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Abstract

This note describes the so-called Forward Tracking. Thgerghm uses as input track seeds re-
constructed in the VELO (Vertex Locator) and searches fso@ated tracks in the inner and outer
tracker of the T stations based on a Hough Transformatioroapp. We describe in detail the im-

plementation of the algorithm as it is in Brunel version 3Dehd the according performance on
DCO06 [1] data.

1 Introduction

A track of a charged patrticle in a magnetic field can be deedriyy five parameters, namely its
position(x, y), its direction(dz/dz, dy/dz) and its momentum at a given positien|f we know
the field map of the magnetic field (and neglect material &jethe path of the particle through
the detector can be precisely determined from those paeasndthe algorithm documented here is
the so-called Forward Tracking. It uses tracks reconstdust the vertex detector (VELO) as in-
put. Since there is essentially no magnetic field in the VEIy ¢the position and the direction of
the track are known from the seed track. One additionaleasurement of the particle trajectory
in or behind the magnetic fields sufficient to determine the missing momentum informatiime
Forward Tracking algorithm combines all measurements enTitstations with the VELO seed. It
computes for each combination theoordinate of the potential particle trajectory at a fixadhlue

(z = 8520 mm). The measurements are thus projected along jeettny onto this reference plane.
The measurements which belong to the same particle as th&©\dekd will be projected (within
uncertainties) on the sameposition. Projections from random measurements are exgeotbe
distributed uniformly. Technically the extrapolated kgmsitions at the reference plane are filled in
a sorted list and selecting track candidates correspondsmtifying a significant cluster in this list.
This pattern recognition approach is called Hough Tramsétion.

The basic idea of this method is quite simple. However sévechnical details and performance
optimizations resulted in a rather complex implementatibthe algorithm. Once we move on to
pattern recognition on real data we need to be aware of aland decisions applied throughout the
tracking strategy as some of them - e.g. sizes of search wmedwill depend on our understanding
of the detector and might need retuning. This note is an g@itéondescribe the Forward Tracking
and its implementation as detailed as possible.

We first briefly remind of the LHCDb tracking system. Then weaduce the propagation model to
compute the intersection of the track candidates with thereace plane. Next we follow the var-
ious steps through the tracking algorithm. Finally, we welport the performance of the algorithm
as it has been measured with Brunel v30r14 based on DCO6 {a] @he results presented here
supercede studies based on an earlier version of this #ilgof2].

1The direction of the principle component of the magnetiafialthe LHCb detector is along the y direction.
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Figure 1 Top view (z/z) of the LHCb forward spectrometer. The z axis is defined along
the beamline, the interaction point is located around z = 0. The direction of the principle
component of the magnetic field is along the y axis.

2 Brief Introduction to the LHCb Tracking System

The LHCb Tracking System consists of a silicon vertex detedbse to the interaction point (Ver-
tex Locator - VELO), two tracking station with two silicorylars each in the fringe field before the
magnet (Trigger Tracker - TT) and three tracking stationstg@fions) behind the magnet (Fig. 1).
Each T station consists of four layers each wittxau, v, x) structurex represents a tracking layer
with approximately vertical detection elements and are tilted layers witl¥ = + 5° stereo angle.
For the outer tracker (OT) these are double-layers of stradvie for the inner tracker (IT) they are
single layers of silicon strips. Once the drift times arehesd the outer tracker single measurement
resolution isc 200um, the inner tracker resolution4s 50 xm. The hit efficiency in an outer tracker
monolayer is 92 % while the one in the inner tracker is 99.5 %defailed description of the various
LHCb detector components can be found in [3].

