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Abstract

The Galactic Centre y-ray excess is simulated in the pMSSM for a neutralino pair with masses
of 84.9 GeV annihilating into a pair of W-bosons. The process is simulated by vy — WTW—
in Herwig++ 2.7.1 and by v.¥; — WTW~ in PYTHIA 8.2.19 and PYTHIA 6.4.16, all with
standard tunes. The spectrum is also obtained by the 2013 Innsbruck tune in PYTHIA 6.4.28
and the 2013 Monash tune in PYTHIA 8.2.19. These spectra are compared with a spectrum
tabulated in DarkSUSY 5.1.1 as well as the data. These comparisons confirm an astrophysical
error of roughly 10% on the spectrum produced by PYTHIA 8.2.19, which is needed to fit the
data. The electron-, positron-, proton- and anti-proton-spectrum are shown to further test the
agreement of the simulations.



1 Introduction

1.1 Dark Matter

Dark matter (DM) is one of the greatest mysteries of physics nowadays. Multiple calculations and
observations indicate its existence. It is, for example, possible to calculate the existing mass of
the milky way or other galaxies from their rotational spectrum and then compare this with the
observable mass, thus the amount of matter which can be seen by light that it emits [1, 2|. One
can also measure the gravitational lensing of clusters [3]|, making use of the fact that every massive
object curves spacetime and thus also the path of light. Furthermore, the existence of dark matter
can be proven by an analysis of the properties of the cosmic microwave background [4].

Dark Matter

Dark Energy

Figure 1: A pie chart of the universe’s mass. Source: https://www.ucl.ac.uk/star/research/
cosmology/science/images/figures/planck_cosmic_pie.

Dark matter makes up a dominant part of the universe’s density, as can be seen in figure 1.
However, very little is actually known about it. It is known that it is massive and “dark”, which
means that it does not radiate electromagnetic waves, i.e. it has no charge and also no colour. From
the calculations mentioned above, some details about the spacial distribution can also be concluded.

From the fact that it is “dark”, it is possible to conclude that such a particle can neither have a
charge nor interact by the strong interaction. Both conclusions can be drawn due to the fact that
dark matter has not been observed yet. This includes that particles like neutrinos could in principle
be dark matter candidates, however they do not have enough mass to explain the total dark matter
mass by themselves, so they need a much heavier right-handed neutrino in order to explain the
observations. They are also not ideal as a DM candidate as they would involve hot dark matter,
i.e. DM particles moving at a relativistic speed. This is unlikely due to the stable spherical DM
distribution in galaxies.

In the standard model there are no particles which can explain the dark matter observations,
so the particle that we are looking for can not be a standard model particle. As a DM candidate
has to be uncharged and can not have a colour, we know that if a dark matter particle has any
standard model interaction, it is the weak interaction. Such a particle is often referred to as a
Weakly Interactive Massive Particle (WIMP).
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Again, neutrinos for example are also candidates for DM, but WIMPs are widely used because
they are able to explain the dark matter density in the milky way by just assuming that the dark
matter particle has about a mass of a boson (O(100) GeV) and interacts via the weak interaction.
This is the so-called “WIMP miracle". Also, WIMPs involve a cold dark matter explanation, so they
agree with the spherical DM distribution.

But knowing this is not enough for a complete description of a possible dark matter particle.
Thus the search for a direct or indirect detection of dark matter is an important challenge in physics,
as well as finding a suitable model. The underlying theory of this thesis will be discussed in section
1.2, and section 2 in more detail.

1.2 Supersymmetry

The theory of Supersymmetry (SUSY) exists for various reasons and only one of these is the descrip-
tion of a possible DM particle. SUSY provides a description of other dark matter candidates than
a WIMP as well, but WIMPs are the most widely used particles because of the WIMP miracle.

But in every case, a theory, which introduces new particles, is needed. SUSY does that by stat-
ing that every fermion (half-integer spin particle) has a corresponding boson (integer spin particle)
with otherwise the exact same attributes, as pictured in figure 2. This means that there are a lot
of candidates for dark matter. However, it is assumed that SUSY particles have higher masses than
standard model particles, as, again, no such particles have been found yet. A broken symmetry
might seem undesirable, but the standard model also involves symmetry breaking (Higgs mecha-
nism). Furthermore, there are other, theoretical reasons for Supersymmetry to exist, which will
not be named here. It is untrivial to formulate a theory within SUSY that satisfies all theoretical
restrictions. At this point, we only know which theoretic framework to use, the details of the theory
will be discussed in section 2.

