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Introduction

It is rather unusual that a new result in particle physics appears at the front page of the
main European and non-European newspapers. The observation of a new boson consistent
with that of the predicted Higgs boson [I], 2] was able to arouse that high attention.
Presently, this experiment is probably the most prominent one among numerous others
performed at high-energy particle accelerators, which were set up to unravel unresolved
questions and mysteries in particle physics. For instancy, several measurements are made
to understand protons - even though these are abundant and known for almost 100 years.
Despite many years of experimental and theoretical studies with plenty of new important
insights, some of their fundamental properties unveil their secrets only very slowly. Results
of experiments intended to explore the spin structure of the proton back in the eighties
turned out to be a great surprise and this puzzle became famous as the nucleon’s spin
CTIS1S.

The beginnings of exploring spin-dependent observables reach back to 1922, when the
concept of spin was developed to explain the measurements of Stern and Gerlach [3| [4].
Shortly after that, spin was also introduced as a fundamental observable in subatomic
physics [5]. The story of the proton spin started in the late 1920s when the analysis of the
specific heat [6] and of the band spectrum [7] of hydrogen molecules showed a discrepancy
in quantities like their moment of inertia. Dennison [§] was able to resolve this discrepancy
by concluding that the proton is a fermion of spin 1/2.

With the goal of exploring the structure of the nucleon, elastic scattering experiments
and in the late 1960s inelastic scattering experiments were performed. The famous SLAC
(Stanford Linear Accelerator Center, USA) deep inelastic scattering experiments led to
the quark parton model relying on the fact that a proton, when observed over short times,
behaves as if it was built out of pointlike spin 1/2 particles - the quarks. More experiments
followed, settled this picture and found that the quarks can occur in three different color-
charges. This led to the development of quantum chromodynamics (QCD) - a non-Abelian
SU(3) gauge theory of quarks and gluons and their interactions.

Soon experiments followed to investigate the spin structure of the nucleon. Polarized
deep inelastic scattering experiments in the mid of 1970s should show that the proton
spin is carried by its constituent partons. Therefore, polarized electrons were shot on
polarized protons. First results of the SLAC experiments E80 [9] and E130 [10] showed

large longitudinal double spin asymmetries as was predicted by the simple parton model. Tt
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was thus all the more surprising that the European Muon Collaboration (EMC) at CERN
found in 1988 in further measurements at a different kinematic region that only a small

fraction of the proton spin is due to the quark spins [11], 12],
AY ~ 30%, (1)

where AX = 37 Ag =3, fol dx [g1(z) — q;(x)] denotes the fraction of the nucleon spin
due to quark spins with gy, () being the distributions for quarks with momentum fraction
x and spin aligned (anti-aligned) to the proton spin. Contrarily to the simple quark model,
the three valence quarks are only responsible for a small part of the proton spin. This puzzle
of the missing spin became famous under the proton spin crisis. 25 years have passed since
then and despite of several high precision experiments, the puzzle has not been resolved,
yet. By angular momentum conservation the total spin of the nucleon is split not only
onto the quarks but contains also a contribution from the gluon spin AG = fol dxAg(x)
(with g(z) the gluon helicity distribution with momentum fraction z) and the quark and
gluon orbital angular momenta L, and Ly:
1 1

5= 308+ L+ AG+ L. (2)

This is known as spin sum rule [13]. Like the quark spin contribution, also the gluon
spin contribution is experimentally accessible and much effort on both - experimental and
theoretical - side has been expended to constrain them. Several experiments like the lepton-
nucleon scattering experiments HERMES at DESY (Deutsches Elektronen SYnchrotron,
Hamburg), COMPASS at CERN, and the polarized proton-proton collision experiments
RHIC at BNL (Brookhaven National Laboratory, Long Island) have been set up. New
preliminary data at RHIC indicate a small positive contribution for Ag(x) over the range
0.04 < z < 0.2 [I4] but still the errors are large and much more data are needed to
determine the first moment of the gluon helicity distribution, AG.

With the experiments reaching higher levels of precision, the need for high precision
theoretical predictions becomes more and more urgent. The predictive power of QCD for
high-energy hadronic scattering observables rests upon the ability to compute the cor-
responding cross section on parton level in perturbation theory. There, the quantity of

interest is expanded in powers of the strong coupling constant as

— O'LO NLO + CE?O’NNLO o (3)

o + a0

The basic idea is that for sufficiently small expansion parameters, higher order terms should
decrease with growing perturbative order. Thus the series may be truncated at some or-

der allowing to restrict oneself on few lower order terms, but still being able to provide



a sufficiently precise approximative solution. The applicability of such a procedure typi-
cally depends crucially on the convergence behavior of the series. In case of observables
in high energy experiments in the framework of perturbative QCD (pQCD), it was found
that their power series are at best asymptotic. Nevertheless, in many cases this turns out
to be sufficient to provide valuable information, which has impressively been shown by
many perturbative calculations in the past. At the beginning of pQCD rather easy leading
order (LO) calculations were performed, providing the basis only for qualitative analysis
of experimental data. Quantitative predictions however require to go beyond LO, at least
include next-to-leading order (NLO) contributions and thereby reduce theoretical uncer-
tainties. Calculating also next-to-next-to leading order (NNLO) or going even to higher
orders, increases the complexity of the calculation and is thus associated with immense
effort or for some processes even nearly impossible with current techniques. Many theoret-
ical effort was invested to push forward the NLO calculations for various processes offering

access to the nucleon’s polarized parton distributions, see for instance [I5-H21].

One of these are photoproduction processes in fixed-target lepton-nucleon scattering.
These are of particular interest as its cross sections for high-transverse-momentum (pr)
final states includes sizable contributions from the photon-gluon fusion subprocess vg — qq
and thus may be used to probe the nucleon’s gluon distribution. The fixed target lepton
scattering experiment COMPASS (and SLAC E155) makes use of this photoproduction
process to constrain the polarized gluon distribution Ag [22]. This is hard to access in other
lepton-nucleon scattering experiments like DIS and provides additional information to the
polarized proton-proton-scattering at RHIC [23]. The extraction of the nucleon’s gluon
distribution from the experimental data is relatively complex. Photoproduction processes
with quasi-real photons do not only include direct processes, in which the photon interacts
directly with the partons of the nucleon, but the photon may also exhibit hadronic structure
in the framework of QCD. Some of these resolved processes however depend not on the
nucleon’s gluon- but on its quark-distributions, which makes the overall dependence of the

cross section on the gluon distributions more involved.

An interesting aspect from a theoretical point of view is due to the specific COMPASS
kinematics, where the observed transverse momenta go down to pr = 1 GeV. Such a low
hard scale brings the parton model idea and perturbative QCD to its limits and therefore

allows to test the applicability of perturbative QCD at this kinematics.

An aspect that makes the COMPASS experiment quite challenging for the theoretical
side is its fixed-target regime. The value of the hadron’s transverse momentum over the
available center-of-mass energy +/s is relatively large, typically xp = 2pr/4/s 2 0.1. Thus
the partonic cross section is close to the threshold, where all available partonic center-
of-mass energy is just used to produce the high-transverse momentum parton that subse-

quently hadronizes into the observed hadron, and its recoiling counterpart. Additional real
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gluon radiation is strongly suppressed and therefore mostly constrained to the emission of
soft and/or collinear gluons. This results in a strong imbalance between real and virtual
gluon diagrams and the cancellation of infrared singularities leaves behind large logarith-
mic corrections to the leading order cross section. These are not only present in the NLO
corrections, but appear also in all higher order contributions. At kth order of perturbation

theory the leading logarithms are of the form
ag (1 —a7), (4)

with zp denoting the hadronic scaling variable as before. These threshold-logarithms dom-
inate the cross section in the kinematic region close to the threshold and thus have to be
taken into account order-by-order. A technique that addresses these logarithms is known
as threshold resummation and was initially developed for the Drell-Yan process [24, 25]. It
was subsequently applied and extended to many other more involved partonic processes.
For single-hadron production in pp — hX [26] and for dihadron production pp — hihe X
[27] in the fixed-target regime the resummed cross sections showed a quite substantial
enhancement over the next-to-leading order ones, indicating that the NLO calculations
are likely not fully sufficient. This might suggest that higher order soft-gluon contribu-
tions play also an important role for the process YN — hX in the fixed-target regime at
COMPASS.

The main goal of this work is to investigate the relevance of higher-order QCD correc-
tions of the unpolarized photoproduction reaction vIN — hX in fixed-target scattering at
COMPASS, where the hadron h is produced at large transverse momentum. In particular,
we address large logarithmic threshold corrections to the rapidity dependent partonic cross
sections, which we resum to all orders at next-to-leading accuracy and finally compare the
resummed cross section to the experimental data. With a view to the polarized data, which
are waiting to be analyzed also beyond NLO cross sections, it is also important to test the

theoretical framework on the basis of the unpolarized measurements.

The thesis is organized as follows. Before going into details of resummation we start
with a short overview of the fundamental concepts of perturbative QCD, which are vital
for each perturbative calculation. In the following two chapters the Drell-Yan process will
serve as introductory example to show the concept of threshold resummation. This process
is particularly suitable as introductory example since its underlying partonic LO-process
includes only two involved QCD particles and just consists of one channel. For comparison,
in the case of hadron production we have to deal with four QCD particles and twelve dif-
ferent contributing channels. First, explicit expressions for the real and the virtual gluon
NLO corrections of the Drell-Yan process are presented in order to demonstrate how the
imperfect cancellation of their infrared singularities results in the large logarithms close

to the partonic threshold. Then it is outlined how to obtain the resummed partonic cross



section that sums up these dominant contributions to all orders. Special emphasis is put
on the asymptotic behavior of the power expansion of the resummed expression. Following
the techniques developed in [28], Chap. {] recalls how to generalize the threshold resum-
mation for the Drell-Yan process to more complicated processes with four QCD-partons
in the lowest order partonic process. Such processes appear in the resolved contribution of
hadron photoproduction. While the leading soft-gluon logarithms (LL) associated with the
radiative factor of each external parton are the same for QCD processes as for Drell-Yan,
the next-to-leading logarithms (NLL) turn out to be different. There, the color structure
of the corresponding hard scattering comes into play and influences the soft radiation near
threshold. Chap. [f]is devoted to a more detailed look on some of the elements entering the
resummed result. We show explicitly how to calculate these. In Chap. [] we focus on the
threshold resummation for the photoproduction of a hadron. We extend the previous work
[26] by including rapidity dependence in resummation, following the technique developed
in [27]. In our phenomenological studies in Chap. [7| we apply our developed resummed
formalism to the fixed-target lepton-nucleon scattering experiment COMPASS at CERN
[29, 30]. We study the role played by higher-order QCD corrections to the cross section
close to the threshold region. Then we compare our results to the experimental data.
Finally our conclusions are drawn in Chap.

Parts of this work have been published in [3I]. Whereas many details are omitted in
the publication, we provide here all relevant formulas and details of the calculation. For a
pedagogical structure of the thesis we also recall in Chap. [2] some of the results previously
derived in the diploma thesis [32].






1. QCD as an SU(3) gauge theory

This chapter serves to give an overview of the basic concepts needed for any calculation
in perturbative QCD (pQCD). This part will be rather short as there exists also a variety
of textbooks on this topic. We begin with the QCD Lagrangian and show how the non-
Abelian character of the gauge field results in a peculiarity of QCD: the asymptotic freedom.
This means that the coupling constant as(Q) decreases with growing energy Q. Another
topic, one is inevitably faced with in pQCD calculations, is the regularization of infinite
results. For that purpose we outline a prescription - the dimensional regularization - to

handle the divergences showing up.

1.1. The Lagrangian of QCD

The fundamental theory of strong interactions is described by a non-Abelian Yang-Mills
theory, named Quantum Chromodynamics (QCD) [33H35]. It is based on the classical

Lagrangian
Ny .
Lo = wa (l’yuD#—mf) @Z)f - EFSyFa#lla (11)
f

which is invariant under Lorentz transformations and under local SU(NV) gauge transfor-
mations (with N = 3 for QCD) of the fermionic quark fields ¢y with flavor f and mass my .
There are Ny different quark fields, labeled by flavor f, interacting with the gauge fields
Af, (the gluon fields). A remarkable feature of the Lagrangian, reflecting the underlying
non-Abelian gauge theory, is that it includes self-interactions amongst the gauge fields
through the term g f“bCAZAl‘i in the field strength tensor Fj,,

Ff, = 0,A5 — 0,A5 + g [ AL A, (1.2)

Here g is the strong coupling constant and fu;. are structure constants. These structure

constants define the Lie algebra of the gauge group by the following commutation relation

[, 7] = i foete, (1.3)
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where the matrices t* are a set of N2 — 1 independent generators of the group. They can

be chosen such that they satisfy the normalization condition
v {t“tb} — Ty, (1.4)

The D, in Eq. (L.1)) is the covariant derivative, which ensures gauge invariance in the
classical Lagrangian,
D, =0, —igAjt”. (1.5)

The classical Lagrangian, as given in Eq. , is constructed in such a way, that it is
invariant under local gauge transformations. Due to this property, however, problems arise
in its quantization. These are related to the large degeneracy between sets of gluon field
configurations, which are all equivalent under gauge transformations [36]. The problems
are solved by gauge firing and ghost fields. The first mentioned term means to eliminate
the freedom of the gauge transformations of the gluon fields Aj,. This is achieved by adding
the gauge fixing (GF) term

Car = —5¢ (0" A7) (0 4%) (1.6)
to the classical Lagrangian in Eq. . The gauge fixing term of the form given in
Eq. defines the set of covariant gauges. In principle, the choice of £ is arbitrary,
as it only contributes to the overall normalization and thus its value has no impact on
any physical quantity. However, in order to simplify calculations, one may fix the gauge
parameter €. A convenient choice is the Feynman gauge, where £ = 1.

Another common gauge fixing density, also used in this thesis, is the azial or physical
gauge. Here the gauge fixing function is defined by n - A = 0 with a fixed Lorentz vector
ny,. Often, additional restrictions for the gauge vector n? =1 or n? = 0 (light-cone gauge)

are chosen. The corresponding gauge fixing term is

Lop = —215 (n- A% (n - A%). (1.7)

Furthermore, the choice of covariant gauges requires to add a ghost Lagrangian, which

serves to eliminate the unphysical degrees of freedom of the gluon vector fields,
Crp = gf ™ 0" (A ) = X0 1" (18)

This method relies on the introduction of an octet of unphysical, anticommuting, fermionic
scalar fields x® [37], known as Faddeev-Popov ghost fields. The ghost fields ensure gauge

invariance and current conservation. In contrast to covariant gauges, the axial gauge is
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ghost-free.
Altogether the quantized QCD Lagrangian in the covariant gauge takes the following

form

Locp =La +Lar + Lrp
Ny 1
= Z Vs (v, D" —my) oy — ZE‘;F‘W (1.9)
f

1 a v pa
T (0" A%) (8 Ag)
+ gfabciaau (A,be> _ Xaauauxa‘

However, the introduction of a gauge fixing (and ghost) term brings a unlike consequence.
The full quantum Lagrangian now violates the invariance under the classical local gauge
transformations. This situation seems to be problematic as the formal proof of renormal-
ization rests upon gauge symmetry. Nevertheless, one can show that Lgocop underlies a new
symmetry under extended local gauge transformations, called BRS (Becchi-Rouet-Stora)
transformations[38]. The BRS symmetry allows to deduce generalized Ward-Takahashi
identities (Slavnov-Taylor identities) [39] [40], which play a central role in the proof of the
renormalizability of QCD.

1.2. Asymptotic freedom

As mentioned already above, the striking difference between QCD and an Abelian gauge
field theory like QED resides in the non-Abelian term of the field strength tensor. It
accounts for self-interactions amongst the gluons. These gluon self-interactions are mainly
responsible for the property, which makes non-Abelian theories amenable for a perturbative
approach: the asymptotic freedom. This phenomenon states that the interaction strength
g becomes smaller the smaller the distance between two particles becomes. Since in pQCD
we make an expansion in the strong coupling constant, small coupling constants are crucial
for the applicability of perturbation theory.

How can we derive the behavior of the coupling constant? The renormalization of QCD
brings in a renormalization scale p. Then the coupling, the masses and the gauge-fixing
parameter £ depend on the renormalization scale . However the physical quantities cannot
depend on the artificially introduced p. This implies certain constraints on the dependence

of the strong coupling constant

as(p’) = : (1.10)
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which may be written as differential equation

dovs (1)

o2 = B on(n)). (1.11)

This differential equation is the famous renormalization group equation. The QCD -

function is perturbatively calculable

2 ( Bo B B2 o
s) = — — s i S I 1.12
Its first three coefficients are given by
11 2
=—Csq— =N 1.13
Po=5Ca— 5Ny (1.13)
34 10
B = gcja—?C’ANf—QCFNf (1.14)
11 79 205 1415 2857
=—(=Cp+—Cy | N2 - (CE - =—= - —2C% | Ny - —/=C5
& (9 "5 A) ! < Py OrCa = 5 Ca ) Ny = =570

where Ny is the number of flavors of quarks with mass less than the energy scale yu and
N, denotes the number of colors. 2 was calculated in [41] for the MS scheme. 3 is also
available and given in [42]. The origin of asymptotic freedom lies in the fact that 3y is
positive, which implies that £ is negative. The sign of 5y in QCD results from fermionic
and - unlike QED - additional non-Abelian interactions. While fermions (in QCD given
by quarks, in QED represented by leptons) in general give a positive contribution, the
non-Abelian terms proportional to C4 have the opposite sign. Provided that N; < 17,
this gives an overall negative 5. Thus, as the right hand side of Eq. is negative for
small «ag, the effective coupling decreases with growing pu.

The differential equation Eq. is only exactly solvable at LO

ad(u?) = O‘S(M%)
) = T Boas (4) 02/ 12) (1.15)

At next-to-leading order, as(u?) is given implicitly by

| <M2> /as(uZ) dx /as (1?) dx
n{-—s = - =
M(Q) as(pd) 5(1:) as(ud) x2 (% + B1 )

@mz

R et a g 7
B /a 3) o <4m; - (4m)% " Bo(4m)? +m/31(47r)2> (1.16)

s (.“0
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Fig. 1.1.: The running coupling constant as(u). The figure is taken from [43].

This gives
2 47 51 ozs(Q2) g
T O O T (1 O B . 1.17
0 n(u%) [as(Q2>+ﬁo n(ﬂo+a5£32)ﬁ1)]ug o

As soon as the value of as(pd) is known at one reference scale pu, it is possible to solve
this equation for any other scale p - provided that g is still in the perturbative region.
It is common convenience to choose the reference scale as 9o = Aqcp, the energy scale
at which non-perturbative effects become important and at which the boundary condition

as(AéCD) = 00 is used. Therefore, in terms of Aqcp one obtains,

2 47 051 as(MQ)
g2 —) = o | — 55— | 1.18
& H<A‘290D> os (1) +BO n(ﬁowLaZ(f)ﬁl) (118)

This again is an implicit equation for as(u?). Expanding in powers of 1/In(u?/ AéCD),

yields the approximate solution
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as (1) _ 1 - B11n ID(NQ/AEQCD)} Lo f 1 ' (1.19)
i RGP M) | RGN Re)

Aqcp defines the fundamental scale parameter of the coupling in QCD. Its value must be
determined from experiments and is about Agcp ~ O(200MeV), that corresponds to the
mass scale of hadronic physics as the pion mass or roughly an inverse hadron size.
The solution of a(u) in Eq. illustrates the asymptotic freedom property: a; — 0 as
u — 00. In experiments the prediction of the logarithmic decrease of ag with the energy
could be verified over wide energy scales, as may be seen in Fig.

The explicit relation of the coupling constant of one scale p to another one g is obtained

by substituting

47
A%y = 2 exp {—] 1.20
QCcDh — Mo Bocrs (M%) ( )

in Eq. (1.19), yielding

2 2
) = 0 (1 Bl 5 )L with X =14 o) n (‘/jo) ()
which is accurate to next-to-leading order.

The asymptotic freedom is one of the most basic theorems for any perturbative calcula-
tion. For this important discovery Gross, Wilczek [44] and Politzer [45] were awarded the
2004 Nobel Prize for Physics.

Now that we settled the Lagrangian for Quantum Chromodynamics and have shown the
asymptotic freedom, the diagrammatic Feynman rules may be derived from the Lagrangian.
They provide a systematic way to calculate amplitudes and matrix elements order-by-order
in perturbation theory. We collect the Feynman rules together with some useful properties

of Dirac spinors in Appendix [A]

1.3. Regularization and renormalization

Calculating corrections to amplitudes by simply applying Feynman rules, we encounter a
problem: While in leading order the calculation is straightforward and the result is finite,
higher order diagrams turn out to give infinite results. In massless QCD three different

kinds of divergences occur:

e Collinear divergences, also known as mass singularities, arise when a massless field
couples with another massless field or with itself. The emission of massless particles
moving collinearly to the initial on-shell massless particle produces a collinear di-

vergence. The collinear divergences are factorized from the hard partonic scattering



1.3 Regularization and renormalization 13

cross section and absorbed in the definition of the parton distribution functions.

e Soft or infrared divergences emerge in theories including massless particles like
photons in QED and gluons in QCD. Massless on-shell particles can emit particles
like gluons with arbitrary low momentum. Such low momentum gluons are called soft
gluons. The emission of soft gluons generates singularities in the matrix elements at
vanishing gluon momentum. Integrating out the phase space then gives divergences.
The occurence of soft divergences are due to the setup of the theory. As we can not
detect an arbitrary soft gluon experimentally, we can not distinguish the final state
of a single quark |g) from the final state of a quark and a soft gluon |qg). Thus,
the physical observable is a quantity which contains all of these non-distinguishable
contributions. And from a theoretical point of view it turns out, that adding these
contributions yields a cancellation of the soft divergences order-by-order. This was
first shown in QED by Bloch and Nordsieck [46] and the complete proof of the Bloch-
Nordsieck theorem may be found in [47, 48]. In QCD there is the Kinoshita-Lee-
Nauenberg theorem [49] 5], which reads: In a theory with massless fields, transition
rates are free of the infrared divergence if the summation over the initial and final
degenerate states is carried out.

A quark and an arbitrary amount of soft gluons belong to the same energy-eigenstate
as a single quark and are thus degenerate. Thus, according to the Kinoshita-Lee-
Nauenberg theorem the infrared divergences showing up in the calculation of single

diagrams, have to cancel at the end.

o Uliraviolet divergences arise in the large-momentum limit of closed loop integrals.
Physics at the general laboratory energy scale is supposed to be independent of casual
fluctuations on the Planck scale Ep; ~ 10 GeV, a range, where gravity effects also
come into play. Thus, at energy scales, at which QED and QCD are valid, high
loop momentum contributions to amplitudes have to be suppressed. This procedure
is called renormalization. Basically it proceeds in two steps. First, a regulator is
introduced to identify all divergent diagrams. In the second step, a so called counter
term Lagrangian is added to the original (unrenormalized) Lagrangian such that the
ultraviolet divergences of the resulting renormalized Lagrangian are removed. The
central subject of each renormalization proof is to show, that a finite number of
counterterms (renormalization constants) is sufficient to cancel all the divergences in
Feynman integrals at any order.

In QCD the fields are redefined by

A= 7P A, X =20 =2, (1.22)
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Fig. 1.2.: Logarithmic divergent scalar one-loop self-energy diagram

and the parameters g, m, & are redefined by
g= Zg gr, m = Zy My, §=236&, (1-23)

where Zs, Zs, Z5 and Zg, Zm are the gluon-field, ghost-field, quark-field, the coupling
constant and the mass renormalization constants, respectively. The gauge-fixing
parameter £ is associated with the same renormalization constant Zs as the gluon
fields in order to keep the gauge-fixing term LgF in the same form. Also the other
renormalization constants are not independent. They may be related among each
other via the Slavnov-Taylor identities, which follow from the BRS-symmetry of
LQCD-

As part of the renormalization proof, one has to specify exactly, how the renor-
malization constants are to be fixed. In a fixed order perturbative calculation the
renormalization constants Z; amount to a subtraction of the divergent part from the
Green functions. This contains a certain amount of arbitrariness of how to define
a divergent piece in a Green function, i.e., how much of the finite piece is to be
subtracted together with the infinity. Therefore, a certain prescription has to be

chosen.

A convenient regulator for divergent integrals in QCD is the dimensional reqularization
method, introduced by [51] [52]. The basic idea is to analytically continue the dimensional-
ity of space-time to values D # 4. In this way, divergent integrals are made convergent by
reducing or increasing the value of space-time dimensions. To make the idea clear, consider

the scalar one-loop self-energy in Fig. [[.2] Its contribution is given by

dPk 1
S(p) = —/ @ (2 2 T i — R rid (1.24)

For D = 4 dimensions, the expression is logarithmically (ultraviolet) divergent. However,
the divergent behavior can be cured by reducing the number of dimensions by 2e¢ with
€ > 0. Then the exponent of the integrand ~ % is larger than the number of dimensions

D = 4 — 2¢ in the limit of large momenta and the expression converges. The original
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divergent integral results in an expression with a pole in € at D = 4 — 2¢. The technique
of dimensional regularization is described in [36, 53] 54] in detail.

Dimensional regularization is a very suitable regularization scheme for gauge theories,
as it preserves the local symmetries in the Lagrangian such as gauge invariance. Therefore
- though now in D dimensions - the structure of the QCD Lagrangian remains unaltered.
The only change that is required is to replace g — gu¢ [52], where u is an arbitrary unit
mass. This is necessary in order to ensure that each term in the Lagrangian density has
the correct mass dimension [36].

The concept of dimensional regularization is able to tackle the ultraviolet divergences as
well as infrared divergences. For infrared divergent diagrams one chooses ¢ < 0 to render
them finite. As mentioned already before, their poles will cancel at each order due to the
Kinoshita-Lee-Nauenberg theorem. Before the renormalization procedure is applied, the
ultraviolet divergences in an N-loop amplitude manifest themselves as poles in 1/¢, leading

to the Laurent expansion

N ag\n C
> (%) S 1o, (1.25)

€n
n=0

where the coefficients C,, depend on the external momenta and an arbitrary mass p. For
each order in ag, the exponent of the pole in 1/e increases by one. Carrying out the
renormalization procedure, removes these poles. The remaining finite renormalized result
depends on which renormalization scheme is chosen. The most commonly used scheme in
perturbation theory is the modified minimal subtraction or MS scheme [55]. In this scheme
one makes use of the fact that it is an artefact of dimensional regularization that the pole
term 1/e always appears in combination with the finite constants —yg +In4m. Subtracting
these terms along with the pole simplifies the result.

With these basic concepts, important for any perturbative calculation, at hand we are
now ready to turn to the NLO calculation of the Drell-Yan cross section. In the following
chapter we will see explicitly, where soft and collinear divergences emerge in the NLO

correction.






2. Threshold resummation in the Drell-Yan
cross section

The Drell-Yan process, the production of a lepton pair in high-energy hadron-hadron colli-
sions, has historically been and presently still keeps on to be a process of high importance.
Experimentally, massive muon pair production via the Drell-Yan process was first measured
by firing a proton beam on a fixed uranium target at the Brookhaven National Laboratory
[56]. Although at that time the Drell-Yan process was theoretically just known in LO,
the explanation of S. Drell and T.-M. Yan [57] that the muon pair stems from the anni-
hilation of a quark and an antiquark into a virtual photon, lead to establish the parton
model to hadron collisions. It was possible to relate the results of Drell-Yan experiments
to experimental results of deep inelastic lepton-hadron scattering processes through the
parton distribution functions.

Since then, much effort was made on the theoretical side to calculate higher order correc-
tions. The unpolarized [58460], longitudinally polarized [61H64], and transversely polarized
[65, 66] NLO correction were derived. Later on, the unpolarized [67-70] and longitudinally
polarized [71] NNLO calculations followed. But not only higher full fixed order calcula-
tions yield a more precise theoretical understanding, there were also single terms identified
giving the largest contributions in specific kinematical situations, in which the invariant
mass of the lepton pair approaches the center-of-mass energy of the collision. The proof
that these terms recur order-by-order and may be calculated by exponentiating lower or-
der diagrams, opened the door to threshold resummation. The pioneering work was by
[24], 25] and the generalization of how to include rapidity-dependence was derived to next-
to-leading logarithmic (NLL) accuracy in [72]. In [73] the resummation has been extended
to next-to-next-to-leading logarithmic order (NNLL) order.

