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Abstract

In recent years, there has been much interest in the possible existence of the N*(1685)

narrow nucleon resonance, as predicted by the chiral soliton model. Several η pho-

toproduction experiments have been performed that rely on extracting neutron ob-

servables from deuteron target data. These have shown some evidence of narrow

structure, however, no structure was observed in cross section measurements on the

proton channel. Within the A2 collaboration at the MAMI accelerator in Mainz,

Germany, a more detailed study has been undertaken using η photoproduction on

a liquid H2 target, and is the subject for this thesis. The study utilised the high

resolution and high precision possible with the A2 detector setup, in an attempt

to overcome the predicted low photocoupling between the N*(1685) and the pro-

ton.

The MAMI electron beam was used to produce bremsstrahlung photons, the ener-

gies of which are determined by detecting the recoil electrons in the Glasgow-Mainz

Tagged Photon Spectrometer. The reaction products from the interaction of the

photon beam and liquid H2 were detected by the Crystal Ball and TAPS calorime-

ters. The γp → ηp reaction channel was identified via the η → 3π0 → 6γ decay

branch. The reaction cross section was measured between Eγ = 707 and 1477 MeV.

Both differential and total cross sections have been presented with a particular em-



iii

phasis on the centre of mass energy range around 1685 MeV. The peak structure

seen on the neutron channel is not observed in the case of the proton. However,

a dip in the cross section is observed, which is more prominent at forward polar

angles. The leading models are not fully able to reproduce the data in this energy

region. As such, given the high energy resolution of the measurement the results

can be used to constrain future models and in doing so aid the understanding of the

nucleon’s resonance spectrum.
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6.3. Angular Distributions 109

Figure 6.6: Sample of 12 differential cross sections results for the double tagger microscope

detector channels. Each result is fitted with a function consisting of first five

Legendre polynomials. MAID (green line) and SAID (red line) predictions are

also shown.
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Figure 6.7: Legendre co-efficient A1 (black FPD, red microscope), A2 (blue) and A3

(green) as a function of centre of mass energy. MAID (green line) and SAID

(red line) predictions for A1 are also shown.

than both SAID and MAID predictions, more so at backward angles. It is difficult

to see subtle variations in the angular distributions from these plots. It is therefore

more useful to examine the behaviour of the resulting Legendre coefficients from

each fit.

Figure 6.7 plots the A1, A2 and A3 Legendre coefficients as a function of centre of

mass energy for the tagger focal plane detector, with the corresponding microscope

results shown for A1. The first Legendre coefficient A0 is proportional to the total

cross section and as such does not contain any angular information, it is therefore

not of interest at this stage. As the degree of Legendre polynomial is increased the

contribution of each polynomial decreases, which results in an increase in the asso-

ciated error for higher coefficients. It is therefore difficult to draw any quantitative

conclusions from the behaviour of A2 and A3. This is not true for the A1 coefficient
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which exhibits interesting behaviour in the energy range of interest. A minimum is

observed at approximately 1650 MeV before A1 increases via a sign change at 1675

MeV to a plateau at approximately 1730 MeV. The values obtained for A1 in each

of the fits in figure 6.6 have also been included. This clear sign change of A1 occurs

over the same energy region as the dip structure in the total cross section, giving

an indication of resonance phenomena. The MAID and SAID model predictions for

A1 have also been included in the plot. Both model predictions exhibit a similar

structure as seen in the experimental data. As with both the total cross section and

the forward and central angle cross sections the MAID prediction produces a closer

fit to the behaviour of the experimental data than the SAID prediction.

6.4 Systematic Uncertainties

All the components of equation 5.2 for the differential cross section will have an

associated systematic error which will contribute to an overall systematic uncertainty

on the results shown in the previous sections of this chapter. The two largest sources

of systematic error are those associated with the acceptance calculation and the

extraction of the ηp yield, which itself includes contributions from empty target and

direct 3π0 events. There also exists small contributions to the overall systematic

uncertainty from the errors associated with the length of the liquid hydrogen target,

the decay branching ratio and the photon beam flux calculation.

The acceptance uncertainty is normally the largest error contribution in any cross

section calculation, as is the case here. The reason for this sizeable uncertainty is

the fact that the acceptance calculation requires the use of as detailed a simulation

as possible, which will not reproduce the experiment fully. A sensible method of

estimating the systematic uncertainty on the acceptance is to vary the kinematic

distribution of generated events and observe how the acceptance changes. This was

done by generating both a flat phase space distribution and a distribution weighted

by the SAID η photoproduction cross section in AcquMC. The differences in the

resulting acceptances from the A2 simulation were compared in order to calculate
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the acceptance contribution to the overall systematic error on the γp → ηp cross

section. This contribution ranged from 2.3% at the reaction threshold to 20% at W

= 1896 MeV, with an average around the 1600 - 1800 MeV region of 4.6%.

