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Abstract

A method for calibrating the response of a segmented calorimeter to hadrons is devel-
oped. The ansatz is that information on longitudinal shower fluctuations gained from a
principal component analysis of the layer energy depositions can improve energy resolution
by correcting for hadronic invisible energy and dead material losses: projections along the
eigenvectors of the correlation matrix are used as input for the calibration. The technique
is used to reconstruct the energy of pions impinging on the ATLAS calorimeters during the
2004 Barrel Combined Beam Test at the CERN HS8 area. Simulated Monte Carlo events are
used to derive corrections for invisible energy lost in nuclear reactions and in dead material
in front and in between the calorimeters. For pion beams with energies between 20 and
180 GeV, the particle energy is reconstructed within 3% and the resolution is improved by
about 20%.



I ntroduction

In order to measure the energy of a hadron impinging on a calorimeter it is necessary to overcome the fact
that part of the energy is deposited in a non-measurable (invisible) form, i.e. nuclear break-up and excita-
tion, energy deposits arriving out of the sensitive time window (such as delayed photons), soft neutrons,
etc. All of these effects are absent in the case of particles interacting only electromagnetically [1, 2].
All secondary particle showers generated by hadrons will have a component of such particles. As the
average size of this component increases with the energy of the impinging hadron [3], the ratio of vis-
ible to invisible energy increases, resulting in a non-linear response of the calorimeter. In addition, the
large event-by-event fluctuations of the size of the electromagnetic component ') degrade the measured
resolution.

The calorimeter material and size are not always aimed at (or capable of) equalizing the hadronic
and electromagnetic energy response (compensation). In these cases offline calibration techniques have
been developed that use the properties of the visible deposited energy to derive energy corrections aimed
at restoring linearity in the response and improving the resolution. Average corrections can restore the
linearity of the response, but they cannot compensate the calorimeter response on an event-by-event
basis, so they can hardly improve the resolution. Techniques that are spatially sensitive to the difference
between electromagnetic and hadronic energy deposits and their fluctuations are therefore more suited to
produce event-by-event corrections that will also affect the resolution.

The correlations between the energy deposits in the longitudinal development of the shower have
been shown [4] to have information on the electromagnetic and hadronic nature of the shower. An
improvement in resolution is expected to result from capturing more of the properties of the different
fluctuations. In this study a technique for energy compensation is developed that uses the properties of
such correlations to derive a Monte Carlo-based event-by-event compensation technique. The application
is quite specific to ATLAS, but the framework is rather general and it can be tested on any segmented
calorimeter. Layer weighting has already been explored in ATLAS in a different fashion for jet energy
calibration [5].

In section 1 the experimental setup of the ATLAS 2004 Barrel Combined Beam Test is presented.
The data samples and the associated simulated event samples are described. Section 2 describes the basic
selection and reconstruction of the events. The Layer Correlation technique is featured in section 3 in
general terms to provide the basis for its application in the case of a segmented calorimeter. The various
components of the calibration technique are also presented. Then its implementation in the present case
and its validation on simulated samples are illustrated in sections 4 and 5, respectively. The results in
terms of linearity and resolution are finally shown and discussed in section 6.

1 Experimental Setup, Data and Monte Carlo Samples

The 2004 ATLAS Combined Beam Test setup (CBT04) is fully described in [6]. For this analysis the
fully combined data taking period has been used, where in addition to the Liquid Argon (LAr) and
Tile (TileCal) calorimeters, some modules of the ATLAS inner detector were operational, i.e. the Pixel
detector, the silicon strip SemiConductor Tracker (SCT) and the straw tube Transition Radiation Tracker
(TRT). In addition, special beam-line detectors were installed to monitor the beam position and reject
background events. For a beam impinging at a pseudorapidity of n = 0.45 the expected amount of
material in front of the LAr is about 0.44 A; 2. The LAr modules are longitudinally segmented in 3
layers that extend in total for 1.3 A;. The dead material between TileCal and LAr spans about 0.6 A.
Finally TileCal’s three longitudinal segments stretch in total for about 8.2 A;.

UDue to large phase space for hadronic interactions in matter.
2)The interaction length A, is defined in [2,7]. The values refer to interactions caused by protons.
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The data taken during this fully combined CBT04 period consist of single positive pions impinging
on the calorimeters at azimuth angle ¢ = 0 and pseudorapidity n = 0.45. The runs being used are shown
in table 1. All data were collected without magnetic field around the pixel and silicon detectors. Data
samples were reconstructed using Athena 12.0.7.

The positive pion beams are known to have a sizable proton contamination, f, defined as the frac-
tion of the events in a sample that result from protons impinging on the calorimeters. The contamination
is also reported in table 1 and it is estimated ) by recent Transition Radiation Tracker measurements [8]
exploiting the higher energy losses of protons with respect to pions. This estimate is in good agreement
with measurements performed by a Cherenkov counter in the 2002 test beam [9], except at 180 GeV.

