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Abstract

Using a model for two pion photoproduction on the proton previ-
ously tested in total cross sections and invariant mass distributions, we
evaluate here polarization observables on which recent experiments are
providing new information. We evaluate cross sections for spin 1/2 and
3/2, which are measured at Mainz and play an important role in tests of
the GHD sum rule. We also evaluate the proton polarization asymmetry
Σ which is currently under investigation at GRAAL in Grenoble.
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1 Introduction

Photoproduction of two pions has been the object of intense recent experimen-
tal [1, 2, 3, 4, 5] and theoretical work [6, 7, 8, 9, 10, 11]. The data are very
sensitive to couplings of resonances to photons and mesons and in particular
are a unique source of information on the N∗(1520) → ∆π transition which
can be contrasted with quark model predictions [12].

The total cross sections and invariant mass distributions bare much infor-
mation on the reaction mechanisms and they pose important constraints on
the theoretical models. Yet, further constraints are to be found in the po-
larization observables and so far the theoretical models have not tackled this
problem. The advent of recent experiments on this issue makes the theoretical
problem opportune. Furthermore the spin 1/2 and 3/2 γp cross sections are
input for the Drell-Gerasimov-Hearm sum rule, which is also receiving much
attention recently [13, 15]. Given the fact that the photonuclear excitation of
the proton gives rise to a rich spectrum of resonances in the 1−2 GeV region,
the DGH sum rule establishes an interesting link between a static property of
the nucleon and the dynamical mechanisms of the nucleon excitation.

The sum rule was first derived by Gerasimov and by Drell and Hearn in
an independent way and it is based on the work of the Low Energy Theorem
of Low and Gell-Mann and Goldberger for spin 1/2 particles.

The most important fact of this relation lies in the fact that it is based on
general principles as Gauge and Lorentz invariance, cross symmetry, causality
and unitarity. However, testing the DGH sum rule has proved so far prob-
lematic for lack of data at high energies. This handicap has been overcome by
using theoretical predictions for the one pion photoproduction [13]. However,
since one also needs the two pion production cross section, the use of theoret-
ical models to evaluate the contribution of this part becomes also necessary.

At the moment the rough estimates of [14] are used in the test of the
DGH sum rule, but the existence of fair models for two pion photoproduction
makes the evaluation of the spin cross sections needed in the DGH test most
advisable. In fact, lack of data or theoretical predictions for the two pion
production on deuterium was the reason in [15] to stop the integration at the
value of 550 MeV before the two pion production becomes relevant.

The recent measurement of the helicity 1/2, 3/2 cross sections in two pion
photoproduction at Mainz [16] represents an important step in the test of
the DGH sum rules while at the same time it imposes new constraints on
the theoretical models of two pion photoproduction. The present status of
the theory has also experienced a step forward with the solving of the puzzle
of the γp → nπ+π0 cross section which was underpredicted in [6, 8]. The
inclusion of the ∆(1700) excitation, together with ρ production, lead in [17]
to good predictions for cross sections and invariant mass distributions of the
γp → nπ+π0 reaction, without spoiling the agreement found for the other
charge channels. The model of [17] seems thus most suited to evaluate the
spin cross sections, hence serving the double purpose of further testing model,
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while at the same time, using it as input to test the GDH sum rule.
Additionally more polarization observables, like the polarization asymme-

try Σ are been measured in the European detector GRAAL at Grenoble. The
perfect cylindrical symmetry of the GRAAL detector is ideal to measure Σ.
Up to now the GRAAL collaboration has presented results for only one emit-
ted meson in the final state [18] but recently preliminary results for the Σ in
the γp → π0π0p, γp → π+π−p and γp → π+π0n channels are in progress in
the range of photon energies 500-1100 MeV [19].

With all this information ready to appear in experimental publications in
a short time we will use our two pion photoproduction model to analyze the
observables described above which pose a new challenge to the model.

