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ABSTRACT. The reconstruction of photons in the ATLAS detector is &davith data taken during
the 2004 Combined Test Beam, where a full slice of the ATLA&cter was exposed to beams
of particles of known energy at the CERN SPS. The resultepted show significant differences
in the longitudinal development of the electromagnetiongdtdbetween converted and unconverted
photons as well as in the total measured energy. The pdtémiisse the reconstructed converted
photons as a means to precisely map the material of the tricikpont of the electromagnetic
calorimeter is also considered. All results obtained amapared with a detailed Monte-Carlo
simulation of the test-beam setup which is based on the samaasion and reconstruction tools
as those used for the ATLAS detector itself.
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1 Introduction

In 2004 the ATLAS collaboration embarked on a Combined Te=ir8 (CTB) campaign, where

a full slice of the barrel detector was exposed to particlente (electrons, pions, muons, protons
and photons) of energy ranging from 1 to 350 GeV. The maingyofthis campaign were to study

the detector performance in a controlled environment, tmlate the description of the data by

the Monte-Carlo (MC) simulation and to perform combineddsts in a setup close to that of

ATLAS (e.g. studies using the inner tracker with electrometg and hadronic calorimetry). One

of these combined studies focuses on photon reconstrudtidine specific beam setup used for this
study, photons were produced via Bremsstrahlung from 180ébectrons incident on a thin target

upstream of the experimental apparatus. The goal of thesewas to study the reconstruction of
converted and unconverted photons with and without magfietd.

In ATLAS the photon energy is measured with the Liquid ArgbAK) electromagnetic ca-
lorimeter [1]. The significant amount of material upstream of the LAr caheter (due to the
tracker, services, cryostat etc., amounting to an averége 4Xo in the pseudorapidity range
—2.5 < n < 2.5) necessitates a photon energy calibration which is eiffefrom the electron cal-
ibration in ATLAS [2]. This particle specific calibration is currently based o Melying on the
best knowledge of the amount of material upstream of thericaéder. Photon calibration is a
challenging task given that converted photons requiredfit calibration from unconverted ones.
Converted photons are those which convert in or upstreameoT RT tracker, while unconverted
photons are those which arrive at the LAr cryostat withoetating ane™e~ pair. The identifi-
cation of conversions by means of the inner tracker becomesd necessary step in the photon
calibration. Both the reconstruction of converted photand a careful calibration of the calorime-
ter response for photons are of great importance for phys&asurements involving photons in
their final state, e.g. the decay of the Higgs boson into twaiqots.

Several aspects of the photon beam analysis are preserttéd imote. By exploiting the full
inner detector capabilities combined with the LAr calorierethe study of the reconstruction of
photon conversions is performed. In addition, the diffeeeim the reconstructed energy using the
LAr calorimeter fore"e~ pairs (from converted photons) and unconverted photoneetame
energy is investigated. Finally the use of the convertedgit®for an estimation of the amount of
the material in the different pixel layers is studied.

The detector layout is described in section 2, whereas tthielation of the experimental setup
is discussed in section 3. Section 4 deals with the globattenszonstruction and selection for
further analysis. The reconstruction of converted photmmained in the same LAr cluster and
unconverted photons, is presented in section 5. A detaibedparison of the response of the
calorimeter to converted and unconverted photons is ghoegiether with the systematic uncertain-
ties of the analysis. The converted photon reconstructgorésented in section 6 and its appli-
cation to evaluating the amount of material in the trackesdaotion 7 together with a study of the
corresponding systematic uncertainties .



2 Experimental setup

2.1 The H8 SPS beam line

The H8 beam line in the North Area of CERN provides secondadytartiary beams of hadrons,
electrons or muons with energies from 1 to 350 GeV for the ABLt&st beamd]. For this test
beam, the secondary beam is produced by a proton beam withiesnep to 400 GeV, extracted
from the Super Proton Synchrotron. The protons impinge enptimary target (T4) producing
showers of secondary particles from which the secondarynbesme extracted. The creation of
tertiary beams is handled by placing a second target 130mstosam of the primary target.

The H8 beam line consists of a number of quadrupole and dipalgnets, for focusing and
bending the patrticle trajectories, and for defining theipl@rtnomentum by controlling the magnet
currents. A large spectrometer constructed of six standim@le magnets is used for the momen-
tum definition.

2.2 The CTB reference system

The reference system is defined to be as consistent as gogdiblthe ATLAS reference system.
The(x,y,z) coordinates are defined as follows:

x-axis along the H8-beam;

y-axis vertically upwards;

z-axis horizontally;

e X=Yy=2z=0 on the nominal axis of the H8-beam, at the front surface ®fQMhB magnet
used to emulate the ATLAS solenoidal magnetic field (MBPS).

The CTB magnet is a dipole providing a magnetic field of 1.4deser a length of 1.5 m re-
sulting in the deflection of positively charged particlesra) positive y. Therefore, the y and z
measurements in the CTB setup correspond tapthadn measurements in ATLAS.

2.3 Photon beam line

As illustrated in figurel, the secondary 180 GeV positron beam impinges on the Pbttatge
X = —27500 mm, where in turn Bremsstrahlung photons are emitt@dwnstream, there are
two-magnet systems MBPL12.6LT) and MBPL13 (135 T), located at x> —11702 mm and
x = —15500 mm respectively. The magnets are used to separateitiaryp positron from the
radiated photon. The first magnet separates the positromtfie photon in the direction, while
the second one deflects it in thiirection. The separation changes by applying differergmatic
fields. Each magnet has a maximum bending power of 3.8 TmtrBasiare triggered by a small
scintillator (8x8 mnd), placed at x= —1675 mm, which determines therefore the position, i.e.
the momentum, of the outgoing positron. This has a mean adlabout 120 GeV with a 10 GeV
spread coming from the spread of the incident positron jposédnd the width of the scintillator.
Given that both positrons and photons lose energy as thegrsmmaterial - 86 Xg and 051 Xq
respectively - before hitting the LAr Calorimeter, it is esial to accurately account for the total
amount of material along the beam line (see tdble



Table 1. Breakdown of the amount of material in the H8 beam line ferghoton setup.

Positrons| Photons
In front of the Pb target 15%Xo —
From the Pb target to the front face of the CTB magnet 13%Xy | 13%Xo
From the front face of the CTB magnet to the exit of the CTB negn 25%Xy | 25%Xp
From the exit of the CTB magnet to the cryostat 13%Xy | 13%Xp
Total 66%Xy | 51%X%p

y converted
MBPSID

180 GeV e*

e+ e pair

Figure 1. Schematic view of the photon beam setup.

Y emitted TRT

The photon runs can be divided into two main categories d#pgron whether the B-field is
on or not. In the second case the silicon trackers have beeovezl from the beam line. In this
paper results from runs with the B-field on are presentedlewthe B-field off runs are used for
studying various systematic effects.

