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Photoproduction of multi-meson final states –
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Abstract Multi-meson final states such as γp → pπ
0
π

0 and γp → pπ
0
η have been investigated with the

Crystal-Barrel/TAPS experiment at ELSA. Baryon cascades via ∆π and ∆η and also via higher mass baryon

resonances are clearly observed. Based on this data and on data from other reactions a partial wave analysis

has been performed from which partial decay widths of various N∗ and ∆∗ states into the different pπ
0
π

0 and

pπ
0
η decay channels have been determined, leading partly to unexpected results. In addition, polarisation

observables have been investigated. The beam asymmetry Σ has been determined for both reactions and

double polarisation data using a longitudinally polarised target and a circularly or linearly polarised photon

beam has been taken. Given the angular coverage of the Crystal-Barrel/TAPS experiment this data covers

almost the full angular range and phase space. This data will provide new and important information for the

partial wave analyses and bring us one step closer towards a complete experiment.
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1 Introduction

To understand the non-perturbative regime of

QCD–the world of the nucleon and its excitations–

is still among the most exciting challenges in sub-

nuclear physics. In the past most of the informa-

tion on the baryon excitation spectrum was obtained

from πN-scattering experiments putting a clear bias

on resonances with a sizeable πN-coupling. Recently

this data was supplemented by photo- and electropro-

duction data, which offers the opportunity to study

resonances with vanishing πN-coupling in reactions

such as e.g. γp → pη. To extract the broad and

strongly overlapping resonances from the data two

issues are rather important: First of all, polarisation

observables need to be measured to gain enough con-

straints for an unambiguous extraction of the con-

tributing amplitudes from the data. Secondly, differ-

ent final states need to be investigated since different

resonances may couple with rather different strength

to different final states making their observation more

probable in certain reactions compared to others.

This of course includes measurements of single-meson

photoproduction reactions as well as the more compli-

cated multi-meson photoproduction. The latter gets

more and more important at higher energies. This is

visible in Fig. 1 which shows the total cross sections

for various final states in comparison to the total pho-

toabsorption cross section.

Multi-meson final states allow the investigation of

resonances decaying e.g. via ∆(1232)π or ∆(1232)η.

The measurement of such decay modes or decay

modes in general provides important information to

distinguish between different models trying to de-

scribe the baryon spectrum such as e.g. the quark

model or calculations investigating the option of dy-

namically generated resonances. These results do also

provide a testing ground for future lattice QCD calcu-

lations. The ground state baryons and the low–mass

excitations evidence the decisive role of SU(3) sym-

metry and suggest an interpretation of the spectrum

in constituent quark models[1—3]. Baryon decays can
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be calculated in quark models using harmonic–

oscillator wave functions and assuming a qq̄ pair cre-

ation operator for meson production. A comprehen-

sive review of predictions of baryon masses and decays

can be found in Ref. [4]. An alternative description

of the baryon spectrum may be developed in effective

field theories in which baryon resonances are gener-

ated dynamically from their decays[5, 6]. At present,

the approach is restricted to resonances coupling to

octet baryons and pseudoscalar mesons, yet it can

possibly be extended to include vector mesons and

decuplet baryons[7]. To test the different approaches,

detailed information on the spectrum and decays of

resonances is needed, including more complex decay

modes such as e.g. ∆π, ∆η or N(ππ)-S-wave.
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Fig. 1. Total photoabsorption cross section in

comparison to various single- and double-

meson photoproduction cross sections.

2 The multi-meson final states γp →

pπ0π0,γp → pπ0η

Multi-meson final states like γp → pπ
0
π

0 and

γp → pπ
0
η provide important tools to study the de-

cay dynamics of highly excited baryon resonances.

Data were taken by the CB-ELSA experiment in two

run periods, with an electron beam energy of 1.4 and

3.2 GeV, respectively. The low-energy run covered

the second and third resonance region and invariant

masses up to about 1.8 GeV. The high-energy run

covers baryon resonances with masses up to 2.5 GeV.