Independent of these details, it is important that the theory can be tested. Hence we need data
which indicates the existence of DM, on which we can test the theory and which helps us develop a
more detailed model. A particular example of this data will be discussed in the next section.

h A H Ht P 1% 1%. X%+

Figure 2: The supersymmetric model. Source: http://www.pd.infn.it/ dorigo/susyspectrum.
Jpe


http://www.pd.infn.it/~dorigo/susyspectrum.jpg
http://www.pd.infn.it/~dorigo/susyspectrum.jpg

1.3 The Fermi GeV excess

The Fermi/LAT satellite found an excess of y-rays in the region of the galactic centre of the milky
way, which still remained after subtracting the known astrophysical sources like particles radiated
due to the cosmic rays travelling through the interstellar medium [5, 6]'. At this region, the expected
DM density is very high, so it is reasonable to assume that these «-rays are produced by dark matter.
It is known from clustering simulations that the dark matter distribution extends beyond the galactic
plane in a halo centred around the galactic centre [7]. As the signal, just like the expected dark
matter density, extends well beyond the plane of the milky way (> 10°), it is likely to be caused by
dark matter [8].

However, there are different explanations for the excess. The galactic centre is an extremely
bright region, meaning that the identification of (point)sources and therefore also the subtraction
of the known background are both equally difficult. Theories involving astrophysical sources are
also possible. One other possible explanation for the galactic centre excess, besides dark matter, are
Millisecond Pulsars and Young Pulsars. Astrophysicists first developed a model involving Millisecond
pulsars? [9], but those would involve an additionally large component of radiation in the radio-regime,
which has been found to be less then expected. Therefore a new model was developed, in which the
population of pulsars is split up in Young Pulsars, which do not radiate the missing component [10],
and Millisecond Pulsars, which still radiate in the radio-regime. The extension of the signal beyond
the galactic plane can be used as an argument against this model, however this is not enough to
exclude it.

A direct comparison of the two theories might make it possible to draw conclusions about their
validity. Such a comparison is shown in figure 3. The DM model used is not the same as in this
thesis, but the plot is only shown to compare the theories in general. This comparison reveals that
the solutions are too similar to exclude one or the other. The solid black lines in figure 3 show the
uncertainty of the measurement. Both of the possible solutions fit similarly well. The problem in
this case is the large uncertainty on the measurement due to the difficult subtraction of the known
background. Also, there are various different models on both sides which try to explain the excess
which in general leaves room for variations on both fits as well. Therefore, an exclusion of one
of the explanations is extremely difficult. This makes it especially important to handle the model
uncertainties with care.

I These articles are only examples of work that has been done to subtract the background noise and other sources
that cause the signal to deviate.

2In this model the radiation would be produced by charged particles moving through the magnetic field of the
pulsars.
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Figure 3: The different predictions for the GC access, with the measurement (black solid). Here the
DM solution is an annihilation into bb. Credit: [9]

2 The Dark Matter Model

As mentioned before, we consider the dark matter particle to be a WIMP and Supersymmetry is
useful to describe such particles. Even if a dark matter particle has not been found yet, there are
observations that lay restrictions on DM candidates. This limits the parameters used in SUSY
models. The number of parameters involved is generally still very large. Usage of the Minimal
Supersymmetric model (MSSM) already limits the number of parameters of the model. If one then
uses phenomenological constraints, the number of parameters reduces from 105 to 22 (pMSSM),
but this number can still be reduced by other calculations. In the end, there are 19 parameters
remaining [11].

Most of them are masses of the supersymmetric particles and a large part of them is not relevant
for this case. As a matter of fact, finding a solution in this 19-dimantional parameter space is
not straightforward, because most of the parameters are connected in a very complex way, while
restrictions like obtaining the correct Higgs mass or the correct mass of the Z boson still have to be
satisfied. This is the reason why there are many different SUSY theories predicting different masses
for the particles. These are then - unsuccessfully until now - searched for in colliders like the LHC.
In this model, the lightest neutral SUSY particle (neutralino) is the Dark Matter candidate with a
mass of 84.9 GeV. The production of photons by dark matter in general is described in [12].

There are three different types of solutions for the Galactic centre excess itself. The first solution
involves a bino-higgsino neutralino pair (~ 50% bino and 50% higgsino) with masses between 84 - 92
GeV to annihilate into a W~ pair. The second one would be a bino-wino-higgsino neutralino pair
(~ 90% bino, 6% wino and 4% higgsino) with masses between 87 - 97 GeV which can also annihilate
into WTW~. The third solution involves annihilation of a mostly (~ 99%) bino neutralino pair
with a mass range of 174 - 187 GeV into a pair of top quarks. The bino is the superpartner of the
U(1) gauge field, the wino the superpartner of the W boson and the higgsino the superpartner of the
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Figure 4: The dominant annihilation diagrams for the Wino/Higgsino component of the neutralino
X§ into a pair of W bosons.

