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ABSTRACT. The studies presented in this paper provide a first expetahtest of the Particle Flow
Algorithm (PFA) concept using data recorded in high graritylacalorimeters. Pairs of overlaid
pion showers from CALICE 2007 test beam data are reconstiuoy the PandoraPFA program
developed to implement PFA for a future lepton collider. ®e&zy of a neutral hadron’s energy in
the vicinity of a charged hadron is studied. The impact oftii@ overlapping hadron showers on
energy resolution is investigated. The dependence of thiusion error on the distance between
a 10 GeV neutral hadron and a charged pion is derived for piengées of 10 and 30 GeV which
are representative of a 100 GeV jet. The comparison of trestdbeam data results with Monte
Carlo simulation is done for various hadron shower modethiwithe GEANT4 framework. The
results for simulated particles and for beam data are in ggoeement thereby providing support
for previous simulation studies of the power of Particledr{@alorimetry at a future lepton collider.
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1 Introduction

The experimental program for the future International kin€ollider (ILC) [1] and Compact Lin-
ear Collider (CLIC) B] assumes a particle detector with unprecedented energiuties for jets,
about a factor two to three better than was achieved at L& &high resolution is crucial in in-
vestigations of Higgs boson properties and potentiallyisie in searching for the lightest SUSY
particles as well as in studies of Strong Electroweak Symniataking, where it would allow
andZ hadronic decays to be distinguished 3].

The most advanced and promising way to reach such a resolutilizes the concept of a
Particle Flow Algorithm (PFA). Using PFAs, ideally only tlemergy of neutral particles is mea-
sured in the calorimeters, while the charged particle gnisrgeconstructed in a tracker where the
resolution is much better. Since the majority of particlegeis are charged and therefore can be
identified in the tracker, the PFA approach outperformsriditional calorimetric approach which
derives the energy of the whole jet from calorimetric measwents. The best performance of a
PFA can be achieved with a high granularity calorimeter, netieis possible to distinguish be-
tween showers created by charged and neutral particleateRedpproaches in other experiments
have been described i4,[5].

The capability of a PFA to recover neutral hadron energy éwicinity of a charged hadron
is of crucial importance because mis-assignment of enemyldvdegrade the energy resolution.
The mis-assignment of energy between showers is commdelyred to as “confusion”. This may
occur when the event reconstruction algorithm mixes upftota showers created by charged and
neutral hadrons as a result of shower overlapping. Anotetof which may degrade the energy
resolution is the mis-reconstruction of an overlap of a reédttadron shower and a photon shower.
However, to resolve this confusion, in contrast to the cdse/o hadron showers, energy profiles
of electromagnetic showers can be used. In the case of twormagroducing overlapping showers



the task for a PFA becomes more complicated because theygurefijes are less useful and only
topological and energy criteria can help to disentanglevens.

For the International Large Detector (ILDg][proposed for ILC, the PFAs were implemented
in a number of reconstruction programs. Among them, the rdegtloped is PandoraPFA][

It has become a part of the softwar@® for the ILC and was tested using Monte Carlo (MC)
simulated jets. For jet energies of 100-250 GeV, typicaltferLC, the PandoraPFA reconstruction
of simulated events in the ILD concept provides a jet eneegplution of about 3% which is the
goal for the experimental program. It allows the separatibthe hadronic decays &V andZ
bosons to better than 235for ILC energies and 16 for CLIC energies T]. The implementation
of a PFA for CLIC energies is challenging because of the gibblbsted jets.

The expected performance of a particle flow algorithm at &b dletectore.g.[7], relies on
the ability of the MC simulation to accurately model a numbéaspects of hadronic showers.
The agreement of MC tools with data allows the optimizatidbthe design of the ILC detectors
and therefore is here studied by the CALICE collaboratiangigest beam date®®[ 10]. The mis-
assignment of reconstructed energy between charged at@ineadrons in dense jets drives the
overall jet energy resolution. It is known that differenéable physics models give noticeably
different predictions for hadron shower shapes, that mighimportant for resolving the over-
lapped hadron showers. Moreover, the real detector peafiacerymay not be as good as that of the
idealized MC model. The main goal of this study is to providdidation of particle flow recon-
struction, as implemented in PandoraPFA, using test be&amalad to compare the result with MC
predictions. Such a validation would provide further evicke that the particle flow reconstruction
performance for jets obtained in a simulation of the ILC d&teconcepts is realistic.

