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Summary

The main focus of this PhD thesis is on phenomenology of high energy particle and
nuclear physics. We have performed several theoretical and phenomenological calcula-
tions aiming at a better description of collisions at hadron colliders such as the LHC or
RHIC. In addition, several studies were performed relevant for lepton hadron scattering
experiments carried out at JLab, HERMES, COMPASS or a future EIC.

One of the main goals of this PhD thesis are calculations of QCD threshold resumma-
tion. Threshold logarithms typically arise when the initial partons have just enough
energy to produce the observed final state. In this case, the phase space available
for gluon bremsstrahlung vanishes, resulting in large logarithmic corrections. This is
a natural feature of QCD in higher order perturbation theory, that large corrections
emerge in the edges of phase space. We obtain this behavior of QCD in all calculations
discussed in this PhD thesis. If we try to get sensible answers from QCD in this area
of phase space, we have to take these large logarithms into account to all orders. This
procedure is known as ”threshold resummation”.

We investigated resummation effects beyond next-to-leading logarithmic (NLL) accu-
racy for di-hadron production in hadronic collisions HiHs — hihoX at high invari-
ant mass of the produced hadron pair. Since all particles in the underlying partonic
reactions are color charged, the color structure of this process is highly non-trivial.
Therefore, resummation beyond leading logarithmic accuracy may only be achieved by
taking into account the color structure of the partonic process. We determined the
relevant soft and hard matrices in space of color exchange operators, that appear in
calculations beyond NLL accuracy. Besides these analytical calculations, we perform
phenomenological studies for the di-hadron production process. We found significant
improvements compared to previous studies in terms of cross section scale uncertainties.

In a related work we derived analytical approximate next-to-next-to-leading order (NN-
LO) results for single-inclusive jet production in hadronic collisions. Our formalism is
based on threshold resummation and makes use of the fact that threshold resummation
determines certain classes of threshold logarithms. Starting at NLL, we included for
the first time the three leading classes of logarithms at partonic threshold. In addi-
tion, compared to previous results we also included the full dependence of the jet size
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Summary

parameter R. Our results adapted also the full kinematic of jet transverse momentum
pr and rapidity 7, which makes them of great phenomenological interest, for example
in jet physics at hadron colliders such as the LHC, Tevatron or RHIC. Fits of par-
ton distribution functions rely on jet data. Particularly the gluon PDF at large-x is
constrained by high pr-jets. Our approximate results are important for NNLO-PDF
fits in the central rapidity and high transverse momentum region. Another important
application could be the search for new physics at the LHC, where large pr-jets are an
important observable.

A very interesting field in QCD is the spin structure of the nucleon. The longitudinal
spin distribution can be explored with the double spin asymmetry Ay produced from
longitudinally polarized hadron beams, for example at RHIC. In this thesis, we used the
same methods as in the paragraph above to derive approximate NNLO results for single
inclusive jet production in longitudinally polarized hadron beams. We found significant
contributions, from formally subleading terms at partonic threshold. We could also
perform phenomenological studies and compare them to jet production Ay data from
RHIC, which is a first step towards new accuracies in spin physics.

Besides the resummation studies in hadronic scattering we worked on fixed order calcu-
lations in lepton nucleon scattering processes. Particularly, we investigated the single-
inclusive production of hadrons and jets in lepton nucleon scattering [N — hX and
IN — jetX at next-to leading order (NLO). In contrast to the common DIS process the
final state lepton remains unobserved. The treatment of the collinear divergencies from
the photon propagator needs special attention in this calculation. It could either be
absorbed by a photon in lepton distribution or completely avoided by a massive lepton.
We could show, that in contrast to claims in the literature the almost real photon part is
not the dominating contribution at NLO. The analytic results for single jet production
were carried out in the ”Narrow Jet Approximation” and adopt the right dependence
on the jet size parameter R up to R ~ 0.7. Besides theoretical calculations, we do
phenomenological applications of our work. Therefore, we performed numerical studies
of the cross sections for present-day fixed target experiments and for a possible future
electron-ion-collider (EIC).

Our unpolarized [N — hX NLO calculation is motivated by the fact, that this process
attracted much theoretical and experimental interest for a transversely polarized hadron
or nucleon in the initial state. In the case of polarized scattering azimuthal asymmetries
were observed in experiments at JLAB and HERMES. A common approach to describe
these single transverse spin asymmetries (SSA), is the so called twist-3 quark-gluon
correlation function approach. So far, however, phenomenological applications for this
process only have been limited to zeroth order of QCD perturbation theory. In general,
for single spin asymmetries, QCD corrections to leading order are only available for
more inclusive processes. The experimental data for INT — hX is not well described
by the existing leading order studies and justifies the aim to develop a framework to go
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beyond LO. Transverse spin dependent cross sections receive several contributions, the
evaluation of them is highly challenging. In the present PhD thesis we focus on the so
called soft-gluon-pole contribution, where the imaginary phase from the partonic hard
scattering is provided from a configuration when the attached twist-3 gluon becomes
soft. We developed a theoretical framework to calculate next-to-leading order QCD
corrections for the soft gluon pole contribution to single-transverse spin asymmetry in
INT — hX. Exploring the contributions beyond leading order is crucial to determine
the origin of the large asymmetries. The calculation we perform is an important step to
understand how the theory of perturbative QCD is applicable to twist-3 cross sections.

In addition to the calculations concerning the transverse structure of the nucleons spin,
also the longitudinal spin structure is a topic of this thesis. Therefore, we performed
a study for the longitudinal double spin asymmetry in the process I[N — hX at NLO
level.






Zusammenfassung

Der Schwerpunkt der vorliegenden Doktorarbeit liegt in der Phdnomenologie der hoch-
energie Kern- und Teilchenphysik. Mittels theoretischen Studien wurden Prozesse un-
tersucht, die ein besseres Verstdndnis der Physik an Hadronbeschleunigern, wie den
LHC oder RHIC liefern. Zusétzlich wurden Hadron-Lepton-Prozesse untersucht, die
flir Experimente wie am JLab oder bei HERMES, COMPASS und einem zukiinftigen
EIC relevant sind.

Einer der Schwerpunkte dieser Doktorarbeit liegt auf QCD threshold re-summations-
Rechnungen. Die sogenannten threshold Logarithmen nehmen grofle Werte an, wenn
die einlaufenden Partonen ihre gesamte Energie bendtigen um den beobachteten Endzu-
stand zu produzieren. In diesem Fall verringert sich der Phasenraum fiir Gluonen-
Bremsstrahlung, was zu den grofien Logarithmen fiihrt. Dies ist ein immer wiederkehren-
des Muster in der stérungstheoretischen QCD in héheren Ordnungen, sodass sich in
extremen Regionen des Phasenraums grofie Korrekturen ergeben. Um sinnvolle Ergeb-
nisse in diesem Teil des Phasenraums zu bekommen, sollte man diese Logarithmen
zu allen Ordnungen in der stérungtheoretischen Reihe aufsummieren. Diese Prozedur
nennt man ” Threshold Resummation”.

Wir untersuchten die Resummation solcher Logarithmen jenseits der nachst-fithrenden
logarithmischen Ordnung (NLL) fiir die Dihadron-Produktion in hadronischen Kollisio-
nen HiHo — hi1hsX, wobei die invariante Paarmasse des produzierten Hadron-Paars
relativ hoch ist. Da alle Teilchen in der partonischen Reaktion farbgeladen sind, ist
die Farbstruktur solcher Prozesse sehr komplex und muss in Betracht gezogen wer-
den, wenn man Genauigkeiten jenseits der fithrenden logarithmischen Ordnung erre-
ichen mochte. Wir bestimmen die relevanten ”weichen” und "harten” Matrizen im
Raum der Farbaustauschoperatoren, welche jenseits der néchstfithrenden Ordnung auf-
tauchen. Neben analytischen Rechnungen, haben wir phianomenologische Studien im
Dihadron-Prozess durchgefiihrt. Dabei konnten signifikante Verbesserungen der Skale-
nungenauigkeit erzielt werden.

In einer weiteren Arbeit haben wir die ”single-inclusive” Jet-Produktion in hadronis-

chen Kollisionen néherungsweise zur nachst-zu-néchst-zu fithrenden Ordnung (NNLO)
analytisch berechnet. Unser Formalismus basiert darauf, dass die Resummation von
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threshold-Logarithmen eben diese zu allen Ordnungen vorhersagt. Ausgehend von NLL
konnten wir erstmalig die ersten drei Klassen an fithrenden Logarithmen bestimmen und
die volle Abhéngigkeit des Jet-Parameters R mit einbeziehen. Desweiteren konnten wir
sowohl die volle Abhéngigkeit des Jets vom transversal Impulses pr als auch dessen
Abhéngigkeit von der Rapititdt n miteinbeziehen. Dies ist der Grund dafiir, dass un-
sere Rechnung grofie Aufmerksamkeit auf sich zieht.

Ein sehr interessantes Forschungsfeld in der QCD ist die Spinstruktur des Nukleons. Die
longitudinale Spin Verteilung kann anhand longitudinal polarisierter Hadron-Kollisionen
untersucht werden. Die doppelte longitudinale Spin Asymmetrie Ay, fiir die ”single-
inclusive” Jet Produktion kann beispielsweise am RHIC gemessen werden. In der vor-
liegenden Doktorarbeit haben wir die selben Methoden wie im Absatz zuvor beschriebe-
nen unpolarisierten Prozess benutzt, um naherungsweise NNLO-Ergebnisse fiir den po-
larisierten Prozess zu berechnen. Wir konnten formell an der partonischen Schwelle
unterdriickte Beitrage identifizieren, welche dennoch einen signifikanten Beitrag zum
Wirkungsquerschnitt liefern. Desweiteren wurden phadnomenologische Studien durchge-
fiihrt und mit den aktuellen Ar; Jet-Daten von RHIC verglichen, dies bedeutet einen
ersten Schritt zu neuen Genauigkeiten in der Spin-Physik.

Neben den Studien welche auf Resummation in hadronischen Kollisionen beruhen, wur-
den Berechnungen zur festen storungstheoretischen Ordnung durchgefiihrt. Im Detail
haben wir ”single-inclusive” Hadron- und Jet-Produktion in Lepton-Hadron-Streuung
in néchst-zu fithrender Ordnung (NLO) berechnet. Im Gegensatz zum herkémmlichen
DIS-Prozess wird das Lepton im Endzustand nicht beobachtet. Die kollineare Divergenz
welche durch den Photon-Propagator hervorgerufen wird benotigt besondere Aufmerk-
samkeit. Die Divergenz kann entweder in eine Photon in Lepton Verteilung absorbiert
oder durch ein massives Lepton komplett vermieden werden. Wir konnten zeigen, dass
im Gegensatz zur bisherigen Literatur der Wirkungsquerschnitt nicht durch beinahe
reelle Photonen dominiert wird. Die analytischen Ergebnisse der Jet-Produktion wur-
den in der sogenannten ”Narrow Jet Approximation” durchgefilhrt und nehmen die
annahernd korrekte Abhéangigkeit des Jet-Parameters R bis zu R ~ 0.7 an. Desweit-
eren wurden phanomenologische Studien fiir aktuelle und zukiinftige Experimente, wie
den Electron-Ion-Collider (EIC) durchgefiihrt.

Die unpolarisierte IN — hX NLO Rechnung wurde dadurch motiviert, dass der Prozess,
bei dem das einlaufende Hadron oder Nukleon transversal polarisiert ist, viel Aufmerk-
samkeit, im Experiment als auch in der Theorie auf sich zog. Im transversal polarisierten
Streuprozess bei Experimenten am JLab und HERMES wurden azimuthale Asym-
metrien beobachtet. Ein Zugang um diese einfach transversalen Spin Asymmetrien
(SSA) zu beschreiben bietet der sogenannte Twist-3 Quark-Gluon Korrelationsfunktion-
sansatz. Bisher gelang es nur diesen Prozess zur fithrenden Ordnung zu berechnen. Im
Allgemeinen wurden SSA-Observablen nur in stéarker inklusiven Prozessen jenseits der
fiihrenden Ordnung bestimmt. Die experimentellen Daten fiir den Prozess INT — hX
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werden durch die existierenden LO Ergebnissen nur sehr schlecht beschrieben. Eines der
Ziele der vorliegenden Doktorarbeit war es Methoden zu entwickeln um diesen Prozess
zur néchst fiihrenden Ordnung zu berechnen. Der polarisierte Wirkungsquerschnitt
besteht aus einigen Beitragen, wobei deren Berechnung auflerordentlich schwierig ist.
In der vorliegenden Arbeit beschéftigen wir uns mit dem sogenannten Soft-Gluon-
Pol-Beitrag, welcher von Konfigurationen hervorgerufen wird, indem das zusétzliche
Twist-3 Gluon weich wird. Wir entwickelten Methoden um NLO Korrekturen fiir den
Soft-Gluon-Pol-Beitrag im Prozess INT — hX zu berechnen. Um die Herkunft der
Asymmetrien zu bestimmen, ist es unumgehbar den Prozess jenseits der fithrenden
Ordnung zu verstehen. Deswegen ist unsere Rechnung ein wichtiger Schritt um die
storungstheoretische QCD auf komplizierte Twist-3-Prozesse anzuwenden.

Zusitzlich zu der Rechnung welche sich mit der transversalen Spin-Struktur des Nuk-
leons beschaftigt, haben wir den Prozess fiir ein longitudinal polarisiertes Nukleon
berechnet. Wir haben dafiir die doppelte longitudinale Spin Asymmetrie in NLO fiir
den Prozess [N — hX bestimmt.
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Chapter 1.

Introduction

The theory of strong interactions - quantum chromodynamics (QCD) - was developed
more than four decades ago [8, 9]. Since that time, it continues its triumph by explaining
the nature of hadrons and thus the building blocks of nature. But, unlike the quantized
theory of electro-magnetic fields, - quantum electrodynamics (QED) -, many phenomena
are not accessible by direct weak coupling perturbation theory. On the other hand,
through its complexity QCD offers a very rich phenomenology, that is in many cases
very tough to describe theoretically to high accuracies. Therefore, QCD is even more
than 40 years after its invention in the spotlight of ongoing research.

The experimental progress that has been achieved, produces an ever growing need
for theoretical predictions to very high accuracies. The most precise predictions from
QCD are achieved by utilizing the ansatz of perturbation theory. The spectrum where
perturbative QCD (pQCD) is faced with experimental setups is enormously large. From
the search of new physics at the LHC on the TeV scale, down to scattering experiments
aiming to a better understanding of the nucleons spin structure on the lower and mid
GeV scale, for example at HERA, RHIC and COMPASS. The theoretical success relies
on a few enormously prosperous concepts established in QCD. The most fundamental
one, that justifies in general the pQCD ansatz, is asymptotic freedom, a key feature of
QCD. It states that the effective coupling of QCD goes to zero at zero distance, i.e. at
high energies [10, 11]. Therefore, scattering processes of strongly interacting particles at
high energies, can be described by using the methods of Feynman perturbation Theory.

But, unlike in QED we cannot get high precision predictions from pure Feynman pertur-
bation Theory. The reason is another key feature of QCD, confinement. It states, that
there are no free color charged particles, i.e they are bound in colorless hadrons. There-
fore, all physical processes do not only involve the strongly interacting color charged
particles, but also colorless hadrons far away from the hard scattering point. The pro-
ton for example, has a mass around ~ 938 MeV, that must include the binding energy
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of the internal quarks and gluons. Therefore, the binding energy for a single quark or
gluon inside a proton is relatively small. Small in a sense, that at these energy scales
the coupling is far to big to exploit perturbative QCD. This leads unavoidable to a two
scale problem in QCD. We have on the one hand the hadronic energy scale and on the
other hand the scale of the hard scattering process in the perturbative regime. Now we
are facing the problem, that we can solve the hard scattering part by using perturbative
methods, but we are not able to describe the external hadrons with this theory. The
factorization theorem of QCD helps to get along with exactly this problem.

Factorization is the central theorem in perturbative QCD. The theorem states that one
can factor the hard scattering part from the non perturbative hadronic part of the cross
section. We will explain the basic properties of the factorization theorem in section 1.3
in this thesis. Since factorization was introduced into the theory, the parton structure
of hadrons is determined by high energy scattering experiments, i.e. one can extract the
parton distribution functions (PDF) from experimental data. The PDF's are universal
functions, in a sense that they are independent of the actual hard process. In fact, these
properties of the theory allow us to face pQCD to experimental data.

This thesis is structured as follows. In the subsequent sections of this introductory
chapter we outline the basic concepts of perturbative QCD. We give a general overview
on QCD, concerning its Lagrangian and renormalization. We thematize the running of
the QCD gauge coupling and discuss the perturbative treatment of a hard scattering
process. Further, we show how to define infrared safe observables, which is crucial to
obtain well defined answers from QCD. We give an introduction to the factorization
theorem and hence the evolution property of parton distribution functions. In the end
we complete this chapter with a brief introduction to threshold resummation.

The subsequent chapters are structured mainly along the papers listed on page xi.

In chapter 2 we present a NLO calculation in single hadron and jet production in a
lepton nucleon induced process. This chapter is based on publications [3, 6] and is the
basis for chapters 3 and 4, where we perform NLO calculations to the single transverse
and the double longitudinal spin asymmetries [4, 5].

In the second part of this thesis, we investigate the resummation of threshold logarithms
in pp induced processes. In chapter 5 we perform a calculation beyond next-to-leading
logarithm accuracy for di-hadron production [2]. Based on this chapter, we present ap-
proximate next-to-next-to leading order results for single jet production in unpolarized-
and longitudinally polarized pp scattering in chapters 6 and 7 based on publication [1].



1.1. Quantum Chromo Dynamics

1.1. Quantum Chromo Dynamics

1.1.1. QCD Lagrangian

In a quantum field theory the behavior of a set of particles should follow from the La-
grangian density. In the case of QCD the Lagrangian density connects quarks with mass
m represented by spin one half matter fields Wy ¢, with the massless spin one gluon field
Af,. The quark fields are specified by the Dirac index k, a color index j and the flavor
index f. The color index has three values, which has been shown experimentally. As far
is known, the flavor index has six values "up”, "down”, "strange”, ”charm”, "bottom”
and "top”. The gluon field has a color index a taking on eight values representing the
eight generating matrices of SU(3). On the gluon field, the index p is a Lorentz vector
index. In the following discussion we assume the sum on flavor, color and Dirac indices

on quark fields as implicit. Then we can express the classical Lagrangian density as

- 1
Lelass. = \II(IE - m)\II - ZGZVG'L@W > (11)
where the covariant derivative is given by
D,V = (0, + igT“AZ)\I/ . (1.2)

Here, T* are the generating matrices of the SU(3) colour gauge group and the factor g
is the coupling strength in QCD. G%” is the gluon field strength tensor which is given
by

G = 0, A% — 0,A% — gfarc AL AL (1.3)

In contrast to QED which is an abelian gauge theory we have an additional term in
equation (1.3) proportional to fupe, the structure constant of the SU(3) gauge group.
The structure constant is defined by the commutator [T,,Ty] = ifap.Te. Consider-
ing these definitions, we see that the classical Lagrangian density in equation (1.1) is
invariant under local (i.e. space time dependent) SU(3) gauge transformations:

Wyjr(w) — [e_igw’J(x)TbLi Wpip(7)

1 . .
AT = L el p oo (1.4)

A novel way to quantize the theory is the path integral formalism [12]. Here, the
Feynman rules for perturbation theory are derived from a functional integral by using
the Faddeev - Popov method for gauge fixing [13]. For covariant gauge fixing we include
the term

1

: (D-A,)?, (1.5)

Ly =
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into the Lagrangian. The parameter £ is the gauge parameter that cancels in a physical
observable. The most common choices are Feynman ¢ — 1 and Landau gauge £ — 0.
If we fix the gauge like in equation (1.5), we must take special care of unphysical
polarizations of the gluon propagator. To fix that issue, we include an anti-commuting
complex scalar Faddeev-Popov ”ghost” field 7 into the Lagrangian [13]. This ”gauge
compensating” contribution is given by

£gc = a,uﬁa o +g auﬁc fabe Aﬁ’ma . (1.6)
Therefore, we can rewrite the Lagrangian as

L = Lejass. + ng + »Cgc

= | | 9 _ u
= \I](llb - m)\Ij - ZG}JJ/GZ - i(a : Aa) + a,una 8#77
+ 9 Oufle fabe Azna ) (1.7)

from where we can derive Feynman rules for Green functions. So far, in equation (1.7)
all quantities are bare functions and parameters.

Another common gauge in particle physics is the axial gauge which is non-covariant.
In that gauge, we implement the condition n - A, = 0 into the Lagrangian by using the
gauge fixing term

1
2€
In axial gauge are no gauge compensating ghost fields required. But, the gluon propaga-

tor gets more complicated instead. We can choose the gauge four vector n,, differently.
Where n? = 0 is called "light like”, n? > 0 ”"temporal” and n? < 0 "purely axial” gauge.

Lgf = (n-A,)?. (1.8)

1.1.2. Renormalization

As most relativistic field theories QCD is ultra-violet (UV) divergent. It is important to
mention, that these divergences are property of the exact theory [14] and appear when
the continuum limit is taken. In perturbation theory these divergences are caused
by large loop momenta and can be removed order by order by a modification of the
bare parameters in the Lagrangian density £. Before we renormalize the theory we
have to make the UV divergences manifest, in a sense, that we have to define the
theory with a regulator, that takes care of the UV divergences. The most common
regulators are dimensional regularization and non zero lattice spacing. In context of
analytical perturbative calculations dimensional regularization is of special interest,
where a generalization of space time to non integer values regulates the divergent part.
In 4 — 2¢ space time dimensions UV divergences from loop amplitudes appear as poles
in € when ¢ — 0.
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When we renormalize the theory to obtain finite Green functions, we use the freedom
to change the normalization of the parameters m and ¢ and the normalization of the
fields, i.e.

U 730
1/2
Al — Z5' " A
n— Zgn (1.9)

If we implement renormalization into the theory we can use a counterterm approach.
That means by introducing (1.9) into (1.7) we can split the Lagrangian into three parts

L= *Cfree + »Cint. + Ec.t. (110)

The free Lagrangian Lge, contains the kinetic terms of the theory. It is the origin of
the free propagators.

- 1 2 1 _
Liee = V(i) —m)¥ — 1 (0,A% — 9,A%)" — E(a - Au)? + Oyl M (1.11)
In contrast to equation (1.7) m is now the finite renormalized mass. The interaction
Lagrangian L. contains terms that describe the interaction between the different fields
and in case of the gluonic part self interactions.

2,2
Lint. = —gu"UT AV + gu® fupc A" A D, AL — %(fabcAZAf,)?
+ gH° fabeOu“ Al (1.12)

Where p is the unit mass, it ensures that the renormalized coupling g remains dimen-
sionless for all values for € in dimensional regularization. The appearance of the unit
mass is an artifact of the regularization scheme. The counter term Lagrangian is the
remaining part of equation (1.7) after using the replacements (1.9). In perturbative
QCD this part of the Lagrangian is treated as part of the interaction and gives rise
to an additional set of vertices and propagators. They have the same structure as the
vertices emerging from equation (1.7) but with different coefficients. In a perturbative
calculation these coefficient are adjusted in a way that the UV divergences are canceled
order by order in the perturbative expansion.

1.1.3. Renormalization group and asymptotic freedom

If we compute a physical observable the appearance of an arbitrary mass scale y intro-
duced in the previous section seems to reduce the predictive power of the theory. But
in reality, the freedom of choosing p is used to optimize the accuracy of any fixed order
calculation. It exploits the fact, that the full theory must be invariant under changing
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the renormalization prescription. Therefore, the full theory is also invariant under vari-
ation of y and its dependent renormalized parameters. This is called renormalization
group invariance.

Let S(as,m/Q,Q%/u?) be an arbitrary physical observable that depends on a large
energy scale @), the renormalized coupling ay, renormalized mass m and on the renor-
malization scale itself. Here we define in analogy to Quantum Electro Dynamics (QED)
as = g2 /4m. Then, the renormalization group invariance states

d
NQWS(Q&W/Q;Q2/M2) = O ) (113)
using the chain rule we obtain
0 0
2 27,2\ _
B+ () g = mle)m | S0 m/Q.Q2ut) =0 (114)
The introduced functions 5 and 7, are defined by [15]
0
_ 2
Blas) =p aTLQas )
2
—u? 9
m 9 = a o 9 11
(g m) = - m (1.15)

where [ is the so called QCD beta function and +,, the anomalous dimension. They
are both perturbative and can be expanded as

B(as) = —aZ (b + beas + bza? + O(a2));, (1.16)
Ym(as) = as (c1 + cras + 0(a2)) . (1.17)

As a consequence of the RG equation (1.14), the masses of the quarks and the coupling
have not fixed values at all energy scales. This becomes clear by looking at equation
(1.14), to solve it we have to introduce a running coupling a,(¢?) and a running mass
m(p). This running of a,(¢?) is in the end the justification for perturbation theory at
high energies using a, as the expansion parameter.

We now investigate the running of a in more detail. In this discussion we neglect
the quark masses as it is often done in the perturbative regime of the theory. This is
justified by the fact that for any observable the anomalous dimension leads to a change
of mass with @ with a power of log(Q) which is accompanied by an inverse power of @
from the expansion. Therefore, the logarithm never overcomes the ) for large () and
justifies the ansatz to neglect quark masses at high energies.

To investigate the behavior of a, at high energies, we take the zero mass limit of our
observable S.

S(as,0,Q° /%) = S(as, Q*/11?) (1.18)
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This simplifies equation (1.14) to

0 0
s+ Bl 5| S @) =0. (1.19)
We can rewrite this equation in a simpler form
0 J | a o
[—at + B(Ozs)aas] S(as,e’) =0, (1.20)

where we introduced a new variable t = log(Q?/u?). Equation (1.20) is a first order
partial differential equation that we can solve by introducing an implicit definition for
the strong coupling

O‘S(QQ)
= / A (1.21)

Using this definition, by differentiation we get

as(Q?
209D Blan(@?). (1.22)
00,(Q?) _ B(0s(Q?)
das(pi?) Blas(p?)) -

It follows that S(as(Q?),1) is a solution of equation (1.20). Therefore, all the scale
dependence in our physical observable S enters through the running coupling constant
as(Q?). The scale dependence of the coupling constant is determined by the renormal-
ization group equation for a; (1.22).

(1.23)

Oovg
0Q?

We now investigate the behaviour of a, in more detail. To do so, we need the coefficients
of the QCD pB-function equation (1.16) [16, 17]

Q*—=5 = Blas) (1.24)

1
bo 12 (110A—2Nf) (1.25&)
b= 5 L (17€3 — 504N, — 3CpNy) | (1.25b)
1 (2857 4 1415 205
- Ny — N 1.2
. 647r3< 51 O~ 55 CaNy = G5 CaCrlNy (1.25¢)
7

8

where Ny is the number of active flavors The coefficients of the QCD S-function can be
extracted order by order from the loop corrections to the bare vertices. The sign of the
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B-function determines the behavior of the coupling as a function of the energy scale.
In other words, a negative S-function implies that the coupling decreases for higher
energy scales. We conclude that QCD is asymptotically free for by > 0 & Ny < 16.
At leading order (LO) in perturbation theory we can solve equation (1.16) exactly

2\ _ O‘S(M2)
(@) = Tl (2) log (Q%/2) (1.26)

This relation between as(p?) and as(Q?) is valid if both energy scales are in the per-
turbative region. Since one of the main topic of this thesis is resummation, we have a
closer look at equation (1.26). We can expand it as

as(Q%) =3 as(u?) ™! (=bolog (Q*/4?))" - (1.27)
=0

This is a first example of a resummation of logarithms of a certain type. Here we sum
logarithms of the type o (p?)"+! (—bo log (Q2 / ,LLQ))z to all orders in the strong coupling.
Although we have only the one loop result (by) in our calculation, RG invariance allows
us to make all order predictions for this kind of logarithms. This approach is very similar
to other resummation techniques, where we exploit RG invariance of the theory to sum
up classes of logarithms and it is examplarely how this could increase the accuracy of
a calculation.

In the main body of this thesis we need the strong coupling at NNLO accuracy. For
completeness we give the result

2y O‘S(lﬂ) _ bil 9\ log X
bol—X b2log?X —log X + X — 1
2\2 [ 02 1108 g
02 21 1.28
where
X =1+ boas(p?) log(Q*/1i?) . (1.29)

With equation (1.26) at LO and (1.28) at NNLO it is possible to compute «; at a scale
Q@ in case that it is known at some reference scale p. Therefore, perturbative QCD
predicts only the variation of ag the non perturbative initial ay at a certain scale is
taken from global fits to experimental data [18]. In figure (1.1) the QCD prediction and
experimental data from various experiments spanning a large range of the evaluation
scale @ for ay are shown. In the high energy regime, i.e. large @, the strong coupling
becomes small and we conclude that perturbative QCD is an useful tool to solve the
theory in that particular region. On the other hand, figure (1.1) shows that the strong
coupling has a steep rise towards smaller energies. In that regime, the quarks and
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Figure 1.1.: Scale dependence of a4 as a function of (). The data shown here is used to
evaluate the strong coupling at the Z-boson mass. Figure taken from [19].

gluons interact strongly with each other. This is the regions where the quarks and
gluons are confined to colorless hadrons. This steep unbound rise of a(u?) towards
small scales gives rise to so called Landau poles in the numerical treatment of threshold
resummation that is a main topic of this thesis. We will keep that in mind when we
come to threshold resummation.

1.2. Infrared safety

To illustrate the fundamental concept of infrared safety, we examine in this section
the simplest measurable observable which can be computed in pure perturbative QCD:
The total cross section for the eTe™ — hadrons annihilation process at high energies.
Although this paragraph is included for pedagogical reasons, i.e. to scrutinize the
appearing divergences and how to handle them, this process was very important in the
history of particle physics. We start with the inclusive cross section, in a sense that we



Chapter 1. Introduction

Figure 1.2.: Amplitude for ete~ — hadrons

do not extract any information of our hadronic final state and we do not include any
non perturbative dynamics in the present calculation.

1.2.1. ete” total cross section

We consider the process e*e~ — hadrons to lowest order in electromagnetism 2.

The present calculation shows the derivation of the first order correction in the strong
coupling ay for this process. To justify this perturbative ansatz, the energy transfer
in the s-channel diagram figure (1.2) Q? = ¢ = (I; + I2)? must be in the perturbative
regime. [; and [y denotes the electron and positron momenta. At lowest order in terms
of the electromagnetic coupling hadronic and the leptonic parts in the cross section
factorize

8120’
o= TLWWW ) (1.30)
where the most general tensor structure for unpolarized lepton beams is given by
L =105 + 171 — g™l - o (1.31)

The hadronic tensor must satisfy the ward identity g, W#* = 0 that determines its tensor
structure. This tensor structure is accompanied by a scalar function R, dependent on
the center of mass energy Q2. Thus we have

WH = (-g"¢* + ¢"q") %R(QQ) . (1.32)
As mentioned above, for sufficient large Q? we can address the perturbative expansion
to R(Q?). In other words, with pQCD we can resolve the small distance dynamics of
the order < 1/Q in the gray blob in figure (1.2). We have to keep that always in mind
when we apply pQCD to get physical answers. Surely, in higher orders the gray blob
can include long distance physics, that can not be handled by the pQCD ansatz. But,
we ignore that for the moment and assume all vertices dominantly in the perturbative
region. In fact, this is a valid assumption for this process.

The leading order (LO) contribution to the inclusive cross section has only one contri-
bution shown in figure (1.3). Calculating the trace we end up with

RO=N.) ef, (1.33)
f

10
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Figure 1.3.: LO contribution to the hadronic tensor

k’l kl
k3

ks
kQ k2

Figure 1.4.: NLO real emission contribution to the hadronic tensor.

where N, = 3 is the number of quark colors. The leading order cross section is then
given by,

Ao
U:@chef. (1.34)
!

The next-to-leading order (NLO) cross section receives contributions from virtual gluon
figure (1.5) and real gluon corrections figure (1.4).We start with the computation of the
real gluon emission part.

NLO real gluon

The real NLO correction to the hadronic tensor shown in figure (1.4) provides an ad-
ditional gluon in the final state. Therefore we have to integrate over all additional
phase space configuration for the additional gluon. Performing this phase space inte-
gration provides several divergences that we have to handle in a well defined way. The
differential three particle phase space for this process is evaluated as [20],

2

1
dds = W:}Eda dcos 8 dvy dz; dzs , (1.35)

where o, and v are the Euler angles and z; = 2E),/Q. By using standard Feynman
rules the partonic function can be evaluated and integrated over phases pace. Finally,
after integrating over all Euler angles we end up with

2 2
(1 — 50 Qs Ty + 235 1
(o2 g /dml d.%'g CF o (1 — 371)(1 — x2) s ( .36)

11
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where the integration region is given by the constrains 0 < z1,29 < 1 and =1 + z2 >
1. From these constraint one can easily see that equation (1.36) has singularities at
different phase space regions. The singularities arise for configurations where the gluon
is either collinear to the quark z1 = 1 or antiquark xo = 1, or when it became soft
x1 = x9 = 1. These singularities in equation (1.36) are not physical. They appear as a
remnant of our treatment of QCD as a perturbative series and the assumption that our
final state partons are massless and ”on-shell”. Here we have to distinguish clearly from
the UV-singularities, which are a property of the fundamental quantum field theory,
whereas the IR-singularities are artificial singularities, coming from the treatment of
external particles. For a well defined (-or infrared save) observable these divergencies
cancel, if we include the complete perturbative order. In the case of ete™ annihilation
they must completely cancel among real and virtual NLO corrections. To make this
divergence manifest, we have to regulate the integral in a way, that we can observe
a temporarily finite result. There are several regulators given in the literature, that
follow different strategies. A very sophisticated and widespread ansatz in high energy
physics is the dimensional regularization approach. In dimensional regularization the IR
divergences are regulated by assuming non integer values for the space time dimension,
i.e. d > 4. The deviation from d = 4 is expressed as d = 4 — 2¢ and affects both the
Dirac traces and the phase space integral. The epsilon dependent real NLO correction
is given by

2
M _ _(0) (1-¢) / 20
“real =0 B30T — o) ) W A2 O

23+ 23 — (2 — 21 — x9)

(1— xl)(l"'a)(l _ 1,2)(1-1-8) ) (1.37)
where € < 0 provides a finite result for the integral.
2
W _ 0 (1-¢ 20,12 2 19
Opon] = O EEEBIN _5)]CF — = + 5 + 5 + O(¢) (1.38)

Equation (1.38) shows that dimensional regularization converts the soft and collinear
gluon configurations of equation (1.4) into poles around ¢ — 0. In this quantifiable
representation we can compare the appearing poles in the real part to its counterpart
coming from virtual gluon exchange.

NLO virtual gluon

The virtual correction has three contributions shown in figure 1.5. These diagrams have
to be integrated over all virtual gluon momenta k and interfere them with the leading
order diagram of figure 1.3. The virtual part has another hidden divergency coming
from infinite virtual gluon momenta k. These UV divergencies are present in each of the
diagrams shown in figure 1.5 and are regulated by dimensional regularization similar

12
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Figure 1.5.: NLO virtual contribution to the hadronic tensor.

to the IR part but with d < 4. Since, there is no QCD vertex in the leading order
of our process, the three contributing diagrams shown in figure 1.5 must be UV-finite.
Therefore, the UV-divergencies we find in each of the diagrams must cancel in their
sum. After the UV poles are canceled we can switch to d > 4 to regulate the IR part
of the diagrams. We end up with

2
(1) _ (0 (1—6) C 2063 2 2

Ovirtual — 7 (3 _ 2€)F[2(1 — E)] F = 7672 - g -8+ 0(5) . (139)

Final result

Now after calculating all contributions that appear at NLO we confirm that the pole
structure in the real (1.38) and in the virtual (1.39) cancel each other. We remain with
a final result where the physical limit ¢ — 0 is well defined. We end up with the result
up to NLO

R(Q*) =R <1 + ?’O‘SCF> (1.40)
4

We can conclude that the total inclusive cross section is actual infrared safe observ-

able. This also generalizes to all order in pQCD as was shown by Kinoshita, Lee and

Nauenberg [21, 22]. In fact the total inclusive cross section is the easiest definition of

an infrared safe cross section.

1.2.2. Infrared safety for complicated final states

In the previous section we conclude that for the total inclusive cross section all diver-
gencies in eTe~ — hadrons coming from soft or collinear parton configurations cancel.
Therefore, we have shown that this particular cross section at NLO is infrared save. In
fact, there are other methods to show this behavior of the cross section, i.e. one can
show from unitarity that the long time evolution of a hadronic final state cancels out in
this cross section. Therefore, the total cross section is independent of long time physics
and thus infrared save. Admittedly, in order to learn more about the dynamics in a
scattering process, we have to extract more information from the final state. Because

13
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of this the problem of infrared safety gets more delicate and attracts more attention.
The main problem is that a detector is a long distance away from the interaction and
implicates long time physics living on small energy scales. Unfortunately, this is the
region where QCD perturbation theory is out of control. We see that an infrared save
observable in high energy scattering processes must be insensitive to these kind of inter-
actions. Otherwise, it is impossible to extract reliable predictions from a QCD process.

To understand the fundamental concept of infrared safety we construct a physical ob-
servable from the cross section

do[n]
A ] dE; A

i=3
i<n

, (1.41)

representing a n-hadron final state. Here we follow closely [23, 24]. If we measure a
physical quantity Z we can specify it through symmetric functions S,, describing the
observable for the n particle final state.

1 o don
I=), o] /d92 11 4B d——; i Sn(p', ... ) (1.42)
n=2 j=3 dQs [] dE; dS;
Jj<n @-23

In order for the observable to be infrared save, we need

Sp1 (P ooy (1= N)pht, Aph) = Spa (P, ., PR (1.43)

where 0 < A < 1. Equation (1.43) implicates an infrared save observable should not
depend whether a particle splits into two collinear particles or not. It also shows no
sensitivity weather a particle splits into a particle carrying approximately all momenta
in the initial particles direction and an approximately zero momentum particle in any
direction. Of course the cross section is also insensitive to a recombination process of
particles having the momentum configurations described above.

One way to construct an infrared save observable, i.e. eliminate the sensitivity to
the long distance physics, is to introduce a function that takes care of the long time
evolution. Consider the cross section
do(ete™ — hadron + X)
dEhadron

. (1.44)

It can be written as a convolution between a hard scattering function describing the
process eTe™ — quark+X or ete”™ — gluon+ X and a fragmentation function quark —
hadron 4+ X or gluon — hadron + X. The functions describing the long time evolution

of our final state are in the non perturbative region and hence not accessible by the

14
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pQCD ansatz. Nowadays, these functions are obtained by fitting to experimental data.
However, these functions are universal in a sense that they are the same for all processes.
This factorization of the final state long time evolution is similar to factorization in the
initial state. We will discuss the initial state factorization in the next section.

1.3. Factorization and Evolution

So far we considered only simple initial states, i.e. electron positron annihilation,
whereas in the main body of this thesis we mostly consider hadronic initial states.
Therefore, we need a systematic treatment of scattering processes, that are given
by a hadronic initial state. As an example we examine the most simple process in
hadron hadron scattering, the Drell-Yan process, i.e. lepton anti-lepton pair produc-
tion. Hadrons are extended objects made up of constituents, the partons, that are
bound by field interactions. We know that these partons are quarks and gluons de-
scribed by QCD in the non perturbative regime. This is exactly the difficulty here.
Therefore, a high energy hadron scattering process is always a two scale problem, the
perturbative scale occurring in the inner hard scattering part and the non-perturbative
scale describing the hadron itself. Exactly this interplay of these two scales is the topic
of this section.

1.3.1. The Drell-Yan process

We start with the description of the Drell-Yan process and its kinematics. The Drell-
Yan process is lepton pair production with two initial state hadrons A and B. We
have

Hy+Hp—1+1+X (1.45)

where X denotes a possible additional unobserved final sate. We consider the differential
cross section

do

o (1.46)

where @2 is the square of the lepton pair mass and 7 its rapidity defined by

1 Q'PA)
=—In . 1.47
1=z (L0 (1.47)

P4 and Pp are the momenta of the incoming hadrons and ¢ of the virtual photon that
produce the lepton pair. We can describe the cross section up to corrections suppressed

15
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Figure 1.6.: Leading order contribution to the partonic function Ggp.
by oc 1/Q? as [25]

1 1
do TA X Q
m = %x/ dgAx/ ngfa/A(gAmu) Hep <£::> iv@v u7as(u2)> fb/B(ngu) :

(1.48)

The sum runs over all parton types a, b and

:CA:e”\/Q—Q, :L‘B:e_"\/Q—Q. (1.49)
s s

H,, represents the hard scattering that is dominated by ultraviolet contributions. This
hard function is given by the partonic cross section which is computable in QCD per-
turbation theory. The function f, representing the parton distribution inside the in-
coming hadron, includes phenomena living on the hadronic mass scale. Therefore, it is
not accessible by the perturbative ansatz !. This parton distribution function (PDF)
faja(§a,p) gives the longitudinal distribution of finding a parton a inside hadron A
with longitudinal or collinear momentum fraction £4 and evaluated by a mass scale pu.
We will show later how this factorization mass scale is inserted in the function f by di-
mensional transmutation. The cross section formula (1.48) is a Drell-Yan generalization
of Feynman’s parton model [28] including higher order effects in the strong coupling.

The hard scattering part

Factorization ensures that the hard scattering part is insensitive to the species of the
mother hadron. Therefore, the simplest choice for the external hadron in equation
(1.48) is an incoming parton. We assume the partons a and b to have a vanishing
transverse momentum and zero mass. The appearing mass singularities are regulated
by dimensional regularization in 4 — 2e dimensions. We call this cross section G

do(ab — 1IX)
dQ2dn

! A theoretical approach to calculate PDFs from first principles are lattice calculations, where recent
developments allow to include factorization properties within this formalism [26, 27].

e <xA,:cB,Q,ff,as,s> . (1.50)
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=<

Figure 1.7.: Real next-to leading order correction to the partonic function Ggp.

2 ‘Re

Figure 1.8.: One loop next-to leading order correction to the partonic function Ggp.

The factorization formula (1.48) applied to initial state partons turns into

Gab <xA7xBanff7a57€> = (151)

1 1
/de/de fc/a(gAvg) Heq <z::7 gaQa 227043;5> fd/b(ngg) )

where now the entirely perturbative function f, /a(a,¢€) represent a distribution for a
parton ¢ in parton a with momentum fraction £4. We see that both equations (1.48)
and (1.51) depend on an arbitrary mass scale u. This scale is introduced in dimen-
sional regularization to keep the mass dimension at integer values by replacing the four
dimensional integrals appearing in H, by

2 €
/d4k = @T&E) /d4‘25k. (1.52)

Obviously, this replacement leaves the mass dimensionality independent from e. The
divergencies that are regularized by dimensional regularization are reflected by poles for
e — 0 and can be subtracted. For a well presented summary see [29]. In principle these
subtraction can differ in finite pieces, where the minimal subtraction (MS) scheme does
not subtract any finite contributions. Here, by using the factor (e?# /(47))® we subtract
e-poles accompanied by this combination, which is well known as the (MS) scheme, vg
is the Euler constant.

