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Abstract

In this thesis we investigate the phenomenology of supersymmetric particles at hadron
colliders beyond next-to-leading order (NLO) in perturbation theory. We discuss the
foundations of Soft-Collinear Effective Theory (SCET) and, in particular, we explicitly
construct the SCET Lagrangian for QCD. As an example, we discuss factorization and
resummation for the Drell-Yan process in SCET. We use techniques from SCET to im-
prove existing calculations of the production cross sections for slepton-pair production
and top-squark-pair production at hadron colliders. As a first application, we implement
soft-gluon resummation at next-to-next-to-next-to-leading logarithmic order (NNNLL) for
slepton-pair production in the minimal supersymmetric extension of the Standard Model
(MSSM). This approach resums large logarithmic corrections arising from the dynamical
enhancement of the partonic threshold region caused by steeply falling parton luminosities.
We evaluate the resummed invariant-mass distribution and total cross section for slepton-
pair production at the Tevatron and LHC and we match these results, in the threshold
region, onto NLO fixed-order calculations. As a second application we present the most
precise predictions available for top-squark-pair production total cross sections at the LHC.
These results are based on approximate NNLO formulas in fixed-order perturbation the-
ory, which completely determine the coefficients multiplying the singular plus distributions.
The analysis of the threshold region is carried out in pair invariant mass (PIM) kinemat-
ics and in single-particle inclusive (1PI) kinematics. We then match our results in the
threshold region onto the exact fixed-order NLO results and perform a detailed numerical
analysis of the total cross section.



Zusammenfassung

In dieser Arbeit untersuchen wir die Phadnomenologie von supersymmetrischen Teilchen an
Hadronbeschleunigern jenseits der néchstfithrenden Ordnung (NLO) in der Stérungstheorie.
Zuerst diskutieren wir die Grundlagen der Soft-Kollinearen Effektiven Theorie (SCET)
und konstruieren explizit den SCET Lagrangian der Quantenchromodynamik (QCD). Als
spezielle Anwendung diskutieren wir die Faktorisierung und die Resummierung von weichen
Gluonen fiir den Drell-Yan Produktionsprozess. Danach benutzen wir die SCET-Techniken,
um bereits bestehende Berechnungen des Produktionsquerschnittes der Sleptonpaarpro-
duktion und der Topsquarkpaarproduktion an Hadronbeschleunigern zu verbessern. Als
erste Anwendung implementieren wir die Resummation weicher Gluonen in nachst-zu-
néchst-zu-néchstfithrender logarithmischer Ordnung (NNNLL) fiir die Sleptonpaarproduk-
tion in der minimalen supersymmetrischen Erweiterung des Standardmodells (MSSM).
Mit diesem Ansatz werden grofie logarithmische Korrekturen, die von einer dynamischen
Erhohung im “partonischen Grenzbereich” hervorgerufen werden und durch stark fallende
Partonluminositatsfunktionen ausgelost werden, resummiert. Wir berechnen die resum-
mierte invariante Massenverteilung und den resummierten totalen Wirkungsquerschnitt
der Sleptonpaarproduktion am Tevatron und am LHC. Fiir diese Berechnung stimmen wir
unser resummiertes Ergebnis im partonischen Grenzbereich auf das exakte NLO Ergebnis
ab. Als zweite Anwendung présentieren wir die prazisesten Vorhersagen fiir den totalen
Wirkungsquerschnitt der Topsquarkpaarproduktion am LHC. Diese Ergebnisse basieren
auf einer Naherung der storungstheoretischen NNLO Formeln, welche jedoch vollstandig die
Koeffizienten der singuldren Plusdistributionen bestimmen. Die Analyse des partonischen
Grenzbereiches wird zum einen fiir die Kinematik der invarianten Masse des produzierten
Teilchenpaares (PIM) und zum anderen fiir die Einteilchen-inklusive Kinematik (1PI) aus-
gefiihrt. Danach stimmen wir wieder unsere Ergebnisse des partonischen Grenzbereichs auf
das exakte NLO Ergebnis ab und fithren eine detaillierte numerischen Analyse des totalen
Wirkungsquerschnitts durch.
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1. Introduction

One of the main goals of the physics program at the Large Hadron Collider (LHC) is to
investigate the existence of supersymmetric (SUSY) partners of the known Standard Model
(SM) particles. If the masses of the SUSY partners are in the TeV range, they could soon
be accessible by the LHC. At hadron colliders, squarks and gluinos, the superpartners
of quarks and gluons respectively, are expected to be more abundantly produced relative
to the other supersymmetric particles since they carry a color charge. For this reason,
their experimental signatures will be affected by huge Quantum Chromodynamics (QCD)
backgrounds. An attractive alternative is to look for simple signatures coming from non-
colored partners. Good candidates are the leptonic superpartners (sleptons), which are
expected to be among the lightest supersymmetric particles. Furthermore, in many sce-
narios, they decay directly into their SM partners and the stable lightest supersymmetric
particle (LSP).

In order to put stringent bounds on the masses of SUSY particles at the LHC, it is
crucial to obtain precise theoretical predictions for physical observables such as the total
cross section and relevant differential distributions. In case of a discovery these observables
are even more important for investigating the properties of these particles. Reducing the
theoretical scale uncertainty by computing higher-order terms in the pertubative expansion
is a task which soon becomes prohibitive. A good alternative for improving the theoretical
predictions is to use soft-gluon resummation methods, which allow one to take into account
the dominant contributions of the higher-order terms [I2]. These contributions arise from
large Sudakov logarithms, which originate as a left-over from the cancellation of virtual and
real soft divergences in a kinematic configuration where the invariant mass M is close to the
partonic center of mass energy v/, and hence there is little energy left for additional real
radiation. These logarithms must be resummed to all orders to improve the convergence
of the perturbative expansion.

In the last few years, a formalism based on Soft-Collinear Effective Theory (SCET),
which allows one to resum soft-gluon emissions directly in momentum space, was devel-
oped in [34] and applied to QCD corrections for several processes of interest in collider
phenomenology, such as Drell-Yan scattering [B], Higgs production [6[7], direct photon
production [8] and top-pair production [9[I0]. A similar approach was developed inde-
pendently in [I1], where methods of SCET and Non-Relativistic QCD were used to resum
simultaneously soft and Coulomb gluons [ITHI3].

In this thesis, we use techniques from SCET to improve existing calculations of the
production cross sections for slepton-pair production and top-squark-pair production at
hadron colliders, taking into account higher order contributions. Currently, for slepton-
pair production, complete next-to-leading order (NLO) calculations are available in super-
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symmetric QCD for the total cross section and for the differential distributions [T4HI6].
Expressions for the resummed invariant mass distribution and total cross section were
obtained in Mellin-moment space at next-to-leading logarithmic (NLL) accuracy [I7]. In
this thesis we extend these results to next-to-next-to-next-to-leading logarithmic (NNNLL)
accuracy by means of SCET methods.

The steeply falling parton luminosities at large x dynamically enhance the contribution
of the partonic threshold region, z = M?/3 — 1, which corresponds to the kinematic region
where the partonic center of mass energy is just sufficient to produce the slepton-pair with
invariant mass M. As a consequence, the gluon radiation in the final state is soft. In this
particular limit, it can be proven that the hard-scattering kernel factorizes into a product
of an hard function H and a soft function S. The hard function H is related to virtual
corrections, while the soft function S originates from the real emission of soft gluons. At
n-th order in perturbation theory the soft function involves singular plus distributions of
the form o [In"™(1 — 2)/(1 — 2)],, where m = 0,...,2n — 1. The resummation of singular
threshold logarithms can be accomplished by solving Renormalization Group (RG) equa-
tions for the hard and the soft function in the effective theory. To obtain the best possible
predictions for the cross sections, we perform resummation at NNNLL accuracy and then
match the results onto NLO calculations.

The top-squarks (stops) belong to the third family of squarks and they are expected
to be the lightest colored supersymmetric particles. For this reason, they are likely to be
the first supersymmetric particles discovered at the LHC. The NLO total cross section for
stop-pair production has been available for more than ten years [I8], but the associated
theoretical uncertainties are quite large. A more precise prediction is certainly welcome
and, indeed, is actually required for certain experimental analyses at the LHC. In this
thesis we present approximate NNLO formulas for the stop-pair production total cross-
section. These expressions are obtained by re-expanding the resummed formulas up to
O(a?) in fixed-order perturbation theory. Moreover, we are able to completely determine
the coefficients multiplying the singular plus distributions in the hard-scattering kernels up
to NNLO. We perform a detailed analysis of the higher order corrections in two different
kinematic schemes: pair invariant mass (PIM) and single-particle inclusive (1PI) kinemat-
ics. Finally we match our results in the threshold region with the exact results at NLO
in fixed-order perturbation theory and perform a detailed numerical analysis of the total
cross section.

The organization of the thesis is as follows. In Chapter 2l we give an introduction to
supersymmetry. We discuss the basic formalism and in particular we focus on the general
structure of SUSY Lagrangians. We also briefly discuss the particle content and interac-
tions of the Minimal Supersymmetric Standard Model (MSSM). In Chapter Bl we give an
extensive introduction to SCET. We first discuss the strategy of regions in order to expand
Feynman integrals in different momentum regions and, as a first example, we introduce the
SCET scalar Lagrangian which reproduces the results of the different terms of the expanded
scalar integrals. Then, in analogy to the scalar case, we derive the SCET Lagrangian for
the more complicated case of QCD. In Chapter [ we explain the salient ingredients of
factorization and resummation in the effective theory by discussing the relevant theorems
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for Drell-Yan [5]. We apply these methods to the production of supersymmetric parti-
cles at hadron colliders, and we present the most precise available results for slepton-pair
production and stop-pair production. In Chapter [fl we perform a numerical analysis of
the resummed invariant mass distribution and total cross section for slepton-pair produc-
tion. We analyze the impact of resummation on these observables. We also study the
impact of SUSY virtual corrections on the cross sections. In Chapter [l we review the
kinematics of stop-pair production in hadronic collisions and define the threshold region
in PIM and 1PI kinematics. We present the calculation of the stop-pair production hard
functions at NLO. The expressions for the soft functions are already known at NLO, they
were computed in [9[10] for top-pair production. By re-expanding the resummed formulas
at fixed-order in perturbation theory, we obtain the coefficients of the singular plus dis-
tributions at NNLO. Finally, we present a detailed numerical analysis of the total cross
section, including scale uncertainties, kinematic scheme uncertainties, Parton Distribution
Functions (PDFs) and a; uncertainties. Our conclusions are presented in Chapter [

10



2. Supersymmetry

2.1. Introduction

The Standard Model of particle physics works extremely well in describing the known
phenomena in high-energy physics and, so far, no experimental signal in neat contrast
with the SM predictions has been found.

On July 4" 2012, CMS and ATLAS, the two general purpose experiments operating at
the LHC, announced to the world the discovery of a new boson with a mass in the range
125-126 GeV, compatible with the hypothesis of a SM Higgs boson. As a consequence of
the Landau-Yang theorem, since the new boson decays into two photons, it cannot be a
vector (spin one) particle. If, as many people expect, it turns out that the new particle has
spin zero, this would be the first time that a fundamental scalar has ever been observed.
Certainly a lot of work has to be done in order to understand the properties of the new
boson, in particular to clarify whether this particle is really the SM Higgs boson or not.
In the first case we could ask ourselves what is the particle content of the Higgs sector,
namely if several other Higgs bosons are present. In the second case we will have to explain
the nature of the emerging new physics.

A major theoretical issue of the SM, known as the “gauge hierarchy problem”, is directly
related to the existence of scalar particles. The Higgs boson of the SM (and in general
any scalar particle) is not protected by any symmetry and it is radiatively unstable due
to the large discrepancy between the electroweak scale (~ 246 GeV) and the new physics
scale which could be the Planck scale (~ 10" GeV). A conventional way to achieve the
stabilization of the electroweak scale is to invoke a new symmetry, Supersymmetry [19,20],
to protect scalar particles from acquiring masses of order the cutoff scale. Supersymmetry
predicts the existence of ”supersymmetric partners” for all of the SM particles. These are
expected to have masses of the order of a TeV, and therefore, they could be soon observed
at the LHC.

Before the start of the LHC data taking, physicists were very optimistic about Super-
symmetry. But after almost three years of LHC running, with 5 fb~! of data collected at 7
TeV of center of mass energy and 19 fb™! collected at 8 TeV, still there is no direct signal
of SUSY. On the other hand, we know that the SM is incomplete and we need to include
new physics at higher energy scales.

Between the several extensions of the SM, SUSY turned out to be extremely appealing
to many physicists since it has a number of positive features:

1. it provides a solution to the gauge hierarchy problem,

11
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2. it foresees the gauge coupling unification at the GUT scale, Fig. 21

3. if R-parity is conserved, it provides an excellent dark matter candidate.
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Figure 2.1.: Two loop RG evolution of the inverse of the couplings a;!(Q) in the SM
(dashed lines) and in the MSSM (solid lines). In the MSSM, the sparticles
masses are varied between 500 GeV and 1.5 TeV and a3(my) is varied between
0.117 and 0.121. Figure taken from [21].

In the next paragraph we explain the origin of the “gauge hierarchy problem” [22] and
how this problem is resolved with the introduction of supersymmetry.

If we compute the radiative corrections to the Higgs boson mass, my,, we obtain quadratic
divergences in the cut-off scale Ayy at which the theory stops to be valid and new physics
should appear. We first consider the fermionic contribution in Fig. 1.2 (left), with ny
different types of fermions of mass my and A; as Yukawa coupling. If we consider the
fermion to be heavy, and as a first approximation we neglect the external Higgs momentum
squared, we find:

A2 A
Apmiy =nys (-A%W +6m7 log mLfV - 2m§) +0 (1/AYy) (2.1)

where the quadratic divergence appears as Am} oc AZy. The cut-off scale scale Ayy
is assumed to be of the order the GUT scale, Mqur ~ 10 GeV, or the Planck scale,

12
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Figure 2.2.: Diagrams contributing to the Higgs boson mass at one-loop. Fermionic con-
tribution (left) and scalar contributions (center, right).

Mp ~ 10 GeV. As a consequence, the Higgs field is sensitive to the highest scale present
in the theory, and therefore its mass, which should be in the elecroweak scale range, is
unstable under radiative corrections. In the SM the Higgs boson is expected to be relatively
light and it would be always possible to renormalize the theory by choosing appropriate
counter-terms in order to get a Higgs mass around the electroweak scale. But this would
need an unjustifiable tuning of the parameters of the order O(1073%) which seems very
unnatural. Only scalar particles are affected by this problem. In the case of fermions the
chiral symmetry is protecting their masses from large radiative corrections (the divergence
is only logarithmic), while the local gauge symmetry prevents the photon to get a mass.
For scalar particles, like the Higgs boson, these symmetries are not present. However, all
the fermions and the electroweak gauge bosons of the SM obtain their masses from the
Higgs Vacuum Expectation Value (VEV), (H), therefore all the mass spectrum of the SM
is directly or indirectly sensitive to the highest scale in the theory.

If we consider the existence of a number ng of complex scalar particles with masses mg,
where their trilinear and quadrilinear couplings to the Higgs boson are given by vAg and
Ag respectively, we can compute their contributions to the Higgs mass in Fig. 1.2 (center,
right) and we get

)\Sng AUV )\2 nSU2 AUV
Agm? = 222 [ =A%y, +2m31 — 5 —1+2log— | . 2.2
smp - ( v T 2mglog s 1672 + 2log s (2.2)

We observe that the quadratic divergence is present again. If we now make the assumption
that the Higgs-scalar couplings and the Higgs-fermion couplings are related in the following
way

M= —)\g, (2.3)

and that the number of scalars is the double of the number of fermions, ng = 2ny, we then
obtain as a total contribution to the Higgs mass:

A2 A
Am? = i) ((mfc —mg) log % + 3m7 log %) + O (1/Ay) (2.4)
S !

where the quadratic divergence is now cancelled in the sum and we are left with a loga-
rithmic divergence that also cancels out if we assume mg = my.

13
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The systematic cancellation of the dangerous contributions to the Higgs boson mass
can be implemented through the introduction of a symmetry which relates the couplings
of the new scalars to the couplings of the standard fermions. Therefore the “hierarchy
problem” is finally stabilized. If supersymmetry is exact, my = mg, the cancellation
between fermionic and bosonic contribution is complete and the logarithmic divergence
disappears. In the SM, one should also include in the radiative corrections to my the
contributions of the Higgs boson itself and the ones of W/Z gauge bosons. By introducing
fermionic partners for these SM particles and by adjusting their couplings to the Higgs
boson, all the quadratically divergent corrections to the Higgs boson mass are canceled.

Since no supersymmetric partner with the same mass as the standard particles has
been observed, we conclude that supersymmetry has to be broken. Therefore the new
particles should be much heavier than the known particles. As a consequence of this mass
splitting, the hierarchy problem would be reintroduced again in the theory via Am3 oc
(m} —mg)log (Auy/ms). To keep the Higgs mass at the order of the electroweak scale we
need that the difference, mfc — m%, is relatively small. Hence the new particles should not
be much heavier than 1 TeV.

2.2. Global N=1 supersymmetry

2.2.1. Supersymmetry algebra

In this section we will introduce the supersymmetry formalism following the discussion and
the notation of [23]. Supersymmetry is a symmetry transformation which turns fermions
into bosons and vice versa. For this reason, the supersymmetry generators Q, (o = 1,2)
and their Hermitian adjoint operators QB (3 = 1,2) should have a fermionic character and
carry spin angular momentum 1/2. From this follows that supersymmetry is a spacetime
symmetry, and therefore one needs to extend the Poincaré algebra to include the new
symmetry generators. The structures for such symmetries are restricted by the Haag-
Lopuszanski-Sohnius theorem for graded algebras [24] (as an extension of the Coleman-
Mandula theorem [25]) which states that supersymmetry algebras are the only graded Lie
algebras of symmetries of the S-matrix that are consistent with relativistic quantum field
theory.

The N = 1 supersymmetry algebra, usually called “superalgebra” is defined by the
following commuting and anti-commuting relations:

A A (2.5)
{Qa, 25} = {24 Qs} =0, (2.6)
{QaQs} = 20%,P,, (2.7)
[P, P)] = 0, (2.8)

14



2. Supersymmetry

where o denotes the Pauli matrices, Q,, Q 4 are the supersymmetry generators and B, is the

four-momentum generator of spacetime translations. The Greek indices (o, 3, . . ., &, B, .. )
run from one to two, where the undotted indices refer to the components of left-handed
Weyl spinors while the dotted indices refer to the components of right-handed Weyl spinors.
Equation (2.5) for the component p = 0 implies that Q, commutes with the Hamiltonian
H = PY [Q,, H] = 0. If we apply the Hamiltonian to the bosonic ground state we get
H|¢) = m|¢). Since we know that the supersymmetry transformation acts on a bosonic
state to obtain a fermionic state in the following way, Q.|¢) = [1.), we get

HW)a) = HQa|¢> = QaH|¢> = m|wa> ) (29)
showing that we have mass degenerate multiplets with spin difference 1/2: ¢ has spin 0
while |1),) has spin 1/2. .
Equation (2.7), using the relation O'Z 5035 = 2g*,, directly implies that

H=P"= (Q1Q1+Q1Q1+Q2Q2+Q2Q2) . (2.10)

=~ =

Since Q, are the Hermitian adjoint operators of Q,, the eigenvalues of H are positive
semidefinite, H > 0. This implies that for supersymmetric theories the vacuum energy is
well defined.

2.2.2. Superfields

Before discussing the construction of a simple supersymmetric Lagrangian we have to define
a formalism where supersymmetry is manifest. It is convenient to define the superspace
as the set of coordinates/parameters of the extended symmetry group (which include the
Poincaré group and the supersymmetry generators Q,,, Qﬁ) The superspace coordinates
contain the usual spacetime coordinates (¢, x,y, z) and, in addition, the Grassmann pa-
rameters 6% (o = 1,2), 0° (8 = 1,2) which fulfill the algebra:

{6°,6°Y = {6%,0°} = {6*,0°} = 0. (2.11)

A finite supersymmetry transformation is a geometric operation on the superspace and it
depends on (z#,0,0). It is defined as follows:

S(x,0,0) = 0" Qu+Qsf"—auP¥) (2.12)

By multiplying two group elements using the Baker-Campbell-Hausdorff formula, one finds
S(x,0,0)S(y,a,a) = S(z +y —iao,0 + io,a,0 + o, 0 + &), (2.13)

where the multiplication of group elements induces a translation on the parameter space:

9(z,0,0) : (y,o,a) = (v +y —iao,d +ibo,a,0 + a,0 + @) . (2.14)

15



2. Supersymmetry

A superfield ®(z,0,0) is defined as a function of the superspace coordinates which trans-
forms under a supersymmetry transformation in the following way:

Sy, a,a) [®(x,0,0)] = @(z +y — ico,0 + i0o,a,0 + o, 0 + @) . (2.15)

By considering infinitesimal transformations of S(x,#,0) on a superfield ®:

0 0 -
= e ) — Y H
0sD g + a@@ i(ao,0 —Oo,a)0" | @, (2.16)

it is possible to find an explicit representation for the generators P,, Q, and QB in terms
of differential operators. One finds:

.0
Pﬂ = 2%7 (217)
0 n pp
Qa - % — ’LO' 9 8 (218)
_ o 5
Qd = —67 + 10 Uﬁaa (219)

We are now ready to define the covariant derivative. As we have seen before, a super-
symmetry transformation acts as a coordinate transformation in the superspace:

0 = 0+a,

9 = 0+a,

¥ = z+4y—iac,l+ibo,a. (2.20)
o _ oz

If we consider 0, = 57 = 55 (wu,

contrary, by considering

given that am = 0,, we obtain 9, = J,. On the

o o 9 ox 0

Oy = —— = , 2.21
965~ 90° 90% T 9% o (2.21)

where 2 aoa =67 and %ﬂga ichBdB, one finds
0o = 0, +i0" ;60 (2.22)

Therefore 0, does not transform covariantly. We define a (super)covariant derivative as
= 0o +ict, %0, . (2.23)
and looking at our previous calculation we get:

D, = 0, +io" (95+a)8

16



2. Supersymmetry

= O, +i0" 070, (2.24)
which has the same form in the transformed coordinates. In analogy one defines
D = —0; — iol;0°0,, . (2.25)

Moreover, by explicit computation, it can be shown that the covariant derivatives anti-
commute with the supersymmetry variation

Do(05D) = —0g(Da®) . (2.26)

It is convenient to introduce two different representations of the superalgebra; these will
be useful to simplify some expressions later. Instead of Eq. (ZI2) we can consider

S, = ¢i(0Q—aP)i(90) (2.27)

and ,,
Sp = (Q0eP)i0Q) (2.28)

By applying the supersymmetry transformation S(y, a, &) to Sp, Sg we get
Sp(z 4y + 2ifo,a +ico,a, 0 + a,0 + @), (2.29)

Sr(z +y — 2iac,0 —ico,a, 0 + a,0 + Q). (2.30)

We also introduce left (L) and right (R) representations for the superfields in analogy to
(ZT13), they transform under an infinitesimal supersymmetry transformation as

5(I)L = (Oéa.g + 5(8@ + 22’«90“6[@)@% s (231)
§r = (ady+ ady — 2iac™00,)Pp . (2.32)

This leads to the left and right representations of the superalgebra generators

Qr =0y, Qp=—05+2i00,0", (2.33)
Qr = 0y — 2i0,00,, Q= —0y, (2.34)
and one can define as follows the corresponding covariant derivatives:
Dp, = 0 + 2i0,00,, D= —0;, (2.35)
D=0y, Dg=—0;—2i0c,0". (2.36)

There is a simple relation between the three representations of the superfields that we have
introduced so far:

17



2. Supersymmetry

O (x,,0, 0) = O (z, + i@aué, 0,0), (2.37)
= ®p(z, —i00,0,0,0), (2.38)

since they transform in the same way under supersymmetry transformations.

Here we discuss some specific examples of superfields. Superfields that fulfill the condi-
tion D® = 0 or D® = 0 are called scalar (or chiral) superfields. In particular a superfield
®(x,0,0) which satisfies the first condition is called a left-handed chiral (L) superfield,
while one which satisfies the second condition is usually called right-handed chiral (R)
superfield. As an example, we consider a left chiral superfield ¢; where D¢, = 0. In
the L representation D simplifies to D = —d/0f, this implies that ¢, is independent on
6. Therefore if we expand ¢ (z,6) as a Taylor series in @ only a finite number of terms
survives since 0 (o« = 1,2) are anticommuting variables. We find:

Or(1,0) = ©(x) + 0%o(x) + 0%0% s F(2), (2.39)

where ¢(x), F(x) are complex scalar fields and ¢, (x) is a left-handed Weyl spinor. We
compute the effect of a supersymmetry transformation on the component fields of ¢

0s¢r = (@Q + Qa — iy, P*)¢r , (2.40)
taking vy, = 0 and substituting the expressions for Q; and Qj, we obtain
Ss¢r = [a’05 + (—0s + 2i0°0%,0,0)] ¢r(x,0) | (2.41)
and after rewriting ¢y in components, we get:
0sbr = o [030"Va + 050°0,F] + 2i0° 03,0, [0 + 071,] &°
= o’y +20°05F + 2i0°0%,0%0, + 2i0° 0y 07 (0,0, )a* . (2.42)
Comparing this expression to
St (z,0) = dp + 050 + 0°6 F (2.43)

where 6% = 090, we can extract the infinitesimal transformations of the component fields
of a left chiral superfield:

dp = oYy, (2.44)
Sg = 2apF + 2ick,a%0,p, (2.45)
§F = —i(9,4")oh,a". (2.46)
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2. Supersymmetry

The relations in Eqgs. ([2.44]), (2.45]) explicitly show that supersymmetry transforms fermions
into bosons and vice versa. Eq. (2.46]) describes the transformation low for the auxiliary
field F.

As we have just seen, scalar superfields contain spin 0 bosons and spin 1/2 fermions. We
would like to introduce superfields which contain spin 1 bosons, this is indeed needed to
describe gauge interactions. We require for the vector (or gauge) superfield V(z,6,0) to
be a real field, V1 = V. The expansion in components can be written as:

_ 1, 1 =
V(z,0,0) = (1 + 192925> C+ (w + 50%#95’“) Y
L : s 1o _ 15 :
+ 5@0 (M +iN) + (—if + 50 9o,0")x — 56’ (M —iN)
_ o 1.
— 00, 0V" +i0%0X — i0°0\ + 592921) , (2.47)

where C, M, N, D are real scalar fields (spin 0), A\, A are Weyl spinors and V* is a real
spin 1 field. The superpartner of the photon field V* is identified with the spin 1/2 field A
called photino.

2.2.3. Basic structure of supersymmetric Lagrangians

We are ready to discuss the general structure of supersymmetric Lagrangians. Looking at
Eq. ([2.44]), one can notice that the supersymmetry variation of the highest component (F-
term) of the chiral superfield is a total derivative. It can be also shown similarly that the
highest component (D-term) of a vector superfield transforms as a total derivative. This
means that a spacetime integral [ d*z of these quantities is invariant under supersymmetry
transformations (assuming that the fields fall off at infinity fast enough). The Lagrangian
density is a sum of superfields which are itself products of the elementary superfields that
we have just introduced: the scalar and vector superfields. An invariant action can be thus
obtained by

S = /d4:1: U d29d2§IC+/d29W+h.c.] : (2.48)

IC is usually called Kdhler potential, while W is called superpotential. JC and VW usually
contain products of superfields, therefore it is important to observe that any power ¢" of a
generic left chiral superfield (D¢ = 0) automatically satisfy the condition D¢" = 0, which
means that the multiplication of left chiral superfields is again a left chiral superfield.
The same holds for right chiral superfields. These are candidates for the terms in the
superpotential WW. As an example we can compute the contribution of W = m¢? to the
F-term in the Lagrangian densit. It is easier to work in the left handed representation

1The integration over d?0 = —%d@adeﬁsaﬂ projects out the F' component (or F-term) of W.
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2. Supersymmetry
o, = @ + 0%, + 0?F, and by squaring ¢; we get
07 = @ + 200%Y, + 0° (2¢F — %w%a) , (2.49)
hence we can read from Eq. (Z49) the F-term contribution to W = ma¢?*:

(me?],. = / A’ 0W =m {QQDF — %w%} . (2.50)

The superpotential does not contain any derivative and in particular it does not contain
kinetic terms. For the kinetic terms we need the bilinear combinations contained in .
The terms contained in K have the structure of a product between left haded and right-
handed superfields. For example we can consider the multiplication of ¢ with its complex
conjugate ¢'. The superfield ¢; = ¢ + 0%, + 6>F belongs to the L-representation, and
taking the complex conjugate ngL we have that

(61)! = o + 0 + P F (2.51)

which is in the R-representation, (qﬁTL) R, since it is independent of 6 and satisfies 'DR(bTL =0.

In order to multiply ¢ and ¢' we have to bring (qu)T back to the L-representation. This
can be simply done with the translation in Eqs. (2Z37), ([2.38]):

(61)2(2,0,0) = (¢} r(z — 2i00,0,0), (2.52)

where we added a second subscript (L, R) to clarify the representation. By expanding
(ng r In components one gets

(0D r(z — 2i00,0,0) = ¢ —2i(00,0)0" 0" — 2(00,0)(00,0)0"d" ©* + O3
— 2i(00,0)0"(0) + 0°F* . (2.53)
Finally we multiply ¢ and ¢ and find
001 (2,0,0) = ¢(x,0)¢ (x — 2i000) = ¢(x, 0)e 207" 9% ¢t (1) . (2.54)

After a long but straightforward calculation, extracting the D-term contribution, namely
the coefficient of #2602, we obtain

/ A*0d%0(p¢') = FF* — d,0"p* — %wﬁag&@@“”. (2.55)

Now we have all the elements to construct a simple example of a supersymmetric La-
grangian for chiral superfields. The D-term contribution include the kinetics terms for the
scalar and the Weyl spinor, but we still have to add the mass term and the interactions.
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2. Supersymmetry

This is done by specifying the superpotential. We give a closer look to the Wess-Zumino
Model, where the superpotential is given by

W = [m¢* + A¢®] . (2.56)

We already computed the F-term contribution of ¢? in Eq. 2250, but we still need to expand
¢® in components and take the coefficient of the highest component:

3
[ @660 =308 = Sptvn). (2.57)
Putting everything together we find:

L = [¢6T], + [mé* + %], (2.58)
= (0up)(0"¢") + FF" = %chwé‘u@/?”

+ m|2pF — %(’(/J@/)) + h.c} + A {?prF — ;go(w@/)) +he| . (2.59)

We can eliminate the field F' in favor of the scalar field ¢ using the Euler-Lagrange equa-
tions:

oL oL
— =0 , 2.60
9~ "59,0) 200
since the derivatives of F' do not appear in the expression in Eq. (Z59), we have
oL
= = 0= F"+2mp — 2, 2.61
oF 0 +2me — 3\ (2.61)

F is an auxiliary field and by substituting F* = —2mp + 3\¢? in Eq. ([2359) one gets

L = |8,ch|2 — %wo"@,ﬂ@ + [2me + 3)\g02|2
* *2 1
— m |[2p(2me* + 3A™) + 51&1/1 + h.c.

- A {3@2(2771@* + 3Xp*?) + ggo(d}w) + h.c} : (2.62)

This Lagrangian describes the interaction of a complex scalar field with a Weyl spinor both
with the same mass 2m.

2.2.4. Brief discussion on vector superfields

In Subsection 2.2.3 we have focused our discussion on chiral multiplets and how to build
simple Lagrangians for this type of superfields. Obviously, it is also possible to write down

21
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a Kahler potential and a superpotential for vector superfields, this is indeed needed to
construct gauge theories with spin 1 gauge bosons.

The main ingredient needed for the discussion of gauge interactions is the vector super-
field in Eq. (247) which satisfies the reality condition V = V1. V# is the candidate for the
spin 1 gauge field and in an Abelian gauge theory like QED, it transforms under a gauge
transformation as

V=V, +0um, (2.63)

where 7 is a real scalar field.
We need to rephrase gauge transformations into a superfield terminology. It can be
shown that the correct generalization is obtained by considering the transformation

V =V 4+i(A— AT, (2.64)

where V' is a vector superfield and A is a chiral superfield. The combination i(A — AT) is
also a vector superfield. Using again the relations in Eqgs. (2.37), (2.38):

A=A = pa(z+i00,0,0) + 0pp(z +i00,0,0) + 0° Fo(x + i00,0,0)
— i@ —i00,0,0) — Op(z — i00,0,0) — 0> Fx(x — i00,0,0),  (2.65)
and after Taylor expanding ¢,, ¢} we find
A — A" =i00,00"(por + @3) + ... (2.66)

We observe that V), transforms as in Eq. (2.63) by defining the real field n = —(pa +¢3). If
one would consider all the remaining terms of the expansion in components in Eq. (2.66]), it
is possible to show that the fields M, N, y, C' in Eq. (2417) can be gauged away by making
an appropriate choice for (px + ¢3), ¥, F, F*. The remaining fields A\ and D are gauge
invariant. This particular choice of the gauge is called the Wess-Zumino gauge and the
vector superfield assumes a simple form:

Virz(x,0,0) = ~00,8V" + 66X — i6A + 66D, (2.67)

where it only contains V#, X and D.
We define a spinor chiral superfield W, as the supersymmetric generalization of the
electromagnetic field strength:

W, = (DD)D,V , (2.68)

where D, and D, are given in Eqs. (Z23), (225). For the expansion in components one
finds:

Walx,0) = 4id, — 40,D + 4i6%0, 507, (VY — VI — 46%5, 50"\ (2.69)

The Lagrangian density for a pure Abelian super Yang-Mills theory is obtained from the
F-component of the chiral superfield W*W,, that is invariant under supersymmetry and
gauge transformations, in components it reads

1 1
— [ POWW, = ——

A I 1
> ViV = SN N = Lt (N + 5D, (270)
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2. Supersymmetry

where D is an auxiliary field and can be eliminated through the Euler-Lagrange equations,
for a pure gauge theory 0L/0D = 0 = D = 0. The fermionic superpartner A of the gauge
boson V* is usually called gaugino.

We study the coupling of the gauge bosons to matter fields with coupling constant g.
This is done by replacing the Kahler potential of a chiral superfield [(b*(;ﬂ by

[¢7e®V)¢] | = D" DFo+gp* oD+ F*F —%@B 00 D"V +ig [@* (M) — (M)e] , (2.71)

where D, = 0, + igV,, is the covariant derivative. In the full Lagrangian, namely con-
sidering the contributions in Eq. (Z70) and in Eq. (271), the scalar potential (the part
of the Lagrangian that does not contain derivative or fermions) assumes the structure
YV = —%D2 — gp* Dy, and by making use of the FEuler-Lagrange equations we find the
relation D = —gp*p. From this follows that (for zero superpotential):

1
Vp = D", (2.72)
If we also consider the superpotential for the chiral superfield we have:
1
=Y F'F,+-D? 2.7
VSRR 0 o

where we have defined Vp = 3. F/'F;.

