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Zusammenfassung

In der vorliegende Arbeit werden die Au+Au Kollisionen, mit einer kinetischen Strahlenergie
von 1.23 AGeV gemessen von dem High Acceptance Dilepton Spectrometer (HADES) disku-
tiert und analysiert. HADES ist an dem GSI Helmholtzentrum fiir Schwerionenforschung in
Darmstadt installiert. Das physikalischen Ziel ist die systematische Messung von Elektronen-
und Positronenpaaren, sowie der Produktion von Strangeness in elementaren (pp, pA, 7p, TA)
und Schwerionenkollisionen. Der Hauptfokus in dieser Arbeit liegt auf der Rekonstruktion
des U(1) Eichbosons im e"e” Zerfallskanal. Die dunkle Materie kann iiber ein solches U(1)
Gauge Boson mit der sichtbaren Materie wechselwirken. Das Standardmodell ist dafiir mit
einer zusétzlichen U(1) Symmetrie, analog zu der U(1) Symmetrie, ausgestattet. Die kinetis-
che Mischung zwischen den beiden Symmetrien ergibt die natiirliche Verbindung von dunkler
und sichtbarer Materie. Das dunkle Photon, welches der U(1)’ Symmetrie zugeordnet wird
soll eine Masse im Bereich MeV/c? bis GeV/c? besitzen, mit einer Breite von I'yy << 1 MeV/c2.
Solch ein Model soll verschiedene astrophysikalische Beobachtungen, sowie die bisher nicht
erklarte Differenz zwischen dem theoretischen und gemessenen magnetischen Moment des
Myons erklAoren. Die Leptonen werden mittels eines neuronalen Netzwerkes identifiziert.
Damit l4dsst sich die Effizienz nach den Identifikationsschnitten deutlich verbessern. Die Rein-
heit des Leptonensatzes steigt auf iiber 95% an. Es werden verschiedene Zusammensetzungen
der Eingangsvariablen fiir das neuronale Netzwerk getestet und mit den Ergebnissen aus den
Simulationsdaten verglichen. Es zeigt sich, dass es hinsichtlich Effizienz und Reinheit der
Leptonen von Vorteil ist die Information iiber den Impuls und den polaren Winkel 8 fiir das
Training des Netzwerkes beizubehalten. Es zeigt sich, dass es vorteilhaft ist die Information
uber den Impuls und den polaren Winkel der rekonstruierten Spur beizubehalten. Wird die
Information tiber den polaren Winkel nicht genutzt, fillt die Effizienz nach Identifikationss-
chnitten von 19 % auf 14 %. Die e*e™ Paare werden anschlieBend aus den einzelnen Leptonen
zusammengesetzt und das resultierende Spektrum wird fiir die Suche nach dem Dunklen Pho-
ton verwendet.

In dieser Arbeit wird nach einem Zerfall des dunklen Photons in e*e™ Paare, im Dileptonen
Spektrum gemessen bei der Au+Au (1.23 AGeV) Kollision, gesucht. Ein oberes Limit fiir den
Parameter der kinetischen Mischung bei einem Konfidenzintervall von 90% ist bis zu einer in-
varianten Masse von 0.55 GeV/c? bestimmt worden und mit den Daten anderer Experimente
abgeglichen. Dariiber hinaus wird eine neue Methode fiir das Matching zwischen dem rekon-
struierten Spur aus MDC und den x- und y-Koordinaten aus dem Flugzeitdetektor vorgestellt.
Der Vorteil ist, dass man die Punkt genaue Spurrekonstruktion aus den MDC nutzen kann.







Abstract

In this thesis the analysis of Au+Au collisons, with kinetic beam energy of 1.23 AGeV, mea-
sured with the High Acceptance Dilepton Spectrometer (HADES) is discussed. HADES is
located at the GSI Helmholtzentrum fiir Schwerionenforschung in Darmstadt. The physics
goals are the systematic measurement of electron-positron pairs and strangeness produced in
elementary (pp, pA, 7p, 7A) and heavy-ion collisions.

The main focus of this thesis is on the reconstruction of U(1)-gauge boson in e*e” decay chan-
nel. The dark matter can interact with the visible matter via a U(1) gauge boson, the so called
U-boson (A, ¥’ or dark photon). The Standard Model of particle physics is thereby supple-
mented with an additional sector characterized by the U(1)’ symmetry, which is the counter-
part to the SM U(1) symmetry. The kinetic mixing of the U(1) and U(1) symmetry groups gives
a natural connection between the SM and Dark Matter (DM). The dark photon is constrained
to be in the MeV/c? to GeV/c? range and should have a small width of Ty < 1 MeV/c®. Such
models are also proposed to explain some recent puzzling astrophysical observations, as well
as to solve the so far unexplained deviation between the measured and calculated values of
the muon anomaly. The leptons are identified using a neural network approach. By using the
neural network one can gain in efficiency after applying identification cuts. The purity of the
lepton sample can be pushed up to be larger than 95%. For the set of input variables for the
neural network different opportunities have been tested and compared with simulation results.
It turns out that it is useful to keep the information about the particle momentum and the po-
lar angle of the track as an input variable for the training of the multivariate analysis. L.e. if
the information of the polar angle is used for the training, the efficiency after applying identi-
fication cuts increases from 14% to 19%. The e*e™ pairs are built up of the identified leptons.
The resulting inclusive dilepton spectrum is further used for searching for the dark photon.
In the thesis a search for the e*e™ decay of such a hypothetical dark photon in the inclusive
dielectron spectra measured by HADES in the Au (1.23 GeV) + Au reaction is presented. An
upper limit on the kinetic mixing parameter at 90% CL has been obtained for a mass range
lower than 0.55 GeV/c? and is compared with the present world data set. In addition the new
way of matching a track reconstructed in MDC to the x- and y-coordinate reconstructed in the
time-of-flight system is discussed. The main advantage of this method lies in the fact that it
allows to take advantage of using pointing accuracy provided by the track reconstruction in
MDC.
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Chapter 1

Motivation

In recent years several experiments have made striking constraints on cosmological parame-
ters. For example measurements performed by Wilkinson Microwave Anisotropy Probe (WMPA),
a NASA explorer mission that launched in 2001, allowed to constrain the age of the universe
to be 13.8 - 10? years old and the composition of matter in the universe to be 4.5% baryonic or
visible matter, while the rest consists of 22.6% of dark matter and of 72.9% of dark energy [1].
Dark matter is not interacting with the known electromagnetic force, i.e. it does not absorb,
emit light or other electromagnetic radiation, which makes it direct detection impossible.

The particles are arranged into two main groups in the Standard Model, leptons and quarks.
In addition four particles, which are acting as force carriers, are included. The so-called “dark
photon”: a particle beyond the well known Standard Model of particle physics, which carries
the strong, weak and electromagnetic interactions was predicted.

The question remains: how to experimentally detect “dark photon”? It is well possible that
there are a lot of interesting physics going on in the dark sector, unfortunately it is too tiny for
us to have noticed it. Although we do not have firm conclusions, we could provide upper limits
on existence of “dark photon”.

Structure of the Present Thesis

There are two main parts of this thesis. Part one describes the experimental apparatus of
HADES and analysis of Au+Au data, while part two develops the analysis of the “dark photon”
search.

After an introduction about the dark photon and the HADES detector and experimental pro-
gram, a method for lepton identification is presented. The experimental results are further
compared with the simulation data. The corresponding dilepton spectrum is then used to
search for the dark photon and to determine an upper limit of its existence.
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Chapter 2

The Dark Photon

2.1 Astrophysical Observations
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Figure 2.1: The positron fraction measured by AMS (red circles) compared with the expectation
from the collision of ordinary cosmic rays showing that above 8 billion electron volts (8 GeV)
the positron fraction begins to quickly increase. This increase indicates the existence new
sources of positrons [2].

The astrophysical observations from different collaborations reported evidences for exis-
tence of dark matter. For example an excess of the e*e™ annihilation y quanta from the galactic
center observed by the INTEGRAL satellite [3], the excess in the cosmic ray positron fraction
e*/(e"+e") reported by PAMELA [4] and more recently by AMS-02 [5] (see Fig. 2.1), the to-
tal electron and positron flux measured by ATIC [6], Fermi-LAT [7] and H.E.S.S. [8], and the
annual modulation of DAMA/ LIBRA signal [9]. All these observations have failed to find an
interpretation in the frame of the standard model (SM) or from particle physics sources. The
alternative theoretical explanations have been proposed as an explanation for some of these
anomalies. These explanations include in particular the possibility that dark matter (DM) par-
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2 THE DARK PHOTON

ticle annihilation could be responsible for the observed excess. The simplest scenario for DM
particles postulates an additional gauge symmetry as an extension of the SM [10].

2.2 Standard Model and its Extensions

The standard model , which is a quantum field theory, based on the symmetry group
SU(3) ® SU(2) ® U(1). Local gauge invariance requires the existence of vector bosons me-
diating the strong and electroweak forces: the gluons, photon, W and Z bosons. Furthermore
the SM consists out of fundamental particles such as quarks and leptons which are interacting
via exchange of force carrier particles, the gauge bosons. All particles are displayed in Fig. 2.2.
The elementary particles are getting the mass by interacting with the so-called Higgs boson.
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Figure 2.2: Elementary particles and force carriers of the Standard Model.