3 Pattern Recognition

The Forward Tracking algorithm proceeds as follows. Firstsgarch for potential measurements
in the thex planes of the T stations, applying loose cuts based on tbenmattion from the VELO
seed. Next hit candidates are projected on the referenoe.plsle then search for clusters of hits
which potentially belong to the VELO seed. Next a third orgetynomial is fitted to the hits in
the cluster. Based on the contribution to t{reof the fit, hits which potentially do not belong to
the track are identified and removed from the cluster. Trarldates which fulfill certain quality
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criteria such as minimum number of hits or maximyfido f are then passed to the search for stereo
hits. Here again first a rough preselection of potentiakstdiits is performed. In combination with
they information from the VELO seed the position can be derived out of the v measurements.
The deviations in: of the hit from the track are stored in a sorted list. Then mgatluster search
is performed. Finally a parabolic fit of the hits and ther information of the stereo hits and a
straight line fit to they information of the stereo hits is performed. Again the hitthwhe largest
contribution to they? of the fit are removed until the track candidate fulfill cemtgiuality criteria
or it is discarded. Finally a quality variable based on motuen y?/dof, compatibility iny of the
VELO seed and the track in the T stations and number of hitstisduced which is then used to
select the best track.

The various pattern recognition steps are described inl detae following.

3.1 Selection of Potential « Hits

As a first preselection criteria @a search window is defined in eachplane. Asz planes do not
provide anyy information beside their geometrical acceptance theictisin to a search window in
y mainly restricts for the OT the search to the upper or lowdfrdfahe detector and for the IT to
the four boxes, which are read out separately. The centgr,. of the search window is computed
as straight line extrapolation of the VELO seed9,...., the centrak position of ther plane.

Ycenter = Y0,VELO seed + dy/dZVELO seed X 20,plane (1)

The size of the search windalvy is defined as follows:
Ay = yCompatibleTol + 50 mm X dy/dzvELo seed (2)

whereyConpat i bl eTol 2= 10 mm. Only hits which lie within this window are further id-
ered.

With the additionaly information from the VELO seed the position of the hits can be corrected
for smally slopes of the planésFirst they position andz position of the intersection point of the
VELO seed with the measurement plane is recomputed. Therotinectedr and z position of the
hit (2,4, Zmeas) 1S derived.

y Yo,V ELO seed + AY/ A2V ELO seed X Z0,plane (3)

1 —dy/d2vELo seead?/AYpiane
Zmeas = 20plane + A2/ AYpiane X Y (4)
Tmeas = Tmeas + AT/ AYpiane X Y (5)

For hits in the OT detector the drift distancés given:
r = (drifttime — (wire_length — |y|) x wire_velocity) x driftvelocity  (6)

wheredri ft_time is the raw measurement timejre_velocity anddri ft_velocity are read out from
the OT geometrywire_length is an offset of a specific channel, which is 0 per default butlba

2All parameters which can be adjusted via option files areteriin type writer style.
3The nominal slope of the planes is 3.6 mrad, which corresptmthe rotation angle of the beamline in the LHCb
detector with respect to the horizontal plane.
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Figure 2 Dirift distance of OT hits corrected for y position of seed track. In blue/bold the
distribution for good hits, red/thin for wrong ones.

adjusted according to the information in the calibratiotadaase. In case the drift distances
smaller tharmm nOTDri ft =-0.1 mm or larger thamaxOTDr i ft = 2.6 mm, this hit is not taken
into account for the pattern recognition. The distributidthe drift distance for good (associated to
VELO seed) and wrong hits (not associated to VELO seed) @aijs in Fig. 2. Those cuts cause a
loss in single hit efficiency< 8%) but reduce significantly the rate of wrong hits (44 %). Asse
hits are unphysical (outside the cell radius of 2.5 mm) threypatentially anyhow removed at a later
step of the algorithm e.g. outlier removal in the fit.

Next the search window in the reference plane is defined.efbier the VELO seed is extrapolated
as straight line to the reference plane;at = 8520 mm.