2.4 The detectors

The entire volume of the test beam setup (see figB8jehas been designed to include all sub-
detectors in addition to the pre-existing beam line elemerExact coordinates for each sub-
detector can be found i]. The relevant detectors for the measurements present&isipaper
are the tracker, which consists of three sub-systems, K&, pie silicon strips tracker (SCT) and
the transition radiation tracker (TRT) (see fig@)eand the calorimeter.

The pixel detector consists of three layers (Pixel B, Pixatd 2). Each layer has two modules,
and each module has an active size afy = 60.8 x 16.4 mn?. Each module is positioned at an
angle of 20 and with superposition of the two modules in Layer 1 and 2.@frdm. For the photon
runs, a thin copper foil was placed at a distance of 77 mm e@stifrom the front of the pixel box.
It is 37 um in thickness corresponding to 0.2% X radiation lengths with transverse dimensions
of 55x 105 mm. It provides a reference point for the material messent described in sectiah

The SCT detector consists of 4 layers with 2 modules per |@gmh module covering an area
zxy=120x 60 mn?. There is a 4 mm overlap between the upper and lower modutes iayer.
The two middle modules are centered vertically with respethe beam axis, while the first and
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Primary Positron

X (m)

Figure 2. Event display of a converted photon as seen in the CTB s@tupthree tracker sub-systems are
visualized. Starting from the left these are the pixel, tiiean strips and the transition radiation tracker.
See text for a more detailed description of each one of them.

last ones are offset in y by5 mm and+5 mm respectively. Everything is enclosed within a box
of dx= 330 mm, dy= 300 mm and dz 200 mm, and the box starts from=<x 347 mm. The
front silicon side of the lower module in the third SCT layesisanot operational.

The TRT detector is made of two barrel wedges. Each barregevedequivalent to 116 of
the circumference of a cylinder, with inner radius of 558 mmad auter radius of 1080 mm and
overall length of 142% mm. The center of the cylindrical wedge is located at xL152 mm,
z= 550 mm, while itsy position is located at-8 mm for the photon runs. Its angular extent, in-
cluding the support structures,Agp = 28125, starting atp = —17.375". One TRT barrel wedge
consists of three modules.

The distance in ATLAS between the last SCT layer and the fiRSt plane is 40 mm, while in
the Combined Test Beam layout it is increaseektbl14 mm, leaving a clearance of about 345 mm
between the magnet coils and the TRT support structure.

Both the SCT and pixel modules are placed inside a permaimoiednagnet called the MBPS
magnet that generates the magnetic field necessary fordble teconstruction. Due to space
considerations, the TRT module is kept outside.

The calorimeter is positioned after the TRT sub-detectaydiMe O of the Liquid Argon (LAr)
electromagnetic barrel calorimeter is placed inside astato Due to the large size and shape of the



Table 2. Granularity of Module 0 of the liquid argon calorimeter fretbarrel region.

Cell size in units oy | Cell size in units ofp
Presampler 0.025 0.1
Strips 0.0031 0.098
Middle 0.025 0.0245
Back 0.05 0.0245

LAr Barrel module

MBPS
magnet

2860 mm

T 7

I\_
@Iination of cryostat = 11.25°

xS

Figure 3. Schematic of the test beam setup. The beam particles fitsieghpixel and SCT modules and then
continue towards the TRT, calorimeters and muon modules.

cryostat, an argon excluder (a block of Rohagelas installed in front of the module to minimize
the amount of passive material just in front of the EM cala@ien. Its total thickness is greater than
22 radiation lengths () in the barrel. The calorimeter, being of accordion shapsegmented into
three longitudinal sections called layers (“front” or 1ps”, “middle” and “back”). The calorimeter
is preceded by a presampler device. The granularity of tlegiaeeter and presampler (cell size)
is described in tablé [2].

Behind the back wall of the cryostat, three hadronic caletenmodules are stacked. These
are iron scintillating tile sampling calorimeters. All cdimeter modules (82 tons) are placed per-
pendicular to the beam line and are supported on a rotatilg.tarhe table rotates about the
vertical axis and translates along théhorizontal) axis. These two motions allow for the simu-
lation of different impact points im. The table, however, cannot be rotatedgntherefore, to
simulate different impact points ip a deflecting magnetic field is needed.

1Rohacell is a rigid-foam with very low density.
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3 Monte Carlo simulation of the test beam setup

One of the most challenging aspects of the analysis repbeesl is the Monte Carlo simulation
of the photon run. This section describes the necessary &iethe production of the Monte Carlo
samples using the ATLAS software framework for the photamsyas well as the needed correc-
tions applied to the Monte Carlo in order to obtain as closgossible a description of the data.

3.1 Particle generation

At the particle generator level, one can determine the tygEadicle to be generated, its energy,
the calorimeter coordinates, the beam spot as well as thangtpoint of the beam. The patrticles,
are then sent to Geant8][for a complete detector simulation. Geant4 uses MonteocGadthods
to simulate the physics processes when particles pasgthroatter. For a detailed description of
the CTB experimental setup in Geant4 sée [

In the case of the photon runs, the photon beam is createddinomniginal positron beam with
nominal energy of 180 GeV. This results to two correlatedigas (a positron and a photon) being
present, whose momentum spectra are not monochromatic laiotl fer each event add up to the
nominal original beam energy. Therefore, to properly satauthis configuration, the particle gen-
erator is modified in order to be able to handle two particlgk known energy spectra. The photon
spectrum is derived from the data using triggered uncoaggrhotons and reconstructing the clus-
ter energy as described id][without any corrections applied. This spectrum is therapaatrized
and its functional form is fed into the particle generatoruridg successive iterations the input
photon spectrum to the particle generator is adjusted dahbaagreement of the reconstructed
photon spectrum between the data and the simulation is dodidjure 4 such a measured photon
spectrum is shown. Also shown is the functional form usedramput to the particle generator
and the resulting reconstructed energy spectrum afteritinglation. The small bump present in
the data at- 30 GeV is due to secondary photons due to bremsstrahlungsle$she primary high
energy positron upstream of the tracker. Finally the cpwading positron energy is determined
by subtracting the photon energy from the original positteam nominal energy.



Table 3. Monte Carlo parameters for the photon test-beam eventrgene

Category et y

Total Energy (GeV) 179.2 - E, | Taken from data shown in figude
Generation Point x [mm] -27500 -1100

y [mm] 9.7-19.7 mean= 1.07g=3.5

Z [mm] 44.6 - 54.6 mean= 27.00=2.94

@ angle [rad] - mean= -0.0017¢=0.0002

6 angle [rad] - 1.568

3.2 Beam conditions

To ensure optimal agreement between the simulation andolfexied data, the beam conditions,
such as the profile and the divergence of the produced phetmm need to be properly estimated.
This is done by using the track parameters afbegeeof the converted photons reconstructed in
the silicon tracker. Theerigeeis a reference point located at the entrance of the bendingneta
enveloping the silicon tracker (MBPS). Since the photomibeanditions using converted photons
can only be derived from the data at a location right in fronthe MBPS magnet, the origin of
the photon beam in the simulation is placed 1.1 m in front.oA\lt the upstream material that the
photons should have traversed up to this point,is then ¢wadkinto an aluminum block with an
equivalent thickness of 13% of a radiation length posittbdem in front of the MBPS magnet.
The original positrons on the other hand are created mudiereat-27.5 m allowing them to pass
through the upstream bending magnets and deflected awaytlimphoton beam. The simulation
of the beam profiles of both the original positrons and thetqri® ensures that the two beams
traverse the CTB line and impact the electromagnetic cakter realistically reproducing the data
behavior. The parameters used by the simulation for the withsthe MBPS magnet enveloping
the silicon tracker turned on, are listed in taBle

3.3 Digitization

The output of the Geant4 simulation needs to be digitizedredt can be reconstructed. Digitiza-
tion is a process whereby the output of the detector sintulatalledhitsis converted to a raw-data
format. This stage emulates the effects of the readout chain as electronic noise and cross-talk.
The file obtained during the digitization can then be proeeds/ the reconstruction software.

