
 

 

 University of Groningen

Electromagnetic response functions in proton-proton scattering
Kiš, Mladen

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2005

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Kiš, M. (2005). Electromagnetic response functions in proton-proton scattering. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-05-2023

https://research.rug.nl/en/publications/ea803a62-5c8c-4c62-afd4-7fba6660f092


Chapter 5

ppe+e− data analysis

In any experiment a complete understanding of the obtained data is
of ultimate importance to gain reliable information. In that sense the
experimental setup acts similar to a lens that enables us to see more
clearly what we are looking for. In the process of analyzing measured
data we are obliged to correct all imperfections of our experimental
apparatus and obtain a picture of the observed reaction as clearly as
possible.

This procedure requires the following steps which can be recog-
nized as separate operations on the data. The first step is to per-
form the calibration of the data, i.e. to assign the measured values
their physical meaning. The data are then analyzed for the p + p →
p + p + e+ + e− reaction in a few steps. As a part of this analysis,
the contamination of the data set and detection efficiencies are investi-
gated. The final result is the extracted data set of ppe+e− events which
is used for further comparison to theoretical predictions.

5.1 Data stream

The data stream contains information from two sources, namely, the
Plastic Ball detector and SALAD. Each recorded event represents reac-
tions that took place in detectors satisfying predefined triggering con-
ditions. The information that is recorded per event during the present
experiment is given in Table 5.1. The Plastic Ball position information
is determined by the position of the particular detector module rela-
tive to the target while the position in SALAD is calculated from the
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5.1 Data stream

MWPC information. Events are also labeled with the trigger pattern
that produces the main trigger.

detector source information

time
Plastic Ball scintillator energy deposition (short gate integration)

energy deposition (long gate integration)

MWPC (x,y,u) position (centroid + width)
SALAD scintillator time

scintillator energy deposition

Table 5.1: The information in the data stream is obtained from two separate
detector systems: Plastic Ball and SALAD.

In addition to data readout a scaler readout was performed every
second. The latter was used for on-line monitoring and later for check-
ing and normalization. Scaler events are composed from the number of
scaler channels that are periodically read out. After each readout all
scaler channels are reset. In our case, scalers are among others counting
the number of hits in SALAD scintillators, number of different triggers,
and integrated beam current.

Four trigger conditions that composed the main trigger were defined
for the experiment. These are given in Table 5.2. The ppe+e− trigger
is produced by the reaction that is studied in this thesis, p + p →
p + p + e+ + e− . The condition for this trigger is that the number
of hits NE in the energy scintillators of SALAD compared to hits in

Trigger description rate (Hz) downscaling

ppe+e−











(NE − NV ≥ 2)
∧

(M ≥ 2 ∨ M ≥ 1)
250 1

SALAD-single NE ≥ 1 60 215

Plastic Ball-single M ≥ 1 40 212

RF RF freq. / 225 × 103 2 23

Table 5.2: The main trigger is composed from four different components.
Rates given are approximately the actual rates of the data stream recorded
to tape at a typical current of 1.6 nA and 50% dead-time.
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ppe+e− data analysis

SALAD veto scintillators NV must be equal or larger than 2, and that
there are two or more hits in the Plastic Ball (M ≥ 2). In addition,
M ≥ 1 was downscaled and OR’ed with M ≥ 2, so the final trigger is
actually a combined trigger for p + p → p + p + e+ + e− and p + p →
p+ p+ γ reactions. The trigger settings are discussed in more detail in
section 4.5.1.

The SALAD-single trigger is extracted from the constant-fraction
descriminator (CFD) and it is used for different normalization mea-
surements. It was also supposed to be used for the measurement of the
elastic channel cross-section but due to an hardware saturation prob-
lem this trigger cannot provide a reliable normalization of our data.
The Plastic Ball-single trigger (M ≥ 1) was used for Plastic Ball time
calibration. The SALAD-single trigger is produced almost exclusively
by the pp elastic scattering reaction while the Plastic Ball single trigger
combines both elastic and ppγ reactions.

Due to the data acquisition electronics used for the Plastic Ball read-
out, we were constrained to a maximum of 350 Hz for the accepted
data rates. Therefore all single triggers and ppγ component in the
ppe+e− trigger were down-scaled so that the dead-time caused by the
readout electronics at typical beam current was about 50%. For the
same reason, the RF trigger, that is derived from the radio-frequency
of the cyclotron of 60 MHz for 190 MeV proton beam, was down-scaled
even more. Subsequently, the data produced by the RF trigger were
not used for data analysis due to poor statistics.

5.2 The data calibration

The calibration of the data is a process in which the recorded (mea-
sured) values are identified and associated with physical processes that
cause them. By knowing this relation we can actually give a phys-
ical meaning to the data stream. We have used elastic scattering
p + p → p + p and ppγ reactions to calibrate the present data. The
calibration was performed for all Plastic Ball detector modules and for
all SALAD scintillators. Both QDC and TDC information are cali-
brated.
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5.2 The data calibration

5.2.1 Time calibration

The first step in the calibration of the TDC information was a time
matching, which requires aligning the so-called self-triggering peaks
in a time spectrum obtained with the Plastic Ball and SALAD-single
triggers. A self-triggering peak appears in a time spectrum whenever a
detector element i.e. a scintillator produces the trigger for a particular
event. The time matching results in TDC spectra having a common
time calibration.

