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Abstract

The ultimate goal of the field of particle physics is to find a theory that
fully describes nature. The Standard Model (SM) comes closest to achieve
this goal. It successfully describes many phenomena, but it fails to explain
everything. A lot of resources are spent to expand the SM to a more com-
plete theory. Therefore, the predictions of the SM must be known with very
high precision in order to detect its limitations. Experiments with particle
accelerators have proven to be promising in the past to detect new physics,
such as the latest discovery of the Higgs boson. In the near future, a new
particle accelerator, the Electron-Ion Collider (EIC), will be built, requiring
theoretical high-precision predictions.

This work presents a new event generator for deep inelastic scattering,
the main process at the EIC. With this new tool, events can be generated at
next-to leading order in quantum chromodynamics and matched to parton
showers. It is an extension to the POWHEG BOX framework, and hence uses the
positive weight hardest emission generator (POWHEG) method. Initially,
the POWHEG BOX framework was designed for hadron-hadron collisions. The
different kinematics of lepton-hadron collisions require substantial changes
to the existing implementations present in the POWHEG BOX. Specifically, the
momentum mappings in the implementation of the Frixione, Kunszt and
Signer (FKS) subtraction mechanism are reworked.

Theory predictions, obtained from the new event generator, are presented
and compared to data collected at Hadron-Elektron-Ring-Anlage (HERA).
Additionally, a phenomenological study for the experimental setup of the
future EIC is shown.

The developed event generator provides a starting point for future studies
of other processes observable at the EIC that share similar kinematic features.






Kurzzusammenfassung

Ziel der Teilchenphysik ist es, ein Modell theoretisch zu formulieren und
experimentell zu bestétigen, das die Natur erfolgreich beschreibt. Das Stan-
dardmodell kommt diesem Ziel bisher am néchsten. Es ist in der Lage,
viele Phédnomene mit grofler Genauigkeit zu beschreiben, ldsst aber noch
einige Beobachtungen unerklért. Es wird intensiv daran gearbeitet, das Stan-
dardmodell zu erweitern. Dazu muss unteranderem die Prézision theoretis-
cher Vorhersagen immer weiter verbessert werden. Nur dann kénnen Ab-
weichungen zu Experimenten bestimmt werden, um Raum fiir neue Physik
zu finden. Experimente an groflen Teilchenbeschleunigern haben sich als
effektive Methode erwiesen, um neue physikalische Effekte nachzuweisen.
So wurde das Higgs-Teilchen am Large Hadron Collider entdeckt. In na-
her Zukunft wird ein neuer Teilchenbeschleuniger, der Electron-lon-Collider
(EIC), gebaut werden. Dieser erméoglicht eine genauere Bestimmung von ex-
perimentell GroSSen als es zuvor moglich war. Im Gegenzug wird es von der
theoretischen Seite erforderlich sein, die Unsicherheiten im gleichen MaSSe
ZUu verringern.

Diese Arbeit prasentiert einen neuen Ereigninsgenerator fiir die tiefin-
elastische Streuung, welche der Hauptprozess des neuen EIC sein wird. Mit
diesem neuen Werkzeug konnen Streuereignisse bis zur néchst-fithrenden
Ordnung (NLO) in der Quantenchromodynamik (QCD) erzeugt werden und
an einen Parton Shower weitergegeben werden. Dieser Generator wurde als
Erweiterung des POWHEG BOX Frameworks entwickelt und benutzt folglich die
POWHEG Methode. Die Kinematik von Lepton-Hadron-Kollisionen un-
terscheidet sich grundlegend von Hadron-Hadron-Kollisionen. Dies macht
tiefgehende Modifikationen an der Implementation der bestehenden
POWHEG BOX erforderlich. Betroffen sind insbesondere die Abbildungen der
Impulse im Rahmen des Frixione, Kunszt und Signer (FKS) Subtraktionsver-
fahren.

Die theoretische Vorhersagen, die mit Hilfe des prasentierten Ereignisgen-
erators erzeugt wurden, werden mit experimentellen Daten verglichen, welche
an der Hadron-Elektron-Ring-Anlage (HERA) gesammelt wurden. Dariiber
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hinaus wird eine phanomenologische Studie zu dem kiinftigen EIC gezeigt.

Der entwickelte Ereignisgenerator bietet einen Ausgangspunkt fiir kiinf-
tige Studien fiir andere Prozesse am EIC, die eine dhnliche Kinematik be-
sitzen.
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Chapter 1

Introduction

Humanity has been investigating nature for centuries. One central question
has always been: what are the things we see around us made of? The field of
particle physics aims to answer not only that question but also what forces
exist between the particles that make up our world.

The first discovered elementary particle was the electron in the late 19th
century by Joseph John Thomson. His discovery was preceded by decades of
cathode rays experiments by other physicists, such as Julius Pliicker, William
Crookes or Arthur Schuster. Nowadays, the picture of elementary particles is
much more refined and experiments are getting more involved and also more
accurate.

The current world view of particle physics is condensed in the Standard
Model (SM). It describes all known elementary particles and their interac-
tions aside from gravity. The last missing particle, the Higgs boson, was
detected 2012 [2,3] at the Large Hadron Collider (LHC) after being pro-
posed nearly 50 years before [4-9]. Despite its great success, there are still
open questions the SM cannot answer. Some of these questions concern the
nature of dark matter in the universe or the matter-antimatter asymmetry.
This means there has to be physics beyond the SM.

To find this new physics, the accuracy of experimental data and theory
predictions is being improved to find small derivations from the SM expec-
tation or constraints that can be imposed on new models. While low energy
physics has been explored for centuries, a lot of effort is nowadays put into
the search at high energy scales. Collider experiments are a promising way
to investigate high energy reactions in a very controlled environment.

The Hadron-Elektron-Ring-Anlage (HERA) is an electron-proton collider
built at the Deutsches Elektronen-Synchrotron (DESY). During its opera-
tion, electrons (or positrons) with an energy of 27.5 GeV collided with pro-
tons with energies of up to 920 GeV. The main process happening during this
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14 CHAPTER 1. INTRODUCTION

collision is deep inelastic scattering (DIS) where the electron (or positron)
scatters off of the constituents of the proton, while the energy transfer be-
tween the scattering particles is much greater than the proton mass. As the
first high energy ep collider, HERA cemented the understanding of the inner
structure of protons. Data gathered at the detectors H1 and ZEUS led to
an accurate determination of parton distribution functions (PDFs) [10-13].
More over, a wide range of quantum chromodynamics (QCD) studies [14-24]
resulted from HERA. Although HERA was ultimately shut down in 2007,
the collected data is still used in global fits of PDFs [25-28].