Higgs boson. These neutralino states are not actually the mass eigenstates, but linear combinations
of them are. This is called neutralino mixing. The parameters of these linear combinations, i.e. the
percentages, are variable.

Both solutions that produce a pair of W bosons annihilate following the diagrams shown in
figure 4. Both diagrams are only possible for the wino and the higgsino component and not for the
bino component as it can neither couple to itself nor to a chargino x*. Here, the dark matter relic
density used is 0.06 < Qh? < 0.13 [11]. The dark matter relic density is the density of dark matter
that is still left after the hot early phase of the universe, where a transition between DM and regular
matter was easier as the thermal energy of the particles was much higher.

The WTW ™ pairs could, in the end, produce photons by their decay into quarks, which in turn
radiate gluons. These produce more quarks and they then can decay into colourless hadrons. These
hadrons (mostly %) radiate photons, but they are produced by other steps in the chain as well
[11]. These photons are then measured by Fermi/LAT. In simulations, the production of photons
is largely dependent on the fragmentation function, which describes the fragmentation of partons,
but also on other things like the hadronisation (the way new hadrons are formed from quarks and
gluons). So different models for these diagrams produce different photon spectra.

If all the details of the model are known, it is possible to predict the photon spectrum produced
by such particles. Explanation follows in the next section.

2.1 The Simulation
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Figure 5: The two dominant annihilation diagrams for v,z — WTW~,

It is possible to simulate the photon spectrum of the annihilation of neutralinos using Monte
Carlo simulations like PYTHIA [13]. One such simulation is pictured in figure 6. In this figure, the
excess was simulated using an annihilation of (anti-)neutrinos with a kinetic energy of 84.9 GeV into
a pair of W bosons instead of neutralinos with a mass of 84.9 GeV annihilating into a pair of W
bosons. The two most relevant diagrams for the annihilation of these neutrino-anti-neutrino pairs
are pictured in figure 5. When compared with figure 4 the similarities between these two diagrams
are relatively clear. A more detailed discussion of them can be found in section 4.6.



The main error made by this approach lies in the normalisation of the spectrum. The normali-
sation of the measured spectrum depends strongly on the dark matter density in the galactic centre
and the cross section of the decay, which are both only known with rather large errors. Thus the
produced spectra have to be normalised in order to enable comparisons with the data as only the
shapes of the spectra are relevant in this study.
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Figure 6: Simulation of the photonspectrum for v,7; — W+W ™ with neutrino energies of 84.9 GeV
in PYTHIA 8. Credit: [11].

The tunes in figure 6 refer to the different sets of parameters which were obtained by different
approaches by optimising the performance of PYTHIA 8 with respect to data obtained by ete~
collisions like in LEP. In figure 6 it also can be seen that the simulated spectrum deviates by roughly
10% from the data. The model used in figure 6 gives a promising result with a p-value of 0.35 if
high-energy physics uncertainties are included and 0.03 if they are not included. This number is
largely dependent on the tune. So, there has to be an additional 10% error on top of the simulation
in order to be able to explain the data. It was stated that this estimated uncertainty is indeed
reasonable in order to account for additional physical uncertainties in the model. This fit is much
better than the ¢t solution, because this solution only leads to a p-value of 0.1, even if an additional
10% uncertainty is included [11].

3 Proposed Research

In summary, the GC excess can be explained by different types of solutions, like the annihilation of
dark matter particles into a pair of W W™ or tf or by Millisecond or Young pulsars, while they are
too similar to draw definite conclusions about the validity of the models. The model in [11] only
obtains a good fit, if an additional error is included.
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Figure 7: The two dominant annihilation processes for eTe™ — vy — WHTW .

Thus, it is crucial to this theory to test this estimated uncertainty and maybe give a more detailed
or justified estimate. This test will be performed in this thesis.

In order to do so, the simulation mentioned above will first be repeated with PYTHIA 8. But
as already stated, using different tunes in the same Monte Carlo (MC) generator does not account
for any physical systematic errors from the model itself, so it is necessary to also use different MC
generators as well. These errors involve uncertainties in for example the fragmentation function,
which can not be measured directly, o,,, which is the amount of transverse momentum that is
allowed in the decay chain, or the hadronisation. In this case these different simulations will be
PYTHIA 6 and HERWIG++ [13, 14|. Especially HERWIG++ uses a different model for, most importantly,
the fragmentation, which results in a different prediction for the photon spectrum, as mentioned
before.

