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Abstract

The production of the weak bosons, W and Z, is one of the dominant background
contributions in searches for new phenomena and the Higgs boson at hadron colliders.
In particular, their production with associated jets generates final state topologies
which resemble those of many signal processes, including the production of leptoquarks,
of scalar quarks and gluinos in supersymmetric models, and of the Higgs boson via W H
and ZH. Therefore, an accurate description of vector boson production, based both
on precision data and phenomenological modelling, is required.

First, the phenomenology of vector boson production at hadron colliders is reviewed
including a discussion on the simulation of these processes. After summarizing the
experimental data on total and differential cross sections for inclusive W and Z boson
production obtained at the Tevatron, measurements of their associated production with
jets are presented in detail and compared to QCD predictions. Finally, the relevance
of W/Z + jets production as main background in searches for new phenomena and the
Higgs boson is discussed. Using several exemplary searches both in final states with
leptons and jets and with missing transverse momentum and jets, emphasis is put on
reviewing methods to estimate and reject this background contribution.
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Chapter 1

Introduction

At the current and future colliders, namely the Tevatron and the LHC, one of the
main focus will be the search for the Higgs boson and for new phenomena beyond
the standard model of particle physics. The production and decay of the Higgs boson
and of new particles will often lead to signatures, which are similar to the ones of the
production of the electroweak bosons Z and W. Therefore, in many cases the single
or pair-production of the vector bosons, in particular their production in association
with jets will dominate the background processes in searches for the Higgs boson and
for new phenomena. Thus, a precise knowledge of vector boson production, both from
precision data and phenomenological modelling, is mandatory.

Despite the success of the standard model (SM) of electroweak [1-3] and strong [4-6]
interactions which is in excellent agreement with the experimental results, one of its key
features, the electroweak symmetry breaking via the Higgs mechanism [7-10], which
generates the masses of the Z and W bosons, has not yet been verified experimentally.
As a consequence of this mechanism which introduces a doublet of complex scalar fields,
a single neutral scalar particle, namely the Higgs boson remains after the symmetry
breaking. Assuming the validity of the standard model, global fits to the electroweak
data prefer a relatively low mass for the Higgs boson, my = 85758 GeV/c? [11], while
direct searches at the LEP collider set a lower bound on the mass of 114.4 GeV/c? [12].
At low masses, my 140 GeV/c?, the standard model Higgs boson will dominantly
decay via H — bb. For the main production channel, which is the gluon-gluon fusion
process gg — H this will lead to signatures which are irreducible from QCD production
of bb pairs. Therefore, at the Tevatron the highest sensitivity for low mass Higgs bosons
is obtained from the associated production of the Higgs boson with the weak bosons,
ie. WH and ZH. The dominating background in these channels is the associated
production of a Z or W boson with a bb pair.

While the standard model is in excellent agreement with all experimental data, as
noted before, it contains several unsolved problems, e.g. the origin of the fermion mass
spectrum, the structure of the quark and lepton families etc. Also, the SM is arguably
unnatural as it contains the infamous hierarchy problem, the fact that the electroweak
scale M, and the Planck scale Mp, at which quantum effects of gravity become strong,
are about 17 orders of magnitude apart. Another aspect of the hierarchy problem
is that it would generate radiative corrections to the bare Higgs mass which would
require an unnatural large fine-tuning. Supersymmetry [13], which is the symmetry to
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2 1 Introduction

interchange fermions and bosons and which introduces a super-partner for each fermion
and boson of the SM, provides an elegant solution to the fine-tuning problem, as the
radiative corrections from SM boson and fermion loops are automatically cancelled
through the corresponding loops of their super-partner fermion or boson.

If kinematically allowed, the super-partners of quarks ¢ and the gluon g, scalar
quarks (squarks) ¢ and the gluino g, would be produced with sizable cross sections at
hadron colliders. The (cascade-) decays of squarks and gluinos would lead to event
topologies containing several high energetic jets and missing transverse energy due
to the escaping lightest supersymmetric particle!. For this topology, the main SM
background is from Z boson production in association with jets, where the Z is decaying
invisibly into neutrinos, Z — vi.

Although it will not be further discussed in the following, it should be noted that
the production of W bosons in association with jets and in particular with a bb pair
is also the dominating or a major background for single and pair-production of top
quarks.

This work is organized as follows: First the phenomenology and the experimental
data on inclusive vector boson production is discussed and results on total and dif-
ferential cross section measurements are reviewed. The following chapter focuses on
the associated production of vector bosons with jets and discusses both the case of
flavour-inclusive jets and the case of heavy-flavour jets. An exemplary review of those
searches for the Higgs boson and new phenomena at the Tevatron follows, for which the
production of W or Z bosons in association with jets constitutes the major background
process. Here, the primary interest is not to discuss the details of the phenomenology
of the Higgs boson or of particular models for new physics beyond the standard model,
but to focus on the estimation and rejection of the Z /W + jet background for various
exemplary analyses.

IHere, it is assumed that R-parity is conserved. In supersymmetric models without R-parity
conservation the lightest supersymmetric particle is not stable.



Chapter 2

Phenomenology of vector boson
production

At hadron colliders the weak bosons, W and Z, are mainly produced through quark-
antiquark annihilation. The phenomenological description of their production closely
follows the Drell-Yan mechanism [14] for the production of a lepton pair ¢/~ with
large invariant mass My+,- = \/(pe+ + pe-)?, which is sketched in Fig. 2.1.

2.1 Inclusive production and decay

The cross section o4p_s+,~ for producing a lepton pair in the collision of hadrons
A and B is obtained by folding the underlying cross section for the quark-antiquark
annihilation 6,44+, with the parton distribution functions (PDFs) f4 ,(x, M7, ,-) and
fB,q(x, M} ,~) and summing over all possible quark-antiquark combinations in the hard
interaction:

TAB— 1+~ = Z/dxAdefA,q(xAuMg%%)fB,q(xBaMgQM)a'qqﬂfrz— : (2.1)
q

The integration is performed over the momentum fractions of the partons x4 and xpg
and the sum over ¢ includes the antiquark (quark) distribution in hadron A (B) as
well. At the Tevatron pp collider at a centre-of-mass energy /s = 1.96 TeV, pure
valence-quark scattering amounts only to about 25% of the full cross section even for
relatively large My+,- ~ My (Z boson mass), with the rest involving quarks from the
proton sea.

Originally, Eq. (2.1) was derived within the parton model where the parton dis-
tribution functions only depend on the momentum fraction x and Bjorken scaling
applies [15,16]. The factorization of the hadron-hadron cross section into a fundamen-
tal parton-parton cross section and the PDFs of the scattering hadrons is still valid
after inclusion of perturbative QCD corrections, as the singularities which occur in
the corrections to the lowest-order processes can be absorbed into the scale-dependent
PDFs. It has been shown that the factorization theorem generally holds for inclusive
hard-scattering processes in hadron-hadron collisions [17,18].
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4 2 Phenomenology of vector boson production

fa(zB,Q?)

g-i-

fq (a:Aa Q2)
Figure 2.1: The production of a lepton pair in the Drell-Yan model.

The leading-order cross section for the quark-antiquark annihilation into a lepton
pair 6,5+~ in Eq. (2.1) via an intermediate photon can be derived from the funda-
mental ete™ — pu ™ cross section (modified with an additional colour factor 1/3) and
is given by [19]

2
dma”

95 717
where « is the electromagnetic coupling constant, @), is the electric charge of the quark
and 8§ = (vaPs +xpPg)? = z4xps is the centre-of-mass energy squared of the parton-
parton collision.

At large energies s-channel Z exchange contributes to the Drell-Yan cross section
and Eq. (2.2) must be supplemented by the Z exchange and the 7*Z interference terms:

(2.2)

Oqg—tte- =

Oqq—tto— —

(Q 0, GiMy, ,2

s (00 + 96 + 9B
(2.3)

4m V2 GFMZ

gy R(x(3)) +

where G is the Fermi constant, gy and g4 are the vector and axial couplings of the
Z boson to leptons and quarks, respectively. The propagator term x($) is given by

~

S
5 — MZ +iMyIy,

X(8) = (2.4)
with the total decay width I';.

For My, ~ M the cross section is dominated by Z exchange. As the Z decay
width Iy = 2.50 GeV is small compared to its mass, one can treat the Z boson as an
effectively stable particle, and thus factorize the lepton pair production cross section
into the Z production cross section 6,57 and the branching fraction Br(Z — ¢*¢~) for
the decay Z — ¢*¢~. In the narrow width approximation the Breit-Wigner distribution
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in |x(8)[* can be related to the ¢ function and the Z production cross section is given

by
. Ver .
Ogg—2 = TGFM2< + gA )5(8 — M%) . (25)

The branching fraction into a fermion pair f f is the ratio of the partial width
I'(Z — ff) to the total width I';. The partial width can be expressed at leading order
(and neglecting the mass of the decay products) as

GF Z
N

where the colour factor N¢g is 1 for leptons and 3 for quarks, respectively. Thus the
branching fraction of the Z to decay into a £*¢~ pair is only Br(Z — (t07) ~ 3.4% (for
each charged lepton flavour), whereas the hadronic decay is dominating, as Br(Z —
qq) ~ 70%.

In analogy, the production of the W boson at a hadron collider can be described
within the Drell-Yan mechanism. Within the narrow width approximation the cross
section for the subprocess q¢° — W can be written as

R V21 .
Ogg—w = —GFMgv\qu/|25(5 — M), (2.7)

[(Z— ff) = b+ i), (2.6)

where |V,,| denotes the corresponding element of the Cabbibo-Kobayashi-Maskawa
(CKM) matrix [20, 21]. )
The partial width for the decay of the W boson in a fermion pair f f’ is given by

GFM3
NV

where N¢ is the colour factor defined above. Thus the branching fraction of the leptonic
decay modes W~ — e" 0, u~v,, 770, is 1/9 each, and the hadronic decay modes add
up to 6/9.

Despite the large contribution of the hadronic decay modes of the Z and W bosons,
those can usually not be detected at a hadron collider due to very large background
from ordinary QCD dijet production. However, it should be noted that the hadronic
decay mode was observed by the UA2 collaboration as a statistically significant excess
in the dijet mass distribution [22,23]. At the Tevatron a significant signal for Z — bb
was detected by the CDF and DO collaborations [24,25]. For the Z boson decays into
a bb-pair, the signal can be enhanced over the QCD background by requiring b-tags,
which exploit characteristic features of B meson decays (cf. Section 4.2.2).

r(w-—ff)=

(2.8)

2.2 Perturbative QCD corrections

Without any perturbative and non-perturbative corrections the leading order 2 — 1
processes q¢ — Z/v* and q¢° — W would result in the production of vector bosons
with vanishing transverse momentum. In reality, fixed target data on Drell-Yan lepton-
pair production [26] as well as the measurements of W and Z/~* production at the
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Tevatron [27-34] show that the cross sections are concentrated at moderate, but non-
vanishing transverse momenta 0 GeV < pr < My and that they exhibit long tails up
to large pr > My (cf. Section 3.4.3). Here My denotes the invariant mass of the
lepton-pair or the vector boson mass.

The region of small transverse momenta can be well modelled with the assumption
of an intrinsic transverse momentum k7 of the parton relative to the direction of the
parent hadron. A Gaussian intrinsic kr proportional to exp(—bk%) will generate a
differential distribution, which is exponentially decreasing with increasing pr as

2
o el (2.9)
Fits to the transverse momentum spectra of Drell-Yan lepton-pairs produced in p/N
collisions [35] suggest an average (kr) = 760 MeV [19]. Data on Z boson production
at the Tevatron indicate a slightly larger intrinsic k7. Using the parton-shower event
generator PYTHIA [36] (cf. Section 2.3) to match the measured transverse momentum
spectrum of the Z boson an increased value for (kr) = 1.3 GeV is preferred.

The bosons can also be produced with large transverse momenta, namely in 2 — 2
processes which are present at higher orders. The perturbative corrections to the
Drell-Yan process at next-to-leading-order (NLO) in QCD are shown in Fig. 2.2. In
addition to the virtual loop corrections, the real corrections lead to the 2 — 2 scattering
processes q¢ — Vg and qg — V¢, where V' denotes the vector boson. For example,
the matrix-element for q¢’ — Vg is of the form
t? +u® 4+ 2MEs

tu
where s, t, and u denote the usual Mandelstam variables of the 2 — 2 scattering
process. Thus, for very large pr > My these real correction will lead to a transverse
momentum distribution [19]

|MIT=V92 o , (2.10)

d*o  a(p})

d?pr Pr
which is by far harder (i.e. having a higher rate at large pr) than the Gaussian
distribution originating from the intrinsic k7 of the partons.

The next-to-next-to-leading order (NNLO) calculation of the inclusive cross section
of the Drell-Yan process has been available for several years now [37,38]. More recently,
also the rapidity distribution (cf. Section 3.4) has been calculated to NNLO [39].

For relatively small transverse momenta of the vector boson pr < My (but still
keeping pr > kr to allow a perturbative description) higher-order terms in the per-
turbation series beyond the NNLO expansion cannot be neglected, as the emission of
multiple soft gluons become important. The leading contributions of these emissions
to the cross section are of the form [19]

1 do 1
2

(2.11)

Y

M2
atIn? =X (2.12)

odpy — p7 pr
These leading logarithms can be summed to all orders such that the transverse mo-
mentum spectrum of the vector boson is given by

1 do d «Q M?2
e~ ——2Crm® =) . 2.13
odp2 — dpk exp ( or i P2 ) ( )
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Figure 2.2: The leading-order and next-to-leading-order Feynman diagrams
for the Drell-Yan process. The boson decay is not shown.

P~

Figure 2.3: Leading-order diagrams for the production of a vector boson in
association with a jet. The diagrams are equivalent to the graphs for qg — Vg
in Fig. 2.2.

This technique is commonly called resummation. The simplistic model as described
above has been largely extended in more complete analyses [40-42]: The resummation
is expressed as a Fourier transform in the two-dimensional impact-parameter space
to properly treat momentum conservation. Corrections to account for fixed order
perturbative results and non-perturbative parameters are added.

2.2.1 Associated production of vector bosons with jets

The transverse momentum of the vector boson must be balanced by the hadronic rest
due to momentum conservation. In fact, the 2 — 2 processes shown in Fig. 2.2 generate
an additional parton, which hadronizes into a jet (cf. Section 4.1), in association with
the boson. It is instructive to redraw these diagrams as depicted in Fig. 2.3. The
final-state gluon can also be thought of as a parton being radiated off the initial quark
lines (initial state radiation, ISR). The corresponding diagrams in Fig. 2.2 and Fig. 2.3,
respectively, are identical with respect to their representation of a Feynman calculus.
Depending on the transverse momentum and the rapidity of the additional parton,
one of the two pictures is more illustrative: At low pr or forward/backward rapidities,
where the outgoing parton is produced at a small angle relative to the incoming parton,
the process resembles more the picture of initial state radiation. At large pr or central
rapidities, the representation of V+jet production as 2 — 2 process is more instructive.

The matrix-element for ¢¢ — Vg (given in Eq. (2.10)) diverges if ¢t — 0 or u — 0,
which corresponds to a final state gluon which is collinear to one of the incoming partons
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or which has vanishing momentum. A similar behaviour can be seen for the gg — V¢’
sub-process. Thus, to obtain a meaningful and finite result for the cross section of
V +jet production a cut on the minimal transverse momentum for the additional parton
needs to be applied. It should be noted that the divergences in V+jet production, which
correspond to the real NLO corrections to inclusive vector boson production, exactly
cancel with the virtual corrections to the inclusive process [19].

The addition of further partons to the final state lead to multijet production in
association with a vector boson. As noted before these processes are of particular
interest as they constitute one of the most important backgrounds to a large variety of
standard model and beyond the standard model processes.

The inclusive vector boson production cross section can be formally decomposed
into its exclusive multijet components

oo
v = Z OV +negerjets 5 (2.14)
Nezel=0
where
0
E l
O-V+nezcljets = an,lOfs . (215)

I=Negel

Note that the associated production of n jets is at least of order n in the strong
coupling constant. Here a jet corresponds to either a quark or gluon at parton level.
The inclusive jet multiplicity n;,¢ is obtained by summing all contributions with ne,q >

Ninel-
[

O-VJrn'anl jets = E O'VJrnezCl jets . (2 . 16)

Nexcl=MNincl

The coefficients a,; in the above expansion in general depend on the particular choice
for the definition of a jet, in particular the jet algorithm, cone size, and kinematic
cuts, e.g. minimal jet transverse energy and separation cuts. However, the sum of
the coefficients at each fixed order [ in «y, Ziil a,;, must be independent of the
jet definition as it corresponds to the perturbative expansion of the total inclusive V'
production cross section.

The leading term to the cross section of V' + n jet production, both defined in an

exclusive or inclusive way, is

n
OV 4njets, LO = AnnOy , (217)

thus, in particular it is proportional to the n-th power of the strong coupling constant
as. These leading order contributions have been calculated from the tree-level matrix-
element for all parton configurations which lead to a V' + n jet final state. Note
again, that jet denotes any (anti-)quark or gluon. For high jet multiplicities these
calculation get increasingly complicated as the number of Feynman diagrams which
need to be calculated has a factorial growth. Currently, final states with up to 6
partons in association with a W or Z bosons can be calculated at leading order [43].
These calculations do not make explicit use of Feynman diagrams, but instead use an
algorithm based on an recursive evaluation of the scattering matrix [44], which has the
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e CDFDATA 108 pb’'
o QCD QéEN: <pr> :
o QCD Qizeﬁwz sz+ P'Zl‘v

0 (W(Z)+2 n jets)BR(W(Z) - e V(e"e) pb

| I | I I
0 1 2 3 4

Multiplicity (= n jets)

Figure 2.4: o - Br for W* — efv+ > n jets (top) and Z — ete + > n jets
(bottom) versus inclusive jet multiplicity [47]. The solid lines are exponential
fits to the data. The data are compared to LO calculations (VECBOS) using
different renormalization scales [48].

advantage that its complexity increases only with the power of the number of outgoing
partons instead of a factorial growth. Next-to-leading order calculations have been
performed for final states with up to two jets [45].

Fig. 2.4 shows the inclusive jet multiplicity in W and Z boson production measured
by CDF in pp collisions at /s = 1.8 TeV (Tevatron Runl) [46,47]. Jets are defined
using a cone algorithm (cf. Section 4.1) with cone size R = 0.4 and are required
to have a transverse energy Er > 15GeV and pseudo-rapidities n < 2.4. The data
are compared to the tree-level predictions of the VECBOsS Monte Carlo program [48]
using two different choices for the renormalization scale, Q7 = M¢ + p7.,, and Q=
(pr)?, with (pr) being the average transverse momentum of the jets. As expected the
leading-order predictions have a sizable dependence on the renormalization scale which

increases with the number of jets, i.e. with the power in as.

The cross section as function of inclusive jet multiplicity n can be well parameterized
by an exponential, o, = o9 x a", with a = 0.20. Certainly, the value of a depends
considerably on the jet definition and the kinematic cuts applied. This geometrical
relation, sometimes called 'Berends scaling’, has been suggested before by tree-level
calculations [48-50]. Note, however, that this relation is only an approximation, which
can largely degrade depending on the specific kinematic cuts. For example it has
been shown in Ref. [48] that the ratio 0,1/0, decreases with n in case of a large jet
separation cut AR(j,j). This can be easily understood when considering the phase
space for the additional jet, which quickly decreases with increasing number of jets.
Eventually, it even becomes impossible to add an extra jet. Evidently, this limit is
being reached earlier with increasing jet-jet separation.

The tree-level predictions for the production cross sections of the associated pro-
duction of vector bosons with jets obviously have several limitations. They neglect
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program matrix- full event merging/matching functionality w.r.t.
element generator W /Z production
PyTHIA LO yes ME correction inclusive production

for first branching

HErwWIG LO yes ME correction inclusive production
for hardest branching
MC@NLO NLO ves (based n.a. inclusive production
on HERWIG)
RESBOS resum- no (only boson n.a. pr spectrum of W/Z
mation  kinematics)
ALPGEN LO no (but interf. MLM, ME-PS match. W/Z + jets
to HERWIG (all parton multipl.) (incl. large multipl.)
or PYTHIA)
SHERPA LO yes CKKW, ME-PS match. W/Z + jets
(all parton multipl.) (incl. large multipl.)
MCFM NLO no (only n.a. NLO corrections to
parton level) integral rates

and shapes

Table 2.1: Monte-Carlo programs which can be used for the simulation of Z and
W' production in hadron collision. For each program, the table lists the following
properties: the order (in «y) of the matrix-element calculation, if the program is a full
event generator or can be interfaced to one, the algorithm (if any) which is implemented
to match/merge matrix-element (ME) calculations with parton showers (PS), and the
main functionality of the program from the perspective of the simulation of W and Z
boson production. See text for details.

higher order corrections, which might be substantial. For example, the exclusive and
inclusive jet multiplicity are assumed to be identical. The calculations have a sub-
stantial scale dependence, especially at large jet multiplicities n as the cross section is
proportional to af. Finally these parton-level calculations need to be complemented
with an evaluation of the full hadronic final state, which involves a consistent merging
of the matrix-element calculation with a parton shower evolution.

2.3 Simulation and event generation

In this section, methods and tools (with emphasis on available computer codes) for the
calculation of cross sections and the event generation for vector boson production are
reviewed. The focus will be on QCD effects, in particular in the production of W and
Z bosons together with jets. Table 2.1 gives an overview of simulation programs which
will be discussed in more detail below.
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2.3.1 Fixed order calculation tools

At parton level, inclusive and differential cross sections for vector boson production
in association with jets can be evaluated using various computer codes. The VEC-
BOS program [48], which was already mentioned before, can be used to calculate cross
sections for up to four additional partons together with the W or Z boson. This pro-
gram was extensively used during Tevatron Runl, in particular for background studies
preceding the observation of the top quark [51,52]. Nowadays, several multi-purpose
tree-level programs are available: COMPHEP [53,54] (up to two additional partons),
GRACE/GR@QPPA [55], MADGRAPH/MADEVENT [56,57] (both including up to four
additional partons), AMEGIC++ [58] (limited to up to about four additional partons')
and ALPGEN [43] (up to six additional partons). It has been demonstrated that the
cross section predictions of these programs agree [59]. To facilitate the calculation, the
partons (i.e. gluons and quarks) are typically treated as massless in the matrix-element
evaluation. For the explicit calculation of vector boson production in association with
heavy flavour quarks (e.g. We, Wee, Whb, etc.) the quarks are treated as massive
partons, which gives an improved description near the kinematic boundaries and al-
lows the generation without applying cuts on the minimum transverse momentum and
angular separation of the heavy flavour quarks.

The parton-level codes have been interfaced to parton shower event generators,
which generate full events including initial and final state radiation as well as hadroniza-
tion. With the exception of AMEGIC++ which is part of the SHERPA event genera-
tor [60], PYTHIA [36] or HERWIG [61,62] can be used for the subsequent event gen-
eration starting from the parton level configuration. The matching of matrix-element
calculations with parton showers will be further discussed below.

2.3.2 Higher order calculation codes

The next-to-leading order correction to V' + n parton production consists of real radi-
ation leading to a V' + (n+ 1) parton final state and virtual loop corrections. Whereas
the former can be evaluated using the tree-level codes, provided that the additional
partons fulfil angular and momentum cuts, the full next-to-leading order calculation
has only been performed for final states with up to two partons in association with the
vector boson. These calculations are implemented in the computer code MCcFMm [45,63].

Fig. 2.5 shows the transverse momentum distribution for the leading jet in W +
1 jet and W + 2 jet events in proton-antiproton collisions at /s = 2TeV evaluated
with McFM at leading and next-to-leading order. In contrast to the leading-order
calculation which does not differentiate between the inclusive and exclusive definition
of jet multiplicities, at next-to-leading order these definitions differ. A real correction
might generate an additional jet, provided that the additional parton is created with
sufficient energy and separation. Therefore it is essential to specify if a NLO correction
is based on an inclusive or exclusive definition of jet multiplicities. Fig. 2.5 shows that
the NLO correction (exclusive definition) significantly softens the transverse momen-
tum distribution of the leading jet, in particular for W + 1 jet production. At high
pr a jet is more likely to radiate a parton which passes the kinematic cuts to count

!The limitation is only practical due to common limitations on computer memory resources.
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Figure 2.5: The transverse momentum distribution of the leading jet in W
+ 1 jet (left) and W + 2 jet (right) events in pp collisions at /s = 2TeV
predicted at LO and NLO by McFM [45]. Shown is the exclusive NLO cal-
culation in both cases, and for W + 2 jets in addition the inclusive NLO
prediction (i.e. where additional partons from real emissions are allowed). A
renormalization/factorization scale of ;1 = 80 GeV has been chosen.

as an extra jet, so that the event is removed from the original sample. In case of the
inclusive definition of jet multiplicities, the NLO correction softens the leading jet pr
distribution only to a considerably smaller amount. Here no event is removed from the
original sample but a radiated parton can decrease the energy of the leading jet.

In case of Wbb and Zbb production, it has been shown that the next-to-leading
order corrections can be rather large (depending on kinematic cuts) and that they
considerably modify the shape of the b jet pr and dijet mass M distributions [64,65].
It should be noted that M cFM does only provide the NLO result for the assumption of
massless b quarks. However, a recent study demonstrated that the inclusion of massive
b quarks have only a modest effect for not too low M,; [66].

