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Abstract

This is the supporting note to the ATLAS Detector paper [X] dtectron and photon
reconstruction with the Inner Detector. It describes tHeansoe used to produce the results
presented in the ATLAS Detector paper.
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1 Introduction

Track reconstruction in modern particle physics experiimera complex task which needs to account for
imperfections in the tracking environment. The design hosity of the Large Hadron Collider (LHC) at
10** cm2s71, results in multiple overlying proton-proton collisions imescales characteristic of the
detector response time. These collisions produce high etsrds charged particles which register high
hit densities inside the tracking detector componentss binplicates the particle track pattern recogni-
tion procedure, introducing fake track candidates. As tiéigles transverse through the detector, it can
interact with detector material via scattering, bremédinag radiation (especially for electrons), photon
conversions (also from the bremsstrahlung photons) an@ainteractions. Short-lived particles decay
within the ATLAS Inner Detector producing kinks along trackdding further complications to the situ-
ation. All these factors present a difficult environmenttfack reconstruction and the software needs to
be able to handle these challenges to maximise the poteig@veries in the ATLAS experiment [1].

The ATLAS Inner Detector faces greater problems for tragkiman previous experiments due to
the large amount of material within the tracking detectoesulting in electrons and photons travers-
ing more radiation lengths of material before reaching #lerameters. This increases the likelihood
of electrons losing significant amounts of energy to brerabging radiation and photons converting
within the Inner Detector. Bremsstrahlung recovery trattinfj algorithms and vertex reconstruction
of converted photons that are employed by ATLAS are desgribé¢he following sections, followed by
their performance.

2 Track Reconstruction

New Tracking [2] is the standard tracking strategy emplogdATLAS. It is composed of common
tools (AlgTool) and interfaces following the ATLAS Event @aModel (EDM) [3]. It is flexible, en-
abling multiple tracking strategies to be implemented wralgeneral framework. The current track
reconstruction process consists of two main sequencegritnary inside-outtrack reconstruction for
charged particle tracks originating from the interactiegion and a consecutivaitside-intrack recon-
struction for tracks originating later inside the trackBoth methods reconstruct tracks that have both
silicon (Si) and transition radiation tracker (TRT) hitdgrlace these tracks in two distinct track collec-
tions. A third track category contains those tracks thaetaiy TRT hits and no Si hits; these TRT-only
tracks are placed in their own distinct track collection! thtee track collections are then examined to
remove ambiguities and double counting and are finally ntengi® a global track collection to be used
later during the vertex-reconstruction phase. For a traddketreconstructed by any of these methods a
minimum transverse momentups > 0.5 GeV is required throughout. In the following section, abri
description of thenside-outandoutside-intracking algorithm is provided.

Electron tracks are efficiently found by tiveside-outtracking strategy. However, because the non-
Gaussian energy loss is not accounted for by the default &alRilter [4] track fitting algorithm, two
dedicated electron track fitting algorithms are implemeéntie Dynamic Noise Adjustment and the
Gaussian Sum Filter. These are described in Sect 3.

Photons suffer from a different issue. Tracks from photaneat originate from the interaction point
and the later the conversion, the fewer number of silicos foit theinside-outtracking. To recover the
late conversions, aoutside-intracking strategy is used after the initiakide-outtracking procedure.

2.1 Inside-out Track Reconstruction

The main tracking strategy in New Tracking is the inside4matk reconstruction, starting with silicon
(Pixel and SCT) detector measurements to form track catetidand extending these tracks into the



TRT. This process is split into five main modules which areespnted by dedicated algorithms starting
with the formation of space point measurements in the Inrete@or. Once space points are formed,
the pattern recognition process begins with straight litseofi a few space points (track seeds) which are
extrapolated outwards, accumulating other space poiotgahe trajectory.

This collection is sorted by the Ambiguity Processor to reenfake track candidates and outputs a
fitted track (Kalman Fitter [4] is default).

The TRT extension finder looks for potential TRT track segmméor the tracks in th®esolved Track
collection. Finally the TRT extension processor determirighe added TRT segments improves the
overall fit of the track, thus creating the final track colézttalled theextended Tracks

2.2 Outside-In Track Reconstruction

The primaryinside-outtrack reconstruction is a very powerful technique for restaurcting tracks, espe-
cially in busy environments where the high granularity & #ilicon sub-detectors (and in particular that
of the pixel detector) can provide the necessary resolditiorecovering the track-hit pattern. However,
it may also lead to fake tracks if not carefully implementéad.order to reduce the number of fake re-
constructed tracks, a minimum number of silicon hits is megifor a track to be reconstructed; in the
present implementation of the algorithm this number is 8evEhis requirement immediately leads to
an increased inefficiency in reconstructing tracks thajioate late inside the tracker, i.e. in the SCT.
Furthermore, tracks which are present only inside the TRITnhet be reconstructed at all. These tracks
can appear in the cases of secondary decays inside thert(adkd<s decays) or during photon conver-
sions. Theoutside-intrack reconstruction (also referred to as back-trackiray) affer a remedy to the
inefficiency in reconstructing tracks which originate aftee pixel detector.
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Figure 1: Track reconstruction efficiency for conversioreyf 20 GeVpr photons as a function of the
conversion radius.