This difference can be used to check the estimate of the physical error on top of the PYTHIA 8
spectrum of 10% made by the MC generator. In this work, we focus on the W W~ solution of
[11], because it produces the better fit compared to the ¢t solution with a maximum p-value of 0.35
rather than a maximum of 0.1 for the ¢£ solution.

4 Results

In HERWIG++, the annihilation of the neutralinos was estimated by an annihilation of photons (figure
7), because the matrix element for an annihilation of neutrinos is not implemented in HERWIG++.
The process is chosen for reasons named in section 4.6.

Due to the fact that the e* give almost all their energy to the photons, they can easily be filtered
out in the end and do not interact with other particles, so there are no unwanted byproducts. The
only remaining problem is that the photons then do not have the exact energy of 84.9 GeV, but can
rather also have lower energies, as shown in figure 8. This results in an additional uncertainty for the
photon-spectrum produced by HERWIG++. So, it was chosen to only take events into account where the
energy of both incoming photons is at least 99% of the energy of the incoming electrons/positrons.
This eliminates this uncertainty nearly completely.

In figure 9, the two spectra produced by HERWIG++ with and without the filtering are shown. The
filtered spectrum, i.e. the spectrum for which both incoming photons need to have at least 99% of
the energy of the incoming e*, will be used in the following, as it is a much better approximation
of the simulation of the dark matter annihilation. The spectra differ the most for higher energies,
where the filtered version produces more photons.
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Figure 8: The distribution of the incoming photons for the processes shown in figure 7.
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Figure 9: A comparison of the two normalised spectra produced by HERWIG++ with and without
filtering for energy.
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4.1 Bremsstrahlung

As HERWIG++ does not include bremsstrahlung as a final state radiation component [15], it is likely
that HERWIG++ will drop off at higher energies with respect to other simulations. This is tested by
switching off this radiation in PYTHIA 8 and comparing the produced spectra, see figure 10.

In this case, the bremsstrahlung in PYTHIA 8 has been switched off by switching all the flags
TimeShower : QEDshowerByQ, TimeShower:QEDshowerByL and TimeShower:QEDshowerByGamma off.
Here, the hypothesis of the spectrum produced by HERWIG++ dropping off at higher energies due
to a missing bremstsrahlung component in the final state radiation is in agreement with the simu-
lation.

— Pythia 8.2.19 no bremstrahlung
——  Pythia 8.2.19

— Herwig++ 2.7.1
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Figure 10: A comparison of the normalised spectra produced by HERWIG++ and PYTHIA 8 with and
without bremsstrahlung.

4.2 Standard Tunes

The process used in both PYTHIA 6 and PYTHIA 8 is the same as pictured in figure 5. A comparison
of this different approach with the one for HERWIG++ can be found in section 4.6. Figure 11 shows
a unnormalised spectrum produced by the three generators, while the default tune was used for all
of them. The difference between PYTHIA 6 and PYTHIA 8 might seem large, but it is a direct result
of the different default tunes. Also, HERWIG++ produces more photons for energies up to the peak.
The spectrum of HERWIG++ decreases relative to PYTHIA for high energies because HERWIG++ does
not include bremsstrahlung as a final state radiation component (see section 4.1). This means that
HERWIG++ produces more photons in general, but then drops below the PYTHIA spectra due to the
missing component. The errors of all spectra are not uncertainties of the simulations themselves,
but rather only statistical errors. The reason for this is that it is very difficult to include model
uncertainties into the simulation. Also, there is an additional uncertainty involved, as we only
approach the neutralino annihilation by other processes.

Here, it can already be seen that the 10% error estimate is fairly good. Most importantly, the
peaks of the different spectra are all positioned at 3 < Ev < 6 GeV, so they all agree very well with

11
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Figure 11: The simulation performed with default tunes. The spectra are not normalised.

the Fermi/LAT observation, which estimates the position of the peak at 1 < Ey < 5 GeV [11]. A
more detailed comparison with the data will be performed in section 4.5.

As noted earlier, the most relevant are the normalised spectra. At this point we specifically do
not choose to normalise by total flux (i.e. by the integral) because in that case, bigger bins have a
higher weight and the largest bins are lying at higher energies. These bins are only filled with a low
number of particles, meaning that the uncertainty in both number and energy is large. Hence, by
normalising by integral, one would assign a higher weight to less well-known quantities. This would
influence the normalisation greatly, but it should not.

So instead, it was chosen to normalise the spectra by their peak flux, as shown in figure 12. Here,
the spectra are mostly in agreement within the 10% error estimate, except for high energies, which
was already partly identified as the missing bremsstrahlung component in HERWIG++. The difference
between PYTHIA 6 and PYTHIA 8 remains for nearly all energies. If this difference is a product of
the use of very differently old tunes, it can be reduced by using newer tune for especially PYTHIA 6
(see section 4.3). This is likely to be the case, as this versions default tune is relatively old.

