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Abstract

The determination of the jet energy scale will be of key int@oce to many LHC physics
analyses. Several techniques exist that attempt to deterthe jet energy scale, improve
the jet energy resolution, or perform both at the same timéhis note we present a Monte
Carlo-based method to calibrate electromagnetic-sctdebjeinverting the response func-
tion. The techniques presented in this note are useful fatadibration procedures that
require inverting a response function, such as the datewrtalibration usindg; Z)+jet
balance, and even the cell-energy-density and local-hachiibrations. The calibration has
been derived for ATLAS cone jets of radius 0.4 made of towearstapo-clusters, but can
be easily extended to jets reconstructed with other algostor constituents.
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1 Introduction

An accurate jet calibration will be needed for a variety ofasrements that can be performed at the
LHC: ranging from QCD analyses to top quark studies and neygiph searches. In ATLAS, the cell-
energy-density [1] (H1-style) and local-hadron [2] caditions have been studied in detail and used for
physics studies with Monte Carlo simulations. These cafibn schemes use the Monte Carlo simulation
to derive the calibration constants. More recently, aldibition techniques that are derived directly
from ATLAS data have started to be studied. In this efforfjbcation and resolution improvement
are well-separated tasks, and involve different techrigéepossible calibration sequence is shown in
Figure 1.
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Figure 1. Flow of corrections taking jets from their uncedited state (electromagnetic-scale jets) to their
calibrated state. Improvements in the jet energy resaiutam be obtained with data-driven techniques
after the calibration (not shown), or Monte Carlo-basedhmegques, before or after the calibration (H1-
style and local-hadron calibrations shown).

In this note, the corrections before the offset correcti@ignored for simplicity. The offset correc-
tion, is currently under study; but it will only be relevair fevents with pile-up (i.e.: several minimum
bias interactions accompanying the hard scattering). lisreason it is also ignored in this document.
In events without pile-up, like those used so far for most Mdbarlo studies, the calibration is reduced
to a simplepr- and h-dependent correction. This simple calibration can bevddrusing(g; Z)+jet or
di-jet balancing techniques. It consists of measuring amdrting the jet energy response function, to
restore the correct energy scale. Further data-driverections that aim at improving the resolution can
be applied after the simple calibration sequence outlifed@is implemented.

A simple Monte Carlo-based calibration that performs theiision of the jet response function is
necessary for the following reasons:

1. It provides a performance baseline for jets with the aare@ergy scale. This is useful to evaluate
the resolution improvements provided by more sophistecééehniques and is further discussed
in Appendix A.



2. It provides a simple calibration for the very rst datagevbefore there is enough data to obtain a
reliable data-driven calibration.

3. It allows for the study of certain resolution improvemeégthniques using Monte Carlo. These
techniques need jets calibrated with a simple data-driadibration as their input. In the absence
of data, the study of these techniques can only be perfornithcavivionte Carlo-based calibration
that also inverts the response.

4. Itallows physics groups to compare the performance af #imalyses with a simple calibration and
with more complex techniques such as the H1-style calimafl his can be very useful for early-
data analyses, where a simple calibration might be bet@erstood than the more sophisticated
calibration methods.

In this note we derive a simple Monte Carlo-based calibngfiio jets reconstructed with the ATLAS
cone algorithm [3] with radius 0.4 (cone 0.4 jets) using twiffedent input constituents: towers and
topological clusters (topo-clusters) [1]. The calibratie derived for these constituents because they are
currently the two default jet constituents in ATLAS. The mdifference between them is that towers are
detector objects with a xed geometry, while topo-clustare dynamic objects built using adjacent cells
with a signi cant signal. The complex geometry of a topostlr is meant to capture better the shower
of a single particle. Topo-clusters are also noise-sugpredy construction. Note, however, that the
techniques described in this note are applicable to jetsujuiof other constituents too.

The event selection is described in detail in Section 2. Weaaéx the details of theaumerical
inversiontechnique used in the derivation of the calibration in $ec8. Finally, Section 4 shows some
of the results obtained with this calibration, includingrqmarisons with jets calibrated using the H1-style
calibration method.

2 Monte Carlo Samples, Event Selection and Event Reconstrtion

For the studies in this document, two data samples are udddhatatistics di-jet sample made of four
ATLAS data sets, and Z+jets sample with th&'s decaying to di-muons. The former is used to derive
and validate the calibration. To avoid performing the \atiioh exclusively on events fully correlated to
those used in its derivation, the second sample is used asfplie validation too. The names of the
data sets used are listed in Table 1.

\ \ Production Datasets ‘

2]

'% mc08.106051.PythiaZmumilLepton.recon.AOD.e348462r541

N

m mc08.105011.1pythia jetjet.recon.AOD.e344475r586

ko mc08.105012.Jpythia jetjet.recon.AOD.e344475r586

[a) mc08.105013.J4ythia jetjet.recon.AOD.e344475r586
mc08.105014.1pythia jetjet.recon.AOD.e344475r586

Table 1: Production datasets used in this document.

