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Abstract

This thesis investigates integrated and differential leading-order cross-sections for the
production of weak bosons with up to two associated jets and leptonic decays at hadron
colliders, i.e. pp — (W~ — (77, + n jets, pP — (WT — £ty) +n jets, pP —
(Z — 74F) + n jets and P — (Z — >, U¥,) +n jets. All cross-sections are
calculated for accelerator setups Tevatron Run II, LHC with 7TeV and 14TeV, and
PDF sets MSTW2008LO (90% C.L.) and CTEQG6L1. In all cases three different scale
choices, static ug = My, dynamic Ez‘f and Hyp, with a variation by a factor of four
have been considered. Additionally, PDF uncertainties have been determined for the
MSTW2008LO results. All results have been calculated using an amended version of the
MCFM 6.0 package and custom Python scripts.

The ratio between the integrated cross-sections for W and W~ production with
leptonic decay and the ratio between the integrated cross-sections for the two studied
decays of the Z production have been calculated. I find that both are very stable for all
scale choices. In contrast, for the Berends-Giele scaling a dependence on the choice of
static/dynamic scale was observed.

Furthermore a variety of differential cross-sections have been calculated. This includes
transverse momentum pr and rapidity y for charged leptons and jets, missing transverse
momentum pr ,;ss, rapidity separation Ay, separation in transverse angle A¢ and AR.
The distance observables use pp-ordered jets, charged leptons and missing momentum.
For zero-jet processes the PDF and scale uncertainties decrease in the large invariant
mass tails and for one and two-jet processes the uncertainties become larger in the tails.
The latter was also observed for transverse momentum distributions.

The differential cross-sections are compared for the different scales and I find that
different choices do not change the position of peaks or general features of the curves,
but tails can differ. I show that varying the static scale by a factor of four is not always
sufficient to cover the central values for dynamic scale choices. For invariant mass distri-
butions, I show that the dynamic scale results are smaller than the static scale predictions
and normally fall within the uncertainty envelope. Further, rapidity distributions are very
stable with respect to different scale choices and only differ by a constant factor. The
dynamic scales are well within the uncertainty envelope of the static scale. Comparisons
with respect to different PDF sets showed a simple scaling for transverse observables.
The PDF uncertainties for MSTW2008LO (90% C.L.) were large enough to encompass
the deviation between the two studied PDF sets for zero and one-jet processes, but not
for two associated jets. For rapidity distributions, no uniform behaviour of CTEQ6L1
versus MSTW2008LO was observed. CTEQG6L1 can give a larger cross-section in the
central /forward region, and the MSTW2008LO error underestimated this deviation.
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Chapter 1
Introduction

These are certainly exciting times for particle physics, with the Large Hadron Collider
(LHC) at the CERN in Switzerland having delivered almost two years worth of data.
Whilst not yet having achieved its design centre-of-mass energy and luminosity, the LHC
has already surpassed previous records set by Tevatron at Fermilab. It has collected an
integrated luminosity of over 5fb~! per experiment at a collision energy of 7 TeV [1] and
has recently restarted data taking with 8 TeV [2]. It is the only operating high-energy
hadron collider, as the Tevatron collider ceased operation in September 2011.

The LHC was built with the main purpose of pushing the energy and luminosity bar-
rier, probing high-energy physics at the TeV scale. This will allow particle physicists to
test predictions of the Standard Model (SM) of particle physics and established beyond
SM (BSM) theories like Supersymmetry (SUSY). This could yield answers to open ques-
tions like the excess of dark matter in the universe (measured indirectly by astrophysical
experiments) and the existence of massive neutrinos (observed by neutrino oscillation ex-
periments). But the LHC might also observe New Physics (NP) phenomena, which could
help physicists understand the nature of the four fundamental forces. We already know
that the electromagnetic and weak nuclear forces are manifestations of one electroweak
force. In turn it might itself be unifiable with the strong nuclear force as suggested by
Grand Unification Theories (GUTSs). Furthermore, gravity, the fourth fundamental force,
is orders of magnitude weaker than the other three forces. This is known as the Hierarchy
problem.

The LHC builds on the legacy of its predecessor, the Large Electron-Positron Collider
(LEP) and Tevatron’s Run II. Both have been extremely successful experiments. For
example, both have measured and constrained a variety of SM parameters, most notably
for the weak bosons at LEP and the top quark at Tevatron. Furthermore, they have
both set limits on the mass of the hypothesized Higgs boson, which provides mass to
particles via electro-weak symmetry breaking. The LEP may have seen glimpses of the
Higgs boson at 115 GeV [3, 4] and excluded masses below 113 GeV. The Tevatron has

excluded masses between 147 GeV to 180 GeV and has seen a small excess in the region
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between 115 GeV to 135 GeV [5].
The four experiments at the LHC are looking for:
e the existence (and mass) of the Higgs boson
e the existence of a large number of supersymmetric particles predicted by SUSY
e the origin of the antimatter-matter asymmetry*
e a possible fourth generation of quarks and leptons
e additional weak bosons
e the nature of the quark-gluon plasma present in super-dense astronomical objects?
and the early universe

e the existence of extra dimensions as required by String theory

Most measurements have confirmed the SM and are excluding possible extensions like
the Constrained Minimal Supersymmetric SM (CMSSM) and minimal Super Gravity
(mSUGRA). Only very few tentative hints have been found for BSM physics. Some of
the most notable results are:
e 5.00 observation of a SM Higgs-like boson with a mass 126 GeV by ATLAS [6] and
CMS [7] (both used a combination of H — vy and H — ZZ — 4¢ channels)
e lower boundaries for the masses of supersymmetric particles [8, 9], excluding large
parts of the parameter space of more constraint supersymmetric models like CMSSM
[10] and mSUGRA
e CMS observed a ridge-like structure when plotting the two particle correlation
function of a gluon-quark plasma against pseudo-rapidity and azimuthal angle [11]
e confirmation of the SM predictions for the rare B? meson decay into two muons at
the LHCb [12], which contradicts previous Tevatron results [13]
e discovery of the y; quarkonium state (P-wave of the bb system) by ATLAS [14]

To interpret measured data one has to compare it with theoretical predictions. Exper-
imental results are associated with a broad range of uncertainties. At hadron colliders
these uncertainties come from the operation of the accelerator, the detectors and the
limitations of the data acquisition itself. At accelerator level there are uncertainties in
the luminosity of colliding proton beams coming from both the number of protons as
well as the proton energy distribution in each bunch. Furthermore, the different detector
elements (calorimeters, pixel detector etc.) have a finite resolution with respect to en-
ergy, momentum and position. They also only cover a finite solid angle as they cannot,
for example, penetrate the beam axis. Finally, the number of events happening at high

luminosities is extremely large making it impossible to store all this data in real time.

!The observable universe consists almost exclusively of matter, though the Big Bang should have
created equal amounts of antimatter and matter.
?Black holes are an example of super-dense astronomical objects.
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Hence, event triggers are used to cut down the data stream. Because this is a lossy pro-
cess, it is another cause for errors, especially considering the possibility of pile up events
interfering with events of interest. From the recorded data, events are reconstructed
giving a number of final state particles and their kinematical properties®.

On the theoretical side there are also plenty of aspects that introduce uncertainties.
The foremost problem is that the SM is a relativistic quantum field theory (QFT), which
does not allow us to obtain exact solutions for the equation of motion (EOM) of particles.
We resolve this by using perturbation theory, which can lead to divergences. These
are taken care of via renormalisation which also introduces uncertainties. Furthermore,
for hadron collider predictions we need to take care of the proton structure. This is
done using parton distribution functions (PDFs), which are fitted to experimental data.
These introduce uncertainties due to the nature of the experimental data as well as the
underlying theory requiring the introduction of factorisation scales to cut out divergences.
In the end one obtains a prediction for total and differential cross-sections as a function
of properties of final state particles such that the predictions can be compared to data.

Both the unfolding of detector effects as well as the calculation of theoretical cross-
sections require numerical integrations, usually using the Monte Carlo (MC) method. Fi-
nally, experimental and theoretical results can be compared as shown in Figure 1.1. This
is possibly one of the biggest challenges facing experimentalists and theorists, because
both sides can contribute errors of tens of percent. Sometimes errors can be minimised
by collecting more data, determining the collider luminosity more precisely or calculating
higher order predictions. All these, however, have limiting factors such as experimental
resolution and computational time. Furthermore, only recently have theoretical errors
for hadronic reactions been explored in more detail, as methods of estimating PDF un-
certainties have been developed. Moreover, scale uncertainties are more important at
higher energies and are acceptably small for next-to-leading (NLO) order predictions.

The precise computation of theoretical uncertainties is one field where phenomenolo-
gists are demanded. Furthermore they can help in this discourse by finding observables
and making estimates that naturally minimise the uncertainties. This is particularly im-
portant for processes, which are used for testing the SM and/or are major backgrounds.
Figure 1.2 shows how a variety of the largest cross-sections develop with respect to the
centre-of-mass energy of a proton-proton collider. One can see that apart from bb pair
production and production of hard jets, the production of W* bosons with leptonic decay
is the third largest at the LHC. This means that the production of W* is both one of
the standard candles at the LHC as well as one of the major backgrounds at the LHC.

That means that the SM and its input parameters can be tested by comparing the-

3Some kinematical properties like energy E, transverse momentum pr and rapidity 7 are defined in
Chapter 6.
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Relativistic QF T l l Luminosity Uncertainties

Pertubation Theory l l Finite Resolution/Coverage

Renormalisation /Factorisation l l Pile Ups, Trigger, ...

PDFs l l Minimise/Unfold Detector Effects

Th. Systematic Uncertainties\> y /Experimental Uncertainties
Monte Carlo

Figure 1.1: Overview of theoretical predictions for hadron colliders and experimental measure-
ments being compared via MC simulations. To minimise uncertainties inherent to both sides is
one aspect of Phenomenology. Adapted from Moretti [15] and Kauer [16].
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Figure 1.2: Scattering cross-sections versus centre-of-mass energy for the SM processes in
proton-proton collisions. [17]

oretical predictions of production cross-section for weak bosons with measurements. For
example, the transverse mass of the W* boson and the invariant mass of the Z boson
provide a benchmark for electro-weak parameters and the decay of the weak bosons de-
pend on their branching ratios. Moreover, the ratios between the total production cross-

sections of W and W~ can be used to probe proton PDFs, because the electro-weak
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kinematics of W and W™ are very similar and many sources for error like uncertainties
of the beam luminosity are minimised.

Some BSM theories introduce additional weak bosons or other NP signatures with
decay products which are the same as for the SM bosons. Hence, a precise knowledge
of the expected SM differential cross-sections can help to find deviations. Production
of weak bosons with leptonic decay is particularly interesting, because leptons can be
easily tagged and are therefore part of many search signatures. As such the production
of W* and Z is a background for many SM measurements and BSM searches. Precise
predictions of both integrated and differential SM cross-sections are necessary to subtract
them from measurements revealing the desired signals.

At the LHC not only W* and Z bosons have large production cross-sections, but
also weak boson production with multiple associated jets due to the high centre-of-mass
energy. Therefore, the object of the work presented is to calculate a wide range of
observables for different V' + n jets processes at hadron colliders, providing integrated
leading-order (LO) cross-sections and differential distributions for further analysis of both
the SM measurements and BSM searches. For these calculations the MCFM software
package (see Section 4.1) and a variety of custom Python scripts were used. Both PDF
uncertainties for MSTW (Martin-Stirling-Thorne-Watt Parton Distribution Functions)
and scale uncertainties for a variation by a factor of four have been considered.

Before presenting my results for integrated and differential cross-sections in Chapter 7,
I will introduce the necessary theoretical background. I will start with the basics of QFT
and SM required to calculate cross-sections at hadron colliders in Chapter 2. At the end
of this chapter I will also discuss the MC method used for numerical integration and the
motivation for selection cuts applied during the integration. In Chapter 3, I will introduce
and discuss statistical, scale and PDF uncertainties, which form the main aspect of my
investigations. How all this has been implemented into MCFM, the program used for
calculating cross-sections and a variety of custom scripts are presented in Chapter 4.

Chapter 5 gives an overview of the investigated processes and presents their Feynman
diagrams. Chapter 6 introduces the observables investigated using differential cross-
sections. This concludes the necessary theoretical background and after presenting my
results, I will discuss them in Chapter 8. This includes a comparison of the ratios between
the integrated cross-sections of Wt and W~ production, ratios between integrated cross-
sections of Z production with decay into charged leptons and neutrinos and Berends-
Giele scaling. These include PDF and scale uncertainties. Moreover, the PDF and scale
uncertainties for different differential cross-sections are compared to find out how they
depend on certain observables. Finally, I will compare distributions of differential cross-
sections with respect to both different static/dynamic scales and PDF sets. A summary

of my dissertation can be found in Chapter 9.
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Chapter 2
Theoretical Framework

Firstly, I will introduce the SM of particle physics (Section 2.1), which describes the
interactions of the fundamental particles and how it can be used to calculate differential
and integrated cross-sections at hadron colliders (Section 2.2).

Secondly, I will introduce the MC method (Section 2.3) used for the numerical integ-
ration of calculated cross-sections and give a description of selection cuts (Section 2.4),
which are required for physical reasons and for mirroring the geometry and acceptance

of detectors.

2.1 Standard Model

The SM as proposed in 1978 is the theory of electromagnetic, weak and strong interactions
and the elementary particles which take part in these interactions. The next section will
introduce these particles. I will also summarise very quickly how the SM is expressed in
term of group theory symmetries and how the Higgs mechanism is required to generate

masses for particles. [18]

2.1.1 Leptons, Quarks and Force Mediators

There are three kinds of elementary particles: leptons, quarks and force mediators. There
are six leptons which are classified according to their charge (@) and mass. They naturally
order into pairs of a charged lepton and a neutrino in three generations (electron, muon
and tauon). Each generation contains two particles and two antiparticles: a massive and
singly negatively charged lepton, its antilepton with the same mass but opposite charge,
a (near to) massless neutral neutrino and its antineutrino. Hence, there are, in all, 12
leptons.

Furthermore, there are six flavours of quarks: down, up, strange, charm, bottom (or
beauty) and top (or truth). They are classified according to their charge and mass. They
fall into pairs of quarks (with charges —1/3 and +2/3) and anti-quarks (opposite charges)
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Generation Leptons Quarks
First e d u
Second Loy, s ¢
Third TO v b t
Charge -1 0 —1/3 2/3

Table 2.1: SM fermions arranged by generation and charge. (Antifermions and quark colours
are not shown.)

Force mediators

v WEZ g

Table 2.2: SM gauge bosons. (Colours of the gluon are not shown.)

in three generations. Additionally every quark comes in three colours. In total there are
36 quarks.

Leptons and quarks are fermions, i.e. they have a spin of 1/2. Table 2.1 lists an
overview of the fermions (excluding antifermions and colours).

Finally, every interaction has its mediator: the photon () for the electromagnetic
force, two W* bosons and one Z boson for the weak force and eight gluons (g). This
sums up to 12 mediators. These gauge bosons (excluding colours) are listed in Table 2.2.
As we will see later, at least one Higgs boson is needed for the SM to be consistent. So,
we have at least 61 elementary particles! in the SM. To date, all experimental tests of

the three forces described by the SM have agreed with its predictions.

2.1.2 Local Gauge Invariance

Since the early twentieth century, symmetries have played an important role in the ad-
vance of theoretical physics, e.g. from the symmetry of space-time (special relativity) up
to the internal and gauge invariances. This is summarised by Emmy Noether’s theorem:
“If an action is invariant under some group of transformations (symmetry), then there
exist one or more conserved quantities (constants of motion) which are associated to these
transformations.” Or in other words, symmetries imply conservation laws. [19]

Indeed, Quantum Electrodynamics (QED) has been built on this idea. To date, it is
the most precise theory ever built to describe nature. In QED the existence, and some of
the properties of the gauge fields (e.g. the photon), follow from assuming invariance under
local gauge transformations. This has become a prototype of the successful quantum field

theory (QFT), which generalises the gauge principle for strong and weak interactions.

!There are only 6 + 6 + 5+ 1 = 18 elementary particles if anti-particles and colours are not counted.
Otherwise one gets 2 - 6 leptons, 3 -2 -6 = 36 quarks, one photon, three weak bosons, eight gluons and
one Higgs.
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Spin Field Kinetic Term Mass Term  Particle
0 scalar ¢ 12 (0,0) (0¢) —1/2m*¢*  Higgs boson
/o spinor 1 Wy O —ma) fermions

1 gauge A" -liex (0" AY — OV A*) (0,4, — 0,A,)  Ysem?AYA, gauge boson

Table 2.3: Examples of kinetic and mass terms in the free Lagrangian of spin 0, spin 1/2 and
spin 1 particles. [23]

Lie Algebra is used to express the SM in terms of unitary groups and their symmetries,
i.e. a U(1) gauge field B, with coupling ¢’ and weak hypercharge Y, an SU(2) gauge field
W, with coupling g and weak isospin /, and finally an SU(3) gauge field G, with coupling
gs representing colour. Choosing a particular representation for each of these symmetry
groups relates to a set of fermions and their generators relate to the gauge bosons. In
SU(3) quarks are represented by a triplet, leptons by a singlet and the eight generators
represent the gluon. In SU(2) left-handed? particles are represented as doublets, right-
handed particles as a singlet and there are three generators. In U(1) each particle has a
hypercharge and there is exactly one generator. [20, 21]

Using this notation we can write down the Lagrangian consisting of a propagation
and a mass term for each particle as shown in Table 2.3. By requiring the conservation
of local gauge invariance, i.e. applying the covariant derivative, we get all the interac-
tion terms required for the SM. For example the requirement of local gauge invariance,
applied to the free Dirac Lagrangian (spin 1/2 particle, e.g. electron), generates all of
electrodynamics and specifies the current produced by spin 1/2 particles. That is because
one is forced to introduce a massless vector field (A*, i.e. the photon), which repres-
ents the electromagnetic potential. In summary we find that the photon couples to all
charged particles, the weak bosons couple to all fermions and each other, the W boson

also couples to itself and finally the gluon couples only to quarks and itself. [22]

2.1.3 Spontaneous Symmetry Breaking

I have already mentioned that SU(2); has three massless gauge bosons and U(1)y has
one, i.e. so far there are no massive gauge bosons in the SM described. However, we
know that heavy gauge bosons (e.g. W', W~ and Z) exist, and therefore a massive
vector field is needed. But the incorporation of mass terms for gauge bosons and for
fermions leads to a manifest breakdown of gauge invariance. The most popular resolution

is the Higgs-Brout-Englert-Guralnik-Hagen-Kibble mechanism of spontaneous symmetry

2Handedness refers to the orientation of a particles spin with respect to its direction of propagation.
This is related to the concept of helicity, which is the projection of a particle’s spin onto the direction of
its momentum. If the spin and velocity are parallel then the particle is right-handed and has a helicity of
+1. If they are anti-parallel then the particle is left-handed and has helicity of —1. In the SM left-handed
particles are equal to right-handed anti-particles and vice versa.
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breaking (i.e. Higgs mechanism). An SU(2) doublet with a U(1) hypercharge and non-
zero vacuum expectation value is introduced. This breaks SU(2); x U(1)y down to
SU(2)weak X U(1)em. This process provides mass terms for three gauge bosons, i.e. our
weak bosons, and leaves one massless Goldstone boson, i.e. the photon. In fact it can
be shown that the Higgs mechanism also provides mass terms for all fermions and itself

(via self-coupling). [24]

2.2 General Cross-sections for Hadron Collisions

In the next step, we want to use the SM to make numerical predictions for the likelihood
of interactions happening (i.e. cross-sections) at hadron colliders. First, we are going to
look at the general formula used to calculate exact LO cross-sections for the collision of
two hadron beams that result in the production of a weak boson with associated jets
V 4+ n jets and the subsequent decay of the weak boson. In particular I am looking at
hadron colliders, which means that I am interested in processes with two initial protons,
e.g. p,p, = V +n jets+ X. [25]

I assume that the hard scattering process consists of two partons ¢, ¢,, which can be
quarks, anti-quarks or gluons. Since the incoming hadrons contain a mix of different types
of partons, the final state can be produced via different reactions with different partonic
initial states. The total differential cross-section do is simply the sum of all the differential
cross-sections of these subprocesses dog,;, weighted by the differential probability dF' that

the corresponding initial states occur in the incoming hadrons:

do = Z dF(pa’ 4.5 Py 4y Mf) dasub(qa7 Qps Hors Mf)

The differential probability dF' depends only on the factorisation scale and the differen-
tial cross-section dog,, depends on the renormalisation and factorisation scale®. Exact
theoretical predictions, however, must be independent of arbitrary scale choices. The

differential probability is approximated by:

dF(pa, 4,5 Pys qbaﬂf) = fpa—>qa (Ta, piy) dzg fpb%qb(xb’ﬂﬂ dzy,

Here 0 < z,, 2, < 1 are the longitudinal fractions* of the proton momenta carried by the
initial state quarks. PDFs, f,_,(x, i), are the probability densities of finding a given
quark carrying a momentum fraction x at a squared energy scale uy = @Q*. They are

obtained by fitting experimental data from deep inelastic scattering of charged leptons

3 A little more detail about scales can be found in Section 3.2.
4The partons cannot acquire a large transverse momentum because a is small at large momentum
scales and hence the exchange of hard gluons is suppressed.
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of hadrons (i.e. protons or anti-protons) and evolving the partonic structure obtained at

5 They are distributed by several

these low energies (e.g. 100 GeV) to higher energies
collaborations using electronic formats suitable for numerical computations.

For the case of a symmetric proton-proton collision, the quark can come from the first
or the second proton and wvice versa for the anti quark. Hence, the differential probability

in terms of the PDF's is given by:

dF(pa, Gay Py b, Nf) = [fpa%qa (wm ,Uf) : fpbﬁqb (xba ﬂf)+
fpaﬁqb(xavﬂf) : fpb%qa (xbv/if)} dx, dxy
= Fy(xq, xp, pif) dzg dxy

Now, let us consider the differential cross-section for a specific subprocesss. It is given
by:

1 1 Pr—
gy = = - 8- |do, 2
T = 5 N, i ) { Z‘M'l
1

§ = E2_ . is the square of the total energy in the parton centre-of-system, A(8, m?, m?) =

prems
§2+m2 +mi —25m?2 — 25m? — 2m2m} and the symmetry factor S = 1/n! for n identical
particles in the final state. The symmetry factor avoids double counting of final states
when integrating the phase space. I also assumed that the masses of the incoming partons
m, and my are negligible at the LHC, so that \"2(3, m2,m?) ~ 3.

The general form of the n-dimensional phase space element can be found in Peskin

and Schroeder [23]:

e (1;[ o %) 208 = 3 )

Furthermore, one needs the mod-squared matrix element, |M|? summed and averaged

overall initial and final states:
DIAMP =1 My

where M; is the matrix element for each subprocess. They can be calculated using

Feynman diagrams® and rules.

5The number of partons goes up at low z with Q? and falls at high z. At low Q? the three valence
quarks become more dominant in the proton. At higher Q2 there are more sea quarks (quark anti-quark
pairs) which carry a low momentum fraction x and gluons which have a large x.

6Feynman diagrams are pictorial representations of the interactions of fundamental particles according
to the SM. They can be used to calculate the matrix element. An introduction to Feynman rules and
diagrams can be found in Griffiths [26].
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The incoming beams of hadron collider experiments are usually unpolarised. Hence,
one has to sum and average over all possible spin states for each fermion s = {1/2, —1/2}
and colour combination of the initial state partons in order to take all contributions into
account. We know that the detectors at the LHC do not have polarisation preferences.
That means one also has to sum over all possible polarisations of the final state.

In order to calculate these matrix elements, one has to investigate the possible hard
scattering subprocesses. The easiest and most common way is to use Feynman rules to
write down the possible matrix elements. I will discuss the respective Feynman graphs
used in Chapter 5.

For the complete calculation of cross-sections for hadron collisions, I will only consider
g = {d,u,s,c,b}, because the probability of finding t in the initial state is negligible.
Furthermore, I am going to ignore the parton quark mass (M, = 0), because the centre-
of-mass energy will be much larger then the mass of the quarks. Hence, the general

expression for calculating the total cross-section is:

o(p,p, = (V = 00) +n jets + X, g, py) =

Z Fy(a, p, p1y) 0(q,q, — (V — €0) +n jets, p,, py) dz, day,
g={d,u,s,c,b}

2.3 Monte Carlo Integration

I would like to present the general numerical method used to calculate such cross-sections,
which is known as Monte Carlo (MC) integration [27]. Consider the integral of a function

f(&) for m variables ¥ = {1, xs, .., ,,} over an integration volume €:

]:/Qf(f)df (2.1)

During the MC integration the whole phase space is sampled, i.e. n points Z; are randomly
selected from a uniform distribution of points in 2. So, the integral can be approximated

by:
X0 =2 > 1) (2.2)

An improvement for MC integrations are adaptive MC methods like Vegas [28], which
use importance sampling. These provide faster and/or more precise computational al-
gorithms. In contrast to the standard MC method, the points #; are not uniformly
distributed across the integration volume. Subregions with larger contributions are over

represented and weighted with respect to their relative contribution using a probability
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density function p(Z).” In this case the integral is approximated by [29, 30]:
1 f(7
x = Ly /@) (2.3)
n = p(7)

The quantity X" — I as n — oo. It is expected to fluctuate around the exact values of

the integral as different sets of random points® are used. The variance of this fluctuation

AX? :% [/Q J;g)df— (/Q f(.f)dfﬂ (2.4)

And for large n this quantity can be approximated by:

can be estimated:

n — 2
AX? ~ X - (xOy with  x® -1 > (ﬂxi)) (2.5)

and hence:

L1 @) L (@)
A= nz(pm) % (Zp@)) 20

This statistical uncertainty is discussed in more detail in Section 3.1.

2.4 Selection Cuts

Selection cuts are restrictions of the phase space, i.e. the integration domain. They can
be easily implemented for MC integrations using additional acceptance tests. There are
two types of cuts required: general acceptance cuts and physics-motivated cuts.

The former mirror the finite acceptance and resolution of the detectors at the LHC
and Tevatron as I am interested in calculating cross-sections which only correspond to the
region of phase space where experimental measurements can be made. These selection
cuts are on the transverse momentum? and rapidity of both leptons and jets. The rapidity
cut mirrors the finite size of the central detector and the forward detectors. The cuts on
the transverse momentum represent the precision of the calorimeters. The cuts for leptons
and jets can be different, because the coverage and precision of the electro-magnetic and
the hadronic calorimeter are normally non-identical.

When calculating the process ¢q¢ — Z — ¢/~ one has to also consider ¢qg — ~v* —

"The probability density function is normalised fQ p(Z)dx = 1.

8Tt is impossible to computationally generate truly random numbers. Instead pseudo-random and
quasi-random numbers are used by MC programs like MCFM. The latter guarantee a more uniform
spread of points across the phase-space while still approximating all the necessary properties of random-
ness. [31]

9All physical quantities mentioned in this section are defined in Chapter 6.
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¢t¢~ (s-channel), because both the Z boson and a virtual photon couple to the quarks and
can decay into two leptons. Furthermore, the photon is massless and hence its propagator
becomes infinite for small energies. Hence, a cut on the di-lepton invariant mass for two
charged leptons from a Z decay has to be introduced to cut out the singularity at /s = 0
arising from the virtual photon.

For processes with leptonic decay of a W boson, W — {1, we have only one detectable,
charged lepton. A cut on the transverse mass of a W boson (Mrw) can be used to
improve signal-to-background selection, because it indirectly requires the invariant mass
of the charged lepton and the neutrino to exceed a minimal value, making it more likely
for them to come from W decay. Furthermore, a cut on the missing transverse momentum

is also used to increase the likelihood of a neutrino in the final state.
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Chapter 3

Uncertainties of Perturbative

Theoretical Predictions

I have shown how to calculate the central value for integrated and differential cross-
sections in Chapter 2. I will now present how to estimate the uncertainties associated with
pertubative theoretical predictions. There are three sources of uncertainties: statistics,
scales and PDFs.

3.1 Statistical Uncertainties

The first source of uncertainty originates from the use of the MC method to calculate
cross-sections. The MC method has been described in Section 2.3. We have seen that

the statistical error of an observable X is given by:

2
1 1 — 1 [<&
AX = — . | = ) ¢ — X; 3.1
NG n; z%z(; ) (3.1)

where X; is the value! of a given sampling point i and n is the total number of points
used for the MC integration.

It is obvious that theoretically this error can be minimised as much as needed by
increasing the number of sampling points, i.e. quadrupling the number of points gen-
erally halves the statistical uncertainties. In practice this is not always viable due to

computational limitations as discussed in Section 4.4.

!This is a short hand with respect to Section 2.3. For comparison: X; = f(Zi)/p(&), e.g. the value
at a point Z; divided by a given probability distribution. This is equal to the integrand of a given shot
multiplied by its weight.
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3.2 Scale Uncertainties

It is the nature of perturbation theory that quantities can only be calculated to a given
order. The deviations due to missing higher order terms are referred to as scale uncer-
tainties, because they can be approximated by varying the scale. There are two types of
scales: the factorisation scale and renormalisation scale. These provide an infra-red and
an ultraviolet cut-off, respectively. This separates the hard scattering process that I am
interested in from the underlying event in the detector.

A massless parton with p can emit soft radiation with four-momentum k. In the
collinear limit k& — 0, which leads to an infra-red singularity p?> — 0 for massless propag-
ators, because the relative momentum of the initial and the parton after emission is very
small. This implies a strong interaction between the two, which is beyond the reach of
pertubative calculations. A factorisation procedure absorbs these incalculable effects into
the PDFs, which introduces the dependence on an arbitrary factor known as the factor-
isation scale py. One can think of this scale splitting the process into a soft process,
setting up the initial hadron system, and the hard scattering process. [32]

Moreover, one gets large contributions from introducing perturbative loop corrections
to massless propagators in Feynman diagrams. These cause ultraviolet singularities,
because there is no upper limit to the momentum of these loops. These can be avoided by
choosing an arbitrary momentum scale p,., which cuts off higher orders of the perturbation
theory. In practice this is done by absorbing these ultraviolet divergences into the strong
coupling constant, which makes it depend on the renormalisation scale. This process
is known as renormalisation. Using the MS renormalisation scheme gives the following

equation for the running of the strong coupling constant [33]:

ey [ s (%)) O{;H 32
s (1) 5o ln(“—g) Bg lnz(%) + 1113(”—3) (3:2)

For a given number of quark flavours, ny, and three quark colours, fy = 33-2ns/3 and
By = 102=38ny /3. A = p, ge~>"Poesln0) with av(j10) being a constant. This means that the
strong coupling varies with the energy scale becoming weaker as the energy increases.

Using perturbation theory, an observable, X, as a function of the square of the total
energy, §, and the strong coupling is given by [33, 23]:

2

X (3, a5(1,)) = ag - % oy 22U [bo b In (i)} +0{ad(m)}  (33)

S r

where ag, a1, by and by are constants. It can be seen that at LO X is directly proportional
to a, and hence varying pu, purely probes the dependence of observables on the strong

coupling, unless the scale is chosen depending on the kinematics of the specific event.
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These dynamic scales will be discussed below. At NLO additional terms partially cancel
contributions from the leading order term, which makes NLO predictions generally more
stable with respect to the scale.

Ideally cross-section predictions are independent of the choice of scale, but this is
rarely the case. There is no theoretical relation between these two scales that justifies
them to be either identical or different. However, varying them independently means that
the number of calculations increases quadratically and that the results become much more
complex. Hence, I will choose the factorisation and renormalisation scale to be equal to

each other:
flo = fr = fif (3.4)

That also means that the energy scale at which the PDFs are evaluated and the energy
scale to which the strong coupling is evaluated are identical, which is phenomenologically
appealing.

There are two fundamentally different ways of setting scales. The first one fixes the
scale to a single value which is equal for all events calculated. This is known as static
scale. For vector boson production, the invariant mass of the vector boson py = My is a
popular choice for such a scale and I will be using it myself in Chapter 7. The second class
is called dynamic scale, because it sets the scale depending on the final state kinematics
of a specific event.

I will be using two different types of dynamic scales for my calculations: the trans-
verse energy of the vector boson g = E‘T/ = /M + pQT,V (compare with Equation 6.6
defining the transverse energy E7) and the sum of the transverse energies of all fi-
nal state partons (including the decay products of, but not the vector boson itself)
o = Hy = Do finat Eri- It is clear that these are not necessarily observable quantities,
because the required kinematics might not be experimentally accessible?.

The scale uncertainties for an observable, X, can be estimated by calculating the
cross-sections for different scales. The envelope around the central value defines the
symmetric scale uncertainty [34]:

A)(scl = ' [Xmax(ﬂi) - Xrnin(:“’i)} (35)

DN —

Here, Xpax(pt;) and Xpin(p;) are the respective maximal and minimal value of an ob-
servable X for a scale u; = f; - g, where f; can be any numerical factor between zero
and infinity. Furthermore, I will be looking at Xyax (i) and Xy () separately as the
divergences from the central value can be vastly asymmetric.

