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The Large Hadronic Collider will provide 14 TeV protonÄproton beams and nucleusÄnucleus
collisions with the energy of 5.5Ä7 TeV/nucleon. High multiplicity events and high luminosity will
force one to work in the condition of the strongly occupied tracker and calorimeter detectors. The
development of methods of jet ˇnding and jet energy correction which are tolerant to the occupancy
and nonlinearity of calorimeter response is extremely important. Jet reconstruction and correction
in CMS detector in pp and heavy ion events are considered. The main attention is payed to the
new perspective method to correct jet energy using combined information from calorimeters and
tracker detectors and to the background subtraction algorithm. A set of measurements that can be
carried out in the case of heavy ion collisions, such as jet quenching and quarkonia suppression, are
presented. Dimuons from Υ and J/ψ resonances, as hard jets and photons, can be observed with
enough statistics, efˇciency and purity in heavy ion collisions.

�  ¡Ê¤ÊÐ¥³ ¡µ²ÓÏµ³  ¤·µ´´µ³ ±µ²² °¤¥·¥ ¶·¥¤¶µ² £ ¥É¸Ö ¶·µ¢¥¤¥´¨¥ Ô±¸¶¥·¨³¥´Éµ¢ ´ 
¢¸É·¥Î´ÒÌ ¶ÊÎ± Ì  ¤·µ´µ¢ ¸ Ô´¥·£¨¥° 14 ’Ô‚ ¨ Ö¤¥· ¸ Ô´¥·£¨¥° 5,5Ä7 ’Ô‚/´Ê±²µ´. ‚Ò¸µ± Ö
¸¢¥É¨³µ¸ÉÓ ¨(¨²¨) ¡µ²ÓÏ Ö ³´µ¦¥¸É¢¥´´µ¸ÉÓ ¸µ¡ÒÉ¨° ¶·¨¢¥¤ÊÉ ± ´¥µ¡Ìµ¤¨³µ¸É¨ · ¡µÉ ÉÓ ¢
Ê¸²µ¢¨ÖÌ ¸¨²Ó´µ° § £·Ê§±¨ É·¥±¥·´µ° ¸¨¸É¥³Ò ¨ ± ²µ·¨³¥É· . �¥µ¡Ìµ¤¨³  · §· ¡µÉ±  ³¥Éµ¤µ¢
¶µ¨¸±  ¸É·Ê°, ±µÉµ·Ò¥ ³µ£ÊÉ · ¡µÉ ÉÓ ± ± ¢ ¶·µÉµ´-¶·µÉµ´´ÒÌ ¸µ¡ÒÉ¨ÖÌ, É ± ¨ ¢ ¸Éµ²±´µ¢¥´¨ÖÌ
ÉÖ¦¥²ÒÌ ¨µ´µ¢, Ê¸Éµ°Î¨¢Ò ¶µ µÉ´µÏ¥´¨Õ ± § £·Ê§±¥ ¨ ±µ··¥±É¨·ÊÕÉ ´¥²¨´¥°´µ¸ÉÓ µÉ±²¨± 
± ²µ·¨³¥É· . ‚ ¤ ´´µ³ µ¡§µ·¥ ¶·¨¢¥¤¥´Ò ³¥Éµ¤Ò ¢Ò¤¥²¥´¨Ö ¸É·Ê° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ±µ³¡¨´ -
Í¨¨ É·¥±¥·´µ° ¨ ± ²µ·¨³¥É·¨Î¥¸±µ° ¸¨¸É¥³Ò,   É ±¦¥ ³¥Éµ¤ ¢ÒÎ¨É ´¨Ö ´ ²µ¦¥´´ÒÌ ¸µ¡ÒÉ¨° ¢
± ²µ·¨³¥É·¥. ’ ±¦¥ · ¸¸³µÉ·¥´ ·Ö¤ ¨§³¥·¥´¨°, ¸¢Ö§ ´´ÒÌ ¸ ¨§ÊÎ¥´¨¥³ ¶µ¤ ¢²¥´¨Ö ¢ÒÌµ¤  ¦¥¸É-
±¨Ì ¸É·Ê° ¨ ±¢ ·±µ´¨¥¢, ±µÉµ·Ò¥ ¶·¥¤¶µ² £ ¥É¸Ö ¶·µ¢¥¸É¨ ´  Ê¸É ´µ¢±¥ CMS ¢ Ö¤·µ-Ö¤¥·´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨ÖÌ.

INTRODUCTION

In the Large Hadronic Collider (LHC) the energy available in the collisions
between the constituents of the protons (the quarks and gluons) is about 10 times
that of LEP and the Fermilab Tevatron. In addition, a wide programme on the
study of colliding nuclei with the energy 20 times more than that achieved at
RHIC is also supposed. The energy range gives for CMS experiment (one of the
four experiments foreseen) the possibility of studying events with high multiplicity
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both in pp beams (
√

S ∼ 14 TeV) and in colliding nuclei (E ∼ 5.5 TeV/nucleon)
[1]. The tremendous problem comes from the occupancy of detectors especially
for heavy ion collisions such as from the data �ow which reaches the petabytes
per year even after all trigger selections. Thus tracking, calorimetry, data taking
and analyzing are the challenge for the present state of the science and technology.

1. CMS DETECTOR

CMS detector will have large acceptance for muons [2] which covers almost
ˇve units in pseudorapidity from Ä2.4 to 2.4. A large magnetic ˇeld (4 T)
allows one to put calorimeters at a distance of about 1.3 m from the beam pipe.
The hadron and electromagnetic calorimeters are located inside a coil and cover
(including Very Forward Calorimeter) from Ä5 to 5 pseudorapidity units. Almost
80% of transverse energy will be gathered in this range [3, 4]. Calorimeter
design also allows one to look for the hard jet production and the hard photon
measurements in a wide pseudorapidity region. In addition, CMS detector will
have precise silicon tracker which gives momentum resolution better than 0.4%
for low pt tracks (pt less than a few tens of GeV) [5]. The momentuim resolution
degrades to 1% for charged particles with momentum greater than 100 GeV.