Table 1: Data samples taken in the CBTO04 used in the present analysis. 2102225 is nominally an e ' run
where 1Tt are selected.

‘ RunNumber ‘ EMM (GeV) ‘ Emeas (GeV) ‘ N. ev. bef. cuts ] N. ev. after cuts ‘ Content ‘ forot ‘

beam
2102396 20 20.19 49871 7812 Tt 0%
2102347 50 50.30 81103 15091 mh 45%
2102355 100 100.54 55589 7250 mh 61%
2102225 180 179.68 85967 4318 mt(eh) | 76%

Monte Carlo samples were produced simulating both pions and protons impinging on the CBT(04
setup at the same coordinates as the data. The interaction of the particles in the detector was simu-
lated with Geant4.7 [10] using both the QGSP [11] and the QGSP _BERT [12] physics lists. The QGSP
physics list uses a phenomenological model describing the hadron—nucleus interaction by the forma-
tion and fragmentation of excited strings together with the de-excitation of an excited nucleus. The
QGSP_BERT model adds the Bertini description of the intra-nuclear hadronic cascade of the secondary
hadrons deriving from string decay: such a description is not present in QGSP where the secondaries are
allowed to be produced only outside the nucleus.

The full reconstruction of the events used the CBT(04 geometry and the full simulation of the detector
read-out in the ATLAS Athena Software version 12.0.5.

Two sets of statistically independent samples were produced by dividing the available sample into
two approximately equal parts: one set (‘“correction” samples in the following) was used to derive weights
and dead material corrections (see sections 3.1 and 3.2), while the other set was used as simulated data
to derive the performance expectation (“signal” samples in the following). The “correction” and *“signal”
samples are shown in table 2.

2 Event Selection and Energy Reconstruction

For each event, cell clusters are derived by adding up the energy in neighboring cells with a dynamical
topological algorithm in three dimensions into “topological clusters”. The algorithm is described in [13].
The energy thresholds used for the seed, neighbor and boundary determination are set to respectively
four, two and zero times the expected noise in the given cell. The reconstructed energy in layer L is
obtained by building all the 3D topoclusters in the event and summing only the energy of the cells in
layer L that belong to a topocluster. The total reconstructed energy is then derived by summing over the

3)With the instrumentation at hand, the proton contamination can be measured only on average, but not on an event-by-event

basis.



Table 2: Fully simulated Monte Carlo samples used for the present analysis. The “correction” sample is
used to derive the corrections, while the ”signal” sample is used to compare to the data.

“Correction sample” “Signal sample”

Ebeam m p mt p

(GeV) | Bef. cuts | Aft. cuts | Bef. cuts | Aft. cuts | Bef. cuts | Aft. cuts | Bef. cuts | Aft. cuts
15 50000 33098 50000 32315 50000 33075 50000 32711
17 45000 31352 50000 34991 45000 31452 50000 34975
20 50000 36387 50000 33119 50000 36327 50000 36862
22 45000 33440 50000 37532 45000 33367 50000 37339
25 45000 34053 50000 38160 45000 33899 50000 38293
35 50000 39420 50000 39027 50000 39339 50000 39010
40 50000 39640 45000 35389 50000 39535 50000 39277
45 50000 39947 50000 39426 50000 39871 50000 39481
50 50000 40171 45000 35510 50000 40248 50000 39574
55 45000 36431 45000 35547 50000 40514 50000 39495
60 45000 36509 45000 35668 50000 40647 50000 39537
65 50000 40670 50000 39606 50000 40570 50000 39685
70 35000 28494 25000 19853 35000 28549 30000 23855
80 25000 20448 35000 27919 25000 20337 35000 27791
90 35000 28771 31536 25083 35000 28680 35000 27805
100 25000 20510 20000 15859 30000 24717 25000 19839
110 15000 12362 15000 11948 15000 12313 20000 15736
120 35000 28774 30000 23957 35375 29036 35000 27579
130 25000 20626 44785 35461 30000 24798 45000 35526
150 50000 38556 50000 35979 50000 38538 50000 36248
170 50000 38569 50000 35804 50000 38606 50000 36026
180 50000 38807 40000 28804 50000 38625 45000 32126
190 50000 38701 45000 32308 50000 38740 50000 35847
210 40000 30965 45000 32236 40000 30915 45000 31994
230 30569 23670 21015 14913 40000 31027 30000 21444
Total | 1040569 | 810371 | 1032336 | 776414 | 1075357 | 833725 | 1095000 | 828055




Niay longitudinal layers in the calorimeter:

ELC = Z cell 3D, (1
cell_t3D
el - S E @

Events are selected, if they meet the following requirements.