Nowadays the Drell-Yan process is perhaps the theoretically best explored process at
hadron colliders. In addition, it has large production rates and shows a clean experimental
signature. The combination to be theoretically precisely calculable as well as experimen-
tally measurable with high accuracy makes the process very suitable for a multitude of
applications. It provides precise QCD tests, is used for detector calibration, provides im-
portant information on parton distribution functions, and serves as background for new
physics searches. Furthermore, many of the theoretical techniques developed for the Drell-

Yan process, may be taken over to other processes like the Higgs production in the gluon-

17
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gluon fusion process [74] [75].

In the first part of this chapter we concentrate on the NLO correction of the Drell-Yan
process. By looking on the real and the virtual gluon contributions separately, one can
directly see how the infrared divergences cancel. However, close to the partonic threshold
almost all available energy is just used to produce the lepton-pair and almost no phase
space is left over to radiate additional partons. Thus the real gluon emission is restricted to
soft (or collinear) gluon emission. This results in a strong imbalance between the real and
the virtual gluon contributions, leading to large logarithmic terms. These terms, which
also appear in higher order corrections, can be summed up via threshold resummation,
a technique, which is introduced in the second section of the present chapter. As the
threshold resummation of the Drell-Yan process has been already addressed in the diploma
thesis [32] we will restrict here just on the most important steps and results and otherwise

refer to the previous work and references therein.

2.1. Drell-Yan: Fixed order (NLO) calculation

We consider the production of a lepton pair with invariant mass M in a high energy
hadronic collision at a center-of-mass energy +/s of hadrons Hy, Hy. Up to power corrections
1/M? 24, [76] the Drell-Yan cross section may be factorized as

dx dx
W‘ UBZ/ =1 // 2fa/Hl(UChMf)’wab (Z—T/xll”z,M ,Mf) fb/H2(952,Mf)
1

(2.1)

in an infrared safe, short range hard scattering function wg,, which may be calculated
in perturbation theory, and in the parton distribution functions f, y,, which are non-
perturbative and are fitted from experimental data. This factorization requires the intro-
duction of a factorization scale p ¢, on which both functions, wg;, and the parton distribution
functions f,/p,, depend on. In principle, the specific choice of py is arbitrary. Nevertheless
it should be of the order of the hard scale such that the scale dependence is minimized.
The parton distribution functions f,/q, (21, 1f) and fy/ g, (72, 1) of the hadrons Hy and
H, are evolved to this scale and depend additionally on the corresponding momentum
fraction x1 2 transferred to partons a and b. The sum in Eq. extends over all possible
partonic channels. For a fixed invariant mass M the hadronic scaling variable is given by
M2

T=— (2.2)
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Fig. 2.1.: The cut diagrams ¢§ — ~*g for real gluon emission in the O(a,) Drell-Yan process. Cut
diagrams are a simple technique commonly used for the calculation of modulus squared matrix elements.
All lines, which are cut by the vertical dashed line, are incoming or outgoing particles on the mass shell,
whereas all other interior lines represent virtual particles. Furthermore all vertices and propagators on the
right hand side of the cut have to be taken complex conjugated.

The hard scattering functions depend on the partonic analogon of this quantity,

T M?
z = = —
X129 S

) (2.3)

where the last equation serves to define the partonic center-of-mass energy 5. At leading
order in perturbation theory a quark with momentum p and an antiquark with momen-
tum p annihilate into a photon, which in turn produces the lepton-antilepton pair. The

normalization factor

Ao

= 24
9s M2 (2.4)

OB

is chosen, such that we have at leading order:

wqq:5(1— u > (2.5)

172

Let us now consider how the diagrams look like in next-to-leading order (NLO) of pertur-
bation theory. The O(as) corrections of the annihilation diagram include real and virtual
corrections. Apart from the annihilation diagrams in NLO two further partonic channels,
q9 — qv* and qg — ¢v*, show up. However, as resummation at NLL precision has no

contributions by these channels, we only will focus on the annihilation diagrams. For all
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results shown, dimensional regularization in 4 — 2e dimensions was used.

The real contributions of quark-antiquark annihilation into a virtual photon arise from
the emission of one real gluon from the incoming quark or antiquark. Their cut diagrams are
shown in Fig. With the gluon momentum denoted with &, the total real contribution

to the first order QCD correction of the four real-gluon contributions reads

1 dé % a t\  28M 2)
gm o = 4OZSCF,LL {(1 - E) <£ + '&> + atA - 26} PSqq—w*g (26)
in terms of the Mandelstam variables
A N2 7 N 2
§=(p+p), t=p@—k)? a={@—-k)" (2.7)

The scale p showing up in Eq. (2.6) was introduced during dimensional regularization.
ps? «, is the two-particle phase space of the virtual photon and the gluon. In the
next step this phase space integration is performed. To see the dependence on the angle

explicitly, we express the Mandelstam variables in terms of

1
y= 5(1 + cos ), (2.8)
such that
M2 . M? M?
§=—"—, t=—"—1—-2)1—-y)=—VEk|(1-cosh), a=—"1—2)y. (2.9
z z z

Then one arrives at

1 ds
o5 dM?

Qg a2\ € _ ! e
= Cr (4M“2> F(ll_ 5712 26/0 dy (y(1 - )

<Ja-a () + a2

real

(2.10)

This expression shows explicitly why regularization techniques are necessary. In four space-
time dimensions, corresponding to € = 0, singularities show up. One can differ two types:
First, the integral is divergent for y — 0 and y — 1, which corresponds to the angles
0 = 180°,0°. These singularities are known as collinear divergence, as they arise when the
emitted gluon and the quark are moving parallel. Singularities of this kind are absorbed
into the definition of the parton densities. The second type of singularities in Eq.
is the soft divergence. It arises when z — 1, being equivalent to the situation when M?
approaches the partonic center-of-mass energy squared § and only low energy gluons (soft
gluons) can be emitted. This time, the divergence cannot be absorbed in the parton dis-

tribution functions, as the singular terms depend on the momentum transfer in the hard
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Fig. 2.2.: The O(aws) virtual gluon correction consists of (a) the self energy contributions and (b) the
vertex correction.

process and the final states. These kind of divergences have to cancel at the end of the
day, after taking also the virtual contributions into account. However, we will see, that
this cancellation leaves behind large logarithmic contributions at the partonic threshold.

After performing the integration over the angular variable y in Eq. , we can mani-
festing the singular terms in a more direct way, if we make use of the plus prescription.

Plus-functions mathematically are distributions. They are defined according to

1-8
Folo) =i (000 - 5= i) =00 -p-2) [ ausw). (211

This allows us to reveal the e-singularities completely. The real gluon contribution to the

O(a) Drell-Yan cross section, neglecting again terms proportional to € reads:

1 do Qs 4\ T(1 —¢)
shar| T\ e
opdM?| ., 27 M (1 — 2¢)
2 2 1422 In(1 — 14 2
X —5(172)77L+4(1+z)2 In1 = 2) -2 Rk Inz|.
€2 e(1—2)4 -2z J 1—2

(2.12)

We see, that the infrared divergent contribution results in a 1/e2-pole. This will cancel
after adding the virtual contributions.

Now let us turn to the O(a;) virtual gluon correction. As Fig. shows, it consists of
the self energy contributions and the vertex correction. Using Landau gauge (£ — 0) in the
gluon propagator, the self engergy turns out to be zero. Even beyond that, one can show
[53], that for any choice of & it is consistent to set the self energy equal to zero, provided
that the quark line is on shell, as it is the case here. Thus it is sufficient to calculate the

vertex correction. It is given by

d'k —i i i =
Co=Cr [ Gy Gy (9 2
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with the definition
Ty =3+ )y (p — )" (2.14)

Performing the loop integral using dimensional regularization in D = 4 — 2¢ dimensions
and assembling everything togethelﬂ, the virtual ¢gq annihilation contribution turns out to
be

1 dé Qg drp®\© T(1 —e)
—_— = —CF X
o dM? | 1ual 27 M2 ) T(1-2e)

2 3 2 4

Adding the real, Eq. (2.12]), and the virtual correction, Eq. (2.15)), yields

~(1) ¢
1 dogg  as (1)  as (0) 4\ T(1—€) 1
6 dM2 ?wqq - ?qu (2) M2 T — 26)g7 (2.16)
where
50 oy (In(1—2)) _1+2° 1, -
Wqg —CF{2(1+Z)< - N 1_zlnz+ 37r 4)6(1—2)¢. (2.17)

Note that now there is no 1 /€2 pole any more. This cancellation between the real and virtual
diagrams reflects the cancellation of the infrared divergences. The only remaining pole
terms stem from collinear divergences due to the gluon radiation parallel to the directions
of the incoming quark and antiquark. These pole terms are absorbed into the parton
distributions. As it was the case for renormalization, the way how to separate the hard-
scattering from the parton distribution functions is not unique but depends on the choice
of factorization scheme. We follow the MS scheme [55], which uses an explicit definition
of the parton distribution functions in terms of hadronic matrix elements [77]. It is given
as expectation value of a number operator in the hadronic state,

2
Fr (e ?) = / é]j’)@w(p)b}(xp, )by (ap, kr) | H (p)). (2.18)

where the operators bs(zp, kr) and b} (zp, k) annihilate and create a parton of type f with
longitudinal momentum xp and transverse momentum k7 in a hadron H with momentum
p. This function can not be calculated within perturbative QCD. Nevertheless, in contrast
to the distribution functions of a parton in a hadron, the probability of finding a parton

of type a in parton b is directly computable. We provide more details on that issue in

!Note that the vertex correction diagram occurs twice.
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Chap. {4l For now we present the result for the one-loop calculation with e =2 — D/2 [7§]

as(p)
2m

1
fap(@ s = Sapd(1— ) + PO (x) <€ +yp —In 47r> . (2.19)

We see that parton-in-parton distributions depend on the Altarelli-Parisi splitting functions

describing the parton splitting 7 — ¢. These can be written in a power series in as:

Py(e) = S PO 4 (OM)QR-@@) + <M>da§?)(m) b (2:20)

21 t 21 J 2

Its unpolarized and polarized first loop splitting functions Pi(jo) were derived by [79] 80],
the second loop ones by [8IH87]| and the third loop Pi(jz) by[88]. Although perturbative
QCD can not predict the parton distribution function from the scratch, as mentioned
before, once a parton distribution function is known at one scale, it can be evolved to each
other perturbative scale by means of the splitting functions. These evolution equations are
known as the DGLAP evolution equations. Conveniently, they are presented for gluon (g),

non-singlet (¢™°) and singlet (¢°) combinations of quark distributions

™ =g-a (ra-q) = (G+a) (2:21)

)

and are given by the differential equations

9GNS o«

) S

S(Mz
Oln p? 27
S 2 P P S
9 ; ) _ as(u”) (Fag Fog o9 ’ (2.22)
Olnp g 27 P,y Py g

where “®” denotes a convolution f ® g = fxl %f(z)g (5)

z

We see that the one-loop distributions f,/, of parton a in parton b in Eq. (2.19) contain

the unpolarized one-loop splitting functions

.’E2
P(z) = Cp Mjwh + 25(1 — a;)]
PO(z) = Tp[(1—2)*+ 27 (2.23)
POG) = CF(l_Ix)QH
POz) = 204 {(1 _xx>+ 41 . T a1 x)] + [1610,4 - gTFNf} 5(1— ),

where in QCD Cp = 4/3, C4 = 3 and Tr = 1/2. Now let us compare the first order
correction of f /. = fz/7 in Eq. (2.19) with the pole term in the complete first order
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correction of the partonic Drell-Yan cross section in Eq. (2.16). As up to O(e?),

() ri s

= —¢ (—1 —Indr +vg —1In Mg) ) (2.24)
€ M?

we see, that the term in brackets is for u? = M? exactly twice of the pole term, which

is subtracted in MS scheme and then is part of the parton distribution function in MS

scheme. As no more additional finite terms are shifted between hard scattering functions

and parton distribution functions, the MS distribution at one-loop can be said to be defined

as ‘pure counterterm’.

So far, we have drawn our attention to the poles in the complete first order calculation of
the Drell-Yan cross section. We have seen that the collinear divergences can be contributed
to the parton distribution functions and the soft divergences cancel. So the hard scattering
functions are finite now. Let us now investigate the finite piece in Eq. in more detail.
Although the soft divergent terms of the real and the virtual contributions to the cross

section canceled, this cancellation was incomplete in the sense, that terms of the form

o [H0=2) .

are left behind. The essential aspect is how this term behaves in the threshold region, in
which the invariant lepton-pair mass M approaches the total available energy, given by the

partonic center-of-mass energy §. In this limit,

M2

z =

1, (2.26)

most of the energy is used to produce the lepton-pair and only little phase space remains
for real-gluon radiation. This imbalance yields large logarithmic corrections of the terms in
Eq. at partonic threshold. Such large contributions arise in all orders of perturbation
theory in combination with the emission of an arbitrary number of soft gluons. At nth
order there are contributions proportional to

§ 1—2

a”PNWl_@}+, m<2n—1. (2.27)

The fact that large contributions like these appear in each order of perturbation theory,
threatens immensely the predictive power of a fixed order calculation for the total cross
section. Instead, a proper treatment of the cross section requires to sum up these logarith-
mic contributions to all orders. This is achieved via threshold resummation, a technique

which is introduced in the following section.
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Fig. 2.3.: Emission of a soft gauge particle from an external particle

2.2. Threshold resummation

In the previous section we have seen that large logarithmic terms arise close to the par-
tonic threshold region in the next-to-leading order calculation. These are remainders from
the imperfect cancellation of infrared singularities of real and virtual gluon contributions.
These threshold logarithms appear in all higher orders of perturbation theory. As they
are the most dominant contribution close to the threshold it is crucial to take them into
account order-by-order. It can be shown that the threshold logarithms may be resummed
to all orders of perturbation theory in the eikonal approzimation. Such a proof basically

consists of three parts:
e The exponentiation of soft threshold logarithms in QED
e The inclusion of color structure (QCD)
e The factorization of the phase space.

Let us first of all introduce the eikonal approximation [89, 90]. We consider a Feynman
diagram with the emission of a soft photon/gluon from an external particle with p? = m?

as shown in Fig. In QED the structure of this matrix element is given by

- (prE+m)

M= MZM—2—TrL2 (—iey,) u(p). (2.28)

When the photon or gluon is sufficiently soft, k? compared to p - k is small and may be
neglected in the propagator denominator. Analogously ¥ is omitted in the numerator.
Making use of the Dirac equation gives

~ 1

M= ST (i) ulp) = M (iep,) ulp). (2.29)

Thus the eikonal propagator and photon-fermion vertex are given by

i

— 1 —iep 2.30
p-k+ic "Pu (2:30)
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By its definition the eikonal approximation addresses the region, in which all radiation is

soft compared to the hard scattering, which exactly corresponds to the threshold region.

Let us return to the task of resumming the threshold logarithms. The feature that
the emission of soft gauge particles cause large perturbative effects did not appear in the
Drell-Yan process for the first time. This effect was already known from QED, where also
large soft logarithms emerge in the kinematic threshold region. It was proven in [91] that
these logs can be exponentiated in the eikonal approximationﬂ However, as QCD is a
non-Abelian gauge theory, the generalization from the exponentiation of soft logarithms in
QED to QCD is more involved. In the Abelian theory QED the soft photons are radiated
independently, while in QCD we have an additional self interaction of the gauge field
with the triple and the quartic gluon coupling, which makes the situation more complex.
Nevertheless, threshold resummation within QCD could be developed, first by Sterman
in the soft gluon limit [24]. Catani and Trentadue [25] followed with the resummation
to NLL accuracy two years later. These derivations were based on the proof in [92] 03]
showing that the sum of all virtual and real eikonal gluon diagrams, labeled by X, may be

reorganized in such a way that X may be written as exponential
X =éY. (2.31)

The exponent Y contains only a specific subset of all Feynman diagrams and the contribut-
ing diagrams enter the exponent with a modified color-weight. This means, that known
lower order calculations are sufficient to predict the most dominant terms of higher orders

close to the threshold region.

The last missing piece towards threshold resummation is the proof of phase space fac-
torization. It turns ouﬁ, that the phase space factorizes not in z space directly but in
Mellin- N momentum space, where N is the Mellin-moment conjugate with respect to z.
The N-th Mellin moment of a function f is defined as

fN:/o deaN 7L f(z). (2.32)

The exponentiation of the soft-gluon effects in the Drell-Yan process are derived in terms
of moments of the cross section with respect to the hadronic scaling variable T = M?/s.
Let us recall that s is the center-of-mass energy squared of the incoming hadrons and M
denotes the invariant mass of the lepton pair. Under moments, the convolution in the

Drell-Yan cross section in Eq. (2.1)) factorizes into moments of the parton distributions

2The exponentiation of soft threshold logarithms in QED is also presented in [32].
3For more details see again for instance [3Z]
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Fig. 2.4.: Schematic illustration of how the threshold logarithms, arising at each order of perturbation
theory, are rearranged to an exponential function.

and the partonic cross section,
do™ ! N-1do(T) N N ¢N
e :/0 drt e UB;JC@/H1 Wy fb/Hz, (2.33)

with o = % and where the Mellin moments of the parton distributions f,/y, in the

hadrons H; and Hs and the normalized partonic cross section wé\g are defined as

1 1
C]L\/ZHZ, :/0 dxiva_lfa/Hi(a:i), wé\gz/o dzzN " hwgy(2). (2.34)

The exponentiated cross section in Mellin moment space must then be inverted back to
T space to derive the physical cross section. In principle, one has to perform a contour

integration in the complex N space,

f(z) = 1 / e ANz~ NN, (2.35)

- 211 —i0c0
where ¢ is a real number, which is chosen such that all singularities are to the left of the

contour.

Let us see how the threshold logarithms In(1 — 2z) will manifest in Mellin moment space.
The threshold limit z — 1 corresponds to a large N limit in Mellin moment space. By

performing the Mellin transform one can show [25]

1 m(1 _ _1\ym+1 B
/ dzzN71 (ln(l—z)) = =™ ™t N + O(In™ ' N), (2.36)
0 1—=z2 + m + 1



28 2 Threshold resummation in the Drell-Yan cross section

where N = Ne7&. The large logs of (1 — z) are translated by the Mellin transform to large
logs of N. Thus at nth order in the perturbative expansion logs of the form

In"™(1 — _
oy [nl(z)} , m<2n—-1 — a?lanN m<2n—1 (2.37)
-z
+

will appear. The resummation deals with summing these large logarithms. Order-by-order
the large logarithms of the form o In"* N with m < 2n are summed and rearranged to an

exponential function. This is shown schematically by:

UN 0o on e n+1
B n=1 m=0 n=1 m=1 constants

= exp { Lh Y (asL) +h? (o L) +ash<3>(asL)}C(as) :
———

LL

NLL

where ¢pm, énm denote some coefficients and C(ay) collects mainly hard virtual constants.
The first double series in Eq. stands for the ordinary expansion of an observable in
a power series of ag in perturbation theory. There the power of the logarithmic terms L
at nth order extend up to 2n. The reorganization of terms, taking place in the next step,
is the heart of the resummation. Now the maximum power of L is smaller: m < n-+1. All
the double logarithmic terms E]fgkOéELQk result just from exponentiating the lowest-order
contribution c1 gasL2. Then all leading logarithmic (LL) terms of the form ofL*+! are
absorbed into the function Lh()(a,L), whereas the next-to-leading (NLL) logarithms of
the type afL* are collected in h(®(a,L). Taking more and more subleading logarithms
into account will improve the accuracy of the resummation. The procedure of reorganizing
the threshold logarithms is also illustrated in Fig.

The derivation of the resummed exponent at LL accuracy has been shown in [32] in

detail. Here we present the resummation formula at NNLL accuracyﬁ derived in [73]:

WS = oxp Cy (1, s (114)) Ay (2.38)

where the exponent due to soft-gluon emissions is given by
In Afy = 2In AY (M?, i3) 4+ In Afy 1, (M?). (2.39)

The effects of soft-gluon radiation collinear to initial state partons are organized in

1 N _ 4 (1=2)°M? 1.2
1ANM22:/dZ / LA (g (K2 2.40
N2y ( ’Mf) 0 z 1— 2 2 ki q(o‘ (k1)) ( )

Tt was shown in [94] that the constants of the Drell-Yan cross section also exponentiate.
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and the large-angle soft gluon emissions are collected in the process-specific function

1 N
—1
in Ay (M%) = [ 25— Dov(an((1 = 22) 2.41)

—Z

The integrands in Eq. (2.40) and Eq. (2.41)) are expanded as

_ Qs ) (9) 4 4 (%) 40

Agla) = AP + (22)7 AP + (22) AP + .. (2.42)
Qg s\ 2

Doy (as) = 2D + (?) JoI N (2.43)

The coefficients A,(]") are the coefficients of the 1/[1 — x|+ terms of the n-loop quark-quark
splitting functions Pé;_l)(w) [73].

1 2
AW =cp, AP = 5CF [CA <67 - W) - 5Nf] ; (2.44)

where C'4 = 3 and Cp = 4/3 in QCD. Some years ago, the exact expression for Pq(g) has
been completed in [88]. As it is rather lengthy, a rather accurate approximation, but with
the exact NJ? term [95] is given by [96/99]

16
64A%) = (1178.8 £ 11.5) — (183.95 £ 0.85) Ny — ﬁCﬂ\@%. (2.45)
Furthermore, the first order term of Dpy(«) vanishes:
DY) =o. (2.46)

This is due to the fact, that one has at NNLO for the first timme the possibility that three
external QCD particles can exchange a gluon. So, large-angle soft gluon emissions will
enter at NNLL first. We will see in the following two chapters that this is different for

inclusive-hadron photoproduction.

The running coupling as(k? ) in Eq. (2.40) has to be expressed in terms of a(u?) with
the renormalization scale p according to the NLO solution of the renormalization group
equation. We need Eq. (1.21)) in NNLO:

In X X —InX -1+ X - X
as(ki) = Oés(lu’?")% - Ozg(,uz)g[l)lfx + ai(uf) (gé n I;(3 1+ n g[g)lXS >
+ O(ag () evs () (k7 /)™ (2.47)

with

X =1+ Boas(u?) In(k? /pi2). (2.48)
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For further use we define

Bo _IICA—QNf _ 051 17CA—5CANf—3CFNf
4T 127 ’ (4m)2 2472 (4m)3’

bo =

which are related to the first two coefficients of the QCD S-function. As already mentioned

above, the resummed expression is conveniently organized as
In ANy = 2In NEW(A) 4+ 20D () + asg® V), (2.50)

with
A=agbyIn N, (2.51)

such that the first function in Eq. (2.50), (M collects the leading logarithmic (LL) terms.
It only depends on the first-order term Agl). The function A contains the NLL con-
tributions, which additionally need the coefficients Ag2), D]gl\)(, and 8;. The NNLL terms
are organized in the function g(®. The calculation of this function requires the knowledge
of A(?’) Dg%, and 5. Note that we present the expression for ¢ (\) [73] in a slightly

(n)

different notation for Ay . The three functions read:

(1)

(1) _ _
A\ = %bo T2+ (1=22)In(1 = 2)] (2.52)
A(Q) A(l) A(l) M2
RO (N) = — =1 22+ 1In(1 — 2))] — 2L E (1 — 2)0) — 24\ In —
2m2b; N wbo uf
AWp, 1,
1— “In?(1—
- g [m +1In(1 = 2)) + 5 In’( 2/\)]
(1) 2
o [2) 4 In(1 — 2)\)] In e (2.53)
AN = A1 {8(vE + G) A, ho_1 1 2(1 = 20) 4 22 1In(1 — 2)) + 2)\2
E 2\ | 8m2bt 1 -2\
le’)/E 2b2 2
- 2 1_2>\[2)\+1n(1—2>\)] b3 [1_2)\—#111(1—2)\)4—2/\}}
8ve A 2y 1 9 445 N2
+A2{7rb0 [y ek gy [In(1 — 2X) + 2X + 2A ]}+ 22T 2

M?%\ (2416, 1 A 2\
In 2410 2 + In(1 — 2) 24 A
* (u){ 02 Ty (A I - ( 1 + 60)1—2)\

M2\ A 44, [ n % D@ A
94, In? A In | x—24,m? (L) a— DY
edn <u2>1—2/\+7rb0 (,ﬁ) L 2 by 1 — 4N

(2.54)
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where

1616 224 32
DS = CpCa ( 57 1966+ Cz) + CpNy ( o 3C2> (2.55)

&9 1

and where (; denotes the Riemann zeta function ¢; = Y 7 .

We recall that this expression provides the calculation of the resummed Drell-Yan cross
section Eq. (2.1)) in Mellin-N moment space. Therefore this formula is embedded in an

integration in the complex Mellin-N moment space, namely the inverse Mellin transform.

7“68

dM2 Z "B/

Cpp—ioco

Crpt+ioo dN

- res,N
omi Mol wag (roas(m) filu, (2.56)

The contour has to be chosen carefully as one finds that a singularity arises when A = 1/2.
This corresponds to the Landau singularity N = Ny = exp(1/(2asbp)). An appropriate
prescription how to deal with the Landau singularity is given by the minimal prescription
[100], in which the contour is chosen to lie to the left of the Landau pole but to the right

of all other poles. This topic will be addressed in the following chapter in more detail.






3. Higher order QCD corrections and their
asymptotic behavior

Diverging series are the devil’s invention..

N. Abels, 1828

The situation seemed hopeless, when Dyson [102] cast doubt on the seemingly well-
established perturbative approach of QED, claiming that important perturbative series
have zero radius of convergence [I01]. At first, this problem has been simply ignored by
the scientific community for many years. Nowadays it is well accepted that perturbative
series do not have to be convergent to provide valuable information, they are at best
asymptotic, which is sufficient in many cases. As we have seen for the Drell-Yan process
resummation deals with summing specific contributions to all orders. Problems appear
with asymptotically growing terms. How are these solved with the Minimal Prescription
formalism and how does this generally fit in the concept of asymptotic series? This and
a short excursion to IR-renormalons will be the topic of the present chapter. Even if we
focus on the Drell-Yan process, the conclusion is general and extends beyond the Drell-Yan

process.

3.1. Asymptotic series

Asymptotic series play a crucial role in perturbative calculations, therefore, we will provide
some basic information on asymptotic series first. It seems contradictory at a first glance,
but: Asymptotic series are divergent but nevertheless give predictions for important quan-
tities of quantum field theory, for instance the sum of Feynman diagrams. First of all let
us see why.

The series Y, fix' represents f(x) asymptotically, if for a given N the first N terms of
the series may be made as close as desired to f(z) by making x small enough [103], [104].

To be specific, according to Poincaré [105] a divergent series is an asymptotic expansion of

3Cited following [101]
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the function f(x), if

1
lim

— =0 for N >0. 3.1
|z[—0 2N o= (3:1)

N .
flx) — Z fiz'
i=0

Let us point out two important properties of asymptotic expansions:

e Non-uniqueness: There may exist many different asymptotic expansions for a given

function f(z). For example, as z — 0

t iy 2y
anx ~r - — T
37 T 15

1 3
Nsinx+§sin3x+§sin5x+... (3.2)

e Subdominance: An asymptotic series does not define a function uniquely. Instead, it
is an asymptotic series to a class of functions that differ from each other by subdom-

inant functions. For instance,

i+ce_1/zwx+x2+x3+m4—l—... (3.3)
has for any constant ¢ € R the same asymptotic expansion.
In fact, this property is essential for perturbative expansions in quantum field theory.
Nounperturbative effects might come into play, which are not uniquely defined in per-
turbation theory. However, these are exponentially suppressed by exp(—1/g) (with
g the coupling parameter). Thus, as the perturbative expansion is an asymptotic

series, the result should be independent of adding nonperturbative effects.

3.2. Problems with resummed exponents in physical space

Once the resummed cross section has been computed in Mellin space, it has to be trans-
formed back to physical space by an inverse Mellin transformation as we have seen in the
previous chapter for the Drell-Yan process. This task, however, is by no means obvious.
The crucial point is that by transforming the resummed expression back to z-space, there
is a danger to neglect formally subleading terms which however create large spurious terms
with factorial growth. Although neglecting subleading terms should be formally allowed,
the absence of these terms leads to a strong violation of kinematic constraints, which were
satisfied in the original formulation in Mellin-space. As a consequence, the final formula
for the resummed physical cross section shows large, even divergent, threshold corrections
even if one is far from the threshold region.

