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Abstract: In this thesis we have considered applications of two different types
of effective field theory. The first of these, Soft Collinear Effective Theory (SCET)
has been applied to the calculation of top quark pair production at hadron colliders.
Building on factorisation theorems developed using SCET we present results for
resummed differential cross sections of the top pair invariant mass. The highest
accuracy of resummation achieved and matched to fixed order is at NNLO-+NNLL'.
Resummed predictions are compared to fixed order ones and we find that while the
(N)NLO results can be sensitive to the choice of factorisation scale, the resummed
results exhibit more stable behaviour. We perform a number of additional analyses
to further investigate the choice of scale on the invariant mass distribution. In

addition, we also present results for the pr distribution of the top quark.

The second piece of work presented in this thesis concerns the use of the Standard
Model Effective Field Theory (SMEFT). The SMEFT augments the Standard Model
with higher dimensional operators which can be viewed as the low energy realisation
of some as yet undiscovered physics at high scale. We use the dimension-6 SMEFT
to calculate the QCD corrections to Higgs decay to bottom quarks at NLO. The

main result of this section is the NLO partial decay rate for the Higgs including the



dimension-6 Wilson coefficients. Finally we attempt to remove the presence of large
mass logarithms through the conversion of the b-quark mass to the MS scheme. We
assess the reliability of this prediction in the limit of massless bottom quarks and

find excellent agreement with the result with full mass dependence.
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Chapter 1

Features of the Standard Model

1.1 Introduction

In order to put the rest of this thesis in context we begin with a short review of the
Standard Model (SM). We focus on key areas which are of most relevance to the

work in this thesis. The SM is a gauge theory built on the gauge group
SU(3). x SU(2), x U(1)y . (1.1.1)

The subscripts ¢, L and Y stand for colour, “left”, and hypercharge respectively. As
such SU(3). is used to describe the form of the strong interactions, while SU(2), x
U(1)y describes the electroweak sector. We will postpone discussion of the strong
interactions until Section 1.4. The groups SU(N) for N > 2 are known as non-
abelian. This is because the generators of the groups do not commute and obey the
Lie algebra

1] = ifheh, (1.1.2)
where t' is a generator of the group indexed by ¢ and f¥* are known as the struc-
ture constants. In the case of SU(2) the structure constants are simply the three

dimensional Levi-Civita symbol €®¢. For an SU(N) theory the indices run from

i=1,...,N? —1. Gauge fields arising from these non-abelian Lie groups are known
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as Yang-Mills theories and were first considered in [1]. Two non-trivial represent-
ations of these gauge groups will be important for the SM, the fundamental and
adjoint representations. We denote generators in the adjoint representation with
capital letters T4. Fields transforming in the fundamental representation have N
components while those in the adjoint have N? — 1 components. All matter fields in
the SM will transform under either the trivial or fundamental representation of these
groups, while the gauge fields themselves are in the adjoint representation. Under a

gauge transformation, the matter fields in the theory transform as

Vi(z) = Uy(x);(), (1.1.3)

where
Uij(z) = exp (ia“(z)t?j) : (1.1.4)

and a”(x) is a function parametrising the size of the transformation. Here the indices

i, 7 label the gauge components of the field.

These gauge symmetries together with the spacetime symmetries of the Poincaré
group greatly restrict the form of the Lagrangian! one can write down for the
theory. The various fields in the theory will have different charges under the various
gauge groups determining their interactions. Because the theory is based on local
symmetries, it is necessary to introduce a covariant derivative in order to write down

kinetic terms for the fermions which will appear in the theory. This takes the form
Dy =0, —igiY B, — igat "W —igt* Gy, (1.1.5)

where B, W and G} are the gauge fields associated with the U(1)y, SU(2). and
SU(3). groups respectively, Y is known as the hypercharge. Not all matter fields are
charged under every gauge group and so not all of the gauge fields will necessarily
be present in the covariant derivative for each matter field. Because these gauge
fields will form dynamical components of the theory it is necessary to provide terms

in the Lagrangian of the SM describing their dynamics. The kinetic terms for these

1Strictly the Lagrangian density. But we refer to this simply as the Lagrangian from now on.
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gauge fields are written

1 1
EGauge - _7B;WBHV - Z

1 }(?*GA“”, (1.1.6)

Wﬁywauu o G

where

B,, = 0,B, — 3,B,,
Wi, = 0.Wg = 0,W + g2 f*" W)W,

Gh, = 0,Gy — 8,G + g fPCGIGS .

The field strength tensors for the non-abelian gauge fields have additional terms
in them which are quadratic in the fields. The kinetic term for non-abelian gauge
fields therefore contain not just the usual 0AOA terms for the fields, but also terms
trilinear and quartic in the fields. Non-abelian gauge fields therefore necessarily
have self interactions amongst their component fields. Such a phenomenon plays an
important role in the phenomenology of the strong interactions. We will encounter

this more in Section 1.4.

The presence of the group SU(2);, under which only left handed components of
fields are charged means that the theory is chiral. As such when it comes to describe
the matter content of the SM it is useful to project out the handedness of the field.
We write

Yrr = Pr/rY, (1.1.7)

where 1 is a four component Dirac spinor and

P = (1—75) ; PRZ;(1+75) ) (1.1.8)

N | —

are the left and right handed projection operators respectively. Table 1.1 lists
the matter fields which are present in the SM and their representation under the
different gauge groups. The choices for the hypercharge of the fields is motivated by

the resulting electric charge and will be discussed more in Section 1.2. The fields in
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Field | SU(3). SU(2), U(l)y
Qr 3 2 %
UR 3 1 2
dr 3 1 —1
Ly 1 2 _2
en 1 1 —1

Table 1.1: Matter content of the SM and the charges of each field
under the different gauge groups. For SU(3) and SU(2)
trivial representations are denoted 1 while 3 and 2 denote
the fundamental representation of each respectively.

the fundamental representation of SU(2), have as their components

Uy, vy,
QL - ) LL -
dr, €L

Notice there is no right handed neutrino field. This means we cannot write a mass
term for the neutrino, as we shall shortly see. The SM actually contains three copies
or “generations” of each field. Each of these fields therefore carries an additional
index 4 (Q%) where ¢ = {1,2,3} labelling the generation. These generations are
identical in every respect apart from their mass. In order to write a Lagrangian
description for the theory, we must introduce kinetic terms for the fields. Using the

covariant derivative introduced earlier the kinetic terms for the fields are written
Loirae = Y QpilPQy + > LyilPLy + ) apilPuy,
+ Y dhilpdiy + Y ehilpet,. (1.1.9)

As mentioned, the covariant derivative only contains the gauge fields under which
the field it is acting on is non-trivially represented. The presence of the covariant
derivative in the kinetic term is the source of the interaction terms between the
fermions in the theory and the gauge bosons. An apparent problem now arises.

Mass terms for Spin—% fermions take the form
LD —m(Yrbgr +he), (1.1.10)

where h.c. stands for the hermitian conjugate. This couples the left and right handed
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Field | SU(3). SU(2), U(
H | 1 2

)y

[ [ Y

Table 1.2: Representation of the Higgs field in the SM.

components of the field. However, because these two components are in different
representations of SU(2), such terms would explicitly break this gauge symmetry.
Thus it seems we cannot have mass terms for the fermions in the theory. A similar
problem exists for the gauge bosons associated with the weak interactions, which
are known experimentally to be mediated by massive exchanges. The solution to
both these problems is to spontaneously break the symmetry preventing masses via
the Higgs mechanism. While we postpone detailed discussion of this mechanism
until Section 1.2, we note that it relies on the introduction of a scalar field in the
fundamental representation of SU(2);, which we denote H. Table 1.2 details the
representation of the Higgs field under each of the gauge groups in the SM. We also
note that the Higgs mechanism gives rise to masses for the fermions through Yukawa

type interactions. The SM Lagrangian also contains the following terms
'CYukawa = _YdZ]CZZRHTQ]L - YJ],&%ETQJL - Yewéz%HTL]L + h.c. ) (1111)

where ij are the Yukawa coupling matrices in generation space (ij), for I-type?
fermions. There is an understood contraction between the left hand fields and the
Higgs field so as to make each term invariant under SU(2), transformations. In
order to get a mass term for the up-type quarks it has been necessary to define
H = ioc>H*. Our convention here agrees with the one from [2]. The relevance of this
will be discussed in Chapter 2. Note that because there is no right handed neutrino
field, we cannot write down an interaction with the neutrinos and consequently
they will remain massless. Given that neutrinos are known to have a non-zero mass
experimentally, one might be tempted to introduce a right handed neutrino and give
them mass via the Higgs mechanism. However, the exceedingly small mass of these

particles has sparked a lot of interest on other methods to provide a mass. We will

2u = up-type quarks, d = down-type quarks, e = charged leptons.
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not discuss these here, but simply note that this is a feature of nature which the
SM currently doesn’t (but could) account for. Finally, we require some terms in the

Lagrangian to describe the kinetics of the Higgs field itself. These are given by
Litiges = D, H(D'H)' — V(H), (1.1.12)

where V(H) is the potential for the scalar field which we will touch on shortly. The
components mentioned thus far then constitute the current formulation of the SM.

The classical Lagrangian for the SM is thus given by
ESM = EGauge + *CDirac + EYukawa + ﬁHiggs ) (1113)

where the terms on the right hand side are given by Egs. (1.1.6), (1.1.9), (1.1.11)
and (1.1.12). We now turn to the description of the Higgs sector of the SM, which
will allow us to account for the masses of the observed particles without explicitly

breaking the gauge symmetries.

1.2 Higgs Sector

The purpose of the Higgs sector of the SM Lagrangian is to spontaneously break the
electroweak gauge symmetry in order to generate mass terms for the gauge bosons
associated with the weak interactions as well as any fermions with mass [3-5]. The
symmetry breaking is known as spontaneous since, even though the Lagrangian of
the SM respects electroweak gauge symmetry, the potential for the Higgs field is such
that the ground state of the theory does not. In Chapter 5 we will study the decays
of the Higgs boson into bottom quarks and so we briefly review the Higgs mechanism
with emphasis on the coupling to fermions. In spontaneously breaking a continuous
(global) symmetry we expect from Goldstone’s Theorem [6,7] for there to be massless
bosons (Goldstone bosons) in the spectrum of the resulting theory. However, when
the symmetry being broken is local and as such has gauge bosons associated with

it, these massless Goldstone bosons do not appear in the final spectrum of particles.
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Instead the degrees of freedom associated with them are “eaten” by the gauge
bosons which gain a degree of freedom giving them a longitudinal polarisation and
consequently a mass. Since the Higgs field is introduced to break the electroweak
SU(2)r x U(1)y symmetry of the SM, it is necessarily charged under this symmetry.
From Table 1.2 we see that the Higgs field is a doublet under SU(2),, and is written
o
H = (1.2.1)
¢0
where ¢° and ¢+ are complex scalars. The superscripts refer to the electric charge
of the bosons and the assignment will be justified later. The form of the potential

in the Higgs sector is given by
V(H) = —p*H H + N HTH)?, (1.2.2)

where we have chosen the signs such that A, x> 0. This potential is not minimized

at |[H|?> = 0. In fact the lowest energy state is obtained for |H|? = v? where

2
v = % (1.2.3)

That the Higgs field has a non-zero value in its lowest energy configuration is exactly
what gives rise to the spontaneous symmetry breaking. To see this clearly we can

expand the Higgs doublet into its components. We require that
H'H = ¢ o 4+ ¢°Tp? =02, (1.2.4)

This can be achieved by setting the vacuum expectation value (VEV), denoted (¢),
to be zero for ¢ and Im(¢°) and to v for Re(¢®). In perturbation theory, particles
are described by field excitations around local minima. To regain this picture we

write Re(¢°) = v + h so that (h) = 0. The Higgs doublet then becomes

+
gL V2¢ |

V2 v+ h 4y
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where Y = Im(¢"). Excitations in the h field correspond to the physical Higgs
boson. Expanding the Higgs doublet out in terms of the VEV everywhere in the
SM Lagrangian breaks the SU(2), x U(1)y symmetry of the SM and is known as
electroweak symmetry breaking (EWSB). Not all symmetry is removed from this
sector and a residual U(1)., symmetry remains relating to the electromagnetic
interactions. The other degrees of freedom in the Higgs doublet, notably ¢* and x
are the Goldstone bosons associated with the symmetry breaking. These will supply
the physical gauge bosons W+ and Z with a longitudinal polarization necessary to
generate a mass. To obtain masses for the gauge bosons in the theory one must
expand the Higgs doublets in Eq. (1.1.12). Their masses can be seen from considering
the terms proportional to v? in Eq. (1.1.12). In doing so, one finds terms mixing B,
and Wj , indicating that one must perform a field redefinition to obtain the physical
spectrum. The physical fields associated with the weak interactions are not Wy and

B,, but linear combinations of them. Specifically

Wi:i

1 a2
j \/ﬁ(Wu$ZWu)

wp cosf, sinéb, Z,
- , (1.2.5)
B, —sinf,, coséb, A,

where VVHi and Z,, are the physical bosons associated with the weak interactions
while A,, is the photon. The angle describing this rotation to the mass basis is known

as the weak mixing angle or Weinberg angle and is given as

g2

cos b, = ————. (1.2.6)
Vi + g
On rotating to the mass basis one finds the masses of these bosons to be
My =2 Mmy,=-2 M=o, (1.2.7)

- 2cos 0,
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thus confirming the identification of A, as the massless photon. In terms of these

physical fields the covariant derivative® reads

(&

D, =0, —ieQsA, —i (Tw, — Qysin®0.,) Z,, (1.2.8)

sin 6, cos 6,

where e = g sinf,, is the electric coupling constant and @)y = Ty, + Y denotes
the electric charge of fermion f. Ty, is the third component of weak isospin for
the doublets of SU(2).. It is this relation for the electric charge which motives the

hypercharge assignment for the fields in the beginning of this chapter.

Instead of relating the weak mixing angle to the couplings, we can instead relate it
to the mass of the gauge bosons. The angle can thus be expressed as

2
Q_MW 2

2
w—@, S ]_—Cw, (129)

C w

where we have introduced the abbreviations ¢,, = cosf,, and s,, = sinf,,. A similar

procedure can now also be done for the Higgs VEV

. 2Mwa

. (1.2.10)

(Y

The fermions in the SM gain a mass through their Yukawa couplings to the Higgs.

Expanding the Higgs doublets in Eq. (1.1.11) and ignoring terms proportional to

the Goldstone bosons?* one finds
1 o D o
Lvikowa == 75 (0 + ) (Yiid i, — Yiuul, — Y&l +he] . (12.11)

The mass terms are the terms proportional to v. However the Yukawa matrices are
not necessarily diagonal (or even hermitian) and so in order to ascertain the physical
masses, it is necessary to diagonalise the Yukawa matrices. This can be done using

two unitary matrices U and V for each Yukawa matrix

Yy = {Udyd Vﬂij : (1.2.12)

3We have dropped the gluon fields here, but they are still present when the derivative acts on
the quark fields.
4 Alternatively we can simply work in unitary gauge where these bosons are absent.
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where y, is diagonal in generation space. In writing the Yukawa matrices in terms

of the diagonal matrices y the Lagrangian becomes

h+v) - , -
Lvukawa O - 73 >dlL(Ud)Zj(yd)]k(Vj)klle +h.c., (1.2.13)

and analogously for the up-type quarks and lepton fields. The final step is to change
basis for the fields. Transforming di, — (V)" ; dh, and di — (Uy)' ; &), removes the

matrices U, and Vj from the Lagrangian leaving

h +
‘CYukawa o= Z (\/§U)

where we have rewritten 3’ as a vector. Performing analogous transformations to

yudh ds +hec. (1.2.14)

the up-type quarks and leptons (), and egr brings the Lagrangian to the mass basis
where the mass of each of the fermions is manifest. We will not go into details here,
but it should be noted that the field rotation dj — (Vd)ij %, leaves the rest of the
Lagrangian unchanged everywhere except in the couplings between the W*-bosons
and quarks. This introduces mixing between the quark generations mediated by
these bosons. The result is parametrised in the Cabibbo-Kobayashi-Maskawa (CKM)

matrix Vexw [8,9] and appears in the Lagrangian as

e ) P
Lpirac D \/ET%‘W (Vexw)'; di, - (1.2.15)

We see explicitly then that the fermions gain a mass directly proportional to the
VEV of the Higgs field,

my = (1.2.16)

S
Sis

The same terms which give rise to the mass of the fermions also generate a Yukawa
interaction between the Higgs boson and the fermions. These interaction terms are
given by

Yd ;5
Lovuawa D ——~Lhdrdg + hec. 1.2.17
Yuk \/§ LUR ( )

where we have assumed we have already transformed to the mass basis. From
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Figure 1.1: The 1-loop correction to the 1) vertex in QED.

Eq. (1.2.16) we can express the Yukawa coupling in terms of the mass

V2m
v = L (1.2.18)

This yields an important prediction from the Higgs sector of the SM, namely that
the coupling of the Higgs to the fermions (and massive gauge bosons) is directly

proportional their mass.

1.3 Renormalisation

In calculating cross sections for processes beyond tree level in Quantum Field Theory
(QFT), one often finds the results of calculations produce infinities. These divergences
in the theory are of two origins, ultraviolet (UV) and infrared (IR), the exact meaning
of which will be clarified shortly. An illustrative example is given by the correction
to the vertex coupling a photon to two fermions. Figure 1.1 displays the Feynman
diagram representing the 1-loop correction to the photon-fermion-fermion vertex in
QED. Applying the Feynman rules, we see that this vertex involves integrating over

the unconstrained loop momentum, labelled k£ in the figure

[ ) ) (13.1)

e 1 1€
(271')4 (k + p1)2 —m? 7 k2 g (k +p2)2 — m?
This integral is divergent in four spacetime dimensions. Firstly, it is divergent as we

integrate up to very high energies k — oo, the origin of the so-called UV divergences.
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These infinities can be dealt with by systematically renormalising the theory. This
integral is also divergent as k — 0 and these represent IR divergences. In Chapter 5
we will compute the decay of the Higgs boson to b-quarks at NLO in QCD, and as
such, we will need to renormalise the theory. In the following sections we introduce

the basics of renormalisation as relevant in the SM.

Before dealing with the divergences however we must regularise them. The most
common way to do this, though by no means the only, is known as dimensional reg-
ularisation. Here instead of calculating in four spacetime dimensions, one calculates
in d = 4 — 2¢ spacetime dimensions. In this way the divergences become manifest
as poles in € and will allow us to quantitatively deal with them. We first illustrate
how to remove the UV divergences before moving on to discuss the IR divergences

in Section 1.3.2.

1.3.1 UV Divergences

In order to deal with UV divergences, we redefine the so-called bare parameters
and fields in the Lagrangian. The reason is that unlike at tree level, where we can
relate the parameters in the Lagrangian to those quantities as physically measured
by experiment (mass or electric charge for example), quantum corrections alter this
relation. In fact the relation between the two is altered by UV divergent contributions.
As such it is necessary to redefine terms in the Lagrangian beyond tree level absorbing
these infinite shifts into counterterms. As such, the counterterms are themselves
formally divergent quantities. We will illustrate this procedure with a subset of the
SM as preparation for Chapter 5 where we will need to perform renormalisation
within the Standard Model Effective Field Theory (SMEFT). We write the bare

terms in the Lagrangian in terms of renormalised quantities. Specifically,

Vi) =\ ZE VL, (1.3.2)
o =28 n, (1.3.3)
hO =\ Zyh, (1.3.4)
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MO = MZy =M1+ 62Zy,) =M+ 6M, (1.3.5)

e =eZ, =e(1462Z.) =e+de, (1.3.6)

where ¢, ;(¥g,;) is a left (right) handed fermion of flavour 4, h is the physical Higgs
field, M is a generic mass and e the electric coupling constant. Here we have
used the superscript (0) to refer to bare parameters and Z to refer to so-called
renormalisation constants. In addition to this, one would also have to introduce
renormalisation constants for the gauge fields, ghosts and other quantities appearing
in the Lagrangian, however this will not be necessary for the calculations performed
in Chapter 5 and we avoid introducing unnecessary details. Using these renormalised
quantities, one can write the original Lagrangian in terms of renormalised fields and
counterterms. Since these divergences first appear at NLO, the counterterms have a
perturbative expansion

Z=1+6Z, (1.3.7)

where 07 starts at the next order in perturbation theory than the leading order
process. Expanding the Lagrangian in terms of these renormalised quantities allows
one to perform renormalised perturbation theory. One can then set the counterterms
to have divergent parts which cancel those from the renormalised part of the Lag-
rangian rendering the result UV finite. Thus the divergent part of the counterterms
are fixed, however one still has complete freedom to set the finite parts in any way.
It is important to specify a so-called renormalisation scheme then to set these finite

parts in a determined way.

Two commonly used schemes for performing renormalisation are the MS-scheme and
the on-shell scheme. In the Minimal Subtraction (MS) scheme, the finite part of
the counterterms are simply set to zero. In the modified Minimal Subtraction (MS)
scheme, the finite part is extended to include the universal vg and In(4w) factors
which appear along with the poles. This scheme has the advantage that it is fairly
simple to compute in, one simply determines the divergent parts without needing to

worry about additional calculations to fix the finite contributions. However it leaves
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physical parameters, such as the mass, dependent on the unphysical renormalisation
scale. As such, a quantity like m. () may not correspond to the physically measured
mass of the electron for example. This isn’t necessarily undesirable and in fact we
will make use of this fact to resum large logarithmic corrections to the cross section
in Chapter 5. The on-shell scheme on the other hand fixes the finite part of the coun-
terterms by requiring that m, is equal to the position of the pole in the propagator.
In practise this means m, is the same as the physically measured mass. Similarly,
the electric coupling e in this scheme is defined as that which would be measured
in laboratory experiments in the Thompson limit (no scattering). The advantage
of this scheme is that these quantities now correspond to their physically measured
values to all orders in perturbation theory. Unlike MS renormalised quantities they
do not receive radiative corrections from higher orders in perturbation theory. While
it is straightforward to compute in the MS-scheme, the on-shell scheme requires a
little more detail. A clear presentation deriving the finite part of the counterterms
in the on-shell scheme is presented in [10]. We produce the results necessary for
the calculations carried out in Chapter 5 here. We first parametrise the two point

functions (in Feynman gauge) for the fermions, Higgs, and gauge bosons as

M (p) = i(p — my) +i [p (PLEF (%) + PaSF (%)) +my (B (%) P + 27" (0°)Pr)| |
(k) = i(k* —m%) + 2" (k%) ,

. . k. k, kuk,
PE{,(/{;) = _ZgW(kZ - M‘%V) -t (gm/ - 22 ) EYW(kQ) . 22 EEV(’?Z),

kuk,

3 N (k?), (1.3.8)

a . ‘ kuky\ < .
Fulz)/(k) = _ZgW(kQ - Mg)éab —1 (guu - 22 > ETb(ka) —1

respectively, where a,b = A, Z, and M% = 0. The counterterms for the masses are

then given by
oM, =ReXy (Mj),  6MZ=Rexf” (M3)
OMj = Re X! (M), (1.3.9)

omy = %Re (ZbL (mg) +3f (mg) + %3 (mg) + 29 (mg)) :
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In practise it will be easier to work with § My, /My rather than §ME,, and similarly

for the Z and Higgs counterterm. The two are related via

SMx  16M%
My 2 M3}’

where X = {W,Z, H}. The notation Re simply takes the real part and ensures
the resulting renormalised Lagrangian is real®. The wavefunction renormalisation

counterterms take the form

02y = —ReXy (mi) + 35 (my) — 5" (m3)

’ (1.3.10)
= mi o Re [Ty () + 35 (1) + 357 (8) + 35 ()] |,

0Zf = = ReXf (m3) (1.3.11)
— mga(ZQRe {Ef (k‘Q) + 357 (k2> +3 (kg) + 3 (kQH k2=m? h

0Lw = —Reazépvkgk2> _— , 0277 = —Reaziigl#) ot ;
B ONAA (k?) B OxH (k%)
§Zun =~ . 02y = —Re—5 3~ s (1.3.12)
0 g4 = 22%;%(0)

Finally, we also need the counterterm for the electric charge in the on-shell scheme.
This is defined as the on-shell coupling between the photon and the electron. As
such it is for zero momentum transfer through the photon. The result can be written

entirely in terms of two point functions and reads

1 sin @
0L, = —=044 — z )
gl oAA 2 cos 0, Z4

(1.3.13)

1.3.2 IR Divergences

In order to deal with the IR divergences which arise in loop integrals, it is necessary

to consider not just the virtual corrections to the process being dealt with but also

5Actually, one should only take the real part of loop integrals and not of terms from the quark
mixing matrix. These details will not matter in our calculation.
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l<:+p/v

Figure 1.2: Emission of a photon into the final state. Such diagrams
give rise to IR poles in phase space integrals.

the emission of massless particles into the final state. Consider the diagram in

Figure 1.2. The propagator for the fermion on the top line produces the following

contribution to the amplitude

i(p+ Ky, +m)
(p+ k)2 —m?’