Most commonly, a scale variation by a factor of two is used to obtain scale uncertain-

ties of NLO predictions, but the precise choice will depend strongly on the investigated

2Some of the processes I am going to investigate include neutrinos in the final state.
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process. Furthermore, it is the nature of perturbation theory that the correction to
the leading order will be larger than the one at next-to-leading order. I will be using
i = po-(vV2)! withi = {—4, =3, —2,...,4} which gives 0.2519 < p; < 4419. A comparison
with Campbell and Ellis [35, 36] suggests that this is a good choice.

3.3 Parton Distribution Function Uncertainties

In the past PDF uncertainties could not be estimated as PDF sets were obtained by only
finding a global minimum X2 to a set of experimental data from deep inelastic scattering
events of charged leptons off hadrons. The partonic structure obtained for low energies
at hadron-lepton colliders has to be evolved to the much larger centre-of-mass energies
of hadron colliders. Both, the experimental input data as well as the assumption of a
theoretical model for the evolution to higher energies give rise to uncertainties.

The need to quantify theoretical data has given rise to the development of PDF error
sets. They are obtained using the Hessian [37] or the Lagrange [38] method. The former
enables the characterisation of the behaviour of the x? function in the neighbourhood
of the global minimum?®, which makes it possible to determine the PDF uncertainties
for any observables. The latter method allows for determining the exact x? profile for a
given observable. However it is much more time intensive and requires original data at
runtime, so is seldom used.

The Hessian method gives one PDF set for the best fit, Sy, and 2N eigenvector basis
sets (in the plus/minus directions along each eigenvector), S;* /S; . The observables need
to be calculated for each of the subsets. In the case of MSTW2008LO (90% C.L.) there
are 41 subsets. The PDF uncertainty of an observable X can be calculated using one of
two widely used methods. More commonly used is the symmetric definition, which gives

a single measure for the uncertainties [39]:

My = 5\ S0 [X(57) — X(57))° (3.6)

i=1

This adds all the differences between the positive and negative contributions along
each eigenvector in quadrature. However, Campbell et al. [40] advise using an asym-

metric definition, because some of the directions of the smaller eigenvectors are poorly

3The Hessian matrix is determined assuming a Gaussian distribution around the minimum and then
diagonalised, while the eigenvectors are rescaled to adapt the natural size to natural scale.
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determined, leading to deviations from the central value which are not symmetric:

AXF, = \Z max(X X(S0), X(S;) — X(S0),0)]” (3.7)

AXpoe = \Z max(X(Sy) = X (5, X(S0) = X(5;),0)]" (3.8)

In this case AX,  sums in quadrature the PDF uncertainty contributions that lead
to an increase in the observable X and AX_ . . sums negative contributions. Normally,
X(SH) — X (Sp) is positive and X (S;) — X (Sp) is negative. Hence, it is obvious which
term will be included in each sum. Plus and minus contributions, however, may be in the
same direction. The asymmetric definition will include the most positive and negative

term for AXT and AX_

max max’

respectively. That means there may be fewer than N terms

for either the positive or negative directions.

M. Stephan Tietz (April 2013) 34



MPhil Thesis Production of V+jets at Hadron Colliders

Chapter 4
Computational Methods and Tools

We have seen in Chapter 2 how cross-sections at hadron colliders can be calculated. Most
of these integrals cannot be solved analytically due to their mathematical complexity.
Further complications can arise due to the necessity of numerical inputs like PDF's. Hence,
numerical methods have to be used. I have discussed the MC method, which randomly
samples the whole phase space and only accepts points which are inside the integrand,
in Section 2.3.

In Section 4.1, I will introduce MCFM, the software package used to calculate the in-
tegrated and differential cross-sections and in Section 4.2 I will describe my modifications
to MCFM. These are fixing the statistical errors for histograms, inclusion of arbitrary
factors for scales, inclusion of PDF and scale uncertainties for histograms, implementation
of custom cuts and histograms, and output customisations.

Section 4.3 describes the scripts used to combine the results of sub-processes and
different scale factors. It also gives a quick overview of the analysis scripts used to
compare static and dynamic scales, as well as different PDF sets.

Finally, I will show how all this has been automated and run on a Beowulf cluster
at the Centre for Particle Physics at Royal Holloway. In particular, Section 4.4.3 shows
how the number of shots! used in the MC integration has been tuned in order to obtain

precise results for all calculations while trying to keep total computational time low.

4.1 MCFM Software Package

The Monte Carlo for Femtobarn processes at Hadron Colliders software package (MCFM)
has been chosen for cross-section calculations. It is written in Fortran and maintained
by Campbell and Ellis [41, 42]. Tt provides matrix elements for all investigated processes
and has the ability to calculate both integrated, as well as differential cross-sections.
MCFM uses the Vegas MC method [43], which includes importance sampling as de-
scribed in Section 2.3. In order to achieve this MCFM splits the phase space into a

LA shot is a set of random numbers generated to calculate one point in the MC phase space.
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subregions and performs the MC integration with fewer shots than will be used for the
final run. During this conditioning run the relative contributions to the total integral of
each of the subregions is determined and all other results are disregarded. For subregions
which contribute more towards the total integral a larger proportion of shots will be used
during the final run and their contributions will be weighted accordingly to compensate
for this oversampling.

The MCFM package provides a number of preset PDF sets, but it also allows the
incorporation of any set of PDFs by using the LHAPDF package [44]. For my LO level
calculation I used CTEQ6L1 and MSTW2008LO (90% C.L.). The latter comes with
several eigenvector subsets in order to calculate the PDF uncertainties.

For this, the cross-section has to be calculated for each of the eigenvector subsets (see
Section 3.3). This can either be achieved by invoking MCFM for each subset or by using
the ability of MCFM to cycle through the PDF sets by itself. The latter cuts down the

total run time, because the calculated matrix element for each shot can be reused.

4.2 Custom MCFM Modifications

Some modifications to MCFM have been necessary: fixing a bug in the calculation of
statistical errors for differential distributions, implementing the ability for arbitrary dy-
namical scale factors, implementing custom cuts, implementing custom histograms which
include PDF uncertainties and adding outputs which can be used for a complete analysis.
I will discuss all five of these in turn.

The modifications have been developed and tested for MCFM 5.8 and MCFM 6.0.
All final calculations have been run on the modified version of MCFM 6.0.

4.2.1 Fixing the Statistical Error in Histograms

I implemented a fix for the calculation of integration errors in histograms. I became
aware of this issue when I compared the differential cross-section of the ZZ production
at hadron colliders, which I had calculated in a test project, with the output of MCFM
5.8. The latter seemed to overestimates the statistical errors by a factor of 10 to 40.
Furthermore, comparing the smoothness of the MCFM graphs for a variety of processes
in comparison to the statistical error bars also yielded a discrepancy. Again one could
see that MCFM was overestimating the statistical errors massively.

This is obviously problematic when calculating PDF and scale uncertainties with
a high precision, as one has no way of accurately determining the ratio between the
integration error and the PDF /scale uncertainties (see Section 4.4.3). MCFM calculates
the integration error in each bin using Equation 3.1 and the total number of shots N for

calculating the mean of an observable X and its square, X2. However, it only divides by

M. Stephan Tietz (April 2013) 36



4 Computational Methods and Tools Production of V+jets at Hadron Colliders

the square root of the number of shots in each bin ny;, to normalise the integration error

per bin:

2
1 1« 1 [
= S (30 ()
bin

Sampling the phase space outside of each bin contributes towards minimising the overall
statistical uncertainty as well as the error for each bin. Hence, the normalisation has
to happen with respect to the total number of shots used including phase space points
outside the width of the histogram. The correct statistical uncertainty for each bin is

given by:

n

2
1 1 1 (¢
AXpn = —= 1| = 3 X2+ — (S X, 4.2
" UN N & ,+N2(“ ) (4:2)

1=
bin

My implementation? has been tested by replacing the integrand with f(r;) = 7,
where r; are the pseudo-random numbers. Some quick test results can be found in
Appendix A.1.3

4.2.2 Implementing Numerical Factors for Scales

An important part of this project is to be able to vary the renormalisation scale and
factorisation scale by factors of \/§Z This is easily done for fixed scales by manually mul-
tiplying the factor and scale beforehand, but for dynamic scales it has to be implemented
at run time. MCFM has some predefined factors for some of the dynamic scales, but
unfortunately, these did not provide the correct steps nor a large enough variation.

I extended MCFM to read in the two factors f, (for renormalisation scale) and f;
(for factorisation scale) from the input file and then to calculate p,/; = fr/f - ftor/s,
either at the beginning for static scales or before each shot for dynamic scales. My
implementation allows for any numerical factor between zero and infinity. Furthermore,
[ had to thoroughly test it, especially as Ellis and Campbell have not always written their

program in the most straightforward way*. The test results can be found in Appendix A.2.

2My supervisor and I have made the authors aware of this bug and fix in October 2010. As of March
2012 newer versions of MCFM (i.e. 6.0 and 6.1) still include this bug or an incorrect fix.

3There is still an error for NLO calculations. Single bins of the output histograms suffer from abnor-
mally large errors, i.e. errors being 10 to 1000 times larger than errors in other bins. This error originates
when the dipole contributions are summed up and binned. The latter can lead to an disproportional
inflation of the sum of the squared contribution for the error in individual bins giving a false value for
the total uncertainty in this bin. No fix could be found by the end of my project.

4For example, some function definitions are not consistently used throughout the code. Rather the
code has been inserted directly in places.
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4.2.3 Implementation of Cuts

I programmed my own routines for the calculation of all observables. The used definitions

can be found in Chapter 6. All implementations have been checked against the MCFM

presets or manually calculated results.

Furthermore, I developed routines for the standard LHC and Tevatron selection cuts.

These include both general acceptance cuts and physics-motivated cuts:

transverse momentum pr of charged leptons

rapidity y of charged leptons

missing transverse momentum pr miss

transverse momentum pr of jets

rapidity y of jets

di-lepton invariant mass for two charged leptons from a Z decay

transverse mass of the W

These were described in Section 2.4. All cuts are automatically chosen, depending

on the centre-of-mass energy, the hadron collider setup (pp or pp) and the production

process chosen in the input file for MCFM. This avoids the need for changing too many

input parameters in the input file for each run. The correct implementation of these cuts

has been checked using the respective histograms.

4.2.4 Implementation of Histograms Including PDF Uncertainties

Excluding histograms of non-physical observables, the following set of histograms has

been implemented?:

transverse momentum for pr-ordered charged leptons

rapidity y distribution for pp-ordered charged leptons

missing transverse momentum

transverse momentum distribution for pr-ordered jets

rapidity y distribution for pp-ordered jets

transverse mass distributions for W and W~ bosons

invariant mass distribution for Z boson

two-particle invariant mass for lepton-lepton, lepton-jet and jet-jet

two-particle rapidity separation between lepton-lepton, lepton-jet and jet-jet
two-particle azimuthal opening angle between lepton-lepton, lepton-jet and jet-jet

two-particle separation AR between lepton-lepton, lepton-jet and jet-jet

MCFM only calculates the statistical error for each bin in the histogram and PDF

uncertainties for the integrated cross-section only. I have extended MCFM by imple-

menting routines which calculate the symmetric and asymmetric PDF uncertainties for

each bin.

5Giving a total of approximately 30 histograms for the two-jet processes.
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4.2.5 Numerical Output

In order to combine separately calculated gluon and quark-quark contributions and to
combine different scale factors, it was necessary to output all the numerical values for the
integrated cross-sections and distributions with maximum precision® so that they could
be used by my Python scripts for analysis. Hence all the raw data was written to ASCII
files. Their format is described in Appendix A.3.

4.3 Custom Scripts

Not all requirements for calculating PDF and scale uncertainties for investigated pro-
cesses at different accelerators and for different scales could be implemented by modifying
MCFM. Furthermore, some of the analysis is better done independently of MCFM. For
this reason I developed a variety of bash and Python scripts customised to solving these

specific tasks. These custom scripts are introduced below.

4.3.1 Implementation and Test of Sub-process Summation

MCFM splits processes with two LO jets in the final states into quark-quark and gluon
contributions. Using the output data as described in Section 4.2.5 the full integrated and
differential cross-sections can be found by simply adding the contributions.” Statistical
uncertainties have been propagated correctly®.

A custom Python script has been used to combine raw data files. This script has
been checked in a variety of ways, for example by manually calculating for single bins
and testing that the output is equal to the input when run on single files. It also catches
empty and invalid data for each of the hundreds of subprocesses that cannot all be checked

manually for each run.

4.3.2 Combining Scale Uncertainties

An important part of the implementation of scale uncertainties is to calculate scale un-
certainties per bin. This process has been automated using my own Python script. This
vastly simplifies computing the scale uncertainties for the 48 different total cross-sections
and the corresponding histograms. Both symmetric and asymmetric scale uncertainties
were obtained. They are discussed in Chapter 8. The resulting distributions including

statistical, PDF and scale uncertainties were plotted using gnuplot [45].

60Qutputting all the significant digits of the Fortran double precision data type is required.

"This is very similar to computing the matrix element for the virtual and real contributions of NLO
processes separately.

8 A standard error propagation as given in Equation 8.3 has been used.
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4.3.3 Comparing PDFs and Scales

Having a final data set for each process, including statistical, PDF and scale uncertainties,
it is possible to compare the influence of different PDF sets (e.g. MSTW2008LO (90%
C.L.) and CTEQG6L1) as well as different scales (e.g. static scale My, dynamic scales
Ej‘f and I:IT) The required ratios were calculated using a Python script. The resulting

distributions including statistical, PDF and scale uncertainties were plotted.

4.4 Computational Requirements and Automation

Preliminary runs have shown that any of the 18 different processes run for up to a few
minutes (0 jets), hours (1 jets) or days (2 jets) each. The two jet events are particularly
problematic. Each of them has to be calculated in two separate calculations. Hence, the
calculation of all these processes on a single processor would take weeks. To overcome
this problem all major calculations were done on a Beowulf cluster at the Centre for
Particle Physics at Royal Holloway (Section 4.4.2) and the number of shots used for each
run has been carefully tuned (Section 4.4.3). Furthermore, a large number of MCFM
input files, which are later submitted to the cluster, needed to be written. This has been

done with a bash script as described in Section 4.4.1.

4.4.1 Generating Input Files

My modifications of MCFM mean that it is straightforward to calculate different cross-
sections, including PDF uncertainties (Section 4.2.4) for different processes, different scale
factors (Section 4.2.2) and different accelerators (Section 4.2.3).

It is still necessary, however, to perform separate calculations for the different accel-
erators, processes (including the separation in quark-quark and gluon contributions for
two-jet processes), scales, scale factors and PDF sets. For each of these one needs to
rewrite the input file for MCFM. I wrote a bash script to take care of this job. It cycles
over all the parameters mentioned and outputs the appropriate input file which it then
submits to the cluster.

The same script can also be used to tune the number of shots required (Section 4.4.3)

by reading in the appropriate number of shots for each process from a text file.

4.4.2 Computer Cluster Usage

I used the Beowulf cluster at the Centre for Particle Physics at Royal Holloway to calculate
all subprocesses separately, using the prepared input files that I described above. The

cluster consists of 42 nodes with 4 processors each and 10 nodes with 6 processors each.
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It uses PBS for job submission and Torque as a scheduler. After overcoming several

problems with the scheduler?, the final set of calculations has taken less than a week.
The combination of quark-quark and gluon contributions and all the calculations for

analysis were done on my local machine afterwards. The time needed for this step is

approximately half a day.

4.4.3 Tuning the Number of Shots

After all this preliminary work, it is now necessary to set the number of shots in such
a way that the integration error in each bin is at most 10% of the PDF error in each
bin (AcMC ~ 0.1AcEPT). Obviously such a task is extremely labour intensive given the
large amount of data, i.e. several thousand sets with dozens of histograms each.

I can simplify this task by assuming that the PDF error in each histogram bin is

approximately equal to the PDF error of the total cross-section (Aot PF := 0.1AcLPT).
All my histograms have approx. 40 bins, hence the statistical error per bin can be related

to the statistical error of the cross-section (AcM¢ ~1/vaAc€). So 1 find that:

bin

0.1
AcMC ~ —— AgPPF ~0.0158AcPF (4.3)

ot =710

I have fully calculated all the simulations for 10*10000 shots in the preliminary run
and 10*1000000 shots in the final run'®. Assuming that the Vegas grid is fully adapted,
the MC error should be indirectly proportional to the square root of the number of shots
used. Hence, I can estimate how many shots are required to obtain the required accuracy.
The final number of shots have been chosen in such a way that the relative statistical

error is smaller than 0.1% and does not exceed 1.58% of the PDF uncertainties.

9The scheduler does not allow pausing of large jobs to quickly process short jobs. Hence, I had to
write my own script which gradually releases my jobs keeping some percentage of the farm free for other
members of the group to use.

190n a single processor the total computational time would be 4 days for all LO calculations. Hence,
the total walltime on the farm is less than one week.
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Chapter 5

Weak Boson Production in Association
with Jets

In Chapter 2 I showed how one can calculate SM cross-sections at hadron colliders. 1
have investigated the associated theoretical uncertainties in Chapter 3 and gave a quick
overview of the computational tools used in Chapter 4. Now, I want to introduce the
specific processes which I have investigated. These are:
o DD > (WHo L) +
W+ — (1, e)—i—ljet—i—X
)

* PP — (

e PP — (W — 11y, —i—2jet5—i—X

e P = (W™ = ( Vg)

e PP = (W™ — ¢~ V£)+1]6t+X

e pp > (W™ = (7,)+2 jets + X

e DD = (Z—= 01T+ X

e DD = (Z—= 0 UT)+1jet+ X

e PP = (Z =0 UT)+2 jets+ X

® PP = (2= X vi?) +X

PP = (Z =D ey viV) t1jet + X
® PP = (Z = > e, i) +2 jets + X

where X are partons from the initial protons, which do not participate in the hard
scattering event. Future use of these equations will omit +.X.

I will first discuss the production and decay of weak bosons without associated jets.
I will show all possible subprocesses for the production of W bosons decaying into a
charged lepton and a neutrino, and for the production of Z bosons with decay into
charged leptons or invisible decay. I will consider W* and W~ at the same time as both
processes are quite similar. My introduction for processes including one associated jet
is slightly more generic as I will only present Feynman diagrams for general weak boson
production without decay. Finally, I will present the possible types of Feynman diagrams

for the production with two associated jets.
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5.1 No Associated Jets

At tree level the simplest production process for weak bosons with subsequent leptonic
decay has no associated jets. Firstly, I will look at the production of W* bosons and

subsequently the production of Z bosons.

5.1.1 W= Production and Decay into Charged Leptons

In the case of Wt and W~ bosons we have only s-channel contributions with a quark-
antiquark initial state, i.e. one up-type quark and one down-type quark. I am only
interested in leptonic decays of the W boson, i.e. the decay into a charged lepton and
a neutrino. There is only one basic Feynman diagram for each as shown in Figure 5.1.
qq or q;

dq

Figure 5.1: Feynman diagrams for W¥ production with leptonic decay at hadron colliders:
7195 = W = £t (left) and ¢,q, — W~ — £ 7 (right). For possible ¢, ¢, pairs see Table 5.1.

For the presented diagrams there are only two possible initial states, e.g. ud and ¢§
for W. Two more diagrams exist, because each of the quarks can come from either
of the colliding protons (which in this case is identical to reversing the direction of the
fermion line), e.g. du and Sc for W*. There is no initial state involving bottom quarks,
because it would require a top quark, which are too heavy to be produced in an important
amount. Moreover, there are three final states corresponding to the three generations of
leptons. Hence there are twelve subprocesses for the production of each of the W bosons.
The possible fermion lines, final states and number of subprocesses are summarised in
Table 5.1.

5.1.2 Z Production with Decay into Charged Leptons or Neutrinos

The initial state for the Z production is a simple quark-antiquark pair of the same flavour.
In contrast to W+ production there are ten possible initial states: these are five possible
quark-antiquark pairs (uti, c¢, dd, ss and bb) and five corresponding antiquark-quark
pairs. Again, I am not considering top quarks.

I am also only considering leptonic decays of Z bosons. These can either be pairs of
oppositely-charged leptons or pairs of a neutrino and antineutrino. The former is also
known as Drell-Yan process and the propagator between the quark pair and the lepton
pair can also be a virtual photon v*. This process will be included in all calculated
cross-sections, because it is not possible to distinguish the experimental measurements

for each propagator from each other. [46]
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q I q 7

Z/,y* >«/\/Z~AA\Q/ |
- N Y,

q q

Figure 5.2: Feynman diagrams for Z production at hadron colliders with decay into charged

leptons qg — Z/y* — €74~ (left) and invisible decay qg — Z — ¥y, (right). For possible g
pairs see Table 5.1

For both the decay in charged leptons and the decay into neutrinos there are three
possible decays corresponding to three generations of leptons. I already mentioned in
Section 2.4 that, for the decay into two charged leptons, the propagator can also be a
virtual photon and it is experimentally impossible to determine the propagator of a given
final state. Hence, all my calculated cross-sections are a summation of both processes,
even if it is not explicitly stated in later chapters.

The corresponding Feynman diagrams are shown in Figure 5.2 and all the possible

initial states and final states are listed in Table 5.1.

5.2 One Associated Jet

I will now consider weak boson production with one associated jet. It is clear that neither
the final state charged lepton nor the neutrino can emit a gluon, the only source for an
additional jet for the zero-jet process is from initial state radiation of either quark. This is
shown in Figure 5.3. Similar to the W boson production without associated jets, there are
two possible quark-antiquark pairs (one up-type quark and one down-type quark) for the
initial state and the quarks can be contributed by either proton. So for the two Feynman
diagrams and three possible decays there are 24 subprocesses for W+ production with an

quark-quark initial state.
a4, g 4, 4

q; 4,

q, v q, g
Figure 5.3: Feynman diagrams for vector boson production with one associated gluon from
quark-quark initial state: ¢,q, — V'g. For possible ¢,q, pairs see Table 5.1.

In addition to the quark-quark initial state there is also the possibility of a gluon-quark
initial state for which there is an s-channel and a t/u-channel contribution, depending
where along the fermion line the weak boson is emitted. This is recorded in Figure 5.4.
There are four possible fermion lines, e.g. du, sc, Td and 8§ for W where the latter

two reverse the fermion line with respect to the diagrams in the figure. Additionally, the
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initial gluon could come from either proton and there are three possible decays of the W
boson. This gives 48 subprocesses for W* production with a gluon-quark initial state.

In total there are 72 subprocesses for each of the W bosons.
g P

g qy
a4,
ds
4, 1%

4y 1%

Figure 5.4: Feynman diagrams for vector boson production with one associated quark from
gluon-quark initial state: gq, — V'q,. For possible ¢,q, pairs see Table 5.1.

There are even more possible subprocesses for Z production. For the quark-antiquark
initial state we have five possible quark pairs, as seen for the 0-jet production. This gives
60 subprocesses for the two diagrams. The gluon-quark initial state allows any quark
to form the fermion line (apart from the t and t), which means there are 120 possible
subprocesses. In total there are 180 subprocesses for the Z production with one associated
jet for either a decay into charged leptons or an invisible decay. A summary of possible
fermion lines, initial and final states, and the resulting number of subprocesses is shown
in Table 5.1.

5.3 Two Associated Jets

As previously, we can have a quark-quark and gluon-quark initial state. But for processes
involving two associated jets, gluon-gluon initial states are also possible. This is partic-
ularly important for hadron colliders with large centre-of-mass energies like the LHC,

where such initial states are much more likely. [35, 36]

g q, g q, g 4,
g q, V 4, 1% q, V
Q1 ql
qq g gy g qq

Figure 5.5: Feynman diagrams for vector boson production with two associated quarks from
a gluon-gluon initial state: gg — Vq,q,. The two right hand graphs represent two different
kinematic configurations of the initial state. All three diagrams show a g, ¢, fermion line with the
strong vertices before the weak vertex. Swapping the vertices gives two independent diagrams
for the left graph and three independent diagrams for each of the right hand graphs. For possible
4,9, pairs see Table 5.2.

The gluons can fuse to a single gluon, which then in turn couples to the fermion line

which emits the weak boson. The weak vertex can be before or after the gluon vertex.
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Alternatively, both gluons can couple to the fermion line separately and there are two
possible initial states depending on which proton contributes which gluon. The weak
boson is emitted from the fermion line before, in between or after these strong vertices.
Hence, there are eight possible diagrams. Three of these (neglecting the order of strong
and weak couplings) are shown in Figure 5.5. There are only two possible fermion lines for
W production, but ten for Z production. Including the three possible leptonic decays,

we have 48 and 120 possible subprocesses, respectively.

g g g qs qy
4,

ql ql
q, qq q, g q, g

Figure 5.6: Feynman diagrams for vector boson production with one associated gluon and one
associated quark from a gluon-quark initial state: gg, — Vgg,. Both diagrams show a ¢,q,
fermion line with the strong vertices before the weak vertex. Swapping the vertices gives two
independent diagrams for the left graph and three independent diagrams for each of the right
hand graphs. For possible q,q, pairs see Table 5.2.

For 1-jet diagrams with a gluon-quark initial state, either a quark or the initial gluon
could radiate an additional gluon giving a second jet in the final state. This is recorded
in Figure 5.6. Taking the order of weak and strong couplings into account gives eight
independent diagrams. So after considering contributions from both protons and the
three possible final lepton states gives 192 subprocesses for W* production and 480 for

7 production. There are only four possible fermion lines for W bosons, but ten for the Z

boson.
a4y g 4, g q, g
ql ql
q; g g
ql ql
g
qy Vv q, Vv qy V

Figure 5.7: Feynman diagrams for vector boson production with two associated gluons from
a quark-quark initial state: ¢,q, — Vgg. The two right hand graphs represent two different
kinematic configurations of the final state. All three diagrams show a ¢,¢, fermion line with the
gluon vertex before the weak vertex. Swapping the vertices gives two independent diagrams for
the left graph and three independent diagrams for each of the right hand graphs. For possible
4,95 pairs see Table 5.2.

Building on the 1-jet diagrams with quark-quark initial states, a second gluon can

be emitted from the fermion line or the first emitted gluon could split into two. This is

shown in Figure 5.7. Swapping the strong and weak vertices around gives eight possible
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diagrams. There are two possible choices for the quark-quark initial state for W* pro-
duction and five different ones for Z production. Together with the lepton final states
and the possibility of quarks being contributed by either proton there are 96 and 240

subprocesses for W* and Z, respectively.

q, dq ds q,q q; e
4y
g V q, q,q \% q q,
qs 4y a3 q, Vv

Figure 5.8: Feynman diagrams for vector boson production with two associated quarks from
a quark-quark initial state: q,q3 — Vgoq, (left), ¢35, — V@, q, (middle) and ¢,G, = Vq3q,
(right). All three diagrams show a ¢,q, fermion line with the gluon vertex before the weak
vertex. Swapping the vertices gives two independent diagrams for each of the three graphs. For
possible ¢q,q, and g3q4 pairs see Table 5.2.

There is another group of quark-quark initial states, where a gluon is either exchanged
between the two incoming quarks (t/u-channel) or the two quarks annihilate by forming a
gluon, which itself decays into a quark pair (s-channel). In the latter case the weak boson
can be emitted by the initial state quark pair or the final state pair. These contributions
are sketched in Figure 5.8.

Swapping the order of the strong vertices gives two possible contributions each. The
t/u-channel contribution has four possible choices for the fermion line emitting the W
boson and ten for the other fermion line, which gives a total of 528 possible subprocesses.
Eight of these subprocesses are due to final states with two quarks of identical flavour
which can occur in two possible kinematic states. In contrast, if a Z boson is emitted,
there are ten different choices for the emitting fermion line, which gives 1320 possible
subprocesses counting all possible kinematic arrangements.

The s-channel contributions each have two possible choices of quark pairs for the
fermion line emitting the W boson and five for the other fermion line. Including final
states and allowing for quarks to come from either proton there are 120 subprocesses
each. In case of an emission of a Z boson there are 5 corresponding fermion lines, giving
300 subprocesses for each of the shown diagrams.

In total there are 1104 possible subprocesses for W* production and 2760 possible
subprocesses for Z. An overview of all the possible initial states, final states and fermion

lines is given in Table 5.2.
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5 Weak Boson Production in Association with Jets
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Chapter 6
Observables

In Chapter 2 I have shown how to calculate integrated cross-sections at hadron colliders.
The total cross-section is just one of many possible observables. Of particular interest
to us are differential cross-sections as these help us to understand the kinematics of the
scattering processes better.

While hadron colliders are excellent machines in the quest for pushing the energy and
luminosity limits, they can only achieve these benefits by using compound particles, i.e.
protons and anti-protons. Hence, the parton-parton centre-of-mass frame will be gener-
ally boosted in the forward/backward direction relative to the lab frame and this boost
is different for each event. Therefore, hadron collider observables should be observables
that are Lorentz-invariant under boost along the z-axis or alternatively observables that
are additive.!

In this chapter I will introduce the ideas of invariant mass, transverse momentum,
missing transverse momentum and transverse mass, which are all invariant with respect
to z-boost. I will also mention rapidity and pseudo-rapidity. Finally, I will introduce
distance observables which are invariant, i.e. separation in rapidity, azimuthal opening
angle and the “lego plot” distance. More details on these observables can be found in

the literature, for example: Han [17] and Kramer and Soler [47].

6.1 Invariant Mass

The invariant mass of n particles is defined via the sum of their four-momenta squared:

M? = p* = (ZPz) (6.1)

The invariant mass of multiple final state particles can be used to find mass resonances,

if they originate from a decay. I have plotted multiple two-particle invariant masses for

IThis requirement is not essential, but different hard scattering events are easier to compare to each
other if the reference frame is the same.
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the investigated processes. It is defined by:

M}y =ply = (p1+p2)°
= (B + E2)2 — (P +]72)2 (6.2)
=mi+mj+2(E\E — Py - P2)

And for relativistic particles (E >> m):

MLQ = \/2|ﬁ1|’ﬁ2’ (1 — COS AHLZ) (63)

because m; ~ 0, E; = p; and p - po = |p1||p2| cos Aby o where A, 5 is the opening angle

between the two particles.

6.2 Transverse Momentum

The overall z-boost cannot be measured when particles escape detection, either due
to small couplings (e.g. neutrinos) or due to the finite coverage of the solid angle by
the detector (i.e. the beamline punctures the detector). Therefore, final state momenta
cannot be transferred to the centre-of-mass frame of the scattering process.

In contrast, the transverse components of the three momentum are invariant. The

transverse momentum can be calculated for one or more particle:

pr = <me> + <Zpy7,> (6.4)

As mentioned above, some particles escape detection. Due to the nature of head-on
collisions, one can assume that the total initial transverse momentum of the particles
participating in the inelastic scattering is zero. Using momentum conservation on the

transverse plane one can calculate the missing transverse momentum:

ﬁT = ﬁT,miss + ﬁT,detected =0 (65)

PT miss += —PT,detected

This observable is particularly useful for final states with one neutrino.
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6.3 Transverse Energy

Using the invariant mass and the transverse momentum defined above, one can calculate

the transverse energy of a particle:

Ep =/ M? + p2 (6.6)

I will not calculate any differential cross-sections for this observable, but it will be needed

in the calculation of other observables as well as for calculating the dynamic scales.

6.4 Transverse Mass

In order to calculate the invariant mass one needs to know the kinematics of all of the
particles. As just discussed, this is not possible if there are neutrinos in the final state.
For example, if a W boson decays into a charged lepton and a neutrino, the transverse
mass observable can be used. Using only the transverse components of the invariant mass

of two particles (Equation 6.2):
M%7172 = m% + m% + 2 (ET,lET,Z — ﬁTJ . ﬁT,2) (67)

And for relativistic particles (E >> m):

Mrpio = \/2PT,1pT,2 (1 —cosA¢pr2) (6.8)

because m; = 0, ET,i = D1y and ﬁle 'ﬁT’Q = P11PT1,2 COS Agbljg where Agbl,g is the azimuthal
opening angle between the two particles.

For example, in case of a leptonic decay of the W boson one obtains:

MT,Z,V = \/2 *Prye - Pry (1 — COS A¢Z,1/)

= \/2 *P1¢ * PTymiss ° (1 — COS A¢€,miss) = MT,W

6.5 Rapidity

Rapidity is sometimes also called the hypercubic angle, because it provides the longitud-

inal projection of the transverse variables:

E myp - coshy
T : S

Py pr-sing

D mr - sinhy
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Hence, the rapidity y is given by:

E 1 (E
y:tanh_1<%>:ln( “’Z):-ln( +pz> (6.11)

mr 2 E—p,

In contrast, experimentalists often use pseudo-rapidity as it is based on the longitud-

inal angle and hence can be directly measured. It is defined by:

:lln<’m+pz) zlln (M) :—lntang (6.12)

2 1] — p. 2 1 —cosé

It can be seen that |n| > |y|, because E > |p]. This also means that rapidity and pseudo-
rapidity are identical for massless particles, which is true for all the rapidities calculated
in this report.

While neither rapidity nor pseudo-rapidity are invariant under z-boost, the difference

between the rapidity of two particles is:

Ay = |y1 — yo (6.13)

This can be easily shown. A Lorentz boost in the z direction is given by:

v = cosh Ypoost By = sinh Ypoost (6.14)
and can be applied by:
E' = +E - Y — Pz ﬁ’y = I - cosh Yboost — Pz * sinh Yboost p; = Pz (6 15)
p; =—F- /87 +pz Y = —L - sinh Yboost +pz - cosh Yboost p; = Dy

Then the boosted rapidity is given by:

/ E'+p,
y =1In -

mr

—1In E- (COSh Yboost — sinh yboost) + Dz (Sinh Yboost — cosh yboost)

mr

E » .

