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1 Introduction

The understanding of what builds up our visible and non-visible universe was and
still is one of the key questions of physics, starting with the Greek philosopher
Demokrit, who supposed a model that matter is made up of indivisible (Greek:
a-tomos) particles called atoms. This was ignored rather 2000 years, and it took
until the 19th century when the physicist Joseph John Thomson discovered the
existence of one constituent of atoms, namely the electron. In the beginning of the
20th century Ernest Rutherford revealed in his scattering experiments the finding
that atoms are not massive particles, but have an inner structure. He suggested
that the positive charge of an atom and most of its mass is concentrated in a
nucleus at the center of an atom, with the electrons orbiting it like planets around
the sun [1]. Rutherford’s model was further revised by the physicist Niels Bohr
in 1913, when he suggested that the electrons were confined into clearly defined
orbits [2]. After the discovery of pions in cosmic rays in 1947 [3], the development
of improved particle accelerators and particle detectors led to the identification
of a large amount of hadrons. The notion of quarks evolved out of a classification
of these hadrons developed independently in 1961 by Gell-Mann and Nishijima
4], which was called the eightfold way, as in this scheme the hadrons are grouped
together into octets. This quark model was further revised by Ne’eman and Zweig
[5] and attained great success for, e.g., the prediction of the 2~ baryon [6], which
was eventually discovered at the Brookhaven National Laboratory.

In the 1960’s a new program was started at the Stanford Linear Accelerator
Center (SLAC), where a high-energy electron scatters off a nucleon, interacting
via the exchange of a photon with high virtuality Q? [7]. The results of this Deep-
Inelastic Scattering (DIS) compelled an interpretation as elastic scattering of the
electron off pointlike, spin-1/2 constituents of the nucleon, carrying fractional
electric charge. These constituents, called “partons”, were subsequently identified
with the quarks.

One assumption of this very successful parton interpretation of DIS was that
partons are practically free (i.e., non-interacting) on the short time scales set
by the high virtuality of the exchanged photon. As a consequence, the underly-
ing theory of the strong interactions must actually be relatively weak on short
time or, equivalently, distant scales. The groundbreaking development was when
Gross, Wilczek and Politzer showed in 1973 that the non-Abelian theory Quantum
Chromodynamics (QCD) of quarks and gluons possessed the remarkable feature
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of “asymptotic freedom”, a discovery for which they were awarded the 2004 No-
bel Prize for Physics [8]. This weak interaction of partons at short distances
were then predicted to lead to visible effects in the experimentally measured DIS
structure function

1

Fi(e, Q%) =5 ) _egla(z, Q) + a(x, Q%) (1.1)

q

Here, ¢ [q] are the probabilities for finding an unpolarized quark [antiquark] in
the unpolarized nucleon with a fraction x of the nucleon’s momentum. (? is the
virtuality of the exchanged photon and determines the length scale R ~ 1/Q
probed in DIS. e, is the electric charge of quark ¢ and the sum runs over all
possible quark flavors being determined by the center-of-mass system (c.m.s.)
energy /S of the high-energy experiment. The dependence of the structure
function I on the virtuality Q% is known as “scaling violations”. It essentially
describes the response of the partonic structure of the proton to the resolving
power of the virtual photon, set by its virtuality 2. Within the theory of QCD,
including the introduction of gluons as the particles mediating the strong force,
precise predictions for the Q? dependence of F; can be provided. It turned out
that the predicted scaling violations were observed experimentally and verified
with great precision by the H1 and ZEUS experiments at DESY-HERA [9]. This
led to a great triumph of the theory of strong interactions, namely QCD, and
made DIS to a very useful tool for understanding the structure of nucleons.

Nowadays, QCD is embedded in the Standard Model of particle physics de-
scribing three of the four fundamental forces between the elementary particles:
electromagnetism, weak, and strong interaction, with gauge bosons as the force-
mediating particles.

A further milestone in the study of the nucleon was the advent of polarized
electron beams in the early 1970’s. This now allowed to perform DIS measure-
ments with polarized lepton beams and nucleon targets, offering the first time
the possibility to study whether quarks and antiquarks have preferred spin direc-
tions inside a spin-polarized nucleon. It was first studied at SLAC [10] and the
European Muon Collaboration (EMC) [11]. The program of polarized DIS has
been and still is an enormous successful branch of particle physics. In analogy to
unpolarized DIS, one defines a spin-dependent structure function g, by

010, Q%) = 5 3 Aldale, @) + Aq(e, @) (1.2

q

with Ag [Ag] being the helicity distributions of quarks [antiquarks] in the nucleon.
For example,

Aq(x, QQ) = q+(x, QQ) - qi(xv QQ) (13)



counts the number density of quarks with the same helicity minus the number
density of quarks with opposite helicity as the nucleon. A more detailed definition
of these quantities will be given in Chapter 2. In the same way, one can define a
helicity distribution for gluons by

Ag(‘r7Q2) :g+(x,Q2)—g_(x,Q2). (14)

Now, a prime question is how the proton spin, which is well known to be %, is
composed of the average spins and orbital angular momenta of quarks and gluons
inside the proton. To be more precise, this is expressed by the spin “sum rule”

[12]
52 = 5 = SAN(Q) + AGQY) + L(QY) + L4(QY), (1.5)

stating that the proton’s spin—% consists of the total quark polarization AY(Q?) =
fol dz[Au + Au + Ad + Ad + As + A3](x, Q?), the total gluon polarization

AG(Q) = [ Agle. @, (1.6)

and of the orbital angular momenta L%%9 of quarks and gluons.

The single most prominent result of polarized DIS is the finding that quark and
antiquark spins summed over all flavors provide very little - only about ~ 20%
- of the proton spin [13]. This result is in striking contrast with predictions
from constituent quark models and has therefore been dubbed “proton spin cri-
sis/surprise”. Even though the identification of nucleon with parton helicity is
not a prediction of QCD, such models have enjoyed success in describing hadron
magnetic moments and spectroscopy. This result now implies that sizable con-
tributions to the nucleon spin should come from the polarization of gluons AG
and/or from orbital angular momenta L%%9 of partons.

To this day, very little is known about orbital angular momenta of partons.
There are attempts to gain information about it from QCD sum rules [14] and
in exclusive processes like deeply virtual Compton scattering (DVCS) [15]. A
theoretical approach can also be made via Lattice QCD calculations [16].

Scaling violations in polarized DIS allow, in principle, to determine not only
the Aq + Ag combinations for various flavors, but also Ag(x, Q?). However, due
to the limited range in Q?, results from DIS alone are not very conclusive [17].

A better way to access Ag(x,Q?) in lepton-nucleon scattering is to select fi-
nal states, which are predominantly produced through the photon-gluon fusion
process. Due to the relatively small c.m.s. energy /S available in the current
fixed-target experiments, such studies are limited to charm and single- or di-
hadron production at moderate transverse momenta Pr. Recent results from
charm production at the COMPASS experiment [18] at CERN give a rather poor
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picture of the size of Ag(x, Q%) [19]. It turns out that the production of hadrons
is the much more promising process. Single- and di-hadron production is studied
at CoMPAss and HERMES at DESY and first results have already been published
[20, 21].

The main goal of this work is to provide a reliable theoretical framework to
describe and analyze the photoproduction of two hadrons at high transverse mo-
menta in lepton-nucleon collisions at the next-to-leading order (NLO) in pertur-
bative QCD (pQCD). So far, calculations are available only for single-inclusive
photoproduction of hadrons [22] at NLO and photoproduction of hadron pairs at
leading order (LO) [23]. We will give cross sections and spin asymmetries for both
CowmpAss and HERMES kinematics and make detailed studies of the underlying
subprocesses. This is also crucial for a future global QCD analysis of all spin-
dependent data in terms of polarized parton densities, in particular Ag(x, Q?).
Due to the lack of a theoretical framework at NLO, di-hadron photoproduction
data have been left out in recent analyses for polarized distribution functions [24].

Further applications of our calculations can be made for a polarized lepton-proton
collider such as the planned Electron-Ion Collider (EIC) [25].

It should be noted that results from polarized lepton-nucleon scattering ex-
periments are now supplemented by a growing amount of data from polarized
proton-proton collisions at BNL-RHIC [26]. The strength of RHIC is the possi-
bility to study several different processes, which are directly sensitive to gluon
polarization Ag(z,Q?): single-inclusive prompt photon [27], jet [28], hadron [29],
and heavy flavor production at high transverse momenta Pr, or any combination
of these final states in two-particle correlations. A recent global analysis, in-
cluding RHIC data, set significant constraints on the gluon helicity distribution,
providing evidence that Ag(z, Q?) is small in the accessible range of momentum
fraction 0.05 < x < 0.2 [24]. However, due to the limited range in x, statements
about the first moment AG(Q?) cannot be made yet.

The basic concept that underlies the theoretical framework in pQCD for high-
Pr processes in lepton-nucleon and proton-proton scattering, and any global
analysis thereof, is the factorization theorem [30]. In the presence of a hard
scale like the virtuality Q2 or transverse momenta Pr, quarks can be treated as
quasi-free particles due to asymptotic freedom. The factorization theorem now
states that these reactions may be factorized into long-distance pieces that con-
tain the desired information on the spin structure of the nucleon in terms of the
universal parton densities, defined in Eqgs. (1.3) and (1.4), and parts that describe
the short-distance, hard interactions of the partons. The latter can be evaluated
order by order in the strong coupling a,(Q?) within pQCD. This decomposition
of course is not exact and is valid only if a hard scale - like Q2 or Pr - is present.
Towards smaller scales there are corrections that are down by inverse powers of
the scale, so-called power corrections.



Nonetheless, the results of a perturbative calculation very often give excellent
approximations for physical observables, as it has been shown for example for
single-inclusive hadron or jet production at RHIC [28, 29,/31]. In general, pQCD
is an indispensable tool for a better understanding of scattering processes. It is
extremely successful in describing hard-scattering experiments at, e.g., DESY-
HERA and Fermilab’s Tevatron. However, pQCD studies in LO in the strong
coupling «, are suitable only for a rough qualitative picture of the underlying
process, calculations at NLO accuracy are required for a first quantitative analy-
sis to control theoretical uncertainties. However, at the fixed-target experiments
like CoMPASS and HERMES, which operate at relatively low c.m.s. energies, the
standard perturbative QCD framework might be not sufficient and power cor-
rections may become relevant. They will challenge our understanding and the
applicability of factorization and perturbative QCD and may open a window to
the non-perturbative regime, which is very poorly explored and understood so
far.

Before going into the details of predictions for the different experiments, we give
a brief outline of the fundamental concepts of perturbative QCD in Chapter 2.
After defining the Lagrangian of QCD, which underlies all following calculations,
we show how to make predictions for processes with strongly interacting particles
with perturbative methods. We give a general overview of the concept of renor-
malization and factorization and provide a prescription to handle divergencies
showing up in pQCD calculations by dimensional regularization. Furthermore, a
detailed definition of the non-perturbative objects like parton distribution func-
tions and fragmentation functions is presented.

In Chapter 3 we give the details of an analytic calculation of two-hadron pho-
toproduction at NLO accuracy of pQCD. An explicit computation of matrix el-
ements and polarization sums is shown in the leading order approximation first.
Next, we discuss virtual corrections and present the calculation of the three-body
phase space relevant for real gluon emission corrections. Special emphasis is put
on the integration of various combinations of Mandelstam variables. Thereafter,
we show how factorization works in practice.

We present numerical results obtained within the analytic calculation in Chap-
ter 4. Unpolarized and polarized cross sections for COMPASS and HERMES are
presented, as well as an examination of the theoretical uncertainties arising in the
calculation. Furthermore, we show the sensitivity of the experimentally relevant
double-spin asymmetries to the polarized gluon distribution.

Chapter 5 is dedicated to an approach alternative to the one given in Chapter 3
using the so-called “two cut-off phase space slicing method” [32] based on Monte-
Carlo integration techniques. Here, two cut-off parameters are introduced to
separate the regions of phase space containing the soft and collinear singularities
from the non-singular regions. We give a detailed prescription how this method
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works in practice and show how to obtain finite hadronic cross sections in the
end.

In Chapter 6 we present detailed phenomenological studies for CoOMPASS and
HERMES based on the Monte-Carlo approach. We test its applicability and com-
pare it to the results from the analytic calculation. Next, polarized and unpolar-
ized cross sections are shown with kinematics and cuts close to the experimental
setup of the fixed-target experiments.

Parts of this work containing the analytic approach have been published in
Refs. [23] 133], or have been accepted for publication [34]. A publication of the
main results of the second part including the Monte-Carlo approach is currently
in preparation [35]. The main goal of this work is to give a detailed account of the
analytic and Monte-Carlo NLO pQCD calculations. Whereas most technicalities
are omitted in the publications, we provide here all relevant formulas and details
of the calculation.



2 Basic Concepts of Perturbative

QCD

This Chapter is dedicated to the general framework needed in all calculations in
perturbative QCD (pQCD) at NLO accuracy. We introduce the Lagrangian of
QCD and give an idea of how to derive Feynman rules. We will demonstrate the
regularization of divergencies, which inevitably show up in higher order calcula-
tions. The procedure of renormalization is shown to remove ultra-violet divergen-
cies, and the fundamental factorization theorem is given for a proper treatment
of the remaining collinear divergencies stemming from collinear emissions of par-
tons. We close this Chapter by defining parton distribution functions for protons
and photons, and fragmentation functions. Finally, we give an overview of the ex-
perimental status of these quantities. They are needed for the phenomenological
studies presented in Chapter 4 and 6.

This Chapter shall serve as an introduction to the methods used for any pQCD
calculation. However, it is in no way complete and just gives an overview of the
basic concepts. For a detailed account of pQCD, we refer to textbooks like [36].

2.1 The Lagrangian of QCD

The standard model of elementary particles and their interactions has two basic
components: the spontaneously broken SU(2) x U(1) electroweak theory, and the
unbroken SU(3) color gauge theory, known as Quantum Chromodynamics (QCD).
This theory of strong interactions describes the interplay of spin—% quarks and
spin-1 gluons. As in all quantum field theories, the starting point is the Lagrange
density, which reads in the case of QCD

*CQCD = £cla\ssical + £gauge—ﬁxing + Lghost . (21)

The first term is the classical Lagrangian given by

. . 1 a a, v
‘Cclassical - ZQ/Jf(WuDM - mf)¢f - ZFNVF e (22)
f

The sum in Eq. (2.2)) runs over all active flavors f. 1 denotes a spin-% quark field
of flavor f with a mass my. Color indices are suppressed in Eq. (2.2) for simplicity.
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The terms in Lasicar describe the interaction of the quarks with massless spin-1
gluons. The field strength tensor F7, and the covariant derivative is given by

Fo = 9,A% 4 0,A% + g foe AL AC
D, = 8, —igAT", (2.3)

where A7 is the gluonic field with a color index a running from 1 to N2—-1=38
in a SU(N. = 3) theory. In Eq. (2.3), g, is the strong coupling constant, and the
f are the antisymmetric structure constants of SU(N.). The T are a set of
eight independent Hermitian traceless 3 x 3 matrix generators in the fundamental
or adjoint representation, which satisfy the commutator relation

[T, T") =i fobeTe. (2.4)

Both 1y and A depend on the four-dimensional space-time vector z, which is
suppressed for simplicity. Throughout this work we use the sum convention of
Einstein, where a summation over repeated indices is assumed implicitly. In four
dimensions the Dirac matrices v* obey

{7 = 29", (2.5)
where we have used the convention of Bjorken and Drell [37]
¢" = diag(1,—1,—1,—1). (2.6)

From now on we use the symbolic notation ¢ = a,7*. The fundamental difference
of QCD and Quantum Electrodynamics (QED) is the self-interaction of gluons
arising from the non-vanishing commutator term in the field strength tensor of
a non-Abelian theory in Eq. (2.3]). This self-interaction of color-charged gluons
is in contrast to the interaction of gauge bosons of QED, the photons, which are
charge-neutral and hence couple only to the electrically charged fermions.

For a proper definition of the propagator for gluon fields the quantization of
the classical field theory requires a gauge-fixing term for the gluon fields. The
choice

1
ACgaugefﬁxing = = % (aHAZ) (aVA(;) (27)

fixes the class of covariant gauges with a gauge parameter 7, ensuring the condi-
tion 9,A" = 0. In principle every value for 7 is allowed, as the physical observ-
ables must be independent of the gauge used. Throughout this work we adopt
the Feynman gauge (n = 1). In a non-Abelian theory such as QCD the covari-
ant gauge fixing term must be supplemented by a ghost Lagrangian including
anticommuting (fermionic), scalar ghost fields [38]

Lanost = gsf € (ALE") — £019,6° . (2.8)
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These unphysical ghost fields (Faddeev-Popov ghosts) preserve gauge-invariance
and current conservation, respectively, and cancel the unphysical polarization
degrees of freedom of the gluon fields emerging in covariant gauges, as the physical
degrees of freedom have to be transverse.

Altogether, the quantized QCD Lagrangian reads in a covariant gauge

I 1 a a, v
Locp = Z¢f(17uDu_mf)¢f_ZFuuF "
!

1
%(3“ A0 AY)

+ gsfabcgaﬁ“(Aﬁfb) — 1019, (2.9)
and is invariant under local gauge transformations.

Analytic or perturbative solutions in QCD are difficult to obtain due to the non-
Abelian nature of the strong force. Depending on the relevant energy regime,
there are several approaches for calculating physical observables. In the low-
energy regime one of the most common methods is Lattice QCD. In a lattice
gauge theory, the space-time is Wick rotated into Euclidean space, discretized,
and replaced by a lattice with lattice spacing a. The quark fields are only defined
at the elements of the lattice, the gluon fields at the links of the lattice. This is
to reduce the analytically intractable path integrals of the continuum theory to
a numerical computation. While it is a slow and resource-intensive approach, it
has wide applicability, giving insight into parts of the theory inaccessible by other
means, such as the baryon mass spectrum or hadronic corrections to weak matrix
elements. However, despite considerable progress, lattice calculations still suffer
from very limited space-time volumes and the extrapolation to the continuum
limit.

Another well-known method is the 1/N.-expansion, which starts from the
premise that the number of colors is infinite, and thus simplifies certain cal-
culations. One then makes a series of corrections to account for the fact that
N. = 3. Until now it has been the source of qualitative insight, rather than a
method for quantitative predictions.

In addition to the two approaches given above, another method in the low-
energy regime is chiral perturbation theory. In this regime of QCD, the degrees
of freedom are no longer quarks and gluons, but rather hadrons. Since chiral
perturbation theory assumes chiral symmetry, and therefore massless quarks, it
cannot be used to model interactions of the heavier quarks. In addition, unknown
coupling constants, also called low-energy constants, are associated with terms
in the Lagrangian that must be determined by fitting to experimental data. The
range of applicability is also highly debatable.

These methods, of course, are indispensable for a qualitative insight in the struc-
ture of the strong interactions. However, for precise calculations of cross sections
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and a quantitative description of QCD one must therefore apply the method of
perturbative QCD, which is applicable in the mid-to-high-energy regime. It is also
very important for an analysis of a wealth of experimental data and is known to
work well in the presence of a hard scale. Thus, we choose this approach in our
work. In the following we will explain the details and ingredients necessary for a
calculation in pQCD.

In pQCD we make an expansion in the strong coupling constant g,, with the
use of the fact that gs(u,) decreases if the scale p, increases. This implicates
that quarks move mostly free as non-interacting particles within the nucleons
(asymptotic freedom). QCD is a renormalizable field theory, which implies that
the coupling constant g must be defined by its value at some renormalization

scale p,, i.e., gs = gs(ir) = /4mas(p-). This dependence on the renormalization
scale y, can be expressed by the renormalization group equation (RGE)

dgs (NT)
dy,

= B(gs(pr)) , (2.10)

T

where the QCD beta function is a power series in g, beginning at O(g?)

300 = —ou ( 22+ (52) o+ (2.11)
ds) = —Js e I 2T ] . .
(1 and 5 can be obtained from a 1- and 2-loop calculation, respectively, of any

physical quantity that depends on p, in perturbation theory.
At LO and NLO the (; and (35 have the form

b =
fo =

(11N, — 2n;)

Wl — Wl

(102N, — 38n;) | (2.12)

with n; the number of active flavors. The solution of Eq. can be written
in NLO, i.e., taking into account both the 3; and 5 term in Eq. (2.11), in the
following form [39]

i [ falnln /A%

) = a1 B (/A (2.13)

A is the fundamental parameter in QQCD and has to be determined from exper-
iment, giving values A ~ O(200 MeV). The theory of pQCD is then applicable
only for hard scales Q > A. It should be noted that no analytical solution of
Eq. (2.10) exists beyond the LO approximation. Some more details on renormal-
ization and how it works in practice can be found in the next Section.
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Figure 2.1: The running coupling constant a,((Q). The Figure is taken from [40].

Since the strong coupling a(p,.) enters the calculation of all processes in leading
order and beyond, it can be determined, in principle, in all processes involving
hadronic particles. The energy dependence of the strong coupling as(j,-) provides
the most powerful and decisive test of the validity of QCD. Figure 2.1 shows
a compilation of many measurements of «;(ju,) made in a variety of physical
processes, at energy scales ranging from just above 1 GeV up to 200 GeV. The
predicted logarithmic decrease with energy implied by Eq. (2.13) is dramatically
seen. This is a fundamental property of QCD, known as asymptotic freedom
[8]. It conmsists of the observation that at larger renormalization scales ., or
correspondingly shorter time scales, the coupling weakens, and indeed vanishes
in the limit p, — co. As argued at the beginning of this Section, this is the basis
for all pQCD calculations.

Thus, in the high-energy (short-distance) regime quarks and gluons can be
treated as quasi-free particles, and interactions between them occur only as small
perturbations. This allows us to calculate an experimentally observable quantity
R in a power expansion of ay:

R=) alR™. (2.14)
n=0



14 2 Basic Concepts of Perturbative QCD

Even if the limit oy — 0 is considered, and the series in Eq. (2.14) is summed to
all orders, the power expansion does not uniquely define R. One basic feature of
pQCD is to assume this power expansion to be asymptotic, i.e.,

N
R-> arR™
n=0

for all N. Provided R"™ ~ By, the best approximation is achieved when the series
is truncated at its minimal term and the truncation error is roughly given by the
minimal term of the series. For a detailed discussion see, e.g., [41]. Asymptotic
series may yield good approximations for the physical relevant quantity, even if the
coefficients By do not converge. The divergence is due to non-perturbative effects.
At collider energies it has been shown in numerous cases that perturbation theory
works well in today’s experiments, if the particle’s energies are high enough.

The truncation of the series in Eq. (2.14) at a fixed order in the strong coupling
as leads to a residual dependence on unphysical scales u, such as ., introduced
to renormalize the theory. In principle the quantity R in Eq. (2.14) is completely
independent of a scale

< Bysiol ™ (2.15)

S Y

d d
—R=pu— "RM =0, 2.16
a Md“;%as (2.16)

At a given fixed order in oy the power series acquires a dependence on the scale.
This residual dependence is due to the higher orders in «ay. It gives a gauge for
the reliability of pQCD calculations, much more than the actual size of higher
order corrections. Controlling the theoretical uncertainties stemming from scale
dependence in a confident way motivates to go to NLO and beyond.

However, the connection between the perturbatively calculable partonic cross
sections and hadrons in the initial and final states requires much more than
asymptotic freedom. The problem arises already at the parton level. When one
calculates partonic processes beyond LO (tree graphs), cross sections involving a
definite number of particles in the final state will be divergent for certain kine-
matic configurations, in the limit of high energy or vanishing mass of the partons,
even after renormalization. One can obtain finite results only for certain classes
of cross sections, generally of the inclusive type, which are either “infrared safe”,
or that can be factorized into an infrared safe (short-distance) component and a
non-perturbative (long-distance) component, which are determined phenomeno-
logically from experiment. An observable is infrared safe, when its value does
not change abruptly, when an additional soft gluon is emitted, or a parton splits
collinearly into a pair of partons. Such configurations are treated with the con-
cept of factorization and renormalization, and will be discussed in detail in the
next two Sections.
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Before turning to the details of factorization and renormalization, we need to
derive Feynman rules to obtain the amplitudes and matrix elements for every
subprocess contributing to the considered process. These rules are defined from
the operator

SQCD = i/d4I£QCD, (2.17)

with Lqocp as given in Eq. (2.9). We can separate the Lagrangian density into a
free piece Ly, which contains all the terms bi-linear in the fields, and an interaction
piece L;,; containing all the rest

SQCD - SQ + Sint = Z/d4$£0 +1 / d4$£int . (218)

One now obtains the Feynman rules for the inverse propagators from —S,, and
the interactions are derived from Si. Thus, for example, the inverse fermion
propagator in momentum space is obtained by making the identification

o = —iph (2.19)

for an incoming field. In momentum space the two-point function of the quark
field depends on a single momentum p. It can now be written as

I (p) = —idi(p —m) (2.20)

which is the inverse of the propagator. Similar Feynman rules can be obtained
for the gluon field and the interactions of quarks and gluons. We have listed all
Feynman rules relevant for photoproduction in Appendix A. In the Appendix,
the ie prescription for the pole of the propagator is added to preserve causality.