(1.3.14)

Expanding out the denominator and using that the final state particles are on shell
gives 2p- ki = 2E,(E, — |p] cos§). Thus the contribution becomes divergent as the
photon energy tends to zero®. Hence we can also get IR divergences from real
emission, once we integrate over the phase space of the final state particles. These
IR divergences from real emissions cancel those from the loop integrals and is known
as the KLN theorem [11,12]. Thus in order to cancel IR divergences from loop

integrals, one is forced to consider the same LO process with an additional emission

in the final state.

1.4 QCD

As mentioned in Section 1.1 the theory of the strong interactions, Quantum Chromo-
Dynamics (QCD), is described by an SU(3) gauge theory. Quarks are represented in

the fundamental representation of the group, as in Table 1.1. Collecting the parts

5Tf we consider the fermion massless, the contribution can also be divergent as cos — 1 leading
to collinear divergences.
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of the SM Lagrangian after EWSB relevant to QCD gives

1 _
Lqcp = —ZGﬁyGA”V + Zd}i (ZlD - mi) ¥i, (1.4.1)

where 1); is a quark of flavour ¢ and the mass is determined by Eq. (1.2.16). In
order to calculate scattering processes in QCD it will be useful to further investigate
the algebra (Eq. (1.1.2)) associated with SU(3). For an SU(V) gauge theory the

following relations hold between the generators in the fundamental representation

ALA
> titi = Crix
A

Tr [t1¢7] = ;aAB,

where
N2 -1
= =N 1.4.2
C’F IN 5 C’A ) ( )

and where C'y appears on the right hand side of the first line when considering gen-
erators in the adjoint representation. Such relations will appear when one considers
processes which involve the exchange of gluons between fermions as will be the case

in Chapter 5.

As mentioned at the end of Section 1.1, the Lagrangian in Eq. (1.1.13) describes the
classical version of the theory. In quantising the theory there are some subtleties in
dealing with gauge fields which we shall now address. A problem in quantising QCD

(and gauge theories in general) arises when one considers the partition function

217 = [ DUsHIDG exp {iS[{}, G} . (1.4.3)

where we have separated out the gauge field G, from the other fields {¢;} in the
path integral. Because of gauge symmetry however, this integral includes an infinite
number of physically equivalent configurations. Gauge transformations of the gluon
fields take the form

l

ApA ApA
G, t" = U(x) (Gut + P

au> Ul(x), (1.4.4)
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and so any field configurations related through this will describe the same physical
situation. It is possible to isolate the physically inequivalent configurations by adding

to the path integral a term of the form

/ D ad(F(G2)) det (g) —1, (1.4.5)

which is equivalent to unity under the integral and so does not alter the result. Here
F(Gg) is a gauge fixing functional where G, corresponds to a gauge transformed field
as in Eq. (1.4.4). For example covariant gauges are given by F'(Gf) = é@“(}fj =0
for some gauge parameter £. The delta function in Eq. (1.4.5) means this integral
is then non-zero only for gauge fixed fields. In abelian gauge theories (which suffer
from the same problem) this has the effect of adding to the classical Lagrangian, a

term of the form
1
28

This term is of course different for different choices of F (G;‘). While this introduces

Lor (0G4 (1.4.6)

an additional arbitrary gauge parameter ¢ which can appear in the amplitudes
generated from Feynman diagrams, physical observables will always be independent
of £. This acts as an important check on the results of calculations. In non-abelian
gauge theories however, the insertion of Eq. (1.4.5) leads to another feature. Unlike
in abelian theories where the determinant falls out in the calculation of Green’s
functions, it leads to the presence of so-called Fudeev-Popov ghosts [13] in non-

abelian ones. We label these fields ¢ and they appear in the Lagrangian as

LGhost = a“CATDZBCB s (1.4.7)

where the covariant derivative acts in the adjoint representation

Dl = 050" — Z'gs(TCGS)AB . (1.4.8)

These ghosts, although scalars, are anti-commuting and are a necessary component

to cancel unphysical degrees of freedom which can arise in Feynman diagrams in
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non-abelian theories. These ghosts cannot be produced in the final state of a process,
but can appear as intermediates within Feynman diagrams. The ghosts can be
removed through particular gauge choices. In covariant gauges this corresponds to

the unitary gauge & — oo.

An important feature of QCD (and other non-Abelian gauge theories) is that of
asymptotic freedom [14,15]. In Section 1.3 we introduced the idea of dimensional
regularisation. A feature of dimensional regularisation is that fields and parameters
in the Lagrangian lose their usual mass dimension. In particular the gauge couplings,
which are dimensionless in four dimensions, become dimensionful [g] = €. One
normally separates out this dimensionful part to leave the coupling dimensionless.

Thus writing the bare coupling in terms of the renormalised coupling
0 — Zygsp© (1.4.9)

for some dimensionful parameter p. Z, is the renormalisation constant for the strong

coupling and has the perturbative expansion

92 Ay 4
Z=1+ i (E 4 Bl) 1 0(gY), (1.4.10)

where A; and Bj are constants with B; = 0 in the MS scheme. It is possible to solve

for the running of gs(u). Using the fact that the bare coupling does not depend on

1, we must have that

dgs
95 € 1 eZ,gop° . (1.4.11)

dz
0= p—Lgp + Zyu—2
g 9o+ 2ok

Rearranging this for 0,9 and using the expansion of Z,, one arrives at

= —egy(p) — o, (1.4.12)

The first term here of course vanishes when one takes the limit € — 0 on returning to

four dimensions. This is normally expressed in terms of «, = ¢g2/(47) and is known
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as the g function for QCD

Blag) = 22 _ o0 () [(ﬁg”) o+ (ajéf)f bt

dlnp

(1.4.13)

Thus in order to calculate the running of the strong coupling constant one must
calculate the renormalisation constant Z,. This can be done by considering the
counterterms required to renormalise the gqg vertex as well as the gluon and quark

two point functions. In QCD, the leading term is given by

11N, — 2n
Bo = Tf (1.4.14)

where N, = 3 is the number of colours and n; is the number of active flavours. We
can solve the f-function in order to determine how a,(p) runs from one scale to

another. Keeping only the 3, term one arrives at

as(Ho) .
1-— as(ug)g—g In (%)

as(p) = (1.4.15)

Thus we can obtain the coupling at one scale in terms of the coupling at some other
measured scale. Of course, one can include higher order corrections in the S-function

to increase the accuracy of the running.

The B-function is negative for N, = 3 and ny = 5. Thus for larger scales p, the
coupling becomes weaker and the theory becomes more susceptible to the application
of perturbation theory. Since the renormalisation scale p is normally chosen around
a scale characterising the process of interest high energy scattering in QCD can
be computed this way, despite the coupling being strong at low energies. Because
the coupling of QCD becomes strong at low energies, quarks are never observed on
their own. Instead they are bound together into colourless objects. These are most
commonly the baryons, a bound state of three quarks, and the mesons, a bound
state of a quark and an antiquark. Thus the running coupling allows us to account
for the presence of low energy bound states, while also being able to use perturbative

methods in scattering processes.
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1.5 Remainder of the Thesis

The rest of this thesis is divided as follows. In Chapter 2 we briefly introduce the
two EFTs which will feature in the rest of this thesis; Soft Collinear Effective Theory
(SCET) and the Standard Model Effective Theory (SMEFT). In Chapter 3 we will
present an application of SCET to the problem of top quark pair production in
hadron colliders. In particular we will utilise factorisation theorems which can be
derived from the EFT in order to resum potentially large logarithmic corrections to
the cross section. Chapter 4 will present results of this work, presenting results at
NNLO+NNLL accuracy. We will study the results and perform additional analysis
comparing with fixed order (N)NLO results along the way. In Chapter 5 we will
instead utilise the SMEFT to the problem of Higgs decay to bottom quarks. The
SMEFT allows us to parametrise the potential contributions arising from new physics
in a largely model independent way. As such we present the NLO QCD corrections
to the process h — bb in the SMEFT. Finally, we end the thesis with a conclusion

summarising the main findings.






Chapter 2

Effective Field Theories

In this chapter we introduce the two Effective Field Theories (EFTs) which form
a central component of this thesis; namely Soft Collinear Effective Theory (SCET)
and Standard Model Effective Field Theory (SMEFT). The first part of this chapter
deals with SCET while the second introduces the SMEFT.

2.1 Soft Collinear Effective Theory

2.1.1 Method of Regions

Before delving straight into the construction of SCET we will first review an import-
ant technique used to obtain results from loop integrals in some limit known as the
Method of Regions [16,17]. Occasionally, one is only interested in the result of some
loop integral in a particular limit, the idea behind the Method of Regions is to be
able to obtain this result by expanding the integrand before carrying out the integral
itself. However, this cannot be done naively. This can be shown using an example
from [17] and also succinctly illustrated in [18]. Consider a bubble diagram in two
dimensions with zero external momentum involving two masses. Such an integral

can be computed simply using the usual techniques for solving Feynman integrals

In (M4
1= [@k = m2)1<k2 —3m = Cip (_"‘312 , (2.1.1)
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for some constant C'. Now suppose we are only interested in the result in the limit

m? < M?. Using the full result above, we easily obtain

M
The method of regions can be used to obtain this result by expanding the integrand
first. The integral in Eq. (2.1.1) is relatively simple and a method of regions analysis is
not necessary, however for more complex integrals perhaps even where exact analytic
results are unknown the method of regions can be a useful tool. Conceptually
the most straightforward way to proceed would be to introduce a cutoff in the
integrand, separating out a low energy region' (k ~ m < M) and a high energy
region (m < M ~ k). Exanding the integrand in k*/M? < 1 in the low energy
region and m?/k* < 1 in the high energy region and adding the results together
reproduces the result in Eq. (2.1.2) and is independent of the cutoff as it should be.
However, the use of a hard cutoff is impractical for most calculations and instead
we use dimensional regularisation. Using dimensional regularisation (d = 2 — ¢€) one

obtains an integral (in Euclidean signature) of the form

kl—e
i~/
A )

(2.1.3)

where we have dropped the angular part. This can now be expanded as described
above, once for k < M and once for k£ > m, though this time the integrals run over
the entire range of k i.e. we do not restrict k using a cutoff or something similar. So
long as one keeps enough terms in the expansion, the sum of the results from the
two regions will reproduce the result in Eq. (2.1.2). Each of the regions produce the

following results,

m=* € €
ILOW Energy :mr <1 - 2) r <2> (214)

M~ € €
]High Energy — — mr (1 - 2) r <2> . (215)

We use the notation a ~ b to denote that quantity a scales like b in the sense that they have a
similar magnitude.
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The proceedure is straightforward and we do not detail it here, instead we will
use a more illustrative example, namely the integral from the triangle diagram in
Figure 1.1. Before doing so however, we first comment on what appears to be a
slightly worrying feature of the calculation, namely that despite the fact we have
a low energy and a high energy region of the integrand we have expanded in, we
still integrate k& over the full range of values. Thus one may be lead to believe we
have double counted contributions from the two regions identified in the integral. In
fact this is not so. This can be seen in a straightforward manner by looking at the
scaling of each result with respect to changes in €. The low energy region scales as
m~ ¢ while the high energy region never produces a result of this kind, as one can
easily see by considering the expansion required in the integrand in order to compute
the high energy region. A similar argument holds for the M ~¢ structure in the high

energy region. In this manner, adding results which have been expanded in different

regions do not include overlapping contributions.

We now discuss this technique as applied to the diagram in Figure 1.1, which will
provide a more concrete connection with the construction of Soft Collinear Effective
Theory in the proceeding section. We will treat all the particles as massless in what
follows and also ignore the spin structure in the numerator of the propagators since
it will play no role in the regions analysis performed here. Before diving straight in
however, it will be useful for what follows to introduce an alternative parametrisation
of the spacetime coordinates. We choose a parametrisation based on the specifics of
the situation. In this case, we have two energetic massless fermions, which emerge
from a hard scattering characterised by the scale Q?. We can specify two reference

vectors in the direction of these fermions n* and n*
n, =(1,0,0,1),  f,=(1,0,0,—1). (2.1.6)

Any momentum vector can be decomposed into components parallel to and perpen-
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dicular to these two light-like directions,

nH _ nt
pr=(np) 5+ (n'p)j

5 +pl =p + 2+ (2.1.7)

and we write p* = (py,p—,p.1). Note that the scalar product of two four-vectors is
now given as p-q=pt-q- +p - ¢" +p.- q.. The process is really characterised by
3 different quantities; the hard scale @, the external particle momenta p/ and ph in
the collinear (anticollinear) directions n* (n*) respectively, and a soft scale p” about
which we will say more shortly. We consider the external particles slightly off their
mass shell such that we have the hierarchy p? ~ p2 < Q?. In fact, it will be useful
to define the parameter

2:§2~§2<< 1. (2.1.8)
The soft scale is then given by p# ~ (A%, A%, A?)@ in terms of the light cone coordinates
immediatley following Eq. (2.1.7). The parameter A will also serve the role of our

expansion parameter in the Soft Collinear Effective Theory which we construct in

the following sections. We can write
"
P~ —Q, Py~ Q. (2.1.9)
Then, using that n-n =2, n-n=n-n=0and p; -p; ~ ps - P2 ~ A2Q? we can write
P~ (AL 1L,0Q,  ph~ (1L,ANQ, (2.1.10)

allowing us to parametrise the different scales involved via their relation to the
expansion parameter. We will use the limit described above (p? ~ p3 < Q?) as the
limit of interest for our example at hand, namely the integral from the process in

Figure 1.1. The loop integral for this process is written

1
I:/ddk 9.1.11
B+ 2t o) (2.1.11)
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where p; and p, are the momenta of the outgoing fermion and anti-fermion respect-
ively. The limit under consideration allows us to immediatly identify a number of
regions for the integral, much like the bubble integral we considered in Eq. (2.1.1).
In this instance we find four distinct regions with associated scalings for the loop

momenta given by

Hard region: k* ~ (1,1,1)Q

Collinear to pi: k* ~ (A2, 1,\)Q ~ p!

Collinear to py: k* ~ (1, A2, \)Q ~ ph

Soft region: k* ~ (A%, A%, \?)Q .

We will find that expanding the integrand in each of these limits just as for the
bubble integral and combining the results will produce the result of the integral in
the limit under consideration. We will thus see the necessity of considering the soft
region, which may appear to have been included in an almost ad-hoc manner. In
fact, it is possible to show that scalings k* ~ (A%, \b; \°)Q other than those given
above either produce scaleless integrals which we can set to zero immediatley, or

give rise to an integral which gives zero in some other way.

The key step is the expansion of the integrand itself. We work here only to leading
power in the expansion in A. Let us consider the region collinear to p; as an example
(k* ~ (A%,1,))Q). We expand each factor in the denominator and keep only the

pieces leading in A. We find
E*=2k" -k~ + Kk, -k~ N\Q?, (2.1.12)
where we simply keep k% since each term scales as A\2. We also find
k+p)? =k + kT -pr +k -pf +ky-pro ~ NQ? (2.1.13)
and so we again keep each term in this propagator. Finally,

(k+p2)? =k +k"-py +k -p3 + kL -por =k -p3 +O(\?), (2.1.14)
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where the term we have kept, k™ - p3 scales as O(\°). Our integral in this region

thus becomes

1
obpy = | dk :
= | k2(k +p1)2 (k= pf)

I (2.1.15)

We can repeat the analysis for other regions. For example, the hard and soft regions

give rise to

1
- /dd 2.1.16
hard = k“rk* pr)(R2 4+ k- py) ( )

(2.1.17)

Loty = / d’k
2(k+-py )(/f p3)’
respectively. Because of the presence of denominators which are linear in momenta
rather than the usual quadratic ones found in basic QCD calculations, some addi-
tional parametrisation tricks are useful to aid in solving the integrals. Details of
methods and solutions to integrals like these can be found in the Appendix of [18],

we only quote the results here in order to highlight some features of this approach.

One finds
1 > 1 2 w2
L — 4z = In? L 2.1.18
hard = 2p1 P2<2+5 2py - p2+2 2p1 -ps 6 ( )
1 1 1 2 1 2
oy =5,= ¢ e < S nt - 5 I’ “— + 7;) (2.1.19)
P1 pz 5 —DP1 P
1 +e€ 1 2 1 2
Icol—pz =5 - T 2 p < p ? 51 2 MpQ + 6 > (2120)
D1 - P2 —P3 —P3
1 1 1 2 + 2 2
Isoft:2 9 (2+ ”pl e 12’M+W>. (2.1.21)
D1 pz € Plpz 2 p1p2 6

There are a number of noteworthy features of these results. Firstly, the sum of the
interals from each of the regions reproduces the result of computing the original
integral and then expanding in the limit p? ~ p3 < Q*. Secondly, the poles in € in
the hard integral arise from the IR region of the integral and these cancel against
poles arising from the UV region of the collinear and soft integrals. Though this
arises due to our expansion of the integrands, the result is rather important and
implies constraints on the pole structure (and as such the anomalous dimensions) of

the results of integrals from different regions.
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In Soft Collinear Effective theory, we will split the fields in our Lagrangian into
fields with momentum scaling in the same manner as each of the regions identified
above, with the exception of the hard region which will be accounted for through
Wilson coefficients. In general one will need other regions (and hence other fields in
the Lagrangian) for more complex situations. Because these fields have a specific
momentum scaling, they give rise to propagators of the types we found in each of
the regions. Hence the diagrams in Soft Collinear Effective Theory will reproduce

exactly the two collinear integrals as well as the soft integral found above.

2.1.2 Degrees of Freedom and SCET Lagrangian

We wish now to introduce Soft Collinear Effective Theory (SCET) [19-25]. We will
only scratch the surface of this large topic here, a more encompassing introduction
can be found in [18]. However, we introduce the basic concepts here in order to
provide some appreciation for the origin of the resummed calculations we perform
in Chapter 3. In this section we will introduce the basic degrees of freedom in the
theory, construct the effective Lagrangian and show how one can use Wilson lines

to decouple soft interactions within the theory.

The situation can be problematic if the incoming momenta, although having large
energies, have a small invariant mass such that the ratio p?/Q* < 1. Large logar-
ithmic corrections of the ratios of these two scales could arise in the perturbative
expansion of the cross section and render the expansion invalid. We can use SCET
to try and separate these scales in a way we can then deal with. SCET is an EFT
which expands in the ratios of momenta. As such the expansion parameter for the
EFT in this case would be A\* ~ p?/Q?. In order to perform the expansion properly,
it is necessary to parametrise the momenta in terms of this expansion parameter.
This is exactly the region we conisdered in Section 2.1.1. To describe this situation

in SCET then, one splits the fields into several components, each with a specific
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momentum scaling. A quark field is thus written

() = () + Ya(z) + Ys(2) (2.1.22)

where the momentum of field . (1)z) scales as py, (ph) as given in Eq. (2.1.10). As
we have also seen, a field with soft momentum scaling has also been introduced,
which will be necessary to describe the soft interactions amongst the fields. The
momentum scaling of the soft field is given as p” ~ (A%, A%, A\?)QQ. While we have
fields with momenta restricted to particular scalings it is important to determine
the scaling of the fields themselves. The decomposition in Eq. (2.1.22) is not quite
sufficient, different components of the quark spinor scale differently from each other.
It is necessary to project out pieces with a common scaling. Examining the collinear

limits of spinors leads to the identification of the projection operators

_ b L
Po="5,  Po=-r (2.1.23)

from which, one defines {.(z) = Py (x) and n.(z) = P_1.(x). These fields are now
the ones we can use to define the effective theory. Note that using n? = n? = 0 it

follows that

MEo(r) = Elxhh =0, fine(z) = ne(x)ih = 0. (2.1.24)
There is no need to decompose the momenta of the soft field, since all the components
scale in an identical fashion the field takes the same functional form as in QCD. By

considering the form of propagators for these fields, we can see how each of these

components scale with respect to the expansion parameter. It can be shown that
Eex) ~ A, () ~ A2, (2.1.25)

from which we see the 7. component of the field is subleading compared to &..
Performing the same analysis with the anticollinear fields ; yields the opposite
result. From now on, we will ignore the anticollinear field since it is treated in a

completely analogous manner to the collinear field. The soft field is found to scale
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as Ys(x) ~ A3, The gluon fields are also decomposed into collinear and soft fields
GH(z) = GH(z) + GE () + GH(x), (2.1.26)

where G# = G2#t4 for the SU(3), generators ¢, Examination of two point functions
again tell us the scaling of the fields. In this case the gluon fields scale the same way

as their momentum components
n-Ge~ A, n-Ge~ N2 G ~ )\, G5~A2. (2.1.27)

An important thing to note here is that although all components of the soft gluon
field scale as A\? one of the components of the collinear field is of the same order,
namely n - G.. Thus we could have terms from the collinear field contributing at the
same order in power counting as the soft fields. We will see this explicitly when we

construct the Lagrangian describing this EFT.

Having identified the necessary degrees of freedom for the problem, we would now
like to construct the Lagrangian of the EFT describing the interactions between these
soft and collinear components. In order to obtain this we start with the Lagrangian

describing massless quarks
L =il (2.1.28)

where D, = 0,, — igsGﬁ‘ and we shall deal with the kinetic terms for the gauge fields
later. Expanding the fields as in Eqgs. (2.1.22) and (2.1.26) and using the relations

in Eq. (2.1.24) one recovers

E:f_?in-Dﬁ—i—f_ilDLn—i-ﬁilDLf—i-ﬁ?iﬁ-Dn, (2.1.29)

where
Dt = 0" —ig,(GF + G%) , (2.1.30)
Dl =o" —ig(GY, + GY ), (2.1.31)

and we have ignored completely analogous terms for the anticollinear fields and

dropped the index ¢ on the quark fields. The reason for keeping both the soft and



32 Chapter 2. Effective Field Theories

collinear gluon fields is related to our earlier observation that the component n - G,
has the same order in the power counting as the corresponding component in the
soft field. Recall also that the field n was subleading in A compared to & and as such
will not appear to LO in the field theory. Because the Lagrangian is quadratic in n
one can simply integrate out this field at the level of the path integral. For the tree

level result this is simply a matter of replacing the field using its equation of motion

n= —QZ.LDIDL&. (2.1.32)

Substituting this into Eq. (2.1.29) one recovers

i

=1
2

Lo
—5ih. 3¢ (2.1.33)

L=Ein DE+ &P,

The inverse derivative can be dealt with by considering its action in momentum space.
Through a technique known as the multipole expansion [20] (which is required if one
wants to calculate subleading corrections from the Lagrangian correctly) one can
remove the dependence of certain fields in interaction terms on particular spacetime
coordinates. The details shall not be of great importance for what follows, however
the procedure is to expand the interaction terms in small momentum components
and remove terms subleading in the power counting. The result here is that for soft
fields interacting with n* collinear fields, we can write the space time dependence of

the soft field only on z" where
= (n-x)—. (2.1.34)

Similarly, soft field interactions with the anticollinear fields can be written with

dependence only on /.

