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Figure 7.7: Total jet energy scale uncertainty as a function of jet pr for various n
values [13].
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Figure 7.8: Updated combined jet energy scale uncertainty as a function of jet pr for
various 71 values. Note that jets used in the analysis of the angular distribution have
In| < 2.4.
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Figure 7.9: The relative uncertainty attributed to JES variations by scaling the jet
energy randomly (red star), up (blue up arrow) and down (magenta down arrow) for
simulated Z+jet signal.

7.2.3. Jet Resolution

The importance of a particle physics measurement is more clearly understood after
comparing it to a given theoretical prediction. Complications arise when a mea-
sured value is subject to random fluctuations caused by a finite measurement resolu-
tion. Each observation is then characterized by a true (and unknown) value ¢ that
is smeared by detector effects and becomes a measured value m. In general, one can
simply smear the prediction to include the distortions of the detector. However, the
measurement cannot be subsequently compared with the results of other experiments
because the smearing is detector dependent. Therefore, the measurement is typically
“unfolded” of detector effects. For the analysis, the jet pr and 7 resolutions have

large effects and thus the angular distribution measurement must be unfolded.
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The continuous distributions for ¢ and m are related by a convolution [36],

frmeas(m) = /R(m|t) forue(t)dt, (7.4)

where R is called the response function and depends only on the measuring apparatus.

For a measurement binned into a histogram, Eq. [7.4] becomes

N

mi =Y Ryt (7.5)

J=1

where N is the total number of bins. The response matrix then has the simple
interpretation of a conditional probability: R;; is the probability that an observed
value in bin ¢ corresponds to a true value in bin j. To obtain the true distribution,

one may invert the response matrix such that
t = R 'm, (7.6)

where t and m are vectors of the true and measured values, respectively. However,
unfolding techniques use regulated procedures (discussed in [36]) in order to minimize
the sensitivity to statistical fluctuations. The unfolding procedures in the analysis
were performed with the RooUnfold package.

The RooUnfold package [37] provides a common framework to evaluate various
unfolding algorithms, providing implementations for the Iterative Bayes [38], Singular
Value Decomposition [39], and TUnfold methods [40], as well as bin-by-bin correction
factor and unregularized matrix inversion methods. We choose to perform a Bayes

unfolding and use the bin-by-bin and matrix inversion methods as references (see

Appendix [A]).
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First, an instructive distribution to study is the response matrix shown in Fig[7.10}
i.e., the comparison between true (generated) and measured (reconstructed) values.
Generated values are taken from the MC generator, before going through a detector
simulation, while reconstructed values are taken after a simulation of detector reso-
lution effects. There are minimal off-diagonal elements; this is attributed to the fact
that the particle-flow algorithm and perform exceptionally well in accounting for

detector resolution and in representing the true particle energy.

Reco vs Gen CoM Cosine (Z - py, 60 < MZ < 120,21 Jet(s) w/ P> 20 GeV)
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Figure 7.10: Reconstructed vs. generated cos 6* in simulated Z+jet signal.

The reconstructed and generated residuals can give us a handle on the uncertainty
attributed to detector resolution (see Fig. . Preliminarily, one can say that
the relative uncertainty is better than 2%. However, as mentioned above, unfolding
provides a more thorough evaluation and the Bayes unfolding results are shown in

Fig[7.12] Unfortunately, we are limited by a lack of collision statistics. Nonetheless,
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the variation in the mean residual is better than 4% and we use this as a conservative

relative uncertainty from resolution effects.
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Figure 7.11: Reconstructed and generated cos#* in simulated Z+jet signal. The
bottom plot shows the residuals, i.e., reconstructed divided by generated.
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Figure 7.12: Results of the Bayes unfolding technique performed on the measured
cos 6* distribution. The bottom plot shows the residuals. The error bar represents
the statistical uncertainty while the yellow error band represents a combination of
statistical and unfolding uncertainty. The total uncertainty is limited by collision
statistics.

Table 7.1: List of relative systematic uncertainties.

