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Chapter 1

Introduction

‘Beauty is truth, truth beauty, — that is all
Ye know on earth, and all ye need to know.’

— John Keats in Ode on a Grecian Urn.

Mathematically speaking, precision makes a quantitative difference. A
few more digits in a mathematical quantity mean just a better approxima-
tion. But in physics, precision makes indeed a qualitative difference, for a
higher accuracy in the theoretical computation of a quantity may completely
rule out a whole theory when accompanied by precise enough experimental
data. And there is now a huge source of high-precision experimental results,
namely the Large Hadron Collider (LHC) at CERN.

Due to the hadronic nature of the LHC and its high working energy,
perturbative QCD is a cornerstone in the computational framework used
by theorists around the world, and developments in the field are of cru-
cial importance. In this context comes the importance of the resummation
procedure, which is an improvement over fixed-order perturbative QCD in
kinematical regions where these computations become unreliable, because
of the appeareance of potentially large logarithms in the perturbative series
that appear together with the strong coupling, spoiling its convergence near
certain kinematical points. Resummation takes advantage of the definite
structure of these logarithms to resum them to all orders, restoring the con-
vergence properties of the series and overall improving the precision of the
computations.

With the recent discovery of (a particle compatible with) the Higgs bo-
son [1, 2] which closes the SM of particle physics, it is now needed to look for
theories Beyond the Standard Model (BSM). From the many different pos-
sibilities, supersymmetric models are a very promising candidate for BSM
physics, at least from a theoretical point of view. Many other promising
candidates are related to the modification of the SM gauge groups either
from a Grand Unified Theory (GUT) point of view (superstring-inspired or
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8 CHAPTER 1. INTRODUCTION

not) or from specific models that address particular issues, like the models
which restore the left-right symmetry to the SM. These models have very
interesting theoretical consequences, e.g. some lead to force unification, as
well as phenomenological ones, e.g. some require the appearance of right-
handed neutrinos. One of the properties of these theories is that they all
include new gauge bosons Z’ or W' associated with the new gauge groups.
Resummation procedures have long been applied sucessfully to Standard
Model (SM) computations (e.g., Ref. [3]), and for BSM theories, to many
supersymmetric particles [4, 5, 6, 7, 8, 9, 10]. However, only one example of
resummation for a specific Z’-model exists [11], and no resummation com-
putations have been applied to W’ production yet. As the center-of-mass
energy at the LHC increases and no BSM particles are found, it is necessary
to perform more accurate predictions for a wider range of theories, like those
including new gauge bosons. This will be the aim of this work.

In Ch. 2 we will review the basic concepts of the physics of hadron
colliders. In Ch. 3 we will present the necessary formulae for the application
of threshold and transverse momentum resummation formalisms. In Ch. 4
we will review the most important theories which include new gauge bosons
and will study their phenomenology. In Ch. 5 we compute the fixed-order
cross sections at NLO for new gauge boson production at the LHC, which
needs to be matched with the resummation results. In Ch. 6 we will show
and analyze numerical results performed for a few chosen benchmark points
for different models of those previously presented. Our conclusions will

be presented in Ch. 7 and resummation results for gaugino production in
App. A.



Chapter 2

Physics of hadron colliders

We are, I think, in the Road of Improvement,
for we are making Experiments.

— Benjamin Franklin in a letter to Jonathan Shipley.

In this chapter we will present a brief review of the canonical Drell-
Yan process as an introduction to the physics of hadron colliders. This
process will serve as the basis for the rest of this work and we will take the
opportunity to fix some notations and discuss some useful variables and the
concept of parton distribution function (PDF).

2.1 Introduction to the Drell-Yan process

The paradigm process in hadron-hadron (in particular proton-proton) colli-
sions is arguably the production of a lepton pair via a vector boson channel

pp— v, Z — 1717 + X, (2.1)

the so-called Drell-Yan process (see Fig. 2.1). It is one of the simplest final
states that can be produced in a hadron collider and includes all the features
of a typical hadronic process.

Hadrons are not elementary particles, but are composed of quarks and
gluons (partons), that interact under Quantum Chromodynamics (QCD). In
QCD, the strong coupling g is scale-dependent and because of the property
of asymptotic freedom, the strong coupling vanishes for asymptotically large
scales like the ones in a collider as the LHC. The behaviour under a scale
W — 00 is

g(u) ~ 1/1og (%) (2.2)

where A is the strong interaction scale. Thus, it may seem reasonable to
attempt a perturbative approach for a high enough energy scale . However,
in the computation of an n-th order correction, the couplings appear in the

9



10 CHAPTER 2. PHYSICS OF HADRON COLLIDERS

Figure 2.1: Drell-Yan process at leading order.

combination ¢g%*(u)log*™(1/m), where k € {1,2} and m is a typical mass
scale, thus spoiling the convergence of the series when p < m. This means
that the contribution from long-distance physics enters crucially in the cross
section computation, while only small-distance physics can be computed
perturbatively. It turns out, however, that both scales can be separated
thanks to the QCD factorization theorem! using the parton distribution
functions (PDFs). We will review here these concepts in application to the
Drell-Yan process.

2.2 Parton distribution functions

In hadron colliders, the fact that hadrons are not elementary particles leads
to a phenomenological difficulty: the theoretical cross sections depend on the
energy of the elementary components of the hadrons, while experimentally
only the hadron energy is known. It is therefore necessary to work with
the energy distribution of the partons inside the hadron to make useful
predictions. If we assume that there is no transversal momentum for the
partons inside the hadron, p = 0, we can define the probability of the
parton a inside a hadron A having a fraction z of its momentum as the parton
distribution function f,,4 (x), where a represents the different partons inside
the hadron, most importantly u, d, ¢, s, g, which are assumed to be massless,
and A will be implicitly the proton except otherwise noted, since we are
focusing on the LHC.

The different f,,4(z) functions are not independent from each other [13].
By using CP symmetry (exact in QCD), proton and anti-proton PDFs can be
related by fF(z) = fa(x), fg(:v) = f,(x) and fF(x) = f,(2) for all x € [0,1].
In the case of the proton, the expectation value for the valence quarks is

'For a review, see e.g. Ref. [12].
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Figure 2.2: Plots of the z-dependence of the MSTW 2008 PDF at next-to-
leading-oder for the different partons inside a proton at energies of Q? =
10 GeV? and Q% = 10* GeV?2.

trivially

1 1
(N,) = /0 d(ful) — fal@) =2, (N) = /0 de(fule) — fale) = 1,

(2.3)
and the the different contributions from the different partons are related by

1
= [ (qu(xHqu(wag(fc)) sdo=1. (24
q q

Parton distribution functions cannot be computed theoretically, but they
are universal for every process and their evolution is known to obey the
DGLAP equation for their energy-dependence, which they acquire after
renormalization (see next section), so they can be measured in one experi-
ment and used in different processes at different energies. The x-dependence
cannot be predicted theoretically, so this dependence is parametrized and
fitted at different energies by using Deep Inelastic Scattering (DIS) data.
The results of this parametrization obtained by the MSTW group [14] are
shown in Fig. 2.2, which will be the ones used in this work.

2.3 QCD factorization and divergences

Drell and Yan [15] proposed in 1970 to use the parton model developed for
Deep Inelastic Scattering (DIS) to the process in Eq. (2.1). At leading order,
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the hadronic cross section can be naively expressed as the convolution of the
partonic cross section & for qg — v, Z — 71~ with the parton distribution
function of a parton i inside the proton at a fraction of the momentum =z,

fi(z)
o= Z// deydws fi(21) fi(22) 64 j. (2.5)

Formally this is valid in the limit M?,s — oo, 7 := M?/s fixed. This theo-
retical assumption has proven to give successful predictions when compared
to the experiments [16].

Equation (2.5) can be applied to leading-order (LO) cross sections giving
finite results. However, when computing next-to-leading (NLO) corrections
to the partonic cross section it is found that two types of divergences appear.
First, the usual ultraviolet divergences, which are isolated using dimensional
regularization and cancelled by including the appropriate counter-terms in
the Feynman rules. This introduces a new dependency on the renormaliza-
tion scale ug [17]. We will now briefly discuss the other type of divergences,
the infrared divergences and their relation to the PDFs.

If we consider that for example, a gluon with momentum k is emitted
from the incoming quark with momentum p, and working in the massless
quark limit, we find that the matrix element will contain a term of the form

1 1
(Pa — k)?  —2|pal[k|(1 — cos0)
where 6 is the angle between the two momenta. We can see that there exists
a divergence in the case that |k| — 0 (soft divergence) or when cosf — 1

(collinear divergence). It can be proven that the short-distance physics
(finite) and the long-distance physics (divergent) factorize in the form

(2.6)

Gii(s) = // dzrdzoly i (21, pr) ok (21228)1 1 (22, pr), (2.7)

where z; € [0,1] is the momentum fraction in the quark propagator (after
some possible gluon emission) and I'; ; is the parton-in-parton distribution
and includes all the singularities. We also define the renormalized PDFs as

f:= /01 dz /01 dzf(x)T(z, up)d(n — x2) = /nl dz%f (g) [(z,ur). (2.8)

With these definitions it is easy to see that the hadronic cross section
can be computed using only renormalized (finite) quantities,

oAB = Z// dzidwy fi(z1)fj(x2) 645
2Y)

= Z// dmdny frya(m) fiy(n2) ok (mn2s) (2.9)
k,l
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We have introduced in the expressions the necessary factorization scale
ur, which together with the renormalization scale ugr, introduced to cancel
ultraviolet divergences must be introduced also into Eq. (2.5), giving the
final factorized form for the hadronic cross section,

o(pr, pr) = Z// dardes fi(w1, pe) fi(w2, pe) 35 (21208, as(UR), pe, pw).
i?j

(2.10)
From now on we will always use renormalized quantities except otherwise
noted and will change the notation, dropping the bar over symbols for sim-
plicity.

2.4 Kinematical variables

Kinematics in hadron colliders are special in the sense that the longitudinal
momenta of the initial state partons for a given event are unknown, and must
be then convoluted with the parton distribution functions. The kinematic
variables used are therefore chosen according to this property to transform
properly under longitudinal boosts.

We first try to substitute the variables z; and x5 for more physical
variables which transform easily under longitudinal boosts. A longitudinal
boost from the rest frame can be expressed as

<£> = =P [y <? 3)] (73) m(ﬁfﬁﬁé’)a (2.11)

where we can see that two consecutive longitudinal boosts with parameters
y1 and yo are equivalent to a longitudinal boost of parameter y = y; + yo.
The parameter y is called the rapidity, and a somewhat more manageable
but equivalent definition to that of Eq. (2.11) is

1 E+pr

= —1 .
yi=glog -

(2.12)

If we use the trivial relation ¢?> = x2S, where ¢ is the invariant mass of
the gauge boson, and v/S is the hadronic center-of-mass energy, we obtain
the following transformation,

2 2
T =4/ %ey, Ty =4/ %efy. (2.13)

In the massless limit, the expression for rapidity can be further simplified
using F = |p], what leads to
E—&-pL_l1 pl+pL 1, 14cosf

0
li =-1 = =—log— = —logtan - =:
mo0? T2 T2 % Il —pL 2 81 cosh cetany =1
(2.14)




14 CHAPTER 2. PHYSICS OF HADRON COLLIDERS

where 6 is the angle of the 3-momentum with respect to the beam direc-
tion and 7 is the pseudo-rapidity. In the massless case the pseudo-rapidity
coincides with the rapidity, and in some other cases can be considered an
approximation.