4 Event reconstruction and selection

In this section a summary of the inner tracker and LAr caletin reconstruction algorithms rele-
vant to the photon reconstruction is presented.

4.1 Data sample

For the work presented in this paper, only runs with an incgnphoton beam and with magnetic
field on are presented. For these runs the silicon trackeesept in the beam line and the magnetic
field is at its nominal value. They amount4800000 events.



4.2 Track reconstruction

In order to properly identify photon conversions a dedidai@ack reconstruction sequence has
been implemented and adapted to the specific geometry of iBes€tup. The standard tracking
method used is the so-callédside— Out tracking. The name stems from the fact that the track
reconstruction starts from the silicon tracker and praggesowards the TRT tracker. First a silicon
track segment is reconstructed starting from the largasthew of silicon (both pixel and SCT) hits
that fall into a line (straight line when the magnetic fieldoi§, a circle when on). Fast fits are
performed to determine which of these hits will be retainigti;mg from the first three silicon hits
and then gradually adding more. This substantially redtloegombinatorics without any loss in
efficiency. As soon as the silicon track segment has beenefbimthis manner, TRT extensions
are added to it assuming that the track stays within the fadlaciceptance of the TRT detector. The
final track parameters are then determined by a glgBahinimization of the residuals (defined
as the difference between the measurement position anchéhpredicted by the track) and their
errors. For more details seg] Thelnside— Out tracking is very efficient in reconstructing tracks
in particularly busy environments since the high grantjaof the silicon trackers can provide the
necessary resolution for recovering the track-hit pattétowever, this algorithm is limited to re-
constructing tracks that originate in the pixels or the f8&XT layer, since a minimum of seven
silicon hits are required for a track in order to be recortté&d.

To remedy for this, a complementary algorithm aiming at nstaucting primarily tracks from
secondary particles, such as those originating from photmversions, is also used. This will
be referred to as thBacktracking algorithm. Here track segments are first recangd inside
the TRT tracker. The reconstructed TRT track segments aredRktrapolated backwards towards
the silicon tracker. Silicon space-point seeds are thertised for in the three SCT layers closest
to the TRT. A minimum of two space-points is required in thise. After the space-point seed
formation additional hits are then added layer-by-layed #re track parameters are computed
using the Kalman-filter formalisn8]. The track parameters are updated after every succedsive h
has been added and outliers are immediately eliminatedghrtheir large contribution to the? of
the track fit. For more details on tiacktracking reconstruction algorithm and on how the tracks
are used afterwards for the reconstruction of photon ceimes in the ATLAS tracker, se@]

Finally, the tracks reconstructed by the two algorithmscambined and any overlap between
the resulting track collections is removed as explaineddnendetail in sectio.1 This then con-
stitutes the final track collection to be used for reconsitnggohoton conversions inside the tracker.

4.3 Cluster reconstruction in the LAr calorimeter

A cluster in the LAr calorimeter is formed by a group of cessimple projective cone algorithm
is used to collect the cell energies in clusters (gBafd references therein). Starting from cells
in the middle layer, the most energetic cell is taken as tled &€ the cluster and a fixed window
An x Ap=0.075x 0.125 (corresponding to:35 middle cells) is built around the seed. The choice
of the cluster size is a compromise between electronic ravgeshower energy containment. The
size alongn is consistent with the Moliere radius of an EM shower in thioaeter, while the
larger size along is chosen in order to contain the conversion electrons atgghby no more than
half a cell while entering the calorimeter. A geometricadjpction is then made to the other layers



of the calorimeter. The total cluster energy is obtainedhftbe sum of the energy deposits in each
layer of the cluster. For the analysis reported here, ndalenergy corrections were applied in
contrast to4] and [10].

4.4 Event selection

After the reconstruction of tracks and clusters, eventsloan be selected by exploiting their char-
acteristics. The selected events fall into two complenmgritategories according to the aim of the
final analysis. The first category includes events with twdl eeparated clusters of sizg x ¢
= 3x5 in the LAr calorimeter. One cluster corresponds to the @matith an approximate en-
ergy of 60 GeV (converted or unconverted) and the other tgtheary positron with energy-
120 GeV. The second category involves events with 3 clustaresponding to the well separated
e"e~ conversion pair and the high energy positron. Further eselgction involves examining
the characteristics of the reconstructed TRT track segmehhose produced by electrons from
photon conversions tend to cluster closer to the centrabmeglong the vertical direction of the
TRT volume. In contrast to conversions, the original posithaving been deflected upwards in
order to avoid the silicon tracker, will reach the TRT debeett a much higher position. TRT track
segments that point towards the center of the silicon tracsken extrapolated backwards, should
therefore belong to converted photons, whereas the onesmaphigher missing the silicon tracker
altogether, should be due to the original positron. Figushiows the distributions of the vertical
y-positions after a straight line extrapolation to the eemwtf curvature of the TRT barrel wedge of
the observed TRT track segments located downstream of shsilizon tracker layer outside the
MBPSID magnet. The charge can be defined by looking at the eseigsiopes during the extrap-
olation and the positively charged tracks are plotted s#pbrin the same figure. As expected,
the TRT track segments due to the original positron are thddmaracterized by higher vertical
displacements. Events for both analysis categories cagftiie be selected by requiring the tracks
from the photon conversions to be closer to the TRT centrdilcat region as figur® suggests. The
larger separation of the converted photon tracks in thelation plot (left) as compared to that in
the data is largely due to the TRT detector misplacemengdlombeam line (x-axis) with respect to
the silicon sub-systems in the tracker. This is primarilg ttuthe fact that the TRT was outside the
tracker magnetic field making it thus difficult to identifyifih along the beam axis. The larger num-
ber of tracks on the data side characterized by large pesiisplacements from the TRT central
vertical region as compared to the simulation, is due toalsethat the original positron traverses
in reality a larger amount of material upstream of the tra¢kan that introduced in the simula-
tion. This results in larger track activity, due for examfuesecondary tracks from electromagnetic
showers. This discrepancy does not in any way affect theestew photon analysis presented in
section6. To ensure an even cleaner photon sample selection, anoaddlitequirement is that
there be no tracks outside the central TRT region. Thesegsini selection criteria do not exclude
the possibility of very asymmetric conversions where tleetebn/positron with the lower energy is
swept out of the TRT detector acceptance. From simulatiodies it is expected that these events
account for less than 0.4% in the overall selected sampls;réndering their impact negligible.
The events in the first category are used for the the measatarhthe small difference in the
calorimeter response expected between converted anduarteshphoton energy depositions. This
procedure is described in detail in sect®nThe events in the second category are used to study
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Figure 5. Extrapolated y-position of the TRT track segments at ttezeof the TRT barrel wedge for sim-
ulated (left) and real data (right). TRT track segments dufé¢ original positron are clearly characterized
by higher vertical displacements.