In this subsection we want to present an explicit example, the resummed expression for

the Drell-Yan process, in order to shed light on the problems one is facing in physical



3.2 Problems with resummed exponents in physical space

Table 3.1.: The table shows the problems one may be confronted with when the resummed expression in
Mellin- N-moment space is transformed to physical space. The specific example presented here (see [100])
is the Drell-Yan process and its resummed exponent in a double log approximation (DLA) with a fixed

coupling o, /7 = a/(2A§1)), and a leading-log (LL) approximation with a running coupling. Both of the
parton distribution functions f{', were fixed to, f{' = f2' = 6/(N(N +1)(N +2)). Furthermore, the table

shows that if the Mellin moments of the resummed expression are expanded with respect to the strong
coupling and then transformed to physical space (see o) in Mellin-N-moment space) the coefficients of
the expansion show no factorial growth. In contrast, if the expansion is done after the transformation to

physical space (see o® in physical space), factorially growing terms occur in the expansion.

DLA - fixed coupling
AgLA = exp (a In? N)

LL - running coupling

AN = exp(In Ngj (asboIn N))

1 C+icc (N ¢(NAN _—N 1 C+icc (N ¢ N AN _—N
resum 7 Jo—im J1f2 AppAT VAN i Josim J1f2 ALLTTNAN
o"N(T)
convergent H convergent
S c \* &
% <2bolnm) ay fork<Inl/T
= power behavior
£ ®) (1)
= o\¥)(r 2k k
= In(2k
g <4 (%) ak <2b0 In ﬁ) of fork>Inl/r
no factorial growth grows faster than any power,
but much slower than factorial
1 2 1 . — 1
§ presim (1) ~ fo dx exp [a In“(1— a:)] ~ fo dx exp [lg1(csbol)] with [ ~ In =
2 divergent divergent
g 4F L oF boCliy ) k! o for k < 32
i O-(k)(T) ~ L a ~ ( 0 (k:)) O I0r K >
) factorial growth factorial growthﬂ

space. This example has been studied in detail in [I00]. To begin with, let us recall the

resummed cross section for the Drell-Yan process in MS-scheme and in Mellin-N-space,

oV (M?) = N £ Ay (M?).

(3.4)

Here, flj\fg denote the Mellin moments of the parton distribution functions. For the sake

of convenience, the cross section is normalized by the Born term. The threshold logs are

5For absolute convergence the contour has to be deformed as explained in the text.
"The terms of the expansion were studied numerically up to 2. The C(r) are coefficients which slowly

increase with k. For explicite values of these coeflicients in dependence of the underlying process (gluon

fusion or ¢g annihilation), see [I00].
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resummed by the factor

1 N _q (1—z)2M? ; 2
lnAgY :2/ Az / diAi(as(qQ)) , (3.5)

1—=z 2 q%

0 I
with
2
Aiag) = 22 Al + (22)7 4P, (3.6)
0 T

where we have for the initial quark and antiquark in the Drell-Yan process, Agl) = Agl) =
Cr and AZ(Q) =Cp [C’A (% — %) — %TRNf}. Calculating the integral we obtain up to
NLL accuracy

In ANy =In Nhi(X) + ha(N), (3.7)

with A = bpas In N and where the function collecting the leading logarithms is given by

AW

P = S A+ (1= 20) In(1 = 23], (3.8)

and where the next-to-leading function is defined in the previous chapter.

In order to point out what the problems are that may arise when transforming the
Mellin- N-space resummed expression into physical space, we consider the following two
approximations of the NLL-resummed exponent in Eq. :

e The first one is the double log approximation (DLA), where one only keeps the double-
logarithmic term

24
AL, = ——a,n? N =aln®N. (3.9)

™

The last equation serves to define a = 2A§1)as/7r. The interesting point of this
approximation is that one has no running coupling effect. Consequently there is also
no Landau pole and therefore we have no ambiguities, which usually come along with
the Landau pole. This approximation is not only of theoretical interest, as processes
with large color factors (as one has for instance in gluon-gluon-fusion processes) and

a small coupling are not far from this approximation.

e The second approximation, which will be helpful for our discussion, is the leading-log
(LL) approximation. Here all next-to-leading terms in Eq. (3.5) are neglected and
only the function hj(\) with the leading-log terms is kept:

In AY, = In Nhy(\) (3.10)
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For the points given in the argumentation below it is not necessary to restrict oneself

on the leading-log terms in Eq. (3.5, however it simplifies calculations.

For definiteness, one chooses the two parton distribution functions to be equal

filz) = faz) = (1 - 2)?, (3.11)

which corresponds to the following Mellin moments

6
e = v v T2 (3.12)

Let us start with the resummed exponent in DLA in (3.9). To obtain a prediction in
physical space the exponent is multiplied with the Mellin moments of the parton distribu-

tion functions and then an inverse Mellin transform is performed and the result,

S 1 C+ioco 3
() =g [ A Yay, (3.13)
—100

is convergemﬂ Here, the variable 7 denotes the ratio of the squared invariant mass M? of

the Drell-Yan pair to the center-of-mass energy S

M2
= — 3.14
r=2 (3.14)
Replacing AL , by its expansion with respect to a, exp(aln® N) = Yoo w, gives
e x  _k C+ioco
(k) = al/ 50 In?* N7~NdN 3.15
> o= o i (NNTD(N 22 0 7 ' (3.15)

In [I00] it is shown how to estimate an upper bound of this integral. It turns out that the

k*™_order correction, o®), cannot grow faster than

1 [(1In2k 2
n

This shows that in the power expansion of the resummed exponent AgL A Mo factorially
growing terms show up.
The interesting question that arises is whether it is possible to find a corresponding ex-

pression for Eq. (3.13)) in physical space. The explicit steps for rewriting the inverse Mellin

8In fact, the integral with the integration contour as it stands is not absolutely convergent for large N,
as AN A grows faster than any power for large N. However, we understand by this notation, that the
integration contour is deformed for instance into two straight half-lines from C' — (i + €)oo to C and
then to C' + (i — €)oco. Integrating along this deformed contour makes the integral convergent (and it
also does not depend on €). The same also holds for the anologous integral in LL approximation.
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transform of AgL A in a distribution which is then combined with the convolution of the
parton distribution functions are shown in [100], 106]. We want to give just the final result
in LL accuracy[ﬂ:

woua() = [ areplamt-a) o [ 22, () ey @D

/z xT9 T2
As exp [a In?(1 — )] diverges faster than any power as z — 1, opra(7) diverges for any
value of 7.
Expanding the result in (3.17)) with respect to a, we see that each term of the expansion
is integrable. However, from['|

1 21— o) dr =3 % [z =3 PO S ke (s
0exp[an( )] x—zk' ; z1n Z—Z o NZ( a) k!, (3.18)
k=0 " ' k

k=0

one sees that the resulting series is an asymptotic one and diverges. Thus in order to give
a prediction for the result for this asymptotic series we search for its minimal term. Here

the current term is of the same size as the previous one, (4a)*~!(k—1)! ~ (4a)*k!, yielding
dak = 1. (3.19)

The error may be estimated from the left over term,

mbo

dpLa = (4a)*k! ~ (4a)FkFe ™ = e 1a = (;}) gt , (3.20)
where we used agsbg = 1/In %2 Although the error is power-suppressed, it may turn out,
for instance for heavy flavor production via gluon fusion at fixed invariant mass of the
heavy flavored pair in DIS-scheme, that the left over term is a (A/M)*® correction, which
is almost an order 1 correction.

To pass the last equations in review: We started with a convergent resummed expression
in Mellin-N-space (Eq. (3.13)). Its power expansion in Mellin-N-space does not show any
factorial growth (Eq. (3.16)). However, if we try to formulate resummation in physical
space, we observe that its resummed analogon is a divergent integral (Eq. )7 whose
power expansion is a divergent asymptotic series (Eq. ) To be confronted with an
asymptotic series is per se not that unusual, as one has for instance also to deal with
them in ordinary perturbative calculations, where they arise due to the Landau pole in the
running coupling constant. In this case, however, the approximation was explicitly chosen

in such a way that there is no running coupling effect (see Eq. (3.9)). So, the asymptotic

“NLL-terms of the form o In™ 1 with m < k are neglected.

'"The lower limit of the integral is not relevant to draw the following conclusion.
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growth, which we obtain in physical space, does not trace back to a Landau pole and
infrared renormalons. Hence, they are a spurious effect resulting from neglecting certain
subleading terms in the transformation to physical space. Even if this transformation is
consistent with the leading-log approximation, unphysical asymptotically growing terms
are created artificially.

One can repeat the preceding considerations for the full resummation formula including
the effects of the running coupling [L00]. This needs a prescription how to deal with the
Landau singularity. According to the Minimal Prescription, which we will discuss in the
next section, the integration contour is kept to the right of all singularities except for the
Landau singularity. The results of the LL-approximation of the exponent (Eq. (3.10))) are
listed in Table and compared to the previous results of the DLA-approximation. As
before the analogous resummed expression in physical space diverges and its perturbative
expansion shows factorial growth. As in the DLA-approximation the factorially growing
terms stem from neglecting subleading terms on the way of going to physical space. This
can be seen from the following reason: The power expansion performed in Mellin-N-
space does not contain any factorially growing terms, and this although it includes running
coupling effects now.

To conclude, we have seen two important points in this section.

e Firstly, the (naive) transformation of the resummed expression to physical spacﬂ,
which we showed, introduces spurious factorial growing terms in the resummation

formula.

e Secondly, even if the full resummation formula including the effects of the running
coupling is considered, the power expansion in Mellin-N-space (though divergent)

does not grow factorially with increasing order.

3.3. The Minimal Prescription formula

In the previous section we stressed that it is important that the resummation formula does
not introduce artificially spurious factorial terms. A widely used prescription that fulfills
this requirement was developed in [I00] and is known as the Minimal prescription formula
(MP). Their formula for the resummation of threshold effects in the Drell-Yan cross section

18

1 C+oo
oS — N NAN (MH 7 NaN, (3.21)

B 2mi C—ico

1We want to remark at this point that there are resummation formulas in physical space based on SCET
(Soft Collinear Effective Theory).
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Fig. 3.1.: IR-renormalons in the Drell-Yan process. Figure taken from [107].

where the resummed exponent AN, is given in Eq. (3.5) and the integration contour (and
in particular C') is chosen in such a way that all singularities in the integrand are to the left
of the integration contour, except for the Landau singularities at N = Ny and N = N2,

which lie on the positive real axis. When Agy is written as power series in ag,
oo
Apy =Y c(IlnN)ak, (3.22)
k=0

with coefficients c;(In N) as polynomials in In N, then the formal power expansion of the

total resummed cross section is given by
L O NN N
U(T) = Z TOZS / fl f2 Ck;(ln N)T_ dN (323)
k=0 ™ C—ioco

It was shown that this Minimal Prescription fulfills the following properties [100]:
e The expansion in Eq. (3.23)) converges asymptotically to the MP formula.
e The coefficients of the power expansion in Eq. (3.23) do not show factorial growth.

e The best result for the “sum” of the asymptotic series in Eq. (3.23)) is achieved when
the series is truncated at the order at which its terms are at a minimum. The
difference between this result and the full MP resummed formula is given by the

truncation error

QRU—-7)
(51\/[13 = €_H 1/\ s (3.24)

with H being a slowly varying positive function. This difference decreases faster than

any power.

IR-renormalons - as threshold resummation - may also be related to soft gluons. So is
there any connection between IR-renormalons and threshold resummation? As we have al-
ready seen in the previous section the power expansion in Eq. admittedly is divergent
due to the presence of the Landau pole. However its coeflicients do not grow factorially.

What about the ordinary full perturbative expansion for the Drell-Yan process? The full
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perturbative expansion will show factorial growth due to the renormalon divergence, see
Fig.[3.1] So while the respective power expansions of both, the resummed expression and
the full perturbative result, are divergent, the full perturbative result shows factorial diver-
gence but the power expansion of the resummed one does not. This puzzle may be solved
by the argument that the leading terms of the resummed expansion do not contain this
factorial growth. Thus the renormalons in a resummed expression are not given by the
same contributions as the renormalons in an ordinary full perturbative expansion [100].
And, as Beneke states in [107, [108], the renormalon problem is a problem separate from

soft gluon resummation.






4. Threshold Resummation for
single-particle inclusive cross sections

The Drell-Yan process served as an introductory example to illustrate why large logarithms
arise in higher orders of perturbative expansions and that these give large corrections to
the leading order result close to the threshold region. These threshold logarithms may be
organized in such a way that they can be resummed to all orders, despite the difficulties
with QCD as a non-abelian field theory. Now the question arises whether the soft-gluon
resummation as shown for the Drell-Yan process may be generalized to more complicated
processes, in which four QCD-partons take part in the lowest order partonic hard scattering
process. Such processes occur for the resolved contribution of hadron production, which is
the main topic of this thesis. In contrast to the Drell-Yan process, their hard scatterings are
theirselves QCD subprocesses and therefore include color exchange. It turns out, that the
leading soft-gluon logarithms associated with the radiative factor of each external parton
are the same for QCD processes as for Drell-Yan. However, for the case of next-to-leading
logarithms, the situation is different. There, the color structure of the corresponding hard
scattering comes into play and influences the soft radiation near threshold. Nevertheless,
it may be shown that also the next-to-leading logarithms may be resummed, which is the
topic of the present chapter. We will see, that the combination of two different factorization
methods of the partonic cross section is restrictive enough to imply the exponentiation of
specific terms by making use of the ambiguity of some scales. For definiteness, we will

focus on the threshold resummation for single-particle inclusive cross sections,
A+B —c+ X, (4.1)
in which the hadrons A and B produce the observed photon or jet (labelled as ¢).

The aim of this chapter is not to provide all details (which is unfortunately beyond
the scope of this work), but to provide an overview over the general principles on which
threshold resummation rests. Therefore, we want to stress and explain the basic steps on

the way to soft-gluon resummation and refer to further literature otherwise.

43
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c=/jet

Wap—cX |———— }X/

Fig. 4.1.: Factorization of the cross section for the hadronic process A(pa)+ B(ps) — ¢(p) + X (pr +ks).
“c” denotes a photon or a jet.

4.1. The factorized cross section

We consider a single-particle inclusive cross section at measured momentum p and energy

E, for the hadronic process

A(pa) + B(pp) — c(p) + X(pr + ks). (4.2)

The observed particle, for instance a photon or a jet is denoted as c¢. Making use of the
factorization theorem, which allows to separate the long-distance effects from the short-

distance dynamics, the cross section may be factorized as

doaB—erx 1 2
EP# = ? Z/dxadqu)a/A(xaaM)q)b/B(mb7u)wab~>6+X (t7 U, 048(:“2>) ) (43)
a,b

where s denotes the center of mass energy squared. This factorization is illustrated in
Fig. . The functions ®,/4 and &, in Eq. (4.3) are parton distributions in the hadron
A and B respectively, evaluated at scale u. The hard scattering functions wgp_.t x describe

the partonic process

a(pa) + b(ps) = c(p) + X (pr + ks) (4.4)

and depend on the partonic Mandelstam variables

§=(pat+m)?, t=(pa—p? = (p—p? (4.5)
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where p, = x4pa and p, = xppp are the momenta of partons a and b, respectively. The
sum of these three Mandelstam variables gives the mass squared of the observed particle
(or jet) plus the invariant mass squared of the QCD radiation recoiling against the observed

parton c. As photons have zero mass and as mass may be neglected for light jets, we have

s4=8+t+0=M%. (4.6)

In terms of this kinematic invariant the threshold region, at which all of the available

energy is used to produce the observed particle, is given by the range where §4 vanishes
54=0. (4.7)
In nth order of perturbation theory this is reflected by the appearance of singular terms

In*(54/35)

54

n
as

] with k£ <2n —1 (4.8)
Jr

in the partonic cross section. The plus-functions are distributions

lln%m] . {W9(§4_A)+1lnk+l <A> 5@4)}, (4.9)
N

Sy A—0 S4 k+1 S4

which arise due to the imperfect cancellation of the infrared divergences between real and

virtual diagrams at the partonic threshold region, as we have seen in the Drell-Yan process.

4.2. Refactorization of the partonic cross section

So far we have seen that the long-distance effects (represented by the parton distribution
functions) may be separated from the short-distance dynamics (partonic cross section)
collected in the hard scattering functions wgp—ct+x as shown in Eq. . In the next
step we show that the partonic cross section itself may be further factorized, following the
arguments of [I09-114]. We will see that the new refactorized version is made up of three

kinematically different parts:

e Jet functions, which describe soft and collinear emission of gluons along each of the

incoming and outgoing hard partons.

e A soft function that describes the dynamics of the large-angle soft gluons inter-

changed between the partons.

o At last, there is a hard function for the hard scattering.
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The interplay of these functions reproduces all singular distributions of the form Eq. (4.8)
at partonic threshold. In the following we want to describe the definition and properties

of these functions in greater detail.

Our starting point are the hard scattering functions wgp—.1x in Eq. . They are
independent of the external hadrons. So, substituting the incoming hadrons A and B
by partons, the functions wgp_.+x may be calculated in infrared-regulated perturbation
theory. The basic ingredient for resummation is that the dynamics and the kinematics
of the observable factorize simultaneously in the partonic threshold region of phase space

near
sg=s+t+u=0. (4.10)
Here, the kinematic invariants are defined with respect to the overall hadronic process,

s=(pa+pB): t=(@a—p)? u=(pp—p? ss=s+t+u (4.11)

In order to obtain the refactorized expression of the partonic cross section, one identifies
the so-called leading regions in phase space. That are those regions of momentum space
which produce singular leading powers of 1/s4. They are identified by investigating arising
infrared divergences at higher orders in a general approach. For that, one analyzes the
infrared poles in the propagators. It turns out that a necessary condition for a singularity
is to have a pinch in every loop momentum component [78]. Such a pinch arises when
the poles of the integrand coalesce such that the contour of the phase space integral is
trapped and thus the integral might give a singular result. This condition is summarized
analytically by the Landau equations [115] [116]. Another necessary condition for infrared
divergences at finite order may be obtained by the infrared power counting techniques,
which study whether the integrals may be bound near pinch surfaces. More details about

this technique may be found in |78, 116].

With these techniques at hand, differing momentum scales in the partonic cross section
may be separated as follows. The fully hard part Hy, = h,hey, is given by the scattering
amplitude hg, and the complex conjugate amplitude A}, and contains all virtual parton
propagators that are off-shell by the order of the momentum transfer. It does not contain
singular functions. The full dynamics of partons moving collinearly to the incoming par-
tons a and b is absorbed by the jet functions ¥, /,, and Wy, respectively. At threshold
these functions are flavor-diagonal up to finite corrections [28]. Each outgoing parton is
associated with soft and collinear emissions of gluons, taken into account by the jet func-
tions J. Here, the jet function Jg associated with the unobserved parton represents the
partons recoiling against the observed parton ¢, with total momentum pgr. Finally, the

soft function Sg(ks) collects the dynamics of soft gluons, of total momentum kg. Both,
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H and S, are matrices in the space of color exchange [I11], 112], 114]. The factorization as

just described is schematically pictured in Fig. (b))

Next, we show that the kinematics of the process Eq. (4.4) may be decomposed in a way
that corresponds to the refactorized expression. Let us again turn to the situation depicted
in Fig. with the incoming hadrons A and B replaced by partons a and b, respectively.

Momentum conservation at parton level gives

TP + Ypp = p + pr + ks. (4.12)

Furthermore, we introduce the vector pp to denote the momentum of the recoiling jet at

threshold. In the center-of-mass frame it is given by

P = (po, —p) = V/'s¢", (4.13)

where the last equation serves to define the dimensionless vector (#. Squaring Eq. (4.12)

we obtain near threshold and up to corrections of order sy [28]

sS4 = (1—24)2pq - Pr+ (1 —xp) 2pp - Pr + 2ks - pR+pR+p

o () o () s )

~

[(1—%)(A+ )—l—(l—xb)( +a>+§;] s, (4.14)

where a set of dimensionless weights w; was introduced in the second line. Note that the

kinematics may be specified by (. The second line of the equations splits s4 into terms
which may be connected to the functions arising in the refactorized cross section and which
we discussed above. The w; provide the weights for each of these functions. As s4 they
vanish at threshold. With regard to resummation, it is important that the contributions
to the weight of partons within the jet functions and soft functions are independent and
additive with corrections that vanish with s2 [T17].

The third line of Eq. represents the relation of the total s4 to the corresponding
partonic quantity $4 in the standard factorization Eq. . The standard factorization
differs from the refactorized expression, as different parton distributions are used. While
wq and wy refer to the functions W, the variables x, and xy refer to the distributions ® in
Eq. . Thus w, # 1 — x4 and wy # 1 — .

The definition of the weights Eq. enables one to rewrite the infrared-regulated par-
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tonic cross section ab — ¢+ X at fixed s4 in the following “refactorized” way [117]:

do-a c £
e _ g, {Hab(t,u) [ dwadurdusdupdu,

(3o () - (755) )
X0l ——wy | —— ) —wp | =—— | —ws —wr —wp
S t+u t+u
X \I/a/a(wavpaagn) \I]b/b(wbapba C7n)

XJc(wp>p7 Ca n) Jd(wR7pR7 Cvn) Sab <U/1;9237 62’7 C7n) } . (415)

This refactorized expression is illustrated schematically in Fig.[t.2)(b). The kinematic de-
mand /restriction in Eq. was taken into account via the delta-function. The various
factors in Eq. are evaluated in axial gaugeE] n- A = 0 with n? # 0. This choice of
gauge has the advantage that collinear logarithms are factorized automatically into the jet
functions [112} 116, 1T7]. The soft function S depends not only on ¢ and n but also on the
four-velocities 3;, defined for a parton of type i by

S
o= (4.16)
at Born level.

Eq. shows that one is able to separate not only the short-distance part from the
long-distance part, but also perform further factorizations. We have terms collecting the
partons that are collinear to the incoming partons. Then there are respective terms for
the collinear partons in the final-state jets. Soft gluons emitted at large angles are taken
into account in the soft function.

One consequence of the factorization in Eq. is that ultraviolet divergences arise
in both, the hard function H and the soft function S in such a way, that they cancel in
the product. As we want to consider these functions separatly, we have to deal with these

extra ultraviolet divergence. They will be cancelled by renormalizing these operators.

4.3. Moments of the partonic cross section

We will see that the large logarithmic threshold corrections of higher orders may be or-
ganized in Mellin space in exponential functions. Therefore, in this subsection we will
take moments of the standard factorized cross section in Eq. and of the refactorized
partonic cross section in Eq. and compare them. Note that instead of a Mellin
transform one may also perform a Laplace transform if one is interested in the threshold
corrections. The large logarithmic contributions at s4/s = 0 correspond to the terms at
large Mellin-N after a transformation, fV = fol ds(1- %)Nf(54/s). For ** — 0 this

'2The n - A = 0 gauge is also often denoted as AT = 0.
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Wab—cX

Dy

(b)

Fig. 4.2.: The figure shows the two approaches of factorizing the partonic cross section. In (a) it is
illustrated that the same factorization properties, that hold for the hadronic cross section in Eq.
(illustrated in Fig. , hold also for infrared-regularized parton-parton scattering. In particular, the
hard-scattering functions weps—cx appearing in the factorized expressions are the same on hadron level and
on parton level. In (b) the refactorized version (see Eq. ([£.15)) is shown. The plane symbolizes the cut,
which separates the amplitude and its complex conjugate. In this approach the partonic cross section is
factorized in jet functions ¥, .J describing soft-gluon emissions off initial and final-state partons, the soft
function S, and the hard function H, which is depicted as amplitude and its complex conjugate. The
combination of both factorized forms is the starting point for resummation.

equals the Laplace transform fol d%e_N84/sf(S4/s). The precise upper integration bound

is not that important for large V.

Let us look again at the factorization of the hadronic cross section in Eq. . The same
factorization properties, that hold for the hadronic cross section in Eq. (illustrated in
Fig. , hold also for infrared-regularized parton-parton scattering, i.e. A=aand B=10
in Eq. . This factorization on parton level is illustrated in Fig.[4.2{(a). In particular,
the hard-scattering functions wgp—.x in both factorized forms, the one on hadron level and
the one on parton level, are identical. This is used, when one wants to calculate wgp_cx
at fixed order of perturbation theory. The infrared-safe hard scattering function results
from absorbing the initial-state collinear divergences of the partonic cross section into the
light-cone distribution functions ® ¢/, (see [112] and references therein). For further steps,

we perform a Laplace transform with respect to s4 of this factorized partonic cross section.

The second ingredient we will use is the refactorized partonic cross section in Eq. ,
which we introduced in the previous subsection and which is illustrated schematically in
Fig.}4.2{(b). We also take moments of this expression with respect to s4. This gives us
two expressions for the moments of the partonic cross section. By comparing these two

expressions, one may deduce the following expression for the moments of the hard scattering
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functions wh: [28 112]

a/f}b+ ( puc’lu”e) \Ijb/[j+ ( pﬁca,u've)

N2 Nt
(I)a/f;ru (H’ 6) (I)b/}i+u (:U‘v 6)
NN 1
< 72 QI one ) T { Hah. )57 G |+ 0 ().
(4.17)

The first factor and the jet functions are universal in the sense that they do only depend
on which kind of parton is involved, but they do not depend on the specific underlying
process. These functions, ¥/® and J, include all the leading-log contributions, while NLL
corrections are included in W/®, J and S.

The fact that the moments of the hard scattering functions wé\{) may be written in this
factorized form, is a very important step on the way to resummation. This equation serves
as starting point to solve the evolution equation of each function in Eq. . As a result
one finds that the N-dependence of all functions exponentiates. This finally gives the

resummed partonic cross section in moment space.

4.4. Soft and jet functions

In this section we will provide definitions for the jet and soft functions in terms of operator
matrix elements. These definitions will enable us to organize the p- and N-dependence in

these functions.

4.4.1. Light cone parton distribution @,

Let us start with the parton distributions ®;,;. The operator definition for a quark in a

quark and a gluon in a gluon is [78, [116], respectively:

1 o0 dyi —ix —+.,,—
0q/q(2) 222/_ o€
x {q(p,o)|q(0",y,0,)Pexp

e
‘I’g/g(x):ZW/_oody ey

g

—ig /Oy dM-A(M“)] %”'W](O)VI(P, o))

x (g(p, )| F},(0,y,0)Pexp [—ig/oy din - A(n#) | FPH(0)|g(p, 0)), (4.18)

where the plus and minus components are defined by p* = (p & p3)/+/2, such that
p?=2ptp — pi. Furthermore, n* is defined as lightlike vector pointing in the opposite
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(a) N

p/ " \p p/ \p

Fig. 4.3.: The figure shows the zeroth (a) and the first (b) order diagrams for the calculation of the
distribution of a quark in a quark in n - A = 0 gauge. The latter ones consist of the real gluon emission
diagram and the virtual gluon emission diagram.

direction as the incoming momentum p, n* = ¢,_. With this gauge-invariant definition
the physical quark and gluon fields in the matrix elements are connected via path ordered
(P) exponentials (Wilson lines) along the n*-light cone between the fields. The analogous
definition of the distribution for antiquarks ®4/4(z) is related to the quark one ®,/,(x) by
defining [116]

g(x) =n-vqx)
q(—z) = q(z), (4.19)

in the definition of ®,/,(x) in Eq. (4.18)).
Let us recall that in the refactorized partonic cross section in Eq. (4.15) we made the
choice to calculate all building blocks in the axial gauge n- A = 0. In this gauge the above

definitions reduce to
1 oo

Dya(®) =53 |

1 — —japty— —

Byale) = 30 o [ e (g o) 0.5 0P 0l 0))aco- (420

o

dy‘ it — _ _ 1
Dyl (q(p,0)|q(07,y ;01)57 -7 a(0)lg(p, ))n-a=o
[ee]

The zeroth and first order diagrams for the calculation of the quark in quark distribution

in MS-scheme are illustrated in Fig. for the axial gauge. The real gluon emission
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diagram in Fig. [£.3|(b) gives in d = 4 — 2¢ dimensions |78 [116]

o) Cr_2(1+a? /d‘“kT

2¢
= o, 4.21
f/f ($7 s 6) Qs (27‘(’)d_2 1—zg k% ’ ( )

where the divergence in the integral at transverse momentum kp = 0 reflects the collinear
divergence from gluon emission. In addition, the scaleless integral shows also an ultraviolet
divergence. This divergence is cured by an ultraviolet counterterm which removes all trans-
verse momenta, that are much larger than the factorization scale and are thus unphysical
[77, [78]. As there are several possibilities to define the parton distributions, one has to set
one scheme. Often the MS-scheme is chosen, in which the one-loop correction is defined
as pure counterterm. Together with the virtual diagram in Fig. [£.3|(b) one obtains for the

first order correction of the quark in quark distribution @/, the expression

Qg 1

o) =52 (= + 25~ ndr) PG, (122

which is porportional to the one-loop splitting function Pq%)(x). This gives in total

Qg 1
@y /q(w,p,6) =6(1 —x) + 7 <€ +v9g —1In 47T) Pq(;)(z) (4.23)

An analogous form holds for the gluon in gluon distribution @/, (z):

Qg 1
Py /g, 1y €) = 0(1 — ) + o~ <—6 +vg —In 47r> P (x) (4.24)

(1)

with the gluon-to-gluon splitting function Pg; (z). Up to next-to-leading logarithmic ac-

curacy @/, is given by (see also [118])

s 1 1
Dy /g(w,ppy€) =0(1 — ) — ?CA [e —YE + ln47r] (1 — x>+' (4.25)

(1), the first order correction to @,
a/q 9/9
diagram, the virtual quark pair creation diagram. It is instructive to see, how Eq. (4.24)
may be calculated starting from the operator definition in Eq. (4.20]). Therefore we warmly

recommend [119], which provides many details for the calculation of the polarized gluon

Compared to ¢ contains an additional contributing

distribution.