=In P ’ (COSh Yboost — sinh yboost) (616)

mr
E+p. .

=In tp + In (cosh Ypoost — SINh Ypoost )

mr

Finally, one can show that the difference between the rapidities is the same in both
frames:
Ay =y —yi=yp+thk—y—k=yp—y =2y (6.17)
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However, the difference between the pseudo-rapidity of two particles An is not z-boost

invariant for massive particles.

6.6 Azimuthal Opening Angle

The azimuthal opening angle between two particles is the smallest angle between the

particles in the transverse plane, given by:

A¢ = mln(](bl — ¢2’,2’/T — ‘¢1 — ¢2’> (618)

This observable is invariant under boost in the z-direction.

6.7 Separation R

The separation R between two particles is also known as the “lego plot” distance, because

it is the distance between two particles in ¢-n plots. It is defined as:

R o=\ —m)* + (61 — 62’
/AP AR

This observable is invariant for massless particles and if one replaces pseudo-rapidity

(6.19)

n with rapidity y, it is also invariant for massive particles. Because all my final state

particles are relativistic both these definitions give identical results and I will use the

R= A2+ A (6.20)

This observable has the interesting feature of a kinematic peak at R = 7, because 0 <
A¢p < m while 0 < Ay < oc.

following definition:
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Chapter 7
Results

The following two sections detail the input parameters used by MCFM and the applied
selection cuts. The final two sections list the calculated integrated cross-sections and give
an overview of the differential cross-sections which have been obtained with respect to a

variety of observables. All of the results are at LO only.

7.1 Input Parameters for MCFM

All the presented integrated and differential cross-sections have been calculated using
MCFM, which requires a variety of input parameters. Firstly, one needs to define the

electroweak scheme [48]:

My = 91.187 GeV My = 80.410 GeV Gr = 1.16639 x 10 x 107° GeV?

(7.1)
I'z =2.49GeV I'w = 2.06 GeV a(Mz)™t = 128.89
The other electroweak parameters have been derived from these! [42]:
g2 = 0.0975 M; = 149.248 GeV My, = 4.750 GeV (7.2)
sin? Gy = 0.2285 Iy = 1.11GeV M, = 1.500 GeV '

Furthermore, the QCD parameters need to be defined. The strong coupling is selected
by the PDF set chosen. CTEQG6L1 uses a LO ag(Mz) = 0.129783 [39] and MSTW2008LO
(90% C.L.) uses a 1-loop evolution with a,(Myz) = 0.13939 [49]. By default MCFM only
uses mixing of the two lightest generations of quarks, i.e. #15 ~ 12.83° and 6,3 = 693 = 0°.

[48] This leads to minor contributions from initial states not listed in Chapter 5. The

!The electro-weak scheme used is designated as -1’ by MCFM. The numerical values of the derived
parameters stated are rounded.
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following CKM mixing matrix has been used as the input:

Vil Vasl Vi 0.9750 0.2220 0.0000
Veal |Ves] [Ven| | = ] 0.2220 0.9750 0.0000 (7.3)
Vial  [Vis|  [Vis] 0.0000 0.0000 1.0000

Initially all calculations have been done using ten runs with 10 shots each in the pre-
conditioning (total of 10° shots) and ten runs with 10° shots each in the final run (total of
10 million shots). Only the second set of runs contributes towards the MC integration. If
the statistical error exceeded 0.1% or 1.58% of the PDF uncertainties® then the number
of shots has been increased until both quality criteria were satisfied. Some of the two jet

processes required a total of 126 million shots.

7.2 Selection Cuts

As discussed in Section 2.4, I am choosing a number of selection cuts in order to mirror
the basic acceptance region of the detectors. For the two multi-purpose detectors at the

Tevatron, the selection cuts are [35]:

pr; > 20 GeV prex > 20 GeV

(7.4)
[y <2 [yer| <1
And for ATLAS and CMS at the LHC [36]:
pr; > 30 GeV Pret > 20 GeV (75)

ly;| <3 |yes| < 2.5

Jets are collimated bunches of partons originating from hadronised final state quarks and
gluons. Jet clustering algorithms are applied to recombine these final state partons to jets.
They generally fall into two groups: cone and sequential clustering. The former group
clusters hadrons within a separation R of the most energetic particles in the event. They
are favoured by experimentalists, because they provide jets with cone-like boundaries.
They do, however, generally struggle with high energy jets being emitted close to each
other (collinear unsafe) and infra-red emissions from the underlying event blurring the
direction of the jet’s total momentum (infra-red unsafe). The second group of algorithms
is based on separation in momentum space. It is favoured by theorists, because kr
distance measures are closely related to the structure of QCD divergences. Furthermore,

these algorithms are collinear and infra-red safe, but normally do not give cone-like jet

2See Section 4.4.3 for a more detailed description.
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boundaries. I have used the anti-kr algorithm with:
kr =0.4 (7.6)

for both accelerators, because it is collinear and infra-red safe while also providing cone-
like jets in momentum space. [50]

The production of W* bosons yields an undetectable neutrino in the final state. Cuts
on the missing transverse momentum and the approximated transverse mass of the W
boson improve signal-to-background selection. That means that some events with similar
final state signatures to the hard scattering event I am interested in will be discarded,
which improves the overall sensitivity to final states originating from an actual W* decay.

For both colliders the cuts are chosen to be:

PTmiss ~ Pry > 30 GeV

(7.7)
MT,W > 20 GeV

7 production with decay into two charged leptons also requires a cut on the di-lepton
mass to suppress contributions from the virtual photon. So, I am applying the following
cut at both accelerators.

M+ - > 15GeV (7.8)

7.3 Integrated Cross-sections

LO cross-sections have been calculated for:
o twelve different processes: see Chapter 5
e three different accelerator setups: Tevatron Run II (1.96 TeV), LHC with 7TeV
and LHC with 14 TeV
e three different scale choices®: g = My, E’¥ and I:[T
e two different PDF sets: CTEQ6L1 (no error sets) and MSTW2008LO (90% C.L.)

The CTEQ6L1 PDF set does not include eigenvector sets in order to calculate PDF
uncertainties. The deviation from the integrated cross-sections for MSTW2008LO (90%
C.L.) can be found in Table 7.4. The full results can be found in Appendix B.1. All
calculated LO cross-sections for the MSTW2008LO (90% C.L.) PDF sets are listed in
Table 7.1 for Tevatron Run II, Table 7.2 for LHC with 7 TeV and Table 7.3 for LHC with
14 TeV. The statistical error is quoted using bracket notation*. Both the asymmetric

(plus/superscript and minus/subscript) as well as the symmetric deviations (in square

3These were defined in Section 3.2.
4In the bracket notation of errors the result is compressed, by giving the the result up to the most
significant number and rounding the error up accordingly. For example: 276134 4= 45 = 27613(5) x 10*
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brackets) for the PDF and scale uncertainties are listed as relative errors. They have
been rounded up to the nearest percent. The scale uncertainties have been estimated
using a conservative variation by a factor of 4.

One can observe that all cross-sections follow o(V') > o(V + 1 jet) > o(V + 2 jets).
This is to be expected, because the available phase space in the final state for each
particle is decreased for processes with additional jets. Furthermore, we can observe that
the production cross-sections for the W* and W™ are almost identical for the Tevatron,
but for the LHC the integrated cross-section for the W is larger than for the W—. This is
due to the net charge in the initial state being positive due to the abundance of up quarks
in the two protons. For the Tevatron the total net charge is zero, due to the opposite
charge of the proton and the anti-proton. Comparing the production cross-sections for
Z — (0~ and Z — Y, yv, shows that the latter is much larger for all accelerators and
scales. This is in agreement with the relevant branching ratios.

The PDF uncertainties are less than 4% for all accelerators, scales and processes. The
Tevatron has the largest PDF uncertainties, because the initial state antiquarks are sea
quarks and their PDFs have a larger uncertainty with them than valence quarks. [49] All
uncertainties are between 3 and 4%. For the LHC we get PDF uncertainties of about 3%.
For a centre-of-mass energy of 7TeV some of the uncertainties are lower and for 14 TeV
some are higher. There seems to be no dependence on the number of jets involved.

The picture is more complex for the scale uncertainties. For the Tevatron the scale
uncertainties are between 1 and 4 percent for the processes without jets, larger than
30% for the one jet and larger than 65% for two jets. Furthermore, one can observe
that the scale uncertainties for the events with jets drop by up to 10% if one uses the
dynamic scales. The dynamic scale Hy gives a larger improvement than E¥ . At the
LHC with 7TeV the scale uncertainties are lower than at the LHC with 14 TeV for the
processes without a jet, but larger for the processes with jets. For both centre-of-mass
energies the uncertainties are lowest for the one jet processes. They are less than 10% for
14 TeV and less than 19% for 7 TeV, but both are larger than the corresponding Tevatron
results. For the one jet events we get a minimal increase for the scale uncertainties at
LHC with 7TeV, but a three-fold increase for the LHC with 14 TeV. This is smaller than
at the Tevatron. For two jets the scale uncertainties are smaller at the LHC than at the
Tevatron, i.e less than 58% for 7TeV and less than 38% for 14 TeV. Ouly for the two
jet events have I found a significant decrease in the scale uncertainties when using the
dynamic scales. Hy gives twice the improvement of the E¥ scale.

Campbell and Ellis [35] have calculated total cross-sections for weak boson production
at the Tevatron with /s = 2TeV. They have used identical rapidity cuts, but have a
lower cut for the minimum transverse momentum of jets and an additional cut for its

maximum (15 GeV < pr; < 200 GeV). There is no requirement on the minimum missing
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transverse momentum. Furthermore, they also use the kp clustering algorithm with a
larger cone size (k = 0.7). Hence, one would expect my predictions to be smaller as I am
looking at a more restricted phase space.

Only results for one associated jet and two associated jets are provided. All of their
predictions are in the same order of magnitude. As expected, for W* production with
one jet, their cross-sections are up to twice as large as mine and for Z production with one
associated jet approximately 50% larger. However, my predictions for two associated jets
are approximately 20% to 50% lower. This is most likely due to the different clustering
algorithm with a larger cone size and the cut off for jets with large transverse momentum.
I will present differential cross-sections in the following section, which show that there
is a sizeable proportion of jets that are close together and that there is a non-negligible
proportion of jets that have a high transverse momentum.

Campbell and Ellis only investigated the dependence on a static scale u = My, . Their
finds, however, match mine. The total cross-section drops exponentially with increasing
scale for both processes with one and two jets. This effect is larger for two jet events.

Another study by Campbell and Ellis [36] provides total cross-sections for the LHC
with 14 TeV. Once again my phase space is more restricted. For weak boson production
with no jets and two jets my predictions are 40 to 70% smaller for W* bosons and less
than 5% smaller for Z bosons. This suggests that the cut on the missing transverse
momentum has a large impact on the total cross-section. For one associated jet, my
cross-sections are a third of that of Campbell and Ellis for W* bosons and half as large
for Z bosons. Looking at differential cross-sections presented in the next section, the
most likely explanation is my cut on the transverse momentum of the jets, i.e. my cut
off pr; > 30GeV versus 20 GeV. This cuts out a large proportion of the events.

The dependence of the integrated cross-section on the scale found by Campbell and
Ellis agrees with my predictions. For events with no associated jet the cross-section
increases with scale. For one associated jet the cross-section does not depend very strongly
on the scale, but decreases with increasing scale. Finally, for two jets the cross-section
quickly becomes smaller for larger scales.

It is worth noting that Ellis and Campbell found all LO cross-sections to be larger for
zero and one jet events and smaller for weak boson production with two associated jets,

but all deviations are less than 20% for the central values.
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7 Results

[L9FIET [6FIET 0T x (3)0Pece [LFIEET [eFIET (01 % (2)LL8p [0LF] 885 [eF)Er 01 % @)6FLr 1l g+ (ala* "7 7)
[eeFI%T [eF)Er 101 x (2)z1geT PeFI5es [eFlEr 10T x (2)0L92T [ceF%r [eFET 101 x (@)96621  19f [+ (Pala* "=+ 7)
Fl5e  [eFler 01 x (9)g9620T  [1F)55  [eFlgy (01 x (9)s2z801  [TFIFr  [€F]gy (0T x (9)8LE80T (ala "I )
[eoF%eT PFIET 01 % (1)1€9T [0LF] g5 PFIET 00T % (1)2202 [eLF)&5 PFIEy 401 x (1)98¢ee s ¢+ (19-0 < 7)
[TeF1%7 [eF]ET 01 x (2)00TG [eeFler [eFlts 01 x (2)9ere [eeFIeT [eFIET 0T X (£)169G T+ (4720« 7)
eFlis  BFEL 01 x (L)szaLe [eFTE  [FIE 001 x (2)90pLe eFliT  [FFIIE 001 x (L)90vLe (47-7 < Z)
[PoFlies [eFler 00T x (£)9L78 [eLF /85 [eFiT 40T x (F)6101T [9LF]+ [6Flgy 01 x (P)ovier s19l g+ (Pa_y+ _M)
[teF)es leFliy 101 x (1)86.L¢ [eeFIies [eF]Es 10T x (1)e¥6z [eeFI%T [eF]Ey 01 x (1)gg0E 10 T+ (a_y+ _M)
FF2T BFL 101 x (9)976L8 BT [FIET 10T x (9)21948 BT BT (01 x (9)219L8 (Ta_y+ _m)
FoFlier [6F)ir 00T x (7)0s¥8 [eLF] G [eFlgr 0T x (7)820TT [9LF] 565 [eF]Ey 00T X (P)8¥1al spol g+ ("aLy < 1 M)
[teF)s leFliy 101 x (1)6628 [ceFlier [eFlir 101 x (1)€¥6¢ [eeFIEeT [eFliy (01 x (1)¥€08 10T+ (7 g+ M)
FF2T BFET 0T x (9)876LT BT BFIET 10T x (9)€19LC FFI2T BT (01 x (2)€T9LT ("1y7 < +M)
(%] [%] 4 (%] [%] (] [%] (%] (] < dd

Psoyy bo&bq OTo Psoy a@&bq OTo Psoy u@&bq OTo
Ly = o1 Vum = 09/ AN = O I Uny uUoJIAQT,

‘'8 pue ¢'Q suoryenbry Sursn pajededoid ore siorry -juadtod jseresu oy 0} dn papunol
SIOLI® OATJR[DI SB POPIODAI dIe ([0S) o[ROS pue SJ(Id oY} 10] (sjoyoelrq orenbs) suorjeraop oljowwuds o) se [om se (jduosqns pue jduosiodns)
OLIJOWITIASE 9], ‘UOI}RIOU J930RI( SUISN POJSI] 818 SOIJUIRLISOUN [RIIISIIRIS Y], f JO I030R] ® A( UOIIRLIBA SAI}RAIOSUOD © FUISNL PIJRUIIISO UA(
QART SOTJUTRLIOOUN J[RIS YT, "¢'F'§ UOID0G Ul POCLIISOP ST )OS JO JOQUINU 9} 9S00YD 0} pasn ainpadold oy, ‘¢') 03 T/ Suolyenbr Ul pojsI] oIe
stojewrered ndut NJDIN "porjdde useq ARy g 0} G sUOIRNDH Ul USAIS Se SIND UOIIDS[AG "SIdIOYD 9RIS JUSIPIP 901y} pue sIAd ("T'D %06)
OIS00CMILSIN 92 suisn (A9L,96'T = /M) I uny uoIjeas], oY) 1e sosseooxd uorponpoxd 790 + A I0J SUOIDOS-SSOIO pojeIdaul ()T T d|qel

60

M. Stephan Tietz (April 2013)



Production of V+jets at Hadron Colliders

7 Results

61

[0sF|%T [eFIET 01 x (L)ee29z  [CoFIET [6FIET (01 x (R)091Pe  [RGFIEET [6FIET (01 x (8)9LvLe  s19L g+ (Pala * =1+ 7)
[STFINE S [eFIEr (0T x (L)6zess  [6TFIEL [@FIEL 10T x (L)T1LLG [61FIELT [cFIET 01 x (L)epess 190 T+ (Pl * =1 7)
6TFI7%T [eF]ET L01 x (g)eeser  [9TFIET [eF)ET .01 x (9)s6veF  [9TF)LST [6F)ET  L0T x (£)86Fey (ala "I )
[SFFISST [€FIET 0T x (L)€TvLe [esFIs5T [eF]ET ;01 x (1)8g8¢ [0sFI%ET [eF]iy ;01 x (1)668¢ s99L ¢+ (490 < Z)
[LTF]5es [eFlzr 101 x (2)esvg [L1F]es [eFley 101 x (2)L€L8 [L1F]Es [eFIEE 10T % (2)2068 P+ (407 < 7)
[0eFIE5T [eF]E+ 101 x (9)2606¢ (61755 [eF]z5 101 < (9)29v07 (617557 [eF]z5 101 < (9)29v07 (+7-0 < 7)
67 F)%: [eF]iy 0T x (£)ST0L [GeF|%T [eFliy 10T X (£)90€6 [SSFIEET [eF]ky 10T X (F)9p€0T s1l g+ (a_j+ _m)
[STTILE [eF]ET 10T x (9)06geT [STFILLT [eF]Ey (0T x (g)geevT [STFILLT [eFIET 10T X (9)0z8¥T Pl1+ (2 g+ _M)
[02F5ty [eFlgr  ¢01 < (2)oL6ET [61Flet [€F]gr  c01 x (2)€9TvT [6TF]ET [eF]iy 01 % (2)e9tvT (Ta_j+ _M)
[6VFISST [eFIET 0T x (€)2Ps8TT [eeF]E5T [eFIET 10T X (7)9896T [SeTIfeT [eFILT 0T x (9)0zsLT sl g+ (g g < 4 M)
STTFIELT [eFIET 10T x (9)86¢4T1z [STFIELT [eF]ET 0T x (9)0€L2T [STFIELT [eFIET 40T x (L)gzeee 0T+ (1) 4m)
(0TI [eFlEy (01 x (e)epeoz  [6TFIIET [€FIET  -0T x (£)¥¥90¢ [6TFI3%T [eFIET -0T x (£)¥190zC ("14y < + M)
[%] [%] (3] %] (%] (] (%] [%] (] «dd

Numbq \w&bq OTo Nowbq bibq OTo Numbq bu&bq OTo
Ly = onl o = orl A = orl IASL L UMM DHT

a1 Jo uonduosep pue siojewrered ndur NADIN ‘SINd uonoses porjdde 10y 1°2 o[qR], JO uonded 99§ S9OIOYD S[RIS JUSIOPIP 9217} puR SJ(Id
("T'D %06) OTS00ZM.ILSIN o3 Susn AT, L = s/ qamm DHT 93 e sessaoord uorjonpoad §92( 4 A I0] SUOINDSS-SSOID PajeIsaIul ()T g7/ dqel

"SOTJUTR}ISOUN

M. Stephan Tietz (April 2013)



Production of V+jets at Hadron Colliders

7 Results

62

[PFI%T [6F)b L01 % (£)2926 PrFIT [eFIET L01 % (£)9LpTT P FIT [eFIET 01 x (1)86veT S92l ¢ + (lala * =1« 7)
017 &7 [eFILT  L0T x (2)969ST OTFI&T [eF]Er 201 x (2)£609T O1F 67 [eFIET 01 % (2)66691T  #9L 1+ (Pala =1+ 7)
[LeF]ET [eF)ET .01 x (9)S6H96 [FeFIST [eF)Er .01 x (9)€80501 [FeF)ST [eF]ir .01 x (9)€8050T (ala *O=I )
[SeFISET [eF]ET ;01 x (2)¥s8e8 [erFI9%T [eFILs 10T % (£)66€0T FrFIsST [€F1ET 101 x (P)60FTT spl g+ (47-7 < 7)
[6Fl5r [eFlzr 101 x (9)c06€T [8FIST  [eFler (01 x (9)6LevT [8FISy  [eFiy (01 x (9)erart w1+ (199 < 7)
[8eFIEeT [eF]ir  c01 x (2)LemL [LeFIEET [eF]Es 01 x (2)oesL [LeFIEET [eFlEr -0 x (2)oesL (+7-7 < Z)
[6eFISST [eFIEy (0T x (L)¥81€C [P FIEST [€F]ET 10T x (8).L676¢ [GPTIEST [eF]5,  L0T x (1)89ze sl g+ ("a_j+ M)
[6F]S [eTlL  L0T x (2)g69¢ 6F8: [eFlLr 20T x (2)o1se [8TIST  [eFlir 01 x (2)e6se 1+ (ay— _m)
[8eFlgET [PFlEy  -01 % (v)esese [LeFgEs WFlEs  c01 x (1)1988¢ [LeFIEET PFIEE 0T X (P)1988¢ (a_y < _m)
[6eFIET [eF]Er 01 x (9)9022¢€ [erFI&8T [eF]ET L0 % (1)19TF [oFFI%T [eF]ly 0T x (1)gg9p spl ¢+ (147 < 4+ M)
[6F)S: [Tl .01 x (2)zg6¥ 6F8F [eFLT 20T x (2)o11¢ [6F18F [eFlLr 20T x (2)ogas PLT+ (Ta4) < M)
[8eFIEET [€F]Er 20T x (9)8895¢ [LeFIET [eFlEr (0T x (9)6€79¢ LTI 6Tk (0T x (9)6£79¢ (147 < M)
[%] [%] (4] [%] [%] [q3] %] [%] (] +dd

Numbq xﬁ&bq OTp Numbq &w&bq OTp Numbq bu&bq OTo
Ly = orl g = or A = on PASL VT UMM DHT

a1 Jo uonduosep pue siejewrered ndur NADIN ‘SINd uonoses porjdde 10y 1°2 o[qR], JO uonded 99§ S9OIOYD S[RIS JUSIOPIP 9217} puR SJ(Id
("T'D %06) OTS00ZMISIN 22 Sutsn ASL,FT = s/ qam DHT oY) 1e sesseoord uorjonpoad 79 + A I0J SUOI}ISS-SSOID PajeIdalul O] €' djqel

"SOTJUTR}ISOUN

M. Stephan Tietz (April 2013)



7 Results Production of V+jets at Hadron Colliders

Table 7.4: Dependence on scale po for CTEQ6L1/MSTW2008LO (90% C.L.) ratios of the LO
cross-sections for V + jets production processes. The statistical uncertainties are rounded up
to the nearest percent.

Tevatron: pp — R(My) [%] R(EY) [%] R(Hr) [%]
(W = £+y,) 97(3) 97(3) 97(3)
(WH = 1) + 1 jet 95(5) 95(5) 96(5)
(W = £T,) + 2 jets 89(5) 90(6) 91(5)
(W= = (77, 95(2) 95(2) 95(2)
(W= = 677,) +1 jet 93(5) 94(5) 94(5)
(W™ = £77,) + 2 jets 87(7) 87(7) 89(6)
(Z — =¢F) 96(2) 96(2) 96(2)
(Z = 0= 0H) + 1 jet 95(4) 95(4) 95(4)
(Z — 0=0F) + 2 jets 88(6) 89(6) 90(6)
(Z = e ir UiT) 96(1) 96(1) 95(1)
(Z = Y gepr Vi) + 1 jet 95(2) 95(2) 95(2)
(Z = Yo r UiTy) +2 jets 89(5) 90(5) 91(4)
LHC @ 7TeV: pp — R(My) [%] R(EY) (%] R(Hr) [%]
(W+ = £+, 98(2) 98(2) 98(2)
(W = £ty,) + 1 jet 96(5) 96(5) 96(5)
(W = £t,) +2 jet 89(5) 89(5) 91(5)
(W= = (77, 95(2) 95(2) 95(2)
(W= = 677,) +1 jet 93(5) 93(5) 93(5)
(W™= = £77,) + 2 jets 86(6) 86(7) 88(6)
(Z — %) 97(2) 97(2) 97(2)
(Z = 0= 0H) + 1 jet 94(4) 94(4) 95(4)
(Z — 0= 0F) + 2 jets 87(6) 88(6) 89(5)
(Z = > pe s Vi) 97(1) 97(1) 97(1)
(Z = Y gepur UTy) + 1 jet 95(2) 95(2) 95(2)
(Z = 3 pmepur ViVy) + 2 jets 89(4) 89(4) 90(4)
LHC @ 14 TeV: pp — R(My) (%] R(E)) %] R(Hr) [%)]
(Wt = 1) 97(3) 97(3) 97(3)
(W+ — 0ty) + 1 jet 93(6) 93(6) 94(6)
(W = £t,) + 2 jets 87(6) 87(6) 89(7)
(W= = 77, 97(3) 97(3) 97(3)
(W= = 077,) + 1 jet 93(6) 93(6) 94(6)
(W™= = £77,) + 2 jets 87(60 87(6) 89(6)
(Z — £—0%) 98(3) 98(3) 98(3)
(Z — 070F) +1 jet 93(6) 94(6) 94(7)
(Z — 0=0F) + 2 jets 87(6) 87(6) 89(6)
(Z = e ir Vi) 100(1) 100(1) 99(1)
(Z = e pr UiTy) +1 jet 95(2) 95(2) 96(2)
(Z = X i pur ViVy) + 2 jets 83(3) 89(4) 90(3)
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7.4 Distributions of Observables

I will now look at some observables in more detail by plotting distributions of differential
cross-sections at LO, which I have calculated for:

o twelve different processes: see Chapter 5

e three different accelerator setups: Tevatron Run II, LHC with 7TeV and 14 TeV

e three different scale choices: g = My, Ej‘f and HT

Because of the extent of the results produced®, I will only reproduce a selection. Unless
otherwise specified, T will concentrate my presentation on LHC with /s = 7TeV using
the static scale pp = My and the MSTW2008LO (90% C.L.) PDF set with 90% CL as
recommended by the PDF4LHC work group [51]. I will point out where the results differ
for Tevatron Run IT (1/s = 1.96 TeV) and LHC with /s = 14 TeV, as well as the two dy-
namic scales E¥ and Hy. Some additional histograms are given in Appendix B.2. While
distributions have also been calculated for CTEQG6L1, only differential cross-sections with
respect to experimental observables® for MSTW2008LO (90% C.L.) will be presented.

741 pp — (WF — £1y) 4+ n jets

In this section I will present results for the pp’ — (W — ¢1,) + n jets process. This
group of processes has a fairly rich phenomenology. The produced W decays into one
detectable charged lepton and an invisible neutrino. Theoretically, one can recover some
of the lost information because the detected transverse momentum of reactions with
a single neutrino is identical to the missing transverse momentum. Lacking knowledge

about the total boost along the z-axis, however, requires the use of observables like M7r .

7411 ppP — (WH — £ty

For the pp — (Wt — (*1,) process without jets there are only a very limited amount
of observables, as there are no jets and the neutrino that the W+ boson decays into can
only be observed in the form of missing transverse momentum. Figure 7.1 shows the
charged lepton and the missing transverse momentum. For the LHC at 14 TeV and the
Tevatron I obtained the same shapes. The magnitude of the differential cross-sections
are proportional to the integrated cross-sections, i.e. they increase with centre of mass
energy. The uncertainties also vary as expected. The largest PDF errors occur in the
distribution for the Tevatron, as it requires proton and anti-proton PDFs. The LHC
results are a little smaller and identical to each other, as they only depend on the proton

PDFs. The scale uncertainties on the other hand are very small for the Tevatron and

5 Approximately 3000 histograms have been calculated and printed.
5The bin width for distributions of the transverse momentum py and masses M is 5GeV. For
rapidities y and separation R a bin width of 0.2 has been used. The azimuthal angles use A¢ = 5°.
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increase with centre of mass energy. As an example the distributions of the transverse
momentum of the charged lepton at the Tevatron and the LHC at 14 TeV are shown in
Figures 7.2. These results are almost identical for the other two scales I have investigated.

Furthermore, we can observe the rapidity of the charged lepton as shown in Figure 7.3.
The final state charged lepton tends slightly towards an emission in the forward direction
of the detector, which differs to the W~ production (see Section 7.4.2.1). In comparison
the rapidity distribution for the LHC with 14 TeV is more stretched” and for the Tevatron
there is a bias towards one side of the detector due to the pp asymmetry (see Figure 7.4).
The two dynamic scales yield the same result.

The distribution for the azimuthal angle between the charged lepton and the missing
momentum shows that the charged lepton and the neutrino are emitted back-to-back on
the transverse plane®. This must be true for all colliders and scales. The last observable
for this process is the Mpw distribution and is shown in Figure 7.5. It can be observed
that there is a threshold at 60 GeV and a peak at about 75 GeV to 80 GeV. One expects
this distribution to have a threshold below the W mass and a peak just above. The
shapes are the same for the other two accelerators and scales. Uncertainties and integrals

vary according to the total cross-sections.

"See Figure B.1 in Appendix B.2.1.1.
8See Figure B.2 in Appendix B.2.1.1.
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Figure 7.1: LO differential cross-section with respect to the charged lepton (top) and the
missing (bottom) transverse momentum for the pp — (W — ¢*y,) process at the LHC with
Vs = 7TTeV using a fixed scale of g = Mw and MSTW2008LO (90% C.L.) PDFs. Selection
cuts as given in Equations 7.5 to 7.8 have been applied. MCFM input parameters are listed
in Equations 7.1 to 7.3. The procedure used to choose the number of shots is described in
Section 4.4.3. The scale uncertainties have been estimated using a conservative variation by a
factor of 4. The error bars for the statistical uncertainties are mostly too small to be visible or
are only partially visible. Only the asymmetric deviations for the PDFs (red, dotted) and scale
(blue, dashed) from the central value (black, solid) are given.
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Figure 7.2: LO differential cross-section with respect to transverse momentum of to the charged
lepton for the p'p’ — (W — £T1,) process at the Tevatron Run II (top) and the LHC with
14 TeV (bottom) using a fixed scale of py = My . Additional details are given in the caption of
Figure 7.1.
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Figure 7.3: LO differential cross-section with respect to the charged lepton rapidity for the
pp — (W — £*y,) process at the LHC with 7TeV using a fixed scale of po = My . The first
and last filled bin are half-width due to the applied selection cut, |ys| < 2.5. Additional details
are given in the caption of Figure 7.1.
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Figure 7.4: LO differential cross-section with respect to the charged lepton rapidity for the
pp — (WT — ¢*,) process at the Tevatron Run II using a fixed scale of 1o = My . Additional
details are given in the caption of Figure 7.1.
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Figure 7.5: LO differential cross-section with respect to transverse mass Mpw for the pp —

(WT — £*y,) process at the LHC with 7 TeV using a fixed scale of g = My . Additional details
are given in the caption of Figure 7.1.
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7412 pp — (WF — £fy,) + 1 jet

For the 1-jet process I will firstly look at the observables I have already mentioned above.
Finally, I will present observables due to the additional jet. The differential cross-section
with respect to the charged lepton and the transverse momentum is recorded in Figure 7.6.
Both distributions are smeared out in comparison to the no jet event. This is due to final
state radiation. The results for dynamical scales are very similar. The distributions for
the Tevatron vary in shape (and magnitude) as can be seen in Figure 7.7. For the LHC
with 14 TeV we obtain the same shape, while the integrated cross-section is larger and
the scale uncertainties are smaller. This can be seen in Figure 7.8.

The next basic observable to look at is the rapidity distribution of the charged lepton.
Figure 7.9 shows that the charged lepton tends to be emitted towards the forward /back-
ward direction. The plots for the dynamic scales E;v and Hy have the same shape but a
smaller magnitude as one would naively expect from the integrated cross-sections. The
same holds true for the LHC with 14 TeV, though the distribution is much flatter and
surprisingly the scale variation is much smaller (see Figure 7.11). The histogram for the
Tevatron differs in so far that it shows a strong forward /backward asymmetry similar to
the 0-jet case. The corresponding plot is given in Figure 7.10.

Figure 7.12 shows the difference between the azimuthal angle of the charged lepton and
the missing momentum vector. We can see a broad distribution with a peak around 130°
to 135°. The results for the dynamic scales are very similar, but smaller in magnitude as
you would expect from the integrated cross-sections. The histogram for LHC with 14 TeV
is very similar, though the scale uncertainties again are unexpectedly smaller (while the
integral is larger)?. The distribution for the Tevatron is smaller in magnitude and the
peak is shifted to 145° to 150° due to different cuts being applied!?. The last observable
known from the 0 jet event is the My w distribution, shown in Figure 7.13. It is similar to
the process without jets. Most notably there is no threshold and the peak is at the same
position at about 75 GeV to 80 GeV. Results for the Tevatron and the LHC with 14 TeV
are similar. Again, they differ in their magnitude according to the total cross-sections
and the scale uncertainties for the LHC at higher energy is suppressed. Results for the
two dynamic scaleS are proportional.

Now we can look at the jet distributions, namely the differential cross-sections with
respect to the transverse momentum and the rapidity. They are both shown in Fig-
ure 7.14. The jet tends to be emitted at low transverse momentum and in the centre
of the detector. For the Tevatron and the LHC with 14 TeV the magnitude increases

with centre of mass energy and the scale uncertainties are decreasing!'®. Histograms for

9See Figure B.4 in Appendix B.2.1.2.
10Gee Figure B.3 in Appendix B.2.1.2.
1See Figures B.5 and B.6 in Appendix B.2.1.2, respectively.
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dynamic scales are very similar.