Fig. 2 shows for p4γ-events the γγ-invariant mass of

one two-photon-pair plotted versus the γγ-invariant

mass of the other two-photon-pair[8]. Peaks due to

the reactions γp→ pπ
0
π

0 and γp→ pπ
0
η are clearly

observed. The π
0 is reconstructed with a resolution

σπ0=8 MeV. Extensive Monte-Carlo simulations have

shown that the background to the pπ
0
π

0-final state

is below 1% (2%) for the low (high) energy data set.

Fig. 2. γγ-invariant mass distribution of one

photon pair versus the invariant mass distri-

bution of the second photon pair after a kine-

matic fit to γp→p4γ (6 entries per event) for

data from the high-energy run.

1) γp→pπ0π0

Figure 3 shows the CB-ELSA results on the unpo-

larised pπ
0
π

0-photoproduction up to
√

s 61.8 GeV[8]

together with the result of the fit within the BnGa-

partial wave analysis (for further details on the BnGa-

PWA see Ref. [9]).

0

2

4

6

8

10

1.2 1.3 1.4 1.5 1.6 1.7 1.8

M(γp), GeV/c2

σ to
t ,

 µ
b

CB-ELSA

GRAAL

TAPS

(b)

Fig. 3. Total cross section for γp→ pπ
0
π

0 (low

energy data set). Solid line: Result of the

fit (BnGa-PWA), band below the figure: sys-

tematic error. Dashed curve: ∆+
π

0
→ pπ

0
π

0,

dashed-dotted line: p(π0
π

0)S cross section as

derived from the PWA. The D33 partial wave

gives the strongest contribution to the second

resonance region, followed by D13. The D13

– D33 interference generates the dip between

the second and third resonance region.

The data has been subject to the BnGa-PWA

which included in addition to the discussed data

set also various data sets on single-meson photopro-

duction as well as specific waves from elastic πN

scattering. In addition, data from Crystal Ball on
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π
−p → n2π

0 was included in the fit[11]. All three-

particle final states were fitted in terms of an event-

based maximum likelihood fit, which is the only way

to properly take into account all the information in-

cluded in the correlations between the five variables

the reaction depends on. From the fits the proper-

ties of the contributing N∗ and ∆∗ resonances have

been extracted and their partial decay widths into

the different pπ
0
π

0 decay modes, such as ∆(1232)π,

N(ππ)S−wave, P11(1440)π, and D13(1520)π have been

determined (for further details see Refs. [8, 10]). Sev-

eral of these partial widths were determined for the

first time.

An interesting pattern of partial decays of reso-

nances into ∆π, not expected by quark model cal-

culations nor by naive phase space arguments, is ob-

served. D13-decays into ∆πS−wave are allowed by all

selection rules but are observed to be weaker than

naively expected. The D13(1520) decays into ∆π in

D-wave are observed with about the same strength as

in S-wave even though D-wave decays should be sup-

pressed at such small momenta (∼ 250 MeV/c). The

D13(1700) ∆πS−wave decay is observed to be weaker

than ∆πD−wave.
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Fig. 4. γp → pπ
0
π

0: Dalitz plots and differ-

ential cross section distribution in arbitrary

units for different tagged photon energy ranges

as indicated above the figures.

For the D33(1700) two distinct ambiguous solu-

tions have been found; for one of them the S-wave,

for another one the D-wave, dominates. So it re-

mains presently unclear whether only the N∗-states,

D13(1520) and D13(1700), or also the ∆∗-states with

JP = 3/2− show this unexpected decay pattern. Dou-

ble polarisation experiments as presently performed

at the electron stretcher ring ELSA[20] in Bonn are

urgently needed. They will help to resolve this am-

biguity. The sensitivity which can be expected from

one of the according measurements of polarisation ob-

servables is discussed in section 2.3.2.