Owed to the fact that we assume partons as the initial state particles in G4, at high

17
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energy scales this function is perturbative and has the expansion
@
Gap = Gy + =Gy +0(a2) . (1.53)

Similarly to Ggp the function Hy,, of equation (1.48) has an expansion in the strong
coupling

Hy = HY + H(b) +0(a?). (1.54)

It is clear that both one loop corrections Gg? and Hc(lll)) have ultraviolet divergencies
coming from large momenta in virtual graphs, appearing as 1/e poles. Those UV-poles
can be subtracted using the standard (MS) scheme. We mention, that similarly to the
virtual graphs in eTe™ scattering in the previous section, the sum of all virtual graphs
is UV finite. After this rearrangement of the UV-poles, 1/¢ infrared-poles still remain
in G. These IR poles are a remainder from the fact that we assume the incoming
partons as on-shell massless particles. The object of the factorization theorem is to
quantify these poles and give descriptions how to shift them into the definition of
the PDF. To do so, we have to find a relation between H and G order by order in
perturbation theory. Considering that, we have to specify the functions f, /b- Due to
the factorization theorem these functions absorb the sensitivity to small momenta in
Gap- After UV renormalization in the (MS) scheme we have
1 as

z 0
Fapp(€:€) = 0ud(1 = &) = 5= P(€) + O(a?) (1.55)
where Pé% is the Altarelli-Parisi splitting kernel [30]. The first term reflects that in
the leading order process is no additional splitting. The second order term includes the
IR-divergent part that turns up as a 1/ here. We motivate equation (1.55) in the next
section by a calculation using the operator definition for f.

Using equation (1.55) in equation (1.51) and perform an one loop expansion we obtain

Gg]))) (xAva7Q)g)asag> + %G,(lz) <xA)xBuQaffaasvs> (156)
0 (A B Q ) Qs ()(iL‘A rp . Q >
=H — T &, € +7H P 777
ab <5A & TR

1 as
_QZ/dé‘APc(/i ) <l‘AamB7Q7Q7€>
m €a 1

1 ag 0) rp . Q
‘QMZ/ng emi (a5 0. 5he)

+0(a?) . (1.57)

S
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1.3. Factorization and Evolution

At lowest order we get

G((z(l))) (anxB7Q>Q>QS7€> :H(O) (xA xB Q Q,E) s (158)
p T IT

and at one loop order

H (“’“””B’Q’Qvasf) = Gy (“ ”,Q,Q,e-:)
H §a B ol

+oc Z/deP/a €a)G <Z,IB,Q,§,€>

oz Z/d5 /b 32 G(0)< gngE) : (1.59)

The equations above shows how we can calculate the hard scattering part in the fac-
torized cross section formula (1.48). The procedure is to calculate the partonic cross
section equation (1.51) assuming on-shell massless partons and subtract the divergent
1/e terms from equation (1.59). The result is then finite for ¢ — 0. Now that we know
how to calculate the hard scattering part in the factorized cross section, we have to give
a clear definition of the parton distribution function that take care of the long distance
physics.

We want to mention that the factorized cross section given in equation (1.48) is an
approximation. In a sense that only one particle per initial state parton is involved and
we do not allow any further interactions between the hard scattering part and the non
perturbative hadronic part. Nevertheless, such interactions are conceivable, where the
hard scattering part further interacts with the soft part of the cross section. It comes
out that such contributions, often called higher twist contributions, are suppressed
by powers of 1/Q?. Therefore, equation (1.48) receives O(1/Q?) corrections that are
suppressed in the discussed cross section. In chapter 4 we are faced with a physical
quantity, - a single transverse spin asymmetry -, where the leading twist contribution
cancels out. Therefore, to describe this asymmetry we have to take these higher twist
contributions into account.

1.3.2. Parton distribution functions and evolution

The parton distribution functions are an essential component of the factorization for-
mula equation (1.48). They take care of all the long distance physics that live below
the perturbative scale. Despite a clear definition in terms of operators the theoretical
access to the distribution of partons in a hadron is very limited. The problem relies
in the fact, that we can not use standard pQCD techniques to give a prediction for
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)

Figure 1.9.: One loop correction to the quark distribution eq. (1.60) in light cone gauge
g=1.

-/ -/

the PDFs by only using the QCD Lagrangian as an input. Considerable efforts have
been achieved by performing lattice calculations [26, 27]. To this day, high precision
predictions for collider or fixed target experiments are performed with PDFs extracted
from experimental data [31-33].

We follow in our formal definition of the parton distribution functions the one given in
[29, 34]. If we describe a hadron with momentum P which has a large component P,
ie. P~ = P, =0, in arbitrary gauge the quark distribution with momentum &P in
hadron A carrying momenta P is given by

1

fual®) = 4 [ de T P[T ) GU0) |P) (1.60)

The operator G ensures gauge invariance and is given by path ordered exponentiated
gluon fields

G ="Pexp (1.61)

ig / dy~ At (y7)T.
0

where P is the path ordering operator. Consequently, in light cone gauge, i.e. AT =0,
the operator G is equal unity. Besides the distribution of quarks in a hadron we need
the definition of the gluon distribution

1

fyal© = 4 [ Ao PR )G 0)1P) (162

where F}" is the gluon field strength tensor and the operator G, is given by equation
(1.61) by using the octet representation for the generating matrices.

The operator products in (1.60) and (1.62) require renormalization as they are UV

divergent. Obviously this renormalization procedure inserts a mass scale u into the
PDF, from which we can derive a renormalization group equation for the distributions
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1.3. Factorization and Evolution

that leads to the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations

1
d d
@fa/A@,u) = ; ! f Pop(C,as(pi?®)) foyal€/Cm) - (1.63)

P,y is the splitting-kernel that can be calculated in perturbative QCD from the parton
in parton distribution. The splitting function represents that a parton b splits in a
parton a carrying momentum fraction (. The splitting function has the perturbative
expansion

2
as(1®) 10 as () 1
Popy(Gas(?)) = = E=P(C) + (:r PoyO+0(2)  (164)
The splitting functions are calculated up to three loop order for the spin averaged [35]
and the helicity dependent case [36]. It is convenient to rewrite the evolution equation
in three pieces. The quark singlet (¢°) and non-singlet (¢"°) part as well as the gluon
contribution (g). With

¢ =) (¢g+q), and ¢“=q-q, (1.65)
q

where the sum runs over all quark flavors. We rewrite equation (1.63) as

dq"* QS(N2) 0
alnNQ = Pq(q)®qns,

aqns qs _ as(#Q) Pé((])) 2pr(§2) qs

2\, )= O po % ) (1.66)
dlnp? \ g i Pyq Pyg g
where the ® indicates appropriate convolution as in equation (1.63). As indicated

in equation (1.55) one method to extract the LO splitting kernel is to calculate the

renormalized parton in parton distribution fa /b at one loop and extract the IR-pole

contribution. For example to extract the splitting kernel Pq(g) we have to calculate the

one-loop contribution to f,,, shown in figure (1.9). To do so we can use the operator
definition of equation (1.60) in light cone gauge with the hadronic- replaced by a quark-
state

fual® = 3 [ o O @) T VO la) (167

To understand the pole structure we do not have to go through the complete calcula-
tion. At one loop order one has simple diagrams shown in figure (1.9) that contain IR
divergencies that arise because we assume on-shell massless partons as well as UV di-
vergencies coming from large momenta in the operator product. The overall transverse
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integral is zero for the diagrams, this is due to the fact that the integrals cancels out
among the UV and the IR singular parts, i.e.

2 € 2-2
B e /d%il _ b1y (1.68)
47 (271')2_25 ki 47 \eyv  €IR
Using that we get after a lengthy calculation

. 1 1\ as
Fara(€.8) = 6aad(1 — &) + <€UV — m) %Pq(;))(g) +c.t., (1.69)

where c.t. includes the appropriate MS counter terms to cancel the UV pole. From
that we get the LO qq splitting kernel

1+¢& 3
PO =Cp | ——=—+261-¢)) . 1.70
(6 =Cr (g + 5009 (1.70)
For completeness we give the other LO splitting kernels that can be obtained by similar
calculations

POE) =5 (€+0-97) .

P (€)= Cr (1 + (15_ 5)2> : (1.71)
P =20a (Lt rea -9+ )
+ <16}CA — ;Nf> 5(1 —{) .

With the knowledge of these splittig kernels we can evolve the PDF from one scale to
another without any further non perturbative input. The procedure is non trivial and
requires Mellin-space techniques as shown in [37]. Evidently, this scale evolution is a
milestone in pQCD and increase the predictive power of the theory enormously.

1.4. Resummation

In this section we introduce the basic concepts of resummation using the Drell-Yan
process as an example. In the following parts, we show briefly how resummation follows
from strong factorization properties.

1.4.1. Resummation for Drell-Yan process

In the previous section we have discussed cross sections evaluated at fixed perturbative
order in terms of the strong coupling a;. We have seen that QCD offers a rich phe-
nomenology when we take higher orders into account. In this section we will discuss
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1.4. Resummation

kinematical regions where such fixed order calculation gives a rather distorted image of
the actual physics. To illustrate that, we exploit the Drell-Yan process, which we al-
ready discussed in the previous section. In this section we calculate the slightly simpler
case where the cross section does not depend on the lepton pair rapidity. The cross
section is given by

1 1

d
dT;? => / déa / dép faja(€as i) Hap (2,06, Q% /1) foyp(€sop) - (1.72)
b Qis Q2/(Sea)

The hard scattering function H, is dependent on the invariant pair mass of the observed
final state Q?, an arbitrary scale p?, the strong coupling o and a variable z = Q?/3
where § is the partonic center of mass energy § = £4£pS. As we discussed the hard
scattering function is a perturbative function an can be expanded as

H,, = oowap (z, QQ/MQ, as) =09 (wLO(z)éab + %wﬁ}o(z, Q2/,u2) + O (ag)) (1.73)

where we can use the methods discussed in the previous paragraphs to explicitly calcu-

late the as-correction. In equation (1.73) we define the dimensionless hard scattering

NLO 4o

coefficients w"© and w and o9 = %507 In the subsequent discussion, we neglect
contributions arising at as-level, which are not given by a ¢ initial state. Fortunately,
they play a subleading role in our kinematical region of interest. With the factor og
the leading order is given by

w0 = 6(1 - 2), (1.74)

thus the NLO correction in the ¢g channel is given by [38]

2(1 + 22) <ln(1_z)>+— R RO (2772—8> (1 — 2)

NLO __
=c 1—2 1—2 2\3

Wagq F

where the subscript + indicates the ”plus”-distribution defined by

1 1
/ dz h(2) (9(2)), = / (h(z) — (1)) g(2) - (1.75)
0 0

On closer examination of the a correction, we found terms that might be very impor-
tant in the z — 1 regime. We call the z — 1 limit the ”partonic threshold”, since it
defines a threshold where all the energy from the incoming ¢g-pair is used to produce
the two lepton final state. Therefore, the phase space for hard gluon emission into the
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Chapter 1. Introduction

Table 1.1.: Threshold logarithms grouped into fixed order rows and resummation tow-
ers.

Fixed Order =

g LO 1
£ NLO a,L? asL
% NNLO a2L* Q23 QlL? o’L o2
=
H NkLO aIScLQk: al;L%—l afLQk_2 alscLQk—?) al;LQk—ZL
SN—— ~~
LL NLL NNLL

final state vanishes and only soft gluons are radiated at the partonic threshold. The

logarithmic plus distributions
In(1—2) (1.76)
1—-=2 i '

are a remainder from the IR-divergencies from such soft gluon diagrams. The e-pole
itself cancels among the virtual correction, whereas the distribution is still present in
the cross section and gives a very large contribution in the threshold regime. It can
be shown that these logarithms do appear at all orders of QCD perturbation theory.
Thus, at perturbative order k£ we have terms of the form

m

of (h‘(l_z)) ., with m < 2k . (1.77)

1—2z "
Therefore, in order to obtain a meaningful result in the threshold regime, the threshold
logarithms should be taken into account to all orders. The technique which exactly
performs this all order treatment is called ”treshold-resummation”. We mention, that
the effects from the threshold logarithms are even more enhanced by the shape of the
PDFs. Due to the fact that the PDF are becoming extremely small towards small

momentum fractions, the large momentum fraction and thus large z contributions are
enhanced by the parton distributions.

The resummation of threshold logarithms may be achieved in Mellin transform space.
The N-th Mellin moment of a function f is defined as

1
sz/O dz V1 f(x) . (1.78)
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1.4. Resummation

If we take the Mellin moments with respect to the variable 7 = Q?/S of the Drell-
Yan cross section, the convolution structure factorizes into the moments of the parton
distributions and the partonic cross section,

! do
[ arr s D 25a ) oAQ. ) sl (1.79)

where the N-moments of the hard scattering function and the parton distributions are
given by

1
é\/’A(u)z/o déa &Y faya(Casp) (1.80a)
1
T () = /0 des €3y 5(€n,1) (1.80b)
1
W (Q /1, s) = /0 dz=N g (5, Q12 a) (1.80¢)

The threshold limit z — 1 corresponds to N — oo in Mellin space. All contributions
to the cross section that are smooth at z = 1, contribute to the moments only by
corrections that vanish as powers of N for N — oo. Therefore, they play a minor role
in our discussion. On the other hand, singular distributions at the partonic threshold
give rise to logarithmic N-dependence

! In™(1 — —1)mtl
/ dz N1 ( = 1( z)> _ED™ iy (1.81)
0 +

—z m+1

When the singular terms at threshold are transformed to Mellin space, we find a double
logarithmic structure, i.e. each power in «; is accompanied by two powers of In N in
Mellin space. In figure 1.1 the all-order structure of threshold logarithms in Mellin space
is shown, where L = In N. In a leading logarithmic approximation (LL) only the most
dominant class of logarithms is taken into account. This corresponds to the sum over
the first column in figure 1.1. At the level of next-to leading logarithmic (NLL) accuracy
the first three classes and at the level of next-to-next-to leading logarithmic accuracy
(NNLL) the first five classes of logarithmic contributions are taken into account.

The resummation formalism for this process has been shown in detail at LL and NLL
level in [39, 40] whereas results at NNLL accuracy are given in [41]. In this thesis
we will get back how these results can be derived. For the moment we just state the
results, in order to explore the basic properties of the resummed cross section. The all
order structure of threshold logarithms is organized by treating them as exponentials,
schematically given by

WIS (N Q2 /u? ag) = exp { In NbW (as In N) + 2@ (o In N) + 0,h® (o5 In L)}C(QS)
(1.82)
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Chapter 1. Introduction

where C collects all the far off shell dynamics. It is perturbative in o and in the case
of Drell-Yan where the LO process is a color singlet, it is a scalar function that can
for example be analytically matched to the fixed order calculation. The LL double
logarithmic structure ~ o In?* N from the first tower in figure 1.1 arises solely from
the exponent In Nh(!). The NLL structure arises if we additionally include A and
hence we get the NNLL structure by including the exponent ash®),

In our case the resummed cross section can be written as [41]
. DY
w(l;(ajsum (Nv sz Qz//j“Z) Oés) = Cqé(a& Q2/:U’2)Aqq (0[57 sz QZ/M2) (183)
where the function Apy takes care of the soft gluon emission contributions. We have

to distinguish between two types of soft gluon radiation, soft collinear gluons or soft
gluons radiated in a wide angle to the initial state partons.

A (00, Q% Q/1?) = 2 AJ(Q%, 1) + In ABY(Q?) (1.84)
The soft gluons that are emitted collinear to an initial state parton can be factored
from the far off-shell process and can be resummed into the universal exponent

xN—l -1 /-(1:1:)2622 d/J,/
I

1
1nAgV(Q2,u2):/O de ———+ [ FA(%(,/?)). (1.85)

The wide angle soft gluon emissions, are resummed in the a process dependent exponent
given by

. 1 :UN*I -1
I ABY(Q?) = [ do T Doy(a((1-2°Q3) (1.86)
) -
The integrands in equations (1.85) and (1.86) are perturbative and given by,
= %4 4 (2) 40 4 (95 40 4
Aglas) = AP + ( - ) AP 4 ( - ) A £ 0oy (1.87a)
s\ 2
Doy(as) = (%) D +0(a). (1.87b)

where the constants A are the coefficients of the 1/(1—z) terms of the i-loop splitting
functions P (2). Thus we have

1 2
A((]1) —Cp . Af) — - Cp |:CA (67 _ 7T> _ ng] , (1.88)

1 245
AP = i [Cfx <

67 11 11
S CIE O

)
1

—57 N7 + CrNy (—55 + 2((3))

24

209 10 7
+CANy <_108 + 5@(2) - 3C(3)>] ;

D = e [0 (1577 + 06+ 1100 ) + vy (22 - o) |
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1.4. Resummation

The next step is to calculate the exponential function A%Y to the desired logarithmic
order. To do so we need the definition of the strong coupling given in equation (1.28).
The mass scale that arises from the RGE for the strong coupling is not necessarily the
same mass scale as we have in equation (1.85). Therefore, we distinguish between the
two scales and call the renormalization mass scale in equation (1.28) ur. The exponent
is pleasantly organized to NLL accuracy as

DY 1 2
In ADY = 21n NA((A) + 2P (\) + O(NNLL) (1.89)
with the variable
A=asbgln N, (1.90)

where by is the first coefficient of the QCD beta-function given in equation (1.25a).
Thus we have

AW
PO = 22 (2 1—2\)In(1 -2 1.91
(\) 27rb0)\( A+ ( A) In( A) (1.91a)
2) AP
- 2\ +In(1 — 2 1.91
' (X) 27r2b%[ A+ In( A)] (1.91b)
1— —1n2%(1 —
+ pn 2\ + In(1 — 2)) + 5 (1—2X)
Ay wy AL

where we can conclude that the process dependent piece at first arises at NNLL level.
We will come back to this in chapter 5. We want to mention that the resummed cross
section is divergent for A = 1 as one can see in equation (1.91). This is the so called

2
Landau singularity at

NL:exp< L > , (1.92)

204560

which is caused by the unbound rise of as(,u%) towards small evaluation scales ur. This
Landau singularity needs special care when we perform the inverse Mellin transforma-
tions, to ensure numerical convergence. The resummed cross section in equation (1.83)
is given in Mellin space and needs an appropriate transformation to the physical space.
In threshold resummation related calculations, this is usually performed numerically
since the PDFs are not analytically known functions. The inverse Mellin transfor-
mation of the resummed cross section is given by a contour integral in the complex
N-plane

dgresum. / dN N N 5, o N
——o  —00 a5 :Ja (:U‘) wab(Q /,u 7048) f (,u) 5 (193)
ATaE oo /B
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Im(N)

Figure 1.10.: Integration contour C in the complex N-plane. The crosses denote poles
in the N-plane, where the rightmost blue cross is the Landau pole, whereas
the red ones denote the poles emerging from the N-moments of the PDFs.

where ¢y is an appropriate contour shown in figure 1.10. In this figure also the poles
emerging from the moments of the PDFs (red crosses) and the Landau pole (blue
cross) are shown. The contour is chosen following reference [42] to run between the
rightmost pole from the moments of the PDFs and the Landau pole. This ensures
numerical convergence, in a sense that one can show that a perturbative expansion
of the resummed formula is free of factorially growing terms [42]. This special choice
of the contour is called ”Minimal-Prescription” and is used among all our threshold
resummation studies.

Finally, we match the resummed result to a full fixed order calculation. Since, sub-
leading terms at threshold, i.e. non singular terms for z — 1 are not included in our
resummed cross section so far. The most accurate results are expected by taking them
both into account. This is done numerically by adding both the N*LL and the N*LO,
or the highest available fixed order result instead, i.e.

d o_match _ resum. resum.

ONkLL — YONKLL "’daf\?'llLo ) (1.94)

O(af)

resum.

where the subtraction of the term do}'T" olat)

avoids double counting.

1.4.2. Resummation from factorization properties

A very sophisticated access to the all order structure of threshold logarithms is to
exploit strong factorization properties of the cross section near the partonic threshold
[39]. This is illustrated in figure 1.11 where the dominant momentum regions are shown.
The far off-shell photon, is linked to the incoming partons through the hard-scattering
amplitude H and the complex conjugate amplitude H*. The hard-scattering functions
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1.4. Resummation

Figure 1.11.: Factorization for Drell-Yan cross section near partonic threshold.

contain the far off-shell, i.e. order Q? and higher, dynamics of the cross section. The
hard functions are coupled to the incoming jets J(@ and J® which represent on-shell
particles with momenta of the order (). We assume that in the threshold-limit all on-
shell partons with finite energy are included in these jet functions. In addition, the
jet functions include all collinear radiation with respect to the incoming partons. The
phase space which is left for on-shell radiation, is then limited to soft gluon emission.
This is included in the function S which couples to the jet functions J(® and J©®).

The dominant momentum regions in the threshold limit may be isolated quantitatively
by introducing an appropriate weight. We assume the weight to be dimensionless and
infrared safe. As was shown in [43], not every infrared safe weight leads to exponenti-
ation of the cross section. In addition, the weight of particles within the jets and soft
function must be independent and additive in the threshold limit. Thus we define the
weights,

w = we +wy, +ws =1 —Q*/S (1.95)

with corrections that vanish as O(w?) [44]. The general refactorized cross section is
given by [44]

dw, % dwyg

T (pa - Caywa(Q/ 1)) T (01 - G wn(Q/ 1))
x S(ws(Q/1), G) 6w — wa — wy — ws)  (1.96)

ooway = H(pi/u, Cz‘)/

We Wp Ws
where ¢ = a,b. The vectors (; are gauge fixing vectors using ¢; - A = 0.
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The convolution (1.96) factorizes into products by taking the moments

- /0 dwe N0, =H(pi/ 1, C;) S(Q/uN, Gi)
X ja(pa ‘Ca/,ua Q/:LLN) jb(pb 'Ca//% Q/MN) (197)

Each of the individual functions H, J@ and S require renormalization. Therefore, we
introduce a set of anomalous dimensions, which determines the scale dependence of the
quantities above, i.e.

d
Han InH = —yy(as), (1.98a)
d .

g n T = =750 (as) (1.98b)

d
,u@ InS = —vys(as) . (1.98¢)

The demand that the cross section is independent of the renormalization scale u leads
to

YH +Ys + V@ ++v50 =0 (1.99)

Therefore, the renormalization dependence of the individual functions must cancel in
their product.

Solving equations (1.98) and imposing RGE invariance equation (1.99) we find an ex-
ponentiated structure for the jet functions J® [39, 44]. Furthermore, we recover the
logarithmic all order structure given in equation (1.83). We mention, that the structure
for QCD hard scattering, where all particles in the hard scattering are color charged,
is highly more complex. In that case, soft gluon radiation non-collinear to the external
partons is sensitive to their color state. Because of that, the factorization of the soft
and hard functions is more complex and they will be linked by their color structure.
Therefore, the functions H and S become matrices in space of color exchange operators.
We will come back to this in chapter 5, where we use this method to resum threshold
logarithms in the dihadron production process in pp scattering.

1.5. Conclusions and outlook

We showed in this chapter the problems and features that arise, if we try to face the
theory of QCD with physical processes. We showed that QCD is a phenomenologically
rich theory, starting from its Lagrangian. We outlined that QCD is an UV-divergent
theory and needs consequently renormalization. This need for renormalization, brings
in a key feature of the theory, which justifies most of our calculations: Asymptotic
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Freedom. Therefore, if our physical process takes place at sufficiently high energies, the
concept perturbation theory is legitimized.

We learned that most physical processes, involve parts where we can apply QCD per-
turbation theory and parts, which involve dynamics below an energy threshold where
a perturbative expansion is useless. These non-perturbative parts of our calculation
describe hadrons, that bound quarks and gluons into a confined colorless object. We
introduced the concept of factorization that exactly decompose the cross section in the
different regions, and allows us to obtain sensible answers from the theory. This is
of course true as long as our physical observable fulfills the concept of infrared safety.
The factorization formula, which itself is an approximation and which receives power
suppressed corrections, decompose the cross section in the hard partonic part and the
non-perturbative part described by parton distribution functions. These parton distri-
bution functions are itself dependent on an energy scale where the process takes place.
This scale dependence is described by the scale evolution, that gives QCD its great
predictive power.

The subsequent chapters of this thesis, are all based on these fundamental concept
of QCD perturbation theory and apply these concepts to nowadays research projects.
So far, we discussed how we can handle hadronic initial states, such as present in the
Drell-Yan cross section. But, also hadronic final states are interesting observables in
nowadays high energy experiments. We introduce the concept of final state factorization
in the next chapter, where we present a NLO calculation of single inclusive hadron
production in lepton nucleon scattering. This study is motivated by the fact, that this
process is indeed very interesting in the large field of spin physics. Since, in spin physics
asymmetries are the physical quantity we want to look at, an accurate understanding of
the unpolarized as well as the polarized cross sections is necessary. The polarized cross
section is the topic of chapter 3 and 4 where we investigate the longitudinal double spin
asymmetry respectively the single transverse spin asymmetry.

The chapters 5, 6 and 7 take a close look on threshold resummation effects in hadronic
scattering. In these processes, all particles in the hard part of the cross section are
color charged, which makes the determination of the all order structure of the threshold
logarithms extremely challenging. In chapter 5 we present our beyond NLL calculation
for dihadron production. And in chapters 6 and 7 we use the resummation formalism
to determine approximate NNLO results for single jet production. We perform this
calculation for unpolarized as well as longitudinally polarized initial states.
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Chapter 2.

Single-Inclusive Production of
Hadrons and Jets in
Lepton-Nucleon Scattering at

NLO

We present next-to-leading order (NLO) perturbative-QCD calculations of the cross
sections for /N — hX and /N — jet X. The main feature of these processes is that the
scattered lepton is not observed, so that the hard scale that makes them perturbative is
set by the transverse momentum of the hadron or jet. Kinematically, the two processes
thus become direct analogs of single-inclusive production in hadronic collisions which,
as has been pointed out in the literature, makes them promising tools for exploring
transverse spin phenomena in QCD when the incident nucleon is transversely polarized.
We find that the NLO corrections are sizable for the spin-averaged cross section. We
also investigate in how far the scattering is dominated by the exchange of almost real
(Weizsédcker-Williams) photons. We present numerical estimates of the cross sections
for present-day fixed target experiments and for a possible future electron ion collider.
This chapter is based on publications [3, 6].

2.1. Introduction

There has been growing interest recently, both experimentally [45-48] and theoreti-
cally [49-55], in the processes /N — hX and (N — jet X, the single inclusive produc-
tion of a hadron or jet at large transverse momentum in lepton-nucleon scattering. In
contrast to the far more customary process /N — ¢'hX [56], for /N — hX the scat-
tered lepton in the final state is not observed, so that the process is truly one-hadron
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(or one-jet) inclusive. The reason for the interest in /N — hX comes from the study
of single transverse-spin phenomena in hadronic scattering processes. It is well known
that large single-spin asymmetries have been observed [57] for the process pp! — hX,
where p! denotes a transversely polarized proton. To explain the large size of the asym-
metries, and their persistence all the way from fixed-target to collider energies, has
posed a major challenge to theory. Although a lot has been learned, it is fair to say
that a fully satisfactory understanding has yet to be obtained. Measurements of cor-
responding asymmetries in the kinematically equivalent, but much simpler, processes
¢/NT — hX, {NT — jet X have the promise to shed new light on the mechanisms for
single-spin asymmetries in QCD. First fairly precise experimental data for (NT — hX
have recently been released by the HERMES [46, 47] and Jefferson Lab Hall A [48]
collaborations.

We note that at first sight one might consider the related process /NT — ¢/ X (which
is just the standard inclusive deep-inelastic (DIS) process) to be equally suited for
transverse-spin studies in lepton scattering. However, the analysis of the corresponding
single-spin asymmetry is considerably more complex because higher order QED effects
are required for the asymmetry to be non-vanishing [58-62]. In the same spirit as /NT —
hX, also the processes /Nt = hX [63] with longitudinal polarization of the lepton and
(N — ATX [64] with a transversely polarized A hyperon have been considered in the
literature recently.

The proven method for analyzing single-inclusive processes such as pp — hX or /N —
hX at large transverse momentum rests on QCD perturbation theory and collinear
factorization. For single-transverse-spin observables, this involves a twist-3 formalism
in terms of three-parton correlation functions of the nucleon or the fragmentation pro-
cess [65—-76]. Interestingly, the recent study [76] suggests that the twist-3 fragmentation
effects could be the dominant source of the observed large transverse-spin asymmetries
in ppt — hX. An alternative approach for describing the single-spin asymmetry in
inclusive hadron production in pp" — hX was devised in the context of a “general-
ized” parton model in which the dependence of parton distributions and fragmentation
functions on transverse momentum is kept [77-80]. Although no such factorization
in transverse momentum is known to be valid for a single-inclusive cross section, the
approach has enjoyed considerable phenomenological success.

Both the collinear twist-3 approach and the generalized parton model have been used
to obtain predictions for the spin asymmetry in /NT — hX. In Ref. [52] a leading order
(LO) twist-3 analysis has been presented in terms of parton correlation functions that
were previously extracted from data for pp! — hX. The results obtained in this way
fail to describe the HERMES data [46, 47] for the spin asymmetries in /NT — hX.
A comparison of perturbative calculations to the corresponding JLab data [48] is not
possible as the data are for hadrons with transverse momenta below 1 GeV. The LO
generalized parton model approach, on the other hand, appears to give results quite
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consistent with the HERMES data [53-55].

In our view it is premature to draw any conclusions from these findings at LO. Given
the kinematics (and the precision) of the present data, one may expect higher-order
QCD corrections to the cross sections and the asymmetry to be important [52] for
a meaningful comparison of data and theory. At least next-to-leading order (NLO)
corrections should be included. We stress that the twist-3 formalism, although so
far only developed to LO, offers a well-defined framework for a perturbative study of
the transverse-spin asymmetry in /NT — hX. This is in contrast to the generalized
parton model, for which there is likely no systematic way of going to higher orders
in perturbation theory. That said, NLO calculations within the twist-3 formalism are
technically very challenging, and only a few NLO calculations have been performed for
the simpler Drell-Yan [81] and semi-inclusive deep-inelastic scattering (DIS) cases [82,
83].

In this chapter, we take a first step toward an NLO calculation of the transverse-spin
asymmetry for /NT — hX by computing the NLO corrections to the spin-averaged cross
section for the process, which constitutes the denominator of the spin asymmetry. We
present analytical results for the NLO partonic cross sections. To our knowledge, despite
the vast amount of work performed for lepton proton scattering in the literature (see,
for example [84-101]), this calculation has not been presented so far. We also present
similar NLO calculations for the process /N — jet X. We note that the process {N —
jet X has also been extensively studied in terms of the concept of “1-jettiness” [102,
103]. Here one additionally writes the cross section differential in a variable 7; that
characterizes the hadronic final state that is not associated with the produced jet or
the nucleon beam remnant. In Ref. [103] the full NLO corrections for the 1-jettiness
were computed, where a fully numerical approach was adopted. In principle, it should
be possible to recover our NLO results by performing a (numerical) integration over 7
of the results of [103].

Because of the propagator of the exchanged photon, the cross section for /NT — hX
will contain contributions for which the photon is almost on-shell. This is not yet the
case at LO where the high transverse momentum of the produced hadron requires the
photon to be highly virtual. Starting from NLO, however, it may happen that the
incoming lepton radiates the photon almost collinearly. This may then be followed by a
2 — 2 scattering process of the photon with a parton in the nucleon, which is perfectly
capable of producing the hadron at high P} . In processes where the scattered lepton is
observed, such as /N — ¢'hX, one can in fact select such contributions by requiring the
scattered lepton to have a low scattering angle. The incoming lepton then effectively
acts merely as a source of quasi-real photons, and the process may be very accurately
described in terms of a (perturbative) distribution function for photons in leptons known
as the Weizsiacker-Williams (WW) distribution [56, 104-107]. This approach has been
widely used with much success in the HERA physics program [56].
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Chapter 2. Single-Inclusive Production of Hadrons and Jets

Figure 2.1.: Lepton nucleon scattering with an observed hadron h(P) in the final state.
The red and green blobs denote parton distribution and fragmentation
functions. The blue blob stands for a hard process initiated by a lepton-
quark or lepton-gluon initial state. Note: The unobserved final state X
includes the final state lepton.

In the context of our NLO calculation for /N — hX it is therefore interesting to in-
vestigate whether also in this case the contributions by almost real photons dominate
and the NLO corrections may be well approximated by a Weizsacker-Williams type
distribution. Since it is much easier to compute the latter contribution than the full
NLO correction, this would mean that one could also obtain approximate NLO results
for the transversely polarized cross section within the twist-3 framework by simply con-
sidering real photons. Given the complexity of a full NLO calculation for the twist-3
case, this would be a tremendous advantage. We note that the contributions to the
spin-dependent cross sections for /N — jet X for real photons were discussed in [51],
including the twist-3 contributions for the single-transverse spin case. Actual LO cal-
culations for the twist-2 longitudinal spin-dependent cross section were presented in
Ref. [108-110] for quasi-real photons. We will closely examine the contributions by
quasi-real photons also in this chapter. Their relevance will of course also depend on
the lepton species that is used, because the lepton mass leads to a lower limit on the
virtuality of the photon.

This chapter is structured as follows. In Sec. 2.2 we present our NLO calculations for the
partonic cross sections for /NT — hX and /N — jet X. We also discuss in some detail
the Weizsacker-Williams contribution and how the calculation can be done keeping a
finite lepton mass. Section 2.3 presents numerical predictions for the NLO cross section
to be expected at various fixed-target experiments and at a future Electron Ion Collider
(EIC). Finally, we summarize our results in Sec. 2.4.

2.2. NLO calculation

2.2.1. General framework

In this section we present our derivation of the analytical NLO results for the processes
/N — hX and /N — jet X. The transverse momentum of the produced hadron or
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jet sets a hard scale, so that perturbative methods may be used for treating the cross
sections. We first consider ¢(I) + N(P) — h(Py) + X (figure 2.1) cross sections and
parton distribution/fragmentation functions. The momenta of the incoming parton,
k*, and of the fragmenting parton, p*, which appear in the calculation of the partonic
cross sections, are approximated as k¥ ~ zP* and p* ~ Pﬁ” /z, respectively. It is then
convenient to work with the partonic Mandelstam variables

s (kD2 =28, t=(h—p2="T, u=(-p2=". (2.1)
z z

The general form of the factorized cross section for the inclusive hadron production

process then is
d3 IN—hX dz
Ep——ms— = / / — [N (@, ur

XDh/f(Z pr) 67 (st u, pp, pr) (2.2)

where f//N(z, ur) is the parton distribution function (PDF) for the incoming parton i
in the nucleon N and D"7(z, pup) the corresponding fragmentation function (FF) for
parton f fragmenting into hadron h, both evaluated at a factorization scale up. We
choose the factorization scales to be the same for the initial and the final state, and also
equal to the renormalization scale. In equation (2.2), 6°~7 is the partonic cross section
for the lepton-parton scattering process, £+ i — f + z, with  an unobserved partonic
final state including the unobserved lepton. The sum in equation (2.2) runs over the
different species of partons, quarks, gluons and antiquarks. We note that the expression
in equation (2.2) holds up to corrections that are suppressed by inverse powers of the
produced hadron’s transverse momentum Py | .

The partonic cross sections 6/ in equation (2.2) can be calculated in QCD perturba-
tion theory. One may write their expansion in the strong coupling as

Himf — Az%f—l— Qs A&?é+o(ag)' (2.3)

At lowest order (LO) only the tree-level process g — g¢ shown in Fig. 2.2 contributes.
The calculation of its cross section is straightforward. One finds

2 2
. s+ u
6157 =2a2,e ZT5(s+t+u), (2.4)

where aen, is the fine structure constant and e, is the quark’s fractional charge.

At NLO, O(asa?,), both virtual (Fig. 2.3) and real-emission diagrams (Figs. 2.4 and
2.5) contribute. We will address these in turn in the following subsections. One can see
from Figs. 2.4 and 2.5 that beyond LO there are also new contributions where a gluon
fragments or where an initial gluon enters the hard scattering process.
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l

Figure 2.2.: LO diagram for lepton-quark scattering.

As is well known, all types of NLO contributions develop singularities at intermediate
stages of the calculations, which we make manifest by using dimensional regularization
with D = 4—2¢ space-time dimensions. The subsequent treatment of the singularities is
standard in pQCD calculations. The only non-standard feature arises for the incoming
lepton. If we assume for the moment that we have an incoming quark instead of
a lepton in the diagrams in Figs. 2.4 and an exchanged gluon instead of a photon,
then the diagram would make an NLO contribution to, say, pp — hX. Being treated
as massless, the initial quark would produce a singularity when it radiates the gluon
collinearly. As is well understood, this singularity may be absorbed (“factorized”) into
the proton’s quark PDF, exactly in the same way as for the incoming quark at the
bottom of the diagram. In case of an incoming lepton, on the other hand, the lepton’s
mass ensures that no collinear singularity arises when the lepton radiates a collinear
photon that subsequently participates in the hard scattering. In fact, keeping the lepton
mass my, the cross section will develop a logarithmic term of the form ey, log(A/my),
where A represents a hard scale of the problem, and in the limit my, — 0 this logarithm
precisely produces the required collinear singularity. In principle we should therefore
perform the NLO calculation keeping the lepton mass finite. This is technically very
cumbersome, and in fact not needed. We can adopt two different, and equivalent,
approaches instead: In the first approach we neglect the lepton’s mass and regularize
the ensuing collinear pole in dimensional regularization. The pole is then subtracted
(for example, in the MS scheme) and absorbed into a “parton” distribution function for
photons in a lepton. This distribution may be evaluated perturbatively in first-order
QED, giving rise essentially to the well-known “Weizsécker-Williams” distribution. This
approach may in principle be extended to higher order in QED. In the second approach,
we calculate the cross section for a massive lepton, keeping however only the leading

ey N N

+ +

Figure 2.3.: Virtual diagrams at NLO. Self energy diagrams (right and middle graph)
contribute in Feynman gauge.
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2

BT

Figure 2.4.: NLO real-emission diagrams.q — q and ¢ — ¢ channels.

S

Figure 2.5.: NLO real-emission diagrams. g — ¢ channel.

2

terms in my which are of the form aem[log(A/my) + constant]. This is justified by the
fact that all terms beyond this approximation are suppressed as powers of my over
the hard scale and hence numerically tiny. We note that although the logarithm can
become large (as my is small compared to typical QCD hard scales), the smallness of aem
will usually make the term alog(A/my) small enough to be regarded as a perturbative
correction.

We will present our main calculation for the case of massless leptons and comment on
the use of a finite lepton mass in the calculation later.

It is convenient to rewrite the z- and z-integrals in equation (2.2) in terms of new
variables v = 1+1t/s and w = —u/(s +t). Using (3.1), we have

1 -7
e (2.5)

T o T (1—-v)S’

and equation (2.2) becomes

dBgtN—hX U 1+Z dw 1 dw
Ehv—mp— = Z/ /_ )
d3 Py, S v_ v(l—v) vl w

i,f T+U v

PG ) DY ()
x 22

67 (v, w, pp, pr) - (2.6)

For ease of notation, we have kept the symbol 6°/ also for the cross section when
expressed in terms of the new variables. We note that the invariant mass of the un-
observed recoiling partonic final state is given by s+t + u = sv(1 — w). The function
d(s+t+u) x§(l —w) in the LO cross section (2.4) expresses the fact that at LO the

recoil consists of a single parton.
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Chapter 2. Single-Inclusive Production of Hadrons and Jets

2.2.2. Virtual contributions at NLO

At the NLO level, the virtual contributions shown in Fig. 2.3 contribute through their
interference with the Born diagram. The virtual contributions thus have Born kine-
matics and are proportional to (1 — w). Since we are only interested in QCD virtual
corrections, only the quark line is affected, and we may adopt the result directly from
the corresponding calculation in Ref. [38] for the basic photon-quark scattering diagrams
in DIS. This gives

ima_ Cros(u) T = 2PT(1 4 2)
NLO,vir I 1—\(1 _ 28)
drpP\°( 2 3 .
(L) (<528 e 2.7
where
N 1 1+ 02

is the Born cross section computed in 4 — 2¢ dimensions. Furthermore, Cp = (N2 —
1)/2N., with N, the number of colors.

2.2.3. Real-emission corrections at NLO

The real diagrams have 2 — 3 topology. To obtain the desired contribution to an
inclusive-parton cross section we need to integrate over the phase space of the lepton
and the “unobserved” parton in the final state. This can be done in 4 — 2¢ dimensions
using the standard techniques available in the literature [111-113]. See Appendix C
and D for further details.

After phase space integration, the result for the real-emission contribution for the ¢ — ¢
channel takes the form

~q—q _ ~q—q &?;q(”vwﬁ) 2.9
ONLO,real — %4 (U7 w, E) + W ) ( : )

where both functions 6% 7 and 6% 7 carry a 1/e-pole, but are well-behaved in the limit

w — 1. Obviously, the second term in (2.9) requires special care in this limit since the
denominator would lead to a non-integrable behavior for e = 0. We deal with this limit
by means of the expansion

q

—1-2¢ _ 1 1 ln(l—w)
(1—w) 172 —_255(1_w)+(l—w)+_28<1—w>+

+0(?) (2.10)
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where the plus distribution is defined in the usual way by

1 1
/ dw f(w) [g(w)] =/ dw [f(w) = f(1)] g(w) . (2.11)
0 0

This expansion makes the singularities in 1/e explicit. When combined with the pole
terms in 6% 7, the term oc §(1 — w) in (2.10) leads to a double pole term that cancels
against the double pole in the virtual correction in equation (2.7). This well-known
behavior reflects the cancelation of infrared singularities in partonic observables. The
channels ¢ — g and g — ¢ are infrared finite at NLO.

2.2.4. Collinear subtraction for parton distribution functions and
fragmentation functions

After the cancelation of infrared singularities between real and virtual contribution,
the partonic cross sections still exhibit single poles that reflect collinear singularities
arising when an “observed” parton (either the incoming one, or the one that fragments)
becomes collinear with the unobserved parton. Figure 2.6 shows an initial state collinear
singularity. The singularity has the form o %qu&]lﬁql where P, is the first order
Altarelli-Parisi splitting function (equation (2.13a)) and 6977 is the tree level cross
section in d-dimensions which remains, if we remove the gluon and set the external
momenta of the incoming quark to y k.