At next-to-next-to-leading order (NNLO), computer codes have been made public
for inclusive Z and W production [37] as well as their rapidity distribution [39]. The
NNLO corrections, especially on kinematic shapes, were found to be relatively small.

2.3.3 Resummed calculations

As described in Section 2.2 resummed calculations are well suited to describe the
transverse momentum spectrum in vector boson production. The program RESBOS
is publicly available [67] and incorporates the resummed calculations in form of grid
files as provided by the LEGACY code [42,68], which are matched to the NLO per-
turbative QCD calculation at large boson momentum. RESBOS, which also includes
non-perturbative parameters, gives a good description of the Z boson pr spectrum (cf.
Section 3.4.3).
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2.3.4 Parton shower models

In contrast to fixed order calculations which evaluate differential cross sections only at
the parton level and resummed calculations which only describe the kinematics of the
vector boson (and its decay leptons) while ignoring the hadronic rest, parton showers
in combination with fragmentation models simulate full events at particle level. Thus,
parton shower models are a crucial ingredient in event generators as PYTHIA [36,69],
HERWIG [61,62], and SHERPA [60].

Similar to resummed calculations, parton showers provide an all-order approxima-
tion in the soft and collinear region. In the leading-logarithmic picture, the shower can
be regarded as a sequence of 1 — 2 splittings of a mother parton a into two daughters
b, c: a — be. Perturbative QCD includes the following fundamental 1 — 2 branchings:
q — q9, g — gg, and g — qq. Parton shower algorithms might in addition include QED
branchings, e.g. the model implemented in PYTHIA [36,69] includes photon radiation
off quarks and leptons as well, i.e. ¢ — ¢y and ¢ — {~.

In the following, the main aspects of parton shower models are shortly described
as well as some concepts which are also relevant for the succeeding discussion on the
matching of fixed-order matrix-element calculation with parton showers. A detailed
description of the parton shower models can be found in Refs. [36,60,61] and references
therein. Here, the notation of Ref. [36] is being used.

The kinematics of each branching is defined by two variables, the evolution scale ?
and the relative momentum fraction z. Q? is related to the virtual mass of the parton
a to branch or the transverse momentum scale of the branching. The different models
differ in the exact definition of Q?. Assuming a branching a — bc, parton b will carry a
fraction z of a’s momentum and ¢ the fraction of (1 — z). It is convenient to normalize
the scale @Q* to the QCD scale A and define an evolution variable ¢ = In(Q?/A?). The
branching of partons is described by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) evolution equations [70-72] thus that the differential probability dP, for a
branching a — bc in terms of the two variables ¢ and z is given by

a,(t)
dP, = ; o

P, pe(2)dtdz . (2.18)

Here, the sum runs over all possible branchings and the functions P, .(z) denote
the appropriate DGLAP splitting kernels. For simplicity, only QCD branchings in
Eq. (2.18) are considered, so that the vertex coupling can be specified with «.

The parton shower is developed with respect to the evolution variable ¢. In gen-
eral the shower history can either follow decreasing or increasing ¢. Consider a hard
interaction at scale Q?, ;: The final-state evolves from the high scale ty.q down to a
lower cut-off. The initial-state shower connects the parton within a hadron at a low
scale to the hard interaction following increasing values of ¢. For a given ¢, the differ-
ential branching probability (with respect to a differential range dt) can be obtained
by integrating Eq. (2.18) over the allowed z region:

Z4 (1) t
Toelt) = / dza;< )b, nl2) (2.19)
z_(t) m
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A essential ingredient of parton showers (and also resummed calculations) is the con-
cept of the Sudakov form factor [73], which describes the probability Pro—branching (fo, t)
for a parton a at a reference scale ty not to have branched when it is evolved to the scale
t. This Sudakov form factor is derived by exponentiating the differential no-branching
probability within a range dt, given by (1 — >, . Z,pc(t)dt), so that

t
Sa(t) = Pro—branching (to, t) = €xp {— / dt’ ZIH)C(t’)} . (2.20)
to b,c

The actual probability for a branching of parton a at the scale t is then directly
given by the derivative of the Sudakov form factor S,(t):

dPa dpno branching tOu
> Tae (1) . 2.21
dt dr ( a b ) ( ) ( )

That means that the naive expectation for the branching probability, which is given
by the first factor in the equation, ), . Z,pc(t), is suppressed to take into account
potential branchings which could have happened before. This effect is often referred
to as Sudakov suppression.

For our discussion the initial-state shower is of high relevance as a branching in the
initial state can be regarded as a radiation of a quark or a gluon in the initial state
which will lead to the associated production of jets as discussed in Section 2.2.1.

In principle the initial-state parton shower could be regarded as a probabilistic
evolution of parton densities from the initial scale Q3 to the scale of the hard interaction,
Q3. 4, following the DGLAP approach, where all possible cascades leading to a defined
set of partons taking part in the hard scattering are considered. In practise this forward
evolution scheme is too difficult to implement and an exact treatment of the kinematics
is apparently not possible.

Instead, Monte Carlo implementations of initial-state parton showers commonly use
a backward evolution scheme. Consider a branching a — be, such that a parton a with
momentum fraction z, is resolved into a parton b at x, = zx, and the second daughter
cat x. = (1 — z)x,. In the backward evolution, when ¢ is decreased, the parton b
may be "unresolved’ into parton a with a relative probability dP, = d fy(zp,t)/ fo(zs, t)
which is derived using the DGLAP evolution equations:

de dfb .Tb, |dt| Z / dxa fa xa7 o{S<t> Pa—»bc (?) ] (222)

Lq fb SL’b, 21 a

As seen before, the probability for no branching exponentiates and the probability
that a parton b remains at x;, when evolving from ¢; to to < t; can be expressed in
form of a Sudakov-type form factor

S ol [ [ () o
. as xafa(xaat/)
— eXp{— / dr’ Z / H,c(z) T ,)} . (2.24)
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The main difference with respect to the original Sudakov form factor S, given
in Eq. (2.20) is that the probability is proportional to the ratio of the distribution
functions of partons a and b. This can be intuitively understood: The probability for
parton b to originate from parton a is proportional to the density of a, f,(z4,t), and
inversely proportional to the density of b, fy(x,t"). The latter is due to the fact that
the overall probability is divided between all partons of type b.

In analogy to Eq. (2.21), the probability that a parton b, which either takes part
in a hard scattering or branches at scale ¢/, was produced in a previous branching at
lower scale t can be derived directly from the form factor Sy(xp, ', ):

de . dSb :L‘b,t t
dat (Z/

The modification to the Sudakov form factor with the ratio of parton densities (cf.
Eq. (2.24)) is not generally adopted in initial state parton shower algorithms, although
this procedure correctly describes the non-branching probability. Whereas PyYTHIA
uses this modified Sudakov form factor, HERWIG uses an identical Sudakov for initial
and final state showers. Nevertheless, HERWIG includes the ratio of parton densities
in the calculation of differential branching probabilities similar to Eq. (2.25), although
this is formally not identical to the derivative of the Sudakov form factor.

xafa(xaa tl)
Ty fo (13, 1)

a—>bc(z) >3b($b,t/at) . (2.25)

2.3.5 Combining matrix-element computations with parton
shower models

As discussed before, fixed-order matrix-element calculations and parton shower algo-
rithms have their strengths in different kinematic regimes. The perturbative calcula-
tion of a matrix-element is a very good approximation at large transverse momenta
and large parton-parton separation. Also, it accounts for interference effects in the
hard interaction, e.g. amplitudes of different processes leading to the same final state
are correctly added. As matrix-element calculations turn to be increasingly complex
at higher orders, they have a practical limit at large parton multiplicities. Contrary to
these calculations, the complexity of parton showers only mildly increases with parton
multiplicity as the branching probability is evaluated separately for each parton leg.
The leading-log approximation implemented in parton showers provides a good descrip-
tion in kinematic regions dominated by soft and collinear radiation, but only poorly
describes parton radiation at large momenta and large angles. Thus, the kinematic do-
mains of the parton shower algorithms and matrix-element calculations, respectively,
are complementary, which suggests a combination of both approaches to optimally
describe processes leading to multi-parton final states.

Already several years ago, various techniques have been developed to combine
matrix-element and parton-shower methods. Matching algorithms introduce an inter-
mediate scale at which the transition from one method to the other takes place [74-76].
These methods are well suited to describe exclusive jet topologies, but might suffer from
discontinuities around the transition scale.

Less general are merging strategies, in which the parton shower is modified using
weights obtained from matrix-element calculations. This method has been explicitly
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applied to multijet production in electron-positron annihilation (merging of eTe™ — ¢q
with ete™ — ¢qg) [75,77] and vector boson production at hadron colliders (merging of
q7 — V with ¢ — Vg and qg — V¢') [78,79]. Tt is implemented for these processes
in the parton shower event generators PYTHIA [69] and HERwWIG [62]. Whereas in
PyTHIA only the first branching is corrected, in HERWIG any emission, which could
be the hardest, is modified. The correction is applied using a weight corresponding to
the ratio of rates predicted by the matrix-element calculation and the parton shower,
respectively. As these models only take into account matrix-element corrections for
one additional parton, they give a fair description of the emission of one hard jet in
association to a vector boson (with possible additional soft jets) but fail to correctly
describe the emission of multiple hard jets, in particular they underestimate the jet
multiplicity in vector boson production (see Section 4).

Recently, more general matching schemes have been developed which combine
matrix-element calculations for various parton multiplicities with parton showers and
which explicitly avoid double counting? by means of weighting procedures or veto al-
gorithms. These models address in particular the associated production of multiple
jets with vector bosons at hadron colliders and attempt to give a full description of
inclusive W and Z boson production in the entire kinematic region, i.e. from zero jet
emission up to multiple jet emission without discontinuities in the transition regions.
In contrast to these schemes, the merging algorithms implemented in PYTHIA and
HERWIG only attempt to correctly describe the emission of a single hard jet.

Of particular interest for the event generation at Tevatron and LHC experiments
are the Catani-Krauss-Kuhn-Webber (CKKW) matching scheme [80,81], which is im-
plemented in the SHERPA Monte Carlo program [60], and the Mangano (MLM) scheme,
which is implemented in the ALPGEN event generator [43]. Using the example of W
boson production in proton-(anti-)proton collisions, p{p) — W 4 n jets, the general
strategy of these matching procedures can be described as follows [82]:

1. A matching scale )y and a jet algorithm is defined, and the cross sections for
W + n; jet production is evaluated for each n; up to a maximal value n,,., using
matrix-elements.

2. A parton configuration is chosen based on the relative contribution of the W +n;
cross section and the kinematic configuration is given by the matrix-element.

3. A weight is calculated which accounts for Sudakov-type suppressions and for
the choice of the scale used in the calculation of the running strong coupling
constant g and the Sudakov-type suppressions. Based on this weight and a
random number the parton configuration is either accepted or rejected. In case
of the latter, step 2 is repeated.

4. A parton shower is developed starting with the accepted parton configuration.
Radiations above the matching scale are vetoed to avoid double counting. As in
the case of the MLM scheme this step can be (partly) combined with the previous
step.

2The same phase space could be filled by both matrix-element and parton shower.
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Figure 2.6: Three possible configurations for a' V- + 2 jet event [81]. The hard
interaction takes place at the scale Qg with an momentum fraction x, for the
left incoming parton. The other branchings are labelled with the corresponding
nodal scales and parton momentum fractions.

Whereas the vetoing of additional jets can be understood intuitively, the weights
defined in step 3 are not obvious. They can be motivated by reminding that the
parton shower provides a good description when the scale of the branching is small
and there is a strong ordering in the scales of subsequent branchings. This behaviour
of the parton shower can be approximated by the matrix-element calculation provided
that the strong-coupling constant is chosen according to the scale of each branching
and Sudakov form factors are added to all quark and gluon lines to account for the
non-vanishing branching probability for this leg.

The CKKW algorithm, which has been initially introduced for multi-parton produc-
tion in electron-positron annihilation and proven here to be accurate to the precision of
next-to-leading-logarithms (NLL) [80], has been extended to hadron-hadron collisions
by one of the original authors [81]. This scheme uses a kr-measure to assign partons
to jets [83] and step 3 of the procedure can be sketched as follows: A shower history is
reconstructed by clustering the initial and final state partons of a configuration given
by the matrix-element using the kp-algorithm. Nodal scales Q1 > Q2 > ... > Q,, > Qg
are defined as the scales at which 1, 2, ... , n jets are resolved. A coupling constant
weight is defined as o (Q1) X ... X as(Qn)/as(Qo)", i.e. relative to the fixed scale Qo,
which is used in the evaluation of the matrix-element in step 1. For each quark and
gluon line a Sudakov factor (in NLL-approximation) is added and the corresponding
weight is given by the product of all factors. This weight is modified for the configura-
tions given by the matrix-element corresponding to the highest parton multiplicity to
implicitly take into account the possibility to have extra soft jets [84]. Fig. 2.6 shows
possible configurations for a V' + 2 jet event and denotes the nodal scales for the par-
ton branchings. The procedure to determine the weights for this example is detailed
in Refs. [81,84].

The CKKW scheme is implemented in the SHERPA event generator and, in a
modified version, also in the ARIADNE program [85], which is based on the dipole
model [86,87] which describes 2 — 3 partonic splittings instead of the 1 — 2 branch-
ings in conventional parton shower models. An alternative implementation of the
CKKW scheme combines matrix-element calculations obtained with MADGRAPH with
the parton showers of HERWIG and PYTHIA, which are also used to provide a numerical
approximation of the Sudakov weighting procedure [88].

The MLM matching scheme, which is implemented in ALPGEN (since version 2),
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adopts some of the original ideas suggested by CKKW, but uses a parton shower veto
algorithm instead of a rigorous Sudakov weighting. A tree structure is build from the
initial parton configuration (step 3) in analogy with the CKKW procedure, but using
the colour-flow extracted from the matrix-element instead of a kr measure [89]. The
reweighting in ay is adopted, but instead of using additional weights defined by formal
Sudakov factors, an algorithm based on parton shower trial and veto is employed.
The particles at the end of the parton shower, given by either HERWIG or PYTHIA,
are clustered using a cone jet algorithm instead of the kp-measure and the jets are
matched to the partons from the matrix-element calculation. For all but the highest
multiplicity parton configurations, an exclusive matching is applied, where events with
additional jets are vetoed. This veto replaces the Sudakov reweighting used in the
CKKW scheme. For the highest parton multiplicity, an inclusive matching allows the
production of extra jets.

Instead of combining tree-level matrix-element calculations for various parton mul-
tiplicities with parton showers, another approach is to match NLO calculations with
a parton shower, which has been achieved with the event generator MC@QNLO [90],
which utilizes the parton shower model of HERWIG. This matching procedure has only
been implemented for a limited number of processes including the production of vector
bosons. The advantage of MCQNLO compared to the tree-level generators discussed
above is that integrated cross sections obtain the higher order correction as well. As
the NLO matrix-element for vector boson production does only include the emission
of a single additional parton, MC@QNLO is not well suited to describe the production
of multiple parton emission at large transverse momenta.

2.3.6 Event generators for W /Z + jet production

As discussed in the previous sections, the event generators SHERPA and ALPGEN, pro-
vide both matrix-element calculations for large parton multiplicities as well as a match-
ing scheme to combine these matrix-elements with parton shower models. Therefore,
these programs are very well suited for the simulation of vector boson production in
association with jets. In this section, first systematic studies for the validation of the
event generators are reviewed and finally the predictions of SHERPA and ALPGEN are
compared to those of the parton shower generator PYTHIA.

The ALPGEN program is discussed as a generator for W+ jet production and in
particular for the associated production with heavy flavour jets, Wbb+ jets, in Ref. [89)].
Fully showered final states are analysed using HERWIG as parton shower model. The
systematics in the mapping of the parton level prediction given by the matrix-element
calculation to the configuration after the parton shower are studied. When the parton
configuration after the parton shower is clustered into jets using a cone algorithm of
size Rje; = 0.4 and when it is compared to the matrix-element prediction using a parton
separation of the same size AR = 0.4, one observes that the parton shower results in
an energy loss out of the cone, which is depicted in the left panel of Fig. 2.7. This
suggests that a jet cone should be used which is wider than the parton separation
for the configurations which are fed into the parton shower. This is demonstrated in
the right panel of Fig. 2.7. Here, parton-level events with separation AR = 0.4 are
showered and subsequently clustered into jets of cone size Rje; = 0.7. The resulting jet



2.3 Simulation and event generation 19

.7 ——7———
W+ 3 jet 1 i W + 3 jets

Solid: partons 1071 ¢ Solid: partons (AR>0.7) E
0.100 - Dashes: jets E %o, ©: Herwig R=0.7 jets, from 3
0,050 r . AR>0.4 parton sample 1
. I 2
& L1902 |
& &
= =
N A
$0.010 — - 3
= = I3
g r =2
€ 0.005 | 5 1073
ooop A v bl 0 b ey by ) e 1074\\\\\\\\\\\\\\\\
0 50 100 150 200 0 50 100 150 200
Er (GeV) Er (GeV)

Figure 2.7: Inclusive transverse momenta distributions of jets in W + 3 jet
production at the parton level and after shower evolution calculated with ALP-
GEN [43] and HERWIG [61] for the parton shower. Left: parton level jets are
defined by an isolation cut AR > 0.4, and showered jets by a cone Rje, = 0.4.
Right: for the parton level prediction AR > 0.7 is chosen; the showered jets
with Rje, = 0.7 are based on partons generated with AR > 0.4 [89)].

transverse energy distributions agree well with the parton-level prediction if the latter
has been generated using a parton separation of AR = 0.7.

The SHERPA event generator was studied and validated for W/Z+ jet production
at the Tevatron [91] and LHC [92]. It was verified that the predictions for inclusive ob-
servables (pr(W), pr(e), n(W), n(e)) and for differential jet rates show only very little
dependence on the choice of the matching scale which was varied between 10 GeV and
50 GeV. Also it was demonstrated that the inclusion of higher multiplicities does not
significantly change more inclusive variables, which can be interpreted as a verification
of the modified matching procedure for the highest multiplicity bin.

The parton level predictions of SHERPA were also compared to the NLO calcula-
tions given by McFMm [91]. Here, the event generation was stopped before the parton
shower, i.e. the matrix-element was reweighted with the ratios of the strong coupling
constant and the ratios of the Sudakov form factors according to the CKKW scheme.
The fixed-order LO and NLO results were obtained using My, for the factorization
and renormalization scales. Fig. 2.8 shows a comparison of the leading and trailing jet
transverse momenta as predicted by SHERPA compared to the LO and NLO calculation.
One can notice that at NLO the jet transverse momentum distribution is significantly
softer than the LO prediction, since the probability that a parton is emitted (corre-
sponding to the real NLO correction) which fulfils the criteria for an additional jet
is increasing with larger jet momenta. Consequently, the fraction of events removed
from the exclusive sample is increasing with jet py. For not too large jet pr, SHERPA
agrees well with the NLO calculation, demonstrating that the ay and Sudakov weight-
ing can mimic higher order corrections. At very high transverse momenta, the rate
predicted by SHERPA is higher than the NLO prediction, as the scale used for the rele-
vant branching is considerably larger than the fixed scale used in the NL.O calculation,
which is given by My,. In fact increasing the scale in the NLO calculation results in
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Figure 2.8: The transverse momentum pr of the first and second jet in exclusive
W+ 2jet (left) and Z + 2jet (right) production at the Tevatron Run II,
predicted by the SHERPA event generator [91] and compared to LO and NLO
given by MCFM [45, 65].

an improved agreement.

To be able to relate generator predictions to experimental data, kinematic distri-
butions at the particle level, i.e. including fragmentation and hadronization, need to
be simulated. In the following, kinematic distributions for Z+ jet production at the
Tevatron obtained with ALPGEN, SHERPA, and PYTHIA are compared. A similar com-
parison, but not including PYTHIA, was presented in Ref. [82]. Here, the difference of
ALPGEN and SHERPA to the traditional partons shower generator PYTHIA, which does
not include a full matching scheme, but only matrix-element corrections to the first
parton shower branching, is also explicitly demonstrated. In this study inclusive Z/~*
production (mass range: 60 < M;; < 130 GeV) is simulated and final state particles are
clustered using the PXCONE implementation [93] of the cone algorithm using a cone
size of Rje; = 0.5. For all event generators the underlying event which includes multiple
parton interactions was simulated. In addition to the hard process (e.g. ¢q¢ — Z), pos-
sible additional interactions between partons from the beam remnants were included.
The parameter settings have been chosen to match the values used in the Monte Carlo
event generation for the DO experiment. Generator defaults have been selected with
the exceptions noted below:

e PyTHIA: Version v6.323 is used with CTEQ6L1 PDF sets [94]. The inclusive
2 — 1 process is selected (MSEL 11) and CDF’s Tune A is used for the underlying
event simulation [95,96]. About 600,000 events were processed.

e ALPGEN: Version v6.205 with CTEQ6L1 PDF sets is used. Matrix-elements
with up to 3 massless partons (g, u, d, s, ¢) in association with the Z/v* are
included requiring a minimal transverse momentum of 8 GeV (ptjmin 8) and a
parton separation AR > 0.4 (drjmin 0.4). The CKKW scale prescription is
selected (ickkw 1) and PYTHIA is used for the parton shower, fragmentation,
hadronization and simulation of the underlying event (with Tune A). For the jet
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Figure 2.9: Z boson transverse momentum spectrum in pp scattering at /s =
1.96 TeV as predicted by SHERPA, ALPGEN, and PYTHIA (left: linear scale,
right: logarithmic scale). See text for the parameters used in the generation.
For the SHERPA prediction statistical errors are shown. The ALPGEN and
PyTHIA distributions are based on significantly larger statistics.

veto algorithm, jets are defined using a minimum FE; = 8GeV, a cone size of
Rie = 0.4, and a parton-jet separation of AR = 1.5R; (etclus 8, rclus 0.4).
About 1.5 million events were simulated.

e SHERPA: Version v1.0.8 with CTEQG6L PDF sets® is used. Matrix-elements for
up to 3 massless partons (g, u, d, s, ¢) are included and @ = 15GeV is chosen
as CKKW matching scale. The underlying event is simulated using the AMISIC
generator internal to SHERPA. About 100,000 events were processed.

All distributions have been simulated for proton-antiproton collisions at centre-of-
mass energies /s = 1.96 TeV, i.e. the situation at Tevatron RunII, and they have been
normalized to unity to allow direct shape comparisons. The verification of the event
generators with experimental data will be discussed in the following chapters.

Fig. 2.9 presents the transverse momentum spectrum of the Z boson. At very large
pr(Z) the event generators ALPGEN and SHERPA predict a higher rate as PYTHIA as
final states with multiple hard radiated partons, which are absent in PYTHIA, have
an increasing contribution. At low pr(Z) PYTHIA and ALPGEN agree and both differ
significantly from SHERPA. This can be understood as in this kinematic region the
shape of the transverse momentum distribution is sensitive to details of the parton
shower model and to assumptions on the intrinsic k7 of the partons within the proton.

The exclusive jet multiplicities for lower transverse energy cuts Er > 15 GeV and
Er > 25GeV, respectively, are shown in Fig. 2.10. As the parton shower in PYTHIA
includes a correction to the first branching, one expects that the rate of one jet events

3The CTEQS6L set differs from CTEQ6L1 only in the detail that for the PDF fit a NLO evolution
for the running of «; is used instead of the LO one. Both PDF sets are based on LO matrix-elements.
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Figure 2.10: Exclusive jet multiplicity in Z boson production in pp scattering
at /s = 1.96 TeV as predicted by SHERPA, ALPGEN, and PYTHIA. The jets
are required to be within pseudo-rapidities of |n| < 2.5 and to have a minimal
transverse energy of Er > 15GeV (left) or Er > 25 GeV (right), respectively.
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Figure 2.11: Leading jet Er in Z+ > 1 jet production in pp scattering at
Vs = 1.96 TeV as predicted by SHERPA, ALPGEN, and PYTHIA (left: linear
scale, right: logarithmic scale).

is well described, but for larger jet multiplicities the rate is underestimated when com-
paring to simulations including matrix-elements for higher parton multiplicities. This
trend can be observed when comparing the rates predicted by ALPGEN and PYTHIA.
It is interesting to notice that the jet multiplicity as generated by SHERPA falls signif-
icantly below the ALPGEN prediction. As both generators include matrix-elements up
to the same parton multiplicity, this observation is in contrast to the naive expectation,
but it can be understood with the predicted jet transverse energy distributions.