Lextrapolated = L0, VELO seed + dl’/dZVEL() seed X Zref (7)

For tracks without any momentum estimate a symmetric seanstiow is opened around the ex-
trapolatedr position. The search window is adjusted to correspond tdéetion from the straight
line due to the magnetic field for a particle with at leashPt = 80 MeV transverse momentum
and at leastr nMonment um= 1 GeV total momentum. This results in a search window gize
which is the minimum of

Azx; = rangePerMeV X dx/dzypro seeqa X 1/minPt and (8)

Azy = rangePerMeV/minMomentum (9)

wherer angePer MeV =5.25 mm. In case the momentum of the seed is known (this sigedor
VELO tracks with additional information in the TT statidhshe extrapolated position is corrected

4The standard pattern recognition uses VELO only seedsirikte TT stations are added later.
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Figure 3 Sketch of relevant quantities for the track parameterization used in the pattern
recognition strategy.

by the expected deviation. A momentum dependent searctowidd: is computed

Lextrapolated — Lextrapolated + rangeperMeV X Q/p[MeV_l] (10)
Az = minRange + rangeErrorFraction x rangePerMeV x ¢/p[MeV '] (11)

whereq is the sign of the charge of the track seed aiid momentumim nRange = 300 mm and
rangeError Fracti on=0.6.

Next thez projection of the hit on the reference plane is computed &edleed to be consistent with
thex window defined in Eq. 8-11.

3.1.1 Track Parameterization and Computation of z,.

Theoretical the problem of propagating a track through amatig field with a given field map is
well defined. But for pattern recognition we have to find a oeably fast approximation to derive
the intersection of the track with the reference plane ateaifposition behind the magnet.

The parameters of the VELO seed aigzv ), yv (2v), Si(2v) = dz/dz(2v), T,)(2v) = dy/dz(zv).
2y is the z position where the VELO seed is parameterized,,(z = zn.qs) iS the corrected hit
position (Eq. 4-5).

For an ideal magnet the track outside the magnetic field doeittbscribed as two straight line which
intersect in the middle of the magnet (Fig. 3). But there araesweak fringe field as well outside
the magnet volume which cover at least the first trackingastdt;,. A cubical parameterization has
turned out to describe best the path of the track througheahmaining magnetic field behind the
magnet:

2(2) = Tpef + Bo(z — Zpes) + Culz — sz)2 + D,(z — zref)?’; (12)
y(z) = Ay+ By(z — zres); (13)

B, is the tangent of the track at.;. Ay, is the angle between the slope of the VELO seed
S, and B,.. Note that thez,,, the position of the focal plane of the magnet, is due to &peroidal
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shape not anymore right at the center of the magnet but dejmenithe space parameters of the track.
Based on fits to tracks in Monte Carlo the following empirigatameterization has been found:

B, = M T, (14)
ZM — Rref

Aslo;z)e = Bm - Sm; (15)

= Mo+ My x A+ My x 2+ My X 22,0, + My x T (16)

z)r depends om\;,,. and the other way round. Therefore the computation,of needs two itera-
tions to be solved:

oy = Mo+ My x S2+ Ms x 22+ My x T;; (17)

Ty = xy + S X 2z (18)

Augpe = ="M g, (19)
“meas — M

2y = am + My x Aizom; (20)

(21)

The = positions of the hit has been already corrected for poteptslopes of the measurement
planes (Eq. 5). This correction was at that time based onghenaption that the magnetic field does
not have any impact on the slope, which is only approximately true. A small field compon
perpendicular tg causes a change ity /dz which results in a correctiosy of they position of the
track atz,,.., With respect to the earlier computation.

0y = Algpe X Ty X (Y1 + (Zmeas — 2res) X Ya); (22)
Tmeas = Tmeas T 0Y X dT/AYpiane; (23)
Co = X1 X Agope; (24)
D, = X5 X Agiope; (25)
Tieas = Tmeas = Co X ((Zmeas = Zref))? = D X ((Zmeas = 2ref))™; (26)
Trep = Ty + (Zref — 2m) X %% (27)
B, = "Ml (28)
ZM — Zref

Ay = YovEerowed + Ty X zpep + A2gpe X Ty X Y15 (29)
B, = T,+A%,,.xT,xY, (30)

’

is defined in Fig. 3.

xmeas

The values of\l, — M,, X, X3, Y7 andY; have been derived from fits to Monte Carlo data [4].
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3.2 Scan for Hough Clusters

The next step of the pattern recognition is to search forteta®f hits in the sorted list of projected
positions. The hits are sorted by increasingrojection. The maximal widtihx (distance between
first and last hit) of a cluster is computed in the followingywa