The form of the gluon field strength tensors in the EFT is identical to that in QCD,

but with the gluon fields replaced by their appropriate EFT counterparts. Thus

1 1
Fs Fsm _ Z e [em (2.1.35)

£Gauge = _1 g 4 nv
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where the field strengths are defined through

i
9s

i
FL, = 0 [Dy, Do), (2.1.37)

Fy,=—|D;,Dj) (2.1.36)

where DV = n - DC% +n- DC% + D! . The SCET Lagrangian for QCD valid to

leading power in the expansion parameter is thus

- N T, . 1 .
Lscrr = Vst bs + 5? in-D+il),, ﬁllpu §
X . e (2.1.38)
- LR - LB,

where

iD;, =10, + g:G},,

in-D=in-0+gn-G.(z)+ gn-Gs(z_).

This Lagrangian only includes the ¢.(x) fields and one must remember to add
analogous terms for the 1; field. The reason for the appearance of the soft field
only in the n- D covariant derivative relates to what we observed in Eq. (2.1.27),
that this component of the soft gauge field is not power suppressed compared to its

counterpart in the collinear gluon field.

We will not fully address the issue of how the gauge transformations of QCD are rep-
resented in the EFT but merely note some important points. Gauge transformations

in QCD are realised through transformation matrices
i = Ui, Uij(z) = exp {iaA(x)té} . (2.1.39)

In SCET, the scaling of the gauge parameter «(z) in A becomes important. Two
classes are identified; soft, where a(x) has soft scaling, and collinear for a(z) with
collinear scaling. Collinear fields transform under both types of gauge transform,

while soft fields only transform under the soft gauge transform. Finally, we note
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that the gauge transformations are constructed so as not to introduce any power
corrections when they are performed and the power counting of the EFT properly

respected.

2.1.3 Wilson Lines and The Decoupling Transformation

Wilson lines play a particularly important role in SCET and as we shall see, can
be used to decouple the interactions between soft gluons and the collinear fields
(quarks or gluons) in the EFT Lagrangian. Typically a Wilson line is path ordered
exponential of a line integral of the gauge field along some path. Because in SCET
we have split the gauge field into components with different scaling momenta, we
can describe two separate Wilson lines. Introducing two Wilson lines which run from

infinity
0
We(x) = Pexp {igs/ dsn-G.(z + sn)} , (2.1.40)
0
Sn(z) = Pexp {z’gs/ dsn-Gg(z + sn)} , (2.1.41)

where in the collinear Wilson line we have kept the non-power suppressed component

and there is an analogous soft Wilson line for the anticollinear component of the soft

field.

We use the soft Wilson line to decouple the soft and collinear interactions in the
leading power SCET Lagrangian Eq. (2.1.38). Interactions between soft gluons and

collinear quarks are described through the covariant derivative

it

Lo = %m-Dg (2.1.42)
zﬁzz['n-f)—i—gsn-Gc(x)—|—gsn-GS(x_)]§. (2.1.43)

It is possible to remove the n - G, term through a field redefinition involving the soft
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Wilson lines. Specifically

E(w) = Su(2-)E (2)
Gl(x) = Su(2-)G " (2) S} (2-),

(2.1.44)

where the superscript (0) indicates these fields no longer interact via soft gluons. In
fact, the same transformation also decouples the soft gluons from interacting with

the collinear gluons. The Lagrangian remaining after this transformation is given by
Ly = g‘(O)?m . DO (2.1.45)

where the n -G, term is no longer present in n-D©®. In this manner we have
eliminated the interactions between the soft gluons and collinear fields to leading

power.

The decoupling relation used the soft Wilson line S, (z). The collinear Wilson
line W,(x) on the other hand can be used to construct manifestly gauge invariant
operators which can be used in order to describe other processes taking place within
the EFT. It is possible to construct operators which are invariant under the collinear

gauge transformations mentioned earlier

V(@) = Wi (2)é(x) (2.1.46)

A similar procedure can be used to obtain a gluon field also invariant under collinear
gauge transformations.

G = Wi(z) iD"W (z)) . (2.1.47)

Since these operators are explicitly collinear gauge invariant it is most convenient
to construct other composite operators with them. For example, the factorisation
theorem used in Chapter 3 makes use of an additional operator to describe the LO
top pair production production processes qg — tt. The operator considered has the
form

O = coXn (@ + t2n) L) X (2 + 1170) oy (2) T oy () (2.1.48)

We see the explicit appearance of the gauge invariant operator y, while I', represents
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possible Dirac structures, ¢, is the Wilson coefficient for the operator and h,,(z) are
fields from Heavy Quark Effective Theory (HQET). There is an analogous operator
for initial state gluons producing tops. The operator has an important feature which
is worth pointing out. The two y fields are not necessarily evaluated at the same
spacetime point. The reason for this follows from the power counting in the effective

theory.

Although we can build operators in the EFT using just the fields in the theory, we
can also include operators with derivatives acting on fields, provided we respect the
power counting. Using the Fourier space representation of the fields we can see that
derivatives on the fields scale like the momentum component the derivative is with

respect to. Thus
n-Oxn ~ Nxn,  1-0xn ~ AXn, O xn ~ A xn, (2.1.49)

and we see that derivatives along the direction of largest energy flow are not sup-
pressed. Thus to leading power in the effective theory, we could include any number
of such derivatives. Such contributions can be included by writing the field as a

Taylor expansion along the n* direction
%) k
Xe(x +tin) = Zk—l n-0)xe(z), (2.1.50)

and typically one integrates overt;. So we see that we can get the appearance of

non-local operators in SCET which arise from considering operators with derivatives

of fields.

Typically, one decouples the soft gluons from these operators by using the decoupling
relations in Eq. (2.1.44). These Wilson lines will still be present in the operator
however. Instead of being viewed as separate Wilson lines, they can be viewed as one
continuous Wilson line. For the quark fields in Eq. (2.1.48), this would constitute a
Wilson line coming in from —oo in the n* direction to the point z, turning around
and leaving towards +oo in the n* direction. As such, this Wilson line has a cusp

in it at the point z where it changes direction. It turns out, that Wilson lines with
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cusps require renormalisation [26,27]. Thus we will see in Chapter 3 the presence of
so called cusp anomalous dimensions, related to the renormalisation of these Wilson

lines.

2.2 Standard Model Effective Field Theory

2.2.1 Introduction

We now turn our attention to The SMEFT. The SMEFT is an example of a bottom up
EFT and is built upon the SM Lagrangian by augmenting it with operators that have
a mass dimension greater than four. No new degrees of freedom are added, and these
higher dimensional operators are built out of the SM fields. Clearly these composite
operators must obey the Poincaré symmetries as well as the gauge symmetries of the
SM Eq. (1.1.1). Each composite operator is accompanied by a Wilson Coefficient,
essentially the coupling constant for the operator. However, because the operators
now have a mass dimension higher than four, the corresponding Wilson Coefficient
must have a negative mass dimension in order for the Lagrangian density to have
mass dimension four. Specifically for an operator of dimension d the associated
Wilson Coefficient has mass dimension 4 — d. Thus a typical term in the SMEFT
Lagrangian will have the form C’Z»(d)Q,Ed) with C’Z»(d) the Wilson Coefficient of mass
dimension 4 — d for operator di) with mass dimension d. It is also convenient to
separate out the mass dependence of the Wilson coefficient explicitly and so we
also define é'i(d) = Aﬁ;f@(d) such that C~'i(d) is dimensionless. The subscript “NP”
refers to the fact that Axp specifies the scale of the New Physics which gives rise
to these operators. In this way, one can view the operators arising from integrating
out heavier degrees of freedom related to new phenomena beyond the SM. The
Wilson Coefficients encode the high energy information of this phenomena while
the remaining composite operators describe the low energy appearance of the new

physics. This is an important example of the Appelquist-Carazzone decoupling
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theorem [28] which states that at low energies, the effects of heavy (and as yet
unobserved) degrees of freedom in a theory manifest themselves at low energies as

changes in the couplings or masses of the light degrees of freedom.

A familiar example is the Fermi theory of weak interactions, where, before knowledge
of the W-boson, fermions decaying weakly did so through 4-fermion operators. Fermi
originally used this to explain [-decay, but another classic example is that of the

decay of the muon. An operator contributing to this decay would be written as

Gr(UY) (), (2.2.1)

where the ¥s denote the relevant particles and G denotes the coupling constant of
this operator. Simple dimensional analysis tells us this coefficient has mass dimension
—2. Later, after the development of the Electroweak theory [29] it was possible to
derive the form of G by integrating the W-boson out of the theory to reveal that
Gr o< 1/ M3,

In this instance we do not know the form of heavy new physics beyond the SM
and so we will not be able to solve for the Wilson coefficients that appear in our
EFT in terms of the parameters of the underlying theory. The most general SMEFT
Lagrangian simply consists in adding to the SM all possible higher dimensional terms
that respect the spacetime and gauge symmetries as mentioned earlier. We can thus

write the SMEFT Lagrangian as

L=Lou+ Y LO (2.2.2)
n=1
where
k (k) (k) é(k) (k)
L = ZC’Z- Q" = Z A]:_4Qi ) (2.2.3)
i i NP

and the Ci(k) and Ql(-k) are the Wilson Coefficients and operators mentioned earlier.
The presence of higher dimensional operators makes the theory non-renormalisable
in the traditional sense; namely that we cannot remove all divergences which could

arise at higher orders using a finite number of counterterms. Instead the theory is
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renormalisable order by order in the expansion in Axp. What this means in practise
is that the theory will be renormalisable if we only consider diagrams up to order
Axp and we include all operators up to d = n 4+ 4. In what follows we work with
dimension-6 operators and so the Wilson Coefficients will have mass dimension —2.
Including two such operators in a diagram would give a term proportional to Ayp and
so may require a tree-level dimension-8 term to renormalise it. However our theory
will be renormalisable if we truncate all calculations to contain terms suppressed by

—2
no more than Ayp.

One of the first attempts to characterise the operators which can appear at dimension-
6 appears in [30], where only explicitly hermitian operators which conserve baryon
and lepton number were considered. Naively writing down everything which could
appear at dimension-6 would lead to many hundereds of operators. However, it is
not necessary to consider all such operators which appear, instead one can consider a
basis. Specifically, one can use the SM equations of motion to write a given operator
at dimension-6 as a linear sum of other dimension-6 operators. For example, the er

field has the equation of motion [2]
ilpep = Y. LH', (2.2.4)
which can be used to perform the following conversion
(H'H)egilPer — (H'H)epY.LH'. (2.2.5)

Eliminiating operators in this fashion, one can arrive at a minimal basis. The basis
is not unique however and there are many sets one can choose to work with. We
will also exclude baryon number violating operators from our work?. For this work,
we choose to work with the “Warsaw Basis”. Originally derived in [31] with a basis
of 80 such operators, though this was further refined down to 59 in [32]. This

basis (excluding baryon number violating operators) is presented in Table A.1 in

2Normally, one might expect such operators to be heavily suppressed due to the fact the proton
appears stable on timescale comparable to the age of the universe.
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Appendix A.3.

One might worry that reducing the number of operators through use of the equations
of motion is only valid at tree level and that such a route is not valid when quantum
corrections are included. This is not the case however, and infact the basis obtained
by reducing the number of operators through relations built out of SM equations
of motion (EOM) can be used to perform loop calculations safely [33,34]. The
reasons for this rely on the fact that use of the EOM is equivalent to performing field
redefinitions. Provided the field redefinitions preserve one particle states® and obey
the symmetries of the theory, the redefinitions have no effect on the observables in

the low energy theory.

2.2.2 Effect on SM Parameters

Extending the SM in this way has a number of immediate consequences. Many of
these are highlighted in [35] and we review some of them here. The first point to
address is that the addition of the only class 2 operator Cy(HTH)? alters the Higgs
potential

V(H)=—p*H'H + N(H'H)> = Cy(HTH)?, (2.2.6)

which leads to the new VEV, denoted vy

3CHV?
Vr = (1 + 8};\IUT> QA)T, (227)

where o7 is the SM VEV as in Eq. (1.2.10). Hatted quantities take the same
form as their equivalents in the SM, while those without hats may have additional
dependence on dimension-6 Wilson coefficients. As such any quantity explicitly
multiplying a dimension-6 Wilson coefficient can be replaced by its hatted version

without consequence to the order we are working.

Another effect of adding dimension-6 operators is that kinetic terms for the Higgs

3That they are of the form ¢; — ¢; + T[{¢}]/A%p in this case, where T[{¢}] is any local
dimension-6 combination of the fields in the theory.
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and gauge bosons lose their canonical normalisation. For example, addition of the
class 4 operators leads to terms of the form ~ v3Cp¢ GﬁVGA‘“’ in addition to the
GﬁVGA # term already present in the SM Lagrangian. In order to obtain kinetic
terms which are canonically normalised, a field redefinition is performed. For the

gluon field this takes the form
Gy =Gl (1 + C'HGU%) , (2.2.8)

and there are analogous transformations for the W and B fields. Simultaneously,

one can transform the gauge field coupling by

93 = T3 (1 - CHGU%) : (2.2.9)

such that the product ggG;‘V = 539;2‘” remains unchanged to this order and we have
canonically normalised kinetic terms. For the terms in the Higgs doublet to be

canonically normalised we use

1 —V2i¢* (x)
H(z) = —= : (2.2.10)
\/5 [1 + CH,kin] h(m) —|—Z [1 — %CHD} X(%) “+ vr

where

(2.2.11)

1 3Cyv?
CHyxin = (OHEI — 4CHD> v?, vr = <1 + 1Y > v,

8A

and ¢ and y are the Goldstone bosons. These contributions in the Higgs sector also
show up in the coupling of the Higgs to fermions. In the SM the Higgs couples to
fermions directly via Yukawa couplings. The dimension-6 terms introduce additional

couplings between the Higgs and fermions
LD Y, dpH'Qp + Cap(H'H)(Q Hdg) + h.c.. (2.2.12)

The interaction between a single Higgs and two fermions is given by ) hbrb;, + h.c.

where

3 9

V] = ([Yf]” (1+ Crepin) — ZUTC}J;;) . (2.2.13)

Sl -
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Similarly the mass matrix is given by

= (W1 = 5u3CHi) (2.2.14)
where the indices (ij) run over generation space. Because the mass and Yukawa
matrices are no longer directly proportional to each other, it does not necessarily
hold that they are simultaneously diagonalisable without some further constraints on
C¢p. This can in principle lead to additional flavour changing interactions with the
Higgs. These can of course be interesting in their own right, however, for the rest of
this thesis we will work under the assumption that both matrices are simultaneously
diagonalisable. An example of this would be Minimal Flavour Violating (MFV)
scenarios in which no additional flavour violating effects take place beyond those

from the CKM matrix.

We can rewrite the SM Yukawa coupling in terms of the physical mass and Cyy

2

m (Y

Yo = V22 + LCy (2.2.15)
Ut 2

Another important consequence of the SMEFT operators is the presence of

1
Cuws (H* 275“]-[) Wi, B (2.2.16)
Because this introduces additional mixing between the W and B fields, the simple
field rotation in Eq. (1.2.5) no longer takes us to the mass basis. Instead the rotation

required to get to the mass basis is

w3 1 —Lyz2c cosf, sinb, Z
vl = IS ’ ’ L @217
B, —303Chwa 1 —sinf,, cosb, A,

where sin ,, and cos 0, also have dependence on Cryyg now and can be found in [35].

As for the fields, the relations between various parameters in the broken phase of

the theory also become modified by dimension-6 Wilson coefficients.
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The covariant derivative can be expressed as

P —— - -2 . 2 AmA
D,=0,+ zﬁ [W:[f’ + Wt ] +1igy {TW3 — stf} Z, +ieQpA, +1ig:sG, T,
(2.2.18)
so that the barred quantities are those that appear in the covariant derivatives like
in the SM. These now have dependence on the dimension-6 Wison coefficients. In

particular, the VEV can be written?

1 1 e ¢
—=—4+2|C YC 02, . 2.2.19
v or 5. ( HWEB + o HD) Ut ( )

This will be important in Chapter 5 when we consider the decays of the Higgs boson.

4We have written 1/vr since often the VEV appears on the denominator of expressions when
calculating cross sections.






Chapter 3

Top Quark Pair Production in
SCET

3.1 Features of Fixed Order Calculations

We now turn to the problem of top quark pair production at the LHC. In particular
we will review the underlying factorisation theorems which allow the calculation
of resummed cross sections for top quark pair production and show how these re-
summed results are subsequentley matched to to fixed order NNLO calculations.
The factorisation theorems are formulated within the SCET framework. As such we
build heavily on results derived in [36] and [37] and recast them in Mellin space where
the resummation is actually performed. The factorisation theorems will allow us to
perform threshold resummation as well as a joint, threshold boosted resummation;
the exact meaning of which will be clarified later in this chapter. We begin however,
with a short review of top quark pair production at hadron colliders and examine

some features of the fixed order calculations.

The total cross section for top quark pair production was first calculated to NLO

in [38,39] and to NNLO in [40]. Differential distributions were also obtained at
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Figure 3.1: Diagrammatic representation of top quark pair produc-
tion from two initial partons with momentum p; and ps.
X represents any additional radiation which may enter
the final state.

NNLO, first with a fixed factorisation scale 1y = m, in [41] and later with dynamical
choices of factorisation scale in [42], where the authors also performed an analysis of
different choices of scale for various distributions. At the LHC, inclusive top quark

pair production proceeds through the process
p(Pr) +p(Py) — t(ps) + H(pa) + X, (3.1.1)

for protons p, top quarks t and X refers to any additional particles which may enter
into the final state. The variables P, and P, denote the 4-momenta of the incoming
protons, while p3 and ps denote the 4-momenta of the outgoing top and anti-top

quarks respectively. At leading order two partonic channels contribute

q(p1) + q(p2) — t(ps) +t(ps),
(3.1.2)

g(p1) + g(p2) — t(ps) +t(pa),

where we have used the variables p;(py) to denote the 4-momentum of parton 1(2)
in the initial state of the process. Each is related to the momentum of its parent
hadron P; via the relation p; = z; P, where x; denotes the momentum fraction carried
by that parton with respect to the momentum of its parent. We denote the top pair
invariant mass squared as M ft— = M? = (p3 + p4)? and the incoming partonic centre

2

of mass energy squared as § = (p; + p2)*. We also make use of the Mandelstam

invariant ¢; = (p; — p3)? — m?. For what follows, it is convenient to introduce two
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further variables

7 and z describe the fraction of the incident hadronic and partonic energy which is
consumed by the final state top quarks respectively. In particular (1 — z) gives the

fraction of the incident parton energy which is available for final state radiation.

In order to calculate the cross section for the process in Eq. (3.1.1), one typically
employs the well known QCD factorisaton theorem [43]. From this we can write the
cross section for the hadronic process as a convolution between the parton distribution
functions (PDFs) and the corresponding partonic cross section, summing over the
different possible initial state partons. Explicitly we can write the double differential

cross section as

d*o(7) 875, Ldz
= — Lj(1/z, puy) Cij(z, M, my, cos 0, i), 3.1.3
dM dcos 0 35M%:/T 2 3T/ 2 15) Ciy(2 my, cos b, fiy) ( )

where the sum (ij) is over initial state partons, C;; are the so-called hard-scattering
kernels which are proportional to the partonic cross section and L;; is the parton

luminosity defined as

1d
Lij(y, pur) :/y %@/M (T, p17) Pjyna (Y /s pup) - (3.1.4)

The functions ¢;/n, (2, p1f) are the PDFs and describe the probability of finding
parton species ¢ in hadron Ny carrying a fraction x of the hadron’s total momentum.
It is convenient to introduce the variable 8; which gives the 3-velocity of the (anti)top

quark in the ¢t rest frame

4m?
M2z

B, =1/1-

The perturbative expansion of Cj; is given by calculating higher order corrections
to the partonic process. In calculating these corrections, one typically encounters

logarithms of the ratios of different scales which appear in the process. One kind,
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which feature heavily in this work, are so called threshold logarithms. These logar-
ithms remain after the cancellation of IR divergences and are related to the emission
of real gluons. These logarithms generally appear in differential cross sections in the

form

)

™ (1 — z>]
N

Cijlz 1p) = D o (k) (cﬁ?Zn l T +elh, ™ (1 —2) + .. ) , (3.1.5)

k

where the coefficients cn}n

are functions of the other variables in the process (my, cos @, ..
and can be functions of z which remain finite as z — 1. We notice that these logar-
ithms become large as (1 — z) — 0 and therefore, based on the preceding discussion,
correspond to precisely the region of phase space where additional radiation in the
final state is constrained to necessarily be soft. We see that Eq. (3.1.5) has the form
of an expansion in (1 — z) with the leading divergent term beginning at (1 — z)~'.

Later, when we develop the EFT to resum threshold logarithms, our power counting

will be in (1 — z) and we will work only to leading power.

One may not necessarily feel the need to worry about such logarithms destroying
the applicability of the perturbative expansion. After all one might expect the limit
z — 1 to be very rarely realised. Indeed, from Eq. (3.1.3) we see z € [r,1] and even
for M ~ 500 GeV, 7 ~ 0.0015 at the 13 TeV LHC. One obvious region where z — 1
is relevant is when 7 ~ 1. However, from the form of Eqs. (3.1.3) and (3.1.4) we see
that this requires PDFs at large © where they become numerically small. Hence the
parton luminosity becomes extremely small in this region and the result becomes less
phenomenologically interesting. There is another possibility however. Considering
Eq. (3.1.3), if the parton luminosity is such that it falls steeply for 7/z — 1 then
the largest contributions to the cross section will come from values away from this
limit and hence the largest values of z. Such an effect, where these larger values of z
become relevant is known as Dynamical Threshold Enhancement and was discussed
in the context of Drell-Yan production in [44]. Evidence for such an effect in ¢t
production at hadron colliders was observed in [45]. Indeed, in [36] it is shown that

the leading threshold terms at NLO are a very good approximation to the full NLO
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in the invariant mass distribution.

Another type of logarithm which can appear is one of the ratio of the top pair
invariant mass M, to the top mass itself m;, namely In(m,/M). Provided one con-
siders the region of phase space where M ~ m,, these logarithms are not necessarily
harmful. However, if one considers boosted top quark pairs for which M > my,
the resummation of such logarithms can become a necessity in order to maintain

convergence in the perturbative expansion.

We will explore the resummation of the threshold logarithms as well a joint resum-
mation of small-mass and threshold logarithms in the coming sections. In order to
perform the resummation it is necessary to separate the various scales leading to

these large logarithms into separate functions.

3.2 Factorisation for Threshold Resummation

The origin of the potentially dangerous logarithms in Eq. (3.1.5) comes from the
presence of the dynamically generated soft scale \/§(1 — z) compared to the other
larger scales present in the calculation. We thus identify the following separation of

scales
Soft limit:  8,¢,,m7, M? > 3(1 — 2)%. (3.2.1)

As mentioned in Chapter 2, one must be careful to properly take account of the power
counting in the EFT. In this instance, the expansion parameter is A ~ (1 — z) < 1,
and we work to leading power in this expansion. This means we will only pick up
the contributions proportional to ¢{), from Eq. (3.1.5) to all orders in n through
our resummation. We will also only account for terms to a given logarithmic order
m specified by the accuracy of our calculation which we will discuss in Section 3.4.7.
A factorised form of the hard-scattering kernels was derived in this limit using tech-
niques from SCET in [36]. The resummation performed in that work was carried out

in momentum (z) space. We will convert the main results of that work into Mellin
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space for the current project in Section 3.4.1.

