
Chapter 10

Electrons and Photons

10.1 ECAL clustering and superclustering
Electron and photon showers deposit their energy in several crystals in the ECAL. Approxi-
mately 94% of the incident energy of a single electron or photon is contained in 3#3 crystals,
and 97% in 5#5 crystals. Summing the energy measured in such fixed arrays gives the best
performance for unconverted photons, or for electrons in the test beam. The presence in
CMS of material in front of the calorimeter results in bremsstrahlung and photon conver-
sions. Because of the strong magnetic field the energy reaching the calorimeter is spread in
(. The spread energy is clustered by building a cluster of clusters, a “supercluster,” which
is extended in (. Details of the superclustering algorithms used have been given in previ-
ous publications [8], but for convenience of reference they are reviewed briefly in the first
subsection.

10.1.1 Superclustering algorithms

For single showers, such as those produced by unconverted photons, or those produced by
electrons in test beam conditions, energy sums of fixed arrays of crystals give better energy
resolution performance than energy sums of crystals collected dynamically according to a
cluster or ”bump” finding algorithm. The Hybrid algorithm uses the "-( geometry of the
barrel crystals to exploit the knowledge of the lateral shower shape in the " direction (taking
a fixed bar of 3 or 5 crystals in "), while searching dynamically for separated energy in the (
direction.

The Hybrid algorithm was originally designed to reconstruct relatively high energy electrons
in the barrel, but has been recently tuned to allow efficient reconstruction of electron showers
down to pT = 5 GeV/c (see Section 10.4.1). However when looking for small deposits of
energy in individual clusters, for example when making a calorimetric isolation cut, the basic
clusters of the Island algorithm are more appropriate objects to work with.

The Island algorithm starts by a search for seeds which are defined as crystals with an energy
above a certain threshold. Starting from the seed position, adjacent crystals are examined,
scanning first in ( and then in ". Along each scan line crystals are added to the cluster until
a rise in energy or crystal that has not been read out is encountered. In much the same way
as energy is clustered at the level of calorimeter cells or crystals, non-overlapping Island
clusters can in turn be clustered into superclusters. The procedure is seeded by searching for
the most energetic cluster and then collecting all the other nearby clusters in a very narrow
"-window, and much wider (-window.
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10.1.2 Algorithmic energy corrections

There are some sources of variation in the clustered energy for which corrections can be
made:

• The fraction of energy in a fixed array cluster varies as function of the shower
position with respect to the cluster boundary—the highest fraction is contained
if the shower is perfectly centred. This can be described as a variation of “local
containment”

• There are large losses due to rear leakage for showers close to the barrel inter-
module, and inter-supermodule, borders. At these borders there are cracks which
contain negligible material, and which are aligned at 3$ to the average direction
of shower propagation. Close to these cracks there is a considerable considerable
reduction of the effective depth of the calorimeter.

• The spread of energy due to showering in the tracker material (bremsstrahlung
and photon conversion) and the behavior of the superclustering algorithms which
are designed to collect this spread energy.

A further correction needed in the handling of simulated events results from the fact that
the average fraction of energy of an incoming electron or photon contained in a fixed array
of crystals (5#5, for example) varies a little in the barrel as function of ", despite the fact
that the crystals are all of very similar size. This variation, of "0.7% over the length of the
barrel is mainly due to a variation of shower leakage as a function of ". The stepped front
surface of the ECAL towards the ends of the barrel exposes the sides of the crystals to a
significant depth, leading to some lateral leakage from the front of the ECAL. As described
in Section 4.4, the calibration constants are defined with a selected sample of non-radiating
electrons measured in a 5#5 crystal array. Such calibration naturally includes this overall
average containment factor.

The local containment variation can be corrected for by measuring the centrality of the cluster
using the energy deposit pattern. A possible measure is the energy ratio E1/E9, where E1 is
the energy in the central crystal and E9 the sum of energies in the central 3#3 crystal array.
In test beam data it has been found that better results can be obtained by measuring the
position separately in each lateral dimension. As described in Section 4.3.2.2 a logarithm of
the ratio of energies on either side of a line defined by the crystal edge has been used for this
purpose.

There are 18 supermodules in ( in each half barrel. These supermodules each comprise 4
modules. At both the ( boundaries between the supermodules and the " boundaries be-
tween the modules there is a 6 mm space between adjacent crystals. Particles entering the
calorimeter near these borders encounter a reduced depth of material and deposit less of
their energy in the crystals. A correction can be made based on the measurement of the
shower position. The position measurement is made from log(E1/E2), where E1 is the en-
ergy in one side of the border and E2 on the other side.

The energy from an electron or converted photon area is deposited over a larger area than
an unconverted photon. The clustering algorithms recover the energy by extending the clus-
tering region in (. A systematic variation of the fraction of energy clustered as a function of
number of crystals in the cluster is observed. There is also a systematic variation of the frac-
tion of energy reconstructed as a function of the shower spread measured by E9/ESC where
E9 is the energy in the central 3#3 array and ESC the energy is the super cluster. More elabo-
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rate corrections which can be applied to electrons and photons are described in Sections 10.4
and 10.3, respectively.

10.1.3 Position measurement

A simple position measurement of the shower can be obtained by calculating the energy-
weighted mean position of the crystals in the cluster. To increase hermeticity the ECAL is
designed so that the crystals do not point exactly to the nominal interaction vertex. Therefore,
the lateral position of the crystal axis depends on depth, and it is necessary to define the
depth to obtain the crystal position in the other (lateral) coordinates. The depth definition is
parameterized as A[B+log(E)] where the parameters are different for electrons and photons
as photons penetrate deeper in the crystals before showering starts.

Since the energy density decreases approximately exponentially with lateral distance from
the shower core, the simple energy weighted mean position of the crystals in a cluster gives
a position biased towards the core of the show. Much of the bias can be avoided, and a better
position estimate obtained, by taking a weighted mean calculated using the logarithm of the
crystal energy [241].

x =
$xi · Wi

$Wi
(10.1)

where xi is the position of crystal i and Wi is the weight of the crystal defined as

Wi = W0 + log
Ei

$Ej
(10.2)

.

The position of a super cluster is calculated by making the energy-weighted mean of posi-
tions of its component clusters. More details are given in [160].

10.1.4 Corrections for saturated channels

Very energetic electrons and photons saturate the range of the Multi Gain Pre-Amplifier
(MGPA) ADC. This saturation occurs at at 1.7 TeV in the barrel and 3.0 TeV in the end-
caps. A number of possible techniques are available to reconstruct the energy of a shower
containing a crystal for which saturation has occurred. Electron and photon single particle
samples have been used to study a method of estimating the energy contained in the central,
maximum energy, crystal (E1) of a 5# 5 cluster in the barrel [242]. The fraction of the cluster
energy contained in the central crystal, E1/E25, varies as a function of the position of the
shower with respect to the crystals.

The X and Y position variables are defined as the following:

X = ln(
$right

$left
) , Y = ln(

$top

$bottom
) (10.3)

where $left ($right) is the sum of the energy deposit in the 10 crystals located at the left
(right) side of the central crystal and $top ($bottom) in the 10 top (bottom) crystals. In each
of the |X| and |Y | bins, the value of E1/E25 is determined by taking the mean of a Gaussian
fit. Figure 10.1a) shows these mean values as a function of |X| and |Y |. A two-dimensional
parameterization of this distribution is made using the function:

F (X, Y ) = a + b(ecX2
+ edY 2

) + eX2 + fY 2. (10.4)
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The distribution is largely energy independent (see Fig. 10.1b)), and can be used to estimate
the energy in saturated crystals.
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Figure 10.1: a) Distribution of the E1/E25 ratio as a function of the variables |X| and |Y | for
electrons with E = 3500 GeV; b) Fitted function (see Eq. 10.4) for E1/E25 versus position,
for |X| = |Y |, for electrons with E = 2000, 2500, 3000, 3500, and 4000 GeV; c) Ecor

25 /E25 for
electrons with E =4000 GeV
Figure 10.1c) shows the estimated value E25 using the correction method for the saturation
divided by the actual energy in E25, for E = 4000 GeV electrons. The resolution of the
method is found to be about 8% for electrons and 9% for photons.

10.2 Electron and photon trigger
This section gives a brief overview of electron and photon triggers. All events passing the
Level-1 trigger are read out and processed in the High Level Trigger (HLT) farm. Four elec-
tron and photon streams are output to mass storage: single and double electrons and pho-
tons.

10.2.1 Level-1 trigger

Three electromagnetic triggers are used at Level-1. A single isolated trigger, a double iso-
lated trigger and a double trigger at a slightly higher threshold with the trigger isolation
requirement removed. The ET thresholds used for these 3 triggers at L = 2 # 1033 cm!2 s!1

are the same as those used for the studies reported in [8], and correspond to approximately
50% efficiency for electrons and photons with ET of 23, 12 and 19 GeV respectively.

With respect to the details and rates given in [8] there has been only one significant change.
For Level-1 triggers which saturate the calorimeter trigger ET scale (ET = 63.5 GeV) none of
the Level-1 trigger cuts (isolation, h/e, “fine grain veto” [7]) are applied, and the candidates
are treated as if they were isolated. This strategy increases the efficiency for high ET electrons
and photons at a small cost in Level-1 trigger rate.

