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1. Introduction

1.1 The LHCb Detector

The LHCb experiment [1] at the LHC is an experiment specifijcaimed at making preci-
sion measurements with heavy flavour particle decays. Ibkas built as a single forward arm
spectrometer covering an acceptance of roughly 15 mrad@o8ad or from 19 to 49 in units
of pseudo rapidity. This design follows the angular produrcbf heavy flavour quark anti-quark
pairs. The quark and anti-quark are predominantly produtéie same direction and close to the
direction of one of the beams.

The LHCb tracking system consists of a silicon strip VErt&dator (VELO), a 4 Tm dipole
magnet with one silicon strip tracking station (TT) befonel @ahree stations after the magnet. Each
tracking stations after the magnet has silicon strip detsdn the high occupancy inner region
close to the beam pipe (IT) and straw tracker modules away fhe beam pipe (OT) to complete
the acceptance coverage.

The LHCb detector is completed by a number of particle idieation devices. Two Ring
Imaging CHerenkov (RICH) detectors with a total of thredatént radiators allow excellent sep-
aration of pions, kaons and protons over a momentum range Zr&eV/c to above 100 GeYt.
The calorimetry detectors comprise a scintillating paddet for fast information in the trigger
and for electron identification, a preshower detector, antedmagnetic and a hadronic calorime-
ter. The third set of particle identification devices are fivaon stations, one of which is located
upstream of the calorimeters to aid the tracking of muonsfand stations downstream of the
calorimeter.

The LHCDb coordiate system is defined by thaxis which coincides at the nominal collision
point with the axis of the beam pointing towards the rest efthiCb spectrometer. Thgaxis
points vertically upwards and theaxis completes the right handed Cartesian system.

1.1.1 The LHCDb Silicon Detectors

The VELO consists of two halves with 42 semi circular silicgensors each. The split into
two halves allows the retraction of each half away from thentbéne. This is necessary in order to
protect the detector during injection of the beam into theCl, Hcceleration of the beam to nominal
momentum, the beam dump, and other unstable beam conditidms retraction mechanism is
described in detail in [2].

Each VELO half contains 21 modules, each of which has twomen®One sensor on each
module measures the radial coordind®sénsor), the other one measures the angular coordinate
around the beam lineX sensor). In addition to the 84 VELO sensors, teensors placed at the
upstream end of each VELO half form the so-called pile-upyasta. They can be used in the trigger
to suppress events with very high track multiplicity or eiganith more than one hard interaction.

The design of the VELO is motivated by the fact that most pkrtiracks originate from
near the beam axis. The beam axis is the symmetry axis of teetde as it is centred around
the interaction region in the transverse plane at everyngos he design also allows the efficient
detection of particles originating from a vertex which ismlaced from that of the primary collision.
This is essential in the detection of the mostly long livedwyeflavour particles.
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The TT consists of four layers of silicon strip detectorsy tvi which measure thecoordinate
and two so-called stereo layers which are rotated aroundem axis byt5° with respect to the
X measuring sensors. The IT comprises three stations of &yerd each which have the same
orientation as those in the TT, respectively. The silicaip dtacking stations around the magnet,
TT and IT, are grouped in the silicon tracker (ST) project [3]

1.2 The LHCb Data Taking Infrastructure

The LHCb data taking chain starts with a first, hardware &rdgvel (LO) which operates at
the LHC clock frequency of 40 MHz and reduces the event rafleNtiHz. The LO trigger uses as
input information from the calorimeters, the muon detextord the pile-up stations. The LO trigger
output is reduced to a rate of 2 kHz by a high-level, softweggér (HLT) operating in two stages.
The first HLT stage (HLT1) aims to confirm the LO decision usihg full detector information.
This is the first stage at which tracks originating from disgld vertices can be detected using
information from the VELO. The second HLT stage (HLT2) penfis a full track reconstruction
based on a simplified geometry description and appliesshauand exclusive event selections.

Data quality is first assessed online with a stream of aboWtH0of events which are re-
constructed in the trigger framework. A second stage of datdity assessment occurs with a
dedicated stream of 5 kHz of specifically selected calibragvents. Given the limited rate of
this stream, these data can be reconstructed on a shortdateeadter they are taken. If no major
problems are found the full processing proceeds, followed final round of checks which lead to
a decision on the usefulness of these data for physics &salys

The full offline data processing work flow has been gradualiiyip place and is in full oper-
ation. Data taking started with a minimal trigger. The tBggequirements are gradually tightened
in order to maintain the nominal output rate of 2 kHz. Durihg time the more complex triggers
are run in parallel such that they can be commissioned ontdditsie operating in rejection mode.