2.2 Dimensional Regularization and
Renormalization

After introducing the Lagrangian of QCD, Eq. (2.9), and establishing the Feyn-
man rules, see Appendix A, we are in a position to carry out perturbative cal-
culations of cross sections for any process involving (anti-)quarks and gluons.
However, problems occur beyond the LO approximation, as one has to deal with
divergencies showing up in the intermediate steps of the calculations. The proce-
dure to make divergent integrals manifest by introducing some suitable prescrip-
tion is generically called regularization. It is a purely mathematical procedure
and has no physical consequences. Accordingly it is not a unique prescription,
there is a variety of regularization schemes. Before going into the details of dimen-
sional regularization 43], commonly used in the most calculations in pQCD,
we discuss first the different types of divergencies showing up beyond the LO.
There are three different types of divergencies:
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1. Ultra-violet (UV) divergencies emerge, if one has to deal with closed loops
in Feynman diagrams. As the loop momentum is not observed, it can reach
in principle any value and thus has to be integrated from 0 to infinity. E.g.,
at high momentum p the integral over the internal propagator of a quark

diverges. This is for example relevant for self-energies of gluons, quarks and
antiquarks as well as box diagrams. We refer to Chapter 3 for a detailed
discussion of diagrams of this type.

2. Infrared (IR) or soft divergencies show up, if the momentum of an emitted
parton approaches zero.

3. Collinear divergencies are encountered, when the emission of a parton is
collinear to another parton leg.

A physical cross section measured in experiment is, of course, free of any diver-
gencies. UV divergencies are removed by the renormalization procedure. The IR
and simultaneous IR and collinear divergencies cancel in the sum off all diagrams
contributing to a specific process, according to a theorem by Kinoshita, Lee, and
Nauenberg [44] 45,/46]. The remaining collinear divergencies are factorized from
the hard partonic cross section into the bare parton distribution functions and
fragmentation functions, depending on whether the collinearity is in the initial or
final state. The factorization procedure will be discussed in detail in Section 2.3.

Throughout this work we use dimensional regularization [42, 43]. Here, one
assumes that the space-time dimension is extended to n = 4 — 2¢ with an a priori
arbitrary but small parameter . Integrals, which are divergent in four dimen-
sions, are defined in n dimensions. The divergencies are “hidden” in quantities
proportional to 1/¢ and 1/&2, whose coefficients must be canceled by renormal-
ization and/or factorization and in the sum of all contributing diagrams to obtain
physical quantities in the limit ¢ — 0. Contrary to many other regulators, di-
mensional regularization is known to lead to consistent results (e.g., preserving
Ward identities) to all orders in perturbation theory.

In dimensional regularization, every integral over momentum space has to be

replaced by
4 n
/ I N / ' (2.21)
(2m)* (2m)"

and the contracted metric tensor is

9 = guwg"™ =n. (2.22)
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To keep the action in Eq. dimensionless, one has to replace the dimension-
less coupling g, by a dimensional one g,

~ 2
gs — gs = My *Gs (2.23)

with g being an arbitrary mass scale. The Dirac algebra in n dimensions
is unchanged - the Dirac matrices still satisfy the anticommutation relation of
Eq. (2.5). However, problems occur in the polarized case. The projection onto
specified helicities of spin-1/2 quarks and spin-1 gauge bosons (gluons and pho-
tons) requires objects like 5 and €,,,,, which are not defined in n # 4 dimensions
from first principles. Throughout this work we use the so-called 't Hooft-Veltman-
Breitenlohner-Maison (HVBM) scheme [43,/47]. Here, one carefully distinguishes
between objects in the “usual” 4, or in the additional (n — 4) space-time dimen-
sions. This is realized via a decomposition of the n-dimensional metric tensor g,,,

into a (n — 4)-dimensional part g,, and a 4-dimensional part éw,

G = G + G- (2.24)

In the same way we get a decomposition of p,

p= ") =0t (2.25)
with ﬁ“ and p* the 4- and (n — 4)-dimensional part, and of the Dirac-y matrices
= A A (2.26)

The tensor €,,,, is defined as usual for u,v,p,0 = 0,1,2,3 and vanishes in the
extra dimensions. We note that an anticommuting 75 in n dimensions would lead
to inconsistent results. Thus, it is defined to have a non-anticommuting part

{75} =0, [3*,7] =0. (2.27)

In the matrix elements the extension to n dimensions may lead to factors called
“hat-momenta”’, denoted by p* in the additional (n — 4) dimensions. They ap-
pear in polarized matrix elements discussed in Sec. 3.4.2 in detail and require a
special treatment when integrating over the phase space of unobserved partons.
In addition, special care has to be taken for massless spin-1 bosons like gluons
and photons. In n dimensions they do not have (4—2) = 2, but (n—2) = 2(1 —¢)
spin degrees of freedom. This is relevant when averaging over polarizations, as,
for instance, in unpolarized cross sections. In combination with poles in 1/ and
1/&? the factor 1/[2(1 — ¢)] gives additional finite contributions.

In order to illustrate how dimensional regularization works in practice, we take a
specific example of a UV divergent integral, namely the quark self-energy %;;(p),
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a, U b,v

Figure 2.2: Quark self-energy. Latin indices denote the color, Greek indices the
Lorentz structure.

schematically depicted in Fig. [2.2. The relation to the full quark propagator
Si;(p), which contains all radiative corrections, reads

5is

pm—+2() (2.28)

Sij(p) =

with ¥i;(p) = 6;;2(p).
Following the Feynman rules given in Appendix A and neglecting the masses
of the quark and gluon, the quark self-energy in 4 dimensions can be written as

d4k ( k) 5ab v
22](1)) = _/Wgsfy,uj—;l (pp k>2 gs’yuTﬁj ]{52 g“ . (229)

Keeping in mind that we use Einstein’s sum convention, we get for the color
factor
b T Tl =Y 0inbaT5Th; = Crdy; . (2.30)

a,b,l,n

with Cp = (N? —1)/(2N.) = 4/3, and obtain for the self-energy

S(p) = —Cr g’ / (37:;4 VZQ(ZD__Q;M. (2.31)

This 4-dimensional integral is linearly divergent, as can be easily seen by simple
power counting in k

1o K .
/d kk%? [P_I)I;OK (2.32)

Thus, the divergence stems from the high-momentum region |k| — oo. Now,
the divergence can be removed, if the dimension of the integral is changed to
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n = (4 — 2¢) < 4. Using dimensional regularization, the regularized form of

Eq. (2.31) reads

"k k-
Y(p) = Cri?(2 — 2.
)= Criz=—n) [ s (2.39)
where we have used
Y = (2= n)y, (2.34)

and replacing gs according to Eq. (2.23). Using Feynman parameterization and
going to the Fuclidean space by a Wick rotation, one can compute the integral

over k and obtains for the quark self-energy

2 2\ €
. g 4mpg 1

Y(p)=iCr——=p | —= ) (1 - — @] 2.35
W =iCrcloy (T are (Toae) 400 @3
where g is the Euler-Mascheroni constant. This unrenormalized expression for
the quark self-energy is obviously divergent as ¢ — 0, and hence this limit cannot
be taken yet. Inserting Eq. (2.35) in Eq. (2.28) and again neglecting the mass m

yields
0ij 1

Sii(p) =1———=——, 2.36
= P1+30?) (2:36)
where , X e

S(p?) = iCF (49;)2 (1 + - +1In f“;’) +O(e). (2.37)

The procedure to remove UV divergencies like in Eq. (2.37) is called renormal-
ization. In a renormalizable field theory like QCD, this is achieved by redefining
the gluon, quark, and ghost fields as well as coupling constants

Ar = 7,740

v o= 2y,

&= 5%

gs = ZgQr,s;

n o= Zsn,,

m = Zpm,, (2.38)

by so-called renormalization constants for gluon fields (Z3), quark fields (Zs),
ghost fields (Z3), masses (Z,,), and coupling constants (Z,). The renormaliza-
tion constant for the gauge parameter 7 is chosen to be the same as for the gluon
field A%, so that the gauge-fixing term is kept in the same form under this redefini-
tion. This redefinition can be done systematically order-by-order in perturbation
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theory. The renormalization constants are not independent, but related among
each other via Slavnov-Taylor identities 49], reflecting the gauge-symmetry
of ‘CQCD-

In a consistent way, we now renormalize the full quark propagator by the factor

Zo )
Srij (p) = —-5i(p) (2.39)

2
with S,;;(p) being the renormalized (finite) quark propagator. Z, is now ex-

panded in powers of the strong coupling constant g,
Zy=1—2+0(g}), (2.40)

with 2z being the term of order g%, which is assumed to be divergent. The
renormalized full quark propagator now takes the form (up to O(g?))

045 1
Sr,ij(P):Z_] = 5 .
P 14+3(p?) — =

(2.41)

Now the propagator is free of any divergencies, and hence (f](pQ) — z3) should
be finite. This requirement determines the constant zo up to a finite additive
constant. In order to fix this arbitrariness in z5, we need an additional require-
ment, which defines a renormalization scheme. There are a variety of schemes
depending on the specific problem. The most common one is the Modified Mini-
mal Subtraction scheme (MS scheme) [50], used throughout this work. It results
from the observation that poles always appear in the following combination

1
- —yg +1ndr, (2.42)
£

which is a special feature in dimensional regularization. Hence, it is convenient
to not only eliminate the pole 1/¢, as it is done in the Minimal Subtraction
scheme (MS scheme) [51], but to subtract the accompanied terms as well. The
renormalization constant z, takes the following form in the MS scheme

2 1
29 = iC’F(fTS)Z (E — Ve + 1n47r) ) (2.43)
The renormalized and finite MS quark propagator reads
Y ' g2 #2 -1
Spij =i—2 |1 +iCp—== (14 1In % : 2.44
. Zp[“ F<4w>2(+“—p2 449

Equation (2.44) is only valid for the off-shell case, i.e., p*> # 0. The renormal-
ization prescription has to be slightly modified for on-shell quarks appearing in
Feynman graphs with external quark lines. Such details are discussed, e.g., in

31].
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2.3 Factorization, Parton Distribution Functions,
and Fragmentation Functions

In this Section we introduce the concept of factorization and give definitions
for parton distribution functions and fragmentation functions, which link us to
apply perturbative calculations to processes involving hadrons instead of partons.
Factorization is the property that some cross section or amplitude is a product of
two or more factors and that each factor depends only on physics happening on
one momentum (or distance/time) scale [30]. The process is supposed to involve
some large momentum transfer, in our case the high transverse momentum Py
of an observed hadron, and corrections to the factorized form are suppressed by
inverse powers of this scale. Factorization allows to derive predictions for cross
sections by separating (factorizing) long-distance from short-distance behavior
in a systematic fashion. We note that a rigorous proof of factorization to all
orders in perturbation theory is an intricate problem and has been established
only in very few cases like DIS. Nevertheless, pQCD calculations are in excellent
agreement with a wealth of experimental data, making pQCD to a well established
framework.

We now assume that all UV divergencies are canceled via the renormalization
procedure and IR as well as simultaneous IR and collinear divergencies have been
removed in the appropriate sum of all diagrams. Thus, the only divergencies
appearing in this step of a NLO calculation are simple collinear poles. In the
factorization procedure, these poles are now factorized from the hard partonic
cross section into the bare parton distribution and fragmentation functions, which
thereby become scale dependent.

We are interested in polarized photoproduction with two observed hadrons in
the final state. The polarized hadronic cross section for this process, character-
ized by a hard momentum transfer (), can generically be written as convolution,
denoted by the symbol ®, of soft (long-distance) and hard (short-distance) com-
ponents

dAc(Q) = Afalpr) @ Afy(py)
® dAG(Q/py, pp /1y, Q1) @ De(py) ® Da(py) . (2.45)

Afap(pr) denote polarized parton distribution functions (PDF), evaluated at
a factorization scale yy, and D.q(pty) are the fragmentation functions at an in
principle other factorization scale /s A detailed definition of these objects will be
given at the end of this Section. dAd represents the hard partonic cross section,
evaluated at a given order in the strong coupling constant ag, at a momentum
scale ), and depending on the ratios of the appearing scales @, iy, /L’f. The
dependence on the renormalization scale .. is suppressed for simplicity.
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The reshuffling of the collinear poles from the hard partonic cross section to the
bare parton distributions involves some degree of arbitrariness, which is known
as factorization scheme dependence. One can shift finite terms together with
the poles in €. As in the renormalization procedure, we will mostly employ
the MS factorization scheme, where 1/¢ poles are subtracted together with the
(In4m — vg)-terms appearing in dimensional regularization.

The computation of two-hadron production in lepton-nucleon scattering in-
volves also processes, where the exchanged photon fluctuates into a vector meson
with the same quantum numbers (“resolved photon”). A proper factorization of
all collinear divergencies requires the introduction of photon PDFs. In this case,
we slightly deviate from the MS scheme, and use the DIS,, scheme [52], where
the coefficient function C, in Fy for the NLO process v*y — ¢q is absorbed into
the definition of the photonic parton densities. Details about the transformation
from one scheme to another will be given in Chapter 3.

The expression for the hadronic cross section in Eq. (2.45) is then free of any
divergencies and is the starting point for the calculation of any observable in
pQCD involving two hadrons in the final state.

We now turn to a detailed definition of the (un)polarized parton distribution
and fragmentation functions. Parton distribution functions f/(z, 1) describe the
internal structure of hadrons. They are defined directly in terms of hadronic
matrix elements of bi-local operators [53]. In their simplest form, these matrix
elements may be given in terms of operators b;(zp, I;T) and bj(xp, ET), which
annihilate and create a parton ¢ with longitudinal momentum xp and transverse
momentum ET in a hadron H of momentum p

&k - -
1) = [ G HE o Fbtan Bl ). (240
In the light-cone gauge, At = 0, the quark distribution function can be re-

expressed in terms of the quark fields for parton i by

i) = [ e RO Ty O E) . (247)

oo 4m

with the use of light-cone coordinates. Similar definitions of distribution functions
can be made for antiquarks and gluons. At the LO in pQCD, they give the
probability for finding a parton ¢ in a hadron H at a scale p with longitudinal
momentum fraction = of the hadron’s momentum. Beyond the LO, Eq. (2.47) is
subject to renormalization and hence requires the choice of a particular scheme,
e.g., the MS scheme.

Although perturbative QCD cannot predict the absolute normalization of these
parton distributions, their evolution with the factorization scale can be calculated.
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More precisely, the scale dependence is governed by a set of coupled integro-
differential evolution equations, valid to all orders in a4(i), known as DGLAP
evolution equations [54]

d [ 14, a, [“dy ([ Faa Fag 1@y, 1)
Mﬁ( ):%/“ ?< >( <>>( ) o

ng(:L’,u) Pyq Pyg ng(I/%M)

The kernels P;;(z, 1), known as splitting functions, have the physical interpreta-
tion as probability densities for obtaining a parton of type ¢ from one of type j
with a fraction x of the parent parton’s momentum. They have a perturbative
expansion

Py(ep) = PO@) 2 4 po)y) (‘W)) . (2.49)

™ s

and the Pi(jk) are known up to three loops (next-to-next-to-leading order) in the
unpolarized case [55]. Equation (2.48) can also be obtained by demanding that
the left side of Eq. (2.45) is independent of py, i.e.,

do(Q) _
dln g N

(2.50)

The definition giving the PDFs in terms of operators, Eq. (2.47), is process in-
dependent. The same distributions then appear in the QCD formula for any pro-
cess with one or two hadrons in the initial state, and thus exhibit the property of
universality. Needless to say, the parton distributions and the partonic cross sec-
tion in Eq. (2.45) have to be evaluated in the same renormalization/factorization
scheme.

In principle, some integer moments of Eq. can be calculated by using the
method of Lattice QCD. Taking Mellin moments of Eq. (2.47) turns the bi-local
into local operators, which is required for a Lattice calculation. However, a few
moments are insufficient to reconstruct the z-shape of the parton distribution
functions. For this reason, they have to be determined by a phenomenological
global QCD analysis of experimental data.

The most comprehensive analyses are being done by the CTEQ [56, 57] and
MRST [58] groups. To perform such a fit one chooses a parameterization for
the distributions at some initial scale pg. Certain sum rules that follow from
the definition of the PDFs constrain the parameterization. An example is the
momentum sum rule

Z/o o ff(z, p)de =1, (2.51)
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Figure 2.3: The two upper plots show parton densities zf”(x, Q) for the proton in
the CTEQ6 NLO parameterization at a scale Q = 2 GeV (left) and
@ = 100 GeV (right). The lower plots show the uncertainty bands for
the up-quark and the gluon, represented by the shaded area. In addition,
ratios to other results for PDFs are shown. The solid and dashed lines
stand for the comparison to CTEQS5 [59], the dotted line for MRST2001
58]. The lower plots are evaluated at a scale () = 3.16 GeV. Figures are

taken from [56].
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stating that the total momentum of a hadron H must be carried by all different
types of partons i, indicated by the sum in Eq. (2.51).

Using the obtained parton densities for the calculation of a measurable quan-
tity and comparing it with the experimental results, one gets an estimate for the
quality of the used parameterization in terms of y2. One then finds an optimized
functional shape for the parton densities by minimizing x?. Given some set of
values for the parameters describing the f(z, o), one can determine f#(z, u)
for p > po relevant for experimental data, by using the DGLAP equations in
Eq. (2.48). These distributions can then be used to predict other physical ob-
servables at scales far beyond those presently achievable. Beyond this, however,
the very possibility of a global fit tests the internal consistency of our fundamental
theoretical picture of hard scattering, based on factorization and the universality
of parton distributions.

Figure [2.3) shows the unpolarized CTEQ6 NLO parton distribution functions
at scales u = @Q = 2 GeV, and Q = 100 GeV for a proton in the MS scheme used
throughout this work. The lower plots show uncertainty bands for the up-quark
and gluon distributions at a scale () = 3.16 GeV. One can see that both the up
and down distribution is peaked at a value of x ~ 0.3, as expected in the naive
parton model, where the three valence quarks share almost all the momentum of
the nucleon. At lower values of z, the gluon dominates the parton content of a
proton. The lower plots show that the up-quark is determined very well up to
x ~ 0.6, in contrast to the gluon distribution, where the errors are in general
larger, in particular, for x > 0.3. This complicates also a future extraction of Ag
in this region of x from measurements of spin asymmetries, which are sensitive
to Ag/g. Clearly, our knowledge of the unpolarized gluon distribution has to be
improved as well. A more precise extraction of unpolarized PDFs is one of the
subjects at the Tevatron at Fermilab and the upcoming Large Hadron Collider
(LHC) at CERN [60, 61].

Polarized, helicity-dependent parton distributions are defined via

Asz(:E7M) Efzﬁ+(x7ﬁ) _f€+(xa”)7 (252)
whereas in the unpolarized case it takes the form

fﬁ* (z, 1) [ (2, )] denote the distribution of partons with its spin [anti-]aligned
to the direction of the hadron’s spin. Because of parity conservation we have two
constraints:

fift @) = 5 (o), and (0 p) = £ (2,0 (2.54)
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Figure 2.4: The polarized parton densities by DSSV for the sea and gluon distributions
as a function of the Bjorken-z, compared to previous fits [17, 62]. The
PDFs are evaluated at a scale ;2 = Q> = 10 GeV?. The uncertainty
bands correspond to Ax? = 1 and Ax?/x? = 2%, respectively. The
Figure is taken from [24].

The helicity-dependent parton distributions are sensitive to the longitudinal
polarization of the parton inside the hadron at given momentum fraction x and
scale p. The first moments of these polarized PDFs enter the spin sum rule
in Eq. (I.5) and are therefore closely related to the total spin of the respective
hadron. To minimize extrapolation uncertainties in the first moment, it is crucial
to know the z-shape of the polarized PDFs as accurate as possible. Generally,
the first moment of Ag, the polarized gluon distribution, is not a local operator
and hence not amenable to Lattice QCD.

There are DGLAP-like evolution equations also for polarized PDFs by simply
replacing the unpolarized quantities by their polarized counterparts in Eq. (2.48).
The polarized splitting functions are known up to two loops, i.e. NLO [63, 64].
The procedure for determining helicity-dependent distributions is similar to that
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one in the unpolarized case. However, due to the lack of experimental data
containing information on the structure of the longitudinally polarized proton, the
polarized PDF's are not determined with high accuracy. The positivity constraint,

[Af (e, )| < flz, 1), (2.55)

provides some guidance in LO. This constraint no longer strictly holds true in
NLO, as parton densities become scheme dependent unphysical objects.

Several groups provide sets of polarized PDFs, mainly extracted from polarized
Deep-Inelastic Scattering, where the light sea is assumed to be flavor-symmetric
[17, 65, 166]. However, other groups provided sets of helicity-dependent distribu-
tions including Semi-Inclusive DIS (SIDIS) data [62], and also data from RHIC
proton-proton measurements [24] in their fits. Here, a discrimination of the light
sea distributions can be achieved. Figure 2.4 shows the best fits of the DSSV
group of polarized parton densities for the sea and gluon distributions as a func-
tion of the Bjorken-z at a scale y?> = Q> = 10 GeV?. The uncertainty bands
correspond to Ax? = 1 (darker band), and Ax?/x? = 2% (light shaded band),
respectively. Their fits are compared to previous fits by GRSV [17] and DNS [62].
The dotted lines indicate the positivity constraint of Eq. (2.55), giving a maximal
and minimal boundary for Ag. Whereas valence quark distributions are deter-
mined very well, the sea quark distributions exhibit larger error bands. At the
same degree, the situation is completely unsatisfactory for the helicity-dependent
gluon distribution Ag(z, ). There is some evidence that it is small in the re-
gion 0.05 < x < 0.2, but the first moment still suffers from large extrapolation
uncertainties, and thus no reliable value for it can be quoted.

In this Thesis we will provide the theoretical framework necessary for an ex-
traction of Ag(z, ) in the photoproduction of hadron pairs at fixed-target ex-
periments like CoMPASS and HERMES. These results can then be included in a
future NLO global analysis.

As mentioned before, such a calculation involves leptons in the initial state.
Thus, we also have to discuss the partonic structure of the photon radiated off the
lepton. This is relevant for the resolved contributions to the cross section. It has
been shown that such resolved processes contribute significantly to photoproduc-
tion cross sections at HERA energies [67], and hence should not be disregarded.
In any case, they are required for consistently factorizing all collinear singularities
in a photoproduction cross section.

In practice, this is conveniently done by introducing a [polarized] parton distri-
bution function in a lepton [A]f!, which is a convolution of a [polarized] lepton-
to-photon splitting function [A]P,;, and a [polarized| photon structure function

Alf, 1
A (1) = / d—jm]axy)m]fv(xw: Z ). (2.56)
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Calculating [A]P,;, the Weizsécker-Williams equivalent photon spectrum, is a
Quantum Electrodynamics (QED) issue. In the polarized case it reads [68]

Qe [1—(1—y)2 @2, (1— 11—
api(y) = 5 [ m;yQ D 4oyt (o - Wyﬁ)] ,

(2.57)
where a,, = g2/(47) is the electromagnetic coupling constant. AP,;(y) describes
the radiation of a photon with momentum fraction y off the lepton of mass m;
with a virtuality less than Q2 ,. The terms in Eq. (2.57) containing logarithms

are of special relevance for muon beam experiments, i.e., COMPASS.
The photon differs from a hadron in hard scattering processes. On the one

hand, it can interact directly as a pointlike particle, where

[Alfy (2, p) = 6(1 = ), (2.58)

max

on the other hand, it can fluctuate into a hadron-like structure of quarks, anti-
quarks and gluons. In the resolved case, the unpolarized densities f, have been
mainly determined from v*vy DIS in eTe™ annihilations [69]. The polarized par-
ton distributions are completely unknown at the moment. Their evolution equa-
tions (similarly for spin-averaged distributions) have an additional inhomogeneity

52, 70, 71]

dAg, (z, .
# = %(Akq(xa p) +{AP,, ® Ag, + AP, ® Ag,})
g1 _ o _
ZZ—M = %(Akg(x, w) + APy, ® {Ag, + Ag,}

+ APy ©Agy). (2.59)

Here, AP;; ® Af, is a shortcut for the convolution of a splitting function with a
parton density

La x
AP; @ Afy = / ?yAPij (Z’M) Afy(y, p). (2.60)

xT

Altogether the [A]f, are of order O(en, /), such that direct and resolved contri-
butions to photoproduction enter at the same footing. The solution of Eq. (2.59)
consists of an additional inhomogeneity, which ends up in a so-called pointlike
solution A f? together with the homogeneous hadronic solution A fﬁ,

Afy(x, 1) = AfE(x, ) + Af (a, p1). (2.61)

As mentioned before, the spin-dependent photon parton distributions are com-
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Figure 2.5: The polarized parton distribution functions in the photon. The left plot
shows the up-quark distribution, the right one the gluon distribution.
Both scenarios, (2.62) and (2.63), are shown at p? = Q? = 10 GeV? in
LO and NLO. The Figures are taken from [71].

pletely unknown to this day. To solve this dilemma one uses two extreme scenar-
ios. In the minimal scenario the hadronic contribution is set to zero at a scale
= Mo, .