Figure 10.2 shows the Level-1 trigger rate, mainly due to jet events, and the efficiency for
120 GeV/c2 mass Higgs events decaying into 4 electrons and 2 photons. In this plot and in
all the following tables the signal efficiencies are computed for events where at least 2 of the
generated electrons or the photons (one in the case of W ! e+ events) lie inside the fiducial
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acceptance of the electromagnetic calorimeter (|"| <1.4442 or 1.566< |"| <2.5). In addition
a lower cut, of 5 GeV/c, is applied on the pT of the electrons and photons in case of the
processes H ! ZZ ! e+e!e+e! and Z ! e+e!, and a cut of 15 GeV/c for H ! ##, and
25 GeV/c for W ! e+.
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Figure 10.2: Level-1 trigger rate for jet events (left), efficiency for H!4e events (middle) and
efficiency for H ! ## events (right) as function of the trigger thresholds.

Table 10.1 shows the Level-1 trigger rates at low luminosity (L = 2 # 1033 cm!2 s!1). These
rates, and all the HLT rates for the jet background to electrons and photons given in the
following pages have been estimated for jet events simulated with PYTHIA [45] with p̂T larger
than 20 GeV/c (where p̂T is the parton pT in the 2 ! 2 scattering process in PYTHIA).

Tables 10.2 shows Level-1 trigger efficiencies for benchmark photon and electron signal chan-
nels.

Table 10.1: Level-1 trigger rates at L = 2 # 1033 cm!2 s!1.

Single isolated Double isolated Double non-isolated Total
3400 Hz 1010 Hz 420 Hz 4440 Hz

Table 10.2: Level-1 trigger efficiency at L = 2 # 1033 cm!2 s!1.

Signal Process Single isolated Double isolated Double non-isolated Total
H ! ## 99.3% 89.2% 94.7% 99.7%
(MH = 120 GeV/c2)
H ! ZZ ! e+e!e+e! 90.8% 89.5% 79.5% 96.5%
(MH = 120 GeV/c2)
Z ! e+e! 93.5% 81.5% 85.1% 97.1%
W ! e+ 89.8% 2.7% 2.0% 90.0%
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10.2.2 HLT selection of electron and photon candidates

The HLT selection of electrons and photons in the High Level Trigger proceeds in 3 steps. The
first step, Level-2, uses only calorimeter information. The energy in the ECAL is clustered to
form superclusters and an ET threshold is applied on the corrected supercluster energy.

The second step, Level-2.5, uses the information from the pixel detectors. Hits are sought
consistent with the hypothesis that the supercluster belongs to an electron. If the required
hits are not found the candidate is rejected as an electron. Conversely all candidates are
further considered for the photon triggers regardless of pixel information. In the final step,
Level-3, the full tracker information is used. Tracks are used for isolation, and the electron
tracks are matched in momentum and position with the electromagnetic supercluster.

Rates and efficiencies of the HLT reconstruction and selection are given in [8].

We recently carried out a further detailed optimization of the High Level Trigger. The
changes with respect to the earlier study are the following:

• the strict restriction to the ECAL fiducial region has been relaxed, so that the re-
gion of the barrel/endcap transition (1.4442< |"| <1.5660) is no longer excluded;
the corresponding trigger rate increase is of the order of a few per cent;

• the Level-2 threshold cuts have been lowered by about 2 GeV;
• the Level-1 single trigger is now allowed to populate the double electron and pho-

ton streams—double electron/photon triggers are allowed where 1 of the elec-
trons/photons does not match a Level-1 trigger;

• the isolation cuts at Level-3 have been refined, giving higher efficiencies or lower
rates; in the case of the double photon stream this allows a lowering of the thresh-
olds.

10.2.2.1 Level-2 selection

The first step of the HLT selection consists in the verification of the Level-1 trigger decision
and it is common for electrons and photons. The 50% efficiency ET thresholds are applied
to reconstructed supercluster matched in pseudo-rapidity and azimuthal angle with the trig-
gering towers and the pseudo-rapidity of the supercluster is required to be less than 2.5.
The ET thresholds are 23, 12 and 19 GeV for the single isolated, double isolated and double
non-isolated Level-1 triggers respectively.

10.2.2.2 HLT selection for electrons

The High level trigger selection for electrons is based on the following requirements:

• matching of the supercluster with pixel hits;
• requiring electron isolation;
• for the single trigger e/p matching between the energy reconstructed in the ECAL

and the corresponding track momentum measured in the tracker.

The most effective isolation variables are found to be isolation in the hadron calorimeter and
isolation in the tracker. In the hadron calorimeter, the energy collected in a cone around the
supercluster is required to be below a certain threshold. The optimum cone size for HLT has
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been found to be "R < 0.15. For the single electron stream a maximum energy of 3 GeV is
allowed within the cone region while for the double electron streams this cut is loosened to
9 GeV.

Track isolation is defined by the sum of |pT| of the tracks that are found in the region be-
tween 2 cones around the electron candidate direction. An inner cone of 0.02 radius is used
to exclude the electron track while for the outer cone a radius of 0.2 is used. Only tracks
with a reconstructed z$impact parameter consistent with the electron candidate z$impact
parameter (|ze

ip $ ztk
ip | < 0.1 cm) and with a transverse energy above 1.5 GeV are considered.

The |pT| sum of of these tracks, divided by the electron pT, is required to be less than 0.06 for
the single stream and 0.4 for the double stream. In the case of the double stream triggers the
cuts are applied on both electron candidates.

The effect of the hadron calorimeter isolation and of the track isolation in the benchmark
channel H ! ZZ ! e+e!e+e! for the double isolated stream are shown in Fig. 10.3.
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Figure 10.3: Effect of varying the HCAL isolation (left) and track isolation (right) cuts on the
background rate and signal efficiency for the process H ! ZZ ! e+e!e+e! with MH =
120 GeV/c2 in the double isolated electron stream. In the track isolation plot, an upper cut
of 3 GeV on the hadron calorimeter energy within "R < 0.15 is applied.

Finally in the single electron stream an additional cut on the E/p of the electron candidate is
applied by requiring it to be less than 1.5 in the barrel and 2.45 in the endcaps.

A summary of the selection cuts applied in the HLT is given in Table 10.3.
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Table 10.3: HLT cuts for the electron streams.

Variable Single electron Double electron
|"| < 2.5 < 2.5
ET > 26 GeV > 12 GeV
Hcal Isolation < 3 GeV < 9 GeV
Track Isolation < 0.06 < 0.4
E/p (Barrel) < 1.5 –
E/p (Endcaps) < 2.45 –

10.2.2.3 HLT selection for photons

Photons have a large background coming from high ET particles decaying into photons, such
as !0 and ". Isolation requirements are the most effective way to reduce this background. In
the benchmark signal process H ! ## the 2 photons are isolated while in the reducible
background processes such as pp !jets and pp !#+jet at least 1 of the photon candidates
comes from the fragmentation of a jet and is not well isolated.

The other handle that can be used to reduce the trigger rate is to increase the ET cuts on the
candidate photons.

The isolation variables that are used at trigger level are:

• number of tracks with pT larger than 1.5 GeV/c inside a cone with "R < 0.3
around the photon candidate;

• total ET of all island basic clusters with "R < 0.3 around the photon candidate,
excluding those belonging to the supercluster itself;

• total transverse energies of HCAL towers within "R < 0.3 around the photon
candidate.

We apply different cuts on these variables for the single and double triggers with looser cuts
being applied on the double trigger. The ET thresholds for the single trigger is 80 GeV while
for the double is 30 GeV for the highest ET photon and 20 GeV for the second highest ET. In
the case of the double stream triggers the cuts are applied on both photon candidates.

A summary of all HLT cuts is reported in Table 10.4. We would like to point out that the cut
on the track isolation for the double trigger allows a maximum of 2 charged tracks inside the
isolation cone, and thus does not reject early conversions for which 2 tracks are found in the
direction of the photon.

Table 10.5 shows the rates output to archival storage for the 4 electron and photon streams at
L = 2 # 1033 cm!2 s!1.

Tables 10.6 and 10.7 show trigger efficiencies for benchmark photon signal and electron sig-
nal channels after the HLT. Note that the double photon HLT trigger is also very efficient for
double electron processes, given the fact that in order to keep conversions no veto is applied
on matching tracks. This feature could be exploited, particularly in the early stages of the
CMS data taking, to verify the cluster-track matching requirements of the electron HLT.

As can be seen from Table 10.5 the HLT trigger rate for the single photon selection is less than
3.5 Hz of which approximately 2 Hz are due to the # + jet process that is irreducible. From
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Table 10.4: HLT cuts for the single and double photon streams.

Variable Single photon Double photon
|"| < 2.5 < 2.5
ET > 80 GeV > 30, 20 GeV
Track isolation = 0 < 3
HCAL isolation (Barrel) < 6 GeV < 8 GeV
HCAL isolation (Endcaps) < 4 GeV < 6 GeV
ECAL Isolation < 1.5 GeV < 2.5 GeV

Table 10.5: Output rates from HLT for electron and photon streams at L = 2# 1033 cm!2 s!1.

Signal Background Total
Single electron W ! e+ 9.8 Hz Jets 9.4 Hz 21 Hz
(ET >26 GeV) Z ! e+e! 1.3 Hz
Double electron Z ! e+e! 1.1 Hz Jets 0.8 Hz 1.8 Hz
(E1

T, E2
T >12 GeV)

Single photon # + jet 2.1 Hz Jets 1.4 Hz 3.5 Hz
(ET >80 GeV)
Double photon "0 Hz Jets 1.9 Hz 2.3 Hz
(E1

T >30, E2
T >20 GeV) # + jet 0.4 Hz

Total: 13.3 Hz 13.9Hz 27.2 Hz

Table 10.6: HLT efficiency for the single and double electron triggers for L = 2 #
1033 cm!2 s!1.

