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Chapter 1

Introduction

The attempt to explain the complexity of the world in terms of a small num-
ber of fundamental building blocks has been an usual procedure of mankind
during the centuries. According to Aristotle, the first philosopher using such
reductionist approach was Thales. Thales taught can be stated as: “Wa-
ter constituted the principle of all things” (Diogenes Laertius). Many steps
forward in the understanding of the world were done during the centuries.
Currently it is believed that matter is constituted by a relatively small num-
ber of point-like particles. According to this picture, particles interact, and
these interactions allow the formation of complex structures. These interac-
tion are described by a (spontaneously broken) Yang-Mills Quantum Field
Theory, the Standard Model (SM) [1,2]. Almost all the particles entering the
SM have been observed. The only particle missing is the scalar Higgs boson.
The predictions obtained within the SM agree well with the experimental
data. In this sense this model is one of the best-tested theories of physics.

In spite of its success, the SM is not the ultimate theory. Indeed, this
model does not describe gravity and does not provide a candidate for the
observed amount of cold dark matter in the universe. These deficiencies sug-
gest the existence of a a more fundamental theory including the SM. Some
“aesthetic” problems, such as the non-existence of a Grand Unification scale
and the hierarchy problem, reinforce this idea and can be used as a guideline
in the hunting for the new theory.

Among the others, the extensions of the Standard Model fulfilling super-
symmetry (SUSY) [3] are an appealing option, since they can both solve the
hierarchy problem and provide the unification of the three gauge couplings.
The Minimal Supersymmetric extension of the Standard Model (MSSM) [4],
is achieved by extending the Poincaré group in a non-trivial way. Supersym-
metry relates particles with different spin and is realized introducing for each
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bosonic (fermionic) SM degree of freedom a fermionic (bosonic) supersym-
metric degree of freedom.

The huge number of unknown parameters entering the MSSM can be low-
ered performing some assumption on the SUSY breaking mechanism, making
the predictive power of the MSSM comparable to that of the SM. Unlike the
SM, in the MSSM the electroweak (EW) symmetry breaking is realized ra-
diatively. Moreover, if an extra symmetry, R-parity, is imposed, the lightest
SUSY particle (LSP) becomes stable. Since phenomenology requires the LSP
to be weakly interacting, LSP is a natural cold dark matter candidate. This
model is consistent with experimental data. As far as TeV-scale SUSY is
concerned, the indirect access through virtual effects in electroweak preci-
sion data [5] provides an overall fit in the MSSM [6, 7] at least as good as in
the SM, even better in specific observables such as g — 2 of the muon [8,9].

If, as suggested by electroweak precision data, SUSY is realized at the TeV
scale or below, it will be accessible to direct experimental measurements at
the Large Hadron Collider (LHC) through the production of SUSY particles.
In particular, colored particles like the SUSY partners of quarks and gluons,
i.e. squarks and gluinos, will be copiously produced. The cross section of these
processes is in the range from 0.5 to 10 pb for masses of squarks and gluinos
below 1 TeV. The decay chains of squarks and gluinos terminate when the
LSP is produced and lead to clear signatures constituted by missing £ plus
jets and possibly leptons, which allow an early discovery of TeV-scale SUSY,
i.e. within the first inverse fb of integrated luminosity.

An accurate knowledge of the processes leading to the production of SUSY
colored particles is mandatory. The first prediction of the cross section for
hadronic production of squark pairs was done in the early 1980’s at low-
est order O(a?) in supersymmetric QCD [10-14]. QCD contributions at the
next-to-leading order (NLO), O(a?), were calculated more than ten years
later [15-20]. They increase the cross section by typically 20 to 40 %, and
they substantially reduce the dependence on the factorization and renormal-
ization scale. More recent is the estimation of the logarithmically enhanced
next-to-next-to-leading order (NNLO) QCD contributions to squark hadro-
production [21], the resummation of the QCD Sudakov logarithms at the
next-to-leading-logarithmic (NLL) accuracy [22, 23], and the resummation of
the leading Coulomb corrections [23]. Their inclusion stabilizes the predic-
tion against scale variation. The NNLO QCD contributions amounts up to
9%, while the NLL contributions are of the order of 2 — 8% of the NLO QCD
predictions, provided the squark and gluino masses are O(1 TeV). In this
mass range the contribution of the Coulomb corrections amounts up to 5%.



Besides the QCD-based production mechanisms, there are also contribu-

tions of electroweak origin. In particular, there are tree-level contributions of
O(a?) and O(asa) and NLO EW contributions, of O(a2«). The tree-level
EW contributions can also become sizable, reaching values up to 20% [24, 25|
of the LO QCD predictions.
In this thesis we consider the NLO EW contributions of three classes of pro-
cesses leading to the production of SUSY colored particles. The computation
of the NLO EW corrections completes the investigation of the one loop contri-
butions. Although the NLO EW corrections are expected to be smaller than
the NLO corrections of QCD origin, they deserve to be analysed. Indeed:

1. The structure of the NLO EW corrections is rather involved. Beside
the flavour dependence present in the case of the QCD contributions
as well, the EW contributions depend on the chirality and on the charge
of the produced squark. The whole set of the MSSM parameters enter
the NLO EW contributions, therefore the importance of these contribu-
tions can depend strongly on the scenario. A systematic investigation
of the impact of the EW contribution on the different production pro-
cesses and in different scenarios is the only way one can decide in which
scenarios the EW contributions can be safely neglected.

2. The NLO EW contributions can be important in the proper definition
of the distributions since in the high-energy limit EW corrections can
be enhanced by Sudakov-type logarithms.

3. The NLO EW contributions are of the same size as the NNLO QCD
contributions. Even if in practice the latter contributions are expected
to be bigger than the former, the impact of these contributions can be
altered in the sum and have to be investigated. Similar effects can occur
between LO and NLO EW contributions since the relative yield of the
tree-level EW contributions is of the order of several percent which is
the expected size of the NLO EW corrections.

4. In the SUSY scenarios where the NLO EW corrections turns out to
be below the expected experimental accuracy, their size is a reliable
estimate of the theoretical uncertainty arising from missing higher order
terms.

The outline of the thesis is the following. In chapter 2, we introduce the
framework in which the computations of this thesis are performed. We start
describing the structure of the SM and some of the problems this model
leaves unexplained. Then, we introduce the concept of SUSY as the only
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possibility to evade the Coleman-Mandula theorem [26]. We define the su-
persymmetry algebra, superspace and superfields and we use them to obtain
the general structure of a Supersymmetric Yang-Mills theory. The Minimal
Supersymmetric extension of the SM is obtained as a particular Super Yang-
Mills theory with the same gauge group as the SM and conserving R-parity.
The description of the spectrum of the MSSM completes this chapter.

In chapter. 3, we give a brief overview of the SUSY searches at colliders.
We present the main results of SUSY searches at the different experiments
collecting data at LEP, HERA, and Tevatron. We present the expected dis-
covery reach of ATLAS and CMS, the two multi-purpose experiments at the
LHC.

In chapter 4 we present the processes considered in this thesis. We de-
scribe the general structure of the different contributions to these processes
and we give some details about the computation of their NLO EW correc-
tions. In particular, we tackle the problem of the UV divergences. In order to
obtain UV finite results, the MSSM has to be renormalized at next-to-leading
order, properly taking care of different regularization schemes in presence of
supersymmetry. The soft and collinear divergences are cancelled by real pho-
ton and real gluon emission. The cancellation of the mass singularities of
photonic and gluonic origin in suitable observables is explicitly shown. More-
over, we describe the two methods we use to regularize and isolate these
divergences.

In the subsequent three chapters we present the numerical impact of the
EW contributions to three different processes leading to the production of
SUSY colored particles at the LHC. In chapter 5, we consider gluino pair pro-
duction. Such process is the most important process leading to the production
of SUSY colored particles when the gluino is lighter than the squarks. We
describe the partonic processes entering the O(a?) and the O(a?«) contribu-
tions to this process. The NLO EW corrections arising from photon-induced
partonic processes are considered as well. After studying the reliability of
the different renormalization schemes in the considered SUSY scenarios, we
present the numerical impact of the EW contributions at the LHC. We con-
sider the total hadronic cross sections and different distributions. Several
scans over the parameters of the MSSM are performed as well. Finally, we
briefly discuss the impact of the EW contributions to gluino pair production
at the Tevatron.

Chapter 6 is devoted to the diagonal squark—anti-squark production pro-
cesses at the LHC, i.e. to the production of a given squark together with its
own anti-particle in proton-proton collisions at 14 TeV. We describe the LO



contribution, O(ay), and the NLO EW corrections of O(a?«). The tree-level
EW contribution O(a?) and O(a,«), are introduced as well. The numerical
effect of the LO and NLO EW contributions are investigated in different
SUSY scenarios. Different distributions are considered and the dependence
of the total cross section on the mass of the produced squarks is investigated
as well.

In chapter 7, we discuss the gluino—squark associated production at the
LHC. This process is the main production channel of SUSY colored particles
when squarks and gluinos have comparable masses. The general structure of
the chapter is similar to that of the previous one. We describe the tree-level
contributions and the NLO EW corrections. Finally, the EW contributions
to various distributions and to the total cross section are investigated in
different SUSY scenarios.

Several appendices complete the thesis. In appendix A we define the sig-
nature of the Minkowski space and the Pauli matrices. In appendix B a brief
overview of the spinorial representation of the Poincaré group is given, while
in appendix C, we set some definitions concerning Grassmann variables. The
parametrization of the two- and three- particle phase space is described in
appendix D, while in appendix E, we collect some quantities entering the
treatment of the mass singularities within the dipole subtraction method.
Appendix F, G, and H collect the Feynman diagrams entering the processes
of gluino pair production, squark—anti-squark pair production and squark—
gluino production respectively.
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Chapter 2

The Standard Model and the
MSSM

2.1 The Standard Model

The Standard Model (SM) [1, 2] is the relativistic quantum field theory which
gives the best description of the electroweak and strong phenomena at the
currently experimentally accessible energies. The SM is a theoretically con-
sistent and well tested theory [27], but, besides its success, there are many
open questions that can be addressed only by going beyond this model. In
the following subsection we will briefly describe the Lagrangian of the SM
and the issues indicating the incompleteness of the model.

2.1.1 Lagrangian of the SM
The Standard model (SM) is a Yang-Mills theory with gauge group

SU@3)e x SU2), x U(L)y. (2.1)

This group is spontaneously broken to SU(3)¢ x U(1)q via the Higgs mech-
anism [28]. The generators of the three components of the group (2.1), the
corresponding couplings and gauge fields are collected in Table 2.1. According
to Ref. [29], leptons and quarks can be described by left-handed Weyl spinors.
These (matter) fields can be grouped into three (reducible) multiplets of the
gauge groups

(U)o = [ (@)ai (G)as (uf)as (df)ai (€5)a] (i=1,2,3), (2.2)

where q; = (qil,q%) = (uz,dz) and Ez = (Eh‘,ggi) = (l/i, ei). Under the gauge
group the different components of ¥, transform according to the following
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group | generators | coupling | gauge bosons
SUB)c | Taz1,.s8 s 94
SU2). | liz123 g wi

U(l)y Y q B#

Table 2.1: Standard Model, gauge group. For each component of this group
we show the notation describing the generators, the couplings, and the gauge
fields.

representations
[(3,2,1/6); (1,2,-1/2); (3,1,-2/3); (3,1,1/3); (1,1,1) | (2.3)

This unusual notation is introduced for later convenience, when the super-
symmetric extension of the SM will be described. The most common descrip-
tion of the matter content of the SM uses Dirac spinors vy,. These spinors

can be related to ours via
fi @
Yy, = ( ((—;))a , (2.4)

where the right-handed spinors (f¢)¢ are defined in appendix B.

The spontaneous breaking of the gauge group into SU(3)c x U(1)q is
guaranteed by introducing a complex scalar doublet

(T (¢ +ig?
d)_ ¢O - ¢3+2¢4 )

that transforms under the gauge group according to (1,2,1/2).

Renormalizability, hermiticity, and gauge invariance uniquely fix the
structure of the SM Lagrangian that can be divided into two pieces,

Loy = Lo+ L. (2.5)

L is the minimal Lagrangian for a Yang-Mills theory with gauge group (2.1)
including the multiplets W;. Since the SM is a chiral theory mass terms for
the fermions are not allowed. £ describes the doublet ¢ and its interaction
with gauge and matter fields

Ly = (D'¢) (Do) — 1*(6'0) + A(¢'9)?
(qubo%z‘u; - A5¢+Q2id§ - A5¢+€gie§ + h.e. ), (2.6)
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where a summation over repeated indices is understood and D, is the covari-
ant derivative.

Assuming p* > 0, the Higgs potential has a minimum at a non-zero value

of ¢'¢ given by
2

fh— F 2
Plo=oy=v
According to the Goldstone criterion, this ensures the spontaneous breaking
of the gauge symmetry. The vacuum configuration is chosen to be (¢) =
(0,v)T, the nine unbroken generators are the SU(3)c generators and the
linear combination () = I3+ Y. Due to the definition of the hyper-charge Y,
() is nothing but the generator of U(1)q. The physical degrees of freedom can
be obtained by fixing the gauge to the unitary gauge and expanding around
the chosen minimum (¢). After this expansion, £y contains the kinetic term
and the mass term of a scalar particle

h=v2 (Re{¢"} —v). (2.7)

This particle is the Higgs boson and its mass is m, = v/2u. Moreover, Ly
exhibits bi-linear terms proportional to the vacuum expectation value v that
will give rise to the mass terms. In particular we have the gauge bosons mass
eigenstates,

1 . A Co Sp B
WE=— Wy, FilWy,), h) = wo S ), (28
: \/5( e ¥ 2#) ( Zy ) ( —Sow  Cow ) ( Wiy ) (28)
where Oy, = arctan¢’/g is the electroweak mixing angle, cg,, = cos @y, and
sp,, = sinfy,. The respective tree-level masses are

2 12
My =22 = NI EI a0 (2.9)

\/57 Z — \/§ ’
As expected, there is a massless gauge boson associated to the unbroken gen-
erator (). Similarly, mass eigenstates for quarks and leptons can be obtained
after diagonalization. Neutrinos stay massless, owing to the absence of a term
like )\ZJ-}’ qﬁoﬁuuj‘? in (2.6). After diagonalization, quarks belonging to different
multiplets (2.2) can interact via charged currents, with the strength of such

an interaction being proportional to a 3 x 3 unitary matrix, the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [30].

2.1.2 Problems of the SM

Despite of its success, there are several indications the Standard Model is
not the ultimate theory.
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Strong indications for the existence of physics beyond the Standard Model
(BSM) come from cosmology and astrophysics. First of all, the SM does not
include gravity, whose relativistic quantum mechanical description in terms
of a Yang-Mills theory leads to a non-renormalizable theory. Moreover, the
SM can not provide the amount of cold dark matter necessary to explain
the large structure formation in the early universe [31,32], since its dark
matter candidates, the neutrinos, are relativistic particles. Another problem
is related to the baryon asymmetry in the universe. Even if the SM fulfills
the Sacharov [33] conditions, it cannot reproduce the value of the observed
asymmetry [32]. Finally, neutrino masses and oscillations can be a breakdown
of this model, provided the existence of Majorana mass terms'.

Besides these phenomenological evidences, a theoretical argument in
favour of the existence of BSM physics is related to the presence of a Lan-
dau pole in the running of the quartic coupling A appearing in the Higgs
potential. New physics should enters to regularize this singularity.

Once the existence of BSM physics is established, the SM has to be con-
sidered a low energy effective theory of a larger theory involving also energy
scales Ayp, higher than the electroweak scale v ~ 170 GeV. New physics is
expected to enter at the Planck scale M, = 10 GeV, but one expects the
existence of other relevant scales Ayp. A possible guideline in the hunting for
such a theory is naturalness, namely the requirement of the existence of some
mechanism that keeps the electroweak scale light relative to the new physics

scale. Such a mechanism guarantees the decoupling of the new physics from
the SM.

It is worth to stress that this naturalness requirement is not fulfilled
without making special assumptions. If the SM is an effective theory, the
Higgs mass my, is an effective mass that can be perturbatively evaluated. At
O(«) this mass reads

m; = mj + 0mj, (2.10)

where m is the square of the Higgs mass in the underlying theory while 61}
is the contribution from the heavy modes of the underlying theory. It turns
out that dm3 is proportional to the square of the mass of the particles the
Higgs couples to. Since these masses are O(Ayp) and Ayp >> my,, T3 has to
be fine tuned in order to cancel with sufficient accuracy the big contributions
from dm} . This is the so called hierarchy problem [34].

Such unnatural fine-tuning can be solved making some assumption on
the underlying theory. One possibility to is to introduce a new symmetry

ICurrent experimental results are consistent with Dirac neutrino masses, which fits
naturally in the SM structure
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that protects the effective Higgs mass against such big corrections. This is
the option that leads to supersymmetric models [3] and that will be dis-
cussed at length in the following sections. Needless to say, this is not the
only possibility. For instance, one could reject the hypothesis that the Higgs
is a fundamental particle or suppose that new physics enters only at a scale
comparable to the electroweak scale. The first option leads to (certain class
of) technicolor models [34, 35], while the latter possibility is the solution of
the hierarchy problem proposed in the context of large Universal Extra Di-
mensions models [36].

2.2 Supersymmetry

In this section we will present one possible solution of the hierarchy problem,
supersymmetry (SUSY). The following subsections will introduce this sym-
metry, describe the general structure of a theory invariant under SUSY and
then present the minimal supersymmetric extension of the SM.

In order to have a first contact with SUSY, it is worth to have a closer
look on the form of the corrections to the Higgs mass, namely to the possible
contributions to dm;. A fermion field F' which couples to the Higgs via a

term like A—\/FEFF H contributes to dm; as [37],

AF 2 mi 2 mi
167 {ZmF {1—111 (?)] — 4m7 In (?)}—i—, (2.11)

where terms not quadratically dependent on mp are dropped. Let us suppose
the existence of a scalar particle S coupling to the Higgs via an interaction
term

A
7%12\5\2 + NgH|S|%.

The contribution of this scalar field can be obtained from the diagrams in
Fig. 2.1 and reads

As mg (Ng)? | (m§

where terms that do not depend quadratically on mg are omitted.

SUSY accommodates in each multiplet a fermion and two scalars forcing
their couplings to the Higgs bosons to be correlated, in particular A\g = —\%
and Ny = v2mpAp. Directly from Eq. (2.11) and (2.12) one can infer the
quadratically enhanced contributions to dmj are cancelled. Such a symme-
try guarantees the cancellation of these dangerous quadratic contributions
beyond one-loop as well.
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S
L, S
! \
. | /V\\
\ / / \
_______ ~ <L - ————— ____.Q o> --—--
H H H \ //
~<a-
S

Figure 2.1: Contributions to the Higgs self energy arising from a scalar par-
ticle S

2.2.1 Swuperalgebra and Supergroup

Since SUSY relates fermions and bosons, its generators have non-trivial trans-
formations properties under space rotations. This implies that supersymme-
try is a space-time symmetry, in the sense that it has to contain the Poincaré
group as a subgroup. Moreover, according to the Coleman-Mandula theo-
rem [26], such a symmetry can not be described by a Lie group and, conse-
quently, their generators cannot constitute a Lie algebra. This is somehow
expected, since the generators turning bosons into fermions and vice-versa
should satisfy anticommutation relations. Therefore the generators of SUSY
have to form a graded Lie algebra.

A rigorous definition of what a graded Lie algebra is beyond the scope
of this section and can be found in the literature [38]. An interesting feature
is that a basis of a graded Lie algebra divides into two families. The odd
operators F; and the even operators B; satisfying the following relations

|Bi; Bj) = ifijBr, [Bi; Fj] = g9y Fr, {Bs; Bj} = isijuBy. (2.13)

Even operators of SUSY are the generators of the Poincaré group, and f;;; are
its structure constants. The properties of the odd operators and the structure
constants g;;; and s;;;, in an interacting relativistic quantum field theory are
fixed by the Haagd/opuszanski-Sohnius (HLS) [39] theorem.

This theorem states that the set of the odd generators is constituted by
N pairs of generators transforming under the left-handed spinorial represen-
tation of the Lorentz group

Qé:(Qf7Q124) (A:17"'?N)7
)4 which transform un-

together with their hermitian conjugates (Q2)" = Q4,
der the right-handed spinorial representation of the Lorentz group. Chiral
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theories arise only if N = 1. In this case HLS theorem uniquely defines the
structure of the graded Lie algebra (also called superalgebra)

[M;w; Mpa] = Z'(gup]\/[ua + g;wMz/p - guaMup - gupMu0)7
[P;u Py] =0, [M/wa Pp] = _i(gpupu - gpupu)>

QP =0, [Qus M) = —(0,0). Qs

2
_ _ 1 -
[Qoh Pu] =0, [Qoh MW] = _5(5u1/)aﬁQﬁ"
{Qa: Qs} =0, {Qa,Qs} =0,
{Qar Qs} = 2(0) o5 P (2.14)

M, and P, are the generators of the Lorentz and translation algebra respec-
tively while o, and ,, are defined in appendix B.

In analogy with the (connected) Lie groups, the elements of the super-
group can be obtained by exponentiating the superalgebra. The parameters
related to the spinorial generators have to be Grassmann variables satisfying
the anticommuting algebra introduced in appendix C and anticommuting
with the spinorial generators @, and Q4. Such positions allow to express the
graded Lie algebra in terms of a Lie algebra and to obtain finite transfor-
mation starting from the infinitesimal ones via exponentiation. The generic
element of the supergroup reads

G080 o 1 (5, + Bt s 0 20) |
where £Q = £*Q, and £Q = £Q%.

2.2.2 Superspace and Superfields

SUSY field theories can be built starting from fields in a space in which it is
possible to define a representation of the supergroup. Moreover, these fields
have to transform according to a representation of the supergroup. In this
subsection we will introduce such fields (the superfields) and the space where
they are defined (the Minkowski superspace) [40].

The Poincaré superalgebra is a semidirect product of the Lorentz group
and the superalgebra generated by P,, Q, and Q. Therefore, in analogy
with the Minkowski space, we can define the Minkowski superspace as the
space of the right coset of the Lorentz group. Points in the superspace are
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then in one-to-one correspondence with the parameters of the elements of
the superalgebra of the type

G(2,,0,0,,0s) = exp [ (x“P +60Q + 9@)] (2.15)

The generic point of the superspace is then (xu,ea,éd). This point trans-
forms according to the superalgebra (2.14), provided that the operators P,
Q, Q entering Eq. (2.15) fulfill the opposite superalgebra®. In particular the
spinorial generators are

Py =—i0y Qo= —i0s — (0"),30°0., Q4 =is +67(0")5a0,  (2.16)

where 0, and 0, are anti-commuting operators defined in appendix C.

Fields defined on the Minkowski superspace are called superfields. They
can be Taylor-expanded in terms of the Grassmann variables. Owing to
the anticommuting algebra, Eq. (C.1) in appendix C, a generic superfield
F(z,0,0) can be expanded as follows,

F(z,0,0) = ¢(x)+0p(x) +0x(z) + (00)m(z) + (60)n(z) (2.17)
(

+ 00" u,(x) + (00)0N(x) + (00)0n(x) + (00)(00)d().

The coefficient multiplying the Grassmann variables are ordinary fields de-
fined in the Minkowski space, and they are the components of the superfield.

We will construct SUSY theories using Superfields transforming as scalars
under the supergroup. Under a transformation such that (z,0,0) — (2/,6',¢'),
a scalar superfield will transform according to

F(z,0,0) — F'(2,0,0") = F(x,0,0).

This transformation rule fixes the transformation properties of the compo-
nents of the superfield. Using the notation of Eq. (2.18) ¢, m,n and d are
scalar fields, 1) and 7 are left-handed Weyl Spinors while y and A are right-
handed Weyl Spinors. v, is a vector field.

Scalar superfields give rise to a realization of SUSY, but not an irreducible
one. Indeed, there are two subsets of the scalar Superfields that are invariant
under SUSY. The first set is the subset of the scalar superfields V(z, 6, 0)

2The opposite superalgebra is obtained multiplying the brackets in Eq. (2.14) by —1.
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such that V = V1. The expansion of such superfields reads

V(z,0,0) = c(x)+i0x(x) —ifx(r) + %(ee)m(x)
_ %(99)7}1*(:)&) 1 00t Bu,(x) + i(09)0N ()
_i00)0A(x) + %(00)(§§)d(x). (2.18)

Since v, is a real vector field these superfields are called vector superfields.
The sum and the product of vector superfields is a vector superfield as well.
Others subsets of the scalar superfields that are invariant under SUSY can
be obtained with the help of the following spinorial operators

Do = 0o +i(0"),30°0,, Dg = —04 — i0%(0") ga0, (2.19)
obeying to the following algebra:

{DOM Qﬂ} - {Do'm Qﬂ} - {Dav Qﬁ} - {DO'U Qﬁ} =0,
{Da,Ds} = {Ds,Qs} = [Pu, Da] = [P, Dg| =0,
{Da, Dy} = —2i(0"),3P (2.20)

The subset of chiral (anti-chiral) superfields, fulfilling the condition Ds® =0
(Dy® = 0), is closed under the action of the supergroup. The generic chiral
superfield can be written as

1
4

+ i(000)0,A(z) — %(ee)(@le@) +00F (2),

while the decomposition of a anti-chiral superfield reads

O(x,0,0) = A(z) +V20¢(x) — —(00)(00)0"0,A(x) (2.21)

B(z,0,0) — B(x)—i—\/5@5_(95)—%(09)(6’_6’_)8“8“3@) (2.22)

— i(00"0)0,B(z) + —=(00)(05"0,£(x)) + 00G (z).

i
V2
It is worth to mention that the set of (anti-)chiral superfields is closed under
sum and multiplication and that the product of a chiral and an anti-chiral

superfield is a vector superfield. Moreover the complex conjugate of a chiral
superfield is anti-chiral.
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2.2.3 Supersymmetric gauge theories

We are now ready to write the Lagrangian of a SUSY theory involving chiral
fields. We will start with the most general SUSY Lagrangian involving chiral
superfields and then we will modify it in order to implement gauge symmetry.

Under a SUSY transformation the F' term in Eq. (2.22) and the G field in
Eq. (2.23) transform as a four-divergence. Similarly the d term of Eq. (2.18)
transforms as a total derivative under SUSY transformation. Therefore SUSY
invariant terms are

/d4x F(r) = /d4x /d26 ®(z,0,0),

/d4x G(x) = /d4x /d29 O(x,0,0), (2.23)

%/d‘*x d(z) = /d4x /d49 Vi(w.6,6),

where the integration over Grassmann variables is defined in the appendix C.
The most general renormalizable SUSY Lagrangian involving chiral super-
fields is

Loz = /d“@ 33 + U 0 (N + S200; + 2h0,0,0,) + h.c} ,
(2.24)

where ® = (®,...,®,)T and & = ®'. This is the so called Wess-Zumino
model [41].

Before implementing gauge symmetry into the aforementioned La-
grangian some definition is in order. Given a group g of dimension N and
an n-dimensional representation of g generated by the matrices t*, we define
the set of extended gauge transformations acting on ® according to

® — & =expli2gUet’] @, & — P =Bexp [-i2gU,t?],  (2.25)

where W, is a set of chiral superfields, while W, = W!. This class of transfor-
mations extend the ordinary gauge transformations. The latter arise when
the only non-zero component of each ¥, is A(z). In order to build a the-
ory invariant under the transformations (2.25), we have to modify the La-
grangian (2.24). Indeed the term ®® is not invariant,

BP — Pexp [—i2gW,t%] exp [i29V,t°] @ £ BP.
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Gauge invariance is restored introducing a connection matrix I'(x, 6, é)
with the transformation property

[(z,0,0) — exp [i29V,t*] T(x, 6, 0) exp [—i2gV,t"] . (2.26)

An hermitian connection involving fields whose transformation properties are
independent of the particular representation of g under which ® transforms
is

[(z,0,0) = exp [29V,t%], (2.27)

where (Vi, ..., Vy) is a set of vector superfields whose transformation rule can
be obtained from (2.26) using the Baker-Campbell-Hausdorff formula. Such a
transformation rule allows to put the vector superfields in a convenient form.
One can always choose the Wess-Zumino gauge where the vector superfields
read

V(. 0,6) = B0*0(0.), () + i(00)0N ) — i(B0)ONa(x) + 1 (06) (00)d ().

Ordinary gauge transformations preserve the Wess-Zumino gauge. They
transform (v,), as a Yang-Mills gauge field, and A, and d, as matter field in
the adjoint representation.

The last step for writing a SUSY gauge theory is to find a superfield
generalizing the gauge invariant Field strength tensor. This superfield turns
out to be

1 -
W, = _8_DD exp [—29V,T*] Dy exp [2gV,T“]
g

which, owing to the anticommutativity of the D's, is a chiral superfield, i.e.
Ds;W, = 0. W, transforms according to the left-handed spinorial represen-
tation Poincaré group. The hermitian conjugate of W,

__ 1 =
Wa = o= DDexp[2gV,T*] D exp [~2gV, T
g

is an anti-chiral superfield in the right-handed spinorial representation of the
Lorentz group.

We now have all the ingredients to write the most general Lagrangian
describing a SUSY gauge theory [42],

L = i {/dQH W“Wa+/d29 W, } +/d49 D oxp [29V,t%] @

Wa
+ [ / d*0 W(®) + / 4?0 (W(@))T} : (2.28)
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where W is the so-called superpotential,

W(®) = Lo, + gg’fcbicbj@k.

The coefficients multiplying m;; and g;;, have to be singlets under the gauge
group. Notice that, once the Wess-Zumino gauge is imposed, the theory is
no longer invariant under supersymmetry but it is invariant under ordinary
gauge transformations. The d (F') component of each vector (chiral) super-
field in Eq. (2.28) is an auxiliary field that can be eliminated with the help
of the Fuler-Lagrange equations. Therefore, in the Wess-Zumino gauge, each
superfield has two components. In the case of a chiral superfield, these com-
ponents are a complex scalar and a left-handed spinor, while in the vector
superfield case, they are a spin one boson and a left-handed spinor.

2.3 The Minimal Supersymmetric Stan-
dard Model

The previous section enables us to write a SUSY Yang-Mills theory. This
section will be devoted to the description of the minimal supersymmetric ex-
tension of the SM, the Minimal Supersymmetric Standard Model (MSSM) [4].

2.3.1 MSSM Lagrangian

Before writing the Lagrangian, the gauge group of the MSSM, its (super)field
content and the transformation rules of the superfields have to be fixed. A
natural choice for the gauge group is SU(3)c x SU(2), x U(1)y, while the
field content of the MSSM is obtained substituting each left-handed Weyl
spinor and each Higgs field of the SM with a chiral superfield and each gauge
boson with a vector superfield. The representation of the gauge group under
which the superfield transforms is inherited from the corresponding SM field.
Anomaly cancellation and the existence of Yukawa couplings involving right-
handed down-type quarks force us to enlarge the Higgs sector. The minimal
way to accomplish it is to introduce an extra gauge doublet. The superfield
content of the MSSM is summarized in the Table 2.2. As a notational aside,
the SUSY partner of a fermion (gauge boson) is called sfermion (gaugino),
while that of an Higgs boson is called Higgsino.

Once the field content of the theory is set, the Lagrangian can be obtained
specifying the superpotential W in Eq. (2.28). In the case of the MSSM the
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Superfield bosonic fermionic SU(3) x SU(2)
field field xU(1)
quarks | Q; = (U;, D;)" G = (U, d)" | g = (u;,d;)" (3.2,%)
Ui u; u; (3,1,-3)
Dy df d; (3,1.)
leptons Li = (N, Ei)T gz = (o, éi)T b = (vi, €z‘)T (1,2, —%)
B e e; (1,1,1)
gauge wk wl W, (1,3,0)
bosons B* B* B (1,1,0)
Gi gffl ga (87 1, O)
Higgs | Hy = (Hu, Hi2)" | hu = (h500)T | by = (R, BT | (1,2,3)
bosons | Hq = (Hdb HdQ)T ha = (hga h;)T Bd = (}nga B;)T (17 2, 7%)

Table 2.2: Superfield content of the MSSM. The physical fields in the su-
permultiplets are shown as well. In the last column we show the quantum
numbers of the supermultiplets.

superpotential reads as follows,
Wassu = AU [UjHuz — DyHon] = AODE U Hap — Dy Ha
— M E{[DjHp — EjHy] — p[HuHap — HipHa),  (2.29)
where, in order to shorten our notation, color indices have been dropped.

Renormalizability and invariance under the Poincaré supergroup do not
forbid the presence of baryon and lepton violating terms in the superpotential

1
Waparzo = SANnEp [NiE; = EiNj| + X, Di; [NiDj — E,Uj]
1
+ 1 [NiHuy = EiHa) + 505 DiU; Dy, (2.30)

which should be suppressed to avoid unobserved processes such as proton
decay. In the SM, lepton and baryon conservation is an accidental symmetry
arising from Lorentz invariance and can be violated by non-perturbative EW
effects. This retains from imposing lepton and baryon number conservation
as a fundamental symmetry. Instead, one postulates the conservation of the
matter-parity, Py; = (—1)3F~1) a multiplicatively discrete symmetry that
forbids terms like (2.30) and whose exact conservation can be explained in
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different theoretically satisfactory ways®. Since angular momentum is con-
served, conservation of P, implies the conservation of the R-parity, defined
as

Pp = (_1)3(BfL)+25

Y

where s is the spin of the particles. R-parity conservation forces the lightest
supersymmetric particle to be stable and weakly interacting, hence a suitable
candidate for non-baryonic dark matter.

Since degenerate SUSY multiplets are not observed, in any phenomeno-

logically consistent model SUSY has to be broken. Spontaneous breaking of
supersymmetry via a non zero vacuum expectation value (VEV) of some field
is not viable. Indeed, in order to prevent the breakdown of Lorentz invariance,
spontaneous SUSY breaking has to be triggered by a non-zero VEV of the
F component of a chiral multiplet (O’Raifeartaigh mechanism [44]) or of the
d component of a vector superfield (Fayet-Iliopoulos mechanism [45]). In the
MSSM case both mechanism fails, the former would violate gauge invariance
while the latter would lead to color or charge breaking.
In the MSSM SUSY is broken explicitly, supposing the breakdown arises
spontaneously in an hidden sector of the theory and is mediated to the vis-
ible sector (i.e. the MSSM) by some interaction shared between the two
sectors. The effect of the breakdown is encoded in extra terms entering the
MSSM Lagrangian. To ensure the solution of the hierarchy problem, these
terms have to break SUSY softly, i.e. they do not have to introduce extra
quadratic divergences. Terms fulfilling this requirement are mass terms for
gauginos, sfermions and Higgs bosons, and couplings involving three scalar
particles [46]. These terms have to be added to the MSSM Lagrangian

M. My, ~ M; ~
_3§a§a+ 2T : 1

Eiot - - a8
soff 2 2

J

()i (1 + didy ) + (m3)ig (777 + E85) + (md )y
(]

+ ()i dd + (m)i & e ]

(a") 1 (ﬂjhw - thw) + (aP)ids (ajth - djhdl)

3For instance, such conservation arises as a remnant of a spontaneously broken U(1)
theory fulfilling certain anomaly cancellation conditions [43].
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+ (a")i5€5 (D3haz — €5har) + h.c.