The particle time-of-flight for the protons in the observed reaction
can vary due to the interactions which a particle can undergo on the
path to the detector or within the detector itself. Since the time res-
olution of the SALAD TDCs is 0.5 ns, the effect of the variation can
be measured. For the Plastic Ball TDCs the resolution is 1 ns and for
minimum ionizing particles (leptons and photons in our case) a vari-
ation in the ToF is not clearly observed. The time information of a
detector signal is measured by a TDC in the so-called common stop
mode, where the measurement is started by the signal in the detector
element and stopped when a trigger signal is issued. We have used the
SALAD-single trigger for time matching of SALAD energy and veto
scintillators, and the Plastic Ball-single trigger for the time matching
of Plastic Ball detector modules.

The second step was to calibrate the time spectra using the ppγ re-
action. Having detected three particles originating from the same re-
action, the TDC information from corresponding detectors can be rel-
atively calibrated. By relating different detectors to one reference de-
tector, the differences needed for the absolute time calibration are ob-
tained. The ppγ data for the time calibration were obtained in the same
way as the data for the SALAD energy calibration described below.

5.2.2 Energy calibration of SALAD

For the energy calibration we have used p+p → p+p+γ events which
are also produced by our main trigger. A kinematics reconstruction
for ppγ events was used to obtain physical values for the measured
observables. The kinematics reconstruction routine was taken from
[Hui99] where details of the calculation can be found. The general
principle for the kinematics reconstruction, is given in section 5.3.2.

The calibration is obtained from the correlation between measured
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ppe+e− data analysis

and reconstructed values. In the case of ppγ we need 5 observables from
which the complete kinematics of the event will be calculated. To relate
the measured and the reconstructed energy for protons in SALAD and
for a photon in the Plastic Ball, the polar and azimuthal angles for
both protons and the polar angle of the photon were used to calculate
reconstructed values. The azimuthal angle of the photon was used to
constrain the reconstructed value. We required that the reconstructed
azimuthal angle coincides with the frontal surface of the Plastic Ball
detector module which recorded the photon. Depending on the polar
angle, the azimuthal angle resolution ranges between 6◦ and 15◦. No
additional cuts were applied.

Fig. 5.1 shows a comparison of measured and reconstructed energy
values for one SALAD energy scintillator. There is an obvious correla-
tion from which the measured energy values were calibrated.

The Plastic Ball scintillators could not be calibrated in a similar way
due to the fact that the photon from a ppγ reaction can deposit energy
in a number of detector modules and because the efficiency for full
energy deposition of photons in the plastic scintillator is rather small.
Therefore, a somewhat different approach was made. The calibration of
the Plastic Ball detector modules is discussed in the following section,
after the procedure of signal analysis is explained.

5.2.3 Pulse-shape analysis

The energy calibration for the Plastic Ball detector is necessarily in-
fluenced by the way the signal is obtained from the phoswich detec-
tor modules. Being composed of two different scintillator materials
with drastically different decay times, detector modules produce a com-
posed signal, which can be separated into two components. In reference
[Bad82] the time gate widths for charge integration of the signal from
two scintillator materials are given from which an optimum resolution
for particle identification can be obtained.

In our case, the long gate includes the short gate, which is illustrated
in Fig. 5.2. Two measurements were then performed by charge integra-
tion of the signal, E and E + ∆E for short and long gate, respectively.
The energy deposition E produced by the short gate charge integration
is predominantly produced by the fast plastic scintillator component.
The energy deposition E + ∆E is obtained from the long-gate charge
integration and includes the signal from both scintillator components.
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Figure 5.1: Comparison of measured Ep [channels] and reconstructed values
Ep [MeV] for one SALAD energy scintillator. Note that reconstructed events
were constrained only by the azimuthal angle of the photon and therefore
some background is still present. The z-axis (contents) is logarithmic. The
linear fit (white line) used for calibration is also shown.

Obviously, ∆E can be obtained by subtraction.

5.2.4 Energy calibration of the Plastic Ball

The major objective of the pulse-shape analysis in our case is to sep-
arate leptons, i.e. distinguish positrons and electrons from photons.
At the energies relevant in this experiment the energy loss of leptons
in the scintillator material is influenced mainly by electronic collisions
[Leo94]1. Therefore, we expect leptons impinging on the CaF2 scintil-
lator to produce a well defined ∆E signal in contrast to photons, for

1Only a small amount of photons is created by lepton radiation losses (bremsstrahlung)
and showering is insignificant.
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short gate

time
si

gn
al

long gate

fast

slow

Figure 5.2: An illustration of the pulse-shape discrimination. The signal
from the scintillator has two different (exponentially) decaying components
(fast and slow). The short gate is used to integrate the signal of the fast
decaying component and the long gate to integrate both components. The
signal of the slow decay component is obtained from the difference of these
two integrated signals.

which, according to the simulation (see subsection 5.5.2), there is less
than 5% probability for an interaction within the CaF2 scintillator. The
∆E signal is therefore used to distinguish leptons and photons. For the
kinematically identical reaction p + p → p + p + γ + γ , there is less
then 0.25% probability to be misinterpreted as ppe+e− reaction.

Overall, there is a 50% detection probability for photons in the Plas-
tic Ball detector (CaF2 and plastic scintillator). This greatly influences
the calibration of the Plastic Ball detector modules. In contrast to the
energy scintillators of SALAD, where the inelastic protons are stopped
in the scintillators, most of the photons will deposit only part of their
energy in the Plastic Ball scintillators, spoiling a plausible correlation
between measured and reconstructed photon energy values. Moreover,
the energy deposition will be dispersed to neighbouring detector mod-
ules as well.

