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Results

When the events containing 3 π0’s have been reconstructed and prese-
lected, further analysis is needed to separate the K0Σ+ channel from the
background. Furthermore, in order to normalize the cross sections, it is
necessary to know the efficiency of the reconstruction algorithms, and the
total luminosity of the experiment. The latter is the product of the flux of
tagged photons hitting the target and the target thickness, integrated over
the duration of the experiment. This chapter will discuss these results in
detail, and give an analysis of the errors.

6.1 Photon flux

The flux is determined using a reaction channel which is similar to the
γp → K0Σ+ → 3π0 channel, but with a well known cross section:

γp → ηp → 3π0p → 6γp (6.1)

The cross section of this channel has been accurately measured by differ-
ent groups [13],[21], and [22]. By comparing our results for this channel
against those known cross sections, the value of the photon flux is ob-
tained and used for normalizing the results in the K0Σ+ channel.
A schematic overview of the analysis described in this chapter is shown
in figure 6.1 where the gray scale of the arrows shows the sequence of the
different steps taken. In the left branch of the diagram the step used to
normalize the data are shown (see section 6.5), in the right part the steps
taken to obtain the yields for the K0Σ+ channel are shown (see section 6.4).
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Figure 6.1: A flow diagram of the analysis presented in this chapter. The input
is either data from an η phase space simulation (light arrows), data from a K0

phase space simulation (dark arrows), or the measured data from the experiment
(medium arrows). The top branch concerns the preselection and the fit as de-
scribed in the last chapter. The left branch uses the η data and the simulated
results to obtain a normalization factor for the K0 results which are obtained in
the right branch.
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6.2 Simulations

In order to calculate the acceptance of the experiment, a Monte Carlo sim-
ulation has to be performed. GEANT 3.21 [43] has been used in combina-
tion with a GENBOD [44] based phase space event generator. Roughly 2
million events have been simulated for each of the two reactions:

γp → K0Σ+ → 3π0p → 6γp (6.2)

γp → ηp → 3π0p → 6γp

Using just GENBOD as a generator causes all events to be evenly dis-
tributed over the phase space, neglecting any effects of the matrix elements
of the reaction. The acceptance is calculated in finite bins (in beam energy,
and K0 or η polar angle). As long as the acceptance is flat within such a
bin, the matrix elements will not influence the average acceptance. As will
be shown in section 6.3.1 the acceptance is indeed flat.
In the simulation the geometry of the experimental setup has been repre-
sented as accurately as possible. The geometry used is shown in figure 6.2.
All detectors used in the experiment, Inner Detector, Crystal Barrel, and
TAPS, have been included in the simulation, as well as any other relevant
matter which is placed in the path of the reaction products, such as the
target cell, beam pipe, and supports.
Because the simulation of a reaction starts at the point inside the target
where the reaction takes place, no tagger is included in the simulation. In-
stead the total energy of an event is convoluted with a Gaussian to sim-
ulate a tagged photon energy with the appropriate resolution (see sec-
tion 5.6.6).

6.2.1 Comparison of the simulations to data

In order to calculate the acceptance, the simulation needs to be as close to
the data as possible. If for instance the width of the observed π0 peak is
different in simulation and data, the cut on the three π0 masses (described
in section 5.7) would have different effects and the acceptance would be
calculated wrongly. Therefore, for all relevant cuts the simulation needs to
be compared to the measured data.

6.2.2 π0 mass

The π0 calibration applied to the data (see section 4.1.2) has been applied
to the simulation as well. In addition, the energy signals coming from the
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Figure 6.2: The geometry programmed into the GEANT simulation. The Crystal
Barrel and TAPS crystals have been made visible. In the center of the Crystal
Barrel the Inner Detector is shown around the beam pipe. For simplicity, details
such as support structures are not shown in this picture.
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Figure 6.3: The form of the π0 invariant mass peak for TAPS in the data (solid
gray squares) and in the simulation (open black circles). The backgrounds in
both spectra have been subtracted. The vertical lines show the mass cut that is
used in the preselection. The mass cut is wide (from −5.8σ to +4.5σ, the cut is
asymmetric because the low energy tail of the mass peak is taken into account)
enough to keep the error made in the acceptance below 0.1%.