Next, I present the distance observables between the jet and the charged lepton (or the
missing momentum). Figure 7.15 shows the separation in azimuthal angle and rapidity
between the jet and the charged lepton. The distribution stretches over the whole azi-
muthal angle and peaks around 135° to 140°. This is the same for the LHC with 14 TeV
and for the Tevatron the peak is slightly lower at 130° to 135°.12 Plots for dynamic scales
are very similar. Additionally, I looked at the differential cross-sections with respect to
the difference between the rapidities of the charged lepton and jet. It can be seen in
Figure 7.16 that the jet and the charged lepton tend to have a similar rapidity. The
usual differences for magnitude and uncertainties can be seen for other accelerator and
dynamic scales. The separation R between the charged lepton and the jet can be found
in Figure 7.17. It can be seen that it is very unlikely for the charged lepton and the jet
to not be separated. The probability increases with separation up to a near back-to-back
separation (R = 3), after which it drops rapidly. The results for the other two accelerator
setups and the results for the dynamic scales are very similar, allowing for the obvious
differences in the total cross-section and the size of the uncertainties. Figure 7.18 shows
the differential cross-section with respect to the invariant mass of the charged lepton and
the jet. One can observe a linear increase to a maximum at 75 GeV and then an expo-
nential decays towards larger masses. This shape is similar for LHC with 14 TeV, but
the integral is larger and there is a large decrease in the scale uncertainties down to twice
the PDF uncertainties. This was already shown for other observables. For the Tevatron
the peak is at 60 GeV to 54 GeV and a more rapid decrease towards larger masses can be
observed!®. The dynamic scales give the same shape and a minimal decrease of the scale
uncertainties.

In comparison to the azimuthal angle between the jet and the charged lepton, I also
looked at the angle between the jet and the missing transverse momentum vector as shown
in Figure 7.19. This distribution stretches over the range of 40° to 180° and peaks at
155 GeV to 160 GeV. The same is true for the Tevatron and the LHC with 14 TeV.!* The
results for dynamic scales are very similar. Furthermore, one can construct a transverse
mass out of the missing and the jet transverse momentum. This distribution is given in
Figure 7.20. It starts of at almost zero up to 20 GeV after which it starts to increase
exponentially. It peaks at 80 GeV to 85GeV and then exponentially decays towards
larger masses. The integrals and uncertainties for other accelerators and the dynamic
scales behave similarly to what we have already seen. Only the shape for the Tevatron

varies slightly as it does not start off flat!®.

12Gee Figures B.8 and B.7 in Appendix B.2.1.2.
13See Figure B.9 in Appendix B.2.1.2.

14See Figures B.10 and B.11 in Appendix B.2.1.2.
15See Figure B.12 in Appendix B.2.1.2.
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Figure 7.6: LO differential cross-section with respect to the charged lepton (top) and the
missing (bottom) transverse momentum for the pp — (W* — ¢*1,)) + 1 jet process at the
LHC with 7TeV using a fixed scale of ug = Myw. Additional details are given in the caption of
Figure 7.1.
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Figure 7.7: LO differential cross-section with respect to the charged lepton (top) and the
missing (bottom) transverse momentum for the pp — (W* — ¢*y,) + 1 jet process at the
Tevatron Run II using a fixed scale of pg = Myw. Additional details are given in the caption of
Figure 7.1.
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Figure 7.8: LO differential cross-section with respect to the charged lepton (top) and the
missing (bottom) transverse momentum for the pp — (W — ¢*1,) +1 jet process at the LHC
with 14 TeV using a fixed scale of py = Myw. Additional details are given in the caption of
Figure 7.1.
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Figure 7.9: LO differential cross-section with respect to the charged lepton rapidity for the
pp — (WT — £F1,) +1 jet process at the LHC with 7 TeV using a fixed scale of p1g = Myy. The
first and last filled bin are half-width due to the applied selection cut, |yy| < 2.5. Additional
details are given in the caption of Figure 7.1.
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Figure 7.10: LO differential cross-section with respect to the charged lepton rapidity for the
pp — (WT — £*y,) + 1 jet process at the Tevatron Run II using a fixed scale of pg = Myy.
Additional details are given in the caption of Figure 7.1.
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Figure 7.11: LO differential cross-section with respect to the charged lepton rapidity for the
pp = (WT — £*y,) + 1 jet process at the LHC with 14 TeV using a fixed scale of py = Myy.
The first and last filled bin are half-width due to the applied selection cut, |y,| < 2.5. Additional
details are given in the caption of Figure 7.1.
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Figure 7.12: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the missing transverse momentum for the pp — (W — €+1/€)+1 jet process
at the LHC with 7TeV using a fixed scale of g = Mw. Additional details are given in the
caption of Figure 7.1.
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Figure 7.13: LO differential cross-section with respect to the transverse inavariant mass M w

for the pp — (WT — ¢*1,) + 1 jet process at the LHC with 7TeV using a fixed scale of
1o = My . Additional details are given in the caption of Figure 7.1.
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Figure 7.14: LO differential cross-section with respect to the jet transverse momentum (top)
and the jet rapidity (bottom) for the pp — (W' — £¥1,) +1 jet process at the LHC with 7 TeV
using a fixed scale of ug = My . Additional details are given in the caption of Figure 7.1.
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Figure 7.15: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the jet for the pp — (Wt — £T1,) + 1 jet process at the LHC with 7 TeV
using a fixed scale of ug = My . Additional details are given in the caption of Figure 7.1.
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Figure 7.16: LO differential cross-section with respect to the difference in rapidity between the
charged lepton and the jet for the pp — (Wt — £T1,) + 1 jet process at the LHC with 7 TeV
using a fixed scale of ug = My . Additional details are given in the caption of Figure 7.1.
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Figure 7.17: LO differential cross-section with respect to the separation between the charged
lepton and the jet for the pp — (W — ¢*1,) + 1 jet process at the LHC with 7TeV using a
fixed scale of pg = Myw. Additional details are given in the caption of Figure 7.1.
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Figure 7.18: LO differential cross-section with respect to the invariant mass between the
charged lepton and the jet for the pp — (Wt — ¢*1,) + 1 jet process at the LHC with
7TeV using a fixed scale of g = My . Additional details are given in the caption of Figure 7.1.
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Figure 7.19: LO differential cross-section with respect to the azimuthal angle ¢ between the
missing transverse momentum and the jet for the pp — (W — E*ue) 4+ 1 jet process at the
LHC with 7TeV using a fixed scale of pg = Mw. Additional details are given in the caption of
Figure 7.1.
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Figure 7.20: LO differential cross-section with respect to the transverse mass between the jet
and missing transverse momentum vector for the pp — (W* — £+V£) + 1 jet process at the
LHC with 7TeV using a fixed scale of pg = My . Additional details are given in the caption of
Figure 7.1.
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7413 pp — (WT — £ty,) + 2 jets

The differential cross-sections for the 2-jet process with respect to the charged lepton and
the transverse momentum are much more stable in comparison to the 1-jet calculations.
The distributions for the transverse momentum of the charged lepton and the neutrino
are recorded in Figure 7.21. Both distributions are very smooth and similar to each other.
The results for the other two accelerators and the dynamic scales have similar shapes and
are different in their integral, as one would expect from the integrated cross-sections. One
can observe that the scale uncertainties decrease with the centre-of-mass energy of the
collider. Furthermore, the scale uncertainties are also smaller for the dynamic scale E:\F)v
and even more suppressed for Hy. This can be seen in more detail in distributions for
the azimuthal angle between the charged lepton and the missing momentum?!.

Figure 7.22 shows the differential cross-sections with respect to the rapidity of the
charged lepton. The distributions are very similar to the 1-jet event. The LHC with
14 TeV distribution in Figure 7.24 has a larger magnitude and is flatter. The Tevatron
result is asymmetric as one would expect (see Figure 7.23). The results for the dynamic
scales have smaller scale uncertainties.

As I did for processes with fewer jets, I will present the histograms for the azimuthal
angles between the charged lepton and the missing transverse momentum vector. In
Figure 7.25 one can see that the collinear case is strongly suppressed. One can also see
a shoulder-like increase up to a local maximum around 95°. After a small dip, the dif-
ferential cross-section increases linearly. The Tevatron results have a much more linear
increase towards the local maximum at approximately 120°.'" After a small dip it contin-
ues to rise linearly. For the LHC with 14 TeV the shoulder is much more pronounced!®.
For the dynamic scales the shoulder disappears almost completely and we can see a lin-
ear rise from zero to 180°, intercepted by a plateau from 90° to 120°, which makes them
more similar to the Tevatron case!?. An important observable for the charged lepton and
the missing transverse momentum vector is the transverse mass My w. This distribution
shows a sharp peak around 75 GeV to 80 GeV and can be found in Figure 7.26. The size
of the integrals and the scale uncertainties for other accelerators and scales are similar
to the ones seen in the A¢ histograms, i.e. largest integral for LHC with 14 TeV and
smallest scale uncertainties for ﬁT.

Now, I want to investigate the dynamic properties of the jets in more detail. In Fig-
ure 7.27 I show the differential cross-section with respect to the transverse momentum
and the rapidity of the harder jet, j, .. The transverse momentum peaks near 50 GeV

(35 GeV for the Tevatron) and exponentially decays towards larger momenta. The rapid-

16See Figure 7.25 as well as Figures B.14, B.15 and B.16 in Appendix B.2.1.3.
17See Figure B.13 in Appendix B.2.1.3.

18See Figure B.14 in Appendix B.2.1.3.

19Gee Figures B.15 and B.16 in Appendix B.2.1.3.
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ity distribution shows that the jet is emitted closer to the transverse plane. The corres-
ponding histograms for the softer jet, j. . . are given in Figure 7.28. It can be seen that
the jet tends to be harder and to lie within the central region of the phase space. This is
also true for the other two accelerators. In both cases one can observe that the rapidity
distribution is more peaked in the central region for the dynamic scales®.

Given that this process has two jets and a charged lepton in the final state, there are
a variety of distance observables one can look at. Firstly, I present the azimuthal angle
between the charged lepton and the harder jet as well as the charged lepton and the
softer jet in Figure 7.29. Both distributions show that the jet and the missing transverse
momentum are most likely back-to-back. For the harder jet the probability decreases
towards 20° after which it is flat and non-zero. For the softer jet the plateau is wider
(approximately from 0° to 100°) and higher. The Tevatron distribution differs from the
LHC scenario, i.e. the hardest jet peaks around 150° to 155°. The histogram for the
softer jet is not quite as flat for lower angles?!. Histograms for LHC with 14 TeV and
dynamic scales are as one would expect from the previous results, i.e. they have a larger
integral and are flatter, respectively. The differential cross-section with respect to the
rapidity difference between the charged lepton and the jets in Figure 7.30 shows that
both jets tend to be emitted closer to the charged lepton. This is true for all accelerators
and scales. The histograms of the separation between the charged lepton and the jets
are given in Figure 7.31. It can be seen that both distributions increase towards R = 3,
where they sharply decline (due to A¢ < 7). For the harder jet the increase is almost
linear and for the softer jet it looks more shoulder like. Figure 7.32 shows the differential
cross-section with respect to the invariant mass of the charged lepton and each of the jets.
For the harder jet one can observe a linear increase towards a local maximum around
85 GeV to 90 GeV and for the softer jet one gets a slightly sharper peak around 70 GeV.
For Tevatron, the peaks are shifted to 70 GeV and 60 GeV, respectively??. For the LHC
with 14 TeV the results expectantly have a larger magnitude and slightly smaller scale
uncertainties. For both the harder and softer jet, the shapes of the curves and the size
of the errors are almost identical when using the dynamic scales.

In Figure 7.33 I am presenting the differential cross-section with respect to the azi-
muthal angle between the missing transverse momentum and the harder as well as the
softer jet. The harder jet and the missing momentum vector tend to be not collinear.
There is an almost linearly increase towards the back-to-back case. The distribution for
the softer jet is almost flat with a small dip for smaller angles suggesting that there is
little dependence between the emission of the jet and the neutrino. The result for the

LHC with 14 TeV is very similar giving a larger magnitude and slightly reduced scale

20See Figures B.17, B.18, B.19 and B.20 in Appendix B.2.1.3.
21See Figure B.21 in Appendix B.2.1.3.
228ee Figure B.22 in Appendix B.2.1.3.
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uncertainties. The corresponding result for the Tevatron is flattening off towards larger
angles for the harder jets and has an almost steady increase towards large angles for
the softer jet?3. The scale uncertainties are smaller for dynamic scales, similar to the
above results. An interesting observable is the transverse mass of the missing transverse
momentum vector and the transverse momentum of each jet. These graphs are recorded
in Figure 7.34. For the harder jet there is a steep rise from zero mass to a peak at 90 GeV
and a long tail. For the softer jet the differential cross-section is finite at zero mass and
has a peak around 70 GeV, after which the distribution tails off. I obtained the same
shapes, but slightly smaller scale uncertainties for the LHC with 14 TeV and the dynamic
scales. For the Tevatron the peaks are steeper and at 70 GeV and 55 GeV to 60 GeV,
respectively?*.

Finally, I have calculated the distance observables and the invariant mass for the two
jets themselves. Figure 7.35 shows the azimuthal angle between the two jets. One can
see that the jets are preferentially separated. There is a small peak at around 20°, which

25 This is true for all accelerators and dynamic

is more pronounced for the Tevatron
scales. For the separation in rapidity one can also observe that there is a maximum at
low rapidities (approximately 0.5) with a steady decline towards larger separations. The
corresponding histogram is shown in Figure 7.36. This result is the same for the LHC
with 14 TeV, the Tevatron?® and the dynamic scales. Magnitudes and uncertainties relate
as one would expect them to. The previous two distributions can be combined in the
separation R as shown in Figure 7.37. One can observe a well defined peak just above
R = 3, which means that the two jets tend to be emitted back-to-back. This result is
the same for the LHC with 14 TeV and the dynamic scales. For the Tevatron the peak
is less defined due to a secondary maximum at small separations (half the magnitude of
the main peak)?”. The last histogram I want to present for this process is the invariant
mass of the two jets. One can observe a broad peak around 100 GeV. The slope of the
lower flank steepens at 55 GeV. The plot is shown in Figure 7.38. At the Tevatron the
peak is at 55 GeV to 60 GeV and the slope steepens at about 40 GeV.?® The LHC with

14 TeV and dynamic scales are correlated in the usual way.

23Gee Figure B.23 in Appendix B.2.1.3.
24See Figure B.24 in Appendix B.2.1.3.
25See Figure B.25 in Appendix B.2.1.3.
26See Figure B.26 in Appendix B.2.1.3.
2"See Figure B.27 in Appendix B.2.1.3.
28Gee Figure B.28 in Appendix B.2.1.3.
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Figure 7.21: LO differential cross-section with respect to the charged lepton (top) and the
missing (bottom) transverse momentum for the pp — (W — ¢*1,)) + 2 jets process at the
LHC with 7TeV using a fixed scale of ug = Myw. Additional details are given in the caption of
Figure 7.1.
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Figure 7.22: 1O differential cross-section with respect to the charged lepton rapidity for the
pp — (W' — £Ty,) + 2 jets process at the LHC with 7 TeV using a fixed scale of py = Myy.
The first and last filled bin are half-width due to the applied selection cut, |y,| < 2.5. Additional

details are given in the caption of Figure 7.1.
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Figure 7.23: LO differential cross-section with respect to the charged lepton rapidity for the
pp — (W — £t1,) + 2 jets process at the Tevatron Run II using a fixed scale of py = Myy.
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Additional details are given in the caption of Figure 7.1.
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Figure 7.24: 1O differential cross-section with respect to the charged lepton rapidity for the
pp — (W — ¢*y) + 2 jets process at the LHC with 14 TeV using a fixed scale of po = Myy.
The first and last filled bin are half-width due to the applied selection cut, |y,| < 2.5. Additional
details are given in the caption of Figure 7.1.
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Figure 7.25: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the missing transverse momentum for the pp — (W — (Ty,) + 2 jets
process at the LHC with 7TeV using a fixed scale of yug = My . Additional details are given in
the caption of Figure 7.1.

M. Stephan Tietz (April 2013) 87



7 Results Production of V+jets at Hadron Colliders

18 R F— central —
-------- PDF

:
i

[ ----  scale —
:
i
1

0 50 100 150 200
MT W [GeV]

? miss,L
Figure 7.26: LO differential cross-section with respect to the transverse pp — (W1 — €+VZ) +

2 jets process at the LHC with 7TeV using a fixed scale of g = Mw. Additional details are
given in the caption of Figure 7.1.
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Figure 7.27: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the harder jet j,,,. for the pp — (Wt — £*1,) 4+ 2 jets process at the
LHC with 7TeV using a fixed scale of ug = Myw. Additional details are given in the caption of

Figure 7.1.
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Figure 7.28: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the softer jet j,... for the pp — (W+ — ¢*1,) + 2 jets process at the
LHC with 7TeV using a fixed scale of ug = Myw. Additional details are given in the caption of
Figure 7.1.
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Figure 7.29: LO differential cross-section with respect to the azimuthal angle ¢ between the

charged lepton and the harder (top) as well as the softer (bottom) jet for the pp — (W —

0*y,)+2 jets process at the LHC with 7 TeV using a fixed scale of py = Myy. Additional details

are given in the caption of Figure 7.1.
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Figure 7.30: LO differential cross-section with respect to the difference in rapidity between
the charged lepton and the harder (top) as well as softer (bottom) jet for the pp — (W —
0*y,)+2 jets process at the LHC with 7 TeV using a fixed scale of py = My . Additional details
are given in the caption of Figure 7.1.
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Figure 7.31: LO differential cross-section with respect to the separation between the charged
lepton and the harder (top) as well as softer (bottom) jet for the pp — (W — £11,) + 2 jets
process at the LHC with 7TeV using a fixed scale of g = My . Additional details are given in
the caption of Figure 7.1.
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Figure 7.32: LO differential cross-section with respect to the invariant mass of the charged
lepton and the harder (top) as well as softer (bottom) jet for the pp — (WT — £1y,) + 2 jets
process at the LHC with 7 TeV using a fixed scale of g = My . Additional details are given in

the caption of Figure 7.1.
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Figure 7.33: LO differential cross-section with respect to the azimuthal angle ¢ between the
missing transverse momentum and the harder (top) as well as softer (bottom) jet for the pp —

(Wt — £Ty,)+2 jets process at the LHC with 7 TeV using a fixed scale of iy = My . Additional
details are given in the caption of Figure 7.1.
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Figure 7.34: LO differential cross-section with respect to the transverse mass of the missing
transverse momentum vector and the harder (top) as well as softer (bottom) jet for the pp —
(WT — t1,)+2 jets process at the LHC with 7 TeV using a fixed scale of g = Myy. Additional
details are given in the caption of Figure 7.1.
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Figure 7.35: LO differential cross-section with respect to the azimuthal angle ¢ between the
harder j,,,. and the softer jet j . for the pp — (W' — £*1,)+2 jets process at the LHC with
7TeV using a fixed scale of pg = Myz. Additional details are given in the caption of Figure 7.1.
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Figure 7.36: LO differential cross-section with respect to the difference in rapidity between the

harder j,,,. and the softer jet j, . for the pp — (W' — £*1,)+2 jets process at the LHC with
7TeV using a fixed scale of g = My. Additional details are given in the caption of Figure 7.1.

M. Stephan Tietz (April 2013) 97



7 Results Production of V+jets at Hadron Colliders

. —  central
200 b e PDF ]|
E E ---- scale
2 150 [~ ! -
= -

50

I mazd min

Figure 7.37: LO differential cross-section with respect to separation between the harder j,
and the softer j, . jet for the pp — (W™ — £T1,) + 2 jets process at the LHC with 7TeV
using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.1.
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Figure 7.38: LO differential cross-section with respect to the inavaraitn mass of the harder

Jmae and the softer j, . jet for the pp — (Wt — £11,) +2 jets process at the LHC with 7 TeV
using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.1.
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742 pp — (W™ = £77,)+n jets

In this section I will show the differential cross-sections for the pp — (W~ — (77,) +
n jets. This process is very similar to pp — (W — £11,) + n jets (see Section 7.4.1).
At LHC the integral will be smaller, because of the abundance of up quarks with respect
to down quarks in the initial state. In contrast, for the Tevatron the integrals and shape
of the distributions will be almost identical to the W™ case, because the pp initial state

leads to the integrated PDF function being the same for W and W~ production.

7421 pp — (W™ — €71,

Figure 7.39 presents the transverse momentum distribution for the charged lepton and
the missing transverse momentum distribution. The plots relate to the W histograms
as expected. Distributions for the dynamic scales are very similar. The charged lepton
transverse momentum for the Tevatron and the LHC with 14 TeV are shown in Fig-
ure 7.40. The total integral and the errors behave as one would expect from the total
cross-sections.

For comparison to the W™ process, I show the rapidity distribution for the final state
charged lepton in Figure 7.41. It can be seen that the charged lepton tends to be emitted
closer to the transverse plane. This is different to the W+ case. In comparison the
rapidity distribution for the LHC with 14 TeV is more stretched?® and for the Tevatron
there is a bias towards one side of the detector due to pp asymmetry (see Figure 7.42).
A comparison with Figure 7.42 reveals that the charged lepton is biased in the opposite
direction with respect to W production. The two dynamic scales yield the same result.

The azimuthal angle between the neutrino and the charged lepton is 180°, as both
particles are emitted back-to-back®®. This is obviously true for all colliders and scales.
Figure 7.43 shows the distribution of the transverse mass Mrpw. It has the same shape
but a lower magnitude than the W+ equivalent. The shapes are the same for the other
two colliders and dynamic scales. Uncertainties and integrals vary according to the total

cross-sections.

29Gee Figure B.29 in Appendix B.2.2.1.
30Gee Figure B.30 in Appendix B.2.2.1.
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Figure 7.39: LO differential cross-section with respect to the charged lepton (top) and the
missing (bottom) transverse momentum for the pp — (W~ — £77,) process at the LHC with
Vs = 7TTeV using a fixed scale of g = Mw and MSTW2008LO (90% C.L.) PDFs. Selection
cuts as given in Equations 7.5 to 7.8 have been applied. MCFM input parameters are listed
in Equations 7.1 to 7.3. The procedure used to choose the number of shots is described in
Section 4.4.3. The scale uncertainties have been estimated using a conservative variation by a
factor of 4. The error bars for the statistical uncertainties are mostly too small to be visible or
are only partially visible. Only the asymmetric deviations for the PDFs (red, dotted) and scale
(blue, dashed) from the central value (black, solid) are given.
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Figure 7.40: LO differential cross-section with respect to the charged lepton (top) and the
missing (bottom) transverse momentum for the pp’ — (W~ — £77,) process at the Tevatron
Run IT using a fixed scale of g = Mw. Additional details are given in the caption of Figure 7.39.
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Figure 7.41: LO differential cross-section with respect to the charged lepton rapidity for the
pp — (W™ — £77,) process at the LHC with 7TeV using a fixed scale of g = My . The first
and last filled bin are half-width due to the applied selection cut, |ys| < 2.5. Additional details
are given in the caption of Figure 7.39.
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Figure 7.42: 1O differential cross-section with respect to the charged lepton rapidity for the
pp — (W™ — £77,) process at the Tevatron Run II using a fixed scale of pg = My . Additional
details are given in the caption of Figure 7.39.
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Figure 7.43: LO differential cross-section with respect to transverse inavariant mass Mpw

for the pp — (W~ — £77,) process at the LHC with 7TeV using a fixed scale of g = M.
Additional details are given in the caption of Figure 7.39.
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7422 pp - W™ = £7,)+1 jet

Similar to the W case, the distributions for the 1-jet case vary widely. Figure 7.39
presents the transverse momentum distribution for the charged lepton and the missing
transverse momentum distribution. The plots relate to the W™ histograms as expected.
Distributions for the dynamic scales are identical. The charged lepton transverse mo-
mentum for the Tevatron and the LHC with 14 TeV are shown in Figure 7.45 and 7.46,
respectively. The total integrals behave as one would expect, but the scale uncertainties
for the LHC with 14 TeV are smaller than one would naively expect.

The differential cross-section with respect to the the rapidity distribution of the
charged lepton is shown in Figure 7.47. Opposing the W case the charged lepton tends
to be emitted in the central region of the detector. The same shapes, but with a smaller
integral, are also obtained using dynamic scales. As already seen for W™ case, one can
observe a larger magnitude, but smaller scale uncertainties for the LHC with 14 TeV.
This distribution is shown in Figure 7.49 and is also flatter than for the LHC with 7 TeV.
In contrast, the rapidity distribution for the Tevatron is marked by a forward /backward
asymmetry, which is flipped in comparison to the W+ case (see Figure 7.48).

The difference between the azimuthal angle of the charged lepton and the missing
momentum vector is shown in Figure 7.50. The distribution rises steadily to a peak
at 130° to 135° and then decreases rapidly. I found the same shape for the LHC with
14 TeV. For the Tevatron the peak is shifted up to 145° to 150°.3! One can observe that
the scale uncertainties decrease with centre-of-mass energy, because the strong coupling
also decreases®?. At the LHC with 14 TeV the uncertainties are only twice the PDF
uncertainties. The plots are all identical to the W case. The transverse mass of the
charged lepton and the missing transverse momentum My v is shown in Figure 7.51. The
distribution peaks at about 75 GeV to 80 GeV. Results for the Tevatron and the LHC
with 14 TeV only differ in the integral. At the LHC with 14 TeV scale uncertainties are
suppressed. Results for the two dynamic scales vary according to the total integral.

The differential cross-section with respect to the transverse momentum and the rapid-
ity of the jet are both shown in Figure 7.52. One can observe that the jet tends to be
emitted at low transverse momentum and in the centre of the detector. For the Tevatron
and LHC with 14 TeV one can see that the magnitude increases according to the centre
of mass energy and the scale uncertainty decreases®®. Histograms for dynamic scales are
very similar. These results are identical to the W process.

As for the W process I will present the distance observables between the jet and the

charged lepton (or the neutrino). Figure 7.53 shows the difference of the azimuthal angle

31See Figures B.31 and B.32 in Appendix B.2.2.2.
32Gee Section 3.2
33See Figures B.33 and B.34 in Appendix B.2.2.2.
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and the rapidity between the jet and the charged lepton. The azimuthal angle distribution
peaks around 140° to 145°. For the LHC with 14 TeV the shape of the histogram is the
same and for the Tevatron the peak is slightly lower at 135° to 140°.3% These are slightly
higher than for W' bosons. Plots for dynamic scales are very similar. The difference
between the rapidities of the charged lepton and jet can be seen in Figure 7.54. One
can see that the jet and the charged lepton tend to have a similar rapidity. The usual
differences for magnitude and uncertainties can be seen for other accelerator and dynamic
scales. The separation R between the charged lepton and the jet is shown in Figure 7.55.
One can see that the charged lepton and the jet tend to be separated in the phase space.
The histogram peaks at R ~ 3, after which it drops rapidly. The results for the other
two accelerator setups and for the dynamic scales are very similar. They only vary in
the obvious differences in the total cross-section and the size of the uncertainties. The
histogram for the invariant mass of the charged lepton and the jet is given in Figure 7.56.
One can observe a linear rise from zero mass to a maximum at 75 GeV after which it tails
off exponentially. Apart from the larger integral and the decreased scale uncertainties
(twice the PDF uncertainties) the distibution for the LHC with 14 TeV is the same. For
Tevatron, however, the peak is positioned at 60 GeV to 65 GeV and there is a more rapid
decrease towards larger masses®>. The histograms for the dynamic scales have the same
shape and yield a minimal decrease for the scale uncertainties. All these shapes are
similar to the W scenario.

Lastly, we can look at the combination between the missing transverse momentum
and the jet. The azimuthal angle between the jet and the missing transverse momentum
vector is shown in Figure 7.57. As in the W™ case, this distribution starts rising above
zero at 40° and peaks at 155° to 160°. For the Tevatron and the LHC with 14 TeV
we can see the same type of plots.3¢ The results for dynamic scales are very similar.
In Figure 7.58 one can find the differential cross-section with respect to the transverse
mass of the missing transverse momentum and the jet. For low masses up to 20 GeV the
histogram is almost zero. There it starts to exponentially increase to a peak at 80 GeV to
85 GeV before it rapidly decays towards larger masses. The integrals and uncertainties
are similar to what we have seen for other distributions like M, ;. The shape for the

Tevatron is slightly different, because it does not start off as flat".

34Gee Figures B.36 and B.35 in Appendix B.2.2.2.
358ee Figure B.37 in Appendix B.2.2.2.

36See Figures B.36 and Figures B.38 and B.39.
37See Figure B.40 in Appendix B.2.2.2.
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Figure 7.44: LO differential cross-section with respect to the charged lepton (top) and the
missing (bottom) transverse momentum for the pp — (W~ — £77,) + 1 jet process at the
LHC with 7TeV using a fixed scale of ug = Mw. Additional details are given in the caption of
Figure 7.39.
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Figure 7.45: LO differential cross-section with respect to the charged lepton (top) and the
missing (bottom) transverse momentum for the pp — (W~ — £77,) + 1 jet process at the
Tevatron Run II using a fixed scale of pg = Myw. Additional details are given in the caption of
Figure 7.39.
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Figure 7.46: LO differential cross-section with respect to the charged lepton (top) and the
missing (bottom) transverse momentum for the pp — (W~ — £77,) +1 jet process at the LHC
with 14 TeV using a fixed scale of py = Myw. Additional details are given in the caption of
Figure 7.39.
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Figure 7.47: LO differential cross-section with respect to the charged lepton rapidity for the
pp = (W™ — £77,) + 1 jet process at the LHC with 7TeV using a fixed scale of g = Mw.
The rapidity cut goes through the middle of the first and last filled bin and hence should be
twice the hight. Additional details are given in the caption of Figure 7.39.
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Figure 7.48: LO differential cross-section with respect to the charged lepton rapidity for the
pp — (W™ = £77,) + 1 jet process at the Tevatron Run II using a fixed scale of pg = M.
Additional details are given in the caption of Figure 7.39.
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Figure 7.49: LO differential cross-section with respect to the charged lepton rapidity for the
pp = (W™ — £77,) + 1 jet process at the LHC with 14 TeV using a fixed scale of jig = M.
The first and last filled bin are half-width due to the applied selection cut, |y,| < 2.5. Additional
details are given in the caption of Figure 7.39.
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Figure 7.50: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the missing transverse momentum for the pp — (W~ — £77,) + 1 jet
process at the LHC with 7TeV using a fixed scale of ug = My . Additional details are given in
the caption of Figure 7.39.
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Figure 7.51: LO differential cross-section with respect to transverse inavariant mass My w for

the pp — (W™ — £77,) +1 jet process at the LHC with 7TeV using a fixed scale of 1o = Myy.
Additional details are given in the caption of Figure 7.39.
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Figure 7.52: LO differential cross-section with respect to the jet transverse momentum (top)
and the jet rapidity (bottom) for the pp — (W~ — £77,) +1 jet process at the LHC with 7 TeV
using a fixed scale of ug = My . Additional details are given in the caption of Figure 7.39.
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Figure 7.53: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the jet for the pp = (W™ — £77,) + 1 jet process at the LHC with 7TeV
using a fixed scale of ug = My . Additional details are given in the caption of Figure 7.39.
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Figure 7.54: LO differential cross-section with respect to the difference in rapidity between the
charged lepton and the jet for the pp — (W™ — £77,) + 1 jet process at the LHC with 7TeV
using a fixed scale of ug = My . Additional details are given in the caption of Figure 7.46.
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Figure 7.55: LO differential cross-section with respect to the separation between the charged
lepton and the jet for the pp — (W~ — £77,) 4+ 1 jet process at the LHC with 7 TeV using a
fixed scale of pg = Myw. Additional details are given in the caption of Figure 7.46.
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Figure 7.56: LO differential cross-section with respect to the transverse mass of the charged
lepton and the jet for the pp = (W™ — £77,) + 1 jet process at the LHC with 7 TeV using a
fixed scale of pg = Myw. Additional details are given in the caption of Figure 7.39.
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Figure 7.57: LO differential cross-section with respect to the azimuthal angle ¢ between the
missing transverse momentum and the jet for the pp — (W™ — £77,) + 1 jet process at the
LHC with 7TeV using a fixed scale of ug = Mw. Additional details are given in the caption of

Figure 7.39.
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Figure 7.58: LO differential cross-section with respect to the transverse mass between the jet
and missing transverse momentum vector for the pp — (W~ — £77,) + 1 jet process at the
LHC with 7TeV using a fixed scale of ug = My . Additional details are given in the caption of

Figure 7.39.

M. Stephan Tietz (April 2013)

115



7 Results Production of V+jets at Hadron Colliders

7423 pp —- (W™ = £77,) + 2 jets

The 2-jet case gives differential cross-sections which are more continuous than the 1-jet
case. Figure 7.59 shows the transverse momentum distribution for the charged lepton and
the missing transverse momentum distribution. The curves are very smooth and similar
to the W+ process. The calculated histograms for the two other accelerators and the
dynamic scales have the same shapes and are different in their integral according to the
total cross-section. Furthermore, the scale uncertainties decrease with the centre-of-mass
energy of the collider. They are also smaller for the dynamic scale Ej\iv and even more
suppressed for Hy. This behaviour is the same as in the W case.