2. Tracking

Tracking is a key component of the LHCb event reconstrucffionmore details see [1] and
references therein). It has to meet a number of requirenterfexcilitate high precision flavour
physics. High efficiency is mandatory to minimise biasessedlby local or global inefficiencies.
The speed of both track finding and track fitting has to be dpéhto allow for the reconstruc-
tion used at trigger level to be as close as possible to theefflersion. Finally, high precision
measurements require high precision tracking, both ingesirmomentum resolution as well as
position resolution in the VELO. High resolution also helpseduce the number of reconstructed
fake tracks.

Excellent momentum resolution is a cornerstone for exgelheass resolution, particularly
for two-body decays, which leads to higher sensitivity irerdecay searches as well as to lower
background levels in general. In the cases both of the deteof displaced vertices and of the
measurement of time dependent quantities it is essentiae excellent impact parameter and
vertex resolutions. The LHCb tracking is split in two stag&ack finding (pattern recognition)
and track fitting.
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Figure 1: Vertical component of the LHCb dipole magnetic field (topdl different track types reconstructed
by the tracking system (bottom). The total bending powehefrhagnet amounts to about 4 Tm.

2.1 Track Finding

The pattern recognition starts with a search for track se@ettsee VELO. It exploits the fact
that most tracks originate from somewhere close to the beasbg only using hits on th&
sensors for track finding in-z space. A constraint in the azimuthal direction is providgdhe
segmentation of thR sensors into 45sectors and used in the initial seeding stage. The search for
tracks starts from the downstream end of the VELO where thadnisity is lowest. A second stage
uses hits on botR and® sensors to complement the seeds-inspace to make 3D VELO tracks.
A third step attempts to form tracks using all remaining s This algorithm has no constraints
on the track direction and is aimed at finding tracks whiclgiogte far from the primary collision
vertex such as tracks fromJdecays.

VELO tracks are complemented with hits from the other tragkstations using two ap-
proaches to give so-called long tracks (see Fig. 1). Thedahiracking extrapolates VELO tracks
to the tracking stations downstream of the magnet and atila/lthin a given search window. The
so-called track matching attempts to combine track seedshware independently created from
hits in the tracking stations with VELO tracks by extrapimgtboth towards each other. Finally,
hits in the TT station are added to the tracks to reduce thebeuwif fake tracks and to improve
momentum resolution.

Long tracks are the most important class of tracks for themnstruction of physics events.
However, tracks are not required to have hits in all tracklagectors as there are physics use cases
where particles do not traverse the full tracking systemcdyegroducts from long lived particles
such as @ may only be produced after the VELO and, hence, create hi{siorthe detectors
downstream of the VELO (downstream tracks). Tracks witly \ew momentum may be bent by
the magnetic field such that they leave the acceptance addgedits only in the VELO and the
tracking station upstream of the magnet (upstream tracks).
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Figure 2: Efficiency of long track reconstruction usinggldecays. Left: Efficiency numerator (blue) and

denominator (black) invariant mass distributions showatgl (solid) and signal component (dashed). Right:
Extracted efficiency as function of transverse momentunhefttack for data (blue) and MC simulation

(red).

2.2 Track Fitting

After completion of the track finding stage all tracks areefitusing a bi-directional Kalman
filter. This accounts for multiple scattering in the detectmterial based on the particle momen-
tum. A detailed material map is used for offline track fits. sTisireplaced by a simplified material
map at trigger level for reasons of speed.

Spatial alignment corrections are applied in both the tfaxckng and fitting stages, and both at
trigger level and offline. The position of the two VELO haliesletermined by a hardware system
after each closure to an accuracy of about 50 um and used to update the known alignment
constants (see Sec. 3). This leads to a nominal momentunutiescof Ap/p = 0.35%— 0.55%
depending on the track momentum.

2.3 Tracking Performance

The performance of the LHCb tracking system and of the rdoact®on software has been
extensively tested with collision data.