To resolve this problem a GEANT3 [GEA93] simulation was per-
formed in which the Plastic Ball detector response for photons origi-
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5.2 The data calibration

nating from the p + p → p + p + γ reaction was studied. This revealed
that those events for which most of the energy deposition was within
one detector module, exhibit a broad (around FWHM=50%) but clear
peak for photon energy deposition. The calibration was performed by
matching the peaks from the simulation to the measured peaks. In
Fig. 5.2.4 an illustration of the procedure is given. The peak positions
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Figure 5.3: Left: the measured photon energy spectrum of the Plastic Ball
detector module. An exponential + Gaussian function is fitted to the spec-
trum and consequently matched to the values of the fit of the simulated
spectrum (right panel). In this fit we assume an exponential background
that is superimposed to the Gaussian shape of the photon energy peak.
Right: the energy spectrum of photons in the Plastic Ball detector module
according to the GEANT simulation. The spectrum is fitted by a Gaussian
distribution.

and widths are obtained for each Plastic Ball detector module by fitting
separately simulated and measured spectra. By matching those values,
the calibration is obtained per detector module. The relative calibra-
tion can then be made with an accuracy of approximately ± 0.5 MeV.

The result of the calibration procedure is illustrated in the so-called
pulse shape spectra plotted in Fig. 5.4. The main features of the spec-
tra are two lines, labeled as e and γ. Most of the photons interact only
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Figure 5.4: Calibrated spectra of the energy deposition E vs. E + ∆E. In
this histogram the z-axis (contents) is logarithmic. The lines labeled e and
γ represent leptons and photons, respectively, while p marks the observed
protons.

with the plastic scintillator producing only the E part of the signal
which implies E + ∆E = E and produces therefore a γ line which lies
diagonally in the 2D-spectra. The minimum-ionizing leptons (electrons
and positrons) do interact with the CaF2 and a ∆E component is pro-
duced as well, which consequently produces a shift in comparison to the
photon line. Since the minimum-ionizing ∆E energy deposition is well
defined, the shift is rather uniform and the shifted line e is clearly ob-
served. A remaining feature of the spectra is the proton region labeled
with p.

To make the selection, i.e. to discriminate between leptons and
photons, a cut is defined that allows only the events from the lepton
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5.2 The data calibration

band to be accepted. In Fig. 5.5 the projection of the 2D spectrum
5.4 is shown, with three peaks representing different particles; protons,
leptons, and photons. While the photon peak is pronounced (due to

-∆E [MeV]

co
un

ts

p

e

γ

1

10

10 2

10 3

10 4

-80 -60 -40 -20 0

Figure 5.5: A 45◦ projection of the 2D histogram from Fig. 5.4. The plotted
value is −∆E = E − (E + ∆E). The spectrum is fitted with three Gaussian
distributions for purpose of the comparison. The corresponding regions from
the 2D spectra are denoted as the proton p, the lepton e, and the photon γ

peak. The cut for the leptons is given as the hatched area in the spectrum.

a large number of low-energy photons), and therefore well defined, the
lepton peak shows broadening due to the intrinsic detector energy res-
olution of the CaF2 . The intrinsic broadening is asymmetric which is a
consequence of the Landau distribution of the measured energies. The
remaining protons in this spectrum are well described by a Gaussian
distribution. The position of the cut towards the photon peak can be
well defined but there is a certain ambiguity where to put the cut on the
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ppe+e− data analysis

large ∆E side. There is a certain number of events where the dilepton
pair is detected within a single Plastic Ball detector module giving an
additional shift to the lepton line, which is reflected as a tail towards
the proton peak. Therefore we have decided to take a symmetric cut
around the lepton peak position. For a single lepton the energy loss in
the CaF2 corresponds to an energy peak shifted by 5 MeV with respect
to the photon peak (Fig. 5.5). For a double lepton event entering the
same Plastic Ball detector module one gets a shift of approximately
10 MeV. The lepton cut was defined around the lepton peak as

2MeV < ∆E < 8MeV. (5.1)

5.2.5 SALAD MWPC tracking

The physical information from the MWPC data is obtained by a track-
ing procedure. The SALAD MWPC has three separated wire planes
from which the x, y, and u (45◦) positions of particle tracks are mea-
sured.

Per event a number of charged particles (in our experiment presum-
ably protons) can traverse the SALAD MWPC in a given time window
producing free charges that are collected by wires. By comparing sig-
nals from all the wires within one plane, clusters of simultaneously
fired wires can be defined. The centroids and widths of such clusters
are then read out by the data acquisition system. The centroid is used
as the hit position and the width as tolerance for the tracking pro-
cedure. Tracking is performed by matching x and y positions with a
corresponding u position. If such correspondence exists it is associated
with a possible track with position (x,y) which is further matched with
energy deposition in SALAD energy and veto scintillators. If there is
no corresponding energy detector the track is discarded, otherwise, it
is recognized as inelastic (no corresponding veto) or elastic track (cor-
responding veto detector is present).

The final result of the tracking procedure are the tracks containing
position information as well as energy information. The momentum of
the tracked particle is completely defined by this information.
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5.3 ppe+e− event selection

5.3 ppe+e− event selection

The ppe+e− event selection procedure is performed in the following way.
The complete data set is presorted by applying simple selection crite-
ria and subsequently all presorted events were analyzed by the kine-
matical reconstruction routine. Only events that were kinematically
reconstructed were taken for further analysis. This procedure leads to
a significant reduction of data to be finally analyzed.

The kinematical reconstruction also provides values for unconstrained
observables that are not used as input for the reconstruction. In our
case the kinematical reconstruction routine calculated the energy of
both protons and leptons from the measured positions (θ, φ) of all
4 particles. Due to the kinematically over-determined measurement,
those observables can be used to determine limits on measured values
in order to minimize the background. After these selections, the final
ppe+e− data set is produced.