Due to technical limitations from roughly 16 years ago, the amount of data
collected at HERA cannot compete with the up to date LHC. This is about
to change with the future Electron-Ion Collider (EIC) whose construction
has been approved in June 2021 by the U.S. Department of Energy’. The
construction is planned to start in 2024 at Brookhaven National Laboratory
(BNL). At the EIC, electrons with an energy range of 5 to 18 GeV will collide
with a variety of ion, especially protons in the energy range of 41 to 275 GeV.
This leads to a smaller center-of-mass energy compared to HERA, but a peak
luminosity of 103%*cm~2s~! with a center-of-mass energy of 105 GeV is aimed
at which would be almost three orders of magnitudes larger than the peak
luminosity at HERA after the luminosity upgrade [29-32].

The expected increase in experimental accuracy for the DIS process has to
be met from the theory side. Since the shutdown of HERA, the calculation
of perturbative corrections has been improved considerably [33,34]. The
DIS process has been calculated fully differentially at next-to-next-to-next-
to leading order (N3LO) order in QCD [35,36]. However, Monte-Carlo event
generators have mostly been developed focusing on hadron-hadron collision to
suit the needs of physics at the LHC. These generators offer the possibility to
match a fixed order calculation to a parton shower, e.g. using the POWHEG [37,
38] or MCONLO [39] approach. General purpose event generators, such as
Herwig7 [40,41], Sherpa2 [42,43], and Pythia8 [44,45], have been adapted
to address ep colliders. But there is no dedicated event generator available
to interface next-to leading order (NLO) calculations with a parton shower
for DIS. This thesis presents a modification to the POWHEG BOX framework
that represents a dedicated event generator for DIS. The obtained results
can be interfaced to a generic parton shower.

This thesis is structured as follows: Chapter 2 shows the theoretical ba-
sics that are needed for any NLO calculation in the framework of quantum
field theory (QFT) and how to match this calculation to a parton shower.

Thttps://www.energy.gov/science/articles/electron-ion-collider-achieves-critical-
decision-1-approval



15

In chapter 3, the specific modifications to the POWHEG BOX are discussed to
accommodate the specifics of DIS. Chapter 4 presents phenomenological
studies for HERA and the EIC. In chapter 5 the summary and outlook of
this work are displayed.
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Chapter 2

Theoretical preliminary

2.1 Quantum field theory

High energy physics is modeled using QFT. QFT combines classical field
theory, special relativity and quantum mechanics. QFTs can be build upon
fundamental postulates [46-49] and their essence is summarized in the fol-
lowing paragraphs. The goal is to show what the key ingredients of QFT
are, and which properties they must have.

Firstly, the states of a system are represented by vectors of a Hilbert space
with a positive definite metric. Fields ®(z) are defined as linear operators
acting on the Hilbert space of states. Poincaré symmetry is one of the most
fundamental symmetries in nature and is imposed on QFTs by requiring a
unitary representation U(A,a) of the Poincaré group on the Hilbert space.
The field operators @, (x) shall transform under this Poincaré transformation
as U(A, a)®u(2)UT(A,a) = M(A™),?®s(Az + a). Thereby, M(A),” is a
representation of the Lorentz group that acts on the the field operators ®,,.

The infinitesimal generator of the translation operator U(1,a) is called
the momentum operator P*, where the component PP is also called Hamil-
tonian. It is postulated that the eigenvalues of the Hamiltonian P° shall be
non-negative. Further, the Hamiltonian shall have an unique ground state
|2) which is invariant under any Poincaré transformation. This ground state
is often referred to as vacuum state. Additionally, the existence of 1-particle
states |A,p, s) is postulated. A denotes the particle type, p its momentum
and s the spin. These states shall form an eigenspace to the operator P? and
are an irreducible representation of the Poincaré group. This means each
state of particle type A can be reached by a Poincaré transformation of any
other state with particle type A. Also, an 1-particle state of the particle
A does not have any properties other than momentum and spin. Next, it is
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18 CHAPTER 2. THEORETICAL PRELIMINARY

imposed that all states of the Hilbert space can be created by the application
of the field operators ®(z).

Another important feature of special relativity is the result that nothing
can travel faster than the speed of light. This means that two events at a
space-like distance cannot impact each other. In the context of QFT, this
feature is realized by requiring [®,(z), Us(y)]+ = 0,V(z — y)* < 0 for any
field operators ®,(x) and Ws(y). Here [-, ]+ is meant to be the anticom-
mutator [-,-]4, or often {-,-}, if both fields ®,(z) and Wz(y) are fermionic,
and the commutator [-,-]_ otherwise. The anticommutator has to be chosen
for fermions in order to guarantee a Hamiltonian with eigenvalues that are
bounded from below. Since all reasonable observables should consist of an
even number of fermionic operators, causality is still conserved.

One common approach to create a QFT is canonical quantization. The
starting point of the canonical quantization is the Lorentz invariant La-
grangian density, usually referred to as just Lagrangian, £ of a classical field
theory. The occurring classical field functions ¢; are promoted to field opera-

tors ¢; and are required to fulfill the canonical (anti-)commutation relations
[Pi(x,1), 7;(y, )5 = ih6®) (x — y)d;;, with m; = ng_.
In the whole work it is assumed that the Lorentz invariant Lagrangian £

can be split into two parts

L= LO + Linta (21>
with
1 -4 a8 . A
Lo=) - 0aTa o5 (2:2)
Lim = Y —ZBU-ngh ol (2.3)

where Fi’f is a linear, differential operator acting on gb?i. The index A; labels
the different types of fields that can occur in the theory. ¢7 is a modified
adjoint of ¢ and is defined as ¢ := (qb}“)*aji, such that ¢*¢# transforms as
a scalar under Lorentz transformation. & is chosen to be k; = 2 if ¢ = ¢
s; is a conventional symmetry factor equal to the number of permutation one
can apply to the product ¢3! - - - ¢2i» without changing B-engat ... ¢an. g,
is called a coupling constant.

For free field theories, i.e. theories with Ly = 0, canonical quantization
can be done with the creation and annihilation operators af(p) and a%(p).
These operators create or annihilate single particles of type A with momen-
tum p and spin s and fulfill the (anti-)commutation relation

(a5 (p), afl (p)] = (2m)*2p°6®) (p — )06 a, (2.4)
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where p° = /p? + m?2. From these operators one can construct the field
operators

qbz_,A( ) / 27‘(‘ 32p0 Z _Zp$7
0= [ s St .

where u$(p)e™?* and v{(p)e®? with p° > 0 are linear independent solutions
to the classical equations of motion. The combination of

o = oa+ 0 (2.6)

together with ¢:* will then fulfill the canonical and causal commutation re-
lation. In an example case of a fermion with the Lagrangian

L =9(id —m)y, (2.7)

one would have the free field

Yul) = /% o 2 (00 + o) @9

that annihilates the fermion and creates the anti-fermion. Here, the Dirac
adjoint is

00 =01 = [ i 2 (OGN + a7 e )

(2.9)

If the classical field ¢, is real, then v = (u2)* and A = A. Thereby,
particles of type A and A are antiparticles to each other, i.e. they have the
same mass and opposite charges with respect to a conserved charge that is
created by a symmetry other than Poincaré symmetry of the theory.