Evidences for such a boson are found at CERN by CMS [11] and ATLAS [12] Collaboration.
Currently the best description for the subatomic world is the SM, but it does not explain the
complete picture. As it has been mention in Sec. 2.1 extention of the SM has been proposed
(more informations about the SM can be found in [13]).

Therefore the SM is supplemented with an additional U(1) gauge symmetry. The new corre-
sponding vector gauge boson, called U boson, Dark Photon, A’ or y*, would thereby mediate the
annihilation of Darm Matter (DM) into charged lepton pairs. The kinetic mixing of the U(1)
and U(1) symmetry will give a natural connection between the DM and the SM. For complete-
ness the effective Lagrangian [14], which mixes the dark photon (A’) with the SM photon is
expressed by

1 1 1,
Lots = Los = {F B ™" + SeFl P + ~mi Al A™ 2.1)
with the SM Lagrangian Lgjs, the gauge kinetic term %FZWF””, the term %mzA,ALA'“ for

small masses and the kinetic mixing term %GFL,,F”V, which expresses the mixing with the SM.
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F ,{w is thereby the dark photon field and m > the dark photon mass.
To represent the interaction between SM and DM the kinetic mixing parameter € is introduced,
which is defined over the ratio between the coupling constants of the DM (a’) and SM («):

14
2= (2.2)
a

and it is expected to be of an order of 1072 to 1078 [15], whereas the mass of the U boson should
be in a range of MeV to GeV with a width of I' «< 1 MeV [16].

2.3 Experimental Search for Dark Photon: Status and Plans

In recent years various experiments have performed search of the dark photon in a few-GeV
beam energy regime. Such Collaborations as Al [17] and APEX [18] have searched for the
dark photon in e*e” pair distributions produced in electron scattering, whereas WASA-at-
COSY Collaboration has looked at the pairs in the electromagnetic decay of the neutral pion.
The WASA-at-COSY [19] Collaboration has covered the mass range my = 0.02 - 0.1 GeV/c? by
investigating the 7° decay in proton induced reactions at 0.55 GeV beam energy.

The KLOE-2 Collaboration [20, 21] has searched instead for the hypothetical ¢ - n+U —
3ne"et decay in e*e” collisions by analyzing the decay n — n*t7~7°. The latest result has
come from the BaBar Collaboration [22] and from the NA48/2 Collaboration [23]. They were
searching for the U boson in the ete™ — yA’ (A’ » e*e™, u* u”) reaction and in the 7° decay. By
setting a confidence level of 90% they are getting an upper limit on the mixing parameter of
the order of 1072 to 107 for a mass range from 0.02 GeV/c? to 10.2 GeV/c?. The upper limit on
the mixing parameter ¢ is presented in Fig. 2.3. In addition the (g-2), 20 and (g-2), 30 band
are shown.

The (g-2), constraints are a consequence of the comparison between the experimental deter-
mined anomalous gyromagnetic factor (g-2) of the muon and the SM calculations [24].

al™P =11659208.9(5.4)(3.3) - 107" (2.3)
ay™ =116591802(2)(42)(26)-10" (2.4)
Aay=af™ —ai™ =287(63)(49) 1071 (2.5)

By mixing with the ordinary photon, the dark photon couples to charged particles with the
strength ¢ - e and gives a contribution to the muon anomalous magnetic moment. This might
explain the discrepancy between the experimental and the calculated value.

As mentioned in Chap. 1 the Au (1.23 AGeV) + Au data taken with the HADES spectrometer
could lead to a new upper limit, which would confirm by independent measurement the deter-
mined upper limit from the NA48/2 or BaBar Collaborations in the mass region below m 4+ < 50
MeV/c?.

13



2 THE DARK PHOTON
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Figure 2.3: Exclusion plot at 90% CL on €? as function of my4. The result from HADES [25]
is compared with existing limits from the APEX [18], WASA-at-COSY [19], KLOE-2 [20, 21],
BaBar [22], MAMI/A1 [26] and NA48/2 [23] experiments, as well as with the (g - 2),, and (g-2).
constraints.
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Chapter 3

The HADES Spectrometer

The goal of the heavy-ion experiments at LHC, RHIC, SPS, BEVALAC and SIS is to explore
the phase structure of strongly interacting matter, which is governed by the laws of Quantum
Chromo Dynamics, by creating hot and dense matter in the laboratory. When nuclear matter
is heated or compressed the initially confined quarks and gluons start to be liberated. The
phase transition to a quark-gluon plasma is indicating a chiral symmetry restoration. Even
before the first order deconfinement phase transition is reached, the chiral symmetry is par-
tially restored.

Various states of a matter can be accessed by selection of different collision systems and ener-
gies, as schematically presented in Fig. 3.1. For heavy-ion collisions in the energy range be-
tween 1 and 2 AGeV available at Schwerlonen Synchrotron facility (SIS), at GSI Helmholtzen-
trum fiir Schwerionenforschung, a baryon density of 3-4 times larger than the normal nuclear
density and temperatures of the order of 100 MeV can be produced in a fireball with a mean
lifetime of 7 ~ 10 fm/c [27].

As shown in Fig. 3.1 as a dashed curve, the phase transition between hadron gas and
quark-gluon plasma, where quarks and gluons become deconfined, is expected at T ~ 160 MeV
for ug=0 as predicted by the lattice QCD [30]. The chemical freeze-out points in the diagram
refers to the stage where the fireball acquires its final particle composition. According to that
the thermal freeze-out marks the stage, where the final momenta of the particles are fixed.

At SIS energies both freeze-out curves are merging. The matter is clearly in the confinement
region. On the other hand at density up to p » 3 pg a trend towards the chiral symmetry
restoration is noticeable (see orange gradient in Fig. 3.1).

Lepton pairs are the good probe for the chiral symmetry restoration. Dileptons are interact-
ing with matter only electromagnetically and therefore they carry informations of the hot and
dense stage of the fireball to the detector. Dileptons are produced in the hot stage via the decay

meson | mass width lifetime 7 | eTe”
(MeV/c?) | (MeV/c?) | (fm/c) branching ratios
o 768 152 1.3 4.4 x107°
w 782 8.43 23.4 7.2 x107°
¢ 1019 4.43 44.4 3.1x107

Table 3.1: Characteristic quantities of light vector mesons [29].
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3 THe HADES SPECTROMETER
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Figure 3.1: The phase diagram of QCD including data points in T and up describing the final
hadron ratios in a statistical model. The hadrochemical freeze-out points are determined from
a thermal model analysis of heavy-ion collision data at SIS, AGS, SPS and RHIC energies.
The condensate ratio < qq >7,, / < qQq >7-0,u3-0 in dependence on T and upg is shown as 3rd
dimension in color code. The condensate ratio is reduced for high T and ugp as predicted by
Nambu Jona Lasinio model [28].

of vector mesons like p, w and ¢. Due to the fact that the branching ratios of the main decay
are very small and one has to deal with a large background originating from #°-Dalitz decays
and y conversion on the detector materials, the electromagnetic decay of the vector mesons are
complicated probes. Furthermore the observed dilepton spectrum consists of leptons coming
from different stages of the fireball, which makes the interpretation of the result more difficult.

Figure 3.2: Overview over the HADES spectrometer [31].

The High Acceptance Dielectron Spectrometer is placed at GSI Helmholtzentrum fiir Schwe-
rionenforschung Darmstadt. It is constructed for detection of e*e™ pairs and charged hadrons.
The ring accelerator SIS 18 [32] provide protons and heavy-ion beams (up to uranium) to a
fixed target. Secondary pion beams can be delivered from a production target to the HADES
target as well. The spectrometer is arranged into six symmetric sectors surrounding the beam
axis with nearly 360° azimuthal coverage. A cross section of the complete spectrometer is
shown in Fig 3.3.
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Forward Wall

(

Figure 3.3: Cross-section of the HADES with the different detector components shown [33].

For an efficient identification of dileptons the experimental setup has to fullfill the following
requirements:

¢ high invariant mass resolution (few %),
* large geometric acceptance,

* trigger system optimized for high data rates [34],

low production of secondary particles, low material budget,

excellent discrimination of hadronic background.

The components of the HADES is explained in detail in Sec. 3.1.

3.1 The detector system

3.1.1 Start and Veto detector

The Start detector determines the time zero of the reaction (tg). It is used for the time-of-flight
measurement in order to identify particles. The Start detector is placed 2 cm in front of the
target (for Au+Au at 1.25 AGeV) whereas the Veto detector is located 70 cm behind the target.
For the Au+Au experiment the Start detector was built from monochrystalline diamond with
a thickness of 50 um and a surface of 4.7 x 4.7 mm?2. The thickness was chosen to keep the
interaction probability as low as possible. For diamond material with a thickness of 50 ym the
interaction probability is equal to 0.26 %. The obtained time resolution is lower than 50 ps
[35].

3.1.2 Ring Imaging Cherenkov detector

The Ring Imaging Cherenkov (RICH) is a gas filled detector located in the inner part of the
spectrometer and is designed to identify relativistic positrons and electrons in a momentum
range of 0.1 GeV/c < p < 1.5 GeV/e.

17



3 THe HADES SPECTROMETER
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Figure 3.4: Schematic view of the start and veto detector [35].
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Figure 3.5: Schematic layout of the RICH, consisting of a carbon shell mirror, a CaFy entrance
window and a photon detector. All distances are in millimeter [33].