In this paper, the mis-assignment issue is studied by guaddhe hits from two charged pions
as observed in the CALICE prototype calorimeter. By shiftihe hits from one of the showers in
the transverse direction, the effective confusion in tle@mstruction can be studied as a function
of the shower separation. Test beam data collected at CERI0@ by the CALICE detector
prototype were used.

This prototype allows the reconstruction of hadron shovwapss with unprecedented accu-
racy. It consists of ar- 1A, electromagnetic calorimeter (ECAL), an5A, hadronic calorimeter
(HCAL) and an~ 64, tail catcher and muon tracker (TCMT), whekgis the nuclear interaction
length. The ECAL is a silicon-tungsten sampling calorimeteade of 30 readout layers with ac-
tive silicon wafers segmented into diode pads with a size »fllcn?. The HCAL consists of
38 layers of highly-segmented scintillator plates santeticbetween steel absorber plates. The
scintillator segments (tiles) in the zone close to the béaeHave dimensions 33 cn? in the 30
front layers. In the rear and peripheral regions of the HCiAd¢.degmentation is coarser. Every tile
is read out individually by a silicon photomultiplier (SiBMhe TCMT consists of 16 readout lay-
ers interleaved between steel plates. The readout laysistemf twenty 106« 5 cn? scintillator
strips with alternate orientation in odd and even layerad @ut by SiPMs.

The detailed description of the complete CALICE setup ardd fsults on hadronic shower
reconstruction and analysis can be found9nl2]. The CALICE calorimeter prototypes are very
similar to the ILD concept. In this study, the longitudinaingpling (layer thicknesses and sepa-
rations) in the ILD model are modified so as to exactly matehghometry of the CALICE test
beam. The cell sizes in the ECAL and HCAL are chosen tosbe dn? and 3x 3 cn? respectively,



corresponding to the CALICE ECAL and the smaller cells of@#e ICE HCAL. Even though the
prototype HCAL has coarser tiles in its peripheral regiod arslightly smaller number of layers
than those in the ILD detector concept, for energies up toe®0 tBe structure of hadron showers
can be reconstructed with almost the same accuracy as10[LB]. To confront test beam data
with MC, a GEANT4 [L4] (version 4.9.2) simulation for two physics lists, LHEP apGSPBERT,
was performed using beam profiles corresponding to the dat r

2 Datasdection

Single charged pions of 10-30 GeV were selected in test bedantdken at the SPS (CERN).
Backgrounds from electrons and protons were rejected wgthdfficiency using information from
a Cerenkov counter. The remaining background was also fikshtand rejected. It is comprised
of muons, of events where multiple particles were obserard,of events with low visible energy.
Initially the level of the background was 10% (30%) for 10 G@0@ GeV) events.

The selected pion events were subjected to an additionatts® procedure based on the
energy containment of showers. This is necessary becaaddG®L of the detector prototype
is not deep enough (ECAL + HCAL 6A) to fully contain every hadronic shower. For “punch-
through“ events, the remaining energy is reconstructeieniiCMT, however this detector is not
sufficiently granular to be used in particle flow reconstiautt Hence only pion showers which
have more than 95% of their visible energy contained in thAEE€ HCAL are used for the
following analysis. Such a selection means that showerstwstiart in the rear of the HCAL are
not used. It is worth noting that a shower starting in the oédhe HCAL will be better separated
due to the magnetic field in a future detector and hence thiusiom for such a shower will be
smaller.

For calibration and reconstruction the CALICE softwarekzaes were usedlp]. The de-
tailed description of the calibration and the reconstarctprocedure can be found i1, 16].
During the selection procedure only cells containing epatgove half that expected from a min-
imum ionizing particle (0.5MIP) were retained in order taluee the effect of noise. Hereafter
such signals will be called hits. The same reconstructiahsatection procedures were applied to
MC samples after digitization. The analysis is based on aB800 events.