simulation are folded with a Gaussian, to account for those effects which
have an influence on the signal but are not included in the simulation (e.g.
electronic noise). The width (FWHM) of the Gaussian function is given
according to [42] as:

∆Ed

Ed

= AE
−

1

4

d , Ed in GeV (6.3)

The constant A in the formula above was determined to be 0.07 in this
work. This resolution is primarily determined by the high CFD thresholds
used in the current experiment. Lower CFD values, such as used by [42]
and [50] would result in a better resolution (A = 0.04 is quoted in [42]).
In figure 6.3 the final result can be seen, where the π0 peak from the data
(background subtracted) is compared to that taken from the simulation. In
addition, the limits for the π0 mass cut are shown in the picture.

6.2.3 Confidence level

Another selection is made by the cut placed on the confidence level of
10%. In order to see how the events are distributed along the confidence
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Figure 6.4: The confidence levels for the simulated (solid lines) and the measured
data (dashed line). The confidence level distribution for the simulated η channel
(gray solid line) and the K0 channel (black solid line) are similar. The fraction of
events above the cut is 75% vs. 76%. The confidence level for the measured data
is somewhat different (the fraction of events above the cut is takes 60%).

level in the data, the background subtracted η invariant-mass spectrum
was constructed for every percentile of the confidence level. The distri-
bution of η → 3π0 as a function of confidence level shown in figure 6.4.
When comparing this to the distribution of confidence levels from a sim-
ulation of the η channel (shown in figure 6.4), a marked difference can be
seen. The confidence level for the data is mostly flat, while the simulated
confidence-level distribution shows a rise at higher confidence-level val-
ues. This difference points to the fact that the errors in the simulation are
slightly smaller than those in the data.

Normally such a discrepancy between data and simulation might pose
a problem. However, in this work we are only interested in the relative
difference between the effect of the cut on the K0Σ+ acceptance and that
of the η. Fortunately, the difference between the simulated distributions
for K0Σ+ and η production are very small, as can be seen from figure 6.4.
Due to lack of statistics it is impossible to carry out such a comparison
for the data, so it has to be assumed, that the similarity observed in the
confidence-level distributions for the simulations is also applicable to the
measured data. In figure 6.5 the fraction of events above the confidence
level cut is shown as a function of the center of mass angle of the meson.
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Figure 6.5: The fraction of events above the 10 % confidence level cut for the
simulated η data (squares), the measured η data (upside down triangles) and the
simulated K0 data (normal triangles) as a function of the cosine of the center of
mass angle of the meson. The fractions are constant over the range

6.3 Acceptance determination

The acceptance was determined from 2 generated million events for each
of the reactions, and analyzing them in exactly the same way as the real
data. In total this amounts to 4000 events generated per bin for the η
(which is binned in 50 MeV tagged energy bins, and 20 angular bins per
energy) and 40000 events per bin for the K0 which is binned in wider bins:
100 MeV tagged energy, and 6 angular bins per energy (this binning cor-
responds to the binning used for the data where wider bins are used for
the K0 data). The acceptance is then simply determined by the number
of events reconstructed, divided by the number of events generated. To
make sure the data and the simulation were treated exactly the same, the
same energy calibration procedures were applied to the simulated data,
and one analysis program was used to analyze both data sets. In addi-
tion, the trigger conditions responsible for selecting the data on-line (see
section 3.4) were also applied to the simulated data, using the LED thresh-
olds determined for the data as described in section 4.1.4.