Other useful definitions which are trivially invariant under longitudinal
boosts are the transverse momentum pt and the tranverse energy Ev. If the
4-momentum is expressed as (E, p,, Dy p-), then the transverse momentum

is defined as
pT = \/DP2 + D5, (2.15)

and the transverse energy is defined as

Throughout the rest of this work we will extensively use the transverse
momentum pr, as it is a crucial variable in the production of vector bosons
in general, and when taking into account resummation in particular (see
transverse momentum pr resummation in Sec. 3.3).

When dealing with vector bosons decaying into two leptons, it is also
useful to define the invariant mass M of the two outgoing particles by

M = [0 + 210+ 924

— \/m3 +m3 + 2B\ By — pi - ) (2.17)

and when the vector boson decays into a lepton and a neutrino, which is not
detected in the collider, experimentalists tend to use the transverse mass,
defined in an obvious way,

Mr = (0 + P o) (Pm,10 + P20

= \/m% +m3 4+ 2(Ev1Er2 — pT1 - pr2). (2.18)



Chapter 3

Resummation

Truth is rarely pure and never simple.
— Oscar Wilde in The Importance of Being Earnest.

In this chapter we will introduce the concept of resummation and the
basic ideas and necessary formulae for the specific application of the thresh-
old and transverse momentum formalisms. We will not attempt to present
here a complete, exhaustive or formal study of the resummation theory, but
only review the most important ideas behind it in a practical way. The
reader is referred to, e.g., Refs. [18, 19] for more comprehensive reviews and
to, e.g., Ref. [3] for a formal presentation of the theory. The developments
in this chapter will also be based on the works of Debove [7, 8, 20] and
Fuks [21, 22, 23].

3.1 Philosophy of resummation

Resummation constitutes an improvement over the fixed-order perturbative
QCD computations in certain kinematical regions, in which perturbation
theory is unreliable. This is achieved by summing to all orders some po-
tentially large (logarithmic) terms in the perturbative series thanks to the
definite structure that they present.

The Kinoshita-Lee-Nauenberg theorem [24, 25] guarantees under our
conditions that infrared singularities of virtual and real contributions to
next-to-leading order cancel with each other in fixed-order perturbation the-
ory, making the cross section an infrared-safe quantity. However, in certain
kinematical regions (e.g., at z = 1 or py = 0) the cancellation of these
divergences is constrained, leaving potentially large terms in the partonic
cross section. This leads to logarithmic terms that may spoil the conver-
gence properties of the series, but may be summed to all order in ag using
resummation mechanisms.

To illustrate the idea of resummation, let us consider an infrared-sensitive

15



16 CHAPTER 3. RESUMMATION

quantity R(M?, m?), which depends on two scales m, M, such that m < M.
The idea of resummation is intimately linked to the concept of factorisation,
and to begin we must first find an appropriate factorization of the quantity
R (which may be a very complex step),

R(M?,m?) = H(M?/p*)S(m®/1i%), (3.1)

where the two scales are separated by the introduction of a factorisation
scale p. It is important to point out that this factorisation may not hold
in the usual space (e.g., the z-space), but rather in a conjugate one (e.g.,
Mellin space).

From the dependencies of H and S we can write the evolution equations

dH ds

— — 2

Solving the previous equation we obtain

m?2

2 2
S(m?2/u?) = (1) exp (— / ' O;%Vs(qz)>> (3.3)

and by choosing the scale u = M, we can rewrite R(M?, m?) as

M2
R(M?,m?) = H(1)S(1) exp (— / dquq?)) . (3.4)

m2 4

We can see in Eq. (3.4) that we no longer have the potentially large ratios in
the quantities H and S which appear in Eq. (3.1), and so they can now be
computed reliably in perturbation theory. The exponential factor is called
the Sudakov form factor, and computing the so-called anomalous dimension
s to a specific order in ag resums to a given accuracy.

3.2 Threshold resummation

Threshold resummation attempts to resum the logarithmic terms of the form

where m < 2n — 1, which appear in the partonic cross section &, in the
limit 2 := M?/s — 1.

It is convenient to work in the Mellin space, defined by the Mellin trans-
form

F(N) := /01 dz 2N 1R (2). (3.6)
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As an abuse of notation, we will write the transformed quantities without
tilde from now on, and just by changing the argument to the Mellin mo-
mentum N, i.e., F(N) = F(N).

Using this transformation we can rewrite the doubly differential hadronic
cross section

d20'A 1 1
MQW(T) - Z/o dxa/o Ay Tafora(was 1°)oo oy (o, 1°)
ab

X 264y (2, M?, M? |7, M? /1i)S(T — zazpz), (3.7)

with 7:= M?/S, as

dO’AB
MszQd 2 (N =1) =" fosa(N, 1) fyy5(N, %)
ab

X a-ab(N7 MQ,M2/p%,M2/u2). (38)
The partonic cross section can also be expressed in a similar fashion

2 daab

———(N—-1)= N, u? N, 12
dMde’Qf( ) Z¢c/a( ) [ )¢d/b( ,,U,)

cd
X Gea(N, M2, M? [ph, M?/1i?), (3.9)

where ¢, /a(xc, ©?) is the parton-in-parton distribution of parton ¢ in parton
d (similarly for ¢g/.).

The evolution of the parton-in-parton distributions ¢./q, ¢q/ as a func-
tion of the scale is given by the Altarelli-Parisi equation [26],

8¢c/a N ,u
dlog p2 chb (N, as (1)) by (N, 1), (3.10)

where P are the splitting functions, which are calculable in perturbation
theory. As an example we give the LO values,

N
PEOYN) = O <;+N(Nl+1)—222>, (3.11)
k=1
1 24+ N+ N?
Py (V) = 5 (N(N+1)(N+2)> (3.12)
2
P{EOY(N) = CF <m> : (3.13)

1 1 AR
PQ(QLO)(N):ﬂO+2CA<N(N1)+(N+1)(N+2)_;k>' (3.14)
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We can introduce the QCD evolution operator Eq,(N, u?, u3) defined by

OB (N, p? MO )
0log u? ZPM (N, as(p )Ecb(NaM L 140)s (3.15)

with which we can write the solution of the Altarelli-Parisi equation as

(bc/a(Na /,02) = ZECb(N7 M27M(2))¢b/a(Na M%) (316)
b

Applying the Mellin transform to the logarithmic term (3.5) we can see
that log™ (1 )
og —Zz m+1
<M)+—>log N—+---. (3.17)
We will so-far retain only the leading terms in N, and especifically ignore
contributions of O(1/n) in the splitting functions. In the limit log N — oo
we can see that Eqgs. (3.11)-(3.14) behave as

PIOY(N) = Cp (3 - 210gN> +0 <le> : (3.18)
PEOY(N) ~ % (3.19)
PEOY(N) ~ % (3.20)
P{EOY(N) = By — 2C4log N + O <;f> : (3.21)

with N = Ne® and ~g being the Euler constant.
From Egs. (3.18)-(3.21) the mixing contributions can be ignored at lead-
ing power in N. Taking this into account and integrating Eq. (3.9) over pr,
we arrive at
dogp N
Qd]\;Q (N - 1) = ¢a/a(Na M2)¢b/b(N7 N2)0-ab(Na M2, M2/N2) +0 <

1

N

(3.22)
Before resumming the logarithmic terms of the form in Eq. (3.5), it is

necessary to factorise Eq. (3.22). Sterman [3] proved that the partonic cross

section in Eq. (3.22) can be factorised in the form

2 do'ab
dM?

(N - 1) - wa/a(Nv Mz)%/b(Na M2)
X Hop(M?, M? [ 1i?)Sap(N, M?/p?) + O (;,) . (3.23)

The H,, function is infrared-safe and does not depend on N, and thus
can be computed perturbatively,

Hey(M?, M? [ 1i?) Za W02, M2 ), (3.24)
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the parton-in-parton distributions ¢, , depend on invariant mass M instead
of the scale p and that satisfy the evolution equation

8¢a/a(N7 Mz)

dlog M? = Ya(as(M?))tpa/a(N, M?), (3.25)

being 7, the anomalous dimension, which can also be computed perturba-
tively,

1 02, .
%0las) = Z-g1o0m = DL e (3.26)

and corresponds to the N-independent virtual terms in P,,(N,ag). The
function S,y is related to the large-angle emission of soft-gluons and can be
computed in the eikonal approximation.

From Egs. (3.22) and (3.1) we obtain

A Q;Z)a/a(Na Mz)wb/b(N’ MQ)
(N M2, M2/ 2) =
Gab( /1) Paja(Ns 12)dpp(N, p?)

SN M2 ) (070002 + O ) 32)

N

It can be shown that by solving the evolutions equations for ¢, in
the threshold limit and using gauge invariance and renormalisation group
equations and the exponentiation of the eikonal function, the cross section
can be expressed as

N 1
Gap(N, M2, M? /%) = Hap(M?, M2/ 12) exp(Gap(N, M2, M? /1)) +0O () :

N
(3.28)
with
Gap(N, M, M?/1i?) = log Ay (N, M?, M? /1i?)
+ log Ap(N, M?, M?/1i?)
+log Agy (N, M? M?/1i?), (3.29)
where

1 SN-1_q (1—2)2M? dag?
log Ay (N, M?, M?/u?) :/ dz/ q%Aa(as(qQ)),
0 H

1—2z 2
(3.30)
N-1_1q

ﬁDab(as(u —2)2M?)).  (3.31)

1
log s (N, % 00%/4) = [ az
0
The collinear soft-gluon radiation from parton a is included in A,, which is
calculable perturbatively and D, contains the large-angle soft-gluon contri-
butions and is also perturbatively calculable.
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Integrating Egs. (3.30) and (3.31) and inserting them into Eq. (3.4) we
obtain

Gan(N, M?, M? %) = Hap(M?, M/ 1i?)
« exp(Gap(N, M2, M2/12)) + O (;) . (3.32)

The difference between the hard function H,, and H, is that the former
includes the non-logarithmic terms wich result from the integrations,

HE) (M2, M2 /%) = HE) (M2, M? /1) (3.33)

ab a

2
M) (M2, M2/ 2) = H) (M2, M2/ u?) + %(AgU + AN HO (M2, (3.34)

a

and G, can be shown to have the expansion

- (1 1 3
Gan(N, M?, M2 [11%) = log Ngly) (N + g5, (0, M /) +asgyy) O\ M2 /) +- -
(3.35)
where A = agfBylog N. The functions gc(fb) resum the logarithmic terms up

to a given order. The term g(%)
and depends on Agl), while g((j)) depends on A((ll), Aﬁf), Dé? and resums at
the next-to-leading logarithmic (NLL) order. The rest of the gc(;,) functions
resum at higher orders.