For a further investigation of the spectra’s agreement, their ratios are shown in figure 13. Again,
agreement at higher energies is not very important, because the involved uncertainties are so large.
Both ratios increase for energies higher than the peak energy of roughly 5 GeV due to HERWIG++
dropping off at higher energies. So this effect is again a result of HERWIG++ missing bremsstrahlung,
which has been shown in section 4.1. The difference between PYTHIA 6 and PYTHIA 8 for lower
energies is more than expected, but it can be reduced by switching to newer tunes.

12
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Figure 12: The simulation performed with default tunes. The spectra are normalised.
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Figure 13: Ratio of the normalised spectra for default tunes.
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4.3 Newer Tunes

In order to obtain a more reliable result and also in order to be able to compare PYTHIA 6 and
PYTHIA 8 better, the produced spectra are also investigated for newer tunes. In the case of PYTHIA
6 the 2013 Innsbruck tune [16] and in the case of PYTHIA 8 the 2013 Monash tune was used [17]. It
is quite important to state that these tunes were developed by different people. So, they are based
on different assumptions and approaches such that similarities in the spectra due to similarities in
the tunes are less likely. This makes the comparison easier and more reliable. One could argue that
the tunes are still correlated because they are both based on the same LEP data, but avoiding this
is extremely difficult.

A tuning of HERWIG++ has not been performed here, because there are no tunes for HERWIG++,
but rather a variety of switches with which users can perform the tuning themselves. Although this
would in theory be possible, we have chosen not to do it at this point, but rather only use different
tunes for both versions of PYTHIA, as it goes beyond the scope of this project.

The photon spectrum produced by the different tunes are shown in figure 14. These, again,
are not normalised in order to make comparisons between the different MCs easier. The difference
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Figure 14: The simulation performed with with the 2013 Innsbruck tune [16] used for PYTHIA 6 and
the 2013 Monash tune [17] used for PYTHIA 8. The spectra are not normalised.

between PYTHIA 6 and 8 in figure 14 is a lot smaller after switching tunes, as expected in section
4.2. They now agree very well within the estimated error. The peak in PYTHIA 6 is shifted a little
more towards lower energies. A remaining question is why HERWIG++ produces more photons for low
energies.

Figure 15 shows the renormalised photon spectra for the newer tunes for both versions of PYTHIA.
Here we see a good agreement within the 10% error estimate, apart from very high energies for
HERWIG++, where HERWIG++ is most likely the less reliable spectrum. This also can be seen in figure
16, where the ratios of the spectra are pictured. In this plot we also see a much better agreement

14
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Figure 15: The simulation performed with with the 2013 Innsbruck tune [16] used for PYTHIA 6 and
the 2013 Monash tune [17] used for PYTHIA 8. The spectra are normalised.

between the two versions of PYTHIA than before.

Again, high energies are not as relevant due to the large uncertainties in both energies and photon
counts, as well as HERWIG++ dropping off, but for energies up to about 10 GeV the spectra indeed
agree very well within an error of 10%.

Both versions of PYTHIA are still mostly in agreement with HERWIG++, as their ratios with
HERWIG++ mostly lie within the 10% band, which is about the same uncertainty as was needed
for PYTHIA 8 to fit the data. As the ratio of PYTHIA 8 with HERWIG++ lies within about a 10% band,
it can be concluded that HERWIG++ agrees with the error estimate. The similarity between the two
ratios is a further confirmation.

So far, it seems like the estimate of the error was indeed reasonable, so PYTHIA 8 would fit
the data. To confirm this, it is possible to compare the produced spectra to a spectrum obtained
from DarkSUSY [18|. This can be found in section 4.4. Also, in section 4.5 the simulations will be
compared with the data from Fermi/LAT in order to strengthen the conclusion.

15



1.3 . . .
— Pythia 6.4.28/Herwig++ 2.7.1
—— Pythia 8.2.19/Herwig++ 2.7.1
12t ) ]
18
i
(o)
Q
o
o L
- L1f 1
Q
]
©
=
S 1ot
—
o
=
0
o
0.9 1
08 1 1 1

10° 10’ 10
E[GeV]

Figure 16: Ratio of the normalised spectra with the 2013 Innsbruck tune [16] used for PYTHIA 6 and
the 2013 Monash tune [17]| used for PYTHIA 8.