2.3.1 Tracking Efficiencies

The efficiency of finding a particular track through the patteecognition and successfully
fitting it, is a crucial quantity. In particular, decays wittarge number of daughters benefit strongly
from a high tracking efficiency. There are various methodsafsessing the tracking efficiency on
data.

One method to measure the efficiency of finding long tracksergthat the relevant VELO
track segment exists, uses the reconstruction dt#ndidates. The X— " events are re-
constructed from one existing long track for one of the déaighwhile the second daughter is
reconstructed from a VELO track which points to clustershia talorimeter. The ambiguity of
clusters in the bending plane is unfolded by reconstrudiirgginvariant mass and fitting thegK
peak. The efficiency of long tracks is defined by the integfahe Kg peak for cases where the
VELO track is used in a long track which points to the calotieneluster normalised by the inte-
gral of the peak without the long track association. The iefficy as a function of the transverse
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momentum is shown in Figure 2 where the same method has bpéadafm simulated data for
comparison. It is above 95% for all tracks with a transversenentum above 100 MeA¢ which
covers the full physics range.

2.3.2 Hit Resolution & Charge Sharing

The single hit resolution of a silicon detector is the mogtibguantity to assess the detector
performance. Itis governed by the strip pitch and the ptegtangle of the track producing the hit.
The projected angle is defined as the component perpendicutbe strip direction of the angle
between the track and a normal vector of the sensor plans.afigle strongly affects the sharing
of the deposited charge between adjacent strips. Additieffiects can lead to different charge
sharing depending on the exact position of the track infgroetween two strips. This so-called
function [4] is described in more detail below.

Another parameter which affects the hit reconstructiorhes magnetic field. It leads to a
bias due to a change of the drift direction of charge carrieosvever it does not change the hit
resolution. This bias is at the sub micron level in the VELQ isuas large as g/m for the ST
detectors (see Fig. 1 for the magnetic field strength at teéipo of the various detectors).

The optimal resolution for a given strip pitch is obtained timcks which cross the width of
one strip when traversing the sensor. For the VELO sendtisspptimal projected angle varies
between about °7for the innermost regions with a pitch of 40m, and 20 for the outermost
regions with a pitch around 10@m. For tracks at normal incidence diffusion leads to a naw-ze
amount of charge sharing, benefiting in particular the logiteh regions.

Tracks with very small projected angles have different gaaharing depending on how close
they are to a boundary between two strips. This dependentascsibed by a so-callegl function
which relates the dependence of the reconstructed po$itionthe charge of the strips in a cluster
to the true position given by the track intercept point. ihistudies for the VELO show a clear
effect for small projected angles, whereas the chargergihéor large projected angles follows a
simple weighted average of the charge of the strips invol¥ée use of this function as a correction
to the position reconstruction is under study.

The single hit resolution has been measured using hit rasidurhe distribution of these
residuals is measured as a function of strip pitch for tracks given range of projected angles.
The resolution is extracted from the width of the residuatrihutions by correcting for the bias
which arises from the usage of the hits on the sensor undgy stihe track fit. Only hits other than
the first and last on a track are used. Figure 3 shows the tesofor projected angles betweeh O
and 4 and between“and 12. Already for small projected angles, the resolution is sigantly
better than that expected for binary readout, i.e. the pifelied by+/12. The best resolution
for projected angles betweefi @nd 1T has been determined to be better thanm for a strip
pitch of 40 um. These results are in good agreement with expectations firevious test beam
experiments [5]. Some further improvement is expected fupuates of the alignment which is
discussed in Section 3.

Charge sharing in the ST detectors is significantly less thathe VELO due to a larger
ratio of strip pitch to sensor thickness which results in@imno tracks having an angle large
enough for optimal charge sharing. The charge sharing fgygmelicular tracks is measured to
be significantly less than what is expected from test beanitsesThe ST reconstruction usgs
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Figure 3: VELO hit resolution as function of strip pitch for differergnges of projected angle compared to
binary resolution.

functions determined from data in the calculation of cluptsitions. The single hit resolutions of
the ST detectors are determined to be about 30% worse thactexip Significant improvements
are expected from more precise alignment constants. Hayaveut half of this discrepancy can
be attributed to the difference in charge sharing at smajepted angles.