As mentioned in section 5.7, the analysis of the measured data involves a
selection on the prompt peak of the relative time between the tagger and
TAPS. As the particle used to construct this relative time must be a photon,
this introduces the requirement that each event must contain a photon de-
tected by TAPS. This requirement is also placed upon the simulated data.
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6.3.1 Eta acceptance

Results for the η acceptance are shown in figures 6.6 and 6.7. The accep-
tance in those figures is plotted as a function of the η θCM angle in the cen-
ter of mass system for different energy bins, ranging from the K0 threshold
(1050 MeV) to 1950 MeV. The spectra contain three dips. The dips in the
forward and backward region are caused by holes in the setup, allowing
particles to escape detection. The third hole in the middle is caused by the
blind spot in the region between the Crystal Barrel and the TAPS detector,
where the aluminum support for the outer Barrel crystals is located.
When this acceptance is used to calculate the differential η cross section as
shown in figures 6.9 and 6.10, one notices that the extracted η differential
cross section agrees very well with the world data, apart from a small dis-
crepancy in the middle angular region. In this region the kinematics of the
reaction in the η channel is such that the protons have to pass through the
support structure on the outside of the Crystal Barrel. To fix this problem
a correction is made to the acceptance by hand. It corrects the acceptance
A by a factor B per angle bin based on the fraction F of protons from that
bin hitting the support structure in the following way:

Acorr = A · B (6.4)

B = 1 + (0.50 ± 0.15) · F
The typical values for the correction are shown in figure 6.8. The correction
contributes only around cos(θCM) = 0 and vanishes in all other bins. When
this correction is applied the η differential cross sections can be reproduced
nicely, and the final result is shown in figures 6.9 and 6.10.

6.3.2 Kaon acceptance

The procedure used to calculate the η acceptance has also been used to
obtain the K0 acceptance. The results are shown in figures 6.6 and 6.7 as
the light squares. The most striking difference between the η and the K 0

acceptance is the fact that the K0 acceptance is very flat contrary to the η
acceptance. This is explained by the decay of the Σ+ as is illustrated in
figure 6.11. In the case of the ηp final state the event is irrevocably lost
whenever the proton is emitted in the direction of one of the acceptance
holes. A Σ+ emitted in the same direction undergoes a decay into a proton
and a π0, which means it can still be detected with a large probability.
From figure 6.7 it can be seen that even at higher energies the acceptance
remains flat.
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Figure 6.6: The η (triangles) and K0 (squares) acceptances as a function of the
cos(θ) of the meson in the center of mass for beam energies between 1050 and 1500
MeV in 50 MeV bins. The K0 acceptance is mostly flat, whereas the η acceptance
has three dips, one at cos θCM = −1, one at cos θCM = −0.2, and one at cos θCM =
1. See the text for an explanation cause of these dips.
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Figure 6.7: The η (triangles) and K0 (squares) acceptances as a function of the
cos(θ) of the meson in the center of mass for beam energies between 1500 and 1950
MeV in 50 MeV bins. The K0 acceptance is mostly flat, whereas the η acceptance
has three dips, one at cos θCM = −1, one at cos θCM = −0.2, and one at cos θCM =
1. See the text for an explanation cause of these dips.
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only passes through the support structures for those center of mass angles.

6.4 Data for the K0
Σ

+ channel

After the kinematic fit and the selections described in the previous chapter,
only events containing 3π0’s are left in the data. To extract the K0Σ+ signal
from the fitted data the background needs to be suppressed as much as
possible, using cuts to reject the η and to select the Σ+.

6.4.1 Removing the η → 3π0 channel

As the largest contribution to the events containing 3π0’s results from η-
photoproduction, the first step is to remove these events from the data.
This is accomplished by removing all events for which the π0π0π0 invari-
ant mass is between 510 - 580 MeV. The spectrum of the 3π0 invariant mass
is shown in figure 6.12, together with the cut.

6.4.2 Selecting the Σ+

In the next step the three π0’s and the proton are combined into a K0Σ+

pair, which can be done in three different combinations. All three combi-
nations are taken into account, and a cut on the Σ+ mass between 1170 -
1210 MeV (shown in figure 6.13) is used to reduce the background even
further. The remaining events are entered into a π0π0 invariant-mass spec-
trum from which the signal is extracted.
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Figure 6.9: The measured η differential cross sections (dark points) compared to
the measurement of [21] for 50 MeV tagged photon energy bins starting from 1050
MeV up to 1500 MeV.
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Figure 6.10: The measured η differential cross sections (dark points) compared to
the measurement of [21] for 50 MeV tagged energy bins starting from 1500 MeV
up to 1950 MeV.
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into a proton and a neutral pion.
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Figure 6.12: The cut on the 3π0 invariant mass spectrum which removes events
stemming from the reaction γp → ηp → 3π0p. All events with 3π0 masses be-
tween 510 and 580 MeV are removed. The dashed line shows the η peak from
simulation, the solid black line corresponds to data. The cut is far enough (3σ) to
keep the error in the acceptance below 1%.
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Figure 6.13: The pπ0 invariant mass spectrum with the limits of the cut used to
select the events which contain a Σ+ hyperon.