The starting point for this type of track reconstructionhie fTRT, where initial track segments are
formed using a histogramming technique. In e @ plane of a TRT barrel region or tHe— z plane
of a TRT end cap section, tracks that originate roughly aptiraary interaction region appear to follow
straight lines (this is an even better approximation in #@8ad case). These straight-line patterns can
be characterized by applying the Hough transform [5], wh&cbased on the simple idea that in the
R— @(R— 2) plane, a straight line can be parametrized using two vimsakg,cr) or (@, ;) respec-
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tively, wherect andc; are the corresponding azimuthal and longitudinal curest@ndg, is the initial
azimuthal angle. As a result, in a two-dimensional histogfarmed by these two parameters, TRT
straw hits lying on the same straight line will fall within agle cell. Straight lines can therefore be
detected by scanning for local maxima in these histogram$mprove the accuracy in the longitudinal
direction, the TRT is divided into 12 pseudorapidity slicaseither side of the)=0 plane. The two-
variable approximate track parameters can then be usedite denew set of geometric divisions inside
the TRT, within which all straws that could possibly be cexsare included. Using the transformation
described in [6], the curved trajectory suggested by ttamshits may be transformed into a straight line
in a rotated coordinate system. This is the initial step fdoeal” pattern recognition process, in which
the best TRT segment may be chosen as the one that crossagytsd humber of straws in this straight-
line representation. A cut on the minimum number of straw hi&cessary to consider the segment as
valid is applied during this step. A final Kalman-filter smioet procedure is then applied to determine
as accurately as possible the final track parameters of gmesd. The above TRT-segment reconstruc-
tion procedure has been adopted from the original ATLASktr@construction algorithmKalmanas
described in the references [7].

The reconstructed TRT segments are then fed into the setepdtthe back-tracking algorithm
in which extensions are added to them from the silicon subetiers. Space point seeds are searched
for in narrowR — @ wedges of the Si tracker, indicated by the transverse Tgimeat track parameters
derived in the previous step. A minimum of two space pointeuired in this case, the search being
confined to the last three SCT layers. To reduce the numbepamfespoint combinations cuts on the
curvature are then applied, with the third measurementt poovided by the first hit in the initial TRT
segment. As soon as seeds with pairs of space points aredptheeinitial-segment track parameters
can then be significantly improved, especially the londitadcomponents. A new geometric section
through the Si-detector elements is then constructed amundioatorial Kalman-fitter/smoother tech-
nigue, as in the case of tleside-outtracking, is applied to produce Si-track extension card&laThe
Si-track extensions provide a much improved set of trackpaters, which can be used to find new TRT
extensions to be assigned to every Si-track candidate ctleasing once more a “global” track. Ambi-
guity resolving and track refitting follow afterwards in tappropriate manner. The final set of resolved
tracks from this process is stored in a dedicated track @a@die. In order to reduce the time required
for the reconstruction and minimize double counting, dbéside-intracking procedure excludes all the
TRT-straw hits and Si-detector space points that have dlrbaen assigned taside-outtracks. The
enhancement of the track reconstruction efficiency afieothside-inreconstructed tracks are included
is shown in Figure 1. Here the track reconstruction effigeftr photon conversions is plotted as a
function of the radial distance of the conversion for theecas20 GeVpy single photons, before and
after theoutside-intracking is performed. The bulk of the gain in tracking e#iuty is, as expected, at
larger radii. The inefficiencies of this method as a functdmadius are discussed further in Sect 2.3
and again in Sect 4.3 and 4.4. Due to the more limited psepttitya coverage of the TRT tracker, the
outside-intracking can be used to efficiently reconstruct tracks uppgseadorapidity value df)| = 2.1.

All the results presented here therefore, have been restvathin this pseudorapidity range.

2.3 Standalone TRT Tracks and Final Track Collection

After the outside-intrack collection has been formed, all TRT segments that Ina¥ebeen assigned
any silicon extensions are then used as the basis of one nstirecttrack collection. These segments
are first transformed into tracks, and the segment localnpetexs are used as the basis for producing
the corresponding track parameters assigned to the swfdbe first straw hit. Perigee parameters are
also computed, but no overall track refitting is performed¢he3e new TRT tracks are then scored and
arranged accordingly and a final ambiguity resolving isqrened in order to reject any tracks that share
too many straw hits. Finally, these standalone TRT track&slaen stored in a special track collection.
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Figure 2: Track reconstruction efficiency for conversiomsrf 20 GeVpr converted photons (left) and
5 GeV pr converted photons (right).

At the end of the track reconstruction process, and befoygpamary or secondary vertex fitters are
called or other post-processing tasks are executed, thedalo collections described above, along with
the track collection produced by tlimside-outtracking, are merged. No further ambiguity resolving is
performed, since the straw hits and silicon space pointiged with theénside-outtracks have already
been excluded before thmitside-intrack reconstruction. This merged track collection is thead by
the photon conversion reconstruction algorithm.
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Figure 3: Track reconstruction efficiency for conversiomsf 20 GeV photons (left) and 5 GeV photons
(right) as a function of pseudorapidity.

The overall tracking efficiency after all three track collens discussed above are merged, is shown
in Figure 2 for both the case of a 20 Ggl single photon sample, and also for a 5 GeV single photon
sample, which is more indicative of the case of low track mei@e Two competing effects become
apparent as one observes these two plots. The overall #aokstruction efficiency for conversions that
happen early inside the tracker, i.e.Rrc 150 mm, is higher in the case of the 20 Gpy photons than
that for the 5 Ge\pr ones. This is a clear indication of the larger effect thatriggtrahlung losses have
on low py tracks, especially on those that originate early insidetheker. Furthermore it is possible
that, depending on the amount of the incurred losses, ontygbahe track will be reconstructed, i.e.
its TRT component, with the pattern recognition failing ecover the corresponding silicon clusters.
The small fraction of standalone TRT tracks that enhancérétod reconstruction efficiency from early
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conversions, is primarily due to this effect. On the otherchthe overall track reconstruction efficiency
at higher radii is much better for the case of the 5 GgV photons. This is due to the fact that the
radius of curvature, being much larger for those tracksbleisahem to separate from each other faster
as they traverse the tracker under the influence of the applagnetic field. It is therefore easier in this
case to distinguish the two tracks and reconstruct thenngdutie pattern recognition stage. Figure 3
shows the track reconstruction efficiency as a function efugsrapidity, for both 20 GeV and 5 GeV
pr photons. The overall track reconstruction efficiency is/wariform along the whole pseudorapidity
range, starting only to significantly fall off as one apptoes the limit of the TRT pseudorapidity extent
(In| = 2.1). The reduction in efficiency observed aroyndi= 1, is due to the gap at the transition from
the barrel to the end cap TRT.