Signal Process Single electron Double electron Total
W ! e+ 68.0% – 68.0%
Z ! e+e! 81.2% 76.7% 89.5%
H ! ZZ ! e+e!e+e! 76.9% 83.2% 90.2%
(MH = 120 GeV/c2)

Table 10.7: HLT efficiency of the single and double photon triggers for L = 2#1033 cm!2 s!1.

Signal Process Single photon Double photon Total
H ! ## 14.0% 86.9% 88.4%
Z ! e+e! – 70.0% 70.0%
H ! ZZ ! e+e!e+e! – 59.6% 59.6%
(MH = 120 GeV/c2)
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this it is understood that the single photon trigger ET threshold of 80 GeV cannot be reduced
without substantially increasing the final HLT output rate. On the other hand it would be
useful to select # + jet events even at lower ET for different purposes. The HLT trigger rate
for the single photon selection becomes approximately 400 Hz for an ET cut of 23 GeV. Anal-
ogously the HLT trigger rate for the double photon selection is approximately 20 Hz when
the ET cut at 12 (19) GeV is relaxed for the isolated (non-isolated) trigger. This reduction
would allow the study of the pp ! ## process that is the main irreducible background to
the H ! ## search. Implementation of pre-scaled HLT triggers with these low thresholds is
foreseen, with pre-scaling factors defined as function of ET in such a way that the differential
rate with respect to ET is constant. These pre-scaled triggers would increase the final HLT
output by (typically) less than 1 Hz.
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Figure 10.4: Effect of tightening the ET thresholds (left) and ECAL isolation requirement
(right) on the H ! ## signal efficiency versus background rate for the double photon
streams.

10.2.2.4 Further HLT tuning

The final Level-1 and HLT thresholds will be defined based on the actual luminosity of LHC.
The HLT selection presented here is relatively loose and there is space to further reduce the
background rate without compromising the signal efficiency if necessary. As an example
Figure 10.4 shows the effect of the hadron calorimeter isolation and of the track isolation.
The ET cut varies from 30 (20) to 100 GeV in steps of 2 GeV for the highest (second highest)
ET candidate while the ECAL isolation cut varies from 2.5 down to 0 GeV in steps of 0.1 GeV.
It is clear from the figure that the rate can be reduced by a factor 3 or more with a reduction of
signal efficiency of less than 10% by applying cuts that are still looser than the final analysis
cuts.
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10.3 Photon reconstruction and selection
This section describes the reconstruction and selection of high pT prompt photons. Because
of the very high background to photons from jets, the reconstruction and selection of prompt
photons for H ! ##, or for single photon studies, is rather naturally restricted to triggering
photons, and rather sharply demarcated from the reconstruction of low pT, non-triggering,
neutral energy deposits to be used, for example, in energy-flow jet reconstruction algorithms.
The triggering photons selected by the HLT (Section 10.2.2) thus provide the starting point
for offline reconstruction and selection of prompt photons. These selected photons already
have transverse energy above the HLT selection thresholds and have passed the isolation
criteria of the Level-1 and HLT selection.

10.3.1 Photon energy reconstruction

The photon energy is reconstructed by summing the energy deposited in a cluster of crystals.
The clusters are 5#5 crystal arrays, or the superclusters found by the hybrid algorithm, in
barrel, or the island algorithm, in end-caps. The clustering algorithms have been discussed
in Section 10.1. The choice of clustering algorithm depends on the spread of the deposited
energy. For compact energy deposits, originating mainly from the single showers of uncon-
verted photons, the best energy measurement is achieved using a 5#5 crystal array, while
superclustering algorithms provide better measurement for multiple showers originating
from conversions where the bending of the electron and positron tracks, and their radiation
in tracker material, spreads the energy over a larger area of the calorimeter.

A very convenient measure of the lateral spread of energy deposition is provided by the R9
variable, defined as the ratio of energy contained in a 3#3 array of crystals (centred on the
crystal with the highest deposited energy) to the total supercluster energy. Values approach-
ing unity are obtained for unconverted photons, or for photon that have converted very close
to the ECAL. Smaller values are obtained for increasing distances of the conversion vertex
from the ECAL. Figure 10.3.1 shows the photon energy distribution for 2 bins in the R9 vari-
able: the first bin, R9 >0.943, contains the best 70% of photons, and the other bin, R9 <0.943,
the worst 30%. The difference in energy resolution in the 2 bins is striking. These are barrel
photons in H ! ## events, fully simulated with L = 2 # 1033 cm!2 s!1 pile-up, and passing
the HLT selection cuts.

The precision of photon energy measurement varies due to a number of factors. Shower
spread due to early conversion has been mentioned. The shower energy is another obvious
factor. Showers close to the module borders have their energy resolution degraded. An
estimate of the photon energy measurement error can be provided by classifying the showers
and parameterizing the error as a function of relevant quantities. The error estimate can then
be used in the analysis of photon signals to supplement other selection variables.

An example of the derivation of such an error estimator is shown in Figure 10.6. The figure
shows the energy resolution for barrel photon showers with R9 >0.943, reconstructed in a
5#5 crystal array, as a function of energy, together with the fitted parametrization. The en-
ergy resolution has been obtained from the energy distribution at a given energy by measur-
ing the “effective sigma,” 'e" , half the width of the smallest window which contains 68.3%
of the distribution. This measure takes account, in a useful way, of any non-Gaussian tail.
The resolution is dominated by contributions for constant term, stochastic term, and noise
which have been added to the GEANT simulation.
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Figure 10.6: Energy resolution for barrel photon showers with R9 >0.943, reconstructed in a
5#5 crystal array, as a function of energy, together with the fitted parametrization.

10.3.2 Photon isolation

Isolation requirements are one of the most important tools needed to reduce the background
to prompt photons, both at trigger level and at analysis level. In our reference signal process
H ! ## the 2 photons are isolated while in the reducible background processes such as
pp ! jets and pp ! # + jets at least 1 of the photon candidates comes from the fragmentation
of a jet and is not well isolated. Accompanying these high ET electromagnetic showers there
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are usually additional particles and hence hadronic energy near the showers.

Fake photon signals due to jets can usually be rejected by looking for additional energetic
particles in a cone around the reconstructed ECAL cluster. Charged pions and kaons can be
detected in the tracker or in the calorimeter. Neutral pions and other particles decaying to
photons can be detected in the ECAL. The hadron calorimeter may be important for detecting
charged particles not efficiently reconstructed in the tracker, particularly at high pseudo-
rapidity, or particles like neutrons or K0

L.

The size of the veto cones should be optimized. Since energy may be spread out in the cal-
orimeter due to showering and magnetic field, cones in the hadron calorimeter, for example,
should likely be larger than in the tracker.

The basic isolation variables considered are based on charged tracks reconstructed in the
tracker, electromagnetic energy deposits observed in the ECAL, and hadronic energy de-
posits in the HCAL. We also make some attempt to combine the different isolation informa-
tion in an optimal way. Further details can be found in [243].

10.3.2.1 Monte Carlo simulation samples for the isolation study

We use a sample of simulated gluon-gluon fusion H ! ## events (MH = 120 GeV/c2) as a
source of signal photons.

For background jets, we use a sample of # + jet events and select the ”fake” reconstructed
photon shower based on Monte Carlo truth information. That is, we make sure that the
highest energy reconstructed ECAL cluster matches with a generator level prompt photon
and that the second highest energy ECAL cluster does not. The one that does not match with
a photon is then used as an example of jet background.

We exclude clusters with |"| > 2.5 and in the gap between the barrel and endcap (1.4442 <
|"| < 1.566). To study photons and jets relevant to the Higgs analysis, we also require ET1 >
40 GeV, ET2 > 25 GeV and 105 < MH < 155 GeV/c2. Photon efficiencies and background
rejection factors are then computed relative to this pre-selection. All figures refer to the
second highest ET photon candidate and, if not specified, further require that ET2 > 40 GeV.

10.3.2.2 Performance estimation

In order to estimate the performance of a given isolation variable we plot the signal efficiency
versus the ratio of signal efficiency to background efficiency. This is equivalent to a plot of
signal efficiency versus signal purity. The x-axis is also closely related to the background
rejection factor. The larger the signal efficiency and purity, the better the performance of the
analysis. We can compare the different variables, cone sizes, and thresholds by looking at
these performance plots.

The lines in these plots will become vertical when an increasingly tighter cut begins to reject
the same fraction of signal and background. Most of the performance curves for single vari-
ables simply end at some point just before all signal and background are rejected by further
tightening the cut.
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10.3.2.3 Tracker variables

Three types of isolation variables are considered in the tracker.

• The sum of track pT for tracks with pT above a given threshold in a cone or be-
tween 2 cones of size "R around the ECAL cluster. For example “$pT all tracks
"R < 0.3” is the sum of track pT for in a cone of 0.3.

• The angle, from the ECAL cluster, to the nth nearest track above some pT thresh-
old. For example, “"R 1st track, pT > 1.5” is the angle to the first track above
1.5 GeV/c.

• Ntk, the number of tracks with above a given threshold, within a cone around
the ECAL cluster (“same vertex” indicates that only the tracks that come from the
chosen primary vertex are counted). This variable is an integer and therefore does
not offer a continuous spectrum.

In the 3 cases the separation between the track and photon direction is measured by "R =+
("")2 + ("()2. Different cone sizes have been considered and tracks have been used when

their pT exceeds a given threshold pmin
T . In the following this threshold, unless otherwise

specified, is set at 1.5 GeV/c that seems to be an optimal value for most variables.

