
 

 

 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 6

Results and comparison to
theory

In this chapter the final results of this thesis are presented. As it was
stated in the introduction, the main objective of this work is the extrac-
tion of the response functions (RF) from the measured cross sections
for the ppe+e− reaction. Along with the extracted RFs the theoretical
predictions are given. We have used two different low energy theorem
(LET) calculations for comparison with the data. The method used to
extract the RFs is essentially the same for both the measured data and
the theory simulation, as it was already discussed in chapter 3.

In the previous chapter we were discussing the data analysis that
led us to the final set of data. During the process of analysis a number
of constraints were imposed on the data, that have to be taken into
account when comparison to theory is made. We start by presenting
the measured cross sections.

6.1 Measured cross section

In section 5.7 we have discussed how the cross section is obtained from
the data. Due to the limited statistics of our data set, we were forced
to integrate the data over all variables except the one of interest, in
order to achieve more significant results1.

1As shown in chapter 2, the fully differential 8-fold cross section for the ppe+e− reaction
is further integrated over leptonic angles to give the 6-fold differential cross section:
d6σ/dΩp1

dΩp2
dθγdMγ . Here we have to integrate over all variables except the one of
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6.2 Extraction of the RFs from the measured cross section

Two differential cross sections are presented: dσ/dMγ in Fig. 6.1
and dσ/dθγ in Fig. 6.2. The cross sections in both plots are inte-
grated over the acceptance of our experimental setup, i.e. for protons
6◦ < θp1

, θp2
< 26◦ and for leptons 60◦ < θe+ , θe− < 160◦. The az-

imuthal coverage for the given polar angle coverage is full and the data
points are corrected for the detector acceptance. Note that selections
applied to the experimental data set have to be taken into account for
the theoretical calculations as well: the energy of the protons and lep-
tons has to be higher than 25 MeV and 5 MeV, respectively. These
conditions apply to all data presented in this chapter, unless explicitly
pointed out differently. Also all presented data have Mγ > 20 MeV.

In Fig. 6.1 the measured cross section is shown as a function of the
dilepton invariant mass. The presented data are corrected for accep-
tance (Fig. 5.14). The comparison is made to the two LET calculations
introduced in section 2.3. The model based on the original low-energy
theorem approach is labeled VL (Virtual-Low). The other model is
based on the Liou-Lin-Gibson approach [Lio93] that is applied to the
virtual photon case. The agreement between theory and experiment is
good. It appears that the VL calculation has a better agreement with
the data, except for Mγ > 70 MeV.

In Fig. 6.2 the cross section is plotted as function of the polar angle
of the virtual photon. As in Fig. 6.1, the VL calculation appears to
describe the data better than the LLG calculation, except for the region
of the maximum cross section.

6.2 Extraction of the RFs from the measured cross
section

The extraction of the response functions was already discussed in sec-
tion 3.2. In principle there is no difference in the procedure of the
extraction that is used for the Monte Carlo integrated calculations to
the one that is used to extract the RFs from the measured data. How-
ever, certain obstacles do exist and we have to take them into account.

The experimental data set has limited statistics which implies that
we have to extract RFs by integrating over the whole data set. As
a result of such integration, one obtains averaged response functions.

interest to obtain a single-fold differential cross section.
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Results and comparison to theory
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Figure 6.1: The measured cross section as a function of the invariant mass
Mγ of the dilepton pair compared to the predictions of the two LET calcu-
lations: VL (full) and LLG (dashed line). The error bars include statistical
as well as the systematic errors due to the acceptance correction.

Depending on the particular response function, averaging can lead to
partial or even full cancelation (if the RF can assume opposite signs).
Therefore, one my encounter difficulties in obtaining a reliable response
functions.

Another necessary ingredient for a successful extraction of the inter-
ference RFs is the constant and uniform dihedral angle coverage which
has to be realized in order to exploit the orthogonality property of the
spherical harmonics (see section 3.2.1). As it will be shown in the re-
mainder of this section, the obtained shape of the dihedral angle φl

acceptance is crucial for the successful extraction of the interference
RFs.
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Results and comparison to theory
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Figure 6.3: The dihedral angle φl distribution measured for the whole data
set (points). The calculated ppe+e− acceptance (taken from Fig. 5.13) and
normalized to the measured distribution is given for comparison (line). Note
the particular two-hump shape.