4.4.2. Center of mass parton distributions ¥,

The distributions W/, in Eq. (4.17) for quarks were basically first introduced as center

of mass distributions in [24]. As at threshold the total energy of the partonic process is
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restricted, the parton distributions \I/i/i(:vi,pi,g,n) of partons 7 in parton ¢ are defined
at fixed values of momentum component p; - {, what makes them different from standard
light-cone parton distributions, which are defined at light-like momentum fraction. They
are defined via the matrix elements [24], 112} [11§],

Vgl Con) = gt [ e ) a0 30 a0l
Va/q(@,p,Gm) = 2]1Vc 3 ij | dyeT )T [; Y a(yC) q(oﬂ @(p))n-a=0
1 . e )
¥y ) = g e | e P O [0 P Ol 0o

(4.26)

The first factor in each line is included due to an average over spin and color. The vector
v denotes a light-like vector, pointing in the opposite direction from p*. Thus, one has for
7 in the £3 direction, v - v = 4*. For definiteness, one conveniently chooses the gauge

vector n, as
pi-n=mp;-C fori=a,b. (4.27)

Then the densities \Ili/i(a:i,pi,(,n) are equal to the center of mass parton distributions,
for which n# = (* = 6,0 [24, 111} 112], at leading and next-to-leading logarithm [28]. A
possible choice fulfilling this requirement is

— prplu,_i_paC b

n* . 4.28
Pa Db ¢ Dabp? (4.28)

The matrix elements in Eq. (4.26]) are calculated in axial gauge n- A = 0 and normalized

in such a way that we have at lowest order

U (2) = W () = ) (@) = 5(1 - a). (4.29)

] )
q g

The first order corrections to the operator matrix elements have been calculated in d =

4 — 2¢ dimensions in [28]@ and are to next-to-leading logarithmic accuracy given by
2p - 2 1 1 2In(1 —
g (x, L C,,u, €) :as(,u )Ci —|=—7e +Indr + 21 ~z)
i1 i € 1—=x + 11—z +

+ [—1 +1n (;) + ln(QVi)] (1 i x>+ + (’)(e)} , (4.30)

31n reference [24], '")

4/¢(@) was calculated in temporal gauge A° = 0.
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where ¢ denotes quarks and gluons ¢ = ¢, ¢, g, with C; = C3 = Cr and Cy = C4. We have

(Bi - n)?

TR

(4.31)
with n# chosen as in Eq. (4.28)) and the four-velocities ; from Eq. (4.16). With these

definitions, we have

In(4(p; - O)*/p?) = In(2u;) + In(5/p?). (4.32)

For more detailed steps in the calculation of the polarized gluon distribution AV, /. (which
equals the unpolarized one up to NLL accuracy), we want to refer the interested reader
again to [119].

Due to charge conjugation invariance the quark and the antiquark distributions are
equal, U,/ = Vg, The singularities showing up in the distributions in Eq. are
exactly the same as those in the light-cone parton distributions ® in Sec.[£.4.1] Thus, they

cancel in the ratio leaving behind an infrared safe quotient.

4.4.3. Final-state jet

Next, we turn to the final-state jets J. These collect the dynamics of partons moving
collinearly to the outgoing parton. The final-state jets may also be defined as matrix
elements. This has been done, for instance, for the resummation of threshold corrections
in the context of dijet production threshold resummation in [I12), 1T14]. Near threshold, a

normalized jet function, for instance for an outgoing quark, may be defined as [112]

Jﬁa be (17‘( ) wz;MJJyﬂvas(MQ)adi) = (’Y -pEO))ﬁa Sbaf, (wis Mg/, os(p?), 6;)

= 22!1% [(2m)%6° (5™ — pe)d(w; — w(€, 8:)) x (01£5(0)[€) (€] fara(0)[0),  (4.33)

where M ;; denotes the invariant mass of the two jets. p; represents the jet momentum
and ¢; labels the opening angle of its cone. The sum extends over all states £ with ap-
propriate jet momentum, and which are consistent with a contribution w; to the overall
weight. Furthermore, fg; describes a field of flavor f, with Dirac and color indices 8 and

b, respectively [112]. For the definition of gluon jets, similar considerations hold.

4.4.4. Construction of the soft function from the eikonal cross section

So far, it was discussed how to define all functions in Eq. (4.17)) as matrix operator elements
except of one building block, the soft function Sy;. The soft function describes the emission
of all non-collinear soft gluons and how the color exchange evolves in these emissions.

This is technically handled via matrix elements of products of ordered exponentials of the
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gluon field, coupled at a point representing the hard scattering [I10-114]. Then gluons do
not interact with physical partons, but rather with ordered exponentials. These ordered
exponentials are Wilson lines of the corresponding color representation of the parton (quark
or gluon). A general Wilson line is defined along a path C in space-time, beginning at point

z and ending at point 2’ [114],

WIC; 2, 2] = Pexp [—ig / N dndz(”) AW (4.34)
M n
where the path C is parametrized by the variable of integration 7, with the endpoints
y(A1) = z,y(A2) = 2/. A(y) denotes the gauge field in the corresponding representation
of the gauge group. In the case of a quark, the gauge fields are in the fundamental
representation, for a gluon in the adjoint. These Wilson lines are a good approximation
for non-collinear radiation of soft gluons by fast moving partons. For initial and final-state
partons the path along which they move is a straight line, in the direction of their four-
velocity 3. Then the path with starting point x may be parametrized as y(n) = n8 + x.
For inclusive cross sections, the lines extend to infinity, either from the distant past or
toward the distant future depending on whether we have an initial-state or a final-state

parton. Conveniently, such Wilson lines are denoted as [112} 114]

A2

) (%2, \i;2) = Pexp [z'g |- aD s+ ). (4.35)
A1

As before, the gauge field AY) is a matrix in the representation of the flavor f. Such
Wilson lines collect the coupling of soft gluons to a single quark or hard gluon line, and
also to a parton line, which connects a jet to the hard scattering [112), 120, 121]. These
Wilson lines are connected at a local vertex. In this way an etkonal nonlocal operator wﬁf )

for the initial-state and final-state partons

a(ﬁa)v b(Bb) — 1(/81)a 2(52) (4'36)

with four-velocities f3; as constructed in Eq. (4.16]).

() _ f2 . f : ()
Wy (x){ck} - ; (I)BQ (007 07 m)czdz(pﬁll (007 07 x)cl,dl (CI )d2d1,dbda
X L (0, =005 2)g, 0, BLF (0, —00; 2)dy 0y (4.37)
The color tensor (cgf ))d g links the four Wilson lines and represents the coupling of
201,0p0a

the Wilson lines with each other in color space.

With this operator wgf ) at hand, one may define a dimensionless eikonal cross section
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o) (e = 320 (w=w(©) x O [ (0D}, ] 16T [wf )y | 10}, (4.39)
3

where T denotes time-ordering and T anti-time ordering. Furthermore, |¢) are a set of
internal states, whose contributions to the weight are given by w(&). These weights give
the relevant measure of phase space near partonic threshold in the center-of-mass frame of
the colliding partons.

Now let us have a look on the divergences that appear in the eikonal cross section. Besides
infrared and collinear divergences, there are also ultraviolet ones because of the scale
invariance of the Wilson lines [I1T]. Thus, the composite operator Eq. (#.37)), which defines
agl)’eik has to be renormalized. Even after the renormalization, the eikonal cross section
includes unphysical collinear diverences caused by fast-moving gluons that are collinear to
the incoming, light-like eikonal lines. However one has to be careful with these gluons (real
or virtual), since these are already collected in the distributions ¥. Thus, in order to avoid
double counting, they have to be separated. This may be done in quite the same way as
we have done already in Eq. , where the non-collinear soft gluons were factored from

collinear gluons in the moments of the (non-eikonal) partonic cross section. Therefore, the
(f), eik

moments of o’ may be refactorized as,
seikN N .N N :
o = SN N G Y Y, (4.39)

where the j;’s collect all collinear divergences yielding an infrared-safe soft function Sjj.

It may be written as [114],

1 1
S = i) . (4.40)
Rl <0|¢§3{i)<o,—oo;o>\o>il1,2 (025" (o0, 0; 0)[0)

i=a,b

4.5. Resummation from factorization

With all the work done in the last sections we are now in the position to see how the
resummed expression may be derived from the factorized partonic cross section. It is a
very elegant way to make use of renormalization equations. Provided that one is able
to separate soft gluons from the hard scattering part, the underlying idea is that this
separation is made manifest by the introduction of a specific scale. Both, the soft and the
hard part depend on this scale. However, the physical cross section can not depend on
it, and thus it is invariant under a transformation of this scale. This allows to derive a

resummed expression in the scale dependence [114, [117].
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4.5.1. Renormalization of the hard and soft function

To see how the soft matrix evolves, we first recall from Sec. that the composite

operators of the soft function Sg? need to be renormalized. For that, let us again have a

look on the refactorized partonic cross section in Eq. (4.15). As the left hand side does not
f) )

depend on p, the matrices H1(~ 1 and SI(-JfI have to renormalize multiplicatively, with separate
renormalization factors for the amplitude and the complex conjugate [110, 114, 117],

(]

HB) _ H-L f
| | ZZ.1<Z§) >ICH(CL)7

i=a,b,1,2 DL
(B) t
S _ (zgﬂ ) s (2 . (4.41)
LB
Here the Z;’s denotes the wavefunction renormalization constants for each of the partons

CD . . . .
Zéf ) is a matrix of renormalization constants,

taking part in the hard scattering.
describing the renormalization of the soft function, i.e., of the eikonal cross section in
Eq. (£.38). Furthermore the superscript (B) label the unrenormalized (bare) quantities.

Based on Eq. one may derive the following renormalization group equation for the

soft functions SV [112, [114]

d on_( 0 9\ op) _ N\ o o) (p)
g Sl = <“8u + Blew) 5 | St = - (r )LB s - st (s )AI (4.42)

s

The matrices Fgf )(as) are specific to the underlying partonic process and are known as the

soft anomalous dimension matrices. The solution of the differential equation gives
the resummation of all leading logarithms of the soft scale. For that, the soft anomalous
dimension matrices have to be computed for each process. Let us recall from Sec. [f.4.4]that
the soft function was defined via the eikonal cross section ([£.39). Per definition the soft
function is free of collinear divergences. These were factorized into the parton distributions.
However it contains UV divergencies which have to be renormalized. These stem from the
virtual vertex corrections to the eikonal color-dependent operators wgf ) (x){ck} in (4.37).
Thus one computes the matrix of renormalization constants of the soft function Zéf in
MS renormalization scheme, taking ¢ = ey = 4 — D, with D the number of space-time
dimensions. Then, the one-loop anomalous dimension Fgf ) is obtained from the residue of
the UV pole contained in the matrix Z ¢ ),

(f) _ 99 (f)
(rs )u (9) = =5 5 Rese (ZS )M (g, ). (4.43)
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In the next chapter, we will show for an example how such a calculation is performed
step-by-step. With the Fgf ) given, the solution to Eq. (4.42) takes the form

For color-singlet processes like the case, in which parton ¢ denotes a photon or the Drell-

Yan process, in which S() and T (Sf ) are 1x 1 matrices in color space, the evolution equation

(4.42) simplifies to
0 9\ g (P 1 el
Hay +Bas)go- | SY = —2Re{Ti (ax(w?))} S (4.45)

This equation can be solved by simply integrating with respect to u between the soft scale
and the hard scale

w/N

SU) (a1, as(u?)) = SY) (a1, 1, as(3/N?)) exp l/ CiiflzRe{rgf>(as(M’2))} (4.46)
I

4.5.2. Initial-state jets from the wave function ratio ¥/

Next, we turn to the initial-state jet functions \I,;V/ 7 / <I>§CV/ f, which were first derived for
quarks for the Drell-Yan process [24]. They are universal in the sense that they are the
same in electroweak and QCD-induced hard processes. As was shown in [24], 117], the
factorization properties of Eq. yield the exponentiation of the N-dependence for this
wave function ratio. This ratio is finite, as can be seen at one-loop level from Egs. ,

(4.24), and (4.24). With p = 2py - ¢, it reads [112, 122]

\Ilgfv/f(L My 6)

oY (e Ry) (s(1?)) exp [B(p) (N, 2ps - Q)] (4.47)

where in MS-factorization scheme

1 ZN—I _ 1 1 dt 9
E(p) (N, My) = —/0 dz——— {/(“)2 Ay s (tMF)]

+ By (I/Z‘, ]\?,as (1- 2)2MJ%)> } . (4.48)
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In Eq. (4.47), Ry (aS(M%)) is a N-independent function of the coupling. At lowest order,
it can be normalized to unity [112, 122|. Furthermore, we have in Eq. (4.48)

Apfan) = Cy |2 4 S /P
_ M?
zy~<yﬁéj,a%> = Cf(as/m)[1 — In(20;) + In(M3/3)], (4.49)

where the coefficient K is given by [123]

67 721 5
18 6| 9

K:CA{_ _Ony, (4.50)

and Cy = Cy = Cp = 4/3 for an incoming quark, and C; = Cy = C4 = 3 for a gluon. Ny

denotes the number of flavors. The v; are defined as

(B - n)?

4.51
T (151)

vy =
with the parton velocity 6}” = p‘]f\/2/§ as defined in Eq. (4.16) and an axial gauge vector n
(for a possible choice, see Eq. (4.28)). The v are related with the factorization of the cross
section, as shown in Eq. (4.31) and Eq. (4.32)) [28]. The gauge-dependence they express

will cancel in the final resummed cross section.

Until now, the expression for moments of the ratios of the functions ¥ and ® were
given at the scale yu = 2py - (. General partonic cross sections, for instance with four
participating QCD-partons, require to change the scale. For this purpose, one makes use

of the renormalization group behavior of the parton distributions ¥ and &.

The parton distribution ¥ is a composite operator and thus requires no overall renormal-
ization [I12]. It has been defined in Eq. (4.26]) as product of renormalized operators. Thus,
the moments of the distribution renormalize multiplicatively and the following renormal-

ization group equation holds [112], 122]

dvy, (2py - /11y €)
K d
m

= 295 (as(1*) U (25 - C/ s 1y €), (4.52)

where 7y is the anomalous dimension of the field of flavor f. Therefore, we have no N-

dependence in ;.

Next, we turn to the light-cone distribution ®. Its dependence on the factorization
scale p1 depends on the choice of factorization scheme. The simplest choice is the MS-

factorization scheme, in which we have the following renormalization group equation by
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definition [77, 124} 125]:

A, (i, €)
i = 2 (N, ()23 g ), (4.53)

where 7y is the anomalous dimension of the color-diagonal splitting function for flavor
f. The ¢ do depend on N. As only color diagonal splitting functions are singular for
x — 1, only the flavor-diagonal evolution plays a role in the large-N limit [I12]. To one

loop order, one has

3, « 3 o
wlae) = 3062, i) == (i - 2) e

as
Yg(as) = boous, Ygg(N,as) = = (Caln N — why) — (4.54)

where by = 4y = (11C4 — 4TrNy)/(127), with Tp = 1/2 and the one-loop coefficient of
the S-function, By.

Making use of the two evolution equations (4.52)) and (4.53)), the expression in Eq. (4.47)
may be generalized to arbitrary scales yu:

q)ﬁfv/f(/% 6)

=R(p) (as(1*)) exp [Ep) (N, 2p; - ()]

2pf-Cd / 2pf-C d /
X exp {—2/ 75 v (as(p?)) + 2/ T’; ver (N, ozs(u’Q))}
7 I

(4.55)

This expression serves to define the resummed exponents Ajcv (M]%, w) for the initial-state

partons, in MS-factorization scheme:

N 2 My Nl 2 My d// ”
In A (MF.0) = By (VM) =2 [ By (n) +2 [ gy (Vo).
" "

(4.56)

4.5.3. Final-state jets

The final-state jets are treated in an analogous way as the initial-state jets: It follows from
the factorization properties of Eq. (4.17)) that their N-dependence exponentiate [24] 117].
Unlike the initial-state jets, however, the final-state jets are independent of factorization

scale. The exponential function J ]]CV contains collinear emission, both soft and hard. Here
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we just state the result [28] 112], 114]

1 SN-1 (1-2)
() = [ et { /( @ Arlon(t7)] — ygfans(1 — 2)0)]
M /
Byl Las((1 - z>2M2>J} 2 / CZf'yf(ocs(u’Q)), (4.57)
m

where Ay, ¢ and By are defined as in Eq. (4.48).

There is one essential difference between this final-state jet and the initial-state jets,
that is, the leading term in their exponents have the opposite sign. All of them have
the same leading logarithmic contributions, collected in the function A (ay), however, the
final-state jets with a positive sign in and the initial-state jets with a negative sign
(see Eq. ) Consequently, the initial-state jets tend to enhance the cross section,
while the final-state jets suppress it [112, [126].

4.5.4. Final-state observed hadrons

Particularly with regard to the hadron production process, which is the process of our main
interest and which we will study in greater detail later on, we want to consider already at
this point the occuring changes, if the final parton ¢ is a hadron rather than a photon or
a jet. This parton c is “observed” such that we deal with a single-inclusive parton cross
section [26]. In this situation, one is also confronted with final-state collinear singularites,
which are factorized into the fragmentation functions. Thus, the procedure is similar to
the initial-state partons and one ends up with essentially the same soft-gluon resummed
exponent as in Eq. [26], 127], with the initial-state factorization scale i ; replaced
by the final-state factorization scale s .

4.5.5. The resummed cross section

In the previous subsections we have shown step-by-step the general principles from which
one derives the exponentiation of the soft function and the jet functions. Now it remains

to collect the results of the previous subsections, namely (4.44)), (4.56), and (4.57) and put
all pieces together to obtain a resummed expression for Eq. (4.17)). And here is the result
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Fig. 4.4.: Schematic illustration of the factorization of the cross section close to threshold. The plane
symbolizes the cut, which separates the amplitude and its complex conjugte. For each of the initial- and
final-state partons there is a function (A, 4, Je, Jr) describing soft-gluon emissions off these partons. The
hard-scattering part H is depicted as amplitude and its complex conjugate. It can be completely separated
from the soft function S, shown in the lower part of the figure. The double lines represent eikonal lines.

of the resummed partonic single-particle inclusive cross section:
resum N i a 2 (_ (_%:)N N N f) (5 F 2
Wab—er o ﬁ? as(u ) =Aq Ab Jc (p ’ C) JR (pR ’ n) Trd H (u’ta O‘S(M ))

V3/N 7.1
x P exp / LD (ag(12)) | S (0,8, s (3/N2))
m

W

—~

\/g/Nd I
x Pexp / Tlffsf) (as(u™) | ¢ - (4.58)
m

Note that if parton c is a photon, then JY (p-¢) = 1, while for a jet JY(p - ¢) is given by
Eq. @57).

We have seen that this resummed form results from general factorization properties of
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the partonic cross section. For each external QCD parton, we have a radiative factor,
collecting the collinear soft-gluon emissions from the respective parton. In addition to
that, contributions by soft gluons emitted at wide angles are resummed by the exponentials
within the trace of . Each of the functions appearing in this trace, the hard scattering
functions H, the soft functions S, and the anomalous dimension matrices I';, in general
are matrices in the space of color exchange operators. As they depend on the specific
underlying process, they have to be calculated for each subprocess separately. A detailed

explanation how these matrices may be calculated, follows in the next chapter.






5. Calculation of hard, soft and anomalous
dimension matrices in color space

In the previous chapter we have seen, that the resummation formula for QCD processes
requires to derive the hard scattering functions H, the soft scattering functions S and the
anomalous dimensions I'y for each partonic subprocess. It is instructive to make clear to
oneself how to calculate these matrices. For that, each matrix has to be decomposed in
its color configurations resulting in a matrix in the space of color exchange operators. In
this chapter we will first of all introduce the space of color exchange operators and explain
how to create a basis. This is necessary for the calculation of the hard, soft and anomalous
dimension matrices, which will then be shown in detail for the quark-antiquark annihilation
processes qq@ — qq.

First of all let us introduce the notation, which we will use in this chapter. We will label
the partonic subprocesses with “f”. Furthermore, will follow [114, 126], where a genuine

partonic 2 — 2 process is labeled as

fa(Pasra) + fo(po,m8) = f1(p1,71) + f2(p2,72). (5.1)

The formalism is illustrated in Fig. p; denotes the momentum of parton ¢, which
carries color ;. The f; may represent a quark, an antiquark or a gluon. The Mandelstam

variables are defined as

>

§=(pat+m)? t=@.—m)>: a=(p—p)* (5.2)

fn(pm 7'(1) + fb(p(n 7'1)) — fl (])17 7)1) + f2(]~’2~ 7'2)

Fig. 5.1.: Illustration of the formalism used to calculate the lowest order hard and soft matrices for a
general process. f; may represent a quark, an antiquark or a gluon. p; denotes the momentum of parton
¢, which carries color r;.

65
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Table 5.1.: Illustration of the different diagrams and their color structures for ¢¢§ — ¢g. The color
structures are given in the {-channel singlet-octet color basis: c1 = 0pyry Oryrg, C2 = (t) g )y (s€E

Eq. (521)).
qq9 — qq
49 — ;95 99k — 99k || 9595 — k9K
s-channel t-channel {-channel S-channel
?Vi c1 — NLCCQ 1) co ]CVZ c1 — NLCCQ

5.1. Basis of color tensors

When calculating a generic partonic process, one is faced with two tasks. Firstly, one
has to calculate the kinematical part of the contributing Feynman diagrams. Secondly,
the color factors of each diagram have to be derived. In principle the color structure of
each diagram decouples from the kinematic part in the sense that these refer to different
spaces. The color structure of a diagram, |c), lives in the color space, which is a finite
dimensional vector space. A specific partonic process requires specific color configurations
of the initial-state and final-state partons.

Let us give an example: There are two contributing Feynman diagrams representing the
partonic process ¢;q; — ¢;q; (see Table : a $-channel and a #-channel diagram (with of
course different kinematic terms). While both of the two channels allow for a color octet
conﬁguratio of the participating quarks and antiquarks, only the #-channel diagram
allows also for a color singlet configuration. Looking at it the other way round, this means
that the process ¢;q; — ¢;@; cannot be simply written as product of a kinematic term and a
color factor, but it is a combination of two kinematic terms with different color structures.
So, one has to keep track of the correct interplay of the kinematic part and the respective
color structure. This may be done via decomposing the color structure in a basis.

In this section, we will follow the definitions and techniques of [128|, where a general
recipe for constructing orthogonal multiplet bases in SU(N,) color space was developed.
These will help to choose a minimal and orthogonal basis for each of the resolved partonic
processes.

First of all, let us consider the color space. As we have mentioned already above, it is
a finite dimensional vector space. Its dimensionality depends on the number and kind of

involved partons. Let n, be the number of outgoing quarks plus the number of incoming

Yin {-channel singlet-octet color basis (see Eq. (5.21)))
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antiquarks{lgl and let N, be the total number of incoming and outgoing gluons. Then,
the color degrees of freedom of the quark states may be written as elements of V = CNe
and transform under the fundamental representation of SU(N.). Antiquark states are
elements of the dual space V = CNe with transformations in the complex conjugate of the
fundamental representation, while gluon states are elements of a real N2 — 1-dimensional
vector space, which can be complexified to A = cN? ~! and transform in the adjoint
representation. Now that we have specified the vector spaces we turn to a QCD amplitude.

Its color structure is a tensor ¢ of the space
e (VeV)%n g A®Ns, (5.3)

As we have color conservation in QCD-processes, the color space contains only color sin-
glets. Therefore, it is defined as color singlet subspace of (V ® V)®" @ A®Ng. Thus, all

tensors transforming under the trivial representation of SU(V.) span the color space.

Furthermore, as color can not be observed, one deals with color summed and averaged

cross sections, respectively. They depend on the norm of the color structure

[lell* = {cle), (5.4)

where the scalar product is defined by summing over all external color indices

(c1]ee) = Z ez graz (5.5)

ay,az,..

with a; = 1... N, if parton i is a quark or antiquark, and a; = 1... N2 — 1 for a gluon.

Let us now provide more details about invariant tensors. Elements of the space V®% @
yena
vectors wy € V (k = 1,...,ng), and Ny (gluon) vectors u; € A (I = 1,...,N,). The

different vectors behave under transformations G €SU(N,) as:

® A®No are made of n, (quark) vectors v; € V (j = 1,...,n,), ns (antiquark)

Vj = G’Uj
Wy — G*wk

®nq

Atengsor T € VO @ V @ A®No ig called invariant if

<T|Ul®...vnq ®w1®wnq®u1®®uNg> e
(T|Gv1 ® - - - Gup, ® Gwy -+ ® Gy, @ Ad(G)uy ® -+ - ® Ad(G)un, ) (5.7)

'5Then, n, is also the number of incoming quarks plus the number of outgoing antiquarks.
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for all transformations G €SU(N,) and for all vectors v;, wy, w; [128]. Thus, as T' transforms
under the trivial representation of SU(N.), it is a color singlet. As the scalar product is
invariant under a transformation G € SU(V;), quark or antiquark lines dg,q,, gluon lines
dg1g2, OF the generators (t9)g,q, of the fundamental representation are SU(N,)-invariant
tensors. Furthermore, the three-gluon vertices i fg, 9,4, and dg, 4,4, are totally antisymmetric
and symmetric invariant tensors respectively. Contractions and tensor products of invariant

tensors are also invariant.

Our aim is to decompose each color structure into so-called irreducible representations

and then use these in order to choose the bases. The underlying concept is compara-
ble to the Clebsch-Gordan series of angular momentum. One makes use of the following
algebraic group theoretical result: Tensor products can be classified according to their
symmetry properties. Tensors with the same symmetry properties are arranged into closed
(irreducible) subsets of elements, which transform into one another under the action of
the group, but which do not mix with the remaining elements [129]. The term irreducible
stems from the fact that each of the elements in a closed subset of elements will become a
linear combination of elements in that same subset of elements under an arbitrary trans-
formation within the group SU(N.). Lateron, we will provide two examples for choosing
the basis, a rather simple one which is used to explain the general procedure, followed by
a more involved one.
First, we will introduce another useful mathematical tool, namely the Young tableauz.
Young tableaux are a very pictoral method to describe the group representations of special
unitary, symmetric and general linear groups. We will profit from the method to decom-
pose a tensor product into irreducible representations. Its power lies in the fact that this
approach compared to others may be rather easiliy generalized to arbitrary N.. It is be-
yond the scope of this work to derive the mathematical theory behind the Young tableaux.
We just recall the recipe for coupling two Young diagrams, see Fig. [5.2]

Let us start with quark-quark-scattering, q¢ — gq, which is a rather simple example
for the task of finding orthogonal basis vectors in color space. As we argued before, the
color space for this process is the color singlet subspace of V@V @ V @ V. It is two-
dimensional. One possibility for the two basis vectors are the invariant tensors given by
the singlet exchange in the 3- and u-channels 0,,,, 0,7, and 6y r,0p,r, . However, we would
like to decompose the color space in irreducible representations. The color content of a
quark is represented by a SU(3)-triplet. Using the rules of coupling to Young-tableaux in
Fig. we may decompose the tensor product of two SU(3)-triplets as:

(e-[TeH (5:5)

3 3 6 3
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Coupling multiplets together

1. Draw the Young diagrams for the two multiplets, but in one of the
diagrams replace the boxes in the first row with a’s, the boxes in
the second row with b’s, etc.