A signal in the trigger scintillator and a measurement in adjacent beam chambers that is compatible
with one particle passing close to the nominal beam line are required. In addition, at least one global
track with a least 6 hits in the Pixel or the SCT and at least 20 hits in the TRT is asked for. The track
in the TRT must be compatible with a pion track, i.e. no more than 2 higher-level hits must be present.
Events with a second track in the TRT are rejected: this ensures that the pion does not interact strongly
before the TRT.

In addition, there must be at least one cluster with at least 5 GeV in the calorimeter. This cut rejects
muons contained in the beam. To reject some residual electron background, events with more than 99%
of their energy in the LAr calorimeter are rejected.

The same selection is applied on simulated Monte Carlo events as on data, with the exception of cuts
related to beam chambers and scintillators.

3 ThelLayer Correlation Method

The Layer Correlation calibration method (LC in the following) is based on a principal component anal-
ysis (PCA) [14] on simulated events of the calorimeter layer energy deposits. The ansatz is that different
fluctuation properties characterize events with different invisible energy content: variables that can de-
scribe the various possible fluctuations should discriminate the different corrections to be applied to
recover invisible losses due to hadronic interactions. In addition, dead material losses will vary depend-
ing on the shower development: fluctuation-sensitive variables should then also help to recover dead
material losses while capturing their correlation with invisible energy fluctuations.

The aim of the LC technique is to derive an event-by-event correction to the energy deposited in
each longitudinal calorimeter layer on the basis of Monte Carlo simulated events. A unified treatment
for compensation and dead material correction is obtained by deriving both corrections from the same
set of variables.

In every event the energy deposited in each layer is corrected by a weight to account for compen-
sation. An additive correction to the total compensated energy accounts for dead material effects. In
formulas:

weighted
B = w B[ 3)
weighted weighted
Etot - Z EL (4)
corr __ ¢ weighted DM
EtOt - E’[Ot + EtOt (5)

where W|_is the weight correcting for invisible energy in layer L and EPM is the dead material correction.

The Nj,y weights and the most important part of the dead material corrections are functions of linear
combinations of the observed layer energy deposits. The idea is to use those linear combinations whose
variance provides the largest contribution to the fluctuations of the total energy, i.e. are more sensitive
to differences in invisible energy content. Such combinations are obtained from a principal component
analysis of the of the Nj,y layer energy deposits on simulated events. So, intuitively, the corrections are
functions of the “directions of largest independent fluctuations”.



In order to derive the corrections, a fully simulated sample of single pions and protons impinging
on the calorimeter is used. In such events the true deposited energy by the pions in each layer of the
calorimeter is available and it is divided into four components: electromagnetic visible, hadronic visi-
ble, invisible and escaped. Visible energy results from ionization of the calorimeter material. Invisible
energy is energy not directly measurable in the detector, such as break-up energy in nuclear interactions.
The escaped energy represents the small contribution from neutrinos, high energy muons and, possibly,
neutrons and low-energy photons escaping the calorimeters. All the terms are defined in [15].

The events in a fully simulated Monte Carlo sample are usually generated at a fixed beam energy
in order to test the calorimeter response. The corrections derived from a fixed beam energy sample
are, in principle, dependent on that information, i.e. they depend on the same quantity (pion energy)
for the reconstruction of which they should be used. Sample mixing and iteration techniques are used
to overcome such dependence and properly define a procedure for converging towards the appropriate
corrections using only the visible energy in the calorimeter. The description of the weighting technique
and the dead material corrections in the following sections (3.1 and 3.2) assumes that simulated events
have a fixed beam energy. Section 3.3 deals with overcoming the beam energy dependence when deriving
the corrections.

3.1 Compensation Weights

Each event is associated with a set of Ny, layer energy deposits (E{*, ... , E,{ﬁ:y), one per calorimeter
layer, representing a point in an N-dimensional vector space referred to below as the space of layer
energy deposits. They are reconstructed energies as defined in equation 1.

For each event i, there is also an ideal set of Ny, coefficients that would re-weight each reconstructed
energy deposit in layer L to the true deposited energy (known in Monte Carlo):

widsa = E{ne B, ©)

E[ (E["{°) is the reconstructed (true) energy deposited in the L™ layer in the i" event.
The task is to find a set of weights wy_ that as closely as possible approximate the ideal weights. In
general, for each layer L, the weight is an Nj,y-dimensional function of the layer energy deposits.
It is desirable to reduce the number of dimensions that the weights depend on, while still capturing
a large amount of event fluctuation information and maintaining a good separation between events with
different content of invisible energy. This is achieved through the principal component analysis.

The Ni,y-dimensional covariance matrix of the layer energy deposits is calculated as

Cov(M,L) = (EM°E™) — (En°) (EL) (7
where
YiEMGELST e YiEmi

<ENE[ > = and <Ey°>= 3

Ney Nev

The sums are performed over all the N, events in the sample.