We will now present the values of the functions for next-to-leading order

(NLL) resummation. First, the 96(7,72 functions are [27]

is the leading logarithmic (LL) contribution

Mg D () = (AD + ADY(2X + (1 20) log(1 — 2)) (3.36)
26093 O M) = (AP + AL log(1 — 2o 1y
+ (AW 4 Agl))gé(zx +log(1 — 2)\) + % log2(2 — 2)))
(AW 4 Ag”)ﬂlo(zx +log(1—2))) + DY log(1 — 2)),
(3.37)

with the coefficients

AW =2, (3.38)
67 > 5
(2) — or ™ _2
AR =90, [(18 . > Ca 9nf} : (3.39)
pY) —o, (3.40)

where Cy = Cr and Cy = Cy.
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The Hgp, function is, by comparing Eq. (3.32) with the perturbative
expansion of G4, given by
0 (0

HO) (M2, M2 /?) = 63 (M2, M? /1), (3.41)

HY) (M2, M2 /i) = 65 (M2, M?/11?) (3.42)

x (Ao + (6P + 6P log % +— (A<1> + AY),
(3.43)

with 5PCE;) the coefficient of the §(1 — x) term in the splitting function Péi),
and Ay is the infrared-finite part of the renormalised virtual correction, i.e.,

M2

F'l—e¢) (Ao A, .
“T(1—2¢) ( 2 T, +A0> MO+ 0(e), (3.44)

2\ €
MO 4 he = ag <47T“>

€

where the MS renormalization scheme has been used.

The large logarithms must be resummed near the threshold, but the
fixed-order predictions far from this threshold are still valid, so to obtain an
expression valid for all kinematical regions it is necessary to do the matching
of resummation predictions to fixed-order computations,

N

g = (ATres + (A7f.0. - &expa (3'45)

where ¢ is the resummation cross section, 6. is the fixed-order compu-
tations and Geyp is the result of the expansion of the resummed cross section
to the same order in ag as the perturbative result,

X 0 1
55 — HO (M2, M2 /1) + agH') (M2, M? /1?)

M2
~as (20 - tog 25 ) S (4%, 0% ) PR () + PO L (047, 047 )

[

—agHY (M2, M2 /1) (L2(AD + AD) + LB + ByY)). (3.46)

3.3 Transverse momentum (pr) resummation

Transverse momentum resummation resums logarithms of the form
log™ M2 2
al (g M /pT)) , (3.47)
pT +

where m < 2n — 1, that appear in the transverse momentum distributions.
We will now present the necessary formulae for this resummation in the
Collins-Soper-terman (CSS) [28] formalism.
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It is convenient in this case to work with the Fourier transform Wy, of
cross section in Eq. (3.7),

d2 a d2
MQW(N) /47r ePPTI, (N + 1, M2, M26°, M2 /u?),  (3.48)
T

with b is the so-called impact parameter and b := byg/2. The angular inte-
gration can be performed, yielding

2
2 d Uab

[e.9] b 9
FRVERTES N) 2/0 dbo Wan(N + 1, M2, M?b°, M?/u?), (3.49)

with Jo the first-order Bessel function. In this form, the py — 0 singularities
are translated into large logarithms for Mb — oo of the form

1 M2 _
( log™ ( >) — log™ ! M2 + ... (3.50)

Following the CSS formalism [28], the Fourier-transformed cross section
Wap can be factorised as

Wap(n, M?, M?6*, M?/1i2) = 3 Hog(M?, M? /1) Sca(N, M?D°)
c,d

X P.so(N, b7, M252)Pd/b(N, b2, M%) + O < (3.51)

).
M?2p?
where S¢q is an eikonal function that describes soft-gluon emission, P/, is
the parton-in-parton distribution at fixed transverse momentum, which in-
cludes the collinear singularities and will be later related to the pp-integrated
¢cjq and Heq is a hard function which is infrared-safe and can therefore be
computed perturbatively,

Hea(M?, M?/pi?) =" af HG) (M M? /). (3.52)
n=0

Although we have chosen a notation that highlights the similarities with
threshold resummation, it is necessary to point out that the functions H.4
and S.4 are not defined as the ones in Eq. (3.23).

Solving the evolution equations for P/, and the eikonal exponentiation,
Eq. (3.51) gives

W (N, M2, M26°, M2/ = Heg(M? M?/1i?)
c,d

Pc/a(Na 627 1)Pd/b(N7 b27 1) eXp(ch(M2 M2 MQ/M )) (353)
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where in this case the exponent G4 can be written as
Goa( M2, M25°, M2/ 1i2)
1 /M2 dg? < ) M? )
=—— — | Ac(as(¢®))log | — | + Be(as(q + (c+—d), (3.54
2 ) P (as(q)) 7z (as(q”)) ) + ( ), (3.54)

and the P/, functions can be expressed as
=2 -2
Pjo(N?,0,1) = Co(N, as(1/0 ) pesa(N, 1/07). (3.55)

Performing the inverse Fourier transform of W, and evolving the ¢/,

functions from the p scale to 1 /52 by using Eq. (3.15) we obtain
Uab(N7 M27 MQ/pgf7 MQ/MQ)

. / A2 Jo(bpr) 37 Hea( M2, M2 /) exp(Gea( M2, M2 M2 [42))
0 c,d,e,f

x Coo(N, as(1/6°)Cap (N, ag(1/5°) Eea(N, 1/8°, p2)Epp(N, 1/5°, p%).  (3.56)

To perform the resummation at a given order, we need to perturbatively
obtain the functions H.p, A, Ba, Cyup at a given order in ag,

b= S AD, By SSaBE, CulV) = b+ 3N,
n=1 n=1

n=1

(3.57)

where for the LL accuracy we need the H ©) A((ll) terms, for the NLL the

ab

W A((IQ),B((ID,C&) terms are also required, and for the NNLL also the

ab
terms Hc(bz), A,(;’), Béz), ((j) are necessary. We will from now consider up to
NLL corrections.
After the integration in Eq. (3.54) G, can be written as

Gap(m?, M2, M? /i) = log(M?6g}) (\)) + 92 (A, M2/u2) + ..., (3.58)

a

with X := agfp log(M 252). The function gi})) resums up to LL and the g((;)
function resums the NLL contribution. These two functions are given by

229, (A) = (A + AT (A +log(1 - 1), (3.59)
A M?
26097 O 102) = (A0 -+ A7) (12 +1os1 = ) o (1)
+ (A + A )ﬁo( ot yleg?(1- )
IO RO +log(1— )
‘ b B \1—A

+ (B 4 BM)log(1 — A), (3.60)
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where the A((j), B((zi) coefficients coincide with the values from threshold re-
summation in Eq. (3.38).

As a difference from threshold resummation, there is not a unique set of
functions Hc(dlj), C’O(Li), BC(LQ) [29], but there is some freedom in the choice. We

will use the original CSS factors [28, 30, 31], which are given by

Hop(M?, M? /%) = 00 (M2, M? /1i?), (3.61)
2 2
B =257 + o (%5-Cut ) (3.62)
L |
CPN) = ba (CTE3 + 2A0> — PP, (3.63)

where [F’é;)(]\f)]€ is the O(€) term in the e-expansion of Pé;) and the other
factors are defined as for threshold resummation.

Similarly to the case of threshold resummation, it is necessary to perform
the matching, which in this case is given by

o= a'res + a'f.o. - 5'expa (364)
with
5P (n, M2, M2 /ph, M?/u?) = HY) (M?, M?/1?) + asH') (M2, M? /)
M2
—as (.7 — log M2> ST HQ (M2, M2 /1) PY (N)+PD (N) Hep (M2, M? /42)

+as Y (HO M2, M?/2)C (N) + CO(N)HS (02, M2/ 12))
C

j2
4

AP + AD) + Lo ¢ Bé”)) . (365)

— s ) /

a

where | o
T / db Jo(bpr) log (M25?), (3.66)
0



Chapter 4

New gauge bosons

Ich gebe zu, dass mein Ausweq vielleicht von vornherein
wenig wahrscheinlich erscheinen wird, weil man die Neu-
tronen, wenn sie existieren, wohl schon lingst gesehen
hitte. Aber nur wer wagt, gewinnt.!

— Wolfgang Pauli in an open letter to the ETH Ziirich proposing

the existence of a new particle (the neutrino.)

The standard model (SM) of particle physics has proved extremely suc-
cessful from a theoretical and experimental point of view. Its predictions
have been confirmed up to a high precision and the recent landmark dis-
covery of (a particle compatible with) the Higgs boson [1, 2] means the
confirmation of the ideas of electroweak spontaneous symmetry breaking
(SSB) and the theoretical closing of the SM. There are however numerous
evidences that the SM is an incomplete theory. Examples of these include
the hierarchy problem of the Higgs boson and the problem of dark matter,
which cannot be explained in the context of the SM alone. Some of the most
promising extensions which solve (some of these) problems of the SM involve
additional gauge bosons similarly to the electroweak Z and W bosons.

In this chapter we will briefly introduce the most important theories and
families of theories that include an additional Z’ or additional Z’ and W’
bosons. There are many theories of this type, so this list by no mean com-
plete, but we aim only to present those theories which are well established
and that are interesting either from a theoretical or from a phenomenological
point of view.

LT admit that my solution may seem improbable because one would have probably seen
those neutrons, should they exist, long time ago. But nothing ventured, nothing gained.
TN: What Pauli here calls the neutron would be later known as neutrino.

25
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4.1 Theoretical models

Theories that include new heavy particles with spin-1 are only valid in quan-
tum field theory (QFT) if the particle is a gauge boson associated with an
spontaneous symmetry breaking [32]. The theory is defined by the specific
breaking mechanism, which fixes the fermions charges under the new gauge
symmetry, and (up to mixing terms) the couplings. Additional (exotic)
fermions may be necessary in the theory for anomaly cancellations. We will
study the phenomenology of various breaking schemes and the associated
couplings to SM fermions.

The most general Lagrangian that can be written for Z’ can be expressed
as [32]

Z (ghury"ur + gidpy*dr + giupy"ur + g dry"dg
+ gyt + gkepyter + glleryter), (4.1)

where u,d,v,e are the SM fermions in the mass eigenstate basis and the
g coefficients are real dimensionless parameters. In the case of generation-
dependent couplings we would need to trivially introduce additional gener-
ation indices labelling the fermions and the coefficients would be promoted
to 3 x 3 Hermitian matrices. For W’ we have a similar expression [32],

Wi
ﬁ [ﬂi(c«fwPR + Cay Py + vi(Cl Pr+ Cly Puyes) |, (4.2)

where the C' coefficients are complex dimensionless parameters and for the
SM quantities we use the same notation as in Eq. (4.1) and where we have
now included the generation indices i, j explicitly.

4.1.1 The sequential standard model (SSM)

The most simple example of a theory including new gauge bosons Z’' and
W' is the sequential standard model (SSM) [33]. It is a non-realistic model
that has the same couplings of the SM electroweak sector but with heavier
gauge bosons. Despite being mainly non-physical, it is considered a stan-
dard for searchs in colliders and has been extensively used by experimental
collaborations (see Ref. [34] and references therein).