1.1. Calorimeter Segmentation. In the barrel and the most of the endcap
part of HCAL, the size of the tower is ∆η = 0.0870 by ∆φ = 2π/72 ≈ 0.0873.
At high η in the HCAL endcap (η > 1.74), the towers become larger in η and a
double size in φ. The granularity of crystals in the ECAL barrel is ∆η × ∆φ =
0.0175× 0.0175 which corresponds to a crystal front face � 20× 20 mm. In the
ECAL endcap (1.48 < |η| < 3.0) the η, φ granularity increases progressively to
a maximum value of ∆η × ∆φ = 0.05 × 0.05, while the crystal size remains the
same. There is no longitudinal segmentation in the ECAL and the barrel part of
the HCAL. The HCAL endcap has 2 or 3 segments in depth.

CMS calorimeter responses are simulated using detailed calorimeter descrip-
tion in GEANT3 [6]. For the reconstruction of the energy deposition in the
hadron calorimeter a calibration constants [7] obtained for the hadron shower
model GHEISHA (in GEANT3) have been used. They have been determined
with Et = 50 GeV pions at 0.05 < η < 0.3 for the barrel and at 1.8 < η < 2.2
for the endcap part of the calorimeters. The GEANT cuts were 1 MeV for
electrons and photons and 10 MeV for hadrons.

1.2. Tracker Detectors. Starting from the beam axis, the tracker is composed
of two different types of detectors: the pixel layers and the silicon strip counters.
The pixel detector consists of three barrel layers located at 4, 7, 11 cm from
the beam axis with granularity 150 × 150 µm and two forward layers with the
granularity 150 × 300 µm located at a distance of 34 and 43 cm in Z from the
centre of detector.
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Silicon strip detectors are divided on inner and outer ones and ˇll tracker
area from 20 to 110 cm (10 layers) in transverse direction and up to 260 cm
(12 layers) in longitudinal direction. The strip length for silicon strip counters
varies up to 21 cm for outermost layers and the pitch varies from 61 to 205 µm
depending on radii.

2. CMS OBSERVABLE

The various physics signatures of the processes that CMS is going to observe
in pp collisions require that CMS be able to reconstruct and measure ˇnal states
involving the following:

• charged leptons: electrons, muons, taus;
• jets coming from high-momentum quarks and gluons;
• jets from b quarks;
• missing transverse energy carried off by weakly interacting neutral particles

such as neutrino;
• the electroweak gauge bosons; photons, Z, W bosons (in both their dijets

and lepton + missing ET modes).

Concerning the heavy ion physics programme on LHC, the primary goal
is to study the plasma of quarks and gluons (QGP). The critical temperature
for deconˇnement Tc ∼ 170−260 MeV depending on the scenario is expected
to be reached with heavy ion beams (E ∼ 5.5 TeV/nucleon) [8]. One of the
strongest signatures proposed for QGP evidence is the heavy quark vector mesons
suppression [9]. At the same time, the detection of the Z → µ+µ− will provide
a good reference to estimate the suppression as long as the point-like Z boson is
supposed to remain unchanged even at the very high energy densities expected
[10]. The other hard probe of QGP is the jet production, as the energy loss of the
gluon(quark) in traversing dense matter leads to a quenching, i.e., a suppression
of high Et jets. The dijet quenching, azimuthal anisotropy and enhancement of
the monojet/dijet ratio [11, 12] as well as the study of jets in Z + jet [10] and
γ + jet [13] channels are possible probes we intend to investigate.

Although CMS detector was designed for the pp interactions but some of its
features give good possibility of searching for the hard probes of deconˇnement
described above.

3. JET MEASUREMENTS IN pp INTERACTIONS

The resolution and linearity with which we will be able to recover energy
is a key of importance as it is connected with separation of signal events and
background ones and so improving signal/background ratios. One has to mention
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that as background we consider both physical background from the channels with
the same signature in detector as signal one and fake jets due to pile-up events
or high event multiplicity.

Thus reconstruction of jets is performed in at least two steps. The ˇrst step
is to ˇnd jet in calorimeter by means of one of the available procedures. For
pp collisions we mainly use iterative cone algorithm [14], and for heavy ion
interactions the modiˇed window or cone jet ˇnder [15, 16] was designed (the
detailed description of the modiˇed window jet ˇnder see in chapter 5). As soon
as jet is found we need to take into account the effects that affect the jet energy
and resolution described below.

3.1. Factor's In�uence on Jet Reconstruction. Let us consider factors that
in�uence the reconstructed jet energy. These factors can be clearly divided into
two groups. The ˇrst one is connected with physics of such object as jet:

• fragmentation model of jet;
• initial and ˇnal state radiation;
• underlying event-particles coming from other interacting partons;
• in the case of pile-up particles coming from additional minimum bias events.

Fig. 1. Linearity of HCAL and ECAL+HCAL
response from the test beam data [17]

The other factors connected with
detector performance can be consid-
ered as:

• electronic noise which should
be subtracted somehow from
the calorimeter response;

• magnetic ˇeld which de�ects
low energy charge particles
out of the jet reconstruction
cone;

• different response of neutral
and charged particles; as we
do not know for each concrete
jet ratio between charged and
neutral components;

• losses due to out-of-cone
showering;

• dead materials and cracks;
• longitudinal leakage for high energy jets.

One should stress that CMS calorimeter consists of two different compart-
ments which have different response for neutral and charged particles. Nonlin-
earity of HCAL detector achieves 15% as it was learnt during test beam measure-
ments. Ratio energy of beam to the reconstructed energy is presented in Fig. 1,
assuming that for e this ratio is equal to one in all dynamical range [17].
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The correction for the effects of the ˇrst group should be left for the concrete
process investigation. As for the detector effect, it could be considered more or
less independent of physics process, and common correction coefˇcients can be
provided.

3.2. Energy Correction Algorithms for Calorimeter Jets. Algorithms for jet
energy corrections are divided by means of objects that are used for corrections.

Jet Based. Corrections are implemented by means of additional weights to
calorimeter longitudinal compartments:

E = a × (EC + HC), (1)

E = a × EC + b × HC. (2)

These weights (a, b) depend on (η, Et) and are tuned for the objects they
are referred to (jets of different origin, Missing Et, etc.). However, the studies
showed that this method in the case of CMS gives an improvement in linearity
but the resolution is not changed essentially [18, 19]. One or more coefˇcients
give approximately the same result.

