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JET ENERGY MEASUREMENTS IN CMS
O. L. Kodolova

Skobeltsyn Institute of Nuclear Physics of the Moscow State University, Moscow

The expected performance of CMS for jet energy measurements is discussed. The use of the
different calibration methods allows one to restore the linearity of the CMS calorimeter relative to jets
and to improve the jet energy resolution.

P ccm TpuB ercd BO3MOXHOCTb BOCCT HOBJICGHUS ®HEPIMU XECTKUX cTpyll H ycT HoBKe CMS c mc-
MONB30B HUEM K K K JIODUMETPUYECKOH CHUCTEMBI, T K M JIPYTUX AETEKTOPHBIX CHCTEM, BXOMIILIUX B
cocT B ycT HOBKH. ONHC HBI METOZBI KOPPEKINH HEPTUH CTpPYil, COOp HHOH B K JIOpHMETpe, MO3BOIS-
IOIIMe YMY4YIIUTh TUHEHHOCTh OTKIIMK M DHEPreTH4ecKoe p 3pelleHue.
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INTRODUCTION

Event signatures for SUSY, Higgs boson production, and other new physics processes
require the reconstruction and measurement of jets coming from high-momentum quarks and
gluons. The jet energy resolution and linearity are key factors in separating signal events
from background and in measuring the properties of the signal.

An example of jet reconstruction in a hard interaction forming QCD dijets, with its
characteristic features, is shown in Fig. 1. The parameters of the initial parton corresponding
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Fig. 1. Complexities in the jet definition arise from several processes including final state radiation,
underlying event fragments and the detector-level collection of particle energies
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to the particle jet depend on a number of factors including final state radiation, which can
lead to the splitting of the jet in the detector. Taking a large cone of R = 1.5 in 7, ¢, the jet
reconstruction collects a large fraction of the energy of the initial parton. Such a cone is also
susceptible to collecting the energy of non-isolated additional partons in the hard interaction
in addition to energy from the underlying event, pile-up interactions and electronic noise.

1. CMS DETECTOR

A characteristic feature of the CMS detector is its large superconducting solenoid deli-
vering an axial magnetic field of 4 T [1].

Detector has tracker, electromagnetic (ECAL) and hadronic (HCAL) calorimeters and
muon chambers. The hadron and electromagnetic calorimeters are located inside the coil (ex-
cept the forward calorimeter) and cover the pseudorapidity range || < 5 [1]. Electromagnetic
calorimeter consists of 76000 crystals of PbWO, and covers the range |n| < 3. The granular-
ity of the crystals in the ECAL barrel is An x A¢ = 0.0175 x 0.0175 rad, which corresponds
to a crystal front face of about 20 x 20 mm. In the ECAL endcap (1.48 < |n| < 3.0), the (n, ¢)
granularity increases progressively to a maximum value of An x A¢ = 0.05 x 0.05 rad, while
the crystal size of 28 x 28 mm remains the same. Crystals have length 230 mm (25.8 radiation
length) in barrel (|n| < 1.48) and 220 mm (24.7 radiation length) in endcap (|| > 1.48). In
endcap, the preshower is located in front of the ECAL.

The HCAL barrel is composed of flat brass alloy absorber plates parallel to the beam line.
Innermost and outermost plates are made of stainless steel for structural strength. There are
17 active plastic scintillator tiles interspersed between the stainless steel and brass absorber
plates. The first and the last scintillator tiles are 9 mm, the other tiles are of 3.7 mm. The
thickness of absorber plates differs from 50.5 to 75 mm.

The HCAL endcap calorimeter (1.305 < |n| < 3.0) is composed entirely of brass absorber
plates. The thickness of plates is 78 mm, while the scintillator thickness is 3.7 mm, hence
reducing the sampling fraction. There are 19 active scintillator layers. The overlapping region
of the HCAL barrel and endcap is 1.305 < |n| < 1.74. There is no longitudinal segmentation
in the ECAL and in the barrel part of the HCAL, except in the barrel-endcap transition region.

The full number of nuclear interaction length in the range |7| < 3 is varying from 11 to
16. The ratio e/h measured at test-beams is in the range 1.3-1.4 [2,3].

The forward calorimeters (HF) are located 11.2 m from interaction point. They are made
of steel absorber and embedded radiation hard quartz fibers, which provide the fast collection
of Cherenkov light. The quartz fibers have width of 1 mm and are located at a distance of
5 mm from each other. To separate hadronic and electromagnetic showers, short (143 cm)
and long (165 cm) quartz fibers are used. The e/h ratio is 5 for HF [4]. The full number of
radiation length of HF is 25.