If all reconstructed tracks are used the efficiency is reduced by the presence of pile-up. It is
possible to consider only the tracks consistent with the primary vertex assigned to the event.
In case of the background to H ! ## the correct vertex can be identified in approximately
80% of the cases at low luminosity.

Figure 10.7 shows the efficiency versus rejection for the tracker related isolation variables.
It is apparent that these variables are much less effective in the endcaps due to the larger
tracker inefficiencies.

It should be noted that the angle to the first track, represented by the stars in the figure, is
performing very well but shows an instant loss of about 4% in signal efficiency. This is due
to tracks at very small angle with respect to the signal photon that are produced in early
conversions. This signal efficiency could be recovered by reconstructing the conversions and
removing the tracks from the analysis. This has not yet been fully implemented.

10.3.2.4 ECAL variables

The electromagnetic calorimeter can be used to see if the photon candidate is accompanied
by !0 or " particles. In addition it may be used to determine whether the ECAL cluster that
is the photon candidate was due to a !0 that decays to 2 photons or due to a single isolated
photon. In some cases, the cluster may even be due to 2 particles that decayed into photons
giving a broader shower than would a single photon.

To study isolation in the ECAL we used basic clusters and superclusters reconstructed with
the island algorithm even though the superclusters in the barrel were reconstructed using the
hybrid algorithm. Island basic clusters were found to be significantly better for this purpose.

Four types of variables were studied:

• the sum of ET from basic ECAL clusters, in a cone of radius "R around the can-
didate supercluster, excluding all the energy in the supercluster;

• The sum of ET from basic clusters between 2 cones around the candidate super-
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Figure 10.7: Performance plots of some of the best tracker isolation variables. The left hand
plot is for the barrel and right hand plot for the endcaps.

cluster ("Rmin < "R < "Rmax);
• The simple shower shape variable R9, defined as the fraction of the supercluster

energy found inside the 3 by 3 array of crystals centred on the highest energy
crystal;

• The legacy isolation variable from the electron analysis “ORCA iso” which is re-
lated to variables of type 2 but excludes energy in an " band centred on the cluster
which might come from conversion and bending in the magnetic field.

Some of the best variables of the various types are evaluated in Figure 10.8.

We can notice how the different methods of defining the isolation transverse energy behave
in the barrel and endcaps: in the endcaps the variables using inner and outer cones are much
more powerful in all cases while also in the barrel they seem to yield the largest background
rejection factors, probably by beginning to ”look inside” the supercluster.

10.3.2.5 Hadron calorimeter variables

The hadron calorimeter offers information that is partially redundant with tracker measure-
ments. Charged pions and kaons measured in the tracker will deposit much of their energy
in the HCAL. Long lived neutral particles like KL and neutrons may only be seen in the
HCAL and also the energy from charged hadrons that are not reconstructed may only be
detected in the HCAL.

Figure 10.9 shows the performance of variables that simply use the sum of HCAL ET in a
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Figure 10.8: Performance plots of some of the best ECAL isolation variables in barrel (left)
and in endcap (right).

cone around the candidate. They do not differ very much nor do they provide large back-
ground rejection factors. The performance is better in the endcaps and can complement there
the reduced power of the tracker related variables.

The “ORCA H/E” variable, defined as the HCAL energy in the tower immediately behind
the supercluster divided by the ECAL supercluster energy, seems to be significantly worse
than the simple sums.

10.3.2.6 Combination of detectors

There are various ways how the information from different detectors can be combined to
significantly improve background rejection. We have added some of the ET variables pre-
sented in previous sections to make more performing isolation variables. This is justified by
the fact that the particle content of the jets will vary and hence the jet could deposit energy
in any layer of the detector and not in the others. Sensible combinations would be (Tracker +
ECAL), (ECAL + HCAL) and (Tracker + ECAL + HCAL). In principle, variable multiplicative
factors could be employed in the sum.

Figure 10.10 shows all 3 types of sums. These reach a background rejection of approximately
70 at 75% photon efficiency in both the barrel and the endcap. The performance is better than
any single detector variable.
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Figure 10.9: Performance plots of some of the best HCAL isolation variables in barrel (left)
and in endcap (right).

10.3.2.7 Optimized combination of cuts

All isolation variables shown are highly correlated, nevertheless higher rejection power for
the same signal efficiency can be obtained by applying cuts on different variables or with
multivariate analysis techniques. The final optimization of the isolation requirements must
be specific to a given analysis, that is: specific to the particular signal and background.

By using a set of cuts on different variables we found that similar background rejection, at
the level needed for the H ! ## search, can be achieved at 10–15% higher signal efficiency
than by using ET sums.

10.3.2.8 Combining isolation variables with a neural net

A neural net can be an effective way of combining the information from a correlated set of
input variables into 1 output variable. The neural net is trained to put signal events near a
value of 1 and background events near a value of zero. This output variable then provides
a continuous variable that we can cut on to improve the signal to background ratio. There
are several other methods that could be employed to do this but the results will probably not
differ very much from an optimized neural net.

We have used a neural net program to optimize a single isolation variable from the input
variables studied above. Various combinations of inputs have been tried following our un-
derstanding of the isolation analysis. While further optimization is possible, the current
results are very good and we think close to the overall optimum.
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Figure 10.10: Performance plots of some of the best combined isolation variables in barrel
(left) and in endcap (right).

We used the following isolation variables as inputs to the neural network:

• the angle to the first track above an ET of 2 GeV;
• the ECAL transverse energy in a cone of radius 0.3 excluding the candidate super-

cluster energy;
• the shower shape variable R9;
• ET sum in the HCAL in a cone of of radius 0.35;
• the sum of ET in the tracker in a rather narrow cone of 0.2.

Figure 10.11 shows the performance plots of the neural network output variable in the bar-
rel and in the endcaps. We can see the important contribution of the R9 variable for large
rejection factors as well as the relevance of HCAL isolation in the endcaps.

At high photon efficiency the performances are significantly better than those correspond-
ing to simple isolation variables shown above, reaching rejection ratios of 50 at 90% photon
efficiency. For the H ! ## analysis, we are also interested in very large rejection factors. At
50% photon efficiency, the signal to background efficiency ratio reaches 200. Similar results
have also been obtained by applying sequential cuts on the previously defined individual
variables.

We should also note that none of these neural net results uses any of the kinematic variables
such as the supercluster ET. The Neural Net output can then be easily used in conjunc-
tion with the di-photon mass and other kinematic variables to optimize the signal detection
performance.
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Figure 10.11: Performance plots of the neural network variable in barrel and in endcaps.
Results are shown for the basic 2 input variables from tracker and ECAL, for the addition of
the R9 input to make 3 variables, and for the addition of HCAL isolation and another tracker
variable to make 5 input variables.

10.3.3 Converted photons

A large number of photons originating from the primary interaction vertex convert in the
tracker material. Figure 10.12 shows the integral distribution of the fraction of photons con-
verted as a function of radius, measured in a fully simulated sample of H ! ## events, for
3 representative values of |"|: near the centre of the barrel (|"| = 0.2), in the middle of 1 half
barrel (|"| = 0.7), and towards the end of the barrel of the ECAL (|"| = 1.3).

Identification of converted photons allows a better choice of energy clustering algorithm.
Reconstructed tracks of converted photon candidates can be used to provide !0/# separa-
tion. The reconstructed tracks can also be used to locate the primary vertex coordinate along
the beam line, for use in H ! ## mass reconstruction. Reconstruction of secondary, con-
version, vertices from the tracks also allows mapping of the distribution of tracker material
(“radiography”).

10.3.3.1 Converted photon tracking

Track reconstruction can be divided into 4 separate steps: a) trajectory seed generation; b)
trajectory building; c) trajectory cleaning for resolving ambiguities; and d) trajectory smooth-
ing (i.e., the final track fit). Full details of CMS track reconstruction are given in Section 6.4.

Tracking of the electrons from a converted photon requires a dedicated seed finding tech-
nique [244]. Energy deposits in the ECAL are used as a starting point for inward track seed
finding. All basic clusters included in the supercluster and all other basic clusters less than
"" = 0.015 and "( = 0.25 from the supercluster position are used to build track seeds. For
each cluster both positive and negative charge hypotheses are tried. The ( range is chosen
taking into account the maximum separation at the ECAL front face between tracks from
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Figure 10.12: Fraction of photons from H ! ## events converted as a function of radius. The
3 histograms correspond to slices of width "" = 0.1 around |"| = 0.2 (dark grey), |"| = 0.7
(light grey) and |"| = 1.3 (empty histogram).

converted photons found in the simulated data. The " range is small because track pairs
from converted do not open in the longitudinal plane.

The initial momentum estimate is obtained from the basic cluster energy. Reconstructed hits
compatible with the trajectory hypothesis are sought in the 2 outermost layers of the tracker.
In the (r,() plane a maximum separation of "( = 0.015 between the trajectory and the hits
is allowed while in the (r, z) plane the hits are required to lie along a straight line from the
primary vertex to the basic cluster, with the spread in the position of the primary interaction
vertex (±15cm) taken into account.

If a compatible hit is found the predicted track state is then propagated inward to find a
second compatible hit. If none is found the next innermost layer is searched. All pairs of hits
found are collected and input to the trajectory builder, where compatible reconstructed hits
are added layer by layer moving inward. Redundant track trajectories are identified from
the number of shared reconstructed hits: if 2 candidates have a fraction of shared hits larger
than 50%, the trajectory with the largest number of hits is retained. The trajectory with the
smallest ,2 is retained if 2 tracks happen to have the same number of reconstructed hits.