In a preliminary PWA which includes also the

high energy CB-ELSA data set (up to Eγ=3.0 GeV)

a clear evidence for baryon cascades has been found.

Resonances in the intermediate state are already

clearly visible by eye in Fig. 4, which shows the higher

statistic CBELSA/TAPS data. In the intermediate

state the ∆(1232), the D13(1520) and an additional

state around 1660 MeV are observed. In addition,

the f2(1270) and the f0(980) contribute. The strong

occurrence of high mass resonances in the data and

in the decay of baryon resonances (PWA) may indi-

cate that QCD prefers to invest in mass rather than

in momentum.

2) γp→pπ0η

The reaction γp → pπ
0
η includes the isospin se-

lective ∆η intermediate state from which informa-

tion on excited ∆∗-states can be obtained. In the

∆ηS−wave, the ∆∗(1700) and ∆∗(1940) could play a

similar role as the S11 resonances in the NηS−wave. So

far, ∆∗(1940) is only a one-star resonance in the PDG

classification[12]).

The reaction was analysed using the high-energy

data from the CB-ELSA run period (for further de-

tails see Refs. [13, 14]). The BnGa-PWA (see also

Fig. 5) finds strong contributions from the P33 and

D33 partial waves. The latter partial wave is par-

ticularly exciting: it contains two, possibly three,

resonances, ∆(1700), ∆(1940), and possibly a weak

∆(2350) contribution. The ∆(1940) is particular in-

teresting. It confirms the one-star ∆(1940) which

may belong to a triplet of states lying significantly

below the expectation of symmetric quark models.

The D33(1940) and the P33(1920) both contribut-

ing to the γp → pπ
0
η-channel have opposite par-

ity and very similar masses. A parity doublet oc-

curs. This might indicate that resonances in the ∆∗

spectrum with alternating parities may have simi-

lar masses rather than following a 2n+ l behaviour.

More information on the baryon spectrum is urgently

needed. As in the pπ
0
π

0 final state baryon cascades

are also observed in the reaction γp→ pπ
0
η. Here, as

visible in Fig. 6, the ∆(1232), the S11(1535) and the

a0(980) are clearly observed in the according Dalitz

plots and invariant masses.
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Fig. 5. Quality of the data description by the

PWA, showing two invariant mass distribu-

tions as example. Data are represented by

dots, the fit as solid line. Errors are statis-

tical nature only. The dashed line stands for

the D33-, the dashed-dotted line for the P33-

partial wave. The distributions are not cor-

rected for acceptance to allow a fair compari-

son of the fit with the data without introduc-

ing any model dependence by extrapolating

e.g. over acceptance holes. Clearly visible are

the ∆(1232) and the a0(980). The lower pic-

ture shows the minimum in the likelihood scan

if the mass of a second D33 introduced in ad-

dition to the D33(1700) is varied.
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Fig. 6. γp → pπ
0
η: Dalitz plots for differ-

ent tagger photon energy ranges as indicated

above the figure and differential cross sections

given in arbitrary units.

In the PWA, decays of baryon resonances via these

intermediate resonances are observed to contribute to

the reaction γp→ pπ
0
η.

2.1 Polarisation observables

In contrast to single pseudoscalar meson photo-

production, where 8 carefully chosen observables need

to be measured to reach a complete experiment (see

Ref. [15] and also Ref. [16]), 15 observables[18] have

to be determined in case of the photoproduction of

two pseudoscalar mesons. This is due to fact that

the reaction is no longer restricted to a single plane

as visible in Fig. 7, but two planes, a reaction and a

decay plane, are of importance.

b
cm
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k 2

b1

z
x

p
θ

φ θ

Fig. 7. Photoproduction of a three particle fi-

nal state, shown are the reaction plane includ-

ing the incoming photon and proton and a fi-

nal state particle and the decay plane includ-

ing the final state particles b1 and b2. Figure

taken from Ref. [19].