For the derivation of the correction as well as for its vdiioia, reconstructed cone 0.4 jets with a
matched truth particle jet within a radius of 0.3in f space are used. This matching radius rejects very
few jets even at lowpr, as shown in Figure 2. The performance of the correctionaislstagainst the
maximum matching radius chosen for matching radii rangiomf0.2 to 0.7 to be discussed in Section 4.



Tty E
P B EATNTRTONN SOV £ 3 AR RS VR T T T T B AU RO
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
dR(reco,truth) dR(reco,truth)

= l?w \\\ww\\\w‘mwm\\\\wg -‘?1*“ “_“" —
3 E Tower Jets 20 GeV<p <50 GeV 3 3 [ G B
< M, ] & [ ]
8 . 1 Tower Jets 50 GeV<p:“m<1OO GeV g L H 7]
=107 h 3 &= [ |
= : — — - Tower Jets 100 GeV<p*"<500 GeV J e 08 J; ]
H 7 > Es 4
F y |h<0.3 y g [ l : i
2k LY i S g6l wuth J
107 E L El g P ——— Tower Jets 20 GeV<p <50 GeV ]
= T 3 S Eod i
r L L. ] (s} L |: --------- Tower Jets 50 Gev<p:”‘”<100 Gev |
10°% = OA?! — — - Tower Jets 100 GeV<p""<500 GeV |
E 3 ; Ihi<0.3 ]
i y 0.2 —
10*E b
£ L
0

Figure 2: Left: Probability distribution for cone 0.4 towjets withjh£59 < 0:3 from the di-jet sample

as a function of truth matching radius. Distributions areveh for jets with 20 Ge\k pi'® < 50 GeV
(solid line), 50 Gev< piu® < 100 GeV (dotted line) and 100 Ge¥ p''® < 500 GeV (dashed line).
The matching radius is the distancehin f space between the reconstructed jet and the closest truth
particle jet. The jets used weisnlatedas de ned in the text. Right: Cumulative probability of themse
gquantities shown on the left plot.

Jets used in the derivation of the correction and the vadidedre also required to hieolated In
the di-jet sample, the isolation requirement tries to reenjets that are split, and are thus close to each
other. This is achieved requiring that the reconstructedges not have another reconstructed jet within
a radius of 1.0. Split jets are expected to have a differeatggnscale and should be treated separately.
The development of such treatment is beyond the scope afivhés

In the Z+jets sample, an additional isolation requirement is addedmove from the sample high-
energy muons that lose a substantial fraction of their gnierthe calorimeter. This is achieved requiring
that the jets used do not have the two leading reconstructeshsn(reconstructed by either Muonboy or
STACO [1]) within a radius of 0.5. Jets are also required teeliaf > 2:7 with respect to the trugé of
theZ-boson. This favors the selection of quark jets over glutsfimm nal-state radiation. Since the
di-jet sample is dominated by gluon jets, this selectioaved investigating the effect of avor in the jet
response.

The correction is derived in rather coarse bingigf;°, the reconstructeti of jets at the electromag-
netic scale, to mimic what the rst data-driven calibraiomay look like. However, i regions where
the response variations are most dramatic, the binningeas. he bins used are those limited by the
following jhj values: 0.3,0.8,1.4, 1.5, 1.6, 1.7, 2.1, 2.8, 2.9, 3.0,32,3.3, 3.4, 3.5, 3.6, 4.5. In the
rest of this noteh refers to the reconstructedof the jet for the calibration being considered (i.e™°
for jets calibrated in the H1 styléy5{;° for electromagnetic-scale jets, ...).

TheZ+jets sample was simulated with detector conditions (ORXND-00-00-03) that represent the
calorimeter status as it was at the end of 2008. Some regiens, thus, not operational. In order to
obtain a uniform response fnand to make meaningful comparisons with the di-jet dataseb(structed
with ideal detector conditions), a set of ducial cuts wapkgd in the differenth bins. This set of cuts
is summarized in Table 2 and is further discussed in AppeBdix

3 Numerical Inversion Technique

The simple calibration derived in this note is based on tkiersion of the response functidtf p7°°°) =
pE=p{ ¢, where pf refers in our case to the reconstructed at the electromagnetic scalpfg}:
Given the response functid®(pF), the pr of a jet can be estimated @& °°=R(pT°). However, it is
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| _hregion | f region(s) excluded

[ 33, 14 [ 2,0:4]
[0;0:3] [ 1.6; 0:6]
[0:3;0:8] [ 16; 0:6],[23]
[1:7;2:8] [ 0:2;,1:2]

Table 2: Fiducial cuts used for jets from tHesample.

not clear how to parameterize the response as a functigfdf because for xedp® the response
distribution is not Gaussian. On the other hand, the caketenresponse for jets of xepE{“e is Gaussian,
as illustrated in Figure 3. The shape of the distributionbiois of p1°°°is determined by the underlying
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Figure 3: Left: Response distribution for tower jets of 30/Ge p® < 32 GeV from the di-jet sample.
The Gaussian tis overlaid. Right: Response distributiontbwer jets of 20 Gew pFg}, < 21 GeV
from the di-jet sample. The limits of thplSg}, bin are chosen so that the same kinematic region of
the calorimeter is explored (i.e.: jets wi[ﬁ“'e 30 GeV will be on average reconstructed withig},

20 GeV using the mean response from the plot on the left).

falling pr spectrum of the jet distribution. Since the cross-sectiohigher lowpi® jets, for any xed
piece bin, there will be more jets with lowpU® (i.e.: high response). This causes a tail towards the
high-response end of the response distribution.