2. Add the a’s from the lettered diagram to the right-hand ends of
the rows of the unlettered diagram to form all possible legitimate
Young diagrams that have no more than one a per column. In
general, there will be several distinct diagrams, and all the a’s
appear in each diagram.

3. Use the b’s to further enlarge the diagrams already obtained, sub-
ject to the same rules. Then throw away any diagram in which the
full sequence of letters formed by reading right to left in the first
row, then the second row, etc., is not admissible.

4. Proceed as in the step before with the ¢’s (if any), etc.

Fig. 5.2.: Recipe for coupling two multiplets together. Taken from the Particle Data Group [130].

Now, the procedure is as following: One constructs linear operators,
O: VeV -=VeV, (5.9)

which project onto the symmetric sextet and the antisymmetric antitriplet tensors in V®QV/,

respectively. Commonly, the t-channel singlet-octet color basis has been chosen as

1 1

C1 = 727]\7(:5“7“ 57“1),1“2 + 55"'a77’b67’177’2

Co = Ory 1 Ory - (5.10)

For the sake of consistency we will also use this basis for our later calculations. However,
we want to point out the advantages of using projectors. It is not that important for our
case, where we have to choose color bases in Born diagrams, but it makes life much easier,
when one wants to generalize the construction of color multiplet bases to higher orders and
for arbitrary N, [12§].

Projectors are hermitian and chosen in such a way that they are mutually transversal
P;P;, = 6;1,P; (nosum over k) Vj,k (5.11)

Then the image of each projector is a subset of the kernel of all the others. This combined

with hermiticity guarantees that they project onto mutually orthogonal subspaces, and
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that the projectors are themselves orthogonal,
(PP =0 ¥j#k. (5.12)
The sum of all projection operators fulfills the completeness relation

> P=1 (5.13)
j

There is a nice property of projection operators regarding the norm squared of the projec-

tor. With d; denoting the dimension of the image of P;, the norm squared of P; is
1B]2 = Tx (P/P;) = Tx (P2) = T () = d;. (5.14)

As we will see lateron, these are exactly the elements standing on the diagonal line of the
soft matrix.

Getting back to quark-quark-scattering, the projectors Pg, P4 can also form an orthogonal
basis. Here the color space was spanned by these two projectors alone. But this is not the
case for all processes. If the dimensionality d; of a projector P; is greater than 1, the same
multiplet appears several times in the decomposition of the tensor product. Then we have
also linearly independent basis vectors which describe the transition from one instance of

a multiplet to a different instance of the same multiplet.

Now let us turn to the more involved gluon-gluon-scattering. As starting point, we think
of a basis for an arbitrary four-gluon diagram with external color indices rq,rp, 71 and ro.

A choice due to combinatoric considerations is

A& = Tr (t"et™t™2¢™) ¢ = Tr (t77270¢™)
X ) 1
6(2) =Tr (tratvbtrltm) C(; = Zémm 57”57“2
1
Cg =Tr (tratrltmtrb) Cg = Zémrbémrz
1
Cg =Ir (tratrltrbtm) 08 = 167“@7‘25%7“1
2 = Tr (tTet"2¢"11"™) . (5.15)

This set is made of the three possible singlet combinations and all constellations of traces
one can build out of four generators ¢t"7. Due to the cyclicity of the trace there are (N, —1)!
possible traces. This initial choice of basis is illustrated in Fig. p.3] However these nine
basis vectors are not linearly independent and thus the basis is overcomplete.

The color content of a set of two gluons in SU(3) is described by the direct product of two
SU(3) octets 8 ® 8. Coupling two Young diagrams as described in Fig. may help to
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Fig. 5.3.: Illustration of the initial color basis for the gg — gg process. All lines show only the color flow.
The figure is taken from [114]. Note, that the notation used in the figure differs from our notation. While
here capital letters label the initial-state partons, we use lower-case characters.

find the irreducible decompositions:

P “ al _ . ala] g TaTale e o] g 1ol g iy, (5.16)

8 8 27 10 10 8 8 1

In literature there exist some algorithms for the construction of projectors corresponding
to Eq. (5.16)), some of them also for arbitrary N, [128, I31-134]. The ¢-channel projectors



72 5 Calculation of hard, soft and anomalous dimension matrices in color space

for N, = 3 are given by

1
Pl = gérarl 5rbr2

3

P85 — 5d7”a7“16d1”b7‘20
1

PSA - gframcfrbrgc
1

P10+T = 5(57%7“1;57“1?2 - 57”a7“25rbm) - P,

1

Py = 5(57'(17'1,57'17-2 + 57‘(17'257"1,7'1) - P8s - P (517)

Comparing these projectors to the initial basis set in Eq. (5.15)), one realizes that the

0 — e co = —c and c3 = ¢ — ¢ are linearly independent with

combinations ¢; = ¢
respect to the projectors in Eq. . The other six initial basis vectors may be written
as a linear combination of only five projectors. This reflects the fact, that the initial set
of basis was overcomplete. Consequently, the gg — gg color space is spanned by the basis

vectors
Clv027C37P17P837P8A7P10+E7P27' (518)

The basges of all the other resolved processes may be derived analogously. We present a
collection of their bases in Table 5.2l This table fixes our convention for the bases for the

further work.

5.2. Lowest order hard and soft matrices

We have seen in Sec. 4.2|that we need a color decomposition of the hard scattering for each
of the resolved partonic processes (labelled by “(f)”). The procedure is the following: First,
one chooses a basis of color tensors, {\cgf)>}. Then, the Born level hard matrix, HI(? is
calculated with respect to this basis. Its elements are the squares of the color-decomposed
tree amplitudes. The lowest order soft matrix S(L]? only depends on the definition of the

basis. Its elements are given by the corresponding set of traces

i
S = [(C(Lf)) c§f)] . (5.19)

5.2.1. Quark-antiquark annihilation processes ¢7 — ¢q

We start with the quark-antiquark annihilation process

q(Pa>7a)q(py; 1) — q(p1,71)q(P2,72)- (5.20)
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Table 5.2.: Basis of color structures for the resolved processes. The color space of the quark-quark
processes is 2-dimensional, the color space of the quark-gluon processes is 3-dimensional, and for the
gluon-gluon scattering there are even 8 basis vectors necessary. These are given in terms of ¢-channel
SU(3) projectors for the decomposition into irreducible representations of the direct product 8 ® 8. The

projectors are given in Eq. (5.17).

qq — qq a9 — qq
t-channel singlet-octet color basis t-channel singlet-octet color basis
1 = O0rg 1 0ry 0 €1 = =35 Orar1 Oryrs & 50r0r,Ory o
2 = =58 Orar1Oryrs T 50r4r,Or1 o C2 = Org,r Ory,ro
qq — gg and gg — qq q9 — qg and gg — qg
s-channel color basis t-channel color basis
€1 = 0ryr,0ry 19 €1 = Ory 1 Ory 1
er = VT (19), .. &2 = e (19),,,,
s = i (), 5 = i (19),,,,

99 — 99

t-channel color basis
cr = Tr (trat™t2¢m) — Tr (tTat™1t72t") ¢4 = Py cr = Py, 1g
cg = Tr (tTet™t™¢"2) — Tr (t7et"2¢"1¢"™) cs = Py, cs = Py
c3 = Tr (t7at™1 470472 — Tr (7at™2¢ ) ¢ = Py,

One possibility to choose the basis is the #-channel singlet-octet color basis

1 = 6rar1 6rbr2

1 1
C2 = (tc)ﬁra (tc)rw“z = 56%1“1751“1,7“2 - IN. 5Ta7‘157”b7“27 (5'21)
C

where the t¢ are the generators of SU(3) in the fundamental representation. This choice of
basis allows us directly to write down the lowest order soft matrix according to Eq. (5.19)):

o N2 0
599799 = (5.22)

0 N2-1

4

The lowest order hard matrix is obtained by the squares of the color-decomposed tree am-
plitudes. Therefore, there is a difference, whether the flavor constellation of the produced
quark-antiquark pair is identical, ¢;q; — ¢;¢; and q;qr — q;q, or different from the flavor
of the final state quark-antiquark pair, ¢;G; — qxqx. This is illustrated in Table . In
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74
17 (A1

a ) Tq p
N z

4 IEA 2,7‘2

Illustration of the formalism used to calculate the lowest order hard and soft matrices for

Fig. 5.4.:
4;q; — qkQk. p; denotes the momentum of parton ¢, which carries color r;.

the latter case, there is only one tree-level diagram contributing. This diagram is shown

in Fig. [5.4] Its color structure is given by
1 1 Cr 1
,57‘17’@67’”2 - 2N65r11‘26ra'rb = ECl — FCCQ. (523)

(tx)rlrg (tx)rbra = 9

Combining with the color-decomposition of the complex conjugated diagram, averaging
over the color of the incoming partons, and including also the kinematical part, yields

C2 Cr
. (5.24)

2
c

=2

hy ~ b
5 2 2412 NZ

95959k qr
H =qa; NZ @2
¢ S _Cr
NZ N

—_

2
c

Next, let us have a look on the quark-antiquark scattering diagram, ¢;gr — ¢;qx. Here the
Therefore, the hard matrix has only one

T1Ta (tx)rb’f'g = C2.

color structure is simply (¢*)

non-vanishing entry.
(5.25)

a2 1 52

Hud—ua — o2 2 5+ 00}

N2 2 0 1

In contrast to these two processes, a quark-antiquark pair with identical flavor, ¢;q; —

¢jq;, may be produced via a s-channel- and a t-channel- diagram. Thus, its hard matrix

H%%7%% is given by H%% %k 4 F{ %9 %% plus interference terms proportional to /3t.

This gives
(5.26)

95954595 454;—45 95
Hll H12

HG7959 = o
9890 93—
H JH1] 217 H 217 J1)
12 22
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with
272 | 52
Hf{qjﬁqjqj _ 205t +4
A€ )
N §2
2 52 52
HUTGTG 2Cp (1"t G
. N\ N2 st)”
g9 99 L 1{/2 +a” 252 +14° _ ifﬁ
22 N2\ N2 32 £2 Nest)”

(5.27)

5.2.2. Gluon-gluon scattering gg — gg

Next, let us have a look at a more complicatet process: gluon-gluon scattering. With the
color basis in Eq. (5.18)) (see also Table at hand, the lowest order soft matrix may be
directly derived

99—99
§99—99 _ Ss 03:5 (5.28)
Osx3  S5%s "
where the submatrices are given by
100 0
5 00 0 80 0
S99 =10 5 0, S¥%=10 0 8 0 (5.29)
0 05 000 20 O
000 0 27

The eigenvalues of the projectors on the diagonal are 1,8, 8,20,27. These are exactly the
number of color states belonging to each irreducible representation. The lowest order hard

matrix [I35], which corresponds to this basis, has block-diagonal structure,

0 0
H99799 — o2 [ F 3:5 : (5.30)
Osx3 HEys %
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with
91 Shi Sha 0 =3I
Sh Sh She 0 =3y
1
HEG" =16 | 82 e hs 0 —haf (5:31)
0 0 0 0 0
—3h1 —3hy —3hy 0 Iy
and hi, ho and hs defined by
ta & 2
hi=1-— — — 22 4+
! 2 2%a
st ta a? &2
hQZT_T A~ T AL
82 st ta
27 s 1ta 14t 9 /42 & 12
hs=— -9 =4S +-S |+ (=—+2-= . 5.32
5Ty <t2+4§2+4ﬁ2)+2<§t+tﬂ 2§a) (532)

It can be noticed that the first three basis vectors ¢; — c3 decouple from the Born cross
section, as the hard scattering components in these color directions vanish.

The hard and soft matrices of the other processes may be found analogously and are
given in [126] and are collected in Table and Table [C.2]

5.3. The soft anomalous dimension matrix

In order to compute the anomalous dimension matrix we need to extract the UV divergent

one loop contributions to the eikonal vertex w§f )

. The renormalization of the incoming and
the outcoming light-like lines are part of the eikonal jets and have already been factorized
into the corresponding wave function. Therefore in case of the soft function, we only have
to deal with the UV-divergences from the vertex correction diagrams, which are shown for
a generic partonic process in Fig. For the calculation of the soft anomalous dimension
matrix we need to derive the counterterms for the eikonal vertex wgf ), They depend on
the external momenta and on the axial gauge fixing vector n. With the basis color tensors

cgf ) given, the eikonal vertices are given at Born level directly by

W Born = ¢ (5.33)

Then the one-loop corrections follow from the Born term by multiplication with the matrix

of renormalization constants Zg

T T
w§]i)loop = C(f)’TZS = w(Bfo)rnZSv (534)
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IS
—
S
—

S

[\]
S
[\]

(1) (2)
@ 1 a 1
b 2 b 2
(3) (4)
a 1 a 1
b 2 b 2
(5) (6)

Fig. 5.5.: One loop eikonal vertex correction diagrams for partonic processes contributing to the soft
anomalous dimension matrices [ITI]. The diagrams are reduced diagrams, in which all off-shell lines are
contracted. The double lines symbolize eikonal lines.

where the superscript T indicates transposition. So, in order to derive the matrix of
renormalization constants for a specific process, one is confronted with the calculation of
vertex-correction-diagrams depicted in Fig. For that, let us have a look at a generic
vertex correction, in which a gluon is exchanged between partons with momenta p; and
pj- As the soft function only couples to eikonal lines, one can use the Feynman rules for
the eikonal approximation, as shown in Fig. These do not depend on the full four-
momenta p; any more, but may be written with a dimensionless, light-like velocity vector
Bi (defining the direction of Wilson lines at vertices w/)), which is defined as in Eq.

by
n 2
B = 3 p; . (5.35)
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a - b a P b a b
qlg q] qlg
1, ¢ 1, ¢ 1, ¢
= g(t‘)bav"’(—v : q>_1 - _g(tc)bavﬂ(_v ’ Q)il = _igfbacvﬂ(_v ’ q);{
(a) (b) (c)

Fig. 5.6.: The Feynman rules in the eikonal approximation for a quark (a), antiquark (b) and gluon (c)
eikonal line. [114]

We follow the notation of [I11] to write the kinematic part of the one-loop vertex correction

w&f ) as

D AB A BY
wd) = g2 / 474 1 (-2 i (5.36)

i (2m)D N5 Bs - q + e 8;B; - q + i€

Here, D, (k) is the gluon propagator. In axial gauge the propagator reads as

D" (k) = k2__:i6]\[lw(k;), N9 (k) = g — ”“k';j:“”l/ 4 n? (:“’Z; (5.37)
where n denotes the gauge vector. Therefore we obtain
wf) — 92/ dq  —i A { Ai'Ajﬁi B _ Aif - n__P
Y (2m)P ¢% +ie | (6ii - q +1€)(0;8; - g +i€)  (3ifi - g +i€) (n- q)
AR -
“Gratan T ) 539

Here, P denotes the principal value,

P 1 1 1
=2 (Y ) (539

Now we sort the contributions in Eq. (5.38)) as follows

wz(]f) — Sz'j [Il(éiﬁi,éj,ﬁj) — %Ig(éiﬁi,n) — %IQ((Siﬁl" —n)
_%-13(6]'/8]'7 n) — 313(5]',8]', —n) + I4(n2)] (540)

Sij = A;A;6;05 is the overall sign. The next step is to evaluate the ultraviolet poles of the

four integrals I1 — I4. The calculations are carried out in D = 4 — € dimensions. Let us



5.3 The soft anomalous dimension matrix 79

Aj=+1_ o o A=l
/ * (—v-k+ie) (v-k-+ie) 0 = +1
51’ =—1 ¢ +
L= T [l A[ = +1
Ai=-l E——— kti) s _ 1 q
52' = -1 e +

Fig. 5.7.: Feynman rules for eikonal lines in ¢§ — ¢g [III]. v* is a dimensionless four-vector which is
proportional to the momentum p" of the quark or antiquark, respectively. The gluon momentum k flows
out of the eikonal lines. The color matrices at the vertices are the same as for the ordinary Feynman rules.
The positive (negative) sign of § shows whether the 3-direction of the gluon momentum and v is the same
(opposite). Furthermore, A; = 1 corresponds to a quark and A; = —1 to an antiquark.

start with the first integral,

DA B - By
( 2617 ]/8] S / q +Z€( Zﬁzq+ze)(5]5]q+26)

(5.41)

Two different kinds of divergencies show up in this integral. On the one hand we have
the ultraviolet divergence for ¢ — oo and on the other hand the integral is also infrared
divergent. The divergences will show itself as %—poles and have to be seperated. We will

come to this point later. Making use of Feynman parametrization

1 I—z 1
—9 42
ABC /0 dx/o dy [tA+yB+ (1—z—y)C)3 (542)

we obtain

11—z

2 BU dy

d:v

1,(0:B, 6;85) =

[xq® +q - (ydiBi + (1_1'_ Y)d;B;) + ie]’
(5.43)

where we defined

Bij = Bi - B (5.44)
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After a suitable translation in ¢, and a Wick rotation to Euclidian space ¢° — iq%, P —

—q%, we arrive at

Bi' 2 /1 b /1—:1? / quE
I 52 75 0;83:) = — 2 drx™ 2 d
1(0:8i, 63 3;) g 5:0; 2m)D J, 0 Y {q% N (W8 Bt (l—a—)8,8,)2 3

iz — 1€

(5.45)

Now the denominator in the last integral is in a form, which enables us to apply the

master formula from [136] and calculate the gg-integral. After substituting z := y/(1 — x)

we obtain
51,, 226 € 1 3 L
11 (6;8;, 64 ) =—g* Y FlJr/dCCCC e — )1
1 €
« / dz [(26:6; + (1 — 2)8,8,)%) (5.46)
0

The integral in = contains UV singularities for z — 1 and IR singularities for x — 0. As

we are only interested in UV singularities, we separate them off:

1
1
/ dea (1 —x) 7 ==+ IR (5.47)
0 €
Therefore, we end up with
s 2 1 i
IlUVpole = Ys |:2 - — <7E + ln(dzdj&) - 1H(47T)>:| (548)
T € € 2

Next, we want to calculate the second integral in Eq. (5.38). As the second term of
the sum in the definition of the principal value in Eq. (5.39)) is easily obtained by the
transformation n — —n in the first term of the sum, it is sufficient to concentrate on the

first one,

dPq  —i A;Bi-n 1
L(6iBi,n) = ¢°Sy; o : 5.49
2(0if3i,m) = g ”/(27T)Dq2—I—ie(diﬁi-q—l—ie)q-n—i-ie (5.49)
As before, we will make use of Feynman parametrization and a Wick rotation to solve the

integral over q. We arrive at

1
I(0;Bi,m) = — %Ai&-j (Bi -n)m22%D(1 + ;)/0 dex™Te(1 —z)71¢

X /1 dz(22(1 — 2)0:8; - n+ (1 — 2)2n?) 175, (5.50)
0

The integral over x is the same as in Eq. (5.47) with a UV-singularity of % Now we have
to extract the singularities of the y-integral in Eq. (5.50). Replacing a = 6;3;-n and b = n?
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it may be written as

1
I(a,b) = / dz(1—2)"'"2(2za+ (1 — 2)b) "' 72 (5.51)
0
This integral is calculated analytically
b3 2a — b
Iy(a,b) = — : hypergeom ([1, 1+ %} , [1 - %} ,— ab ) , (5.52)
where the hypergeometric function is defined as
> pochhammer(n;, k)
h o di,ds, ... =1 5.53
ypergeom ([n1, a2, ... np|, [dv, da, ..., d kz k! Hq 1 pochhammer(d;, k)’ ( )
in terms of the pochhammer function,
r
pochhammer(z,a) = (;(i—) ) (5.54)
We simplify the result for I (a,b):
b1 -5 & L TA+5+k
[y(a,b):— 2 ( Z)ch (+§+ )
e T(A+5) — r1—-5+k)
bIET(1-5) &
=— 1 k+1 (@] 5.55
—Tar g o L@yt 0] 659
We rearrange the second term in the sum
Ook _Ookkl OOc“look_oocil In(1 —¢)
ISR S DR S S S
k=0 k=0 =1 =1 k=0 i=1
(5.56)
Using this identity we obtain,
1 In(%)
I(a,b) = —— 4+ —2b 2 .
y(a,b) p + 5 + O(e), (5.57)
what finally allows us to extract the UV-poles in Eq. (5.50). One ends up with
UVpole _ ¢ A Os 2 1 (Bi - n)Q
I2 = 5]A]§ <62 — E |:"}/E + hl < n2 — 111(471') . (558)

We showed explicitly how to calculate the UV-singularities of the integrals I; and I in
Eq. (5.40). The remaining integrals may be calculated analogously. Collecting all of them,
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we have
s |12 1 ij
[JVpole Qs [2 - = <7E + 1n(5z‘5j&) - hl(“))]
T |e € 2
[Oveoe _ s (2 L ) — ()
2 2 \ €2 €
fOveole _ Qs (2 L )~ In(an)]
3 2r \ €2 € !
1
IBVpole _ _%7, (5.59)
T €
where
_ (Bi-n)?
=G (5.60)

Note that the double poles have to cancel in the sum in Eq. (5.40), as at the end of
each first-order calculation only 1/e-poles can appear, which are then cured by adding

counterterms. We end up with

¥ Q@ 0;0; 54 1
ng) = _SijTTZ I:ln <Z]2” — 5 ln(l/iVj) +1 (5.61)
What now is left to do, is to calculate the color decomposition into the basis color structures
for each of the contributing diagrams. This gives the different entries of the matrix of

renormalization constants. Then the anomalous dimension matrix can be directly deduced

by the relation in Eq. (4.43)

9
Ts(g) = —%a—gResg_)OZs(g, €) (5.62)

It is instructive to study with an explicit example how the anomalous dimension is
created step-by-step. Therefore, we will present details of the calculation of the anomalous
dimension matrix of quark-antiquark production through quark-antiquark annihilation.
The procedure is as following: For each color vertex of the reduced diagrams in Fig.
one considers its one loop correction. Then, one calculates the color decomposition of
the resulting ultraviolet divergences. This may be done by calculating the resulting color
decomposition after adding a gluon-exchange for each basis vector. This gives a matrix
in color space for each color vertex in Fig. They dictate the generic color flow for
each one loop correction. Then these color matrices are combined with the respective
ultraviolet poles from its kinematic parts (which have been calculated before and are given
by Eq. ) This gives the counterparts, which in turn allow to deduce the anomalous
dimension matrix. This procedure just depends on which partons are involved, but is

independent of the underlying hard (LO) process. Consequently, the anomalous dimension
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a=aqa 1/
1 1 v
Cr 1
= 0¥ = 2
= 0 .1
2N,
2 2/
2 ! t" t"
b — b/ 2 ( >’r17‘1/ ( )7'2/7'2

Fig. 5.8.: Illustration of the procedure to calculate the color decomposition of the one loop vertex cor-
rection in the reduced diagram (2) in Fig.

Table 5.3.: The table shows for each reduced diagram in Fig. the matrix, which represents the
modification of the “Born-color structure” caused by the addition of a gluon exchange between two quark
lines.

1 _ 1 1 1
cw@ _ [CF 2 c@. _ [T 2 cone — [ O
0 —5 3 I s Cr

matrices are not specific to the individual channels. For instance, the anomalous dimension
matrices are idendical for the processes q;q; — ¢;4;, ¢;4; — Qxqk, and ¢;qx — q;jqr- In the
end the combination with the hard matrix H of each process will project out the adequate

color terms of the one loop correction for each channel.

To be specific, let us consider the reduced diagram (2) in Fig. . For the Born process

we choose the basis in color space as follows

C1 = 57‘a7"b 57“1 oy

Cy = 6rar25rbrl- (563)

After a generic gluon exchange between two quark lines, the colors of two (initial or final)

partons may change. As shown in Fig. let 74/, 1y, 717 and ror denote the color of the
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partons after the one loop correction, respectively. The basis is then chosen to be

/
Cl — 67‘a/rb/ 57‘1/7‘2/7

C/2 = 6T‘a/’r‘2/ 57'b/7‘1/ . (564)

Compared to the color structure of the Born process, the vertex correction term adds the

term,

57“(17‘{1’/ 57’brb’ (tr)rlrl/ (tr)r2/7‘2 (565)

in color space. Starting with the basis vector ¢; (from the Born term) we are summing

over the intermediate colors 71, ro. Making use of the Fierz-identity,

r r 1 1
(t")i; () = 50005 — 5770iOnts (5.66)

we obtain

1 1
Z Cl(srara/ 67"b7“b/ (tr)rl’rl/ (tT)TQ,TQ = Z 5ra/rb/ 61"17“2 <25r1r25r1/r2/ - 2]\765r1r1/5r2r2/>

1,72 71,72

- CF(Sra/rb/ 67'117'2/ - CFCS_ (567)

The vertex correction to the second basis vector co gives

1 1
Z 025rara/5rbrb/ (tT)TlT'll (tT)TQ,m = Z 6ra/r25Tb/r1 (257"11”257"1/7’2/ - Tj\fc(snrll 5r2r2/)
71,72 1,72
1 1 1, 1,
= 561“2/7“1/51”“/1“})/ - 27]\]057‘{117‘2/61“1]/7”1/ = 501 - 2NCCQ'

(5.68)

Thus the linear transformation, which describes the modification of the “Born-color struc-
ture” caused by an additional gluon exchange between the two outgoing quark lines, may

be represented by the matrix

1
e [ 2| (5.69)
0 —ov
Analogously the color decomposition of the other five vertex corrections in Fig. may
be derived. All results are summed up in Table
The next step is to combine the color decomposition of each vertex correction with the
UV-poles of its kinematic part, which we derived in Eq. . The sum of all these contri-

butions gives, with an additional minus sign (counter terms), the matrix of renormalization
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e
constants Z&* 9

o 1 1 L aaa
ZH 1M = —7%C’F [ln (51245@) -3 In(vevprive) +2 — 27”} + - ZE"
’ €T ’

Ne
chj—>q(j _ _1% In (ﬂa?ﬁbl)
S,21

€2 Ba1Br2
o 1la BabB12 ,
79994 _ _ =8 [111 < @ ) — 27rz]
5,12 €2 Ba1 B2
L la Ba2Pb1 1 L aa-aq
785, = 72?5CF [ln ( a4 -5 In(vevpr1ve) + 2| + Ezg?gqq' (5.70)

Eq. (5.62) relates the matrix of renormalization constants to the anomalous dimension

matrix, which thus results in (see also [110, [111])

_ 1 1 ) -
Fngl_qu = f%CF [ln <6126ab> — 5 In(vamprive) +2 — 2712} — Fqu—mq

g 4 2 . 52t
VIV e Ba2Bb1
P =5 ( )
€ 2T 5(1151)2
e 1
F?BW::QSPH<Bme>-—2W4
’ €27 Ba1Br2
1 1 1 vosen
P41 = E%C’F [ln </Ba24’8b1> -3 In(veuprrve) + 2] - ﬁchs‘fl_g)qq- (5.71)

Now we follow the formalism in [I14] and express the anomalous dimension matrix in
terms which depend on ratios of the Mandelstam variables (defined in Eq. (6.6))):

~

—t
T=In <A> + i
3

Uzm(?>+m (5.72)
S
Furthermore the gauge dependence for each parton ¢ in process f is summarized in separate
functions
1 1 1 1
gz.(f)(ul-) = Ci% [—21n(1/i) -5 In2+ 5 zm'] , (5.73)

with C; = Cp (C4) for a quark (gluon). As the gauge-dependent terms only occur in

diagnole elements, the anomalous dimension matrix is typically written as

() =) 4 X 6w ) s (574

i=a,b,1,2

With the choice of a suited gauge in Eq. (5.73)), Fg) reduces to Fgf). We will also call F(S]j)
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anomalous dimension matrix.
Let us now turn again to the quark-antiquark annihilation process. We have 8, = f12 =
1, Ba1 = Bye = —t/5, and B1p = foa = —0/5. Then the anomalous dimension matrix may

be written as,

Uu-T
Ne -T

U-T 20rU + §-

This result of course depends on the one hand on our initial choice of basis (B) in the
two-dimensional color space in Eq. (5.63)),

B
€1 = OrgryOryry)

B = 1 ryOryrys (5.76)

and on the other hand on the labeling conventions (and the order of) the participating
partons in Eq. (5.20). For some reasons, however, another choice of basis (B’), namely

Eq. (5.21) (see also in Table

B’

G = 5r,1r1 5Tbr2
/ 1 1
B
2 = _271%51”&77‘1 57”1),7"2 + 557“&,1“567”1,7”2 (577)

and labeling q¢(p,)+q(py) — q(p1)+q(p2) (interchanging the outgoing quark and antiquark)
turned out to be more common in the literature [114] 126]. The change-of-basis matrix

TE from the set of basis vectors (B) to the new basis (B') (vice versa, TS ) is given by

B 1 ]\17 ! 1 2]1V 7
T !/ — € ) T - ¢ . 5. 8
B 0 2 B 0 % ( )

Then the anomalous dimension matrix with respect to the basis set (B’) is given by

TEFSIT]?/. Interchanging U and T due to the change of quark and antiquark in the

notation gives

20pT  —SFU

B = , (5.79)

—2U  —5-(T —2U)

Gsad
Fng aq

which, together with the anomalous dimension matrices of all the other processes, are
collected in Table [C.1] Table or may be found in [114], 126]. All of these are needed

for the resummation of the resolved processes of hadron production.



