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Abstract

A jet reconstruction algorithm is developed for event with a high particle density in the calorimetric
system. The performance of the reconstruction of hard QCD jets with initial parton energies 50-300
GeV is studied in central Pb—Pb collisions with a modified cone jet finder which includes an algo-
rithm for event-by-event background subtraction. The heavy ion background is simulated using the
HIJING Monte-Carlo generator with dNep /dy|y—0 = 5000. Results on the achieved jet reconstruction
efficiency, purity, energy and spatial resolution are presented.
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1 Introduction

In future heavy ion collisions experiments at the LHC, the medium-induced energy losses of a hard partonic jet
propagating through the dense matter can provide information on the quark-gluon plasma. In order to observe
these losses in the processes jet + jet [1, 2], v + jet [3], Z + jet [4] and by measuring the leading particle
momenta in a jet [5, 6] one should also measure the energy and spatial position of jets with good resolution. The
main challenge in the jet recognition in heavy ion collisions is to distinguish them from the “false” jet background
arising from fluctuations of the transverse energy flow from the large multiplicity of secondary particles in the
event [7]. Predictions vary from 2000 to 8000 charged particles per unit of rapidity in central Pb—Pb collisions
at the LHC. Under these circumstances, the reconstruction of “true” QCD jets resulting from hard parton-parton
scattering is very important. The definition of an object like a jet is difficult in pp-collisions. In particular, the
energy and spatial resolution of jets are sensitive to the parameters of the jet finding algorithm [8].

An original jet finding algorithm was developed for reconstructing hard jets (Er of order 100 GeV) in heavy ion
collisions [9, 10, 11, 12], where particles produced in a typical collision deposit a transverse energy Er of up to 10
GeV in every calorimeter tower. The algorithm allows subtraction of the background energy due to the underlying
event energy flow and identification of the hard jets on an event by event basis. In this study, the jet finding is done
with the background subtraction algorithm currently implemented in the CMS reconstruction software.

2 Detector description

A characteristic feature of the CMS detector is its large superconducting solenoid delivering an axial magnetic
field of 4 T. The hadron and electromagnetic calorimeters are located inside the coil and cover the pseudorapidity
range |n| < 3 [13, 14]. The forward calorimeter is situated outside the coil and cover the pseudorapidity range
3 < |n| < 5[14].

The following segmentation of calorimeter towers, including both electromagnetic (ECAL) and hadronic (HCAL)
parts, is used. In the barrel and most of the endcap part of the HCAL, the size of the calorimeter towers is
An =0.0870 by Ap = 2r/72 ~ 0.0873. At high n in the HCAL endcap (1.74 < n < 3.0), the towers are larger
in iy and double size in .

The detailed description of the CMS detector is used in simulation [15].

3 Background subtraction algorithm

A maodified jet finding algorithm has been developed to search for "jet-like” clusters above the average transverse
energy flow and to subtract this background due to the underlying event.

The algorithm is the flavour of the ”Noise/Pedestal subtraction”. The subtraction is the iterative procedure. Firstly,
it is considered, that there is not known whether there are jets or not and the mean value of energy and mean
dispersion in cell are calculated for all n-rings, i.e. the Pedestal as a function of  (P(n)) is determined. Than the
value of Pedestal function (P(n)) is subtracted from the all cells and jets are found from the remaining non-empty
cells. After jets are found, the value of the Pedestal function is recalculated using cells outside jets area. The
parameter of algorithm is the cut on the EJT?“, found after Pedestal subtraction. It is 30 GeV for Pb—Pb event and
10 GeV for high-lumi pile-up.

The algorithm is described step-by-step here.

e As a first step, the average tower transverse energy E%™er(n) and its dispersion %" (n) are calculated
event by event at each 7 ring over all towers in the barrel and endcap calorimeters. The dispersion is defined

i

as o™ (1) = 4/ (BE™ (n))? — (BF™ (n))2.

e In a next step, all tower energies are recalculated as E5*%e™ = EWer — ELower(p) — k - g%%°"(n)), where
Efever js the original transverse energy in the tower. If the value of the transverse tower energy after sub-
traction becomes negative, it is set to zero.

e Using the corrected tower energy, jets are found with an iterative cone algorithm as described in [16] .

e Then the average tower energies and dispersions are recalculated again using only towers outside of the jets,
the original tower energies are used in this calculation.
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e The tower energies are recalculated again as E{ver = Eiower — Efower(p) — k. gtower(p). If the tower
energy after subtraction becomes negative, it is set to zero.

e Then the iterative cone algorithm is used again to reconstruct the final jets from the towers with the new
energies.