— | m3, hlhy +mi hihg + (bhuihas — bhysha + hec.) ] . (2.31)

The classical MSSM Lagrangian can be obtained from Eq. (2.28) inserting the
superpotential (2.29) and adding the soft breaking terms (2.31). Quantisation
of the MSSM requires to add two extra terms to the Lagrangian. The first one
fixes the gauge, while the second one describes the dynamics of the Fadeev-
Popov ghosts . Their explicit expression can be found in the literature [47]
and will not be given here.

2.3.2 MSSM parameters

The SUSY-preserving part of the MSSM Lagrangian has the same number
of parameters appearing in the SM, while the SUSY-breaking part of the
Lagrangian introduces 105 new parameters, lowering the predictive power of
the MSSM.

Nevertheless, these new parameters are tightly constrained since they lead
to flavor mixing and CP violation. For instance, the suppression of flavor-
changing neutral currents (FCNC) puts limits on the non-diagonal entries of
mg 1 u.p.p and a”P¥. Complex phases of the gaugino mass terms and of the
trilinear couplings a”"”'*¥ have to be suppressed in order to avoid large CP-
violating effects [48]. According to these experimental facts, we neglect family
mixing. In particular we set the Yukawa couplings as real and diagonal,

/\U - diag(yU17yu2v yuS)’ /\D - diag(ydwydga yds)v
/\E - dia’g(yewyew yes)' (232)

As a consequence, the CKM matrix is taken as the unity matrix. The trilinear
couplings are taken as real and diagonal as well,

aU - diag(Amyulv AU2yu27 AUSyU3)7 aD - diag(ACh Yd Adgydw Ad3yd3)7

a” = diag(Ae1yeu Aegyew Aesyer))‘ (2'33)

Moreover we set
my = diag(M% 1, My 5, M%), with X =Q,L,U, D, E. (2.34)

These assumptions are the only ones we made throughout our computa-
tions. They resemble the assumptions defining the phenomenological MSSM
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(pPMSSM) [49], although we do not assume the universality of the first two
sfermion generations. It is worth to notice that the mass of quarks and leptons
of the first two generations are neglected. As will be discussed in chapter 4,
these masses are kept as regulators of the mass singularities.

The constraints from FCNC and CP-violations can be evaded suppos-
ing that symmetry breaking is “universal”, i.e. mass matrices at the SUSY
breaking scale are flavor blind and can be written as

(m%)i; = M%8;;, with X =Q,L,U,D,E. (2.35)

Further suppression of the FCNC can be achieved supposing that at the
SUSY-breaking scale ap p g is proportional to the couplings A\¥"?£ appearing
in the superpotential (2.29),

(CLX)Z‘]' = Ax()\X)ij, with X = U, D, E. (236)
Undesired CP-violating phases are avoided assuming
arg(M;), arg(Ax) € {0,7}, withi=1,...,3and X =U,D,FE. (2.37)

Conditions (2.35-2.37) ensure that at the EW scale the flavor-mixing cou-
plings and CP-violating phases not belonging to the CKM matrix are sup-
pressed. Under these assumptions all the soft breaking parameters are real.

Universality of the SUSY breaking mechanism reduces substantially the
number of parameters; the picture can be further simplified making some
assumption on the SUSY breaking mechanism. We will briefly describe the
one we will consider in (part of the) numerical analyses performed in this
thesis. A more comprehensive discussion on this topic can be found in the
literature [50-52].

We will assume that the interaction responsible of the mediation of the
SUSY breaking from the hidden to the visible sector is gravity. The connec-
tion between the two sectors is therefore described by a non-renormalizable
Lagrangian of the type [50]

1 (F 1
LNR - _M <7X Z fa(ga)a(fa)a + hC) - @F;(Finjqbiqu

1 1 1
— ﬁp |:FX (6/\;]k¢z¢j¢k§u;]¢z¢]) + hCi| . (238)
®i (&,) are the scalar (gaugino) fields of the MSSM, while Fix is the F' compo-
nent of a chiral multiplet ®x responsible for the SUSY breaking. Soft terms
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at the SUSY breaking scale arise expanding the theory around the VEV of
Fx and can read from Eq. (2.38) substituting Fx with (Fx). The structure of
the soft terms is drastically simplified assuming gravity is described by the
minimal supergravity (mSUGRA) effective Lagrangian. Indeed under this
assumption f, = f, ki = ko;; while pj; and A, can be related to u and
AUPE appearing in the superpotential (2.29). Therefore, m3; , mj; , b, and
the parameters in Eqgs. (2.35-2.37), can be written in terms of five quantities

M; = M; = M, = Mmy/2

M} = M§=M; =Mp = Mg =mj, =mf, =mg
Ay = Ap=Ap =4
b = By (2.39)

The five parameters that fix uniquely the MSSM Lagrangian are usually
chosen to be
myo, ml/g, Ao, tﬂ, sign(u), (240)

where tg will be defined in section 2.3.3.

2.3.3 MSSM spectrum

This section is devoted to the description of the MSSM spectrum and the
masses of the physical fields. As in the SM, in the MSSM electroweak sym-
metry is spontaneously broken and such breakdown accounts for the masses
of quarks, leptons and gauge bosons.

In analogy with the SM case, the SU(2), x U(1)y group is spontaneously
broken to U(1)q via a non-zero VEV of the components of the Higgs doublets.
Defining

. hul o hi . hdl o hg
=)= ) (i) -Gif)
the Higgs potential reads
Vinges = (|l + mi, J(Ihal? + [R5 1) + (|ef* + mig, ) (|hal* + [hg [*)
g%+ g

e ([hol? + A 12 = |hgl? — |hg)?)

2
+ [b(hthy — hORY) +he] + % |hEhS — hOny”

2

(2.41)

Thanks to SU(2);, x U(1)y invariance it is always possible to fix an U(1)g-
invariant minimum of the type

hu:(i), hd:<%‘i), (2.42)
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with v, 4 non-negative numbers. If the origin is not a stable minimum and if
the potential is bounded, the configuration (2.42) is a minimum. The afore-
mentioned requirements lead to the conditions

2ul* +myy, +miy, —20> 0, (|pl* +mi, (] +mi,) <6 (2.43)
If conditions (2.43) are fulfilled the value of the two VEV’s is obtained solving

1
(> +m3Joe = boat 7 (62 + %) (03— 02),

1
(lul? +mi)va = bu, — 1 (9*+ ¢") (v;—v2). (2.44)

The masses of the different particles can be obtained by expanding Eq. (2.41)
around the VEV, using the decomposition

o ) (Ud‘f‘L(ﬁbg_iX?z))
v . . hg= V2 A , 2.45
( Uy + % (5 +ixa) I —dy ( )
and diagonalizing the mass matrices. In the following, we give a brief
discussion on the spectrum of the MSSM.

h =

Higgs bosons

The mass terms of the Higgs bosons can be obtained plugging (2.45) into the
potential (2.41) and evaluating the second derivative with respect to ¢’s and
x’s at the vacuum configuration. The mass eigenstates read

() = (& =),
($) = (2 2)(8)
() = (o)) 246

where ¢, and s, are abbreviations for cos a and sin « respectively. Physical
fields are the CP-even Higgs h° and HY, the CP-odd boson A° and the charged
Higgs H*. G° and G* are the unphysical would-be Goldstone bosons related
to spontaneous symmetry breaking. The mixing angles 5 and « are given by

ty = % with0<p <, (2.47)
Va 2
V(g + 1/tg)* + M2 T
to = t , with — = < a <0.
2 P02 (tg + 1/t5)2 — M2 2
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ty, is the abbreviation of tanv. The masses of the Higgs particles read as
follows,

My = b(tg +1/ts),

Moo = \/M2 + ML+ \/ o+ M2)2 — AMZM30c3,,

Mys = /M2, + M3, (2.48)

The previous relations set an upper bound on the mass of the lightest Higgs
h°, Mo < My. Such a light Higgs should have been already discovered at
LEP [53] and Tevatron [54]. The non observation of h° can be explained
including higher order corrections to the Higgs mass [5] that increase the
tree-level value of the Higgs mass up to 50 — 100 % [55]. Nevertheless, the
MSSM predicts a rather light Higgs particle h°, whose mass has to be below
135 GeV [56].

SM fermions and gauge bosons

As in the SM case, the mass eigenstates of the gauge bosons are given by
Eq. (2.8), while the corresponding masses can be obtained from Eq. (2.9)
performing the substitution v — \/v2 + v3.

The mass terms of quark and leptons are obtained from the Yukawa
interaction terms

Loys= — [vu)\g(uz) (U)o + vd)\D(d) (dj)a + vdAiEj(ei)o‘(ei)a + h.c.} )
Mass eigenstates can be obtained by means of a bi-unitary transformation,
F=Ust,  fe=WDyf; (f=ud.e).

The physical masses read (no sum over i):
my, = v (U)gA (Vi ma, = va(U™) i AR (VT ki,
me, = va(U) AL (V)i (2.49)

Notice that the mass eigenstates can be arranged into Dirac spinors

Ui ) o d;)a €i)a
¢“z:<(u—lcl )7 ¢dz:<(d—fi )7 ¢ez:<(e—lcl )

In terms of these Dirac spinors, the mass term can be written as follows,

- [mul¢;z¢uz + mdzqu;dzqu)dz + mei¢;i¢ei} :
Assuming diagonal Yukawa couplings, Egs. (2.32), we have V7 = UJ; = 0.
In this case the CKM matrix is the identity matrix.
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Neutralinos, charginos and gluinos

Having the same quantum numbers, neutral higgsinos and neutral gauginos
mix to give rise to four mass eigenstates, called neutralinos. The mass terms
are described by

Lrn = =5 [0 Vis(¥s)a + e, (2:50)

where ¢ = (B, W°, h9, h%)T, while the matrix Y is given by

M1 0 —Mzswcg Mzswsg
. 0 Mg MzcwCﬁ —MZchﬁ
Y= —MzswCﬁ MzCch 0 iy (251)
Myswsg —Myzewsg — 0

In the real MSSM this is a real symmetric matrix that can be diagonalized
by a unitary matrix N. The mass eigenstates and the corresponding masses
are given by

v = Nigthi,  mgo = (N)3Yi(N'i (2.52)

Neutralinos are usually described by means of four-dimensional Majorana

Spinors,
Xi = < (%); ) . (2.53)

Similarly, charged higgsinos and gauginos can mix giving mass eigen-
states, the charginos. They are obtained diagonalizing the following mass
term,

Lonwe = 5 [0 KW+ (7 X )athe], (254)

where ¥* are defined as

_ W= W s |
" :< e ) W:( A ) with Wi:ﬁ<W1qEzW2>. (2.55)

The matrix X,

X = ( My V/285Mw ) , (2.56)

V2cs My iz

can be diagonalized by a bi-unitary transformation, yielding mass eigenstates
and corresponding masses as follows,

VT = Uy, U7 = Vil Mgt = (Ui X6 (V)i (2.57)
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These left-handed spinors can be combined into a four-dimensional Dirac
spinor,
Ui )a
5= (_/)d . (2.58)
(¥'F))
Being the only fermionic octet of SU(3)¢, gluinos do not mix with any
other particle. Therefore gauge eigenstates (¢) are mass eigenstates and, in

the case of the real MSSM, the mass eigenvalue is M3. Usually the left-handed
Weyl spinors describing gluinos are arranged in a four-dimensional Majorana

spinor,
9o
wg = = :
9

Neglecting flavor mixing (i.e. assuming that (mg, ;)i; and (mg p p)i are di-
agonal) the sfermion mass terms read

3 ~
Lo = —Z{ > [Grdaonez ()] + (M2 - 3z } ,

i=1 f=u,d,e
where (fri, fri) = (f;, f¢) and 7; = ;. The matrix M2 is defined as

Sfermions

fi
M2, + MZcys(I] — Qys2,) +m? (A, — k)
M2 — ( Fi zC2p\13 fSw my, myg\Af, — UK )
i my (Ay, — ) M}%‘/i + M%C%Qfs%v) + mf(g. ’)
2.59

with (f, F, F') € {(@,Q,U), (d,Q, D), (¢, L, E)}, while k = 1/t4 if f = u and

k = tg otherwise. 77; is a mass eigenstate and its mass reads

1
m2 = M7 — §M§c%. (2.60)

Vi

The others mass eigenstates can be obtained diagonalizing M?2

f. Co.  Sg- f.
OEERA) oo
Jai —S0;  Coy [ri
The corresponding mass eigenvalues are

1
m%i,m - m?z + 5 |:M}27'Z + Mlg"z + M§C2ﬁlg + Afzi| ) (262)

A, = [MZ = M, + Mieog(I} — 2Qys%)]” + 4m?, (Agi — pr)?.

7
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From Eq. (2.59) one can infer that, if the mass my, of the fermion f; can be
neglected, mass eigenstates coincide with gauge eigenstates.

For later reference we will express the matrix (2.59) in terms of the mass
eigenstates my . and the mixing angle 07,

2 9 2 2
M2 . ( Ceflmfl —L_ gz 020 1862 ( .le mf7,2) ) . (263)
i Cefi Safi (mfn - mfm) CQ mf T 89 le

Comparing Eq. (2.59) and Eq. (2.63) one gets

mez (Ag, — pw)
)
mfu mfi2

sin 20 = (2.64)

Notice that from SU(2) invariance, the entries of the mass matrices M; and
MC% are no longer independent since

2

2 2 2 2
Cp. M5 Sp. M5
0g," "dn T 04, "di2

—mg = cj. m C+sp. m~ —ml — Mo (2.65)
Therefore, the squark sector is described by five distinct parameters, since

and tg are usually fixed in other sectors of the MSSM.



Chapter 3

Supersymmetry at colliders

In this chapter we give a short review of the status of the SUSY searches at
colliders. The first three sections are devoted to the description of the various
strategies used at LEP (section 3.1), Tevatron (section 3.2) and HERA, (sec-
tion 3.3). Section 3.4 describes the searches which are foreseen at the Large
Hadron Collider and their discovery potential.

3.1 Direct searches at LEP

The large electron positron collider at CERN operated from 1989. Four dif-
ferent experiments (ALEPH [57], DELPHI [58], L3 [59] and OPAL [60])
collected data during the eleven years of running. After a first run at the
Z-boson resonance peak (y/s ~ 91 GeV), from 1995 the center-of-mass en-
ergy was constantly increased reaching 209 GeV. Each experiment collected
~ 1 fb~! of data, of which 235 pb~! above 204 GeV. This set of data is the
most relevant for new physics searches.

Being an ete collider, all SUSY particles except the gluino can be pro-
duced at LEP. Accordingly, each experiment performed many searches for
the production of different type of SUSY particles.

Higgs Bosons

In the scenarios accessible at LEP, The main search channel for neutral Higgs
Bosons are the Higgsstrahlung processes

ete” - HZ (H=h"H, (3.1)

with s-channel Z-exchange. Four different final states topologies have been
considered, according to the different decay channels of the particles. The
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Figure 3.1: 95% CL (light green) and 99.7% CL (dark green) exclusion limit
in the (myo,t3) plane [53]. The dashed line is the expected 95% CL exclusion
limit in absence of signal. The upper boundaries correspond to four different
top masses (from left to right 169.3, 174.3, 179.3 and 183 GeV)

first topology considered is the four jets topology, (H — bb)(Z — qq), in
which the invariant mass of two jets is close to the mass of the Z boson,
while the other two jets are tagged as b-jets. The other topologies are the
two b-jets and two leptons topology, (H — bb)(Z — ¢*¢~), the missing
energy topology, (H — bb, 7777 )(Z — vv), and the tau-leptons topology
(H — 7777 )(Z — qq) and (H — bb, 7777)(Z — 7777). Background comes
mainly from fermion pair production and from di-boson production possibly
accompanied by photon and gluon radiation.

Another important process is the associated production
ete” — HAY, (3.2)

which has a sensitivity in the MSSM parameter space complementary to that
of the process (3.1). The signal topologies are mainly three: four b-jets from
(H — bb)(A° — bb), four 7 leptons from (H — 7777)(A° — 7777) and the
mixed final states (H — 7t77)(A° — bb) and (H — bb)(A° — 7+77). The
SM background has the same origin as that of Higgsstrahlung.

No significant excess over the SM background has been found, and the out-
come of the Neutral Higgs searches is the exclusion of regions of the MSSM
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parameter space. The combined result of the four experiments is available in
Ref. [53] while the singular analyses of the different experiments are available
in Ref. [61]. As an example, in Fig. 3.1 we show the exclusion limit in the
(mpo,ts) plane set by the combined analysis. The scenario considered is the
most conservative one, namely the mj*. At 95% confidence level the regions
mpo < 92.8 GeV and 0.7 <15 < 2 are excluded.

Particular studies have been devoted to the possibility of Higgs decay into
SUSY particles, in particular to scenarios in which h° — x%x9 is allowed [62].
If the Higgs production cross section is the SM one!, such possibility do not
alter the SM bounds on the Higgs mass.

Concerning the charged Higgs boson, the main production channel at
LEP is
ete” — HTH™. (3.3)

Under the assumption BR(H™ — 77,) + BR(HT — ¢5) = 1, the signal
topologies are three: four jets from (H™ — ¢35)(H~ — ¢és), two jets, a 7
and missing energy from (H™ — ¢5)(H~ — 7 v,) and two a-complanar 7
lepton arising from (H* — 77v,.)(H~ — 77 1,). The main SM background
is the WTW ™ production. Each of the four collaboration performed this
analysis [63], the combined results of the four experiments [64] lead to a lower
bound of 78.6 GeV on my=+. This bound holds for every value of BR(H* —
70,

3.1.1 Charginos and neutralinos

At LEP, there were dedicated searches for the production of a pair of lightest
charginos,

efe” = XX - (3.4)
If kinematically allowed, the main decay channel of the chargino is a two body
decay Xi — £*D. Otherwise the three-body chargino decay chain Y — ff'x°
is dominant.
When sfermions are heavier than x{ and M, < 1 TeV, the topologies of the
signal are three: the all hadronic topology, (X — ¢7X%)(x;i — ¢"7"x?),
the fully leptonic one, (Y7 — fvx?)(x; — ¢v'X?), and the mixed topologies
(X{ — X)) (X7 — ¢"¢"X)) and (X — @' X9) (X1 — £V'X}). No excess over
the SM background was observed and a lower limit of the order of 203 GeV
has been set for mg= 1, provided that m; > 200 GeV [65].
When M, > 1 TeV, the difference my+ 1 —mygo ; is so small that the selection

efficiency of the signal decreases. In these scenarios a hard photon from the

IThis is the case in the low 5 regime.
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initial state can be used to tag the produced chargino pair ete™ — ¥ X7 7.
The combination of these two strategies allow to set a lower bound on myx+ ;.
This lower bound equals 92 GeV [66] and it is independent of the mass
difference Mgx — M.

When the 2-body decay is kinematically allowed, i.e. when the sfermion
masses are lower, the sensitivity of the previous analysis become so bad that
the process (3.4) become almost invisible. In this case, constraints on the
chargino mass can be set assuming gaugino and sfermions mass unification
and looking at slepton production and neutralino pair production processes.
However, the mass limit set in the case of heavy slepton mass is practically
unchanged.

In the scenario considered at LEP the lightest neutralino is the LSP. In
principle, direct searches for the LSP can be performed using the process

ete — XX, (3.5)
where the photon tags the invisible final state. In practice, this process
is completely hidden in the irreducible background related to the process
ete” — vy which, above the Z production threshold, becomes important.
Therefore, limits on the mass of the lightest neutralino can be constrained
from chargino, leptons and Higgs searches, provided that some assumptions
on the model are done. Assuming gaugino and sfermion mass unification, the
lower limit on the m oy is 47 GeV [67]. In a more constrained MSSM, in which

pt is obtained from the other parameters, m 5, > 50 GeV [68].

3.1.2 Sleptons

The most model-independent channel in slepton searches is the production
of a pair of right-handed muon sleptons,

ete™ — fipjip, (3.6)
via s-channel Z or 7 exchange. Since the mixing in the smuon sector is
negligible, besides the smuon mass only SM parameters enter at tree level.
The main decay mode is fir — X{u leading to a signal topology of two a-
complanar muons and missing energy. The smuon decay is model-dependent
and in particular depends on the difference mj;r — mgo. The leading SM
background depends on this difference as well?. Therefore, the results depend

X
X} become degenerate, the selection efficiency decrease and the main background is the

process ete™ — eTe” uT p~ with two virtual photon interacting and the electrons escaping
in the beam pipe.

2If mp.p — myo is big the main background comes from WW production. If fip and
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Figure 3.2: 95% CL exclusion limit in the (m; g, mso 1) plane [69]. The dotted
green line is the expected 95% CL exclusion assuming BR(jip — x{pu) =1

either on the smuon mass and on the mass of the LSP. Exclusion limits in
the (m;,r; mgo) plane set by the combination of the four experiments [69] are
shown in Fig. 3.2. If m r — mgo > 5 GeV, smuon masses below 99 GeV are
excluded.

A similar analysis can be applied to the process of pair production of the
lightest stau 7;. The limit on the lightest stau turns out to be lower than
the limit on the smuon mass, i.e. mz; > 86 — 95 GeV, depending on m
and provided that mz; —mgo > 7 GeV [69]. The main difficulties related to
stau production is the non-negligible mixing between 7z and 7, which can
reduce the Z—7,—7; coupling. Moreover, the selection efficiency of the signal
is reduced by the presence of at least one neutrino arising from the 7 decay.

The previous technique applies to right-handed selectron as well. In this
case the production process is

ete” — épcp, (3.7)

and the signal is identified as two a-complanar electrons and missing energy.

Constraints on the selectron masses can be obtained only making some as-
sumption on the model. Indeed, the process (3.7) depends on the particular
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Figure 3.3: Left panel: 95% CL exclusion limit from #; — bf> [72]. Excluded
region are given for two different values of the mixing angle ;. The DO
experiment results quoted in Ref. [73] are shown as well. Right panel: 95%
CL exclusion limit from #; — X9 [72]. Again, the excluded regions are shown
for two values of #;. CDF experiments limits available in Ref. [74] are quoted.

scenario owing to the presence of diagrams with t-channel neutralino ex-
change. In the case of selectron production, associated é€rér production is
helpful in the hunting for €z when mg r — mgo 1S small®. Assuming gaugino
and slepton mass unification, a lower bound of 73 GeV on mg p is set, inde-
pendently on me g — mgo [70].

Finally, constraints on the sneutrino mass can be set measuring the in-
visible width of the Z boson. In the case of sneutrino LSP or NLSP (next to
lightest SUSY particle) m; > 45 GeV [71].

3.1.3 Squarks

At LEP, the searches for squarks were focused on the search for the squarks of
the third generations, i.e. top and bottom squarks. This is because in many
SUSY scenarios, the lightest stop and sbottom, #; and by, are the lightest
among the squarks.

3Indeed, a single electron final state from the decay é;, — ex!| tags the associated
production.
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The main production channel of top squarks is

ete” — 4, (3.8)

via s-channel Z and v exchange. If kinematically allowed, the main decay
channel is #; — bf. Otherwise the leading decay is £, — ¢!, since at the
energy range accessible at LEP £ — by is kinematically forbidden. In both
cases, the main SM background is constituted by di-bosons, Wev, and qqvy
production, and depends on the value of the difference m;; —m;.

If the decay into sneutrino is kinematically allowed, the signal topology is
constituted by two a-complanar b-jets, two isolated leptons and missing en-
ergy. The combined analysis of the four experiments for ¢; searches do not
observe any excess from the SM background, and allows to exclude regions
of the (m;;, my) plane [72]. In the left panel of Fig. 3.3 we show the exclu-
sion limit in the (mj;, my) plane for two values of the mixing angle of the
stop sector ;. In particular the value 6; = 0° corresponds to a left-handed
t; and 0; = 56°, corresponds to vanishing Z—#,-t} coupling. The latter is the
worst-case scenario and leads to the most conservative bounds on the stop
mass. This bound is 96 GeV, provided m; < 86 GeV.

When the dominant stop decay channel is £, — ¢y, the signal topology is
two a-complanar jets and missing energy. In the right panel of Fig. 3.3 we
show the 95% CL exclusion limit in the (mg;,mgo) plane arising from the
combined analysis of the four collaborations [72]. In the worst-case scenario
the region m; < 96 GeV is excluded, provided mg; —mg —m. > 5 GeV. It
is worth to mention that when mg; — myo is small (i.e. <6 GeV) the stop
lifetime is sizable and the possibility of long lived R-hadrons has to be taken
into account. A dedicated analysis [75] set a limit of 63 GeV on the stop
mass, independently on the difference m;; — myo.

The lightest sbottom 51, is mainly produced in pairs via the process
ete” — bybt. (3.9)

Sbottom searches are simpler than the stop ones, since the (tree-level) dom-
inant decay mode is b; — bx!. The signal topology is two a-complanar b-jets
and the combined results of the four LEP experiments do not observe any
significant deviation from the SM background. Lower bounds on mj; ; depend

on the mixing angle 55. In the worst-case scenario, corresponding to vanishing
Z-b;-bj coupling (; = 68°), the lower bound is 95 GeV [72].
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3.2 Direct searches at the Tevatron

Tevatron is a proton-anti-proton (pp) collider at Fermilab. At the time of
writing (2009), this collider is running, likely it will run the next year while
the running in 2011 is under evaluation. Two experiments are collecting data
at this collider: CDF [76] and DO [77]. The first phase of running (Run I)
was characterized by a center-of-mass energy of 1.8 TeV and lead to the
discovery of the top quark (1995). The second phase (Run II) began in 2001,
the center-of-mass energy was increased to 1.96 TeV, and the instantaneous
luminosity was increased as well. At the end of 2008, 5 fb~! of data were
delivered by Tevatron and others 1.5 fb~! are foreseen for this year.

The center-of-mass energy available at Tevatron is bigger than that avail-
able at LEP and allows a wider energy range for new particles searches. Nev-
ertheless, Tevatron is an hadron collider, therefore the background is larger
than the background at LEP. Both CDF and D0 performed many searches
for SUSY particle production processes. In the following a small overview of
such processes is given.

3.2.1 Higgs bosons

At the Tevatron, the dominant production mechanism for the SM Higgs
boson H is gluon fusion with subsequent bb decay,

gg — H — bb. (3.10)

Because of the huge QCD background, this channel is not feasible and the
associated production process,

qf — HW,HZ, (3.11)

is used instead. These searches apply as well in the MSSM scenarios charac-
terized by low values of 3. Their sensitivity, however, is not yet sufficient to
provide constraints.

More favourable are the MSSM scenarios characterized by high t5. In these
scenarios neutral Higgs bosons are produced by gluon fusion,

g9 —H (H=h" A" H°). (3.12)

In the MSSM, the decay channels H — bb and H — 7F7~ are enhanced by
a factor 3. Such enhancement is not sufficient to render the H — bb channel
feasible but makes the H — 717~ channel viable. The signal topologies are
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Figure 3.4: Left panel: 95% CL exclusion limit in the (m4o,t5) plane by
CDF [78]. The production process is gluon fusion and the scenario is mp**.
Right panel: 95% CL exclusion limit in the (m 40, %3) plane set by the DO [80],

max

considering bH associated production. The scenario is mj

€Thads WThads €ft*. The leptonic decay ensures proper triggering. The main
background is Z — 77~ and W+jets. The outcome of the searches per-
formed by CDF [78] and DO [79] are translated into exclusion limits in the
(mao, tz) plane within benchmark scenarios. In Fig. 3.4 we show such limit
in the my™* scenario.

In the high ?3 regime, an interesting production channel is the associated bH

production
bg — bH. (3.13)

In spite of the huge QCD background, the H — bb decay mode is feasible.
No signal has been observed [80,81], and both experiments set limit in the
(mao, tz) plane. In the right panel of Fig. 3.4, we show the limits set by D0
collaboration in the mj** scenario. It is worth to mention an interesting pos-
sibility explored by DO [82]. They looked for the production (3.13) and the
H — 77~ decay channel. The leptonic decay of the 7 allows a better disen-
tanglement of the signal from the background. Owing to the small amount of
integrated luminosity used in the analysis (1.2 fb™!), the constraints in the
(mao, t3) plane are not competitive with those shown in Fig. 3.4.

The strategies used when searching for charged Higgs at the Tevatron
depend on the Higgs mass and in particular whether mg+ > m; or my+ <

47heq denotes the hadronic decay of the 7, into hadrons and a v;.



38 Chap. 3: Supersymmetry at colliders

D@ Run Il Preliminary

% I H . ¢S H - v ]
0 180" -
T
2

[ = Expected limit 95% CL — Expected imit 95% CL 7

1601 2] Excuded osscL Excluded 95% CL

140 -_\\ . tauonic
K2\ leptophobic
12085\
\
00
100050
§ A
goRoca L "

1 10
tan B

Figure 3.5: 95% CL exclusion limit on my+ as a function of ¢g, according to
the analysis of the top decay performed by the DO collaboration [84]. The
excluded region comprises leptophobic models, characterized by tg < 1.5 and
BR(H™ — ¢5) ~ 1, and tauonic scenarios, in which t3 > 1.5 and BR(HT —
THr7) ~ 1.

.
If my+ < my, the top decay channel

t— H'D, (3.14)

is kinematically allowed. Therefore the channel (3.14) will change the relative
fraction of the different signal topologies related to ¢t production. Searches
looking for deviations from SM in the t¢ decay topologies [83,84] do not
show any significant deviations from SM predictions and allow to set limits
in the (my+,ts) plane. The limits of the D0 analysis are shown in Fig. 3.5,
leptophobic models and tauonic scenarios are excluded at 95% CL.

If mp+ > my, resonant charged Higgs can be produced via a process similar
to s-channel single top production,

qf — H' — tb. (3.15)

Therefore, the analysis developed for single top searches can be applied to
charged Higgs searches. The analysis performed by DO [85] has shown no
excess over the SM background and has set limits on the production cross
section in type I, IT and IIT two doublets Higgs model (2HDM). A region in
the (mpy+,ts) plane has been excluded in type I 2HDM.
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Figure 3.6: 95% CL exclusion limit in the (mg, m1/2) plane arising from the
trilepton signal. This plot is provided by the DO collaboration [86], but the
CDF observed limits [87] are shown as well.

3.2.2 Charginos and neutralinos

At the Tevatron chargino and neutralino are searched looking for the associ-
ated production

P — X*Xa, (3.16)

followed by the decays (x* — fvx{)(xy — ¢7¢7x?). Such decays proceed
via W or Z exchange and by slepton exchange. If the slepton mass is light
enough, signal topologies constituted by three leptons ad missing energy are
enhanced enough to be viable. The main background is the associated W2
production. Such analysis has been performed by DO [86] and CDF [87],
resulting in exclusion limits on the (mg,m/2) plane, as shown in Fig. 3.6.
The gap in the exclusion limit in the (mg, m4/2) plane is related to the loss of
acceptance of the trilepton signal. Indeed in this region the mass difference
mgy — my is so small that one among the three leptons is too soft to be
detected. It is worth to mention that DO has shown the possibility to fill this
gap requiring two same-sign leptons as signal topology [88].

3.2.3 Squarks and gluinos

All the possible production channels of squarks and gluinos read as follows,

pp — 49, 43, §°9, 4d, ¢°q*, 4q°, (3.17)
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Figure 3.7: 95% CL exclusion limit in the (mg, mg) plane by CDF [90] (left
panel) and DO [89] (right panel), assuming mSUGRA scenarios with fixed
values of Ay, sign(p) and t5. In the right panel, the red line is the observed
limit and the yellow band is the uncertainty of this limit. Blue curves are
limits from lepton and chargino searches at LEP.

their relative yield depending on the g and ¢ mass hierarchy. The signal
topology is constituted by at least two, three, or four jets and missing energy.
The SM background is constituted by W/Z+ jets, di-boson, t¢ and single
top production. Another source of background, of QCD origin, is related to
multijet production whit jet energy mis-measurements or with 7 decay of
the heavy quark flavors. Inclusive searches for gluino and squarks production
were performed by DO [89] and CDF [90]. The top squarks are not included
in the analysis and, in the case of CDF, bottom squarks are excluded as
well. No significant excess over the SM background was observed and limits
on the (mg, my) plane were set, m; being the average mass of the squark
considered in the analysis. In Fig. 3.7 we show the limits set by CDF (left
panel) and DO (right panel). Each point in the plane is obtained from the
spectrum of a mSUGRA sample varying the value of mg and m,, for fixed
value of Ay, sign(p) and t5. As can be inferred from Fig. 3.7, CDF set a lower
limit of 280 GeV (390 GeV) for the gluino (squark) mass in the slope of the
mSUGRA MSSM characterized by Ay = 0, t3 =5, 11 < 0. Similar results are
obtained by DO that excludes gluino (squarks) masses lower than 308 GeV
(379 GeV) in the benchmark slope Ay =0, t3 =3, u < 0.
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Figure 3.8: Left panel: 95% CL exclusion limit in the (mgﬁl,mio) plane by
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Right panel: 95% CL exclusion in the sneutrino mass versus ¢; mass plane
as obtained by DO [92]. The yellow band is the effect of the uncertainty on
the cross section.

3.2.4 Top and bottom squarks

Dedicated searches for the lightest squarks belonging to the third generation,
ie. {; and by, have been performed at the Tevatron. Indeed, the tagging of
heavy flavor jets allows to distinguish top and bottom squarks from the
squarks of the first two generations.

Top squarks are produced in pairs, at the Tevatron the main partonic
process is

Similarly to the searches at LEP, searches for stop depend on the mass hier-
archy of the particular SUSY scenario. Indeed, this hierarchy determines the
branching ratio of the stop decay. In particular, when kinematically allowed,
the main decay channel is £, — byt. Otherwise, stop undergoes the 3-body
decay t; — blD. Finally if ¢; is the NLSP the only decay channel is the loop
induced flavor changing process £, — cX}.

If the stop decay into chargino and bottom is kinematically allowed, the
signal topology is given by two leptons (e or u), two b-jets, and missing
energy. The main background is top pair production®. No excess over SM

5Actually, the signal itself mimics top events signatures.
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events were found by CDF [91], but limits in the (g, mgg, ms+) space were
set. In Fig. 3.8, we show these exclusion limits in the (mg;, mgo) plane for a
given chargino mass and for different values of BR(y{ — x/v). The region
excluded by LEP is sizably enlarged.