If an e* is going through the perfluorobutan (C4F;¢) radiator gas it produces Cherenkov
radiation, whereas hadrons with a velocity of 8 = 0.95 are below the Cherenkov threshold of
Yen = 18. The emitted Cherenkov radiation is reflected by a segmented spherical VUV-mirror
(diameter @ = 145cm, curvature R = 870 mm [36]) and focused onto a position-sensitive photon
detector with CaFs entrance window to form rings of almost constant radius. With increasing
polar angle of lepton tracks the Cherenkov images detected on the planar MWPC pad plane
turn from rings to ellipses. A variation of the pad size depending on its position in the focal
plane is used to correct the eccentricity of the ring images and leads to rings of almost constant
radius of about four pads for all track angles. The gas volumes of the radiator gas (C4F19) and
photon detector (CH4) are separated by a single CaF-window. The number of emitted photons
is depending on the distance traversed by the electrons in the radiator gas (from 36 to 65 cm,
depending on the polar angle of the particle emission) and can vary by a factor of two.

All particles which are in the acceptance of the spectrometer travel through the RICH. To
minimize multiple scattering and pair conversion a low material budget was chosen and the
used materials were selected very carefully.

3.1.3 Low-mass Multiwire Drift-Chambers

In order to use the spectrometer for high-resolution spectroscopy of vector mesons
(om, /M, ~ 2.5%) in elementary and heavy-ion collisions via their dielectron decay channels
one needs an intrinsic spatial cell resolution better than 150 um. As mentioned before a low
mass design was chosen for the tracking system. Therefore 24 trapezoidal Multiwire Drift-
Chambers (MDC) are used, which are arranged in four planes, two in front of the magnet and
two behind (Fig. 3.3). The detector covers a polar angle of 18° to 85° and is build up in six
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identical sectors. Each chamber consists of six sense/field wire layers which are oriented in six

‘ 3 %(f 20
+
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Figure 3.6: Schematic view of the six anode wire frames inside a MDC [33].

different stereo angles (+0°,+20°,+40°) in order to reach the maximum spatial resolution in
polar direction, see Fig. 3.6. Each chamber contains around 1100 signal wires.
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Figure 3.7: Momentum-dependent dE/dx distribution (normalized) measured by MDC. Energy
loss curves of several hadron species are calculated by Bethe-Bloch formula (Eq. 3.1) and
plotted into distribution [29].

When a particle passes through a drift chamber the gas in the chamber is ionized and the
produced electrons are traveling to the signal wires. Close to the wire the field gradient is
high enough that accelerated electrons ionize further gas atoms. This leads to the formation
of a measurable signal and by using the width of the signal (time over treshold, ToT) one can
calculate the energy loss dE /dx of registered particles. The Bethe-Bloch formula [37] describes
the energy loss of relativistic particles in matter: see eq. 3.1.

E 0Z 11, (2m.c?f%y%T
—d——47rNAr mecs?Z 5ln Me¢ F Y Tmaz ) _ g2 0| 3.1)
dx Ap2|2 12 2

with z being the charge of the incoming particle, Z and A the atomic and mass number of the
gas, m, the electron mass, r, the electron radius, N4 the Avogadro number, I the characteristic
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3 THe HADES SPECTROMETER

ionization constant of the gas and § as the density correction term. The maximum kinetic
energy, passed to one electron in a single collision is given by T',qx

2m602ﬁ2y2

Ty = , 3.2
max 142ym./M+(m./M)? 3.2)

where M is the mass of the colliding particle. Further details about the calculation of the en-
ergy loss can be found in [31].

Between the second and third MDC plane a IronLess Superconducting Electron Magnet (ILSE)
is positioned. The superconducting magnet is cooled down by liquid helium and produces a
toroidal field. This geometry provides a field-free region around the target and inside the
active volume of the RICH. At operating temperature of 4.6 K and a current of 3665 A the
maximal value of the field strength is 3.7 T. The transverse momentum which is transferred to
the particles traveling through the field lies between 40 MeV/c and 120 MeV/ec.

3.1.4 Multiplicity and Electron Trigger Array Detectors

=
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Figure 3.8: Left: Energy loss vs. momentum distribution in TOF region with identified parti-
cles. Right: 8 vs. momentum distribution for TOF region with identified particles.

The Multiplicity and Electron Trigger Array (META) is a system of three different detec-
tors. For time-of-flight measurement, the TOF or RPC detectors are used, whereas the Pre-
Shower detector is used for identifying electrons. Furthermore, the META detector provides an
additional tracking point which helps to reconstruct the particle track. META is used to define
the track multiplicity for each reaction. The combination of the time-of-flight measurement
with momentum determination and the energy loss measurement allows an efficient particle
identification (e, 7, K, p, d, t and light nuclei).

Time of Flight wall

The TOF wall covers polar angles between 44° and 88° and is placed behind the tracking sys-
tem. It is mainly used for triggering and particle identification. By determining the charged-
particle multiplicity it allows to select certain reaction classes (first-level trigger decision).
Whereas the fast determination of the impact parameter of each particle, spatially correlated
with the RICH detector, provides a second-level trigger decision. As a result of the second-level
trigger, only events with lepton track candidates can be selected. This possibility was not used
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in the Au+Au run, since in virtually every event there is a lepton candidate.

The TOF detector consists of six sectors with eight modules. Each module is built up of eight
scintillator rods. By passing through the detector material charged particles are generating
excited states. While falling back to the ground state light is emitted. The light pulses are
read-out by two photomultipliers attached to both sides of the rods. By measuring the height
and width of the signal one can extract the energy loss of each particle. Furthermore the time
of flight is measured with a resolution corresponding to oror ~ 190 ps in coincidence with the
signal of the start detector and an intrinsic resolution of ororint ~ 150 ps. The velocity as a
function of momentum is shown together with the energy loss vs. momentum distribution in
Fig. 3.8.

RPC detector

The RPC detector, which reaches a time-of-flight resolution of 75 ps, covers the inner region of
the spectrometer, 18° to 45°. It is built up of resistive plate chambers and features 372 chan-
nels per sector, which are needed in order to reconstruct high particle multiplicity in heavy ion
collisions.

Pre-Shower detector

The Pre-shower detector is used in addition to the RPC detector to distinguish between fast
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Figure 3.9: Left: Schematic view of the electromagnetic shower algorithm. In each layer the
charge over the 3x3 pads is integrated. The large charge deposition in the post chambers is
the signature of an electromagnetic shower [33]. Right: Schematic layout of the Pre-Shower
detector [37].

pions and electrons. Each sector consists of three trapezoidal chambers (Pre, Post 1, Post 2).
They are separated by Pb converter plates as shown in Fig. 3.9. If a charged particle trav-
els through the gas chambers, the induced charged is measured on the cathode pads with an
individual readout. In order to get the complete charge of the electromagnetic shower the
charge is integrated on several pads around the one with the highest local charge deposition
(Fig. 3.9). The integration is also done over all three corresponding layers. The shower signal
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3 THe HADES SPECTROMETER
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Figure 3.10: Pre-Shower signal of leptons (left) and hadrons (right).

is calculated as

AQ = Qsum1 + @sumz — @sumo (3.3)

where the index 0 belongs to the entry chamber and 2 to the exit chamber. The shower signal
for leptons and hadrons is plotted in Fig. 3.10.

3.1.5 The Forward Wall

The Forward Wall is a hodoscope, which covers a polar angle below 7° [38]. It is built up
of 287 scintillator blocks with a cell sizes from 4 cm x 4 ¢cm up to 16 cm x 16 ¢cm depending
on the expected particle flux. The hodoscope is placed 7 m behind the target and provides
measurement of spectators. The Forward Wall is used to determine the event plane and serve
as a centrality selection detector.

3.2 Experimental Program
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Figure 3.11: Recorded raw data as a function of the beam on target for different experiments.
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Between 2002 and 2014 various collision systems at different beam energies have been
investigated at HADES. The full list of experiments is given in Tab. 3.2. The first run with

Year | System Energy Events (rec./LVL1) | Events (rec./LVL2)
2002 | C+C 2 AGeV 0.2 x 109/ 0.6 x 10°

2004 | C+C 1 AGeV 0.6 x 109/ 1.1 x 10°

2005 | A + KCl 1.765 AGeV 0.9 x 109/ 2.2 x 10°

2006 | p+p 1.25 GeV 0.9 x 10°

2007 | p+d 1.25 GeV 2.0 x 10°

2007 | p+p 3.5 GeV 1.1x 10°

2008 | p + Nb 3.5 GeV 4.4x10°

2012 | Au + Au 1.23 AGeV 4.7 x 10°

2014 | 7~ +N/n~ +A | 0.656 - 1.7 GeV/c 0.8 x 10°

Table 3.2: This list of experiments with different collision systems and beam energies have
been conducted using the HADES spectrometer. The number of events recorded is shown. The
number of LVL1 triggers is given [34].