Affy (x7NO> = 07 (262)

whereas in the maximal scenario it is chosen to saturate the positivity constraint
for Af, similar to (2.55)

In both scenarios the pointlike solution vanishes at the input scale pq.

Figure 2.5 shows the used spin-dependent parton distributions in the photon at
a scale 2 = Q% = 10 GeV? in the DIS,, scheme. The left plot shows the up quark
distribution, the right one the gluon distribution. Noticeable is the fact that the
difference between both scenarios diminishes at z — 1. This observation is of
relevance for our phenomenological studies in Chapter 6. We will demonstrate
that at c.m.s. energies relevant for di-hadron photoproduction at CoMPASS and
HERMES, one mainly probes Af, at rather large values. This greatly reduces the
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- THIS FIT / KRE

- THIS FIT / AKK

Figure 2.6: Upper panels: individual fragmentation functions for positively charged
hadrons 2D"" (2, Q?) at Q* = M2 = 91.19 GeV? for i = u + 1, 24, 5+
5, g, c+¢, and b+b. Middle panels: ratios of the fragmentation functions
to the ones of Kretzer [72]. The dotted line indicates the ratio for singlet
combination of fragmentation functions 2D . Lower panels: ratios of
the fragmentation functions to the ones of AKK; note that D}f is not
available in the AKK analysis. The Figure is taken from [73].

error stemming from the lack of knowledge of the Af,. As for H1 and ZEUS at
DESY, the planned EIC project will operate at higher energies and hence will
be sensitive to the non-perturbative structure of Af, and the hadronic input
Af f? (:L’ ’ NO)‘

The last non-perturbative object in the factorized cross section formula,
Eq. (2.45), to be defined, are fragmentation functions, denoted by D (z, ). They
describe the collinear fragmentation of a parton ¢ into the observed hadron H at
a scale p. z is the momentum share that the hadron H inherits from its parent

hadron 7 in the hadronization process. Again, using light-cone coordinates, the
operator definition is given by [53] 74]

dy= r _
DI = 3 [ e Ty 00,7 ) HX)HXIGO)0) . (209
X
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where the sum is over all final states X containing the chosen hadron H. So far,
there are no results on moments of D (z, 1) in Eq. (2.64) from Lattice QCD.

Similar to parton densities, the scale evolution of fragmentation functions is
governed by DGLAP-type evolution equations [54]. To extract fragmentation
functions from data, similar methods are used as for parton densities explained
above. However, one has to keep in mind that the bulk of experimental infor-
mation about fragmentation functions comes from data of the Z resonance. It is
not guaranteed that they also provide a good description at much lower energies,
1 + 3 GeV, relevant at fixed-target experiments.

So far, CoMPASS and HERMES observe charged hadrons, with no further identi-
fication of the hadron type. From the theoretical side, the specification of certain
hadrons, e.g., pions, would have more predictive power, as their fragmentation
functions are determined at a much more confident level. Several groups like
Kretzer [72], KKP [75], and AKK [76, 77] provide sets of fragmentation functions
for charged hadrons. Throughout this work we use the sets by DSS [73], includ-
ing single-inclusive hadron production in electron-positron annihilation, proton-
proton collisions and deep-inelastic lepton-proton scattering, as this sets uniquely
are obtained within a global analysis.

Figure 2.6] shows the fragmentation functions of DSS for positively charged
hadrons and a comparison to sets of Kretzer and AKK. One feature of these
distributions shown in Fig. 2.6 is the only slightly broken flavor democracy for
q + ¢ fragmentation functions into charged hadrons.
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3 The Analytic NLO Calculation

In this Chapter we give the theoretical framework for a calculation of both unpo-
larized and polarized cross sections at the next-to-leading order (NLO) of pertur-
bative QCD. Here, we concentrate on an analytic approach, i.e., the integration
over unobserved particles is done analytically at the partonic level. Monte-Carlo
methods are applied only for the convolution of the hard partonic cross section
with the non-perturbative parton distribution and fragmentation functions. We
will turn to a different approach, based on Monte-Carlo techniques already at the
partonic level, in Chapter 5.

In this Thesis, we are interested in the polarized photoproduction of two
hadrons at high transverse momenta. We first show the basic ideas and concepts
used in all pQCD calculations. Section 3.2 is dedicated to tree level contributions
(LO). We show how to calculate Feynman diagrams together with their color
structure and give the relevant phase space for two partons in the final state.
We treat the LO contributions already in n dimensions, as this is needed for the
subsequent NLO calculation, discussed in the next three Sections.

Starting with virtual corrections, we show what types of contributions appear
and how to compute such diagrams technically. Next, real corrections with three
particles in the final state are considered. A detailed derivation of the two-
particle inclusive phase space for the unpolarized and polarized case is given,
and methods to integrate analytically all different types and combinations of
Mandelstam variables, stemming from the matrix elements, are presented. The
interested reader is referred to Appendix B for a detailed discussion of the explicit
integrals. We close this Chapter by showing how to remove the remaining collinear
poles with the concept of factorization and give all relevant formulas for this
procedure.

3.1 Basic Concepts

The basic concept that underlies all perturbative QCD calculations and hence
also our calculations for di-hadron photoproduction is the factorization theorem
[30], which was introduced in Sec. 2.3. It states that large-momentum trans-
fer reactions may be factorized into long- (non-perturbative) and short-distance
(perturbative) contributions. The long-distance pieces contain information on

33
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Hy

Af

N
b

Figure 3.1: Factorization of I[N — H{HyX in terms of parton distribution func-
tions (red blobs), partonic hard-scattering cross sections (green blob),
and fragmentation functions (blue blobs).

the structure of nucleons or leptons (photons) in terms of its distributions of con-
stituents, namely partons. The short-distance parts describe the hard interactions
of these partons and can be calculated from first principles in pQCD. While the
parton distributions describe universal properties of the nucleon, that is, are the
same in each reaction, the short-distance parts carry the process-dependence and
have to be calculated for each reaction on their own.

The process considered in this work is the inclusive photoproduction of two
high- Pr hadrons H; and Hs in collisions of longitudinally polarized leptons and
nucleons

(P, N) N(Py, Ay)  —  U(By) Hi(P)) Ho(Po) X. (3.1)

The exchanged photon is assumed to have low virtuality Q. In the analytic
approach we concentrate on the direct part to the photoproduction cross section.
Here, the photon interacts as an elementary particle with one of the partons of
the nucleon N. The P; in Eq. (3.1) are the four-momenta of the external lepton
and hadrons with helicity \;, and X contains all the additional hadronic activity
not observed in experiment.

More explicitly as in Eq. (2.45), the factorization theorem states then for the
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[polarized] experimentally measurable hadronic cross section:

d[Alo
CLAS [ [da [ e [ e () o) o)
dp a,b,c,d
X DI (a1, 1) DI (20, 14)
d[A]Gap—c
X [ ]d; dX(lel;xNPN7P1/Zl,P2/227/,L,,.7/,[/f71u//f)’ (32)
where the sum is over all contributing partonic channels ab — cdX with
d[A]Gap—cax the associated [polarized] partonic cross section. P stands for any

appropriate set of the kinematic variables of the reaction, and the [A] f(ll‘gv(x, fr)

and Dfé’Hz(z, ') are the [polarized] parton distribution functions and unpolar-
ized fragmentation functions as introduced in Sec. 2.3. Equation includes
both direct and resolved contributions to the [polarized] photoproduction cross
section via an appropriate choice for [A]f!, as it was discussed in Sec. 2.3. The
idea of factorization for two-hadron production is illustrated schematically in

Fig.

The unpolarized and polarized hadronic cross sections are defined via

do 1 [da++ +dot +do " + da"}

dp 4 dP
dAc 1 [dott —dot™ —do™t +do™~ (3.3)
dP 4 dpP ’ '
and, equivalently, their partonic counterparts
Aoapcax _ 1 [doy" ax +d00 cax + 65" gy + A0 ax
P 4 dP
dAGap—cix — 1 do :bt»ch —do ;b;cdx —do ;bicdx + da-(;)_—»ch (3 4)
dpP 4 dP ’ '

where the superscripts denote the helicities of the incoming particles. From parity
conservation of QCD follows

d0'++ = dO',,
d0'+_ = dU_+ s (35)

and similarly on the partonic level. The main quantity of interest for experiments
is the double-spin asymmetry AM72 defined via

dAoc  dott —dot—
Al — = . 3.6
LL do dott 4+ dot— (36)
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We now focus on the analytic calculation of [polarized] cross sections d[A]s/dP
at the partonic level. Here, dP shall be an appropriate set of kinematic variables
in the sense that we have maximal information on the two final state partons,
which hadronize to the hadrons H; and H,.

3.2 Leading Order Contributions

With the methods of dimensional regularization, renormalization and factoriza-
tion introduced in the last Chapter we are now in a position to compute partonic
hard-scattering cross sections in LO and NLO accuracy. Although the main focus
of this work should be on NLO corrections to the photoproduction of a hadron
pair, we start with presenting LO contributions, as some concepts and important
techniques in the calculation show up already at this order in the strong coupling.
We extend the space-time from 4 to n already at LO, since the n-dimensional
expressions of the LO results are needed in our NLO calculation for, e.g., factor-
ization or the soft limit. At LO, the scattering of two partons with helicities A,
and )\, is described by the reaction

a(pm /\a) + b(pba )‘b) - C(pc) + d(pd) ) (37)

with a - d denoting partons, i.e., quarks, antiquarks, and gluons, respectively,
and p; their four-momenta. We consider only up-, down-, and strange-quarks,
and neglect their masses, i.e.,

p?ZmQZO, for i:avb7c7d7 (38)

which is appropriate for our studies. In the calculation of partonic cross sections
we emphasize that there are advantages using Mandelstam variables instead of
four-momenta. In the first order of the strong coupling constant a, we use three
variables defined via

s = (pa +pb)2 ) t = (pa - pc>2 ) U = (pb - pc)2 : (39)

Due to momentum conservation p, + p, = p. + pg only two of the three variables
are independent. With the condition of massless particles we get the constraint

s+t+u=m2+mi+m:+mi=0. (3.10)

Up to phase space factors, the [polarized] partonic cross section d[A]G.p—cq is

proportional to the [polarized] matrix element squared [A]|M]?, . ;, which con-

tains the actual information of the hard-scattering process and can be calculated
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to a fixed order in the strong coupling constant a,. Hence, d[A]&((L?)LCd as the LO
contribution is given by

. (0) _ L d'.  d'pq AN\ 2
d[A}OabHcd - 25 (27_(.)”_1 (271')”_1 (27T) Z[A]|M|ab—>cd

6 (p2) 0 (p3) 6 (pa + Pb — Pe — Da) - (3.11)

X

Here, the factor 1/(2s) represents the flux factor for two incoming partons, the
d"p;/(2m)"~! are the phase space factors for each outgoing parton, and the delta
functions ensure the conditions for massless, on-shell partons and momentum
conservation. The sum > in Eq. (3.11) denotes the summation over unobserved
color and spin degrees of freedom for outgoing and appropriate averaging for
incoming partons. As QCD is an SU(3) theory, quarks and gluons in the initial
state are accompanied by factors 1/Cy = 1/3 and 1/(C% —1) = 1/8, respectively,
for averaging over color. For unpolarized particles the cross sections for incoming
quarks require a factor 1/2, and for incoming massless spin-1 bosons like photons
and gluons we need a factor 1/[2(1 — ¢)] in dimensional regularization.

We limit ourselves to the scattering of partons with definite helicities, without
observing any polarization in the final state. This makes it convenient to utilize
the following definition for unpolarized and polarized matrix elements in analogy

to Eqgs. (3.3) and (3.4)

MP = S [IMP(+,+) + IMP(+,-)]

AMP? = S [IMP(+4) = IMP(+,-)] , (3.12)

N =N =

where we again employed parity conservation, i.e., |[M|*(+, +) = |[M|?*(—, —) and
|IM|?(+, =) = |[IM]*(—, +). The arguments + in Egs. denote the helicities
of the incoming particles, which can acquire the values £1. We shall emphasize
here that the two parts do not mix, i.e.,

IMPP(Aas M) = IMP+ AN A M (3.13)

with A\, and A, being the helicities of parton a and b. We can interpret the first
part in Eq. (3.13) as the spin-averaged and the second part as the spin-dependent
contribution to the matrix element.

In the case, where the photon directly interacts with a parton stemming from
the nucleon, we only have two relevant processes at the first order in the strong
coupling constant oy, namely the QCD Compton process

Yq — qg, (3.14)
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(1) )

Figure 3.2: The two Feynman diagrams contributing to v7¢ — qg.

and photon-gluon fusion (PGF)

V9 — 44, (3.15)

whereas if the photon resolves into its hadronic constituents, as discussed in detail
in Sec. 2.3, we have eight additional processes in LO accuracy of pQCD

¢ — qq
q — 47
9q — qq
q — qq
97 — 99
99 — qq
9 — qg
g9 — gg. (3.16)

Here ¢’ denotes a quark having a different flavor compared to quark ¢q. Needless
to say, every quark line can be replaced by an antiquark line.

We will now give an outline how to calculate matrix elements Y A|M]? at LO
from first principles. As exemplary case, we consider the QCD Compton process

Y(Par Aa) 4(Po: As) — a(pe) 9(pa) , (3.17)

with A\, and )\, denoting the helicities of the photon and the quark, and p; the
four-momenta. Figure 3.2 shows the two Feynman diagrams contributing to the
QCD Compton process at O(en,as). We now concentrate on the calculation of
the amplitude for the ¢-channel diagram (1), shown on the left-hand-side (L.h.s.)
of Fig. 3.2. The same steps have to be applied for the s-channel diagram (2),
shown on the right-hand-side, and for the interference term M; M3, with the
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Figure 3.3: Diagram (1) of the QCD Compton process depicted in Fig.[3.2] together
with its complex conjugated. Roman letters denote color indices, Greek
letters Lorentz indices.

superscript * denoting the complex conjugated. The final result is given by the
sum of the contributing diagrams squared

[AIME, .y = [A]IM; + Ml = [A][IMi[ + Mo + Re(2MM3)] . (3.18)

Y4—49

The calculations of all diagrams and interference terms of diagrams are straight-
forward.

Figure [3.3 shows diagram (1) together with its complex conjugated diagram
and all Lorentz (Greek letters) and color (Roman letters) indices. Using the
Feynman rules of Appendix A, one gets for the matrix element squared

M = ) €ulpas Aa)ew(pas Aa)es (Pas Aa) €l (Pas Aa)

X UW(Pey Ae) (gediey™) <5 (I;i _ZC)
p.—P.
(p pc)

As the helicities of the outgoing particles are not observed, we have to sum them.
All factors containing the color structure of the process are independent of the
~v-matrices and can be calculated separately, obtaining

> T T OmOm = Y TETS = Tro[T°T%] = CaC . (3.20)

i ni i gt

) (97" T) w(pos M)

X (pp, M) (9577 Ts) <5nm )(geémw) (Pes Ac) - (3.19)

a,i,jk,lmmn a,,j

With the help of the projection operators for quarks, given in Eq. (A.1) in Ap-
pendix A, we end up with

2.2
M = CaCr®3 3 6ulpa Mew(pa Aa)es (pa M) (Pas M)

Ad

x Tr [Pﬂ“(lr”a - ?c)V”%Ii’b(l — M) (P, — pc)v”] . (3.21)
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For the unpolarized gluon in the final state, labeled with four-momentum py, the
summation over the helicity degrees of freedom Ay has to be performed, which is
usually done by

Zeﬂ(pv )‘)Ei(pa )‘) = ~ Y - (322)

A

This prescription is used in all our calculations. The advantage is that the gluonic
and photonic polarization sums are simply replaced by the metric tensor g,,,. The
price to pay is that one has to calculate additional diagrams involving Faddeev-
Popov ghosts to cancel unphysical polarization degrees of freedom. These ghosts
show up only in diagrams involving the three-gluon vertex and hence are not
subject to the QCD Compton process. To avoid this, one can also use the full
expression

. PuTy + Do
Y P Nes(pA) = =gy + - o L, (3.23)
A

with an arbitrary momentum r,, fulfilling the condition 7* = 0 and p-r # 0. With
this expression the structure of the Dirac y-matrices gets more complicated and
the calculation can become very time-consuming, especially if more particles are
involved like for real corrections.

In Eq. the trace of Dirac 7-matrices in n = 4 — 2¢ dimensions can
be calculated, for example, using the algebraic computer package TRACER [78],
written for the program MATHEMATICA [79]. With the projection onto specified
helicity for the incoming photon, as given in Eq. (A.3) of Appendix A, contraction
of all Lorentz indices, and the calculation of |My|?> and MM} we find the
following expressions for the unpolarized and polarized matrix elements squared

My = 20 [+ 2 — (s +1)7].
D AIME, L, = 2025 +u—cul. (3.24)

The terms proportional to € are, of course, negligible at LO, but give finite con-
tributions at NLO, when combined with poles 1/e and 1/&2.

Inevitably, in dimensional regularization we have to deal with contributions
from hat-momenta, as discussed in Sec. 2.2. However, in LO all hat-momenta
can be safely set to zero, as all momenta can be parameterized in such a way,
that they have components only in the physical four space-time dimensions.

The next step in the calculation of partonic cross sections is the evaluation
of the two-particle inclusive phase space. As we consider di-hadron production,
we do not have any unobserved partons at the LO of pQCD, simplifying the
calculation. This will be different in NLO, with an additional unobserved parton
in the final state, and an integration of its momentum over the entire phase space.
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Figure 3.4: The decomposition of the momentum p. and the definition of the scat-
tering angle 6.

We start with the definition of the two-particle Lorentz-invariant phase space
in n dimensions, and evaluate the n-dimensional -function ensuring momentum
conservation

- d"pe d"pq ne/ 2 2\ 5(n) o
1Sy = [ G S (n SR 0+ 11— b= 1)

= o [ (e +n—?) (325)

Equation (3.25) can be evaluated further in the c.m.s. of the incoming particles a
and b, where the following conditions for the spatial parts and zero components
of the four-momenta hold true

Pat D=0, (patm) =@ +p)° =s. (3.26)

The spatial components of p. can be decomposed into a part parallel to the axis
of the incoming partons (p.,) and a (n — 2)-dimensional part perpendicular to it
(pe.1), as depicted in Fig. The phase space takes now the form

1 .
W/dpqode,”dpc’f(S(pi)(S(s — 2PeoV/'s) - (3.27)
The (n — 2)-dimensional components p, ; can be evaluated with the use of gen-
eralized spherical coordinates, giving

dPSQZ

n—2
T 2 n—4

dp?f - (2) (pZ,J_) ’ de,J_' (3.28)

2

Rewriting the argument of the first d-function as p2 = p2, — sz — pZ,, and
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integrating over pi | yields

n—2

m 2

dPS; = 2 (a2 2\/_/dpcodpc||

2

n—4 s
< (ko 1) ™ 0 (5 o) (3.20)

We now evaluate the p,o-integration with the use of the é-function and introduce
the scattering angle 6 (see Fig.

n—2
T 2

dPSy = or) 2 T(2 2\/_/dcost910CO sin” 0, (3.30)

IS

with p.o = %-. It is convenient to re-express any dependence on the scattering
angle 6 in terms of the Mandelstam variables ¢t and u, defined in Eq. (3.9), via

t:—g(l—cose), and u:—g(l—f—cos@). (3.31)

The final result for the two-particle phase space in n = 4 — 2¢ dimensions reads

dPSs 1 I\ 1 /tu\°
_ = . 32
dudi  T(1—2) (zm) 2% ( ) Os+1+u) (3:32)

In NLO calculations it is customary to use the variables v and w, instead of ¢

and u, defined by
t U
=1+- =— . 3.33
! + PR s+t (3:33)
As will be discussed in Sec. 3.4, an analytic calculation of the three-particle phase

space in NLO requires the introduction of a variable z [80], defined by

L — _pT,c2'pT,d , (3.34)

pT,c

with pr; being the two-dimensional transverse momentum of parton 7 relative
to the beam axis of the two incoming partons. LO contributions and virtual,
one-loop corrections at NLO only have two partons in the final state, and their
transverse momenta perpendicular to the beam axis have to balance each other

due to momentum conservation. Thus, we get the following constraint
Pre=—bra — 2=1, (3.35)

at the parton level.
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Figure 3.5: Generic diagrams for virtual contributions: box diagrams, vertex correc-
tions and self-energy corrections.

The two-particle phase space differential in v, w, and z is given by

djfigjfiz - 2r<11— e) (@H (ﬁ)efm —w)d(l—z).  (3.36)

Together with the matrix elements squared, we now have all building blocks for
the calculation of partonic cross sections in LO

NG dPS,
T ab—ed AM . 2_ 7 22 .
dvdw dz ZSZl Map—cd dvdw dz (3:37)

Results for polarized and unpolarized partonic LO cross sections are well known.
Explicit expressions for both QCD processes and processes involving also photons,
polarized and unpolarized, can be found, for example, in [31]. Phenomenological
studies based on LO results have been performed, for instance, in 82, 83| and
most recently in [23, 84]. In Chapter 4 and 6 these results will be compared to
our NLO predictions.

3.3 Virtual Contributions

At NLO, one class of corrections to the Born cross sections arise, if additional
unobserved - virtual - particles are emitted and again reabsorbed in the scattering
process. Each interaction brings in an additional coupling constant gs, yielding
an extra o for each virtual, one-loop diagram. Therefore at NLO, i.e., O(a?aen),
one has to consider only the interference of virtual and Born diagrams. One-loop
amplitudes squared are O(a’a.,,), and hence part of a next-to-next-to-leading
order calculation, which is far beyond the scope of this work.

Three topological different diagrams are possible, which are shown schemati-
cally in Fig. [3.5] box diagrams, vertex corrections and self-energy corrections.
Each line can stand for a photon, gluon or quark, taking into account that only
qq7-, qqg-, and ggg-vertices are possible. Whereas box diagrams are UV finite and
not subject to the renormalization procedure, vertex corrections and self-energies
exhibit IR and UV divergencies, and therefore require a proper renormalization.
Throughout this work we adopt the MS scheme introduced in Sec. 2.2.
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Figure 3.6: Vertex corrections at the qqg-vertex for the process vq¢ — qg.

Since no additional particles are present in the final state, we can employ the
usual two-particle phase space and kinematics for 2 — 2 Born diagrams intro-
duced in the previous Section, see Eq. (3.36). The virtual corrections to the
[polarized] cross section read

dovirt 1 dPS; —

dv Zilz;)ccidz - 28 dv dw dZZlM M; ‘abﬂcd5<1 - )(5(1 — Z)
dAGL", 1 dPS
S dvdwizzZA‘M Milap—cad(1 = w)3(1 —2), (3.38)

with (A)|MyM;|ap—ca the appropriate interference matrix elements for boxes,
vertices, and self-energies, and f the appropriate summation and averaging over
unobserved color and spin degrees of freedom. Note that the virtual cross sections
are proportional to §(1 — w)d(1 — z) as for LO contributions.

3.3.1 Vertex Corrections and Self-Energies

In vertex corrections we have to take into account the emission and reabsorption
of an additional gluon. Figure 3.6/ shows the three contributions for such correc-
tions in the example of the QCD Compton process for the gqg-vertex. Instead of
computing each diagram on its own, including appropriate counter terms as dis-
cussed in Sec. 2.2, we can exploit renormalized vertex and self-energy insertions
listed in [85]. This amounts to using “modified” Feynman rules for the “blob”
indicated in Fig. [3.6, which greatly facilitates the computations. In practice,
we simply have to replace the Feynman rules for the bare quark-gluon vertex in
Appendix A by the renormalized one

gt — —igsj—;/\“ , (3.39)
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where A* is a function of the four-momenta py, pg, and g as well as the renor-
malization scale p,. In this way, all UV singularities are properly dealt with.
However, the final expression still contains IR poles, which are handled within
a later step of the calculation. The explicit form of A* depends on which leg
goes off-shell. Instead of reproducing the rather lengthy expressions for A*, we
refer the reader to Table B.II. of [85]. A similar replacement can be done for the
ghost-gluon and the three-gluon vertex. However, in the direct case with only
two processes, photon gluon fusion and QCD Compton, these vertices are absent
and thus do not need to be considered here.

Like for vertex corrections, similar renormalized insertions exist for self-energy
contributions, which read in the case of the quark propagator

o
— ipCr—3(p*) . 3.40
B S () (3.40)
For the gluon propagator one has
!
—S 1T (p) . 3.41
T (p) (3.41)

The explicit expressions for ¥(p?) and I1**(p) differ for on- and off-shell lines, i.e.,
p? =0 and p? # 0, respectively. Again, they can be found in [85].

