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7 Electron and photon identification and
measurement

7.1 Introduction

The emphasis of this chapter is a discussion of how the combination of the Inner Detector (ID)

and the EM Calorimeter (and to a lesser extent, the Hadronic Calorimeter) can be used to iden-

tify and measure electrons and photons. Performance obtained using either the ID or the EM

Calorimeter alone is described in the corresponding chapters, namely Chapter 3 or Chapter 4.

For example, the electron-pion separation using transition radiation (TR) is described in

Section 3.4. In this chapter, strategies for identifying electrons and photons originating from dif-

ferent physical processes in the presence of appropriate backgrounds are discussed. Methods

for improving measurements are also presented. In what follows, it is clear that analyses will be

improved as a better understanding of the detector is gained and new software is developed.

Throughout this chapter, ‘low luminosity’ will be used to imply no pile-up.

7.2 Electron measurements

7.2.1 Measurements in the Inner Detector

As can be seen from Figure 3-5, there is a significant amount of material in the ID. The total ma-

terial in the active volume of the ID averaged over |η|< 2.5 is ~50% X0, hence there is a sizeable

probability for an electron to loose a significant fraction of its energy before leaving the ID. Al-

though much of the bremsstrahlung radiation will be collected by the EM Calorimeter, the track

in the ID may be seriously affected causing its pT to be poorly reconstructed and in some cases,

making it difficult to reconstruct the track at all. The probabilities for electrons to radiate a given

fraction of their energies are shown in Figures 7-1 and 7-2. For example, 20% of electrons will

have lost half of their energy by the time they leave the ID barrel. The distributions are shown

for pT = 20 GeV electrons, however, the pT dependence is small.

7.2.1.1 Bremsstrahlung recovery procedures

The track parameters reconstructed from a set of hits in the ID are not uniquely defined, but de-

pend on the fitting procedure. Adjustments are possible using the ID information alone and fur-

ther improvements to the track parameters can be made by using the EM cluster centroid as an

external point. By allowing for bremsstrahlung on an electron track, it is possible to recover

some of the efficiency losses which occur with a simple fit tuned for muons. In the following,

the recovery procedures adopted by three of the ID pattern recognition programs (see

Section 3.1.2) are discussed.

PixlRec allows for a discreet change of curvature at a fitted radius resulting in a seven parame-

ter fit. For tracks where the fraction of TR hits exceeds 15%, xKalman attempts to recover from

the energy loss by bremsstrahlung by incorporating it as an additional noise term in the Kalman

Filtering formalism, in a manner akin to the multiple-scattering treatment. The modified track
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fit is retained if the track quality, measured by the number of precision hits, is improved (default

operation). There exists in iPatRec, the possibility to fit the track in just the first few silicon lay-

ers, thereby reducing the sensitivity to the bremsstrahlung. By giving more weight to the earlier

part of the track, all of these methods reduce the sensitivity to bremsstrahlung at the cost of re-

duced pT resolution.

It can be shown that in the case of a single hard radiation, the energy-weighted barycentre of the

impact points of the electron and the photon in the EM Calorimeter lies on the extrapolation of

the initial electron trajectory. When the bremsstrahlung photon and the final electron both leave

the ID with sufficient energy, these energy deposits merge into a single EM cluster. Hence, in

principle, an unbiassed estimate of the original electron energy can be deduced from a helical fit

using the track segment before the radiation and including the EM cluster barycentre. xKalman

uses this principle to improve the pT estimate by minimising a χ2 containing all the fitted track

information and the EM cluster position.

7.2.1.2 Momentum measurement in the Inner Detector

Electrons with pT = 20 GeV were reconstructed with iPatRec, and fitted using all the track infor-

mation (including the TRT) or just the information from the first four or five silicon planes. The

ratio of the true pT to the reconstructed pT was formed and the core of the distribution was fitted

with a Gaussian. The means and sigmas of the fits are shown as a function of pseudorapidity in

Figures 7-3 and 7-4 respectively. It can be seen that as the track is truncated, the mean is closer to

unity, indicating that there is less sensitivity to bremsstrahlung, but the resolution is degraded.

The results of the fit to the complete track are very similar to those obtained with xKalman.

Figures 7-5, 7-6 and 7-7 illustrate different bremsstrahlung recovery procedures implemented in

the xKalman program for pT = 20 GeV electrons in the barrel. Gaussian fits were made to the

cores (±1.5σ) of the distributions of the ratio of true pT to reconstructed pT. Figure 7-5 shows the

ratios obtained using the ‘muon-fit’, which is appropriate for muons, but makes no allowance

for electron bremsstrahlung. The tail corresponding to lower reconstructed pT is clear. Figure 7-

Figure 7-1 Probability that an electron with |η| = 0.3
(ID barrel) will radiate a given fraction of its energy
within a certain radius. (Upper lines correspond to
smaller losses.)

Figure 7-2 Probability that an electron with |η| = 1.3
(ID barrel/end-cap overlap) will radiate a given fraction
of its energy within a certain radius. (Upper lines cor-
respond to smaller losses.)
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6 shows the ratios obtained using the ‘electron fit’, which does allow for radiation. The distribu-

tion is far more Gaussian, but with worse pT resolution. Figure 7-7 shows the ratios obtained us-

ing the muon-fit combined with the EM cluster position. Although there is a tendency to over-

compensate for the increased curvature, the tails have been reduced while retaining the resolu-

tion of the muon-fit.

The emphasis of the bremsstrahlung recovery algorithms in xKalman is to follow the track

through the ID so as to associate as many hits as possible and to reduce the tails in the pT distri-

bution in order to increase the electron reconstruction efficiency. Figure 7-8 shows the efficiency

for the different fitting procedures. The ‘combined-fit’ is the default fit for identified electrons,

as described in the previous section. This corresponds to the combination of the muon and elec-

tron-fits, where the muon-fit is retained in most cases, but for the few percent of electrons where

the number of precision hits on the track is increased, the electron-fit is kept. The efficiencies

were evaluated for electrons passing the extended ID track quality cuts (see Section 3.1.3) and

satisfying 0.7 < pT
gen/pT < 1.4 (the results are not very sensitive to whether the normalisation is

with respect to the true pT or the ET measured by the EM Calorimeter). The electron-fit increases

the efficiency by ~6% with respect to the muon-fit, although it degrades the pT resolution by a

factor of ~2. The combined-fit increases the efficiency by ~2%, while retaining good resolution.

The use of the EM cluster position significantly improves the tails and hence the efficiency at

higher pT. Around 200 GeV, the intrinsic ID resolution starts to dominate the bremsstrahlung

tails and causes events to be lost by the cut on pT
gen/pT.

Figure 7-3 Ratio of true pT to reconstructed pT for
pT = 20 GeV electrons reconstructed by iPatRec. The
means are obtained from Gaussian fits to the cores of
the distributions as a function of pseudorapidity. Track
fits are made to either the full track or a reduced
number of silicon planes.

Figure 7-4 Resolution of reconstructed pT for
pT = 20 GeV electrons reconstructed by iPatRec. The
sigmas are obtained from Gaussian fits to the cores of
the distributions as a function of pseudorapidity. Track
fits are made to either the full track or a reduced
number of silicon planes.
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7.2.2 Matching the Inner Detector and EM Calorimeter

7.2.2.1 E/p for electron identification

The comparison between the momentum reconstructed in the ID and the energy measured in

the EM Calorimeter is valuable in identifying electrons, as is demonstrated in subsequent sec-

tions. It also serves as an important source of calibration for the EM Calorimeter.

Figure 7-5 Ratio of true to reconstructed pT from
xKalman using the muon-fit for electrons with
pT = 20 GeV and η = 0.3.

Figure 7-6 Ratio of true to reconstructed pT from
xKalman using the electron-fit for electrons with
pT = 20 GeV and η = 0.3.

Figure 7-7 Ratio of true to reconstructed pT from
xKalman using the muon-fit along with the EM cluster
position for electrons with pT = 20 GeV and η = 0.3.

Figure 7-8 Efficiency for reconstructing electrons
(η = 0.3) with xKalman using different fits. Electrons
are required to satisfy the extended ID quality cuts and
0.7 < pT

gen/pT < 1.4.
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Figures 7-9 and 7-10 summarise the shapes of the E/p distributions as a function of pseudora-

pidity for pT = 5 and 20 GeV electrons respectively. To give the narrowest distributions, full fits

were made using all the track information. At pT = 20 GeV, the width of the distributions is

~2.5%.

7.2.2.2 E/p for calibration of the EM Calorimeter

The main tool for calibrating the EM Calorimeter will be Z → ee events, as described in

Chapter 4. The peak of the E/p distribution will provide a valuable cross-check of the calibra-

tion. As a precursor to this, it is essential that the momentum scale of the ID is correctly calibrat-

ed for muons along the lines discussed in Chapter 12. Subsequently, the calibration for electrons

must be made, allowing for dE/dx losses and bremsstrahlung. These corrections will come from

Monte Carlo studies like those illustrated in Figure 7-3, and hence will rely on a good model of

the detector in the simulation and an accurate description of physical processes by GEANT.

The cores of the E/p distributions for different electron energies were fitted with Gaussians. The

means and sigmas of the fits are shown as a function of pseudorapidity in Figures 7-11 and 7-12

respectively. The electrons have been reconstructed by iPatRec using the first four silicon planes

to reduce the sensitivity to the bremsstrahlung. The mean values of E/p have a variation with

pseudorapidity which comes primarily from the ID pT (Figure 7-3). However, there are also

some effects arising from imperfections in the Monte Carlo calibration of the Calorimeter, for

example at ET = 20 GeV, the energy calibration is about (1 ± 1)% too low.

The resolution which can be achieved on E/p (Figure 7-12) leads directly to estimates of how

many events will be required to check the calibration of the EM Calorimeter. Taking the resolu-

tion to be 5%, 400 regions of the EM Calorimeter can be calibrated with a statistical precision of

0.1% with 106 electrons. This should not be a problem, since at low luminosity, it is anticipated

that 30×106 reconstructed W → eν events will be collected in one year. The 5% resolution comes

Figure 7-9 Contour plot showing value of E/p below
which 10, 20, 30, 40, 50, 60, 70, 80 and 90% of elec-
trons are reconstructed at given values of pseudora-
pidity. Curves are shown for pT = 5 GeV electrons
reconstructed with iPatRec using all the track informa-
tion.