With minimal work these results can be generalized to non-Abelian gauge theories. This
is done by introducing V,, = VIT* and A = A®T®, where T are the generators of the
non-Abelian gauge group. We define the gauge transformation for a chiral superfield:

b= ey, gl — et (2.74)

Inspired by Eq. (Z64) and Eq. (Z74), the natural generalization of the gauge transforma-
tion to the non-Abelian gauge superfield V' is given by

s T .
eIV — TN IV gigh (2.75)

To probe the validity of this formula, we derive the infinitesimal transformation properties
of the vector field V', using the Baker-Campbell-Hausdorff formula:

exp(gV) — exp (g(V +i(A = AT) — % [AT, V} + % [V,A] + .. ) (2.76)
therefore we finally get
Vo Vai(h=A) =T [A+ AL V] (2.77)

where we recover the same result as in Eq. (Z.64) for the Abelian case. Expanding in
components we read the infinitesimal gauge transformation for the gauge field V#:
ig

Vu - Vu_au(SOA‘F‘P;[\) - 9

[m + o, VH} : (2.78)
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where V), is in the adjoint representation of the gauge group.
One constructs the spinor chiral superfield for non-Abelian groups in analogy with

Eq. (268): o
W, =DD (e 9" Dye?") , (2.79)

that transforms under gauge transformations as:
W, — e A, et9h | (2.80)

The quantity Tr [W*W,] is therefore gauge invariant and its F-component provides a
Lagrangian density for a pure supersymmetric Yang-Mills theory:

d*0 1 1
a — _ = % -2
/3292Tr (WeW,] Tr [ 4GWG + 2D ]
i L
—5Tr [)\ 0 o (awf +ig[VH, )ﬂ)]
i o .
5T [(aﬂAﬁ +zg[w,A5]) 0 i) ] , (2.81)

where G, = 0,V, — 0,V,, +ig[V,,V,] and A = A*T* is in the adjoint representation of
the gauge group. The coupling to matter is given as before from the D-term contribution
[(bTeQQV(b] - The superpotential for the chiral superfield has to be invariant under gauge
transformations in Eq. (274]). In the non-Abelian case, the scalar potential assumes the
form )
— — T a a
V—VF+VD—ZEE+2DD, (2.82)

7

where D% = —gp!T%p from the Euler-Lagrange equations.
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2.3. The Minimal Supersymmetric Standard Model

In this section we briefly summarize the ingredients needed to construct a Minimal Super-
symmetric extension of the Standard Model (MSSM).

In order to extend the SM we need to include in the supersymmetry formalism all the
known SM particles. Therefore each of the known fundamental particles has to reside either
in a chiral or in a gauge supermultiplet together with the respective superpartner. The
fundamental particle and its superpartner differ by a 1/2 unit of spin. The names for the
scalar partners of the fermions are built by prepending an “s”, which stand for “scalar” in
front of the name of the particle, i.e. “squarks” for the quarks partners or “sleptons” for
the leptons partners. The scalar superpartners are denoted with the same symbol as for the
SM particle plus a “~” on top. The left-handed and the right-handed fermions transform
differently under gauge transformations, therefore they will reside in two different chiral
superfields each of them with a different superpartner. For example the superpartner
of a left-handed/right-handed electron will be called left-handed/right-handed selectron,
identified by the symbol €7, /€g. Since the selectrons are scalar particles, the subscript L,
R identifies the chirality of their fermionic partners. The smuons and staus are denoted by
Iir, IR, 71, Tr, and the squarks by qr, qr where ¢ = u,d, s, ¢, b, t. If we neglect their small
masses, the SM neutrinos are always left-handed, therefore we can drop the L subscript
and denote the sneutrinos by the their lepton flavor 7., v,, v;. The Higgs boson will be
part of a chiral superfield, since it has spin 0. But it can be shown that just one chiral
superfield is not enough, indeed a second Higgs multiplet is needed. One reason for this
is that a second chiral multiplet is needed for the cancellation of the electroweak gauge
anomaly. The two Higgs supermultiplet have opposite hypercharges, Y = £1/2, in order
to have the cancellation of the total contribution to the gauge anomaly, Tr [Y3] = 0. The
second reason is that in supersymmetric theories only a Y = 1/2 Higgs chiral superfield
can give mass to the up-type quarks, and only a Higgs with Y = —1/2 can give masses
to down-type quarks and to the charged leptons. This is due to the fact that a general
superpotential contains only one type of chiral superfields, by convention it contains only
left handed chiral superfields. The two Higgs doublets, the one with Y = 1/2 and the one
with Y = —1/2 are called H,, Hy respectively. H, has weak isospin 75 = (1/2, —1/2) and
electric charge @Q = (1,0), it is identified by H, = (H,, H)). Similary the two components
of H, are denoted by Hy = (HS, H; ). The fermionic superpartners of the Higgs fields are

called Higgsinos and denoted by H, = (H;}, H®), Hy; = (HY, H; ). The two Higgs doublets
just introduced will develop two different VEVs:

va = (HY,  vg=(HY), (2.83)
and it is convenient to parametrize their ratio as:
tan = v, /vg . (2.84)
Moreover they are related to the Z boson mass via
2m>
2 2 Z
vsm = U, + v = . 2.85
SM d g2 + g2 ( )

25



2. Supersymmetry

Names spin 0 spin 1/2 | SU(3)¢, SU(2), U(1)y

squarks, quarks Ui | (ug; JL,) (up; dr;i) (3,2, %)
(x3 families) i=1,2.3 | T, oy ne (3,1, -2
di d*Rz d}%z (37 17 %)

sleptons, leptons Li | (7 er) (vi ers) (1,2, -1
(x3 families) i=1,2,3 | & T el (1,1, 1)
Higgs, higgsinos H, | (HF H% | (Hf H°) (1,2, +1)
Hq| (Hy Hy) | (Hy Hy) (1,2, —3)

Table 2.1.: List of the chiral superfields in the MSSM. The fermionic components of the
chiral superfields are left-handed Weyl spinors. Table taken from [21].

Names spin 1/2 | spinl | SU(3)c, SU2)., U(l)y
gluino, gluon g g (8,1,0)
winos, W bosons | W% WO | £ o (1,3,0)
bino, B boson B B (1,1,0)

Table 2.2.: List of the vector superfields in the MSSM. Table taken from [21].

Since the gauge bosons of the SM are spin 1 particles, they need to be part of vector
supermultiplets. Their fermionic superpartners are generically called gauginos. The W,
WO W~ and B° are the gauge bosons of the elecroweak sector of the SM. Their spin
1/2 superpartners are denoted respectively by Wﬂ WO, W called winos and B° called
bino. The interaction of the elecroweak gauge bosons with the Higgs field gives rise, after
elecroweak symmetry breaking, to a non diagonal mass matrix for the gauge bosons. After
diagonalization one finds the physical mass eigenstates: the Z boson and the photon, 7.
They are a combination of the gauge eigenstates W° and B°. We have the same mixing
in the gaugino sector, the fermionic superpartners of Z and v are respectively the zino,
Z, and the photino, 7. The strong interactions in the SM (SU(3)¢) are mediated by the
gluon, g, which is a color-octet spin 1 particle. Its fermionic color-octet superpartner is
called gluino and it is indentified by g¢.

We have just given a complete list of all the chiral and gauge superfields needed to
construct a minimal supersymmetric extension of the SM, we summarize them respectively

in Tables 21| 2.2

2.3.1. Interactions in the MSSM

In Section 2.3 we already described the MSSM particle spectrum, and in Subsections 2.2.3]
and 2.2.4] we discussed how to write down gauge interactions terms, Eq. (2.81]), and the
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coupling to matter via, e.g.
[UaT62 Zi(giViT;b)Ub] .
D
To have a complete description of the model we still need to discuss the Yukawa couplings
and the Higgs potential.
The generalization of the SM Yukawa interactions are contained in the MSSM superpo-
tential which reads:

Wassm = —¥ssUf Haad; + yis Ul eay Hotiy — 45 LY Hy o + pH e HY (2.86)
where H,, Hy, U, L, u, d, € are the chiral superfields reported in Tab. ([ZI)). The Yukawa
couplings y*, y?, y° are 3x3 matrices in the family space with indices 4,j = 1,2,3. The
SU(2), weak isospin indices a,b = 1,2 are explicitly written (e, is the total antisymmetric
tensor in two dimensions). The color indices are suppressed. The last term in Eq. (280 is
called the p-term and it is the supersymmetric version of the Higgs mass term in the SM
scalar potential before electroweak symmetry breaking. We would like to make just a short
comment about the necessity of a second Higgs superfield. Since the superpotential must
be holomorphic in the chiral superfields we are not allowed to write down terms like U H ju,
therefore we are obliged to introduce a new Higgs doublet H, with the right hypercharge
quantum number, ¥ = 4+1/2. One can make the exercise of separating the several weak
isospin components in Eq. (2:86), and, just for simplicity, we consider the third generation
of chiral superfields. By explicitly writing the SU(2); doublets as

Us=(tb), Ly = (v, 7), H,= (HS H)), Hy= (HYH};), iz =1, d3=b, é3=7,

(2.87)
one finds that the superpotential reads:
Wassm = ' (tHYt — bHt) — y*(tH b — bHOb) — y" (v, H; 7 — THIT)
+u(HYH; — HYHY) . (2.88)

The expression for the superpotential in Eq. (2.86]) is minimal in the sense it preserves both
baryon number (B) and lepton number (L). In the SM these two global symmetries are not
assumed by default in the construction of the Lagrangian, but they are a rather accidental
consequence of renormalizability. In the MSSM, by simply requiring gauge invariance and
renormalizability, but without assuming B and L invariance, we have that some other
terms are allowed in the superpotential:

AWassm ~ XieU;* Lajdy, + Nij Li Lojey, + piH g L+ Apudd (2.89)

where 2,7,k = 1,2,3 are family indices. These interactions produce dangerous conse-
quences, the first three terms in Eq. (289) violate lepton number by one unit, AL = 1,
and the last term violate baryon number by one unit, AB = 1. These contributions, in
particular the terms with A and A\’ couplings, could combine and lead to proton decay
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with a rate which is several orders of magnitude larger than current experimental lim-
its. These terms should therefore be absent from the superpotential. In order to achieve
this we could directly postulate B and L conservation as global symmetries of nature, but
there is another viable way in supersymmetry. One can introduce a new discrete symmetry
called “R-parity” which forbids the problematic terms in Eq. and allows the terms in
Eq. (2.80).

R-parity for a single particle is defined as
Pr = (—1)PHEe2s, (2.90)

where S is the spin of the particle. From Eq. (2.90) follows that superpartners don’t have
the same R-parity, due to the different spin. Thus R-parity doesn’t commute with super-
symmetry. It turns out that all of the SM particles and the Higgs bosons have R-parity,
Pr = 1, while all of the newly introduced particles have R-parity, Pr = —1. R-parity
conservation implies that every interaction vertex must contain an even number of super-
symmetric particles (namely R-parity odd particles). This means that supersymmetric
particles can only be produced in pair and that the lightest supersymmetric particle (LSP)
is stable. Moreover, if the LSP is neutral it provides a good dark matter candidate.

2.3.2. Soft supersymmetry breaking

We have already mentioned in the introduction that supersymmetry must be broken at
some energy scale in order that the supersymmetric partners are not mass degenerate with
the SM particles. Therefore we introduce in the Lagrangian extra soft terms (of positive
mass dimension) that explicitly break supersymmetry such that quadratic divergences are
absent. Soft supersymmetry breaking at low energies should be tought as the effect of a
spontaneous supersymmetry breaking of more fundamental theory at higher energy scales.
Soft supersymmetry terms have to respect gauge symmetries and R-parity. The possible
soft terms which can be introduced in the Lagrangian of a general theory exhibit the general
structure:

) 1 1 1
Lot = =07 b5 — 52N A + G Aijrdididr + Sbisdid +ec.| (2.91)

where m2 ij» bij are squared mass terms, myp; are the gaugino mass terms for each gauge
group and A;;;, are the trilinear couplings also called A-terms.

Following the general recipe in Eq. (Z91]) we are able to specify the soft supersymmetry
breaking terms for the MSSM. These are explicitly given in [21]:

1 e — ~ o~
Li\ngtSM = -3 [mggg +mmpWW +mzBB + c.c.]

- [Azﬁszi - Afjﬁinﬁ — Aijinj%+ C.C.]
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o~k
2 TTHTT 2 TxT 2 = 2 g7 2 =F

uij € zej

—myy, HyH, —mj HyHy— (bH,Hy+c.c.) (2.92)

where we have suppressed all the gauge indices. In Eq. (Z92), mg, mg;, mj are respectively
the gluino, wino and bino mass terms. The A-terms in the second line of Eq. (2.92]) have the
same structure as the Yukawa couplings in the superpotential in Eq. (2.80]), in particular
At Al A are 3x3 matrices in the family space. In the third line of Eq. (2.92) we have the
squared mass terms for squarks and sleptons. The last line of Eq. (2.92]) contains squared
mass terms for the Higgs fields, H, and H; and the mixed b-term contribution to the Higgs
potential. We will discuss the Higgs potential more extensively in the next subsection.
Compared to the supersymmetry-preserving part of the MSSM Lagrangian, the soft
supersymmetry breaking Lagrangian, £M85Min Eq. (292), introduce a huge number of
new parameters which were not present in the SM. It is possible to count up tp 105
independent parameters: masses, phases and mixing angles which cannot be rotated away.
Fortunately there are many experimental constraints which require that many of these
parameters are small, therefore the soft supersymmetry breaking parameters cannot be
chosen randomly. In the past years, several different models were developed in order
to explain the origin of supersymmetry breaking and, consequently, of soft terms in the
MSSM Lagrangian. They usually predict masses and mixing angles for the MSSM particles
in terms of a small set of parameters which are typically given at a certain high energy
scale. By evolving the RG equations for the soft terms "down* to the electroweak scale, it
is possible to obtain a pattern for the mass spectrum of the undiscovered supersymmetric
particles. The most popular models for supersymmetry breaking are the supergravity
inspired MSSM (MSUGRA) scenarios and the gauge-mediated scenarios (GMSB). We are
not going to discuss these models for supersymmetry breaking in the present introduction to
supersymmetry, therefore if one is interested in an extensive analysis and related literature

we refer to [21].

2.3.3. Higgs potential in the MSSM

The scalar potential for the Higgs fields H, = (H,", H?), Hy = (HY, H; ) receive contribu-
tions from different terms in the MSSM Lagrangian. As specified by the general formula
in Eq. (Z82) we find F-term contributions coming from the p-term in Eq. (2.80]), and D-
terms contributions coming from the gauge couplings in the Kéhler potential. The F-term
contribution reads:

V. ’aWMSSM 2 ’aWMSSM 2 PWMSSM 2 n ’aWMSSM 2
r OH) OHY OHF OH; |7
= |ulP(HQ)? + [H)* + |Hy | + [H ). (2.93)
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The D-term contribution has the following expression:

Vp = % [Z ©'Ye +%Z [Z(s@*,s@*)iT“ ( i ) ] , (2.94)

a=1 [i=1 ¥

= (00 (O H ~ HIP [ P 4 g HHE 4 HOHG? (2.95)
where ¢’ and g are the U(l)y and SU(2) gauge couplings, Y and 7% = ¢%/2 are the
hypercharge and SU(2) generators and ¢ € {HY, H;, H}, H'}, (p,¢)1 = (HY, Hy),
(0, ¢)s = (H, H®). Finally we have to include the terms coming from the soft breaking
Lagrangian L., namely the contributions in the last line of Eq. (2.92). In total we find
for the Higgs scalar potential:

YV = VF + VD + Vsoft (296)
= (Il +mi ) H? + [HS?) + (ul® +mi, ) ((Hal* + | Hg [?)

+ [b(HH; — HIHY) + c.c.]

1 1
(0 g7) (HOP+ || P | Hy )+ g HE S+ HOH P (297

The above expression for the Higgs potential can be simplified around the minimum.
One can use the SU(2),, invariance to rotate away a possible VEV at the minimum of the
potential, we can therefore set H;” = 0. Moreover the minimum condition 0V/0H; = 0
implies that H; = 0. We are therefore left with the expression:

Vo= (Il +mi, ) (H?) + (ul® + mi, ) (Hgl*) — [bHHg + c.c.]

(o) (1HDP — H9P)’ (2.95)
where b can be taken real and positive after a phase redefinition of H? and HY. We have to
make sure that the Higgs potential fulfills some important conditions in order to have the
correct pattern for elecroweak symmetry breaking. The potential should be bounded from
below for arbitrary large values of the scalar fields, in order for V' to have a minimum. The
quartic interactions will stabilize the potential for almost every value of H?, HY except
for the special D-flat directions, |H?| = |H3|. In this case the quartic contribution to V
vanishes. Thus we have to demand that the quadratic coupling is positive along the D-flat
directions. We get the condition:

2b < 2|p|* + m3;, +miy, . (2.99)

The second condition requires that V doesn’t have a local minimum near HY = HJ = 0.
This is done by imposing a negative determinant to the squared mass matrix for HY, HY.
From this follows the inequality:

b* > (|uf* +mig, ) (|ul* + mi;,) (2.100)
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2. Supersymmetry

The two SU(2),; Higgs doublets in the MSSM correspond to eight real scalar degrees
of freedom. After elecroweak symmetry breaking, three of the eight degrees of freedom,
namely the would-be Nambu-Goldstone bosons G°, G*, become the longitudinal modes
of the three massive gauge bosons Z and W= respectively. By diagonalizing the mass
matrix one finds that the remaining five physical scalar Higgs fields correspond to one CP-
odd neutral pseudoscalar called A%, two CP-even neutral scalars h° and H°, two charged
scalars H*. We assume h" to be lighter than H°. One finds that the mass eigenvalues of
the physical Higgs scalars are:

’ 2 (2.101)
m = .
A7 sin(20)
1
Mio go = B ( o +my F \/mjo +m7, — 2m?%,m?% cos(45)) : (2.102)
mie = mie+miy. (2.103)

From Eqs. (21010, (Z102), (2I03) follows that m 4o, mpgo, mg+ can be arbitrarily large
since they grow like b/ sin(2/3). On the contrary myo is bounded from above; this is shown

in [20], [27] and it is a consequence of Eq. (ZI02) for myo. At tree level one finds that the
mass of the lighter MSSM Higgs boson cannot be heavier that the Z mass:

mpo < mz|cos(20)]|. (2.104)

However, the inequality in Eq. (2.104]) gets important quantum corrections due to top and
stops loops. By including one-loop and two-loop radiative corrections one can get the
following upper bound in MSSM:

mpo S 135 GeV | (2.105)

where it was assumed that all the supersymmetric particles contributing to mio in the
loops have masses lower or equal to 1 TeV.

2.3.4. Squarks and Sleptons Mixings

If we assume completely arbitrary soft terms for the MSSM in Eq. (292)), the mass eigen-
states of squarks and sleptons are obtained by diagonalizing three 6 x 6 squared mass ma-
trices for up type squarks (%, ¢z, tz, Ug, ¢, tr), down type squarks (dy, 3., br, dg, Sgr, br),
charged sleptons (€y, fir,, 71, €r, fir, Tr) and one 3 x 3 matrix for sneutrinos (v, v, v-).
Fortunately, there are experimental indications which tell us that most of these mixing an-
gles are very small. The RG equations for the running masses of the third family squarks
and sleptons are sensitive to the effects of large Yukawa couplings. Therefore stops, sbot-
toms and staus can have very different masses respect to the first two families of sfermions.
Moreover, they can have a significant mixing in pairs (tz,tz), (bz,br), (72, 7z). On the con-
trary, the first and the second family sfermions have negligible Yukawa couplings, and this
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2. Supersymmetry

produces 7 nearly degenerate unmixed states (eg, fir), (Ve, V), (€1, 1), (UR, Cr), (JR, SR),
(’I’IL, EL), (dL, gL)

Now we are going to consider the squared mass matrix for top-squarks. There are several
important contributions: squared mass terms from soft terms and D-term scalar quartic
interactions when the neutral Higgs scalars get VEVs, F-terms proportional to m? when
we substitute the Higgs VEVs and finally trilinear scalar contributions from F-terms and
soft term after electroweak symmetry breaking. Putting all these different contributions
together we find that the stop squared mass matrix, in the gauge eigenstate basis (fL, ’th),
has the following expression:

o (i (528, 29) (Asin) — ' cos(9)
: vt (At sin(8) — puy' cos(5)) 2 4+m?+ 253, m3 cos(25)
(2.106)
where Oy, is the Weinberg angle. The squared mass matrix can be diagonalized by a
rotation matrix which gives the two stop mass eigenstates:

4 B cos(a)  sin(a) L
(%'2 ) B < —sin(a) cos(a) ) <’tVR ) ’ (2:107)

where t; is defined to be lighter between the two stops: m~1 < m . The non-negligible
diagonal entries will produce an important mixing which increases the splitting between
the two mass eigenstates.

One can also compute the squared mass matrices for bottom squarks and staus in their
gauge eigenstates basis, which respectively read

s mg,, + (—% + ésgw) m?% cos(23) vsm (Ab sin(f) — py® COS(B)) (2.108)
T v (sn(B) - mPeos(B)  md - Lspymeos2p) )

d33

s (bt (b s myeos(28) ws (A7 sin(8) — T eos(8) )y 00
vsni (AT sin() — py”cos(8)) w2, —shmyeos(28) )T

Since y°, 47 < g, the impact of mixing in sbottom and stau sectors depends on the value
of tan(5). If tan(/) is chosen to be small, tan(8) < 10, the mixing is small and the mass
eigenstates are nearly the same as the gauge eigenstates. On the contrary, if tan(f) is
larger, it is possible to obtain a significant mixing.

In our analysis of slepton-pair production in Chapter Bl and stop-pair production in
Chapter [6l we assume for simplicity that we have mixing only in the stau and stop sector.
As we will discuss later, this choice is motivated by the fact that the dependence of virtual
corrections from SUSY parameters is very mild.
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3. Soft-Collinear Effective Theory

3.1. Introduction

SCET is an effective field theory (EFT) of QCD which offers a natural framework to
describe high-energy processes at hadron colliders. SCET has been developed over the last
ten years originally with a focus on B-physics and its foundations were posed in a series of
papers [28H34]. By now it has been applied in a large variety of processes, from B-meson
decay to collider physics processes.

Effective field theories are used, in quantum field theory (QFT'), whenever one encounters
problems with two different scales, a high-energy scale A;, and a lower scale A;. EFTs allow
one to expand physical quantities in the small ratios of scales and to separate the low-
energy contributions from the high-energy part. Performing the expansion usually greatly
simplifies the problem and is often necessary in order to attack a field theory problem
at all. In QCD, the low energy part is usually non-perturbative, while the high-energy
contribution can be computed perturbatively. Using an EFT one is able to separate the
two pieces and compute them with appropriate techniques. For hadron collider observables,
the leading non-perturbative low-energy part is typically encoded in the PDFs. However,
even in those cases where all scales in a given problem are in the perturbative domain, it
is necessary to separate the contributions associated with different scales. If this is not
done, higher-order corrections are enhanced by large logarithms of the scale ratios. For
processes described in SCET, like the Sudakov problem, the leading logarithmic terms at
n-th order in perturbation theory have the form o In**(Aj/A;), where a, is the strong
coupling constant. These large logarithms can be resummed to all orders in SCET.

In the next chapter we will give an introduction to SCET, based on [3536]. We will start
from the expansion of Feynman diagrams in different momentum regions and construct an
effective Lagrangian, which produces the different terms, which contribute to the expanded
diagrams. The technique we use for the expansion is called the strategy of regions and
is based on dimensional regularization. There are two different low energy regions con-
tributing in processes with energetic particles: the soft and the collinear regions. They are
respectively related to the possibility for the particles to split into collinear particles and
to emit soft particles. Therefore, as its name suggests, SCET includes different low energy
fields, which describes the collinear and the soft emissions. As a consequence of this, the
same QCD field is represented in the low-energy theory by different fields. We will analyze
the Sudakov problem in ¢* scalar theory, check that we reproduce the full theory result at
one-loop order. After this, we extend the construction to QCD.

To see the methods at work we study soft-gluon resummation for the inclusive Drell-Yan
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3. Soft-Collinear Effective Theory

cross section pp — v*/Z + X — ¢4~ + X in Chapter [ of this thesis. This is one of
the basic processes at hadron-colliders, and one of the first for which resummation was
performed in SCET [5].

During the last few years SCET has been used to perform higher-logarithm resummation
for many processes, up to now only for inclusive final states such as e*e™ event shapes [37],
vector boson production [38], Higgs production [6L[7,39] and top-pair production at hadron

colliders [9L10,140,41].

3.2. The Strategy of Regions

The strategy of regions [42] is a technique which allows one to carry out asymptotic ex-
pansions of loop integrals, in dimensional regularization, around various limits [43]. The
expansion is obtained by splitting the integration into different regions and appropriately
expanding the integrand in each case. In the effective theory, the different regions will be
represented by different effective fields. The expanded integrals, obtained by means of the
strategy of regions technique, are in one-to-one correspondence to the Feynman diagrams
of the effective theory, regularized in dimensional regularization.

If one is simply interested in expanding some pertubative result in a small parameter, one
can work directly with the strategy of regions technique, without constructing an effective
Lagrangian. However, the use of an effective field theory offers important advantages when
one is interested in deriving all-order statements. In particular, one can use the effective
Lagrangian

e to derive factorization theorems,

e toresum logarithmically enhanced contributions at all orders in the coupling constant
using RG techniques.

In addition, in the effective field theory, gauge invariance is manifest at the Lagrangian
level, which is not the case for individual Feynman diagrams.

3.2.1. A Simple Example

In order to illustrate the main idea of the strategy of regions we start by considering
a simple integral, which we will expand using different methods, first using a cutoff to
separate two different regions and then with dimensional regularization. The integral we
will consider is
I o i k B ln%

_/0 (K2 +m?2)(k2 + M?) M2 —m?2’
This corresponds to a self-energy one-loop integral with two different particle masses at
zero external momentum, evaluated in d = 2. We will assume a large hierarchy between
the masses, for example m? < M?, and will discuss the expansion of the integral around

(3.1)
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the limit of small m. Since we know the full result, we can obtain the expansion simply by
expanding the denominator on the right-hand side of (3.1])

In ¥ m?  mt
I = 2 <1+W+W+"')- (3:2)

Note that the integral is not analytic in the expansion parameter m/M because of the
presence of the logarithm. Our goal in the following is to obtain the expansion in Eq. (3.2])
by expanding the integrand in Eq. (B1]) before carrying out the integral. This is important
in cases where the full result is not available. It will also tell us what kind of degrees of
freedom the effective theory will contain.

A naive expansion of the integrand leads to trouble, because it gives rise to infrared (IR)
divergent integrals. In fact

u _ K pomm (3.3)
i@ r) e LR ’ '

cannot be used in place of the integrand of Eq. (31)):

o0 ]{Z m2 m4
I S L 4
7&/0 /<;2(/<;2+M2)< ER ) (3:4)

This was to be expected since, if the expansion and integration commute, the result would
be analytic in m/M and we stressed above that this is not the case. So just from the form
of the result ([B.2)), it is clear the expansion and integration do not commute. The reason
for this is simply that the series expansion in Eq. [33) is valid only for k& > m?, while
the integration domain in Eq. (8] includes a region in which k? ~ m?, which contributes
to the integral. To account for this fact, we should split the integration into two regions.
We can do this by introducing a new scale A, such that m < A < M. We will call the
scale A a cut-off, even though the name is misleading. The role of A is to separate the two
momentum regions. We then obtain

A oo
k k
I = dk dk .
A <W+mmW+M%+A (2 + m?)(i? + M)

(3.5)

J/

Iy I

We call the region [0, A] the low-energy region. In this region k ~ m < M, therefore
one can expand the integrand in the integral I(;) as follows

A k A k k:2 k?4
Iy = dk = dbk— o — [1 - — 4+ 1+ ... ). (36
0= W = |, W@re (- aptaEt) 69

The scale A acts as an ultraviolet cut-off for the integrals on the right-hand-side (r.h.s.) of

the Eq. (3.6]).
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The region [A, oo is referred to as the high-energy region; in that region m < k ~ M,
and one can expand the integrand according to

00 k 00 k m2 m4
Iup= [ dk Sy E—— R I € X s
) /A (k2 + m2) (k2 + M2) /A kK2(k2 + M2) ( R ) (3.7)

In the equation above, A acts as an infrared cut-off.
By integrating the first two terms on the r.h.s. of Eq. (B:6]) one finds

M? +m? A? A? 1 m A?
Ipme 2 T (142 ) - ] (-)- 3.8
SV n( +m2) o e \x) T T (3:8)

since it was assumed above that A > m. Similarly, by integrating the first term on the

r.h.s. of Eq. (87) one obtains

Iy~ —em (14 M) DL (AL A (3.9)
= \U TN T T\ ) o '
Adding up the Eq. (8.8) and (B.9) one finally obtains
1 m
I=1In+Iun=—750(30) +- . (3.10)

which is the expected result (see Eq. (8:2)). When summing the results for the low-energy
and high-energy regions, the terms which depend on the cut off A cancel out; this is also
expected, since A is not present in the original integral but it was introduced in order to
split the original integral in the sum of two different terms. Since the final result cannot
depend on A, there should be a way to obtain the expansion without introducing this
additional scale. Our ultimate goal is to similarly expand Feynman loop integrals. It is
well known that the use of hard cut-offs is impractical in loop calculations; fortunately it
is possible to repeat the procedure by separating the low- and high-energy regions using
dimensional regularization. Let us rewrite the original integral as follows

* k
I=[ dkk=
/0 (K2 +m?)(k? + M?) °

where we will send € — 0 at the end of the calculation. (For simplicity, we did not introduce
the d-dimensional angular integration so this is not exactly dimensional regularization).
The integral in the low-energy region k ~ m < M is

I —/Oodkk_’g# 1 k—2+k—4+ (3.12)
) — o (k2+m2)M2 M2 MA : :

Due to the fact that the integral in Eq. (B.12) is infrared safe in the region in which £ — 0,
it is natural to take € to be a positive real number since this renders the integral ultraviolet
finite as well. The integral in the high energy region is

> k m?  m?
Loy = [ deke— (T ) 3.1
(un /0 (k2 + M) ( AT ) (8.13)

(3.11)
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The integral is ultraviolet safe, and we consider € < 0, so that the integrand does not give
rise to an infrared singularity in the region where k£ — 0. By integrating the first term on
the r.h.s. of Eq. (B.12) one finds, at leading power in the expansion around m/M,

m=° € € 1 1

The integral of the first term on the r.h.s. of Eq. (813 is

—€
Tun ~ %r (1+5)r(-5) = % (—é FIn M+ (’)(e)) | (3.15)
The poles in ¢ cancel in the sum of Eqs. (814) and (B.I3]), and the final result is again
the one obtained by means of the cut-off method in Eq. (BI0). One might be worried
that we choose € > 0 in the low-energy region and ¢ < 0 in the high-energy region and
then combine the two. It is important to remember that the integrals in dimensional
regularization are defined for arbitrary : we only choose € > 0 to be able to evaluate Iy
as a standard integral, but by analytic continuation the resulting function on the right
hand side is uniquely defined for any complex-valued € and can be combined with I;p).
The fact that, in both Eq. (812) and Eq. (8.13), the integration domain coincides with
the full integration domain of the original integral might be also surprising. However, one
should note that the two integrals scale differently; the low-energy integral ;) contains an
overall factor of m~¢, whereas the high-energy integral I(;;) contains an overall factor of
M~¢. When one keeps the complete dependence on m and M, the result is

1 € e\ m¢—M—¢
=l d)r(g) M 1
2 2 2 M?2 —m?2 (3.16)

This form of the result clearly displays the low-energy and the high-energy part. Expanding
in one region, one ignores the region complementary to it and the full integral is recovered
only after adding the two contributions. Even though we integrate twice, over the full
integration domain, there is no double counting, since the two pieces scale differently. In
other words, the low energy integrals can never produce a factor of M~° and the high
energy integrals can never produce a factor of m™=.

To convince ourselves that there is indeed no double counting, let us now see what
happens if we insist in restricting the integration domains of the low- and high-energy
integrals, when using dimensional regularization. The integral in the low-energy region
would become in this case

A k /{Z2 /{Z4
I — [ [y [ —— R
(1) /0 dk k (k2+m2) 2( 7\r2+7\r4+ ),

> © 1. Kk Kk
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The first integral in the second line of the equation above is the same as the one in
Eq. (BI2). In the second integrand, which depends on the cutoff A, one can use the fact
that & > A > m? to expand the integrand in the small m limit

o) k’ k’2 [e'¢) k‘ m2 k’2
dkk*— e (1—- 4. | = [ dkk e — —— e ).
/A <k2+m2>M2( i ) / kﬂM?( Vel )

At this point it is sufficient to observe that for dimensional reasons the integrals in the
equation above must behave as follows

/ dk k"F ~ AT (3.19)
A

So the cutoff pieces scale as fractional powers of the cutoff. Since the A dependent terms
must cancel out completely in the calculation of I, one can also drop the A dependent
integrals from the start. Therefore, when regulating divergences by means of dimensional
regularization, one can integrate over the complete integration domain, in this case k €
[0, o0].

3.2.2. The Sudakov Problem

The example, considered in the previous section, was intended to bring to the attention
of the reader some general features that one encounters when dealing with the expansion
of Feynman diagrams occurring in physical processes. The general strategy to obtain the
expansion of a given Feynman integral in a given kinematic limit is the following [43]:

i) identify all regions of the integrand which lead to singularities in the limit under
consideration,

ii) expand the integrand in each region and integrate each expansion over the full phase
space,

iii) add the result of the integrations over the different regions to obtain the expansion
of the original full integral.

In order for the procedure to work, it is necessary to make sure that all of the expanded
integrals are properly regularized. We also stress that so far there is no general proof that
the above procedure always produces the correct result. Recent work towards such a proof
can be found in [44].

We now wish to consider the simplest possible example, a one-loop vertex correction
where we neglect the complications related to the spin of the particles; the momentum
regions that one finds in the calculation of the tensor integrals are the same as the regions
that one finds in the calculation of the scalar integral considered below. The vertex cor-
rection, depicted in Figure B.1] requires the evaluation of the following Feynman integral:

1
T =3 —d/2, 4—d / ddk’
ok (k2 +4307) [(k +1)2 + i0+] [(k + p)2 + i0+]

(3.20)
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l{:Jrl\A /k'+p

Figure 3.1.: One-loop vertex corrections. The Feynman diagram is shown here in terms
of fermions and photons. However, for simplicity, the spin structure of the
diagram is neglected in this section.

where d = 4 — 2¢ is the dimensional regulator and p is the 't Hooft scale. We introduce
the following notation:

L= —-1>—i0", P*= —p* —i0", Q*=—(—p?—i0". (3.21)

The goal is to calculate the integral in Eq. (320)) in the limit in which L? ~ P? < Q? that
is, in the case in which the external legs carrying momenta [ and p have large energies but
small invariant masses.

Before going any further, we now need to introduce some basic notation used in SCET.

We introduce two light-like reference vectors in the direction of the momenta p and [ in
the frame in which @) = 0:

n, =(1,0,0,1) and n,=(1,0,0,—1). (3.22)
It is straightforward to verify that
n*=n*=0, and n-n=2. (3.23)
Any vector can be then decomposed in a component proportional to n, a part proportional
to n, and a component perpendicular to both

nH nt

p“z(n~p)7+(n~p)7+p’jEpi+p‘i+pi. (3.24)

Splitting the vectors into their light-cone components turns out to be a useful way to
organize the expansion, since the different components scale differently. For the square of

the vector p one then finds
2

p*=(n-p)(-p)+pl, (3.25)
while the scalar product between two vectors p and ¢ becomes

P q=py q-tpP--qy+pL-qr. (3.26)
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Q QCD hard

M SCET | collinear J

M?/Q| SET soft S

Figure 3.2.: Chart of the regions and scales involved in the calculation. @ is the hard scale,
M the scale characterizing collinear physics, and M?/Q the soft scale. SET
stands for Soft Effective Theory.