Figs. 2.11 and 2.12 depict the Er distribution of the leading jet in Z + 1 jet events
and the second jet in Z + 2 jet events, respectively. One can notice that the ALPGEN
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Figure 2.12: Trailing (second hardest) jet Ep in Z+ > 2 jet production in pp
scattering at /s = 1.96 TeV as predicted by SHERPA, ALPGEN, and PYTHIA
(left: linear scale, right: logarithmic scale).
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Figure 2.13: Separation of leading and trailing jets in Z+ > 2 jet production
in pp scattering at /s = 1.96 TeV as predicted by SHERPA, ALPGEN, and
PyTHIA. Shown is the difference of the jets’ pseudorapidties n; (left) and

polar angle ¢; (right).

and SHERPA distributions agree at large Fr, i.e. the kinematic region dominated by
the hard matrix-element, but that at low EFr ALPGEN predicts a higher rate. In this
rather soft region, the prediction significantly depends on the details of the parton
shower and the assumptions of the underlying event model. Therefore, against the
common believe, the measurement of jet multiplicities alone is not a meaningful test
of hard parton radiation at large Er. The figure also demonstrates that the jet Erp
spectrum as predicted by PYTHIA is significantly softer, an effect which is even more
pronounced for sub-leading jets.

It is also interesting to study the correlations between jets in events with at least two
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jets. The most basic quantities are the jet-jet separation in pseudo-rapidity, |n; — 12|,
and in polar angle, |1 — ¢s|, both shown in Fig. 2.13. The most striking difference is
the enhancement of the rate at |¢p; — ¢5| = 7 seen in PYTHIA and ALPGEN. This can
be attributed to the underlying event model implemented in PYTHIA and also used in
the ALPGEN simulation, which can generate a pair of additional low-pr jets balanced
in azimuth.

2.4 Conclusions for new phenomena searches

The production of W and Z bosons, as well as Drell-Yan lepton-pairs is a major
background in searches for new phenomena and the Higgs boson. In particular, vector
boson production with associated jets generates final state topologies which resemble
those of many signal processes, which will be discussed in detail in the last chapter.

The phenomenology of the Drell-Yan process is in principal well understood. QCD
corrections for the inclusive reaction are available up to NNLO. The higher order
corrections lead to the production of jets in association with the vector bosons, reaching
large jet multiplicities nje; as the radiation of additional partons is only suppressed with
O(as). Due to the complexity of the final state, cross sections for nje, > 3 can only be
calculated at LO resulting in predictions with substantial uncertainties.

The traditional parton shower event generators, as PYTHIA and HERWIG, which
are long established and tuned to experimental data, are well suited to simulate the
inclusive production of vector bosons, but fail to accurately describe the multiplicity
and transverse momentum spectrum of associated jets. Event generators which con-
sistently combine matrix-element calculations up to large parton multiplicities with
parton shower radiation, as SHERPA and ALPGEN, aim to correctly describe the as-
sociated production of vector bosons with jets up to high multiplicities. Although
the predictions of these Monte Carlo programs differ in some important details and
they still need to be confronted and verified in-depth with experimental data, one can
conclude that they should be the primary choice for the simulation of W/Z + jet
production, which is an essential ingredient in searches for a vast collection of new
phenomena.



Chapter 3

Measurement of inclusive W, Z
boson and Drell-Yan production at
hadron colliders

Evidence for the production of the weak bosons W and Z was first reported in 1982/83
by the UA1 and UA2 collaborations at the CERN pp-collider SppS. Nowadays at the
Tevatron and soon at the LHC W and Z boson production are standard candles which
are used both for precision measurements and calibration purposes. As the production
cross sections can be calculated at next-to-next-to-leading order (NNLO) in the strong
coupling, the precision of the theoretical prediction is high, thus allowing an alternative
measurement of luminosities which is not based on the total inelastic cross section in pp
or pp collisions. An additional motivation for precise measurements (and calculations)
of W and Z boson production is given by their role as an important background for
the measurement of and search for standard model and non-SM processes.

3.1 Predictions on W and Z production cross sec-
tions

As discussed in Section 2.2 the inclusive cross section of the Drell-Yan process, which
is the basic mechanism for the production of high-mass lepton pairs and the weak
bosons, can be calculated at NNLO in the strong coupling constant [37,38]. Thus the
precision of the theoretical prediction is expected to be very high. The uncertainty on
the calculation due to the contribution of higher orders beyond NNLO can be estimated
by varying the renormalization and factorization scales in the NNLO calculation. A
simultaneous variation of these scales between 0.5My < @ < 2My (with My being the
mass of the vector boson) results in modest uncertainties of about 0.3% and 0.5-1% on
the W and Z boson production cross sections at the Tevatron and LHC, respectively
(cf. Tab. 3.3).

A larger uncertainty on the theoretical prediction originates from the limited preci-
sion of the parton distribution functions (PDF) of the proton (and anti-proton). Thus
the main uncertainty on the cross-section predictions is in fact of experimental nature
as the PDF's are constrained through measurements of deep-inelastic electron, muon

25



26 3 Measurement of inclusive W, Z and Drell-Yan production at hadron colliders

or neutrino-proton scattering, jet production in proton-antiproton collisions, etc.

Since several years PDF sets! which parameterize the uncertainty on the parton
distributions have been made available. Whereas the first published error on PDF sets
where only based on deep-inelastic scattering data [97,98], the recent global PDF fits
by the CTEQ and MRST groups also provide an error evaluation [94,99]. The CTEQ
and MRST uncertainty estimates sets are based on the Hessian method [100]: A global
x? function is used not only to extract the best fit but also to parameterize the region
close to the global minimum. The error matrix is diagonalized (Hessian matrix) and
eigenvector PDF sets are defined. To account for non-symmetric dependencies, for
each eigenvector a separate PDF error set is defined for each direction.

The PDF uncertainty on a cross section o is then given by

Ao =2 | > [olaf) - a(ai)F] : (3.1)

k=1

where the sum is over all n eigenvectors and a;, a; denote the corresponding PDF

error sets. The PDF uncertainty of any observable X can be evaluated in an analogue
way. As both the global x? function does in general not depend quadratically on the
fit parameters and the observable can have a non-linear dependence, one also defines
asymmetric uncertainties on the cross section as follows:

N

n

ato = |3 [mas(o(a?) ~ olao). o(a;) — olao), 0)]1

k=1

1
n 2

Ao = Z[min(a(aj)—a(ao),g(a;)—a(ao),())f] , (3.2)

k=1

where ag denotes the central PDF fit?.

In the following, Z and W boson production cross sections and their PDF un-
certainty based on the PDF error sets of CTEQ6.1M [101], CTEQ6.5M [102], and
MRST2001 [99] are reported. Whereas MRST uses 15 eigenvectors, CTEQ defines 20
eigenvectors, leading to 30 or 40 PDF error sets, respectively.

Table 3.1 lists cross sections for Z and W boson production cross section for both
pp-scattering at Tevatron (/s = 1.96 TeV) and pp-scattering at LHC (/s = 14 TeV)
calculated with various PDF sets and up to NNLO in the strong coupling constant
using the code of Refs. [37, 38] augmented with the latest PDF sets. The numbers
are given as the product of the cross section times the leptonic branching ratio (w.r.t.
one flavour), o(Z) - Br(Z — ll) and o(W%) - Br(W* — (*v), respectively. The
contributions from W' and W~ production are added and Br(Z — [l) = 0.03366 and
Br(W* — (*v) = 0.108 [103] are used. The NLO correction is about oxpo/oro =
1.33 at the Tevatron and ~ 1.15 at the LHC. The additional NNLO correction is
oxnpLo/onpo ~ 1.02 (Tevatron) and = 0.99 (LHC), respectively. Note that in Table 3.1

LA PDF set refers to a collection of PDFs for the various partons obtained in a combined fit.
2The somewhat complicated form of this definition is motivated by the observation that in some
cases o(a;") and o(a; ) deviate from the central value in the same direction.

%
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o(Z)-Br(Z —1l) | o(W*) - Br(W* — (*v)

TeV (1.96 TeV) LHC (14 TeV)
PDF set Ref. PDF order ME order Z [pb] W [nb] Z [nb] W [nb]
CTEQHL [104] LO LO 182.7 1.979 1.603 17.65
CTEQ6L1 94] LO LO 177.5 1.933 1.601 17.58
MRST2001 [105] LO LO 176.6 1.925 1.548 16.82
CTEQ5HM [104] NLO NLO 247.3 2.689 2.008 21.93
CTEQ6.1M  [101] NLO NLO 235.9 2.560 1.846 20.16
CTEQ6.5M  [102] NLO NLO 244.2 2.655 1.993 21.72
MRST2001C [99] NLO NLO 240.3 2.610 1.887 20.35
MRST2004 [106] NLO NLO 240.3 2.613 1.894 20.46
MRST2004 [106] NNLO NLO 245.5 2.661 1.882 20.25
CTEQHM [104] NLO NNLO 253.6 2.748 1.999 21.76
CTEQ6.1M  [101] NLO NNLO 241.6 2.612 1.834 19.96
CTEQ6.5M  [102] NLO NNLO 250.6 2.715 1.984 21.55
MRST2001C [99] NLO NNLO 246.4 2.665 1.878 20.18
MRST2004 [106] NLO NNLO 246.4 2.670 1.886 20.30
MRST2004 [106] NNLO NNLO 251.9 2.721 1.880 20.16

Table 3.1: Z and W boson production cross sections at Tevatron (pp scattering at /s =
1.96 TeV ) and LHC (pp scattering at /s = 14 TeV ) for various PDF parameterizations
calculated up to NNLO (based on the computer code of Refs. [37,38]).

the only full NNLO calculations, i.e. calculations which use both the NNLO matrix-
elements and an NNLO PDF set, are based on the MRST2004 (NNLO) PDF set and

are thus considered to be the ’best’ predictions.

The uncertainty on the calculation of the Z boson production cross section at the
Tevatron is shown in Table 3.2. The scale and PDF uncertainties are evaluated at LO,
NLO, and NNLO to demonstrate the following: At LLO the underlying hard process is
independent of the strong coupling. Thus the small change in the evaluated cross sec-
tion is only due to the variation of the factorization scale. While the scale uncertainty
is > 1% at NLO, it is considerably reduced to 0.3% at NNLO. The PDF uncertainty
has been evaluated with both the assumptions of symmetric and asymmetric errors
according to Equations (3.1) and (3.2). It is significantly larger than the scale uncer-
tainty and it is mildly increasing at higher orders due to the increased contribution
of diagrams with gluons in the initial state, the distribution functions of which are
less well constrained. Notably, the allowed ranges calculated with the PDF error sets
of CTEQG6.1M [101], CTEQ6.5M [102], and MRST2001 [99] differ considerably. The
moderate reduction of the uncertainty from 3.7% to 2.9% with the CTEQ update can
be understood as the theoretical and experimental input for CTEQG6.5M were improved
and the fit parameters were more thoroughly studied. The uncertainty range evalu-
ated using the MRST PDF sets is about a factor 2.5 smaller. Part of this difference
can be attributed to the different ways how the CTEQ and MRST groups define their
confidence region. They both aim to approximate a 90% C.L. interval using their error
sets, but as this range cannot be rigorously defined, they do not agree on its defini-
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o(Z) scale uncert. PDF uncertainty

TeV CTEQG.1M CTEQG6.5M MRST2001
(%] symmetric / asymmetric + / — [%]

LO: +0.0 -0.6 £3.5 +35 —-38 £2.7 +2.7 -28 £1.2 409 -—-1.5

NLO: +1.7 -1.1  +£36 +36 —4.0 £29 429 -29 £12 +1.0 —-1.6
NNLO: +0.3 —0.3 +£3.7 +3.7 —4.1 +29 +3.0 —-29 +1.2 +1.0 —1.6

Table 3.2: PDF and scale uncertainties on the Z boson production cross sections
at the Tevatron. The PDF uncertainties are evaluated using the PDF error sets of
CTEQ6.1M [101], CTEQ6.5M [102], and MRST2001 [99], respectively. The scale un-
certainty is evaluated by varying simultaneously the factorization and renormalization
scales between 0.5My < ) < 2My,.

scale uncert. PDF uncertainty
CTEQ6.IM CTEQ6.5M MRST2001
(%] symmetric / asymmetric [%]
TeV: 0(Z) o +3.7 7 429 39 412 f10
TeV: o(W) 02 +3.8 T 431 32 412 f19
LHC: 0(Z) il +48 % 438 T4 +17 *ld
LHC: o(W) +os +5.0 29 440 S 418 FL2

Table 3.3: PDF and scale uncertainties on the Z and W boson production cross sections
at NNLO at Tevatron (TeV) and LHC. See Tab. 3.2 and text for details.

tion. Whereas CTEQ estimates the region by allowing in their y2-test a difference of
Ax? =100 w.r.t. their best fit value, MRST uses a value of Ay? = 50. Therefore, one
would expect that the uncertainty range given by CTEQ is roughly a factor v/2 ~ 1.4
larger, which can only explain a fraction of the observed difference. Given that the
central values of the Z and W boson production cross sections calculated at the same
order using various recent PDF sets scatter by about ~ 3% (cf. Table 3.1), a more
conservative estimate of the uncertainty range appears to be appropriate. To give an
example, we note that the cross sections calculated with CTEQG6.1M are outside the
allowed uncertainty range of CTEQ6.5M.

Table 3.3 lists the scale and PDF uncertainties (calculated at NNLO) for both Z and
W boson production cross sections at both the Tevatron and the LHC. In general the
scale error is comparably small and the PDF uncertainty is about 3% at the Tevatron
and 4% at the LHC.

A large fraction of the uncertainties in the cross section predictions cancel in the
ratio

ow+ - Br(W* — (*v)
oz -Br(Z —=1)

R = (3.3)

which is of particular relevance for the indirect measurement of the total W boson
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CTEQHM -6.1M -6.5M MRST2001C -2004NLO -2004NNLO
TeV: 10.83 10.81 10.83 10.82 10.83 10.80
LHC: 10.89 10.88 10.86 10.74 10.76 10.73

Table 3.4: Predictions for the ratio R = a(W=*)- Br(W* — (*v)/ (0(Z) - Br(Z — 1))
at Tevatron and LHC calculated at NNLO.

scale uncert. PDF uncertainty
CTEQ6.1M CTEQ6.5M  MRST2001
(%] symmetric / asymmetric [%]
TeV: o(W)/o(Z) .10 +0.52 04 4051 f02 4039 F042
LHC: ¢(W)/o(2) e +0.38 103 +£0.46 08 +0.32 O3

Table 3.5: PDF and scale uncertainties on production cross section ratio o(W)/o(Z)
at NNLO at Tevatron (TeV) and LHC. See Tab. 3.2 and text for details.

decay width Iyy. It can be calculated from a measurement of R, as

F F — IV
R=2W "2 “Wolv (3.4)
oz I'y—u Iw

Both the ratio oy /o7 and the leptonic W decay width Iy, can be calculated the-
oretically to high precision. The leptonic branching fraction of the Z boson I'z_; /I,
has been measured very accurately at LEP. Tables 3.4 and 3.5 show the central val-
ues for the cross section ratio calculated with various PDF sets and its uncertainties,
respectively.

3.2 Measurement of Z and W boson production
cross sections at hadron colliders

Following the discovery of the weak vector bosons at the SppS collider, their produc-
tion cross sections in proton-antiproton scattering at /s = 546 GeV and /s = 630 GeV
were measured in both electron and muon decay channels by the UA1 and UA2 collab-
orations [107-109]. The most precise measurement was achieved by the UA2 collabo-
ration in the e channel based on a data set of an integrated luminosity of 13pb~'. A
statistical error of 2% and 6% was achieved for the W and Z production cross section,
respectively. A systematic error of 6% was estimated which was largely dominated by
the uncertainty on the luminosity.

During Runl at the Tevatron oy and oz have been measured in pp-collisions at
Vs = 1.8TeV by the CDF [110-113] and DO [114-116] collaborations in both the
electron and muon decay channels. D@ also published a measurement of the W cross
section in the 7 decay channel [117]. The most precise measurement was obtained by
D@ in the e channel [116]. Based on an integrated luminosity of 84.5pb ™' statistical
errors as low as 0.4% (W) and 1.4% (Z) could be obtained with a systematic error of
5% which mainly reflects the uncertainty on the luminosity determination.
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Measurements of the weak bosons’ production cross sections at Tevatron’s increased
collision energy of /s = 1.96 TeV in Run IT have been published by the CDF collabora-
tion based on an initial dataset with an integrated luminosity of just 72 pb~* [118,119].
Detailed descriptions of the CDF and D@ experiments at the Tevatron Runll are
given in Refs. [120,121]. For the CDF measurement both the electron and muon de-
cay channels have been used. The data are collected using common single-electron or
single-muon triggers, respectively, for both W and Z selections.

W candidates are selected by a reconstructed high pr electron or muon and large
missing transverse energy, Fr, originating from the undetected neutrino. Electrons are
identified with electromagnetic showers in the calorimeter which are matched to recon-
structed tracks. Muons are identified based on track segments in the muon chambers
which are matched with a track reconstructed in the central detector. For Z candidates
looser lepton identification requirements are imposed on the second electron or muon
to increase the total event reconstruction efficiencies.

The kinematic and geometric acceptance for the event selection was evaluated us-
ing the PYTHIA event generator [122] and a full simulation of the CDF detector based
on the GEANT simulation program [123]. As the acceptance critically depends on the
pseudorapidities of the decay leptons and therefore on the boson rapidity y, the ac-
ceptance was determined as function of y and applied on the NNLO calculation of the
differential production cross section do/dy [39]. This theoretical prediction depends on
the input parton distribution functions and the corresponding uncertainty is evaluated
similar to the prescription given above using the CTEQ6M error PDF sets. The result-
ing uncertainty on the acceptance ranges from 0.7%-2.1% depending on the channel.
It is interesting to notice that this uncertainty constitutes the largest systematic error
(besides the 6% uncertainty of the luminosity determination) in the cross section mea-
surements. For the electron channels, the limited accuracy in the material description
implemented in the detector simulation results in the second largest contribution to
the uncertainty on the acceptance.

Efficiencies for lepton reconstruction, identification, and triggers are measured di-
rectly using Z — ¢*¢~ decays. A tag-and-probe method is employed in which standard
identification cuts are applied to one lepton and efficiencies are measured using the
other lepton candidate. The limited number of Z candidates results in statistical un-
certainties on the measured efficiencies which range up to about 1%. Obviously, the
accuracy should significantly improve with the increasing size of data samples.

The background consists mostly of QCD multijet production and weak boson pro-
duction. For the latter, a W or Z decay of a certain type appears in another selection
channel. As an example, the largest background in the W — puv channel is due to
7 — ptp~ production. This is a consequence of the limited muon acceptance which
leads to 'fake’ v due to the non-detected muon. For the Z — pu*p~ channel, which
has the smallest level of background contamination, cosmic-rays traversing the detector
comprise the most important background contribution.

The measurement of oy - Br(W — (v) in both electron and muon channels is
used to confirm the e-u universality with a precision of 1.2%. The measurements are
combined taking correlated uncertainties into account to obtain the product of cross
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section times branching ratio:

ow - Br(W — fv) = 2775+ 10(stat) £ 53(syst) £ 167(lum) pb
0z - Br(Z)y* — (F07) = 254.9 & 3.3(stat) % 4.6(syst) & 15.2(lum) pb . (3.5)

The latter cross section is given for dilepton production in the mass range 66 GeV <
My < 116 GeV including contributions from both v* and Z boson exchange. The cross
section for pure Z exchange over the entire mass range is 0.4% higher than the quoted
measurement. Both measurements are in good agreement with the SM predictions
reported in Section 3.1. A comparison of the predictions as a function of the centre
of mass energy with this CDF result and previous measurements of oy, - Br(W — (v)
and oy - Br(Z — (7¢7) at the CERN SppS and Tevatron RunT is shown in Fig. 3.1.

When not including the luminosity uncertainty, the cross section measurements
have a precision of 2.0% and 2.2%, respectively. Combining these numbers with the
uncertainty on the theoretical cross section prediction of about 3%, one can conclude
that these measurements could provide an alternative determination of the luminosity
with a higher precision than the traditional method based on the total inelastic pp
cross section.

As the uncertainty on the integrated luminosity cancels in the cross section ratio R
(see Equations (3.3) and (3.4)) the total W decay width I'y can be derived with high
accuracy. The combined result for R from both the electron and muon channels is

R = 10.92 + 0.15(stat) & 0.14(syst) , (3.6)

which can be used to extract the leptonic branching ratio Br(W — fv) and the total
width of the W boson Iy :

Br(W — v) = 0.1089 & 0.0022
Iy = 2079 441GeV . (3.7)

The extracted value for 'y is of the same precision as the current world limit (which
does not yet include this measurement) of Iy = 2141 4+ 41 GeV [103].

At this time the D@ collaboration has only reported preliminary results on cross-
section measurements of single W or Z production decaying into electron or muon final
states [125-127]. However, the collaboration has published a cross section measurement
for Z production decaying via Z — 7177 [128]. As the 7 lepton can decay into various
leptonic and hadronic final states, its identification is challenging and thus a precision
in the cross section measurement which approaches the accuracy of the electron or
muon channels cannot be achieved. Therefore, this measurement aims to test the
SM since a deviation from the expected cross section value would be an indication
of an anomalous production of 77~ pairs in pp collisions. Furthermore, it verifies
the capability to identify isolated 7 leptons, which could be critical in the search for
non-SM signals such as supersymmetric particles or heavy gauge bosons with enhanced
couplings to the third lepton generation. The measurement yields

oz Br(Z — 777) = 237 £ 15(stat) 4 18(syst) £ 15(lum) pb , (3.8)

which is in good agreement with the SM prediction.
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Figure 3.1: W — lv and Z — {l cross section measurements as a function of
the pp centre-of-mass energy, Ecy [108,109,112,116,118]. The solid lines show
the NNLO calculations based on Ref. [37] and the MRST PDF set [124].

3.3 Drell-Yan lepton pair production

As discussed in the previous chapter, Drell-Yan dilepton production probes the ex-
change of virtual photons besides the Z boson as well as their interference. Measure-
ments of dilepton production cross sections help to constrain the parton distribution
functions. Drell-Yan lepton pair production can also be used to test the electroweak
sector of the standard model, e.g. the measurement of the forward-backward produc-
tion asymmetry constrains the vector and axial-vector couplings of the Z boson to the
quarks [129].

Dilepton production outside the Z resonance region is also an important background
to many searches, e.g. lepton pairs at low invariant mass dilute the trilepton signal
originating from the chargino-neutralino pair-production in supersymmetric models,
which yield leptons with relatively low transverse momenta [130]. In Drell-Yan events
a third reconstructed lepton could be found as part of the hadronic activity could be
falsely identified as a lepton. The production of dilepton pairs at high invariant masses
is predicted by numerous extensions of the SM. Searches for a deviation from the SM
Drell-Yan background have been performed within various models, e.g. searches for
additional gauge bosons, for quark-lepton compositness, and extra dimensions [131-
134].

Whereas additional high mass gauge bosons could be detected as resonances in
the dilepton spectrum, quark-lepton compositness and large extra dimensions could
change the dilepton spectrum over the full mass range above a certain invariant mass
threshold. Especially for the latter the exact knowledge of the SM cross section and
of the uncertainty of its prediction is essential. As already discussed before, the Drell-
Yan dilepton production has been calculated to NNLO in the strong coupling constant.
Thus the precision of the cross section predictions is given by the PDF uncertainty as
in the case of W and Z boson production.

Fig. 3.2 shows the K-factor and the PDF uncertainty as function of the dilepton
mass My, for pp scattering at /s = 1.96 TeV (Tevatron RunII). The K-factor has been
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evaluated at NLO and NNLO based on the program code of Refs. [37,38] and using the
PDF sets of CTEQ6 [94], MRST2001 [105] and MRST2004 [106]. The K-factors are
defined as Knro = onro/oro and Kynro = onnLo/0Lo, respectively. The order of
the PDF fit has been matched to the order of the matrix-element, except for the NNLO
calculation based on CTEQG6, which does not include NNLO distribution functions, and
thus the NLO PDFs are used. For the K-factors labelled "MRST2004’, the LO cross
section was evaluated using the LO fit of MRST2001 (as a LO fit is not included in
the 2004 version). Therefore, it should be noted that this factor does not only reflect
the higher order corrections, but also any changes between the 2001 and 2004 versions
of the PDF fit.

Notably, the NNLO correction is positive over the entire mass range. Both Kynro
and Kyro decrease with increasing invariant mass for My 2200 GeV, but whereas
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Knynro appears to be relatively stable for CTEQG6, for MRST2001 K yyro decreases
by 10% between My, = 250 GeV and 1000 GeV.

The PDF uncertainty of the cross section was evaluated using the PDF error sets
of CTEQ6.1M [101], CTEQ6.5M [102], and MRST2001 [99] as described before for Z
and W production. The relative uncertainty (calculated with CTEQ6.5M) is below 5%
for My, <600 GeV, but rapidly grows for higher invariant masses.

Similarly, the K-factor and PDF uncertainty as function of My, for pp scattering
at /s = 14TeV (LHC) is shown in Fig. 3.3. The predictions based on the MRST
PDF sets are only shown up to My = 3TeV to ensure that the parton density is
not evaluated within a non-defined kinematic region. Both Kyro and Kynyro are
nearly constant for large My, 2500 GeV, except for MRST2004, where the steep rise is
probably an artifact of the NNLO PDF fit in an extreme kinematic region. The PDF
uncertainty is steadily increasing above My, 2500 GeV.