For completeness and to fix notations we will write here the SSM cou-
plings to SM fermions. In the case of the W’ boson, the constants in Eq. (4.2)
are simply given by

C(?z] JEW, C(f;_] = 07
CZL{J- = JEW, CSJ = 0, (4.3)

where i, 5 € {1,2,3}.
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For Z' we can write the parameters in Eq. (4.1) as

L gew (1 2 ., R 298w . o
u cos fw (2 3o W) ’ u Scosfy W
L gEW L R JEW . 9
= — —— — 0 5 = 0 )
Jd cos Oy ( 2 + 3% W) 9d = 3cos Ow W
L JEW L .9 R_ YEW . o
= — _— S 9 = S 0
Je cos Oy ( g Tom W> ’ Je = cosby W
L JEW R
9y = " 2cosby 9, =0, (4.4)

where Oy is the Weinberg angle.

4.1.2 Grand Unification SU(5), SO(10) and Es models

The SM is based on the SU(3). x SU(2);, x U(1)y symmetry group, which
combines Quantum Chromodynamics (QCD) with the Glashow-Winberg-
Salam theory of electroweak interactions. This symmetry group structure
raises a number of theoretical concerns. On one hand it fails to unify the dif-
ferent forces and contains a relatively large number of arbitrary parameters.
The fact that left-handed particles transform as doublets under SU(2)y, while
right-handed ones transform as singlets, introduces an unnatural left-right
asymmetry. Furthermore, the three-generation-structure lacks any theoreti-
cal explanation. Grand Unification Theories (GUT) attempt to solve (some
of) these theoretical shortcomings.

Taking into account that the SM symmetry groups have rank 4, Georgi
and Glashow [35] proposed SU(5) as the simples GUT. In SU(5) the fermion
fields are associated into 5 and 10 representations. However, SU(5) was
quickly ruled out experimentally by the proton lifetime and the electroweak
mixing angle values [36].

SO(10) was proposed as the next-to-simplest GUT, which still remains
compatible with experimental data. It embeds the SU(5) model and inherits
some of its properties but includes additional right-handed neutrinos (see
Ref. [37] and references therein).

Green and Schwarz showed that string theory is anomaly-free in ten di-
mensions if the gauge group is either Eg x E} or SO(32). However, SO(32)
does not lead to chiral fermions, so Eg x Eg seems more attractive from a phe-
nomenological point of view. The compactification of the additional dimen-
sions with SUSY N = 1 leads to Ejg as the effective symmetry group. There-
fore, Eg is now one of the most interesting GUT scenarios under study [37].

There exist a few Eg breaking schemes, with different low-energy phe-
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nomenology [38],

Eg — SO(10) x U(1)y — SU(5) x U(1)y x U(1)y, (4.5a)
E¢ — SU(3). x SU(2)r, x U(1)y x U(1)y, (4.5b)
Es — SU(3). x SU(2)r, x U(1)r, x U(1)g, (4.5¢)
Es — SU(3). x SU(2); x U(1)y x U(1)y~ (4.5d)

)

We will focus in this section on model (4.5a) and in a later section (4.5¢c
will be reviewed in a general G(221) framework. For a general review, the
reader is referred to Ref. [38] and references therein.

The Eg and even a SO(10) symmetry would impose strong (often un-
realistic) constraints and would lead to additional fermions for anomaly
cancellations. We will not consider these issues here, but rather treat the
models from a general and phenomenological point of view.

For model (4.5a), in general, a linear combination of Z, and Z; will
remain light,

Z' = Zy cos 3+ Zysin 3, (4.6)

where 3 is a mixing parameter.?
The couplings to the SM fermions are given by [39]

cos 3 sin 3 cos 3 sin 3
9 :_QEW2\/—+9EW2f G _QEWQ\/— 9EW2\[
cos 3 sin 3 R 3cos 3 sin 3
g = —QEWQ\/» EWﬁ_y 94 = _QEWW - gEWT\/éa
95 _QEWBCO\/;f +QEWS1\/H£7 95:0,
L 3cos 3 sin 3 cos 3 sin 3
Je :gEWW +9EWT\/6, g6 _QEW2\/> —9EW = N (4.7)

Some values of 3 give a Z’ boson with special properties. Here we present
some of the most important models included in this Fg framework. For more
details on specific models for different values of 3, see Ref. [40].

1. The particular value 8 = 0, is called the Z,-model, and is the only
family-universal model without additional particles (other than the
right-handed neutrino) and without anomalies whose gauge group is
orthogonal to U(1)y.

2. In the case of 8 = 7/2, the so-called Zy-model, there are only axial
vector couplings to SM fermions.

3. The case = —arctan /5/3, referred to in the literature as the Z,-
model, is the result of Calabi-Yau compatification of the heterotic
string.

2Please note that in the literature the definition of 8 varies.
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4. Another interesting case is 3 = arctan 1/3/5, the so-called —Z;-model,
which has vanishing couplings to up-type quarks and is orthogonal to
Z,. In this model, the Z’ production is suppressed at hadron colliders.

4.1.3 G(221) models

One of the families of models including both a Z’ and a W’ is obtained by
extending the SM gauge groups with an additional SU(2). It can be viewed
as a next-to-simplest extensions after the U(1) extensions seen in previous
sections. Arguably the most studied model of this kind is the left-right
model [41, 42, 43], but many other theoretical possibilities exist and they all
yield very different low-energy phenomenology. It constitutes therefore an
interesting goal of study at the LHC, and there are attempts to investigate
the phenomenological consequences of these models from a global approach
(see Ref. [44] and references therein).

Following the classification scheme of Hsieh et al. [44] we will generi-
cally review the G(221) models consisting of a gauge structure SU(2); x
SU(2)2 x U(1)x which breaks to the well-known electroweak SM sector
SU(2)r x U(1)y and eventually to U(1)ey, by spontaneous symmetry break-
ing (SSB). According to this classification we will consider two different
breaking patterns:

1. In breaking pattern I, SU(2); is identified with the SM SU(2)r,. Thus,
the first breaking is SU(2)2 x U(1l)x — U(1l)y, giving the W’ and
7' bosons. The next breaking would be the usual SM SSB. To this
set belong the left-right (LR), the leptophobic (LP), the hadrophobic
(HP) and the fermiophobic (FP) models. The corresponding charges
under the different simple groups are given in Tab. 4.1.

2. In breaking pattern II, U(1)x is identified with U(1)y of the SM.
Hence, the first breaking would be SU(2); x SU(2)2 — SU(2), giving
the Z' and W’ bosons, followed by the SM SSB. The charges under
the different gauge groups are also summarized in Tab. 4.1. To this
model belong the un-unified (UU) and non-universal (NU) models.

We will review now the theoretically distinguished LR models [41, 42,
43] and the left-handed UU [45] and NU models [46], to which we will
restrict ourselves in the phenomenological study. We will explicitely not
treat anomalies (which exist in the case of the UU model), but rather make
a global analysis.

The left-right (LR) model

One of the best known theories predicting new gauge bosons involves restor-
ing the left-right symmetry to the SM by introducing a new gauge group
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Model SU(2), SU(2), quaﬂg “fpmns
Left—right (uL, dL), (VL, eL) (UR, dR), (VR, eR) 1/6 —1/2
Leptophobic (uL, dL), (VL, eL) (’LLR, dR) 1/6 Ysm
Hadrophobic (ur, dy,), (vL,er) (VR, €R) Ysum -1/2
Fermiophobic (uL7 dL), (VL, GL) YSM YSM
Ununified (UL, dL) (VL, eL) YSM YSM
Nonuniversal (UL, dL)1,2, (VL, €L)172 (uL, dL)g, (I/L7 eL)g YSM YSM

Table 4.1: Charges of the different SM fermions under the G(221) symmetry
groups for different models. From Ref. [44].

SU(2)gr. This models require a right-handed neutrino. In LR models left(right)-
handed fermions transform as doublets under the additional SU(2)r group
while right(left)-handed ones transform as singlets. There are many different
specific realizations of this model (for a review see Ref. [47] and references
therein), including manifest and pseudo-manifest LR, where the left-right
symmetry is exact and therefore gy, = gr, being the left CKM equal to the
right CKM in the former case (but not the latter); and different models with
no exact LR symmetry, where the LR symmetry is broken at a much higher
scale.

Following Ref. [44] we will parametrize all the LR models by the intro-
duction of three parameters {x, ¢, 5}. The couplings cannot be directly ex-
pressed in terms of these parameters, so we will use the parameters {¢, 6, s :
sin ¢, gx, g1, g2} and later give the appropriate relations between the param-
eters. With this, the couplings of W’ using the definitions in Eq. (4.2) are
given by

for i,7 € {1,2,3}. For Z’ and using the definitions in Eq. (4.1), we have

o 1, Rl L
L 1 R 1 1
=—=8 = ——Cpg2 — =S

9d 6 09X, 9a 5 »92 6 09X,

L1 R_1,oo 1

g9, = 5 $9X, 9y = B »92 9 09X,

1 1 1
g = 5569 ge = —5Ce92 T 5549, (4.9)

where ¢y := cos ¢, 54 := sin ¢.
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Now we can use the relations

tan ¢ = @,
g1
) 2 Qe
0 )= ——,
sin®(0) cos*(0) VM2Gr
1 1\1/2
91 95

to recover the dependence on the parameters {z,¢,3}. For a complete
derivation and constraints on the different parameters the reader is referred
to Ref. [44].

An interesting example of LR model comes from a a particular breaking
scheme for SO(10) (here embedded in Ep) as seen in Sec. 4.1.2. In this case
the SO(10) group breaks into

SO(lO) — SU(B)C X SU(Q)L X SU(Z)R X U(l)B,L. (4.11)

The couplings to the Z’ in this case are given by just two parameters, since
the other is fixed by the breaking scheme, and can be expressed as [39]

1 o 1
L _ R_=2 .
9u 760492’ 9u 292 6a92’
1 o 1
L _ R - _ = o
9a = 760492’ 9d 292 76@‘(]2’
1
L R
9y, = 20&92’ 9 = 07
1 1 o
L R
_ =~ gy — — 4.12
9e = 592 9e 592 = 92 (4.12)
with « the free parameter
0 2
qim [ OW S (4.13)
Sln(ew) gl

where Oy is the SM Weinberg angle. The parameter « lies in the range

2 cos(bwy)
\fgag’/sm(ew)_l' (4.14)

The ununified (UU) model

In the UU model the left-handed quarks and left-handed leptons are doublets
under different SU(2) symmetry groups, being singlets for the other what
gives raise to a mostly leptophobic left-handed W’ boson, i.e., C. <« CU

lij qij
R R
and Clij = quj =0.
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The couplings in this model to the W’ boson are given (with the same
conventions as for the LR models) by [44]

Cgij = cogr,  Cqij =0,
Cli; = s92, Ciy; =0, (4.15)

with 4,5 € {1,2,3}.
For the Z’ boson and using also the notations used for LR models, we
obtain the following couplings [44]

1

9112 = 5%917 95 =0,
g{i = —%%917 gg” =0,
9 = —%%gz, 9 =0,
gl‘ = %%gg, 95 =0. (4.16)

The UU models may have anomalies which need to be canceled by the
introduction of exotic fermions. We will not enter into the details of such
procedures since we are interested only in the couplings to SM fermions.