Fig. 2. Jet in CMS calorimeter
(transverse plane view)

Cluster Based. E = em + hd, calibration
coefˇcients are applied separately to electro-
magnetic and hadronic clusters.

Use of Reconstructed Tracks. The main
idea is to replace the energy of the calorimeter
cluster produced by the charged track with the
momentum of track reconstructed in tracker.

1) Energy of jet gathered inside the jet re-
construction cone does not include the tracks
that are swept from the cone due to magnetic
ˇeld. Momenta of these tracks being recon-
structed in the tracker Eout-of-cone can be added
to the jet response Rin-cone in the calorimeter
(Fig. 2):

Ejet = Rin-cone + Eout-of-cone.

2) For all charged reconstructed tracks one can use measured momenta in the
tracker and subtract the expected response of these particles from the jet energy
response in the calorimeter. Then the energy of jet is considered as a sum of
responses of e/γ and neutral hadrons and momenta of charged hadrons:

Ejet = EC(e/γ) + (EC + HC)(neutral hadrons) + tracks (charged hadrons).

3) In the case of a good track-calorimeter cluster matching replace the cluster
energy by the track momentum.
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The ˇrst method ®jet based¯ is very useful on the level 1 trigger where there
is no possibility of performing reconstruction in tracker. However, already on the
high level trigger we can suppose that regional ˇnder of tracks can be available.
The full scale usage of the tracker information for energy corrections can be
performed for the off-line jets. A considerable improvement of the calorimeter
jet energy resolution with the usage of the reconstructed tracks (energy �ow
algorithm) has been already demonstrated in a number of HEP experiments at
LEP [20], Tevatron [21], DESY [22], Tesla [23]. At present the usage of tracker
information is intensively developed for CMS jet calorimetry [24] and is found
to be perspective.

3.3. Jet Energy Corrections Using Tracker. Using tracker with CMS
calorimeter we can perform different kinds of corrections mentioned above us-
ing them both independently and in different combinations. The reconstructed
charged tracks that are swept away from the jet cone because of magnetic ˇeld can
be always added to the jet energy gathered in calorimeters. Part of charged tracks
gives separated clusters (energy �ow objects) in calorimeter. Thus, if its position
coincides with predicted impact on the ECAL surface of the charged particle
and the energy of this cluster does not deviate more than two sigmas from the
energy of charged track, we can replace the cluster energy in jet response by the
track momentum. This method gives an advantage in the case of low multiplicity
and tiny granularity of calorimeter. But in the jet cone the particles come close
to each other and their showers in calorimeter are overlapped. In this case we
can estimate the expected response of the charged particle in the calorimeter and
subtract this value from the jet response. The last procedure can work even in
the case of highly occupied calorimeter or in calorimeter with rough granularity.
In present paper the description of these three procedures is presented and ˇnally
the example of their combined usage is shown.

3.3.1. Energy Flow Objects. An algorithmic part of how to build the
clusters with the CMS calorimeter and tracker was proposed originally in [25].
The ˇrst performance studies of the energy �ow method made in [25] looks very
promising. The method in [25] is presented with dijet mass reconstruction for
Z ′ → jj events.

Calorimeter Clusters. The transverse size of the clusters produced by the
charged pions has been analyzed from the test beam data [17] with a set-up close
to that proposed for CMS. It was found that the most of the energy of pions
interacting in the ECAL is contained in 3 × 3 array of crystals and 3 × 3 array
of HCAL towers behind ECAL. Transverse shape in 3 × 3 array of crystals (for
example weighted transverse radius) does not allow an effective discrimination
between pions and electrons. Information in HCAL behind ECAL cluster is then
proposed to be used for electron(photon)/pion discrimination when energy �ow
objects are build.
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The clustering begins in the electromagnetic calorimetry, ECAL, as it has
the ˇnest granularity. It started from the largest Et crystal and stopped as soon
as there are no neighboring crystals with transverse energy above 0.2 GeV. All
crystals that participate in a cluster are removed from the further clustering.

The information on depth is used to sort the ECAL clusters into two cat-
egories. Energy in the hadronic calorimeter compartment (HCAL) behind the
ECAL seed is added in a 3× 3 HCAL tower array if the found HCAL transverse
energy is greater than 30% of the ECAL cluster energy. This value is picked
using test beam data [17] for pions interacting in the ECAL compartment. If
there is no HCAL deposit, then the cluster is considered to be a neutral particle
(photon or electron). If there is a match, the cluster is considered to be a charged
or neutral hadron which interacted in the ECAL compartment.

When the ECAL energy is exhausted, the remaining HCAL energy is ordered
in Et. The seed in HCAL (HCAL tower) has adjacent 3 × 3 HCAL towers
clustered similarly to the ECAL clustering. The process is terminated when the
seed tower Et falls below 0.2 GeV.

The result of this clustering is a cluster energy, Et weighted centroid in (η,
φ), and a particle �ag. The �ag is 0 if the ECAL cluster has no associated HCAL
energy. It is 1 if there is associated HCAL energy of at least 30% of the ECAL
energy. Finally, the �ag is 2 if there is only HCAL energy without sufˇcient
associated ECAL energy. The last category is assumed to be a charged or neutral
hadron interacted only in the HCAL.

Cluster-Track Matching. Only tracks with |η| < 2.4 and transverse momen-
tum pt, greater than 1 GeV, are considered. These cuts approximate the angular
coverage of the CMS tracker and the lowest transverse momentum not curled
up by the magnetic ˇeld (loopers). The ®looper¯ transverse momentum to strike
ECAL is 0.78 GeV. Deviations of the swum tracks from the calorimeter clusters
are calculated taking the cluster error to be 0.087 (HCAL tower size) for both φ
and η. Matching in energy assumes a dominant calorimeter error with a 100%
stochastic term and a 5% constant term [17]. Tracks that are within the calorime-
ter resolution (tower size) in η and φ at the HCAL radius are ˇrst merged and
their momenta added when considering a match to a calorimeter tower. This pro-
cedure allows for matches in the dense core of jets where charged tracks overlap
within a calorimeter tower.