The uncertainty in the η yield has significant contributions from the direct 3π0 and

non liquid hydrogen target events. The empty target correction, shown in figure

5.12, was calculated to be on average less than 0.2%. As this is such a small effect

the data was not corrected, with this correction instead included as a systematic

uncertainty. The direct 3π0 correction dominates the systematic error associated

with the η yield. Figure 5.11 shows that the correction is energy dependent. Several

factors such as the use of a flat phase space simulation and the reliance on a cross

section measurement with its own associated uncertainties make it necessary to

estimate a systematic uncertainty associated with this correction. A conservative

estimate as a result of these factors is 20%. This leads to a contribution to the

overall systematic uncertainty for the γp → ηp cross section that ranges from 0.2%

at threshold to 1% at the maximum beam energy.

Acceptance (threshold - max. beam energy) 2.3% - 20%

Acceptance (average 1600 - 1800 MeV) 4.6%

Eta Yield (threshold - max. beam energy) 0.2% - 1%

Branching Ratio 0.7%

Target Density 0.3%

Table 6.1: Systematic uncertainty contributions.

There is an error associated with the value used for the η → 3π0 → 6γ decay branch,

which is taken from the error determined by the experimental measurements used

to produce the branching ratio PDG values [14]. Its contribution to the overall cross

section systematic error was calculated to be 0.7%. In addition, the length of the

liquid hydrogen target used in the current experiment was measured to be 10.03 ±
0.03 cm [87], leading to an uncertainty in the calculation of the target area density.

Its contribution to the overall systematic uncertainty was found to be 0.3%. The

photon flux determination is dependent on the correction for the deadtime of the
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Figure 6.8: Overall systematic uncertainty for the γp → ηp cross section measurement

as a function of centre of mass energy. The red shaded region represents the

tagger microscope coverage.

data acquisition system. The deadtime is calculated from scalers which are known

to a high precision, it is therefore assumed that the photon beam flux does not

contribute significantly to the overall systematic uncertainty.

The individual contributions described above are added in quadrature to determine

the final total systematic uncertainty in the γp → ηp cross section. The variation of

the uncertainty as a function of W is shown in figure 6.8. The systematic uncertainty

ranges from 2% at threshold to 18% at the maximum energy. The red shaded region

in the figure represents the microscope detector coverage, the uncertainty for which

is relatively flat with a value of 5%.
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6.5 Summary and Conclusions

A high resolution, high precision measurement of the γp → ηp cross section has been

performed within the A2 collaboration based at Johannes Gutenberg Universität in

Mainz, Germany. This study on the proton was motivated by the controversial

results from the γd → ηn measurements detailed in chapter 2. Additionally it

provided the opportunity to contribute η photoproduction results to the world data-

set in the centre of mass energy range of 1650 - 1720 MeV with an unprecedented

energy resolution. There are several conclusions which can be drawn from the results

presented in this thesis.

Given the topical nature of the present measurement, two different analysis tech-

niques were employed in the extraction of the cross section whilst the standard

tagged photon detector was supplemented by the use of the high resolution tag-

ger microscope detector. The validity of the cross section results was confirmed by

the consistency observed between both analysis techniques and both tagger photon

detectors.

The results for the total γp → ηp cross section show no evidence for any anoma-

lous peak structure around the centre of mass energy of 1685 MeV, such as was

observed on the in the γd → ηn reaction. This does not preclude the existence of

a possible N*(1685) resonance showing that if it were to exist, the photocoupling

to the proton is such that its detection is not possible within the given precision of

this measurement. In terms of the ongoing research of η photoproduction using the

γd → ηnp reaction channel from deuteron targets, the high precision results of the

present measurement can provide significant constraints to assist the deconvolution

of the proton and neutron contributions.

The high precision, high resolution present measurement shows evidence for a min-

imum followed by a maximum in the magnitude of the total cross section around

1675 MeV. This structure is more pronounced than the prediction from the SAID

and MAID models. A study of the cross section at different polar angles showed that

this feature was more prominent at forward angles, and a more detailed study of the
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cross section angular distributions was undertaken. The most significant outcome of

this study was a clear change in sign in the second Legendre coefficient (A1). This

was again more pronounced than the SAID and MAID model predictions.