A new orthogonal basis in the space of layer energy deposits is derived. It consists of the eigenvectors
of the covariance matrix. The coordinates of the point in the Nj,y-dimensional vector space corresponding
to an event i can then be expressed in the new eigenvector basis as:

rec __ rec rec
EM - z aM,eig eig» (9)
eig

where O ¢jg is the matrix that performs the rotation to the new basis.
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Projections of events along the covariance matrix eigenvectors represent independent fluctuations.
The variances of those fluctuations are given by the corresponding eigenvalues. The eigenvectors are
put in descending order according to their eigenvalues, meaning that the first eigenvectors determine the
directions along which most of the event fluctuations take place.

Exploiting this property, weights are derived as a function of an N-dimensional subspace of the Nj,y-
dimensional space of layer energy deposits, spanned by the first N eigenvectors. In the absence of an
analytic formulation, the layer weights wi are estimated by Monte Carlo sampling: multi-dimensional
cells are built, partitioning the N-dimensional vector space along the directions of the base eigenvectors.
In general, these cells are multi-dimensional hyper-cubes. They are referred to as bins below.

For each bin k one defines the weight as the average of the ideal weights of equation 6:

1
Wi =< E,t_“,“’/Ef_"’lC >k = N y Z EE‘F/E{C,C (10)
ev,k G

where the summation is performed for the Ny k events in the bin.
If each event has a weight p;*), the average is modified accordingly:

 SREC/ER

11
Yibi (1

Wi = < E{1°/ELT >«

3.2 Dead Material Corrections

The energy loss in non-instrumented (dead) material between the LAr and the Tile calorimeters is ex-
pected to be the largest dead material effect [16] in the reconstruction of the pion energy. The LC
technique is used also for correcting for this loss (see section 3.2.1).

Additional dead material losses (e.g. due to material in front of the calorimeter) give rise to smaller
corrections. For these effects, a parametrization of the energy loss as a function of the best estimate of
the pion energy is used (see section 3.2.2) .

3.2.1 Dead Material between LAr and Tile

A similar technique to the calorimeter compensation is developed for the LAr-Tile energy loss. Each
event is associated with a point in the layer energy deposit vector space as explained in the last section.
It also has a true total energy lost in the dead material between LAr and Tile: Efxﬁ“:(i).

The dead material correction, EBLV:Tﬂe, for each event i, is derived as an T-dimensional function of
the layer energy deposits. In general, the subspace chosen for deriving the dead material correction and
its dimension T can be different from the one chosen for compensation, both in content (spanned by
different eigenvectors) and in dimension (T can be different from N). The value of EB%THC is estimated
by Monte Carlo sampling with the same bin definition as in section 3.1. For any T-dimensional bin k
one defines:

DM _ DM, true
Erarmiiek = < ELarTile) >k (12)

where the average is performed for the events in that bin.

3.2.2 Other Dead Material Corrections

While the energy losses between the calorimeters dominate, there are still other regions where dead
material losses can occur. These are losses located in the material upstream of the LAr calorimeter,
between the LAr presampler and the first LAr layer and energy leakage beyond the Tile Calorimeter.

4)For instance, to equalize the number of events for all data sets.
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Figure 1: Mean Dead material losses other than those between the LAr and Tile calorimeters as a function
of the beam energy. Statistical errors are smaller than the markers. Filled circles indicate the mean loss
obtained from Monte Carlo simulation. The line indicates a parametrization to interpolate between the
beam energies.

To compensate for these losses the mean energy loss was determined as a function of beam energy
and the resulting data points were fitted using a suitable functional form:

DM _ Cl +C2 V Ebeam if Ebeam < EO
Eother(Ebeﬂm) - .
C3 +C4 (Epeam — Eo) otherwise,
where Eg = 30000 MeV. The fit can be seen in figure 1. The resulting fitted parameters are

Ci=(-75+31)MeV C,=(5.78+0.22) VMeV C3=(931+£5)MeV C4=0.01435+0.0001
(14)

13)

3.2.3 Total Dead Material Correction

The total dead material correction needed in equation 5 is derived from summing the two contributions
derived in sections 3.2.1 and 3.2.2

Etork(E) = ECArrite k + Eother (E) (15)
where

e k is the bin in the appropriate T-dimensional space of layer energy deposits used to build the LC
estimate for the energy loss in the dead material between LAr and Tile obtained from formula 12
and

o E is the best estimate for the total deposited pion energy used to estimate Epe,y, in formula 13 (also
see section 3.3).
3.3 Beam Energy Dependence

If calculated from simulated pion samples generated at different beam energies, the average weight func-
tion defined in equation 10, the dead material corrections obtained in equation 12, and the associated
eigenvectors are in principle different.