Figure 7-10 Contour plot showing value of E/p below
which 10, 20, 30, 40, 50, 60, 70, 80 and 90% of elec-
trons are reconstructed at given values of pseudora-
pidity. Curves are shown for pT = 20 GeV electrons
reconstructed with iPatRec using all the track informa-
tion.
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from the track fit to the first four or five silicon planes. If there is sufficient confidence in correct-

ing for the effects of bremsstrahlung so that the full track information can be used, then the

same statistical precision will be achieved with a quarter of the number of events.

7.2.2.3 Sensitivity to the material of the Inner Detector

The position of the E/p peak depends on the amount of material, especially that located at small-

er radii. To test the sensitivity to this in the simulation, the material in the SCT support struc-

tures was increased. These structures (cylinders in the barrel and disks in the end-caps) are

simulated as simple, uniform surfaces, on which the detectors are mounted. In the barrel, the

material increased from 10% to 14.5% X0. The corresponding change in the E/p distribution can

be seen in Figure 7-13. There is a small shift in the peak of the distribution and the tail of the dis-

tribution has increased, with extra events around E/p = 1.3. With the 45% increase in material in

the SCT, the peak has shifted by 0.0025, so if it is required to understand this shift at the level of

0.1%, the material of the SCT in the barrel must be understood to better than ~20% of its value -

this will be easy. However, should it be desired to understand the shift at the 0.01% level, then

the material must be known to ~2% – this will be far more challenging.

To cross-check the EM Calorimeter calibration at the 0.02% level using E/p will be possible only

if the systematic effects mentioned earlier can be understood. If this can be done, then it will be

necessary to determine the SCT material to ~2%. This requirement is likely to be even tighter for

the Pixel System, which is located at small radius, and in the end-caps, where there is more ma-

terial. The requirements for the Pixels will be examined in future studies.

The material in the ID can be estimated from direct calculation, the conversion rates (see

Chapter 12) or from the E/p distribution itself. Different parts of the E/p distribution will be sen-

sitive to bremsstrahlung from different radii. By making a fit to the distribution, which is sensi-

tive to the different components, it should be possible to estimate the ID material by reference to

simulation. Using this method, CDF understood the material in their tracker to 10% [7-1]. Clear-

Figure 7-11 Ratio of E/p for electrons reconstructed
by iPatRec. The means are obtained by fitting to the
cores of the distributions as a function of pseudorapid-
ity. Fits are made to the first four silicon planes.

Figure 7-12 Resolution on E/p for electrons recon-
structed by iPatRec. The sigmas are obtained by fit-
ting to the cores of the distributions as a function of
pseudorapidity. Fits are made to the first four silicon
planes.
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ly, this will rely on having an accurate description of the physical processes associated with

tracking electrons by GEANT as well as a good description of the detector. The distributions

shown in Figure 7-13 were fitted over a slightly larger range (± 1.5σ) to increase the sensitivity

to the effect of extra SCT material. One such fit is shown in Figure 7-14. The difference in the

widths of the fitted Gaussians was 0.0052, with an uncertainty on measuring the width of

0.0007. To obtain a precision which is 25 times better would require a determination of the

width to 0.0002. The uncertainty on the width was obtained with a sample of 8,800 reconstruct-

ed single electrons; to reduce this uncertainty to 0.0002 would require 1.0×105 reconstructed

electrons. Similar calculations for the end-cap region (|η|= 1.8), indicate that approximately

2.2×105 electrons would be required. With 30×106 reconstructed W → eν events expected for

each year of low luminosity running, this should allow a satisfactory determination of the ID

material as a function of pseudorapidity. By using an inclusive electron sample (as obtained

from the analysis of Section 7.4), larger numbers of electrons could be used. Although it will be

more difficult to resolve deviations from the material expected at different radii, sensitivity to

the different components should be possible by fitting the E/p distribution by functions with

more parameters.

7.2.2.4 Position matching

Tracks and clusters are associated by looking at the matching between the track direction and

the corresponding calorimeter quantities. These are evaluated as follows:

• The pseudorapidity is computed from the position measured in the first compartment of

the EM Calorimeter, an estimate of the shower depth in this compartment and the z-posi-

tion along the beam line, which is measured by the ID with a negligible error.

• The azimuthal angle is computed from the position measured in the second compartment

of the EM Calorimeter and an estimate of the shower depth in this compartment. The

measured transverse energy is used to correct for the curvature of the electron trajectory

in the magnetic field to give an estimate of the azimuthal direction at the beam line.

Figure 7-13 E/p distribution for single electrons with
pT = 20 GeV and η = 0.3, reconstructed by xKalman.
The figure shows the distribution for the default layout
as well as for a layout with 45% more material in the
SCT.

Figure 7-14 E/p distribution for single electrons with
pT = 20 GeV and η = 0.3, reconstructed by xKalman,
for the default layout. Also shown is a Gaussian fit to
±1.5σ around the peak.
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Figures 7-15 and 7-16 show the matching in pseudorapidity and azimuth for pT = 20 GeV elec-

trons, without electronic noise or pile-up. The dashed lines indicate the cuts which are used for

electron/jet (see Section 7.4.2.3) and photon/electron (see Section 7.7.1) separation. At high lu-

minosity, the probability to find a track from the pile-up with pT > 5 GeV pointing to the

∆η = ±0.01, ∆φ = ±0.02 window is about 10−4.

7.2.3 Combined energy measurements

The energy measurement of an electron is degraded, both in the ID and in the Calorimeter by

bremsstrahlung, leading to significant tails and to a worsening of the energy resolution. Both ef-

fects can be reduced by using the following methods, which are illustrated by results for elec-

trons at |η|= 1.1.

Approximately 50% of electrons at |η|= 1.1 are accompanied by a conversion since there are a

large number of bremsstrahlung photons (for example, on average there are 5.8 photons with

E > 10 MeV for 20 GeV ET electrons at |η|= 1.1). In this case the energy measured in a 3×7 win-

dow in the calorimeter is significantly reduced, as shown in Figure 7-17. Conversions can be re-

constructed as described in Section 7.5.1, with an efficiency of only 1% for conversions

accompanying a 10 GeV ET electron (at |η|= 1.1), rising to 21% for a 20 GeV ET electron and to

33% at 50 GeV. The energy in the 3×7 window when a conversion is reconstructed is also shown

in Figure 7-17 – in this case, an appropriate calibration factor can be applied.

The azimuthal width of the shower, measured in the second compartment of the calorimeter, is

correlated with the energy loss outside the 3×7 window. When no conversion is reconstructed,

the energy in the calorimeter is taken as the energy in the window with a calibration factor de-

pending on the width. Finally, below about 15 GeV ET, the resolution in the ID is similar or bet-

ter than in the calorimeter, in which case a weighted average of the two measurements can be

made. At 10 GeV ET and |η|= 1.1, the resolution of the calorimeter is 3.25%, the resolution of

the ID is 2.63% and the combined resolution is 2.32%.

With the methods described above, the amount of the tails, defined as the fraction of events out-

side the interval 0.95 < E/Egen < 1.05 is reduced by about 20%, as shown in Figure 7-18.

Figure 7-15 Matching in pseudorapidity between the
EM Calorimeter and ID for pT = 20 GeV electrons.

Figure 7-16 Matching in azimuth between the EM
Calorimeter and ID for pT = 20 GeV electrons.
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7.3 Low energy electrons

7.3.1 Electron/pion separation

For low energy electrons, the trigger will be provided by something other than the electrons (for

example a muon with pT > 6 GeV in B physics events) and it will not be easy to identify electron

candidates by an unguided search of the energy deposits in the EM Calorimeter. Instead the In-

ner Detector must be used to ‘seed’ the calorimeter clustering.

A study was made of electrons and pions in the range 1 GeV ≤ pT ≤ 7 GeV with |η| ≤ 2.4. The

effects of electronic noise in the EM Calorimeter were included. As the response of both subde-

tectors for low pT varies quite significantly with pT and |η|, the electron/pion separation pa-

rameters were calculated for three pT-ranges:

1 GeV ≤ pT ≤ 2 GeV, 2 GeV ≤ pT ≤ 4 GeV and 4 GeV ≤ pT ≤ 7 GeV

and five |η|-ranges:

0 ≤|η|≤ 0.8, 0.8 ≤|η|≤ 1.4, 1.4 ≤|η|≤ 1.8, 1.8 ≤|η|≤ 2.0 and 2.0 ≤|η|≤ 2.4.

The following method was used to identify electrons. After track reconstruction in the ID, loose

cuts were applied to all tracks: pT ≥ 0.5 GeV, number of precision hits ≥ 8, number of pixel hits

≥ 2, at least one associated hit in the B-layer, number of TRT straws ≥ 6, fraction of high-thresh-

old (TR) hits in the TRT > 0.05. For selected tracks, the predicted point of impact was calculated

for each of the EM Calorimeter compartments. Based on the information in the surrounding EM

Calorimeter cells, the values of the EM Calorimeter and combined ID-Calorimeter separation

Figure 7-17 Reconstructed energy in the EM Calo-
rimeter divided by the true energy for 20 GeV ET elec-
trons at η = 1.1. The histograms correspond to:
electrons with reconstructed conversions (hatched),
electrons with conversions which are not recon-
structed (shaded), electrons without conversions
(unshaded).

Figure 7-18 Fraction of 20 GeV ET electrons outside
0.95 < E/Egen < 1.05 using the raw calorimeter infor-
mation (black circles) and after the combined energy
measurement described in the text (white squares).
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variables were calculated. For each of these, the probability of the track being an electron was

calculated, with the set of probabilities used being determined by the pT and pseudorapidity re-

constructed in the ID. A discriminating function to distinguish between electrons and hadrons

was formed as the product of the above probabilities. Some of the variables used are correlated,

and although the method is valid, its treatment of these correlations is not optimal. Alternative

approaches, such as neural nets, will be considered in the future. For some values of pT and

pseudorapidity, some of the variables were less discriminating and hence were not used.