6.4.3 K0 and Σ+ lifetimes

Because both the K0 and the Σ+ contain strange quarks, a strong decay is
forbidden. Their weak decay has relatively long lifetimes, and this in turn
implies that the particles decay after covering an average distance distance
x, given by:

x = γβcτ (6.5)

where τ = 0.8958 ·10−10s for the K0
s , and τ = 0.8018 ·10−10s for the Σ+. The

typical value of x for Σ+ hyperons as well as the kaons in this experiment
is 4 cm. As the reconstruction algorithms assume all particles originate
at the center of the setup this may introduce invariant-mass shifts, possi-
bly dependent on the incoming photon energy. In figure 6.14 (left) this is
shown for the case of the K0. It shows the z coordinate distribution of the
decay vertex of the K0 in the laboratory frame obtained from the Monte
Carlo simulation. The effect of this secondary vertex on the K0 invariant
mass is shown in figure 6.14 (right). Due to the Lorentz boost the z coordi-
nate distribution is shifted to forward directions, and this reflects itself in
an average invariant-mass shift of the K0 by 7 MeV in the simulation. The
same invariant-mass shift is observed in the data. This mass shift has also
been checked as a function of incoming photon energy, but the mass shift
becomes less prominent (less than 5 MeV), because for a single photon
energy a range of secondary vertices is possible.

To see if there is any dependence of the K0 invariant-mass peak on the
center of mass angle, its mean and width are shown in figure 6.15 for all
angles and energies. No significant effect is seen for the width or the mean.
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Figure 6.14: On the left the distribution of z-coordinates of the secondary decay
vertex of the K0. Due to the Lorentz boost the distribution is shifted forward.
This causes a systematic shift in the K0 invariant mass. This is shown on the
right where the invariant mass of K0’s is seen to move to lower energies with
increasing decay length.

A similar check has been performed for the π0 and the Σ+ spectra, and the
shifts are all well within the limits used for the different cuts.

6.4.4 Background subtraction

After the cuts are applied to the η and the Σ+ invariant mass a consider-
able background still remains as can be seen from figure 5.10. Simulations
show that combinatorial background (events in which the wrong combi-
nation of photons was combined in a π0) as well as contributions to the
background by other channels such as η′ photoproduction are negligible.
As these are kinematically complete events containing three π0’s and the η
channel has already been removed, these events must stem from sequen-
tial resonance decay, where first a resonance is created, which decays via a
π0 to another resonance, which in turn decays in the same way to the next
resonance until 3 π0’s and a proton are left. Using a simulation and an
estimate on the cross section for this process of 1 µb [62], and assuming a
phase space distribution it has been verified that this would indeed cause
the signal to noise ratio of 1:2 seen in the data (see [63]).

As there is no way of reducing this background any further, the back-
ground needs to be subtracted in order to extract the signal. First the
total spectrum is fitted by a 3rd degree polynomial in combination with a
Gaussian (see figure 6.16 (left)). This fit is then used to determine the back-
ground and subtract it. Instead of a Gaussian, one can also use a function
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Figure 6.16: On the left an example K0 invariant-mass spectrum (0.33 <
cos θCM

K0 ≤ 0.66, 1450MeV ≤ Etagged < 1550MeV ) is shown, together with the
background fit. On the right the same spectrum is shown background subtracted.
The gray rectangles in that plot show the uncertainty in the background sub-
tracted signal due to the uncertainty in the background fit.
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Figure 6.17: On the left the K0 invariant-mass spectra (scaled to the same height)
for a specific angular bin (0 < cos θCM

K0 ≤ 0.33) are shown for five different pho-
ton energies, together with the background fits. On the right are the reduced χ2

values for each fit as a function of the tagged energy. The range of Mπ0π0 over
which the function was fitted extends from 350 MeV up to the kinematical limit.

that takes the low energy tail of the signal into account such as described
by equation 4.3. This gives the same results within the uncertainty of the
background.