Our starting point is the factorised form of the hard-scattering kernels in the soft
limit which from [36] can be written as the product of so called hard and soft

functions
ij‘)ft(z, M,my,cos0, puy) = Tr [HZL(M, My, COS 0,/,Lf>s,:-?<\/§(1 — z), M, my, cos G,Mf)}

+O0(1—2).
(3.2.2)

We have include the superscript “soft” on ijc-’ft to denote that this hard-scattering
kernel has been obtained in soft limit and we have included the indices (ij) denoting
the partonic channel (ij) € {qq, qq, gg}. The superscript m indicates the dependence
of these matching functions on m; in order to distinguish them from the hard and
soft functions with m; = 0 which will appear in Section 3.3. Convolving this
with the parton luminosity as shown in Eq. (3.1.3) gives our factorised form of the
cross section in the soft limit. The key use of this result is that we now have two
separate functions; the hard function H™ which no longer depends on z (and so is
regular as z — 1), and the soft function S™ which contains the threshold logarithms.
Specifically, H™ contains logarithms of the form In™ (M /i s), while the soft function
contains In™ (§(1 —2)?/ /ﬁ) Having separated the different scales, we can clearly see
that there is no appropriate choice of py which can simultaneously remove the large
logarithms from both the hard and soft functions. Ideally, we would like to evaluate
the hard function at a scale y; ~ M and the soft function at a scale jp ~ v/5(1 — 2).
However, the fact that there are now two functions which each depend on logarithms
of the ratio of only one scale and the factorisation scale is what will ultimately allow
the resummation of these threshold logarithms. This will be discussed in more detail

in Section 3.4.

Before moving on there is a feature of the soft limit we can exploit in order to also be

able to produce pr distributions. In the limit z — 1, the top quarks are back-to-back
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in their rest frame. It is possible then to express the top quark py and rapidity ¢ as

Mp; . 0 . 11 1+ B;cosb
g SV Y=g nl—ﬁtcosé’

Pr (3.2.3)

We can then perform a change of variables in order to obtain the double differential
cross section with respect to pr and g. This change of variables takes the form

2 2
d*o(T) — 9sind d*o(T)

— _— 3.24
dpr dj dM dcos6 ( )

where in the expression involving the original double differential cross section it
is understood that M and cos€ should be expressed in terms of the integration

variables according to

1
M = 2mq cosh(9) = 2y/p% + mi cosh(g), cosf = 3, tanh(9) , (3.2.5)
t

where we have defined the transverse mass my. The transverse momentum distribu-

tion can be obtained by integrating over g in the range

|g| < arccosh <2m\/§T> : (3.2.6)
while the range of pr is
0<pr< /7 —mi. (3.2.7)

3.3 Factorisation for Boosted Top Quarks

We now extend the results of Section 3.2 to the case where the top quarks are highly
boosted. Specifically, the region of phase space where the pair invariant mass is
much larger than the top mass itself. We will see the emergence of the following

scale separation
Boosted Soft limit: 3¢, M? > m? > 3(1 — 2)? > m}(1 — 2)*. (3.3.1)

In what follows, we will see the further factorisation of the hard-scattering kernels

into four distinct functions, one for each of these scales. The results here were first de-
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rived in z space in [37]. We will reproduce their result, but now recast in Mellin space.

Rather than building directly on Eq. (3.2.2), it is simpler to take a step back and
take the small mass limit first by expanding the partonic cross section in m;/M. The
same result can be achieved by taking the small mass limit of Eq. (3.2.2) and this
will be discussed at the end of the section. It was shown in [46] that by introducing
perturbative heavy quark fragmentation functions one can write the partonic cross

section for the production of a heavy quark (which we suggestively denote t) as

dU Ldx daa s (2
- (2, mye, pu Z/ (x mt’/JJ)D((z/?— n) (x’mt’u> : (3.3.2)

Here, D((l /{ )(a:, my, i) is the heavy quark fragmentation function, defined with ay
using ny flavours and gives the probability of producing a heavy quark ¢ of mass m;
with momentum fraction x of the initial state from a massless parent parton a. The
cross section dd, /dz describes the production of a massless parton a and is computed
using standard techniques from perturbative QCD. Finally, we sum over massless
partons a including the heavy quark we wish to produce, treating it as massless
in dé,/dz. As will be highlighted later, the heavy quark framgnetation functions
satisfy a DGLAP type evolution in a similar manner to PDFs. However, because
the scale associated with heavy quark fragmentation is the mass of the heavy quark
itself, as(Mneavy) is still in the perturbative regime. Essentially this means only

an initial condition for D(

i/ need be calculated. The heavy quark fragmentation
functions were first calculated in [46] by essentially de-convolving Eq. (3.3.2); that
is computing both the massless and massive ampitudes to leading order in ag. The
O(a?) corrections were obtained in [47]. To apply these results to the case of tt
production two modifications must be made. First, since we are producing two
heavy quarks, we need to apply Eq. (3.3.2) twice. It is also necessary, as discussed
n [37], to introduce additional matching functions (heavy-flavour coefficients) to

match six-flavour PDFs, fragmentation functions, and «y onto five-flavour PDFs. We

will cluster the matching coefficients for these contributions together and generically
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denote them as ¢?. The hard scattering kernel thus becomes, in the small mass limit

02](27 M7 mtatla,uf) - Zoijb(zv M7 tl)ﬂf) & D((;}J{)(zamta/if)
b (3.3.3)

® Dé?g)(z, my, pig) @ ¢ (z,my, pug) + O (?;) ,
where Cf‘jb is related to the massless partonic inclusive cross section for the production
of partons a, b from ¢, 7 and the symbol ® denotes a convolution. Note that a and b
can include the top quark itself which is treated as massless in the scattering kernel
Cgf. Next, we take the soft limit (z — 1) of Eq. (3.3.3). First of all, at leading
power only the choices a = t and b = t contribute in the fragmentation functions

and partonic cross section. The soft limit of C’fj follows exactly from the results of

Section 3.2, but for massless top quarks. We therefore obtain

Cg(z, M,my,cos0, py) = Tr {Hij(M, cos B, 115)Sy;(V3(1 — 2), M, cos G,Mf)] : )
3.3.4
+0(1—2),

where compared to Eq. (3.2.2) we have dropped the superscript ™ on H and S
indicating that these functions no longer depend on m;. It was shown in [48] that
after matching on to n; flavours, the heavy quark fragmentation function factorises

at leading power in the soft limit. Specifically, one finds that
Dy (z,mu, pp) = Cp(my, pup) Sp(ma(l — 2), py) + O(1 = 2) . (3.3.5)

The fragmentation function thus decomposes into two one-scale functions; one de-
pending on the collinear scale m; and one on the dynamically generated soft-collinear
scale my(1 — z). In the same fashion as the hard and soft functions in Eqs. (3.2.2)
and (3.3.4), Cp is related to virtual corrections while Sp is related to the emission
of soft collinear radiation. The factorisation for Dy is completely analogous to that

for Dy/;. Putting these results together, one obtains the factorised form of the hard
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scattering kernel in the joint, soft and small mass limits,

CEOOSted(z, M, my, cosb,uy) = Tr [Hij(M, cos b, pir) Si; (\/§(1 —2), M, cos @,Nf)}
x Ch(my, pig) ® Sp (my(1 — z), puy)
® Sp (mi(1 —2), pup) ® Cij(Z, M, fLy)

+(9(1—z)+0<”j\?>,

(3.3.6)
where we have introduced the “Boosted” superscript to emphasise that this hard-

scattering kernel has been obtained in the joint small mass and threshold limits.

As mentioned at the start of this section the same result can also be achieved by
taking the small mass limit of Eq. (3.2.2). It is useful for matching with fixed order
later to examine the first step of this. Ignoring again for a moment the contributions
from closed heavy quark loops, the massive hard H™ and soft S™ functions can be

further factorised in the m; — 0 limit

m
H (M, my,cos 0, puy) = Hij(M, cos b, 1p)C3(my, pug) + O (]\It) (3.3.7)
M?2(1 — 2)? M2(1 — 2)2
Si; (ln <M%Z),M, mt,cosﬁ,,uf> = S;; <ln (;JJ?@Z)’M’ COSQ,Mf) (3.3.8)

xS3, (ln mt(;f_'z),uf> +0 (Z;) :
Here we see explicitly that the combination H C3 is just the small mass limit of the
massive hard function and similarly S, S% is the corresponding limit for the massive
soft function. Such relations will be useful when we wish to combine the results from

pure threshold resummation and the resummation performed in the boosted-soft

limit in Section 3.5.



3.4. Resummed Differential Cross Sections 55

3.4 Resummed Differential Cross Sections

3.4.1 Mellin Space

We now turn to the issue of performing resummation from our factorised results.
While it is possible to proceed directly in momentum space as was done for the
threshold resummation in [36], we choose to implement the joint resummation in
Mellin space. We first introduce the necessary transform to this space and some

features of it, before deriving the resummed cross sections.

The Mellin transform® and its inverse are defined by

F(N) = /da: N (2), (3.4.1)
c+io00

f) = M) = o [T an e ), (3.4:2)

—100
where N is the Mellin space variable and ¢ is a real number chosen such that the
contour in the inverse transform is to the right of all singularities in the integrand.

Under a Mellin transform, convolutions of functions instead become simple products.

We take the Mellin transform of Eq. (3.1.3) with respect to the variable 7,

EAN) [y s Bl

dMdcost — Jo dM dcosf
815 dz 1 dp
38]\2 NOU (2 Mf)/ ?pN»Cij(pﬁif)
877'615 ~ ~
SSM%:‘CU( muf)cm( 7,uf)7 (3 3)

where we have changed the order of integration on the second line and suppressed
the dependence on cosf, m; and M in the hard-scattering kernel. The PDFs, and
hence the parton luminosity £;;, are usually provided in momentum space. To obtain
L;; in Mellin space, we employ techniques first suggested in [49] and more recently
utilised for resummation in Higgs production in [50,51] where £;;(z, us) is fit to a

basis of polynomials whos Mellin transform can be taken analytically. The latter

Normally the upper limit on the Mellin transform is oo, however in our case this is restricted
to 1 since z < 1 and 7 < 1.
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reference [51] contains a detailed appendix on how to implement this in practice.

The Mellin transform of C;; is with respect to z. The effect on the leading power
threshold logarithms

Po(2) = [ (3.4.4)

In"(1— z)
l—z | 7

can be computed from the Mellin transform of their generating function [52]. We

simply quote the result
MIPI) = o 3 (Mo ronat o) - st aas)

where

AP(N) = dczls'p (FSN)) |

and the notation (7) on the gamma function also implies a derivative. Evaluating
Eq. (3.4.5) usually produces a sequence of polygamma functions ¢)*)(N), where

dk+1

PB(N) = T InT(N).

The momentum space limit z — 1 corresponds to the Mellin space limit N — oc.
As such the resummation is normally performed in the large-/N limit, a procedure
which we adopt here. In this limit, the transformed plus distributions become a
series of logarithms in IV, rather than a collection of polygamma functions. The first

few of these are

(3.4.6)

1 _ _ B 4 1
MIB(N) = § (1n4zv+7r2 In? N 4 8¢(3) n N + 3;;) ro(L) .

where the notation N = Ne' has been introduced to tidy factors of vz. We note
that the cross section contains terms of the form a? Py(z) where 0 < k < 2n — 1
at N"LO in its perturbative expansion. In Mellin space this becomes a”L* where

L=1InN and 0 < k < 2n. Since the resummation is performed in Mellin space, the
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number of these logarithms which are reproduced by the resummation formula at
each order in perturbation theory determines the accuracy of the resummation. This
point will be addressed further in Section 3.4.7. The soft and boosted soft limits in

Egs. (3.2.1) and (3.3.1) become

/\

Mellin-space soft limit: §,t;, m; > ﬁ : (3.4.7)
2

Mellin-space boosted soft limit: 3,¢, > m? > ﬁ > % (3.4.8)

Since the Mellin transform only acts upon functions depending on z, it has no effect

on the hard functions H™ or Cp and so we obtain

- M?>
C«iSjoft(N’ pp) =Tr [H (M, my,cos b, ur) Sm (111 N2

Mf

, M, my, cos@ ,ufﬂ
(3.4.9)
2

1
O—
* (N)
~Booste Q M
Cz];) td(N“uf) =Tr Hij(M7COSQ,/,Lf) S'LJ (IHM,M,COSQ,Mf)

x C%(my, jus) S%, (ln Nluf,,uf> (ln ]\1[2,mt,,uf) (3.4.10)
“o(5)o(5).
for the factorised hard-scattering kernel in the soft, and boosted soft limit respectively.
In order to free the matching functions from large logarithmic corrections we would
like to evaluate the hard function at a scale u, ~ M, the soft function at u, ~
M/N and the collinear functions Cp and Sp at scales jign ~ my and pigs ~ my/N
respectively. In order to do so, we now derive Renormalisation Group (RG) equations
for each of these matching functions. The solutions to these equations will allow us
to relate each of the matching functions evaluated at p¢ in terms of itself evaluated
at another scale (chosen to eliminate the large logs) and an evolution function which

interpolates between the two. Schematically, we will be able to write F(u,) =

U(Ma, Mb)F(Mb)-
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3.4.2 Hard Function RG Equation

In order to perform resummation it is necessary to derive and solve RG equations
for each of the component functions in Egs. (3.4.9) and (3.4.10). This allows each
function to be evaluated at a factorisation scale where it is free from large logarithms.
The RG equation for the hard function and its solution can be taken from [36] since it
is unaffected by the Mellin transform. We will review the techniques and its solution

here as a model for how to solve the other RG equations which we will encounter.

The RG equation for the massive hard function [36] is given by

d
7 H™ (M, my,cos0, ) =T (M, my, cos 6, ) H™ (M, my, cos 0, u)
nH (3.4.11)

+ Hm(M7 My, COS@, :U’) Flm{T(M7 my, COS 97 M) )

where we have removed the indices labelling the initial state partons. It should be
remembered that the form of the anomalous dimensions and hard functions (as well
as their dimension) is different between the ¢ and gg channels. In what follows, we
remove dependence on M, m; and cosf from the arguments of the functions. The

solution can be written as

H™ (1) = U (pn, 1)) H™ (1) U (1, 1) (3.4.12)
which implies
dUE mt dUZT mt
dU%;
=TH(p)UY. 4.1

Recalling that I'f; is matrix valued, this equation can be solved using iterative
methods. The result is the path ordered exponential
m ,u dlul m /
Ui (ans 1) = Pexps [~ “L0p() ¢ (3.4.14)
pn o M
The form of the hard anomalous dimension in both the ¢q and gg channel contains

terms which have explicit logarithmic p dependence. These are related to the
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Sudakov double logarithms and, since they are proportional to the identity matrix
in colour space, can be extracted from the path ordering all together. Writing the
anomalous dimension as
M2
T = Teusp () (m T m) 14" (ay), (3.4.15)
we can simplify the evolution factor U%;,
2

wedy M= wdu o
U (kn, 1) =eXp{/ jrcusp<as) <1n2 —W> }Pexp{/u 57"’ (as)}‘
h

Bh 2
Here we see the appearance of the cusp anomalous dimension I'¢,s, as mentioned in
Section 2.1.3 due to the presence of Wilson lines in the collinear fields describing the
incoming partons. The cusp anomalous dimension takes on slightly different forms
in the gq channel compared to the gg channel and can be found in the appendix
of [36]. Using the definition of the QCD S-function, it is possible to change variables

in the first exponent and solve the integrals perturbatively. Namely, using

da d da

B(a) , dlnp = : =— (3.4.16)

:dln,u

we can write

M2
U (pn, 1) = exp {QS(Nh»M) — ar(pin, 1) (111 e W) }
h

v dit (3.4.17)
X P exp { / %vh’m} ,
T v
where
as(p) Fc S (Q) « do’ s () ’7(0()
S(pn, :—/ daL/ , a~(fn, :—/ doo———= .
(Mh ,u) as(pn) B(Oé) as(pn) 5(0/) 'Y('Uh ,u) as(pn) 5(04)

The subscript on a., can be any of the anomalous dimensions, in particular ar refers

specifically to the cusp anomalous dimension I'c,sp ().

The result for the massless hard function H will be discussed along with the massless

soft function S in Section 3.4.5.
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3.4.3 Soft Function RG Equation

We now derive and solve the soft function RG equation in Mellin space. It is first
necessary to determine the anomalous dimension of the soft function. This can be
achieved by using the fact that the hadronic cross section itself should be invariant

under changes in the factorisation scale. In Mellin space this implies

e (T (08" ()£ (m) =0.

dH™ (1) g/ 1 5 dS™ ()

§™ ()] (1) + Tr[E" (1) L) _ .

dlnp
(3.4.18)

Tr[ JL () + Tr[H™(1)S™ ()]

dlnp dlnp
The above equation can be rearranged to express the evolution equation for the soft
function in terms of those for the hard function and parton luminosity. We addressed
the issue of the RG equation for the hard function in Section 3.4.2. In Mellin space

the evolution equation for the parton luminosities takes the form

d _ 2d$(N >;£(N) . (3.4.19)

dlnpg  “dlnp

The form of the evolution equation for the PDFs is governed by the DGLAP equa-
tions [53-55]. We only require these in the soft limit, z — 1 (resp N — 0o0) however.
This greatly simplifies the form of the resulting equations, which normally involve
mixing between different flavours and gluons. In the z — 1 limit we can write the

evolution equation for PDFs as,

2rcusp(as)
(1—8)+

W) _ % peyorse . Ple) = +2y%(0) 6(1 =), (3.4.20)

dln p 19

where P(§) is the part of the usual Altarelli-Parisi splitting kernels which become

singular as £ — 1. In Mellin space, this becomes

W = P(N)$(N, 1), P(N) = —2leyp(as) In N +29%(a) . (34.21)
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Rearranging Eq. (3.4.3) for the evolution of the soft function, and inserting Eqs. (3.4.11)
and (3.4.21) one arrives at

dsm
dln p

Qm m mi Qm 1
= —S"IP — T S™ — (2T uep (@) In = 44?) (3.4.22)
— —S"Iy —rgfsm, (3.4.23)
where we have used Eq. (3.4.15) and, since 7*" = 7%, defined

M
I's = eusplas) <ln oz m) 145", (3.4.24)

2
,ys,m —_ ,yh,m + 27¢1 ]

Solving the RG equation for the soft function proceeds in a completely analogous

manner to that of the hard function. We write the solution as

S™ (1) = U (e, )S™ (1)U (115, 1) , (3.4.25)
where

M2
UY (ps, ) = exp { — 28 (s, ) + 20 (s, 1) + ar (s, 1) <1n 22 T m) }
1

Body
X Pexp{ = / Affyh’mT} .
s M
(3.4.26)
Since the RG equation for the soft function was derived using the RG equations
of the other functions appearing in the hadronic cross section, we postpone the

discussion of the RG equation for the massless soft function until Section 3.4.5 due

to the presence of additional matching functions in the boosted-soft limit.

3.4.4 Fragmentation Function RG Equation

In the factorised form of the hard-scattering kernels in the joint soft and small mass
limits (Eq. (3.3.6)) we also have the factorised form of heavy quark fragmentation
functions in addition to the massless hard and soft functions. In order to perform

the joint resummation, these functions must also be RG evolved from a scale where
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they are perturbatively well behaved, to some common scale py. In [37] we see that

the relevant fragmentation function obeys the following RG equation

d
th/t(Z, My, ,u) = qu(z, ,u) X Dt/t(Z, My, ,u) s (3427)

which in Mellin space, becomes simply

i D) = Fa(N)DN), (3.4.28)

where we have dropped the ¢/t subscript. In the soft limit, the fragmentation function

factorises, D(N) = Cp(my, 1)Sp(N, ) + O(1/N) and so the RG equation becomes

) oV - )
30N, ) + Clme, 1) 22— B () Cop(mi, 198 (N, 1)

dCD (mta ILL)
dlnp
(3.4.29)

Here the evolution equation for Sp is known from B-physics. Specifically, Sp is
equivalent to the perturbative shape function use in the decay of B-mesons [48,56].
Its RG equation in Mellin space is given by

dgp my S o
— 2 | Tonep (@) In 25— 4S(a)| S 4.
T o(as) In 7 (as)| Sp (3.4.30)

Note that 7% appearing in Eq. (3.4.30) is NOT the same as 7* appearing in the
anomalous dimension of the soft function in Eq. (3.4.24). The solution to this
equation is obtained in the same way as the hard and soft functions. We write the

solution as

Sp (1) = Uas(ptas: 1£)Sp(1as) (3.4.31)

where

meody m
Uds(:udSa /L) = €Xp { / 7“ <2Fcusp(as) In ; - 2’}/5(045)) }
Np
2

t
n—
2,,2
N:uds

= exp {QS(udS, ) — ar(fas, i) 1 + 2a.s (fgs, ,u)} . (34.32)
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Knowledge of the anomalous dimension for Sp in Eq. (3.4.30) allows us to rearrange

Eq. (3.4.29) for the RG equation of Cp to obtain

dCp (mt, N)

m
Tt = |20 (@) + 2% () — agl0) 0 i) (3.433)

Like the function Sp, we write the solution to this as

Cp(my, ) = Uan(ftan, 1)Cp(my, tap) , (3.4.34)

where

medp m
Udh(ﬂdha M) = exXp { / a (275(055) + 2’7¢q (as) - 21—‘cusp In /j) }

/
Han M

= €xp { - 2(175 (Ndh? NJ) - 2(17% (#dha ,U) - QS(Mdfw HJ)

m;
+ ar (fan, ) In —- ¢ . (3.4.35)
Han

This completes the derivation and solution of the necessary evolution equations in

order to perform the resummation.

3.4.5 Massless Hard and Soft Function RG Equations

The RG equations for the massless hard and soft functions are similar to those in
the massive case and are solved in exactly the same manner. The massless hard

function satisfies

d
7 H(M,cosO, ) =Ta(M,cos b, u) H(M,cos b, u)
nH (3.4.36)

+H(M, cos b, ) I‘L(M, cosf, ),

where we have removed the superscript ™ compared with the massive case in
Eq. (3.4.36) to reflect the fact that the hard function no longer depends on the
top mass. The anomalous dimension for the massless case is given by

Tua(M,ty,u) = Alas) (ln ]\522 — 2'7?) + (), (3.4.37)
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where A(a;) = 2I'Y,, in the ¢g channel and A(a;) =T'¢,, + 'Y

cusp cusp cusp

in the gg channel.
Here we have explicitly indicated whether the factors in the cusp anomalous dimen-
sion should be evaluated in the fundamental (¢) or adjoint representation (g). The

solution proceeds in the same way as the massive case resulting in

M2
Uy (b, p) = exp {2SA(uh, 1) — aalpn, 1) (111 2 W) }
h

o (3.4.38)
X Pexp{/ %Vh}a
pro
where
a)  Ala) o do W) Alor)
Sa(tn, =—/ da*/ o Gallin :_/ 405 a)
Akn, 1) astwn)  Bla) Jasun) B(a) A ) o) fla)

The RG equation for the massless soft function changes slightly. For the massive case,
we derived the RG equation for the soft function using the invariance of the hadronic
cross section under changes in the factorisation scale. In the boosted-soft limit, we
also have the heavy quark fragmentation function (in the soft limit) which contribute
to the anomalous dimension of the soft function. Using the same technique as in

Eq. (3.4.3) we can write
dS

_ _STs-Ts'S
T~ STs—Ts'S, (3.4.39)

where

M )
FS — Fcusp(O{S) <1H W — Z7T> + Y + 2’Y¢q1, (3440)

1

and similarly v* = 4" 4+ 24%1. Thus, compared to the anomalous dimension for the
massive soft function in Eq. (3.4.24), we pick up an additional contribution from
the quark PDF anomalous dimension as necessary for RG invariance of the hadronic
cross section. The solution proceeds in complete analogy to the massive case from

this point, and we simply state the result as

Us (s, 1) = exp { — 254(Hs, 1) + 2040 (Hs, f1) + 2004 (Hs, 1)

M?2 - “dﬁbl
+ aa(ps, i) (IHW +Z7T> }Pexp{ — /S Iw,yhT}.

