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Abstract

The performance of the Compact Muon Solenoid detector fasmeng missing transverse energy
is evaluated using fully simulated pp collisions at a cenfemass energy of 14 TeV at the Large
Hadron Collider. For minimum bias events without pileup,eaalution of 6.1 GeV is computed,
corresponding to a stochastic contributiorddf3/EEr GeV'/2, whereX Er is the summed trans-
verse energy in all calorimeter towers. When the contriloutd pileup is included, the resolu-
tion degrades according to the overall deposit&fir with the same stochastic coefficient. For
QCD events with event pileup corresponding to a luminosity= 2 x 1032 ecm~2s~!, we compute

o = [(3.8GeV)? + (0.97 GeV'/2\/SEr1)? + (0.012X E1)?]'/2 resulting in a resolution of 45 GeV
for jet events with transverse momentum of 700 GeVA sample oftt events with lepton decays
leading to true missing transverse energy was used to deketire azimuthal angle resolution to be
0.1 radians (0.2 radians) for a reconstructed missing\eans energy of 200 GeV (100 GeV).

*) Work done in partial requirement to fulfill the PhD degree.



1 Introduction

It is well known that the understanding of detector respdaassandard model physics from quantum chromody-
namics (QCD) is a prerequisite to the search for new phenaratthe Large Hadron Collider (LHC). Beginning
with UA1 [1], all major detectors at hadron colliders havebelesigned to cover as much solid angle as practi-
cally possible with calorimetry. This was a major considierain the design of calorimetry for the Compact Muon
Solenoid (CMS) [2]. The primary motivation is to provide asrplete of a picture as possible of the event, includ-
ing the presence of one or more energetic neutrinos or otbakh-interacting stable particles though apparent
missing energy. Energetic particles produced in the doraf the beam pipe make it impossible to directly mea-
sure missing energy longitudinal to the beam direction, dw@x, the transverse energy balance can be measured
with an accuracy good enough to help establish a physicatsigninvolving one or more non-interacting particles.
The W boson was discovered and its mass determined to 3%usith pvents due to the ability of UA1 to infer the
presence of 40-GeV neutrinos with a resolution of a few Gdv$tce the time of the W discovery, measurement
of missing transverse energy has been a major tool in thetséarnew phenomena at hadron colliders [4],[5].

Measurement of the missing transverse energy ve®&'"{) in events at the LHC will be complicated by the

presence of pileup collisions. In CMS, measuremerE#* will be further degraded by the difference between
photon and pion response in the calorimeters and by the bgodiracks by the 4-T magnetic field. On the other
hand, the excellent cell segmentation, hermeticity, aratidorward coverage of CMS will help measurement of
E%HSS.

2 Calculation of Missing Transverse Energy in CMS

Readout cells in the CMS hadron calorimeter (HCAL) are ayeghin a tower pattern in, ¢ space, projective
to the nominal interaction point. The HCAL cells have a segiaton of 0.087 x 0.087 in the central region
(Inl < 1.74) and approximately.17 x 0.17 for 1.74 < |n| < 5 [2]. Since the granularity of the electromagnetic
crystal calorimeter (ECAL) [6] is much fine®.017 x 0.017) than HCAL, calorimeter towers (ECAL plus HCAL)
are formed by addition of signals in ¢ bins corresponding to individual HCAL cells. In total thene 4176 such
towers, which when unfolded, may be represented in a faniiégo” plot (Fig. 1) [7].

Figure 1: Then, ¢ tower segmentation in CMS. The towers are defined to matclgrdweularity of the hadron
calorimeter.

The missing transverse energy vector is calculated by sagpindividual calorimeter towers having energy;,
polar angled,, and azimuthal angle,,:

Emiss = —%(E,, sin 6, cos goni + E,, sin 6, sin gonj) = E;mssi + E;“issj .
The towers must pass a threshold cutif > 0.5 GeV in order to enter the missing transverse energy sum.
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Reconstructed muons are taken into account by replacingxiected calorimeter deposit (about 4 GeV) with the
reconstructed trackr. Section 8 discusses further corrections to the reconetiunissing transverse energy.