2 Helicity asymmetries for γp → π+π−p and

γp → π+π0n

The helicity cross sections σ3/2 (σ1/2) are defined as the total cross section for
the absorption of a circularly polarized photon by a proton polarized with its
spin parallel (anti parallel) to the photon spin.

The polarization vectors for circularly polarized photons are :

~ǫ (±) =
(∓1,−i, 0)√

2
(1)

By writing our γp → ππN amplitude as ǫµ T µ, we evaluate the amplitudes for
scattering of the polarized photon with a proton with spin third component
1/2. Then we have the T1/2 and T3/2 helicity amplitudes as:

T3/2 =
−T x − iT y

√
2

, (2)

T1/2 =
T x − iT y

√
2

. (3)

Alternatively, we could also use the photon with ~ǫ (+) polarization and third
components 1/2 or −1/2 for the proton spin, as is customarily done to define
helicity amplitudes of resonances. For a N∗ resonance the helicity amplitudes
A1/2 and A3/2 are defined as

AN∗

1/2 ∼ 〈N∗, Jz = 1/2|~ǫ (+) · ~J |N, Sz = −1/2〉 (4)

AN∗

3/2 ∼ 〈N∗, Jz = 3/2|~ǫ (+) · ~J |N, Sz = 1/2〉 (5)

In these cases A1/2 means an incoming nucleon with spin projection Sz =
−1

2
(positive helicity) absorbing a photon with spin λ = +1, leading to Jz = 1

2

for the resonance final state (same helicity as in initial state). For the case
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of the A3/2 it means that we have an initial nucleon spin projection state of
Sz = 1

2
(negative helicity) and a photon with λ = +1, being the final spin

state Jz = 3/2 (positive helicity, helicity change).
As we said in the Introduction, experiments about that kind of observables

and being performed with the DAPHNE detector at Mainz. The DAPHNE an-
gular acceptance for the two charged pion production in the GDH-Experiment
at MAMI for hydrogen target and butanol target is defined as [16]

Polar angle(θ): 23 ≤ θ ≤ 158 [deg]

Azimuthal angle(φ): 0 ≤ φ ≤ 360(2π) [deg]

For the γp → π+π−p reaction they can see up to three charged particles
inside the DAPHNE-detector. Depending upon the number of the particles
seen, it is necessary to apply different methods of analysis which affect the
DAPHNE-acceptance for this reaction. The number of particles has to be
handled as follows:

i) 0 and 1 charged particle in the DAPHNE angular acceptance:
The events gets rejected.
ii) 2 charged particle in the DAPHNE angular acceptance
There are two possible sets of particles that can be seen by the DAPHNE

detector in such a case, which are (p±

π ) or (π+π−).
iii) 3 charged particle in DAPHNE angular acceptance:
In this case the proton momentum threshold (pprot/(MeV/c)) against the

polar angle (θ /degrees) is specified by the following function:

Pprot(threshold) > 300 + 0.010(θ − 90)2 [MeV/c] , (6)

and the charged pion (π+, π−) momentum threshold (pπ± /(MeV/c)) against
the polar angle (θ /degrees) is specified by:

pπ± > 65 + 0.005(θ − 90)2 [MeV/c] . (7)

We adapt our calculations to the γp → π+π−p reactions are to the ex-
perimental acceptance discussed above for the three particle detection case.
In our calculations we use the improved model for two pion photoproduction
mentioned in the introduction [17]. We analyze the σ1/2, σ3/2 observables and
the helicity asymmetry in the following figures.