In order to overcome such a dependence, a single set of eigenvectors and a single set of look-up tables

(one for each calorimeter layer for weighting and one for dead material corrections) are constructed using
all available samples. These sets are used to derive the corrections to any data or Monte Carlo sample
under study.
The procedure can be also be used iteratively: the weighted estimate of the energy is used to make a
new choice of the correction tables until the returned value is stable. This can be coupled (or not) to
the iteration on the dead material corrections (see below) so as to obtain the best energy estimate. The
iteration cut-off is a tunable parameter.

For the LAr-Tile dead material correction the three dimensions of the look-up table are all shown
to scale with beam energy, i.e. a table determined at a given beam energy can be turned into one at a
different beam energy by scaling all the dimensions with the ratio of the two energies (see section 4.5).
The look-up table for LAr-Tile dead material corrections can then be obtained as a function of the beam
energy normalized components of the eigenvectors i.e. each event coordinates are expressed as

Elx\ﬂ/lec,nonn _ E,{ACC/E — Z al{;?eig ;Cg/E7 (16)
elg

where the variables have the same meaning as in equation 9 and E is the best estimate of the beam energy
of the simulated pion in that event (see below).

An iteration technique is used for determining all the dead material corrections. At each step the best
estimate of the reconstructed energy, ES)™, after all corrections, is used to set

e the scaling factor 1/E (equation 16) for the LAr-Tile correction and
o the best pion energy estimate in the parametrization for the other dead material corrections.

This allows one to re-calculate the dead material corrections and to get a new E5}™ estimate by choos-

ing a new two-dimensional bin in the look-up table and getting a new value from the parametrization. In
the initial step ES)"™ is just the pion energy after compensation weights are applied.

3.4 Using the Corrections

The weights can the be applied to any data set by taking the following steps:

e Associate each event to a bin in both the N and T-dimensional spaces defined in sections 3.1
and 3.2 by expressing its energy deposition vector in the new eigenvector basis derived from the
simulated events.

e Extract the corrections for the energy of each given layer from the look-up tables defined for
compensation weights and dead material estimates. Apply them according to formulas 5 and 15.

e Use the iteration for dead material corrections as discussed in section 3.3.

4 Implementation

Five steps are necessary to derive the compensation weights and dead material corrections from simulated
Monte Carlo samples:

e Define the samples for weights generation and performance study (section 4.1).

e Provide the energy deposited in each layer at the electromagnetic scale (section 4.2).



e Calculate the covariance matrix (section 4.3).
e Extract the eigenvectors and eigenvalues (section 4.4).

e Build the compensation weights and dead material corrections look-up tables (section 4.5).

The steps for applying the corrections outlined in section 3.4 can the be followed.

4.1 Samples Definition

All the available “correction” Monte Carlo samples are used to build a “mixed” sample, which is input to
constructing the corresponding weight and dead material tables. In order to account for the beam content
mentioned in section 1, at each energy of the interval, a pion and a proton sample generated at that energy,
are considered. If the samples have different numbers of events, a sample-dependent weight is applied
to equalize them. Equalization weights are determined initially so that all pion and proton samples in the
interval are normalized to the same size before selection cuts. Given the proton contamination f, at a
given energy, pion and proton events for each same-energy pair of samples are assigned a weight of f,
and 1 - f,o, respectively. The resulting “mixed” samples constitute the global “mixed” sample.

A different choice of the pion—proton mix will result in a different “mixed” sample: weights can then
be derived for each available data set taking into account the measured values reported in table 1.

The pion and proton “‘signal” samples of table 2 are also paired in energy, normalized and mixed
with the same proportions as in the data as above to obtain a “mixed signal” sample on which to apply
calibration corrections and to compare with data.

4.2 EM Scale Energy Determination

The estimate of the energy deposited in each calorimeter layer derived in equation 1 is expected to
provide the correct reconstruction of the energy electromagnetically deposited in the calorimeters. The
weights are defined in formulas 10 and 11 with this assumption.

4.3 Calculation of Covariance Matrix

The layer energy covariance matrix Cov(M, L) (equations 7 and 8) is calculated using events from the
“mixed” sample. The full seven-dimensional covariance matrix is used i.e. N = Nj,y =7 (see section 3.1.)
In any given event a symmetric energy cut is applied on each layer energy such that the energy for
that layer is re-defined as Ef°, if [ES| > Efi" | zero otherwise.
In this way the contribution to the covariance from a layer only containing noise is set to zero. The
energy threshold vector is

En(GeV) = (0(1), 0(2), 0(3), 0(4), 0(5), 0(6), 0(7)) (17)
where d(GeV) = (0.032, 0.108, 0.03, 0.150, 0.039, 0.070, 0.042). The cuts were optimized to obtain
the best expected compensation performance on fully simulated Monte Carlo samples at 50 GeV.

4.4 Extraction and Interpretation of Eigenvectors and Eigenvalues

The covariance matrix Cov(M, L) is then diagonalized: the normalized eigenvectors and corresponding
eigenvalues are calculated for all the samples.