The non-universal (NU) model

Another left-handed model that predicts Z’ and W’ bosons is the NU, where
the two light generation and the third one transform as doublets under differ-
ent SU(2) groups and therefore the couplings are not generation-universal.
For the parametrization of these models and the different constraints the
reader is referred to Ref. [48].

We will, as with the other models, present here the couplings to the SM
fermions. In the case of Z’ the couplings, using the previous definitions can
be expressed as [44]

1
Gy = §C¢>gla 9u = 07
L 1
9d = 3¢9 9d = 0,
1
9, = §C¢gla gllj{ = 07
1
g = —=cog1,  ge=0. (4.17)
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for the two light generations and

1 R

g =—5¢02  ga =0,
gzI; = %Sqﬁg% 95 =0,
g = —%qugz, gy =0,
gr = %Sq‘)gz, g} =0. (4.18)

for the third generation, while in the case of W’ we have

C(?z]:c(lﬁgl’ CR:07
Ci; = o1, Ci =0, (4.19)

for the two light generations 7,5 € {1,2} and

CqL33 = $492; 02),3 =0,
Clis = 5692, Clyy =0, (4.20)

for the third generation. As a difference with the UU model, these models
do not present anomalies.

4.1.4 Other models

There are many other models than those here presented that predict new
gauge bosons. One first example is the Little Higgs model [49] which pre-
dicts new particles, including not only new gauge bosons but fermions and
Higgs bosons, which remove the one-loop divergencies to the SM Higgs mass
solving the hierarchy problem. The details depend on the specific scenario.
Another example of such theories would be the Kaluza-Klein excitations
coming from extra dimensions. In technicolor theories, the techni-p is a
non-elementary spin-1 boson which is a candidate for a composite Z’. A

review of these different models can be found in the appropriate section of
Ref. [32].

4.2 Current constraints

Experimental collaborations have searched for new gauge bosons in leptonic
(e.g. LEP) as well as hadronic colliders, and it continues as one of the main
focuses of exotic physics searches at the LHC. These searches give raise to
several constraints on the Z' and W’ bosons that we will briefly review.
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4.2.1 Constraints on 7’

In leptonic colliders, Z’ is produced in the process ete™ — ff through an
s-channel for e # f and the s-, t-, and u-channel for e = f. In the case M/, <
\/s it appears in the form of a resonance at the M/, mass (accompanied by a
photon emission). The most important limits from this type of colliders come
from LEP-II, and either set a lower limit M/, > 209 GeV or Z’' couplings
are of the order I' ~ O(1072) or lower. A review of the different limits can
be found in Ref. [32] and references therein but are now largely outdated by
LHC limits.

The most stringent limits on Z’ currently come from LHC collaborations
ATLAS and CMS. The Z’ boson is expected to show up as a resonance in the
dilepton channel that would determine the mass and width of the new boson.
Furthermore, angular distributions by measurements of the rapidity would
distinguish between couplings to up-type and down-type quarks, although
the complete determination of the Z’ couplings with 100 fb~! of data at
the design energy /s = 14 TeV is expected only for m/, < 1.5 TeV which
is already ruled out for most of the important models as we will later see.
The spin of the Z’ boson could be measured under the same conditions for
masses m’, < 3 — 6 TeV depending on the model [50, 51].

Two of the main channels are the e"e™ and p* i~ which provide a good
mass resolution. Current constraints coming from these channels combined
are 2.33 TeV in the SSM, 2 TeV for the Zq’p FEs model and similar values for
other models by CMS at /s = 7 GeV [52]. Preliminar results from ATLAS
at /s = 8 TeV claim limits of 2.49 TeV for the SSM, 2.09 TeV for Z{b,
2.15 TeV for Z; and 2.24 TeV for Z; Eg models [53].

4.2.2 Constraints on W’

At leptonic colliders the W’ boson must be produced in pairs via its Z and
photon couplings. With LEP-II data the W’ boson can be ruled out up to
masses of 105 GeV [32].

Similarly to the Z’ case, the main channel for W’ searches is the leptonic
decay to electron or muon and missing transverse energy. The mass of the
W' boson can be seen as the endpoint of the transverse mass distribution.
Usually the left-handed couplings are assumed to vanish, i.e., the W — W’
inteference is not considered, although the latest analyses by LHC have
started to do so. Once discovered, however, the interference effects could be
observed and would provide information about the couplings which could be
used to determine the right model. The channel 77 has not been explicitely
investigated yet, although some information can be derived from missing
transverse energy searches.

Other channels in which a W’ boson can show up include the WZ, the
[T1™ + jj channel in which the two jets and one lepton come from the decay
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of a right-handed neutrino and the tb channel in the case of a heavy right-
handed neutrino, i.e., when the decay of W’ is kinematically forbidden my
the right-handed neutrino mass.

Current constraints at LHC are at 2.5 TeV for a right-handed W in the
SSM by CMS at /s = 7 TeV and 2.43 — 2.64 TeV when considering the
interference with W in the leptonic channel [34], 840 GeV for a SSM W' in
the tt + jj channel [54] also by CMS, and 2.55 TeV for SSM in the leptonic
channel by ATLAS [55]. Preliminary results from CMS claim a 2.85 TeV
limit in the leptonic channel for SSM with data at /s = 8 TeV [56].
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Chapter 5

New gauge boson production
at the LHC

In this chapter we will compute the fixed-order cross section for the the
Drell-Yan-like leptonic channel.

We present the computation of the partonic cross section for new gauge
boson production with leptonic decays (charged lepton-charged lepton for
Z'" and charged lepton-neutrino for W’) at hadron colliders (i.e., with quarks
and gluons in the initial state) up to next-to-leading order (NLO).!

5.1 Leading-order cross section

We will start by computing the leading-order contribution to Z’, W™, W'~
production, given, respectively, by the subprocesses

qq—,2,2" =1,
qf — WH W™ — [Ty,
qf =W, W™ =1 . (5.1)

which are depicted generically in Fig. 5.1. The partonic cross section can be
expressed as the corresponding squared matrix element averaged (summed)
over all the incoming (outgoing) spins, polarizations and colous, multiplied
by the final-state phase space and divided by the flux factor,
dop = iimgﬁdps(?) (5.2)
36 2s ' '
Although it is not necessary at the LO level, we will perform the computa-
tions in D = 4 — 2¢ dimensions for consistency with the NLO corrections.

"We will use the term next-to-leading order or NLO to refer to O(as) corrections to
the cross section. This definition varies in the literature, e.g., for transverse momentum
(pr) distributions.
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Figure 5.1: Feynman diagram 1 of the leading-order contribution to the
Drell-Yan-like production of a vector boson a € {~,Z,Z', W, W't W'~}
where [, ' are the appropriate (anti-)leptons and a, b represent the incoming
(anti-)quark.

The differential phase space for two outoing particles with momenta
D1, p2 can be written as

1 dD_lk‘l dD_lkg
(27‘1’)"—2 2k 2F9

If we substitute ki, k2 with the center-of-mass (COM) variables y :=
(1 + cosf)/2 with @ being the angle formed by k1, ks and s = (p; + p2)? =
(k1 + ko)? =: Q?, we can integrate Eq. (5.3) taking into account that the
Born matrix element will not depend on y.

To integrate Eq. (5.3) we will use the COM frame for kj, ko, with four-
momentum

aPS® — §"(p1+p2—k1—ka).  (5.3)

PEOM = k1 + ko = (1/5,0,0,0). (5.4)

It can be seen that

/d@&(ké —m?) = /dkgé(E22 — (Jk2|?® +m?) (5.5)

) / deW (6 (B2 + VIRP ) (56)
+6 <E2 - \/W» (57)

1
=55, (5.8)
which can be inserted into Eq. (5.3) yielding
D-1 D—1
/ aps® = 5 Edl (%)k i éﬂ)fl (2m)P (5.9)
X 6((P — k)2 —m2)6P (P — ky — ky) (5.10)
-1 /dD_15(s—E1\/§—m2) (5.11)
(2mP-2 | 2E, ’

where we have used k3 = (P — p1)? = s — 2F;/s. Now if we use polar
coordinates in D — 1 dimensions,

APy = |ky|P72d]ky [dQp o = EPT2AE1dQp (5.12)
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and the identity [57]

/ dQp_4 / dQp_odbp_osin?20p_o
or(n=1)/2 /
=——— [ dfip_s sin?~2 Op_o, (513)
[((n—1)/2)

we obtain
11
/dPs<2> = @3 /dElED 35(s — 2E1/s — 2)/dQD2

1 27T(D72)/2 1 D—3 T . D—3
= @m) P2 (D = 2)/2)2/dE1E1 /0 dé sin 0

X 8(s — sv/sE; —m?)

B a(D=2)/2 1 s—m D—3/d9 ey
T @D T (n—-2)/2) 25 \ 25 |
(5.14)
where we have used
1 s —m?
5(8 — 2\/§E1 — m2) = 2785 <E1 — 2\/5 ) . (515)
Finally substituting y := (1 4 cos ) /2, we obtain
1 (47T)E 2 1—2¢ _
2) _
/dPS( ) = BT 81_ / dy[y(1 — (5.16)

and since the Born matrix element does not depend on y, we can perform
the integration,

[ - = 55 (5.17
so we finally obtain the relation
/dPs<2> = 8% <g;> FF((;__;G)) (5.18)
If we insert the identity
= /dQ25(s —-Q%) = i/d@% <1 — QQ) (5.19)

into Eq. (5.18) we obtain

dPS® 1 /4r\  T(1—e) Q?
dQ*> ~ 8ms (Q?) re-2° (1 - > (5:20)
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with what we can rewrite Eq. (5.2) as

dog 11— (4n\ T(1—¢) Q?
i~ we ! (@) re=ago (1-5)- 6

In the limit ¢ — 0 and using the definitions of @Q? and y we recover the
widely-known relation [13]

dop 1 1 —
T |Mg)?. (5.22)

The squared matrix element is the sum of all the contributions of the
different channels including all the possible interferences,

Mg =>" MM (5.23)
a b

where a,b € {v, Z, Z'} for the uncharged channel and a,b € {W, W'} for the
charged channel.

The different terms can be read off the Feynman diagram in Fig. 5.1
using the usual Feynman rules,

1 1
MM =
CTb s —ma(ma + Qa) s — mg(mg — Qp)
X Tl"[’mraqqpb%f‘ﬂqqpa] X Tr[’y“Fa”;zﬁlfy”f’g”%], (5.24)

with «, 8 defined as before, m,, {2, being the mass and width respectively
of the vector boson «a, pu(pp) is the momentum of the incoming antiquark
(quark), pi(p2) is the momentum of the outgoing antilepton (lepton), I'ngq
being the coupling of the vector boson « to two (anti-)quarks with the same
or different colours and/or flavours and I'yy; being the coupling of the vector
boson « to two charged (anti-)leptons with the same or different flavours.
The different I' couplings will have the general form

I' := LP;, + RPg, (5.25)
with
po— 120 p .= 1T05 (5.26)
2 2
and T is defined? to be
I':= L'PL + R*Pg. (5.27)

The different models have different I' coupling factors. Introducing the
I" factors for a given model (which can be found in Ch. 4) into Eq. (5.24),
substituting Eq. (5.23) into Eq. (5.2) and integrating over the appropriate
range of Q2 gives the final op.