A match between the calorimeter cluster and the tracks is deˇned to exist if
|∆η| is less than the one HCAL tower size, if |∆φ| is less than the two HCAL
tower sizes, and if the difference between track momentum and calorimeter cluster
energy is between −1 and +3 sigma of calorimeter resolution. The offset is due
to the observation that the calorimeter energies are systematically lower than the
track momenta. In the case of multiple matches, the match with the lowest
®chi squared¯ is taken. If a match exists in all three kinematics variables, the
calorimeter cluster is replaced by the matching track. A new �ag is deˇned to
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be = 3 if this replacement is made. Tracks which would never reach the barrel,
®loopers¯, are added back into the ®energy �ow¯ list and a �ag = 4 is set.

The end result is an energy �ow list consisting of unmatched calorimeter
clusters (�ag = 0, 1, or 2), matched (merged) tracks (�ag = 3), and tracks which
would not reach barrel calorimeter (�ag = 4).

The data set to test the energy �ow method is 120 GeV Z ′ bosons decaying
into light quarks with initial state and ˇnal state radiation turned on. Events are
fully simulated and digitized in detail with CMS simulation and reconstruction
packages for luminosity L = 2 · 1033 cm−2 · s−1. The tracks used in this study
are not actual CMS tracks but the PYTHIA generated charged particles. Given
that the tracking momentum resolution is much better than the calorimeter energy
resolution, this approximation should not alter qualitative conclusions which are
made. These tracks are swum in a uniform axial magnetic ˇeld to a radius
corresponding to the front face of the ECAL. The event-by-event z position of
the vertex is used in the swim.

The data used for dijet mass reconstruction is either calorimeter clusters or a
hybrid energy �ow set consisting of unmatched clusters plus matched tracks and
unobserved track loopers. The largest cluster serves as a seed for the ˇrst jet.
The next highest Et cluster at a distance > 2R from the ˇrst seed is deˇned to
be the seed for the second jet. The vector sum of all the fragments deˇnes the
momentum of the jet. The clusters are assumed to be massless. The dijet mass
is calculated for the two largest transverse momentum clusters. The calculation
is done both for pure calorimeter clusters and for the energy �ow list consisting
of unmatched clusters, matched tracks, and barrel loopers. Cone size R = 0.9 is
taken for the jet energy reconstruction.

Fig. 3. Dijet mass for Z′ → jj events (MZ′ = 120 GeV) reconstructed with calorimeter
clusters

Fig. 4. Dijet mass for Z′ → jj events (MZ′ = 120 GeV) reconstructed with the energy
�ow objects: unmatched clusters, matched tracks and unobserved track loopers
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The distribution in dijet mass computed using only calorimeter cluster is
shown in Fig. 3. The distribution calculated using all the available information
from calorimetry and tracking is shown in Fig. 4.

Gaussian ˇts are made to the histogrammed data. The mean and sigma for
the reconstruction with the calorimeter clusters only are 〈Mjj〉 = 81.7± 1.1 GeV
and σMjj = 17.1 ± 1.0 GeV. For the reconstructing with energy �ow objects
the values are 〈Mjj〉 = 105.5 ± 1.4 GeV and σMjj = 17.8 ± 1.1 GeV. We can
conclude that mass resolution is improved from 21.0 to 16.9% with the usage of
the energy �ow objects.

The method may be also very useful to improve missing transverse energy
resolution. It requires reconstruction of all the tracks in the event.

3.3.2. Adding of Out-of-Cone Tracks to Jet. This method was described
in [24] for the ˇrst time. A relatively soft pt tracks can be swept away from
the jet reconstruction cone by 4 T magnetic ˇeld. For example track with pt =
1.6 GeV (produced in the pp interaction point) is de�ected by the magnetic ˇeld
on ∆φ = 0.5 radian from the original direction when it reaches the calorimeter
surface. Tracks with pt � 0.8 GeV don't reach barrel calorimeter at all. In this
section we describe a ˇrst step towards full usage of tracks in the jet energy
measurement: adding energy of the out-of-cone tracks measured with the tracker
to the energy of the jet measured with the calorimeter. We deˇne out-of-cone
track as a track satisfying the following criteria:

∆Rv < Rrec, ∆Rc > Rrec,

where Rrec is a cone size used for the jet ˇnding with the calorimeter; ∆Rv is
a distance in η, φ space between calorimeter jet axis and track direction in the
production vertex; ∆Rc is a distance between jet axis and an expected impact
point of the track on the calorimeter surface.

Effect of adding of the out-of-cone tracks on the jet energy resolution has
been studied using QCD 2-jet events generated with PYTHIA 6.152 [26].

The algorithm presented below uses tracks reconstructed by pixel detectors.
The pixel lines from the signal vertex only are considered as seeds for the global
track ˇnder. Pixel line is deˇned as a track reconstructed with the pixel detector
only. Algorithm of the pixel line reconstruction and vertex ˇnding with the pixel
lines is described in [27]. For the track reconstruction we use Combinatorial
Track Finder with default settings [28]. Signal vertex (SV) is deˇned as a vertex
with maximal Σ|pi

t| of the pixel lines attached to the vertex.
The present algorithm steps to add out-of-cone tracks are the following:

• reconstruct all pixel lines and vertices from the pixel lines;

• use pixel lines from the SV and within the cone Rrec (cone size for the
calorimeter jet ˇnder) around the calorimeter jet direction as seeds for the
Combinatorial Track Finder;
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• ˇnd impact points of the reconstructed tracks on the surface of the calorime-
ter (ECAL);

• add to the calorimeter jet energy the scalar sum of p (momentum) of the
tracks with impact points outside the jet reconstruction cone and recalculate
η, φ of the jet taking into account added tracks.

Figure 5 shows transverse jet energy resolution as a function of Et of the
Monte Carlo jet with |ηjet| < 0.5 for three cases: calorimeter jet energy resolution;
with adding of the Monte Carlo out-of-cone tracks of any pt; with adding of the
reconstructed out-of-cone tracks.