If the by channel is forbidden, the dominant decay channel is #; — bfD.
This is an attractive channel, if both the produced top squarks decay through
this channel, beside missing energy, the final state exhibits two b-jets and two
high transverse momentum leptons, leading to a rather clear experimental
signature. DO performed a search [92] using this channel, supposing BR(t; —
blr) = 1 and equal sharing among the three lepton flavor final states. The
signal topology is (f; — blv)(t% — bl'V') with ¢ = e*p~, pTe”,eTe”. The
main SM background of this searches are di-boson, and ¢t production. QCD
background enters as well. In the right panel of Fig. 3.8 we show the limits
in the (mgz,,my) plane arising from the DO analyses. The exclusion regions
set by LEP is enlarged even if the LEP results are still the most constraining
in the region mz, — m; < 40 GeV. For m;; — m; bigger than 100 GeV,
values of the stop mass lower than 170 GeV are excluded. Such lower bound
decreases with the difference m;; — m;. For instance, m;, < 150 GeV when
mi; — mp = 60 GeV. The largest stop mass excluded is m; = 175 GeV for
a sneutrino mass of 45 GeV, while the largest sneutrino mass excluded is
96 GeV for a stop mass of 140 GeV.

Both DO [93] and CDF [94] performed an analysis on stop production,
supposing the stop is the NLSP. As already explained, the dominant decay
is £, — cXg and then the signal topology is two a-complanar charm jets and
missing energy. Both analyses did not observe an excess over the SM back-
ground, constituted by di-boson, W/Z+ jets, tt, and single top production.
The exclusion limits in the (m;;, myo) plane derived by DO are shown in the
left panel of Fig. 3.9, assuming BR(#; — cx¢) = 1. At the 95% CL the largest
limit on mg, is 155 GeV, provided that mg = 70 GeV.

Concerning the bottom squark, if m; | < mgg +my and my > mgo +my,
its relevant decay is by — bxY. Searches for b, in scenarios characterized by
X) LSP and the aforementioned mass relations were performed by CDF [94]
and DO [95]. The signal topology is two b-jets and missing energy, while the
background is multijet, W/Z+ jets, tt, single top and di-boson production.
Instrumental background enters as well. No evidence for shottom produc-
tion was observed and this result can be interpreted as 95% CL limit in the
(mé,pmx?) plane. As can be inferred from the right panel of Fig. 3.9, the
mass of the lightest sbottom is excluded up to 193 GeV, limit reached when

mgo = 40 GeV. The gap between the kinematic limit mj; = mgo + my and
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Figure 3.9: Left panel: 95% CL exclusion limit in the (mg;, m;(?) plane arising
from the searches of two a-complanar charm jets performed by DO [93]. The
yellow band is the uncertainty related to the uncertainty on the cross section.
Right panel: 95% CL exclusion in the plane (m;, , mgo) provided by CDF [94].

the excluded region is related to the loss of efficiency of the signal owing to
the missing energy requirement in the signal.

More stringent bounds on the shottom mass are obtained considering a sce-
nario in which b, is the only squark lighter than the gluino, i.e. BR(g —
b1b) ~ 1. Assuming BR(b; — x9b) = 1, the search for a signal constituted by
four b-jets and missing energy allows to exclude sbottom masses lower than
325 GeV for my = 340 GeV and mg = 60 GeV [96].

3.3 Direct searches at HERA

The HERA experiment at DESY terminated its operations in June 2007.
HERA was a ep collider with center of mass energy of 320 GeV. HERA op-
erations were divided in two phases with an upgrade in 2001. Thanks to this
upgrade higher luminosities were reached and the possibility to use polar-
ized e* beams was allowed. During the two phases the experiments H1 [98],
HERA-B [99], HERMES [100], and ZEUS [101] collected data. SUSY searches
at HERA were performed by H1 and ZEUS and they were dedicated to single
squark resonant production within R-parity violating SUSY scenarios. Even
if this is beyond the scope of this discussion, which is focused on R-parity
conserving scenarios, it is worth to mention the main results obtained by H1

and ZEUS.



44 Chap. 3: Supersymmetry at colliders

=1 ol
(a2} —
;: Unconstrained MSSM, j=3 ;: Unconstrained M SSM, k=3
10 10
-300 < pu <300 GeV | -300 < 1 <300 GeV |
B 70 <M, < 350 GeV P 70 <M, <350 GeV
10 M g > 30 GeV imposed 10 M, g > 30 GeV imposed-|
| | | | | | | | | |
100 125 150 175 200 225 250 275 100 125 150 175 200 225 250 275

(GeV) (GeVv)

squark squark

Figure 3.10: Left panel: 95% CL exclusion limit in the (\}5;, m;) plane from
the H1 search [97]. The limits are set performing a two-dimensional scan
over the parameters (u, Ms) of the phenomenological MSSM. M; and M;
are obtained from M, using the well known DR relations [50], while t5 = 6.
Sleptons and squarks are assumed to be degenerate with diagonal mixing
matrices. The common mass of the sleptons is 90 GeV. In the plots are also
shown limits from neutrinoless double beta decay (350v). Right panel: As
the left panel, but considering the 95% CL confidence level in the (\|;5,mg)
plane. The right panel shows limits from tests of charged current universality

(CCU).

At HERA, resonant squarks are produced via the processes
e u— dp, etd— g, (3.19)

with corrections proportional to Ay, and A}, respectively. Al is defined in
section 2.3.1. The produced squarks can decay via R-parity violating channels
G — ¢'0,q"v leading to either a high pr electron and one jet or missing
energy and a jet. Alternatively, a squark can undergo an R-parity conserving
decay ¢ — qx°,qd,¢'X*. Depending on the subsequent decay of the gaugino,
signal topologies are characterized by jets, up to two leptons and possibly
missing energy. The background for these searches are neutral and charged
current deep inelastic scattering, direct and resolved photon production, the
processes ep — eW X, ep — eZX and QCD multijets production. Direct
searches performed by ZEUS [102] and H1 [97,103] found no excess over
the SM expectations and they allow to set limit in the MSSM parameter
space. As an example, in Fig. 3.10, we show the exclusion limits obtained
by the H1 analysis [97]. In the left [right] panel the projection of the 95%
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CL limits in the (N3, mg) [(N13.mg)] plane from a two-dimensional scan
over the phenomenological MSSM is shown. my is the mass of the squarks,
assumed to be degenerate. The limits are independent on p and Ms. In case
of N ~ V4dra ~ 0.3 squark masses below 275 GeV are excluded.

3.4 Direct searches at the LHC

The Large Hadron Collider (LHC) is a proton-proton (pp) collider built at
CERN. The first beam circulated on 10" September 2008. A fault occur-
ring on 19" September damaged some of the magnets which, at the time
of writing, are under repair. Currently, the beam is expected to run again
in fall 2009. The LHC is designed to collide two proton beams at a center
of mass energy of 14 TeV. Heavy ions collisions are scheduled as well. Four
experiments will collect data at LHC. Beside the multi-purpose experiments
ATLAS [104] and CMS [105], there are two other experiments, ALICE [106]
and LHCD [107]. In particular, one of the major goal of the two multi-purpose
experiments is the hunting for SUSY. In the following we will briefly describe
the 5o discovery reach of SUSY realized via mSUGRA MSSM at ATLAS and
CMS, according to the latest technical design reports (TDR) of these two col-
laborations [105, 108].

3.4.1 Inclusive searches

At the time of writing, the SUSY searches of both ATLAS and CMS are
mainly focused on strategies for early discovery at the LHC. In these searches
the direct production of squarks and gluino plays a fundamental role. Indeed
if squarks and gluino are light enough (i.e. lower than 1 — 1.5 TeV) they will
be copiously produced at the LHC. Depending on the mass hierarchy among
squarks and gluinos, these SUSY colored particles undergo two and/or three
body decays and they cascade down to the LSP that, if R-parity is conserved,
is stable. For instance, typical decay chains are

g —qq, ¢ — qX, if g is the heaviest SUSY colored particle,
q— gq, g — qqx, if g if the lightest SUSY colored particle,
q - gqa g - q/q/a (j/ - q/X, if Mg < mg < mg.

In mSUGRA scenarios X0 (x9) is almost B- (W-) like, therefore jp decays
almost exclusively to ¥? while ¢ decays mainly in x} even if the branching
ratios for 4, — ¢'XT and G, — X3 are not negligible. Therefore, the decay
modes of ¥J and Y7 trigger SUSY production events and can give signatures
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for this events. In order of importance the decay modes of x3 and )Zf are
X9 — 00, v, XY, 2090, e X,
X =, v, WERS, HERY, vy,

Therefore, typical SUSY signatures at the LHC are events characterized by
(two or more) jets, missing transverse energy, F'r, and eventually leptons. The
SM background comes from ¢t, W/Z+jet, di-boson, single top production,
and background of QCD origin. In order to cope with this background, SUSY
searches will be performed imposing selection cuts. Such cuts depend on
the particular analysis considered and a detailed discussion is beyond our
scope. Nevertheless, it can be interesting to briefly describe and motivate the
selection criteria adopted by the two collaborations.

ATLAS will select events having high missing transverse energy Fr, typi-
cally more than 100 GeV, and at least bigger than 20% of the effective mass
M . The effective mass,

M= p@ + > pP +Fr, (3.20)
7 l

is an estimate of the total activity of the event. pgpj) (pg)) is the transverse
momentum of the jet j (lepton ¢). A lower cut bigger than 800 GeV on M4
is set as well. The number of jets is required to be bigger than three and
p(T]) > 50 GeV (with the leading one being > 100 GeV). Since fake missing
energy tend to be close to the jets, a cut on the azimuthal angle ¢ of the jets
and Fr will reduce the QCD background. SUSY particles are produced almost
at rest so their decay products are expected to be isotropically distributed.
A reduction of the QCD background can be obtained imposing a lower cut
on the transverse sphericity St of the events®.

Similar cuts are implemented in the CMS inclusive studies. Events are se-
lected requiring high missing transverse energy. The lower cut on [Jr depends
on the particular analysis and is of the order of 150 — 200 GeV. Depending
on the particular analysis, CMS requires at least two, three or four jets with
Er > 50 GeV. In many analyses further cuts on the energy of the leading jet
is required. A cut on the pseudo-rapidity of the jets forces them to be in the
central region of the detector, i.e. [n¥)| < 2.5. A cut on the azimuthal angle
between the jets and oy is implemented as well.

In the remaining part of this subsection we will briefly describe the ex-
pected results of the inclusive searches ATLAS and CMS will perform in

6The sphericity St is a variable describing the shape of the event. Spherical events
exhibit St ~ 1 while in the case of back to back events St = 0.
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the early stages of the LHC run. Such studies have been performed at dif-
ferent benchmark points chosen by the collaborations. ATLAS considered
seven mSUGRA MSSM scenarios (SU1 - SU4, SU6, SUS.1, SU9) in dif-
ferent regions of the parameters space. CMS, instead, choosed eight low
mass mSUGRA scenarios (LM1-LM6, LMS8, LM9), four scenarios character-
ized by heavier particles (HM1-HM4), and two scenarios in between (LM?7,
LM10). LMT7 is characterized by heavy squarks (m; ~ 3000 GeV) and a
light gluino (mg ~ 680 GeV), while LM10 exhibits heavy squarks and gluino
(mg ~ 3100 GeV and my ~ 1300 GeV).

Analyses with jets and [

The least model dependent SUSY signature is multiple jets and missing trans-
verse energy. Traditionally high multiplicity is required in order to reduce the
background from QCD and W/Z+jets.

ATLAS requires final states characterized by at least four jets, £y and no

leptons. Such selection criteria allows for an early discovery (i.e. integrated
luminosity of 1 fb~!) in all the ATLAS benchmark points different from SU2.
Such point is characterized by heavy squarks and gluinos, therefore the pro-
duction rate of such particles is small.
ATLAS has considered events with fewer jets, i.e. two or three jets. These
events are favored in certain SUSY models and have a simpler topology,
easier to reconstruct. Two different selection criteria have been used for
these searches. The first one mimic the selections described previously while
the other selection criterion relies on the properties of the transverse mass
mpy [109]7. In this channel early discovery is likely in all the scenarios but
the SU2. Significance is lower than in the four jets analysis owing to the
increasing importance of the QCD background.

Missing transverse energy plus multiple jets (i.e. > 3) final states have
been studied by CMS as well. Once the systematic uncertainties are included,
the 5o discovery of the light mass benchmark scenarios LM1 - LM6, LMS,
and LMY, can be reached already with 1 fb=1.

Analyses with jets, /1, and a lepton

The sensitivity on the QCD background, can be reduced requiring one lepton
in the final state. Inclusive SUSY searches using multiple jets (i.e > 3), for

"Indeed, a lower cut on this variable discards either jets with low pr and events char-
acterized by low or non-isolated missing energy. In case of semi-invisible decay, mps grows
as the difference among the mass of the decaying particle and the masses of the products,
therefore mpo is higher in SUSY events than in top or W events.
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and exactly (at least) one lepton have been performed by ATLAS (CMS).

Concerning ATLAS, a cut on the transverse mass of the missing energy
and the lepton is set in order to exclude events in which the missing energy
comes from the leptonic W decay. In the ATLAS benchmark scenarios the
significance is > 5, already at 1 fb~! i.e. 50 discovery is possible already at
1 fb~!. Again, the exception is the point SU2, the reasons being explained
previously.

CMS will perform inclusive searches requiring at least one isolated p with
pr > 30 GeV. Assuming 10 fb~! and including the systematic uncertainty,
the significance in the light mass benchmark points is well above 5, i.e. 50
discovery should be possible below 10 fb~!.

Analyses with dileptons

If final states including two leptons, multiple jets, and missing transverse
energy are considered, particular features of neutralinos and gluinos can be
exploited to perform inclusive SUSY searches.

Final states with two opposite-sign-same flavor (OSSF) leptons arise from
the three body neutralino decay Y9 — ¢7¢~x%. OSSF leptons can therefore
trigger events with a neutralino in the decay chain. In SM events, OSSF
leptons and opposite-sign-different-flavor (OSDF) leptons arise with equal
probability. Therefore, a non-resonant excess of OSSF leptons over OSDF
leptons in the final states would be a clear indication of new physics, possibly
SUSY. It is worth to mention that the dilepton invariant mass has a triangular
shape that can be related to the masses of the SUSY particles entering the
decay. The masses of the particle in the decay chain can be obtained finding
the endpoints of invariant mass distributions involving the two leptons and
the jets in the final states.

ATLAS requires two isolated OSSF leptons with pr > 10 GeV and |n| < 2.5.
The benchmark points SU3 and SU4 have an high discovery potential at
1 fb~1. The point SU2 is, as usual, difficult to search for. The point SU1
is problematic as well, since its degenerate spectrum makes the produced
leptons soft. The significance depends on the value of the cut, in general
harder cuts have to be preferred.

CMS requires at least two OSSF leptons with py > 10 GeV. At a luminosity
of 10 fb~! all the low mass test points will be in the 50 discovery reach region.

SM allows a low rate of same-sign di-leptons in the final state that nev-
ertheless are common in the decay chains of the gluino, which is insensitive
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on the lepton charge.

ATLAS will perform searches looking for final states with exactly two same-
sign leptons with pr > 20 GeV. ATLAS collaboration claims that likely 5o
discovery of the SU1, SU3, and SU4 would be possible already at 1 fb~1.
CMS will search for same sign di-muons final states that have the advantage
of an efficient and well understood di-muon trigger immediately after the
LHC start-up. Therefore, they require at least two same-sign isolated muons
with pr > 10 GeV. LM7 and all the light mass benchmark scenarios consid-
ered by CMS have a statistical significance bigger than 160 at 10 fb~!. This
channel is therefore a good candidate for low mass SUSY discovery during
the early running of the LHC.

Analyses with ditaus

In SUSY models 7 decays can become important, even dominant over e and
p decays (especially if t3 > 1). The ditau final state can be used to infer
the value of the masses of the particles in the decay chain. However, owing
to the neutrino arising from the tau decay, the 77~ invariant mass do not
show a sharp endpoint and the endpoint itself has to be obtained from the
inflection point after fitting the 777~ invariant mass distribution.

ATLAS will look for signatures with 7 decaying hadronically. At least a 7
is required with py > 40 GeV and |n| < 2.5. The transverse mass calculated
using the missing transverse energy and the visible momentum of the 7 has
to be bigger than 100 GeV. This cut eliminates 7 leptons originated from
W decay. ATLAS studies showed the possibility of the bo discovery of the
benchmark points SU3 and SU6 with 1 fb—!.

The CMS collaboration will search for signal constituted by at least two
7 candidates. These candidates are required to be close in the (7, ¢) plane,
to select 7 leptons coming from the decay Y§ — 7577 — 7577xY) and
to reject both SM background and SUSY events with two independent 7
leptons produced. The light mass scenarios (LM1 - LM6, LM8,LM9) will be
discovered with 50 significance already at 1 fb~1.

Analyses with b-jets

In many SUSY scenarios, top and bottom squarks are lighter than the squarks
of the first two generations and therefore SUSY signal are typically rich of
b quarks. Moreover, heavy flavor production is enhanced by the Higgsino
components of charginos and neutralinos. Requiring b-jets in the final states

can therefore enhance the signal over background ratio and can suppress the
QCD background.
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The cuts used in the ATLAS study require at least four jets and at least

two of them have to be b-jets. This analysis has been performed in five bench-
mark points SU1, SU2, SU3, SU4 and SU6. All points except SU2 will be
discovered at 1 fb~!. This analysis can be important in the SU6 point, some-
how problematic if other channels are considered.
ATLAS considered the possibility that the two b-jets arise from the decay of
the lightest Higgs h° produced by the decay x5 — X{h°. This channel is the
dominant decay process if mj, my > myo 5. Such mass hierarchy is realized in
the SU9 point, the point considered in the analysis. The signal topology is
two light-jets, two b-jets, missing energy, and no leptons. Besides the usual
SM background, SUSY events can pollute the signal as well. ATLAS has
shown the possibility to see the h? peak in the bb invariant mass distribution
with 10 fb~1.

In the case of the CMS analysis at least four jets are required, two of them
being b-jets. The two b-jets are selected to be decay products of the lightest
Higgs h°. Since myo is large, b-jets are expected to have a small distance in
the (1, p) plane. Therefore a lower cut on this distance selects such bb pairs.
A scan in the (mg,my2) plane was performed showing the possibility of a
50 discovery with 10 fb~! in a sizable region, up to 1100 GeV in my and
600 GeV in mys.

Analyses with particular particles in the decay chains

CMS has performed two more inclusive searches trying to isolate events with
a particular particle in the squark and gluino decay chains.

The first study considers final states with a Z% originated from the decay
XS — Z°%Y — 10~ x?. Signal events are selected requiring two OSSF elec-
trons (muons) with pr > 17 GeV (pr > 7 GeV) and |n| < 2.4. Their invariant
mass has to be consistent with the Z° mass and their azimuthal angle less
than 2.65 rad. A scan in the (mq, ml/g) plane has shown the possibility of
50 discovery of SUSY scenarios in the range 240 GeV < my/, < 340 GeV,
150 GeV < my < 2000 GeV with 10 fb~! of integrated luminosity.

In most SUSY scenarios, the first stop is the lightest squark and it will be
copiously produced. Moreover, in a big part of the (mg, m1/2) plane the stop
decays to a top and a neutralino. Signal topologies are characterized by at
least four jets (at least one of them being a b-jet), or and at least an isolated
lepton. In order to suppress semi-leptonic top decays, the azimuthal distance
between the B and the reconstructed top has to be less than 2.6 rad. A scan
in the (mg, my /2) plane has shown that a large region can be discovered at
the LHC already with integrated luminosities below 30 fb~!. In particular
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Figure 3.11: Left panel: 50 discovery reach of ATLAS in the (mq, m,/2) plane
using inclusive channels at 1 fb~'. In this plot Ay = 0, sign(u)> 1 and
tg = 10. Right panel: Same as the left panel but considering the inclusive
searches performed by CMS.

the region 100 GeV < mqg < 1600 GeV, m;/, < 400 GeV will be probed at
the LHC with 10 fb=1.

The presence of a top in a decay chain can be exploited by ATLAS as well.
A preliminary study in the SU4 scenario, characterized by light stop #; and
BR(f; — ¥ib) = 1, has shown the possibility to reconstruct the kinematical
endpoint of the invariant mass of the top-bottom pair arising from the decay
chain § — 1t — )Zlibt. This endpoint depends on the mass of the particles
involved in the aforementioned decay chain.

Summary on the inclusive analyses

The analyses described in this section have been performed in different SUSY
scenarios scanning the (mq,mq/2) plane for fixed values of Ay, sign(u), and
tg.

The results of the ATLAS collaboration are summarized in the left panel
of Fig. 3.11. In this plot is shown the 50 discovery contours of different chan-
nels characterized by jets, £ and eventually leptons at 1 fb~!. The channel
excluding leptons in the final states (zero-lepton mode) is the most effective.
The one-lepton mode, that exhibits exactly one lepton in the final state, has
a lower discovery reach with respect to the zero-lepton mode but it is less
sensitive of the QCD background that can arise from detector problems.
The discovery reach of the different analyses performed by CMS are summa-
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rized in the right panel of Fig. 3.11. In this plot is shown the 5o discovery
reach in the (mg, m1/2) plane at 1 fb~!, the different inclusive searches shown
separately. The most promising channels are the F'r+jets and the p+Er+jets.

As can be inferred from Fig. 3.11, both ATLAS and CMS should be able
to discover SUSY scenarios with squark and gluino masses up to 1.5 —2 TeV,
already at 1 fb~!. Interestingly, SUSY signals can be seen in different search
channels improving the confidence on eventual new physics evidence. Searches
which are promising for SUSY mass reconstruction, such as ditau searches
or inclusive searches including Z° and h°, will be feasible at the LHC.

It is worth to mention that the region that ATLAS and CMS will probe
is favored by experimental constraints from electroweak precision data, B-
physics observables and the amount of cold dark matter in the universe.
Indeed, such constraints can be used to find the preferred values of the
mSUGRA MSSM parameters performing an overall fit of the aforementioned
observables within the mSUGRA MSSM. Many studies were performed in
this direction (e.g. see Ref. [7] and references therein). A recent analysis was
performed in Ref. [110] using Markov chain Monte Carlo techniques to find
the probability with which the MSSM describes experimental data. As can
be inferred from Fig. 3.12, the 95% likelihood contour from the fit performed
in Ref. [110] is almost entirely included in the 50 discovery contour of AT-
LAS and CMS. Therefore, if mSUGRA MSSM is realized in nature, with
95% confidence LHC will discover it with 1 fb™! of data. Interestingly, (big
part) of the 68% likelihood region is included inside the 50 discovery reach
of channels such as the same-sign di-lepton channels, which are well suited
for quantitative studies such as sparticle-mass reconstruction.

3.4.2 Higgs bosons

Concerning neutral MSSM Higgs bosons, the production mechanisms are
similar to those of the Tevatron. In particular, we have direct production,

g9 —H (H=hn" A" H), (3.21)
and the production in association of a bottom quarks,
gg — bOH. (3.22)

If both (one of the two) bottoms are treated inclusively, large collinear loga-
rithms can be absorbed introducing the bottom parton distribution function
and substituting the process (3.22) with bb — H (bg — bH and bg — UH).



3.4 Direct searches at the LHC 53

tanp=10,A,=0,u>0

1/ — jets + MET (CMS)

100
mi/2 (GGV) EPILSP
900]

800
—  0Olepton + 4 jets (ATLAS)

700 .
= 1lepton + 4 jets (ATLAS)
600 — © SS2y (CMS)

=== Higgs (2/fb ) (CMS)

500

400 full CMSSM

if A - N
S parameter space
. N o~

5] [ eswclL.
5] oswclL.

300

u\\\‘\\\\‘v\H\‘\H\‘HH‘\\H‘

200

100

NO EWSB

bbbl b e T ]
O30 @0 0 80 I D00 400 1600 100 200 /1L0 (GeV)

=5

Figure 3.12: 50 discovery reach in the (mg,m1/2) plane for different inclusive
searches performed by ATLAS and CMS at 1 fb~!. The filled circle is the
results of the best fit of electroweak precision data, B-physics observables,
and cold dark matter constraints within the mSUGRA MSSM as performed
in [110]. The blue (red) area is the 68% (95%) CL likelihood region.

A comparison among these different approaches can be found in Ref. [111]
and references therein.

In case of MSSM Higgs bosons, an important signature comes from the

decay H — 777~ — 00'4v. ATLAS looks for two leptons, F'r, and at least one
b-jet. CMS searches for opposite-sign-different-flavor (OSDF) leptons, £ and
at least one b-jet. The main backgrounds are instead Drell-Yan production
of a Z, tt and W+jets production. The 50 reach of the study of ATLAS is
plotted in the left panel of Fig. 3.13 in the m}** scenario. Similar results are
obtained by CMS.
Studies focusing on the Higgs decay H — u*p~ have been performed by
both collaborations. The muonic decay is suppressed with respect to the
tauonic one, but it has a clear signature owing to the presence of two muons
in the final state. Discovery reach and 95% CL exclusion limits are worse
but comparable with those obtained from the 7 decay of the Higgs and the
subsequent leptonic decay of the 7 leptons.

CMS has performed a study considering the SUSY decay of the heavy
neutral Higgs H°/A? — x9x3 — 4¢ + Fr. This channel is interesting in low
and intermediate regions of tg, regions in which the decay H — 777~ is not
sufficiently enhanced. Besides the SM background constituted by ZZ*/~*
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Figure 3.13: Left panel: 50 discovery reach in the (m40,t5) plane for ATLAS
using the tauonic decay channel of the neutral Higgs bosons. The continuous
line is the main result while the dashed line is the result including 10%
uncertainty on the ¢f cross section. The grey lines represent the effect of the
theoretical systematic uncertainty on the signal. Right panel: 50 discovery
reach of CMS in the (mg, m,/2) plane using the A°/H® — x9X$ channel. In
this plot Ay =0, sign(p) =1, and tg3 =5

Zbb and tt production, one has to cope with SUSY background as well. Such
background is mainly due to the squark and gluinos production and the
production of sleptons and gauginos. In the right panel of Fig 3.13 we show
the 50 discovery reach of this channel in the (mg, m; /2) plane for Ay = 0,
sign(p) = 1 and t5 = 5. As can be inferred from the plot, A” and H° can
be discovered by means of this channel in the range 30 < mg < 120 GeV,
150 < myje < 250 GeV.

Another interesting channel for the observation of the pseudo-scalar A° is
the decay chain A — Zh® — ¢T¢~bb. This is a promising channel in the low
tg region and if myz +myo < myo < 2my. Moreover, large values of p and M,
make this channel dominating on the aforementioned A° — yx channel. A
dedicated study performed by CMS has shown the possibility of A° discovery
via this channel in the range 0 < t3 < 1, 170 GeV< my o < 350 GeV with
30 fb~! of integrated luminosity.

ATLAS performed a study looking at the invisible decay modes of the
neutral Higgs, i.e. Higgs boson decaying into two LSP. The two production
processes considered are vector boson fusion (VBF),

qq/ _ q//q///¢ (d) _ h07 HO), (323)
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Figure 3.14: Left panel: 50 discovery reach of ATLAS in the (my+,t3) plane
using the tauonic decay of HT. The scenario considered is the my* scenario.
Right panel: 5o discovery reach of CMS in the (muo,t3) plane using the
same channel as the left panel. The red (blue ) shadowed line refers to the
light (heavy) charged Higgs studies. The colored bands describe the effect of
theoretical uncertainties

and associated Z¢ production,
qq — Z°¢. (3.24)

In the case of VBF the signal is /7 and two jets with high separation in 7 and
correlated in the azimuthal angle. The main backgrounds are multijet and
W /Z+jets production. The signature for the associated Z¢ production is two
OSSF leptons and [, while the main background is ZZ — ¢*{~vi. With
30 fb~!, ATLAS is sensitive to the Higgs production in the VBF (associated
Z¢) channel and the subsequent invisible Higgs decay. The BSM cross section
has to be 90% (80%) of the SM Higgs boson production and the Higgs mass
has to be lower than 250 GeV (150 GeV).

The discussion on charged Higgs searches, is pretty similar to that of

the Tevatron. In particular, the search strategies depend on the hierarchy
between the mass of the charged Higgs and the mass of the top.
In the case of light charged Higgs, i.e. mg+ < m; + my, charged Higgs are
mainly produced as a decay product of the top via the process t — bH™.
Detection channels are therefore t¢ process with the subsequent top decay
into charged Higgs. Both CMS and ATLAS consider the channel

tt—bH" bW~ — brt v, bly,. (3.25)
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ATLAS investigates two other channels characterized by hadronic decay of
the W,

tt— bH" bW~ — bt b qd,
tt— bHY bW~ — brl v, byq'.

Besides the QCD background, in all these three channels the background is
given by tt, single top, and W+ jets production.
In the case of heavy Higgs boson, my+ > m; + my, the main production

channel is associated tH*(b) production. The signal topologies considered
by both CMS and ATLAS are

t H" (b) — bqq' Thaav (D),
EHY (b) — ¢ th (b) — W BWb (b) — blw baq'b (b),  (3.26)

while the background is similar to that of the light charged Higgs boson
studies.

The outcome of these studies are the 5o discovery reach of ATLAS and
CMS, shown in Fig. 3.14. As can be inferred from the plots, a discovery sensi-
tivity is reached by ATLAS [CMS] in a large part of the (mp+,t5) [(mao, t5)]
plane. The discovery reach of the two experiments differs if the charged Higgs
is light: in particular ATLAS does not cover the region 5 < tg < 15, where
the H* cross section exhibits a minimum. Nevertheless, according to AT-
LAS TDR [108], this region can be covered if the uncertainty arising from
Montecarlo can be neglected.

3.4.3 Charginos and neutralinos

SUSY searches looking at the direct production of charginos and neutralinos
can play an important role in SUSY scenarios in which the SUSY colored
particles are heavy and they are produced at a low rate.

The main production channel of charginos and neutralinos is the associ-
ated production

a4 — XiX; (3.27)

0

%

the process of Y9x7" production being the dominant. x; Y; and ¥
as well, have smaller cross section. The decay channel

Xj, present

X? X;t - )2(1)6—’—6_ X(I)E,V (67 U= ¢, ,LL), (328)

gives the signal topology characterized by two OSSF leptons, one more lepton
and Fr. The SM background is t¢, di-boson, W+jets, WW +jets and Wt+jets
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Figure 3.15: 50 discovery reach of CMS in the (mg;m,/2) plane from the
trilepton signal. Shown are the discovery reach of all the OSSF combina-
tions (continuous line) and of the tri-muon channel (dashed line). Systematic
uncertainties are included.

production. Processes leading to the production of charginos and neutralinos
in cascade decays of squarks, sleptons, and gluinos give the same signature.
CMS treats these events as background, while ATLAS keeps the possibility
to include them in the background imposing a veto on the jets with pr >
20 GeV.

The 50 SUSY discovery reach of CMS in the (mg,m1/2) plane using this
three-lepton channel is shown in Fig. 3.15. In the plot the discovery reach
of the tri-muon final states and that of all the OSSF pairs combination are
shown. In the large mg region, i.e my > 1000 GeV, SUSY scenarios charac-
terized by m;,, < 180 GeV can be discovered. ATLAS has simulated this
analysis in the benchmark mSUGRA points set by ATLAS collaboration. If
only direct production of charginos and neutralinos is considered, discovery
is expected with several tens of fb~!. If the jet veto is not imposed, discovery
can occur earlier, with several fb=!.
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Chapter 4

Computational techniques and
methods

In this chapter, we present the processes leading to the production of colored
SUSY particles at hadron colliders. In particular, we discuss some technical
aspects needed for the computation of the electroweak contributions to these
processes.

The structure of the chapter is as follows. In section 4.1, we describe
the general structure of the EW contributions. Section 4.2 is devoted to the
description of the renormalization procedure leading to UV-finite predictions.
In section 4.3 we explicitly show the cancellation of mass singularities of
photonic origin at one-loop and we describe the methods we use for the
extraction and these singularities. In section 4.4 we extend the discussion
given in section 4.3 to the case of gluonic mass singularities.

4.1 Structure of the tree-level and one-loop
contributions

We compute contributions of the order O(asa), O(a?), and O(a’a) to the
processes of hadronic production of colored SUSY particles. We will con-
sider the production of a pair of gluinos, the production of a squark and an
anti-squark, the associated production of a (anti-)squark and a gluino, and
the production of a (anti-)quark—(anti-)quark pair, i.e.,

P P—F with F=gg; ga C];BS Gia G5 Gia G; Gia G4iB5 Gia @;37 (4.1)

where ¢ = u,d,and i, j = 1,2. A, B = 1, 2 denote the mass eigenstates. We do
not consider here the production of top and bottom squarks. Indeed, owing to
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b-tagging, bottom and top squarks can be experimentally distinguished from
the squarks of the first two generations [112-117]. In the subsequent chapters
we will focus on three classes of the processes presented in Eq. (4.1). In
particular we will concentrate on gluino pair production, on diagonal squark—
anti-squark production, P P — ¢4 ¢4, and on the associated production
of a (anti-)squark and a gluino. Nevertheless, the discussions presented in
this chapter are completely general and apply to all the processes appearing
Eq. (4.1).

4.1.1 LO and NLO QCD contributions

First of all, we briefly review the structure of the leading order (LO) contri-
bution and of the next-to-leading order (NLO) QCD corrections, which are
already known.

The LO contribution to the process (4.1) is of O(a?) and reads [10, 11,
13,14, 118]

1 1
dopp_p(S) = / dxy / dxy O(T — x129)
0 0

Z fap (1) fi1,(22)do2 (7). (4.2)

The sum over 4, j runs over the five light quarks and the gluons. f;u () is
the momentum distribution (PDF) of the parton i in the hadron H. Here
and in the following we will use the convention dcr?(’b to denote the cross
section for a partonic process X at a given order O(a%a’) in the strong and
electroweak coupling constants. Identical notation is used in the description
of the amplitudes'. The differential cross section reads

do?® . (s) = L _dt > Ml 2 (4.3)

ik 4N;N; 16752 ok

>~ means sum over the color and the spin of the external particles. The 2-
particle phase space integration measure is defined in appendix D, while N;
is the color average factor of the parton i. In particular, N; = 3 (IV; = 8) if ¢
is a quark (gluon). The factor 1/4 arises from the average over the helicities
(polarizations) of the initial quarks (gluons).