In order to describe interactions, one common approach is perturbation
theory, where the interaction picture proves to be a useful tool. It allows to
use the field operators of the free theory and put the interaction terms of the
Lagrangian into the time evolution operator that acts on the states.

One of the most important experiments in high energy physics are particle
collisions. Therefore, the cross section ¢ is an important observable that can

be measured in actual experiments. The cross section is defined as
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E
NN,
E .. .number observed events,

A, (2.10)

N, ...number of target particles,
N, ...number of beam particles,

A ... overlapping area of beam and target.

The cross section is tied to the transition amplitude Sy; = oui (f|7);,, where
out{f| is the final state of the event with the particles being so far away from
each other that no interaction is felt between the final state particles to allow
the use of the free field operators. |i), is the initial state of the particles
colliding prepared at a large distance analogous to the out state to justify
the use of the free field theory to describe their behavior before the scattering
takes place. Sy; is called the scattering matrix element or S-matrix element
of the scattering process i — f. Often, an additional transition matrix 7T’
is defined by S = 1 + 7. This splits the S-matrix into the part 1 which
means that the scattering particles do not interact and miss each other, and
into the physically more interesting part ¢7". The transition matrix contains
the information about the interactions taking place. The extra prefactor i is
convention. The T matrix is split further into

T = (2r)*6W (Zpi - pr>/\/l, (2.11)
i f

where the sum over 7 runs over all initial state particles and f over final state
particles. The delta distribution guarantees the 4-momentum conservation
while the newly defined matrix M carries the physical information of the
dynamics of the transitions.

Now, the cross section ¢ is connected to the amplitude M by

My;|?
o’f<—7,:/dq)n | J;‘ 55’
4\/(191]72) —mims;

(2.12)

where p;, ps are the 4-momenta of the two incoming particles and p? = m?.
The phase space measure d®,, is

n n Bk
4 7
do,, = 5( ) (pl + p2 — E ]CZ> | | (271_)3]{:07 (213)
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and n is the number of final state particles with momentum k; and
k) = /K2 + m?.

In order to compute a cross section, one needs to calculate the matrix
element My;. A prescribtion to calculate such matrix elements is given by
the Lehmann-Symansik-Zimmermann (LSZ) reduction formula [48]. It states

out((B7 k7)‘)1 s (87 k? )‘>n’(Aapa 3)1 s (Aapv S)m>in =

1 (VZaz ) H )

=1 j=

xc;zg adpatsqpm PL Pty k) (2.14)

Thereby Gamp is the amputated Green’s function, or n 4+ m-point function,
in momentum space. The Heisenberg fields @ﬁ; are the fields that, become
the free fields ¢37 in the limit ¢ — +o0. The free fields contain the creation
operator afjj(pi) creating a free particle of type A;, while the fields CIDBBll
contain the annihilation operator of particle type B in their free particle
limit. The polarization vectors u (p;), @ (kj) appear in the respective free
field limit of their associated conjugated Heisenberg field together with the
annihilation or creation operator of their associated type.
The amputated Green’s function is defined as

G(n) <I>A1 pAn (pl: cee Jpn)

amp, an

~ -1 .

-1
—_ | ~® _ L Aa@ _ (n)
= {Gégll (1, pl)} [Gq)gg (P pn)] Gyt g (P1 - Pn).
(2.15)
G'™ together with (2r)*0® (Z:’il Di— Dy kj> is the Fourier transform
of the Green’s function, or n-point function

G(n) (

1. .pAn

d4p1 e d4pn n ;ST s
/WG;ZI on (p1, -+ - pn)(2m) "0 ZP ¢! =P (2.16)

whereas the n-point function is the vacuum expectation value of the time
ordered product of the field operators

" ottty (T n) = (Q T (@2 (1) - - DA () |€2) . (2.17)
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These n-point functions can be calculated perturbatively. For that pur-
pose, the Heisenberg fields @i? are expressed in the interaction picture in
order to use the free field operators ®Zi. One assumes that in the limit of
t — £oo the vacuum of the full interacting theory |2) becomes the vacuum
of the free theory |0)

Ut — —00) [Q) = A_|0),
QIUT(t = 00) = Ay (0] (2.18)

Then, n-point functions can be calculated using the Gell-Mann and Low
theorem [50]

QT (P4 (1) - - P () 1) =
O] T (¢ (m1) - - - par () expdi [ d*yLine(y) }) |0)
(0] Texp{i [ d*yLine(y)} 0) '

The exponential of the interaction action can be expanded. The resulting
series will be a polynomial in the coupling constants that occur in L. If
the coupling constants are small, one can evaluate all the terms of the series
up to a certain order in the coupling constants.

The free vacuum expectation values of the free fields can be calculated
using Wick’s theorem [51]. The idea of Wick’s theorem is that a vacuum
expectation value of free field operators can only be non-zero, if a creation
operator is right of an annihilation operator of the same particle. Hence,
the vacuum expectation value can be calculated by moving all creation op-
erators to the left such that they act to the left on the vacuum and yield
0. This ordering is called normal order. Wick’s Theorem states that each
product of commutators can be written as sum of normal ordered products
of operators and all full contractions of matching pairs of operators. These
full contractions reduce to a c-number. Then, the vacuum expectation value
of the normal ordered products of operag)rs gives zero and only the fully

(2.19)

contracted terms survive. A contraction AB of operators A and B is defined
as

fUB = AB—:AB:, (2.20)

where : AB : is the normal order product of A and B. The field operators
in the Gell-Mann and Low theorem contain both creation and annihilation
operators. Each operator qbﬁg (x,) has a matching partner in q?)ﬁg (x,) which
contains the appropriate creation and annihilation operator. In case of her-
mitian fields, they are the same. Then, the contraction of a matching pair
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becomes

= Goa(®)05 () )
= (ZS;A(I)QEB,A(?J)_ G n()05 4(y)
+ sz,g(x)ﬁgg,g(y)_ 5¢:7A(x)¢§g7g(y)3 . (2.21)

Note that in the last line either ¢ , (), 4(y) or ¢+ (7))o o T () is already

normal ordered. If ¢7(x) is defined as in Eq. (2.6) then latter is in normal
order. If ¢/(x) is the conjugate version of Eq. (2.6) the former is normal
ordered. For now, assume ¢7(x) is defined like in Eq. (2.6), then

O (2)05 (y) = b a()d5 4 () — b 4 (2)P54(Y)
= ¢aA( )@35 (y) F QEE,A(y)Cb;A(x) = [QS;,A(:E)aQE,E,A(y)]:F
=AY (z —y). (2.22)