2.3.3 B Tagging

The most common way to identify heavy flavour particle degaysy detecting tracks which
have a large impact parametéP) with respect to the primary vertex. Th® is defined as the
closest distance of approach between the extrapolatddaratthe position of the primary proton
proton collision. ThdP can be split in components by defining sy plane at thez location of
the primary vertex and measuring the componéRtsind| R, as thex andy intercepts of the track
with the plane, respectively. For tracks originating frdme primary collision point, the width of
the P, IR, distributions is a convolution of the resolutionliR, IR, and of the vertex resolution.
The contribution from the vertex resolution is minimisedrbguiring a minimum number of tracks
contribution to the primary vertex which effectively amgdian upper limit to the vertex resolutions
(see below).

Thel P resolution obtained from first high energy collision datalieut(16-+ 25/ pr)um (pr
in GeV/c), that forl R, is equivalent. This means that high transverse momentursighiracks
have an P, IR, resolution of about 2pm. The simulated resolution is significantly better at about
(11+ 20/ py)um. This discrepancy led to an investigation which revedhed the RF foil, which
separates the VELO sensors from the beam vacuum, was iadalgusimulated with a thickness
of 250 um instead of 30Qum. However, this correction only changed the slope of theluéisn
function from 20 to 21. Further investigations are ongoingihderstand these differences. The
measured resolution for theandy component of thd P corresponds to a resolution ¢20-+
29/ pr )um for the full, so-called three-dimensiond?.



LHCb Physics Performance Marco Gersabeck

[ LHCb Preliminary \'s =7 TeV

g 15
1S E
£ r
% 101 :
S 10
o e 3
5 . % )‘;Af“‘
% 5* ity W
X C
2 L
0 e
'5} = 4
-10F
Y] S N A L AR R A S (P B
60 80 100 120 140 160 180 200 220 240

PV, in mm

Figure 4: Distribution of vertices in the VELO region. The coordinatge the radial vertex position multi-
plied by the sign of th& position and the position. The plot shows beam-gas interactions along taebe
line in the centre, the sinusoidal shape of the RF foil andséresor pairs of the VELO modules.

Improvements of the alignment are expected to account fargiahe discrepancy mostly
regarding the offset for higpr tracks. Additional investigations into the accuracy of the matkri
description are under way. The currently achieved pretis@lready at a level which allows the
full exploitation of the LHCb physics potential.

2.3.4 Vertex Resolutions

Vertex resolution is a quantity which is closely related Boresolutions. Good precision on
vertex resolutions is crucial for proper time reconstittifor separating vertices from multiple in-
teractions, and for various other quantities in the sedeatif physics processes. Vertex resolutions
are measured by randomly splitting all reconstructed sackwo subsets and by reconstructing
vertices from each of the subsets [2]. If each of the substtsns exactly one reconstructed ver-
tex it is assumed that the vertices from the two subsets ibesttre same true interaction point.
Under this assumption, the resolution can be determined fhe width of the distribution of the
distance between the two vertices. Following the obvioyseddence of the vertex resolution on
the number of tracks used in the vertex i) ( the resolution is measured as a functiomMNofn the
transverse plane, the vertex resolution is measured ta @Baum/+/N for thex andy coordinates.

In the longitudinal direction, the resolution is deternuras 456um/+/N. Further improvement is
expected with advances on the alignment and on the cabhbrafithe track reconstruction.

A pictorial demonstration of the vertex reconstruction lgyas given in Figure 4. The plot
shows the-zpositior? of vertices that were reconstructed from three or more g:a€ke horizontal
line in the centre originates from beam-gas interactidms two sinusoidal lines show interactions
in the RF-foil, and the pairs of vertical lines originaterfronteractions in the sensor pairs of the

1Subsequent to the conference, alignment improvementsihdeed brought good agreement between data and
simulation for tracks with a transverse momentum greatan thGe\/c.
2The sign of the coordinate is assigned as the sign of tteordinate, following the VELO half geometry.
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VELO modules. The precision of these material maps will bedu® study the accuracy of the
material description in detail.

3. Alignment

The alignment of the LHCb detector is a rather challengirsl &s the alignment precision
has to be a small fraction of the respective detector résoluirhe algorithms for performing the
alignment are largely in place and have been presentedabpsenorkshops [6, 7]. Initial align-
ment constants have been provided by a series of survey reeasuts of the sensitive elements of
all tracking systems. There are two sets of algorithms fignaig the VELO:

e arelative alignment of the sensors based on fits to residsiaibditions and an alignment of
the modules and the two VELO halves based on the Millepedwitig [8, 9],

e a globalx? minimisation based on Kalman track fit residuals [10].