In fig. 1 we show the σ3/2 and σ1/2 cross sections for the ~γ~p → pπ+π−

reaction with the 3 charged particles in the DAPHNE acceptance. We see
that the agreement with the experimental points is quite good for σ1/2 and
σ3/2. We reproduce a peak around 700 MeV shown by the experimental data.
We see a small discrepancy with the experiment at photon energies up to 700
MeV but the decrease of the cross section up 800 MeV is reproduced.
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Figure 1: σ3/2, σ1/2 for ~γ~p → pπ+π− with 3 charged particles in DAPHNE accep-
tance. Experimental data from [16]

In fig. 2 we show the difference between the helicity cross sections σ3/2 and
σ1/2 at the top of the figure. In the bottom we show the helicity asymmetry for
the double charged pion reaction with 3 particles in the DAPHNE acceptance.
We find a similar result for the σ3/2-σ1/2 cross section as we showed before for
the σ3/2, reflecting the dominance of the helicity amplitude A3/2. The helicity

asymmetry is defined by
σ3/2−σ1/2

σ3/2+σ1/2
and we observe a nice agreement with the

experimental data although one has large experimental error bars at low and
high energy.
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Figure 2: The difference of cross sections, σ3/2 - σ1/2, for the ~γ~p → pπ+π− reaction
with 3 charged particles in DAPHNE acceptance, is shown in the top figure and the
helicity asymmetry in the bottom one. Experimental data from [16]

We turn now to the ~γ~p → π+π0n reaction. In our work [17] we added
to the model some new ingredients improving considerably the results for the
γp → nπ+π0 channel obtained before in [8]. We shall show now the results of
this channel for the helicity observables analyzed above.

The DAPHNE acceptance for nπ+π0 is as follows: the n and π0, both have
no limits in angular acceptance and in threshold momentum. Only the π+

is limited by the angle and momentum threshold. So, in the γp → nπ+π0

reaction we should take the π+ inside the DAPHNE acceptance. In this case
there is a threshold for the momentum of the charged pion given as a function
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of the polar angle (θ/degrees) by:

pπ+ > 80 + 0.005(θ − 90)2 [MeV/c] (8)
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Figure 3: σ3/2, σ1/2 for ~γ~p → nπ+π0 with π+π0 in the DAPHNE acceptance.
Experimental data from [16]

In fig. 3 we show the results for the helicity cross section σ3/2 with a dark
continuous line, which are in good agreement with the experimental results.
In the case of the σ1/2 we show the results in a light continuous line and they
are somewhat smaller than the experimental numbers.

In view of these results the small deficit of the theoretical cross section in
this channel found in [17] should be attributed to the smaller theoretical cross
section found for σ1/2.
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Figure 4: The difference of cross sections σ3/2 - σ1/2, for the ~γ~p → nπ+π0 reaction
with π+π0 in DAPHNE acceptance, is shown in the top figure and the helicity
asymmetry in the bottom one. Experimental data from [16]

.

In fig. 4 we show the difference between the helicity cross sections σ3/2 and
σ1/2 at the top of the figure. In the bottom we show the helicity asymmetry
for the ~γ~p → nπ+π0 with π+π0 particles in the DAPHNE acceptance. We
find good agreement for the σ3/2-σ1/2 cross section but we realize that if our
σ1/2 helicity amplitude was a little bit bigger the agreement would be better.
At the bottom of fig.4 we can see the results for the helicity asymmetry. We
find agreement with the sign of the asymmetry and the global behavior of the
observable but the strength of our results has a discrepancy of about a 10%
with the data.
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3 The GDH Sum Rule for γp → ππN

The Drell-Hern-Gerasimov (DGH) sum rule relates the helicity structure of
the photo absorption cross section to the anomalous magnetic moment. Our
aim is to study the convergence of this sum rule in the two pion charged
photoproduction reaction.

We write the DHG sum rule (Drell and Hearn, 1966 [20]; Gerasimov, 1966
[21]) as:

κ2

4
=

m2

8π2α

∫
dν

ν
[σ3/2(ν) − σ1/2(ν)] = IGHD(Q2 = 0) (9)

and ν = Elab
γ photon lab energy. We studied in the last section the helicity

observables needed to calculate this expression. We also note that the vector
polarizability may be related to another sum rule as [13]:

γ =
1

4π2

∫
dν

ν3
(σ3/2 − σ1/2) (10)

It is interesting to keep in mind that the helicity cross sections are related
to the total transverse (σT ) and transverse-transverse (σTT ′) cross sections.