If the particle of type A is a fermion then an additional minus sign in the
second line is picked up and yields the anticommutator in the end. The
analogous calculation gives

O3 ()6 () = 35 4(0), 67 4(0)
= AU (@ —y). (2.23)

Of particular interest is the time-ordered product, which is
T A (A
T(02@)08 ) = A — ) F ALs(@ —y) = iDL — ). (224)

D%A;/B(x — y) is called the Feynman propagator. The Feynman propagator
turns out to be the Green’s function of the differential operator I',g that

defines the free Lagrangian E(()A) associated the the field of particle A and its
antiparticle A

FO‘B‘D%,BV( ) = 5(4) (Z)6a77
1_
with £ = E(pgraﬁqbg. (2.25)

The symmetry factor k takes the value k = 2 for ¢ = ¢4 and k =
otherwise. The Feynman propagator is often written as Fourier transform

dq —igz (A
D) = [ i D). (2.26)
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Now, remember in order to calculate cross sections one has to evaluate the
Fourier transform of Green’s functions. This can be done with the Gell-Mann
and Low theorem. Therefore, the numerator and denominator of Eq. (2.19)
have to be evaluated by finding all possible full contractions. Each contrac-
tion gives the Feynman propagator Dp. The exponential can be expanded
term by term. Performing the space time integrals coming from expanding
the exponential one finds momentum conservation for the momenta that are
associated with the propagators that connect to the fields at the space-point
that was integrated over. This allows to formulate Feynman rules to visualize
and calculate these vacuum expectation values [52]. Since the Green’s func-
tions in momentum space occur in the LSZ formula, it is useful to formulate
the Feynman rules also in momentum space.

In order to calculate éggll...w (P1y. -y Dn):

1. Draw external points for each field @é}.

2. In O(ﬁk

mt) draw £ inner points called vertices:

(a) Each vertex corresponds to a term in Ly = ), £ ot with
L = =B T, @6

(b) For the sake of the next step, a vertex counts as multiple points,
one for each (Pa. in Emt

3. Connect all points such that a point stemming from ®4 is connected
to a point stemming from a ®4. Now, each vertex must have a number
of outgoing lines equal to the number of field in the corresponding Lmt
term.

4. If it is impossible to connect all pomts the contribution considered is

zero. One has to choose different Emt terms or increase the order k.

5. Label all lines connected to an external point with the incoming mo-
mentum p; that is the associated momentum with the field ®57. They
are called them propagators.

6. Label all other lines with a directed momentum k;, where 7 is a different
index for each inner line. They are called inner propagators.

The resulting diagram can be translated into a mathematical term. Each line
represents a contraction and yields the Feynman propagator in momentum
space D%’?;B(q), where A specifies the particle type of the line. Hence, the
lines are also called propagators. The momentum ¢ is the directed momen-
tum flowing from the point associated with the ®4 to the point from @?.
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The indices a and 8 will either be contracted with a factor stemming from
the vertex to which they are connected or left uncontracted if the propagator
is connected to an external point. Each vertex yields the factor —ig,B;" "
where ¢ is the index of £mt that created the vertex. The field operators in ﬁmt
are contracted, and the factor 1/s; is assumed to cancel due to the multiple
permutations of the fields that lead to the same contractions. For the case
the factor 1/s; is not canceled, an additional symmetry factor 1/m is applied.
The inverse symmetry factor m is equal to the number of all possible ways to
connect the inner points and get the same Feynman diagram. This usually
happens for diagrams with closed loop that identical particle propagators in
the loop. The factor 1/k! coming from the expansion of the exponential can-

cels with the k! permutations of the ,Cl(nt terms. Next, one has to integrate
over all momenta of inner propagators [ []d*k;. Each vertex yields a delta
distribution (27)%6™ (3" ¢;) stemming from the space-time integral over £ in
the exponential. Thereby, ¢; are the momenta flowing into the vertex. If a
momentum is drawn with the direction going away from the vertex a minus
sign must be added for that momentum. These delta distribution ensure
momentum conservation at every vertex. After carrying out all integrals
over d*k; until no k; remains in a delta distribution, only delta distributions
containing external momenta p; remain. The number of remaining delta dis-
tributions is equal to the number of connected subdiagrams in the Feynman
diagram. The delta distributions are (27)*5(>", p;), where the p; in the sum
are the momenta of the external legs of the connected subdiagram.

This procedure has to be done for every possible way to connect the k
vertices for every selection of k Emt terms, in all orders of k. In practice,
one cannot evaluate an infinite amount of Feynman diagrams, therefore one
can sort the Feynman diagrams by their orders in g; and stop the evaluation
after a selected order of g;.

With the use of Feynman rules, the Gell-Mann and Low theorem
Eq. (2.19) can be evaluated in the momentum space. The denominator has
the structure of

(O|Texp{i/d4y£int(y)} 0) =1+ v, (2.27)

where V' is the set of all diagrams without any external points, i.e. vacuum
diagrams. Meanwhile, the nominator is

(o7 (cbéi(xl) - G (Tn) exp{z’ / d4y£mt<y>}) = ct) 0. (2.28)

ceC ’UEV
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Here, C' is the set of all the diagrams where every internal vertex is con-
nected to at least one external point and V is the set containing all the other
diagrams. Hence, all diagrams in V are not connected Feynman diagrams
and can be written as product of connected Feynman diagrams. In partic-
ular the diagrams in V contain vacuum diagrams as a disconnected part.
Consequently, one can write

Yo € ‘73!6{} S O, vy €V 10 = cpu;. (229)

Now, the sum of the diagrams can be reordered

o7 (6o otz endi [t }) o
= Z ¢+ Zf/

ceC eV
= Z c+ Z CyU%
ceC eV
= Z Ccy + Z CiUs
czeC vV
=Y <1 + ) vﬁ>. (2.30)
cz;eC v €V

In the end, one obtains

(QT(B2 (1) - DL (20)) |92)
(O] T(¢21 (1) - - - ¢ () exp{i [ d*yLins(y)}) |0)
(0] T exp{i [ d*yLint(y)} |0)
z%ec Co (1 + Zvﬁev Uﬁ)
L4 ey v

=> (2.31)

ceC

Hence, in order to calculate a Green’s function one only needs to calculate
all the Feynman diagrams without vacuum diagrams as subdiagrams.