4.4 DarkSusy
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Figure 17: The normalised spectra performed with the newer tunes, including a simulation in
DarkSUSY 5.1.1.
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The normalised photon spectra produced by the 2013 Innsbruck and the 2013 Monash tunes
for both versions of PYTHIA and the default tune for HERWIG++ including a spectrum produced
by DarkSUSY are pictured in figure 17. This program can be seen as a separate source of such a
spectrum and might therefore compare differently to the simulations performed by Standard Model
MC’s. DarksSUSY has a tabulated spectrum included.

Again, all of the simulations agree quite well. Interestingly, the DarkSUSY spectrum agrees very
well with HERWIG++ for higher energies, so where both versions of PYTHIA do not. DarkSUSY also
produces more photons than the Standard Model simulations at lower energies, where it again agrees
better with HERWIG++. DarkSUSY does not agree with PYTHIA 8 (and 6) within the estimated error,
but the peak position of the DarkSUSY spectrum agrees well with all of the other spectra. Still, it has
to be kept in mind, that the 10% error is not enough to let DarkSUSY and both versions of PYTHIA
agree. This can be confirmed by figure 18. The ratio of DarkSUSY with HERWIG++ lies within 14+ 0.1
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Figure 18: Ratio of the normalised spectra with the newer tunes, as well as a simulation in DarkSUSY
5.1.1.

for all relevant bins. At least the last 3 bins can not be taken into account for the same reason as
mentioned in earlier sections. DarkSUSY indeed agrees most with HERWIG++.

The Standard Model simulations agree within an estimated error of 10%, while DarkSUSY only
agrees with HERWIG++ within this estimate. Still, this conclusion can not be drawn with absolute
certainty, as the error of the spectrum produced by DarkSUSY is unknown. If the uncertainty on the
DarkSUSY spectrum is even slightly less then 10%, the spectrum agrees nearly completely with the
PYTHIA spectra.

To investigate this further, a comparison with the Fermi/LAT data is performed in the next
section.
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4.5 Comparison with the Fermi/LAT data

In figure 19, the spectra of all the Standard Model simulations and DarkSUSY are plotted with
the data. All spectra are normalised. It is important to state that the measurement also has an
uncertainty in the energy, which is not taken into account here. So, it is possible that the real
spectrum has a shifted peak or a tilted spectrum with respect to the spectrum shown in figure 19.
But as this uncertainty is not taken into account here, the fits are actually better than pictured here.
The PYTHIA 8 spectrum plus additional error fit the data reasonably, so if a spectrum fits the data
about as well as PYTHIA 8, it agrees with the data as well. As conclusions like these are difficult to

Data

Pythia 6.4.28 Innsbruck
Pythia 8.2.19 Monash
Herwig++ 2.7.1
DarksSusY 5.1.1

10%

0.8

0.6
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0.0

10°
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Figure 19: The normalised spectra performed with the newer tunes, including a simulation in
DarkSUSY 5.1.1 as well as the Fermi/LAT data.

draw from plots like figure 19, the ratios of all the spectra with the data are shown in figure 20.

As the uncertainty of the measured flux is so large, the ratios of all simulated spectra approx-
imately lie within each others uncertainty bands. So they all agree with the data about equally
well. The involved uncertainties are too large to see differences in how well the programmes fit. It
is appropriate to draw the conclusion that all simulations fit the data relatively well, as PYTHIA 8
fits the data and they all agree within the uncertainty of the ratios. Even if an additional error is
needed for DarkSUSY to agree with PYTHIA 8, the uncertainty on the measurement is large enough
to let their ratios with the data agree. The difference between the two is smaller than the error
determined by the uncertainty of the measurement and the statistical error of the simulation of the
spectrum in PYTHIA 8. This makes it practically impossible to draw a conclusion about which one
fits the data better from figures 19 and 20 alone.

Furthermore, as the uncertainty is so large, it is not the best way to normalise by the peak
height. It would have been better to normalise by an optimisation of the y?-value, while taking this
reduction of the degrees of freedom into account in its calculation, but it is still good to show the
Fermi/LAT spectrum at this point. This method involves minimising the overall difference between
all spectra and the data, which helps with finding the optimal normalisation.

It is possible to draw the conclusion that the 10% error estimate from [11] is reasonable, as all
Standard model simulations agree well with this estimate and the spectrum produced by DarkSUSY
would, if an uncertainty of even less then 10% would be included. Also, the spectra fit the data
equally well, which means that the p-value of 0.35 from [11] does not change significantly when
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other simulations than PYTHIA 8 are also taken into account and also that the comparison with the
Fermi/LAT data does not change the conclusion from section 4.4.
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Figure 20: Ratio of the normalised spectra with the newer tunes, as well as a simulation in DarkSUSY
5.1.1 and the Fermi/LAT data.