σT =
σ3/2 + σ1/2

2
(11)

σTT ′ =
σ3/2 − σ1/2

2
(12)

We show in the fig. 5, from up to down, the difference of the helicities
σ3/2-σ1/2 and the integrand of the GHD sum rule in terms of the laboratory
photon energy. In the intermediate figure we show the integrand of the IGHD

sum rule as a function of the photon energy. Finally, we also show a figure at
the bottom of fig. 5 the IGHD in terms of the upper limit of photon energy
used in the IGHD integral, which seem to indicate that the integral does not
converge.

We notice that our model was developed for working in the Mainz range
up to 800 MeV photon energy. The result of the IGHD integral up to 800 MeV,
lower energy where the model is more reliable, is 0.13 for the γp → π+π−p
reaction. We should note that the value quoted in [13], for the contribution
of the γp → 2πN reactions to the IGHD sum rule in [13] from [14] is 0.20,
counting all the charged channels. It is worth noting that if we consider the
other channels we obtain a contribution from the γp → π+π0n channel of 0.07
and from γp → π0π0p channel of 0.02 in both cases integrating up to 800 MeV.
The total contribution of the (γ, 2π) channels to the IGDH sum rule up to 800
MeV is 0.22, already larger than the previous estimates, which in principle
would account for the integration up to infinite. As an indication of how the
GHD sum rule might converge we extrapolate our model up to 1 GeV where
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Figure 5: At the top we show the helicity function σ3/2(q0) − σ1/2(q0) in terms
of the photon lab energy q0 up to 800 MeV for the γp → π+π−p reaction. In the
middle figure we show the integrand of the IGHD sum rule [σ3/2−σ1/2]/q0 up to 800

MeV. At the bottom we show the IGHD sum rule in terms of the photon energy.

the agreement with data should still be fair. We find a contribution to the
integral of 0.17, 0.09, 0.02 from the π+π−, π+π0 and π0π0 channel respectively.
The sum of all channels is 0.28, which seems an increase of 20 % with respect
to the integral up to 800 MeV alone.

We hesitate to use our model at higher energies where it has not been
tested against experiment, and where we know that consideration of further
resonances and extra unitarity corrections should be important. But the re-
sults for the GHD integral shown in fig. 5 and the increase found from 800
MeV to 1000 MeV, do not go in the direction of supporting a fast conver-
gence of this integral. Actually the possibility that the GHD integral does not
converge was already advanced in [22].

As with respect to the sum rule for the vector polarizability the fact that
we have two extra powers of ν in the denominator increases the chances of
convergence. We show in fig. 6 the integrand of eq. (10) for the three charged
pion channels and at the bottom of the panel we show the contribution of the
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integral in terms of the upper limit of integration. The convergence of the
γp → π+π−p and γp → π0π0p channels is not fast either and the integral does
not seem to saturate around 800 MeV. Furthermore, the γp → π+π0n channel
shows even a slower convergence. Indeed if we integrate up to 800 MeV the
values obtained for the integral are 8.6 · 10−5 µb/MeV 2, 4.2 · 10−5 µb/MeV 2,
1.3 · 10−5 µb/MeV 2 from the π+π−p, π+π0n, π0π0p channels respectively. Al-
together we find a contribution to γ from the two pion production channels of
0.00014 µb/MeV 2 up to 800 MeV. If we integrate up to 1000 MeV then the
results are 1.0 ·10−4 µb/MeV 2, 6.4 ·10−5 µb/MeV 2, 1.7 ·10−5 µb/MeV 2 respec-
tively. The sum of all channels up to 1 GeV is 0.00018 µb/MeV2. However,
in spite of this apparent lack of convergence, and admitting that our results
at larger energies should overestimate the data, we still find a convergence of
the integral around 2 GeV with a value of 0.00030 µb/MeV2, which we believe
is an overestimate of the actual result. Hence we can safely put the results of
the 2π channels to the γ sum rule in the range of [0.00018, 0.00030] µb/MeV2.

