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Abstract

In this thesis two different aspects of Standard Model Higgs boson phenomenol-
ogy at hadron colliders are addressed. A precise theoretical knowledge of pro-
duction cross sections is needed in order to assist in the Higgs boson search
efforts of the experimental community. Consequently, the next-to-leading-order
electroweak corrections to Higgs boson production in association with a vec-
tor boson at hadron colliders have been calculated. Significant corrections were
found, and theoretical uncertainties were analysed.

In addition to production cross sections, a deep knowledge of background pro-
cesses is also needed, especially at hadron colliders. The gluon-induced contribu-
tions to off-shell W-boson pair production have been calculated. The invariant
amplitude has been used to calculate the contribution from gluon initiated pro-
cesses to the non-resonant W-boson pair production background to the Higgs
boson search channel g9 - H — W-W* - [~5!'"y; at the CERN LHC.
These contributions are evaluated in the approximation of massless quarks cir-
culating the loops. These results were used to study the effect of experimental
cuts proposed to increase the signal to background ratio of the above mentioned

search channel.
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Chapter 1

Introduction

These are exciting times for the particle physics community. Since its proposal al-
most 40 years ago, the Standard Model of Particle Interactions[1]-[4], has become the
most successful theory describing elementary particle phenomena. An example of the
achievements of the Standard Model is the prediction of the existence of the massive
W+ and Z bosons, and of the bottom and top quarks.

With the 1975 discovery of the 7 le
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appeared. Two years later, at Fermilab, the down-type quark of the third generation,
the bottom quark, was discovered[6]. The Standard Model predicts a corresponding
third generation up-type quark, the top quark, which was discovered in 1994 also.at
Fermilab[7, 8]. On the other hand, in 1983 the existence of the massive gauge bosons
was confirmed, when these particles were discovered at the CERN SPS UA1 and UA2
experiments[9]-[11].

The success of the Standard Model as a theory of fundamental interactions can
also be appreciated in the results of the fits to precision electroweak data, by the LEP
Electroweak Working group(LEP EWWG) . This collaboration combines the measure-
ments of the four LEP experiments ALEPH, DELPHI, L3 and OPAL on electroweak
observables, such as cross sections, masses and various couplings of the heavy elec-
troweak gauge bosons, properly taking into account the common systematic uncertain-
ties. These results are also compared and combined with other experiments, notably
NuTeV, CDF, DO and SLD. Individual electroweak parameters can be chosen to be

fitted to the rest of the direct measurements in order to evaluate the validity of the

Standard Model. The results obtained by the LEP EWWG are summarized in figure
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1.1 [12]. This plot shows the difference between the fitted value of the Standard Model
electroweak parameters and their directly measured value in units of standard devia-

tions. Out of 18 quantities, 6 differ more than one standard deviation while only 1

Measurement Fit 30"'"’"’5-0'"|/<s’"°‘as
& 5
\oj(m;) 0.02761 +0.00036 0.02769
m, (GeV] 91.1875+0.0021 91.1874 F
;[GeV]  24952+0.0023 24966
Opglnb]  41.540+0.037  41.481
R, 20.767 +0.025  20.739
Ay 0.01714 £ 0.00095 0.01650
A(P) 0.1465+0.0032  0.1483
R, 0.21630 +0.00066 0.21562
R, 0.1723+0.0031  0.1723
ALP 0.0998 +0.0017  0.1040
AYS 0.0706 +0.0035  0.0744
A, 0.923 +0.020 0.935
A, 0.670 +0.026 0.668
A(SLD) 0.1513+0.0021  0.1483
sin®057'(Q,) 0.2324+0.0012  0.2314
n, [GeV 80.425 + 0.034 80.394
ry [GeV 2.133 + 0.069 2,093
m, [(GeV] 178.0 +4.3 178.2

Figure 1.1: Measured and fitted values of Standard Model Electroweak parameters,

and the corresponding difference in units of standard deviations, taken from ref. [12].

differs more than 20.

Despite these highly successful achievements, there is still a missing piece in the
Standard Model framework. After the top quark discovery, there is one elementary
particle predicted by the Standard Model that has not been observed, yet: the Higgs
boson. The Higgs mechanism[13] is a fundamental element in the Standard Model. It
is based on the spontaneous symmetry breaking of the SU(2)w x U(1l)y electroweak
symmetry due to the appearance of a nonzero vacuum expectation value of a doublet
of charged scalar fields. After symmetry breaking, fermions and gauge bosons acquire
a mass, which is otherwise forbidden by gauge invariance, and a new massive scalar
particle appears in the physical spectrum: the Higgs boson. In addition to mass genera-
tion, the existence of a Higgs boson is necessary for unitarity conservation in scattering

amplitudes of gauge bosons at high energies. It is important to note that, although
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the Higgs mechanism offers a consistent way of breaking the electroweak symmetry,
the Standard Model Higgs sector is not understood from a fundamental point of view.
The physics underlying electroweak symmetry breaking is not certain. Given the high
theoretical importance of the Higgs boson, its search in current and future experiments
is a priority.

Standard Model Higgs boson searches were carried out by ALEPH, DELPHI, L3 and
OPAL, at LEP. These collaborations have ruled out with 95% C.L. a Higgs boson lighter
than 114.4 GeV[14]. Currently, Higgs boson searches continue at the Fermilab Tevatron,
a proton-antiproton collider with a centre-of-mass energy of 1.96 TeV. Provided a high
luminosity can be achieved, a Standard Model Higgs boson with mass in the range
100GeV S My < 200 GeV could be discovered, or ruled out, at the Tevatron. In 2007
the CERN Large Hadron Collider (LHC) is expected to start operation. The CERN
LHC, which has been designed in part as a Higgs boson discovery machine, will be
a proton-proton collider with centre-of-mass energy of 14 TeV. The Atlas and CMS
experiments have carried out analyses which show that, with an integrated luminosity
of only 30 fb™!, a Higgs boson discovery with a statistical significance of 50 or more is
possible across the whole Higgs boson mass range 100 GeV —1 TeV [15]. This integrated
luminosity can be reached after one year of running in the low luminosity configuration.
Even if a Higgs boson does not exist, in all theoretical models the dynamics of the
electroweak symmetry breaking mechanism must be revealed at the 1TeV scale or
below, and the LHC will be able to probe this energy scale.

In order to assist in these Higgs boson searches, a precise theoretical knowledge of
all the processes involved is necessary. Much effort has been devoted in the last years
to calculate higher order corrections to hadronic processes involving Higgs boson pro-
duction. Not only a precise knowledge of Higgs production cross sections is needed, but
knowledge of background processes cross sections is also important. This is especially
the case at high energy hadron colliders, where the signal from Higgs production pro-
cesses is generally much smaller than the background. Figure 1.2, taken from ref. [17],
shows cross sections for typical processes at hadron colliders as a function of collider
energy. It can be seen that typical Higgs production cross sections are 7 orders of mag-
nitude smaller than the bb pair production cross section and 11 orders of magnitude

smaller than the total cross section. The signal can be effectively recovered from the
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Figure 1.2: Energy dependence of characteristic cross sections at hadron colliders. The
energy range covers the following accelerators: CERN SPS, Fermilab Tevatron, CERN
LHC and SSC. (Taken from ref. [17].)

background imposing appropriate experimental cuts. However, to be able to assess the
effectiveness of these cuts, a precise knowledge of background cross sections is needed.

In this thesis these two aspects of Higgs boson calculations have been explored.
Electroweak corrections to Higgs production processes in association with electroweak
gauge bosons at hadron colliders, and the cross section of gluon initiated processes
contributing to the off-shell W-boson pair production background at the CERN LHC,
have been calculated.

At the Fermilab Tevatron
pp>VH+X , V=W*2z

is the most important Higgs boson production mechanism for a Higgs boson of mass

My < 135GeV. The next-to-leading-order(NLO) O(a) electroweak corrections to
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Higgs boson production in association with Z- and W-bosons have been calculated.
Combination with state-of-the-art next-to-next-to-leading-order(NNLO) QCD corrected
results yields the currently most precise Higgs boson production process cross section.

At the future LHC the process
gg—>H W W* = 1= dl'"

is the most promising channel for detecting a Standard Model Higgs-boson with mass
in the range 155GeV — 180 GeV. The main background to this detection channel is
vector boson pair production, and the principal contribution to this process is the

parton process

0@ - W W+ = "ol .

The gluon-induced contributions to off-shell W-boson pair production have been cal-
culated. The invariant amplitudes have been used to calculate the contribution from
gluon initiated processes to the non-resonant W-boson pair production background
process at the CERN LHC, in the approximation of massless quarks circulating the
loops. These results were used to stud
[112] to increase the Higgs signal statistical significance.

This thesis is organized as follows: Chapter 2 is a brief review of the Standard
Model of particle interactions and the Higgs mechanism. Chapter 3 is a summary
of current Standard Model Higgs boson phenomenology. Different Higgs boson mass
constraints are studied, Higgs boson decay, production and search strategies at the
Fermilab Tevatron and the CERN LHC are discussed. NLO electroweak corrections
to vector boson associated production at hadron colliders are presented in Chapter 4.
Calculation details are discussed, with emphasis on the treatment of collinear and
soft singularities. Numerical results are presented, together with the combination
with NNLO QCD corrected results obtained in [57]. Chapter 5 presents the calcu-
lation of the invariant amplitude for gluon induced off-shell W-boson pair production.
The calculation of the gluon induced contribution to the Higgs search background
pp = WHW ™~ — lvlv is discussed. After reviewing the calculation techniques, numeri-
cal results are presented, including the effect of experimental cuts proposed in [112] to
increase the signal to background ratio in Higgs searches at the LHC. Conclusions and

possible extensions and improvements to this research are discussed in Chapter 6.



Chapter 2

The Standard Model

The Standard Model is the fundamental theory of particle interactions. It has had
extraordinary success in explaining different particle physics phenomena and experi-
mental results. The Standard Model is a non-abelian gauge theory, symmetric under
SU(2)w x U(1)y gauge transformations. Gauge invariance is not compatible with the

existence of massive gauge bosons. However, the Z and W* gauge bosons do have
gaug gaug

ing and the Higgs mechanism. This chapter is organized as follows: in Section 2.1
a brief review of spontaneous symmetry breaking in systems with global symmetries,
and a classical proof of Goldstone theorem are given. In Section 2.2 the case of the-
ories with local symmetries, gauge theories, is reviewed and the Higgs mechanism is
introduced. Finally, in Section 2.3, the Standard Model of electroweak interactions is
presented. The different field sectors and electroweak symmetry breaking mechanism

are reviewed, with emphasis in obtaining the physical representation of the theory.

2.1 Spontaneous Symmetry Breaking

Consider a theory invariant under a symmetry group G. Two different configurations
exist for the lowest energy states, the ground states, of the theory. There may be only
one ground state, invariant under G transformations. Or the ground state may be
degenerate, where many different lowest energy states exist, all of them transforming
into each other under the symmetry group G. If one of these physically equivalent

states is chosen as the ground state, the theory is said to have undergone spontaneous
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symmetry breaking.

There are many examples in physics of systems with spontaneous symmetry break-
ing, some of them not belonging to high energy physics. A typical example of a theory
with spontaneous symmetry breaking is the infinitely extended ferromagnet [18]. The
interaction between the spins in the ferromagnetic material is symmetric under spatial
rotations. Consequently, above a critical temperature called the Curie point, the spins
are randomly aligned, without a preferred direction. On the other hand, if the tem-
perature is lowered below the Curie point, the system reaches its ground state and the
spins spontaneously align in the same random direction. This spin alignment has an
observable effect: the system magnetization becomes nonzero.

In a quantum field theory, spontaneous symmetry breaking can be easily analysed
at the Lagrangian level. If the Lagrangian is invariant under a symmetry group G, the
field configuration that minimizes the interaction potential, the ground state, may be
nontrivial, i.e. this field configuration may have a nonzero vacuum expectation value.
When this phenomena occurs it is said that the original symmetry G is spontaneously
broken by the vacuum expectation values. Early studies of spontaneous symmetry
breaking in quantum field theories can be found in refs. [19]-[22].

It is interesting to note that there is a common characteristic in the spontaneous
symmetry breaking mechanism in quantum field theories and the ferromagnetic system:
in both cases there is an order parameter which is zero for the symmetric theory and
acquires a nonzero value in the non-symmetric configuration. In the ferromagnetic
system the order parameter is the system magnetization, while in a quantum field

theory it is the field vacuum expectation value.

2.1.1 The linear ¢ Model

In this section the spontaneous symmetry breaking mechanism in theories with global
symmetries is studied. A simple example of this type of theories is the Goldstone
model, ref. [22]. An extension to the Goldstone model is the the linear ¢ model, which
is analysed in this section. The linear o model consists of an N-dimensional multiplet

of real scalar fields ¢ ;. n(z) with Lagrangian density

2 A 2 N2 ’ 2
L{p) = 50up)” —V(y) , V(w)=—<<p ——) , u >0 (2.1)

4 A

DN |
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The N-multiplet transforms under the symmetry group SO(N) of N-dimensional ro-
tations:

¢ = (Rp)i = R¥yp; with Ry.R* =gF, (2:2)
where summation over repeated indices is implied. From this transformation rule it is

easy to see that (? is invariant under SO(N), as
0™ = 0; (RYRI*) o = *. (2.3)

Then, the Lagrangian density is also SO(N) invariant. Another important feature of
the Lagrangian is that the term proportional to u? plays the part of the usual mass
term but with a —1 sign instead of the usual +1 sign. This —1 sign in front of the p?
term determines a nontrivial structure for the theory ground state. The classical field

configuration ¢g(z) that minimizes the potential V satisfies
pR=02=E (2.4)

This condition determines an (/N — 1)-dimensional sphere of radius v in configuration

space. One may choose a particular ground state configuration (g?,
vo = (0,0,...,0,v), (2.5)
and rewrite the field p(z) as

¢:(X1,X2,~--,U+¢)'

Replacing this expression into the Lagrangian density 2.1, it takes the form

L= % (8u9)% — %(2u2)¢2 + % (Oux)® - %(x2 +6°)% — d(x* + ¢°). (2.6)

This new Lagrangian density describes a theory with N — 1 massless real scalar fields
Xi=1..~—1 and one massive real scalar field ¢, with mass my4 = V2 pu. The original
SO(N) symmetry has been broken, but not completely. The new Lagrangian density
is explicitly symmetric under transformations belonging to the SO(N — 1) group of
rotations in (/N — 1)-dimensional configuration space. It is said that the original SO(N)
symmetry has been spontaneously broken to SO(N — 1). Note that the the number of

broken symmetries

Dim[SO(N)] — Dim[SO(N —1)] =N -1,

' Any other configuration can be obtained from o applying an SO(N) transformation.
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and the number of of massless fields x; in the theory after spontaneous symmetry

breaking are the same.

2.1.2 Goldstone Theorem

The appearance of N — 1 massless fields in the linear ¢ model after spontaneous sym-
metry breaking is not an exclusive characteristic of this theory. It is a general result
known as Goldstone Theorem{22, 23]. The massless fields yx; are usually known as the
Goldstone bosons of the theory. This theorem states that, if fhe Lagrangian of a given
theory is invariant under a set of N symmetry transformations while the vacuum is
not, then N massless scalar fields must appear after spontaneous symmetry breaking.
In other words, for every spontaneously broken continuous symmetry, the theory must
contain a massless particle. In the following paragraphs a proof of Goldstone theorem
for classical scalar field theories is presented[24].

Consider a theory with a multiplet of IV real scalar fields ;-1 n(z), such that they

transform under a real representation 7* of the group G as

oilz
Pz

Nt
\L

dpi(z) = 10°Tip4(x).

If the interaction potential V() of the theory is invariant under symmetry transfor-
mations of the group G, it can be shown that V(p) satisfies

v, . PV

_T'i + —
dp; 7 Opidpy

Taer = 0. (2.7)
As in the example in the previous section, spontaneous symmetry breaking occurs when
there are nontrivial field configurations ¢; = v; that minimize the potential. For these

minima to exist, the conditions

v
=0 (2.8)
0pi | p=y
o’V
= [M?;, 2.9
atplaw} - [ ]] ( )

where the matrix [M?];; should be positive semidefinite, must be satisfied. Introducing

the auxiliary fields xi(z) = ¢;(z) — v;, the Lagrangian density can be rewritten as

1. & 0%V
== - X ———— AR 2,

p=v
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It can be seen that the term with the second derivative of the interaction potential is
a mass term for the fields x;, and the mass matrix is [M?];;.

To extract information about the mass matrix [M 2]ij, eq. 2.7 can be evaluated on
the ground state,

[M?)4 T, = 0. (2.11)

In general, there is always a subgroup H C G under which the degenerate ground state
(i = v; is invariant. Then, the generators of the symmetry group can always be chosen

to be
a = 1...Dim(G),

G’“:{Hb,T’c} , with § p = 1. Dim(H),

¢ = 1...Dim(G) - Dim(H),

\

where H® are the generators of the subgroup H, and T7'® are generators of the group
G which also expand the coset G/H. Using this choice of generators, the invariance of

the ground state translates to

H)v; = 0, b=1...Dim(H), (2.12)

Tjv; # 0, c¢=1...Dim(G) - Dim(H). (2.13)

Then, if eq. (2.11) must be satisfied for all G generators, there must be at least
Dim(G) — Dim(H) zero eigenvalues of [M?], and the fields associated with these eigen-
values will be massless. This proves Goldstone theorem: Dim(G)—Dim(H) symmetries
are broken, and this implies the existence of the same number of massless fields, the
Goldstone bosons of the theory.

The above proof of Goldstone theorem is valid in the first order of the semi-classical
approximation of the quantum theory. It can be shown that Goldstone theorem also
holds in the quantized theory. For an example of a proof using the path-integral

formalism, see ref. [24].



CHAPTER 2. THE STANDARD MODEL 11

2.2 Spontaneous Symmetry Breaking in Gauge Theories:

the Higgs Mechanism

In the previous section, the spontaneous symmetry breaking mechanism in theories with
global symmetries was studied. In this section, theories with local symmetries, gauge
theories, are analysed. Gauge invariance under a group G is assumed. The Lagrangian

density for a pure non-abelian gauge theory with gauge fields Aft:l"'Dim(G)(:c) reads

1 .
Lp= “Z(F;u/)z ’ (214)
with the gauge field tensor F};,, defined as

Fl, = 0,4l — 9,AL + gf kAl AX. (2.15)

iz

The structure constants £ are defined as
[Ta,Tb] — Z-fabcTc

where T® are the generators of the gauge symmetry group. The gauge field A%, (z)

transform under the adjoint representation of the gauge group G,
: . 1 .
Al (z) — Al (z) + EBMXZ(:L') + f“bCAZaC. (2.16)

An N dimensional scalar multiplet ¢;—; . n(z) can be introduced, minimally coupled to
the gauge field, without breaking gauge invariance. This scalar multiplet is assumed to

transform under a representation 7 of the gauge symmetry group generators T,
(]5,' — (1 + iaaT“)ij ¢]’ . (217)

The gauge and scalar fields couple minimally, and this coupling is determined by the

covariant derivative

D,¢ = 0u¢ —igA, 7. (2.18)

Instead of working with the complex fields ¢, y(z) one can always work with the real
fields ¢ on(z). Keeping the same notation, the representation matrices must be pure
imaginary and antisymmetric. The real antisymmetric representation matrices t* can
be introduced as

= td . (2.19)
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In this case the covariant derivative can be written as
Dy = 0,0+ gA,t"d (2.20)
The gauge invariant Lagrangian density for the scalar field is

Lo==(Dud)>—V(p) , V(¢)=—n’s'¢+As'4)%, (2.21)

DN =

and the contribution from the kinetic term reads
1 2 1 2 a a 1 2 qa AbH/ia b
5(Dud)” = 5(%4’) + g4, (Ouditijd;) + 597 ALAT (9)i(°9): (2.22)

As in the global symmetry case, there are nontrivial configurations of the scalar mul-
tiplet that yield a stable degenerate minimum for the potential. These configurations
oo satisfy the condition

2
b0l b = MT (2.23)

Choosing one particular ground state ¢g, rewriting the scalar field as
¢(x) = do + h(z) (2.24)

and replacing into the scalar field Lagrangian, it can be seen that a mass term for the

gauge fields arises from the kinetic term
1
ALy = 5 g% (t%60)i(t"do)idg A", (2.25)

where the mass matrix
[M2]% = g®(t*¢0)i(t o )s (2.26)

can be defined. As explained in the Goldstone theorem proof, Section 2.1, if the gauge
group generators are properly chosen, it is easy to see that the vacuum configuration
will be annihilated by some of the new generators, T%¢; = 0. Consequently, the gauge
bosons corresponding to these generators will remain massless. On the other hand, as
the mass matrix is positive semidefinite, the remaining eigenvalues will be positive, and
they will correspond to the new massive gauge bosons.

An important difference between spontaneous symmetry breaking of gauged and
ungauged symmetries is the behaviour of Goldstone bosons. In gauged theories, Gold-
stone bosons can be regarded as parameters of local gauge transformations, they do not

form part of the physical spectrum of the theory. Consequently, they can be eliminated
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from the theory with an adequate gauge choice. For example, the choice of gauge where
the Goldstone fields are set to zero yields a theory where all fields in the Lagrangian
correspond to fields in the physical spectrum. This gauge is called the unitary gauge[25].
One could also choose a gauge in which, after symmetry breaking, the bilinear terms
involving two different fields in the Lagrangian are cancelled out. This choice is called
the ’t Hooft gauge[26]. This gauge yields simpler propagators and interaction vertices
than the unitary gauge, but needs the presence of the unphysical Goldstone bosons.
It is important to note that spontaneous symmetry breaking leaves the number of
degrees of freedom of the theory unchanged. Before symmetry breaking, and using the

same notation as in the Goldstone theorem proof, the number of degrees of freedom is

ni . =2Dim(G) + N, (2.27)

before —

where the first term comes from the massless gauge field and the second term from the

scalar sector. The number of degrees of freedom after symmetry breaking is

(2.28)

Nafter =

where the first term corresponds to the massless gauge fields, the second term corre-
sponds to the massive gauge fields and the third term correspond to the remaining

scalar fields. It is easy to see that

ntf)efore = 2Dim(G) + N = n/

after *

The usual interpretation is that the degrees of freedom coming from the unphysical
Goldstone bosons are absorbed by the gauge fields to create the longitudinal compo-

nents of the massive vector bosons.