3 Overlaying events

3.1 Shifting of showers

Charged pion events in the CALICE prototype typically cehsif a track-like section followed

by a hadronic shower following the primary interaction. Riimate the layer where the primary
interaction occurred, an algorithm was designed which,sseece, looks for the point at which
the energy per layer and the number of hits increasessts on MC samples for the HCAL have

1in detail, the following algorithm was used. The moving agaA; of visible energy in MIPs in ten successive
layers up to thé! layer and the number of hits in th® layerN; are analyzed on a layer-by-layer basis starting from
the first ECAL layer. When the conditior{#\ + Ai 1) > (6+0.1- Epeany/GeV) MIP and(N; +Niy1) > (3.77+ 1.44-
In(Epean/GeV)) are satisfied thé" layer is considered to be the primary interaction layer.
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Figure 1. Energy distributions for 30 GeV charged (left), 10 GeV ¢jeat (middle) and 10 GeV “neutral”
(right) hadron events prepared from data runs for mixingwaf showers. Solid lines correspond to Gaussian
fits with meanE;;; and sigmaoy;; indicated in the legend.

shown that the difference between the reconstructed ardptimary interaction layer does not
exceed 1 layer for 78% of events and does not exceed 2 |layearsof@ than 90% of events.

The part of the event prior to the interaction was termedpttmary track A neutral hadron
nearby to a charged pion was emulated by selecting two cthgmiga events. In one of the events,
all hits up to the identified primary interaction are removeaving an imitated neutral hadron
shower. In what follows, we will call the energy of this shoviee neutral hadron showeenergy.
This neutral hadron has a slightly reduced energy comparddet energy of the original beam
particle since the energy lost up to the first interactionds gonsidered, but for simplicity such
particles are always referred to with the energy of the pabparticle in the following. The hit
positions of the neutral hadron shower are shifted in thestrarse direction by between 5 cm and
30 cm and are then superimposed with the hits from the othectse charged pion. Since the
shifting procedure requires determination of the show& jpasition, the pion entry point into the
calorimeter (primary track coordinates) was identifieddach event.

Figure 1 shows the energy distributions for the 30 GeV charged (l&@)GeV charged (mid-
dle), and 10 GeV “neutral” (right) hadron events. These giesrwere chosen for the following
analysis as being representative of a 100 GeVj& 18]. The error bars are purely statistical.
Throughout this paper, the calibration of the CALICE prygpats was defined so as to reconstruct
the energy for electrons. Therefore the distributions fadrbns peak at lower energies than the
beam energy, by approximately 20% (reflecting the response ratio). In addition, the energy
of the emulated “neutral” hadrons peaks lower than for treegdd pions because the energy de-
posited by the incoming particle is discarded.

3.2 PandoraPFA adjustment

The PandoraPFA represents the state of the art in high gndtyuParticle Flow Reconstruction.
The original version of PandoraPFA assumed a collider tatgeometry of a central tracker and
barrel and end-cap calorimetérdue to the limitations of the existing software it was neeegs

2The latest version of PandoraPFA which makes no assumpitomst the detector geometry has only recently been
released19].



to map the CALICE events onto a collider detector geomethys Was relatively simple since the
CALICE prototype has a very similar geometry to the ILD déte@t the ILC.

The events with two overlaid showers were mapped to the Ibzgire with the dimensions of
ECAL cells and with the number and thicknesses of layers hadraers equal to those in CALICE
calorimeter prototypes. The ILD detector is an octahedaatdb with two endcaps (seé]). The
CALICE prototype hits were put in the top octant of the bart@jer by layer. Thus the CALICE
beam became directed vertically up along yhaxis in the ILD geometry. Since the tiles of the
ILD HCAL have transverse dimensions<® cn?, there is a difference in the transverse cell sizes
between the prototype and ILD HCAL in peripheral regions lofvgers. The coarse cells in the
prototype HCAL sample the lateral and longitudinal tail$htaf showers, where the particle density
is low. Therefore, rather than subdividing the energy of & hit between several cells in the
ILD calorimeter, instead the energy was simply placed inlttiz cell whose centre lay closest to
the centre of the CALICE cell. The original distance betwbh#s was thus preserved except for
the border between the coarse and small cells. This sligfffiacts the shower topology in a way
which complicates the task for PandoraPFA to resolve twavehg making our conclusions about
PandoraPFA performance rather conservative.