The resulting spectrum is then integrated over the region of 3σ around the
peak as shown in figure 6.16 (right). For the integration 2 methods were
tried, an integration of the background subtracted spectrum and a Gaus-
sian fit. Both methods give the same results within the statistical error. The
bin size chosen for extraction of the signals is 100 MeV in incoming beam
energy, with 6 angular bins per energy.

6.4.5 Low energy bins

In the energy bins closest to threshold (1050 - 1150 MeV and to a lesser
degree 1150 - 1250 MeV) the form of the background causes a problem.
In those bins only a little extra energy is available after production of the
K0Σ+ pair. Therefore the maximum value of the π0π0 invariant-mass dis-
tribution, the kinematical limit, is moving to lower invariant masses. This
effect is clearly seen in figure 6.17 (left) where five different Mπ0π0 spectra
are shown, all from the same angular bin (the θK0 angle in the center of
mass is always the same) but at five different energies. In order to make
the comparison easier, all invariant-mass spectra have been scaled to con-
tain the same number of counts in the background for 350MeV < Mπ0π0 <
450MeV .
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Figure 6.18: In the upper left corner the final, background subtracted K0

invariant-mass peak is shown for the lowest energy bin. The other three spectra
show the evolution of the background parameters (from equation 6.6 as a func-
tion of the energy bin. The parameters for the lowest bin are exactly as would be
expected from the trend inferred from the higher bins.

For the lowest two energy bins, the falling edge of the invariant-mass spec-
trum is situated (partly) below the kaon invariant-mass peak and fitting it
requires some extra care. The fit must take the form of the falling edge into
account. In figure 6.17 (left) such a fit is shown for each background, using
the form:

y = 0.01(1 + aθ · M + bE,θ · M2 + cE,θ · M3 + dE,θ · M4) (6.6)

In this equation the parameter aθ was kept constant for each angle, whereas
the other three parameters were determined by the fitting procedure. The
fit was performed outside the peak region of 460 to 525 MeV. Results of this
procedure are depicted in figure 6.18, where the last three spectra show the
values of the three fitted parameters bE,θ, cE,θ, and dE,θ for each of the en-
ergy bins. It can be seen that it is possible to fit the development of the
backgrounds to lower energies well with this method, and that the back-
ground for the lowest bin fits very well within the trend. The lowest bins
can therefore be background-subtracted in the same way as the higher bins
(see section 6.4.4), using the background fitted by equation 6.6. The result
is shown by the top left panel in figure 6.18.
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6.5 Normalization

To obtain the incident photon flux, the unnormalized η angular distribu-
tions measured in this experiment are compared against the published
data [21] (which was not normalized relative to other data, except for mi-
nor corrections obtained from published measurements of π0 photopro-
duction data). The scaling factor between those two cross sections consists
of branching ratios, the target thickness, and the photon flux integrated
over the entire measurement. The target thickness for a 5 cm liquid hydro-
gen target is 2.1 · 1023cm−2s−1, the branching ratio for the process:

γp → ηp → 3π0p → 6γp (6.7)

is 0.31. As all other factors are known, the total integrated flux can be
calculated.
The flux extracted in this way is shown as a function of the incoming beam
energy in figure 6.19. The energy dependence of the extracted flux can be
compared against the theoretical energy dependence. For this purpose,
the simple energy dependence of the flux given by equation 3.1, is modi-
fied slightly by a polynomial (the effect is 10% at maximum) according to
[64], to give the form:

Φ ∼
{

4

3
− 4

3

(
Eγ

Eb

)
+

(
Eγ

Eb

)2
}

1

Eγ

(6.8)

where Eb is the electron beam energy. This function is shown in figure 6.19
and fits the data very well, having a reduced χ2 value of 1.14.
Together with the branching ratio for this particular η decay and a target
thickness of 2.1 · 1023cm−2s−1 the integrated tagged flux comes to roughly
6.4 · 106 photons per second. This is comparable to the number obtained
on-line from the counters measuring the rate of coincident hits between
the scintillating fiber tagger and the in-beam photon detector of 7 · 106

photons per second.