In the following we will often identify a vector by means of its components in the n, n,
and L basis, with the notation

= n-p n-p Lph). (3.27)
~— ~—
“t comp.” “— comp.”

We now introduce an expansion parameter A which vanishes in the limit in which we are
interested:
P2 L2
F g
By choosing n* such that p* ~ @Qn*/2 one finds that the components of p and [ scale as
follows

A~ and  p* ~[* ~ NQ2. (3.28)

P~ (V10 Q, and "~ (1,A ) Q. (3.29)

At this stage it is necessary to distinguish the various regions of the integration momen-
tum which contribute to the integral. These regions are

e Hard Region (denoted by h in the following) where the components of the integra-
tion momentum scale as k* ~ (1,1,1)Q,

e Region Collinear to p (denoted by c¢) where k scales as k* ~ (A2, 1,\)Q,
e Region Collinear to I (denoted by ¢) where k scales as k* ~ (1, A%, \)Q,
e Soft Region (denoted by s) where k scales as k* ~ (A%, A2, \?)Q.

In SCET, each region listed above is represented by a different field; the situation is
schematically illustrated in Figure 3.2

It is interesting to observe that in the soft region the square of a four momentum is
proportional to \*:

P2~ NQ? ~ (3.30)

Q2
The squared momenta scaling as \* are also often called ultra soft in the literature. The
interesting part about the presence of this contribution, is that it implies that the loop
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diagrams involve a scale which is smaller than the invariants which can be formed by the
external momenta.

In order to determine what integral to evaluate, when the integration momentum is
considered hard, we consider the way in which the terms in the propagators in Eq. (B:20)
scale. Clearly k? ~ \°Q?; for the other two propagators one finds

o(1) O(\2) o(1) o) 0(\?)
-~/ — =~ o
(k+0?*= K +2(ky -l +k_ -l +Fk 1)+ P =k +2k_-1, +O0(\), (3.31)
and, similarly
(k4+p)? =k*+ 2k, -p_ +O(N). (3.32)
The contribution of the hard region to the integral Z is therefore given by

1

T, — /2 4—d/dd .
e (k2 +40%) (K2 + 2k_ - I +40+) (K2 + 2k - p_ + i0%)

(3.33)

it coincides with the form factor integral with on shell external legs (i. e. calculated by
setting p? = [2 = 0 from the start). The integral evaluates to

7, = I(1+e) I'?(—e) ( 2 )

20y -p- I'(1 —2¢) \ 24 - p_
_ %(i 11 52 1125—2—%2>+0(s). (3.34)

The poles in € are of infrared origin. More details on the calculation of Z; can be found in
Appendix [A. 11l

In the region collinear to p the integration momentum scales as k* ~ (A%, 1, \)Q. In this
region k? ~ A\2Q)?, which implies that

(k+1)?=2k_ -1, + O\, (k+p)>=0(\?). (3.35)

The collinear region integral is obtained by keeping only the leading term in each prop-
agator

T. — in 2 d/dd 1
¢ (k2 +i07) (2k_ - 1, +407) [(k + p)2 + 0]’
~ D(+e) M(=g) 1\
2, -p. T(1—=2e)\ P2/
['(1+¢) I T 9 7T2
S T (| 1 T . .
o ( S oW T ) 106 (3.36)

Some details on the calculation leading to the above result are collected in Appendix [A.1.2]
We observe that the integral scales as P~2°. The calculation of the integral in the region
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collinear to [ is identical to the calculation presented in this section, except that one needs
to replace P? everywhere with L? in the final result.

In the soft region all of the components of the integration momentum are proportional
to A2. Therefore

=00\, (k+)*=2k_-I,+P+0\?), and (k+p)* =2k, -p_+p*+O(N\¥). (3.37)
It follows that the integral in the soft region is simply

1
T — g2 4—d/dd
o (K2 +407) (2k_ - Iy + 2 +i07) (Zky - p_ + p2 +i07)

_ POE (g (M—p)

2l+‘p_ L2P2
_ Il+e) /1 2Q2 2 Q7
S EREN: JENY. 2 S TOTE R

The poles in the last line of Eq. (838)) are of ultraviolet origin. As expected, the result
depends on the “new” soft scale Ay ¢ ~ P?L?/Q?. Further details on the calculation of
T, can be found in Appendix [A.T1.3]

One can now sum the results, obtained in the different regions, to obtain what was the
original goal of the calculation: an analytic expression for the integral in Eq. ([B.20) in the
limit in which L? ~ P? < %. One finds

T(l4e) /1 1. u® 1 ,u =
I, = %( + - i n? & )
2 2 2
P AR Gk (R S ST DY
QZ

Q? e2 e L2 2 L?
T(l+e) /1 1 p2Q* 1 ,p*Q* =2
I, = —+ -1 —1 —
Q2 <52 " e e TG
_ 1 Q2 N

The final result does not depend on the dimensional regulator € and it coincides with
the one that would be obtained by evaluating directly the integral in Eq. (8.20) and then
expanding the result in the A — 0 limit. We stress the fact that the infrared divergences
found in the hard region cancel out against the ultraviolet divergences found in the soft
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3. Soft-Collinear Effective Theory

and collinear region. This feature is general and requires a non trivial interplay of the
logarithms found in the various integrals:
LS SO L R ol O S

— glnﬁ — glnﬁ+glnL2P2 = —gln@

(3.40)

The requirement that infrared divergences of the hard region should cancel against the
ultraviolet divergences of the soft and collinear regions leads to constraints that must be
satisfied by the infrared pole structure of a generic amplitude.

3.3. Scalar SCET

We now construct an effective field theory whose Feynman rules directly give the hard,
collinear, and soft integrals for the Sudakov form factor that we just considered in Section
B2 Initially we restrict our derivation to the case of a scalar ¢® theory. The procedure
outlined in the following will be applied to QCD in section B.4l However, since the different
components of the quark and gluon fields scale differently, the effective Lagrangian derived
from QCD will be more complicated than the one that we derive here for a scalar theory.

3.3.1. The Scalar SCET Lagrangian

The starting point of our discussion is the Lagrangian

£(9) = 30,0(0)06(x) — £5°(), (3.41)

where ¢ is the scalar field and g the coupling constant of the theory. In order to derive
the SCET effective Lagrangian needed for the calculation of the Sudakov form factor in
this theory, one needs to split the scalar field into a sum of a field collinear to p, a field
collinear to [, and a soft field:

¢(x) = @e() + delx) + ¢s() (3.42)

It was not necessary to introduce, in the sum above, a field for the hard region, since these
contributions are absorbed into the Wilson coefficients, which are the “coupling constants”
of the effective theory. When constructing the effective Lagrangian, we assume that the
momenta of the different fields scale in the proper way.

By splitting each one of the fields according to Eq. (8.42]), the original Lagrangian can
be written as the sum of four terms:

£(¢) =L (¢c) + L (¢5) + L (¢s) +‘Cc-i-s (¢ca ¢5, ¢5) : (343)
=L¢ =L: =L

The first three terms on the r.h.s. of the equation above are simply copies of the original

43



3. Soft-Collinear Effective Theory
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Figure 3.3.: Interaction vertices generated from the Lagrangian L.
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Figure 3.4.: Interaction forbidden by momentum conservation.
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Lagrangian where all the fields are either collinear to p, collinear to [, or soft. The fourth
term in Eq. (342) describes the interaction of collinear and soft fields

£c+s <¢07 ¢57 Qbs) = _g¢c2¢s - g¢62¢s ’

which give origin to the interaction vertices shown in Fig. B3l At first sight, it looks like
there should be many additional interaction terms, but the interactions between the fields
which do not appear in Eq. (3.43)) are forbidden by momentum conservation, as is shown
in Fig. B4

As a last step, one needs to expand each interaction term in its small momentum com-
ponents. This procedure is called derivative (or multipole) expansion [33]. Consider the

(3.44)
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Fourier transform of the fields in a given interaction term;

d d d - - .
/ d'z¢; () / & / o / o / (C;:)S De(p1)de(p2)Ps(ps)e ™ P PP (3 45)

where the tilde indicates the transformed fields. If, as we assumed, the momenta p; and
po are collinear to p, while p, is soft, then the sum of the three momenta scales as

P +rh+ph~ (W10 Q. (3.46)

Consequently the components of = must scale as

1 1\ 1
at ~ (1 A?’X) g (3.47)

If one now considers the fact that all of the components of the soft momentum scale as A2,
one finds that

Ps - & = £p8)+ ) :E_J+\(p5)_ ) $t+£p8)L " XL - (3.48)
o) o(2) o

Since the derivatives of the soft field scale as the components of the soft momentum, the
Taylor expansion of the soft field around the point 2" = (z - n)n*/2 is

Bu() = Byl ) +o1 - 0104(x )+ oy D by(z ) % (20510°06,(22)) +O(NY) . (3.49)
o) 0(2) 0(2)

Consequently, up to first order in A, the interaction term between the collinear and soft
field can be rewritten as

/ 0 §2(1) () = / 0 E(2)gu(a) + O(N). (3.50)

The leading power scalar SCET Lagrangian has then the following form:
_ 1 17 9 .3 1 “w 9 .3
Lot = 500:0)0°6.(2) — F63(w) + 50,0000 dul) — T2(a)
1 " g .3 g 9 g 2
t 50u05(2)0"0s(2) = 5;05(2) = Se()¢s(2-) — Sde(x)ds(wy) . (3.51)

3.3.2. Matching Procedure and Current Operator

In an effective theory, the hard contributions lead to matching corrections. The procedure
which allows the hard corrections to be taken into account is the following:

1) write down the most general form of the Lagrangian, including all the operators
which are compatible with the symmetry of the theory, each one of which will be
multiplied by arbitrary coefficients (the Wilson coefficients);
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ii) calculate a given interaction process both in the full theory and in the effective theory,

iii) fix the values of the Wilson coefficients in such a way that the results obtained in the
full and in the effective theory coincide.

In general, such matching corrections modify the effective Lagrangian. However, for the
case of SCET, it turns out that only the operators which involve collinear fields in different
directions get matching corrections. To describe the Sudakov form factor, we introduce an
external current coupling to two scalar fields

J=¢*= (3.52)

and will consider the current at large momentum transfer. In the following, we first explain
why the matching corrections are absent for the Lagrangian derived in the last section and
then compute them for the current operator, which will involve collinear fields in both
directions.

To allow for the presence of matching corrections in the Lagrangian, we introduce Wilson
coefficients which multiply the interaction terms in Eq. (B51]); in particular the term
involving three collinear ¢ fields will become

~ T3 (a) —%C’gf)i’(w) = _% (1+g2CD 4 g*C® 4 .-) ¢ (). (3.53)
In order to fix the coefficient C'") one requires that the corrections of order g2 to the in-
teraction of three scalar fields are the same in the full theory and in the effective theory.
In the full theory these corrections coincide with the one-loop corrections to the ¢* vertex,
while in the effective theory one finds contributions originating from one-loop graphs and
contributions proportional to C). One obtains the following diagrammatic equation

¢C ¢C
—( - —(J +
e

where all the external legs have momenta collinear to p, blue lines indicate collinear fields
in the effective theory, while red lines indicates the soft ¢ field in the effective theory.
The dots in Eq. (8.54) indicate two additional diagrams which can be obtained from the
second diagram by moving the internal soft line in the other two possible positions. All
of the loop integrals in Eq. (354 are scaleless, since they do not have internal masses
and all of the scalar products, that can be generated with the external legs momenta, will
be proportional to the square of the momentum p, which vanishes in the A — 0 limit.
Since in dimensional regularization scaleless integrals evaluate to zero, we can conclude
that the one-loop matching condition is C¥ = 0. The same kind of reasoning applies
if one considers a larger number of loops; we can conclude that C' = 1 to all orders in
perturbation theory. The same kind of reasoning can be applied to all of the interaction

terms appearing in Eq. (51)).

+--+ g*cW , (3.54)
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While the terms appearing in the Lagrangian in Eq. ([B.20) do not receive matching
corrections, the terms originating from the current operator J do. The most general form
that the current operator can have in the effective theory is the following:

J%J2+J3+~-~:Cz<bc<bc+%(¢§¢c+¢c¢3)+~-~ ) (3.55)

where the subscript in J; and C; indicates the number of fields involved in the corresponding
operator. Moreover, one should consider the scaling of the derivative of collinear fields; as
was shown above, the projection of the derivative of the collinear field in a given direction
scales as the corresponding component of the momentum, therefore

n- () ~ N2oo(x), 0 e(x) ~ Ape(w), 71~ 0pe(w) ~ Noo(), (3.56)
and similarly
n - 0ps(x) ~ Nos(x) , N pe(x) ~ Ape(x), n-0ps(x) ~ Noa(x) . (3.57)

The derivatives n - d¢. and n - ¢z are not power suppressed, because the collinear fields
carry large energies in these directions. Even at leading power in A, one needs to allow the
current operators in the EFT to contain an arbitrary number of terms of this kind. The
expansion of a collinear field along the collinear direction can be written as an infinite sum
over the non-power suppressed derivatives

Bz +tn) = Z %n C0'p(x). (3.58)

=0

Therefore, to include terms with arbitrarily high derivatives is equivalent to allowing for

non-locality of the collinear fields along the collinear directions. For example, the operator
Jo in Eq. (B55) can be written as

Jo(z) = /dsdt Co(s,t, 1) pe (x + sn)oz (x +tn) . (3.59)

The SCET operators are thus non-local along the light-cone directions. The non-locality
of the operators in position space is reflected in the dependence of the Wilson coefficients
on the large energies scales present in the problem. In fact, the Fourier transform of the
coefficient Cy(s,t) will be

Co(n-p,n-lip)= /dsdt M PeTI Oy (st 1) (3.60)

To be precise, we have indicated that the Wilson coefficient Cy(s,t, 1) will depend on the
renormalization scale p. This dependence is governed by a RG equation and, as we will
show later, can be used to perform resummation. The function Cy must be expanded in
powers of the coupling constant g as follows

Cy=C + g?C + g'CP + - (3.61)
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One can immediately see that the simple matching condition at order ¢° leads to the
relation C’éo) = 1. At this stage it is possible to write the matching equation which allows
one to fix of the value of Cy at order g

p l ch ,/, gbé
\; . CM@-pn-l) \5 . (3.62)
—

=Q2

The momenta p and [ are both on-shell, and the diagram on the left-hand-side (1.h.s.) of
the equation above coincides with the hard region integral introduced in Section 3.2l On
the r.h.s. of the matching equation, one should also include the contribution of the one-loop
diagram with an internal soft leg multiplied by ééo). However, that integral corresponds to
the soft region integral calculated in the previous section, but with on-shell external legs.
The latter vanishes in dimensional regularization if one sets p? = [?> = 0 from the start, as
it is shown in Appendix[A.1.3l One should also add on the r.h.s. the two one-loop diagrams
with the collinear leg corrections multiplied by C’éo), but they also vanish because they are
scaleless (p and [ on-shell).

We now want to match the Feynman diagrams involving a current operator, two collinear
fields of type ¢, and one collinear field of type ¢ onto the effective theory at lowest order
in the coupling constant. The relevant diagrammatic equation is

l2 ll l2 ll N ’ ’
p \ P / \\,/ : L’
\v + \W = C*Q(O)\g' +é§°’\'§’ . (3.63)

The diagrams on the Lh.s. of the Eq. (363) are easily evaluated, since they involve only
single propagators carrying momenta

(p—1h)==2p-L+0(N)=—=(n-lb)(7-p)+ 0O (N\) (3.64)

and (I; + I5)%. Since C’Q(O) = 1 the first diagram on the Lh.s. and the first diagram on the
r.hs. of Eq. (B:63) give identical contributions and drop out of the equation. The value of

the coefficient C’éo) is therefore determined by the second diagram on the Lh.s. of Eq. (B:63):

-9

CY:§O) (n'lhn'l%'ﬁf’p,ﬂ): _(nl2)(ﬁp)+lo+ .

(3.65)

At this point, we would like to go back to the effective Lagrangian and extract the
form of the Wilson coefficients C9 and C§ in position space. The correspondence p* <
10" indicates that the Wilson coefficient C’g comes from an effective Lagrangian involving
inverse derivatives:

—(n-b) (_ng- p) + 10t 9 <n%3¢0) (T%a@) bc - (3.66)
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The two derivatives scale both like \°Q) and therefore the current operator J3 is suppressed
by a factor 1/Q?% The presence of an inverse derivative is at first sight disturbing, but it
is again an effect of the non-locality mentioned above. Observe that the inverse derivative
of a field can be written as an integral

» 0
1
in fact the relation above can be checked by applying the derivative to the r.h.s.
0 0 1 8 0
n“/ ds 0,¢(z + sn) = n“/ ds E%Mx +sn) = ¢z + sn)| = o(x). (3.68)

It is a characteristic feature of SCET that the operators are non-local along the directions
of large light-cone momentum. In general, in order to write down the most general SCET
operators, one smears the fields along the light cone. Therefore the current operator in the
full theory, which is quadratic in the fields, will be replaced as follows

J = ¢*(x) = Jo(x) + Js(z) +-- -, (3.69)

where the operator Jo(z) has the form shown in Eq. (B.59), while

+o0o +oo +oo
J3(z) = / ds/ dty / dty C5(s,t1,ta, 1) Pe( + sN)de(x + tin)pe(x + tan)+(c <> €) .

(3.70)
According to the discussion in this section, one finds that
Co(s,t, i) = 0(s)d(t) + Og”) ,

Cs(s,t1,to, 1) = g0(—5)8(t)0(—t2) + O(g?). (3.71)

In fact

~ —+00 —+o0 o )
el = / ds/ dte*"Pe il 5(s)5(1) = 1,

+oo +oo +oo o ) )
0 = g s an [ dnesmretnhe g go(—t)an).

’ ’ ! g
_ d dt isn-p —itan-lo R —— 79
of s f dmerre P (0 5) 37

The dependence of the functions C;; on s, ¢ is equivalent to the dependence of the coefficients
C; on the large energy scale in momentum space; the correspondence between the two
notations is given by

0(s) < 1, 0(—s) < (3.73)

i
5
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3.3.3. Sudakov Form Factor in SCET

At this point, all of the pieces of the one-loop correction to the current operator of ¢*
theory in the limit A — 0 are available. By employing the Feynman rules derived from the
SCET Lagrangian one finds

p l ¢C ,,' ¢E ¢C ,,, ¢E
\; . e \ L \
¢C /,", gb(_/ gbc ,,' ¢(_
ca N @ N

It is perhaps useful to repeat that, in the relation above, the external squared momenta
p? and [? are small but not exactly equal to zero from the start as in the matching calcu-
lation. By employing the expressions of the Wilson coefficients provided in the previous
sections one can check that the four diagrams on the r.h.s. of Eq. (B.74]) are the hard-region
integral, the two collinear region integrals, and the soft-region integral which were found
using the strategy of regions. For example, let us consider the third diagram in the r.h.s.
of Eq. (B14); one finds that

4
g oy A 1 1
cyY ‘s / ~ / dk . (375
3 k41 g (k2 +40%) [(k + 1) +1407%] 2k; - p— +i0F (8.75)
—_———

—G

Similarly, one can prove that the fourth integral on the r.h.s. of Eq. (B74]) gives rise to
the integral in Eq. (8:38]), simply by observing that the momentum in the soft internal line
scales like k2 ~ A\* and therefore one must neglect k£ in the two collinear propagators.

For order-by-order calculations, the direct application of the strategy of regions is more
efficient. However, SCET allows to study all-order properties of scattering amplitudes,
such as factorization theorems. As an example we discuss a factorization theorem for the
Sudakov form factor in Appendix

3.4. Generalization to QCD

The method which allowed us to write down the SCET Lagrangian for the scalar ¢ theory
in the previous section is analogous to the method that one employs to construct an
effective theory for QCD. In particular, the same momentum regions appear, since only
the numerators of the diagrams differ between the ¢* theory case and the QCD case.
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However, in the QC]jzl case three complications arise:

i) different components of the quark field ¢(x) and of the gluon field A, (z) scale differ-
ently,

ii) the effective theory must simultaneously be gauge invariant and respect the power
counting,

iii) the non-local operators must involve Wilson lines to preserve gauge invariance.

To make things as simple as possible let us start by considering only one type of collinear
field, with a momentum which scales as

P (A41,0) Q. (3.76)
One then splits the gluon and quark fields into a collinear and a soft part
Alz) = Al(z) + Af(x),  Y(x) = Ye(@) +1s(2). (3.77)

We now consider the collinear part of the fermion field and we further split it into two
components as follows

ve(@) = &(2) +n(2), (3.78)
where
€:P+¢CE@¢07 n:P—ch%d}c- (379)

As a consequence of the definition of the operators Py and of the fact that n? = n? = 0
one finds that

nw&(xr) =0, and gin(x)=0. (3.80)
It is easy to check that P, are projection operators:
g gk 2n-n
P +P = —4+—== =1 3.81
+ =+ 4 4 4 ) ( )

and one can also immediately verify that P? = P and P? = P_.

3.4.1. Power Counting

As a first step, we want to determine the powers of A which characterize the scaling of the
components of the fermionic collinear field. This information can be obtained by looking
at appropriate two points correlators. We start from the £ componen

O {e@Em} 10) = oir {un )0 )2

'The derivation of the SCET Lagrangian for supersymmetric QCD is exactly the same as in QCD since
the soft and collinear modes of the two theories are the same. The difference arise at the level of the
matching with current operators. In that case, the hard modes introduced by supersymmetry will enter
the Wilson coefficients of those operators.

Observe that (jipe) = YIET#Iy0 = ¥citit, which follows after inserting (70)2 = 1 between the Dirac
matrices and using 70y T~0 = 4~
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_ d'p i gt 1,
_ / e e T CE )

(2m)* p? +40 A2

where we employed the identity

Wﬂl}éﬂ% @{n ijLn p%+ﬁL]ﬂ—¢:ﬁ-pg~>\o. (3.83)
Therefore () ~ A. The correlator for the n component is
O (n@n} 1) = POIT {un )0} 102 (3.51)

_ d4 Z fzpmﬁ”'/i 7/“% 442 _ .
_ /(2)]9“0 L )\)\)\ _ X (3.85)

the scaling of this component n(z) ~ A2. Finally for the soft field one finds

OIT (@50} 10 = [ G toem (g =X, (50)

so that 1), ~ \3.

The two-point correlator for the gluon field is
dp i
2m)4 p? + 0"

O (@030 = [k SR ol )

p?

A glance to the second term in the square bracket shows that the gluon field scales like its
momentum, therefore A¥(x) ~ p# and A¥(z) ~ p#, or equivalently

neAe~ A0 A~ N Al ~ A AR~ N (3.88)

The n - Ay and Ay components of the soft gluon field are power suppressed relative to
the corresponding components of the collinear gluon field. The n - Ay component of the
soft gluon field scales the same way as the corresponding component of the collinear gluon

field.

3.4.2. Effective Lagrangian

The collinear fermion Lagrangian has a special form since the n components are of higher
order in A than the & components and can therefore be integrated out. The covariant
derivative is as usual defined as

iD= 0, + gA, = 0, + g(AL + ALYt (3.89)
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where the matrices t* are the usual generators of SU(3), in the fundamental representation.
For the moment, we will keep both the soft and collinear componets of the gluon field even
though A, and A, are power suppressed relative to the collinear gluon field. We will come
back to this point when discussing the soft-collinear interactions. Bﬁ, using the relations

e = &p =0 and jin = fjp = 0, £P1€ = 0 and 7P n = 0 one obtains
‘CC = IEC iww07

= (E+7) gin-D+%in'D+iDL} E+n),

7
2
Since the action is quadratic, one can integrate out 7 exactly. An easy way to obtain the
Lagrangian that one arrives once the field 7 is integrated out makes use of the equations
of motion derived from the Lagrangian in Eq. (390). The equations of motion for & are
oL, oL, oL, 7

O6.E o~ oe ~ 2 PETiba=0, (391)

= {Zin- DE+ EiPin + nilD € + ﬁgiﬁ - Dn. (3.90)

or equivalently

gn DE=—Pin. (3.92)

Similarly for 7 one finds

D&= —gn . Dn. (3.93)
From the latter one obtains
P é=—-"ER-Dyp=—n-Dy. (3.94)

Solving for 1 one finds

ope wa - bt (3.99

n=-

where the arrow indicates that the covariant derivative is acting to the left. At this stage
one can insert Eqs. (8.95) in the collinear Lagrangian in order to eliminate 7:

_ _ 1 - 1
£ = &in- DE+ P gD he+ & D —=iD e
o
+ gzﬂ)Lzlﬁ \§'LnD2,”_lQlﬂ)l€7
@:ﬂ

3 Note that £, & = EP_ID) P& = D) P_ P& = 0, where we have used {y#, D, } = {#, D, } = 0.
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1
m - D
In deriving the equation above we repeatedly used the fact that {7, ), } = 0 and in the
last line we used the fact that

i

2

= &oin- DE+ &Iy Zﬂ)igf- (3.96)

PPE=DPPE = DiE. (3.97)

In the path integral, the integration over the fermionic fields n and 7 gives (see for
example [45], page 110)

/D[n]D[n] exp {i/d‘*mgm-pn} ~ det <%m-p> . (3.98)

We will now show that this overall determinant is irrelevant. Observe that the determinant
is gauge invariant. In fact, if we indicate with V' a SU(N) matrix, such that a quark field
transforms according to ¢» — V4 under gauge transformations, the determinant’s covariant
derivative will transform as D — VDV, Therefore

det (%mD) — det (%Viﬁ-DVT) = dit@det <%m.D> det (V1)

N——

det (%m : D) . (3.99)

In the light cone gauge, where n- A = 0, the determinant is trivially independent from the
gluon field; since the determinant was just proven to be gauge independent, it does not
depend on the gluon field in any gauge, and is therefore an irrelevant factor multiplying
the path integral.

While the collinear quark Lagrangian has a somewhat complicated structure, the collinear
gluon Lagrangian is simply a copy of the QCD Lagrangian in which the gluon field A* is
replaced by the collinear gluon field A#. The same is true for the kinetic terms of the
Lagrangian for the soft fields,

Lo = Gt — {(FDuFD™ (3.100)
where the covariant derivative and field strength tensor are defined as
iDE = Q0" 4 gAE =0i0" + g(AD)HtY,
ig(FOy™te = [iD!iDY) = ig (0P AL — P A" —ig[A%, AV}, (3.101)
= ig {0"(A)" = 0" (A" + g f (A" (AD) e

Therefore, the kinetic terms of the SCET QCD Lagrangian are given by Eqs. (3.90), (3:100)
and by a standard kinetic term for the collinear gluons. We now need to consider the terms
describing the interactions between soft and collinear fields.
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3.4.3. Soft Collinear Interactions

The general construction of the soft-collinear interaction terms is somewhat involved and
beyond the scope of this thesis, it can be found in [33]. For collider physics applications,
it is usually sufficient to consider soft-collinear interactions at leading power. To obtain
the interactions at leading order in A, let us remind ourselves of the scaling of the different

fields
(- Ao AnAe)  ~  (WL1N) |
(n-Agn-As, A1)~ ()\2,)\2,)\2) ,
£~ A, e~ A (3.102)
In the case of the ¢® theory the soft-collinear interactions were obtained by replacing
once the fields in the interaction term with a soft field

4 [as@ — -2 [@aowoe), (3,109

In the SCET Lagrangian for QCD, soft-collinear interactions involving soft quarks do not
appear at leading order, since 1, is power suppressed with respect to £&. Furthermore, only
the n - Ay component of the soft gluon field is not power suppressed with respect to the
corresponding component of the collinear gluon field, so only this component enters the
leading soft-collinear interactions. Therefore one can replace

AR(z) — (n - Au(z) +n- Ay(z)) " +ﬁ_Ac(x)”_“

“w
5 5+ AL (@). (3.104)

in the collinear Lagrangian. To summarize the SCET Lagrangian for QCD can be written
in a compact form as follows

ﬂ 3 - 1 3 1 5,02 1 c,a) 2
5 Zn-D+Zﬂ)CLiﬁ.DCZ el g_Z(FM;/) —Z(FM;/) . (3105)

The various covariant derivatives which appear in Eq. (8.J05]) are given by
1Dy = 10+ gAs =10 + gAIt"
1D, = 10+ gA, =10 + gAit",
in-D = in-0+gn-Ax)+gn-As(x_), (3.106)
where we suppressed the Lorentz index. The field strengths are
gkt = [iD;,iD;]

igFeoe = [iD,,iD,] (3.107)
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where the covariant derivative appearing in the commutator in the last line of Eq. (3.107)

18
I

n* n
D“:n~D7—i—n~Dc?+DcL. (3.108)
The Lagrangian in Eq. (3I05) includes only one collinear sector, but in many appli-
cations one needs two or more collinear sectors. As in the case of the scalar ¢* theory,
we will in the following consider two collinear momenta p ~ (A%, 1,\) and [ ~ (1,\? )).
The second collinear sector in the Lagrangian can be obtained by replacing n# <> n* (i. e.
x4 4> x_) in the first collinear sector.

3.4.4. Gauge Trasformations

In the same way in which we expanded the Lagrangian, it is necessary to expand the
gauge transformations, and one must make sure that the gauge transformations respect
the scaling of the fields. For example, we will see that transforming a soft field by means of
a gauge transformation with gauge parameter a(x) will turn the soft field into a collinear
field if a(z) has collinear scaling,.

We will consider two types of gauge transformations; the soft gauge transformation

Vi(x) = exp [ia(x)t?], (3.109)
and the collinear gauge transformation
Ve(z) = exp [iad(x)t?]. (3.110)

The functions a?(z) have soft scaling (i. e. da?(x) ~ A\2a?(x)), and a?(z) have collinear
scaling. We analyze the soft transformations first. Under a soft gauge transformation
the soft fields transform in the standard way

Us(z) = Vi(z)s(z),
Af(z) — Vs(ﬂf)Aé‘(x)VJ(fC)Jré‘é(x) 0", V()] - (3.111)

The collinear fields transform instead as follows

E@) — Vilr (),
Al(z) = V(e )AR@)Vi (). (3.112)

Cc

The gauge transformation matrices in Eq. (B.112) depend only on x_ since, when trans-
forming the collinear fields, one needs to expand the soft fields around z_ in order to avoid
inducing higher power corrections. In fact the expansion of the full soft gauge transforma-
tion follows the same pattern already encountered in Eq. (3.49)

Vi(w) = Vi(z_) + 2 - OVi(x_) +O(N?). (3.113)
~—_————

oM
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3. Soft-Collinear Effective Theory

A detailed discussion of the gauge transformation properties of the non-abelian gauge
Lagrangian is provided in [33].

The transformation of the collinear gluon field differs from the standard one because it is
missing the term V,[0", V] ~ A% . This term is a higher power correction for the A.; and
n - A, components of the collinear gluon field. The component n - A, ~ A\? only appears
implicitly in the term n- D (last line of Eq. (3.106)); this term n- D transforms as expected

neAc(@) +n-As(zn) = Vileo) [0 Ac(w) + 1 Ag(e)] Vi(a-)
+ éxg(x_)pz-a,vj(x_ﬂ , (3.114)
in-D — Vi(x_)in-DV]I(x_). (3.115)

Since the collinear gauge transformations involve a field with large energy, the soft
fields cannot transform under them:

Ys(x) = s(x), Ab(x) — Al(x). (3.116)
The collinear fields instead transform as follows

§(x) — Ve(w)€(x),

At(z) — Vi (2)A*(2)V.(z) + ;Vc(x) i0* + %ﬂn CAg(z), V)|, (3.117)

which implies

AL VALV [ V]
mAce»mmAJj+?@Mﬁﬂﬂ,

n-A:—>¥®rAJ§+§M{nJLu4JCy (3.118)

The last transformation law in the equation above ensures that
in-D — Vyin-DV]. (3.119)

It is easy to check that the Lagrangian in Eq. (8.J03]) is separately invariant under
soft and collinear gauge transformations. The various covariant derivatives all transform
according to

Dy = ViD, V!,
where i € {s, c}, and the fermions transform according to

Y= Vi,

with the replacement © — x_ in the appropriate places. A complete discussion of the
gauge transformations and of the construction of the higher power terms can be found

in [33].
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3. Soft-Collinear Effective Theory

3.4.5. Wilson Lines

While discussing the scalar ¢ theory, we encountered non-local operators (see Subsection
332 in particular Eq. (359)). In a gauge theory, a product of fields at different space time
points is gauge invariant only if the fields are connected by Wilson lines, defined as

[z + s, x] = Pexp {zg/ ds'n-Alx+s'n)| . (3.120)
0

The operator P indicates the path ordering of the color matrices, such that
P[A(z)A(z + sn)] = A(x + sn)A(z) , for s> 0. (3.121)

The conjugate Wilson line is defined with the opposite ordering prescription. Under gauge
transformations the Wilson lines transform as follows (see Appendix [A.3))

[z + sn, 2] — V(z + sn) [z + sn, 2] Vi(z), (3.122)

therefore products of the form

U(x + sn) [x + sn, z]Y(x),

are gauge invariant.
In SCET it is customary to work with Wilson lines which go to inﬁnityﬁ:

W(z) = [x,—oon] = Pexp {ig /_iodsﬁ Az + sﬁ)] : (3.123)

The Wilson line along a finite segment can be written as a product of two Wilson lines
extending to infinity:

[z +sn,2] = W (x+sn)Wi(z),

0 0
= Pexp [zg/ dtn-A(:E+sn+tn)]Pexp [—z’g/ dtn-A(x+tn)} :

—00 —00

4To see that W (z) corresponds to [z, —oon] let us start from the definition in Eq. (3I20); by setting
x = 2/ — s one obtains

[2',2' — sh] = Pexp [zg/ ds'n- Az’ — sh+ s’n)] :
0
One can then shift the integration variable according to " =t + s to obtain
0
[#',2" — sh] = Pexp [zg/ dtn - Az + tn)] :

Finally, one can send s — oo and rename 2’ — x to obtain Eq. (B.123)).
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3. Soft-Collinear Effective Theory

= Pexp {ig /dtﬁ Az + tﬁ)] . (3.124)
0
The Wilson lines extending to infinity transform as follows under gauge transformations
W(x) — V(x)W (2)VT(—oon). (3.125)

If one considers gauge functions vanishing at infinity, such that V' (—oon) = 1, the combi-
nations
X(@) = Wi(z)y(z),  and x(z) = P(@)W(z), (3.126)
are gauge invariant and can be used as building blocks to construct non-local operators.
In Appendix it is shown that the covariant derivative of the Wilson lines along the
integration path in the exponent of the line vanishes; in our case in particular this implies
that
n-DW(zx)=0. (3.127)
Since there are two kinds of gauge fields in the SCET Lagrangian, collinear gauge fields
and soft ones, it is possible to use two different types of Wilson lines,

0
W.(z) = Pexp {zg/ dsn - A.(x + sn)] ( collinear)

and
Su(z) = Pexp [ig /_ iodsn-As(:c—i—sn)} ( soft) . (3.128)

As we will see in the following, the collinear Wilson lines are useful to construct operators,
while the soft Wilson lines are useful because of the structure of the soft interaction.