In the case of self-energies for internal lines, the procedure for calculating matrix
elements is rather straightforward. E.g., considering the self-energy corrections
to the internal quark propagator in the QCD Compton process, which have been
calculated in Sec. 2.2, the interference of the virtual diagram with the appropriate
tree level diagram reads

[MsMZ](Aa’ Ab) = CACngge Z eu (pa7 )\a)eu<pd7 )\d)GZ(pda )\d)EZ(ptM )\a)

Ad

x {pvf” ff{ (B~ )55 (00~ o))

¥, —¢.) o y

< R an -} G
While the calculation is straightforward for internal lines, virtual corrections to
external legs have to be treated with special care. Due to an additional prop-
agator with the momentum of the external line, e.g., 1/p?, this would naively
result in an infinite quantity. However, in combination with the proper insertion
from [85], this artificial pole cancels and one gets a finite quantity in the end.
Technically, this is done by putting them off the mass-shell, e.g., p; = ¢*. Then
all terms proportional to ¢ are kept explicitly and cancel at the end of the calcu-
lation. External lines receive an additional factor 1/2 from the renormalization
procedure, as is discussed, e.g., in [31].
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Figure 3.7: Example for a box diagram occurring in NLO photoproduction calcula-
tions. The loop momentum ¢ is unrestricted.

3.3.2 Box Contributions

As mentioned before, box diagrams have no UV divergencies and thus are not
subject to the renormalization procedure. However, IR singularities show up as
single poles in 1/¢ and double poles 1/¢% in combination with collinear singu-
larities. No precalculated building blocks exist in literature, so they have to be
calculated from scratch. To exemplify this, we outline the steps necessary to
evaluate one of the one-loop box contributions to photon-gluon fusion, depicted
in Fig. 3.7l

With the Feynman rules of Appendix A one ends up with the following structure
for the matrix element

d'q 4 . fs 4 1

Mpox ~ U VS S| (3.43)
@' ¢* 6 @t

q is the unobserved loop momentum and can take any value from zero to infinity.

Now, the main task is the computation of tensor integrals. For our example the
integral takes the form

/ ¢ a3 _ / d"q q°¢°q
2m)" >4l g3 a3 2m)" ¢*qia5 a3
n QY
- (pc+pd—pb)5/%%
o a%aP
N (pﬁpdy/ ﬁfégiﬁ
+ (pc+pd—pb)ﬁ(l?c+pd)7/(;l%ﬁzgq§. (3.44)

These tensor integrals with some definite Lorentz structure in the numerator of
the integrand can be decomposed into a set of calculable scalar integrals with



3.4 Real Contributions 47

the help of the Passarino-Veltman decomposition [86, 87]. This procedure relies
on the fact that the Lorentz structure of a tensor integral is determined by the
external momenta and the metric tensor ¢g"”, which are the only quantities in the
calculation exhibiting Lorentz indices. All relevant formulas for this decomposi-
tion can be found, e.g., in Appendix C of [31]. With the help of this procedure
one ends up with a finite number of scalar integrals. They are tabulated and can
be found in [85, 89.

After applying this procedure and calculating the scalar integrals, My no
longer depends on the loop momentum ¢q. The further evaluation is straightfor-
ward as in LO, but tedious and lengthy. M. has to be combined with the
appropriate Born amplitude M; to obtain the result for Re(MpoxM;).

3.4 Real Contributions

In addition to the virtual contributions just discussed, a full NLO calculation
includes also real contributions. In this class of processes a third particle is
emitted, i.e., one has to deal with a 2 — 3 body kinematics,

a’(pa) + b<pb) - C(pc) + d(pd) + e<pe> ) (345)

with a - e denoting the massless partons, and p; their corresponding four-
momenta. Partons ¢ and d shall hadronize into the two observed hadrons in
the fragmentation process, and parton e remains unobserved and hence has to be
integrated over its entire phase space.

The computation with largely analytical methods becomes feasible thanks to
the introduction of the variable z [80], defined in Eq. (3.34). This is, to avoid some
certain singular configurations of two final state partons. For instance, momenta
pe parallel to pg correspond to negative values of z. In this case, the partonic
cross section is incomplete and contains uncanceled poles, which would require
the introduction of additional non-perturbative functions describing the simulta-
neous fragmentation of a single parton into two hadrons. Situations, where the
momentum p, is parallel to the direction of the incoming photon, are character-
ized by z = 0. For the phase space integrations we therefore restrict ourselves
to

2> Zmin > 0, (3.46)

equivalent to the condition that the two hadrons are produced by partons in
opposite hemispheres.

In contrast to the 2 — 2 processes like LO processes and virtual corrections,
characterized by three Mandelstam variables and one constraint, we now need a



48 3 The Analytic NLO Calculation

set of ten variables, which are chosen as follows:

= (pa+m)°, t=(pa—pc)”, u=(ppb—pe)°,
s12 = (pe +pa)?, ts = (pa — pa)?, us = (pp — pa)?,
s13 = (Pe + pe)?, ts = (pa — pe)? (py — pe)?
S23 = (Pa+ pe)” . (3.47)

This set of course is not unique, but useful for our purposes. Due to momentum
conservation, p, + py = pe + Pa + Pe, the variables have the following constraints

ts3 = —s—t—1y

U = —S—U— Uy

So3 = SH+tl4+u

S13 = S+ 1ty + U

S19 = —S§—t—1ty—UuU— Us. (3.48)

As a consequence, only five of the ten Mandelstam variables are actually indepen-
dent. In our calculations we make extensive use of rewriting variables in terms
of different sets of variables to integrate the matrix elements over phase space
analytically.

Before going into the details of how to integrate analytically the 2 — 3 matrix
elements over phase space, we shall list the contributing processes at O(ae,a?)
first. In the case, where the quasi-real photon interacts directly with a parton of
the nucleon, the relevant subprocesses at NLO are

Yq — q99
Y9 — qqg
¢ — 4'dq
Y¢ — qqq, (3.49)

where the first two are the QCD Compton and the photon-gluon fusion process
in Egs. and (3.15), with emission of an additional gluon. The other two
processes in Eq. show up in NLO for the first time. For processes, where
the photon resolves into its partonic structure, we have ten additional processes

qq¢ — qqd'g
@@ — qqg
qq — qqg
qq — qqg
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9q — 999
q9 — 499
q9 — q4'q
99 — qqq
99 — qdg
99 — 999 (3.50)

Needless to say, any quark line can be replaced by an antiquark line. The pro-
cesses in Eqgs. (3.50) are of order O(a?). However, in combination with photonic
parton distributions, which are O(aen/as), these contributions enter already at
O(aema?). In Egs. (3.49) and (3.50), the two observed hadrons can in principle
be produced by any of the three particles in the final state, making it indispens-
able to take into account all combinatorical possibilities. For instance, in the
first process of (3.50), q¢' — qq’g, the hadrons can be produced either by the
q and ¢/, by ¢ and g, or by ¢ and ¢g. In addition, the two partons have to be
exchanged among each other, since we can not select the ordering of the partons
for fragmentation to hadron H; and Hs.

The calculation of the matrix elements squared for all 2 — 3 processes given in
Egs. (3.49) and (3.50) is straightforward, but tedious. It follows the steps outlined
for the computation of the LO QCD Compton process in Sec. 3.2. The relevant
traces of Dirac «-matrices are again conveniently computed in n dimensions with
the help of the computer algebra tool TRACER [78]. Both the Dirac algebra and
the color structure of each contribution are much more involved than in a simple
LO calculation. The results for the matrix elements squared are too lengthy to
be given here explicitly, but are available upon request.

In addition, integrating the expressions for matrix elements squared analytically
over phase space is very cumbersome, as we will demonstrate in some detail
next. Thus, in the analytic calculation we concentrate on the direct part of
the spin-dependent cross section for two-hadron photoproduction, as there are
less processes. Nevertheless, these results are very important, both theoretically
and phenomenologically. On the one hand, the analytic results will serve as an
important check on more versatile Monte-Carlo (MC) techniques like the “two
cut-off phase space slicing method” [32], discussed in Chapter 5. On the other
hand, it was demonstrated in our LO study [23], that the direct photon part is
responsible for the main features of the experimentally relevant spin asymmetry,
defined in Eq. (3.6), and its sensitivity to the polarized gluon density at fixed-
target experiments like COMPASS and HERMES.

With one additional particle in the final state, the “unphysical” hat-components
in the (n—4)-dimensional subspace, introduced within dimensional regularization
in Eq. (2.25), cannot be disregarded, as it was the case for 2 — 2 processes. In
Sec. 3.4.2 we will show that the phase space combined with a factor, e.g., p3
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will be proportional to ¢, giving a finite contribution in combination with a 1/e
pole. For a proper computation of the three-particle phase space we choose the
c.m.s. of the two incoming partons, and parameterize the momenta in such a way
that only final state partons have components in the (n — 4) dimensions. Due to
momentum conservation, p. can be eliminated, and we get

Pa+pe=0. (3.51)

With p2 =0 =p3 + ]53, the following relations for the (n — 4)-components hold
true

Py = —Di
pe = —by
Pa-Pe = Dy (3.52)

Now, the next Subsection is dedicated to the evaluation of the three-particle phase
space without hat-momenta, whereas in Subsec. 3.4.2 we include an additional
factor p2.

3.4.1 Three-body Phase Space without Hat-Momenta

In the derivation of the phase space in the absence of hat-momenta we closely
follow [80; 90]. In analogy to the two-particle phase space defined in Eq. (3.25)
we start with the definition of the phase space with three particles in the final
state

d"p. d"pg  d"p.
dPS; = 2"
3 / (2r)n=1 (2)n—1 (27T>n—1( )

X 6" (pa + Py — Pe — Pa — D) (P2)S(P2)5(p?) . (3.53)

To proceed, we split up the full 2 — 3 phase space into a 2 — 2 scattering,
followed by a 1 — 2 decay into the partons d and e. This is done by defining
Pae = pa + pe and inserting an integration over the invariant mass ss3 of the pair
(d,e), defined in Eq. (3.47):

1= /d8235(823 - pczle) . (354)
This yields for the three-particle phase space

1
dPS; = (@n)n3 / d"ped pacds230™ (pa + Db — Pe — Pac)

X 5(]73)5(823 _p§e> X dPSQ, (355)
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with
dPS, = / A" pad"peS(p2)0(p)6™ (Pa + Pe — Pac)

— [ @ws)5 (s - p0”) (3.56)

being the splitting of a parton with momentum pg, in the two partons d and e with
momenta py and p.. We go to the c.m.s. of the pair (d,e), where pg. = (1/S23,0)
and pg = (Eg4, pg). In this frame the 1 — 2 phase space is

dPS; = /dnpd5(p?z)5(823 — 24/s23E4q) . (3.57)
Using n-dimensional polar coordinates for p,, we get for the differential

d"py = dEg|pa|""*d|pald¢
X sin gn_gden_g sin2 9n—4d0n—4 c sin”_3 (91d91 . (358)

Now, the integration over (n — 5) components can be performed [91]

/ sin 0n3d9n3/ sin?0,,_4db,,_, . / sin° f3dh; =
0 0 0

n=>5 rr ' 7n/2-5/2
1T / sin’ §d¢j = ——+ - (3.59)
j=10 I (5 - 5)

Inserting Egs. (3.58) and (3.59) in Eq. (3.57), and making use of the -functions,

the 1 — 2 phase space reads

APS, = (1) (61 (3.60)
with
T Gt gyae, [ sint 6,d6 (3.61)
Ly (6;) = —n/ sin" ™ * 0, 2/ sin™ > 0,d0; . .
v 27#211(5 - %) 0 0

To proceed, we insert Eq. in Eq. (3.55) and integrate over pg. and ss3
with the help of the d-functions. This yields for the complete three-particle phase
space

1
dPSy = o5 = / d"ped (2)|(Pa + P — pe)2]n/272 Lunp (67) - (3.62)

(2m)

N J/

v~

Il,unp

With the following parameterization for the n-momentum p,

pe = E.(1,0, cos ag sin oy, cosay, . . .) (3.63)
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where the ellipsis denotes arbitrary spatial-components in the (n—4)-dimensional
subspace, we get

n—4 .1
]l,unp - W/dEc/d‘p_;|2’p_;|n_3 [H/ sin’ an—Z—jdan—Q—j]
j=1"0

« / §in™ 0y dond(E2 — [pil2)[s + £ + u]"/22
0
n/2 1
= ﬁ/alE" 3/ sin™ " ayd(cos ay)[s + t + u]?72 . (3.64)
We now go to the c.m.s. of the two incoming partons a and b, defined by

po= 001, p= 00010 @6

The Mandelstam variables ¢t and u in Eq. can be expressed as

- (pc - pa)2 = _\/EEC(]‘ — COS al) ;
u = (pe—pp)?=—vsE.(1+cosa). (3.66)

With the definition of the auxiliary variables v and w, see Eq. (3.33) in Sec. 3.2,
we find for the integration variables in Eq. (3.64)

NG

E. = 7(1—v+vw),
1l—v—ow
= —— 3.67
cos o S—— ( )

Substituting in Eq. (3.64]) the integration variables from (E,, cos a;) to (v, w), the
Jacobian yields

dcosa; OF. /i
_ ov ov __ Vvsuv
J = det Jdcosay  OF. l—v+ow’ (3.68)
ow ow

Finally, with n = 4 — 2¢ the full three-particle phase space reads
1 3/2725

dP _ 1—-2¢
% = Gmp R Ti—orl o)

x/dv/dwl—v (1—w) o' %we

X / sin —2 92 d92 / Sln1 2e (91 d91 . (369)
0 0
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This result is in agreement with Eq. (B.7) in [92], and is applicable for studies of
single-inclusive hadron or jet production at NLO, see Refs. 94].

However, Eq. (3.69) is not appropriate for an analysis for two observed hadrons
in the final state coming from two partons in the fragmentation process. To

proceed, we need to introduce a variable z and an auxiliary space-like vector m
[80], defined via

DeS + Pt + Paut

=m- = 3.70
Z2=m-pg, M » (3.70)
With the help of light-cone coordinates it is easy to show that
2= _w ’ (3.71)
pTc

)

in the c.m.s. of the two incoming partons. pr. and prg denote the transverse
momenta of the two partons, which fragment collinearly in the two observed
hadrons relative to the beam axis. This expression was already introduced in
Eq. (3.34). As already mentioned at the beginning of this Section, some certain
singular regions (collinear hadrons, hadron Hs parallel to the beam axis) have to
be avoided by restricting z > 0.

To continue, the phase space is further evaluated in the rest frame of p; and
Pe, Where we choose p,, pp, and p. in such a way that they have non-vanishing
components only in two spatial directions

SU
Pa = —F—7— 17078111  COSY, ... )
5 523( Y, cos1p, .. .)
1_
m = S<2— ,/sf)(LO,—sin@b?COS%-'-%
1_
po = SLZVFU) g cost )

2\ /S923
\/ 523

pi = (1, ps, cos Oy 8in 0y, cos 0y, pg)
NG
Pe = T%(l,—pm,—cosﬁg sin 0y, — cos 01, —pq) - (3.72)

Here, the ellipsis in the parameterization of p,, py, and p. denotes zeros in the
(n —4)-dimensional components. pg denotes the (n — 4)-dimensional components
for parton d, and p, is arbitrary. With the definition of the variables v and w,



54 3 The Analytic NLO Calculation

see Eq. (3.33) in Sec. 3.2, we find

=

sing = 11—_;6]0

oy =

sing) = —m—lzzsmw, (3.73)

and for so3, see Eqs. (3.47) and (3.72),
593 = (pa+pe)i=s+t+u=sv(l—w). (3.74)

Using the parameterization in Eq. , we find

s 71/2 w(l —v) l—vw
T e

Introducing the identity

= /dz5(z —m-pg), (3.76)
and inserting it into the three-particle phase space, Eq. (3.69), yields

1 3/2725

dPS; =
S 7 E e T W G sy s

(2
X /dv/dwl—v (1 —w) e

X /d¢92 sin~2¢ 6, / df, sin' =% 6, /dz 0(z—m-pq). (3.77)

1—2¢

cos 01

woss)» Which also gives

The integration over the angle #; is trivial, since z = %(1 —
us an upper and lower bound for the variable z:

1 1
max/min — 1+
Fmax/ ( cos Y

). (3.78)
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After evaluation of the #;-integration, one gets for the three-body phase space

1 3/2—2¢
APS; — T s1-%

(2m)5—42 23-2T(1 — e)['(5 — ¢)

X /dv/dw(l — )" (1 —w) v *w 2 cos
1— dw(l — 1— o
X ( w+ dw(l — v)z( 2)) /dz/d92 sin2 60, (3.79)
1 —ow
=g(2)
With the use of the identity [95]
2293—1 1
I'(2z) = NG ['(z)l <x + 5) , (3.80)

one ends up with the following expression for the phase space differential in the
variables v, w and z

dPSg S A 2e B e
_— = _ 1 _ € 1 _ 5 £ 3
dv dw dz (47)4T(1 — 2¢) ( S > ( v) " ( w) v w
X 2cos wg(z)e/ dBs sin™% 0, . (3.81)
0

This result can also be found in 90, 96], and serves as starting point for any
further calculation. The majority of terms in the matrix elements squared for
real processes can be integrated with Eq. (3.81), except the terms containing a
factor ﬁ?l, which will be treated in Subsec. 3.4.2.

Once one has the [unpolarized] matrix elements in terms of the set of Man-
delstams in Eq. (3.47), the Os-integration has to be performed. For a proper
treatment of all singularities arising in virtual and real contributions, one has to
introduce distributions in terms of d-functions and so-called “plus-distributions”
in the variables w and z, defined in Subsec. 3.4.3. This greatly complicates the
analytical phase space calculations, and is much more involved, as it is the case
for single-inclusive phase space calculations, where only distributions in w are
present.

3.4.2 Three-body Phase Space including Hat-Momenta

Here, we demonstrate how to perform the phase space integrations in the presence
of an additional four-component part p3, showing up in some terms of polarized
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matrix elements squared, i.e., we compute

— d"p. d"pqg  d"pe
dP =
5 / @n) T @)1 2m)

X 0™ (pa + po — Pe — pa — e)O(p2)0(p2)8(p?) P2 (3.82)

(2m)"

Like before, we decompose the phase space into a 2 — 2 scattering followed by
a 1 — 2 decay, and follow closely the calculation in the previous Subsection, the
difference being the extra factor ﬁz in Eq. (3.57). To proceed, we choose the
following parameterization for ng

by = p5(1, cos By sin B, sin 6y, cos B, sin 0, cos 6, ), (3.83)

and easily obtain
pd (p9)? sin? 0 sin? f sin? O . (3.84)

Hence the usual angular integration measure is modified

n—2 n—2
Hsm” =20,d9, -~ Hsmn 19,do, x Hsm” =29,d0, . (3.85)
=1 =1 1=4

After integrating the components for [ = 3,...,n — 2 with the help of the ¢-
functions, and after parameterizing py in polar coordinates, dPS5 has the form

7.‘.71/2—3/2F(% _ 1)

dPS n/2—1
2 — (pde) \2”1—‘(% . 2)1’1(% .

) / sin™ 2 0 df, / sin" ' 0,df, . (3.86)
0 0

J/

1
2

Tpo1(0:)

The full three-body phase space including an additional factor ﬁd reads

dPSs =

}"/2_111301(92-) . (3.87)

(2@% / d"p:o(p?) [(pa +pp — pe)’

The next steps are similar to the phase space calculation without hat-momenta,
Eqgs. -(3.68). Rewritten in terms of v, w, and ¢, dPS3 has the form

1 71.3/2725

dPS; = 2
T @ e T — ol (—e)

X /dv/dw (1—2v)"5(1 —w) =v* 2w e

X / sin®~% 0,db, / Sin*"% Oy ds . (3.88)
0

0
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With the parameterization of momenta in Eq. (3.72), and after introducing again
the variable z via the identity of Eq. (3.76), we obtain

dﬁ»\S3 o 32<—5> 4m % —e l—e, 2-2¢,  —¢
Jodod: 202 —29 \5 ) 7o (mw) e
x 2costhg(z)t e /sm228 db; . (3.89)

Besides some obvious misprints, Eq. (3.89) is in agreement with Eq. (B42) in
Appendix B of [97].

Since the phase space is proportional to € and exhibits an additional factor
(1 — w), we shall stress that there are no additional poles arising from contribu-
tions proportional to ﬁfl However, in combination with a 1/¢ singularity from
subsequent integrations, we get finite contributions to the polarized two-hadron
photoproduction cross section. Thus, simply disregarding hat-momenta would
yield wrong results.

Next, we turn to the actual phase space integration of the 2 — 3 matrix
elements.

3.4.3 Phase Space Integration

The partonic cross sections ab — cde relevant for di-hadron photoproduction,
differential in v, w, and z, are obtained by integrating the 2 — 3 matrix elements
squared over the entire phase space of the unobserved parton e. As explained
in detail for the LO case, one has to attach the flux factor and average or sum
over the color and spin degrees of freedom, depending on whether one deals with
initial state or final state partons. The unpolarized and polarized cross sections
then take the form

doii®™ ax 1 dPS;
dvdwdz — 2sdvdwdz Z|M —
“dodods A[M, ; 3.90
dv dw dz 2s dv dw dz Z Ml cde (3.90)
respectively. The [polarized] 2 — 3 matrix elements squared [A]|M,|?, . ;. can

be expressed in terms of the ten Mandelstam variables, defined in Eq. (3.47), and
terms proportional to p3.

In order to perform the integrations over the angle 65 in Eqgs. (3.81) or (3.89),
we have to make the dependence on 6 explicit in the [A]|M,|? To this end,

ab—cde*
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we use the parameterization of the momenta in Eqs. (3.72) and find that

ty = —%(1—COS¢C0891 — sinsin 6 cos 0s) ,
1 —
Uy = —W(l — costp cos by + sinesin by cosbs) ,
SV . .
ty = —?(1+coswcosel+smwsm91 cos ) ,
1 —
ug = —W(l + costp cos by — sintsin 0y cosby) ,
1—
S19 = W(l — cos 1)’ cos By — sin 1)’ sin 6y cos ),
]_ _
S13 = w(l + cos 1)’ cos 01 + sin )’ sin 6y cos 6y) . (3.91)

The other Mandelstam variables s, t, u, and so3 are harmless, since they do not
have any dependence on the angle 5. After having rewritten the matrix elements
in this way, the integration over fy needs to be done with special care, since poles
in z and w may arise. They need a special treatment and require the introduction
of plus-distributions. We give here a general description of how to integrate the
different combinations of Mandelstam variables. For a detailed discussion we refer
to Appendix B, where we collect the explicit formulas for the integration of all
relevant combinations of Mandelstam variables appearing in the direct processes
at NLO accuracy, listed in Eq. (3.49).

The first step is the decomposition of complex structures of Mandelstam vari-
ables into a set of calculable basic integrals. The problem is, that only combina-
tions of Mandelstam variables can be integrated analytically, where at most two
depend on 6. We employ extensive partial fractioning, together with the rela-
tions among the ten Mandelstam variables given in Egs. (3.48). To illustrate this
procedure consider the term 1/(tous813). As it stands, it cannot be integrated
analytically. This combination can be rewritten as

S I (3.92)

tougsis S [laua 12813 U813

Hence, a term with a too complicated dependence on 65 in the denominator has
been turned into three simpler terms, all integrable. Making an extensive use of
this procedure one ends up with a relatively small amount of master integrals,
discussed in detail in Appendix B.

In the following we give a general outline of the calculation of these integrals.
We first note, that any Mandelstam variable in Eq. (3.91) can be expressed as

Xi = Xio(ai + bz COSs 92) . (393)
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The prefactor X;y only depends on v and w. The a;, b;, and X;o have no de-
pendence on the integration angle #;. The relevant combinations, covering all
eventualities for direct photoproduction, are
XF, XX X 1 (3.94)
X X "X X X;’ '

where k is an integer and takes at most the value kK = 3. These combinations in
turn are all expressible in terms of two master integrals. However, the explicit
form of the coefficients a; and b; determines the final result: the singularity
structure in terms of poles in 1/e and 1/&? accompanied by Dirac §-functions
in w and z, and plus-distributions in w and z.

The most general and simplest integral, where the combinations of Mandelstam
variables exhibit no explicit dependence on 65, has the form

I) = / sin % Oydf, . (3.95)
0

Using Eq. (3.80), we immediately find

Pi-e)  ,T(-2)

h=VTr ) =™ e

(3.96)

The next simplest integral with just one y-depending Mandelstam variable in
the denominator takes the form

T sin_2€ 02d92 T Sin_28 92d92
L(X;) = X; T — . 3.97
1(X5) 0/0 i /0 a; + b; cos Oy ( )

With the use of Ref. [95] we obtain

ri—c 2b;
[1(Xi) = \/%ng . 2F1 [ E;m
B T 4a? ['(1—2e¢)
B vai—bla; 207 I'?(1—¢)
1 2
ol 1o 3.98
X o F [2 g, —; 1 —¢; af} : (3.98)

with oFy(a, b; c; z) being the hyper-geometric function. The explicit form of the
integrals I1(X;) and the types of singularities occurring in the calculation, depend
on the prefactors a; and b;. All combinations of Mandelstams variables can in
general be decomposed into these two integrals, as will be shown below. However,
one has to take care, if singularities arise. A derivation of all formulas for the



60

3 The Analytic NLO Calculation

combinations of Mandelstam variables, we encounter in the integration of the
matrix elements, can be found in Appendix B.