Az = maxSpreadX + |(xfir5t hit — xextrapolated) X maXSPreadS]-OPeX|§ (31)

wheremax Spr eadX = 0.6 andmaxSpr eadS| opeX = 0.011; Zcutrapoiated Nas been defined in
Eq. 7, 10. This definition ofAx takes into account that clusters which are further away ftioen
straight line extrapolation belong to a low momentum trdedr those tracks the clusters are ex-
pected to be broader. In case the first hit of a cluster is an @dsoremeni\z is enlarged by 1.5
mm to take into account the drift times (so far only the cen#drrpositions are used). If not at least
hits fromm nXPI anes = 5 differentz planes are found in the window,,;; ;, 1 ; + Ax], the hit

1 + 1 is taken as next starting point of a potential cluster. Thaeséest is then repeated. Once a
successful cluster candidate,]; ;, ...,z ] is found in the list, we search for overlapping clusters.
Therefore we add hits+ 1, k£ + 2, ... to the cluster as long as one hitin the rapgel, ...,k +1—5
can be chosen as a starting hit of the overlapping clusterbatit requirements (hits in at least
m nXPl anes different planes and,;,,; — x.,q < Ax) are fulfilled. Once we failed to add a new
hit to the cluster, we check if the position of the startingjhis within Ax to the end position of a
previously accepted cluster. If so we merge the both clestéherwise we define a new cluster. This
procedure is repeated until all hits in the list are checkaath cluster is in the following considered
as potential track candidate.

3.3 2D Fit & Outlier Removal

The IT and OT detector planes are split up in regions as itasvehn Figure 4. With the configu-
ration of the magnetic field given in the LHCb detector it ig temst for tracks in the OT - unlikely
that at track crosses regions. Therefore we check first fosets of hits in the cluster which are all
in the same region and which additionally have at least ohim l@ach of the six: planes. In case
we find several subclusters which fulfill these requiremargshose the narrowest subcluster.

In case there is no region with one hit in each plane we countrhany different planes are rep-
resented in the cluster. We then search the narrowest sti&clhich contains hits from each of
them, independently to which region they belong. This lfdtits is then our central subcluster.
Once a subcluster is defined by one of those criteria, additints are tested. Hits which are within
a tolerance of 0.2 mm from the first or the last hit of this cairtubcluster are merged in the cluster.
In case the subcluster contains mainly OT hits the toleramealarged to 2.0 mm to account for
drift times. Once new hits are merged to the cluster thedalezs are counted from the new starting
and end hit and additional hits are tried to be merged as well.

Next a first track parameterization based on the VELO seedtlamaentral hit in the subclus-
ter is derived (Eq. 12-30). All hits are corrected accordimghe new best track parameterization.
The same formulas as in Eq. 3-5 are used but insteagof .o scca aNAdY/d2yELO seea this ime
A, — By, X z..; and B, of the current track are used.

Next we try to resolve drift ambiguities of OT measuremeirsaaly before the fit. Therefore only
layers with at least two OT hits (one per monolayer) are stalldhll possible track/hit combinations
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are displayed in Fig. 5. While in case a) and b) the left-rghbiguity can be easily resolved in case
c¢) and d) the precision of the current track is not good endaghake any decision. Mathematically
the criteria for fixing the ambiguity before the fit is

|dist(track, hity, +1)| 4 |dist(track, hity, —1)| < 0.3 mm (32)
|dist(track, hity, —1)| + |dist(track, hits,+1)| < 0.3 mm (33)

Where thet 1 corresponds to the case where the track passes belowthieaxenter of cell. Eq. 32
corresponds to drawing a) and Eq. 33 corresponds to drawing those cases the ambiguities are
fixed before the fit. For all other OT hits the solution whicltligsest to the starting track of each fit
iteration is chosen. Then a fit of the deviations from the jmesly determined track parameteriza-
tion is performed. Note that a cubical track model is useaoalh here we only fit for three of the
parameters.