S

(3.4.41)
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3.4.6 Resummed Cross Sections

We now bring together the solutions to the RG equations for each of the matching
functions. This will allow us to evaluate each matching function in Egs. (3.4.9)
and (3.4.10) independently at a scale where it is free from large logarithmic cor-
rections. The evolution factors U; then resum the respective logs to all orders in

perturbation theory. The resummed hard-scattering kernel in the soft limit is thus
CM(N, ) = Tr [UE(M”Mf)H?;(Mh)UZT(Mme)
~ M? 1
m m m it
x UG (ks, 11£)S7] <1n Nl us> Us (Maﬂf)] +0 (N>
~ Tr [UT(M, s 1 VHES (1) U (pany g o)

(M 1
X Sz‘j <1H W, /~Ls> ‘| +0 (N) , (3442)
where we have defined U7 (yun, ps-pi) = U% (pa, i) Ut (1ts, p15), which can be writ-

ten as

2

U (1, pis-pry) = exp {2S(uh, fis) + 206 (s, prp) — ar(pn, ps) In "l
h

— ar(pis, pp) In N? + im ap (s, Mh)} (3.4.43)

as(ps) do hoam
P { /aswh) Bla)’ (a)} '

Evaluating Eq. (3.4.42) with appropriate choices of u; and p, will resum? to all
orders in perturbation theory the leading power threshold logarithms appearing in

Eq. (3.1.5). We can repeat this exercise for the boosted soft limit, resulting in

CPoosted (N, pip) =Tr [UH(Nha 107V HL (1) Uy (pas piy)

_ M2
x Us(ps, 1y)Si (ln N?,ﬂ’“s) UTS“(,Usnuf)]

~ m
X Uth(:ude :uf)c% (ludh> Ugs (ﬂdsa :uf)‘SQD (ln ﬁ? :u/dS)
ds

2There are some subtleties concerning exactly what is resummed and the number of these logs
captured at each order to be discussed in Section 3.4.7.
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o(3)+o()

_ M2
= Tv [Ul(mu s, g )L (1)U (ptn, prpeg) Sig (ln N2 /‘S)]
Mg

iz
X U%(udha Hds :uf)C% (:udh) S (h’l ]\_[/L ) ,uds) (3444)
ds

1 my
vo(y)+o(5)
where

U (ks ps, 1) = exp {25/4(% fhs) + 200 (s, fop) + 2000 (fs, piy)

2 p—
— aa(n; pts) In —5 — aa(ps, pug) In N
Hh (3.4.45)

+ i aA(us,uh)}

e [ 0],

and

2
m
Up(fdn, fds, fby) = €xp { — 28 (tan, pras) + ar(fan, pas) In Tb; — 2ar(ftan; ftds)
dh

- 2%% (ftn» Mf) + ar (ftds, Mf) In N
(3.4.46)

We expand the functions S, S4 and a,, in terms of o, evaluated at the different
matching scales. The perturbative expansion of the functions appearing in the

exponents leads to [36]

S, p2) = FO{ om ) <1—i+1nr>+<n—5l> (1—r+1nr)+ﬂ—ln r

465 | s Lo fBo 260
Oés(/h) Bl B B B2
+ y l(ﬁoro ﬁ0>(1—r—|—rlnr) (B(l]—ﬁ()(l—r)lnr
i)
Bs Bo Bl T 2 ’
(3.4.47)
ar(p, p2) = QFBOO { Inr+ (?; - g;as(ﬂz);ras(ul)> } ; (3.4.48)
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where r = a (o) /as(p1). In our resummation formalism however, we have chosen
the soft scales ps and pgs to depend on the Mellin space variable N which can be
complex valued. We therefore choose to express all a; dependence in terms of o ()

using the running coupling (see e.g. [57])

o) as(p) B1 In X
a(p) = % [1— TE

as(m)\* 1B s i :
+< (1 )> = [63 (I’ X —In X — 1+ X) +ﬂ0(1—X)] +(9(0‘s(“h))] )
(3.4.49)

where

s (,Uh)
2

X=1-

Goln ’Z‘ . (3.4.50)

The exponent will then explicitly contain logarithms of the form In” uy/us, for
example, which for appropriate choices of p; and pu, is a large logarithm. In fact
using Eq. (3.4.16) we can see
I = /%(“S) o (3.4.51)
ps  Joas(us) Bla)
and recalling that S(as) = —2a? + O(a?) indicates that we should treat such
logarithms as scaling like 1/as. On expanding in the coupling a,; we therefore treat

asL ~ O(1). To this end, we define O(1) parameters

N Qo) gy pn (3.4.52)
2m 125

for i = {s,dh,ds, f}. Expanding in this fashion, one obtains for the evolution matrix

appearing in the soft limit

—~ 47 oF m
T gm0 = o0 a0 Ag) + g g + S g a4

O‘S(Nh)
as(ps) da h,m
X Pexp { /as(uh) M’y (a)} , (3.4.53)

where as indicated the g-functions are functions of the O(1) parameters Ay and A,

leaving the power counting the strong coupling explicit. Repeating this procedure
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for the two evolution matrices appearing in the boosted soft limit one obtains

— 47T as
Ul 1o, 1) — exp { 100 Ap) + (0, Ap) + 2elin)

n )|

O‘S(:uh) dm
as(ps)  doy
X Pex / — M }, 3.4.54
p{ oatun) Bla) ! @ ( )
and
47 D D
Up(ftan, fus, ftf) = €xp m% (Adhs Adss Af) + 95 (Adn, Ads, Ag)
Qg
+ L‘:") gf(Adh,Ads,Af)}. (3.4.55)

(m)

The functions g; ’ can be rather lengthy expressions, explicit results are given in

Appendix A.1.

The part of the evolution matrix involving the path ordered exponential is a little
more involved to evaluate. In the following section we denote this as u(uq, p2) such

that

QS(NS) d
aiun, ) =Pexp{ [ mfiﬂh(&)}- (3.4.56)

The exponential of a matrix is defined by its power series. Difficulties arise because
we need to integrate the non-cusp anomalous dimensions (™ (ay) over a range of
as and, because the matrices evaluated at different values of o, don’t necessarily
commute, keep the matrices path ordered in the process. Because v/ (™) (i) is given

by its perturbative expansion
h Qg 0 oF 2 1 Qs s 2 4
P = ()20 (52) '+ (1) 22+ 0lad), (3.4.57)

the exponent actually turns into the integral of a sum of matrices. A method
developed in [58] and further used in [36,59,60] involves expanding "™ (c) only
to leading power. This way the integral in the exponent can be carried out without
breaking the path ordering (since clearly 7° commutes with itself) and higher order

corrections to this are incorporated perturbatively outside the exponent. Explicitly
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we compute

Wt 1) = V(a(pe)) exp {;5 i 2200 }v-1<as<uh>> , (3.4.59)

for some matrix V defined by its perturbative expansion

Loy, (3.4.59)

V(as) =1+ yp

the first term being the unit matrix since to leading order we already have the
exponentiated y-matrix. Details can be found in the appendix in [36], but the result
is that we can express the non-trivial matrix valued part of the evolution equations

as

u(fins fis) = (1 + O‘s(’“‘s)w) U exp {m I 2ln) }U-l (1 _ as(uh)W) |

47 2ﬁ0 Qs (/Ls) 4m
(3.4.60)
where 7Y, is a diagonal matrix related to 7 by
79 =U"1YU, (3.4.61)

for some matrix U. The term in the middle of Eq. (3.4.60) can therefore easily be
computed since the exponential of a diagonal matrix is simply given by exponentiat-

ing each of the diagonal entries individually. This is often denoted

R (0)

o)) ki) e

where the vector 7° consists of the eigenvalues of 7"; the diagonal entries in 4%. The

matrix Vy encodes higher order corrections to this, details can be found in [36].

3.4.7 Resummation Accuracy

Having obtained resummed hard scattering kernels in the soft Eq. (3.4.42) and
boosted soft Eq. (3.4.44) limits, we now examine what level of resummation can be
achieved given the current status of perturbative calculations. In Table 3.1, we list

the perturbative orders at which the matching functions and anomalous dimensions
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need to be evaluated in order to achieve resummation at a given logarithmic accuracy.
We use the so-called Notation' (primed notation) as outlined in [50] to denote the

accuracy of our resummation.

NLL NLO |LO |LO
NNLL | NNLO | NLO | NLO

NNLL’ | NNLO | NLO | NNLO

Table 3.1: Perturbative orders at which the cusp anomalous dimen-
sion, all other anomalous dimensions 7;, and matching
functions need to be evaluated in order to obtain resum-
mation at a given logarithmic order.

The cusp anomalous dimension is fully known to three-loop order [61], results for
the other anomalous dimensions to NLO can be found in [62-68], The massive hard
HY} and soft functions g:’; have been extracted to NLO only [36], as a result we
can perform resummation in the threshold limit only to NNLL accuracy. On the

other hand, the matching functions H gij, Cp and Sp are all known to NNLO

ij>
accuracy [37,69,70], enabling resummation to NNLL' accuracy in the boosted soft
limit. In terms of the perturbative expansion of the exponents in the evolution
factors Egs. (3.4.53), (3.4.54) and (3.4.55) this corresponds to keeping the first three
g-functions (note both NNLL and NNLL' require anomalous dimensions at the same
order). Keeping only the first two g-functions results in NLL resummation as can

be seen by the lower perturbative order of the anomalous dimensions in the first line

of Table 3.1.

As highlighted in Section 3.4.1 in the discussion following Eq. (3.4.6), in Mellin space
the perturbative expansion of the cross section gives corrections of the form o™ L*
where L = In N and 0 < k < 2n. The logarithms accounted for by the resummation
at each order in perturbation theory for a given resummation accuracy is indicated
in Table 3.2. The difference between the NNLL and NNLL’ accuracies to which our
different resummed results can be calculated amounts to a single logarithm at each

order in perturbation theory.
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Accuracy ‘ an ¥

NLL 2n—1<k<2n
NNLL 2n—3<k<2n
NNLL/ 2n—4<k<2n

Table 3.2: Powers of L = In N at N"LO captured by the resummed
result for a given resummation accuracy.

3.4.8 Mellin Inversion

We now need to apply the inverse Mellin transform in order to return our Mellin
space results to momentum space where predictions can be made. This amounts
to applying Eq. (3.4.2) to our hadronic cross sections with the resummed hard
scattering kernels. Explicitly we want

d*o 8By 1 petioo ~ _
= 37 dN 7N Cyy(N, M 0, 1p) Lig(N, 115,
dM dcos b 33]\/[%:27” /cfz'oo T J( y IV, My, COS nuf) ]( :uf)

(3.4.63)
where C' is either C5°f or CBos%d a5 given by Eqs. (3.4.42) and (3.4.44) respectively.
Unfortunately, because we choose the soft scales j, ~ M/N (and gy ~ m;/N) in
Mellin space the inverse transform develops a Landau singularity as we integrate
over N. The prescence of this singularity requires the adoption of a prescription to
define the result. We adopt the so-called Minimal Prescription (MP) [71]. In this
prescription, the integration contour’s interception with the real axis (the variable
¢) is chosen to run to the right of all singularities except that from the Landau
pole. It is shown in [71] that this is equivalent to performing the inverse transform
of the expansion of the resummed hard-scattering kernel order by order in o, and
that it renders a finite result for this asymptotic series. Figure 3.2 gives a pictorial
representation of the inverse Mellin transform. On the left is shown the conventional
choice for a the inverse transform. The right plot however shows the implementation
of the MP contour. In addition to placing the interception with the real axis to
the left of the Landau pole at large N, denoted Ny, the contour is also deformed

towards the negative real axis in order aid the numerical convergence.

A final point to address on inverting the resummed result back into momentum space
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Im(N) Im(N)

A

|

Re(N) Re(N)

Figure 3.2: Contours chosen to perform the inverse Mellin trans-
form.

is the nature of the threshold logs which are recovered. In Section 3.4.1 we discussed
the effects of the Mellin transform on the leading power threshold logarithms. The
limit 2 — 1 corresponds to N — oo in Mellin space and we subsequently took
this limit on the Mellin transformation of the threshold logs to obtain a series in
In N as in Eq. (3.4.6). An effect of taking this limit in Mellin space means that on
performing the inverse transform, we do not recover exactly the threshold logarithms
in Eq. (3.4.4). Instead we recover distributions of the form

ln"(—lnz)] |

3.4.64
—Inz ( )

P -|

These distributions exhibit the same behaviour as z — 1 and therefore reproduce the
same dynamics in this region. We should stress however, that the inverse transform
is taken numerically and so we never explicitly see such terms appearing. That the
inverse transform is also taken with the product of the parton luminosities in Mellin

space could further complicate this issue.
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3.5 Matching to Fixed Order Calculations

The resummed formulas Eqgs. (3.4.42) and (3.4.44) are only valid to leading power in
their respective limits. The pure threshold resummed calculation Eq. (3.4.42) misses
power corrections away from partonic threshold, while the small-mass resummed
result in the threshold limit Eq. (3.4.44) misses the very same power corrections as
well as those subleading in m;/M. Away from regions of phase space where these
formulas dominate it is necessary to match these to exact fixed order calculations
in order to obtain results applicable to the whole of phase space. As such we end
this chapter by discussing how to match the resummed cross sections Eqs. (3.4.42)
and (3.4.44) to fixed order (N)NLO calculations. This will result in predictions which
are exact to (N)NLO and include the resummation of threshold logs, as well as small
mass logs from the threshold limit. While matching to NNLO will form the main
results of this work, it is also illustrative for the analysis performed in Chapter 4 to

discuss matching on to NLO results.

An important idea in what follows is that of expanding the resummed results to some
given order. The resummed results contain logarithmic terms to all orders in as,
as can be seen via the exponentials in Eqs. (3.4.53)-(3.4.55). Expanding these as a
power series in a, reproduces the resummed logarithms, including those at (N)NLO.
As will be detailed explicitly below, we wish to add to these resummed results the
exact results at (N)NLO. Simply adding the two together results in a double counting
of the resummed terms at (N)NLO. It is therefore important to be able to expand
the resummed results to (N)NLO in order to subtract these contributions from the
sum of fixed order and resummed results which would otherwise double count such

contributions.

We will first match the threshold resummed result Eq. (3.4.42) to fixed order, be-
fore addressing how to also include the contributions from the joint boosted-soft
resummation. This is achieved by adding to the resummed result the exact (N)NLO

and subtracting the expansion of the resummed result to (N)NLO in order to avoid
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double counting such contributions. We thus have

doNNLONNLL,, 7 NNLLy, | <da(N)NLO — JoNNLLm (3.5.1)

(N)NLO ) '

expansion

where do™m denotes the (differential) cross section obtained from using Eq. (3.4.42)

in Eq. (3.4.3) to obtain a resummed hadronic cross section. The notation do™NLO

to the
(N)NLO

(N)NLO expansion the first term. The expansion of the resummed result is some-

simply refers to the exact fixed order (N)NLO result and do™Ntbm

what different depending on whether one expands to NLO or NNLO. The expansion
to NLO is rather straightforward; we simply set each of the matching scales in the

soft resummed result equal to the factorisation scale pj, = ps = py

doNNLLm = do"NLLm : (3.5.2)
NLO Bh=Hf
expansion Hs=f

This works because the matching functions in the massive hard and soft functions
H™ S™ are known exactly to NLO. On expanding the exponents, the pp and pug
dependence must cancel to leave only s dependence at this order. Since setting the
matching scales equal to the factorisation scale effectively turns of the resummation
off (U — 1), we simply retrieve the matching functions in fixed order. Expanding
to NNLO is a little more involved. At NNLO the u;, and ps dependence which is
generated from the expansion of the evolution function is not entirely cancelled by
the matching functions, since the NNLO terms are not present in them. However we
know that the u;, and us dependence would cancel if the NNLO terms were present.
We can use this to quickly ascertain the form of the expanded exponent. Writing

the NNLO expansion as

doNNLLm — JoNNLLy, 1 doNNLLy, (2) (3.5.3)
NNLO NLO ’
expansion expansion
where do™m. @) is the cross section obtained from the NNLO terms generated

by the expansion of the evolution function. We can write this as the contribution

generated by the NNLO correction to the hard-scattering kernel at two different
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scales

C® =Tr [HD (1)SY) (1) +HG (17)85) () + HY (a)SE ()|

= Tr [HE ()8 (122) + HG) (1) S (1) + HE (1)SS) ()], (3.5.4)
where we have used the perturbative expansion of the hard and soft function as

H™ = o’ lHSPJr (a> H + (ZS)QHQJF...] :
™

47
2
gm — §O (“s)gm (a) 5@ 4 5
W) S () S+ (3.5.5)

While we do not have exact results for S or H® the dependence on iy, and i, arises
only through logarithms. These logarithms are completely determined to NNLO
by the NNLL resummation (as can be seen from Table 3.2) and so we are able to
explicitly evaluate Eq. (3.5.4). The reason this procedure works is down to the fact
that the second line of Eq. (3.5.4) would vanish if the NNLO contributions were
actually present in the matching functions, leaving only 1y dependence. But since
we know these contributions won’t cancel in this instance, we can obtain the form
of the NNLO term in the expansion by evaluating the logarithmic terms at NNLO
at puy and subtracting the same result using py, in the hard function and p; in the
soft function which remains un-cancelled. As mentioned, the pu dependence appears
only in logarithmic terms, so any non-logarithmic terms (which are unknown) which
could appear in the NNLO contributions to the hard and soft function simply cancel
between the two lines in Eq. (3.5.4) and have no implications for the matching
procedure. This completes the matching with the pure threshold resummation
calculation and we now turn to the issue of combining this result with the boosted-

soft resummation.

This will proceed in two steps; we will first match the boosted-soft resummation to
the pure threshold result to produce a double resummation, before matching this on

to fixed order. To produce results matched to NNLO this takes the form

NNLO+NNLL' __ 7 NNLL] NNLL,, NNLL;,
do =do b+ | do — do A
Hdh=Hh
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+ <d0NNLO o do‘NNLLl/o+m

NNLO ) . (3.5.6)

Expansion

The notation do™N" denotes the NNLL' resummed (differential) hadronic cross
section obtained by using Eq. (3.4.44). The first line in Eq. (3.5.6) matches the
boosted-soft resummed result to the threshold resummed result. The boosted-soft
resummed result, being built upon the pure threshold resummed result, already
contains a subset of the threshold logs, namely those leading in the small-mass limit.
In order to avoid double counting this subset, we must subtract them out. We can
achieve this by considering Eqgs. (3.3.7) and (3.3.8) which highlights that the product
of C% and H is just the small-mass limit of the massive hard function H™ used in the
threshold resummation and similarly for §2D and S for S™. Thus setting fia, = pn
and pgs = ps removes the scale separation between these matching functions and
we simply recover the threshold resummed result in the small mass limit. We can
then use this result to remove the double counting after adding the boosted-soft
resummed result to the purely threshold resummed one. The second line of this
equation matches this joint resummation to the exact fixed order result at NNLO.

/ . . . . .
NNLL, 1 refers to the joint resummed result which is achieved on the

The notation do
first line. The NNLO expansion of this is achieved through expanding each of the
terms to NNLO. The expansion of the NNLL’ result is given simply by setting each
of the matching scales equal to the factorisation scale since each of the matching
functions is known to NNLO in this instance. The NNLO expansion of the two

NNLL resummed terms is performed in complete analogy to the NNLO expansion

performed in Eq. (3.5.3). This completes the matching of the two resummed formulas

and the NNLO fixed order result.

Matching to NLO proceeds in much the same manner as matching to NNLO. Spe-

cifically, it is achieved as follows

NLO+NNLL' __ ; NNLL; NNLLy, NNLL;
do =do b4 | do — do P
Hdh=Hh

+ (daNLO - daNNLL’”‘HS:M> . (3.5.7)

Br=Hf
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The first line of Eq. (3.5.7) is identical to that in the NNLO matching in Eq. (3.5.6).
The difference occurs in the matching to fixed order on the second line. In this
case, since all the matching functions we use are known to NLO, the result after
matching the two resummation formulas reproduces the NLO result in the threshold
limit. Therefore, when matching to the exact NLO result, we need only subtract
the threshold logarithms at this order. Alternatively, one can see that the NLO
contributions in the boosted soft limit will cancel on the first line, leaving only

threshold logs double counted when combining with the NLO result.

There are some additional considerations which arise from the contributions from
heavy quark loops when matching for the NLO+NNLL’ result. As mentioned in
Section 3.3 there are contributions from such heavy quarks (which we include in the
coefficient ¢; in Eq. (3.4.10)) that factorise out of the cross section in the boosted-
soft limit. When matching to NLO we could like to include the contributions from
these heavy quark loops which are known to NNLO in the m; — 0 limit. These
contributions are proportional to the number of heavy quarks n; considered. The
issue is that such contributions do not factorise out of the threshold resummed piece
do™NELm which partially contains some of these contributions at NNLO (and beyond).
When including these effects it is therefore necessary to subtract the contributions
in doNNFm proportional to ny, at NNLO only. This is simply because the NNLO

expansion of the threshold resummed result will not correctly reproduce the n;, terms

at this order since the matching functions are only known to NLO.






Chapter 4

Phenomenology of Resummed

Calculations

We now turn to the phenomenological predictions which can be made using the
factorised form of the cross sections we have obtained in the previous section. That
is we numerically evaluate Eqgs. (3.5.7) and (3.5.6) to obtain differential distributions
which can be compared with experimental data. Throughout this Chapter we
make use of the NNPDF3.0 PDF sets [72], using (N)NLO PDFs for fixed order
(N)NLO predictions and NNLO PDFs for all resummed calculations unless otherwise
specificed. To incorporate these into the numerical implementation we have made
use of LHAPDF6 [73] with as(Mz) = 0.118 and set m; = 173.3 GeV. In addition,
the necessary numerical integration for the resummed results is carried out with
the use of the CUBA integration libraries [74,75]. Results for the exact (N)NLO
results are obtained from the authors of [42]. Some NLO results are generated
through the use of MCFM [76]. Results presented in this Chapter are for the LHC
operating at a centre-of-mass energy /s = 13 TeV, thought it is of course possible
to produce results for the LHC running at 8 TeV or for pp collisions at the Tevatron.
Uncertainties are estimated by varying (independently) each of the matching scales
[k, Ws, Mdns [tds and the factorisation scale p1y about their default value by a factor of

two in each direction whilst keeping the others fixed. In the fixed order calculations,
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we keep the renormalisation and factorisation scales equal and vary them in unison.
As discussed in Section 3.4.6, in order to free the matching functions H™ Stm ¢y
and Sp from large logarithmic corrections we set the default values of the matching

scales as

pn=M  ps=M/N

fan =My ptas = my/N.

The choice of factorisation scale 11y depends on the type of distribution under study
and will be specified in each case. The final results are obtained by computing each

of the terms do in Eq. (3.5.6) separately and combining the resulting distributions.

We will first study the pair invariant mass distributions (PIM) of the produced
tt system and assess the impact of resummation improved results compared with
respect to those obtained in fixed order calculations. Following this we will also
present predictions for the pr distribution of the (anti-)top quark using Eq. (3.2.4).
Finally, this Chapter will conclude with a short analysis regarding the effect of the

resummation performed here on the total cross section.

4.1 Invariant Mass Distributions

4.1.1 Predictions for LHC Phenomenology

When considering PIM distributions (and others), it is typical to select a factorisation
scale correlated to the observable being predicted. With that in mind, we first present
results obtained using 1y = M and py = M/2 in the left and right hand plots of
Figure 4.1 respectively. Each plot displays the results from a fixed order NNLO (red)
and resummed NNLO+NNLL’ (blue hatched) calculation. In the lower panel the
ratio of these two distributions to the NNLO result at its default scale is displayed
such that
do

Ratio = dO’NNLO(qu — H;fiefault) : (411)
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Figure 4.1: Pair invariant mass distributions at NNLO (red) and
NNLO+NNLL' (blue hatched) accuracy. Results are
obtained using pi; = M (left) and py = M /2 (right)

The same scale is used on the vertical axes for ease of comparison and the bands
around the central values correspond to the uncertainties obtained by varying each
of the scales as described at the beginning of this Chapter. We see that the effect of
the resummed result compared to fixed order for both scale choices is to enhance the
tail of the cross section at large values of M. The enhancement is more pronounced
for the choice g = M than py = M /2, which essentially doubles the cross section in
the highest energy bins displayed. For p1; = M the uncertainty bands do not overlap
for M 2 1.5 TeV, while there is very slight overlap for py = M/2 across the entire

range.