The variable used in the ID alone was: the fraction of high-threshold (TR) hits in the TRT. The

variables formed in the EM Calorimeter alone were: the energy deposited in the first compart-

ment (E1), the ratio of energies deposited in the third and first compartments (E3/E1), the ratio

of energies deposited in first compartment to the sum in first and second (E1/(E1+E2)), the

shower width (in pseudorapidity) in the first compartment, the ratio of energies deposited

around the predicted impact point in the calorimeter in 3×3 and 3×7 clusters (E3×3/E7×3), and

the asymmetry in the lateral shower profile measured in the first compartment by the three

strips centred on the strip with the largest energy. The cracks between the barrel and the end-

caps were excluded. The variables formed using the combination of the ID and the EM Calorim-

Figure 7-19 Some of the variables used to distinguish soft electrons (hatched) from hadrons (open). The histo-
grams have been normalised to unit area. The distributions correspond to single particles with
2 GeV ≤ pT ≤ 4 GeV and |η| < 0.8. E1,2,3 are the energies in the first, second and third longitudinal compart-
ments of the EM Calorimeter.
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eter were: the ratio of energy measured by the EM Calorimeter to the momentum measured by

the ID (E/p), the difference in pseudorapidity between the point of impact at the first compart-

ment of the EM Calorimeter as predicted by ID extrapolation and as measured by the η-strips

(∆η).

An example of the distributions for some of the more discriminating variables are shown for

single particles in Figure 7-19. The distributions vary strongly with pT and pseudorapidity; in

particular, E/p becomes more discriminating at higher energy, which for a fixed ET corresponds

to higher pseudorapidity.

By cutting at different values of the discrimi-

nating function, different electron efficiencies

can be obtained, each with a corresponding

value of the rejection for single pions. The

pion rejection as a function of the electron effi-

ciency is shown in Figure 7-20 for tracks of dif-

ferent pT.

7.3.2 Identification of low energy electrons in physics events

To identify soft electrons in complete events, it is necessary to apply the methods described

above to each charged particle reconstructed in the event. In this section, the application to

B physics events is described; the application to tagging b-jets is described in Chapter 10.

For this study, an inclusive bb sample was used, with the requirement of a muon with

pT ≥ 6 GeV for triggering. A subsample of these events containing electrons with pT
gen ≥ 5 GeV

were considered to be signal events, while the remainder were considered to be background.

For a given event, the method outlined above was applied to each reconstructed track with

pT > 4 GeV and its discriminating variable was formed. For this, new probability functions were

obtained from bb events.

Figure 7-21 shows the rejection against individual hadrons as a function of the electron efficien-

cy. The electrons mostly originate from heavy flavour or τ decays, however some may come

from conversions or Dalitz decays. To identify signal events containing b → e decays, the elec-

tron identification was applied to each reconstructed track in each event of the inclusive bb sam-

ple. The discriminating function was found for the best electron candidate in each event.

Figure 7-22 shows the rejection of background events compared to the efficiency for identifying

signal events, where the points correspond to different cuts on the value of the discriminating

Figure 7-20 Pion rejection vs electron efficiency for
single particles of different pT.
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function. The performance is worse than for individual particles since in the background

events, there will be several tracks, any of which may be mis-identified as an electron. Further

there will be electrons which do not arise from signal processes.

7.4 Electron/jet separation

7.4.1 Introduction

The identification of isolated electrons with pT ≥ 20 will be essential for physics at the LHC, in-

cluding searches for leptonic decays of the Higgs boson, studies of the production and decay of

W’s and Z’s, the extraction of clean samples of tt events for the measurement of mt as well as

electrons for E/p calibration. This section describes the inclusive electron selection and the rejec-

tion capability against QCD-jets using information from the EM Calorimeter and the Inner De-

tector. More details can be found in [7-2]. To obtain an inclusive electron signal, a jet rejection

O(105) is required.

To separate electrons from jets, cuts were developed which maintained reasonable electron effi-

ciency even in the presence of pile-up at high luminosity while removing a high fraction of jet

events from an inclusive jet sample. The jet sample was analysed to demonstrate that the signal

electrons which it contained could be extracted from the background. In the studies reported in

this section and Section 7.6, the jet rejection was normalised to the total number of jets with

ET > 17 GeV, smeared and reconstructed at the particle-level using ATLFAST [7-3]. This is be-

lieved to give a better reflection of the rejection which can be achieved by ATLAS and corre-

sponds to the performance which would be observed for physical jets in the detector as

opposed to partons. This normalisation results in a rejection which is a factor of three lower

than would be obtained were the ET cut applied at the parton level. The electron efficiencies

have been studied for electrons at the nominal trigger thresholds for single isolated EM clusters

of 20 and 30 GeV for low and high luminosity respectively.

Figure 7-21 Hadron rejection vs electron efficiency
for individual particles in bb events with pT > 4 GeV.

Figure 7-22 Rejection of events without b → e vs effi-
ciency for retaining events with b → e. Electrons have
pT > 5 GeV.

Efficiency (%)

R
ej

ec
tio

n

Efficiency (%)

R
ej

ec
tio

n

10

10 2

10 3

10 4

50 60 70 80 90 100

Efficiency (%)

R
ej

ec
tio

n
10

10 2

10 3

50 60 70 80 90 100



ATLAS detector and physics performance Volume I
Technical Design Report 25 May 1999

7   Electron and photon identification and measurement 209

7.4.1.1 Datasets

A high statistics sample of around 106 fully simulated dijet events was used [7-3]. At the parton

level, each jet had pT > 17 GeV and was produced within |η|< 2.7. Initial and final state radia-

tion were simulated. At the same time, other physics processes such as prompt photon produc-

tion, quark bremsstrahlung, W, Z and top production were generated with the appropriate

cross-sections - the complete set of events is referred to as the ‘jet sample’. These events were

processed by the LVL1 trigger simulation (see Section 11.3.2) to obtain the ‘electron/photon

stream’. The jet rejection factor for jets having ET > 17 (25) GeV was approximately 80 (90) for an

electron efficiency of about 95% at low (high) luminosity. Only events with showers having a

large EM component survived.

For the efficiency studies, samples of single electrons were generated with |η|< 2.5 and with

fixed pT of 20 and 30 GeV. To study the performance at high luminosity, pile-up was superim-

posed on the electrons and jets.

7.4.2 Analysis

The electrons and jets were first processed by the LVL1 and LVL2 trigger algorithms to select

those events containing electron candidates. The events which passed the trigger were further

processed by the offline reconstruction. In the following, the Calorimeter and ID selections of

the offline analysis are explained; the trigger algorithms of the LVL2 trigger are explained in

Section 11.4.3.

7.4.2.1 Offline calorimeter selection

Significant discrimination between electrons and jets can be achieved by the LVL2 Calorimeter

Trigger. Subsequently, the offline calorimeter algorithms can refine the cuts made by the trigger

as well as making additional ones.

Only EM clusters with ET > 17 (25) GeV at low (high) luminosity were considered. These values

correspond to the ET threshold cut of the single object electron trigger, which are chosen to be

efficient for 20 (30) GeV electrons. Figures 7-23 and 7-24 show the ET distributions for all clus-

ters found in the EM Calorimeter for electrons of 30 GeV and dijet events at high luminosity.

The entries at low ET correspond to clusters from low energy particles in the minimum bias

events (in the case of pile-up) or particles in the jets themselves; the peaks arise from threshold

cuts of around 5 GeV. It is clear that clusters from minimum bias events have low ET and can be

completely removed.

The following variables were used to distinguish high-ET electrons from jets (more details can

be found in [7-4]): the ratio of the transverse energy in the first compartment of the Hadronic

Calorimeter divided by the transverse energy deposit in the EM Calorimeter, the ratio of the en-

ergy deposited in a 3×7 window divided by the energy deposited in a 7×7 window in the second

compartment of the EM Calorimeter (see Figure 7-25), the shower width in pseudorapidity in

the second compartment of the EM Calorimeter.

To separate the surviving jets from electrons, the very fine granularity in pseudorapidity of the

first compartment was exploited by looking for substructures within a shower in pseudorapidi-

ty and by analysing the overall shower shape, using a window of ∆η×∆φ = 0.125×0.2. It was re-

quired that the fraction of EM energy in the first compartment exceeded 0.5%. The following
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variable was used: the difference between the energy associated with the second maximum and

the energy deposited in the strip with the minimal value between the first and second maxima

(see Figure 7-26.). In addition, the energy in the strip in which the second maximum was located

had to exceed a value which depended linearly on the ET of the EM cluster. Additional variables

are: the shower width and the fraction of energy outside the three strips in the shower core.

Figure 7-23 ET distribution of all clusters in each
event after LVL1 simulation in the EM Calorimeter for
events with ET = 30 GeV electrons and pile-up corre-
sponding to 1034 cm−2s−1.

Figure 7-24 ET distribution of all clusters in each
event after LVL1 simulation in the EM Calorimeter for
events with jets at both low and high luminosity.

Figure 7-25 Shower shape in the second compart-
ment of the EM Calorimeter for electrons and jets at
low luminosity. Only the LVL1 Trigger was applied
beforehand. The distributions are normalised to unit
area.

Figure 7-26 Difference between the energy found in
the second maximum and the energy found in the strip
with minimal value in the first compartment of the EM
Calorimeter (before any cuts in first compartment).
The distributions are shown for electrons and jets at
low luminosity for |η| < 1.37 and are normalised to unit
area.
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The variables were optimised in several |η| intervals to allow for varying granularities, lead

thickness and material in front of the calorimeter. The quantities calculated using the first com-

partment can be used only in the regions |η|≤ 1.37 and 1.52 ≤|η|≤ 2.37 since there are no strips

in 1.4 <|η|< 1.5 nor beyond |η|= 2.4. The cuts on the variables were tuned in such a way that

they were more than 98% efficient for electrons after the LVL1 and LVL2 triggers.

7.4.2.2 Inner Detector selection

After the calorimeter cuts, the contamination of the inclusive signal from charged hadrons was

greatly reduced and the remaining background was dominated by background from photon

conversions and low multiplicity jets containing high-pT π0 mesons. This background was re-

duced further by requiring the presence of a good ID track pointing to the EM cluster and with

a good energy-momentum match.

Tracks were reconstructed with xKalman (see Section 3.1.2) in a cone ∆η = ±0.1, ∆φ = ±0.1

around the selected EM clusters, and only tracks with pT > 5 GeV were kept. Where possible,

the bremsstrahlung recovery procedures described in Section 7.2.1.1 were used. The recon-

structed track with the highest pT in the cone was required to satisfy the extended ID track qual-

ity cuts (see Section 3.1.3). The cuts on the pixels and impact parameter were particularly

effective against photon conversions, reducing them by a factor of ~5.