In the region of high invariant dilepton mass the Drell-Yan production cross sec-
tion is most accurately measured in the Z/v* — ete™ decay channel, where one can
benefit from the precise energy measurement in the electromagnetic calorimeter with
its energy resolution improving approximately as AE/E ~ 1/+/E. In case of the muon
decay channel, the energy/momentum is measured using tracking detectors, for which
the resolution degrades rapidly at large transverse momenta, thus resulting in a rela-
tively poor measurement of the invariant dilepton mass at high My,. The difference in
resolution outweighs the advantage of the muon decay channel of having a considerably
smaller background due to QCD multijet production. Therefore the majority of the
measurements obtained at the Tevatron are based on the electron decay channel.

At the Tevatron RunlI the differential cross section do/dMy, for high-mass Drell-
Yan lepton pair production was measured in the electron decay channel by both the
CDF [135] and D@ [136] collaborations using an integrated luminosity of ~ 110 —
120pb ™. In addition, CDF extracted do/dMy, from a measurement of d%o/(dMydy)
in the dimuon channel for the central rapidity region |y| < 1 [113,135]. Due to the
steeply falling cross section with increasing My, these measurements are statistically
limited, e.g. the CDF analysis observed 14 dielectron events at My > 200 GeV (with
0.3 estimated background events). Within the relatively large uncertainties of the cross
section measurements, all results are in agreement with the NNLO prediction. High-
mass dilepton production was also studied in various searches for physics beyond the
standard model [137-139]. No indication of a deviation from the SM was observed.

In RunII the CDF collaboration analysed Drell-Yan eTe™ production with a small
dataset of an integrated luminosity of 72 pb~! to measure the forward-backward asym-
metry App and to derive the Z-quark couplings therewith [129]. Unfortunately this
analysis was not used to extract the Drell-Yan cross section do/dM,.. At this time
the DO collaboration only reported preliminary results on App based on 180 pb™!, but
this analysis also derived do/dM,. in the mass range 70 GeV < M, < 400 GeV [140].
This measurement is shown in Fig. 3.4 together with the NNLO prediction, which is
in good agreement with the data. Compared to the DO result obtained in RunI [136]
the background contribution from multijet QCD production could be significantly re-
duced using a tight track match condition for the electron candidates defined through
energy deposits in the electromagnetic calorimeter. Nevertheless the precision of the
cross-section measurement could not exceed the CDF Runl result [135].
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Figure 3.4: Drell-Yan production cross section do/dM,. in pp scattering at
Vs = 1.96 TeV as function of dielectron mass My, [140]. The histogram shows
the NNLO prediction [37,38].

Both, the CDF and D@ collaborations studied high-mass lepton-pair production in
numerous searches for new phenomena beyond the SM. The CDF collaboration pub-
lished a search for Z’ bosons using the dielectron mass and angular distribution [134]
and presented preliminary limits for several BSM models based on the dielectron mass
spectrum measured with an integrated luminosity of 1.3fb~! [141]. The D@ collabora-
tion searched for Randal-Sundrum gravitons, which are excitations in extra dimension
models which decay in fermion-antifermion or diboson pairs, in ete™, u*pu~, and vy
final states [131]. For the eTe™ and 7 channels a preliminary update was reported
based on a largely increased integrated luminosity of 1fb~' [142]. Furthermore, limits
on large extra dimensions were published based on the dimuon invariant mass dis-
tribution [132]. All measurements found no indication for a deviation from the SM
prediction. Despite the numerous searches based on measurements of the dilepton in-
variant mass spectrum, a Drell-Yan cross section measurement at the Tevatron RunII
has not been published yet.

3.4 Differential measurement of W and Z boson
production

In addition to accurate measurements and predictions for the total production cross
sections of the weak bosons, a precise determination of the differential distributions
is of great importance as well, both for an in-depth understanding of the production
processes as well as for the correct prediction of event rates (e.g. background contribu-
tions) after kinematic selections. Some of these measurements are also sensitive to the
parton distribution functions and can therefore provide additional constraints to PDF
fits.
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3.4.1 Forward-backward charge asymmetry in W boson pro-
duction

The W* rapidity? distribution, yy, in pp collisions is sensitive to the u and d quark
distribution functions in the proton, as the dominating production processes at Teva-
tron collision energies are ud — W and du — W~ with quarks and antiquarks
predominantly originating from their valence distribution in the proton and antipro-
ton, respectively. The momentum fractions x; » of the struck quark and antiquark can
be inferred from the rapidity of the W boson, since

My Tyw

Ti2 = We : (3.9)

As u quarks carry on average a higher momentum fraction than d quarks, W+
bosons are primarily boosted along the proton (forward) direction and W~ bosons
along the antiproton (backward) direction, thus resulting into a charge asymmetry
in the W boson rapidity distribution. At hadron colliders W bosons can only be
identified with high purity in leptonic decays, where yy, cannot be directly determined
as the longitudinal momentum of the neutrino is unmeasured. However, the rapidity
y; or pseudorapidity* 1, of the charged lepton from the W boson decay, which can be
accurately measured, is correlated with y,,. The production and decay of the W boson
is proceeding via the V' — A coupling of the weak interaction. Therefore, the spin of
the W boson is aligned with the direction of the incoming antiquark (thus antiproton)
and the charged lepton is preferentially emitted opposite to the boost of the decaying
boson. Thus, the lepton charge asymmetry, defined as

do(¢7)/dne — do(¢7)/dn,
do(¢+)/dne + do(€=)/dne

A(ne) = (3.10)
which can be directly measured, is a convolution of the asymmetries in the W boson
production and decay.

At the Tevatron RunI the CDF collaboration measured the lepton charge asymme-
try in both W — ev and W — puv decays [143]. No result was obtained with the DO
detector as its central solenoid magnet, which is essential for the charge determination,
was only added before Run II.

At the increased centre-of-mass energy of RunII, measurements were performed by
CDF in the electron channel [144] and by DO in the muon decay channel [145]. These
channels have complementary advantages: The CDF and D@ detectors have a better
acceptance for electrons, especially at large rapidities. However, electrons are more
prone to bremsstrahlung, leading to an increased charge misidentification.

CDF'’s electron charge asymmetry measurement is based on an integrated lumi-
nosity of 170pb~'. As the acceptance of the central drift chamber only extends to
n ~ 1, at larger pseudorapidities tracks are reconstructed using the silicon detectors

3The rapidity vy is defined by y = %log g‘_“’i, where E and py, denote the particle’s energy and

longitudinal momentum with respect to the proton direction.

4The pseudorapidity 7 is defined by 7 = —logtan(f/2), where 6 is the angle between the particle
and the proton direction. If the particle’s mass is much smaller than its energy, the pseudorapidity n
approximates the true rapidity y.
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Figure 3.5: The electron asymmetry, A(|n.|), in W — ev production mea-
sured by the CDF collaboration in Runll [144]. The data are compared
to resummed NLO calculations using the CTEQ6.1M (solid) and MRSTO02
(dashed) PDFs [68,99, 101]. The left plot is for electron transverse energies
25 GeV < Er < 35GeV, and the right one for 35 GeV < Er < 45 GeV.
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Figure 3.6: The muon asymmetry, A(|n,|), in W — muv production measured
by DO [145]. The data are compared to the resummed NLO predictions using
the MRST02 PDFs (blue line) [99, 146]. The yellow band corresponds to the
envelop obtained with the CTEQG.1M error PDF sets [101].

and a calorimeter-seeded algorithm. The electron charge is determined from the cur-
vature of the reconstructed track. Bremsstrahlung and resolution effects can lead to
a misidentification of the charge, which dilutes the measured asymmetry. A residual
misalignment of the detector might bias the charge identification, resulting in a shift
in the observed charge asymmetry. The charge misidentification probability is deter-
mined using Z — ete~ events in which one electron track is used as a charge tag.
The measured probability, which exceeds ~ 2% for |n| > 1.5, is used to correct the
raw asymmetry. The precision on the measured charge misidentification probability
is statistically limited by the limited number of Z events and as a consequence is the
dominating systematic uncertainty in the asymmetry measurement.

The CDF collaboration has measured the electron asymmetry A(7n,) in two regions
of electron transverse momentum, which probe different ranges of W boson rapidity and
thus of parton momenta z. The data are shown in Fig. 3.5 together with predictions
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from resummed NLO calculations based on the CTEQ6.1M and MRST02 PDFs [68,
99,101].

The D@ collaboration presented preliminary results for A(r,) in the muon channel
based on an integrated luminosity of 230 pb~'. The D@ detector provides a wide muon
acceptance within |n|<2 and track reconstruction up to very forward |n| ~ 3 using
the silicon microstrip tracker. Due to the vanishing bremsstrahlung of the muons, the
charge misidentification probability is only 5- 1075, which has been determined using
7 — ptp~ data events. Full simulation verified that the misidentification probability
is not significantly increasing at large n,. Although a huge uncertainty of 100-500%
was estimated for the charge misidentification, this contributes only little to the final
systematic error, which is dominated by the efficiency ratio of the muon identification
for the two charges.

Fig. 3.6 shows the DO measurement of A(7,) together with the resummed NLO
prediction based on the MRST02 and CTEQ6.1M PDFs [99,101,146]. The precision of
the data and the accuracy of the prediction due to the PDF uncertainty is of compa-
rable size, indicating that future, improved measurements based on larger integrated
luminosities will provide significant additional constraints on global PDF fits.

3.4.2 Boson rapidity distribution in pp — Z/~4* production

The rapidity distribution of the produced Z bosons can be directly measured using the
leptonic decays. As the momentum fractions z of the struck partons can be inferred
from the Z boson’s rapidity y (cf. Eq. (3.9)), the measurement is in principal sensitive
to the quark PDF's of the proton. In particular the high x region could be probed with Z
bosons produced at large rapidities. The boson rapidity distribution has recently been
calculated up to NNLO in QCD [39]. The prediction for the differential production
cross section do/dy for the production of Z bosons in pp-collisions at /s = 1.8 TeV
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Figure 3.8: Left: the differential production cross section of the Z boson as
function of its rapidity y normalized to the integrated cross section [149]. The
solid line shows the NNLO prediction [39] based on the MRST2004 NNLO
parton distribution functions [106]. Right: relative uncertainties of this mea-
surement compared to the CDF Runl result [147] and the PDF uncertainty
on the theoretical prediction obtained with the CTEQG6M error PDF sets [94].

is shown in Fig. 3.7 together with the CDF result obtained using Z — e*e™ events
collected in RunT [147]. The CDF collaboration presented a preliminary update of this
measurement based on 1.1fb™! taken during RunII [148].

The D@ collaboration published a measurement of the rapidity distribution for
pp — Z/v* — ete” + X events based on a data set of 400 pb™! collected in Run IT [149].
The challenge of this measurement was the reconstruction and identification of elec-
trons over a wide range in pseudo-rapidity 7 up to values of |n| ~ 3.2 to reach large
acceptances for the interesting kinematic region of large y(Z). The electrons were
reconstructed as electromagnetic showers in the fiducial regions of the central and end-
cap calorimeters. At least one electron candidate was required to have a spatial track
match. For events with two central electron candidates, both needed to have a track
match. The electron reconstruction and identification efficiencies were measured as
function of n using the tag-and-probe method (see Section 3.2). The statistical pre-
cision on these efficiencies are the main contribution to the systematic uncertainty,
which is smaller than the statistical error. The result for the normalized differential
cross section 1/0 x do/dy is depicted in Fig. 3.8. The NNLO prediction [39] based on
the MRST2004 NNLO PDF's [106] is in good agreement with the data. Also shown in
the figure is a comparison of the total uncertainty of this measurement with the one of
the previously best published result obtained by CDF in RunT [147] together with the
PDF uncertainty of the prediction. Although the uncertainty on the measurement was
significantly improved, it has not yet the sensitivity to provide additional constraints
on the proton PDF's.
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3.4.3 Transverse momentum distribution of the electroweak
bosons

As already discussed in Section 2.2, QCD corrections to vector boson production mani-
fest themselves in the production of additional quarks or gluons in the final state which
gives rise not only to the production of associated jets, but also to a substantial trans-
verse momentum pr of the produced boson. For the Z boson the py distribution can be
measured inclusively without studying the details of the hadronic recoil. In this section
measurements of the transverse momentum spectrum are reviewed. In the following
chapter analyses on the production of jets in association with the weak bosons will be
discussed in detail.

Besides being of interest for QCD studies, an accurate determination of the weak
boson’s transverse momentum distribution is needed for a precise measurement of the
W boson mass (in particular if the mass is extracted from the transverse momentum
spectrum of the charged lepton from the boson decay, which directly depends on the
assumed W boson pr [150]). Also a correct description of the kinematics of this major
background in searches for new phenomena and the Higgs boson is mandatory.

In RunI CDF and DO have both measured the pr(Z) distribution using the Z —
eTe selection [30,151]. For these measurements it is essential to study the dependence
of the acceptance and the efficiencies as function of pr(Z). In particular the efficiency
for the electron isolation requirement, which is needed to suppress the background
from W+jet and multijet production, shows a distinct dependency on the transverse
momentum of the Z boson. With increasing pr(Z) (but still at not too large pr(Z2)) the
hadronic recoil is more likely to spoil the isolation of at least one of the two electrons.
At very high pr(Z) the Z boson and thus the two electrons are boosted away from the
recoil, so that the isolation efficiency recovers again.

For the measurement of the differential cross section do/dpr(Z) the data need to be
corrected to take into account the finite energy resolution of the calorimeter. Resolution
effects can be significant at low pr(Z), where the relative uncertainty on the measured
value is large. For this correction D@ applied a Bayesian method based on statistical
inference and resolution-smeared ansatz pr distributions [31]. The smearing correction
was found to be as large as 18.5% in the first bin corresonding to 0 GeV < pr(Z) <
1 GeV, but decreases rapidly so that for pr(Z) > 5 GeV the correction was always <5%.
The DO and CDF collaboration present their results on do/dpr(Z) with bin sizes at
low pr(Z) as small as 1 GeV and 0.5 GeV, respectively. These values are considerably
smaller than the resolution on pr(Z), which is about ~ 1.5 GeV. Therefore, the bin
purity (i.e. the percentage of events reconstructed in the same bin as the true value)
of the data points at low pr(Z) is relatively small and the result is largely sensitive to
the assumptions on the ansatz pr distribution and its uncertainty.

Fig. 3.9 shows the DO measurement of do/dpr(Z) x Br(Z — ete™) based on an
integrated luminosity of 111 pb~' compared to resummed calculations using different
parameterizations and a fixed order calculation (cf. Section 2.2). The cross section
peaks around 3 GeV and rapidly decreases towards pr(Z) = 0 GeV. The calculation at
fixed O(a?) fails to describe this shape but diverges at vanishing pr(Z). The resummed
calculations include perturbative corrections in form of logarithmic terms beyond the
fixed order expansion. Physically, these corrections correspond to the emission of mul-
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Figure 3.9: The differential production cross section of the Z boson as function
of its transverse momentum pr [30] compared with resummation calculations
as well a a fixed-order calculation [42,152,153].

tiple soft partons which suppress the rate at low pr(Z). The resummation can be
carried out either in pr (gr) space [152] or impact parameter (b) space [42,153]. In ad-
dition, phenomenological form factors are applied for the transition to the region of very
low pr(Z) < Agep, where perturbative QCD breaks down. While for the calculations
based on the models of Ellis-Veseli [152] and Davies-Webber-Stirling [153] the default
parameters for the form factor parameterization were used in the predictions shown
in Fig. 3.9, the measurement was used to constrain one of the three non-perturbative
parameters (g2) in the model of Ladinsky-Yuan [42]. The data has hardly any sen-
sitivity to constrain the other two parameters (g1, g3) simultaneously. The model of
Ladinsky-Yuan is implemented in the event generator RESBOS [67].

The CDF result on do/dpr(Z) is in good agreement with both the DO measurement
and the RESBOS prediction. As demonstrated in Fig. 3.10 a good description of the
Z boson’s transverse momentum spectrum is also obtained with the SHERPA event
generator [60,91] which is based on the CKKW matching algorithm (cf. Section 2.3).
The figure shows that at large pr(Z) processes with additional final-state partons above
a scale QDo are of increasing importance. Therefore the parton shower event generators
PyTHIA [36,69] and HERWIG [61,62], which only include corrections to describe a single
hard gluon emission, underestimate the cross section at large pr(Z) (cf. Section 2.3).

In RunII the DO collaboration has presented a preliminary measurement of the Z
boson transverse momentum spectrum based on a sample of Z — eTe™ events corre-
sponding to an integrated luminosity of 0.98fb™! [34], which amounts to a nine-fold
increase in statistics compared to the previous measurements. The systematic preci-
sion of the new measurement is limited by the uncertainty of the electron identification
efficiency as function of pr(Z). The pr(Z) distribution was measured both for the
inclusive sample of Z bosons, and for a sample of Z bosons produced at rapidities
ly| > 2, which is shown in Fig. 3.11. The data is compared to the prediction of the
RESBOS event generator which was interfaced to PHOTOS [155] to simulate photon
final state radiation. For Z boson production at large rapidities, where one of the in-
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Figure 3.11: The Z boson pr (qr) distribution in pp-collisions at /s = 1.96 TeV
for inclusive Z production (left) and for Z bosons with rapidities |y| > 2
(right) [154]. The measurement is compared to the prediction obtained with
the RESBOS event generator [67] which was interfaced to PHOTOS [155] to
simulate photon final state radiation. The distribution for Z-bosons produced
at large rapidities is also compared to a model which includes a correction to
account for the suggested small-x broadening effect [156].
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coming partons has a low momentum fraction z, it was suggested that the form factor
of the Ladinsky-Yuan model implemented in RESBOS should be modified to address
the broadening of the pr distribution observed in semi-inclusive deep inelastic scat-
tering [156]. In Fig. 3.11 the distribution for |y| > 2 is also compared to the RESBOS
prediction, when including this modified form factor. The data at these large rapidities
prefer the unmodified calculation. The transverse momentum spectrum of the Z boson
was measured up to pr(Z) ~ 250 GeV. At high pr(Z) the data was found to be well
described by the NNLO QCD prediction [39].

The D@ collaboration also published measurements of the W boson transverse mo-
mentum spectrum in Runl using W — ev events. The first result was based on an
integrated luminosity of only 13 pb~* and was not corrected for detector resolution [29)].
The second measurement, which was based on 85 pb ™!, was fully corrected [32]. While
the understanding of the py(W) distribution is an important ingredient to precisely
measure the W boson mass, its direct measurement suffers from both the moderate
energy resolution of the hadronic remnant and sizable backgrounds from QCD multijet
productions. Integrated over all pp(W) this background was estimated to be 2% [32],
but it largely increases as function of pr(W) [29]. The advantage of the pr(W) com-
pared to the pr(Z) measurement is the about ten-fold increase in cross section times
branching ratio. The measurement of do/dpr(W) was found to be in good agreement
with the resummed calculation of Ladinsky-Yuan [32].

D@ has also published a measurement of the ratio of differential cross sections for
W and Z boson production as a function of pr in RunI [33]. In the ratio part of
the experimental uncertainties as well as non-perturbative and radiative corrections
in the phenomenological prediction cancel. The ratio can thus be calculated reliably
using perturbative QCD without the need of resummation and non-perturbative form
factors [157]. Good agreement between the data and the prediction was observed.
Therefore, it was suggested to use the pr(Z) distribution to determine the pr(W)
spectrum rather than measuring the latter directly, as the improvement in the system-
atic uncertainty outweighs the statistical penalty for the large integrated luminosities
which are collected in Run II.

3.5 Conclusions for new phenomena searches

The total cross sections for the inclusive production of W and Z bosons are predicted
with high precision, e.g. ~ 3% for pp collisions at /s = 1.96 TeV. Also, measurements
at RunII reach precisions of ~ 2% (excluding the uncertainty on the luminosity deter-
mination). Thus, simulated background data from inclusive W or Z boson production
can be normalized to both, theoretical predictions and measurements with minimal
uncertainty. By contrast, Drell-Yan production at large invariant dilepton masses My,
obtains a substantial uncertainty due the precision of parton distribution functions
which is deteriorating at very high parton momenta x. This uncertainty reduces the
sensitivity of searches for numerous extensions of the standard model which predict
the production of additional lepton-pairs at large My, or new processes interfering with
the SM production.

Differential distributions in inclusive vector boson production are well modelled
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by QCD. For an accurate description of the boson’s transverse momentum spectrum,
corrections beyond the lowest order are required, including higher-order corrections
at large pr(V) and resummation techniques with non-perturbative form factors at
low pr(V). Although these calculations only model the boson kinematics, i.e. they
cannot be used to simulate full W or Z boson events, their prediction can be utilized
to reweight events simulated with full event generators. A correct simulation of the
kinematic distributions is required to accurately predict background rates after signal
selections.



Chapter 4

Associated production of vector
bosons with jets

Higher order QCD corrections to W and Z boson production do not only manifest
themselves in the generation of high transverse momenta of the bosons, but these QCD
effects become directly visible in the production of jets in association with the weak
bosons. Studying these processes is not only interesting from the perspective of testing
perturbative QCD, but also to constrain a major background to many SM or non-
SM physics signals, which will be discussed in the next chapter. The phenomenology
of W/Z + jets production as well as the simulation of these processes using event
generators was discussed in Chapter 2. This chapter covers measurements on W/Z +
jet production performed at the Tevatron: first focusing on flavour inclusive jets (i.e.
reconstructed jets without any flavour identification), secondly on heavy flavour jets in
association with a weak boson.

4.1 Associated production of vector bosons with
jets of any flavour

The CDF and D@ collaborations have measured the properties of jets accompanying
W or Z bosons in various analyses performed during both Runl and RunlIl. The
experimental challenges for these studies include, amongst others, the reconstruction of
the jets, the corrections to their energy scale, and the determination of the background
contribution.

4.1.1 Experimental Challenges

Quarks and gluons produced in hard parton collisions hadronize into an ensemble of
particles which are boosted along the initial quark/gluon direction and thus form a
collimated stream which is called a jet. The energy and direction of these particle jets
can be approximated by reconstructed jets which are based on the energy deposits
in the calorimeter!. The measurements discussed below use a fixed-cone clustering

L Algorithms which cluster tracks to reconstruct jets (track-jets) exist as well, but are not used to
measure jet energies at the Tevatron.

45
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algorithm in the plane given by the pseudorapidity 7 (or rapidity y) and the azimuth
angle ¢ with radius R = \/An? 4+ A¢? (or R = /Ay? + A¢?) [158,159]. The cone
size typically ranges from R = 0.3 to R = 0.7. Whereas smaller cone sizes result in
significant out-of-cone energy leakage due to fragmentation, larger cones suffer from
an increased contribution of noise and underlying event. Thus non-optimal cone sizes
result in a degradation of the jet energy resolution. For the study of multijet production
one preferentially uses relatively small cone sizes to avoid an increased jet merging due
to phase space limitations at high multiplicities.

The implementations of the cone algorithm in RunI [158] and RunII [159] differ in
some important details, e.g.:

e Recombination scheme: Instead of combining the particles (or calorimeter towers)
as massless objects, their four-vector is now combined. As a consequence the cone
is defined in the (y, ¢)-plane instead of the (1, ¢)-plane. The new procedure
implies Lorentz invariance under boosts along the beam axis.

e Seeds: The jet finding is started using calorimeter towers above a certain energy
thresholds as seeds. The mid-points between proto-jets (jets which have been
reconstructed at an initial stage in the algorithm) are included as additional
seeds. This modification reduces the algorithm’s sensitivity to soft radiation
(infrared safety).

e Splitting and merging: In the RunI algorithm two jets are merged if their distance
satisfies AR;; < 1.3R, which corresponds to the jet separation resolution. The
new procedure to split or merge overlapping jets is based on the percentage of
transverse energy shared by the less energetic jet.

The cone algorithm used in Runl is often denoted as iterative cone algorithm or
simply as Runl algorithm. The new algorithm is usually called midpoint or RunII
cone algorithm. The exact implementations by CDF and D@ slightly differ. Note also
that some analyses performed by CDF in Runll are still based on the iterative cone
algorithm.

The measured jet energy E7"** must be corrected for several effects to correspond

to the particle or true jet energy E]ptCl [158,160-162]. This jet energy scale correction
can be applied as follows [160]:

E»eas—E(R E)
Etcl_ Jj o\, 1,
-jp -

Rjet(R7777E) S<R777a E) ’

(4.1)

with the various corrections described below, which are almost entirely derived from
data.

e Fy(R,n, L) parameterizes an offset which includes the underlying event from
multi-parton-interactions, noise, pile-up from previous beam crossings, and addi-
tional pp-collisions in the same bunch crossing (minimum bias). The offset grows
with increasing cone size R and luminosity £. FEj is determined from energy
densities measured in minimum bias events.
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o Riet(R,n, E) is the energy response of the calorimeter to jets. It is determined
from v + jets events by requiring transverse momentum conservation. The re-
sponse to photons and electrons is calibrated using Z — ee events. Rje is
typically less than one, due to energy lost in uninstrumented regions between
calorimeter modules and due to non-perfect compensation (equal response to
hadronic and electromagnetic interacting particles).

e S(R,n, FE) parameterizes the fraction of the jet energy deposited outside the cone
with radius R. This showering correction is derived using the energy density
within jets obtained from both data and simulation.