This inward tracking procedure results in a list of tracks of which only the opposite charge
pair with the largest number of reconstructed hits is retained. Each of the 2 tracks is used in
turn, independently from the other, as a starting point for seed and track finding of the parent
track in the pair with an outward tracking procedure. A given inward track is propagated
further inside the Tracker, to cover the possibility that the innermost hit has not been reached
in the first step. At each inward propagation step the assumption is made that the innermost
hit is at the conversion vertex and a search for the parent track of the pair is performed. Each
ECAL basic cluster compatible in ( with the crossing point is used to predict the momentum
and the curvature of the track path. Pairs of reconstructed hits compatible with the predicted
track trajectory are then sought moving outward in the 2 following layers. The pairs of hits
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so found are used as seeds and fed to the trajectory builder for outward trajectory building.
Trajectories are then cleaned and finally smoothed with the backward Kalman fit to obtain
the parameters of the tracks at the vertex.

The average radiation energy loss electrons experience while traversing the tracker material
is described by the Bethe-Heitler formula. Within the Kalman filter the radiation energy loss
is taken into account by correcting the track momentum by an amount corresponding to the
predicted mean value of the energy loss and by increasing, at each propagation step, the
track momentum variance by adding the predicted variance of the energy loss under the
assumption that its distribution is Gaussian.

At the end of the tracking procedure there can be multiple track pairs for a single ECAL
supercluster. A further criterion must be applied to choose the best candidate at the analysis
stage.

10.3.3.2 Reconstruction efficiency

The algorithmic efficiency can be defined as the probability of reconstructing tracks that have
enough hits to be reconstructed. Photons converting late in the tracker are largely indistin-
guishable from unconverted photons. The shower shape in the ECAL is compact and they
do not leave a sufficient number of hits in the tracker for their tracks to be reconstructed.

Converted photons with 2 simulated tracks, each with at least 3 simulated hits and matching
in (",() a supercluster with transverse energy above 25 GeV are used. The requirement on
the minimum number of simulated hits is equivalent to requiring rconv < 85 cm (barrel) and
zconv < 210 cm (endcap). Simulated tracks were considered down to pT = 0.3 GeV/c.

Each of these photons can have more than one track or track pair reconstructed. If at least one
reconstructed track or track pair (correctly matching the e+e! simulated tracks) is found the
converted photon is considered as reconstructed. A distinction is made, however, between
those candidates which have only 1 track and those which have 2 tracks reconstructed. If
more than one matching track or track pair is found, with at least one match being a track
pair, the pair is counted for the efficiency calculation.

It is to be expected that the two-track reconstruction efficiency in the ECAL barrel decreases
with the radius, r, of the conversion point since there are fewer hits to be found. Asym-
metric conversions, on the other hand, where one track takes most of the photon transverse
momentum, are less efficiently reconstructed when the conversion occurs early in the de-
tector since very low pT tracks bend more in the magnetic field, and may not even reach
the ECAL. The combination of these 2 effects leads to the reconstruction efficiency seen in
Figure 10.13 a), which shows the reconstruction efficiency measured on a sample of photons
with fixed pT = 35 GeV/c, in the absence of other particles.

In the region corresponding to the ECAL barrel, the inefficiency is mainly due to poor seed
finding and track reconstruction in the delicate tracker barrel-endcap transition region, around
" = 1.

Similar considerations apply to the ECAL endcap region, where the z coordinate is more
appropriate to measure the position of the conversion point. The efficiency is lower at small
z values because 1 of the 2 tracks is easily lost and it drops at large z values because less
hits are available for tracking (Fig. 10.13 b). The inefficiency in the endcaps is mainly due to
the reduced tracker coverage at very large |"| and to the overall delicate range 1 < |"| < 1.5
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Figure 10.13: Reconstruction efficiency measured for photons with fixed pT = 35 GeV/c as a
function of the simulated conversion-point position. a) Versus r for |"| * 1.4442. Total (solid
circles), two-tracks (squares) and single track (empty circles); b) versus z for |"| ( 1.566.
Total (continuous line), two-tracks (dashed line) and single track (dotted line).

where the ECAL barrel matches a mixture of Tracker barrel and endcap. The one- and two-
track reconstruction efficiencies as a function of photon " are shown in Figure 10.14).
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Figure 10.14: Reconstruction efficiency measured from photons with fixed pT = 35 GeV/c in
the whole " range. Total (continuous line), two-tracks (dashed line) and single track (dotted
line).

The pT value chosen is representative of photons from Higgs boson decay. The average effi-
ciency for full two-track reconstruction over the whole detector is 75±0.3%. If single tracks
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are also taken into account the average efficiency reaches 91±0.2%. The track transverse
momentum resolution is 6% (9%) in barrel (endcap) respectively (Fig. 10.15).
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Figure 10.15: Track transverse momentum resolution (measured on a track-by-track basis)
for candidates reconstructed in the range a) |"| < 1.4442 and b) 1.556 < |"| < 2.5.

10.3.3.3 Converted photon vertexing

Each pair of opposite charge tracks is used for vertex finding. An unconstrained vertex
fit is performed, which is based on the Kalman formalism (see Section 6.5.1). The pair of
tracks used in the vertex fit are refitted with the vertex constraint and all their parameters
re-evaluated. The achieved conversion vertex position resolution is shown in Figure 10.16.
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Figure 10.16: Conversion vertex position resolution: radius and longitudinal coordinate.

10.3.3.4 Fake rate in H ! ## events

The fake rate is defined here as the number of two-track candidates reconstructed in un-
converted photons divided by the total number of two-track candidates. When multiple
two-track candidates are found per each supercluster the one with the smallest invariant
mass, calculated after vertex fitting, is chosen. Fake pairs can be caused by hits produced
in the pile-up or underlying event. The great majority (" 80%) of fakes are found beyond
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|"| > 1.5. In single photons the fake rate is about 0.1% while in H ! ## events (simulated
with pile-up) it is about (5 ± 0.3)% averaged over the whole detector.

The transverse momentum measured from tracks in fakes candidates, however, is much
smaller than the transverse energy collected in the ECAL supercluster. This is shown in
Figure 10.17. A cut on pT(tracks)/ET(ECAL) >0.3 (for example) brings the fake rate in sin-
gle photons down to 10!5 and in H ! ## events with low luminosity pile-up to the level of
0.9±0.1%.
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Figure 10.17: pT(tracks)/ET(ECAL for fake (dark grey) and for true (light grey) converted
photons in H ! ## events with low luminosity pile-up (L = 2 # 1033 cm!2 s!1).

10.3.3.5 Primary vertex z-coordinate from converted photons

The zPV coordinate can be expressed in terms of the reconstructed photon momentum from
tracks, the radial (rrec

conv) and longitudinal (zrec
conv) reconstructed vertex coordinates as zPV =

zrec
conv $ rrec

conv # cot()&Ptracks
). For locating the primary vertex only converted photons with

an accurately reconstructed pseudorapidity are of interest. Photons converting in the outer
parts of the tracker are not useful for this purpose. In Figure 10.18 (Fig. 10.19) the achievable
accuracy on zPV is shown for H ! ## events with low luminosity pile-up for conversions
reconstructed in the range |"| < 1.4442 (1.556 < |"| < 2.5). From left to right the results from
converted photons in the pixels, inner tracker and outer tracker are shown.

10.3.4 !0 rejection

A significant background to the H ! ## process originates from !0 in jets, which fake single
isolated photons. In the barrel region the fine granularity of the ECAL crystals can be used
for # $ !0 separation. In the endcap the preshower detector, a position-sensitive device with
high granularity, aids #$!0 discrimination. Algorithms to achieve such separation have been
studied for many years. If unconverted photon candidates are selected, rejection factors of
more than 2 against !0 can be achieved for an efficiency of 90%. However the use of this
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Figure 10.18: Longitudinal coordinate of the primary interaction vertex: accuracy achievable
in the Ecal barrel pseudorapidity range. From left to right for rconv < 15 cm, 15 < rconv < 58
cm and rconv > 58 cm.
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Figure 10.19: Longitudinal coordinate of the primary interaction vertex: accuracy achievable
in the Ecal endcap pseudorapidity range. From left to right for |zconv| < 70 cm, 70 < |zconv| <
160 cm and |zconv| > 160 cm.

potential requires the integration and optimization of the algorithms in a wider framework
where converted and unconverted photon candidates are treated separately.

10.3.5 Offpointing photons

Exploiting the transverse granularity of ECAL it is possible to discriminate neutral isolated
particles which do not point to the interaction vertex, typically photons, and reconstruct their
impact direction. The strategy to do so relies on the asymmetry of the lateral shower shape.
The algorithm consists of 2 steps:

• firstly the two-dimensional projection of the lateral shower shape is characterized
by the direction of its major axis (. is the angle between the axis and the " direc-
tion) and its degree of asymmetry, ".

• secondly, if the asymmetry is above a certain threshold (see Table 10.8), the angle
& between the direction of the impinging particle and the plane tangent to ECAL
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in the impact point is determined, employing the direct proportionality between
& and ".

The performances of the algorithm are given in Table 10.8.

Table 10.8: For a given rejection of pointing photons, the efficiency for non-pointing is given
for different tilts (&). Intervals are given where, for a given &, there is a slight dependence on
different combinations of "( and ").