In Fig. 4.1, we show the total cross section and the relative weights of
the different processes in Eq. (4.1) as a function of the gluino mass and of
mg, mg being the mass of the squarks of the first two generations, assumed
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to be mass degenerate. We consider four different classes of processes, final
states related by charge conjugation are collected together and the chirali-
ties and flavors of the squarks are treated inclusively. The four classes are
gluino pair production (PP — §g), associated (anti-)squark gluino produc-
tion (PP — 4g + ¢*g), squark—anti-squark production (PP — ¢q*) , and
(anti-)squark—(anti-)squark production (PP — ¢¢+¢*q¢*). As already pointed
out in Ref. [15], at the LHC the relative yields of the final states strongly
depend on the hierarchy between mg; and mg. If squarks are light and the
gluino is heavy, i.e. my < 800 GeV and mz > 1000 GeV, the dominant
production channel is squark—anti-squark production. In scenarios charac-
terized by light gluino, i.e. mz < 600 GeV, the dominant channel is gluino
pair production, its relative yield approaching one if mz; > 1000 GeV. The
process of (anti-)squark gluino associated production is important in the re-
gion mg ~ my, while (anti-)squark—(anti-)squark production leads when both
gluino and squarks are heavy, mz; > 1300 GeV, mg; > 1000 GeV. It is worth
to notice that the total cross section for the production of colored SUSY par-
ticles, i.e. the sum of the total cross section of the four classes of processes
shown in Fig. 4.1, is bigger than 5 pb in a wide region of the (mj, m;) plane,
namely the region mg, mz < 700 GeV. The total cross section increases as the
mass of the gluino decreases, becoming bigger than 50 pb if m; < 500 GeV.

The most important corrections are of QCD origin, of O(a?). An extensive
discussion on the computation of such contributions and on their numerical
importance at the LHC andat the Tevatron can be found in the literature [15-
19]. Here we briefly describe the general structure of such contributions that
can be written as

1 1
doyo e /O d, /0 iy 5(7—:51@){
7 fan @) i (@2) (dod o (78) + dot g, (7S))
iJ

+ Y fup @) fum (@) (Aol g, (7S) + dog gy (79))

qi kl
+ T (21,29, s)} (4.4)

There are three different contributions. The first one is given by the virtual
QCD corrections to the partonic processes entering at LO, Eq. (4.2). Tree-
level contributions to the aforementioned partonic processes but with an

"When amplitudes are concerned, a and b can assume fractional values.
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extra gluon in the final state have to be included as well. These processes
have to be considered since the final states F' and F'g become degenerate
when the gluon becomes soft (i.e. its momentum approaches zero) or collinear
to a massless external particle (i.e. the scalar product of the four-momenta
of the two particles vanishes). Therefore, in these two limits any possible
measurement has to deal with a final state which is a statistical mixture of
F and Fg final states. The last class of contributions arises from reactions
involving an extra massless (anti-)quark in the final state.

The differential cross sections entering Eq. (4.4) are

1
3,0 o
do—ij—»F(s) - 4NN 167'('82 Z Re { MZ]*)F) Z]*)F}

2

B 1 d®s(s) 3/2,0
(S) - 4N1N] 2s )M”_}F:B

3,0
do ij—Fx

(x=9,q9,9). (4.5)

d®; is the three-particle phase space integration measure defined in ap-
pendix D. The last term entering Eq. (4.4) is 7 (21, 2, s) and deserves some
comment. This term is of O(a?) and it arises from the O(«,) factorization
of the parton distribution functions (PDFs). Its actual form depends on the
factorization scheme and on the regularization scheme used to handle the
collinear singularities?. In the forthcoming discussion, we will not consider
the contributions of O(a?). Therefore, T (z1, 22, s) does not enter our discus-
sions and we will not give its explicit expression. Nevertheless, its actual form
can be found in the literature [15]°. The explicit expression of the contribu-
tion of O(a?a) arising from the factorization of the PDFs will be introduced
in section 4.1.2.

4.1.2 LO and NLO EW contributions

The tree-level O(a,a) and O(a?) contributions to the processes (4.1) are

dopp=h(S) = /o dzq /0 dxzo 5(T—x1x2){ (4.6)
Z fip (1) fiipy(22) (dol p(7S) + do)?, p(79)) }

The sum over 7, j runs over all the partonic species inside the proton, namely
the five light quarks, the gluons and the photons, that appear at O(«a). The

2More details are available in section 4.3 and in section 4.4.
3This reference quotes results within the MS factorization scheme. Collinear singulari-
ties are treated using dimensional regularization.
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differential cross sections appearing Eq. (4.7) can be written in terms of the
partonic amplitudes as follows,

1 dt
1,1 _ 1,1
d%HF(S) = mm Z SinF,

1
0,2 _
do—inF(s) - 4NN 167T82 Z ‘ z]HF (47)

Since the photon is a color singlet, NV, = 1. Depending on the particular

partonic process, S@]H > can be either

’M;'/zl/z 2

ij—F

, Or 2%6{(-/\41]%}7‘) z]—»F}

The tree-level EW contributions related to qg—, qg—, and gg— initiated pro-
cesses, are available in the literature [24,25]. Photon-induced partonic pro-
cesses leading to contributions of O(asar) have been evaluated as well [120—
122].

The O(a?a) contributions to the processes (4.1) read

1 1
dO'JI\;IjJOj}VX — / dxq / dzs 5(7_ - 1‘1%2){
0 0

Z fi\P1 (xl)fj|P2 (1'2) ( 'L]—>F +do 22]1—>F'y + dazg—>Fg)

+ Z Z Jep (1) fypy (22) (dakl—>Fq+d0kl—>Fq)

q

+ R, xe, s)} (4.8)

Again, there are three different contributions. daf L » are the virtual O(a2aq)
corrections to the partonic processes present already at O(a?). The correction
arising from the same partonic processes but with an extra photon or gluon
in the final state, 1y — F~v and ij — Fg, enters as well, owing to the
already mentioned degeneracy of the final states F', Fvy, and Fg in the soft
and collinear limit. We will treat gluon (photon) fully inclusively without
implementing cuts on the gluonic (photonic) phase space. The third type of
contributions are related to the processes leading to the final states F'g and
Fq. The observables we will present in this thesis are fully inclusive in the
treatment of the final (anti-)quark.
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The differential cross section appearing Eq. (4.8) can be expressed in terms
of the partonic amplitudes

1 dt

do—'?]’l—>F(8> = AN: N, ]_67T82 Z 2% {( Z]—>F)*'M7:,L]1—>F + (M?]LF) z]—>F}
=]
2,1 1 dq)?) 1,1/2 2
do—ij—>F’y(S) - 4NZNJ 23 ’MZ]HF’Y )
2,1 1 dq)?) 1/2 1 * 3/2,0
do—Z]HFg(s) = 4NZNJ 2 Z 2 m { Z]*)Fg) zyaFg}?
2,1 1 dq)?) 2,1
dO—'L’jHFq(S) = 4NiNj % SinFq- (49)

d®; is the three-particle phase space integration measure defined in ap-

pendix D. SZQJLF(] can be either

2
,or 2 Re{ (ML VMO (4.10)

1j—Fq 1j—Fq

)Ml 1/2

ij—Fq

The last term in Eq. (4.8), R(z1,x9, ), is a term that has to be inserted
owing to the factorization of the quark PDFs at O(a;) and O(«). This term is
dependent on the factorization scheme used and on the regularization scheme
employed to regularize the collinear divergences. We regularize the collinear
singularities retaining the mass of the quarks (mass regularization). Within
mass regularization, R(x1, s, s) reads as follows,

1
R(x1,x0,8) = / dZ{—g—;OFZ fiPl(xl)fj|P2(x2)(

1V (2) + AR ()] + [HSY + A(S)h(l)]+) dolt (zs)

ij—F

— _Z f|P1 1 fJPQ(.TQ)( [H +)\(e h(l]

e [HY + A©pM], )daWF(zs)

¥

— 2Ty (fgpl (1) fi1ps () (HP + AXORD) (834 + 654)

2 —
()

(o) fym @) (HP + AR5, + %)) dot p(zs)
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3a
21 =
]

(fVP1 (xl)fijz ($2)6?(H§2) + )‘(e)h@))((siq + 52‘@)

+ fiip (1) fy1 Py (m)e?(Hﬁ?) + )\(s)h(2))(5jq + 5jq)) dafjiF(zs) }
(4.11)

2o is defined as 29 = th.?/s, where th. is the sum of the masses of the particles
in the final state, i.e. th. is the threshold for the production of the final state.
Cp =4/3 while Tp = 1/2. The [- - -], distribution is defined as

[ e r@lste) = [ o f@)lata) - 0] - 1) [ do fa). @12

The functions H and h read as follows,

W = pue) [ (Faae) 1)

1—2 3 1
r = qu(Z)ln( . )_51—z+22+3’
]__

The splitting functions are defined in the usual way,

142

P(z) = — P(z) =2+ (1 —2)> (4.14)

The dependence on the factorization scheme is encoded in A*) and A(¢). In
particular A*) = 1 ( \®) = 1) if the O(a;) (O(a)) contributions to the PDFs
are factorized in the DIS scheme. If the scheme used to factorize the O(ay)
(O(a)) contributions is the MS scheme, one has A®) = 0 (| A®) = 0).

4.2 UV divergences

At loop level, the computation of amplitudes implies dealing with divergent
integrals. Since the MSSM is a renormalizable theory [123,124], such diver-
gences cancel once the parameters in the Lagrangian (which are unphysical)
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are traded with observable quantities. This procedure can be summarized as
follows.

Regularization.— A regulator A has to be introduced in order to control the
divergences and to render the integral finite. The divergences are recovered in
the limit A — Ag. Cancellation of the UV divergences in physical observables
is then achieved when such observables stay finite as A — A,.

Renormalization.— To achieve the cancellation of UV divergences we use
multiplicative renormalization. Given a set of independent parameters of the
MSSM Lagrangian, a generic element of this set, P?, is written in terms of a
renormalized parameter P; and a renormalization constant Zp,,

The value of the renormalized parameters and of the renormalization con-
stants are fixed once renormalization conditions are imposed. The renormal-
ization constants are divergent quantities that cancel the divergences in any
S-matrix element once the bare couplings are replaced by means of Eq. (4.15).
Finite Green functions can be obtained renormalizing the fields gp? appearing

in the Lagrangian,
0Z,.
90? Y ZoiPj = (1 + 2%) Pj-

Writing Z = 1+ 6Z we have that the (bare) Lagrangian £, a function of P?
and ¢, can be written as

(2

E(P()? 90(])) - E(Pw on) + 5£(‘P27 Pjs 6ZP1'7 5Z‘P]’)

0L gives rise to the so called counter terms, extra Feynman rules that en-
sure the cancellation of the UV divergences in every physically meaningful
observable.

In the following subsections we will describe the renormalization pro-
cedure in detail. In section 4.2.1 we present the regularization procedure
while in section 4.2.2 the renormalization is shown. In the latter subsection,
moreover, we describe the renormalization of the sector which is relevant in
the computation of the EW contributions of the processes (4.1).

4.2.1 Regularization

There are many different methods to regularize the divergences we get from
the loop integrals [125-133]. We will discuss the two we use in this thesis.
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These methods use as regulator the dimension d of the spacetime. They
respect Lorentz and gauge invariance. The general idea is to compute the
divergent integrals in a number of dimensions small enough that they con-
verge and then to consider d as a complex variable, UV divergences appear
as poles on integer values of d.

Dimensional regularization

Given a divergent integral, the actual effect of dimensional regularization
(DREG) [126-128] is to perform the substitution

/ d'q — (2mp) / d'q.

i has dimension of a mass and is introduced to keep the dimension of the
integral independent of the dimension d of the space-time.

The algebraic manipulations of d-dimensional integrals can be performed

after a proper definition of this object. Such definition and a careful analysis
about its uniqueness and its properties is available in Ref. [134]%. One has also
to define the d-dimensional extension to the Clifford algebra and to the trace
operation. The d-dimensional v* matrices satisfy the usual anti-commutation
relations and hermiticity conditions. The trace is determined imposing the
usual conditions of ciclicity and linearity and setting tr{1} = 4.
More involved is the definition of 75 and €,,,, which are intrinsically four
dimensional objects. Different generalizations are possible [128,135-140], we
use the approach defined in Ref. [139,140], defining the d-dimensional ~;
according to

{171 =0, ()" =1, Tr{ys7"y"7"77} = die"?, (4.16)
which is fine at one-loop in the case of anomaly-free theories.

After proper algebraic manipulations and standard decomposition tech-
niques [141-146], d-dimensional integrals can be expressed in terms of scalar
integrals

2mp 1
Ty (p1,- - Py oy = EIE gty L g
0 (ph yPN—1, Ty, y TN 1) 72 / q _l)o....l)]\[7 ( )

where the propagators D; are defined as

Dj = (q+p;)*(1 = dj0) + ¢*50 — m] + ie. (4.18)

4The generalization of integration is linear, translation invariant and it has the correct
scaling under rescaling of the integration variable.
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These integrals can be manipulated introducing Feynman parameters and ex-
ploiting translation invariance of the d-dimensional integration. The outcome
is

where C is a function of p;, x; and m;,

N-1 2 N4
= (Z Wz’) — > wp} —m3) + zom. (4.20)
=1 i=1

The d-dimensional integral (4.19) can be computed using the general defini-
tion in Ref. [134]. Therefore T becomes

T (47ru) d( 1)NF(N—CZ/2) / dzo...drn_10 (1—le> Cd/2=N)

where I' is the Euler’'s Gamma function. Potential divergences show up as
poles in € = (4 — d).

DREG spoils SUSY. In the case of Super Yang-Mills theories regularized
within DREG, SUSY Ward identities are violated at one-loop [130, 147, 148].
Violation of Slavnov-Taylor identities has been checked at one-loop in the
case of softly broken SUSY QCD [149-151]. The main reason for such a vio-
lation is that the relative number of bosonic and fermionic degrees of freedom
varies with the dimension d. Therefore, theories which are supersymmetric

in four dimensions are not necessarily supersymmetric in d-dimensions [129,
130, 152].

Dimensional reduction

Dimensional reduction (DRED) [129] is an elegant way to modify DREG
making it compatible with SUSY. The main idea is to compactify the space-
time. Therefore, space-time is reduced from 4 to d < 4 dimensions while the
number of the components of the fields is left unchanged.

As a consequence, space-time momenta live in a d-dimensional space with
metrics g, g, instead, is the metrics tensor of the 4-dimensional space.
The complement of the d-dimensional space, with dimension € = 4 — d, has
a metric g,,. Beside the relation g,, = g, + g, these metric tensors fulfills
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the following relations [153]:

gwd"” = d, 9" ag, = g",
guuguy = g gwflg - §HU>
gwg"” = 4, 9"a, = 0. (4.21)

In its original formulation, DRED has been shown to be inconsistent [154].
Such inconsistency is harmless in many practical computations [148] and it
drops out when DRED is formulated in a mathematically consistent way [153,
155,156]. In particular, the four dimensional space has to be realized as a
”quasi four dimensional space” that retains 4-dimensional features but, nev-
ertheless, that is infinite dimensional. This implies that the Clifford algebra
is exactly the same as in four dimension but Fierz identities do not hold and
index counting is not possible.

Another problem is related to the mass factorization arising when DRED is
used to regularize collinear singularities. Such problem does not affect us®
and has been recently solved [157].

Concerning the compatibility between SUSY and DRED, SUSY Ward
identities have been explicitly checked at one loop [130]. SUSY Ward identi-
ties involving self energies have been shown to hold up to three loops [155,
156]. Slavnov-Taylor identities have been checked at loop-level in the case of
softly broken SUSY Yang-Mills theories [149-151]. Consistency checks arise
from the internal consistency of DRED-results for § functions [158-161].
Moreover, the aforementioned results have been successfully compared with
the non-perturbative ones [158-161].

4.2.2 Renormalization

In order to accomplish our renormalization program, renormalization con-
ditions have to be imposed defining the renormalization scheme. Here we
briefly review the renormalization schemes we use.

MS scheme.— Given a Green function regularized within DREG, the MS
prescription fixes the renormalization constants requiring the cancellation of
the terms proportional to

2
Ayy = = — g + Ind4m,
3

where vg is the Euler-Mascheroni constant. Therefore, the renormalization
constants have no finite part and the overall (one-loop) result depends on

5We treat IR singularities within mass regularization, cf. section 4.3 and section 4.4.
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the choice of the scale u. o has to be chosen to be of the order of the typical
scale of the process, in order to minimize the contributions arising from the
higher order terms in the perturbative expansion.

DR scheme.— This scheme is equal to the previous one, the only difference
being the regularization scheme used to regularize the divergences. In the
DR scheme divergent integrals are regularized within DRED.

On-shell (OS) scheme.— This scheme is used to define the renormalization
constants of the mass and the wavefuntion of the particles. Given a particle
p, the renormalization constant dm, of its mass and the renormalization
constant 07, of its wavefunction are defined requiring that the p—p inverse
two point function has a pole at mg with unit residue. According to the
Kallen-Lehman decomposition of the two point function, my, is therefore the
physical mass of the particle. Moreover, the LSZ formula is simplified by the
choice of unit residue when the particle p goes on shell.

In the following we will give an explicit description of the renormalization
of the sectors of the MSSM that need to be renormalized in order to make
the EW virtual corrections to the processes (4.1) UV finite.

Quark sector

The kinetic term of a quark f; reads

‘Cfi = &fi (i a - mfi) ¢fi (f = u, d) (4'22)

Since we approximate the CKM matrix by the identity, fermions belonging to
different generations do not mix at one-loop and renormalization is achieved
performing the following substitution into Eq. (4.22):

1/ 6z 0
my, — My, + 6mfm ¢f¢ - |:1 + 5 ( sz 52}% ):| ¢fj‘ (423)

(5Z]€’R, and dmy, are renormalized in the OS scheme. Such position gives

my.
smy, = 2fzme{zg(m§i)+z§§(m;i)+22]€i(m§i)}, (4.24)
5L — —me{zj’:ﬁ(mi)}

OXk (k?)  oxE(k?)  0%% (K?)
2 fi fi fi
mfii)‘ie{ BTE + DKz + 2 ETe }kQ 2 )

7
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The scalar coefficients are defined according to the following decomposition
of the fi—f; self energy,

S, (p) =¢ w_Ek (0*) +1f wiSF (97) + my, S5 (p%),

where w4 are the right- and left- handed chirality projectors respectively.

Squark sector

Due to SU(2) invariance, squark families belonging to the same SU(2) dou-
blets have to be renormalized simultaneously. Therefore, one has to consider
the kinetic terms of u; and d; simultaneously,

rx i a”fl Fx [k f~z
Lia, = Z |:(a,quiaaMfRi) ( 3“f; ) — (fLi,fRi)M]%i ( f; )] . (4.25)

f=i,d
where M]% is defined in Egs. (2.59) and (2.63). According to our general

procedure, the replacements

fri T Lo, fui 2 2 2
(fRi —>Rfi 12+§5Zﬁ foi )’ Mfi_}Mﬁ'jL(SMﬁ’

are performed into the Lagrangian (4.25). 07 7. is a 2 x 2 complex matrix
with generic entry (627 );- (5]\/[]% can be obtained expanding to the first

order Eq. (2.59) or, equivalently, Eq. (2.63).

First renormalization scheme (Rsl).— This scheme is equivalent to that de-
scribed in Ref. [162]. The idea is to use as independent parameters

m2 ., mi , m>, O, 0, (4.26)

i1 ? i) dio

Diagonal entries of 6Z;,, (0Z; )22, and the three squared masses are renor-
malized in the OS scheme,

Y

2
i1

Uq1

} azﬁ,l k,2
) m% = Re {Zzlel(ml%u)} ’ (6Zf~i)1’1 = {%)}
’k‘2:m

i azﬁz k2
sm2, = Re{Syy(mi )}, (0Z7)22 = —Re {A} |
k2=m?2

Ok? ‘

52

; o8 (k?)
smi = %e{Zng(miQ)}, (62322 = —Re {222}
kQ:m?JZ_2

(4.27)
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Zﬁz 5 is the fl A fl p self energy. 6(Z; )1 1 is defined similarly,

IxE, (k2
(6Z3 )11 = —FRe {g;{;g)} . (4.28)
k2—m?2

21

The non-diagonal entries of 0Z and the renormalization constant of the
mixing angle 07 are renormalized according to Ref. [163],

5 i [ o
005 = Rethiatn, ZH%Q{E ’2(mf;2>}, (4.29)
l 20m, —m3,)
(0Z7)12=1(0Zf)21 = _%e{EL( {712)}_26{2 2(m 12)}.
fa fiz

ii p 1s the gauge invariant part of the fia—fip self energy. According to
Ref. [163], the splitting between gauge dependent and gauge independent
part of the self energy can be performed in a such a way that the latter
vanishes in the 't Hooft-Feynman gauge. In this gauge

-7
E1,2(k2) = Z{,z(kQ)a

and the fr fg mixing vanishes when one of the two sfermions goes on-shell.
The mass of d; is a dependent quantity whose renormalization constant
can be obtained expanding to first order Eq. (2.65). This renormalization
constant reads as follows,

1
_ 2 ¢ 2 2 ¢ 2 2 ¢ 2 2 2 i
= 5 |y, 0my, + S5,0Myg,, — Sp.0Mm7  — Sy, (mz , —mZ ) d6s,

(5 m Uil Ui2
CG _
d

2
di1

— 2my,0my,, + $20; (md — m ) 00; +2myg, dmg, — 0 e MW .
B

The renormalization constant of the W mass is determined in the OS scheme,
O My, = Re { Sy (M) }

with %, the transverse part of the W self energy. the renormalization con-
stant of tg, dts, is defined in the DR scheme [164-166] and is equivalent
to

Sty = Re{S%s , (M%)}

2Mzc/%
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)

Y40 7 is the A’~Z self energy while the superscript ”div.” means retaining
the terms proportional to Ay, only. As pointed out in Ref. [166], this
process-independent condition is also gauge-independent at one-loop®.

In this scheme A, is a dependent quantity. As pointed out in Ref. [167],
the renormalization constant of A, can give rise to a large correction to the
value of Ay, itself, spoiling the reliability of the perturbative expansion and
the applicability of this renormalization scheme.

Second renormalization scheme (Rs2).—In this scheme, instead of using the
mixing angle of the down-type squarks as input parameter, we use the value
of Ay, obtaining 00; as a dependent quantity.

Im? 5m§i2, 00z, and the entries of §Z; are defined according to the pre-

1,27
vious scheme.

The DR prescription is also used to define the parameter i, which enters the
relation between 6; and Ay,, cf. Eq. (2.64). o can be obtained retaining the
divergent part of du as defined in the renormalization scheme proposed in
Refs. [168,169]. In this scheme

1
S = YR [ (mXQng — mx%,u)(;mx%[ (4.30)
+ (mye My — moep)om, s + pSMZ + Mga(Mgvs%)] :
M L (2 R (2 S (12

The mass of d; is renormalized in the DR scheme as well. The structure of
dmg, can be read from Eq. (4.25), regularizing the self energies within DRED,
and retaining only the contribution proportional to Ayy.

The trilinear coupling A g, 18 fixed renormalizing the AO—Jil—dig vertex in the
DR scheme. The value of §A4,, reads as follows,

=di ,div =d; ,div

Re{Xy, (m3 )} +Re{Syy (m] )} | Lo
6Adl _ 1,2 di1 1,2 di2 + 6detﬂ + M(St/félv _|__ -
dei my,
to. <c§ﬂ6m§’ﬂdiv + sgﬂ_(Sm?L’i;” — 820, (mZ —m3 )605" — 2m,, oms"

S99 -

d; 2 2 div
(mdn - mcfm)) 6mdi ] ’

_ 6(M5V62,8)div> . tagiémi;iv + (2t95¢mdi — S,

6At least when the R¢ gauges are considered
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while 06; can be written as follows,

CZZ' iv d iv
50 — Re {175 (m] ma. )}+9‘{e{21 B (m gm)} N to; P
i = 2(mZ —m2 ) m2 —m2 |
d dio di1 diz
— (5m2 fin 39 om "+ sog, (M7, —mz)008" + 2my, omy;
+  Copd MG ™| (4.31)

The superscript ”fin” means retaining the finite part of the renormalization
constant only. This scheme is equivalent to the DR bottom-quark mass”
scheme of Ref. [167].

Third renormalization scheme (Rs3).— This scheme is similar to the previ-
ous one, the only difference is the definition of §6;,,

565, =

( . .

121 - mfm)

In other words, 63, is defined in the DR scheme.
Fourth renormalization scheme (Rs4).— In this scheme, the @; and d; sectors

are treated in a symmetric way. This scheme is similar to the Rsl scheme,
the only differences are the renormalization of the mixing angles,

Re (] " (m? )}+9“‘te{2f“ "(m? )}

50; = , (4.33)

and the renormalization of m,;, which is performed in the DR scheme.

Since the mass of the quarks belonging to the first two generations has
been neglected, the corresponding squarks do not mix and in all the renor-
malization schemes presented above one has

605, =0, 80; =0, Smy, = 0.

Therefore, in the case of the squarks belonging to the first two generations,
all the schemes are equivalent.
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Gluino sector

The renormalization of the gluino sector is similar to the renormalization of
the quarks sector. The kinetic term of the Lagrangian is

Ly =15 (19 —my) vg, (4.34)

and the splitting of the bare quantities in terms of renormalized ones and
renormalization constants reads

025
mg — mg + 5m§, ¢g — <1 + —) 77Z)g (435)

In this case, there is no distinction between 6Z% and §Z since 15 is a Majo-
rana spinor. The wavefunction and the mass of the gluino are renormalized
in the OS scheme,

dmg = mgRe {S(m2) + 35 (m2)}, (4.36)
OSL(k?)  o%S(k?) }
k2=

§Z; = —ﬁ%e{ZgL(mg)}—2m§£Re{ oz T o

Strong coupling constant

The renormalization of the strong coupling gs, is strictly connected with that
of the gluon field GG,. As usual, the bare parameters are expressed in terms
of renormalization constants and the renormalized quantities as follows,

67
gs — (9s +0g9s) = (1 +02,) g5, G" — (1 + TG) G*. (4.37)

The actual structure of the renormalization constants is obtained applying
the MS scheme to the gluonic self-energy II*” and to the triple gluon vertex
AP 57 and 6Z, read

Oés 3 Qs
024 = I <§AUV) ., 0Zg = i (3Auy). (4.38)

The MS scheme allows to exploit the infrastructures developed for proton
colliders. Nevertheless, it leads to some potential problem that has to be
considered.

First of all, at energies above the bottom mass, the PDF's are obtamed by
using a running MS strong coupling with five massless flavors (a{” (u)). Such
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a choice is not appropriate at scales comparable with the mass of the heavy
particles (top, squarks and gluino), since these particles are not decoupled

any more. Nevertheless, at such scales, a,(p) and al? (1) can be related. At

one-loop such relation reads
mg 1 m?

— o®
o) =000~ 5215 5 3o

d i=1
Equivalently, one can absorb the term in square brackets into the definition
of the renormalization constants [15,170], which become

62, = —2* (%AUV) [12 3 ZZIH< fAz>

f=u,d i=1 A=1

32 2
as OCS 1 fAz
0Zg = — > (BAw)+27 |15 D Zzln< 2 )
=u,d i=1 A=1
2 2
p 1 m
g9 t
*‘m(ﬁ)+ém(ﬁ)]
As a consequence, a(p) = ol (1) at all energies. The renormalization

scheme defined by means of Eq. (4.39) is called ”zero momentum subtraction
scheme” since in this scheme the divergences associated with heavy particles
in the loops are subtracted when all the external momenta in II** and A**
vanish.

Another problem is the incompatibility between dimensional regulariza-
tion and SUSY. SUSY-QCD Slavnov-Taylor identities involving the squark—
quark—gluino vertices are no longer fulfilled at one loop [150]. At one-loop,
such identities can be restored adding the term

VBT (%%) 3 Z [ [Fsleoo = so,00 )0 T + e ] (439)

f=u,d i=1

[&g(s%w, + chinr)wfifiz + h.c.] }’

to the SUSY-QCD Lagrangian. T" are the generators of the adjoint represen-
tation of SU(3)¢. As usual, color indices are dropped. Such a SUSY-restoring
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counter term is fundamental to guarantee the quark-quark-gluon and squark-
quark-gluino effective coupling to be identical in SUSY-QCD, regularized
within the MS scheme [15,171].

In actual computations, this term is taken into account substituting the
renormalization constant 07, appearing the quark-squark-gluino counter
term by 07, defined as

4«
Zy=07,+-——. 4.4

4.3 Photonic mass singularities

Besides UV divergences, one-loop amplitudes are affected by other diver-
gences, appearing in the loop integrals when combinations of external mo-
menta and internal masses become small. Such singularities are logarithmic,
and at one-loop they arise in the following situations [172].

e An external massless on-shell particle is attached to two massless prop-
agators. Such singularities are collinear singularities since they arise
when the external momentum and the momentum on the internal lines
become collinear.

e Two external on-shell particles exchange a massless particle. These are
soft singularities since they arise when the momentum of the internal
massless particle vanishes. These singularities are also called IR singu-
larities.

Moreover, processes producing the final state F' together with a massless
particle (v, g q or ¢) are affected by similar divergences that enter in the
phase space integration.

e Collinear singularities arise when a massless particle is emitted from
another massless particle in the collinear region.

o Soft singularities appear when the momentum of a massless particle in
the final state approaches zero.

The transition probabilities summed over degenerate initial and final
states are free from mass singularities. This is a non-trivial check of the
consistency of the theory and is guaranteed by the Kinoshita-Lee-Nauenberg
(KLN) theorem [172,173]. Such theorem does not apply in our case. Indeed,
the sum over degenerate initial states is not possible owing to the difficul-
ties in preparing a three particle initial state. Nevertheless, according to the
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Bloch-Nordsieck (BN) theorem [174], soft singularities cancel when degener-
ate final states are summed over. Moreover, in the case of hadronic collisions,
the collinear singularities can be removed by means of the mass factorization.

In the next subsections we will show how the photonic divergences cancel
and discuss their handling in actual computations.

4.3.1 General features

In this section we explicitly verify the cancellation of the soft and collinear
divergences of photonic origin for the processes we are considering. We reg-
ularize IR and collinear divergences using mass regularization, i.e. giving
a small mass (m,) to the photon and retaining a small mass for the light
quarks. Such regularization breaks QED gauge invariance. Nevertheless, one
can show that massive QED is a BRS invariant and finite theory with gauge-
independent S-matrix elements [134,175]. Its renormalization requires the
same counter terms as in massless QED.

Within this regularization scheme, soft and collinear divergences show up as
linear or quadratic terms of the logarithms In (m?,), In (mrjl)

First of all we consider a generic partonic process 17 — F' together with
the real photon emission processes 17 — F'v. The particles of such processes
and their momenta can be labelled as follows,

L(pi;ma), 2(pa;me) — 3(ps;ms), 4(paima), [v(ky;ms)]. (4.41)

The structure of the mass singularities of the one-loop corrections to the
differential cross section of the process 1,2 — 3,4 reads [176],

4 4
o 2)
doty 234 = 5 ( Z eio;e;0;V, Z e;0;) V( ) alcr12 34 (4.42)

i#j; 4,j=1

e; is the charge of the particle ¢ expressed in unities of the positron charge.
0; = 1 in the case of an ingoing particle and an outgoing anti-particle while
o;, = —1 if ¢ is an ingoing anti-particle or an outgoing particle. Defining
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Sij = 2pip; and v = \/1 — 4m?m§/s?j one has

1 /mim? m2\ 1., (m?
M _ : 5
Vi’ = (1 ~ 904 — 6i45j3) [5 = ( s, ]) " (Sz:) “" (S—m)

ij
Lz (7 + (Bisda + Buads) Lo (L) g (1
4" 5ij BT OO S \ T vgs ) \saa ) |

m? 1 m?2
—1In (H—;) ~3 In (’u—;) . (4.43)

The singularity structure of the real emission processes 1,2 — 3,4, is uni-
versal and can be obtained exploiting general features of the real emission
amplitudes in the soft and/or collinear limit. In these limits, the differential
cross section reads [142]

4
2,1 N « 2) 2,0
01934y — _g{ ( § €005V, + E : €jo;) V > doy’ 234

@)
VJ'

i#g; 4,j=1 J=1
2 1
* Z(eiai)Q/ dz [Fgq(z)] In <512) do 12434(2312)},(4-44)
i=1 Z0

where the [---]; distribution is defined in Eq. (4.12) and z; is defined in
section 4.1.2. If the particle 1 (2) is a quark or an anti-quark, further collinear
singularities appear in the process obtained by crossing the particle 1 (2) with
the photon. In other words, processes like

Y(kyim,), 2(p2;me) —  3(ps;ma), 4(ps;ma), 1pi;my),  (4.45)
Lpi;ma), v(kyim,) —  3(ps;ma), 4(pa;ma), 2(pa;ma),  (4.46)

exhibit collinear singularities. For instance, the partonic process v¢ — ggq
belongs to this category. This process is obtained crossing the process qq —
Gg7, and its O(a2a) contributions can be computed squaring the diagrams in
Fig. F.3 of appendix F. In the collinear region, the differential cross sections
for the processes (4.45) and (4.46) are

3o !
102 s = ot [ e P (35 ot o) + ).
20
do™! . . = 3—a62 1 dz P,(z)In 1) o 2 a.a(251,)(02q + 0ag)
1y—342 — 9o 2 ag m2 2H34 1vJ\Y2q 2q9)»
20 2

(4.47)
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respectively. s, and sy, are defined as s,5 = (k, + p2)? and Sy = (p1+k )
The singular part left over in the sum of the Eq. (4.42) and (4.44) cancels
against the singular contribution arising from the contribution of R(z1, x2, $)

proportional to fip, (1) foyp, (22) , c.f. Eq. (4.11),

2

%Z(eimﬂ{ / : dz [Py(2)], In (7;”2) doy 2434(2312)} (4.48)

i=1

Concerning the singular terms of the process (4.45), they cancel when
summed with the terms of R(zy,x2, s) proportional to fyp, (1) foyp, (22),

3o
2

S / dz Pz )m( . )dal 0y a(2532) (B0 + 61g). (4.49)

20

Similarly, the singularities in the differential cross section of the process (4.46)
are cancelled by the term of R(x1, 22, s) proportional to fip, (1) fyp(22),

3o 4

1 m2
st [ s Py (U2) doth s ). (450

The regularization of the mass singularities of the virtual corrections is
implemented in the package LoopTools [177,178], the library used for the
computation of the scalar integrals. More involved is the treatment of the
mass singularities from the real emission processes. Indeed, such singularities
appear in the phase space integration and have to be extracted properly in
order to deal with a well-behaved integrand. In the following, we will briefly
describe the two methods we use.