2.3 Electroweak Theory

The Standard Model of electroweak interactions was first proposed for the leptonic
sector in refs. [1, 2, 3], and later extended to include the hadronic degrees of free-
dom in ref. [4]. It is a non-abelian gauge theory with gauge group SU(2)w x U(1)y
of weak isospin and hypercharge. Massive gauge bosons are introduced by sponta-

neous symmetry breaking, with a complex doublet of scalar fields. In this section the
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gauge symmetric Standard Model Lagrangian is presented and the réle of the Higgs

mechanism in the mass generation of the physical particles is explained.

2.3.1 The classical Lagrangian

The Standard Model classical theory is formed by three field sectors: the gauge, fermion
and scalar sectors. In the quantized theory two more sectors are involved: the gauge
fixing sector and the Faddeev-Popov ghosts sector. In the following sections the three
classical field sectors are described. The gauge fixing and ghost sectors are described

in Section 2.5.

Gauge Sector

There are four gauge fields that transform according to the adjoint representation of

SU(2)w xU(1)y. The gauge fields Lagrangian can be written as

1

s, 1
‘Cgauge = 4F1uuF1u -

TPl a=1..3, (2.29)

where the gauge field tensors correspond to
Fi,, = 0,B, ~ 9,B, (2.30)
for the U(1)y field, and
Fg,, = 0,W2 —0,WS + g2 e WiW, (2.31)

for the SU(2)y field, with €%%¢ the SU(2)w structure constants. Note that mass terms
for the gauge fields are forbidden, as these terms would break gauge invariance.
The coupling to fermions and scalar fields will be determined by the covariant
derivative
Yw

Dy = 8y — ig2 Iy Wy +ig1—"By, (2.32)

where I}, are the weak isospin generators, Y is the weak hypercharge generator, and
g1 and go are the two gauge coupling constants, corresponding to U(1)y and SU(2)w,

respectively.
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Fermion Sector

Fermions in the Standard Model are arranged in isospin doublets (¢); 1,1, —), where the
index runs over the three lepton and quark generations. An important difference exists
between the treatment of right-handed ® = 1%’& 1 and left-handed %~ = 1;271 1 fields
in the Standard Model: they transform according to two different representations of
the weak isospin group. Right-handed fields transform according to a one dimensional
representation, while left-handed fields transform according to the fundamental two-
dimensional representation. The theory is chiral, and mass terms are forbidden.

The lepton and quark fields can be used to write the Lagrangian of the fermion
sector. If [j(z) and v;(z) are the charged lepton and neutrino spinor fields, and u; and

d; are the up- and down-quarks fields, respectively, the weak isospin doublets can be

written as
wj WU,
J J 1
L L : +
Ly = . QF = , with w =§(1:t'y5),
w_lj w‘dj
and the isospin singlets read
lJR = w+l]- , uf = w+uj , dJR = w+d]~.

Note that right handed neutrinos are not included in the original version of the theory.

Using this notation the Lagrangian reads
['ferm = zZE][’QLf + Q][leJL
J
+iy P44y afpull +i dEpdl, (2.33)
J J J

where the coupling with the gauge field is assumed to be minimal. Mass terms for the

fermions will be introduced after spontaneous symmetry breaking.

Scalar Sector

The scalar sector in the Standard Model consists of a weak-isospin doublet of complex
scalar fields ® = (¢.,¢0). Conventionally, the scalar sector is assigned hypercharge

+1. The scalar sector is responsible for gauge boson and fermion mass generation. The
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scalar fields couple minimally to the gauge bosons , while they couple through Yukawa

interaction to the massless fermions. The scalar sector Lagrangian can be written as

Escalar = (234)
D@D ® - V(¢) - 3 [LiGilf'® + QL GHuf @° + QY GHdf® + h.c]
ik

were Gifj are the Yukawa coupling matrices, D, is the covariant derivative defined in
eq. 2.32, and ®°¢ is the charged conjugate scalar field.
In order to allow for spontaneous symmetry breaking, the scalar field self-interaction

potential is chosen to be

A

V(®) = Z(<I>T<I>)2 —u2oie. (2.35)

The total Lagrangian

The total classical Lagrangian for the Electroweak Standard Model reads
Loy = L:gauge + Lerm + Lscalar - (236)

L is invariant under SU(2)w x U(1)y gauge transformations. The free parameters of
the theory are the two gauge couplings g; and go, the parameters of the Higgs potential

p? and A and the Yukawa coupling matrices G{]

2.4 Electroweak Symmetry Breaking

Given the scalar fields self-interacting potential eq. 2.35, it is easily seen that the theory

has a minimum stable configuration for scalar fields satisfying

v2

2u?
o) =" = .
(@) =2 =2 (2.37)
Choosing a ground state annihilated by the electric charge operator,

3y = [0, %J (2.38)

allows the theory obtained after symmetry breaking to be symmetric under U(1)ep,, the

electromagnetic gauge group. Finally, the doublet of charged scalar fields is rewritten

as

o= |4 @), Z5 -+ (@) +ix(a)] (2.39)
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The fields ¢+, ¢~ = ¢! and X are the Goldstone bosons of the theory, while (z) is the
physical Higgs, which has a mass My = v/2u. To simplify the extraction of the physical
theory one may choose to work in the unitary gauge (¢* = 0 and x = 0). Inserting
eq. 2.39 into the total Lagrangian density, the vacuum expectation value introduces
couplings with mass dimensions and mass terms for the fermions and gauge fields. To

diagonalize the resulting mass matrices, the following physical fields are defined:

1

Wi = E(Wl} +iW?) (2.40)

Z, cos(Bw) sin(fw) wi ’
= (2.41)

A, —sin(fw) cos(fw) B,
e = Utk (242)
®o= ULRIE | f=vlud, (2.43)
where the weak mixing angle 6y is defined as

cos(by) = ——22_ (2.44)

2 4 2
Vi + 95

With these new field definitions the corresponding masses yield

1 1 /> My
MW = 5921} s MZ = 5 g% +g% y COS(GW) = M—Z (245)
v L 1
M,=0, my;= EUI{C Gf{ UHR! .. (2.46)

The electron electric charge e and the quark mixing matrix Vj; can be identified from

the different couplings in the physical Lagrangian as

g192 € €
— — = 24
g2 +g2 91 = Cos Ow ’ 92 = Gn Ow (2.47)
L i
Vij = Uy Ud’ij~ (2.48)

Finally, the Lagrangian 2.36 can be rewritten only in terms of physical fields 2.40-2.43

and the physical parameters

€, MW, MZa MHa mgi, ‘/l] (249)
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2.5 Quantization and Gauge fixing

Once the classical Lagrangian has been obtained, the theory should be quantized. Dur-
ing the quantization process a specific choice of gauge must be made. One may use the

set of R, gauges[25], where the gauge fixing function of the Faddeev-Popov formalism

is given by
1
‘Cgauge fix = _5 [£22 + 572 + 2£+£_] (2.50)
L::!: — ]-Wa,uWIit FiMwy / §V¢:i: (251)
3
L? = Laﬂzﬂ - Mz\/EZx (2.52)
VEr
1
LY = —0"A,. (2.53)
3

One more term must be included in the Lagrangian. This term is the Lagrangian for
the Faddeev-Popov ghost terms. In order to compensate the gauge fields unphysical

components the following terms must be added to the classical Lagrangian:

S ro

‘CghOStS = ((;;ﬂ uﬂ 3 o = %, Y5 Z, (254)

where @, u are the ghost fields, and %— are the variations of the gauge fixing operators
under infinitesimal gauge transformations with parameters 6°.

With the R; gauges the 't Hooft gauge and the unitary gauge can be easily obtained
setting particular values for the parameters £:

€ = 1 : 't Hooft — Feynman gauge
Re (2.55)

£* — oo : Unitary gauge
The total Lagrangian for the electroweak standard model is then obtained adding

all the previous contributions
AC'SM = ['cl + Egauge fix + Eghosts (2'56)

To conclude, it can be mentioned that the renormalizability of the Standard Model
of electroweak interactions is assured by the renormalizability of non-abelian gauge the-
ories with spontaneous symmetry breaking, which was proved by 't Hooft and Veltman

in refs. [26]-[28].
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Further analysis on the construction of the Standard Model can be found in (24, 29,
30, 31] and references therein. The Feynman rules arising from the Lagrangian 2.56 in
a general R¢ gauge are presented in [32]. Feynman rules in the unitary gauge are also

presented in [33]. Finally, Feynman rules in the 't Hooft gauge can be found in [31].



Chapter 3

Higgs boson phenomenology

In the previous chapter it was shown that the scalar sector in the Standard Model plays
a fundamental role in the mass generation of the physical particles of the theory. The
Higgs mechanism is also responsible for the appearance of a new massive scalar particle
in the physical spectrum: the Higgs boson. In this chapter the phenomenological

properties of the Higgs boson are briefly reviewed.

son mass as a free parameter in the Standard Model is explained. Different constraints
on its value are discussed. In Section 3.2 the different decay modes of the Higgs boson
are studied. In Section 3.3, Higgs-boson production mechanisms are reviewed, with
emphasis in production at hadron colliders. Finally, in Section 3.4, the the different
SM Higgs boson search strategies at the Fermilab TEVATRON and the CERN LHC are

analysed.

3.1 SM Higgs Mass

In Section 2.3 it was shown that, besides the physical particles masses and the elec-
troweak couplings, there are two more parameters in the Standard Model. These pa-

rameters are related to the Higgs sector of the theory:

# — Related to Higgs boson mass

A — Related to Higgs field self — coupling.

20
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Figure 3.1: Upper and lower Higgs mass limits according to ref. [34]. The shaded

regions denote theoretical uncertainties in cut-off and scale choices.

One can always choose as physical parameters the Higgs boson mass and the vacuum

expectation value:

2p
Mg =vV2u and v=-2. 3.1

The vacuum expectation value v can be measured from the gauge boson mass, and it
is also related to the Fermi constant G ,:
= e
V2G,

On the other hand, the parameter ) is only related to the Higgs potential. Consequently,
a measured value for My will only be available after Higgs-boson detection. As the
Higgs boson has not been observed yet, no precise value for its mass is known, and
all the properties of the Higgs sector are known as a function of My. It is worth
noting that, despite the lack of direct My measurements, different constraints have
been imposed on its value.

An important constraint on the Higgs boson mass is determined by the relation

between My and the energy scale A at which the Standard Model validity breaks down.
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This relation has been reviewed in ref. [34], and is shown in in figure 3.1, for a top-
quark mass of m; = 175 GeV. Upper and lower limits on the Higgs mass can be derived
requiring that the scalar potential self-coupling constant remains positive and finite up
to the energy scale A. If My ~ 1TeV, the self-coupling constant becomes unphysically
large and new physics must appear at the scale A ~ 1TeV. This constraint imposes
a perturbative upper limit on My, see ref. [35], while lattice calculations provide
a non-perturbative upper limit [36]-[39]. On the other hand, stability requirements
provide a lower limit for the Higgs mass. For My very small, the scalar potential
minima configurations become unstable, as studied in refs [40]-[42], and new physics
must appear below A ~ Mp. Recent research on the lower mass limit of the Higgs mass
as a function of A, see ref. [43], using non-perturbative lattice simulations suggests that
the vacuum instability for a very light Higgs does not exist. What’s more, it is argued

that the lower mass limit is regulator dependent.

T U L . T 3.

-+ High Q? except m,
2004 68% CL T

<" m, (TEVATRON)

o**

Exclydejd ' Preliminary (a)

140

L =

u o |
2 3
10 10 10
m, [GeV]
Figure 3.2: Comparison of direct and indirect measurements for m; and My. The

68% CL fit countour is also shown. Plot published by [12].

The above mentioned constraints are obtained through theoretical considerations.
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Experimental constraints have been obtained, too. A set of experimental constraints on
the Standard Model Higgs-boson mass is obtained regularly by the LEP Electroweak
Working Group (LEP EWWG). The LEP EWWG combines precision electroweak re-
sults from the four LEP experiments to produce the best LEP averages. These averages
are used to analyse the validity of the Standard Model and other theories. On the other
hand, assuming the Standard Model to be valid, different parameters can be fitted and
compared with direct measurements. This is a powerful test of the Standard Model
validity. For instance, figure 3.2[12] shows a comparison between the direct and indirect
measurement of the top quark mass m;. The vertical band shows the excluded Higgs
mass range obtained by direct searches with 95% CL, see ref. [14]. The horizontal
band shows the m; direct measurement and the +£1o width. Finally, the dashed line

shows the 68% CL countour in m; and My for a fit to all data except the direct m;

measurement.

6 : —
| : M Theory uncertainty §:
[ (8) | _ :
5 - Altpag = ;'_+

— 0.02761+0.00036 :
1 ==+ 0.02749+0.00012 b
4 - * incl. low Q° data ~
NX 3 1 1
<

Excluded
20

Figure 3.3: Ax? corresponding to the fit of the Higgs boson mass to the Standard
Model electroweak parameters. The blue band represents the theoretical uncertainties,

as explained in the text. Plot published by [12].
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The most precise My constraints are obtained when the Higgs mass is fitted to
all the available direct precision measurements. The results of this fit is shown in
figure 3.3, sometimes known as the blueband plot[12]. The minimum x? of the fit is
X%in/df = 15.8/13. Figure 3.3 shows the variation Ax? = x? — x2,;, as a function
of the Higgs-boson mass. The vertical band shows the direct experimental lower mass
limit, obtained combining the four LEP experiments, ALEPH, DELPHI, L3 and OPAL,
see ref. [14]:

114.4GeV < My (95%CL).

The preferred value for My is
My = 114%52 GeV
and an upper limit for the Higgs mass can be obtained,
My <260GeV (95%CL).

The blueband in this plot corresponds to the theoretical uncertainties corresponding to

higher order corrections. The solid line uses the value
Aol (M) = 0.02761 + 0.00036

for the hadronic contribution from the light quarks to the photon vacuum polarization.

3.2 SM Higgs Decay

The Higgs boson couples to the rest of the particles of the Standard Model with a
coupling constant proportional to the particle mass. Consequently, the Higgs boson
tends to decay in the heaviest particle that is kinematically allowed. The coupling

constants for the different Higgs boson interactions read,

2m? 2M2
JHff = ﬂvﬁ gHVV = —TK JHHVV = —2*
(3.2)
3m? 3m?
gHHE = —E  guuHH = —T,,nzﬂ =3\.

Figure 3.4, calculated in ref. [44], shows the total width of the Higgs boson as a
function of its mass. As the Higgs boson becomes heavier, its width increases. It can
be shown that if My ~ 1.4 TeV the Higgs width becomes larger than its mass, and the

physical interpretation of the Higgs boson as a particle becomes doubtful.
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Figure 3.4: Total Higgs boson width vs. My. Plot taken from ref. [44].
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Figure 3.5: Higgs boson branching ratio vs. My. Figure taken from ref. [44].
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As mentioned above, if kinematically possible, the Higgs boson always decays into
the heaviest possible particle. This is clearly shown in figure 3.5, which depicts the
branching ratio of the Higgs boson into different decay channels as a function of its
mass. It can be seen that a Higgs boson of mass My <140 GeV decays mainly into
fermions, predominantly into a bb pair. For intermediate masses Higgs decay into a
pair of photons or gluons is also significant. These decay modes are loop induced
processes, where the Higgs boson couples, via a heavy fermion loop, to a vy or gg pair.
When 140 GeV < My, the decay channel into gauge bosons opens up. If the Higgs
mass is less than 2Myy then the Higgs decays mainly into an on-shell and an off-shell
W-boson. When the Higgs mass reaches the threshold 2My,, the decay into two on-
shell W-bosons opens up. When this happens the branching ratio into an on-shell and
an off-shell Z-bosons has an abrupt decrease. When 2Mz < My, the decay into two
on-shell Z-bosons becomes important. For larger Higgs boson masses the decay into a

pair of on-shell vector bosons is dominant, even after the ¢f channel opens up.

3.3 SM Higgs Production

In this section the different Higgs production mechanisms in the Standard Model are
discussed. First, the production mechanisms at an ete™ collider are briefly explained.
Then, production at hadron colliders, the Fermilab TEVATRON and the CERN LHC,
are discussed in more detail.

Figure 3.6 show the most important Higgs boson production channels at an ete~

collider. The cross section for production in association with a vector boson

ZZ—H e~ et otiH

eetVH

Figure 3.6: Higgs production mechanisms at an ete™ collider.

e"et — ZH, also known as “Higgs-strahlung”, scales as 1/s, and it dominates the

low energy region. Z-boson associated production was the main Higgs boson produc-
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tion channel at the CERN LEP collider. Vector boson fusion, VV — H, is another
important production mechanism at ete™ colliders. Existing calculations show that
the cross section for W-boson fusion processes increases logarithmically with s, so this
production process is of great importance at the high energy regime. Z-boson fusion
cross section is one order of magnitude smaller than for the W-fusion channel. Finally,
at very high energy ete™ collisions, /s ~ 1 TeV, Higgs boson production in association
with a ¢f quark pair becomes significant.

In figure 3.7 the parton tree level Feynman diagrams for the most important Higgs

boson production processes at hadron colliders are shown. At high energy colliders the

H
q -

production process with the highest cross section, due to the high gluon luminosity,
is gluon fusion production gg — H. Note that the Higgs boson is produced via a
heavy quark loop, typically ¢t- or b-quarks. A Higgs boson can also be produced via
vector-boson fusion V'V — H: two quarks in the initial state radiate a vector boson
pair that annihilates into a Higgs boson. Higgs boson production is also possible via
associated production with W*- or Z-bosons: two quarks annihilate into a vector
boson that then radiates a Higgs boson. Finally, an important production mechanism
is associated production with a heavy quark-antiquark pair. In this process a Higgs
boson is radiated off heavy quarks in the final state.

The total Standard Model Higgs production cross section at the CERN LHC and
the Fermilab TEVATRON are shown in figures 3.8 and 3.9, respectively. In these figures
it can be seen that the dominant production mechanism at these hadron colliders is
gluon fusion gg — H, with a cross section of approx. 10pb for a Higgs-boson of mass

My = 200GeV at the CERN LHC and 1pb for My = 100GeV at the Fermilab
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Figure 3.8: CERN LHC Higgs boson production cross sections in pb, taken from ref.
[45].
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TEVATRON.

At the LHC vector boson fusion, process qq — qqH, has a cross section two orders
of magnitude smaller than gluon fusion for a light Higgs boson, but it becomes the
dominant production mechanism if My ~ 1TeV. Vector boson associated production
cross sections at the LHC, q¢’ — HW and q§ — HZ, are of the same order as vector
boson fusion for a light Higgs, but become less than two orders of magnitude smaller
for a heavy Higgs. All theses .cross sections are shown to next-to-leading order in «j.
Gluon fusion is also known at NNLO but only in the heavy-top-quark limit. Production
in association with heavy quarks gg,q§ — Hbb and gg,q§ — Htt are also shown, but
these cross sections do not include the NLO corrections from [47, 48].

At the TEVATRON the process with the second largest cross section is production in
association with a vector boson, q¢ — HW and qq — HZ. This cross section is one or-
der of magnitude smaller than gluon fusion production cross section. Of approximately
the same order is the cross section for vector boson fusion production, gqg — gqH. Less
than one order of magnitude smaller is the cross section for production in association
with heavy quark-antiquark pairs gg,qg§ — Hbb and gg, qG — Htt. All these cross sec-
tions, except for production in association with bb pairs are shown to next-to-leading

order.

3.4 Higgs Boson Searches at Hadron Colliders

The search for the Higgs boson is the main objective of present and future particle
accelerators. Currently, the Higgs boson is being searched for at the upgraded Tevatron
proton-antiproton collider, at Fermilab. New searches will begin at the CERN Large
Hadron Collider (LHC) in the near future. Consequently, it is important to understand
and predict Higgs boson behaviour at hadron colliders. In this section the different
Higgs boson production mechanisms at the Tevatron and the CERN LHC are reviewed.
The Higgs boson different decay channels are studied and the detection strategies at

these hadron colliders are discussed.
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3.4.1 Higgs Boson Searches at the Fermilab TEVATRON

The Fermilab TEVATRON Higgs boson searches cover the mass region
100 GeV < My < 200GeV. The most important production mechanisms are, depend-
ing on the Higgs mass, vector boson associated production and gluon fusion. For a
detailed analysis of Higgs boson searches see for example refs. [49] and [50].

If My <135GeV the gluon fusion channel is not accessible to the TEVATRON
searches. The reason for this is that, although gluon fusion is the production pro-
cess with the highest cross section, the Higgs boson decays with branching ratio ~ 90%
into a bb quark pair, and the QCD background is orders of magnitude larger than the
signal. Consequently, the most important discovery channel for a light Standard Model
Higgs boson is vector boson associated production, where the vector boson decays lep-
tonically, and the Higgs decays into a bb-pair. The final states in these processes, [bb,
vvbb, 1lbb, can be effectively tagged at the TEVATRON detectors through high pr leptons
or high missing transverse energy Er.