Pointing # rejection Cut: " > eff. & = 0.2 eff. & = 0.4 eff. & >0.4
90% 0.31 0.32 "1 "1
99% 0.40 0.08 0.8-0.9 "1

99.9% 0.43 0.02-0.04 0.75-0.85 "1

The precision attainable have been estimated to be -" = 0.15 rad and -% = 0.2 rad.
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Figure 10.20: The correlation between & and the shower asymmetry parameter ".

10.4 Electron reconstruction and selection
This section focuses on the identification and four-momentum measurement of electrons
originating from a primary interaction vertex. A primary electron is composed of a single
track emerging from the interaction vertex and matched to an electromagnetic supercluster.
Such electrons are measured and identified in the angular range |"| < 2.5 viewed from the
nominal vertex and for transverse momenta pe

T ( 5 GeV/c. The emphasis in this section is
put on electrons at low and moderate pe

T, in a kinematic range relevant for Standard Model
Higgs decays.

The electron reconstruction in CMS is hampered by the amount of tracker material which is
discretely distributed in front of the ECAL. Electrons traversing the silicon layers of the pixel
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and inner tracker detectors radiate collections of bremsstrahlung photons and, in presence
of the 4 T solenoidal 2B field, the energy reaches the ECAL spread in (. The spread is pe

T
dependent. The amount of bremsstrahlung emitted when integrating along the electron tra-
jectory can be very large. It depends on average on the amount of tracker material traversed
which varies strongly with ", rising from " 0.3X0 at central pseudorapidities to " 1.5X0

toward the edge of the barrel (|"| ) 1.5), and falling back to 0.7X0 in the endcaps at |"| = 2.5
As an illustration for electrons of pe

T = 10 GeV/c, considering a uniform " $ ( distribution,
about 50% of the electrons radiate away more than 50% of their energy before reaching the
surface of the ECAL. In about 10% of the cases, more than 95% of the initial electron energy
is radiated !

The electron measurements can be further complicated by the conversion of secondary pho-
tons in the tracker material, which might lead to “showering” patterns and entail energy lost
in the tracker material. Soft secondary electrons from e+e! pairs get partly trapped in the
external 2B field and loose most, or all, of their energy before reaching the ECAL. The photon
conversion probability depends on the material budget and thus varies with ". The energy
lost can be large. For instance, it amounts on average to 7% of the initial energy for electrons
of pe

T = 10 GeV/c at |"| ) 1.5.

The bremsstrahlung emission pattern along the electron trajectory can fluctuate consider-
ably on event-by-event basis. The amplitude of the fluctuations increases on average with
increasing tracker material budget. This in general introduces largely non-Gaussian event-
by-event fluctuations which affect the energy measurement in the ECAL and the momentum
measurement in the tracker, as well as the electron identification observables. Sophisticated
clustering algorithms (Section 10.4.1) and track reconstruction method (Section 10.4.2) are
used to better cope with these effects. Distinct track-supercluster patterns (electron “classes”)
are recognized (Section 10.4.3) for the energy corrections (Section 10.4.4) and error weighting
in the track-supercluster combination (Section 10.4.5). The different “classes” influence the
electron isolation (Section 10.4.6) and identification (Section 10.4.7) strategies.

10.4.1 Electron clustering

The building of electron objects is initiated by the presence of electromagnetic superclusters.

The basic “hybrid” and “island” superclustering algorithms used for electrons in the ECAL
barrel and endcaps respectively, have been described in detail already in [8] and [160]. An
essential purpose of the superclustering algorithms is to deal with the energy spread in (.
The collection of bremsstrahlung photons is necessary to minimize the cluster containment
variations for the measurement of the primary electron energy.

The ECAL superclustering algorithms have been recently tuned to better cope with the
characteristic energy deposition patterns of low pT electrons. The minimal ET threshold
for the basic seed cluster of superclusters has been lowered from the previous default of
Eseed

T = 4 GeV down to Eseed
T = 1 GeV. This leads to considerable improvement of the

efficiency for reconstructing a supercluster for low pe
T. Considering e+e! pairs and inte-

grating over the acceptance in ", the efficiency with Eseed
T = 1 GeV reaches ( 99% for

pe
T ( 7 GeV/c, compared to an original efficiency with Eseed

T = 4 GeV varying from about
65% for pe

T = 7 GeV/c to about 93% for pe
T = 10 GeV/c.

Having lowered the supercluster seed threshold, there is a tendency for extra basic clusters,
caused e.g. by radiated photons with p!T > 1 GeV/c, to remain separate and form their own
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supercluster. For example, with the original ( roads for bremsstrahlung recovery extending
to ±0.2 rad in the endcaps and ±10 crystals (i.e. about ±0.17 rad) in the barrel, about 8%
of back-to-back e+e! pairs at pe

T ( 7 GeV/c gave three superclusters. To better collect the
bremsstrahlung and reduce, well below 1%, the probability to find a number of superclusters
in excess of the number of isolated electrons, the ( roads have been increased to ±0.3 rad in
the endcaps and ±17 crystals (i.e. about ±0.3 rad) in the barrel.

ECAL superclusters are use to drive the finding of pixel seeds for the primary electron tracks.
The new tuning of the clustering algorithm parameters for bremsstrahlung collection has, in
turn, contributed to an improvement of the cluster-driven pixel matching efficiency.

10.4.2 Electron tracking

10.4.2.1 Seed finding

The first step of track reconstruction consists of finding seeds in the pixel detector. For elec-
trons, who suffer from radiative losses, this requires dedicated strategies to preserve effi-
ciency while keeping control of fake track rates. The situation is most challenging for low pT

electron tracks.

The electromagnetic superclusters drive the finding of the first 2 track hits (“seeds”) in the
pixel detector. Such a supercluster-driven pixel seed finding strategy for the tagging of pri-
mary electron-like objects has been successfully developed in CMS for robust applications at
the High Level Trigger (HLT) [8], where fast and drastic reduction of fake background rates
is a key issue. The supercluster and pixel matching takes advantage of the fact that the en-
ergy weighted average impact point of the electron and associated bremsstrahlung photons,
as calculated using information from the supercluster in the ECAL, coincides (assuming a
successful collection of photons) with the impact point that would have been measured for
a non-radiating electron of the same initial momentum.

Hits in the pixel layers are predicted by propagation of the energy weighted mean position
of the supercluster backward through the magnetic field under both charge hypotheses to-
wards the pixel detector. A first compatible hit is then looked for in the innermost (barrel)
pixel layer within a loose "( window and loose "z interval When a first compatible hit is
found a new estimate for the z coordinate of the primary track vertex is calculated combining
the pixel hit found and calorimetry information in the Rz plane. The predicted trajectory is
then propagated to look for a second pixel hit in the next pixel layer(s), within some narrower
"( and "z windows. More details on the supercluster-driven pixel matching algorithm can
be found in [8]. The requirements for the search of the first and second pixel hits have been
loosened with respect to the HLT to recover electron detection efficiency at low pT. The new
threshold values are given in Table 10.9.

With this loosening of the matching criteria, the efficiency of the pixel finding for single
electrons, averaged over the full ECAL barrel and endcaps " range, reaches about 90% for
electrons at pe

T = 10 GeV/c.

The 2 pixel hits found serve as seeds for the building and fitting of electron tracks in the
Silicon Tracker Detectors.
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Table 10.9: Seeding of electron tracks. Allowed "( and "z search windows for the 1st and
2nd pixel hits of the supercluster-driven seed finding algorithm, for HLT and offline recon-
struction.

Observable Requirements
HLT level Offline Reconstruction

"( - 1st pixel hit 40 mrad 200 mrad
e! : [$25 mrad, +15 mrad]
e+ : [$15 mrad, +25 mrad]

"z - 1st pixel hit 15 cm 15 cm
"( - 2nd pixel hit 2 mrad 10 mrad
"z - 2nd pixel hit ±0.05 cm ±0.07 cm

10.4.2.2 Track building and fitting

Dedicated track reconstruction strategies are required for electrons as they are affected by
non-Gaussian fluctuations due to bremsstrahlung emission along their trajectory.

The default track reconstruction method in CMS relies on a simple Kalman Filter (KF) al-
gorithm. This has been shown [8] to be usable for high pT electrons (e.g. for applications at
HLT), provided that a tight ,2 cut is used in the trajectory building. In this way, the emphasis
is put on the early stages of the electron track evolution which contains the most significant
information on the electron initial momentum and direction from the primary vertex. A dif-
ferent approach is needed for low pT electrons and in general for detailed electron analysis.

The simple KF is equivalent to a global least-square minimization based on a linear model
for the track evolution and Gaussian fluctuations. The assumption of considering all random
fluctuations of track parameters due to material effects as Gaussian, while roughly valid
when the dispersion is mainly caused by multiple scattering processes, clearly fails for the
energy radiated in the thin layers of the tracker material. A nonlinear filter approach such as
the Gaussian Sum Filter (GSF) which had been studied for track reconstruction in CMS [190]
can therefore in principle better describe the propagation of electrons. The GSF is a nonlinear
generalization of the KF, in which the distributions of all state vectors and errors are Gaussian
mixtures. The weights of the components of the mixture depend on the measurements.

A new optimization of electron GSF track reconstruction has been performed recently and
is described in detail in [245]. This makes use of a specific Bethe Heitler modeling of the
electron energy losses during track building when collecting matching hits in successive
silicon layers, with a tolerance of 1 layer without hits. As can be inferred from Fig. 10.21a,
the electron track hits can thus be efficiently collected up to the end of the tracking volume.

The performances for transverse momentum reconstruction is illustrated for low pe
T in Fig.