6. Rapidity-dependent threshold
resummation for high-p, hadron
production

Before we start, please note that parts of this chapter have already been published in [31].

With the resummation formalism established in Sec. @] we can now address high-pr
hadron production in the photoproduction reaction YN — hX. Especially for fixed-
target kinematics as for the lepton-nucleon scattering experiment COMPASS at CERN (see
Fig.[6.1), typically transverse momenta are such that the variable z7 = 2pr/y/s (with /s
the center-of mass energy) is relatively large. It turns out that the partonic hard-scattering
cross sections relevant for yN — hX are then largely probed in the “threshold”-regime,
where the initial photon and parton have just enough energy to produce the high-transverse
momentum parton that subsequently fragments into the hadron, and its recoiling coun-
terpart. Relatively little phase space is then available for additional radiation of partons.

In particular, gluon radiation is inhibited and mostly constrained to the emission of soft

Fig. 6.1.: Photoproduction in lepton-nucleon scattering. The virtual photon is required experimentally
to have low virtuality

87
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and/or collinear gluons. As we have seen in the Drell-Yan process, the cancellation of
infrared singularities between real and virtual diagrams then leaves behind large double-
and single-logarithmic corrections to the partonic cross sections. These logarithms appear
for the first time in the next-to-leading order (NLO) expressions for the partonic cross
sections and also show up at higher orders of perturbation theory. When the threshold
regime dominates, it is essential to take into account the large logarithms to all orders. The
resummation of these large logarithms is performed in this case similar to the threshold
resummation technique discussed in Sec. For single-hadron production in pp — hX
in the fixed-target regime, the resummation has been carried out in [26], and substantial
effects were observed that lead to an enhancement of the cross section. The same was
found for the related dihadron production process pp — h1ho X [27].
For the photoproduction reaction yN — hX, comparisons with experimental data of
the lepton-nucleon scattering experiment COMPASS at CERN to NLO calculations [29]
showed that the NLO cross section underpredicts the data by far. As the next-to-leading
order correction is of the same order of the LO cross section, one expects also for this re-
action large corrections from higher order threshold logarithms. Thus the aim of this work
was to provide the resummed cross section for this case. In order to take also rapidity
cuts, dictated by the experimental setup, into account, we additionally include rapidity
dependence in our resummation scheme. For that, we extend the previous work [26], using
the techniques developed in [27].

In the first part of this chapter we recall the basic framework for photoproduction of
a hadron. In the next section we present details of threshold resummation valid for this
process and describe the technique that enables us to get a resummed expression for fixed
rapidity of the observed hadron. In the following phenomenological chapter we want to
compare our rapidity-dependent result to that of the fully rapidity-integrated resummed
approach in the previous work [26]. Therefore, we work out in Sec. how to derive the
fully-rapidity-integrated resummed approach in [26] starting with our rapidity-dependent

result and point out which approximations have to be made.

6.1. Technical framework

We consider the unpolarized cross section for the semi-inclusive process
(N = ('h*X, (6.1)

where a lepton beam scatters off a nucleon target N producing a hadron h with transverse
momentum pr and pseudorapidity n in the final state. The basic concept that links the
experimentally measurable quantities to theoretical predictions obtained with perturbative

calculations is the factorization theorem. It states that large momentum-transfer reactions
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may be split into long-distance factors, the universal parton distribution functions, and
short-distance factors reflecting the hard interactions of the partons. Thus we may write
the unpolarized rapidity dependent differential cross section for the process in Eq. as
the following convolution |24, [137]:

p%da

S [ [ [ 4T ) oo ) Doy ) S0
== X X Z— X 7 Tn, i Z, T E——
ded'r] abe zznin ¢ m;{‘i“ " x 8'() (l/f & Mf b/N " Mf h/C ILLff d’l}dw

(6.2)

The sum in Eq. extends over all possible partonic channels with 64 _,.x denoting
the associated partonic hard scattering cross section. In addition to the renormalization
scale u,, the factorization of the hadronic cross section requires the introduction of two
further scales: the factorization scales piy;, jur¢ for the initial and final states, respectively.
All scales are arbitrary but should be take of the order of the hard scale to minimize scale
dependence. One usually chooses them to be equal, typically p, = up; = puys = pr. The
parton distributions of the lepton and the nucleon, f,//(%¢, ptyi), fo/n (Tn, fiyi), are evolved
to the factorization scale and depend on the respective momentum fractions xy ,, carried by
partons a and b. Dy, .(z, puys) denotes the parton-to-hadron fragmentation function. The

lower bounds in the integrations over the various momentum fractions in Eq. (6.2) read:

m -n N
min __ rre min _  ¥T€ T cosh 7

T = =\ I = > T = 6.3
£ 2—wpe T 2 I N (6:3)

Here ) and Z7 are the partonic counterparts to the pseudorapidity n and the hadronic

scaling variable zp = 2pp/+/s,

In 2% Gp= L (6.4)

) 1 .
v=1-— %6_77 w=-Len (6.5)

and to rewrite the partonic cross section in terms of this new set of variables. Furthermore

we introduce the Mandelstam variables

§=wnmS, = (po—pe)® =—5ire /2,

o= (py — pe)? = —5irel /2. (6.6)
The invariant mass of the unobserved partonic final state is

sg=8+1t+1=35v(1—w)=351—2rcoshn). (6.7)
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The partonic hard-scattering functions 64 _s.x can be evaluated in QCD perturbation
theory. They may each be written as an expansion in the strong coupling constant as ()
of the form

~ — A (0) A (1) O 2 6 8
Uab—)cX(U>w) = Uabﬁcx(%w) + QS(MT)UabHC)(@a w) =+ (as)' ( . )

Whenever a photon takes part in a hard scattering process as initial particle, one gen-

erally distinguishes two contributions, the so-called “direct” and “resolved” photon contri-

butions,
do = dogir + doyes. (6.9)

Applying the Weizsicker-Williams equivalent photon method to the lepton-to-parton dis-
tribution functions, fq/, in Eq. (6.2) may be written as a convolution of a lepton-to-photon

splitting function P,y and a parton distribution function f,/, of a photon:

Lg
Fupelaer uy) = / VP a2 = 2 1). (6.10)

Ty

In the unpolarized case the splitting function is given by [138, [139]

14 (1 =92 2 (1— 1 1—
2 Y myy max myy

and describes the collinear emission of a quasi-real photon with momentum fraction y off
a lepton £ of mass my. The virtuality of the radiated photon is restricted to be less than
(@ max, which is in turn constrained by the experimental setup.

In the direct case, the photon participates as a whole and parton a in Eq. is an

elementary photon. Consequently, we here have simply

Fyjn @y mg) = 0(1 = 2y). (6.12)

There are two basic partonic subprocesses in lowest order (LO), in which a photon and a
parton from the initial nucleon give rise to the production of a hadron: photon-gluon-fusion
vg — qq and Compton scattering vq — qg. For each process, either of the final-state par-
tons may hadronize into the observed hadron. As the processes are partly electromagnetic
and partly due to strong interaction their cross sections are proportional to cvas (), where
« represents the electromagnetic fine structure constant.

In addition, the photon exhibits also a hadronic structure in the framework of QCD.
This is described by the resolved photon process. Unlike hadronic parton distributions,
photonic densities may be decomposed into a purely perturbatively calculable “pointlike”
contribution and a nonperturbative “hadron-like” part. While the pointlike contribution

dominates at large momentum fractions ., the latter dominates in the low-to-mid x,
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region and may be estimated via the vector-meson-dominance model [140] 141]. At lowest

order there are the following resolved subprocesses:

a¢ —ad's 97 — 47, 97— 47, 99— qq, 97— qq,
a9 — 99, 99 —> 49, 49 — 99, 99 — 99, 99 — qq- (6.13)
Each of these is a pure QCD-process and therefore has a cross section quadratic in as(p).

However, as the photon parton distributions are formally of order o/as(sir), the pertur-

bative expansion of the direct and resolved contributions starts at the same order.

At LO where one has 2 — 2 kinematics, w = 1, and therefore,

(v)

5d6 Q) (v,w)  5d6'd)

ab—cd
= 1 —w). .14
dvdw dv J w) (6.14)
The numerous partonic NLO cross sections 65}))_>CX (v, w) have been computed in [19, 142].
They can be cast into the form
S0 0) _y)51 ) 150y (M0 4o () 4 Rww)
dvdw A v v l—w /| Y\1Tw n v, W)
(6.15)
Here the “4”-distributions are defined as follows:
1 1
| tste = [ 1) = s)lgtwdo. (6.16)

The function F'(v,w) collects all remaining terms that do not contain any distributions.
The terms in Eq. associated with “+"-distributions yield large logarithmic first order
corrections close to the threshold. These terms can be traced back to soft gluon emission
and will also show up in all higher order corrections. For each new order of perturbations

theory one is faced with two more powers of leading logarithmic contributions. To be
(k)

specific, in the kth order in perturbation theory do,;”,

(v,w)/dvdw contains logarithms
of the form of[In?*~1(1 — w)/(1 — w)]4, plus subleading terms with fewer logarithms.

Depending on kinematics, these logarithmic terms have to be resummed order-by-order.

6.2. Rapidity-dependent resummed cross section

In this section we will provide the resummed differential cross section as a function of

transverse momentum pr and pseudorapidity i of the produced hadron.
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6.2.1. Mellin moments and threshold region

Threshold resummation of soft gluon emissions is performed in Mellin-N moment space.
Taking Mellin moments transforms a convolution of a parton distribution function and the
partonic cross section into a product of moments of the corresponding quantities. The
threshold region w — 1 corresponds to large Mellin moments. Under this transformation,
the large soft-gluon corrections showing up as “+"-distributions are translated into powers of
logarithms In V. This logarithmic behavior colludes with the N-dependence of the parton
distribution functions and the fragmentation function, which in moment space typically
fall off as 1/N* or faster at large N.

The single-inclusive cross section we are interested in here depends on two kinematic
variables, pr and 7. If the cross section is integrated over all rapidities, it becomes a
function of ¥2., and a single Mellin moment in 22 suffices to factorize it in terms of moments
of parton distributions, fragmentation functions, and partonic cross sections [26]. After
resummation the full Mellin expression is inverted, directly giving the desired hadronic
cross section. Here, the integrations of the various functions in Eq. are no longer
convolutions in a strict sense, and a different technique needs to be used. A convenient
possibility [27] is to use Mellin moments for only a part of the terms in Eq. (6.2). That
is, one takes Mellin moments only of the product of fragmentation functions and the
resummed partonic cross sections, performs a Mellin inverse, and convolutes the result
with the parton distributions in z-space. Inclusion of the fragmentation functions in the
Mellin moment expression guarantees that the integrand for the inverse Mellin transform
falls off fast enough for the integral to show good numerical convergence. On the other
hand, performing the convolution with the parton distributions in z-space provides full
control over rapidity, since the partonic and hadronic rapidities are related by a boost
along the collision axis that involves only the momentum fractions of the initial-state

partons.

To be specific, starting from Eq. (6.2)), we consider only the last integral and take mo-
ments in 22 (where z is the lower bound of the z-integral). The integral then factorizes

into a product of moments:

! 2/ 2\N—1 ! 9AU4TZ2 8dGab—scX _ oN+3 ~ON (A
; dz” (%) dz— Doz, ppp)— o= = Dyye “(upg)0™" (), (6.17)

where the Mellin moments D;]LV/C(Mf ) of the fragmentation function are defined as usual
by

1
DiJLV/c(:U’ff):/O dZZN_th/c(Zwuff)a (618)
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and where the hard scattering function @w" (#) is given in Mellin-N moment space by

1 N—-1 5dé
~ N/~ S4 'TTZ SA0 gh—cX
=2 d— 1— —) —_— 6.19
@) /0 5 ( 5 8v  dvdw ( )

We next take the Mellin inverse of the expression in Eq. (6.17) which is then convoluted

with the parton distributions:

i Z/ dxe/ dn fose(@e, pgi) fo/n (@n ufz)/dN( )TN D (g )N (7).
dprdn a7 /NN 2mi he

(6.20)

This is mathematically equivalent to using Eq. (6.2)) in the first place. However, once one
uses a resumimed hard-scattering function, it is much better from a computational point
of view to use the procedure in (6.20) since the moments of the fragmentation functions

72N so that the Mellin integral converges rapidly.

tame the large- N behavior of the factor w
In contrast, to carry out a convolution over z as in Eq. (6.2)) would become very difficult
for a resummed hard-scattering function, since the latter contains “+”-distributions with

any power of a logarithm.

6.2.2. Rapidity-dependent resummation to next-to-leading logarithm

In analogy to the resummed expression in Chap. 4] the multigluon QCD amplitudes factor-
ize also here to logarithmic accuracy. Furthermore, in Mellin space, also the phase space
including the constraint of energy conservation factorizes. The resummed cross section in
moment space factorizes into functions for each single participating parton, a function de-
scribing the hard scattering, and a soft function. This factorization is illustrated in Fig.[6.2]
Note that in the case of hadron production discussed here, the situation is different from
what was discussed in Chap. [4] in which we had an observed photon or a jet. In the case of
hadron production one also has final-state collinear singularities, which are factorized into
the fragmentation function. This gives a radiative factor (A.) for the observed final-state
parton, which is similar to that of the initial partons. The resummed cross section is given
by [111HI114]:

DN () =AN (5 g) AN 5pag) AN (5, ) TN 5) T {HS SN (621

ab—cd

where N, = (—4/5)N and Ny = (—t/5)N. For completeness, we recall each of the func-
tions. The resummed exponents for the initial-state partons a,b = ¢, q, g in Eq. (6.21]) read,
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Fig. 6.2.: Schematic illustration of the factorization of the cross section close to threshold. The plane
symbolizes the cut, which separates the amplitude and its complex conjugte. For each of the initial- and
final-state partons there is a function (Ag ¢, Ja) describing soft-gluon emissions off these partons. The
hard-scattering part H is depicted as amplitude and its complex conjugate. It can be completely separated
from the soft function .S, shown in the lower part of the figure. The double lines represent eikonal lines.

in the MS scheme:

1 N—-1 _ 1 1 B M2
mAY (2 ) = = [ asT { / Facfo (02)) + B (Ao (- 220) )}

1—2z 1—2)2 t

M; / M; /
i d B d
- 2/ Lo (as(1™) + 2/ i (N, as (1)) . (6.22)
H K Hfi

r

Here M, is a scale of order v/5. It was shown that the exponent is in fact independent of

M; at next-to-leading logarithmic (NLL) accuracy [72]. Furthermore, we have

Ai(as) = Cilas/m + (K/2) (as/7)%,
Bi(vi, M?/5, a5) = Ci(as/m)[1 — In(214) + In(M?/3)], (6.23)

where K = C4[67/18 — 7%/6] — 5/9N, C; = C, = Cr = 4/3 for an incoming quark, and
C; = Cy = Uy = 3 for a gluon. Ny denotes the number of flavors. The v; are defined as

(Bi -n)?

6.24
T (624)

Vi =

with the parton velocity 8! = pi'\/2/§ and an axial gauge vector n. Remember, that the

v; were introduced to make the factorization of the cross section manifest [28]. The gauge-
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dependence they express will cancel in the final resummed cross section. The last two
terms in Eq. match the exponent to the chosen renormalization and factorization
scale, respectively. The ~; are the anomalous dimensions of the quark and gluon fields, and
the ~;; correspond to the logarithmic and constant terms of the moments of the diagonal

Altarelli-Parisi splitting functions. To one loop order, one has

3 Qg 3 Qs
7(1(043) = ZCF?v 'qu(Na ag) = — <1nN - 4> CF?;

Qs
vg(as) = boas, Ygg(N,0s) = — (Caln N — mby) g (6.25)

where by = (11C4 —4TgrNy)/(127), with Tr = 1/2. We note that the large- N behavior of

the diagonal splitting functions and anomalous dimensions links the various terms in the
exponent in Eq. (6.22)) to each other,

Yi(N, ag) = —In N A;(as) + i), (6.26)

where N = Ne¥® with the Euler constant vg.

For the direct processes, parton a is a photon and we have simply Afya (8, i) = 1. For
the fragmenting parton c¢ one has the same exponent as for the incoming partons Afv (M?)
in Eq. (6.22), but with the final state factorization scale pf¢ in place of the initial-state

one.

The exponential function JJ in Eq. (6:2I) contains collinear emission, both soft and
hard, by the unobserved final-state jet that recoils against the observed parton. It is

independent of factorization scale and is given by

I N-1_ (1-2)
In JCJIV(§) :/0 dZil {/( @Ad[as(t’g)} - ’Vd[as((l - Z)g)]

1—=2 1—Z)2

/

V3
— Balva,1,as((1 — z)%)}} + 2/ Tlf’yd(as(u&)), (6.27)

where Ay, 74 and By are defined as in Eq. (6.23)).

Finally, coherent soft gluon radiation among the jets is treated by the last term in
Eq. (6.21). The functions Hap—scd, SN,ab—cd and Sgp—yeq are matrices in a space of color
exchange operators [I11, [112] 114], and the trace is taken in this color space. The Hgp—cq

are the hard-scattering functions. They are perturbative series in «,
N 0 . «Q 1 o
Haposca( 0) = Hyp,og(0) + —Hy ) (7)) + 0(a3). (6.28)

The LO contributions to the hard-scattering functions in the resolved-photon case are
known with their full color dependence [I11], 112} 114] [126], and the NLO terms have been



96 6 Rapidity-dependent threshold resummation for high-pr hadron production

obtained in [143] [144]. The Sup—cq are soft functions and may be expanded as

A Qg A \/§
Sab-sca(i, ) = S35 scq + — Sy ea s, ) + 0(a2). (6.29)

Here, the Mellin-N moment enters only in the argument of the running coupling [I1T].
Therefore, the N-dependence of the soft functions will show up at next-to-next-to-leading
logarithmic order for the first time. The LO terms S(S?L oq for the resolved contribution
may be taken from [I11], 112, 114], while the st

1 . .
obscq are not yet available in closed form.

Contributions by soft gluons emitted at wide angles are resummed by the exponentials

SN ab—cd(1), @us), which are evolved via the soft anomalous dimension matrices I'gpcq:

V3/N du’
SN ab—cd (M, as) = Pexp / a

Vrab—md(rfla as(ﬂl)) ’ (630)

T

with P denoting path ordering, and the soft anomalous dimensions can be expanded as

follows:
A A A
Pap-sea(i o) = T, q(0) + 0(a). (6.31)

For resummation to NLL accuracy one only needs the first-order terms, which may be
found in [I11], 112 1T4] and have the structure

+ Omn k_Zb:)d %[— In(2v;) + 1 — il (6.32)

(rGha®) = (T0Lu@®)

where one may see the gauge-dependent diagonal elements explicitly. As mentioned before,
gauge-dependence cancels in the above expressions for the resummed cross section to next-

to-leading-logarithmic accuracy.

Let us take a look at the first-order expansion of the trace part in Eq. (6.21) (see [27]):

m{msissy)  —m{r0s0)

+ m L EO @) ¢ g0 SO0 N
7T

ab—cd ab—cd

+ HDSO | H<0>5<1>} +0(a?). (6.33)
ab—cd

The trace of the product of the matrices H and S at lowest order reproduces the Born cross

sections. As discussed in [27],[144], in order to obtain Tr {HS;VSSN} fully to NLL accuracy

one would need to implement the contributions from H® and S, which is beyond the

scope of this work. Following the approach of [26], 27|, we use the approximation

T {mslssy} o~ (14 2c) )T {HOS 5Oy} (6.34)

ab—cd b—red ab—cd



6.2 Rapidity-dependent resummed cross section 97

where the so-called “C-coefficients” are defined as

Te{HMSO £ FOSL},,

®
Catscal) T {HO 50}

ab—cd

(6.35)

This approximation becomes exact for color-singlet cases, and therefore in particular for the
direct subprocesses which have only one color structure at Born level. The C-coefficients
are constructed in such a way that the first order expansion of the resummed cross section

reproduces all terms o (1 — w) in the NLO result.

6.2.3. Rapidity-dependent NLL exponents

The expression for the resummed partonic cross section in Eq. is formally ill-defined
for any value of N, as its exponents involve integrations of the running coupling over the
Landau pole. However, it was shown that the divergencies showing up in Eq. are
subleading in N [I00]. In return, a NLL expansion of the resummed formula is finite up
to N reaching the first Landau pole at Ni, = exp(1/(2asbp)). We will return to this point
later. We now rewrite the resummed exponents for soft gluon radiation off the incoming
and outcoming partons in Eq. as expansions to NLL accuracy using the perturbative

expansions given in (6.23)):

2
Aiag) = 22al 4 (22)7 4P + 0(ad), (6.36)
T 7r
Bi(a) = =B/ + 0(a2), (6.37)
Bi(as) = B[ +0(a)), (6.38)
where Bi(l) = —272-(1) with v;(as) = %-(l)ozs/w + O(a?). The resulting exponents do not

depend on the specific subprocess, but only on the type of parton and thus may be seen in
this sense as 'universal’ functions. The leading terms in the exponent are leading logarithms
(LL) of the form ¥ In**! N, while subleading terms are down at least by one power of
In N. We adopt the formalism of [145] and organize the logarithms in the exponentials
in a way such that all leading logarithmic terms are collected in functions hgl) and fi(l)
for the observed and the unobserved partons, respectively. These functions are rapidity
independent and hence are identical to the analogous functions in the rapidity-integrated
exponents. Rapidity dependent terms first appear at NLL accuracy, where they yield

additional terms when compared to the well-known rapidity integrated exponents of [26].

We further expand the resummed exponents for the observed partons i = a,b,c and
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unobserved partons d to NLL accuracy:

PO (1)
A 1 2 § s A; 2N;
In A2V (i), 8, i) =In NBSY(A) + >(A,M2,M? - 1n< ¥ )111(1—2)\)

Bi
— 5 (1= 20), (6.39)
2V 4 () 0, §, BY
InJ7V(8) =InNf ' (N) + ;7 (A ﬁ) - Fboln(l —2))
(1)
— =4 1n(2) (In(1 — \) — In(1 — 2))), (6.40)
7Tb[)

where A\ = abgIn N and, as before, N, = (—/3)N and N, = (—t/5)N. For the observed
final-state parton we simply have N. = N. Note that due to the NLL expansion of terms
like In(1 — asbo In(N;)) = In(1 —2X) — 210152(’2 In (N;/N) explicit dependence on 7 appears in
Eq. (6.39). The functions hgk), fl-(k) are known from resummation for the rapidity-integrated

cross sections and are given by

(1)
M) = 2 oa+(1—2\)In(1 -2 41
hi *(A) 27rb0)\[ A+ (1=2X)In(1 —2))], (6.41)
2 N2 A(Q) A(l) A(l) Q2
TV i SR S Y WS RS o) B Bt WSS | B B G 2
? ( ’ uga /Lg) 271'2[)(2) [ + n( )] by D( ) 7Tbo n /LZ
AWMy, 1,
+ 27 22 +In(1 —2X) + 3 In“(1 —2X)
Al(l) QQ
+ 5o [2XA +In(1 —2X)]In R (6.42)

and for the unobserved final-state parton

(1)
Wy = A B oy o -
fi ') = 2rbo [(1—20)In(1 —2)) —2(1 — A)In(1 — \)], (6.43)
2 (1)
ey %) S 21 In(1 —2X) —2In(1 - A) + 1lnz(l —2)) —In®(1 - )
! - 27hy 92
(1) (1)
B, Al
+ o In(1 - A) — S22 In(1 - A) — In(1 - 2))]
27Tb() 7{[)0
Az@) Agl) QQ
= Gy (21001 =) = In(1 = 20)] + S {2In(1 = A) ~ In(1 — 20} In 55

(6.44)
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As before, by = (11C4 — 4TrNy)/127, and

1
b= (17C3 — 5CaANy — 3CrNy) (6.45)

correspond to the first two coefficients of the QCD S-function.

The path-ordered matrix exponentiation of the soft anomalous dimension contribution

in Egs. (6.30), (6-31) proceed{® as described in [27, [146] and leads to the expansion of the
integral in Eq. (6.30) at NLL,

In(1 —2X) (1)

27’[’()0 ab%cd(ﬁ)‘ (646)

In SN,ab%cd(ﬁa 048) =

We use a numerical approach for the calculation of the matrix exponential, truncating its
power series at a very high order. Finally, when all terms in the exponent are combined, the
LL terms 04’; In*+1 N and the NLL terms o/; In* N in the exponent of Eq. reproduce
the three towers of logarithms o In?* N, o In?**~! N, and o In?*~2 N in the cross sections,
up to the approximation concerning the C-coefficients discussed earlier. The C-coefficients
for the direct part are given in the next subsection. As those for the resolved part are
rather lengthy, we do not present them here; they can be obtained upon request from
Prof. Dr. Schifer.

6.2.4. The direct contribution

Our discussion so far directly applies to the resolved-photon contributions. In the direct
case, the resummation framework simplifies thanks to the fact that the LO processes have
only three colored particles and hence only one specific color configuration. Nevertheless,
a few remarks about the resummation for the direct part are in order, since this case has
not been discussed in the previous literature in any detail.

For the direct processes the hard-scattering functions H,;_,q, the soft functions Syp_.q,
and the anomalous dimensions are scalars in color space. This allows us to simplify
Eq. (6.21)):

~resum,N / ~ As (1 Ny~ A A\ (0 A
Wop—sed (1) = (1 + ?Cib)—md) AP (8, pri) Aév(Syliff) Jév(s) Ugb)_md(NW)

r

V&/N dul R ,
X exp 72ReI‘7bHCd(n, as(u) |, (6.47)

where we have defined the Mellin-N moment of the Born cross sections as

1 N1 34 .2 5065
50) Aoy 2/ g5 (1 _ 84) &2 8do,, 6.48
e N 1) = 0o 8 § v dvdw (6.48)

16Path ordering becomes irrelevant for resummation at NLL.
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The partonic Born cross sections for the three direct processes are given by

~ 1+(0 ~ 1+(0
Sdagq)—wg(v) _ Sdagq)—wq(l —v) _ 20 1+ (1—v)? (6.49)
racse2dv | maageldv o F 1—v '
S q s q
LA (0)
8d619-544(V) _ vt (1 0)2' (6.50)

Taasezdv v(l =)

The soft anomalous dimensions for the direct processes may be derived from those for the
prompt-photon production processes qg — vq, and qq — g [28, [72], 145] 147, [148]. The

rapidity-dependent anomalous dimensions then read to first order:
o Cp —U Ca ¢ .
P,(qu)*)qg(n) = 7 |:2 ].Il <§> — 1n(4l/qach) + 2:| -+ 7 |:].Il <a> — 111(21/9) + ]. — 7T'l:| ,
(6.51)

(6.52)

With these first order terms of the anomalous dimensions, the integral in Eq. (6.47)) can

be written explicitly as an expansion to NLL accuracy:

/@/QN au’ Tl

72R6F7b_>cd(f], as(i1)) o In(1 —2X). (6.54)

Hr

We recall that with only one color configuration present at Born level, the approximation
in Eq. becomes exact, and the C-coefficients for the direct processes may be derived
by comparing the exact NLO calculation [149] to the first-order expansion of Eq. (6.47).
Moreover, it can be checked that all double- and single-logarithmic terms asIn? N, agIn N
(including the rapidity-dependence of the latter) are correctly reproduced by the resum-

mation formula.