For the LSZ theorem, only the amputated Green’s function is needed.
Diagrammatically, one can understand the amputated Green’s function as
all the Feynman diagrams, where all the external legs are cut off. On can
find that Feynman diagrams, in which two external points are connected to
each other but not to any other external points, yield 0 in the context of
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the S-matrix element. Furthermore, for processes with two particles in the
initial state, the only possible non-connected Feynman diagrams, excluding
the vacuum diagram and diagrams where the initial and final state particles
are not connected, are the diagrams in which both initial states decay into
the final state particles independently from one another. If these decays
are not possible for any reason, like it is the case for processes considered
in this work, then only connected Feynman diagrams can contribute to the
S-matrix elements. If all diagrams are connected, then each of them has
only one connected subdiagram, namely the diagram itself. This leads to
only one remaining delta distribution (27)*6® (3" p; — > pys) in the Fourier
transformed Green’s function, which can be factored out

~(nt+m) _
Gamp,‘iéll---éégégll...@gn’f (pl’ w0 Pm _kl’ T _kn) o
45(4) o _ _
@m)* IO pi— ) kf)Mamp@gll._,w%Bf”_q)gg (D1 s —k1s oo —kn).
(2.32)
Then, the matrix element M. ;, needed for the cross section, is
Si —Aj
Myci =TT (VZauz ) T (24,55 (k)
i= j=1
x M $A1..5AnpB1 .. .pBm (pl,...,pm7—k1,...7—k’n). (233)
amp,Paq " Pan Pgy P,

In other words, the amplitude M. ; is the sum of all amputated and con-
nected Feynman diagrams multiplied with a polarization factor for every
external field and the square root of the residue of the two point function of
each field.

2.2 Standard Model

2.2.1 Gauge theory

The concept of gauge theories was first discussed by Weyl in Ref. [53]. Here,
it is shown for the simplest theory that describes relativistic fields, the Dirac
Lagrangian [54]

['Dirac = @(za - m)lb (234)

The Dirac slash is used ¢ = 7*a, as well as the bar notation v = iyl
Thereby, v* are referred to as gamma matrices and their defining property
is fulfilling the Clifford algebra

{2} = A =29 (2.35)
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By looking at the Lagrangian Lpi..., one can quickly see that it is invariant
under the transformation

Y — Unh = e, (2.36)

if # is a constant real number. One can promote this global transformation
to a local one by modifying 6 to a function 6(z) and observe the impact of
the transformation on the Lagrangian

EDirac — IZUT (2(3 - m) Uw
= Y(iUTPU — m)yp = (i) — (90) — m)¢. (2.37)

One can alter the Lagrangian to make it invariant under this transformation.
In order to do this, one has to include a new term that transforms such
that the extra term —i(#0)1 is canceled. Or equivilantly, replace J —
D=47d+ ZQA such that I) transforms as ) — UIPU'. Thereby, A* is a
newly introduced field. The transformation properties of A* can be seen by
evaluating

UpUt = e (@ + iQA)e™
= —i(P9) +iQA. (2.38)

Then, A* has to transform as

Ar s An — Lo
Q@
= AP + Oy (2.39)

In the last line y is defined as y = —6/Q. This transformation is the same as
the gauge transformation for the electromagnetic vector field in the Maxwell
theory. Hence, this transformation will also be called gauge transformation
from now on. Now, one can write down the modified Dirac Lagrangian

£Dirac, mod. — @Z_)(Zlb - m)¢,
DF = 9" 4 iQA*. (2.40)

So far, the newly defined field A" does not contain any physical degrees
of freedom, because there are no kinetic terms in the Lagrangian. The goal
is to interpret A* as the electromagnetic vector potential. Consequently, the
kinetic term of the Maxwell Lagrangian is a natural choice, since it is Lorentz
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invariant and also invariant under the gauge transformation. This leads to
the Lagrangian for electrodynamics

1 _
£ED = _ZF/WF;W + w@w - TTL)Q/},

D! = 0" 4 ieQA",
1
F" = —[D",D"] = oM A” — 9" A*. (2.41)
1eQ)
Here, Q = eQ is rescaled to the elementary charge e to match common
notation.

So far, no quantization has taken place. Everything was classical field
theory. Now, one can try to quantize Lgp using canonical quantization. One
would find that it is impossible. The gauge freedom prevents quantization.
By looking at the momentum conjugate 7 of A° one finds

0 __ aLED

m =——=0. (2.42)
0Ay
In canonical quantization it is required that
[A%(x, 1), 7°(y, )]+ = ihd® (x — y), (2.43)

which is impossible if 7° = 0. In order to solve this problem, one can intro-
duce a gauge fixing term in the Lagrangian Lqrp = Lgp + Lax [55]. This
term has to break gauge symmetry and represents choosing a gauge. One
common choice is [56]

1
2%
In this gauge fixing term, the freedom of choosing the gauge it embodied by
the gauge parameter £. Every physical observable has to be independent of
¢. Therefore, one can choose a value of ¢ arbitrarily. A common choice is the
Feynman gauge £ = 1. In the Feynman gauge the propagator of the photon
is particularly compact.

All gauge transformations U form the group of one dimensional uni-
tary matrices U(1). One can generalize the above procedure to other gauge
groups. Especially interesting are the special unitary groups of rank n, SU(n).
These are complex n X n matrices with determinant 1. In general, two dif-
ferent gauge transformations Uy, Uy € SU(n) do not commute. Those gauge
theories are therefore referred to as non-Abelian gauge theories or Yang-Mills
theories [57]. Since matrices U € SU(n) are unitary, one can write them as

U = exp{—i0,T"}, (2.45)

Ly (0"A,)2. (2.44)
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where T% are n? — 1 traceless, hermitian matrices and 6, are real functions
0 = 0(x). T are called the generators of the Lie group. They define the Lie
algebra

[T, T = if™.T*, (2.46)
and are conventionally normed to

(5ab
tr [T°T°] = —. 2.47
7] - 2 (2.47)
feb. are the totally antisymmetric structure constants. Every set of operators
t* that fulfills Eq. (2.46) is a representation of the gauge transformation. In

particle physics, three representations are especially important. Firstly, the

fundamental representation tf, , := T that generates the transformation
from Eq. (2.45). Next, there is the trivial representation ¢, := 0, which

obviously fulfills Eq. (2.46). Lastly, the adjoint representation (t;dj)
—1f%. defines the transformation of gauge bosons.

One can repeat the same process for this new gauge transformation. Now,
the field ¢ has n components v); in the space the gauge transformation takes
place

bc:

£Dirac, mod2 — QZ(ZlD - m)¢7
UDFUT = U(0" + igAM)UT
= O +iT(0",) + igU A*UT.

1
— A* — UAPUT + =T%(0"0,). (2.48)
g

The last line shows that A* cannot be a scalar in the space of the SU(n)
matrices, but it rather is a matrix (A*);7 acting on the vector ¢;. In fact,
A can be understood as the connection field that transports 1;(x) parallel
to an infinitesimal adjacent space-time point ¢;(z + dz). One can expand
A* by the generators T and define

(AM) =2 AT (2.49)

This means one gets one gauge field for each generator 1.