It should be noted that in both the total cross section and Legendre coefficient

results the interesting features around 1670 MeV were broader than the width of

the predictions of the N*(1685) narrow resonance. The variation in the change of

sign in A1 extends over an 80 MeV range, whereas the predictions for the N*(1685)

width is < 30 MeV. The fact that the SAID and MAID models reproduce a simi-

lar trend to the current results, albeit at a reduced magnitude, suggests that these

features are most likely due to interference between known resonances. The MAID

model includes the following resonances located in the energy region of interest:

S11(1650), P11(1710), P13(1720), D13(1700), D15(1675) and F15(1680). It should be

noted that the latter three resonances are quoted as having approximately 0% η

branching ratios. Within the models the contributions from each resonance should

be re-evaluated in the 1650-1730 MeV energy region. These constraints from the

current data will improve the models and in doing so will aid the understanding of

the nucleon’s resonance spectrum, thereby enhancing future meson photoproduction

experiments. The results from the current experiment have proven the tagger micro-

scope to be an excellent tool for a high resolution investigation of η photoproduction

on a proton target. A possible extension to this work would be to reproduce the

neutron channel cross section results of GRAAL [15], CB/ELSA [18] and LNS [19]

using the tagger microscope at Mainz. This would allow the energy and width of

the previously observed structure to be determined with greater accuracy.



Appendix A

Relativistic Kinematics

This appendix describes the various calculations performed on the particle Lorentz

vectors in the present analysis. Natural units are employed through out this ap-

pendix (~ = c = 1).

The Lorentz vectors used are energy-momentum 4-vectors:

p = ( px, py, pz, E )

First, photon 4-vectors are constructed using the kinematic information provided by

the Crystal Ball and TAPS calorimeters. A sorting routine searches for three decay

photon pairs, each of which reconstructs to a pion. Two photon 4-vectors,

pγ1
= ( pxγ1

, pyγ1
, pzγ1

, Eγ1
)

pγ2
= ( pxγ2

, pyγ2
, pzγ2

, Eγ2
)

can be summed to form the first pion candidate 4-vector:

pπ1
= ((pxγ1

+ pxγ2
), (pyγ1

+ pyγ2
), (pzγ1

+ pzγ2
), (Eγ1

+ Eγ2
))

pπ1
= (pxπ1

, pyπ1
, pzπ1

, Eπ1
)

The invariant mass can be obtained by re-arranging the relativistic energy for-
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mula:

E =
√

(m0c2)2 + (pc)2 (A.1)

m2
0 = E2 − p2 (A.2)

m0π =
√

E2
π1

− p2
xπ1

− p2
yπ1

− p2
zπ1

(A.3)

This is repeated for all pion candidates and the invariant mass is compared to the

PDG neutral pion rest mass (135 MeV). The three most suitable combinations are

selected. The three pions can then be combined to form an η candidate:

pη = ((pxπ1
+ pxπ2

+ pxπ3
),

(pyπ1
+ pyπ2

+ pyπ3
),

(pzπ1
+ pzπ2

+ pzπ3
),

(Eπ1
+ Eπ2

+ Eπ3
))

pη = ( pxη, pyη, pzη, Eη )

The invariant mass of this candidate η 4-vector can then be determined using formula

A.2.

In order to compare the measured results to model predictions it is necessary to

determine the centre-of-mass polar angle of the η. This is done via a Lorentz boost

from the laboratory frame to the centre-of-mass frame. First the initial total energy

and momentum of the system must be reconstructed. The kinematic information of

the incoming beam photon is measured by the tagged photon spectrometer. With

the direction of the beam defining the z axis, the beam photon 4-vector is given

as:

pbeam = ( 0, 0, Ebeam, Ebeam )

The target proton within the liquid hydrogen is at rest and therefore has the 4-

vector:

pprot = ( 0, 0, 0, m0prot )

The total energy momentum 4-vector can then be calculated:

pt = ( pxt, pyt, pzt, Et )

pt = ( 0, 0, Ebeam, (m0prot + Ebeam) )
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To boost backwards along the z-axis the η 4-vector transforms in the following

manner:

E ′
η = Eηγ − βγpη

p′xη = pxη

p′yη = pyη

p′zη = −βγEη + γpzη

where

β = ( pt/Et) , γ =
1

√

1 − β2



Appendix B

Kinematic Fitting

The technique of kinematic fitting is based on the principle of χ2 minimisation. In

general the χ2 is a measure of the difference between expected (ye) and measured

(ym) values weighted by the uncertainty of the measurement:

χ2 =
∑

y

(ye − ym)2

σ2
y

In a kinematic fit the expected values are defined by a series of constraint equations

and the measured values are parameters defined by the kinematic information from

the detector systems. The fit then adjusts (pulls) the values of the measured parame-

ters within the limits of the uncertainties of the measurement in an attempt to match

all the constraints. In the case of the present experiment the known kinematic infor-

mation is defined by the photon Lorentz vectors pγ = ( pxγ, pyγ, pzγ, Eγ). Therefore

each photon detected contributes four parameters to the kinematic fit.