3 Track Fitting

Track based bremsstrahlung recovery algorithms can betasetbrove electron track measurements.
ATLAS has two algorithms, the Dynamic Noise Adjustment amel Gaussian Sum Filter, both of which
are adaptions of the Kalman method.

Energy loss of electrons due to bremsstrahlung has beerilibby Bethe and Heitler [8].

f(Z):m’ C:L (1)

r(c) In(2)’
wherezis the ratio of the energy of the electron after bremsstraf(i) to the initial energy(E;):
Et

The amount of material traversed by the partitjés described by a fraction of the material’s radia-
tion length(xo):

X
t=— 3)
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4
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Figure 4: Bethe-Heitler distribution of the fractiaof energy retained by the radiating electron.

According to the description of the bremsstrahlung prodbeselectron retains its direction of prop-
agation and a fractionof its energy, with the probability density given by the BetHeitler distribution,
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shown in Figure 4. This probability densifyz) depends on the amount of traversed material and has a
singularity atz— 1 and a long tail extending to very small

Figures 5 and 6 shows the energy loss of electrons due toehesBtrahlung process within the Inner
Detector. The increase in material at high in the silicon detector results in the greater average gnerg
loss for electrons when entering the TRT.
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(b) pr =25 GeV single electrons.

Figure 5: Average fraction of electron energy loss as a fanaif |n|, when exiting the pixel, the SCT
and the Inner Detector tracking volumes.

Figure 7 shows a radiating track in the magnetic field. If @etebn suffers an act of bremsstrahlung
at pointC, its track will have a smaller radius of curvature after thaint, hitting layerSs at pointF
instead of poinG (while the photon follows the tange@t— E — H). A tracking algorithm which does not
take the possibility of such changes into account will, iokstases, return a track with an underestimated
momentum value and unacceptable fit quality.

3.1 Kalman Filtering

The default track reconstruction method in ATLAS [3] uses @riKan Filter (KF) [4,9]. This is a
recursive procedure and is able to account for multipletexag and certain energy loss. The optimal
way for the Kalman Filter to deal with radiative energy is torect the mean energy of energy loss and
increase the variance of the energy loss distribution. Wilidead to a unbiased estimates of the track
parameters and the associated uncertainties.
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The Kalman Filter is used to determine the vector of traclapeatersy, and its covariance matrix,
C, taking into account the measurememfand its respective covariance matvixat each detector layer
k. In a slightly simplified notation, the procedure includeset steps:

1. Extrapolatey andC from layerk — 1 to layerk:
Yi-1 = Yk 5 Ck1+Q1—C

HereQx is the covariance matrix of the system noise at l&y@vhich can take into account things
like multiple scattering and bremsstrahlung.

2. Calculate Kalman gaiK at layerk:

C
Kk = —

3. Do measurement update:
Vi = Yy + Ki(me— i ), Ck= (1-KyC,

It can be shown (see e.g. [9] and references therein) thatpiisicedure only works properly if
both measurement uncertaintyand the process nois@ are well described by Gaussian distributions.
While this is usually the case for measurement errors antipteuscattering, it's certainly not true for
bremsstrahlung, which causes problems during electrok teconstruction. As mentioned above, when
applied to a radiating electron track similar to the one ghawFigure 7, the default KF fit is likely to
result in a bad fit quality with an underestimated reconsgdicnomentum.

3.2 Dynamic Noise Adjustment

A quick and efficient method of dealing with electron tracles lbeen developed and implemented in
ATLAS. It is based on the Dynamic Noise Adjustment (DNA) [IRjring Kalman filtering.

At each silicon layer, a simple single-parameter fit is prenied to flag hits which may be associated
with bremsstrahlung. This fit tries to estimate the increaseirvature due to possible bremsstrahlung at
the current detector layer. If no bremsstrahlung was flagidpedrack fitter reverts to the default Kalman
filtering procedure. Otherwise, the result of the singleapzater fit — the estimated fraction of energy
retained by the electroz,— is used to calculate the additional effective “system @bierm, which is
then fed to the Kalman Filter.

The effective “system noise” variance calculation is #iiated by Figure 8, which shows how the
Bethe-Heitler distribution is mapped onto the Gaussiatridigion of unit width. The deviatiod\z of
the estimated from the mediarzy is mapped onto the Gaussian to find the corresponding daviax.
The effective noise is then calculated aspna(z) = Az/Ax.

This procedure is equivalent to representing the randomblaiz, distributed according to the Bethe-
Heitler probability density, in the form

z=12y+X0pNa(2)

wherex is a random variable with Gaussian probability distribatio

So, in this approach bremsstrahlung is legitimately tibaie a source oGaussiamoise, but only
in those cases when bremsstrahlung-like behaviour of #uok thas been detected. The proper Gaussian
probability distribution of this “system noise” is now gaateed by construction.
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Figure 8: Mapping of the probability distributions used tatilate the variance of the effective noise

term.
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Parameter Setting

Maximum number of Gaussians in the PDF 12
Number of Gaussian describing the Bethe-Heitler distiaout 6
Bethe-Heilter Approximation method CDF distance minirticga
Component Reduction Method Close Components

Table 1: Default Settings for the Gaussian Sum Filter

Of course,opna also depends on the thickness of material associated vétbdiresponding layer,
as illustrated by Fig.8.