If there is no dependence on the angle #, in the denominator of the integrand,
the integrals over 6, of all Mandelstam combinations can be written solely in

terms of I

X0 - I,
Xioa;ly,

b2
X} — Xjlai+ 16110,

XioXjo

CLZ'CL]‘ +

3a,;b?
sy Bubl g
% 2(1—5)] 0

X3 - X3 (3.99)

The other case is, when there is at least one Mandelstam variable in the denomi-
nator. As mentioned above, these Mandelstam combinations can be rewritten in

terms of I1(X;):

1

Ral

o

.

e

23

e

1

XX,

The latter decomposition is not possible, if the term (a;b; —a;b;) can be zero. For
example, if the integrand is 1/(t3us), this term contains a factor (1 + cos ) cos ;)

Xi aibj—ajbi bz
X; [ b 3 J)Jrﬂbj]’

r 12
LY COTEO P 1

- 13
X3 b — a.:b
p { e Il(Xj) )

Xj bj
e ]( J J3) % ( 7 ]) :
23
1 1

(3.100)

bil1(X:) — b;l X-],
XioXjo a;b; — a;b; 1(X3) = b1 (X))
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and reaches zero for w = 1. This calls for yet another special treatment, and the
explicit formulas are also given in Appendix B.

In the case of hat-momenta in the phase space integration the exponent of the
sine-function in Eq. (3.97) is modified from (—2¢) to (2 — 2¢), and we need to
compute two additional integrals:

/7r sin? 2 0ydfs _ FQ(% —€) 1 Ja 1 1:9 — e ﬁ
o @i+ b;cosby 2-2+2(3 — 2¢) 4 il “a? )’
/ﬂ- sin2*2€ 92d02 o FZ(% — 5) 1 1
o (ai+bicos)? — 27242 (3 — 2¢) al =% (a? — b?)=t1/2
1 b?
X oF) (1—875—8;2—8; a—?) . (3101)

The first integral vanishes in combination with the factor (—¢) stemming from
the phase space dPSs, unlike the second integral, where the factor 1 /(a? —b2)=+1/2
can yield terms proportional to 1/e. Here, we get non-zero contributions when
combined with the factor (—¢) from the phase space in Eq. (3.89).

As mentioned already, distributions in w and z occur in the calculation. For
example, terms containing (1 — w)~'~¢ develop a pole as w — 1. This can be

handled by the identity

+ 0%,  (3.102)
N

1 1 1 In(1 —w)
A=) __25(1_w)+<1—w)+_5[ I~

with 1/(1 — w), as the plus-distribution, defined via an arbitrary test function

f(w) by
! flw)y [ oJ W) = (1)
/O dw—( » _/0 dw LI (3.103)

1—w 1—w

and similarly for [In(1 —w)/(1 —w)];. Equation (3.102) can be easily verified by
integrating both sides with a test function according to Eq. (3.103). Furthermore,
we get distributions in z. As z > 1 is possible, the plus-distribution must be
generalized to any range of integration. We split it into the ranges [0;1] and
[1; 2max). In addition to the “normal” plus-distribution, such as Eq. (3.103), this
leads to an alternative definition via a test function f(2)

Another modification has to be made, if the pole appears at z =z, = 1/(1 —v +
vw) with w # 1 and hence z; # 1. In this case we make the following definitions
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of plus-distributions

/:Mdz(fi - /zjmdeM~ (3.105)

Z—z1)4 Z2—2z

The singularities appear in poles 1/ and 1/?. For the explicit pole structure
of all Mandelstam combinations, we refer to Appendix B.

3.5 Counter Terms, the Cancelation of
Singularities, and Final Results

After renormalizing the virtual contributions stemming from vertex corrections
and self-energies, they are free of any UV divergencies. In the next step, adding
them to the real contributions with one additional particle in the final state at
the partonic level, all infrared 1/e singularities and coinciding IR and collinear
1/&2 poles cancel for each process in the sum of all contributing diagrams [44, 45,
46]. The remaining collinear singularities, appearing as 1/¢, are handled by the
factorization procedure, as discussed in Sec. 2.3. They arise when the momentum
p; of an unobserved parton becomes parallel to any of the other parton momenta.
After adding the appropriate counter terms for the collinear divergencies the sum
of all contributions is free of any poles in € and the limit ¢ — 0 can safely be
performed to obtain the final results.

In the real corrections, Eq. (3.45), the third, not observed parton, say parton
e, can in principle become collinear to any leg of any other parton in the hard
process. However, in the direct case gluons, of course, can not become collinear
to the incoming photon, because there is no vertex including both photons and
gluons.

We remove collinear singularities by factorizing them from the hard cross sec-
tion at the partonic level to the soft functions like parton distribution and frag-
mentation functions, depending on whether the collinear poles stem from initial
or final state parton legs. This subtraction is performed at a scale py for ini-
tial state singularities and y/; for final state singularities and thus gives rise to

“dressed” functions [A]f(z, uy) and D (=, ;). Together with the collinear
singularities one has the possibility to shift also finite pieces from the hard to
the soft parts. This is due to the freedom in choosing a factorization scheme.
If no photon is involved in the splitting process, we use the MS scheme like for
the renormalization procedure introduced in Sec. 2.2. In this scheme we sub-

tract finite terms proportional to g and In4r together with 1/e poles, see, e.g.,
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Figure 3.8: The four different possibilities for collinear singularities.

Eq. (2.42). In the literature, parton distribution and fragmentation functions are
usually given in the MS scheme. However, care has to be taken in the case, if a
photon is involved in the factorization process. Here, we slightly deviate from the
MS scheme and use the so called DIS,, scheme, discussed in Sec. 2.3, as photon
distribution functions are often given in this scheme. For the transformation from
MS to DIS,, we refer to the end of this Section.

In principle, at NLO collinear emissions can occur from any external leg, initial
and final state, of a 2 — 2 LO process. Although for the direct processes,
considered in this work, collinear configurations on all four legs are not possible,
we give here the most general expression, including all possibilities. Assuming
that parton e is not observed and can become collinear to any other parton leg,
we have four different possibilities, shown schematically in Fig. 3.8|

In practice, the factorization is performed by adding appropriate counter terms
to every partonic cross section in order to remove the collinear poles. These
counter terms always have the simple structure of a convolution of a n-dimensional
LO 2 — 2 partonic cross section, with a divergent “transition function”, contain-
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ing a four-dimensional LO splitting function. In the MS scheme we have

1 o e
AV Hy (2, Q%) = ( ~+9p—In 1) [A] Py (2) (Mz) FIAIf(2).  (3.106)
The [A]P;;(z) denote the usual [polarized] four-dimensional LO one-loop splitting
functions [54]:

Aqu(Z) = 1 [ZQ —(1- 2)2} )

Apgq(Z) = CF

AP,(z) = Cp ——1—2—1—%5(1—2)1,

11 Ny
AT 2t 1} + &CA - ?} 5(1—z).(3.107)

AP, (z) = 204
The unpolarized counterparts can be found, e.g., in [31]. The functions [A]f;;(2)
in Eq. (3.106) reflect the freedom in choosing a factorization prescription. In
the MS scheme these functions all vanish, except for the polarized gg-case. In
the framework of the HVBM regularization procedure [43, 47| the definition of
v5 results in helicity non-conservation at the quark-gluon vertex in n dimen-
sions 64, 98, 100]. This gives rise to a deviation of the spin-dependent
n-dimensional quark-to-quark splitting function in LO from the corresponding
unpolarized counterpart

AP, (2) — Pyy(2) = 4Cpe(1 — 2) | (3.108)

If one demands helicity conservation the P, and AP, must coincide. As is well
known, the literal MS factorization prescription would lead to inconsistencies in
the renormalization of the axial current, and the cancellation of collinear sin-
gularities is not guaranteed beyond NLO [101]. We therefore slightly deviate
from the normal MS prescription in the spin-dependent case and restore helicity
conservation by choosing 64, 100]

Afy(z) = —4Cp(1 — 2). (3.109)

All other Af;;(z) are set to zero.

Depending on which leg undergoes the collinear splitting, the kinematics of the
counter term deviates from the LO case, where s +t + u = 0. Taking this into
account, the appropriate spin-dependent counter term cross section reads in the
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four different cases as depicted in Fig. [3.8:

- mAHib(%, u3)
i s
S N Gerr S LCRE
+ ini(z,u}Q)dAZ%))La(8,0,8)

x 0(1—2)0(1—w)|, (3.110)

with z; = 1/(1 —v+ovw). The dA&j(.z)_,lm/dv are the LO polarized n-dimensional
2 — 2 cross sections for the process jk — [m and can be found in the HVBM
scheme in [98]. As mentioned above, the cross sections are evaluated at some
shifted kinematics, denoted by ((s, &), since the collinear parton j takes away a
certain fraction of the available momentum. Note that the unpolarized H;;(z, u’f)
contribute to the factorization of final state singularities, since we do not consider
the production of polarized hadrons. Needless to say that an equation similar to
Eq. holds in the unpolarized case.

A special treatment is required, if photons are involved in the factorization pro-
cess. The collinear singularities, stemming from v — g splittings present in the
direct part, are absorbed into the pointlike part of the photon densities and thus
into the resolved piece of the photoproduction cross section. No cancellation of
such divergencies is possible within the direct part alone, as the photon interacts
here as a pointlike particle. Consequently, only the sum of direct and resolved
contribution

dAo = dAc™™ + dAo™ (3.111)

is a physically meaningful quantity and independent of conventions at NLO and
beyond. In practice, the subtraction of collinear poles stemming from v — qq
splitting is done in analogy to Eq. (3.106)

S

Al (2,Q%) = (= 95 = ndn) AP o) () + Al (@), (3112
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where [A]f,,(2) again denotes the freedom in subtracting finite pieces together
with the 1/e poles. The [polarized] four-dimensional LO photon-to-quark splitting
functions have the following form [70]

Pp(z) = Ca [22 +(1— 2)2] )
AP, (2) = Cy [22 —(1- 2)2] . (3.113)

In the MS scheme the functions [A]f,,(r) vanish. However, it is common
to express the [polarized| photon distribution functions [A]f,(x,u), defined in

Eq. (2.56), in the DIS, scheme, which is related to the MS scheme via [52]

(AL (s 1) = (AL (@, ) + S[A] (). (3.114)

with f = ¢, q, g, and where
Sa,(2) = 6, ()
= a2 [~ 2 4 22 In .

dg,(x) = 0,
SAa(r) = 5AG ()

— X

—1+8x(1—x)},

— X

= —CAeZO;e: [(2x—1)<ln1x —1)—1—2(1—93)],

dAg,(z) = 0. (3.115)

Alternatively, the hard partonic cross section in the MS scheme can be rewritten in
the DIS, scheme by demanding that the sum of direct and resolved contributions
to the partonic cross section remains invariant,

dAo = dAc™S = dAPS (3.116)

Hence, the appropriate scheme transformation is schematically given by

ab—cd

dAG e = AAGYE o + D 0Aa, @ dAGY) (3.117)

with dA&((z??)_,cd the polarized LO partonic cross section for the process ab — cd.
Here, we disregard contributions dAf, ® dA&(", which are formally of NNLO
accuracy. Needless to say, Eqgs. (3.116) and (3.117) hold also true for the un-
polarized case by simply replacing the polarized quantities by their unpolarized
counterparts.
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Adding all contributions, virtual and real corrections, as well as the counter
terms just discussed, we end up with the complete NLO cross section differential
in v, w, and 2

~ (1) ~virt ~real ~ fact
dAUab—>ch o dAo'ab—wd dAUab—>ch dAUab—>ch

dv dw dz dv dw dz dv dw dz dv dw dz

which is now finite in the limit ¢ — 0, but depends explicitly on the renormal-
ization scale g, and the factorization scales iy and py, which are omitted in
Eq. (3.118).

We note that the polarized partonic cross section in Eq. (3.118) can be generi-
cally written in terms of all possible combinations of distributions

(3.118)

anG)
Tl = ARy (v,w)d(1 - 2) + AKa(v,w)d(z — 2)
(1 — =) O(z—1)
+ AKS('UJU)W + AK4(’U w) (Z — 1)+
81 =2) | e oy 22— 2)
+ AK;(v,w) = AKg(v, )(Z 3,
+ AK;(v,w) lln(l_—ZZ) +AK(v,w,2). (3.119)
+

The functions AK;(v,w, z), i = 1,...,8 are regular in z and contain, in general,
distributions in w. They can be decomposed further as

o
(I —w)s

+ Aky(v,w). (3.120)
+

AK;(v,w) = Aki(v)6(1 —w) + Aky(v)

In(1 — w)

-+ Akg(v) [ 1 — o

This decomposition holds also true for the unpolarized case. However, not all
combinations give real plus-distributions in the end. For example, the product of
1/(z—1); and 1/(1 —w), gives

0(z—1) 1 C0(z—-1) 1
=D+ (0-w)y (=1il-w

since in the region z > 1 the variable w is limited to w < 1 due to Eq. (3.78). In
addition, in the case w = 1 the upper integration limit of z becomes z,.x = 1,
and the distributions at z = z; coincide with the distributions at z = 1.

As already mentioned before, z has to be limited in the range z > 0 to avoid
certain singular configurations as, e.g., two collinear hadrons. When comparing

(3.121)
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with data, no experimental cuts on z can be made, since, strictly speaking, this
is a partonic quantity. Here, we have to introduce the hadronic counterpart of z

PT,1'PT,2_Z2

ZH = — = z
Piz“l 21 ’

(3.122)

with Pr; being the transverse momentum of hadron H;, and z; the momentum
fraction of parton 7 carried by the produced hadron H;. As a consequence, the
lower bound on z is a function of the z;. Analogously, the lower integration limit
of the w integration also takes values wy, # 0. Since the plus-distributions are
defined so far in the interval 0 to 1, we need to generalize them to accommodate
arbitrary lower limits. We define

/ Az ()92 = / d2[f(2) — F(D]g(2). (3.123)

Zmin Zmin

with a function g(z) containing the singular structure in z. We can now re-express
the usual plus-distributions by the new ones

1 1
T~ T, 070 )

The same expressions of course hold true for the variable w, and for distributions
including z; with simply replacing 1 by z2;.

This completes the discussion of the analytic calculation of the cross section
for the photoproduction of two hadrons.



4 Phenomenological Applications
with the Analytic Approach

We now turn to the numerical studies of our results obtained in the previous
Chapter, focusing on the relevance of NLO corrections and theoretical uncer-
tainties due to the choice of scales. The main results presented here have been
published in Ref. [23,34]. In addition, we give the contributions of the indi-
vidual subprocesses to the full cross section, and also show predictions for the
double-spin asymmetry AfiHQ defined in Eq. (3.6). This quantity turns out to
be very sensitive to the chosen spin-dependent gluon distribution, and has more
relevance for experiments than cross sections. This is, because in asymmetries
acceptance corrections due to detector efficiencies and other experimental un-
certainties partly cancel in the ratio of polarized and unpolarized cross sections.
Thus, measuring Af}fb in experiment is a viable method for accessing the polar-
ized parton distributions of the nucleon. We note, however, that a cross section
measurement is essential to test the applicability of pQCD, which is not at all
guaranteed at moderate c.m.s. energies.

This Chapter is dedicated to results obtained with the analytic approach, i.e.,
with the methods to perform the phase space integrations described in the previ-
ous Chapter. Here, we compute the NLO QCD corrections to the “direct” part
of the spin-dependent cross section for two-hadron photoproduction,

Z(Pl, )\l)N(PN, )\N) — ZI(B/)Hl(Pl)HQ(PQ)X, (41)

i.e., where the exchanged photon is at low virtuality and interacts as an elemen-
tary particle with one of the partons of the nucleon N. The P; in (4.1) are the
four-momenta of the observed leptons and hadrons, X contains all the additional
hadronic activity not observed in experiment, and the \; denote the helicities of
the interacting lepton [ and nucleon N. Both hadrons H; and H, are required
to be at high transverse momentum to ensure that the factorization procedure is
applicable for this process.

We observe a hadron H; with transverse momentum Pr;, which is scattered
at an angle 6, relative to the incoming lepton beam. It is common to use its
pseudorapidity

m = — Intan [%} , (4.2)

69
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instead of the scattering angle #,, as this quantity is additive under Lorentz
boosts. For fixed-target experiments like CoMPASS and HERMES, the transfor-
mation from the laboratory frame, where the nucleon is at rest, to the c.m.s. is
given by

Nems = Mab — %hl |:]2W_E]|\l[:| ) (43)
with E; being the energy of the incoming lepton beam and My the mass of the
nucleon at rest. In the case of massless particles the pseudorapidity 7; coincides
with the rapidity y; defined by

11 E+0p,
= —In
N=ME

where FE is the energy of the observed hadron and p, the z-component of its
momentum defined by the incident lepton beam direction.

Since we want to make use of the largely analytical methods developed in the
previous Chapter, we are limited to observing the hadron H, in the hemisphere
opposite to hadron H;. The transverse momentum vector ]3T72 of hadron Hs is
constrained by zy defined in Eq. (3.122)), but otherwise unspecified kinematics, in
particular the rapidity of the hadron Hj is beyond our control. The fixed-target
experiments like CoMPASS and HERMES are not equipped with a 4mr-detector
covering all solid angles, but allow particle detection and identification only in a
certain range of rapidity. Thus, hadron H; may end up outside the acceptance
of the detector.

The factorized expression for the NLO spin-dependent cross section is a con-
volution of the non-perturbative parton distribution and fragmentation functions
and the hard scattering of the partons and reads

(4.4)

dAg™ ™ 1 doli dot (45)
dPT71dy1dZH o 2 dPT,ldyleH dPT71dy1dZH ’
B 2PT712 /1 dz (5 dv /1 dw
S ik J1mVHVIW <1 v v(1 —w) v w
e dz s () Qe
X / ?Afé(xlnuf)AfiN(wauf)%
dA6Y . (v) a,(
A8y V) oy _ N s(pr)
X o (1 —w)d(l —2)+ o
A6
X dedids 5 e 2)

S L CRTATIIENTAY (4.6)
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The subscripts "++"7 and "4—" in (4.5) denote the settings of the helicities of
the incoming lepton and nucleon. We have introduced the standard hadronic
invariants

S=(P+Py)? T=(P—P)?, U= (Py— P)?, (4.7)
T U
:1 — H/ = = 4
v +S’ S+T’ (4.8)

with four-momenta specified in Eq. (4.1). The partonic counterparts s, ¢, u, v,
and w are defined in Egs. and (3.33).

Neglecting the masses of all particles one finds the following relations among
the hadronic and partonic variables

SZxeNS,t:ﬂT,u:x—NU, (4.9)
21 21
VW 1-V
= L — 4.10
i vwzy N (1—v)z’ (4.10)

with x; [zx] being the fraction of the longitudinal momentum of the lepton [nu-
cleon| taken by the quasi-real photon [parton i]. In addition, V and W in Eq. (4.8)
are determined by the observed hadron H; and the lepton-nucleon c.m.s. energy
squared S:

Vo1t n W:—P%’l :

VS SV(1-V)

Note that the cross section on the left hand side of Eq. (4.6) is differential in
the hadronic variable zy, whereas the right side includes an integral over the
partonic counterpart z, defined in Eq. (3.70). 2; 2 are the momentum share that
the hadrons H; » inherit from its parent partons j, k in the hadronization process.

(4.11)

The latter is modeled by non-perturbative functions Df,i’Q (212, u}) describing the
collinear fragmentation of the partons j and k into the observed hadrons H; and
H,, respectively. The AfYN(xn,uy) in Eq. (4.6) are the spin-dependent parton
distribution functions, defined in Sec. 2.3 via Eq. (2.52).

As we only focus on the direct photon case in this Chapter, A fé(xl, ff) in
Eq. (4.6) coincides with the spin-dependent Weizsicker-Williams equivalent pho-
ton spectrum, see Eq. (2.57). It describes the collinear emission of a photon with
low virtuality @, less than some upper limit (., determined by the experimen-
tal conditions. The non-logarithmic pieces in Eq. (2.57) result in a small but
non-negligible contribution in case of muons.

The sum in Eq. (4.6) runs over all possible partonic channels vi — jkX, with 4,
J, and k being either an (anti)quark or a gluon. The dA&Eg)_, i and dA&%L irx de-
note the associated LO and NLO longitudinally polarized partonic hard-scattering
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Figure 4.1: The polarized gluon distribution function xAg(x, 1) as a function of x
for different sets of parameterizations: GRSV std. [17], DNS Set 1 [62],
DSSV [24], and an extreme set assuming Ag = —g at the input scale of
GRSV.

cross sections, respectively, given in Eqgs. (3.37) and (3.118). They are defined in
complete analogy to Eq. (4.5) and have been stripped of trivial factors involving
the electromagnetic coupling ., and the strong coupling a (1) evaluated at the
renormalization scale p,.. As indicated in Eq. (4.6) and discussed before, starting
from the NLO level, the subprocess cross sections will explicitly depend on p,.,
as well as on the scales yy and p/; of the parton distribution and fragmentation
functions owing to the factorization of initial and final state collinear singularities.
Corresponding expressions for spin-averaged cross sections are straightforwardly
obtained by replacing all polarized quantities by their unpolarized counterparts.

At LO the contributing subprocesses are the QCD Compton and photon-gluon
fusion (PGF) processes, see Egs. (3.14) and (3.15). At NLO the same 2 — 2
reactions have to be considered, now including virtual corrections. Additionally,
processes with three partons in the final state contribute. They are listed for the
direct case in Eq. (3.49)). Since only two of the three final state partons fragment
into the observed hadrons, it is indispensable to include all combinatorical possi-
bilities by taking into account that any of the three partons can be the unobserved
one.

In the computation of the LO and NLO unpolarized cross section we use the LO
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and NLO CTEQG6 parton densities and strong coupling «y, respectively. In
the polarized case we use the sets of DNS helicity dependent parton densities [62],
the usual GRSV sets [17], as well as a new set by DSSV [24], described in detail
in Sec. 2.3. This new set gives a rather small spin-dependent gluon distribution
even when compared to fits with a moderate gluon polarization like DNS and
GRSV. A small gluon polarization, either positive or negative, is indicated by
all presently available data sensitive to Ag(x, ur) [20, 21, 28, 29]. We note that
for a set with a positive gluon polarization, like the “standard” set of GRSV
[17], and the sets of DNS [62], one encounters strong cancellations between the
contributions from PGF and the QCD Compton process leading to sign changes
in the polarized cross section. This makes it awkward to display the ratios of NLO
to LO results we are interested in here. Hence we resort to the new set by DSSV,
where the helicity-dependent gluon distribution is smaller and no sign changes
appear for the NLO cross sections. Figure [4.1] shows the used spin-dependent
gluon distributions as a function of the momentum fraction x of the proton taken
by the gluon at a scale u?> = 4 GeV? Also shown is an extreme set from the
GRSV analysis assuming a large and negative Ag(z, itr), now disfavored by data.

To model the hadronization of partons j and k& into the observed hadrons
H; and H,, we use the novel set of fragmentation functions of DSS [73]. This
new set is based on a first global QCD analysis of inclusive hadron spectra in
electron-positron annihilation, DIS multiplicities, and hadron-hadron scattering
and known to describe hadronization fairly well also in the energy range relevant
here [73]. Since CoMPASs and HERMES do not identify different hadron species
and measures only the sum of charged hadrons 21], we use the corresponding
LO and NLO sets of DSS [73] for all our calculations. We note that our studies for
CowmPASs kinematics have already been published [23] 34]. However, all results
based on the recent DSSV global analysis are new and have not been shown
before.

4.1 Results for COMPASS Kinematics

For our numerical studies in this Section we choose the kinematical setup of
the COMPASS experiment [102], which scatters a beam of polarized muons with
an energy of E, = 160 GeV off deuteron in a polarized °LiD solid-state target,
corresponding to a lepton-nucleon c.m.s. energy of v/S ~ 18 GeV.

The results we show will be differential in the transverse momentum Pp; of
hadron H; and integrated over the angular acceptance of the COMPASS experi-
ment, i.e., covering scattering angles ; of less than 180 mrad in the laboratory
frame. Using Eqs. (4.2)-(4.4), this straightforwardly translates into a lower bound
on the c.m.s. rapidity y; for hadron H;. Kinematics dictates the upper bound of
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y1, depending on the transverse momentum of the hadron

V'S
2Pr;

Y = cosh™*

(4.12)

Recall that we cannot control the rapidity of hadron H, in our analytical cal-
culation, which in turn implies that it may end up outside the acceptance of
Compass. The range of the transverse momentum vector ﬁTQ of H, is restricted
by demanding zy > 0.4, with zy as defined in Eq. (3.122). The momentum
distribution of the quasi-real photons radiated off the muons is described by
the Weizsdcker-Williams equivalent photon spectrum given in Eq. (2.57), with
m; = m, and Q?, = 0.5GeV?. The momentum fraction z; of the photon is
restricted to be in the range 0.1 < z; < 0.9.