the reconstruction of converted photons in the first tradkgers (pixels) with the main goal of
estimating the amount of material in front of the calorinneéhis is presented in detail in sectién

5 Comparison of calorimeter response for converted and uncwverted photons

The main goal of the analysis presented in this section isudysthe differences of the calori-
metric response to photons that have not converted insitefore the TRT, to photons that have
converted. Differences are expected in the presamplerbanthtee layers of the calorimeter due
to the early commencement of the shower in the case of a @ameln addition, the total energy
(the sum of the energy in the four LAr compartments) is algmeeted to exhibit a difference. This
difference is not only due to the additional energy loss m wpstream material in the case of a
conversion, but also due to the drop of the effective sargliaction in the calorimeter as a result
of the early showeringl[0].

These variations in calorimetric response between caedand unconverted photons reported
here, and their subsequent agreement with MC, support thefukstinct calibrations for electrons
and photons applied in ATLAS.

5.1 Single photon cluster selection

In this work results from photon runs in the first categoryhatitvo clusters and B-field on are
presented. These runs provide a particular topology fott ew@nts as can be seen in the schematic
of figure 6. In order to proceed with the study, events with the separathown in figure are
selected. The selection criteria imposed in this work aseidieed in tablet.

5.2 Calorimeter response to photons contained within a sirlg cluster

The presence of material upstream of the LAr calorimeterpimaites the photon reconstruction
since a 25% of the photons convert before reaching the @ayo¥he CTB provides us with the
opportunity to study the response of the LAr calorimetehwlite presence of magnetic field in the
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Table 4. Selection criteria for Data and MC for photon runs with thagmetic field on.
Run B#£0

Photon Positron
Clustern 0.538<n <0542 | 0.455<n <0.46
Clusterg 0.001< @< 0.01 | 0.07< < 0.085
No. of cells 79 79

0.025
—

i }0.0245
v |

—>
>

n

Figure 6. Expected topology in th@) x @) plane of energy deposits from the beam positron and theteatia
photon in the middle layer of the EM Calorimeter.

silicon tracker region. For the final analysis the sepandtietween converted and unconverted pho-
tons is performed using the TRT. For the identification ofwested photons the following selection
is applied:

e Atleast one TRT track in the photon path.

e One TRT track in the primary positron path or number of higlel¢HL) charge threshold
hits in the TRT greater than zero. This cut is necessary iardm'tag’ the positron.

e No TRT tracks outside the photon/positron paths.
For the identification of unconverted photons the followsgdection is applied:
e No TRT tracks in the photon path.
e No HL hits in the photon path.
e Atleast one TRT track in the primary positron path or numbéillo hits greater than zero.

The efficiency of the TRT-based selection was confirmed bfopaing a simulation and compar-
ing the calorimetric distributions of true converted andamverted photons with the corresponding
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Figure 7. Total energy deposited in each compartment of the caldeinfer data and Monte Carlo for
unconverted photons for a run with the magnetic field on.

distributions obtained when the TRT was used for the taggifige comparison showed that the
TRT can separate the two photon populations very efficig@®5% of the converted photons are
tagged by the TRT) thus effectively removing any systemeffiect coming from the TRT tagging.

Figures7 and8 show the four layer energy distributions for data (bulletsjl MC (histograms)
for unconverted and converted photons respectively. Teerebd agreement between the data and
the Monte-Carlo for both samples indicates an accuraterigéisa of the material by the simula-
tion.

Figure 9 compares directly for the data the layer energy distrimgtitor converted and un-
converted photons. A clear discrimination in the longihadishower development is observed:
photons which convert before the beginning of the TRT develo earlier shower, thus depositing
more energy in the presampler and strip layer of the caldéme

In figure 10 the sum of the energies of the four layers of the positron dmtgm clusters
(i.e. the total cluster energy) is presented for convertetl ianconverted photons. Given that the
positrons remain unaffected by the conversion/no-coimerseparation, the shift in the energy
measured in the calorimeter can be seen either in the phatlirenergy distribution or in the total
combined photon and positron energy (see fidul)e

The differences between converted and unconverted phaidtihe total cluster energy, de-
fined here as the sum of the raw energies of all cells in theéarlusan be expressed in terms of a
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Figure 8. Total energy deposited in each compartment of the caldeinfer data and Monte Carlo for
converted photons for a run with the magnetic field on.

Table 5. Photon energy scale shift measurement obtained from thkegositron-photon energy, and the
photon energy alone, for runs with the magnetic field on.

R: fractional energy shift for converted vs unconverted phst
Method Data MC
B#0, E/+Ee+ | 1.45+0.14 (statH 0.15 (sys) % 1.54+0.09 (stat) %
B+#0, E, 1.16+0.22 (stat}t+ 0.15 (sys) % 1.39+0.26 (stat) %

fractional differenceR as follows:

E —E
R _ CTotUnconverteg — ETotConvertey (5.1)

EUnconverteq?

The ratioR is a useful measure of how well the MC describes the data. i$hlBown in tables
using two methods. The first method uses the sum of the enértipe dwo clusters for the two
types of events, and attributes the measured energy differo the energy difference between
converted and uncoverted photons. The second method usabemnergy of the photon cluster.
A problem with the latter is that although the initial beanery is fixed, the photon cluster energy
is not monochromatic leading to difficulties in the fittingppedure. This is reflected in the larger
statistical uncertainty systematic, dominated by unagiés in the fit. In the data a fractional shift
of 1-1.5% is observed consistent with the prediction of the $imulation.
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Figure 9. Energy distributions in the four layers of the calorimdtara data run with the magnetic field on.
The separation between converted (bullets) and uncom@ristogram) photons using the TRT is shown.
A clear discrimination in the longitudinal shower develaamis observed: photons which convert up to
the TRT develop an earlier shower, thus depositing moreggrierthe presampler and first sampling of the
calorimeter, and less energy in the middle and back sangling