6.5.1 Pile up

If two photons interact close enough in time and the reaction products of
one of the interactions are either detected by the crystal barrel (which has
no time information) or escape detection, they will be perceived as one
event (so called pile up). In order to test the frequency with which this
occurs, events with eight clusters were selected. One of the eight clus-
ters was then dropped from the event, and the remaining seven clusters
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Figure 6.19: The scaling factors calculated from the comparison of the η cross
sections in figure 6.9 and figure 6.10, together with the theoretical shape. By fitting
the shape to the data the flux can be determined.

were analyzed as if the event was a normal seven cluster event. The num-
ber of η mesons found using the eight-cluster events was then compared
against the number of η mesons found in the seven-cluster events. The
eight-cluster events produced only 4% of the number of η’s found in the
seven-cluster events.

As this fraction is so low, and moreover the effect may be assumed to be
largely similar for the γp → ηp and the γp → K0Σ+ channels, it is not
expected to have an influence on the normalization.

6.5.2 Effect of the K0
long on the normalization

In addition to K0
short the K0

long is also produced with equal probability. If a
K0

long would decay to π0π0 close to the target, it will show up as a K0
short in

the analysis. Because the decay K0
long → π0π0 is CP violating the branching

ratio is only 9.34 · 10−4 compared to 0.314 for the decay K0
short → π0π0. In

addition, for the K0
long cτ = 15.51m, so that only 1% of all K0 will decay

within a range of 10 cm from the target.

6.6 Experimental cross section for K0 production
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Combining the counts obtained from section 6.4, the acceptance from sec-
tion 6.3.2 and the normalization factor from section 6.5 we get the absolute
normalized K0 differential cross sections shown in figure 6.20. Figure 6.21
shows the excitation function.

6.6.1 Σ+ recoil polarization

Due to the fact that the Σ+ contains a strange quark and the strong decay
preserves strangeness, the hyperon has to decay weakly. The weak decay
violates parity, making a measurement of the Σ+ polarization possible.
The weak decay also means the Σ+ has a long lifetime and therefore decays
well after the initial reaction. Because the production and decay vertexes
are well separated, the Σ+ polarization can be measured. This observable
is usually called recoil polarization and it is denoted by the letter P.
The situation is schematically depicted in figure 6.22. The paths of the
incoming photon and the Σ+ define a plane, called the reaction plane. Due
to the non-zero polarization of the Σ+ the decay into a proton and a π0 is
asymmetric, and the angular distribution is described by [65]:

W (θp) =
1

2
(1 + αP cos(θp)) (6.9)

where α is the decay parameter of the Σ+. Its value depends on the decay
channel of the hyperon, but for Σ+ → π0p, α = −0.980 ± 0.016 [5]. The pa-
rameter θp is the angle between the trajectory of the proton and the normal
of the reaction plane, and P is the polarization of the Σ+.
To determine the polarization experimentally, all angles above the reaction
plane have been integrated, as well as those below and the polarization is
expressed as:

P =
2

α

σup − σdown

σup + σdown

(6.10)

As the flux enters both in the top and bottom part of the ratio it cancels
in this equation. Furthermore, because the whole detector is φ-symmetric,
the acceptance cancels as well. This has been explicitly checked using the
simulation, where the polarization was 0. The expression for the polariza-
tion then becomes:

P =
2

α

Nup − Ndown

Nup + Ndown

(6.11)

Applying this formula to the data, the recoil polarization can be extracted
and the results are shown in figure 6.23.
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Figure 6.20: The K0 differential cross sections as a function of cos(θCM
K0 ) in 100

MeV bins of incoming photon energy.
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Figure 6.21: The excitation function for γp → K0Σ+ as a function of W , the center
of mass energy.

Figure 6.22: The recoil polarization of the Σ+ shown schematically. The plane
shown is the reaction plane defined by the incoming γ and the outgoing K0 and
Σ+ trajectories. The asymmetry of the decay of the Σ+ with the respect to the
reaction plane provides a way to calculate the hyperon polarization.
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Figure 6.24: The background subtracted π0π0 invariant mass spectrum, contain-
ing the K0 peak. The gray bands show the uncertainty due to the background fit.
The black line within each band shows the mean value.

