 0.0035µ−1

µ∆

µp
= e∆

e
µ∆++ = 1.62 µp

The magnetic moment of the∆(1232), µ∆, can be calculated in the quark model
[36], with the resultµ∆/µp = e∆/e. We shall use this result, except for the∆++

where we shall use the experimental valueµ∆++ = (1.62 ± 0.18) µp based on the
πp bremsstrahlung(π+p → π+pγ) [37].
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Appendix B

TOTAL CROSS SECTION.
The cross section for theγN → ππN reaction is given by

σ =
m

λ1/2(s, 0, m2)

1

(2π)5

∫

d3p4

2ω4

∫

d3p5

2ω5

∫

d3p2
m

E2

δ4(k + p1 − p2 − p4 − p5)
∑

si

∑

sf

|T |2 (B.1)

=
m2

λ1/2(s, 0, m2)

1

4(2π)4

∫

dω5dω4d cos θ5dφ45

θ(1 − cos2θ45)
∑

si

∑

sf

|T |2 (B.2)

Wherek = (ω,~k ), p1 = (E1, ~p1), p2 = (E2, ~p2), p4 = (ω4, ~p4), p5 = (ω5, ~p5)
are the momenta of the photon, incident proton, outgoing proton and the outgoing
pions respectively. In (B.2)φ45, θ45 are the azimuthal and polar angles of~p4 with
respect to~p5 andθ5 is the angle of~p5 with thez direction defined by the incident
photon momentum~k. T is the invariant matrix element for the reaction. We repro-
duce this formula here since in Eq. (2) of ref. [11] there was amissprint anddθ5

should have beendcosθ5, as in Eq. (B.2) above.
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Figure captions:

Fig. 1: Classification of the Feynman diagrams into one point, two point and
three point diagrams. Continuous straight lines: baryons.Dashed lines: pions.
Wavy lines: photons andρ-mesons (marked explicitly).

Fig. 2: Total cross section for theγp → π+π−p reaction. (a)f̃N ′∗∆π = 0.911,
g̃N ′∗∆π = −0.552; (b) f̃N ′∗∆π = −0.911, g̃N ′∗∆π = 0.552.

Fig. 3: Feynman diagrams for theγp → π+π0n, γp → π0π0p, γn → π+π−n,
γn → π−π0p andγn → π0π0n reactions.

Fig. 4: Feynman diagrams for theγN → π0N amplitude.

Fig. 5: Total cross section for theγp → π+π−p reaction. Continuous line:
total cross section. Short-dashed line: contribution of∆(1232)-intermediate states.
Long-dashed line: contribution ofN∗(1520)-intermediate state. Short-dash-dotted
line: contribution ofN-intermediate states. Long-dash-dotted line: contribution of
ρ-intermediate states. Short-dash-long-dashed line: restof the diagrams. Experi-
mental data from refs. [1, 2, 3, 4, 8].

Fig. 6: Total cross section for theγp → π+π0n reaction. Continuous line: total
cross section. Short-dashed line: contribution of∆(1232)-intermediate states (dia-
grams (i)-(o) of Fig. 3). Long-dashed line: contribution ofN∗(1520)-intermediate
state (diagram (p) of Fig. 3). Short-dash-dotted line: contribution of N- andρ-
intermediate states (diagrams (a)-(h) of Fig. 3). Long-dash-dotted line: contribu-
tion of N∗(1440)-intermediate states (diagrams (q)-(t) of Fig. 3). Experimental
data from ref. [8].

Fig. 7: Total cross section for theγp → π0π0p reaction. Continuous line: total
cross section. Short-dashed line: contribution of∆(1232)-intermediate states (dia-
grams (i)-(o) of Fig. 3). Long-dashed line: contribution ofN∗(1520)-intermediate
state (diagram (p) of Fig. 3). Short-dash-dotted line: contribution ofN-intermediate
states (diagrams (a)-(g) of Fig. 3). Long-dash-dotted line: contribution ofN∗(1440)-
intermediate states (diagrams (q)-(t) of Fig. 3). Experimental data from ref. [8].

Fig. 8: Total cross section for theγn → π+π−n reaction. Continuous line: total
cross section. Short-dashed line: contribution of∆(1232)-intermediate states (dia-
grams (i)-(o) of Fig. 3). Long-dashed line: contribution ofN∗(1520)-intermediate
state (diagram (p) of Fig. 3). Short-dash-dotted line: contribution of N- andρ-
intermediate states (diagrams (a)-(h) of Fig. 3). Long-dash-dotted line: contribu-
tion of N∗(1440)-intermediate states (diagrams (q)-(t) of Fig. 3). Experimental
data from refs. [3, 4].
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Fig. 9: Total cross section for theγn → π−π0p reaction. Continuous line: total
cross section. Short-dashed line: contribution of∆(1232)-intermediate states (dia-
grams (i)-(o) of Fig. 3). Long-dashed line: contribution ofN∗(1520)-intermediate
state (diagram (p) of Fig. 3). Short-dash-dotted line: contribution of N- andρ-
intermediate states (diagrams (a)-(h) of Fig. 3). Long-dash-dotted line: contribu-
tion of N∗(1440)-intermediate states (diagrams (q)-(t) of Fig. 3). Experimental
data from refs. [3, 4].

Fig. 10: Total cross section for theγn → π0π0n reaction. Continuous line: total
cross section. Short-dashed line: contribution of∆(1232)-intermediate states (dia-
grams (i)-(o) of Fig. 3). Long-dashed line: contribution ofN∗(1520)-intermediate
state (diagram (p) of Fig. 3). Short-dash-dotted line: contribution ofN-intermediate
states (diagrams (a)-(g) of Fig. 3). Long-dash-dotted line: contribution ofN∗(1440)-
intermediate states (diagrams (q) and (t) of Fig. 3).

Fig. 11: Total cross section for theγp → π0π0p reaction. (a)f̃N ′∗∆π = 0.911,
g̃N ′∗∆π = −0.552; (b) f̃N ′∗∆π = −0.911, g̃N ′∗∆π = 0.552.

Fig. 12: Total cross section for theγp → π+π−p reaction at energies close to
threshold. Continuous line: results of our model. Long-dashed line: results of M.
Benmerrouche and E. Tomusiak [13]. Short-dashed line: results of V. Bernard et al.
[14].

Fig. 13: Total cross section for theγp → π0π0p reaction at energies close to
threshold. Continuous line: results of our model. Long-dashed line: results of M.
Benmerrouche and E. Tomusiak [13]. Short-dashed line: results of V. Bernard et al.
[14].
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