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Abstract: This report describes my project during the DESY Summer Student
Program 2010. I studied different reference axes for secondary vertexing in deep
inelastic scattering at the ZEUS detector at HERA. These axes were jets with
different transverse energy, pseudo-thrust axes and the axis of the hadronic system.
A combined method of the former two axes improves the measurement most.
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1. Introduction

The proton (p) is not a fundamental particle like the electron (e). In the quark parton model
the former is composed of three valence quarks: two up quarks and one down quark. One can
study the proton structure in ep-collisions. This was done at the HERA accelerator, which
was operated at DESY from 1992 until June 2007. Around one of the interaction points the
ZEUS detector was located.

Although HERA was decommissioned three years ago the recorded data is still being analysed.
In one of these analyses [I] and references in this thesis the charm (¢) and beauty (b) production
cross sections in deep inelastic scattering (DIS) events are measured. The results from this
measurement can be used to test the theoretical predictions of QCD. Furthermore, from this
measurement the contribution of charm and beauty production to the structure function Fj
can be obtained. These results are also relevant for the Higgs (H) searches at LHC, since
bb — H is one of the possible production mechanisms.

The aim of my Summer Student project was to enhance the statistics and to extend the
kinematic range available for the measurement of ¢ and b production from inclusive secondary
vertices in deep inelastic scattering (DIS). For this goal I studied the extension of the traverse
energy (E7) range for jets and new reference axes like the Pseudo-Thrust axes and the axis
of the hadronic system for secondary vertices at ZEUS.

2. Heavy Flavor Physics at HERA

Since 1998 the accelerated electrons or positrons at HERA have an energy of 27.5 GeV and
the protons an energy of 920 GeV'. Therefore, the center-of-mass energy is approximately
318GeV and consequently high enough to produce heavy quark pairs (bb or c¢).
Electron-proton scattering events are characterized by the following Lorentz-invariant kine-
matic variables: the photon virtuality Q* (negative square of the four-momentum transfer
of the exchanged boson), the center-of-mass energy /s, the Bjorken scaling variable z (rep-
resents the fraction of momentum of the incoming proton that is carried by the interacting
parton in the quark parton model) and the inelasticity y. The meaning of each variable is
described in every Particle Physics textbook like [2].

For Q? 2 1GeV? the ep events are referred to as deep inelastic scattering (DIS).

2.1. Beauty and charm pair production at HERA

The dominant production mechanism for heavy quarks pairs is
boson-gluon fusion. In this process, a neutral vector boson, i.e.
a photon () or a Z, emitted from the incoming electron interacts
with a gluon from the proton producing a heavy flavor quark pair.
This process is illustrated in the figure on the right hand side.

2.2. Heavy flavor tagging

Various experimental techniques are used to tag heavy flavors. Most of them only reconstruct
specific final states. For example, beauty production in DIS at HERA has been measured in
events with muons and jets by the ZEUS and H1 collaboration [3, [4]. If no decay channel
is specified, it is still possible to identify heavy flavor hadrons due to their long lifetime



5. Reconstruction of secondary vertices

(B cr ~ 460 um and D°: er ~ 120 um [5]). Thses long-lived particles can decay after
a measurable distance in the detector. To detect these so called secondary vertices in the
immediate vicinity of the interaction point, the Micro Vertex Detector (MVD) was installed
in the ZEUS detector during the shutdown in 2000-2002.

Since the reconstruction of these secondary vertices is crucial for my Summer Student project,
it is explained in detail in section [l

In this analysis, beauty and charm production were studied using inclusive secondary vertices
associated to jets and Pseudo-Thrust axes.

3. Monte-Carlo samples

For the studies described in this note the Monte-Carlo (MC) samples from the Common
Ntuples (v04b) have been used. The studied MC samples were generated for the 06/07p
detector configuration. The samples were generated by Rapgap for charm (= 3.5 x data) and
beauty (=~ 18 x data).