5.3.1 Presort

The following criteria are applied in the presort of the ppe+e− data.
Only data produced by the ppe+e− trigger were used. For the SALAD
part in the data stream, tracking was performed and only events with
two or more inelastic tracks were used. Moreover, a time window cor-
responding to the coincidence time window in the trigger logic was
defined and only tracks within that window were considered.

For the Plastic Ball part only events with two or more separated
detectors with proper time were considered. This selection is imposed
by the trigger topology where clusters of neighbouring detectors were
used as trigger units in the first level (see section 4.4.2)2.

Since the ppe+e− trigger contains some amount of ppγ events, these
events will be accepted in this presort procedure if the Plastic Ball
criteria are satisfied, for example if a photon is rescattered so that two
Plastic Ball non-neighbouring detector modules are fired.

2With two detector modules firing within the same ball-box unit at the same time only
a multiplicity M=1 event is produced.
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ppe+e− data analysis

5.3.2 Event reconstruction

The complete kinematics of an event is defined when positions and en-
ergies of all participating particles in the reaction of interest are known.
We can use the laws of conservation of momentum and energy to cal-
culate unknown values. It means that in a reaction with n participants
we have 3n observables from which 4 are constrained by conservation
laws leaving 3n− 4 observables necessary for a complete determination
of the reaction kinematics.

For the p+p → p+p+e++e− reaction we have 4 outgoing particles
and 12 observables, thus we need 8 measured observables to calculate
the remaining 4. In our experiment all 12 observables are measured,
which makes the measurement kinematically over-determined. The
kinematical over-determination is used for background suppression.

In Table 5.3 we give an overview of all measured observables for
the ppe+e− reaction: angular positions and particle energies. We use

particle
measured
position

measured
energy

reconstructed
energy

proton p1 θp1
, φp1

Emeas
p1

Erec
p1

proton p2 θp2
, φp2

Emeas
p2

Erec
p2

lepton e+ θe+ , φe+ Emeas
e+ Erec

e+

lepton e− θe− , φe− Emeas
e−

Erec
e−

Table 5.3: The overview of the observables that are used in the reconstruc-
tion of ppe+e− events. Positions of particles are fixed and measured energy
values are used as initial guess for solving the system of coupled equations
Eq. (5.2). If the reconstruction is successful, a set of 4 reconstructed values
is obtained.

the fact that the positions of leptons detected in the Plastic Ball are
determined by the positions of detector modules and the positions of
protons in SALAD are calculated in the tracking procedure. Using the
positions of all outgoing particles the following system of equations can
be solved.

∑

i

√

E2
i − m2

i sin(θi) cos(φi) = 0
∑

i

√

E2
i − m2

i sin(θi) sin(φi) = 0
∑

i

√

E2
i − m2

i cos(θi) = p0
∑

i Ei = E0,

(5.2)
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5.3 ppe+e− event selection

where the index i = p1, p2, e
+, e− and mi are masses of protons and

leptons. The energy E0 of the reaction in the lab system and the
momentum p0 are given by:

E0 = Ebeam + 2mp, (5.3)

p0 =
√

E2
0 − 4m2

p =
√

Ebeam(Ebeam + 4mp), (5.4)

where the incoming proton beam has an energy of Ebeam=190 MeV and
the proton mass mp=938 MeV.

The system of coupled nonlinear equations (5.2) is solved numeri-
cally. A globally convergent method for a nonlinear system of equations
described in [Pre92] was used. The method is based on the modified
Newton-Raphson algorithm. The major advantage of this method is
that a convergence is obtained for almost any initial guess.

The reconstruction is performed event by event. Events for which
the system of equations (5.2) is solved are regarded as reconstructed.
All possible combinations of input parameters are checked. For exam-
ple 4 tracks in SALAD will give 6 possible combinations for candidates
for the kinematical fitting routine. This can result in the so-called com-
binatorial background if appropriate care is not taken. If more than
one combination is successfully reconstructed, the solution which fulfills
the conditions given in Eq. (5.5) is preferred. To choose between dif-
ferent possible solutions even further, the best time matching criterium
is employed. This is defined as the minimum time difference between
two measured protons in the event. About 10% of all reconstructed
events have more than one solution and more than 98% have one or
two solutions. Only one combination is accepted for further analysis.

5.3.3 Selection of protons and leptons

To define the final data set a number of cuts is imposed on different
observables in order to minimize background. A major concern when
imposing different cuts on the data is that good data should be influ-
enced as little as possible while background should be removed as much
as possible.

To equalize detection thresholds for the whole data set we have used
only events where the measured energy of the protons Emeas

p1,p2
≥ 25 MeV.

Also only leptons with Emeas
e+,e− ≥ 5 MeV were considered. Leptons were
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identified by applying a cut on the lepton line in the Plastic Ball pulse-
shape spectra.