4 Polarization asymmetry Σ for two pion pho-

toproduction

For photons linearly polarized in the vertical plane with a polarization degree
P , the differential cross section can be written as

(
dσ

dΩ
)pol(θ, φ) = (

dσ

dΩ
)unpol(θ) (1 + PΣ(θ)cos(2φ)) , (13)

where φ is the angle between the reaction plane and the horizontal plane
and Σ(θ) is the beam asymmetry. The cylindrical symmetry of the detector
provides the distributions of selected events over the full range 0 − 360 [deg]
of φ angles [18].

The asymmetry is extracted experimentally from the azimuthal distribu-
tion of events for one of the polarization states, normalized to the azimuthal
distribution corresponding to an unpolarized beam.

(
dσ

dΩ
)pol(φ, θ)/(

dσ

dΩ
)unpol(θ) = 1 + PΣ(θ)cos(2φ) =

2Fver(φ)

(Fver(φ) + αFhor(φ))
, (14)

where Fhor and Fver are the measured azimuthal distributions of events for each
polarization state and α is the ratio of beam fluxes corresponding to the vertical
and horizontal polarizations. A fit to the experimental data using the function
1 + PΣ(θ)cos(2φ) allows to extract the beam asymmetry Σ = Σ(Eγ , θc.m.), as
a function of the photon energy and the polar angle θ in the centre of mass of
the selected particle.

In our case, we implement the calculation of the beam asymmetry Σ in our
model with the following prescriptions:
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π0π0. The upper continuous line shows the total sum for the vector polarizability
sum rule coming from the three channels.

• The photon momenta is taken in the positive z direction and the x and
z axes define the horizontal plane. The vertical polarization goes along
the positive y axis and the horizontal polarization along the x axis.

• The reaction plane which contains the momenta of the final particles,
defines an azimuthal angle φR with respect to the initial plane, rotating
around the direction z of the incoming photon (z axis).

• Since the only φ dependence of the cross section comes from the factor
cos(φ) in eq. (13), we evaluate Σ(θ) choosing φ = 0. For this purpose
we select small φR angles, thus having the final particles essentially in
the horizontal plane.
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• The asymmetry Σ in our case is defined by

Σ =
σT − σL

σT + σL

(15)

where σT corresponds to photons polarized along the y axis while σL

corresponds to photons polarized in the x axis.

• In a γp → Nπ1π2 reaction we consider two kind of plots for each channel.
We calculate the beam asymmetry for the emission of the system of two
pions (π1π2) against the θc.m. of the two pions in the global C.M. (case
γp → N (π1π2)). In this case we will show the results selecting the peak
of invariant mass of (π1π2) system for several cuts and without cuts.

• The other case is where we calculate the beam asymmetry for the π1 (or
π2) emission against the θc.m. of π1 (π2) in the global CM of the reaction
(case γp → (Nπ2) π1) or (γp → (Nπ1) π2). In these situations we select
the peak in the invariant mass of the (Nπ) system around the masss of
the ∆ resonance. The results without these cuts are also analyzed. This
θc.m. is defined by the angle between the photon (z direction) and the
momentum of the emitted selected particle.

The selection of cuts discussed above are set up for a future comparison
with data presently been taken at GRAAL [19].