Fig. 5. Jet energy resolution with
calorimeter only Å circles, after
adding of out-of-cone Monte Carlo
charged tracks Å triangles, after
adding of out-of-cone reconstructed
tracks Å squares. Jets are considered
with |η| < 0.5

One can see that adding of the out-of-cone tracks improves jet Et resolution
by about 10−15% and the improvement is more visible for the soft jets of
Et ∼ 30−40 GeV. The improvement is almost the same when the Monte Carlo
or reconstructed tracks are being added. It means ˇrst, that the usage of the
very soft tracks of pt < 0.9 GeV does not improve further jet Et resolution and
second, that the track ˇnding inefˇciency is low enough in order not to degrade
the performance of this algorithm. Figures 6 and 7 show the jet Et resolution for
the jets in pseudorapidity regions 1.0 < |ηjet| < 1.5 and 1.5 < |ηjet| < 2.2. One
can see that the improvement of the resolution is more visible in the barrel part
of the calorimetry |ηjet| < 1.5 which can be explained by the fact that the bigger
fraction of the jet energy escapes reconstruction cone in the barrel than in the
endcap due to 4 T ˇeld. Formulas shown in Figs. 5, 6, and 7 are parameterization
of the jet Et resolution for the calorimeter jets and the jets with the usage of the
out-of-cone reconstructed tracks.
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Fig. 6. The same as in Fig. 5 for jets with 1.0 < |η| < 1.5

Fig. 7. The same as in Fig. 5 for jets with 1.5 < |η| < 2.2

3.4. Response Subtraction Algorithm. This method was described in [24]
for the ˇrst time.

3.4.1. Simulated Data. Samples of QCD dijet events in different intervals of
pt are simulated with PYTHIA 6.152. Jets are found ˇrstly on the generation level
(stable particles, including muons and neutrinos) with a simple cone algorithm
PYCELL [26] and cone size 0.5. Further these jets will be referred to as Monte
Carlo jets (MC jets). Then only one MC jet is taken and the particles which
belong to this jet passed through detector simulation; other particles in QCD
event are ignored. The detailed calorimeter hit digitization is done for no pile-up
scenario.

Calorimeter level jets are reconstructed with the cone 0.5 (as MC jets) using
the default calorimeter calibration on the single pion as described above. The
comparison of the reconstructed jet is performed for the MC jet. So we pay main
attention to the detector effects excluding in some sense effects of initial and ˇnal
state radiations as well as underlying and pile-up events.

3.4.2. Calculation of Expected Response. The main problem we are faced
is how precise we can calculate the expected response. Two different methods
have been tried and the both are based on the measurements made with single or
isolated particles.

e/π Technique. One can calculate expected response from e/π ratio of the
charged hadrons measured for different energy with a set of isolated particles [25].
It can be done during the data taking. We also have to evaluate the ratio of energy
that particle leaves in ECAL and HCAL. The response in ECAL is different if



1270 KODOLOVA O. L.

Table 1. Expected response for charged particles

Particle interacts in ECAL Particle does not interact in ECAL

RECAL Et · 0.4/(eπ)ECAL EMIP

RHCAL Et · 0.6/(eπ)HCAL (Et − EMIP)/(e/π)HCAL

particle interacts in ECAL or not. We separate interacted and noninteracted
particles with the energy deposited in 3 × 3 crystals. If E3×3 < 0.5 GeV, we
consider particle as noninteracted. The expressions for expected response for
charged particles are shown in Table 1. For each charged particle the e/π ratio
in ECAL and HCAL is calculated with expressions [25]:

(e/π)ECAL = (e/h)ECAL/(1 + ((e/h)ECAL − 1) × F0ECAL), (3)

(e/π)HCAL = (e/h)HCAL/(1 + ((e/h)HCAL − 1) × F0HCAL), (4)

where (e/h)ECAL = 1.6, (e/h)ECAL = 1.39 are obtained by ˇtting test beam
data of 300 GeV pion beam [25]. F0ECAL, F0HCAL are electromagnetic frac-
tion of hadronic shower and can be evaluated with logarithmic dependence:
F0ECAL/HCAL = 0.11 ln (EECAL/HCAL) [25]. We took ratio EECAL/EHCAL =
0.4/0.6 obtained from the analysis of the test beam data for 300 GeV pion
beam [29]. Although the value of the ratio EECAL/EHCAL depends on the
energy of particle, we use the constant value in our calculations for the moment.

Fig. 8. Mean response in ECAL for isolated charged particles interacted in ECAL in
dependence on particle energy. Shadow area corresponds to one dispersion

Fig. 9. Mean response in HCAL for isolated charged particles interacted in ECAL in
dependence on the particle energy
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Library of Responses. Mean responses in ECAL and HCAL corresponded to
the interacted in ECAL, and not interacted in ECAL particles are measured with
a set of isolated particles of different energies. Initial energy of particle is taken
from track reconstruction [28]. Dependence of mean responses in ECAL and
HCAL of isolated particles interacted in ECAL is shown in Figs. 8, 9 for isolated
particles interacted in ECAL and in Fig. 10 for particles noninteracted in ECAL.

Fig. 10. Mean response in HCAL for isolated charged particles noninteracted in ECAL in
dependence on particle energy

Fig. 11. The mean number of generated (•) and reconstructed (�) tracks in jet depending
on jet energy

3.4.3. Jet Energy Correction with Response Subtraction. On the ˇrst step
we ˇnd jet in the calorimeter with iterative cone algorithm and determine the
position of primary vertex with pixel detectors. For simpliˇcation we generate all
jets in the point (0, 0, 0). Further we reconstruct tracks in the cone 0.5 at the level
of vertex around jet axis. Figure 11 shows the dependence of the reconstructed
and generated tracks in a jet at the jet energy. For the 20 GeV jets we loose 50%
of charged tracks; and for 100 GeV jets, around 10%.