Source Relative Value

Muon energy scale and resolution | < 1% (not used)

Jet energy scale < 5%

Jet pr and 7 resolution (unfolding) < 4%
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CHAPTER 8
RESULTS
The final relative Z° angular distribution in the frame is shown in Fig. 8.1
(leading-jet) and Fig. [8.2] (multi-jet), after all selections are applied. The normal-
ization is such that the average value for |cos#*| in the range of 0.0 to 0.3 is unity.
Recall that values of cos§* > 0.90 are subject to a phase space bias (see Chapter [7]).

Comparing the angular distribution to MC simulation allows us to test the pre-
dictions of [pQCD] where significant deviations may signify a need for new physics
models. For the multi-jet method, the data and simulation comparison has a nor-
malized y? = 0.87 with a probability value [41] of 55.4%. The probability value is
a measure of the significance, i.e., how likely is it that the agreement between col-
lision data and simulation is attributed to chance. Comparisons with a probability
value above 5% are considered to be sufficiently in agreement [42]. The differences in
the single- and multi-jet algorithms are discussed in Appendix [C] We conclude that,
within statistical and systematic uncertainties, the measured Z° angular distribution
has no significant deviations from NLO QCD predictions.

Also of interest is the boosted system rapidity for both the leading-jet (Fig. [8.3))
and multi-jet (Fig. [8.4) methods. The boosted system rapidity can be factored out of
the angular distribution cross section (Eq. , where yg only enters in the description
of the [PDFk. Therefore, comparing the yp distribution to [pQCD] predictions allows
us to evaluate our knowledge of the [PDFk. The difference in deviation between
the leading- and multi-jet methods are of interest and will be studied later; these
differences may lead to a better modeling of the PDFk. However, systematic studies
have not been performed and will be evaluated at a later time. We therefore cannot

make any conclusive statements about this distribution yet.
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Figure 8.1: The Z° CM angular distribution for collision data using the leading-jet
method along with simulation residuals. Also shown are the corresponding distribu-
tions for signal (red) and various background (other) simulations. For the top plot,
the collision data error bars represent a combination of statistical and systematic
uncertainties. For the bottom plot, the error bars represent only the statistical un-
certainty. The yellow, blue and green bands represent the PDF, PDF + JES, and
PDF + JES + Unfolding uncertainties. Values above 0.90 are subject to a phase
space bias (see Chapter [7)).
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Figure 8.2: The Z° CM angular distribution for collision data using the multi-jet
method along with simulation residuals. Also shown are the corresponding distribu-
tions for signal (red) and various background (other) simulations. For the top plot,
the collision data error bars are a combination of statistical and systematic uncertain-
ties. For the bottom plot, the error bars represent only the statistical uncertainty.
The yellow, blue and green bands represent the PDF, PDF + JES, and PDF + JES
+ Unfolding uncertainties. Values above 0.90 are subject to a phase space bias (see
Chapter [7)).
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Figure 8.3: The boosted system rapidity distribution for collision data using the
leading-jet method, along with simulation residuals. Also shown are the correspond-
ing distributions for signal (red) and various background (other) simulations. The
error bars represent only the statistical uncertainty. The yellow bands represents the
PDF uncertainty.
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Figure 8.4: The boosted system rapidity distribution for collision data using the
multi-jet method, along with simulation residuals. Also shown are the corresponding
distributions for signal (red) and various background (other) simulations. The error
bars represent only the statistical uncertainty. The yellow bands represents the PDF
uncertainty.
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8.1. Conclusions

For the first time ever, the Z° (— uu) boson angular distribution in the parton-parton
frame was measured at /s = 7 TeV for Z+jet events. The data sample corre-
sponds to an integrated luminosity of approximately 36 pb~'. Events in which there
is a Z° and at least one jet, with a jet pr threshold of 20 GeV and jet || less than
2.4, were selected for the analysis. Event reconstruction was performed using particle
flow, an algorithm designed to optimizing particle identification by exploiting infor-
mation from all subdetectors. Events were corrected for pile-up and were unfolded
to correct for bin migrations attributed to detection efficiency and measurement res-
olutions. The phase space was flattened to correct for biases introduced by lab
frame selections. The measurement was compared to the MADGRAPH [MCl generator,
which simulates the latest [pQCD] predictions. Within experimental and theoretical
uncertainties, the measured angular distribution is in agreement with NLO
predictions; showing that the is valid at the [LHCl energy regime.