To minimize contamination the following cuts were applied on the
deviation from reconstructed values with the measured ones:

|Erec
p1,p2

− Emeas
p1,p2

| ≤ 20 MeV
|pT

rec
p1,p2

− pT
meas
p1,p2

| ≤ 15 MeV
(5.5)

In the conditions (5.5) above, pT is the transverse component of the
proton momentum. In Fig. 5.6 we illustrate the effect of applying the
cuts Eq. (5.5) to the proton energies. Obviously the correct kinematical
correlation for two protons is obtained, with almost no background out-
side the correlation region. This cut assures that the hadrons within the
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Figure 5.6: The influence of the energy and transversal momentum cuts
(Eq. 5.5) on the measured proton energies. In the left panel the spectrum
represents all ppe+e− events left after the kinematical reconstruction. After
the cuts are applied one obtains a clean kinematical correlation between
protons Emeas

p1
and Emeas

p2
(right). In both histograms the z-axis (counts) is

in logarithmic scale.

ppe+e− event will have the proper kinematical constraints. However, a
certain amount of background remains.
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5.4 Event contamination

In order to obtain ppe+e− events, after the proton energy cuts are
applied, one has to apply the lepton cut defined in Eq. 5.1. In Fig. 5.7
we illustrate the application of the lepton cut. In the two-dimensional
representation we can observe that the lepton cut provides a good se-
lection criterium for the dilepton events. This is also illustrated by the
amount of the photon suppression obtained after the lepton cut was
applied only to one lepton. From the −∆Ee2 projection we can esti-
mate about 10% of ppe+e− events in the spectra before and 40% after
the cut. After the cut on the second lepton is applied we obtain the
selected ppe+e− events. About 16000 events remained after the above
conditions were applied. Out of those events, the subset of about 3500
events with the invariant mass Mγ > 20 MeV was chosen for further
analysis.

The typical reductions of the data set for different selection criteria
are given in table 5.4.

Events amount percentage

all 2047749 100%
produced by ppe+e− trigger 1657623 80.95%
after presort 166343 8.12%
after reconstruction 18771 0.92%
after proton cuts (Eq. 5.5) 2228 0.11%
after lepton cut (one) 262 0.013%
after lepton cut (both) 78 0.0038%
after Mγ cut (final set) 16 0.00078%

Table 5.4: The reduction of data that is obtained at each step of the event
selection procedure is given for a typical run.

5.4 Event contamination

Apart from real events originating from the studied reaction, a number
of misinterpreted events originating from other sources can be present
and contaminate the data set. The amount of contamination in addition
to the good events has to be estimated and subtracted, if the separation
is not possible.

In the following subsections, a few different sources of contamination
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Figure 5.7: Top: the 2D spectra of −∆Ee1 vs. −∆Ee2, where −∆E =
E − (E + ∆E) as plotted in Fig. 5.5, is shown. The black square line
indicates the area for the lepton cut on both leptons. The z-axis (counts) is
in logarithmic scale. Bottom: −∆Ee2 projection of the 2D spectra. The
hatched area in this histogram represents the amount of events remaining
after the lepton cut was applied to −∆Ee1, which corresponds to the area
between two dashed lines in the 2D spectra.

77



5.4 Event contamination

(background), which can contribute to the reaction of interest, p+p →
p + p + e+ + e− , are discussed.

5.4.1 Accidental background

The so-called accidental background is caused by the accidental mis-
interpretation of the different reactions as ppe+e− reaction. In our ex-
periment the following cases can occur:

• a ppγ event in which the photon deposits energy in two separated
Plastic Ball detector modules and subsequently becomes recog-
nized as e+e− pair

• a γγ event being recognized as e+e− pair.

Due to the fact, that the detection efficiency for photons in the Plas-
tic Ball is much smaller than for leptons, and due to the good particle
identification efficiency, it is easy to diminish the above sources of back-
ground. The first point (ppγ contamination) is discussed in the next
subsection. The ppγγ contamination requires two external conversions
(i.e. (5%)2 =0.25%) and since σppγγ ≈ σppe+e− it is negligible.

5.4.2 Real-photon contamination

The photon from the real-photon bremsstrahlung reaction p + p →
p+ p+ γ can interact with matter, e.g. the target cell or the scattering
chamber. At energies of our experiment this results in a pair-production
process where the photon produces the dilepton pair γ → e+e−. A pri-
ori, the ppγ reaction cannot be distinguished from the ppe+e− reaction.

To estimate the influence of this effect a GEANT3 [GEA93] simula-
tion was performed from which the following conclusions were drawn.
The ppγ reaction produces events with a small opening angle between
electron and positron, thus the invariant mass of the pair is small.
Naively, we expect the cross section for the ppγ reaction to be two or-
ders of magnitude higher than the corresponding ppe+e− cross section.
However, an exact amount of pair-production is difficult to estimate,
since it depends on the amount of the material that facilitates the con-
version of the photon. According to the simulation (see Fig. 5.8), about
7% of the photons will convert to e+e− in the different material around
the liquid hydrogen target.
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Figure 5.8: The 2D histogram of leptons produced by real-photon conversion
in the target cell material. The positions of outgoing leptons relative to the
center of the target are given in lab angles. The white trapezoidal shape on
the picture shows where the target is placed into the Plastic Ball detector
(that part of the detector is removed to fit the target) and the circle marks
the area below the target. The sinusoidal shape of the histogram is caused
by the target container, which has a cylindrical shape (ring) and is oriented
at an angle of 65◦ relative to the beam direction. The contents (z-axis) is in
logarithmic scale.

However, only about 1% of the events will be detected and recog-
nized as dilepton events. In Fig. 5.9 two distributions of those events
are shown. Our estimation is that a contribution from the real-photon
contamination to the ppe+e− events is about 55% for Mγ < 20 MeV3

and the contribution for Mγ above 20 MeV is less than 3%. Therefore,

3(0.01 detected as ppe+e− ) × (0.98 with Mγ < 20 MeV) × (
σppγ

σ
ppe+e−

≈
1

α
= 137).
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in the extraction of the response functions (chapter 6) only the data
with Mγ > 20 MeV were analyzed.
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Figure 5.9: Left: the invariant mass Mγ distribution of the events produced
by the real-photon conversion in the target cell material. More than 98%
of those events have Mγ < 20 MeV (hatched). Right: the opening angle
Θ(e+, e−) distribution. The hatched events are the same as in the plot on
the left panel.