To make the energy comparison fair, the sum of the first angelend shower energy mea-
sured by the prototype should stay equal to the full energgtemrin the two hadron event. For
this reason, signals from two hits in the same tile were sinaglded together in the process of
shower merging. The possibility that the sum of two signallew the 0.5 MIP threshold exceeds
the threshold after shower merging is ignored since suakakigcontribute about 0.1% of the en-
ergy of overlaid showers even when there is a small distart@den them. Together with hits,
the energy of the two showers measured by the CALICE prototyas written out and passed to
PandoraPFA for comparison with the recovered energy ofttbevers. An identical procedure was
applied to MC simulated showers. Inside the program, the IC&Lcalibration coefficients were
used. The energy of showers was left at the calibration tfeleagnetic) scale. The reclustering
algorithm of PandoraPFA assumes knowledge of the enerditeeaharged particles based on
tracking. In our case, this is replaced by the known beamggnscaled by an estimation of the
t/eratio based on fits to distributions of the original measumeergy such as those in figuteTo
account for small scale differences between beam data amdagions with different physics lists,
the r7/e ratio is determined for each of the data sets separately.

As the CALICE prototype was tested without a magnetic fidld,PandoraPFA processor has
been adjusted and simplified for this study. Modificationgemmade to the way in which the
charged hadron track parameters are treated. To calchienergy of the track and its entrance
point position and direction, the assumed TPC track helixleniaom a fit to the TPC hits was
replaced by a simple straight track projection which ireets the calorimeter barrel inner surface
at zeroxz position with normal incidence and has definite energy ghwethe scaled beam energy
as explained above. Subsequent calculations of a distate@én the helical track extrapolation
and shower hits or clusters were replaced by a calculatidgheotlistance from the extrapolation
of the straight track. In the presence of a magnetic fieldnekeugh the hadron shower gets a
little smearing, its end appears to be further from the j&t than the shower beginning. Thus, the
magnetic field makes it easier for PandoraPFA to separateeshoTherefore our analysis gives a
conservative estimate for the PandoraPFA performance.



A number of the methods in the PandoraPFA algorithm, suclinkgtack cluster association,
primary photon recovering, and multi-track cluster asstban splitting, are not appropriate for this
analysis and are not run. The assignment of unused isolétednd small £ 10 hits) clusters is
done proportionally to the estimated energies of the clibagel neutral hadrons. To calculate this
proportion, the energy of the neutral hadron is taken equtie difference between the summed
energy of both hadrons measured in the calorimeter, and &z renergy of the charged hadron.
Such an assignment gives actually zero mean differencecketvecovered and measured energies
for a 10 GeV neutral hadron at large distances from a 10 GeXgelahadron, see sectidn

4 Recovering of showers

The PandoraPFA is a very sophisticated multi-stage progvhaioh includes stages of clustering,
reclustering and the removal of neutral fragments. Thaetingy algorithm is a cone-based proce-
dure followed by topological merging of clusters. Reclusig is an iterative algorithm aiming to
make consistent the cluster energy and the informationeo&fisociated track. Finally, both topo-
logical and energy criteria are utilized to merge fragmefitsharged clusters with parent clusters.
In all, there are several tens of algorithms in the programecheof which corrects deficiencies of
previous stages, thereby improving the reconstructiorhofvers. Due to the overlapping show-
ers in the calorimeter, the energy recovered by PandoraBiFéaich of the showers is not always
accurate.