Now, only the kinetic terms of the gauge fields A# are missing for the
Lagrangian. To this end,a field strength tensor A*” is defined in the same
manner as in the Abelian case

A= Lipn p) = arar — v Ar 4 ig[ar, A (2.50)
ig
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Since D* was constructed to transform as D* —s UD*UT, A" has the same
gauge transformation law A" — UA*UT. Due to the cyclic property of
the trace, the expression

tr[AM A, (2.51)

is locally gauge invariant. The field strength tensor can be expanded in the
same way as the gauge field

(A™)7 = AB(T). (2.52)

Then, one can write

pvo

tr[AM Ay ] = AP Ay, tr [TOTY] = %AQWA“ (2.53)

where the normalization of the generators T® was used. The field strength
tensor can be rewritten as

AP = O AY — 0¥ AM + ig[AF) AY)
=AY — WA +ig AL AY [T, T
= OMAY — OV AF — gAFAY f0 T,
= AW = QHAY — 9" A — g AL AY £ (2.54)

This allows to formulate a Yang-Mills Lagrangian that is gauge invariant,

1 _
Lyy = —ZAWAS + (i) — m)y,

1
DM = 0" + igT" A",
AP = QHAY — 9V Al — g Al AV £be (2.55)

One major feature of this theory that is absent in the Abelian gauge theory is
the self-interaction of the gauge fields A%. Due to the fact that [A*, AY] # 0,
one gets cubic and quartic terms in A* in the Lagrangian.

In order to quantize the Lagrangian in Eq. (2.55), a gauge fixing term
has to be added. However, this is not possible in the same straight forward

manner as in the Abelian case. The procedure uses a trick reported first by
Faddeev and Popov in Ref. [56]

2.2.2 Lagrangian of the Standard Model

In the second half of the 20th century the Standard Model of particle physics
was developed [4-6,9,57-60]. This section gives a brief overview of its content.
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Table 2.1: Particles of the Standard Model together and their respective
representation under the gauge transformations.

Particle Field operator SU(3). SU(2)L U(l)y
G+ a
Higgs doublet ® = <U+H+ic> T =0 T80 =5 ® Yo =10
G
U a a
Quark doublet QL = PLQL = (di) TSQL = %QL T;ﬁQL = %QL YQL = éQL
Up-type-singlet ur = Prug Téup = )éiuR Tour =0 Yug = %uR
Down-type-singlet dr = Prdg T¢dg = %dR Tidr =0 Ydr = —%dR
Lepton doublet LL = PLLL = (ZL) TSQLL =0 Tg,LL = %GLL YLL = 7%LL
L
Electron-singlet er = Preg Té¢er =0 Tier =0 Yer = —1ler

The Standard Model is a gauge theory with a U(1)y x SU(2), x SU(3).
gauge group. The gauge symmetry of U(1)y x SU(2)y, is spontaneously bro-
ken to a U(1)g gauge symmetry by a scalar doublet field ®. The matter
content and their representations under the various gauge transformations
can be seen in Table 2.1. In the Standard Model, fermion spinors are seper-
ated into their two irreducible representations of the Lorentz group, a right-
handed and left-handed chirality spinor, 1) = ¢ + 1)g. Projection operators
are defined as P := (1 —~°)/2 and Pr := (1 +7°)/2, with v° = i70192~3,
that fulfill the properties

P} =Py,
PRPL:07

PJQ{:PR7
¢L=PL¢7

Pp+ P =1,

Yr = Pri). (2.56)

The Lagrangian is

‘CSM - »Cmatter + »Cgauge + EYukawa + EH—potential + ‘Cgauge fix T £ghost7
‘Cmatter == (DMCI))TDM(I) + QLZwQL + ’ELRiqu
+ dpilDdg + LilpLy, + égilpeg,

1 v Ya 1 VII/a 1 v
£gauge = _ZGZ GNV - ZWC& WMV — ZBM Bwj,
EYukawa - _ye-Z/L(I)eR - deL(I)dR - yui)QLuR + h.C.,
2
‘CH-potential == _M2(I)T(I) - A((bT(I)) y (257)
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with

DV = 0" +ig, T°G" + igw Ty, W* + igyY BY,

1
G = —[0" +ig,G*, 8" +ig,G"],

19s
1
W = [0 + gy W*, & + igw W],
tgw
B" = - [0" +igyY B*, 0" +igyY B"]. (2.58)
gyY

The explicit forms of Lgauge fix and Lghost are not relevant in this work, they in-
troduce non-physical ghost fields that interact with non-Abelian gauge fields
and the massive Higgs field. They can be reviewed in Refs. [61-65]

Thereby, the generators 7%, Ty, and the so called hyper charge Y can
be understood as operators acting on the various field operators. The pa-
rameter ;% in the Higgs boson potential is set to be pu? < 0. This leads
to spontaneous symmetry breaking of the U(1)y x SU(2), symmetry. The
classical minimum of the Higgs potential is at |<I>mm|2 = —’5—» The idea is
to study small excitations around this minimum ® = & ;, + Peycitation, With
Doreitation containing the field operators and the physical degrees of freedom.
The electric charge operator () can be defined as

Q=T°+Y. (2.59)

Motivated by observation, the electric charge is forced to be conserved
and shall generate the U(1)g symmetry. This fixes @i,

1 0 !
Q(I)min - <0 O) (I)min =0

0
2

Therefore, one parametrizes the Higgs boson field as shown in table 2.1 by
defining the new parameter

2
V? = —“7 > 0. (2.61)

Due to the non-vanishing vacuum expectation value (vev) of the Higgs
boson, the term (D“(I))TDMQD contains bilinear terms in the gauge bosons W#
and B¥. By appropriate redefinitions, one can diagonalize these terms and
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obtain proper mass terms. These redefinitions are

1
W = E(W{L T Wi,

AH cosf sin@\ ( B*
(Z“) o (— sin 6 cos@) (W;) (2.62)

The new defined gauge boson A* represents the photon and thus the gauge
boson the the electromagnetic force. It shall not interact with the neutrino
v. By plugging the redefinitions into the covariant derivative D* and inves-
tigating the action of D* on the lepton doublet L, the condition

gy . gy
tanf = — & sinf) = ———
gw V¥ + gy
ensures no interaction between a photon and a neutrino. Further, the electron
shall have the electric charge —e, i.e. the interaction term between the photon
A* and electron ey, shall be —ieA*ey. This is achieved by identifying

N

(2.63)

The covariant derivative becomes

DV = 0" 4 ieQA" + i—— (T? — Qsin2 ) 2"
sin 6 cos 8
4% (T" +iTH W + (T* — i)W . (2.65)

V2sin @

The last piece missing to complete the Standard Model are the three
fermion generations that have been observed. In order to account for this,
all fermion operators get an additional generation index I € 1,2,3, e.g. ek.
A priori, all Yukawa couplings y now become matrices in the generation space