4.3.2 Phase space slicing

The phase space slicing technique restricts the phase space integration of
the real photon emission process to a region with a minimum photon energy
AE = 051/s,5/2. The integration over this region is thus convergent and can
be performed numerically. The complementary integral over the singular re-
gion can be done analytically in the eikonal approximation [179-181], which
is a good approximation if the cut d, is sufficiently small since the error is
O(0s). In case of the presence of collinear singularities we have to introduce a
further collinear cutoff 6. on the angle between the photon and the radiating
initial particle. For sufficiently small §. the integration over the singular re-
gion can be approximated with an analytical formula, the error being O(J.).
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In the case of the real photon emission process ij — F'y or, using the
notation of the previous section, 1,2 — 3,4, ~, the differential cross section
in the soft limit is

4 4

2,1 o 1 2 2,0

doy)y 34y = o { Z ez'Uz'@ijIi(j) + Z(ejaj)QIJ(' )} dot’y_54. (4.51)
i<j; i,j=1 j=1

2 2 2
a S12 4AE s 1 9 [ S12
1-12 = ;111(;?)111( m?y —g—iln —22 s
4
1 1+ 6 N [ 25 1 1— 5
V) = —%1 ap — 2L L Z
34 U34;n(1—ﬁi) n( m?, 12 ]_—l-ﬁ 211 1+ﬁz '
70 = (S i (A L () T
m?2 2 m? 3

0,0 0,.0
—oLi, (1 _ v, (1— ﬁj)) 2L, (1 _2PiE (1+ @-))

Sij

e (ﬂ) , for (i,7) = (1,3),(1,4),(2,3),(2,4)

2 1+ 3
4AE? m? 1 1- 3
J n( m?y )+ n(812)(6]1+532)+6j n(1+ﬁj)(533+534)

(4.52)

f; is defined as 3; = |p;|/p! while Liy(z) is the dilogarithm. In the (non-soft)
collinear region the differential cross section reads

2 1-6 2
2.1 « s 51207 2z 2.0
d01,2—>3,4,«, = Y Z 612/ dz Pyy(2) {ln ( ) } d01,2—>3,4(2512)>
i=1 20

Am2 ) 1+ 22
where P,,(z), is the quark-quark splitting function defined in Eq. (4.14).

In the case of real (anti-)quark emission processes of the type ij — Fq
and 77 — F'q, the only singularities are the collinear ones. Using the notation
of Eq. (4.46), in the collinear region their differential cross sections are

3o ! I 623 7
2,1 _ 2 c5q2 2
Aoy 541 = 95 1 /ZO dz _qu(z) In ( 47777% (1-=2) ) +22(1 — z)

X doty_s4(252)(81g + 619),

1 r 2 -
0
do’ffya&l},é = 62/ dz qu(z) In ( e ly (1 - 2)2) + 22(1 — Z) ,
20 |

2
4ms3

X doty_ s 4(251y) (Bag + O2g).



82 Chap. 4: Computational techniques and methods

where P, (z) is given in Eq. (4.14).

4.3.3 Dipole subtraction formalism

Phase space slicing is a well established and intuitive method. The only draw-
back is that in order to minimize the error introduced by the analytical ap-
proximation, §; and . have to be small enough. Since the numerical integra-
tion depends logarithmically on d, and 9., the convergence of the numerical
integration worsens as 0, and J. decrease. Therefore, in actual computations,
the value of the cut-off has to be tuned and chosen in a region where both
the approximation is valid and the numerical integrations are stable.

Such numerical instabilities do not enter in subtraction methods. Accord-
ing to these approaches, one has to add and subtract an auxiliary function
to the differential cross section of the real emission processes,

1 1
2,1 o 1,1/2 2 su 2
dO—UHFI - 4Nz‘Nj %{ /dCI>3 [Z ’M’L'j*)FI‘ - ‘MijiF:c’ :|

+ f d@ng;zm} (@ =70, (4.53)

M, |” has to match pointwise the singularities of ) \./\/lzljl_/j%\2 and has
to be simple enough to be integrated analytically; the difference in the square
brackets is then regular over the whole three-particle phase space and can be

integrated numerically.

Various subtraction methods, based on different formalisms, have been
described for NLO QCD corrections in case of massless [182-184] and mas-
sive [185,186] particles. Methods valid at NNLO are currently under con-
struction [187]. Such methods are valid when the mass singularities are
regularized within dimensional regularization (or reduction). Moreover, the
dipole subtraction formalism has been extended to photonic IR and collinear
divergences regularized within mass regularization in the case of collinear-
safe [188] and non-collinear-safe [189] observables. In particular, we use the
results quoted in the last two references. Although these results apply to
processes involving fermions only, they can be generalized to processes with
charged bosons owing to the universal structure of the soft singularities.

According to the dipole formalism, a choice for the subtraction function
in the case of the real photon emission processes of the type 1,2 — 3,4, is

4
« ~
|Mafsag,4ﬁ|2:——2ﬁ{ > eioz-ejajgszj|M1:2H3,4<<1>3j>\2}. (454)

i4; i.j=1
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M};‘;HM is the tree-level QCD amplitude while the functions g;; are defined

in appendix E. &)Zj is the mapping from the momenta of the process 1,2 —
3,4, to the momenta of the process 1,2 — 3,4. This mapping is defined
in appendix E, together with the analytical integration of the subtracted
function over the whole photon phase space. A more general treatment is
available in Ref. [188, 189], where a detailed explanation on how implementing
cuts and obtaining distributions is given.

In the case of real (anti-)quark emission processes like those in Eq. (4.46),
the subtraction functions matching the singular behaviour in the collinear
region read as follows [189, 190],

su «o 1,0 5
|M«,,;—>3,4,I| = _%(61‘71)2 hya Z ‘M1,2—>3,4((I)12)‘27
su «o 1,0 5
M gasl = —5(eaon) by Y [MyS5u (B (4.55)

The functions h,g, hiy, ®7,, and i)% are defined in appendix E together with

the integral over the whole photonic phase space of the subtracted function.

4.4 Gluonic mass singularities

The treatment of the gluonic soft and collinear singularities can be obtained
with a slight modification of that of the photonic singularities. We use mass
regularization to regularize mass gluonic singularities. Such a scheme spoils
QCD gauge invariance. QCD Ward identities can be restored adding proper
counter terms whenever the three and four gluons vertices are involved into
the mass singularities [171]. This is not the case for our processes. Indeed,
they exhibit IR and collinear gluonic singularities only in partonic processes
without gluons in the initial states. Therefore the gluon behaves basically
like a photon and the insertion of a gluon mass does not pose any problem.

The structure of this section is similar to that of section 4.3. In sec-
tion 4.4.1 we explicitly show the cancellation of the gluonic mass divergences
at one-loop. In section 4.4.2 and 4.4.3, we extend the phase space slicing
and the dipole subtraction method introduced previously to the case of real
gluonic mass singularities.

4.4.1 General features

For later convenience, it is worth to make some definition and set specific
algebra. Our conventions are based on those of Ref. [186]. Let us consider a
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partonic process such as

L(p1;ma;cr); 2(p2; me; ca) — 3(ps;ma; cs); 4(pa; mas ca), (4.56)

where ¢; is the color of the particle i. (M o3 4)°>*“ is the colored ampli-
tude. Introducing a color basis |by, by, b3, by >, the colored amplitude reads

(M 9o3.4) 2 =<y, 09, €3, 4| M1 o34 >, (4.57)

and the squared amplitude becomes
Z ‘M1,2—>3,4‘2 =< My 34|Mio 34> . (4.58)

It is worth to introduce a color charge t; and to associate it to the emission
of a gluon from the particle . Its action is

< ¢y, Cy, C3, C4‘ti‘b1, by, bg, by >= 50151 - tgzbz e 564047 (459)

where ¢ is the color of the emitted gluon. ¢f; = T if the emitting particle
is an incoming anti-(s)quark or an outgoing (s)quark, while ¢§; = —T7 if the
gluon is emitted by an incoming (s)quark or by an outgoing anti-(s)quark.

The color charge algebra is such that
4
it =tit;, t7=C, Y t|Miags>=0.
i=1

C; is the Casimir operator of the representation under which the particle ¢
transforms under SU(3)¢. In particular, C; = Cp = 4/3 if i is a (s)quark or
an anti-(s)quark, while C; = C'y = 3 if 7 is either a gluon or a gluino.

We are now ready to discuss the cancellations of the gluonic mass di-
vergences. They appear in the processes which exhibit electroweak tree-level
contributions. According to the notation introduced in Eq. (4.56), the singu-
lar behaviour of the one-loop corrections reads [176]

4 4
2,1 O 1) 5 1,1 (2) ; 1.1
doy’y 34 = o ( Z Vii'doyy gy gyt ZVJ doy’y 34, (g}j)) , (4.60)

i#j; i.j=1 =1

where Vi(jl) and V;Z) are defined in Eq. (4.43). dai’;ﬂm; (ij) 18 defined as
follows,
71234 (0) = 4N, Ny 16752

2Re{< Mtg—s,ﬂtitj ‘M%—s,z; >}, (4.61)
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and M) 34 (M7 'y .34) is the tree-level EW (QCD) amplitude of the pro-
cess (4. 56)

Concerning the process of real gluon emission,
L(p1;ma;cr); 2(p2ima;ca) — 3(psima;cs); 4(pa;ma; ca); g(kgimg;c), (4.62)
the IR and collinear structure of its differential cross section is

2,1 _ Mg
d0172—>3,479 - { ( Z V 12H34 (4,5) +ZV 12H34 (zz))

i#j; 1,7=1

142 m?
+ Z/ dz { Lrln (8—12) dai’;_}g’& (Z.,Z.)(zslg)}. (4.63)

If the particle 1 or the particle 2 is an (anti-)quark, further collinear singu-
larities appear in the crossed processes

g(kg§mg;0), 2(p2;m2;02) - 3(]93;77’03;03)7 4(p4;m4;c4), 1(]91;77’01;01)7
L(pi;mascr), glkgmgic) —  3(ps;ms;cs), 4(pa;ma;ca), 2(p2;ma;ca).
(4.64)

Such collinear singularities read

Qs ! Sg2
dcr;’;_}g,m = Q_TR/ dz Pyg(z)In (#) doy, 2-34(282) (014 + 014),
1

™ 20

Qg ! S1
dai’;ﬂ:s,m - %TR /ZO dz Pyg(z)In (mZ) dUl 2—3.4(2519) (024 + d2g),
(4.65)

defining s = (ky + p2)? and s;;, = (p1 + ky)?. Tk has been defined in
section 4.1.2. The singularities in Eq. (4.63) and (4.60) cancel when summed
together with those arising from the PDF factorization terms,

2 1 2
Qs 1+2 11
=S dz { ] In ( ) Aoy aa i (2312)}. (4.66)
Qwil{/zo 11—z, 12 91,2-3,4; (i,i)

The collinear singularities related to the processes (4.65) cancel when
summed to the contributions of R(x1, x2, s) proportional to fgp, (1) fop, (2)
and fip, (21) fg p,(22). As can be inferred from Eq. (4.11), such contributions
read

1 2
——TR/ dz Pyy(z)In (%) (014 + 5lq)dai:5—>3,4(2’392)’
20

2T 1

Qs ! 2
_2_TR/ dz Pyy(z)In (M_2) (02q + (525)0[0%:;%374(2319). (4.67)
O m

2



86 Chap. 4: Computational techniques and methods

We handle the gluonic singularities using both phase space slicing and dipole
subtraction. The adaption of such methods to the case of gluonic singularities
is described below.

4.4.2 Phase space slicing

The general ideas are the same as in the photonic case. The only difference is
the form of the amplitude in the singular region. The formulae quoted in sec-
tion 4.3.2 have to be modified in order to take into account color correlations
after the emission of the soft gluon.

Concerning the process (4.62), in the soft region the differential cross
section reads,

1) ; 1,1 @) ; 11
dal 25349 — { Z 1;; doy’ 2-3.4; (i,5) +ZI doy’ 23,4; (j])}
Jj=

i<j; 1,7=1
(4.68)
where .'Z'Z-(jl) and IJ(-Q) are defined in Eq. (4.52). In the collinear region, the
differential cross section becomes

2 1-6 2
2,1 Q ’ $0; 2z 1,1
doy’y 349 = 2; E / dz Pyy(2) {ln (4m2) 15 22] d01,2H3,4; (i,i)(2312)'
i=1 v %0 v

The differential cross section is determined when the actual form of

doy ;_)3 4 (i) 18 set. According to Eq. (4.61), this is achieved once

[i,j] =< My 2_,34\’5 | MY, 34 >, With i # j, (4.69)

has been computed. According to Ref. [186], these scalar products can be
written in terms of [1,2] and [1, 3] as follows,

3,4 — %(cﬁcg—cg Ch) < MU MO L > 4 [L2),

2,4] = %(01—1-03—02 Cy) < Miy 3 My 50 >+ [1,3],

2,3 = 1(04—01—02 Cy) < MY [ MOL L > —1,2] - [13]
14 = —C< MM MO o > — 1,2 [1,3].

The matrix elements of the operators tt, and t;t; read

1,2 = [(Ml 2-3 4)b17b27a37a4} brar Thaas (M1 ) K
[1, 3] = [(Ml 2434 )bl,a2,b3,a4} b1a1tb3a3 (Ml 5.4 )a1,ag,a3,a4‘
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In the case of the real (anti-)quark emission processes, the differential cross
sections in the collinear region are

1 r 2 7
2,1 Qg 503 2 2
doy'y 541 = %TR /ZO dz _qu(z) In (477% (1-2) ) +22(1 — Z)

1,1
d01,2—>3,4(2592)(51q + 01g),

2,1 a oo 5251, , ]
do—l,g—>3,4j = 27TTR dz qu(Z) In 4 (1 — Z) + 22(1 — Z)
20 |

2
my

1,1
d01,2ﬂ3,4(2319)(52q + 526)7

where the notation in Eq. (4.65) has been used.

4.4.3 Dipole subtraction formalism

When using the dipole subtraction method within mass regularization, the
formulae of Ref. [188,189] have to be modified as well. Such modifications
have been performed following the guidelines of Ref. [186].

In the case of real gluon emission processes of the type (4.62), the form
of the subtraction function is

4
- as =
|Mi,12!3,4,g|2=—%{ > ﬂj@fj)}, (4.70)

i#j; i,j=1
where F;; is defined as

Fij = 2Re{< My g, ltit;| M55 >} (4.71)

The actual form of gfj and éfj is given in appendix E. The integral of the sub-
tracted function over the whole gluonic phase space is available in appendix E
as well.

The collinear singularities of the real (anti-)quark emission pro-
cesses (4.65) are matched by

M35 sanl = —5-Trhg F(85),

M sanl = =5 Ty F(8,), (4.72)
with

F =2Re{< My 54 MT5 54 >} (4.73)
Again, hgo, hyg, @52, @T‘fg, and the integration of the subtraction functions are

collected in appendix E.
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Figure 4.1: Total cross section and relative weights of gg, gg + ¢*g, ¢¢*, and
¢q+q*q* final states in the (mg, mg) plane. The notation used in denoting the
final states is described in the text. my is the mass of the squarks belonging
to the first two generations, which are assumed to be degenerate. The PDF
set used is the CTEQG6L one [119]. The factorization scale has been chosen
as the average of the masses in the final states.



Chapter 5

Gluino pair production

In this chapter we consider the O(a2a) contributions to the process of
hadronic production of a pair of gluinos,

PP—§igX. (5.1)

At the LHC, this is one of the most important processes leading to the pro-
duction of colored SUSY particles. Indeed, its cross section is big, O(10 pb)
for gluino masses of O(600 GeV). Moreover, the gluino plays a key role in
characterizing SUSY models. Indeed the measure of the spin of a (supposed
to be) gluino [191] and the confirmation of its Majorana nature [115, 192, 193]
allows not only to distinguish among different classes of BSM scenarios, but
also among MSSM and other SUSY models involving Dirac gauginos, such
as N = 1/N = 2 hybrid scheme [194].

The plan of the chapter is the following. In section 5.1 we briefly summa-
rize the O(a?) contributions to the process we are interested in. In section 5.2
we describe the partonic processes that contributes at O(aZa). Numerical re-
sults for the electroweak corrections to gluino pair production at LHC are
presented in section 5.3, while section 5.4 is devoted to a brief discussion
about the numerical value of the electroweak corrections at the Tevatron.
Section 5.5 summarizes our results.

5.1 Gluino pair production in lowest order

The leading order contributions to the process (5.1) are of QCD origin and
of O(a?). At lowest order in the perturbative expansion the differential cross
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section reads:

1
104 oo(S) = /O d, /O drab(r = 2122) | Fyrs (1) s (2202 ()

+ (fq|P1(951 faps(w2)doly o (75)

q

+fan (@) fara(@2)do 55 (7S) ) | (5.2)

The sum runs over the quarks ¢ = u, d, ¢, s, b. Equivalently, the differential
cross section can be written as follows,

1
dLg,
ot ) = 2 [ armeaoi )+ [ ar sty i)
70
(5.3)
with the help of the parton luminosities, defined according to
dr (T) n 1 -+ 6ij

/71 i_xfﬂPl(x)ijz (%) + fiip (%) fitps <%> . (5.4)

The lower limit on the integral over 7, 7y, is related to the threshold for the
production of the gluino pair and reads

4m§
To = ——.

S

2,0 2,0 . . .
do, .s; and do,.~ .. are the lowest order differential cross sections for the

parton processes

(k1) g(k2), (5.5)
(k1) g(k2), (5.6)

—
—

respectively. These cross sections are summed over the spins and the colors
of the external particles.

In lowest order, the partonic cross sections for the processes (5.5) and
(5.6) can be obtained from the Feynman diagrams in Fig. F.1 of appendix F.
These cross sections can be expressed in terms of the squared amplitudes,

2,0
do 4435 — 72 1671'82 Z} thHgg

)

2,0 o
daggﬂéé o 512 167T82 Z} ggHgg )
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and the squared amplitudes summed over the spins and the colors of the
external particles read [10-15]

072 s g
it - et
+ (9—57)(_ _)+16t§ (2_+2_)
S tq,l q,2 t(j,l t[j,2
+ (9—9><—+—)+16u§ T+T)
S Ug,1 Ug,2 21 u[j,2
1 1
- s ( i ) ’ (5.8)
Ugitgr  Ugoatgo

L= 52 m2s m2s
B 2 9 gUg i i

> ML P = 9216027 { ( - ) {—t% — 244 (1 — —tu)] }
g=g g9g=g g9g=g

The Mandelstam variables are defined as

s (p1 + p2)?, (5.9)
t = (pQ_k2)2a tQa_t_ gaa t{}:t_m§>
u = (p1— k)’ Ug,a —U—QO Ug:u—mf},

andu:me}—s—t.

5.2 O(a’a) corrections to the hadronic pro-
cess

In this section we compute the O(a?a) corrections to the process (5.1). The
hadronic differential cross section reads, c.f. section 4.1.2,

EW NL ! dL
dO—PPHgEX(S) = Z { / dr |: d:q ( ) (d(fqu_)gg (TS) + do—qq—>gg'y (TS))

q

+ ALy — D (7)do oo, (78) + —2

Lo ryioty, (1o (9)] | (5.10)
The ¢y and g luminosities entering (5.10) are built according to Eq. (5.4).
Diagrams and amplitudes are generated with FeynArts [195,196]. The reduc-
tion of the one-loop integrals is performed with the help of FormCalc [177,
178], while the scalar one-loop integrals are numerically evaluated using
LoopTools. Infrared and Collinear singularities are treated using mass regu-
larization, i.e. giving a small mass to the photon and to the five light quarks.

dLz
dr
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5.2.1 ¢q annihilation with electroweak loops

The first class of corrections entering Eq. (5.10) are the electroweak loop
corrections to the unpolarized cross section of the processes (5.5),

qqﬂgg 72 16 qq—>gg qq—>gg}

(5.11)

Mé&igg is the tree-level contribution to the amplitude of the quark—anti-

quark annihilation process while M g5 18 the one-loop electroweak con-
tribution to the same amplitude. The diagrams responsible for the latter
contribution are displayed in Fig. F.4 of appendix F. We treat UV diver-
gences using dimensional reduction. In order to cure the UV divergences we
have to renormalize the quark and the squark sector. The renormalization is

performed according to the procedure described in chapter 4.

In the case of bb — §§ we keep the mass of the bottom that appears in
the couplings, owing to the possible enhancement related to ¢3. Therefore,
in this case the last nine diagrams in Fig. F.4 of the appendix F have to be
considered as well. It is well known [197-202] that, in the large ¢5 regime,
the tree-level relation between the bottom mass m; and the bottom Yukawa
couplings y4, receives radiative corrections that can be strongly enhanced
and have to be resummed. Power counting in «tg shows that the leading ¢
enhanced contributions, of O(ajt}), can be accounted for by means of the
substitution

my° — My = (5.12)

in the relation between m; and y4,. m;”* is the bottom mass in a given renor-
malization scheme, Rs. A, is defined as

20
3T

G(a,b, ) = (&_b)(bic)(&_c) {abln (b) +beln (i) +ealn (g)] .

Concerning the Higgs sector, the b—b—h? coupling is dynamically generated
at O(ay). Such coupling can be enhanced if ¢4 is large and it is worth to in-
clude such effects modifying the b—b—Higgs Yukawa couplings. In particular,
the effective Lagrangian that correctly takes into account these dynamically

Ay = mgutsG(m: |, m2, m?),

b,17 " "b,27
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generated extra-couplings is

mye A - o A .
o o= I tg |1 -5 A%%inb + 22 (1— ’ ) hobb
£ (% tﬂ &% tatg

_fa (1 + Atbt“) Hobb]. (5.13)

B

5.2.2 qq annihilation with real photon emission

Another contribution of order O(a?a) is the tree-level contribution of the
partonic process of photon radiation,

q(p1), q(p2) — G(k1) g(k2) v(k3), (5.14)

which can be computed using the Feynman diagrams depicted in Fig. F.2 of
appendix F. The IR and collinear divergences appearing in the phase space
integration are regularized using both the phase space slicing method and the
dipole subtraction method, described in chapter 4. The comparison between
the two methods for the partonic process uu — ggv is depicted in Fig. 5.1,
as an example.

5.2.3 ¢v and ~vq fusion

The last class of O(a?a) contributions to the process (5.1) are the tree-level
contributions of the partonic processes

g(k1) g(k2) q(ks), (5.15)
g(k1) g(k2) q(ks). (5.16)

These contributions can be computed from the Feynman diagrams depicted
in Fig. F.3 of appendix F.

q( p1) v(p2)
v( p1) G(p2)

—
—

Note that, if m; > mg, the quark in the final state can be the decay
product of an on-shell squark. If this is the case the last four diagrams de-
picted in Fig. F.3 become singular. The related poles have to be regularized
inserting the width of the on-shell squarks into the corresponding propaga-
tor. Furthermore, the contribution obtained squaring the resonant diagrams
has to be subtracted since it arises from the productions and the subsequent
decay of an (anti-)squark through (anti-)quark—photon fusion,

SN

qv — 9q and
vq — g¢°  and

=

*

Q@

—
—

(5.17)

0
ol
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Figure 5.1: Lowest order partonic cross sections for the process uu — ggvy
(upper panels) and uy — ggu (lower panels) computed with the two different
methods. A = g®“"¢ — gP®° The error bars represent the uncertainty sum
under quadrature between the numerical uncertainties on ¢“"¢ and gP»°',
The SUSY parameters are those of the SPS1a’ point [203].

According to Ref. [15], the extraction of the Breit-Wigner pole contribution
has been performed in the narrow width approximation.

Collinear singularities arising from initial state emission are regularized
using both the phase space slicing method and the dipole subtraction method
described in section 4.3. As shown in Fig. 5.1, the two methods are in good
numerical agreement.

The contribution of this channel is expected to be small owing to the
suppression of the photon PDF inside the proton. Indeed, the photon PDF
is intrinsically suppressed with respect to the valence quark PDF by a factor
a, since this PDF is originated from the emission of a photon from a (anti-
Jquark. Therefore the actual order of the real (anti-)quark emission processes
is O(a2a?). In the SUSY scenarios we consider the contribution of this par-
tonic process amounts up to few percent of the whole O(a2«) correction.
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5.2.4 Factorization of initial collinear singularities

The term R(z1, x2, s) entering Eq. (4.8) is, in the case of gluino pair produc-
tion, related to the O(«a) factorization of the (anti-)quark PDF. The integral
of R(x1, 2, s) over z1 and x5 can be written as

1 1 1
/ dwl/ dze 6(T — x129) R(21,29,5) = / dr R(1,s), (5.18)
0 0 0

and has to be added to Eq. (5.10). R can be expressed in terms of the parton
luminosities as follows,

_ o odLg !
R(r,s) = Z { [— ;63 d:q (7’)/ dz [H((]I) + h(l)Lr dagélgg(zs)

q 0

3a , (dL dL.;g !
_ _@2( 7y dTW(T)) / 0z (Hff)—i—h@))dasglgg(zs)}}.

q
2m 2

The functions H and h are defined in Eq. (4.13). 2 is defined as zy = 4m;/s.
We factorize the (anti-)quark PDFs at O(«) in the DIS scheme. In the actual
computation, we use the MRST2004ged parton distribution function at
NLO QED and NLO QCD [204]. This fit takes into account the QED-effect
into the DGLAP evolution equations and the parametrization of the PDF
at the initial scale. The treatment of the heavy quarks is within the variable
flavor number scheme (VFNS). The corresponding matching is performed
according to the Roberts-Thorne procedure [205-207]. MRST2004qed PDFs
are defined at NLO QCD within the MS mass factorization scheme. As
discussed in Ref. [190], the DIS scheme is used for the factorization of the
O(«) corrections.

In our computation we set the renormalization scale, g, equal to the factor-
ization scale, pup, and to the gluino mass, i.e. ir = pp = my.

5.3 Numerical results, LHC

For our numerical discussion we use the set of Standard Model parameters
quoted in Ref. [208]. The value of the bottom mass in the DR scheme is
computed according to Ref. [167]. We choose two different SUSY scenarios.
The first one, called SPS2, belongs to the set of Snowmass Points and Slopes,
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introduced in Ref. [209]. The second scenario is the SPS1a’ suggested by the
SUSY Parameters Analyses (SPA) [203] project for its studies. Both scenarios
assume that SUSY breaking is realized within mSUGRA; therefore, they are
uniquely defined once the value of mg, my /2, Ay, and sign(y) at the GUT scale
are set, and ¢4 is specified. The parameter of the MSSM can be obtained from
the renormalization group evolution from the GUT scale down to the desired
low scale. Many publicly available codes tackle this task and compute the
physical spectrum of the model [210-212]. We obtain the parameters of the
two scenarios with the help of the program SPheno [210] and SuSpect [211]
starting from the input parameters shown in Table 5.1.

parameter | SPSla/ SPS2
mia | 250 GeV | 300 GeV
mo 70 GeV 1450 GeV
Ay —300 GeV 0
sign () T+ T+
to(My) 10.37 10

Table 5.1: MSSM input parameters for the computation of the spectrum of
the two scenarios considered. my /2, my and Ay are defined at the GUT scale.

5.3.1 Dependence on the renormalization scheme

In the following we will study more systematically the reliability of the
different schemes. Given a renormalization scheme Rs, its reliability is
guaranteed once:

e the renormalization constants are much smaller than the value of the
renormalized parameters. Typically this holds automatically in the case
of the independent parameters while has to be checked in the case of
dependent parameters.

e the value of the dependent parameters is stable, i.e. , given a dependent

parameter d = f(p;) as a function of a set of independent parameter
p;, this relation has to hold up to term O(a?):

(5.19)

A — d™ = —6pd™ = Z 5Fp?5.

31)2
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parameter SPS1a/ SPS2
m? ! 243-10°GeV?  167-10* GeV?
m? Bt —m2 PP 35-10° GeV? 25-10% GeV?
Spm? —38-10° GeV®  —26-10° GeV”
APt —527 GeV —521 GeV
ARt — ADR 54 GeV 21 GeV
op A —43 GeV —13 GeV
APt 425 GeV 781 GeV
ARt — APR 1372 GeV 1588 GeV
op Ay —692 GeV —981 GeV

Table 5.2: Dependent parameters in the Rsl scheme. For each parameter
we show its Rsl value, the difference between this value and the value the
parameter has in the DR scheme, and the finite part of the renormalization
constant in the Rsl scheme.

where the abbreviation §pp® = Jp°F — Jp* has been used. dp* is the
renormalization constant of p in the renormalization scheme X. There-
fore, the difference between right- and left-hand side of Eq. (5.19) has
to be much smaller than the two sides themselves.

Rs1 scheme

In this case, the dependent parameters are A, A; and mgl. In Table 5.2,
we collect the numerical value of these parameters in the Rsl scheme, the
difference between this value and the value the parameters assume in the DR
scheme, and the finite part of their renormalization constant. This scheme
is not reliable since the renormalization constant of A, is neither small
(0pAy/Ap ~ 1) nor stable. Looking at the expression of dpA, it is easy to

understand the size of this quantity. Indeed,

(5Fmg Rsl __ 6Fmg Rsl) S Rsl

_ b1 b,2 F1Yy Rsl Rsl

opAp = (Ab - Mtﬁ) m2 Rst _ 2 Rsl - mgsl + 2 cot 05 6F95 )
b,1 b,2

(5.20)
therefore, even if the terms inside the square brackets are typically below
unity, the prefactor (4, — utg) can become bigger than A, itself' enhancing

Tn the SPS1a’ case, for instance, A, ~ 500 GeV while (A4, — uts) ~ 3500 GeV.
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parameter SPS1a/ SPS2
m? 245-10° GeV? 167 - 10" GeV?

m? B2 —m? PR 26-10° GeV? 24-10° GeV?
Spms B2 —28-10° GeV?  —25-10% GeV?
AR —527 GeV —522 GeV

ARs? — ADE 54 GeV 21 GeV
Op A? —43 GeV —13 GeV

sin 07 0.35 18.25-107°

sin 07 — sin GZ‘?_R —0.10 —0.54-1073
Op sin 07 0.09 0.56 - 1072

Table 5.3: Same as Table 5.2, but considering the Rs2 scheme

0rAp. The origin of the numerical instability can be understood from the
analytic structure of the sum A;*' + dp A" — A",

Rsl Rsl DR sin QDR 2 R 1 2 R 1 DR
_ ng’ig <\/mb 2Ril + 6Fm2 Rsl m52> + 8
(5.21)
€ is a term of O(a?) and is given by
6FmRSl 5le~2) qul -4 mg 2R<1
E = (sin 20, b — cos 20, 5F0Rﬂ) )
2my, my
The first term of Eq. (5.21) is proportional to the differences
VR G =P fm S Gpm? S — (5.22)

These differences are O(a?) but they are enhanced by the prefactor
2 my,; /my. € is non-negligible as well owing to the enhancement of the term
in square brackets.
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parameter SPS1a/ SPS2
m? Fe 243 -10° GeV* 168 - 10* GeV?
m? B —m2 PP 24-10% GeV? 26 10° GeV?
opm? B —26-10° GeV?  —28-10° GeV?
AR —534 GeV —477 GeV
Afst — APR 47 GeV 66 GeV
OpAF? —38 GeV —58 GeV
sin ¢ 0.32 18.30-1073
sin 9553 — sin HBD_R —0.12 —0.49-1073
O sin 67 0.10 0.50-1073

Table 5.4: Same as Table 5.2, but considering the Rs3 scheme

Rs2 and Rs3 scheme
In order to guarantee the reliability of these two schemes we have to check
0;, Ay and mB As can be inferred from Table 5.3 and Table 5.4, the schemes
Rs2 and Rs3 are reliable.

Rs4 scheme

In this case the dependent parameters are A,, A; and m~ . As one can see
from Table 5.5, this scheme is not reliable. This is due to the renormalization
of Ay. Indeed (5FAR*4 can be obtained from Eq. (5.20) setting Rsl — Rs4
and, as in the Rsl case, 0p A" can be enhanced. The origin of the numerical
instability can be understood looking at AR — AP® 4 §p A4 Its analytical
formula can be inferred from Eq. (5.21) setting Rsl — Rs4 and & — 0.
Therefore, the presence of the prefactors 2 mj,/my is the origin of the
numerical instability. 7

Actual results

It is worth to analyse the numerical impact of the differences among the
renormalization schemes. Therefore, we compute the O(a?) and O(a’a)
contributions to the total hadronic cross section related to the partonic
process

bb — §3g(v). (5.23)
The numerical results for the total hadronic cross section of the process (5.23)

are displayed in Table 5.6. The number in parentheses is the uncertainty
on the last digit. The main feature is that either at O(a?) and at O(a?a)
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parameter SPS1a/ SPS2
m? 237-10° GeV® 168 - 10* GeV”
m? Bt —m? PP —18-10° GeV? 26 -10% GeV?
opm? 19-10% GeV?  —28-10° GeV?
ARt —534 GeV —477 GeV
ARt — APR 47 GeV 66 GeV
op AP —42 GeV —58 GeV
ARt —3237 GeV —921 GeV
Abst — ADR —2291 GeV —114 GeV
op AR 1794 GeV 119 GeV

Table 5.5: Same as Table 5.2, but considering the Rs4 scheme

the prediction can differ within 1%, even when we consider the non-reliable
schemes (Rsl and Rs4). The effect of the resummation in the relation between
bottom mass and bottom Yukawa coupling is negligible as well, below 1%
in the O(a?) and O(a2a) contributions to the total cross section. This is
expected since in the scenarios we are considering the value of t5 is moderate
(t, ~ 10). Therefore, in both scenarios, the difference between m,, and m, is
below 1% in every scheme considered.

5.3.2 Dependence on the SUSY scenario

We compute the total hadronic cross section using the Rs2 scheme, the results
are collected in Table 5.7. The second column shows the lowest order results.
The third column shows the sum of the lowest order and of the O(a?a) con-
tributions. In the fourth column the contribution of the O(a?a) corrections
relative to the total result is given, therefore ¢ is defined as

NLO EW
o

oLO 4 gNLO EW

J

In the last entry we give an estimate of the statistical error based on an
integrated luminosity L = 100 fb™" [213].