Figure 7.60 shows the charged lepton rapidity distribution. They are very similar to
the distributions for W~ production with one associated jet as well as W+ production
with two associated jets. A larger integral can be observed for the LHC with 14 TeV
distribution in Figure 7.62. The distribution is also flatter. The Tevatron histogram
is asymmetric as in the 1 jet scenario and flipped in regards to the W process (see
Figure 7.61). The distributions for the dynamic scales have smaller scale uncertainties.

As for the previous processes, I will present the azimuthal angles between the charged
lepton and the missing transverse momentum vector. Likewise to processes with fewer
jets, the collinear emission is strongly suppressed. This can be seen in Figure 7.63.
One can see a logarithmic-like increase up to a local maximum around 95° and a small
dip before the differential cross-section increases linearly. For the Tevatron the local
maximum is at approximately 120°, with a much more linear increase for smaller angles
and for the LHC with 14 TeV I obtained a more logarithmic-like increase®®. In contrast,
the histograms for the dynamic scales have a linear rise from zero to 180°, which is
only intercepted by a plateau from 90° to 120°.3%. All these results are similar to the W+
process. The distribution for the My w observable is given in Figure 7.64 The main feature
is a sharp peak around 75GeV to 80 GeV. The magnitude of the various distributions
is largest for LHC with 14 TeV and the scale uncertainties are smallest for Hy. This is
similar to what we see for the A¢ histograms.

In Figure 7.65 one can see the dynamic properties of the harder jet. The transverse
momentum peaks near 50 GeV (35 GeV for the Tevatron) and exponentially decays to-
wards larger transverse momenta. The rapidity distribution shows that the jet tends to
lie within the central region of the detector. Figure 7.66 shows the corresponding results
for the softer jet. This jet is likely to have a small transverse momentum (exponential
decay towards larger momenta) and likely to be in the central rapidity region. This be-

haviour is the same for the other two accelerators. For the dynamic scales, the rapidity

38Gee Figures B.41 and B.42 in Appendix B.2.2.3.
39Gee Figures B.43 and B.44 in Appendix B.2.2.3.
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distribution is more biased towards the central region.

Now, I want to present the same distance observables that I have shown for the W+
process. The azimuthal angle between the charged lepton and the jets can be found in
Figure 7.67. The histograms are identical to what we have already seen, i.e. both jets
are most likely to be back-to-back and they both level out towards lower angles. For the
harder jet the plateau starts at 20°, for the softer jet at 100°. Deviating from the LHC
results, the Tevatron distribution for the harder jet peaks around 150° to 155° and the
softer jet is not quite as flat for lower angles*!. For the dynamic scales the distributions
are flatter. The rapidity differences between the charged lepton and the jets are shown in
Figure 7.68. It can be seen that both jets tend to be emitted closer to the charged lepton.
This holds for all accelerators and scales. The separations between the charged lepton
and the jets are given in Figure 7.69. Both distributions increase towards R = 3. After
that they sharply decline due to A¢ < m. For the harder jet the increase is almost linear,
but for the softer jet the increase from zero is more logarithmic. We have already seen
this for the W process. The differential cross-sections with respect to the invariant mass
of the charged lepton and each of the jets is recorded in Figure 7.70. The shape of these
results agrees with the W plots. This means that for the harder jet there is a linear
increase towards local maximum around 85 GeV to 90 GeV (70 GeV for the Tevatron) and
for the softer jet there is a slightly sharper peak around 70 GeV (55 GeV to 60 GeV for
the Tevatron)*?. The scale uncertainties decrease towards higher centre-of-mass energies.
For dynamic scales the shapes and the size of the scale error are almost identical.

The differential cross-section with respect to the azimuthal angle between the missing
transverse momentum and the harder as well as the softer jet is shown in Figure 7.71.
There is a small probability that the harder jet and the missing momentum vector are
collinear, though the probability increases linearly towards back-to-back emission. For
the softer jet we have an almost flat distribution with a small dip for smaller angles.
Hence, there is little dependence between the emission of the softer jet and the neut-
rino. The result for the LHC with 14 TeV has a larger magnitude and slightly reduced
scale uncertainties. The corresponding results for the Tevatron flatten off towards larger
angles®®. Similarly to previous results, one finds that the scale uncertainties are reduced
for dynamic scales. Similar to the W case, I present the transverse mass of the missing
transverse momentum vector and each of the jets in Figure 7.72. Again, I obtained a
broad peak at 90 GeV. For the softer jet I obtained a peak at 70 GeV which has a more
quickly decreasing tail. This histogram also has a secondary maximum at low masses,

which has approximately half the magnitude of the main peak. The scale uncertainties

40Gee Figures B.45, B.46, B.47 and B.48 in Appendix B.2.2.3.
41Gee Figure B.49 in Appendix B.2.2.3.
42Gee Figure B.50 in Appendix B.2.2.3.
43See Figure B.51 in Appendix B.2.2.3.
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are slightly decreased for the LHC with 14 TeV and the dynamic scales. For the Tevat-
ron the peaks are more pronounced and their position is shifted to 70 GeV and 55 GeV,
respectively®4.

Lastly, I show the distance observables and the invariant mass for the two jets them-
selves. The azimuthal angle between the two jets is given in Figure 7.73. The jets are
more likely to be separated. There is a small peak at low angles. This feature is more
prominent for the Tevatron®®. The shapes are the same for all accelerators and dynamic
scales. The difference in rapidity of the two jets is shown in Figure 7.74. There is a local
maximum at Ay = 0.5 and linear decrease for larger separations. The same qualitative
result has been obtained for the LHC with 14 TeV and the Tevatron®, as well as for the
dynamic scales. Magnitudes and uncertainties behave as in previous distributions. The
separation R between the jets is given in Figure 7.75. There is a peak just above R = 3
suggesting a back-to-back emission of the two jets. I found the same shape for the LHC
with 14 TeV and the dynamic scales. For the Tevatron, however, there is a secondary
maximum for small separations, which has half the magnitude of the main peak*”. Fig-
ure 7.76 shows the invariant mass distribution of the two jets, which has a broad peak
around 100 GeV. For the Tevatron the peak is at 55 GeV to 60 GeV.*® Both shapes are

the same as for the W™ case.

44Gee Figure B.52 in Appendix B.2.2.3.
45Gee Figure B.53 in Appendix B.2.2.3.
46See Figure B.54 in Appendix B.2.2.3.
47See Figure B.55 in Appendix B.2.2.3.
48See Figure B.56 in Appendix B.2.2.3.
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Figure 7.59: LO differential cross-section with respect to the charged lepton (top) and the
missing (bottom) transverse momentum for the pp — (W~ — £77,) + 2 jets process at the
LHC with 7TeV using a fixed scale of ug = Myw. Additional details are given in the caption of
Figure 7.39.
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Figure 7.60: LO differential cross-section with respect to the charged lepton rapidity for the
pp — (W™ — £77,) + 2 jets process at the LHC with 7TeV using a fixed scale of jig = Myy.
The first and last filled bin are half-width due to the applied selection cut, |y,| < 2.5. Additional
details are given in the caption of Figure 7.39.
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Figure 7.61: LO differential cross-section with respect to the charged lepton rapidity for the
pp — (W™ — £77,) + 2 jets process at the Tevatron Run II using a fixed scale of jig = M.
Additional details are given in the caption of Figure 7.39.
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Figure 7.62: LO differential cross-section with respect to the charged lepton rapidity for the
pp = (W™ — £77,) + 2 jets process at the LHC with 14 TeV using a fixed scale of pg = My .
The first and last filled bin are half-width due to the applied selection cut, |y,| < 2.5. Additional
details are given in the caption of Figure 7.39.
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Figure 7.63: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the missing transverse momentum for the pp — (W~ — £77,) + 2 jets
process at the LHC with 7 TeV using a fixed scale of g = My . Additional details are given in
the caption of Figure 7.39.
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Figure 7.64: LO differential cross-section with respect to transverse mass M7 w for the pp —

(W™ — £77,)+2 jets process at the LHC with 7 TeV using a fixed scale of jig = My . Additional
details are given in the caption of Figure 7.39.
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Figure 7.65: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the harder jet j,, .. for the pp — (W™ — £77,) +2 jets process at the
LHC with 7TeV using a fixed scale of ug = Mw. Additional details are given in the caption of

Figure 7.39.
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Figure 7.66: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the softer jet j . for the pp = (W™ — £77,) 4 2 jets process at the
LHC with 7TeV using a fixed scale of ug = Mw. Additional details are given in the caption of

Figure 7.39.
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Figure 7.67: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the harder (top) as well as the softer (bottom) jet for the pp - (W™ —
("v,) + 2 jets process at the LHC with 7TeV using a fixed scale of p9 = Myw. Additional
details are given in the caption of Figure 7.39.
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Figure 7.68: LO differential cross-section with respect to the difference in rapidity between
the charged lepton and the harder (top) as well as softer (bottom) jet for the pp — (W~ —
(7v,) + 2 jets process at the LHC with 7TeV using a fixed scale of g = My. Additional
details are given in the caption of Figure 7.46.
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Figure 7.69: LO differential cross-section with respect to the separation between the charged
lepton and the harder (top) as well as softer (bottom) jet for the pp — (W™ — £77,) + 2 jets
process at the LHC with 7TeV using a fixed scale of ug = Myw. Additional details are given in
the caption of Figure 7.46.
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Figure 7.70: LO differential cross-section with respect to the invariant mass of the charged
lepton and the harder (top) as well as softer (bottom) jet for the pp — (W™ — £77,) + 2 jets
process at the LHC with 7TeV using a fixed scale of ug = Myw. Additional details are given in
the caption of Figure 7.46.
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Figure 7.71: LO differential cross-section with respect to the azimuthal angle ¢ between the
missing transverse momentum and the harder (top) as well as softer (bottom) jet for the pp —
(W™ — £77,)+2 jets process at the LHC with 7 TeV using a fixed scale of jig = Mw. Additional

details are given in the caption of Figure 7.39.
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Figure 7.72: LO differential cross-section with respect to the transverse mass of the missing
transverse momentum vector and the harder (top) as well as softer (bottom) jet for the pp —
(W™ — £77,)+2 jets process at the LHC with 7 TeV using a fixed scale of jig = Mw. Additional
details are given in the caption of Figure 7.39.
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Figure 7.73: LO differential cross-section with respect to the azimuthal angle ¢ between the
harder j,, .. and the softer jet j . for the pp — (W™ — £77,)+2 jets process at the LHC with
7TeV using a fixed scale of pg = Mz. Additional details are given in the caption of Figure 7.39.
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Figure 7.74: LO differential cross-section with respect to the difference in rapidity between the

harder j,, .. and the softer jet j . for the pp — (W~ — £77,)+2 jets process at the LHC with
7TeV using a fixed scale of g = Myz. Additional details are given in the caption of Figure 7.39.
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Figure 7.75: LO differential cross-section with respect to separation between the harder j, .

and the softer j, . jet for the pp — (W™ — £77,) + 2 jets process at the LHC with 7TeV
using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.39.
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Figure 7.76: LO differential cross-section with respect to the invariant mass of the harder j,
and the softer j . - jet for the pp — (W™ — £77,) + 2 jets process at the LHC with 7TeV
using a fixed scale of ug = My. Additional details are given in the caption of Figure 7.39.
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743 pp — (Z— £7£%) + n jets

For 7Z production with decay into two charged leptons there is a very large number of

observables, because all the final state particles are detectable.

7431 pp — (Z— £7¢%)

Figure 7.77 shows the differential cross-section with respect to the transverse momentum
for the harder (max) and the softer (min) charged lepton, respectively. They are identical,
as one would expect, because there are only two final state particles*. The results for the
other accelerators scale accordingly to the integrated cross-sections. The dynamic scales
give the same results as no jets are involved®. At the two other accelerators magnitudes
are as one would expect from the integrated cross-sections®!.

Figure 7.78 shows the differential cross-section with respect to rapidity for the two
charged leptons. As expected, they are also identical and one can observe that the
emission of the charged leptons happens mainly in the centre of the detector. These
distributions are almost identical for the dynamic scales. For the LHC with 14 TeV the

magnitude and the uncertainties are larger®?.

Figure 7.79 shows the rapidity distribu-
tions of the two charged leptons at the Tevatron. In stark contrast to the expectation,
these distributions are forward/backward asymmetric. This is a glitch in the calculation
originating in the pp asymmetry of the Tevatron. The two charged leptons always have
the same momentum, but they are ordered by charge. In reality one would expect the
distributions to be the same, i.e. the average of the two shown.

There are a couple of distance observables we can look at. Firstly, the difference in
rapidity for the two charged leptons is shown in Figure 7.80. One can see that the two
charged leptons tend to have a similar rapidity. Furthermore, we know that the two
charged leptons are emitted back-to-back on the transverse plane®®. This is true for all
accelerators and scales. The result for LHC with 14 TeV has a larger integral and larger
errors, and the Tevatron has a smaller integral and scale uncertainties®. The dynamic
scales give almost identical result. The separation R between the two charged leptons
is recorded in Figure 7.81. The offset at R = 3 is due to the back-to-back emission in
the transverse plane and the smearing out towards larger R is due to different rapidities.
For the Tevatron the distribution is less smeared out due to a smaller rapidity coverage

of the Tevatron detectors and has a smaller integral as well as scale uncertainties®. The

WAN ¢, . and ¢, . should be identical for zero associated jets.
50Gee Figure B.58 in Appendix B.2.3.1.

51Gee Figure B.57 in Appendix B.2.3.1.

52Gee Figure B.59 in Appendix B.2.3.1.

3See Figure B.61 in Appendix B.2.3.1.

54Gee Figures B.62 and B.60 in Appendix B.2.3.1.

55Gee Figure B.63 in Appendix B.2.3.1.
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LHC with 14 TeV yields a larger integral and bigger scale uncertainties®.

Finally, we
can look at the invariant mass of the two charged leptons in Figure 7.82. A peak can be
observed at the mass of the Z boson. Again he LHC with 14 TeV has a larger integral
and larger scale uncertainties®”. The histogram for the Tevatron has a smaller integral

and scale uncertainties, which are smaller than the PDF uncertainties®.

56See Figure B.64 in Appendix B.2.3.1.
57See Figure B.66 in Appendix B.2.3.1.
58See Figure B.65 in Appendix B.2.3.1.
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Figure 7.77: LO differential cross-section with respect to the harder ¢, . (top) and the softer
¢, ... (bottom) charged lepton transverse momentum for the pp — (Z — £ ¢*) process at the
LHC with /s = 7TeV using a fixed scale of uyp = Mz and MSTW2008LO (90% C.L.) PDFs.
Selection cuts as given in Equations 7.5 to 7.8 have been applied. MCFM input parameters are
listed in Equations 7.1 to 7.3. The procedure used to choose the number of shots is described
in Section 4.4.3. The scale uncertainties have been estimated using a conservative variation by
a factor of 4. The error bars for the statistical uncertainties are mostly too small to be visible
or are only partially visible. Only the asymmetric deviations for the PDFs (red, dotted) and
scale (blue, dashed) from the central value (black, solid) are given.

M. Stephan Tietz (April 2013) 135



7 Results Production of V+jets at Hadron Colliders

120 [~ .
100 [ ]
o 80 —
&
8
o £ 60 =
3 NE
)
kS
40 -
20 central —
PDF
scale
0 | | |
-3 3
120
100 -
80 -
=
&
£ 60 -
3 F
) 1 1
3 - -
40 -
20— F— central N
"""" PDF
----  scale
0 | | | | | | |
-3 -2 -1 0 1 2 3

y'emin

Figure 7.78: LO differential cross-section with respect to the rapidity of the harder ¢, (top)
and the softer ¢, . (bottom) charged lepton for the pp — (Z — ¢7¢7) process at the LHC with
7TeV using a fixed scale of pg = Myz. The first and last filled bin are half-width due to the
applied selection cut, |y;| < 2.5. Additional details are given in the caption of Figure 7.77.
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Figure 7.79: LO differential cross-section with respect to the rapidity of the harder ¢, . (top)
and the softer ¢, (bottom) charged lepton for the pp — (Z — £~¢7) process at the Tevatron
Run II using a fixed scale of ug = Myz. A glitch in the calculation which makes these two
distributions non-identical is explained in the main text. Additional details are given in the

caption of Figure 7.77.
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Figure 7.80: LO differential cross-section with respect to the difference in rapidity between
the harder ¢,,,, and the softer ¢, . charged lepton for the pp — (Z — £7¢*) process at the

LHC with 7TeV using a fixed scale of ug = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure 7.81: LO differential cross-section with respect to distance R between the harder ¢,
and the softer ¢, . charged lepton for the pp — (Z — ¢7¢) process at the LHC with 7 TeV
using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.77.
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Figure 7.82: LO differential cross-section with to the invariant mass of the two charged leptons
for the pp — (Z — ¢£7¢1) process at the LHC with 7TeV using a fixed scale of pg = Mz.
Additional details are given in the caption of Figure 7.77.
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7.432 pp — (Z — £741) + 1 jet

For the one jet process the differential cross-section with respect to the transverse mo-
mentum for the two charged leptons varies, as final state radiation causes the charged
leptons to not be back-to-back. The histograms can be seen in Figure 7.83. At the Tev-
atron there are larger scale uncertainties and the shapes are slightly different as given in
Figure 7.84. The LHC with 14 TeV has the same shape, greater total cross-section and
smaller relative scale uncertainties®. The dynamic scales produce the same results®.
Histograms obtained for the rapidity distribution of the harder and the softer charged
lepton are shown in Figure 7.85. The charged leptons tend to be emitted in the central
region of the detector. The same shapes, but with a smaller integral, are also obtained
using dynamic scales. For the LHC with 14 TeV the overall cross-section is larger and
the scale uncertainties are smaller, and for the Tevatron results are similar to the LHC
with 7TeV, though the rapidity coverage is much smaller and so is the integral®. The
correlations between centre-of-mass energy and the size of the scale uncertainties can be

seen more clearly in A¢, ,  histograms.

The difference in the rapidity of the two charged leptons is shown in Figure 7.86. One
can see that the two charged leptons tend to lie close together. The distribution for the
Tevatron is similar apart from spanning a smaller range due to tighter rapidity cuts®?
The scale uncertainties decrease with the centre-of-mass energy and are only twice the
size of the PDF uncertainties for the LHC with 14TeV. The separation in azimuthal
angle between the two charged leptons is given in Figure 7.87. One can see that the
charged leptons tend to be emitted further apart with a maximum at 135° to 140°. For
the Tevatron the maximum is at 150° to 155°. Again, I found that the scale uncertainties
are massively decreased for the LHC with 14 TeV, but the dynamical scales give only a
very small improvement.%® The last distance observable for the two charged leptons is the
separation R as shown in Figure 7.88. The histogram peaks at 2.2—2.4, which means that
the charged leptons are not fully back-to-back. The results for the other accelerators have
the same shape and the magnitudes and scale uncertainties vary as described above.5*
A very important observable for processes with two oppositely charged leptons is the
invariant mass of the two charged leptons. This histogram is shown in Figure 7.89 and
one can see the sharp peak at the Z mass. This is the same for all accelerators as well as
the dynamic scales.

Figure 7.90 shows kinematic observables for the jet. It can be seen that the jet is

% See Figure B.67 in Appendix B.2.3.2.

60See Figure B.68 and B.69 in Appendix B.2.3.2.

61See Figures B.71 and Figure B.70 in Appendix B.2.3.2.
62See Figure 7.86 in Appendix B.2.3.2.

63See Figures B.73 and B.74 in Appendix B.2.3.2.

64See Figures B.75 and B.76 in Appendix B.2.3.2.
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harder and tends to lie close to the transverse plane. This is true for all accelerator and
dynamic scales. As seen before, the scale uncertainties are suppressed for the LHC with
14 TeV in comparison to the LHC with 7TeV .

Now, I would like to present the distance observables between the jet and each of
the charged leptons. Figure 7.91 shows the differential cross-section with respect to the
difference in azimuthal angle between the harder charged lepton and the jet. One can
see a linear increase from 100° peaking at 155° to 160°. For the Tevatron the peak is
at 160° to 165°.%° The magnitude and scales for the different accelerators and dynamic
scales vary as described above. The difference in rapidity of the harder charged lepton
and the jet is shown in Figure 7.92. It can be seen that both tend to lie close together.
Moreover, their separation peaks around 3, as can be seen in Figure 7.93, suggesting that
they are almost back-to-back. The invariant mass of the harder charged lepton and the
jet has a well defined peak at 90 GeV. This can be seen in Figure 7.94. For the Tevatron
the peak is at 70 TeV.%

After I looked at the combinations of the harder charged lepton and the jet, I want
to look at the softer charged lepton and the jet. Figure 7.95 shows the difference in
azimuthal angle between the jet and the softer charged lepton. There is a maximum
at 110° and the magnitude of the differential cross-section is larger at zero degree than
for 180°. As before we obtain larger scale uncertainties for the Tevatron®” and massively
smaller ones for the LHC with 14 TeV. The rapidity difference between the softer charged
lepton and the jet shows that they tend to lie close together. The corresponding graph
is shown in Figure 7.96. Figure 7.97 shows the separation R between the softer charged
lepton and the jet. This distribution has a maximum around R = 2, which means that
both are separated but not opposite to each other. The shapes for the other accelerator
and the dynamic scales are very similar. Finally, Figure 7.98 shows the invariant mass of
the softer charged lepton and the jet. A well defined peak at 55 GeV to 60 GeV can be
observed. This peak is shifted to 45 GeV to 50 GeV for the Tevatron®. Otherwise the
shapes are the same for all accelerators and dynamic scales. The magnitude and scale

uncertainties behave as one would expect from the previous histograms.

65See Figure B.77 in Appendix B.2.3.2.
66See Figure B.78 in Appendix B.2.3.2.
67See Figure B.79 in Appendix B.2.3.2.
68See Figure B.80 in Appendix B.2.3.2.
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Figure 7.83: LO differential cross-section with respect to the harder ¢, . (top) and the softer
¢,... (bottom) charged lepton transverse momentum for the pp — (Z — £~¢7) + 1 jet process
at the LHC with 7TeV using a fixed scale of pg = My. Additional details are given in the
caption of Figure 7.77.
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Figure 7.84: LO differential cross-section with respect to the harder ¢, . (top) and the softer
C,.i (bottom) charged lepton transverse momentum for the pp — (Z — £~ ¢*) + 1 jet process
at the Tevatron Run II using a fixed scale of ug = Myz. Additional details are given in the
caption of Figure 7.77.
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Figure 7.85: LO differential cross-section with respect to the harder ¢, . (top) and the softer
¢,... (bottom) charged lepton rapidity for the pp — (Z — ¢7¢T) + 1 jet process at the LHC
with 7TeV using a fixed scale of ug = Myz. The first and last filled bin are half-width due to
the applied selection cut, |yp| < 2.5. Additional details are given in the caption of Figure 7.77.
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Figure 7.86: LO differential cross-section with respect to the difference in rapidity between the

charged lepton for the pp — (Z — £7¢T) + 1 jet process at the

LHC with 7TeV using a fixed scale of pg = Mz. Additional details are given in the caption of

harder £, . and the softer /..
Figure 7.77.
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Figure 7.87: LO differential cross-section with respect to rapidity difference between the two
charged leptons for the pp — (Z — £~ ¢1) + 1 jet process at the LHC with 7 TeV using a fixed
scale of pug = Myz. Additional details are given in the caption of Figure 7.77.
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Figure 7.88: LO differential cross-section with respect to separation between the two charged
leptons for the pp — (Z — £7¢7) + 1 jets process at the LHC with 7 TeV using a fixed scale of
1o = Myz. Additional details are given in the caption of Figure 7.77.
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Figure 7.89: LO differential cross-section with respect to the invariant mass of the two charged
leptons for the pp — (Z — £7¢7) + 1 jets process at the LHC with 7 TeV using a fixed scale of
1o = Myz. Additional details are given in the caption of Figure 7.77.
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Figure 7.90: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the jet for the pp — (Z — £7¢%) + 1 jet process at the LHC with
7TeV using a fixed scale of g = My. Additional details are given in the caption of Figure 7.1.
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Figure 7.91: LO differential cross-section with respect to the rapidity difference between the
harder charged lepton ¢, . and the jet j for the pp — (Z — ¢74*) + 1 jet process at the
LHC with 7TeV using a fixed scale of pg = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure 7.92: LO differential cross-section with respect to the difference in rapidity between
the harder charged lepton ¢, and the jet j for the pp — (Z — ¢7¢1) + 1 jet process at the

LHC with 7TeV using a fixed scale of ug = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure 7.93: LO differential cross-section with respect to separation between the harder charged
lepton ¢, . and the jet j for the pp — (Z — ¢7¢*)+1 jet process at the LHC with 7 TeV using
a fixed scale of pg = My. Additional details are given in the caption of Figure 7.77.
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Figure 7.94: LO differential cross-section with respect to the invariant mass of the harder
charged lepton ¢, . and the jet j for the pp — (Z — ¢7¢) + 1 jet process at the LHC with
7 TeV using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.77.
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Figure 7.95: LO differential cross-section with respect to the rapidity difference between the
softer charged lepton ¢, . and the jet j for the pp — (Z — ¢7¢*) + 1 jet process at the LHC
with 7TeV using a fixed scale of ug = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure 7.96: LO differential cross-section with respect to the difference in rapidity between
the softer charged lepton ¢, . and the jet j for the pp — (Z — ¢7¢*) + 1 jet process at the
LHC with 7TeV using a fixed scale of ug = Myz. Additional details are given in the caption of
Figure 7.77.
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lepton £
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and the jet j for the pp — (Z — £7¢7) +1 jet process at the LHC with 7 TeV using

a fixed scale of pg = Myz. Additional details are given in the caption of Figure 7.77.
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Figure 7.98: LO differential cross-section with respect to the invariant mass of the softer charged

lepton ¢

min

and the jet j for the pp — (Z — £747) +1 jet process at the LHC with 7 TeV using

a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.77.
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7433 pPp — (Z — £7£1) + 2 jets

Figure 7.99 shows the transverse momentum distribution for the two charged leptons. It
can be seen that the harder charged lepton tends to have a transverse momentum larger
then 45 GeV and the softer charged lepton tends to have one smaller than 45 GeV. The
distributions for the other colliders and scales are very similar. Figure 7.100 shows the
rapidity distributions of each of the charged leptons. One can see that both charged
leptons tend to be in the central region of the detector. These distributions are even
more central for the LHC with 14 TeV and the dynamic scales.

The difference in rapidity between the two charged leptons is given in Figure 7.101.
One can see that both particles tend to lie close together. The graph for the Tevatron is
slightly different, because it lacks the small tail®. The integrals of the distributions for
different accelerators and scale choices behave as one would expect from the integrated
cross-sections. The scale uncertainties, however, slightly decrease with centre-of-mass
energy and for the dynamic scales. Figure 7.102 gives the difference in azimuthal angle
between the two charged leptons. There is an almost linear increase towards 180° in the
magnitude of the differential cross-section. The shapes for the other accelerators are very
similar. For the Tevatron the histogram flattens off for larger angles™. The separation R
between the two charged leptons is given in Figure 7.103. It can be seen that there is a
peak at R = 3 and a sharp drop just beyond it. The increasing flank flattens just below
R = 2. This kink is less pronounced for the Tevatron™. The invariant mass of the two
charged leptons is shown in Figure 7.104. It has a very sharp peak at the Z mass. This
is true for all accelerators and scales.

Next, I show the kinematic observables of the harder jet. Its transverse momentum
and rapidity distribution are given in Figure 7.105. One can observe that the transverse
momentum distribution peaks at 50 GeV and that the jet tends to be emitted in the
central part of the detector. These results are true for all accelerators and scales. The
corresponding histograms for the softer jet are given in Figure 7.106. This jet tends to
have smaller transverse momentum exponentially tailing off for larger momentum. The
rapidity distribution is very similar to the one we have seen for the harder jet. Again,
the results for other colliders and scales are very similar.

The differential cross-section with respect to the difference in azimuthal angle between
the harder charged lepton and the harder jet is given in Figure 7.107. The distribution
increases from zero more and more rapidly towards larger angles. Showing that the
harder jet and the harder charged lepton tend to be emitted in opposing hemispheres of

the detector. The histogram for the Tevatron varies in so far that it flattens off for larger

69Gee Figure B.84 in Appendix B.2.3.3.
70See Figure B.81 in Appendix B.2.3.3.
"1See Figure B.82 in Appendix B.2.3.3.
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angles™. The difference in rapidity between the harder jet and the harder charged lepton
is given in Figure 7.108. It can be seen that they tend to lie closer together. The previous
two distributions can be combined to give the separation R as shown in Figure 7.109. A
well defined peak just above R = 3 can be observed. The invariant mass of the harder
jet and the harder charged lepton has a broad maximum at 120 GeV. The differential
cross-section is close to zero for masses less than 50 GeV. This is recorded in Figure 7.110.
For the Tevatron the peak is at 95 GeV to 100 GeV.™

Figure 7.111 shows the difference in azimuthal angle for the softer jet and the harder
charged lepton. This distribution is very broad and flat. It has a very small maximum
at 110°. For the Tevatron I obtained a more continuously increasing slope™. Also, the
softer jet and the harder charged lepton tend to have similar rapidity. This can be seen
in Figure 7.112. The separation R between the softer jet and the harder charged lepton
is broader than for the harder jet. The differential cross-section increases logarithmically
towards a maximum at R = 2.8. This is recorded in Figure 7.113. For the Tevatron the

increase is linear™

. The invariant mass of the harder charged lepton and the softer jet
shows a broad peak with a linear rise from zero and a long tail (see Figure 7.114). For
the Tevatron the peak is lower at approximately 85° to 90°.76

After having had an extensive look at the harder charged lepton, I will now look at
the observables for the softer charged lepton and jets. Figure 7.115 shows the difference
in azimuthal angle between the harder jet and the softer charged lepton. The histogram
is very flat at lower angles and has a slight rise towards 180°. At the Tevatron, in contrast
one can observe a maximum at 110° and a steep drop for larger angles™. As we have seen
previously, also the softer charged lepton and the harder jet tend to be close together
with respect to rapidity. The corresponding plot is shown in Figure 7.116. And the
separation, again, shows a peak just below R = 3. This can be seen in Figure 7.117. For
the Tevatron this peak is at R = 2.”® Figure 7.118 shows the invariant mass of the harder
jet and the softer charged lepton. One can observe a broad peak at 80 GeV to 85 GeV
with a long tail. For the Tevatron the peak is at 60 GeV to 65 GeV.™

Figure 7.119 shows the azimuthal angle between the softer jet and the softer charged
lepton. Again, we have a very flat distribution with a slight increase towards 180°. The
Tevatron results flatten off towards 180°.8° The difference in rapidity between the softer

jet and the softer charged lepton is shown in Figure 7.120. It can be seen that they tend

"2See Figure B.83 in Appendix B.2.3.3.
"See Figure B.85 in Appendix B.2.3.3.
"See Figure B.86 in Appendix B.2.3.3.
"See Figure B.87 in Appendix B.2.3.3.
76See Figure B.88 in Appendix B.2.3.3.
""See Figure B.89 in Appendix B.2.3.3.
"8See Figure B.90 in Appendix B.2.3.3.
™See Figure B.91 in Appendix B.2.3.3.
80See Figure B.92 in Appendix B.2.3.3.
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to have a similar boost. Figure 7.121 shows the differential cross-section with respect to
separation R between the softer charged lepton and the softer jet. A steady increase from
zero leads to a peak at R = 3. For the Tevatron the maximum is below R = 2.5.3 The
invariant mass of the softer jet and the softer charged lepton has a broad peak at 55 GeV
to 60 GeV, as shown in Figure 7.122. The Tevatron peaks at 50 GeV to 60 GeV.#2

The last set of histograms is the combination of the harder and the softer jet. Fig-
ure 7.123 shows the azimuthal angle between the two jets. The distribution is quite flat
up to 80° apart from a small peak at 25°. After the plateau the distribution increases
towards 180°. The mentioned peak is more pronounced for the Tevatron®®. The difference
in rapidity for the two jets is listed in Figure 7.124. The two jets generally tend to lie
close together. There is a small local maximum at 0.5. The separation R between the
two jets is shown in Figure 7.125. We can see that the histogram sharply peaks around
R = 3 suggesting that they tend to be emitted back-to-back. For the Tevatron there is
a secondary peak at 0.4 GeV, which coincides with the onset of the cut®!. Figure 7.126,
finally, shows the invariant mass of the two jets. There is a broad peak at 100 GeV.
This peak has a long tail to the right. From the left the differential cross-section starts
relatively flat and then steepens around 60 GeV. For the Tevatron the peak is at 55 GeV
to 60 GeV.®

81See Figure B.93 in Appendix B.2.3.3.
82Gee Figure B.94 in Appendix B.2.3.3.
83See Figure B.95 in Appendix B.2.3.3.
84Gee Figure B.96 in Appendix B.2.3.3.
85Gee Figure B.97 in Appendix B.2.3.3.
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Figure 7.99: LO differential cross-section with respect to the harder ¢, . (top) and the softer
?,.... (bottom) charged lepton transverse momentum for the pp — (Z — £7¢) 4 2 jets process
at the LHC with 7TeV using a fixed scale of pg = My. Additional details are given in the

caption of Figure 7.77.
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Figure 7.100: LO differential cross-section with respect to the harder ¢, (top) and the softer

L

min

(bottom) charged lepton rapidity for the pp — (Z — £~¢*) + 2 jets process at the LHC

with 7TeV using a fixed scale of g = Mz. The first and last filled bin are half-width due to
the applied selection cut, |yy| < 2.5. Additional details are given in the caption of Figure 7.77.
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Figure 7.101: LO differential cross-section with respect to the difference in rapidity between
charged lepton for the pp — (Z — £~ ¢1) +2 jets process at
the LHC with 7TeV using a fixed scale of ug = Myz. Additional details are given in the caption
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Figure 7.102: 1O differential cross-section with respect to the azimuthal angle ¢ between the
two charged leptons for the pp — (Z — £7¢T) + 2 jets process at the LHC with 7TeV using a
fixed scale of g = My. Additional details are given in the caption of Figure 7.77.
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Figure 7.103: LO differential cross-section with respect to the separation between the two
charged leptons for the pp — (Z — £7¢1) + 2 jets process at the LHC with 7 TeV using a fixed
scale of pug = My. Additional details are given in the caption of Figure 7.77.
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Figure 7.104: LO differential cross-section with respect to the invariant mass of the two charged
leptons for the pp — (Z — £7¢T) + 2 jets process at the LHC with 7 TeV using a fixed scale of
o = Mz. Additional details are given in the caption of Figure 7.77.
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Figure 7.105: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the harder jet j,, .. for the pp — (Z — £7¢T) 4+ 2 jets process at the
LHC with 7TeV using a fixed scale of pg = Mz. Additional details are given in the caption of

Figure 7.1.
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Figure 7.106: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the softer jet j,,., for the pp — (Z — ¢~¢*) + 2 jets process at the
LHC with 7TeV using a fixed scale of pg = Mz. Additional details are given in the caption of

Figure 7.1.