5.3 Systematic uncertainties on the fractional energy diffrence

A comprehensive list of the systematic uncertainties iemileelow along with their calculation
method and their values. Variations of analysis cuts andection factors have been applied in
order to get an estimate of the uncertainties. Their effacthe energy scale difference has also
been computed and tabulated. The effect of uncertaintidteeinmount of material upstream of the
calorimeter has also been studied. The most important sswfcsystematic uncertainties are:

e Beam absolute energy scale: The nominal positron beam\eiretbe region of 180 GeV
has an uncertainty of 0.5-0.7%][ To test possible systematic effects of this uncertaingy t
incident positron energy scale was varied-by%. The overall effect on the ratie is less
than 0.05% since this uncertainty affects both samplessisdme way.

e Presampler uncertainty (MC only): Uncertainties in thewlsalge of the absolute energy
response in the presampler are of order 6% and may also #ifecatioR. A conservative
10% variation of the presampler energy response in the Md@tsgs a 0.1% uncertainty on
the ratioR.

e Cross-talk effects in the LAr calorimeter: They are meagimgpulsing cells and measuring
the induced signal to neighboring cells. Corrections tordsponses of the cells are then
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Figure 10. Top: the combined positron and photon cluster energyibigion for converted (bullets) and
unconverted (histogram) photons for Data (left graph) a@i(kight graph) for a magnetic field on run. The
obtained difference in the photon cluster energy befoiibi@lon is 145+ 0.14% for data and.54+0.09%

for MC. Bottom: photon energy distribution for convertedi(bts) and unconverted (histogram) photons for
Data (left graph) and MC (right graph) for a magnetic field on.rThe obtained difference is16+ 0.22%

for data and 139+ 0.26% for MC consistent with the total energy fractional shift

implemented in the MC simulation. The impact of such cradls-effects to the ratidR
can be studied by varying the level of cross-talk in the satioh. The largest effects are
due to uncertainties in the inter-strip cross-talk coioectvhich can lead to variations of
1% in the strip layer energy response. The induced systemagiertainty on the rati® is
less than 0.04%.

e Upstream material: Uncertainties in the knowledge of the@wam of material upstream of
the CTB experimental setup may also impact the rRtid his was studied by running the
full analysis after varying the amount of material upstref&mmm O to 20% X». Even such
large a variation did not produce a significant change ondtie R.

Table6 summarizes the systematic uncertainties on the fract&m#iR of the cluster energy
for converted photons. The total systematic uncertainbpimore than 0.15%.

In summary, the obtained values of the réfi@re in good agreement with MC expectations.
The fact thaR=£0 is the main reason for providing specific calibrations flectons, unconverted
and converted photons within the ATLAS electron-photoronstruction software.
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Table 6. Systematic uncertainties in the fractional energy $Rift

Effect Name Systematic Uncertainty iR | Variation Applied
+1%
Beam Energy Scale +0.05%
-1%
_ +10%
Presampler Uncertainty 4+0.10%
-10%
_ +1%
Strips +0.04%
-1%
Extra Material Upstream of Magnets +0.005%
TOTAL +0.15%

6 Reconstruction of converted photon vertices

A large fraction of the beam photons will convert as they drae the silicon tracker. The two
tracks from the emitted™ e~ pair can then be used to reconstruct the conversion vertikmsthe
studies presented in this section only photons that comvehie pixel tracker will be considered.
This allows for the produced tracks to have a sufficient nunolbg@recision silicon hits for their
track parameters to be accurately computed. This in tundtsei® a much higher precision for the
reconstructed vertex position. Since the number of coadegphotons is directly correlated to the
amount of material inside the silicon tracker, they can teglder mapping the material of the pixel
tracker. This procedure is described in the following secti

6.1 Tracks used in the photon conversion reconstruction

For reconstructing the converted photon vertices, alksaelivered by the two tracking algorithms
described in sectiof.2are used. In order to remove tracks reconstructed by botiitdms, tracks
found by theBacktracking algorithm are removed if they share more thani8asil hits with any
of the tracks from thénside— Out tracking algorithm.

About 80 % of the events have at least two tracks. Events witerthan two tracks contain
secondary conversions by Bremsstrahlung photons insalsilthon tracker. Events with less than
two tracks contain photons that convert late inside theknag.e. later than the second SCT layer
(late conversions). The reconstruction of tracks from #éte photon conversions is more challeng-
ing due to the reduced number of available precision hitsaaadot considered further here.

6.2 Converted photon event selection

Clean photon events are initially selected by requiringttit@ photon energy deposited in the LAr
calorimeter to be

E > 42 GeV, (6.1)
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where E is the total reconstructed photon energy in the LAo@aeter. In addition, events with
unconverted and late converted photons are removed byriregjait least one reconstructed track
in the TRT and one reconstructed space-point in the SCT.

Ng T > 0, (6.2)
Niack > 0, (6.3)

Events are further selected by examining the number of dtitsithat the reconstructed TRT
tracks in each event contain. A TRT track produced by an medrom a photon conversion
contains, on average, 35 hits. On the other hand, the pripasigron is steered by the bending
magnets to almost miss the transition radiation tracker.aAssult its TRT track segment will
contain very few hits. In order to select TRT tracks origimgtfrom a photon converted inside the
silicon tracker, the following condition is then applied:

NIRT > 27 (6.4)

Finally, events are also selected by examining the poirtinpe TRT track segments when
they are extrapolated backwards to the silicon trackersudsed in sectiof.4. In order to elim-
inate the TRT tracks due to the primary positron, those wihkitjve charge should satisfy the
following requirement:

Yeener< 20 mm (6.5)

where YRl is the y position at the center of the TRT cylindrical wedge.

Table 7 shows the photon events classified according to the numbgER®ftracks that pass
the above selection criteria (designatedyasd TRT tracks) for both data and simulation. After
pre-selection, 16 % and 17 % of the reconstructed simulamehdata events remain, respectively.
As it can be seen in this table, one or two TRT tracks are ngsisimbout 37 % and 52 % of the
simulation and data events, respectively. Events withawd TRT tracks correspond to those with
unconverted photons or to those with converted photonsfaéiiat the directionality criterion in
eg.6.5. The significant discrepancy between the data and the diloniia due to the actual nature
of the simulated photon beam. Although its energy spectrachdirection are derived from the
data, they are based on converted photons that have eligerdaised the above selection criteria,
since these are the only photons that can be efficiently stiearted. Stray photons, that may re-
sult in certain cases in electromagnetic shower burst® bagn omitted. As a result, the simulated
photon beam is much cleaner than that in reality and henctower number of events with no
good TRT tracks. The reverse is seen in the case of events thatlweve moregood TRT tracks,
which account for 63 % and 48 % of the total simulation and dataples, respectively. This
category includes conversion events from non-primary @iti.e. Bremsstrahlung photons from
the primary positron upstream of the MBPS magnet or secgnuaston conversions from inside
the tracker. As a result, two reconstructgmbd TRT tracks do not always match ahe™ pair from
the primary photon conversion in the truth information. He tesults presented below only events
with two or moregood TRT tracks are used.
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Table 7. Comparison between Data and MC on number of events clakagiaggood TRT tracks.