2Note that this is not the normal conjugate, which we will denote T'T. We use this
notation so the conjugate of a full vertex ~,I' can be written as (y,I)" = I'fy, = ~,T.
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(c¢) Diagram 4.

Figure 5.2: Feynman diagrams of the next-to-leading order virtual contri-
butions to the Drell-Yan-like production of a vector boson «. The notations
are the same as in Fig. 5.1.

5.2 Next-to-leading order corrections

5.2.1 Virtual corrections

Virtual corrections at the NLO level come from virtual loops associated to
the propagation of the incoming quarks (bubbles) and to the QCD vertex
(triangle). The buble contributions will turn out to be zero.

The virtual cross section is given by a similar expression to Eq. (5.2)

1 —
doy = —— M, |?dPS®. 2
o = =5 (AT dPS (5.28)
so we can similarly write the differential cross section in D dimensions as
doy, 1 1 —0o (47\° (1 —¢) Q?
— = = M)P =) ———=d(1—-=). 5.29
dQ? 36 16s2 M| <Q2) I'(2 — 2¢) ( S ( )

Now we will compute the squared matrix elements for the different con-
tributions.

For the bubble diagram the contribution will be zero. This can directly
seen by considering the contribution to the incoming quark propagator,
which will include a term of the form

dPk 1
| e (5.30)

which can only depend on p? since it must be a Lorentz scalar, and thus, in
the massless quark limit,

MyM] =o0. (5.31)
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Of course this can also be computed analytically obtaining the same result.
The triangle vertex in Fig. 5.2(c) can be expressed as

- _/ Pk @, +p, + By
) @2m)P ((pa + o+ k)22 (pa + F)?

By using the defintions in Ref. [58] we can insert this into the interaction
term of Fig. 5.2(c) with Fig. 5.1, obtaining

(5.32)

MyM] = [4(pa - pb)(Cas + Ci1) + (2 — D)*Cy
—2(4 = D)(pa - pp)(C23 + C'12)]]\41]\/11T (5.33)

5.2.2 Real corrections

We will now investigate the NLO corrections arising from the emission of a
real quark or gluon. In this case the final phase space has three particles,
and therefore we have to use the expression

1 —
do, = — [M,|2dPS® 5.34

where dPS®) represents the differential phase space for three particles, which
can be expressed as
dD_lkl dD_lkJQ dD_lk‘g

3) —
dps T 2E1(2m) D1 2E,(2m)P—1 2E5(27) D1

(27)P P (p1+pa—k1—ka—k3).
(5.35)

Using the expression [59]

d 2 —1
1—/ ¢ / i 1%]5 @m)P5P (g — ky — k), (5.36)

where ¢ = k1 + ko represents an intermediate propagator, we can split the
3-particle phase space into two 2-particle phase spaces,
dQ2 dD—l]{;3 dD—lq DD
2m)7 0 — kg —
o {2E3(27r)D1 2Eq(27r)D*1( )"0 (p1+p2 — ks —q)
dD—l]{;1 dD_lkl
2E1 (27T)D71 2E1(27’[‘)D71

dpPs® =

(2m)P6P (g — ks — 1@)]

= @dps(”dps(f), (5.37)

where dPS?) has already been computed in Eq. (5.18) and using Eq. (5.16)
(2)

we can write dPSy;” as

€ (s — 0212 [l

where the y-integral cannot be performed yet since the squared matrix ele-
ment for the virtual contributions will depend on y.
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(a) Diagram 5. (b) Diagram 6.

Figure 5.3: Feynman diagrams of the NLO real gluon emission contributions
to the Drell-Yan-like production of a vector boson «. The notations are the
same as in Fig. 5.1.

Gluon emission

There are 2 different gluon emission diagrams contributing at the NLO level,
as depicted in Fig. 5.3, which means there are 4 interference terms in the
squared matrix element. We will compute here only one of the four elements
(since the other three are very similar), and will include the full contribution
in the final result.

Let us take the term associated to the squared matrix element given by
the self-interference diagram in Fig. 5.3(a). From the Feynman diagram it
can be read

F_ ! i ! !
M5M5 o <(pa - k)2 - m%) s = ma(ma + Qa) s — mﬁ(m/@ - Qﬁ)
X Tr[’YuFaqqub%Pﬁqq (pa - %)%pa’yp(pa — )]
x Tr[y*Tau(p, — m1)y T au(p, + m2)]. (5.39)

Quark emission

In the case of quark emission there are 4 different diagrams contributing
with a total of 8 inteference terms in the squared matrix elements. The
different Feynman diagrams are depicted in Fig. 5.4.

As before, we will compute explicitely one of the terms, since the rest
are very similar. Let us take the squared matrix element corresponding to
the diagram in Fig. 5.4(a). From the Feynman diagram,

ro( 1N 1
Madly = < - mg> (P + Do — k)2 — ma(ma + )
1
“ ot —k)2— mg(mg — Q)
X Trhuraqq(]"a + szb)%?ﬂp(?a + Ijb)%rﬁqqk]
X Tr[’yﬂra”(pl — ml)'}/yrﬁll(pz + ma)]. (5.40)
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q
(c) Diagram 9. (d) Diagram 10.

Figure 5.4: Feynman diagrams of the NLO real quark emission contributions
to the Drell-Yan-like production of a vector boson . The notations are the
same as in Fig. 5.1, except that in this case a is a gluon in diagrams (c¢) and
(d) and b is a gluon in diagrams (a) and (c).

The traces in every squared matrix element may been computed, e.g.
by using software programs like FORM [60], but we will not included the full
expression explicitely here.



Chapter 6

Numerical results

We will now present and analyze the numerical results obtained by imple-
menting the results of Chs. 3 and 5 into a software program. For this we
have modified and adapted a code originally developed by Debove [20] for
gaugino production and the software has been used to obtain LO, NLO and
resummation predictions for the production of Z’ and W’ with full interfer-
ence in different models.

The implementation has been performed in a general way that let us
easily compute predictions for the different models. For this work we have
focused on prediction for the SSM because of its importance for experimental
collaborations as well as the two left-handed models of the G(221) family.

6.1 Sequential standard model

As stated before, the SSM provides a standard candle for experimental
searches. Although not very well motivated from a theoretical point of view,
its predictions are widely used by experimental collaborations to investigate
and constrain new gauge boson properties and it is therefore a necessary
benchmark model for universal analyses.

After analyzing LHC luminosities and current experimental constraints
we have chosen two benchmark points for the SSM new gauge boson pro-
duction. First, we will investigate the production of a Z’ and W’ bosons
with SSM couplings to SM fermions and with masses m/, = m{;, = 3 TeV
produced in a hadron collider with center-of-mass energy v/S = 8 TeV.
We will chose the factorization and renormalization scales to be pp/mz =
pur/mz = pu/myz =1 and use the scale variation p/my € [0.5,2] to obtain
the scale uncertainties. For the integrations we will choose a lower bound
Qmin = %mz/(w/) to separate our results from the SM background. As for
the PDF we have chosen MSTW 2008 NLO [14] as it is considered a stan-
dard for LHC searches. We have used the values for the masses of the SM
gauge bosons of myz = 91.1876 GeV and myy = 81.1876 GeV and for the
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Table 6.1: Total cross sections for new gauge boson production in a proton-
proton collisions at a center-of-mass energy v/S at LO, NLO and resumma-
tion matched to NLO (NLO+NLL), using MSTW 2008 PDF. For the errors
we have used scale variations pup/myz = pr/myz = p/my € {0.5,1,2} (first
uncertainty) and the PDF errors obtained from Egs. (6.1a) and (6.1b) (sec-
ond uncertainty). The integration has a lower bound of Quin = %m ZHW7)-

Boson | Mass NG oLo (ab) onNLO (ab) Ores (ab)

7" | 3TeV | 8TeV | 545070 62.9750F51 69.7 08 s
W |3 TeV | 8 TeV | 31017505 | 275.75597508 | 310.75007550
W'~ | 3TeV | 8 TeV | 9447171 | 122041304103 1 434 6H05+214

Z' | 4TeV | 14 TeV | 249.61350 | 208012071198 | 391 5+1024198
W'* | 4TeV | 14 TeV | 1274.311820 | 1406. 711511687 | 1367.071203,5 3062
W'~ | 4TeV | 14 TeV | 375.37528 | 489471501183 | 503 1 T1A5FILLT

top quark mass my = 171.1 GeV [32] and vanishing masses for the five light
quarks. The errors for the PDF variation are obtained using the expressions
defined by the MSTW collaboration [14],

n

Aouy =Y (max(o) — 00,05 —00,0))°, (6.1a)
k=1
- 2
A2O'd0wn = Z (maX(UO - U]:r, oo — 0'];,0)) ) (6.1b)
k=1

with oy being the value of the cross section using the central set of the PDF,
and U,f are the values obtained from the +o¢ variation along the k-eigenvector
of the covariance matrix of the PDF fit.

The total cross sections for the first benchmark point are presented in
Tab. 6.1. We show the LO, NLO and threshold resummation matched to
NLO (NLO+NLL) computations for the production of Z’ and W'*. The
cross sections include the contribution of all the SM channels, i.e., include
the contribution from v, Z channels in the case of Z’ and the W boson in the
case of the W’ production. We can see that in the case of Z’ production re-
summation corrections mean a 10% value with respecto to fixed-order NLO
predictions, and almost 30% with respect to LO computations. Resumma-
tion corrections are also of the order ~ 10% in the case of W'* production
with respect to NLO predictions. We can see that final resummed cross
section is ~ 4.5 times bigger in the case of W’ than in the case of Z’, which
justifies the necessity for high-precision W’ predictions. Even the cross sec-
tion for W'~ which is lower than the W'~ cross section by a factor ~ 2.3
(we are dealing with a proton-proton collision), is greater than for Z’.

Apart from the predictions given for the current center-of-mass energy
of V'S =8 TeV we have also computed predictions for a second benchmark
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point at the designed energy of the LHC of /S = 8 TeV. In this case we
have chosen a boson mass of 4 TeV based on projected luminosities. The
rest of the parameters are the same as in the first benchmark point. The
numerical results for the cross sections are also presented in Tab. 6.1. We
can see that the effects on resummation on the cross section with respect
to NLO computations are of the order 3 — 7% in this case, which is to
be expected, since in this case the relation of the energies with respect to
boson mass is bigger and therefore we are farther from the threshold, where
resummation contributions are important.

Apart from total cross sections, there are other important predictions
used by experimental collaborations to discover and determine the proper-
ties of a new particle. Important examples are the transverse momentum
(pr) and invariant mass (M) distributions. In this work we will focus of
transverse momentum distributions do /dpr for their experimental relevance
and the role of transverse momentum resummation formalism.