M. Stephan Tietz (April 2013)

160



7 Results Production of V+jets at Hadron Colliders

I I
1.4 | H central .
-------- PDF N
----  scale i
1.2 :.-' _
T
P T - |
/-\H E -
3 [
g 0.8 '
<
ol 3
Sl fo6
<
<
d
s 04 [~
0.2
0 |
0 20 40 60 80 100 120 140 160 180

Figure 7.107: LO differential cross-section with respect to the azimuthal angle ¢ between the
harder charged lepton ¢, . and the harder jet j, . for the pp — (Z — £70T) + 2 jets process
at the LHC with 7TeV using a fixed scale of ug = My. Additional details are given in the
caption of Figure 7.77.
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Figure 7.108: LO differential cross-section with respect to the difference in rapidity between
the harder charged lepton ¢, and the harder jet j, .. for the pp — (Z — ¢70T) + 2 jets
process at the LHC with 7TeV using a fixed scale of ug = Myz. Additional details are given in
the caption of Figure 7.77.
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Figure 7.109: LO differential cross-section with respect to the separation between the harder
charged lepton £, . and the harder jet j, .. for the pp — (Z — £7¢") 4+ 2 jets process at the
LHC with 7TeV using a fixed scale of pg = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure 7.110: LO differential cross-section with respect to the invariant mass of the harder
charged lepton £, and the harder jet j . for the pp — (Z — £7¢") 4+ 2 jets process at the
LHC with 7TeV using a fixed scale of yg = Myz. Additional details are given in the caption of
Figure 7.77.

M. Stephan Tietz (April 2013) 162



7 Results Production of V+jets at Hadron Colliders

450 ‘ ‘ ]

F—  central T
— PDF |
400 ----  scale P i
350 |- T =
e -
300 [~ —

0 20 40 60 80 100 120 140 160 180
Ade  brin L]

Figure 7.111: LO differential cross-section with respect to the azimuthal angle ¢ between the

harder charged lepton ¢, . and the softer jet j, .. for the pp — (Z — £7¢T)+2 jets process at

the LHC with 7 TeV using a fixed scale of ug = Myz. Additional details are given in the caption

of Figure 7.77.
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Figure 7.112: L.O differential cross-section with respect to the difference in rapidity between
the harder charged lepton ¢, . and the softer jet j, . for the pp — (Z — (7¢T) + 2 jets
process at the LHC with 7TeV using a fixed scale of ug = Myz. Additional details are given in
the caption of Figure 7.77.
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Figure 7.113: LO differential cross-section with respect to the separation between the harder
charged lepton ¢, . and the softer jet j, . for the pp — (Z — ¢7¢1) 4 2 jets process at the

LHC with 7TeV using a fixed scale of pg = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure 7.114: LO differential cross-section with respect to the invariant mass of the harder
charged lepton ¢, . and the softer jet j, . for the pp — (Z — ¢ ¢*) 4+ 2 jets process at the

LHC with 7TeV using a fixed scale of ug = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure 7.115: LO differential cross-section with respect to the azimuthal angle ¢ between the
softer charged lepton ¢, . and the harder jet j, . for the pp — (Z — ¢7¢T) +2 jets process at
the LHC with 7 TeV using a fixed scale of ug = My. Additional details are given in the caption

of Figure 7.77.
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Figure 7.116: LO differential cross-section with respect to the difference in rapidity between
the softer charged lepton ¢, . and the harder jet j, . .. for the pp — (Z — ¢7¢1) + 2 jets
process at the LHC with 7TeV using a fixed scale of ug = Myz. Additional details are given in
the caption of Figure 7.77.
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Figure 7.117: LO differential cross-section with respect to the separation between the softer
charged lepton ¢, . and the harder jet j, . for the pp — (Z — ¢7¢*) + 2 jets process at the

LHC with 7TeV using a fixed scale of ug = Mz. Additional details are given in the caption of
Figure 7.77.
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Figure 7.118: LO differential cross-section with respect to the invariant mass of the softer
charged lepton ¢, . and the harder jet j, . for the pp — (Z — ¢7¢*) + 2 jets process at the

LHC with 7TeV using a fixed scale of pg = Mz. Additional details are given in the caption of
Figure 7.77.

M. Stephan Tietz (April 2013) 166



7 Results Production of V+jets at Hadron Colliders

I I
500 | M1 central JERREELE

.....
-

[

100 [~ —

0 20 40 60 80 100 120 140 160 180

Age . 5 . [°]
Figure 7.119: 1O differential cross-section with respect to the azimuthal angle ¢ between the
softer charged lepton ¢, . and the softer jet j, . for the pp — (Z — ¢7¢T) + 2 jets process at
the LHC with 7 TeV using a fixed scale of ug = Myz. Additional details are given in the caption
of Figure 7.77.
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Figure 7.120: LO differential cross-section with respect to the difference in rapidity between
the softer charged lepton ¢, . and the softer jet j, . for the pp — (Z — £70) +2 jets process
at the LHC with 7TeV using a fixed scale of ug = Myz. Additional details are given in the
caption of Figure 7.77.
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Figure 7.121: LO differential cross-section with respect to the separation between the softer
charged lepton ¢, . and the softer jet j, .. for the pp — (Z — £¢") + 2 jets process at the
LHC with 7TeV using a fixed scale of ug = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure 7.122: LO differential cross-section with respect to the invariant mass of the softer
charged lepton ¢, . and the softer jet j, .. for the pp — (Z — £7¢") + 2 jets process at the
LHC with 7TeV using a fixed scale of yg = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure 7.123: LO differential cross-section with respect to the azimuthal angle ¢ between the
harder j, .. and the softer jet j, . for the pp — (Z — ¢7¢T) +2 jets process at the LHC with
7TeV using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.77.
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Figure 7.124: LO differential cross-section with respect to the difference in rapidity between
the harder j,, .. and the softer jet j, . for the pp — (Z — £74%) + 2 jets process at the
LHC with 7TeV using a fixed scale of ug = Mz. Additional details are given in the caption of
Figure 7.77.
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Figure 7.125: LO differential cross-section with respect to separation between the harder j, -
and the softer j, . jet for the pp — (Z — £~¢7) + 2 jets process at the LHC with 7 TeV using
a fixed scale of pg = Myz. Additional details are given in the caption of Figure 7.77.
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Figure 7.126: LO differential cross-section with respect to the invariant mass of the harder
Jmae and the softer j, . jet for the pp — (Z — £70T) + 2 jets process at the LHC with 7 TeV
using a fixed scale of ug = My. Additional details are given in the caption of Figure 7.77.

M. Stephan Tietz (April 2013) 170



7 Results Production of V+jets at Hadron Colliders

744 pp — (Z = ) e pr Uy + 1 jets

The last group of processes I calculated is pD’ — (2 — >°,_, , - v¥,) +n jets. These
have a poorer phenomenology, because in contrast to Z production with the decay into
two charged leptons the Z production with decay into two neutrinos means that the decay
products are invisible. One can only look at the differential cross-section with respect to

missing transverse momentum and observables arising from the produced jets.

7441 pp — (Z =X, .,r Vi)

In this process all final state particles escape detection in the detector. Furthermore, the
neutrinos are emitted back-to-back in the transverse plane, so that there is no missing

momentum in the transverse plane®.

7442 pP — (Z—= > ., VP +1]jet

For the production of the Z boson with an additional jets, the missing momentum distri-
bution is more interesting due to final state radiation. The corresponding plot can be seen
in Figure 7.127. It is a simple exponential decay starting above the missing transverse
momentum cut at 30 GeV. For the dynamic scales the magnitudes and scale uncertainties
behave as one expects it from the integrated cross-sections. For the other accelerators the
integrals increase with the centre-of-mass energy, but the scale uncertainties are smallest
for the LHC with 14 TeV. This is in stark contrast to the integrated cross-sections, but
agrees with the W* and Z — ¢*¢~ histograms.

Figure 7.128 shows the transverse momentum and the rapidity distribution of the jet.
The jet tends to have a large transverse momentum and to lie within the central region of
the detector. For the LHC with 14 TeV the rapidity distribution is flatter and the scale
uncertainties are largely suppressed (only of the order of twice the PDF uncertainties). As
mentioned for the previous distribution the scale uncertainties are larger at the Tevatron

and slightly decreased for the dynamic scales.®

86See Figure B.98 in Appendix B.2.4.1.
87See Figures B.99, B.100, B.101 and B.102 in Appendix B.2.4.2.
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Figure 7.127: LO differential cross-section with respect to missing transverse momentum for
the pp — (Z = > y_. .- Yi¥y) +1 jet process at the LHC with /s = 7TeV using a fixed scale of
po = Mz and MSTW2008LO (90% C.L.) PDFs. Selection cuts as given in Equations 7.5 to 7.8
have been applied. MCFM input parameters are listed in Equations 7.1 to 7.3. The procedure
used to choose the number of shots is described in Section 4.4.3. The scale uncertainties have
been estimated using a conservative variation by a factor of 4. The error bars for the statistical
uncertainties are mostly too small to be visible or are only partially visible. Only the asymmetric
deviations for the PDFs (red, dotted) and scale (blue, dashed) from the central value (black,
solid) are given.
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Figure 7.128: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the jet for the pp — (Z — >  vv)+1 jet process at the LHC with 7 TeV

using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.127.
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7443 pP — (Z = > ..,V + 2 jets

For the 2-jet process we are firstly looking at the missing transverse momentum in Fig-
ure 7.129. It can be seen that there is a maximum at 35GeV and secondary local
maximum at 70 GeV after which it tails off. This distribution has little experimental
value, because a transverse momentum distribution for 2 — -, 1,7, is almost indis-
tinguishable from the background.

The kinematic observables for the harder jet are given in Figure 7.130. The transverse
momentum distribution has a maximum at 45 GeV to 50 GeV and then tails off. This
distribution is more peaked for the Tevatron. The rapidity distribution reveals that the
harder jet tends to be emitted in the central region of the detector. This distribution is
flatter for the LHC with 14 TeV.

The corresponding plots for the softer jet are given in Figure 7.131. This jet also
tends to be in the central region and it tends to have a small transverse momentum, i.e.
the differential cross-section decreases towards larger momenta.

As for all 2-jet processes so far, I will look at the combinations of the two jets. Firstly,
the difference in azimuthal angle between the two jets is given in Figure 7.132. There
is a small local peak around 20° and a general increase towards 180°. The Tevatron
distribution has a more pronounced peak and for the LHC with 14 TeV there is a steeper
slope for larger angles®.

The difference in rapidity for the two jets is given in Figure 7.133. It can be seen that
the two jets prefer to lie close together. The decrease in differential cross-section towards
larger angles is very linear. Furthermore, there is a local maximum at approximately 5°.
This is likely an effect of the R cut.

The separation R between the two jets is given in Figure 7.134. There is a well defined
peak at R = 3. The Tevatron has a secondary peak just above the R cut®.

Finally, I show the invariant mass of the two jets in Figure 7.135. This distribution has
a maximum at 90 GeV to 95 GeV. It is similar in shape to the corresponding Z — (¢~
one. The Tevatron result has its maximum at 55 GeV to 60 GeV and another secondary

one at 25 GeV to 30 GeV.%

88See Figures B.103 and B.104 in Appendix B.2.4.3.
89Gee Figure B.105 in Appendix B.2.4.3.
90Gee Figure B.106 in Appendix B.2.4.3.
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Figure 7.129: LO differential cross-section with respect to missing transverse momentum for
the pp — (Z — Zé:e%T yV,) + 2 jets process at the LHC with 7TeV using a fixed scale of
o = Myz. Additional details are given in the caption of Figure 7.127.
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Figure 7.130: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the harder jet j, .. for the pp — (Z — > v¥) + 2 jets process at the
LHC with 7TeV using a fixed scale of ug = Myz. Additional details are given in the caption of

Figure 7.127.
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Figure 7.131: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the softer jet j, .. for the pp — (Z — > v¥) 4+ 2 jets process at the
LHC with 7TeV using a fixed scale of pg = Mz. Additional details are given in the caption of
Figure 7.127.
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Figure 7.132: LO differential cross-section with respect to the azimuthal angle ¢ between the
harder j, .. and the softer jet j, . for the pp — (Z — > v¥)+2 jets process at the LHC with
7 TeV using a fixed scale of g = Myz. Additional details are given in the caption of Figure 7.127.
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Figure 7.133: LO differential cross-section with respect to the difference in rapidity between
the harder j,, .. and the softer jet j, . for the pp — (Z — > v¥) + 2 jets process at the
LHC with 7TeV using a fixed scale of pg = Myz. Additional details are given in the caption of

Figure 7.127.
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Figure 7.134: LO differential cross-section with respect to separation between the harder j,
and the softer j, . jet for the pp — (Z — > v¥)+2 jets process at the LHC with 7 TeV using
a fixed scale of ug = My. Additional details are given in the caption of Figure 7.127.
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Figure 7.135: LO differential cross-section with respect to the inavaraitn mass of the harder

Jmae a0d the softer j . jet for the pp — (Z — > v¥) +2 jets process at the LHC with 7 TeV
using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.127.
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Chapter 8
Physics Discussion

Production processes for vector bosons have one of the larger integrated cross-sections
at hadron colliders. [17] Hence, they are both a good candidate for benchmark tests of
the SM and one of the main sources of backgrounds in searches for NP. Therefore a
precise knowledge of the magnitude of the integrated cross-sections and the associated
uncertainties is crucial.

Testing of the SM can be achieved using observables comparing integrated cross-
sections. I will present the ratios for W and W~ production with leptonic decay (Sec-
tion 8.1), the ratios between Z production with decay into charged leptons and neutrinos
(Section 8.2) and the Berends-Giele scalings (Section 8.3). Ratios are generally more
stable with respect to systematic uncertainties. For example hadron colliders suffer from
relatively large luminosity uncertainties, which are suppressed in such ratios.

Next, I will give comparisons for a wide range of differential cross-sections, because
in searches where weak boson production is a background, the shapes of the differential
cross-sections are of particular importance. Concentrating on the LHC with 7TeV I
will study the variation of PDF and scale uncertainties over the range of the differential
cross-sections to predict the behaviour of the total cross-sections with respect to changes
in the selection cuts (Section 8.4). T will point out when selection cuts can be optimised
by avoiding integration over regions with large uncertainties and regions where large
uncertainties can provide issues for NP searches.

Finally, I will present differences between static and dynamic scales in Section 8.5;

and I will discuss the impact of the two different PDF sets in Section 8.6.
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8.1 Ratios between W and W~ Production with Leptonic
Decay

A very important phenomenological observable is the ratio between the W* and W~

production:
R — i oD = W' +n jets)
Vo o(pp > W —|—njets)
o(pD — WT +n jets) - BRIWT — (1)
o(pp — W- + n jets) - BR(W= — (77,
o(pP — (Wt = 0ty) +n jets)
o(pP = (W= = (77,) +n jets)

(8.1)

For quark-antiquark initial states W™ bosons are produced from an up-type quark
and a down-type anti-quark, and W~ from a down-type quark and an up-type antiquark.
At Tevatron protons (2u and 1d) collide with antiprotons (2@ and 1d). The PDFs for
u/d in protons and ﬁ/a in antiprotons are the same. Hence, for symmetry reasons' we
expect this ratio to be equal to exactly 1 at Tevatron. In contrast, the LHC ratio should
be larger than 1 due to the integrated net charge in the initial state. The two protons in
the initial state provide four up quarks and two down quarks. Integrating the respective
PDF's shows that there are more (positively charged) up quarks available in the initial
state, making W production more likely.

Moreover, there are mutual sources of uncertainties for the W+ and W~ production.
Particularly, experimental uncertainties in luminosity can be suppressed using the W+
production ratio. Similarly, theoretical PDF and scale uncertainties can be treated in a
way which minimises them.

Hence, this observable is ideal for testing SM predictions and deviations from it. In
fact, Kom and Stirling [52] have provided a derived observable fyp which compares
experimental results with the theoretical calculations and gives an easy to use indicator
for the presence of NP. Their observable allows for the detection of weakly interacting
neutral particles (e.g. Z') or processes which produce W and W™ in equal amounts as
this will shift the ratio Rw. It is defined as following:

+ + +
2 (USNI _ JSA{+UNP>

fNP _ OnNP _ Ism Ismtonp
- - + + +
Osm (M+1) (M_1> -
Osm Osmtonp ( : )

_ 2 (RSM - Rexp)
(RSM + 1) (Rexp - 1)

where we used the sum of the W and W~ SM prediction o5y = 0,405, the NP cross-

!Similar arguments are true for initial states with gluons.
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section /20y p = 03p = oy p and the experimental measurements o7, , = Oy + onp.

In Table 8.1 I present all the ratios between the integrated cross-sections for W=
production with leptonic decay for three different scales and the MSTW2008LO (90%
C.L.) PDF set. Both, symmetric and asymmetric, PDF and scale uncertainties have been
calculated. A standard error propagation has been done for the symmetric uncertainties

Aot and Ao~ of the integrated cross-section of W+ bosons o™ and W~ bosons o,

G-C) () () w

with the correlation efficient p = 0, i.e. I assume that the errors are not correlated?.

respectively:

I have not investigated the correlation for different PDFs and scales, as they can be
very different for the investigated processes and accelerators. For example, the PDF
uncertainties at the Tevatron® for W= are very correlated as they integrate over the same
initial state, but at the LHC the contributions from the PDFs for W~ and W™ production
are very different, as can be seen in the rapidity distributions.

PDFs are based on experimental measurements using the Hessian method to determ-
ine their uncertainties. This means that they tend to be Gaussian. However, the same
is not true for the scale uncertainties, because they are an approximation for the higher-
order terms of the perturbation theory, i.e. for LO these depend on the strong scaling
which decreases exponentially with respect to energy. Hence, the asymmetric uncertain-
ties are probably a much better representation of the actual behaviour. I have defined

the asymmetric error, AR,,q5 min, 0f the ratio R to be:

+ 1 Agt
R+ AR, — L‘T@w
o~ —Ao, ..
ot — Ao, (8.4)
R— ARy = 2= 2min
o~ + Ao

max

where the integrated cross-section for W bosons is donated as ¢ and for W~ as o~.
The associated asymmetric errors are Ao and Ao

max,min max,min’

the widest spread and probably the safest option without estimating a likelihood function

respectively. This gives

2The uncertainties can be positively (p > 0) or a negatively (p < 0) correlated, which decreases or
increases the uncertainty, respectively.

3For comparative reasons I have used the same calculation for the uncertainties at the Tevatron and
the LHC. At the Tevatron we have 0™ ~ ¢~ and Ac™ ~ Ao~ suggesting a strong correlation of p = 1.
Using Equation 8.3 would give AR/r =0
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for each cross-section?.

One can observe that the ratios are very stable with respect to different static and
dynamic scale choices. For zero and one jet process, the variation is of the order of the
statistical error (i.e. less than 0.1%) at the LHC. For the two jet process at the LHC the
ratio is up to 1% smaller for the two dynamic scales. At the Tevatron all the ratios are
equal to 1 as expected. At the LHC the ratio depends on the centre-of-mass energy and
the number of jets. It decreases with respect to the former and increases with respect to
the latter. For the LHC with 14 TeV we have 1.26 < Rw < 1.42 and for the LHC with
7TeV we have 1.46 < Ryw < 1.70.

The increase of the ratio with respect to additional jets can be explained by the dif-
ferent rapidity distributions for the final state lepton. From the differential distributions
presented in Section 7.4.1, it can be seen that the lepton tends to be emitted in the
forward /backward direction of the detector for W+ production. In contrast, final state
leptons for W™ production are generally in the central region of the detector as it can
be seen in Section 7.4.2. For both bosons, however, the emitted lepton is emitted more
centrally for two associated jets than one jet and it is least central for no jets. There-
fore, less phasespace is cut out for W production with multiple jets in contrast to zero
jet events, i.e. the nominator increases relative to the denominator for one and two jet
events.

The associated symmetric scale uncertainties, however, are much larger. They are
largest for processes with two associated jets and static scales ranging between 241% for
the static scale at the Tevatron and 104% for the I:IT scale at the LHC with 14 TeV. For
the Tevatron they are approximately 80% for 1-jet events and less than 10% when jets
are absent. At the LHC the 0-jets processes have a larger scale uncertainty (approx. 50%
for 7TeV and 80% for 14 TeV) than the 1-jet processes (approx. 43% for 7 TeV and 20%
for 14 TeV). There is a general trend of errors becoming smaller when using dynamic
scales.

The asymmetric scale uncertainties, however, are probably a better representation as
they are directly related to the maximal and minimal scale variations calculated. They
are also more stable and similar in magnitude to the scale uncertainties obtained for the
integrated cross-sections. One can see that zero-jet processes at the Tevatron have a scale

variation of less than 7%, increasing for one-jet (approx. 45%) and two-jet events (up to

4A narrower spread can be found using:

+ 4L Aot +_ Aot
R+ ARmaw = max |:U i Uvium: y 7 Un_@mi|
0~ +Aomazr 07 — Ao

v )
. |0+ A0y, O — A0,
R — AR,in = min { maz mm}
0~ + A0maz 07 — Aamin
For the Tevatron, ot ~ o=, Ao}t ~ Ao, and Ao . ~ Ao . . which makes both these asymmetric

uncertainties zero. This is, however, not true for Equation 8.4 used in the main text.
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107%). For the LHC the asymmetric scale uncertainties are smallest for one-jet events
at larger energies, i.e. approx. 13%. These uncertainties are almost twice as large at the
LHC with 7TeV. The energy dependence is reverted for zero-jet events: approx. 41% for
14 TeV and 30% for 7TeV. The two-jet processes have by far the largest uncertainties
ranging from -51% for the dynamic scale Hy at the LHC with 14 TeV to +82% for the
static scale at the LHC with 7TeV.

The symmetric PDF uncertainties are between 6% and 8% and largest for zero jet
processes. Asymmetric PDF uncertainties are generally smaller (down to 4%). There is
a very small decrease of these errors for multi-jet events.

A comparison of my results with Kom and Stirling [52] shows that their use of different
input parameters and cuts means that Ry values are different by as much as 15%. For
both the LHC with 7TeV and 14 TeV, ratios are higher for weak boson production with
associated jets and lower for no associated jets. My cross-sections for zero jets use a cut
on the missing transverse momentum, which reduces my available phase space. However,
for events with associated jets I accept jets with larger rapidities and smaller transverse
momentum. This gives me larger cross-sections especially for W~ production making the
denominator relatively bigger.

It is worth noting that Kom and Stirling only present results for the dynamic scale Hr,
but they found that the ratio Ry tends to be smaller by only 5% for NLO in comparison
to LO.
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8.2 Ratios between Z Production with Decay into Charged

Leptons and Neutrinos

For the production of Z bosons, the ratio between the cross-sections of two decay channels
integrated over the whole phase space is equal to the ratio between the respective decay
widths. The branching ratios of the Z boson are well known. From Particle Data Group
[48]:

BR(Z — (70) = (3.3658 £ 0.0023)%  BR(Z — Y _u7,) = (20.00 £ 0.06)% (8.6)
¢

And therefore:

Ry — NZ—ttr) TDEZ-etr) I'(Z)
"TTZ o ) T2 Tz )
_ BR(Z — %) (8.7)

~ BR(Z—Y_,u7,)
= 0.16829 + 0.00052

This observable is identical to the ratio between the integrated cross-section of Z produc-

tion with decay into charged leptons and decay into neutrinos:

oD — (Z — 0F)+n jets)
o(PP = (Z = X, vp,) +n jets)
o(pP — Z+n jets) - BR(Z — (~(T)
~ o(pP — Z+n jets)- BR(Z =Y., v7,)
BR(Z — ¢~ (7)
" BR(Z— y.,up,)

Ry =

The ratios for different scale choices and accelerators are recorded in Table 8.2. They
have been calculated using the integrated cross-sections for MSTW2008LO (90% C.L.)
It can be seen that all ratios are smaller than the expected Rz. There are no selec-
tion cuts applied during the calculation of the Z — >, 17, process. However, a large
portion of the populated phase space is cut out for the Z — ¢~¢* process by the ap-

5 cut. This makes the calcu-

plied rapidity, transverse momentum and invariant mass
lated cross-section smaller, which subsequently decreases Ryz. Moreover we can see that
Rz(0 jet) < Ryz(1 jets) < Rz(2 jets), which suggests that the emission of jets makes
events with charged lepton decay more central.

The symmetric and asymmetric PDF as well as scale uncertainties have been calcu-

lated as described in the previous section. The behaviour and magnitude of the PDF

5The invariant mass cut, cuts out the photon singularity.
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and scale uncertainties is almost identical to the ratio between the cross-sections for W+
and W™ processes from Section 8.1.

Practically, these ratios can only be determined, by measuring both the width of the
decay into charged leptons and the hadronic decay. Subtracting both from the total

width of the Z boson, one obtains the width for decay into neutrinos. [53]
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8.3 Berends-Giele Scaling

Berends et al. [54] have introduced the Berends-Giele scaling as an important phenomelo-
gical observable for NP at hadron colliders. It has been and still is used to estimate these

background processes quickly. I am using the following definition:

o(pD =V +n jets)
o(pP — V +m jets)

f(V.,n,m)= (8.9)

The matrix element for one additional jet has an additional strong vertex. Hence,
we expect the ratio between n jet events and (n + 1) jets events to be approximately
equal to the strong coupling constant. This approximation ignores the reduced phase
space in the final state as well as relative contributions due to different initial states, i.e.
quark-antiquark, quark-gluon or gluon-gluon.

Table 8.3 shows the Berends-Giele scaling for the Tevatron using different scales and
the MSTW2008LO (90% C.L.) PDF set, which uses a 1-loop evolution of the strong
coupling constant of ay(Myz) = 0.118. The calculated ratios between one and zero-jet
processes are surprisingly close to the coupling constant when using the static scale, e.g.
0.120 for Z — >, yp, and 0.110 for both W boson processes. In contrast, I obtained
f=0.150 for Z — > ¢*¢~. Due to the the applied selection cuts, we are looking at the
more central part of the detector. Therefore, we can conclude that the 1-jet process is
more aligned with the transverse plane. The results for the E¥ scale are approximately
4% smaller and for the Hy approximately 10% smaller.

The scaling for the two and one-jet processes are substantially larger. For the static
scale they are 0.400 for W processes, 0.409 for Z — ¢*¢~ and 0.365 for Z — >, y7,.
Using E‘T/ and Hy, the scaling drops by 8% and 20%, respectively.

An important observation is that the variation between the scaling for W+ production
and W~ production is less than the statistical error, i.e. they are identical. The same
does not hold true for the Z boson processes. The Berends-Giele scaling for Z production
with decay into charged leptons is generally larger.

The symmetric PDF uncertainties are 7% and the symmetric scale uncertainties are
less than 52% for the 1/0-jets ratio and less than 174% for 2/1-jets ratio. Dynamic scales
generally give smaller uncertainties. The asymmetric uncertainties are approximately
half of the symmetric uncertainties.

Table 8.4 shows the corresponding results for the LHC with 7 TeV. Straight away one
can observe that the scaling for W and W~ are not identical anymore. The W scaling
is the larger one. For example the ratio between 1-jet production and 0-jet production
is 0.114 for W+ and 0.105 for W~. Again, these numbers decrease for the E¥ and Hy
scales by approximately 4% and 10%, respectively. For the 2/1-scaling I calculated 0.745
and 0.698, with an approximate decrease of 8% and 20%.
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For the Z production we get 1/0-ratio of 0.146 for decay into charged leptons and
0.130 for decay into neutrinos. The 2/1-ratios are 0.661 (charged leptons) and 0.632
(neutrinos). As in the Tevatron case, one can see that the Z — (¢~ is slightly more
central.

One can also see that the symmetric PDF uncertainties have slightly decreased (5%-
7%). For the 1/0-ratio, the symmetric scale uncertainties are slightly larger (up to 61%)
and for the 2/1-ratio the scale uncertainties are smaller (down to 94%). The asymmetric
scale uncertainties are approximately half of the symmetric uncertainties.

All the scalings increase with an increase in centre-of-mass energy. The results for the
LHC with 14 TeV are recorded in Table 8.5. The increase is in the order of 20-30% for
all the scalings. While the scale uncertainties for the 1/0-scaling have hardly changed,
one can observe a decrease in symmetric scale uncertainties where the 2/1-ratio is down

to 79% or less. There has been no significant change in the PDF uncertainties.
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8.4 PDF and Scale Uncertainties

Now that we have had a thorough look at the integrated cross-sections, I will investig-
ate the differential cross-sections and their associated uncertainties in more detail. The
knowledge about the development of uncertainties across the range of the distributions
allows one to choose selection cuts in a way that minimises uncertainties and predicts
possible issues for NP searches. For example, invariant mass distributions are used as
primary observables in the search for heavier gauge bosons like W' or Z'. The under-
standing of the tails in these histograms is therefore crucial to be able to subtract the
SM background.

The relation between the relative PDF and scale uncertainties are as one would expect
from the integrated cross-sections. The PDF uncertainties are vastly smaller than the
scale uncertainties in all histograms. I have multiplied the relative PDF uncertainties by
a factor of ten so that the variations of the PDF and scale uncertainties are visible in the
same graph. These relative plots show the central value in each bin normalised to one,
and the relative statistical, as well as relative asymmetric PDF and scale uncertainties.
One should note, that the statistical uncertainties for the central value and the PDF
envelope are zero (self-correlated®); the statistical uncertainties for the dynamic scales
are propagated assuming that there is no correlation between the MC errors for the two
calculations which gives an approximate increase by a factor of v/2, because the relative
error for the scale calculation is the same’.

The behaviour of the different classes of distributions is similar for processes with the
same number of associated jets. Firstly, I will look at the zero-jet processes. One of the
most important distributions are the invariant mass distributions. Figures 8.1 and 8.2
show the mass peak for the W' and Z boson, respectively. One can see that for the W
boson the scale uncertainties are a constant +15% and -25% at the peak region and then
decrease steadily towards larger masses. In the Z case the scale uncertainties steadily
decrease across the whole range, which suggest a higher selection cut for the di-lepton
invariant mass in order to decrease the overall error. The smaller scale uncertainty in
the high mass region is good news for searches for heavier weak bosons, because the
SM background will give a small contribution to the overall uncertainties. The PDF
uncertainties on the other hand have a tiny decrease with respect to small and large
masses in the peak regions with an overall variation of less than 0.5%.

The histograms for transverse momenta of the (hard) charged lepton for these two
processes is recorded in Figures 8.3 and 8.4. One can see that the scale uncertainties drop
quickly after the peak. The increase in the PDF uncertainties towards larger momenta

is up to 2% over the range of the histogram and hence bigger than in the previous

6Using A0"/o+ = A0™ /o= = Ad/s and p = 1 in Equation 8.3.
"Using A0*/o+ a0 A0™ /o= a2 A0/ and p = 0 in Equation 8.3 gives AR/r = /(2) - A0/s
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distributions.

The corresponding rapidity distributions are shown in Figures 8.5 and 8.6. The scale
uncertainties vary by less than 5% and the PDF uncertainties by less than 2% in both
plots. All errors are largest in the central regions, which means that observables based
on the rapidity separation (like R) for the two leptons in the Z process can benefit from
cutting of low values.

In comparison, the process with one associated jet behaves very differently. I have
observed that the PDF and scale uncertainties are increasing towards larger momenta or
masses in the presence of an exponentially decreasing tail. This is of no concern when
looking at SM predictions, because the contribution of the tails to the total integral is
negligible. If one is only interested in the SM signal, more precise predictions can be made
by applying harder cuts on the transverse momenta and the invariant masses. Searches
for heavy weak bosons will, however, suffer from increased errors in these channels.