2(z) = (As+0A,)+(By +0By) X (2= 2pe) +(Cp +0C,) X (z—zref)2+(Dx) X (z—zref)g; (34)

A,, B,, C,, D, are fixed and we fit then farA,, 6 B, anddC,.. All hits are included in the fit with
its weight, additionally the: position atz,, of the extrapolated VELO seed is added to the fit with
the following uncertainty:

02 = xMagnetTol + Aslope® x xMagnetTolSlope (35)

T M
wherexMagnet Tol = 3 mn? andxMagnet Tol Sl ope = 40 mn¥. Adding the VELO seed as
additional constraint to the fit does not introduce any aold@l bias (e.g. onk, reconstruction
efficiency) which is not anyhow present by the fact that thevéod tracking requires reconstructed
VELO seeds to be present.
After each fitA,, B, andC, are updated according to the fit result and the fit proceduepmsated
up to at most 10 times. This is needed as the OT ambiguiti¢sehein unresolved can be flipped
during the fit. The iterations are stopped in case the fittechtlens of the track parameter fulfill the
following requirements:

§A, < 5.0x1073 (36)
6B, < 5.0x107° (37)
5C, < 5.0x107° (38)

In case there is one or more hits which contribute more thenChi 2 = 20 to the overall? of the
fit, the hit with the largest? contribution ( = max?,,) is removed. If

maxy;; < 20 X maxChi2, (39)

all hits in the total cluster (not only the previously defirmdcluster) which have a distance to the
fitted track which is smaller than mgk,, are added to the subcluster. Then we restart the fitting
procedure. The check for hits outside the central subclistone only the first time requirement
Eq. 39 is valid. In later iterations no hits are added to theredésubcluster. The iterations stop when
either no hit has a? contribution to the fit which is larger thamaxChi 2 or we have less than

m nXPl anes different planes represented in the hit list of the trackdidate. In the first case the

x candidate is accepted in the later one it is discarded. Hcktis accepted we repeat the search for
a subcluster and the fit procedure with the not yet used hitseobriginal cluster.

In average we are left with two to five candidates per VELO seed which are then passed to the
stereo pattern recognition part.
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3.4 Selection of Potential Stereo Hits

The track parameterization obtained by the fit of theandidate is now extrapolated to everyw
plane via Eq. 12-13. We check that this position is witkiry Conpat i bl eTol (= 10 mm) con-
sistent with the geometrical acceptance of the plane.

Next thewu /v hits are combined with the knowledge of the track parametedsthus transformed
into x measurements. Again Eq. 3-5 are used and adain B, x z,.; and B, of thex candidate
track are used instead of the parameters of the VELO seed. Etpr5 corresponds to the transfor-
mation of theu /v into anz measurements whetk: /dy is the tilt of the stereo angle.

OT hits are again required to have drift distances betwearOTDr i ft =-0.1 andraxOTDr i ft
=2.6 mm.

Then the extrapolated position, ¢ qpoaica 1S COMpared to the position of the hit,.,,. The hit is
accepted if the difference is within:

Axr = maxSpreadY + maxSpreadSlopeY x (q/p)*[MeV 2] (40)

wheremax Spr eadY = 1.5 mm andraxSpr eadS| opeY =70 mm.Az is enlarged by 1.5 mm in
case of OT hits. For all hits fulfilling this CUic,irapoiated — Tmeas 1S filled in a list.

3.5 Scan for Hough Clusters in Stereo

The scan for hit clusters of this list, is performed in theywveame way as the scan for thehit
clusters. The minimum number of stereo planes requirediisgod the maximum size of the cluster
is 3 mm for IT hits as starting hit and 4.5 mm for OT hits. In casgeral good stereo clusters are
found the one with largest number of different planes is tiake case of two clusters with equal
number of planes the narrower cluster is selected as gattister for the 3D fit.