Figure [4.2 shows our results for the Pr;-differential cross section for the po-
larized and unpolarized photoproduction of a pair of charged hadrons at LO and
NLO accuracy at CoMPASS. We have set all renormalization and factorization
scales in Eq. equal to twice the transverse momentum of hadron H;. The
sum of the transverse momenta of both hadrons might be a better motivated
choice, but we do not have control on Prs within the analytical calculation. The
so-called “K-factor”, defined as the ratio of NLO to LO unpolarized (polarized)
cross sections
d( A) O.NLO
d(A)otO
is depicted in the lower panel of Fig. [4.2. The computed QCD corrections are
such that the NLO results are below the LO estimates in the entire range of
Pr; shown in Fig.[4.20 They appear to be more sizable in case of the polarized
cross section. The observed difference of the unpolarized and polarized K-factors
clearly indicates that NLO corrections are relevant also for studies of double-
spin asymmetries, AIL{iHQ, see Eq. , as they do not cancel in the ratio. The
contrary is often assumed in analyses of spin asymmetries.

We wish to make two remarks about the results shown in Fig.[4.2. Firstly, find-
ing K-factors smaller than 1 is not a result of the NLO corrections to the hard-
scattering partonic cross sections, but stems mostly from the difference between
the LO and NLO parton distribution and fragmentation functions, in particular
the latter. The LO and NLO sets of DSS show pronounced differences, mainly
because the LO fragmentation functions try to make up for the often large NLO
corrections in some of the fitted cross sections, see [73] for details, which are
missing in a consistent LO analysis. The effect of the fragmentation functions is
illustrated in Fig.[4.2 by the curves labeled “LO”. They refer to a calculation us-
ing LO matrix elements but NLO parton densities and fragmentation functions.
This clearly demonstrates the inadequacy of LO results. At best they can serve
as a rough estimate, but they are insufficient for any quantitative analysis. Very

K= (4.13)
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Figure 4.2: Unpolarized and polarized photoproduction cross section for a pair of
charged hadrons, ud — (H{ + H; )(Hy + H,)X, at LO (dashed)
and NLO (solid) accuracy using COMPASS kinematics. The lower panel
shows the ratios of NLO to LO cross sections (K-factor). The curve la-
beled “LO" refers to a LO calculation using NLO parton densities and
fragmentation functions (see text).

similar observations can be made in the polarized case. Here, a “LO”-type cal-
culation leads to K-factors ranging from 1.1 to 1.8. This is not shown in Fig. 4.2
for clarity.

Secondly, we note that the details and size of the NLO corrections in the po-
larized case depend significantly on the still largely unknown gluon polarization.
As already mentioned, there can be strong cancellations between different sub-
processes, leading to zeros in the polarized cross section. In their vicinity large
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Figure 4.3: Scale dependence of the LO and NLO unpolarized (a) and polarized (b)
cross sections for ud — (H," + Hy )(H; + H, )X shown in Fig.|4.2. All
scales are varied simultaneously in the range \/§PT71 < by = pbf = ,u’f <
2\/§PT,1. Solid lines correspond to the choice where all scales are set to
2Pr;. All LO computations have been rescaled by a factor 0.01 to better
distinguish them from the NLO results.

NLO corrections are in general inevitable.

As an estimate for the sensitivity of the computed cross sections to the ac-
tual choice of scales fif, ,u}, and u, in Eq. (4.6), we vary them simultaneously
in the range \/§PT71 < py = pf = u’f < 2\/§PT71. We note that in principle all
scales can be varied independently. The shaded bands in Figs. 4.3 (a) and (b)
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Figure 4.4: Relative contributions of the partonic channels v¢ — ¢dX and yg —
cdX, summed over all final states ¢, d, to the full unpolarized and polar-
ized cross section at COMPASS.

indicate the resulting residual scale uncertainty of the unpolarized and polarized
photoproduction cross sections, respectively. We find that the NLO results show
somewhat reduced theoretical ambiguities, in particular, for the polarized cross
section. However, similar remarks as above apply also here. Scale ambiguities in
the polarized case depend on the details of the helicity-dependent parton densi-
ties and on possible cancellations among different subprocesses. One also has to
keep in mind that the results only include the direct photon contribution to the
photoproduction cross section. Predictions including the resolved contributions
are addressed to Chapter 6, where we apply an alternative approach of a nu-
merical phase space integration using the two cut-off phase space slicing method.
Additionally, we shall stress here that constraining the transverse momentum

Pry of hadron Hy by another value as zﬁin = 0.4 does not lead to a reduction
of scale dependence, but only gives a shift in the unpolarized and polarized cross

min

sections. Going to smaller values for z};™ increases the cross sections, whereas a
larger lower bound results in a reduction of the cross sections.

Next, we analyze the relevance of the different subprocesses, namely the par-
tonic contributions v¢ — ¢dX and the yg — c¢dX, where we sum over all final
states ¢ and d. Figure /4.4 shows the fractions of the different subprocesses to the
full cross section, both the unpolarized (left panel) and polarized (right panel)
case. Again, we constrain hadron Hy by demanding zyz > 0.4 and set all scales
equal to twice the transverse momentum of hadron H;. In the unpolarized case
the yg-channel dominates, contributing between 60 and 80% to the direct pho-
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Figure 4.5: Double-spin asymmetry Afilb at NLO accuracy for the direct part of
di-hadron photoproduction at COMPASS for different sets of parton dis-
tributions. The error bars indicate the estimated statistical uncertainty
for the COMPASS experiment at an integrated luminosity of 1fb™'.

toproduction cross section. For the corresponding studies in the polarized case
we again employ the new set of polarized parton distribution functions by DSSV.
For this particular set, the vg-channel dominates the full polarized cross section,
and the PGF contributions enter with the opposite sign. This, of course, has to
be taken with a pinch of salt due to the special choice of spin-dependent parton
distributions. Using, for example, the sets of DNS or the standard GRSV set
would lead to even larger cancellations between the two partonic channels and
even to sign changes, making it difficult to display the results in a proper way.
However, it tells us that the polarized photoproduction of hadron pairs is very
sensitive to the used gluon scenario and in principle would allow for an extraction
of Ag(x, ). Figure[4.4] also shows that due to the huge cancellations of the ~g-
and ~g-channels, the resolved contributions might be of relevance as well. Thus,
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neglecting them can perhaps lead to misleading results for Ag(z, u).

We now turn to the double-spin asymmetry Afin for the deuteron target used
at ComMPASS, as defined in Eq. (3.6), and depicted in Fig. [4.5] for different sets
of polarized parton distributions. In our numerical studies we use Set 1 of DNS
(obtained with Kretzer fragmentation functions) [73], the standard GRSV set
[17], a maximal negative gluon polarization labeled as Ag = —g, as well as the
new set by DSSV [24]. The respective gluon distributions have been shown in
Fig.[4.1. Again, all scales are set equal, y1, = py = py = 2Pp ;. Over the entire pr-
range the asymmetry obtained with the maximal negative gluon scenario exceeds
all other results shown in Fig. following the hierarchy: the more “negative”
the Ag(x, 1), the more positive the double-spin asymmetry AfiH2. This behavior
can be traced back to the yg-channel, which gives large positive contributions to
dAo for negative Ag(x, i), as the double-spin asymmetry at the partonic level is
negative for the PGF process.

Figure also shows the estimated statistical error for such a measurement as

estimated by
1

HyHy

VAL = 5 N (4.14)
with P, = 0.76 being the beam polarization and Py = 0.5 the polarization of the
deuteron target. The 9LiD solid-state target has a dilution factor of F; = 0.5
[102], and op;,, denotes the unpolarized cross section integrated over the Pr;-bin
considered. We assume an integrated luminosity of £ = 1 fb~!. The error bars
indicate that, in principle, one can distinguish between a small Ag(z, i), and the
extreme scenario of a maximal negative Ag(z,p), but a precise determination
seems to be possible only in the low Pr-range, as the unpolarized cross section
is larger and thus statistics is better in this region. COMPASS obtained a Pr-
averaged double-spin asymmetry for photoproduction of hadron pairs of AfiHQ ~
0.002+0.019(stat.) +0.003(syst.) [20], which is in agreement with our predictions
for moderate sets of Ag(z, u).

However, there are a few caveats in relating the measured A} with a value
for Ag(z,p), which need to be addressed: First, one has to demonstrate the
applicability of pQCD methods. For this purpose, an important “benchmark”
would be the comparison of the relevant unpolarized cross sections with theoret-
ical expectations, which are, e.g., given in Fig. 4.3. Unfortunately, such a kind of
information is still lacking from CoMPASS for the time being. Measuring the un-
polarized cross section is essential, before making use of double-spin asymmetries
in a reliable way. Let us stress that a possible discrepancy between experiment
and theory at moderate c.m.s. energies would not necessarily imply that standard
pQCD methods are beyond remedy. It would only call for further improvement
by resumming large terms in the perturbative series, for instance threshold loga-
rithms, to all orders in the strong coupling as. This is known to lead often to a
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Figure 4.6: Double-spin asymmetry AY172 as a function of Pr; = pr. at LO ac-
curacy for different gluon polarizations. The upper panel shows the spin
asymmetry with (solid lines) and without (dashed lines) including the
resolved contribution. In the lower panel the dependence of A}:" on
the two extreme photon scenarios, “maximal” (solid lines) and “mini-
mal” saturation (dashed lines), see Fig. 2.5| is shown. The “error bars”
indicate the estimated statistical accuracy for such a measurement at
CoMmPASS according to Eq. (4.14). The curve labeled 'std.Ag' refers to
the standard GRSV set, 'Ag = ¢' [[Ag = 0'] corresponds to a maximal
[vanishing] gluon polarization at the GRSV input scale. The Figure is
taken from [23].
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much improved agreement between data and pQCD calculations.

Second, we shall stress here that Fig. 4.5 only includes the direct part to the
photoproduction cross section. The resolved part can become important, as it has
been shown in our LO study [23]. The upper panel of Fig.[4.6/shows a comparison
at LO accuracy of A1 for the sum of direct and resolved contributions with
AEHQ computed for the direct part alone. Here, one can infer that, irrespective
of the chosen Ag, the resolved part is non-negligible. It leads to a significant shift
in the absolute value of the spin asymmetry, and neglecting it would clearly lead
to wrong conclusions about Ag. Furthermore, in our analytic NLO studies we
encounter hadrons which might end up outside the COMPASS detector acceptance,
as explained above. We will address this issue and the importance of the resolved
contributions in Chapter 5 and 6.

The studies in this Section are addressed to a deuteron target. Needless to say,
this can also be done for a proton target, which has been used in the last run of
the COMPASS experiment.

4.2 Results for HERMES Kinematics

In the recently completed HERMES experiment at DESY longitudinally polarized
electrons and positrons with a beam energy of E, ~ 27.5 GeV were scattered off
both a polarized deuterium and a polarized hydrogen gas target. The available
c.m.s. energy of about v/S ~ 7.5 GeV is lower than at CoMPASS, which even
further limits the range of accessible transverse momenta. On average, the lepton
beam polarization is P, ~ 0.53. For the polarization of the gas target we take
Py =~ P, ~ 0.85, and, contrary to a solid-state target, there is no dilution from
unpolarized target material, i.e., F, = F4 = 1.

Here, we concentrate on phenomenological studies for a polarized deuterium
target, which is the data sample with the highest statistics in the HERMES spin
physics program. We demand hadron H; to be in the HERMES angular acceptance
of 40 mrad < 6; < 220 mrad and plot the results differential in its transverse
momentum Pr;. Again, hadron Hj is constrained via the lower bound zgi“ =
0.4, and no cut on its rapidity is made, implying that it may end up outside
the HERMES detector acceptance. We choose a maximal photon virtuality of

2 = 0.1 GeV? in the Weizsiicker-Williams equivalent photon spectrum in
Eq. (2.57) and restrict the momentum fraction x; of the lepton taken by the
quasi-real photon to the range 0.2 < z; < 0.9. The fractions of the parent
parton’s momenta carried by the produced hadrons are z;, > 0.1. Again, all
scales in Eq. are set equal to p, = py = pfy = 2Pp; unless stated otherwise,
as we do not have control of Pry within the formalism used here.

The upper panel of Fig.[4.7/shows the Pr;-differential unpolarized and polarized
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Figure 4.7: LO (dashed line) and NLO (solid line) unpolarized and polarized pho-
toproduction cross section for a pair of charged hadrons, ed — (H|" +
H{)(HS + H, )X for HERMES kinematics. The K-factor is depicted
in the lower panel. The “LO" curve refers to a LO-type calculation with
NLO parton distributions and NLO fragmentation functions.

cross sections for HERMES kinematics at LO and NLO accuracy. The unpolarized
and polarized K-factors, defined in Eq. (4.13), are depicted in the lower panel.
As in Fig.[4.2, the curve labeled “LO” refers to a calculation using LO partonic
cross sections and NLO parton distribution functions and NLO fragmentation
functions.

Again, K-factors close to 1 are not a feature of the calculated NLO corrections,
but stem from the sizable difference between LO and NLO parton distribution
functions and fragmentation functions, as can be inferred from the curve labeled
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Figure 4.8: Scale dependence of the unpolarized and polarized di-hadron photopro-
duction cross section at HERMES kinematics. All scales are varied in the

range \/§PT,1 < =y = le < 2\/§PT,1-

“LO”. The effect is even more dramatic than before for COMPASS, see Fig [4.2]
and the K-factor increases significantly in the whole Pr;-range considered. The
calculation for the polarized case shows a similar pattern, but is not depicted in
Fig. [4.7 for clarity. Again, for the polarized parton densities we have used the
new DSSV set. As before, using other sets like GRSV “standard” or DNS leads to
significant cancellations of the two partonic channels y¢ — ¢dX and vg — cdX.

Next, to get a feeling for the theoretical error, which we make in the calculation
due to the truncation of the perturbative series at a fixed order in the strong
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Figure 4.9: As in Fig. 4.4, but now for HERMES kinematics.

coupling constant oy, we vary the scales in Eq. (4.6) in the range v2Pr; <
pr = pyp = py < 2\/§PT71. This is depicted in Fig. [4.8] for the unpolarized
and polarized cross section. Whereas for CoMPASs kinematics the polarized
NLO cross section exhibits a somewhat reduced scale dependence, see Fig.
no significant improvement is found for HERMES kinematics in both the spin-
dependent and spin-independent case. Once again, this illustrates the delicacy
of a perturbative calculation in a low-energy regime and calls for an unpolarized
“reference” measurement to ensure the applicability of pQCD methods. As for
CoMmPASS, no reduction of the scale dependence for different cuts in zy can be
found.

To estimate the sensitivity of the polarized cross section to the spin-dependent
parton distributions of the proton, in particular Ag(x,u), we analyze first the
weights of the underlying subprocesses contributing to the di-hadron production
at HERMES. Fig. shows the unpolarized and polarized ratio of the v¢- and
~vg-channel to the full photoproduction cross section. We find a similar pattern
as discussed in connection with Fig. 4.4/ above.

Next, we turn to a discussion of the double-spin asymmetry AY1"2 at HERMES
for a deuteron gas target. It is depicted in Fig. using the same sets of
polarized PDFs as before. The statistical accuracy for such a measurement is
again estimated with Eq. (4.14), based on the actual integrated luminosity of
£ =200pb~! collected by HERMES and the parameters as specified above.

One can infer that A2 is very sensitive to the chosen Ag(x, i1). However, dis-
tinguishing different sets with a small gluon polarization like in GRSV, DNS, or
DSSV appears to be very difficult with the given experimental accuracy. Statis-
tical significant results can only be obtained in the Pp;-range from 1 to 1.5 GeV.
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Figure 4.10: As in Fig. 4.5, but now for HERMES kinematics.

3

Of course, one has to check if the pQCD framework is valid in this region. All
caveats mentioned at the end of Sec. 4.1 also apply here.
To close this Section, we note that final HERMES results for AYi”> and cross

sections are in preparation [21].
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5 The Monte Carlo Approach

In contrast to the analytic calculation presented in Chapter 3, we give here an
alternative method, based on Monte-Carlo (MC) integration techniques. In the
analytic approach, the phase space integration over unobserved partons is done
exactly, requiring the introduction of the variable z, defined in Eq. (3.70), with
the cut z > 0. Only the convolution of the hard partonic cross sections with
the parton distribution and fragmentation functions is performed with numerical
methods. The advantage of this method is that the numerics is fast and reliable.
However, we have limited control of the kinematics of hadron H,, most notably
its rapidity y,. This implies that it may end up outside the acceptance of the
detectors, making it difficult to compare the theoretical predictions with exper-
imental data. Moreover, the transverse momentum Prs can only be restricted
via a lower bound on zg, defined in Eq. (3.122). As already mentioned in Chap-
ter 3, the resolved contributions were omitted in the analytic approach, as the
computation is very cumbersome.

For these reasons, we pursue here an alternative approach using MC integration
techniques already at the partonic level by performing the phase space integration
over unobserved partons largely numerically. Singular regions of the phase space
are isolated and integrations are performed analytically. Furthermore, histograms
for several observables can be evaluated simultaneously, and it is straightforward
to implement cuts on the four-momenta of the partons and hadrons, which greatly
facilitates the comparison of theoretical predictions with experimental data.

To this end, we use the two cut-off phase space slicing method introduced in
Refs. 103]. Tt provides a relatively simple, transparent, and robust method
to isolate the soft (infrared) and collinear singularities. Two cut-off parame-
ters 0. and d, are introduced to separate the regions of phase space containing
collinear and soft divergencies from the non-singular regions. This is a well known
technique and has been applied to various processes before, e.g., direct jet photo-
production [104], hadronic photon-jet production [105], and di-hadron production
in hadronic collisions [106]. In this Chapter we give the relevant steps to perform
such a MC calculation for the spin-dependent photoproduction of hadron pairs.
For a detailed discussion of this method together with other examples we refer to
132].

We start with the decomposition of the three-body phase space dP.Ss,
Eq. (3.53), relevant for the calculation of the polarized partonic 2 — 3 real

87
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emission cross sections dAG" at NLO, into a soft (S) and a hard (H) region to
be specified below,

L
e = 5o [ SAME, dPS,

1 e 2 1 ~ 2
- %/SZA|MV|ab~>cdedPS3 + %/HZA|MT‘ab~>cdedPS3
= dAGS, 4 +dAGE (5.1)

ab—cde ab—cde

with 1/(2s) the flux factor, and S_A|M,|%, ... the appropriate matrix element
for the subprocesses ab — cde under consideration, including spin and color
factors for averaging and summing over initial and final states, respectively.

This partitioning of phase space introduces a cut-off parameter d,. The integra-
tion of the soft region S is done analytically in n = 4 — 2¢ space-time dimensions
using dimensional regularization. To make this tractable, we apply the eikonal
double pole approximation to the matrix element A|M,|?, ... For a detailed
discussion see Sec. 5.1. The result then exhibits single and double poles in 1/¢
and single and double logarithms in the soft cut-off parameter d,. In principle
there are also terms of the order ds. However, they can be neglected as we choose
ds to be small enough.

Collinear singularities are made explicit by a further decomposition of the hard

region H into a collinear (HC') and non-collinear (HC') region

dAa-g)Hcde = dAé-g)gcde + dAa-gricde
1
= o AIM, 2, gedPS
25 /I;'C Z ‘M ‘ab—wde 3
1 —
— AIM, 2, cqedPS 5.2
+ 25 /HCZ ‘M |ab~>cde 35 ( )

which introduces a second cut-off parameter d.. The integration of the collinear
region is done analytically in n dimensions, giving rise to single and double poles in
1 /e, and single logarithms in . and ds. Due to the simpler collinear kinematics,
we can apply here the leading pole approximation to the 2 — 3 real emission
matrix elements as discussed in Sec. 5.2.

The computation of the virtual 2 — 2 matrix elements follows exactly the
procedure outlined in Sec. 3.2. Therefore, we can adopt all the results obtained
there. Adding the soft and collinear parts, together with the renormalized, UV
finite, one-loop corrections, and factorization counter terms, all poles in 1/&
and 1/e cancel. Thus, the overall result is finite and the limit ¢ — 0 can be
taken. However, due to the separation of the three-particle phase space into soft,
collinear, and hard regions, there is still an explicit dependence on single and
double logarithms of the cut-off parameters d, and 4..
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The remaining integration of the 2 — 3 matrix element over the hard, non-
collinear region HC'is done in four dimensions with solely numerical methods and
depends on the cut-off parameters o, and J. as well through the lower boundaries
of the integration. In combination with the soft and collinear regions, the depen-
dence of the cross sections on d, and ¢, cancels for suitably defined infrared-safe
observables. We start with the calculation of the soft contributions in Sec. 5.1
and App. C, and discuss the integration of the collinear regions in Sec. 5.2 next.
Needless to say, the relevant formulas for the unpolarized case are obtained by
simply replacing the polarized quantities by the unpolarized counterparts.

5.1 Soft Regions

In this Section we discuss the calculation of the soft part dAG%3, . .., separated

off the three-particle phase space in Eq. (5.1). Soft divergencies appear in the
2 — 3 matrix elements squared, when an additional unobserved gluon is emitted
with vanishing energy. In this case, some approximations can be made leading
to a simplification of the phase space and the matrix elements squared for real
processes. We adopt the definitions of four-momenta and Mandelstam variables
from Chapter 3, see Egs. (3.45) and (3.47).

With the assumption that the soft gluon in the NLO subprocess ab — cde is
associated with particle e and four-momentum p,., the soft and the hard regions
are defined via its energy F. in the c.m.s. frame of the incoming partons a and b
and a cut-off parameter d;:

soft:OgEegés\/?g,

hard : £, > 5S§, (5.3)

with
S — S12

2/s
In the three-particle phase space, defined in Eq. (3.53)), we can explicitly set p# = 0

in the Dirac delta-function guaranteeing momentum conservation to obtain for
the soft phase space

E. =

(5.4)

d""'pe
dpP =dPSy——F——
S3 soft S2 2Ee(271')n_1 7

with d PS5 being the usual two particle phase space for partons ¢ and d as defined
in Eq. (3.25). We proceed in the c.m.s. frame of the two incoming partons a and
b with the following parameterization for the n-momentum of the soft gluon e

(5.5)

Pe = Ee(1,8in 0 sin 0, sin 6, cos 05, cos by, ...) . (5.6)
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The ellipsis denotes the (n — 4) space-time dimensions not further specified in
this parameterization. After a trivial integration of the (n —4)-components of p.,
the differential in Eq. (5.5) takes the form

dn_lpe = d‘ﬁe||ﬁe’n_2d9n—2

n—2 ,:.n—3 o.on—4 27Tn/2_3/2
= dE.E! *sin" " 6,df; sin diﬁgr (5.7)

(n/2—-3/2)"

Using now Eq. and n = 4 — 2¢ the final result for the three particle phase
space in the soft approximation can be expressed as

47\ ° ['(1—e¢) 1
dpP = dP — d :
3| 5 ( S ) ['(1 —2¢) 2(27)? % o
where
14\ ° [%
ds = = (E) / dE, B2 sin’ 2 ,df), sin= 0,df, . (5.9)
7T 0

For the calculation of the matrix elements involving a soft gluon, the eikonal
double pole approximation is applied to the full 2 — 3 matrix element squared,
computed in Chapter 3, by setting the momentum of the soft gluon to zero. In
practice, this is done by carefully taking the limit of the Mandelstam variables,
involving the soft gluon momentum p., to zero and by expressing the others by
2 — 2 kinematics, i.e.,

S19 — S t2 — U Uy — t
s13 — &s13 t3 — &ty uz — §ug
So3 — {823 (5.10)

with a small dimensionless parameter £. After this replacement is done in the
matrix elements squared, only the leading terms proportional to 1/£2, i.e., the
double poles, are kept. All others, containing factors &, &2, or 1/¢ are set to
zero. The next step is the integration of the soft matrix elements over dS, see
Eq. (5.9). All relevant integrals and the soft matrix elements squared in case
of direct photoproduction processes can be found in Appendix C. For the soft
contributions to the resolved photon processes, listed in Eq. (3.50), we refer to
106].

Altogether, the hadronic cross section in the soft limit has the following generic
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form

dAc® = (4ma,)? Z /d.ﬁC[dﬂdeZleQAfé(Jfl,,Uf)AféV(l'N,Mf)

a,b,c,d

4rp2\° T(1 —¢)
DH1 / DH2 /! % d

1[4y A

— =4+ — ol dPS. 5.11
a2 T 5 A 2 (5.11)

where we have factored out an overall (u5g,)? from the 2 — 3 matrix element.
The A = A$(ab — cd) are process-dependent quantities containing single and
double logarithms of §, and di-logarithms of Mandelstam variables. Again, we
refer to App. C for the explicit form of these quantities in the case of direct photo-
production, namely the photon-gluon fusion and the QCD Compton processes.