If the Higgs boson mass is larger than 135GeV, the decay mode into a W+TW -
pair opens up, and the gluon fusion channel becomes available to TEVATRON searches.
Taking also into account vector boson associated production, the final states available
for Higgs searches are WW, ZWW and WWW. The most important ingredient in
these search channels is the strong angular correlation of the W-boson pair coming
from the Higgs decay. Final states which can be detected at the different experiments
include [*1%54, I71*vp and 11

Figure 3.10 shows the integrated luminosity per experiment required to either ex-
clude a Higgs boson at 95% CL, or discover it at 30 or 50 statistical significance, as a
function of My, in the range 100 GeV-140 GeV. This figure includes the results from
ref. [49] and the updated analysis of ref. [50].

3.4.2 Higgs Boson Searches at the CERN LHC

The ATLAS experiment at the CERN LHC is designed to efficiently search for a Stan-
dard Model Higgs boson with masses as low as 80 GeV and as large as 1000 GeV. The
different search strategies are chosen according to signal rate and signal-to-background
ratio. Consequently, the search channel used depends strongly on the mass of the Higgs.

In this section a brief summary of the results of ref. [15] are presented.
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Figure 3.10: Required luminosity for Higgs boson detection with 30 or 5o statistical

significance, or exclusion with 95 % CL, at Fermilab TEVATRON. Taken from ref. [50]

H - 7y

This Higgs decay mode is important as discovery tool in the mass range
100 GeV — 150 GeV. Depending on excellent energy and angular resolution, a narrow
mass peak can be observed. Excellent particle identification is also important to reject
large QCD jet background and the resonant production of Z — ee. The most impor-
tant Higgs production processes involved are: direct production through gluon fusion,
production in association with vector-boson or tt pairs, and production in association
with QCD jets.

A similar detection channel, H — Z~, has been found to be of importance in the

mass region 100 GeV — 160 GeV.

H — bb

It has been shown in Section 3.2 that the branching ratio of a Higgs boson with mass
My < 2My decaying into bb pairs is of the order of 90%. Similarly to the Fermilab
TEVATRON, QCD background to bb pair production is huge. The only way to detect

this Higgs decay mode is to use associated production with a W-boson or with a ¢t
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pair, and trigger on the leptons from the W-boson leptonic decays or the semileptonic
decays from the top quark. Once the Higgs event is identified, a mass peak can be
measured using the invariant mass spectrum of the b-jets.

Associafed production with a Z-boson is not considered in the ATLAS analysis, as
the production cross section is almost one order of magnitude smaller than in the case

of W H-associated production.

H - ZZ* — 4l

This detection channel is relevant for a Higgs boson with mass 120 GeV S My $2M 5.
In the region 150 GeV < My <180 GeV, the branching ratio to ZZ* has a pronounced
dip, due to the opening of the decay channel H — WW. It has been argued that a
50 Higgs detection is possible with 30 fb™! of integrated luminosity, while 100 fb~! are

needed for more than 50 statistical significance with the ZZ* channel.

H-o> WW® S5 Tul v

If the Higgs boson mass is close to 170 GeV then the decay into ZZ* pairs is suppressed
in favour of decay into WW™, with a branching ratio almost two orders of magnitude
larger than the neutral gauge boson pair decay. Using the method suggested in [108]
a statistical significance of more than 50 can be obtained with 30fb~! of integrated
luminosity. Information on the mass of the Higgs boson can also be obtained using the
transverse mass distribution.

It is important to know that, in this search channel, the presence of a Higgs boson
will not be detected as a mass peak in a mass distribution, but as an excess of events
over the expected background. The method of ref. [108] to study this channel is
explained in detail in Chapter 5.

WH - lviviy

Associated production with W-bosons with subsequent Higgs boson decay into a W-
boson pair, followed by leptonic decays of the three vector bosons, represent an impor-
tant possibility for enhancing Higgs boson detection in the mass range

150GeV 5 My £190GeV. Similarly, the search channel WH — WWW — [ljj may

be considered, which is less important than the leptonic channel as the QCD back-
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ground becomes more important. As explained in the previous section, this is also an

important Higgs search tool at the Fermilab TEVATRON.

H—->ZZ >4l or H—> ZZ - 1vlv

For 2Mz < My $700GeV the detection channel H — ZZ with the Z-boson pair de-
caying into 4 charged leptons is the most important search channel. What’s more, due
to the fact that for this process signal cross section is larger than background cross
section, and that the lepton momenta are large enough for easy detection, this is the
most reliable discovery channel for a Standard Model Higgs boson at the LHC. The

discovery potential is only determined by the available luminosity.

Heavy Higgs Boson

The four lepton channel could be used efficiently up to My ~ 800 GeV. For a heavier
Higgs boson the channels H - ZZ — llvv, H — ZZ — lljj and H - WW — lvjj

would be used to probe the 1TeV mass region.

Weak Vector Boson Fusion

Recently, a new discovery strategy for a Standard Model Higgs boson has been proposed
in refs. [51]-[55]. This method assumes that the Higgs boson is produced in a vector
boson fusion (VBF) process. VBF cross section is approx. 10% of the gluon fusion
process cross section in the low Higgs mass region. For a heavy Higgs boson, gluon
fusion and VBF cross sections are of the same order of magnitude. VBF processes are
characterized by the presence of two jets in the forward-backward direction, originating
from the initial quarks that emitted the gauge bosons. In addition, central jet activity
is suppressed. Jet tagging in the forward-backward direction and a jet veto in the

central region are very effective methods for increasing the signal-to-background ratio.

Total Signal Significance

The sensitivity for each detection channel discussed above, is shown in figures 3.11
and 3.12, for the ATLAS and CMS experiments, respectively. These figures have been
taken from refs. [15] and [56]. Units of Signal/\/Backgr have been used, and an

integrated luminosity of 30fb~! is assumed. No K-factors have been included, as
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not all the corrections for all the background processes were known at the time the
signal significance studies were done. The total sensitivity for the Higgs mass range
80GeV < My <1TeV is also shown. Clearly seen is the decrease in the H — ZZ* — 4l
channel, caused by the opening of the H — WW decay mode. The possibility of
detecting a Higgs boson using the search channel H - WW — [vl'v’ with very high
statistical significance, is the main motivation to the calculation of the gluon induced
contribution to off-shell W-boson pair production at hadron colliders, cf. Chapter 5.
To conclude, a 50 signal significance is expected for Higgs-boson detection at the
CERN LHC with an integrated luminosity of 30fb~!. This is equivalent to one year
of running at the low luminosity regime. If the Standard Model Higgs boson exists, it

will be detected at the LHC.
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of 30fb~!, as a function of the Higgs boson mass. Taken from ref. [15].
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Chapter 4

Vector Boson Associated

Production

In this chapter the calculation of the electroweak O(a) corrections to the processes
pp/pp = WHTH + X and pp/pp — ZH + X is presented. The cross-section prediction
for associated W H and ZH production at the Tevatron and at the LHC, including
the NLO electroweak and QCD corrections, is updated and the residual theoretical
uncertainty due to scale variation and the parton distribution functions is quantified.
This chapter is organized as follows. In Section 4.2 the computation of the O(«)
electroweak corrections is outlined. The calculation of the hadronic cross section and the
treatment of the initial-state mass singularities are described in Section 4.3. In Section
4.4 numerical results for associated W H and ZH production at the Tevatron and at
the LHC are presented. In Section 4.5 the O(a) electroweak corrections are combined
with the recently published[57] next-to-next-to-leading order QCD corrections. Finally,

the conclusions are given in Section 4.6.

4.1 Introduction

The search for the Higgs boson continues at the upgraded proton—antiproton collider
Tevatron [49] with a centre-of-mass (CM) energy of 1.96 TeV, followed in the near future
by the proton—proton collider LHC [15] with 14 TeV CM energy. Various channels can

be exploited at hadron colliders to search for a Higgs boson, as explained in Chapter

36
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3. At the Tevatron, Higgs-boson production in association with W or Z bosons,
pp > WH+X and pp— ZH + X, (4.1)

is the most promising discovery channel for a SM Higgs particle with a mass below
about 135 GeV, where decays into bb final states are dominant [49)].
At leading order, the production of a Higgs boson in association with a vector boson,

pp = VH + X, (V =W, Z) proceeds through ¢¢ annihilation [60],
qf - V*—>V +H. (4.2)

The next-to-leading order (NLO) QCD corrections coincide with those for the Drell-Yan
process and increase the cross section by about 30% [61]. Beyond NLO, the QCD cor-
rections for V H production differ from those for the Drell-Yan process by contributions
where the Higgs boson couples to a heavy fermion loop. The impact of these additional
terms is, however, expected to be small in general [62], and NNLO QCD corrections
should not increase the VH cross section at the Tevatron significantly, similar to the
Drell-Yan cross section [63]. In Sect. 4.5 the recent NNLO QCD calculation [57] and
its combination with the electroweak corrected cross section are discussed in detail.
As described in in Sections 4.4 and 4.5, the renormalization and factorization scale
dependence is reduced to about 10% at O(as), while the uncertainty due to the parton
luminosity is less than about 5%. Inclusion of NNLO QCD results further reduces
these uncertainties. At this level of accuracy, the electroweak O(a) corrections become
significant and need to be included to further improve the theoretical prediction. More-
over, the QCD uncertainties may be reduced by forming the ratios of the associated
Higgs-production cross section with the corresponding Drell-Yan-like W- and Z-boson
production channels, i.e. by inspecting o5 vH+x/0pp—v+x. In these ratios, higher-
order electroweak effects should be significant. For the Drell-Yan-like W- and Z-boson
production the electroweak corrections have been calculated in Refs. [64, 65] and [66],
respectively. The electroweak O(a) corrections to associated ZH production at ete~

colliders have been presented in Ref. [67].
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Figure 4.1: Lowest-order diagram for ¢q¢ - V* - VH (V. =W, Z).

4.2 The Parton Cross Section

4.2.1 Conventions and lowest-order Cross Section

The parton process

a(pq,7q) + @ (pg,7q) — Vipv,Av) + H(pu) [+v(k,N)], (4.3)

where V = W™, Z, is considered. The light up- and down-type quarks are denoted by
q and ¢', where ¢ = u,c and ¢’ = d,s for W H production and ¢ = ¢’ = u,d,s,c,b for

Z H production. The variables within parentheses refer to the momenta and helicities

§=(pg+pg)’ t=(pg—pv)’ d=(py—pv): sve=g+pv): (44)

For the non-radiative processes ¢q¢ — VH, § = syy . The fermion masses mq, mgy
are neglected whenever possible, i.e. these masses are only kept as regulators in the
logarithmic mass singularities originating from collinear photon emission or exchange.
As a consequence, the fermion helicities 7, and 77 are conserved in lowest order and
in the virtual one-loop corrections, i.e. the matrix elements vanish unless 7, = —74 =
T = £1/2. For brevity the value of 7 is sometimes indicated by its sign.

In lowest order only the Feynman diagram shown in Fig. 4.1 contributes to the
scattering amplitude, and the corresponding Born matrix element is given by

2, T
€ 9ygvIVVH _
§ = ———— (pg) £/ (\v) wru(py), (4.5)
§— M
where €3, (Ay) is the polarization vector of the boson V, #(py) and u(py) are the Dirac
spinors of the quarks, and wy = 3(1++5) denote the chirality projectors. The coupling

factors are given by

*
ud

ar, = =9 GWWH = Mw
udW \/53“/ T—>» )

Sw
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3
T SwW Iq MZ
g = - + O =
997 . Qq P T—) 9zzH CwSwW

(4.6)

where @, and Ig = £1/2 are the relative charge and the third component of the weak
isospin of quark g, respectively. The weak mixing angle is fixed by the mass ratio
My [Mz, according to the on-shell condition sin?y = s?, =1 —c¥, = 1 — M, /M2.
Note that the CKM matrix element for the ud transition, V,4, appears only as global
factor |V,4|? in the cross section for W H production, since corrections to flavour mixing
are negligible in the considered process. This means that the CKM matrix is set
to unity in the relative corrections and, in particular, that the parameter V,,; need
not be renormalized. The same procedure was already adopted for Drell-Yan-like
W production [64, 65].

The differential lowest-order cross section is easily obtained by squaring the lowest-

order matrix element M of (4.5),

(d&o) 11 AMAME,
A0/ = 12 64n2 52

o’

5 O} * )2 - N2\ A 1/2( 02 Af2 oa
48 M 3 Jvva ((g"q'v) + (9gqv) ) AT ( My, My, 8)

(= M)(@ — ME) + MEs
(5 — M§)? ’

2 4
MHas) Z |M6|2

spins

(4.7)

where the explicit factor 1/12 results from the average over the quark spins and colours,
and £ is the solid angle of the vector boson V in the parton CM frame. The total parton
cross section is given by

(1271'

2 + 32 - )2
WQVVH ((gqqfv) + (9gqv) )
A(MZ, M, 3) + 12M2 3
(8 — M2)? ’

6o(¢d = VH) =

x AV (MY, M, 8) (4.8)

where ) is the two-body phase space function A(z,y, 2) = % +y? + 2% — 2oy — 2x2 — 2y2.
The electromagnetic coupling o = €?/(47) can be set to different values according to
different input-parameter schemes. It can be directly identified with the fine-structure
constant «(0) or the running electromagnetic coupling a(k?) at a high-energy scale
k. For instance, it is possible to make use of the value of a(M%) that is obtained
by analysing [68] the experimental ratio R = o(ete~ — hadrons)/(ete™ — p*u™).
These choices are called a(0)-scheme and a(MZ2)-scheme, respectively, in the following.

Another value for a can be deduced from the Fermi constant G, yielding ag, =
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Figure 4.3: Contributions of different vertex functions to qg — ZH.

V2G,, M3 s%; /m; this choice is referred to as G,,-scheme. The differences between these

schemes will become apparent in the discussion of the corresponding O(a) corrections.

4.2.2 Virtual Corrections
One-loop Diagrams and Calculational Framework

The virtual corrections can be classified into self-energy, vertex, and box corrections.
The generic contributions of the different vertex functions are shown in Figs. 4.2 and
4.3. Explicit results for the transverse parts of the WW, ZZ, and yZ self-energies (in
the ‘t Hooft-Feynman gauge) can, e.g., be found in Ref. [31). The diagrams for the
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Figure 4.5: Diagrams for the corrections to the qGZ vertices.

u u d d
A w A w
. £ H_ 2, H_
Z w Z w
U u d d

Figure 4.6: Diagrams for the corrections to the qgH vertices.

gauge-boson-fermion vertex corrections are shown in Figs. 4.4, 4.5, and 4.6.

The diagrams for the corrections to the WW H, ZZH, and vZ H vertices are shown
in Figs. 4.7 and 4.8. The box diagrams are depicted in Figs. 4.9 and 4.10, where ¢ is
the would-be Goldstone partner of the W boson, x is the Z-boson Goldstone partner
and u,, uz and uy are the ghost fields corresponding to v, Z and W¥ respectively.

The actual calculation of the one-loop diagrams has been carried out in the ’t Hooft—
Feynman gauge using standard techniques. The Feynman graphs have been generated

with FeynArts [70, 71] and are evaluated in two completely independent ways, leading
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Figure 4.7: Diagrams for the corrections to the WW H vertex.
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Figure 4.8: Diagrams for the corrections to the ZZ H vertices.

43
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Figure 4.10: Diagrams for box corrections to ¢ — ZH.

44
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to two independent computer codes. The results of the two codes are in good nu-
merical agreement (i.e. within approximately 12 digits for non-exceptional phase-space
points). In both calculations ultraviolet divergences are regulated dimensionally and
IR divergences with an infinitesimal photon mass m, and small quark masses. The
renormalization is carried out in the on-shell renormalization scheme, as e.g. described
in Ref. [31].

In the first calculation, the Feynman graphs are generated with FeynArts version
1.0 [70]. With the help of Mathematica routines the amplitudes are expressed in terms
of standard matrix elements, which contain the Dirac spinors and polarization vectors,
and coefficients of tensor integrals. The tensor coefficients are numerically reduced to
scalar integrals using the Passarino-Veltman algorithm [73]. The scalar integrals are
evaluated using the methods and results of Refs. {72, 74, 31].

"The second calculation has been made using FeynArts version 3 [71] for the diagram
generation and FeynCalc version 4.1.0.3b [75] for the algebraic manipulations of the
amplitudes, including the Passarino-Veltman reduction to scalar integrals. The latter

have been numerically evaluated using the Looptools package [76] version 2.

Renormalization and Input-parameter Schemes

Denoting the one-loop matrix element M7, in O(«) the squared matrix element reads
IMG + MT|? = IMJ|? + 2Re{(M§)*M]} +... = (1 + 2Re{67, DIMGIZ +.... (4.9)

Substituting the r.h.s. of this equation for |[M3|? in (4.7) includes the virtual corrections
to the differential parton cross section. The full one-loop corrections are too lengthy
and untransparent to be reported completely. Instead, the relevant counterterms are
listed, all of which lead to contributions to M7 that are proportional to the lowest-
order matrix element M{, M{; = 07, M7. Explicitly the counterterm factors §7; for the

individual vertex functions read

SMZ
W = “0w s v
udW,r dsw 1
0. ' = 02y — — + = 5ZW + 5Z + =0Z7 } 6,—
ct Sw 2 d

ds 6M
JVVVVH — 7 — ___“_’_ W 57 6Z
ct 67, S + 2M\?v + 04w + H,
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S M2
zzZz _ Z
8&2 = —5zzz+m,
M2
8127 = QTq |:(5ZZA (1 - fz) + JZAZl ;
949z §
og’ 1
53,?Z’T = 02+ g,rqqz-i-—é‘ZZz-l-(SZ;— Czq 6Z 4z,
99z 2 2gqqZ
(5ZtZH’T = C%-q 0Zz4 <—N£z—1 3
2gqqZ 8
2s% — ¢y Osw O M 1
6Z%ZH = 5z W___W W 1672 ~62Zy. 4.10
ct cF A sw o, TPzt 00 (4.10)

The index 7 has been suppressed for those counterterms that do not depend on the
chirality. The explicit expressions for the renormalization constants can, e.g., be found
in Ref. [31]. In the following only the charge renormalization constant §Z, is analysed.
In the a(0)-scheme (i.e. the usual on-shell scheme) the electromagnetic coupling e is
deduced from the fine-structure constant «(0), as defined in the Thomson limit. This
fixes 67, to

1 9544 (k%) _sw Z14(0)

a(0) 2 Ok? £2=0 cwW M% ’

07

(4.11)

with E%V’(k‘z) denoting the transverse part of the VV' gauge-boson self-energy with
momentum transfer £. In this scheme the charge renormalization constant §Z, con-
tains logarithms of the light-fermion masses, inducing large corrections proportional to
o ln(mﬁ /8), which are related to the running of the electromagnetic coupling a(k?) from
k = 0 to a high-energy scale. In order to render these quark-mass logarithms mean-
ingful, it is necessary to adjust these masses to the asymptotic tail of the hadronic
contribution to the vacuum polarization IT14(k?) = £44(k?)/k? of the photon. Using
a(M32), as defined in Ref. [68], as input this adjustment is implicitly incorporated, and

the charge renormalization constant is modified to

— 1 2
87, w2y = e o) 2Aa(MZ), (4.12)
where
Aa(k?) = n;‘;‘t(()) - Re{H;‘Qt(kQ)}, (4.13)

with H}“;‘t denoting the photonic vacuum polarization induced by all fermions other
than the top quark (see also Ref. [31]). In contrast to the «(0)-scheme the counter-

term 8Ze|q M2)> and thus the whole relative O(a) correction in the a(M2)-scheme,
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does not involve logarithms of light quark masses, since all corrections of the form
o™ ln”(m? /3) are absorbed in the lowest-order cross section parametrized by a(M2) =
a(0)/[1 — Aa(M3)]. In the Gy -scheme, the transition from «(0) to G, is ruled by the
quantity Ar [77, 31], which is deduced from muon decay,

_ VIGMishy _

— (0)(1 + Ar) + O(ad). (4.14)

ag,

Therefore, the charge renormalization constant reads

02| =62,

1
G - §A’I" (415)

(0)

Since Aa(M3) is explicitly contained in Ar, the large fermion-mass logarithms are
also resummed in the G-scheme. Moreover, the lowest-order cross section in G-
parametrization absorbs large universal corrections to the SU(2) gauge coupling e/sw
induced by the p-parameter.

Finally, the universal corrections related to the p-parameter, or more generally, the

leading corrections induced by heavy top quarks in the loops are considered. To this

end, all terms in the corrections that are enhanced by a factor m?/M2, have been
extracted. These contributions are conveniently expressed in terms of
3a  m?
Apy L (4.16)

- 167ws2, M3’
which is the leading contribution to the p parameter. For the various channels the

following correction factors to the cross sections in the G ,-scheme have been obtained,

t t
botownly, = 2wl -
2Q4ew (97,2 + 972)
giop = 205%y|, +Ap |1 - ST a7
q§—ZH G, ZZH’G# Pt SW[(g,}tlz)z + (9;12)2] ( )
with
5
t t
vl =05%ul, = —2an, 19

in agreement with the results of Ref. [78]. As mentioned before, for W H production the
only effect of Ap, is related to the WW H vertex correction in the G,-scheme, while such

corrections to the g7 W coupling are entirely absorbed into the renormalized coupling

e/sw.
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Figure 4.12: Bremsstrahlung diagrams for qg — ZH + .