While we have presented results for the canonical choices y1y ~ M the authors of
the NNLO fixed order predictions with dynamical scales [42] also performed an
analysis of different possible scale choices which one might consider for each type of
observable. Based on maximizing the convergence of the perturbative series in fixed
order, it was found that for PIM distributions 1 = Hr/4 was an appropriate choice
for the factorisation scale. Here Hr is defined as the sum of the transverse mass of

the final state particles of interest. In this case,

Hy = \Jm} +p3, + \/m? + P2, (4.1.2)
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Figure 4.2: Pair invariant mass distributions at NNLO (red) and
NNLO+NNLL' (blue hatched) accuracy. Results are
obtained using p1; = Hp/4 (left) and puy = M/2 (right).

where pr,; denotes the transverse momentum of the top quark. In Figure 4.2 we
display predictions obtained using 1y = Hrp/4 (left) next to those obtained from
pg = M/2 (right) for comparison. With the choice py = Hp/4 the effect of the
resummed result compared to fixed order is, in contrast to uy = M/2, to soften
the high energy tail of the distribution. The uncertainty bands for uy = Hp/4
have a much more significant overlap with the fixed order result than those from
pr = M/2. To study this further, it is helpful to take ratios of predictions at the
two different scale choices. We show in the top (middle) plot of Figure 4.3 the ratios
of the results from NLO (NNLO) calculations evaluated with the two different scale
choices normalised to the result with piy = Hyp /4, while the bottom plot displays the
analogous predictions from the NNLO+NNLL’ calculation. We see that the NLO
calculation displays strong dependence on the parametric choice of factorisation scale.
This discrepancy is not remedied at NNLO and the two scale choices still exhibit
serious disagreement, particularly for large values of M. Indeed the uncertainty
bands do not overlap for M 2 1.1 TeV. By definition, the difference between the
NNLO predictions at two different scale choices must arise from terms N3LO and
higher. This is suggests that such terms are not negligible, at least in the high energy

tails of the distributions. The resummed predictions at NNLO+NNLL’ at the two
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different scales however, are much more consistent with each other, the difference
in central values not exceeding 10% across the displayed range. The fact that the
resummed calculation produces results more consistent with each other suggests that
most terms contributing to the difference in fixed order are accounted for through
the resummation. In Figure 4.4 we plot the variation of the PIM distribution from
two sample bins as a function of the factorisation scale. The top plot displays the
variation in a bin at the peak of the differential cross section M € [380,420] GeV
while the bottom plot shows a region of high energy kinematics M € [2500, 3000]
GeV. In each plot we give the variation of the bin with respect to two different
choices of factorisation scale, s ~ Hp (red shade) and py ~ M (blue shade). In
both plots we see the resummed results (dash lines) are less sensitive to the choice
of puy than their fixed order counterparts. We can also see that in the lower energy
bin the (N)NLO and resummed results are more consistent between scale choices
i.e. that (N)NLO results from puy = M/2 and py = Hr/4 give almost identical
predictions, which can also be seen from the first few bins in Figure 4.3. We also see
that this consistency is maintained across a wide variation of the scale choice. In the
higher energy bin (lower plot), it can be seen that the choice of a lower factorisation

scale in general leads to better perturbative convergence.

4.1.2 Factorisation Scale Studies

In order to further probe the differences between the scale choices iy ~ M and
py ~ Hp, it is instructive to know how they compare numerically across the PIM
distribution. It is straightforward to assess the size of j1y ~ M in a given bin along
the distribution, since it is in one-to-one correspondence with bin range. This is
not the case for Hy based scales however, which can take on a range of values for a
given value of M. Using the code developed to implement the resummed formulas
(Egs. (3.4.42) and (3.4.44)), we can study the relative magnitude of Hp to that of
M. Since the resummed formulas are developed in the soft limit, the produced top

quarks are back to back. In this limit we can relate Hy directly to M and sin 6, the
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Figure 4.5: The average numerical value of Hy sampled for a given
fixed value of M. The blue lines represent the resummed
result, matched to soft resummation, but not to any
fixed order, see Eq. 4.1.4 for details.

angle between the produced quarks and the initial incident partons, as

M2
Hp =2,|\m? + <4 — m?) sin? 6. (4.1.3)

In producing the PIM distributions the angle 6 is integrated over and so Hp can
vary between Hrp pin = 2my and Hypmax = M. In Figure 4.5 we plot the average Hr,
< Hpr > that is sampled as a function of M. Explicitly, we compute < Hp > from,

HT,max dO.I'eS
/I_IT,min dM dHT
HT,max dO.I‘eS )
— dH
/HT,mi,, dM dHyp "

Hp dHp
< Hp >=

(4.1.4)

which gives the average Hr used for computing a point in the do™*/dM distribution
for each value of M. This double differential distribution is obtained using a change
of variables; formally the same procedure as that used to obtain pr distributions as
outlined at the end of Section 3.2. The notation do"* indicates that this calculation
only includes the resummed results and is not matched to any fixed order calculation.
Specifically, it is the small-mass resummation in the threshold limit matched with

pure threshold resummation (the top line of Eq. (3.5.6) only). Comparing typical
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numerical values for jir, we see that at M =1 TeV for example, py ~ 500 GeV for
ps = M/2 while s ~ 150 GeV for py = Hp/4, which is significantly lower. We see
then that the scale choice py = Hyp/4 leads to a smaller value of the factorisation
scale than p1; = M /2 for a given bin in the PIM distribution. This disparity widens
as one goes to higher values of M. It is known that picking a lower scale choice
for ¢t predictions generally raises the cross section (see Figure 4.4), so it is not so
surprising that the choice Hy/4 leads to lower K factors; the NLO result rises faster

than the NNLO prediction, closing the gap between them.

4.1.3 Convergence of Perturbative Series

A key criterion in determining an appropriate scale choice in [42] was that of max-
imizing the convergence of the perturbative series. We therefore now turn to this
question with regards to the resummed results. There is more than one way to look
at the progression of resummed results. In what follows we look at a number of
different comparisons. Figure 4.6 displays the traditional K-factor for fixed order
calculations (top plot) as well as a K-factor for beyond NNLO corrections due to re-
summation (bottom plot). Examining first the fixed order K-factors we see that the
choice of scale yiy = M/2 in general leads to K-factors which are rather large, leading
to poor convergence of the perturbative series. On the other hand the scale choice
py = Hp/4 leads to a much better convergence with K-factors closer to unity. In
the lower plot, we show the K-factors for the corresponding resummed distributions.

Here we define the K-factor as

o NNLO+NNLL/
KNNLO4NNLL//NNLO = doNNLO = M;lefault) :

In the resummed case, we also see large K-factors for the prediction from p; = M/2.
This is perhaps not surprising given that we saw in Figure 4.3 that the resummation
was able to bridge the gap between the fixed order results evaluated at the two

different scale choices.



88

Chapter 4. Phenomenology of Resummed Calculations

o - : : : : : :
z 18 :_"NNLO"(H{:MJZ)M"ESE?:?&?NLOHG?S(MZ)“OVMB ..........................................
& 16~ [INNLO (1 =H./4) /
L4f T 7
AW i1
%ZZ.‘_ 2-A n — f
1.0f== : - f
0.8: ............
500 1000 1500 2000 2500 3000 3500 4000
M, (GeV)
g 18 :—"NNtO+h;Ntt"(p;=Mﬁ(2;“‘""'NNP'Dli‘sO:‘NNL'O'iq’s(Mi):‘oflig”””""""'“':“' .....
g 1.6f [j NNLOANNLL: (=t /4) LHC 13 Tev /////
S 1af
% N [/ ; /
IR %%%% /
b )
0f S5 =
0.8 - —
500 1000 1500 2000 2500 3000 3500 4000

M, (GeV)
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We can consider other types of K-factor by computing different logarithmic accuracies
of our resummed formulas. In Figure 4.7 we present three different K-factors for
resummed results. Namely; NNLO/NLO (red), NNLO+NNLL/NLO+NNLL (blue
hatched) and NNLO+NNLL'/NLO+NNLL’ (green). For each K-factor individually,
exactly the same higher order (beyond NNLO) logarithms appear in both the NLO
and NNLO matched results, and therefore the only difference between the numerator
and denominator in each of the K-factors are the NNLO constant terms' and terms
subleading in the soft limit at NNLO. The difference between each K-factor is the
number of logarithms captured by the resummation at each order in perturbation
theory. The top plot shows results from the scale choice 1y = M /2 where we see
that progressively increasing the accuracy of the resummation between differing
orders leads to K-factors which approach unity. Especially in the higher energy
bins, we see that the central value of the K-factor NNLO+NNLL'/NLO+NNLIL/ is
almost identically one indicating that terms subleading in the soft limit at NNLO
do not greatly contribute to the cross section in this region of phase space. Large
corrections are still present in the first few bins however, emphasising the importance
of matching to fixed order calculations near threshold. The lower plot shows the
analogous predictions for the scale choice uy = Hr/4. The K-factors are generally
constant between the different logarithmic accuracies for this scale choice, straddling
around 10% for most of the distribution. For this scale choice then we see the
importance of matching to fixed order across the whole of the distribution, with the
subleading and constant terms at NNLO still contributing significantly even in the

tail.

Since we have seen in Figure 4.3 that the resummation closes the gap between the
fixed order distributions at the two scale choices, it is interesting to also ask if such
an effect is present at lower orders in perturbation theory. Figure 4.8 presents NLO
results supplemented with NLL, NNLL and NNLL’' resummation, as well as the

NNLO+NNLL' result for comparison. Each result is normalised to the one for which

'Non-logarithmic contributions not captured by resummation.
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Figure 4.8: Predictions for the PIM distribution from NLO+NLL
(top left), NLO+NNLL (top right), NLO+NNLL’ (bot-
tom left) and NNLO+NNLL' (bottom right) calcula-
tions for different scale choices py = Hr/4 (red) and
pg = M/2 (blue hatched). In each case the result is
normalized to the prediction with p; = Hp /4. Note the
NLO-+NLL result is computed using NLO PDFs.

pg = Hr/4. Here we use NLO PDFs for the NLO+NLL resummed result. While
the central values for the two scale choices at NLO+NLL (top left) lie close together
compared with the fixed order NLO result, the associated uncertainties are incredibly
large. At NLO+NNLL (top right), these uncertainties have somewhat diminished
and though the central values are no longer as close to each other, both lie inside the
uncertainty band of the other. At NLO+NNLL’ (bottom left) the uncertainties have
again reduced, though the central values are not appreciably closer together. The
final plot on the bottom right shows the last stage in this evolution, NNLO+NNLL'.
Compared to NLO+NNLL’ we see again a drastic reduction in uncertainties as well
as a more comfortable overlap between the central values of each prediction and the

uncertainty band of the other.

The plots in Figure 4.8 allow us to check the convergence of predictions from differing
scale choices as one includes more higher order logarithms, however we can also
check the convergence of the series within a certain scale choice. That is, for each

choice of scale, how do the results from NLO+NLL to NNLO+NNLL’ compare?
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Figure 4.9: Predictions for the PIM distribution from NLO-+NLL
(blue hatched), NLO+NNLL (red), NLO+NNLL’ (green
hatched) and NNLO+NNLL’ (blue transparent) calcu-
lations for different scale choices py = Hr/4 (top plot)
and pyp = M/2 (bottom plot). In each case the result is
normalized to the NNLO+NNLL' prediction. Note that
the NLO+NLL result is computed using NLO PDFs.

Figure 4.9 shows this progression for s = Hy/4 (top plot) and py = M/2 (bottom
plot) normalised to the NNLO+NNLL’ prediction. This result contrasts to fixed
order where the perturbative stability is quite different between p; = Hr/4 and
pr = M/2. Instead, the resummed predictions have a more stable perturbative

progression between the two scale choices.

4.1.4 Comparison of Joint and Threshold Resummation

Another question one might ask relates to what is gained by performing the com-
bined small-mass and threshold resummation, compared with standard threshold
resummation on its own. We address this question in Figure 4.10 where results

from performing threshold resummation obtained using Eq. (3.5.1)(green) are shown
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hatched) calculations.
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alongside results from the joint resummation obtained from Eq. (3.5.6) (blue). Since
threshold resummation was only computed to NNLO+NNLL, we also only compute
the joint resummation to this order for a fair comparison and hence implement
Eq. (3.5.6) to NNLL accuracy only. For comparison the ratios shown in the lower
panels are normalised to the NNLO result shown in red. Examination of the upper
plot, which gives results for the scale choice uy = Hr/4 reveals that performing
purely threshold resummation leads to a slight enhancement of the cross section for
large M. Supplementing this with small-mass resummation in the threshold limit
however leads to the opposite effect at large M, namely a softening in the tail of
the spectrum relative to the fixed order result. This isn’t so surprising since this
is exactly the region where one might expect logarithms of the form In” (m;/M)
to play an increasingly important contribution to the cross section. Interestingly,
in the lower plot, which shows predictions for the scale choice py = M/2, we see
that the threshold resummation and joint resummation produce almost identical
central values. Thus it would appear, at least in this instance, that the effect of the
scale choice p1y = M /2 in pure threshold resummation seems to mimic the effect of

resumming these small-mass logarithms in the threshold limit.

4.1.5 Rapidity Cuts

We noted from Figure 4.5 that the value of Hr in a given bin is generally considerably
lower than M. We note that for a given value of M, Hr can be related to the angle
the top quarks are produced at via Eq. (4.1.3). The fact that Hp is numerically
quite small compared to M is suggestive that 6 is also quite small, i.e. the angle of

production is quite shallow.

In Figure 4.11, we show the average value of cos f sampled by the Monte-Carlo when
computing the resummed results. This is computed analogously to the average Hrp
in Figure 4.5 and therefore only includes the resummed pieces of the calculation,

in which the top quarks are produced back-to-back and we have no hard emissions.
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By M = 2 TeV, the average value of cos approaches 0.9, which corresponds to an

angle of roughly 26° in the rest frame of the top pair.

An interesting thing to do therefore is place a cut on the rapidities of the top quarks,
capturing only events which are central enough. Unfortunately, we cannot place cuts
directly on the rapidities of the individual quarks. This is because the formalism
used to perform the resummation in Chapter 4 loses information about the relative
boost of the incoming partons. We can constrain the rapidity difference, Ay = y, —y;
however, which is frame independent. As an example, we select a cut on the rapidity
difference of |Ay| < 4, which corresponds to a cut of |y| < 2 for each quark in the
soft limit. Since we do not have direct access to NNLO results with such cuts, we

can perform the analysis using the approximate NNLO numbers produced by the
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resummation formula. The approximate result is exact to NLO and includes all
information from the RG equations for the matching functions in both the threshold
and boosted soft limits to construct as much of the NNLO contribution as possible.
It is prudent to check how well the approximate results actually replicate the exact
ones. In Figure 4.12 we plot the aNNLO distributions compared with the exact
NNLO result at the same scale choice, 1y = Hrp/4 on the left and py = M/2 on
the right. We see that the choice puy = M/2 more accurately reflects the NNLO
result than the choice iy = Hy/4 does. The aNNLO result for the choice py = M /2
produces a much smaller uncertainty band and the central value stays within 5% of
the exact result for most of the distribution. The choice uy = Hp/4 on the other
hand produces a central value which straddles the lower bound of the uncertainty

from the fixed order result.

We can now look at the effect of the rapidity cuts on these distributions. For NLO
results, we can use MCFM [76] to generate distributions with the relevant cuts.
Figure 4.13 shows the effect of the rapidity difference cut |Ay| < 4 on the NLO
results. Here predictions with the cut are compared to those without the cut at the
same scale choice. The cut has no effect for M < 1.3 TeV since |Ay| > 4 is not
accessible for such low energies. Beyond this energy however, the effect of the cut
is quite severe, with the cross section less than half of its uncut value in the higher
energy bins. We see that the cut has more of an effect on the distribution obtained
with the scale choice uy = Hr/4. Given that the uncut NLO distribution obtained

using this choice of scale is larger than that obtained using py = M/2, one might
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Figure 4.14: Comparison of the NLO distributions at two different
scales with the rapidity cut.

suspect that the cut could bring the two results into better agreement.

In Figure 4.14 we plot the two distributions with cuts together. We see clearly that
the effect of the cut is to bring the NLO results from the two different scale choices
into better agreement. We see that the distribution using py = M /2 begins to fall
compared to the py = Hr/4 result for M < 1.3 TeV. Beyond this, the cut takes
effect and the difference between distributions with the two scale choices begins to
diminish.

We will also assess the effect of the cut on the approximate NNLO distributions.
We stress again that these are only approximate results and the actual effect must
be left to a full NNLO calculation. However, it will be illustrative to investigate
what happens in this approximate case nonetheless. Much like the NLO case, we see
from Figure 4.15 that the effect of placing a cut of |Ay| < 4 is to drastically lower
the cross section at high M. The cross section is reduced by half for M = 2.5 TeV.
Again the effect is strongest for py = Hr/4. Figure 4.16 displays the two aNNLO
results with the |Ay| cut applied. At least for these approximate distributions, the
cut appears to bring the two distributions into better agreement. One might then

expect that in a full NNLO calculation similar behaviour might be observed.

With these cut distributions we can also ask if the large K-factor present in fixed
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order without the rapidity cuts remains? In Figure 4.17 we show the ratio of the
approximate NNLO and exact NLO distributions with the cut |Ay| < 4. We see the
scale choice py = M/2 still gives a large K-factor even after the cut. However, unlike

the exact NNLO result without the cut, the K-factor does not grow monotonically

with M and in fact shows a slight depression for M 2 1.3 TeV.

4.2 Transverse Momentum Distributions

As highlighted at the end of Section 3.2 it is also possible to produce distributions
for the (anti-)top quark transverse momentum distribution. In this section we
present results obtained using Eq. (3.2.4). In Figure 4.18 we present results using

two commonly used factorisation scale choices, py = my/2 (left hand plot) as
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recommended in [42] and the related choice 1y = my (right hand plot). For both
choices the central value obtained from the resummed results is slightly lower than
the central value obtained by the NNLO calculation, it is well within the uncertainty
band from the fixed order calculation. The scale choice 1y = my/2 however, produces
no upper uncertainty band for the fixed order results in bins where pr = 400 GeV.
The resummed result provides some uncertainty in this direction, but only marginally.
Predictions obtained using the scale choice ;1 = myp indicate that the effect of the
resummation is to produce a softening of the high energy tails with increasing effect
for larger pr. In the top plot of Figure 4.19 we show the ratio of the fixed order
calculations from the two different scale choices. For pr < 1 TeV we see that the
lower uncertainty on the result obtained from the scale choice py = mp/2 coincides

with the central value from the py = mg result. However, for pp 2 1 TeV the

~Y
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two no longer coincide indicating that there is a swap in the variation which gives
rise to the lower bound. The fact that for most of the distribution, we only get a
lower bound from the scale variation indicates that the choice py = myp/2 sits on
a peak of the distribution with respect to changes in the factorisation scale. As
such, varying the factorisation scale by factors of two in either direction gives only
lower uncertainties. We can see this in Figure 4.20 which shows the variation of the
cross section in two sample bins as a function of the factorisation scale. The upper
plot shows the variation in a region where the cross section is large (pr € [50, 100]
GeV), while the lower plot shows the variation in a high energy region of phase
space (pr € [1200,1400] GeV). In the high energy bin, we can see the NNLO result
evaluated at piy = mp/2 produces only lower uncertainties when varied as the cross
section begins to dip for very low factorisation scales. This is in contrast to the NLO
result which, though less stable under variations, appears to fall monotonically as

one raises the factorisation scale in both the low and high energy bins examined.

4.3 Total Cross Section

While the main focus of this work has been to analyse the effects of resummation
on differential distributions, particularly in the high energy tails, it is also prudent
to check the effects on the total cross section. The predictions in this section are
obtained by integrating over the differential distributions obtained in the previous
sections. In addition to the dynamical scale choices considered so far, we also include
ps = my for the (N)NLO predictions, another commonly used scale choice when
calculating the total cross section. Such results are obtained through the use of the
top++ program [77]. Figure 4.21 shows the total cross section for top pair production
evaluated at a range of different scale choices and perturbative accuracies. It can be
seen that the NNLO+NNLL' prediction produces a slightly larger cross section than
the corresponding NNLO prediction with the scale choice py = M/2, but with the

uncertainty bands still comfortably overlapping. This is consistent with our earlier
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observations from the right hand plot of Figure 4.2, where we noted the effect of
resummation was to enhance the cross section for large M. Similarly, performing the
same comparison for the scale choice s = Hr/4 we see that the resummed result
produces a slightly lower cross section than the NNLO prediction, again consistent
with observations of the left hand plot in Figure 4.2. We can also see the fact that
the resummed results are more stable under changes in the parametric choice of
factorisation scale reflected in Figure 4.21. The effect of resummation on the total
cross section however is mostly minimal. This is not unexpected since the effect of
the resummation performed here is most prevalent in the tails of the distributions,
most notably for the PIM predictions. Since the bulk of the cross section comes not
from the tails but from phase space nearer threshold, we expect the resummation
to have only a minimal effect.  Finally, Figures 4.22 and 4.23 present the total
cross section as a function of the factorisation scale. Figure 4.22 gives results from
integrating the pr distributions at different perturbative accuracies (but all with
ps ~ mp) while Figure 4.23 provides the same information from the invariant mass

distributions at the two different scales. In both plots we can see the greater stability
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of the resummed predictions (dashed lines) under scale variations with respect to
their fixed order counterparts. In Figure 4.23 we see that the resummed results
are also generally more consistent in the prediction of the total cross section for
higher values of the factorisation scale. The difference between NLO and NNLO at
such scales is more profound suggesting that the resummation is able to account
for the higher order corrections which unaccounted for in fixed order lead to such a
discrepancy. In both plots we also see that for lower values of the factorisation scale

more of the results generally coincide.
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Chapter 5

NLO QCD Higgs Decays in The
SMEFT

5.1 Motivation and Goal

The Higgs boson, being the newest discovered particle, is one of the least well
studied experimentally thus far. It plays a crucial role in the theory despite this,
some details of which we explored in Section 1.2. An important test of the SM
therefore is to measure the couplings of the Higgs boson to the other SM particles.
As we saw in Chapter 1, the coupling of the Higgs to other SM particles is directly
proportional to their mass. In Chapter 2 however, we saw from Eq. (2.2.13) that the
presence of as yet undiscovered new physics existing at higher energies could alter
this behaviour of the Higgs. In order to characterise the effects that possible new
physics might have, without deference to a particular UV complete model, we can
calculate the decay rate of the Higgs boson within the framework of the SMEFT. The
result will be the usual result from the SM calculations plus additional contributions
proportional to Wilson coefficients from higher dimensional operators. In the rest
of this chapter we restrict ourselves exclusively to additional contributions from
dimension-6 operators as discussed in Section 2.2. Long term, the goal would be

to fit/constrain such Wilson coefficients using a number of different experimental
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measurements and theoretical predictions. This requires calculations beyond the
Higgs partial width calculated here. A large amount of work has already been done in
this direction. Examples include the SMEFT in connection with top physics [78-83],
muon decay [84], Z decay [85], other applications in Higgs physics [86-99] and more

general or theoretical considerations [2,35,100-106].

In this Chapter, we consider the decays of the Higgs boson to b-quarks. In particular,
we calculate a subset of the full NLO corrections to this process, namely those from
QCD. This supplements those from four-fermion operators and EW results leading
in (a/Myw ) presented in [94]. The NLO corrections from QCD to this process are one
power of a;; greater than the LO process in the SM. In order to ensure the same power
counting in this calculation we rescale the operator Q ¢ — gsQa4c. This is because
after EWSB this operator produces a coupling ~ (I_) ot TAD) 0,G7+ and therefore
alters the gbb vertex. The rescaling ensures this vertex also produces a factor of g, as
in the SM and preserves the power counting structure mentioned earlier. Note that
in order to preserve the form of the term in the Lagrangian the Wilson coefficient Cyg
is simultaneously rescaled Cyg — Cyg/gs. This is left implicit however but will be
important when we consider the RG equations for this coefficient in Section 5.5. In
order to facilitate the calculation we employ the use of FeynRules [107] to implement
the dimension-6 operators. We then use FeynArts [108] and FormCalc [109]. In
addition, we shall assume Minimal Flavour Violation as described in Section 2.2
such that the effective Yukawa and mass matrices are simultaneously diagonalisable
and that there are no additional flavour violating effects beyond those in the SM.
In practise we will work exclusively with 3rd generation fermions and so we will
dispense with the flavour indices on operators which contain fermions and instead

label the handedness. For example, for QQ4c we write (BLa“”TAbR) H G;‘V +h.c..