This leads to the fact that polarisation asymme-

tries can also occur if e.g. only the beam is circularly

polarised or if only the target is longitudinally po-

larised. Being restricted to only the reaction plane,

those asymmetries do not occur in single pseudoscalar

meson photoproduction.

2.2 Measurement of the beam asymmetry Σ

One of the polarisation observables of interest is

the single polarisation observable Σ which will be dis-

cussed in the following. In case of a linearly polarised

photon beam and an unpolarised target, the cross

section for the photoproduction of two pseudoscalar

mesons can be written in the form

dσ

dΩ
=

(

dσ

dΩ

)

0

(

1+δl (Σ cos2Φ+IS sin2Φ)
)

, (1)

where

(

dσ

dΩ

)

0

denotes the cross section in case of

an unpolarised photon beam, δl the degree of linear

polarisation of the photon beam, Σ and IS the oc-

curring polarisation observables, and Φ the angle be-

tween the polarisation plane and the normal to the

reaction plane.

In the CBELSA/TAPS experiment the lin-

early polarised photons are produced via coherent
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bremsstrahlung of the initial 3.2 GeV electron beam

delivered by ELSA off a diamond radiator. Electrons

undergoing the bremsstrahl process are then momen-

tum analysed using a tagging spectrometer consisting

of a dipole magnet and a scintillator based detection

system. For further details on the experimental setup,

see Ref. [21].

For the given analysis, two datasets were consid-

ered. Fig. 8 shows the degree of polarisation as a

function the incident photon energy for two diamond

radiator orientations, one yielding a maximum degree

of polarisation of 49.2% at Eγ = 1300 MeV (A) and

the other of 38.7% at 1600MeV (B).
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B

Fig. 8. Degree of linear polarisation for the two

different settings. Maximum degrees of polar-

isation were 49.2% at Eγ = 1300 MeV (A) and

38.7% at 1600 MeV (B) respectively. Vertical

lines indicate the energy ranges under consid-

eration.

To extract the polarisation observables according

to Eq. (1) a fit on the Φ distribution of the final state

particles was performed.

1) ~γp→pπ0π0

Figure 9 shows preliminary results for the beam

asymmetries Σ extracted for the ~γp→ pπ
0
π

0-channel

(for further details see Ref. [22]). Clearly visible is an

energy and an angular dependence. The beam asym-

metry tends to be largest in the lowest energy bin

measured. The agreement with the previously pub-

lished data points from GRAAL[23] is reasonable even

though especially in the Σ(p)(m(π0
π

0))-distributions

deviations are observed. These might be due to the

different areas of the five-dimensional phase space

covered by the two experiments. This is presently

subject to further investigations.

2) ~γp→pπ
0
η

Figure 10 shows examples for the beam asymme-

tries Σ extracted for the ~γp→ pπ
0
η-channel (for fur-

ther details see Refs. [24, 25]). Asymmetries up to an

order of 40%—50% can be clearly observed as well

as a distinct difference in the sign of the asymmetry

derived from the Φ distribution of the η meson and

the proton, respectively. An energy dependence, es-

pecially for the asymmetries as function of the pπ
0

invariant mass is also visible. The data are compared

with a prediction of the Bonn-Gatchina partial wave

analysis (PWA)[27, 28]. The solution shown has been

determined from a PWA of the unpolarised CB-ELSA

γp→ pπ
0
η data fitted in combination with additional

datasets[13, 14]. The data presented here were not in-

corporated. A general agreement between the data

and the prediction is noticeable, tendencies and signs

are widely reproduced, even though there is obviously

room for improvement. First fits including this data

are consistent with the need for the D33(1940) ob-

served in the fit to the unpolarised data. A com-

parison with the GRAAL data[26] for this reaction,

covering an incoming photon energy range of 1.1—

1.5 GeV, shows a more than reasonable agreement

within the errors and given the different energy bin-

ning.