4.2.3 Real-photon Emission

Real-photonic corrections are induced by the diagrams shown in Figs. 4.11 and 4.12.
Helicity amplitudes for the processes ¢q¢ — VH + v (V = W, Z) have been generated
and evaluated using the program packages MadGraph [79] and HELAS [80]. The result
has been verified by an independent calculation based on standard trace techniques.
The contribution 6., of the radiative process to the parton cross section is given by

by = 155z [ A0 3 IMP, (419)

spins

where the phase-space integral is defined by

d*py d’k 4
¢ —pi—pv—k). (4.2
/dF / (27 32PHO/(27F)32pv,0/(27r)32k0 (2m)*0(pq+pg —pr —pv —k). (4.20)

4.2.4 Treatment of Soft and Collinear Singularities

The phase-space integral (4.19) diverges in the soft (kg — 0) and collinear (pgk,pgyk —

0) regions logarithmically if the photon and fermion masses are set to zero. For the
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treatment of the soft and collinear singularities the phase-space slicing method has been
applied. In addition, for associated ZH production the dipole subtraction method has

also been applied. In the following these two approaches are briefly described.

Phase-space Slicing

Firstly, phase-space slicing is used, excluding the soft-photon and collinear regions in
the integral (4.19).

In the soft-photon region m, < ko < AE < /3 the bremsstrahlung cross section
factorizes into the lowest-order cross section and a universal eikonal factor that depends
on the photon momentum & (see e.g. Ref. [31]). Integration over k in the partonic CM
frame yields a simple correction factor g5 to the partonic Born cross section dég. For

Z H production this factor is

2
o = -2 on(22E) ()
™ m7 S
2 2 2
+21n(2AE) +31n2(—”¥) +1n(m4) +”—}. (4.21)
My 2 S 8 3

rrrrr

For WH pI‘O(lllCElOIl the soft factor is

2 2 9 2

1
boii = —5= 4 Q2 21n<2AE) ln<Tﬁ> +2ln(2AE> + —1n2("f") +1n(—”f") L
2 MMy 5 My 2 3 3 3

m2/
+Qy {21 (2AE) ) +2ln(2AE) + 11&(4)
My 2 K]
77_
3

()
o () <20 () 3 ()
(G

|pw| (Pl + |PW|)2)}

+2Q, [2ln<MW )m( )+sz(1+ —Mw PW—IPW|))

\/7
+L12(1+A_M2 W+|pw|)

- 2Qq [21n<M3V§_ﬁ) 1n(2AE) 2(1 +—— Mw (P — |Pw|)>
+ Lig (1 + - \/;/12 (Pl + |PW|))J } (4.22)
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where Liz is the dilogarithm function and Q; — Qy = +1. The difference between ZH
and W H production is due to the soft photons emitted by the W boson.

The factor dsof; can be added directly to the virtual correction factor 2Re{d7; .}
defined in (4.9). It has been checked that the photon mass m., cancels in the sum
2Re{67;. } + Osoft-

The remaining phase-space integration in (4.19) with kg > AF still contains the
collinear singularities in the regions in which (p;k) or (pgk) is small. Defining 67, =
L(pg,k) as the angle of the photon emission off f = ¢,q’, the collinear regions are
excluded by the angular cuts 67, < A8 < 1 in the integral (4.19).

In the collinear cones the photon emission angles 67, can be integrated out. The

resulting contribution to the bremsstrahlung cross section has the form of a convolution

of the lowest-order cross section,

Ocoll = Ocoll,g + Feoll,g»
Q%a 1-20E/VE A§%3 22
: = 2= 1 - Prp(2) =q,7
o, f(pf) 27r/0 dz |In i T+ 22 rr(2)60(zpf),  f=4q,q
(4.23)
with the splitting function
1+ 22
P = . 4.24
1(2) = T (4.24)

Note that the quark momentum py is reduced by the factor z so that the partonic CM

frame for the hard scattering receives a boost.

Subtraction Method

Alternatively, for ZH production, the subtraction method presented in Ref. [81] is
applied, where the so-called “dipole formalism”, originally introduced by Catani and
Seymour [82] within massless QCD, was applied to photon radiation and generalized
to massive fermions. The general idea of a subtraction method is to subtract and to
add a simple auxiliary function from the singular integrand. This auxiliary function
has to be chosen such that it cancels all singularities of the original integrand so that
the phase-space integration of the difference can be performed numerically. Moreover,
the auxiliary function has to be simple enough so that it can be integrated over the

singular regions analytically, when the subtracted contribution is added again.



CHAPTER 4. VECTOR BOSON ASSOCIATED PRODUCTION 51

The dipole subtraction function consists of contributions labelled by all ordered
pairs of charged external particles, one of which is called emitter, the other one spectator.
For q¢ — ZH there are, thus, two different emitter/spectator cases ff’: qg, gqg. The
subtraction function that is subtracted from 3 g |M.,|2 is given by

I-/\/tsubl2 = Qgez[gqq(Pq,Pq,k) Z IMa(xqquaptiakZ,q(?”z

spins

+ 94¢(Pg, pgs k) D, | MG (pq, Tqpa, kz,qq)|2] (4.25)

spins

with the functions

1 2
= = k‘ = — ]_ — =
gqq(pq,pq, ) (qu)a:q(7 ll ~ Za :qu:| ,
1 2
a(Pg ) = —1—1z4g .
9aq(pg, Po; F) (pgk)zqq [1 — Tqg lY?qq] ’ (4.26)
and the auxiliary variable
i — Dok — pgk
2y = ALl T PaT (4.27)

PqDq
For the evaluation of |[Mgyp|? in (4.25) the Z-boson momenta kz sp still have to be

specified. They are given by

k7 5 = Mpg,pg)' k7, k74, = Mpa,pg)* Kz, (4.28)

with the Lorentz transformation matrix

(P + P)*(P + P), N 2P~ P,

TR N N ) 57 RN RN
P2+ PP P2 Pl =kyz+ky, P"=zyqpi+p;.

(4.29)

A(plap2)pu = g#u -

The modified Z-boson momenta kz ss still obey the on-shell condition k% = M2
and the same is true for the corresponding Higgs-boson momenta that result from
momentum conservation. It is straightforward to check that all collinear and soft
singularities cancel in 3 s [My|? — [Mgyb|? so that this difference can be integrated
numerically over the entire phase space (4.20).

The contribution of | Mgyp|?, which has been subtracted by hand, has to be added
again. This is done after the singular degrees of freedom in the phase space (4.20) are
integrated out analytically, keeping an infinitesimal photon mass m., and small fermion
masses my as regulators [81]. The resulting contribution is split into two parts: one

that factorizes from the lowest goﬁdgp@ﬂﬁs section 69 and another part that has the

fé’ %
, @f}/ /i

f

S
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form of a convolution integral over 69 with reduced CM energy. The first part is given

by

. 2n? | |

Osub,1 — 2 |:2£( ) +3 - le oy (4.30)
with the auxiliary function

L(r, m2) = 1n(7:2> ln(nf) +1In (77;2) - %IHQ(ng) + %ln(ng) (4.31)

The IR and fermion-mass singularities contained in dég,p,; exactly cancel those of the

virtual corrections. The second integrated subtraction contribution is given by

1
Gsub,2(Pg, Pg) = QqQﬂ_/ dz {[gqq(§,$)]+ 60(zpq, Pg) + [Ggq(3, 7)), 50(Pq,$Pq)} = (pytp)?

?
Tti_’_Tti}

I SRy i
Qe [ do (1= o) {aotapppn)|

+ 60(pg, TPg)
.

(4.32)
where the usual [...]4+ prescription,
[ e 7], o) = [ e 1)o@ — 1), (433)
is applied to the integration kernels
Gog(r @) = Ggq(r, ) = Prs(z) [m <ng> - 1] : (4.34)

In (4.32) it is indicated explicitly how the Mandelstam variable r has to be chosen
in terms of the momenta in the evaluation of the part containing [Gf (r, z)]4+. Note,
however, that in (4.32) the variable § that is implicitly used in the calculation of (.. .)
is reduced to 2zpgp; = 5.

In summary, within the subtraction approach the real correction reads

67 12 23 /dP I:Z IM’Yl - IMsubl ] + Usub 1+ Usub 2- (4.35)

spins
It should be realized that in 6g,p,1 and Gsyp 2 the full photonic phase space is integrated
over. This does, however, not restrict the subtraction approach to observables that
are fully inclusive with respect to emitted photons, but rather to observables that are
inclusive with respect to photons that are soft or collinear to any charged external

fermion (see discussions in Sect. 6.2 of Ref. [81} and Sect. 7 of Ref. [82]).
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4.3 The Hadron Cross Section

The proton—(anti-)proton cross section o is obtained from the parton cross sections
6(9192) by convolution with the corresponding parton distribution functions q1,2(x),

1 1
doe) = Y [ do1 [ deoau(@1)aa(o2) A0 (g, ), (4.36)

9192

where z;2 are the respective momentum fractions carried by the partons g 2. In the
sum }_, .. the quark pairs q1g2 run over all possible combinations ¢’ and §'q where
g = u,c and ¢’ = d,s for WH production and ¢ = ¢’ = u,d,s,c,b for ZH production.
The squared CM energy s of the pp (pp) system is related to the squared parton CM
energy 3 by § = z1z3s.

The O(«)-corrected parton cross section 6(7192) contains mass singularities of the
form o In(mg), which are due to collinear photon radiation off the initial-state quarks.
In complete analogy to the MS factorization scheme for next-to-leading order QCD
corrections, these collinear singularities are absorbed into the quark distributions. This

is achieved by replacing ¢(z) in (4.36) according to

1?)
_ /xl 72(1(5 M2> % Q?z {111(%22_> [Pff(z)]+ - [Pff(z)(2ln(1 —-2)+ 1)]+},
! (4.37)

where M is the factorization scale (see Ref. [65]). This replacement defines the same
finite parts in the O(c) correction as the usual MS factorization in D-dimensional reg-
ularization for exactly massless partons, where the In(m,) terms appear as 1/(D — 4)
poles. In (4.37) the soft-photon pole has been regularized by using the [...], prescrip-
tion. This procedure is fully equivalent to the application of a soft-photon cutoff AE
(see Ref. [64]) where

q(z) = qlz,M?) [1 - % Q3{1 ~ In(2AE/V3) — In?(2AE/V3)

+ (1n(2AE/\/§) + ?I) n (%22) H

q

1-20E/V3 4y (L a M? 1
_ /m ?q<;,M) 5= QF Pr;(2) {In E R —1%4.38)

The absorption of the collinear singularities of O(a) into quark distributions, as

a matter of fact, requires also the inclusion of the corresponding O(a) corrections
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into the DGLAP evolution of these distributions and into their fit to experimental
data. At present, this full incorporation of O(a) effects in the determination of the
quark distributions has not yet been performed. However, an approximate inclusion
of the O(a) corrections to the DGLAP evolution shows [83] that the impact of these
corrections on the quark distributions in the MS factorization scheme is well below 1%,
at least in the x range that is relevant for associated V H production at the Tevatron
and the LHC. Therefore, the neglect of these corrections to the parton distributions is

justified for the following numerical study.

4.4 Numerical Results

4.4.1 Input Parameters

For the numerical evaluation the following set of input parameters has been used [84],

a(0) = 1/137.03599976, G, = 116639 x 1073 GeV 2,
a(Mz) = 1/128.930, Mw = 80.423GeV,

Mz = 91.1876GeV, me = 0.510998902 MeV,
m, = 105.658357MeV, m,; = 1.77699 GeV,
my = 66MeV, me = 1.2GeV,
my = 174.3GeV, mqg = 66MeV,
mg = 150MeV, mp, = 4.3GeV

[Vual = 0.975, Vis| = 0.222,

[Vea| = 0.222, [Ves] = 0.975. (4.39)

The masses of the light quarks are adjusted such as to reproduce the hadronic contri-
bution to the photonic vacuum polarization of Ref. [68]. They are relevant only for the
evaluation of the charge renormalization constant §Z, in the a(0)-scheme. For the cal-
culation of the pp and pp cross sections the CTEQ6L1 and CTEQ6M [85] parton distri-
bution functions at LO and O(as), have been adopted corresponding to AYC = 165 MeV

and Ag’ﬁ = 226 MeV at the one- and two-loop level of the strong coupling as(u), respec-
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tively. The top quark is decoupled from the running of as(u). If not stated otherwise
the factorization scale M is set to the invariant mass of the Higgs—vector-boson pair,
M = \/syy. For the treatment of the soft and collinear singularities the phase-space
slicing method as described in Sect. 4.2.4 has been applied. It has been verified that
the results are independent of the slicing parameters 2AE/v/3 and A when these
parameters are varied within the range 10~2 — 10~%. In the case of associated ZH pro-
duction the dipole subtraction method was also applied. The results agree with those
obtained using phase-space slicing. It has been observed that the integration error of
the subtraction method is smaller than that of the slicing method by at least a factor

of two.

4.4.2 FElectroweak Corrections

The impact of the electroweak O(«) corrections on the cross section predictions for the
processes pp/pp = Wt H + X and pp/pp — ZH + X at the Tevatron and the LHC are
presented. Figures 4.13 and 4.14 show the relative size of the O(«) corrections as a func-
tion of the Higgs-boson mass for pp — WTH + X and pp — ZH + X at the Tevatron.
Results are presented for the three different input-parameter schemes. The corrections
in the G- and a(M7)-schemes are significant and reduce the cross section by 5-9% and
by 10-15%, respectively. The corrections in the a(0)-scheme differ from those in the
G ,-scheme by 2Ar =~ 6% and from those in the a(MZ)-scheme by 2Aa(M2) =~ 12%.
The fact that the relative corrections in the «(0)-scheme are rather small results from
accidental cancellations between the running of the electromagnetic coupling, which
leads to a contribution of about 2Aa(M2) ~ +12%, and other (negative) corrections
of non-universal origin. Thus, corrections beyond O(«) in the a(0)-scheme cannot be
expected to be suppressed as well. In all schemes, the size of the corrections does not
depend strongly on the Higgs-boson mass. The unphysical singularities at the thresh-
olds Mg = 2Mw and 2Mz can be removed by taking into account the finite widths of
the unstable particles, see e.g. Refs. [86]. Representative results for the leading-order
cross section and the electroweak O(a) corrections are collected in Tables 4.1 and 4.2.
Figures 4.15 and 4.16 and Tables 4.3 and 4.4 show the corresponding results for
pp— WHH + X and pp - ZH + X at the LHC. The corrections are similar in size to

those at the Tevatron and reduce the cross section by 5-10% in the G,-scheme and by
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pp - WHH + X

Vs = 1.96 TeV
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Figure 4.13: Relative electroweak correction § as a function of the Higgs-boson mass
for the total cross section pp — WH + X (/s = 1.96 TeV). Results are presented for
the «(0)-, a(M2)-, and G,-schemes.
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Figure 4.14: Relative electroweak correction § as a function of the Higgs-boson mass

for the total cross section pp -+ ZH + X (1/s = 1.96 TeV).
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My /GeV || 0ola(o)/Pb | dla(o)/% Uola(Mg)/Pb Ola(mzy/% || oolg./pb | dlg, /%
80.00 0.1926(1) | 0.57(1) || 02175(1) | -11.99(1) || 0.2058(1) | —5.17(1)
100.00 | 0.09614(1) | 0.25(1) | o0.1086(1) | —12.2001) || 0.1028(1) | —5.61(1)
120.00 | 0.05176(1) | —0.17(1) || 0.05846(1) | —12.75(1) || 0.05532(1) | —6.19(1)
140.00 | 0.02045(1) | —0.89(1) || 0.03327(1) | —13.53(1) || 0.03149(1) | —7.05(1)
170.00 || 0.01367(1) | —2.55(1) || 0.01544(1) | —15.30(1) | 0.01461(1) | —8.90(1)
190.00 || 0.008517(1) | —1.97(1) || 0.009624(1) | —14.66(1) | 0.009106(1) | —8.38(1)

Table 4.1: Total lowest-order hadronic cross section og(pp — WT H + X) and corre-

sponding relative electroweak correction 6 (1/s = 1.96 TeV). Results are presented for

the a(0)-, a(M2)-, and G-schemes. The integration error is given in brackets.

Mu/GeV || oola(o)/Pb | 8la(0)/% || Oola(rrz)/Pb | Slamz)/% || oolc,./Pb | dlc,./%
80.00 0.2199(1) | 0.99(1) | 0.2484(1) | -11.52(1) | 0.2350(1) | —4.73(1)
100.00 || 0.1142(1) | 0.95(1) | 0.1200(1) | -11.57(1) | 0.1221(1) | —4.91(1)
120.00 || 0.06358(1) | 0.97(1) | 0.07182(1) | —11.55(1) || 0.06796(1) | —5.01(1)
140.00 | 0.03727(1) | 0.91(1) | 0.04211(1) | —11.61(1) || 0.03984(1) | —5.18(1)
170.00 | 0.01799(1) | 1.12(1) || 0.02032(1) | -11.38(1) || 0.01922(1) | —5.10(1)
190.00 || 0.01148(1) | 1.26(1) || 0.01297(1) | —11.24(1) || 0.01227(1) | —5.04(1)

Table 4.2: Total lowest-order hadronic cross section og(pp — Z H + X) and corre-

sponding relative electroweak correction 6 (/s = 1.96 TeV).
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12-17% in the a(MZ)-scheme. It is important to note that the electroweak corrections
to pp - W~H + X at the LHC differ from those to pp - W+H + X by less than
about 2%.

In order to unravel the origin of the electroweak corrections we display the contribu-
tions of individual gauge-invariant building blocks. Figure 4.17 separates the fermionic
corrections (comprising all diagrams with closed fermion loops) from the remaining
bosonic contributions to pp — W+H + X at the Tevatron in the G-scheme. It can be
seen that the bosonic corrections are dominant and that bosonic and fermionic contri-
butions partly compensate each other. A similar result is found for the pp —» ZH + X
cross section, where the gauge-invariant contributions from (photonic) QED correc-
tions, fermionic corrections, and weak bosonic corrections are displayed in Fig. 4.18.
Note that large logarithmic corrections from initial-state photon radiation have been
absorbed into the quark distribution functions. The remainder of the QED corrections
turns out to be strongly suppressed with respect to the fermionic and weak bosonic
corrections. A similar pattern is observed for the pp - WYH + X and pp = ZH + X
cross sections at the LHC, see Figs. 4.19 and 4.20.

At first sight, the large size of the non-universal corrections, i.e. corrections that are
not due to the running of a(k?), photon radiation, or other universal effects, might be
surprising. However, a similar pattern has already been observed in the electroweak cor-
rections to the processesete™ — ZH [67)and e*e™ — Z*H — viH [87,69]. Also there
large non-universal fermionic and bosonic corrections of opposite sign occur. It was also
observed that the corrections cannot be approximated by simple formulae resulting from
appropriate asymptotic limits.! For instance, taking the large top-mass limit (m; — co)
in the fermionic corrections to W H production in the G,-scheme (see Sect. 4.2.2), the
leading term in the relative correction is given by 5;3? —wH|g, ~ —1.6%, which even
differs in sign from the full result (see Fig. 4.17). The reason for this failure is that

the relevant scale in the WW H vertex, from which the leading m? term in the limit

'In Ref. [88] the part of the fermion-loop correction that is enhanced by an explicit factor am? /Mg,
was calculated. Moreover, in the second paper of Ref. [88] also diagrams with internal Higgs bosons
were taken into account. Using a = 1/128, which roughly corresponds to the a(MZ)-scheme, these
authors find about —1% to —2% for the sum of these corrections, which were assumed to be the
leading ones. This has to be compared with our result of about —12% for the full O(a) corrections in

the a(M2)-scheme.
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Figure 4.15: Relative electroweak correction § as a function of the Higgs-boson mass

for the total cross section pp = W+ H + X (/s = 14 TeV).
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Figure 4.16: Relative electroweak correction ¢ as a function of the Higgs-boson mass

for the total cross section pp =+ ZH + X (/s = 14 TeV).
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My [/GeV | oola(o)/Pb | 8law)/% || 0ola(sz)/Pb | dla(mz)/% || oole./Pb | dlc,./%
80.00 2.660(1) | 0.31(1) 3.005(1) | —12.22(2) | 2.844(1) | —5.43(1)
100.00 1.410(1) | —0.11(1) || 1.594(1) | —12.67(2) || 1.508(1) | —5.99(1)
120.00 | 0.8114(2) | —0.65(1) || 0.9166(2) | —13.24(2) | 0.8673(2) | —6.67(1)
140.00 || 0.4967(1) | —1.49(1) || 0.5610(1) | —14.16(2) | 0.5309(1) | —7.68(1)
170.00 || 0.2605(1) | —3.33(1) || 0.2942(1) | —16.12(2) || 0.2784(1) | —9.72(2)
190.00 || 0.1776(1) | —2.92(1) || 0.2007(1) | —15.67(2) || 0.1899(1) | —9.36(1)

Table 4.3: Total lowest-order hadronic cross section og(pp — W+ H + X) and corre-
sponding relative electroweak correction § (/s = 14 TeV).