In particular the transverse mass of the missing transverse momentum and the charged
lepton has the smallest scale and PDF uncertainties just around the peak, 60 GeV to
85 GeV, and the di-lepton invariant mass has up to two-fold larger errors below 85 GeV.
The corresponding plots for the W+ production and the Z — ¢T¢~ are shown in Fig-
ures 8.7 and 8.8. In the latter case the contributions to the total integral are very small,
but for the former a selection cut of 65 GeV < MT:Wmiss, , < 85GeV would decrease the
uncertainties for the signal of the W and the W~ boson.

The tails of the transverse momentum distributions suffer from an increase in the
scale uncertainty of over 20% as shown in Figure 8.9 and 8.10 for the W™ process and
the Z process with decay into two charged leptons. Similarly, for distributions of the
azimuthal angle between particles the uncertainties shoot up when the differential cross-
section becomes small. For example, the azimuthal angle between the charged lepton and
the jet for the W™ production drops off lafter a peak at 135° and the scale uncertainty
increases from +20% to over +40%. This region distributes about 25% to the integral and
a cut could therefore improve the overall uncertainty. The corresponding plot is given in
Figure 8.11. Similarly, the azimuthal angle between the two leptons for (Z — ¢t¢7)+1 jet
has a peak at approximately 135° and an exponential decrease towards lower angles. In
the same region the scale uncertainties increase from +18%/-12% to +30%/-18%.

For the above histograms the PDF uncertainties show the same basic behaviour,
though it is about one order of magnitude smaller. In contrast, the rapidity distribu-
tions show an increase in the PDF uncertainties in the central region, while the scale
uncertainties decrease. This is true for W (Figure 8.13) and Z processes (Figure 8.14).
The scale variations are comparatively small (less then 5%), but the PDF uncertainties
are comparatively large (up to 2%). For W processes it is worth mentioning that the

overall increase in the PDF uncertainties in the central region is despite the positive PDF
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deviation being larger in the forward direction than in the centre.

Finally, I am presenting some distributions for processes with 2 jets, for which espe-
cially the scale uncertainties are up to four times as large. The invariant mass and the
transverse momentum distributions show a very similar behaviour to the 1-jet differential
cross-sections, i.e. the uncertainties are smallest at the peak for the invariant mass and
for the transverse momentum they get larger towards greater momenta. Because of these
similarities, I will only show the distributions for the W' processes in Figures 8.15 and
8.16. The scale uncertainties are up to 80% in the regions with ’small’ errors and increase
by another 20% elsewhere. Hence, tight cuts, especially for the transverse momentum
should give a big improvement for the total scale uncertainties.

The differential cross-sections with respect to the azimuthal angle between final state
particles do not exert a consistent behaviour. Figure 8.17 shows the separation in azi-
muthal angle between the lepton and the harder jet for the W process. The scale
uncertainties increase with the angle. However, the angular separation between the two
charged leptons for Z shows the opposite behaviour, i.e. the scale uncertainties decrease
with larger angles and the scale uncertainties for angular separation between the two jets
for the W+ can even show no variation with respect to the angle. The respective plots
can be found in Figures 8.18 and 8.19. In all three cases the asymmetric scale uncertainty
spans from -30% to +80%.

The PDF uncertainties behave similarly to the scale uncertainties in all of these plots.
As seen for the 1-jet distributions, this is not true for the rapidity distributions. I present
only the rapidity distribution of the lepton for W in Figure 8.20, because all rapidity
distributions behave similarly to the 1-jet results. That means that the scale uncertainties
are smallest in the central region and the PDF uncertainties are smallest in the forward

direction of the detector.
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Figure 8.1: LO differential cross-section with respect to the transverse mass between the charged
lepton and the missing transverse momentum for the pp — (W — €+V£) process at the LHC
with 7TeV using a fixed scale of py = Mw and MSTW2008LO (90% C.L.). The central
value (black, solid) as well as the associated asymmetric deviations for the PDFs (red, dotted)
and scale (blue, dashed) are shown (top) and compared (bottom). Selection cuts as given in
Equations 7.5 to 7.8 have been applied. MCFM input parameters are listed in Equations 7.1 to
7.3. The procedure used to choose the number of shots is described in Section 4.4.3. The scale
uncertainties have been estimated using a conservative variation by a factor of 4. The error bars
for the statistical uncertainties are mostly too small to be visible or are only partially visible.
The PDF uncertainties have been multiplied by a factor of ten in the bottom graph to make

them more comparable to the scale uncertainties. Errors are propagated using Equations 8.3
and 8.4.
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leptons for the pp — (Z — ¢~¢T) process. Additional details are given in the caption of

Figure 8.1.

250

200

pb
GeV

150

[

do
dpT,e

100

50

docentral
docentral ,PDF,scale

CEEo  mm
O=I00WO oL

central
PDF

100 150 200
= T |
s PDFxlO ...........................................................................
L E—__--ﬂ-::-z-s:-.;E-:E.I_-I-.T:I‘,I:I-'.I.
- T omeesziEiil
- —
i ‘ T ——
50 100
pr,e [GeV]
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given in the caption of Figure 8.1.

M. Stephan Tietz (April 2013)

202



8 Physics Discussion

Production of V+jets at Hadron Colliders

I I
1 kb — central -- |
"""" PDF H !
---- scale T
26 0.8 .
e
£ 06
N
ih
by 0.4
d
s
0.2
0 | | | | | | | |
0 20 40 60 80 100 120 140 160 180
VU
|| BTN 5 oo n s e —— ]
N S
531
bu g 0.9 - :E I-FExT==E-==="=" - o o i — e -
e
K ‘ | ‘
© 0 20 40 60 80 100 120 140 160 180

Ay e . [°]

maz’ min

Figure 8.12: 1.O differential cross-section with respect to the azimuthal anglew between the
two charged leptons for the pp — (Z — £7¢%) + 1 jet process. Additional

the caption of Figure 8.1.

details are given in

60 —

50 —

40 —
=

&

30 [ —
33
20 —
10 F - central _
-------- PDF
----  scale
0 Lt \ \ \ \ \ \
-3 -2 -1 0 1 2 3

K

I L N e i pp——

5 12 R o L'—- ------ o = e —
N B B
EQ 1.1
LY
3 09 - e e e ] —
25 08 -

S o7 b [P ) §) OIS T

K | | [ et i | \

© -3 2 1 0 1 2 3

Ye

Figure 8.13: LO differential cross-section with respect to the rapidity of the charged lepton for
the pp = (W' — £*1,) + 1 jet process. The first and last filled bin are half-width due to the
applied selection cut, |y;| < 2.5. Additional details are given in the caption of Figure 8.1.

M. Stephan Tietz (April 2013)

203



8 Physics Discussion Production of V+jets at Hadron Colliders

18 TR LR -, _
16 =
14
= 12
&
s 10 [~
g £
'vsg 8
3
6 L
4
central
2 | PDF
- scale
0 |
-3
v
K]
S 1.2
I 1.1
g9 ]
A L
q3 o5 [
SlE o7 |
g 0.6 &=l
-3 -2 -1 0 1 2 3

Figure 8.14: LO differential cross-section with respect to the rapidity of the harder charged
lepton for the pp — (Z — £7¢T) + 1 jet process. The first and last filled bin are half-width due
to the applied selection cut, |y;| < 2.5. Additional details are given in the caption of Figure 8.1.

I
18 - - F—  central
-------- PDF
16 = ---- scale
— 14 - |
<z
9 12 —
N
EIO — .
£ L |
3z 8
3
4 L —
9 L |
0 L
0 150 200
v
T
35 16
H 14
bﬁg 1.2
3|8 1
y 08 |~
3
0
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Figure 8.16: LO differential cross-section with respect to the transverse momentum of the
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Figure 8.18: LO differential cross-section with respect to the tazimuthal angle between the two
charged leptons for the pp — (Z — £~¢1) + 2 jets process. Additional details are given in the
caption of Figure 8.1.
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8.5 Comparison between the Static and Dynamic Scales:
My, EY and At

All theoretical predictions are based on pertubative quantum field theory, which intro-
duces two arbitrary scales. The factorisation scale provides the energy scale at which the
PDF's are evaluated and the renormalisation scale determines the energy scale to which
the strong coupling is evaluated. These provide an infra-red and ultra-violet cut-off for
the calculation of the hard scattering event one is interested in. While our theoretical
calculations are dependent on scales, these are non-physical and one has to choose a scale
which fits experimental results best. Hence, it is important to understand the impact dif-
ferent scale choices have on theoretical predictions. Comparison with future experimental
results might allow us to decide which scale choice is most appropriate for calculating
integrated and, more importantly, differential cross-sections for these processes.

For processes with no jets, the histograms for the static scale, My, and the dynamic
scale, E¥ , are identical because the transverse momentum of the weak boson is zero if
no jets are emitted. The dynamic scale, Hy diverges from the former two by almost
5%, which is well within the error band for a scale variation by a factor of four (approx.
15%). As a representation for this behaviour I have given the transverse mass of the W+
boson in Figure 8.21. The relative plots show the ratio between the differential cross-
section for a given scale and the static scale, so that the My curve is a constant function
equal to one and the curves for the dynamic scales show the relative deviation from the
former. The relative asymmetric scale uncertainties and the statistical uncertainties are
also given. Omne should note, that the statistical uncertainties for the static scale only
applies to the envelope of the asymmetric scale uncertainty®; the statistical uncertainties
for the dynamic scales are propagated assuming that there is no correlation between the
MC errors for the two calculations, which gives an approximate increase by a factor of
V2.

The shape of the rapidity distributions is independent of the scale choice and the
uncertainties are almost constant across the whole range (with small increases towards
the tails). In Figures 8.22 and 8.23 we can see the histograms of the charged lepton
rapidity for W+ production with leptonic decay and associated production of one and
two jets, respectively. In both cases, the histograms for the dynamic scales are scaled by
a constant factor and lie within the error bands of the static scale. For the process with
two jets the scale variation by a factor of four is just about enough. We can see the same
behaviour for Z + 2 jets production with decay into two charged leptons as shown in

Figure 8.24 and also for the rapidity of jets as recorded in Figure 8.25 for the Z process

8The statistical error for the central value is zero, because it is correlated to itself.
9The statistical errors are of the same size for two scales which are compared.
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with one jet.

All histograms of the transverse momenta, the differences in azimuthal angle between
two final state particles and the invariant masses show divergences from a constant scaling
in the tails. In general, the histograms for the dynamic scales give a smaller contribution
to the tails. For the transverse momentum this deviation is within the error band for the
E‘T/ scale, but exceeds it for Hp. This can be seen in Figures 8.26 and 8.27 for the (hard)
charged lepton of (W* — (Tv) + 1 jet and (Z — £707) + 2 jets, respectively.

The uncertainty envelope for the static scale also covers the divergences of the dynamic
scales for the difference between the azimuthal angles of final state particles. For example,
the azimuthal angles between the two charged leptons in a one-jet process is given in
Figure 8.28, and also for a the invariant mass distributions. Figure 8.30 presents the
di-lepton invariant mass for the same process. The transverse mass of the charged lepton
and the missing transverse momentum vector for W+ production with one associated
jet is given in Figure 8.29. Some of the two-jet observables can exceed the error bands,

though there is no obvious pattern.
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Figure 8.21: LO differential cross-section with respect to the transverse mass of the charged
lepton and the missing transverse momentum for the pp — (W' — ¢*1,) process at the LHC
with 7TeV using MSTW2008LO (90% C.L.). Three results for the static scale My (red), the

dynamic scale E¥ (blue) and the dynamic scale Hp (green), are shown (top) and compared
(bottom). Selection cuts as given in Equations 7.5 to 7.8 have been applied. MCFM input
parameters are listed in Equations 7.1 to 7.3. The procedure used to choose the number of shots
is described in Section 4.4.3. The scale uncertainties have been estimated using a conservative
variation by a factor of 4. Only the asymmetric deviations for the scales (dotted/dashed) from
the central value (solid) are given. Errors are propagated using Equations 8.3 and 8.4.
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Figure 8.22: 1.O differential cross-section with respect to the rapidity of the charged lepton for
the pp = (W' — ¢*1,) + 1 jet process. The first and last filled bin are half-width due to the
applied selection cut, |y;| < 2.5. Additional details are given in the caption of Figure 8.21.
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Figure 8.23: L.O differential cross-section with respect to the rapidity of the charged lepton for
the pp — (WT — £Ty,) + 2 jets process. The first and last filled bin are half-width due to the
applied selection cut, |y¢| < 2.5. The key is given in the previous histogram. Additional details
are given in the caption of Figure 8.21.
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Figure 8.24: LO differential cross-section with respect to the rapidity of the harder charged
lepton for the pp — (Z — ¢7¢1) +2 jets process. The first and last filled bin are half-width due
to the applied selection cut, |y¢| < 2.5. The key is given in the following histogram. Additional
details are given in the caption of Figure 8.21.
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Figure 8.25: LO differential cross-section with respect to the rapidity of the jet for the pp —
(Z — £74%) 4+ 1 jet process. Additional details are given in the caption of Figure 8.21.
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Figure 8.26: LO differential cross-section with respect to the transverse momentum of the
charged lepton for the pp — (W — ¢*1,) + 1 jet process. Additional details are given in the

caption of Figure 8.21.
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Figure 8.27: LO differential cross-section with respect to the transverse momentum of the
harder charged lepton for the pp — (Z — £7¢") + 2 jets process. Additional details are given
in the caption of Figure 8.21.
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Figure 8.28: LO differential cross-section with respect to azimuthal angle between the two
charged leptons for the pp — (Z — £ ¢1) + 1 jet process. Additional details are given in the

caption of Figure 8.21.
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Figure 8.29: LO differential cross-section with respect to transverse mass of charged lepton
and the missing transverse momentum for the pp — (W — £*1,) + 1 jet process. Additional

details are given in the caption of Figure 8.21.
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Figure 8.30: LO differential cross-section with respect to the transverse mass of the two leptons
for the pp — (Z — £74T) + 1 jet process. Additional details are given in the caption of
Figure 8.21.
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8.6 Comparison between PDF Sets:
MSTW2008LO (90% C.L.) and CTEQ6L1

I have already presented that the integrated cross-section for the presented processes is
larger for the MSTW2008LO (90% C.L.) PDF set in comparison to the CTEQ6L1 PDF
set. In summary, I found that the integrated cross-section using CTEQG6L1 falls within
the errors of the MSTW2008LO (90% C.L.) for processes with no jets, within two to
three error bars for one-jet processes and are more than 10% smaller for the processes
with two jets.

In this section I want to summarise the influence of the different PDF sets for differ-
ential cross-sections. I have compared all the distributions for MSTW2008LO (90% C.L.)
and CTEQG6L1 to see if the behaviour of the integrated cross-sections is similar to the
behaviour of the differential cross-sections. I have also looked at changes to the shape of
differential cross-sections, because these introduce a dependence on selection cuts that is
not independent of the chosen PDF sets. This would influence other observables like the
ratios discussed in previous sections.

I found that all differential cross-sections, with the exception of the rapidity dis-
tribution, behave as expected from the integrated cross-section. That means that the
CTEQG6L1 distributions are consistently lower than MSTW2008LO (90% C.L.) distribu-
tions. For zero jet processes the deviation is within one error bar of MSTW2008LO (90%
C.L.), for one jet process it is within two error bars and for two jet processes CTEQ6L1
predictions are much smaller than MSTW2008LO (90% C.L.) predictions. All the fea-
tures are preserved and all positions of peaks are identical. This is most important for
invariant mass observables.

To represent this observation I have recorded the transverse mass of the W for the
zero-jet process in Figure 8.31, the di-lepton invariant mass for Z — ¢~ ¢ production with
one associated jet in Figure 8.32 and the transverse mass of the W~ with two associated
jets in Figure 8.33. All plots in this section are for the LHC with 7 TeV using a static
scale My and the selection cuts given in Equations 7.5 to 7.8.

The relative plots show the ratio between the differential cross-section for the two
PDF sets, so that the MSTW2008LO (90% C.L.) curve is a constant function equal to
one and the CTEQ6L1 curve show the relative deviation from the former. The relative
asymmetric PDF uncertainties and the statistical uncertainties are also given. One should
note, that the statistical uncertainties for MSTW2008LO (90% C.L.) are zero (due to
self-correlation); the statistical uncertainties for CTEQG6L1 are propagated assuming that
there is no correlation between the MC errors for the two PDF sets.

One can also see that the distribution for CTEQ6L1 not only preserves the dominant
features of the histogram, but is in fact just a scaled down version of the MSTW2008LO
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(90% C.L.) plot with very small fluctuations in the peak regions. I have found that
the same is true for transverse plane observables. This is particularly important for the
transverse momentum of the charged lepton, the missing transverse momentum and the
difference between azimuthal angles, as these are used for cuts. These fluctuations of the
comparative plot are only in the order of the statistical error (less than 2%). Figure 8.34
and 8.35 show examples of the transverse momentum distribution of the charged lepton
as well as the distribution of the azimuthal angle between the charged lepton and the jet
for (WH — 0*y,) + 1 jet.

Last but not least, I want to present explicit examples that show that the above
behaviour also holds true for associated jets. Figure 8.36 shows the invariant mass of
the two jets for Z production with decay into two leptons and Figure 8.37 shows the
transverse momenta of the harder jet for W~ production.

The rapidity distributions, however, are not just scaled down equally over the whole
range. Figures 8.38 and 8.39 show the rapidity distribution of the charged lepton for
W production with no and two associated jets, respectively. One can see that there
is a significantly larger contribution in the central region for the zero-jet scenario when
one uses the CTEQG6L1 PDF set. Jet rapidity distributions behave similarly as shown
in Figure 8.41 for the (Z — ¢*¢7) + 1 jet process. For all processes involving jets the
charged lepton rapidities are more dominant in the forward direction for CTEQ6L1 in
comparision to MSTW2008LO (90% C.L.). The same is also true for the Z production as
it can be seen in Figure 8.40, which shows the rapidity distribution of the harder charged
lepton for the (Z — ¢~¢*) + 2 jets process.

These differences disappear for the separation in rapidity and the separation R < ,
i.e. for the region where there is a contribution from the azimuthal angle. Figure 8.42
gives the differential cross-section with respect to the separation R between the two
associated jets for (Z — £70T).
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Figure 8.31: LO differential cross-section with respect to the transverse mass of the charged
lepton and the missing transverse momentum for the pp — (W' — ¢*1,) process at the LHC
with 7 TeV using a fixed scale of 19 = Myy. Results for two PDF sets, MSTW2008LO (90% C.L.)
(red) and CTEQG6L1 (blue), are shown (top) and compared (bottom). Selection cuts as given
in Equations 7.5 to 7.8 have been applied. MCFM input parameters are listed in Equations 7.1
to 7.3. The procedure used to choose the number of shots is described in Section 4.4.3. The
scale uncertainties have been estimated using a conservative variation by a factor of 4. Only
the asymmetric deviations for the PDF's (dashed) from the central value (solid) are given.Errors
are propagated using Equations 8.3 and 8.4.
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Figure 8.32: LO differential cross-section with respect to the di-lepton invariant mass for the
pp — (Z — ¢707) + 1 jet process. Additional details are given in the caption of Figure 8.31.
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Figure 8.33: LO differential cross-section with respect to the transverse mass of the charged
lepton and the missing transverse momentum for the pp — (W~ — £77,) 4 2 jets process.
Additional details are given in the caption of Figure 8.31.
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Figure 8.34: LO differential cross-section with respect to the transverse momentum of the
charged lepton for the pp — (Wt — ¢*1,) + 1 jet process. Additional details are given in the

caption of Figure 8.31.
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charged lepton and the jet for the pp — (W' — ¢*1,) + 1 jet process. Additional details are
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Figure 8.36: LO differential cross-section with respect to the invariant mass between the two
jets for the pp — (Z — £7¢T) + 2 jets process. Additional details are given in the caption of

Figure 8.31.
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Figure 8.37: LO differential cross-section with respect to the transverse momentum of the
harder jet for the pp — (W™ — £77,) + 2 jets process. Additional details are given in the

caption of Figure 8.31.
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Figure 8.38: LO differential cross-section with respect to the rapidity of the charged lepton for
the pp — (Wt — ¢Ty,) process. The first and last filled bin are half-width due to the applied

selection cut, |y¢| < 2.5. Additional details are given in the caption of Figure 8.31.
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Figure 8.40: LO differential cross-section with respect to the rapidity of the harder charged
lepton for the pp — (Z — £7¢T) +2 jets process. The first and last filled bin are half-width due
to the applied selection cut, |y¢| < 2.5. Additional details are given in the caption of Figure 8.31.
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Figure 8.41: LO differential cross-section with respect to the rapidity of the jet for the pp —
(Z — £~07) + 1 jet process. Additional details are given in the caption of Figure 8.31.
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Figure 8.42: LO differential cross-section with respect to the separation R between the two
jets for the pp — (Z — £7£T) + 2 jets process. Additional details are given in the caption of
Figure 8.31.
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8.7 Conclusion

This work has found that the production processes for weak bosons with leptonic decay
and associated jets provide a wide phenomenological spectrum. I have presented a variety
of different observables for integrated and differential cross-sections.

The ratio between the total cross-section for W and W~ production with leptonic
decay has been proven to be very stable with respect to the static and dynamic scales.
That means that it is a very good test for the SM, both at the Tevatron where the ratio
is equal to one and at the the LHC where the ratio is expected to be larger than one. For
the latter, the one-jet process has the smallest scale uncertainty, which makes it the best
choice for such a test. Its scale uncertainties will be even smaller for the LHC running at
14 GeV.

I have also shown that processes producing equal amounts of W+ and W~ will shift
the W= ratio towards one. Hence, it can be used as an indicator for the presence of new,
weakly interacting neutral particles. The observable fyp = 2(Bsm—Rexp)/(Rgp+1)(Reap—1)
gives an easy way of comparing the theoretical predictions and the experimental meas-
urements.

Similarly, I have shown that the ratio between the total cross-sections for Z production
with decay into charged leptons and with decay into neutrinos, is also a variable that
is stable with respect to the choice of static and dynamic scales. This is, however, a
very impractical observable, because the total cross-section for the decay into neutrinos
cannot be measured directly. Only a very accurate measurement of the width of the Z
boson decay into charged leptons and the width of the hardonic decay makes this channel
accessible via a comparison to the total width of the Z boson.

The last observable constructed from integrated cross-sections which I looked at is
the Berends-Giele scaling. I have shown that it changes depending on the use of static
or different dynamic scales, though, it is a an observable which is widely used by experi-
mentalists and could allow us to make a more educated decision about which scales are
best used. Such knowledge would be very useful in order to calculate accurate profiles
for differential cross-sections.

Though I have not shown it (as I have not calculated cross-sections for three associated
jets), the Berends-Giele scaling is not the best way to predict cross-sections with more
than four jets, as it cannot be calculate at (N)LO yet. The BFKL scaling which tries
to estimate evolution of the gluon and the quark contributions towards the integrated
cross-sections seems to be more promising [52].

Moreover, I have shown the scale and PDF uncertainties associated with differential
cross-sections. I found that the zero-jet processes are probably the best to detect heavier
weak bosons, because both sources of theoretical uncertainties decrease in the large mass

tail. For one and two-jets processes the uncertainties became larger in the tails. I found
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similar behaviour for transverse momentum distributions. Hence, I suggested the use of
hard cuts around the W and Z peak of the (transverse) invariant mass, as well as hard
cuts on the transverse momentum to improve the SM signal for processes with one or
two associated jets. I hinted that the same might be possible for some of the separations
in the azimuthal angle between the final state particles.

I also provided a comparison of differential cross-sections with respect to the use of the
static scale My and the dynamic scales E¥ and Hr. I found that the choice of different
scales does not change the position of peaks and general features of the curves, but often
tails can be steeper or shallower.

As expected, I found that E‘T/ provides the same result for the zero-jet distribu-
tions, but that the Hr scale can deviate by almost the full error band. One should be
particularly careful when the tails of distributions for the transverse momentum or the
separation in azimuthal angle are used to scale theoretical predictions in order to estimate
backgrounds. This is likely to be imprecise, because even a scale variation of the static
scale by a factor of four does not always cover the deviation of both of the dynamic scales
for two-jet processes or at least the Hy scale deviations for one jet processes.

While the same warning should be given for invariant mass distributions, I have
shown that the deviations are smaller and normally fall within the uncertainty of the
static scale predictions. In contrast, rapidity distributions have been very stable with
respect to different scale choices and only vary by a constant factor. The dynamic scales
are well within the error envelope even for processes with two-jets.

Finally, I compared differential cross-sections with respect to different PDF sets. 1
used MSTW2008LO (90% C.L.) and CTEQG6L1. I found that the results for the latter
are scaled down by constant factor for transverse observables. The PDF uncertainties for
MSTW2008LO (90% C.L.) were large enough to cover the deviation for zero and one-jet
processes, but not for two associated jets. This behaviour could be accurately predicted
from the integrated cross-sections. For the rapidity distributions there were no uniform
behaviours with respect to the deviations, i.e. the CTEQ6L1 could be more dominant in
the central region or the forward regions. The deviation could even get larger in regions
were the MSTW2008LO (90% C.L.) errors would suggest otherwise.

This does not fully coincide with observations made by Alekhin et al. [55]. They
found that most theoretical predictions for different PDF sets are within the error bars
of each other. I agree, however, that some PDF sets consistently yield larger or smaller
cross-sections. This hints towards not only quantitative, but also qualitative differences.
Comparison of these theoretical predictions with experimental measurements might be
able to rule out some of the PDF sets. From my analysis I would suggest that rapidity

distributions and the W+ ratio are useful tools for such an analysis.
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Chapter 9
Summary

I have investigated integrated and differential LO cross-sections for weak boson produc-
tion with up to two associated jets (n = {0, 1, 2}) and leptonic decays at hadron colliders.
Twelve processes have been investigated:

e pP = (Wt = (Ty,) +n jets

o pP = (W™ = {77,) +n jets

e pD = (Z—= (0T)+n jets

e PP — (Z— ZE:e“u,T y,) +n jets

All results have been calculated using an amended version of the MCFM 6.0 package
and custom Python scripts. MCFMs estimation of statistical uncertainties has been
fixed and routines for cuts, histograms, scale and PDF uncertainties have been added.
All raw data has been recorded in output files and are provided online!. Post-processing,
including combination of gluon and quark-quark calculations as well as comparisons, has
been done using Python scripts. All simulations have been run on a Beowulf cluster at
the Centre of Particle Physics at Royal Holloway.

Total cross-sections and distributions have been calculated for the Tevatron Run II
(1.96 TeV), and LHC with 7 TeV and 14 TeV. Basic kinematic cuts to mirror detector ac-
ceptance have been used. Some additional physics motivated cuts have been applied,
namely invariant mass, transverse mass and missing transverse momentum. Cross-
sections have been obtained for two different PDF sets, MSTW2008LO (90% C.L.) and
CTEQG6L1, and three different scale choices: static ug = My, dynamic E¥ and Hp. For
each setup and process up to 30 different observables have been calculated:

e integrated cross-sections

e transverse momentum for pr-ordered charged leptons

e rapidity y distribution for pr-ordered charged leptons

e missing transverse momentum

e transverse momentum distribution for pp-ordered jets

e rapidity y distribution for ppr-ordered jets

!See www.pp.rhul.ac.uk/~stietz/Vjets.
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e transverse mass distributions for W+ and W~ bosons

e invariant mass distribution for Z boson

e two-particle invariant mass for lepton-lepton, lepton-jet and jet-jet

e two-particle rapidity separation between lepton-lepton, lepton-jet and jet-jet

e two-particle azimuthal opening angle between lepton-lepton, lepton-jet and jet-jet

e two-particle separation AR between lepton-lepton, lepton-jet and jet-jet

For all these observables, uncertainties, both for PDFs and scales, have been es-
timated. Symmetric and asymmetric PDF uncertainties have been determined for the
MSTW2008 results using the provided eigenvector sets. The symmetric and asymmetric
scale uncertainties for a variation by a conservative factor of four? have been obtained.
Relative statistical uncertainties for all cross-sections are smaller than 0.1% and do not
exceeded 1.58% of the PDF uncertainties.

The integrated cross-sections have been analysed using constructed observables, i.e.
the ratio between the cross-sections for W+ and W~ production with leptonic decay
and the ratio between the cross-sections for the two studied decays of the Z production.
Both have been calculated and I found that they are very stable for all scale choices. In
contrast, the Berends-Giele scaling, which compares integrated cross-sections for weak
boson production with different numbers of associated jets, strongly depends on the
choice of static or dynamic scales.

Distributions of differential cross-sections have been compared with respect to dif-
ferent PDF and scale choices. For the former I found a simple scaling for transverse
observables. The PDF uncertainties for MSTW2008LO (90% C.L.) were large enough to
encompass the deviation between the two studied PDF sets for zero and one-jet processes,
but not for two associated jets. Care has to be taken for rapidity distributions. The be-
haviour of CTEQ6L1 versus MSTW2008LO was unpredictable meaning that CTEQG6L1
can give a larger cross-section in the central or forward region, and the MSTW2008LO
error underestimated this deviation. For differential cross-sections with respect to the
invariant mass, the PDF and scale uncertainties decrease in the large invariant mass tails
for zero-jet processes, but increase in the tails for one and two-jet processes. The latter
could also be observed for transverse momentum distributions.

I saw that different scale choices do not change the position of peaks and general
features of the curves, but tails can differ. Varying the static scale by a factor of four was
not always sufficient to cover the central values for dynamic scale choices. The dynamic
scale results for invariant mass distributions were smaller than the static scale predictions
and normally fell within the uncertainty envelope. Rapidity distributions were very stable
with respect to different scale choices and only differ by a constant factor and the dynamic

scales are well within the uncertainty envelope of the static scale.

20ther values are available online.
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Appendix A

Addendum to Custom MCFM

Modifications

This appendix gives some of the results of the tests used to check on the customisation

of MCFM 5.8 and 6.0.

A.1 Testing the Statistical Error in Histograms

The observed spread around the analytical function should follow a Gaussian distribution.
Two runs for different numbers of shots have been done. The results for N = 10° shots
can be seen in Table A.1 and for N = 107 shots in Table A.2 and Figure A.1. It can
be seen that for the lower number of shots the share of points within 1 to 4 standard
deviations was underestimated, regardless of the number of bins used. That means
that the statistical error was slightly underestimated!. For the second case the share
was overestimated, meaning the statistical error was overestimated. Though we cannot

expect pseudo-random numbers to follow a perfect Gaussian distribution.

Table A.1: Shown are the ratio between shots within 1oy ¢, 20m ¢, 30me and 4o y¢ deviation
of f(ry) = r1 and the total number of shots (N = 10°) for different numbers of bins. The
expected ratios for the Gaussian distribution ®(u = 0,02) are given in the second column.

o O(u=0,0%) @100 bins,c?) ®(1000 bins, c?)

loye 0.682 0.670 0.608
20mc 0.954 0.860 0.885
30nmc 0.996 0.960 0.956
4oy 0.998 0.980 0.978

IThat the statistical error is underestimated means that the actual variation might be larger then
stated.
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Table A.2: Shown are the ratio between shots within loy¢, 20pmc, 30mc and 4o y¢ deviation
of f(r1) = r1 and the total number of shots (N = 107) for different numbers of bins. The

expected ratios for the Gaussian distribution ®(y = 0,02) are given in the second column.

o ®(u=0,0?

®(100 bins, 0?)

®(1000 bins, o?)

loyce 0.682 0.720 0.757
2000 0.954 0.970 0.983
30Mc 0.996 1.000 1.000
4o v 0.998 1.000 1.000
oF T R I
E ] 0.5050 [
0.8 fj B
r = ] 0.5025
0“6? / E 0.5000
O"“? E 0.4975
0,2;— = 0.4950
gl L o ] (S ERN RN R R
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8

Figure A.1: Shown are histograms of the first pseudo-random number (left) and the second
pseudo-random number (right) both with respect to the first pseudo-random number. Histo-
grams have 100 bins and were filled with 107 shots.

A.2 Testing Numerical Factors for Scales

For the static case the testing was done by manually changing the scale and via the

newly implemented method.

In the dynamic case some of the hard coded dynamic

scales were used for comparison. The calculated test cross-section are for the process
pp — (W — *y,) 4 2jets at the LHC with 7TeV and cuts similar to the once used in

the final calculation. The results are recorded in Table A.3.
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Table A.3: Comparison of test cross-sections for different numerical factors and scales.

Ren./Fac. scale Numerical factor o [fb]

—1 (mgz) 0.5 1281161 + 12922
—3 (0.5mz) 1 1281161 + 12922
80.410 (myz) 1 1037780 4 7458

—1 (mgz) 1 1037780 4 7458

—1 (myz) 2 865000 + 5813
—6 (2my) 1 865000 + 5813
+7 (Hy) 0.5 1012077 + 8630
+22 (0.5H7) 1 1012077 4 8630

+7 (Hr) 1 837462 + 6133

+24 (Hy) 1 837462 + 6133

+7 (Hy) 2 709870 + 4820

+25 (2H7) 1 709870 4 4820

A.3 File Format for Numerical Output and Input

Table A.4 gives an example of an ASCII file used to interface MCFM with my custom
Python scripts in order to allow others to use my data for their own work. My raw data

is available under www.pp.rhul.ac.uk/~stietz/Vjets.
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Appendix B

Additional Results

This appendix holds some additional results. Firstly, I will list the integrated cross-
sections for CTEQG6L1. Secondly, I will show some additional distributions for Tevatron
Run IT (1.96 TeV) and LHC with 14 TeV as well as for the two dynamic scales py = E‘T/
and pg = Hp for completeness. These plots are mostly identical to the results for LHC
with 7TeV and the static scale py = My which are listed in Chapter 7.4.