5.4.3 Foil contamination

The foil contamination was measured by taking data with an empty
target, i.e. a target cell without liquid hydrogen, at the operational
temperature (15 K) after the hydrogen has been evacuated. In that
way the contribution of the target foil could be estimated. The actual
measurement was performed with the same setup (the Plastic Ball de-
tector and SALAD) during the p + p → p + p + γ experiment [Sha04].
The analysis of events produced by the ppγ reaction has shown that
no valid ppγ events were found. Therefore we estimate that for the
p + p → p + p + e+ + e− events the contribution was negligible.
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5.5 Efficiencies

For a precise calculation of the total cross section the detector accep-
tances and efficiencies have to be accurately known. The acceptance
of our detector system is discussed later. In this section the detector
efficiencies are discussed.

5.5.1 Proton detection efficiency

By design, all inelastically scattered protons at 190 MeV incoming
beam energy should be stopped within the SALAD energy scintillators.
Therefore, the SALAD energy scintillators are 100% efficient for proton
detection. However, due to hadronic interactions, part of the proton
energy may escape and, consequently, the proton may remain unde-
tected. This effect was investigated in a GEANT3 simulation [GEA93]
and corrected for. The proton detection efficiency εhad, was found to
be εhad = 0.95 [Mes99].

5.5.2 The Plastic Ball lepton detection efficiency

The Plastic Ball detector modules are intrinsically 100% efficient for
detection of electrons and positrons, but due to rescattering (backscat-
tering), the detection efficiency can be smaller.

The effect of backscattering of the low energy leptons depends on
the angle of impact and on the kind of material that is used [Leo94]. We
have studied this effect for the Plastic Ball detector using the GEANT3
simulation package [GEA93]. Since the cuts on the detected energy of
the leptons are Emeas

e+,e− ≥ 5 MeV, we have found this effect to be less
than 1%.

Using the simulation tool we have found that there is a 5% prob-
ability for a photon to be detected as a lepton (to have an interac-
tion within the CaF2 part of the Plastic Ball detector). However, for
the ppe+e− reaction two leptons have to be detected simultaneously.
Accordingly, we assume that the detection of a pair of photons (and
recognized as leptons) is less than 0.3%, thus negligible.

5.5.3 The SALAD MWPC efficiency

To calculate the efficiency of the SALAD MWPC, events produced
by the SALAD single trigger were used. The calculation procedure is
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similar to the tracking procedure (see section 5.2.5) and it is performed
per MWPC plane (x,y, and u). The efficiency for the particular plane
was calculated by the so-called (11x) method; a subset of events was
used for which there was only one cluster of wires in any two planes
(11-) and the position of the cluster was then matched with the clusters
(–x) present in the third wire plane (the plane under investigation). If
the correspondence of clusters was established it was regarded as a good
event. The efficiency of the plane is then defined as the quotient:

εplane =
corresponding events in subset

all events in subset
, (5.6)

where the subsets are chosen differently for each plane.
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Figure 5.10: The MWPC efficiencies εx, εy, and εu for all three planes in-
dividually and the product εxyu, plotted as a function of the polar angle of
the proton θp. This plot was made from one typical run.

The calculated efficiencies are plotted for each plane in Fig. 5.10.
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The overall efficiency of the MWPC is given as the product of the plane
efficiencies,

εxyu = εxεyεu. (5.7)

It is observed that the εxyu efficiency drops for higher θp angles where
the MWPC coverage is not complete, but in addition, the u-plane is not
complete in those angles. Because of the construction in the vicinity
of the chamber edge, the u-plane is missing for some tracks that are
registered in the two other planes. A similar explanation holds for the
x-plane at the lowest angles. Also, due to missing wires, the x-plane is
not as efficient as the y-plane.

The protons used in the efficiency calculation are produced mainly
by the elastic channel. We assume that the calculated efficiency is valid
even for less energetic, inelastically scattered protons in ppe+e− reaction,
since the energy threshold for the proton detection was set at 20 MeV.
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Figure 5.11: The MWPC efficiency εxyu as a function of time (run number).
Note that one single point has a substantially smaller efficiency due to a high
voltage trip in one of the wire planes. Therefore it was disregarded in the
subsequent data analysis.
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The MWPC efficiency εxyu was investigated for the whole data set
and the plot is shown in Fig. 5.11. εxyu was calculated for the acceptance
of the SALAD MWPC. Based on the plot in Fig. 5.11 the total efficiency
εMWPC for our data set was calculated. Points were weighted by the
charge accumulated during each run and the value εMWPC = 0.923 ±
0.005 was obtained.

Most of the variations of εxyu which can be observed in Fig. 5.11
are presumably due to trigger saturation. As it was mentioned earlier,
the SALAD single trigger was saturated due to a problem in one of the
electronic modules, but because of the down-scaling used, that was not
noticed during the experiment. Since the variations are rather small,
it is difficult to draw a conclusion about the actual reason, because a
similar behavior can be induced by the gas-flow variations, gas-mixture
variations, temperature variations, etc. Note that the high voltage on
the MWPC wire planes was monitored during the experiment as well
as the current drawn.

5.5.4 Event reconstruction efficiency

In the reconstruction process we use the measured position values as
input, from which the full event is reconstructed. These values are
influenced by the position resolution of our detectors. The measured
energies, which are used as an initial guess for the reconstruction so-
lution, are influenced by the detector energy resolutions as well. As a
consequence, the reconstruction has a limited efficiency which means
that good events can be rejected and bad events accepted. To account
for this possibility, a reconstruction efficiency was estimated using a
Monte-Carlo calculation.