The first order correction can be cast in the form Eq. (6.15)),

sdsV v, W n(l —w
d ab;)iixw( , ) =A(v)5(1 —w) + B(v) (1(11—w)>+ + C(v) <1_1w>+ + F(v,w).

(6.55)
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For quark production via Compton scattering, one has:

B(v) = 8,4(4Cp — C) (6.56)
Clv) = 5, (6.57)
N 2 2
x —%cA + =L~ Cpln ’;f + m%) 4 (Ca = 2CF) (1 = v) + 2(3Ck — Ca) Inw
Aw) = =7 Ly —20m) |3 —20) (12 228 422 4 (1 = 20) In2(0) + 2(1 — v) In 2"
v_2(1—v) 4 i v) {In® — T v) In“(v v)In—s;
+6CrIn(1 —v)}
1 13
—1-4579{0,; 61n2(1—v)—201n(1—v)lnv—|—221n2v+4ln(1—v)lnff
S

2 2
—(3+4Inv) (m‘ﬁfﬂn“fp) — 14 + 472
S S

4
+Cy [—SIHQ(I — ) +10In(1 —v)Inv — 9In®v — §7T2 + 3]

2
by (g I L Y v> } , (6.58)
S

where S,y = 2Cr(1+(1—v)?)/(1 — v). According to Eq. (6.19) the hard scattering function

is given by

1 2N-1 34 &4
- . 54 S4 T Sdo
ON, ) =2 [ d (7) (1 - T) T : 6.59
( ) /0 5 5 8v dvdw ( )
Now we substitute:
mi=1-2 (= 4rcoshn). (6.60)
3
We may express v and w in terms of m:
iT A e "
=1—-"Lel1=1-— 6.61
Y 2 ¢ m2 cosh 7 ( )
lip , 1 e
i S/ R . 6.62
v 2 c vm2coshﬁ ( )
After this substitution we obtain:
1 4 sdo 1 ! 1 &do
DN, 7) =2 [ dmm2N-1IL 2T / dmm2N 8= 227 6.63
BN ) /0 e 8v dvdw  4cosh* 7 Jo mm v dvdw ( )

The Mellin moments of functions arising in Eq. (6.63)) are presented in Appendix [B| After
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taking Mellin moments one may extract the logarithmic dependence:

2
DEN8) = # [Bln N+ CIn N + Cy,9(7) + O(In N/N) (6.64)
with
~ 1
B = 5(4CF — Ca)Syg
¢ N 1- 4, 1
C = 120,4_%+(4CF_CA)(1HQ+’YE)+(CA—2CF)1I1 1 +COp ln ;“p] S
(6.65)
and
7 Cr o l—v )
Cryg—qq(M) (1 — ) (Cq—2CF) [(3—2v) (In — +72) + (1= 20) In?(v)

+2(1 —v)In - ] +6CrIn(1 — v)}

V2

1 1—w
+ZSA/Q {CF |:6 1112 T + §(p,(;;))2 - 61H[U(1 — ’U)]

2
+ o) (3 = 21n[v(1 — v)]) + 8Inwlin(1 —U)+p((£) In 'u;l

ay

2
2 16 19
£, 16 19

+[—3+4(7E+1n2)} = 5
1—v 1 4
e [3 In’ + (0 + o) In =Y 4 on? 3}
2
b <§ +795+In2+In ‘;) } , (6.66)
where Sy, = 2Cp(1+ (1 —v)?)/(1 —v) and

plF) = =3+ 4(vp +In[2(1 —v)]), (6.67)
Pl = A(yg +In2). (6.68)

The C-coefficients are subject to LO-kinematics and therefore we have

v=1+

t e
§

2 cosh

= . (6.69)

The C-coefficient for the production of a gluon, which then fragments into the observed
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hadron, reads:

Cr

Crasgn(i)) =5 {(CA —20%) [(1 +2v) (7?2 + In? 1_’”@) — (1 - 2v)In2(1 — v)

—|—21}1n(1_vv)2] —I—GCFIHU}

+£§W {CF [41112 1—w +2(In(1 — v) — 3)In(1 — v)
A S B Y- |
e L S A i
i ) } | (6.70)

where S’vg = 20 (1 4 v?)/v. Finally, for the photon-gluon fusion process, one finds

1

Chg—aa() = = S0l —0)

{(CA —2CF) [(1 +20)In2 v + (3 — 20) In2(1 — )

+2Info(1 ~ v)]] +6Cr (1~ 20)In ! - “}

1 113 1
+ 55 {—4wa In M—J; +Cr [8( )2+ Info(1 — v)] (1 + Info(1 — v)])

gy gy s 3 8

} , (6.71)

2
—2In(l —v)Inv + gp(F) —|—p(F)lnM—{f + §7T2 — 29]

+Cy [; In?[v(1 — v)] + Info(1 — v)] (1 - péﬁ?)
2

i1 2
—Invin(l —v) + pg‘;‘) ln'u?f + Z(p‘(ﬁ))z + §7T2

where now Sy, = (v?+ (1 —v)?) /(v(1 — v)) and

plF) = =3 4+ 4(vp + In2), (6.72)
pi) = A(vg + In[2(1 — v))). (6.73)

6.2.5. Inverse Mellin transform and matching procedure

Resummation takes place in Mellin-N moment space, and one therefore needs an inverse
Mellin transform to translate the result back into the physical space. As described in
Sec. (see Eq. (6.20))), our approach has been to place the Mellin-N transformation in

between the convolutions over the parton distribution functions and the fragmentation and
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Cy

Fig. 6.3.: The two contours in Mellin-N space for inverting the product of moments of the resummed
partonic cross sections and the fragmentation functions. The crosses symbolize the poles of the fragmen-
tation functions and LO cross sections on the real axis. Ny, is the position of the leftmost Landau pole.

hard scattering functions. Therefore, the inverse Mellin transform that we need is given
by

op(x,n) = /c %(a:2)’ND}2I]/\2+3(uff)ﬂ)resum’QN(ﬁ). (6.74)
The NLL expanded forms, Egs. (6.39), (6.40), have singularities for A = 1/2 and X = 1,
known as Landau poles and corresponding to moments Ni, = exp(1/(2asbp)) and Np =
exp(1/(asbp)), respectively, that are located on the positive real axis in moment space.
Therefore a prescription has to be found for dealing with these singularities. As discussed
in Chap. [3| we follow the minimal prescription [100], according to which the contour for
the inverse transformation runs between the first Landau pole N and the rightmost of
all other poles of the integrand. This choice ensures that the perturbative expansion is an
asymptotic series that has no factorial divergence [100]. Because of the branch cuts starting
at the Landau poles to the right of the contour, the inverted op(x,7) has support at > 1
27, IOO]E]. Although the contribution from this unphysical region decreases exponentially

A convenient parametrization of the contour in Eq. (6.74) is N = C + ze'® (see Fig.[6.3). To obtain
numerical convergence, the angle ¢ has to be chosen in dependence of the value of z°. While for 2% < 1

one has to choose 3 < ¢ < m, on the other hand ¢ < 7 is necessary for values x? > 1, such that the

factor (;1:2)_“”5 dampens the integrand.



6.3 Fully rapidity-integrated resummed cross section 105

with x, we find that it is not negligible for the kinematics of interest for phenomenology,
even after subsequent convolution with the parton distributions. This possibly points to
significant non-perturbative effects for the cross section and kinematic regime we consider
here.

For our numerical computations, we choose the inverse Mellin contours C; (for z < 1)
and Cy (for z > 1) illustrated in Fig.[6.3]in the complex-N plane. Bending the contours
at non-zero angles with respect to the imaginary axis improves the numerical convergence
of the integrals. The contour Cs is still chosen to be rather steep, in order to avoid strong
oscillations resulting from the branch cuts.

When using resummation to provide theoretical predictions of cross sections, one wants
to make use of the best fixed-order theoretical calculation available, which in this case is
NLO. Therefore, we “match” our resummed cross section to the NLO one. This is achieved
by expanding the partonic cross sections to the first non-trivial order in ay (O(a2) for
the direct case, O(a?) for the resolved one), subtracting the expanded result from the

resummed one, and adding the full NLO cross section:

matched

pda

dac/d:vna Ty, [fi T, i
dprdn Z/ ¢ Jaje(@e, pyi )fb/N( 1hfi)

dN _ - 2N . - 2N
[ o) DR ) | )~ ol )

first— order:|

p%de'NLO

6.75
dprdn (6.75)

This procedure allows to take into account the NLO calculation in full. The soft-gluon

contributions beyond NLO are resummed to NLL.

6.3. Fully rapidity-integrated resummed cross section

In this section we want to derive the resummed formula for the fully rapidity-integrated
cross section starting from the rapidity-dependent result, which we derived in the previous
section. The fully rapidity-dependent resummed cross section was first implemented by [26]
for the (resolved) processes in the context with neutral pion production in proton-proton
collisions in collider and fixed-target regimes.

Thus, we integrate out the rapidity 7 in the rapidity-dependent cross section in Eq. (6.2)

dO’ arccosh— xTz
i =S [y in [t [ o [
de Z 7aI‘CCOSh 1 min xmm

a,b,c

8d0ap—scx

6.76
dvdw ( )

X faye(@e, pgi) fon (Tns popi) Dije(2s g )
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Interchanging the order of the integrals gives

1

ppo Z/ dz2* Dy (2 Mff)/zT dxnfb/N(wmﬂfz)/zzT dzefase(e, psi)

abc 2 zgzn

arccoshA— ~4 a4
X/ LT 8d0ap—sex

—arccosh = 1 8v  dvdw

(6.77)

Then the fully rapidity-integrated partonic cross section ¥.p_,.x depends just on one kine-

matic variable, namely Z7,

(6.78)

hi
5 L arccos xT 3d6 gy sex
ab—cX (5CT) =

—arccosh 1 81} dvdw

Having integrated out the rapidity, the large logarithmic first order corrections in form of
the plus distributions [In(1 — w)/(1 — w)]+ and [1/(1 — w)]4 in the NLO partonic cross
section show up in the rapidity integrated analogon Eg?_) .x (Z7) as logarithmic
terms In? ( AQ) and In(1 — #2.), which are singular at 7 = 1. These terms potentiate
at higher order corrections, such that in kth order one is faced with terms proportional to
afIn?*(1 - 22) in 2% (21) 6]

—cX

The threshold logarithms are the larger, the closer the partonic scaling variable £ — 1.
Consider a fixed observed transverse momentum pr at an experiment with center-of-mass
energy s. This fixes the hadronic scaling variable zp. Thus, according to Eq. the
threshold logarithms give particularly large contributions when the partonic momentum
fractions are close to their lower bounds. Towards small momentum fractions, the parton
distribution functions generally exhibit a steep rise. This enhances the effect of the thresh-
old logarithms and makes it even important for situations in which one is not that close to
the threshold region, i.e. in which the hadronic center-of-mass energy is much larger than

the transverse momentum of the final state hadron [26].

6.3.1. Mellin moments and threshold region

As we did for the resummation of the rapidity-dependent resummed cross section, the
resummation of the soft-gluon contributions for the rapidity-dependent resummed cross
section is again carried out in Mellin-N moment space. If the cross section is integrated
over all rapidities, as we did in Eq. , it becomes a function of w%, and a single
Mellin moment in m% suffices to factorize it in terms of moments of parton distributions,
fragmentation functions, and partonic cross sections [26]. After resummation the full Mellin

expression is inverted, directly giving the desired hadronic cross section.
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Taking Mellin moments in the hadronic scaling variable x2.,

1 3 d
oV = [ ok (@p 1) oler) (6.79)
0 dpr
yields
Z N+1 Mfl (:U’fZ)D]%/C (/’Lff) ab—cX) (680)
a,b,c
with

1
Phex = [ i 6DV S (68)

1t ! sdo'V) (v, w)
_ 1— N+1 ab—c X\ 81
2/0 dw/o dv[4v(1 — v)w] e , (6.81)

and where the Mellin moments of the parton distributions are defined by,

1
) = [ e o), (6.82)

and the moments of the fragmentation functions are given as in Eq. . Recall that in
the resolved processes, fq//(z¢, j1f;) in turn is a convolution of a lepton-to-photon splitting
function P,y and a parton distribution function f,/, of a photon, see Eq. . So, in case
of the resolved processes the moments of the lepton-to-parton distribution functions are
products of the moments of the lepton-to-photon splitting function P% and the moments

of the parton distribution functions of the photon:

FNelpgs) = P I (). (6.83)

Considering the Mellin moments (6.80) instead of the physical cross section of course
changes nothing for the large soft-gluon corrections at threshold. The threshold limit
corresponds to the limit N — oo, and the leading logarithms in (1 — #7)? show up as

terms propotional to In%* N.

6.3.2. Moments of the Weizsacker-Williams spectrum with cuts

Often specific experimental setups impose restrictions on the range of the momentum
fraction y of the Weizsécker-Williams spectrum. In this subsection we provide the moments

of the spectrum taking into account certain bounds for the momentum fraction y,

Yd <Y < Yu- (6.84)
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These only have an effect on the Mellin moment of the Weizsicker-Williams spectrum in
Eq. (6.80). When taking Mellin moments we obtain

«

5 (P (w) = PY(ya)) (6.85)

P_/lNlp()e(— O(yu —y) =
=) 10y — ya)0(yu —y) =

with

2xN—1 9N 9pN+l le

PN(z)= 2PNY(z)—2PN(z) + PN*(z) — R v Q7 (6.86)
and
PN(z) = zjjvv H - an +®(z,1,N)|, (6.87)
where ®(x, a,v) denotes the Lerch transcendent and is defined by
®(z,a,v) = i (xna (6.88)
= (v+n)

Numerically the Lerch transcendent may be implemented by aborting this series at some
order. We found that for our purposes, taking only the first 10 elements of the series, yields

already a sufficiently good approximation.

6.3.3. Fully rapidity-integrated resummed cross section to NLL accuracy

Once the formula for the rapidity-dependent partonic resummed cross section is available, it

is easy to derive the rapidity-integrated one. For that, let us recall the rapditiy-dependent
resummed cross section from (6.20) and (6.21)),

3
pido AN N
r Z/M/MmemWwﬂ/()%%%WWW

dprdn 27
(6.89)
with 2 = xp cosh7/\/xn2zy and
i () =AY (5,15 80 (5. 1g) A o) JN () T {HSlSSN L (6.90)

where N, = (—0/3)N and N, = (—#/8)N. We want to compare its Mellin-N-moments
directly to the ones of the fully rapidity-integrated cross section in Eq. (6.80). Therefore,
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we take Mellin moments in w%:
/1d2(2)N—1p?%dU 2/1d2(2>N—1/dN<2)—N
x5 (x -~ = x5 (T —(z
o T dprdy A=y T c2mi "
1 1
></ dxéxévfa/f<mfaﬂfi)/ dl’nmgfb/]v(%,Mfi)Di]/\Q+3(Mff)COSh*ZN77 w@*N ()
0 0

1 1
=> /0 d gy faye(@e, i) /0 dny fo/n (@ns ipi) Dy (g g) cosh™N ) N (1)

a,b,c

(6.91)

Integrating out the rapidity in the last two terms of Eq. (6.91]) gives the corresponding

Mellin- N-moment for the fully rapidity-integrated partonic cross section

ab—cd

a_resum,N _ /dﬁ COSh72Nﬁ U~J2N(ﬁ)' (692)

As we already mentioned before, the trace of the product of the lowest order hard and soft

matrix, Tr {HS},,_, .4 gives the partonic Born cross section. So we rewrite

Tr {Hsjvss N}
T _ ab—cd ~Born,N /o
Tr {H SyS8N }abﬁcd - Tr{HS} Fab—sca () (6.93)

ab—cd

in order to explicitly separate the Born cross section from an additional multiplicative
factor corresponding to the threshold resummation effects. To obtain the fully rapidity-
integrated resummed cross section from this expression, it is sufficient to set 7 = 0 in
the afore mentioned multiplicative factor. Let us have a more detailed look on where -
dependence appears. We start with the jet functions A; and Jg in . All of them

depend via the partonic center-of-mass energy
A 2 1.2 A
§ = 4p7 cosh” 7 (6.94)

on the partonic rapidity 7. In addition to that, the initial-state exponents A, and A,
show an 7-dependence in their arguments N, and Ny, respectively. Close to the threshold

region, these are given by

e e "

= N, Ny = - 6.95
“" 2cosh# b 2 cosh 7 ( )
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Setting 7) = 0 and defining Q2 = 2p2. we obtain

A A(l)
AN (8, 15i) oo = AN (Q% pgi) + 5 In2In(1 = 2))

27bg
A
AN (3, Wz) = = AN(Q?, upi) + ﬁ In21In(1 — 2X)
2N N 2 gl)
A onpp) e = A Q% hpp) — b In2In(1 - 2A)
2N N 2 Agll)
TN, = T3 (@) + S In2In(1 — 2)), (6.96)

where as before A = azbgIn V.

Next, we turn to the normalized terms in collecting the contributions with the
emission of soft gluons at wide angles. With 7 = 0 the matrices ['yp_cq(7), @) in the
exponentials S qgp—sca (7, @) in Eq. may be diagonalized. This enables us to write

the fraction of the traces in the form

Tr { H8}y S8av }
Tr {HS}

e ZG bsed(int) (D1 ab—sed)s (6.97)

ab—cd
n=0

where in our notation A(mt)( f) is the functional

N1_1~

In Af\z‘[nt)([)[ ab—ed) = /0 Dy ap—ea(as((1 — 2) Q2)) (6.98)

1—2z

with Dy 4p—cq being a perturbative series in o,

~ Qs ~(1 s\ 2 = (2
D[ ab—>cd(a$) = ?SDg zzbﬁcd + ( 7:) D§ sz%cd t. (6'99)

Tts coefficients D'V D

I ab—cd’ ~1 ab—cd
and I'yp_q for each process. The I in the sum of Eq. - ) labels all possible color
configurations. Each color conﬁguratlon contributes with a weight GI
=1

may be calculated from the matrices Hup_cd, Sabsed

absed- As we have a

normalized contribution, we have >, GL, . = =

Collecting our results of Eq. and Eq. (6.97) we are now ready to write down the

fully rapidity-integrated resummed partonic cross section in Mellin- N-moment space:

&SN — O g AN AN AN JN Zaab%dA(mt)(Dl absed) | GO (6.100)

ab—cd Oab—scd »

Note that we adopt the notation of [26] here, such that the functions Dy gp—cq are slightly
different from the Dj gp_cq in Eq. (6.97). In [26] the D; gp—cq were defined such that
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Table 6.1.: Coefficients Dz(libﬂcd and G ab—ecd for the fully rapidity-integrated resummed exponents of
various resolved processes. Note that we adopt the notation in Ref. |26], in which terms in the exponents

for the external partons proportional to In 2In(1—2)) were also absorbed in the definition of the coefficients.

So, compared to their coefficients Dgl(zbﬁcd in the exponents (see in Appendix of [26]), the Df.,lib_md are

shifted by a fixed term depending on the type of the participating partons. The weights G 4t cd, however,
are the same.

4 — 47 99 — qq
DV = —01p2, DY =82 D" = —4m2, DM =0
49 — 454; 94 — Kk 459k — qiqk 4i9 — 49545 459k — 4k
G, =5/21 Gi=1 G =1/9 G, = 9/11 G =1/3
G, = 16/21 Gy =0 Gy =8/9 Gy =2/11 Gy =2/3
a9 — 99 99 = qq a9 — qg a9 — 99 99 = 99
pV =—10/3m2 || D=0 | DM =-14/3m2 || DIV = —8mm2 pV =0
DY =8/3m2 || DV =62 || DI =10/31n2 p"=0 | DIV = —10mn2
DY = —2/3m2 || DY = —4m2 || DS =6In2
Gy =5/7 Gy = 45/88 Gi=1/3
Gy =2/7 G = 25/88 Gy =1/2
G = 18/88 G3=1/6

they absorb also the terms proportional to In2 in the initial- and final state exponents in

Eq. (6.96):
D?Zub—md = ~§12Lb—)0d + <A£Ll) + Al()l) - Aﬁl) + Aéll)> In2. (6'101)

We summarize the coefficients Géb —eq and Dy gy cq for all resolved processes in Table
(see [26]). In Eq. (6.100 &fb(flc’év are the Mellin- N moments of the fully rapidity-integrated
Born cross section for the respective process. They are all listed in the appendix of [26]

or may be calculated using the lowest order hard and the soft matrices given in Table
and Table

sa6Q)
ﬁ = 7Tr [Hap—cdSab—sed] 0 (1 — w). (6.102)

We finish this section with an example. Let us consider the quark-antiquark scatter-

ing process q;qr — q;qr- First we calculate the Mellin- N-moment of the fully rapidity-
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integrated Born cross section. The trace of the matrix product gives

. 1+ (0) O
8d6y v o N2 —138%+ a2
4T 957 %) 2
d]vfjw 39k Ty [ qy'fik—>q;'¢ik5q.¢fik—>q,7%] 6(1 —w) =agm 26_7\762 £2

6(1 —w)
(6.103)

Rewriting the Mandelstam variables in terms of v and w by using the relations (6.5) and

yields

.+ (0)
Sdo-qj'(jk*)q]“jk _ 2 % ].+’U2

dvdw QSWCAW(S(I — UJ), (6104)

and from that we may calculate gorn. N through Eq. (6.81)). As a result one obtains (see

950k —4q;5qk
also [26]):

N+1 2 CF ].‘|"U2

~Born,N 1 !
St = 3 ; dv [4v(1 — v)] asﬂC—A A=)
QTI'CF 2 )
=a;,—— (DN + 15N +12) B N, = 6.105

with B(z,y) denoting the beta function,

I'()I'(y)

Bew) = Tary)

(6.106)
Next, we show how to derive the coefficients Géjqk Sq;q. A4 Drgg,—q;q,- For quark-
antiquark scattering the space of color exchange operators is two-dimensional. Thus the
soft, hard and anomalous dimension matrices are 2 x 2-matrices, which can be even diago-
nalized in the rapidity-dependent case. Taking the corresponding matrices from Table

we obtain

In(1—2X) 1+t In(1—2))
Tr {HQj(jk*)qj(jk eXp( 27ho quqkaqjqk SQij‘”Iij exp 27ho F(ijik%qy‘@c

Tr {H(Ij@c‘)%'q}c S‘Ij‘jk‘“]jék}
~ In(1—2X\) ~ In(1 —2)\)
= G1g;qu—q;3 €XP {Dl 4T~k 27750} + G246 ¢, €XP {D2 @GT—5 T Tbo

(6.107)
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where
1 1 [Caln(1—-v) In(v)
Gl‘]j‘jk‘“]j@k = 9 + 7d ( 9 - C
1 1 (Caln(l—wv) In(v)
GZQJ%—WJ% = 9 - 7d 9 - C
D1 ;05,5 = (4Cp — Ca) In(1 — v) — 2(2CF — Ca) In(v) — Vd
D3 ;0,0 = (4Cp — Ca) In(1 — v) — 2(2CF — Ca) In(v) + Vd
(6.108)
with
d=C3In(1 —v)? —4In(1 — v)In(v) + 41n(v)?, (6.109)
and where
t el
v—1+§— Scoshr)’ (6.110)

The conversion to the fully rapidity-integrated cross section is performed by setting © = 0.
This corresponds to v = % Then we have
1 8
quj(Yk‘}Qj(Yk = G2Qj(jk‘>Qij =0
9 9
D1 Q5 qK—9;5 Tk = —6In 2, Dquqk_ﬂ]].qk =0. (6111)
What is left to do now, is to add the terms proportional to In2 from Eq. according
to Eq. (6.101). In quark-antiquark scattering we have the coefficients

D 1
Diga—qa. = Digsa—qsa +20rIn2 = 3 In2

~ 8
Daga—q0 = D2g;gi—q,0 +2CF 02 = 2 1n2, (6.112)

which are the ones presented in Table For processes, in which gluons are involved, the

soft anomalous dimension matrix are diagonalized after we have set = 0.

This example closes the section and also the chapter. We have studied the resumma-
tion of next-to-leading logarithmic threshold logarithms on the direct- and resolved-photon
cross sections for the process yN — h 4+ X at high transverse momentum of the hadron
h. In order to take into account all relevant experimental cuts, we extended the rapidity-
integrated resummed result [26] by fully including rapidity dependence, following the tech-
niques developed in [27]. The basic idea was to treat only the partonic cross sections

and the fragmentation functions in Mellin-N moment space, and to keep the convolutions
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with the parton distribution functions in z-space. Finally, we showed how to link the

rapidity-dependent result to the fully rapidity-integrated result from the previous work
[26].



7. Phenomenological studies: Hadron
production at COMPASS

With our result for the rapidity-dependent resumied cross section from the previous chap-
ter, we are now ready to turn to phenomenological studies. We will apply the developed
formalism to the fixed-target lepton-nucleon scattering experiment COMPASS at CERN
[29, B0]. There, produced charged hadrons were observed at high transverse momentum
pr. From the theoretical point of view the kinematics employed in this experiment is inso-
far challenging as the observed pp-range is on the one hand relatively large (the hadronic
scaling variable is zp = 2pp/y/s 2 0.1, with /s the center-of-mass energy) such that the
partonic hard-scattering is close to the partonic threshold, but on the other hand the ob-
served pr-range is that low that it is at the lowest end of the perturbative accessible range.
Corresponding NLO calculations and their comparison to the experimental data [29] indi-
cate, that the higher-order threshold logarithms have a large impact and are far from being
negligible. Hence, a suitable theoretical prediction has to include these contributions, for
instance via threshold resummation. In this chapter we will analyze the impact of the large
logarithmic contributions to the partonic cross section associated with soft gluon emissions
close to the threshold region. We, therefore, apply the rapidity-dependent threshold re-
summation formalism of Sec. in the previous chapter. Then we compare our results
directly to the experimental data. In the second part of this chapter we compare the phe-
nomenological results of the fully rapidity-integrated resummed approach of the previous
work [26] to the rapidity-integrated resummed cross section, which we integrate over the
full kinematically allowed rapidity range. This allows to judge, whether rescaling the fully
rapidity-integrated cross section by an appropriate ratio of NLO cross sections provides a

suitable approximation for the rapidity-dependent resummed cross section.
Please note again that parts of the present chapter have already been published in [31].

7.1. Comparison of theoretical prediction to experimental data

Starting from Eq. (6.75) we now compare the resummed cross section to experimental
hadron production data measured at the COMPASS experiment at CERN [29, 30]. In this

fixed-target experiment muons with a mean beam energy of E, = 160 GeV were scattered

115
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pt+d—opt +rE+X
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Fig. 7.1.: Comparison of the LO, NLO and resummed (“resum”) calculations to COMPASS data. The
error bars shown for the experimental data are the quadratic sums of statistical and systematic uncertain-
ties. In addition, there is a 10% normalization uncertainty due to the luminosity determination. For scale
1 = pr/2 we only show results for pr > 2 GeV.

off a deuteron target, corresponding to a lepton-nucleon center-of-mass energy of /s =
17.4 GeV. Due to the detector acceptance the fraction y of the lepton momentum carried
by the photon is restricted to the range 0.2 <y < 0.8. For the COMPASS photoproduction
studies the maximally allowed virtuality Q2. of the photons was Q2. = 0.1 GeV2. The
measured hadrons h* were subject to the following kinematic cuts: the fraction zcy; of
the virtual photon energy carried by the detected hadron had to be within the range
0.2 < zeut < 0.8. In addition, the scattering angle 8 of the observed hadron was constrained

by 10 < 6 < 120mrad, corresponding to 2.38 > 1 > —0.1 in pseudo-rapidity in the lepton-
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Fig. 7.2.: The direct contribution versus the resolved one in the MS scheme for the photon’s parton
distributions. The crosses denote the first-order expansions of the direct and resolved resummed cross
sections.

nucleon center-of-mass system.