In this study, since the neutral hadron energy is known framdriginal (single particle)
calorimetric measurement, this can be compared to the sacmted energy from PandoraPFA
to obtain an estimate of the level of confusion. In making tomparison, note that the original
calorimetric measurement for the neutral hadron is lowan the appropriate beam energy (figlire
right), since the calibration is to electromagnetic engagyl the ionization energy deposited by the
incoming track is lost. Figur2 shows the difference between the energy recovered by PaPBAr
and the original measured energy for a 10 GeV neutral hadrowes in the vicinity of a charged
pion shower for two distances between them and for two clgogmn energies. These distributions
can be interpreted in terms of the confusion introduced byptittern recognition. The maximum
confusion takes place between a high energy charged hadidm dow energy neutral hadron
(see bottom left plot in figur@). The confusion is particularly large for events in whiclyed
to intrinsic shower fluctuations, the difference betweennteasured charged hadron energy and
the beam energy is comparable with the neutral hadron ené€fgis results in a peak around
—7 GeV for a 30 GeV charged and a 10 GeV neutral hadron (see fyuss large distances this
confusion largely vanishes. For a 10 GeV charged hadromehtal hadron energy reconstruction
is considerably better (see top plots in fig@je

From the plots shown in figur2 the mean value of the difference between recovered energy
and original measured energy of a neutral hadron can beceadra At small distances between
particles where shower overlap is considerable, the mearygmf the neutral hadron recovered
by PandoraPFA is typically lower than the correspondinggneneasured in the calorimeter pro-
totype (see figur&). Due to a successful performance of the reclustering ilgor even at zero
distance, PandoraPFA recovers the neutral cluster energgeotly in a large fraction of events. The
confusion naturally depends on the transverse size (fadishowers and their internal structure.



jg 014 L L — L s B S B B B ﬂ 0.5 T T T LN L I L ) L B B g
c L 1 5 E E
g L ® CALICEdata Q 045 ® CALICE data —
O 0.12(— — (] C !
- L 1 s E E
o F — LHEP 1 S 04 — LHEP =
H* r B ** = 3
g O —— QGSP_BERT 1 T 0350 — QGSP_BERT 1
o r 1 o C !
~ 0087 B ~ 03 -
~ 8 — 1 ~ c |
§2] C 10GeVtrackatSom 29 25i 10 GeV track at30cm
c c : = a
o . 1 [ = 3
& o08f ] & 02F E
S F ] S = E
3 004~ - HH* 0'15; E
L ] 0.1+ =
0.02— — E E
C ] 0.05— -
ok PO E g v Ll o000 1]
9% 10 5 0 5 10 15 s 10 S 0 5 10 15
Recovered energy - Measured energy [GeV] Recovered energy - Measured energy [GeV]
o 007 — ] L e e e e e e L |
c E — c C 7
9 C A CALICEdata ] o = A CALICEdata J
D 0.06F = o 0351 E
ks r — LHEP 3] © F — LHEP 1
H* 0.05— i #* 03 =
g %k — QGSP_BERT 1 = E — QGSP_BERT  J
5 F 1 S 0.5 =
': 0.04— - ': C 7
§2] r 30 GeVtrackat5cm Qo2 30 GeVtrackat30cm
c C ] c Uk E
Q 0.03— — o F 3
) F E D 015 =
- -
S} [l ] [S) E 7
w0020 ] #* i 3
001 B 0.05— =
F A L L L L ’ AAALAMLD ] 0: e
%5 -10 5 0 5 10 15 95 10 5 0 5 0 15
Recovered energy - Measured energy [GeV] Recovered energy - Measured energy [GeV]

Figure 2. Difference between the recovered energy and the measuoeeghefor the 10 GeV neutral hadron
at 5 cm (left) and at 30 cm (right) from the 10 GeV (top) and 3W@mottom) charged hadrons. Data (black)
are compared to MC predictions for LHEP (red) and QGHRT (green) physics lists.

Therefore, the LHEP based simulation which gives narrowmdrraore compact showers, predicts
smaller confusion than is seen in data, while the simulatlmsed on the QGSPERT physics list
describe the data better, see fig8r@nd also figurel, described below).

The second characteristic used to estimate the confusionisithe root mean squari19
deviation. However, to avoid the over-emphasizing of treritiution tails, theRMSq value is
used. It is defined as the RMS deviation of the recovered grisygh the energy measured in the
calorimeter prototype in the central region of the distiiilnu which contains 90% of the events
(see e.g.T]). The RMS deviation of the recovered energy of a neutratdradrom its measured
energy can be interpreted as a confusion error. It is pdatiguarge for the 30 GeV charged and
overlapping 10 GeV neutral hadrons, see figdreHowever, this does not affect the jet energy
reconstruction accuracy at the ILC too much because theapility to find a 30 GeV charged
particle in a 100 GeV jet is relatively lowd 8, 20].