7.4.2.3 Inner Detector and EM Calorimeter matching

The LVL2 trigger tends to ensure that there is an associated charged track to the EM cluster

within a cone ∆η = ±0.1, ∆φ = ±0.1. Hence the jet rejection which was achieved by the cuts in the

ID was quite small, around 1.8. This was significantly improved by ensuring consistency be-

tween the EM Calorimeter and ID information. Firstly the angular matching between the track

and the EM cluster was checked, allowing for the track curvature and the vertex position (see

Section 7.2.2.4). It was required that |∆η|< 0.01 (0.02) at low (high) luminosity and |∆φ|< 0.02.

Distributions for these two variables are shown in Figure 7-27. The distributions are shown after

the LVL2 trigger rather than after the ID cuts so as to increase the statistics in the plots.

Subsequently, the energies measured by the two subdetectors were compared - see Figure 7-28.

At low (high) luminosity, it is required that 0.7 (0.6) < E/p < 1.4. The tail at low values of E/p for

conversion electrons arises when one photon from a π0 converts and the second photon was in-

cluded in the EM cluster causing the track fit (incorporating the calorimeter bremsstrahlung re-

covery procedure) to overestimate the momentum.

7.4.2.4 Use of transition radiation in the TRT

The events which survived the selection procedure described so far consisted mainly of signal

electrons. At low luminosity, where the ET cut is at 17 GeV, 80% of the events came from heavy

flavour and 20% from W’s and Z’s; at high luminosity, the ET cut rises to 25 GeV and the frac-

tions became 20% and 80% respectively. The contamination of the jet sample arising from the

mis-identification of charged hadron backgrounds was 30% (40%) of the jets at low (high) lumi-

nosity. The contamination from electrons coming from photon conversions was greatly reduced

by the previous cuts.
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To reduce further the charged hadron contamination, candidate electrons were required to pass

the loose transition radiation cuts described in Section 3.4.1. These cuts retained 90% of the elec-

trons and, with the available jet statistics, reduced the hadrons from 17 (6) events to 0 (1) at low

(high) luminosity, consistent with expectations.

7.4.3 Summary of results

Summaries of the electron efficiencies and corresponding jet rejections resulting from the suc-

cession of cuts applied and in different pseudorapidity intervals are given in Tables 7-1 and 7-2

respectively. The electron efficiencies are determined from the high-statistics electron samples,

while the jet rejection is calculated from the reductions in the jet sample but with the signal elec-

trons explicitly excluded. To normalise the jet rejection, only jets with ET > 17 (25) GeV have

Figure 7-27 Angular matching between charged tracks and EM clusters in pseudorapidity and azimuth for elec-
trons (dashed) and jets. For the ‘jet’ sample, various components are shown: electrons from W ’s and Z ’s
(black), electrons from heavy flavour (dense hatch), conversions (light hatch) and hadrons (open). The normali-
sation between the single electrons and the jet sample is arbitrary.
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been considered at low (high) luminosity. The final jet rejections correspond to 1 (2) events at

low (high) luminosity and the values in Table 7-1 correspond to 90% confidence limits calculat-

ed according to the prescription in [7-5]. In Figure 7-29, the ET distributions of candidates in the

jet sample are shown at low and high luminosity at various stage of the offline analysis.

With the cuts described in this section, it was possible to achieve an overall electron efficiency

for pT = 20 GeV (30 GeV) of 68.6% (72.7%) at low luminosity. The addition of pile-up decreased

the efficiency for the 30 GeV electrons down to 67.5%, which is comparable to what was

achieved at low luminosity for 20 GeV electrons. A corresponding jet rejection of the order of

105 was obtained at both low and high luminosity. For such a large rejection factor, the results

will be sensitive to the details of the fragmentation model at a level which is not well tested.

Hence there may be considerable systematic uncertainties. Compared to the tabulated results

(in particular, Tables 6-2 and 6-4) in the ID TDR [7], the electron efficiency has fallen by 20%

Figure 7-28 Ratio between energy of EM clusters to momentum of reconstructed charged tracks for electrons
(dashed) and jets. For the ‘jet’ sample, various components are shown: electrons from W ’s and Z’ s (black),
electrons from heavy flavour (dense hatch), conversions (light hatch) and hadrons (open). The normalisation
between the single electrons and the jet sample is arbitrary.
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mainly because of the explicit application of the transition radiation (TR) cuts (loss of 10%), the

simulation of the trigger as well as tighter Inner Detector cuts (number of TRT and pixel hits).

The trigger losses can be broken down as follows: 2.3% (5.6%) due to the ID cuts in LVL2, 1.5%

(1.5%) due to the calorimeter cuts in LVL2 and 2% (3%) in LVL1 at low (high) luminosity. At the

same time, the rejection has increased by a factor 50 mainly because of the TR cuts and the im-

proved calorimeter and ID cuts.

The selection procedure outlined above leads to a signal (inclusive electrons) to background

(charged hadrons and conversions) ratio of more than 20 (5) for low (high) luminosity, although

large uncertainties remain on the cross-sections for the different processes. The electron efficien-

cy was cross-checked by considering the signal electrons in the inclusive jet sample. However,

since the fraction of events with electrons in the sample was very small, the statistical errors are

large. For electrons coming from W/Z decays, the efficiency is (54 ± 13)% ((60 ± 15)%) and for

those coming from b and c semi-leptonic decays, it is (14 ± 2.5)% ((3.4 ± 2.4)%) for low (high) lu-

minosity - the errors are from Monte Carlo statistics. With the statistics used, it was not mean-

ingful to analyse the background events because there were so few. At low luminosity, all that

remained was one conversion; at high luminosity, there was one conversion and one mis-identi-

fied hadron.

7.5 Photon measurements

The most demanding requirements for excellent photon measurement and identification arise

from the search for a possible Standard Model Higgs boson in the mass range from the LEP lim-

it to 130 GeV. In this mass region, the most promising discovery channel for the Higgs boson is

its rare decay to two photons. The signal (σ ~ 50 fb) has to be observed above large backgrounds

and the observed width will be dominated by the energy resolution. Photon reconstruction is

mainly based on the information from the EM Calorimeter and is described extensively in

Chapter 4. Because of the significant amount of material in front of the calorimeters, many of

the photons are converted. Since the H → γγ signal is small, it is essential to ensure high efficien-

cy, and consequently to recover the conversions. The Inner Detector helps to reconstruct these

converted photons and to veto tracks around an EM cluster. The available information can im-

prove the energy measurement as well as the photon identification power.

Table 7-1 Effect of different sets of cuts on electron efficiencies (pT = 20 and 30 GeV) and jet rejections
(ET > 17 GeV and |η| < 2.5). The cuts are described in more detail in the text. The numbers shown are the effect
of the cumulative cuts, with the relative changes (percent or absolute numbers) shown in brackets.

Cuts Low luminosity High luminosity

Eff e20 (%) Eff e30 (%) Rej jets (10 3) Eff e30 (%) Rej jets (10 3)

LVL1 94.0 99.0 0.08 96.1 0.09

LVL2 Calo 90.5 (96.3) 96.9 (97.8) 0.39 (4.9) 92.1 (95.6) 0.48 (5.2)

LVL2 ID 82.5 (91.1) 87.9 (90.7) 3.5 (8.9) 82.5 (89.5) 3.7 (7.8)

Offline Calo 80.9 (98.1) 86.8 (98.6) 9.8 (2.8) 81.1 (98.3) 8.4 (2.2)

Offline ID 77.4 (93.8) 83.0 (94.5) 16.8 (1.7) 77.2 (93.6) 22.7 (2.7)

Matching 75.4 (97.5) 79.5 (95.7) 40 (2.4) 75.3 (97.4) 35.8 (1.6)

TR 68.5 (90.8) 72.7 (91.4) >150 67.5 (89.7) >45
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Figure 7-29 ET distribution for the jet sample at various stages of the analysis both at low and high luminosity.
For the ‘jet’ sample, various components are shown: electrons from W ’s and Z ’s (black), electrons from heavy
flavour (dark hatch), conversions (light hatch) and hadrons (open).
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Around 30% of all photons convert in the ma-

terial of the ID cavity (R < 115 cm). Figure 7-30

shows that around 75% of these conversions

occur in the volume (R < 80 cm, |z|< 280 cm)

in which they can be efficiently identified. De-

pending on the pseudorapidity, the conver-

sion fraction within this volume varies

between 15% and 30%. Conversions occurring

outside this region are less harmful because

the electrons do not bend much in the azi-

muthal direction before entering the EM Calo-

rimeter, and hence look more like unconverted

photons.

7.5.1 Conversion reconstruction

7.5.1.1 Methods

Conversions are found by the program xConver which combines pairs of oppositely charged

tracks [7-7]. For early conversions (R < 40 cm), both tracks can be reconstructed by xKalman

(see Section 3.1.2), provided the minimum number of silicon hits on a track is relaxed to 4 (cor-

responding to the two outmost SCT layers). For later conversions (R > 40 cm), xKalman fails to

reconstruct the tracks because insufficient silicon hits are available and because the histogram-

ming method used to find the TRT track seed fails.

To maintain efficiency for later conversions which take place in the TRT, an algorithm, xHouRec

[7-7], was written specifically to find tracks from conversions. This histogramming algorithm

generalises the xKalman histogramming by scanning for tracks in the (φ, κ, Rc) space (xKalman

histogramming assumes Rc = 0), where φ is the azimuthal angle at the point of closest approach

to x = 0, y = 0; κ is the signed curvature; and Rc is the radius of the conversion. The track candi-

date is assumed to point to the interaction region from the radius Rc. In the absence of silicon

hits, there is no information on the track in pseudorapidity.

Table 7-2 Electron efficiencies (pT = 20 and 30 GeV) after all cuts as a function of pseudorapidity.