We do not distinguish the results in the different renormalization schemes
since they agree within the integration error. This is expected since the main
dependence on the renormalization schemes is in the bb annihilation channel.
As shown in section 5.3.1, the difference among the renormalization schemes
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point | scheme O(a?) (fb) | O(a2 + a2a) (fb)
SPS1a’ Rsl 0.5543(2) 0.5434(2)
(resum.) | 0.5543(2) 0.5434(2)
Rs2 0.5518(2) 0.5410(2)
(resum.) | 0.5507(2) 0.5400(2)
Rs3 0.5559(2) 0.5357(2)
(resum.) | 0.5549(2) 0.5347(2)
Rsd 0.5647(2) 0.5449(2)
(resum.) | 0.5647(2) 0.5408(2)
SPS2 | Rsl 0.13709(5) | 0.13234(5)
(resum.) | 0.13709(5) | 0.13234(5)
Rs2 0.13709(5) | 0.13237(5)
(resum.) | 0.13709(5) | 0.13237(5)
Rs3 0.13717(5) | 0.13246(5)
(resum.) | 0.13717(5) | 0.13246(5)
Rs4 0.13717(5) 0.13246(5)
(resum.) | 0.13717(5) | 0.13246(5)

Table 5.6: Tree-level and NLO EW cross section of the process (5.23) in the
four different renormalization schemes. We consider both the SPS1a’ and the
SPS2 scenarios, and we show the results with and without resummation of
the terms proportional to aft} (c.f. section 5.2.1). The number in parentheses
is the uncertainty on the last digit.

pOiIlt oo o0 | gNLOEW 5 (%) \/L.IU—LO
SPS1a’ | 6.1865(6) pb | 6.1822(6) pb | —0.07% | 0.13%
SPS2 | 1.2127(1) pb | 1.2089(1) pb | —0.31% | 0.29%

Table 5.7: Total hadronic cross section. In the second ( third) column we
show the O(a?) (O(a? + a?a)) contribution for the points SPS1a’ and SPS2.
In the fourth column the electroweak corrections in percent of the LO +
NLO EW result are shown. The last column shows the statistical error for
an integrated luminosity L = 100 fb™*.

amounts up to few percents of the tree-level bb annihilation channel con-
tributions. The latter contributions amount up to several fb, therefore the
variation of the results in Table 5.7 is within the integration error.

As one can see, in the case of the point SPS1a’ the electroweak corrections



102 Chap. 5: Gluino pair production

are much smaller than the statistical uncertainty and so they are not relevant.
In the case of the point SPS2, the O(a?a) corrections are of the same order
of the statistical error but they are still much smaller than the theoretical
systematic uncertainties such as the uncertainty on the PDF parametrization
(~ 10%) [15] and the factorization scale dependence (from 3 to 5% if mg <
1 TeV) [22,23].

The invariant mass distribution of the two gluinos is shown in Fig. 5.2.
The EW corrections are small, their absolute value being at most of the order
of 0.4% of the total contribution. Moreover, these corrections do not distort
the shape of the distribution.

In Fig. 5.3 we consider the distribution of the largest transverse momen-
tum of the two gluinos, for brevity we will refer to this observable as ”trans-
verse momentum distribution”. The O(a?«) corrections are rather small, the
absolute value of their contribution relative to the total result is at most 1%,
reaching this value in the high pr region, i.e. pr > 1500 GeV.

5.3.3 Dependence on the MSSM parameters

In this subsection we investigate the size of the O(a?a) corrections to the
process (5.1) in a more systematic way performing a scan over the parameter
space of the MSSM. The parameters involved in the scan are the independent
parameters in the second renormalization scheme. We suppose that all the
sfermionic soft mass parameters are equal and we indicate its value in the
third renormalization scheme as Mj,,,. The physical masses of the sfermions
can be obtained from Mj,,, diagonalizing the mass matrices. Moreover, we
consider the surfaces of the parameter space characterized by A; = A.. With
these assumptions the parameters involved in the scan are eight, namely

MSusy? mg, W, M27 At7 Ab7 t,@u mao.

The subregions of the parameter space involved in the scans are chosen im-
posing the exclusion limits arising from SUSY searches at LEP [53] and at
the Tevatron [214], and the bound on the mass of the light Higgs. The phys-
ical mass of the light Higgs has been computed using FeynHiggs 2.5.1 [56,
215, 216]. Moreover each point in the selected regions fulfills the condition
|Ap| < 0.025, Ap being the dominant SUSY corrections to the electroweak p
parameter, corrections arising from top and bottom squarks contributions.

We perform four different scans. In each scan we select two parameters
and we study the dependence of the quantity A,

NLO EW
o

A=—" .100. (5.24)

O-LO + O-NLO EW
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We repeat each of these scans for different values of another pair of param-
eters, while the remaining four are fixed to their SPS1a’ value. Here there is
a brief discussion on the results of these scans.

1. Scan over A; and A,.

The results of this scan are displayed in Fig. 5.4. As expected, A is quite
independent on the parameter A; which enters in the virtual correction
of the process bb — §§ and in the definition of the mass of the top
squarks. This feature is more evident for large ¢z values. A varies only
by an amount of the order of few percent for a variation of A, and A,
over a quite broad range (from —1500 to 1500 GeV ). Note that in the
whole subregion considered the absolute value of A is of O(0.1).

2. Scan over tg and M yo.
As can be inferred from Fig. 5.5 the dependence of A on (tg,m40)
strongly varies for different values of m; and Ms,,. As a general result
the overall dependence is mild for each value of (mg, M., ). In all cases
the value of |A| is at most of the order of 0.7.

3. Scan over p and M.

As displayed in Fig. 5.6, A is almost independent on y for each value of

the pair (mg, Ms,.,) while the dependence on M, is more important and

particularly pronounced when my; = 1250 GeV and Ms,,, = 730 GeV.
In the case of the last three plots the value of A is of order —0.3 to
—0.1, while in the first plot, characterized by mgz ~ 2 - Mj,,,, the value
of A is enhanced for small values of M, reaching the value of —0.65.
Notice that the mass of the lightest neutralino and chargino is almost
independent on the value of y but varies strongly as M, varies, growing
as the value of this parameter grows. So this enhancement occurs when
charginos/neutralinos are much lighter than the gluino.

4. Scan over Ms,,, and m;.

In this scan we investigate the dependence of A on my and M,
which is expected to be the most important because of the dependence
of the lowest order cross section on these parameters. We consider the
variation of A as a function of (mg, Ms,.,) for different values of M, and
tg. In Fig. 5.7 we show some results of these scans. Note that we plot
§ = —A instead of A. As a general feature § increases as my increases
and as Ms,,, decreases. The behaviour of ¢ as a function of Mj,,, and
mg is affected by the value of M, being enhanced for smaller values
of this parameter. In particular £ ~ 3 in the region mgz > 1400 GeV,
My, <500 GeV.

usy
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Such enhancement is related to the increasing importance of the qq
annihilation channel when the production threshold becomes higher.
Indeed, the minimal value of the parton’s momentum fraction rises as
the gluino mass rises. Since the relative importance of the (anti-)quark
PDF increases as the momentum fraction of the (anti-)quark increases,
the EW corrections grow as the mass of the gluino grows.

Such enhancement is even more pronounced when Mg, is small owing
to the presence of tree-level diagrams with squarks exchanged in the ¢
and v channel.

5.4 Numerical results, Tevatron

The analysis performed for the process (5.1) can be easily extended also for
the Tevatron, i.e. for the process

PP—§§X. (5.25)

Indeed, Eq. (5.3) and Eq. (5.10) remain valid: the only change to do is in
the definition of the partonic luminosity. Instead of Eq. (5.4) in this case we
have

dr (7)

1 ! dl‘ T T

T 140,y /T — fip(@) fp <;> + fiip(x) fip <;> ,  (5.26)
where f;z(x) is the momentum distribution of the parton 7 into the hadron
H.

For numerical evaluation, we focus on two different points of the MSSM
parameter space, we will refer to these points as TP1 and TP2 respectively.
These points belong to the region of the parameter space of the MSSM used
in the data analysis made by CDF and DO collaborations [217,218]. We
obtain the parameters in these scenarios with the help of SPheno, starting
from the input parameters at the GUT scale described in Table 5.8. These
points are compatible with the the experimental limits set by the analysis
made by the DO collaboration [214]. In particular, the first one corresponds
to a scenario in which the gluino is heavier than the squarks (mg ~ 500 GeV,
mg4; ~ 460 GeV), while the second one describes a scenario characterized
by a light gluino (mg ~ 340 GeV , and m;_; ~ 550 GeV).

In Table 5.9 we show the total hadronic cross section in the two points
considered. The second column shows the LO contribution to the cross sec-
tion, the third column the sum of the LO and the NLO EW contributions
to this observable. In the fourth column the O(a?a) corrections in percent
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parameter TP1 TP2
mi /2 200 GeV | 500 GeV
mo 130 GeV | 120 GeV
Ay 0
sign(p) | -7 | 7=
t5(My) 3 3

Table 5.8: MSSM input parameters for the computation of the spectrum of
the scenarios TP1 and TP2.

point o ot 4 gNFOEW 5 (%) \/Llaﬁ
TP1 | 0.16714(1) fb 0.16691(1) fb | —0.14% | 61%
TP2 | 0.048864(3) pb | 0.048256(4) pb | —1.26% | 3.6%

Table 5.9: Same as Table 5.7, but considering gluino pair production at the
Tevatron, i.e. the process PP — §gX at /S = 1.96 TeV, and different SUSY
scenarios.

of the total cross section are shown. In the case of the point TP1, the size
of the electroweak corrections is so small that they will not be visible at the
expected final luminosity 15 fb~*. In the case of the point TP2 we obtain a
relative statistical error of order 4% and so three times bigger than the size
of the electroweak contributions. Moreover it is worth to notice that the sys-
tematic uncertainties are typically greater than 1%. For instance, Ref. [214]
claims that the ur dependence of the total cross section gives an error from
15 to 20%.

The invariant mass distribution for the two points is shown in Fig. 5.8.
In both cases the O(aa) corrections are small compared to the lowest order
results and do not change the shape of the distribution. In particular, in the
case of the point TP1 (TP2) the contribution of the EW corrections relative
to the total contribution is of the order of —2% to 5% (—3% to —1%).

Similar considerations hold in the case of the transverse momentum dis-
tribution, shown in Fig. 5.9. The shape of the distribution is not affected by
the insertion of the electroweak corrections in both points. The contribution
of the electroweak corrections relative to the total contribution is of order of
—2% to 4.5% in the case of the TP1 point and of the order of —2.5% to —1%
in the other scenario considered.
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5.5 Conclusions

In this chapter, we have computed the full O(a?a) corrections to the gluino
pair production at the LHC and Tevatron. As a cross check the different
renormalization schemes introduced in section 4.2.2 were used. The numeri-
cal value of the O(a?a) contribution is independent on the renormalization
scheme, even when non-reliable schemes are used. The treatment of the IR
and collinear singularities was performed within two different methods.

We have studied the numerical impact of the O(a?a) contributions at
the LHC in two different scenarios and we have performed scans over many
regions of the parameter space. In these regions the EW corrections are neg-
ative and can be safely neglected.

We have provided numerical results for the one-loop electroweak correc-
tions of the process of gluino pair production at the Tevatron selecting two
points of the parameter space belonging to the region investigated by the
D0 and CDF collaboration. O(a2a) contribution are small and negligible in
practice also at the Tevatron.

Finally, we would like to stress that the scan has shown an enhancement
in some region of the parameter space of the MSSM. This fact motivates
the study of the electroweak corrections to other processes of production of
colored SUSY particles in which the EW contributions are expected to be
more important, such as squark—anti-squark pair production or the associated
production of a squark and a gluino.



5.5 Conclusions 107

SPS1a’
T T T T T T T T T

2 —LO distribution _ oF -
% 10 —NLO distribution J r 7
o ] [ i
] g | ’
£ 10° E o 05 5
o ] L |
B L
© L 4

10E I . L . | . | - | . | . | .
1500 2000 2500 3000 1500 2000 2500 3000
M, [GeV] M,, [GeV]
SPS2
—L0 distribution i o ‘ ‘ ‘ -
% — NLO distribution
0 10° E i ]
-‘é F 3 3 mﬂ_
2_5 [ ] Z —0.5? 7
o
S 104F E [ i
£ 1 L | L 1 L 1 L | L
2000 2500 3000 -1 2000 2500 3000
M, [GeV] M,, [GeV]

Figure 5.2: Invariant mass distribution for gluino pair production at the LHC.
In the left panels we show the LO (black line) and the LO + NLO EW (
line) contribution. The two lines are indistinguishable, owing to the smallness
of the EW contributions. In the right panels the electroweak corrections in
percent of the total result are shown.
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Figure 5.3: Transverse momentum distribution for gluino pair production at
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to this observable. In the right panels, the electroweak corrections in percent

of the total result are shown.
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Figure 5.5: A = g0 =W /(gh© 4 gNOEW) . 100 as a function of t5 and m 40
for different values of m; and M. The other parameters are fixed to their
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Figure 5.6: Variation of A, c.f Eq. (5.24), in the (i, M) plane for different
values of mg and Mj,,. The other parameters are fixed to their SPS1a’ value.
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Figure 5.7: { = —A = —g" O PV /(g0 4 N9 EW) . 100 as a function of Mg,
and my for different values of M, and ¢3. The other parameters are fixed to
their SPS1a’ value.
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Figure 5.8: Invariant mass distribution of the two gluinos produced at the
Tevatron via the process PP — §gX. In the left panels we show the LO
and the LO + NLO EW contribution, while the electroweak corrections in
percent of the total result are shown in the right panels.
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Figure 5.9: Transverse momentum distribution in case of gluino pair produc-
tion at the Tevatron. The left panels show the LO and LO + NLO EW con-
tribution. The relative contribution of the electroweak corrections is shown
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Chapter 6

Diagonal squark-anti-squark
production

In this chapter we present the LO and NLO electroweak contributions, of
O(asa+a?) and O(a2a) respectively, to the production of diagonal squark—
anti-squark pairs different from top- and bottom-squarks,

PP—Q,Q.X (Q#LD). (6.1)

In the case of top-squark pair production [120,121,219], the NLO EW con-
tributions were found to be significant, with effects up to 20%. In general,
NLO EW contributions consist of loop contributions to the tree-level am-
plitudes for ¢gg annihilation and gluon fusion, together with real photon and
gluon bremsstrahlung processes, yielding an involved structure of interfer-
ence terms in ¢q annihilation. The NLO EW corrections to the production of
squarks of the first two generations show significant differences to top-squark
production, based on the following peculiarities.

e In leading order, O(a?), the squark pair Qa QZ can be produced via
annihilation of a @ @ pair through amplitudes that involve also the
exchange of a gluino in the t-channel, thus enhancing the relative weight
of the annihilation channel in (6.1).

e Electroweak tree diagrams with ¢-channel neutralino and chargino ex-
change are part of the amplitudes for Q Q — QQQZ and Q' Q' — Q, ~Z,
where Q' is the isospin partner of ) in a quark doublet, yielding EW-
QCD interference already at the tree-level.

e At O(a?a) many types of interferences occur between amplitudes of
O(asa) and O(ay) as well as between O(a?) and O(«) amplitudes.
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These features make the calculation of the EW contributions of O(a2a) to
the processes (6.1) more involved than in the case of ¢ #* production where no
t-channel diagrams occur at lowest order. Our analysis shows that the EW
effects of NLO can reach the same size as the tree-level EW contributions of
O(asa) and O(a?), which we will include in our discussion as well.

The outline of the chapter is as follows. In section 6.1 we briefly sum-
marize the various tree-level contributions to the processes (6.1). Section 6.2
describes the structure of the NLO terms of EW origin that contribute at
O(a’a) and the strategy of the calculation. Evaluation of the EW effects and
their analysis for the LHC are presented in section 6.3 and summarized in
section 6.4.

6.1 Tree-level contributions to squark pair
production

In this section we list the lowest-order cross sections for the process (6.1)
arising from tree-level amplitudes at order O(a?), O(a,a) and O(a?). The
parton luminosities for getting to the hadronic cross section are given by the
convolution in Eq. (5.4).

6.1.1 Squark pair production at leading order

The leading-order contribution to the process (6.1) is QCD based, of O(a?).
The differential cross section reads as follows,

! dLgg 2,0
Ao a.0:(9) = / g (46,0, ()
q
1

dng 2.0
+ /TO dr ?(7) daggﬂéaéz(s). (6.2)
The sum runs over the quarks ¢ = u, d, ¢, s. S and s = 75 are the squared
CM energies of the hadronic process (6.1) and of the partonic sub-process,
respectively. Moreover, with the squark mass mg ,, the threshold value 79 is
determined by 7y = 4mz~2 S

2,0 2,0 oy 1 . .
daqqﬂ 0us and daggH Ga0t denote the O(«;) differential cross sections

for the partonic processes
4(p1) G(p2) —  Qalkr) Qi(ks), 3
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respectively, which are obtained from the Feynman diagrams in Fig. G.1
of appendix G. Explicit expressions for these leading-order cross sections
are available in Ref. [11]. Owing to flavor conservation in SUSY QCD, the
diagram with the exchange of a gluino in the ¢ channel contributes only if

q=Q.

6.1.2 Tree-level electroweak contributions of O(aja)

and O(a?)

The O(asa) and O(a?) contributions to the process (6.1), involving elec-
troweak terms, can be written as follows,

EW LO 1,1 0,2
Ao pp_ 6,01 x Z / { (daqaﬂc?a@; T dgqaac?a@z)

+ d,:g (7’) daflyglﬂQaQa } (65)

The partonic cross section da is obtained squaring the tree-level

electroweak diagrams depicted in F?EQGG 2 of appendix G. The diagram with
t-channel neutralino exchange contributes only if ¢ = @), and the diagram
with chargino exchange appears only if ¢ = @, ¢’ being the SU(2) partner of
the quark ¢, since we treat the CKM matrix as unity. da GG originates
from interference between the aforementioned tree- level electroweak dia-
grams and the tree-level QCD graphs of Fig. G.1 of appendix G. Analytical

expressions for these cross sections can be found in Ref. [24].

As a new element at O(a,«), photon—gluon fusion occurs as a further
partonic process,

Y(p1) 9(p2) — Qa(kl) QZU@) (6.6)

The corresponding cross section, with ¢ = (p; — ky)?,

1
1,1 A2/
dawg—@aé 39 167‘(‘82 Z ’ v9—QaQx| (6.7)

contains the spin- and color-summed squared tree-amplitudes from the
diagrams in Fig. G.3,

Z ‘ 1/2 1/2
79— Qa Q*

with u = (p; — k»2)?, and the electric charge ep of the squark Q. The Yg
luminosity entering (6.5) is built according to Eq. (5.4).

m‘a (mQ’ + s?) + tu(tu — 2mQ J)

(—md Plu—md )2

= 51272 aaseq



116 Chap. 6: Diagonal squark-anti-squark production

6.2 Virtual and real O(a’a) corrections

In this section we describe the computation of the O(a?a) corrections to
the process (6.1) arising from loops and from photon/gluon bremsstrahlung.
The corresponding contributions to the hadronic cross section are expressed
in obvious notation,

1
dL
EW NLO _ 99 2,1 o 2,1 o
dOpp G.0:x = /T ! dr — () <daggﬂQaQ2+dUggHQaQév)
1
quﬁ 2,1 2,1
" Z {/ro o dr (7) <datﬁ—>@a@; + o 6.0
q

d 2.1 1d qug d 2,1
* UQE‘*Q&QZ) * o T dr (7_) JQQHQGQZQ

+ Bl ol b (6.8)

Other bremsstrahlung contributions to the hadronic cross section are of the
type

v(p1) q(p2) — Qa(kl) @2(7@) q(ks),  ~v(p1) G(p2) — Qa(kl> QZ(/@) q(ks).

We will not consider this class of processes here. Indeed, as in the case of the
partonic processes described in section 5.2.3, they are suppressed because of
the O(«) suppression of the photon PDF inside the proton. Moreover, these
processes are further suppressed by an additional factor o, with respect to
process (6.6), and thus negligible.

As in the case of gluino pair production, amplitudes are generated with
the help of the publicly available code FeynArts [195,196]. The algebraic
treatment and numerical evaluation of loop integrals is performed with the
support of FormCalc and LoopTools [177,178].

6.2.1 Gluon fusion with electroweak loops

The first class of corrections entering Eq. (6.8) are the O(a?a) electroweak
virtual contributions to gg fusion (6.4), given by the partonic cross section

1 dt
2,1 - Lo IR
0 0,05 ~ 256 16752 > 2% My 6.6: Myyaan) (6.9)
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:,;,OH 3.0 is the tree level gg amplitude (Fig. G.1 of appendix G), and
:,;,OH 3.0 is the one-loop amplitude with EW insertions in the QCD-based

gg tree diagrams. These loop diagrams are shown in Fig. G.8 of appendix G.

In order to get rid of the UV divergences we have to renormalize the
squark sector only. We use the schemes described in section 4.2.2, which are
equivalent since the mass of the quarks of the first two generations have been
neglected.

Parts of the virtual corrections to squark pair production are loop dia-
grams for the gluon-gluon-H" vertex, with the heavy neutral MSSM Higgs
boson H°. These terms become resonant when mgo > QmQa and have to be
considered a contribution to the process of H" production via gluon fusion
with the subsequent decay HY — Qa ~Z, rather than an electroweak loop
correction. We will not consider scenarios in which such resonances occur.

6.2.2 Gluon fusion with real photon emission

The IR singularities arising from virtual photons in (6.9) are cancelled by
including bremsstrahlung of real photons at O(a?a),

9(p1) 9(p2) — Qa(kl) QZU@) v(ks), (6.10)

according to the diagrams depicted in Fig. G.4 of appendix G. The integral
over the photon phase space is IR divergent in the soft-photon region, i.e. for
k§ — 0, and cancels the corresponding virtual singularities when added to
the virtual contributions according to Eq. (6.8).

For the technical treatment of photon-momentum integration and isola-
tion of divergences we apply the two different procedures described in sec-
tion 4.3. Comparison between the two methods provides a non trivial check
of the computation. As illustrated in Fig. 6.1, the two methods yield results
which are in good numerical agreement.

6.2.3 ¢ annihilation with electroweak and QCD loops

The structure of the parton processes of ¢g annihilation at higher order is
more involved and requires a simultaneous treatment of electroweak and QCD
loops. The virtual contributions of one-loop order to the partonic cross section
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is given by the interference of tree-level and loop amplitudes,
1 dt
2,1 _ L Lox gLl
daqq—@a@z 36 16ms2 Z {2 S)%{/\/lqa—>czaczzg/\/lqa—>czaczzg}

0,1 2,0

1,0 0,1 : : i
where MqaﬂQan (M@HQ@Q;) is the amplitude related to the tree-level QCD

(EW) diagrams depicted in Fig. G.1 (G.2) of appendix G. M:;;QEQ* is the
one-loop amplitude arising from the EW corrections to the QCD tree-level
diagrams and the QCD corrections to the EW tree-level diagrams. Finally,

2’;; 5e0s is the one-loop amplitude corresponding to the QCD corrections
to the QCD tree-level diagrams.
The diagrams entering ./\/li’;_@a G
pendix G. They also contain the diagrams with counter term insertions
required for renormalization and cancellation of UV divergences. Besides
squark renormalization, also quark renormalization is needed.

j&i 5.0 €A1 be obtained from the Feynman diagrams in Fig. G.10, includ-
ing the proper counter terms. Besides renormalization of the squark sector,
we have to renormalize also the gluino mass, the strong coupling g, and the
quark—squark—gluino coupling g, which is related to g, via supersymmetry.

We use the procedure described in section 4.2.2.

are displayed in Figs. G.6-G.9 of ap-

6.2.4 ¢ annihilation with real photon emission

The diagrams in Fig. G.5 of appendix G constitute the generic amplitude for
photon bremsstrahlung at O(a?«a) in the ¢g annihilation channel,

q(p1) q(p2) — Qa(kl) QZ(/@) v(ks) - (6.12)

The corresponding cross section is singular both in the IR soft-photon region
and in the collinear region (e.g. whenever ks3p; — 0). The extraction of the
singularities has been performed using the two different methods described in
section 4.3. In Fig. 6.1 we visualize the comparison between the two methods
in the specific case of the partonic process vt — 4t} y as an example.

6.2.5 ¢g¢ annihilation with real gluon emission

Finally, we have to take into account the class of ¢ annihilation processes
with real gluon bremsstrahlung,

q(p1) q(p2) — Qa(kl) @Z(kz) g(ks) , (6.13)
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from either EW-based (appendix G, Fig. G.11a) or QCD-based Born dia-
grams (appendix G, Fig. G.11b). This class contributes to the cross sec-
tion at O(a2a) through interference between the graphs of Fig. G.11a and
Fig. G.11b. The cross section exhibits singularities when the gluon becomes
soft or collinear to the initial-state quark/anti-quark. The soft singularities
cancel against those from the virtual photon/gluon contributions in ¢g anni-
hilation, when added along Eq. (6.8), while remaining collinear singularities
have to be absorbed in the PDF's by factorization. IR and collinear singulari-
ties can be treated by mass regularization within the two methods described
in section 4.3. In Fig. 6.1 we illustrate the comparison between the two meth-
ods also for gluon radiation, with good numerical agreement.

6.2.6 ¢(q) g fusion

A last class of partonic processes at the considered order is given by
(anti-)quark-gluon fusion,

a(p1) 9(p2) = Qalkr) Qi(k2) qlks)

a(p1) 9(p2) — Qalky) Qh(k2) qlks). (6.14)

This IR finite class contributes at O(a?«) through the interference between
the diagrams of Fig. G.12a and Fig. G.12b of appendix G. Mass singularities
arise when the incoming gluon and outgoing (anti-)quark are collinear. These
collinear divergences are again absorbed into the PDFs. Their extraction
has been performed using the two methods mentioned in section 4.4. In
Fig. 6.1 we show the agreement between the two methods for the example
ug — Uruyu.

In specific cases of SUSY parameters, when kinematically allowed, the
internal-state gauginos can be on-shell. The poles are regularized by intro-
ducing the width of the corresponding gluino, neutralino, or chargino. Po-
tential problems related to gauge invariance [220] do not occur here since the
resonant diagrams are not affected by collinear singularities.

6.2.7 Factorization of initial collinear singularities

In the case of the process (6.1), the term R (1, x2, s) in Eq. (4.8) is related to
both O(ay) and O(«) factorizations of the (anti-)quark PDF. The integral of
R over 1 and x5 has to be added to Eq. (6.8), and can be expressed in terms
of the integral over 7 of a new function, R(7, s). In others words, Eq. (5.18)
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holds defining R(, s) as

— Q dL s !
R(r,s) = Z {——CF d:q(T)/ dz [H{V]4 da;l’jiéaéz(zs)

1
_ (1) (1) 2,0
€ 7 (7') /xo dz [Hy” +h] ¢ daqq_}c?aéz(zs)
Qs dLqg dLgg ' @) g 11
_ 2’/TTR ( I (1) + 7 (1) 5 dz H, daqq_@a@;(zs)

Sa o (dLgy ALy / ' 2 . 52
27Teq ( 7 (1) + 7 (1) dz (Hy” +h'?)

T z0

2,0
X d qq_)QaQa(zs)}, (6.15)

where zg = (4m ) /s. The functions ‘H and h are defined in Eq. (4.13).
For the calculatlon of hadronic observables we use the MRST2004qed parton
distribution functions [204]. Accordingly, the factorization of O(ay) (O(«))
corrections is performed within the MS (DIS) scheme. Factorization and
renormalization scales are chosen as equal, ugr = up =meg ,.

6.3 Numerical analysis

For the numerical evaluation and for illustration of the EW effects, we
choose four different benchmark scenarios: the point SPSla’ suggested by
the SPA convention [203], the Snowmass point SPS5 [209] characterized by
light stops, and two of the points chosen for detector simulation in the AT-
LAS “Computing System Commissioning” exercise [221]: the point SU1 in
the co-annihilation region, and the point SU4 characterized by light SUSY
particles. The input parameters m; /5, mo, Ao, defined at the GUT scale, and
tg are collected together in Table 6.1. The MSSM input for the actual calcu-
lation is obtained with the help of the program SPheno [210], together with
the program SuSpect [211] as a cross check. The pole masses are collected in
Table 6.2. Since the quarks of the first two generations are treated as mass-
less, same-chirality and same-isospin squarks are degenerate, therefore we do
not show the masses of the squarks belonging to the second generation. The
difference between the masses provided by the two codes is below 1%. The
different inputs given by the two codes give rise to a differences in the total
cross section of the order of 2 — 3%. The standard model parameters are
taken from Ref. [208].

We introduce the following conventions:
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parameter SPS1a/ SPS5 SU1 SU4
mi /2 250 GeV 300 GeV | 350 GeV | 160 GeV
mo 70 GeV 150 GeV 70 GeV | 200 GeV
Ao —300 GeV | —1000 GeV 0 —400 GeV
sign(p) + + + +
ta(Myz) 10.37 5 10 10

Table 6.1: Input parameters in the four benchmark scenarios.

SPS1a’ | SPS5 | SUL | SU4
man | 5481 | 660.3 | 739.7 | 4126
(545.6) | (657.4) | (736.3) | (411.2)
may | 565.3 | 6815 | 765.6 | 420.3
(562.0) | (677.5) | (760.7) | (418.6)
Mg | 5479 | 6592 | 738.0 | 413.9
(545.4) | (656.9) | (734.6) | (412.5)
mg,, | 570.7 | 6855 | 769.6 | 427.5
(567.5) | (681.8) | (764.7) | (425.8)

Table 6.2: Pole masses (in GeV) of the squarks of the first generation in
the various SUSY scenarios. They are obtained using SPheno [210]; those
computed with SuSpect [211] are quoted inside the brackets for comparison.

e We will refer to the sum of O(a,a), O(a?) and O(a?a) contributions

as “the EW contribution”.

e We will use the quantity 6 to denote the relative EW contribution,
defined as § = (Oxro — O16)/Oro, where O is a generic observable and

Oxio is the sum of the LO in Eq. (6.2) and the EW contribution.

6.3.1 Different squark species

Electroweak interactions depend on the hypercharge of the squarks, hence
the production cross sections are flavor and chirality dependent. In this sub-
section we will study the production of four squark species, focusing on the
SPS1a’ point. Since the masses of the light quarks can be neglected, the weak
eigenstates of the squarks are also the mass eigenstates; thus, in the follow-
ing, the two squarks of a given flavor are distinguished by means of their

chiralities, Q, = Qr, Qr.
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gt Gpis dpds et
O(a?) | 36.83(3)-1072 | 31.31(1)- 1072 | 25.89(1)- 1072 | 22.65(1) - 1072
O(asa) | —9.00(1) - 1073 | =3.54(1) - 1072 | —3.83(1) - 1072 | 2.82(1)-1073
O(a?) | 242(1)-107% | 2.39(1)-1072 | 3.20(1)- 102 | 2.11(1)-1073
O(a?a) | —3.09(5) - 1073 | —=1.05(1) - 1072 | —7.82(7)- 1072 | 5.89(1)-1073
5(%) —2.6 ~7.0 ~5.5 4.8

Table 6.3: Total cross section for the diagonal pair production of different
squark species in the SPS1a’ scenario. Beside the LO contribution, of O(a?),
we show the yields of the different orders contributing to the NLO EW cor-
rections. Cross sections are given in pb. ¢ is defined according to section 6.3.

Dependence on squark flavor and chirality

In Table 6.3, we show the integrated hadronic cross section for the diagonal
pair production of uy, ug, d; and ¢;, in the SPS1a’ scenario. In the case of
the production of the squarks of the first generation there is a cancellation
between O(a,a) and O(a?) contributions. The overall O(a,a + o?) contri-
bution is negative and of the same order of magnitude as the O(a2a) one.
Since they have the same sign their effect is enhanced. In the case of ¢,
production the situation is different: O(a ), O(a?), and O(a?a) corrections
are positive, O(a?a) contribution being the most important one (see also the
discussion below).

As a general remark, the EW effects are always larger for left-handed
squarks. For a given chirality and generation, the EW contributions are more
important in the case of up-type squarks. For comparison we also estimate
the corresponding NLO QCD corrections using the code PROSPINO [20]; they
are positive, weakly dependent on the flavor of the produced squarks, and of
the order of 47 — 48%.

Fig. 6.2 shows the relative EW contribution (right part) in the “cumula-
tive invariant mass distribution” o(M,,,), that is the cross section integrated
up to the value M,,, of the squark—anti-squark invariant mass,

M-
inv d
o(M,,) = /2 d]\;. dM ... (6.16)
m@a inv

A common feature is that in the low invariant mass region the NLO EW
contribution is positive, rather steeply decreasing as the invariant mass in-
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creases, reaching the plateau at M,,, > 2000 GeV which corresponds to the
total cross section. The left part of Fig. 6.2 shows the relative size of the indi-
vidual contributions arising from the various channels. The contribution from
the gluon fusion channel is always positive and dominates at lower values of

M,,., whereas the ¢gg annihilation channel part is negative.

invy

Looking at the relative contributions of the different channels in the high
invariant mass region, which corresponds to the total cross section, one can
understand the origin of the different behaviour of the NLO EW correc-
tions in the case of u v’ and cFc™ production. For up-squark pairs, the
O(asa) and O(a?a) terms are dominated by the the ¢ annihilation channels,
which yield a negative contribution; for charm-squark production, however,
the O(a,a) [O(a?a)] corrections are dominated by the ¢ fusion [gg fusion]
channel and thus positive. This shows the key role played by the partonic
processes Q Q, Q' Q' — Q. ~Z, where Q and Q' belong to the same isospin
doublet. Indeed, in the case of uyuj production their contribution is negative
and the largest out of the ¢g annihilation channels. In ¢y ¢} production they
are suppressed by the PDFs of the charm and strange quarks and hence the
contributions from the ¢g annihilation channels are negligible. As a result the
overall contribution to total cross section is negative at the level of 5% for the
left-handed up-squarks, while for the left-handed charm-squarks it is of the
same order of magnitude but positive. The contribution of the gy channel is
independent on the squark chirality, determined only by the electric charge
of the produced squarks, which makes the gy channel contribution for up-
squark pair production four times bigger than that for down-squarks. Owing
to the mass degeneracy between same-chirality and same-isospin squarks, the
gg fusion channel is independent on the generation of the produced squark.

The invariant mass distribution itself is displayed in Fig. 6.3 for the vari-
ous squark species, showing also the breakdown into the individual channels.
For each squark species, the EW contributions are positive in the low invari-
ant mass region and become negative for larger values of M,,,, reaching the
level of 15% for @ squarks.

Fig. 6.4 contains the transverse momentum distribution of the squarks.
Again, the EW effects are more pronounced for left-handed chirality yielding
more than 30% negative contributions for large pr. As new feature, the LO
EW contribution can be positive for low pr, especially for the d, case, origi-
nating from the PDF-enhanced parton process uu — d Ld’z through ¢-channel
chargino exchange. This positive part is practically compensated by the NLO
O(a2a) contributions in the ¢g annihilation channel.