3 Expected Performance

Accurate measurement missing transverse energy in indiVelents is a difficult experimental problem, because
various detector factors are known to contribute in subtgsy These factors include energy resolution, limited
detector coverage, nonlinearity of calorimeter respodstector granularity, noninstrumented material, magneti
field and its effect on lowr charged particles, quantization of detector readoutfreleic noise, event pileup, and
underlying event. In spite of all these detector subtletiegsER:!** resolution in CMS is expected to be dominated
by calorimeter energy resolution.

The total scalar transverse ener@yHr), defined as the scaldit sum of all calorimeter towers in an event, is
a quantity highly associated witAss [8]. Many properties of reconstructed missing transversagy can be
expressed as a function dfEr because of its direct influence on th&"ss resolution via stochastic effects of
calorimeter showers and the process of signal collectibie. fissing transverse energy resolution is normally de-
termined by fitting the width of the measurégiss orE;}“SS distribution in a sample of events in which no missing
transverse energy is expected [3]. In minimum bias coltisiat UAL, the resolution was observed to follow the
form o = 0.4y/SE7 GeV'/? where the constant 0.4 depends directly on the stochasticlt&/Er GeV'/? in

the calorimeter resolution [3],[9]. The CDF experimentjetthas a scintillating tile geometry similar to CMS (and
a completely different magnetic field configuration complaie UA1, solenoidss. dipole), observed a transverse
energy resolution of = 0.47vXEr GeVY?in Run | [10]. From the UA1 and CDF results and the measured
CMS calorimeter resolution stochastic term from test be&mi6/Er GeV'/2 [11], one may expect a missing
transverse resolution in CMS ef~ (0.6 — 0.7)\/SEr GeV'/2 for minimum bias events with no pileup, when
dominated by the shower fluctuations.

4 Event Samples

Previous studies aB™ss in CMS [12] were limited by the use of less sophisticated $ation and reconstruction
tools. A more advanced understanding#fss in the CMS detector has required the large event samplelablei
from the recent data challenge [13]. These Monte Carlo eweith full-detector simulation have been used to
study theE®iss performance of the CMS detector and to develop correcticimigues, as well as to evaluate and
optimize the trigger.

The samples were generated with PYTHIA [14] using the CM®xsre package CMKIN 3.0.0 [15], simulated
with Geant4 [16] using the CMS software package OSCAR 2.44, [and digitized with the CMS object-
oriented reconstruction code ORCA 7.6.1 [18]. The signanév are combined with low-luminosityC( =

2 x 10%% em—2s!) pileup corresponding to an average of 3.4 fully inelasttisions per 25 ns beam cross-
ing. The following samples were used in this stud§® minimum bias events}.2 x 10 QCD events with parton
transverse momenta< pr < 4000 GeV/c, 5 x 10° W+jet events, and x 10° tt events. Details about the data
samples, generation and simulation parameters, and tegctien description can be found in ref. [19].

Event reconstruction and physics analysis was performdud@RCA 8.7.1 [18]. No additional thresholds on the
calorimeter towers, beyond tHer > 0.5 GeV already mentioned, are applied for jet reconstruction erhss
calculation. Muons reconstructed at level-3 (offline) areided in the determination df¥*'** . No significant
difference is observed in thE™'*s resolution for the QCD samples between two different mugorhms used
in ORCA.

5 Performancein Soft Collisions
5.1 Minimum Bias Without Pileup

Figure 2 shows the distribution of reconstructefl from a high-statistics sample of fully-simulated minimum
bias events without pileup. The event simulation includegle and double diffraction. There is a minimum
value of reconstructell Er, an offset, that is dependent on the calorimeter cell tlulelsh cooresponding to an
online zero-suppression, that are used to form the calteinb@wers. For this sample, the offset is 142 GeV. The
average value of 194 GeV in Fig. 2 corresponds for of 52 GeV above the offset. This 52 GeV of event activity
determines the size of the stochastic term in /& resolution for this sample. Figure 3 shows the distribution