3.4.6. Decoupling Transformation

As seen In Subsection B.4.3] the interaction between collinear quarks and soft gluons in
the SCET Lagrangian takes the form

Lops = é%m - D¢, (3.129)

where the specific form of the covariant derivative in this case is given in Eq. (3.106). We
now redefine the fields £ and A*(z) employing the soft Wilson line defined in Eq. (B128))

E(x) = Su(e-)Ex),
AMz) = Sp(x )AL (2)ST(2). (3.130)
As a consequence of this one finds that

in-DE(x) — in- D'S,(x_)0(2),
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3. Soft-Collinear Effective Theory
—  (in- 0+ gnuSu(z ) AVH(@)Sh () + gn - Au(z_)) Su(z )60 (2)
= (m c0_Sp(x_) + Sp(x_)in - 0+ Sp(x_) gn - Ago)“(a:)

+gn - A,(-)Sh(2-) )€V (@),

- km D, Su(w)) +Su(w_Yin - 9+ Sy(x_)gn - A (@) [0 (x)

= Su(z_) (in- 0+ gn- AD"(2)) £O(x) = S,(z_)in - DV (z) ,(3.131)

where we made use of the fact that the covariant derivative along the Wilson line is zero,
and of the fact that

0 0z° 0 nNa_ 5 0
(67 — @ — — « B = .
Ly Sp(z_) =n 2% 527 Sp(z_) = 5 " 527 Sp(x_)=n-0_Sy(z-).  (3.132)
(Remember that 2z = @ - xn*/2.) In conclusion, under the field transformations in

Eq. (BI30), the Lagrangian in Eq. (B129) changes as follows
Leoys — g“@m - DWeO () (3.133)

the soft gluon field no longer appears in the collinear Lagrangian (the subscript and su-
perscript in the covariant derivative indicate that it depends on Aﬁo) only). This kind
of transformation is called a decoupling transformation, since it decouples the soft gluons
from the leading power collinear Lagrangian. However, it is important to stress that at
subleading powers soft-collinear interactions are still present in the Lagrangian.

The decoupling transformation plays an important role in the proofs of factorization
theorems, but does not imply that everything factorizes at leading power. For example,
to analyze the Sudakov problem, one needs to match the vector current operator onto an
effective theory operator; while the soft fields decouple from the Lagrangian, they are still
present in the current operator. To deal with the Sudakov problem we need to introduce
two collinear directions, as we did when considering the analogous problem in the ¢* theory.

For example, the QED current operator

JH (@) = Y(@)y'd(z), (3.134)

corresponds to the SCET non-local operator

JH () — /ds / dtCy (s, t)Xe (x + sn)y| xz(z + tn), (3.135)
where the fields y. and y; are defined according to Eq. (3.120):

Xc:Wchca ¢X6207
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3. Soft-Collinear Effective Theory

Figure 3.5.: Diagrammatic representation of the Sudakov form factor in QCD; the dia-

grams illustrate the separation of the various scales present in the problem.
The soft scale is A2 = L?P?/Q?.

Xe = Wi, fixe=0. (3.136)
Since L .
n n
’7“ = 7/‘3 + ﬂ? + ’ij , (3.137)

the only component surviving in Eq. (8135]) is 7//. When applying the decoupling trans-
formations

Xel@) = S (e )x” (@),

Xe(@) = Sp(z (), (3.138)

the source term becomes
ﬂ@Z/“/ﬁ&@wﬁwxmmﬂuq&@nﬁw%+m» (3.139)

Therefore the soft interactions do not cancel, and the Sudakov form factor receives low
energy contributions which describe a long range interaction between the fast moving
incoming and outgoing quarks. The situation is summarized in diagrammatic form in
Fig. B.5] where the double lines represent the Wilson lines S.

Do the soft corrections factorize? It depends on the precise meaning that one attributes
to the word factorization. Unfortunately, there are two different definitions of the word
factorization which are employed in this context:

i) factorization = scale separation. In the source term in Eq. (3139) the pieces associ-
ated to different scales are separated, so according to this definition the form factor
is factorized,

ii) factorization = no low energy interactions. The two collinear sectors in Eq. (8.139)
interact through soft interactions. So the form factor is not factorized in this sense.
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3. Soft-Collinear Effective Theory

3.4.7. Gauge Invariant Building Blocks
In Eq. (B126]) of Subsection B.43] we introduced the notation

(&) = W) = W) D). (3.140)

It is convenient to work with the field y(z) instead of the 1 (x) because x(z) is invariant
under collinear gauge transformations and this makes it easy to construct gauge invariant
operators. Similarly, one introduces gauge invariant building blocks for the collinear gluon
fields. We start by defining the block A as follows:

Al = Wi(z) (z’DC“W(:c)) (3.141)

From the definition above, it is possible to see that n - A = 0, since n-DW = 0, as shown
in Appendix [A.3]. The component n - A will instead have the expression

n-A=wha) (m : DCW(J:)> . (3.142)
Finally, the perpendicular component of the block A is
A" =W (z) (z’Dc‘iW(:c)) . (3.143)

The notation above indicates that the covariant derivative acts only on the Wilson line. In
the literature the fields A, are sometimes also defined as

A" = Wi (z) [mcﬁ, W(:c)} . (3.144)

The two definitions are equivalent, as it can be seen by multiplying the commutator by a
test function f:

D W(@)| f(@) = D (W (@) f(@)) = W) (D"f(2)) = (DW () f(a).  (3.145)

For leading-power operators, it suffices to consider the perpendicular components of the
field A. In fact, n-A = 0 and n - A is power suppressed, since it involves the smallest
component of the momentum and gluon field.

The gauge invariance of the fields y and A follows immediately from the behavior of the
fields &, the Wilson lines W, and the covariant derivatives under collinear gauge transfor-
mations.

It is possible to rewrite the collinear Lagrangian L. as a function of gauge invariant
fields [34]. To do this, one needs to make use of the relation

WhiDEw = wi (z’DgW) +WIWior = A" + 0" = iD,,, (3.146)
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Moreover, the relation

Wthia - DW = W' (m : DCW) ViR d=ifi- 0 (3.147)
=0
leads to the identity
1 _ -1 1
g T (im . 1 T — Ti5 . T — T
D WW'(in-D.)” WWT =W (Whin DCW) w Wm.aW . (3.148)

By inserting repeatedly WTW = 1 between the fields, the collinear Lagrangian in Eq. (3.96)
can then be rewritten as

1
i - 0

DO NS

L.=x=(in-D)x + xiD. Z@igX- (3.149)

In order to rewrite the collinear gluon Lagrangian in terms of the A fields we observe that

1 1
WIF,W = WIFL W = —W'[iD,,,iD., ] W = = (0,A, — 9, A, — i [A,, A)]) (3.150)
ig g

Therefore, by defining
Fu =0, A, —0,A, —i[A,, A, (3.151)

one finds that the kinetic term for the collinear gluons can be written as

1 a a,uv 1 v 1 174 1 v

- G FL = =5 [F,, FM] = —5Tr (WE,, F*W] = —2—g2Tr [FuF™] . (3.152)
The leading soft-collinear interaction terms can be obtained by the replacement in

Eq. (BI04). At the level of invariant building blocks, this corresponds to the replace-

ment

A () = AP(z) + %MWT(x)gn Az )W (). (3.153)

3.5. Resummation by RG Evolution

In this section we will discuss the renormalization and the RG evolution of the Sudakov
form factor in the effective theory. The relevant factorization theorem (in the sense of scale
separation) was obtained in Subsection B.4.6l This simple example illustrates the salient
features which one also encounters in the analysis of physical processes; the RG equations
are regulated by anomalous dimensions involving a logarithmic and a non-logarithmic part,
and they can be solved by means of the same methods which are also employed in more
complicated situations.

In the following, the Fourier transform of the matching coefficient of the current operator
C(s,t) in Bq. 3I39) will be indicated by Ct(Q?). The value of this Wilson coefficient

is determined in a way analogous to that discussed in the ¢3-theory case, by matching it
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p [
_ C’Vg)are

Figure 3.6.: Matching condition which allows to obtain Cb“e (@Q?). In the calculation of the
form factor one should set from the start p? = I = 0.

to the calculation of the on-shell form factor, as shown diagrammatically in Fig. B.6l The
matching procedure leads to the following result

bare 2 2\ ¢
Gy (@) = 1+ %y (_3 3 gy =40 )) (Q_Q) +0(a?).  (3.154)

e? ¢ 1

(The form factor is known to three-loop [46,47].)
We can now define a renormalized Wilson coefficient by absorbing the divergences in a
Z factor as follows

CV(QQ’M) — }jli;lg] Z_ (Q ,UJ) Cbare(QQ’M) ’ (3155>
wherd] ab = Z,u*ay(pu) and
2 3
2@ =14 2We, (Z2 —1Q——— . 1
(Q% p) =1+ ——Cr 62 i (3.156)
Consequently, the renormalized Wilson coefficient Cy at order a is
. 2 2
Cv(Q* p) =1+ &Z(“)C ( In® Q - +3n C’i— + 5 —8) +0(?). (3.157)
T

It is easy to verify explicitly that the expression in Eq. (8.I57) satisfies the following
differential equation:

2

d Cv (@ p) = [Cp%usp(oés) In % + vv(as)] Cv(Q% 1), (3.158)

dlnp

where the functions ..., and ¥ are, up to order a,

and 7 (a,) = —GCF# . (3.159)
m

5Z4 is the coupling constant renormalization factor; since its expansion is Z, = 1 + O(ay), it does not
affect the functional form of Eq. (B.150).
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(We remind the reader that das/dInp o< o?.) Eq. BI58) is the RG equation satisfied
by the Wilson coefficient C’V and the function 7, is the Cusp Anomalous Dimension.
Currently the on-shell form factor is known up to three loops, therefore it is possible
to extract the anomalous dimensions 7., and 7" up to order a?. The RG equation in
Eq. (BI58) contains an explicit logarithmic dependence on the scale u, this feature is a
characteristic of problems involving Sudakov double logarithms.

The solution of the RG equation in Eq. (8.I58) sums the logarithmic terms to all orders

in ay, in fact one obtains the solution:

5 (0 1) — " Q@ v A e
Cv(Q%, p) = exp CrYeusp(@ts) In R (as)| dInp’ ¢ Cv(Q7, un),  (3.160)
o

h

where the logarithm appears in the exponential. It is convenient to write the solution as
the product of the Wilson coefficient calculated at a high scale p;, and an evolution matrix
U which “runs down” the scale from pp, to w:

Cv(@Q* 1) = U (s 1) C(Q%, pan) - (3.161)

In Eq. (BI60) we can rewrite the integration over the scale as an integration over the
coupling by changing the integration variable from ' to a4(i') using

das (1)

T =Bl (3.162)

One can also rewrite the logarithm in the exponent (BI60) by employing the relation
as(v) d
In— :/ ae (3.163)
W Jagn Bla)

Finally the evolution matrix can be written in the form

2\ —Cr A”/Cusp (Mh 7“)
U (pn, 1) = exp [2CpS (pn, p1) — Ay (pn, 1)) (?) : (3.164)
h
where the quantities S and A, are defined as
s (1) @ ’
Veusp () da
S(y”u) = —/ d&*/ ,
as(v) B(O[) as (V) ﬁ(al)
A (v, ) /QS(M NG (3.165)
(vop) = — Q@ ; .
! as(v) B(O[)

with ¢ € {V,asp}. It is straightforward to check that Eq. (BI161) with Eq. (8164) indeed
solves the RG equation Eq. (BI58]) by observing that

as(p) do’

SWitt) = o (0a(12)) /

dnp s (v) Bla’)’
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Since da /B = dIn p, one can conclude from Eqgs. (BI65]) that the functions A; are respon-
sible for the resummation of the single logarithms and the function S for the resummation
of the double logarithms. Explicit expressions for of these functions can be obtained by
inserting the perturbative expansion of the beta and ~ functions into Eqs. (8.165). By pa-
rameterizing the expansions of the beta function and anomalous dimensions ~; as follows

Blag = 2o (22) 40 () + 0tad)]
o) = o () o (22 ot

Vo) = A ()1 (22) + 0, (3.167)

and by inserting these expansions into the integrands of Egs. (8.163]), one obtains

Apa) = w0,
A ) = =2 00,
s = (2w (oo
+%1an + O(ay), (3.168)

where r = a,(p)/as(v). Note that S (v, u) contains a term proportional to 1/as. By ex-
panding S (v, 1) in terms of a single coupling a(i), one would find that this expansion
produces terms of the form o”(u) In**(1/v). Thus S (v, ;1) encodes the leading logarith-
mic terms. The way we organize the computation, which consists of eliminating large
logarithms in favor of coupling constants at different scales and then expanding in these
couplings, is called Renormalization Group Improved Perturbation Theory. The large log-
arithms count as 1/ay, as can be seen from Eq. (3I63) remembering that 3(ay) ~ a?.

We note that the fixed-order expression for the Wilson coefficient Cy (Eq. BI51)),
becomes meaningless when g > @) or 4 < (), since in these cases the logarithms are
large and the product a,In(Q?/u?) ~ 1 cannot be used as a good expansion parameter.
In contrast, if uy is taken to be approximately equal to the scale (), the expression in
Eq. (BI61) is valid for any value of p for which «y is perturbative.
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4. Factorization and Resummation in
SCET: Drell-Yan process

4.1. Introduction

In this chapter we review the methods, based on the effective field theory, which allows one
to resum contributions coming from soft-gluon emissions. As an application we analyze the
Drell-Yan cross section, namely the production of a lepton pair of momentum ¢, together
with an arbitrary hadronic final state X at a hadron collider. By denoting the two colliding
hadrons by N; and N,, it follows that the reaction of interest:

N (Py) 4+ No(Py) = 7"/ Z* + X (px) = £ (ps) + 7 (ps) + X (px) , (4.1)

is mediated by a virtual photon or a Z boson. This process is a prototype for a larger
class of processes that share a colorless boson as intermediate state mediator, i. e. 7, Z,
W, H. These are called Drell-Yan like processes. Since the relative final state factorizes in
the cross section, it will not be crucial for the following discussion. For simplicity we focus
on the case of an intermediate photon propagator and a leptonic final state.

We consider a situation where we are close to the reaction threshold, and the energy
of the radiation X is much smaller than the momentum transfer which is equal to the
invariant mass M? = ¢? of the lepton pair, where ¢ = ps + ps. Even if the energy E of the
radiation is large enough so that it can be computed perturbatively (£ > Aqcp), we end
up with large logarithms of the energy of the soft radiation X over the invariant mass M.
We will first prove the factorization theorem which separates the physics associated with
the hard scale M from the soft physics, and then we will use the RG evolution to resum
the associated large logarithms. This was first achieved in [IL2] while the SCET analysis
discussed below was performed in [5]. The relevant expansion parameter in the effective
theory is A = E//M. Tts soft fields are scaling as (A%, A%, \?) and describe the radiation into
the final state together with collinear modes in the directions of the incoming hadrons.

In the center-of-mass frame, the cross section reads:

do 1 d’py Pps (

dig 95 | GreE, @nnE, 4P

X i (50 XNy No) [P 2m) DD (Py + Py — px —q) . (4.2)
X
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4. Factorization and Resummation in SCET: Drell-Yan process

Since we are working at leading power in the electromagnetic interaction, the leptonic part
thus factorizes from the hadronic part of the amplitude, which is given by:

[\

e

(007 XNt N,y = = a(ps)yuv(pa) (X |J,.(0)| Ny Ny | (4.3)

£

where JH =" . eqq V" 1, is the electromagnetic-quark current. We now define the lepton
tensor

d’py d®ps (4) _ _
Ly, = / (2n)2E, (27r)32E35 (g —p3 — pa) Zu(pg)”yyv(p4)v(p4)”yuu(p3)

S

d3p4 d3p3
N / (27T>32E4 <2W)32E3 5(4)<q — P p4)Tr [}637H ]64/71/]

1 1
(2m)* 67

(qu% — G qz) : (4.4)

The tensor structure is fixed by current conservation, which implies that the tensor is
transverse g, L., = q,L,, = 0. The cross section is then given by the product of the lepton
tensor and a hadron tensor

do 1 € dra? 1
— L 1/[[ v - - v m . 45
d4q 28((]2)2 R 38(]2 (271')4( Iy )” ( )

Here we have also used that the hadron tensor is transverse. It is given by

W, = j (NLN2|JH(0)|X) (X ], (0)| Ny Na) (2m) 6™ (P + Py — px — q)

_ / dh e~ (Ny No| T (2).1,(0)| Ny Na) | (4.6)
where to show that the two forms are equivalent, one can insert a complete set of states

between the two currents on the second line and then translate the current to zero using
the momentum operator J,(x) = eipmt]H(O)efiPm.

4.2. Derivation of the Factorization Formula in SCET

We are now ready to derive the factorization theorem for the hadronic tensor. Above, we
have analyzed the electromagnetic current operator of a quark in the effective theory. The
result was given in (BI39) and reads

JH(x) = /dr /dt Cv(r,t) Xp, (z +1n) S () S, () 7 xp, (x + t7) . (4.7)
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4. Factorization and Resummation in SCET: Drell-Yan process

This current describes an energetic quark in the direction of Ny and an anti-quark in the
direction of Ny. There is also a second contribution, in which the directions of the quark
and anti-quark are interchanged. The above result for the current operator was obtained
after the decoupling transformation. The collinear and soft fields do not interact, but for
simplicity we drop the label on the fields and we write xp, instead of XEDOQ).

The result for the current can now be inserted into the expression (4.6]) for the hadronic
tensor. Since the different fields do not interact, the hadronic tensor factorizes into a soft
matrix element times collinear matrix elements. To obtain a simple form of the result, we
first rearrange the collinear fields using the Fierz identity. The identity rearranges spinors
as follows

?_L1F1UQ ﬂgFQU4 = Z CAB ﬂerU4 ﬂgFBUQ (48)
Under Fierz transformation, the combination I'y ® I'y = 7, ® 7, is mapped into
1 1 w1 1
Vo ® Y —>—§%®7 —5%75@97 Y5+ 1IRL -7 7. (4.9)

The vector currents in SCET involve the matrix 7/ instead of v#. The two are related by
n* nt
= 4 7/{7 + 7%7 _ (4.10)

However, since ftxp, = 1txp, = 0 the additional terms do not contribute and we can use
the Fierz relation (£9) for the full vector current. Using the same properties of the SCET
spinors, we can then simplify the terms which appear on the right-hand side, which involve
collinear spinors in the same direction,

. _ i _ _
Xp Y xp = 1 Xp XA XpXp = X Xp =0 (4.11)

and analogously for the the spinor products involving 5. In the second relation, we have
pulled out the projection operator out of the collinear fermion field and then annihilated
the anti-fermion with it. The final result for the Fierz identity for the two vector currents
in SCET then takes the simple form

XPYLuXPy XPY X P, = >_CP1%XP1 XPQ%XPQ + XPlg%XPl XPQ%%XPQ - (4.12)

Note that this relation involves an extra minus sign compared to (4.9), which arises from

anticommuting the fermion fields. The matrix element of the collinear fields will be the

PDEF. Because of parity invariance of the strong interaction, the terms involving 5 have
vanishing matrix elements and will be dropped in the following.

Because the collinear and soft sectors do no longer interact, each matrix element must

be a color singlet. When taking a collinear matrix element, we can thus average over color

1

XPi g XPLB = 37 0ap X P15 g XPi6 (4.13)
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where «, 3,0 are the color indices of the fields. After this averaging, the color indices of
the soft Wilson lines are all contracted among themselves and the soft part of the matrix
element takes the form

Woy(z) = NiTr 0T (S} () Sq (z)) T (S,TL (0) S, (0)) 0) . (4.14)
C

We have absorbed one of the factors of N ! into the definition of the matrix element so
that Wpy(z) = 1 + O(ay). We need to use anti-time ordering on the Wilson lines which
arise from JlE (). The reason is that we are computing an amplitude squared, see the first
line of (Z.4]), so the propagators of the complex conjugate amplitude have the opposite 10"
prescription. The soft matrix element is a vacuum matrix element since the initial state
protons are composed of collinear fields and do not contain any soft partons. Soft partons
cannot be part of the proton since the soft scale E > Aqcp, but P2 ~ Pj ~ AéCD.

Next we turn to the collinear matrix elements. As a first simplification we perform the
multi-pole expansion. The matrix element contains both collinear and anti-collinear fields.
The position variable x* thus scales conjugate to the sum of the collinear momenta, as
(1,1,A71). At leading power, we can thus set z_ and x| to zero in the collinear fields (and
x4 and z, in the anti-collinear matrix elements). After this, these matrix elements only
depend on the position space variable conjugate to the large momentum and have the form

1
(Ni(Py)|xp, (w4 +t'R) %Xpl(m) (Ni(Pr)) =7 Py / dzy fon, (21, ) o etin=imy b

2 i

(4.15)
The variables t and ¢’ appear in the convolutions with the Wilson coefficients in the currents.
The non-perturbative quantities f,/n, (§) are the usual PDFs [48]. The variable x; is the
fraction of the proton momentum carried by the quark field. Negative values correspond
to the anti-quark distributions: f;/n, (1) = —fg/n, (—21). The reason that these matrix
elements are exactly the same as the PDFs defined in QCD is that in the absence of
soft interactions the collinear Lagrangian is completely equivalent to the standard QCD
Lagrangian and the SCET collinear quark field is related to the standard quark field ¢ (x)
simply by xp, () = WT(:c)’i—ﬂw(x). In terms of the QCD field the SCET matrix element

(A10) reads
(N1(Py)[o (t'7) g ("7, 0]p(0) [N1(Fr)) (4.16)

where we set z, = 0 and t” = ' — t. In Eq. ([&I8) we combined W (#'n)WT(0) = [t"#, 0]
into a finite length Wilson line connecting the two quark fields.

We are now ready to combine all the ingredients to get the following form of the hadronic
tensor

1 1 B R '
(=g W) = ﬁ/ dwl/ day s|Cy (=5, p)|? /d4$WDY(x,M) el PioteaPey =g
c JO 0

X [fq/Nl (1‘1, M)ij/NQ ("L‘Qnu) + (q A CI)] ) (417)
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4. Factorization and Resummation in SCET: Drell-Yan process

where s = n- Pin- P, and § = x12,s are the hadronic and partonic squared center of
mass energy, respectively. This expression now contains the Fourier transform of the hard
matching coefficient

Cy(—3,p) = /dr /dt Cy(r,t, p)e i wrinbrgmizarnbs (4.18)

where the exponentials arise from the matrix element (L.I3]). We can thus further simplify
(@) by replacing Cy (=5, ) = Cy(—¢?, u) since we are close to the production threshold.
For the cross section, we thus obtain

d*q 4ma’

1 1
do = WWW\/(—QQM)F/O dfm/o dxy Zq:ei [fq/Nl(xlaM)fq/Nz(@aM) + (g« CY)]

/ d*z WDy<SL’) eiv@Pi—teaP2i=a) (4 10)

Let us now be a bit more specific and compute the cross section differential in the boson
mass M? = ¢%. To compute it, we rewrite

d3q
d* :/dMQ/—. 4.20
/ 1 2qo ( )

The electroweak boson near threshold is produced with small transverse momentum, since
the transverse momentum has to be balanced by the soft radiation. We thus have ¢ =
V5 + O(N?) and |q] ~ A%, Since the denominator in Eq. ([@20) does not depend on ¢ to
leading power, we can then perform the ¢ integration. This yields §* (%), so that we need
the soft function only for # = 0. In addition, the following relation holds

V3

(t1 Pi_ 42 Py —q)9 = 7(1 —2)+ O\ (4.21)

where we defined

M2
T

One finds that 1 — z ~ O(\?). In order to prove Eq. (£21]) we start by observing that the

Lh.s. coincides with the energy of the additional final state partonic radiation, péo). One

can then take the square of the partonic momentum conservation to obtain

P (4.22)

§=M*42q-p,, (4.23)

where the fact that in our approximation p? ~ 0 was used. In the partonic center of mass

frame, where x1l + xop = 0, one has that ¢ = —p, so that |¢] = |p.| = pio).

Eq. (E23) can be rewritten as
5 2 (0) 0 (0))?
§=M?+2p\V4/ M2 + (px ) + (2p0)" . (4.24)
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4. Factorization and Resummation in SCET: Drell-Yan process

By solving the equation above with respect to pi‘” one finds

M(1 - 2)
O — 2= 2 4.25
which coincides with Eq. ({21]) once the relation between s, M, and z is applied.
Our final result for the cross section then reads

do Ao
dM?2 3M2N ‘CV 7,“ / d$1/ dl’z Z fq/N1 T fq/N2<:L’2) (q > q)]

x %WDY (\/E(l - z),g) (4.26)

where the Fourier transformed soft function is defined as

dl‘o A i .0
Woy(w,p) = [ — Wov(z, p) e w2 (4.27)
The result now shows that the perturbative expansion involves different scales. For the
hard function, the natural scale choice for the renormalization scale would is p ~ M, while
the scale of the soft emissions is lower.

4.3. RG Equation for the Soft Function

In this section we derive the RG equation satisfied by the soft function Wpy. For this
purpose we consider the production threshold limit where the full RG invariance of the
resummed cross section is ensured. We thus restrict ourselves to the collider threshold
region ry ~ x5 ~ 1 where we have

Vs~Vi~ M. (4.28)

In this limit, the small energy of the hadronic final state is given by Ex ~ /s — M which
is the relevant hadronic quantity near the threshold, and thus we rewrite Eq. ({20) as
followsl:

do
B - —2 H(s, ) Z /d:cl/ d:cg/ dw5 w— (1—z))

i,j=14,q}
X fisny (@1, 1) fiyng (@2, 1) Woy (w, 1) (4.29)

where we use y to indicate the factorization and renormalization scales and we have intro-
duced an integration over the energy of the soft radiation.

'The relation between Eq. (20) and Eq. 29) can be expressed as 2% ~ — 2\1/5 d‘é"x.
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4. Factorization and Resummation in SCET: Drell-Yan process

In order to simplify the notation, in this section we consider the contribution of a single
quark flavor ¢. By comparing with Eq. (£.20), one can see that

H (M2 1) = |G (- 02, ) 2e? 4.30
( ,M)ZBTQNJ V(=M= p)|7e; - (4.30)
For our discussion it will be convenient to Laplace transform the cross section and its
various ingredients. We now first consider the renormalization of the PDFs in the limit
x — 1 and then we will analyze the cross section itself.

For x — 1, the PDF's satisfy the simplified Altarelli-Parisi equation

dfn(y, o
%?LM) :/y %P(fﬂ)fq/N(y/%u), (4.31)

where the splitting function P(z) is given by

mwzmemaE]+mM%ww, (4.32)

The splitting function P(x) contains the part of the full Altarelli-Parisi kernel P, ,(x)
which becomes singular in the threshold limit ¥ = 1 — x — 0. The remainder is non-
singular and can be neglected in the threshold limit. The anomalous dimension at first
order in the strong coupling constant is v/« = 3Cpa,/(47). (The expansion of 4/« to order
a? can be found in Appendix [A5])

At this stage it is convenient to introduce the Laplace transform of the PDFs

- 1 1—
fQ/N(Ta p) = /O dz exp (_ 7-@’7:) fQ/N(va)a

_ /OOO di exp <_TZE> Funl@ ). (4.33)

Since the quark PDF does not have support for x < 0, the integrand in the last line of
the equation above vanishes for > 1. In Appendix [A.4] we prove that, in terms of the
Laplace transformed PDF, the RG equation for the PDFs becomes

de/N (7_7 :u)

i = 2[Orren(on) InT +9% (@] fon(m ). (4.34)

At this point we want to take the Laplace transform of the differential cross section,
Eq. (£29). For this purpose we observe that the energy of the partonic radiation in the

final state, p&o), can be written as

=g = B M —w) + (-] Y (4.35)
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4. Factorization and Resummation in SCET: Drell-Yan process

where Fx is the energy of the complete hadronic final state, while the term within square
brackets represents the energy of the proton remnant. For the Laplace transform with
respect to Ex we thus obtain

do
dEx’

X
! ! o 1 e s 451y
= _H(Saﬂ)/o dll?l/o da?g/o dwe e 55 0+ F ()] %

qu ('rlv M) f(Y <x27 ,LL) WDY<W7 ,LL) 5

0

— —H(s,p)f, <2—\/§u) fa (%u) Spv (26, 1) , (4.36)

where we introduced the Laplace transform of the soft function defined as
Spy (K, 1) = / dw e /Wy (w, ) - (4.37)
0

We point out that Eq. ([A36]), the Laplace transform of the cross section, is simply given
by the product of the hard, soft, and collinear functions, where the latter coincide in this
case with the PDFs.

In order to derive the RG equation satisfied by the soft function, one observes that the
differential cross section must be independent of the scale i, so that one finds

dlif’(“) [Py + 2T, + T4 (k) = 0. (4.38)

where the I'’s indicate schematically the anomalous dimensions of the hard function, the
PDFs, and the soft function, respectively. The hard function is given by the absolute value
squared of Cy. Its RG equation was discussed in detail in Section B.5 For the Drell-Yan
process, the function Cy(Q?, p?) is evaluated at Q? = —M? —i0" so that

M2
FH = FCV -+ FEV = QRG[FCV] =2 |:CF’)/CHSP<043) In F + ’YV(OZS):| . (439)

Using the explicit form of the anomalous dimension of the PDF Egs. (£34) and solving
Eq. (£38)) with respect to I'; one then finds

T 4C () n [ 22 — ayfa(ay) — 2C o (@)1 M 29V (ay)
= — ag)In | — ) — ag) — ag)In | — | — o
S F’YCusp S \/g 'Y S F’Y(:usp S ,LL2 ’7 S 9
2
>~ —4C Yo (as) In <§) — 2 (297 () + 7" () - (4.40)
=W
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4. Factorization and Resummation in SCET: Drell-Yan process

In the second line, we used that M ~ /s in the threshold region to show that the depen-
dence on the hard scale cancels out.
The evolution equation satisfied by the Laplace transform of the soft function itself is
thus
d'spy (K, 1)

TV —4CFYeusp (@0s) In <g) —~ 27W(0z5)] Spy (. 1) (4.41)

The differential equation above can be solved in the same way as the RG equation for the
Wilson coefficient of the Sudakov form factor discussed in Section One finds that the
solution has the following expression:

N _ 2\ 7

Spv (K, 1) = exp [—4CrS (s, 1) + 245w (115, 1) ] 3oy (K, f15) <ﬁ) : (4.42)

where the functions S, and A, are defined in Eqs. (3.I63), A w is defined similarly to
the last of Eqgs. (3I63) and n = 2CrA,_, (11s, 1)

To compute the resummed cross section in momentum space, we need to perform the

inverse Laplace transform. To do so, we observe that the k-dependence of the solution is

very simple. To any order in perturbation theory, the function Spy(k, ps) is a polynomial

in the logarithm
2

KR
L=, (4.43)

which is multiplied by a factor (x?/u2)7 in the solution of the evolution equation. In fact,
powers of logarithms can be simply obtained as derivatives with respect to n

2\ " 2\ 7
" <%) — gim (%) . (4.44)

Because of this relation it is convenient to write the Laplace transformed function as
a function of the logarithm L and one can then replace spy (L, jts) — Spy (0, its) in
Eq. (#42)). Therefore the computation of the inverse Laplace transform comes down to
computing the inverse of x*’. By dimensional analysis, the inverse must be given by
a function of 7 times w?’"!. To determine the prefactor, let us compute the Laplace
transform of w?7~!:

/ dw e~/ (FeTE) y2=1 — T (2n) 2178 k21 (4.45)
0

From this result and our discussion above, we conclude that if one uses L as the first
argument in Spy the inverse transform can be written as [5]

B e 2EN 1 [\
W (1) = exp [0S e 10+ 20 o) oy O S = () (440

This expression for Wpy(w, i) is well defined for n > 0, which is fulfilled for pus > p.

However, in fixed-order computations the scale p in the PDF's is typically chosen of order
the hard scale, ;1 > pg, and since the PDF fits were performed with this scale choice, we
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J - J
L
2

i — i

Figure 4.1.: One-loop Feynman diagram contributing to the soft function. The vertical line
(the “cut”) indicates that the gluon crossing is on-shell.

adopt the same choice in the effective theory. To be able to do so, we need the solution for
negative 1 which is obtained by analytic continuation. For instance, to obtain the result
for —1/2 < n < 0, it is necessary to employ the identity

/deM :/def<w>_f<0> + 100 (4.47)

w17217 w17217 2?7

where f(w) is a smooth test function. For the cases where 1 < —% additional subtractions
are needed.

4.4. Soft Matrix Element

We want now to calculate the soft function Wpy at order as. The calculation outlined below
is carried out in the momentum space, however, the soft function can also be calculated
in position space, see Appendix [A.T.4l The function Wpy at two loop order can be found
in [49]. In this section, we obtain the expression of the bare soft function; the poles in
must then be renormalized in the modified minimal subtraction scheme.

The calculation of the contribution to the soft function shown in the diagram in Fig. [4.1]
where a soft gluon is exchanged between the quark Wilson lines, plus the corresponding
contributions in which the gluon connects the other two linedd, requires to evaluate the
following integral

2The latter diagram gives the same contribution of the one shown in Fig EEIl However, due to our
definition of the Fourier transform Eq. [27)) an extra factor 1/2 multiplies the term of order g2 in
Eq. (£48) and cancels against the factor of 2 arising from the sum of the two diagrams.
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(2m)d \"n; -

Woy () = 60)+ut? A <g s kT@)x (—guysz)e(ko)) <
ik )

J/

Wilson Line ¢y Gluon‘i)ropagator

n w
w (—gliTa 5(——/<;), 4.48
where k is the momentum of the gluon crossing the cut in the diagram. In the Drell-Yan
case, one has that the two collinear directions can be chosen back-to-back, so that

n.

P=nt, and  nf =n". (4.49)

The integration measure can now be rewritten as follows

/ dk 0 (ko) = / dk, / dk_ / dk4=2 (4.50)

where here ky = ko +k, =n-kand k. = ky — k, = n - k. Consequently, the integral in

Eq. (£48) becomes
4—d 2
Woy (w.p1) = 8(w)+ P 9:CF / dk:+/ di_ /dW

(2m)d-1 Lok ke
%8 (kik_ + k26 <§ R ; k‘) , (4.51)
and, after the evaluating the angular integrals one finds
Woy (w.p) = 6(w) + QCFQd 2/ dm/ i / by kd :
xa(k+.k_—k§)5<§— k*;k) , (4.52)

where the magnitude of the transverse spatial momentum is indicated by

kr =/ —k2 (4.53)

and the d-dimensional solid angle is Qg = 2742 /I'(d/2).
After integrating over k7 and k_, and after defining d = 4 — 2¢, the integral in Eq. (4.52)
can be rewritten as

B as(4np?) Cr (¥ 1
WDY (w, ,u) = 5(&)) + m /(; dk?+ (]ng(w — k+))1+€ R (454)
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4. Factorization and Resummation in SCET: Drell-Yan process

where the upper limit of integration is determined by the fact that the last delta function
in Eq. ([£52) fixes k- = w — k; where both k; and w are positive. Therefore one is left
with the integral

B as(4rp?)Cr 1 /1 1
WDY (wnu) - 5(("}) + 7_(_1-\(1 —8) wlt2e 0 dt(t(l _ t>>1+5

as(4rp?)Cr 1 T?(—¢)
(1 —e) wlt?T (—2¢)

= ow)+

as(4rp®)ECp 1 T(1—¢)

= 0 : 4.55
@)+ T wlt2e 2T (—2¢) (4:55)
This expression can be rewritten in terms of
frs = e PP (47 (4.56)
and as a result we find:
_ Us o\ eypr 2 oypye L T(1—¢)
Why (w, 1) = 0(w) + 7C’Fe B (12 1P) SUE T (20) (4.57)

In order to calculate the bare Laplace transform of the soft function spy, one needs to
insert the result above in Eq. (£37), where we identify x = uyse™/?. By taking the Laplace
transform of the equation above and expanding for ¢ — 0 we obtain the unrenormalized
Spy at order oy, which reads

_ s 4 4L 2
Sov(Lop) = 1+ 0 | 5 — — +207+ % +0(a?). (4.58)

Finally one can take the inverse Fourier transform with respect to omega of Eq. (L51) to

get the expression in position space for Wpy (zo, p):

as(—mp?zd)CrT(1 —¢)
s g2

which agrees with the result Eq. (A.34) in Appendix [A.T.4l After introducing psz and
expanding in € — 0 one finds

WDY(anN) =1+

, (4.59)

A~ 0] 4 4L0 7T2
W, =14+ 20p | =4+ — 422+ — 2 4,
ox(on ) =1+ 220e | S+ 2 r2mi e Tl ot o)
where .
Ly=1In (—Z,uidsxge%?) . (4.61)

It is easy to show, by applying the Laplace transform in Eq. (£37) to Eq. (Z.27), that the
soft function in position space Wpy (zo, i) has the same functional form of the soft function

78



4. Factorization and Resummation in SCET: Drell-Yan process

in Laplace space spy (L, pt). Indeed, it is possible to obtain one from the other by replacing
the argument in the following way:

~ A —21
spy (L, ) = Wpy <$0 = Waﬂ) ’ (4.62)

evE MW

which is equivalent to replace Ly with —L in Eq. (£60). In the following we drop the
subscript MS for the scale p.