3.6 3D Fit & Outlier Removal

First all hits (bothr and stereo) are updated for the current track parametenzdthen if possible
the left right ambiguities of OT hits are resolved in the samay as described above (Eqg. 32-33).
Next thex projection is fitted. Here the position of the stereo hits is included in the fit. Otherwise
the same iterative fitting procedure as described aboveead. ukhen a straight line fit to the
component of the stereo measurements is performed Eq. $8dBm the new parameterization
of the track all hits are updated and a new figjispace is performed. Again up to ten iterations are
tested mainly to take into account the flip of left-right agudties from OT measurements. Iterations
are stopped once the change between iteratiords, is smaller than 0.05 mm and the oneRy is
smaller than 0.00005.

Once the fit was successful the stereo hit with the largéstontributions in case it is larger than
maxChi 2 = 20 is removed. As well all stereo hits with,& contribution larger than 1000 are
removed. In case hits in more themx Pl anes = 9 different ¢ and stereo) planes are left after
the removal, the 3D fitting procedure is repeated with thedeér hits. In case the highegt is
smaller than 2<x maxChi 2, the following iterations are performed with check ghcontribution
from thex hits as well. Once the highegt of all hits on the track is smaller than 20 the iterations
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are stopped and we check once more for at least nine différeamd stereo) planes. As well the
geometrical compatibility iy of the fitted tracks with the detector planes is tested agdinracks
which survived till here will compete in the final track seiea.

3.7 Final Track Selection

The best track candidates are selected in several stegs.tiiér change in thg position of the
VELO seed and the track candidate in the T stations is teBtedationsAy between the straight
line extrapolation of the VELO track (corrected for smalaolges due to the magnetic field) and the
track candidate parameterizationzat z,.; which are larger thatvl, , are discarded.

1
tols, = maxDeltaY 4+ —; [GeV ~?] x maxDeltaYSlope (41)

p2
wheremaxDel t aY =30 mm andraxDel t aYSI ope = 300 mm. Additionally a minimum number
of hits is required. Here IT hits count with a weight of two (#sh= 2 x # IT hits + # OT hits). For
tracks which mainly pass the IT region at leastnHi t s = 14 hits have to be on the track, for
tracks crossing the OT detector the according numbei i$OTHi t s = 16. Then the number of
hits in different ¢ and stereo) planes are counted. Only track candidates methatgest number
and with one plane less are considered further. Then a gwaliiable@ is defined which combines
the deviation iny between VELO seed and track candidate in the T stationsytfiedf and the
momentum of the track. Small values@findicate good tracks.
5 x Ay x*/ndf 10

U -1
Q = ol +7 +‘p|[GeV ] (42)

The track with the lowest) value @Q,,;,, is then identified. Only tracks with & value within
[Qmin, Qmin + 1] are considered further. The distribution of the qualityialale and its components

is displayed in Fig. 6.

The last cut is on the hit content of the tracks. The track Withlargest number of hits{hits,,..)

and all tracks with at leasthits,,..-2 or at least 22 hits are considered as final track candidates
Most of the time zero or one track survive this selection.bowt 5% of the cases more than one
track candidate is selected. The final track candidateshare put into the output track collection
and the pattern recognition is repeated for the next VEL@.see

3.8 Adding TT Hits to the reconstructed Track

The search for additional hits in the TT station is perfornasdfollows. First the VELO seed is
extrapolated as straight line to thgosition of the TT station. We then check for consistencyhef t
extrapolated, position with the active region of the station within a talecetol,r

tolrr = ttTol + ttTolSlope/p[GeV ] (43)

wherett Tol =2 mm,t t Tol SI ope =20 mm;p is the momentum of the track as it is found by
the fit of the VELO seed and the hits in the T stations. The osstof all hits in the station are then
updated according to the track parameters to correct fenpial slopes of the measurement planes
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Figure 7 Left: Deviation from straight line extrapolation of VELO seed and real path of
particle through the detector due to magnetic field. Right: Deviation from VELO seed and
scattered seed. Multiple scattering changes mainly the slope of the track.

(Eq. 3-5). Next ther position of the track at the position of the TT measurement is computed.
Again the magnet field effect is described by one kink betwaestraight line in the VELO and a
straight line in the TT stations at a focal plazdTFi el d = 1650 mm) as shown in Fig. 7.