of E™iss, The width of this distribution is = 6.1 GeV in agreement with expectation of addition in quadrature of
a 3.8 GeV noise term andie63v/S E GeV'/? stochastic term. It is important to note that at this stageyvector
Emiss = E,i+ EyJ is made using towers that have been formed from ECAL cellbreaéd for photons and
HCAL cells calibration for hadrons, appropriate perhapsiftderstanding the detector response to first collisions.
It is believed that making use of energy flow techniques ssdha charged track corrections [20] will ultimately
improve theEss resolution.
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Figure 2: Distribution o Er for minimum bias events with no pileup. The reconstructdgatf(minimum value
of X Er of 142 GeV depends on calorimeter thresholds.
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Figure 3: Distribution ofE™*s for minimum bias events with no pileup. The resolution isG€V is in agreement
with expectations based on a stochastic ter.@$/> Fr GeV'/? and a noise contribution of 3.8 GeV.

5.2 Soft Collisons With Pileup

The addition of pileup increases the obser¥efl; as shown in Fig. 4 for a sample of soft QCD collisions with
0 < pr < 15 GeV/c. The average value & Er in the sample shown in Fig. 4 is 166 GeV greater than that of the
minimum bias sample without pileup (Fig. 2). The corresppganissing transverse energy resolution (Fig. 5) is
9.9 GeV. This increase from 6.1 GeV (without pileup) to 9.9/Gwith pileup) is in agreement with expectations
from a stochastic term df.63v/SEr GeV'/2. Thus, the presence of pileup does not adversely affeciies
resolution beyond raising the overall activity £) of the event.
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Figure 4: Distribution ofE+ for soft QCD collisions § < pr < 15 GeV/¢), including in-time event pileup
corresponding to a luminosity af = 2 x 10%3cm—2s7 1.
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Figure 5: Distribution ofE™** for soft QCD collisions § < pt < 15 GeV/c), including in-time event pileup
corresponding to a luminosity df = 2 x 1033cm~2s~!. The resolution is 9.9 GeV.

A more detailed comparison of the reconstructed missingstrarse energy resolution from minimum bias events
and soft QCD events is shown in Fig. 6. The minimum bias and @&bples of Fig. 6 both include in-time event
pileup corresponding to a luminosity 6f= 2 x 1033cm~2s~!. Figure 6 shows th&iss resolution, determined
from fits to reconstructed™s distributions like that of Fig. 5, for minimum bias eventgpém circles) and soft
QCD events() < pr < 15 GeV /¢, (solid squares). The resolution as a functiortdir has parameterized with a
fit (solid curve in Fig. 5) that gives

o = [(4.0 GeV)? + (0.63 GeVY/2\/SE — 142 GeV)?]/2,

The stochastic term is the same as observed in minimum bilésiaes with no pileup (Fig, 3).
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Figure 6: Missing transverse energy resolution, as detexdiirom Gaussian fits to distributions of reconstructed
Emiss s, reconstructed Er for QCD soft events) < pr < 15 GeV/c, (solid squares) and minimum bias
events (open circles), including in-time event pileup esponding to a luminosity af = 2 x 1033cm=2s~!. The
resolution (curve) has been fitso= [(4.0 GeV)? + (0.63 GeV'/2\/SEy — 142 GeV)?]!/2,

6 Performancein Hard Collisions

6.1 Scalar Transverse Energy Sum

The distribution of reconstructédE+ for QCD collisions with varying values of generatr from 20-800 GeV
are shown in Fig. 7. The samples include pileup correspgnttira luminosity of = 2 x 1033cm 2571, A
relatively smallpr interval corresponds to a wide rangedaf. Figure 8 shows the ratio of reconstructétfor ),
to generatedX Er), summed transverse energy (XEt),. The larger value of¥Er), compared tqXEr),
at small values of L Er), is due to a threshold-dependent offset in the reconstricted scale due to electronic
noise. The ratidX Er),/(XEr), may be parameterized (curve in Fig. 7) as

EEr). _ 240 GeV
=5. = 092+ (55, —40 Gev -

Figure 9 shows the contribution of pileup to the reconsed¢EEr) vs. generatedXEr) in QCD events. The
contribution of pileup to the reconstructedEr) is about 350-450 GeV. The dependence of the pileup conimibut
on the generated (signal)ET comes from various detector effects including nonlineapomse, electronic noise,
and theFET threshold used in calorimeter hit reconstruction (0.5 GeV)