4. Event selection

To study the contribution of charm and beauty production to the structure function Fs, one
has to measure the production cross-section as a function of x and Q2. To select DIS events
in the range 5GeV? < Q% < 1000GeV? and 0.02 < y < 0.7, standard cuts like in [I] were
applied. A summary of these cuts can be found in the appendix in section [A1]

5. Reconstruction of secondary vertices

A reconstructed secondary vertex is always associated to a reference axis. In most cases a jet
is used as reference axis, but also other reference axis like the Pseudo Thrust (1)) are possible.

Jet axis

The case that a secondary vertex associated to a jet was
found is illustrated in the right figure [6]. The fit for finding
a secondary vertex is performed in 3D. In this study the
decay length, which is defined as the distance between the
primary interaction vertex (beamspot) and the secondary
vertex, is calculated in the X-Y plane and projected onto
the direction of the reference axis. Consequently also nega-
tive decay lengths are possible. In the following, the decay
length calculated by this procedure is called Lxy .

This procedure is reasonable since the the Z-coordinate of
the vertices is not very precise. And it can be assumed

that the heavy quark and the jet have a similar direction. vertex
Due to the error of the secondary vertex measurement (fi- Projection

nite detector resolution, ...), the decay length has a certain onto 3D decay
error o(Lxy). The ratio Lxy /o(Lxy) describes the de- jet axis length

cay length significance and is denoted as S. A second

variable is the invariant mass of the secondary vertices, {r)cl;irltlg(ry

Mgeeverten- For the calculation of Mgee verter the pion
mass is assumed for each track.

Secondary




6. Secondary vertices from jets as reference axes

In previous analyses [I] secondary vertices associated to jets were used. Jets are collimated
bundles of hadrons in the detector. They were reconstructed from energy flow objects com-
bining track and calorimeter information using the kr cluster algorithm. The reconstructed
jets were selected for this study if they fulfill the selection cuts described below.

6.1. Jet selection

In this study only jets with a traverse energy Ep > 2.5GeV and —1.6 < |n| < 2.2 were
selected. The tracks fitted to a secondary vertex had to be well-reconstructed. The selection
cuts for the tracks and vertices are summarised in the appendix in section [A.2]

The previous analysis [I] selected the same jets apart from a higher E7 cut: Ep > 5.0GeV. In
the following, these jets are referred to as high Er jets, the jets with 2.5GeV < Ep < 5.0GeV
as low Er jets and all jets means all jets with Fp > 2.5GeV .

6.2. Significance distributions from high F jets

Using the decay length from the high FE7p jets, the significance distribution shown in Fig
can be derived. The symmetric part (around 0) is caused by detector resolution effects.
The asymmetric part originates from the long-lived particles containing b and ¢ quarks. To
determine the asymmetric part, one can mirror the left side of the significance distribution
(S7, S < 0) onto the right side (ST, S > 0) and subtract them. This mirrored and subtracted
significance distribution is denoted as ST — S~ in the following.

To extract the contributions from b, ¢ and light flavor (LF) in the data sample, a binned
x? fit of the ST — S~ distribution was performed in three different mass bins. A detailed
description can be found in [IJ.
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Figure 1: Significance distributions from high Er jets, [1].



7. Secondary vertices from Pseudo Thrust axes as reference axes

6.3. Comparison between high FE jets and all jets

One part of my project was to study the extension of the jet ' range for secondary vertices.
This has been done using b and ¢ MC samples (cp. section [B]). The significance and mirrored
significance distributions for the b and ¢ samples for high Ep jets and all jets are shown in

Fig. 2
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Figure 2: Significance and mirrored significance distributions for beauty and charm from high
Er jets (black) and all jets (red).

Most of the additional vertices for beauty are distributed almost symmetrically. The mir-
rored significance distributions show that the additional entries for the charm for the low Ep
jets are more asymmetric than for the beauty.

This is expected since for low pr the more massive b-hadrons (my ~ 4.75 GeV') tend to decay
more isotropic in the detector than the c-hadrons (m. ~ 1.5 GeV'). Therefore, a low pp charm
quark is more likely to produce a collimated jet with Epr < 5 GeV than a low pr beauty quark.