B.1 Integrated Cross-sections for CTEQG6L1

LO cross-sections for the CTEQG6L1 PDF sets are listed in Table B.1 for Tevatron Run
IT, Table B.2 for LHC at 7TeV and Table B.3 for LHC at 14 TeV. The statistical error is
quoted using bracket notation. Both the asymmetric as well as the symmetric deviations
(in square brackets) for the scale uncertainties are listed as relative errors. They have
been rounded up to the nearest percent. These responding results for MSTW2008 are

recorded in Section 7.3 and comparison can be found in Table 7.4.
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B.2 More Distributions of Observables for Tevatron, LHC
with 14 TeV and Dynamic Scales

For completeness, some additional distributions of differential cross-sections are given in
this appendix. They are mostly for Tevatron Run II (1.96 TeV) and the LHC with 14 TeV
as well as for the two dynamic scales pg = E¥ and g = Hp for completeness. These
plots are often very similar to the result for the LHC with 7TeV and the static scale

(o = My which were presented in Section 7.4.

B.2.1 pp — (W' — £fy,) + n jets
B.2.1.1 pPp — (Wt — £1p)

This section provides an additional rapidity distribution and an additional azimuthal
angle distribution for the pp — (W% — ¢*y,) process. Both were mentioned in Sec-
tion 7.4.1.1.
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Figure B.1: LO differential cross-section with respect to the charged lepton rapidity for the
pp — (Wt — £Ty,) process at the LHC with 14 TeV using a fixed scale of pig = Myy. The first
and last filled bin are half-width due to the applied selection cut, |y¢| < 2.5. Additional details
are given in the caption of Figure 7.1.
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Figure B.2: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the missing transverse momentum for the pp — (Wt — E*Vg) process at
the LHC with 7 TeV using a fixed scale of ug = My . Additional details are given in the caption
of Figure 7.1.
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B.2.1.2 pPp — (Wt — £ty,) + 1 jets

This section provides some additional graphs for the p D’ — (Wt — ¢*1,)+1 jet process,

which were mentioned in Section 7.4.1.2.
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Figure B.3: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the missing transverse momentum for the pp — (W — £ty + 1 jet
process at the Tevatron Run II using a fixed scale of ug = Myw. Additional details are given in
the caption of Figure 7.1.
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Figure B.4: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the missing transverse momentum for the pp — (W — €+VZ) +1 jet process
at the LHC with 14 TeV using a fixed scale of g = My . Additional details are given in the
caption of Figure 7.1.
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Figure B.5: LO differential cross-section with respect to the jet transverse momentum pr (top)
and the jet rapidity y (bottom) for the pp — (Wt — ¢*1,) +1 jet process at the Tevatron Run
IT using a fixed scale of ug = My . Additional details are given in the caption of Figure 7.1.
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Figure B.6: LO differential cross-section with respect to the jet transverse momentum (top)
and the jet rapidity (bottom) for the pp — (W — £T1,)+1 jet process at the LHC with 14 TeV
using a fixed scale of ug = My . Additional details are given in the caption of Figure 7.1.
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Figure B.7: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the jet for the pp — (W — €+I/Z) + 1 jet process at the Tevatron Run II
using a fixed scale of ug = My . Additional details are given in the caption of Figure 7.1.
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Figure B.8: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the jet for the pp — (W — €+1/€) + 1 jet process at the LHC with 14 TeV
using a fixed scale of pg = My . Additional details are given in the caption of Figure 7.1.

M. Stephan Tietz (April 2013) 247



B Additional Results Production of V+jets at Hadron Colliders

e —  central
. L e PDF
500 [~ - . ---- scale 7

400

— 300

200

100

0 50 100 150 200
Mggj [GeV]

Figure B.9: LO differential cross-section with respect to the invariant mass between the charged
lepton and the jet for the pp — (Wt — £t1;) + 1 jet process at the Tevatron Run II using a
fixed scale of pg = Myw. Additional details are given in the caption of Figure 7.1.
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Figure B.10: LO differential cross-section with respect to the azimuthal angle ¢ between the
missing transverse momentum and the jet for the pp — (W™ — ¢*1,) + 1 jet process at the
Tevatron Run II using a fixed scale of pg = Myw. Additional details are given in the caption of
Figure 7.1.
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Figure B.11: LO differential cross-section with respect to the azimuthal angle ¢ between the
missing transverse momentum and the jet for the pp — (Wt — ¢*1,) + 1 jet process at the
LHC with 14 TeV using a fixed scale of g = Mw. Additional details are given in the caption
of Figure 7.1.
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Figure B.12: LO differential cross-section with respect to the transverse mass between the jet
and missing transverse momentum vector for the pp — (W — €+1/€) 4+ 1 jet process at the
Tevatron Run IT using a fixed scale of pg = Myw. Additional details are given in the caption of
Figure 7.1.
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B.2.1.3 pPp — (Wt — £ty,) + 2 jets

This section provides some additional graphs for the pp — (W — ¢1,)+2 jets process,

which were mentioned in Section 7.4.1.3.

— central -
| PDF R
250 ---- scale ,--"
— 200 ST T -
2k
- i
s 150 oo .
%
5 100
50
0 -
0 20 40 60 80 100 120 140 160 180

Figure B.13: LO differential cross-section with respect to the transvers angle ¢ between the
charged lepton and the missing trensverse momentum for the pp — (W — (*y) + 2 jets
process at the Tevatron Run II using a fixed scale of ug = Myw. Additional details are given in
the caption of Figure 7.1.

S I I -
6 -  central =
-------- PDF
---- scale -
5 F o . 1
Ak 4 |
< ;-
i3
3¢ L i
d R -
52 I T |
1 - - ; I__:-- |
0 2 ‘ ‘ ‘ L | | | |
0 20 40 60 80 100 120 140 160 180

A¢miss,€ [O]

Figure B.14: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the missing transverse momentum for the pp — (W — (Ty) + 2 jets
process at the LHC with 14 TeV using a fixed scale of ug = Myw. Additional details are given
in the caption of Figure 7.1.
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Figure B.15: 1O differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the missing transverse momentum for the pp — (W — (*y,) + 2 jets
process at the LHC with 7TeV using a fixed scale of pg = E¥ . Additional details are given in
the caption of Figure 7.1.
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Figure B.16: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the missing transverse momentum for the pp — (W — (Ty,) + 2 jets
process at the LHC with 7 TeV using a fixed scale of pg = Hp. Additional details are given in
the caption of Figure 7.1.
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Figure B.17: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the harder jet j,, . for the pp — (W — £*1,) +2 jets process at the

LHC with 7TeV using a fixed scale of pug = E:,W . Additional details are given in the caption of
Figure 7.1.
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Figure B.18: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the harder jet j,,,, for the pp — (Wt — £*1,) +2 jets process at the
LHC with 7 TeV using a fixed scale of g = Hp. Additional details are given in the caption of
Figure 7.1.
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Figure B.19: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the softer jet j, .. for the pp — (W — £t1,) + 2 jets process at the

LHC with 7TeV using a fixed scale of pg = EYVY . Additional details are given in the caption of
Figure 7.1.
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Figure B.20: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the softer jet j, .. for the pp — (W — £t1,) + 2 jets process at the
LHC with 7TeV using a fixed scale of ug = Hp. Additional details are given in the caption of

Figure 7.1.
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Figure B.21: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the harder (top) as well as the softer (bottom) jet for the pp — (W —

0*y,)+2 jets process at the Tevatron Run II using a fixed scale of py = Myy. Additional details

are given in the caption of Figure 7.1.
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Figure B.22: LO differential cross-section with respect to the invariant mass of the charged
lepton and the harder (top) as well as softer (bottom) jet for the pp — (W+ — £T1,) + 2 jets
process at the Tevatron Run II using a fixed scale of ug = Myw. Additional details are given in

the caption of Figure 7.1.
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Figure B.23: LO differential cross-section with respect to the azimuthal angle ¢ between the
missing transverse momentum and the harder (top) as well as softer (bottom) jet for the pp —
(WT — £t1,)+2 jets process at the Tevatron Run IT using a fixed scale of g = Myy. Additional
details are given in the caption of Figure 7.1.
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Figure B.24: 1O differential cross-section with respect to the transverse mass of the missing
transverse momentum vector and the harder (top) as well as softer (bottom) jet for the pp —
(WT — £t1,)+2 jets process at the Tevatron Run IT using a fixed scale of pop = My . Additional
details are given in the caption of Figure 7.1.
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Figure B.25: L.O differential cross-section with respect to the azimuthal angle ¢ between the
harder j,,,, and the softer jet j, . for the pp — (W* — £T1,)+2 jets process at the Tevatron
Run IT using a fixed scale of ug = Mz. Additional details are given in the caption of Figure 7.1.

I I
16 [~ __ .- - central —
L L PDF

14 i ---- scale ]

T [ph]

do
Tmin
'

d|Ay;
[ Yimaaz
[«

1Y) e

’jmin
Figure B.26: L.O differential cross-section with respect to the difference in rapidity between the

harder j,,,, and the softer jet j, . for the pp — (W' — £T1,) +2 jets process at the Tevatron
Run IT using a fixed scale of g = Myz. Additional details are given in the caption of Figure 7.1.
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Figure B.27: LO differential cross-section with respect to separation between the harder j, .
and the softer j, . jet for the pp — (Wt — ¢1,) + 2 jets process at the Tevatron Run II
using a fixed scale of ug = My. Additional details are given in the caption of Figure 7.1.
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Figure B.28: LO differential cross-section with respect to the inavaraitn mass of the harder

Jmae a0d the softer j, . jet for the pp — (Wt — £Ty,) + 2 jets process at the Tevatron Run

IT using a fixed scale of pg = Myz. Additional details are given in the caption of Figure 7.1.
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B.2.2 pp — (W™ = £, + n jets

B.2.21 pp - (W™ —£771)

This section provides an additional rapidity distribution and an additional azimuthal

angle distribution for the pp — (W~ — ¢77,) process. Both were mentioned in Sec-

tion 7.4.2.1.
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Figure B.29: LO differential cross-section with respect to the charged lepton rapidity for the
pp — (W™ — £77,) process at the LHC with 14 TeV using a fixed scale of 19 = My . The first
and last filled bin are half-width due to the applied selection cut, |ys| < 2.5. Additional details
are given in the caption of Figure 7.39.
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Figure B.30: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the missing trensverse momentum for the pp — (W~ — £77,) process at
the LHC with 7 TeV using a fixed scale of g = My . Additional details are given in the caption

of Figure 7.39.
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B.2.2.2 pp - (W™ —£7,)+1jet

This section provides some additional graphs for the p® — (W~ — ¢77,)+1 jet process,

which were mentioned in Section 7.4.2.2.
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Figure B.31: LO differential cross-section with respect to the transvers angle ¢ between the
charged lepton and the missing trensverse momentum for the pp — (W~ — £77,) + 1 jet
process at the Tevatron Run II using a fixed scale of ug = Myw. Additional details are given in
the caption of Figure 7.39.
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Figure B.32: 1O differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the missing transverse momentum for the pp — (W~ — £77,) + 1 jet
process at the LHC with 14 TeV using a fixed scale of uy = Myw. Additional details are given
in the caption of Figure 7.39.

M. Stephan Tietz (April 2013) 263



B Additional Results

Production of V+jets at Hadron Colliders

2.5

central |

PDF

---- scale

pb
GeV

[

do
dpr,;
—_

0.5

150 200

16 I

14 T -3 —

10 —

-3 -2 -1 0 1 2 3

Figure B.33: LO differential cross-section with respect to the jet transverse momentum pr (top)
and the jet rapidity y (bottom) for the pp — (W~ — £77,) +1 jet process at the Tevatron Run
IT using a fixed scale of ug = My . Additional details are given in the caption of Figure 7.39.
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Figure B.34: LO differential cross-section with respect to the jet transverse momentum (top)
and the jet rapidity (bottom) for the pp — (W~ — £77,)+1 jet process at the LHC with 14 TeV
using a fixed scale of ug = My . Additional details are given in the caption of Figure 7.39.
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Figure B.35: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the jet for the pp — (W~ — £77,) + 1 jet process at the Tevatron Run II
using a fixed scale of ug = My . Additional details are given in the caption of Figure 7.1.
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Figure B.36: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the jet for the pp — (W~ — £77,) + 1 jet process at the LHC with 14 TeV
using a fixed scale of ug = My . Additional details are given in the caption of Figure 7.1.
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Figure B.37: LO differential cross-section with respect to the transverse mass of the charged
lepton and the jet for the pp — (W™ — £77,) + 1 jet process at the Tevatron Run II using a
fixed scale of pg = Myw. Additional details are given in the caption of Figure 7.39.
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Figure B.38: LO differential cross-section with respect to the transvers angle ¢ between the
missing transverse momentum and the jet for the pp — (W~ — £77,) 4+ 1 jet process at the
Tevatron Run II using a fixed scale of pg = Myw. Additional details are given in the caption of
Figure 7.1.
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Figure B.39: LO differential cross-section with respect to the transvers angle ¢ between the
missing transverse momentum and the jet for the pp — (W™ — £77,) + 1 jet process at the
LHC with 14 TeV using a fixed scale of g = Mw. Additional details are given in the caption
of Figure 7.1.
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Figure B.40: LO differential cross-section with respect to the transverse mass between the jet
and missing transverse momentum vector for the pp — (W~ — £77,) + 1 jet process at the
Tevatron Run II using a fixed scale of g = My . Additional details are given in the caption of
Figure 7.39.
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B.2.2.3 pp — (W™ — £77,) + 2 jets

This section provides some additional graphs for the pp — (W~ — (77,) + 2 jets

process, which were mentioned in Section 7.4.2.3.
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Figure B.41: LO differential cross-section with respect to the transvers angle ¢ between the
charged lepton and the missing trensverse momentum for the pp — (W~ — £77,) + 2 jets
process at the Tevatron Run II using a fixed scale of ug = My . Additional details are given in
the caption of Figure 7.39.
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Figure B.42: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the missing transverse momentum for the pp — (W~ — £77,) + 2 jets
process at the LHC with 14 TeV using a fixed scale of ug = Myw. Additional details are given
in the caption of Figure 7.39.
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Figure B.43: LO differential cross-section with respect to the transvers angle ¢ between the
charged lepton and the missing trensverse momentum for the pp — (W~ — £77,) + 2 jets
process at the LHC with 7TeV using a fixed scale of pg = E‘T/ . Additional details are given in
the caption of Figure 7.1.
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Figure B.44: LO differential cross-section with respect to the transvers angle ¢ between the
charged lepton and the missing trensverse momentum for the pp — (W~ — £77,) + 2 jets
process at the LHC with 7TeV using a fixed scale of g = Hp. Additional details are given in
the caption of Figure 7.1.
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Figure B.45: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the harder jet j ... for the pp — (W™ — £77,) 42 jets process at the

LHC with 7TeV using a fixed scale of pg = EYVY . Additional details are given in the caption of
Figure 7.1.
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Figure B.46: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the harder jet j ... for the pp = (W™ — £77,) 4+ 2 jets process at the

LHC with 7TeV using a fixed scale of ug = Hp. Additional details are given in the caption of
Figure 7.1.
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Figure B.47: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the softer jet j, .. for the pp — (W~ — £77,) + 2 jets process at the
LHC with 7TeV using a fixed scale of pp = EZ,W . Additional details are given in the caption of
Figure 7.1.
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Figure B.48: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the softer jet j . for the pp — (W™ — £77,) + 2 jets process at the
LHC with 7TeV using a fixed scale of uy = Hp. Additional details are given in the caption of
Figure 7.1.
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Figure B.49: LO differential cross-section with respect to the azimuthal angle ¢ between the
charged lepton and the harder (top) as well as the softer (bottom) jet for the pp — (W™ —
(v,)+2 jets process at the Tevatron Run II using a fixed scale of jig = Myy. Additional details

are given in the caption of Figure 7.39.
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Figure B.50: LO differential cross-section with respect to the invariant mass of the charged
lepton and the harder (top) as well as softer (bottom) jet for the pp — (W™ — £77,) + 2 jets
process at the Tevatron Run II using a fixed scale of ug = Myw. Additional details are given in

the caption of Figure 7.46.
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Figure B.51: LO differential cross-section with respect to the azimuthal angle ¢ between the
missing transverse momentum and the harder (top) as well as softer (bottom) jet for the pp —
(W™ — £77,)+2 jets process at the Tevatron Run II using a fixed scale of jig = Myw. Additional

details are given in the caption of Figure 7.39.
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Figure B.52: LO differential cross-section with respect to the transverse mass of the missing
transverse momentum vector and the harder (top) as well as softer (bottom) jet for the pp —
(W™ — £77,)+2 jets process at the Tevatron Run II using a fixed scale of jig = My . Additional
details are given in the caption of Figure 7.39.
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Figure B.53: LO differential cross-section with respect to the azimuthal angle ¢ between the
harder j,,.. and the softer jet j, . for the pp — (W™ — £77,) +2 jets process at the Tevatron
Run IT using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.39.
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Figure B.54: LO differential cross-section with respect to the difference in rapidity between
the harder j, .. and the softer jet j . for the pp — (W~ — £77,) + 2 jets process at the
Tevatron Run II using a fixed scale of pg = Myz. Additional details are given in the caption of
Figure 7.39.
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Figure B.55: LO differential cross-section with respect to separation between the harder j, .
and the softer j, . jet for the pp — (W™ — £77,) 4 2 jets process at the Tevatron Run II
using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.39.
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Figure B.56: LO differential cross-section with respect to the inavaraitn mass of the harder

Jmaz and the softer j . jet for the pp — (W™ — £77,) + 2 jets process at the Tevatron Run

IT using a fixed scale of g = My. Additional details are given in the caption of Figure 7.39.
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B.2.3 pp — (Z = £7£7) + n jets
B.23.1 pp — (Z - £7¢£1)

This section provides some additional graphs for the pp — (Z — ¢7¢T) process, which

were mentioned in Section 7.4.3.1.
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Figure B.57: LO differential cross-section with respect to the harder charged lepton ¢ _
transverse momentum for the pp’ — (Z — ¢~ ¢T) process at the Tevatron Run II (top) and the
LHC with 14 TeV (bottom) using a fixed scale of pgp = Mz. Additional details are given in the
caption of Figure 7.77.
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Figure B.58: LO differential cross-section with respect to the harder charged lepton ¢,
transverse momentum for the pp — (Z — ¢ ¢T) process at the LHC with 7TeV using the
dynamic scales of pp = E% (top) and po = Hr (bottom). Additional details are given in the
caption of Figure 7.77.
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Figure B.59: LO differential cross-section with respect to the rapidity of the harder ¢, (top)
and the softer ¢, . (bottom) charged lepton for the pp — (Z — ¢~ ¢7) process at the LHC with
14 TeV using a fixed scale of pug = My. The first and last filled bin are half-width due to the
applied selection cut, |y,| < 2.5. Additional details are given in the caption of Figure 7.77.
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Figure B.60: LO differential cross-section with respect to the difference in rapidity between the
two charged leptons for the pp — (Z — ¢~ ¢*) process at the LHC with 14 TeV using a fixed
scale of ug = Myz. Additional details are given in the caption of Figure 7.77.
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Figure B.61: LO differential cross-section with respect to the transvers angle ¢ between the
harder ¢, ,. and the softer ¢, . charged lepton for the pp — (Z — £~£*) process at the LHC

with 7TeV using a fixed scale of ug = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure B.62: LO differential cross-section with respect to the difference in rapidity between
the harder ¢, . and the softer ¢, . charged lepton for the pp — (Z — ¢7¢T) process at the
Tevatron Run II using a fixed scale of pg = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure B.63: LO differential cross-section with respect to distance R between the harder ¢,
and the softer ¢, . charged lepton for the pp — (Z — ¢~ ¢*) process at the Tevatron Run II
using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.77.
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Figure B.64: LO differential cross-section with respect to distance R between the two charged
leptons for the pp — (Z — £~ ¢1) process at the LHC with 14 TeV using a fixed scale of pg = Mz.
Additional details are given in the caption of Figure 7.77.

F—  central |
45 " = e PDF
---- scale

0 T

0 50 100 150 200
M, ) [GeV]

maz’ min

Figure B.65: LO differential cross-section with to the invariant mass of the two charged leptons
for the pp — (Z — ¢~ £") process at the Tevatron Run IT using a fixed scale of yg = Mz.
Additional details are given in the caption of Figure 7.77.
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Figure B.66: LO differential cross-section with to the invariant mass of the two charged leptons

for the pp — (Z — £7£T) process at the LHC with 14 TeV using a fixed scale of ug = Mz.
Additional details are given in the caption of Figure 7.77.
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B.2.3.2 pp = (Z = £7£7)+1 jet

This section provides some additional graphs for the p'p’ — (Z — ¢7£T) + 1 jet process,

which were mentioned in Section 7.4.3.2.
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Figure B.67: LO differential cross-section with respect to the harder ¢, . (top) and the softer
¢,.... (bottom) charged lepton transverse momentum for the pp — (Z — £7¢7) + 1 jet process
at the LHC with 14 TeV using a fixed scale of ug = Myz. Additional details are given in the
caption of Figure 7.77.
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Figure B.68: LO differential cross-section with respect to the harder ¢, . (top) and the softer
¢,... (bottom) charged lepton transverse momentum for the pp — (Z — £7¢7) + 1 jet process

at the LHC with 7 TeV using the dynamic scale of ug = E% Additional details are given in the
caption of Figure 7.77.
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Figure B.69: LO differential cross-section with respect to the harder ¢, . (top) and the softer

14

min (

bottom) charged lepton transverse momentum for the pp — (Z — £7£7) + 1 jet process

at the LHC with 7 TeV using the dynamic scale of ug = Hp. Additional details are given in the

caption of Figure 7.77.
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Figure B.70: LO differential cross-section with respect to the harder ¢, (top) and the softer

l

min

(bottom) charged lepton rapidity for the pp — (Z — £~ ¢*)+1 jet process at the Tevatron

Run IT using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.77.
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Figure B.71: LO differential cross-section with respect to the harder ¢, (top) and the softer
¢, (bottom) charged lepton rapidity for the pp — (Z — ¢~¢T) + 1 jet process at the LHC
with 14 TeV using a fixed scale of ug = Myz. The first and last filled bin are half-width due to
the applied selection cut, |yy| < 2.5. Additional details are given in the caption of Figure 7.77.
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Figure B.72: LO differential cross-section with respect to the difference in rapidity between the
charged lepton for the pp — (Z — ¢7¢) + 1 jet process at the
Tevatron Run II using a fixed scale of g = My. Additional details are given in the caption of

harder £, and the softer £_ ..
Figure 7.77.
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Figure B.73: LO differential cross-section with respect to rapidity difference between the two
charged leptons for the pp — (Z — £7¢) + 1 jet process at the Tevatron Run II using a fixed
scale of pug = Myz. Additional details are given in the caption of Figure 7.77.
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Figure B.74: LO differential cross-section with respect to rapidity difference between the two
charged leptons for the pp — (Z — £~ ¢1) +1 jet process at the LHC with 14 TeV using a fixed
scale of pug = My. Additional details are given in the caption of Figure 7.77.
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Figure B.75: LO differential cross-section with respect to the separation between the two
charged leptons for the pp — (Z — £ ¢1) + 1 jets process at the Tevatron Run IT using a fixed
scale of pg = Myz. Additional details are given in the caption of Figure 7.77.
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Figure B.76: LO differential cross-section with respect to the separation between the two
charged leptons for the pp — (Z — £7¢%) + 1 jets process at the LHC with 14 TeV using a
fixed scale of ug = My. Additional details are given in the caption of Figure 7.77.
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Figure B.77: LO differential cross-section with respect to the rapidity difference between the
harder charged lepton ¢,,,. and the jet j for the pp — (Z — ¢7¢%) + 1 jet process at the

Tevatron Run II using a fixed scale of ug = My. Additional details are given in the caption of
Figure 7.77.
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Figure B.78: LO differential cross-section with respect to the inavaraitn mass of the harder
charged lepton ¢, and the jet j for the pp — (Z — ¢~ ¢7)+1 jet process at the Tevatron Run

IT using a fixed scale of g = Myz. Additional details are given in the caption of Figure 7.77.
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Figure B.79: LO differential cross-section with respect to the rapidity difference between the
softer charged lepton ¢, . and the jet j for the pp — (Z — £~ ¢1)+1 jet process at the Tevatron
Run IT using a fixed scale of g = My. Additional details are given in the caption of Figure 7.77.
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Figure B.80: LO differential cross-section with respect to the inavaraitn mass of the softer
charged lepton ¢, . and the jet j for the pp — (Z — ¢7¢*)+1 jet process at the Tevatron Run
IT using a fixed scale of g = Myz. Additional details are given in the caption of Figure 7.77.
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B.2.3.3 pPp — (Z = £7£7) + 2 jets

This section provides some additional graphs for the pp’ — (Z — £7¢1) 4+ 2 jets process

at the Tevatron Run II, which were mentioned in Section 7.4.3.3.
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Figure B.81: LO differential cross-section with respect to the rapidity difference between the
two charged leptons for the pp — (Z — £7¢T) + 2 jets process at the Tevatron Run II using a
fixed scale of pg = My. Additional details are given in the caption of Figure 7.77.
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Figure B.82: LO differential cross-section with respect to the separation between the harder
l,... and the softer ¢, . charged lepton for the pp — (Z — ¢ £1) 4+ 2 jets process at the
Tevatron Run II using a fixed scale of ug = My. Additional details are given in the caption of

Figure 7.77.
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Figure B.83: LO differential cross-section with respect to the azimuthal angle ¢ between the
harder charged lepton ¢, . and the harder jet j, . for the pp — (Z — £7¢T) + 2 jets process
at the Tevatron Run II using a fixed scale of pug = Myz. Additional details are given in the
caption of Figure 7.77.

I I
5 s -  central _|
L e PDF
3 ---- scale
4 i
) ,
= :
G o
£3 i _
\{\ l
ol 3
I
3 2 -
4
E
1 _
0 | | | |
0 1 2 3 4 5 6

[Aye o .|
Figure B.84: LO differential cross-section with respect to the difference in rapidity between the
harder ¢, .. and the softer ¢, . charged lepton for the pp — (Z — ¢7¢T) + 2 jets process at

the Tevatron Run II using a fixed scale of ug = Myz. Additional details are given in the caption
of Figure 7.77.
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Figure B.85: LO differential cross-section with respect to the inavaraitn mass of the harder
charged lepton ¢, . and the harder jet j,. .. for the pp — (Z — ¢7¢T) + 2 jets process at the
Tevatron Run II using a fixed scale of pg = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure B.86: LO differential cross-section with respect to the azimuthal angle ¢ between the

harder charged lepton ¢, . and the softer jet j, . for the pp — (Z — ¢~¢T)+2 jets process at

the Tevatron Run II using a fixed scale of ug = Myz. Additional details are given in the caption

of Figure 7.77.
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Figure B.87: LO differential cross-section with respect to the separation between the harder

charged lepton ¢, ,

T

and the softer jet j, . for the pp — (Z — ¢7¢T) + 2 jets process at the

Tevatron Run II using a fixed scale of pg = Myz. Additional details are given in the caption of

Figure 7.77.
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Figure B.88: LO differential cross-section with respect to the inavaraitn mass of the harder
charged lepton ¢, .. and the softer jet j, . for the pp — (Z — ¢7¢1) + 2 jets process at the
Tevatron Run II using a fixed scale of g = My. Additional details are given in the caption of

Figure 7.77.
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Figure B.89: LO differential cross-section with respect to the azimuthal angle ¢ between the
softer charged lepton £, ;. and the harder jet j, . for the pp — (Z — ¢~¢T)+2 jets process at
the Tevatron Run II using a fixed scale of ug = Myz. Additional details are given in the caption
of Figure 7.77.
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Figure B.90: LO differential cross-section with respect to the separation between the softer
charged lepton £, .. and the harder jet j, . .. for the pp — (Z — ¢7¢1) + 2 jets process at the
Tevatron Run II using a fixed scale of pg = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure B.91: LO differential cross-section with respect to the inavaraitn mass of the softer

charged lepton £, ;. and the harder jet j, .. for the pp — (Z — 7€1) + 2 jets process at the
Tevatron Run II using a fixed scale of g = My. Additional details are given in the caption of

Figure 7.77.
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Figure B.92: 1O differential cross-section with respect to the azimuthal angle ¢ between the

softer charged lepton ¢, . and the softer jet j, . for the pp — (Z — ¢7¢) + 2 jets process at
the Tevatron Run IT using a fixed scale of ug = Myz. Additional details are given in the caption

of Figure 7.77.
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Figure B.93: LO differential cross-section with respect to the separation between the softer
charged lepton ¢, . and the softer jet j, . for the pp — (Z — ¢7¢*) + 2 jets process at the
Tevatron Run II using a fixed scale of pg = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure B.94: LO differential cross-section with respect to the inavaraitn mass of the softer
charged lepton ¢, . and the softer jet j, . for the pp — (Z — £~ ¢*) + 2 jets process at the
Tevatron Run II using a fixed scale of pug = Myz. Additional details are given in the caption of
Figure 7.77.
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Figure B.95: 1O differential cross-section with respect to the azimuthal angle ¢ between the
harder j, .. and the softer jet j, . for the pp — (Z — ¢~¢7) + 2 jets process at the Tevatron
Run IT using a fixed scale of g = My. Additional details are given in the caption of Figure 7.77.
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Figure B.96: LO differential cross-section with respect to the separation between the harder

Jmae and the softer j, . jet for the pp — (Z — €7 ¢1) + 2 jets process at the Tevatron Run II
using a fixed scale of pg = Myz. Additional details are given in the caption of Figure 7.77.
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Figure B.97: LO differential cross-section with respect to the inavaraitn mass of the harder

Jmax

and the softer j, . jet for the pp — (Z — ¢¢*) + 2 jets process at the Tevatron Run II

using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.77.
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B.2.4 pP — (Z = > y_e -Vl + 1 jets
B.24.1 pP — (Z = > y_e s VUe)

This section gives the missing transverse momentum graph for the pp — (2 — >_,_, , . v7,)
process at the LHC with 7TeV, which was mentioned in Section 7.4.4.1.
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Figure B.98: LO differential cross-section with respect to missing transverse momentum for
the pp — (Z — >_y_. .- ¥¥,) process at the LHC with 7TeV using a fixed scale of g = Mz.
Additional details are given in the caption of Figure 7.127.
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B.2.4.2 pP — (Z— Y., Ule) +1jet

This section provides some additional graphs for the pp — (Z — > v¥)+1 jet process,

which were mentioned in Section 7.4.4.2.
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Figure B.99: LO differential cross-section with respect to the transverse momentum (top) and
the rapidity (bottom) of the jet for the pp — (Z — > v7) + 1 jet process at the Tevatron Run
IT using a dynamic scale of g = Myz. Additional details are given in the caption of Figure 7.127.
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Figure B.100: LO differential cross-section with respect to the transverse momentum (top)
and the rapidity (bottom) of the jet for the pp — (Z — Y vv) + 1 jet process at the LHC
with 14 TeV using a dynamic scale of ug = Myz. Additional details are given in the caption of
Figure 7.127.
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Figure B.101: LO differential cross-section with respect to the transverse momentum (top)
and the rapidity (bottom) of the jet for the pp — (Z — > vw) + 1 jet process at the LHC
with 7TeV using a dynamic scale of pg = E% Additional details are given in the caption of

Figure 7.127.
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Figure B.102: LO differential cross-section with respect to the transverse momentum (top)
and the rapidity (bottom) of the jet for the pp — (Z — > vv) + 1 jet process at the LHC
with 7TeV using a dynamic scale of ug = Hr. Additional details are given in the caption of

Figure 7.127.
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B.24.3 pP — (Z = Y y_c . Ule) + 2 jets

This section provides some additional graphs for the pp — (Z — Y vw) 4+ 2 jets
process at the Tevatron Run II and the LHC with 14 TeV, which were mentioned in
Section 7.4.4.3.
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Figure B.103: LO differential cross-section with respect to the azimuthal angle ¢ between
the harder j . and the softer jet j, .. for the pp — (Z — > v¥)+ 2 jets process at the
Tevatron Run II using a fixed scale of g = My. Additional details are given in the caption of
Figure 7.127.
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Figure B.104: LO differential cross-section with respect to the azimuthal angle ¢ between the
harder j, .. and the softer jet j, . for the pp — (Z — > v¥) + 2 jets process at the LHC
with 14 TeV using a fixed scale of g = My. Additional details are given in the caption of
Figure 7.127.
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Figure B.105: LO differential cross-section with respect to separation between the harder j,

and the softer j, . jet for the pp — (Z — > v¥)+2 jets process at the Tevatron Run II using
a fixed scale of pg = Myz. Additional details are given in the caption of Figure 7.127.
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Figure B.106: LO differential cross-section with respect to the inavaraitn mass of the harder

Jmae a0d the softer j . jet for the pp — (Z — > v7) + 2 jets process at the Tevatron Run IT
using a fixed scale of ug = Myz. Additional details are given in the caption of Figure 7.127.
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