10.21b. A best measurement of the electron pT at the primary vertex is obtained from the
most probable values of the mixture of Gaussians characterizing the track state at each
tracker layer. More detailed discussions on the electron GSF tracks and measurement per-
formances at the primary vertex can be found in [245]. When compared to the simple KF
approach mentioned above, the GSF tracks are found to provide a very similar momentum
resolution and slightly improved " and ( measurements from pe

T = 5 GeV/c up to at least
30 GeV/c.

The efficiency of electron track reconstruction is shown as function of pe
T and " in Fig. 10.22.

The efficiency is found to be above 90%, except at very low pe
T (below about 10 GeV/c), in
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Figure 10.21: Track reconstruction performances for electrons of pe
T = 10 GeV/c : a) number

of collected hits for tracks reconstructed using the Gaussian Sum Filter (solid histogram), the
default Kalman Filter (dashed histogram) and the HLT electron Kalman Filter (dash-dotted
histogram); b) reconstructed pT for Gaussian Sum Filter tracks as obtained from the most
probable value (full histogram) and the weighted mean (dashed histogram) of the Gaussian
mixture.
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Figure 10.22: Electron track reconstruction efficiency : a) as a function of pe
T , averaged over

the full " range of the ECAL barrel and endcaps (full line), or the range of the ECAL barrel
only (dotted line); b) as a function of |"e| for a uniform distribution in pe

T between 5 and
50 GeV/c. The performances combine effects from supercluster-driven pixel seed matching
and a Gaussian Sum Filter trajectory building and fitting.
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the transition region between the ECAL barrel and endcap (around |"| = 1.5), and towards
the edge of the acceptance. at largest ".

One of the great benefit of the GSF tracks comes from the combined facts that hits are col-
lected efficiently along the full trajectory through the tracker volume, and that meaning-
ful track parameter errors are available at both track ends. Thus, a good estimation of the
electron track parameters at ECAL entrance is made available. But most importantly, the
fractional amount of momentum carried away by bremsstrahlung photons can be evaluated
from the outermost and innermost track parameters, each obtained e.g. using the weighted
mean of Gaussian mixtures [245]. This is illustrated in Fig. 10.23.
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Figure 10.23: Sensitivity of the Gaussian Sum Filter electron track reconstruction to radiated
bremsstrahlung energy using the weighted mean of the Gaussian mixture: a) momentum pin

evaluated at the vertex (full histogram) and pout at the position of the outermost hit (dashed-
dotted histogram) for pe

T = 10 GeV/c; b) difference pin$pout against the total energy radiated
in the tracker volume.

This will find major applications in distinguishing various electron patterns, to improve
electron energy measurements and electron identification. In particular, classes of “low-
radiating” electrons can be defined in a novel way and used for ECAL inter-calibration and
absolute calibration purposes (Section 4.4).

10.4.3 Electron classes

Tracking and calorimetry observables can be found which are, on event-by-event, sensitive
to the integral amount of radiated energy, to the bremsstrahlung emission pattern along the
electron trajectory, or to effects induced by energy lost in the tracker material. Using such
observables for the separation of the electron population into distinct classes, will allow to
better disentangle the non-Gaussian sources of fluctuations of the ECAL supercluster energy
containment and tracker momentum measurement. Distinct track-supercluster patterns will,
in general but especially at low pe

T, imply different energy-momentum measurement errors
(Section 10.4.4) and different electron identification performances (Section 10.4.7).

A set of electron classes was introduced in [245]. A useful measurement of the amount of
bremsstrahlung is obtained by the relative difference between the momentum measured
at the last point (pout) on the electron track and the momentum measured at the origin
(pin). The ( match between the reconstructed track and the supercluster is sensitive to the
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bremsstrahlung collection. The matching between the total energy Esc collected by the su-
percluster with the momentum measured at the track origin is sensitive to the energy lost in
the tracker material. These and other observables are used to separate “well measured” and
“badly” measured electrons in a sequence described in the following.

The most precisely measured electrons fall in the category:

• golden electrons. This class represents electrons least affected by radiation emis-
sion, with a reconstructed track well matching the supercluster and a well be-
haved supercluster pattern. It is defined as:

• A supercluster constituted by a single “seed” cluster (i.e. without ob-
served bremsstrahlung subcluster);

• A measured bremsstrahlung fraction fbrem = (pin $ pout)/pin below 0.2;
• A ( matching between the supercluster position and the track extrapo-

lation from last point within ± 0.15 rad;
• An Esc/pin value in excess of 0.9.

The “golden” electrons are dominantly truly “low radiating” electrons for which all mea-
surement issues greatly simplifies. The usage of a subset of golden electrons originating
from high statistics physics processes like single W and single Z production at the LHC has
been considered for in situ energy calibration of the ECAL crystals (Section 4.4).

But other classes of electrons can also be very well measured and identified. On event-by-
event, this is irrespective of the total amount of bremsstrahlung radiated away. Electrons
which fail to satisfy the golden electron requirements might be accepted as:

• big brem electrons. This class contains electrons with a good energy-momentum
matching between the supercluster and the electron track at origin, a well behaved
supercluster pattern, and no evidence of effects from secondary photon conver-
sion despite a very large measured bremsstrahlung fraction. Electrons for which
all the bremsstrahlung is radiated in a single step, either very early or very late
when crossing tracker silicon layers, can fall in this category. The class is defined
as:

• A supercluster constituted by a single “seed” cluster;
• A fbrem above 0.5;
• An Esc/pin value between 0.9 and 1.1.

A complementary set of electrons, still with a good energy-momentum (at origin) matching,
but which fails some criteria for golden and big brem can fall in the category:

• narrow electrons. In this intermediate class, electrons have a significantly large
bremsstrahlung fraction but not has high as for big brem, a rather well behaved
supercluster (i.e. the bremsstrahlung has been merged in 1 cluster), but, as for big
brem, a relaxed track-supercluster geometrical matching. It is defined as:

• A supercluster constituted by a single “seed” cluster;
• An Esc/pin value between 0.9 and 1.1;
• A measured bremsstrahlung fraction and/or a ( matching outside the

range of golden and big brem electrons.

Finally, the remaining electrons (“bad”) electrons are classified as:
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• showering electrons. This class contains electrons which failed to enter any of
the above classes. This will be very likely for instance in cases of secondary con-
version of some early radiated bremsstrahlung for electrons having radiated large
fraction of their initial energy. The class includes electron supercluster patterns
involving an identified bremsstrahlung subcluster, or cases where a bad energy-
momentum E/p matching is observed.

The fraction of the initial electron population falling in the different classes as a function of
|"| is shown in Fig. 10.24a for a sample of single isolated electrons. The shape of the distribu-
tion for the showering class clearly reflects the material budget " distribution. Conversely,
the probability to observe golden electrons is, as expected, anti-correlated with the material
budget. Overall, about 20% of the electrons are observed in the golden class while showering
electrons represent more than 50% of the population. For simplicity, the electrons impacting
in the vicinity of ECAL inter-module or supermodule borders of the barrel have not been
included here. Such electrons are collected in a separate class and are susceptible of requir-
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Figure 10.24: Classes of track-supercluster patterns and energy scale corrections for electrons
uniformly distributed in energy between 5 and 100 GeV : a) fraction of population in the
different classes as a function of |"e|; b) mean of the raw reconstructed supercluster energy
Erec normalized to the generated electron energy Ee as a function of the number of crystals
of the seed cluster having a signal above 2'noise, in the " range of the ECAL barrel.

ing specific treatment. Whether or not an electron depositing energy near a “crack” can be
measured with precision is evaluated by an algorithmic procedure described elsewhere [8].

10.4.4 Electron energy scale corrections

The electron energy measurement provided by the superclustering algorithm is obtained by
simply adding the contributions from the energy deposits in each crystal. The ( spread of the
energy deposition in the ECAL, and hence the energy containment of the supercluster, will in
general depend on the pattern of bremsstrahlung emission and on pe

T. The variations of the
supercluster energy containment associated to bremsstrahlung collection can be correlated
with the volume of the shower integration, as measured approximately by the number of
contributing crystals. The Fig. 10.24b shows the energy response in the ECAL barrel as func-
tion of the number of crystals in the seed cluster of the supercluster which have energy above
2 standard deviations of the electronic noise. Electrons from golden, big brem and narrow
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classes all follow the same universal dependence. More details are provided in [245] where
similar results are obtained for electrons in the " range of the ECAL endcaps. There, the
electron energy is obtained by adding energy deposited in the preshower detector to the cor-
rected ECAL supercluster. In the case of showering electrons for which the bremsstrahlung
recovery is not fully efficient and which are affected by a significant fraction of energy lost
in the tracker material, the correction based on f(Ncry) must be complemented by a residual
parametrized "-dependent correction.

An example of the reconstructed energies for each electron classes, before and after correc-
tions, is shown in Fig. 10.25 for electrons measured in the ECAL barrel and endcap and with
generated energy Ee in the range 5 to 100 GeV.
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Figure 10.25: Distributions of the (a)(c) raw and (b)(d) fully corrected reconstructed energy
Erec normalized to the generated energy Ee, for electrons uniformly distributed in energy
between 5 and 100 GeV. The distributions are shown separately for the " range of (a)(b) the
ECAL barrel and (c)(d) ECAL endcaps, and for the different track-supercluster patterns. In
the range of the endcaps, Erec includes the energy deposited in the preshower detectors.