The directions of the eigenvectors are observed to be stable with beam energy and choice of physics
list.
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A physical interpretation of the eigenvalues and normalized eigenvectors can be obtained by looking
at figures 2 and 3 where the eigenvector components are calculated for a fully simulated pion sample
impinging at (I = 0.45, ¢ = 0) in the CBT04 setup.

Vector components
Vector components
Vector components

Vector components
Vector components
Vector components

5 B 5 5
Calorimeter samplings Calorimeter samplings

Vector components

5 6
Calorimeter samplings

Figure 2: Eigenvector components for the seven layers of the ATLAS combined beam test for simulated
pions.

We find that:

rec ~ 1

* Edso ~ g (—2ELArmiddie + Etile.a + ETile BC)

o1
o Efai & ﬁ(—ETﬂe,A + Erile;BC)

1
* B = 5 (ELacmiadie + Erite.a + ETile BC)

rec . Eo
® B3 = Eite,n

L erfgc4 ~ ELAr,strips

rec
* eigs ™ ELAr,presampler
® Egee = —Erarback

So in more qualitative, but suggestive, way we can maintain that:

o Ejy ~ "Difference between Tile and LAr”

bl

o E*¢ = “Difference between Tile second (middle) layer and Tile first layer’

eigl

IeC  ~ «¢ »”
o Egp & Total Energy

rec TeC  ~y ¢¢ 1vi i
o S5 to By ~ Individual layers
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Vector components
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Calorimeter samplings Calorimeter samplings

Figure 3: Eigenvector components for the seven layers of the ATLAS combined beam test for a simulated
mix of protons and pions with 45% proton contamination (lower plot).

4.5 Preparation of Look-up Tables for Compensation Weights and Dead Material Cor-
rections

Look-up tables for compensation weights and dead material correction are derived using the information
from the covariance matrix. A set of eight tables is built: one for each layer of the calorimeter and one to
derive the dead material correction between Tile and LAr. For compensation weights, the Wy functions
defined in equation 11 are estimated in bins of the two-dimensional space spanned by the eigenvectors
corresponding to the two highest eigenvalues i.e. N = 2 (see section 3.1). Thus, each layer is associated
with a two-dimensional look-up table. For a given layer the average weights in each two-dimensional bin
are calculated using only the energy values that passed the cuts defined in section 4.3. The table has the
same number of equally spaced bins along the two dimensions: 128 x 128. Weights for the presampler
layer of the LAr are not calculated, even if the presampler is kept in the covariance matrix. No weights
are applied to the energy deposited in the presampler layer, and energy deposited in the presampler itself
is taken as part up the upstream dead material losses.

For LAr-Tile dead material corrections, the average corrections defined in equation 12 are calculated
in bins of the two-dimensional space spanned by the eigenvectors corresponding to the first and third
eigenvalues i.e. T = 2 (see section 3.2.1). Correction tables are derived from a same-size 128 x 128 bins
look-up table.

In addition the proton weights and corrections are corrected by the factor %‘er for the fact that,
for a proton, the sum of the total true deposited energy in the calorimeter is Epeam - Mproton-

For both look-up tables, the coordinates of the vector of energy deposits in the chosen eigenvector
basis are obtained according to equation 9. Typical compensation weight tables for pion—proton mixed
samples are shown in figures 4 and 5: they illustrate the look-up tables for the second (middle) layer of
the LAr calorimeter and for the first and second layer of the Tile calorimeter for a pion—proton mixed

12



sample with 45% contamination.

A clear separation is achieved between regions dominated by electromagnetic events (average weights
close to unity) and those where hadronic events are predominant (average weights significantly larger
than unity). The functions depend on the layer being described.

The dead material look-up table is shown in figure 6 for a pion—proton mixed sample with 45%
contamination. The plot shows the distribution of the rescaled dead material energy as a function of the
rescaled event coordinates. The different dead material fractions are clearly separated. In addition, the
samples at different energies behave very similarly as a function of the re-scaled variables.

4.6 Correcting the Data

The corrections to the data can be applied as described in section 3.4. In order to derive the total energy
before corrections (corresponding to equation 2) at the electromagnetic scale, a series of additional inter-
calibration factors are applied to the energy depositions in the data events.

The LAr calorimeter energy depositions are scaled by a factor 1.03 derived from studies of the re-
sponse to electrons. A re-analysis of TileCal 2002 beam test data results in scaling each TileCal energy
deposition by a factor 1.018 to correct the pC to GeV calibration constant. No additional inter-calibration
factors are applied. In addition, Monte Carlo for energies up to 100 GeV were simulated with an erro-
neous overall Birks’ law factor, pushing down the response in the LAr calorimeter by a few per cent. To
compensate for this, and additional overall factor of 1.0176 is applied.