Nevertheless, the linearity of jet response is improved so as the jet energy
resolution (Figs. 12, 13). For 20 GeV jets the resolution is 33% when only
calorimeter information is used and 23% when charged tracks found in tracker
are added. For 100 GeV jets the resolution diminishes from 12 to 10.6%. The
best result is achieved with library of responses. However, one can see from
Figs. 8Ä10 that the distribution of response in calorimeter is rather wide. Now we
take the most probable values of the distribution. The more exact shape of the
response dependence on the particle energy can be found by means of ˇtting the
known mass like Z or W in their two-jets decay mode or γ/Z + jet sample.
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Fig. 12. Dependence of jet energy resolution on MC jet energy: only calorimeter responses
(•), subtraction procedure of expected responses using e/π technique and out of cone tracks
(�), subtraction procedure of expected responses using library of responses and out of cone
tracks (�)

Fig. 13. Dependence of reconstructed jet energy on MC jet energy. The points are the
same as in Fig. 12

3.4.4. Combined Response Subtraction and Cluster Matching Algorithm.
As is written above cluster matching algorithm and response subtraction can be
used in the combination. To suppress the effect of the tracker inefˇciency we do
not run reconstruction of the tracks but use the information from the generator
level supposing the 100% efˇciency of tracker:

Jet is found in calorimeter (Rjet) and on generation level in cone 0.5 (MC jet).
All charged tracks in cone 0.5 follow until they hit calorimeter surface.
Matrix of 3 × 3 crystals and 3 × 3 towers is built around the entry point of

charged track.
Sum of energy from 3×3 crystals and 3×3 towers is checked if it coincides

with momentum of charged track found in tracker within the following window:

−σ < (Et − Ecal) < 2σ, (5)

where

σ/E = 100%
√

(E) + 5%. (6)

If the energy coincides, then track is called matched and one extracts energy
of matrix from the Rjet and add the energy of track from tracker instead. The
procedure begins from the track with the highest energy.
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If the track is not matched (condition for matching is not satisˇed), then we
calculate the expected response of this track in calorimeter and subtract it from
the Rjet adding the energy of charged track instead.

For low energy jets, tracks from jets have large distance in between because
of the magnetic ˇeld. So less amount of cluster overlaps occur and thus more
clusters can be considered as matched then for jets with higher energy.

Fig. 14. Dependence of jet energy resolution on MC jet energy: only calorimeter responses
(•), out-of-cone tracks are added to calorimeter response (◦), subtraction procedure of
expected responses using e/π technique and out-of-cone tracks (�), subtraction procedure
of expected responses using library of responses and out-of-cone tracks (�), matched tracks
and library of responses and out-of-cone tracks (�)

Fig. 15. Dependence of reconstructed jet energy on MC jet energy. The points are the
same as in Fig. 14

Finally, out-of-cone tracks are also added to the energy of jet. Dependence
of jet energy resolution and jet energy linearity on the MC jet energy is presented
in Figs. 14, 15 for four different cases. The ˇrst one corresponds to the case
when expected response subtraction procedure is used and expected response is
evaluated with e/π technique. In the second case, expected response is calculated
with the library of responses and in the third case, full correction with track
matching, library of responses is performed. Out-of-cone tracks are added for
all three cases. Open circles correspond to the case when only out-of-cone
tracks are added to calorimeter energy. Including only out-of-cone tracks gives
already an essential part of the possible improvement. Different corrections with
exchanging charged to the energy response of tracker give the same improvement
for resolution, but the best linearity can be achieved with track-cluster matching,
library of responses, and out-of-cone tracks. However, the library of responses
used here overestimated the response of the particles.
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4. JET MEASUREMENTS IN HEAVY ION COLLISIONS

The following signals of jet quenching due to medium induced energy loss
are identiˇed as being observable with CMS detector:

• the suppression of high-pt jet pair in comparison with what is expected
from an independent nucleonÄnucleon interaction model; it includes modiˇcation
of impact parameter dependence [30] and azimuthal anisotropy of jet �ow in
noncentral collisions [31];

• the pt balance between jet and tagging particle (Z+ jet [13] or γ+ jet [10]);
• the suppression of high-pt particle (leading) inside jet;
• the modiˇcation of dimuon spectra of semileptonic decays of B and D

mesons.
One has to note that jet is found in a ˇxed cone. The collisional energy loss

leads to direct pushing particles out of cone. The radiative loss is the cause of
softening of particle spectrum. As a result, more particles are swept out of cone
due to magnetic ˇeld, and underestimating energy in CMS calorimeter for the
low pt particles leads also to response diminishing.

Fig. 16. Dependence of energy de-
position in ECAL and HCAL on η
for 8000 charged particles per ra-
pidity unit

4.1. Jet Reconstruction in Heavy Ions.
Various predictions give the large theoretical
uncertainty for the charged particle multiplic-
ity in heavy ion collisions. For PbÄPb central
event, for example, one can expect from 3000
to 8000 of charged particles per rapidity unit in
maximum. In this condition the CMS calorime-
ter is completely occupied. The dependence of
the mean energy on η for the 8000 charged
particles per rapidity unit is shown in Fig. 16.
The distribution is not uniform. The energy
deposited in the forward region is much higher
than in the central part. Thus if we take iterative
cone algorithm without any modiˇcation [32],
we will ˇnd a lot of jets in the forward region
which will be completely false. The modiˇed
window algorithm was designed specially for
the condition of the large energy deposition in
calorimeter [15, 16].

• Average transverse energy 〈E(η)〉 and
dispersion D(η) are calculated for all calorime-
ter cells as function of η;

• Sliding window consisting of the integer number of cells corresponding to
radius R (this is the parameter of algorithm) is constructed;
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• The energy of window is calculated as a sum of Et of all cells contributed
to this window minus background energy which is calculated:

Ewind
t =

∑

Nc

Ecell
t − [〈Ecell

t (η)〉 + Dcell
t (η)]; (7)

• The nonoverlapping windows with Ewin
t > Ecut

t are considered as jet
candidate;

• The cell with maximal energy in the window is considered as centre of jet
independently where it is located inside window. All cells in a cone with radius
Rcone, which can differ from the size of window, are considered as cells of jet;

• Average transverse energy 〈E(η)〉 and dispersion D(η) are recalculated
with cells outside of jets;

• Jet energy is recalculated using new values 〈E(η)〉, D(η).