The factorization theorem states that these poles may be absorbed into the parton
distribution functions or into the fragmentation functions. This procedure may be for-
mulated in terms of renormalized parton densities and fragmentation functions (see,
e.g., Ref. [114]). In fact, naive definitions of “bare” parton densities and fragmentation
functions contain ultraviolet singularities that can be dealt with as well by using di-
mensional regularization. At NLO, the corresponding ultraviolet 1/e-poles that appear
can be removed in the MS scheme by introducing “renormalized” functions in the form

M kw(l—y)k

yk

Figure 2.6.: Representative collinear singularity for an initial state quark in the ¢ — ¢
channel.
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o Se
FUB o) = o)+ S5 (P ) (o)

27
as(pr) S g/N 9
+ o c ( qg ® fren ) (l’,/.LF) + O(OZS) s (212&)
pla D4 as(wr) Se (o phia
bare(z MF) ren ( 2, MF) + o7 c qq & Dyen (Za ,UF)
Ms g/N 2
+ ot c <PQQ®Dren > (Z,,U,F) +O(a5) s (212b)

where we have the usual splitting functions

2
Paa(y) =Cr [(11jj)+ + 25(1 - y)] , (2.13a)
Pyy(y) =Tg [yz +(1- y)Q] ; (2.13b)
_ 2
Pyq(y) = Cr H(lyy) ; (2.13c)

(with T = 1/2), and where the ”®”-symbol indicates the convolution

dy
Yy

P(y )f(m> . (2.14)

)

(P f)(x) = /

The constant S; = (47)¢/T'(1 — ¢) in (2.12a) and (2.12b) corresponds to the usual
MS scheme. Inserting the bare distributions into the LO expression for the hadronic
cross section, we obtain additional O(asa?2,,) contributions. These precisely cancel the
collinear poles associated with the observed partons in the NLO partonic cross sections,
for all three channels. We can express this contribution explicitly for the initial state
collinear singularity in the ¢ — ¢ channel (figure (2.6)) as [113, 115]

1 13
& dy < + 5 —In 47T> Pyq(y) (i) &1 (ys, yt, u, €)
T 0 g IU’F

x0(y(s+1t) +u). (2.15)

Note: The tilde on the ¢ denotes that the delta function, that fixes the invariant pair
mass at zero in leading order is not part of &.

Even after this procedure, one type of collinear singularity remains. It is generated by
a momentum configuration where the exchanged photon is collinear to the incoming
lepton. As discussed at the beginning of this section, the presence of this singularity is
an artifact of neglecting the lepton’s mass. In the following two subsections we discuss
our treatment of this issue.
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2.2. NLO calculation

Figure 2.7.: General Weizsacker-Williams contribution at NLO. The quasi-real photon
entering the hard scattering part is treated as a parton in the lepton.

2.2.5. Weizsacker-Williams contribution

One approach for dealing with the collinear lepton singularity is to introduce bare and
renormalized QED parton distributions for the lepton, much in analogy with the pro-
cedure that we discussed in the previous section for the nucleon’s parton distributions.
The only differences are that for leptons the partons are the lepton itself and the pho-
ton, and that we can safely compute their distributions in QED perturbation theory.
To lowest order in QED, we have just f¢‘(y) = §(1 — y), corresponding to the Born
contribution in Fig. 2.2. The hard process involving an incoming lepton will always
require two electromagnetic interactions and hence be of order a2, as seen explicitly
in equation (2.4). This is different for a hard process with an incoming photon such as
vq — qg, which is of order cema,. This implies that at NLO in QCD (at order a2, as)
there will be contributions generated by the photon acting as a parton of the lepton
and participating in the hard process. A generic picture for such types of contributions,
known as Weizsacker-Williams contributions, is shown in Fig. 2.7. In essence, the lep-
ton merely serves as a source of real photons for the contributions shown in the figure.
Like its nucleon counterpart, the corresponding photon-in-lepton distribution f7/ (y)
will require renormalization. Following (2.12a) we may write

¢ Qo Se
oLy o) = £y, o) + . ( Py ® fl >(y,uo)+... (2.16)
where P,y = P,,/Cr and the ellipses denote a term involving a photon-to-photon

splitting that makes contributions beyond the order in ey we consider here. Within
the same reasoning, we can set ffe/f(y) =6(1 —y) in (2.16).

The bare photon-in-lepton distribution fbare in equation (2.16) can be defined anal-
ogously to the gluon distribution in a nucleon in terms of the matrix element (see
also [51])

D () = nyng / T AN g R (0) U]0: ] FEEOR)|6),

o 27Ty
A,
= 2(17_l€) bare (U5 H0) - (2.17)
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In this definition n is a light-cone vector conjugate to the lepton momentum [, with
n? =0 and [ - n = 1. Furthermore, Fly = O*AY — 0¥ A* is the electromagnetic field-
strength tensor, and we have inserted a (straight) Wilson line U[0; An| that ensures the
electromagnetic gauge invariance of the matrix element. The transverse projector in
(2.17) is given as g/" = g"” — In” — [Vnk.

Since the matrix element in (2.17) contains electromagnetic fields and elementary lep-
tons in the in- and out-states we can compute it to LO in QED. In this calculation we
keep a non-vanishing lepton mass my in order to obtain an infrared-finite result. To
order O(aem) we find,

P (o o) =

SR Pouly) Se [1 +In (y“;l > - 1] +0(2,),  (218)

{4

where, as before, S. = (47)¢/T'(1 — €). In close analogy to parton distributions of the
nucleon we can perform an MS-renormalization of the distribution and obtain,

Qlem S,
S m0) = Folge(w:10) = 5= Pely) == + O(ay,)
2
_ Qem Ho _ 2
=5 P(y) [ln <y2m§> 1} + O(ag,,) - (2.19)

This renormalized distribution is closely related to the ‘classic’ Weizsdcker-Williams
distribution [104-107]. The logarithm in (2.19) may be derived from an integration
over the photon’s virtuality —¢? (where ¢ is the photon momentum). For the standard
Weizsacker-Williams distribution one performs this integration from the lower kinematic
limit m2y?/(1—y) to an upper limit @2, fixed by the experimental condition imposed
on the scattered lepton. This gives rise to a term %2 Py(y) In(QZ, (1 —y)/(y*m3?)) in
the photon spectrum, which can be recovered by an appropriate choice of the scale
n (2.19).

For the contribution related to fren the photon virtuality is then neglected everywhere
else in the hard scattering. One thus considers scattering diagrams with a real incoming
photon. We thus write the generic factorized cross section for the contribution as

d3 4N—>hX dz
E = d v
P, / /0 / Ve (“ >
XfZ/N(x’:uF) (Z MF) frfyeée(ynU’O) aﬁi—>f7 (220)

with the cross sections 67°f describing the scattering vi — fa of the photon off parton
i in the nucleon (to be given below). At O(as) we encounter three channels with an
incoming photon: vq¢ — ¢q(g), v¢ — ¢(q), and vg — ¢(g) (the partons in parentheses
are not observed). The relevant diagrams are as those shown in Figs. 2.4 and 2.5,
but with the lepton lines removed and the virtual photon replaced by a real photon.
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2.2. NLO calculation

Being 2 — 2 diagrams, their calculation is straightforward. Inserting now the bare WW
distribution we generate precisely the pole terms required to cancel the lepton collinear
divergences discussed at the end of Sec. 2.2.4. This happens in the same way for all
partonic channels. We note that the dependence on the scale p associated with the
lepton also disappears. This has to be the case, since for a finite lepton mass there
would never be any lepton collinear divergences in the first place.

2.2.6. Calculation with m, # 0

As we noted earlier, the presence of collinear singularities associated with lepton-photon
splitting is really an artifact of neglecting the lepton’s mass. In principle we should
therefore perform a full calculation in which the lepton’s mass is kept finite. This is
trivial for the virtual diagrams, since the QCD corrections do not affect the lepton
line. However, inclusion of a lepton mass considerably complicates the phase space
integrations for the real diagram. Nevertheless, it is possible to compute the relevant
integrals using the results given in Ref. [112]. One may then expand the result in
powers of the lepton mass and neglect terms suppressed by powers of O(my). In this
way, the “would-be” collinear singularity is regularized by the lepton mass and shows
up as a term ~ ln(m?). Terms independent of m, are also kept. All other parts of the
calculation proceed as before, and the partonic cross section thus has the structure

&ﬁé(v,w,mz,unuo) = 6f£f(v,w7uo> In(mg/s)+
~i—>f

6o (v, w, pr) + O(mi In(m3)). (2.21)

for each channel.

We have checked explicitly for all three channels that our two approaches for treating
the initial lepton are equivalent: The full result obtained using the WW contribution in
the previous subsection agrees with that for m, # 0, as long as we only keep the leading
terms as discussed in equation (2.21). The equivalence of the two approaches serves as
an important check of our calculation and also explicitly demonstrates the universality
of the WW-distribution.

2.2.7. Final results for single-inclusive hadron production

We now present our final results for the full partonic cross sections in analytic form.
Combining the cross section (2.6) for massless leptons with the Weizsécker-Williams
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contribution (2.20), we may write the full NLO cross section as

d3 IN—hX o
A ()

-U /H? dv /1 dw £/ (x, jur)
B3P, S2

v v(l—w) el w? x
v

Z?f

T
Dh/f(zaluF)
X 2

i as(p)
. o167 o (0w, 1)

sl () 2 &zi?fw,w)] . (222

The LO contribution, present only for the channel ¢ — ¢ with an incoming quark that
also fragments, was already given in (2.4). For the NLO term in this channel we find

5 a2me2CF In(1 —w
b (0w, 1) = LT AT 5(1 = w) + AT (i_w)>
+
1 1—w
= ! B?
lE —w)+{ . (v(l —o(1 _w))>

SU

2
+B7In(1 —v(1 —w)) + B ?In <2> }
"

1 —ovw

+C{ " In(v(1 —w)) +C5 7 In <(1_U)w>

+CI <(1 — Uw)(ll__vv(l - w)))

+CI7 <:2> +cim| (2.23)

where the coefficients Ag%q, Bg_ﬂz, Cf_m are functions of v and w and may be found
in the Appendix A. The channels ¢ — g and g — ¢ have simpler expressions:

2 2
acmeqCF

63 d (v, w, p) = CT79In(1 — v(1 — w))

sSvw

+C§ 7 In ((1 _ Uw)(ll_—vv(l - w))>

+CI7 (“(1 ;2“))8) +C

, (2.24)
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HERMES, VS = 7.25 GeV, 1GeV<P,, <2.2GeV
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L NLO
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Figure 2.8.: Cross section for fp — 7t X at HERMES, as function of zp for 1 GeV <
P, < 2.2 GeV. The dashes line gives the LO prediction and the solid
line the NLO one. The dotted and dot-dashed lines show the approxima-
tion (2.28) of the NLO cross section, using po = P, and po = \/§/2,
respectively.

2 2
. ai eTgr 1—v)w
A wp) = S g (G20

+C47 (U(l ;211;)5) + 0§ (2.25)

The coefficients C7 ¢ and CY77 are again given in the Appendix A.

We finally list the partonic cross sections for the Weizsacker-Williams contributions:

2
~Yq—q CFaemeq 1 + U2w2

oo (v w) = 2s(1—v) ovw

A C’F()‘em62 1+ (1 — vw)2
Uz%_{g(vﬂw) = 23(1 _ UL;

1—ovw

Traemes v2w? + (1 — vw)?
5157 = g : 2.26
oo () 25(1 —v)  vw(l —ovw) (2:26)
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Figure 2.9.: Cross section for fp — 7+ X at HERMES as function of P, for 0.3 < zp <
0.55. The dashes line gives the LO prediction and the solid line the NLO
one. The dotted and dot-dashed lines show the approximation (2.28) of the
NLO cross section, using o = Py, and puo = v/S /2, respectively.
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Figure 2.10.: K-factor (at a scale p = P, ) for the HERMES experiment plotted vs.
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2.2.8. Single-inclusive jet production

Having computed the inclusive hadron production cross section at NLO the extension
to single inclusive jet production is straightforward. The cross section for /N — jetX
may be written as

PoN-etX U qu
_— = — =% /N __=-U
Ey REF2Y - SZ/U w f (33 = w(S+T)"U’>
7 S+T
~i—jet T
xa' v:1+§,w,,u;R , (2.27)

where Fj and ]3J are the energy and three-momentum of the jet and the hadronic
Mandelstam variables are defined as before, now in terms of the jet momentum. The
form of this expression follows from (2.6) by setting the fragmentation functions to
§(1 — 2). Of course, beyond LO, the partonic cross sections 67 for jet production
differ from the ones for single-inclusive hadron production. This is evident from the
fact that the latter are computed as “inclusive-parton” cross sections '/ which, as we
saw in subsection 2.2.4, require collinear subtraction. This is in contrast to a jet cross
section which is by itself infrared-safe, as far as the final state is concerned. Instead,
it depends on the algorithm adopted to define the jet, as we have indicated by the
dependence on a generic jet (size) parameter R in (3.16).

As was discussed in Refs. [116-118], even at NLO one may still go rather straight-
forwardly from the single-inclusive parton cross sections 6°7/ to the 677, for any
infrared-safe jet algorithm. The key is to properly account for the fact that at NLO
two partons can fall into the same jet, so that the jet needs to be constructed from
both. In fact, assuming the jet to be relatively narrow, one can determine the relation
between 6°7/ and 6773 analytically [116]. This “Narrow Jet Approximation (NJA)”
formally corresponds to the limit R — 0 but turns out to be accurate even at values
R ~ 0.4 — 0.7 relevant for experiment. We follow this approach in this work. In the
NJA, the structure of the NLO jet cross section is of the form Alog(R) + B; corrections
to this are of O(R?) and are neglected. We note that to the order 2 a5 we consider in
this chapter, the Weizsiacker-Williams terms only contribute to the R-independent piece
B. This is because for almost real exchanged photons it is at this order not possible to
have two coalescing partons in the final state.

2.3. Numerical results

We now present phenomenological results for the NLO single-inclusive pion production
cross section in lepton-proton scattering. As mentioned before, data on the transverse
single-spin asymmetry for this reaction have been released by HERMES [46] and the
Jefferson Lab Hall A Collaboration [48]. Unfortunately, corresponding cross sections
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Chapter 2. Single-Inclusive Production of Hadrons and Jets

were not presented, and we will therefore provide predictions for these. Furthermore,
we will also present predictions for COMPASS at CERN, for a future Electron-Ion-
Collider (EIC), and for experiments at Jefferson Lab after the CEBAF upgrade to 12
GeV beam energy. Finally, at the end of this section we show some phenomenological
results for the inclusive production of jets at the EIC.

As we saw in the previous subsections (see equation (2.22)), our NLO result can be
formulated in such a way that it contains contributions involving the photon-in-lepton
distribution f;ye/ng and LO photon-parton cross sections. These represent the contribu-
tions by quasi-real photons to the cross section. An interesting question is whether this
part of the cross section dominates the NLO corrections, at least for a suitable choice
of the scale p in (2.19). We recall that the logarithm in (2.19) may be obtained by an
integration over the photon’s virtuality where only the 1/¢* propagator is kept for the
photon, while ¢? is neglected everywhere else in the hard scattering. We now consider
the cross section

dBotN—hX U 45 du 1 d
Ev—pp —\ g Z/ /_
d3p, S 7y v(l —v) v g

T+U v

g

2

S

PG ) DI ()
x 22

i _ as(pt) i
X [Gngf(U) + fu (11,1,7;),#0) 87(r )a'ﬂ?f(v,w) ,

(2.28)

which essentially corresponds to the full NLO one in (2.22), but with the terms 6%@6
dropped. In other words, we use the LO term and add the Weizsacker-Williams con-
tribution. For the latter, we choose the upper limit on /—¢? in the photon spectrum
as a large scale in the problem, pg ~ P, or even g ~ VS /2. This constitutes an
attempt to obtain an approximation to the full NLO correction by assuming that the
1/q?-behavior of the hard cross sections is valid over most of the kinematical regime.
In our studies we examine in this way the importance of the Weizsacker-Williams con-
tribution. As discussed in the Introduction, if the contribution plays a dominant role
for the NLO corrections, this opens the door to approximate NLO calculations also for
the spin-dependent case.

For all our calculations we use the CTEQG6.6M [31] set of parton distribution functions
and the fragmentation functions of [119].
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Figure 2.11.: Same as Figs. 2.8, but for £ 3He scattering at beam energy 12 GeV after the
CEBAF upgrade at Jefferson Lab. We have used a fixed P,; = 1.5 GeV.
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Figure 2.12.: Same as Fig 2.9, but for ¢3He scattering at beam energy 12 GeV after the
CEBAF upgrade at Jefferson Lab. We have integrated over —0.4 < xp <

0.4.
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Figure 2.13.: K-factor (at a scale u = Py ) for the 12 GeV upgrade at Jefferson Lab
plotted vs. zp and a fixed transverse momentum P, |

HERMES

Figures 2.8, 2.9 and 2.10 present our results for 7 -production at HERMES at /S =
7.25 GeV. We fix the renormalization and factorization scales at 4 = P . Fig In order
to match the conventions used in pp" — hX, HERMES presents the spin asymmetry re-
sults in terms of the hadron’s transverse momentum P, | and Feynman’s xp = 2P7/ V'S,
where P7 is the z-component of the hadron momentum in the center-of-mass frame of
the collision, and where positive zf is counted in the direction of the lepton beam. We
have

d2 ep—rX 27 P, d3 ep—mX
7 S E ol (2.29)

h 3 s
d{EFdPhL \/m dPh

where xp = 2Py, / V/S. The hadronic Mandelstam variables read

S
T=-3 (\/l’%-i-ﬂfgp—Fl’F) ;
S
U=-5 (\/x% + 22, — xF> . (2.30)

Figure 2.8 shows the cross section as a function of xp, integrated over 1 GeV < Py <
2.2 GeV. This is the only Py, bin used in Ref. [46] with P, > 1 GeV. In Fig. 2.9
we examine the P, dependence of the cross section for 0.3 < xp < 0.55. In both
cases we find large NLO corrections; the NLO cross section is almost twice as large as
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the LO one. As discussed above, we also examine in how far the Weizsécker-Williams
contribution drives the NLO corrections, using equation (2.28) with pug = Py, (dotted)
and 119 = v/S/2 (dot-dashed). As one can see from the figures, the Weizséicker-Williams
contribution does lead to an increase over LO, but provides only about 50% to 70%
of the NLO correction. This is likely to be attributed to the fact that the overall
c.m.s. energy is rather low. The result with pg = v/S/2 provides a slightly better
description of the full NLO, although the differences are minor. We note that the WW
approximation appears to work better for smaller transverse hadron momenta Py, and
for larger xp. The latter feature perhaps is at first sight surprising since positive g
of the hadron imply on average backward scattering of the lepton, whereas the WW
approximation should work better if the lepton is scattered in the forward direction.
One can roughly understand this “shift” of the WW approximation towards positive
xzp from the fact that |T'| > |U| for zr — 1 in equation (2.30). Since the dominant
real-photon process v¢ — q(g) in (2.26) has a 1/su-behavior in contrast to the 1/t-
behaviour of the LO process, the WW approximation favors the region xp > 0. The
full NLO partonic cross section inherits the 1/t>-behaviour of the LO one, so that
the Weizsacker-Williams contribution can approximate it well only for xr > 0. This
behaviour is well confirmed by consulting figure 2.10, where the K-factors are shown.
The K-factors are a measurement of the size of the higher order correction. They are
defined by

K=t (2.31)
J0LO

where the subscript ¢ indicates the different higher order correction.

Scattering with the 12 GeV beam at the Jefferson Lab

Our NLO predictions for the cross section for £ 3He — 7t X in 12 GeV scattering at
the Jefferson Lab are shown in Figures 2.11, 2.12 and 2.13. For the x distribution on
the left we have assumed a fixed transverse momentum P,; = 1.5 GeV. On the right
we show the Pj, | dependence of the cross section in the region —0.4 < xp < 0.4. Again,
the renormalization scale is fixed to the transverse hadron momentum, u = P, . Note
that the rather modest c.m.s. energy available limits the possible size of P} severely.
For collisions using the present 6 GeV beam only transverse momenta outside the hard-
scattering regime are possible, which is the reason why we cannot present any results
for this case.

We again observe in Figures 2.11, 2.12 and 2.13 that the NLO corrections are very large

with a NLO K-factor larger than 2.5. The Weizsacker-Williams contribution is clearly
insufficient to match the NLO result here.
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Figure 2.14.: Cross section for up — 7°X at COMPASS as function of P, for —0.1 <

n < 2.38. As before, the solid lines give the NLO results and the dashed
lines the LO ones. We also present the LO and NLO results for the scale
p=2Pp.
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show the approximation (2.28) of the NLO cross section, using po = Pp
and po = /S /2, respectively.



2.3. Numerical results

COMPASS

The results of our NLO analysis for COMPASS kinematics are shown in Figs. 2.15 and
2.14. COMPASS uses a muon beam with energy 160 GeV, resulting in v/'S = 17.4 GeV.
Following the choice made by COMPASS, we use here the c.m.s. pseudorapidity 7 of the
produced hadron rather than its Feynman-z . Pseudorapidity is counted as positive in
the forward direction of the incident muon. We have

dQO.up—MrOX d3o.up—>7r0X

@9 - P BT
dn dPy, | TERLER T s p

where the hadronic Mandelstam variables read
T = —Py VSetm,
U=—P, VSe™. (2.33)

The COMPASS spectrometer roughly covers the region —0.1 < n < 2.38. From the
1 dependence shown in Fig. 2.15 for a fixed transverse momentum P, = 2 GeV we
observe that the NLO corrections are significant but not as large as for HERMES
and JLab. They amount to an increase over LO of roughly 30-40%. Strikingly, the
Weizsacker-Williams contribution is very small here, even for the choice pg = VS /2.
This may be understood from the fact that the muon mass is about 200 times larger
than the electron mass, resulting in a much smaller logarithm in the expression (2.19)
for the photon spectrum, which then is largely cancelled by the non-logarithmic term.

(2.32)

For the P, spectrum shown in Figure 2.14 we also show the results for a different
choice of the factorization and renormalization scales, = 2P, . As one can see, the
scale dependence decreases somewhat when going from LO to NLO but remains fairly
sizable.

Electron-Ion Collider

We finally also discuss the cross section for single-inclusive pion production in electron-
proton collisions at a proposed future EIC [120] with v/S = 100 GeV. Thanks to the
higher energy of an EIC it will become possible to probe much larger transverse hadron
momenta, where pQCD is expected to work better. Fig. 2.17 shows the 1 dependence
of the cross section for a fixed transverse momentum P, = 10 GeV. Again we count
positive n in the forward direction of the incoming lepton. The P, dependence of the
cross section is shown in Fig. 2.16, integrated over |n| < 2. The renormalization scale
has again been fixed to the transverse hadron momentum, p = Pp,, . As for COMPASS
we found that the scale dependence slighty decreases for EIC kinematics when going
from LO to NLO but remains relatively large.

We again find sizable NLO corrections. Overall, the Weizsacker-Williams approximation
works much better here than in the fixed-target regime. It describes the NLO cross
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Figure 2.16.: Cross section for ep — 7t X at an EIC with v/S = 100 GeV as function
of Py, integrated over |n| < 2. The lines are as in the previous figures.
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Figure 2.18.: Cross section for single-inclusive jet production at the EIC as function
of Py, , integrated over |ny| < 2. We have used the NJA [116, 117] and
the anti-k; jet algorithm [121]. The solid lines show NLO prediction for
two different values of the jet size parameter, R = 0.7 and R = 0.2,
respectively. The dashed lines present the LO results, and the dotted
ones the result for the approximation (2.28) of the NLO cross section,
using pg = Py .

section especially well when the hadron is produced in the electron forward direction.
At mid-rapidity and negative rapidity the approximation tends to fall short of the full
NLO result. From Fig. 2.16 we observe that that the Weizsacker-Williams also works
better for smaller Py .

Jet production at an EIC

Given the high energy of an EIC, also jet observables will be of much interest there [51].
For example, combined analysis of data for the transverse-spin asymmetries for ep! —
h X and ep! — jet X from a future EIC should allow for a clean separation of twist-
3 parton correlations in the nucleon and in fragmentation. We therefore close this
section by presenting predictions for the cross section for single-inclusive jet production,
ep — jet X. Here we use the NJA formalism outlined in Sec. 2.2.8 to convert the single-
hadron cross section into a jet one. We adopt the anti-k; jet algorithm of [121]. In
Fig. 2.19 we present the dependence of the cross section on the jet pseudo-rapidity
ny for a fixed transverse jet momentum of Py, = 10 GeV. We find once again that
NLO contributions are large. We also observe that, compared to the case of hadron
production considered in Fig. 2.17, the NLO cross section is much more peaked in the
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Figure 2.19.: Cross section for single-inclusive jet production at the EIC as a function
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of pseudorapidity 7n; at a fixed transverse jet momentum Pj; = 10 GeV.
We have used the NJA [116, 117] and the anti-k; jet algorithm [121].
The solid lines show NLO prediction for two different values of the jet
size parameter, R = 0.7 and R = 0.2, respectively. The dashed lines
present the LO results, and the dotted and dashed dotted the result for
the approximation (2.28) of the NLO cross section, using po = Py, and
also g = VS /2.



2.4. Conclusions and outlook

forward electron region. The reason is that at large positive pseudo-rapidity |T'| > |U]|
in equation (2.33). Since the minimal value for the incoming parton’s momentum
fraction is Tmin = —U/(S + T) in (3.16) rather small values of = are probed at large
pseudo-rapidity where in turn the nucleon’s parton distributions are large. On the
other hand the fragmentation process suppresses the forward and backward regions
in hadron production due to the large z-values probed, whereas in jet production the
forward electron region is enhanced due to the absence of fragmentation.

In the figures 2.19 and 2.18, we show results for two different jet size parameters,
R =0.7 and R = 0.2. Dependence on R first occurs at NLO. As discussed at the end of
Sec. 2.2.8, the first-order Weizsacker-Williams contribution does not depend on R. It
hence cannot give an accurate approximation of NLO in general. As the figure shows,
the WW result happens to be rather close to the result for R = 0.7; this agreement,
however, is essentially fortuitous.

2.4. Conclusions and outlook

We have performed next-to-leading order calculations of the partonic cross sections for
the processes /N — hX and /N — jet X, for which the scattered lepton in the final
state is not detected. We have derived our results for a finite lepton mass, neglecting
terms that are suppressed as powers of the mass over a hard scale. The results have
been obtained in two ways. We have first set the mass to zero. We have regularized the
ensuing collinear singularity in dimensional regularization and then subtracted it by
introducing a Weizsacker-Williams type photon distribution in the lepton. The latter
can be computed in QED perturbation theory and effectively reinstates the leading
lepton mass dependence, which is logarithmic plus constant. In the second approach,
we have kept the lepton mass in the calculation directly, expanding all phase space
integrals in such a way that the leading mass dependence is obtained. Both approaches
give the same result.

We have presented phenomenological NLO predictions for various experimental setups,
from fixed-target experiments (HERMES, JLab, COMPASS) to collider experiments
at an EIC. We have found that the NLO corrections are large. We note that in the
fixed target regime the bulk of the corrections comes from the plus distribution terms
in equation (2.23), especially at negative zp or rapidity. As is well known, the distribu-
tions are associated with the emission of soft gluons. Since they recur with increasing
power at every higher order of perturbation theory, it may be worthwhile for future
work to address their resummation to all orders, similarly to what was done for the
photoproduction case N — ¢'hX in [122].

The rather large size of the corrections that we find suggests that also the cross section
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with transverse polarization of the initial nucleon may be subject to large NLO cor-
rections. This would likely have ramifications for analyses of spin asymmetry data for
¢/NT = hX in terms of twist-3 parton correlation functions. As full NLO calculations
for transverse single-spin observables are difficult, we have also investigated in how far
it is possible to match our full NLO result for the spin-averaged cross section by adding
just the Weizséacker-Williams contribution to the LO one. We have found that this sim-
plified approach does not appear to work well quantitatively. In other words, the NLO
corrections do not appear to be dominated by quasi-real photons. Nonetheless, in order
to obtain a first estimate of higher-order effects for the transverse-spin asymmetry, it
may be worthwhile to use the Weizsacker-Williams contribution for the case of trans-
versely polarized nucleons, which is much simpler to do than the full NLO calculation
and was already discussed in Ref. [51].

We again emphasize that our results suggest that contributions by quasi-real photons to
the cross sections for the single-inclusive processes {N — hX and {N — jet X are not
the dominant contributions, at least for large transverse hadron momenta P, > 1 GeV.
In other words, an experimental setup where the final state lepton is not observed in
lepton-nucleon collisions does not automatically imply that one measures an (approx-
imated) quasi-real photoproduction process. However, although quasi-real photons do
not dominate, they typically do play a non-negligible role for the NLO corrections. As is
well known, high-energy real photons may also exhibit their own partonic structure, in
which case they are referred to as “resolved” photons (see Ref. [56]). The corresponding
resolved-photon contributions are formally of the same order as the Weizsécker-Williams
contribution we have considered here. They are typically suppressed in the fixed-target
regime. It may be interesting to address this contribution in future work, also in order
to study its impact on the transverse single-spin asymmetries. The concept of “virtual
photon structure” may also prove useful in this context (see, for example, Ref. [123]).
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Chapter 3.

Double-Longitudinal Spin
Asymmetry in Single-Inclusive
Lepton Scattering at NLO

We calculate the double-spin asymmetries Ary, for the processes /N — hX and /N —
jet X at next-to-leading order accuracy in perturbative QCD. We compare our theo-
retical results for Ary, to data from the SLAC E155 experiment, finding only partially
satisfactory agreement. We conclude that measurements of Ary, and the relevant polar-
ized and unpolarized cross sections should be performed at the present-day fixed-target
lepton scattering experiments, as well as at a future electron ion collider, in order to
verify our understanding of this process. We present predictions of the longitudinal
double-spin asymmetry for these experiments. This chapter is based on publication [4].

3.1. Introduction

The single-inclusive production of hadrons (or jets) with large transverse momenta in
lepton-nucleon collisions, /N — h.X, has attracted much interest in recent years from
both the experimental [45-48, 124] and the theoretical sides [3, 6, 49, 51-55, 63, 64,
102, 103, 125, 126]. The main reason for this interest is that {N — hX may prove
to be particularly useful for obtaining a better understanding of transverse (nucleon)
spin effects. As is well known, measurements for the related purely hadronic process
pp — hX have revealed large transverse single-spin asymmetries Ax [57], and the
understanding of these large effects remains to pose a major challenge to theory. Since
the process /N — hX is generally simpler to analyze theoretically, it is hoped that its
transverse single-spin asymmetry will help us to identify the origins of the large effects
observed in hadronic scattering.
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The basis for the theoretical description of single-inclusive processes is collinear factor-
ization in perturbative QCD (pQCD). In many instances, next-to-leading order (NLO)
corrections, or even corrections beyond NLO, are found to be sizable for single-inclusive
scattering [115, 127, 128]. Therefore, in order to be able to reliably confront data and
theory for the single-transverse spin asymmetry for /N — hX, it is crucial to have the
NLO corrections for the cross sections entering the asymmetry. The recent study [52] of
A in fp — hX at leading order (LO) suggests the presence of sizable NLO corrections:
comparing to recent HERMES data [46] it was found that the LO theoretical prediction
lies significantly higher than the data.

To compute the NLO corrections for the single-transverse spin asymmetry is a very
complex task, however. The asymmetry is power-suppressed in QCD and involves
twist-3 three-parton correlations. Higher-order calculations for higher-twist single-spin
observables are notoriously difficult in pQCD and still relatively scarce [81]. As a first
step towards an NLO calculation for the spin asymmetries in fp — hX (or ¢p —
jet X), we have recently computed the NLO results for the respective spin-averaged
cross sections [3, 6] that constitute the denominator of the asymmetries. Indeed, large
NLO corrections were found for the various kinematic regimes of interest. We note that
very recently even the next-to-next-to leading order calculation for the spin-averaged
cross section for /p — jet X was presented [126].

Unfortunately, so far no experimental data on the unpolarized cross sections exist that
would allow for a comparison between theory and data. On the other hand, some
data from SLAC [45] and HERMES [124] are available on the double-longitudinal spin
asymmetry Arp, measured by scattering a longitudinally polarized lepton off a longi-
tudinally polarized target. This asymmetry is of leading power in QCD and can hence
be analyzed with standard techniques in pQCD. Therefore, prior to studying the more
complex case of An, we investigate Ary, at NLO in this chapter.

For the single-inclusive processes fp — hX and ¢p — jet X the scattered lepton is not
explicitly detected. As a result, there are contributions to the cross sections for which
the incident lepton emits an almost real photon, followed by a hard photoproduction
scattering process. Such contributions are formally NLO, but they are enhanced by the
photon propagator. In Refs. [108] and [90] (at NLO, including resolved-photon contri-
butions) the asymmetry Ary, for /p — hX was investigated under the approximation
that the scattering is entirely dominated by the exchange of such quasi-real photons.
However, as we found in [3], for the spin-averaged cross section this assumption is valid
only in very limited kinematical regions. In general, a full NLO calculation is needed,
for which the quasi-real photon contribution is just one among several. In this chapter
we investigate in how far the assumption of dominant exchange of quasi-real photons
is justified for the double-longitudinally polarized cross section and for Ary,. In this
context we also present new comparisons to the E155 data [45], on the basis of a full
NLO calculation.
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This chapter is structured as follows. In Sec. 3.2 we present our NLO calculations for
the longitudinally polarized cross sections for /N — hX and ¢{N — jet X. Section 3.3
presents a comparison to the E155 data. Section 3.4 presents numerical predictions
for the NLO double-spin asymmetry Ary, to be expected at various other fixed-target
experiments and at a future Electron Ion Collider (EIC). Finally, we summarize our
results in Sec. 3.5.

3.2. NLO calculation

3.2.1. Single-inclusive hadron production

In this section we briefly present our derivation of the analytical NLO results for the
processes /N — hX and /N — jet X with longitudinally polarized initial particles.
We will closely follow the previous chapter 2 in which we computed the corresponding
unpolarized NLO cross sections. We will be brief and highlight only the differences
arising for longitudinal polarization. We refer the reader to Ref. [3] for details concerning
the calculation.

The transverse momentum of the produced hadron sets a hard scale, so that per-
turbative methods may be used for treating the cross sections. We first consider
(1) + N(P) — h(Pn) + X, where we have introduced our notation for the four-
momenta. We define the Mandelstam variables as S = (P + )2, T = (P — P,)?
and U = (I — P,)%. Furthermore, we denote the energy of the detected hadron by Ej,
and its three-momentum by ﬁh. The momenta of the incoming parton, k*, and of the
fragmenting parton, p*, which appear in the calculation of the partonic cross sections,
are approximated as k* ~ xP" and pt ~ P}f /z, respectively. It is then convenient to
work with the partonic Mandelstam variables

U
s=(k+0)2~zS, t=(k-p2~-T, u=(1-p?2~—. (3.1)
z z
We will consider the following difference of cross sections:
1 3 _(N—hX — a1 =41
Ao = - EhdU (SL +1, Ae +)
2 3Py,
d3 ZN%hXS =41\ =—1
_ Eh g ( L +1, Ae ) (3.2)
3P,

In this expression Sy and A\, denote the helicities of the nucleon and the lepton, re-
spectively. This choice of difference between polarized cross sections corresponds to the
numerator of the longitudinal double-spin asymmetry A that was measured by the
E155 experiment [45].
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Chapter 3. Apr, in Single-Inclusive Lepton Scattering at NLO

The general form of the factorized polarized cross section for inclusive hadron produc-
tion process is then

:l dzx Z/N Dh/f A i—f 3.3
S;‘/ /0 AP, ) DM (2 ) A6 (s, 6 ), (3.3)

where Af¥/N(z, 1) is the helicity parton distribution function for the incoming parton
i in the nucleon N and D"/ f(z, ;1) the fragmentation function for parton f fragmenting
into hadron h, both evaluated at a factorization scale p. As in Ref. [3] we choose the
factorization scales to be the same for the initial and the final state, and also equal to
the renormalization scale. In equation (3.3), A¢*~/ is the longitudinally polarized cross
section for the lepton-parton scattering process £ + ¢ — f + x, with x an unobserved
final state. The difference is defined in analogy with that in equation (3.2) The sum in
equation (3.3) runs over the different species of partons, quarks, gluons and antiquarks.
We note that the expression in equation (3.3) holds up to corrections that are suppressed
by inverse powers of the produced hadron’s transverse momentum Fj, | .

It is convenient to rewrite the z- and z-integrals in equation (3.3) in terms of new
variables v =1+ t/s and w = —u/(s + t). Using (3.1), we have

1—ovU =T
- = = - 3.4
T Tt (1-wv)S’ (34)
and equation (3.3) becomes
45 dv ! dw
AU_<S2>Z/ o(1— ) /MUwZ
T+U v T
A Fi/N DM f .
f ('7:7 H) (22’ :U’) Aa_zﬁ\f(vj w, M) 7 (35)
x z
where x = %%, z= ﬁ For ease of notation, we have kept the symbol Ag*~*7 also

for the polarized cross section when expressed in terms of the new variables. We note
that the invariant mass of the unobserved recoiling final state is given by s+t 4+ u =
sv(l —w).

The partonic polarized cross sections Ag~/ in equation (3.5) can be calculated in QCD
perturbation theory. One may write their expansions in the strong coupling o, as

AGT = AsT 2 A”LO+O( 2y (3.6)
As explained in detail in Ref. [3], there are contributions to the NLO cross section for

which the photon exchanged between lepton and quark is almost real. These contribu-
tions are typically sizable. In fact they diverge when the mass of the lepton tends to
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3.2. NLO calculation

zero. Expanding the partonic cross section in the (small) lepton mass my, one finds the
structure

A&f{ﬁé(v W, my, jt) = Aaf(;;f(v w) log(me/ ) —i—Aal_’f(v,w,u/s)
+O(mj log(my)), (3.7)

which exhibits the “mass singularity” as my — 0. The scale y is arbitrary and cancels
between the first two pieces. The logarithmic part in (3.7) in a sense opens up new
partonic channels at NLO, since it arises from configurations where the lepton radiates
the photon collinearly, which subsequently participates as an initial particle in a pho-
toproduction scattering process. Dropping all terms that vanish for m, = 0 we arrive
at the following form of the NLO cross section:

I+5 v 1 dw
AU_(SQ)Z/ 1—1)/1va2

XAfi/Z(x,u) Dh“;(;wu) [A&%f(v) as(p )A&%(U’w’u)

AP () = () A1 (4 )| | (3.8)
where

APy ) = S AP, (y) o (y’jig) + 02, (39)

is the polarized “photon-in-lepton” distribution, with ey, the fine structure constant.
It can be calculated perturbatively as discussed in Ref. [3] and involves the polarized
lepton-photon splitting function AP, /,(y) = 2—y. The A&zg_}f are the spin-dependent
lowest-order scattering cross sections for v+ ¢ — f + x, computed with real incoming
photons. They will be given below. We stress again that equation (3.8) is exact up to
terms that vanish as my — 0. The same result may be obtained in a calculation that
treats the lepton as massless from the beginning. The ensuing collinear divergence may
then be absorbed into a “bare” photon-in-lepton distribution and is canceled in this
way [3].

For the LO partonic cross section in (3.8), present only for the channel ¢ — ¢ with an
incoming quark that also fragments, one finds

2
A& qﬁ\q_2a2 21 1-w

oy T 01— ) (3.10)

where e, is the quark’s fractional charge.
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The NLO terms may be computed using the techniques discussed in [3]. The only new
technical aspect concerns the use of the Dirac matrix 5 and the Levi-Civita tensor e#*
in dimensional regularization, which appear in the projections onto helicity states for
the incoming particles. We use the 't Hooft-Veltman-Breitenlohner-Maison (HVBM)
scheme [129, 130] throughout our calculation. For details of the application of these
scheme in NLO calculations of single-inclusive cross sections we refer the reader to [131].
As is well-known, the HVBM scheme produces spurious terms that violate helicity
conservation at the quark-gluon vertex [132]. This feature manifests itself in a spin-
dependent splitting function AP,(y) in d = 4 — 2¢ dimensions that differs from the
spin-averaged one, AP, (y) = Pyy(y) + €4Cr(1 —y). This may be corrected by a finite
subtraction in the process of factorization of collinear singularities. This is the standard
choice made in the literature and is also in accordance with all modern sets of NLO
helicity parton distribution functions.

For the NLO term in thte ¢ — ¢ channel we find

a2 e2C
AGIE (v, w, 1) :emTZUF AAT5(1 — w)
L AAT log(1 — w)
1 1—w "

1 a1, 1—w
T {ABl o8 (=t =)

2
+ AB§ ?log(1 — v(1 — w)) + AB{ " ?log (Si}2> }
w

+ ACT T log(v(1 — w)) + AC§ " log ((1—v)w)

1—ovw

+ ACT " log <(1 = Uw)(11_—vv(1 - w)))

+ AC{og (1 — v(1 — w))

+ ACT " og (;) +ACE (3.11)

where Cp = 4/3.The coefficients AAI77, ABI™7, AC? are functions of v and w and
may be found in the Appendix. Equation (3.11) contains the usual plus distributions
defined as

1 1
/ dw f(w) [g(w)], = / dw [f(w) — £(1)] g(w) . (3.12)
0 0
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3.2. NLO calculation

For the channels ¢ — g and ¢ — ¢ we find the simpler expressions

2 20
A6 E (v, w, ) _ZJem®qF ACT 7 log(1 — v(1 —w))
svw
+ACT 1og L—v
2 (1 —vw)(l —v(l —w))
+ ACY Y log (”(1;2“’)3) +ACTI (3.13)
and
~ agmezTR 1-— v)w

Aot (o) =" | Acgriog (G20

+ AC§ " log (W) +ACYTY (3.14)

w

where Tg = 1/2. The coefficients AC{ ™7 and ACY "’ are again given in the Appendix.
We finally list the spin-dependent partonic cross sections for the photon-initiated chan-
nels:

2 2,,2
A&z‘(l)_)q(v w) = 2 CFaemeq 1 —v2w
Y

s(1 —w) vw

21 Croeme? vw (2 — vw)

AGlo 0 w) = = T

)

£79—4 _
Adio (v, w) = s(1 —w) vw(l — vw)

(3.15)

3.2.2. Single-inclusive jet production

Having computed the NLO polarized cross section for inclusive hadron production the
extension to single inclusive jet production is relatively straightforward, using the tech-
niques of Refs. [116-118]. The spin-dependent cross section for /N — jet X may be
written as

: 1 L dw .
IN—jetX _ i/N _ U
AT =5 Z/_U " A (= sty n)

2 S+T
L T
~ t
x [Agf;f.eparton (U =1+ Ev w, M)
~i—jet T
+ A, vzl—i—g,w,u;R . (3.16)
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As indicated, the partonic cross section is the sum of two contributions. The first
~1—jet . . .
contains inclusive-parton cross sections Ad; parton” This part of the cross section is

obtained from (3.8) by setting the fragmentation functions to 6(1 — z). Explicitly, we
have

A y o)
NG w )= {Aaisfw) NG 0y, 1)
f

e (s ) oo G ngrif ()|, (3.17)

where v = 1+ T/S. The inclusive-parton cross section has been integrated over the
full phase space of the unobserved final-state particles, keeping the momentum of the
observed particle fixed. This is not appropriate for an NLO jet cross section for which
two final-state particles may jointly form the jet. As shown in Refs. [116-118], one
can correct for this by introducing a subtraction piece. This piece is represented by
the term involving A% 7 in equation (3.16). As discussed further in [116-118] one
may determine the A”_”et analytically if one assumes that the jet size parameter R
is relatively small. Wlthout going into further detail we just quote the final results

relevant for the spin-dependent cross section for /N — jet X:

C
o (1) FSC:Z}H q AHIT (v, w)

X | AT (v R)0(1 — w) + A" (v, w) (bgl(l_ww)h

A(}}];jet (v,w,u; R) =

+ BI (v, w; R) + O (v, w; R)| + O(a?),

(I—w)s
NG5 (0, w, 3 R) =O(a?). (3.18)

S

The coefficients A%et, Ajlet, ijt, C{et are given in the Appendix. They show that the
NLO jet cross section has the form Alog(R)+B+O(R?). The coefficient A%et depends on
the jet algorithm used to define the jet parameter R. The result given in the Appendix
refers to the anti-k7 algorithm [121]. The hard-scattering function in (3.18) is related
to the Born cross section in equation (3.10):

1_,0/2

AHq—ﬂ]('U, w) = m

(3.19)

v'=vw/(1-v(l—w))

We note that for the unpolarized cross section the same coefficients A%)et, Ajlet, B%et, C{Et
appear, with however the hard part

14072

4—4q =g — _—TY
AHT (v, w) — HITT = e

(3.20)

v'=vw/(1l-v(l1—w))
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Phenomenological results
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Figure 3.1.: Unpolarized cross sections ((a) and (c)) and longitudinal double-spin asym-
metries Arp, for ep — 77 X, at scattering angle § = 2.75° (upper panel) and
0 = 5.5° (lower panel), respectively. We show LO and NLO results. The
data are from E155 3.3. The blue line shows the pure Weizsacker-Williams
contributions by quasi-real photons. The bands in (a) and (c) represent
the scale variation 1 GeV < u < 2Py .