4.5. Resummation of Large Logarithms

As shown in Eq. (£20]) the partonic Drell Yan cross section factors into the product of the
squared Wilson coefficient and the soft function. The product of these two terms describes
the hard scattering interactions at the parton level. Being more precise one can define the
hard-scattering kernel as

Oz M. 1g) = [ (=22 )| VW (V3L = 2).011) (4.63)

following the notation employed in [5].

The hadronic cross section is obtained by integrating the product of the hard-scattering
kernel and the PDFs over the appropriate domain. In Section we solved the RG
equation satisfied by the Wilson coefficient Cy, cf. Eqs. (BI61), (3I64), while the solution
of the RG equation satisfied by the soft function is presented in Eq. (£46). By combining
these two elements it is possible obtain a resummed formula for the hard scattering kernel.

The solution of the RG equation for Cy that was derived in Eq. (3I64) is valid for
space-like momenta. Therefore the solution for time-like momenta needed in Drell-Yan
scattering, can be obtained from the one valid for space-like momenta by analytic contin-
uation. The sign of the imaginary part extracted from the logarithm in the RG equation
can be determined by writing explicitly the infinitesimal imaginary part of M?2. The RG
equation becomes [5]

d =~ M? ~
Cv(—M2 — 0%, p) = [CF%usp(as) (lnﬁ — m) + 7‘/(%)] Cv(—M2 — 0", )

(4.64)

dlnp
and its solution is

Cv(=M?> —i0", ) = exp [2CES (pn, 1) — Ayv (pns i) + imCr As, (s f15)] X

M2 7CFA’7CHSp (:u'hnu'f) -
X (?) Cy(=M?, ) . (4.65)
h

The functions S and A,: are defined in Eqgs. (3.1GH]).
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In order to obtain the resummed result, we simply insert the solutions of RG equations
of the soft function, Eq. (£40]), and the hard function, Eq. ([£&H), into Eq. (£63)). The

result can be simplified by making use of the following relations:
A'yi (:uhnuf) = A'yi (:uha MS) + Avi (NSa Mf) )

S(Mh7uf> - S(/’Lé"/’l’f) = S(/’LhJIU/S) - A’Ycusp (Ms7uf) ln% ’ (466>

S

as well as YW = 2+7« + 4V In this way one finds

2 \/g M _27I~ s —2n 6_2’YE77
U<M7 :uhnufnus) (,U_) SDy (8177,us) (U)

C(Z, M7 :uf) = CV<_M27 :uh)

w \ g I'(2n)
(4.67)
where the evolution function U is defined as
U(M, i, g, p1s) = exp [ACES (pun, prs) + 4A, 4 (f1s, prp) — 2450 (i, pis) ]| X
M2 _QCFA”/Cusp (thl/‘s)
X (—2) i (4.68)
Hh,

The factor (us/w)?" in Eq. [EET) can be moved to the left of the soft function spy to get

2 VE (M w2 e~ 2VEN
U(Ma :uhnufhus) <_> SpY (hlﬁ +87]7:u9 T /o

|\ a2 v
C(Z, Ma ”f) - ’CV( M 7”/7,) w W 2 1—\(277)
4.69

The explicit z dependence of the hard-scattering kernel can be obtained by inserting the
relation w = M(1 — z)/4/z. Finally, for the resummed result of the hard-scattering kernel,
one finds:

an
(1— 22~

_ M2(1 — 2)? ~27em
XSpy (hl M -+ 6,7, ,us) 67 . (470)

p2z I'(2n)

~ 2
Clz, M, py) = ’CV(—MQaMh)’ U(M, pin, oy, fis)

As it was observed after Eq. (4.40]), the formula above is well defined for n > 0, which
corresponds to the case pus > py. In the physically more relevant case in which p, < g,
n < 0; consequently the integrals of In(1 — 2)/(1 — 2)'727 with test functions f(z) must be
defined using a subtraction at z = 1 and analytic continuation in 7. This procedure gives
rise to plus distributions in the variable 1 — z.

The resummed formula for the hard-scattering kernel, Eq. ({.70), is formally independent
from the hard scale u;, and the soft scale u,. Since pp, ~ M and ps ~ w, the Wilson
coefficient C, and the soft function 3py in Eq. [@70) are free of large logarithms and can
be evaluated in perturbation theory. (We remind the reader that p, > Agep.) A residual
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Table 4.1.: Different approximation schemes for the evaluation of the re-
summed cross-section formulae. Table taken from [5].

RG-impr. PT  Log. approx. Accuracy ~ o”LF  yop 7Y, 77 Oy, Spy

— LL k=2n 1-loop tree-level tree-level

LO NLL 2n—1<k<2n 2-loop 1-loop tree-level
NLO NNLL 2n —3 <k <2n 3-loop  2-loop 1-loop
NNLO NNNLL 2n —5 <k <2n 4-loop  3-loop 2-loop

dependence on pg and py in the hard-scattering kernel arises precisely form the fact that
the matching coefficients and the anomalous dimensions are evaluated up to a given order
in perturbation theory. The residual scale dependence can be employed to give an estimate
of the perturbative uncertainty. Similarly, the dependence on the factorization scale py
cancels formally in the convolution of the hard-scattering kernel with the PDFs.

The fixed-order expression for the hard scattering kernel in perturbative QCD includes
terms which are singular in the z — 1 limit (plus distributions and Dirac delta functions).
These singular terms can be obtained by setting p, = py = pp in Eq. (@70) and by
expanding the formula in powers of a,. In particular this implies that after taking the
derivatives with respect to 7, one should take the limit n = 0.

The resummed expression for the hard-scattering kernel can be evaluated at any desired
order in resummed perturbation theory. Different levels of accuracy require the evaluation
of the matching coefficients and anomalous dimensions at different orders in perturbation
theory; Table [£.1] summarizes the situation. There are two different ways to label the level
of accuracy at which a resummed formula is evaluated. In the counting scheme of RG-
improved perturbation theory, the LO approximation includes all terms of O(1), the NLO
approximation includes all of the terms of O(«;), and so on. However, in this counting one
should consider the fact that the large logarithms In(u,/ps) are numerically ~ 1/a;. In the
literature the alternative “leading logarithm” counting is often employed. N"LO accuracy
corresponds to N**'LL accuracy in the leading logarithm counting. A full analysis of the
Drell-Yan resummed cross section at NNNLL (matched to NNLO fixed-order calculations)
is carried out in [5].
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5. Soft-gluon resummation for
slepton-pair production

5.1. Introduction

In this chapter we will apply the soft-gluon resummation techniques discussed in Section @l
to improve the theoretical prediction for slepton-pair production at hadron colliders [50-53].
We will analyze this purely supersymmetric process and, as a byproduct, we will also study
the impact of SUSY virtual corrections for Drell-Yan process in the context of soft-gluon
resummation. These two processes can be considered together because they arise from
the same hard-scattering interaction: the annihilation of a quark-antiquark pair into a
virtual photon or Z boson, which then decays, respectively, into a slepton or a lepton pair.
The effect of strongly-interacting SUSY particles enters in the hard-scattering interaction
of both processes only at the one-loop level through the virtual exchange of squarks and
gluinos. Both processes are interesting and play an important role: Drell-Yan production
can be considered as a prototype for other collider processes and, among other things,
its cross section as a function of the invariant mass of the lepton pair can be used to
search for new heavy resonances. Sleptons are expected to be among the lightest SUSY
particles, which means that in many scenarios they decay directly into the corresponding
SM partners and the LSP, giving rise to simple signatures such as a pair of energetic leptons
plus missing energy.

Both processes have been studied extensively in the past. The calculation of the cross
section and rapidity distribution at NLO in «; for the Drell-Yan process in the SM has
been accomplished long ago [54], while the corresponding results at NNLO were obtained
more recently [55H60]. A study of Supersymmetric Quantum Chromodynamics (SUSY-
QCD) and electroweak corrections at NLO was performed in [61]. Results for the total
cross section for slepton-pair production at NLO in « were obtained in [I4HI6]. The main
uncertainties in the theoretical predictions arise from the imperfect knowledge of the PDFs
and from the truncation of the perturbative expansion, which introduces a dependence on
the unphysical factorization and renormalization scales. The two sources of errors are of
comparable size. In particular, the uncertainty due to scale variations is smaller than
in similar production processes involving colored particles in the final states, like top-
quark-pair production or stop-pair production. This is because, at the partonic tree level,
(s)lepton-pair production is a purely electroweak process, and therefore at leading order
the uncertainty arise only from the variation of the factorization scale of the PDFs. The
uncertainty from the renormalization scale starts at order o, and is therefore suppressed.
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5. Soft-gluon resummation for slepton-pair production

A reduction of the scale uncertainties is nevertheless desirable, because having a small
error on the cross section and the differential distributions allows one to extract interesting
information, such as the slepton masses, with better precision.

Resummation was first achieved at next-to-leading-logarithmic (NLL) order for the Drell-
Yan invariant-mass distribution in [IL2], based on a method involving the solution of
certain evolution equations in Mellin moment space. It was later extended to the rapidity
distribution [62], and to N3LL order in [63,64]. In the case of slepton-pair production,
the resummation was performed at NLL level for the invariant-mass distribution and total
cross section [I7].

In this chapter we extend the previous analyses in various directions. First, we extend
the results of [5] for the Drell-Yan production of lepton pairs by including the contribution
from a virtual Z boson as well as SUSY-QCD corrections at order a,. In the case of slepton-
pair production, we extend the results of [I7] by performing the threshold resummation
at N®LL order. While this has a minor effect on the total correction to the differential
distributions and cross section, it may be relevant for the theoretical uncertainty estimate.
We present results for the differential and total cross sections for the Tevatron and the
LHC with a center of mass energy of 7 and 14 TeV following the analysis done by the
author in [65].

In Section [5.2] we recall the basic formulas for the differential distributions and define the
kinematics of the threshold region. Section is devoted to a comprehensive phenomeno-
logical analysis. We estimate the relevance of SUSY-QCD corrections and the impact of
soft-gluon resummation on the invariant-mass distribution and the total cross section for
slepton-pair production. We also discuss the uncertainties due to scale variations and the
errors on the PDFs.

5.2. Kinematics and factorization at threshold

We consider the production of a (s)lepton pair with invariant mass M in hadron-hadron
collisions, at center of mass energy +/s. The process involves the reaction

Ni(P) + No(P) = v /Z2% + X, (5.1)

where X represents an inclusive hadronic final state, followed by 7*/Z% — [~ (p3) + 1" (p4)
or I7(p3) + IT(ps). We start by focusing on the double-differential cross section in the
invariant mass M? = ¢® and rapidity ¥ = %ln gﬁjgi of the (s)lepton pair in the center
of mass frame, where ¢ = p3 + ps. This cross section can be calculated in perturbative
QCD and expressed in terms of convolutions of short-distance partonic cross sections with

PDFs:

d*c

TRy Uoizj/dffld@ Cij(w1, 9,8, M, i) fiyng (@1, pog) fine (w2, p1g) | (5.2)
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5. Soft-gluon resummation for slepton-pair production

where pif is the factorization scale, fi/n(z,1y) gives the probability of finding a parton 4
with longitudinal momentum fraction z inside the hadron N, and

4ra? B raZ, 52 -
opg = W for [ lJr, Opg = W for [ lJr, (53)

with g; = (/1 — 4ng /M? denoting the 3-velocity of the slepton in the [=1* rest frame. The

hard-scattering kernels 51] are related to the partonic cross sections and can be calculated
as power series in . At leading order (~ a?) the sum involves only the channels (ij) =
(q99), (qq), with p; = 1Py, po = z2FP. At NLO (~ «g) one has to take into account
(17) = (49), (99),(q9), (99), (qg), (9q). Here we are interested in the evaluation of higher-
order radiative corrections near threshold, for which it is useful to define the quantity

T=—, (5.4)

and from this follows that the variable z = M?/3, defined in Eq. (f22), can be rewritten

as M2
o= - T (5.5)

S T1T9

where § = xyx9s is the partonic center of mass energy squared. The partonic threshold
region is defined by the limit z — 1, in which the dynamics of the process is greatly
simplified. Since the partonic center of mass energy is just sufficient to create the (s)lepton
pair, there is no phase space available for the emission of additional energetic partons.
The cross section is dominated by the terms which are singular in the z — 1 limit, which
correspond to the virtual corrections and the real emission of soft gluons. Such terms only
arise for the (¢¢) and (gq) channels.

We define the couplings of the (s)fermions to a gauge boson ¢ = 7,7 following the
notation of [66]. The relevant chiral currents

Tho= > (g{’ifv“PLf + gfz’ifv“PRf) :
7

fi fxSau f fi 7 0 7
TE = Z(gi’ fio"fr + gk fRa“fR>, (5.6)
f

with Pr/p = % (1 F ~5), involve the couplings

Y _ 4 Y _ 4 _
9gr =9 = €q> dr = 9r ~ €q:
4 .2 4 .2
oz _ G672 _ ~H3%, oZ _ GZ _ 3%y
g, =9, = 250y, Conyy dr = 9r = 250y, Cory
77 — 77 — 7/-\/ JE— 7/-\/ —
9L =91 9k = 9k (5.7)
1 253, 233
7 — 7 ) — i W
gL gL 2S9WC9W ) gR gR 2S9WC9W )
gﬁ’Z _ cos 0z 725(9 g%Q’Z _ sin 0> 7239
259y, Coyy ] 250y, Coyy
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5. Soft-gluon resummation for slepton-pair production

Here sy, = sinfy, cp, = cosOy, where Oy is the electroweak mixing angle. We con-
sider the possibility of mixing between the third-generation sleptons, introducing the mass
eigenstates 71, 7o and the corresponding mixing angle 6;.

The leading contributions to the double-differential cross section arising near the partonic
threshold z — 1 can be written as [5

d2 o.thresh

p dz
Ry Uozq: hél’l)/?C(z,M,mq,mg,uf) (5.8)

5 [fq/Nl (V7Y pug) fama CZe™  ug) + Fama (€Y, p1p) fapma(VTE™, 115)

) +(q<—>q)]-

The coefficients hél’l) take into account the photon, Z boson, and 7-Z interference contri-
butions. For lepton-pair production they read

Z I\ 1,7 1,7 72 22\ 1,72 1,72
n0 |2 Lealor” + 95 ) +gr) 19" gk Mo +gr ) (5.9)
! T2 L —m3/M? 1 (1 — m2/M2)>? ’ '

while for the production of a slepton pair of type [

2 Calgr + 9R)g"”
9 1 —m%/M?

0 _—
W = +

q2 a2y 1.7°

1
2 (1—-my/M2)’

The hard-scattering kernel C'(z, M, mg, mg, j7) in (5.8) contains both SM and SUSY-QCD
corrections. The SM QCD corrections are known to two-loop order [57]. The SUSY
corrections arising at NLO are given by a vertex diagram with a gluino-squark-squark loop
plus external-leg corrections. They have been calculated in [T5T76IL67]. We recomputed
these contributions and find agreement with results in the literature. Integrating over the
rapidity, one obtains from (B.8) the single-differential cross section

do.thresh (l Z) 1 dZ
TR 00; hy /T 70(2, M, mg,mg, pur) fF(7/2, 115) (5.11)
where
Ldx B
Flyn) = | — Uami(ws pg) fapwa(y/ %, 1) + (g < @) (5.12)
y

defines the parton luminosity function.

The hard-scattering kernel C(z, M, mg, mg, j17) depends on the invariant mass M and on
the masses of squarks and gluinos, mg and mg. We will assume in our analysis that these
scales are of similar order. For z — 1 one can then distinguish two well separated mass
scales, the “hard” scale p;, ~ M and the “soft” scale p, ~ M(1—2)/v/z = V/5(1—z), which
correspond to the energy of the emitted soft gluons. As shown in Eq. (463]), the presence
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5. Soft-gluon resummation for slepton-pair production

of these two scales is reflected in the factorization of the coefficient C(z, M, mgz, mg, f1s)
into a hard and a soft function,

C(Zu M, md7m§7:uf) = H<M7 mq,mg,ﬂf) S(\/§<1 - z)n“f) ) (513>

where ,
H(M,mg, mg, jp) = }C’V(—M2 — iO*,mq,mg,,uh)’ ) (5.14)

Choosing the factorization scale piy in (58] close to py or p, unavoidably causes the ap-
pearance of large logarithms in one of the two factors. Threshold resummation addresses
the problem of resumming these large logarithms to all orders in perturbation theory. The
proof of the factorization of the SUSY hard-scattering kernel in Eq. (5.13]) follows closely
the derivation discussed for the Drell-Yan case in Chapter [ However one should be care-
ful when considering the contribution of the Z boson as an intermediate mediator. In the
process of matching the current operator onto SCET operators one should distinguish be-
tween left and right chiral fields and their different couplings to the Z boson, in particular
the current J', is matched onto

J(;L,Z — CV(_M2 - i0+7 mg, mgv M) Z (g%ZXPQ S;LVHPLSnXPl + g;]éZXPQ S;L’V“PRSnXPl) )
q

(5.15)
where the effective fields xp, = W;Ll ép, and xp, = ng ¢p, are the gauge-invariant combina-
tions of collinear quark fields and collinear Wilson lines in SCET. The matching coefficient
Cy depends on the time-like, hard momentum transfer M?2. It is given by the on-shell
massless quark form factor [4], which in the present case must be calculated including
SUSY-QCD corrections. On the other hand, the soft function in Eq. (EI3) is insensitive
to short-distance physics, therefore its analytic expression is the same as for Drell-Yan. Its
expression up to order a? can be found in [5] and, as an example, it has been explicitly
computed at order ay in Eq. (£57).

The resummation of threshold logarithms can be achieved directly in momentum space
by solving the RG equations for the hard and soft functions. In this way, one obtains for
the resummed hard-scattering kernel the compact expression in Eq. (Z70).

In the SM, the expression for Cy has recently been derived up to three-loop order [68][G9].
Including the additional virtual corrections of SUSY particles, the perturbative expansion
up to order O(a?) can be written as

s
Cv(—M2, mg, Mg, ,uh) = 1+ E [Cg)(_M27 :uh) + Cg/l',)SUSY<_M2’ mg’ m;)]

s\ 2 (2) 2 (2) 5 9 o
+ <E> [cv (= M2, p1p) + sy (— M ,mq,mg,ﬂh)} (5.16)

where cg,l) and cg) include the one- and two-loop QCD corrections present in the SM, while

c%,l,?SUSY and C§/2,)SUSY represent the additional QCD corrections arising in its SUSY extension.

In the following we will neglect the two-loop SUSY contribution, which we assume to be
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5. Soft-gluon resummation for slepton-pair production

negligible since already CS,)SUSY will turn out to be very small. The explicit expressions for

cg) and cg) can be found in [5], while

1) A B m? 2(m2 —m2) N m; N 2mz| . m:
l2 m2-m2 M2

M2 g g

For simplicity we assume degenerate squark masses for ¢, r with ¢ = u,d, s, ¢, b. The loop
functions fp and fo are provided in Appendix [A.6l The evolution equation for Cy in
(5.10) is the same as for the corresponding coefficient in the SM. As a result, CS,)SUSY does
not depend on the renormalization scale. Note that the Wilson coefficient Cy is the same
for all currents in (5.6).

5.3. Systematic studies and phenomenology

We now present a detailed numerical analysis of the invariant-mass distribution and total
cross section for slepton-pair production at the Tevatron and LHC. As a byproduct, we will
also study the rapidity distribution for the Drell-Yan production of lepton pairs. Our goal is
to estimate the impact of soft-gluon resummation and the relevance of SUSY contributions
to these observables. To this end, we will either focus on the physical cross sections directly
or consider the K-factor defined as

do 9 9 o do
FIVE = K(M ,mq,mg,T) ar| .

(5.18)

The theoretical predictions depend on various input parameters, whose numerical values
are Qe (Myz) = 1/128, sinfy, = 0.23143, M, = 91.188GeV, and I'; = 2.4952 GeV. Our
assumptions for the masses of SUSY particles will be discussed in more detail below. For
the systematic analyses in Sections [.3.1] and we use the PDF set MSTW2008NNLO
[70,71] and a,(My) = 0.117 with three-loop running in the MS scheme. Using a fixed set
of PDF's helps to illustrate more clearly the behavior of the perturbative expansion of the
hard-scattering kernel in higher orders of perturbation theory.

For appropriate choices of the hard and soft scales u; and u,, the expressions for the
hard-scattering kernel given in (£70) resums the leading singular contributions to the
partonic cross sections in the limit where the partonic center of mass energy v/ is close to
the invariant mass M of the (s)lepton pair. In fixed-order perturbation theory, the leading
terms correspond to plus distributions of the form

1 M?(1 — z)?

In 5
1—z i

(5.19)
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5. Soft-gluon resummation for slepton-pair production

For Drell-Yan type processes, it is well known that, after the hard-scattering kernels are
convoluted with the parton luminosities, these terms provide the dominant contributions
to the perturbative series for the cross sections, typically accounting for more than 90%
of the one- and two-loop corrections (see e.g. [56L@]). In realistic cases where the ratio
7 = M?/s is not very close to 1, the dominance of the region z < 1 in the calculation of the
cross section arises dynamically, due to the strong fall-off of the parton luminosities. Below
we will perform the resummation of the leading terms at different orders in RG-improved
perturbation theory. As specified in Table 1] at NNLL order, one evaluates (5.16]) using
the one-loop approximations for the matching functions Cy and Spy along with two-loop
(three-loop) expressions for the (cusp) anomalous-dimension functions. At N®LL order,
one uses the two-loop approximations for the matching functions along with three-loop
(four-loop) expressions for the (cusp) anomalous dimensions. The explicit expressions for
all relevant anomalous dimensions can be found in Appendix [A.5l Note that the two-loop
virtual SUSY corrections C§/2,)SUSY in (BI7) and the four-loop cusp anomalous dimension
are currently unknown, but their numerical impact on the N3LL result is expected to be
negligibly small. In our N3LL results below, we include the known two-loop corrections to
the hard and soft functions and the relevant three-loop anomalous dimensions.

Subleading terms can be added to our resummed expressions by matching them to fixed-
order perturbation theory. To this end, we define

(5.20)

N"LL+NLO __ ; N"LL NLO| 7 N°LL
do =do |Nh7ﬂ$7ﬂf+<do- |uf do |uh:us:uf)

O(as)

The first term on the right-hand side denotes the resummed prediction for the cross section,
while the second one includes those terms that are subleading in the z — 1 limit. They are
obtained by subtracting the fixed-order expression for the leading singular terms, derived
by setting all three scales equal in expression (L70), from the complete fixed-order result.
This difference is then expanded to first order in a,. Since the matching to fixed-order
theory is somewhat cumbersome, we will sometimes restrict our analysis to the leading
singular terms only. This will be mentioned explicitly below.

5.3.1. Scale setting

An appropriate choice of the matching scales uj, and ug, which enter in the resummation
formula (£T0), is crucial for the reduction of the remaining perturbative uncertainties in
our calculation. In the spirit of effective field theory, the choice of these scales is driven by
the requirement that the perturbative expansions of the matching coefficients Cy and spy
should be well behaved. Since the SUSY contributions to Cy turn out to be very small (see
below), these effects play no role in the scale-setting procedure, which therefore proceeds
in analogy with the discussion for the Drell-Yan cross section presented in [5]. For the hard
matching scale, we adopt the default choice pde = M.

The soft scale ug is set dynamically by minimizing the effect of the one-loop corrections
to the soft function Spy under the convolution integral (B.I1]). This scale therefore depends

88



5. Soft-gluon resummation for slepton-pair production

0.20f 0.35F
0.30F
0.15 0.25}
c
(=]
3 < 020}
S 0.10} )
8w = 0.15}
S
M =1200 GeV
° 0.10}
0.05}
0.05}
0. . . . . . 0.00 . . . . . ]
%o 0.1 0.2 03 0.4 05 500 1000 1500 2000 2500 3000
/M M [GeV]

Figure 5.1.: Relative contribution of the one-loop correction to the soft function to the
cross section for slepton-pair production at the LHC (y/s = 7 TeV), for different
values of the pair invariant mass M (left). For each value of M we determine
the soft scale by taking the point at which the correction is minimal (right).

on the value of 7 = M?/s and on the process under consideration. For the case of slepton-
pair production at the LHC (with /s = 7TeV), the result is shown in the left plot of
Figure .11 for different choices of the invariant mass M. Our default value for the soft
scale is chosen such that, for fixed M, the contribution of the one-loop correction to the
soft function to the cross section is minimized. The value of 115/M for which this condition
is satisfied is shown in the plot on the right. We observe that for sufficiently large values
of M the soft scale is indeed much smaller than the hard scale p; ~ M, indicating the
relevance of threshold resummation. The corresponding plots for the Tevatron and the
LHC with /s = 14 TeV would look similar. For practical purposes, the values of 4 as a
function of M and s can be parametrized by means of the function

pudef = M1 —7)
s (a+b11/2)°"

where (a, b, ¢) = (1.1, 3.6, 1.9) for the Tevatron, (1.5,4.8,1.7) for the LHC with /s = 7TeV,
and (1.4,3.6,2.0) for the LHC with /s = 14 TeV.

After the matching scales have been set, our results still exhibit a residual dependence
on the factorization scale py, at which the PDFs are renormalized. As illustrated in
Figure for the case of the K-factor for slepton-pair production at the LHC, we find that
after soft-gluon resummation this dependence is significantly weaker than in fixed-order
perturbation theory, already at NLL order. For this analysis only the leading singular
two-loop corrections are considered at NNLO, and this is denoted by a star (NNLO*). It
follows that there is very little sensitivity to the choice of the factorization scale. Below
we take ujlef = M as our default value.

In Figure 5.3 we study the K-factor for slepton-pair production at the LHC, showing
results obtained at different orders of perturbation theory. Only the leading singular terms

(5.21)
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Figure 5.2.: Factorization-scale dependence of the K-factor for slepton-pair production at
the LHC in fixed-order perturbation theory (left) and after soft-gluon resum-
mation (right). The NNLO* and N3*LL+NLO results contain only the leading
singular two-loop corrections.

are included in all cases. The widths of the various bands reflect the scale uncertainties
inherent in the calculations. For the fixed-order results, they are obtained by setting the
renormalization scale p, equal to the factorization scale ¢, and varying the common scale
between 0.5 and 2 times its default value. We performed an independent variation of the
two scales as well, but the corresponding uncertainty obtained by taking an envelope of
the maximum deviation from the default value does not differ appreciably from the result
in Figure 5.3l This is because at leading order the cross section depends on pty only, while
the dependence on p, starts at NLO and is therefore small. For the resummed results, the
error bands take into account the uncertainties associated with the scales py, s, and py.
They correspond to the envelope of the predictions obtained by varying all three scales
simultaneously between 0.5 and 2 times their default values. We verified that the bands
obtained in this way do not differ in a significant way from those obtained by varying
the three scales individually, with the other two scales held fixed, and adding then the
three uncertainties in quadrature. It is evident that the convergence of the perturbative
expansion and the remaining scale uncertainties are greatly improved by means of soft-
gluon resummation. After resummation the three bands nicely overlap, and the scale
uncertainties are reduced significantly with each order. On the contrary, the fixed-order
results exhibit a slower convergence and larger scale uncertainties.

5.3.2. Impact of SUSY matching corrections

The existence of SUSY particles would affect our analysis in two ways. First, if sleptons
exist and are kinematically accessible at the Tevatron or LHC, these particles can be pair
produced, and via a measurement of their cross section and invariant-mass distribution
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Figure 5.3.: K-factor for slepton-pair production at the LHC, at different orders in fixed-
order perturbation theory (left) and including the effects of soft-gluon resum-
mation (right). Only the leading singular terms are included.

one can address questions about the slepton masses and couplings. Secondly, strongly-
interacting SUSY particles (squarks and gluinos) can affect the hard-scattering kernels for
both lepton-pair and slepton-pair production at O(ay), via one-loop SUSY-QCD correc-
tions to the hard matching coefficient Cy in (5.I6]). This second effect is obviously more
subtle than the first one. We will now address if and to what extent it will be possible to
probe for virtual effects of SUSY particles in high-precision measurements of the standard

Drell-Yan cross section.

T Retcl/505) = Re(cl)s0éy)
6 e _ --_
_gl
_10}
_15

500 1000 1500 2000 2500 _ 3000 3500
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1 Imerss)
A
Im(cyg),)
o
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-15

500 1000 1500 2000 2500 _ 3000 3500
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Figure 5.4.: Comparison of one-loop contributions to the hard matching coefficient C',
arising in the SM (solid lines) and in its SUSY extensions (dashed lines).

In Figure .4l we compare the one-loop SUSY-QCD contributions to the Wilson coeffi-
cient Cy with the corresponding QCD contributions arising in the SM, for two representa-
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Figure 5.5.: Comparison of the scale uncertainty of the Drell-Yan K-factor for the LHC
(light bands) with the maximum possible deviation due to loop effects of SUSY
particles (dark bands). The left plot refers to fixed-order perturbation theory,
while the right one includes the effects of soft-gluon resummation. Only the
leading singular terms are included in the calculation.

tive choices of the squark and gluino masses. The first, m; = 600 GeV and my; = 750 GeV
(parameter point Py ), represents an average value for the squark and gluino masses close to
the point SPS1a’ [72]. The second, given by m; = 1200 GeV and m; = 500 GeV (parame-
ter point P,), represents an alternative scenario with a lighter gluino and heavier squarks,
inspired by scenarios like SPS2 and SPS3 [73]. We observe that for all parameter choices
the SM loop corrections are at least a factor of about 3 larger in magnitude than the
SUSY corrections. The real part of the SUSY contributions reaches a maximum close to
the squark threshold, for M 2 2mg;, where the virtual contributions acquire an imaginary
part. For values of M below threshold the SUSY corrections are yet much smaller. As a re-
sult, we find that the virtual SUSY effects are smaller than the residual scale uncertainties
in the calculation of the cross sections. This is shown in Figure [5.0, where we compare the
factorization-scale uncertainty (both at fixed-order and after resummation) of the SM-only
Drell-Yan K-factor with the maximum deviation arising if we include the virtual SUSY
contributions and scan the squark and gluino masses independently over the range between
400 and 2200 GeV. For each value of M we choose the points in the (mg, mgz) plane which
yield the largest up- and downward deviations. In the figure we consider Drell-Yan pro-
duction at the LHC with /s = 14 TeV. At lower energy or for the Tevatron the impact of
virtual SUSY effects is even smaller. We observe that in fixed-order perturbation theory
the maximum possible deviation due to virtual effects of SUSY particles is always much
smaller than the residual scale dependence. After soft-gluon resummation the size of the
effects is comparable; however, in view of the fact that additional theoretical uncertainties
arise from the variation of the PDFs (not shown in the figure), we conclude that also in
this case the combined theoretical error is larger than the maximum possible SUSY effect.
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Figure 5.6.: Drell-Yan rapidity distribution at fixed M = 1600 GeV at different orders in
perturbation theory. In both plots, the left half refers to fixed-order perturba-
tion theory, while the right half includes the effects of soft-gluon resummation.
The plot on the left refers to the SM, while the one on the right shows the
effects of virtual squarks and gluinos by the dashed bands.

On the one hand, these findings justify an approximation at N®LL order where in the
two-loop corrections to the hard matching coefficient Cy in (5.16) one neglects the SUSY
contribution C§/2,)SUSY compared with the corresponding SM contribution c%,z). This approx-
imation will be adopted in our N3LL predictions below. On the other hand, it appears
unlikely that it will be possible to probe for SUSY effects via virtual corrections to the
Drell-Yan cross section. To illustrate this latter point, we show in Figure the result
for the Drell-Yan rapidity distribution in our SUSY model P; (with mg; = 600 GeV and
mg = 750 GeV) at a value of the pair invariant mass for which the SUSY effects are close
to maximal (cf. Figure[5.4]). We consider the LHC with /s = 14 TeV and restrict our anal-
ysis to the leading singular terms only. In the left plot we compare the results obtained at
different orders in fixed-order perturbation theory with the corresponding results obtained
after soft-gluon resummation. These distributions refer to the SM without SUSY effects.
We observe that resummation improves the convergence of the perturbative expansion and
leads to somewhat smaller scale variations at higher orders. The right plot zooms in on
the central region of the rapidity distribution and shows once again the results obtained
at leading and next-to-leading order with and without resummation. The dashed lines
indicate the shift of the NLO* and NNLL bands due to the presence of SUSY particles.
In both cases (with and without resummation) the shift amounts to a small enhancement
of the cross section, which however is only a fraction of the residual scale uncertainty in-
dicated by the widths of the bands. Note also that the additional PDF uncertainty is not
included in the plots.
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5.3.3. Invariant-mass distribution for slepton-pair production

A clear signal of SUSY would come from the direct production and detection of slepton
pairs. In this case, the very weak dependence on the squark and gluino masses can be seen
as an advantage, since it would make it possible to use a measurement of the slepton-pair
production cross section to extract the mass of the slepton produced, or alternatively to
set a limit on the slepton mass from an upper limit on the production cross section. The
sensitivity of the cross section (B.2)) to the slepton mass mj; arises from the prefactor Bl‘?’
in (5.3), and from the fact that the peak of the invariant mass distribution scales with
mj. After the determination of the matching and factorization scales in Section B.3.1]
we are now ready to analyze the impact of soft-gluon resummation on the invariant-mass
distribution for slepton-pair production. For concreteness, we will consider the production
of a pair of scalar leptons I, as this case has the largest cross section. For the SUSY
masses we take my, = 180 GeV, m; = 600 GeV, and mg = 750 GeV.