Outlook

As the[LHC continues to collect data, the measurement of the Z+jet angular distribu-
tion can become more precise and farther reaches of cos #* may be reached; allowing
for higher precision tests of the at [LHC energies. Higher precision measurements
can lead to better modeling of predictions, improved calibrations of the detec-
tor and tighter constraints on the Higgs background. As of Summer 2011, the [LHC|
accelerator was delivering in a single 12-hour fill the same amount of data that was
delivered in the whole 2010 period. With the current integrated luminosity, there
should be sufficient statistics to extend the measurement while tightening the selec-
tion criteria utilized to correct for the phase space bias. Furthermore, the systematic
uncertainties currently limited by statistics will diminish. The detector has

recorded a total of over 5 fb~! and will continue to record proton collision events un-
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til the end of the 2012 run. From a theoretical point-of-view, future NNLO generators
with 2 — 3,4, 5, ... processes will also allow more detailed comparisons to [pQCD|and

allow us to constrain [PDF| models.
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APPENDIX A

UNFOLDING
Unfolding was discussed in Chapter [7] where we chose to perform a Bayes technique
(see Fig. [7.12). However, we use the bin-by-bin (Fig. and matrix inversion
(Fig. [A.2) methods as cross-checks. We find that all unfolding techniques are in
agreement and have better than 4% relative uncertainties (we use the variation in the

mean since we are limited by statistics).
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Figure A.1: Results of the bin-by-bin unfolding technique performed on the measured
cos 0* distribution. The bottom plot shows the residuals, where the uncertainties are
limited by statistics.
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Figure A.2: Results of the matrix inversion unfolding technique performed on the
measured cos 6* distribution. The bottom plot shows the residuals, where the uncer-
tainties are limited by statistics.
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APPENDIX B
MUON ETA EFFICIENCY
A muon selection dependence on 7 was discussed in Chapter [7] and shown in Fig. [7.1]
This effect was studied in two ways: by correcting for the efficiency using a param-
eterization and by applying a bin-by-bin correction. Figure shows the efficiency

parameterization,

€ = Do +p177+p2772, (B.1)

where pg, p1, and py are the fit parameters shown in the figure. This parameterization
flattens the relatively large inefficiencies (e.g., |n| &~ 0.1 and 1.7) and seeks to correct
for the general n dependence; the correction is negligible and shown in Fig. [B.2] We
also performed a bin-by-bin correction to study the effect of the large inefficiencies.

Both methods of correction have a < .05% effect on the angular distribution.
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Figure B.1: Fit for the single muon selection efficiency as a function of n for a simu-
lated Z+jet signal. Also shown are the fit parameters.
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Figure B.2: Results of the muon selection efficiency parameterization (top) and bin-
by-bin (bottom) correction, shown for a simulated Z+jet signal. Also shown are the
ratios (after/before).
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APPENDIX C
SINGLE- AND MULTI-JET DIFFERENCES
As mentioned in Chapter [0 there are two methods of including jets in CM kine-
matic calculations: the leading-jet method uses the leading pr jet kinematics while
the multi-jet method uses the sum of all jet four-momentum vectors. There is no
motivation for choosing between the leading- and multi-jet methods; the multi-jet
method intuitively accounts for radiation as it would recombine radiated jets with
their parent, but it does not make sense to combine multiple hard-scatter jets (i.e.,
partons from the ME). Below are the noticeable differences in Z° and jet distributions

for the leading- and multi-jet algorithms.