5.2 Collinear Regions

In this Section we present the evaluation of the hard, collinear part dAcf¢ of
the cross section, separated from the soft part in Eq. (5.1) and the hard, non-
collinear part in Eq. (5.2). Similar to the soft limit discussed in the previous
Section, the phase space simplifies also, if two partons become collinear. Again,
the integration is done analytically in n = 4 — 2¢ dimensions leading to single
poles in 1/ and accompanying logarithms of the soft and collinear cut-offs d; and
0.. As discussed in detail in Sec. 2.3, these collinear poles have to be absorbed in
the bare parton distribution or fragmentation functions, depending on whether
the collinearity is associated with an initial or final state parton leg. Although
the concept is the same for both cases, we distinguish in the following between
collinear configurations in the initial and in the final state, since some details are
different.

5.2.1 Final State Collinearities

To be specific, let us assume that in the NLO 2 — 3 subprocess ab — cde the
two partons d and e become collinear. The hard collinear region HC' in Eq. (5.2))
is defined through the condition

0 S 593 S 508, (512)

introducing another small cut-off parameter d.. Using py = pg + pe, the three-
particle phase space can be written as

d" 'pe Py

dPS-
s cd' 2p9 (2m)n=1 pl

= dP5S,

coll

: (5.13)
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with dPS5| being the two-body phase space for particles ¢ and d’. Now, in the
cd'

collinear limit, where partons d and e have vanishing relative transverse momen-
tum and longitudinal momentum fraction z and (1 — z) of p);, respectively, we

obtain

dn—lpe p_g, _ (471.)5
2p0(2m)n=1 pd  1672T(1 —¢)

dzdsaz[sazz(1 — 2)| ¢ (5.14)

By virtue of the factorization theorem the 2 — 3 matrix element squared at NLO
accuracy factors in the collinear limit in a product of a LO splitting function and
a LO matrix element for the process ab — cd’

> AlMapctel* = YA Mo P4 (2, s)giu?fs%g : (5.15)
with Pi(;‘)(z,é) = Pi(f)(z) + €Pi(f)(z) being the unregulated splitting function in
n = 4 — 2e dimensions for z < 1. They can be found, e.g., in [32]. Note that in
Eq. the unpolarized splitting function is used, as we consider unpolarized
final state partons. This can be interpreted as the collinear splitting of parton d’
into the partons d and e.

We then get for the polarized partonic cross section with a collinear configura-
tion in the final state

. . ['(1—¢) sdmp3\e 1N
dA HC — JdA (0) , % < d> ( o _>5 5
Oab—cde O-(Zb*)Cd ot F(]_ . 28) s c c

X / dz[z(1 — 2)] P (z,¢), (5.16)

where dA&g,))Lcd, is the appropriate LO partonic cross section for the process
ab — cd'. The integration limits of z are set by the “hard condition” in
Eq. (5.3). Depending on the type of process and hence on the splitting func-
tions in Eq. (5.16), the integration limits take different values

q—4q9 9—49 9—4qq

0<2<1-6,6,<2<1-6,|0<2<1 (5.17)

Here, the first of the two final state partons subsequently fragments into one of
the observed hadrons. The cut-off parameter d, comes into play, if an unobserved
gluon can become soft, i.e., for ¢ — qg and ¢ — gg in (5.17). As we are in-
terested in the production of hadrons not partons, it is necessary to introduce
fragmentation functions D (z). At LO accuracy, this is done by

AN = dAGY

ab—cd

DH(2)dz . (5.18)
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The collinear part of the hard cross section in Eq. reads then

. [(1—e¢) sdmpi\e 1N
dA HC — dA (0) , % ( d) <__)(5 €
Oab—cHe O-abacd I F(]_ . 28) S e c

< [ dylylt = )P . DY () 8oy — 2)dz, - (5.19)

if we assume that parton d fragments in the observed hadron H. The J-function
ensures that H carries a momentum fraction z of the parent parton momentum.
Note that we restrict ourselves in Eq. (5.19) to one-hadron production to sim-
plify matters. Of course, for two-hadron production, which we are interested in,
parton ¢ also needs to fragment. In addition, ¢ can also be collinear to parton e,
and a similar procedure as discussed here needs to be applied. Furthermore, in
Eq. (5.19) there is an implied sum over all possible partons d’ contributing to the
considered process.

As discussed in Sec. 2.3, the collinear singularity has to be factorized and ab-
sorbed into the bare fragmentation function, giving rise to a “dressed” function
depending on an arbitrary factorization scale u’f. The subtraction has the follow-

ing form in the MS scheme

Dﬁ<z,u}>:Dﬁ<z>—§[§—;lﬂﬂl__§ﬁ) (‘ff) ] | Lotemrat). 520

with an implied sum over the index i’ and an arbitrary mass scale 4 introduced
in dimensional regularization, see Eq. (2.23). The integration extends from z to
1, in contrast to Eq. (5.19). The splitting function in Eq. (5.20) is now regulated
at z = 1, see [32] and Eq. (3.107) for the polarized case. Rewriting the bare
fragmentation functions in Eq. (5.18) and in Eq. (5.19) in terms of the scale
dependent quantity according to Eq. (5.20) and adding up the LO and hard
collinear expressions, gives a cancellation between the two singular expressions.
However, there are residual terms due to the mismatch in the limits for the y-
integration. In the LO expression we have z < y < 1, in the hard collinear
expression the integration limits are given in (5.17). We get as final result

coll _ (0) Os F(l — 8) 477-:“?1 € H
dAUab—»cH - dAaab—»cd’ [% F(l . 28) < S > Dd’ (Z’ le)

L Aic(d’8—> de)

+ Ay(d — de)] DI (z, u’f)}dz, (5.21)

where we have omitted terms, which are O(a?). Here, the soft collinear factors A3
appear due to the different integration limits in the fragmentation and subtraction
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pieces, see Eq. (5.17), and are given by

Ai(¢ —q9) = Cr(2Inds +3/2)
A(g — g9) = 2C4Inds + (11C4 — 2ny)/6
Ai(g—qq) = 0
s
ASC - Ascln 2 ) (522)
e ()

The “modified” fragmentation functions [){{ (z,pf) in Eq. (5.21) are given by

1-0¢ 6 i
=3 / yDH (=, i) BL (y). (5.23)

with

Pli(y) = PP (y)In [M - P ). (5.24)

P-(-4)(z) and Pz-(f)(z) are the n = 4 and O(e) pieces of the unregulated splitting

ij
functions R.(f)(z, e) and can be found in [32]. The Df(z, u;) functions contain a
dependence on logarithms of §, via the integration limits, which give contributions
only if 7/ = 1.

5.2.2 Initial State Collinearities

As mentioned before, the computation of the initial state singularities follows
closely the steps outlined in the previous Subsection. Here, the singularities are
absorbed in the bare parton distribution functions, which gives a finite remainder
as it is the case for final state collinearities in Eq. (5.21). Since some details of the
calculation differ, we briefly derive the relevant formalism, following again closely
Ref. [32]. We first concentrate on the details for a collinear configuration in a
NLO 2 — 3 subprocess ab — cde involving parton b stemming from a nucleon
N. Afterwards, we provide the relevant formulas for the direct photon processes
vb — cde. Subtraction terms involving photonic parton densities in a resolved
contribution closely resemble those for hadronic parton densities and need not to
be discussed here.

Let us consider the collinear emission of parton e off the initial state parton b
in a NLO process ab — cde with ¢ and d being “observed”. With uz = (p, — pe)?,
the collinear region is defined by

0 < —ug < 0.5. (5.25)
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In this region we can make the approximation p, — p. =~ yp, and find for the three
particle phase space

d"'p. d" g
dPS. = 271)"8(pa o
? ol [2pg(27r)n—1 2p2<2ﬂ-)n—1( 7)"0(pa + YPo — Pe — Pa)
dnflpe

200(27 )1 5.26
2p2(2m)n—1 (5.26)

Rewriting the p.-depending part in terms of y, uz, and n = 4 — 2¢ gives

dn—l e 471' € .

. dydus[—(1 —y)us] ™. (5.27)

2p9(2m)n=t 1672 0(1 —¢)

The integration over wus can be performed with the limits determined by
Eq. (5.25), and yields

cs 1
/0 () ()™~ = =2 (8s) " (5.28)

Similar to Eq. (5.15), the 2 — 3 matrix elements squared can be simplified in the
collinear limit

[ —_— w : _2
ZA|M(1b—>cde|2 =~ ZA|Mab’—>cd|2APb(/b) (y7 5)9?”?[ yT ) (529)

3

with APlff;)(y,g) the unregulated polarized splitting functions. We now take
into account that parton b stems from a longitudinally polarized nucleon N and
hence introduce the bare polarized parton distribution function A f¥. Combining
Egs. (5.26)-(5.29) we find for the hard collinear cross section

AN e = AR (@/y)dA6G) (s,1t)
as T(1 —e) sdmpd\e I\ .
27TF(1—25)( s ) < 5)66
dy[1—y]
x / Apg/ﬁ)(y,e)?y [Ty] . (5.30)

For simplicity we ignore here the fragmentation of partons ¢ and d into the ob-
served hadron pair. The introduction of a scale dependent parton distribution
function in the MS scheme

A ang) = A ) - [;“—;1?((11__2?) (% d)E] [ g w/man)
(5.31)
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yields the final result for the hard collinear cross section

as I'(1—¢) <47ru§>6

AN e = dAGS) |5
OaN—cde O b/ —cd ot F(l o 26) s

{Afszv(ﬂxuf)

As¢(b — Ve)

. + A (b — Ve)

_|_

AfN(, uf)}d:c . (5.32)

Here, the factors A3, defined in Eq. , depend on the initial-state factoriza-
tion scale pp. The AfY (z, py) are defined analogously to Eq. (5.23) via

~ 1—=050 d R
NAANE | VAR el APw). (539)
by
with
3 _ Ap® l—ys )
AP;(y) = AP;"(y)In S — AP (), (5.34)
!

and again reflect the “mismatch” of the different integration limits. The APZ-(J@(y)
are the n = 4 parts of the unregulated splitting functions for y < 1, defined in
Eq. (3.107), and the APi(f) the O(e) parts

AP(y) = —Cr(1—vy),
APO(y) = 2Cp(1—y),
AP (y) = 4Ca(1—vy),
APS(y) = —(1-y). (5.35)

Next, we discuss briefly the peculiarities if the incoming quasi-real photon splits
collinear into a gg-pair, followed by a hard scattering of the (anti-)quark with a
parton of the nucleon. In the absence of gluons collinear to the photon, there are
no soft singularities. In this case, Eq. (5.32) can be simplified to

AN e = dAGY)

Yb—cde gb—cd

AfJ(w pg),  (5:36)

i (Y

with

- Ly -
Afl(x,pp) = /Zyﬁf;y(guf)ﬁpqv(y)

B /wl d—yy5<1 B g)APm(y) = AP, (z). (5.37)
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The n =4 and O(e) parts of the g7 splitting functions are given by

APY(y) = Cal2y—1)
APS(y) = —2C4(1—y). (5.38)

Now, in the MC approach all possible soft and collinear configurations have to
be treated with the “building blocks” given in the previous two Sections.
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6 Phenomenological Applications of
the Monte-Carlo Method

This Chapter is dedicated to detailed phenomenological studies of the photopro-
duction of hadron pairs at high transverse momenta including now both direct
and resolved contributions. We use here the concept of the two cut-off phase space
slicing method [32] introduced in Chapter 5 and phase space integrations are per-
formed largely numerically. This enables us to organize our calculations such that
they resemble the experimental conditions of CoOMPASS and HERMES as closely
as possible. As in Chapter 4, where we discussed the results obtained within our
analytic approach, we give the relevant unpolarized and polarized cross sections
differential in the transverse momentum Pr; of hadron H;, as well as K-factors
and double-spin asymmetries Afin for different sets of spin-dependent parton
distributions. We also study the cross sections differential in kinematic variables
like the angle in the transverse plane between the two produced hadrons and the
momentum fractions rny and x; probed in the nucleon and lepton. As parton
distribution functions for circularly polarized photons have not been measured
yet, we will also focus on the dependence of the polarized cross sections on two
extreme models introduced in Sec. 2.3.

At LO, the contributing processes are the QCD Compton process, Eq. (3.14]),
and the photon gluon fusion, Eq. (3.15), in addition to the resolved contributions
as given in Eq. (3.16). At NLO, we have the same processes as in LO, now
including virtual corrections together with the real processes having an additional
particle in the final state, see Eq. (3.49) for the direct case, and Eq. (3.50) for
the resolved case. Needless to say, for all NLO 2 — 3 processes we have to take
into account all different combinatorical possibilities as only two of the three final
state partons fragment into the observed hadron pair.

For the unpolarized parton distributions we again employ the CTEQ6 and
GRV [69] sets for the nucleon and photon, respectively. In the polarized case,
the helicity-dependent DSSV distributions [24] are used for nucleons, if not stated
otherwise. The two extreme sets for the polarized photonic distribution functions
[71] we use in the calculation are shown in Fig. of Sec. 2.3. As not stated
otherwise, we choose the “maximal saturation” scenario in all our calculations.
For the fragmentation functions, the sets of DSS [73] are employed.

In Sec. 6.1 we first scrutinize the numerical stability of our MC code by compar-
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Figure 6.1: The direct photon contribution to the unpolarized and polarized photo-
production cross section at COMPASS applying the cut zg > 0.4. The
results are obtained within the analytic calculation (lines) and the MC
approach (histograms).

ing it to the predictions obtained within the analytic calculation. Furthermore,
we study the dependence of the results on the soft and collinear cut-off parame-
ters 0, and 0., respectively, and show, in what regions the calculation is stable. In
Sec. 6.2 we turn to phenomenological studies using COMPASS kinematics, whereas
Sec. 6.3 is dedicated to results for the HERMES experimental setup.

6.1 Testing the Stability of the MC Code

Figure shows a comparison of the direct photon contribution to the unpolar-
ized and polarized photoproduction cross section, obtained within the analytic
and MC approach. We restrict hadron H; to be in the COMPASS detector accep-
tance (07" = 180 mrad), and constrain the transverse momentum of hadron Hj
by demanding zy > 0.4. No cut on the rapidity of hadron Hs is made. As in
Chapter 4, all scales are set equal to twice the transverse momentum of hadron
H;. There is a good agreement between the two methods over three orders in
magnitude, which validates the correctness of our results, as both calculations
have been performed independently using different methods.

Next, we study how the two-body, comprising L.O, virtual, collinear, and soft
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Figure 6.2: The full unpolarized (a) and polarized (b) NLO photoproduction cross
section at COMPASS and the individual two-body and three-body contri-
butions (see text) together with their sum as a function of the soft cut-off
parameter d5. The collinear cut-off parameter is set to d. = d5/50 [32].

parts, and the three-body contribution depend on the soft and collinear cut-off
parameters 0, and d., respectively, and to what extent this dependence cancels in
the sum. Figure [6.2 shows the results for the unpolarized and polarized cross
section of di-hadron photoproduction at COMPASS as a function of d,. The
collinear cut-off parameter is chosen to be §. = d5/50, as it has been shown
that this choice yields good results and possible correction terms proportional to
Liz(0./0s) are negligible [32]. In Fig. 6.2, we have integrated over the rapidity
and transverse momenta of both hadrons with cuts on the angles in the labo-
ratory frame, 6,5 < 180mrad, and their transverse momenta, Pr;o > 0.7 GeV.
In the unpolarized case, the three-body contribution develops numerical insta-
bilities if d, < 107°, resulting in an inaccurate result for the total cross section.
This calls for a choice for d, in the range 107° < §, < 1072, If the cut-offs are
chosen too large, the results become unreliable as we neglect all non-logarithm
contributions in d; and d.. In the polarized case, the situation is different, as it
involves much more delicate cancellations of the individual subprocesses. The full
polarized cross section shows a dependence on the cut-off parameter J, in a wider
range than in the unpolarized case. This dependence will be investigated more
thoroughly in our further studies [35]. For the time being, we take d, = 1072 in
all our calculations, which guarantees numerically stable results.
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Figure 6.3: Unpolarized and polarized photoproduction cross section for a pair of
charged hadrons, ud — (Hy" + Hy )(Hy + H, )X, at LO (dashed) and
NLO (solid) accuracy using COMPASS kinematics. Results are obtained
with a MC code and include the direct and resolved parts. The lower
panel shows the ratios of NLO to LO cross sections (/K -factor). The
curve labeled “LO" refers to a LO calculation using NLO parton densities
and fragmentation functions (see text).

6.2 Results for COMPASS Kinematics

Within the MC approach, we have complete control of all kinematical variables
and four-momenta of the hadrons and partons taking part in the hard scattering.
This enables us to choose the cuts close to the experimental setup of COMPASS:
The transverse momenta Pr; and Prs of the hadrons H; and H, are required to
be larger than 0.7 GeV. The angles of the hadrons relative to the beam axis are
restricted to be smaller than 180 mrad, which translates into a minimal bound
on the (pseudo)rapidity according to Egs. (4.2) and (4.4). We again choose the
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Figure 6.4: Unpolarized and polarized photoproduction cross section at COMPASS.
All scales are set equal and varied in the range 1/\/§(PT,1 +Prsy) < p <
V2(Pr + Prs) (dotted lines). The solid lines correspond to the default
choice, where ;t = Pry + Pro. All LO computations have been rescaled
by a factor 0.01 to better distinguish them from the NLO results.

fraction y of the muon’s momentum taken by the quasi-real photon to be in the
range 0.1 < y < 0.9. The maximal virtuality of the photon in the Weizsacker-
Williams equivalent photon spectrum, see Eq. (2.57), is chosen to be Q32,. =
0.5GeV2  The momentum fractions z; and zs of the two final state partons
fragmenting into the observed hadrons are bounded by z;, > 0.1. In addition,
we make a cut on the invariant mass of the two hadrons: M(H,, Hy) > 1.5GeV.
This is to avoid configurations, where the two observed hadrons become collinear.
If not stated otherwise, we have chosen the renormalization and factorization
scales equal to the sum of the transverse momenta of the two hadrons H; and
Hy: py = py = py = Pry + Proa.

In order to test the importance of NLO corrections, the upper panel of Fig. 6.3
shows our predictions for the unpolarized and polarized photoproduction cross
section at LO and NLO accuracy and differential in the transverse momentum
Pr of hadron H;. The lower panel shows the resulting unpolarized and polarized
K-factors as defined in Eq. (4.13). The NLO corrections to the cross sections seem
to be small, with K-factors of around 1 both in the polarized and unpolarized
case. The K-factor is often associated with a measure of the relevance of NLO
corrections to hadronic processes. However, this proposition has to be taken
with some care. To illustrate this, we performed a calculation using LO partonic
cross sections and NLO parton distribution and fragmentation functions, as has
been done also in our studies within the analytic approach in Chapter 4. This
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Figure 6.5: Relative contributions of the direct and resolved cross sections (left panel)
and the contributing subprocesses ab — c¢dX, summed over all final
states ¢, d (right panel), to the full unpolarized photoproduction cross
section at COMPASS.

“LO”-type calculation, also shown in Fig. 6.3, leads to a K-factor of roughly 2.
Hence, all statements about the large difference in the LO and NLO fragmentation
functions of DSS given in Sec. 4.1 also hold true, when all experimental cuts and
both resolved and direct photon contributions are included.

In Fig.|6.4/we give the dependence of the unpolarized and polarized cross section
at LO and NLO on the unphysical renormalization/factorization scales varied in
the range 1/\/§(PT71 +Pry) <pu< \/§(PT71+PT72). The LO curves are scaled by a
factor 0.01. Going to NLO accuracy gives a somewhat reduced scale dependence
for the unpolarized and polarized cross sections. As already stated in Chapter 4,
a check of the applicability of pQCD at relatively low scales requires benchmark
measurements of the unpolarized cross section.

Next, we discuss the relevance of the direct and resolved part to the full photo-
production cross section. The left panel of Fig. 6.5 shows their fractional contri-
bution to the unpolarized cross section differential in the transverse momentum
Pr,. The resolved contribution dominates in the low Pr;-region, whereas the
direct part takes over towards higher Pr;’s. This behavior can be understood by
a closer inspection of the relative weights of the individual subprocesses, shown
in the left panel of Fig.[6.5. The cross section for the direct yg-channel dominates
over the whole Pr;-range. However, due to the relatively small vyg-contribution,
the resolved processes, mainly qq and gg scattering, become more important in
the low Prj-region than the direct channels. This demonstrates the necessity
to include resolved contributions in an extraction of Ag(x,u) via double-spin
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Figure 6.6: The same as in Fig. 6.5, but now for the polarized case.
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The left panel of Fig. 6.6 shows the direct and resolved photon contributions to
the full photoproduction cross section in the polarized case. They balance each
other in the low-to-mid Pr-region. Only towards the high Pr;-region the direct
part gains in size and becomes more important. To understand this better we
again display the relative weights of the individual partonic channels to the full
polarized cross section in the right panel of Fig. 6.6, This is also important in
order to explore the sensitivity of the polarized hadronic cross section to the spin-
dependent parton distributions of the proton, in particular Ag(x, 1), and of the
resolved photon. In the low Pr-region, the process where the photon resolves
into a (anti)quark and subsequently scatters off a quark out of the nucleon, has
the largest contribution. This is in striking contrast to the naive expectation that
at moderate c.m.s. energies the direct part of the cross section dominates. Only
towards higher Pr; the -yg-channel exceeds all other processes in magnitude.
The interesting processes sensitive to the helicity-dependent gluon distribution
Ag(z, pn), i.e., the vg-, qg-, and gg-channels, are less important, mainly due to
the relatively small polarized gluon distribution Ag(x,u) in the DSSV parame-
terization, see Fig. 4.1l

For a reliable extraction of Ag(x, i), it is imperative to precisely determine its
Bjorken z-dependence. In the left panel of Fig.[6.7/ we show the polarized cross
section differential in the fraction xy of the nucleon’s momentum taken by the
produced parton. We apply the cuts on kinematical variables as specified in the
beginning of this Section and integrate both hadrons with a lower bound on Pr;
and Pro of 0.7GeV. The distribution for zx in the left panel of Fig. peaks
at a value of around 0.2. This underlines the importance of COMPASS data,
which are complementary to RHIC proton-proton data, predominantly probing
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Figure 6.7: The left panel shows the polarized NLO photoproduction cross section at
COMPASS as a function of the momentum fractions xy [2;] of the nucleon
[lepton] taken by the partons. The right panel gives the polarized cross
section differential in the difference of the two azimuthal angles |®; — @,
of the hadrons.

smaller momentum fractions xy. Also shown is the fraction z; of the muon’s
momentum taken by the produced photon (direct case) or parton (resolved case).
The distribution has its maximum at x; ~ 0.4. Differences in the “maximal” and
“minimal” scenario of the polarized photon distribution function are due to the
input for the hadronic, non-perturbative contribution and are important in the
low-to-mid z; region, see Fig. Thus, for COMPASS energies these effects play
a small but non-negligible role.

Next, it is interesting to investigate the angles ®; and ®, of the two produced
hadrons in a plane perpendicular to the beam axis. The right panel of Fig. 6.7
shows the unpolarized and polarized cross section as a function of the difference
of the two azimuthal angles |®; — ®5|. We note that it is most likely to find the
two hadrons at an angle of 7, i.e., back-to-back in the transverse plane. This
stems mostly from LO contributions, virtual corrections, and soft and collinear
parts, where the transverse momenta must balance each other due to momentum
conservation leading to |®; —®,| = w. Contributions at small angles |®1 —®5| ~ 0
are avoided by the cut on the invariant mass of the two hadrons: M (H;, Hy) >
1.5 GeV.

Having studied the relevance of the individual subprocesses and the depen-
dence of the cross sections on various kinematic variables and on the unphysical
factorization and renormalization scales, we now turn the actual quantity of in-
terest in di-hadron photoproduction: the double-spin asymmetry AfiHQ, defined
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Figure 6.8: Double-spin asymmetry AfiHQ at NLO for two sets of polarized parton
densities at COMPASS. The upper panel shows the spin asymmetry with
(solid lines) and without (dashed lines) including the resolved contribu-
tion. In the lower panel the dependence of A" on the two extreme pho-
ton scenarios, “maximal” (solid lines) and “minimal” saturation (dashed
lines), is shown.

in Eq. (3.6). In Fig.[6.8 we have plotted our expectations for A7/ as a function
of the transverse momentum Ppr;. Apart from the recent set of DSSV polarized
parton densities with a small gluon polarization, we also use the set of GRSV
based on a maximal negative Ag(z, 1) at the input scale. Afin turns out to be
very sensitive to the assumed gluon polarization and thus can help to further our
knowledge of it. Of course, one has to keep in mind the actual errors of 0.019
(stat.) and 0.003 (syst.) for such a measurement at CompPAsS [20].
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In the upper panel of Fig. we study the influence of the resolved photon
contribution on the double-spin asymmetry by comparing the results with (solid
lines) and without (dashed lines) including the resolved contributions. One can
immediately infer that the resolved part is non-negligible, resulting in a signifi-
cant, Pri-depending shift in the absolute value of the spin asymmetry. Neglecting
it in the analysis would clearly lead to wrong conclusions about Ag(x, ). This
has also been demonstrated in our analytic LO study [23], see Fig. in Sec. 4.1.
Figure 6.8 also shows that the region Pr; > 1.5GeV is the most promising one
to obtain information about the gluon polarization, as for smaller Pp; the asym-
metries almost coincide.