7. Secondary vertices from Pseudo Thrust axes as reference axes

To get access to the low pp region of produced heavy quarks, one part of my project was
to study secondary vertices associated to pseudo thrust axes. The pseudo-thrust axes have
originally been defined to separate heavy quarks produced near kinematic threshold from
those giving rise to collimated di-jet systems. Heavy quark pairs produced close to their
kinematic threshold have very low momenta and thus do not produce jets but rather a broad



7.1. Pseudo Thrust

spray of particles in the detector. The definition and a description of how the pseudo thrust
is calculated is given in section [l A few aspects of the implementation are described in
section The applied selection cuts for the pseudo thrust axes are given in section [Z.3l In
section [4] the usage of pseudo thrust axes and jets as reference axes for secondary vertices is
compared and in section a comparison between projecting onto jets and projecting onto
pseudo thrust axes is done.

7.1. Pseudo Thrust

The pseudo thrust (Tpseudo) is sensitive to the event shape and the definition is given by:

- B Z:LZlUFOs = T + ZnZUFOs = T’2
pseudo — ZnZUFOs 7|

The sums run over all reconstructed ZUFOs [7], where the p; are the corresponding momenta
and the unit vectors T and fg, called thrust axes in the following, are iterated until the scalar
Tyseudo is maximised. The exact maximisation procedure for photoproduction can be found
in [7]. For DIS it can be shortly summarised as follows:

e The pseudo thrust is maximised in the Breit frame analogue to [7]. The Breit frame is
defined by 2zp'+ ¢ = 0, where x is the Bjorken scaling variable, p the momentum of the
proton and ¢ the momentum of the exchanged boson. A more detailed description can
be found in [§].

e The thrust axes are iterated so that T)secyq, is maximized.
e After the maximisation the thrust axes are back-boosted to the lab frame.

Due to the back-boost of the thrust axes, there can be kinks in the # and ¢ plane. As an
example, an analysed MC bb event and the calculated pseudo thrust axes are shown in Fig.
Bl

The value of T)seudo is close to 1 for a perfectly back to back event with a very small spread
and approaches 0.5 for isotropic events in the Breit frame.

Figure 3: Event display of an analysed MC bb event with the calculated pseudo thrust axes
T1 and TQ.



7. Secondary vertices from Pseudo Thrust axes as reference axes

7.2. Implementation of the pseudo thrust axes

For the calculation in the Breit frame, required for the calculation of the pseudo thrust axes,
the proton remnant has to be removed. The proton remnant has been defined as all particles
with # < 20° in the lab frame.

Unfortunately, the algorithm calculating the pseudo thrust axes in the used Common Ntuples
(v04b) has a bug in the back-boost so that the direction of the pseudo thrust axes is slightly
changed. But this bug is found to only slightly affect the results of this study. Furthermore,
the correct pseudo thrust axes should work even better for my kind of studies than the used
slightly buggy ones.

7.3. Pseudo thrust cuts

The selection cuts for the pseudo thrust axes are similar to the cuts applied to the jets. In this
study only thrust axes with —1.6 < |n| < 2.2 were used. The secondary vertex associated to a
pseudo thrust axis also has to satisfy the same criteria as for jets. The summarised selection
cuts can be found in the appendix in section [A.3]

7.4. Comparison between high F; jets and pseudo thrust axes
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Figure 4: Significance and mirrored significance distributions for beauty and charm from high
Er jets (black) and pseudo thrust axes (blue).



7.5. Comparison between the direction of the pseudo thrust and the nearest jet

For the comparison between the usage of high Ep jets and pseudo thrust axes for secondary
vertexing the b and ¢ MC samples (cp. section [B)) have been used. The significance and
mirrored significance distributions for b and ¢ from high Er jets and pseudo thrust axes as
reference axes are shown in Fig. [l

More secondary vertices can be found for pseudo thrust axes compared to jets as reference
axes. The mirrored significance distributions show that the usage of pseudo thrust axes and
jets have similar performance for the asymmetric part. Therefore, the usage of pseudo thrust
axes for secondary vertices is reasonable.