Fixed-order (in this case NLO) contributions are divergent in the limit
pt — 0 and unreliable in the low-pT kinematical region because of large log-
arithmic factors that spoil the convergence of the series. These terms can be
resummed using the formalism presented in Sec. 3.3, therefore restoring the
convergence properties of the series and giving reliable results. An example
of this can be seen in Fig. 6.1(a), where we have plotted the NLO and trans-
verse momentum resummation matched to NLO (NLO+NLL) predictions
for the production of a Z’ in the first benchmark point at (relatively) low
transverse momentum (pr). Please note that at LO, pp = 0, since there
is no emitted gluon or quark that could carry transverse momentum, and
therefore the produced lepton-pair cannot acquire transverse momentum ei-
ther. We have included the error bands for scale variation and from PDF
uncertainties as previously defined. We can see that at low-pr the NLO
contribution diverges while at NLO+NLL a finite peak is predicted. Similar
results are also shown for W'+ production also in the first benchmark point
in Fig. 6.2 and for the second benchmark point in Fig. 6.3. In Fig. 6.4 we
have plotted the transverse momentum distributions for W’'* together with
the results for W/~ to show the asymmetry due to the proton-proton collion.

We will now analyse the uncertainties due to scale variation and PDF
fit. In Fig. 6.5(a) we have plotted the mean scale and PDF uncertainties,
defined as

1A L Adown

g =

2 do/dpr (62)

for the transverse momentum distribution in the production of a W'* at
NLO and NLO+NLL with the parameters for the second benchmark point
as previously defined. We can see that the PDF error is constant at about
~ 5% in the case of NLO and vanishing in the pp — 0 limit and increasing
up to ~ 10% for pp = 150 GeV in the NLO+NLL case. The fact that it
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vanishes at low pr is due to the fact that transverse momentum resumma-
tion resums all the logarithmic terms in that limit, and the fact that the
uncertainty is larger than in the NLO case for higher values of transverse
momentum is due to the fact that resummation, due the Mellin transform
applied to the parton distribution functions, probes a larger region of the
x-space, and in particular regions where the uncertainties are larger due to
experimental constraints. The scale uncertainty, which depends only on the-
oretical considerations remains constant at ~ 20% in the NLO case, and has
a maximum at ~ 6 — 7% at around pt ~ 60 GeV in the case of NLO+NLL,
remaining stable at larger values and vanishing in the low pr limit.

The reason for the lower uncertainty in the NLO+4NLL case can be seen
from the dependence of the final cross section on the unphysical and arbi-
trary scales. We assume the simplifcation yr = pur = p and plot the cross
section with respect to p in Fig. 6.5(b) for Z’ production as defined in the
second benchmark point. It can be clearly seen that the cross section heavily
depends on the scale in the LO case, meaning that results are not realiable
(or that the uncertainties are large) in that case. In the case of NLO, the
scale dependence is also manifest, while the dependece is much more un-
der control in the NLO+NLL case, leading to the lower uncertainties as
previously seen.

Finally we show in Fig. 6.6(a) the total cross section for the production
of a Z' under the same conditions of the second benchmark point, except
that the mass of the new gauge boson m’, varies in the range 1 — 5 GeV
and the lower bound for the integration varies accordingly. Please note that
some of these masses are already excluded by LHC data (see Sec. 4.2.1). As
expected the cross section decays for large boson mass because of the boson
propagator and because of the limits of intergration. More interestingly, as
the boson mass increases, the difference between the center-of-mass energy
and the threshold is reduced, and thus the resummation effects become more
important, as can be seen in Fig. 6.6(b).

In the rest of the chapter we will present the results for the left-handed
G(221) models presented in Sec. 4.1.3.
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Figure 6.1: Transverse momentum distribution for the production of a Z’
boson with a mass of 3 TeV in a proton-proton collision at a center-of-
mass energy (a) V.S = 8 TeV in the sequential standard model using the
MSTW2008NLO PDF at the next-to-leading order and next-to-leading order
matched with resummation, including error bands for PDF uncertainties and
scale variations for up/myz = ur/myz = p/my € {0.5,1,2}.
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Figure 6.2: Transverse momentum distribution for the production of (a)
W' and (b) W'~ boson with a mass of 3 TeV at a center-of-mass-energy of
8 TeV. The rest of parameters and error bands are the same as in Fig. 6.1.
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Figure 6.3: Transverse momentum distribution for the production of (a)
W'* and (b) W'~ boson with a mass of 4 TeV at a center-of-mass-energy of
14 TeV. The rest of parameters and error bands are the same as in Fig. 6.1.
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Figure 6.4: Comparison of transverse momentum distributions for W't and
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6.2 The ununified model

We will now discuss the results obtained for the ununified model. For this
model we have chosen for practical purposes the reparametrisation done in
Ref. [48], in which models are defined by the new gauge boson mass m 1
and a free parameter ¢t. This parameter ¢ is constrained by the analysis done
in Ref. [44] and according to these contraints we have chosen six benchmark
points. First, for the current center-of-mass energy v/S = 8 TeV and with
a new gauge boson of mass my» = 3 TeV we have chosen three values of
t in the allowed parameter space, namely ¢ € {0.2,0.4,0.6}. And for the
design center-of-mass energy of V.S = 14 TeV and a new gauge boson mass
of 4 TeV we have chosen three t values in the allowed parameter space,
t € {0.4,0.7,1.2}. These t values have been chosen to achieve as much
overlap as possible between the different energies and with the following
nonunified model, while covering as much of the interesting parameter space
as possible. For these models we have focused on W’ production, since it
would be found earlier at the LHC, but a similar analysis also holds for Z’
production.

The summary of the benchmark points and the corresponding total cross
sections can be found in Tab. 6.2. The cross sections have been computed
using the same parameters and the same analysis for uncertainties as with
the SSM. We also show the transverse-momentum distributions of the W'+
for the six benchmark points chosen in Figs. 6.7 and 6.8. In this case only
scale uncertainties are shown for simplification.

Table 6.2: Benchmark points and the corresponding total cross sections for
W'% in the ununified model. The parameters and uncertainties are defined
as in Tab. 6.1.

Boson | Mass VS t | oLo (ab) onLo (ab) Ores (ab)

W* | 3TeV | 8 TeV | 0.2 | 32.5757 248733118 29.07 57 13
W= | 3TeV | 8 Tev | 0.2 9.7713 9.4+10¥12 10,8706+ 13
W't | 3TeV | 8 TeV | 0.4 | 12417502 | 103.6715521 119.1130+28
W= | 3TeV | 8TeV | 04 | 373461 | 410459554 46.5+1546.1
W't | 3TeV | 8 TeV | 0.6 | 224.2%302 | 193772601292 | 997 0F5-0+H2
W'~ | 3TeV | 8 TeV | 0.6 | 67.773%7 79. 70312 89.8F24+125
W | 4 TeV | 14 TeV | 0.4 | 387.27509 | 386744727152 | 397 g+18.0451.3
W'~ | 4TeV | 14 TeV | 0.4 | 11477129 | 130,47 13041k | 139 9704216
W' | 4 TeV | 14 TeV | 0.7 | 974.81 1350 | 1037.87 9505846 | 1041.3 758312660
W'~ | 4TeV | 14 TeV | 0.7 | 288.07390 | 355.17300+327 | 377 3+13.5469.5
W' | 4TeV | 14 TeV | 1.2 | 1722.27302 | 1866.77 15321805 | 1857 47]33--6324.2
W'~ | 4 TeV | 14 TeV | 1.2 | 510.97%85 | 642478157510 | 681.61239413%-1
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Figure 6.7: Transverse-momentum distribution for the production of W'*
bosons of mass 3 TeV in a proton-proton collider at a center-of-mass-energy
of 8 TeV in the UU model for parameter ¢ of (from top to bottom) 0.2, 0.4
and 0.6. The rest of the parameters are the same as in Fig. 6.1.
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Figure 6.8: Transverse-momentum distribution for the production of W'*
bosons of mass 4 TeV in a proton-proton collider at a center-of-mass-energy
of 14 TeV in the UU model for parameter ¢ of (from top to bottom) 0.4, 0.7
and 1.2. The rest of the parameters are the same as in Fig. 6.1.
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6.3 The nonuniversal model

Table 6.3: Benchmark points and the corresponding total cross sections for
W'* in the ununified model. The new gauge boson mass is 4 TeV and the
center-of-mass energy is 14 TeV. The rest of parameters and the uncertain-
ties are defined as in Tab. 6.1.

Boson | Mass oo (ab) onLo (ab) Ores (ab)

W07 | B5ILLET | BR6s 4 0T T | 70,0

W | o7 | tossorl i s SR a0t b

w't 1.2 643.77918 712.07020H394 | 690.0755 0+1?7 9

W | 1.2 | 189.37207 | 249.2%2154258 | 966, 6+0-0+080
) it

W't | 1.4 | 3265747 359.41522+ 347.33534037

- 3.7 0. 3.0+30.3
W’ 1.4 96.515-7 125.91 084 135.015012%

Finally we will show the results obtained for the nonuniversal (NU)
model. For this model we have also shown the parametrization done in
Ref. [48] in which the different models are defined by the new gauge boson
mass mz: () and a free parameter t. In this case the models with gauge
boson masses of myy» ~ 3 TeV are already ruled out, so we have focused on
heavy gauge bosons with mass myy» = 4 TeV at the design center-of-mass
energy v/S = 14 TeV. We have chosen, similarly to the UU case, three values
for the parameter ¢ in the allowed parameter space, namely t € {0.7,1.2,1.4}.
The values span as much as possible of the phenomenologically interesting
region of the parameter space, while having some overlap with the previous
UU models.

We have computed the total cross section at LO, NLO and threshold
resummation matched to NLO. A summary of the chosen benchmark points
and the corresponding results are shown in Tab. 6.3, together with the cor-
responding uncertainties. All the parameters and uncertainty analysis has
been done as explained for the SSM. We also show the transverse-momentum
distributions in the spirit of previous analyses in Fig. 6.9. For simplicity only
scale uncertainties are shown in the distributions.
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Figure 6.9: Transverse-momentum distribution for the production of W'+
bosons of mass 4 TeV in a proton-proton collider at a center-of-mass-energy
of 14 TeV in the NU model for parameter ¢ of (from top to bottom) 0.7, 1.2
and 1.4. The rest of the parameters are the same as in Fig. 6.1.



60

CHAPTER 6. NUMERICAL RESULTS



Chapter 7

Conclusions

In this work we have investigated the production of new gauge bosons at
proton-proton colliders, and the LHC in particular, including resummation
corrections.

We have reviewed the concept of resummation and the necessary formu-
lae for the application of the threshold and transverse-momentum formalisms
in a Drell-Yan-like process.

After introducting some of the main theories that lead to the existence of
new gauge bosons Z’ and W’ in a general phenomenological framework that
allows comprehensive analysis of a wide range of theoretical possibilities,
we have analytically computed fixed-order predictions at leading order and
next-to-leading order in the strong coupling for the production of these new
gauge bosons at hadron colliders.

We have then presented specific numerical predictions for some of the
presented models by choosing benchmark points in the parameter space
of each model. We have included predictions for total cross section and
transverse-momentum distributions.