The impact of the completely unknown, non-perturbative parton content of the
circularly polarized photon on Af}JHQ is examined in the lower panel of Fig. 6.8
by making use of the two extreme models shown in Fig. of Sec. 2.3. As can
be seen, there is a fairly significant dependence on the models complicating the
analysis of AfiHQ in terms of Ag(z,u). The reason is because one probes the
partonic structure of the photon at momentum fractions x;, where the details of
the unknown hadronic input play some role, as has been demonstrated in the
left panel of Fig. Now, a viable strategy could be to analyze data in two
regions for the angles 6; . In the lower region the dependence of Afin on the
models for the circularly polarized photon plays a much less significant role. The
higher region might then be used for studying the non-perturbative structure of
the photon polarization.

6.3 Results for HERMES Kinematics

The results given in this Section are intended to resemble the kinematics of the
HERMES experiment at DESY. All cuts and settings for kinematic variables are
chosen similar to the cuts given in Sec. 4.2. However, we can now ensure to
find both hadrons in the acceptance of the HERMES detector, i.e., the angles 6; 5
of the two hadrons relative to the incoming lepton beam are restricted to be in
the range 40mrad < 6,5 < 220mrad. Additionally we assume the transverse
momenta of the two hadrons to have values larger than 1 GeV. If not stated
otherwise, the renormalization and factorization scales are set equal to the sum
of the two transverse momenta p, = fiy = le = Pr + Prs, as usual.

The upper panel of Fig. 6.9/ shows the unpolarized and polarized photoproduc-
tion cross section for HERMES kinematics at LO (dashed lines) and NLO (solid
lines) accuracy as a function of the transverse momentum of hadron H;. In ad-
dition, the lower panel gives the unpolarized and polarized K-factors. As for
Cowmprass kinematics, K-factors seem to be close to one, in particular, for the
polarized case. Again, this has to be taken with some care, as a calculation with
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Figure 6.9: The same as in Fig.[6.3| but now for the process ed — (H; + H; )(H; +
H; )X and HERMES kinematics.
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Figure 6.10: The same as in Fig.[6.4, but now for HERMES kinematics.
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Figure 6.11: The same as in Fig.[6.6, but now for HERMES kinematics.

LO partonic cross sections and NLO parton distribution and fragmentation func-
tions yields a K-factor in the unpolarized case of roughly 3. The lower panel of
Fig.16.9 also shows that NLO corrections do not cancel in double-spin asymmetry
Afim, as it is often naively assumed.

In Fig. 6.10 we give the dependence of both the unpolarized (left panel)
and polarized (right panel) LO and NLO photoproduction cross section on
the unphysical renormalization and factorization scales varied in the range
1/\/§(PT,1 + Pro) <p< \/§(PT’1 + Prs). Not unexpectedly, due to the smaller
c.m.s. energy of the HERMES experiment, the scale dependence is even larger than
for ComMmPASS, see Fig. and does not decrease, when NLO corrections are in-
cluded. All remarks about potential problems with the applicability of perturba-
tive methods at fixed-target energies and the need for unpolarized “benchmark”
cross sections also apply here.

Next, we turn to the relevance of the direct and resolved photon contribu-
tions. The left panel of Fig. [6.11] shows their respective relative contributions
to the full polarized photoproduction cross section. Here, the resolved contribu-
tion plays a much less significant role than at COMPASS kinematics due to the
smaller c.m.s. energy at HERMES. The ratios of the individual subprocesses to
the unpolarized cross section are given in the right panel of Fig. [6.11. The di-
rect yg-channel dominates over the entire Pr;-range, whereas the yg-channel is
small and negative. Similar results can be found in the unpolarized case, where
the vg- and yg-channel contribute about 80% and 15%, respectively, to the full
unpolarized photoproduction cross section.

In the left panel of Fig. [6.12 the polarized photoproduction cross section at
HERMES is shown as function of the momentum fractions x5 and x; of the nu-
cleon and lepton taken by the parton/photon. The distribution for zy peaks at
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Figure 6.12: The same as in Fig. 6.7, but now for HERMES kinematics.
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Figure 6.13: The same as in Fig.[6.8, but now for HERMES kinematics.
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somewhat higher values of xy ~ 0.3 than for CoMPASS, see Fig. 6.7, which is
mainly due to the lower c.m.s. energy available at HERMES. The distribution
for the momentum fraction x; of the electron taken by the photon or parton,
respectively, has its maximum in the high z;-region, where differences between
the “minimal” and “maximal” scenarios of the photonic parton distributions do
not matter much as we will see below.

The right panel of Fig. gives the unpolarized and polarized photoproduc-
tion cross section as a function of the difference of the two azimuthal angles
|&; — ®y|. As for COMPASS, most contributions are close to 7, which resem-
bles back-to-back kinematics and stems from the LO, virtual, soft, and collinear
contributions.

Next, we consider the corresponding double-spin asymmetry Afilb in Fig.
As in Fig. 6.8 we study the relevance of the resolved photon contribution in the
upper panel and the dependence on models for the non-perturbative partonic
structure of circularly polarized photons in the lower panel of Fig.[6.13. Here,
the resolved photon processes have a much less pronounced effect on the spin
asymmetry than for COMPASS, see Fig. [6.8. Also, there is almost no difference
between the results obtained with the two extreme models for the Af, densities.
This is because for the same transverse momentum Pr; the HERMES experiment
is closer to the end of the phase space than COMPASS, since on average HERMES
probes larger momentum fractions both in the nucleon and in the photon, see the
left panel of Fig.|6.12, which explains our results.

To close this Section, we note that final results from the HERMES experiment
for A2 will become available in the near future [21].



7 Summary and Conclusions

In this work, we provided for the first time the theoretical framework for the
longitudinally polarized photoproduction of hadron pairs at next-to-leading order
of perturbative QCD. This process is regarded as an important tool in the quest
for a better understanding of the spin structure of the nucleon. The results
presented in this Thesis can now be applied in quantitative analyses of di-hadron
photoproduction data available from the CoMPASS and HERMES experiments.
For the first time, it will be possible now to include such data consistently in a
NLO global QCD analysis of helicity dependent parton densities of the nucleon,
in particular the elusive gluon polarization. Two-hadron production will also test
our understanding and the applicability of factorization and perturbative QCD
at relatively low scales.

We started with a short overview of the underlying theory, Quantum Chro-
modynamics, and gave an introduction to the renormalization and factorization
procedures, both essential ingredients for any calculation in perturbative QCD
beyond the leading order approximation.

Next, we turned to a detailed derivation of all relevant formulas for the longi-
tudinally polarized photoproduction of two hadrons at high transverse momenta
in a fully analytic approach. To make the calculation tractable, we introduced
the variable zy to avoid certain singular kinematic regions, which are beyond the
realm of the standard factorization theorem. Nevertheless, the analytic approach
turned out to be considerably more challenging than for one-hadron inclusive
cross sections, and we had to limit ourselves to the direct photon contribution.
In addition, it is difficult to match our results to the conditions in experiment.
This is because some kinematic cuts, e.g., on the angular detector acceptance,
can not be implemented in the calculation. However, to our knowledge a fully
analytic computation of di-hadron photoproduction cross section at the next-to-
leading order of pQCD has never been performed before, not even in the unpo-
larized case, which is interesting and important in its own right. Furthermore,
the analytic results serve as an important benchmark for a more versatile, but
numerically delicate Monte-Carlo integration technique, which we also pursued
in this Thesis.

The results of the calculation were then implemented in a phenomenological
analysis with the kinematic cuts as close as possible to the experimental setup.
We demonstrated that the K-factors as a “measure” for the relevance of NLO

113
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corrections depend more on the details of the non-perturbative parton distribution
and fragmentation functions than on the hard partonic scattering. To get a
better feeling for the typical theoretical ambiguities, we studied the dependence of
our results on the unphysical factorization and renormalization scales introduced
by theory. Although unpolarized cross sections show little or no improvement,
the scale dependence of polarized cross sections, in particular for COMPASS, is
somewhat reduced when the next-to-leading order corrections are included. This
might be taken as some first indication that the perturbative series is well behaved
at COMPASS energies. Future comparisons of, not yet available, cross section
data with theory will ultimately decide this and may call for further refinements
of the theoretical calculations like resummations of dominant contributions to all
orders in the strong coupling. Contrary to naive expectations NLO corrections
do not cancel in the experimentally relevant double-spin asymmetry, which was
shown to be very sensitive to the chosen polarized gluon scenario, proving that
di-hadron photoproduction can further our understanding of the spin structure
of the nucleon.

To include also the resolved photon contribution to di-hadron production, which
is required for a consistent factorization, we used an alternative, more versatile
approach based on Monte-Carlo integration techniques. Within this method one
has complete control of all kinematic variables and hence can implement all cuts
required by the experimental setup. In practice, we chose the “two cut-off phase
space slicing method”, which requires the introduction of two small cut-off para-
meters to separate off the divergent regions of phase space. Whereas these singu-
lar regions can be treated analytically, the remaining portion of the phase space
was handled solely numerically. After showing how this method works in practice
and outlining the relevant framework, we first tested the Monte-Carlo integration
by comparing it to our analytical results. Both methods turned out to be in good
agreement. Next, we studied the stability of the numerical integrations, i.e., we
demonstrated the independence of our results on the small cut-off parameters,
which involves delicate numerical cancellations.

After verifying our Monte-Carlo code, we presented detailed results for unpolar-
ized and polarized cross sections and double-spin asymmetries for both CoOMPASS
and HERMES kinematics as a function of the transverse momentum of one of the
hadrons. In addition, we studied the dependence on other kinematic variables like
the momentum fractions probed in the nucleon and lepton or the difference in the
azimuthal angles of the two observed hadrons. We also demonstrated that the
spin asymmetries are largely independent of the details of the non-perturbative
hadronic structure of circularly polarized photons, which is completely unknown.
The resolved contribution is important though, as it leads to a systematic shift
of the spin asymmetries. Neglecting it would lead to wrong conclusions about,
e.g., hadronic parton densities including the gluon polarization.
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Detailed studies of spin-dependent processes will certainly provide a much bet-
ter understanding of hadronic spin structure than we have today. The results of
this Thesis will contribute to this effort. It will be now possible to include data
for di-hadron photoproduction in future global NLO analyses of the spin content
of the nucleon. We close with pointing out that the results provided here, in
particular the versatile Monte-Carlo code, will prove to be valuable in studies
for the planned first polarized lepton-proton collider. If the EIC project will be
realized in the future, it will open up a new window for the exploration of the
hadronic and photonic spin structure.
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A Feynman Rules

In this Appendix we present the Feynman rules of QCD, necessary for the cal-
culations of amplitudes i M. Flavor and spinor indices are implicitly understood
and not shown here.

The propagators for fermions, gluons, and ghosts are

p
. 1 +
p —m + 1€

p? —m?2 + e

a p b
—iSap [ b
rESEETER : %’(gu_u_n)“;)
u _ Vv p°+ e p
p .
a----- ) R b _Zéab
p? + i€

Here i, j, (a,b) denote the color indices of the quarks (gluons or ghosts). Greek
letters like p, v are Lorentz indices. p denotes the momentum of the respective
particle, and p is a shortcut for p,+". The ie prescription in the denominator
of all propagators ensuring causality can be neglected in all our calculations. e
should not be confused with the € in n = 4 — 2¢. The parameter 1 depends on
the used gauge. As mentioned in Section 2.1, we use the Feynman gauge (n = 1)
in all our calculations.
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A Feynman Rules

The external quark, antiquark, and gluon legs are represented by

incoming lines

®

/

(=]

/

outgoing lines

u(p, A) s u(p, A)

EM(Qa )‘) / GZ(CL )‘)

u(p,\) and wv(p,A) denote the spinors of a quark and a antiquark with
momentum p and helicity . €,(g, A) is the polarization vector of a gluon with
momentum ¢ and helicity A.

An important ingredient for calculations of Feynman diagrams are the vertices:

quark-gluon —i9sVu L3

—stabc[(p — Q)l/g)\u + (q - T)Ag;w

three-gluon
& + (1 = D)ugon]

ghost-gluon Wm 9s**p, (p, outgoing)
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In addition to the pure QCD-processes we need also the Feynman rules for
photons:

s _Guv
ANANANNANAN —g g
photon propagator H v (v

photon-quark vertex " — 19V

As for gluons, incoming photon legs are represented by polarization vectors
€,(q, A) with momentum ¢ and helicity .

For the computation of diagrams in NLO accuracy and beyond, one has to keep
in mind some additional rules:

e multiplication with a factor (—1) for each closed fermion or ghost loop

e integration over the loop momentum k for each closed loop with a measure
/ d"k
(2m)"

After calculating the amplitude iM with the rules just presented, the next step
is to work out the squared absolute value of the amplitude, i.e., |[M|?* = MM*.
To perform this step, one needs projection operators for quarks, antiquarks, and
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massless bosons with definite helicities:

ulp, Na(p,X) = S(p+ )1 =5, (A1)
o NP0 A) = = m)[L s, (A2)
H 6'/* — 1 gV anV+qV7]M i GMVPU%
(g, N)e” (g, N) 5 |79 +—Q‘77 + A ool (A.3)

where 7 is an arbitrary, light-like momentum with ¢ - 7 # 0.



B Phase Space Integrals

In this Appendix we discuss in detail the calculation of all phase space integrals
appearing in an analytic NLO calculation of hadron pair production and needed
throughout this work. We give explicit results with special emphasis on the cor-
rect treatment of plus-distributions and the singularity structure of the integrals.
We start with single propagators, namely the I (X;), defined in Eq. (3.97), which
exhibit a singular behavior in either w or z. Next, we compute the integrals with
double propagators, I;(X;X;), which can, in general, develop singularities in both
w and z. For some derivations we closely follow [80, 90, 96].

B.1 Single Propagators [;(X;)

) Il(tg), ]1(U2)
Here the X, a;, and b; in Eq. (3.93) take the form

Xig =ty = —%, a; =1 —cosycosby, b;==+sinysinb;.

Inserting
a? — b7 = (costp — cos b1)? = 42* cos 1),

in Eq. (3.98), a potential singularity occurs for z = 0. However, this case
is avoided as we always ensure that z > 0, and we safely can take the limit
¢ — 0 ending up with

T 1 1

L(ty) = — - B.1
1(t2) 2toy cosY z (B-1)
The result for I1(us) is similar, with a factor ugy = —s(1 — v)/2 in the
denominator instead of tqq.
o [1(s12)
In this case,
1 —
Xi053120 :w, a; = 1—COS¢/7 bi:—sin@//sinel,
1—
a? — b =4|z+ vl = w) cos”
1 —v+ovw
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As 0 < v,w < 1, a singularity would occur for negative values of z. Again,
as only positive values are allowed for z, we can treat this integral in four
dimensions instead of n to obtain the result

s 1 1

1 = . B.2

1(812) 25120 COS¢ i v(1—w) ( )
1—v+ovw
[ ] Il<t3), Il(U3>
Here,
S . .
X =ty = -5 W= 1+ cospcosty, b;=-=Lsinysinb;,

a? —b? = 4(1 — 2)*cos? 1) .

This yields a singularity in Eq. (3.98) at z = 1, when the unobserved
parton is emitted collinearly to the beam axis defined by the incoming
particles. This pole needs to be factorized into the bare parton distributions,
as explained in Sec. 2.3. From Eq. (3.98) we obtain

=2h(z)
7 % N\ 2e
L(ty) = — " 1 1+ cos? (1 — 22)
s 2tz0 cos |1 — z|1+2 cos (B.3)
(1 — 2¢) 1 b?
M2 By
Tl _e) XN\ T TE T E

If 2 — 1, also b?/a? — 1. In this limit the hyper-geometric function can be
expanded as

oF (% P 1) =g [1 + 0(52)} . (B.4)

First, let us consider the range z € [1; zpax]. By using partial fractioning,
expanding in powers of ¢, and disregarding all terms which vanish in the
limit ¢ — 0, we find

/O " g (2) (ff ;)13 (’;(f))) _
[Fene[ S EY] g,

+f(1)[—2i+ln(zmax—1)—%ln(h (1)>]

3
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h(z) is defined in Eq. (B.3), and g(z) is defined in Eq. (3.79). With

h%(2)\° 1 0(z—1)
0(z—1 =
- )[(m@> @—iﬂ“4+ G-1, 0
and 1 — Zyax = Zmin, this can be written as

0(z — 1) (h(z)2>€ -1

(z =1\ g(2) (
1 1 h*(1)
~ a- In(— min) — =1 .
x[ 2€+n(z ) QH(g(l))]
With a similar calculation in the range z € [0; 1] we get the combined result

1 (h?@))s o(1-2) , B(z=1)

T—2= \g(z) ) ~ (-2  (z—1s

+6(1—2) (-1 - ln(zmax)) |

(B.6)

(B.7)
g

The final result for Eq. reads

. B ™ F(l - 25)
g(Z) ]1(t3) - 2130 COS¢ F2(1 — E)

(B.8)
)+ O(1 — 2) +9(z—1)]'

1
x[&l—@(—-—m@mﬁ A=z  (z—1)

3

The same result is obtained for I;(ug) via replacing the prefactor t3y by
ugp = —s(1 —vw)/2.

L (813)
In this case

1—v+ow
Xi05313O:T7

a; =1+ cos®)' cosfy, b; =siny sinb;, (B.9)

2
212 1 2
a; —b; = 4<z 1_U+vw> cos“ .

Here we run into a singularity at z = 1/(1 — v + vw) = 2. Applying
the same procedure as for I;(t3) but replacing 1 by z;, and defining plus
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distributions in the ranges [0; z1] and [z1; Zmax] the final result is

. B T F(l — 25)
g(2) L (s13) = 25130 cos ¥ T2(1 — ¢)

x [5(,21 _2) (—é ~n (1- ZZ)) (B.10)

N 0(z— ) N 0(21—2)] .

(z—21)+ (21— 2)+

[ [1<823)
s93 has no dependence on the integration angle 6. However, it exhibits a

factor (1 — w) which is expanded via Eq. (3.102) leading to

(1—w)_6]1(323):£—z oy —L . (ln(l_w))]. (B.11)

€ (1—w); 1 —w

Iy is specified in Eq. (3.96).

B.2 Double Propagators ;(X;X;)

[ ] Il(t3U2), Il(t2U3)
Using the expansion for 1/(X;X;) of Eq. (3.100) we encounter a factor
1/(1 — 2z), which diverges for z = 1/2. As this singularity has no physical
interpretation we have to remove it by expanding

1 . 0(1—z)+9(2—1)

z z z

, (B.12)

in I;(ug). The final result takes the form

_ T I'(1—2¢)
I(t =
g(Z) 1< 3U2) 4t30U20 cos? 1/} F2(1 — 8)

1 0(1 — z)
X [6(1 —2) (—— —In 2max) + =2, (B.13)

£

+0(z—1) ((z _11)+ T (11j22z2)z)] '

The result for I;(tous) is obtained with replacing tsousg by toguge in

Eq. (B.13).
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[ ] Il (t3U3)
A detailed discussion of this integral can be found in [90]. Hence, we only
give the final result

tgoUgo F2(1 - 8) 2COS77Z)

9(z)5(1 — w) = Ly(tyus) = —— 2L =%) 1 {<1—vw>

(1=2)+  [Di(z—1)
ooy (o)
o [( i) g -2 (M)
+1_1wln (11_—1}:))]

y (2L€2+2i€1n<1—v>+§1n2<1—v>) (1—v>},

+0(1—2)6(1 —w)

where D1 =1 —w +2(1 — z)w(l —v).

o [1(t3523), I1(u3s93)
Integrals with this structure exhibit singularities both in z =1 and w =1
due to an additional factor 1/(1 — w) stemming from 1/s93. A detailed
discussion can be found in [80]. The result is

9(2) (1 —w)°L1(t3803) = 28vt3:cos¢ Iligl__Qg { — 25(1 —w)

1 Inz

x[—gé(l—z)—i—e(l—z)( —€

(1—2)4 1—2

+ b <_15(1 —2)+ o1 —2))

T—w)y \ e (1-2);

L (9(z ml) SR 1n(zmax)) N (M) 5(1 - z)} |

I—w \(z2—1)4 1—w
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The same result is obtained for 1/(ugsq3) with replacing t39 by uso.

) Il <U3813)
This type of integral cannot be found in previous calculations. Thus, we
have to calculate it from scratch with similar methods used for [;(t3ug) in

Eq. (B.14). The result is

-2
9(2) 7 (1 = w) L (ugsi3) = _32v2uzrcos¢ Pg(l — 3

{5(1 —w)o(1 — z)

11 (1 1
X ——i——ln( U)—ln2(v)—|—§ln2(1—v)

- :ﬁ(—éﬂn((l_w)gﬂ_w))) (),
i ( 2<(lv++ csjs@fz((jw—fl—) fi“%) +6(z1 — 2) [ﬁ ( - é
o (rmlete) ) + (M),
_m(<2-v—vw><1—v+vw><1fzitw+%—%)]

1 —v+4cosy —vwcosy

+ (1 — 2)

0(1—=z) N 0(z—1)
[D2(1—=2)]+  [Da(z — 1))+

l-v—ww 0(z — 2) 0(> — z1)
1—v+ovw ([DZ(ZI —2))+ " [Da(z — Zl)h) ] } |

with Dy =2 — 2z — v + 2zv — vw.

+v

(B.16)
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o [i(s13523)
Similar to I (t3s23), we find

B B T F(]_ — 25)
(1 — er =
g(Z) ( w) 1(513523) 25V5130 COS w F2(1 _ 5)

1 1 Inz In(1 — 2)
X{_56(1_w)[(1—z)+_81—2_8( 11—z )+]

N 1 [9(21 —2) N 9(2—2’1)] +l5(1_w)5(1—z)

(I-w)y (1 —2)+  (z—21)+ e?
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C Soft Matrix Elements and
Integrals

In this Appendix we give the (un)polarized matrix elements for the processes

Y(pa) a(ps)  —  a(pe) 9(pa) 9(pe) .
Y(pa) 9(ps)  —  a(pe) a(pa) 9(pe) , (C.1)

in the soft limit, i.e., when a gluon in the final state has vanishing energy. We
apply the eikonal double pole approximation as outlined in Sec. 5.1. If we asso-
ciate gluon e with the soft particle, the matrix elements squared in n = 4 — 2¢
dimensions exhibit the following forms

Z|M7q—>qgg|2 coft = Z|qu—>qg|28wq—>qga
Z|Mvgﬂq@|2 woft = Z‘Mvgﬂqﬂz&/gﬂqq,
ZA|M7qu99|2 woft = ZA|qu—>qg|237q—>qga
ZA|M79—>(1§9|2 coft = ZA|M79—>¢1€7|2379—>¢1§7
(C.2)
with
[ S t 1 U ]
Swear = 208 | Co(o o+ o)~ () |
T Jstld 4 513523  U3S23 Ca\uzsis
I t U 1 S ]
Sﬁ-=2§250( + )——( ) C.3
R JsHla 4 UzS23  U3S13 Ca \ 513523 ( )

The unpolarized and polarized n-dimensional LO matrix elements in Eq. (C.2)
read

Z|M7q—>q9|2 = N2Cr
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i’M’w—ﬂzq’P = Nlig [(1 —€) <% + %) - 25] ;

t s u?
§ :A’MWHqu = N2Cg g—g—Eg )
t u
E A’MWHMP = N E—i_?] (C4)

Here, the prefactor is defined as N = (gsgee,)?psc. Next, the integration over

the phase space of the soft gluon, dS in Eq. (5.9), has to be performed. This is
done in the c.m.s. frame of the two incoming partons a and b using the following
parameterization

B

Pa = 7(1,0,0,—1,...),

P = \/75(1,0,0,1,...),

De = \/75(1,0,2 v(l —v),1—2v,...),

Da = %(1,0,—2 v(l —wv),—(1—20),...), (C.5)

and Eq. (5.6) for the momentum of the soft gluon e. With the help of [87] the
integrals then take the form

LoV ey 4 iy —
/dSSL‘SUS T T owe’ (%) [1 el U)} ’
111,
/d5313523  2s¢e? (58) ’
1 1 1
— (1 —v)°¢ —2e 27 ; )
Jas—— = T - [ SLlw] . (o)

where Lij is the di-logarithm function, see, e.g., [95].
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