Thenumerical inversioriechnique has already been used in ATLAS previously [4] beesa problem
similar to this. In essence, this technique allows applyredependent calibrations to reconstructed
jets when the average response of these jets has a deperfep§®. As such, it can be used with
electromagnetic-scale jets (as in this note), but also yeith calibrated by other means (e.g.: local-
hadron calibration) as a nal step to remove any residuaédédpnce of the response as a functiopqaf
There are two steps to this technique:

1. Calculation ofR(p“®) from the GaussiaR distributions in differentp“® bins.
2. Estimation oR(p!®) using the following equation, that holds on averag§ed,= R(p“®) pf“®.

Note thatR(pF<) is, in fact, calculated as a function pFg. However, when it is used as part of the
calibration it is evaluated on a jet-by-jet basis as a fuamctf the jetpife. For this reason, in the rest of
the note pF°and e may be used interchangeably in this context, depending @thehthe emphasis
is on how theR function is calculated or how it is used.

With an expression foR(pif9, the jet can be calibrated through the inversion of the nespas

peAlb = preco=R(pfeco) . The jet four-momentum is calibrated in an equivalent wasingR(pie®) as a
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scale factor for each of its components. The technique cank#® used in data-driven techniques that
calculate the response as a function of some unbiased &stirihtne jetpr such asp% in gtjets events.
In this case, the unbiased estimate would substjtlit&in the steps outlined above.

The two steps of the numerical inversion are illustratedigufe 4. As indicated by this illustration,
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Figure 4: lllustration of the process carried out by the nriocaginversion technique as explained in the
text.

the response calculated in step 1 is used to transform tkisofthe response graph. This transformation
can be done for each point in the graph, or for all jets eretiie calculation of each point of the graph.
The rst option is more convenient when it is dif cult to nd @arameterization dR(pi“®), as it might
be the case when parameterizing as a functiop8? and another variable.

For this note we use the second option. That is, we rst Il @Zsistogram, with axe® and ptTr“e.
Gaussian ts toR for different pi® bins are used to buil&(p{'®) and the points de ning this function
are tto

Q 8 ,
& (n(pr[Gevp)”

with ag = 1 anda are free parameters. In step 2, we re Il the 2-D histograris, time usingR(pi®) piue

for the pt axis. The response function is built again using this netobimm, and tto Equation 1. This

tis what we call R(pFg},), and it is our calibration function. The procedure is iltased in Figure 5.
The numerical inversion procedure handles the non-Gaussiture of the response distribution for

xed pFe. As explained above this is a consequence of the underlgirgrjspectrum. This technique

is not relevant when calibrating calorimeters in contexteere this is not an issue (e.g.: when using

single-particle monochromatic beams).

(1)

4 Validation

In this section we validate the calibration obtained with thethod described in the previous section.
Here we show the most representative plots. The calibrabmstants and additional validation plots are
given in Appendix C.

4.1 p7 Response Studies

The main goal of any calibration is to achievggindependent response centered at 1. Figure 6 shows
the response as a function pf“® for jets from the di-jet sample for differerft bins for the H1-style
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Figure 5: lllustration of the process carried out by the nuoa¢inversion technique with data from the
di-jet sample. In the rst step (left) a t tdR(p“®) is performed. In the second step, the t from the rst
step is used to transform the x-axis of the plot on the leftingi the plot on the right. This is then tto
the same function, giving(pFg},). Each point in these graphs contains equal number of jetthenet
position of the points is determined by the mgrof the jets in the corresponding response distribution.

calibration and the simple calibration based on the nurakniwersion. The numerical-inversion jets
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Figure 6: Response as a function @gf'® for cone 0.4 tower (left) and topo-cluster jets (right) with
the H1-style calibration (hollow points) and the numericekersion calibration (solid points). Thrde
regions are used: a central region (tpgp, < 0:3), an intermediate region (middle;1X jhj < 2:8) and

a forward region (bottom,:8 < jhj < 4:5).

have a more uniform response than the H1-style calibraéitsif the current release.