5.2. Leading Order Calculation 109

b

Figure 5.1: Diagram contributing to the process h — bb at leading
order.

5.2 Leading Order Calculation

In this section, we derive some preliminary results. We begin with the Leading
Order (LO) decay of the Higgs boson to b quarks with the dimension-6 SMEFT.
There is only one diagram contributing to the decay h — bb at tree level, shown
in Figure 5.1. Using the Feynman rules for the Higgs coupling to fermions in the
dimension-6 SMEFT given in Eq. (2.2.13) and accounting for the redefinition of the

Higgs field in Eq. (2.2.10), we can write the leading order amplitude as
iMO = il (py) (MY P+ M P| V(pa), (5.2.1)
where

3,
MS—JO) L (1+ Chxin) — §U%CbH

2
br

V2

In the second line of Eq. (5.2.2) we have rewritten the SM Yukawa coupling in

S

3

o b

(1+ Crxin) — Com - (5.2.2)

5|

terms of the mass using Eq. (2.2.15). The superscript (0) on M, indicates that this
is the amplitude for the leading order process. There are still contributions from
dimension-6 operators not explicit in this expression arising from v as can be seen
through Eq. (2.2.19). We keep these implicit since it is vy which is the physically
measured VEV, not 0. To obtain the decay rate we square the amplitude, sum
over spins and colours and integrate over the phase space of the final state particles.
For the LO calculation this is simply a 2-body phase space, at NLO we will require

a 3-body phase space, details on both are presented in Appendix A.2. We split
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contributions to the decay rate into those from the SM (I'“%)) and those which arise

from dimension-6 operators (I'(6:0).
rO(h — bb) = T 4 760 (5.2.3)

We obtain the decay width

233
po) _ Nemnmy 57 (5.2.4)
8rv
and
Q3
60 — (20H,km _ V20 Re(CbH)> 0 (5.2.5)
my
where we have defined 3 = /1 — 4m2/m3. We see then at LO the contributions from

the Wilson coefficients C'yn and Cyp which appear because of the normalisation of
the Higgs field, as well as the real part of C,g which provides a modified Yukawa
coupling. In principle, one could now go and fit these coefficients to data and
determine bounds on the possible values. However, it is important for most processes
to calculate NLO corrections. Firstly, calculating NLO corrections simply increases
the accuracy of the prediction. In performing a perturbative expansion one should
compute as many terms as possible in the series, the NLO result is the first step
in this direction. Computing the NLO result also provides information on how
quickly the series is converging. Another reason is that at NLO we begin to get a
handle on the uncertainties related to the resulting predictions. These are obtained
through varying the renormalisation scale, as was done in Chapter 4. While using the
anomalous dimensions of the parameters appearing at tree level can tell us about the
logarithmic contributions appearing at NLO, we cannot know the size of constant
terms until they are explicitly calculated. Finally, another important reason for
performing the NLO calculation, more specific to the SMEFT, is that we can get
new dimension-6 operators contributing to the process at NLO which do not appear

at tree level. It could be important to capture the effects of such operators.
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5.3 Renormalisation

In performing the NLO calculation, we will encounter divergences of both UV and
IR origin. We regulate these divergences using dimensional regularisation with
d = 4 — 2¢. In order to make sense of these we must renormalise the theory as
discussed in Section 1.3. It is also necessary to decide which variables we wish to
express our answer in terms of. Not all parameters in the SM are independent and
so we can eliminate some in favour of others. We choose to parametrise our answer

in terms of the masses, strong coupling, VEV and Wilson coefficients
mh7MW7MZ7mb7aS7UTaCi (531)

If we were considering other gauge interactions we would also use the electric charge
e as one of our constants. In fact e will appear when we consider renormalisation
of the VEV, but as we shall see does not contribute when considering the NLO
QCD contributions. It is also necessary to specify a renormalisation scheme. We
highlighted two such examples in Section 1.3; the on-shell scheme and the MS scheme.
For the masses we choose to use the on-shell scheme, while for the Wilson coefficients
we employ the MS scheme. The VEV will also be expressed in terms of physical
parameters which are renormalised in the on-shell scheme. We will not actually need
to renormalise «z ourselves, however we will use the running coupling in Section 5.5
and as such is defined in the MS scheme. We now employ the tools of renormalised
perturbation theory. By expanding the Lagrangian in terms of renormalised fields

and counterterms we can express our UV-finite result from virtual corrections as
Mglli)rt = Mgfli)r’tbare + MOt (5.3.2)
where we write

iMCOT = —iU(py) (OIMLPL + M PR) V(pa), (5.3.3)
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and M2 pefers to the bare 1-loop amplitude obtained from virtual corrections.
It is helpful to further separate the contributions in to those which do and those
which do not depend on dimension-6 effects. As for when we presented the LO
result we use the additional superscripts, (4) to denote SM contributions and (6) to
denote contributions from dimension-6 operators. The counterterm for d M, is thus

expressed as
1

= MY 4 s MO (5.3.4)

My =

In order to determine the form of 6 My, we expand the LO amplitude in Eq. (5.2.2)
in terms of renormalised parameters. This, as well as accounting for the field
renormalisation from Eq. (1.3.2) will dictate the form of the counterterm to the
amplitude. As mentioned earlier the amplitude in Eq. (5.2.2) does not explicitly
show the full dependence on dimension-6 Wilson coefficients. Recall from Eq. (2.2.19)

that vy has dependence on Cywp and Cyp. Writing this dependence explicitly, we

arrive at
my é 62 _ §2 U2
0 ~ Cw ~ ~ S w T =
MO = =2 4y Crw + mydrCrn + myir - Cnp — —=Cyp . (5.3.5)
Vp Sw 452 V2

This is the bare 1-loop amplitude which we must now expand in terms of renormalised
quantities and counterterms. Considering first the SM contributions as well as

including the contributions from field redefinitions we arrive at

A

Ur

A~

(4) . my 5ml(,4) . 513#)
my Ur

SMSY = e ;52,5‘” + ;52,54>> . (5.3.6)
where we have defined 5ZI§4) =6z @) +62 4 This is the form of the counterterm
required to remove all the UV divergences proportional to AYp. For greater clarity,
we split the contributions to the counterterm from dimension-6 terms 5/\/1(;) into
three parts; those from SM counterterms which have dependence on the higher
dimensional Wilson coefficients (e.g. (5ml(,6)), those from SM parameters multiplying
Wilson Coefficients (e.g. 5m1()4) Cup), and those from the counterterms of the Wilson

coefficients themselves (e.g. 6Cpp). The sum of these contributions gives the form
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of the counterterm required to cancel the UV divergences proportional to Ayp
IMP = oME) + M) + M) . (5.3.7)

The first of these contributions, the dimension-6 contributions to SM counter terms

takes the same form as Eq. (5.3.6) and is given by

5 (6) 5A(6) 1 1
6 My ( my, Ur +§5Z£6)+§5Z156) . (5.3.8)

my or
The second set of counterterms comes from expanding the coefficients of dimension-6

Wilson coefficients in Eq. (5.3.5) and gives

b smiP o 1 2 — 32
1) ©) _ Mt b T 752(4) *(5Z(4) w w
Mz =5~ Cnp my oy T 20% TR0 282
6eld 5w\ &2
T\ T2
~ 577?,1()4) (S’f)T 1 (4) 1 (4)
+ mb'UTCHD N + *6Zb + 75Zh
my Ur 2 2
02 (.60 1w 1w
—3Cm 2 o +§5Zb +§5Zh
Cw se@W  §3W sl s 1 1
+or “mCrwp |- — % + ——+ — L+ 752154) + 752,(14) :
Sw Cy Sw my Ur 2 2

(5.3.9)

The final contribution comes from the counterterms to the Wilson Coeflicients them-

selves
22

AD A ~
MO = g [ 2050y + S50 — —L—6C, +6CH | . (5.3.10
Mg,L UMy 152 HD + 3, HW B o v +0CHDO ( )

w
The counterterms dmy; and 67 are determined by the renormalisation conditions

given in Egs. (1.3.9)-(1.3.13). In order to obtain the counterterms for ¢é,, §, and Or
we use Eqs. (1.2.10) and (1.2.9) to express them in terms of our chosen observables

and then expand these in terms of renormalised quantities. The resulting expressions
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G
G gig
b
b f f b b
b
Figure 5.2: Diagrams contributing to the b-quark self energy from

QCD at 1-loop. The diagram on the left is only gener-
ated through dimension-6 operators.

are given by

66y OMy  OMy 080 & 08,
éw My My’ B, 82 ¢,
8dp  OMy, 88, de
_ _ 2 5.3.11
oy My + 5, e ( )

Constructing the full counterterm is now simply a matter of calculating the necessary
2-point functions used in Egs. (1.3.9) and (1.3.12). We start with the b-quark 2-point
function. In the SM, there is only one diagram which contributes to the self energy

from QCD and is shown in the left of Figure 5.2. Computing the SM counterterm

we find
smiY Cp (30"
My GsUr (f + 1) , (5.3.12)
my T 4 ¢
where for convenience we have introduced
b Iy L1
C.=1+¢chn|—|, -=-—yg+n(n). (5.3.13)
mj € €

However, there is also a contribution to this 2-point function from a dimension-6
operator. Namely the class 6 operator g;Cyq (ELJ’“’TAbR> H Gﬁy + h.c., where we
have included the scaling of g, as indicated at the start of this Chapter. This operator
contributes not only to the diagram on the left of Figure 5.2, but also generates the
new diagram on the right. The diagram on the right however contains a scaleless

loop integral. Such integrals vanish in dimensional regularisation,

'k 1
~ - 0. 3.14
/(%)d 5 =0 (5.3.14)
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The diagram on the left however does give a non-zero contribution. The dimension-6

contributions to the b quark mass counterterm is found to be

my T 2\/§

€

(6) 5 b
omy, _asCF mpUr <3C€ I 1) (Coe + Ciiy) - (5.3.15)

Using the same two point function, we can also calculate the counterterm for the b
quark field renormalisation using Eqs. (1.3.10) and (1.3.11). The SM contributions

give
5254),L _ 5254),1«2 _ 5Z}§4),L* _ 5ZIE4),R* ,

b
57 = 257" = ~CF (306 - 2) , (5.3.16)

while for the dimension-6 contributions we find

6Zl§6)7L — -
€

T 42

Crm2v Cct
Z©O.R _ Qs TGUT | ) 3.1
WA W 3 2 + 1) (Coe + Cpr) (5.3.17)

For QCD corrections, there are no contributions to the other field/SM parameter

2 b
OésCF myvr <3C€ 4 1) (CbG o 30;@) ’

counterterms to the order we are working to. For example, the class 4 operators Qpug
and @)y generate diagrams which could contribute to the Higgs 2-point function.

But these are either produce scaleless integrals or contribute starting at O(Axp).

The final terms we need are the counterterms to the Wilson coefficients them-
selves. These can be obtained through the use of the anomalous dimensions for
the dimension-6 Wilson coefficients which were fully calculated in [2,35,102] for
the baryon number conserving operators. The corresponding results for Wilson
coefficients of operators which do not conserve baryon number were also calculated
in [103], though we shall not make use of these here. The anomalous dimensions

take the form
dC;

O 3.1
iy v;C; (5.3.18)

We see that v;; is a matrix in the space of operators, so the anomalous dimension for a

given operator C; mixes it with other operators under RG running. The counterterms
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in the MS scheme can obtained from the anomalous dimension as follows

1 dC;

6Ci:%dln,u'

(5.3.19)

The anomalous dimensions are written in the afore mentioned references as C; = 167> #Ci%-

Thus the expansion of the bare Wilson coefficient in terms of counterterms is written

1 1

©) _ - 1
G =Gl + 550

(2

Ci(p) . (5.3.20)

The anomalous dimensions in [2,35,102] are calculated in the unbroken phase of the
theory. Because we are using the MS scheme however, we can still use these results
to construct counterterms in the broken phase which rely only on the pole structure
by construction. In the current case, only 6Cyy gives contributions proportional to

gs. It is found to be [35]

Cr 31 .
5 = & - FU—QE (2m§CbG +vr (\@mb(CHG +iCha) — UZG;H)) , (5.3.21)
T

when written in terms of m,, instead of y;.

At this point we have all we need to renormalise the bare NLO virtual corrections.

We now turn to the computation of these bare 1-loop amplitudes.

5.4 NLO Corrections

5.4.1 Virtual Corrections

In the SM, there is only one diagram which provides a vertex correction to the LO
process of the decay h — bb. At dimension-6 we get contributions proportional to
Cyr and Cyyin from corrections to the SM-like diagrams in Figure 5.3. However,
there are additional diagrams which can appear from the presence of dimension-6
operators and are displayed in Figure 5.4. These diagrams arise from operators
which first appear at NLO in the calculation. Specifically, we get contributions from

Cac, Crue and Cpea. The first of these produces the first three diagrams from the
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b

Figure 5.3: Diagram contributing to the QCD virtual correction of
the decay h — bb.

Figure 5.4: Additional diagrams contributing to the QCD virtual
correction of the decay h — bb from dimension-6 oper-
ators.

left in Figure 5.4, while Cy¢ and C' s each produce a new hGG vertex contributing
to the final diagram. Summing the bare 1-loop amplitude and counterterm produces
a UV finite result. The contribution from virtual corrections is then obtained by

squaring the sum of the LO and UV finite virtual corrections,
2
Mol = MO+ ML (5.4.1)

and keeping only terms up to O(as). Finally we sum over final state spins and
colours. The contribution from the CP violating operator which gives rise to C
does not appear in the final result for the virtual corrections; its interference with
the SM result gives no contribution. Such contributions would begin to survive if
one considered contributions O(Axp). And so in order to get a handle on the CP
violating operators one would need to extend the calculation to next order in the
effective theory. This result is still IR divergent however, and to obtain a finite cross
section it is necessary to include the possibility of emitting gluons into the final state.
Such diagrams also produce divergences when the emitted gluon becomes soft which

cancel the IR singularities from the virtual corrections.
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Figure 5.6: Additional diagrams contributing to h — bbG from
dimension-6 operators.

5.4.2 Real Emission

We now consider the emission of additional gluon radiation into the final state. In
the SM there are only two such diagrams which contribute to this process. These are
shown in Figure 5.5. The SM result is given by summing these diagrams, taking the
square and integrating over the 3-body phase space. The squared matrix element is
found to depend on a number of kinematic structures and we find agreement with the
analogus calculation of h — ffv in [110]. The presence of the dimension-6 operators
produce additional diagrams which can arise and these are shown in Figure 5.6.
These produce new kinematic dependence in the phase space integrals compared to
the SM ones. Again we find dependence on the class 4 operators Cyg and Cpa and
the class 6 operator Cpg. Summing the diagrams, squaring the result, truncating
to O (Aﬁ%) and summing over final state spins, polarisations and colours gives our
result for the real emissions. In performing the sum over polarisation states of the

gluon, the dependence on the operator Cy s is removed.

5.4.3 Combined Result

Obtaining the full NLO QCD correction to the decay rate is now a matter of

integrating the virtual corrections over 2-body phase space, the real corrections over
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3-body phase space and dividing by the appropriate flux factors. In this instance
our initial state is simply the Higgs, so our flux factor is given as 1/(2my). We thus

write

1 1
Tosie) = 5o / APS, 3 [ Myl + 5 / dPSs S [My el (5.4.2)

where dPS,, denotes the integration measure for the Lorentz invariant n-body phase
space measure. Details are given in Appendix A.2. The Wilson coefficient Cyg can
be complex in general. However, as in the LO result in Eq. (5.2.5) the results we
obtain in the rest of this Chapter depend only on the real part of this coefficient.
To avoid clutter we do not write Re explicitly everywhere and the understanding is

that only the real part of the Wilson coefficient contributes.

4,0) asCr A(ﬁ)

r4n —
T 33

(5.4.3)

We have introduced the kinematic factor A(f)
_ 3
-8

+ In [z] {116(—3 — 348 + 138

A(B) = "= (=14 78%) + 8° (3In[y] — 41n [8))

#0 ) (~5 i+ 2m ) }

+ 321+ 8% (‘;’ In? [2] + 2Li, [2] + Lis M) : (5.4.4)
and further defined

_1-8 1= m
1+ Y=y omi

X

The NLO SM result is not new, but it is an important check that we reproduce the

result. Our result agrees with those in [111,112]. The NLO result proportional to
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dimension-6 contributions is found to be

6D = Cyq

asCr Nemimy, [ 8 9 4
— (15 + 285" — 35
8v/2mur ( B P )

8
_ 136 (~5+382 — 156" +175°) In [2]
— 34 (1 - 8%) In [y }

A CF Ncmzmb\/g
2m

] - S5 ]

+Cne {g (15 — 273 + 2347)
+In[z] (116(15 +25° 4+ 76 + 52 In [y]>
+ 342 (Li2 (2] — ;Liz M) }

Qg C(F Ncmhmva

3
2T Cy i — (A 3258 )
+ Chx Cou - 2n (B)+8 45 n [y

3 C 2
p@o) YT ThH g 54.5
T g (2 | o4

where the O(a;) corrections on the final line are provided using Copr = 2¢(1672)0Cy
together with Eq. (5.3.21). There are a number of features of this result which can be
discussed. The first is the appearance of new Wilson coefficients in the NLO result
which do not appear at tree level. Although these are subleading in o, they may have
important numerical consequences, especially if the tree level Wilson coefficients are
zero or heavily suppressed compared to the ones appearing at NLO. We also see that,
unlike the SM NLO corrections, which are proportional to the LO result, this is no
longer the case for the dimension-6 pieces, with the sole exception of C kin. Ideally
one would evaluate this decay rate using ¢ = my, in order to remove the logarithm on
the final line. However, the result still contains a number of large logarithms of the
ratio of the Higgs and b-quark masses. We can attempt to remove these logarithms

by renormalising m;, in the MS scheme rather than in the on-shell scheme.
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5.5 Resummation of Large Logs and The

Massless Limit

The presence of logarithms of the ratio of m;, and my in Eq. (5.4.5) is in general not
a small ratio and one might be worried about the size of the logarithms and their
potential to ruin the perturbative series. At any rate the presence of such logarithms
will hamper the convergence of the perturbative series. However, we can attempt to
remedy this situation by converting from the on-shell b quark mass to the MS mass.
Since the mass will now depend on the renormalisation scale, we may be able to use

the RG running of the b mass to resum these large logarithmic contributions.

In the on-shell scheme, the finite part of the counterterm is set such that the
renomalised mass is equal to the pole mass at all orders in perturbation theory. In
the MS-scheme the finite part is set to zero save the universal yg and In(47) terms.
Thus to convert the on-shell scheme to the MS-scheme we simply drop the finite
part. We denote results in the MS-scheme by a bar, e.g. m;(u). Writing the bare

mass in the two different ways allows us to relate the two

mp = Ty + 5ﬂb - 5mb

= 771, (1 — 8(p)) - (5.5.1)

Using the notation and results of Eqgs. (5.3.12) and (5.3.15) and that 07, is simply

the divergent part of dm, we find

(4) — _SicF § LQ
5(6)( ) = _7SCF UTmbC 1+3In —'U2 (5.5.3)
" Tl \/§ ve m% . .

The schemes differ starting at O(a;) and so we can write the tree level results in the

MS-scheme as

f(4,0) _Ncmhmgﬁs
- 8muE
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(6,0)

T

(5.5.4)

203 _
_ <20H7km _ V2 (JbH> T

my
Here we have not made the substitution in the g terms. These are related to the
kinematics and phase space of the final state particles and not the Yukawa couplings.

The substitution in Eq. (5.5.1) generates terms at O(a,) compared to the LO result

that will appear in the MS NLO result. Specifically

F(4,0) N F(470) _ 25(4) (N/)f(470) _ 25(6) (M)f(470) 7
_ _ 203 _
60— OV _ 950 ()T - \/T;”chms(@ ()T (5.5.5)
b

These will contribute to the NLO results in the MS-scheme. These are

(4,1) 4,0

_ 1D o5 ()T, (5.5.6)

3
T =100 250 ()T — 260 (200, — —2—Cor | T, (55.7)
V27,

where on the right hand side it is understood that one should use the MS mass in each
of the terms, except (s as mentioned earlier. In the MS-scheme the b-quark mass
now depends on the renormalisation scale p. In order to resum large logarithmic
contributions we will need to derive and solve the RG equations related the b mass
at differing scales. In the SMEFT this now gains dimension-6 contributions. Note

that we use the following convention for the S-function

Blas) — 1das(p)
T wdlnp

~ 94, (‘j‘T)Q +0(a?) (5.5.8)

where ) = (11N, — 2ny)/12 and ny denotes the number of active flavours; here
ny = 5. The RG equation for m,(p) can be found by taking the derivative of
Eq. (5.5.1) with respect to u. To Leading Log (LL) accuracy (i.e. keeping only

contributions to O(a;)), this results in

0= dmy (1)
dln g

(1= 0(p)) — (1) (5.5.9)
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Using Egs. (5.5.2)-(5.5.3) and that pd,as ~ O(a?) and 4d,Che ~ Oa we find

dé(p) 205 20, dmy(p)\ (1 u?
dlnu = - 7\/51)’]“ (CbGdlnM g + In %g . (5510)

So the RG equation for m, is found to be

dgﬁ(/ﬁ) - _@f - 2’””(“) (1 +2v200mm (1) o (1)) - (5.5.11)

Although we can divide out one factor of 7, from the right hand side of Eq. (5.5.11),
since the coefficient of Cy¢ is quadratic in 77, we will still have dependence on on the
MS mass (and hence ;1) on the right hand side. In addition, the Wilson coefficient
itself also depends on p. In order to solve the RG equation we can find the LL result
for these terms to express them in terms of some fixed scale py and an evolution
factor. This appears recursive since the RG equation for m, is the very thing we are
trying to solve for in the first place. However, because we are only working to terms
up to Axp and because the remaining factor of 7, on the right hand side multiplies
a dimension-6 Wilson coefficient, we only require the solution to the RG equation

as given by the SM. This is given by

dmy (1) aCr3_w

= —m 512
dln,u T 2mb (lu) ) (5 5 )
with solution .
@ _ ay(u) \ %o
= 5.1
my, (:U’) mb(u()) (OZS(MO)> ; (5 5% 3)

where 7% = 3Cr/4. To obtain the LL result for the Wilson coefficient Cyg we
require the anomalous dimension as given in [2,35,102]. In principle this involves the
contributions from many different operators. However, the numerically dominant
terms proportional to g2 are those from self mixing, and so we consider only those
contributions. Note that the anomalous dimension given in [35] is for the unscaled
Wilson coefficient. Recall, we rescaled this Wilson coefficient by an additional factor

of gs such that Cyo = ¢;Cyq where C 4 refers to the unscaled Wilson coefficient.
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This leads to

dC dg, dC
aG _ s o +gsdhfi. (5.5.14)

dlnpg  dlnp
The left hand side in Eq. (5.5.14) can be obtained from [35] which gives

e Ag*Cuq, (5.5.15)

where A = 10Cr — 4N, — 4. The first term on the right hand side in Eq. (5.5.14)

can be obtained using the QCD [-function

dovg gs dgs
= 25 . 5.5.16
dinp  2rdlnp ( )
Thus Eq. (5.5.14) becomes
2 dCbG A 3
— — = . 0.1
7 Blas)Coa + gsdlnu 167T2950bG (5.5.17)
Expanding this to first order in o we can solve for Cyg. We find
1 dCyg  —5Cp + 2N,
CVbG dOés B 460045 ’
2
as(p) \ 7
Cb(; o) = CbG’ 1% < ) s 5.5.18
(1) = Cuawo) ( 5512 (55.19)

—5CF+2N,

where 70 = T—¢. We can now substitute the solutions for m,(f)(u) in Eq. (5.5.13)

and Cpe(p) in Eq. (5.5.18) into Eq. (5.5.11) to facilitate a solution. We find

(1) _ Ay ( as(p) >+ 3Cr

In

2v/207 [y (1) Coa(12) — 3" (10) Chs (p10) |

my(t0)  Po as(po) ) 472 +9,)
(5.5.19)
= Jpe— O‘s(:u) % 2\/§UT
Mo(1) = s 410) (as(uo)> (1 MR
Y (1) (1) — 715 (10) Co ()] ) | (55.20)

where on the last line we have truncated the result to O(Ayp-2). Since we are
considering the ratio of the b-quark and Higgs mass as a large scale separation, it is
also interesting to consider the decay rate in the limit m,/my — 0, or equivalently

B — 1. In order to retain possibly interesting dependence on Wilson coefficients
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which are subleading in this limit, we keep the first terms which do not vanish in

this limit. In order to take the limit we use the result

AB—1) = i + 2ln l?é] . (5.5.21)

The resulting expressions for the decay rates are found to be

TA0 _ N.mym3
B—1 = o2

)
82

=(4,1) (ISOF < [ [12 ‘|) —(4,0)
ol ™y mh Al

\/_UT

—(6,0
F(BJ = (20H,kin — CbH) Fﬁ%i ;

\/_UT

—=(6,1
F(gﬁi = (20H,kin — ObH) Pg%i

a,Cr Ncmhmb a,Cr Ncmhmg
Cya + C
T 8V2mur T gr ¢

72 2
x (19 — 7 4 In? [m’;] +61n [“2] ) . (5.5.22)
mp mp

was also considered in [111,112] and we find agreement with their

This limit for T""
result. In this limit a number of features arise. The first is that we notice the NLO
dimension-6 contributions from Cyy and Cp ki, are proportional to the SM ones,
they factorise. These are the Wilson coefficients already present at tree level. The
other Wilson coefficients Cy; and C'y which appear for first time at NLO, are not
proportional to the SM in the same way. Also, we have kept the dependence on
the Wilson coefficient Cyg despite it being formally subleading in the my/m; — 0
limit compared with C,g. The reason we have done this is the presence of the
large logarithm In*(m?/m3) which survives the conversion to the MS-scheme. This

logarithm can have a numerically significant impact on the relative contribution

between Cyg and Cyg as we will see shortly.