The jet energy correction procedure applied by CDF [161] is slightly different. As
an additional step CDF also attempts to correct the jet energy to the one of the parent
parton. One should note that a correction to the parton level cannot be unambigu-
ously defined as it depends on the higher-order corrections included in the parton-level
prediction.

Another potential problem might arise, when comparing the energy of reconstructed
jets after jet energy scale corrections with the one of corresponding particle jets ob-
tained using event generators. Whereas the reconstructed jet energy is corrected for
the underlying event, this additional particle flow originating from multi-parton inter-
actions (soft collisions of spectator quarks) is simulated by full-fledged event generators
(e.g. PyTHIA, HERWIG, SHERPA). At low jet energies the inclusion of the underlying
event can result in a substantial fractional corrections, as it can exceed 1 GeV for large
cone sizes. Due to the steeply falling energy spectra of produced jets, this results in
sizable changes in the multiplicity of jets above a minimal Er.

Backgrounds in measurements of W + jets production can be substantial, especially
for large jet multiplicities and large jet transverse momenta. In Z + jets events their
contribution is much smaller as they are largely suppressed by the requirement of a
reconstructed dilepton system consistent with the Z mass. The backgrounds to W +
n jet production, where the W boson is identified via its decay into ev or uv, can be
classified in three categories: processes with a real (i.e. primary) electron or muon
(mostly tt, Z — ee/upu, W — v, WW production), QCD multijet production with a
fake (or secondary) lepton, and jet promotion. For the latter a jet from an additional
pp interaction in the same bunch crossing (minimum bias) is reconstructed in the same
event, thus promoting the jet multiplicity from (n — 1) to n.

Fig. 4.1 shows the background contributions as determined by CDF for their W
+ jets sample in RunIl, where the W boson decays in the electron channel [163,164].
The total background fraction is found to range from about 10% at a jet multiplicity
of one and low jet Er to ~ 80% at large jet transverse momenta. The background is
dominated by QCD multijet production and at large jet multiplicities in addition by top
pair production. Whereas the contribution of t¢ production and electroweak processes
is estimated using Monte Carlo simulation, the large QCD multijet background, which
cannot be reliably modelled, is estimated from data. Template distributions as function
of missing transverse energy are created for signal and background and fitted to the
observed spectrum. The template for the QCD multijet background is defined using
a data sample which fulfils all selection requirements except one or more electron
identification cuts.
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Figure 4.1: Background fraction as a function of the leading jet minimum
transverse energy in CDF’s W(— ev)+ > 1 jet (left) and > 2 jets (right)
samples [163, 164].

4.1.2 RunlI measurements
Properties of Jets in Z and W boson events

The CDF collaboration analysed the properties of jets in Z + jets [46] and W +
jets [47,165] events based on the electron decay channels Z — ee and W — ev. The
data sets were collected using high electron triggers and included integrated luminosities
of 106 pb~* and 108 pb™*, respectively.

Jets were reconstructed using the iterative cone algorithm with cone size R = 0.4
and jet energy scale corrections were applied. Jets with Er > 15GeV and |n| < 2.4
were selected. The measured jet multiplicities were corrected for jet promotion. In
the Z + jets analysis the probability to reconstruct an extra jet from an additional pp
interaction in the same bunch crossing or from photons which are counted as hadronic
interaction were 3% to 5% and 2% to 3%, respectively. For the W + jet analysis this
probability was determined to be 1%.

Backgrounds with falsely reconstructed W or Z bosons are found to be domi-
nated by jets faking electrons (including secondary electrons from heavy-flavour de-
cays). They also comprise some contribution from the production of the other boson
or a different decay channel. For W + jets a large contribution to the background at
high jet multiplicities is from top pair production. The background contribution from
QCD multijet production is estimated using a data selection without electron isolation
requirement (and without [ requirement in case of W + jets) and by extrapolating
from the background dominated kinematic region into the signal region. In case of Z
+ jet production this background is small, i.e. consistent with zero, and upper limits
(1o) of 1.1% for jet multiplicity n > 0 to 4.0% for n > 3 were found. For W + jets
the QCD multijet background was estimated to increase from (2.9 +0.9)% for n > 0
to (27 £ 11)% for n > 4. At large jet multiplicities (n > 4) top pair production has a
similar contribution, which was estimated to be (26 + 11)%.

The raw jet multiplicity distributions were corrected for efficiencies and acceptance.
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Figure 4.2: o - Br for W* — efv+ > n jets (top) and Z — ete ™+ > n jets
(bottom) versus inclusive jet multiplicity [47]. The solid lines are exponential
fits to the data. The data are compared to LO calculations (VECBOS) using
different renormalization scales [48].

The cross sections for Z/W + n jet production as function of jet multiplicity were
derived using the corrected ratio of the number of events with > n jets over the total
number of events multiplied with the previously measured cross sections for inclusive
W and Z boson production [112].

Several systematic uncertainties on the number of reconstructed jets were studied,
including uncertainties on the jet energy scale and on the rate of jets from additional
pp interactions. The combined jet counting uncertainty was estimated to range from
11% at n > 1 to 23% at n > 4 for Z + jets and 10% to 30% for W + jets. This
dominates the total uncertainty on the cross section measurement.

The measured cross sections for W + jets and Z + jets production as function
of inclusive jet multiplicity are shown in Fig. 4.2. The cross sections fall exponen-
tially with jet multiplicity n with a suppression factor o(n)/o(n — 1) ~ 0.2. The
results for Z + jets and W + jets production show the same general features. The
measurements are compared to LO QCD predictions obtained with the VECBOS pro-
gram [48] (cf. Section 2.2.1) using a two-loop «; evolution and two different choices
for the renormalization scale, Q3 = My, + ppy, and QF, = (pr)*, with (pr) being
the average transverse momentum of the jets. The CTEQ3M PDFs [166] with the
factorization scale set to the renormalization scale were used. The parton-level predic-
tion of VECBOS was interfaced to the HERWIG event generator [61] to simulate initial
state radiation, fragmentation, and hadronization. The addition of a parton shower
simulation to the LO matrix-element calculation mimics part of the higher order cor-
rections. Thus, an improved description of kinematic distributions, compared to the
parton level predictions of VECBOS alone, is expected. Nevertheless this procedure
does not include a correction to the integrated LO cross sections and does not pro-
vide a method to combine the VECBOS calculations for different jet multiplicities (cf.
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Figure 4.3: 'Transverse energy distribution of jets in W + jets events measured
by CDF' in Run I, for (a) the highest Er jet in > 1 jet events, (b) the second
highest Er jet in > 2 jet events, (c) the third highest Er jet in > 3 jet events,
and (d) the fourth highest Er jet in > 4 jet events [47]. The lines show the
LO predictions based on VECBOS [48] interfaced to HERWIG [61].

matching, see Sect. 2.3.5). The generated events are passed through a full simulation
of the CDF detector and finally the same reconstruction and selection is applied as for
real experimental data. The comparison at reconstructed level ensures that data and
simulation can be directly compared, but compromises the comparison to any other
model.

The simulation using the scale Q% = MZ + pQT,V predicts about the correct shape

for the jet multiplicity and similar cross section ratios o(n)/o(n — 1) are obtained, but
the normalization is about a factor 1.6 too low. For inclusive vector boson production
(i.e. m > 0) a factor of about 1.35 is expected to account for the higher-order terms
which are absent in the calculation (see Section 3.1). The K-factor for larger multiplic-
ities (calculated up to n > 2 in NLO) is of similar size. The softer scale Q2 = (pr)?
predicts higher cross sections (as «y increases with decreasing scales), but the shape
of the multiplicity distribution is less well modelled. This scale is also less motivated
from phenomenological arguments: It is considerably smaller than the vector boson
mass (for the bulk of the phase space) and «a; diverges towards vanishing jet trans-
verse momentum. Within the substantial uncertainty of the LO QCD calculation, the
prediction is in agreement with the measured multiplicity distributions.

To further test the QCD prediction several kinematic distributions of the jets were
studied. The measured distributions were compared to full simulation at detector
level without applying any efficiency or acceptance corrections. Fig. 4.3 shows the
transverse energy spectrum of the first to fourth highest Er jet in W + jets events.
The data is compared to the QCD prediction, which is normalized separately for each
jet multiplicity. Within its uncertainty the shapes of the Er distributions are well
described. Furthermore, it was shown that the QCD prediction can reproduce the
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the two leading jets for W + >2 jet events (top) and W + >3 jet events
(bottom) [47]. The lines show the LO predictions based on VECBOS [48]
interfaced to HERWIG [61].

main features of jet-jet correlation, e.g. the dijet mass distribution M;; and the jet

2

separation in n— ¢ space, AR;; = , /A?]]?j + A¢#., which is demonstrated in Fig. 4.4 for

R
W + > 2jet and W + > 3 jet events. Nevertheless, some deviations, e.g. at high Mj;,
are observed and the scale uncertainty is substantial. As already noted, the simulation
is lacking a mechanism to properly match the parton-level matrix-element calculation
with the parton shower and to combine samples based on different parton multiplicities.
As the data are not fully corrected, a comparison to advanced event generators as
ALPGEN [43] or SHERPA [60], which both incorporate a matching prescription (cf.

Section 2.3.5), is not possible.

Study of the strong coupling

The probability to produce a jet in association with a Z or W boson depends on the
value of the strong coupling constant «y. At leading order the cross section for V + 1
jet events is proportional to as.

The DO collaboration attempted to extract a,, from the ratio Rip of W+ 1 jet and
W 40 jet cross sections measured using W — ev decays collected during RunTA [167].
The jets were identified using the cone algorithm with R = 0.7 and were required to
have a minimum transverse momentum of 25 GeV. Ry was determined with an accu-
racy of about 10% and compared with NLO QCD predictions [168]. These predictions,
which were computed using different choices for the PDF's, were below the data by over
one standard deviation. The study concluded that the sensitivity of the measurement
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Figure 4.5: CDF RunI measurement of Riy = o(W+ > 1jets)/o(W) as func-
tion of jet ™ [169]. The data are compared to NLO QCD predictions [168]
using the MRSA’ [170] and CTEQ4M [171] parton distribution functions. The
W boson mass is chosen as renormalization and factorization scale and as(Mzyz)
is given by the PDF set (MRSTA’: 0.113, CTEQ4M: 0.116).

to ay is largely reduced once the variation of ay is also taken into account in the PDFs.

A similar measurement of the ratio Ryg = o(W+ > 1jet) /o (W) was performed by
the CDF collaboration based on the full RunI data set [169]. The jet reconstruction
and energy correction follows closely the W +n jet multiplicity analysis discussed above.
The ratio Rip was measured as function of the minimum jet EF® between 15GeV >
EXin > 95GeV. The uncertainty in the jet energy scale and in the determination of the
QCD multijet background were found to dominate the systematic uncertainty, which
was estimated to range from 8% at EF" = 15GeV and 19% at ER® = 95GeV. The
measurement of Rqg is shown in Fig. 4.5 together with the NLO QCD prediction [168]
obtained using the MRSA’ and CTEQ4M PDFs. In the NLO calculation two partons
are merged into a single jet if their distance is AR < 0.52, which corresponds to the
minimal separation of jets reconstructed with a cone of R = 0.4. A variation of the
separation AR by +£30% was found to change the prediction for Ry by 10%. Instead
of correcting the measurement for migration effects due to the limited resolution in
the reconstructed jet energy and direction, the prediction was smeared to match the
resolution observed in data. The NLO theory describes the data well above E&™ >
30GeV. For low EM™ soft gluon radiation which is not included in the fixed order
calculation could be significant. Similar to the findings of the preceding D@ analysis,
the measurement of Rjy has little sensitivity on the strong coupling constant and is
consistent with 0.105 > as(Mz) > 0.130. The slight disagreement between data and
theory observed by D@ was not confirmed.

This CDF result can also be confronted with their preceding cross section mea-
surement for W + > n jets production [47], which is based on the same data set and
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Figure 4.6: dAN/d| cos 0*| for W + jet events measured by CDF in Run I [172],
compared to dijet [173] and photon + jet data [174] and (N)LO QCD predic-
tions.

uses the same jet reconstruction and EF™ = 15 GeV, albeit a direct comparison of the
measured values for Rqg is impeded as the corrections applied are not identical. In
Ref. [47] the jet rate at E® = 15 GeV was measured to be Rip = 0.189 4 0.021 and

the LO QCD prediction was estimated to be 0.15 using a scale of Q = /M3, +p2T’W.

In Ref. [169] Ryio = 0.130 £ 0.012 is obtained for E*" = 15GeV compared to a NLO
prediction of 0.156 (at @ = My/). Ref. [169] did not address possible reasons for this
difference in Rqg.

Further studies

The CDF collaboration measured the angular distribution in W + jet events using a
W — ev sample corresponding to an integrated luminosity of 23pb~! recorded during
the initial phases of the Tevatron Run [172]. The shape of the angular distribution gives
an indication of the spin of the exchanged particle in the scattering process. As W +
jet events are predominantly produced by quark exchange processes (cf. Sct. 2.2.1), one
expects that the W angular distribution is approximately of the form dN/dcos#* ~
(1 —|cosf*])~! due to the spin—% propagator term. Here, the polar angle 6* with
respect to the proton beam direction is given in the centre-of-mass frame of the system
consisting of the W boson and the highest E7r jet.

As the longitudinal momentum of the neutrino p? from the W decay cannot be
inferred from momentum conservation, it is impossible to fully reconstruct the four-
momentum of the W boson. However, a constraint to the W mass leaves only two
solutions for p¥, of which the one is selected which is preferred due to the W polarization
(cf. Sct. 3.4.1). From Monte Carlo studies it was found that in ~ 73% of the cases the
correct solution was chosen.

The measurement of dN/d|cos#*| is given in Fig. 4.6 and compared to the NLO
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QCD prediction [168], which is in good agreement. Also shown in the figure are previous
measurements of CDF on the angular distributions in y + jet and dijet events [173,174].
The v + jet production is dominated by quark exchange as well (mostly g¢ — v¢q) and
thus has a similar distribution of dN/d| cos #*|. In contrast to W + jet and y + jet, dijet
production is dominated by the gluon propagator and thus has an angular distribution
of the form dN/dcos@* ~ (1 — |cos@*|)72, which gives a steeper rise towards the
forward /backward region.

The DO collaboration reported a study on colour coherence effects in W + jet events
[175]. Initial-to-final-state colour interference effects were observed by comparing the
distributions of soft particles (as measured in the multiplicity distribution of calorimeter
towers above an energy threshold) around the colourless W boson and the leading jet in
the hemisphere opposite to the W boson. Soft particle radiation is enhanced around the
jet in the event plane (i.e. the plane which is defined by the direction of the W boson
or jet and the proton beam) with respect to the transverse plane. This enhancement
is consistent with the predictions of the PYTHIA event generator [176], which accounts
for colour coherence effects at the perturbative and non-perturbative level by means of
the angular ordering approximation in the parton shower and the string fragmentation,
respectively. Also an analytic perturbative QCD calculation [177] based on the modified
leading logarithmic approximation (MLLA) and local parton-hadron duality (LPHD)
is able to describe this enhancement.

4.1.3 Runll cross section measurements

The large luminosities being collected during Tevatron Run II and the recent progress
in both NLO calculations and in the development of event generators for the associ-
ated production of vector bosons with jets (cf. Sct. 2.3) allows to measure W/Z +
jet production and to test the QCD models with unprecedented precision. The DO
collaboration published a measurement of Z + > n jet cross sections [178] and the
CDF collaboration presented preliminary results on both Z+ jet and W + jet produc-
tion [164,179].

The DO collaboration measured the jet multiplicity produced in association with a
Z boson based on a data sample of about 14,000 Z — ete™ candidates collected using a
single electron trigger and an integrated luminosity of 0.4 fb™* [178]. Two electrons were
required to be reconstructed in the central region of the calorimeter corresponding to
In| < 1.1. The background from jets which are misidentified as electrons was suppressed
by using quality criteria based on the shower profile of the electron candidate. Jets
were reconstructed using the Run II cone algorithm with a cone radius R = 0.5 and jet
energy scale corrections (cf. Sct. 4.1.1) were applied. The jets were required to have a
transverse energy Er > 20 GeV and |n| < 2.5.

The electron selection efficiencies were derived from data using the tag-and-probe
method (cf. Sct. 3.2). All efficiencies were found to be independent of the jet multi-
plicity except for the efficiency to find a track matched to the reconstructed electron
cluster, which was taken into account when correcting the data. The kinematic and
geometric acceptance was determined using an inclusive and fully simulated PYTHIA
sample, which was reweighted in order to correctly describe the observed pr distribu-
tion of the Z boson. The jet reconstruction and identification efficiency was obtained
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Figure 4.7: Jet inclusive Z/vy*+ > n jet cross sections normalized to the total
inclusive Z /~* cross sections for jet multiplicities n up to 4 measured by DO
in RunII [178]. The data are compared to a calculation which matches the LO
matrix-elements with a parton shower (ME-PS, dashed line) [88] and to the
prediction of PYTHIA (dotted line) [36], both normalized to the Z/~v*+ > 1 jet
cross section. The diamonds represent a NLO calculation given by MCFM [45]
for jet multiplicities up to 2.

from full detector simulation, which was corrected to account for differences between
data and simulation. This correction was determined from the efficiency to find a re-
coiling jet opposite in azimuth to the Z boson, which was measured both in data and
simulation and parameterized as a function of pr(Z). The jet efficiencies were then cal-
culated from matching particle jets based on generator-level particles to reconstructed
calorimeter jets.

Backgrounds from QCD multijet production in which jets are wrongly identified
as electrons were estimated to be 3 — 5% depending on the jet multiplicity based on
the dielectron invariant mass spectrum observed in data compared to the Drell-Yan
spectrum obtained in simulation. Backgrounds from ¢¢ production, Z — 777, and
W — ev were found to be < 1%.

The measured cross section as function of jet multiplicity was fully corrected to par-
ticle level, including corrections for the jet reconstruction and identification efficiency,
and migration effects due to the finite resolution of the jet energy measurement. These
corrections were determined using Monte Carlo samples, which were reweighted to cor-
rectly describe the observed jet multiplicity and jet Ep distributions. Two independent
event generators were used: PYTHIA [36] and an implementation of the CKKW scheme
which combines matrix-element calculations obtained with MADGRAPH with the par-
ton shower of PyTHIA [88] (cf. Section 2.3.5). The latter is denoted ME-PS in the
following.

Fig. 4.7 shows the corrected cross section normalized to the inclusive Z/v* cross

section
~o(Z/y+ = njets)

R, =
o(Z/v)
for the mass region 75 GeV < M., < 105GeV. The systematic uncertainties in this

(4.2)
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Figure 4.8: Transverse momentum distribution of jets in Z + jets events mea-
sured by DO in Run II, for the highest pr jet in > 1 jet events (dark circles),
the second highest pr jet in > 2 jet events (open circles), the third highest pr
jet in > 3 jet events (open triangles) [178]. The dashed lines show the ME-PS
prediction [88], which was normalized to the data. The data are uncorrected
and the ME-PS prediction is after full detector simulation.

measurement are dominated by contributions from jet energy scale corrections, jet
reconstruction and identification, the unsmearing method to determine the migrations
in the jet Ep distributions, and the variation of electron related efficiencies with jet
multiplicity. R, falls nearly exponentially with a suppression factor of ~ 1/8 per jet.

The data are compared to the predictions of PYTHIA, the ME-PS simulation, and to
NLO calculations obtained with the McFM code [45]. The NLO computation, which
can be performed up to parton multiplicity n = 2, was obtained using My as the
renormalization and factorization scale and the CTEQ6M PDFs [94]. It gives a good
description of the data, despite the fact that no correction to translate the parton
level prediction of MCFM to the particle level was applied. The PyTHIA and ME-
PS predictions were normalized to the Z/v*+ > 1 jet cross section ratio. The ME-PS
prediction is in good agreement with the data, whereas PYTHIA underestimates the rate
at high jet multiplicities, which is expected as the parton shower algorithm generates
less hard additional partons compared to higher-order matrix-element calculations (cf.
Section 2.3.6).

Fig. 4.8 shows the uncorrected jet py spectra of the first, second, and third high-
est pr jet in Z/y*+ 1, 2, 3 jet events. The ME-PS Monte Carlo after full detector
simulation is in good agreement with the data.

The CDF collaboration presented preliminary measurements of the inclusive jet
cross section as function of the jet transverse momentum and of the jet multiplicity in
Z(— ee) + jets events based on a data sample with an integrated luminosity of 1.1fb ™!
collected with a single electron trigger [179]. Jets were reconstructed using the midpoint
algorithm with a cone size R = 0.7 and were required to have transverse momenta
pr’®* > 30 GeV and rapidities |yjes] < 2.1. Z boson candidates were selected based on a
reconstructed central electron fulfilling tight identification cuts and a second electron
with loose identification requirements which can be either central or forward. The
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Figure 4.9: 'Transverse momentum distribution of jets in Z + > 1 jet produc-
tion measured by CDF in Run II [179] compared to NLO QCD predictions
obtained with MCFM [45]. The middle plot shows the ratio data/theory with
lines indicating the PDF and scale uncertainty on the prediction. The QCD
prediction was corrected from parton to hadron (particle) level (bottom plot).
The cross section is evaluated for the phase-space cuts stated in the figure.

electrons were required to have a minimum separation from all jets of AR(e, jet) > 0.7.
No further isolation with respect to nearby reconstructed tracks or energy deposits in
the calorimeter was imposed.

The dominating background from QCD multijet and W + jets processes was de-
termined based on data. The electron fake rate, which denotes the probability for a
jet to pass the electron selection criteria, was estimated using an inclusive jet sample
and was applied to jets found in a data sample with exactly one reconstructed tight
central electron. Other backgrounds which comprise additional electroweak processes
and tf production were obtained from Monte Carlo simulation. The total background
amounts to 10 — 14% depending on jet multiplicity. The relatively large background
contribution compared to other similar measurements is likely due to the loose electron
isolation requirement.

Fig. 4.9 shows the jet transverse momentum distributions do/ dpj:}3t of the jets in Z
+ > 1 jet events measured between 30 GeV < pjﬁt < 300GeV. The cross section is
unfolded to hadron (particle) level using an iterative bin-by-bin unsmearing method.
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Instead of correcting the cross section to the full phase-space of Z boson production
and decay, it is derived in a well-defined kinematic range which matches the detector
acceptance and event selection to avoid additional systematic uncertainties due to the
extrapolation to the full kinematic region. The systematic uncertainty on the cross
section measurement is dominated by uncertainties in the jet energy scale (resulting in
an error of 5% to 12% which is increasing with pj;ft), the electron identification efficiency
(5%), and the luminosity normalization (5.8%). The background estimation and the
correction to the hadron level each account for 1% systematic uncertainty.

The CDF measurement of do/ dpjjft shown in Fig. 4.9 is compared to the NLO QCD
prediction obtained with the MCFM program [45] which has been corrected from parton
to hadron level using the PYTHIA event generator with a tuned parameter setting to
correctly describe the underlying event (“Tune A”) [96]. This parton-to-hadron level
correction, which is defined as the ratio of the full PyTHIA prediction over the one
without multi-parton interactions and fragmentation, is shown in the bottom panel of
Fig. 4.9 including a systematic uncertainty which was derived using an alternative fit
of PYTHIA parameters (“Tune DW”) [180]. This correction is non-negligible especially
at small P, where it exceeds a value of about 1.2. For smaller cone sizes (cf. the
previously discussed D@ analysis) this correction is smaller as the energy bias due
to the underlying event is decreasing. The McFM prediction was computed with the
CTEQG6.1M PDFs [101] and with the renormalization and factorization scales set to
ps = M2 + p2(Z). The middle panel of the figure displays the ratio of the CDF data
to the calculation together with the PDF and scale uncertainties of the prediction.
McrFM gives a good description of the jet transverse momentum distribution over the
full range in pl’.

Fig. 4.10 displays the Z(— ee) + > n jets production cross section corrected to
hadron level as function of the jet multiplicity n. The NLO calculation, which is avail-
able only up to n = 2, is in good agreement with the data, whereas the LO prediction
underestimates the data by a factor ~1.35 nearly independent of jet multiplicity.

The CDF collaboration also reported a preliminary measurement of inclusive W (—
ev) +n jet production based on an integrated luminosity of 320 pb™" collected using a
high Er electron trigger [164]. Differential cross sections as function of jet transverse
energy, dijet mass, and jet separation were presented.

The jets were reconstructed using the iterative seed-based cone algorithm (Runl
algorithm) with a cone radius R = 0.4 and were required to have a minimal transverse
energy Eﬂ;,f’t > 15GeV and pseudorapidities |n| < 2.0. As described in Section 4.1.1 and
shown in Fig. 4.1 the background to W + jets production was determined to be about
10% at a jet multiplicity of one and low jet Er and to increase to ~ 80% at large jet
transverse momenta. The cross sections were evaluated for a limited but well defined
W phase space to match the detector acceptance and event selection: Ef > 20 GeV,
In°l < 1.1, Br > 30GeV, and W boson transverse mass my > 30 GeV. Within this
kinematic region the W reconstruction efficiency was found to be (60 + 3)%. The
results are corrected to hadron level using the ALPGEN generator [43] interfaced to
PyTHIA-TUNE A [96] (cf. Section 2.2.1).