Pseudorapidity Low Luminosity High Luminosity

Eff e20 (%) Eff e30 (%) Eff e30 (%)

0.0 - 0.7 74.7 ± 1.3 75.0 ± 1.4 70.6 ± 1.6

0.7 - 1.37 68.0 ± 1.4 72.6 ± 1.4 68.4 ± 1.7

1.37 - 1.52 45.3 ± 3.3 49.0 ± 3.4 40.4 ± 3.9

1.52 - 2.0 64.3 ± 1.7 75.2 ± 1.7 65.1 ± 2.1

2.0 - 2.5 71.6 ± 1.6 74.3 ± 1.7 72.8 ± 2.1

Figure 7-30 Fraction of photons converted in the ID
cavity (open symbols) and in the region in which con-
versions can be efficiently identified (closed symbols)
as a function of pseudorapidity.
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A search is made by xConver for pairs of oppositely charged tracks with pT > 0.5 GeV recon-

structed from either algorithm (xKalman or xHouRec). A preselection is made on the basis of

the separation of the tracks in the bending plane at the radius of their innermost hits. A χ2 fit is

performed using the parameters of the two tracks with the constraints of a common vertex in

3D, a zero opening angle between the tracks, and the pointing of the reconstructed photon to

the beam-line.

In case more than one conversion is reconstructed in the search region, the combination with

highest photon pT is chosen. A conversion identified by xHouRec tracks is only considered if no

conversion is found using tracks reconstructed by xKalman.

7.5.1.2 Reconstruction efficiency

Figure 7-31 shows that the reconstructed mo-

mentum of a converted photon is measured

better for those photons which convert early

(R < 40 cm) as opposed to the later conver-

sions (R > 40 cm). The inclusion of hits in the

silicon detectors and the larger track length in

the magnetic field improve the pT resolution

significantly. The low energy tails in the distri-

bution of pT/pT
gen are due to instances of hard

bremsstrahlung.

The conversion reconstruction was studied for

photons from H → γγ decays with

mH = 100 GeV. The overall reconstruction effi-

ciency at low luminosity was (86.4 ± 0.4)% per

photon after the kinematical cuts (|η|< 2.5,

ET(γ1) > 40 GeV, ET(γ2) > 25 GeV). This effi-

ciency was normalised to the number of con-

verted photons with a conversion radius

Rc < 80 cm and a z-component of

|zc| < 280 cm at the generator level. Figure 7-

32 demonstrates that the dependence on the

conversion radius is small. The figure also

shows that at low radii, conversions can be

identified by combining xKalman tracks and for higher radii, by combining xHouRec tracks. In

total, around 60% of all identified conversions were reconstructed by xHouRec tracks. The re-

construction efficiency was fairly independent of pseudorapidity (see Figure 7-33) with the ex-

ception of the transition region between the barrel and end-cap TRT, where xHouRec was

inefficient.

At high luminosity, fake conversions arise from combinatorial background. The fake rate is

pseudorapidity dependent and below 1% [7-7]. These fake conversions typically have a pT of 1

or 2 GeV, which is much less than the pT typical of a converted photon from a signal event and

hence, the fakes can be suppressed easily.

Figure 7-31 Reconstructed transverse momentum of
conversions divided by the true transverse momentum
for photons from Higgs events for conversions in which
the two tracks are found by xKalman (solid) and by
xHouRec (dashed). The distributions are normalised
to unit area.
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7.5.2 Combined energy measurement using the EM Calorimeter and ID

Figure 7-34 shows that the energy deposited by a photon in a 3×5 window of the EM Calorime-

ter exhibits large tails on the low energy side because of conversions occurring in the ID. The

size of the tails, defined as the fraction of events outside 0.95−1.05 of the true energy, is shown in

Figure 7-35 for 20 GeV ET photons. For unconverted photons, the tails are at the level of a few

percent, apart from the crack regions where the energy resolution degrades. For converted pho-

tons, the amount of tails is more than 30% for |η| < 1.8, decreasing at higher rapidities as the ID

material and the integrated magnetic field decrease.

In the Calorimeter Performance TDR [7-8], the tails were reduced by using a 3×7 window for

converted photons, with the conversion being identified from the Monte Carlo truth informa-

tion and corrected by the conversion finding efficiency. In the study presented here, full simula-

tion and reconstruction of the ID and EM Calorimeter were used.

Local energy maxima were searched for in the EM Calorimeter, with ET > 2 GeV. With this ener-

gy threshold, ~6×10−3 clusters per event due to electronic noise and pile-up in the EM Calorim-

eter were found in a window of ∆η×∆φ = 0.1×0.1 at high luminosity. The probability to lose a

photon was less than 0.1% for ET > 10 GeV and the probability to reconstruct two clusters for a

single photon was maximal at ET ~ 10 GeV, |η|= 1.7, and was about 4%.

Figure 7-32 Efficiency (solid circles) for reconstruct-
ing converted photons from Higgs decays as a func-
tion of the conversion radius Rc. The contributions of
conversions identified by xKalman tracks (early con-
versions) and by xHouRec tracks (late conversions)
are shown separately.

Figure 7-33 Efficiency (solid circles) for reconstruct-
ing converted photons from Higgs decays as a func-
tion of pseudorapidity. The contributions of
conversions identified by xKalman tracks (early con-
versions - lower band) and by xHouRec tracks (late
conversions - upper band) are shown separately.
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When a conversion was found in the ID, a 3×7

window was used in the EM Calorimeter.

Figure 7-36 shows the fraction of energy re-

constructed in such a window (for converted

photons), as a function of the conversion radi-

us and the transverse energy of the photon. A

calibration which depends on ET and Rconv
was applied (using reconstructed quantities),

and which, to first order, was independent of

|η|. In addition, the transverse momentum of

the conversion measured in the ID was com-

bined with the corrected calorimeter energy,

leading to a reduction in the tails and an im-

proved energy resolution for photons below

20 GeV ET.

Figure 7-37 shows how the energy distribution

was improved for 10 GeV ET converted pho-

tons at |η|= 1.7 by using this algorithm. The

distribution was well centred at 1, and the

fraction of events outside 0.95−1.05 was re-

duced by 20% for |η|< 1.8 and ET < 35 GeV. As shown in Figure 7-38, the energy resolution is

improved by almost a factor two in the absence of electronic noise or pile-up. When they were

included, there was still an improvement in the energy resolution, even at low energies, but it

was quite small.

Figure 7-34 Energy in a 3×5 window divided by the
true energy for all photons (histogram) and for con-
verted photons (grey histogram).

Figure 7-35 Fraction of tails for 20 GeV ET photons,
as a function of pseudorapidity, for non converted pho-
tons (black dots) and converted ones (open squares).
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7.6 Photon/jet separation

7.6.1 Introduction

In this section, the photon/jet separation is presented over the full pseudorapidity range used

for precision physics (|η|≤ 1.37 and 1.52 ≤|η|≤ 2.47) both at low and high luminosity. The sep-

aration relies mainly on the analysis of the shower shape in the EM Calorimeter. Some further

optimisation can be achieved by reconstructing converted photons in the ID (see Section 7.5.1)

and using a track veto. Further information can be found in reference [7-4].

The jet sample (pT > 17 GeV) described in Section 7.4.1.1 was used. In addition, a similar jet

sample of 106 dijet events with parton pT > 35 GeV was used. After the application of the LVL1

trigger simulation, the total jet rejection was approximately 80, while the photon efficiency was

nearly 100%. In this study, the performance for single objects (photons or jets) was considered.

The LVL1 simulation was based on the EM20I object (see Section 11.7.3) associated with a nomi-

nal 20 GeV threshold. At high luminosity, the nominal single isolated EM cluster threshold is

30 GeV. However, H → γγ events may still be selected with the double cluster trigger 2×EM20I.

Hence for both low and high luminosity studies, the nominal 20 GeV threshold was used for

LVL1 calorimeter trigger. To determine the photon efficiencies, a sample of 104 H → γγ events

(|η|< 2.5, ET(γ1) > 40 GeV, ET(γ2) > 25 GeV) was used.

Figure 7-37 Energy distribution for converted pho-
tons using a 3×5 window (histogram) and using the
EM Calorimeter and ID information (dots).

Figure 7-38 Energy resolution for unconverted pho-
tons (black dots), converted photons using a 3×5 win-
dow (open squares) and converted photons combining
the EM Calorimeter and ID information (open circles).
The dashed histograms show the values when elec-
tronic noise and pile-up in the EM Calorimeter at high
luminosity were included.
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7.6.2 Analysis

Photons can be identified by analysing the leakage of EM showers into the Hadronic Calorime-

ter and the shower shape seen in the first and second compartments of the EM Calorimeter. This

analysis can be performed separately for converted and unconverted photons. In this analysis,

the cuts were designed to achieve an 80% photon efficiency, independent of ET and pseudora-

pidity.

7.6.2.1 Offline calorimeter selection

The quantities used for photon identification were the same as used for electron identification

(see Section 7.4.2.1). Energetic photons tend to shower later than a jet consisting of several pho-

tons, where there is a higher chance that one of the photons will initiate an early shower. To be

able to use cuts on the shower profile within the first compartment, it was required that the frac-

tion of EM energy in this compartment exceeded 0.005. Clusters failing this cut were classified

as photons.

In addition to the variables used for electron/jet separation, the shower shape in the azimuthal

direction in the second compartment of the calorimeter helps to distinguish between photons

and jets. Figure 7-39 shows the ratio of energy deposited in a 3×3 window divided by the energy

deposited in a 3×7 window in the second compartment E2(3×3)/E2(3×7). The isolation in the az-

imuthal direction was worse than was seen in pseudorapidity because the electrons from a con-

version bend in the magnetic field in the ID volume.

The cuts in the EM Calorimeter used for photon/jet separation were optimised, using the ID in-

formation to identify converted photons (see Section 7.5.1). In particular, this led to improve-

ments associated with the cuts on the ratio E2(3×3)/E2(3×7) measured in the second

compartment and on the corrected width in the first compartment using the three central strips.

7.6.2.2 Offline Inner Detector selection

To ensure that reconstructed conversions were consistent with coming from single photons, the

momentum of the reconstructed conversion in the ID was compared with the energy measured

in the EM Calorimeter. This was particularly useful for removing π0 decays where one of the

photons had converted but the second had not. For reconstructed conversions at low luminosi-

ty, it was required that p/E > 0.6 (0.4) for early (late) conversions. These cuts were not applied at

high luminosity since the proximity to signal photons of low energy background or fake con-

versions would cause a significant efficiency loss. The p/E distribution is shown in Figure 7-40

for low luminosity. The photons which were lost arose mainly from conversions in which one or

both of the electrons underwent bremsstrahlung causing the tracks to be poorly reconstructed.

Since events containing these photons tend to end up in the tails of distributions, if they are not

removed at this stage, they are likely to removed by subsequent analysis cuts.