The calorimeters are designed to allow jet reconstruction in the full pseudorapidity region.
The calorimeter extends to = 5, but jets can be measured if their axes lie in the range
|n] < 4.5. At n = 5, half the jet will be lost.

In the barrel and most of the endcap part of HCAL, the size of the towers is An = 0.0870
by A¢ = 2mw/72 ~ 0.0873 rad. At high n in the HCAL endcap (|n| > 1.74), the towers
become larger in 1 (from 0.087 to 0.175) and double the size in ¢.
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Since the ECAL granularity is much finer than HCAL, calorimeter tower (ECAL plus
HCAL) is formed by addition of signals in 7, ¢ bins corresponding to individual HCAL cells.

The size of calorimeter tower of forward calorimeters (3.0 < |n| < 5.0) is 0.175 x 0.175
except the first tower (0.111) and the last one (0.3).

During the data acquisition the cut on energy is applied to HCAL towers to keep the
occupancy on the level of 15%. Only HCAL towers with energy more than 0.5 GeV after
the baseline subtraction (1.2 GeV) are kept for the further processing. The read-out of the
ECAL cells is more complicated and is described in detail in [6].

The tracker is covered in the range || < 2.4 and is composed of two different types
of detectors, pixels and silicon strips. The tracker system allows one to measure pr of
charged particles with accuracy better than 2% in the momentum range from 0.5 GeV to a
few tens GeV in the range |n| < 1.

2. JET RECONSTRUCTION

The first step in the reconstruction, before invoking the jet algorithm, is to apply noise
and pile-up suppression.

The second step is to apply one of the jet finding algorithms (iterative cone algorithm,
middle point algorithm or K7 algorithm [5-8]) and to get the jet energy and position.

The factors influencing the reconstructed jet energy can be divided into two groups. In
addition to the factors shown in Fig. 1 and connected with the jet as a physical object jets are
affected by the detector performance, e.g., electronic noise, magnetic field which deflects low-
energy charged particles out of the jet reconstruction cone, the responses of the calorimeters
to electromagnetic and hadronic showers (e/h ratio), and some other sources of the energy
loss. While many of the corrections for effects in the first group are channel-dependent, the
bulk of the detector effects is more channel-independent and common correction coefficients
can be provided.

At the third step the calibration methods are applied to restore a correspondence in the
measured jet properties between matched reconstructed and particle-level jets.

3. JET CALIBRATION

Algorithms for jet energy corrections may be classified according to the different objects
that are used for the corrections.

Jet-based corrections are implemented by weighting the energies from the longitudinal
calorimeter compartments.

Cluster-based coefficients are applied separately to electromagnetic and hadronic clusters,
separated according to the cluster origin (electron, v, hadron).

As for track-based corrections, the tracks that are deflected from the jet region due to
magnetic field can be added to the jet energy reconstructed in calorimeter. The response of
charged particles within the jet area can be changed to the momentum (energy) of the tracks
giving impact on the ECAL surface inside the jet region.
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3.1. Monte-Carlo Calibration of Jet Response (Jet Based) [12]. The events are simulated
with one of the Monte-Carlo programs tunned for the dedicated energy and are passed
through the detailed model of detector [12]. The jets are reconstructed with one of the
jet finding algorithms. Particle-level jets are found by applying the same jet algorithm to
stable particles (excluding neutrinos and muons). A matching criterion, based on the distance
AR = /dn? +dp? < 0.2, is used to associate particle-level and reconstructed jets [12].
The ratio of reconstructed jet transverse energy to the particle-level jet transverse energy as
a function of the particle-level jet transverse energy is approximated by the set of functions
for the different n regions. Further, these curves are used as weights to the reconstructed jet
energy to provide the corrected jet energy.

A sample of PYTHIA [11] events was simulated in the narrow pr in the energy range
from O to 3500 GeV. The response of the detector was obtained with the detailed model of the
detector in the low-luminosity conditions (£ = 2-103% cm~2-s~1) using the CMS simulation
program based on GEANT4 [10].