7.5. Comparison between the direction of the pseudo thrust and the nearest jet

For a second comparison between the pseudo thrust and the jets, the direction of each is stud-
ied. For this aim the direction of the pseudo thrust axes and the nearest jet is compared if a sec-
ondary vertex with both reference axes types was found. The distance AR = /(An)? + (Agp)?
between the pseudo thrust axis and the nearest jet is shown in Fig. [Gal and The distance
AR between both pseudo thrust axes if secondary vertices are found associated to both pseudo
thrust axes is shown in Fig. Bd and Bdl
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Figure 5: The distance AR between pseudo thrust axes and nearest jet for beauty (a) and
charm (b) and the distance AR between both pseudo thrust axes for beauty (c) and
charm (d) if a secondary vertex is associated to each of these reference axes.

As one can see from the AR distributions for the beauty and charm MC sample in Fig.
[Bal and most of the jets and pseudo thrust axes associated to a secondary vertex have a



7. Secondary vertices from Pseudo Thrust axes as reference axes

similar direction (AR < 1) or an opposite direction (AR = 3).

The bump at AR ~ 3 can be understood with the AR distributions for the beauty and
charm MC sample in Fig. Bd and Bdl In most of the events where both pseudo thrust axes
are associated to a secondary vertex, the direction of the pseudo thrust axes is back-to-back
(AR =~ 3). The bump at AR ~ 3 is caused by events where both pseudo thrust axes are
associated to a secondary vertex but only one jet associated to a secondary vertex is found or
vice versa.

7.6. Comparison between projecting onto jets and onto pseudo thrust axes

To compare the performance of projecting onto the jet axis with the performance of projecting
onto the pseudo thrust axes, events where one of the pseudo thrust axes and one jet have a
similar direction, AR < 1, have been selected. The comparison was done for high Er jets and
low E7 jets separately and the nearest jet in 7n-¢ space was always selected. The mirrored
significance distributions for the b and ¢ MC sample (cp. section B]) from these high Erp, all
E7r jets and pseudo thrust axes are shown in Fig. [0
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Figure 6: Mirrored significance distributions for beauty and charm from high E7p jets (black),
low E7p jets (red) and pseudo thrust axes (blue) in events where the pseudo thrust
and the jet have a similar direction, AR < 1.

The mirrored significance distributions show that the usage of pseudo thrust axes and jets
have similar performance. Therefore, the usage of pseudo thrust axes for secondary vertices
is reasonable.
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8. Secondary vertices from a combined method of jets and pseudo
thrust axes

As one can see from section [l and [0, the low Ep jets as well as the pseudo thrust axes are
reasonable reference axes for secondary vertices. Since not all jet axes find the same secondary
vertices as the pseudo thrust axes and vice versa it is promising to combine both methods.

The combined method contains the secondary vertices associated to all jets and in addition
the secondary vertices associated to the pseudo thrust axes if no jet within AR < 1 is present.

8.1. Comparison between combined method and the single methods

The combined method has been compared with all single methods using b and ¢ MC samples
(cp. section (). The significance and mirrored significance distributions for b and ¢ from the
combined method, the pseudo thrust axes, all Ep jets and high Er jets are shown in Fig. [7]
for beauty and in Fig. 8 for charm.
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Figure 7: Significance and mirrored significance distributions for beauty from combined
method (green), pseudo thrust axes (blue), all E7 jets (red) and high E7 jets (black).

As one can see from the significance distributions for the beauty MC sample in Fig. [0
the extension of the Fp range for the jets as well as the pseudo thrust as new reference axes
enhance the statistics. But the combined method leads to the biggest improvement. The
mirrored significance distribution shows that the gain in asymmetric events is substantial in
each significance bin.
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9. The axis of the hadronic system for secondary vertices
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Figure 8: Significance and mirrored significance distributions for charm from combined
method (green), pseudo thrust axes (blue), all Er jets (red) and high Er jets (black).