Mp/GeV || oolao)/Pb | 8la)/% || dola(arz)/Pb | Sla(arz)/% .Uolaﬂ/})b dlc,. /%
80.00 2.299(1) | 0.95(1) 2.595(1) | —11.56(1) | 2.457(1) | —4.77(1)
100.00 1.232(1) | 0.83(1) 1.392(1) | —11.68(1) || 1.317(1) | —5.03(1)
120.00 || 0.7134(1) | 0.76(1) || 0.8058(1) | —11.77(1) | 0.7630(1) | —5.22(1)
140.00 || 0.4381(1) | 0.54(1) || 0.4950(1) | —12.01(1) || 0.4684(1) | —5.56(1)
170.00 || 0.2297(1) | 0.37(1) || 0.2595(1) | —12.18(1) | 0.2456(1) | —5.88(1)
190.00 || 0.1563(1) | 0.32(1) || 0.1765(1) | —12.23(1) || 0.1670(1) | —6.01(1)

Table 4.4: Total lowest-order hadronic cross section og(pp — Z H + X) and corre-

sponding relative electroweak correction § (/s = 14 TeV).
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Figure 4.17: Different contributions to the relative electroweak correction ¢ in the G-
scheme as a function of the Higgs-boson mass for the total cross section pp - WHH+ X

(Vs = 1.96 TeV).
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Figure 4.18: Different contributions to the relative electroweak correction § in the G-
scheme as a function of the Higgs-boson mass for the total cross section pp — ZH + X

(v/s = 1.96 TeV).
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Figure 4.19: Different contributions to the relative electroweak correction § in the G-

scheme as a function of the Higgs-boson mass for the total cross section pp = WTH+ X

(Vs = 14 TeV).
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Figure 4.20: Different contributions to the relative electroweak correction ¢ in the G-
scheme as a function of the Higgs-boson mass for the total cross section pp - ZH + X

(V5 = 14 TeV).
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my — oo results, is set by the variable § which is not much smaller than but rather
of the same order as m?. For the ZH channel, 6%, . G, =~ 3y - o~ -1%
is obtained, again reflecting the failure of the heavy-top limit as a suitable approx-
imation. Concerning the weak bosonic corrections, large negative contributions are
expected in the high-energy limit owing to the occurrence of Sudakov logarithms of the
form —a/mlog?(3/ME;). However, the relevant partonic CM energies v/3 are not yet

large enough for the Sudakov logarithms to provide a good approximation for the full

corrections.

4.4.3 The Cross Section at NLO

In this subsection the cross section prediction for associated W H and ZH production
at the Tevatron and at the LHC, including the NLO electroweak and QCD corrections,
is presented. The residual theoretical uncertainty due to scale variation and the parton
distribution functions is quantified.

As explained in Sect. 4.2.2, different input parameter schemes can be chosen to
evaluate the electroweak corrections. However, only when using the G,-scheme the
large corrections associated with the running of a(Q?) from Q2 = 0 to the electroweak
scale and those proportional to m? /MZ, in the weak couplings are absorbed in the
lowest order cross section. Note also that in the G-scheme the results do not suffer
from the uncertainties arising from the hadronic vacuum polarization at low energies.
For these reasons this scheme is used in the following.

The total cross sections for the processes pp/pp = WEH + X (sum of W*H and
W~H) and pp/pp = ZH + X at the Tevatron and the LHC are displayed in Figs. 4.21~
4.24. Representative results are listed in Tables 4.5-4.8. For the central renormalization
and factorization scale 1 = pg = /sy g the NLO QCD corrections increase the LO cross
section by typically 20-25%. As discussed in detail in Sect. 4.4.2, the NLO electroweak
corrections are sizeable and decrease the cross section by 5-10% in the G ,-scheme. The
size of the O(a;) and O(a) corrections does not depend strongly on the Higgs-boson
mass.

The NLO prediction is very stable under variation of the QCD renormalization
and factorization scales. Both scales have been varied independently in the range

to/5 < p < 5pg. For both the Tevatron and the LHC, the cross section increases
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QCD+EW

‘ ONLO /pb

My /GeV | oola,/pb | oo /pb | oRie ™™ /pb -
KR =5p0 | nr = po/5
BF =5uo | pr = o/
80.00 0.4117(1) 0.5616(2) 0.5404(2) 0.5033(1) 0.5838(1)
100.00 || 0.2056(1) | 0.2801(1) | 0.2685(1) 0.2482(1) | 0.2011(1)
120.00 || 0.1106(1) | 0.1504(1) | 0.1436(1) 0.1318(1) | 0.1562(1)
140.00 || 0.06297(1) | 0.08536(1) | 0.08092(1) || 0.07377(1) | 0.08833(1)
170.00 || 0.02921(1) | 0.03940(1) | 0.03679(1) || 0.03318(1) | 0.04037(1)
190.00 || 0.01821(1) | 0.02446(1) | 0.02294(1) | 0.02056(1) | 0.02525(1)
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Table 4.5: Total cross section for pp - W*H + X (sum of WtH and W~ H) at
the Tevatron (/s = 1.96 TeV) in LO, NLO QCD, and including NLO QCD and
electroweak corrections in the G-scheme. The renormalization scale (ug) and the
factorization scale (up) have been set to the invariant mass of the Higgs-vector-boson
been adopted at LO and O(as), respectively. The last two columns show the minimal
and maximal cross section prediction obtained from varying the QCD renormalization

and factorization scales independently in the range p/5 < p < 5up.

oxto " /pb
My/GeV || oola,/pb | oRto/pb | onps ™Y /pb

KR =5p0 | R = fto/5

BE =5p0 | P = po/5
80.00 0.2350(1) | 0.3181(1) 0.3070(1) 0.2858(1) | 0.3317(1)
100.00 0.1221(1) | 0.1649(1) 0.1589(1) 0.1470(1) | 0.1722(1)
120.00 | 0.06796(1) | 0.09160(1) | 0.08820(1) || 0.08111(2) | 0.09575(1)
140.00 || 0.03984(1) | 0.05354(1) | 0.05148(1) || 0.04706(2) | 0.05604(1)
170.00 || 0.01922(1) | 0.02570(1) | 0.02472(1) || 0.02242(1) | 0.02701(1)
190.00 || 0.01227(1) | 0.01635(1) | 0.01573(1) || 0.01418(1) | 0.01722(1)

Table 4.6: Total cross section for pp -+ ZH + X at the Tevatron (/s = 1.96 TeV) in LO,
NLO QCD, and including NLO QCD and electroweak corrections in the G-scheme.
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QCD+EW
ONLO /pb
My [GeV || oola,/pb | oRto/pb | onte oY /pb

BR =510 | pr = po/5

BF = po/5 | wr=5po
80.00 4.679(2) | 5.676(2) 5.423(2) 4.875(2) 5.749(5)
100.00 | 2.462(1) | 3.005(1) 2.859(1) 2.606(2) | 3.033(2)
120.00 1.405(1) | 1.726(1) 1.633(1) 1.505(1) 1.731(1)
140.00 0.8537(2) | 1.054(1) 0.9892(3) 0.9204(3) 1.050(1)
170.00 0.4434(1) | 0.5504(1) 0.5078(1) 0.4782(1) | 0.5388(3)
190.00 0.3003(1) | 0.3745(1) 0.3466(1) 0.3285(1) | 0.3675(2)
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Table 4.7: Total cross section for pp - W*H + X at the LHC (/s = 14 TeV) in LO,
NLO QCD, and including NLO QCD and electroweak corrections in the G,-scheme.

onuo oY /pb
M /GeV || ola,/pb | onpe/pb | oo =Y /pb

KR =5po | pr = po/5

pF = to/5 | pr=>5uo
80.00 2.457(1) | 2.974(1) 2.857(1) 2.578(2) | 3.018(3)
100.00 1.317(1) | 1.605(1) 1.539(1) 1.407(1) 1.629(1)
120.00 || 0.7630(1) | 0.9346(3) | 0.8947(3) 0.8271(2) | 0.9462(6)
140.00 || 0.4684(2) | 0.5768(2) | 0.5508(2) 0.5138(1) | 0.5830(3)
170.00 || 0.2456(1) | 0.3045(1) | 0.2900(1) 0.2736(1) | 0.3068(2)
190.00 | 0.1670(1) | 0.2078(1) | 0.1978(1) 0.1879(1) | 0.2094(1)

Table 4.8: Total cross section for pp - ZH + X at the LHC (y/s = 14 TeV) in LO,
NLO QCD, and including NLO QCD and electroweak corrections in the G,-scheme.
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pp - WEH + X

V5 = 1.96 TeV
N T ' T l T I T I T I T

-- NLOQCD
— NLOQCD +EW
- LO L . ! . ]
80 100 120 140 160 180 200
M, / GeV

Figure 4.21: Total cross section for pp — W*H + X (sum of W+ H and W~ H) at the
Tevatron (y/s = 1.96 TeV) in LO, NLO QCD, and including NLO QCD and electroweak
corrections in the G -scheme. The renormalization and factorization scales have been
set to the invariant mass of the Higgs—vector-boson pair, p = \/syg. CTEQ6L1 and
CTEQ6M (85] parton distribution functions have been adopted at LO and O(ag), re-
spectively.
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Figure 4.22: Total cross section for pp - ZH + X at the Tevatron (/s = 1.96 TeV)
in LO, NLO QCD, and including NLO QCD and electroweak corrections in the G-

scheme.
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Figure 4.23: Total cross section for pp — W*H + X at the LHC (/s = 14 TeV) in LO,
NLO QCD, and including NLO QCD and electroweak corrections in the G,-scheme.
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Figure 4.24: Total cross section for pp —» ZH + X at the LHC (y/s = 14 TeV) in LO,
NLO QCD, and including NLO QCD and electroweak corrections in the G/,-scheme.
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MH/GeV

CTEQ6M [85]

MRST2001 [89]

80.00

0.5404(2) + 0.021

0.5448(2) % 0.0097

100.00

0.2685(1) + 0.011

0.2698(1) + 0.0052

120.00

0.1436(1) + 0.0060

0.1437(1) + 0.0030

140.00

0.08092(1) + 0.0035

0.08065(1) % 0.0018

170.00

0.03679(1) + 0.0017

0.03644(1) + 0.00091

190.00

0.02294(1) + 0.0011

0.02262(1) + 0.00060
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Table 4.9: Parton distribution function (PDF) uncertainties: Total cross section for

pp = W*H + X at the Tevatron (/s = 1.96 TeV) including NLO QCD and elec-

troweak corrections in the G ,-scheme for different sets of parton distribution functions.

The results include an estimate of the uncertainty due to the parametrization of the

parton densities as obtained with the CTEQ6 [85] and MRST2001 [89] eigenvector sets

(columns 2 and 3, respectively). The renormalization and the factorization scales have

been set to the invariant mass of the Higgs—vector-boson pair, u = pg = /3vg.

MH/GeV

CTEQS6M [85)

MRST2001 [89]

80.00

0.3070(1) + 0.012

0.3090(1) % 0.0039

100.00

0.1589(1) + 0.0064

0.1596(1) % 0.0020

120.00

0.08820(1) + 0.0036

0.08840(1) + 0.0011

140.00

0.05148(1) + 0.0021

0.05151(1) + 0.00066

170.00

0.02472(1) £ 0.0010

0.02469(1) + 0.00033

190.00

0.01573(1) £ 0.00068

0.01568(1) % 0.00021

Table 4.10: PDF uncertainties: Total cross section for pp — ZH + X at the Tevatron
(v/s = 1.96 TeV) including NLO QCD and electroweak corrections in the G,-scheme

for different sets of parton distribution functions.
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My /GeV

CTEQS6M [85]

MRST2001 [89]

80.00

5.423(2) £ 0.18

5.509(2) % 0.071

100.00

2.859(1) + 0.096

2.910(1) £+ 0.035

120.00

1.633(1) + 0.055

1.664(1) % 0.021

140.00

0.9892(3) + 0.034

1.010(1) £ 0.012

170.00

0.5078(1) + 0.018

0.5193(1) + 0.0063

190.00

0.3466(1) + 0.012

0.3547(2) + 0.0043
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Table 4.11: PDF uncertainties: Total cross section for pp — W*H + X at the LHC

(v/s = 14 TeV) including NLO QCD and electroweak corrections in the G,-scheme for

different sets of parton distribution functions.

My / GeV

CTEQ6M ([85]

MRST2001 [89]

80.00

2.857(1) + 0.095

2.936(1) + 0.036

100.00

1.539(1) + 0.051

1.583(1) + 0.019

120.00

0.8947(3) £ 0.030

0.9217(3) % 0.011

140.00

0.5508(2) =+ 0.019

0.5681(2) % 0.0067

170.00

0.2900(1) + 0.010

0.2994(1) + 0.0036

190.00

0.1978(1) £ 0.0069

0.2045(1) + 0.0025

Table 4.12: PDF uncertainties: Total cross section for pp — ZH + X at the LHC
(Vs = 14 TeV) including NLO QCD and electroweak corrections in the G,-scheme for

different sets of parton distribution functions.
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monotonically with decreasing renormalization scale. At the Tevatron, the maximal
(minimal) cross section is obtained choosing both the renormalization and factorization
scales small (large). At the LHC, in contrast, the maximal (minimal) cross section
corresponds to choosing a large (small) factorization scale. From the numbers listed in
Tables 4.5-4.8 one can conclude that the theoretical uncertainty introduced by varying
the QCD scales in the range 110/5 < p < 5 is less than approximately 10%. It has been
verified that the QED factorization-scale dependence of the O(a)-corrected cross section
is below 1% and thus negligible compared to the other theoretical uncertainties. The
QED scale dependence should be reduced further when using QED-improved parton
densities.

The uncertainty in the cross-section prediction due to the error in the parametriza-
tion of the parton densities has also been studied. To this end the NLO cross section
evaluated using the default CTEQ6 [85] parametrization with the cross section eval-
uated using the MRST2001 [89] parametrization have been compared. The results
are collected in Tables 4.9-4.12. Both the CTEQ and MRST parametrizations in-
clude parton-distribution-error packages which provide a quantitative estimate of the
corresponding uncertainties in the cross sections.? Using the parton-distribution-error
packages and comparing the CTEQ and MRST2001 parametrizations, it was found that
the uncertainty in predicting the processes pp/pp — W*H + X and pp/pp = ZH + X
at the Tevatron and the LHC due to the parametrization of the parton densities is less

than approximately 5%.

4.5 Electroweak NLO and QCD NNLO Corrections

In this section the electroweak O(a) corrections to Higgs boson production in associ-
ation with a vector boson and the NNLO QCD corrections recently presented in ref.
[57], are combined to obtain the most precise value currently available for this process
cross section.

Beyond NLO, the QCD corrections to V H production differ from those to the Drell-

Yan process by contributions where the Higgs boson couples to a heavy fermion loop.

*In addition, the MRST [90] parametrization allows to study the uncertainty of the NLO cross
section due to the variation of as. For associated W H and ZH hadroproduction, the sensitivity of the

theoretical prediction to the variation of as (as{M2) = 0.119 % 0.02) turns out to be below 2%.
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The impact of these additional terms is, however, expected to be small in general [62].
Moreover, for ZH production the one-loop-induced process gg — ZH contributes at
next-to-next-to-leading order (NNLO). The NNLO corrections corresponding to the
Drell-Yan mechanism as well as the gg — ZH contribution have been calculated in
Ref. [57]. These NNLO corrections further increase the cross section by the order of 5—
10%. Most important, a successive reduction of the renormalization and factorization
scale dependence is observed when going from LO to NLO to NNLO.

The NNLO corrections to the Drell-Yan process pp/pp — V* + X consist of the

following set of radiative corrections:
e two-loop corrections to ¢¢ — V*, which have to be multiplied by the Born term,

e one-loop corrections to the processes qg — ¢qV* and ¢¢§ — gV*, which have to be

multiplied by the tree-level gq and ¢G terms,

e tree-level contributions from ¢g, gq, g9, 99 — V*+ 2 partons in all possible ways;
the sums of these diagrams for a given initial and final state have to be squared

and added.

These corrections have been calculated a decade ago in Ref. [92] and have recently been
updated [94]. They represent a basic building block in the NNLO corrections to VH

production. There are, however, two other sources of O(a?) corrections:

e irreducible two-loop boxes for ¢q¢¢ — V H where the Higgs boson couples via

heavy-quark loops to two gluons that are attached to the ¢ line,

e the gluon—gluon-initiated mechanism gg — ZH [95] at one loop; it is mediated by
closed quark loops which induce ggZ and ggZ H couplings and contributes only
to ZH but not to W H production.

In Ref. [57] the NNLO corrections to V H production have been calculated from the
results [94] on Drell-Yan production and completed by the (recalculated) contribution of
99 — ZH. The two-loop contributions with quark-loop-induced ggZ or ggH couplings
are expected to be very small and have been neglected.

K-factors for the LO, NLO and NNLO QCD corrected cross section for W H produc-
tion at the Fermilab Tevatron and the CERN LHC are depicted in figures 4.25 and 4.26
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Figure 4.25: K-factor for the LO, NLO and NNLO QCD corrected cross section for
pp — WH + X at the Fermilab Tevatron. The shaded regions correspond to the

uncertainty due to scale variation, as explained in the text (Taken from ref. [57].)
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Figure 4.26: K-factor for the LO, NLO and NNLO QCD corrected cross section for
pp — WH + X at the CERN LHC. The shaded regions correspond to the uncertainty

due to scale variation, as explained in the text (Taken from ref. [57].)
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Figure 4.27: K-factor for the NNLO QCD corrected cross section, before and after
including the NLO electroweak corrections, for pp — W H+ X at the Fermilab Tevatron.

The shaded regions correspond to the uncertainty due to scale variation, as explained

in the text.
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Figure 4.28: K-factor for the NNLO QCD corrected cross section, before and after
including the NLO electroweak corrections, for pp - WH + X at the CERN LHC.
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Figure 4.29: K-factor for the NNLO QCD corrected cross section, before and after

including the NLO electroweak corrections, for pp — ZH + X at the Fermilab Tevatron.

The shaded regions correspond to the uncertainty due to scale variation, as explained

in the text.
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Figure 4.30: K-factor for the NNLO QCD corrected cross section, before and after

including the NLO electroweak corrections, for pp - ZH + X at the CERN LHC.
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Figure 4.31: Total cross section, calculated in the G, scheme, for ZH and W H pro-

duction at the Fermilab Tevatron, including NNLO QCD and electroweak corrections.
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Figure 4.32: Total cross section, calculated in the G, scheme, for ZH and W H pro-
duction at the CERN LHC, including NNLO QCD and electroweak corrections. The

contribution from the process gg — ZH is also shown.
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Mpg =120GeV | LO | NLO | NNLO

Tevatron 20% | ™% 3%

LHC 10% | 5% 2%

Table 4.13: V H production cross section uncertainty due to renormalization and fac-
torization scale dependence for a Higgs boson of mass 120 GeV, in the LO, NLO and
NNLO calculations.

(solid black lines). An important reduction on the factorization and renormalization
scale dependence is observed when going from LO to NLO to NNLO. The uncertainty
due to scale dependence can be calculated by fixing either the factorization scale ug or
the renormalization scale g to the central value pgry = \/5vH, and varying the other
scale in the range $,/syg < trr)y < 3y/sva. The effect of scale variation is included
in the shaded areas of figures 4.25 and 4.26, while numerical values for the uncertainty
at LO, NLO and NNLO, assuming a Higgs-boson mass of 120 GeV, are also shown in
table 4.13. The uncertainty at the LHC in the NNLO calculation is only 2%.

At this level of accuracy electroweak O(«) corrections become significant. The
results obtained in this chapter have been combined with the cross section values from
[57]. The results are depicted in figures 4.28-4.32. Figures 4.27 and 4.28 show the K-
factors, after inclusion of electroweak and NNLO QCD corrections, for W H production®
as a function of the Higgs boson mass at the Tevatron and the LHC. The shaded areas
show the effect of factorization and renormalization scale dependence. In figures 4.29
and 4.30 the K-factors for ZH production as a function of My at the Tevatron and the
LHC are shown. In this case the uncertainty band is larger than for W H production.
This is due to the inclusion of the gg — ZH contribution, which is only relevant for ZH
production. Finally, figures 4.31 and 4.32 show the total cross section for ZH and WH
production at the Tevatron and the LHC, as a function of the Higgs-boson mass. At
the LHC, due to the large gluon luminosity, the g¢g — ZH contribution is important,

being of order 10% of the total cross section. This contribution is shown in figure 4.32.

3As in previous sections, W H production means the sum of the Wt H and W~ H production cross

sections.
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On the other hand, the contribution from this process at the Tevatron is negligible.

4.6 Conclusions

The electroweak O(a) corrections to Higgs-boson production in association with W or
Z bosons at hadron colliders have been calculated. In the G,-scheme these corrections
decrease the theoretical prediction by up to 5-10%, depending in detail on the Higgs-
boson mass*. The cross section prediction for associated W H and ZH production at
the Tevatron and at the LHC, including the next-to-leading order electroweak and QCD
corrections, have been updated. The remaining theoretical uncertainty has been studied
by varying the renormalization and factorization scales and by taking into account
the uncertainties in the parton distribution functions. It was found that the scale
dependence is reduced to about 10% at next-to-leading order, while the uncertainty
due to the parton densities is less than about 5%.

Finally, the electroweak O(«) corrected cross section and the next-to-next-to-leading
order QCD results from [57] were combined, yielding the most precise cross section
prediction for a Higgs production process at hadron colliders. Both corrections are
of order 5% — 10%, but have opposite signs. The theoretical uncertainties are domi-
nated by scale dependence and parton distribution functions uncertainties, which are
of order 3% and 5%, respectively. Calculating the ratios of the Higgs production
cross section with the corresponding Drell-Yan-like vector boson production process

Opp/pp—VH+X /Opp /pp—v+x may further reduce these uncertainties.

“Choosing other input parameter schemes shifts the corrections by approx. +5%. In the a(0)-scheme
the absolute value of the electroweak corrections is always less than 5%, while in the (M3 )-scheme

these corrections decrease the theoretical prediction by 10-15%.