The varianceU,%NA is added to the appropriate term of the Kalman covariancexmeated during the
fit, similarly to the treatment of any other source of systeis@. However, this particular noise term is
adjusted dynamically according to the estimatahd the thickness of the layer, thus justifying the name
of the method.

3.3 Gaussian Sum Filter

The Gaussian Sum Filter (GSF) [11] is a hon-linear genextidis of the Kalman Filter. It requires that
all probability density functions (PDF’s) be described bguSsian mixtures.

In the BetheHeitler model, the PDf,z), of the energy loss is very non Gaussian. If you approximate
the energy loss due bremsstrahlung to by a single Gausssaguiite a crude approximation. A nonlinear
estimator would yield better results (taking into accotnet &actual shape of the distribution). Estimating
the Bethe-Heitler distribution with a weighted sum of Gaass can prove to be quite accurate given
enough Gaussians (see Figure 10). It is this estimate thaeid in the GSF to estimate energy loss at
each material surface. A detailed description of the GSFesfound [12].
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Figure 10: PDF's of the Gaussian mixtures (blue-solid) iolet by minimising the cumulative distri-
bution function distance. The Bethe-Heitler PDF is showreih (dashed). The sum of the number of
Gaussian mixtures is shown in blue (solid). The thicknessaterial traversed is/xo = 0.02.

Optimisation of the GSF is detailed in [12] and the defauttisg for the main parameters of the
GSF are detailed in Table 1.

3.4 Bremsstrahlung Recovery Performance

Figures 11 and 12 shows the comparisons of inverse momemdmamentum divided by truth for the
default Kalman fitter and for two bremsstrahlung recovegpathms, Gaussian Sum Filter and Dynamic
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Noise Adjustment, in differenfn| sections. The Dynamic Noise Adjustment was tuned for agiyes
bremsstrahlung recovery.
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Figure 11. Probability distribution for the ratio of the ¢rto reconstructed momentum for electrons in
different|n| bins. The results are shown as probabilities per bin for #faudt Kalman fitter, Gaussian
Sum Filter and Dynamic Noise Adjustment.

The tracks from the barrel region of the detectoy|(< 0.8) are least effected by bremsstrahlung
radiation as shown Figure 5, and thus, the default trackttigdialgorithm produces comparable results
with the dedicated electron fitters. However, tracks in tideap region of the detector suffer from large
energy losses. Track precision measurements come froniittom sletector hits and the greater average
energy loss in the highn| region produces the tails. The dedicated electron fittezarlyl improve
measurements in this region. The tails for the dedicatettrele fitters are due electrons losing large
fractions of its energy very early. These case provide figent information for the track fitters as
majority of the track hits are produced by the reduced enelggtron.
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Figure 12: Probability distribution for the ratio of the nse@ed to true momentum for electrons in
different|n| bins. The results are shown as probabilities per bin for gfaudt Kalman fitter, Gaussian
Sum Filter and Dynamic Noise Adjustment.
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Figure 13 shows the invariant masslgfy —ee for the default Kalman fitter and for two bremsstrahlung
recovery algorithms, Gaussian Sum Filter and Dynamic Néidgistment, in differentn| sections.
Truth information was used to pick the two daughter electrisom theJ/¢ decay and the matching
reconstructed track measurements were used to find theanvanass ofJ/ . Bremsstrahlung en-
ergy loss not only deteriorates the momentum resolutionhas/is above for single electrons, it also
deteriorates the other track parameters, espeajallfzombining two electrons from highm| regions
accumulates this effect and results in the absence of thefpethe default fitter.
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4 Vertex Fitting

Track finding is only the first step in reconstructing phot@mwersions; the next step is being able to
reconstruct the conversion vertex using the pair of trackslyced by the converted photon. Recon-
struction of the conversion vertex is quite different fromding the primary interaction vertex, since for
conversions additional constraints can be applied thatcthyr relate to the fact that the invariant mass
of the electron-positron pair from a converted photon isrgily peaked at zero. A specific vertex algo-
rithm, appropriately modified in order to take into accour@ massless nature of the conversion vertex,
has been developed for use by the photon conversion algorith

The vertex fit itself is based on the fast-Kalman filtering noek;, different robust versions of the
fitting functional can also be set up in order to reduce thesitieity to outlying measurements. The
vertex fitting procedure uses the full 3D information frone thput tracks including the complete error
matrices [13].

4.1 Algorithm Description

The goal of a full 3D vertex fit is to obtain the vertex positiand track momenta at the vertex for all
tracks participating in the fit as well as the correspondimgrematrices. From the input tracks, the
helix perigee parameters defining the particle trajectémpgwith their weight matrix are extracted as
described in the references [14, 15]. If one assumes thatdtile is created at the vert® then the
trajectory parameteig may be expressed as a function of the vertex position anchttiele momentum
at this vertexgy = T(V, ;). A vertex is then obtained by minimizing:

2
xﬁzgm—TwmmWMq—nwn», 4)
1=
wherew; is the 5x 5 weight matrix from the track fit. In order to find theand pi which minimize the
abovey?, Equation 4 can be linearized at some convenient point ¢ctiotee vertex as:

x2= i(éqi—Di5\7—Ei5f5i)TW|(5Qi—Di5\7_Ei5ﬁi)’ ®)

whereD; = (AT (V,5))/(dV) andE; = (dT(V,B))/(dp:) are matrices of derivatives. A fast method to
find a solution that minimizes Equation 5 has been proposéukimeferences [14, 15]. It can be shown
that this method is completely equivalent to a Kalman-fi@sed approach [4], where the vertex position
is recalculated after every new track addition.