4.6 Comparison of the Different Diagrams

X° Ww- X° Ww-

VA
X’ (a) w X’ (b) w

Figure 21: The dominant annihilation diagrams for the Wino/Higgsino component of the neutralino
X" into a pair of W bosons.
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Figure 22: The two dominant annihilation diagrams for v,vg — W+TW .
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Figure 23: The two dominant annihilation diagrams for ete™ — vy — WTW ™.

XoXo > WW~ vue—-WHW= ~yy - WHW-
Energy incoming particle ~ 84.9 GeV 84.9 GeV < 84.9GeV
Spin incoming particle half-integer half-integer integer
Mass intermediate particle (a) | O(100) GeV 0.5 MeV 80.39 GeV
Mass intermediate particle (b) | 91.19 GeV 91.19 GeV /
Mass incoming particle 84.9 GeV ~0 0

Table 1: A comparison of the diagrams pictured in figures 21, 22 and 23.

Figures 21, 22 and 23 again picture the dominant diagrams for neutralino annihilation into
WHW =, The diagrams used to approach these in PYTHIA 6 and 8 and the ones used in HERWIG++,
respectively.

These diagrams are compared regarding their most important properties in table 1. Per construc-
tion, the energies of the incoming particles are at least very similar. The energies of the incoming
photons are equal or less than the neutralino mass of 84.9 GeV, as shown in figure 8. This is not
desirable as it creates an additional uncertainty on the produced photon spectrum, as mentioned
before. However, this uncertainty has been minimised by forcing the incoming photons to each have
at least 99% of the energy of the incoming electrons. So, this is a negligible disadvantage of using
this process to estimate x°x° — WHW~. Another disadvantage is the integer spin of a photon
compared to the half-integer spin of a neutrino. Yet, the mass of the intermediate particle in the
diagrams (a) is better for estimating this process than the one in v.7; — WTW ™. The mass of
the intermediate W* boson in 23a is with 80.39 GeV much higher than the mass of the very light
intermediate electron (0.5 MeV) in 22a. In both cases the masses of the incoming particles are nearly
0 compared to the relatively heavy neutralino. This is no problem, as long as the energy is correct.

The mass of the incoming particle in (b) is correct for the case of neutrinos, and the diagram
shown in figure 23b does not have an intermediate particle. So, the diagrams are only really similar
for an extremely off shell Z-boson, which is another disadvantage of this process, although this most
likely is a lower order effect than the wrong mass of the internal particle in (a).
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So the process using photons is better regarding the mass of the intermediate particles in (a)
and the process using neutrinos is better regarding the spin of the incoming particles and the mass
of the intermediate particles in (b).

In conclusion, it is good to use different processes with different advantages to estimate an
unknown process like the neutralino annihilation, and as the additional uncertainty on the energy
of the incoming photons is minimal, the simulation in HERWIG++ is a equally reliable estimate of the
process than the simulation in PYTHIA 6 and 8.

In further research, it might be more adequate to use the same process in all the simulations. As the
matrix element for v,7; — WTW ™ is not incorporated in HERWIG++ 2.7.1 by default, it might also
be appropriate to use eTe” — WTW ™ directly, without the intermediate photons. This would imply
that the mass of the intermediate particle in (a) would be even less suitable, as the intermediate
particle in this diagram is a neutrino rather than an electron, but that difference is relatively small
compared to the chargino mass, so the effect is probably small.

This processes chosen here have the advantage of a possible comparison between two processes
with suitable spin on one hand and a suitable mass of the intermediate particle in the higher order
diagram (a) on the other. Even if the mass of the internal particle in (b) is worse than for neutrinos,
this is still true, because this most likely is a lower order effect compared to the better mass in (a).
However, the model uncertainties of the simulations are most likely much larger than these effects.
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4.7 e, et, p" and p~ Spectra

Analysing the absolute counts of particles other than photons can also lead to interesting information
about the simulation’s agreement. If they do agree, it means that the processes used to estimate the
annihilation of neutralinos are, at least, similar. This would be an indicator for them being suitable
to estimate the diagrams pictured in figure 21.

Also, as the Alpha Magnetic Spectrometer (AMS) experiment in the International Space Station
(ISS) measures the spectra of antimatter [19], it could be really useful to predict the spectra of
particles as anti-protons or positrons which are expected for an annihilation of neutralinos. Here,
the goal is the same as in the case of the photon spectrum. A complete spectrum inclusive the
uncertainties of the simulations.

The electron and positron spectra obtained by HERWIG++, PYTHIA 6 tuned with the 2013 Inns-
bruck tune and PYTHIA 8 tuned with the 2013 Monash tune are shown in figures 24 and 25 in absolute
counts. All of the spectra agree very well with their corresponding anti-particle variant. The initial
state has no charge in all of the cases, so the spectra of particles like e~ and their corresponding
anti-particles, e™ in this case, are extremely similar.