Chapter 5

Gluon induced W= boson pair

production

At the CERN LHC the process

gg > H — WHrw- - Ly l—ll/l/ (51)

will be one of the most important search channels for a light SM Higgs boson. After
production via gluon fusion, the Higgs boson decays into a W-boson pair which then
decays leptonically. The main background for this process is vector boson pair pro-
duction. Contributions of the form ¢§’ — V'V’ to this background, including leptonic
decays in the narrow width approximation, are known to next-to-leading order in «y,
see ref. [99]. The gluon induced, one loop contributions to on-shell vector boson pair
production are also known, see for instance refs. [101]-[103].

There have been different analyses of the feasibility of the process in eq. 5.1 as a
Higgs boson search tool, see refs. [104]-[112]. In particular in refs. [108]-[112] a set of
experimental cuts has been proposed that allows for an important separation between
signal and background. However, none of these analyses includes the contributions
from gluon initiated processes to the background. Given the importance of the Higgs
detection channel eq. 5.1, it is of utmost priority to have a detailed knowledge of all the
backgrounds involved. This is of particular importance in the case of the gluon induced
contributions. The reason for this is twofold. Firstly, at high energy hadron colliders
in general, and the LHC in particular, the gluon luminosity is very high. Consequently,

despite the fact that the parton cross section is suppressed by a2 the total contribution
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could be rather large. Secondly, the set of cuts introduced in [108]-[112] rely strongly
on the fact that the signal is gluon induced while the background is originated from
quarks in the initial states. The inclusion of the gluon induced background is very
important in this analysis.

In this chapter the first calculation of the full analytic expression for the invariant
amplitude for gluon induced off-shell W**W ~* production is presented. The methods
of refs. [72, 73] were used to algebraically reduce the amplitudes to a combination of
rational functions of the kinematic invariants and a set of one-loop scalar integrals.
This amplitude was used to calculate the gluon induced contribution to W-boson pair
production at hadron colliders, including leptonic decays using the narrow width ap-
proximation. Finally, this contribution was also studied using the set of cuts proposed
in [112].

This chapter is organized as follows: In Section 5.1.1 the latest analyses of the search
channel eq. 5.1 are reviewed. The method suggested in refs. [108]-[112] to improve
the signal to background ratio is explained, including the most important experimental
cuts. In Section 5.1.2 a brief review of previous calculations of vector boson pair
production at hadron colliders is given, with special emphasis on the calculations of
the gluon initiated contributions. In Section 5.2 the analytic calculation of the invariant
amplitudes for off-shell W-boson pair production via gluon fusion is explained in detail.
In Section 5.3 these invariant amplitudes are used to calculate the cross section for off-
shell W-boson pair production with leptonic decays. In Section 5.4 the case of massless
quarks circulating the loops is analysed. In Section 5.5 the numerical evaluation method
is explained, and numerical values for the cross sections are presented in Section 5.5.4,
where the effect of the experimental cuts proposed to enhance the signal eq. 5.1 is also

studied. Finally, the conclusion are presented in Section 5.6.

5.1 Introduction

5.1.1 Searching for a SM Higgs with 155GeV < My < 180 GeV

The CERN LHC is considered to be the most promising Higgs boson discovery machine,
and the different experiments are expected to be able to probe the Higgs boson mass

region in the range 100 GeV — 1TeV [15, 16]. In Section 3.4.2 the different Higgs boson
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discovery channels at the CERN LHC have been reviewed. It was shown that the Higgs

boson search is usually split into three mass regions, namely:

1. 90GeV < My < 130GeV: The highest significance detection channel is given by
the process gg -+ H — 7y, where a narrow mass peak would be observed. As
mentioned in Section 3.4.2, W-boson fusion also plays an important role in this

mass region.

2. 130GeV < My < 2Mz: In this mass range, assuming excellent energy and
momentum measurements of the leptonic decay products, a mass peak from the

channel H — ZZ* — 2I1t2]~ can be obtained.

3. 2Mz < My < 800GeV: A narrow mass peak can be obtained using the detection
channel H — ZZ — 20%2l~, which allows Higgs boson detection with a high

statistical significance.

Within the mass range 2 above, there is a problematic region, though. The Standard
Model Higgs boson, in the mass range 155GeV < My < 180GeV, decays with a

Trr

branching ratio of almost one to a pair of on-shell W bosons, as can be seen in figure
3.5 in Section 3.2. Consequently, if the four lepton signal is to be used, an integrated
luminosity of the order of 100 fb~! is needed to obtain a sizeable significance, see figure
3.11. More important, the W-boson pair channel can not be used, unless further
analysis is carried out. The reason for this is that the typical mass peaks of other Higgs
detection channels are not present in this case, as the W-boson pair decays leptonically
and the neutrinos carry away missing energy and momenta.

Early analyses of the use of the search channel eq. 5.1 as a possible SM Higgs
discovery tool can be found in refs. [104, 105]. Although these studies do not take into
account W-boson pair spin-angle correlation in their proposed experimental cuts, they
agree that this detection channel should provide a reasonable possibility of Higgs boson

detection. In refs. [108, 109] a new method for detecting a SM Higgs boson with mass
in the range 155 GeV — 180 GeV was proposed. The Higgs boson decay modes

H-sWW~™ = (Itv)('" ), (5.2)

with

LU =ep,m(— lwp),
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were considered. The final state of a Higgs production event was defined to be two
charged leptons and missing energy. Improvements with respect to the analyses in
refs. [104, 105] include: considering the contribution where the W-bosons may de-
cay into 7 leptons, which then decay leptonically, and the contribution of the process
gg — Wtb. In this analysis the PYTHIA[113] Monte Carlo program was used, including
hadronization in the results. On the other hand, no K-factors were taken into ac-
count, as the NLO corrections for all the studied processes were not known at the time.
However, it was argued that these corrections would improve the signal significance.
In order to compensate for the lack of a narrow mass peak, the significance is
increased applying a set of signal-enhancing experimental cuts[108]. These cuts can
be divided into two subsets. The first subset, similar to the cuts proposed in refs
[104, 105], involves selecting relatively central events with two identified oppositely

charged leptons, with large missing energy due to the two neutrinos.

1. Both leptons should have a minimum transverse momentum of 10 GeV, and their

pseudorapidity should be |7| < 2GeV.

N

The electromagnetic and hadronic energy in a cone with halt angle 20° around

each lepton should be less than 5 GeV.
3. At least one lepton should have transverse momenta 20 GeV < pr.
4. The jet veto 20 GeV < pi¥ and |ri®| < 2.4 GeV is applied.

5. The invariant mass of the dilepton system should be M; < 80GeV and the

missing transverse momentum pr(ll) > 20 GeV.

6. The transverse opening angle between leptons should satisfy ¢, (Il) < 135°.

These cuts select mostly events with WTW = + X, the most important background
coming from the contribution ¢q¢ — WHtW =~ — [~ l'ty]. Note that the first two cuts
select two isolated leptons according to Atlas and CMS capabilities.

The second subset is responsible for differentiating between WTW ™ + X events
coming from the background and signal. These cuts take advantage of the spin angle
correlation of the W-boson pair coming from the Higgs-boson decay and the relative
boost of the background with respect to the signal. The cuts can be summarized as

follows:
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7. The dilepton system polar angle 6;; must satisfy cos(6;) < 0.8
8. The transverse opening angle must satisfy 10° < ¢, (Il) < 45°
9. The estimated W-boson pair mass should be My, > 140 GeV

10. The opening angle 6* between the lepton with the largest pr boosted to the
dilepton rest frame and the momentum vector of the dilepton system must satisfy

0 < cos(0*) < 0.3

Cut number 7 is based on the fact that the signal events are more central than the
background. This is a result of the different peak structure of the parton distribution
functions. Once the parton cross section & for a given process is calculated, it must
be convoluted with the parton distribution functions f;(z) to obtain the hadron cross

section o:

o= /d$1d372f1(331)f2(5'72)6($1a5172)a

where z; is the proton momentum fraction carried away by a parton. The momentum
fractions satisfy x| z3 s = 5. In the case of the signal § = My, while for the background
5 = Myv, the invariant mass of the vector boson pair. In the mass region of interest
3/s ~ 1074 In figure 5.1 the product fi(zy)f2(z2) is plotted for a fixed /s value,
as a function of z;, for different parton sets. It can be seen that the distribution
functions product corresponding to g¢ pairs has a maximum at approximately z; = 0.1.
On the other hand, the product of gluon distribution functions has a maximum at
approximately z; = 0.01. Given x; one can obtain z, and the partons centre-of-mass

velocity v in the laboratory frame!:

1 3
T2 = — —,
Ty S
|z1 — 22
v o= _—
T + To

Then, the f,f; maximum occurs at v = 0.98, while the f,f, maximum occurs at
v = 0. This means that the W-boson pair cbming from quarks in the initial state, the
background, will be mostly emitted in the beam direction. As the detectors will trigger
on the final leptons, it is sensible to introduce a cut that will reject events with leptons

folded in the beam direction.

In this case the lab. frame is the initial hadrons centre-of-mass frame.
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Figure 5.1: Parton distribution functions products as a function of parton momentum
fraction. The CTQ6M[85] set of parton distribution functions was used, with a scale

Q = 100 GeV. It was assumed that z; zo = 1074,

Cut number 8 uses the spin angle correlation between the W-boson pair coming
from the Higgs boson decay. The use of the spin correlation between both W-bosons
as a discriminating tool in Higgs boson searches has been mentioned in [114]. As the
W-bosons originate from a Higgs boson (scalar particle) decay, they must have oppo-
site spin orientations. Then, the W-bosons must be either both transversely or both
longitudinally polarized. For transversely polarized W-bosons the [~ lepton is emitted
opposite to the W™ spin, while the right-handed (* is emitted along the W+ spin.
As the W-bosons have opposite spin orientations, the leptons must be emitted with a
small opening angle. For longitudinally polarized gauge bosons it can be shown[104]
that the leptons are emitted perpendicularly to the W-bosons, in opposite directions.
This means that leptons originated from the signal are emitted with a small opening
angle. On the other hand leptons emitted in background processes are distributed more
or less symmetrically.

In ref. [110] an update to the results of refs. [108, 109] can be found. More back-

ground processes were included and the latest Higgs production cross section estimates
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were used in this analysis. This extended the mass range over which the search method
is valid to 120 GeV — 400 GeV. More importantly, it was recognized that there exists
a jacobian peak-like structure on the leptons transverse momenta (pr) distribution,
highly dependent on the Higgs boson mass. An improvement of the signal to back-
ground ratio was obtained by updating the original set of cuts and imposing further
cuts on the leptons pr spectra.

An update to the method presented in refs. [108]-[110] for Higgs-boson detection
via the process in eq. 5.2 has been recently published in [112]. Event rates obtained
with the PYTHIA Monte Carlo program were reweighted with the most up-to-date
theoretical predictions for the Higgs signal pr spectrum and for the non-resonant W-
boson pair production, using a technique known as “effective” K-factor calculations.
After taking into account higher-order QCD corrections the discovery potential for the
channel 5.2 was found to be significantly increased. The integrated luminosity needed
for a SM Higgs boson discovery with five standard deviations of statistical significance
was found to be ~ 0.4fb~!, provided the systematic uncertainties can be controlled

better than about 10% — 20%. The following is the updated set of experimental cuts:

1. Both leptons should have a minimum transverse momentum 20 GeV < pr and a

maximum pseudorapidity |n| < 2GeV.

2. Lepton isolation cut: the sum of transverse energy from detectable particles inside
a cone of size AR < 0.5 around the lepton direction should be less than 10% of
the lepton energy. The invariant mass of all the particles inside the cone should be

less than 2 GeV, and only one extra particle is allowed inside a cone of AR < 0.15.
3. The dilepton invariant mass should be M) < 80 GeV.
4. The missing transverse momentum should satisfy 20 GeV < pr(ll).
5. The transverse opening angle between leptons should be ¢, (Il) < 135°.

6. The transverse opening angle of the dilepton system must satisfy ¢, (II) < 45°

and the dilepton system invariant mass should be My, < 35GeV.

7. The jet veto 20 GeV < p’ﬁt and || < 4.5 is applied.
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8. The pr spectrum of the charged leptons is exploited. On table 5.1 the lepton
spectra cuts are shown as a function of the Higgs boson mass. In this table
Prmin and prmax denote the largest and smallest lepton transverse momenta,

respectively.

My PTmin Cut PTmax Cut

165 GeV || 25 GeV < prmin | 35GeV < prmax < 50 GeV

140 GeV || 20 GeV < prmin 20 GeV < prmax

180GeV || 25GeV < prmin 45 GeV < prmax

Table 5.1: Leptons spectra cuts from ref. [112]

5.1.2 Vector Boson pair Production at Hadron Colliders

Parton processes contributing to vector boson pair production at hadron colliders can
be divided into two main categories: quark induced and gluon induced processes. The
one loop QCD corrected helicity amplitudes for the processes qg — WIW =, ZZ, W*Z,
Wy, Zv and tree-level amplitudes with an additional gluon radiated off the quark line
were presented in ref. [99], where vector bosons leptonic decays were also taken into
account. These results allowed the calculation of the next-to-leading order, in aj, cross
section for electroweak vector boson pair production at hadron colliders, presented in
ref. [100]. These calculations included the vector bosons’ leptonic decays in the narrow-
width approximation, retaining all the spin-angle correlation information. In ref. [107]
the amplitudes of [99] were used for the calculation of the cross section of hadronic
production of vector boson pairs, including all spin correlations in the bosons leptonic
decays. These results were obtained with a new Monte Carlo program: McFM. This
calculation goes beyond [100] in that the authors include single resonant diagrams when
taking into account the vector bosons leptonic decays. As will be explained in Section
5.3, single-resonant diagrams are needed to maintain gauge invariance. A detailed study
of the H - W*W?* signal at the Fermilab TEVATRON can be found in ref. [106], in
which the PYTHIA Monte Carlo program was used interfaced with a detector simulator.

For the dilepton plus missing transverse energy signal they implemented a set of cuts
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that included the cuts proposed in ref. [109].

The gluon fusion processes involve the production of vector bosons through one-
loop diagrams, and as a result the cross section is suppressed by a factor o?. This
is the reason why there has not been as much thorough research in this process, as
in processes with quarks in the initial state. The imaginary part of the g¢g — ZZ
longitudinal amplitude was first evaluated in ref. [115]. The first complete gg — ZZ
calculation can be found in ref. [101]. Using the technique described in ref. [73] the
contribution to pp = ZZ from gg — ZZ was calculated. Values for the cross section as
a function of the invariant mass of the Z-boson pair were obtained using the rapidity cut
lyz| < 2.5. The results were compared with the g§ — ZZ contribution cross section. It
was found that for low invariant mass and small top-quark mass the gluon contributions
are larger than the quark antiquark contributions to pp — ZZ, a behaviour already
seen in other processes, eg. [116], where gg — vy was studied. In ref. [117] the
99 — 4 Z contribution to pp — ZZ, including gluon-fusion Higgs production diagrams,
was calculated. This result was combined with the contributions from q7 — ZZ,
qq - WtW~qq — ZZqq and qq - ZZqq — ZZqq taken from [118], obtaining the
total Higgs signal and background cross section from pp — ZZ + X processes. The
interference terms between the Higgs-boson signal and the gg — ZZ background were
also studied. It was found that, although a mass peak was observed for the Higgs boson
signal, the number of events above background was small.

Z-boson pair production at hadron colliders through gluon fusion via internal quark
loops of arbitrary mass, including processes involving a Higgs boson, was studied in
refs. [103, 119]. The calculation was done analytically uéing the methods of [73] to
algebraically reduce the invariant amplitudes to the set of one-loop scalar integrals
described in [72]. This algebraic reduction allowed better control of numerical instabil-
ities found in [101, 117]. The invariant mass distribution of Z-boson pairs, with and
without a Higgs Boson, ‘was studied for different centre-of-mass energies and different
top quark masses. The result was compared to the qq — ZZ contributions and it was
found that this latest contributions are dominant: the gg - ZZ/qG — ZZ ratio was
found to be 35 —45% at /s = 16 TeV. A detailed study of the interference between the
Higgs production signal and the gluon fusion background showed that signal and back-

ground interfere destructively for Z-boson pair invariant mass larger than the Higgs
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mass. These two results are opposed to findings in refs. [117, 101]. Finally, using the
99 — ZZ result the contribution for gg - WW in the case of massless degenerate
quarks was calculated. In this limit, the two contributions are related by a simple
change in the coupling constant.

Ref. [102] is the first complete calculation of the contribution to pp - WW~ + X
from the gluon fusion process gg — W*+W ™~ including the top-bottom massive quark
loop. Invariant mass distributions were calculated with and without a Higgs boson.
Different Higgs boson masses were used and the appearance of an invariant mass dis-
tribution peak was observed. Contributions from different W-boson polarization states
were also analysed for different values of the top quark mass and it was concluded that
W W~ on-shell pair production from gluon fusion could be used as a good Higgs boson
search channel.

More recently, gluon induced production of off-shell Z-boson pairs with subsequent
decay into charged lepton pairs was studied in ref. [120], where it was found that, in the
lower half of the intermediate Higgs boson mass region, the background from gluon and
quark induced processes with Z-boson pairs as intermediate states is not severe. Gluon
induced gauge boson pair production has also been studied in refs. {121, 122], where
the contributions of the partonic processes gg - WZqq, g9 = Wnqq, g9 — Zvq§
and gg — Zv to WZ, W~ and Zvy hadronic production were calculated. Using the
narrow width approximation the leptonic decays of W and Z bosons have been taken
into account. The gluon induced process through one loop boxes was recalculated and
found to be smaller than the contributions calculated in refs. [103, 119], something
which was attributed to the use of different parton distribution functions. In all cases
it was found that the gluon induced contributions to hadronic production of gauge

boson pairs are not very large.

5.2 The gg —» W**W~" Invariant Amplitude

The invariant amplitude for gluon-induced off-shell W-boson pair production

9(p1) glp2) — W (ps) W (ps) (5.3)
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has been calculated. This amplitude was used to calculate the amplitudes for the

processes

9(p) glps) — W (p3) W (ps) — Ups) oulps) I'(p7) ve(ps)  (5.4)
g(m) g(p2) — W (p3) WH(ps). (5.5)

All the calculations were done in the unitary gauge, to avoid having to include the
unphysical Goldstone bosons. The Feynman diagrams contributing to the amplitude
5.3 are shown in figure 5.2. As will be explained in detail in Section 5.3, if the process
in eq 5.4 is being calculated, the double-resonant diagrams of figure 5.2 do not form a
gauge invariant set and extra single-resonant diagrams must be included.

The invariant amplitude, without polarization vectors for the external particles, can

be written as

MUz (pl,p27p3,p43mu,md) = ZD"“H?“BIM pl’p2ap37p4;muvmd) (56)

+Z,Déj;lllL2M3M4 p17p27p37p4;mf) s f =U,d ,

where Dyoy, and Dy denote the contributions from the 5" box and triangle diagrams,
respectively. m, 4 are the masses of up- and down-type quarks and the tensor in-
dex p; corresponds to the leg carrying a momentum p;. Explicitly, the box; diagram

contribution can be written as

2e
u
Du;:fu3u4(plap27p3ap4;muymd) = (27{')_—4-26 /d4 2Ek Dﬂcl)}l;‘fﬂ3ﬂ4(p1,p2,p3’p4;mu,md)’
with
Dik#4 (p1, 2, Ps, pa; Mo, Ma) = (5.7)

—Z 13, H1 i H2 t 4, =

Tr{lé“mu7 k+1$3_md7 k+]53—151 md7 k ]54—md7uw }

Tr{(f +mu)y*w™ (E + p3 + ma)y™ (F + Ps — 1+ ma)v™? (F — Pa + ma)y*w™ 1
(k2 =mZ) ((k + p3)? —m3) (k +ps — p1)? = m3) (k — pa)? — m3)

In eq. 5.7 the chirality projector w™ = 1_275 introduces the gamma matrix
v5 = i7°y!y?y3. In order to consistently apply the dimensional regularization for-

malism to this calculation, special care must be taken when working with s, which is
inherently a four-dimensional object. One way of treating 5 in a consistent way is to

use the Breitenlohner-Maison formalism [123]-[125].
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Figure 5.2: Feynman diagrams contributing to the gluon-induced off-shell production

of W-boson pairs.
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The more general trace 7 will be used,

T =Te{f~(§+ mu)v? f7(k +P3 + ma)y" (k + p3 — 1 — ma)y"* (f — s — ma)¥v*'}

where f* = wd £ Ay dvs. Following the Breitenlohner-Maison prescription, the D-
dimensional loop-momentum £ is split into a four-dimensional component k and a

(D — 4)-dimensional one, &, such that k = k + k. Then

FrRE+ma)ve T = Y+ ma)fye
= (V24— Aﬁ,d)(k + 1Ny )yH?

+ (A2 4+ V2K — B)v™s + 2v5 Ay aVa,abr™s.

Remembering that the couplings for the interaction vertex udW ~ satisfies Ava = Vi,

the trace yields

T = 2V2 T {(f = F —vsBy" (f + b3 + ma)y" ( + #s — 1 — ma)y*
(¥ = pa — ma)y"}.

Similar algebraic manipulations were applied to the rest of the box and triangle dia-
grams.