In Fig. 6.5 we show the squark rapidity distribution and the various parts
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of the EW contributions. For right-handed squarks, the EW effects are rather
small; for left-handed squarks their sum is typically of the order 5%. NLO
EW corrections change sign when moving from the production of the squarks
of the first generation to the processes involving squarks of the second gen-
eration.

Dependence on the squark masses

To study the dependence of the EW contributions on the mass of the squarks,
we vary mag g, setting mg , = mgr and mg g = marn(l+ ) with e = 0.03,
which is the value at the SPSla’ point. The values are also taken for the
other generations as well as for the sleptons. The other parameters are kept
as in SPSla’. Each parameter point was checked to satisfy the bounds on
SUSY particles from LEP [53,222] and Tevatron [214], and the bound on the
mass of the light Higgs boson h°. The mass of h° has been computed using
FeynHiggs 2.5.1 [56,215,216]. Moreover, each point fulfills the condition
|Ap| < 0.025, where Ap is the squark contribution to the electroweak p
parameter, which is the dominant SUSY contribution to this parameter.

The relative EW contributions are shown in Fig. 6.6 for the total cross
section, for each of the various squark types. The quantity & displayed in
the right panel is the fraction of each the gg fusion and the ¢g annihilation
channel in the total cross section, at leading order O(a?). The ¢¢ channel
becomes more and more important as mg r increases. This feature, already
pointed out in Ref. [11], is a consequence of the ¢-channel gluino exchange
diagrams. The increasing importance of gq annihilation allows a better under-
standing of the particular role of the NLO corrections to the qq channel with
increasing squark masses. Especially for left-handed up- and down-squarks,
the NLO EW contributions become more important than the LO ones, with
effects of more than 20%. In the charm-squark production case ¢q channel is
sub-leading with respect to the gg and g7y fusion channels due to the afore-
mentioned suppression of charm and strange PDFs. The total sum of the EW
contributions is shown in the right panel of Fig. 6.6. For illustration, we also
give an estimate of the formal statistical uncertainty d,., = (L UNLO)_l/ 2
assuming a luminosity L = 100 fb™'.

6.3.2 Different SUSY scenarios

Here we discuss the electroweak effects in the different SUSY scenarios men-
tioned above. As a concrete example, we consider the production of 1,
squarks.
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SPS5 SU1 SU4
O(a?) | 10.62(1)-107" | 51.77(2) - 1073 | 16.14(1) - 10!
Oasa) | —1.37(1) - 1072 | =7.22(1)- 1073 | —1.45(1) - 10~
O(?) | 9.11(1)-1073 | 4.73(1)-107% | 10.16(1)- 102
O(a?a) | —4.83(3) - 1073 | —=2.75(2) - 1073 | —2.61(1) - 102
5(%) —8.9 ~10.1 —4.3

Table 6.4: Same as Table 6.3 but focusing on @*@’* production in different
SUSY scenarios. Cross sections are expressed in pb.

In Table 6.4 we show the total cross section for the aforementioned pro-
duction process. The LO contribution and the different orders entering the
EW contributions are shown separately. As one can see, the absolute value
of the different contributions decreases as the mass of my j increases, while
the relative yield of the EW contributions increases with the mass of the
produced squarks. In the case of the SU1 scenario the EW contributions are
negative and of the order of 10%. The corresponding NLO QCD corrections
are estimated using the code PROSPINO [20]; they are positive and of the
order of 45 — 50%. The logarithmically enhanced NNLO QCD contributions
to squark hadro-production reduce the dependence on the factorization scale
and are of the same size of the EW contributions, of the order of 9% of the
NLO QCD corrections [21].

Fig. 6.7 contains the cumulative invariant mass distribution, again with
the individual and the total EW contributions, which show a similar be-
haviour for all the chosen scenarios. Also the differential invariant mass dis-
tribution, displayed in Fig. 6.8, has similar qualitative features in all scenar-
ios. At low values, the gluon fusion part dominates and renders the total EW
contribution positive. At larger values, the contributions from ¢g annihilation
turn the EW contribution to the negative region; thereby the NLO part is
always of about the same size as the LO part.

In Fig. 6.9 we show the transverse momentum distribution in the various
cases. Again, their shape depends only weakly on the scenario. This also
applies to the rapidity distribution, which is illustrated in Fig. 6.10. The EW
contributions are largest in the low rapidity region and are dominated by
the negative contributions arising from the ¢q channel at both tree-level and
NLO.
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This general situation is only slightly changed when kinematical cuts are
imposed, as we find from repeating our analysis for an exemplary set of cuts
on the transverse momentum and on the rapidity of the two squarks,

pr > 150 GeV, |y| < 2.5.

As can be inferred from Fig 6.10, the cut on the rapidity is not effective
because the NLO EW contributions to the rapidity distribution are very
small for |y| > 2.5. More important is the cut on the transverse momentum.
It excludes the kinematical region where the largest part of the gluon channel
contribution comes from. Moreover, this cut suppresses also the contribution
of the gy channel and enhances the influence of the ¢g channel by excluding
the region with a positive py distribution. As a result, the negative EW
contribution to the total cross section is larger than without cuts, as one can
see from Fig. 6.11.

Dependence on the gluino mass

We study the dependence of the EW contribution as a function of the mass of
the gluino, mg, with the other parameters kept fixed according to the SPS1a’
point. Again, the parameter range is in accordance with the phenomenolog-
ical constraints described in the previous subsection 6.3.1. At LO, the gluon
fusion channel does not depend on the gluino mass, while the ¢g annihilation
channel contribution decreases with increasing my, as displayed in Fig. 6.12.
In the low my region the two channels contribute equally to the production
cross section, while gluon fusion becomes dominant as the mass of the gluino
increases. The relative EW contributions from the various channels are flat,
adding up to a total EW contribution from —7 to — 3% for gluino masses
between 500 and 2000 GeV. Thereby, in ¢ annihilation, both the tree-level
term O(a,a + o?) and the NLO corrections O(a2a), are practically of the
same size.

Inclusive diagonal squark—anti-squark production

It is worth to analyse the impact of the EW contributions on the inclu-
sive diagonal squark—anti-squark production considering the production of
a squark—anti-squark pair of any flavor and chirality simultaneously. In
Fig. 6.13 we show the cumulative invariant mass, the transverse momentum
and the invariant mass distribution in the SPS1a’ scenario. The EW contri-
butions to the cumulative invariant mass amounts up to 5% near threshold
while the EW contributions to the total cross section, i.e. the cumulative
invariant mass distribution in the limit M,,, — oo, are negative and of the
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order of 1%. Indeed, in the case of the total cross section the negative contri-
bution arising from uyu; and dpd 7 1s halved in the sum with the upu} and
dpd: % production processes. The resulting negative contribution is further re-
duced by the positive contribution of ¢; ¢} and 5.5} and after the sum of
CrCp and SpSy production processes, whose EW contributions are negligible.
The impact of the aforementioned contributions on the transverse momen-
tum (invariant mass) distribution is reduced as well and is at most of the
order of 10% (6%) in the high py (M,,,) region. Notice the peculiar behaviour
of the invariant mass distribution in the low invariant mass region. The EW
contributions rise when the threshold for left-handed squark production is
reached and the EW contributions to the production of left-handed squarks
enter.

Similar considerations hold when the other scenarios are considered. In
Fig. 6.14 and 6.15 we plot the cumulative invariant mass, the transverse mo-
mentum, and the invariant mass distribution in the SPS5 and SU1 scenario,
respectively. The general behaviour is similar to that of the SPS1a’ point. As
expected, the relative importance of the EW contributions increases when
the masses of the squarks increase, since the relative importance of the EW
contribution increases in each of the different squark—anti-squark production
processes as the masses of the squarks increases. In the case of the SPSH
(SU1) point the EW contributions on the total cross section are negative
and of the order of —1% (—2%). The relative yield of the EW contributions
on the invariant mass varies from —6% (—8%) to 6% (6%). More important is
the numerical impact of the EW contributions on the transverse momentum
distribution; in the SPS5 (SU1) scenario it reaches —12% (—14%) in the high
pr region.

6.4 Conclusions

Chapter 6 summarizes the O(a2a) NLO electroweak contributions to the
production of flavor-diagonal squark—anti-squark pairs in proton—proton col-
lisions, in combination with the electroweak LO tree-level contributions of
O(asa + a?).

We have performed an explicit study of the electroweak contributions for
URUR, ULUT, dpd 17, and ¢p¢} pair production. The electroweak effects can give
rise to sizable modifications in cross sections and distributions, in particular
for left-handed squarks. Thereby, the NLO terms are significant and have to
be considered together with the tree-level contributions. They show a strong
dependence on the squark masses, increasing their relative influence with the
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mass of the squarks.

Moreover, we have investigated several SUSY benchmark scenarios and
found that the behaviour of the electroweak contributions is only weakly
dependent on the scenario. Also the gluino-mass dependence is weak. In
summary, the electroweak contributions in squark-pair production can reach
20-25% in size and are thus significant; about half is carried by the NLO
contributions.

When the squarks belonging to the first two generations are treated in-
clusively, i.e. when we consider the production of a squark of the first two
generations of any chirality and flavor together with its own anti-particle,
the numerical impact of the EW contributions is reduced. EW contributions
to the total cross section are below 10%. The relative yield of the EW con-
tributions to the differential distributions is bigger, above 10% in the high
energy region.
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Figure 6.1: Lowest order partonic cross sections for the process gg — upujy
(first panel), uu — wupu;y (second panel), uu — upu}g (third panel) and
ug — upuju (fourth panel), computed with the two different methods. A

is defined as A = gSlicine —

uncertainty. The SUSY parameters are those of the SPS1a’ point [203].

oP® The error bars represent the integration
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EW contribution. The SUSY parameter point corresponds to SPSla’.
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the contributions from the various channels, the right ones show the complete
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Figure 6.11: Same as Fig. 6.7, but with the kinematical cuts defined in sec-
tion 6.3.2.
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Figure 6.13: Inclusive squark-anti—squark production in the SPS1a’ scenario.
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Figure 6.14: Same as Fig. 6.13, but considering the SPS5 scenario.
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Figure 6.15: Same as Fig. 6.13, but considering the SU1 scenario.
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Chapter 7

Squark-gluino production

In this chapter, we consider the associated production of squarks and gluinos
and study the EW contribution. This channel is the main production mech-
anism of SUSY colored particles if m; >~ mz ~ 1 TeV. As already mentioned
in section 4.1, we restrict the discussion to (anti-)squarks of the first two
generations,

PP — §Q.X, PP — gQ:X, (Q#1%D). (7.1)

The production of ¢ § is suppressed due to the vanishing parton density of
top-quarks inside protons, while b g production is suppressed by the bottom-
quark parton distribution function. Furthermore, bottom-squarks (resp. their
decay products) will be experimentally distinguishable from squarks of the
first two generations [112, 114, 223]. The structure of the chapter is as follows.
In section 7.1, we recall the tree-level cross sections at the partonic and
the hadronic level and we introduce some basic notations. The NLO EW
contributions are discussed in detail in section 7.2. In section 7.3, we present
numerical results for the hadronic cross sections and distributions for squark—
gluino production at the LHC.

7.1 Tree-level contributions

At hadron colliders, the tree-level contributions to the production of a gluino
in association with an (anti-)squark QL) are O(a?) and O(a,a). In the fol-
lowing subsections we will briefly describe such contributions introducing
some basic notation.
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7.1.1 Leading order contributions

The LO contribution to the processes (7.1) is QCD based and is related to
the following partonic processes

9(p) Qps) — (k1) Qulks),  g(p1) Qp2) — G(ka) Qilka),  (7:2)

via the usual convolutions

bdL
doto, 5 (S) = /dT — e da’y 5 (9),
70

TPP—3Qa
! dL,g
LO _ 2,0
dUPPHgQ;(& = /TO dr —= = dUgQ—>§Q; (s). (7.3)

S and s = 7.5, are the hadronic and partonic center-of-mass energy squared
respectively. The production threshold is 79 = (mg 4 mg)?/S. The partonic
luminosity is defined in Eq. (5.4). Due to CP symmetry the unpolarized cross

sections do ™ 5 and do™? 5 4G ATe equal, therefore in the following we will

refer to the first partonic process only.

As in the previous chapter, we will distinguish squarks with same flavor
by means of their chiralities, since the quarks of the first two generations
are gauge eigenstates. Furthermore, the masses of the squarks of the second
generation coincide with those of the squarks in the first generation.

We parametrize the cross sections in terms of the Mandelstam variables

defined in Eq. (5.9). In this case u = m + mQ — s — t. The differential

partonic cross section for the process g@) — gQa, can be obtained from the
diagrams shown in Fig. H.1 of appendix H,

1
2,0
dagQaéQa(s 96 167?32 Z} gQ—ana (7.4)

The squared spin- and color-summed lowest-order matrix element can be
written as follows [15],

_ 2_2 o 8ug, 1
YoM = 1280l [3 (1 2 2 ) .
ms )t

(7.5)
ts Q(mg —mZ )i m2  m%
_29 + g o’ 1+ t_g + _ Qa )

5 SUQ, g Uq,
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7.1.2 Photon induced gluino—squark production

As an independent production channel, we also consider the photon—gluon
induced subclass of gluino—(anti-)squark production, as shown in Fig. H.2 of
appendix H. The contribution of this channel reads

1
dotoFY o (S) = / dr 42 g1
70

dr VQ_’QQa (S> ’

PP—§Qa
a0 (5) = [ dar 2 gt 7.6
Tppoga;(S) = T Tdr ar 9%a-50:09) (76)

Photon-induced processes do not contribute at leading order at the hadronic
level, owing to the non-existence of a photon distribution inside the proton.
But the inclusion of NLO QED effects in the evolution of the PDFs leads
to a non-zero photon density in the proton and thus to non-zero hadronic
contributions. Therefore the diagrams in Fig. H.2 contribute at tree-level to
the same final state and can be important.

The partonic differential cross section for the photon induced gluino—
squark production reads

2

1
1,1 1/2 1/2
OvQ—xéQa(S 12 167?32 Z} 1Q—3Qa! ’ (7.7)

1 2(m2 —m?% )t; m2  mA
Z’MUQJ{% - = 2560 07> eQ =+ ! Qu/ T4 79y G )
10— s sug, ty  up,

expressed in terms of the Mandelstam variables (5.9). The partonic differen-
tial cross section for the photon induced gluino—anti-squark is related to the
differential cross section (7.7) via charge conjugation.

7.2 O(c’a) contributions

In contrast to squark pair production, which allow for ¢g initial states at
LO, gluino—(anti-)squark final states cannot be produced at O(a?). At EW
NLO, gluino—squark production comprises virtual corrections and real photon
radiation at O(a2a). Further O(a?a) contributions arise from interference of
EW and QCD real quark radiation diagrams.

The complete EW contribution to the hadronic cross section for gluino—
squark production is obtained from the corresponding partonic cross sections
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by convolution and summation as follows,
1
dL
NLO EW o 9Q 2,1 2,1
d"PPa@QaX(S )= /T . dT{ dr [dagczagc?a(s) +dUgQ—>§Qw(S)]

dLQq 2,1 dLQé 2,1
+Z{ & 90050, 5 Vi 50,40 (T8)

q

+Z dT do-qq—@]QaQ(s) '

q#Q

The respective parton luminosities refer to (5.4). Owing to charge conserva-
tion, photon-gluon induced partonic processes are possible only in combina-
tion with an additional quark in the final states,

9() 7(p2) — G(k1) Qulka) Qks). (7.9)

Since these processes are suppressed by the photon PDF with respect to the
other bremsstrahlung processes in Eq. (7.8), we neglect them. Concerning
the EW NLO contributions to gluino—anti-squark production they read

1 dL _
NLO EW _ 9Q 2,1 2,1
dopp_g0:x(5) = /T ! dr { dr [dagéﬂgézz(s) + d“gégﬂg@m(s)]

dLp; dLg
Qg 7 2,1 Qq ; 21
+Z{ pr O e da@qaé@;q(s)} (7.10)

q
+ ar do . iom(8) (-
a#Q

In the following subsections we will discuss the partonic cross sections appear-
ing Eq. (7.8). Indeed, the partonic cross sections in Eq. (7.10) are related the
aforementioned ones by charge conjugation. FeynArts [195,196], FormCalc
and LoopTools [177,178] are used for the treatment of the Feynman diagrams
and of the corresponding amplitudes.

7.2.1 Virtual corrections

The first class of NLO contributions of EW origin are the virtual corrections,

2,1 1 dt 10 114
doty 6.5) = 5663 29%{'/\/19@—4?@(1 Mg@ag@a}’ (7.11)
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where M;’C;Hg Ga is the one-loop amplitude with EW insertions in the QCD-
based ¢(@) diagrams, leading to the diagrams shown in the appendix H,
Fig. H.3 and Fig. H.4. The renormalization of the quark and squark sectors
is performed in the schemes described in chapter 4. In the limit of no L-R
mixing, the independent parameters for a given squark isospin doublet are
the masses of the two up-type squarks 4, g and the mass of the right-handed

down-type squark dr (see also the discussion in section 4.2.2).

7.2.2 Real photon radiation

The tree-level photon bremsstrahlung process reads, c.f. the diagrams in
Fig. H.5 of the appendix H,

9(p1) alp2) — (k1) Qulka) v(ks). (7.12)

The integral over the photon phase space is divergent in the soft region and in
the collinear region. The extraction of such singularities has been performed
using phase space slicing and dipole subtraction methods. The comparison
between the two methods is illustrated in Fig. 7.1; the two methods are in
mutual numerical agreement.

7.2.3 Real quark radiation

For each production process of a gluino in association with a squark Q, of a
given chirality and flavor, there are eleven (quark—quark or quark—anti-quark
induced) subprocesses with an additional real quark or anti-quark in the final
state,

Qp1) a(p2) —  g(k1) C?a(kZ) q(ks),
Qp1) q(p2) —  g(k1) Qa(kQ) q(ks), with ¢ # Q,
a(p) a(p2) —  G(k1) Qalks) Q(ks), (7.13)

where ¢ = u, d, ¢, s. These tree-level processes give an IR and collinear finite
contribution of order O(a2a) through the interference between the EW dia-
grams in Fig. H.6a and the QCD diagrams in Fig. H.6b and between those
in Fig. H.7a and Fig. H.7b.

In specific SUSY scenarios, internal gauginos or squarks can be on-shell.
The poles are regularized introducing the particle width in the correspond-
ing propagator. If both EW and QCD diagrams provide intermediate on-shell
squarks, the non-vanishing interference contribution corresponds to the pro-
duction of a squark pair at order O(asa) with subsequent decay of one of



148 Chap. 7: Squark-gluino production
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Figure 7.1: Left: Comparison of the lowest order partonic cross section for
the process gu — guyy using the phase space slicing or dipole subtraction
method. Right: Difference A = gPiPole — gSlicing a5 5 function of the partonic
energy. The error bars represent the sum under quadrature of the integration
uncertainties on oP®¢ and oS¢ The SUSY parameters are those of the
SPS1a’ point [203].

the two squarks,
- ~a ~a 1 — g ’
QC{ Q q~* q~*gq~ ) (7.14)
17 = QQ, Q,—3Q.
To avoid double counting, these resonating squark contributions have to be

subtracted as explained in section 5.2.3. The pole term has thereby been
isolated in the narrow width approximation.

7.2.4 Factorization of initial state singularities

In the case of squark-gluino production, the term R(z1,x9,s) in Eq. (4.8)
arises from the O(a) factorization of the quark PDF. The integral of
R(x1,22,s) over x; and x5 has to be added to Eq. (7.8). Eq. (5.18) allow
to trade the integral of R(z1,x2,s) with the integral over 7 of the function
R(7, s) defined as

) @ dLgq

1
R(t,s) = 50 (T)/ dr [H8)+h(1)]+d02’0 (25),

9Q—3Qa

20

(7.15)

with 29 = (mg + mg,)?/s. The functions H" and h") are defined in
Eq. (4.13). Since we are neglecting the process (7.9), terms proportional to
the gy luminosity appearing R have been neglected as well. O(a) factoriza-
tion is performed in the DIS scheme, since we use the set MRST2004qed [204]
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for the parton distributions. R for the process PP — QQZ can be read from

Eq. (7.15) substituting the g@Q luminosity with the g@Q one, and dgjg—@; o
with do*? . . For factorization and renormalization, a common scale has

9Q—39Q5
been chosen, pip = pur = (mz +mg,)/2.

7.3 Numerical Results

We illustrate the numerical results considering the benchmark scenarios
SPS1a’, SPS5 and SU1, already introduced in the previous chapter. The cor-
responding input parameters are listed in Sec. 6.3. We present results both
for the production of left- and right-handed, up- and down-type squarks sep-
arately and for the inclusive production.

We introduce the following conventions for the discussion of the results.

e We analyze the three different gauge invariant, IR and collinear finite
subsets of the EW contributions described in the previous section. The
sum of the virtual corrections and of the O(a?a) contributions to real
photon radiation will be labeled as “g@) channel contributions”. The
contributions of real quark emission processes will be referred to as “qq
channel contributions”, the photon induced gluino—squark production
processes as “yq channel contributions”.

e The sum of the three channels will be labeled as “the EW contribution”.

e The relative EW contribution is defined as ¢ = (Oxno — Oro)/Oho,
where O is a generic observable and Oy, is the sum of the LO contri-
bution (7.3) and the EW contribution.

7.3.1 Different squark species

In Table 7.1, we show the results for the hadronic cross sections for squark—
gluino production at the LHC. We consider left- and right-handed, up- and
down-type squark production separately. Since light quark masses are negli-
gible, squarks of the first two generations are mass degenerate and cannot be
distinguished experimentally. Therefore, the cross sections for e.g. gu,, §c,
(and by CP symmetry also for ga}, gét) are always summed and are denoted
by the dominant contribution, e.g. jii,. The observables related to §d,, GSa,
ch;; and ¢s; are treated similarly.
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gip =g (i + @ | gig =g (ig+ @, | gdp =g (dp+dy | gdr = § (dr + dj,
+ ¢+ ¢1) + Cp+Cp) +d,+dp ) +5p+35%)
O(a?) 6.427(6) 6.837(4) 3.490(2) 3.812(2)
O(a,a) 0.004179(4) 0.0044530(4) 0.0006702(5) 0.0007508(7)
O(a2a) —0.1503(4) 0.00829(6) —0.09607(6) 0.001305(8)
5(%) —2.26 0.13 ~2.65 0.04

Table 7.1: Integrated cross sections for squark-gluino production at the LHC
within the SPSla’ scenario [203]. We show the leading order results, the
EW contributions of O(a,a) and of O(a?), and the relative corrections ¢, as
defined in the text. All cross sections are given in pb.

Being of QCD origin, the LO cross section of the partonic process
gQ — §Q, is independent of the chirality and of the flavor of the pro-
duced squark Q. Since all considered squark masses are of the same order
(~ 550 GeV), the LO hadronic cross sections for up-type squark production
are about twice as large as the cross sections for down-type squark produc-
tion. In contrast, the EW contributions depend strongly on the chirality of
the squarks and, to a less extent, on the squark flavors. The MSSM is a
chiral theory and for the production of right-handed squarks some of the
one-loop and ¢gq channel diagrams are suppressed by the couplings. The EW
contribution to all left-handed squarks, i.e. to gu; and QJL production, is
dominated by the (negative) g@ channel contributions, and alters the LO
cross section by about —2, —3%. For right-handed squarks, i.e. for gug and
QOZ r production, the gq and ~yq channels contribute at almost the same order
of magnitude than the (positive) g@ channel and the full EW contribution
ranges at the permille level.

The corresponding NLO QCD corrections have been estimated using
PROSPINO [20]. They are positive and their percentage impact is indepen-
dent of the flavor and of the chirality of the produced squark. Using the
PDF set MRST2004qed, the relative NLO QCD corrections at the scale
pr = pr = (mg +mg)/2 amount to 28% of the LO contribution. The scale
uncertainty of the total cross section at NLO QCD is of the order of 10%.

In order to study the behavior of the EW contribution close to the
threshold we consider the distribution of the “cumulative invariant mass”
distribution, obtained from the definition (6.16) performing the substitu-
tion 2mg, — mg + mg, . In the right panels of Fig. 7.2 the relative yield
of the EW contribution is depicted. The interplay of the EW contributions
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of the different channels are illustrated in the left panels. For left-handed
squarks, the relative EW contribution increases in absolute size as M,,, in-
creases. This is a clear signal that the relative yield of the EW corrections
increases in high M,,, region. Interestingly, the situation is reversed for right-
handed squarks. In absolute numbers, the relative EW contribution to the
cumulative invariant mass decreases for increasing M,,,. In the high invariant
mass range the virtual corrections to the gQQr channel receive negative con-
tributions from Sudakov-like double and single logarithms and the positive,
non-logarithmically enhanced part of the amplitude is suppressed.

In the left panel of Fig. 7.3, we show the interplay of the various EW
contributions to the invariant mass distribution. One clearly sees that for
left-handed squark production the virtual and real photon corrections to
the qg channel dominate the EW contributions over the whole phase space.
For right-handed squark production, the situation is more involved: the
three channels are comparable and different channels lead in different energy
ranges. Near threshold the positive contribution of the gg channel dominates
while in the high M,,, region, the vq channel becomes more important and
leads the EW contributions. The different behaviour of the EW contribu-
tions in the case of left-handed and right-handed squark production renders
the relative yield of the EW contributions dependent on the chirality of the
produced squark (right panels of Fig. 7.3). The shape of the relative correc-
tions is similar for up- and down-type squarks of the same chirality, and also
the size is comparable. For right-handed squark production, the distributions
are almost flat and contribute negligibly. As expected from the cumulative
invariant mass discussion, the relative yield of the EW contributions to right-
handed squark production decreases as M,,, increases.

The impact of the EW contributions on the transverse momentum dis-
tribution of the produced squark, pr(Q), is shown in Fig. 7.4. The general
features discussed in the case of the invariant mass distribution appear here
as well. The EW contributions are more important in the left-handed squark
production than in the case of the processes producing a right-handed squark.
The gg channel is by far the leading one in the case of the §Q; production,
while in case of §Q r production, the impact of the aforementioned channel is
reduced and comparable with those of the other two channels. In particular
in the high pr region the negative contribution of the gg channel cancels the

positive contribution of the yq channel.

The relative yield of the EW contribution in the case of left-handed pro-
duction decreases as pr increases. Its absolute value is maximum in the high
pr region (i.e. pr > 1500 GeV) reaching 6 — 8%. In the case of right-handed
squarks, the EW contributions are negligible, of the order of 0.5% over the
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whole pr region considered. The distribution with respect to the transverse
momentum of the gluino, pr(§), is similar to that of pr(Q) and therefore is
not shown. At lowest order pr(§) and pr(Q) coincides. The (small) differ-
ences enter at NLO and they are related to the different contributions these
distributions receive from real photon and real quark radiation processes.
In particular the gg channels affect the pr of the squark more, reducing (in
absolute size) the EW contribution in the high pr range. The difference is
nevertheless negligible, O(1%) of the LO transverse momentum distribution.

In Fig. 7.5 [7.6], we show the EW contributions to the pseudorapidity
contribution of the produced squark [gluino], 7(Q) [7(§)]. In the left-handed
case the gg-channel dominates the EW contributions to both 1(Q) and 7(g).
This channel renders the EW contribution negative and its absolute contri-
bution maximum in the central region, |n| < 1, where it reaches —3%. In the
case of §Qp, the situation is more involved. The different channels are com-
parable and mutual cancellations of these channels in the different regions in
7 render the relative yield of the EW contributions to 7(Q) [1(7)] almost flat
and small, of the order of —0.5% [—0.3%)]. Differences between 7(§) and 7(Q)
are related to the real emission processes, and also to the different masses of
the two final particles which affect the definition of n already at the lowest
order.

Dependence on squark and gluino masses

At LO, the only SUSY parameters entering the production cross section are
the masses of the final state particles. These parameters are thus crucial for
the total size of the cross section and it is worth to investigate the dependence
of the cross section and the EW contribution on the squark and gluino masses.
To this aim, we set the independent squark masses of the first and second
generation to a common value mg, which is varied for the 'squark mass
variation’ and fixed (to 500 GeV) for the ’gluino mass variation’. The fourth,
dependent squark mass is computed at each SUSY point according to

(2 Jou = iy, by, ~ e {50, m2)} (Q=d.s).  (116)

All other SUSY parameters are kept at their SPS1a’ values, while up = pup =
1 TeV.

We give the results in Fig. 7.8 for the variation of the common squark
mass mg. The variation of the gluino mass is shown in Fig. 7.7. In the left
panels, the total cross sections including the EW contribution, and in the
right panels, the relative EW contribution are shown.
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One observes a change in the slope of the relative corrections at the point
mg = mg, since the cross section depends also on the difference of the masses.
If squarks are heavier than gluinos, the resonant contributions from the gq
channels have been subtracted as described in section 7.2.3 and the final
contributions from these channels are tiny.

Concerning the §Q; production, the gg channels dominates the EW con-
tributions over the whole mg and my range. The contribution of this chan-
nel is negative and its absolute value increases as the gluino mass and the
squark mass increases. The contributions of the other channels are posi-
tive, small and weakly dependent on the mass of the produced particles. As
a consequence, the overall EW contribution is mostly coincident with the
qg channel contribution, the difference between the two increasing as mg
and my increases. The EW contributions vary around —2% for light masses
(< 600 GeV) and grow up to —4% for squark and gluino masses at the TeV
range.

In the case of f]@ r production, the gg channel is still the dominant one
in the low mass region (i.e. < 600 GeV) both in the squark mass varia-
tion and in the gluino mass variation case. The (positive) contribution of
this channel decreases when the masses increase becoming comparable with
those of the other two channels. In the case of gluino mass variation the
qg channel become smaller than the ¢ channel. This interplay renders the
EW contribution to §Qx production almost independent on the gluino mass
and negligible; its relative yield is below 0.5% over the whole squark mass
range. The dependence on the squark mass is greater but nevertheless the
relative EW contribution stays below 0.5% over the whole squark mass range
considered.

When the inclusive squark-gluino production is considered, Fig. 7.9, the
overall EW contribution is small, of the order of —1% over the whole squark
and gluino mass range. This is due to the negligible contribution from the
gQR processes that halves the relative yield of the gQL processes and that
reduces their dependence on the mass of the produced particles.

7.3.2 Dependence on the SUSY scenario

In this subsection we discuss the electroweak effect in the different bench-
mark SUSY scenarios mentioned above. In Table 7.2 we show the total cross
section for the guj associated production in the SPS5 and SU1 scenario.
As in the diagonal squark—anti-squark case, the absolute value of the differ-
ent contributions decrease as the mass of the produced particles decreases.
The importance of the EW contribution relative to the LO result, instead,
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SPS5 SU1
(a?) 2.433(2) 1.182(1)
O(a,) | 0.001896(2) | 0.001084(1)
(a2a) | —0.0656(1) | —0.03507(7)
5(%) —2.61 —2.88

Table 7.2: Same as Table. 7.1 but focusing on gu; production in different
SUSY scenarios.

increases with the mass of the final states. The relative yield of the elec-
troweak contributions in the different scenarios considered is at most of the
order of 3%.

The importance of the EW contributions to the different distributions of
the gty [gur| process in the SU1 and SPS5 scenarios are shown in Figs. 7.10
- 713 [7.14 - 7.17].

Concerning the gty process, the general qualitative features of the cu-
mulative invariant mass, invariant mass, transverse momentum and pseudo-
rapidity, are similar in all scenarios. The qg channel is negative and dominant,
while the other two channels are negligible. When the cumulative invariant
mass (Fig. 7.10), the invariant mass (Fig. 7.11), the transverse momentum
(Fig. 7.12), and the pseudo-rapidity (Fig. 7.13) distributions are considered,
the relative yield of the EW contributions in the different scenarios is similar
to that of the SPS1a’ point. In the case of the cumulative invariant mass,
the EW contributions become more negative as the mass of the produced
squark increases and the absolute value of the asymptotic behaviour in the
limit M,,, — o0, i.e the total cross section, increases as the mass of the final
states increase. This feature can be inferred from Table 7.2 and it was already
pointed out when the dependence on the mass of the produced particles have
been discussed. Similar features appear in the gd’ 1, associated production.

The situation is different when gur production is considered. As in the
case of the SPS1a’ scenario, the gg and the yq channels are comparable. Ac-
cording to what observed when the dependence on squark and gluino masses
was studied, the relative importance of the y¢ channel increases with the
mass of the final states, while the relative impact of the EW corrections is
small and is equal in all the scenarios considered.

In experimental analyses, usually cuts on the kinematically allowed phase
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space of the final state particles are applied in order to increase the signal to
background ratio. These include lower cuts on the transverse momenta, to
focus on high-pr jets, and upper cuts on the absolute value of pseudo-rapidity
In|, to restrict the scattering angles to the central region of the detector. For
illustration, we give the hadronic cross sections to guy, as a function of these
cuts,

* do T do
o(pr) = / D e, o(n) = / 9 . (7.17)
pr APT —y dn

We consider the SPS1a’ and the SPS5 scenario and we focus on the guy,
(Fig. 7.18) and gug (Fig. 7.19) associated production. In particular we con-
sider the EW contribution relative to the LO as a functions of the cuts. These
cuts refer to pr and n of the produced squark. The dependence on the cuts
is similar in the scenarios considered and the general qualitative behaviour is
independent on the chirality of the produced squark. The relative yield of the
EW contributions increases as the cut on pr increases, the dependence being
sizable. It is worth to notice that the total cross section decrease steeply as
pr increases being almost halved at pr ~ 400 GeV.

In the case of guy production, when a cut on 7 is set, the absolute value
of the EW contributions relative to the LO increases. In the case of gug
production, the relative yield of the EW contribution decreases as the cut on
1 approaches zero.

Inclusive squark-gluino production

The inclusive g@ production is obtained summing up all the processes. In
Fig. 7.20 we show the cumulative invariant mass distribution, the distri-
bution of the transverse momentum of the squark, and the invariant mass
distribution in the SPSla’ scenario. Considering the limit M,,, — oo of the
cumulative invariant mass distribution the cross section is recovered. In this
limit, the gg channel corrections to right-handed squarks are negligible com-
pared to those to left-handed squarks and the size of the relative contribution
is roughly halved. The qq and ~yq channels give both positive contributions
at the permille level. The full EW contribution to the total cross section of
gluino—squark production amounts —1% within the SPS1a’ scenario.

Concerning the relative corrections of the differential hadronic cross sec-

tions with respect to M, and pr(Q), the relative EW contribution grows
in the high-M,,, and high-pr range, but, owing to the small corrections for
right-handed squarks, it remains at the percent level only. Similar features

appear in the case of pr(g), n(g), and n(Q) distributions.
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Similar results are obtained when other scenarios are considered, as can
be inferred looking at Figs. 7.21 and 7.22. In particular in Fig. 7.21 [7.22],
we show the cumulative invariant mass, the pr(Q) and the invariant mass
distribution for the inclusive §Q production in the SU1 [SPS5] scenario.