Fig. 4.11 displays the corrected differential cross section do (W (— ev)+ > njets)/dE7}
as function of the ET. of the n'™ jet in W boson events with > 1, > 2, > 3, and > 4 jets.
The systematic error was found to be dominated by the uncertainty on the jet energy
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Figure 4.10: Cross section for Z(— ee) + > n jet production as function of jet
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normalized to the measured inclusive cross section.

calibration at low jet Ep, while at large Fp the uncertainty on the background deter-
mination is the main contribution, which results in an error > 50% for Er > 150 GeV.
The measurement was compared to the prediction of ALPGEN interfaced to PYTHIA
which was normalized to data for each multiplicity bin separately to allow a direct
comparison of the shape of the distributions. ALPGEN gives a reasonably good de-
scription of the shape of the data. Due to the missing higher order corrections in the
LO event generator ALPGEN the normalization (integrated cross section) is underes-
timated. It was also found that ALPGEN interfaced to PYTHIA is able to describe
the topology of W + jet events as demonstrated with the differential cross section
do(W(— ev)+ > 2jets)/dM;; as function of the invariant mass M;; of the two leading
jets, which is shown in Fig. 4.12.

4.1.4 Validation of event generators

As already mentioned before, it is essential to validate event generators with measure-
ments of W/Z + jets production. Thus, their prediction could be taken to accurately
estimate the background contribution from these events in measurements of rare stan-
dard model processes and searches for the Higgs boson or new phenomena. In the previ-
ous section it was shown that event generators which match fixed-order matrix-element
calculations with a parton shower simulation give a good description of differential cross
sections as function of various kinematic quantities, albeit they predict a too low rate
due to the missing higher-order corrections in the matrix-element calculation. While
the measurement of corrected cross sections is essential to obtain a universal result,
the comparison of uncorrected data to fully simulated Monte Carlo events facilitates
the comparison and even increases its precision as some of the systematic uncertainties
cancel in the ratio of data to simulation at reconstruction level.

There is a qualitative difference in the validation of the event generators in the
regions of low and high jet or vector boson transverse momenta. At low pr the pre-
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dictions of the event generators largely depend on non-perturbative assumptions and
model parameters, e.g. assumptions being made for parton-shower cut-offs, in the
fragmentation and for the underlying event. These model parameters can generally
be tuned to data, which, for example, has been done for the underlying event at the
Tevatron [96,180]. At large transverse momenta the differential cross sections are pri-
marily predicted by perturbative calculations and thus are less dependent on model
assumptions, albeit they have a considerable uncertainty due to scale dependences etc.
It is essential to validate the event generators in a kinematic region with negligible con-
tribution from new physics processes to avoid a bias which would eventually cover a
new signal. Subsequently these tested event generators can be used to predict the rate
of standard model processes in the signal regions. In particular, a thorough validation
of event generators at the Tevatron is of large importance for the initial modelling of
the standard model backgrounds at the LHC.

The DO collaboration reported a preliminary comparison between uncorrected
Z/v*(— ee) + jet data with simulations obtained with the PyTHIA [181] and SHERPA
[60] event generators (cf. Section 2.3.5). The data sample with an integrated lumi-
nosity of 950 pb™!, which was collected using a combination of single and dielectron
triggers, included 50417 Z — ee events.

For the event generation PYTHIA 6.319 was employed including the CTEQ6L1
PDFs and the Tune-A [96] parameter set for the modelling of the underlying event.
SHERPA 1.0.6 was used with CTEQG6L PDFs and default parameter settings for the
underlying event. In the matrix-element calculation up to three partons in association
with the Z boson were included and 20 GeV was chosen as matching scale between
the matrix-element and parton shower domains. For both Monte Carlo samples zero
bias events were overlaid to account for additional pp interactions in the same bunch
crossing, pile-up, and noise. The samples were processed through a full DO detector
simulation based on GEANT [123].

Z boson candidate events were selected by requiring two opposite charge elec-
trons with pr > 25GeV, tight identification criteria, and invariant dielectron mass
70 GeV < M., < 100 GeV, such that any background contributions are minimal. Jets
are reconstructed based on the RunlII cone algorithm with cone radius R = 0.5 and
are required to have a transverse momentum pr > 15 GeV.

Various kinematic and topological distributions were studied at reconstruction level
to compare the measured data with the two Monte Carlo samples, including the trans-
verse momenta of the Z boson and the three leading jets, the jet multiplicity and
angular jet-jet correlations. As one example the pr of the leading jet is plotted in
Fig. 4.13. Hard parton emission (i.e. jet production at large pr) can be well modelled
with matrix-elements which include the radiated parton, whereas the parton shower
approximation gives a good description at low pr but underestimates the jet produc-
tion at large pr. Consequently, the parton shower event generator PYTHIA predicts
a too soft pr distribution for the leading jet, whereas SHERPA, which relies on the
matrix-element at large pr, is in good agreement with the data. A similar trend is seen
in the py distributions of the second and third jet.

Both SHERPA and PYTHIA can model the angular separation (i.e. An and Ag¢)
between the two leading jets, with one limitation for PYTHIA since it predicts a peak
at A¢ ~ 7 which is not observed in data. This enhancement for back-to-back jets
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Figure 4.13: Transverse momentum distribution of the leading jet in Z + > 1
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(right) [182]. The lower plots show the ratio of the distributions (data/MC).
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Figure 4.14: n* = n3 — (n1 +n2)/2 of third jet in Z + > 3 jet events compared
to simulations obtained with PYTHIA (left) and SHERPA (right) [182]. The
lower plots show the ratio of the distributions (data/MC).

is likely due the modelling of multi-parton interactions (underlying event) in PYTHIA,
meaning that the additional jets at A¢ ~ 7 originate from an additional parton-parton
interaction and not from the hard process. Since the minimal required jet transverse
momentum is only pr = 15GeV the rate of jets produced in the underlying event is
not negligible.

It is of particular interest to study the radiation of additional jets in Z + jets events
with two leading jets which are well separated in rapidity as the rate for the production
of a third enclosed jet is different for the QCD production process (colour-octet ex-
change) and the electroweak vector-boson-fusion (VBF, colour-singlet exchange) [183].
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The electroweak production of Z + 2 jets via WW fusion has the same structure as
Higgs boson production via VBF, which is expected to be one of the major Higgs dis-
covery channels at the LHC [184,185]. At the Tevatron the cross section for Z + 2
jet production via the VBF process is about two orders smaller than the dominating
QCD process.

The DO collaboration studied Z + 3 jets events, with the two leading jets separated
by |71 —n2| > 2 and the third jet radiated in between, i.e. 71 < 13 < My or Ny < M3 < M.
Fig. 4.14 shows the n distribution of the third jet relative to the two leading jets, defined
as n* =mn3 — (m +12)/2. Due to the relatively small statistics for this class of events,
the comparison between data and the Monte Carlo samples has only limited precision,
but one can conclude that both PYTHIA and SHERPA can correctly model the topology
of the third jet radiation. However, PYTHIA predicts a too low rate of three-jet events
by a factor 1.7.

4.2 Heavy flavour jet production

The production of b quark jets in association with the weak bosons is of particular
interest as these processes comprise the most important background to several new
processes being searched for, e.g. single-top and associated Higgs production. b jets can
be identified using characteristic properties of B mesons as semi-leptonic decays [52,
186], lifetime [51,187], and mass [188,189]. Also, the associated production of jets
originating from ¢ quarks is important, not only because those can be misidentified as
b-tagged jets.

4.2.1 Predictions from perturbative QCD

Predictions for the production of a W or Z boson with a heavy-quark pair QQ (Q =
¢, b) and possible additional light partons can be obtained using the leading-order
event generators ALPGEN [43] and SHERPA [60]. Both programs include a matching
algorithm which allows to combine matrix-element calculations for different parton
multiplicities and a parton shower simulation (cf. Section 2.3.5). The ALPGEN code
incorporates WQQ, ZQQ (both with up to four additional light partons), and We
(with up to five additional light partons). A case study on Wbb + n jets production
was presented by the ALPGEN authors in Ref. [89].

At Born level Wbb is only produced via gluon radiation off a quark and gluon
splitting into a bb-pair in the initial state, g¢’ — Wbb. For Zbb production additional
diagrams besides gluon radiation contribute: Z radiation off a b quark in the final
state (included in g7 — Zbb) and gg scattering with a Z radiated off the b quark ex-
changed in the t-channel (gg — Zbb). The flavour excitation process gs — W ~c has
no corresponding analogue involving a Z boson. These are all lowest order processes
for the production of a W or Z boson with a heavy quark, if only light parton density
functions are considered. Using heavy-quark PDFs, the production of a single heavy
quark @) in association with a Z boson is allowed via g@) — Z(). Note, that this
is only an alternative calculation scheme since this process is already included in the
calculation of gg — ZQQ with one of the heavy quarks being emitted collinear to the
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Figure 4.15: Left: The differential cross section do/dmy as function of dijet
mass for inclusive Wbb production at LO and NLO with massive b quarks.
Right: The K-factor defined as the ratio of NLO and LO cross sections [66].

beam and since the heavy flavour PDF is dynamically derived via ¢ — QQ splittings
in the DGLAP evolution equations [70-72]. Thus, one should be careful when combin-
ing different processes to avoid double-counting in the cross section. The calculation
based on heavy-flavour PDFs has the advantage that the collinear logarithms in the
initial state are absorbed in the PDF leading to a more convergent perturbative ex-
pansion [190,191]. In addition NLO corrections are less complicated due to the less
complex final states at LO [192,193].

The next-to-leading order corrections to Wb [64] and Zbb [65] production have
been calculated in the approximation of massless b quarks and are implemented in the
parton-level code McFM [45,63]. Recently, the NLO corrections to Wbb production
were also derived for massive b quarks [66]. The calculation confirmed the expec-
tation that the massive treatment is only of importance at low dijet mass m;; and
found that the difference between the massive and massless calculation is marginal for
my; 250 GeV.

Fig. 4.15 shows the LO and NLO predictions for the dijet mass distribution do/dm;
for inclusive Whb production using massive b quarks. At low dijet masses the ratio of
NLO and LO cross sections (the K factor) is about 1.5, but decreases steadily with
increasing my; so that it even falls below unity at m,; ~ 175GeV. For a specific
event selection the effective K-factor depends on the choice of the kinematic region
for selected jets. Therefore care should be taken when using the displayed graphs
to directly correct LO predictions (e.g. as obtained with event generators). Instead
the MCFM program can be used to recalculate the NLO corrections to match specific
kinematic selections.
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Figure 4.16: Ratio of W /Z + 2 b jets to W /Z + 2 jet events as function of
the invariant dijet mass M;j; at LO and NLO for two different choices of the
normalization and factorization scale p [45]. The jets are required to have
pr > 15GeV and |y| < 2.

The heavy-flavour content of jets produced with a W or Z boson was found not to
depend strongly on the higher-order correction [45] which is demonstrated in Fig. 4.16.
The ratio of the cross section of W events with two b jets over the cross section for
W events with any two jets as a function of dijet mass m;; is nearly constant at 0.8%
for m;; 260 GeV. In this calculation jets where required to have pr > 15GeV and
ly| < 2. The b quark content is increasing towards low m;; as bb quark pairs are only
produced via gluon splitting which involves a massless propagator term. The NLO and
LO predictions for the Wbb/Wjj ratio are practically identical, except for low dijet
masses, where the NLO correction increases the ratio. This prediction appears to be
somewhat in contrast to the findings of the CDF and D@ collaborations, which obtain
a better description of their data in the W + heavy-flavour-tagged jet sample when
they reweight the LO prediction of the heavy-flavour content obtained with ALPGEN
with a factor of about 1.5 [194,195]. The predictions for the Zbb contribution to the
Z3jj cross section is considerably larger compared to Wbb, in particular at large M;;
due to the additional diagrams contributing to Zbb.

NLO corrections have also been calculated for We production [196], for the pro-
duction of a single heavy-quark in association with a Z boson [192,197] and for the
production of a W boson and two associated jets with one b quark tag [193]. The
latter two processes can be realized using heavy-flavour PDF's in the initial state. In
addition, processes with two heavy-flavour quarks in the final state, e.g. g — Zbb,
contribute to the one-tag rate, as one of the heavy quarks can be outside the selected
range in py and y or both heavy quarks can collapse into a single jet. Z(@) production
is predicted to be dominated by the process ¢g@Q — ZQ, with ¢ — ZQQ contributing
about a third at the Tevatron, while being much less significant at the LHC [192].
Ref. [193] showed that the process bg — Wbq' receives large NLO corrections thus that
it is nearly as important as Wb if only one b-tag is required. Note that bg — Whq'
is equivalent to the process gg — Wbbq' which does not rely on b quarks in the initial
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state and which is, for example, implemented in the ALPGEN event generator. At LO
and using a renormalization and factorization scale of My, the cross section calculated
based on gq — Wbbq' is about twice as large compared to the one obtained with
bq — Whbq' [193]. Thus the higher order corrections to gg — Whbq' are expected to be
of largely reduced size.

4.2.2 Measurements of b quark production in association with
a Z or W boson

The measurement of the production of b quark jets in association with Z or W bosons
is challenging as the production cross sections are relatively small and the background
contributions are substantial. A crucial element of the analysis is a method to efficiently
identify jets originating from a heavy-flavour quark, while effectively suppressing the
rate of jets from light-flavour quarks or gluons which are misidentified as heavy-flavour
jets.

Heavy flavour tagging

The b quarks produced in hard processes mostly hadronize into B mesons (and b-
flavoured baryons), which have significant mean life times 7 ~ 1.6 x 10725 and large
semi-leptonic branching fractions of about 11% each for decays in final states with elec-
trons or muons. Furthermore, B mesons can decay into D mesons which subsequently
can decay semi-leptonically, thus increasing the effective rate of leptons from B decays.
Both properties, lifetime and semi-leptonic decays, can be used to tag b quark jets.
¢ quark jets which hadronize into D mesons can also be tagged albeit with a largely
reduced tagging efficiency.

The identification of non-isolated muons within jets provides a soft lepton tag (SLT)
for b jets. The b-tagging efficiency is limited by the semi-leptonic decay rates and by
the muon identification efficiencies and thus typically reaches only values of about
11% [198]. This method was applied by both the CDF and D@ collaborations for the
observation of top quark pair production at the Tevatron RunI [51,52].

The decay of a long-lived b-flavoured hadron generates tracks attached to a sec-
ondary vertex which is well separated from the primary vertex of the hard interaction.
The secondary vertex tagger (SVT) relies on high resolution tracking near the interac-
tion point, which can be achieved with silicon tracking detectors. In CDF’s top quark
observation the SVT was the primary method to identify b jets due to a significantly
higher efficiency as compared to the SLT. In RunIl, both CDF and D@ employ SVT
algorithms for b jet identification [187,194,199]. The details of the specific methods im-
plemented by both experiments differ. To give a general idea of the method, reference
to D@’s algorithm is given in the following, which is a bottom-up approach: Tracks
are clustered into track-jets using a cone algorithm. For each track-jet (consisting of at
least two tracks) any pair of tracks with a significant impact parameter relative to the
primary vertex (distance of closest approach) is used as a seed for a secondary vertex.
Additional tracks, which are consistent with originating from this vertex, are attached
iteratively. A vertex transverse decay length L,, is defined as the radial distance of
the secondary vertex to the primary vertex in the plane perpendicular to the beam
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Figure 4.18: b-tagging efficiencies of CDF’s secondary vertex tag algorithm
measured in data and simulation [194]. The jet is identified as heavy-flavour
jet with a soft electron tag.

pipe and is required to fulfil L,,/0,, > 7 with o,, being the corresponding resolution.
Examples for measured b-tagging efficiencies based on secondary vertex taggers are
given in Figs. 4.17 and 4.18.

Both collaborations also employ jet lifetime probability taggers which estimate the
combined probability of tracks within a jet to originate from the primary vertex [200,
201]. Small probabilities are an indication of b jets which contain tracks with large
impact parameters. To further optimize b-tagging efficiencies and mistag rates, both
D@ and CDF recently developed taggers based on neural networks which combine the
outputs of the traditional taggers and additional kinematic variables [202,203].

Jets originating from b or ¢ quarks can be discriminated using the invariant mass
M; of charged tracks attached to a secondary vertex [188,189]. Due to the large mass
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of b hadrons, b jets have on average a larger M, than c or light jets. The fraction of b,
c and light jets in the secondary vertex tagged sample can be derived from fitting the
observed M, distribution with the sum of template shapes for the different flavours.

Zb production

During RunII both the D@ and CDF collaborations have measured the production
of b jets in association with a Z boson. Inclusive Z + b jet production which can
contain an additional jet in the final state is expected to be a major background to
associated Higgs production, ZH, with subsequent Higgs-boson decay into a bb-pair.
As about two thirds of the inclusive Z + b jet production is expected to originate from
the parton process gb — Zb (when using a five-flavour scheme with a b quark PDF)
a measurement of the Zb production cross section would provide a constraint on the
b quark PDF. Presently the b quark distribution function is evolved dynamically from
the gluon PDF [94,124,190,191] and found to be in agreement with the b contribution
to the proton structure function F¥* measured in deep inelastic ep scattering up to
momentum transfers Q? = 650 GeV? [204,205]. The measurement of Zb production is
sensitive to the b quark PDF at significantly higher Q? ~ M%. A precise knowledge
of the b distribution function is essential when predicting the production rates for
processes with b partons in the initial state, e.g. single top production [206] and the
production of a supersymmetric Higgs h via gb — hb or bb — h [207-211].

The D@ collaboration published the first measurement of the ratio of inclusive
cross sections o(pp — Z + bjet)/o(pp — Z + jet) based on an integrated luminosity of
180pbh~! [212]. Both Z — e*e™ and Z — p*p~ decay channels were utilized.

Jets were reconstructed using the RunlIl cone algorithm with R = 0.5 and were
required to have pr > 20GeV and |n| < 2.5. The b jets were identified by secondary
vertices separated from the primary vertex of the hard interaction. The primary vertex
could be distinguished from additional vertices originating from minimum-bias events
occurring in the same bunch crossing based on the py distribution of the associated
tracks. Jets were considered taggable if a track jet consisting of at least two tracks
was found within AR = 0.5. The taggability for light jets was measured in data and
determined to be 75%. Monte Carlo studies showed that the taggabilities for b and ¢
jets are about 80%.

A secondary vertex tag algorithm was applied to each taggable jet. The b-tagging
efficiency was determined from a data sample containing jets with muons (soft muon
tag) and parameterized as function of jet pr and 7. The difference in b tagging efficiency
between jets with and without muon was estimated using simulation. The average
b-tagging efficiency was determined to be €, ~ 33%. The c-tagging efficiency was
estimated assuming the ratio €./¢, = 0.266 as measured in simulation. The mistag rate
for light-flavours was determined from data and averages ¢; ~ 0.28%.

Based on these tag efficiencies and taggabilities the number of events with a b,
¢, or light jet, Ny, N., and N;, respectively, were derived from the number of events
before and after b-tagging, corrected for the background contribution from multijet and
Drell-Yan continuum production. As one constraint is missing to determine the three
unknown quantities N, N., and N;, the ratio of the number of events with ¢ and b
quarks were taken from the theoretical prediction N, = 1.69N, [192].



4.2 Heavy flavour jet production 69

L o
3 (a) DD = | (b) DD
g 151 « Data 8 20~ « Data
» —Expectation = | I —Expectation
o [ BCharm+Mistag c [ ECharm
£ [DBkgd L 15 OBkgd+Mistag
w 10+ L
[ 10F
5F |
L 5 °
. y 0y
i L L L L L L |:'|=Ei L L L L | Il Il Il Il | Q:l:._
0 50 100 150 -50 0 50 100
p; (GeVvic) L /o

Xy =Xy

Figure 4.19: (a) The transverse momentum spectrum for b-tagged jets in Z +
jets events. (b) Distribution in decay-length significance L, /o, of secondary
vertices in the transverse plane [212)].

In Fig. 4.19 the shapes of the transverse momentum distribution of b-tagged jets
and of the decay-length significance of the secondary vertices are compared to the sum
of the expected Zb signal and the background contributions. The distribution of the
decay-length significance shows a clear evidence for the heavy-flavour component.

The dominating systematic uncertainties for the measurement of the inclusive cross
section ratio o(pp — Z + bjet)/o(pp — Z + jet) were found to be uncertainties in the
jet energy scale for b and light jets, in the background estimate, in the difference in
tagging efficiency for ZQQ events with the two heavy quarks being either combined
in one jet or separated in two jets, and in the tagging efficiencies for b, ¢, and light
jets. In addition an uncertainty on the theoretical prediction for o(Zc)/o(Zb) [192]
was considered.

The inclusive cross section ratio o(pp — Z+bjet)/o(pp — Z+jet) was measured to
be 0.021j:0.004(stat)f8:88§ (syst). Here, o(pp — Z+jet) includes the rate for any quark.
The measurement is in good agreement with the NLO prediction of 0.018 +0.004 [192]
obtained with the CTEQ6M parton distributions [94].

CDF’s measurement of the Z + b jet cross section was the first one not to rely on a
theoretical prediction for the ratio o(Zc)/o(Zb), but instead was able to discriminate
b and c jets using the invariant mass distribution of charged particles originating from
the secondary vertex [213]. This measurement is based on an integrated luminosity
of 330pb™" and includes both the electron and muon decay channels of the Z boson.
The trigger and lepton selection were adopted from CDF’s inclusive Z cross section
measurement [119]. Jets were reconstructed using a cone algorithm with cone size
R = 0.7 and were required to have Ep > 20GeV and || < 1.5. b jets are identified
using a secondary vertex algorithm [194] with an average efficiency of 33%. The b-
tagging efficiency was derived from a sample of dijet events with a reconstructed b
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Figure 4.20: The invariant mass of all charged tracks attached to the secondary
vertex, My, in Z + jets events [213]. The jets are required to have a positive
(left) or negative tag (right) defined as a significant transverse displacement of
the secondary vertex pointing into the direction (positive tag) or opposite to
the direction (negative tag) of the jet hemisphere. The non-Drell-Yan back-
ground has been subtracted from the data. The data are compared with the
sum of the light, ¢ and b Monte Carlo templates, of which the normalization
has been obtained by a fit to the observed M, distribution.

or ¢ decay. Non-negligible backgrounds were from ZZ and tt production, which were
estimated using Monte Carlo simulations, and from multijet production with jets faking
isolated electrons or muons. The lepton fake rates were estimated from data.

To discriminate between ¢ and b quark jets in the tagged sample and to estimate
the fraction of b jets, a fit to the invariant mass of all tracks attached to the secondary
vertex M, was performed. To better discriminate between the contributions from the
different quark flavours, the M, distribution for jets with both positive and negative
tag, defined as a significant transverse displacement of the secondary vertex pointing
into the direction or opposite to the direction of the jet hemisphere, were included in the
fit. In Fig. 4.20 the M, distributions for both positively and negatively tagged jets are
compared to the sum of the scaled Monte Carlo templates for b, ¢ and light quarks. The
additional discrimination, in particular between light and ¢ quarks, due to the inclusion
of the M, distribution for negative tags is evident. The template for b jets was validated
with a dijet sample which was also used to determine the b-tagging efficiency. Using
v + jet data it was found that the simulation did not accurately describe the ratio of
positive to negative tags for light jets, which was predicted a factor 1.3 too high. The
light jet template was reweighted accordingly and the difference from unity was taken
as a systematic uncertainty.

The main systematic uncertainty in this measurement of the Zb production cross
section is the uncertainty of the simulated jet Er and 7 distributions, which define the
acceptance correction. The uncertainty was estimated by reweighting the Monte Carlo
distributions within a range consistent with the data. Other dominant contributions
to the systematic error include uncertainties on the track reconstruction efficiency, on
tagging efficiencies and on the jet energy scale.

The measured cross section for Z + b jet production is evaluated for jet Ep >
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Figure 4.21: The transverse energy distribution for positively tagged jets in Z
+ jets events [213]. The non-Drell-Yan background has been subtracted from
the data. The data are compared with the sum of the light, ¢ and b quark
Monte Carlo templates.

20GeV, |n| < 1.5 and 66 GeV < M) < 116 GeV and presented both as absolute and
relative cross section. The Z + b jet production cross section normalized to inclusive Z
production is measured to be o(Z+bjet)/o(Z) = 0.0037£0.0011(stat.)£0.0008(syst.),
which is in agreement with both the PYTHIA [122] prediction of 0.0035 and the NLO
calculation of 0.0019 [192]. The rate of Z + b jet compared to Z + jet production was
determined to be o(Z +bjet)/o(Z + jet) = 0.0236 £0.0074(stat.) +0.0053(syst.), again
in agreement with the PYTHIA estimate of 0.0218 and the NLO prediction of 0.0181.
This CDF measurement agrees also well with the preceding D) measurement described
above. Fig. 4.21 demonstrates that the observed transverse energy distribution of
tagged jets is well described by the sum of the MC templates of b, ¢ and light jets,
which were scaled using the result of the fit to the M, distribution.