From the definition of the coordinate system therein, the virtual photon
direction together with the incoming proton defines the reaction plane.
The dilepton pair defines the dilepton plane, and the dihedral angle is
defined as the angle between the reaction plane and the dilepton plane.
Let us imagine a situation in which the virtual photon is emitted at θγ =
100◦. At that angle our experimental setup has full azimuthal coverage,
which means that any dilepton pair in the dilepton plane perpendicular
to the reaction plane (φl = 90◦ or φl = 270◦), regardless of the dilepton
opening angle, will be within the detector acceptance. However, if we
move out of the perpendicular position, for certain opening angles we
will reach the detector boundaries and consequently, a portion of the
leptons will fall outside of the detector acceptance. This becomes most
pronounced for the case where φl = 0◦ or φl = 180◦, since the forward
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6.2 Extraction of the RFs from the measured cross section

opening of the Plastic Ball detector was made large to accommodate
SALAD.

The uniform φl distribution is necessary because we want the inte-
gration weighted by particular spherical harmonics in the extraction of
the response functions to be 0. Any non-harmonic shape of the distri-
bution will influence the extraction of the RFs because the cancelation
of the products of the orthogonal spherical harmonics will be spoiled.
Even more pronounced is the effect that is produced by non-cancelation
of the integrated spherical harmonics when the contribution of WT is
regarded. Since the latter presents the greatest part of the transition
amplitude squared |A|2, any non-cancelation will produce a significant
parasitic contribution to the extracted RF.

In the case of the distribution given in Fig. 6.3, we can investigate
how the contributions will look like for the case of different spherical
harmonics. The histograms for different spherical harmonics are shown
in Fig. 6.4. It is clear from the presented histograms that the ex-
perimentally measured distribution of φl will produce reasonably good
cancelation in the case of sin φl and sin 2φl, while for the cos φl and
cos 2φl we can expect a negative contribution.

In order to minimize the effect introduced by the Plastic Ball de-
tector acceptance, a subset of events was chosen with the intention to
produce the data set with an almost flat distribution of the dihedral
angle. We have required θγ to be in the central part of the Plastic
Ball detector (95◦ < θγ < 135◦) and the opening angle of dilepton pair
θe+e− to fall within the detector acceptance (θe+e− < 50◦). The result-
ing distribution is shown in Fig. 6.5. The obtained distribution can
be regarded as flat, although the additional constraints imposed onto
the already limited statistics of our measurement produce a data set
containing about 500 events.

The response functions were extracted for both distributions shown
in Fig. 6.3 and 6.5, and these results are discussed below.

6.2.2 The results for the extraction of WT and WL

First we present the results for the extraction of the transversal and
longitudinal response functions for the whole set of events in Fig. 6.3.
The extraction is performed following the prescription given in section
(3.2.1). Since the integration performed in order to extract the RFs
extends over a wide experimental bin, actually the averaged response
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-100

0

100

si
n(

φ l)

-50

0

50

co
s(

φ l)

0 90 180 270
φl [deg]

-100

0

100

si
n(

2φ
l)

0 90 180 270 360
φl [deg]

-100

0

100

co
s(

2φ
l)

Figure 6.4: Four histograms of our data weighted with different spherical
harmonics: sin φl, cos φl, sin 2φl, and cos 2φl, plotted as a function of the
dihedral angle φl distribution from Fig. 6.3.

functions are shown. For the sake of clarity in the discussion of the RFs
below, we will call the extracted RF the averaged (W ), and refer to the
parasitic contributions (all other contributions to the RFs) without a
bar over the function symbol.

For all presented results, the data points represent the response func-
tions extracted from the measured cross section and lines and bands
present the results of the extraction for the theoretical calculation. In
each graph the grey band represents the RF extracted from the the-
oretical model that should be compared to the data points. Here the
width of the band gives the statistical uncertainty of the Monte Carlo
integration. The corresponding lines represent different contributions
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6.2 Extraction of the RFs from the measured cross section
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Figure 6.5: The dihedral angle φl distribution for a particularly chosen part
of the acceptance, resulting in an almost flat distribution.

to the extracted RF, while the contribution of the RF that is extracted
has a thicker line shape.

The results of the extraction of W T and W L are given in Fig. 6.6.
The comparison is made to the VL theoretical model.

As already discussed in section 3.2.1, one employs the dilepton po-
lar angle θl dependence in order to facilitate the extraction. For the
transversal RF we minimize the WL contribution by selecting θl < 40◦.
Accordingly, we choose θl > 40◦ to enhance the WL/WT ratio in the
extraction of the longitudinal RF. We observe that W T is accurately de-
termined experimentally. The observed contributions from interference
RFs and from WL are negligible. Within the given statistical accuracy
of our data we also observe a good agreement between theory and data.