C+C at 1 AGeV and 2 AGeV was to confirm results which have been collected by the DLS
Collaboration [39]. The medium-sized system Ar+KCl [40] allows to draw conclusions on the
of virtual photons radiation from baryon dominated fireball and strangeness production and
propagation in dense matter was taken in 2005. In 2008 an experiment on cold nuclear mat-
ter at saturation density was done with p+Nb reactions [41]. Measurements with p+p and
n+p reactions were performed in 2006 (p+p at 1.25 GeV) [42] and 2007 (p+d at 1.25 GeV and
p+p at 3.5 GeV) and serve as a reference spectra for studying in-medium effects. In 2012 the
heaviest system (Au+Au) at a maximum available at SIS 18 energies of 1.23 AGeV has been
measured. In 2014 it was the first time when pions were produced in a production target and
the secondary beam reacts later with the reaction target (carbon, tungsten or polyethylene).
Pion induced reactions were also measured at different beam momenta. A dilepton spectrum
measured by the HADES spectrometer in p+p reactions at 3.5 GeV is shown in Fig. 3.12. In
addition a simulated cocktail produced with a PYTHIA event generator is plotted for compar-
ison with the measured data in the vector meson region, a distribution peak corresponding to
direct w decays was reconstructed with a mass resolution of 2 %.
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Figure 3.12: The HADES data for the p (3.5 GeV) + p — e*e™ X reaction from 2007, compared
to a simulated cocktail from the PYTHIA event generator [43].
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Chapter 4

Analysis Framework

4.1 PLUTO Event Generator
The ROOT [44] based event generator Pluto [45] is developed to simulate in an easy way

hadron decays in proton-proton, proton-nucleon and nucleon-nucleon collisions. It is used as
an input source for the HGEANT simulation [46].

42 TUrQMD
The Ultrarelativistic Quantum Molecular Dynamics model [47] is a microscopic transport
model to simulate relativistic heavy ion collisions. It helps to gain understanding of the follow-
ing physical phenomena:

¢ creation of dense hadronic matter at high temperatures,

¢ properties of nuclear and resonance matter,

¢ creation of mesonic matter and anti-matter,

* creation and transport of rare particles in hadronic matter,

* creation and transport of strangeness in matter,

* emission of electromagnetic probes.

UrQMD transport model is typically used to simulate the hadronic and photonic background.
e*e” signal from Pluto is then embedded of event by event basis to UrQMD event.

4.3 HGEANT

The passage of charges particles through HADES is simulated by HGEANT [46], which is
written in FORTRAN and built upon the GEANT [48] program . HGEANT takes the informa-
tion from the event generator and tracks the particles through the detector material. Various
physics processes are included in GEANT. Particles, like leptons, hadrons and 7, are included.
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4 ANALYSIS FRAMEWORK

4.4 HADES System for Data Reduction and Analysis

The HYDRA [49] framework, which is based on ROOT C++ classes, is used for HADES on-
line and offline analysis and is developed by the collaboration. The ROOT software package,
which is developed and maintained at CERN, provides users several built-in features and is
accepted as a standard tool in high energy and nuclear physics. In HADES all necessary de-
tector parameters are stored in the Oracle database [50], where the full version management
is available.

4.5 Toolkit for Multivariate Data Analysis

In present analysis lepton identification is based on a multivariate analysis. For this propose
package TMVA [51] implemented into ROOT framework is used.

In a first step one has to decide which variables are important and necessary to define signal
and background sample in the multivariate analysis. With these variables one produces a
sample of correlations called weight. The background includes mainly hadrons, whereas the
signal idealy should consist of leptons. We define the signal and background sample based on
spatial correlations between RICH ring (Oring, Pring) and track (Orunge-Kutta> PRunge-Kutta
provided by Runge-Kutta track fitter. To do so one uses experimental information. The same
number of signal particles and background particles are used. The variable richQa is defined
as

richQa = \/A¢2sin26 + A62. (4.1)

Where ¢ring is the azimuth angle and 0g;ng the polar angle. Combined with the angle out of
the Runge-Kutta method one gets

AO = ORing - HRunge—Kutta 4.2)
A(P = (PRing - (prunge—Kutta 4.3)

The smaller the value of richQa, the better the pointing of the track to the ring center is. Large
values of richQa signals a random match. Therefore we use richQa < 0.5° to define the signal
and richQa > 7° to define the background. In Fig. 4.1 the richQa value is plotted as a function
of momentum. To cut on a richQa value of 0.5° for the signal sample makes sure that all wrong
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Figure 4.1: RICH matching quality (richQa) as a function of momentum based on the experi-
mental data in RPC and TOF region.
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matched track-rings are sorted out.

After all the weights are defined one puts them to the multivariate analysis tool and process
the data. As a result MVA gives a scalar response answering wether the particle candidate
belongs to the signal or to the background.

Multi-Layer Perceptron Artifcial Neuronal Network

Generally an artificial neuronal network is a collection of interacting neurons in which ev-
ery neuron produces a response depending on the input samples. In TMVA three different
neuronal networks are available [51]. For our purpose the newly developed neuronal network
MLP is the best choice because it is faster and more flexible than the other two. In Fig. 4.2
and Fig. 4.3 the neuronal network is shown schematically. Only the input and output layers
are visible. Behind every neuron one has a characteristic propagation coefficient with it’s own
weighting coefficient. The computing time is proportional to the number of neurons. To avoid
a long computing time it is necessary to use more than one hidden layer.

A synthetic neuron at the position % in the layer [ with n neurons in the input layer with there
particular output value x; is represented by

neuron®) = g &1 g (4.4)
g (k) _ w(()k,l) = wl(k,l)xi (4.5)
i=0
1
= —— 4.
T lret “o

which is the standard setting of the toolkit. a (g 1) is the output value of the neuron, s repre-

(

sents the sigmoid response function, wiK’L) the weighting coefficients produced by the training

(K.L)

procedure and w, as a summand which defines a certain output range for the network (in
our case between 0 (background) and 1 (signal).

To get the final weighting coefficients from the training, the TMVA software runs through the
following scheme:

1. Initialising of random weighting coefficients.

2. Inserting all N vectors % of the training sample in the network. Comparison of the cur-
rent response value ¥, ... With the desired value ygesireq € 0,1, which produces following
error:

N
- - 1
E(x0,~--,xN|w):ZE(yjlst_ysoll)z (4-7)
i=0

3. Modification of the weighting coefficients w°*! by a small change 7 in the direction -V zE
for the next training cycle

Wl =we —nVzE (4.8)

4. Shuffling of the sample data to avoid a learning procedure of the neuronal network con-
cerning the sample order.

5. Finally after a several training cycles one gets the final weighting coefficients.

After the training one can apply the weights to the data. As a result one get the so-called MLP
response between 0 and 1, on which one can apply a sharp cut. In the following investigations
one applies a cut on the MLP reponse larger than 0.6 (see chap. 5).

27



4 ANALYSIS FRAMEWORK
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Cutput layer

Figure 4.2: Architecture of the neural network used for the Au+Au data analysis in the region
of the RPC detector. Shown are couplings between the neurons of the input layer (0), the two
hidden layers (1,2) and the output layer.
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Figure 4.3: Architecture of the neural network used for the Au+Au data analysis in the region
of the TOF detector. Shown are couplings between the neurons of the input layer (0), the two
hidden layers (1,2) and the output layer.
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4.6 Computation of Confidence Intervals using TRolke

To put an upper limit on the U-boson mixing parameter ¢ the C++ based TRolke class is used.
TRolke 2.0 was published in 2010 by J. Lundberg, J. Conrad, W. Rolke and A. Lopez [52]. It is
implemented in the ROOT framework and was written for the calculation of frequentist confi-
dence intervals using the profile likelihood method.

Before going into details one should discuss the so called profile likelihood method. The fre-
quentist limit is calculated from given data in such a way that when repeated with new data
the limit covers the fixed but unknown parameter with a frequency which converges to the
requested probability, which is called the confidence level 1-a. The profile likelihood method
represents the standard procedure for computing a confidence level and is based on the in-
version of a hypothesis test. A classical hypothesis test investigates the validity of a default
hypothesis. The null hypothesis 7y means that an examined sample of data is compatible
with background, whereas the complementary hypothesis 1 stands for a discovery. Let us
assume that one has an observable X, which we are interested in, with a probability density
function f(X; | 7,b) depending on k parameters 7 = (71,72, ..., ), as strength of different sig-
nal sources, and [/ additional nuisance parameters b = (b1,b9,...,b;) as strength of different
background sources. For a given set of n independent observations X = (X1,Xa,...,X,) the
likelihood is

L(m,b|X)=]] f(Xi|m,b). (4.9)
i=1
Moreover, the likelihood ratio test statistic is defined as

sup{L(m,b|X);n=mo,b}
sub{L(7,b|X);m,b}

Mg | X) = (4.10)
in which the denominator is the likelihood maximized over the whole {7,b} space, whereas
the nominator is maximized over the more restrictive null hypothesis space {7 = m9,b}. The
likelihood ratio A is known as the so called profile likelihood, which is dependent on the data.
In order to determine the confidence region, one has to scan over all possible signals which is
done for the U-boson in Chap. 6. The statistical performance of the profile likelihood method
and more details can be found in [52].