3.3. Phenomenological results

In this section we present numerical estimates for the longitudinal double-spin asym-
metry Arp, for the kinematical setup of the SLAC E155 experiment [45]. Although
HERMES also reports a measurement of Ary, [124] in ep — hX, we cannot compare to
their data. The reason is that the HERMES data are not fully single-inclusive but were
taken with the requirement that the scattered electron not be seen within the detector
acceptance. This is different from a fully single-inclusive measurement for which the
electron may be in any region of phase space. Also, hadron transverse momenta are
typically very low for the HERMES data.

E155 used an electron beam with energy £ = 48.35GeV scattering off proton or
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deuteron targets. The experiment measured the double-longitudinal spin asymmetry

Aot X (S, T,U)

AN=hX (5 T U) = .

(3.21)

at two scattering angles, § = 2.75° and 6 = 5.5°, defined in the laboratory (target
rest) frame, defined relative to the direction of the incident lepton beam. Hadrons with
momenta 10 GeV < ]ﬁh| < 29 GeV were accepted, again defined in the laboratory frame.
The asymmetry AXY "X was measured as a function of |Py|. Data were presented for
identified pions and also for unidentified charged hadrons.

In order to compute AYY "X at NLO we use equation (3.8) for the spin-dependent cross
section, accompanied by the results in equation (25) of Ref. [3] for the spin-averaged
one. In the target rest frame, neglecting the mass of the produced hadron, we have

S=(P+1)? =2MFE + M?,
T =(P—P,)% = M?>—-2M|B,],
U=(l—PF)* = —2E|B,|(1 — cosb), (3.22)

where M is the proton mass. We note that we find a rather strong decrease of our
results (at the level of about 10%) if we drop the M? terms in (3.22). This is to be
understood from the relatively modest beam energy and the forward kinematics. In
principle we should include the full set of target mass corrections which, however, is
beyond the scope of this article.

We note that the transverse hadron momentum is given in the rest-frame variables
by |Py.| = |Py|sin(d). Since the transverse momentum sets the hard scale for the
process we demand for our calculations that \ﬁh 1] > 1 GeV. For the scattering angle
f = 2.75° this corresponds to a lower bound |]3h| > 20.9 GeV whereas for § = 5.5° we
have |BP,| > 10.5GeV. Conversely, for § = 2.75° the data extend to |P,| = 29 GeV,
corresponding to transverse momenta |ﬁh 1] € 1.4GeV. For § = 5.5° the maximal
hadron momentum in E155 is about | P,| = 24 GeV, yielding |Py | < 2.3 GeV.

Throughout our calculations we use the NLO unpolarized parton distributions of [32],
referred to as MSTW2008. For the helicity parton distributions we use the latest NLO
set of [133] (DeFlorian2014). When dealing with deuteron targets we neglect nuclear
binding effects and simply use D = (p + n)/2 along with the the isospin relations
fu/n = f4/p ete. for the up and down distributions in neutrons. Finally, for the pion
fragmentation functions we choose the latest set of [119] (DSS14). This reference does
not provide fragmentation functions for unidentified charged hadrons. For the latter
we therefore use the earlier DSS sets [134].

The experiment E155 has released data for the channels ep — 7+X, ep — hTX,
eD — 7*X and eD — h*X. In the following we will briefly discuss each of these.

70



3.3. Phenomenological results

10000

do/dPy,/d8 [pb/GeV]

10

10000

1000

100

do/dPy/d6 [pb/GeV]

10

Figure 3.2.:

T T T T
E155 ©=2.75"

T

T
Lo ——
NLO ——
pure WW - - - -

21 22 23 24 25 26 27 28 29
Ph[GeV]
(a)
‘ ‘ L0
E155 0=5.5 NG ——
pure WW = - - =

14 16 18
PLlGeV]

()

0.1

0.08 -

0.2

0.15

-0.1

T

NLO
E155-DATA;

T
Lo ——

——

T T T T T T
E155 ©=2.75"

21 22 23 24 25 26 27 28 29 30
Py [GeV]
o T T
NGO —  E1550=55
- E155-DATA; —+— —

16 18 20 22 24
Py [GeV]

(d)

Same as Figs. 3.1a - 3.1d, but for ep — 7~ X. Again, the upper panel
corresponds to 6 = 2.75° and the lower panel to 6 = 5.5°
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Figure 3.3.: Longitudinal double-spin asymmetries Ary, for eD — 7t X (a),(b) and
eD — 7~ X (c),(d) for the scattering angles § = 2.75° (a),(c) and 6 = 5.5°
(b),(d)-
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3.3.1. ep > 7t X

Figure 3.1a shows the unpolarized cross section for ep — 7+ X as a function of ]ﬁh n
at a scattering angle of § = 2.75°. We plot

do.(N—)hX

_ (3.23)
d| B, df

IN—hX
— 21| By | sin(6) <Ehd“> :

3P,

at LO (lower solid line and band) and NLO (upper). The solid lines represent the cross
sections computed at scale y = | P, | = | P,|sin 6, while the bands are generated from
the scale variation 1 GeV < u < 2P . The upper end of the band corresponds to the
lowest scale. We find that the NLO corrections are large, with K = onp,0/0L0o-factors
of about 2-3 at K155 for this scattering angle. The blue line in Fig. 3.1a represents
the contribution to the cross section by quasi-real photons, obtained in the unpolarized

case as (cf. equation (3.8) and see also equation (25) of Ref. [3]):
/1+3; " / dw fI¥ (@, )

-U
U_<52>Z v_ v(l—v) 1*“%102 x

i,f U T+U v

DMz, p v as() .~
X 2(2 ) f’Y/Z (11—1)10’ ) 75. ) Uz()_)f(v7w) : (324)

We refer to this contribution in the plots as “pure WW?” contribution. We again adopt
the scale p = \ﬁh 1]- As one can see, the real-photon contribution dominates the cross
section only at the lower values of |B,|. Beyond |B,| ~ 30 GeV. This finding is at
variance with the general assumption made in [45, 90, 108] that the bulk of inclusive-
hadron events is produced by real photons. We note that for scattering angle § = 2.75°
real photons do dominate in the region where most of the data were taken.

This becomes different for scattering angle § = 5.5°; see Fig. 3.2c. Here the contribution
by quasi-real photons does not really dominate anywhere in the regime of interest. We
conclude that our full NLO calculation is required here for a meaningful comparison to
the data. We note that the K-factors are slightly smaller at this scattering angle.

Turning to the corresponding spin asymmetries shown in Figs. 3.1b, 3.1d we find that
the NLO corrections do not influence the asymmetries as much as the cross sections.
Instead, a significant part of NLO corrections seems to cancel in the asymmetry. On
the other hand, there is a clear trend for the asymmetry to decrease when going from
LO to NLO. This helps to bring the theoretical results closer to the data. Still, even at
NLO our results for the spin asymmetry are much higher than the data for = 2.75°.
For the angle # = 5.5° we find a slightly better agreement, mostly because the data
have larger error bars here. We note that for the kinematics that are relevant here the
involved parton distributions and fragmentation functions are rather well constrained.
It is conceivable that the disagreement we observe for the spin asymmetries indicates
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Figure 3.4.: Same as Figs. 3.3a - 3.3d, but for production of unidentified positive (a),(b)
and negative (c),(d) hadrons off a proton target.
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Figure 3.5.: Same as Figs. 3.3a - 3.3d, but for unidentified positive (a), (b) and negative
(¢), (d) hadrons produced off a deuteron target.

that perturbative-QCD methods are not yet applicable at such relatively low |]3h 1]
Higher-twist corrections might account for the difference, in particular for the data at
0 = 2.75°.

3.3.2. ep—>71 X

In Figs. 3.2a — 3.2d we present our results for 7~ production off a proton target. The
plots of the unpolarized cross sections in Figs. 3.2a, 3.2c qualitatively resemble those for
mT-production, that is, we observe large K-factors and dominance of the real-photon
contribution at the smaller 7~ momenta for § = 2.75°. Also, as for mT-production
the contributions by real photons do not dominate for # = 5.5°. Since we find the
same qualitative features of the cross section also for all other channels, eD — 7% X,
ep — h*X and eD — h* X, we refrain from showing plots for their unpolarized cross
sections.

In Figs. 3.2b, 3.2d we compare our results for the asymmetries to the E155 data and find
a better agreement with the data than for 77-production. Again we observe that the
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Figure 3.6.: Longitudinal double-spin asymmetries Ay, for ep — 7 X at HERMES,
(a) as function of xp for 1 GeV < P, < 2.2 GeV, and (b) as function of
Pp, for 0.3 < zp < 0.55. The red line gives the LO prediction and the
black line the NLO one.

NLO corrections are not as large for the asymmetries as they are for the cross sections.
As before they tend to push the theory curves closer to the data. The spin asymmetries
computed for the “pure WW” contributions by real photons agree with the data even
better, in particular for # = 5.5°. It was already observed in Refs. [90, 108] that the
asymmetry data are well described by the real-photon contributions. However, in the
light of the fact that real photons do not produce the bulk of the cross section at this
angle, we have to consider this agreement as coincidental.

3.33. eD -1 X

Figures 3.3a — 3.3d present numerical results for the asymmetries Ay, for pion pro-
duction off a deuteron target. We observe an overall better agreement with the E155
data than for scattering off protons, especially for m-production. Again, the NLO
corrections tend to improve the agreement, although by and large, the NLO results are
somewhat higher than the data.

3.3.4. ep = hTX

We finally discuss the spin asymmetries for unidentified charged hadrons. Our results
for production off a proton target are shown in Figs. 3.4a — 3.4d. We find that the NL.O
results are much higher than the E155 data for both scattering angles § = 2.75° and
0 = 5.5°, irrespective of the charge of the produced hadrons.
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Figure 3.7.: Same as Figs. 3.6a, 3.6b, but for /3He scattering at beam energy 12 GeV
after the CEBAF upgrade at Jefferson Lab. On the left we have chosen a
fixed P, = 1.5 GeV, while for the P, dependence on the right we have
integrated over —0.4 < zp < 0.4.

3.3.5. eD — h*X

The corresponding results for unidentified hadrons produced off a deuteron target are
shown in Figs. 3.5a — 3.5d. Compared to the case of a proton target the theoretical
curves are now overall much closer to the E155 data. This finding is in line with what
we observed for pion production above.

3.4. Predictions

In view of the unclear situation concerning the comparison of NLO theory and E155
data we argue that it would be important to have independent data on the unpolar-
ized cross section and the longitudinal double-spin asymmetry. We now present some
phenomenological predictions for Ary, at NLO in single-inclusive pion production for
HERMES, JLab12, COMPASS and the future EIC. For the latter, we also investigate
the spin asymmetry in jet production. In the previous chapter 2 we have already pre-
sented results for the corresponding spin-averaged cross sections, and we compute the
spin asymmetry for the same kinematics considered there. We always show LO and
full NLO results, using the scale . = |P,1|. One of the findings of [3] (and of the
comparison to the E155 data above) is that the real-photon contribution typically does
not provide a faithful description of the full NLO corrections. In the following we hence
refrain from showing results for the “pure WW?” contribution.

In Figs. 3.6a, 3.6b we show the asymmetries in ep — 77X at VS = 7.25 GeV, as

relevant for HERMES. The left figure shows the dependence of Ary, on the Feynman
variable zp, averaging the cross sections over 1GeV < P, < 2.2GeV. Similar to
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Figure 3.8.: Longitudinal double-spin asymmetry Ary, for up — 7°X at COMPASS,
(a) as function of pion pseudorapidity for fixed P,; = 2 GeV, and (b) as
function of P, for —0.1 < n < 2.38. As before, the black line give the
NLO result and the red line the LO one.

what we found for E155 the NLO corrections to the asymmetry are not large, despite
large K-factors for the spin-averaged cross section (cf. Ref. [3]). We observe that the
asymmetries grow toward larger Feynman-z  where the NLO corrections become larger.
Figure 3.6b shows the P}, | -dependence of Arj,, with g averaged over 0.3 < xp < 0.55.
Clearly, a very large spin asymmetry is expected for these kinematics.

Figures 3.7a, 3.7b show results for the spin asymmetry in ¢3He scattering at beam
energy of 12 GeV, corresponding to measurements possible with the CEBAF upgrade
at Jefferson Lab. For the calculations of the unpolarized cross section we neglect nuclear
effects for Helium and just set 3He= (2p + n)/3 along with the usual isospin relations
for the parton distributions. The situation is different for the helicity distributions.
To a good approximation the two spins of the protons in a polarized 3He nucleus are
antiparallel. Effectively, the nucleus can be considered a polarized neutron target, with
Afa/ He = A f9/™. Again, we then use isospin symmetry to obtain the neutron’s helicity
distributions. As seen from Figs. 3.7a, 3.7b, the resulting asymmetry is negative and
much smaller in size than the one for a proton target found for HERMES kinematics.
The NLO corrections affect the asymmetry only little. We stress that for the very
modest beam energy at JLabl2 the use of perturbative methods for analyzing the
process /N — hX is questionable.

The COMPASS experiment employs a 160 GeV muon beam on a fixed target, resulting
in a much larger center-of-mass energy of v/S = 17.4GeV. As a result, a wider Py -
range can be probed. As we found in Ref. [3], this yields a more controlled perturbative
framework, with the NLO corrections to the spin-averaged cross section amounting to
only about 30 — 40%. Predictions for Ary, in up — 7°X at COMPASS are shown
in Figs. 3.8a, 3.8b. On the left we plot the asymmetry as a function of pion’s c.m.s.
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pseudorapidity 7, at a fixed transverse momentum Pp; = 2GeV. On the right, we
show the P, -dependence of Ayr,, averaging over —0.1 < 1 < 2.38. We find that the
asymmetry is again reduced by the NLO corrections. Despite the relatively large energy
Ay, is expected to be sizable.

Excellent opportunities for studies of single-inclusive hadron production would be pro-
vided by a future EIC [120]. Thanks to the high ep c.m.s. energy of an EIC, /S =
100 GeV, it will become possible to probe much larger transverse hadron momenta
where pQCD is expected to work better. We have presented numerical results in Ref. [3]
(see Fig. 8a of this reference) for the n-dependence of the unpolarized cross section
for ep — 77X at the EIC, at a relatively large fixed transverse hadron momentum
Pr; = 10GeV. Our results indicated a milder modification of the LO result by NLO
corrections for such a large transverse hadron momentum, with a K-factor of about
1.5. In particular, the NLO corrections are dominated by real photon contributions for
positive pseudorapidities n > 1. We find for the 7-dependence of the asymmetry Arr,
at Pn; = 10 GeV that the effect of the NLO corrections is rather small.

Interestingly, NLO corrections to the asymmetry Ar; become quite important for a
smaller fixed transverse hadron momentum P, = 3 GeV. In this case the event rate
is about 200 times larger compared to the one at a large transverse momentum P, =
10GeV. In Fig. 2.17 we plot the asymmetry Aryp, for ep — 77X at the EIC as a
function of the pion’s c.m.s. pseudorapidity 7, at a fixed pion transverse momentum
P, =3 GeV. At midrapidity (where the event rate is largest) the asymmetry is about
2%. The asymmetry is considerably affected by NLO-corrections for pseudorapidities
1 > 0.5. In this region we observe a 60% reduction of the asymmetry when going from
LO to NLO. This effect is generated by large K-factors of the unpolarized NLO cross
section, caused by dominant real photon contributions. The unpolarized cross section
receives positive enhancements from all partonic channels. On the other hand, the spin-
dependent cross section obtains a relatively large negative contribution from the gluon-
induced subprocess which partly compensates the large positive enhancements from the
quark induced channels. Overall, this leads to an NLO correction that is smaller for
the spin-dependent cross section than for the spin-averaged one, and consequently to
a large NLO effect on the asymmetry. This sensitivity to gluon-induced processes at
NLO indicates an opportunity to constrain the gluon’s helicity distribution Ag at the
EIC.

The P, -dependence of the spin asymmetry at the EIC is shown in Fig. 3.9b. As
expected, the asymmetry becomes smaller at lower pion transverse momenta and the
NLO correction lowers the asymmetry somewhat.

Given the high energy of an EIC, also jet observables will become available. Therefore,

we also present predictions for the double-longitudinal spin asymmetry Apr, in ep —
jet X, using the NLO calculations described in Sec. 3.2.2. We adopt the anti-k; jet
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Figure 3.9.: Longitudinal double-spin asymmetry Arp, for ep — 7+t X at an EIC with
VS =100 GeV, (a) as function of c.m.s. pseudorapidity 7 at fixed P, =
3 GeV, (b) as function of Py, integrated over |n| < 2. The lines are as in
the previous figures.
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Figure 3.10.: Longitudinal double-spin asymmetry for single-inclusive jet production at
the EIC, (a) ass function of jet pseudorapidity n at a fixed transverse jet
momentum Py, = 10 GeV, and (b) as function of Py, integrated over
In| < 2. We have used the anti-k; jet algorithm [121]. The dashed and
dotted lines show NLO prediction for two different values of the jet size
parameter, R = 0.7 and R = 0.2, respectively.
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algorithm of [121]. Figure 3.10a shows the dependence of Ay, on the jet’s pseudorapidity
n at fixed jet transverse momentum P;; = 10GeV. We plot the NLO asymmetry
for two jet sizes, R = 0.2 and R = 0.7. For negative jet-pseudorapidities the NLO
corrections seem to increase the asymmetry with respect to the LO result, while they
decrease for positive pseudorapidities. The Pj,-dependence of the asymmetry is shown
in Fig. 3.10b. It turns out to remain largely unaffected by the NLO corrections.

3.5. Conclusions

We have performed next-to-leading order calculations of the spin-dependent partonic
cross sections for the processes /N — hX and /N — jet X for longitudinal polarization
of the initial particles. Based on these results we have computed the double-longitudinal
spin asymmetry Arr, to NLO accuracy. We have found that the NLO corrections tend
to reduce the size of the spin asymmetry.

We have presented detailed comparisons of our Arp, to the data by the SLAC E155
experiment which has measured the asymmetry for ep and eD scattering, in each case
both for charged pions and for unidentified charged hadrons h*. Data were recorded
separately for two scattering angles, § = 2.75° and 8 = 5.5°. No consistent picture
emerges from the comparisons. By and large, the theoretical asymmetry lies higher than
the data. For scattering off a deuteron target there is typically at least a qualitative
agreement between the NLO calculation and the data. A notable exception is the
asymmetry for eD — h*X. For scattering off a proton target, some of the asymmetries
are very badly described, with the theoretical results being much higher than the data.
This is the case especially for the asymmetries for ep — 77X at the lower scattering
angle and for ep — h*t X for both angles. Here

It is difficult to draw clear-cut conclusions from these findings. It is possible that
non-perturbative power-suppressed contributions are still relevant in kinematic regimes
relevant for E155, which would invalidate the use of QCD perturbation theory. Assum-
ing that this is not the case, one question concerns the role of QCD corrections beyond
NLO. As we have seen, the asymmetries decrease when going from LO to NLO so that
it is conceivable that this trend will continue when even higher orders are taken into
account. While a NNLO calculation of the spin-averaged cross section has now been
carried out for /N — jet X [126], no such calculation exists presently for /N — hX
or for the double-spin asymmetry. On the other hand, it may well be that the bulk
of the beyond-NLO corrections can be estimated using QCD threshold resummation
techniques. A related study has recently been performed for the process /N — ¢’hX in
photoproduction (that is, with an observed final-state lepton) [128], and it was indeed
found that the higher-order corrections further suppress the asymmetry. However, this
suppression will likely not be significant enough to bridge the partly large differences
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between data and theory we find.

Arguably the physically most interesting explanation for the observed discrepancies
would resort to changes in the helicity parton distributions. In this context it is in-
teresting to note that recent data for the spin asymmetry Arp, in photoproduction via
uN — p/hX published by COMPASS [135] also show a trend that the deuteron asym-
metry is better described by theory than the proton one. On the other hand, given that
the up and down helicity distributions which are mostly relevant here are rather well
constrained, and that the NLO proton asymmetries for E155 kinematics would need to
decrease very strongly (see for example Figs. 3.4a and 3.4b), it appears unlikely that
the discrepancies are due to the helicity parton distributions alone. Clearly, further
studies are needed here.

We hope that other experiments can obtain new data for Ary, in single-inclusive lepton
scattering. We thus have presented predictions for the spin asymmetry for HERMES,
JLab12, COMPASS and the electron ion collider. We expect that latter to provide par-
ticularly valuable information. Data, if available with sufficient precision and large lever
arm in kinematics, might help to clarify whether the process can be reliably described by
perturbative QCD. As discussed in the Introduction, this would in turn have important
ramifications also for our understanding of single-transverse spin asymmetries, since a
proper understanding of the simpler leading-twist observables in these single-inclusive
processes is required before one can reliably address the more complicated transverse
spin effects.

82



Chapter 4.

Single Hadron Production in
Transversely Polarized Nucleon
Lepton Scattering

4.1. Introduction

Single transverse spin asymmetries (SSA) in high energy reactions have attracted much
theoretical and experimental interest over the last 3 decades. Large asymmetries have
been observed in hadron-hadron and hadron-lepton interactions when one hadron is
transversely polarized [46, 47, 124, 136-144].

The present calculation establishes a theoretical framework to calculate the single spin
asymmetry for the process [h" — hX beyond leading order. The process is schematically
shown in figure 4.1. The asymmetry is given by the numbers of final state hadrons with
large transverse momentum P produced either on left or the right side of the blue
plane in figure 4.1, spanned by the momentum and spin direction of the initial state
polarized hadron. The resulting ”left-right” asymmetry can also be achieved by flipping
the spin of the initial state polarized hadron. This leads to the definition

_ 0(pn, 81) — o(pn, —81) _ Ao(pp, St)
An(pn) = oo ) Eoon =)~ on) (4.1)

where §p is the transverse spin vector and p; the four momentum of the final state
hadron.

The theoretical description of these asymmetries is challenging, since the leading collinear
contribution vanishes. Therefore, the dependence on a single transverse spin is power-
suppressed. Over the last years, a lot of theoretical progress has been achieved to un-
derstand the underlying mechanism leading to large asymmetries. These developments
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follow two different approaches. The first one is the transverse momentum dependent
(TMD) approach, where the parton distribution or fragmentation functions depend on
an intrinsic partonic transverse momentum. The second approach is the so called twist-
3 quark-gluon correlation function approach established in the early 90’s [65, 66], which
is suited if the observed final state has a large transverse momentum. We have focused
on the latter, for the process A" — hX, where the transverse momentum and rapidity
of the final state hadron is observed.

In the history of particle physics, QCD has been successful in predicting spin-averaged
cross sections at large momentum transfers. Therefore, scattering experiments with
high-P;,, final states can be interpreted very well by utilizing the pQCD ansatz, as de-
scribed copiously in this thesis. However, extension of the pQCD formalism to polarized
scattering, has not been completely straightforward. In the late 70’s, significant single
transverse-spin asymmetries have been observed in A and pion production processes
[145, 146]. Unfortunately, at that time it was shown that pQCD predicts a vanishing
single transverse-spin asymmetry towards high P, [147]. This puzzle could be solved
by Efremov and Teryaev in the mid 80’s. They pointed out that in pQCD a non vanish-
ing single transverse-spin asymmetry can be obtained, if one goes beyond the leading
power [148-150]. Finally, in the early 90’s Qiu and Sterman could consistently evalu-
ate single transverse-spin asymmetries in terms generalized factorization theorems in
pQCD [65, 66, 151]. The asymmetries are presented as a convolution using a twist-3
quark-gluon correlation function for the polarized hadron, and a short-distance partonic
function calculable in perturbative QCD. The twist-3 quark-gluon correlation function
reflects further interactions of quarks with the color field of the hadron. In [152] an
important subtle has been pointed out, which finally justifies the assumptions for the
hadronic twist-3 matrix element made in [65].

Single transverse-spin asymmetries described as a twist-3 effect, are remarkably complex
and due to the large number of contributions very costly to calculate. It comes out, that
the relevant twist-3 matrix elements are pure imaginary. Therefore, we need imaginary
phase arising from the hard scattering process to obtain a real contribution. As was
shown in [149], imaginary contributions in the hard scattering part arise whenever an
internal line of the hard scattering functions goes on-shell. Such contributions are called
pole contributions and we may use the distribution identity

1
x +ie

_ PV% T+ iro(x) . (4.2)

The delta distribution usually makes the the external partons, coming from the polar-
ized hadron kinematically dependent. It was shown in [65, 66] that these contributions,
grow near the edge of phase space, i.e. the gluon wich couples to the polarized hadron
becomes soft. This observation was the breakthrough for the twist-3 approach to ex-
plain single transverse-spin asymmetries, since it shows that the theoretical predicted
asymmetry is of comparable size with the experimental data.
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Y

Figure 4.1.: Schematic SSA interaction. The blue plane is spanned by the beam direc-
tion and the hadron spin direction. The green one is given by the beam
direction and the final state hadron direction.

Since that time, a lot of improvement for theoretical calculations using the twist-3
approach has been achieved. More pole contributions have been discovered, where other
kinematical limits of the external particles are reached and of course the framework has
been applied to various processes.

So far, however, phenomenological applications for the process [hT — hX have been
limited to zeroth order of QCD perturbation theory [52]. In general, for single spin
asymmetries, QCD corrections to leading order are only available for more inclusive
processes, like the transverse momentum weighted Drell-Yan cross Section [81] or semi-
inclusive deep inelastic scattering [153, 154].

In the present chapter we investigate the NLO correction for the process [hT — hX.
At NLO level various pole contributions arise from internal propagators in the hard
scattering function. We focus on a contribution where the additional gluon from the
polarized hadron becomes soft, which is the only pole contribution appearing already
at LO.

Our aim for this project was to derive the leading-logarithmic contributions at NLO
level, i.e. the prefactor of the logarithmic plus distribution. Utilizing some well estab-
lished concepts of LO twist-3 calculations and prove their validity at NLO level, we
were able to achieve our initial aspiration. Furthermore, we could calculate most of the
real correction completely and we derived the complete e-pole structure. This is a huge
achievement for twist-3 calculations. In further work, we will derive the virtual NLO
contribution, to complete our calculation. In this thesis we present our real correction
result.

This chapter is organized as follows. In section 4.2 we introduce our notation and re-
formulate the unpolarized LO cross section, using a different notation as we used in
chapter 2. In section 4.3, we perform the necessary collinear expansion of the hard
scattering part and express the relevant twist-3 cross section in terms of gauge in-
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Figure 4.2.: Generic contribution to the single inclusive production of a hadron in lepton
nucleon scattering. The upper blob represents the initial state nucleon and
the middle blob the hard scattering process. The lower blob shows the
fragmentation of a final state parton into a hadron.

variant quark-gluon correlation functions. In section 4.4, we recall the transverse spin
dependent LO cross section, which was already discussed in [52]. The real correction
at the soft gluon point is presented in section 4.5. In section 4.6 we present the twist 3
collinear subtraction terms and analyze the pole structure of the cross section. Finally,
we present some of our analytical results in section 4.7.

4.2. Unpolarized leading order cross section

We consider the cross section h(p) + () — 7(Pr = zcpe) + X where the transverse
momentum of the final state hadron P, | sets a hard scale, so that perturbative methods
may be used to treat the cross section. X is the unobserved final state including the
final state lepton. The Lorentz invariant cross section for this process can be written
as

dotv? 1 dz dz
BT =23 [ S @) D(z)HY 4.
h d3Ph S — /2’2 x f (JT) (Z) a,c ( 3)

where H,SOC) is the partonic hard scattering function. In equation (4.3) f,(x) is the
parton distribution function (PDF) for the incoming parton a in the initial state nucleon
and D.(z) the corresponding fragmentation function for parton ¢ fragmenting into the
observed hadron. We found it useful for reasons that will become clear in the next
section, that we seperate the projectors onto the non-perturbative hadronic initial state
matrix element from the hard scattering function

HO) L

1
a, 2N a,C(‘Tp) lupC)ixp (44)
&
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where the trace is in Dirac and color space for the quark line. The trace over the lepton
part is included in H.

The function H(® is perturbative and can be expanded in terms of a

HO = 15,0+ %’Hf\?ﬂoﬂ’c +0(?). (4.5)

The leading order expression is given by

1 1 242
HiG 0o = oy [Hi%zwp} boe = teme2 - S(s 1+ W, (46)

where ey, is the fine structure constant and e, is the quark’s fractional charge. In
equation (4.6) we used the partonic Mandelstam variables defined by

s=(zp+1)?, (4.7a)
t=(p—po) (4.7b)
u=(l—-pe)?. (4.7c)

We want to mention that the notation in this chapter differs from chapter 2 in this
thesis. But, if we compare (4.6) with equation (2.4) we conclude, that the results
remain the same.

4.3. Collinear expansion and parton correlations

In this section, we present the framework of the twist-3 calculation to calculate the
SSA in the process [ — hX. To extract the relevant twist-3 contribution to the
cross section, we have to analyze the two contributions shown in figures 4.2 and 4.3. In
these diagrams the partons from the polarized nucleon represented by the upper blob
M) are emitted into the hard scattering part #(*). The superscripts on H and M
denote the number of coherent gluons emitted from the polarized nucleon. The hard
scattering process, that involves the partons coming from M and the incoming lepton,
produce a hard final state parton with momentum p., which finally fragments into the
observed hadron with momentum P;,. This fragmentation is denoted by the lowest blob.
Therefore, the contribution to the twist-3 cross section can be written as

7 3 [0 wlap e =Pi)2) (1)

c=4q,9

where we have factored the twist-2 fragmentation function away from the polarized
hadronic- and the hard part, which is included in the function w.. For simplicity, we do
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Figure 4.3.: Generic twist-3 contribution to the single inclusive production of a hadron
in lepton nucleon scattering. The upper blob represents the initial state
transversely polarized nucleon and the middle blob the hard scattering
process. The additional gluon connecting the middle and lower blob, is
responsible for the twist-3 effect induced by the polarized hadron. The
lower blob shows the unpolarized fragmentation of a final state parton.

not explicitly write down the dependence on the parton type in the further discussion.
In addition, we omit the dependence from D and w on factorization and renormalization
scales, which are present in a NLO calculation. We will keep that in mind, when we
get back to the NLO cross section in the next paragraph. Then w is given by

d'k (0) (0)
wlepbpe) = | T [MOEHO (Kl o)
'k d'hs W0 (112D
+/(27r)4(27r)4Tr MO RHD (b ko, Lp)| L (49)

where the trace is taken in Dirac and color space for the partonic part of A and the
appropriate projectors coming from M. Note, there is a second trace completely con-
tained in H coming from the leptonic part of the scattering diagrams. The appropriate
spin dependent nucleon matrix elements are given by [152]

M) = [ aee oSy [ T0)0,(0) 1) (4.108)
MG (ks k) = / d* / dty ehéelh2=kn (pg)| | T;(0)g A7 ()T, (€) [pSL)  (4.10b)

where W represents quark fields, p the momentum of the incoming nucleon and the
vector n* can be regarded as light like with n - p = 1. The e-tensor has the convention
€123 = 1 the spin vector satisfies S? = —1,5, -p =85, -n =0 and A” represents the
additional coherent gluon field connecting the hard and soft part in figure 4.3. In order
to extract the twist-3 contribution from equation (4.9) we expand the hard parts HO)
and H) with respect to the incoming parton momenta k, respectively k1 and ko, in
the limit that they are collinear to the polarized hadron. This is the collinear expansion
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[65-67, 155], which is always applied in the collinear factorization ansatz. Therefore,
we have for the first term in equation (4.9)

OMH O (k, 1, p.)

H(O) (ka lapc) = H(O) (xpv l,pc) + 8ka

w kP + O((k)?),  (4.11)

k=xp

with n -k = 2 and w*® = g*¥ — p*nP. The terms O((k)?) are twist-4 or higher
and therefore irrelevant for our analysis. Using this expansion and performing the
integration over £k~ and k; component, we can rewrite the first part of equation (4.9)
as

dk
™ [MOwHO 150
8H(0)(k, l,pe)

:/da:Tr MO (1O (zp, 1, pe) —i—iwo‘aMg))’U(x) 2%

(4.12)
k=xp

where we used w®, k% — w®, 0°. The remaining derivative in the second term has
been shifted on the quark field by partial integration denoted by the subscript 0 on M.
Then the light cone parton correlators read

dk _
ﬂﬁfo>::j/2Fe“$<pSL\we«nﬂz<nnnpsl> (4.13a)
M(O)va dw ikx T o
04j (@)= [ 5" (pSL|Vi(0)07F(kn) [pSL) . (4.13b)

The light cone matrix elements representing the transversely polarized hadron can be
decomposed into its Dirac matrix structures. Obviously, only chiral even contributions
will survive in the Dirac trace structure. Therefore, up to twist-4 or higher and chiral-
odd contributions the matrix element is given by

MY (@) = (358 1 )ijgr(@) | (4.14)

with gr(x) the chiral-even twist-3 quark distribution defined in [156]. Considering these
matrix elements, we see immediately that the first term in equation (4.9) will not con-
tribute in a leading order analysis for H() [155]. This is due to the fact that H®)
is manifestly real in the born approximation. Considering equations (4.12) and (4.13)
we conclude that M () (z) and iw*g M, éo)’ﬁ (z) produce an overall i in the cross section

formula. Therefore, equation (4.12) will not contribute to the cross section unless H©)
provides an imaginary phase. As was shown in [155] this is not the case for the LO
approximation. We want to stress, that in a NLO analysis the function #(®) may obtain
imaginary parts. This is evoked by internal propagators that reach their on-shell limit
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Chapter 4. SSA in Single inclusive Hadron Producction

in the edges of phase space in the real correction or by loop integration in case of virtual
corrections. Consequently, we expect a contribution from gp(z) at this order. We will
leave that for future research.

To investigate the second term in equation (4.9) we start with the collinear expansion
of the hard scattering part (!, similarly to the first term in (4.9). We are considering
now the middle blob of figure 4.3, where the momentum flow is clearly more com-
plex compared to diagram 4.2. This is due to the additional coherent gluon carrying
momentum ko — k1 which is an additional degree of freedom. We define

HO (ke ko, 1, pe) = HY) (ky, ko, 1 pe)p? (4.15)
where its collinear expansion is given by
OHW (ky, ko, 1
HO (ki ks, L pe) = HO (z1p, 29p, L pe) + 3 i (91/;0‘2’ 1) WO kS .
Z=1,2 i k«;:ﬂﬁip
(4.16)

In the following discussion, we refer to the replacement k1 — x;p always as the collinear
limit. We can insert the collinear expansion equation (4.16) into the second part of
equation (4.9). We obtain

d*k; d*ks
Tr [ MO (k) 4.1
/ 27r) (27‘() I'[M (li?)%a (k‘l,kz,l,pc)] ( 7)
/dm/dxg Tr xl,xg)n evie )($1p,m2p,l,pc)]

+/dl’1/d$2 Tr [waUM(l)’U(,ZL‘l,$2)7‘[£11)($1p,1'2p,l,p6):|

(1)
/dxl/dﬂa Z Tr |iw® M Do 7 (w1, 22) i (1211;52’17100)
7j=12 J

ki=x;p

We shift the derivative on the light cone correlation functions by partial integration
with respect to x1 and x9, where x; = n - k;. Then the correlation functions are given

by,
MM (2, xy) / / fr1eN@2=21) (p6 ) | T(0)g A% (An) W (kn) [pS1)  (4.18a)

M (ra) = [ G [ G ey (4.18)
X (pSLT(0)gA”(An)ns0” (An)¥ (sn) [pS.1)

M( $1’$2 / / mxl 1)\ (z2—21) (418C)
x (pS1|¥(0)g [6"A5(An)n[3 + A’B(/\n)ng(?”} U(kn) |pSy) .

90



4.3. Collinear expansion and parton correlations

where it is important to note that A+ is power suppressed by a factor 1 /pt compared
to MM+ and gives therefore negligible subleading contributions to the twist-3 cross

section. For the following discussion it is useful to further rewrite the correlators M E(ﬁ)’a
and M )7
02

Mz(911)70(9€1,3?2) - Me%)’g@flylﬁ) = —Mz(rl)’a(e%l,m) - M(l)’a(wl,mz) ) (4-19)

(1),0

We introduced two new matrix elements My "7 (21, 29) and MM7(xq, x9), where we
can use equations (4.19) and (4.18) to arrange them as

M( $1,$2 / / mxl 1)\ (z2—2z1) (420&)

X (0S| (0)g |07 A% (An) — 67 A7 (An)| np® () [pS.1)

M(l $1,£L“2 / / mxl iX(za—z1) (420b)
x (pS1L|W(0)90” A” (An)ng ¥ (kn) |pS1)
=i(z1 — 22) MW (21, 22) ,

where the quantity in the first line can be identified as the F-type correlation function
given in equation (4.26a) and [65, 155, 157]. It was discussed in [155] that the two terms
in (4.20a) contribute at the same order with respect to the power of the large scale p™.

If we insert these correlation functions into equation (4.17), we see immediately that
the first term vanishes for the same reason as the first term in (4.9). The remaining
terms can be rearranged as

w(qua lapc)

W (ky, ko, 1
:/dlﬁ/dm Tr iwaﬂMg)’B(ml,xg) oA (81];0427 , C)
2

—i—/dxl/dxg Tr

()
. {m gy DD kL)

0kS
—l—/dxl/dxg Tr

OHD (ky, ko, 1, pe) +6H<”<k1,k2,l,pc)
Ok kg

ki=zip

wO‘BM(l)’B(:L‘l, x2)

+ Ht()cl) (xlpa xr2p, lapc)}]

ki=z;p

waﬁMéi)’ﬂ(m’l, IL’Q)

] . (4.21)
ki=z;p
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Chapter 4. SSA in Single inclusive Hadron Producction

As discussed in [155] the hard function ’H&l)(kl, ko, 1, pc) fulfills the Ward identity for
the coherent gluon

(ko — k1)*HY (k1 ko, 1, pe) = 0 (4.22)

This is indeed a most useful equality and is used copiously along our calculation. By
using the identity above and equation (4.15) we conclude that

(1) (1)
OH (k‘l,k’Q,l,pC) OH (kl’kQ’l’pc) =0 (423)
ke kg
ki=z;p
and
OHW (ky, ko, 1
(7 ) PR LD g0 mop gy =0 a29)
2 ki=x;p

Therefore, the contribution to the twist-3 cross section arises solely from the first term
in equation (4.21). Finally, we have

87_[(1) (kla k?v l,pC)
kg

w(ap,l,pe) = / dz / dzy Tr |iwsMe P (21, 22) . (4.25)

ki=z;p

The name F-type correlation function, which we have defined in equations (4.20a) and
(4.19), originates from the fact that in this definition the field strength tensor F*“n,
is inserted in the hadronic matrix element to generate the coherent gluon. The non-
Abelian part of the field strength, will not contribute to our order. In the literature,
two choices have been made to achieve gauge invariant twist-3 quark-gluon matrix
elements. The matrix elements are eventually expressed in terms of either the the gluon
field strength tensor F*“n,,, or the transverse components of the covariant derivative,
DHF = 9t —igA*, with p =1. We refer to them as F-type correlation function or D-type
correlation function respectively.

We can expand the F-type and D-type correlation functions as [155, 157]

. My, o M .
MI(%Z)‘; (371,:1,’2) = TN(p)me p SLGF(xl,xg) + ITN(’)/E)]Zf)ijSLGF(xl,xQ) (4.26&)
o M opn M e
Mp )7 (er,2) = =~ (P G (w1, 22) +i= (15p)isSTCp(ar,a2)  (4.26D)

up to twist-4 corrections. We introduce here the nucleon mass My to keep the non-
perturbative Qiu-Sterman function [65-67] Gr(z1, z2) dimensionless. The nucleon mass
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4.3. Collinear expansion and parton correlations

seems appropriate here, since it represents a natural scale for chiral-symmetry breaking
[155, 157]. The non perturbative functions satisfy the properties

Gr(z1,22) = Gp(ze,21) , (4.27a)
GF(xl,xg) = —-Gp(z2,21) , (4.27Db)
Gp(z1,22) = —Gp(x2,21) , (4.27¢)
Gp(x1,22) = Gp(z2,71) . (4.27d)

The set of four functions, to define the non perturbative input in the twist-3 matrix
elements is overcomplete. It is possible to use the QCD equations of motion to relate
the functions

1

T — X2

GD(x1,x2) =PV Gp(xl,xg) N (4.276&)

GD($1,$2) = (5(1’1 — x2)§<1‘1) + PV

G 4.27eb
e CAEEIN (4.27eb)
where PV denotes the principle value. The function g(x1) can be expressed in terms
of the quark helicity distribution and the F-type functions [157]. In the following

discussion we use the F-type functions {Gp(xl, x2), G’F(ml, :CQ)} as a complete set of

twist-3 correlation functions. The choice seems convenient, since the F-type functions
are less singular then the D-type ones.

In equation (4.21) the first term contributes to the cross section only. In completion
with equation (4.26a) we conclude, that in order to give a real contribution to the cross
section the quantity OH(1) /0kS|., must provide an imaginary part. In our calculation
we focus on the so called pole contribution, where the imaginary part is provided from
an internal propagator of H!) which is on its mass shell. In the subsequent sections, we
will elaborate that H() contains several propagators that can reach their on shell limit.
We arrange them into four classes that belong to the following reduced propagators

1 1
—_— = P —1 _— 4.
P—— le — ind(z1 — x2) , (4.6a)
1 1
— =PV— —ind(z;), (4.6b)
T; + 1€ X;
1
——— =PV —imé(z; — a) (4.6¢)
T; — a + 1€ T, —a
1 1
=PV_———ird(f(q)) , (4.6d)

f(q) +1ie f(q)

where PV denotes the ”principle value”. Equation (4.6a) produces a pole called soft-
gluon pole (SGP), equation (4.6b) produces a soft-fermion pole (SFP) and equation
(4.6¢) a hard pole (HP). The pole in equation (4.6d) is a different pole, since it pro-
vides no restrictions on the collinear momentum fractions 1 and xo. The origin relies
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Chapter 4. SSA in Single inclusive Hadron Producction

in certain NLO corrections, coming from configurations where one of the unobserved
particles is collinear to another external particle. Therefore, internal propagators of
H™) can reach their on shell limit, coming from these collinear configurations. We call
them collinear poles (CP).