The matrix of initial parameters, α, is shown below. N is defined as the total number

of parameters whereas n is the total number of photons, which in the case of the

current measurement is six.
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
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






























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Each detected photon is assigned an uncertainty as defined by the appropriate E,

θ, and φ resolutions depending on the position and energy of the cluster hit in

the calorimeter. These uncertainties are converted into Cartesian co-ordinates and

calculated for each of the parameters. These are then added to the initial covariance

matrix of the kinematic fit:

V0 =

















σ11 σ12 . . . σ1N

σ21 σ22 . . . σ2N

...
...

. . .
...

σN1 σN2 . . . σNN

















The next stage is to define the kinematic constraints which select the γp → ηp

reaction channel. The present analysis uses two types of constraints, the invariant

mass and the missing mass of the reaction. The constraint equation for the invariant

mass of a pion is given as:

c(α) = E2 − p2
x − p2

y − p2
z − mπ0 = 0

In the case of an ideal measurement the difference between the measured and ex-

pected values would be zero. The partial derivatives with respect to each parameter

of the constraint equation are then calculated, as shown below for the first four

parameters:

∂c(α)

∂α
= (−2p,x − 2py,−2pz, 2E )
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The missing mass 4-vector (pmiss) is defined as total energy momentum 4-vector

(pt) subtracted by the total 4-vector of all detected photons which have been added

to the kinematic fit (pγn). The constraint equation for the reaction missing mass

to equal the proton mass is given as:

c(α) = E2
t − p2

xt − p2
yt − p2

zt − mprot = 0

With the partial derivatives again defined as:

∂c(α)

∂α
= (−2px,−2py,−2pz, 2E )

The constraint equations are calculated using the measured parameters and each

equation forms an element of the constraint matrix:

dc(α) =

















c1(α)
...
...

cm(α)

















The partial derivatives of each constraint comprise the derivatives matrix:

D =

















∂c1
∂α1

∂c1
∂α2

. . . ∂c1
∂αN

∂c2
∂α1

∂c2
∂α2

. . . ∂c2
∂αN

...
...

. . .
...

∂cm

∂α1

∂cm

∂α2

. . . ∂cm

∂αN

















Where m is the total number of constraints and N the total number of parame-

ters.

Now the parameter, covariance, constraint and derivative matrices have been de-

fined, the χ2 equation can be constructed and minimised via the Lagrange multipli-

ers technique, as described in reference [88, 89]. This results in a 1 x m matrix of

Lagrange multipliers:

λ = (D V0 DT )−1 dα

λ = VD dα
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The new parameters which have been adjusted by the fit are defined by:

αf = α − V0 DT λ

With the new covariance matrix defined as:

V f = V0 − V0 DT VD D V0

The χ2 of the fit is given as:

χ2 = λT dc

The shape of the χ2 distribution is defined by the number of degrees of freedom of

the fit. In the case of the present analysis this is simply the number of constraints

(5). The confidence level of the fit is calculated from the χ2 and always ranges

between 0-1. Events with a larger confidence level are more likely to satisfy the

constraint equations.

A method of checking the validity of the fitting procedure is to examine the pull

distributions for each parameter of the fit, as defined by:

pullj =
( αj − αf

j )
√

σjj − σf
jj

The pulls should be normally distributed around zero with a standard deviation

of approximately 1. However, if the photon uncertainties have been incorrectly

calculated this will result in pull distributions which are either too wide or narrow.

Additionally, if the mean of the pull distribution is non-zero this is an indication of

systematic effect. Examples of the pull distributions for the current experiment are

shown in figure B.1. The widths and means obtained from the Gaussian fits agree

well with the expected values.
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Figure B.1: Pull distributions for momentum and energy of all photons.
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Glossary of Acronyms

ADC - Analogue to Digital Convertor

CB - Crystal Ball

CL - Confidence Level

ELSA - ELectron Stretcher Accelerator

DAQ - Data Acquisition System

KF - Kinematic Fit

KC - Kinematic Cut

FPD - Focal Plane Detector

FSI - Final State Interaction

GRAAL - GRenoble Anneau Accelerator Laser

HDSM - Harmonic Double Sided Microtron

LNS - Labratory of Nuclear Science

MAMI - MAinzer MIcrotron

PDG - Particle Data Group

PMT - PhotoMultiplier Tube

QCD - Quantum ChromoDynamics

QDC - Charge to Digital Convertor

RTM - Race Track Microtron

SAID - Scattering Analysis Interactive Dial-in

TAPS - Two/Three Arm Spectrometer

TDC - Time to Digital Converter
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