Sample MC Data
Processed events 839219 308867
After pre-selection 137557 (16 %) 53302 (17 %)
MC convertedy | matched tee™ e~ Data
NI — 0 11002 (8 %) 886 — 11530 (22 %)
Ngod_ 1 39537 (29 %)| 30834 — 16148 (30 %)
NI — 2 76709 (56 %)| 75703 73073 21712 (41 %)
NI 2 10309 (7 %)| 10069 8849 3912 (7 %)

6.2.1 Tracking efficiency and purity

The tracking efficiency and purity are estimated from theusation by examining the recon-
structed tracks that are assigned to converted photorgeitise tracker. Both reconstructed tracks
are required to correspond to a treee” pair that originates from the same true primary photon
that converts inside the silicon tracker. The efficienéy) to reconstruct the conversion tracks
as well as the purity #1«) of the reconstructed track sample as a function of theosilitacker
layers that they originate from, can be defined as,

Number of reconstructed tracks in layer
2 x Number of conversions in layer ’
Number of true conversion-matched reconstructed tracksyari
Number of reconstructed tracks in layer

Srmeli) = (6.6)

Pr(i) = (6.7)

If an event has more than two reconstructed tracks, the nuoflbeconstructed tracks is set to two.

Figure11 shows the tracking efficiency in each silicon layer both facks reconstructed by
the Inside— Out algorithm only and for the combined tracks. For early cosiers occurring in
the pixel layers, the efficiencies axe90 % with thelnside— Out tracking method. On the other
hand, as expected, they are lower in the case of late coamsrdue to the lack of sufficient number
of hits to reconstruct those tracks using this method. Irtixid given that the tracks from late
conversions are very close to each other, only one trackuiallysobserved for these events by the
Inside— Out track reconstruction method. If both theside— Out andBacktracking methods are
applied, the tracking efficiency increases substantialtyttfe late conversions. Figut@ shows the
purity when both tracking methods are used as a functioneoptsition of the conversion vertex.
The purity, except for the last layer of the SCT~90 %. The degradation of the purity in the last
SCT layer is mostly due to the increased presence of traoks $econdary (i.e. Bremsstrahlung)
photon conversions.

6.3 Vertex reconstruction

In order to reconstruct photon conversion vertices\théalV rt algorithm is usedJ1]. This is
suitable for the reconstruction of any vertex type, be itany or secondary. Based on the Kalman-

—19 —



> C T T T i
g 1 A
S — 00— ]
& [ —— ]
081~ 7
L < ]
0.6~ ]
04— —_—— ]
L o Inside-Out Tracking i

[ a Inside-Out +Back Tracking ]
0.2~ i
L —_——_ ,

L i

(U i N S B S B

PixelB  Pixel1 Pixel2 SCT3 SCT4 SCT5 _ SCT6
Conversion point (layer)

Figure 11. Tracking efficiency in each silicon layer.

Purity

0.8

0.6 —
0.4

4 Inside-Out +Back Tracking

0.2

\\\‘\\\‘\\\l‘\\\‘\\\l\

PixelB  Pixel1 Pixel2 SCT3 SCT4 SCT5 _ SCT6
Conversion point (layer)

Figure 12. Purity of the reconstructed track sample in each silicgera

filter method, it allows the setting of many constraints sasimass and opening angle between the
two tracks at the vertex. The input to the vertex fitter cdesig a pair of tracks with opposite
charge. For events with more than two tracks, the best catibmis selected, determined by the
distance of minimum approach of the two tracks.

For optimal results th¥ KalV rt vertex fitter is called twice. First an initial vertex fit isrpe
formed without applying any constraints, in order to obtaimough estimate of the conversion
vertex position. This is then used as an input to the secortdxvét iteration where, in addition,
an angular constraint is applied. This is based on the fattthiee"e  pair tracks are emerging
parallel to each other at the vertex point being the decaguymts of a massless particle. This trans-
lates to an angular constraifitp = A8 = 0 applied directly on the parameters of the two tracks
considered resulting in an improved reconstructed ventsitipn resolution.
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6.3.1 Vertex reconstruction efficiency and purity

The efficiency Eerex) @and purity (Puerex) Of the vertex reconstruction are determined using the
simulation. They are defined as follows:

Number of events with> 1 reconstructed vertex in layer (6.8)
Number of events with two truth-matched tracks ’ '
Number of events with a truth-matched conversion verteayeti
Number of events with> 1 reconstructed vertex

éavertex(i ) =

yvertex(i) = ) (6-9)

Figure13shows the vertex reconstruction efficiencies, both withwitkdout the angular con-
straint, for each silicon tracker layer. As shown in figie the purities are above 90 % except
for the last three SCT layers. Again, as in the case of thé tre@onstruction, this is due to the
presence of tracks from secondary photon conversiongirgsin an increase of the combinatorial
background.

Figure15 shows the resolution of the x-position of the reconstrusterdices in the MC. The
mean is offset by & mm due to biases during the vertex reconstruction whentbdracks share
one or more of their silicon clusters closest to the coneersertex. The reconstructed vertex posi-
tion resolution is~ 7.5 mm, fairly constant in the three pixel tracker layers ratevfor the analysis
presented here and significantly smaller to the clearanetgeln the layers of the pixel and the
SCT detectors ofv 35 mm and~ 70 mm, respectively. This allows for the observation of the
structure of the individual silicon tracker layers. No @mtions due to Bremsstrahlung losses on
the reconstructed converted photon electron tracks hase &gplied. This results to the tail seen
on the positive side of the reconstructed conversion verjgasition resolution distribution in fig-
ure 15. Electrons from converted photons that have lost part of #rergy due to bremsstrahlung
effects, will bend more inside the magnetic field enveloghmgtracker and will result therefore in
the reconstructed conversion vertex position to be attargees than it would have had otherwise.
The tail on the negative side of the same distribution is dubd mis-reconstruction of conversion
vertices where at least one of the participating tracks hiasad one or more silicon hits. The effect
is more pronounced the closer the missed silicon hits ateetoeiconstructed vertex position.

6.4 Conversion reconstruction efficiency

Not all reconstructed vertices correspond to convertechgmy photons. For example, electron
tracks from secondary converted photons originating fraenisstrahlung losses of the electrons
from the primary converted photon, will produce some coratuirial background. The conversion
reconstruction efficiencyétony) is again estimated using the simulation and refers to ctiyre
reconstructed conversion vertices where b®th -pair tracks are truth matched to the electrons
produced from the primary converted photon. This can beesgad as:

Number of events with a truth-matched conversion verteayeti
Number of events with photon conversions in layer

Scondi) = (6.10)

Figure 16 shows the conversion reconstruction efficiency as definedeabThe efficiency is
higher for early conversions than for late ones, as expecléds is due to the lower reconstruc-
tion efficiency of tracks originating late inside the silictvacker because of the limited number of
available silicon hits.
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7 Inner detector material estimation using photon conversins