If the initial estimation of the vertex position is far frorhe fitted vertex, then the track perigee
parameters and the error matrix are extrapolated to thed fitbint, all derivatives are recalculated and
the fitting procedure is repeated. The official tracker gxdlation engine, along with a realistic magnetic
field description, is used in this case.

4.2 \ertex Fit Constraints

Constraints are included in the vertex fit algorithm via trengrange multiplier method. A constraint
can be viewed as a function

Aj (V, P1, B2, ..., Pn) = const (6)
which is added to the fitting function of Equation 4 as
Nconst

X=x5+ Y AA? ()
=1
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Herexg is the function without constraintg,; is a Lagrange multiplier anglis the constraint number.
AJZ(...) can be linearized around some paid, Boi) to obtain

NCO nst

X2= X2+ ZA" (A8 +H OV + 8V H|+F]dpi+dp/ Fj) (8)
J:

whereH; = (9A;)/(0V),Fj = (dA})/(dB), Ajo is anexactvalue ofA; at the(Vo, Poi) point, &V =V —Vp
anddp; = pi — Poi. o B

The solution of Equation 8 then has the fovim=Vy + V1, Bi = Poi + P1, whereVy, o is the solution
of the corresponding problem without the constrgpdt= Xg. The second componelt, py; of the
above solution is obtained through the normal Lagrangeiptielt system of equations. In the case of
the conversion vertex, a single angular constraint neetie immplemented. This requires that the two
tracks produced at the vertex should have an initial diffeeeof zero in their azimuthal anglégy = O.
This is equivalent to requiring an initial massless pagtitiut it has the advantage of being much easier
to implement.

The right-hand plot in Figure 14 shows the reconstructedgrhioverse transverse momemuta after
vertex fitting for conversions where neither of the emittegt®ons suffered significant bremsstrahlung
(< 20% of each electron’s energy is lost), while the left sholes transverse momenta for the cases
where significant bremsstrahlung was present. Similagyabrresponding radial position resolution
for conversions with/without significant losses due to bsstrahlung is shown in Figure 15. Single con-
verted 20 Ge\pr photons were used for the plots above and the emitted eteitrcks were required to
have at least two silicon space points. The angular consigi = 0 , implemented as described eatrlier,
has been used throughout. The overall vertex reconstrueffwiency will be discussed in the following
section. It is evident that the presence of bremsstrahligrdfisantly deteriorates the performace of the
vertex fitter. Further studies d&s — " m decays, have confirmed this.
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Figure 14: The reconstructed inverse transverse momemta 20 GeVpy converted photons
with (left) and without (right) significant losses due to m®strahlung.
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Figure 15: The reconstructed vertex radial positions in namcbnversions from 20 GeVr
photons as compared to their truth values. The left-hantiglior conversions with significant
bremsstrahlung losses and the right-hand one without.

5 Conversion Reconstruction

With the three track collections and the vertex fitting aion described in the previous two sections,
we now have all the necessary tools in place in order to fdgonstruct photons which convert as far
as 800 mm away from the primary interaction point in the tvanse plane. Beyond that radius, the
track reconstruction efficiency drops off dramatically doi¢he lack of a sufficient number of hits in any
sub-detector to reliably reconstruct the particle trajgcnd accurately determine its track parameters.
The conversion reconstruction algorithm is run within thenfework of the overall Inner Detector re-
construction software; it is one of the last algorithms rumirtg the post-processing phase. The basic
components of the conversion reconstruction are: the salgction and subsequent track classification,
the formation of pairs of tracks with opposite charge, thgexefitting and reconstruction of photon
conversion vertex candidates, and finally the reconsbmaif single track conversions. The conversion
candidates are then stored in a separate vertex collettidye retrieved and further classified through
matching with electromagnetic clusters during the nextlled the event reconstruction. In the results
presented in this section, the reconstruction efficienogsitimated for those photon conversions that
happen as far as 800 mm away from the primary interactiontpeinit daughter electrons with each
having at leaspr =0.5GeV and are within thg| < 2.1 pseudorapidity range. This amounts<{@7%

of the total photons converted inside the ATLAS tracker wodu For further details on the conversion
reconstruction strategy, including several applicatinnlies, see [16].

5.1 Track Selection

Only a fraction of the possible track pairs reconstructedhgytracking algorithms and included in the
final track collection come from converted photons. Althoube wrong-track combinations may be
rejected later during the conversion reconstruction m®ce by physics specific analysis, it is important
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Cut Efficiency | Rejection
No Cuts 0.7378 1.00
Impact dO| 0.7334 1.16
Impact z0| 0.7316 1.18
TR ratio 0.7119 2.12

Table 2: Sequential track selection cuts (described in) teith corresponding efficiencies and rejection
factors.

to remove them as efficiently as possible at an early stagdeast because of the large amount of CPU
time involved in processing every possible track pair. Cuitshe perigee impact and longitudinal track
parameters, as well as the transverse momentum, are fiticipfracks that are most probably associ-
ated to electrons are then selected by cutting on the pridigaieiconstructed by using the ratio of high
threshold TRT hits over the total number of TRT hits in eaelthr known as th@ Rratio[17]. These
cuts have been tuned using simulatéd— yy events, with background present due to the underlying
event. All the efficiencies and rejection factors due tokreelection cuts which are quoted in this note
refer to this physics sample. Table 2 shows the performahtieese cuts in accepting tracks produced
by converted photons and rejecting non-conversion retagats. The inverse of the rejection factor is
the fraction of fakes surviving. After applying these cuite surviving tracks are then arranged into two
groups with opposite charges.