Jets were reconstructed with the additional threshold on the calorimeter tower Ep >
0.5 GeV, E > 0.8 GeV, i.e., only calorimeter towers above threshold contribute to the jet
energy. The dependence of the transverse momentum of jet on the additional threshold
applied to the calorimeter towers was studied [12]. The response of the jet with generated
transverse energy of 20 GeV is 15 GeV if no additional threshold is applied. After applying
the threshold Er > 0.5 GeV the response to the 20 GeV jet falls down to 10 GeV. The further
increasing threshold (E7 > 0.5 GeV, E > 0.8 GeV) leads to the response of 8.5 GeV. This
dependence is the consequence of the nonuniform distribution of the jet in the cone (radius
0.5 corresponds to 120 calorimeter towers) and the signal in the towers is compared with
electronic noise. One has to mention that thresholds introduce the additional nonlinearity in
the calorimeter response to jets, since whether the tower contributes into jet energy depends
on the sum of the signal energy and noise in this tower (1):

1
<Ejet> - m Z Z (Etower + Enoise - <Enoise>)~ (1)
Nevents (Etower“l’Enoise*<Enoise>)>Ecut

The reconstructed energy starts to depend on the jet shape, the jet content and the jet
energy.

The jet energy linearity before and after applying Monte-Carlo corrections and resolution
after applying Monte-Carlo corrections are shown in Figs. 2, 3 for the iterative cone algorithm
with R = 0.5 and the threshold applied to the calorimeter tower equal to Er > 0.5 GeV,
E > 0.8 GeV.

The jet energy resolution is presented for the three ranges |n| < 1.4, 1.4 < |n| < 3.0,
3.0 < |n| < 5.0. The mean values and dispersions are got by means of fit of the distributions
EXc/ EIMC with Gaussian. For the low-energy jets the distribution is not symmetric and the
fit is done in the range of maximum (+o).

The resolution is parametrized with the expression

Frec EMC b
O-FEch /E‘I\,};C ) = Eg/IC ® o, (2)
(EF°/EF©) T EIMC

where the first term is due to fixed energy fluctuations in the cone from electronic noise,
pile-up and underlying event energy, the second term comes from the stochastic response
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Fig. 2. The ratio of the reconstructed jet trans-
verse energy ET° to the generated transverse
energy FYC as a function of EYC for jets

with |nje¢| < 1 reconstructed by the iterative

Fig. 3. The jet energy resolution as a function
of generated jet energy for the different pseudo-
rapidity intervals after applying corrections on
the jet energy [12]

cone R = 0.5 algorithm before (circles) and
after (squares) MC jet calibration [12]

Jet energy resolution parameters in 37 regions of the calorimeters for the iterative cone R = 0.5

IC, dR < 0.2 ||n| < 1.4 (EB+HB+HO)|1.4 < || < 3.0 (BE4+HE)| 3.0 < |n| < 5.0 (HF)

7.5 1.44 8.5 0.67 4.1 0.2
Before correction| ——= ® ——= P 0.034 | ——= D @®0.049 | === & —— $ 0.087
E%c /—Eévﬂlc EI,}IC /—Egﬂic E%c /—Eévﬂic
. 5.6 1.25 4.8 0.89 3.8
After correction E%C @ Eé”}c @ 0.033 E;}IC ® Eé”}c @ 0.043 ElTwc @ 0.085

of the calorimeter measurements, and the last term is the constant term from residual non-
uniformities and nonlinearities in the detector response. The fit is done down to a transverse
energy of 30 GeV in barrel and endcap and of 20 GeV in very forward region. The result of
the fits are presented in the table. The MC jet calibration takes into account the geometry of
detector and improves the resolution in barrel region. This type of corrections can be used
for tuning the Monte-Carlo generators with data.

3.2. The Calibration of Jet Response with v+ Jet Channel (Jet Based) [13]. The channels
of v/Z+ jet and W — jj (from ¢t production) will give the first estimation of the absolute
energy scale [13]. The jet energy scale is set using the kinematics relationship of transverse
momentum balancing between the direct photon and the jet. The measured observable kjcc =

P%erileas /P provides an approximate value for the true parton-level calibration of the jet given

by kffie = PI5 o/ PP ", The systematic shifts introduced by the difference between gluon

and quark jets are presented in Fig. 4.
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The correction with v + jet channel can be applied to particle jet with the additional MC

correction taking into account the difference between parton and particle jet: B

Tparticle =
E%?gon k};‘zmde. The difference between parton and jet on the particle level is presented

in Fig. 5 for the different samples.

The jets initiated by quarks are more collimated than those initiated by gluons. All energy
of parton at all energies can be collected in the cone with R > 1 for gluon jets and R = 0.7
for quark jets (Fig.5).