Due to symmetries in the amplitudes expressions, not all the diagrams contributions
need to be calculated explicitly. Out of six different box diagrams, only two are needed,

as the following relations demonstrate:

Diart o (b1, p2, p3, pasmu, ma) = Dyt (p1, p2, p3, Py Mas M )| Ayg—— A
Dﬁéf;usm (p1,P2,P3, P4, My, My) = Dt,‘f,,’;”‘”‘“ (P2, P1,P3: P4, My, M)

Dpekzie (py, p2, 3, pa, M, ma) = Dpak!*** (b2, p1,p3, P4, Mds M )| Ay - A
DYt (p1,p2, 3, Pasmuy,ma) = DM (p1, p2, p3, pay Ma, Mu)| Ay —Ayg -

On the other hand, all the triangle diagrams satisfy the following relation

K12 43104 _ M2/ 3 14
'Dtrlii (P1,p2,P3,Pa,™yf) = Dtri3+; (P2ap1,P3,P4,mf)lv,,ﬁ—vff,

with i = {2,3,8,9}. Note that adding all the triangle diagrams corresponding to Z,~y
interchange yields a contribution with terms always containing a <ys matrix. Conse-
quently, the contribution from the photon exchange diagrams vanishes. This is a clear

manifestation of Furry’s theorem.
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The next step in the calculation involves obtaining the vy matrix traces and writing
the invariant amplitude as a linear combination of rational functions of the kinematic

invariants of the theory

3 = (p1+p2)?
t = (p1—p3)?
4 = (Pl - p4)2a

the fermion masses, and one-loop four-point tensor integrals of the form?

2 1, kK, KRR, RERVRP, KKV KR, K1k KPR

H 4—2¢
e | T R e G o

(5.8)

After applying the Passarino-Veltman [72, 73] tensor reduction formalism, the invariant

amplitude takes the form

NV IVA
: . . V 23 pa A 213144
MMIMZM”M (pl7p25p3ap4amu7md) - ZCz TV,Z + ZCZ 7:4,1' 3
=1 =1

where C’iA and CZ-V are combinations of rational functions of 3, £, @, m,, my, and scalar
one-loop integrals. Ty,; and Ty ; are tensor structures constructed using the metric g,,,
the Levi-Civita tensor €,,,,, and the three independent external momenta py, ps and
p3. The tensor structures coming from terms with an odd number of 5 matrices contain
Levi-Civita tensors. These terms, axial terms, are noted TA“,;“ 2H384 - On the other hand,
terms without Levi-Civita tensors, vector contributions, are noted 7y/;#2#34.

If there are no constraints over the amplitude, all the vector CY and axial C#
coefficients must be calculated. Symmetry considerations may reduce the number of
coefficients to calculate. For instance, there are a total of 138 possible vector coefficients.

However, imposing transversality of the gluon polarization vectors
€i(pi) -p; =0 with i =5=1,2 , (5.9)

the number of needed coefficients is reduced to 76. Furthermore, if gluon polarization

vectors are chosen such that they satisfy

€i(p:) - pj =0 with i #£j=1,2 | (5.10)

Using k = k —k it can be shown that the integrals with % in the numerator cancel out when adding

the contributions from all Feynman diagrams.
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the number of needed coefficients is reduced to 34. As the amplitude is invariant under

gluon exchange,

MHEESES (D) Do, p3, pg) = MHE2EESES () 11, D3, D4) (5.11)

the number of independent coefficients is finally reduced to 19. Further simplifications
are possible if more assumption are made regarding the W-bosons polarization vectors.
For example, including decays into massless leptons reduces the number of needed
coefficients to only 13. Similar considerations are valid for the axial coefficients.

This method of writing the invariant amplitude as a combination of tensor struc-
tures multiplied by tensor coeflicients, which then can be eliminated using symmetry
considerations, has already demonstrated an efficient reduction in the complexity of
calculations of processes with four external vector bosons. An example where this
method has been successfully applied is the calculation of light-by-light scattering in
supersymmetric QED theories, in ref. [126].

5.2.1 Calculation Details

As mentioned in the previous section, to calculate the tensor coefficients it is necessary
to use the Passarino-Veltman tensor reduction formalism. This technique is of recursive
nature, and can be implemented symbolically using computer algebraic software. To
that purpose, a set of programs in FORM[127] and Maple were written to accomplish
the tensor reduction. The final aim was to write each tensor coefficient as a linear
combination of rational functions of the Mandelstam variables and the quark masses,
multiplying four- and six-dimensional scalar integrals. In the following paragraphs an

outline of the different programs is given.

1. A FORM procedure generates basic expressions for the box and triangle diagrams
without polarization vectors or lepton currents. The Dirac matrix algebra is
calculated, and all the traces are obtained. After these manipulations the contri-
butions of each Feynman diagram to the total amplitude is written as a function

of one-loop tensor integrals.

2. Another FORM code reduces the one-loop tensor integrals using the Passarino-

Veltman reduction technique. The final expression for the amplitude contribu-
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tions of each Feynman diagram are written as a linear combination of the basic

tensor structures, multiplied by tensor coefficients.
3. A Maple code is used to simplify the FORM output.

4. Finally, another Maple code combines the contributions from all Feynman dia-
grams, further simplifying the results. The final output contains the invariant
amplitude tensor coefficients, each of which is written as a linear combination of

one-loop scalar functions.

Negative Powers of Gram Determinants

The expression for the invariant amplitude obtained with this method suffers from
the presence of negative powers of Gram determinants, which arise in the Passarino-
Veltman reduction formalism. It can be shown that the vanishing of these Gram deter-
minants does not introduce divergences in the calculation. This is because the deter-
minants appear only as a calculational tool, they do not have a physical interpretation.
As the vanishing of the Gram determinants in the denominators does not generate real
divergences, there must be cancellations acting also in the corresponding numerators.
This is easily seen in the following example. Using the Passarino-Veltman technique,

the two-point tensor integral
P
[ 4-2 ky
B, (p%,mé,m? =—/d ‘k ,
A (k? —mg)((k + p)? — m})

can be written as

B,(p?,m3,m?) = p,B1(p?, md,m?),

where

1
Bi(p?, mf,md) = 57 [Ao(m) = Ao(m?) = (m§ — mi +p*) Bo(p®, i, m)]

In this case, the Gram determinant is just A = p®. Before taking the limit A — 0 one

can rewrite the tensor integral using the relation

Then,

1
2
By (p®, m,m}) = 27
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Taking the limit p? — 0 yields

Bl(p2 — Oamgamz) =
mi—m? 9

1
Bo(p27 m(z)’ m%) - EBO(pz, mga m%)

2 o’
1 1 2 2 2
3D (mE —m3)? [Ao(’m1)((4 — D)mi + Dmg)
+Ao(mB)(D — ymh — Dmd)] ~ 2 Bo(0,m3,m?). (5.12)

As expected, B; remains finite in the limit of vanishing Gram determinant. With higher
order and/or higher rank tensor integrals the simplifications become more complex, and
the risk of numerical instabilities when evaluating these functions numerically increases.

In the invariant amplitude for gluon induced off-shell production of W-boson pairs,
one class of Gram determinants becomes problematic. This Gram determinant arises

from a one-loop rank-four tensor integral and can be written as

L2 2.2
A = 4t — p3py
29 82 ax 2 22
= ip3+ipy — st — 1" — p3p;
= ﬂpg—i—ﬂpi——.ﬁl—ﬂz—p%pi

= g'ﬁ.‘];Z’

where p% is the transverse momenta of the W~ boson in the gluons centre-of-mass
frame. In some tensor coefficients the Gram determinant appears evaluated to the
fourth power in the denominator. This introduces serious instabilities in the numerical
evaluation of the cross section. This problem has been solved evaluating the cross
section in the limit of massless quarks circulating the loops, as explained in Section 5.4,

and applying a cut on |p?|.

5.2.2 Ultraviolet and Infrared Divergences

Although the process studied here does not suffer from ultraviolet (UV) or infrared
(IR) divergences, the individual Feynman diagrams do contain divergences. The UV
finiteness of the total amplitude is easy to see, as in the Standard Model there is no

counterterm for a vertex of the form ggW W —.
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More rigorously, one can regularize the UV and IR divergences using dimensional
regularization. Any divergence can be isolated as a pole in the parameter ¢ = 2 —
D/2, where D is the number of dimensions. After the tensor reduction procedure
the amplitude is written as a linear combination of two-, three- and four-point one-loop
scalar functions. UV divergences arise only from two-point scalar functions. Expanding
this contributions as a Laurent series in €, it was explicitly demonstrated that the total
amplitude does not contain poles coming from ultraviolet divergences.

On the other hand, IR divergences appear as a result of the quarks circulating the
loops becoming massless. In that case on can rewrite the invariant amplitude as a
function of two- and three-point four-dimensional scalar functions together with four-
point six-dimensional scalar functions. These two-point and four-point integrals are IR
safe quantities. It was demonstrated that the only three point scalar functions that
contribute to the total invariant amplitude are IR finite, too. Consequently, there are

no IR divergences in the final result.

5.3 Gluon Induced off-shell W*W~ Production with De-

cay into lepton-neutrino pairs

The tensor coefficients calculated in Section 5.2 can be used to study gluon induced

W -boson pair production with decay into lepton-neutrino pairs,

g(m) glp2) — W (p3) W (pa) — Ups) 2ilps) ' (ps) v (p7), (5.13)

where p3 = ps + pg and py = p7 + ps. The invariant amplitude can be written as

MHI#2I‘3M4 (P1’P2ap3’P4, mu,md)el’“ (pla ’\1)62#2(p21 A?)Jgs (p5?p6)Jf4 (P77P8) 3

where M, iopspua (- - ) is defined in eq. 5.6. The lepton currents read

J53(ps,pe) = g - D3 P3g L w(ps) Y w vp(ps) (5.14)
3 Wolo vs T M2 | p2— M2 +ilwMy 0 PATe) A%
p4u4p4u 1 _ —
JH* (p7, = Ha _ 4 - Uy 4w up (pg)(5.15
4 (p7,p8) (gu4 MLQV ) pz _ ML2V +ilw My v (p7)Y i (ps)( )

where the narrow width approximation and unitary gauge have been used. In the

massless lepton limit these expressions reduce to

1

i (ps) Y3 w ™ vp 5.16
pg_M‘%V_i_iFWMwul(pa)'Y w™ vz (ps) (5.16)

J5(ps,ps) =
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1

J5* (p7,ps) Ty (p7) Y™ w ™ vp (ps) - (6.17)

As mentioned before, in the massless lepton limit there are extra constraints on the
invariant amplitude that allow for a reduction in the number of tensor coefficients

needed to be calculated explicitly. This is due to the relations
p3-J3 = 0

pa-Jy = 0.

The gluon polarization vectors and the lepton currents are calculated as spinor

products using the helicity spinor formalism[128]3:

(pF [v* |pT)

el (p1, %) TRG (5.18)
A (T 1v*2|pF)

e (pe, ) = W (5.19)

J5%(ps,ps) = (p5[7*Ipg) (5.20)

J(prps) = (o7 |v"ps) - (5.21)

In this formalism, the following products of polarization vectors are easily obtained

e~ 1(p1:p2) Tr{pr1y* poyH2} — diePriapzitz
g (1 H)egs - 5.22
€gr (p1; +)eg; (P2, +) 5 - (5.22)
" " e—té(p1,p2,p3) 1 .
et +)el? =) = i .
o (P1, +)eg; (p2, —) 5 P (5.23)
(Tr{152¢3]517u1} F 4i€p2p3plm)(Tl'{ﬁ2ﬁ3’1517m} ¥ 4,56?2713131#1) .

The lepton currents J3 and J4 can be worked out in a similar way.
Finally, the full amplitude can be rewritten as

J3"* (ps, pe)
M6162J3J4 = € (py, B2 (py J
C1e=++,+— €91 (pl Cl)fgz (PQ C2)p§ - MI?V +i'w Mw

J4" (p7, ps)
pz _ MI?V + ’iFWMpV H1p2p4314

M-I [M++J4J3]*
M—Hada [M+—J4J3]*_

3A brief summary of the basic concepts in the helicity spinor formalism is given in Appendix A.
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5.3.1 Gauge Invariance

When calculating the invariant amplitude of the process which includes vector boson
leptonic decays it is essential to note that, as mentioned in Section 5.1.2, the set of

double resonant diagrams of figure 5.2 does not constitute a gauge invariant set. This

v+

Figure 5.3: Single-resonant diagrams contributing to the process eq. 5.4, needed to
maintain gauge invariance. Only contributions where the resonant W-boson is attached
to the neutrino line are shown. Four more diagrams are needed, similar to these but

with the W-boson attached to the charged lepton line.

can be seen calculating this contribution in different gauges, for instance unitary gauge
and axial gauge!. More generally, a set of Feynman diagrams is gauge invariant if and
only if it satisfies the Ward identities of the theory. In this case the Ward identity
shown in figure 5.4 was calculated using the set of graphs in fig. 5.2, see for instance

[130]. The obtained result, as expected, is nonzero. This means that the Ward identity

Figure 5.4: Ward Identity that must be satisfied by the gauge invariant amplitude.

is not satisfied by the set of double-resonant graphs, and that this set of diagrams
is not gauge invariant. This problem is solved introducing the single resonant graphs.

Calculating the Ward identity for the set of single resonant diagrams, examples of which

“The Standard Model in the axial gauge has been recently studied in [129].
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are shown in fig. 5.3, one obtains exactly the same contribution as obtained for the
double resonant diagrams, but with opposite sign. Which means that the total set of
single- and double-resonant graphs is indeed gauge invariant.

It is interesting to note that the terms contributing to the violation of the Ward
identity are all axial terms, that is, terms containing Levi-Civita tensors. Using the
relations between Feynman diagrams in Section 5.2 it can be seen that the contribution
from the axial terms vanishes if massless/degenerate quarks are circulating the loops.
This means that the single resonant contributions are not needed in the massless case.
What’s more, in the massless quark approximation, the total contribution from single
resonant diagrams is zero.

The inclusion of single resonant diagrams is not particular to gluon initiated W-
boson pair production. The calculation of the NLO production cross section for gauge
boson pairs at hadron colliders presented in ref [107] also includes the single-resonant
diagrams in their analysis. Gauge-invariance problems also appear when calculating
off-shell W-boson pair production in ete™ collisions, see for instance ref. [131]. As
in the hadronic case, to recover gauge-invariance the introduction of single-resonant

graphs is needed.

5.4 The Massless Case

As mentioned in the previous section, the representation of the invariant amplitude
contains negative powers of Gram determinants which make the numerical evaluation of
the full expression for massless and massive quarks unstable. In order to obtain a stable
evaluation of the cross section, the numerical calculation was done in the massless quark
approximation: the mass my of the quarks circulating the loops are assumed to satisfy
mg < 5. This approximation greatly simplifies the invariant amplitude for off-shell
production of W-boson pairs. The axial terms cancel out and a new representation
for the amplitude can be obtained. This representation is written in terms of only
nine tensor coefficients and nine analytic functions. What’s more, the splitting of the
amplitude as a function of the gluon helicities and the use of explicit expressions for the
one-loop scalar functions yields a much simpler and more stable result. In the case of

gluons with the same helicity, no negative powers of the Gram determinant are found
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in the tensor coefficients. In the case of gluons with different helicities only a power of
two of the Gram determinant appears in the denominator, one of which is an overall
factor. The final expressions for the amplitudes can be written as follows
9
M= 3" Tilp, i, &) Fi(3, 1,4, 95, p5)C (3,1, 4,93, P1) ,
i,j=1
where 7; are nine tensor structures depending on the external momenta, polarization
vectors and spinor products, F; are functions arising from the explicit expression of
one-loop scalar functions and C¥ are rational functions of 3, £, 4, pg and pﬁ. Explicitly,

the functions base is

.7:1(3,5,11,1)%,1)421) = D0D=6—26(';’ Eap:%ap?t) 3
Fo(3,8,0,03,p8) = Dg=°7%(3,4,p3,p)
-7:3(5,7?,&,1)%’?3) = FB(E,’&,pg,pZ),
-7:4(§a£3 a,Pg,PZ) = CO(P%,';J’E),
PO N 5 S
-7:5(Sat7uap§’pzzl) = In (;) >
8,1, U; P3, P = In{—=1,
6(8,¢, 4, p3,py) ku)
e s
Fr(3,4,4,p3,p5) = In (—5) ,
wy
PN S
-7:8(93 t”u’ap%apg) = In (_2) >
w3
Fo(3,1,0,p3,p5) = 1. (5.24)

D=6-2¢
0

In these expressions, D is the six-dimensional four-point scalar function, Fp is

related to the four-dimensional four-point scalar function and Cjy is the three-point
scalar function. All these functions are defined in Appendix B. On the other hand, the

tensor structures are

Ti(ps, Jise)) = J3-Ja,

T2(pi, Jises) = J3-p1Ja-pr,
Ts(pis Jivei) = Js-p1 Ja-P3,
Ta(pis Ji6i) = J3-P3 Ja-p1,
Ts(pi, Jisei)) = J3-P3 Ja-P3,

%(pia Ji,&) = J3-py €p1p2p3da
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7-7(pia Jia Ei) = J3 ' p~3 €p1papala s
Ts(pis Jise:) = Ja-p1 €p1p2pads
75-)(]?1'7 Ji’ Ei) = €p1paJ3Ja > (525)

where the auxiliary momentum p3 is defined as

N 2 )
_ U—p t—p
pP3 =p3+ 3 3P1+-—§§P2-

5.5 Numerical Evaluation

5.5.1 Methodology

After obtaining the final representation for the invariant amplitude, a Maple program
was used to translate the algebraic expressions into FORTRAN code, suitable for nu-
merical evaluation. It is important to note that the numerical evaluation is done at the
amplitude level, not at the cross section level and that, in order to retain all spin-angle
correlations of the final states, no polarization sums are done. Once the amplitudes
and spinor products have been calculated, the parton cross section & is obtained. Con-
voluting & with the gluon parton distribution functions f, ,(z) yields the hadron cross

section
olpp > W W = e b pty,) = /dxlda:me,y($1)fp2,9(x2)&($1p17x2p2)- (5.26)

To make this convolution and integrate over the final particles momenta, a phase space
generator was written, which was combined with the code for calculating the differential
cross section and the VEGAS[132] adaptive Monte Carlo integrator.

As mentioned in the previous section, the numerical evaluation of the total cross
section becomes unstable due to the presence of negative powers of the Gram deter-
minant A = {i — p2p? in the amplitudes of processes induced by gluons of opposite
helicities. The first step in avoiding these instabilities involved working in the approx-
imation of massless quarks circulating the loops. The final step involves introducing
a technical cut on the W-boson transverse momenta pr = |p3p|. For gluon induced

off-shell production of W-boson pairs which decay leptonically

1GeV < p¥¥ (5.27)
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is imposed to obtain a stable result. The choice of phase space parametrization is
also important. To further reduce instabilities in the final result pr can be chosen as
integration variable. A detailed discussion of the different phase space parametrizations
for processes with four massless particles in the final state is presented in Appendix C.

It is important to compare the size of the gluon induced contributions to the size of
quark initiated processes. The contribution to the cross section for off-shell W-boson
pair production with leptonic decays from quark induced processes was calculated using
the Monte Carlo program MCFM[107]. This contribution was calculated in leading-order

and next-to-leading order in o.

5.5.2 Input Parameters

The electroweak parameter scheme used is the G,-scheme. As discussed in Chapter
4, large fermion-mass logarithms are resummed and universal corrections to the SU(2)
gauge coupling e/sw induced by the p-parameter are automatically absorbed in this
input parameter scheme. To simplify the comparison with the ¢¢ — WW contribu-
tion the numerical values for the input parameters were chosen to be the same as the

G ,-scheme input parameters in MCFM. The following values were used,

G, = 116639 x10°GeV™2 My = 165GeV

My = 80.419GeV Mz = 91.188GeV

Tw = 206GeV Tz = 249GeV

Vaa| = 1.0 [Vas| = 0.0

[Vl = 0.0 Ves| = 10. (5.28)

The CTEQ6([85] set of parton distribution functions was used. For NLO quark and
gluon initiated processes, the parton distribution function set CTEQ6M was chosen. On
the other hand, for the LO calculation of the quark initiated processes the CTEQ6L1
set was used.

The strong coupling used is consistent with the parton distribution set chosen: when
using CTEQ6L1 a LO running «a; is used, with as(Mg) = 0.130. When using CTEQ6M

a NLO evolved «; is used, with a;(M%) = 0.118. A Aqcp for 5 active flavours was
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used with value 226 GeV for CTEQ6M and 165 GeV for CTEQ6L1. The factorization
scale was always chosen to be A = M.

All calculations were evaluated for an LHC-type collider: pp collisions with centre-
of-mass energy of 14 TeV and for two degenerate massless generations(u, d, ¢ and s

quarks).

5.5.3 Technical and signal-enhancing Cuts

As explained above, a technical cut on the W-bosons transverse momenta is needed to

obtain a stable numerical result. The technical cut used is

cut

Pt < pr with p§* =1GeV. (5.29)

In addition to calculating the total cross section for the process 5.13, the effect of
the cuts proposed in [112] to enhance the signal to background ratio in Higgs boson

searches was studied. The set of cuts used is the following,

1. The transverse polar angle of the dilepton system must satisfy ¢, (Il) < 45° and

. . . s .
the dilepton invariant mass M < 35GeV.

2. Jet veto: events with jets with ;ft > 20 GeV and pseudorapidity |7¢| < 3 are

removed.

3. The leptons in the final state are classified according to their transverse momenta:
calling prmin and prmax the largest and smallest lepton transverse momenta the
following selection cuts are imposed: 25GeV < prmin and 35GeV < prmax <
50 GeV.