In the case of a null hypothesis test, as one uses for the U-boson, of course the analysis has
to be optimized for getting an optimal limit setting power. The upper limit is an output of the
method GetLimits(st,,sy). TRolke 2.0 provides seven different statistical models to calculate
the upper limit. Different combinations of Binomial, Gaussian and Poissonian or no uncertain-
ties are implemented. For the U-boson one applied a model, which uses Gaussian uncertainties
for background and efficiency.
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Chapter 5

Analysis of the Au+Au Data

In April-May 2012 HADES conducted a beam time of 32 days with an Au ion beam (E;, =
1.23 AGeV) colliding on a Au target. In order to construct a dilepton spectrum one first has
to identify with high efficiency and high purity all single leptons. To do that one can use the
MLP network. Later single leptons are combined to like-sign and unlike-sign pairs in order to
reconstruct signal pairs (see Chap. 5.3). First of all one should point out that after applying
PT3 trigger conditions (Mror > 20) and fulfilling the condition of having at least one hit in
the Start detector, 4.7 - 10° events are used for further analysis. For all investigations made in
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Figure 5.1: Total number of registered events in the Au+Au beamtime in 2012 after PT3 trigger
and at least one registered hit in start or veto detector.

this chapter (analysis of single lepton candidates) the subset of three days of the whole beam
time were used. Considering a particle velocity between 0.9 and 1.5, 1.91 - 107 particles were
registered in the RPC region and 1.02 - 107 particles in the TOF region after track pre-selection
and sorting. The pre-selection of the lepton track candidates is based on a set of criteria which
help to distinguish them from the hadron track candidates. In the track sorting the possible
track candidates are compared with each other and the “best” candidate, based on the pre-
selection criteria, is chosen for the following analysis. For track candidates pre-selection the
following criteria are required:

¢ track candidate was fit with Runge-Kutta fitter ()(2 > 0) and track is considered if
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5 ANALYSIS OF THE AU+AU DATA

¥? < 500,
¢ hit in every detector, including one hit in the RICH detector,
¢ velocity of the particle g > 0.9,
¢ 50 MeV/c < reconstructed momentum < 1500 MeV/ec.

The B versus momentum distribution in the RPC and TOF regions are shown in Fig. 5.2.
One can clearly see the leptons settled around = 1 and the n*/ 7~ which are entering the
distribution at a lower f. At around 350 MeV/c electrons and pions start to overlap. In the
following section (Sec. 5.1) we discuss, how the leptons could be identified by using the MLP
network.

5.1 Use of the MLP Network for Electron Identification

In order to recieve the response from the neural network one has to train it with a chosen input
sample for background and signal. All particles with a richQa value < 0.5° are defined as a
signal whereas particles with a richQa value > 7° are set as background (see Chap. 4.5). To
get an input sample with enough statistic for training the neural network, statistic of 5 days
was analysed. Each sample (input and background) has a size of around 10° stored particles
for RPC and TOF region. In the training procedure signal and background is weighted equally.
For the TOF region 8 variables are used to train the neural network, whereas 9 variables are
used in thr RPC region. All variables are listed in Tab. 5.1. One should use only variables
which are not correlated with each other, otherwise one of the correlated variables gives no
more benefits in identifying leptons. Each independent variable improves the output of the
neural network. In Fig. 5.3 the correlation matrix is shown for background and signal in the
RPC and TOF regions. For example the ring Hough Transform (ringHT) and number of fired
pads per ring (ringNP) are correlated strongly with each other in the signal sample. In this
case it was decided to keep both variables to train the neural network, because the same type
of the correlation in the background sample is located around 47 %.
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Figure 5.2: Upper row: f versus momentum for RPC (left) and TOF (right) region. Lower row:
Response of the MLP network for RPC (left) and TOF (right) region.

short cut | description
ringNP Number of fired ring pads in the RICH
ringAC Average charge of a ring which is detected in the RICH
metaQa Matching quality between tracking system and time-of-flight systems
ringHT Hough Transform algorithm helps to identify objects (e.g. circles).
It calculates the center of all possible rings and gives a value back.
The height of the center maximum corresponds to a high HT quality.
beta Velocity of a particle
richQa Quality parameter of the matching of a ring to a recontructed track
mdcdEdx Specific energy loss in the MDC
theta Polar angle of the reconstructed track
showerDq | Integrated charge which is deposited in the pre-shower detector (RPC region)
momentum | Reconstructed momentum of a particle (RPC region)
tofdEdx Energy loss in the TOF detector (TOF region)

Table 5.1: Overview over all variables included for the training and testing of the neural net-

work.
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Figure 5.3: Upper row: Correlation matrix in the RPC region. The values are representing
the correlation of two variables in percent. Lower row: Correlation matrix in the TOF region.
Boxes without values have correlations close to 0.
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Figure 5.4: Signal and background distribution for each input variable separately in the RPC
region.

To visualize how useful are the input variables to distinguish between leptons and hadrons
the distribution of signal and background for each variable is plotted in Fig. 5.4 (in the RPC
region) and 5.5 (in the TOF region). Variables for which one has a smaller overlap between
background and signal (e.g. 8, momentum) are more powerful to distinguish between leptons
and hadrons than variables which have a large overlap between background and signal (e.g.
metaQa). The f distribution for leptons looks like a gaussian distribution around =1, whereas
hadrons have a g <1.

After training the neural network one gets a value between 0 and 1 as a response, called MLP
response value. The distribution of the MLP response value versus momentum is plotted in
Fig. 5.2. Leptons are settled around an MLP of 1 and hadrons are visible in the range of a lower
MLP. Whereas leptons and hadrons are well separated from each other in the RPC region, in
the TOF region leptons are entering regions with a lower MLP response in the low momentum
range. Regarding the statistic in the region with momentum < 200 MeV/c and MLP < 0.6 it
was chosen to neglect the leptons in this range in order not to contaminate the lepton sample
with hadrons. In further analysis steps cuts on MLP > 0.6 and richQa < 2° are applied, these
cuts provide the best efficiency and purity of lepton identification.
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Figure 5.5: Signal and background distribution for each input variable separately in the TOF
region.

To optimize the set of input variables, three different cases have been investigated.

¢ Including 68, charge in the Pre-Shower detector (showerDq) and momentum seperated
(case 0)

* Without 6, charge in the Pre-Shower detector (showerDq) divided by momentum (show-
erDg/momentum) (case 1)

¢ Without 0, charge in the Pre-Shower detector (showerDq) and momentum seperated
(case 2)

In order to analyse the effect, which the different set of input variables could have on the MLP
response and therefore on the cut efficiency and purity of the lepton sample, one can monitor
the § versus momentum distribution after applying cuts. The results are shown in Fig. 5.6.

To determine the purity of such lepton samples in the experimental data the “rotated RICH
detector method” can be used, see Fig. 5.7. In this case the same analysis is applied to data in
which the RICH detector is rotated software-wise by 60°. After matching reconstructed tracks
to hits in the RICH detector wrong matched tracks are found. In Fig. 5.9 the ratio between
the wrongly matched tracks from the “rotated RICH detector method” and the total amount
of matched tracks (from standard data analysis) is plotted. With respect to the amount of
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Figure 5.6: 8 versus momentum distribution after applying richQa < 2° and MLP > 0.6. The
shape of all five distributions looks the same. A cut on § > 0.9 is applied already on the pre-
selection level.

background in the lepton sample after applying cuts one can conclude that case 0 and case
2 are providing the best results. In the lower momenta region (p < 400 MeV/c) a purity of
~ 95% is reached in the RPC region and approximately 90% in the TOF region. For the U
boson search we concentrate mainly on the invariant masses M,, < 300 MeV/c2. This mass
range is dominated by leptons. Fig. 5.8 shows the momentum distribution of leptons before
identification cuts are applied (red curve) and after identification cuts based on MLP response
for case 0, 1, 2. Above 350 MeV/c hadrons are clearly contaminating the distribution, if no
lepton identification cut is applied. In addition one can clearly see the advantage of case 0 and
case 2, since the efficiency and purity of both cases show better performance compared to case
1. Independently whether 0 is included in the set of variables for the neural network training
or not, the momentum distribution has the same statistics and shape. From this point of view
it does not matter if the polar angle is used or not for training purpose. To validate further
different analysis strategies they have been checked towards simulated data and the results
are discussed in Sec. 5.1.1.
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. MDC . RICH

Figure 5.7: The HADES spectrometer is built up of six sectors. In the “rotated RICH detector
method” the RICH detector is rotated software-wise by 60°. After rotation the MDC sector and
the RICH sector is shifted by one sector clockwise.
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Figure 5.8: Momentum distribution without ID cut (red curve) and for different cases. The
distributions without ID cut are contaminated by hadrons at p > 200 MeV/c. Case 0 and 2
coinside, whereas case 1 has less leptons left after applying both cuts (richQa < 2° & MLP > 0.6)
to the three different cases.

38



TOF

RPC

—case 0

1-purity
1-purity

—](.)000800—600—400—200 0 200 400 600 8001000 —19000800—600—400—200 0 200 400 600 8001000
momentum*charge [MeVi/c] momentum*charge [MeV/c]

Figure 5.9: Percentage values of background in the lepton sample as a function of momentum
in experimental data. Case 1, in which no 0 is included and where deposited charge in the

shower detector is divided by the momentum, shows the worst percentage values. The amount
of wrongly matched tracks is higher than in case 0 and 2. For case 0 (with 6 and case 2 (no 6)

the amount of background is in the same order.
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Figure 5.10: B versus momentum distribution for RPC and TOF region without any particle
identification cut. The integral of the distribution is shown in the top right corner. Left col-
umn: Without asking for the GeantPID number (all particles). Middle column: Asking for
GeantPID of leptons. Right column: Asking for GeantPID of hadrons.

5.1.1 Validations with Simulation Data

The simulation is produced to be as close as possible to the real measurement (see Sec. 5.3.2).
The same analysis is performed on the simulation data as on the real data. One benefits of the
simulation since it holds more information as the real data. One can access the information
about each particle during the whole analysis process. Later the information can be used
to compare it with the parameters which one gets out of the analysis of the real data. In
the following chapter the particle identification information “geantPID” is used to distinguish
between leptons and hadrons in order to determine purity and efficiency of a particle sample.