5 Method Validation on Monte Carlo
The weighting technique is validated on Monte Carlo samples in separate steps:

e Reconstruct the true deposited energy in the calorimeters (compensation validation).

e Reconstruct the full energy of the incoming particles, including dead material corrections, and
quantify the performance in terms of linearity and resolution.

The performance is evaluated in terms of bias and resolution. The weights and dead material cor-
rections are derived from the “correction samples” and applied on the statistically independent “signal
samples”. The results in this section are derived for pions only.

5.1 Compensation

The event-by-event difference Ey ighted _ Eie(calo) is considered, where E'®(calo) is the true total

energy deposited in the calorimeter. The bias is defined as the average value < E o, ighted _ Eive(calo) >
and the resolution is obtained by calculating the standard deviation o/(E ¢ 2" — Eive (calo)).

The performance of the LC technique is compared to a simple calibration scheme (called feomp in
the following) which uses beam energy information: each event in the sample is weighted with the same
factor feomp = < Eive >/< EfS° > where < E™¢ > (< E™ >) is the average true total (reconstructed)
energy deposited in the given sample in the whole calorimeter, but not in the dead material. The fomp cal-
ibration scheme provides a reference/scale to which the improvement in resolution of the LC weighting
can be compared.

The results of the validation procedure are shown in figure 7. The bias is zero by construction for the
feomp weighting. The LC weighting mostly gives a slight positive bias of about 0.6%. At the edges of
the energy range studied, the bias instead turns slightly negative.

The resolution improvement increases with beam energy. It is 10% at 50 GeV and 20% at 230 GeV.
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5.2 Dead Material Corrections

Figure 8 again shows the bias of the weighted energy, and also the bias of the dead material corrections.
Contrary to the weighted energy, the LAr—Tile dead material correction mostly has a slight negative bias,
with a positive bias at low energy. This cancels out most of the bias from the weighting.

®  LAr-Tile DM (MC)

§ IE T ; | LI LI LI LI LI LI T . Other o (MC)
U\J 0015__ ..... ...................................................................................... Weighted energy (MC)
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Figure 8: Bias (reconstructed energy minus true deposited energy, divided by beam energy) for the three
individual corrections: Weighted calorimeter energy, correction for dead material between the liquid
argon and Tile calorimeters, and other dead material corrections. Lastly, the bias of the final reconstructed
energy, which is the sum of the three.

5.3 Linearity and Resolution

The performance for the fully corrected energy reconstruction is finally assessed in terms of linearity
with respect to the beam energy and relative resolution.

The reconstructed energy distribution is fitted with a Gaussian distribution in the interval (U - 20, U
+ 20), where U and 0 are the mean value and the standard deviation, respectively.

The mean value Eg,; and the standard deviation O, of the fitted Gaussian are used together with the
beam energy Epeanm to define the linearity and the relative resolution:

e the linearity is Eg/Epeam as a function of Epeyy,, While
o the relative resolution is 0x/Eg; as a function of Epeap.

Both linearity and relative resolution are derived for the energy distribution at four stages:
e at the electromagnetic scale,

e at the compensated scale, i.e. after applying the compensation weights,
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e after compensating weighting and application of dead material correction for losses between LAr
and Tile, and

e after compensation weighting and all dead material corrections.

The evolution of the energy distributions after applying the subsequent corrections are shown in
figures 9 and 10. Figure 11 shows linearity and relative resolution for the (20 GeV, 180 GeV) interval for
fully simulated pions.

The linearity plot shows that the electromagnetic scale is reconstructing only two-thirds of the beam
energy. The compensation weights push the recovery to about 90% of the beam energy. Finally the dead
material corrections allow beam energy to be recovered within 1% for pion energies above 40 GeV and
within 3% for lower energies ).

The relative resolution improves when applying the different correction steps. At high beam en-
ergies (above Epeam = 100 GeV) the contribution of the compensation weights to the improvement in
resolution has the same magnitude as that of the LAr-Tile dead material corrections. At lower beam
energies dead material corrections account for about 70% of the relative resolution improvement down
to about Epeam =~ 30 GeV. Below Epegm =~ 30 GeV all the corrections account for a similar fraction of
the improvement: other dead material corrections than those for LAr-Tile account for about 20% of the
resolution improvement, they are marginal above that threshold.

6 Resaults

The distributions of the fundamental inputs to the calibration corrections are compared in data and Monte
Carlo. The weights and dead material corrections derived from Monte Carlo “mixed correction” samples
are finally applied on both data and “mixed signal” Monte Carlo samples.

6.1 Datato Monte Carlo Comparisons

The pion—proton “mixed signal” samples are used to compare data and Monte Carlo for the distribution
for the first three components of the layer energy vector along the basis of covariance matrix eigenvectors
as defined in section 4.4. Figure 12 shows such a comparison for a proton contamination of 45%. Very
good agreement is obtained between data and simulation.