7.4 Conclusions

In this chapter, we have computed the complete EW contribution to squark—
gluino production at hadron colliders. At O(a?a), the EW contributions
include EW one-loop corrections together with real photon and real quark
radiation processes. Furthermore, there are tree-level contributions arising
from photon induced channels at O(asa).

We have discussed in detail the EW contribution to each case of pro-
ducing a left- or right-handed, up- or down-type squark in association with a
gluino. A numerical analysis is presented for squark—gluino production at the
LHC within three different scenarios. The EW contribution can be sizable in
distributions, in particular for left-handed squarks where the virtual O(a?a)
and real photon corrections dominate. We also investigated the dependence
on the masses of the final state squark and gluino, which are crucial for the
absolute size of the cross section. However, the relative EW contribution to
inclusive squark-gluino production depends only weekly on the masses and
ranges at the —1% level.

Compared to QQQZ production (c.f. chapter 6) and to #;#; produc-
tion [121], the EW contribution to squark—gluino production is small. Squark
pair production profits from additional tree-level EW processes that give
also non-zero interference contributions with the LO QCD diagrams. These
O(asa + o) channels add up to the tree-level quark radiation processes of
O(a?a) and enhance the EW contribution. For squarks of the third gen-
eration, L-R-mixing has to be taken into account. As a consequence, both
top-squark mass eigenstates are partially left-handed and the EW contribu-
tion to the (mainly right-handed) #; production is less suppressed than for
Qr production.
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Figure 7.2: Cumulative invariant mass distribution for different species of
the produced squark, defined as the cross section integrated up to M,,, of
the invariant mass of the squark-gluino pair. The left panels show the EW
contributions from the various channels, the right ones show the relative yield
of the EW contribution. The SUSY parameter point corresponds to SPS1a’.



158 Chap. 7: Squark-gluino production
Jur
-6
?10‘ g 10 T
S 20— = [ ]
F —qy channel | r |
8 15k —meme 05t ]
e L ] f— L ]
> 10 - 7 > 0 b Iy
g C 3] 7o) L ]
= 5t E r b
B C 7 -0.5 -
© £ ] [ ]
0L I s _1: I I | \:
1500 2000 2500 3000 1500 2000 2500 3000
M, [GeV] M, [GeV]
gur,
x10°°
C T il sl
0T - OF f
S ] E E
O -0.05¢ = I ]
s r i - F ]
= r 1 & -2F E
§E —O.l:* g o : ]
3 a5t —aycrama ] —=F E
.8 : C —qgchannel ] L ]
C qq channel ] —4F N
-0 27 | | | C | | | i
: 1500 2000 2500 3000 1500 2000 2500 3000
M, [GeV] M, [GeV]
gdr
x10°°
3 L —qychannel l: ]
— qg channel - 4
§ E 33 channel E 05 } {
3> 2 7 —_ r ]
= : 1 & g ]
2 r q 7o) L ]
= i ] r b
B i 1 -0.5 ]
© F 1 [ ]
of | B s e | | | . i
1500 2000 2500 3000 1500 2000 2500 3000
Minv [GeV] Minv [GeV]
gdr
x10~°
F T ]
0
> [ ]
[} |- 4
o i 1
‘é -0.051 N g
Z [ 1w
3 o1 a
5 I Tovenama |
L qqchannel |
C C L L L O
15b0 20b0 25b0 3060 1500 2000 2500 3000
M, [GeV] M, [GeV]
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Chapter 8

Conclusions

In this thesis we have computed the electroweak contributions of O(asa),
O(a?) and O(a?a) to three different classes of processes leading to the
hadronic production of the SUSY partners of quarks and gluons, i.e. squarks
and gluinos. The theoretical framework is the Minimal Supersymmetric
extension of the Standard Model, the MSSM. The three processes considered
are gluino pair production, diagonal squark—anti-squark and associated
squark—gluino production, which are important for SUSY searches at the
LHC.

Concerning the EW contributions to gluino pair production, we have
analysed their size in different scenarios and we have performed several scans
on the MSSM parameter space. The EW contributions have a negligible
impact on the total cross section and on the differential distributions both
at the LHC and at the Tevatron. The reliability of different renormalization
schemes of the squark sector have been investigated.

In the case of diagonal squark-anti-squark production, the EW contri-
butions depend on the chirality and on the flavor of the produced squarks.
For a given flavor, EW contributions are bigger in the case of left-handed
squark production than in the right-handed case. The effect of such contri-
butions is maximal in the case of uyu; and OZLCZ*L, becoming smaller when
the squarks of the second generation are produced. In the case of left-handed
squark production, LO and NLO EW contributions are comparable. These
general features appear in different SUSY scenarios, and the size of the EW
contributions is bigger in the scenarios where the masses of the squarks are
heavier. The increase of the EW contributions with increasing squark masses
has been confirmed by a systematic study of the dependence of the EW
corrections on the masses of the produced particles.

The peculiar dependence of the EW contributions on the chirality of the
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produced squark is present in the case of associated squark—gluino production
as well. We have computed these contributions in different scenarios; their
impact is sizable in distributions, in particular for left-handed squarks. The
dependence of the EW corrections to the mass of the final states has been
investigated. In the left-handed case, the EW contributions increase as the
masses of the squarks and gluino increase. In the right-handed case, the
interplay between O(asa) and O(a’a) contributions make the dependence
on the masses of the produced particles mild. The importance of the EW
corrections is smaller then in the squark—anti-squark production case owing
to the absence of quark initiated tree-level EW contributions.

According to the current experimental studies, both ATLAS and CMS

will not distinguish among squarks belonging to the first two generations.
Therefore, we have considered the EW contributions to diagonal squark-
anti—squark production and to squark—gluino production also for the case of
treating the squarks of the first two generation inclusively. This means that
we sum over the squarks of the first two generations. Owing to the small cor-
rections for right-handed squarks, the relative yield of the EW contributions
on such inclusive processes is not sizable, i.e. below 10%.
It should be stressed, however, that the EW contributions depend strongly
on the level of inclusiveness of the experimental searches. For instance, the
EW contributions are enhanced if left- and right-handed squarks can be dis-
tinguished and if charm-jets can be tagged. The distinction between squarks
of different chirality is in principle possible exploiting the different decay
chains of right- and left-handed squarks (c.f. section 3.4.1). Charm-tagging
has been already performed at the Tevatron, but we are not aware of any
publicly available study for the LHC.

The processes considered gave us the possibility to tackle some technical
aspects of the computation of the EW contributions. These investigations
will be useful for a straightforward extension of our study to the other pro-
cesses producing colored SUSY particles at the LHC. Indeed, the treatment
of the UV and IR divergences presented in chapter 4 is general and applies
to every process leading to the production of squarks and gluinos. Moreover,
the discussion on the reliability of the different schemes used to renormal-
ize the squark sector is important when we consider processes with bottom
squarks in the final state, such as f]g associated production and bH*) produc-
tion. The computation of the EW contributions of the remaining processes
will therefore profit of the studies described in this thesis and is currently
under investigation. At the time of writing the computation of EW contribu-
tions to squark-squark production is in a rather advanced stage. Non-diagonal
squark-anti-squark production and processes producing bottom squarks are
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the future projects of our collaboration.
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Appendix A

Definitions and conventions

The conventions we use follow those of the book of Peskin and
Schroeder [224]. The metric tensor is defined as

10 0 0
G = 9" = 8 _(1) _(1) 8 : (A.1)
0 0 0 —1
and is such that g,,g"” = of. Contravariant 4—vectors are defined as
ot = (2% 2t 2% 2°) = (¢, T), (A.2)

while the covariant ones can be obtained by means of the metric tensor,
Ty = G’ = (2%, =2, —2* —2®) = (¢, 7). (A.3)

The covariant and contravariant derivatives are defined as

0 0 0
0,=—=| = oM =g¢g"0,=| =—,— : A4
Yo (axO’V) ’ I (8:)&0’ V) (A4)
The Pauli matrices read
1 (01 s (0 —i 3 (1 0

‘7_(10)’“_(2' 0),0—(0_1>. (A.5)

These matrices can be arranged as follows,
¢ =(c',0% 0%, o= (1,7), o"=(1y,—0), (A.6)

where 1,, is the n-dimensional identity matrix.
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Appendix B

Spinorial representations of the
Poincaré Group

The Poincaré group is the Lie group of the isometries of the Minkowski space.
The generic element of this group acts on a contravariant vector according
to,

at — A+ a, (B.1)
where A* is an element of the Lorentz group!. The Poincaré group is ten
dimensional, and it is the semidirect product of the Lorentz group and the
Translation group. The Poincaré algebra is therefore the semidirect product
of Lorentz algebra and the Translation algebra. Therefore, it exists a ten
dimensional basis satisfying

(M, Mypo] = i(9upMuo + GuoMup — guoMyup = GupMoo),
[P o P, l/] =0,
(My, Pyl = =i(gpu Py — gpuPu)- (B.2)
The generic element of the subgroup of the Poincaré group can be obtained
exponentiating the Poincaré algebra. The set of the Lorentz transformations
characterized by AY% > 1 and det(A) = 1, is a subgroup of the Lorentz

group, the so called proper ortochronus Lorentz group. This subgroup is
locally isomorphic to the group of the complex 2 x 2 matrix, SL(2,C).

B.1 Weyl spinors

Being locally isomorphic to SL(2,C'), the proper ortochronus Lorentz group
admits 2-dimensional representations.

ITherefore it satisfies g, = GopA7, AP,
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A special representation is the left-handed spinorial representation gener-
ated by
1 1
L _ _
(E,uz)aﬁ - i(o-;w)aﬁa O = 5(0-“0-11 - O'uo-u)aﬁa
where o, and 7, have been defined in appendix A. The generic elements of

such representation, M, acts on a two dimensional spinor 1, as ¢, — M, Pig.

The set of two-dimensional matrices defined as

& ]‘ — e} — Z _ _ &
(25'/) g i(al“/) 3 Ouy = i(o—uo—u - Juo—u) 8

generates the right-handed spinorial representation of the proper ortochronus
Lorentz group. Let N be an element of such representation, its action on a
two dimensional spinor Y is Y& — N d‘ﬁf(ﬁ .

The complex conjugate representation is generated by

c ; 1 — ) 53
()’ = eas(ow)se”.

where €% and €45 are defined as

Ed’g— 0 1 €. . = 0 —1
~\ -1 0 ) a—\1 0 ’

An element of this representation, R, acts on a spinor &, according to &5 —

Ry ¢
The generators of the dual representation are
1
d 5
(Ew)a@ = §€ap(0;w)p €535
where,

wi [0 1 (0 -1
=\ -10) =1 0o )

Given S belonging to that representation, its action on a two-dimensional
spinor ¢“ is ¢% — So‘ﬁgf)ﬁ.

Notice that, given a left handed spinor w,, its complex conjugate w,; =
(wq)* is a right handed spinor. Moreover w® = ¢*’wy transforms according
to the dual representation, while w, = edﬁ-@ﬂ transforms under the complex
conjugate representation.

Moreover, given two left handed spinor ) and ¢, the product ¢ = ¢,
is Lorentz invariant. Similarly, given two right handed spinors y and ¢,
Y& = ¥a€® is a Lorentz-invariant quantity. One can show that (¥¢)" = (¥¢).
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B.2 Dirac and Majorana spinors

One can define the Clifford algebra in the Minkowski space as a four-
dimensional algebra with a basis v* satisfying

{2} =2¢"".

A four dimensional representation of the Lorentz group is generated by the
matrices 3] = i/4(7,7, — 7). A four dimensional realization of the Clif-
ford algebra is obtained defining

= ( ;ﬂ %“ ) . (B.3)

The generators of the Lorentz group read

»L 0
cl _ j5%
w(% 8 ) -

A four dimensional spinor transforming according to this representation of
the Lorentz group is called a Dirac spinor and is composed by a two dimen-
sional left-handed spinor and a two dimensional right-handed one,

w0

This representation of the proper ortochronus Lorentz group is reducible.
Indeed, the set of Dirac spinors characterized by

Ya = Xan (B.5)

is left invariant under the action of the proper ortochronus Lorentz group.
Spinors fulfilling Eq. (B.5) are called Majorana spinors.
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Appendix C

Grassmann variables

Grassmann variables are complex numbers 6% satisfying
{6°,0° = {6°,6°} = {6,0°} = 0. (C.1)

As a consequence, every product involving more then two Grassmann vari-
ables vanishes: o
6°0°9" =0,  6°0°97 = 0.
Differentiation w.r.t. Grassmann variables is defined by means of the opera-
rors 0 0 9 0
S L R e (C.2)

00« 00, 00 004

Their action is determined by the following definitions

Oa

0,07 = 00, 9°05=03, {0°,6°) =0,
0.0° = &5, 9°0;=065 {9%0°) =0,
0.(0°07) = 0,(0%)07 — 60°0,(07),  Ds(0°07) = 04(07)07 — 6°0,(6™).
Directly from the definitions given above it follows that
O = —€ap0”,  0abp = €50, Oa = —edgég, c%% = €44

Integration over a Grassmann variable 6 is defined as follows

/d@@zl, /d@ 0. (C.3)

The integral of a given function f(#) can be evaluated from its Taylor ex-
pansion f(0) = f(0) + 0A,

/de f(&)z/dﬁ(f(0)+«9A)zf(O)/d0+A/d09=A.
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Moreover we define

1 1 P 1 - _
d*g = §d61d62 = —Zdeadea, d*6 = §d92d61 = —Zdeddea, d*0 = d?0d%0.
The following results follow directly from the definition of integral over
Grassmann variables,

/d29 6> =0, /d29 g7 = _Les, /d29 (00) =1,
/ 26 0% = 0, / 26 0408 — — Lo / 026 (60) = 1,
/ 40(00)(90) — 1.



Appendix D

Phase space integrations

In this appendix we give the parametrizations of the phase space for the
two-particle and three-particle final state used in this thesis. The general
definition of the invariant phase space element of an n-particle final state
related to the process

L(k1,my), 2(ka,ma) — 3(ks,m3),...,n+ 2(ky2,myy0), (D.1)

can be written as

AP, (k1. .. knyo) = (27m)° [H CiQIj:;Q@(kHz)(S(kHQ 34—2)]

oW <zn: Fopyo — (ky + @)) : (D.2)

r=1

D.1 Two-particle phase space

We describe two different parametrizations of the two-particle phase space,
which, after momentum conservation and the on-shell conditions are
imposed, is a two-dimensional space.

The first parametrization exploits the fact that in the center-of-mass sys-
tem, k:3 and k, are aligned and it uses as independent parameters the angles
(¢, «9) describing the direction of k5 with respect to the beam axis. Owing to
the rotational invariance the integral over the azimuthal angle ¢ leads to a
factor 2w and the phase space measure is reduced to an integration over the
polar angle 6,

4P _ LIkl L D.3
2(8)_87r\/§  deo (D.3)
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Figure D.1: Representation of the independent parameters used in the
parametrization of the three particle phase space. The figure is taken from
Ref. [225].

where the center-of-mass energy s is defined as s = (k; + k2)2. |ks| can be
written as
-5 S+ mi+mi —2(m3s+ mis +m3mj)
|ks|” = 1 : (D.4)
s
Alternatively, the two dimensional phase space can be parametrized using
the azimuthal angle ¢ and the Mandelstam variable ¢ = (k; —k3)?. According
to this parametrization the two particle phase space measure reads

1 a
/d@g(s) = / dt , (D.5)
81/ A(s,m2,m3) Ji-
where the abbreviations

Ma,b,c) = a®+ b+ —2(ab + be + ac), (D.6)

1

+ 2 2 L

= = mj+mj 9

X [(s +m3 —m3)(s +mi —m3)F \/)\(s, m2, m2)\(s,m3,m3)|,

have been used.
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D.2 Three-particle phase space

The three-particle phase space is a five dimensional space. The independent
parameters chosen for its parametrization are depicted in Fig. D.1. They are
fixed in the center-of-mass system. They are chosen to be the energies of the
third and the fifth particle, k3 and k2, the angles describing the direction of
the particle 5 with respect to the beam axis, (¢, 6), and the angle 7 between
the plane spanned by (El, 125) and that spanned by <E3, l%) Again, the inte-
gration over ¢ is trivial and leads to a factor 27. After the integration over
v, the phase space measure reads

1 K ks 1 27
do = — dk? dk3 / d / dn. D.7
/ 3(8) 1287T4 [n5 5 \/];3_ 3 . Co 0 Ui ( )

The boundaries are

s (mz+my)*—m?
ko= Y228 e 5 (D.8)

2
k¥ = % [C(T+m+m) + |E5|\/(7’ —mi)(T—mQ_)} ,

where the notations s = (ky + k)%, ¢ = /s — kY, 7 = (2 — |ks|% and
my = ms = my have been used.
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Appendix E

More details on the dipole
formalism

E.1 Photonic divergences

As explained in section 4.3.3, in the case of the photonic soft and collinear
divergences related to the process

L(p1,m1); 2(pa, ma) — 3(ps, ms); 4(pa, ma); v(py, my),

an appropriate function fulfilling the requirements of the subtraction methods
is

4
su a 1,0 z
‘M1,5H3,4;y‘2 = _% { Z €;0i€;0; gzj Z ‘M1,2H3,4(®Zj)|2} : (El)

i#j; i,j=1

The functions g;; read

2
Jop = o < ’ —1- 57012) ;
(pak'y)xw I — 29

8?2 2
v 1
gm (pak'y)wia <2 — Tiq — Zia xw) '
g?a - 87T2 ( 2 —1- Zia — - ;
(pik'y)-ria 2 — Lig — Zia (plk’Y)
82 2 m
(piky)Rj(yi) \1—2(1 =) (piky)
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where a,b = 1,2 and 7,7 = 3,4. The following abbreviations have been
introduced

— o1k — Dok
Ty = P1P2 — P1Ry — P2 v (E.3)
p1p2
T _ PiDa + pak'y - pik'y o PaDi
" Pali + Dby T papi + Daky
- pily P
' psps + psky +paky,” 7 pspa+ piks’
Ry — 2m3 + (512 —m3 —m3)(1 —y)]* — 4312m§.
81y — 2512(m3 +m3) + (m3 — mj)?

&D;’] = (P1; P2; P3; P4) are the mapping from the momenta of the process 1,2 —
3,4, ~ to the momenta of the process 1,2 — 3,4. They read as follows

&)Zb - (755 = wzpk; Dy =D} Py = AF pl; = A p )7 (E.4)
O = (P = wiapls Pho=Pho P = f;;; 15771- = P l))
q’?a = (255 mepﬁs ﬁé‘fa =péla; 15? zfﬁl; p”;_i — ),

Again, a,b=1,2 and 7, j = 3,4. A", | T4, and 7; are defined as

P122_P12Pab P12
77ia = pii + kl; - (1 - xia)pga

poo_ A(s12; m3; M) u DPaapj pr S12 -+ m5 —m; P
Tij = 2. L2 p; — 34 |+ 345
A((pi + Ky )% 515 mj)

: (E.5)

where the abbreviations

Pis = ps+p1, Py =210pa + 1y, Poa =1+ po,
Mzyy;2) = 22+ 92+ 2% =2y + 22 +y2), (E.6)
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have been used. The analytical integration of the subtracted function is avail-
able in Ref. [188,189]. In our case the outcome is

y+,3(1) dy

(8%
/dq’1|M?“,5_>3,4,w|2 = —§{€3U3€40’4(G§4+G13)/ A(s12, )

y_s(1) BTS12

y+,3(z) dy

e /01 du (glg(x)Jer(w))[/y

A(x8127 y) /y+,3(1) dy
Y

_3(@) 87T.1'812

@([L’Slg — th2)

«4(3127 y)]

X 7’3(1) 87T812
Y+,3(1) dy
+ 61016202(G¥2+G31)/ S A(s12,y)
y-s(1) OT512

2 4 1 v+.i(@) g
Yy
+ eaaae-a-/ dx /
Z; Y 0 [ y—,j (@) 8T 12

) (Gyal,y) + Gy (2, )

T

y+,5(1)
_ / (G ra(sy) + Gy ) Als12, 1y, 1))

_i( 8mS12

@(I‘Slg - th2)

A(zs12,(y, 7))

2 4

+ Z Z €a04€;0; /

a=1 j=3 y—,;(1)

Y+, (1) dy

(GFay) + G3;(y)

87'('812

A(s12, t(y, 1))} (E.7)

The functions A(s,t), t(y,z), and yy ;(z) read

Als,t) = Y IMS g,% with s = (p1 +p2)?, and t = (p1 — ps)”,

ty,z) = (mg +mj — x512 — y) (00203 + 0a1054) + Y(da16;3 + 0a204),
1
pesle) = md = (st =2 )%\ Naswmdmd)] . (E9

The functions sz are defined as follows,

m2a; 2 3 p2
G, = 111(7;23)—2111(1—@%)%—%—1——%— =

2,2
In(a;) In (mvmj)
2 "2,

1 2
+2Lis(ay) + 4Lip (— %) — 4Lz (—vaia2) + 5 In? (ay) — %] ,

7

ay
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2
G, = 2— 4

2 2 2
ONORE
3 512 512 S19
1 2 1 2
—=In’ (%) + —1In (ﬁ) ] )
2 S12 2 5192
G;Ya(y) = In (ﬁ) In (2 — %) +21In (%) — 9L, ( Y 2)
m m$ m;—y y— 2m?

1 m
+ 2 ms 292 ms 6 2 2
m? m2(2m? — y) m? y
G (y) = In (—”) In ¥)+m (J)+2Li (7)
A= e ) T ) 2oy
m2 m2 3 m2
—2L J —In? [ —2— —1 “
12( §—y)+2n(2m?—y)+2n(m§—y)

using the abbreviations

Aij = A(s12,m3, m?)a Pj = 512 — M} — m?, (E.10)
B R% + Zm? — 4/ >\ij B }53. — )‘ij B m;
ay a9 =

— 5 ) - 5 ’ as .
PZA4-2mi + /i P+ /A V512 = 1

The functions G;; read instead

o) = - +a [111 (2) - 1} +(1-2),

_ 2
11— ms

Gnlwy) = — {21n(2—x_2(x’y))—i—l(z(:v,y)—l)

3

B 4miz
(y—mi)A—=z)] [’

Guslony) = LET {m (m? _y) +In(l = 2(z,y)) — 1} +(1—-2)

l1—2x mx
2
1—x

In(2—-2z—2z2(x,y)) + (1 +2)In(1l — 2), (E.11)
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defining z(x,y) as
(z.1) mix
2(x,y) = .
T =yl

The subtraction functions matching the collinear singularities of the pro-
cesses

Y(ky;my), 2(p2;me) —  3(ps;ms), 4(pa;ma), 1(pi;ma),
1(p1;m1), V(k'y;m'y) - 3(p3;m3)a 4(p4;m4)a 2(p2;m2)a (E'12)

read
N ol -
M5 sail = —gfﬁhvz D [Miamsa(®,)%,
N ! -
MY s 45 —geghm D Miasa(®7)1 (E.13)
using the functions h.q1, hoy
hoyy = —87T2M , = paky — prky — pip2
! xﬂ(kvpl) ’ ! P2k 7
hy, = —8x° Pg(715) L= piky — poky — pap1 (E.14)
! 21 (kyp2)’ ! piky

The splitting function Py, is defined in Eq. (4.14), while the mappings @7,
and &)L are defined as

Oy = (wek!s ph; AL PS5 A(L)"pY),
o = (s wnkts A% D5 AR)pY), (E.15)

where the Lorentz transformation A(a) is defined according to,

(P, + P )"(P, + P,), N 2P (P,),

Ala)* = §+— - E.16
(a) 14 14 Pa? - Papa Pa? Y ( )
using the abbreviations
b= p2+kw—p1, ?1 =p2+$«,2/%,
Py = pr+k,—ps, Po=p+ak, (E.17)

The integral of the subtracted function over the phase space of the final
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(anti-)quark reads

1 i+,3(x)
su a{ dx y+’3 dy
/dq’l\M‘%gHg,zx,l\? = %6%/0 o Hw(x)/ «4(37872,3/)
Yy

_ () 87T872[B

@(.CES’YQ — th2.)((51q + 51@),

1 J+,3(2)
- o dx Yt.3 dy
Jawimis b = 5 [ e [ AGwsir.y)
Y

j_.3(z) 87T81,Y[B

@(.CESlfy — th.2)(52q -+ 52@), (E18)

where A(s,t) has been defined in Eq. (E.8). g1 (z) [ 9+ ;(x)] is obtained
substituting sjo — s2 [ s12 — $14] into Eq. (E.8). The functions H read as
follows,

Moo(z) = Py(z)ln (S—W;u - x)2) +22(1 — ),

Hiy(x) = Pyy(x)ln (S%(l - x)Q) +22(1 — x). (E.19)

E.2 Gluonic divergences

In the case of the gluonic mass singularities appearing in the process

L(p1;ma;er); 2(p2; ma; ca) — 3(ps;ma; cs); 4(pa;mas ca) g(ky;my; ), (E.20)

the subtraction function obtained using the dipole method and performing
the color algebra properly is

4
Y o -
\Mz,sﬂg,&gﬁz—g{ >4 m@?j)}. (E.21)

i#j; 1,j=1

Fij is defined in Eq. (4.71), while g, and (13?]. can be obtained from g;; and
&D;’] performing the substitution k, — k, into Eq. (E.2) and (E.4) and in the
definitions (E.3) and (E.5). The integral of the subtracted function over the
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whole gluonic phase space reads

y_s(1) 8712

. /Oldx (le(x)Jerl(:v))[ /yy+,3(x) dy

. ) Qs . : y+,3(1) dy
/dq)l,Mbl‘:ZH?)A,g’ = o (G34+G43)/ Fza(s12,y)

_ (@) 87T.1'812

@(ZESlg — th.

2)]-"12(95312,@;) _/y+’3(1) dy
Yy

T (1) 8T S19

y+,3(1) dy

-7:12(812,y) -7:12(8127y)

(G, 1 GY) /

ys(1) BTS12

2 4 1 v+ g
Yy 2
E E d C) — th.
’ /0 ’ [/y—,j(:v) 8512 (@82 )

gja(l‘, y) + gaj(x7 y))

T

y+,5(1) dy
_ / WY (Gal ) + Gy, ) Fralsra, 1y, 1))
Yy

_ ~(1) 8ms12

Y+,5(1)
CES [ ey

87r3
a=1 j5=3 (1 12

:/rja(xslb t(y7 l’))

Fia(s12,t(y, 1))}- (E.22)
The functions Gj; can be obtained from the functions G; after substituting
m~, — my, into Eq. (E.9).

The collinear singularities of the processes:

g(kgimg;c), 2(p2;ma;c2) —  3(ps;ms;cs), 4(pa;ma;c), 1(prima;er),

1
L(p1; ma;cr), g(kg;mg§0) — 3(p3;ms;c3), 4(pa;ma;ca), Q(pz;m2;02)a
are cancelled by means of the following subtraction functions,
Qs ~
‘M};,;—>3,4,i‘ - _Q_TRhg2 F(q)g )7

‘Msf,l;—>3,4,§‘ - 2 TRhlg -7:((1)19) (E‘23)

where F is defined in Eq. (4.73). The functions hgo, hy,, @7 <I>g can be

g2

obtained from h.s, hi, (1)72’ CIﬂ substituting k., with k, into Eqs. (E.14 —
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E.17). The integral of the subtracted function over the phase space of the
final (anti-)quark reads [189, 190]

‘ Qg U dx g3@) gy
Javirgs oo = 21 [ Lot | Flasp.n)
Yy

™ () 8TLS g0

@(ZESQQ — th.2)(51q -+ (51(7),

Qs U dx ral@ ¢
Jawmimes ol = 52 [ e [ S Fas)
Y

2T (@) 8TTS14

@(I‘Slg — th.2)(52q + (52@), (E24)

where Hyo = H.2 and Hiy, = Hiy. Y+ () [ J+ ()] is obtained substituting
S12 — Sg2 | S12 — S14] into Eq. (E.8)



Appendix F

Feynman diagrams entering
PP — ggX

In this appendix we collect the Feynman diagrams responsible for the O(a?)
and O(a2a) contributions to gluino pair production. In the following the label
S0 is used to denote the neutral Higgs bosons h?, H?, A°, GV while the label
S denotes the charged Higgs bosons H*, G*. VO =~ Z and V = Z, v, W.

_ g _ _ g _
v
p g . i g : 7 g e N
g dst st g g gl 7 g
A S S I Ny 9 N g !
q q g g

Figure F.1: Tree level diagrams for the processes q¢ — gg and g9 — gg;
s=1,2.

Figure F.2: Tree level diagrams for real photon emission in ¢g — gg-.
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Figure F.3: Tree level diagrams for the process ¢y — ggq. The diagrams for
the process 7§ — ggq can be obtained inverting the arrows.
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w
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q
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q q/ g , =t g
T AN L. g vo 7, L g AT,
X1 . PN fq Tq e

q, q q/ ~s ~
q s g

¢ gt 0§ a ¢ 3 q q
7 §s 3 9 q 7 a 7 q 7
1T ! ds Y Gs V.-
Sl e Hes i
a gt 3 q q g q g
q g q g q g g
q9~ 9/ ’ s \q»,.\r//
()X S°/S{ 14, G XV s ¥ i
DR S A
q g q g q g q
g q g q g q g
N
9 g s 0 . 0 T
_x® vy g ’7>S<Es b5 b s
,a,q_ﬂ\ q b q 5 b q
4;,;7, L i g
/ TN TN >
§0/5 A\ 59/8°/ @ SOL b St
b v P S e
,_,4——4—4—5\ - «fSe— = =
b 4 g b g b b g t g

Figure F.4: One-loop EW diagrams for the process qg — ¢gg. Diagrams with
crossed final states are not shown.



Appendix G

Feynman diagrams entering
PP — QqQyX

In this appendix generic diagrams for the various contributions to the
different channels are shown. We choose the up-squark case as a specific
example. In the following we will use the label S° (S) to denote all the
neutral (charged) Higgs bosons. V? = ~,Z, while V denotes the gauge
bosons Z,~, W.

_ Uq _ _ Ua _
g < Ta 9 i g :\\ Ugq g < Ug Ua 4 i Ua ¥ />‘\\ Uq,
q . ” -t g T g A w;i”*‘xiz—u w;ﬂ”*‘

Figure G.1: Tree-level QCD diagrams for ¢g — u,u;, and for gg — u,u;.

5 Uq Uq
AR O .
u d

Figure G.2: Tree-level EW diagrams for qg — u,u;.
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Ua .-~ ’\,\”;’\/\/?""“ W,\Y’\/vv Ua
;i?;v:: i fak dat ¢ a,
g T IT N ST TTITE GO

g g

Figure G.5: O(a?a) real photon emission in qg — @,a}y. The last four dia-
grams contribute only if ¢ = .
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U Uq . Ua . Ua
g u_s" g d e~ g s T’ s /‘, s -
QM f(? qM Xi q>um.: i S0 < E W
¢ "S~. /¢ dt~ /¢ ds s > ds -
Tq Uq Uq T Ug
g Toa 7 T q T 7 4 uﬂ, uﬂ,
\\qs a, \\q a, q as q as p oo - . J ; _
~ R A - N A b B s
Xi | oo g, Xif oo g, VO e W \ia 2 VO W
5 > s 9% qg 9 ™ r 9 ™ g e g <
qs q \ \ q N q JOSRY q ~.
q a a
i i q XY g q Uq q 0 Ua g Ua
i
9 e I S -
q o \7ua q W 7dg q}‘y U qsy U q bl q 4 g
q ~_ q S e e e ~—_ R
Ua Ua 9 9 qg q X? Uq 9 G VO G,
a XV - a G - Vo - ~ _
— ¢t~ ‘ 9 , Ua ‘\ua/, ‘\ua/, - o,
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/q ’~ g /q .)ZO g Tig Vo Gig q N q
1

Figure G.6: One-loop EW diagrams for q¢ — u,u’. The renormalization
constants in the counter terms have to be evaluated at O(a).

e e La Ta aa ua'
x x e '*j
ds, rg
S S . . . .
d d aa_' d CZS aa_' d Uq aa_' d '[’:0:/ d '[’:a:/ d f{a/
3 /~. N > —a- ~' e ) _u/v ) _d/r :~:r~
9E Xi g w Xi g il w Ni g Wids |g
d 4 a,  d d G d B @y d d, . d fa a9, d Y ag

E :IL L

Figure G.7: One-loop EW diagrams that enter only in the case of the process
dd — ug,u. The renormalization constants in the counter terms have to be
evaluated at O(ay).
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Figure G.8: One-loop EW diagrams for gg — u,u;. The renormalization
constants in the counter terms have to be evaluated at O(«).
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Figure G.10: One-loop QCD diagrams for the process qg — u,u;. These di-
agrams interfere with those of Fig. G.2 yielding O(a2a) contributions. The
renormalization constants appearing in the counter terms have to be evalu-

ated at O(ay).
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(b)

Figure G.11: Diagrams for gluon bremsstrahlung from QCD (a) and EW (b)
Born diagrams. They contribute at O(a2a) through QCD-EW interference
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(b)

Figure G.12: QCD (a) and EW (b) Born diagrams for quark gluon fusion
channels. Their interference contributes at O(a2aq).



Appendix H

Feynman diagrams entering
PP — gQaX

We show all Feynman diagrams at the parton level for the example process
gu — gu,. We use a common label V' to denote the three gauge bosons 7,
Z, and W. The label S refers to the neutral (charged) Higgs bosons.

~ 7
g \RMJZMQ.\
g g gt
u AN .
u

Figure H.2: Feynman diagrams for photon—quark fusion at lowest order.
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Figure H.3: Feynman diagrams entering the O(a2«) to the process ug — Gii,.
The renormalization constants appearing in the counter terms have to be
evaluated at O(asy).
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Figure H.5: Feynman diagrams for real photon radiation. The first six dia-
grams are IR divergent, the last three are IR finite.
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g g

p u e q>ﬁi,’ lq
Vo 0N
q " qV B
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Figure H.6: Feynman diagrams for quark radiation via qG — gu,u, with
q = u, d, ¢, s. Only interference terms from EW (a) and QCD (b) diagrams
contribute at O(a2a). In panel (a), the last eight diagrams contribute only
for ¢ = u,d. In panel (b), the last five diagrams contribute only for ¢ = u.
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Figure H.7: Feynman diagrams for quark radiation via ug — gu.q, with
q = u,d,c s, d, ¢ § Only interference terms from EW (a) and QCD (b)
diagrams contribute at O(a?a).
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