The response shapes are different for topo-cluster and fetgebecause the same weights are used
to correct both types of jets, while the cell energy dersitisange after the noise subtraction performed
by the topo-clustering algorithm. The non-linearity forthvdypes of jets arises due to several effects.
One of the effects is a mathematical bias that has been egprt5]. Another relevant effect occurs
because the H1-style calibration has been derived with @amuam matching radius for reconstructed
to true jets §RIUMN of 0.2. As explained in Section 2, we are showing the respdmsall isolated jets
with dRIUN=0.3. Jets that are reconstructed far away from their cporeding true jet will have lower
response, because not all particles in the jet fall withenrconstructed cone. Therefore, the jets used
in deriving the H1-style calibration have a bias towardshbigresponse values. This leads to an overall
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lower response when jets with larger matching radii are ickensd.
This effect can be observed if we apply the numerical ineersiorrection extracted witiR= 0:3
to jets varyingd R, This is shown for jets withhj < 0:3 in Figure 7. The left plot shows the response
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Figure 7: Left: Response as a functiong*® for cone 0.4 topo-cluster jets phj < 0:3 for different
upper bounds on the matching radius between reconstruntetie jet. Right: Response for a low-
bin as a function of the upper bound on the matching radi&g )

as a function ofp™“® for different values ofIRIUN. Clearly the effect is most signi cant at loywyr. The

response also increases more rapidlyd&¥uth < 0:2. This is also shown on the right plot, where the

response is shown as a functiord®“!" for a low-pr bin. The response becomes stabledBuh & 0:3.

This, together with the results shown in Figure 2, justi ke thoice ol RIUN = 0:3. Thepr dependence

of these plots is due to the angular resolution of the caletem and it is further discussed in Section 4.3.
The response as a function bfhas also been studied, and can be best summarized by the plots

shown in Figure 8. The response for the H1-style calibraksooentered at 1 for topo-cluster jets,
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Figure 8: Response as a function bffor cone 0.4 tower (left) and topo-cluster jets (right) of
piie> 20 GeV. Jets calibrated with the numerical-inversion eatibn (solid points) and the H1-style
calibration (hollow points) are shown.

and it is a bit low in the barrel for tower jets. The responsetlfi@ numerical inversion calibration is
also centered at 1 with uctuations of 3%. These uctuations are partially due to the rather coarse
binning inh used in the calibration, and are absent in the regions wheer dinning was chosen (e.qg.:
2:8< jhj < 3.6). The pattern in the response after numerical inversiorocdy be understood when the
binning effects are considered together with the varyirgpoase pattern at the electromagnetic scale.
For reference, the response as a functiorh dbr jets at the electromagnetic scale is shown for three
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different pr bins in Figure 9.
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Figure 9: Response at the electromagnetic scale as a farattie for cone 0.4 tower (left) and topo-
cluster jets (right) of 20 Ge¥ pi“¢< 40 GeV (hollow circles), 100 Ge¥ pi®< 150 GeV (solid cir-
cles) and 400 Ge¥ pi'®< 500 GeV (hollow squares).

The response has also been studied inZhgets sample. This sample is statistically independent
from the di-jet sample, so it allows studying the statidtigacertainty associated with the numerical
inversion calibration. In addition, thpr spectrum of jets in this sample is different from that of the
di-jet sample, so any bias correlated with the form of thiscsfum can also be studied.

With the event selection used in this sample, jets are eggdotbe mostly quark jets, particularly in
the barrel region. Quark jets have, in principle, a higharage response than gluon jets because they
have a harder fragmentation. Since the di-jet sample is osagpof a mixture of gluon and quark jets,
the response is expected to be higher inZhgets sample than in the di-jet sample. Thus, this study can
be used to estimate the magnitude of these avor effectspaued with the statistical anpy-spectrum
effects mentioned above.

The response as a function p§U® for jets from theZ +jets sample in the same regions as in
Figure 6 is shown in Figure 10. The response is systematibaher than in the di-jet sample for jets
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Figure 10: Response as a functionggf for cone 0.4 tower (left) and topo-cluster jets (right) frone

Z +jets sample. Jets calibrated with the H1-style calibraffwllow points) and the numerical-inversion
calibration (solid points) are shown. Thré&eregions are used: a central region (tpfpj < 0:3), an
intermediate region (middle,;2< jhj < 2:8) and a forward region (bottom;&< jhj < 4:5).
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calibrated with either technique. This effect is more pramsed for central jets. This is as expected,
since our selection chooses more quark jets in the cengideln the forward region, there are more
jets from nal-state radiation, so there are more gluon.jétse avor composition is then closer to that of
the di-jet sample and so is the response. This effect carbalsbserved in Figure 11. This gure shows

v 1l T =
%1 08 = o H1 Tower Jets p:”9>20 GeV = o  H1Topo Jets p:”e>20 GeV =
o or 1 B
él.OG = e N.IL Tower Jets p:“e>20 GeV — e N.I. Topo Jets ;ﬂ“e>20 GeV ?
= B . 5
o o » o ° A N s T &
1.04E . ) .0.... ‘o°.'\. Vo 1 oo .....O.. o ~OO =
1.02F ¢ 0% ° L. % o, LA 1 od (; R® 2 .o
E ,{5%-“ % I @, o g
et D e s i
ool ey Y o T
988 4oy & o g s 020 13 {.%
096 o 0 TR 96 s 1 f
0.94 ° 00 = ¥ j
0.92F = =
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0.9

>
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Figure 11: Response as a functionfofor cone 0.4 tower (left) and topo-cluster jets (right)pif® >
20 GeV from theZ +jets sample. Jets calibrated with the numerical-inversialibration (solid points)
and the H1-style calibration (hollow points) are shown.

that the response for central jets is shifted upwards [3#6, while the response of forward jets remains
at 1. These values set a lower bound on the systematic undertaih avor-dependent corrections
are ignored. The numerical-inversion calibration is aateito 4% in ptTrue and h, after effects of
avor, statistics and underlyingpr spectrum are considered. Samples with strong biases tevo#ndr
jet avors (e.g:b-jets) may have larger systematic biases in the response.