Fig. 17. The efˇciency of reconstruction of the true jet vs generated transverse jet energy
for different charged particles multiplicities of background event: (dNch)/dy = 3000 (�);
(dNch)/dy = 8000 (�)

Fig. 18. The ratio of reconstruction of transverse jet energy to generated transverse jet
energy vs generated transverse jet energy: without background (•); (dNch)/dy = 3000 (�);
(dNch)/dy = 8000 (�)

The performance of algorithm is checked with central PbÄPb events gener-
ated using simple hydrodynamical model [33]. The mean number of charged
particles corresponds to 3000 and 8000 of charged particles per unit of rapidity.
The purity of the reconstructed jet sample is presented in Fig. 17. The ratio of the
reconstructed jet transverse energy to generated Erec

t /Egen
t on the generated trans-

verse energy does not depend on charged particle multiplicity in event (Fig. 18).
We observe the degradation of the space resolution (Figs. 19, 20). However, the
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Fig. 19. The η resolution vs generated transverse jet energy. The points are the same as
in Fig. 18

Fig. 20. The φ resolution vs generated transverse jet energy. The points are the same as
in Fig. 18

space resolution is still better than the size of the calorimeter tower. The energy
resolution is degraded up to 1.3 times on increasing multiplicity of event to 8000
charged particles per rapidity unit [16].

The fact that mean energy (obtained with the algorithm) does not depend on
multiplicity is very important if one intends to normalize spectra (based on jets)
to the pp case or lower multiplicities (i.e., the other species, centrality and so on).
In such a case there is no necessity to include the additional ®pile-up¯ correction
factor. The degradation of the jet energy resolution has to be taken into account
on comparison spectra obtained with different multiplicity conditions.

4.2. Jet Quenching Observation with γ + Jet Channel. The pt balance
between jet and tagging particle γ or Z gives the possibility to estimate energy
loss of hard parton. However, both these channels provide some methodical
problems. Z + jet channel is good for observation from the background point of
view but the rate of Z + jet events is very low. We can have a large rate of
γ + jet events but background from jetÄjet events with a leading π0 has to be
reduced. Figure 21 shows the difference between Ejet

t and Eγ
t obtained using

detailed γ trigger and jet energy resolution found with detailed simulations [16].
The distribution is asymmetric and one has to follow the position of maximum
to evaluate parton energy loss. There is still background from π0 after all
calorimeter isolation criteria. We suppose to include tracker information for
further background suppression.
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Fig. 21. Difference between Et of photon and Et of jet without background (a) and with
background (b). Solid line Å 〈∆E〉 = 0 GeV; • Å 〈∆E〉 = 4 GeV; � Å 〈∆E〉 = 8 GeV

4.3. Jet Quenching Observation with Azimuthal Asymmetry. The azimuthal
anisotropy of jet and high-pt particle production in semicentral heavy ion colli-
sions is predicted as effective signal of partonic energy loss in azimuthal nonsym-
metric volume of quark-gluon plasma [11, 31, 34]. The methodical advantage of
azimuthal jet observable is that one needs to reconstruct only azimuthal position
of jet but not the total energy. The summarized in paper [35] present methods for

Fig. 22. Dependence of energy in
tower on φ of tower

determination of the reaction plane angle are
applicable for studying anisotropic �ow of soft
and semihard particles in current heavy ion ex-
periments at SPS [36], RHIC [37] and might
be useful at LHC [31]. If the azimuthal dis-
tribution of particles is described well by the
elliptic form:

dN

dφ
=

N0

2π
[1 + 2v2 cos 2(φ − φreac)], (8)

where N0 is the number of particles and the
coefˇcient v2 is an average over particle co-
sine of 2φ, the nuclear reaction plane can be
determined as

tan (2φreac) =
∑

i wi sin 2φi∑
i wi cos 2φi

. (9)

The weights wi are selected to optimize the
resolution. The weights can be introduced as energy deposition in calorime-
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Fig. 23. Dependence between gener-
ated and reconstructed azimuthal an-
gles of reaction plane

ter towers. Figure 22 illustrates the energy
deposition in calorimeter towers in barrel
and endcap regions for PbÄPb collisions at
impact parameter 6 fm generated by the hy-
drodynamical model. The detector responses
are obtained with detailed detector simu-
lation. The estimated resolution of event
plane determination 0.15 rad (Fig. 23) allows
one to measure the coefˇcient of azimuthal
anisotropy cos (2φjet). Recently the method
for measurement of jet anisotropy without
the event-by-event reconstruction of the re-
action plane has been suggested [38]. The
detailed investigations of possibility of ob-
serving azimuthal anisotropy with CMS de-
tector is presented in [39].

5. IMPACT PARAMETER MEASUREMENT IN HEAVY ION
COLLISIONS

It is extremely important to perform different event measurements in de-
pendence on the event centrality. Under the CMS conditions one of the most
appropriate way for impact parameter determination is to calculate the transverse
energy deposition Etot

t in calorimeters. The strong decrease of the energy depo-
sition from central to peripheral collisions in very forward calorimeter is shown
in Fig. 24 for different nuclei (Ca, Nb, Pb) [40]. The simulation of nuclei event

Fig. 24. Dependence of the transverse energy in HF on the impact parameter for different
nuclei



MEASUREMENTS IN CONDITIONS OF A VERY HIGH MULTIPLICITY 1279

is performed with HIJING [41]. The Gaussian width of the impact parameter
distribution at ˇxed energy deposition so as the relative error depending on the
value of impact parameter is presented in Fig. 25. The dispersion increases by
a factor of two for very peripheral (b > 13 fm) events due to diminution of the
energy produced in the explored pseudorapidity region.

Fig. 25. Resolution on the impact parameter of event

6. VECTOR MESON PRODUCTION IN HEAVY ION COLLISIONS

One of the important signatures of the quark-gluon plasma is the suppression
of heavy quarkÄantiquark resonances [42]. As CMS detector is situated well for
the muon identiˇcation and measurement, we intend to investigate the production
of Υ and J/ψ families through their decay into muons. One of the important
tasks is to recognize real Υ in the condition of highly occupied tracker due to very
high multiplicity of event. Uncorrelated decays from soft pions and kaons are the
main cause of mismatching muons and so the source of the false reconstructed
pairs.

6.1. General Conditions for Background and Signal Simulation. Hard
processes (heavy resonances) are superimposed on the ®thermal¯ background
events. Resonance suppression in the dense matter is not included. Cross sections
for the hard events are rescaled from the pp ones:

σAA = A2ασpp (10)

with α = 0.9 for (J/ψ), α = 0.95 for (Υ). The cross sections in pp collisions are
evaluated using PYTHIA event generator and extrapolation from CDF data [43].