The normalized energy distributions (in unit bins of energy and events) for data and Monte Carlo are
compared for all energies in figures 13 and 14. The four stages of corrections are shown. The quality
of the initial description of data by Monte Carlo is not modified by the application of the compensation
weights and dead material corrections (also see section 6.2).

5)The apparent discontinuity between the results at energies below 150 GeV and those above might be due to a geometry
change in the description of the beam test setup: three cm of aluminum were included in the Inner Detector system for energies
larger or equal than 150 GeV.
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6.2 Linearity and Resolution

The linearity and relative resolution are extracted at all energies for both data and “mixed signal” Monte
Carlo samples. Figure 15 shows that weighting recovers from 80% to 90% of the incoming beam energy.
The dead material between LAr and Tile accounts for an additional 5% to 8%. The remaining dead
material corrections allow linearity to be recovered within 3% (within 1% above 20 GeV). Weighting
results are more important at high energies. Dead material effects play a more significant role at low
energies particularly at 20 GeV where other corrections than LAr-Tile dead material are important to get
to within 3% of the beam energy.

Figure 16 shows that the relative resolution is improved by about 17% to 22% in data when evolving
from the electromagnetic scale to the fully corrected energy scale. A similar relative improvement is ob-
tained in the Monte Carlo expectations: from 17% to 29%. The relative resolution is however smaller in
Monte Carlo than in data: the discrepancies, at each correction stage, vary between 6% and 24% depend-
ing on the energy. The discrepancies in the shape of the total energy distribution are more pronounced at
lower energies and they are already present at the electromagnetic scale (see figures 13 and 14).

The effect of the calibration technique on the energy reconstruction can be explored by considering
the following double ratios:

Et: dat E
DRatiOLin _ < ﬁt,data) / < ﬁt,data) (18)
EftMmC / e’ \ EfitMC / corr
DRatioge, — <(Um/ m)data> /<(Um/ m)data> (19)
(G5it/E)Mc / e \ (T5it/Es)MC / corr

They represent the variation in the data-to-Monte Carlo ratio when corrections are applied to bring
the reconstructed energy from the electromagnetic (rec) scale to the fully corrected hadronic (corr) scale.
The ratio is considered both for the linearity and for the relative resolution as defined in section 5.3. The
deviation of the double ratio from unity is a measure of the effect of the weighting technique on the
description of the data by the simulation.

Figure 17 shows the evolution of the double ratio at three different stages of energy correction. The
double ratio for linearity and resolution are consistent with unity within 0.7% and 5%, respectively.

For linearity such changes are of the same order of magnitude as the discrepancies between data and
Monte Carlo at the electromagnetic scale: the agreement between data and Monte Carlo simulation is
the same for all correction stages. This means that the Monte Carlo is able to predict the corrections that
should be applied on the data. The ability of the Monte Carlo to reproduce the data at the electromagnetic
scale (i.e. before any correction) seems to be the most critical limiting factor. The non-statistical nature
of the fluctuations in the double ratios is affected by systematic effects such as the details of the peak
determination in fitting and the different levels of proton contamination at different energies.

The sensitivity of the results to the assumed proton fraction at each beam energy was estimated by
varying the fraction used to calculate the corrections. With the assumed fraction adjusted up or down
one standard deviation of the TRT measurement, the relative variation in linearity and resolution in data
and Monte Carlo was found to be of the order of 1% for Epeam = 20 GeV and 50 GeV and less than 0.5%
for other energies.

For the relative resolution the changes are small, if compared with the discrepancies at the (rec) scale:
the discrepancies do not get worse when the corrections are applied to the data. From preliminary studies
the new Geant4 version (4.9) is able to provide a better description of the resolution in the data and it
should be used for future analyses.
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7 Conclusions

An energy calibration technique was developed to deal in a coherent manner with both compensating
the response to hadrons and their most significant dead material losses in a segmented calorimeter. The
technique is based on the sensitivity of the correlation between the deposited energies in the different
calorimeter layers to hadronic and electromagnetic deposits.

The calibration technique was applied to the energy reconstruction of pions impinging on a subset
of the central ATLAS calorimeters during the ATLAS combined beam test in 2004. When taking into
account the beam composition, linearity is recovered within 2% for Epegm > 30 GeV (3% overall) and
relative resolution is improved by 17 to 22%. Consistency with the expectation from Monte Carlo studies
is good for both the linearity and the percentage improvement in relative resolution. The absolute value
of the relative resolution (after all corrections) is larger in data compared to Monte Carlo by 6% to 24%.

The discrepancies between data and Monte Carlo are inherited from the reconstructed energy at the
electromagnetic scale and they are not altered significantly when applying the calibration. Additional
improvement in the data description by Monte Carlo simulation can help to fulfill the expected absolute
value for the relative resolution.
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