Our results for the slepton invariant-mass distributions are shown in Figure 5.7 for the
Tevatron (top), the LHC with /s = 7TeV (center), and the LHC with /s = 14 TeV (bot-
tom). Contrary to our previous treatment, from now on we consider the PDFs and o at the
order which is appropriate for the expansion of the corresponding hard-scattering kernels.
Specifically, we use LO and NLO PDFs for the LO and NLO fixed-order results, and NLO
and NNLO PDFs for the resummed results at NLL, NNLL+NLO, and N3LL+NLO, since
in this case the resummed terms include the bulk of the perturbative corrections appearing
at one order higher in a,. Numerically, the NNLL+NLO (not shown in the figure) and
N3LL+NLO results turn out to be very close to each other, but the scale dependence of
the latter ones is further reduced. We thus consider the N*LL+NLQO approximation as our
best prediction. The main effect of soft-gluon resummation is to increase the cross sections
slightly and to improve the convergence of the expansion. The resummation effects become
more relevant for larger invariant masses. For example, at the Tevatron the increase from
NLO to N3LL+NLO is 7% at 500 GeV and 13% at 1000 GeV. The corresponding increases
at the LHC are around 2% for both /s = 7TeV and 14 TeV, indicating that at the LHC
resummation effects are less important.

5.3.4. Total cross section

We obtain the total cross sections by integrating the invariant-mass distributions over M.
In Table 5.1l we present results corresponding to the various approximations discussed in
the previous section. In this section we provide predictions for both the NNLL+NLO and
N3LL+NLO total cross sections, so that the effect of including higher-order logarithmic
terms can be seen. In the table the first error refers to the total scale variation, i.e. the
variation of iy for the fixed-order cross sections and the maximum deviation from the
default value obtained by varying ps, pp, and s simultaneously for the resummed and
matched results. The second error takes into account the uncertainty of the PDFs at the
90% confidence level, which is estimated by evaluating the cross sections with the 40 sets
of PDFs provided by MSTW2008.
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Tevatron (SUSY point P;) LHC (7TeV, SUSY point P;)

o0 1314011 7006 8.0140:38 105
ONLL 1.651027 +0.12 9.59% 485 "0
ONLO 1.83+0.09+0.14 10561033 10.43
ONNLL+NLO 1-93i8:8$ ig:ié 10-63J—r8&§ igég
ON3LL-+NLO 1-96J—r8:82 J—rgﬁﬁl 10-811L8:ég f8:§§

LHC (14 TeV, SUSY point P;) | LHC (14 TeV, SUSY point Ps)

28.14+0'25 +0.70

1 .88+0'09 +0.07

JLO 0.34 —0.94 0.08 —0.08
oNLL 33.367550 F1-10 2247050 X008
oNLO 36.6570:35 T117% 2452508 To10
ONNLL+NLO 37.1670:56 108 2.47*003 To 08
ON3LL{NLO 37.8010%5 108 2.5140:03 008

Table 5.1.: Total cross sections in fb. The first error refers to the perturbative uncertainties
associated with scale variations, the second to PDF uncertainties.

The results shown in the first three blocks of Table B.J] refer to the production of a
slepton [, with mass m;, = 180 GeV (SUSY parameter point Py, with m; = 600 GeV and
mg = 750 GeV) at the Tevatron and the LHC. Note the relevance of the NLO correction,
which amounts to around 40% for the Tevatron and 30% for the LHC. As expected, the
resummation effects are larger at the Tevatron, where they amount to a 7% enhancement of
the NNLL+NLO cross section compared with the NLO result. At the LHC the resumma-
tion gives a smaller 3% additional contribution to the total cross section. The additional
contribution of the N3LL+NLO result compared to the NNLL-+NLO approximation is
small, below 1%, but performing the resummation at N3LL order helps to further reduce
the scale uncertainty.

Since the effect of soft-gluon resummation becomes more important for higher invariant
masses, in Table[5.Jlwe provide also the total cross section for a heavier slepton [, with mass
m;, = 360 GeV (SUSY parameter point P, with mz = 1200 GeV and my = 500 GeV). We
only show results for the LHC with /s = 14 TeV, because given the small cross sections
it would not be possible to observe the production of such heavy sleptons at the Tevatron
or during the low-energy phase of the LHC.

In Figure 5.8, we show the matched N*LL+NLO total cross section as a function of the
slepton mass. We now consider different types of sleptons, l e (with [ = e, p) and 7y 5.
For the staus, we assume a mixing angle 6; = 70°. The cross sections fall off steeply with
the slepton masses. At the Tevatron it will be difficult to observe sleptons with masses
exceeding about 250 GeV, while at the LHC it should be possible to observe slepton-pair
production up to masses in the range 300-400 GeV. In the upper plot we show the cross
sections at the Tevatron, focusing on the low mass region. The lower plots refer to the
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5. Soft-gluon resummation for slepton-pair production

LHC at 7 and 14 TeV of center of mass energy. At the same value of slepton mass, the
slepton [, has the larger cross section, while the slepton i has the lowest cross section.
The cross sections for the production of staus lie in between. We observe that owing to the
small scale uncertainty at N3LL-+NLO, it would be straightforward to extract the masses
of the sleptons from measurements of the corresponding total cross sections.

We have compared our predictions for the LO and NLO fixed-order total cross sections for
slepton production with results provided by the program Prospino [15], finding agreement.
Despite the fact that it is difficult to compare our resummed results with those presented
in [I7], because contrary to these authors we do not consider squark mixing, we still find a
reasonable agreement. We emphasize that the method developed here allows us to resum
soft gluons up to the N3LL order, so that we are able to get a smaller scale uncertainty
compared with [17].

The main result of our analysis is that, using soft-gluon resummation techniques, we
can reduce the theoretical uncertainty related to scale variations below the percent level,
making it a subdominant source of error. This is evident from the results collected in
Table 5., which show that the error due to uncertainties in the PDFs becomes dominant
beyond NLO. At this level of precision, one may ask whether the NNLO subleading terms
could also become relevant. While the full NNLO corrections have not yet been calculated
for the case of slepton pair production, we can estimate their relevance by considering the
case of Drell-Yan production of lepton pairs, for which the NNLO corrections are availble
[57]. In this case, we find that the additional correction due to the NNLO subleading terms
amounts to at most 1% of the NLO cross section. It is thus of the same order as the scale
uncertainty that we find at NLL+NLO.
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Figure 5.7.: Invariant-mass distributions for slepton-pair production at the Tevatron and
LHC. The plots on the left show fixed-order results at LO and NLO, while
those on the right include the effects of soft-gluon resummation at NLL
and N3LL+4+NLO. The bands indicate the uncertainty associated with scale

variations.
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Figure 5.8.: Total cross sections for slepton-pair production as a function of the slepton
masses.
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6. Approximate NNLO formulas for
stop-pair production

6.1. Introduction

The supersymmetric particles which are expected to be most abundantly produced at
hadron colliders, are the ones which carry color charge: squarks and gluinos. Since SUSY
is broken (via the soft terms), the squark and gluinos mass spectrum plays a crucial role
in determining which among the colored superymmetric partners is the most accessible
experimentally. Given an underlying model for the soft terms at some input scale, the scalar
masses are evolved from a common high scale value down to the “low” scales accessible at
the LHC, the lighter of the two supersymmetric partners of the top-quark is expected to
be the lightest squark of the mass spectrum.

Precise theoretical predictions of the stop-pair production cross section are instrumental
in setting a lower bound on the lightest stop mass. Moreover, if the top-squarks will be
discovered, accurate predictions of the stop-pair cross section can be employed to deter-
mine the masses and other properties of these particles. For these reasons, the study of
the radiative corrections to the production of stop-pairs already has a quite long history.
The calculation of the NLO corrections to the stop-pair production within the context of
SUSY-QCD was completed 15 years ago [I§]. As expected, it was found that the NLO
corrections significantly decrease the renormalization and factorization scale dependence of
the prediction when compared to the leading order (LO) calculation. Furthermore, NLO
SUSY-QCD corrections increase the value of the cross section if the renormalization and
factorization scales are chosen close to the value of the stop mass. The NLO SUSY-QCD
corrections are implemented in the computer programs Prospino and Prospino?2 [74]. The
electroweak corrections to stop-pair production were studied in [75,[76]; while these cor-
rections have a quite sizable effect on the tails of the invariant mass and py distributions,
they only have a moderate impact on the total cross section. The emission of soft gluons
represents a significant portion of the NLO SUSY-QCD corrections [77], which are large.
For this reason, the resummation of the NLL corrections was carried out in [78], where it
was found that the NLL corrections increase the cross section at the LHC by up to 10%
of its NLO value, while they further decrease the scale dependence of the prediction. In
these analysis, the resummation is carried out in the Mellin moment space.

Within the context of soft-gluon resummation in SCET, the production of top-squark
pairs can be studied in strict analogy to the production of top-quark pairs [910]. It the soft
limit, the partonic production cross sections for the stop and top-pair production factor into
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the product of hard and soft functions, which are matrices in color space. The soft functions
are identical for top-squark and top-quark production, and only the hard functions, which
include the full dependence on the SUSY parameters other than the lightest top-squark
mass, need to be recalculated for the stop-pair production.

In this thesis, we carry out the calculation of the hard functions for the stop-pair produc-
tion to NLO. By combining the NLO hard functions with the NLO soft function evaluated
in [910], and with the anomalous dimensions which regulate RG equations satisfied by
the various terms in the factorized cross section, it is possible to resum NNLL soft gluon
emission corrections. This can be done both in PIM kinematics (in analogy to what was
done in [9]) and in 1PI kinematics (in analogy with [I0]). Here we limit ourselves to re-
expand the resummed formulas in order to obtain approximate NNLO formulas for the pair
invariant mass distribution and the stop transverse momentum and rapidity distribution.
By integrating those formulas over the complete phase space, we obtain predictions for
the total top-squark-pair production cross section at the LHC, and we comment on the
phenomenological impact of the NNLO corrections arising from soft emission.

The chapter is organized as follows: In Section we introduce our notation and con-
ventions, which are very similar to the ones employed in [9,[10]. Furthermore, we describe
the factorization of the stop-pair production cross section in the soft limit, both in PIM
and 1PI kinematics. In Section [6.3] we discuss the calculation of the soft and hard func-
tions up to NLO. Since the expressions for the NLO hard functions are too lengthy to be
typed here in analytic form, they can be provided by the author upon request. A Fortran
program which evaluates the hard functions for arbitrary values of their arguments is also
available. In Section[6.4] we write the RG equation satisfied by the hard and soft functions,
while in Section we present approximate NNLO formulas for the stop-pair production
process. Predictions for the total top-squark-pair production cross section at the LHC can
be found in Section [6.6] together with an analysis of the phenomenological impact of the
approximate NNLO corrections on this observable.

6.2. Kinematics
We consider the following supersymmetric process:
Ni(Py) + Na(P2) — t1(ps) + t5(pa) + X (k) (6.1)

where N; and N, indicate the incoming protons in the case of a proton-proton collider as
the LHC, while X is an inclusive hadronic final state. We treat the top-squarks as on-shell
particles and neglect their decay. At the lowest order in perturbation theory, two partonic
channel contribute to the process in Eq. (6.1)):

q(p1) + q(p2) — t1(ps) + £1(pa)

9(p1) + 9(p2) = ti(ps) + £ (pa) - (6.2)
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where the momenta of the incoming partons are related to the momenta of the incoming
hadrons by p; = x; P; (i = 1,2). The relevant invariants for the hadronic scattering are

s=(P+PR)?*, t1=(P—p3)—m?

t1 7

up = (Py —p3)? —m? . (6.3)

t1

In order to describe the partonic scattering, we employ the invariants
§=mmas = (pr+p2)’, h=mt, @ =mzu,
M? = (ps+pa)®, sa=5+b+0 = (pa+k)?>—m} . (6.4)

In Born approximation one has that §+ %, + @, = 0 and, consequently, M? = § and s, = 0.

It is well known that the kinematic of the process allows to define different threshold
regions. Here we consider two different cases: the PIM kinematics, in which the threshold
region is defined by the limit § — M?, and the 1PI kinematics, in which the threshold
region is approached by the limit s, — 0. Both regions were employed in the study of
the top-quark-pair production cross section and differential distributions [79]. It should
be emphasized that in the PIM and 1PI threshold regions the top-squarks are not forced
to be nearly at rest, as it is the case in the threshold region defined by the limit § =
/1 —4m; /5 — 0, which is often employed in the calculation of soft gluon corrections to
the total cross section [TILI3,[78]. We refer to the 5 — 0 limit as the production threshold
region.

Our goal is to employ both the PIM and 1PI kinematics to obtain approximate NNLO
formulas for the total top-squark-pair production cross section. Both approaches include
the numerically large contributions arising from the emission of soft gluons, but differ
among them and with the production threshold calculations in the kind of power suppressed
terms which are neglected.

6.2.1. PIM Kinematics

We focus first on the PIM kinematics approach. This kinematics was already introduced
for slepton-pair production and it is convenient to recall here the important kinematic
quantities:
M? M? 4m?

, T=—), 5 = 1—M21. (6.5)
Consequently, the PIM threshold limit § — M? corresponds to the limit z — 1. According
to the QCD factorization theorem [80], the differential cross section in M and 6 (the
scattering angle of the top-squark with respect to the incoming partons beam in the partons
rest frame) is given by

W>
V)

d*c Ty
dMdcost — sM

Lz
S [ ) oy (2. McosBui) . (06)
ij U7
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where iy is the factorization scale, and the sum runs over the incoming partons. The
parton luminosity ff was defined in Eq. (512) as the convolution of the PDF's for the ¢g
case. It is trivial to extend this definition for generic incoming partons ¢ and j:

L dx
fii(y, 1y) =/ ;fi/zvl (@, 1p) fimg W/, pp) = finy (¥) @ fin (y) - (6.7)
Yy

In the following we drop the subscript PIM (and the corresponding subscript 1PI) whenever
there is no ambiguity about the kinematic scheme used. In order not to make the notation
unnecessarily heavy, we do not indicate explicitly the dependence of the hard scattering
kernels on the SUSY parameters and on the top-quark mass m;. The SUSY parameters
we are referring to are: the two stop masses mz and mg,, the mass mg of the first two
families squarks and the sbottoms (which we assume to be degenerate), the gluino mass
mj, and the #; — , mixing angle a defined in Eq. (ZI07). The hard-scattering kernels C;;
in Eq. ([6.6]) are related to the partonic cross sections and can be calculated in perturbation
theory. Their expansion in powers of o, has the generic form

s

Ci = a2 |9 4 Lo (

)Q(J}? + O(ag’)] | (6.9)

Only the quark annihilation and gluon fusion channels contribute to Cj; at lowest order in
perturbation theory; in particular

o =s -5 (G5 - )

N\ Mt e
O 51—t (e, M) (e 2y, 2 (6.9)
e — 2 - - .
9 (N2 -1) Ft1u1 4 M4 M? tiug )

where N = 3 and the Mandelstam invariants ¢; and 4; can be written in terms of § and 6
as follows: 2 2
5 (1 - By Cosé’) , U = — 5 (1 + 3, Cosé’) . (6.10)

In order to calculate higher order corrections to Cy; and Cy, one needs to consider vir-
tual and real emission corrections to the Born approximation. Starting at order o, new
production channels, such as qg — #,t{q, open up. When working in the threshold limit
z — 1, the calculations are simplified by the fact that there is no phase-space available for
the emission of additional (hard) partons in the final state. Consequently, both the hard
gluon emission and the additional production channels are suppressed by powers of (1 — z)
and can be neglected. By neglecting power suppressed terms in the integrand, Eq. (6.6
can be rewritten as

t =

o wh 1%
dMdcos — sM ), =z

[ﬁgg (T/Znuf) ng (Zv M> COS@,/Lf)
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+ﬁqq<T/zauf> qu<z7 M,COSH,,Mf) +ﬁ(iq (T/znuf) C(iq (Zv M,COSH,,Mf) .
(6.11)

In the equation above the quark channel luminosity ff,; is understood to be summed over
all light quark flavors.

In the soft gluon emission limit z — 1, the hard scattering kernels Cj; factor into a
product of hard and soft functions:

Cij (2, M, cos, ) = Tr [H;;j (M, cos 0, ug)Sij(vs(1 — 2),cos0, ug)] + O(1 —2), (6.12)

where we employ boldface fonts to indicate matrices in color space, such as the hard
functions H;; and the soft functions S;;. For simplicity we drop the explicit dependence
on the top mass and on the SUSY parameters from the arguments of the hard functions
H,;. We work in the s-channel singlet-octet color bases

(C?q){a} = Oayaz0asas » (ng) {a} — t22a1t23a4 )

asaq azaq

(ng){a} = 0" 0050, » (ng) {a} — it (ng) {a} — e, (6.13)

where a; represent the color index of the particle with momentum p;,. We view these
structures as basis vectors |c;) in the space of color-singlet amplitudes. Inner products in
this space are defined through a summation over color indices as

<CI | CJ) - Z (61)21a2a3a4 (CJ)a1a2a3a4 : (614>

{a}

This inner product is proportional but not equal to d;;, so the basis vectors are orthogonal
but not orthonormal.

A factorization formula for the hard scattering kernels in the threshold region was derived
using SCET and Heavy-Quark Effective Theory (HQET) in [9] for the top-pair production
case. The derivation is similar to the one in Chapter ll for the Drell-Yan case, but is
more involved due to the presence of additional color structures. A completely analogous
procedure can be followed to derive the factorization formula in Eq. (6I2) for the hard
scattering kernels of stop-pair production.

The hard functions are obtained from the virtual corrections and are ordinary functions
of their arguments. The soft functions arise from the real emission of soft gluons and
contain distributions which are singular in the z — 1 limit. Contributions of order a to
the soft functions include terms proportional to plus distributions

[9?%%2L7 (m=0, 2n—1), (6.15)

as well as terms proportional to 6(1 — z). The plus distributions are defined through the

e / s [MLM -/ 02 ) ) (6.16)

1—2 1—=z
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and, consequently, one finds

[ o= [P o= [t e gt - gt [ a0,

11—z 1—=2 1—2z
(6.17)
In particular, for the NLO and NNLO hard scattering kernels one has (dropping the
parton indices 7))

Qg Qg 2
Cona = a? Ol + S0l + (52)' i+ 0t (6.19)
where
In(1 — 1
ol — plLPm n(l— 2z) 4+ DL L ORI _ oy 4 RPN ()
11—z + 1—2 i

In*(1 — In?(1 — In(1 —
C@) = pEF {7]“ : Z)] + DR [7]& : Z)] + DY [L Z)]
1—2z |, l—2 |, L=z ],

1
n Dé2,PIM) [1 = Z} n CQ(2,PIM)5<1 )+ R(z,PIM)<z) . (6.19)
+

The functions DJ(-i), Céi), and R depend on cos 6, M, 7, on the SUSY parameters and on

the top mass m,. The coefficients Dgl), C’él) and R can be obtained from results already

present in the literature [I8]. In particular the functions R®(z) are finite for z — 1. One
of the main results of this thesis is the calculation of the coefficients D](?) both in the quark
annihilation and gluon fusion channel. In principle we could also easily get all the scale
dependent terms in CSQ), in both channels, but due to an ambiguity discussed later, we

drop part of these terms in the numerical implementation.

6.2.2. 1Pl Kinematics

The 1PI kinematics approach allows one to describe observables in which a single particle,
rather than a pair, is detected. In the laboratory frame one can write the stop rapidity (y)
and transverse momentum ( pr = /D2 + pg) distribution as

d?*c 2mpr Vodey (Y das P
dprdy B 5 Zij:/xim“ $—1 /%mn :L,—in/N1<SL’17/~Lf)fj/N2<x2a,uf)ClPI,ij (84,57t1,U17/~Lf) .

(6.20)
The expansion of the 1PI hard scattering kernels C'py in powers of a;; has the same structure
shown in Eq. (@8] for the PIM case. Obviously, also in this case only the ¢G channel and
gg channel give a non vanishing contribution at lowest order in «g. In the laboratory
frame, the hadronic Mandelstam variables t; and u; are related to the stop rapidity and
transverse momentum through the relations

ty = —/smie ¥, uy = —/smye¥, (6.21)
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where m, = ,/p%+ mtgl. Therefore the kinematic variables s, s4,t;, and 4, which are

arguments of the 1PI hard functions, can be written in terms of pr,y, x1, and x5 using
Eq. (621) and Eq. (6:4). The lower limits of integration in Eq. (620) are

U ; x1t
gt — 1 gmin_ T (6.22)
S + tl 18+ uq
In order to obtain the total cross section it is necessary to integrate the double-differential

distribution with respect to the stop rapidity and transverse momentum over the range

14+/1-4
0<|y|<—l i MU g<py< S (6.23)
—\/1—4m2 /s’ 4 !

As in the case of PIM kinematics, in the 1PI kinematics soft emission limit s; — 0, the
hard scattering kernels factor into the product of hard and soft functions:

Cij (84, §/, lg/l, fb/l, [Lf) = TI' [HU (é/, lg/l, ’Illl, [Lf) Sij (84, §/, fll, ,&/1’ ,uf)} + 0(84) . (624)

As explained in [10], the notation above is used to emphasize that there are ambiguities in
the choice of the Mandelstam invariants &', #}, and @/, which can differ from 3,¢,, and @, by
power corrections that vanish at s; = 0. For example explicit results for the hard and soft
functions can be rewritten employing either the relation 8 +# + @} = 0 or &+, + 1) = s4.
Although the difference is due to terms suppressed by positive powers of sy, the two choices
produce different numerical results upon integration. We deal with this ambiguity in the
same way as in [10].

As in the PIM case, the 1PI hard and soft function are matrices in color space originating
from virtual and soft emission corrections, respectively. The hard functions are completely
identical to the ones encountered in the PIM kinematics case, provided that the variables
§,t1, and 7, are written in terms of M and cosf. The soft functions are different in the
PIM and 1PI cases, but in both cases they are identical to the ones employed for top-pair

production [9,[10].
The 1PI soft functions at order o depend on plus distributions of the form

[lnm(s4/m§1)

5S4

] . (m=1,---,2n—1). (6.25)

The plus distributions employed in 1PI kinematics are defined as follows

m7 In"™ (s4/m? mi In"(sq/m?
[ [M] o0 = [ dsi B o)), (626)

S4 5S4

where g is a genetic smooth test function. With this definition, the integral up to a generic

max
1S

upper extreme sy

sy In™(s4/m?2 ) st In™(sy/m2) 0 gmax
[ s [7 o) = [ dsim— 8 ) — g0+ L et 22
0 N 0

Sy Sy m+ 1 H
(6.27)
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Therefore, the NLO and NNLO hard scattering kernel in 1PI kinematics have the fol-
lowing structure:

0 s (1 as\? 2
Cipr = o {Cfgl + O+ (E) Oy + (’)(ai’)} ,
[1n(s4/m? 1
S4 S4] 4
L +
[1n®(s,/m?2 In?(s4/m?2 In(s,/m?
Cg)l _ D§2,1PI) (s4/ tl)] +D§2,1PI) [ (s4/ tl)] _'_D§2,1PI) [ (s4/ tl)]
S4 S4 Sy4
L + + +
1
+ DY L—} +CP6(s4) + RAPD(sy) (6-28)
414

As in the PIM case, the NLO coefficients Dgl), C’él), RM can be in principle obtained from
the literature. The functions R®(s,) are finite for s, — 0. In this work we are able to

derive exact expressions for the NNLO coefficients Dl@

the coefficient 082) .

and the scale-dependent terms in

6.3. The Hard and Soft Functions at NLO

In this section we describe the calculation of the hard and soft matrices up to NLO in
perturbation theory.

6.3.1. Hard Functions

One of the main results of this thesis is the calculation of the stop-pair production hard
functions to NLO.

The hard functions are related to products of Wilson coefficients, as shown in [9,[10]. To
obtain the Wilson coefficients one matches renormalized Green’s functions in SUSY-QCD
with those in SCET. The matching can be done with any choice of external states and IR
regulators. For simplicity we use on-shell partonic states for the process (qq, gg) — t1t},
and dimensional regularization in d = 4 — 2¢ dimensions to regularize both the ultraviolet
(UV) and IR divergences. With this choice it follows that the loop graphs in SCET are
scaleless and vanish, so the effective-theory matrix elements are equal to their tree-level
expressions multiplied by a UV renormalization matrix Z. The matrix elements in SUSY-
QCD, on the other hand, are the virtual corrections to the (qg,gg) — tit scattering
amplitudes. The matching condition then reads [RTH83]

lir% Z (e, M,cos0,p) |[M(g, M, cos8)) = Z((Om»tree |C (M, cos O, 1)) (6.29)
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6. Approximate NNLO formulas for stop-pair production

where M is the UV-renormalized virtual SUSY-QCD amplitude expressed in terms of oy
with n; = 5 active flavors and Y (O )tree is the tree-level partonic matrix element in
the effective theory summed over the spins m. We have moved the SCET renormalization
matrix Z to act on the SUSY-QCD amplitude, so that both sides of the equation are finite
in the limit ¢ — 0. The explicit results for the matrix elements Z;; in our color basis for
the ¢ and gg channels can be found in [83].

In practice, we are not interested in the Wilson coefficients themselves, but rather in the
hard matrix H;;. To calculate this, we first define

(Mo} = lim Z7(e) |M(e)) = 4mar, DMESB) + Z? MDY + . } , (6.30)

where M(e) and M, are the UV-renormalized and the IR and UV finite virtual SUSY-
QCD amplitude, respectively. The renormalized amplitude is expressed in terms of as
with n; = 5 active flavors. The IR renormalization matrix Z can be easily obtained by
employing the results found in [83].

The perturbative expansion of the renormalized hard functions is defined as

1 «
_ 2 (0) s pr(1)
where dp = N in the quark annihilation channel and dg = N? — 1 in the gluon fusion
channel. The matrix elements can be written in terms of the renormalized SUSY-QCD
amplitudes and the color basis states c; as follows:

1 1
70 MOYN (A0 ’
1 > <CJ|CJ> <CI ’ ren> < ren } C‘]>

Z <C[|C[

1
- | e @) (M8 )+ Cer | M) (M8 e | (632

1
4 <C[‘C[> <CJ‘CJ

The leading-order result for the gg channel follows from the color decomposition of
a single diagram in Fig. (6.3.J]) interfered with its color-decomposed complex conjugate

diagram, and it reads
o (00 1
H,/ = —
<O 2) f}l + Uy

For the gg channel we have to color-decompose the diagrams in Fig. (€3] and interfere
them with their color-decomposed complex conjugate diagrams, we find

n ~ t
t1+u1 1

fuiny +m3]. (6.33)

1 1 - 1 .
e N N m; 2 i 2 a9
HO = [ Li-a Gi-i)® b t 2M ity 4 2751 + Uy 6.34
=1 = 5 1 2 ~ — + +4 + — ’ ( ) )
99 N M M M 2% 1 2 o Tz
1 b i 11 . ;. Vi
N M

where N = 3.
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6. Approximate NNLO formulas for stop-pair production

Figure 6.1.: Diagram in the g channel contributing to the hard function matrix at LO.
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Figure 6.2.: Diagrams in the gg channel contributing to the hard function matrix at LO.

In order to calculate the NLO hard functions, one needs to evaluate the one-loop virtual
corrections to the partonic scattering amplitudes, decomposed into the singlet-octet color
bases. Although results for one-loop diagrams interfered with the Born-level amplitudes
are known [I8] and with some work it is possible to extract this information from the
Prospino code [I8], the one-loop amplitude decomposed into color bases is not available
and must be calculated from scratch. We used the program Qgraf [84] to generate the
list of diagrams for stop-pair production both in the quark-antiquark channel and in the
gluon-gluon channel. By considering the first two families of squarks and the bottom
squarks as mass degenerate we found 40 diagrams in the quark-antiquark channel, 152
diagrams in the gluon-gluon channel and 30 diagrams in the ghost-antighost channel. This
last set of diagrams is not necessary for the computation itself but it was used as a check
for the cancellation of the unphysical polarizations of the initial state gluons. Since Qgraf
has some known problems dealing with Majorana fermions, and in particular in our case
with gluinos, we had to correct some relative signs between diagrams and give the correct
prescription to close the fermionic traces involving gluinos. We followed the prescriptions
discussed in [85], [86].

We wrote our in-house routines in the computer language FORM [87] and through all the
calculation we used the Pauli-Veltman metric and the conventions for the Feynman rules
given in [88] adapted to the SUSY case. The calculation was carried out in the following
steps both for the ¢g and the gg channels.

o We substituted the SUSY-QCD Feynman rules in the one-loop and in the tree level
complex conjugate amplitudes.

e We color-decomposed the one-loop amplitude and we interfered it with the color-
decomposed complex conjugate tree-level amplitude, then we added the hermitian
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6. Approximate NNLO formulas for stop-pair production

conjugate as described in Eq. (6.32).
e We computed the Dirac and color structures by means of some ad hoc routines.

e We adjusted the routing of the momenta in the single diagrams by making some
translations of the loop momentum in order to match the routing of the box topologies
subsectors and to use the reductions for those cases.

e We identified the diagrams with a t; <+ u; or a s <> uy,t; symmetry in order to use
the same reduction tables for the direct and crossed diagrams.

e We generated the tensor reduction tables by using the program Reduze [89,00], and
we inserted the reductions to scalar integrals in our FORM routines.

e Then we inserted all the divergent scalar integrals analytically in order to have the
full control over the UV and IR poles of our expressions,

e for simplicity we wrote the finite parts of a small set of scalar integrals depending on
several different masses in terms of finite Passarino Veltman functions [91], they were
later evaluated numerically by employing one of the programs presented in [92H94].

e We renormalized the UV divergences by using the renormalization constantd] col-
lected in Appendix

e We analytic continued our scalar integrals in the relevant physical region.

e Finally, we verified the cancellation of the IR poles by applying the IR-renormalization
factor Z as described in Eq. (6.30) and we obtained a finite result for the hard func-
tion matrices at NLO.

We checked our results in several ways. The first non trivial check concerns the can-
cellation of IR divergences that we have just mentioned above. Second, we checked that
by multiplying the one-loop hard functions by the corresponding tree-level soft functions
and by subsequently taking the trace of the resulting color space matrix, we match the
numerical results for the NLO virtual corrections which can be extracted from the code
Prospino [74].

Unfortunately the outputs of our FORM codes are very long due to the several different
scales involved. For this reason we do not type them here, but they are available upon
request from the author. We also wrote a Fortran code which allows one to evaluate
rapidly the hard functions in any physical kinematic configuration and for any value of the
input parameters. The hard functions turned out to depend on 8 independent variables:
the kinematic quantities M and cos @, the SUSY mass parameters mg,, mg,, mg, mg, the
myg, — mg, mixing angle a defined in Eq. (2I07) and the top mass m,.

!To the best of our knowledge, we didn’t find in the literature the explicit expressions of all the renor-
malization constants needed to renormalize the stop-pair production process, therefore for convenience
we provide them in Appendix [A7
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6.3.2. Soft Functions

The soft functions are vacuum expectation values of soft Wilson-loop operators. These
functions are not sensitive to the spin of the particles involved, but they depend on the
color structure of the process. Consequently, the soft functions needed for the calculation
of the stop-pair production are precisely the same functions employed in the calculation of
the top-pair production. The calculation of the PIM soft function is described in [9], while
the calculation of the 1PT soft function is carried out in [I0]. For convenience, the explicit
results for the soft function obtained in those two paper are collected in Appendix

6.4. RG Equations for Hard and Soft Functions

By employing the Laplace transformed soft functions given in Appendix[A.8], we can define
the Laplace transformed hard scattering kernels as

épiv (0, M, cos O, ) = Tr[H (M, cos 8, j1) Spin (0,), M, cos b, )],
élPI (a S t/17,a/17:u) = TI'[H (§,7£,177:L17 )SIPI (8 S tllaﬁllnu)]7 (635>

where 0, is a differential operator with respect to the auxiliary variable 1. The hard
scattering kernels in momentum space can be recovered through the relations

I

M) 2 e=2En o
n=0

M O,pu) =c M 0 —
Cpiv (2, M, cos 0, ) = cprv (0, M, cos 0, 1) (,u T (217) (1 — 2)i—2n

2n
—2vgn
;. e 1 Sy

Cipr (34, 5/,7?/17@,1>M) = C1p1 (8 § t1au1>,u) T .
I'(2n) s [2

In order to evaluate the above formulas one needs to take the derivatives with respect to 7,
and finally take the limit for n — 0. It is possible to show that this procedure is equivalent
to consider the quantities ¢; (L, - - -) (¢ =PIM, 1PI) and operate the following replacements:
in PIM kinematics

(6.36)

1—=6(1—2),

M2

L — 2Pi(=z )+5(1—z)1n<u2 ),
2

L? = 4P](2) + 6(1 — 2) In? (%) ,

L? — 6Py (2) — An*Pi(2) + 6(1 — 2) [ln?’ (Aj—;) + 4@“3} :
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L* — 8Pj(2) — 1672 P (2) + 128(3P)(2) + 6(1 — 2) [ln‘1 (Aj—;) + 16¢3 In (Aj—;)} ;

(6.37)
where the distributions P!(z) are defined as
1 M?*(1 — 2)?
P (z2) = In" :
R
and are related to the standard plus distributions
In"(1— 2)
P,(z)=|——| , 6.39
0= (6.39)
by the equation
T — (1 g (M k
Pl(z) = kZ:O (k) In (7) 2% Py (2) (6.40)

+§ (?)Qj(—l)k_j (lnj(l Ii)inka s _Z)/O 2 m(1 1_);nkj x)] .

In 1PI kinematics instead, one needs the following set of replacements to go from ¢ p; to

ClPI
11— 5(84) ,

L — 2P0(S4) — 5(84) Lm s

27T 4L4
3

L? — 8Py (s4) — 4L, Po(54) + 6(54) (L2 - =

Sy ’
L} — 24P — 2 _ 4q? —L} 2
5(s4) — 24L,, Py (s4) 4+ (612, — 47°) Po(sa) + 6(s4) (— L3, + 27° Ly, + 16¢3)

2
L4+211’l 5
m

t1

6L4
S4

Y

L* — 64Ps(s4) — 96 Ly, Pa(s4) + (48L%, — 321) Py(s4) + (—8L3, + 167> Ly, + 128(3) Po(s4)

4
+ 0(s4) <L4 —4m? L2 — 64(3L,, + 17; )

2
t1 t1

2 2
- — [L4 —3L4In —*— + 3In? — 27r2] : (6.41)
u m?2
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where L, = ln(;ﬁ/mtgl) and Ly = In(1 + 34/m§1).

Since the hard and soft functions are known up to NLO, is easy to determine the NLO
coefficient in the expansion of ¢ in powers of a,: suppressing the arguments and subscripts
one has

&= a? [6(0) + %6(1) + (Z—;)Q & + O(ai’)] : (6.42)
where
2
(O =T [HO:O] @ =T [HO5O] + T [HVEO] =3P (6.43)
j=0

It is important to observe that the trace of the product of the LO hard functions and NLO
soft functions contains the dependence of ¢V on L, and therefore it gives rise to the plus
distributions.

In order to obtain the coefficient 2 one needs to know the hard and soft functions at
NNLO:

4
& = Te [HO5?] + Tr [HV5V] + T [HP50] =S D1 (6.44)
j=0

The coefficients 052) (¢ =1,---,4) and the scale dependent part of c(()Q) can be reconstructed

by exploiting the information coming from the RG equations satisfied by the hard and soft
functions.
The hard functions satisfy a RG equation of the form

d
dlnp

H=TyH + HT, . (6.45)

In Eq. (645) the arguments of the function H and of the anomalous dimension matrix I'yy
are M, cos @, and p in the PIM case and §,#,, 4/, and p in the 1PI case. The matrices I'y
were derived in [83], provided that one expresses the Mandelstam invariants in terms of
M and cos @ in PIM kinematics, and &,#, and @} in 1PI kinematics. For completeness we
provide the expressions up to two loop order for the anomalous dimensions matrices I'y
(written in the PIM variables), both for the quark annihilation and gluon fusion channels.
Their expressions can be found in [9] and they read:

M?
]‘_‘q‘j - |:CF ’Ycusp(as) <1n F B Zﬂ-) + CF 7cusp(6347 aS) + 27(1(0%) + 27Q(a8):| !