Wbb production

The DO collaboration published a combined search for Wbb and W H production based
on the W decay in electrons and an integrated luminosity of 174pb~' [214]. This
analysis, which was optimized to maximize the sensitivity for W H, selected events with
a reconstructed electron, significant missing transverse momentum and two jets with
pr > 20 GeV and |n| < 2.5. Both jets were required to be tagged with an algorithm
based on jet lifetime probabilities and to have an angular separation ARy, > 0.75.
The angular separation reduces the presence of b jets originating from gluon splitting
which enhances the sensitivity for W H, but suppresses the selection efficiency for Wbb.
An upper cross section limit at 95% C.L. on Wbb production of 6.6 pb was set for
5 > 20GeV and ARy, > 0.75, compared to the NLO prediction of 0.75pb obtained
with McFMm [45].

The CDF collaboration presented a preliminary measurement of the b jet cross
section for Wbb production based on an integrated luminosity of 695pb™" and using
the W decays in both electrons and muons [215]. In addition to a reconstructed electron
or muon and missing transverse momentum, one or two jets with EFr > 20 GeV and
In| < 2 were required. At least one jet needed to have a secondary vertex tag and
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the flavour composition of the tagged jets was determined using the invariant mass
distribution M of the tracks attached to the secondary vertex similar to CDF’s Z +
b jet analysis.

About 33% of the tagged jets are found to be true b jets, while ¢ and light jets
contribute about 47% and 20%, respectively. In contrast to the measurements of Zb
production, the W + b jet selection suffers from large background contributions, both
from top and QCD multijet production. The top background, which has similarly
large contributions from single and pair production, was estimated from simulation to
be 30%. The multijet background was evaluated using data samples with inverted Fr
and lepton isolation requirements, while its b jet contribution was determined from
the M, distribution at low Ep. The background from QCD production was found to
account for 25% of the selected b-tagged jets.

The dominant sources of the systematic uncertainty were due to the Monte Carlo
modelling of the templates for the M, distribution and due to the uncertainties on
the determination of the multijet background and on the b-tagging efficiency. The
acceptance for the cross-section measurement was derived using simulated samples for
W + bb + n additional partons (with n = 0, 1,2) generated with ALPGEN [43].

The measurement does not derive a cross section for Wbb production as such, but
presents the result as a b jet cross section in Wbb events, i.e. the measured cross
section is proportional to the number of b jets in events with a leptonically decaying W
boson and one or two jets. The cross section, which is corrected to the limited phase
space corresponding to the kinematic acceptance and selection (i.e. pr(£*) > 20 GeV,
In(¢*)] < 1.1, pr(v) > 25GeV, Er(jet) > 20 GeV, |n(jet)| < 2), was measured to be
0.90 + 0.20(stat.) £ 0.26(syst.) pb, which is in good agreement with the LO Alpgen
prediction of 0.74 + 0.18 pb.

In RunlI, the CDF collaboration reported an anomaly observed in the heavy-flavour
content of jets produced in association with a W boson, such that an excess of jets
was observed which were tagged both by a secondary vertex tagging and a soft-lepton
tagging algorithm [216]. It was suggested that this enhanced rate could be due to the
production of the supersymmetric partner of the b quark, which could be relatively
light [217]. In this scenario, the semi-leptonic decays of supersymmetric B mesons
would be the source of additional soft leptons.

Both, the D@ and CDF collaborations searched for this anomalous heavy-flavour
production in association with a W boson based on data sets with integrated lumi-
nosities of about 150 pb™! collected in RunII [198,218]. Both analyses found good
agreement with the standard model prediction of Wbb production and set upper limits
on the cross section for new hypothetical processes.

4.3 Conclusions for new phenomena searches

The associated production of vector bosons with jets is the dominating background
in many searches for new phenomena and the Higgs boson, which will be discussed in
detail in the following chapter. Thus, precise measurements of W/Z + jet production
as well as simulations of these processes are essential for the accurate prediction of
their background contribution in searches.
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Measurements of differential jet distributions in W and Z boson events are challeng-
ing as they require a detailed understanding of the jet energy calibration and energy
resolution. They have sizable statistical uncertainties at large jet transverse momenta
or high jet multiplicities and substantial systematic uncertainties arising from, e.g. the
jet energy scale calibration or the estimation of the background. The measurements are
in general well described by the prediction of NLO QCD calculations, where available,
and by those event generators, which consistently combine matrix-element calculations
up to high parton multiplicities with parton shower models, e.g. ALPGEN and SHERPA.

Of particular relevance is the associated production of W and Z bosons with heavy-
flavour jets, which is the most important background in searches for the Higgs boson
produced in associated W H and ZH production. These processes obtain sizable NLO
corrections which modify both integral rates and shapes of kinematic distributions.
Predictions at LO differ considerably and depend on the calculation scheme applied.
Measurements of heavy-flavour jet production in association with vector bosons, are
both limited by statistical and systematic uncertainties. Compared to flavour-inclusive
jet production, additional systematic uncertainties are due to the heavy-flavour identi-
fication. They can be substantial in measurements which discriminate between b and
¢ quark jets. As a consequence of both theoretical and experimental uncertainties,
predictions for the production of Wbb, Zbb, and other W/Z + heavy flavour processes
are less precise.
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Chapter 5

Background from W /Z + jets
production in searches for new
phenomena and the Higgs boson

The production of W and Z bosons at hadron colliders is a copious source for both
charged leptons and neutrinos. Many rare standard model or new phenomena processes
result in event topologies which include charged leptons and missing transverse energy
Fr. Of particular interest are final states which include one or more hadron jets in
addition to leptons and/or missing transverse momentum as they are generated in the
production and decay of many new particles, e.g. the associated production of the
Higgs boson with a W or Z boson and subsequent decay H — bb, the pair-production
of scalar quarks and gluinos in supersymmetric models with decays into quarks, gluons
and the lightest neutralino, or the pair-production of leptoquarks decaying into leptons
and quarks etc.

In searches for these new processes, the production of the weak bosons with as-
sociated jets is a main background source. In many cases, it is even the dominating
background contribution. Thus, it is essential both to correctly estimate the back-
ground contribution from W /Z + jets production and to understand how to effectively
discriminate the signal of a new particle from this background. Additional background
contributions from both multijet production and top-production are often important
as well. On the other hand W + jet production is the dominating background when
measuring single top and top pair production. The discussion of the latter is outside
the scope of this work.

The previous chapters discussed in detail the phenomenology of vector boson pro-
duction as well as measurements of inclusive and differential cross sections. In particu-
lar a focus on the production of hadron jets in association with the weak bosons and on
the description and validation of perturbative QCD calculations and event generators
was set. Based on this groundwork, this chapter discusses W /Z + jets production as a
primary background source in searches. Using several searches performed by both the
CDF and D@ collaborations as examples, this chapter reviews how this background
can be estimated and effectively suppressed. First, new processes with charged leptons
(and possible [7) in the final state are discussed, then those processes with missing
transverse momentum (but without charged leptons). Both cases are further classified
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dependent on the presence of associated heavy-flavour jets. The primary interest is
not to discuss the phenomenological details of Higgs boson production or of particular
models for new physics beyond the standard model, but instead to focus on the role of
the Z /W + jet background. In most of the cases, reference to analyses performed by
the DO collaboration is given when discussing exemplary searches below. This choice
is not based on any valuation, but is motivated by an attempt to avoid redundant dis-
cussions, as there is a large overlap between the analyses performed by both Tevatron
collaborations.

5.1 Final states with charged leptons and jets in
searches

The associated production of vector bosons with jets with subsequent leptonic decays,
7Z — (0~ and W — (v generates final states which include jets, charged leptons and
possibly additional missing transverse energy. Similar topologies are predicted by the
production and decay of excited quarks, leptoquarks and the Higgs boson (in W H and
Z H production). For the latter the identification of b jets is essential for the signal
discrimination.

5.1.1 Jets without heavy flavour identification

Several exemplary searches for excited quarks and leptoquarks are reviewed below.

Excited quarks: q* — Zq

The D@ collaboration searched for a heavy resonance decaying into a Z — eTe +
jet final state using an integrated luminosity of 370 pb~"' [219]. While the search was
performed for a generic resonance, the non-observation of a signal was more specifi-
cally interpreted in terms of a model which includes an excited quark decaying into a
quark and a Z boson, which would indicate quark substructure [220]. This model is
implemented in the PYTHIA event generator [36], which was used to evaluate signal ac-
ceptances. The event selection required a reconstructed electron pair with an invariant
mass consistent with the Z boson and at least one jet with pr > 20 GeV and |n| < 2.5.

As a consequence of the high purity of the Z boson reconstruction, the background
to the hypothetical heavy resonance is completely dominated by Z + jet production.
The instrumental background due to QCD multijet production was estimated to ac-
count for only 0.6% of the rate and the contribution from W + jet production was found
to be negligible. The Z + jet background was estimated using the parton shower event
generator PYTHIA. Simulated samples of the 2 — 1 process ¢¢ — Z/~*, which includes
corrections to the first branching in the parton shower (cf. Section 2.3.5), were found
to agree with the data, but to be of insufficient statistics for Z jet invariant masses
Mz;1 > 300GeV, i.e. the region where a hypothetical signal would be expected. In
addition, the higher-order 2 — 2 processes, q¢ — Zg and qg — Zq, were simulated
using minimal thresholds on the Z-parton invariant mass My, ranging from 100 GeV
to 400 GeV. Fig. 5.1 shows the measured distribution of the invariant mass of the Z
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Figure 5.1: Search for heavy resonances decaying into Z + jet [219]: Left: the
distribution of invariant mass of the reconstructed Z boson and the leading
jet, Mzj1, compared to the SM prediction and the hypothetical signal due to
an excited quark ¢* with mass mg = 500 GeV and narrow width. The Z +
jet background was simulated using PYTHIA: The inclusive 2 — 1 process is
shown as the solid line. The 2 — 2 process is shown for various Mz; thresholds
as discontinuous lines (only drawn up to where the distribution for a higher
threshold on My; takes over). Right: the pp(Z) vs. Myj; distribution for the
standard model background and the hypothetical ¢* signal.

boson and the leading jet compared to the simulation which is in good agreement. The
2 — 2 samples corresponding to different thresholds on My, were not combined but
for each assumed heavy resonance mass a single sample was chosen which matches best
the Mz; region to be investigated.

The two dimensional distribution given by Myz;; and the reconstructed transverse
momentum of the Z boson, prz, was used to discriminate between the hypothetical
signal of a resonance and the Z + jet background (see Fig. 5.1, right) as events from
the resonance are clustered around its mass for Mz;; and around half the mass for pr.
An elliptical cut around the central values of My;; and prz expected for a resonance
with a certain assumed mass was chosen in a way to optimize the sensitivity. As no
excess over background was observed, a 95% C.L. lower mass limit of 510 GeV for the
excited quark mass M, (with compositness scale A = M, which implies a narrow
width of ¢*) was set. The main contributions to the systematic uncertainty on the Z
+ jet background determination were found to be uncertainties in the jet energy scale
and in the modelling of Z + jet production which was estimated using the difference
between the predictions obtained with the PYTHIA and ALPGEN [43] event generators.

Leptoquark pair-production: LQLQ — £qfq, — £quvq

Leptoquarks, hypothetical coloured bosons which carry both lepton and quark quantum
numbers and thus allow lepton-quark transitions, are predicted by numerous extensions
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Figure 5.2: Search for first generation leptoquark pair production [226]: The
distribution of the scalar sum of transverse energies, St, for eejj events (left)
and evjj events (right) after preselection and an additional cut on either the
dielectron mass M, (1.) or transverse mass M (r.) to suppress the Z and W
background. The data is compared with the SM prediction which is dominantly
Z/v* + jet and QCD multijet production (I.) or W + jet production (r.),
respectively. Also shown are the expected distributions for a 240 GeV LQ signal
(1) and for a 200GeVLQ signal (r.).

of the standard model [221-225]. At hadron colliders, leptoquarks are predominantly
produced in pairs via the strong coupling. They could, in principle, decay into any com-
bination of a quark and a lepton, but leptoquarks with masses as low as O(100 GeV)
are only allowed to couple to one generation of quarks and leptons, since they otherwise
would generate lepton number violation and sizable flavour-changing neutral currents.
The branching fractions of the leptoquark decays into a charged lepton and quark or
neutrino and quark are determined by the respective leptoquark-lepton-quark coupling.
Thus, leptoquark pair-production can produce three characteristic final states: £7¢~qq,
(*vqq, and vvgq. Main standard model backgrounds to leptoquark signals are there-
fore Z/v*(— (T07)jj, WE(— (*v)jj, and Z(— vi), respectively. Here, some of the
searches in the ¢*¢~jj and ¢*vjj final states are reported, whereas the vvjj final state
will be discussed in the following section.

During Tevatron RunII, the DO and CDF collaborations searched for first and sec-
ond generation leptoquark pair-production in both £*¢~jj and (*vj;j final states [226—
230]. Both experiments also reported preliminary results on the search for third gen-
eration leptoquark pair-production decaying into 77755 [231,232].

The DO collaboration searched for first generation leptoquarks (L)) in topologies
arising from both LQ,LQ, — eqeq and LQ;LQ, — equq based on a data set corre-
sponding to an integrated luminosity of 252 pb~! [226]. The event selection required
two high E7 electrons or one electron and significant [ir and at least two reconstructed
jets with Ep > 20 GeV and |n| < 2.4. The background due to Z/v*, W, and tt pro-
duction was estimated using ALPGEN (interfaced to PYTHIA) and PyTHIA, whilst the
contribution of QCD multijet production was derived from data.

For the eejj channel, most of the Z/~* + jet background could be suppressed using
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a veto on events with a dielectron mass compatible with the Z boson mass, thus that
subsequently Z/v* + jets and multijet production were of an equal rate, whilst the ¢t
contribution was an order of magnitude less. As the leptoquark decay products have
large transverse energies due to the high mass of the leptoquark, the scalar sum of the
transverse energies of the final state objects,

St = Er(1) + Er(l2) + Er(j1) + Er(j2) , (5.1)

was used as the final discriminant between signal and background, which is demon-
strated in Fig. 5.2. Requiring St > 450 GeV, which maximized the sensitivity of the
search, the standard model background was reduced to 0.54 + 0.11 events, dominated
by both Z/v* + jets and multijet production. The systematic uncertainty on the back-
ground contribution was dominated by uncertainties on the jet energy scale and on the
modelling of the Z/~* + jets background, which was estimated from the difference in
the simulated samples obtained with ALPGEN and PYTHIA, respectively.

For the evjj channel, the W + jet background was largely suppressed by requiring
an invariant transverse mass of the electron and the missing energy well above the W
boson mass: M# > 130 GeV. Similar to the eejj channel the background was dis-
criminated from the hypothetical leptoquark signal using the scalar sum of transverse
energies St = Er(e)+ Br+ Er(j1)+ Er(j2), for which an optimal cut of Sy > 330 GeV
was found (see Fig. 5.2). Finally, 3.6 & 1.2 background events were left after the selec-
tion of which about two thirds were due to W + jets production. Also in this case the
systematic uncertainty was dominated by uncertainties in the jet energy calibration
and in the modelling of the W/Z + jet background.

Combining both channels and the searches for leptoquarks performed in Run T [233],
lower limits on the mass of first generation scalar leptoquarks as function of the branch-
ing fraction 8 = Br(LQ; — [*q) were derived. The 95% C.L. limits on the leptoquark
mass were determined to be Mg, > 256 GeV for f = 1 and Mg, > 234 GeV for
B =0.5.

In the searches for second generation leptoquarks (L(Q),), the separation of the
background due to Z/W + jet production is more difficult, as the resolution in muon
transverse momentum, which is obtained from reconstructed tracks, is worse than the
momentum resolution for electrons which benefits from the precise energy measurement
in the calorimeter. In particular, due to tails in the muon momentum resolution,
background events from Z/W + jet production can be less effectively removed using
the invariant dimuon mass M), or the transverse mass M}y”.

The D@ collaboration published a search for LQ;LQ, pair-production in the final
state consisting of two muons with py > 15 GeV and at least two jets with Ep > 25 GeV
and |n| < 2.4 [228]. To account for the decreasing muon momentum resolution at large
pr, corrections were applied to the muon momenta, which exploit the transverse mo-
mentum balance for both signal and background processes. The missing transverse
momentum Fr was estimated from the reconstructed momenta of the two muons and
the jets, and the momentum of the muon most opposite to the Fr direction was scaled
such that the [t component parallel to the muon direction vanished. Whilst this
correction degraded the resolution in invariant mass M,,, the tails of the background
distribution at high M, which leak into the signal region were considerably suppressed.
After requiring M,,, > 105 GeV, six events were selected in a data sample of 300 pb~!
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Figure 5.3: Search for second generation leptoquark production in the ppjj
final state [228]: Scalar sum of the transverse energies, St , as a function
of the dimuon mass m(upu): for the SM background (left), for a leptoquark
signal with mass mpg, = 240 GeV/c* and LQs — pq branching fraction 8 = 1
(middle), and for data (right). The vertical line illustrates the Z boson veto
and the curved lines show the boundaries between the signal bins used in the
limit calculation.
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Figure 5.4: Distribution of events over the four bins in the (m(uu), St) plane
as defined in Fig. 5.3 compared to the SM prediction and the expected signal
for a scalar leptoquark with mass mrg, = 240 GeV and =1 [228].

compared to 6.8 & 2.0 events expected from standard model backgrounds, mainly con-
sisting of Z/~* + jet production (6.1 £ 2.0 events).

The corrected dimuon mass M, and the scalar sum of transverse energies St
(cf. Eq. (5.1)) were used to further discriminate the background from a hypothetical
signal. Fig. 5.3 shows the two-dimensional distribution in Sz vs. M, for the standard
model background, the leptoquark signal, and the observed events. As indicated in the
figure, four bins were defined according to the signal-over-background ratio (S/B). The
number of events in these four signal bins are given in Fig. 5.4, demonstrating that
a hypothetical leptoquark signal with Mg, could be well separated from the Z/~*
+ jets background. The main uncertainties on the predicted number of background
events were determined to originate from the limited available statistics of the Monte
Carlo samples and from uncertainties in the jet energy calibration and the Z/v* +
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Figure 5.5: Search for second generation leptoquark production (CDF) [230]:
pr(pa) + pr(pe) vs. Er(jety) + Er(jety) for simulated SM background and
a hypothetical leptoquark signal with Mg, = 200 GeV. The line shows the
main selection cut.

jet background prediction. The latter covers uncertainties on the normalization and
on the shape of the jet pr distribution. The event distribution in the four signal bins
was used to derive upper cross-section limits on LQ3LQ, pair-production as function
of the leptoquark mass Myq,, which, in comparison with the NLO prediction for the
LQyLQ, cross section [234], were used to set a lower mass limit of Mg, > 251 GeV
for # =1 (in combination with the RunI analysis [235]).

The CDF collaboration published a similar search for LQsLQ, production based
on an integrated luminosity of 200 pb™" [230]. Instead of including a requirement on
St in the selection, they found good signal-to-background discrimination using the
two-dimensional event distribution in pr () + pr(pe) vs. Er(jeti) + Er(jets), which
is demonstrated in Fig. 5.5.

In the purjj channel, one cannot utilize the transverse momentum balance to correct
for the limited muon pr resolution in a way similar to the uujj channel, as the neutrino
is undetected. Thus, relatively tight quality criteria on the track matched to the
reconstructed muon need to be applied to avoid large tails in the py resolution, which
as a consequence leads to reduced reconstruction efficiencies.

The DO collaboration presented preliminary results on the search for second gener-
ation scalar leptoquarks in the pvjj channel using the RunIla data set of 1fb~* [229)].
The preselection required exactly one reconstructed energetic muon (Er > 20 GeV,
In| < 2), large missing transverse energy (Hr > 30GeV) and at least two jets with
Er > 25GeV and |n| < 2.5. In addition, events with the Fr direction opposite in
azimuth to the muon were removed, as they were likely due to badly reconstructed
muons resulting in an overestimated Fr. The background consisted of W + jets and
Z + jets (with a non-identified p), which were both estimated from simulation using
ALPGEN (interfaced to PYTHIA and incorporating the MLM matching prescription,
cf. Section 2.3.5), ti-production simulated with PYTHIA, and a small contribution of
QCD multijet production, which was derived from data. The W + jets background
was normalized to data at preselection level within a region of transverse mass My (uv)
dominated by W production. Fig. 5.6 demonstrates that the muon and leading jet



82 5 Background from W /Z + jets in searches for new phenom. and the H boson

D@ Run |l Preliminary, 1 fb™ D@ Run Il Preliminary, 1 fb™
E s ; l:l ALPGEN (Z - p)+ets E L l:l ALPGEN (Z — pp)+ets
< 10 E |:| ALPGEN Wiets inclusive 5 10°E |:| ALPGEN Wiets inclusive
E E l:l PYTHIA flinclusive g E l:l PYTHIA tinclusive
E r [ oco Backgrouna u‘g: E [ oco Backgrouns

=
o
)

T

@ DATA(LOSTH) @ DATA(L0515)

N
3

T

[ ] PYTHIA Signal (M = 200 GeV,B = 0.5) | ] PYTHIA Signal (M = 200 GeV,B = 0.5)

10
10

T T

T T

[

150 200 250

H
T

I )
100

o
ol
o
o
w
a1
o
oF
o
={n
~F
al
I
a
o
o

Legc(l)i%g Je??a(i (Ge\%m M;(1v) Transverse Mass (GeV)
Figure 5.6: Search for second generation leptoquark production in the uvjj
final state [229]: Leading jet transverse momentum pr (left) and transverse
mass Mr(u,v) (right) after preselection compared to the SM prediction and
the expected leptoquark signal with Mg, = 200 GeV.

transverse momenta are well described by this background model.

The leptoquark signal was discriminated from the background using the muon-
neutrino transverse mass My (uv), the scalar transverse energy Sy, the transverse mass
Mr(vjy) constructed from Fr and the momentum of the leading jet, and the invariant
mass of the muon jet combination closest to the assumed leptoquark mass. These
selection requirements are motivated by the high leptoquark mass and consequently
high transverse momenta of its decay products. For an assumed leptoquark mass
Mg, = 200 GeV, six data events were selected with a background prediction of 6.4+1.1
events, of which 50% were from W + jets production and the remainder from t¢, Z/v*
+ jets, and multijet production. The systematic error on the W + jet background
prediction was found to be dominated by uncertainties in the jet energy scale and in
the modelling of the jet transverse momentum shapes. The latter was evaluated by
comparing the pr distribution of the first and second leading jet observed in data with
the predictions of ALPGEN and PYTHIA in a kinematic region dominated by W + jets
production. From this analysis alone, a lower mass limit for scalar second generation
leptoquarks of Mg, > 214 GeV for § = 0.5 was derived.

5.1.2 Jets with heavy flavour identification

One of the most interesting and sought-after signals with leptons and jets in the final
state is associated Higgs boson production, W H and ZH, with leptonic vector bo-
son decays. At the Tevatron, ZH and in particular W H are the production modes
with the highest discovery potential for the standard model Higgs boson with mass
My £135GeV, where it predominantly decays via H — bb. It is essential to require at
least one b-tag in the final state to enhance the signal-to-background ratio in searches
for the Higgs boson. Various algorithms which are employed to identify heavy-flavour
jets were reviewed in Section 4.2.2.
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Associated Higgs production: W (— £v)H (— bb)

For an assumed Higgs boson mass My = 115 GeV the standard model prediction for
the W H production cross section at NNLO is 0.14pb™" [236], compared to the cross
section of the dominating Wb background, o(Wbb) = 4.0pb™" (evaluated at NLO
and including parton level cuts: pr(b,b) > 20GeV, ARy > 0.75 [45]). Evidently,
the invariant mass of the two b jets, M,;, can be utilized to enhance the Higgs boson
signal over the Wbb background, for which the differential cross section do/dM,y is
exponentially decreasing for My; 2 50 GeV (cf. Section 4.2.1).

Both the D@ and CDF collaborations searched for associated W H production
using leptonic W decay channels [214,237]. Since then, several preliminary results
using larger data samples and more sophisticated analysis techniques have been pre-
sented [238-242]. To give an example, the published D@ analysis [214] is summarized
below.

The event selection required one high py electron, large missing transverse energy,
and exactly two reconstructed jets with pr > 20 GeV and || < 2.4, which were both
tagged as b jets using an impact parameter based algorithm. A selection with > 3 jets
was used as a control sample. To reduce the presence of b jets from gluon splitting,
the separation between the two reconstructed jets was required to be AR > 0.75,
which suppressed part of the Wb background. Before applying a cut on the dijet
invariant mass, the signal-to-background ratio was found to be S/B = 0.012. The
main background was determined to be Wbb jet production with a contribution of
~ 40%, which was simulated using the ALPGEN event generator. Further background
contributions were from ¢¢ and single-top production (simulated with PYTHIA | ~ 30%)
from W/Z production with mis-tagged light jets (simulated with ALPGEN, ~ 20%),
and from QCD multijet production (~ 20%), which was estimated from data using
measured electron fake rates. The main systematic uncertainties on the predicted Wbb
background were found to be due to uncertainties on the cross section, the b-tagging
efficiency, and the jet energy calibration.