A n-body event generator GENBOD from [CPL92] was used to gen-
erate kinematically correct ppe+e− events. The reconstruction routine
was first tested using the exact positions generated by the event gen-
erator. As initial guess for energies we have used the generated values.
The reconstructed values for energies were compared to the generated
values from the event generator and all 250000 thrown events were
accurately reconstructed.

To investigate the influence of the finite detector resolutions we have
used the following approach. The events generated by the event gen-
erator GENBOD were folded with the detector resolutions; in the case
of protons detected in SALAD a position resolution ∆θ,∆φ of 0.5◦
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(as for the SALAD MWPC) was used and generated values normally
distributed with the resolution were used as input for the kinematic
reconstruction routine.

The position resolution ∆θ,∆φ for the Plastic Ball detector modules
is around 5◦, but we have used the position of the center of gravity of
a particular detector module as impact position for all leptons that
would fall within the module acceptance. In addition we have allowed
only events with non neighbouring detectors because the real data were
analyzed in this way as well.

As input for the energies (initial guess) the generated values folded
with detector energy resolution were used. The reconstruction was per-
formed for all generated events and a part of them was successfully re-
constructed. The reconstructed energy values were then compared with
input values using the cuts defined in Eq. (5.5) (used for event selection
in real data) regardless of whether they were successfully reconstructed
or not. From the events satisfying the cuts we have calculated the
efficiency of the kinematics reconstruction εrec:

εrec =
number of successfully reconstructed events

number of all events
. (5.8)

In Fig. 5.12 the reconstruction efficiency is plotted as a function of
the invariant mass Mγ of the dilepton pair. The plot shows that the
efficiency is better for higher Mγ, which is attributed to the influence
of the position resolution of the dilepton pair. For small dilepton pair

opening angles θe+e− the invariant mass Mγ ≈
√

2Ee+Ee+(1 − cos θe+e−)
becomes small as well. Due to the higher relative error in position de-
termination for the events with small θe+e− the reconstruction efficiency
decreases. Note that the error for the high Mγ bins becomes larger due
to the limited statistics close to the kinematical limit Mmax

γ ≈ 92 MeV.
The integrated reconstruction efficiency εrec for Mγ > 20MeV was

found to be εrec = 0.96±0.01. The chosen threshold for Mγ guarantees
that no background events contribute to the data. It is discussed in
section (5.4.2).

5.5.5 Trigger efficiency

The ppe+e− trigger is produced by the STU. To evaluate the trigger
efficiency of the STU we have to use an unbiased set of data, i.e. events
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Figure 5.12: The reconstruction efficiency for ppe+e− events obtained from
the Monte Carlo calculation.

produced by another trigger. The events produced by the Plastic Ball-
single trigger were used in the analysis. The Plastic Ball-single data
were analyzed for the ppγ reaction and the data set obtained was used
in further calculations.

Every event contains a bit-pattern indicating the main trigger pro-
ducing the event and signaling other triggers which were also present
when the event was acquired. By comparing how often ppγ events pro-
duced by the Plastic Ball-single trigger contain also the ppe+e− trigger
in the bit-pattern4, we can estimate what is the efficiency εSTU of the

4Note that the ppe+e− trigger is composed from ppe+e− and ppγ components, which
somewhat complicates the whole procedure.
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ppe+e− trigger. Obviously,

εSTU =
events for which ppe+e− bit was present in pattern

all ppγ events
. (5.9)

The reference [Sch98] gives values for the nominal efficiency of the
STU. Our estimate gives the result εSTU = 0.85 ± 0.03.

5.6 Acceptance

The efficiency of the measurement gives us an estimate how often a re-
action will be detected with our experimental apparatus. For example,
if the MWPC has a limited efficiency, there is a number of particles that
will be unaccounted for. The acceptance gives us an account of events
that will not be detected because of the limited phase-space coverage
of the apparatus, that is e.g. if the detector is not placed properly (or
if it is not functioning properly), or when a particle is not detected due
to some detection threshold.

We have studied the acceptance of the Plastic Ball detector and
SALAD for the p + p → p + p + e+ + e− reaction by using simulated
events. The ppe+e− events were generated by the Monte Carlo gener-
ator that was developed for the LET calculation (see chapter 3).

In Fig. 5.13 the acceptance obtained for the dilepton polar θl and
azimuthal φl angle is shown, where only events with Mγ > 20 MeV
were used in order to account for the threshold that is set for the data.
While the θl has a nearly flat acceptance (smaller acceptance at low
angles comes from the invariant mass threshold), for φl we see a large
variation in acceptance. This particular shape of the φl acceptance
influences the extraction of the response functions. The shape of the
acceptance with respect to φl is discussed in section 6.2.1.

To correct the measured cross section for the acceptance, the gener-
ated events were discriminated by using the number of cuts/conditions
in the same way as in the analysis of the real data. In that way a
subset of events was created that can be directly compared with the
experimentally obtained data set. We did not use a simulation of the
detector setup to include effects of detection efficiencies into the calcu-
lation. Rather, it seemed justified to assume that different detection
efficiencies are to a high degree independent of the detector acceptance.
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Figure 5.13: Left: the acceptance (ratio) as a function of the dilepton energy
sharing angle θl. Only events with Mγ > 20 MeV were taken into account.
Right: the acceptance as a function of the dilepton dihedral angle φl. The
particular asymmetry reflected in minimums at 0◦ and 360◦ being lower than
at 180◦, is introduced by the ordering of the events in θl (see subsection
3.2.1).