In our calculations we use the CTEQ6M5 set of parton distribution functions for the
nucleon [I50] and the “Gliick-Reya-Schienbein” (GRS) parton distribution functions of the
photon [I4I]. For the fragmentation functions we use the “de Florian-Sassot-Stratmann”

(DSS) set [I51]. All scales in Eq. (6.75) are set equal, p = p, = pyp = ppf = pr. In
order to investigate the scale dependence of our results, we will also show the results for

p=pr/2 and p = 2pr.
In Fig.[7.I] we present our results for the matched resummed cross section for photopro-

duction in ud — hT X for COMPASS kinematics and compare it to the experimental data
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[29]. Note that the data are available down to low transverse momentum pr = 1.2 GeV,
while we start our theoretical cross sections at pr = 1.75 GeV to make sure that application
of perturbative methods is sensible. For all our calculations we have applied the cuts on
the momentum fraction y in the Weizsdcker-Williams photon and on the photon’s maximal
virtuality given above. Moreover, thanks to our rapidity-dependent resummed approach,
we are able to take into account the proper pseudo-rapidity cuts 2.38 > n > —0.1 as well
as 0.2 < zey < 0.8 directly. Fig.[7.1] also shows the LO and the NLO cross section. One
observes that the LO one is far below the data. The NLO corrections are huge, which
indicates the importance of going beyond NLO and taking into account the threshold loga-
rithms to all orders. The matched resummed cross section gives again a sizeable correction
to the NLO result, enhancing the latter by a factor of about two. One observes that the
resummed results agree with the data within the (admittedly, large) systematic error. Note
that unfortunately for the kinematics discussed here the scale uncertainty of the resummed
result is not really smaller than that of the LO or the NLO one.

Even if neither the direct contribution dog;, nor the resolved one doyes are individually
measurable quantities, as both of them depend on the scheme chosen for the factorization
of singular collinear parton emissions, it is instructive to consider both parts separately.
The direct processes will generally dominate at high pr. On the other hand, in contrast to
the direct processes, the resolved ones have an additional intermediate particle generated
by the photon. As this carries only a fraction x- of the photon momentum, less phase space
is available for producing a high-momentum hadron. Therefore the resolved processes are
on average closer to the partonic threshold, and thus we expect the threshold logarithms
to have more impact than for the direct contribution. In addition, the resolved processes
involve four colored partons, making them more likely to radiate soft gluons. Fig.[7.2]
compares the direct and resolved contributions and the resummation effects on them. At
lowest order the direct contribution exceeds the resolved one over the whole ppr-range
considered. This changes already at NLO: Because of the large size of the NLO corrections
in the resolved case, the resolved NLO cross section exceeds the direct NLO one at pr <

2 GeV. This trend continues for the resummed cross sections.

In order to see whether the large effects from soft-gluon resummation correctly give the
dominant part of the cross section, we perform a consistency check. For each subprocess
the resummed cross section (not the matched one) is expanded to NLO and compared
to the corresponding full fixed-order NLO result. Fig.[7.3] shows that these expansions
reproduce the NLO results very well for all processes, except for the relatively low pr region
(pr < 5GeV) of the channel gg — ¢¢ which, however, only makes a small contribution to
the full cross section. The discrepancy in this particular case is due to terms not related
to “+47-distributions which get more and more important at low pp. In Fig.[7.4] one can
see the process gg — qq for negatively charged hadrons at COMPASS kinematics. At
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Fig. 7.3.: These plots, one for each of the resolved channels for the production of negatively charged
hadrons pu* +d — ,Lﬁ/ + h™ + X at COMPASS kinematics, serve to compare the first order expansion of
the resummed cross section (resum O(as?)) to the full NLO result. We plot also the LO and resummed
curves, in order to show the soft-gluon effects and the contribution of each channel to the total resolved
cross section.
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Fig. 7.4.: NLO, logarithmic and constant first order corrections at threshold (NLO|p(y,w)=0), resummed
(resum) and first order expansion (resum O(a,®)) of the resolved process gg — ¢ for the production
of negatively charged hadrons at COMPASS kinematics. This process is the only one for COMPASS
kinematics, in which the first order expansion of the resummed cross section seems not to be a good
approximation for the full NLO result.

low pr its full NLO result is up to a factor of 8 smaller than the first order expansion of
the resummed cross section. With increasing transverse momentum and thus by coming
closer to the threshold, the two curves approach each other. Fig.[7.4] shows, that when
setting all terms at zero, which are subleading at threshold, that means F(v,w) = 0 in
Eq. , the resulting curve NLO|p(y,)—0 coincides with the first order expansion. Thus
the discrepancy is caused by the F'(v,w) terms. However, due to the rather low numerical
contribution of this channel, the total resummed cross section is not affected. Figure
also shows these comparisons, again separately for the direct and resolved contributions,
where for each of the two we have combined all relevant subprocesses. As can be observed,
the agreement of the expansion and the NLO result is excellent. This implies that the terms
which are formally suppressed by an inverse power of the Mellin moment N near threshold
indeed are insignificant. Thus one may safely assume that this will also be the case for
higher-order corrections, so that the resummed cross section yields a good approximation

to the all-order perturbative cross section.

We now investigate how the large enhancement of the NLL resummed cross section
that we observed in Fig.[7.T] builds up order by order. We therefore expand the matched
resummed formula beyond NLO and define the “soft-gluon K-factors”

do.matched/de ‘ 0 (a1+n

doNLO / dpr

KM = ) (7.1)
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Fig. 7.5.: Soft-gluon “ K-factors” relative to NLO, as defined in Eq. (7.1), for COMPASS kinematics. The
numbers labeling the curves refer to the superscript n in K™ in Eq. 1i
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In addition, K™ = K () ig defined as the ratio of the matched resummed cross section
to the NLO one. Because of the matching procedure given by Eq. , the first-order
expansion of the matched resummed cross section is identical to the full fixed order NLO
result, and we have K1) = 1. Figure shows K™"™ along with the six lowest soft-gluon
K-factors. One can see that they are almost flat for pr < 3.5 GeV but exhibit a dramatic
enhancement for higher transverse momenta. Figure also indicates that the series
KO K@ KB converges towards K™ which may be regarded as further evidence

for the importance of resummation.

Next, we study the ratio of the production cross section for negatively charged hadrons

over the one for positively charged hadrons. This ratio is also accessible at COMPASS.
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Fig. 7.6.: Ratio of production cross sections for h~ over h™: do
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Figure [7.6] shows our calculation compared to the data. As expected, the production of
positively charged mesons is preferred. This effect mostly stems from the QCD-Compton
process vq — qg in the direct channel which couples to up quarks four times as strongly as
to down quarks. This tendency is most distinct for LO and softens when going to NLO and
to the NLL resummed cross section, since resolved higher-order contributions are gaining
importance. Figure [7.6] shows that the resummed cross section somewhat overpredicts the
charge ratio measured in experiment. We note, however, that we have obtained the scale
uncertainty bands in the figure by simply dividing the h~ and h™ cross sections for a given
scale. The true scale uncertainty on the ratio will likely be larger as one could, in principle,

choose different scales in the computation of the two cross sections.

Finally, in Fig.[T.7] we investigate the dependence of the cross section on the photon

energy fraction y in the Weizsicker-Williams spectrum. We consider the double differential



7.1 Comparison of theoretical prediction to experimental data 123

or pr,=1.625GeV | pr,=1.875GeV [ Pr.=2.125 GeV
9 . I prp=1.875GeV | prp=2.125GeV | prp=2.375 GeV
=z [ — -
=3 | 7
3
£ 5¢ - B
= °
\fg 3 e - e L .
1 V T e ‘e e o | ® o o o
| | | | | | | | | | | | |
or Pra=2.375 GeV - pr,=2.625GeV [ ° b1 4=2.875 GeV
§ . r pTp=2.625 GeV | Prp=2.875 GeV Prp=3.125 GeV
=z r - |
s | . [
£ 5r - -
2 L I
g °
3 31 ] i b B .
S ) ° ° ° [ ] ° ° o I ° o R
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cross section d?o/(dprdy) integrated over pr bins and averaged over the ranges [y — 0.05 :

y + 0.05],
1 /y+0.05 p1,b d20
— dy’/ dpr. 7.2
0.1 Jy—o0.05 pr.a Aprdy’ g 7.2

At fixed transverse momentum the phase space available for the production of additional

partons is smaller, the smaller the photon energy fraction y. Therefore, for decreasing y
one gets closer to partonic threshold, and one expects an increase of the cross section due
to the impact of soft gluon emissions. This behavior is more pronounced at higher pr. The
quantitiy y is directly accessible in experiment, so we are able to compare the y-dependence
of the experimental data to the theoretical calculation. This comparison is important to
clarify the question whether hadron production at this kinematics is well-described by
perturbative methods. Fig. and Fig. show the ratios of the experimental data
to the NLO calculation and the resummed result, respectively. In the comparison with
the NLO cross section, we observe a clear dependence on y with a strong increase of the
ratio towards low y. This increase is stronger at higher pr. This behavior is consistent
with our previous considerations, as one is closer to the threshold region at higher pr for

a fix center-of-mass energy. Thus, here the soft gluon effects are expected to be larger.
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In Fig. we take into account the impact of soft gluon emissions in the theoretical
prediction. As a result we see that the y-dependence of the ratio has almost disappeared.
This shows nicely that threshold resummation is really needed in the kinematical regime
of COMPASS to explain the shape of the y-dependent cross section. Note that though the
y-dependent part of the ratio of the experimental data to theoretical prediction is almost
cured, the ratio is still roughly around the value two. This offset is independent of the given
transverse momenta and showed up already in the y-integrated, pr-dependent resummmed
cross section in Fig. [7.I] In this plot, however, we have seen, that the resummed results

agree with the data within the systematic error.

7.2. Rapidity-dependent vs. rescaled fully rapidity-integrated
resummation

In the last section we have seen that threshold effects become more important at higher
transverse momentum pp. A similar effect can be observed when one goes towards large
rapidities for fixed pp. High rapidities |n| — nmax correspond to the limit of phase space
where the high momentum fraction « in the parton distribution functions are probed.
Thus, large rapidities are expected to enhance resummation effects by far more than cen-
tral rapidities. In previous studies, where rapidity dependence in resummation, has not
been available, the following approximation was used to adopt the fully-rapidity integrated

resummed cross section to the limited range of rapidity given by the experimental setup:

2.38
da;ef‘égtch _ do ;ej?rﬁlegrated Z0.109ndo NLO/ dprdn (7.3)
dpr —0.10<n<2.38 dpr fan n dn dUNLO/dedn

That is, one rescales the fully rapidity-integrated cross section by an appropriate ratio of
NLO cross sections [72]. As it was shown in [72], this approximation works fairly well
for moderate n, since here threshold resummation mainly affects the normalization of the
cross section, and less its shape in 7. Before we will see how well this approximation works
for the rapidity range covered by COMPASS kinematics, we study the full kinematically

allowed 7 range, that is

14 4/1— 22
< | —Y T}, (7.4)

xrT

In Fig. we compare the fully rapidity-integrated resummed cross section doy®™{, o4/ dpT
(6.100) from Sec.[6.3.3] with the rapidity dependent resummation formula do™"™ /dprdn
(6.21)) from Sec. which we integrated over all 7). It is important to see that these two

approaches actually are not identical. While in the first one the partonic rapidity, appear-
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Fig. 7.10.: The figure shows the rapidity-dependent resummed result do™**"" /dprdn (“resum (n-dep.)”)

resum

versus the fully rapidity-integrated one doy*\\fegratea/dpr (“resum (n-integrated)”), both in all kinemati-
cally allowed 7. The full LO and NLO results serve to compare the zeroth and first order expansion of the
rapidity-dependent and rapidity-integrated formula, respectively.

ing in the next-to-leading-log terms of the resummed exponents and in the N-independent
C-coeflicients, was simply set to zero 7 = 0, the rapidity was integrated out correctly in
the latter one, falln dn do™"™ /dppdn. In fact, we observe a quite substantial difference in
our numerical studies in Fig. [7.10] Though this difference remains sizeable, it decreases for
large pr as one is closer to the threshold region, where the 7-independent leading-log terms
get more and more important. This behavior can also be observed when one studies their
respective first order expansions. While the first order expansion of do™®"™ /dprdn agrees

excellently with the exact NLO result, the first order expansion of daﬁ,ef?;?egrated /dpr is
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labelled as “resum (n-match)”, to the rapidity-dependent resummed cross section fiﬁo dn do™®"™ /dprdn,
“resum (n-dep.)”, in the n-range covered by COMPASS kinematics.

slightly above the full NLO cross section at low pr. For completeness, we also show the
LO results. Apart from the fact, that they were numerically obtained in a different Wayp;g],
they all agree analytically.

We now turn over to the limited rapidity range covered by COMPASS kinematics,

—0.10 < 5 < 2.38, (7.5)

and compare the rescaled rapidity-integrated resummed cross section %mh in 1’ to
2.3

the rapidity-dependent resummed cross section f—o.?o dn do™"™ /dppdn. The results are
presented in Fig. [7.11] We see that the difference of the results of the two formalisms gets

¥n Fig. “LO” was calculated completely in physical space, “LO (n-integrated)” was performed com-
pletely in Mellin- N-space, and for “LO (n-dep.)” only the partonic cross section and the fragmentation
function were calculated in Mellin-/N-space.



7.2 Rapidity-dependent vs. rescaled fully rapidity-integrated resummation 129

smaller and smaller for increasing pr and they even agree well for pr > 3.5 GeV. So, for
sufficiently high pr, rescaling of the n-integrated resummed cross section is a fairly good
approximation here. The question arises why this approach works well for high pr in the
n-range given by COMPASS kinematics, but not for the full kinematically allowed n. The
reason lies in the arguments given above. The off-central n-region, which is not covered
by COMPASS kinematics, receives particular large threshold corrections. The next figure
[7.12] serves to illustrate this point.

We look at the rapidity dependence of the cross section at a fixed pp. The resummed

result do™"™ /dppdn (“resum (n-dep.)”) is compared to

do.resum NLO do-:]e—SlilrIlrtlegrated
n—match __ do dpr (7 6)
doNLO ? .

dprdn dprdn [, NOF o r

that is, the n-shape of the NLO cross section, which was rescaled by an 7n-independent
constant. This constant was chosen to be the appropriate ratio of the fully rapidity-
integrated resummed and NLO cross section. Fig. shows the results for pr = 3.5 GeV.
We see that for rapidities n > —0.10, o%e_s&rgtch is close to our final result, the rapidity-
dependent resummed cross section ¢™"™. Here, the soft-gluon corrections give almost the
same percentage of the NLO result over the region n > —0.10. For rapidites n < —0.10,

however, threshold effects get even more important, such that even the shape in 7 is

resum
n—match

formalisms in Fig. still deviate from each other for high pr.
Next, let us draw the attention to another point in Fig. [7.12] The plot also shows the

first order expansion of the n-dependent resummed cross section, compared to the full

changed. The resulting substantial difference to o explains why the two resummed

NLO result. One may observe that the first order expansion excellently coincides with
the full NLO result, except for central rapidities, where it is slightly below the exact cross
section. This is due to the fact that threshold logarithms do not dominate as much as in

the off-central regions.

We now want to study how things change if we move slowly away from the threshold
region, meaning, we look at lower py. Therefore, in Fig. we redo the same plot as in
Fig.[7.12] but for pr = 2 GeV. The first order expansion still provides a good approximation
for the exact NLO cross section. This is the basic requirement for the assumption that it
also holds true for the resummed cross section.

However, comparing the plots for pr = 3.5 GeV and pr = 2GeV, one change is clearly

visible: In the latter one, there is a huge difference between the rescaled n-integrated cross

resum

I—match and the n-dependent resummed result. This is the case for all rapidities.

section, o
It is due to the fact, that 77 was set to zero on the way to the derivation of the fully

rapidity-integrated resummed cross section from the rapidity-dependent formula.
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to the n-shape of the NLO cross section, which was rescaled by the ratio %Tg”“d/faun n%

(“resum (n-match)”). Furthermore, the zeroth (“LO (n-dep.)”) and first order (“1° (n-dep.)”) expansion
of the n-dependent resummed cross section, as well as the full LO and NLO result are shown The shaded
region illustrates the n-range covered by COMPASS kinematics.

In order to see which impact an approximation of this kind may have, let us consider
the rapidity-dependent cross section, in which we approximate the partonic center-of-mass

energy in the arguments of the external parton exponents by
§ = 4p3 cosh® 1) ~ 4p>. (7.7)

To be precise, in Fig. we show

PHATy I o, ] ]
~ dprdy _(%:c/ mf/ T faye(@e, pgi) fon (Tn, fyi)
dN 2\—N 1n2N+3 2N .
/CQW;(Q”) Dy e (g )05 approx. (1), (7.8)

with

st (7) =AM (4DF, j07i) A (4% ) AN (4%, g ) T (49%) Tr { S 58 }

ab—cd ’

(7.9)

and where we used the same notation as in Eq. (6.21). As Fig. shows, this approxi-
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Fig. 7.13.: Same as in Fig. , but for pr = 2 GeV.

mation results in a drastical reduction of the resummed cross section. At large rapidities,

where one is close to partonic threshold, it roughly corresponds to the rescaled cross section

resum
n—matc

at relatively low pr = 2GeV. This underlines the importance of having a n-dependent

o - 90, approximating § ~ 4p% has a large impact on the resummed cross section
resummed cross section at these kinematics.

All in all, in the first part of our phenomenological studies we applied our theoretical
prediction based on the soft-gluon resummation at fixed rapidity to the photoproduction
process utd — pt + h+ X at high transverse momentum of the hadron h for COMPASS
kinematics. We observe an excellent agreement between the first order expansion of our
resummed cross section and the full NLO one. We also find a significant enhancement
of the resummed cross section over the next-to-leading order one, showing that the NLO
calculations are likely not fully sufficient. Resummation also significantly improves the
agreement between the data and theoretical predictions. The aim of the second part
was to point out the differences of our new formalism, the rapidity-dependent resummed
cross section versus the previous approach, that was, rescaling the fully rapidity-integrated
resummed cross section by an appropriate ratio of NLO cross sections. In particular
for relatively low pp the rapidity-dependent resummed cross section yields sizable, non-

negligible corrections.
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Fig. 7.14.: Same as in Fig.[7.12 but for p7 = 2GeV and for the resolved contribution only. The plot also

shows the 7n-dependent resummed cross section o

resum
7 —approx.

(see (7.8)), in which we replaced the partonic

center-of-mass energy in the arguments of the external parton exponents by 3 ~ 4p%. In addition also its

«“ 1st

first order expansion (approx.)” is plotted.



8. Summary and Conclusions

The goal of this thesis was to extend the unpolarized NLO cross section for inclusive-hadron
photoproduction by including higher-order threshold logarithms up to NLL accuracy. This
was done via a technique called threshold resummation. In order to provide reliable theo-
retical predictions a theoretical approach like this is essential for the fixed-target kinematics
employed in the COMPASS experiment at CERN.

We started out with a short review of basic ideas in perturbative calculations, most no-
tably regularization techniques and renormalization. This was followed by a part intended
to recall some of the techniques used in the threshold resummation for the Drell-Yan pro-
cess. We presented separate first order intermediate results for the real and the virtual
gluon contribution in order to illustrate how the large logarithmic contributions associated
with soft gluon emissions arise due to the imperfect cancellation of infrared singularities
near the partonic threshold. In this kinematic region a resummed formula may be derived,
which includes higher order terms in a systematic way. It turned out that close to the
partonic threshold, the exponentiation of only a subset of all relevant Feynman diagrams
of a specific order reproduces the dominant contributions of higher orders - up to a cer-
tain accuracy (which depends on the subset entering the exponent). We presented the
resummed result summing up threshold logarithms up to NNLL accuracy.

So far, we restricted ourselves on the Drell-Yan process. Consequently, the next step was
to outline how this procedure can be generalized to processes, in which four QCD-particles
instead of two are involved in the lowest order hard scattering process. This is the case
for the resolved processes of hadron production. Here, the situation is insofar more com-
plicated than the Drell-Yan case as also color flow influences the threshold contributions.
Nevertheless, resting on quite general factorization techniques it can be shown, that the
threshold logarithms may be resummed. The current state of the art is NLL accuracy. The
leading logarithmic terms associated with the soft and collinear gluon emissions of each
external partons are identical to those in the Drell-Yan process - these just depend on the
type of the corresponding parton. The greater complexity of hadron production manifests
in the NLL terms first. To address these terms, matrices - the anomalous dimension ma-
trices - occur in the resummed exponent to account for the color structure which is specific
to each channel. An extra chapter was devoted to show how these anomalous dimension
matrices may be derived.

The main task of this thesis has been to study the effects of next-to-leading logarithmic
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threshold logarithms on the direct- and resolved-photon cross sections for inclusive-hadron
photoproduction at high transverse momentum of the hadron h. There, the techniques
resumming the soft-gluon effects of four QCD-particles mentioned above directly apply.
As a new technical ingredient to resummation, we were able to fully include the rapidity
dependence of the cross section in the resummed calculation and to account for all relevant
experimental cuts. This was achieved by treating only the partonic cross sections and
the fragmentation functions in Mellin-N moment space, but keeping the convolutions with
the parton distribution functions in physical space. This differs from the usual approach,
in which all parts are calculated in Mellin-N moment space first, and then the result is
translated to physical space again.

In the last part of this work we applied the resummed expression for fixed rapidity
of the observed hadron to a phenomenological analysis of the COMPASS experiment
urd — ;ﬁ/ + h* + X, in which the hadron h is observed at high transverse momen-
tum pr. For the kinematics employed in this experiment, we have found large higher-order
soft-gluon QCD corrections. These are due to the fact that one is overall rather close to the
threshold region, as shown by the relatively large value of the hadron’s transverse momen-
tum over the available center-of-mass energy +/s, typically 2pr/+/s 2 0.1. The threshold
logarithms addressed by resummation strongly dominate the higher-order corrections. We
have verified this by comparing the first-order expansion of our resummed cross section
with the full NLO one, finding excellent agreement of the two. We have observed a signif-
icant enhancement of the resummed cross section over the next-to-leading order one. This
shows that it is crucial to go beyond the NLO cross section. Resummation also significantly
improves the agreement between the data and theoretical predictions and thus turns out
to be a vital ingredient for the comparison between theory and experimental data.

In a future project, our calculations will be extended to the case of helicity asymmetries
for this process. Previous NLO predictions observed significant differences in the K-factors
(the ratio of higher order to LO cross sections) for unpolarized and polarized cross sec-
tions [152]. This makes the effect of threshold resummation on the helicity asymmetry
particularly interesting. As far as the theoretical framework for that is settled, polarized
COMPASS data can help to constrain the nucleon’s spin-dependent gluon distribution at
momentum fractions z ~ 0.1 + 0.3. However, even if this will add valuable information to
the present knowledge, this experiment will probably not be able to resolve the proton’s
spin crisis. This requires new facilities as planned in the EIC project, which hopefully will
be realized in future. With its anticipated capability to reach two orders of magnitude
lower in parton momentum fraction than previously achieved and to enable new measure-
ments to address also the quark and gluon orbital angular momenta in the nucleon [14], it

surely would help to shed light on the mystery regarding the proton spin.



A. Elements of QED and QCD: The
Feynman rules

The Feynman rules provide an intuitive way of performing perturbation theory.

In Feynman diagrams we differentiate between external lines, internal lines (propagators)
and vertices at the intersection of three (or more) lines at one point. In the following we
consider a fermion ¢, for example a quark. Its charge is given in units of the electron charge

e by ege.

QED Feynman rules

Propagators
q G — (1 _ g) qu(h'/e
photon A L AAAANAAS U o S g+
q° + 1€
. , p . . ptm
fermion ;] —»—— j m ij
Vertices

I

photon-fermion g cam
q q

Here we adopted the convenient notation to denote combinations

at'yy = apyt = ¢ (A.1)

The Feynman rules given above provide us with truncated connected Green functions. In
order to obtain transition matrix elements, we add the rule that external lines should be

on their mass shell.
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QCD Feynman rules

Propagators
q
gluon A Ol Q0000000 b
k
ghost x a--—-+--}
Vertices
cp
quark-gluon
A B
cu
host-
ghost-gluon ﬁ)
b a

3-gluon

p

a c A

bv
TD2
1 b3
v N
a
cp W%@ﬁ/ bv
do

4-gluon

Guv — (1 - 5) qqéuf:e
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1
— 0
k2 + ie ab
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+guu(p2 - pl))\ ]

- i92 [ fabefcde (guagpu - guagpy)
+ face foed (guagpu - guugap)
+ fade foce (g,uugap - gupgay) ]
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The fermion and gauge boson propagators are in QCD the same as in QED, times an
identity matrix in the gauge group space. Similarly, the polarization of external particles
is treated the same as in QED, but each external particle also has an orientation in the
group space.

Note, that the ghost-gluon vertex contains only the outgoing ghost momentum, but no

incoming ghost momentum.

Additional rules for external lines

Fermions (quarks)

Bs

outgoing fermion % u(p, s)

.8
R 5

outgoing antifermion v(p, s)
)8

o 5

incoming fermion u(p, s)
)8

. 5

incoming antifermion o(p, s)

Vector fields (photons/ gluons)

outgoing vector @\M et (k)
incoming vector M@ e (k)

A free fermion with mass m and spin s is described by a spinor u(p,s), while an anti-
fermion is denoted by ©(p, s). In each case the energy, given by po = E, = +/p? + m?, is

positive. The spinors u(p, s) and the antiparticle spinors v(p, s) obey the Dirac equation
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in the form

The spinors and antispinors are normalized in such a way that

> u(p, s)u(p, s) = 2m

spin

Z o(p, s)v(p,s) = —2m (A.4)

spin
and the projection operators are

“mﬁﬂn$=@+mﬂi¥ﬁ

1—1—75%

- (A.5)

U(pa S)ﬁ(p7 8) = _(m - p)

In computing unpolarized cross sections we often sum over the polarization states of a

fermion. Due to the previous relations we obtain directly

Zu(p7 S)I_L(p, 5) = p+m (A6)

S

> v(p,s)v(p,s) = p—m. (A7)

S

The spin vector s satisfies

s-p =0
2 = -1, (A.8)

and is generalized from its form in the rest frame of the particle s, = (0, s), where s is the
polarization vector with s-s = 1.
A convenient basis for spin is the helicity basis, in which the spin is aligned parallel or

antiparallel to the direction of motion. In this basis the spinor uy(p) is an eigenstate of
the operator %75;§ with eigenvectors A = :l:%. Here Eq. (A.4) and Eq. (A.4) yield [53]

uA(p)uX(p) = 2m(5)\7>\/
oa(p)on (p) = —2mdxn. (A.9)
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For unpolarized cross sections involving photons, one can replace

Z €60 = —Guv (A.10)

polarizations

Here @y (p) = ur(p)fy0. Dagger”” is used for hermitian conjugation and asterisk ”*”

for complex conjugation.






B. Mellin-N moments of Plus-distributions

/OldmmNH ! = —[U(N +2) +E] (B.1)
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C. Anomalous dimension-, soft- and hard-

matrices

Table C.1.: Collection of anomalous dimension-, soft- and hard- matrices for the first part of processes
[126]. We adopt the notation of [126]: 7' = In (_Tt) +mi, U =In (=%) + i (with the Mandelstam variables

as in Eq. (6.6)).
qq9 — qq
NZ 0 o (20PT  —SEU
S=1 (v Ps =% Loy _ @20
q;q; — 954; 49 — qkqk 49k — 959k
Cc? c
h h = —<Eh 0 0
H=a? (hn h12> H = o> Ng {VE H:a§< h)
12 hao _JT?h Wh 0
202, 124 +2 2, 42 2524402
hi = E h= h= 2
72 ~2 ~2
hiz = 21\% _tz\/tsy2 "
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hoe = g (BT + 2548 - 42
qq9 — qq
2
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Table C.2.: Same as Table but for the second part of processes.

qq — g9 and gg — qq

N.(N? - 1) 0 0 0 0 U-T
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