In the next pages we can see our predictions for these observables. From
fig. 7-13 we analyze the three possible isospin channels with a proton in the
initial state, γp → π+π−, γp → π0π0p, and γp → π+π0n reactions. We show
the beam asymmetry in several cases, selecting one or two pions and with or
without cuts in the invariant masses of the systems.
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without cut in the invariant masses of the system (π0π0). The right column shows
the beam asymmetry when we select the peak in the invariant mass of (π0π0) system
within a band of 400-540 MeV.
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Figure 11: We show the photon asymmetry Σ for the emission of the π0 pion
against θc.m. of the π0 pion in the global C.M. of the reaction γp → π0π0p. The
left column shows the beam asymmetry without cut in the invariant masses of the
system (pπ0). The right column shows the beam asymmetry when we select the
peak in the invariant mass of (pπ0) system within a band of 1180-1280 MeV (peak
around the mass of ∆ resonance).
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Figure 12: We show the photon asymmetry Σ for the emission of the system of
two pions (π+π0) against θc.m. of the total momentum of the two pions in the global
C.M. of the reaction γp → π+π0n. The left column shows the beam asymmetry
without cut in the invariant masses of the system (π+π0). The right column shows
the beam asymmetry when we select the peak in the invariant mass of (π+π0) system
within a band of 450-550 MeV.

19



0 50 100 150
-1

-0.5

0

0.5

1

 Σ

0 50 100 150
-1

-0.5

0

0.5

1

0 50 100 150
-1

-0.5

0

0.5

1

 Σ

0 50 100 150
-1

-0.5

0

0.5

1

γ  p-->π+π0
 n

nπ+

nπ+

Eγ 650−740 MeV

Eγ 740−830 MeV

M
I
[nπ+] 1200−1260  MeV

M
I
[nπ+]  1200-1260 MeV

Eγ 650−740  MeV

Eγ 740−830  MeV

Figure 13: We show the photon asymmetry Σ for the emission of the π0 pion
against θc.m. of the π0 pion in the global C.M. of the reaction γp → π+π0n. The
left column shows the beam asymmetry without cut in the invariant masses of the
system (nπ+). The right column shows the beam asymmetry when we select the
peak in the invariant mass of (nπ+) system within a band of 1200-1260 MeV (peak
around the mass ∆ resonance).
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Figure 14: We show the photon asymmetry Σ for the emission of the π0 pion
against θc.m. of the π+ pion in the global C.M. of the reaction γp → π+π0n. The
left column shows the beam asymmetry without cut in the invariant masses of the
system (nπ0). The right column shows the beam asymmetry we select the peak in
the invariant mass of (nπ+) system within a band of 1170-1250 MeV (peak around
the mass of ∆ resonance).

5 Conclusions

We have looked in this paper at the polarization obervables σ3/2, σ1/2 and the
asymmetry Σ using for it the recent model of [17], which improves over the
former one of [8] by including mechanisms of the ρ production and ∆(1700)
excitation. Thanks to the new ingredients of the model we could reproduce
the γp → π+π0n reaction where the old one had problems. In the present
paper we have shown that these new ingredients are essential to reproduce the
σ3/2 cross section in that channel. We nevertheless obtain fair results for the
σ1/2 cross section which has a much smaller strength than the σ3/2 one. The
agreement with the data was found acceptable in all the charged pion channels
of the p(γ, 2π) reaction.

We also took advantage of the success of the model to evaluate the con-
tribution of the (γ, 2π) channels to the GDH sum rule. Integrating up to 800
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MeV the integrand of the GHD sum rule we found a value of 0.22. The integral
kept increasing as a function of the upper limit of the integration giving hints
of a possible nonconvergence of the GDH sum rule. The evidence of these
results should not be considered conclusive, given the fact our model has only
been tested against experiment in the range up to 800 MeV, but should be
taken as indicative that the GDH integral might not be convergent. On the
other hand we also calculated the contribution of the (γ, 2π) channels to the
weighted GDH sum rule leading to the vector polarizability γ. Our results sup-
ported convergence of this integral but we still found a sizeable contribution
to the integral above 800 MeV.

We have also conducted a thorough study of the photon asymmetry, Σ,
and have performed calculations adjusting to the running experimental set up
at GRAAL. We show here predictions of the model to be compared to experi-
mental data when the analysis is finished. For the time being we just mention
that we find an overall agreement with preliminary data from [19].
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