¢ Geant PID: 2 (e*), 3 ()
¢ Geant PID 8 (n*), 9 (n7), 14 (proton)

Purity is defined as

1ePafter cut hadafter cut (5.1)

urit = , urit; = - .
L ST particles por cut Pt had = particles por cut
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Figure 5.11: Percentage values of purity and efficiency in the TOF (right panel) and RPC (left
panel) regions. Efficiency for hadrons is of the order of 1073 to 10™* and can not be displayed
in the same chart. A particle identification cut of MLP > 0.6 is applied.

whereas efficiency is defined as

lepafter cut hadafter cut (5.2)

efﬁciencylep = efﬁciencyhad = W
efore cut

b
1epbefore cut

For the analysis 107 simulated events are used in order to get enough statistic. The f versus
momentum distribution is displayed in Fig. 5.10 (top panel) without any particle identification
cuts. The hadrons, especially 7" and n~, start to contaminate the lepton distribution above
momentum of 300 MeV/c. Whereas hadrons (n*/ 77) have lower f3, it gets close to § = 1 above
momentum of 500 MeV/c. Protons are reaching 8 above 0.9 not before they have momentum of
1500 MeV/c in the RPC region. The 8 versus momentum distribution for different particles in
the TOF detector is shown in Fig. 5.10 (bottom panel).

If one sets the condition that a particle should have an MLP response larger than 0.6 only ~ 9%
of the hadrons are left. The calculated purities and efficiencies are visualized in Fig. 5.11 after
an MLP cut and in Fig. 5.12 after MLP and richQa cuts.

Regarding the percentage values after the cut on the MLP response the training with the
variable “showerDq” divided by the momentum gives the result with the worst numbers. About
35% of hadrons are left, whereas a lot of leptons are cut out. The situation is better after
training the neural network with the variables “showerDq” and momentum separated from
each other. The only difference in the input variables is the angle 6, which is included in
case 0. After the MLP cut both sets of variables are delivering almost the same numbers for
efficiency and purity.

In order to reach a higher lepton purity the richQa cut smaller than 2° is applied. Whereas
around 20 % of leptons surviving the MLP cut only around 13% of all leptons are entering
the distribution after MLP and richQa cut. But one gains 9 % (case 0) in lepton purity. The
resulting velocity versus momentum distributions are shown in Fig. 5.13 after the MLP > 0.6
cut is applied and in Fig. 5.14 after an additional cut on ring-to-track matching quality cut
(richQa < 2°) is applied.

Regarding the lepton purity and efficiency values the case 0 is the best choice. Analysing the
simulation data confirms the results which one gets from the experimental data. The polar
angle 0 should be kept as an input variable for training the neural network.
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Figure 5.12: Percentage values of purity and efficiency in the TOF (right panel) and RPC (left
panel) region. Efficiency for hadrons is of the order of 1072 to 10™* and can not be displayed in
the same chart. Particle identification cuts of MLP > 0.6 and richQa < 2° are applied.
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Figure 5.13: f versus momentum distribution for RPC and TOF region after a particle identi-
fication cut MLP > 0.6. The integrals of the distribution are shown in the top right corners.
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Figure 5.14: 8 versus momentum distribution in the RPC and TOF regions after particle iden-
tification cuts MLP > 0.6 & richQa < 2°. The integrals of the distribution are shown in the top
right corners.
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5.2 Correction of META dx in the TOF region

For identification of leptons the ring matching quality is used. The so-called richQa value is
described in chapter 4.5. In a similar way a matching quality between the reconstructed track
and the META detector is defined. The metaQa value is defined as

dx? dy?

kel (5.3)
odx  o6dy

metaQa =
where dx and dy are the differences between the projection of the reconstructed track in the
drift chambers and the hit position measured in the META detector, and ddx and 6dy are the
associated uncertainties. A metaQa is needed for the quality of the reconstructed tracks. For
lepton selection a metaQa value smaller than 4 is used as a cut value. In Fig. 5.15 the polar

86 4 20 2 4 5 8 10 ! Y8 6 4 2 0 2 4 65 8 10

metaQa metaQa

Figure 5.15: Polar angle 6 as a function of the the metaQa*polarity value. Left column:
Without any cut and plotted for all particles. Right column: Same distribution but after
applying lepton identification cuts: RichQa < 2, effective mass < 90 MeV/c2.

angle 6 as a function of the metaQa value is shown for positive and negative particles. Looking
closer to each part of the metaQa variable separately, namely to the META dx distribution,
systematics, like oscillations in the mean value of the dx distribution, are getting visible. A
detailed study of the dx variable in the TOF detector was performed in order to understand
better the observations. The obtained mean and RMS of the dx distribution for each TOF cell
is shown in the Fig. 5.16 (upper panel). In comparison to the dx distribution obtained from
simulation (see Fig. 5.16 - lower panel) the mean value is oscillating around 0 with a maxi-
mum of 4 and minimum of -4 for pions in a momentum range of 500 - 600 MeV/c. In order to
apply later efficiency corrections the simulation and the experimental data must agree. So the
aim is to correct META dx in the TOF detector in order to get the mean value to 0 for all sort
of particles.

Therefore a META dx versus § distribution is plotted for each cell individually. META dx ver-
sus f is shown for one cell as an example in Fig. 5.17 (left column). Splitting now the velocity
axis in 20 slices and projecting dx to it, the mean and RMS value can be extracted directly out
of the distribution as shown in Fig. 5.17 (right column). The mean value has a growing trend
with B, therefore in order to correct META dx for every particle type the correction has to be
dependent.

The mean and RMS is now stored for each cell § dependent to a parameter file, which can be
read by everyone who needs a META dx correction. After applying the correction the mean of
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Figure 5.16: Upper panel: Characterization of the dx distribution for all the scintillator cells
for negative pions with a momentum between 500-600 MeV/c. In the left are plotted the resid-
uals, in the center the RMS and in the right panel the scattered plot with the first panels
together. Lower panel: Same as upper but for simulated data.

the dx distribution is consistent with simulation, see Fig. 5.18. We can investigate the effect
of the corrected dx value. First we recalculate the variable metaQa, by using the corrected dx
value and error (derived from the gaussian distribution). If one looks at the statistical distribu-
tions of both coordinates, it is preferably to split the x- and the y- coordinate and to calculate
the metaQa only by using dx; whereas y reflects the geometry of the META detectors as a
square box, the x- coordinate follows a Gaussian distribution. The metaQa’ value is calculated
as

metaQa’ = ‘ ‘ (5.4)

o(dx)
This new quality parameter (metaQa’) can be compared to the former defined metaQa. The
effect of cutting on this recalculated observable from 4 to 1 is shown in Fig. 5.19 for 6 and
rapidity distribution. Notice that after correcting systematics and splitting to x and y coordi-
nates separately the expected decrease in statistics by cutting on metaQa is well reproduced.
As the y coordinate in META is obtained from cell geometry, the tracks pointing outside a given
cell were removed from the sample. In the left column in Fig. 5.19 6 and rapidity distribution
is shown for different metaQa cut values. Clearly visible is the loss of yield which is created
by applying a stricter standard metaQa cut (< 2). MetaQa is here calculated like in Eq. 5.3.
Reculating now metaQa on the analysis level by using Eq. 5.4 and applying it to the rapidity
and 6 distribution the structure softens. For identifying leptons it plays no role because in
this case only a cut metaQa < 4 is applied, but regarding particle identification of Kaons the
recalculated META matching quality can be useful.
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Figure 5.17: Left column: META dx versus f distribution for one cell of the TOF detector.
Right column: Mean of the gaussian dx distribution calculated for one cell dependent on S,
error bars are the gaussian sigma of the distribution.
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5.3 Inclusive Dilepton Spectrum

Dileptons are appropriate to investigate meson properties, like mass and decay width at ex-
treme densities and temperatures, or to make investigations concerning chiral symmetry restora-
tion, due to the fact that leptons do not interact via the strong interaction. They can escape
from the point of reaction without loosing any information about the reaction. The aim is to
find truly correlated lepton pairs, originating from the same decay vertex.

The invariant mass of a lepton pair is given by

Myio-c® = \/(Eo+ +Eo-)2 = (Berc + Pe-c)2, (5.5)

where E .+, E .- are the total energies, p.+, p.- the momentum of the single lepton in laboratory
system and ¢ the velocity of light. For leptons with energies E,+ = 0.511 MeV/c? the equation
5.5 can be rewritten as

Myto- =\/2-perpe-(1- 0804+ - ) = 2-5in(0e+o- [2) /Do Do- (5.6)

with 6,+.- is the opening angle between the two lepton tracks.
One has to deal in HADES with two dominant sources of lepton pairs:

¢ external photon conversion in the target, RICH radiator and RICH carbon shell - pair
creation 7° — y (y — ee”),

* dalitz decay of the 7° meson - 70 — ye*e™.

At higher masses the pairs are mostly coming from:
e n Dalitz (n - ye*e™) decays,
* A Dalitz, N* Dalitz, o Dalitz > ye*e™ (A > Nete™, N* > Nete™, w > nlee),
¢ pn Bremsstrahlung,
e direct decays of p, w and ¢ — eTe”.