5.2 Track Pair Selection

At this point in the reconstruction process, all possiblespaf tracks with opposite signs are formed and
further examined. There are three possible types of traitk:pa

1. Pairs in which both tracks have silicon hits;
2. Pairs in which one of the two tracks is a standalone TRk{rac
3. Pairs in which both tracks are standalone TRT tracks.

In order to reduce the combinatorial background, a seriesitsf are applied during the pair formation.
These are common to all three track pair types describedealatthhough their actual values may differ.
Table 3 lists those cuts along with the corresponding eff@es and rejection factors for selecting the
correct track pairs and discarding fakes resulting fromngrtsack combinations. The first criterion for
accepting a track pair is that the difference in polar angéaeen the two daughter tracks in a conversion
should be small, based on the fact that the photon is mas§legiermore, the distance between the first
hits of the two tracks in the pair should be reasonably clB#st(Hit OR); this is particularly true in the
case where both of them are standalone TRT tracks. Finladlydistance of minimum approach between
the two tracks in the pair is checked. An iterative methodbeen implemented that uses the Newton
approach to find the set of two points (one on each track) wdnieltlosest to each other (Min Distance).
Other other method relies on tl&Er' MFT vertex fitting algorithm [18] to calculate th&XY, which
another measure on the minimum distance between two helities distance of minimum approach
between the two tracks is then calculated and a cut is apfiegiect those cases where the tracks fail
to come within a specified distance from each other.

In order to enhance the performance of the constrainedxvétter, it is important to begin with a
reasonable initial estimate of the vertex position. Ushng perigee parameters of the two tracks in the
pair, the corresponding radius of curvature and the cerfiteurwature of the track-helix projection on
the R— @ plane can be derived. As this track-helix projection isulgc in the case of a homogeneous
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Cut Efficiency | Rejection
Polar Angle | 0.7070 10.8
First Hit 0R 0.7049 12.5
Min Distance| 0.6994 16.3
OXY 0.6970 16.5
Vertex R 0.6959 16.6
Min Arc L 0.6935 40.3
Max Arc L 0.6890 111.6
0z 0.6870 111.9

Table 3: List of sequential cuts (defined in text) employedrduthe track pair selection for the three
possible types of track pairs with corresponding efficiea@nd rejection factors.

magnetic field such as that of the ATLAS tracker, the estichagztex position can be identified as either
the point of intersection of two circles, or in the case of miBrsecting circles, as the point of minimum
approach between two circles. If the two circles do not gget or approach each other closer than a set
minimum distance then the pair is discarded. In principh® tircles may intersect at two points. The
difference in the distance traversed by the two helicesgalbaz-axis dzis then computed for each one
of the two intersection points. Only solutions in which tlauedzis below a specified cut-off value are
kept. A cutis also applied on the arc length of e @ plane projection of the two track helices between
the line connecting the centers of curvature of the twoeg@nd the actual intersection points. This arc
length is required to fall within a specific range. Finallyetistance from the track origin (the candidate
conversion vertex location) and the actual points of irtetisn should also be small. Only track pairs
with intersection or minimum approach points that satisfy &bove criteria are further examined. If,
after all of these considerations, there still remain twerisection points, the one which corresponds to
the smallest distance traversed alongtaxis is selected. Estimating the initial vertex positidiowas

for a larger number of quality criteria of the track pair toused in the overall selection process. All the
cuts applied during this step have been tested using the 82HG— yy physics sample; the cuts are
tuned so that at least two orders of magnitude of the condnilahtoackground can be rejected at this
point. In general, the position of the initially estimategttex falls within a few millimeters of the actual
conversion vertex for the correct pair combinations, allialgons being due to at least one of the two
tracks in the pair being a TRT-only track.

5.3 Vertex fitting

The original track perigee assigned during the track reicoctson process is set at the primary interac-
tion point and for the case of photon conversions, espgdiatise that happen far inside the tracker, this
is a rather poor assignment. Using the initial estimate Hervertex position described previously, we
can redefine the perigee at this point. The new perigee péessneeed to be recomputed by carefully
extrapolating from the first hit of each track in the pair tssthew perigee, taking into account all the
material encountered on the way. It is these tracks withr th@ivly computed perigee parameters that
are passed to the vertex fitter. This also has the desirafielet ef avoiding long extrapolations during
the various iterations of the vertex fitting process, whigghhlead to distortions due to unaccounted-for
material effects. At the end of the process the new vertexXiposalong with an error matrix and a
x? value for the fit are computed. A vertex candidate is thennsiracted that also contains the track
parameters as they are redefined at the fitted conversiaxv@aite fit is always successful in the case of
the correct track pairs, and it often fails otherwise. Aftes fit is executed, post-selection cuts on xife

of the fit, on the reconstructed photon invariant mass anti@neconstructed photgw: can be applied,
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Figure 16: Transverse momentum distribution of recongtdiphoton conversions for both cor-
rect and wrong track pairs for all three types of pairs: sitisilicon (left column), silicon-TRT
(center column), and TRT-TRT (right column). In the top rollvedectron tracks regardless of
bremsstrahlung energy losses are considered for the cabe obrrect track pairs. In the bot-
tom row only track pairs where both electrons have lost laas 20% of their energy due to
bremsstrahlung are shown. For comparison the tpythof the converted photon is also shown.
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Cut Efficiency | Rejection
Fit Convergencg 0.6870 1715

Fit x2 0.6710 288.9
Invariant Mass | 0.6626 353.9
Photonpy 0.6625 377.1

Table 4: Post-vertex fit sequential selection cuts with eiased efficiencies and rejection factors.

to reduce even further the wrong pair combinations. Theséisied in Table 4.