To achieve a further improvement in the photon/jet separation, a track veto was applied. In the

case where no conversion was identified satisfying the cut on p/E, an EM cluster was retained

provided there was no track associated (|∆η|< 0.1, |∆φ|< 0.2) which passed the ID quality cuts

and had pT > 5 GeV. This pT threshold ensured that even at high luminosity, a high photon effi-

ciency was maintained.
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7.6.3 Results

The jet rejection was tuned for an efficiency of ~80% at all ET’s for photons from H → γγ events.

Photon identification is based mainly on calorimeter information, hence tighter constraints for

the calorimeter quantities were applied than those used for electron/jet separation. As was dis-

cussed for the electron/jet separation, these variables are pseudorapidity dependent and were

optimised in the same pseudorapidity intervals. The transition region between the barrel and

end-cap calorimeters and the region |η|> 2.47 were excluded (see Section 7.4.2.1).

Figure 7-39 Distribution showing the azimuthal shape
for photons from H → γγ and jets. The distributions are
normalised to unit area.

Figure 7-40 Ratio of the pT of a conversion recon-
structed in the ID to the ET measured in the EM Calo-
rimeter for converted photons from H → γγ and for jets.
The distributions are normalised to unit area.

Table 7-3 Effect of different sets of cuts on photon efficiencies (from H → γγ, with mH = 100 GeV, |η| < 2.5,
ET(γ1) > 40 GeV, ET(γ2) > 25 GeV) and jet rejections (ET > 17 GeV and |η| < 2.5). The cuts are described in
more detail in the text. The numbers shown are the effect of the cumulative cuts, with the relative changes (per-
cent or absolute numbers) shown in brackets. The transition between the barrel and the end-cap is excluded.

Cuts Low luminosity High luminosity

Eff γ (%) Rej jets
ET ≈ 20 GeV

Rej jets
ET ≈ 40 GeV

Eff γ (%) Rej jets
ET ≈ 20 GeV

LVL1 100.0 76 210 99.2 74

Had Calo 95.7 (95.7) 130 (1.8) 430 (2.0) 94.9 (95.7) 110 (1.5)

2nd Compart. 90.2 (94.3) 390 (2.9) 1220 (2.8) 89.7 (94.5) 300 (2.7)

1st Compart. 85.7 (95.0) 1050 (2.7) 2700 (2.2) 84.0 (93.6) 840 (2.8)

p/E for Conv. γ 84.4 (98.5) 1170 (1.1) 2700 (1.0)

Track veto 83.0 (98.3) 1270 (1.1) 2900 (1.1) 83.1 (98.9) 910 (1.1)
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The jet rejection after the different cuts are

shown in Table 7-3 for low and high luminosi-

ty. The rejections are normalised to the total

number of jets with ET > 17 GeV reconstructed

at particle level using the fast simulation pro-

gram ATLFAST [7-9]. The variables used for

the calorimeter cuts are correlated, and hence

the actual rejections obtained with each cut

depend on the order of the cuts. The jet rejec-

tions as a function of the jet ET are shown in

Figure 7-41. A total jet rejection of 1270 ± 80

(910 ± 50) is achieved at low (high) luminosity

for jets with ET around 20 GeV - the errors are

from Monte Carlo statistics. For jets with ET
around 40 GeV, the rejection is 2900 ± 300

(3100 ± 800). These rejections are a factor of ~2

less than reported in [7-8] due to the normali-

sation using ATLFAST - see Section 7.4.1. The

corresponding photon efficiencies as a func-

tion of rapidity for H → γγ with mH = 100 GeV are shown in Figures 7-42 and 7-43. The average

efficiencies are (83.0 ± 0.3)% ((83.1 ± 0.6)%) at low (high) luminosity. The cuts applied tended to

reject more converted than unconverted photons, which is due mainly to the cut on the isolation

in azimuth in the second compartment and the corrected width in the first compartment. After

all the cuts, the composition of the jet sample was: 55% (31%) photons from π0, η, η′, ω (domi-

nated by isolated π0’s), 18% (33%) photons from quark bremsstrahlung, 6% (5%) from neutral

hadrons and 21% (31%) direct photons (which should be considered as a signal) for ET around

20 GeV (40 GeV). More details of the breakdown after each set of cuts can be found in

reference [7-4].

Figure 7-42 Photon efficiencies for photons from
H → γγ with mH = 100 GeV at low luminosity as a func-
tion of pseudorapidity. The photon efficiencies are
shown for unconverted (dashed line) and converted
photons (dotted line). Events in the crack
(1.37 < |η| < 1.52) are not used.

Figure 7-43 Photon efficiencies for photons from
H → γγ with mH = 100 GeV at high luminosity as a
function of pseudorapidity. The photon efficiencies are
shown for unconverted (dashed line) and converted
photons (dotted line). Events in the crack
(1.37 < |η| < 1.52) are not used.

Figure 7-41 Jet rejection after photon selection cuts
as a function of jet ET for low and high luminosity.
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If the LVL2 photon trigger (see Section 11.4.3) was applied in addition to the offline analysis,

only 0.06% (0.3%) of the Higgs events which otherwise would be accepted by the offline analy-

sis were rejected by the trigger at low (high) luminosity. The photon identification variables

used in the trigger correspond to a subset of those used in the offline analysis, but with much

looser cuts and slightly different definitions for the clusters.

7.7 Photon/electron separation

Photon/electron separation for ET ~ 40 GeV is essential for the H → γγ search when the Higgs

boson mass is close to the Z mass (this is now close to being ruled out for a Standard Model

Higgs). If electrons are mis-identified as photons, the large Z cross-section at resonance can re-

sult in a significant background to the Higgs boson. To enable the γγ signal to be seen, an elec-

tron rejection of ≥500 is needed to reduce the background to 10% of the signal. An electron may

be mis-identified as a photon if the electron track is not reconstructed because of inefficiencies in

the ID or in the case of very hard bremsstrahlung in the first few layers of the ID. For example,

0.8% of 40 GeV electrons have less than 0.5 GeV when entering the TRT. While it is essential to

reduce the electron mis-identification, it is important not to lose too much in photon efficiency,

since the photons have a significant conversion probability. A photon may be mis-identified as

an electron if it converts early in the detector and only one track is seen, or if a fake or unrelated

track points by chance to the corresponding EM cluster.

To ensure a high rejection of electrons, an algorithm was developed which used two separate

pattern recognition programs in the ID. This enabled the weaknesses of one program to be com-

pensated by the other, and vice versa. The performance of the algorithm was measured on sam-

ples of H → γγ events with and without high luminosity pile-up and a high statistics sample of

Z → ee events without pile-up. Additional cross-checks were performed on single electrons

both with and without pile-up at high luminosity. This study [7-10] was limited to the fiducial

region defined in Section 7.6.2 and to the pT-range of interest: 25 GeV−100 GeV. Photons were

required to satisfy the criteria given in Section 7.6.2, but without the track veto.

7.7.1 Calorimeter reconstruction and matching to the ID

The starting point for the analysis was a 3×7 cluster in the EM Calorimeter. Tracks were

searched for in a fairly large cone ∆η = ±0.1, ∆φ = ±0.1 centred on the direction of the cluster, and

the direction of each track found was compared with the position of the cluster. The electron di-

rection measured by the cluster was corrected as described in Section 7.2.2.4. A track was con-

sidered as pointing to the cluster if ∆η < 0.01 and ∆φ < 0.02 for a PixlRec track. The window

used for xKalman was half the size and for both algorithms it was scaled by a factor 40/ET for

ET less than 40 GeV.

7.7.2 Inner Detector reconstruction

Two complementary pattern recognition programs were used for track reconstruction. Brems-

strahlung recovery was performed in the ID using the ID information alone and not the EM

cluster position (see Section 7.2.1.1). The first one, xKalman (see Section 3.1.2) is relatively im-

mune to silicon detector inefficiencies since it is based on TRT hits and is extrapolated to the sil-

icon detectors. However, it is sensitive to hard bremsstrahlung since this is treated as a
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continuous noise term in the Kalman Filtering formalism and not as a point-like break in the

track curvature. Also xKalman cannot reconstruct tracks which do not reach the TRT or do so

but have pT < 0.5 GeV. 2.8% of the electrons are not reconstructed satisfactorily by xKalman.

xKalman tracks were selected with pT > 1 GeV, less than 50% missing TRT hits, more than seven

silicon hits, and impact parameter multiplied by the sign of the curvature (so that the signed pa-

rameter is positive if the beam line and helix axis lie on the same side of the track) between −15σ
and +5σ were selected.

The second pattern recognition program PixlRec (see Section 3.1.2) builds tracks layer by layer,

starting from the B-layer. Electrons undergoing hard bremsstrahlung can be recovered, provid-

ed they reach the penultimate silicon layer. As the ultimate rejection was provided by PixlRec,

less severe requirements were set on PixlRec tracks: pT > 1 GeV, at least two pixel hits and at

least seven silicon hits were required.

Tracks found in the search cone associated with the EM cluster were accepted only if they did

not form a valid conversion using xConver (see Section 7.5.1.1) with any other opposite charge

track. Tight quality cuts were applied on conversions to avoid mis-identifying as photons elec-

trons which had undergone hard bremsstrahlung followed by conversion. xKalman conver-

sions were required to have a χ2 less than 40 and a pT in excess of 70% of the ET of the cluster.

PixlRec conversion were required to have a χ2 less than 10, a pT between 70% and 120% of the

ET of the cluster; no track associated to a B-layer hit if the radius of the conversion is more than

6 cm; and no track with more than 90% of the pT of the conversion.

7.7.3 Results

The flow of electron and photon events after the calorimeter selection is summarised in

Figure 7-44. After xKalman, clusters with one associated track inconsistent with a conversion

were classified as electron candidates, otherwise they were passed on to PixlRec. If the events

which were passed on were subsequently reconstructed with one associated track inconsistent

with a conversion, they were also classified as electron candidates - the remainder being photon

candidates.

The acceptance of the algorithm for Z → ee at low luminosity was (0.19 ± 0.02)% for electrons

(see Figure 7-45), hence reaching a rejection (reciprocal of efficiency) of 500, while maintaining a

(96.7 ± 0.2)% photon efficiency. The performance of the algorithm was independent of luminos-

ity for electrons, while the photon efficiency degraded to (94.4 ± 0.5)% at high luminosity

(Figure 7-46). 0.02% of the electrons were wrongly assigned to a conversion. A further 0.02%

were lost because final state radiation in Z → ee displaced the EM cluster away from the track.