6.2 Missing Transverse Energy Resolution

It is well known that missing transverse energy resoluti@asured in high momentum-transfer events will not fit
the same stochastic term as soft collisions [4]. This is dymart to fragmentation effects and contributions to the
jet resolution from linear terms [21]. Figure 10 shows fi#8'** resolution, determined from fits to reconstructed
EXiss distributions, for QCD hard collisions, including in-tinevent pileup corresponding to a luminosity of
L =2 x 10%3cecm~2s71. At low values of S Er, the resolution (Fig. 10) agrees with that determined fraift s
collisions (Fig. 6). The resolution as a function®f/r has been parameterized with a fit (solid curve in Fig. 10)
that gives
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Figure 8: Ratio of reconstructéd 1), to generatedX E), summed transverse energy (X Er), from QCD
events with pileup. The increase in the ratio at low value§Xf'), is due to a threshold-dependent offset in
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40 GeV].

o =[(3.8 GeV)2 + (0.97 GeVY2\/SEy — 350 GeV)2 + [0.012(ZEr — 350 GeV)]2]+/2

The large QCD cross section at the LHC will allow us to dirgatleasure distributions gfiss andE;niSS both
with and without pileup in order to directly determine thessing transverse energy resolution under operating
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Figure 9: Contribution of pileup to reconstruct®d“r as a function of generatedEr. The dependence on
generated ' is due to detector effects.
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6.3 Reconstructed Missing Transver se Energy

Reconstructedss in QCD events is directly related to tH&»*s resolution [4]. The observel:* distribution,
by its construction, has a one-sided tail. A snfallinterval can create a wide spectrumiofss at both generator
and detector level. The reconstructeq’s for different intervals of parton-level generafiar are shown in Fig. 11.
The samples include pileup corresponding to a luminositg ef 2 x 1033cm~2s~1. The distributions for each
pr range are normalized by production cross section. The riatied cross section of the lowest interval of
20-30 GeV¢ (0.8 mb) is more than 6 orders of magnitude higher tharpthimterval of 600-800 GeV/c (0.2 nb).
Thus, the inclusiveEss spectrum is expected to be dominated by [pwQCD events. Events with very large
reconstructed=ss (> 100 GeV) can be seen for large values of genergtedand are due mainly to energetic
neutrinos and nonidentified muons.
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Figure 11: Reconstructed missing transverse energy spec@CD samples that correspond to parton-leel
ranges of (from left to right) 20-30, 30-50, 50-80, 80-122041170, 170-230, 230-300, 300-380, 380-470, 470-600,
600-800 and 800-1000 GeX/The samples include pileup corresponding to a luminosity & 2x1033cm—2s~ 1.

The reconstructedss in QCD events (with pileup) as a function By is shown in Fig. 12. AEE = 2000
GeV, which corresponds ter ~ 700 GeV£ jets (see Fig. 7) , an averagéss of about 60 GeV is reconstructed.

This number is consistent with measurement of such jetsavifsolution ofl.25 GeVY/2\/Er [22] plus a small
contribution from the underlying event. A fit to the reconsted missing transverse energy gives

(Emiss) — [(5.4 GeV)? + (1.23 GeVY2/SEr — 350 GeV)? + [0.019(ZEr — 350 GeV)]?]/2.
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7 Contribution of Jets and Unclustered Towers

Since jets dominate th&r structure QCD events, it is interesting to investigate thetrgbution of jets and un-
clustered towers to the reconstructed missing transveesgg Two regions are defined in an event: the jet region
(defined by the jet cones) and the unclustered region (adfricaéter towers that are outside jets). The value of
Emiss can be calculated separately for each region. The two regiondefined by the reconstructed event at the
detector level; at the generator level, particles are @atmtwith one of the two regions based on their direction.
The definition of regions is performed for every event.