Figure5 shows the probability of recovering of the 10 GeV neutralrbadnergy within 2 and
3 standard deviations from its real energy at differentagises from 10 GeV and 30 GeV charged
hadrons. For the beam data neutral hadron we take the sthaleldation equal to
0.55/10x 0.82— 0.6 GeV. Here the coefficients 0.55 and 0.82 are estimationkeoktochastic
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Figure 4. RMS(left) and RMSy (right) deviations of the recovered energy of neutral 10 Gedrons
from its measured energy vs. the distance from charged 10(@edles and continuous lines) and 30 GeV
(triangles and dashed lines) hadrons for beam data (blackfa Monte Carlo simulated data, for both
LHEP (red) and QGSBERT (green) physics lists.

term coefficient and ther/e ratio of the calorimeter prototype respectively, based tntdi dis-
tributions of the original measured energy such as thosaindil. The 0.6 GeV is the average
primary track loss for the imitated neutral shower, esteddtom the difference between the mean
value of the energy distributions before and after the reaaho¥the primary track. For the MC
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Figure 5. Probability of neutral 10 GeV hadrons energy recoverintiwi3 (left) and 2 (right) standard
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30 GeV (triangles and dashed lines) hadrons for beam datek(fhnd for Monte Carlo simulated data, for
both LHEP (red) and QGSBERT (green) physics lists.

simulated neutral hadrons the standard deviation is Gktlin the same manner, but using esti-
mations based on fits to the appropriate distributions.

If the charged hadron is situated in the vicinity of a neutratiron with similar or higher
energy, the confusion is typically less than in the reversadation. In figure6 we use the test
beam data to estimate how the confusion depends on the eoietigy neutral hadron. In jets in
a full detector such as ILD, the charged particles will teadé separated from the neutrals by
the magnetic field. Therefore, in this figure the charged drads placed at a distance typical of
its deflection in a 4 T magnetic field in the ILD geometry. TR S deviation of the recovered
neutral hadron energy from its measured energy does nohdegignificantly on the neutral hadron
energy (see left plot in figur8). The relative confusion is large for small neutral hadraergy.
This results in a smaller probability of neutral hadron ggetecovery for small neutral hadron
energy (see right plot in figur@).

5 Summary

To test the particle flow algorithm, PandoraPFA, we have radppeairs of CALICE test beam
events, shifted by the definite distances from each othés,tbe ILD geometry. Then we modified
the treatment of tracks in the PandoraPFA processor forake of straight tracks. In this study
we have investigated the hadron energy range typical fol0aGHY jet. For jet fragment energies
from 10 GeV to 30 GeV we estimated the confusion error for #wvered neutral hadron energy
caused by the overlapping of showers.

We have confronted our result for test beam data with thdtre§ivionte Carlo simulations
for LHEP and QGSHBERT physics lists. The results for the data and MC are in algmgree-
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ment. This fact together with the successful PandoraPFapeance for simulated jet§] allows

us to consider the PandoraPFA program as a good recongtruotl for a full-size experiment.
Our results for the confusion are overestimated; in a fak-&xperiment the program would give
smaller confusion. In particular, the fact that the propetyHCAL does not have a fixed tile size
complicates the clustering procedure. Additionally, welenestimate the separation of showers
towards the end of the calorimeter because, unlike a fualet, our testbeam apparatus has no
magnetic field.

The agreement between the PandoraPFA performance achigVedeal calorimeter proto-
type data and with the MC simulation demonstrates that thragalation to the complete detector
is reliable. No hidden imperfections in the real data (infigercalibration, non-uniformity of tile
response, cross talk between tiles, dead or noisy chanmkish could degrade the PFA perfor-
mance were found. In particular, this conclusion is in agreet with the results of a study of the
impact of tile non-uniformity reported ir2fl]. We find in our study that the QGSBERT physics
list gives a better description of test beam data than dodsR.H
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