For jets calibrated in the H1-style, the response is onlftesdhiupwards for topo-cluster jets, while
it is shifted downwards for tower jets. This effect is due e underlying jet spectrum and the -
dependence of the response. The mparof jets from theZ+ jets sample is lower than that of jets
from the di-jet sample. This implies that jets from the jets sample are probing the lops part of the
response, which is lower. This effect tends to pull the raspdor jets above 20 GeV down. The effect is
pronounced for tower jets because their response after etk calibration has a strong dependence
with pr. The effect is small for topo-cluster jets, so the respossegher in theZ+ jets sample, showing
the avor effect discussed above.

4.2 pr Resolution Studies

Another key performance measure is the jet energy resaoltie standard deviation of the response
distribution). The comparison between the H1-style catibn and the numerical-inversion calibration
is interesting because the latter only corrects the jeiggresale of jets, while the former is meant to also
improve the resolution.

The quantity used for this comparison is not the absolutelugen, but the fractional jet energy
resolutionsgr=R. For this study, only jets from the di-jet sample are usede dbmparison between the
different calibrations is shown in Figure 12.

Overall, topo-cluster jets perform slightly better thamvéo jets, particularly in the forward re-
gions. The numerical-inversion calibration performs canaply to the H1-style calibration for jets of
pi'e. 40 GeV. For highpr jets the H1-style calibration performs better, as expeasgecially in the
barrel region ( 30% relative improvement at 500 GeV), but also in the forwaglon ( 15% relative
improvement at 500 GeV for topo-cluster jets). For towes jatthe forward region, H1-style seems to
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Figure 12: Fractional jet energy resolution as a functioppfor cone 0.4 tower (left) and topo-cluster
jets (right) with the H1-style calibration (hollow pointand the numerical-inversion calibration (solid
points). Threeh regions are used: a central region (tppj < 0:3), an intermediate region (middle,
2:1< jhj < 2:8) and a forward region (bottom;&< jhj < 4:5).

provide a performance improvement for the fpil range. However, this improvement is only apparent.
Such apparent improvement can appear if the response istomicedly decreasing as a function pf
(see Figure 6). A similar argument suggests that the rasolfior low-pr jets calibrated with the H1-
style calibration in the central regions may appear to besevan these plots than it would be if the jet
response was at. This topic is elaborated in Appendix A.

4.3 Angular Resolution Studies

We have also studied the angular resolution and its impatieifet calibration. Here, as in Section 4.2,
the comparison between the numerical-inversion and Hg-s@libration is interesting. The H1-style
calibration changes thigh; f) coordinates of the jet, while the numerical-inversion lmaion provides
a simple scale factor to the jet four-vector, thus leavieglitection unchanged.

For these studies, we compare the width of thg, fyue @nd hreco  hiue distributions for jets
from the dijet sample. We show the width of Gaussian ts testhdistributions as a function gf“¢in
Figures 13 and 14. The mean of the distributions has alsodtaedied, and itis 0, as desired, in the full
momentum range for thie regions shown.

The features of thé and h resolutions are common. In particular, when using the nigaler
inversion calibration, topo-cluster jets perform betteart tower jets. However, if the H1-style calibra-
tion is used, the performance is similar for both types of.jdthis implies that the H1-style calibration
improves the angular resolution of tower jets, but leavesahgular resolution of topo-cluster jets un-
changed. This is currently not understood.

It is worth pointing out that thé and h resolutions in the barrel at lowr are  0:07 and 0.06,
respectively. This leads to a radial resolutionhin f space of 0.1. This means that @R/ of 0.1
cuts out 32% of the jets. This con rms that the results shown in Figédrean be attributed to this
resolution effect.
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Figure 13:f resolution as a function gt for cone 0.4 tower (left) and topo-cluster jets (right) with
the H1-style calibration (hollow points) and the numericekersion calibration (solid points). Thrde
regions are used: a central region (tpgp, < 0:3), an intermediate region (middle;1X< jhj < 2:8) and

a forward region (bottom,:8 < jhj < 4:5).
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Figure 14: h resolution as a function gbr for cone 0.4 tower (left) and topo-cluster jets (right) with
the H1-style calibration (hollow points) and the numericekersion calibration (solid points). Thrde
regions are used: a central region (tpgp, < 0:3), an intermediate region (middle;1X jhj < 2:8) and

a forward region (bottom,:8 < jhj < 4:5).