The significance distribution for the charm MC sample in Fig. [8 shows that the combined
method enhances the statistics with respect to the single methods. But the comparison of the
mirrored significances indicates that the combined method is an improvement with respect to
the extension of the Fr range for the jets mostly at low significance bins.

9. The axis of the hadronic system for secondary vertices

In addition to the pseudo thrust axes as reference axes for secondary vertices also the axis of
the hadronic system has been studied.

The hadronic system is given by the sum of every particle in the detector apart from the
scattered electron. Unfortunately, the proton remnant was not in this case removed so that
the direction of the hadronic system almost always points in the proton direction. The 7
distribution of the hadronic system in the MC b sample can be seen in Fig. @ Thus the
hadronic system as reference axis for secondary vertices has not been studied further.
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Figure 9: Eta (1) distribution of the hadronic system after DIS event selection cuts for the
beauty and charm MC sample.

10. Summary and Outlook

In my Summer Student project an extension the Er range for jets and the usage of pseudo
thrust axes for reconstruction of secondary vertices have been tested. It has been shown
that both methods can increase the statistics for beauty and charm in the low Ep region.
For beauty a combined method of jets and pseudo thrust axes for reconstructing secondary
vertices increases the statistics most. For charm the extension of the E7 range is most effective
in increasing the statistics and the combined method improves the statistics only slightly.
The next step for this study is to test the new significance distributions in a further analysis
similar to the one in [I]. Furthermore, the pseudo thrust value T)scyqo should be restudied
when a correct pseudo thrust algorithm is been used for the next generation of the Common
Ntuples.
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A. Applied Cuts
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Appendix

A. Applied Cuts

A.1l. Event selection cuts

To select DIS events in the range 5 GeV? < Q? < 1000 GeV? and 0.02 < y < 0.7 the SPP09
OR HLF17 OR HPP31 trigger was used and the following cuts have been applied:

Sinistra probability > 0.9

E. >10.0GeV

ysp > 0.02

Ye < 0.7

44.0GeV < E — P, (ZUFOs) < 65.0GeV
| Xe| > 13cm OR |Ye| > 13cm

5.0GeV? < Q%4 < 1000.0 GeV'?

ZPrim.Vertea: < 30em

The used cuts are the same used in similar kind of analyses.

14



A.2. Jet selection cuts

A.2. Jet selection cuts

In this study the following jet selection cuts have been applied:
o —16<n<22
e i > 5.0GeV for high Er jets
e [ip > 2.5GeV for all jets

e 2.5GeV < Ep < 5.0GeV for low Ep jets

A.2.1. Tracks for secondary vertexing selection cuts

In this study the following selection cuts for tracks for the secondary vertices from jets have
been applied:

o Z'T'T tracks with ppr > 0.5GeV
e Number of MVD hits > 4

e Distance to closest jet R = /(An)2 + (Ap)? < 1

The used cuts are the same used in similar kind of analyses.

A.2.2. Secondary vertex from jets selection cuts

In this study the following selection cuts for the secondary vertices from jets have been applied:
® |Zsecvertes| < 30cm
e Distance BS — Sec. Vertex < 1em (in X — Y plane)
e chi?/ndf < 6 (from secondary vertex fit)
o 1.0GeV < Mgeeverter < 6.0GeV

The used cuts are the same used in similar kind of analyses.

A.3. Pseudo thrust selection cuts

In this study the following pseudo thrust selection cuts have been applied:

o —16<n<22

A.3.1. Secondary vertex from pseudo thrust selection cuts

In this study the following selection cuts for the secondary vertices from pseudo thrust have
been applied:

° |ZSec.Verte:v| < 30cm
e Distance BS — Sec. Vertex < 1em (in X — Y plane)
e chi?/ndf < 6 (from secondary vertex fit)

o 1.0GeV < Mgeeverter < 6.0GeV
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