The rest were not reconstructed by either tracking algorithm, having undergone very hard

bremsstrahlung. 0.5% of the photons at high luminosity had clusters which had random tracks

from pile-up pointing to them. The majority of the photon efficiency loss arose from failures to

tag photon conversions, which increase at high luminosity. The photon efficiency of the algo-

rithm with respect to photons passing the track veto described in Section 7.6.2 was 97.4% at low

luminosity and 95.4% at high luminosity.

Lowering the silicon layer inefficiency from the nominal 97% to 90% degraded only slightly the

performance of the algorithm. Loosening some of the track quality requirements allowed the

same electron rejection to be maintained above 500 while losing a further 1% photon efficiency.
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Figure 7-44 Percentages of electrons (e) from Z → ee at low luminosity and photons (γ) from H → γγ at high
luminosity which are classified as electron or photon candidates depending on whether tracks have been found
(“Yes” or “No”) by xKalman and then PixlRec or conversions found (“Yes” or “No”) by xConver.

Figure 7-45 Electron efficiency measured on Z → ee
events. The rejection is the reciprocal of the efficiency.

Figure 7-46 Photon efficiency measured on H → γγ
events.
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The calorimetric energy of electrons which

pass the photon selection is poorly measured

since inevitably there is additional energy de-

posited outside the main EM cluster. The mass

resolution of the Z resonance for the mis-iden-

tified events is 4.4 GeV (noise and pile-up not

included) which is almost four times larger

than that of well measured γγ pairs. Although

Z → ee events misidentified as γγ pairs will

form a peak in the invariant mass distribution,

because the cuts described in this section re-

duce this background to ~10% of the signal

and lead to a broader distribution, this back-

ground should have little effect on the signifi-

cance of a possible signal from a low-mass

Higgs boson (which lies on top of a much big-

ger irreducible background) (see

Section 19.2.2).

7.8 Mass reconstruction

In this section, the mass distributions of important resonances reconstructed through their de-

cays to electrons or photons are presented. The intention is to consider issues associated with

the combined reconstruction in the Inner Detector and EM Calorimeter. Of particular concern

are the effects of material, noise and their consequences for calibration.

7.8.1 H → γγ

7.8.1.1 Mass resolution

The issues associated with the reconstruction of the H → γγ channel were discussed in detail in

the Calorimeter Performance TDR [7-8]. In this section, an update is given which is based on

10 000 fully simulated H → γγ events with mH = 100 GeV, and on 10 000 events with

mH = 130 GeV.

The event selection required two EM clusters with one having ET > 40 GeV and a second having

ET > 25 GeV, both within the pseudorapidity range |η|< 2.4 (chosen so that the π0 background

could be efficiently reduced). Furthermore, events with one photon pointing to the transition re-

gion between the barrel and end-cap EM Calorimeters (∆η ~ 0.15) were rejected. The efficiency

of these cuts was 39%. The usual photon identification criteria, corresponding to an overall effi-

ciency of 80% per photon, were then applied as described in Section 7.6.2. This results in an

overall acceptance for H → γγ events of about 25%.

Figure 7-47 Z → ee mass resolution for all electrons
(dashed), and those electrons mis-identified as pho-
tons (solid) compared to the H → γγ mass resolution
(dotted). All histograms are normalised to the same
number of events.
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The primary interaction point was recon-

structed from the EM Calorimeter alone by a

common vertex fit of the two photons, using

the constraint provided by the beam-spot:

z = 0, σz = 5.6 cm. Photon conversions were re-

constructed with the xKalman, xHouRec and

xConver packages with an efficiency of 80%

(see Section 7.5.1.2). Precise vertex position

was obtained for 60% of the conversions oc-

curring at a radius less than 45 cm. Figure 7-48

shows the distribution of the reconstructed γγ
invariant mass. The mass resolution is

(1.31 ± 0.05) GeV for mH = 100 GeV. The ac-

ceptance in the range of ±1.4σ around the

mass peak is 81% (79%) at low (high) luminos-

ity.

Table 7-4 shows the various contributions to

the Higgs mass resolution, including fully

simulated pile-up noise. At low luminosity,

digital filtering was applied to reduce the elec-

tronic noise. The weights are those computed

in the absence of pile-up, and so are independent of the cluster size [7-12]. At high luminosity,

the default (hardware) electronic shaping was assumed.

At high luminosity, the average pile-up and electronic noise per photon was 930 MeV for

mH = 100 GeV. There was a +20% correlation between the two photons which arises from Pois-

son fluctuations in the number of pile-up events as well as long-range correlations within indi-

vidual events.

7.8.1.2 Use of the reconstructed primary vertex

To reconstruct the γγ mass, it is important to know the position of the primary vertex to obtain

the directions of the photons. In principle, greater vertex precision could be achieved by recon-

structing the vertex position in the ID when the information is available. The ID information is

Table 7-4 Breakdown of various contributions to the mass resolution (in GeV) for H → γγ with mH = 100 and
130 GeV at low and high luminosity.

mH = 100 GeV mH = 130 GeV

1033 cm–2s–1 1034 cm–2s–1 1033 cm–2s–1 1034 cm–2s–1

Sampling term 0.91 0.91 1.07 1.07

Constant term 0.47 0.47 0.65 0.65

Pointing – 0.47 – 0.57

Pile-up 0.28 0.52 0.23 0.59

Electronic noise 0.19 0.42 0.27 0.42

Total 1.1 1.31 1.3 1.55

Figure 7-48 Two-photon invariant mass recon-
structed in the EM Calorimeter for H → γγ events with
mH = 100 GeV at high luminosity. The open histogram
is for all events; the shaded histogram, for events con-
taining at least one converted photon. The fitted curve
is a Gaussian with a width of 1.31 GeV.
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fairly unambiguous at low luminosity, but care must be taken not to use the wrong vertex at

high luminosity. This possibility was studied by using general assumptions about vertexing.

Any vertexing algorithm can be characterised by the efficiency εHV to find the H → γγ vertex,

and by the average number NBV of additional background vertices arising from the pile-up of

minimum bias events. This was studied using a simple Monte Carlo simulation whereby verti-

ces were distributed according to εHV and NBV along the beam line around z = 0. The vertex

which was closest to the calorimeter prediction was the one chosen as the candidate for the

H → γγ vertex and used to recompute the photon directions. The calorimeter pointing informa-

tion reduces the risk of picking a wrong vertex, but cannot eliminate it. Figure 7-49 shows the

change in the statistical significance of a Higgs signal, as a function of both εHV and NBV, as

compared to what would be achieved by using the EM Calorimeter alone. Large values of NBV
are equivalent to no ID information at all, because under such circumstances there will always

be a vertex very close to the calorimeter prediction. The upper left corner of the figure, εHV ~ 1

and NBV ~ 0, corresponds to the low–luminosity running.

An algorithm to find one or more primary vertices can be implemented in many ways. A very

simple algorithm which proceeds in three steps was tested. First, tracks were preselected ac-

cording to the track quality and a fixed cut on pT. Then tracks were clustered to form vertices,

according to their z impact parameter, until the vertex spread reached 0.5 mm. Finally vertices

with less than four tracks were rejected. Figure 7-49 shows the values of εHV and NBV achieved

in this way, as a function of the pT preselection cut. The results were based on 400 H → γγ events

which were fully reconstructed in the presence of pile–up in the Inner Detector. For comparison,

results obtained at particle–level, which assume 100% track reconstruction efficiency over

|η|< 2.5, are also shown.

The conclusion from Figure 7-49 is that the angular resolution of the EM Calorimeter is already

very good and it will be difficult to enhance the significance of a possible H → γγ signal using

the reconstructed primary vertex information - even with a vastly better vertex finder. In princi-

ple, it would be possible to tag the H → γγ vertex by using information such as the number of

high-pT tracks associated with the vertex [7-7]. However, such methods are very sensitive to

possibly large systematics from the modelling of the minimum bias events and of the pT spec-

trum of the Higgs boson.

7.8.2 H → eeee

7.8.2.1 Signal generation and reconstruction

Two samples of fully simulated H → eeee events with mH = 130 GeV and mH = 170 GeV were

studied. The event generation was done using PYTHIA 5.7 and PHOTOS [7-13], in order to take

into account the internal bremsstrahlung (also referred to as ‘final state radiation’) contribution.

Full simulation included electronic noise, the effect of the constant term and low or high lumi-

nosity pile-up.

Electrons were identified above 7 GeV pT from EM clusters reconstructed in 3×7 cells associated

to charged tracks with loose E/p matching. The average electron efficiency was 91%. The elec-

tron 3-momentum was obtained from a combination of track and reconstructed calorimeter in-

formation. Angles were obtained from the track, and a first estimate of the energy was obtained

from the cluster, digital filtering being applied at low luminosity [7-12]. To improve the electron

energy measurement using tracking information without introducing tails, the following proce-
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dure was applied. If the track was consistent with coming from the beam-line within 3σ and

had a B-layer hit, it was refitted using the vertex and cluster position constraint (bremsstrahl-

ung recovery - see Section 7.2.1). If the refit was successful and the refitted pT uncertainty less

than 6%, the track pT and its uncertainty were rescaled in such a way as to avoid biases in the es-

timate. If the track and cluster pT differed by more than 3σ, the uncertainty on the track pT was

increased so that the discrepancy was exactly 3σ. Finally, a weighted mean of the track and clus-

ter pT was formed. This procedure enabled the pT resolution of 60% of the electrons to be im-

proved and was particularly effective at high luminosity.

Kinematical cuts were applied as described in Section 19.2.5, mass cuts being optimised as a

function of mH to maintain good acceptance. A Z mass constraint was applied when the mass of

an electron pair was within 6 GeV of the Z mass. The constraint was imposed by minimising, as

a function of the lepton momenta, a χ2 involving the measured momenta and their uncertain-

ties, as well as the Z mass and its natural width. This improved the Higgs mass resolution by

10%.