5 Conclusions

In this note we have motivated the need of a simple Monte &zaked calibration. This calibration
consists of inverting the electromagnetic-scale respéursaion as a function opt andh. To perform
this inversion, thewumerical inversiortechnique has been described and used. This techniqueeg/wid
applicable for restoring ar-dependent response function in Monte Carlo-based (e Irstife, local-
hadron) and data-driven calibrations alike.

The simple calibration provides a jet response with a mearevaf 1. The jet response is constant
in pr andh within 3% for the di-jet sample used in deriving the correctionZAets sample with a
higher content of quark jets has been used to determineahditst of this linearity studying the change
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of avor content andpy spectrum. The linearity is maintained with a3% upward shift that can be
attributed to the larger response of quark jets inZkgets sample.

The pr resolution of the simple calibration has been compareddgihresolution of the H1-style
calibration, showing a similar performance for Iquwy-jets. For highpt jets the H1-style calibration
provides a signi cant performance improvement over thepbecalibration, especially for central jets.

The angular resolution has also been studied. Topo-cligttecalibrated with H1-style and those
calibrated with the simple calibration developed in thiterare reconstructed with a similarandf res-
olutions. The features of the angular resolution for toveés pre currently not understood. The angular
resolution studies suggest that for jetsp§f®  20-30 GeV the matching radius between reconstructed
and truth jets for performance studies should be &f3.

Acknowledgements

The authors would like to thank James Proudfoot, Ambreesbt&Gurank Paige, Chiara Roda, Sven
Menke, and Tancredi Carli for useful discussions about thearical inversion technique.

References

[1] ATLAS Collaboration, Expected Performance of the ATLA=Rperiment, Detector, Trigger and
Physics, CERN-OPEN-2008-020; arXiv:0901.0512.

[2] T. Barillari et al., Local Hadronic Calibration, ATL-LARG-PUB-2009-001.
[3] The ATLAS Collaboration, Jet Reconstruction Perform@nATL-PHYS-PUB-2009-012.

[4] Z. Marshall, E. W. Hughes and A. Schwartzman, Track-ddsgprovement in the jet energy resolu-
tion for ATLAS, ATL-PHYS-INT-2008-029.

[5] D. Lincoln, G. Morrow and P. Kasper, Nucl. Instrum. Meth345 449 (1994).

14



Appendix A: Numerical Inversion Performance as a Baseline

In the Introduction, the need for a simple calibration wagivated partially to provide a performance
baseline. This might be counter-intuitive, because a pedoce baseline should be given by the simplest
possible set of reconstruction algorithms. A more inteitbaseline would then be the performance of
the jet reconstruction at the electromagnetic scale,b&fore any calibration is applied. Unfortunately,
the non-linearity of electromagnetic-scale jets rendeeg fperformance inappropriate for this task.
Consider Figure A-1, showing the response and fractiorsdluéion for electromagnetic-scale and
numerical-inversion jets in the barrel region. This gureoss the non-linearity of the response of
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Figure A-1: Left: Response for cone 0.4 topo-cluster jethyij < 0:3. Right: Fractional resolution for
cone 0.4 topo-cluster jets wiflhj < 0:3. Jets are shown before calibration (electromagnetiegets,
hollow points) and after the numerical-inversion calitmat(solid points).

electromagnetic-scale jets. The response for the nunhémigersion calibration is xed at 1 for the full
pr range, and thus the curve showipgc vs pu® will be linear and with a slope of 1. However, it
also shows that the fractional resolution is systematicaditter for numerical-inversion jets than for
electromagnetic-scale jets. This may seem at rst sumgisbecause all that the numerical-inversion
calibration does is to invert the response. There is no aiim@toving resolution, yet this gure shows
that there is such an improvement.

This “improvement' is associated with the restoration @& linearity of the response. That is, the
value of the resolution will be modi ed in the process of wstg linearity to the response. Since we
have no use for jets unless their response is linear piitithe fractional resolution for a jet calibration
with a non-linear response is not a meaningful quantity. ploeess by which the fractional resolu-
tion changes is illustrated in Figure A-2. This gure showbathappens in a xe“® bin when the
numerical-inversion calibration is applied as a functidnpgg},. Jets with a low response are recon-
structed with lowepFey,, and therefore receive a larger correction. Similarlys jeith a high response
are reconstructed with high@e}, and therefore receive a smaller correction.

Application of the inversion results in an apparent improeat in the jet energy resolution because
the response of electromagnetic-scale jets is monotdyigaireasing. However, for monotonically
decreasing response functions, the result will be the ofgdkat is, the calibration process will result
in an apparent deterioration of the fractional resolution.

One example is the response of tower jets calibrated in Hg stythe forward region, as shown
in Figure 6. The form of this response indicates that theahdtactional resolution will be worse than
demonstrated in Figure 12, once the response of H1-styileratbn jets is made linear using numerical
inversion or using other techniques.