1280 KODOLOVA O. L.

Soft particles (mainly pions and kaons) generated in the heavy ion collisions
are one of the important sources of background [44], dominating at the PbÄPb
central events, in the dimuon mass spectrum. The most crucial parameters are
multiplicity and transverse momentum distribution of particles.

The most pessimistic cases are considered. Up to 5000 charged particles per
unit of rapidity in the central PbÄPb collision with pseudorapidity shape distribu-
tion according to HIJING are taken; and for transverse momentum spectrum the
SHAKER [45] parametrization is used. The next source of background for the
dimuon spectrum are pairs from the bb and cc decays and also mixed cases when
one muon is from the one source and the other from another source; bb and cc
decay events are generated with PYTHIA 5.7.

Both ®thermal¯ and hard events are passed through full geant simulation of
the CMS detector including all material interactions with low thresholds.

6.2. Dimuon Production. Reconstruction algorithm [46] based on the δφ, pt

roads has been developed for central rapidity region (|y| < 1.2). This procedure

Fig. 26. Dimuon mass spectrum. Minimum bias
PbÄPb events were used in condition of high
multiplicity assumption (dNch/dy = 5000 in
mid-rapidity region)

allows one to ˇnd heavy resonances
with efˇciency from 90 to 75% de-
pending on the event multiplicity
(up to 8000 charged particles per
rapidity unit, i.e., 60000 particles
in CMS acceptance) and suppress
at the same time uncorrelated pairs
from pions and kaons in 6 times
for |η| < 0.8 and in 2 times for
0.8 < |η| < 1.2. Other background
sources mentioned above are also
suppressed in comparison with the
hard events. Dimuon mass spec-
trum in the Υ mass range (Fig. 26)
is built using all combinations of
the track pairs from those achieved
in the muon stations and with ap-
plying the reconstruction efˇciency
depending on the track pair origin.

The contribution from the different background sources is shown on the same
plot. The largest contribution comes from uncorrelated pion and kaon decay into
muon.

Signal/background ratio and number of events are given for one month run-
ning time with luminocity 4 × 1026 cm−2 · s−1 in Tables 2, 3 for Υ for barrel
part only and for full acceptance of the detector and for J/ψ (Table 4) for barrel
part of detector supposing high (up to 5000 charged particles in rapidity unit)
multiplicity case.
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Table 2. Signal/background ratio and event rate of the Υ for the barrel part of detector
(high multiplicity assumption)

Pb Sn Kr Ar

S/B 3.7 7.8 16.7 100
Nevent 10000 65000 140000 600000

Table 3. Signal/background ratio and event rate of the Υ for the barrel and endcap
parts of detector (high multiplicity assumption)

Pb Sn Kr Ar

S/B 0.4 0.9 1.9 7.3
Nevent 22000 150000 320000 1400000

Table 4. Signal/background ratio and event rate of the J/ψ for the barrel part of
detector (high multiplicity assumption)

Pb Sn Kr Ar

S/B 1.3 3.4 7.9 35
Nevent 5800 40000 100000 400000

Large statistics will give the possibility of investigating the dependence on
the impact parameter of the event and transverse momentum of the resonances.

Uncorrelated background can be extracted using like-sign dimuon spectrum:

S = OS − 2
√

N++N−− (11)

where subtraction is made in each bin of the dimuon opposite-sign spectrum
(Fig. 27).

In the high invariant mass region M(µ+µ−) > 20 GeV DrellÄYan, Z boson
and semileptonic decays of the open �avors (cc, bb) are the main sources of the
dimuons. Using cut for the pt of muon more than 5 GeV/c makes contribution of
the uncorrelated decays from the soft particles negligible. A clear signal of Z into
µµ decays is seen [10]. The expected number of the Z decays is 11000 and the
expected number of Z + jet events is 900 for the one month PbÄPb run assuming
50% of accelarator efˇciency, i.e., 1.3 · 106 s and luminocity 1027 cm−2 · s−1.
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Fig. 27. Dimuon mass spectrum after background subtraction

CONCLUSIONS

Various physics channels that are going to be observed require the possibility
of identifying and measuring muons, electrons, gamma, jets both in pp and in
heavy-ion collisions. At present different algorithms are developed for jet and
muon measurements.

For pp physics it is extremely important to have a good jet energy resolution
and linearity of jet reconstruction. The new perspective method to correct jet
energy combining the information from calorimeters and tracker detectors using
response subtraction algorithm was supposed to be used in CMS. The algorithm is
useful for calorimeters with rough granularity and high occupancy of calorimeter
cells. It gives improvement of jet resolution 1.5 times for 20 GeV jets and 15%
for 100 GeV jets and at the same time signiˇcantly improves linearity of jet
energy collection.

In heavy ion collisions calorimeters are completely occupied and it is impos-
sible to use the same iterative cone algorithm for jets reconstruction as for pp
events. A new pile-up subtraction algorithm was developed in CMS. Jets are ob-
servable with good efˇciency and purity above 75 GeV threshold. It appears that
this algorithm is also very important for high luminosity (L = 1034 cm−2 · s−1)
pp collisions for rejecting fake low Et jets. γ + jet and Z + jet events give
the possibility of estimating medium induced parton energy loss. However, the
problem of background and statistics still remains.
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The new perspective way to study jet quenching is to take advantage of good
jet spatial resolution and calculate the azimuthal anisotropy which can be done
both with detector plane determination and without.

Due to high multiplicity of the event and occupied tracker, the reconstruction
of heavy quarkÄantiquark resonances through their decay into muons becomes
a complicated task. A special dimuon reconstruction algorithm was developed
for heavy-ion collisions. With this algorithm Υ can be observed with signal
background ratio from 3.7 (PbÄPb) to 100 (ArÄAr) in barrel part of CMS detector.
The number of events is 7900 and 450000 correspondingly. If we add endcap
region, the number of events becomes 18000 and 1020000 and signal/background
ratio is 0.4 and 7.3 for the same nuclei. In spite of the low acceptance of detector
for J/ψ we can get enough amount of J/ψ to perform correlations study.
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