For the extracted W L one notices that the influence of the WT part is
significant. Nevertheless, the WL contributes about 10% to the averaged
amplitude W L. Our data seems to imply that the WL contribution is
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Results and comparison to theory
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Figure 6.6: The extraction of the transversal and longitudinal response func-
tions for the whole data set. Data points represent the values extracted from
the data. The VL theory calculation is Monte Carlo phase-space integrated
over the same acceptance as for the experimental setup. It is shown as a grey
band where the thickness represents the statistical error of the integration.
The different RF contributions are given as lines (see Legend).

even higher than predicted by the model.

6.2.3 The results for the extraction of the interference RF

From the discussion in section 6.2.1, it was clear that the extraction of
the interference RFs will be influenced by the particular shape of the
φl distribution given in Fig. 6.3. Due to the non-harmonic parts in the
distribution, the parasitic contributions do not cancel, but instead are
significant, in particular the WT contribution. However, by choosing
an almost flat distribution, Fig. 6.5, we have tried to overcome the
non-cancelation of the parasitic contributions.

In Fig. 6.7 the extracted interference RFs are shown. The compar-
ison is made to the VL theoretical model. For the interference RFs
(W x, x = TT, TT′, LT, LT′) we see that the most pronounced parasitic
contribution comes from the transversal RF WT. In the case of WTT the
poor cancelation results in an overwhelming negative WT contribution
and still comparably strong negative WL contribution.

For W
′
TT the situation is much better because we have to use φevent
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6.2 Extraction of the RFs from the measured cross section
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Figure 6.7: The extraction of the interference response functions for the
whole data set. The labeling is the same as in Fig. 6.6. The comparison is
made to the VL theoretical model.

in order to prevent the cancelation of the W ′
TT itself, as discussed in

section 3.2.1. The sign function of φevent causes the cancelation of all
parasitic RFs, except W ′

LT. In this case we can conclude that the data
are reasonably well described by the calculation. For the first time the
value of the W ′

TT is extracted in a model independent way from data,
and accurately determined.

For W LT the situation is similar to W TT with a remark that in this
case contributions from other RF are negative while the RF itself is
positive. However, the data are, like for the WTT, overestimated by
the theory. Our data indicate that WLT needs to have a much larger
positive amplitude than that predicted by the model.

Finally, we address the W
′
LT RF for which we also use the φevent
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Results and comparison to theory

dependence to facilitate the extraction. The cancellation of all other
response functions is very good (as expected from the similar proce-
dure followed for W ′

TT). Our data implies that the theory strongly

underpredicts the W
′

LT response function.

From the above shown results, we can conclude that this data set
enables reasonably good extraction of W

′

TT and W
′

LT. However the
other two RFs are not extracted in a satisfactory way. Therefore, we
use the constrained subset of events to facilitate the extraction of those
RFs.

The extraction of the RFs using the constrained set of events, with
the φl angle distribution shown in Fig. 6.5, is presented in Fig. 6.8.
Compared to Fig. 6.7, the statistics here is furthermore reduced, and,
moreover, due to the strongly constrained dilepton opening angle the
range of the values for the invariant mass Mγ becomes constrained as
well.

It can be seen that the additional cuts have made the extraction
of WTT possible. For WTT our data clearly shows that the sign of
this amplitude is correct, but the magnitude might be overestimated
by the theory. W

′

TT was already obtained for the full data set, and
for this constrained phase-space (20MeV < Mγ < 30MeV) the data is
underestimated by theory, just like in Fig. 6.7.

The extraction of the transverse-longitudinal interference response
function (both W LT as well as W

′
LT) is somewhat difficult. The sensi-

tivity of W LT is in this subset of the data rather good in the sense that
all parasitic contributions are small. Our data would require a much
larger theoretical WLT with a strong negative component. We notice
that for the total data set the conclusion that WLT was underpredicted
by theory was also obtained. However, while for the whole data set the
sign of the missing amount of the WLT was positive in order to match
our data, here a negative contribution is required. This indicates that
a WLT changes sign within the phase-space covered by our experiment.
This is also the case in the theory, but obviously the integration does
not agree with the data. In this subset of our data W

′

LT is too sensitive
to the amplitude of WT. Therefore, after our studies no conclusion can
be obtained from this part of the phase-space.