This work is, to our knowledge, the first application of resummation
corrections to Z’ production in non-GUT theories and the first application
to W’ bosons, having seen that in some models the cross sections for W’ can
be much larger than for Z’ and therefore they could represent the discovery
channel for new physics, and maybe even the only available at our accesible
energies. The precision resummation predictions can be currently used to
set precise limits on new gauge boson properties and could be used after a
potential discovery to determine the properties of the new gauge bosons and
to distinguish between the different theoretical possibilities.
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Appendix A

Gaugino-pair production

Supersymmetry (or SUSY) is arguably the most important BSM theory. Its
mathematical elegance and phenomenogical consequences make it one of the
most studied models of particle physics. The discovery of a particle com-
patible with a light Higgs boson [1, 2] immediately raises the question of the
so-called hierarchy problem, since it is known that fundamental scalar parti-
cles are affected by large quantum corrections. One of the most well-known
solutions to this problem is supersymmetry. Furthermore, a number of other
theoretical issues are also resolved in supersymmetry, like the Grand Unifi-
cation of the different forces and the existence of a dark matter candidate.
LHC SUSY searches have until now focused on strongly charged SUSY par-
ticles, but no signs of squarks or gluinos have yet been found [61]. Thus,
the attention is shifted towards the electroweak channels. Moreover, an un-
expected result from the CMS collaboration suggests that W+ W~ data fits
theoretical predictions better when including gauginos in the analysis than
with the SM alone [62]. These reasons motivate us to present up-to-date
precision predictions for these electroweak channels.

In this chapter we present the basics of the work published in Ref. [10].
We will introduce the motivation and concept of supersymmetry, review
the basics of the gaugino sector of the Minimal Supersymmetric Standard
Model (MSSM) and explain and present the predictions done for gaugino
production at the LHC, using the resummation formalisms presented in
Ch. 3.
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A.1 Motivation for supersymmetric theories

It is known that the underlying space-time symmetry of the S-matrix is the
Poincaré symmetry group P, given by

[Py, P)] =0, (A.1)
[P/u Mup] = i(guVPp - gupPl/)a (A.2)
[Mum Mpa] = i(gupMuU - g,upMVp + Mupguo - Mupgup)a (A3)

where g, is the Minkowski metrix, P, is the energy-momentum operator
and M, are the generators of the angular momentum and boosts.

Coleman and mandule proved [63] that under certain conditions any Lie
group that contains the Poincaré group must be a direct product P x G
with G an internal symmetry group. Haag, Lopuszanski and Sohnius [64]
noticed that by relaxing one of the conditions, i.e. by introducing anticom-
muting symmetry generators, there exists a unique non-trivial extension of
the Poincaré algebra, given by

{Qh. QL) = 2(0") 5P, (A
{wa %3} = eaﬂZij7 (A
Q% Pu] = 0, (A.
(A

[ fxaMul/] = i((f;w)g@%»

where Q! with i € {1,..., N} are the SUSY generators and Z% = —Z7* are
the so-called central charges (vanishing for N =1 SUSY), €43 an antisym-
metris tensor with €10 = 1 and o#, 6", o"” defined by

(O-#)Oéd = (Iv UCEuayaaz)ada (A8)

(GH)%e .= edﬁeaﬁ(a“) AL9)

/357 (
(o108 = %(0“6” Y. (A.10)

o)
where [ is the identity matrix and 0,4 . are the usual Pauli matrices.

The particles are in the irreducible representation of the defined super-
algebra, in the form of multiplets, each of them containing the same number
of bosonic and fermionic degrees of freedom. Thus, each particle of the SM
has a corresponding superpartner, which is bosonic for SM fermions and
fermionic for SM bosons. From the superalgebra, both SM particle and su-
perpartner should have degenerate masses, and therefore the SUSY particles
should have already been seen. This means that SUSY must be a broken
symmetry. We will not enter into the details of the possible SUSY breaking
schemes or will introduce the notation of superspace or superfields. For a
more detailed and relatively up-to-date review the reader is referred to, e.g.
Ref. [65].
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A.2 Gauginos in the MSSM

The simplest model of a supersymmetric theory is the Wess-Zumino model [66]
and the minimal phenomenological viable (although currently very con-
strained) model is the Minimal Supersymmetric Standard Model (MSSM) [67],
which embeds both N = 1 SUSY and the SM. The MSSM has two super-
multiplets: one chiral supermultiplet with a complex scalar field and a Weyl
fermion, and one vector supermultiplet containing a Weyl fermion associ-
ated with a vector boson. The SM fermions are included in the chiral super-
multiplet and get superpartners called squarks and sleptons for quarks and
leptons respectively. To avoid anomalies, two Higgs doublets are needed in
the MSSM, which are included in the chiral supermultiplet together with
their superpartners, the higgsinos. The SM bosons are included into the
vector supermultiplet with their superpartners, which are called gauginos.
This is summarized in Tabs. A.1 and A.2.

Particles ‘ Spin 0 ‘ Spin 1/2 ‘

Squarks and quarks G = (ay,dr,) qr, = (ur, dr)

il ul

; :

dR dR
Sleptons and leptons | I, = (71, €r,) Iy, = (v, en)

il el

R R___
Higgiginos and Higgs | hy = (HY, H{) | hy = (HY, Hy)

Table A.1: Particles in the chiral supermultiplet of the MSSM.

The higgsinos and the electroweak gauginos mix in general with each
other because of electroweak symmetry breaking. Thus, the neutral HR2

mix with the B, W? gauginos to form four neutral sparticles, the neutralinos,

denoted by XV with i € {1,2,3,4}, such that myo < myo iff i < j. The
i J

neutralino XY is in often the lightest supersymmetric particle (LSP) and

thus a dark matter candidate in R-conserving theories. On the other hand,

the charged H1+ (%) mix with the winos W+() giving the mass eigenstate

=)

called chargino, and denoted by X; , with & € {1,2} and M+ <M 4o
i i

’ Particles ‘ Spin 1/2 ‘ Spin 1
Gluinos and gluons g g
Winos and W bosons | W+, W=, Ww° | wt, w—, w0
Bino and B boson B B

Table A.2: Particles in the vector supermultiplet of the MSSM.
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q Xi q\wii q Xi
1

q Xj G /‘/M& q X

Figure A.1: Leading-order Feynman diagrams for gaugino production at
hadron colliders. From Ref. [7].

The particular mixing depends on the parameters of the MSSM model, in
particular on 3, i, which are related to the SUSY breaking (see Ref. [65] for
the expressions for the mixing matrices).

A.3 Gaugino-pair production at hadron colliders

Since neutralinos and charginos contain a mixing with electroweak gauginos
they inherit electroweak couplings. Thus, gauginos can be produced in a
hadron collider through an s-channel in the decay of an electroweak gauge
boson Z to two neutralinos or two charginos of opposite electrical charge,
or the decay of a charged W*(-) to a chargino-neutralino pair, similarly
to the Drell-Yan-like processes previously studied. In addition, they can
be produced through t— and u—channels by the exchange of a squark (the
superpartner of the quark). The computations for the corresponding cross
sections up to next-to-leading order matched with resummation can be found
in Refs. [7, 8] and references therein. The LO contributions are depicted in
Fig. A.1 for reference, and the NLO diagrams as well as the full analytical
computations can be found in Ref. [7].

A.4 Numerical results

We have updated the resummation predictions for gaugino-pair production
for SUSY searches at the LHC. The full set of results can be found in
Ref. [10], but we will show here only some examples in a similar fashion
to those presented in Ch. 6.

The first issue when making numerical predictions for a SUSY model is
to determine the set of parameters to use. Original MSSM has a total of 124
parameters, that can be reduced to five in the contrained MSSM (cMSSM).
The LHC experimental collaborations have chosen a set of 49 benchmark
points in different lines of the parameter space for USY discussions. We
selected thirteen out of these defined points lying on different lines. In
particular for further analyses we focused on one point of each line, namely
points 1, 18 and 31 in the LPCC numbering scheme. A more detailed
discussion and references can be found in Ref. [10].
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Figure A.2: Transverse momentum (pr) distribution for the production of
x9x; in proton-proton collisions at a center-of-mass energy of 8 TeV for
benchmark point 1 of the LPCC. Next-to-leading order, next-to-leading or-
der matched with resummation, and results from Monte Carlo generators
matched to 1 and 2 jets are shown. See Ref. [10] for more details.

Here we will show the cross sections obtained for the benchmark point
1 of the LPCC, for proton-proton collisions at a center-of-mass energy of
8 TeV. We have used MSTW 2008 NLO PDF as the parton distribution
function and have set the scales up = ur = p to the average final state
particle mass and varied them multipying the central value by a factor in
the range [0.5,2]. The results are shown in Tab. A.3. We can see that
the production of x3x7, the so-called golden channel, as well as XTXI are
clearly enhanced. This is a common feature to many SUSY models, where
the x{ is mostly bino. This is due to the fact that the given pairs have large
couplings to the SM bosons as well as kinematical effects [65].

Finally we present in Fig. A.2 a transverse momentum (pr) distribu-
tion similarly to the ones given in Ch. 6. Additionally we include results
from Monte Carlo generators, which are commonly used by experimental
collaborations. We can see that NLO results are clearly unstable and that
resummation fits quite well with results from simulations. The best fit is
the 1-jet matching since we include a single (hard) jet in out NLO and
NLO+NLL computations.
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Channel mi mo LO NLO NLO-+NLL
(TeV) | (TeV) | (fb) (fb) (tb)

Xy | 1617 | 1617 | 0.81F28% | 106 5okt 28% |1 03 00200
XOx7 | 161.7 | 303.5 | 0.16750% | 0.2012%F29% | .90 F0-0%H2.9%
X3x3 | 303.8 | 303.8 | 0.85T0%% | 107 RIS | 1 05 0k
X3xg | 303.8 | 5265 | 0.21794% | 0.25 28% 82 | 0 05701+ 2%
XSxT | 303.8 | 303.5 | 14.4675 70 | 17.25F 16 HS0% | 7 0510205 1%
X3xS | 526.5 | 542.4 | 0.83TELO% | 097 28% TR | 0961008
X3x7 | 526.5 | 303.5 | 0.12791% | 0151200 TEEE | g 15H0- 1038
X3xa | 526.5 | 542.2 | 0.4273L2% | 0.50 1288 TA% | (.49 1020290
XIxa | 5424 | 542.2 | 0.391 L3 | 0472 THELN | (46100
XIxY | 3035 | 161.7 | 0.38T50% | 0.4612 20 F28% | 0 4610200 H29%
XTX3 | 303.5 | 303.8 | 35.167%5% | 40.9071 S T2I% | 40,51 100029
XX | 303.5 | 526.5 | 0.34792% | 0.4012 5% ST | (.40 F000 500
XTXT | 303.5 | 303.5 | 25.647550% | 30,3711 T2 | 30,040 02T
X3X3 | 5422 | 526.5 | 1.27T0L1% | 1461200000 | 1 45030 8%
Xaxi | 5422 | 542.4 | 1.2170%2% | 137 2THTLAR | 1 ge 02t 0%
X3 Xz | 5422 | 542.2 | 0.86T%0% | 1.00120%10% | .99 t0-20H2.1%

Table A.3: Total cross section for gaugino-pair production of masses m; at
leading order, next-to-leading order and next-to-leading order matched with
resummation in proton-proton collisions at a center-of-mass energy of 8 TeV
for benchmark poin 1 of the LPCC. The first error is due to scale variation
pur/M = ur/M = pp/M € {0.5,1,2} and the second to MSTW 2008 NLO

PDF error.
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