‘CYukawa = _yeIJf/iq)e}JZ - yleQi(I)dé - yuIJ(i)Qiu}]% + h.c.. (266)

By appropriate redefinitions of the mass eigenstate fields ey, eg, vr, ur, ug, dy,
and dgr, y. and y, can be transformed into diagonal matrices of positive
entries, without changing any other term in the Lagrangian. However, this is
not possible at the same time for y4. Consequently, the mass eigenstate fields
of the down-type quarks are not the same as the interaction eigenstate fields.
By diagonalizing the 4, the replacement d — V!/d; takes place everywhere
in the Lagrangian. The matrix V?/ is called Cabibbo-Kobayashi-Maskawa
(CKM) matrix. The CKM matrix is unitary, therefore it cancels in every
term of the form of ~ dd and it can only occur in interaction terms that
involve an up-type quark together with a down-type quark.
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2.2.3 Feynman rules of the Standard Model

From the Lagrangian of the previous section one can derive Feynman rules.
The following rules are used to calculate the amplitudes of the deep inelestic
scattering process.

f
A+ = —iQe"
/
!
" 1'6 " f . 9
4 - _2sin000807 (IBPL_2Qfsm 6)
/
f_u,d,z/,e
1€
WH = — kP,
V2 sin 97 L
fd,u,e,u
k .
E— _Zg v
Wte W — I
k2 — M3, + ic
k )
_ —ig
AL g — I
k% — M2 + i
k .
— - —1Guv

2.2.4 Calculation method in the Standard Model

One important feature of any non-Abelian gauge theory, as QCD, is the in-
creasing gauge coupling for low energy scales. Physically this means, forces
between strongly interacting particles increase with longer distances. Hence,
perturbation theory is not applicable for describing long distance or equiv-
alently low energy effects. Consequently, strongly interacting elementary
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particles cannot exist as isolated single particles. They clump up to form
hadrons. This breaks assumptions that were put in the formalism discussed
thus far. However, inside of these compound particle states, where distances
become very short, the strong interaction becomes weak and the quarks form-
ing the hadron can be considered free.

The general strategy to deal with strongly interacting particles in initial
and final state is to split the scattering process in different time steps [66].
The first time step describes the incoming scattering hadrons before they in-
teract with each other. Therefore, they are described as a bundle of partons,
where each parton carries a fraction x of the hadron momentum P. To this
end, PDFs f(z) are defined for each parton. At leading order (LO) they
describe the probability density of finding the parton with momentum frac-
tion z in the hadron. These PDF's can not be calculated within perturbation
theory and are determined by experimental data.

The next step, the actual collision takes place. If the incoming scatter-
ing particles have a large energy, this collision takes place in a very short
time frame, such that it can be described perturbatively. Thereby, cross sec-
tions ¢,(z) for each parton ¢ with momentum fraction z are calculated and
convoluted with the PDFs f,(x) to yield the total hadronic cross section o

=3 / Az f,(x)6,(x). (2.68)

After the hard collision, final state particles can radiate more particles
with increasing time scale. Parton shower algorithms are used to describe
this behavior until the time scale of this radiation is too large to justify per-
turbation theory. The last step is hadronization in which strongly interacting
final state elementary particles form bound states.

2.3 Next-to-leading order calculation

In order to evaluate Green’s functions, one has to expand the exponential in
Eq. (2.19) in all orders. In practice this is impossible. Therefore, one stops
the series at a particular order in the coupling constants. The lowest order in
the coupling constants that contributes to the process at hand is called the
LO. For simple processes, the LO consists only of Feynman diagrams that do
not contain any closed loops. These Feynman diagrams are referred to as tree-
level diagrams. The next terms in higher order of the coupling constants are
called NLO contributions. These diagrams contain closed loops, leading to
momenta that are not constrained by momentum conservation, and therefore
have to be integrated over. They are called n-loop diagrams, with n being the
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number of unconstrained momenta that need to be integrated. Physically,
loop diagrams contain the quantum effects of the theory, while tree-level
diagrams represent the classical effects, which are possible to obtain without
QFT.

The calculation of 1-loop diagrams is conceptually solved if the process
is not too complicated. By applying the Feynman rules of the theory, one
will find divergent loop diagrams. The divergences are classified as a infrared
(IR) or ultraviolet (UV) divergence. A divergence is called a UV divergence
if it originates from the loop momentum k — 4oco. All other divergences are
infrared divergences. This section will only focus on UV divergences.

2.3.1 Dimensional regularization

Divergences in QFTs can be be brought under control via regularization.
The most popular regularization is the dimensional regularization [67]. In
dimensional regularization, the space-time dimension D is continued into the
complex place C. Thereby, time is assigned to the Oth dimension and the
remaining D — 1 dimensions describe the space. A detailed description can
be found in Ref. [68].

The main feature of dimensional regularization is the use of D dimensional
integrals. They are defined to have the properties:

« Linearity:
/de:(afl(k) + fo(k)) = a/defl(k) +/de:f2(k:). (2.69)
« Translation invariance:
/def(k +p) = /def(k). (2.70)
« Scaling:

/def(sk;) = sD/def(k), Vs € C. (2.71)

e If D € N and the integral is convergent, then the dimensional integral
coincides with the usual integral.

By doing this continuation, the mass dimension [£] of the Lagrangian is
altered. The Lagrangian is an energy density and, therefore, has units of
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energy raised to the power of the number of dimensions [£] = [E]P. Param-
eters in the Lagrangian, like the coupling constants g;, have their dimension
altered such that the overall dimension is correct. The part carrying the al-
tered dimension of parameters is factored out by g — p®g, with [u] = [E] and
a being chosen such that the term in the Lagrangian, in which g appears, has
the correct dimension. In practice, all loop momentum integrals are replaced

/847’;4 _>u4—D/%. (2.72)

This leaves the dimension of the integral invariant. The newly defined pa-
rameter p is called renormalization scale.
1-loop integrals of the form

wp [ dPk 1
a /(27T)DD1(k)-~-Dn(k:)’ (273)

where D,,(k) is the nominator of the Feynman propagator, can be reduced
to a master integral

ap [ APk (—1)"(n—1)!
L= p /(%)D et (2.74)

This can be done by a technique called Feynman parametrization [69].
Thereby, n — 1 Feynman parameter integrals [ dz; are introduced. These
newly introduced integrals have to be carried out later, which can be a diffi-
cult task on its own, depending on the number of parameters the loop integral
depends on.

In Eq. (2.74), Q% is a quantity that does not depend on %k but depends
in general on the Feynman parameters and carries a mass dimension. This
master integral can be calculated analytically using a Wick rotation [70].
The result is

) o AT\ €
I,=—Q* | —L- ) T'(n—-2 ) 2.
n 167?262 < 0 ) (n +¢) (2.75)

[ is the gamma function and the dimension D was substituted by D =: 4—2e.
Hence, the four dimensional limit is retrieved by € — 0. To get the final result
the integral over any Feynman parameters has to be evaluated.