The main characteristic of the e*e™ pairs originating the external y conversion is small open-
ing angle, below few degrees (3°). Fig. 5.20 (left) shows opening angle distribution for various
lepton sources. In the following analysis minimum cut of 9° has been applied, which is remov-
ing mostly pairs coming from y. This cut removes partialy contribution from 7° and n Dalitz
decays, but the situation with the signal-to-background is removed.

5.3.1 Calculation of the Combinatorial Background

From all reconstructed single leptons tracks which passed MLP cut, pairs with all possible
combinations are built up in each event. They are combined into a like-sign (Ng+e+, Np-p-)
and an unlike-sign pair (N.+.-). Fig. 5.21 (left) shows invariant mass distributions of such
like-sign and unlike-sign pairs. The dilepton spectrum consists of the true pairs, which is of
our interest, and uncorrelated pairs, which are belonging to the combinatorial background.
The lepton pairs can be classified in two categories:

¢ correlated pairs, coming from true leptons and positron source,

¢ combinatorial pairs, built up from lepton and positron from different sources.

48



ete-

10°

e+e- witha > 9°

PR UCH

counts
H
o
N
T T \\HH‘

F ( 10°F
10 F Jo— T e ) :
107_/.|...|ff/\./lwm...|. _DL«\... L
0 20 40 60 80 100120140 160180 B
o 102: Ll Ll Ll =
6 [°] 0 50 100 150 200

M, [MeV/c?]

Figure 5.20: Left: Opening angle distribution for different lepton pair sources [27]. Right:
Comparison between the unlike-sign lepton pair distribution with and without opening angle
cut (a <9°).

In order to extract from data pairs which corresponds to signal (S.+.-), from the total N,.-
spectra combinatorial background (CB,+.-) has to be subtracted.

CBe*e‘ =2 ]Ve"e‘r ‘Ne‘e‘ (5.7)
Sete~ =Nete- —CBere- (5.8)

The So+e-, CBp+o- and N+~ distributions with an opening angle cut of 9° is shown in Fig.
5.21 (right). The combinatorial background is estimated using geometry of same-event like-
sign pairs.

5.3.2 Efficiency Corrections

To get the total yield of dileptons in the HADES acceptance, the measured like- and unlike-
sign spectra have to be corrected by an efficiency factor. This factor reflects the probability
smaller than 100 %, that the particle will be detected and reconstructed in the spectrometer,
as well as inefficiencies of lepton identification cuts. The efficiency correction is calculated for
single leptons separately and afterwards the product of two weights is gives the correction for
pair, for example for an unlike-sign pair:

1 1
eight ;. = weight,. - weight,- = + 5.9
WEIE R pair = WEIBTRer * WEIETHLe efficiency,: efficiency,- (5.9)

and analogous for like-sign pairs. The efficiency correction for single tracks is calculated as a
function of their phase-space parameters, 6, ¢ and momentum p. Therefore the weight used
when adding an entry to any of the pair spectra is a function of 6 independent parameters -
exactly the number necessary to fully describe the pair kinematics.

The single track efficiency is calculated by using the track embedding technique. Single elec-
trons (and, separately, positrons) with uniform momentum p, ¢ and 6 distributions are simu-
lated using the Pluto event generator. The response of the detection system on them is simu-
lated in GEANT and signals from the read-out of the detectors is emulated by digitizers built-in

49



5 ANALYSIS OF THE AU+AU DATA

to the Hydra framework. Such simulated track is then merged with measured experimental
data (one simulated track per HADES sector in each of data events taken for this purpose).
Then the full event is analyzed as usual in case of experimental data. The ratio of the number
of embedded tracks that were reconstructed and went through all the identification cuts to
those, which crossed the geometrical acceptance of the spectrometer (in a particular bin of p,
0 and ¢), is the reconstruction and identification efficiency.

For positrons it is shown in Fig. 5.23 as a function of momentum p and 6 for different sectors
(the ¢ dependence in each single sector is averaged-out). For 6 angles below 60° it ranges
between 20 and 45 % and for higher angles it is of the order of 60 %. The corrected and uncor-
rected spectra of all unlike-sign pairs and ratio of the two are shown in Fig. 5.22 (left panel).
The effect of the efficiency correction is shown in Fig. 5.22 (right panel). The efficiency correc-
tion is largest for low mass region M,, < 150 MeV/c? and it is approximately factor of 5 for the
M, > 250 MeV/c?
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Figure 5.21: Left: Ny+.-, N,+.+ and N,-,- distributions with an opening angle cut of a <9°.
Right: N,+.- (yellow squares) distribution together with the combinatorial background CB,+,-
(blue circles) and the signal distribution S.+.- (green triangle).
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Figure 5.22: Left: Uncorrected (yellow squares) and corrected (blue circles) unlike-sign dilep-
ton spectrum with an opening angle cut of 9°. Right: Efficiency correction factor as a function
of invariant mass.
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Figure 5.24: Left: Cocktail simulated with event generator Pluto [53] in full phase space.
Right: Pluto cocktail inside HADES acceptance and with 9° opening angle cut.

5.3.3 Acceptance Corrections

Geometrical acceptance can be defined as a probability that a particle out of the reaction
crosses the active volume of the HADES spectrometer. In order to build acceptance matrices
the Monte Carlo method based on HGEANT has been used. Tracks with an uniform distribu-
tion in p, ¢p and 6 are generated and tracked through the spectrometer assuming 100% detector
efficiency. The accepted tracks are compared with the original ones and divided by each other.
As aresult one gets an acceptance matrix depending on p, ¢p and 6. The geometrical acceptance
can be defined as:

Np’07¢
Acc(p,0,¢) = ‘;fg’(p (5.10)
Ntot

where N ﬁ,’f % is the total number of tracks and Nggg’d) the tracks detected in the HADES spec-
trometer. The matrices of the acceptance depending on 6 and p for positrons and electrons is
shown in Fig. 5.25. The distributions are rather flat, however one can see the drop at low
momenta (below 100 MeV/c). As expected the acceptance is going down for 6 angles smaller
than 18° and larger than 85°.
For our search of dark photon, acceptance as a function of invariant mass is needed. For this
propose we used simulated cocktail for n+p (1.25 GeV) reactions with contributions from 7°,
A, 1 decays and Bremsstrahlung. Cocktail in full phase space and inside HADES acceptance
with 9 degree opening angle cut are plotted in Fig. 5.24. Ratio of both distributions is later
used as 1D acceptance correction for the dark photon search.

The unlike-sign pair distribution, which is used to calculate upper limit on the mixing pa-
rameter of the U boson, is corrected by the acceptance and efficiency using curve presented in
Fig. 5.27.

53



5 ANALYSIS OF THE AU+AU DATA
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Figure 5.25: Left: Acceptance as a function of particle momentum and azimuthal angle for
positrons (left) and electron (right).
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Figure 5.26: Left: Pluto cocktail in full phase space (lila circles) and in HADES acceptance
with 9° opening angle cut (red circles). Right: Acceptance as a function of the invariant
dilepton mass.
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Figure 5.27: Acceptance times efficiency as a function of the invariant dilepton mass.
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Chapter 6

Search for the Dark Photon

The U boson search is performed using the raw dilepton spectrum of unlike-sign lepton pairs
as shown in Fig. 5.21. One has to mention here that the Au(1.23 AGeV) + Au data is analysed
to get the upper limit on the mixing parameter € further down. For this the invariant dilepton
spectra of the p+p, p+Nb, Ar+KCl and Au+Au experiments should be compared, which is done
in Fig. 6.1 (left panel). With respect to the rescaled Ar+KCl data, the Au+Au data has around

10* 30:
28f
10° = r
3 > 26r
= y =
— 24f
107 5 =
- = b
P ; = 22
c i un RN
2 104 = 7
[5) H 18
i p+p x 0.2 B 18
1 16F
P E Y ST . T R T TN T
0 0.1 0.2 0.3 0.4 0.5 0.6 0 50 100 150 200 250 300 350 400 450 500
2
M, [GeVic?] M, [MeV/c?]

Figure 6.1: Left: Measured inclusive e*e™ invariant-mass distributions for p+p and p+Nb at
3.5 GeV, as well as for 1.765 AGeV Ar+KCl and 1.23 AGeV Au+Au reactions in the HADES
geometrical acceptance with single lepton momenta p, > 0.05 GeV and pair opening anglees
Ocie— > 9°. Right: Dielectron mass resolution (FWHM) as a function of the e*e™ invariant
mass obtained from a GEANT3-based Monte-Carlo simulation.

factor of 4 more statistic than in Ar+KCl data. If one recalculates the total numbers of mesons
(N,0) produced in these experiments one gets a factor of 6 more mesons recorded in the Au+Au
data, see Tab. 6.1.

In contrast to the other experiments, which are mentioned in Chap. 2, HADES has measured
the inclusive e*e” invariant-mass distribution. This means that the invariant mass distribu-
tion consists of a cocktail of contributions from different sources. One has to take into account
the electromagnetic decay of 7° - yU,n — yU and A - NU, if one wants to search for the
hypothetical U boson (U — e*e”), that’s why an irreducible background is always present.
Due to the very similar decay kinematics of the Dalitz decays the different sources can not be
discriminated from a possible U boson signal via analysis cuts. Therefore one has to search for
a possible peak on a smooth varying continuum.