Jets are reconstructed by the iterative cone (IC) algorithpiemented in ORCA with cone size ¢ = 0.5
and a minimum jet threshold gfr > 20 GeV/c [22]. The towers that do not contribute to jets are collected
as unclustered towers. The jet cone size was varied to igaéstthe effect on the region definition afiss
guantities. We use the axis of IC jets withia= 0.5 cone as input to rebuild the jets with new cone sizes of
R =0.2, 0.4, 0.6 and 0.8. Fig. 13 shows the ratidldf in the jet region to that in the unclustered region. as a
function of reconstructe® Er for the different cone sizes. A cone size®f= 0.2 contains only the core of the
jet[9]. At XET = 1700 GeV which corresponds to jets with average transverse moméiaapooximately 530
GeVle (see Fig. 7), about 3/4 of the reconstruckefly is inside theR = 0.5 jet cones. As expected, the jets play
a dominant role in defining the reconstructefts* in the event. Figure 14 shows the contributions to the missin
transverse energy resolution determined separately égettand unclustered regions.
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Figure 13: Ratio of reconstructedE in jet region to that in the unclustered regian X E for jet cones of size
R=0.2,0.4,0.6,and 0.8.
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transverse energy resolutiors reconstructed Er.
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The direction { angle) of reconstructed missing transverse energy in thiegéon is strongly correlated to that in
the unclustered region indicating that the underlying eeentributes to the overall balance Bfss. Figure 15
shows thep angular correlation between the missing transverse engxgipr reconstructed in the jeEg‘jiSS)

and the unclustered®ais*) regions for two different QCD samples, (#) GeV/c < pr < 50 GeV/c and (b)
50 GeV/c < pr < 80 GeV/c, and four different cone sizes?(= 0.2, 0.4, 0.6, and 0.8). The difference in
azimuthal angle for these vectorA) is defined relative to a back-to-back configuratiomas = ¢; — ¢, — ,

whereyp; andyp, are the azimuthal angles of the reconstructed transveesgyewectors in the jet and unclustered
regions. The correlation is stronger for lower jets where the importance of the underlying event for overal

Emiss palance is greater.
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Figure 15: Thep correlation between the missing transverse energy veoosistructed in the jet and unclustered
regions for QCD samples with (@) of 30-50 and (b) 50-80 GeV for four cone radii =0.2, 0.4, 0.6 and 0.8.
The peak shows that the vectd§,> andEx* are back-to-back.

Fro QCD events, it is expected that the direction of recoictdd missing transverse energy be opposite to
that of the most energetic jet. Fig. 16 shows ¢heifference between the highe jet andEL s,

As an additional check of detect®** performance, one may look at the resolution in a directidchagonal to
the jet axis. By choosing this direction, the observed rggmi is independent of the reconstructed jet resolution,
but rather is dominated by the underlying event and piledwic This distribution is shown in Fig. 1%s.
reconstructed Er. The result may be fit to the form

o =1[(9.9 GeV)? + (0.48 GeV'/2\/SEr — 350 Gev)Q]l/Q _

As expected, the resolution is comparable to that observedft collisions (Fig. 6).
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8 Correctionsto Exiss

Earlier studies [23] show that using calibrated jet eneplescan restore the average missing transverse energy
scale in processes containing genul#igss, but similar methods do not significantly reduce the fakenstructed
ERiss QCD events, which mainly comes from stochastic effect obrgaleter jet energy response. Samplestof
and W+jet events were used to investigate the effect of jaections on the missing transverse energy resolution.
The inclusive jep),.,,r spectra are shown in Fig. 18.
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Figure 18: Inclusive jebt spectrum from QCD (solid line}t (dotted line) and W+jet with W+ between 40 and
300 GeV (dash line).

Samples oft and W+jet with leptonic decays were used to investigate r&tcoction of events which contain a true
Emiss_ Cuts on the lepton transverse momentym ¢ 20 GeV) and pseudorapidityl| < 3.0 for electrons and
|n| < 2.4 for muons) were implemented during detector reconstroctiets are reconstructed using the iterative
cone algorithm with a cone siz@ = 0.5, seed threshol@t = 1.0 GeV, minimum jet thresholdt = 15 GeV,
and calorimeter tower thresholdr = 0.5 GeV,