Besides the proper normalization of the energy response, the corrected energy distributions
are slightly narrower, more symmetric and Gaussian than the uncorrected one. Overall, the
effective RMS resolution improves by about 5% in the " range of the barrel 10% in the range
of the endcaps. Different energy measurement errors are obtained for the different electron
classes [245].
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10.4.5 Track-cluster combination

10.4.5.1 Track-cluster matching

In a ”pre-selection” step, a loose geometrical and energy-momentum matching is imposed
between the reconstructed electron track and the corresponding supercluster. This comple-
ments the loose track-supercluster matching which is implicitly built in the supercluster-
driven pixel seed finding described in section 10.4.2.1. The “electronicity” of the candidate
electrons is further re-enforced by setting an upper threshold on the fraction of the electron
supercluster energy collected in the hadron calorimeter.

Thus, electron candidates can therefore be pre-selected as:

• a reconstructed electron track initiated by the reconstruction of a supercluster in
the ECAL matched with hits in the pixel detector;

• an energy-momentum matching between the supercluster and the track, Erec/pin <
3;

• an " geometrical matching |""in| = |"sc $ "extrap.
track | < 0.1, where "sc is the super-

cluster " position and "extrap.
track is the track pseudorapidity at the closest position to

the supercluster position;
• a ( geometrical matching |"(in| = |(sc $ (extrap.

track | < 0.1, where (sc is the super-
cluster ( position and (extrap.

track is the track ( position at the closest position to the
supercluster position;

• a ratio of the energy deposited in the HCAL tower just behind the electromagnetic
seed cluster over the energy of the seed cluster H/E < 0.2.

The efficiency of such pre-selection, can be evaluated for illustration from a sample of iso-
lated electrons obtained from the final state in single production of Standard Model Higgs
bosons decaying via H ! ZZ(#) ! 4e. It reaches a plateau around 93% for central " values.
The pre-selection entails a drop of efficiency of about 3 to 5% depending on " when com-
pared to electron track reconstruction efficiencies alone. A more severe drop of efficiency of
about 20% occurs around |"| ) 1.5 due to a deterioration of the track-supercluster matching
in the transition range between the ECAL barrel and endcaps.

10.4.5.2 Combination of energy and momentum measurements

The corrected energy measurement Erec provided by electromagnetic calorimeter can be
combined with the tracker momentum measurement prec to improve the estimate of the elec-
tron momentum at the interaction vertex.

The improvement is expected to come both from the opposite behaviour with Ee (or pe
T)

of the intrinsic calorimetry ('E/E) and tracking ('pT/pT) fractional resolutions, and from
the fact that prec Erec are differently affected by the bremsstrahlung radiation. This latter
point is illustrated in Fig. 10.26 for electrons in the " range of the ECAL barrel. Similar
plots are obtained in the " range of the endcaps [245]. Cases with Erec/prec > 1 are almost
always due to an underestimation of the track momentum. An early emission of a large
amount of radiation along the electron trajectory is likely to lead to an underestimate of the
initial momentum by a track reconstruction algorithm. Cases with Erec/prec < 1 can be due
either to an underestimate of the true energy by the calorimetry measurement (e.g. due to
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Figure 10.26: Correlations between ECAL energy and tracker momentum measurements in
the " range of the barrel: a) corrected supercluster energy Erec normalized to the generated
energy Ee as a function of Erec/Prec ; b) reconstructed track momentum at vertex Prec nor-
malized to the generated momentum P e as a function of Erec/Prec .

energy lost from the conversion of secondary photons) or to an overestimate of the true initial
track momentum. Otherwise, the tracking and calorimetry measurements are always both
providing a good measurement when Erec/prec ) 1.

For electrons pe
T below " 30 GeV/c the different electron classes determine the weight of

the tracking and calorimetry information for the combined measurement of the energy-
momentum. The energy resolution observed for different electron classes is illustrated in
Fig. 10.27a. The best precision is obtained with golden and narrow electrons. The resolution
for big brem electrons is only slightly degraded. In contrast, the showering electrons suf-
fer from a severe deterioration of the resolution due to fluctuations of the energy lost in the
tracking material and fluctuations of the supercluster energy containment.
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Figure 10.27: Precision on the electron energy measurements: a) fractional resolution (Gaus-
sian fits) as a function of generated energy Ee for different track-supercluster patterns; b)
fractional resolution (effective RMS) as a function of generated energy Ee measured with
the ECAL supercluster (downward arrows), the track (upward arrows), and the combined
track-supercluster (circles) .
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The electron energy is finally determined by combining the corrected electron supercluster
measurement E, the electron track momentum p, and their associated errors. In cases when
|E/p$ 1| < 2'E/p, it is is taken as the weighted mean of E and p with weights defined as the
normalized inverse of the variance of each measurement. Otherwise, E alone is used when
E/p > 1 + 2'E/p or for E > 15 GeV when E/p < 1 $ 2'E/p, while p alone is used for E <
15 GeV, when E/p < 1$2'E/p. The effective RMS resolution obtained from combined track-
supercluster is illustrated in Fig. 10.27b and compared to the separate ECAL and tracker
measurements. The precision is clearly improved with the combined estimate for energies
between about 10 and 25 GeV.

10.4.6 Electron isolation

Lepton isolation can be imposed as a simple and powerful means of suppressing QCD back-
ground in multi-lepton physics channels at the LHC.

For electrons in CMS, the simplest and most powerful isolation criteria is obtained from
tracks originating from a common (primary) vertex. Using track measurements at a pri-
mary vertex for the electron isolation avoids the complication due to the severe external
bremsstrahlung, photon conversion, and early showering in the tracker material. It more-
over allows to postpone the question of the identification of possible internal bremsstrahlung
photons, associated to final state electrons, which might appear in the ECAL within an isola-
tion cone. Track-based electron isolation must normally be complemented by electron iden-
tification requirements.

As an example of simple track isolation criteria, all tracks having pT > 1.5 GeV/c are con-
sidered in an " $ ( isolation cone of radius Rcone =

+
("")2 + ("()2 centred on the recon-

structed electron. The tracks are further required to have |"IPL| < 0.1 cm, where "IPL is
the difference between the longitudinal impact parameter and the z position of the primary
vertex. The electron isolation variable is then defined as the sum of the pT of all the tracks
satisfying these requirements (excluding the electron track), divided by the electron pT.

The performances of such a track-based electron isolation is illustrated in Fig. 10.28a by con-
sidering the suppression of the tt̄ background to the Standard Model Higgs boson in the
channel H ! ZZ# ! e+e!e+e!. The observation of 4 isolated electrons is imposed. The
efficiency for the Higgs signal after preselection is plotted as a function of the rejection ob-
tained against the tt̄ background.

A further requirement can be imposed on the normalized transverse impact parameter (IPT /
'IPT ) to further refine the selection of primary electrons. This is illustrated in Fig. 10.28b
again for the Higgs channel in 4 electrons compared to the tt̄ and Zbb̄ backgrounds when
involving electrons from semi-leptonic b decays.

10.4.7 Electron identification

Electron identification makes use of a complete set of “electronicity” estimators. These are
combined to establish full compatibility of the observations with expectations from single
electrons. The performance (efficiency, rejection power, purity) of this identification depends
of course on the degree of isolation imposed on the electron candidates and on the nature
of the considered background. It also depends on the quality requirements imposed on the
electron objects themselves. The identification and rejection performances will in general
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Figure 10.28: Selection of isolated primary electrons. a) Signal efficiency versus background
rejection power from electron track isolation alone for SM Higgs 4e signal and tt̄ back-
ground, for various track isolation parameters and cone sizes. b) Distribution of the normal-
ized transverse impact parameter Ip/'Ip for electrons from the SM Higgs boson decaying in
H ! ZZ# ! e+e!e+e! and for electrons from b jets in tt̄ ! W+W!bb̄ and Zbb̄ background.

vary, in particular at low pe
T, with the electron class. The ”well measured” and the ”badly

measured” electrons are likely to be differently affected by possible fake background sources.
Finally, the distinction between multi-clusters and single cluster electron patterns is expected
to play an important role in the separation of electron from ”fake” electrons in QCD jets
formed by overlapping particles

Figure 10.29 shows some typical distributions of electron identification variables exhibiting
different characteristics for different electrons classes. They are shown both for a sample of
real isolated electrons and for ”fake” electrons from a sample QCD di-jets enriched in events
which would pass the Level 1 electromagnetic trigger of CMS [245]. From such distributions,
one arrives at a prescription on the use of identification variables depending on the different
electron classes:

• the ''' shape variable is discriminating for all electron classes;
• H/E and ""in and "(in with track parameters at the vertex and using superclus-

ter energy and " and ( positions are discriminating for all electron classes, with a
slight loss of discriminating power for Showering electrons;

• '(( and $9/$25 shower shape variables involving ( projection gives discriminat-
ing power for all but Showering electrons;

• E/pin with track parameters at the vertex and using supercluster energy and
E/pout with track momentum from the outermost track position and energy from
the electron sub-cluster are more discriminating for the Showering class;

• "(out with track momentum from the outermost track position and energy from
the electron sub-cluster discriminating only for Golden electrons.

Using for instance a simple sequence of cuts adapted to each pre-selected electron class, an
absolute overall jet background fake rate efficiency at the level of 6 # 10!4 is obtained while
keeping efficiency on electrons of pT from 5 to 50 GeV/c at the level of 90%.
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Figure 10.29: Distributions of electron identification observables in the " range of the ECAL
barrel . The distributions of shower shape and track-supercluster matching observables are
shown for different classes of electrons. Electrons uniformly distributed in pe

T between 5
and 50 GeV/c are compared to ”fake” electron candidates found in jets from a QCD di-jet
background generated in the range 25 < p̂T < 170 GeV/c.