Lextrapolated — L0,VELO seed + (Zmeas — Z0,VELO seed) X dx/dZVELO seed
+ttParam x ¢/p[GeV 1] X (Zmeqs — zTTField) (44)

wheret t Par am= 30 mm. If the distance between, i apoiatca 8N Zyeqs 1S SMaller thartolyr
the distance is projected on a plane between the two TT statbaz position ofzTTPr o] =
2500 mm. The idea is that after the effect of the magnetic feldorrected the only difference
between the VELO seed and the true path of the particle coroaes ihultiple scattering (e.g. in

RICH1) which mainly results in a change of the slope of thels&berefore the deviationin TT1 is
expected to be smaller than the one in TT2 and the size of tiatd® is supposed to scale linear

in z. Therefore the following projection is performed:

Tproj = (Tewtrapolated — Tmeas) X (2ZTTProj — zTTField)/(%meqs — 2TTField) (45)

Next we search for a cluster of hits in the projection planthat least hits in three different TT

planes and a width of\z:
Az =2mm+ 0.25 X | first nit] (46)

wherez s, 1 1S the projected position of the starting hit of the clustéren a straight line fit in:
(and a fit to a constant value inis performed (Note, we only fit for deviations from the exmelct
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curve due to multiple scattering here):

x(z) = offset+ slope X (z — zTTProj); (47)
y(z) = of fsety; (48)

whereof fset, slope andof fset, are the fit parameters. All hits are added to the fit. Additilgna
thex slope and théz, y) position of the VELO seed enters as a constraint wittyht = 9.0k 0l
Thex?/ndof of the fit is then derived as

x?/ndof = (weight x (of fset® + Offsetz + (slope x (zTTProj — zTTField))?) (49)
+ Z(whiti x disty;, )/ Mnis (50)

2

wp ;1S the weight of the measurement of hitw,;;, is the number of hits on the track addst is
defined as:

diSthit i = Tprojhit i — 0f fset — slope X (zpit  — 2TTProj) — of fset, x sin(f) (51)

where is the stereo angle. Hits with the largegt contribution to the fit are removed in case
x%/ndof<t t MaxChi 2, wheret t MaxChi 2 = 3. If one cluster with hits from at least 3 different
planes is found the TT hits are added to the track. In caseaealasters which fullfill the require-

ment are found the one with the smallgsfndof contribution is choosen and its hits are added to
the track.

3.9 Elimination of Clones/Ghosts

A significant fraction of ghost tracksre related to wrong extrapolation through the magnetid.fiel
Meaning the VELO part and the OT/IT part of the track are twdl vezonstructed track pieces but
they actually do not belong to the same particle. Duringgoattecognition, we can only compare
different OT/IT tracks which are potentially belonging teetsame VELO seed. After the pattern
recognition has been performed we can compare OT/IT tragieets of all VELO seeds. In case
two tracks have a significant fraction of OT/IT hits in commmut are associated to two different
VELO seeds we know that at least one of them is a ghost traclkcoByparing the two tracks we
then try to identify the better one.

Each pair of two reconstructed forward tracks is examinedofe couple is identified if more than
70 % of the IT+OT hits of at least one of the tracks are used th tracks. In case one of the tracks
has more thadel t aNunber | nT =3 OT+IT hits or more thadel t aNunberi nTT=1TT hits
more than its clone partner, the partner is removed fronr#oist. If non of the tracks is identified
as significantly better, both tracks are kept. This procedemoves about 2% of the ghost rate with
negligible drop in efficiency<€0.1%).

4 Performance Studies

The performance of the algorithm has been studied usinggatarated for the DCO06 [1] produc-
tion. Two data samples have been studied:

Strack which can not be associated to a Monte Carlo partictepriecise definition see next section
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e A sample of 20,008° — J/y(utp~)K,(xt7~) events generated at the default LHCb lu-
minosity of 2x 10*2 cm—2s7!;

e and a sample of 508° — J/U(uTu~)K,(7"7~) events generated at a luminosity of5
10*2 cm™2s~L.