For this reason, only the fractional resolutions of calilorzs with a linear response should be studied.
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Figure A-2: lllustration of the process that makes the nucaémversion fractional resolution better than
that of electromagnetic-scale jets. Lower-response @sive a larger correction than higher-response
jets. This causes the fractional width (width/mean) of theusgsian response distribution to be smaller
after the correction.

The numerical-inversion calibration is the simplest aalilon that provides a linear response, and thus
a meaningful baseline for performance studies.
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Appendix B: Fiducial Cuts in the Z sample

The non-ideal conditions of the calorimeters in fhejets sample create “holes' of lower jet response. In
order to avoid these holes and make meaningful comparisdhghe di-jet sample a set of ducial cuts
described in Section 2 is applied. These cuts were detedndtemtifying these holes in plots showing
the response as a function bfin the differenth regions. These plots are shown for topo-cluster jets
for the affectech regions in Figure B-1. The regions left out by our ducial s\tisted in Table 2) are
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Figure B-1: Response as a functionfofor cone 0.4 topo-cluster jets from the di-jet samples vpiftf

> 20 GeV. The numerical-inversion (which fsindependent) has been applied. The regions of low
response correspond to areas where part of the calorimestdraut was switched off. Thie regions
shown are those where ducial cuts were applied. Jets in tlagled areas were left out of the event
selection to avoid biases in these studies.

shaded.
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Appendix C: Numerical Inversion Correction for The Full Det ector

In this appendix we provide the calibration constants ferftlll h range studied and show the response
and resolution plots as a function p§“® for all the h regions that were not shown in the main text of
this note. The calibration function is:

3 a

& (PR, [GevD)”
with ag = 1. This function is de ned for all théh regions outlined in Section 2 and it is different for

tower and topo-cluster jets. The valuesapfor i = 1;:::;4 in all these regions are shown in Tables C-1
and C-2.

(C-1)

| [jhijrange] a \ ap \ ag \ aq |
[0;0:3] |-5.721 101 -8.542 3.370 10! | -3.670 10
[0:3;0:8] | -4.384 10 ! -9.780 3.736 10' | -4.085 10t
[0:8;1:4] | -5.979 10 ! -8.582 3.087 10' | -3.099 10
[1:4;1:5] -1.506 -2.568 1.676 10' | -1.893 10!
o | [1:51:6] | -2.552 10 ! | -1.051 10' | 3.546 10" | -3.478 10!
© | [1:6;1:7] | -1.228 10 2 | -1.177 10' | 3.840 10" | -3.746 10
o | [17;221] | 4233 10 1 | -1.423 10' | 4.598 10" | -4.672 10
5 [2:1;2:8] | -3.102 10 ! -6.946 2.496 10' | -2.685 10t
< | [28;29 | -1.135 10 * -9.701 3.456 10! | -3.647 10
2 | [2:9,3.0] -2.035 7.907 -2.147 10' | 2.300 10t
S | [3:0;3:1] -2.153 7.564 | -1.905 10' | 1.966 10"
O | 31,32 -2.593 7.677 | -1.538 10' | 1.461 10"
[3:2;3:3] -3.556 1.098 10' | -1.630 10* | 1.058 10t
[3:3:3:4] | 4.735 10 1 | -2.592 10' | 9.663 10' | -1.042 10?
[3:4;3:5] 1.645 -2.605 10" | 7.775 10' | -7.205 10
[3:5;3:6] 2.197 -2.868 10! | 8.727 10 | -8.692 10!
[3:6;4:5] -3.504 2.616 10' | -9.008 10' | 1.061 1C?

Table C-1: Calibration constants for cone 0.4 tower jets.

Figures C-1 (tower jets) and C-2 (topo-cluster jets) shosvrdsponse as a function pfU® for jets
from the di-jet sample in alh regions, not previously given in Section 4.1. Similarlye thactional
jet energy resolution as a function pf“® for jets from the di-jet sample in al regions is shown in
Figures C-3 (tower jets) and C-4 (topo-cluster jets). Thaures of these response and fractional jet
energy resolution functions are similar to those alreadgufised, so these plots are only provided for
reference.
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| jhj range] a \ a ag as
[0;0:3] |-6.182 10 ! -7.144 2.589 10' | -2.679 10!
[0:3;0:8] | -5.789 10 1 -7.280 2.544 10' | -2.571 10
[0:8;1:4] | -4.978 10 ! -8.745 2.908 10' | -2.809 10t
[1:4;1:5] -1.460 -2.214 1.352 10 | -1.532 10t
, | [15:16] | -5717 10 L -6.217 1.791 10' | -1.429 10t
% | [1:6:1:7] | -1.010 10 ! -9.921 2.927 10! | -2.629 10
g [1:7;2:1] | 2.432 10 * | -1.198 10" | 3.606 10" | -3.465 10*
S | [21;2:8] | -8.869 10 2 -8.888 3.086 10' | -3.277 10t
S | [282:9 | 3.713 10 11-1.359 10' | 4.766 10' | -5.151 10
o [2:9;3:0] | 3.874 10 ! | -1.553 10' | 5.691 10! | -6.362 10
S [3:0;3:1] -1.061 -2.373 1.360 10' | -1.594 10t
[3:1;3:2] | 7.309 10 ! | -2.394 10' | 8.623 10" | -9.183 10*
[3:2;3:3] | -7.805 10 ! | -1.622 10' | 7.336 10' | -8.509 10
[3:3;3:4] -3.461 1.225 10' | -2.298 10* | 1.985 10t
[3:4;3:5] 1.208 -2.204 10' | 6.836 10 | -6.625 10!
[3:5;3:6] | 1.863 10 1! -7.876 1.979 10' | -1.608 10t
[3:6;4:5] | 6.530 10 ! | -1.529 10' | 5.178 10! | -5.553 10

Table C-2: Calibration constants for cone 0.4 topo-clujsts.