4.4. Leading order pole contribution

The pole contribution for the process k'l — hX at LO arises solely from the soft-gluon
pole. The contributing diagrams are shown in figure 4.4, where the red bar denotes the
internal propagator that is responsible for the imaginary part. This propagator is is the
only propagator in the leading order approximation that can reach its on shell limit.
The requirement for a large pp | for the final state hadron keeps the photon propagator
off-shell at leading order. The quark propagator in the left diagram in figure 4.4 is given
by

1 . (—im) 5

P~ (ko —Ky) +ie  2p-pe (w1 — 22) (4.7)

where we take take the on-shell and collinear limit and use (4.2) to extract the imaginary
phase from the propagator.

So far, we omitted the color index from the coherent gluon on M™ and H®). Including
that, the F-type correlation function at the soft gluon point, i.e. neglecting the second
term of equation (4.26a), reads

My 2
4 N2-1

Mgz%(ﬂfly x9) = (pTg)ijEGPnSLGF(l’l, x9)+ ... . (4.8)

where ¢j are now associated with both color and Dirac indices. We regard p and n as
light like vectors with p~ =p; =0, n* =n, =0and p-n = 1.

The hard part for LO SSA is derived by performing the collinear expansion of the
diagrams in figure 4.4. We call the sum of these diagrams H(179(ky, ko, 1, p.), where &
and g are Lorentz and color indices of the additional twist-3 gluon. In the expressions
for the leading order twist-2 cross section we explicitly write down the dependence on
the parton species. In leading order the initial and the final state quark must be the
same, even at twist-3 level. Therefore, we omit them in the following discussion. We
can express the spin dependent cross section by using equations (4.8),(4.9),(4.22) and
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4.4. Leading order pole contribution

(k2 — k1) (k2 — k1)

P ANy

Figure 4.4.: LO contributions to SSA in the gl — ¢l channel, where the final state
lepton is unobserved. The red lines denote the quark propagators causing
the SGP by reaching their on shell limits.

(4.21) as
d3gtw3 1 dzdzy dry
Jo i ——— andra
VB, S 2 / 22 (2)
MY (k1 ko, 1, pe
x Tr |iw®, —10 (kv ki, L pe)ps M7 (z1,22)| (4.9)
kg, 1

where c.l. denotes the collinear limit given by ki 2 — x12p. The coherent soft gluon
leaves the inner Dirac structure of the far off shell interaction unspoiled. Therefore, it
is not necessary to carry out the derivative with respect to ko, on the twist-3 function.
It has been shown [158, 159] that it turns into a derivative on the twist-2 function with
respect to the momentum of the final state quark, which is plainly less exhausting to
carry out. Then we have,

OHYI (ky, ko, 1, pe)po
akg 1

(4.10)

1 d (0)
= I 1, e
T, — To +ie dpg <HLO(x1p7 )y D )

p.oTe 7’)

c.l.

where we can chose o« =1 because of the presence of the e-tensor €*P™*L in the cross
section. The equation above has been named in the literature as the ” Master Formula”
[158, 159] and considerably simplifies the calculation. The replacement p. — 19, is
necessary due to the color structure of the coherent gluon. Equation (4.10) includes the
remnant of the internal propagator of H(1) that produces the pole and the imaginary
phase see equation (4.6a).

When we carry out the derivative in equation (4.10) we have to bear in mind that
pe is an on shell momentum that forces p. to fulfill p? = 0. Therefore, we choose the
plus component to be the dependent variable, i.e.

2 il
P.=0 < p.= (pi = ,p,m) . (4.11)
2pc
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Chapter 4. SSA in Single inclusive Hadron Producction

The differential operator with respect to p. is then given by,
d 9 pap* 9

— = — . (4.12)
dpg  Op2  p-pe Op2
We rewrite the partonic part of the cross section in terms of the variables w = ;Tf‘t and
v=1+ é in analogy to the unpolarized process see chapter 2. The differentiation on
pe can then be rewritten as
d 2 1 0
— = — lo | — . 4.13
dpe  sv <v —pPea * a) ow (4.13)
By using equations (4.8, 4.9, 4.10, 4.13) we obtain the twist-3 cross section,
3™ 1My dz dx
_ pnS ol Dl
Engp = g ;/ S D:2) [ Gr(aa)
2 1 oY) S, U, W
= —=Pea +lo | ——— ( ) (4.14)
sv \v—1 ow

)

where Hﬁ(g can be calculated using the same methods as in the unpolarized case in

equation (4.4). The prime on the function HI/J((O)) indicates that the result must be
modified by the color structure arising from the coherent gluon. The hard function is
given by

:UpTg

~2o1) H(L% (zp,1,pe)

Hﬁ(g)(s,v,w) =Tr [ (4.15)

I%HT%]

where the function ’HI(% is the same as defined in equation (4.5) for the twist-2 case.

Therefore, we can rewrite
HS) = CLodli (s, )6(1 — w) , (4.16)

where 1,0(s,v) is obtained by calculating the twist-2 2—2 Feynman diagrams for the
process gl — gl and absorb the color algebra into the twist-3 leading order color factor
Cro =1.

3 1 1+0?
UE%Q(S,U) = 20[zm€2;m (417)

We can further simplify equation (4.14) by using partial integration and the scale-

invariance property 5{"‘(’)2 1 and rewrite the integrals in terms of v and w using

— and 2= -—7—. (4.18)

!The scale invariance property from o1,0 in terms of the standard partonic Mandelstam variables is
given by 6142 (s, t,u) = 6157 (As, M, Au).
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4.5. Real contribution at next-to leading order

Thus, we have

VUmazx 1
d3otws —m My dw 2 1
Ep——— = CLo———— P51 d —D — | — l 4.19
h d3 P, ro—p—¢ ; / ! / w c(z)sv (v—lpca+ a) ( )
Umin Wmin

X {GF(SL',:E) - J:dGFd(;W} oLo(s,v)0(1 —w) ,

where the boundaries of integration are given by vy = U/(T 4+ U), Umaz = 1 + % and

Winin = (1;;)[]. Therefore, the twist-3 leading order partonic cross section is given by

3 -1 1+?

Finally we make the observation, that the interplay of the master formula (4.10) and the
scale invariance property of the partonic twist-2 cross section, considerably simplifies the
twist-3 cross section. This is a very helpful tool and we use exactly the same mechanisms
for parts of the NLO calculation. The presented LO calculation in this chapter is in
accordance with the LO calculation in [52] for this process. We mention that the results
in [52] are in a frame where [ and p are collinear. In our calculation we keep it more
general, where [ and p are not necessarily collinear to each other. Therefore, we have
the term proportional [% present in the cross section formula. Due to the antisymmetry
property of the e-tensor, the term would cancel if we choose [¢ = xp®.

4.5. Real contribution at next-to leading order

The next-to leading order correction in ay at twist-3 level is similar to twist-2 calcu-
lations, in a sense that the correction includes virtual and real contributions. In this
section we calculate the real correction cross section, i.e. the 2 — 3 processes. We fo-
cus on contributions, where the Qiu-Sterman function is evaluated at equal arguments.
Therefore, we have to evaluate H(1) at the soft gluon point, where we identify two pole
contributions that provide an imaginary phase fixing 1 = x3. On the one hand we
have the obvious proper SGP contributions coming from propagators given in equation
(4.6a), we refer to them as "pure”-SGP. On the other hand we have further contribu-
tions coming from hard poles, where the parameter a defined in equation (4.6¢) is a
function of the additional unobserved particle at NLO. Integrating over the phase space
of the unobserved final state, we reach kinematical regions where these hard poles turn
into soft poles.

To illustrate the two pole contributions, we show one of the twist-3 NLO diagrams in
figure 4.5, where both contributions are present. The two propagators which may reach
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Chapter 4. SSA in Single inclusive Hadron Producction

Figure 4.5.: Exemplary diagram for a 2 — 3 NLO twist-3 contribution. The red and the
blue bars on the quark line indicate the the propagators, that may reach
their on-shell limit. The blue bar marks the quark line carrying momentum
pe — (k2 — k1), which is responsible for the pure SGP. The red bar denotes
the quark line with momentum p. — (k2 — k1) + ¢, which may reach the
on-shell limit at the soft gluon point in certain edges of phase space.

their on-shell limit are marked by a red and a blue bar. The red bar is the origin of
the pure SGP contribution, where we can use equation (4.7) to extract the imaginary
phase. The blue bar in figure 4.5 denotes the propagator of the form

1 (—im)
b= Kyt p +d+ic  2p-(p+a

DPc - q
)5<$1—$2+W+q)> (kg — Ko +p,+4),
(4.21)

where we can expect contributions at the soft gluon point, for final state parton con-
figurations where p. - ¢ = 0.

In the subsequent sections we work out the cross section for the two pole contribution
at the soft gluon point. As a forerunner we start to evaluate the 2 — 3 twist-2 function.
Because similar to the LO case, we can use the twist-2 cross section to simplify the
twist-3 result.

4.5.1. Unpolarized real NLO correction

We start with the unpolarized 2 — 3 cross section since we reduce parts of the twist-3
cross section to the twist-2 part, similar to LO. Despite the fact that this cross section
has already discussed at NLO level in chapter 2, we rewrite the cross section in a
slightly different notation since this is useful for our twist-3 calculation. For the real
NLO twist-2 part we have to consider diagrams given on the left side of Fig. 4.6. The
"blob” denotes the vertex function F' that includes all the far of shell dynamics of the
scattering amplitude. It is given by the two tree level five point amplitudes on the right
side of Fig. 4.6. The bars on the end of the quark and gluon legs denote amputated
parton lines, in a sense that the vertex function F' not includes external factors like the
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Tp rp

Pe
F(xp,l,pe,q) =

Tp Pe Tp Pe
S A
l l I I

Figure 4.6.: Left: NLO Twist-2 2—3 scattering process.
Right: Definition of the quark-lepton-gluon vertex function. The bars at
the end identify amputated lines.

projection on the hadronic functions or the gluon polarization tensor, whereas for the
lepton line the on-shell spinors are included. To clarify our notation it is important to
know that we have two Dirac traces in the hard part of our calculation, coming from
the lepton and quark lines in figure 4.6. Whenever an expression contains ...F....F....
we assume the lepton trace to be implicit in this combination, whereas the quark trace
is not contained. Therefore we can write the cross section as

do™ _ 1 dz dz 11—
B = § 3 | EP [T g S e e

(4.22)

where the trace indicates Dirac trace for the quark line as well as the color trace. Ac-
cording to that, the Dirac objects inside the trace belong always to the quark line. The
sum runs over all parton flavors, we suppress these two indices in parts of the following
discussion. At NLO level the parton distribution and the fragmentation function are
dependent on an artificial mass scale u, representing the factorization scale. The tilde
on the hard function indicates the phase space integration for the additional unobserved
gluon with momentum ¢. At NLO level, several divergencies will appear when we inte-
grate the partonic function over phase space. To regulate them, we work in n =4 — 2¢
dimensions. Thus we have,

7 (0) 2e d(n_l)q ) uv v
HNLO(mpﬂlvpcnu) =H WF (xp7l7p07q>¢cd (q7 ’f')F (xp7lap67q)
x8((zp +1—pe —q)?)

_ d(n—l)q 0
= /Wﬂﬁﬂo(m?l;paﬁ (4.23)
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ko —kq

Figure 4.7.: Real emission diagrams for coherent gluon attaches the observed final state
quark. The red bars denote the propagators that cause the SGP.

where d"(q,r) denotes the polarization sum for the cut gluon line with momentum ¢
and gauge vector r,

qurlj _.l_ qyru

(g, r) = —g" +
q.r

(4.24)

We can indeed conclude that inserting equation (4.23) into equation (4.22) reproduces
the real NLO contribution of chapter 2. Therefore, equation (4.22) is just a different
notation that is useful by reformulating the twist-3 cross section in the next section.

4.5.2. Pure soft gluon pole contribution

The pure SGP contribution arise from on-shell propagators, that fix 1 = xo indepen-
dently from the phase space integration. It comes out, that the pure SGP contribution
has two sub categories of diagrams. On the one hand diagrams where the coherent gluon
is attached to the observed final state, and on the other hand where it is attached to
the unobserved final state. We want to mention that the argument given in [67], that
diagrams where the coherent gluon attaches an unobserved final state vanish among
mirror diagrams, does not apply at NLO level. The reason for this cancellation is that
the structure of the propagator that provides the imaginary phase is the same as the
”on-shell” condition for the unobserved final state in the mirror-diagram and vice versa.
After summing over the two mirror-diagrams they cancel among each other. Since this
structure is violated at NLO, these diagrams give contributions to the cross section.

The twist-3 cross section for a generic initial state pole contribution at NLO can be

100



4.5. Real contribution at next-to leading order

written as [159, 160]

d3 tw3

ONLO _ dz da;l dI‘Q

aHI(\I[)JO(klv k?) la DPec, :U’)
kg,

E

xTr

iwoé

Mﬁ’%xl,xz,m] . (4.25)
c.l.

where it is important to mention, that the trace will produce ¢ dependent terms. The
tilde on the hard function denotes the phase space integration for the additional final
state particle coming from the ag correction. Thus, we have

(1)g 2o [ A" Vg iy,
HNLO(klyk%l:pCau) =M WHNLO(k17k27lapC7Q) . (426>
The function HI(\III),O has two contributions
1 1,U 1,0
Hl(\TI),O = Hl(\TLO) + Hl(\ILO) 5 (4.27)

where the U labels contributions where the coherent gluon attaches the unobserved
final state and O for the observed final state. We neglect here the color index since
the next step in the following section is essentially remodeling of the Dirac structure.
For the LO contribution we exploit the master formula to calculate the cross section
in an efficient way. For the pure SGP part of the NLO calculation we use the same
strategy. Of course, before we can use the master formula, we have to prove its validity
in a 2 — 3 process.

Coherent gluon on observed quark

(1,0)

In the following discussion we suppres spinor and color indices. The function Hy; 5
receives contributions from diagrams where the twist-3 gluon attaches on the right and
on the left side of the cut, see Fig. (4.7). We have to sum over both contributions

HG) (k1 ka1 per @) = HO (hr, koo, 1 pey @) + HE O (ke ke, 1 pes q) - (4.28)
They are given by

HS,O) (klv k2a L Dc, q) = [FM(kQa L Dc; q) le‘V(q7 T) L(kla kQ) (429&)
X Fy (k1,1 k1 — k2 + pe, @) 0((ke + 1 = pe — 9)%)

HG O (bt ko, Ly pey @) = [Fulka, ks — ky + pe, @) R(ky, kz) d* (g, ) (4.29D)
X Fy(k1,1,pe, @)1 6((ky + 1 — pe — q)%)
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The functions F' are the same as defined in figure (4.6) with different arguments, and
dM¥(g,r) is the polarization sum for the cut gluon line defined in equation (4.24). The
functions R and L represent factors associated with the attached twist-3 gluon. They
include the propagator which produces the SGP, the projector onto the fragmentation
function and the vertex of the gluon attachment contracted with p°.

L(ki, ko) = ]Dcﬁkl — %2_4‘1? i (4.30a)
Rlk1,ke) = g— k1_+1 it (4.30b)

We now perform the differentiation on equations (4.29a) and (4.29b) with respect to ka,
which is crucial to observe the twist-3 contribution. By doing that, 0/0k$ hits either

L or R, or other factors in ’Hg )If]. We thus needs
-1
Cxry —x9 + 1€
1
Cxry —xo + 1€

L(k1, k2|, = L(x1p, z2p) = p (4.31a)

R(kl, ]CQ)|C.L = R(:L‘lp, xgp) = ]Zﬁ (4.31}))

oL 1 1 DPca 1 2

ks |y, B 4.32
Ok |1 2P pcycp%z 1 —To+1iE  p- pcpc T1 — T2 + 1€ ( a)
o 1 yuoe 1 2

kg N 4.32b
Ok3ler 2P pem _x2+i€7appc+]?'?c T1 — Xo +ie P. ( )

(Lg
By carrying out the derivative 6}52&0

we obtain three different types of pole terms.

c.l.
(I) double pole terms coming from equations (4.32a) and (4.32b), (II) single pole terms

coming from equations (4.32a) and (4.32b) or (III) single pole terms appearing when

the derivative hits other terms in %1(\%1)45(])- The double pole term (I) reads:

(1,0) |®

8HNLO

81{% c.l.

(=) i)
D De T1 — T2 + i€

x Fy(z1p, 1, (1 — 22)p + pe,s q)} 5((z2p +1—pe — q)?)

- |:F#([L'2p, l7p67 q) dwj(Q? T) %c

+ |:F_1M(x2p7 l: (1'2 - 1'1)27 +p07 q) pc dl“/(q, T) Fl/(xlp7 l7pca q)]

x8((z1p +1—pe—q)?) (4.33)
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4.5. Real contribution at next-to leading order

The function which multiplies the pole in equation (4.33) can be expanded with respect
to z around z1 up to O(za — x1). Afterwards, we multiply the O(x2 — 1) expansion
to the double pole term, then we are left with a double and a single pole term. The
double pole terms cancel among mirror diagrams. After the double poles are canceled,
we can transform the derivative with respect to zo from the taylor-expansion into a
derivative with respect to p.. We end up with,

)
w09 1 Ao
RN Fy(wp.Lpe.
8]6’% cl <ppc> <x1—$2+’i5) p 8p/cl‘ |: M(xlpa y P q)

xd"(q,r) P, Eo(z1p, 1 pe, Q)} §((x1p+1—pe - q)Q)}] : (4.34)

We must choose the gauge vector r independent of p.. This is important, otherwise
we would get further contributions when the derivative hits the polarization sum. The
single pole terms for gTLa and gT}E are

2 2

1.0) (1)
OHyio
ok |
1 1
= B I —pe—q)?
(555) (5o ) Aot 1= = 0
% [F w10, 1, pe, @) " (q,7) (2D - PV — 2Pc,ap) Fu (71D, 1, Pes Q)] - (4.35)

We collect the single pole terms of type (III) and get

(I11)
IR 1 2
S — — pe— 4,
okS <x1 - H.g) o((z1p +1—pe—q)°) (4.36)

8 n v
{ 3p°‘ |:F,u,(x1p7 l>pcv Q) a* (Q> ’l“) pc Fu(xlp> l7p07 Q)]
- [ Fu(1p, L pe, @) A" (g, 7) Ya o (21p, L pe, Q)} } :
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xrp J1 = pe
! je=ap+l—p.—q

Figure 4.8.: Momentum labeling for a generic 2 — 3 process.

Finally, after we calculate all necessary derivative terms and take the collinear limit we
can add terms of types (I) + (II) 4+ (III) and get
(D41 +(I11)
0%1(\%[’,%) (kla k?a lv De;, Q)
0kS |

_ 1 d . pcap)\ 0
\xy — g +ie dp?  p-pe Op)

<[Pl e e, p, P pea)ap+ 1 —p, — )]
x5((m1p+1—pe—q)?) - (4.37)

Comparing this result with equation (4.23) leads immediately to

(1)-+(I1)+ (1T)
aHl(\}ﬁ%) (kla k?v la De, Q)

kg 1
1 0 peap® 0 (0)
_ _ 1. pe, 4,
71 — a9 | ic <5p? P pe 5pé> Hnio (o1 b perd) p.—Tp, (438)

where the replacement p — T9p  includes the color structure of the coherent gluon.
With the help of equation (4.38) we can relate the SGP twist-3 real emission contri-
butions to the corresponding twist-2 partonic function. Therefore, equation (4.38) is
the "master formula” for 2 — 3 processes, where the coherent gluon is attached to the
observed final state. We can use this formula to rewrite equation (4.25) as

dBo™  TMN oons dz dx
B, = s <X [ G [ Gre )

B3P,
dm=Ygq 0 peap” O
><,U2€/ (2 < -

)Hﬁg)o(aflp,l,pc,q) (4.39)

™) 12¢° \Op2  p-pe Op2
with
1(0) _ xpTg (0)
HNLO(xlpa l,pe, q, 5) =Tr |:(]V§—1) HNLO (l‘p, lvpc) p.—Top, : (440)

We can further rewrite the partonic function by introducing a set of Mandelstam
variables s = (zp + )2, s = (ji + j&)?, t: = (zp — ji)? and w; = (I — j;)?, where the
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4.5. Real contribution at next-to leading order

(0)

momentum labeling is shown in figure 4.8. The function Hy;, can be expressed in
terms of these kinematical quantities. Obviously, the set of 10 Mandelstam variables
is over-determined. Therefore, we can use momentum conservation to eliminate the
momentum js, i.e. S92, t2, us and se3. Then the partonic function reads

H{\gg)o =Co 02ﬁ3 (S, Slg,tl,tg,ul,u;g,&)é(s + 813+t +t3+u + ’LL3) R (441)

where 05232 is the twist-2 partonic 2 — 3 cross section without colour factors that are

included in Cp. For this process Co = —1/(2N.). When we use the master formula
which we have proven to be valid at NLO level, we have to carry out the differentiation
on the twist-2 partonic function Hl(\?lio with respect to p.. For our subsequent analysis
it is important that p has only plus component, i.e. p = (p™,0, 6) Therefore, we can

rewrite the differential operator as

d oy _ (dsiz & | dur 9\ 0
@HNLO B <de< D515 | dpe Our Hyro (4.42)

t3 0 0 1(0)
=12 o — =2 c H ’
( [ » —Pca t+ QCX:| D513 |:t1p o+ } 8%1) NLO

where o =1. The derivative in equation (4.42) hits either d2_,3 or the delta function
of equation (4.41). When the derivatives hits the delta function we convert them by
partial integration with respect to x to a derivative term on the Qiu-Sterman function.
Inserting equation (4.42) into equation (4.39) and performing partial integration we
obtain the following result

d3at“’3 7rMN dz dx
_ D 28
ET =Co Z (2, p / / )= 12q0 t2

¢ dG
X [ <—2t:j€pdmsL + 26‘7””Sl> {6’ (GF(:L‘,JJ,M) - IEW>

dzx

0o 00
+ +u38u3—(U3+U1)61>GF($1‘M)}

( 2— epcpnsL QEZP”SL) {6’ <GF(:E,$,M) —:BdGF(;’x’M)>
x

0o 0o
8136 - u307ug (us + 813)8u1> Gp(z,z M)H

Xd(s + s13 + t1 + t3 + uy + us3) (4.43)

+

+

where 6 = 65V2%(s, s13,t1,13,u1,u3,€). To obtain formula (4.43) we use the fact that
the mass dimension of 69_.3 is —2. Therefore, we have the relation

w2
02—>3(S 513, t1,t3, u1, U3)

&EVL?)()\S AS13, Aty, A3, Adug, Adug) = 5 ,

(4.44)
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from this follows

o a.tw2 o a.tw2 o 6.tw2 bl é.th o a.tw2 o é—tW2

~tw2 2—3 2—3 2—3 2—3 2—3 2—3

—0 =s +t +t + +u + s13——== 4.45
223 0s ! 6t1 3 6t3 ! 811,1 3 8U3 13 8813 ( )

For the actual calculation, ¢ integration for terms that multiply the tensor structure
€9P"S1 is very inconvenient. Therefore, we decompose this part of the integral as

d3q
ernSi [ L% = P51 (Ap® + BI® + Cap®) . 4.46
The justification of this ansatz relies in the fact that the final result should only de-
pend on the external momenta of our physical process. Since the C' term vanishes in
conjunction with the e-tensor, we can project on the A and B terms in our expansion
and conclude that €%’™5L can be replaced by

—1
S (—urts + ss13 — tyug) PP —— (—uyty — ss13 + tyug) e OL
2t1uq 2su1
(4.47)
Then the cross section formula (4.43) is given by
d3gtws TMp dz dx s
E o _ C =D 2o pepnS | 9 IpnS |
hd3Ph 07g ;/22 c(Z,M)/x<t1€ + 2€
do-bg -1 1
2¢e
| (—ugty — t1

a / (2m)n=12¢Y to | suy (mtaty = ss13 + tlug)

N dGF(l',l',M)

G _ TR B
X{0< F(x7$mu) € dx
loles 00 06

¢ — — = — |G

+ (a + uy e + ug s (us + U1)8313> F(%%M)}
dG
_2{(7 (Gp(x,x,u)— F(Jg;%/ﬁ)
06 06 00

¢ — — |G
+ o+ 8138313 + 38U3 (us + 813)8u1> r(z, 96>M)H
X5(8 +s13 -+t +t3+u + U3) . (4.48)

For the phase space integration over ¢ we use the results given in Appendix C and D
applying the same methods we already used in chapter (2).

Coherent gluon on unobserved final state gluon

As we mentioned before, non-vanishing contributions from coherent gluon attachments
on unobserved final state are present at NLO. Those contributions are shown in figure
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4.5. Real contribution at next-to leading order

ko — k1 ke —k
k1 ky ki )

Pe Pe

Figure 4.9.: Real emission diagrams for a coherent gluon attaching the unobserved final
state gluon. The red bars denote the propagators which cause the SGP.

(4.9). Using the same methods as for the configuration where the coherent gluon at-
taches the observed final state, we can prove the master formula ansatz to be correct
and obtain

87‘[1(\%1’}3)) (kly k27 l7 Dc, Q)
kg

_ 1 9 peap® 9
x — a9 +ie \O¢®  p-q Og*

, (4.49)

c.l.

X Hl(\?lzo (x1p7 la De, q)

6dd/_>1fdgd/

as the master formula for adding a coherent gluon to the final state unobserved gluon.
The replacement dqy — ifgga is necessary due to the color structure of the coherent
gluon in our cross section. We like to emphasize that the replacement differs compared
to equation (4.38), since the coherent gluon is attached to a final state gluon. Therefore,
we could give a more general definition of the master formula which is valid also for
different partonic channels

oHLSY (ky, kg, 1, pes q)
kS

_ 1 (8 pcapka)
@ — @ +ie \9j¢  p-ji 05}

: (4.50)

C.T.

c.l.

X Hl(\?ﬁO(xl]% l7j17j2)

where c.r. is the color replacement dependent on whether the coherent gluon is attached
to a quark or a gluon. We have dgp — ifgqe When the twist-3 gluon is attached to a
final state gluon and j, — T9j, for a final state quark.

From equation (4.49) we can proceed with the same methods as in the previous section
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and obtain the cross section formula

d3af}”3 7TMN dz dx
Bp, v Z 2 Dl “”)/ z <2t

x 2&/ d(”_l)q —1
: (2m)" 1200 uqtots

1,
(u1t3 + 8813 — t1U3) X {SU (GF(.CE, x,,u) —

Ep

pepnS1 + 2€lpn5L>
1

dGF(x7 z, ,U,))
T
dx

6 83 a13

+(—uts + ss13 — t1ug) X {& (GF<x,x,u) - xdGF@W>

06 06 00
+ <a+u1 +us— — (ug + up) =—— ) Gp(r,x u)}

dzx
o6 o6 06
+ (0 + S185 - + ul@TLl — (u1 + 813)(%))) GF(%ZL‘,M)H
X(s+ 813+ t1 +t3 +ug +ug) , (4.51)

where the color factor is given by Cyy = N¢ /2.

Pure soft gluon pole results

We can evaluate the cross section formulas (4.48) and (4.51) by using standard methods
for phase space integration given in Appendix C and D. We discuss in this section
the results in the quark fragmentation channel. The final result for the pure SGP
contribution is given by

d3 Utw3 d3o.tw3 d30.tw3
B, d?jDGP - B, d3lg + Ep, d3Ph (4.52)

The pure SGP part is the only part in the real correction, where contributions o
(G rlz,x,p) — x%) appear. Beneath this combination of derivative and non-

derivative Qiu-Sterman functions, we have pure non derivative terms in equations (4.48)
and (4.51). Therefore, we can cast the pure SGP contribution into the form

Aot 7rMN W 2
E SGP _ cpnSL E / / ——Pea + 2, 4.
h Bp, dv v—lp + 2l (4.53)
d
X {(Gp(x,x,,u) — xGF(dxﬂ;W) A(s,v,w, ,€) + Gp(z, x, n)B(s,v,w, u, 6)} )
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4.5. Real contribution at next-to leading order

The function B(s, v, w, u, €) has divergent terms of the form
h(s,v,w)
(1 _ w)(2+e)

with h(s,v,1) # 0. Since these badly divergent terms do not vanish among pure SGP
contributions, this is a clear indicator that there are additional parts in our cross section
we have not included so far. Fortunately, the HP diagrams that we discuss in the next
section, provide exactly the same singularities that cancel among those found in the
pure SGP part. Therefore, we postpone the discussion of the pure SGP non-derivative
part and hark back to them when we calculate the HP contribution.

B(s,v,w, p,€) x (4.54)

The A term in equation (4.53) can be cast into the form

4, {5(15_2 w) Ly, <1n51—ww)>+} - Agd(l —w) + Ay <11w>+

1 1
+— {A215(1 — w) — 24, <> + Agz} + Ag
€ 1—w 4

A(s, v,w, iy €)

4 2e
—o2 2% (ZTH
em-a T

S

(4.55)

where the coefficient functions A; depend on the variables w, v and s. The function
Ag contains all the regular parts that are non singular at the upper boundary of the w
integral.

The derivative part of the pure SGP contribution has singularities from collinear and
soft configurations in the hard scattering function. Due to the fact that we use di-
mensional regularization, this is reflected in contributions o E% and % We mention
that our calculation assumes a massless lepton, and we regulate the singularity from

collinear lepton-photon contributions in dimensional regularization as well.

The double pole 6% appears in the observed and the unobserved part coming from
soft final state gluon configurations. It is given by,

-2 vi41
A1 = (Co +CU)8272

X v (4.56)

where we obtain that similar to twist-2 NLO the prefactor of E% and (1n§1_—ww)) is Born
+
1

like. It is important to mention that the - must cancel against virtual corrections,
which must have the same color factor as the real part Cp + Cy = Cp.

4.5.3. Hard pole contribution

As discussed in the literature [155] hard-pole contributions are pole contributions arising
from internal propagators of #(!) that makes z; and xo kinematics dependent. In our
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" (kg — k1) " (kg — k1) " (ko — k1)
q q q

DPe Pc De

l l l

Figure 4.10.: Hard Pole diagrams that lead to a vanishing coherent gluon momentum in
kinematical edges of the phase space. The red bar indicates the propaga-
tors that produces the necessary imaginary part by reaching their on-shell
limit.

calculation, a spectrum of such hard poles are present. If we look at the possible

?on-shell” propagators in H(), we find among other hard poles propagators

1
Fr— Ky +p,+ g +ie

(4.57)

which give rise to the delta function (—im)d ((952 — 1)+ p-(iiiq)) in the collinear limit.

Therefore, we get a contribution from hard poles at NLO with equal arguments in the
Qiu-Sterman function from phase space configurations where p. - ¢ — 0. Since this is a
hard pole contribution, we can not proceed by using the master formula equation (4.50)
as in the previous section. We exploit here a more formal argument to carry out the
ko derivative in a novel way, i.e. by using the Ward identity. This method has been
already used in LO processes, where HP configuration are present [155]. After we work
through all HP contributions, we identify 12 diagrams which involve poles of the form
mentioned above. We show them basically in figure 4.10. Those diagrams interfere
with the quark-lepton-gluon vertex function F(k1,l,pe,q) shown in figure 4.6, which
give six different contribution. Including their mirror diagrams, we end up with 12 HP
diagrams that contribute at the soft gluon point. We call the sum of the three types
of diagrams shown in figure 4.10, Dig’g ’h(kl, k2,1, pe, q) where p indicates the Lorentz
index for the final state gluon and S for the coherent gluon and ¢ and h denote their
color index. We suppress open Dirac indices here. It was shown in [155] that the sum
of the diagrams of figure 4.10 fulfills the Ward identity, i.e.

(k1 — kz)BDig’g(kh k2,1, pe,q) =0 (4.58)

We call the sum of the 12 twist-3 HP diagrams before phase space integration Hél)’HP.

To obtain the physical cross section we have to do the same expansion as we perform
in the SGP case in equation (4.16). Again the zeroth order cancels out, and we are left
with the first term in equation (4.21). Therefore, we have to calculate the derivative
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OHWHP () kg 1 pe)

term kg

. We can express
ki=x;p

H[(-‘)’l’;HP(kly k?a l7p07 q) - F]il(kh l7p07 Q)ﬁcduy(Q7 T)Diggﬁ(klv k27 lupm q)

x6((kg 41 — pe — q)%) + mirr. (4.59)

where +mirr. indicates that we need to include not only the contributions in figure 4.10

but also their mirror diagrams. In this framework, ’ng]’HP also satisfies

(k1 — ko) 1S (ky ko, L pe,q) = 0 (4.60)

which is a very important feature that simplifies the 0k$ derivative enormously. If we
carry out the derivative with respect to ks on equation (4.60), we see immediately

M (K, Ko, 1, pe)p®
(.TQ — l’l) 9 ( ! 3 2 P )p - Hé{;’HP($1p7$2P, lapc, CI) =0. (461)
8k2 ki=z;p
Thus we have,
OHY P (y, ko, 1, pe)p® 1 )np
2D = Hy " (@1p, x2p, 1, pe, q) - (4.62)
_ IB ) Y )
8/{:5 fimap 2T

The identity above simplifies our calculation of the hard pole diagrams considerably. To
carry out the derivative on HWHP with respect to ks we just leave the Lorentz index
present from the coherent gluon uncontracted and divide the result by (z2 — x1). Due
to the constraints from the pole condition the quantity (z2 — x1) is just a combination
of kinematical variables. To calculate H()HP explicitly we use standard Feynman rules
and replace the on-shell propagator in figure 4.10 by

1 . (Fy — Ko +PC+¢>
k1‘k2+?c+g+i€_>( i) 2p - (pe+q)

Dc -4
1) <($2 — 1’1) + mw) . (4.63)

The delta distribution eliminates one of the x; or zg integration in equation (4.21).
Therefore, we can rewrite the first and solely remaining term in (4.21) as

TMpy dz [dx s
ST e (e i)
ac

d(r—1) ~
< / mGF(wi(l — &), p)Mpp(ts, s13,u2) 0((ka +1 — pe — Q)Zz 7 |
4.64
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where T = —tlsf;:g and we use that Gp(z1,22) = Gp(xa,x1). Mpgp(ts, si13,usz) is the

partonic hard pole function and is defined by

Mup(ts, s13,u2) (2:1]9CY + 2l0‘> §((k2 +1—pec — q)?)

- (pe + : zpT?
_P ](Opc' . q)Tr [u,uaﬂ (Nf— 1)Hg{;’HP(ac1p,x2p,l,pc,q) . (4.65)
C C

For simplicity, we denote only t3,s13,u2 as the arguments of the partonic function.
Surely, there are other Mandelstam variables present in Mgp, but after extensive
partional fractioning, the angular dependent variables in the denominator reduce to
these three. Therefore, the function Mpyp has singularities if one of the variables
ts, s13,u2 — 0. The structure of the last line in equation (4.64) is the matter of interest
for our following discussion and we rename it as H P. Despite the fact, the arguments
of the Qiu-Sterman function are non diagonal, we could reach kinematical points in
the phase space integration, i.e. s13 — 0, where we evaluate Gg at equal arguments.
This is of course highly non trivial since Mgp is soft and collinear divergent in this
point. This is due to the fact, that the HP cross section in equation (4.62) has the
extra factor 1/(ze — x1) which gives an additional singularity at the soft gluon point,
on top of which is present in 7-[(1) Hp anyway. Parts of this extra divergence cancels
the unpleasant singularities in the SGP contribution equation (4.54). For simplicity
we absorb the delta distribution in the last line of equation (4.64) which leads to the
standard three particle phase space and we can rewrite the HP contribution as

HP = /dPSg GF(LE,.%‘(l - f),M)MHp(tg, 813,UQ) . (466)

To extract the soft-gluon point contribution from this expression we start with the
Taylor-expansion for the Qiu-Sterman function Gp(z, z(1—2)) with respect to & around
z =0, iie

Gpr(z,z(1 =), )

rd S i' kdeF<1', Y, M)
- 2dz 4.
Crlo,a ) - x2d Grle,z 1 +; ! (93 ayF - (4.67)
We label the terms
HP = /dPSg Gr(z,x, ) Mpp(ts, s13,u2) (4.68a)
d
HPy = /dPS?» ( x%TGF(x x M)) Mpp(ts, 513, uz) (4.68b)
o~ () (A Crr,y,p)
HPg:/dPS?’ (kzg Boo\" g - Muyp(ts, si3,u2) ,  (4.68¢)
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so that
HP=HP +HP,+ HPs . (4.69)

H P, is highly soft and collinear divergent. To obtain the contribution to the cross
section, we reinsert HP1 in equation (4.64),

d3otws3 My dz [ dx s

E HP1 _ / =D 9= pepnS1 | 9 lpnSy

h d3Ph S ; 22 . c(za ,U) t € + 2Ze
1

d(n—1)
X / WGF($7 @, W) Mip(ts, s13,u2) 0((k2 +1 — pe — )°)

VUmax

1
 —TMN s, dw 2
=€ > dw —De(z,1) | ——7Pea + 2la

C
Umin Wmin

XGF(ZE,.’E,M)C(S,U,U},,LL,E) : (470)

My p(ts, s13,u2) has terms ~ 1/(t3s13), 1/(t3523), sa23/(t3s23), that lead to manifest
divergent terms

h(s,v,w)

el (4.71)

C(s,v,w, pt,€) ~
But fortunately, these divergent terms are exactly the same as we found in the pure
SGP contribution and cancel in the sum with the B term defined in equation (4.53).
Thus the combination

1
/ dw (B(s,v,w,pu,€)+ C(s,v,w, u,€)) , (4.72)

Wmin

is well behaved at the upper boundary of the w integration. This is indeed a clear
sign that the NLO result at the soft-gluon point is not given solely by the pure SGP
part. At NLO we have soft collinear pole contributions that cancel among the two pole
contributions at the soft gluon point.

HP, is a derivative term on the Qiu-Sterman function. In contrast to H P;, the extra
factor & makes all the problematic terms in M yp(ts, s13,u2) well behaved, in a sense
that they can be integrated using standard methods, described in appendix C and D.

There is one exception concerning the phase space integration for HP; and HP;. In
the inner Dirac structure of HMHP terms proportional to ~ (zg — :Ul)p are present
which produce an extra factor 1/(t; + t3), which is new compared to standard twist-2
single inclusive calculations. We can calculate those integrals by using the methods of
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appendix C in [112], the integrals are given in group 2 and 3. We need one new integral,
which is given in appendix E in this thesis.

Now, we come to the third contribution of the Taylor-expansion in equation (4.67).
The extraction of the Gp(x, z) part of H Ps is quite more challenging than for the other
two contributions of HP. We start with the observation that the only term from the
Taylor-expansion that is affected by the phase space integral is Z. Thus we can write

— i ( R dFGp(z, y))
k! dyk -
-3 D (e dPGr(ay)
k:() ]{: + 2 dykJrQ

Unfortunately, the term #*t2M is not integrable by using the standard methods for
single inclusive phase space integration. Therefore, we are not able to obtain the finite
part from H P; so far and we leave that for future research. On the other hand, we
developed a framework, where we can obtain the collinear 1/ pole structure from H Ps.
This is very important, since the knowledge of the pole structure is the first step towards
a deep insight how the interplay of the different NLO contributions work. To do so, we
have to identify the collinear regions of #¥*2M. We want to remind the reader that
Mpp(ts, s13,u2) has the following denominator structure

/ dPSs .’ikMHP(t?n 513, U2)

/ dPS3 Z* T2 My p(t3, s13,u2) . (4.73)
Yy=x

1 1 1 1 1 1
M p(ts, 513, u2)|poles = {; 5 T3 T 2} ; (4.74)

2 20
813 S73 t3 13 uz uj

where only denominators are listed that eventually produce a collinear pole. We see
immediately, that the factor 2 makes the #¥t2M finite for s;3 — 0. This is due to
the fact that ZF2 ~ slfgr 2 and k > 0. Concerning that we identify two collinear regions
in HP3, these are us — 0 and t3 — 0. Therefore, we can decompose

PPM =M+ M+ Ms, (4.75)
where M is singular as us — 0, M is singular as to — 0, and M3 is completely finite.

We first consider the phase space integration for #¥ M, or more precisely the extraction
of its 1/¢ pole part. We arranged the terms in a way that ¥ M is divergent for us — 0.
For the angular integration we work in the rest frame of the two unobserved final states,
but we are free to choose which of the three observed momenta defines the direction
of the z-axis (see appendix D). Here we choose that the initial state lepton defines the
z-axis, i.e. we use "set 17. In that frame, us has its simplest structure

uy = u9(1 — cosby) , (4.76)
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4.5. Real contribution at next-to leading order

where we conclude that the collinear limit is defined by #; — 0. In this frame, our
integrand has terms ~ 1/us and ~ 1/u2. Therefore, we can further decompose #¥M;
in these two contributions,

Nf(v,w,&l,eg) ./\/12(’0,’(0,91,02)

~k N
TM = sud(1 —cosby)  (u§(1— cosby))?

(4.77)

where the functions N7 (s, v, w, 01,6;) are dependent on the kinematical variables s, v,
w and the two spherical angles between the two unobserved final states 61 and 6. It
turned out, that if we Taylor expand N21 around cos 81 = 1 that the zeroth order cancels,
i.e.

NE(v,w,01,02) = (1 — cos 0 )NE (v, w, cos Bz) + O((1 — cos8)?) (4.78)
whereas the expansion for Ni starts at zeroth order
Ni(s,v,w,01,02) = N (v, w, cos2) + O((1 — cos 6;)) . (4.79)

We can combine these terms and end up with

(u3)? suj

1 <~/\712<an’00$ 62) n Nf(v,w,cos 02)>

+0O((1 — cos 61)°) (4.80)

where O((1 — cos61)?) indicates that there are finite terms we have not included so
far. It is important to mention that equation (4.80) is independent of k since & — 1
for cosf; — 1 . Since, the expansion for Nj starts with a term ~ (1 — cosf;) there
is no term 1/(1 — cosf1)? left. In other words, in our leading collinear term we have
1-dependence only through 1/(1 — cosf;) as an overall factor. For the 03 dependence
we obtain two different terms in our leading collinear expansion. We have on the one
hand terms that are independent of 65 on the other hand terms that are proportional
cos? . Therefore, we need two angular integrals here

i T 1 o
Il — de de : 1—266) : —260 -7 0
col. / 1/ 2 sin 1 sin P (1= costh) s +0(),
0 0
12, = [ d6; [ doy sin!=2 0, sin 20y —> 72 T 0y 4.81
col. / 1/ 2 sin 1810 2 T costy) ~ 2 +0(e) (4.81)
0 0

By using the two integrals we find:

/dPSg My = %f(s,v,w) + 0(e%) (4.82)
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where f(s,v,w) is a simple rational function. The finite terms, that are O(c°) are
again not included in our calculation. To complete the calculation for M; we must
insert f(s,v,w) into equation (4.73) and convert the infinite series back into normal
expression in terms of Gp. Inserting equation (4.82) into (4.73) we get

i ( pra 2GR (2, y))‘ f(s,0,w)

dyF+2 c

k:O k+2
_ = kdeF(:L‘ay) f(S,U,U))
_;2 k' (”“" dyF >y:$ e
= (Gp(a: 0) + §diGF(a: x) — Gp(a:,a:)> f(s,:,w) , (4.83)

with

(4.84)

f(S,’U,’w) = agmeg% ('UU)CF — C> ( ( w w + ) rw + ) ‘
T

2 s2(v — 1)202w? (vw — 1)

in the g-fragmentation channel. Equation (4.83) shows that a soft-fermion-pole arises,
which is a very interesting result from our calculation. These poles should cancel among
SFP contribution where the pole is manifest in the whole NLO phase space.