The majority of the results were obtained with the first sampl

4.1 Definitions

Efficiency and ghost rates characterize the performancepaftarn recognition algorithm. In order
to define efficiency and ghost rate we first have to introdueel#finition of reconstructible particles
and associated tracks. The standard definition for soecedleonstructible long tracks (tracks with
associated measurements in the VELO and in the T stations) is

e The particle momentum at its production vertex is more th&eV.

The particle has at least three reconstructed clustergingbnsors of the VELO

and at least three reconstructed clusters inftdetectors of the VELO.

It has at least one reconstructednd stereo hit in each of the tracking stations T1-T3.

The particle does not interact hadronically before the dnbleT stations.

It is not an electron.

A track is associated to a Monte Carlo particle if at least #i%s hit in the VELO and at least
70% of its T station hits are associated to the same parAideconstructed track which can not be
associated to a Monte Carlo patrticle is a so-called ghosk tra

With those definitions it is possible to introduce the defmtfor efficiency and ghost rate:

efficiency = N(reconstructible and reconstructed)/N(reconstructible)

ghost rate = N(reconstructed and not associated to Monte Carlo)/N(reconstructed)

Both the efficiency and the ghost rate can be calculated initawss. The first is to calculate these
guantities on an event-by-event basis (“event weightdtiYalues for the whole event sample are
required the averages of the resulting distributions aeel UBhe alternative is simple to calculate the
efficiency and ghost rate on the whole sample of tracks igigorihich event the track came from
(“track weighted”). Since there are large event-to-everttilations in the case of the ghost rate we
will quote in the following the results of both methods.
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event weighted track weighted
momentum| efficiency| ghost rate efficiency | ghost rate
>1GeV 85.9% 0 84.8% 0
> 5 GeV 92.9% 11.1% 92.2% 15.3%

Table 1 Performance of the forward tracking algorithm.
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Figure 8 Track weighted efficiency as a function of particle momentum.
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Figure 9 Event weighted efficiency (left) and ghost rate (right) versus the number of visible
interactions.
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Figure 10 Algorithm time versus the total T station multiplicity.

4.2 Efficiency & Ghost Rate

The results obtained with the default settings of the atgors are listed in Table 1.

Due to multiple scattering low momentum tracks are signifiisaharder to reconstruct, which
causes the lower performance in the low momentum region @ig

The performance of the forward tracking as a function of tbenber of visible interactions as
defined in [3] has been investigated. Fig 9 shows the deperd#rthe efficiency and ghost rate on
this quantity. It can be seen that the dependence of thesgiftigion the number of visible interactions
is quite weak. For each additional visible interaction ia tretector the efficiency decreasesby

%. The ghost rate shows a slightly stronger dependence amuthéer of visible interactions. For
each additional interaction the ghost rate increases B%o.

In addition, the performance with data generated at a hilghminosity of 5x 10*2 cm—2?s~! has
been studied. An average of about 2 interactions per evert@ected at this luminosity. In this case
an efficiency of 82.5/84.7% and a ghost rate of 22.4/15.0%usd, track weighted/event weighted
respectively. If only the number of visible interactionstire event spill effects the performance
of the track reconstruction then efficiency and ghost rabesfbitrary luminosity can be derived
directly from Fig. 9. At higher luminosities how ever thisteapolation will break down due to
increased spillover that further increases occupancigsiatector dead-time.

4.3 Time Performance

Finally, the CPU performance of the algorithm has been ewatlion a machifewhich is about

a factor 1.8 slower than the Ixplus cluster at CERN. The dlgaor runs in a time of 55 ms per
event using the standard LHCb compilation options. Fig Iiwsthe time per event versus the total
number of hits in the T stations. The dependency of the tinemtsper event on the T station hit
multiplicity can be described by a third order polynomial:

t(ng nits) = (417 - 107% X np pigs + 1.34 - 1077 x ”g“ nits +1.21 - 1071 x niﬂ hits) S (52)

6Dual Core and Opteron Processor 280, 2.4 GHz
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5 Summary

We presented a detailed description of the forward trackiggrithm. An event weighted recon-
struction efficiency of 85.9% with a ghost rate of 9.0% focksawith a momentum above 1.0 GeV
has been obtained.
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