The acceptance is given as the ratio of the accepted events to all
events that are considered for detection (subset after cuts). The Plastic
Ball coverage limits the acceptance for the lepton polar angle 60◦ <
θe+ , θe− < 160◦. The SALAD coverage of the proton polar angle is
6◦ < θp1,2

< 26◦. Note that the proton azimuthal angle is fully covered
by the detector up to θp1,2

< 19◦ while the lepton azimuthal angle is
fully covered only in one part of the detector (for backward angles). The
overall acceptance for the given range of angles and for the invariant
mass Mγ > 20 MeV is 45.2%.

In Fig. 5.14 the acceptance correction is given as a function of Mγ

and as a function of the polar angle of the virtual photon θγ. The ac-
ceptance for larger Mγ is better mostly because the events with larger
opening angles have a higher probability of detection. However, sta-
tistically those events are less important. For θγ , the acceptance is
good in the actual detection range. It is somewhat better for backward
angles due to the missing detector modules in the forward part of the
Plastic Ball, but also due to the ppe+e− reaction kinematics. There is
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Figure 5.14: Left: the acceptance correction (ratio) as a function of the
invariant mass Mγ . Only events with Mγ > 20 MeV were taken into account.
Right: the acceptance correction as a function of the virtual-photon polar
angle θγ . Note that the actual detector coverage is (60◦ < θe+ , θe− < 160◦).
The rest of the angular distribution is present because the virtual photon is
detected via the dilepton pair. This, however, can be detected outside the
detector coverage for individual leptons.

a small number of events with θγ < 60◦ that are detected due to the
large opening angle of the dilepton pair.

5.7 The measured cross section for ppe+e− data

From the derived ppe+e− data set the cross section for the p + p →
p + p + e+ + e− reaction was calculated. Note that the cross section
is influenced by the phase-space coverage (acceptance) of the detection
system as well as by the cuts (thresholds) imposed during the data
analysis process.

The definition of the cross section σ is given in reference [Pov99].
In our case the measured cross section for ppe+e− reaction is:

σppe+e− =
ηA

εdet ρ δx NA

Nppe+e−

ninc

(5.10)

=
ηNppe+e−

εdet C Q t
. (5.11)

The parameters in the previous equation are:

η ≡ luminosity correction factor
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A ≡ atomic weight of the target (mg/mol)

Nppe+e− ≡ number of detected ppe+e− events

ninc ≡ number of incoming protons

NA ≡ Avogadro’s constant (1/mol)

δx ≡ nominal target thickness (cm)

ρ ≡ liquid hydrogen target density (mg/cm3)

εdet ≡ total detection efficiency

t = ρ δx ≡ nominal target surface thickness (mg/cm2)

Q = ninc q ≡ accumulated charge (nC)

C =
NA

A q
≡ constant.

The constant C = 3.79 · 10−3mg−1 · nC−1 · cm2 · nb−1.
The number of incoming protons ninc was calculated from the mea-

surement of the integrated charge Q by the Faraday cup. The rela-
tive accuracy of this method was estimated in a previous experiment
[Hui99] to be 3%. The measurement of the integrated charge was cor-
rected for dead-time of the data acquisition electronics resulting in
Q = 1.41 · 106 nC.

The nominal target surface thickness t is given by the product of
the density ρ = 70.8 mg/cm3 of liquid H2 and the thickness δx = 1 cm
of the target. The target is subject to bulging, therefore the luminosity
has to be corrected for an effective target thickness. Since it was not
possible to investigate the elastic channel, an estimate was made by
using the ppγ data. The number of scattering centers in the target can
be calculated from the target atomic weight A and the nominal target
thickness t.

The total detection efficiency εdet is the product of all detection,
reconstruction, and trigger efficiencies:

εdet = ε2
MWPC ε2

had εrec εSTU . (5.12)

The values of εMWPC and εhad appear squared because they are cal-
culated for a single proton. By using the values already given in this
chapter, the value for the total detection efficiency εdet = 0.62 is ob-
tained.

The number of events in our set is Nppe+e− = 3500, thus by Eq. (5.11)
the measured cross section in our experiment is σppe+e− = 0.0187 nb.
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Note that this is the experimentally measured cross section which is
integrated for the whole acceptance of the detector setup and above
the applied energy threshold of all 4 particles.

5.8 Luminosity corrections

So far we have discussed the process of the data analysis in which the
cross section for the p + p → p + p + e+ + e− reaction was obtained.
Though the measurement provides a value for the cross section, this
value is still influenced by statistical and systematical uncertainties.
The most influential systematical uncertainty is the thickness of the
liquid hydrogen target.

The windows of the liquid hydrogen target are made of 4 µm thin
foil, which is elastic and, therefore, subject to bulging. The bulging
causes a change in the effective thickness of the target resulting in an
increased luminosity. The exact amount of the bulging could not be
directly measured in a reliable way. It is known from the previous exper-
iments [Hui99, Mes99] that it is of the order of 30%, which corresponds
to the luminosity correction factor η ≈ 0.8.

The intention in dealing with this problem was to normalize our data
to the well-known p+ p → p+ p cross section. However, the analysis of
the elastic channel has revealed problems with its trigger and was finally
not used for normalization. Following the results of the ppγ experiment
[ShaTH] that was performed on the similar experimental setup (Plastic
Ball + SALAD), but with smaller target, where values of η between
0.67 and 0.76 were extracted, we have used the luminosity correction
factor η = 0.8, which is in accordance with [Mes99].
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