Converting the b-quark renormalised mass to the MS-scheme and subsequently taking
the massless limit successfully removed many of the large logs, except the squared

log multiplying C'y¢, and simplified the resulting expression, it is important to check
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to what extent this result approximates the full one. To this end we compare the
MS-scheme decay rates with and without the m;/m; — 0 limit applied. We denote
the full result as

= —=(4,0) =(4,1)

4+ T (6,0)

+TOY (5.5.23)

+T
and similarly for Ts_,;. In order to evaluate the expressions we use a, (myz) = 0.1184,
myz = 91.1876 GeV, m,(my,) = 4.18 GeV and my, = 125.0 GeV. We numerically
evaluate the VEV by making the replacement vy — (v2G F)_% and using Gp =
1.16637 - 107° GeV~2. Additionally, we separate out the scale of new physics from
the Wilson coefficients, writing C; = C; /A%p. In doing so, we keep explicit factors of
v for each Ayp-2 in order to express the contributions from the Wilson coefficients

relative to the electroweak scale. We also extract the factor of v2 from the expression

for Cg xin so that

_ Ann ) 2 _ 1~
Ctein = (”) Clin = (OHD - 4CDH) .

Ur
We evaluate the decay rates with = my, to remove logarithms of In (p?/m3) from
the NLO results in Eq. (5.5.22). Results for m,(my) (which requires Cye(my)) are
obtained using the solutions to the RG for these parameters in Egs. (5.5.13), (5.5.18)

and (5.5.20). Keeping only results to O(Axp) we find

T on \2 -
— QD)9 99 |1 2<T> Clir
Moy { l e\ Ay CHkn

VT 2 .
—9 __t
58 ( ANP> CbH}
U

2 - ~
n () (1.55Cq + 6.88CHa)
ANP

fﬁﬁl QCD vr \? ~
MoV = Kgy 2231142 <> C’H7kin

2 ~ ~
n (”T) (157Che + 6.91Cnc) | (5.5.24)
ANP

where the remaining Wilson coefficients are evaluated at a scale u = my,. To compare

the impact of the NLO corrections with those from tree-level we have introduced
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KD ~ /{%S]f ~ 1.20 as is conventionally done in the SM. First, we see the results in
the massless case are an excellent approximation (almost identical) to the results with
full mass dependence. Giving all Wilson coefficients equal importance we see that
the coefficient for Cyy is numerically the most important dimension-6 contribution.
We also see however the importance of having kept the C'y¢ term which was formally
subleading in the massless limit, it’s coefficient being much more significant than
that of Cyg. Of course, one should not make such uninformed assumptions about the
relative size of such coefficients to justify the importance or not of any given Wilson
coefficient. Differing UV complete models will result in different suppressions or
enhancements of the Wilson coefficients. For example a common result highlighted
in [98] is that for Minimal Flavour Violating (MFV) scenarios, one expects the
MFV

Wilson coefficient ébH instead to scale as C~’bH ~ ybé’bH. This would bring the

coefficient into the same range of sensitivity as that for Cyg and Cpg.

The main use of the results in Eq. (5.5.22) lies in fitting the Wilson coefficients
based on experimental measurements. In the absence of a direct discovery of new
physics this would constrain the possible effects new physics beyond the SM could
possibly have. Simply measuring the Higgs partial width at some future collider
would not suffice on its own. Instead the results obtained here would need to
be combined with other measurements performed in the SMEFT and a global fit
performed. The allowed ranges of such Wilson coefficients could then be used to
make informed assumptions about how physics beyond the SM might manifest itself.
Another important aspect of the results obtained here is that performing the NLO
calculation exposes the role of potentially important dimension-6 operators which
are absent at tree-level. Specifically Cyg and C'ye which can appear in equal weight
to the tree level operator Cypy in certain scenarios. That these operators would also
be missed by performing a naive RG analysis of the NLO corrections only underlines

the importance in computing to NLO in the SMEFT.






Chapter 6

Conclusions

This thesis has focused on two different Effective Field Theories (EFTs) and their
applications to top quark pair production and the decay of the Higgs boson to bottom
quarks. We started in Chapter 1 with a short review of the Standard Model focussing
on QCD and the Higgs sector. Chapter 2 is where we introduced the two EFTs; Soft
Collinear Effective Field Theory (SCET) and Standard Model Effective Field Theory
(SMEFT). The first of these is an example of a top down EFT which can be derived
from QCD, useful for separating our the physics associated with different scales in
collider scenarios. The EFT essentially works by integrating out hard momentum
exchanges. In doing so the theory is described in terms of fields with with momenta
which scale collinear to the directions of the particles they describe, as well as soft
momenta. In this way one is able to separate scales associated with different energetic
particles and resum potentially dangerous logarithms. The SMEFT on the other
hand is a bottom up EFT used to parametrise the effects of heavier physics beyond
the SM in a model independent way. It does this by introducing higher dimensional
operators which one could imagine arising as the low energy limit of some new high

scale physics.

We studied an application of SCET to the problem of top quark pair production at
hadron colliders in Chapter 3. A factorisation theorem derived within the SCET

framework was analysed which separates the scales associated with the hard scatter-
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ing from those dynamically generated through the emission of soft gluon radiation.
The emission of these soft gluons leads to the presence of threshold logarithms in
the perturbative expansion of the partonic cross section, possibly endangering the
convergence of the series. The factorisation theorem separating these scales is de-
rived in the threshold limit z — 1. Using this it was then possible to derive the form
of a resummed partonic cross section in Mellin space following the example set out
in the original paper which did so directly in momentum space. This gave us the

ability to resum such logarithmic contributions to all orders in a.

A further factorisation theorem, building on the one used to perform threshold
resummation was also considered. Here in contributions subleading in m;/M were
also neglected and in this joint z — 1, m;/M — 0 limit, the partonic cross section
further factorised. The factorisation theorem results in four distinct scales; the hard
scattering scales, the top mass, and two soft scales. Again solving for the form of
the resummed partonic cross section in Mellin space allowed us to resum logarithms

of my/M in the threshold limit.

These results, although containing resummed towers of logarithms were still only
to leading power in their respective limits. In order to make full use of the results
we outlined a matching procedure to combine the two resummed results without
double counting logarithmic contributions which appear in both, as well as matching
on to (N)NLO fixed order. In this manner we were able to produce results at

NNLO+NNLL' accuracy.

In Chapter 4 we produced a number of predictions using these resummed formulas.
The resummed formulas allowed predictions for the pair invariant mass (PIM) of
the top quark pair, as well as the pr of the (anti)top. We examined the differences
between the NNLO+NNLL’ resummed results and those from fixed order NNLO.
In particular, the different choices one might make for the factorisation scale were
compared. It was noted that while the fixed order (N)NLO predictions for the res-
ulting PIM distributions depend strongly on the choice of scale (particularly in the

high energy tails), the resummed distributions do not. Thus we saw one of effects
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of the resummation was to bridge the gap between the differing results at NNLO.
Given that this was the case, we also examined the rate at which this happens as
one increases the accuracy of the logarithmic resummation by considering matched
NLL, NNLL, and NNLL’ predictions. The lowest accuracy result produces very
large uncertainties, but as one increases the order of resummation the uncertainties
quickly drop. The central values of the results tend to coincide in each case how-
ever suggesting the resummation is able to bridge the gap between the two scale
choices rather quickly. We also examined a number of K factors and found results
for the resummed results produce a more stable perturbative series than those from
fixed order. A comparison between pure threshold resummation and that from the
joint resummation performed in this work. It was shown that for the scale choice
pg = Hr/4, the joint resummation changes the behaviour of the resulting distribu-
tion compared with pure threshold resummation completely. While pure threshold
resummation lead to an enhancement in the tail of the distribution, incorporating
the small mass resummation ended up producing a suppression in the tail compared
to fixed order. The threshold and joint resummed results produce almost identical
distributions for the scale choice py = M/2 however. Finally for PIM distributions
we also looked at the effect of placing a cut on the magnitude of the rapidity differ-
ence between the top and the antitop. Placing a cut |Ay| < 4, we notice a sharp
reduction in the cross section at large values of M. This then had the effect of brining
the NLO distributions at the two different scale choices into better agreement. We
performed the same analysis with approximate NNLO results which suggests the
same effect would be observed there as well. The resulting uncertainties associated
with the resummed results however are still larger than one might have hoped for
and are not significantly more competitive than the NNLO uncertainty bands. In
the factorisation theorems used to construct the EFT at the start, the Mandelstam
variables § and ¢; are assumed to be of roughly the same value §/t; ~ 1. However,
for top quarks produced at shallow angles we can have § > t;. We studied the

average angle of production in the top pair frame and together with the results from



132 Chapter 6. Conclusions

the rapidity cut distributions suggests that a large part of the cross section at high
energies is dominated by forward produced top quarks. The assumption that § ~ t;
may not be a good one in this region and so it may be interesting in the future to

resum logarithms of In §/¢; which can appear in the perturbative cross section.

We also considered the resulting pr distributions using the factorisation scale choice
pr = myp/2, with my the transverse mass of the top quark. Here the effect of the
resummation was more muted, producing only a slight softening of the distribu-
tion compared with the NNLO result. The central values of both calculation lie

comfortably within the uncertainty band of the other.

In Chapter 5 we considered the application of the SMEFT to the decays of the Higgs
boson to bottom quarks. Specifically, we augmented the SM with all dimension-6
operators and calculated the decay rate h — bb to NLO in QCD using the result-
ing Lagrangian. The renormalisation procedure was outlined and the form of the
resulting counterterms presented. SM parameters and masses were renormalised
using the on-shell scheme while the Wilson coefficients of the dimension-6 operators
were renormalised in the MS scheme. The counterterms for the Wilson coefficients
were constructed using anomalous dimensions which had been recently calculated.
The dimension-6 operators already have an effect on the decay rate at LO and are
proportional to the SM result. At NLO we saw the emergence of new diagrams
compared to the SM calculation and as such Wilson coefficients which only appear
at O(as) and as such would be missed by simply working with the EFT to leading
order. The main result of this chapter are the dimension-6 Wilson coefficient con-
tributions to the NLO QCD decay rate. The result contained a number of large
logarithms of the ratios of the Higgs and bottom quark mass. In order to attempt
to remedy the situation and remove these large logs we converted the renormalised
bottom quark mass from the on shell scheme to the M S scheme. In addition, we also
considered the limit m,/m;, — 0 (except when my, results from a Yukawa coupling).
However, in taking the limit we kept the first non-vanishing term for each Wilson

coefficient. In particular we noticed the coefficient of C'ye was formally subleading
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compared to that of (¢ but that the former multiplied a large logarithm which
survived the conversion of m; to the MS scheme. Comparing numerically the results
in the MS scheme in the massive and massless limits as just described, we noted
that the massless limit is in excellent agreement with the result retaining full mass
dependence. In particular we noticed the importance of keeping the coefficient of

Cye which has a non-negligible numerical coefficient.

One cannot really judge the expected size of such Wilson coefficients from theory
without some input from a UV complete model. Such models might result in
particular scalings for the Wilson coefficients and some may be completely absent
in particular models. The utility of such calculations then, lies in comparing the
predictions to experimental results and fitting the resulting Wilson coefficients. This
requires many other calculations also to be performed in the SMEFT such that it

would be possible to constrain Wilson coefficients uniquely.
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Appendix

A.1 g-Functions

In this appendix we present the form of the g-functions appearing in Eqgs. (3.4.53),
(3.4.54) and (3.4.55). In order to ease notation we introduce

2 M2 2 2

m m
Lh:hli, LS:lnf, th:hlit, Ldszlllf t s
i N2pi3 P N2,

where

A = Qo) gy e
2 i

Expressions for the beta functions coefficients and anomalous dimensions can be

found in [36] and [37].

A.1.1 Soft limit

First, we present the ¢! functions appearing in the evolution factor Eq. (3.4.53) for

the threshold resummed result.

r
g (Ney Af) = 27502 Ao+ (1= 2)In(1 = A) + A In(1 = Ap) |,
0
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A.1.2 Boosted soft limit

Here we present the g; and g” functions which appear in the evolution factors
Egs. (3.4.54) and (3.4.55) for the boosted resummation formula. First we present

the g; functions.

91, Af) = ;;; [ln(l — ) 4 A [1 —In (11__15’;1)1 ] ,

2A; (1+In(1 — Af))]

= 2In(1 = A,) +In*(1 = \,) + 1
Y

YR
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We decompose each of the gP, which are functions of three arguments into two

two-argument functions g, and g7, as follows

9P (N Adss Ap) = giun(Nans M) + 9ius(Ads, Ay) -

Using this decomposition, we present below the functions as used in this work.

r 1— )
ng,dh(Adhy/\f) = 702 [ln(l — )\dh) + Aan [1 —In ( — )\d;)] ] ’

r 1—X\
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A.2 Phase Space Integrals

Here we present the necessary phase space integrals used in computing the decay of
the Higgs to b-quarks at LO and NLO. Specifically, these are 2- and 3-body phase
space integrals. We also only deal with the cases required for the calculation, namely
a massive particle (the Higgs) decaying to two identical massive particles (b-quarks)
with the possible emission of an additional gluon into the final state. Throughout
we work in d-dimensional spacetime. Setting d = 4 — 2¢ will allow dimensional
regularisation of the IR poles generated through the emission of soft gluons. We

define an n-body phase space as

dd 1 n
/dPS Po; P15 - - - 7pn /H 27‘(’ i 12 0 2 )d(S(d) (po - Z]%) (A21)
i=1

A.2.1 2-Body Phase Space
We start with the 2-body case,
1 -
Thois = 35 /dP82 SIME2. (A.2.2)

In general, the matrix element will depend on various Lorentz invariant kinematic

structures. We shall not worry about these for now, but account for their presence
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in the integral by keeping the matrix element squared present throughout. We also
start labelling the final state momenta p; from ¢ = 3 onwards. Ignoring the initial

flux factor, the phase space integral becomes

d* s d=1py
I, = / (

d 5(d) o 2
27)4-12p9 (2) 129 (2m)%5'Y (pr, — p3s — pa) M. (A.2.3)

Because the matrix element squared is Lorentz invariant, we can compute this
integral in any frame. We choose the rest frame of the Higgs. In this frame we

parametrise the momenta as

Pn = (mh, 0)
p3 = (P(3)7Z73)
Pbs = (p27ﬁ4)

The p, integral is straightforward to compute using the delta function which we can
write as 89 (p, — ps — pa) = 0(my — Y — p3)0@ V(s + py). Performing the integral,

we get py = —p3. This also sets

Py = \Jmi +11? = \/m? + |5l = 1§
Our phase space integral thus reduces to

dd_lﬁg

It is most convenient to write the final integral in spherical coordinates. We write
Ay = |ps] "2 d| s dq—1 (A.2.5)

where df); represents a unit surface element of a d-dimensional sphere and is given
by

dQq = sin®2(¢g_1) . ..sin(¢o)doy ... ddg o, (A.2.6)

and we integrate ¢, € [0,27] and ¢,~1 € [0, 7]. In order to evaluate this integral, we

must rewrite the delta function in the form 0 (|p5] — f), where f is some function of
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the other variables involved but not of |p3|. We use the identity

S(fa) = Y w0

xoEroots |f,($> |x:aco

(A.2.7)

where x( are the roots of f(z) and f'(x) = 9,f(z). Expressing pJ in terms of the

momentum p3 we arrive at,
= 1 L,.m
5<mh o/l + mz) — 50 (111 - 525) . (4.2.8)

2
where 3 = /1 — 47%}’. The integral over |p3| can now be performed in a straightfor-
h

ward way using the delta function. We are left with

1 mp d—2
ILh=———— |— /dQ_ 2 A2.9
2 2m3 5(2m)d-2 { 2 6} a1 M ( )
where in the matrix element we have that py = —p3 and |ps3] = B my /2. In general,

one would now have to consider the possible angular dependence in |M]? to proceed.
However, for the 2-body decay in the rest frame of the decaying particle there will

not be any such dependence and we can evaluate the angular piece using the result

/2
/de _am (A.2.10)

r(s)

Thus our final result for the 2-body phase space integral becomes

_ B
L= |MP. (A.2.11)

A.2.2 3-Body Phase Space

We now consider the 3-body phase space integral necessary when considering radi-
ative corrections to Higgs decay. Specifically, this is the decay to two particles of
equal mass and one massless particle. We write the 3-body phase space analogous

to the 2-body one

(2m) 6D (pr, — ps — pa — pg) M.

(A.2.12)

I / ddilﬁg dclflﬁ4 ddflﬁg
’ (2m)@=12p§ (2m)4—1pf (2m)4~12pg
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A common method for solving such integrals is to split the 3-body phase space into

two 2-body phase space integrals

dQ2
I3 = dPS2(ph, Q, pg)dPSZ(Q D3, D4) - (A'2-13)

We can easily do each of the two 2-body phase space integrals in its rest frame.
We refer to dPSy(Q; ps, psa) as phase space 1 (PS1) and dPSs(pn; @, py) as phase
space 2 (PS2). Considering PS1 first, we choose the frame in which Q = (Q°,0).
Carrying out the trivial (d — 1)-dimensional integral, which simply sets the b-quarks

back-to-back, the momenta can be parametrised as

PH :(EHaoa"’707 |ﬁH|>7
P3 :(Eg,o, N |ﬁ3| Sin@, ‘ﬁg‘ COSG),
Pa :(E3,0, N —’ﬁ3|SiI19, —|]73| COS@)7

py =(E,,0,...,0,E,),

where we have additionally used the fact that the gluon is on-shell. We can also see
from total momentum conservation that in this frame E; = |py|. We perform the
rest of this integral in complete analogy to the 2-body case except in the fact that

we keep dependence on one angle. We write
o7 7 . d-3
/ Ay = / d¢ sin®=3(¢) (A.2.14)
r(52) %

and obtain the resulting PS1 integral

42— d
sy = [ o

I R
r(s-1)

We now insert this into the PS2 integral and compute in the same fashion. Since

sin? ™3 ()| M|?. (A.2.15)

the result for the PS1 integral is written in terms of invariants! we can evaluate
PS2 in a different frame. We choose the rest frame of the Higgs. The integral over

d='p, is again evaluated with the spatial part of the delta function and sets the

!The angle is technically not invariant, but we integrate over the entire range.



A.3. SMEFT Operators in the Warsaw Basis 143

gluon back-to-back with the bb system.
Pp=-Q, = E,=1p|=1dl. (A.2.16)

Using the remaining delta function as before we arrive at the 3-body phase space
integral

_ _ a_ — _
24—3dm%] d7r1 d(Q2)2 26% 3(m%{—Q2)d 3

T(d—-2)

M,
(A.2.17)

I = A :H dQ? /0 " desin®3(¢)

where we have left the integral over the angle and the energy of the bb system
unevaluated. This is because the squared matrix element will in general depend
on such quantities and so the final answer depends on the exact structures being

integrated over.

A.3 SMEFT Operators in the Warsaw Basis

For reference, we list the baryon number conserving operators which comprise the

Warsaw Basis [32] of dimension-6 operators.
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1: X3 2: HS 3: H*D?
Qc | fABCGAGBrGSr Q| (HTH)? Quo (HTH)O(HH)
Qg | FAPCGAYGBoGOH Qup | (H'D,H)" (H'D,H)
Qu | TEW WP
o | DIET I oW K
4: X2H? W2H? + hee 6: 2 X H + h.c.
Que | HHG}, G Qenr | (H'H)(lpe, H) Qew | (Lo e, )T HW],
Q.5 | H'HGA,GA™ Qurr | (HYH)(gpu, H) Qen (I,o" e, )HB,,
Quw | HUHWLW Qun | HH)GdoH)  Que | (@0 TAu)HGA,
Qui | HIHWLW Quw | (G u,) T HW],
Qus | HUHB,,B"™ Qus | (@o"u.)H By
Q.z | H'HB.B"™ Qac | (@po*T4d,)H G,
Quwp | Hir' HW],B* Qaw | (gpo*”d, )T H W},
Quip | HiTTHW], B Qap | (Gpo""dy)H By,
7:2H?D
0 (D H) (1)
@ (' DLH) ([, 1,
Qrre (H'i'D . H)(e7"e,)
Q) (H'i'D . H) (g M)
Q% | DL @G )
Qi (Hfiﬁ#H)(upyﬂur)
Qua | (H'D, H)(d"d,)
QHud + hec i(ﬁTDMH)(up'y“dT)
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8:(LL)(LL) 8: (RR)(RR)

Qu (Lpypule) (L1 Qee (Epyuer) (@t er)

9 (@pYpar)(@sy*qt) Quu (tpypur) (s ue)

S| @ a) (@ ) Qua | (dpyudy)(dsy¥dy)

qu” (pYulr) (@57 1) Qeu (epyuer)(Usyuy)

QY | (v 1) (@ ar) Qea | (Epyper)(dirdy)
QL | () (dy'dy)
Q) | (T, (dsy* T dy)

8:(LL)(RR)
Qe (pvulr) (€™ er)
Quu (Ll ) (s ur)
Qud (l_p'Yulr)(Czs’Y#dt)
Qe (Tpvuar) (B er)
o (@pyuar) (usy"ue)
Qi | (@ T a) (57" T Auy)
QW | @) (dsydy)
QY | @T ) (dr T dy)
8: (LR)(RL) +h.c. 8: (LR)(LR) + h.c.
Quedq | (Ber)(dsary) Qgi)qd (@ur )€k (TEdy)
QW | (@Tu)eju(@sTAdy)
Q?i;u (Ber)esn(@hus)
Qlequ (l quer)egk( o' uy)

Table A.1: The 59 independent dimension-6 operators built from
Standard Model fields which conserve baryon number,
as given in Ref. [32]. The operators are divided into
eight classes: X3, H etc. Operators with +h.c. in the
table heading also have hermitian conjugates, as does
the ¥?H?D operator Qp.q. The subscripts p,r,s,t are
flavor indices, The notation is described in [2].
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