Next, we consider ¥ My and extract its pole part. In that case, the divergence appear
if t3 = 0. We choose here the parton momentum coming from the polarized hadron to
define the z-direction, i.e. ”set 17. In that frame with t3 = t3(1 + cos ), the collinear
limit is defined by 67 — 7m. We can perform the same expansion as in the uy — 0 case.
We find that the leading collinear term is again proportional to ~ 1/(1+4cos ;) and also
has no soft piece. But, in contrast to the us — 0 case, the result is k dependent. The
reason for this behavior is that from the collinear limit t3 — 0 follows that £ — 1 —w
We find for the pole part

/dPS;; My = é (11— w)* g0 0.w) + (k + 1)1~ ) ga(0,w))
+0(e%) (4.85)

where g1 and gs are simple rational functions given in the ¢ fragmentation channel as

e} v? 41
91(v,w,5) = agez—Nog— e (4.86a)
2
« (V2 +1) (w+1)
g2(Ua w, S) - O‘zm62f C 282(’0 — 1)21)371) . (486b)

The next step is to insert this result into equation (4.73) and rewrite the sum into
combinations of Qiu-Sterman functions. This is surely more challenging as in the ug — 0
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4.5. Real contribution at next-to leading order

case, since our result is k£ dependent. We start with the g; part

o0 (_1)k dFt2@ (l‘, )
>t ()

_lgl(v7w78) = (_1)k kdeF(xvy) _ k
e 1-w Z k! v dyk y:x(l w)

1gi(v,w,s) [Gp(:r,xw) — Gp(z, ) i xdGF(;U’x)] (4.87)

(1 . w)k—i—l 91(1}, w, 5)
e

k=0 y=r

e 1—w 1—w 2 dx

Likewise we can rewrite the go part,

L (=1)k k+2 T v, W, S
Z(]E:_:)Q)' (:(,'k+2d dj]i_g’y)) (k+1)<1_w)k92( s Wy )

k=0 g y=z €
— —igz(v,w,s)aaw é(é_jé];! <x’“+2dk+i§’fff’y)> B (1 _w)kJrl]
_ _i92(”’w’3>£u :GF($,$Tf)__wGF($,$) +§£:GF(x,m)}
= —égz(v,w,s)% :GF(x’mf)__wGF(x’x)] (4.88)

where it is important that 0/0w is a partial derivative. Therefore, it acts only on the
explicit dependence on w and because of this, the derivative term in the third line
cancels out. We can merge our results in equations (4.83),(4.87) and (4.88) in equation
(4.68c) and we end up with

HP3 = éf(savaw) |:GF(:C>O) + g%GF(ZL‘,.ﬁ) - GF(J;’;U):|

lgl(uw? S) |:GF(:L',$’£U) _ GF(I’,$) + $dGF(xvx):|

+5 1—w 1—w 2 dx

1 0 {Gp(x,xw) —GF(:C,I)] '

- 592(1}711}78)% (489)

1—w
Now, we are able to extract the whole e-pole structure from the HP contribution and
even a new pole structure arises, which we identify as a SFP. This is indeed very
interesting since it demonstrates that one should also include SFP contributions because
they are connected by their pole structure.

We want to mention, that the partonic functions for the 2 — 3 process, HP and SGP
contributions, are cross checked by a calculation using a different ansatz as we showed
above. We used for the cross check formula (20) in [161], which is also called ”master
formula”, but it should not be mixed up with our equation (4.50). The two calculations
lead to the exact same result.

117
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4.6. Evolution equation and collinear subtraction

4.6.1. Evolution equation for the Qiu-Sterman function

To obtain the factorization contribution we have to include beneath the twist-2 evolu-
tion of the fragmentation function, the twist-3 evolution of the Qiu-Sterman function.
The evolution kernel for the quark-gluon-quark correlator is highly non trivial. Over the
last decade a lot of progress has been made to determine this function using different
formulations [83, 162-164]. A complete picture is given in [165-167]. The result pre-
sented in [167] includes a "new”-HP contribution, coming from gluon-quark-quark or
quark-quark-gluon correlations. So far, we have not included them into our 2 — 3 cal-
culation and therefore we neglect them. For the non-derivative part of the Qiu-Sterman
function the evolution kernel is given by

1

a 2 _CMS dZ x T 2
WGF(%Q:’M ) =on / Z{ {qu (Z) —Cad (1 B E) }GF(Z,Z,/J )
Call+Z2
+7A I (Gr(z2,4%) = Gp(z, 2, 1%)) + aZ:GF(Z,z,H2)] }

(4.90)

where Py, is the usual quark to quark splitting function given in equation (1.70). In the
literature, evolution kernels have been discussed for non-derivative Qiu-Sterman contri-
butions [83, 162-167]. However, we need the evolution equation for the LO combination
Gr(xz,z) —xd/dx Gp(x,z). To obtain the derivative part of the evolution equation we
take the derivative with respect to = of equation (4.90). We find,

9 2 d 2 _
aT,uz <GF(357$7H )_xaGF(xa%/i )) =

1
sl [l (2)- 500 2)) (Gt - e

z
T

e (g (g

Finally, by including the twist-2 kernels given in chapter 2 all evolution kernels are
available to obtain the correct collinear subtraction term.

4.6.2. Collinear subtraction

In the the 2 — 3 process, we have certain collinear contributions that produce %—poles,

which must be subtracted into the bare distributions G%O), D and the bare photon in
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lepton distribution ff/g). We refer to chapter 2 where this subtraction method, and the
photon in lepton distribution is explained in detail. The subtraction terms defined in
equation 2.12b and 2.16 has the same structure in the twist-3 case. We mention that
the splitting kernels are convoluted with the leading order partonic functions gf — ¢¥
and vq — yq, which have to be replaced by the twist-3 ones.

To subtract the initial state photon-lepton collinear singularity, we use the Weizsécker-
Williams contribution defined in equations 2.18 and 2.19. The singularity appears in
our cross section, because we assume the lepton to be massless. Therefore, as discussed
in in chapter 2 and [3], we could either assume a massive lepton throughout the whole
calculation, or we assume a massles lepton and absorb the appearing pole it into the
bare Weizsécker-Williams distribution given in equation (2.18). Both strategies, lead to
the same result. Therefore, we perform a massless calculation, since this is convenient
for phase space integration. However, the factorization contribution is then depended
on the lepton mass. We found that the e-pole from the photon-lepton singularity turns
into

1 2
-~ -ln (“2> : (4.92)

with my the lepton mass.

Pole contributions where the initial state quark radiates a collinear final state gluon
are absorbed into the combination G;Q)(x, T, M) — dd—mGg?) (x,z, ) of bare Qiu-Sterman

functions as follows

d d

1
e VA ORI (| [CARRE e
() ()]

The Qiu-Sterman function in the last line has the explicit dependence on x in its
argument, which is different to twist-2 factorization terms. In initial state factorization
the term x/z becomes w. The differential in the last term in equation (4.93) reproduces
exactly the pole-term coming from the g contribution in equation (4.88).

Finally, we have determined the complete e-pole structure in the 2 — 3 process at the
soft twist-3 gluon point and the appropriate collinear subtraction term. We can add all

119



Chapter 4. SSA in Single inclusive Hadron Producction

e-poles from equations (4.53) and (4.64) and find the remaining poles

Umazx 1

dPopit  —nM dw 2
Ep—2 — N gapns / / —D, ——Pea + 2 4.94
P, et Zc: dv [ —=De(z,p) { ——Pea+2 (4.94)
d
X {(GF(CE?:EHU’) - $W> P1(87U7w7,u/7 6) + GF(:E7$7/J’)P2(87U77U7/J’7 6)} :
with
Pi(s,v,w, p,€) (4.95a)
oy sas (Amp\F R 241 1(2In(l —v)—3) (v +1)
= CemC T\ T Fles2(1—v)2? ¢ s2(v — 1)%0?
x 0(1— w)] ,
Pi(s,v,w, p,€) (4.95b)
2e 2
9 oag [4mp 1 -2 (v*+1) 1 (v+1)
- s (ZTH 22N T N (- w)
YemCa™r < s > [OFS s2v? (v —1)2 “e s2v(v — 1)2 (1= w)

The e-poles which are present in (4.94) must cancel among the poles in the virtual
correction to secure factorization.

4.7. Real correction results

So far, we derived the complete pure SGP correction and parts of the HP contribution,
as well as the complete e-pole structure from these contributions. Therefore, we could
achieve several important results for the real part of the NLO calculation:

e The complete real correction to the derivative part on the Qiu-Sterman function.

e The complete e-pole structure at the soft gluon point

e The complete distribution part from the HP contribution at the soft gluon point.

e Most of the non-singular parts of the HP contribution.

The regular part in the HP contribution which we did not obtained so far, arises solely
in the HP3 contribution. The HP1 and HP2 contributions are derived completely.
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4.7. Real correction results

However, the results are lengthy and therefore we can not show them completely. In the
subsequent section, we highlight some results from our calculation. A very interesting
observation can be made concerning the logarithmic plus distributions. They have the
structure

1

ddotws g e dw 2
Ep—got = N gapns, / d / —D. ——Pea + 2lq
M Bp, 7€ EC: v ” (2, 1) ——Peat
dGr(z,z, 1)\ s s In(1 — w)
X (GF(QZ’,J),,U) — QZ'T 0{03?40]? ﬁ . (496)

where o}%} is the twist 3 leading order partonic cross section defined in equation (4.20).

The Leading logarithmic threshold correction, is evoked by soft collinear gluon radiation
to the initial and final state quark. Since soft gluon emission is spin-independent, the
relative correction remains the same.

1

In our calculation we obtain also full control over i terms. They are given by

I—w)y
1
S V) i d 2
plus _ 7T N aan w
E,, &P, T € J—ZC: / dv / ?DC(Z,M) <v_1pca+2la>
Umin Wmin

dGF(xamvu)

x{(GF(x,x,u)—x g

> Eq(s,v,w, 1) + Gp(x,x,u)Ez(s,v,w,,u)}
(4.97)

with

1

1+ v? 1
_N032§1 fv)gvg} (1 : w>+ . (4.98)

s —2 (1 + 02 1+ 2 1
Ey(s, v, w, 1) :agmeg‘;{gFH“) _N, il } ( > . (4.98D)
+

9 g0y —4 (1+0?) sv(1 —v) 4
Eq(s,v,w, p) —aemeaﬂ{Cp <32(1 EpnERC In 5 ~ a2

s2v? 0252(1 —v)20? 1—w

where the relative prefactor compared to LO for the term ~ In M

) in F; is again
the same as in the unpolarized case. This is due to the fact, that these contributions
are a remnant of collinear quark gluon configurations of the external particles. Due to
the Dirac structure of the cross section, such contributions may factored away from the

inner born structure of the partonic scattering.
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4.8. Conclusions

In this chapter we derived the real NLO correction for the process h'l — 7 X. Within
the twist-3 collinear factorization formalism we first studied the pole contribution which
arises when the coherent gluon becomes soft. We found a remarkably complex structure
of the NLO contributions. We found on the one hand real corrections, that produce a
pure SGP and on the other hand we found real corrections that produce SGP contri-
butions in certain regions of phase space of the unobserved final state particles.

In our calculation we have obtained full control over terms ~ (W) and ~
+

(#> . We could show, that the relative prefactor compared to LO for the loga-
+

1—w
rithmic plus distribution is the same as in the unpolarized case. This is indeed a very
interesting result and supports the fact that soft gluon emission is spin independent.

We could derive the complete collinear pole structure from the two real SGP contribu-
tions and we showed that the pole structure we found in the evolution kernel cancels
most of them. The remaining poles are accompanied by the delta distribution §(1 —w)
which may cancel among the virtual NLO correction. So far, we have not included
the virtual contribution and we leave that for future research. We could show that the
highly non-trivial e-pole structure can not be isolated concerning the poles that fix the
arguments of the Qiu-Sterman function. Therefore, we will derive beneath the SGP all
HP and SFP contributions in future work. This is crucial for a deep understanding of
the twist-3 cross section at NLO.
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Chapter 5.

Toward NNLL Threshold
Resummation for Hadron Pair

Production in Hadronic
Collisions

We investigate QCD threshold resummation effects beyond the next-to-leading loga-
rithmic (NLL) order for the process HiHy — hihoX at high invariant mass of the
produced hadron pair. We take into account the color structure of the underlying par-
tonic hard-scattering cross sections and determine the relevant hard and soft matrices
in color space that contribute to the resummed cross section at next-to-next-to-leading
logarithmic (NNLL) accuracy. We present numerical results for fixed-target and col-
lider regimes. We find a significant improvement compared to previous results at NLL
accuracy. In particular, the scale dependence of the resummed cross section is greatly
reduced. Use of the most recent set of fragmentation functions also helps in improving
the comparison with the experimental data. Our calculation provides a step towards a
systematic NNLL extension of threshold resummation also for other hadronic processes,
in particular for jet production. This chapter is based on publications [2, 7]

5.1. Introduction

The resummation of threshold logarithms in partonic hard-scattering cross sections con-
tributing to hadronic scattering has received an ever-growing attention in recent years.
On the one hand, resummation is phenomenologically relevant in many kinematical sit-
uations, ranging from fixed-target energies all the way to the LHC. At the same time,
it offers insights into the structure of perturbative corrections at higher orders, which
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among other things may provide benchmarks for explicit full fixed-order calculations in

QCD.

Threshold logarithms typically arise when the initial partons have just enough energy
to produce the observed final state. In this case, the phase space available for gluon
bremsstrahlung vanishes, resulting in large logarithmic corrections. Taking the hadron-
pair production cross section to be discussed in this chapter as an example, the partonic
threshold is reached when § = 7?2, that is, 7 = m?/§ = 1, where v/3 is the partonic
center-of-mass system (c.m.s.) energy and 7 the pair mass of two outgoing produced
partons that eventually fragment into the observed hadron pair. The leading large
contributions near threshold arise as o [In?*1(1 —#)/(1 — 7)] . at the kth order in
perturbation theory, where «; is the strong coupling and the “plus” distribution will
be defined below. There is a double-logarithmic structure, with two powers of the
logarithm arising for every new order in the coupling. Subleading terms have fewer
logarithms, so that the threshold logarithms in the perturbative series take the general
form

oo 2k 2k—20 -
S°3 Ay (mli)) , (5.1)
+

k=0 (=1

with perturbative coefficients Ay . One often refers to the all-order set of logarithms
with a fixed ¢ as the fth tower of logarithms. As has been established in the lit-
erature [39, 40, 168-170], threshold logarithms exponentiate after taking an integral
transform conjugate to the relevant kinematical variable (7 in the above example).
Under this transform the threshold logarithms translate into logarithms of the trans-
form variable N. The exponent may itself be written as a perturbative series and is
only single-logarithmic in the transform variable. Ignoring for the moment the color
structure of the underlying partonic cross section, the structure of the resummed cross
section becomes in transform space

oo k+1

(1 +a,0W 4 a2Cc® 4 . ) exp [Z ZBhgaf In‘(N)| (5.2)
k=1 (=1

again with coefficients By, and with “matching coefficients” C®*) that ensure that at
every fixed order the resummed cross section agrees with the exact fixed-order one, up
to corrections suppressed at threshold. They contain the full virtual corrections at order
ok, corresponding to contributions oc §(1 — 7) in the partonic cross section, and may
be compared by comparison to a full fixed-order calculation performed near threshold.
Thanks to the exponentiated single-logarithmic structure of the exponent, knowledge
of the two leading towers of In*"1(N) and of In®(N), along with the coefficient C(1), is
sufficient to predict the three leading towers in the perturbative series (5.1) for the cross
section in 7-space. This is termed “next-to-leading logarithmic” (NLL) resummation.

At full next-to-next-to-leading logarithmic (NNLL) accuracy, one needs three towers in
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the exponent and the two-loop coefficient C®, already providing control of five towers
in the partonic cross section.

While NLL resummation was the state of the art for many years, much progress has
been made recently on extending the framework to NNLL accuracy, or even beyond.
The most advanced results have been obtained for color-singlet processes such as Higgs
production, where NNLL [171-173] and, most recently, even studies up to the N3LL
level [174, 175] have been obtained, in which seven towers of logarithms are fully taken
into account to all orders. This became possible when all threshold distributions at
three-loop order were computed [176]. For processes that are not characterized by a
color-singlet lowest-order (LO) hard scattering reaction, progress beyond NLL has also
been made. For such processes, the resummation framework becomes more complex
because the interference between soft emissions by the various external partons in the
hard scattering process becomes sensitive to the color structure of the hard scattering
itself. This requires a color basis for the partonic scattering process which, as will
be reviewed below, leads to a matrix structure of the soft emission [40, 170, 177-
179]. This ultimately turns the exponential in (5.2) into a sum of exponentials, each
with its own set of matching coefficients C'*). An extensive list of color-non-singlet
reactions of this type along with corresponding references to NLL studies may be found
in [180]. Resummation studies beyond NLL have been presented in the context of top
quark (pair) production [181-195], for single-inclusive hadron production [180], and
for squark and gluino production [196-198]. At present, full NNLL resummation in
the sense described above is not yet possible for most processes, since the required
two-loop matching coefficients are usually not yet available (see, however, the recent
calculation [199] for massless scattering). Nonetheless, with knowledge of the one-loop
matching coefficients an improvement of the resummation framework becomes possible
already, providing control of four (instead of five at full NNLL) towers in the partonic
cross sections. A prerequisite for this is that the appropriate color structure be taken
into account for all ingredients in the resummed expression.

In this chapter, we will develop such a partial NNLL resummation for the process of
di-hadron production in hadronic collisions, collecting all necessary ingredients. Pre-
viously, Ref. [200] presented a NLL study for this process which forms the basis for
this chapter. Kinematically, hadron pair production shares many features with the
much simpler color-singlet Drell-Yan process, if one confronts the produced partonic
pair mass m with the invariant mass of the lepton pair. The interesting aspect of di-
hadron production is that it possesses all the color complexity of the underlying 2 — 2
QCD hard scattering. As such, the process becomes an ideal test for the study of
QCD resummation beyond NLL and can serve as a template for reactions of more sig-
nificant phenomenological interest, especially single or two-jet production in hadronic
collisions. That said, di-hadron production is phenomenologically relevant in its own
right as experimental data as a function of the pair’s mass are available from various
fixed-target experiments [201-204], as well as from the ISR [205]. In addition, di-hadron
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cross sections are also accessible at the Relativistic Heavy Ion Collider (RHIC).

This chapter is structured as follows. In Sec. 5.2 we recall the basic formulas for
the di-hadron cross section as a function of pair mass at fixed order in perturbation
theory, and display the role of the threshold region. In order for this thesis to be self-
contained, we recall a number of results from [200]. Section 5.3 presents details of the
NNLL threshold resummation for the cross section. In particular, we derive the various
hard and soft matrices in color space that are needed for the analysis. Here, we make
use of one-loop results available in the literature [206-208] and compare to related
work [209]. In Sec. 5.4 we give phenomenological results, comparing the threshold
resummed calculations at NLL and NNLL to some of the available experimental data.
Finally, we summarize our results in Sec. 5.5.

5.2. Hadron pair production near partonic threshold

5.2.1. Perturbative cross section

As in [200], we consider the process Hi(P,)+H2(Py) — hi(Pe)+ha(P;)+X at measured
pair invariant mass squared,

M? = (P.+ Py)?, (5.3)

and at c.m.s. rapidities 11, n2 of the two produced hadrons. It is convenient to introduce

1

An = 5(771 —12) ,
1
n= 5(771 +12) . (5.4)

For sufficiently large M?, the cross section for the process can be written in the factor-
ized form

4dO.H1H2—>h1h2X

1
— H H.
TdMZdAndy Z/ dwadzpdzedza fo (Ta; 1r) fy* (w0, ip)

abed 0

KR MF) 7 (5.5)

X 2D (2, 17) 24D5? (24, 10F) Wab—sed (f', An, 7, os(1R), i

where 7) is the average rapidity in the partonic c.m.s., which is related to 77 by

ﬁzﬁ—%ln <$“> : (5.6)

T

The quantity An is a difference of rapidities and hence boost invariant. The average
and relative rapidities for the hadrons and their parent partons are the same, since all
particles are taken to be massless. The functions ffbl 2 in equation (5.5) are the parton
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distribution functions for partons a,b in hadrons H; and Dfld’Q the fragmentation

functions for partons c, d fragmenting into the observed hadrons 7h172. The distribution
functions are evaluated at a factorization scale ur that we choose to be the same for
the initial and the final state. pugr denotes the renormalization scale, which may differ
from pp. The partonic momenta are given in terms of the hadronic ones by p, = x4 P,
py = Tp Py, pe = Pe/zc, pa = Pa/zq. We introduce

S=(P,+P)?,
M2
T="5

S$=(x Py + a;bP@)2 = TaxpS |

P. P;\? M2
m25<+d) = s

Zc 2d Zc2d
h? M? T

72

5§ TaTpZezdS  TalbZeZd (5:7)
The wgp—eq in equation (5.5) are the hard-scattering functions for the contributing
partonic processes ab — cdX'’, where X’ denotes some additional unobserved partonic
final state. Since the cross section in equation (5.5) has been written in a dimensionless
form, the wypscq can be chosen to be functions of /?/5 = 7 and the ratios of 7 to
the factorization and renormalization scales, as well as the rapidities and the strong
coupling. They may be computed in QCD perturbation

as\? | 1o ®s NLO @s\?  NNLO
Wab—red = (?> |:wab—>cd T WabSea t (?> Wab—sed T -] - (5.8)

Here we have separated the overall power of O(a?), which arises because the leading
order partonic hard-scattering processes are the ordinary 2 — 2 QCD scatterings.

5.2.2. Threshold limit

The limit 7 — 1 corresponds to the partonic threshold, where the hard-scattering uses
all available energy to produce the pair. This is kinematically similar to the Drell-Yan
process, if one thinks of the hadron pair replaced by a lepton pair. The presence of
fragmentation of course complicates the analysis somewhat, because only a fraction z.zg4
of Mm? is used for the invariant mass of the observed hadron pair. As shown in [200], it
is useful to introduce the variable

, mQ M2

? - ZchS ’ (59)

-
which may be viewed as the “r-variable” at the level of produced partons when frag-

mentation has not yet been taken into account, akin to the variable 7 = Q?/S in
Drell-Yan.
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Chapter 5. NNLL Threshold Resummation for Hadron Pair Production

At LO, one has 7 =1 and also 77 = 0. One can therefore write the LO term as

Watsea (B A1) = 8 (1= #) 8 (7) wip,q(An) (5.10)
where w((l?))_> oq 18 a function of An only. According to (5.6), the second delta-function
implies that 77 = 3In(za/zp). At next-to-leading order (NLO), or overall O(a?), one
can have 7 # 1 and 7 # 0. In general, as discussed in [200], near partonic threshold the
kinematics becomes “LO like”. One has:

MR ur - HR HF
Wab—cd (T An, 1, O‘s(/LR) T ) = 5( ) Zlbrﬁcd (7_7 An, O‘s(:“R)» )’ m)

UR HPF
ol (780, as(un) B B

(5.11)

where all singular behavior near threshold is contained in the functions wzibni q- Thresh-
old resummation addresses this singular part to all orders in the strong coupling. All
remaining contributions, which are subleading near threshold, are collected in the “reg-
ular” functions w,° Specifically, for the NLO corrections, one finds the following

ab—cd”
structure:
WwNLO . MR UF A (1,0 R UF .
Wab—scd (T A77 n, m y m) 6(77) [wab%)cd (Ana ma m) 6(1 - 7_)
1,1 ur 1 1,2) log(1 —17)
+ w(ELb—))Cd (A’I], m > <1 o 7:) N + wc(Lb—md(An) < 1—4 N

,NLO . MR HF
Sl (YN (5.12)

where the singular part near threshold is represented by the functions wgiﬂ)c oo w(%_lgc o g)i)c "
which are again functions of only An, up to scale dependence. The “plus”-distributions

are defined by

1 x0
/ F() (9(2))., dz = / (F(z) — F(1) gla)de — f(1) /0 g(o)de . (5.13)

0

The functions wg})ﬂ)cd,wgifgcd,wgii)cd were derived in [200] from an explicit NLO cal-

culation near threshold. We will use these results below as an useful check on the
resummed formula and on the matching coefficients.

5.2.3. Mellin and Fourier transforms

In order to prepare the resummation of threshold logarithms, we take integral trans-
forms of the cross section. Following [200], we first write the hadronic cross section in
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5.2. Hadron pair production near partonic threshold

equation (5.5) as

4dO.H1H2—>h1h2X 1 h h2
W: a /0 dzedzq ze D' (2e, pr) 2a DJ? (24, )
XU, Hy—sed <T An, 77,045(#1%) r MAF> ) (5-14)
m’ m
where 7/ = m?/S = 7x,1p and
HR MF
Uttty sea (7' A0, 7, 0 (o), B2 = Z/ da day (5.15)

R F
X FE (2a, 1) 17 (Tby F) Wab—sed (T An, 0, os(iR), l:n : l;) .

Taking Mellin moments of this function with respect to 7/ and a Fourier transform in
77, we obtain

< v ! 1 N\N— MR KE
dne dr (7' ) QH1H2—>cd 7, An, 7, o (pR), -
. 0 m’ m

—Zle (N +1+iv/2, up) (N+1—w/2,ur)
ab

KR MF)

Wab—md (N v, A"?vas(,UIR)y " y " (516)

where fH(N, ) = fo a2 (@, p)d, and

~ R F
Wab—scd (N7 v, Ana QS(MR)J /:h ’ ,l:ﬁ )

_ S i) ! A AN—1 ~ A MR HF
= dne dr Wab—sed | Ty AN, 0, s (), —, — ) - (5.17)
0 m’ m

—00

Near threshold, keeping only the singular terms in (5.11), the right-hand-side of this
reduces to

~N—1 sing MR HF
/(; dT wsb_>cd (T ATI)aS(IU’R)a m ’ m)

~ resum R F
= Wab—ed (N An; O‘s(,uR)v IuA y ‘LTLAn) . (518)

We have labeled the new function on the right by the superscript “resum” as it is
this quantity that contains all threshold logarithms and that threshold resummation
addresses. As discussed in [200], it is important here that we consider fixed 7 and fixed
renormalization/factorization scales, which is achieved by isolating the fragmentation
functions as in equation (5.14). Note that @ 7™, depends on the Mellin variable N
only. All dependence on the Fourier variable v resides in the moments of the parton

distribution functions.
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Chapter 5. NNLL Threshold Resummation for Hadron Pair Production

5.3. Threshold resummation for hadron-pair production

In this section we present the framework for threshold resummation for di-hadron pro-
duction at NNLL. We start by giving the main result and discussing its structure.
Subsequently, we will describe the various new ingredients in more detail.

5.3.1. Resummation formula at next-to-next-to-leading logarithm

For di-hadron production near threshold, all gluon radiation is soft. Since all four
external partons in the hard scattering are “observed” in the sense that they are ei-
ther incoming or fragmenting partons, each of them makes the same type of (double-
logarithmic) contribution to the resummed cross section in moment space, given by a
“jet” function AN (i = a,b,c,d) that takes into account soft and collinear gluon radi-
ation off an external parton [200, 210, 211]. In addition, large-angle soft emission is
sensitive to the color state of the hard scattering, giving rise to a trace structure in
color space [40, 177, 178]. The resummed partonic cross section in moment space then
takes the following form [40, 170, 177-179, 200]:

~ R MF
wim (N, An, oy (ur), 2L BE )

— AN+ (QS(HR), /:;:7 f:j) ANH (ozs(uR), IR up)

A A A~

) AN+2 (%(MR), KR MF) Afl\““? (Ozs(MR), ,LLRmMF>

A 9 A ~ ) A~

x Tr {H (A, as(pr)) S§ (A”’ s (1), l::)

S (as(1i/N), An) Sy (A’?v s (pn), MAR) }ab%d

m
xén (asur), ) €t (as(ur) EE) (5.19)

This form is valid to all logarithmic order, up to corrections that are suppressed by
powers of 1/N, or 1 — 7. The additional functions {g r do not contain threshold loga-
rithms but are N-independent. They serve to improve the dependence of the resummed
cross section on the scales up and pr. We will now discuss the various functions in
equation (7.10) and their NNLL expansions.

Jet functions

The radiative functions AN are familiar from threshold resummation for the Drell-Yan
process. They exponentiate logarithms that arise due to soft-collinear gluon emission
by the initial and final-state partons. In the MS scheme, they are given by [39, 41, 171,
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5.3. Threshold resummation for hadron-pair production

212]
AV (as(um), 22 EE) —-Rxasuua>exp{ (5.20)
1 SAN-1_ 4 (1—2)%2m? d,u ‘ X
/odzl—z[/u§ % —5 Ai(a ())+Dz(as((1—z)m))]}.

The functions A; and D; may be calculated perturbatively as series in g,
oy Qs a) (s ) (%P L) 4
Aifas) = 2240 1 (22)7 4P+ (%) 4P + 0(ad)
0rg\ 2 2
Di(a) = (=) DI +0(ad). (5.21)

where, up to NNLL, one needs the coefficients [213-220]

W _ @_1, 67 7\ 5

AV = ¢, A“WQP%B6 SNy (5.22)
(3) 1 ‘ 245 67 11 11 9
4-%ak(ﬂ To@)+ 5 )+ =)

55
27Nf + CFNf (— + 2{(3))

209 10

roany (-2 + o) - 3o )]

7
3
101 11 7 14 2
D(2) =C; _ Nel — —=((2
B =ciloa (g + 3@+ 56 + 3y (5 - 5c0)]
with N the number of flavors and

N2—-1 4
== =Cp=N,.= 2
N 30 Cg=Ca=N.=3. (5.23)

C,=Cp=

The D; term in the radiative factor Afv first appears at NNLL accuracy [39, 41, 171,
212]. It takes into account logarithms that arise from soft gluons that are emitted at
large angles. Incoming and outgoing external lines of a given parton type carry the
same D; term, as discussed in the Appendix.

Finally, the coefficient R; in equation (5.20) ensures that our soft functions for this

process are defined relative to that for the Drell-Yan process; again see the Appendix
for details. To the order we consider, we have

AW ¢(2) + 0(a?) . (5.24)
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Chapter 5. NNLL Threshold Resummation for Hadron Pair Production

Evaluating the integrals in equation (5.20), one obtains an explicit expression for the
NNLL expansion of the function AN :

AN (as(,uR), 'l;f, l;;:) Ri(os(pg)) exp {hl(l)()\) In N + hz(?) ()\ e HF)

b A A~

+ as(ugp) B ()\, ‘;5 ’;f)} : (5.25)

Here R; is a combination of R; in equation (5.24) and a 72-term arising in the NNLL
expansion [171]:

Ri(as) = 1+ % AW ¢(2) + 0(a?) . (5.26)

In (5.25) we have furthermore defined A = byas(ur) In(Ne'®) with vz the Euler con-
stant. In the following we denote Ne”® = N. The functions hgl), hz@), hz(-g) read

e 2;‘:; (2A+ (1 = 2\) In(1 — 2X)) | (5.27a)
h? (/\, PR ‘;f ) - 2‘:(22;2 2\ + In(1 — 2))] (5.27b)
+é%r)b%1 [2)\ +1In(1—2)) + %1112(1 —2)\)
;47: :0 2) +In(1 — 2))] In :"f; i(blo) In ‘fg ,

and [41, 212]
LB ()\ KR MF)

) Y A Y A

24 (-2 APy 1
R 1—2X 27253 1—2)
LA
2mbg(1 — 2X)

AW, 2)2 1 AP 2
27r63 1— 2)} * b3 1 — 2

A<2> A 2 AW

] 2 NF
2b0 2 2Z7T Aln A2

1 AW, 2A(2) 112
_— 2\ +In(1 — 2\ A)n DB
1-— 2)\( 27rb% [2A+ In( - m2bg ) m2
AL ye2 2 (2)
i A n2 MR Dz A .
T 1—2\ m2  2m2bg 1 — 2\
Here by, b1, bo are the first three coefficients of the QCD beta function which are given
by equation (1.25) and [16, 17].

2\ + In(1 — 2)) + 2)7]
[2)\2 +2XIn(1 — 2)\) + %1&(1 - 2)\)]

_l’_

[2)\ +1In(1 —2)\) +

(5.28)
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5.3. Threshold resummation for hadron-pair production

Color trace contribution

Next we discuss the trace Tr{H SJTVSSN} in color space in equation (7.10). We note
that this is the only contribution to the resummed cross section that depends on the
difference of the rapidities An. Each of the factors Hup—ed, SNab—cds Sab—sed 15 a
matrix in the space of color exchange operators [40, 177, 178]. The H,p_.q are the
hard-scattering functions. They are perturbative and have the expansions

Qg 2 Qs
Hapsea (A, 0) = (22) 7 [HG o (Am) + Z2HG) (A + 0(@?)] . (5.29)

The LO (i.e. O(a?)) contributions H © , may be found in [40, 177-179]. For resum-

ab—c
mation beyond NLL accuracy, one needs all entries of the NLO hard-scattering matrices
gD

ab—cd"®

tion [200, 209]. We will outline the derivation of the first-order corrections HCEII)L g D

Section 5.3.2. We note that they depend in principle also on the renormalization scale

These matrices may be extracted from a color decomposed one-loop calcula-

1R, in the form of a term o ln(p,R/ﬁ”L)Hé(;L «q- This dependence, however, has been

absorbed into the contribution involving the function £ in (7.10); see below.

The Sgp—ca are known as soft functions. In general, they depend on the rapidity
difference An and on the strong coupling whose argument is to be set to m/N [40,
177, 178, 188]. This dependence on /N and hence on N occurs first at NNLL. The
soft functions have the expansion
I 0 as(m/N)
Sutsca (0s(0/N), D) = 89 SN G amy 1 0d). (530

s
Relating the coupling at scale /N to that at scale up, one can construct the explicit
N-dependence of the soft matrix at NLO. To the accuracy of resummation that we are
considering in this work, it is sufficient to use

(i N) = 28]

(5.31)

The LO expressions Séglcd,

177-179]. Like the hard-scattering matrices H(gllj) at NNLL accuracy, we need the

—cd?

which are independent of An, may also be found in [40,

explicit expressions for the full NLO soft-matrices S((Li)_) «q- These may be extracted by
performing a color-decomposed calculation of the 2 — 3 contributions to the partonic
cross sections in the eikonal approximation, as will be described in Section 5.3.3.

The resummation of wide-angle soft gluons is contained in Szp_,q. The two exponentials
S]TV and Sy that enclose the soft function Sgp_..q within the trace structure appear
when solving the renormalization group equation for the soft function [40, 177-179].
The exponentials are given in terms of soft anomalous dimensions I'4p_s¢q:

1 [P/N? dMQ

2/2 ~ 2 Labsed (A, 0s(w) | (5:32)

m

R
SN,ab—scd (An, as(pur), %) = Pexp
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Chapter 5. NNLL Threshold Resummation for Hadron Pair Production

where P denotes path ordering. The soft anomalous dimension matrices start at O(as),

o Qg
Tapsea (0 ) = 210 (an)+ (2)° 19 am+06d) . 63

Their first-order terms are presented in [40, 177-179, 221]. We will discuss the I'yp_cq
matrices in more detail in Section 5.3.3. For NNLL resummation, we also need to take

into account the second-order contributions F((be g Which were derived in [222-225] and
are determined by the one-loop terms:

K
T8 ea(An) = 0} Ty eq(An) (5.34)

where K = C4(67/18 — 7?/6) — 5N;/9. We also give here our result for the NNLL
expansion of the integral in equation (5.32):

In SN ab—sca (An, as, %) (5.35)
(1) In(1—-2X\) a5 1
=T A —
abved (AN | =5 =+ 2b02m(1 — 2\)

x<b17r(2A+1n(1 —2))) —bo)\< f;))] .

We note that in our phenomenological applications we follow [200] and perform the
exponentiation of the matrices numerically by iterating the exponential series to an
adequately high order.

In order to clarify the roles of the various matrices appearing in the color trace, it is
instructive to analyze the structure of the resummed cross section (7.10) in Mellin space
after expansion to NLO:

~resum HR HKF
wa%bil)cd (N A77> aS(MR)a ) m)
_ <QS(MR)

™

MR

> |:Tr{H(0)S(O)}ab—>cd {1 + 2bpavs (NR)

+ O‘S(:R) > (AVm? N+ iAg%m
i=a,b,c,d

+(AY N + B(1)>1 “’F)}

m2

L slpr) ™ - [H(O)(F(l))T SO 4 FOOTO] 10 ¥

™

L gMWgO) 4 ;0 5<1>} +0(ah) (5.36)

ab—cd
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5.3. Threshold resummation for hadron-pair production

Here the term oc (2) arises from the coefficient R; in (5.26). We have anticipated the
contributions by the functions {r and &p in (7.10) that will be specified in the next
subsection. £g yields the term involving the renormalization scale, and £ contributes
the ones B(l), with

i

B =-S0p, B = by (5.37)

The term Tr{H SO}, . .; in (5.36) is proportional to the LO function wiglcd(An)
introduced in equation (5.10). In [200] (as in many previous studies of threshold resum-
mation for hadronic hard-scattering), the combination Tr[H(M)S©) 4 H(©)SM] which
carries no dependence on N, was extracted as a whole by matching the expression in
equation (5.36) to the NLO calculation at threshold. Of course, this is not sufficient for
determining the full first-order matrices H 1) and S, However, it is a valid approach
at NLL accuracy, where the three most dominant towers of logarithms are taken into
account. For a given fixed-order expansion to O(a¥), the following terms are under

control:
ok {ln% N, 21N, 1n2’“*2N} . (5.38)

It is straightforward to see that the hard and soft matrices will contribute to the third
tower of threshold logarithms always in the combination Tr{H Mg + gOg (1)}abﬁcd
in the following way:

1)
)!

Hence, to NLL, it is sufficient to know the combined expression of H() and S™) instead
of having to compute the full matrices separately. It is then legitimate to that order to
approximate the trace term in the resummed formula by

Qs iAE
<7>k Z— 1

Tr {H(l)S(O) T H(O)S(l)} %2 N . (5.39)
w/ (k

ab—cd

T _ @s ~(1),NLL (0) ot (0)
Tr{HSNSSN}aHdML = (1+ 2=l ) e {HOS,sOsy} L (540)
where
T LD S0 4 g0 50)
CONE () = i ot (5.41)

Tr {H(O)S(O) }abacd

This was the approach adopted in [200] and also, for example, in studies on single-
inclusive hadron [226] or jet production [1, 227].

On the other hand, in order to control the fourth tower of logarithms, o In?*—3 N,
one needs to know H() and S explicitly as they also appear separately in various
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Chapter 5. NNLL Threshold Resummation for Hadron Pair Production

combinations with the anomalous dimension matrices. Computation of the full matrices
is therefore a necessary ingredient for NNLL resummation. Clearly, having the matrices
at hand, one can compute also the known combination Tr{H ™S © 4+ HOg (1)}ab_>cd,
which provides an important cross-check on them. We stress further that, in order to
fully take into account also the fifth tower a¥ In?*=* N at NNLL, one would need to
know the full matrices H® and S and perform a matching to NNLO. Although H?)
became available very recently [199], this is beyond the scope of the present work.

We finally note that a new feature which first appears at NNLL is that the hard-
scattering matrix H obtains an imaginary part. This is because H is constructed from
virtual corrections to partonic 2 — 2 scattering, which contain logarithms of ratios of
space- and timelike invariants. We write

H:HR+iH[ (5.42)

with Hg and Hj real. It turns out that Hp is a symmetric matrix, whereas Hj is
antisymmetric; see Section 5.3.2. Hence, the hard-scattering matrix H as a whole is
hermitian, as it should be. The imaginary part H; contributes to the resummed cross
section due to the fact that the remaining terms inside the color trace in the resummed
cross section (7.10), M = eFTSeF, also develop an imaginary part since the anomalous
dimension matrices are complex-valued [40, 177, 178]. M is also hermitian as the soft
matrix S is symmetric, and therefore we may also decompose M = Mg+ iM; with Mg
symmetric and M antisymmetric. The trace Tr { HM} is then real, as it must be, but
both the real and imaginary parts of H, M contribute:

Tr{HM} = Tr {HgpMp} — Tr {H;M;} . (5.43)

Note that the contribution by the imaginary part of H drops out from Tr[H 15O 4
HOS (1)], so that it is not present at NLL. Performing an analytical fixed-order expan-
sion of our NNLL resummed result, we find that the imaginary parts of H and M first
start to play a role at N3LO, where they contribute to the fifth tower, o3 In> N. We
note, however, that the imaginary parts of I'yp_,q also contribute to the real part of
M, since M = el"Sel'. It turns out that they already appear in the fourth tower of
logarithms. In this way we see that the imaginary parts of the various contributions
are important ingredients of the NNLL resummed cross section.

Functions £ and &p

The N-independent function £4°°? in equation (7.10) addresses the factorization scale
dependence of the cross section [40, 177-179, 228]:

~2
BF 1 ™ dp® as(p) L)
g™ (oo, B ) = =5 30 [ g, (5.44)
m 21':;;0,03 13 prom '
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5.3. Threshold resummation for hadron-pair production

where we are summing over all four external partons. The coefficients Bi(l), which
have been given in equation (5.37), correspond to the d-function contributions to the
corresponding LO diagonal parton-to-parton splitting functions and thus depend on
whether the considered parton i is a quark or a gluon. As follows from [229], the function
§%de takes into account all N-independent pieces corresponding to the evolution of
parton distributions and fragmentation functions between scales ur and m. Again
its first-order contribution would explicitly appear in Héll)L q» from where it has been

absorbed. It is straightforward to expand (5.44) to the desired NNLL accuracy.

&R governs the renormalization scale dependence of the resummed cross section. This
function was also introduced in [179]. g essentially serves to set the scale in the strong

coupling constant in the overall factor a? (see equation (5.8)) of the cross section to :

Inér (as(un), ) =2 / m CZ‘ (as(n)) (5.45)

Evaluating the integral while keeping only the first two terms in the QCD pS-function,

dog

1
= —byas — b1a? + O0(ad), 5.46
as dlog(u?) e 10+ Oa) ( )

Blas) =

and expanding the result up to second order in ag, we find

LR 13 13 13
Inép (as, f) = 2bpas In -2 + a2 <2b1 In =& + b In? f;) : (5.47)
m m m m
Here by, by are as given in (1.25). The first term on the right reproduces the explicit
pr-dependence of the first-order hard-scattering function that we have chosen to pull
out of Hé})L «¢- The additional terms generated by this expression produce higher-
order scale-dependent contributions that will occur in the perturbative series. When
combined with resummation at NNLL level, they necessarily help to stabilize the cross
section with respect to changes in pp, as we shall discuss in more detail now.