The different methods of background subtraction can be considered to reduce the effects of background events on
the jet reconstruction. In all these methods, the average tower energy offset due to background (pileup, noise) con-
tribution is evaluated event by event as a function of the tower pseudorapidity. This offset is then subtracted from
the tower energies. Methods of background subtraction differ in the way the tower energy offsets are calculated
and subtracted.

e Method 1. The offset is calculated as the average tower energy in the ETA ring and then subtracted from the
tower energies. All the towers (including those with negative energies) are then used to reconstruct jets.

e Method 2. The RMS of the tower energies in each tower ring is also calculated. The offset is calculated and
subtracted as in "Method 17, but a tower is suppressed if its energy after subtraction falls below two RMS.

e Method 3. The tower energy offset is calculated as
Offset = Mean + k - RMS

of the energies of the towers in the ring. A tower is suppressed if it has negative energy after sutraction. The
factor k£ is meant to compensate the positive bias in the jet reconstructed energy due to suppression of towers
with negative energies. The value k = 1 is chosen so as to eliminate the dependence of the reconstructed
jet energy and energy resolution on event multiplicity in Pb—Pb collisions and luminosity in pp interaction.
Another words, k£ = 1 is more optimal for jet reconstruction in events with large background.

The method (3) with a factor k¥ = 1 is used in this study to compensate the positive bias in the reconstructed
jet energy due to the suppression of towers with negative energy. This scheme gives an approximation for the
reconstructed jet energy in Pb—Pb which is close to the jet energy obtained in events without background.
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Figure 1: A 100 GeV jet in Figure 2: A 100 GeV jet is su- Figure 3: A 100 GeV jet su-
event without background af- perimposed on a Pb—Pb event. perimposed on a Pb—Pb event
ter the background subtraction after background subtraction
procedure. procedure.

Figures 1 - 5 illustrate the jet reconstruction with the background subtraction algorithm. First, a 100 GeV jet is
reconstructed in the event without background (Fig. 1, 4). The same jet is then superimposed on a Pb—Pb event
(Fig. 2) and reconstructed from an event with background (Fig. 3, 5).

Figs. 4 and 5 are essentially the same as Figs. 1 and 3 but for clarity only towers inside the cone of reconstructed
jet are shown. In this example, the jet is reconstructed in a cone with R = 0.5. There are ~ 100 calorimeter towers
inside the 0.5 cone. After the background subtraction procedure the number of towers in the jet with positive
energy is equal ~ 30.
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Figure 4: The same as in Fig. 1 with only the towers Figure 5: The same as in Fig. 3 with only the towers
inside the cone of reconstructed jet inside the cone of reconstructed jet.

4 Event generation and simulation

Samples of signal QCD dijet events in different intervals of the initial parton transverse monentum pz: 50-
60 GeV/c, 70-80 GeV/c, 90-105 GeV/c, 120-130 GeV/c, 200-210 GeV/c, 300-310 GeV/c are generated as pp
collisions with PYTHIA 6.158 [17]. The highest Er jet is found first at the generator level as a cluster of
generated particles (stable particles, including muons and neutrinos) from the hard p interaction inside a cone of
R = 0.5 around the leading particle. In the following, this jet is referred to as a particle jet. A single particle jet
is taken and the particles belonging to this jet are passed through detector simulation. Other particles in the QCD
event are ignored.

Central Pb—Pb events at LHC energy /syn = 5.5 TeV are simulated using the default setting (quenching on) of
HIJING Monte-Carlo generator [18] for nucleus-nucleus interactions with d New /dy|y=0 = 5000. The signal event
sample (QCD jets) and background event sample (central Pb—Pb, HIJING) are processed separately event by event
through the CMS detector (CMSIM125 [15]). Then each simulated signal event is superimposed on a background
event to form a heavy ion event and digitized with CMS reconstruction software (ORCA6 [19]).

5 Purebackground heavy ion events

At first, pure background heavy ion events are studied, i.e. only HIJING events without hard collision signal events
added to the event.