Figure 19 shows the reconstructegss andX Ex spectrum intt and W+jet events. The are plotted separately
for the case where leptonic decay of a W is forced at the geordevel. Figure 20 shows the uncorrected recon-
structed jetpr vs. generated jepr for QCD, tt and W+jet events. In basing the jet corrections on QCD events,
which is done in order to suppress fakg:** from badly reconstructed jets, we introduceadependent bias
into thett and W+jet samples due to their different parton compositiarcorrection is then made tB2'*S by
replacing reconstructed raw jets with Monte Carlo correé@éts [22]. The main purpose of the correction, which
restores the average recontructedfgt in a cone to the average generaféd in the cone is to account for the
nolinearity of the calorimetry. The correction factors el&culated as a function of jetr andn with QCD events
Figure 21 shows the missing transverse energy resolutifimeband after jet corrections for (&) eventsvs. re-
constructedz*s and and (b) W+jet eventes. W pr. Figure 22 shows the error in the reconstructed missing
transverse energy scale before and after jet correctian@fat eventsvs. reconstructedzss and (b) W+jet
eventsvs. W pr.
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Figure 21: Missing transverse energy resolution beforeadied jet corrections for (aft eventsvs. reconstructed
ER'ss and (b) W+jet eventss. W pr.
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9 Angular Resolution

To establish a signature for missing transverse energy ievant, it is likely necessary to show that the vector
ETiss does not have the sameas an energetic jet whose energy fluctuation in the caloenmeay well have been
the cause of the reconstructess. Figure 23 shows thEf*** angular resolution as a function of reconstructed
Emiss in tt events with leptonic decays havip§ > 20 GeV before (open circles) and after (closed circles) Monte
Carlo corrections to the jet energies. The resolution isutated by fitting the distributiop, — ¢, wherep, ()

is the azimuthal angle of the reconstructed (generatedimgisransverse energy vector. The angular resolution for
measureds?iss = 45 GeV is comparable to the jet cone size (0.5 radian) but improvégés = 100 GeV to the

jet core size (0.2 radian) [9]. At larger valuesBf'**, the resolution approaches that of the hadronic tower size
(0.1 radian). The Monte Carlo corrections of the missingsv@rse energy vector make only a small improvement,
approximately 0.02 radians for reconstructggis> = 100 GeV, to the angular resolution.
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Figure 23: Phi resolution of the vectB¥rss as a function of reconstructdd?** in tt events with leptonic decays
havingps. > 20 GeV before (open circles) and after (closed circles) Monte €eoirections to the jet energies.

The missing transverse energy angular resolution has a&lsp studied for W+jet events with leptonic decays
havingp% > 20 GeV, which have a different topology than events. In this case, the missing transverse energy
tends to be opposite ip to an energetic jet whose mismeasurement contributestlgirecthe reconstructed
Emiss Figure 24 shows the missing transverse energgsolution as a function of reconstructed W transverse
momentum. The Whr is approximately twice the average of an energetic neutrino which causes a non-zero
reconstructed missing transverse energy. Thus, everidMijtr = 200 GeV /¢, which have a missing transverse
energyyp resolution of about 0.2 radians, correspond to a 100 Ge\tineuh agreement with Fig. 23.

10 Summary

The missing tranaverse energy performance of the CMS detkat been evaluated using fully simulated mini-
mum bias, QCDtt, and W+jet events with high statistics. For miminum bias &vavithout pileup, a resolution of
6.1 GeV is expected, corresponding to a stochastic cotiibof 0.63v/SEr GeV'/?, whereX Bt is the summed
transverse energy in all calorimeter towers. This resuith isgreement with expectatons from measurements at
UA1 and CDF, taking into account differences in calorimetsolution. When the contribution of pileup is in-
cluded, the resolution degrades according to the overpbbsited>: F+ with the same stochastic coefficient. For
QCD events, we expeet = [(3.8 GeV)?2 + (0.97 GeV'/2/SEr)? + (0.012XEr)?2]!/2 resulting in a resolution

of 45 GeV for jet events with transverse momentum of 700 GeW sample oftt events with lepton decays
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leading to true missing transverse energy was used to deteiime azimuthal angle resolution to be 0.1 radians
(0.2 radians) for a reconstructed missing transverse gréi200 GeV (100 GeV).
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