e Jet mass (Fig. : the mass of a multi-jet will generally be greater than that of
a single jet since the multi-jet method combines multiple jets that may be well
separated in 1) (the mass of a composite jet can be approximated as M ~ FEj F»0,
where F; and F, are the energy deposits in calorimeter towers and € is the polar

angle between them).

o Jet pr (Fig.|C.2)): although we apply a jet pr > 20 GeV selection on individual
jets, the multi-jet method vectorially sums the four-momentum of jets and may

result in a jet with pr <20 GeV

As for the angular distributions (Figs. and [8.2)), the multi-jet has a better
agreement with NLO QCD because it better describes the event; the leading-jet

method ignores radiation effects.
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Figure C.1: Jet mass for the leading- (top) and multi-jet (bottom) methods. Collision
data (marker) and signal simulations (red) are shown. Background simulations are
also shown, but are negligible.
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Figure C.2: Jet pr for the leading- (top) and multi-jet (bottom) methods. Collision
data (marker) and signal simulations (red) are shown. Background simulations are

also shown, but are negligible.
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APPENDIX D
CMSSW PHYSICS OBJECTS
This appendix lists the CMSSW 4.2 5 CVS branch “tags” used for the analysis
(Table , along with select methods available in the CMSSW physics analysis

toolkit (PAT]) muon and jet classes.

Table D.1: CMSSW 425 CVS tags used for the analysis.

Package Tag

CommonTools/RecoAlgos V00-03-13
DataFormats/PatCandidates | V06-04-18
FWCore/GuiBrowsers V00-00-57
PhysicsTools/Pat Algos V08-06-38
PhysicsTools/PatExamples V00-05-22
PhysicsTools/SelectorUtils V00-03-17

PhysicsTools/Utilities V08-03-09
RecoJets/Configuration V02-04-17
RecoTauTag/Configuration | V01-02-02
RecoTauTag/RecoTau V01-02-06

RecoTauTag/TauTagTools V01-02-00

PAT Muon Class
The list of methods was adapted from the CMS Doxygen reference manual and are

given with minimal explanation.

charge() particle electric charge
energy() particle energy

et() particle transverse energy
eta() particle pseudorapidity
mass() particle mass

mt() particle transverse mass
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p() particle momentum

p4() particle four-momentum
phi() particle azimuth

pt() particle transverse momentum
pdgld() particle PDG ID

rapidity() particle rapidity

dB() track impact parameter

globalTrack() track reconstructed in both tracker and muon detector
normChi2() normalized chi-square of the global track
numberOfValidHits() returns the number of valid hits on the global track

vertex() track vertex position

ecallso() ECAL isolation energy
hcallso() HCAL isolation energy

trackIso() tracker isolation energy

resolE() resolution of energy
resolEta() resolution of eta
resolP() resolution of momentum
resolPhi() resolution of azimuth

resolPt() resolution of transverse momentum

genParticle() the matched generator particle
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PAT Jet Class

The [PAT] jet class has methods similar to the Muon class, except for the following:

associatedTracks() tracks associated with the jet
correctedJet(...) corrected jet based on input level
jetArea() area (n x ¢) of jet

jetCharge() charge of jet

pileup() calculated pileup energy contribution

chargedEmEnergyFraction() fraction of charged electromagnetic jet energy
chargedHadronEnergyFraction() fraction of charged hadronic jet energy
neutralEmEnergyFraction() fraction of neutral electromagnetic jet energy
neutralHadronEnergyFraction() fraction of neutral hadronic jet energy
muonEnergyFraction() fraction of muonic jet energy

photonEnergyFraction() fraction of photonic jet energy

chargedHadronMultiplicity() number of charged hadronic particles in the jet
chargedMultiplicity() number of charged particles in the jet
electronMultiplicity() number of electrons in the jet

muonMultiplicity() number of muons in the jet
neutralHadronMultiplicity() number of neutral hadrons in the jet
neutralMultiplicity() number of neutral particles in the jet

photonMultiplicity() number of photons in the jet

genJet() the matched generated jet

genParton() the matched generated parton
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