The number of photon conversions is directly related to theunt of material in the tracker tra-
versed by the beam photons. One can therefore use this iatfiomin order to estimate the amount
of the material in the tracker, including passive materidiis is extremely important since it di-
rectly relates to the quality of the electromagnetic cabetier calibration and hence to the precision
of its energy resolution. Appreciable effects can alreaglgden with 10%x additional material

in the tracker. The CTB experimental setup provides the dppity of testing the possibility of
using the conversion photons to measure the material inrdoidr. Only an estimation of the
material in the three pixel layers is made, due to the limitechber of available converted photon
statistics in the other layers. In order to reduce the uatgres due to the number of incoming
beam photons, a ratio of the estimated material in each [ayel can be formed with respect to
a reference volume where the material is well measured amimtly. In the CTB case this is
provided by the copper foil placed 77 mm in front of the firstgbilayer. Its thickness has been
measured to be 3@m. In the following, the estimation of the material in the pepfoil and the
three pixel layers is discussed in detail together with theesponding statistical and systematic
uncertainties. The small number of reconstructed photomeargions in the copper foil, does limit
the overall precision that can be achieved by the CTB meamntto levels much higher than
those desired for the precise energy calibration of thetreleagnetic calorimeter, as it will be
seen in the following sections. In the LHC collision envinoent this will not be the case due to
the abundance of converted photons frafror  decays in the minimum bias events. There a sta-
tistical precision ok 2% will be reached already with the firsb~! of data and the measurement
of the tracker material can be expanded to layers beyone thfahe pixel system.

7.1 Description of the method

The amount of materialM) is measured by using the fraction of the photon convergiBgs,) in
a layer.

M = —9/7-In(1— Feony) (7.1)
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Figure 17. Distribution of the reconstructed data vertex positiohise three pixel layers together with the
copper foil in front are clearly distinguishable.

The conversion fractioRqony is computed by the following expression;

Number of expected true conversions per layer in data
Number of all incoming photons to the layer
NData. pMC AMC
_ rec / (72)

N exp(—7/9-Myp)

I:conv -

whereN2a%is the number of reconstructed conversions on a specifictdetayer, andxlgﬁ,tais the
number of analyzed photons (in this analysis 308867 eveh&awone event corresponds to one
beam photon). Furthermore Mis the total amount of the material upstream of each layeeund
consideration. FinallyPV€ is the correction factor due to background contaminatiow, A8C is
the correction to the signal vertices due to reconstrudtiefficiencies. Both factors are estimated

from the simulation.

PMC (i) — Number of vertices generated and reconstructed in liayer (7.3)
N Number of vertices reconstructed in layer ’ '
~ Number of vertices generated and reconstructed in layer

Number of vertices generated in layer

(7.4)

AMC(i)

These correction factors will be described in more detasidation7.2.1

7.2 Number of reconstructed vertices

The distribution of the reconstructed conversion vertesimms for the full data sample is shown
in figure17. The structure of the pixel tracker is clearly visible beaaogmore difficult to resolve at
larger distances due to the lower tracking efficiency. Thalsbump in front of the first pixel layer
at~ 77 mm, corresponds to the copper foil that was placed tharerder to count the number of
reconstructed vertices in each layer, we need to deterrhasignal region. In figures8 and 19,
the vertex position distributions, in both the data and theukation, are shown centered around
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the copper foil and the pixel tracker area respectively. dihall shoulder in front of the first pixel
layer is due to the support box of the pixel tracker assendiiig corresponding vertex distributions
for the data and the simulation are fitted with a function defias follows,

Pixel2 X — by 2
Fit = Co+ Z axexp(—( c ) ) (7.5)

i=copper

The above function matches well all of the distributions.e®ignal regions for the copper and
for each pixel layer are then defined as the ones between thimanof the fit function. These are
X = 65—90 mm for the copper, arxl= 180— 215 mmx = 215— 250 mm andk = 250— 290 mm
for each of the three pixel layers. In the case of the simathe hatched histograms and the
dashed histogram show the background contribution in eigolalsregion obtained from the truth.
This is due to either vertices wrongly reconstructed at dyed under consideration instead of at
the layer immediately upstream, or, less often, to vertieesnstructed by a wrong combination of
electron-positron tracks. Conversion vertices recongtdiat the wrong position result from poorly
reconstructed tracks which missed at least one precidicorshit close to the conversion vertex.

7.2.1 Efficiency AMC) and background (PM€) correction per layer

In order to measure the efficiency correcti®f' is separated into three components.

AMC = Apre‘ Esel- Ein. (7-6)

Each component shows the effect of each selection stageis the efficiency during the pre-
selection and is determined primarily by the geometricabptance E¢ represents the efficiency
of the vertex reconstruction. Finalll, is the efficiency for a reconstructed vertex to be within the
selected signal region. The above variables are definedlas$o

. Number of generated vertices in layehat passed the pre-selection
Porell) = Number of generated vertices in layer ’ (7.7)
Number of generated vertices in layeeconstructed after all selections

Number of generated vertices in layehat passed the pre-selection
Number of generated and reconstructed vertices afterlatitgans in layei

Number of generated vertices in layaeconstructed after all selections

Esel(i) = (7.8)

En(i) =

(7.9)

Table 8 shows a list of the correction factors estimated by usingdéf@ition of the signal
region described in sectioh2 The pre-selection is based on the information from the TRT a
the LAr calorimeter as mentioned in secti6r2. Ay is lower for layers farther from the TRT due
to the larger probability for a conversion electron to bemthie magnetic field and end up outside
of the geometrical acceptance of the detector. Both thedsaokd and the efficiency correction
factors depend heavily on the definition of the signal regjiwen that the pixel layers are close to
each other.

7.3 Systematic uncertainties and material estimations

The statistical error is estimated from the final number obrestructed vertices. The systematic
uncertainties in this analysis are due to the geometriczd@ance, the selection procedure, the
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Figure 18. Reconstructed vertex position resolution for conversimmthe copper foil. The simple gaussian
fit indicates that the reconstructed position of the coppiiig within 1 mm from the one expected in the
simulation. The shaded histogram indicates the backgroanttibution due to vertices reconstructed at the
wrong position whereas the dashed-line histogram the lvagkg contribution due to vertices where the
track combination is wrong (see text for details).

definition of the signal region and the background correctibhey are summarized in tat®eo-
gether with their effect on the estimated amount of the nadter each layer. This is obtained by
varying each one of\ye, Esei, Ein andPMC individually within a range determined by the largest
difference in their values seen in tat@dor all layers, and estimating the effect on deducing the
corresponding amount of material in each layer. There isrgroitant qualitative difference in the
nature of the systematic uncertainties mentioned abovesé& Hue to the geometrical acceptance
and the reconstructed conversion vertex selection areljacprrelated among the different pixel
layers and the copper foil and will result in a coherent inseeor decrease of the estimated amount
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Figure 19. Reconstructed vertex position distribution for the thpéeel Layers. The shaded histograms
indicate the background contribution due to vertices retroicted at the wrong position whereas the dashed-
line histograms the background contribution due to vestighere the track combination is wrong (see text
for details).