5.5.4 Cross Section Results

First, on-shell production of W-boson pairs was studied. As the cross section was cal-
culated from the invariant matrix elements where the vector bosons decay into massless
leptons, these results only take into account transverse W-bosons. Figure 5.5 shows
the W~W™ invariant mass distribution do/dMay,,,,, . This distribution was calculated
imposing a standard pseudorapidity cut |gw| < 2.5, consequently, the calculation is not
sensitive to the instabilities that appear in the small pr region, and the technical pr

cut has not been used. The three curves show the gluon induced and the LO and NLO
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Figure 5.5: Invariant mass distributions for gluon and quark induced on-shell W+ W~ +
X production at a pp collider with center of mass energy /s = 14 TeV. The standard
acceptance cut |nw| < 2.5 was imposed. The quark induced contributions are calculated

to LO and NLO using MCFM. No further cuts are applied.

quark induced contributions. As expected, the contribution from gg — WW is the
smallest one, being one or more orders of magnitude smaller that the quark initiated
processes. In all cases, the mass distribution is strongly dependent on the W-boson pair
mass, and it decreases sharply for increasing invariant mass. The total cross section
for these contributions, together with the ratio between the gluon and quark(NLO)
induced processes, are shown in table 5.2.

The cross section for the contribution gg - W~W* — [=&!"tyy to the process
pp = W-W* = 7o' vy + X is shown in figure 5.6. The contributions from different
gluon helicities are depicted, together with the total cross section. The notation in the

plot is related to the gluons helicities as follows,

++ = € (p1, +)692 (p2,+)
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_o(gg=WW)
a(gg > WW) | orolea = WW) | onrolag —» WW) | 2422000

0.907(2)pb 25.73(4)pb 45.86(2)pb 0.01978(5)

Table 5.2: Total cross section for gluon and quark induced contributions to the process
pp = WHW~, with /s = 14TeV. The cross section for quark induced processes was
calculated to LO and NLO in QCD. Furthermore, the last column shows the ratio
between the gluon induced process cross section and the NLO QCD corrected quark

induced process.

o(9g > WW) | oro(aga = WW) | onrolag - WW) | Z28200)

40.03(6) fb 877(1)fb 1372(2)fb 0.02918(6)

Table 5.3: Total cross section for gluon and quark induced contributions to the process
pp = WIW~= — [=vl"*vp, with /s = 14TeV. The cross section for quark induced
processes was calculated to LO and NLO in QCD. Furthermore, the last column shows
the ratio between the gluon induced process cross section and the NLO QCD corrected
quark induced process. No physical cuts are applied. The technical cut on the W-boson

transverse momenta 1 GeV < pr was used.

_olggoWW)
o(gg = WW) | orolag = WW) | onrolag - WW) | 724200~

0.687(2) fb 6.806(7)fb 7.06(3)fb 0.0973(5)

Table 5.4: Same as table 5.3, but the three physical cuts described in Section 5.5.3 have

been applied.

- egl(plv_)e.(]Z(pZa_)
+- = 691(p1)+)€g2(p2,_)

-+ = egl(pla_)e!h(p?”i‘)-

The cross sections are plotted against the value of the technical cut p§**. It can be seen

that for small pS** there is not a strong dependence of the cross section with respect

to the cut, and the curves become flat for p$** — 0. This reinforces the hypothesis of
T
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Figure 5.6: Total cross section for the gluon induced contribution to the process pp —
W-W+ - I"0l'"yp + X as a function of the technical cut p§**. The ——, ++ curve
corresponds to processes with gluons of same helicities in the initial state. On the
other hand, the +—, —+ curve shows the cross section of the contribution with gluons

of opposite helicities.
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Figure 5.7: pr distributions for gluon and quark induced contributions to the process
pp = W™W* = "0l vy + X. The quark induced process distribution was calculated

to LO and NLO using the MCFM program.
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the instabilities for small p7® being of a calculational origin, and not having a physical
interpretation.

The pr distributions do /dpr for the gluon induced contribution and for the quark
initiated processes to LO and NLO are depicted in figure 5.7. The quark induced
distributions were calculated using MCFM. As expected, due to the a% suppression,
the gluon distribution is at least one order of magnitude smaller than the distribution
corresponding to quark initiated processes. Despite the difference in value, the distri-
butions from both contributions behave similarly. For very small increasing pr a sharp
increase can be seen in the distributions. A peak appears at a value p; ~ 30 GeV, and
then the distributions start a sharp decrease as pr is increased. A similar behaviour
has been observed in the gluon induced on-shell production of Z-boson pairs[119]. It
is interesting to note that the value chosen for the technical cut, p$** = 1 GeV, is much
smaller than the pr for which the distributions peak. Consequently, the contributions
that are left out because of the cut are expected to be small. The total cross section
for each of the contributions, with the technical cut 1 GeV < pp, can be seen in table
5.3, together with the ratio between the gluon induced process cross section and the
quark induced process NLO corrected cross section.

The effect of the signal-enhancing cuts discussed in section 5.5.3, based on the cuts
proposed in [112], has been studied for the gluon and quark induced contributions.
Figure 5.8 shows the cross section of the gluon induced contribution, for different gluon
helicities, as a function of the technical cut p$**. One would expect that the inclusion
of the physical cuts would decrease the dependence of the cross section with respect
to p$¥*. On the contrary, figure 5.8 shows that the dependence on the technical cut is
increased after the use of the cuts. Namely, in the interval 1 GeV < p$** < 10 GeV the
total cross section variation is approx. 7% in the configuration without physical cuts,
and approx. 17% when the cuts are applied.

Finally, figure 5.9 shows the pr distributions for the gg and the gq contributions to
W -boson pair production with leptonic decay after the inclusion of the signal-enhancing
cuts. It can be seen that the cuts have had an important effect on the cross sections.

For transverse momenta 100 GeV < pr the distributions decrease sharply. In the case

5Unless otherwise specified, in the rest of this chapter the notation pr is used to describe the

transverse momenta of either the W* or W~ gauge boson.
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Figure 5.8: Total cross section for the gluon induced contribution to the process pp —
W-W+ = [=0l'""vy + X as a function of the technical cut p$**, after applying the set

of experimental cuts discussed in Section 5.5.3. Notation is the same as in figure 5.6.
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Figure 5.9: pr distributions for gluon and quark induced contributions to the process
pp = W-W* — I=ol'""yp + X, including the signal-enhancing cuts of section 5.5.3.
The quark induced process distribution was calculated to LO and N LO using the MCFM

program.
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of MCFM the number of events used to construct the histogram of the distribution
falls abruptly, and the results become unreliable. Consequently, the py distributions
have been plotted only in the range 0 GeV — 100 GeV. Another notorious feature is
that the NLO corrections to the quark initiated contribution are strongly suppressed
by the experimental cuts. Without applying any cuts, the ratio between da%"o /dpr

LO
and daqq

/dpr is approx. 1.95 for pr = 100 GeV. The inclusion of the physical cuts
suppress the corrections such that the same ratio is in this case approx. 1.05. The
general behaviour of these curves is similar to the case without the physical cuts, figure
5.7, with the distributions reaching a maximum at pr ~ 30GeV, and then sharply
decreasing for increasing values of the transverse momentum. Table 5.4 shows the
values for the total cross section, obtained using the physical cuts, for the gluon and
quark induced contributions to W-boson pair production including leptonic decays.
Comparing with the results without physical cuts, -table 5.3, it can be clearly seen
the effect of the cuts on the gluon initiated background. While the cuts reduce the
quark initiated background to 0.5% of the value without the cuts, the gluon initiated
background is reduced to 1.7%. This confirms the expectations that the efficiency of
the cuts on the gluon initiated background is lower than in the case of q¢ processes.
As explained in Section 5.1.1, the reason for this is that the cuts select events centrally
distributed. These events correspond to gluon initiated events, irrespective of them

being signal or background. The effect of the cuts is summarized in table 5.5.

Cross Section (fb)

Process Ucuts/Uno cuts
No Cuts | Cuts applied

g9 = WHW= = =50y | 40.036) | 0.687(2) 0.01716(6)
NLO 1A — =y
g0 L WHW- S oty || 13722) | 7.06(3) 0.00515(2)

Table 5.5: Cuts effect summary: total cross section for gluon and quark induced(NLO)
contributions to off-shell W-boson pair production, with a technical cut 1 GeV < pp.
The results shown are for cross sections with and without applying the physical cuts.
The ratio between these two values, which is shown in the last column, is and indicative

of the cuts efficiency.
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5.6 Conclusions

The analytic expression for the invariant amplitude corresponding to gluon induced
off-shell production of W-boson pairs has been calculated. This symbolic expression

has been used to derive the invariant amplitudes for the process
g9 > W Wt s 1—ol'ty,.

The results have been evaluated in the massless, degenerate quarks approximation.
The numerical evaluation uses a technical cut on the W-bosons transverse momenta to
avoid numerical instabilities caused by the presence of Gram determinants in the am-
plitudes denominators. These instabilities arise only as a consequence of the calculation
technique used, they are not physical. The suppression of gluon induced processes has .
been confirmed. The ratio between gluon and quark initiated processes is approx 3%
without any physical cut. The effect of the set of cuts proposed in ref. [112] was also
studied. It was found that the ratio between gluon and quark contributions increases
up to almost 10% after the application of these cuts. The ratio between the gluon
contribution before and after the application of the cuts is approx. 1.7%, while this
ratio for the NLO corrected quark initiated processes is 0.5%.

This results were obtained in the massless quark approximation. It is interesting
to evaluate the possible effect of the inclusion of the top/bottom loop diagrams. For
Miop — 00, the top quark decouples and the result of the gluon induced contribution
can be calculated with two generations of massless degenerate quarks. On the other
hand, for mi,p — 0 the gluon contribution can be calculated in the three generations
of massless degenerate quarks approximation. This is equivalent to multiplying all the

gg results of the previous section by a factor % = 2.25.



Chapter 6

Conclusions

In this thesis, higher order corrections to Higgs boson production processes and back-
ground processes to Higgs-boson searches relevant at hadron colliders have been calcu-
lated.

The electroweak O(a) corrections to Higgs-boson production in association with
W or Z bosons at hadron colliders have been calculated. These corrections decrease
the theoretical prediction by up te 5-10%, depending in detail on the Higgs-boson
mass and the input-parameter scheme. The cross section prediction for associated W H
and ZH production at the Tevatron and at the LHC, including the next-to-leading
order electroweak and QCD corrections, have been updated. The remaining theoretical
uncertainty has been studied by varying the renormalization and factorization scales
and by taking into account the uncertainties in the parton distribution functions. It was
found that the scale dependence is reduced to about 10% at next-to-leading order, while
the uncertainty due to the parton densities is less than about 5%. The electroweak O(c)
corrected cross section and the next-to-next-to-leading order QCD corrected results
from [57] were combined, yielding the most precise cross section prediction for a Higgs
production process at hadron colliders. Both corrections are of order 5%—10%, but have
opposite signs. The theoretical uncertainties are dominated by scale dependence and
parton distribution functions uncertainties, which are of order 3% and 5%, respectively.
Calculating the ratios of the Higgs production cross section with the corresponding
Drell-Yan-like vector boson production process ops/pp—sv H+ X/ Ops/pp—sv+x MAY further
reduce these uncertainties.

The analytic expression for the invariant amplitude corresponding to gluon induced

110



CHAPTER 6. CONCLUSIONS 111

off-shell production of W-boson pairs has been calculated. This symbolic expression has
been used to derive the invariant amplitudes for the process gg - W-"W+ — [=p 't yy,
a contribution to the main background to Standard Model Higgs-boson searches at
the CERN LHC in the mass range 155 GeV S My <180 GeV. The results have been
evaluated in the massless, degenerate quarks approximation, assuming two quarks gen-
erations. The suppression of gluon induced processes has been confirmed. The ratio
between gluon and quark contributions to pp - W~W* — [~ I"*yy is approx. 3%
without any physical cuts. The effect of signal enhancing experimental cuts used in
Higgs boson searches was also studied. It was found that the ratio between gluon and
quark contributions increases up to 10% after the application of these cuts.

The gluon induced off-shell W-boson pair production calculation presents many
opportunities for extensions and improvements. First, an improvement in the repre-
sentation for the amplitudes in the massless case is advisable to improve the numerical
stability of the cross section calculation. The next step involves including the contribu-
tion from the massive bottom and top quarks in the loops. In this case, diagrams with
both massive and massless quarks circulating the loops, using a non-diagonal CKM
matrix, and the fully massive diagrams are needed. Another consequence of introduc-
ing massive quarks is that the contribution from the gluon fusion Higgs production
process becomes nonzero. Consequently, signal and background interference would be
studied. Finally, a comprehensive study of physical distributions defined through the
lepton momenta will be carried out, studying the influence of variations of the original

set of signal-enhancing cuts.



Appendix A

Spinor Helicity Formalism

For a detailed description of the spinor formalism the reader is directed to ref. [128],
of which this Appendix is a very brief summary.
One can consider the massless spinors u+(p) and v (p) with momentum p (p? = 0)

and helicity A = +. These spinors satisfy the Dirac equation
pus(p) = pvs(p) = 4x(p)p = vx(p)p = 0.
Using the chirality projectors wy = %71 .it can be shown that
wx Ut (p) = wi v1(p) = Gx(p) wt = V1 (p) wy =0.

The spinors can also be normalized as

U4 (p) Yp ut(p) = V£(P) Yuv+(p) = 2pu.
The following notation is used

ut(p) = vx(p) = |px),

u+(p) = vx(p) = (Pl

For any two massless momenta p and ¢ the spinor products are noted as follows:

(P—IQ+) = (pq),
(g+lp-) = ().
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Spinors and spinor products satisfy, among others, the following properties:

1

lp£)(p| = 5(1 +95)p,

(p+lg+) = (p-lg-) =0,
(p-lg+) = —(g-Ipy),
{p-lp+) = (p+lp-)=0.

An important property satisfied by the spinor product is

pa)* =2p-q.

It can be shown that polarization vectors corresponding to massless vector fields,
eg. photons, can be written in terms of spinors and spinor products. Referring to
an arbitrary massless momentum ¢, the polarization vectors corresponding to a vector

field of momentum p and helicity £ read

(g-yulp-)

f;'[ (pq) = W

e (pq) = (q+!w!p+)
P = )



Appendix B

Function Base for gg — W~ W™

processes

In this appendix the explicit expressions for the special functions in the Function Base
eq. 5.24 are given. These functions arise when the the massless quarks limit is taken

and explicit forms for the one-loop scalar integrals are calculated.

A -~ ~ 1 n a F
DOD—6 Qf(s’t’p:%’pZ) = 53 [tFQ,A(S:t:pgﬁp?L)
ut — pspi

- i(tpg + tpy — 3t — 2p§pi)00(p§,s,pi)] :
2

;.22 D3 3
Fy4(3,t,p3,p1) = Lia (1 — 7) + Liy < _ ?>

2,2 2 2
2 p2 @ 2
+ Li (1_—:1) + Lip (1 = T4> +—log(7> ,
u t
4 1 l1-a
CO(pgaSJ)Z) = —log(a+a_)log(l_a+)

A(3, 3, %)
+ 2Li2(a+) - 2Li2(a_) .

In the above expressions,
Mz,y,2) = x? +y? + 22 — 2zy — 222 — 2yz,
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and a4 read

1 /. "
at = 52 (s +p5~pi+ \/A(s,p§,p2)> .



Appendix C

Phase Space Parametrization

Phase space parametrization for 1 — 2 process

For the process

Xo(M) — Xi(p1) + Xo(p2),

working on the CM system it can be shown that

2 2 .2
X = W} (C.1)
M2 +p2_p2 ‘
Py = —2;;——1 (C.2)
. M pi p3
Iyl = ﬂn(l,ﬁg,ﬁg , (C.3)

where x(a, b, ¢) is the two-body phase space function
k(a,b,¢) = a2 + b% + ¢? — 2ab — 2ac — 2bc. (C.4)

Then, the phase space element can be written as

dP [Xo(M) — Xi(p1) + Xa(p2)] = (C.5)
d*p1 dpa 4 T 2 p?
EP25a0f — py — = = 1, 2L 22 1dQ. .
20 3 0 M mPrmm) = gy s bgm g | (C.6)
with
40 — dcos(8) dy .
47

Using this notation the final particles momenta yield
pi = (pl,1pl cos(p)sin(8), |p] sin(p) sin(9), |7 cos(9)) (C.7)
Py = (03, -p1)- (C.8)
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There are only two independent variables, the polar angle 8 and the azimuthal angle ¢

and the integration limits are

™ 2 1 2T
4 / a0 = / do sin(0) [ do = / deos(8) [ de. (C.9)
0 0 -1 0
If the particles in the final state are massless, the above formulz simplify to
dpy d®pa 4

i
(M — — = —df
2])(1) ng ( D1 p2) 2d 3

and the particle momenta yield

pi = @(l,cos(go) sin(#), sin(y) sin(0), cos(H)) (C.10)
phy = \/?(1, — cos(y) sin(8), — sin(¢p) sin(f), — cos(h)) . (C.11)

Phase space parametrization for a 1 — 4 process

The four-body phase space element can be written as a combination of two-body phase

space elements
dPy [Xo(M) — X1(p1) + Xa(p2) + X3(p3) + Xa(ps)] =

dgi’dge® dPy [Xo(M) = Yi(q1) + Ya(g2)]
dP, [Yi(q1) — Xi(p1) + X2(p2)]

dP; [Y2(q2) = X3(p3) + Xa(pa)] .

This parametrization can be applied to the process

g(p1) g(p2) — W (p3) W (ps) — Ups) tu(ps) T (p7) vir(ps) (C.12)

in the following way:

d®ps d*pe d®pr dPps
84 (pL + py — p5 — Pg — p7 — Ps) =
200 200 2pY 20 (P1 + P2 —Ps — ps — 7 — ps)

2 d3P3 d3p4 4

dp3dp3 m2—p2—6 (p1 +p2 — p3 — pa)

d3ps dpe d3p7 d®ps
i P 4 _ _ il el 54 _ _ )
20 27 (p3 —ps5 — ps) 20 20 (P4 — p7 — ps)
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Using the 1 — 2 results one obtains

d*ps d®py T p2 p?
—— 25 (p, + p2 — p3 — = Z 1.8 24l un
2pg 2p2 (pl D2 — P3 P4) 2 K 3 §’ 3 34
d3ps d®ps s
il Bl :F - — = —dQ
2;0% 2p8 (p3 — ps P6) 2 56
d3p7 dBPB 4 s
——0 - — = —df
2179 2pg (P4 D7 p8) 2 78

where p; ;11 are calculated in the 4,4 + 1 CM frame (i = 3,5,6).

Presence of Breit Wigner factors

There are eight independent integration variable: 2 angular variables for each 1 — 2
sub-process, and the invariant masses p and p3. The constraints over the invariant

masses are

0 < p§74 (C.13)
\/;§+\/pi < 8,

while the angular variables verify eq. C.9.
In the process shown in eq. C.12, using the narrow width approximation, the factor

1 1
(P2 — M%)? + (Cw Mw)? (p7 — MZ,)? + (Dw My )?

(C.14)

multiplies the differential cross section. The elimination of this factors may be necessary
in order to improve the convergence of integration algorithms used to obtain integrated

cross sections. The change of variables

2 _ M2
p’—W) (C.15)

1
. - t
§i=34 T AT, Arctan ( Tor My
dp?
(p? — M3)? + (O Mw)?

di=3.4 (C.16)

has the desired effect. The integration limits for the new &34 variables are easily

obtained. Making use of the constraints in eq. C.13 one obtains

1 (Mw) 1 §— MI?V
- arctan | — | < ¢ < ———arctan | ———
I'w Mw Fw /)~ & Cw Mw Cw Mw

M V3 — /p2)? — M2
arctan ( W) < & < ——1— arctan ( 3 i
C'w Mw

1
" TwMw Cw
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Presence of inverse powers of |p3 4|

If there are negative powers of the transverse momenta in the expression for the dif-
ferential cross section, the behaviour of the VEGAS Monte Carlo algorithm may be

improved using |p}:4| as integration variable. To this effect the change of variables

p32,p42 — :D32, IPTI2 (C.17)
P’ = §+ps° — 2\/3(Ips[2 + ps?) (C.18)
2 2 9 ~
8(133; P4 3 = (C.19)
d(p3?, lpr|?) sin®(0) 8 + p3* — p4

is introduced. The phase space element
dps*dps® dP [g(p1) + g(p2) = W™ (ps) + W (p4)]

can then be expressed as

d3p3 d®p 2 3 J
2G7P3 47Pq o pda
2 d d 7
2p8 2p2 sin®(0) & + p3? — p4? |r|*dp3 pm

dps®dpy (C.20)

In this case, the calculation of the integration limits is not as easy as in the previous
choices of phase space parametrization. First, note that, due to energy conservation,the

p3. integration limits are

< p2 < é.
0<pr< i
Also note that
p? < 3 (C.21)
2
D A
Sing’('a) < 3 (C.22)
lpr|? .
1 — cos2(#) s 5 (C.23)
(C.24)

and finally

’ 2 ’ 2
S S

With |pr|? and cos(f) the value of |p] can be calculated, which is then used to establish

the integration limits for p322:

43191 = (5+p3 - p3)? — 4p2s (C.25)

P = 3+pi— \/4p25 + 43p2. (C.26)
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Imposing
0 < P§,4
VP3+ypi < 3,

the following limits of integration for p3 are obtained

OSp%Sé(l—Z'L\/l).
S

Finally the azimuthal angle integration limits are [0, 27].

120

Simultaneous presence of Breit Wigner factors and inverse powers of |p§:4|

If the integrand contains both, Breit Wigner factors and negative powers of transverse

momenta, a mixed approach can be used. The following parametrization allows for

the simplification of one Breit Wigner factor and the use of Pr as integration variable.

The phase space element is obtained applying the change of variables C.15 to p? in eq.

C.20. The final expression for the phase space element is given by

dPy [Xo(M) — X1(p1) + Xa(p2) + X3(p3) + Xa(pa)] =

2r®  [(p§ — M)? + (Tw Mw)?]

= 3 : dipr|2dé3dSs 45 6d Q7 5

“sin?(8) 8+ p3? — py?

(C.27)
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