The energy flow, < E%f%er(n) >, is defined as the transverse energy per tower, where the transverse energy is
averaged over all towers around the whole azimuth at a given n%*"°*. The energy flow as a function of 7% is
shown in Fig. 6 for ECAL and HCAL calorimeters separately. Most of the energy is reconstructed in the ECAL.
The transverse energy flow shows a strong n dependence in the endcap region (|n| > 1.6), but not so much in the
barrel. Fig. 7 shows the same as Fig. 6, but the average transverse energy (summed in ¢) is normalised to one
unit of pseudorapidity. The amount of fluctuations in the background < o%™** () >= /< D" (n) > in the
calorimeter towers (ECAL + HCAL) is shown in Fig. 8 where Dver () is defined as the variance of transverse
energy per tower D5™er(n) = (ELVer (n))? — (ELYver(n))? calculated over all towers around the whole azimuth
at a given p*over. The average values of E7 per tower (ECAL + HCAL) for central Pb—Pb collisions are: 1.7 +£0.9
GeV in the barrel and 4.8 + 5.0 GeV in the endcap.

HIJING generator includes soft and hard part of heavy ion event both. For hard part it includes multiple mini-jets
production (many 2 — 2 semi-hard scatterings). Thus HIJING takes into account mini-jets background for high-pt
jets. However there is no overlap between high-pt PYTHIA jet pair and HIJING multi-jets due to different scale
of Pt (and therefore different scale of corresponding cross sections). The probability to have hard scattering in
HIJING with, say pr=70 GeV or 100 GeV, is much less than 1.

All jets in pure background events, including real mini-jets from HIJING are considered as fake jets in comparison
with hard jets from signal events. The dependence of the transverse energy EJ;t vs rpet of fake jets extracted
from pure heavy ion events without background subtraction is shown on two-dimensional plot in Fig. 9. For the

main part of fake jets with E¥t ~ 300 GeV, pseudorapidity |n|i®t is ~ 3. The correlation between transverse
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energy E¥t and pseudorapidity it of fake jets in Fig. 9 can be explained by the procedure of jet finding with
the iterative cone algorithm used here. The endcap towers at high pseudorapidity have the largest transverse size
in the calorimeter and due to the large energy flow in this region, these towers tend to have the largest transverse
energy. Thus the iterative cone jet finding starts from these towers as seeds, and jets are first reconstructed in this
region. Because of larger transverse energy flow in this region these jets collect higher transverse energy than jets
in the other parts of the calorimeter. This explanation of the pseudorapidity dependence of the transverse energy of
fake jets in Fig. 9 is supported by the pseudorapidity distribution of fake jets in Fig. 10 extracted from pure heavy
ion events without background subtraction, where most of fake jets are in the endcap region. After the subtraction
procedure for pure background events, most of the fake jets have energy less than 30 GeV and the pseudorapidity
distribution of jets from HIJING becomes flat (Fig. 11).

Figure 9: The correlation between transverse energy Ejj'?t and pseudorapidity 77¢t of fake jets extracted from pure

heavy ion events without background subtraction.

6 Performanceof thejet reconstruction in heavy ion events

Jet reconstruction is studied using the cone background subtraction algorithm in events without and with superim-
posed background from central Pb—Pb collisions. Jets are reconstructed in cone of radius R = 0.5. The treshold
on tower seed is 1 GeV. The threshold on tower energy is 0.5 GeV. The threshold on reconstructed jet energy is
chosen 30 GeV. Only one jet per event with the largest transverse energy is used for futher analysis.

6.1 Jetenergy scale

The correlation between the reconstructed EZ¢°® and the generated EYIC transverse energy of jets in a cone of
R = 0.5 in Pb—Pb events and in jet events without background is shown in Fig. 12 (barrel) and Fig. 13 (endcap).
The points in this plots are the mean energy of the reconstructed jets, and the error bars are the dispersion of
jet energy distribution. On average, the measured jet energy in Pb—Pb collisions is the same as that in jet events
without background. In other words, the background subtraction algorithm gives a reconstructed jet energy which
is approximate the same in the events without background and with background (Pb—Pb). The mean values of the
reconstructed jet energy in events with background are slightly lower then the points in events without background
at EYI© > 200 GeV and higher at EM® < 100 GeV. The values are within error bars, but there is an indication of
the slightly different slopes of the EX¢c® vs EYIC in events with and without background.
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Figure 10: The pseudorapidity distribution of the fake
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Figure 12: The correlation between the reconstructed
and the generated jet transverse energies in Pb—Pb
(full squares) and in jet events without background
(open circles) in the barrel (|n| < 0.3).
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Figure 11: The pseudorapidity distribution of the fake
jets extracted from pure heavy ion events (central Pb—
Pb) in the region |n| < 3.0 with background subtrac-
tion.