Following [230] and suppressing all arguments except for the renormalization scale, we
write the perturbative expansion of a generic partonic cross section w as

w=> ok (ur)w® (ug) . (5.48)
k=0

The LO coefficient w(® is independent of pp; all higher-order terms depend on up
through the logarithm L = In(u%//m?). Truncating the series at some fixed k = n,
the uncertainty introduced by the renormalization scale dependence is of the order of
O(as(ug)™*3). In the following we consider as an example the renormalization scale
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dependence after truncation to next-to-next-to-leading order (NNLO), which is given
by

winnLo = a2 (pr) w9 + o (ug) 0 () + at(ur) W (1r)
= a?(ur) W + a®(ug) (w'(l) + 2bg Lw(o))

+at(ug) (w' @) 4 3bg Lo/ @ + (362 L2 + 2by L) w(0>) , (5.49)

where the coefficients ' (*) denote the terms in w® that do not carry any dependence
on pur. As is well-known, the pgr-dependence of the NNLO cross section is entirely
determined by the NLO terms in the perturbative expansion.

We may now compare the general expression in equation (5.49) to an NNLO expan-
sion of the resummed cross section ©O™*"™ at either NLL or NNLL. First of all, we find
that the NLO scale dependence and the contribution (3b% L? + 2by L) w©® at NNLO
are entirely reproduced by the exponential {r in equations (5.45) and (5.47). The in-
teresting term at NNLO is now the term 3by Lw’ () in the last line. Out of the five
towers of threshold logarithms that appear at NNLO, the renormalization scale depen-
dence resides only in the lowest three. Indeed, as can be seen from the explicit NLO
expansion given in equation (5.36), the coefficient w’ (1) contains terms proportional to
In> N, In N, 1 which, at NNLO, correspond to the 34, 4*h and 5% towers. If we now
compare to the NNLO expansion of the NLL-resummed cross section, we find that only
the scale dependence of the 3" tower is correctly reproduced. For the 4" and 5% tower,
that are not fully taken into account at NLL, we find a factor of 2bg L instead of 3by L
multiplying the corresponding part of the coefficient w’ (M. If instead resummation is
performed at NNLL, the scale dependence in the 4" tower is correctly reproduced as
well, whereas in the 5" tower the incorrect factor 2bg L remains. (In addition, of course,
the scale-independent coefficient w’(?) also changes). As it turns out, going from NLL
to NNLL leads to a dramatic reduction of the renormalization scale uncertainty of the
resummed cross section, as will be seen in our numerical studies in Sec. 5.4.

5.3.2. Hard-scattering function

In this Section we present our derivation of the matrices HC(L;)L «q- We note that these
were also determined in [209]; the results of our independent computation are in agree-
ment with that reference. As the resulting expressions become rather lengthy in general,
we present explicit results only for the simplest partonic channel, g¢ — ¢¢’. For ease
of notation, we will usually drop the ubiquitous subscript “qq’ — q¢’” of the matrices.
We also refer the reader to Ref. [179], where many details of the relevant color bases
have been collected. In fact, for each partonic channel we adopt the corresponding color
basis from that reference. We note that our choice differs from the one in [209], where

an overcomplete basis was chosen for the gg — gg channel.
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5.3. Threshold resummation for hadron-pair production

Color basis and lowest-order contribution

We consider the partonic process

q(p1,a)q (p2,b) — q(p3, c)q (pa, d) , (5.50)

where the p; are the momenta of the incoming and outgoing quarks, and the indices
a, b, ¢, d denote their color. Given the fact that the leading-order process has only a
t-channel contribution, it is convenient to choose the t-channel octet-singlet color basis
which leads to a simple form for the lowest-order hard-scattering matrix H(®. The
contributing color tensors in this basis are given by (1=octet, 2=singlet)

1 1
3 <5ad Ope — i dac 5bd> ,
CZ = 5(/Lcébd 5 (551)

Cl = TégaTgb ==

where T is the generator in the fundamental representation and the indices a, b, ¢, d will
be kept implicit throughout most of our discussion. The soft and hard functions become
matrices in this basis, whose entries are determined as the coefficients multiplying the
respective tensor structures. The elements of the leading-order contribution to the soft
function S in equation (5.30) are given by (I,J = 1,2)

Nec
(SO r=micie)= Y e (5.52)
a,b,c,d=1
In our basis one finds
) N2-1 0
_ 4
S —( 0 N2> : (5.53)

We next color-decompose the Born amplitude for the process as

MO =5"nc; . (5.54)
I

Squaring the amplitude and summing (averaging) over external colors and helicities,
we find

o N,
1 . . ) o
AN? > IMOP = " S S aOnPese, 555
¢ a,b,c,d=1 ¢ abed—1 17
1 *
¢ 1J
where
1 0 0)x*
(HO)1 = g 1'hs" (5.56)
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While the matrix H© follows from a simple direct calculation, we extract it from the
results of [206], since we can then follow the same strategy for the one-loop results given
there. The color-decomposed tree-level four-point helicity amplitudes for q¢’ — qq’ are
given in [206] as

’ 1 ,
A’i\r)(\ee = <5CLd 5()0 - ﬁc 5ac 6bd> ai\’)é
=y x (2a}Y) +Co %0, (5.57)

where A\ denotes the helicity configuration of the initial partons. For a given pair

of helicity settings we have h(IOZ1 = 2ay,0, th = 0. The squares of the two helicity

amplitudes are

ozl =3
lags P = 1:22 : (5.58)
with the Mandelstam variables
s=(p1+p2)? =M,
t=(p1—p3)? = _mzeA:;A:_An ;
u=(p1 —p1)? = —mQGAn(fz_An. (5.59)

Averaging over external colors and helicities appropriately, following equation (5.55),
we obtain the lowest-order hard-scattering matrix as

2 s24u?
2y 0 ho 0
HO _ (N? 0t2 0) (00 o) : (5.60)

in agreement with [179]. As expected, its only entry is in the “octet-octet” corner,
thanks to our choice of color basis.

Hard part at one loop

The hard-scattering matrix Hg,_cq 1S a perturbative function that contains all con-
tributions associated with momenta of the order of the hard scale /. Since in the
threshold regime there is no phase space for hard on-shell radiation, only purely virtual
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5.3. Threshold resummation for hadron-pair production

contributions contribute to Hgp—cq. Writing the virtual one-loop amplitude as (again
we suppress the indices for the external particles)

1virt Z rer (5.61)

and considering the interference with the Born amplitude, the elements of the first-order

(1)

contribution H,,’ ., are obtained from the finite part of

~ 1 g * 7 *
(HD)1s = 1z (BRS" +nPRP") (5.62)

Most of the one-loop amplitudes that we need are given in [206]. For the gluonic channel
g9 — gg, we additionally use the results of [207, 208]. For the process ¢4’ — ¢¢’, the
one-loop four-point helicity amplitudes are given in [206] as

/ 1 / !
Ai\l)c\)op = (6ad 5bc - F 5ac 6bd> ai\’)i + 5ad 5bc ai\,)é
c
1
= 01X2<a41+a42)+CQXNai‘)§. (563)

From this we can determine the 7131). Keeping in mind that we have pulled out an overall
factor as/m in our deﬁnition of the hard- scattering matrix HW, cf. equation (5 29), we

have hg )1 = 2(ay; v+ a42) and %1)2 = a}} /N.. As shown in [206] the a}} v, affﬁ are
proportional to the tree-level a4 0 in (5.57) for each helicity configuration:

AN AN AN
AN AN
04;2 — CI‘ F4;2 a/4;0 B (564)

where in our normalization

e T2(1—¢) (1 +¢)

Cr = I'(1-2e)

(5.65)

Here dimensional regularization with D = 4 — 2¢ dimensions is used. The F, fo{‘l, F 4)%‘/
are functions of the Mandelstam variables. Using the shorthand notation

_t —
L(t) = log > L(u) = log ?u , L(s) = —im, (5.66)
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we have from [206]:

Fyp = Ne [ 22 — g polle) L*(t) — ZL(t) (1 + 3L(s)) + g + 71'2]
+Ny [;L( ) = 190] - ]\1[ [— 532 2 g(L(s) — L(t) — L(u))
2 _ 82
—8 — L*(t) + 57 ((L(t) — L(u))* + 7?)
FRLE)(1+ L(s) — L) ~ uL(0) +tL) | + dmbolog (42 )
Fit = -5 = 2By 2 - S esne + g 4
#y [ 500 - 5| - 5 [— 2= 2= 20 - L) - Lw)

—8 — L2(t) 4+ L(t)(3 + 2L(s) — 2L(u))]

+ (Nc + ;f) [822;2“2 (L2(t) — 2L(s)L(1)) + - (L(¢) L(S))]

u
2
+47bg log (%@) ,
m

'LL2 _ 52
Fiy =20y g(L(u) L) + T (B0 + D) + )
t W2t 2

+- (L) = L(w)) + 2L(s)L(t) — — L(t)L(U)] :

2 52 —u?
Frs =2CF C(L(u) = L(s)) = — 3 2(t) - o (L(8) = L(s))

82 + U2
~2L(0)L(u) + " L)L(s)

(5.67)

Note that the loop corrections have imaginary parts arising from the analytic continu-
ation of Mandelstam variables into the physical region s > 0; ¢t,u < 0. They appear in
the finite part as well as in the pole contributions.
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From this we can construct the matrix H() defined in equation (5.62) as

(1) (1
Hy Y

. Cr
AY = — (5.68)
AN2 \ 1) |’
e \ay Ay
with

(1) s° u?
ab =16 <Re (F;; + F;;) = +Re (F;; + F;j) t) , (5.69a)
~ (1 4 __*82 _ *u2
A Z + ( it ) (5.69b)
~ (1 4 __s? _u?
H§1) N, (F4;2 2 F4;2+t2> ) (5.69c¢)
H) =0. (5.69d)

The full expression for this matrix is rather lengthy. It has the following explicit struc-
ture:

~ 1 4C 6C L(s)Cr (0 —1
(€5 I N (Rt Rt 0) _ il
= | Jro-EEN(0)

2 ho (1 0\ 1 ho (2(N?-2) Cr
LN, <o 0>+5L(U)Nc< Cr 0

12
+4mbg log < A@) HO
m

+ HW (5.70)

where hg and H(® have been given in (5.60). Following [231], we have identified the
finite part in the last line with the first-order correction to the hard-scattering matrix.
This finite part is a function of the Mandelstam variables only. As one can see, the
explicit dependence on the renormalization scale pup has been separated from HM. Tt
is proportional to H(© and therefore fully taken into account by the exponential &5 in
equation (5.45), as discussed in Sec. 5.3.1.

To present our final results for HY), we adopt the notation of Ref. [209], where the
matrix was derived in the context of the soft-collinear effective theory. We find full
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agreement with the result in their equation (39):

1 2 2
(H(l))n ~ Re { [8 ;“ (—4CFL(t)* + 2X: (s, t, u)L(t) + 2Y)

32 U2
+55(Ca = 4CR)Z (s, t,u) — 5 (20a = 4Cp) Z(us . s)} :

1 s+ s C

(1) _ sTTu” 2 Cp

(H )21 2Nc2 [ 2 XQ(S,t,u)L(t) o) QCAZ(S7t’u)
’LL2 CF
+?EZ(U,LS) ,

Y — (gwY
(H )12 (H >21’
(H(D)22 -0, 51

with [209]

Xi(s,t,u) = 6Cr — 4mby + 8CFr[L(s) — L(u)]
—2Ca[2L(s) = L(t) — L(u)],

Xals,t,0) = L) — Llw)),
Y =Cy <130 +7r2> + Cp (7;2 — 16) +§47rbo,
Z(s,t,u) = é <t +82“ L(w) — L + 2[L(w) — L(t)] + 72 +82“> L 572

There are several ways of checking the validity of the results. The simplest one is to
compute

Tr [ﬁ“) S(O)} , (5.73)

which should reproduce the known one-loop virtual correction to q¢’ — qq’ scattering
given in [206]. This indeed turns out to be the case. Since S is diagonal in our basis,
this provides a check on the diagonal elements of H(1).

We also note that the pole terms of the NLO virtual amplitudes MMVt in (5.61),
including their imaginary parts, have been predicted in [231, 232] to be given by

~ 1 2 3 1
1J

72 ! _saq’
terms € g

(1)

99’ —qq
trix introduced in (5.32) which possesses imaginary parts (the explicit result for

, 1s the soft anomalous dimension ma-
F(l)

a9’ —qq’

where 1 denotes the 2 x 2 unit matrix and T’
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is given in equation (5.85) below). We have verified that this correctly reproduces the

pole terms in the Bgl).

In the way described in this subsection we have determined the one-loop hard-scattering
matrix for each partonic channel contributing to di-hadron production. As one can see
in equations (5.70),(5.71), for ¢¢’ — q¢’ the final expression always contains the squares
of the tree-level helicity amplitudes a4,0. This becomes different for partonic channels
involving both external quarks and gluons.

5.3.3. Soft function

We now turn to the computation of the first-order correction 5((1117)_> «q o the soft function
in equation (5.30). Again we present explicit results only for the g¢’ channel, although
we have of course considered all partonic channels. In fact, in the course of the study of
qq’ scattering we find a general construction rule for the soft matrix S’O%L .q that turns

out to be applicable to all partonic channels.

Color structure of diagrams in the eikonal approximation

In order to to compute the soft matrix at NLO for ¢¢’ scattering, we need to consider
the process ¢(p1) +¢' (p2) = q(p3) +¢'(p4) +g(k), where g denotes a radiated gluon with
soft momentum k. The diagrams are treated in the eikonal approximation, decomposed
according to our color basis. They are shown in Fig. 5.1. The blobs on either side of
the cut denote a Born hard part that can be a color-octet or a singlet. There are
six diagrams labeled “34” or “12” for example, depending on the external legs between
which the additional gluon is exchanged. Eventually, all contributions must be summed.
Using the notation of the previous subsection, each of the diagrams in Fig. 5.1 has the
structure

Zhgo)hf;))* (Rij)rLij (5.75)
17

where ij labels the diagram, I;; is an integral over the eikonal factor corresponding to
the diagram that we will specify below, and the (R;;) s form a 2 x 2 matrix with entries
labeled by JI =octet-octet, singlet-octet, etc. For example, for the “octet-octet” entry
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of R34 we have

(R34)J=00tet = Z Té];/ T92 Té]/dTg Tgl Tgl

I=octet
a,b,c,d,c ,d’
9,91,92

— Z Te[T92T9T9) Te[T92TITI]

9,91,92
N2 -1 Cr
S S 5.76
4N, 2 (5.76)

Here g corresponds to the color of the gluon exchanged between the external legs,
while g1 and go are those for the gluons in the amplitudes on the two sides of the cut.
Computing in this way the matrices R;; for all diagrams, we find:

C -1 N,
R12=R34=F< )»

2 \N. 0
1
op [ -5 0
Riz = Ry = — ? 5 |
2 0 2N-
172
C 5(N:—2) N,
Ris=Roz = — ) ) (5.77)
2 N, 0
For the sum of all diagrams we thus have
C RJ)q RJ)i2
Z Rz] Izj — l ( ) ' ( )l B (578)
b 2\ (R)a1 (RJ)2
with
N2 -2
(RJ)n = (113 + I24) — g — I34 — (I14 + I23) (5.79a)
(RJ)12 = Ne(l1z + I34 — T1a — Io3) (5.79b)
(RJ)21 = (RJ)12 (5.79¢)
(RJ)22 = —2NZ(I13 + I24) (5.79d)

We note that the eikonal factor for the interference between initial- and final-state
emission has an extra minus sign which we included here.

Integrals I;;

Next, we need to specify and compute the I;;. They are essentially given by eikonal
factors integrated over the gluon phase space. They are normalized relative to the
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Figure 5.1.: Diagrams relevant for the calculation of the NLO soft matrix S(). The
blobs represent a Born amplitude and the letters are color indices.
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Born cross section. Adopting the three-particle phase space in D = 4 — 2¢ dimensions
from [200] (see also [188]), one has

as s I'(l—¢) /1 L 1-2 / Di * Dj
=00 eow I [Py gy [aq PP (55
= T fy 7T B 0%

where

/ dQ = / dip sin' 7€ 4} / df sin~*9 . (5.81)
0 0

We work in the c.m.s. of the incoming partons; ¢ and 6 are the gluon’s polar and
azimuthal angles relative to the plane defined by the directions of incoming and outgoing
hard partons. The relevant angular integrals are well-known [111]:

/dQ !
(1 —cos))i(1 — cosp cos x — sin1) cos 6 sin x)F
N1—-2) _._ . , X
=2 2T Bl — e~ j 1~ e~ k)5F (j,k,1 - e 0052 ) 82
WF(l—s)z (1—-e—j,1—e—k)oF1(j,k,1—¢,cos 5) (5.82)

with the Hypergeometric function o F. Performing the integrations over df2, but leaving
the integration over 7 (or, equivalently, gluon energy) aside for the moment, we find
near threshold

dr dr 7

dlyy  dlzy  as Kl 12

+
dlyz  dlyy  as 1 I | t . U R
i~ dr o« Ks? 4 €1n< s L12< t))5(1 7)

1 .

+2(——+1In ! ;A+4 M ;
£ s (1—7)4 1-7 ),

dlys  dliy d113‘

dv  di  dF e’

(5.83)

where Lis denotes the Dilogarithm function.
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Extraction of S()

Combining equations (5.78) and (5.83), we obtain

dl;;

L Q . 1 72 1 1 In(1—7)
-or | {09 (- F) -t 2 (), )
N2—1 0 1 1
X( 0 4N3>+{5(1_T)2€_(1—f)+}
In(-%)+(2-N})In(-%) —2N.In(-%)
* LN In (~1) CAN?In(~1)
1[0 RN () 2N ()
sy (UL T )] e

In the first term we recognize the lowest-order soft matrix of equation (5.53). The matrix
in the second term has a direct relation to the one-loop soft anomalous dimension matrix

(1) . . o o
Ly —sqq introduced in (5.32),(5.33), which in our color basis is given by [179]
© (285 —T —U)+2CrU 2(U - 5)
Log—se = c (5.85)
G (U - ) 20T
with
—t ‘ —u _
S=0, T=In (3> +im, U=1In (3) + i . (5.86)

An equally possible choice is S = —im, T = In (_?t) ,U=1In (_T“), which matches the
logarithms in equation (5.66). One easily checks that F[(;]) differs for the two choices

/_>qq/
only by a term proportional to the unit matrix which commutes with all other matrices
and hence cancels in the final result. This holds true for all partonic channels. Note
that even for the resummed cross section only the combination el Sel contributes. One

easily checks that the matrix in the second line of the right-hand-side of (5.84) is given
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by —[(T(1M)1$©) 4 §OTM]/Cp. Hence, we have after some reordering of terms:
dlz‘j
2 R g
ij

_ s [5(1 _ 5 {ZC;FS“]) 1 ()50 4 5(o>p<1>”

0 2e
LA 1 0 4 go, (ROAZT)) g0

S (1 — T)Jr 1—7 n

1

W)t g® 4 gOTO)

taogy, (@189 + 5O

Crs ) ((Li2(=§) + (2= N2)Lia (—f) —2NcLiz (~1)
T T){ ( “2N,Lis (—1) —4AN2Tiy (- %)

—7725(0)}] . (5.87)

Each of the terms in this equation has a transparent interpretation. The pole terms
x 0(1 — 7) in the first line will be canceled by corresponding terms in the virtual
correction; see equation (5.74). The single pole term o 1/(1 — 7)4 will be canceled by
collinear factorization in the eikonal approximation, as described in the Appendix. The
next two terms precisely match the threshold logarithms at NLO, as becomes evident by
going to Mellin-moment space and comparing to (5.36). The remaining term involves
the one-loop soft matrix we are interested in. More precisely, since S(!) appears in
the Mellin-space expression for the resummed cross section, and since the moments of
(In(1—7)/(1—7))4 are given by %(ln2 N +72/6) (up to corrections suppressed as 1/N),
all terms o 72 match when comparing to (5.36), and we are just left with

S

_ Cr ( Lip (%) 4+ (2= N?)Lig (-1) —2N,Liy (-1) > (5.58)

t
u
2 —2N,Lis (—1) —4NZ2 Lip (—%)

This is our final result for the one-loop soft matrix for this process. A powerful check
on the result comes from comparison with the full cross section at NLO: Inserting
our S along with H) from equation (5.71) into (5.36), we verify that the resulting
expression correctly reproduces all threshold logarithms and all constant terms in the
NLO partonic cross section.

As it turns out, we can give a very simple rule for obtaining S directly from S and
the anomalous dimension matrix I')). This becomes already evident from comparison
of the two matrices in the second and third lines of (5.84): They have identical structure,
except that each logarithm has to be replaced by a dilogarithm with suitably modified
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argument,

(1) 1 (-7) |
In (—%) ~ Lis <—2> . (5.89)

The deeper reason for this is of course that already in the integrals (5.83) the loga-
rithm and the dilogarithm always appear in the same ratio in the term o §(1 — 7).
Since we know how the matrix in the second line of (5.84) is expressed in terms
of S© and TW, we also know how to construct S): Compute the combination
~1/2 (TW)18O) 4 S(O)F(l)) and substitute each logarithm according to (5.89). As
the integrals I;; are the same no matter which process we are considering, this simple
(1)

ab—cd

and the SC(L?)L q» may be found in the Appendix of Ref. [179]; we therefore do not present

construction rule works for all partonic channels. All necessary ingredients, the I'

the explicit expressions for the resulting Sg))_) . for all the other channels, which become
rather lengthy. It is likely that the simple rule we find is a special property of the pair
mass kinematics we are considering here.

5.3.4. Inverse Mellin and Fourier transforms and matching procedure

In order to produce phenomenological results for the resummed case, we need to per-
form inverse Mellin transform and Fourier transforms. The Mellin inverse requires a
prescription for dealing with the singularity in the perturbative strong coupling con-
stant in the NNLL expansions of the resummed exponents. As in [200] we will use
the Minimal Prescription developed in [42], which relies on use of the NNLL expanded
forms given in Sec. 5.3.1 and on choosing a Mellin contour in complex-NN space that
lies to the left of the poles at A = 1/2 and A = 1 in the Mellin integrand. The function
Q1 Hy—ea 10 (5.15) is obtained as [200]

’ _ KR HF
Iﬁflﬁg—md (T 7An7 n, O (,U’R)v Ea m >
1 e’} o Carptico dN N
= — dve " / — T/)
21 J_ o Crrp—ico 270

XY PN 4 Lt iv/2, ) (N + 1 — v /2, up)
ab

~ R
<y (N, v, An, au(un), B8 BE) (5.90)

a with a suitable Mellin contour consistent with the minmal prescription. As shown
in [200], it is straightforward to perform the convolution of the inverted resummed

O _cq With the fragmentation functions, as given by (5.14).
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As in [200], we match the resummed cross section to the full NLO one, by expanding the
resummed cross section to O(a?), subtracting the expanded result from the resummed
one, and adding the full NLO cross section:

da.match — (do_resum _ do_resum‘o( > + dO‘NLO ) (5_91)

ad)
For the NLO cross section we use the results of [233]. In this way, NLO is taken into
account in full, and the soft-gluon contributions beyond NLO are resummed in the way
described above. Of course, for a full NNLL resummed cross section one would prefer
to match to an NNLO calculation, which however is not available for this observable
yet.

5.4. Phenomenological results

We now examine the numerical effects of our approximate NNLL resummation in com-
parison to the NLL and NLO results shown in [200]. Since the NNLL effects are gen-
erally rather similar for the experimental situations considered in [200], we show only
two representative examples here. We will also make predictions for the di-hadron cross
section at RHIC, where one would expect the effects of resummation to be smaller.

Our examples from [200] concern the NA24 [201] and the CCOR [205] pp — 7x°
scattering experiments. The fixed-target experiment NA24 recorded data at a beam
energy of E, = 300 GeV, while CCOR operated at the ISR collider at /S = 62.4 GeV.
Both experiments employed the cuts p%air < 1GeV, Y| < 0.35, and | cos 0*| < 0.4. Here,
p{}air and Y are the transverse momentum and rapidity of the pion pair, respectively,
which are given in terms of the individual pion transverse momenta pr; and of An,7

in (5.4) by

pair

Dby :|PTJ-—pT2|,
1 e AN 4 e
Y=7—-In pr1 . I?T,z_A (5.92)
2 pr1 e~ + prae 20

where LO kinematics have been assumed as appropriate in the threshold regime. Fur-
thermore, cos#* is the cosine of the scattering angle in the partonic c.m.s. and is for
LO kinematics given by

pra1 pr2 .
cos @ = = ’ + : sinh(2An) . 5.93
2 (PTQ-%pTJcoﬁKQAﬁ) pTJ-%PTQCOﬁKQAﬂ)> (247) (5.98)

For details on the kinematical variables, see [200]. Thanks to our way of organizing
the threshold resummed cross section, inclusion of cuts on any of these variables is
straightforward.
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In all our calculations, we use the CTEQ6MS5 set of parton distribution functions [31],
along with its associated value of the strong coupling constant. As compared to our
results in [200], we update to the latest “de Florian-Sassot-Stratmann” (DSS) set of
fragmentation functions [119]. We note that one might object that the use of NLO
parton distribution functions and fragmentation functions is not completely justified
for obtaining NNLL resummed predictions. However, since fragmentation functions
evolved at NNLO are not yet available in any case, we have decided to stick to NLO
functions throughout. As in [200], we choose the renormalization and factorization
scales to be equal, ur = up = p, and we give them the values M and 2M, in order to
investigate the scale dependence of the results.

Figure 5.2 shows the comparison to the NA24 [201] data. As known from [200], the full
NLO cross section and the first-order expansion of the resummed expression, that is,
the last two terms in equation (5.91), agree to a remarkable degree. Their difference
actually never exceeds 1% for the kinematics relevant for NA24. We recall these results
by the dashed lines and the crosses in the figure. They provide confidence that the soft-
gluon terms constitute the dominant part of the cross section, so that their resummation
is sensible. The dot-dashed lines in the figure present the NLL results, computed by
dropping all NNLL terms and matching to NLO via equations (5.40),(5.41), as in [200].
As found there, resummation leads to a significant enhancement of the theoretical
prediction and provides a much better description of the NA24 data [201] than for the
NLO calculation. Finally, the two solid lines show our NNLL resummed results. The
key observations are that the two NNLL results for scales 2M and M are very close
together and both roughly fall within the “band” spanned by the two NLL results for
the two scales. One also notices that the NNLL curves have a slope somewhat less steep
than the NLL ones. Given the relatively large uncertainties of the data, it is fair to say
that the main effects are already taken into account at NLL. However, the precision of
the NNLL calculation, in particular the strong reduction of the scale dependence, still
provides a significant theoretical and phenomenological improvement.

In order to assess the improvement in scale dependence in a more detailed way, we show
in Fig. 5.3 results for the predicted cross section as a function of p/M (where again
UR = pur = ), using a fixed pair invariant mass M = 5.125 GeV, which corresponds to
the left-most point in Fig. 5.2. The dot-dashed line corresponds to the variation of the
NLL resummed cross section, where for {g in equation (5.47) we include only the first
term in the exponent, i.e. 2bpas In(p%/m?). This is the only term justified for a cross
section resummed to this accuracy. We note that keeping this term in the exponent
or expanding the exponential to first order (as done in [200]) makes only a modest
numerical difference. At NNLL, we include the full exponent g in equation (5.47),
keeping in mind the discussion following equation (5.49). Our result for the scale
variation of the NNLL resummed cross section is shown as a solid line in Fig. 5.3. One
observes a very strong improvement when going from NLL to NNLL, with the NNLL
resummed cross section rather flat even out to scales as large as = 10M.
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do/dMdY (pb/GeV)
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Figure 5.2.: Comparison of NLO (dashed), NLL resummed (dot-dashed) and NNLL re-
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summed (solid) calculations of the cross section for pp — 779X to the
NA24 data [201], for two different choices of the renormalization and fac-
torization scales, ugr = up = M (upper lines) and pur = pp = 2M (lower
lines). The crosses display the NLO O(«s) expansion of the resummed
cross section.



5.4. Phenomenological results
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Figure 5.3.: Comparison of the scale dependence of the NLL resummed (dot-dashed)
and the NNLL resummed (solid) cross sections for NA24 kinematics. We
choose a pion pair invariant mass of M = 5.125 GeV and show the variation
of the cross sections as a function of u/M, where ur = ur = p.
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Figure 5.4.: Same as Fig. 5.2, but for pp collisions at /S = 62.4 GeV. The data are
from CCOR [205].

Figure 5.4 shows the comparison of our results to the CCOR data [205]. The main
features of the results are very similar to those in Fig. 5.2. Again the scale dependence
is strongly reduced at NNLL. As a side remark we note that the new fragmentation
functions of [119] also help to achieve a much better description of the data than we
found in our previous study [200].

Finally, we consider di-hadron production in pp collisions at RHIC with a c.m.s. energy
of V'S = 200 GeV. For simplicity, we use the same cuts as for the NA24 experiment. In
Fig. 5.5, we show our results for an invariant mass range of M = 10 — 75 GeV. We find
that at this energy the full NLO (dashed) and the NLO expansion of the resummed
result (crosses) do not match quite as well as observed for fixed target scattering in
Fig. 5.2, although the agreement is usually at the 10% level or better. Threshold
resummation again yields a sizable enhancement over NLO, but the effects are somewhat
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Figure 5.5.: Di-hadron production at RHIC at a center-of-mass energy of VS =
200 GeV. The full NLO result (dashed) is shown in comparison to the
NLO expansion of the resummed result (crosses). The solid line shows the
NNLL resummed cross section. As before, we use the scales up = up = M
and pp = pp = 2M.

smaller than in the fixed-target regime, since at RHIC’s higher energy one is typically
further away from threshold. Also here, the NNLL-resummed result is nearly within
the NLL scale uncertainty band and shows a reduced scale dependence.

5.5. Conclusions

We have extended the threshold resummation framework for di-hadron production in
hadronic collisions, Hy Hy — h1hoX, beyond the next-to-leading logarithmic level. To
achieve this, we have determined the first-order corrections to the hard-scattering func-
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tion H and the soft function S, which both are matrices in color space. With these,
it becomes possible to resum four towers of threshold logarithms in the perturbative
series. In our numerical studies, we have found that the NNLL resummed results fall
within the scale uncertainty band of the NLL resummed calculation. They also show a
much reduced scale dependence.

There are important further applications of our work. Of particular interest are di-jet,
single-inclusive jet and single-inclusive hadron cross sections, all of which have much
phenomenological relevance at present-day collider experiments. Given the promising
results we have obtained for di-hadron production, we may expect that a similar resum-
mation at NNLL for these reactions would also improve the theoretical QCD prediction.
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Chapter 6.

Approximate NNLO Corrections
to Hadronic Jet Production

We determine dominant next-to-next-to-leading order QCD corrections to single-inclusive
jet production at the LHC and Tevatron, using the established threshold resummation
framework. In contrast to previous literature on this topic, our study incorporates all
of the following features: (1) It properly accounts for the way a jet is defined in experi-
ment and treated in available full next-to-leading order calculations, (2) It includes the
three leading classes of logarithmic terms in the perturbative expansion, and (3) It is
adapted to the full kinematics in jet transverse momentum and rapidity relevant for ex-
periments. A recent full next-to-next-to-leading order calculation in the purely gluonic
channel allows us to assess the region where our approximate corrections provide an
accurate description. We expect our results to be important on the way to precision jet
phenomenology at the LHC and as benchmark for further full next-to-next-to-leading
order calculations. This chapter is based on publication [1].

6.1. Introduction.

The production of high-transverse-momentum hadron jets plays a fundamental role at
the LHC [234] and at Tevatron [235]. Jets are produced very copiously, making them
precision probes of the physics of the Standard Model and beyond. Theoretical calcula-
tions whose precision matches that achievable in experiment are of critical importance.
The efforts made in this context have spanned more than three decades now, culmi-
nating so far with the recent calculation of the next-to-next-to-leading order (NNLO)
perturbative corrections to jet production in the “gluon-only” channel [236, 237].

As complete NNLO calculations of jet production are probably still a few years away,
it is useful to determine approximate NNLO results, at least in certain kinematical
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regimes. This is possible thanks to the fact that the perturbative series for the partonic
cross sections contains classes of logarithmic terms that often dominate. Resummation
techniques in QCD [238] allow to determine the all-order structure of these logarithmic
terms, and one therefore also obtains the logarithms present at NNLO. Knowledge
of approximate NNLO expressions is very useful, since it potentially offers an avenue
toward more precise phenomenology than available on the basis of the presently known
full next-to-leading order (NLO) corrections. It also serves as benchmark for future full
NNLO calculations.

The logarithms just mentioned arise near a threshold from which the production of
a jet becomes possible in a partonic collision. They are hence known as “threshold
logarithms”. The threshold is set by a vanishing invariant mass /s4 of the partonic
system that recoils against the observed jet. At the kth order of perturbation theory,
one finds threshold corrections to the Born cross section of the form a*[log™(2)/z]4,
with 0 < m < 2k—1, where z = s4/s with /s the center-of-mass energy of the incoming
partons. The systematic resummation of these logarithms to all orders in the strong
coupling s was derived for the case of jet production in [238], where explicit next-to-
leading logarithmic (NLL) results were given that in principle allow to resum the three
“towers” of logarithms with m = 2k — 1,2k — 2,2k — 3.

An important “subtlety” was pointed out in [238] concerning the threshold logarithms in
jet production: the structure of the logarithmic corrections depends on whether or not
the jet is assumed to be massless at partonic threshold, even at the leading-logarithmic
(LL) level. If the jet is taken to be massless at threshold, an approach for which we will
use the term “scheme (1)” in the following, leading-logarithmic corrections arise in the
resummed perturbative function describing the jet. If, on the other hand, the jet is per-
mitted to have a non-vanishing invariant mass at threshold (“scheme (2)”), the leading
logarithms cancel, leaving behind a non-leading logarithm whose coefficient depends
on jet “size” parameter R introduced by the jet algorithm. The difference between
the two schemes may be understood from the fact that fewer final states contribute in
scheme (1) than in scheme (2) [238].

Approximate NNLO corrections for jet production have been derived in [239-241],
adopting scheme (1). As one can see in the very recent study [240], the NLO terms
predicted for scheme (1) fail to match a full NLO calculation [242] even in a regime
where threshold logs are known to dominate. This becomes particularly evident from
the fact that the threshold terms for scheme (1) do not carry any dependence on the jet
parameter R, whereas the full NLO results do. These features observed in [240] are in
fact not surprising: explicit analytical NLO calculations [116, 117] have shown that jets
produced close to partonic threshold do span a range of jet masses. Indeed, for any jet
algorithm the jet produced in the perturbative calculation can evidently contain two or
more partons and hence have a non-vanishing invariant mass. This is even the case at
exact threshold z = 0, when for example only a single parton recoils against the entire
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Jet

X

Figure 6.1.: Schematic visualization of the hh — JetX cross section. The red blobs
represents the PDFs of the incoming hadrons with momenta P, and P,.
The blue blob represents the partonic hard scattering part.

jet. The maximally allowed jet mass at threshold will depend on the parameter R used
in the jet algorithm.

Thus, the assumption of massless jets at threshold that was made in previous stud-
ies [239-241] does not appear to be appropriate. Instead, the resummation ought to be
carried out within scheme (2). A resummed study in this scheme was in fact performed
in [227], where however only the rapidity-integrated cross section was considered, for
which the resummation simplifies considerably. Integration over all rapidity is not
quite adequate for comparisons with experimental data. In this chapter we present new
predictions for the NNLO threshold terms, using scheme (2) and keeping full depen-
dence on rapidity in the calculation. We will also go beyond the previous studies [239,
240] by determining all three most leading logarithmic contributions oc (log®(2)/z)+,
(log?(2)/%)4, (log(z)/z)4+ at NNLO. The last of these is new; it may be obtained by
matching the resummation framework to a full NLO calculation. For the latter we
choose that of [116, 117], which provides analytical results for the partonic cross sec-
tions. The calculation was performed assuming that the produced jet is rather narrow
(“narrow-jet approximation” (NJA)). It has been shown that this approximation is
extremely accurate even at relatively large jet sizes of R ~ 0.7.

6.2. Theoretical framework

The factorized cross section for the single-inclusive production of a jet with transverse
momentum pr and pseudorapidity n may be written as

2 12 V(1-W) 1-1=v
prdio / q / I—=
= z dv e fo(Ta, p
i~ 2 ) v (1)
da‘ab
Xxbfb(xbauf)M(v’vaT):U’TaMf7R)7 (61)
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Figure 6.2.: Differential cross section for jet production in pp-collisions at the LHC at
VS = 8 TeV, using the anti-k; algorithm with R = 0.7.

where V =1 — 2pe™/2, VW = 27e"/2, with x7 = 2p7r/+/S and the hadronic center-
of-mass energy v/S. The sum runs over all partonic collisions producing the jet; dég
denote the corresponding partonic hard-scattering cross sections and f,, f; the parton
distribution functions at momentum fractions z, = VW/v(l —2), 2, = (1 - V) /(1 —
v)(1 — z). The partonic cross sections are computed in QCD perturbation theory. As
indicated, besides depending on pr and the usual renormalization and factorization
scales fi, pf, they are functions of the partonic kinematic variables, which we have
chosen as

, z=—, (6.2)

where s = 2,255 is the partonic center-of-mass energy squared, t = (p,—pJ)?, u = (pp—
pJs)? (with p,p and py the four-momenta of the initial partons and the jet, respectively),
and s4 is the invariant mass squared of the “unobserved” partonic system recoiling
against the jet. We stress that the déd,;, also depend on the algorithm adopted to define
the jet, as indicated by the generic jet parameter R in equation (6.1). We always assume
the jet to be defined by the anti-k; algorithm [121].

The perturbative series for each of the partonic scattering cross sections may be cast
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Figure 6.3.: Left: K-factors for jet production in pp-collisions at the LHC at v/S =
8 TeV for R = 0.2,0.4,0.7, using the anti-k; algorithm. Right: Same for pp
collisions at the Tevatron at v/S = 1.96 TeV.
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into the form

sdoap  (as\2[ (0) | @s (1) as\2 () ,
dUdZ o (7‘(‘) |:wab + Wwab + ( 7.[.) wab +O(as) 3 (63)

where a5 = as(u) is the strong coupling constant, and where each of the w((l]z) is a

function of v,z and, for £ > 0, of R and pr/p (we choose from now on p, = py = ).
At lowest order we have

w(? (v,2) = d)((lg)(v)é(z), (6.4)

since the recoiling system is a single massless parton. Hence z = 0 sets a threshold for
the process to take place, since the transverse momentum of the observed jet always
needs to be balanced. At higher orders in perturbation theory, the hard scattering
functions contain logarithmic distributions in z, with increasing powers of logarithms
as the perturbative order increases. More precisely, one has near the threshold at z = 0:

1 m
ok ® o (g™ (2) , with 0 <m <2k — 1. (6.5)
s ab s z
_l’_

Here fol dzg(2)[f(2)]+ = fol dz(g(z) — g(0))f(z). As one can see, two additional powers
of the logarithm arise for every order of perturbation theory. Due to the integration
against the parton distribution functions, which are steeply falling functions of momen-
tum fraction, the threshold region z — 0 typically makes significant contributions to
the hadronic cross section. This is particularly the case when the kinematic boundary
of the hadronic reaction is approached, that is, when z7 coshn — 1.

As is well known, the large logarithmic corrections arising in the threshold region are
associated with the emission of soft or collinear gluons. It is therefore possible to
systematically determine the structure of the corrections to all orders and to resum
the “towers” of logarithms with m = 2k — 1,2k — 2,.... This may be used to derive
approximate beyond-NLO corrections for hadronic jet production, by expanding the
resummed result appropriately to the desired order [227, 239, 240]. To achieve the
all-order resummation, one considers Mellin moments in (1 — z) of the partonic cross
section:

1 A
_15d0ap
Qup(v, N) = | dz(1 — 2)N-128%a0
b(’U7 ) A Z( Z) dvdz

In moment space, the resummed hard-scattering function {2[3° can at large N be written
as [180, 238]

(6.6)

(0, N) = 3 Aa(Na) Ay(Np) JED (N, R) T8N ()
c,d

< ALY (N, 0) APE(N), (6.7)

ab—cd
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where N, = vN, N, = (1 — v)N and the sum runs over the two final-state partons ¢, d
in an underlying ab — cd subprocess. Here it is assumed that parton ¢ produces the jet
(in a way that we shall clarify below), while the recoiling parton d remains unobserved.
Each of the terms is also a function of a(p) and log(u?/s), which we have not written
explicitly. Each of the functions A, Ap, Jc(jEt), J érewﬂ) is an exponential. Ay, Ap resum
threshold logarithms arising from soft /collinear radiation off the incoming hard partons.
Their expressions are very well known and may be found in the form we need them in,
for example, [180]. Likewise, also the expression for gluon radiation off the “unobserved”
recoiling parton d is standard and may be found there. A,, Ay and Jc(lrewll) contain all

the leading logarithmic pieces o (log3(2)/2)4, (log?(z)/z)4 in wc(fb).

A crucial point of our study concerns the function ,gjet) used for the actual jet. As was
shown in [238], this function takes different forms depending on whether one assumes
the jet to become itself massless at threshold or not. These two forms differ even at
leading logarithmic level. For scheme (2) introduced earlier, we have to next-to-leading
logarithmic accuracy [238]:

. s/N? 142 C 2 2
(jet) _ dq~ 2y [ Ce b
log J; /S 7 s (¢°) ( 5y log( . >) , (6.8)

where N = Ne7® with the Euler constant 7z, and where C, denotes the color charge
of parton ¢, C; = CF for a quark and Cy = C4 for a gluon. As expected, C(‘]et) is a

function of R in this scheme.

The function A((li;iz .q(N,v) is obtained as a trace in color space over hard, soft, and
anomalous dimension matrices [238]. All details have been given in [239] and need not
be repeated here. The function contributes at NLL level and is the only function in the

resummed expression that carries explicit dependence on v.

Finally, Al® (N) in (7.10) contains the contributions from non-global logarithms.
These were shown [243, 244] to arise when an observable is sensitive to radiation in
only a part of phase space, as is the case for a jet defined by some jet “size” parameter
R. Their resummation is highly non-trivial. Non-global logarithms for jet production
first enter as a term o [log(z)/z]+ in wg,). As discussed in [245], the non-global terms
arise independently from the boundary of each individual (narrow) “observed” jet.

The appropriate second-order coefficient for our case of a single-inclusive jet cross sec-
tion may therefore be directly obtained from [243, 245], adjusting the argument of the
logarithm properly. We note that these considerations— and in fact the general structure
of our resummed cross section— apply to the anti-k; algorithm [245]. We finally also
mention that the non-global component makes a rather small contribution (a few per
cent) to our numerical NNLO results presented below. All in all, after performing the
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Mellin-inverse to z-space, the two-loop expansion of the product Al(ligi) (N, v) Agng) (N)
in equation (7.10) takes the form

(%) [0 (st + 5 (%) e (225) )

+2 T+ 5.a0) 5) )
w(2) aam (52) | (©.9)

with Céng) = —(04C.m%/3 for the coefficient of the non-global term. The coefficients

QS,L .q(v) are predicted by the resummation formalism. The coefficients Tgp—cqa(v)
may be derived by comparison to the explicit NLO results of [117] in the narrow-
jet approximation. Along with the known resummation coefficients, knowledge of the
Tab—ca(v) is sufficient for determining QC(L?)L «q(v) [200, 246]. In this way, combining

with the contributions from A, Ay, Jc(jet), Jc(lremﬂ)

x (log*(2)/2)+, (log?(2) /) +. (log(2) /2) + in Wy .