0 0
01
g0 $EY | a 0 <
+70usp(as) h’l,a—IQ [(1 _2Ni> + Eg<634) (—N (2) )] ) (646>
N

112

72

N )
+ = fycusp<as> (h’l M271ng + Zﬂ-) - fycusp<6347 as)
t1

2

—
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and

M2
FQQ - |:N chsp(as) <ln ? a ,MT) +Cr 70usp(6347 as) + 279(045) + Q’YQ(O(S) 1

N o 000
o cus s 1 ! ) — "Ycus , g 1
+ 5 |7 p(as) (anmgl _'_“T) Yeusp (B34, @ )] 0 0
00 1
p (0 2 0 0 40
Ay

+Yeusp(os) In =5 | (1 = N4 + 9B [ =N 0 0], (647)

P\ ¥ X 0 0 0

where the various anomalous dimension functions can be found in the Appendix [A5] and
the cusp angle 854 = im —In(1+ F;,)/(1 — B;,).

By employing the same notation of [O[I0], one can split the anomalous dimension up to
two loop orders as follows

2

M
I‘ZIM (M, cos b, ag) = Uensp(as) (111—2 — m) +7h (M, cosf, ay) |
1

af

TP (@’,E’l, 'y, a5> = Teusp(cs) (ln % - m) +" (5’,5’1,% as> , (6.48)

where T'cysp 15 equal Cpyeusp in the quark annihilation channel and Cy7eusp in the gluon
fusion channel; 7,5, represents the universal cusp anomalous dimension. The matrices 4"
are defined through a direct comparison with Eq. (6.46) and Eq. (6.47).

By knowing the evolution equation of the hard functions and of the PDFs, and by
employing the scale invariance of the cross section, it is possible to derive the RG equation
satisfied by the soft function matrices. In PIM kinematics one finds [9]

d . M? . M?
dln,uSPIM <1n ?, M, Cosé’,u) = FiPIMspIM (ln F’ M, Cosé’,u)

M2
+ Spim (ln o M, cos, ,u) Tpi - (6.49)
In the equation above the soft anomalous dimension I'ypry is given by
~ M? 4 ,
FSPIM = - Fcusp(o%‘) In s + 2’}/ (Oés) 1- Y (M, COS 9, Oés) . (650)
1

In the equation above, the PDF anomalous dimension 7? is defined through the large x
limit of the Altarelli-Parisi splitting functions

1—=x

P(x) = 2T cuep () [L} + 2799 (a)0(1 — ). (6.51)
+
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3 9.0 x 105 GeV? mg, | 1319.87 GeV
1 | —2.94979 x 10% GeV® | m; | 1460.3 GeV

I 1087.17 GeV my | 173.3 GeV
mi, 1087.17 GeV o 68.4°
mg 1489.98 GeV

Table 6.1.: Values of the input parameters employed to calculate the coefficients found in

Egs. (€54), (655), (©57), (65]). The angle « is the stop mixing angle. The

SUSY mass parameters and the stop mixing angle reported in this table refer
to the benchmark point 40.2.5 in [95].

In 1PI kinematic, the Laplace transformed soft function matrices obey the following
evolution equation [10]

d ~ él NN ‘I‘ ~ él NN
dlIl,LL81PI lnﬁasvtlvulnu =TI p1S1p1 IDE,SJH,UUM

_ s
+ S1p1 <ln E7 Slu tlla U‘/17 ,u) FSlPI ) (652>
where
) g §'mg -
FslPI - - Fcusp 11’1 E + 27(1) (as) + Fcusp(o%‘) log f, ﬂfl 1- ’Yh <§/7 t/17 ullu mfl ) as) .
1%1
(6.53)

If the one-loop hard and soft matrices, evolution equations, and anomalous dimensions
are known, it is possible to calculate the coefficients of the positive powers of L in the
expansion in Eq. (644) as well as in principle the scale dependent parts of the coefficient
proportional to L.

6.5. Approximate NNLO Formulas

By employing the results described in the previous sections it is possible to obtain ap-
proximate NNLO formulas including the exact expressions of the coefficients multiplying
the plus distributions up to NNLO, both in PIM and in 1PI kinematics. The values of
the coefficients multiplying the various plus distributions and delta functions for arbitrary
values of the input parameters can be extracted from the Fortran code mentioned above.
For convenience, we include here the values of these coefficients, evaluated for the input
parameters listed in Table 6.1l The SUSY spectrum appearing there correspond to the
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benchmark point 40.2.5 in [95], which we use in the rest of our analysis as well. By defin-
ing O = drC® (i = 0,1,2), in the quark annihilation channel with PIM kinematics one
finds

Chigg(?) = 0.1186736(1 — 2)

A In(1 — 1
it gq(2) = 253170 {%} +1.18594 [1

— Z

} +0.8348256(1 — 2) + ... ,
+ +

In(1 — In(1 —
] 1 18.5403 {M} — 56.3923 {u}
+ 1 + 1 +

In®(1 — 2)

Clingq(2) = 27.0048 {

1
+ 62.2067 [1—} —29.53246(1—2) + ..., (6.54)
+

where the ellipses indicate terms which are subleading (and finite) in the z — 1 limit. In
the gluon fusion channel one finds instead

O (2) = 0.3485726(1 — z),

Al [In(1 — 2)
o gy (2) = 16.7315 | ———

1
} +13.6194 [—} +9.508488(1 — 2) + ... ,
+ 1 +

P [n®(1 — 2)
Oy (2) = 401.555 — — —

2 —_ —_
] 1 852.324 {M} — 380.724 {M}
+ 1 + 1 +

+ 535.481

] +81.99425(1— 2) + ... . (6.55)

It is important to remark that, in order to determine completely the coefficients multiply-
ing the plus distributions in Cfﬁ?c (k € {PIM, 1PI}), it is sufficient to know the anomalous
dimension regulating the RG equations for the hard and soft matrices at NNLO and the
hard and the soft function matrices at NLO. On the contrary, in order to completely de-
termine the coefficients multiplying the Dirac delta functions in the NNLO hard scattering
kernels, one would need to know the complete NNLO hard and soft matrices. Since those
matrices are know only at NLO, the cofactors of the delta functions at NNLO include only
the scale dependent terms. However, since the scale independent part of those coefficients
is unknown, the cofactor of the delta functions at NNLO in Eq. (€54]) and in the equations
below depend on an arbitrary second scale chosen to normalize the scale logarithms. In

fact, for any renormalization scale 1 and normalization scale py one can always rewrite

2 2 2

Ho M1 Ho
In{—=)=In{—=]+1In (—) , 6.56
<M2) <M2) T (6:56)

where the second term can be reabsorbed in the unknown renormalization scale indepen-
dent piece. Since adding these additional py-dependent terms one run the risk to artificially
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reduce the scale dependence, in Eq. (6.54) and Eq. (€.55) above, and for the 1PI kinemat-
ics as well, we drop the contribution from the two loop hard functions, in the same spirit

as [10,96].

Similarly, one finds in 1PI kinematics for the quark annihilation channel

CL9 o (54) = 0118673 5(s4) .

. [n(s,/m? 1
Clprgq(s1) = 253170 M] — 2.03883 [—} +1.667980(s4) + . . . ,
’ S4 Sa],
L +
R [1n3(s4/m?2 In?(s4/m? In(s,/m?
Clprga(s4) = 27.0048 M] — 84.6523 [M +34.0042 [M]
’ S4 S4 S4
L —+ + +
1
+98.7353 [—} — 166.2726(s4) + ... (6.57)
Sy +
while for the gluon fusion channel one finds
Clog, (51) = 0.3485728(s4) ,
. [In(s4/m? 1
Clprg,(54) = 16.7315 M] — 7.69240 {—] + 7.68986 0(s4) + ...,
’ S4 Sa]
L +

A -ln?’ S m? 11’12 s mg In(s mg
C{?ng(%) = 401.555 M] — 682.128 [M] — 512.616 [w]
+ N .

S4 S4 5S4

1
+1511.18 [—} —1299.258(s4) + . .. - (6.58)
Jr

S4

In this context, the ellipses indicate subleading terms in the s; — 0 limit. Also in
Egs. (657 658), as in the PIM case, we drop the contribution of the two-loop hard
functions.

6.6. Total Cross Section

In this section we present a numerical study of the stop-pair production total cross section
at approximate NNLO accuracy.

To begin our analysis we describe in detail how we deal with the ambiguities due to
power suppressed terms related to 1PI kinematics. As we pointed out in Subsection [6.2.2]
there are power-suppressed ambiguities in the choice of the variables &', f’l and 4 of the
hard and soft functions. In the perturbative calculation of the hard and soft functions
one can set s, = 0 everywhere and use & + ) + @ = 0 to rewrite the hard-scattering
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kernels in several different forms. These rewritings are all formally equivalent in the limit
s4 — 0, but they affect the functional dependence of the hard-scattering kernels on x;
and xo. Therefore the numerical integration in (6.20) gives different results for the pieces
multiplying the plus-distributions in s4. Another obvious choice is to use & + ¢ + @} = s4
before integration, again leading to numerically different answers which are equivalent in
the threshold limit s, — 0.

We use the following procedure to fix this ambiguity. First, we set & + ¢ 4+ @4 = 0 in
the hard-scattering kernels, and we use this to eliminate either # or @} as an independent
variable. We then define the two cross sections

o’ QWPTz/l dry [oETOT g,
dedy S irj —up/(s+t1) L1 Sq4 — T1ty

0

X fiyny (@1, up) fina (@2(sa), pig) Cig(sa, 885, =8 — 8, my, py) (6.59)
d?o _ 2mpr /1 dpy [T2lstu)th dsy
dprdy s —t1/(s4u1) T2 Jo S4 — T2Uy

X fi/N1 (1‘1(84), :uf) fj/N2 ($27 Mf) Cij(54v ‘§,> -8 — ﬂllv alla my, Mf) . (660)

We have changed variables from x5 or 7 to s, in the two equations, respectively, by using

Eq. (64). We find

S4 — XUy Sq4 — X1ty

1(84) = ——————, wa(s4) = ——. (6.61)

98 + 11 18 + Uy

Finally, we drop all dependence on sy in the hard-scattering kernels by using
7?/1 = 1?1 = l‘ltl s §/ = l‘lfL'Q(O)S (662)

in ([6.59), and
’Illl = ’Ill = ToUy , §/ = IL‘l(O)l‘QS (663)

in ([G.60). It is easy to see that with this choice o' and ¢* are not necessarily the same,
although the difference is power suppressed. We take the average of the two as the final
result for the differential cross section:

d?o B 1 l d2ot N Aot ]
dprdy 2 |dprdy =~ dprdy|

(6.64)

Finally we integrate over the double-differential distribution in Eq. (6.64]) to get the total
cross section in 1PI kinematics.

We employ PIMgcpr and 1PIgcgr kinematic schemes described in [96]; these schemes also
include, on top of contributions which are singular in the soft limit, NNLO terms which

117



6. Approximate NNLO formulas for stop-pair production

are regular in the z — 1 (PIMgcpr) or s4 — 0 (1PIgepr) limit and which naturally arise
from the SCET formalism. Obviously, those terms do not represent the complete part of
the NNLO cross section which is regular in the soft limit, since this quantity can only be
obtained with a full calculation of this observable at NNLO accuracy. However, as shown
in [9[I0], the regular terms appearing in the PIMgcpr and 1PIgegr kinematic approach arise
from the exact definition of the soft gluon emission energy and they improve the agreement
between exact and approximate formulas at NLO.

We present results which are obtained by averaging the ones obtained in the two kine-
matic schemes that we consider. We also adopt a conservative approach and consider
the difference between the predictions in the two kinematic schemes as an estimate of the
theoretical uncertainty associated with the use of approximate NNLO formulas. This is
justified by the fact that the two schemes neglect different power suppressed terms which
are formally subleading but which can nevertheless have a noticeable numerical impact
on the total cross section. To account for this uncertainty, the scale variation of the to-
tal cross section is obtained by setting the renormalization and factorization scales equal,
Hr = pf = p, and by varying this common scale, in both kinematic schemes, between
mi, /2 < p < 2myg,. We then look at the difference between the largest and smallest values
obtained. In summary, the central value and perturbative uncertainties for the combined
results at approximate NNLO accuracy are determined by employing the following defini-
tions

1
g = 5 (UPIM + UlPI) s

+ + +
Aot =max {opn + Aoy, 0 + Act P — 0,

Ao~ =min {opn + Aoy, O + Aoy b — 0, (6.65)

where the subscripts 1PI and PIM indicate that the corresponding quantities are evaluated
in 1PIgcpr and PIMgegr kinematics, respectively, including the full set of NLO corrections
and the contribution of the NNLO terms present in the approximate formulas for that
scheme. Being more explicit, to obtain approximate NNLO results in fixed-order for both
PIM and 1PI kinematics, we compute

NNL 2),
o O, approx __ O'NLO 4 0.]2 ), approx (666)

where k£ € {PIM, 1PI} and a,(f)’approx is the approximate NNLO correction coming from
the coefficient 01(321%\/1 in Eq. (6€I9) for PIM kinematics and from CSD)I in Eq. (628) for 1PL.

As it will been shown later, the total cross section is strongly dependent on the mass
of the produced particle, m;z . Moreover, similarly to the slepton-pair production case,
the dependence of the total cross section on the SUSY parameters other than the mass
of the produced particles is relatively small. In order to show this behavior we fix the
value of the stop mass equal to m;, = 1087.17 GeV, accordingly to the SUSY benchmark
point 40.2.5 in [95], listed in Table Gl and we give the predictions for the total cross
section for three different sets of the remaining SUSY parameters. The first set of SUSY
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6. Approximate NNLO formulas for stop-pair production

parameters is the benchmark point 40.2.5. We refer to the second set of SUSY parameters
as “double”, where we choose mj, = 2639.74 GeV, mg = 2920.61 GeV, my = 2979.96 GeV,
a = 136.8° in an arbitrary way as the double of the corresponding values of the benchmark
point 40.2.5, the remaining parameters are set equal to the ones in Table [6.I We refer
to the third SUSY set of parameters as “half” where we choose m;, = 659.93 GeV, mg =
730.15 GeV, my = 744.99 GeV, o = 34.2°. In Table we report the values of the
total cross sections, with the relative scale uncertainty, for the three different sets of SUSY
parameters discussed above. We observe that the numerical values are considerably close
to each other nonetheless the input parameters were chosen at the boundaries of very broad
intervals.

LHC 14 TeV MSTW2008
SUSY point my, [GeV] 1087.17
40.2.5 (0 + Ac,)nro [P 44.2759 x 107
“double” (0 + Aoy)xro [pb] 44,5701 x 107
“half (0 + Aoy )to [pb] | 424730 5 107
40.2.5 (04 A0, approx.NNLO [Pb] | 44.3755 x 1074
“double” (0 £ AG,)approx.nnro [PD] | 44.7755 x 1074
“half” (0 £ AG,)approx.nnro [PD] | 42.3778 x 1074

Table 6.2.: Stop-pair production cross sections at the LHC 14 TeV for three different sets
of the SUSY parameters described in the text. The stop mass is fixed to mj =
1087.17 GeV. The numbers are obtained by using MSTW2008 PDFs.

From now on in all of the plots and tables we fix the SUSY parameters to the values
corresponding to the benchmark point 40.2.5 in Table [6.Il The mass of the lightest stop
follows this rule, except in the figures in which we plot the cross section as a function of
the stop mass or when a different choice of the stop mass is explicitly indicated.

All of the numbers and plots are obtained by means of an in-house Fortran code in which
the approximate NNLO formulas are implemented. The NLO calculations, which are one
of the elements needed to obtain predictions at approximate NNLO accuracy, are carried
out by modifying the public version of Prospino [74].

As a first step, we compare the full NLO cross section with the approximate NLO cross
section given by the leading singular terms. In the approximate NLO results we keep all
of the terms proportional to 6(1 — 2) (PIMgscgr) and 6(s4) (1PIscer) which arise from the
NLO hard and soft functions. The purpose of this comparison is to establish to what
extent the leading terms in the threshold approximation reproduce the full cross section,
or, in other words, if the dynamical threshold enhancement of the soft emission region
takes place. This comparison is shown in Fig. 6.3 for the case of a hadronic center of
mass energy of 8 TeV. The two lines in the figure refer to two different choices of the PDF
set. NLO PDFs are employed in all of the four panels. One observes that the average
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Figure 6.3.: Comparison of the full NLO cross section with the approximate NLO one. All
panels refer to the LHC with a hadronic center of mass energy of 8 TeV. The
first and second row employ CT10 and MSTW2008 NLO PDFs, respectively.
The left and right columns show different ranges in the stop mass.

of the approximate PIM and 1PI NLO formulas reproduces very well the band obtained
by varying the factorization scale, put equal to the renormalization scale, in the full NLO
result. Similarly, it is reasonable to expect that the approximate NNLO formulas reproduce
to a good extent the unknown full NNLO corrections.

We now turn to the discussion of the approximate NNLO results. Before commenting on
the approximate NNLO predictions, we recall that the approximate NNLO formulas do not
include the terms proportional to the Dirac delta functions with arguments 1 —z (PIMgcgr)
or sy (1PIgcpr) arising from the NNLO hard functions, since the scale independent parts
of the NNLO hard functions are unknown.

As expected, the approximate NNLO predictions for the pair production cross section
show a smaller scale dependence than the NLO calculations of the same quantity. This
is illustrated in Fig. [6.4] where two different LHC center of mass energies (8 TeV and
14 TeV) and two different stop quark masses (m;, = 500 GeV and m;, = 1087.17 GeV)
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Figure 6.4.: Scale dependence of the NLO and approximate NNLO cross sections. The left
panels refer to the production of a top-squark of mass m; = 500 GeV, the
right panels refer to the case m; = 1087.17 GeV. The two figures in the first
row are obtained for LHC at /s = 8 TeV, the ones in the second row refer to
the case /s = 14 TeV. All of the SUSY parameters other than m; are fixed
at the values of the benchmark point 40.2.5 [95].

are considered. In order to show the effect of the approximate NNLO corrections on the
scale dependence, both the NLO and approximate NNLO curves are plotted by using
MSTW2008 NLO PDFs. It is important to stress that what is here referred to as approxi-
mate NNLO scale uncertainty reflects in reality also a kinematic scheme uncertainty, which
is associated to the different sets of non-singular terms which are neglected in 1PIg.zr and
PIMgogr kinematics.

A more precise assessment of the impact of the approximate NNLO corrections on the
central value of the cross section and on the associated perturbative uncertainty can be
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LHC 7 TeV

MSTW2008

mgl [GeV]

500

1087.17

(0 £ Aoy, £ Apar)ro [ph]

34.4T155758 x 1073

T19.7410.4 6
38.87 151 85 x 10

(0 £ Aoy £ Apgiya,)Nro [Pb]

462755758 % 1073

49.6759T152 % 1076

(cr + Acru + Apdf+as)approx.NNLo [pb]

462155840 x 1073

528755 151 x 10°°

Knro

1.34

1.28

Kapprox.NNLO

1.34

1.36

Table 6.3.: Stop-pair production cross section for two different values of m; at LHC 7 TeV.
The numbers are obtained by using MSTW2008 PDF's. Here and in the follow-
ing tables, all of the SUSY parameters (with the exception of m;, ) are fixed at
the values prescribed by the benchmark point 40.2.5 [95].

LHC 7 TeV CT10

mgl [GeV]

500 1087.17

(0 + Aoy, + Apgsra,)ro [Ph]

30.15%°E0 < 1078

+17.9+30.7 —6
36.77,15 154 x 10

(0 £ Aoy £ Apgiya,)Nro [Pb]

453155140 x 1073

19.3149.9 6
5847155 554 X 10

(cr + Acru + Apdf+as)approx.NNLo [pb]

46. 715010 x 1073

517t x 1076

1.59
1.41

1.50
1.55

Knro

Kapprox.NNLO

Table 6.4.: Stop-pair production cross section for two different values of m; at LHC 7 TeV.
The numbers are obtained by using CT10 PDFs.

obtained by comparing predictions for fixed values of the stop mass. This analysis is
presented in Tables and [6.4] which refer to the LHC at a center of mass energy of
7 TeV, in Tables and [6.6] which refer to the LHC with a center of mass energy of 8 TeV,
and in Tables and [6.8, which refer to the LHC with a center of mass energy of 14 TeV.
In all tables we consider two different values of the lightest top-squark mass: i) the value
associated to the benchmark point 40.2.5, m;, = 1087.17 GeV, and i) a stop mass close
to the current lower bounds for this particle, m; = 500 GeV, as determined by searches
at the LHC. In all tables, the first uncertainty refers to the scale variation as explained
above, while the second uncertainty is obtained by scanning over the 90 % CL PDF sets
of the corresponding PDFs and by taking into account the error on ag(my). The numbers
for the cross section have been obtained by employing PDFs fitted at the corresponding
order: LO predictions are obtained by employing LO PDFs, NLO predictions employ NLO
PDFs, and approximate NNLO predictions employ NNLO PDFs.

In all cases listed in the tables, the inclusion of the approximate NNLO corrections
reduces the perturbative uncertainty, when expressed as a percentage of the central value,
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LHC 8 TeV

MSTW2008

mgl [GGV]

500

1087.17

(0 £ Aoy, £ Apar)ro [ph]

61.77273H80 x 1073

11.5558%22 1070

(0 £ Aoy, £+ Apdryo.)nro [PD]

+10.5+10.6 -3
83.47 55 g x 10

4.7 15870 < 107°

(0 + Aau + Apdf+as)approx.NNLo [pb]

83.2%50 9% x 1073

153195458 x 107°

Knro

1.35

1.29

Kapprox.NNLO

1.35

1.34

Table 6.5.: Stop-pair production cross section for two different values of m;, at LHC 8 TeV.

The numbers are obtained by using MSTW2008 PDF's.

LHC 8 TeV

CT10

m;, [GeV]

500

1087.17

(0 £ Aoy + Aparra.)ro [PD]

+21.2+11.0 -3
54.077,5 55 x 10

10.67553155 x 1070

(0 + Aoy, &+ Apasra,)NLo [PD]

19.8+16.6 —3
80.9771 4131 x 10

16.57531 %% x 1075

(U + Aau + Apdercus)aupprox.NNLO [pb]

83.6715M199 x 1073

15.219 8181 x 107°

1.50
1.55

1.56
1.44

Knro

Kapprox.NNLO

Table 6.6.: Stop-pair production cross section for two different values of m; at LHC 8 TeV.
The numbers are obtained by using CT10 PDFs.

by more than a factor of 2 with respect to the corresponding NLO prediction. We can
summarize the content of the tables as follows: the scale variation in the range m; /2 <
p < 2my, can increase the NLO central value up to +[11, 16]% or lower it up to —[13, 18]%.
At approximate NNLO, the scale variation can increase the cross section central value up
to +[2,5]% or decrease it up to —[5,7]%. These considerations are valid both when one
employs CT10 PDFs or MSTW2008 PDFs.

In almost all cases illustrated in the tables, the PDF and o uncertainty grows marginally
in the approximate NNLO predictions with respect to the NLO predictions. Another way
to look at the PDF and «; uncertainty in shown in Fig. [6.5 where this uncertainty band
is plotted as function of the top-squark mass in the range m; € [200,2000] GeV at the
LHC with center of mass energy of 8 TeV. The left panel refers to the case in which CT10
PDFs are employed, while the right panel refers to the case in which the PDFs employed
are MSTW2008. One sees that both bands become larger for large stop masses. The
approximate NNLO band in the left panel is almost everywhere inside the NLO band, while
in the right panel the approximate NNLO band is larger than the NLO band. However,
the bands obtained by using CT10 PDF's remain larger than the ones obtained when using
MSTW2008 PDFs.

123



6. Approximate NNLO formulas for stop-pair production

LHC 14 TeV MSTW2008
mz, [GeV] 500 1087.17
(0 £ Ao, + Apar)ro [pb] 48.37150133 5 1072 | 33.576%55E37 x 1074
(0 £ Agy, £ Apdtsanro [PH] 66.4755753 x 1072 | 442757759 x 107
(0 & Aoy & Aparia)approxno [Pb] || 6575533485 x 1072 | 44.34557 19 x 10~
Knro 1.38 1.32
K approx NNLO 1.36 1.32

Table 6.7.: Stop-pair production cross section for two different values of mz, at LHC 14 TeV.
The numbers are obtained by using MSTW2008 PDF's.

LHC 14 TeV CT10
m;, [GeV] 500 1087.17
(0 & Aoy & Aparia,)ro [PH] 42.65 157753 x 1072 | 3015753558 x 10
(0 £ Aoy, £ Apdrya.)NLo [PD] 63.27701T8 % 1072 | 441173827 x 1074
(0 4+ Agy, £ Aparia, Japprosnio [Pb] || 65.9750788 x 1072 | 44.675777%" x 107
Kxro 1.48 1.47
Kapprox.NNLO 1.55 1.48

Table 6.8.: Stop-pair production cross section for two different values of m;, at LHC 14 TeV.
The numbers are obtained by using CT10 PDFs.

The tables also include the values for the NLO and approximate NNLO K factors, which
are both normalized to the LO cross section:

ONLO
KNLO = ) Kapprox.NNLO -
010 010

O approx.NNLO . (667)

The NLO K factors tend to be slightly larger when CT10 PDFs rather than MSTW2008
PDFs are employed (roughly 1.5 vs 1.3), but they are not very sensitive to the collider
center of mass energy or to the mass of the top-squark. The ratio K,pprox NnLO/ K NLO Tanges
from 0.88 to 1.06, therefore the approximate NNLO corrections have only a moderate
impact on the central value of the NLO cross section For top-squark masses smaller than
~ 1 TeV, the central value for the approximate NNLO cross section falls well within the
NLO scale uncertainty band.

Finally, Figs. and show the cross section as a function of the top-squark mass up
to mz, = 2 TeV for the LHC at 7, 8 and 14 TeV center of mass energy. In all cases, the
bands represent the residual perturbative scale uncertainties, obtained as explained above.

2In this numerical analysis we use NNLO PDFs together with our approximate NNLO results for the hard
scattering kernels. One could also make a different choice and use NLO PDFs with the approximate
NNLO formulas, in that case the impact on the central value of our predictions would be bigger.
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6. Approximate NNLO formulas for stop-pair production

In Fig. we employ CT10 PDFs; one sees that, for large values of the stop mass, the
approximate NNLO band is below the NLO band at 7 and 8 TeV center of mass energy,
while, for the LHC at 14 TeV, the approximate NNLO band overlaps with the lower part
of the NLO band. As a comparison, just for the LHC 8 TeV, in Fig. MSTW2008 PDF's
are employed. In this case, for large stop masses, the approximate NNLO scale uncertainty
bands tend to be slightly above the NLO bands.
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Figure 6.5.: PDF+ay, uncertainty on the total stop production cross section at the LHC
with center of mass energy of 8 TeV.
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Figure 6.6.: Mass scans with MSTW2008 PDFs for the LHC at 8 TeV center of mass
energy. The bands represent the perturbative scale uncertainty at NLO and

NNLO.
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Supersymmetry is certainly one of the best motivated scenarios for physics beyond the
SM. If supersymmetry is broken just above the electroweak scale, the supersymmetric
partners of the known SM particles are expected to have masses of the order of 1 TeV,
and they could soon be observed at the LHC. For these reasons it is important to have
precise theoretical predictions for the production cross sections of supersymmetric particles
at hadron colliders. In this thesis we have used effective field theory techniques to improve
upon existing calculations for slepton-pair production and stop-pair production by studying
higher-order perturbative corrections. Both of these processes are interesting and have a
number of positive discovery features. Sleptons are expected to be among the lightest
supersymmetric particles and, for a wide range of SUSY scenarios, they have a very simple
decay signature, consisting of a pair of energetic leptons plus missing energy. Top-squarks
are expected to be the lightest colored supersymmetric particles, and, for this reason, they
are likely to be abundantly produced at the LHC. Therefore, top-squarks might be the
most accessible supersymmetric particles in the near future.

We have given an introduction to supersymmetry. We discussed the basic formalism and
the construction of generic supersymmetric Lagrangians for chiral and vector superfields.
We also discussed the particle content and interactions of the MSSM. We have also given a
detailed introduction to SCET, first studying the scalar case and then generalizing the con-
struction to QCD. We also reviewed the main ingredients of factorization and resummation
in the effective theory by analyzing the relevant theorems for the Drell-Yan process. With
the aim of obtaining accurate predictions by taking into account the effects of soft-gluon
resummation, we have analyzed the slepton-pair production cross sections at the Tevatron
and LHC, together with the related cross section for the Drell-Yan production of a lepton
pair. This was done using methods of effective field theory, which allow us to perform the
resummation directly in momentum space. The factorized cross sections in the partonic
threshold region are expressed in terms of Wilson coefficiens of SCET operators. Solving
the RG equations obeyed by these operators allowed us to resum the large logarithms
arising due to soft gluon emissions to all orders in the strong coupling constant.

We have extended the results available in literature in various directions. For the Drell-
Yan process, we have calculated the effect of virtual SUSY QCD corrections at one-loop
order. In the case of slepton-pair production, we have extended previous results by per-
forming the resummation up to the N®LL level. Moreover, given the fact that we perform
the resummation not in Mellin moment space but directly in momentum space, our results
constitute an independent estimation of soft-gluon effects. We have provided a detailed
phenomenological analysis, presenting results valid for the Tevatron and for the LHC. We
find that the SUSY QCD corrections due to the exchange of squark and gluinos are very
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small in comparison to the associated SM QCD corrections, and also in comparison to
the uncertainties in the perturbative calculations. It would therefore be challenging if not
impossible to observe the effects of virtual SUSY particles in the Drell-Yan rapidity and
invariant mass distributions. We have found that soft-gluon resummation has a small effect
on the total cross sections for slepton-pair production, ranging from 7% at the Tevatron to
3% at the LHC for a slepton mass of 180 GeV. This is a consequence of the fact that resum-
mation effects are important only for large values of the invariant mass, corresponding to
a region where the invariant-mass distribution is very small and gives a tiny contribution
to the total cross section. Resummation is therefore more important for colliders where
T = M?/s is larger, i.e. the Tevatron, or for higher slepton masses. On the other hand, it
still proves useful for the reduction of the theoretical uncertainty due to scale variations.
We find that the scale uncertainty is reduced by about a factor of two when going from the
fixed-order NLO calculation to the N3LL+NLO result. The dominant uncertainties then
arise from other sources, such as the imperfect knowledge of the PDFs, the parameters of
the SUSY spectrum and the Monte-Carlo modeling of the experimental acceptances for
these SUSY final states.

We have studied the total stop-pair production cross section at the LHC, including
higher order perturbative corrections, in two different kinematic schemes, PIM and 1PI.
We carried out the calculation of the hard function matrices for stop-pair production up to
NLO. By combining the NLO hard and soft functions together with the relative anomalous
dimensions, we were able to resum soft gluon emissions to NNLL order. In particular by
re-expanding the resummed formula, it was possible to obtain expressions for the cross
section which are valid up to O(a?) in fixed-order perturbation theory. These results
allowed us to obtain analytic expressions for all of the coefficients multiplying the singular
plus distributions in the variables (1 — z) and s4 up to NNLO order in the hard-scattering
kernels, depending on the kinematic scheme. In order to obtain better predictions and
better control over the subleading terms in the total cross section, we have presented
results obtained by averaging the ones in PIM and 1PI kinematics. We finally matched
our results in the threshold regions with the exact fixed-order NLO results. As in the
slepton case, it was shown that the total cross section depends strongly on the mass of the
produced particles. On the contrary, the dependence on the SUSY virtual parameters is
relatively weak. We have found that the inclusion of the approximate NNLO corrections
for the pair production cross section reduces the perturbative uncertainty, due to scale
dependence, by more than a factor two relative to the fixed-order NLO results. We recall
that, in our approach, the scale uncertainty also reflects a kinematic scheme uncertainty.
It turned out that, in our analysis, the ratio Kapproxnnno/Knro ranged from 0.88 to 1.06,
which implies that the NNLO corrections have only a moderate impact on the central value
of the total NLO cross section. Moreover, for top-squark masses smaller than ~ 1 TeV,
the central value for the approximate NNLO cross section falls well within the NLO scale
uncertainty band. We conclude by noting that the main theoretical uncertainties for stop-
pair production, after the inclusion of the approximate NNLO corrections, come from
the large uncertainties on the PDFs, especially when larger values of the stop mass are
considered.
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A. Appendix

A.1. One-Loop Integrals

In this Appendix we collect some details concerning the explicit calculation of the loop
integrals discussed in sections and [4

A.1.1. Integral Z,

In order to obtain the result in Eq. (834]) for the integral Z, we start by applying the
Feynman parameterization

1 ! v 1
%:2/0 dx/O P SR (A1)

to the integral in Eq. (B:33]). We then obtain

1
T, = —d/2 4d/ddk3
e K2 (K2 + 2k - 12) (K2 + 2ks -p_)
= g2y /1 dx /x dy/ddkg# ) (A.2)
0 0 X (I‘,y,k)

where
Xy, k) = (B + 2k - po)y + K (x —y) + (B + 2k - 1) (1 - @),
= K +2k-py+1(1—2)]+0). (A.3)

The integral over the virtual momentum can be evaluated by employing the formula

1 ir?  T(a—19)

d%k = (—1)~ 2/ A4
/ (k%2 42k - Q — M?)~ (=1) (M2+Q2)O‘_g ['(a) (A4)

In this one finds

1 ins d\ .
/d ek 2 <3 2) Vi), (4.5)
with

V(z,y) =p*y+1P(1—2)+2p-ly(1 —2) =21, -p_y(1 —x) + O(N?). (A.6)
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Therefore, after rewriting the spacetime dimension as d = 4 — 2¢, the integral Z;, becomes

In= ggi -+p€) (21+M-2p)6/01 o /0”‘“ dym' (A7)

The integral over the Feynman parameters x and y gives

1 T 1 1 1
/ dx/ dy—————pr = ——/ dror (1 —x) 1,
o Jo Tly(l—a)] €Jo

1M1 —gl(—e)  TI?(—¢)
T e I(1—-2) T(1-2)° (4.8)

By inserting the equation above in Eq.(A.7) one obtains Eq. (8.34]) .

A.1.2. Integral Z.