The track pair selection and the vertex fitting process t@sa reduction in the combinatorial back-
ground rate by more than 2 orders of magnitude, with only lreragmall ¢ 8%) loss in overall conver-
sion reconstruction efficiency, in the case of the 120 GkV- yy physics sample. At this stage of the
conversion vertex reconstruction, fake vertices whiche@mm the combinatorial background outnum-
ber the correct conversion vertices by almost a factor of Bire main part of this remaining background
consists of reconstructed vertices where at least one gddheipating tracks is not an electron at all.
This is primarily due to the rather weak particle identificatcapabilities of the tracker without any
access to the electromagnetic calorimeter informatiois éxpected to be effectively remedied during
the subsequent stages of the photon conversion recoiatrushen the calorimeter information will be
present. Figure 16 shows the distribution of the reconstructed conversion verticesglwith the
distribution for fake vertices resulting from wrong comdtilons. It is clear that the latter tend to con-
centrate at the lowepy region. Nevertheless a final cut on the reconstructed phetomwill not be as
efficient as expected, due to the limited ability at presewotrect the reconstructed track momentum for
losses due to bremsstrahlung. This is evident in the figuenvdomparing the reconstructed converted
photonpr distribution with (top row) and without (bottom row) sigrifint bremsstrahlung losses. It
becomes even more striking once it is compared to the fpathdistribution of the converted photon.
In the remaining part of this section, the overall perforggnf the conversion reconstruction software,
without utilising the electromagnetic calorimeter infation, is examined in the case of single 20 GeV
pr photons, where the combinatorial background is minimal.

Figure 17 shows the track, track pair, and vertex reconspruefficiencies for conversions coming
from 20 GeVpt photons as a function of both conversion radius and psepidiiya Both the track
and track pair efficiencies shown in the figure, are beforeariie selection criteria described above
are applied. The large drop in the efficiencyRat> 400 mm is primarily due to the inefficiency of
reconstructing both tracks in the track pair from the phatonversion. It is also noteworthy that both
the track and the conversion vertex reconstruction effggieare essentially constant as a function of
pseudorapidity, except for a gap|gt = 0.8 due to the crack between the barrel and the end-cap.

5.4 Single Track Conversions

Due to conversions which decay asymmetrically, as well assahere the conversion happens so late
that the two tracks are essentially merged, there are disigmi number of conversions where only one
of the two tracks from the photon conversion is reconstrdict®epending on the photon momentum
scale, these “single track” conversions become the mgjofithe cases for conversions that happen late
in the tracker and especially inside the TRT. The abilityhef TRT to resolve the hits from the two tracks
is limited, especially if those tracks do not traverse a lengugh distance inside the tracker for them to
become fully separated. As a result, only one track is réoaocted, but it may still be highly desirable
to recover these photon conversions.

At the end of the vertex fitting process, all of the tracks tiate been included in a pair that success-
fully resulted in a new photon conversion vertex candidate, marked as “assigned” to a vertex. The
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the same efficiencies as a function of pseudorapidity.
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remaining tracks are then examined once more on an indivith&s in order to determine whether or
not they can be considered as products of a photon converSmma track to be considered, it should
have its first hit beyond the pixel vertexing layer. Furthere) the track should be electron-like, where
again the probability reconstructed by using the ratio efttlyh threshold TRT hits over the total number
of TRT hits (as in the initial track selection described iearin this section, but requiring a much higher
value) is used to select likely electron tracks. At the enthd selection, tracks wrongly identified as
emerging from photon conversions outnumber the actualophodnversion electron tracks by almost a
factor of two. These are misidentified electron tracks agptréicle identification process is not ideal
without the presence of any information from the electronegig calorimeter.

A conversion vertex candidate is then reconstructed at diséipn of the first track hit. It is clear
that, especially in the case where the first hit is inside tli@a part of the tracker, the position of the
conversion vertex reconstructed in this way can be off by ashmas a detector layer. This discrepancy
is normally much smaller in the case of a vertex inside the TR& to the higher straw density. On the
technical side, this type of reconstruction requires afadteansformation of the local track parameters
and error matrix into global ones that are directly assigiwethe newly defined vertex. A new vertex
candidate is then stored, identical in structure to the areveldd from a vertex fit with the important
difference that it has only one track assigned to it. Thecefdé including the single track conversions
into the overall conversion reconstruction efficiency ignfficant as is shown in Figure 18. The plot
shows the conversion reconstruction efficiency for 20 GgV photons as a function of both radial
distance and pseudorapidity. As expected, the singlé&-tracversions become more and more dominant
at higher radial positions, and single-track conversiamsfairly uniformly distributed across the full
pseudorapidity range.

6 Changes with release

6.1 Dynamic Noise Adjustment

The code of the DNA fit has been stable for quite a while now, isgerformance can be fine-tuned
through jobOptions file using the parameters describedeabov

The primary design purpose of a special electron fittingrélgm is to use this type of fit for refitting
tracks belonging to identified electrons. This, howevec]wdes those electron tracks which, due to an
early strong bremsstrahlung radiation, do not have TRTnskbas and/or cannot be associated with the
corresponding ECAL cluster. The speed and efficiency of tN& it allows for the possibility of using
this fit for all tracks in the event by default, thus recovgrsuch electrons. In order to avoid significant
biases on non-electron tracks, a more conservative tuditigedNA fit needs to be used in such case,
together with the special Separator tool, specificly dexigior this purpose.

Starting from release 13.2.0, whenever KalmanDNAFittenveked, the DNA fit is applied to all
tracks in the event, and the Separator tool is called at ti@feach iteration. If Dynamic Noise Adjust-
ment has been applied to the track, the Separator attemgésatolish whether the DNA intervention was
successful. If deemed successful, the correction startla flag is passed to the electron identification
processor (?). Otherwise, a refit is done without DNA adjestinthus reverting to the standard KF.
Hence, after 13.2.0 the DNA fit is optimised for this type opligation and uses a more conservative
tuning, recovering only most significant bremsstrahlurdjation losses and leaving the vast majority of
non-electron tracks intact.