3.3. The Calibration of Jet Response with the Use of Tracks [14]. A response subtraction
procedure was proposed in Ref. [14]. For each track reaching the calorimeter surface within
the reconstruction jet area the expected response is subtracted from the calorimeter jet energy
and the track momentum is used instead. This subtraction procedure does not require cluster
separation and therefore is well suited to the case of high occupancy or coarse granularity.
The momenta of the tracks that reach the calorimeter surface out of the reconstruction cone
are simply added to the calorimeter jet energy.

Before the subtraction, the reconstructed jet energy is

l?jreetC = ECE/’Y + (EC + Hc)neut. hadr. + (EC + HC)charg. hadr.” (3)

where (EC + HC), ;. haar. a0d (EC +HC) 010 paqy. are the responses of the electromag-
netic and the hadron calorimeters to neutral and charged hadrons, and EC, /. is the response
of the electromagnetic calorimeter to electrons and photons, respectively.

Assuming that all tracks are reconstructed, the reconstructed jet energy after subtraction
becomes

e/

+ in-cone . (4)

tracks

l?jceotlr = EC@/’Y + (EC + Hc)neutr. hadr.

After the addition of out-of-cone tracks, the final expression is

+ in-cone + Eout»of—cone. (5)

tracks tracks

che(;r = EC(’/’Y + (EC + Hc)neutr. hadr.

The track reconstruction inefficiency leads to the appearance of an additional term in the
expression for the corrected jet energy

+ in-cone

E'Cor ECE/’Y + (EC + HC) tracks +

jet = neutr. hadr.

+ Eout—of—cone + (EC + Hc)no track ] (6)

tracks charg. hadr.

The variance of the distribution of EiJ" can be expressed with the formula

D(ECOI‘) — D(EI‘EC) + Z D(EOllt-lC{)f—COne)_’_

jet jet trac
tracks out of cone

+ > DEZ)+ > DERE™), ()

tracks in cone tracks in cone

D(Eircone) and D(Eout-of-cone) are defined by the tracker resolution which is negligible

tracks tracks

(< 0.01Pfr*%) in comparison with D((E}SC)); D((Egimy)) Will g0 to zero as the size of the

sample of prompt isolated particles is increased.
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The jet energy resolution is defined with the formula

(Brce/Es) "
(Be/ B

jet

Resolution(E) = o

where EF" is the energy of generator jet.
The transverse jet energy resolution is defined with the formula

(Brc/ )

Resolution(Er) = o
(Bxe./ B, )

€)

Taking into account that the polar angle of jet direction 6 is limited to the range from 15 to
90° and assuming that (E sin (6)) ~ (E)(sin (9)), the transverse jet energy resolution can be
expressed by the formula

Resolution(Er) ~ \/Resolutionz(E) + cot?(#) x D(6), (10)

where 6 is the polar angle of jet direction and Resolution(F) is defined with formula (8).
The procedure increases the jet energy due to an exchange of the underestimated response of
calorimeters to charged hadrons with the momentum of the track in the tracker and adding
the out-of-cone energy. The variance is kept at the same value. The procedure results in
decreasing of the first term of formula (10). The direction of jet is also corrected with the
use of the primary vertex position and charged particles trajectory parameters. The correction
of jet direction leads to decreasing of the second term of formula (10). The relative weights
of the first and the second terms in formula (10) depend on the polar angle 6. The first term
plays the main role in the barrel part of the CMS detector, while the second term dominates
in the endcap.

The systematic shift 5" = (E5") — (E") has two possible origins, denoted 0 Ey, 6 Eo.
The JE; contribution results from the uncertainty in the expected response parametrization.
The §E> shift arises from neutral hadrons (and, equivalently, from charged hadrons with no
associated track), the response of which is not corrected a posteriori.

Algorithm performance was tested in the sample of the single jets, the sample of the QCD
jets in the different pr bins in the low luminosity conditions and in the sample with dijet
resonances in the low luminosity conditions.

3.4. Reconstruction of Single Jet [14]. Samples of QCD dijet events in different intervals
of the initial parton transverse momentum, pr, were simulated with PYTHIA 6.158 [11]. At
the generator level, jets are found with a simple cone algorithm (R = 0.5) around the leading
particle in the jet. Particles belonging to the jet are passed through the complete detector
simulation; other particles in the event are ignored. The calorimeter digitization is done in
the no pile-up scenario (only one jet in detector).

The energy resolution (10) and the reconstructed energy dependence on the generated
transverse energy are shown in Figs. 6 and 7 for jets generated with |n| < 0.3.