Fig. 9. Measured beam asymmetries Σ in the

reaction ~γp → pπ
0
π

0. Left to right: Incom-

ing photon energy ranges 1085 ± 115 MeV,

1325 ± 125 MeV, 1550 ± 100 MeV for the

CBELSA/TAPS data. First row: Beam asym-

metries obtained from the Φ-distribution of

the proton as a function of cosΘcms of the

π
0
π

0 system. Second row: Obtained from the

Φ-distribution the π
0 as a function of the pπ

0

invariant mass. Third row: Obtained from

the Φ-distribution of the proton as a func-

tion of the π
0
π

0 invariant mass. The GRAAL

data cover incoming photon energies up to

1450 MeV.
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Fig. 10. Measured beam asymmetries Σ in the

reaction ~γp → pπ
0
η. Left to right: Incom-

ing photon energy ranges 1085 ± 115 MeV,

1325±125 MeV, 1550±100 MeV. Upper row:

Beam asymmetries obtained from the Φ distri-

bution of the proton as a function of cosΘCMS

of the proton, lower row: beam asymmetries

obtained from the Φ distribution of the η as

a function of the pπ
0 invariant mass. Solid

line: Bonn-Gatchina PWA prediction. The

GRAAL data are not shown because of a dif-

ferent energy binning.

2.3 Double polarisation measurements

Significant progress in understanding the baryon

excitation spectrum can clearly not be expected with-

out extensive information on polarisation observ-

ables. One important step forward is without doubt

the measurement of double polarisation observables.

First measurements using a longitudinally polarised

target and a linearly or circularly polarised pho-

ton beam have recently started at ELSA (for single-

pseudoscalar-meson photoproduction see Ref. [16], for

ω-photoproduction see Ref. [17]) using the setup dis-

cussed in the following.

2.3.1 Experimental setup

The double polarisation measurements have

been performed using the Bonn-frozen-spin butanol

target[29]. During the measurements a typical mean

polarisation of 70% and relaxation times around 600 h

have been reached. Circularly polarised photons have

been obtained by bremsstrahlung of longitudinally

polarised electrons on an amorphous radiator. At

2.4 GeV electron energy an electron beam polarisa-

tion ∼65% has been measured at the Moeller target.

Linearly polarised photons are again been obtained

using the method of coherent bremsstrahlung off a

diamond radiator.

The experimental setup used to perform the ex-

periments is shown in Fig. 11. The Crystal Barrel

calorimeter consists of 1230 CsI(Tl)-crystals and is

complemented by two further calorimeters; the for-

ward detector and the MiniTAPS array. The for-

ward detector consists of 90 CsI(Tl) crystals cover-

ing the angular range between 30◦ and 12◦. The

MiniTAPS array (216 BaF2-crystals) covers the an-

gular range further down to 1.2◦. While the Crys-

tal Barrel CsI(Tl)-crystals are read out by photodi-

odes, for the forward detector crystals photomultipli-

ers are utilised. These give the forward detector trig-

ger capabilities and allow timing measurements. The

time resolution achieved with this crystal-lightguide-

photomultiplier configuration is about 4ns (FWHM)

which is sufficient for its inclusion in the first level

trigger. Plastic scintillators are placed in front of the

crystals of both forward detectors to identify charged

particles. For the forward detector a double layer of

180 plastic scintillators of 3mm thickness is placed in

front of the crystals. The front faces of MiniTAPS

BaF2 crystals are also covered by plastic scintillator

plates. For charged particle detection a fibre detector

consisting of three layers of in total 513 fibres (orien-

tation: ±25◦,0◦) is installed inside the Crystal Barrel

calorimeter. This arrangement allows the reconstruc-

tion of the penetration point of the charged trajectory

with the inner detector. To suppress electromagnetic

background on the trigger level a CO2-Gas-Čerenkov

detector has been installed between the forward de-

tector and MiniTAPS.