6.2 Gaussian Sum Filter

The performance of the GSF has been quite consistent betveesion 12 and 14 of Athena. The one
major change, which occurred between versions 12 and 13hw&hat has been the use of the mode of
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the PDF that describes the perigee paramgterinstead of the mean of the distribution. This signif-
icantly reduced the width of the core the distribution whilereasing the tails of the distribution (see
Table 5. The tails of the distribution consists of tracksrirelectrons that have emitted bremsstrahlung
radiation earlier in the detector. Only very small changas loe seen in the other perigee parameters
when comparing the results in different versions of Athena.

Version of Athena 25% 50% 68% 95%
12.0.7 0.065+ 0.002 0.123+0.003 0.203+-0.005 2.815+ 0.058
13.0.40 0.030: 0.001 0.080+ 0.002 0.21H0.005 3.754+ 0.077
14.0.0 0.029+ 0.001 0.079:0.002 0.200+ 0.005 3.475+0.072

Table 5: Half-widths of thepr distribution containing various percentagespgf= 10 GeV single elec-
tron events. The values are in units(@f )reconstructed (PT ) generated

From version of 12 to 14 there has been small but not insigmificeduction in the the number of
primary electron tracks found-(0.6%). This drop can be accounted by a minor change to fitter that
required that all tracks fitted have a valid set of perigeapaters.

Due to the nature of the GSF it is very computationally intenand as such efforts have been made
to reduce the time required to fit track. As a results of the GSEpproximately 12% quicker per track
improving from~ 400 ms per track te- 350 ms per track.

6.3 Photon Conversion Reconstruction

Unlike the tracking algorithms, the photon conversion®nstruction algorithm is a rather new develop-
ment. In its full power it has been implemented for the finsteionly within the release 14.X framework.
The preformance results presented in the ATLAS DetectoePagve essentially been reproduced using
an “early” form of release 14.0. Since then the photon ca@was reconstruction code remains an inte-
gral part of the Inner Detector reconstruction softwareéd on by default and executed at the very end
of the Inner Detector reconstruction process. Itis notiptessherefore to have a realistic comparison of
its performance with any ATLAS software releases that hgyeared before release 14.0.
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A ATHENA and Data Sets

A.1 Simulated Data sets

Single electron and/y — eedata samples used in the Detector Paper are shown in tablénéseT
samples were simulated withlT HENArelease 12.0.6 with ideal detector geometry descriptionhie
single electrons and misaligned geometry fordiig¢y events.

Table 6: Data sets: Single electron ahydy events.

Physics Transverse No. of | Atlas Detector Simulation | Data Set
Process Energy Events| Description Software | Name
single electron 10GeV 10k ATLAS-CSC-01-00-00| 12.0.6 007000
single electron 25GeV 30k ATLAS-CSC-01-00-00| 12.0.6 007003
Pythia direct]/y — ee | up to~20GeV | 23k ATLAS-CSC-01-02-00| 12.0.6 005751

A.2 Reconstruction Software
ATHENArelease 13.0.30 was used to reconstruct the samples usirsgutine geometry description as
the simulated.
A.2.1 InDetRecStatistics Package
e check out thdnDetRecE xamplpackage
e copy thejobOptionspy file from InDetRecExample/share

e turn TrkValidationntuple on by editingobO ptionspy
doTrkNtuple = True

e turnInDetStatisticantuple on by uncommenting the following line jobO ptionspy
InDetFlags . enableStatistics (doStatNtuple=True, StatNeName="InDetRecStatistics.root")

A.2.2 Dynamic Noise Adjustment

Edit jobOptionspy to turn on the Dynamic Noise Adjustment.

e change the default track fitting algorithm k@lmanDNAFitter
InDetFlags . setTrackFitterType ("KalmanDNAFitter”)

KalmanDNAFittercan be tuned to aggressively fit electron energy loss or teiyedg fit electrons
to minimise measurement bases for non-electron tracks. paksive mode is default. To turn on the
aggressive mode, th€almanDNAFittersettings has to be changed. Inside the share directory edit
InDetRecLoadToolpy

e change the defauKalmanDNAFittersetting to

InDetDNAdjustor = Trk_InDetDynamicNoiseAdjustment (name = ’InDetDNAdjustor ',
yminmax = 100.0,
signifmin = 0.1,
lambdaxmin = 0.1,
lambdaqop = 0.0 )
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A.2.3 Gaussian Sum Filter
Edit jobOptionspy to turn on the Gaussian Sum Filter.

e change the default track fitting algorithm GaussianSumkFilter
InDetFlags . setTrackFitterType ("GaussianSumFilter”)

For theGaussianSumFilteto work, the particle hypothesis must be changed to electraide the
share directory add in the following lines lleDetRecNewT rackingy

e change the particle hypothesis to electron wBaussianSumFilteis used inside the
InDetAmbiguityProcessor

if InDetFlags . materiallnteractions ():
InDetAmbiguityProcessor . MatEffects = &default is pion
else:
InDetAmbiguityProcessor . MatEffects = &no material effects
if InDetFlags .trackFitterType ()is 'GaussianSumFilter ’:
InDetAmbiguityProcessor . MatEffects = #electron

e change the particle hypothesis to electron wBawssianSumFilteis used inside the
InDetExtensionProcessor

if InDetFlags . materiallnteractions ():
InDetExtensionProcessor . matEffects = 3

else :
InDetExtensionProcessor . matEffects = 0

if InDetFlags .trackFitterType ()is 'GaussianSumFilter ":
InDetExtensionProcessor . matEffects = 1
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