300 :
)
: Y
2550 ENDCAP
8 1.6 <Nlig e 1.9
o
§200 ‘?
T
150
w
°
£100 ¢
2 ¢
©
UE) 50 | @ without background
5 mwith background,

dNch/dy=5000

I

0
0 50 100 150 200 250 300 350
E; MC jetin cone 0.5, GeV

Figure 13: The correlation between the reconstructed
and the generated jet transverse energies in Pb—Pb
(full squares) and in jet events without background
(open circles) in the endcap (1.6 < |n| < 1.9).



6.2 Jet energy resolution

The jet energy resolution is defined as o ( E5e® / EMC) /( EEece | EMC), where ELs°° is the reconstructed transverse
energy, and EYC is the transverse energy of all generated particles inside the given cone of radius R = 0.5. For
jets above Ex =75 GeV, the jet energy resolution is degraded by a factor ~ 1.3 in high multiplicity central Pb—Pb
collisions when compared to jets sample without background, as shown in Fig. 14 (barrel) and Fig. 15 (endcap).
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Figure 14: The jet energy resolution in Pb—Pb (full
squares) and in jet events without background (open
circles) in the barrel region of CMS (|n| < 0.3).
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Figure 15: The jet energy resolution in Pb—Pb (full
squares) and in jet events without background (open
circles) in the endcap region of CMS (1.6 < || <

1.9).

6.3 Jet spatial resolution

Since the azimuthal angle and the rapidity distributions of jets is of particular interest for jet quenching observables
in the heavy ion collisions, spatial resolution is important. Figures 16 and 17 show the differences in pseudora-
pidity An and azimuthal angle Ay between generated and reconstructed jets in events without and with Pb—Pb
background for different generated jet energies in the barrel. For 100 GeV jets the 5 and ¢ resolutions are 0.028
and 0.032 correspondingly. In the endcap region, the 5 and ¢ resolution of jets is slightly better than in the barrel.
The spatial resolution of jets is degraded in central Pb—Pb collisions in comparison with jet sample without back-
ground, but is still better than the ), ¢ size of one calorimeter tower (0.087 x 0.087). Thus the spatial position of
a hard jet can be reconstructed in heavy ion collisions in CMS with high enough accuracy for the analysis of jet
production as a function of azimuthal angle and pseudorapidity.

6.4 Efficiency and purity of jet reconstruction

Figures 18 and 19 show the efficiency and the purity of calorimetric jet reconstruction in central Pb—Pb collisions
in the barrel and the endcap regions as a function of MC jet energy. Jets reconstructed in central Pb—Pb collisions
with Er > 30 GeV, that are within AR < 0.25 around the direction of the generated MC jet are considered as true
QCD jets. The efficiency of jet reconstruction in central Pb—Pb collisions is estimated as the fraction of events with
such true QCD jets among all the generated events. The efficiency of finding a true QCD jet is ~ 100% already
for Er = 75(100) GeV jets in the barrel (endcap) region.

The purity of the reconstructed jet sample is defined as the number of events with a true QCD jets divided by the
number of events with at least one reconstructed jet (fake or real) with transverse energy above 30 GeV. Above
E7 =50 GeV (75 GeV) jets, the purity is ~ 100% for the barrel (endcap). Good purity is expected even for jets
with Ep > 30 GeV, but with possibly lower efficiency. Thus for 50 GeV jets the efficiency is ~ 61%, the purity is
~ 98% (barrel), since the threshold on jet Er is 30 GeV and in pure background events the energy of the fake jets
is less than 30 GeV.
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7 Conclusion

The possibility of reconstructing hard QCD jets with initial parton energies in the range 50-300 GeV is investigated
in central Pb—Pb collisions (HIJING model, dNew /dy|y=0 = 5000). The subtraction procedure allows the identifi-
cation and measurement of jets in heavy ion collisions with very high efficiency and purity using only calorimeters.
The performance of the algorithm is demonstrated with the CMS calorimetric system. On average, the measured
jet energy in Pb—Pb collisions is the same as that in jet events without background. For jets above 75 GeV, the
energy resolution of a jet reconstructed in the heavy ion environment is degraded by a factor ~ 1.3 as compared
to jet events without background. The direction of hard jets in the heavy ion environment can be reconstructed
with high accuracy, with resolutions in the 5 and ¢ smaller than the size of one calorimeter tower. The background
subtraction algorithm can be used for jet reconstruction in heavy ion collisions as well as in high luminosity pp
interactions.
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