The dijet invariant mass distributions for the selected W + 2 jet events with > 1
and 2 b-tags, respectively, are shown in Fig. 5.7 compared to the predicted background
distribution and the expected signal from W H production. For an assumed Higgs
boson mass My = 115 GeV, a dijet mass window of 85 — 135 GeV was selected, which
increased S/B to 0.046. While the lower cross section limit on W H production derived
in this analysis, based on an integrated luminosity of only 174pb ™!, was a factor ~ 60
higher than the standard model prediction for My = 115 GeV, the current preliminary
combined D@ limit which is based on an integrated luminosity of 1fb~* is about eight
times the SM cross section for the same assumed My [243].

The ZH — (T(~bb channel has a lower sensitivity for the search of the Higgs
boson, as the production cross section and the branching ratio are each a factor of
~ 3 lower compared to WH — (vbb. Nevertheless this channel adds some sensitivity
in the combination of the various Higgs searches. The D collaboration searched for
the Higgs boson in ZH — ¢*¢~bb and found that the main background sources were
Zbb, Z + light jets (including c jets), and ¢ production, with approximately equal
contributions [244].
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Figure 5.7: Search for H — bb produced in association with W bosons [214]:
Distribution of the dijet invariant mass for W + 2 jet events, when at least
one jet is b tagged (left) and when both jets are tagged (right). The data is
compared to the standard model expectation and for the double-tagged sample
in addition to the expectation of W H production with My = 115 GeV.

5.2 Final states with jets and missing transverse
energy in searches

The production of jets in association with a Z boson which decays via Z — vv leads
to event topologies with missing transverse momentum Fp and jets, including basic
signatures such as monojets or acoplanar jets. These peculiar final states could also
indicate new processes as well as the production of new particles, e.g. graviton emis-
sion in models with large extra dimensions, leptoquarks decaying into neutrinos and
quarks, and the pair-production of scalar quarks and gluinos in supersymmetric mod-
els. Associated Higgs-production ZH (— vbb) has a signature of two acoplanar b jets,
which need to be discriminated from the Zbb background.

5.2.1 Jets without heavy flavour identification

In event selections requiring only moderate minimal missing transverse energy, the
instrumental background originating from QCD multijet production can be substantial,
as the limited jet energy resolution leads to mismeasurements in the vectorial sum of
deposited energies. The searches described below require high [t to ensure that this
background is largely suppressed.
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Large extra dimensions: monojet production

Despite the success of the standard model, one of its main unappealing features is the
hierarchy problem, i.e. the observation that gravity is more than 30 orders of magnitude
weaker than the other gauge forces. An elegant and natural solution to this problem
would be given by the introduction of large extra dimensions (LED) in which only
the gauge bosons of gravity, i.e. the gravitons, propagate [245-247]. In the presence
of additional extra dimensions, the fundamental Planck scale, which characterizes the
strength of gravity, could be vastly decreased from ~ 10! GeV to the TeV-scale, which
is comparable to the scales of the other three gauge forces. The introduction of LEDs
would lead to new phenomena observable at high energy colliders [248,249]. The
most prominent experimental signature of graviton production in hadron collisions
would be the monojet topology, i.e. a final state consisting of a single high-pr jet and
consequently high [y, as the graviton which would not be detected would be produced
in association with a quark or gluon.

The D@ and CDF collaborations, both searched for the monojet signature of large
extra dimensions in their RunI data samples [250,251]. The CDF collaboration pub-
lished a new search based on an integrated luminosity of 370 pb™! collected with a
single-jet trigger during RunII [252]. The event selection required one reconstructed
central (|n| < 1.0) jet with transverse energy FEr > 150 GeV and missing transverse
energy K > 120 GeV. To increase the acceptance for signal events with a second jet
originating from initial or final state radiation, events containing a second jet with
Er < 60GeV were accepted as well, but only in the absence of a third jet with
Er > 20 GeV.

More than 90% of the standard model background was found to originate from
Z(— vv) + jets and W(— (v) + jets production. For the latter, events with non-
identified leptons could survive the signal selection, despite the fact that its contribu-
tion was suppressed by vetoing on the presence of isolated tracks and jets with high
electromagnetic fractions. Instead of using the simulation to predict the number of Z
and W boson background events, it was determined by measuring cross sections for
Z(— 0T07) + jets and W (— fv) + jets production in the electron and muon decay
channels, which are plotted in Fig. 5.8 (left) as a function of the leading jet Ep. The
Z(— vv) + jets background was estimated with two methods, one based on the mea-
sured Z(— ¢T¢7) + jets cross section and the Z branching fractions, the other based
on the measured W(— (v) + jets cross section, the W and Z branching fractions,
and a NLO calculation [45] of the ratio of the Z/W + jets cross sections. The latter
method was found to be more precise due to the larger statistics of the W sample.
The two independent methods gave consistent results and the combined estimate was
130 + 14 background events from Z(— vv) + jets production. The background contri-
bution from W (— fv) + jets was determined from its measured cross section and the
percentage of events passing the signal selection, which was obtained from simulation,
and found to be 113 4+ 13. The uncertainties on the predictions for both background
contributions are predominantly of statistical nature and fully correlated. The total
expected background was determined to be 265 4= 30 events compared to 263 observed
events.

As the kinematic distributions for the LED signal and the standard model back-
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Figure 5.8: Search for large extra dimensions in the monojet signature [252]:
Left: W and Z boson cross sections as a function of leading jet Er. Right: the
Fr distributions of the candidate data events compared to the distributions
predicted by the standard model and when including an additional contribution
from the LED signal.

ground are similar, which was explicitly demonstrated for the Fr distribution (see
Fig. 5.8, right), only the integral rates for observed events, background, and expected
signal were utilized to derive lower limits on the Planck scale Mp in the (4 + n)-
dimensional space for n = 2 — 6. For n = 2 a limit of Mp > 1.18 TeV was obtained
which corresponds to a compactification radius (i.e. the size of the extra dimensions)
of 0.35 mm.

Leptoquark pair-production: LQLQ — vqvq

The pair-production of leptoquarks with a vanishing branching ratio into charged lep-
tons and quarks (5 = 0) would generate final states consisting of two neutrinos and
two quarks, i.e. an event topology of two acoplanar high-pr jets and Fr. Both col-
laborations, CDF and D@, searched for scalar leptoquarks in events with this signa-
ture [253,254]. The D@ analysis was based on 360 pb™" of data collected using a jets
+ B trigger, which placed requirements on the vector sum of the jet transverse mo-
menta, fr = | Zjets pr| [254]. The event selection required exactly two reconstructed
central acoplanar jets with pr(jet;) > 60 GeV, pr(jets) > 50 GeV, |n| < 1.5, and an
azimuthal jet separation Ad(jety, jets) < 165°. In addition, selected events also needed
to have high missing transverse energy fr > 80GeV (and fir > 40 GeV), which sup-
pressed the majority of the instrumental background due to QCD multijet production
(see Fig. 5.9, left). A veto on isolated electrons, muons, and tracks rejected a large
fraction of events originating from W/Z + jet processes. The correlations in azimuthal
angle between the jet and Fr directions were utilized to further suppress both the
instrumental and SM backgrounds. Fig. 5.9 (right pane) shows the sum of the jet-Er
angular separations, which provided additional discrimination between the LQ signal
and the SM background.

After all cuts the SM background was entirely dominated by Z(— vi) 4+ 2 jet and
W(— lv) + jet with about equal contributions. These processes were simulated using
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Figure 5.9: Search for scalar leptoquarks in the acoplanar jet topology [254]:
Left: the Er distribution after all selection cuts except the cut on Iy compared
to the sum of instrumental background (QQCD multijet production) and the SM
background. Also shown is the expected signal for leptoquark pair production
with Mg = 140 GeV. The inset shows how the instrumental background
is estimated from both an exponential and power law fit to the observed Iy
distribution (after subtraction of the SM background). Right: the distribution
of ADpor + ADpiy = AP(Hr, j1) + AP(Fr, jo) in events with exactly two
acoplanar jets compared to the SM background and the expected leptoquark
signal. The selection cut is indicated by the arrow.

ALPGEN interfaced with PYTHIA. The dominating uncertainties on the background
prediction were found to be due to the limited statistics in the simulation and due to
its normalization. The latter was inferred from a comparison of data and simulated
Z(— t07) + 2 jet events. The analysis set a lower mass limit of Mg > 136 GeV for
a single-generation scalar leptoquark, decaying exclusively in a neutrino and a quark.

Supersymmetry: q,g production

Supersymmetric models predict the existence of scalar quarks (or squarks, ¢) and spin-
1/2 gluinos (§) as super-partners of the standard model quarks and gluons [13]. R-
parity is introduced as a new multiplicative quantum number to differentiate between
standard model (R = 1) and supersymmetric (R = —1) particles. As a consequence
of the assumption of R-parity conservation, supersymmetric particles are produced in
pairs and the lightest supersymmetric particle (LSP) needs to be stable. In supersym-
metric models inspired by supergravity, the lightest neutralino ¥?, which is a mixture
of the super-partners of the neutral gauge and Higgs bosons, is usually assumed to be
the LSP. As it is only weakly interacting it escapes detection and thus gives, similar to
the neutrino, a signature of missing transverse energy Fr.

If sufficiently light, squarks and gluinos could be produced in pairs at the Tevatron.
If M(q) < M(g), mostly pairs of squarks would be produced, which decay via § — ¢x?,
resulting in an event signature of two acoplanar jets and fr. If M(g) > M(q), gluinos
would decay according to § — ¢gx} and their pair-production would give topologies
with many jets and Pr. In the case of M(g) ~ M(G) and ¢g-production the final state
is expected to often consist of three jets and fr.
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Figure 5.10: Search for squarks and gluinos in events with jets and missing
transverse energy [255]: Hy = Zjets Er distribution for the “3-jet” selection
which is optimized for mg ~ my and requires three high energetic jets and large
Fr. Shown is the distribution after all selection cuts except the cut on Hr.
After all cuts including Hy > 350 GeV, 3.9 background events are expected,
of which 2.3 are from W and Z production.

The DO collaboration searched for the production of squarks and gluinos using three
different event selections which were targeted at the scenarios described above [255].
For the three analyses, a similar data set, trigger, and preselection as in the leptoquark
search (in the channel LQLQ — vquq) described above were used. A common prese-
lection which required two central acoplanar jets and substantial [y was applied. The
background from QCD multijet production was estimated from an exponential fit to
the 7 distribution and found to be negligible for the dijet and three-jet event selection
after all selection cuts. The background from W/Z + jets events, which was simulated
using ALPGEN interfaced with PYTHIA, was largely reduced by vetoing the presence
of isolated electrons or muons.

The analysis with the largest sensitivity for the scenario M(g) ~ M(§) required
three jets with minimal Ep of 60, 40, and 30 GeV, respectively, and large fp >
100 GeV. A cut on the scalar sum of the jet transverse energies, Hr = Zjets Er >
350 GeV, provided additional discrimination between the expected signal and the SM
background, which is illustrated in Fig. 5.10. The dominating contributions to the
background were found to be from W + jet, tt, and Z + jet production, with uncer-
tainties mainly due to the precision of the jet energy calibration and the accuracy of
the predictions for their cross sections. With an integrated luminosity of 310 pb™" the
D@ collaboration set limits on the squark and gluino masses of M; > 325GeV and
Mj; > 241 GeV in their most conservative scenario.

5.2.2 Jets with heavy flavour identification

Event signatures with missing transverse energy and b or ¢ quark jets provide promising
discovery potentials for new signals as the standard model background from Z(— vr)
+ jet and QCD multijet production is largely reduced.
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Figure 5.11: Search for the pair production of scalar top quarks in the acopla-
nar charm jet final state [260]: The distributions of A®,.. + APpin =
AD(Hr, j1) + AD(Br, ja) (left) and of Hy (right) compared to the SM pre-
diction and to the expected signal for My = 140 GeV and My = 60 GeV.

Pair-production of scalar top quarks: t — cx®

Scalar top quarks (stop, ) could be substantially lighter than the other squarks, as the
high mass of the top mass generates a large mixing between its chiral supersymmetric
partners [256]. The mass eigenstates are therefore widely split, thus reducing the
mass of the lighter scalar top quark considerably. If the favoured stop decay channels
t — t¥} and t — by are kinematically forbidden, the flavour-changing loop decay
t — cx! might be dominating [257]. Here, the neutralino X’ and chargino y; denote
the lightest mass eigenstates resulting from the mixing of the super-partners of the
neutral or charged electroweak gauge and Higgs bosons. The pair production of scalar
top quarks each decaying via ¢ — cx! lead to an event topology consisting of two
acoplanar charm jets and Fr.

Both the CDF and D® collaborations searched for the pair production of scalar top
quarks in this final state using data collected in Run1 [258,259]. The DO collaboration
recently published a search based on 360 pb™' of data collected during RunII [260],
which is largely based on its search for pair production of leptoquarks decaying into a
quark and neutrino [254] which was reported on above. The main differences between
the analyses searching for stop or leptoquark production, respectively, are motivated by
the large mass of the ! compared to the neutrino and the presence of a ¢ quark in the
stop decay. Consequently, the minimal transverse energies for the leading and second-
leading jets were reduced to 40 GeV and 20 GeV, respectively, and the requirement on
missing transverse energy was loosened to Fr > 60 GeV. At least one of the jets was
required to be tagged as a heavy-flavour jet using an impact-parameter based algorithm
(cf. Section 4.2.2) with a loose threshold giving a relatively large tagging efficiency of
~ 30% for ¢ jets at the cost of a substantial mistag probability of ~ 4% for light jets.

The instrumental background from QCD multijet production was further sup-
pressed to a negligible level utilizing the correlations in azimuth between jet and Fr
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Figure 5.12: Search for third generation leptoquark pair-production decaying
into vbob [261]: The Py and scalar Hp distributions for the muon trigger
sample before b-tagging. The leptoquark (LQ)3) signal is shown for an assumed
mass Mg, = 200 GeV.

directions and the asymmetry between Fp and the vector sum of the jet transverse
momenta, . For the discrimination between the stop signal and the electroweak
background from W/Z + jets production, the distributions in the scalar sum of the jet
energies, Hp, and in the sum of the differences in azimuth between Kt and each jet,
AD(Fr, j1) + AP(Hrr, j2), were used (see Fig. 5.11). The cuts on these two variables
were optimized as a function of stop mass M;. The dominating background processes
after the full selection were W(— ¢v) + jets and Z(— vi) + jets with some small ad-
ditional contributions from top and diboson production. The systematic uncertainty
on the background estimate was determined to be similar as in case of the leptoquark
search. An additional (but non-dominating) uncertainty was due to the heavy-flavour
tagging. Exclusion regions in the plane given by the stop and neutralino masses were
derived, which reached M; = 134 GeV for Myo = 48 GeV.

Leptoquark pair-production: LQsm3 — vbb

The D@ collaboration recently published a search for the pair-production of third-
generation scalar leptoquarks decaying into a neutrino and a b quark using 425 pb ™"
of data collected with a missing transverse energy and a single-muon trigger [261].
Similar searches were performed before by both CDF and D@ in RunT [262-264]. The
new analysis combines two selections which start from data samples collected with
the missing transverse energy and with the single-muon triggers, respectively. In both
cases minimal requirements on the leading and second-leading jet pr and on Fr were
applied. Furthermore, two jets were required to be tagged as b jets with at least one of
them by the jet lifetime probability algorithm based on the impact-parameters of the
associated tracks. For the selection using the single-muon triggers, which is motivated
by the semi-leptonic decays of B-mesons, one of the jets was required to be tagged
with the soft-muon tagger.
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Cuts on the final selection variables, It and scalar Hr, were optimized as function
of the assumed leptoquark mass Myg,. Fig. 5.12 shows the measured Fr and Hyp
distributions for the muon triggered sample compared to the SM background prediction
and the expected leptoquark signal with Mg, = 200 GeV. The main background
sources were determined to be mostly top, W/Z + bb, and W/Z + c¢ production. The
uncertainty on their contribution was found to be dominated by uncertainties on the
cross-section predictions, on the jet energy calibration, and on the b-tagging efficiency.
Assuming that the leptoquarks decay exclusively in a neutrino and a b quark, a mass
limit on third-generation leptoquarks of Mg, > 229 GeV was derived.

Associated Higgs production: Z(— vi)H(— bb)

Assuming a relatively light standard model Higgs boson, My <135 GeV, the ZH —
vbb channel is particularly promising due to the large Z — v and H — bb branching
fractions. Although the cross section for Z H production is a factor ~ 3 lower compared
to W H production, the product of cross section times branching ratio for ZH — vibb
and WH — (vbb are comparable. Therefore, ZH production leading to final states
with significant £t and two acoplanar b jets has a competitive sensitivity in the search
for the SM Higgs boson. In addition, this final state has some sensitivity to W H
production, as the charged lepton from the W boson decay might be undetected.

The DO collaboration published a search for the Higgs boson in events with £t and
two acoplanar b jets using an integrated luminosity of 260 pb~" [265]. Since then both
CDF and D@ presented preliminary results based on nearly 1fb™" of data [266,267].

The published DO analysis required Fr > 50 GeV, two or three reconstructed jets
with pr > 20 GeV and |n| < 2.5. Accepting events with an additional third jet increases
the signal efficiency in the presence of initial or final state radiation. The main sources
of SM background for this selection are Z/W + jets and top production. In addition,
the instrumental background from multijet production has a large contribution. W
and Z boson production with leptonic decays were suppressed with a veto on events
containing an isolated electron or muon, whilst the ¢ background could be largely
rejected by requiring the scalar sum of jet transverse momenta Hy < 240 GeV. The in-
strumental background was suppressed using several requirements on the acoplanarity
of the leading jets, on the separation in azimuth between [r and jets, on the vector
sum of all track momenta, and on the asymmetry between fy and . The latter dis-
tribution was also utilized to estimate the contribution of the instrumental background
in the signal region. Before b-tagging the data was found to be well described by this
background model, which is demonstrated in Fig. 5.13 (left).

To select b jets, the jet lifetime probability algorithm was applied. Two b-tag
selections were used for the search: The single-tag sample required exactly one tight b-
tag with an efficiency of ~ 30% and low mistag rate. For the double-tag sample looser
b-tags with efficiencies of ~ 40% and ~ 50% were applied. The main backgrounds
in the single-tag sample were estimated to be W/Z + light-flavour jets (including ¢
quarks), multijet, and top quark production. In the double-tag sample Zbb and Wbb
production were found to have larger contributions than the associated production
of the vector bosons with light jets. Additional, main backgrounds were due to top
quark and multijet production. As in the case of the search for W (— (v)H production
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Figure 5.13: Search for the SM Higgs boson in the ZH — vuvbb channel [265]:
Left: the Fr distribution after event selection except for b-tagging compared to
the SM background prediction. Right: the distribution of the invariant mass
M;; of the two tagged b jets after all selection cuts except the cut on M;; ,
compared to the SM background prediction. The black histogram shows the
expectation for Z(— vv)H with My = 115 GeV.

summarized above, a window in the dijet mass distribution was utilized to search
for an excess which could be attributed to a Higgs signal (see Fig. 5.13, right). For
My = 115GeV the cut on the dijet mass increased the signal-over-background ratio
from S/B = 0.0089 to S/B = 0.022. Combining both the single-tag and double-tag
selections, a sensitivity of about 40 times the Z H production cross section was achieved.
The current preliminary D@ limit, which combines several analyses based on data sets
with 1fb™" is about eight times the SM cross section for M [243].

5.3 From Tevatron to LHC

The Large Hadron Collider (LHC) at CERN is expected to start operation with pp
collisions at /s = 14TeV in 2008. Many anticipated searches at the LHC will have
substantial background contributions from W/Z + jet production.

One of the major goals will be the discovery of the Higgs boson. Once its existence
is established, its properties, e.g. couplings and branching fractions, will be studied
in-depth. In contrast to the situation at the Tevatron, the associated production of the
Higgs boson with the W or Z boson has only limited discovery potential compared to
gluon-gluon fusion and vector boson fusion processes [185,268-270].

In the vector boson fusion (VBF) process, the Higgs boson is accompanied by one
jet each in both the forward and backward regions of the detector, which originates
from the initial quarks emitting the vector bosons. As no colour is exchanged between
the quarks, central jet activity is suppressed. Although vector boson fusion accounts
only for a moderate fraction of the total Higgs production cross section (e.g. about
20% for My 5180 GeV) the topology of the jet production can be exploited to suppress
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background processes. Nevertheless, the following production channels have substantial
backgrounds from W/Z + jets processes after full event selection [184,185]. The VBF
mode qqH (— 77), with at least one tau decaying leptonically, is particularly sensitive
for Higgs masses My ~ 120 GeV. For My 2500 GeV, the most important discovery
channels are qqH (— WW — lvjj) and qqH(— ZZ — €0jj). As the selection of these
Higgs boson production modes is based on a central jet veto, the accurate simulation
of the central jet activity in vector boson events with forward jets is essential (cf.
Section 4.1.4).

Evidence for Supersymmetry could be already obtained soon after the start of
the LHC. If squarks and gluinos are kinematically accessible, they should be pair-
produced with large cross sections, which dominate the inclusive production rate for
any supersymmetric particle. Squarks and gluinos would decay in cascades to quarks
and the lightest neutralino, Y9, possibly via X3 or Xi, which themselves decay to Y9
and, with some probability, leptons. If R-parity is conserved, the weakly interacting
X! is stable and escapes detection. Therefore, inclusive signatures of Supersymmetry
at the LHC will be topologies with missing transverse momentum and several jets and
possibly additional leptons [268, 269,271-274]. Major background contributions are
expected from Z(— vv) + jets and W (— {v) + jets production. Early studies on the
sensitivity reach at the LHC utilized parton shower event generators for the simulation
of the weak boson background, which considerably underestimated their contribution.

It can be expected that many other searches in final states including leptons, Fr,
and jets will be performed at the LHC, including searches for leptoquark produc-
tion [275,276]. All these anticipated searches at the LHC would benefit from a more
precise understanding of the associated production of vector bosons with jets. Future
measurements of differential production cross sections for these processes at the Teva-
tron are expected to have reduced statistical and systematic uncertainties, due to the
increase in integrated luminosity and potential improvements in the jet energy calibra-
tion. Subsequently, these measurements could be utilized to further tune and validate
event generators. Ultimately, similar measurements at the LHC will follow, which will
reach unprecedented kinematic regions, but as they require a precise understanding of
the jet energy calibration, corrected differential cross sections are unlikely to be ob-
tained soon after the start of the LHC. Alternatively, the background from Z/W + jets
production can be estimated from uncorrected data, similar to the method applied in
CDF’s monojet search (cf. Section 5.2), e.g. an uncorrected measurement of Z — uu
+ jets production can be used to determine the background contribution from Z — vv
and W — 7v in the Bt + jets signal selection [269].
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Chapter 6

Summary and Conclusions

The production of the weak bosons, Z and W, is a dominant background contribu-
tion in many searches for new phenomena and the Higgs boson at the Tevatron and
LHC colliders. In particular, their associated production with jets generates final state
signatures with leptons, missing transverse momentum, and one or more jets, which
resemble those of a vast collection of signals for new phenomena. Thus, an accurate
description of vector boson production, based both on precision data and phenomeno-
logical modelling, is required.

The inclusive production of vector bosons is well described by QCD. Perturbative
corrections on integral cross sections and differential distributions were calculated up to
NNLO and reach high precision. At the Tevatron cross sections for inclusive Z and W
boson production, including differential shapes as function of rapidity and transverse
momentum, were measured in detail. These measurements can be used to test QCD
models and to tune event generators.

The production of vector bosons in association with jets was measured at the Teva-
tron. Jet multiplicities, jet transverse momentum distributions, and angular correla-
tions were analysed. Traditional parton shower event generators, e.g. PYTHIA and
HERWIG, are well established to describe the general features of inclusive W and Z
boson production, but underestimate both the jet multiplicity and the hardness of the
jet energy distributions. By contrast, event generators, which consistently combine
matrix-element calculations up to large parton multiplicities with parton shower mod-
els, e.g. ALPGEN and SHERPA, provide a good model for W/Z + jets production.
Future measurements, which are expected to reach higher precision and will study ad-
ditional kinematic distributions, will help to further improve and validate these event
generators. The production of heavy-flavour jets with a W or Z boson is an impor-
tant background contribution in searches for the Higgs boson in associated W H and
ZH production. Cross sections for Zb and Wbb production were measured, but the
measurements are still limited by substantial statistical and systematic uncertainties.

Finally, the relevance of W/Z + jets production as main background in searches
for new phenomena was discussed in detail. Searches in final states with leptons and
jets and with missing transverse momentum and jets, for which the associated pro-
duction of vector bosons is a dominating background, were reviewed. In most cases
the electroweak background was estimated using simulation, but it was also attempted
to constrain it primarily with data itself. Methods, to discriminate new phenomena
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signals from the background were presented. For models which predict heavy new
particles, the high energy of the decay particles could be exploited to partly suppress
the electroweak background. The invariant dijet mass distribution of b-tagged jets was
utilized to remove large parts of Whb and Zbb backgrounds in searches for the Higgs
boson. Systematic uncertainties due to the modelling of the W/Z + jet background
were generally found to be significant.

While no indication for new phenomena at the Tevatron have yet been found, the
Higgs boson should be discovered no later than at the LHC and prospects for the
discovery of physics beyond the standard model are enormous. For many of these
searches an in-depth and precise understanding of the associated production of vector
bosons with jets will be essential.
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