The spectra of the different programmes also agree fairly well with each other. Especially im-
portant are the position and the height of the peak. The position is at the mass of the W-boson
(80.39 GeV), and the height is determined by it’s branching ratio into et or e, which is very well
known from experiments. So both the position of the peak and the number of particles around the
peak position have to match for the different simulations, which they do. The absolute counts for
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Figure 24: Absolute counts of e~ for the different simulations.

protons and anti-protons are shown in figures 26 and 27. In this case HERWIG++ differs a little from
both PYTHIA 6 and 8. However, this can be a product of the different hadronisation and fragmen-
tation processes. Furthermore, the difference between the corresponding protons and anti-protons
spectra of each simulation again agree very well. Which also indicates that the assumption that the

22



350 T T T T

— Pythia 6.4.28
—— Pythia 8.2.19
300} ; i
— Herwig++ 2.7.1
250 + .
200+ .

#e+
——
=

150

100 ! ]

E [GeV]

Figure 25: Absolute counts of e™ for the different simulations.

difference of the PYTHIA spectra and the HERWIG++ spectrum is due to the different models.

This is a quite interesting finding and further investigation is needed to conclude where exactly
the difference originates from.

All in all, these spectra agree with both the process used in HERWIG++ (yy — WTW ™) and the
one used in PYTHIA (v, — WTW ™) being adequate for approaching the neutralino annihilation
into W-bosons.

23



700 T T
— Pythia 6.4.28

— Pythia8.2.19 ||
Herwig++ 2.7.1

600

500

400 |

#p+
i

300 -

200} i

100+

E [GeV]

Figure 26: Absolute counts of protons for the different simulations.
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Figure 27: Absolute counts of anti-protons for the different simulations.
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5 Conclusion & Outlook

We have compared spectra for the annihilation of neutralinos produced in HERWIG++ version 2.7.1
with PYTHIA 6.4.16 and PYTHIA 8.2.19 for standard tunes. The aim was to test wether an error
of 10% on the spectrum produced by PYTHIA 8, which is needed for the spectrum to fit the data, is
reasonably large (see section 4.2). This comparison seems to confirm the estimated error.

Switching to the 2013 Innsbruck tune [16] in PYTHIA 6.4.28 and the 2013 Monash tune [17]
in PYTHIA 8.2.19, the spectra agree extremely well within this estimated error, which is another
confirmation of this conclusion (see section 4.3). The conclusion was furthermore strengthened by a
comparison with the flux as tabulated in DarkSUSY 5.1.1 (see section 4.4) and a comparison with
the data from Fermi/LAT (see section 4.5).

All in all, the conclusion can be drawn that the estimated 10% error on the simulation in PYTHIA
8 is indeed reasonable. So, it can be concluded that the galactic centre solution described in [11] is
valid.

Also, it is possible to perform an automated variation of the shower parameters like the parame-
ters of the fragmentation function in PYTHIA 8 [20]. This only estimates the theoretical uncertainty
of the simulation and does not estimate the error made by approaching a dark matter particle by a
standard model particle. Even though this error is completely unknown, it is estimated to be very
small.

So, an estimate of the theoretical error by an automated shower variation is probably a very
good estimate of the uncertainty of the photon spectrum and from a comparison with the spectra
produced in HERWIG++ and PYTHIA 6, one can conclude a complete simulated gamma spectrum plus
uncertainty bands. For this, a tuning or a shower variation for both HERWIG++ and PYTHIA 6 can be
very useful, because in that case one could essentially compare three spectra plus uncertainty bands
with each other instead of just the spectra. It is not particularly important if the same processes
are used in all of the simulations, as the effect of the different models of the simulations themselves
are most likely much of much more importance.

The difference between HERWIG++ and both versions of PYTHIA in the case of both the proton and
the anti-proton spectra is also something which needs further investigation. A complete spectrum
inclusive an (automated) shower variation would be just as interesting in this case. It would be
especially interesting to know wether the difference between HERWIG++ and both versions of PYTHIA
can be explained by this variation. If it can not, there has to be further investigation to find the
reason for the difference.

So in conclusion, a shower variation for PYTHIA 6 and HERWIG++, as well as an automated shower
variation for PYTHIA 8, might be the key to fully check if all the spectra produced by different
simulations are in complete agreement with each other and, if they are not, where exactly they
deviate and why. This is an extremely important step towards a detailed simulation of spectra
expected from a neutralino annihilation inclusive uncertainty bands.
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