As the final result, in Fig. 6.9 we give the comparison of the already
presented data from Fig. 6.8 with the LLG calculation. Since the pre-
dictions of both models for the interference response functions do not
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6.2 Extraction of the RFs from the measured cross section
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Figure 6.8: The extraction of the interference response functions for the
reduced data set. The labeling from Fig. 6.6 applies here as well. The VL
theory calculation is used for comparison. Note that the range of Mγ is only
10 MeV.

differ a lot, the deviation from our data are in principle the same as
the ones commented upon on Fig. 6.8. With the obtained statistical
accuracy of the data it would be unwise to decide which calculation is
better in describing the data. We can only make the remark that the
extracted RFs show the expected behaviour. The absolute value for
the LLG calculation is somewhat higher than for the VL calculation
which is consistent with the cross section calculation.
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Results and comparison to theory
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Figure 6.9: The response functions for the LLG calculation are plotted with
the same constraints as for the VL calculation in Fig. 6.8. The labeling is
the same as in Fig. 6.6.

6.3 Conclusion and outlook

The work described in this thesis was undertaken in order to enhance
our knowledge of the nucleon-nucleon interaction, in particular the
knowledge of the virtual bremsstrahlung process in pp collisions. Based
on the experience that was gained in the pilot experiment we hoped
that it would be possible to achieve sufficient accuracy to extract all
the different response functions.

As it turned out, the experiment was not an easy one. The biggest
challenge was to measure such a small cross section in the presence of
a huge elastic background. This problem will always hinder this kind
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6.3 Conclusion and outlook

of measurement and one cannot hope to find an elegant solution. The
obtained results are the real measure of the achievement.

Although the goal set in the experimental proposal, according to
which higher statistics was expected mainly on behalf of a higher lumi-
nosity, was not fully realized, we proved that with our detector system
it was possible to measure ppe+e− events and to obtain the results that
can be used as guidelines for further theoretical development. The
present study represents one order of magnitude increase in the sta-
tistical significance of the results compared to the data from the pilot
experiment. The obtained cross sections are still not precise enough to
give a clear discrimination between the presented models, but the VL
model describes the cross sections better than the LLG model, which
is in accordance with results of the pilot experiment [Mes00]. Accord-
ing to the same reference the microscopic model is generally worse in
describing the cross sections but comparatively better in describing the
response functions. In this work we did not make a comparison to any
microscopic model, so it still remains to be seen if the improved version
of the microscopic calculation [Cos04] is in better agreement with our
data.

The main topic of this work, the extraction of the nucleonic response
functions was realized with success. We were able to extract transversal
and longitudinal RFs without any significant contribution from the
interference RFs. Similar success was achieved in the extraction of
W

′
TT, for which no significant parasitic contribution was found. For the

whole data set, the interference response functions W
′
TT and W

′
LT were

successfully determined in a model-independent way from our data. In
order to facilitate the extraction of the W TT and W LT we have narrowed
our data set which has enabled us to extract the remaining two RFs in
a model-independent way. In that sense we have achieved the goal of
this experiment.

Another rewarding result for an experimentalist is the experience
gained during the performance of the experiment. Deeper insight into
a number of crucial issues and problems have provided suggestions for
a number of possible solutions and improvements. For the further re-
duction of a photon induced dilepton background, it would still be im-
portant to develop a windowless high-density liquid hydrogen target.
A possible solution might be the pellet target system. One of the im-
provements to our detector setup that was under consideration for some
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6.2 Extraction of the RFs from the measured cross section
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Figure 6.2: The measured cross section as a function of the polar angle θγ

of the virtual photon. The comparison is made to the two LET calculations
(full and dashed line).

6.2.1 Dihedral angle distribution

To enable a smooth extraction of the interference response functions
the dihedral angle should have a uniform and constant acceptance over
the whole angular range. This would be the case for a dilepton detec-
tor with full 4π acceptance. Though the Plastic Ball detector, that was
used to detect leptons in our experimental setup, has a near-4π cover-
age, its actual acceptance influences the dihedral angle distribution.

The experimentally obtained φl distribution is shown in Fig. 6.3. For
the sake of convenience, the acceptance of our experimental apparatus
obtained in section 5.6 is shown as well. Obviously, the distribution
is not constant, but rather, it has two peaks at φl = 90◦ and φl =
270◦. To qualitatively understand this distribution we refer to Fig. 2.1.
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Results and comparison to theory

time was the introduction of the Cherenkov material for an exclusive
lepton triggering. This would substantially increase the triggering effi-
ciency and enable us to use much higher rates, eventually limited only
by the bandwidth of the data acquisition system. However, that would
require a different detector setup since the present one was already at
its maximum performance.

The quality of the obtained data was of course influenced by the
experimental setup. This experiment underlined that, if one aims to
achieve high-quality on the extraction of the response functions, the
dileptons have to be detected with 4π coverage. This problem will
certainly be an obstacle for any measurement to come. Nevertheless,
despite and because of it, it will make any future undertaking into the
field of virtual bremsstrahlung even more challenging.
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