A possible signal of the U boson decay would be very sharp, because of the expected long life-
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Reaction | N7y N0

p+p 3.0x10° | 2.5 x 10°
p+Nb 7.7x10° | 5.9 10°
Ar+KCl |2.2x10° | 7.7 x 10°
Au+Au | 4.7x10° | 47.0x 10°

Table 6.1: Number of triggered events N7y and total number of produced 7° (N,,0) in the
HADES experiments [25].

time, and the width of the expected peak will be determined by the detector resolution. The
mass resolution as a function of the invariant mass is presented in Fig. 6.1. It is obtained from
a GEANT3-based Monte-Carlo simulation of e"e” decays detected in the HADES spectrome-
ter. The mass resolution is in the 7° region is approximately 15 MeV and increases smoothly
with invariant masses up to 30 MeV in the 1 region.

6.1 Determination of the Upper Limit

As mentioned previously in Chap. 4.6 the ROOT C++ based tool named TRolke (Sec. 4.6) is
used to determine an upper limit on the mixing parameter. Therefore the raw dilepton spec-
trum is analysed in a range from 20 to 600 MeV/c?, which is not corrected for efficiency and
acceptance (Fig. 5.21).

In order to search for possible peak in the raw unlike-sign dilepton spectrum a 5*-order poly-
nomial with a Gauss peak

~ (mee-)? 5 4 3 2 :
f(mee)=a-e 22 +d-my,+e-my,+f -mo,+8 Moy +h -Mee+1 (6.1)

is fit to the spectrum in a range of 20 = FWHM/2.35 (Fig. 6.1), where the variables a to i
are fit parameters. The position and the width of the Gauss are fixed. Two fit examples are
shown in Fig. 6.2. The Gauss fit has to be further controlled in order not to indicate a peak
although there is no peak visible. The fits are done in 3 MeV steps and after fitting an integral
of the polynomial background function is calculated in a range of 1.50. In addition one inte-
grates over the raw dilepton spectrum in the same range. This analysis shows that no peak
is present in our data. Now the statistical likelihood-based test must be performed in order to
determine at a given confidence level (90%) an upper limit on the U boson. The so-called pro-
file likelihood ratio is computed as a function of the signal strength S (integral data) together
with a present so-called nuisance parameter, which is known as the estimated background
yield (integral polynomial fit), the geometrical acceptance and the detector and reconstruction
efficiency, see Fig. 5.27. All parameters are used as an input for the extended profile likelihood
method, which is implemented in the ROOT framework as TRoke class, see sec. 4.6. For the
background the acceptance and efficiency (accxeff) corrections a gaussian error is assumed.

The resulting upper limit without any efficiency and acceptance correction expressed as de-
tectable counts is presented in Fig. 6.3 for the mass range between 0.02 GeV/c? to 0.55 GeV/c?.
The expected sensitivity of our experiment is shown additionally. Therefore the upper limit is
re-evaluated with the “zero-signal” hypothesis, i.e. assuming S=0, many times (10,000 itera-
tions). After re-evaluation the median and the standard deviation of the generated upper limit
is plotted as a function of the invariant mass together with the upper limit in Fig. 6.3. If the
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Figure 6.2: Left: 5" _order polynomial fit (green) with a gauss (red). Right: Correct polyno-
mial (green) and gauss (red) fit. No peak is indicated.

upper limit is normal distributed, 68% (95%) of the data points should lie within the +10 (+20)
band.

6.2 Upper Limit on ¢?

After correcting the median upper limit by the accxeff curve in Fig. 5.27, the upper limit on €2

has to be calculated.

As mentioned before, one has to take into account that HADES is measuring an inclusive
dilepton spectrum. The measured dN/dM,, distribution consists of a cocktail from different
sources and the search for the U boson has to take this into account.

One can estimate the U boson yield by

Ny=Y Ny, (6.2)

12

where N. g ) refers to different sources, like i = 7, n and A with a U boson instead of a virtual
photon.
The ratio of widths can be obtained from data via

Tioyy N

) (6.3)
Linyy NiBR, .y
Taonu _ Ny 6.4)
Fa-ny NaBRaLNy
where i = 7° and 7. To arrive at €2 the expression
Vieyu _ 2 2 2 A3 (m3,m3,Mp)
~2¢% |Fy(q® = M})| 65)
=Yy /13/2 (m%,mz,m%)

can be used. A is the standard triangle function for relativistic kinematics and Fi(qZ) is the
electromagnetic transition form factor. For on-shell photons (m)Z, = 0) one gets

3/2 2 2
P, O.ME) _ Mg 6.6)
A32 (m2,0,0) m32
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Figure 6.3: Upper limit on the U boson expressed as detectable counts as a function of the
invariant mass. The computed experimental sensitivity (black points) is shown together with
1o (yellow) and 20 (blue) bands.

For A one has to mention that it is a broad state and the decay width I'a_.y7 has to be averaged
over the A mass distribution A (m), described by a Breit-Wigner shape of width I' = 117 MeV.
One gets the expression

A2 (m3, m%, M3)

dmn. 6.7
A2 (m2,m2,0)

Ca-nu

~e [ A(ma) [Fs(M)
Fa-ny

Furthermore the  and A decays are giving access to masses larger than the u* u~ threshold at

2m, =0.21 GeV/c?, therefore the observed U boson signal has to be corrected for the branching

fraction into e"e™, that is BR,. = BRy_¢+e-:

ree

e (6.8)
Tee + F,uu + rhad

BRee = 1—‘ee/l—‘i,‘ot =

For lepton universality one can write I'y, = I'ee for My > 2m, and estimating the hadronic
decay width by the factor R(\/S) = 0+~ —hadrons/Tete—ptp-» 80 that Tpeq = R(My) Ty, the
branching relevant for the U boson search is expressed as

1
BR,. = — — . (6.9)
1+ 1—% (1+Mi§)[1+R(MU)]

In Fig. 6.4 the branching ratio BR,, as a function of My; is plotted. All together one obtaines
NU—ee =N oy + Nifsoe + Ny
=€ BReo[2NyBR .y |Fy > (1- My /m2)?
+ 2N0BR oy |[Fool* (1= Mgy /m3,)°
P i M)
A3/2 mi, m]2\,,0)

=e¢’BR,..L(My), (6.10)

dma|

+ NABRAaNyXfA(mA) [Fa (M)
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Figure 6.4: Branching ratio of the hypothetical U boson into an e*e™ pair as a function of the
U boson mass My;, referring to Eq. 6.9 [25].

where L(Mu) includes all kinematic factors and source parameters in Eq. 6.10.

If no signal of the U boson is found the obtained upper limit can be transformed into an upper
limit on the mixing parameter 2 as a function of My;. One has to mention that the calculations
are based on the following assumptions:

i= 7% 1 and A saturate the sum over all U boson sources,
estimation of BRy/_,.+.- is accurate enough for this purpose,

the parameterisation of the transition form factor |[F,(g?)| = 1+0.032 ¢2/ mio [54] and
IFy(g®)|=(1- Z—Z)_l with A =0.72 GeV [55] are sulfficiently accurate

the spectral distribution of A in Eq. 6.7 is correct
the use of |[Fa(q?)| =1 is allowed, since an experimental form factor is not known

uncertainties in the estimation of the A multiplicity by Na = 3/2 N0 are of minor im-
portance due to the small branching ratio BRa-.xy = 0.006 in comparison with BR;;,, =

0.393 and BR;0_,,, = 0.988 [54]
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Chapter 7

Summary and Outlook

7.1 Summary

In this thesis the Au (1.23 AGeV) + Au data, which has been recorded in 2012, were analysed.
In order to determine an upper limit on the U boson, first one had to identify leptons and
reconstruct lepton pairs. For this purpose a multivariate analysis was used. It allows to apply
a multidimensional cut on a particle sample. Compared to one dimensional cut on the sample
one can gain in efficiency by using multidimensional cuts without losing purity. Therefore the
neural network is trained with 9 variables for the RPC detector region and with 8 variables
for the TOF detector. Afterwards a lepton identification cut on the MLP response larger than
0.6 was applied. For getting higher purity (~ 95% for lower momenta (p < 400 MeV/c)) of the
lepton sample an additional cut on the ring matching quality (richQa < 2) was set.

For the determination of the lepton purity in the experimental data the rotated RICH detector
method has been used. In the cross-check with the simulation data the efficiency and purity
values have been verified.

After identifying single leptons an invariant mass spectrum is built containing all possible
e*e” pairs,corrected by an acceptance and efficiency factor. The efficiency correction includes
the particle detection reconstruction and identification efficiency. In the acceptance correction
the coverage of the HADES spectrometer with respect to the full phase space is considered.
By using the method of TRolke, an upper limit with a confidence level of 90% on the U boson
was calculated (see Fig. 6).

7.2 Outlook

The next step would be to calculate €2 as a function of the invariant dilepton mass in order to
compare the obtaining result with the other experiments. Regarding the result of the NA48/2
Collaboration and the (g-2),,, band, the result from the HADES data can be used to confirm
the results of the other experiments by an independent measurement.

In order to get the upper limit further down by using the Au+Au data, one can further improve
the lepton identification process. One opportunity would be to use the back tracking informa-
tion, on which Patrick Sellheim from the HADES collaboration, is working on. The aim would
be to get the same amount of purity by gaining in cutting efficiency. An other possibility would
be to apply a momentum depend richQa or momentum depend MLP cut, to gain in statistic.
For HADES the invariant mass region smaller than 100 MeV/c? is of interest for determine an
upper limit or get it further down. In the mass range M,, > 100 MeV/c? other experiments are
able to collect much more statistic.
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