of the material on all layers. On the other hand the systenuaitertainties in the definition of the
signal region and the background correction are layerisp@nd taken to be uncorrelated among
the different pixel layers and the copper foil. An additibsaurce of systematic uncertainty is
the poorly known incoming photon beam flux. One can use thenstructed conversion vertices
on the well measured copper foil for assigning an overallediainty to the material estimation
due to the number of the incoming photons. By comparing tmebar of triggered incoming data
photons to the one expected by counting the reconstructeceded photons on the copper foil
assuming that we know the amount of material perfectly wiad,difference is found to be 7%.
This source of systematic uncertainty is in nature quitdlaimto the one due to the luminosity
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Table 8. Summary of the correction factor&ge, Esel, Ein, AMC andPMC for each layer)

Data MC
Layer | Rec’'ted| Signal| BG BG Apre Esel Ein AMC pMC
(Mig) | (comb)
Cu 121 330 15 7 46.3+1.3|64.841.8|75.74+2.1122.741.1193.8+ 1.3
PixelB| 1658 | 4296 | 1148| 473 |49.1+ 0.4|74.2+0.5|78.5+ 0.6|28.6+ 0.4|72.6+ 0.6
Pixell | 1851 | 4368 | 1263| 185 |52.3+0.4|/69.94+0.5|81.6+0.5|29.8+0.4|75.1+ 0.6
Pixel2 | 1236 | 2913 | 1046| 115 |55.840.4|51.0+0.6|71.0+£0.7|20.2+0.3|71.5+ 0.7
Table 9. Relative error for XXg
for X/Xo varied variable Cu | PixelB | Pixell | Pixel2
Geometrical acceptance | 0Apre/Apre£9% | 3.9% | 4.0% | 3.9% | 40%
\ertex selection OEse/Esel£16% | 11.4% | 114% | 112% | 11.0%
Definition of signal region, 0E;n/En+12% | 80% | 80% | 82% | 7.9%
Background subtraction | PMC/PMC +14% | 14.8% | 15.0% | 14.8% | 14.9%
Photon Beam Flux ol /I £7% 70% | 7.0% | 7.0% | 7.0%
for (X/Xo)/(X/Xo)cu varied variable
Geometrical acceptance | 0Apre/Apre+ 9% — 0.02% | 0.02% | 0.03%
Vertex selection OEse)/Esel £ 16% — 0.0% | 0.2% | 0.4%
Definition of signal region  dE/Ejn +12% — 11.3% | 11.4% | 11.3%
Background subtraction | 3PMC/PMC 4149 | — | 211% | 20.9% | 21.0%

guoted by collider experiments and will affect equally thatemial estimations on all pixel layers.
By taking the ratio of the measured material of the threelpayers to that of the copper foil one
can completely eliminate the uncertainty due to the incgnuihoton beam flux and dramatically
decrease the largely correlated ones due to the geomedtcaptance and the conversion vertex
selection. This is also shown in the bottom half of tafle

The final estimations of the amount of the material in thedipigel layers and the copper foll
are shown in tabld0. The ratio of the measured material in the three pixel layerthe one in
the copper foil is also shown. There is good agreement wiketirom the simulation within the
guoted statistical and systematic uncertainties.

8 Summary and conclusion

In this paper we have presented the results of the phototestuding the 2004 Combined Test
Beam data. This is a combined analysis where both the efeatioetic calorimeter and the tracker
data were used to study the response of the ATLAS sub-detdotboth converted and unconverted
photons. The CTB data provide us with an excellent test standll the photon reconstruction
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Table 10. Summary of the estimated amount of material for each layer

Copper PixelB Pixell Pixel2
Reconstructed vertices 121 1658 1851 1236
X /X0 (%) with errors | 0.23+0.02+-0.05| 1.97+0.214+-0.43| 2.214-0.24+0.41| 2.11+0.24+0.46
Ratio — 8.571.25+2.05/9.61+1.43+2.29|9.17A41.39%2.19
X /Xo (%) in MC 0.25 2.6 2.6 2.6
Ratio in MC — 10.4 10.4 10.4

algorithms employed in the ATLAS experiment, which due te ldck of any other available data,
have been designed, developed and tested using simuldatedrdga

The reconstruction of converted photons inside the ATL/ASKer is of particular importance.
Due to the significant amount of material in the ATLAS tracker average- 50% of the photons
will convert before reaching the cryostat of the electronedig calorimeter. Therefore efficient
reconstruction of the converted photon signal is of pararhauportance for any physics study
that contains photons in its final state. We have shown tleetisting reconstruction software
utilizing the latest developments in both the tracking drawertex reconstruction can achieve this
goal. Clear identification of both converted and unconekpkotons is important for the analysis
of physics processes with photons as their final signatimes the converted and unconverted pho-
tons are characterized by different types of systematienainities and can offer complementary
ways in both extracting the signal and rejecting the baalkgudl2].

The identification of converted and unconverted photonsgusie full capabilities of the Lig-
uid Argon calorimeter with a TRT-based tagging selectidiowaed us to perform an accurate mea-
surement of the difference in energy deposition betweewnartad and unconverted photons of the
same energy. Irrespective of the location of the converdierit early or late, a method has been
developed that ensures identification by observing ddapasiin the presampler and first sampling
of the calorimeter. This is possible thanks to the fact thettpns converting early present a dif-
ferent longitudinal shower development, i.e. they indigheir showers earlier. While this study
will eventually be repeated using the collected ATLAS d#te, results presented here are for the
moment the only quantitative measurement of the energysitepo difference between converted
and unconverted photons. As such it has direct implicatimothk in the energy calibration of the
electromagnetic calorimeter and in developing data-dradgorithms for the measurement of the
photon identification efficiency.

Of particular interest is also the use of the converted pi®for mapping the material of
the tracker with direct implications on the calibration scte of the electromagnetic calorimeter.
Among the different methods that have been proposed fanastig the amount of the material,
the use of the photon conversions is particularly appealiingough the reconstruction of the con-
version vertex, they can provide in addition the precisation of the existing material. Under the
controlled conditions of the Combined Test Beam where chragie photon beams were delivered,
the method of using the converted photons to measure tHeetrataterial has been first developed
and tested. It is currently being employed for the mappinthefATLAS tracker material using
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the 2010 LHC data. Within the CTB framework, direct compams between the data and the ex-
pectations from the simulation can be made thus checking@lbility to use converted photons
in order to locate the regions in the tracker where discreipanmay exist and correct for them.
It has been found that the data agree well with the existirigatier description in the simulation
within a ~ 20% overall precision, due both to the rather low statistied to the large systematic
uncertainty stemming primarily from the inability, inheten the CTB experimental setup, of accu-
rately predicting the number of incoming photons. Both ef #vove will largely be absent during
normal operations in a collision environment, resultingimuch improved material measurement
precision. The first data acquired with the LHC beams mone sugport this last statement.

In conclusion the CTB data enable us to study important éxpetal aspects of the photon
reconstruction. The results of two important applicatieriere photons can be used have been
presented. These are of particular interest for a numben-gfoing analysis efforts exploiting the
2010 data of the ATLAS detector at the LHC.
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