Fig. 11. The CBELSA/TAPS experimental

setup together with the polarised target used

for the recent double polarisation experiments.

This setup covers ∼96% of the 4π solid angle.

2.3.2 Sensitivity

Figure 12 shows an example of the strength of

double polarisation experiments. As discussed be-

fore the solution of the BnGa-partial wave analysis

shows an ambiguity[8]; the D33(1700) might either

decay dominantly via `=0 or `=2. For those two so-

lutions the helicity differences σ1/2 −σ3/2 have been
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calculated. Large differences in the total as well as

in the differential cross sections are observed showing

the sensitivity such a measurement would have. First

double polarisation data has been taken at ELSA and

is presently analysed. Additional statistics will be

gained in a forthcoming measurement.

Fig. 12. Predictions for the helicity differences

σ1/2 − σ3/2 from the BnGa-PWA for the

two ambiguous solutions where the D33(1700)

might either decay dominantly via `=0

(dashed, red) or `=2 (solid, blue) into ∆π.

2.3.3 Preliminary results

With the Crystal-Barrel/TAPS Experiment at

ELSA data with a longitudinally polarised target

and circularly or linearly polarised photons have been

taken. The according cross section for the reactions

~γ p̃ → pπ
0
π

0 and ~γ p̃ → pπ
0
η can be written as

follows[18] (the polarisation of the recoiling nucleon

is not measured):

dσ

dxi

= σ0{(1−Λz ·Pz)+δ�(I�−Λz ·E)−

δl[sin2ϕ(I s−Λz ·G)+

cos2ϕ(Σ−Λz ·Pz
c)]},

where Λz denotes the longitudinal polarisation of the

initial nucleon. δ� is the degree of circular polari-

sation of the photon beam, while δl is the degree of

linear polarisation, with the direction of polarisation

being at an angle ϕ. Therefore the presently per-

formed measurements give access to the following 7

polarisation observables: Pz, I�, E, Is, G, Σ, Pz
c.

In the γp→ pπ
0
π

0-channel for four of these polarisa-

tion observables no data exist, for most of the others

the existing data is very scarce, resticted in energy,

and mostly also limited significantly in the covered

phase space. For γp → pπ
0
η the only polarisation

observable out of the seven, for which data exists is

the beam polarisation Σ, which has been discussed

in section 10.

The data taken recently at ELSA cover almost

the complete solid angle and provide for the mea-

surements with circularly polarised photons data up

to Eγ = 2.3 GeV, and for the measurements with lin-

early polarised photons it covers the energy range

from Eγ = 0.5−1.35 GeV. One example of part of the

data taken with circularly polarised photons is shown

in Fig. 13. Here the count rate difference between

events with helicity 1/2 and helicity 3/2 is shown.

Fig. 13. Count rate difference between events

with helicity 1/2 (N1/2) and helicity 3/2

(N3/2). The data are not corrected for ac-

ceptance, nor has the polarisation or the flux

been taken into account, pure raw count rate

differences are shown (very preliminary).

Non-zero count rate differences are observed. The

data shown in Fig. 13 are not corrected for accep-

tance, nor has the polarisation or the flux been taken

into account, pure raw count rate differences are

shown (very preliminary). These count rate differ-

ences show structures; N3/2 is larger than N1/2 at

lower energies, while at energies around 1250 MeV

the data indicate that N1/2 is larger than N3/2.

This measurement, the data obtained on the dou-

ble polarisation observable G and the new single

polarisation observables will clearly provide new and

important information for the partial wave analyses.

They will resolve ambiguities in the present solutions

as the one shown in Fig. 12. Given the importance of

the p2π channel as inelastic channel for any coupled
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channel partial wave analysis this data will provide

especially valuable information. In addition, the

γp → pπ
0
π

0 and the γp → pπ
0
η final states allow

the investigation of new decay modes e.g. via higher

mass resonances and may therefore give access to new

states or allow the determination of so far unknown

properties of already known baryon resonances.
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