Figure 7-49 Changes in the statistical significance of a possible H → γγ signal (mH = 100 GeV) which could be
obtained by reconstructing the primary vertex in the ID. The efficiency to reconstruct the Higgs vertex, εHV , is
shown versus the number of reconstructed background vertices, NBV . The contours show the change com-
pared to using the EM Calorimeter information alone. Also shown are the results obtained for one particular ver-
tex finding algorithm in the presence of pile-up at high luminosity, obtained with full simulation and
reconstruction (black squares) and at particle-level (open squares), where the squares correspond to different
pT threshold applied in the algorithm.
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The mass resolution, obtained from a Gaussian fit in a window [−1.5σ,+2.5σ], was 1.54 GeV

(1.97 GeV) at low luminosity (see Figures 7-50 and 7-51) and 1.81 GeV (2.17 GeV) at high lumi-

nosity for mH = 130 GeV (mH = 170 GeV). The acceptance in the ±2σ mass window was

(83.3 ± 0.6)% ((84.7 ± 0.6)%) at low (high) luminosity for mH = 130 GeV. Similar numbers were

obtained for mH = 170 GeV. Using the momenta measured in the ID improved the mass resolu-

tion by 100 MeV at low luminosity and 200 MeV at high luminosity for both Higgs masses.

In contrast to the H → γγ reconstruction, electrons in the crack region were used. These events

had lower identification efficiency and somewhat poorer resolution: in the original ±2σ mass

window, the acceptance fell by 7% while the mass resolution for these events was 100 MeV

worse (see Figure 7-52). Rejecting these events with one electron in the crack would reduce the

final yield in the mass window by 16%.

Figure 7-50 Four-electron invariant mass (low lumi-
nosity noise and pile-up included) for mH = 130 GeV.

Figure 7-51 Four-electron invariant mass (low lumi-
nosity noise and pile-up included) for mH = 170 GeV.

Figure 7-52 Four-electron invariant mass (low lumi-
nosity noise and pile-up included) for mH = 130 GeV,
at least one electron being in the crack region.

Figure 7-53 Four-electron invariant mass (low lumi-
nosity noise and pile-up included) for mH = 130 GeV,
without inner bremsstrahlung.
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7.8.2.2 Inner bremsstrahlung contribution

When the inner bremsstrahlung contribution was considered, in most cases the emitted photon

lay in the same cluster as the electron and hence the photon was taken into account automatical-

ly. For hard photons (ET > 5 GeV) which were not contained in an electron cluster, their energy

was added to the closest electron in ∆R [7-14] [7-15]. Inner bremsstrahlung degraded the mass

resolution by 100 MeV and decreased the fraction of events in ±2σ by 3%. Figure 7-53 shows the

mass spectrum without inner bremsstrahlung, to be compared to Figure 7-50. In addition, the

reconstruction efficiency fell by 9%, giving an overall loss of 12% in acceptance, due to the inner

bremsstrahlung contribution.

7.8.2.3 Effect of material in front of the EM Calorimeter

The effect of material in front of the EM Calorimeter can be understood from studies which con-

sidered layouts where one Pixel layer or one SCT layer was removed [7-16]. These studies can-

not be compared directly with the current ones because of different kinematical cuts. The effect

on the acceptance in a ±2σ mass window is shown in Table 7-5 (the same value of σ was used for

all three layouts). While the effects of removing a layer in the ID were not huge, it can be seen

that the effect of removing a Pixel layer was much more than that of an SCT layer (they are of

comparable thickness), indicating that the material at low radius is the most critical.

7.8.2.4 Contributions to the mass resolution

The contributions to the four electron invariant mass resolution are shown in Table 7-6. The con-

tributions to the mass resolution are different from the H → γγ case because of the different pT
spectra of leptons and photons. For mH = 130 GeV, there is one (two) electron with pT less than

20 GeV in 95% (46%) of the cases, while the photon pT spectrum starts at 25 GeV in the H → γγ
decays. The acceptance in the ±2σ mass window departs from the theoretical 95% because of a

number of effects. At low luminosity and for mH = 130 GeV, the 12% additional acceptance loss

is made up of: 5% from events for which the reconstructed Z mass is more than 6 GeV from the

nominal mass causing the Z mass constraint not to be applied, 3% from events with internal

bremsstrahlung, 1% from events with one electron in the crack region and 3% from other effects,

mainly bremsstrahlung in the Inner Detector.

7.8.3 J/ψ → ee

In many collider experiments, the decays of the J/ψ and ϒ are valuable for calibrating detectors,

and in particular electromagnetic calorimeters (see for example [7-1]). For ATLAS, the most im-

portant physics requiring precise electron measurement will be in the tens of GeV range. For

this, the copious production of Z → ee will be more suitable, as described in Chapter 4. Never-

Table 7-5 Acceptance for H → eeee (mH = 130 GeV) in a ±2σ mass window for the standard ID layout and
reduced layouts.

Acceptance (%)

Standard Remove SCT layer Remove Pix layer

No Inner Brem. 86.2 ± 1.5 88.3 ± 2.0 89.0 ± 1.6

All Events 81.0 ± 1.5 82.6 ± 2.0 85.1 ± 1.5
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theless, it is important to cross-check the calorimeter calibration and to ensure its linearity. This

can be achieved by using the lower energy electrons produced by J/ψ decays. The emphasis of

the preliminary study presented in this section is on the calibration; the reconstruction of

J/ψ → ee decays in the context of B physics is discussed in Section 17.2.2, where it is shown how

to obtain the optimal signal using electron reconstruction and vertexing in the Inner Detector.

The J/ψ → ee final states originate mainly from bb decays, since the semi-muonic decay of the

other b-quark, b → µX, is required to fulfil the LVL1 trigger. No such trigger exists for ϒ which is

produced predominantly by gluon fusion. The cross-section for pp → bb with a muon of

pT > 6 GeV for the LVL1 trigger and B → J/ψ with J/ψ → ee is estimated to be 2.2×10−4 µb [7-11].

This corresponds to a rate of 0.22 Hz at a luminosity of 1033 cm−2s−1.

An initial study was made using fully simulated bb events at low luminosity in which one B
hadron was forced to decay to a muon of pT > 6 GeV and the other B hadron was forced to de-

cay to a J/ψ, which in turn was forced to decay to electrons. The electrons were identified using

the method described in Section 7.3. The electron candidates were required to satisfy some basic

track quality cuts, have pT > 0.5 GeV and have some minimum value of the discriminating func-

tion. The invariant mass of pairs of electrons and positrons was formed using the reconstructed

tracks. Candidates were selected in the mass window 2.7 to 3.2 GeV.

In the triggered events, there will be a large combinatorial background from pairs formed from

Dalitz decays and conversion electrons as well as misidentified pions. It is not clear what back-

ground can be tolerated for calibration purposes. Significant improvements in the rejection will

be provided by cuts which are sensitive to the B lifetime in the signal events, as shown in the J/ψ
analysis in Section 17.2.2.

The J/ψ mass can be determined from the electron energies and directions. For calibration pur-

poses, the energy will be taken from the EM Calorimeter. The directions could be taken from the

more accurate measurements provided by the ID, albeit with a potential problem of biassing the

ID track direction by bremsstrahlung. Figure 7-54 shows the reconstructed mass using the ID to

provide track directions. The resolution is 450 MeV. Electronic noise has been included in the

EM Calorimeter response and degrades the resolution by 110 MeV. Using the EM Calorimeter

energy results in a lower reconstructed J/ψ mass due to energy losses, in particular those arising

from bremsstrahlung where the radiated photons are not included in the main cluster.

Table 7-6 Contributions to the four electron invariant mass resolution for H → eeee (mH = 130 GeV). Inner
bremsstrahlung, a Z mass constraint and combined Inner Detector track and calorimeter pT measurements are
used.

Term Contribution (GeV)

Low luminosity High luminosity

Sampling term 1.42 ± 0.05

Constant term 0.36

Noise 0.44 0.65

Pile-up 0.10 0.85

Total 1.54 ± 0.06 1.81 ± 0.06
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One may want to determine the mass purely from the EM Calorimeter to control systematic un-

certainties. Figure 7-55 shows the reconstructed mass using the EM Calorimeter only. The reso-

lution is 600 MeV, the electronic noise contributing with 200 MeV. In one year of low luminosity

running (10 fb−1), one can expect 4.4×105 reconstructed J/ψ → ee decays, assuming a 20% recon-

struction efficiency. With a mass resolution of ~20%, this allows a calibration of the ~400 moth-

erboard regions (∆η×∆φ = 0.2×0.4) of the EM Calorimeter at low energy to a statistical precision

of 0.6%. Future study is needed to obtain a better understanding of the rejection of the back-

ground, the J/ψ → ee reconstruction efficiency and the consequences of residual combinatorial

background.

7.9 Conclusions

The combination of the Inner Detector and the EM Calorimeter provides the potential to identi-

fy and measure the energy of electrons and photons in the presence of the known backgrounds.

This will enable ATLAS to achieve the physics goals identified in subsequent chapters.

Electrons and photons are significantly affected by the material in front of the EM Calorimeter.

Nevertheless, the effects of bremsstrahlung and conversions can be partially compensated for

by a number of methods indicated in this chapter. Using E/p from W → eν events, it should be

possible to calibrate the EM Calorimeter in 400 regions (∆η×∆φ = 0.2×0.4) to 0.1% after one week

of low luminosity running. In the same regions, it should be possible to calibrate at low energy

using J/ψ → ee to 0.6% after one year, although the background remains to be studied.

Figure 7-54 Invariant mass of J/ψ → ee candidates -
the dashed histogram corresponds to real J/ψ decays.
To form the mass, the energies of the electrons are
taken from the EM Calorimeter and the directions from
the ID.

Figure 7-55 Invariant mass J/ψ → ee candidates - the
dashed histogram corresponds to real J/ψ decays. To
form the mass, the energies and directions of the elec-
trons are taken from the EM Calorimeter.
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Low energy electrons coming from b → eX or J/ψ → ee can be identified. At higher energies,

ET > 20 GeV, an electron efficiency of ~70% can be achieved with a corresponding jet rejection

of ~105, resulting in an inclusive electron sample of electrons from W/Z decays and heavy fla-

vour. For a photon efficiency of ~80%, a jet rejection of ~1000 (~3000) can be achieved for

ET ≈ 20 (40) GeV - the remaining jet sample being dominated by isolated EM particles.

The mass resolution for a light Higgs boson (mH = 100 GeV) decaying to two photons is 1.1

(1.3) GeV at low (high) luminosity, while the mass resolution for the four electron decay

(mH = 130 GeV) is 1.5 (1.8) GeV. Electrons from Z decays can be sufficiently well identified so as

not to constitute a serious background to a possible nearby Higgs boson signal.
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