When the jet energy corrections are applied, the reconstructed jet energy fraction for
20 GeV generator jets increases from 0.5 to 0.85 and the same fraction for 120 GeV jets
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increases from 0.87 to 1.03 (Fig.7). The resolution improves in 1.7 times for jets with
transverse energy of 20 GeV in barrel and up to 15% for jets with transverse energy of
100 GeV (Fig. 6). Complete linearity restoring is possible taking into account the systematical
uncertainties connected with tracking inefficiency for charged hadrons, thresholds effects and
Monte-Carlo corrections for the energy deposited by neutral hadrons.

3.5. Reconstruction of QCD Jet Events in the Low Luminosity Conditions [14]. Dijet
events with pr between 80 and 120 GeV/c were generated with PYTHIA 6.158 fully simulated,
digitized and reconstructed in low-luminosity conditions (£ = 2-103% cm~2-s~!) using detailed
description of CMS. Average number of additional minimum bias events in one pile-up for
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one hard interaction is 3.5. The resolution and the reconstructed jet energy fraction are shown
for jets generated with |n| < 1.4 in Figs.8 and 9 and in the endcaps in Figs. 10 and 11.
This sample was simulated with pile-up events and no special procedures to suppress pile-up
energy were used. The resolution improvement is the same as for single jets with no pile-up.
A larger amount of energy is however present in the jet cone R,... This amount is the same
for all jet energies and corresponds to the energy flow average from the pile-up events. The
additional energy affects lower-energy jets more than higher-energy jets. The dependence on
the generator transverse jet energy is therefore less pronounced. Jets in the endcap are more

affected by pile-up than in the barrel.
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3.6. Reconstruction of the Dijet Resonances in the Low Luminosity Conditions [14].
Events with a 120 GeV /c? Z' decaying into light quarks with initial state and final state radia-
tion were fully simulated, digitized and reconstructed for low luminosity pile-up conditions.
The X mass is reconstructed from the two leading jets that are within R = 0.5 of the direction
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of the primary partons. The mass peak for
the generated mass is at 115 GeV/c? and the
mean value is 110 GeV/c?. The same jets
reconstructed in the calorimeters only give
the mass peak at 96 GeV /c?. A ratio of the
Z' mass reconstructed to the Z’ mass gen-
erated for calorimetry jets and calorimeter-
plus-tracker jets is shown in Fig. 12.

The dijet mass is restored with a sys-
tematic shift of about 1% and the resolu-
tion is improved by 10%. The ratio of
the reconstructed to the generated X mass
is 0.88 before corrections with tracks and
1.01 after corrections. The calculation of the
pile-up events contribution to the mass spec-
trum is done with a simple estimate. Taking
into account that pile-up events add on av-
erage AE ~ 2.5 GeV [15] in a cone with
R = 0.5 to the jet energy, the contribution
of the pile-up energy to the mean recon-
structed mass is estimated to be ~ 5 GeV/c?
((Mpite-up) = (M)+2AE). After subtraction
of the additional pile-up energy (=~ 2.5 GeV)

from the reconstructed jet energy, the ratio of the reconstructed to the generated masses is
0.84 and 0.97 before and after applying corrections, respectively.

CONCLUSION

Methods of the jet energy corrections presented in the review, together with the calibration
of the calorimeter towers with test-beams and sources, will be used both during the initial
calibration and monitoring of HCAL towers and for jet energy corrections.

The following procedures have been identified for verifying the calorimeter tower cali-

bration:

e Measure noise with beam-crossing triggers to check and adjust thresholds.

e Take data without zero-suppression to study nonlinear effects connected with thresholds.

e Check and adjust symmetry with minimum bias trigger.
e Use isolated muons from W decays to compare tower-to-tower response to radioactive

source measurements and test-beam muons.

e Compare isolated high-pr tracks with test-beam data.
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The following procedure will be used to check the calibration of jets:

e Measure the effect of pile-up on the jet reconstruction algorithms and thresholds using

data without zero-suppression.

e Use pr balance between « and jet to calibrate the absolute energy scale.

e Use pr balance in dijet events to calibrate the jet energy vs 7 and verify the resolution.
e Use W — jj mass fitting in tagged tf events to check and fine tune the jet energy scale.
e Use the jet energy correction using tracks to estimate the response of the calorimeter to

the particle flow in the definite cone.

Using the combination of the different methods, the systematical shift of the absolute

scale can be set 10% for jets with energy less than 40 GeV and 3-5% for jets with transverse
energy above 80-100 GeV.
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