19




1.04g
% 102 8
15, = . o
C oosp® c
O 096 o
O 094 O H1 Tower Jets o O H1 Tower Jets
) 0925, Ld N.I. Tower Jets 7)) . N.I. Tower Jets
O 09 ) 0.3<]h|<0.8 Q ) 2.9<h|<3.0
x °88 30 40 50 60 70 100 200 o 30 40 50 60 70 100 200 300
1.04 1.04 ;
rozc o 1oz ’ﬁm;ﬂﬁ o E
i bW R .98 -
0:96E- E 0.96E E
8:84 » O H1 Tower Jets i 884 3 O H1 Tower Jets E
0.5 = ®  N.L Tower Jets - 05 - ®  N.IL Tower Jets -
S8RE . 0.8<h|<1.4 E 988E ‘ 3.0<jh]<3.1 E
30 40 50 60 70 100 200 30 40 50 60 70 100 200 300 400
s M@M 18 SRR ® .
E O H1 Tower Jets = O H1 Tower Jets =
®  N.I Tower Jets = L] N.I. Tower Jets =
) 1.4<h[<1.5 = ) 3.1<h|<3.2 E
30 40 50 60 70 100 200 30 40 50 60 70 100 200 300 400
Py [Gev]
o 14 . - o 104 . ~
B 1022 caverparpuersasatmn,ste s pttontins ot B 102 E———
C o098 = C 098 33&: E
O 096 M E O 096 R E
Q. 0.94F O H1Tower Jets E O 094 O H1 Tower Jets E
) 09250 ®  N.I. Tower Jets E 0 092 ®  N.I Tower Jets E
O 09F ) 1.5<)h|<1,6 E o 09 3.2<h|<3.3 , 7
x 088 30 40 50 60 70 100 200 300 400 r °s8 30 40 50 60 70 100 200 300 400
1.04 . = 104 . —
;gé i 2 e :)(932' ;M“OWM":.‘MW*%H E
0/96E- Mw 3 0.96E-0 P R00000000 A E
83[21 5000 O H1 Tower Jets i 88‘21 3 O HiTowerJes 900, o E
0.6 ®  N.L Tower Jets E 085 @ NI Tower Jets o E
988 . 16<h<17 Z 988E 3.3<h|<3.4 ‘ E
30 40 50 60 70 100 200 300 400 30 40 50 60 70 100 200 300 400
oy ate. - o - .WMM E
3 = 5000 P00 00 3
e (e} H1 Tower Jets = o H1 Tower Jets E
= ®  N.I Tower Jets z L4 N.I. Tower Jets =
- 1.7<h]<2.1 E 3.4<h|<3.5 E
30 40 50 60 70 100 200 300 400 30 40 50 60 70 100 200 300 400
pye [GeV] Py [Gev]
9 3 g 3
2} SRRSO eRRe Qe QReT g D M be, g gte0etinrey oo E
g E g 0.98 ,OOOOOQOOOQOQMO@:F‘:Q:: i
o o H1 Tower Jets = o 882 o H1 Tower Jets E
[7)] . N.I. Tower Jets - v 092 L4 N.I. Tower Jets
[} ) 2.8<|h|<2.9 3 O 09E . 3.5<)|<3.6
e 30 40 50 60 7080 100 200 300 400 x os8 30 40 50 60 7080 100 200 300
py [GeV] P [GeV]

Figure C-1: Jet response as a functionp$f® for cone 0.4 tower jets in differert regions where the
numerical-inversion calibration was calculated. Jetsbcated with the H1-style calibration (hollow
points) and with the numerical-inversion calibration {@goints) are shown.
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Figure C-2: Jet response as a functiorpf® for cone 0.4 topo-cluster jets in differehtregions where
the numerical-inversion calibration was calculated. datibrated with the H1-style calibration (hollow
points) and with the numerical-inversion calibration {@goints) are shown.
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Figure C-3: Jet fractional resolution as a functionpéf® for cone 0.4 tower jets in differerit regions
where the numerical-inversion calibration was calculatéets calibrated with the H1-style calibration
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Figure C-4: Jet fractional resolution as a functionp§f® for cone 0.4 topo-cluster jets in different
h regions where the numerical-inversion calibration wasudated. Jets calibrated with the H1-style
calibration (hollow points) and with the numerical-invers calibration (solid points) are shown.
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