6.7 Error analysis

6.7.1 Statistical errors

The statistical uncertainty in the number of counts in the background-
subtracted invariant-mass peak is influenced by two sources. First, there
is the uncertainty ∆S in the number of counts in the peak region, which is
determined by:

∆S

S
=

√
S + B

S
(6.12)

where, S is the number of counts in the peak, and B the number of counts
in the background.

This formula does not take into account the uncertainty in the fitted back-
ground, but only depends on the sum of the background and the signal.
However, the error on the background fit contributes to the total error as
well. Although these two errors are related, they are treated here as in-
dependent. First, the error is calculated according to the above formula.
Next, the error caused by uncertainties in the fit parameters is determined
using the covariance matrix, which is obtained from the fit. Figure 6.24
shows the errors due to the uncertainty in the background fit as gray
bands. The two relative errors determined in this way are then quadrati-
cally added to obtain the final relative statistical error.
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Differential cross sections

The differential cross sections are calculated using the formula:

dσ

dΩ
=

N · c
∆Ω · A · f (6.13)

where N is the number of counts in the K0 peak for a specific bin, c is
the normalization factor taken from the determination of the flux using
the η channel. This factor consists of the photon flux, system dead time,
target thickness and the effect of the confidence level cut, all of which are
common to the γp → ηp and the γp → K0Σ+ channel. In the denominator,
∆Ω is the solid angle of the bin, and A is the acceptance for the γp → K 0Σ+

channel. The factor f is the branching ratio for the process:

K0Σ+ → 3π0p → 6γp (6.14)

Because all factors in the equation are independent, the relative statistical
error for the differential cross section is determined by adding the relative
statistical errors in the parameters A, N , and c quadratically:

∆ dσ
dΩ

dσ
dΩ

=

√(
∆A

A

)2

+

(
∆c

c

)2

+

(
∆N

N

)2

(6.15)

Recoil polarization

The recoil polarization is determined by equation 6.11. From this equation
we derive the statistical error in the recoil polarization:

∆P =
2

α

1

(Nup + Ndown)2

√
∆N2

up + ∆N2
down (6.16)

6.7.2 Systematic errors

Threshold determination

For the differential cross sections, the first source of systematic errors is
the uncertainty in the position of the LED thresholds. This is illustrated
in figure 6.25 (left). In this figure the typical behavior of the threshold is
shown. For the analysis of the simulated data, a step function was used to
model the threshold. The exact position of the step is determined from the
data, by measuring at which energy the efficiency of the threshold crosses
50% (see section 4.1.4 for more details).
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Figure 6.25: Left: the typical shape of the thresholds as determined from the data.
The solid line indicates the threshold used for the simulation. The two dashed
lines indicate the positions of the thresholds used to investigate the sensitivity of
the K0Σ+ differential cross section to the thresholds. Right: The K0 differential
cross section using the thresholds corresponding to the solid line is shown as the
dark points. The lighter points show the cross section when the higher thresholds
indicated by the dashed line in the left figure are used.

To determine the systematic error in the calculated acceptance caused by
this approximation, the acceptance was calculated using thresholds set at
the points where the efficiency of the threshold crosses 93% and 7%, as
indicated in figure 6.25 (left). Because the same thresholds are used in
the analysis of the ηp channel (used for normalization) as in the K 0Σ+, a
change in the thresholds does not only affect the acceptance but also the
normalization. As these effects tend to cancel each other, the overall sys-
tematic uncertainty on the differential cross section due to the thresholds
remains small. In figure 6.25 (right) the K0Σ+ differential cross section is
shown for a typical energy bin. Also shown is the cross section calculated
using the thresholds at 93%.

Normalization

The second source of systematic errors for the differential cross sections
are the systematic errors for the published ηp data used for normalization.
These errors are quoted in the publication as: 5% up to 1.5 GeV, 15% above
that energy. These uncertainties have also been taken into account in the
determination of the total systematic error.