The latter approach is also used in the ST. It is complemelpyed Millepede based algorithm
which differs from the VELO approach by the track fit as it hasake into account magnetic field
effects that are negligible in the VELO.

Compared to the other LHC experiments, LHCb could only betefa very limited extent
from data taking with cosmic rays due to its forward geomektpwever, tracks from secondary
particles during LHC injection tests have been used sufids$o obtain initial alignment con-
stants, particularly for the VELO [11]. While the particlertsity in these tests, which was fairly
uniform in the transverse plane, was low for the VELO comg@doecollision events, it was signif-
icantly higher for the ST. Hence, a clean track reconstouctias not possible and only a coarse
alignment was achieved.

With all alignment algorithms in place, the first challengda distinguish real misalignment
effects from those originating from other sources. In pat#r, the detector description can only
be tested in detail with the analysis of non simulated datausT an effect which appeared to be
a scaling misalignment in thecoordinate of the TT has been traced down to a value of the stri
pitch which was wrong by two per mille.

The main question regarding VELO alignment in the early Lid@ning period is the stability
of the alignment over several retractions and insertiorth®@VELO halves. Alignment constants
are measured by a hardware system and updated after eadioinse the start of an LHC fill.
This relativex misalignment of the two VELO halves, i.e. in the directiornttod main movement,
has been found to be stable withitb um. This is within the required precision of the hardware
alignment system.

The module and sensor alignment is known to better tham5orecision from an alignment
obtained by studying residual distributions with data fribra aforementioned injector tests. The
target precision is to have misalignments belowrl, which is expected to be reached with com-
pletion of the analysis of first collision data.

The ST sensor alignment is at 2@n precision for TT and 16tm precision for IT. The target
precision for both is to reach about fn.
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Figure 5: Left: Proper time distribution measured i’ B+ KT events with a fit to the region without
acceptance biases. Right: Pseudo proper time distrib(taéimg only thez component of decay distance
and momentum) of/y — ppu candidates. The narrow peak underlines the good resolatidnthe tail
shows the presence ofldfrom B decays.

4. Physics Performance

LHCb was commonly described during construction as a daypgranent. Despite the fact
that the LHC operates at half its design energy this has renigdd. With a total integrated lu-
minosity of 144 nb! the HLT1 triggers are already operating in rejection mode, no longer
accepting all events. The LHC luminosity is scheduled torepagh the LHCb design luminosity
to within a factor of two by the end of the year. This will reguithe full experiment to work
close to design specifications, but also allows an earlyoitgtion of a rich physics programme.
In particular, charm physics, which benefits from loosegger conditions, will offer a number of
interesting physics opportunities as the charm produatioss-section suffers the least from the
lower centre-of mass energy.

The current performance of the LHCb experiment is best sHowthe number of particles
which have been rediscovered using the first data sample. dlesin signal peaks have emerged
for all particles from pions to/Q. Even a first evidence of B mesons has been observed in a fully
hadronic decay mode. The capability of the particle idaratifon system is best demonstrated by
the fully hadronic decays d% and D with reconstructed purities above 90%.

Time dependent measurements are key in heavy flavour physifisst attempt of a lifetime
measurement usingD- Kt decays, performed by excluding the region at small propeedi
which is affected by acceptance effects, yields a value lieeagent with the current world average
(see Fig. 5). This shows that the momentum and vertex measuts are well calibrated within the
precision of the measurement. A first estimate of the proper tesolution has been obtained from
J@ — pu decays. Most of these are produced promptly, hence the wfidtteir time distribution
gives an estimate of the resolution (see Fig. A). flom B decays produce a tail of positive proper
time values. The lack of the same tail for negative propeesim another clear sign of the presence
of B mesons in LHCb.

10
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5. Conclusion

LHCb is a running heavy flavour experiment. It is in the tréiosi from initial operation to
detailed understanding of the detector. The tracking iy fyperational and has shown very high
performance from the start. Detailed studies of the effaies) resolutions and of the material
description are under way and have already shown resulishvare close to expectations. The
spatial alignment of the full tracking system is progregsamd has proven its sensitivity to sub-
micron level effects. The initial physics performance isyveromising for making high precision
heavy flavour measurements with early data from the LHC.
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