In this appendix we evaluate the soft region integral in Eq. (B30]). We employ the following
parametrization of the integrand

1 o o 2
— = d d A9
abc /0 i /0 2 (@ + bry + cxq)3’ (A4.9)

where we identify the denominators as follows: a = k?, ¢ = 2, - k, and b = (k + p)?. In
this way one finds that

o o0 2
Ic = iﬁgu4d/ dl‘lf d.’L‘Q/ddk 3 (AlO)
0 0 [(1—|—SL’1)<I€2+2]€-V—M2)]
with p )
TVt ki e e BV (A1)
(1+ ;) (1+ )

At this stage it is possible to evaluate the integral over the virtual momentum by employing
the master formula Eq. (A4); in this way one finds

o) 1 00 P2I1—|—2l S D_x1To —1—¢
I, = p*T 1+5/ dxif dx( +
W) gy ) T vy

oo —1—¢ 00
— u*r(1 / d ‘”17/ doy (PP 420 -p_xy) " °, (A2
p<r(1+¢) i $1(1+x1)172€ ; 2y (P? + 2y - p_i) ;o )
where p? = —P2. The integrals over z; and x5 factor and one finds
5 . I'(1=e)(—e) [ 1
I.=p*T(1+e) P> / dx (1 : A.13
p* T (1+4¢) T2 ), wo (1+7rwg)” (A.13)
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with r = 21, - p_/P?. By replacing xo — x4 /r one finds

_ (2 LA+ =gl(=¢) [~ , )\ Ls
L = (ﬁ) 20, -p-  I(1-2e) /0 rz (1)

PN T(1+e)T(1—e)l(—¢)
(ﬁ) 2, -p_  el(1—2e)

LC(1+e¢) T2(—¢) [ u®\°
20 p- D(1—2e) (ﬁ) ’ (A.14)

which is the result found in Eq. (3:36]).

A.1.3. Integral Z;

In this appendix we evaluate the soft region integral in Eq. (8:38)). As a first step we apply
the Feynman parametrization in Eq. (A9). By choosing a = k% b = 2l, - k + [?, and
c=2p_ -k + p? the denominator of the integrand of Eq. (A.9) becomes

a+bry + cwy = k* + 2k - (p_wy + Lyxs) + pPay + Py (A.15)

It is now possible to integrate over the virtual momentum by employing the master formula
in Eq. (A4) so that one finds

I, = pt dT( )/ dxl/ dxo le +ao L+ 20, - p_ xlxg) 70{, (A.16)

where P? = —p? and L? = —[2. To complete the evaluation of the integral we need to resort
to a series of changes of variables. One starts by replacing z; — }/P? and zy — },/L?;
in this way the integral becomes (neglecting the prime superscript)

I'(1+¢) .
L, = P2L2 / / dzy (21 4 T9 + azyze) ", (A.17)

with a = 2[, - p_/(P?L?). Tt is now convenient to separate the integration variables; we
send xo — 712 to obtain

Fl+e .
I = P2L2 / / drexy (14 x9 + azxi29)” e (A.18)

Then, we replace x5 — x4 /(1 + ax1); in this way one finds

T(1+e) [ apf [ L
_ 2 1 1—¢ |
Is=p ~prrz /0 dxy T /0 dzs (1 + x2) ; (A.19)
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the two integrals are now factored. To complete the calculation we replace x; — z//a to
obtain

F(l+e) _ o x ¢ o 1
T, =p*———2a ' [ d ! dxs (1 <. A.20
2 P2]2 a /O xll—l—l’l o x2( _'_x?) ( )
—T(1-)I'(e) 1

Finally, one finds

7 - Ll+e) ( P2L? ) (21+-pu2)5 (=e)l(e)l(=¢) (A.21)

PZLZ \2l, p P22 c

I'(I1+e) 21, -pp\°
—— T (e)'(— _— A.22
(e () (A.22)

which is the result in Eq. (8.38).

If the external legs are set on-shell at the beginning of the calculation (p* = [2 = 0) the
integral vanishes, even if p -1 # 0. This can be readily proved by setting p* = [> = 0 in
Eq. (AI6). By doing this one obtains

Z,(p°=0,"=0) = T (1+ z—:)/ d:p1/ dry (204 - p ) (mwy) T, (A23)
0 0

where the two integrals in z; and x5 factorize. It is now sufficient to prove that one of the
two integrals vanishes. Let us consider the z; integration:

o 1

it develops an ultraviolet divergence for ¢ < 0 and an infrared divergence for ¢ > 0. In
order to give a mathematical meaning to this integral we split the integration region into
two parts using a regulator A: the infrared region for x1 < A and the ultraviolet region for

x> A:
> 1 A 1 o 1 A
. dIlF = ; dxlﬁ + N d.ﬁlfl lte . ( 25)

On the r.h.s. the first integral is convergent for ¢ < 0, while the second one is convergent
for ¢ > 0. To distinguish the nature of the two divergencies we can use two different
regulators in the two different regions, by working out the integration for ; < 0 and for

gy > 0 we find
00 1 A—EI A—SU
0

xlte € €u

where both integrals develop poles for ¢, = ¢, = 0. The r.h.s. can be analytically continued
for arbitrary values of £, and ¢, without any constraint, therefore we are free to identify ¢,
and e,. As a consequence of this, the integral in Eq. (A.206]) vanishes. Another interesting

way of proving that
1
dk =0, A.27
/ k2 (k- p1)(k - p2) 20
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for any pi,ps involves integration by parts identities. One starts from the fact that in
dimensional regularization

/ddk 0 v =0 (A.28)
8/{?“ /{?2<l€ . pl)(k} pg) Y )

for any v*. By choosing v* = k* applying the derivative to the integrand one obtains

; d—4
o = [ [<k2><k~p1><k~p2>] ' 2

Since in dimensional regularization one works in d # 4 (and then one takes the limit € — 0)
the relation above implies Eq. (A.27]).

A.1.4. Soft Function in Position Space

In this appendix we descibe the calculation of the Drell-Yan soft function WDY(:U, [r)

directly in position space. WDy(ZL‘, ftg) can be expressed as a closed Wilson loopEl by the
product of the soft Wilson lines in the two currents:

Wox(e,n) = - Tr OIT (5} () S, () T (1.(0)5, 0)) 1),
~ Pexn(ig [y 210, (4.30)

where the trace is over color indices and T, T are the time and anti-time ordering operators.
We then expand the P ordered exponential in Eq. (A.30) as

. 1 )
Woy(z,pup) = 1+ 5(29)2017/ dx’f/ dzy Dy (21 — 22), (A.31)
Cpy Cpy

where D, (z1 — ) is the cut gluon propagator. At order o, the Wilson loop WDy(y, fr)
require the evaluation of the one-loop diagram shown in Fig. (1), plus the corresponding
diagram in which the gluon is attached to the other two lines. Using the Feynman rule
for the cut gluon propagator in position spaceﬁ, we evaluate the contribution of the two

IThis can be easily seen using the definition of the soft Wilson line
0
Sp(x) = (0|Pexp [z/ dsn - Ag(x + sn)||0),
where P indicates the path ordering of the color matrices.
2 The cut propagator D*(z) = —g"¥ D(x) is definded in position space as

d —
D) = [ e b)) = S (2. — i0)(a- o))
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diagrams and we find
z 2, 2% ’ - I'(1—e¢) —, \2e—2
Woy(z, pny) = 1+4g°p1~ Cr dt, dts W(w — nty — nty) , (A.32)
—00 0

Assuming that x = (z0,0,0,0) we obtain the factorization of the two integrals

- r1—e) [° o
WDy(l‘, Mf) =1 + 492,u2€ CF%/ dt1(2t1 — l‘o)eil / dtQ (l‘o - 2t2)€71 . (A33)
0

—00

By replacing t; — wot1/2, ts — —xole/2 we find

. I(1—e¢) [° _
Woy(z, puy) = 1—g*p™ CF%/ dty xg(ty — 1)°!

3
[e.e]

X / dtg ZL‘g(tQ -+ ].)6_1 s
0

'l —¢ -1 — > e—
= 1—92u2€CF%$3€/ diy (t1)° 1/ dts (t2)""
_ 1

O[s F(l - 8) £
If we define p25, = e~7% p¥ (47)° it is possible to rewrite Woy (, y) in the following way:
. o, I'(1—¢) _. 1 :
WDY({L‘, ,uM—S) =1 + CF? %6 E <—ZM12\/[SZL'3€2’YE) . (A35)

A.2. Factorization of the Sudakov Form Factor in d = 6

In this Appendix we want to employ the SCET Lagrangian derived from the ¢* theory
in Section to prove a factorization theorem for the Sudakov form factor. In four
dimensions, the analysis is complicated by the fact that the coupling constant ¢ is not
dimensionless. To avoid this problem, we will consider the theory in six dimensions. By
writing the action of the theory in d-dimensions

Sz/ﬂxB@M@Wﬂ@—%&@HJ@), (A.36)

which is dimensionless when setting 2 = 1, and by looking at the kinetic term, one can see
that the mass dimension of the field is
d—2

[M:—E—, []=1 in d=4, ] =2 in d=6.
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Similarly, by looking at the interaction term one can determine the mass dimension of the
coupling

[g]:6%d; [g)]=1 in d=4, [g)]=0 in d=6. (A.37)

At this stage, we want to study how the various fields in the effective theory scale in
terms of powers of A in d = 6. We consider now the two-point correlator for collinear fielddd

~ 6 —ip-x i ~ 4
(@100 ~ [ & 7 R (A.38)
PUBEEPSEEN
A—2
and conclude that the collinear fields scale as ¢. ~ A?. One can carry out the same analysis
by considering the correlator of two soft fields (in this case all of the components of the

soft momentum scale as \?)

(@) ~ [ dp v S~ (A.39)
AL2 A0 ?_,Z/

so that ¢, ~ A1,

Next, we determine the scaling of each of the terms which appear in the effective La-
grangian. Keeping in mind that the scaling of the integration measure is given by the
components of x which are conjugate to p, one finds

J &z 30,8.(x) " ¢e(x) ~ 55 (W) = X,
J & 30,04(0) 9du(z) ~ s (AT = X\,
—4 [ d°x ¢¥(x) ~ oY = N, (A.40)
—4 [ d°w () ~ o) =N,

—4 [dfx ¢2(x) ps(x_) ~ %()\2)2)\4 = M = Suppressed.

The terms originating from the current operator J = ¢? scale instead as follows

/dﬁx Jo(x) o /dﬁx be(x) Pa(T) ~ %)\2)\2 =\, (A.41)

3We remind the reader that in Eq. (A38) p is a collinear momentum in six dimension, where the compo-
nent in the collinear direction scales as A%, the component anti-parallel to the collinear direction scales
as A% (as in the four dimensional case), and the four transverse directions scale proportionally to \.
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Combinations involving more fields are powers suppressed, as it can be seen below:

/d% 0(x) pe() ~ F ()\2) M =)\ = Suppressed,

/de Ge(x) Pa() Ps(x) ~ % ()\2)2 M=) = Suppressed. (A.42)

Observe that the integration measure in Eqgs. (A42)) scales as 1/A* because both the plus
and minus components of z# are of \°, since they are conjugate to a momentum which is
a sum of [-collinear and p-collinear momenta. Therefore d®z ~ (p )~ ~ A7

In summary we conclude that

/ A7 Loosr = / & [Lo+ Lot L)+ O (V) (A.43)

while for the current operator one finds

/d% J(x) — /d% /ds /dtC’(s,t,u) ¢e (x + s0) e (x+1tn) + O (N?) . (A.44)

Since soft-collinear interactions are power suppressed, it is possible to obtain a factorization
theorem.
Let us consider the following correlator

Glp. L) = / &z, / @Bz €= PEHTO|T (b (21)J (0)del2)} 0)

= /d6x1/d6x e ’p““lm/ds/dtCst,u

(OIT {pe(w1)@e(sm)} 0) O[T {@z(tn)de(22)} [0) , (A.45)

Since the soft-collinear interactions are power suppressed, the fields ¢. and ¢; do not
interact whith each other. Up to power suppressed terms, we now deal with two separate
theories and the matrix element in the first line reduces to a collinear matrix element of
the ¢. fields times a matrix element of the ¢; fields.

Translation invariance implies that

(OIT {pe(21)¢e(sn)} |0) = (O[T {@e(1 — 57)¢c(0)}]0) , (A.46)

and a similar relation for the other time ordered product. One can then carry out the
following changes of variables in Eq. (A.43]):

X

Ty — X1+ SN, and To — Tg + 10, (A.47)

to obtain

G(p,l,pn) = /ds /dtC(s,t,u) e Pt T (p?) T (1), (A.48)
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% [ @ .’j(L?)‘.
— + 0 (N)
F(Q* L?, P?)

Figure A.1.: Diagrammatic representation of the factorization theorem for the ¢* theory
in d = 6.

with

Q
—
i
o no
=
SN—
Il

/ &1 e (0|T {o(x1)0e(0)} |0) |

\
—~
=
=
N~—

Il

/ Oy €72 (O T {$(0)pal) } |0) . (A.49)

The functions J do not depend on s and ¢, and therefore the integral in Eq. (A48 factors
out. By introducing the notation

Co(R-pon-lp)= /ds /dt C (s, t, ) e ispnrittn (A.50)
one can rewrite the three-point correlator in Eq. (A.4])) as the product of three functions
G(p, L) =Co(n-pn-Lp) T (p* 1) T (1 p) . (A.51)

We have factorized the Green function G into a product of a hard function C and two jet
functions J. The jet function can be calculated within the full theory since the collinear
Lagrangian is identical to the complete ¢* Lagrangian. The content of the factorization
theorem is summarized in diagrammatic form in Fig. [A.Dl The nontrivial part of the
factorization theorem is that the hard function can be calculated at p? = [2 = 0, so that
we have managed to factor a function of three variables into a product of three functions
of a single variable. The full Sudakov form factor is split into an high-energy contribution
(the hard function), and two low-energy contributions (the jet functions).

It would be interesting to use the factorization theorem to resum Sudakov logarithms
to all orders in the coupling constant; this can be done by employing RG tools within the
effective theory. The Sudakov logarithms have the form

272
o (Gr)
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so there is only a single logarithm at each order in perturbation theory. This is due to the
absence of a soft contribution to the Sudakov form factor (A.51]): the double logarithms
arise in the interplay of soft and collinear contributions and will be present in the QCD
case.

A.3. Wilson Lines and Gauge Transformations

In this appendix, we derive a few fundamental properties of Wilson lines. We start by
considering a generic Wilson line connecting two space-time points y and z, for an Abelian
theory such as QED. In the Abelian case, no path ordering is needed, and we will indicate
a Wilson line as

(2,9, = exp {—ie /P d:c“Au(a:)} , (A.52)

where P is a path which connects y with z, and where e = —g is the Abelian coupling
constant. In most cases, we drop the subscript indicating the gauge field; however, in
the following discussion we need to carry out gauge transformations, and it is therefore
convenient to indicate explicitly which gauge field appears in the Wilson line. The Wilson
line can be rewritten as

[z,y] 4 = exp [—ie /Sz ds%flu (x(s))] ; (A.53)

S

where s is a variable parameterizing the path and s,, s, are such that
y =x(sy), z=x(s,). (A.54)

The Wilson lines employed in the rest of this appendix involve paths which are straight

segments, so that
dx*

ds

Moreover we typically choose s, = 0 and rewrite s, — s and zg — 0. In this appendix

however we will consider the more general case of Wilson lines along arbitrary paths.
Under a gauge transformation V(x) = ¢@) the field A, (z) transforms as

x(s) =xo+sn, and =nh. (A.55)

1
Ay(r) = Al (r) = Au(x) + gaua(:c) : (A.56)
and the Wilson line changes to

[Zay]A — [Zvy]A’a

.7 dat [ dat
= exp [—ze/sy dsd—AM(x(s)) +2/Sy dsgaua (x(s))] ,

S
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% da [ d
= exp —ze/sy dsEAu(x(s)) +2/Sy ds%a(x(s))] ,

= exp |—e /SZ dS%Au(x<5)) +ia(z) —ia <y)] ’

Yy

= V() [2yl,VI(y). (A.57)

From the last line above it is easy to see that if y = z (closed path) the Wilson loop is
gauge invariant.

Next, we will to prove that the covariant derivative of the Wilson line along the in-
tegration path is zero. To this end, we consider an intermediate point z* = x*(s) and
compute

daxt dxt

G Dilraly = T @t ieAy (@) eyl
:i%%[(é%l}fgmmv+Awwhwh,
— | (- [ty + S o)
= e[ a o)+ )
= 0. (A.58)

The properties shown in Eqs. (A57), (A58]) are valid also in the non-Abelian case; as
we show below. For the Wilson lines, the only difference in the non-Abelian case is that
the exponent is matrix-valued and we therefore need to specify an ordering prescription.
The proper prescription is to define

[z,y], = Pexp

ig / %AZ ((5)) tb] , (A.59)

where P indicates the path ordering of the integrands in such a way that an integrand
evaluated at a given value of s appears to the right of integrands evaluated at larger values
of the parameter s, while it appears to the left of integrands evaluated at smaller values
of the parameter s. In the adjoint Wilson line [z, yH4 the symbols P indicates the opposite
ordering prescription with respect to the one just described. In the following, in order to
keep the notation compact, we introduce a symbol for the argument of the integrand in

Eq. (A59):
F(s) = =—Ab (x(s))t". (A.60)
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We use boldface fonts for F' to indicate that these objects are matrices. By employing the
usual series representation of the exponential

=y - (A.61)
n=0 nl
one can rewrite the Wilson line as

(ig)"

n!

[27y]A =

n=0

/S:stl /S:ZdSQ . ./S:stnP {F(s1)F(sy)---F(sn)} . (A.62)

The path ordering prescribes that the non-commuting functions F' should be ordered con-
sidering the decreasing order of the arguments. Therefore, if s > so > .-+ > s,, the
product of F’s in the integrand should be F'(s1)F(ss) -« F(s,). The integration region in
Eq. (A.62) is a n-dimensional hypercube. It is possible to subdivide the integration region
in n! subregions, which correspond to the n! possible ordering of the elements in the set
{51,892, -+, 8, }. The n! integration regions are simplexes, as it is easy to see by considering
the simple case in which n = 2, s, = 0, and s, = 1; in this case

/ d81/ d82P {F 81 82 / d81/ d82F 81 82 / d82/ d82F 82 81)
1 S1
2/ d81/ d82F<81>F<82). (A63)
0 0

This procedure can be generalized to the n-dimensional case, each of the integration regions
give the same contribution so that one can eliminate the path ordering and multiply by n!

cach termi] in Eq. (AL62):

2,9, zg / ds, / dsy - / " 4 F(s) Flsy) - F(s,). (A.65)

We then redefine s, = sp and s, = s and we calculate the derivative of the Wilson line
with respect to s

%[x( ), 2(s0)] 4 = j (1+Zg/sodle(sl) (ig) /dsl/ dsoF(s1)F(s5) + - - ) .
(A.66)

4 Following the same procedure, but taking into account the opposite path ordering prescription, the
adjunct Wilson line can be written as

[zyA— ~ig) / s / dss - / dsuF(51)F(s3) - F(s,) (A.64)

141



A. Appendix

It is easy to take the derivative in each term in the r.h.s. of the equation above by observing
that for a generic function g(s)

d S

— | dtg(t) = . A.

i [[anato) = ot (A6)
Eq. (A.66]) becomes

SE a0, = (@FE) + (9P F() [ dsFls)

S0

HigPF(s) [ dsaF(s) [ dssFlsg)+ooe.

S0 S0

= (ig)F(s) [z(s),(s0)l4 ,

= (ig)%flﬁ (2(s)) " [2(s), (50)] 5 - (A.68)
It is now trivial to see that
2 (o~ 19 ) 2 ) o) alsu)y = S Do) a(on)l =0, (409)

and therefore the covariant derivative of the Wilson line along the path is zero also in the
non-Abelian case. Once an initial condition is specified, this first order differential equation
determines the Wilson line. The initial condition is simply that the Wilson line of zero
length is the identity matrix [z(s,),y]a = [y,y]a = 1. The Wilson lines along the path P
from y to z is the unique solution of the differential equation in Eq. ([A.69]) which satisfies
the initial condition [y,y|4 = 1.

Finally, we are ready to prove that also in the non-Abelian case the Wilson line trans-
forms according to Eq. (A.57) under gauge transformations. Let us define the quantity

[z, yla = V(2)[z,y]aV (1), (A.70)

And prove that it satisfies the differential equation ([A.G9) when the covariant derivative
depends on the field A’, which is the gauge transformation of the field A. In fact

DAl = DA @iV (),
_ %V(x)DM(A)VT(x)V(x)[Ly]AVT(y),
— V@) D,(A)z, gl Vi) =0, (A.T1)

ds

where the last equality follows from the fact that [x,y]4 is the solution of Eq. (A.G9). Our
proof is completed by checking that [x,y]4 also satisfies the correct initial condition

. yla =V (y) [y, ylaVi(y) =1. (A.72)

=1

142



A. Appendix

Therefore the non-Abelian Wilson lines transform according to Eq. (A.70) under gauge
transformations.

A.4. Evolution equation for the PDFs in Laplace space

In this Appendix we derive the expression in terms of the Laplace transform for the simpli-
fied Altarelli-Parisi evolution equation in Eq. (d31]). The Laplace transform of the PDFs
was defined in Eq. (£33). One starts by rewriting Eq. (£31)) as

dfq/N(ya :u)

dln i :/Oy dz [P(x)fyn(y +z,1) + O()] , (A.73)

where z =1 —x and y = 1 —y. We are working in the limit in which y — 0, therefore the
subleading terms in z in the integrand can be neglected. By taking the Laplace transform
of Eq. (A.73) with respect to y one finds

df(r,p) _ [,
pu— d p—
dlnp /0 Jexp (

L) [Pt oo -a) . (am

TEVE

The Laplace transform of a convolution of two function is the product of the Laplace
transforms of the two functions; in fact, by introducing the variable z = y 4+ Z, the integral

in Eq. (A7) factors as follows

dfqﬁié:“) — </Ooodxexp (—TZE>P(x)) </Ooodzexp (—T;E)fq/N(Z,u))

= P(7) fyn (. 1) - (A.75)

Finally, one needs to calculate the Laplace transform of Eq. (£32). A convenient way of
obtaining the Laplace transform of a plus distribution is the following: one evaluates the
integral

T — — VEA A
/0 dz exp ( ) PrEswa LA 7. (A.76)

TEVE

It is then possible to expand both the integrand and the r.h.s. of the equation above in the
limit of vanishing A :

1 1 Inz
—_ Xé(f)+{—} +A{H} +
T X + X +
ET(N) T = l+1m+1(”—2+1n?¢)A+ (A.77)
= 3 A& :

It is then straightforward to conclude that
P(7) = 205w () In T + 2972 (a) . (A.78)
This proves that Eq. ([{34) is satisfied.
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A.5. Anomalous Dimensions

For the conveninence of the reader, we collect here the explicit expressions of the coefficients
of the anomalous dimensions and the QCD S-function needed for slepton-pair production
and stop-pair production.

We first define the expansion coefficients of the anomalous dimensions and QCD f-
function as

s g\ 3
Fcusp(OZS) F04_ +F1 (47’(’) +1—‘2 (471’) + ey

Bos) = =20 {50—+51< W) + 5 (%)Z} (A.79)

and similarly for the other anomalous dimensions (recall that e,y = Cpyeusp for the ¢q
channel, and I'c,sp = CaYeusp for the gg channel). In terms of these quantities, the function

ar is given by [3L07]

ar(vp) = &{m )y (T ) o) )

200 as(v) Lo Bo 4m
Iy B Bu(Ti Bi\]ai(p) —ai(v)
pozop(noaysuode, )

and the result for the Sudakov factor S reads

T 4 1 T
Slv,u) = T;g{wﬁy)(l—;—lnr)#—<F—;—%)<1_T+lnr) 2550 2 r

2)a-rrmn+ (Z-2) 00

Bl Bo
/EOFO /80

_(ﬁ_@_&3+§)u—wl

N

B Bo Bolo  To 2

()’ (5162 B B B (Q_@ B Ml) r_)
+< i ) [ 2o 2 AL G A Al 2T
n (Fs B3 n 26182 B} ( 1 51) Bl 51F2) (1—r)3

To Gt 22 TR\To B) Al flo) 3

n (353 Iy B 36 n Bl n Bl B 75152) (1- r)2

4&0 2FO 53 4ﬁ8F0 BOFO 460]:\0 468
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BB Bz BTy 5@)1_7, \
+(ﬁ§ Bo 68F0+60F0 2]*"'}7 (A.81)

where 7 = ag(u)/as(v).
The QCD beta function up to four loops is given by

11 4
Bo = 3 Ca— 3 Lrny

34 20
51 == ? 0124 — ? CATFTLf — 4CFTFTLf s (A82)

2857 205 1415 44 158

149753 1078361 6508 50065 6472 1093

- 564Cs — T oM P R

bs g T 30046 ( 62 27 C‘”’) ! (162 M C3)"f+ 729 '

where Tp = 1/2 and ny is the number of active quark flavors.
The coefficients for the cusp anomalous dimension are [9§]

o= 4,
cusp 268 47 o 80
= |- — —Trn
T 9 3 AT g AEny,
490 53672 447t 88 1672 16072 224
cusp — 02 . _ _ C T = -
2 A(g 27+45+3<3>+AF”f( o7 T a7 3C3>
220 64
L CoTyny (—7 N 64<3) - Sz, (A.83)
For the four-loop coefficient v5** we use the Padé approximant v5*" = 5P 2 [y,

The anomalous dimension 77 = 47 can be determined from the three-loop expression for
the divergent part of the on-shell quark form factor in QCD [99]. The result was extracted
in [3]. In the notation of this thesis 294 = +". One obtains

% = —3Cr,
Vo= C% <—; +27% — 24C3> + CrCy (—% - 1167T2 + 26@’) +CrTrny <% + %ﬁ) ’
o= C (—% — 3n% — 8?”4 — 68C3 + 16;2 G+ 24045)
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139345 716372  837* 3526 4472
+ CrC3 (— — — + G — 5 G — 136@5)

2916 486 90 9

2053 267 28 512
+C§Tmf< 27 9 o7 +TC‘°’)

17318 259472 2274 1928
+ CFCATFTLf <— - g?:)

729 * 243 * 45 27

0668 407> 32
C T2 2 it
ey ( 729 27 27 C?’)

(A.84)

Similarly, the expression for the gluon anomalous dimension can be extracted from the
divergent part of the gluon form factor obtained in [99]. One finds

% = —bo= —1—31CA+§ FNf,
¥ = C% (—% + %7: + 243) + CaTrny (% - 2%2) +4CpTeny,
+ CaTeny <32;1>5 a 112948;2 * 81237;4 * 72%2 C3)
+ CACpTeny (%2’4 - 2%2 - i—ﬂ; - %4 43) — 202 Tpny
+ CAT2n? (—% + 427{2 - % gg) - 2—4 CpT2n’. (A.85)

These results for 77 and ¢ are valid in conventional dimensional regularization, where
polarization vectors and spinors of all particles are treated as d-dimensional objects (so
that gluons have (2 — 2¢) helicity states).

The first two coefficients of the anomalous dimension for massive quarks are [82].

W = —20F,
7 = CrCa (—% + 2%2 - 443) + 4—900FTan- (A.86)
The cusp anomalous dimension for massive partons which depends on hyperbolic angles
By are given by [82/[T00HI02]
Yo T(B) = o Beothp,
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2

AP = ABeoth 5+ 8@{% Gyt 2

+ coth? B |Lig(e™ ip(e=2P) — W—Q 7
3(e”) + BLig(e™) C3+65+

3

+ coth 3 [Liz(e%) —281In(1 — e %) — %2(1 +B8) - B — %3] }(A.S?)
(A.88)

9(8) = 0,
g1(B) = cothp {52 +261n(1 — e %) — Liy (e 2%) + %2} — %2 . (A.89)

The anomalous dimension describing the evolution of the quark PDFs near 2z = 1 is [§]

%' = 3Ck,
o= 2 @-%%244(3)) +CpCa (%7+2297T2 —1243) —CpTrng <§+8%2) (A.90)
Similarly, for the gluon case, one finds
’V(])cg = Do,
Moo= 3 (3—;+12¢?) - ?CATan — 4CpTypny . (A.91)

A.6. Loop Integrals for SUSY corrections in slepton-pair
production

Here we provide explicit expressions for the loop functions fp and fo appearing in (5.17]),
distinguishing two kinematical regimes. Below the squark production threshold, i.e. for
M? < 4m?j, the two functions are real, while above threshold they develop an imaginary
part. We first give results for the function fz. Denoting x = 4m§ /M?, we obtain

1
fB(MZ,mé) = 2\/x—1arctan\/ﬁ; x>1,
14++/1—
fB(MQ’mé) = \/]_—{L‘(lnl—l_ﬁ—iﬂ'); r<l1. (A92)
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To express the function fo in a compact form, it is convenient to define
2 2 2
Mg~ Mg M _lEvizr

Nh=—5—""73, Y+

— A.
M2 m2 —m? 2 (A.93)

Yo =

For M? < 4m§ we then obtain

—1
fo(M? m2,m2) = Liz(yo ) - Liz< & ) +L12< %o )
Yo— U Yo — U1 Yo — Y+

—1 —1
_ L12< L ) +Li2< Yo ) - Li2< Yo ) . (A.94)
Yo — Y+ Yo — Y- Yo — Y-
while for M? > 4m? we get

2 —1
Jo(M? mg,m3) = %+L12(y° )—Lm( 2 )
- 1 1 2
+L12< Yo )+L12<y0 y+)+—{ln<y0 )er}
Yo — Y+ Yo — 1 2 Yo — Y+
—y 1 1 2
+L12( Yo )+L12(y° Y )+—{ln(y0 )—m} . (A.95)
Yo — Y- Yo — 1 2 Yo — Y-

In the special case of equal masses, m; = myg, these results simplify significantly. We then
obtain

2m
C%USY =Cr [3 = [p(M?,mg) + —q fe(M mq,mg)} ; (A.96)

where (with 2 = 4mZ2/M? as before)

1
fo(M?, mg,mg) = -2 arctanQﬁ; x>1,

— 2
1tvl-e iﬂ'); x<l1. (A.97)

fC(M2 mz,mz) = 3 (ln i
A.7. Renormalization Constants for stop-pair production

In this appendix we summarize the renormalization constants needed to renormalize the
hard function for stop-pair production:

2 1 2 2 m2 — 3m2 mi m2
AZ, = —g—ch <g+lnﬂ—§)+%%[ ! T o3|, (A98)
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AZ; = CF[ +In ;‘f + Bog(m2 , m2, m2)
t1
_B(’](m%l, mi,mZ) (mj +m} — mtg1 — 2mymy sin(2av) ) } : (A.99)
2 20 a1 m2 m2
g A+ 5N+ l
AZ, = —s<—3 3 —CAlOg—g—i-—log_q
g 2 £ w3 5
2. m? 1 o1, m
4= log — + = —log tQ) , A.100
3 T uh o 6 6" pf (A 100
AZ gz<3CA_Nl_1+QCl m~?’+ !og ™
—_= _ — 0 —— — 109 ——
g 2 £ 3408 w3 & I
2 m2 1. mi 1 m
+=log —- 4+ =log —+ + —~log t2> , A.101
3Tk 6 Tk 607 ug (A0

3

2m? + 2m2 — m?2 — 2mymg sin(2a)
2 ¢ g i t'g
AZyy = 20kg ( 1

12
+2Crg? <mt +m +m? log 'uR +m log — )
Mg

+2Crg? (Bof(mtgl,mt, ) + log o ) (mf + mg — mtg1 — 2mymg sin(Qa))

t1

t1

3 1 2
+Q§CFmtgl ( + 7+ 3log i ) — ¢2Cr (3052(2oz)m%1 (1 + . + log T[:L—]2%>

1 2
—g3Cpsin’®(2a)m?, (1 + B + log T’;—;‘?) ; (A.102)

where ppg is the renormalization scale and ¢ = (4 — d)/2. In the above expressions the
scale dependence is explicit, therefore the loop function B f(mtgl,mf, mg) is intended to
be evaluated at the scale p% = m?l. The subscript f refers to the finite part, O(e?), of
the loop function By (m3 ,mi, m2). AZ,, AZ, and AZ;, are respectively the quark, gluon
and stop wave function renormalization constants. AZ, is the renormalization constant

for the coupling g, and AZmzl is the mass counter term.
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A.8. NLO Soft Function Formulas for stop-pair
production

In this appendix we collect the results of the calculation of the NLO soft function in PIM
kinematics [9] and in 1PT kinematics [10].

Since the soft functions depend on the plus distributions, it is more convenient to work
with the Laplace-transformed functions. They are defined as

Y T . )

eVE MeL/z

. —2i
=W (:1:0 = W,M) . (A.103)
In Eq. (A.103) we omitted the dependence of the soft functions on the PIM or 1PT kinematic
variables and on the heavy particle masses, as well as the subscripts ¢g or gg indicating
the channel. The equality in the second line of Eq. (A.103) was proven in [5] and follows
from the functional form of the position space Wilson loops [103].

The expansion of § in powers of the strong coupling constant is

s 50 % ) (%)2 52 3 A104
§=38 +47Ts + ) ® + O0(a) . (A.104)
At leading order the soft functions are the same both in PIM and 1PI kinematics:
N 0 N 0 0
(0 -
séq) = (0 @) : sg;) =0 & 0 - (A.105)
2 N2—4
0 0 S5

The bare soft function at one-loop order in position space, can be written in d-dimensions
as

bare

W(l’k)(&%,ﬁ) = Zwijzfj(&%,ﬂ)a (k= PIM, 1PT), (A.106)
ij

where € = (4 — d)/2. The matrices w;; are related to the products of color generators and
are the same for both kinematics. In the quark annihilation channel they are

- - Cr [4N? 0
w?gzngz—m<0 _1>,

. - Cp (2N 0
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. - Cp (0 =N
wif = wif = ——— < ) : (A.107)

4N? 0 0

CeN 0 0
0o o0 -2
2N% 0 0
99 g9 _ CF 2
Wgg =Wy =55 | 0N 0 ;
0 0 N?—-4
0 AN 0
wi =wji =—- 4N N2 N? -4/,
0 N?—4 N?2—-4
| 0 —4N 0
wif =wi = —2 | -AN  N? —(N2—4)|. (A.108)

0 —(N*—4) N?2—4

The functions IZZ] are integrals over the soft gluon phase space. In PIM kinematics one
finds ZF™ = ZDM = (0 and

2 2 2
IPIM — _ (= —L L2
12 (82 _'_ e 0 + 0 + 6 )

2 2
IgM:ZEM:g+2Lo——lnx8,

B

1+22[/2 972
M=~ 7 Z 420 ) Inw, —In®z, +4Ina,In(l — x,) + 4Liy(x,) T ,
1—a2 | \¢ 3
ZPIM _ PIM _ _ 1 I —In (1+ )%\ n L 4oL 1L —ay 4oL, [T Y
13 24 5 \ 10 ETA D A AUETIE
IEM = 5N = Tus (g — 2) | (A.109)
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where z, = (1 — 5;) /(1 + 5;,), ye = —fl/mgl -1, z, = —ﬁl/mgl — 1, and

2,.2 2y,
Lo—1n ( _ “T) | (A.110)

In 1PT kinematics one finds Z{F! = 718 = 0 and

2
2 92 §m? §'m? 2 §'mg
h = — - T = Lo—lnq—jl + | Lo—1In A,Afl +W_+2Li2 1- A/Afl '
€ € )l ty 6 i
2 2(1+52)
i LI, AT W
B . ’ B,
2
Iiflzg‘i‘QLO_'_Zlu
11 1 2
I = = -5 - 2h— 5L - T, A
~ ~ 2
1 1 t/ 1 t/ 7T2
' =—|5+-(Lo—2Im—= ) += (L -2+ ) + =
13 R T A G AT B
t tw,
+ 2Li, (1— - )+2L12 (1— L )] :
U T uy
Iy =T (h < @),
1+62 71 2 i
zft = |-, = 20, + 20 — 4 (1 - o) — 2Lin(e?) + T
2651 15 3
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