, we obtain full control over the terms

6.3. Phenomenological results and discussion.

— Figure 6.2 shows results for the differential single-inclusive jet cross section at the
LHC, at lowest order as well as for the NLO and NNLO threshold terms. Here we use
the CTEQ6.6 [cteq66] parton distribution functions and scale y = pp. The left part of
Figure 6.3 displays the corresponding “K-factors”, defined as ratios of higher-order cross
sections over the leading-order one, while the right part of the figure is for pp collisions
at Tevatron at /S = 1.96 TeV. Results are presented for various jet parameters R.
The dotted lines show the NLO results of [117] which were obtained in the NJA for
the anti-k; algorithm. We note that these agree with the NLO ones by the “FastJet”
code [242] (as shown in [240]) to better than 3%, even at R = 0.7. The dashed lines
present the results for the NLO expansion of the threshold terms. It is evident that
the latter provide a very faithful description of the full NLO results for much of the pr
ranges relevant at LHC and Tevatron. This holds true for each value of R, thanks to
the fact that the threshold logarithms carry R-dependence in our approach, in contrast
to that in [239, 240]. Finally, the solid lines display the approximate NNLO results.
These show a striking further increase of the jet cross sections as compared to NLO,
particularly so at high pr where the threshold terms are expected to dominate.

Given the large size of the NNLO corrections observed in Fig. 6.3, it is of course crucial

to verify that the predicted enhancements are realistic. Fortunately, recently a full
NNLO calculation for jet production in the “gluon-only” channel was presented [236,
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Figure 6.4.: K-factors for jet production in pp-collisions at the LHC at /S = 8 TeV in
the “gluon-only” channel. The anti-k; algorithm with R = 0.7 was used and
the NNLO parton distributions of [32]. The histograms show the results of
the recent full NNLO calculation [237] and its NLO counterpart, while the
lines display the NLO and NNLO threshold terms.
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237], corresponding to gg scattering and to setting the number of flavors Ny = 0 in the
partonic matrix elements. It is straightforward to compute our threshold terms in this
limit. The comparison is shown in Fig. 6.4. One can see that the large enhancement at
high pr predicted by the NNLO threshold terms is very nicely consistent with the full
result. Judging from the comparison, the NNLO threshold terms become accurate at
about ppr = 400 GeV for the chosen rapidity interval. Additional comparisons with the
results of [237] show that this value is representative of rapidity intervals that contain
the dominant region n ~ 0. One also finds that at very forward rapidities, n ~ 4, our
results indicate substantial NNLO K-factors of order 5 or so at pr ~ 40 GeV. This again
appears to be consistent with the results shown in [237]. In this regime, the coefficients
of the threshold logarithms become large, due to “small-z” t-channel gluon exchange
contributions. It will be important for future work to address this region in more detail
in order to derive reliable predictions for the forward jet cross section at the LHC.
Such contributions may also be responsible in part for the rise of the K-factor toward
lower pr. This rise is more pronounced for the NNLO threshold terms, implying that
subleading contributions become relevant here. Whether these are related to subleading
logarithmic terms, or to terms that vanish at partonic threshold z = 0, will need to be
studied in more detail. In order to shed light on terms of the latter type, the dashed
line in Fig. 6.4 shows the NNLO threshold result found when using a different angular
variable, v/ = 14 t/s = z 4+ v(1 — z), in equation (6.1). Clearly, v = v+ O(z). The
difference between the two NNLO threshold results indicates a typical uncertainty of
the prediction obtained from threshold resummation.
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Approximate NNLO Corrections
to Longitudinally Polarized
Hadronic Jet Production

7.1. Introduction

The production of high pr single inclusive jets in longitudinally polarized proton beams
opens various possibilities to answer interesting questions in spin physics and opens up
an unique possibility to explore the spin structure of the nucleon [247]. Since the first
successful runs of the Relativistic Heavy Ion Collider at the Brookhaven National Lab-
oratories (BNL-RHIC) many interesting experimental results [248-251] were published.
Also on the theory side significant progress has been achieved over the last decade. For
reliable QCD predictions analytical calculations up to next-to-leading-order (NLO) are
crucial and became available for different jet clustering algorithms [116, 252].

A main goal for the RHIC spin program was to access the gluon helicity distribu-
tion of the proton Ag(x). It is a fundamental quantity that characterizes the inner spin
structure of the nucleon. Its integral over all momentum fractions AG = fol dz Ag(zx)
may be interpreted as the gluon spin contribution to the proton spin. Therefore, AG
contributes to the proton helicity sum rule

5= 5 ASHAGH L+ I, (7.1)
where L, and L, are the quark and gluon orbital angular momentum contributions and
AY. the quark and antiquark spin contributions. In particular, the quark and gluon
helicity distributions are accessible in highly inelastic processes with polarized nucleons
involved. Since the late 80’s several experiments on polarized deep inelastic scattering
showed that the quark contributions to the nucleons spin is relatively little AYX ~ 0.25
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[247, 253]. Unfortunately, the sensitivity to Ag is very poor to lepton induced processes.
Therefore, it was not possible to give good estimations for the gluon polarization from
lepton hadron scattering experiments. A better probe for Ag are processes where all
initial state particles in the hard part are color charged. That results in more gluon
induced processes and therefore to a better sensitivity to their polarization. Besides
the inclusive pion production data from BNL-RHIC [254-256] jet data [250, 251] are
the important input for helicity dependent global PDF fits [133, 253, 257]. Recent
DSSV analysis [133], including the 2009 RHIC jet data [250] lead to a non vanishing
gluon polarization Ag of the nucleon. The analysis imply a polarization of gluons in
the intermediate momentum scales accessible at RHIC. So far, the NLO predictions
[116, 252] for inclusive single jet production, seem to be in good accordance with the
experimental results for the asymmetry.

To this day, pQCD calculations for high pr jet production in longitudinally polarized
pp scattering are limited to NLO. For the unpolarized process approximate NNLO
results are available [1, 239-241] and in the gluon only channel even the full NNLO
result exists [236, 237]. Recently, an unpolarized full NNLO calculation for the leading
color contribution has been published [258]. The approximate results mentioned above
rely on the fact that the QCD perturbation series contains classes of logarithms, that
dominate in certain regions of the phase space. Well known resummation techniques in
QCD allow to determine the all order structure of these logarithms. Therefore, we can
predict the dominant logarithms at threshold that arise at NNLO level. The logarithms
arise near a partonic threshold where all the available energy is inside the observed jet
and the recoiling one. In particular, the threshold is set for a vanishing invariant mass
of the recoiling unobserved partonic system s4 — 0. At kth order in perturbation series
logarithms of the form o [log™(2)/z], arise, where z = s4/s with /s the initial state
partonic center of mass energy and 0 < m < 2k — 1.

By using the resummed result to next-to-leading logarithm (NLL) it is possible to
predict logarithms with, m = 2k — 1,2k — 2,2k — 3. However, a resummed study in
unpolarized scattering is only available for the rapidity integrated cross section [227].
For rapidity dependent cross sections, the resummation formalism complicates consid-
erably. Therefore, studies that are differential in the rapidity of the observed jet are
limited to fixed order expansions. In particular, we mention [1] (and chapter (6) in
this thesis) where the observed jet produce beneath the rapidity, the correct jet size
parameter R dependency. In this chapter we will derive approximate NNLO result for
pp — jetX following closely the strategy of [1]. We determine the three leading loga-
rithmic contributions oc (log3(2)/2)+,(log?(2)/2)+, (log(z)/z)+ at NNLO and predict
the spin asymmetry. The last contribution is possible to obtain, by matching analyti-
cally to existing NLO results [252]. Our results are obtained in the so called narrow jet
approximation [116, 117], where only small jet size parameters R are considered. It has
been showed, that this approximations hold up to relatively large jet size parameters
R~ 0.7.
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7.2. Theoretical framework

The factorized cross section for high transverse momentum pp single inclusive jet pro-
duction with pseudorapidity 7 is given by

d?Ac 1 [ dott dot— ]

dprdn ~ 2 |dprdy  dprdy

1_1=Vv

2 V(1-W) T
iy / dz / v 2 fu(@ay i) THA o, pig)
pr = Jo yw

1—=z
dAG
dvdz

X

(Uvz7pT7/'{/7‘7,u’faR)7 (72)

where V =1 — zpe™"/2, VW = xre/2, with 27 = 2p7/+/S and the hadronic center-
of-mass energy v/S. The superscripts in the first equality denotes the helicities of the
colliding polarized protons and A f, ;, denotes the polarized parton distribution functions
evaluated at factorization scale sy and momentum fractions z, = VW/v(1 — 2) and
xp = (1 =V)/(1 —v)(1 — z). The sum in the second equality is over all contributing
partonic processes a + b — jet + X with their helicity dependent partonic cross section

dAGy 1 [de+t  dot-
Oab |:0' o ]’ (73)

dvdz ~ 2 |dvdz dvdz

where the superscripts refer now to the partonic helicities. The polarized partonic cross
sections are functions of the renormalization and factorization scales as well as the
transverse momentum of the jet and two kinematical variables

u S
v = , z=2 (7.4)

t+u s
where s = z,7,S is the partonic center-of-mass energy squared, t = (p, — pJs)?,

u = (pp — ps)? and sy is the invariant mass squared of the “unobserved” partonic
system recoiling against the jet. p,; and p; are the four momenta of the initial state
partons a, b or the jet respectively. We mention, as indicated in (7.2) the partonic func-
tion is also dependent on the ”jet size parameter” R, which is a measurement of the
7size” of the jet which is defined by the jet algorithm. We mention that for our study
we define the observed jet in the anti-k; algorithm [121].

The partonic hard scattering may be calculated order by order in terms of the strong
coupling a in QCD perturbation theory

sdAGqy (a2 o) , Qs
dvdz (?) [Aw“b +?Aw

a

g\ 2
0 (2) avroEd],  (19)
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Chapter 7. Approximate NNLO longitudinally polarized jet production

where Aw((llz) = Awgz)(s,v,z,pT /i, R). We choose the renormalization scale and the

factorization scale at equal values = ur = puy.

At leading order in perturbation theory the unobserved final state consists of only
one massles parton. Therefore, we have

AwD (v, 2) = A (0)8(2). (7.6)

It is important to mention, that z = 0 sets a threshold for the process to take place. The
threshold phase space area is the origin of large logarithmic enhancements in our cross
section. They arise as a finite remnant of the pole cancellation from soft or collinear
parton configurations and are the dominant contributions in the threshold region. More
precisely, the threshold terms have the following form

5 z

1 m
aﬁAwi’Z) ~ of (og(z)) , with 0 <m <2k —1, (7.7)
+
where we define the plus distribution as

1 1
/ dzg(2) ()]s = / d=(9(2) — g(O)f(2) - (7.8)
0 0

As we mention before, the origin of these logarithmic enhancements rely in soft and/or
collinear gluon emission diagrams. Resummation techniques [39, 40] predict the struc-
ture of these logarithms to all order in QCD perturbation theory. The knowledge of
"towers” of logarithms with m = 2k — 1,2k — 2,... allows us to determine the domi-
nant threshold contributions at NNLO by expanding the resummed result to order o?.
There are various studies for unpolarized scattering that follow this strategy to deter-
mine NNLO corrections [1, 227, 239, 240].

Threshold resummation is achieved by transforming the hard scattering part by the
mellin transformation in terms of the threshold variable z into its N-moments

N—-1 SdAé'ab
dvdz

1
AQup(v,N) = /0 dz(1 - 2) (7.9)

Threshold resummation in longitudinally polarized scattering, follows closely the strat-
egy for the spin averaged case [1]. This is due to the fact that soft gluon emission is
spin independent [259]. Therefore, we can write the resummed cross section as
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AQZ%S(Uv N, aS(M2)7 MZ/S) =
> Da(Na, s (), 12 /5) Do(No, (1), 17 /5) JI(N, R, e (4?), 4/ 5)
c,d

<P N, as(1), 12 /) ADG (N, 0) DI (N), (7.10)

ab—cd

where N, = vN, N = (1 — v)N and the sum runs over the two final-state partons ¢, d
in an underlying ab — cd subprocess where the observed jet is formed by parton c¢. The
functions Dy, Dy, J érewll) and J(EJEt) are exponentials well known from the spin averaged
case [1]. Ag, Ap resum threshold logarithms arising from soft/collinear radiation off the
incoming hard partons. Their expressions are very well known and may be found in the
form we need them in, for example, [180]. Likewise, also the expression for gluon radia-
tion off the “unobserved” recoiling parton d is standard and may be found there. A,, Ay
and Jc(lrecml) contain all the leading logarithmic pieces oc (log®(2)/2)+, (log(2)/2)4 in
(2

Woy -
As was pointed out in [1] it is important to assume a massive jet at partonic threshold.
For NLL accuracy we have for the observed jet

: s/N? 142 C 2 2
(jet) — 4 2y (e Pt
log J; /s = s (¢°) ( 5, log( . >) , (7.11)

where N = Ne?® with the Euler constant vz, and where C, denotes the color charge

of parton ¢, C; = CF for a quark and C; = C4 for a gluon. The assumption that the

jet is massive at threshold, is responsible for the R dependence in Jc(jet).

The function Diil,niz «q(N,v) is obtained as a trace in color space over hard, soft, and

anomalous dimension matrices [238].
in = pT/N d !
D")a(N.v) = Tr| AH(as(n?),v) Pexp { / jff*(asw),v)}

(7.12)

T

S(as(p7/N?),v) Pexp {/ dlfff(as(u’), v)}

where the helicity dependence in D((libniz (N, v) is given by the hard matrix AH (o (1?), v)

that contains all the contributions associated with momenta of the order of the hard
scale pr. At NLL the hard matrices are needed to zeroth order in QCD perturbation
theory and are given in [259]. The evolution between the hard scale of AH and the
scale of the soft matrix S(as(p3/N?),v) is given by the soft anomalous dimension ma-
trix T'(as(p')) which is obtained by vertex corrections to eikonal diagrams. Therefore,
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Chapter 7. Approximate NNLO longitudinally polarized jet production

it is spin independent like the soft matrix itself.

Finally, Agng)(N ) in (7.10) contains the contributions from non-global logarithms.
These were shown [243, 244] to arise when an observable is sensitive to radiation in
only a part of phase space, as is the case for a jet defined by some jet “size” parameter
R. Since they arise at the boundaries of our final state jet definition, these logarithms
are independent of the initial state partons spin. Their resummation is highly non-
trivial. Non-global logarithms for jet production first enter as a term o [log(z)/z]+
in Awg). As discussed in [245], the non-global terms arise independently from the
boundary of each individual (narrow) “observed” jet. The appropriate second-order
coefficient for our case of a single-inclusive jet cross section may therefore be directly
obtained from [243, 245], adjusting the argument of the logarithm properly. We note
that these considerations— and in fact the general structure of our resummed cross
section— apply to the anti-k; algorithm [245]. We finally also mention that the non-
global component makes a rather small contribution (a few percent) to our numerical
NNLO results presented below. All in all, after performing the Mellin-inverse to z-
space, the two-loop expansion of the product AS;BCd(N, v) Aﬁng)(N) in equation (7.10)
takes the form

as\2 [\ -0 1 (as\? oy (log()
(ﬂ) [Aw“b (v) (5(Z)+2<7r> Co z n
Qg 1
+? (Aﬁb%cd(v)é('@ + Agz(z%;)—wd(v) <Z> )
+
as\2 \ 5(2) log(2)

+ (%) agl), 4w) <Z i (7.13)
with Céng) = —(04C.m%/3 for the coefficient of the non-global term. The coefficients
AgﬁL .q(v) are predicted by the resummation formalism. The coefficients A7qy—cq(v)

may be derived by comparison to the explicit NLO results of [252] in the narrow-
jet approximation. Along with the known resummation coefficients, knowledge of the

2)

ATap—cd(v) is sufficient for determining AG ai ~.q(v) [200, 246]. In this way, combining

Jc(lrecoil)

with the contributions from D, D, and Jc(jet), we obtain full control over the

terms o (log3(2)/2) 4, (log*(2)/2)+, (log(2)/2)4 in Awg)).

7.3. Phenomenological results and discussion

Figure (7.1) shows results for the differential polarized single jet inclusive cross sections
at different perturbative orders. The dotted blue line is the full nlo prediction [117]
within the small cone approximation compared to the threshold predictions for NLO

(green dash dotted)- and NNLO (red dashed) lines. Here we use the DSSV-14 helicity
dependent parton distribution from [133].
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Figure 7.1.: Differential cross section for jet production in longitudinally polarized pp
collisions at RHIC with center of mass energy v/S = 200 GeV using the

K-factor

Figure 7.2.:

anti-k; algorithm with R =0.4 .

RHIC /S =200GeV, |n| < 0.5,R=0.4
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K-factors at mid rapidity |n| < 0.5 for jet production in longitudinally po-
larized pp collisions at RHIC at v/S = 200 GeV using the anti-k; algorithm

with R =04 .

Figure (7.2) displays K-factors, defined as the higher-order cross sections normal-
ized by the leading-order one at RHIC. Results are presented for various cross sections
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Chapter 7. Approximate NNLO longitudinally polarized jet production

taking different parts of the perturbative order into account. The blue dotted line shows
the full NLO result within the small cone approximation of [117]. This ”full” result sets
a benchmark for our approximate NLO results where we can verify the quality of our
calculation. First we compare the "normal” threshold expansion (green dashed dot-
ted line) with the full result. Here, "normal” means an one loop expansion of equation
(7.10). Unfortunately, the threshold expansion for polarized scattering fits much poorer
to the full result than in the unpolarized case (compare to figure (6.3)). For reliable
QCD predictions at threshold it is not sufficient taking only the NLL-threshold logs into
account. We can clearly identify terms o log(z) as an important contribution to the
NLO cross section in this area of phase space. Unlike in unpolarized scattering these
subleading terms are important at surprisingly large pr, where they should be supressed
by ~ 1/N. This behavior is supported by the fact that in some quark induced channels
the polarized partonic function has sign changes. The magenta dashed dotted line, in-
cludes besides the threshold NLO prediction, the subleading log(z) contributions. This
can be achieved by adding the terms ~ log(z) from the fixed order calculation [117], to
the one loop expansion of the resummed result. We will call this prediction threshold
NLO(2). We observe a very nice behavior of the NLO(2) calculation in a sence that we
describe fairly well the full NLO result.

The full all order description of these subleading terms is highly non-trivial and we
leave that for future research. In the present work, we achieve a proper treatment
of these terms at least at NLO level, by matching numerically our threshold NNLO
prediction (red dashed line) to the full NLO result

NNLO NNLO NLO NLO

Ado = Ado — Ado + Ado . (7.14)
match. thresh. thresh. full

We present our final polarized matched threshold NNLO result as the red solid line. It
shows a striking further increase of the jet cross sections as compared to NLO, partic-
ularly so at high py where the threshold terms are expected to dominate.

Figure (7.3) shows a comparison of the RHIC 2009 run STAR data with our cal-
culation. We show the high pr and central rapidity region where our approximate
results give credible predictions for the double spin asymmetry

A _ AdU/de
LE= "o /dpr

The denominator is calculated by using the results of [1] in conjunction with the MSTW
unpolarized parton distributions of [32], where we also adopt the strong coupling for
all our results including the polarized predictions. The matched NNLO result gives
a further reduction of the double spin asymmetry compared to NLO. The difference
between NLO and threshold NNLO increases for increasing pr. In this large pr region
the subleading log(z) contributions vanish and the asymmetry is mainly dominated
by threshold logarithms. If we compare to the high pp tail of the STAR data, it is

(7.15)
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Figure 7.3.: Arr at mid rapidity |n| < 0.5 for jet production in longitudinally polarized
pp collisions at RHIC at v/S = 200 GeV using the anti-k; algorithm with
R =0.4. The 2009 STAR data is taken from [251].

still in a very well accordance with our new NNLO prediction. We mention that in
further studies an implementation of log(z) terms at NNLO level is inevitable to get
more precise results that can be the next step in terms of accuracy in the protons spin
puzzle. The main goal of the present study is to determine a first approximation of the
next order. An interesting result is that in the very high pr region where our results
should match very closely to the full result, the contribution to the asymmetry from
NNLO seems of the order of NLO and even above. Therefore, data at larger pr would
be very interesting to compare with our results. In this threshold region NNLO or
a proper all order treatment of the threshold logarithms seems to be unavoidable for
reliable pQCD predictions. We mention that there is an other contribution that can
effect this phase space area we have not include so far. An inclusion of the resummation
of logarithms getting large with small R give rise to an additional maybe important
contribution [260].

7.4. Conclusions

We have presented approximate higher order predictions for single-inclusive jet produc-
tion in polarized hadronic scattering. Our results are a first step towards new accuracies
in spin physics. We showed that formal subleading terms give significant contributions
to the NLO cross section, even at relatively large pr. By matching to the full NLO
result, we can determine the general behavior and effects of the NNLO correction at
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large py.

In future studies, we are going to investigate the all order treatment of terms of the type
log(z) and how they can be determined at NNLO accuracy. As we have shown, these
formally subleading terms give relevant contributions to the spin dependent analysis.
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Appendix A.

NLO Coefficients for (N — hx

Here we present the NLO coefficients defined in equations (2.23), (2.24), (2.25) for the
different channels:

q — ¢ channel:

1+ v? s(1—w
AL = T ((3+2ln(v))ln< ( 2 >> +1In%(v) — 8) :
1+ 02
q—q _
Al —8w(1_v)27
1—v(1—w)+ %1 —w(l —w))
q—q _
By 7 =4w (1=
B = 2w X

(1-v)%2(1—v(1—w))
[(1 —20(1 — w) + v*(1 — 2w + 20?)) x
(2—2v(1 —w) +v*(1 —w)?) }

1+ v?

BT =4 :
3 w(l —v)?

(A1)

1
9 _
(1—0)2(1—ovw)(1—v(1 —w)) [
+02(2 + 9w — 10w? + w?) — 20°(1 — w + w? — 4w?)
+otw(2 — 2w — Tw? + 8w?)

cl = w — 2v(1 + 4w)

179



Appendix A. NLO Coefficients for IN — hzx

—205w?(1 — 3w + dw? — 2w3)},

2(1 + v2(1 + 2w?))

9= _
G2 = (1—v)2 ’
o —2vw(3 — 2v(1 — w) + v*(1 — 2w + 2w?))
3 (1 —v)2 ’
Ccil = ! [2—w—2v(1+2w)
4 (1—0)%(1 —ovw)(1 —v(1 —w))
+02(2 + 5w — 6w? + w?) — 203(1 — w + w? — 20°)
+otw(2 — 2w — 3w? + 4w?)
—205w?(1 — 3w + 4w? — 2w3)},
Ccil = ! [2—w—2v(2 —w)
5 (1-v)2(1—ovw)(1—ov(1—w))

+02(4 — w — 2w 4+ w?) — 203 + viw(2 — w?)
—20°w?(1 — 2w + 2w? — w3)} .

q — g channel:

2vw(1 + (1 — w)?)

! (1—-v)2(1—v(l —w))?
x(1— 20(1 —w) + *(1 — 20(1 —w)),
099 — vw(6 — dvw + 21)2(1 —2w(l —w)))
2 N (]_ _ 7})2 )
q—g9 __ vw B
C3 7= (1—v)2(1 —vw)2(l —v(l — w))? 3—2v(3+w)
+0?(6 + 4w — w?) — 20*(3 — 3w + 5w? — 2w?)
+0t(3 — 4w + 5w? — 2u?)
—2U5w(2 — 6w+ 9w? — Twd + 2w4)
R |
=g _ VW 5 -
04 (1 — U)2(1 — U’U))2<1 _ ,U(l o 'U}))Q |: 'U(5 3’(1])

+02(16 — 3w — 11w?) — v3(10 + 15w — 27w? + 2w?)
+0t(2 4 17w — 23w? 4+ Tw® — 3uw?)

—v’w(5 — 5w — w? + 3w — 2w?)
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+205(1 — w)?w?(1 — w + w?)].

g — q channel:

9—q _
Cl -

9—q _
Cz -

9—q _
3 " =

2(1 + v(dvw? — 2w(l +v) +v))
GEmE ’

1
(1-v)2(1—ow)?
—2vw(3 — 2w + 2w?)
+02(2 — 4w + 11w? — 2w + 2w?)

2(1 — w + w?)

—4vtw(1 — 2w + 3w?) + 3vtw? (1 — 2w + 2w?)|,

1
1+ 4w — 6w?
(1= 0)2(1 —pwy2 || T 4w~ bw

—20(1 + 3w + w? — 6w®)+
v?(1 + 9w + 4w? — 8w — 6w?)
—v3w(3 + 9w — 4w? — 6w?)

+otw?(1 4 4w — 4w?)|.

(A.3)

(A.4)
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NLO Coefficients for

Longitudinally Polarized IN — hX

Here we present the NLO coefficients defined in equations (3.11), (3.13), (3.14) for the

different channels:

q — q channel:

Aqge = LY ((3—1—2111(1}))111 (S(l _ “)> +In2(v) — 8) ,

1—w 0
AAT :8w1 — (1 —2w)
1—-w
1
ABI™ = 4o+
1-v
1—-—v(1-2
ABI — gt =01 =20
1-v
1—-v(1-2
ABIT — g — V(L= 20)
1-v
1
ACT = 2—w+ovw(9—w)

(1-v)(1 -1 —-w))
—02(2 4 2w — 3w?) — 203w (1 — 3w + 2w2)] ,

2(1+wv)

a—q _

ACT = T

ACEH —2vw(1 — v(1 — 2w))
3 - ;

1—w
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202w(1 — w)(1 —v(1 — 2w))

A = T =)
q—q __ 1
ACT —(1_0)(1_0(1_w))[2—w+vw(5—w)
“02(2 = 2w + w?) — 20%w(1 — 3w + 2w2)] :
q — g channel:
g—g _ 20w(l —o(1 —2w))(1 + v*(1 — w)?)
ACTT = A-od_vl-w)?
ACT — —21}10(11—}—1)5}1 - 2w))7
A = i G e L 2
+02(1 — 2w — 3w?) — v3(1 — Tw? + 4w?)
+20tw(2 — Tw + Tw? — 2uw®)
— 205w (1 — w)2(1 — 2w)],
ACHY = A w21 — ol —w))? 21
+02(4 — 13w 4 12w?) — v3(2 — 14w + 13w?)
—vtw(3 — 4w + 3w? — 2w3) + VS w?(1 - w)z]. (B.2)

g — q channel:
—2(1 + v(1 — 2w))
1—w ’
-1
ACITT — [2—2 20(1 — dw + 2w?
s A= 01— ow)? w + 2v( w + 2w?)

—v2w(4 — 11w + 2w?) + 3v3w?(1 — 2w)] ,

ACI™T =
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1
ACITT = 2(1 — 20(2 — 2w?
Cy A= o)1 = vw)? (1 —w) +2v(2 — bw + 2w?)

—v?w(7 — 12w + 2w?) + V3w (7 — 8w)} . (B.3)

R-dependent coefficients for jet production:

i - 13 2
Al = (Z’ + 21n(v)> In (7)(12”)31%2) F2In?() - 2 4 3

W 2
Ajlet = 4w,
. 3(1 —
B‘iet = 2w In <wv (12 U)SR2> )
W
jet vw
L g
1+v(l—w) w(l —w)?3(1 —v)s
1 1]. B.4
[1—v<1—w> “< 2 )+ B4

The explicit form of the coefficient A%et depends on the jet algorithm. The coefficient
AF" in (B.4) is given for an anti-kr algorithm [117).
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Appendix C.

3-Particle Phase Space for Single
Inclusive Kinematics

We adapt the notation from [261] for the 2 — 3 process
p1+p2—=p3+patk (C.1)

where p; is the momentum of the observed particle. The three particle phase space is
given by

(P = [ s | s | G e 8 i + 2 = =i = b

x(p3) 6(pi) 0(k?) (C.2)

We decompose the phase space integral in two Lorentz invariant parts

1
(PS)s = / Wd@ d"ps d"pay, 5(P§)5(P?1k — 82)0"(p1 + p2 — P3 — Dak)
xd"k d"py (k)6 (p2)0™ (par — pa — k) . (C.3)

The advantage of the decomposition above relies in the fact that we can evaluate the
first and the second line independently in any frame. We start with the second line.

/dnk d"ps 6(k*)5(p3)0" (par — pa — k)
_ / &k 5(K2)8((par — k)?)

= /dEk A%k "2k L6(Bf — K — kD)6 ((pak — K)?) (C.4)
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where in the first line we use the momentum conservation delta function and in the
second line we decompose the unobserved momentum k into its longitudinal and per-
pendicular components. The simple structure of the delta function 6((ps — k)?) is the
reason why we decompose the phase space like in equation (C.3). Therefore, in equa-
tion (C.3) we are free to choose the rest frame of k and ps. Then, the delta function is

independent of the angles 6; and 6s.

We can further decompose
-5
2

A3k, = dk? ()T dQ,_s .

We can integrate over df2,,_3 in a trivial way by using

7.[.71/2
dQn = N
/ I'(3)

then equation (C.4) can be written as

/dEk Phy A" kL 6(ER — ki — K2)0((par — )?)

= /dEk &k 6((par — k)?) (BE — Kﬁ)(%

By using
k)| = Ej(cos t)1,sin 01 cos 6),
we can rewrite

kﬁ = E2(1 —sin? 0, sin? 6y) ,

d2/{7|| = E]% sin 91 sin 92 d01 d@z s

inserting in equation (C.7) we end up with
[ o 50258 (. —

(n—3)/2 1 2

™ Dyy, (n—3)

= — | dFE 1) —F. | E
F(ng) / k2«/82 <21/52 k) k

X /d01d92 sin™ 3 0y sin™ 4 6,

e 1 (s

(n—3)
= df;dfs sin™ 3 0y sin™ % 0
F(nT_g) 255 \ 2 ?2) / 1402 1 2
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We now evaluate the firts line of (B.2)

| &

2

e ds2 d"p3 d"pay S(p3)S(p3y — 52)6™(p1 + P2 — p3 — Dar)

ovsmie | ds2 d"ps 8(p3)d((p1 +p2 — ps)® — s2)

™)
1
)

27T) 2Ep1
1

d
i | ds2dpsy dp3 | Ao (3 )V —— G(s+t+u—s))

= e |
( 15 45/ S9 4" ps O(s+t+u—s9)
= e |

2,

1 g2/ 2 2 \(n—4)2 1
(277)5 e (2 oy dsz dps | dp3 | (p3) Fpl d(s+t+u—s9) (C.11)

We can write p3 || and p3 | as

g

t—u

P3| = N ( 1+ v+ vw)
t
pg’L:?u:s(l—v)fuw
t+u /s
Ep3:—2\/§ :7(1—04—1}@0) (C.12)

o 2
We find the Jacobian % = E,,vs. Then we have for the first line in equation
(B.2)

1
/(27T)5_45d32 d"ps d"pak 0(p3)0(piy, — $2)6™ (1 + P2 — P3 — Pak)

1 g(m=2)/2 sv
= _ _ (TL*4)/2 _ o
(@n)5— D(552) / dsg dw dv 5 (s(1 —v)vw) d(sv(l —w) —s2). (C.13)

Merge line one and line two from equation (C.3) we get

1 gn=2)/2
@) T(552)
xd(sv(1l —w) — s2)

(n=3)/2 1 N (n—3)
T 2 ion—3 sn—4
F(ngg) NG < 2 > /d91d02 sin" 7?61 sin"" " 0y

S A7 % —e, —2¢€
= m <S> /d'U d’U) ’l}((l—?))(l—w)w) v
X / do1dby sin! % 01 sin~%¢ 0o (C.14>

(PS)s = / dse dw dv %(3(1 — v)ow)N/2

This result is in agreement with the results given in [115, 261].
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Appendix D.

Angular Integration

For single inclusive phase space integration we have the angular integral (see Appendix

C)
/ df;df sin? =% 6, sin™ 2 G, M (D.1)

where 61 and 65 are the angles between the two unobserved final states and M the
partonic matrix element which depends on these angles. We label the momenta of the
partonic process in n = 4 — 2¢ dimensions as

p1+p2 — ki + ko + k3, (D.2)

where k1 is the observed particle. The 2 — 3 Mandelstam variables read

ti=(p1 —ki)?,
u; = (p2 — kz‘)2 )
Sij = (k‘l + kj) ,2
s=(p1+p2)°. (D.3)

We work in the rest frame of the two unobserved particles. Thus we have,

ko = kg(l, <ery SIN 61 cOs B2, cos 01)
ks = k3(1,...., — sin @) cos B, — cos 0;) (D.4)

with k9 = k§ = Y22 Since we already chose which momenta defines the rest frame we
are still free to chose which momentum defines the z-axis. Therefore, three choices are

useful where either pq, ps or k7 is in the direction of the z-axis.
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Appendix D. Angular Integration

Set 1: p; in z-direction

D1 :p?(lvoa“'aov 1)
= pg(l,O, eoey —sin )" cos ")
k= k%(1,0, ..., — sinv, cos )

that leads to the following Mandelstam variables

S19 = 8(1)2<1 + sin ¢ sin 61 cos Oy — cos 1) cos 61)
513 = s05(1 — sin v sin B1 cos By + cos 1 cos 0;)
ty = t9(1 — cosb)
t3 =t3(1 + cosb)

Uy = ug(l + sin " sin 01 cos §o — cos )" cos 61)

U3 = ug(l — sin )" sin 01 cos O + cos " cos b)) .

Set 2: ps in z-direction

p1=pY(1,0, ...,sin7)”, cos ")
D2 :pg(laoaaoal)
ki = k)(1,0, ...,sin ¢/, cos ¥))

that leads to the following Mandelstam variables

S19 = 3(1)2(1 — sin )’ sin 0y cos Oy — cos v’ cos O,

)

S13 = 5(1)3(1 + sin v’ sin 01 cos 03 + cos v’ cos 07)

ty = t9(1 — sin1)” sin 6 cos By — cos1)” cos by)

t3 = tg(l + sin " sin 0 cos 03 + cos " cos 07)
uy = ud(1 — cosb)

us = ug(l -+ cos (91) .

Set 3: ki in z-direction

p1 :p(f(l,O, .y Sin Y, cos 1)
P = pg(l, 0,...,—sint’, cos 1))
ki = kY(1,0,...,0,1)
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that leads to the following Mandelstam variables

512 = s05(1 — cos 6y)

513 = 895(1 + cos 0y)
ty = tg(l — sin 1 sin 0 cos @y — cos 1 cos 61)
t3 = tg(l + sin ) sin 61 cos O2 + cos 1) cos 6)

Uy = ug(l + sin ¢’ sin 61 cos O — cos Y’ cos 61)

uz = u3(1 — sin ¢y’ sin 0y cos O + cos Yy’ cos 07) . (D.10)
We used
s(1 —v+ovw) sv s(1 —vw)
shy=sls= =, th=t=-—, up=ug=- . (D1
2 2 2
and
2(1 —v)(1 —w)
prg 1 —
cosy 1—v+ow
20%w(1 —
cosw' =1- vw( w)
(1 —vw)(1 —v+ovw)
2(1 —
cosy =1 — 21 =) (D.12)
1 —ovw

More details and derivation can be found in [131, 261, 262]. It turns out that by using
relations among Mandelstam variables, that M can be simplified in a such way that
each term contains at highest two Mandelstam variables which are dependent on the
angles 01 and 65. Therefore, we can choose one of the sets introduced in this appendix
for each of these terms and we always end up with an angular integral of the form
s s
sin!—%¢ 01 sin—%¢ 02

Q= | do dé 4 .
J / 1/ 2 (1 — cos1)*(1 — cos By cos x — sin by cos b sin x)7
0 0

(D.13)

where  is one of the anngles ¢, ¢ and ¢”. This integral has a general result [112, 131,
261]

(1 —2e)

Qi = 2m s o)
J 7TF(l—e)Q

27" B(1—¢—i,1—¢—j) 2Fi(i,4,1 — ¢, cos? %) . (D.14)

Note (2;; is symmetric under the interchange of 7 and j and B is the beta function and
o F1 is the hypergeometric function.
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Appendix E.

New Integral for Twist-3
Calculation

Using the notation given in appendix C ”group 2” in [112], we need one additional
integral given by:

7(3,1
17(1:4)—25

™

" a3(A+ B)

1 A+B
—= 41
(e (i a) e

_(A+B)*(A+5B) +2(A+B )(A+ 11B)C? 4 16C*
4(A+ B)4

<B2(A +B)?— (A-5B)(A+ B)C—2 + 3C4>

195






Appendix F.

The Normalization of the Soft
Function

The soft matrix Sp; in the resumed cross section in moment space, equation (7.10),
is computed as described in Ref. [177, 178]. Its all-orders form is most conveniently
exhibited in moment space, as the ratio of the moments of a fully eikonal cross section
&Zl}_w‘i and four factorized jets, two to absorb the factorizing collinear singularities of

the incoming parton lines, and two to absorb the collinear singularities of outgoing lines:

<Sabﬁcd (as(m/N)’ An) )LI

&%bIACd (Nlﬂﬁﬂ An’ Qs (MR)7 E) (F 1)
Hi:a,b jl(rlz) (Nﬂlma as(pr), 5) Hj:qd jéi)t (NA/LRa as(KR), 5)

As described in Refs. [40, 177, 178], these “in” and “out” jets, jin, and jous, respectively
are defined to match the collinear singularities and radiation phase space in the partonic
threshold limit.

The explicit calculation of (Sup—cq)rr at one loop as given here is equivalent to the
procedure described in Sec. 5.3.3. The functions on the right of (F.1), as defined in
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detail below, are normalized and expanded according to

. m 0 as(UR) ab—sed (1
oA (g At ) = (S + L g

~( m Qs ~(i
]1(n) ( ,Oés(/,LR), 5) =1+ (MR) ]i(nJ) + O(as(”R)z) )
KR ™

N
~ m QS(MR) ~(J,1
Jc%)t (NM%’O‘S(“R)"S) =1+ Tjgn) + O(as(ur)?), (F.2)

where S(©) is the tree-level soft matrix, defined as in equation (5.52). The first-order
expansion of the soft matrix is thus,

1 ~ab—cd (1 0 1,1) ,
(St(zb)—md)LI :ULI_> W - (Sng)—md) LI Z l(n + Z JC()th . (F.3)
i=a,b Jj=c,d

At any loop order, the collinear singularities of the eikonal cross section 67 match
those of properly-defined incoming and outgoing jet functions. At one loop, this will
result in a finite soft function by simple cancellation in equation (F.3), as seen in Sec.
5.3.3. That is, division by the regularized jet functions plays the role of the collinear
factorization of the soft function. It also provides finite, factorizing corrections to
the soft function, which depend on the definitions of the jets functions. Here we use
jet functions defined directly from the eikonal resummations of Drell-Yan and double
inclusive cross sections [188]. The choices, defined below, match collinear singularities of
the eikonal cross section, and have the advantage of being Lorentz and gauge invariant.
They differ from those made in Refs. [40, 177, 178] by finite terms, but the collinear
structure is identical. When restricted to the amplitude level, this is the same formalism
that was implemented in Refs. [222-225, 231].

To make the connection to the calculation of the soft function in chapter 5 explicit, we
recall that eikonal diagrams are generated by path-ordered exponentials with constant
velocities 3, which we represent as

A2
) (Ao, \i32) = Pexp (—z‘g / dn B-AD (5 + x)) , (F.4)
A1

where superscript f represents the color representation of the parton to which this
“Wilson line” corresponds. In terms of these path-ordered exponentials, we define
products corresponding to scattering, pair annihilation and pair creation. For the case
of 2 — 2 scattering, the ends of two incoming and two outgoing Wilson lines are coupled
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locally by a constant color tensor Cj,
ab—cd d c
w7 (@) gy = D @) (00, 052)j,4, B (00, 05)j.
{a}
ab—cd a b
X <C§ - ))idi i <I>(ﬁa)(0,—oo;m)ia7ja<l>g)(0, —00;%)iyj, - (F.5)

b

For pair annihilation, two lines in conjugate representations that come from the infinite
past are joined by a color singlet tensor, that is, a simple Kronecker delta,

wi (@) gy = 3 (8);,5, (0, —0032)i, 5, @5 (0, —00; 2)i, o (F.6)
{3}

and similarly for pair creation, using color-conjugate lines that emerge from a point,
and extend into the infinite future,

" (@) ) = D B (00,03)i,ja Dl (09, 0:2)i, 0 (6,5, - (F.7)
{2}

In terms of these operators, the eikonal cross section is defined by

R m
O-%bl—wd (l\]—luRv Ana Qg (MR)» 5)

1 0
— / dr 7_Nfl /dy ei‘rﬁlyo
0 2T

<oy O (w1 (00.0), ) 7 (" 00)) 0

1
= / dr N1 Z 5(Tﬁ1—pg)

0
¢
x Try (0T (w(Lab%d)T (0){]}) 1§ €IT (w%b%d) (0){]}) 0),
(F.8)

where T represents time ordering, T anti-time ordering, and pg is the energy of state
|€). The in jet is defined in terms of its square in moment space as

@ Nﬂ,as(,m),g R S S — ) (F.9)
HR

0 £
x Triy 0T (w1 (0) ) 16 €T (w§™(0) ) 10)
N 2
With this choice, ( ]1(;: )> is exactly the eikonal Drell-Yan cross section. It was computed

to two loops in Ref. [263]. The out jet is defined by the same integrals but with the
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pair of incoming Wilson lines of the operator wg(x) replaced by the outgoing pair in
wo(x), corresponding to double inclusive annihilation [211]:

. 2 1
~c) [ ™M _ / N1 . 0
— Qs ,E = dr g o(tm —
<«]0ut < Npur (IU’R) >> 0 - ( pf)

x Trggy (01T (061 (0)53 ) 16 (€I (057 (0)51) 10
(F.10)

It is easy to confirm explicitly in Ref. [263] that the calculation of this quantity depends
only on the inner products 5, - Bz so that the full two-loop calculation and renormal-
ization of this operator is the same for outgoing as for incoming eikonal jets.

The resummation of logarithms of IV in this cross section leads precisely to the functions
In AY in equation (5.25), which summarize factoring NNLL dependence on the moment
variable N, as confirmed recently in Ref. [264]. We note, however, that in the NNLL
exponentiation as implemented into the expression for the functions AZN in equation
(5.20), the Drell-Yan soft function is treated as an overall prefactor evaluated at the
hard scale 7, rather than at m/N. Logarithms at NNLL that are associated with this
shift are already incorporated into the exponent by use of the relation [264]

S(as(/N)) = Slas(m))exp [— I d“alns(“(””] Rty

m/N H O

To match logarithms associated with these factors consistently we include in our def-
inition of AN in equation (5.20) an extra factor of R; = 1 — (30z5/47r)AZ(-1)C(2), equa-
tion (5.24), to account for our definitions of the in- and out-jet functions in terms of
Drell-Yan and double inclusive cross sections. The combined factors for all four jet
functions match the 72 contribution in (5.87), which in turn arises from the explicit 72
terms in the integrals dl;;/d7 in (5.83).
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