In general, 1-loop integrals may contain a polynomial in the loop mo-
mentum £* in the numerator of the integrand. By the Passarino-Veltman
reduction, they can be reduced to integrals of the form of Eq. (2.73) [71,72].
The concept of Passarino-Veltman is to make the ansatz that the integral has
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to be a linear combination of all tensorial quantities appearing in the integral.
By contracting with these tensorial quantities, one obtains a linear system
of equations that can be solved for the components of the tensors. These
components turn out to be a linear combination itself of scalar integrals of
the form of Eq. (2.73)

The Gamma function in Eq. (2.75) is carrying the UV divergence. It has
a pole for n = 1,2 for ¢ — 0. Usually, the final result, after integrating
the loop integrals, is expanded in € around 0. The expansion of the Gamma
function will then lead to %-poles for the UV divergent integrals.

2.3.2 Renormalization

UV divergent Green’s functions are a problem for a theory, since they lead to
divergent physical observables. On the other hand, measured observables in
the real world are finite. The solution is called renormalization. The concept
of renormalization is to find a Lagrangian £(9, such that the observables
and Green’s functions of the theory are finite in the limit ¢ — 0. Therefore,
the UV divergencies are shifted into the Lagrangian itself. A UV divergent
Lagrangian is not problematic, since it is not an observable. Here, only
renormalization at 1-loop level is considered. The procedure is described for
example in Ref. [73] or various QFT textbooks [74,75].

The most common approach to renormalize a theory with Lagrangian £
is multiplicative renormalization. To this end, the Lagrangian is transformed
into the bare Lagrangian £ — L, by replacing all fields &, and parameters g;
of the theory into their bare versions ®, — Py, i — gp;- Then, one defines

(I)ba =V Z@(Da = (1 + (SZ@)(I)a,
Goi = (L +0Zy,)g; = g + 69,
= Ly = Loen + Lot (2.76)

All 7 and dg; are called renormalization constants. The bare Lagrangian
L, can be expanded in the renormalization constants and all terms without
renormalization constants are collected in the renormalized Lagrangian L.
As a result, L., looks identical to the starting Lagrangian. L. contains
all terms involving renormalization constants and is called the counter term
Lagrangian. Each renormalization constant is treated formally as a 1-loop
quantity, hence quadratic terms, or higher, in the renormalization constants,
in L, are omitted. L. leads to a set of new counter term Feynman rules.
In the next step of renormalization, all UV divergent Green’s functions are
calculated at 1-loop level. Then, renormalization constraints are imposed, in
general one constraint for each renormalization constant. The choice of these
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constraints defines the renormalization scheme. The constraints have to be
chosen such that the Green’s function become finite. Two popular choices for
renormalization schemes are the on-shell scheme and the modified minimal
subtraction (MS) scheme.

In the on-shell scheme, it is required that all mass parameters me of
a particle field @ in the Lagrangian L., are equal to the pole of the two-
point function ég% (p1, —p1) of the respective field ®. In this way, the mass
parameter coincides with the physical, observable mass. Further, the residues
of all two-point functions are set to 1. Lastly, the coupling renormalization
constants have to be fixed. This can be done by setting a specific S-matrix
element to a certain value.

In the MS scheme, a different set of constraints is chosen. Here, the
renormalization constants are chosen such that they cancel exactly the %
poles, where € is defined as

1 1
= log4m — g, (2.77)

where vp ~ 0.577 is the Euler-Mascheroni constant.

2.3.3 Infrared divergences

As mentioned in the previous sections, NLO calculations can give rise to two
different types of divergences. Technically, UV divergences originate from
the Gamma function in Eq. (2.75), while IR divergences may occur from
divergent Feynman parameter integrals. However, both kinds of divergences
can be regularized by dimensional regularization. Unlike UV divergences, IR
divergences cannot be removed by the means of renormalization. This can
be seen by studying the prefactors of the %—poles. In the case of a renormal-
izable theory, UV poles have only a polynomial in momenta as a prefactor.
Since the Fourier transform of a polynomial gives delta distributions and
their derivatives, these divergences can be interpreted as local interactions.
Therefore, they can be compensated by adding local interaction terms to the
Lagrangian. On the other hand, IR divergences come with logarithms of mo-
menta as prefactors, and hence cannot be compensated by local interactions.
This means IR divergences are a physical feature of the theory.

The phenomenon of IR divergence was first discussed in dept in Ref. [76].
Every theory containing massless gauge bosons will give rise to IR diver-
gences. In the SM, those bosons are the photon and the gluons. The IR
divergences originate from the fact that charged particles in quantum elec-
trodynamics (QED) or QCD cannot be isolated at asymptotic times, due to
the long range of electromagnetic and strong interactions. A charged particle
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can emit or absorb a massless gauge boson of vanishing energy, without a
detector being able to tell if this emission or absorption has happened. In
other words, a final state of a charged particle is indistinguishable from the
state in which the particle emitted a soft gauge boson. The LSZ reduction
formula does not hold if it is impossible to isolate the initial or final state
particles. In practice, this detail is ignored in calculations. The calculation
of the S matrix elements is performed as if the LSZ formula holds [77]. The
Kinoshita-Lee-Nauenberg (KLN) theorem [78,79] states that these radiative
contributions are canceled by loop contributions. This means, in order to
obtain a finite NLO correction to a process involving charged particles in
the initial or final state, one has to not only include the according 1-loop
Feynman diagrams but also the radiative correction arising from a process
with an additional gauge boson in the final state. This procedure has proven
very successful and is hence widely used.

For now, it is assumed that the initial state particles will not produce
IR divergences. These divergences will be discussed later. The NLO cross
section o of a 2 — n scattering process can be separated into a LO part
which is also called Born contribution oy, the virtual contribution oy
which is the loop correction, and the real correction o,., with the radiative
corrections

0 = OBorn 1 Ovirt + Oreal- (278)

Each individual contribution can be calculated in dimensional regularization
and the sum will be finite for ¢ — 0. The cross sections are integrals over
the n particle phase space for the Born and virtual contribution and over the
n + 1 particle phase space for the real contribution

daBorn davirt dareal
= P P b, 1—. 2.
’ /d " a9, +/d”d¢>n+/d g, 2T

The individual virtual and real integrals are only finite in D dimensions.
This raises the problem that performing a numerical calculation in D dimen-
sions is impossible. Analytical calculations are also not feasible in general.
A solution is to add and subtract a counter term. In order to do so, the n+1
particle phase space measure has to be factorized into the n particle phase
space measure and the integration over the momentum of the additional
radiation

AP,y = dP,dP,a. (2.80)

Here, d®,,q4 is the integration over the 3 degrees of freedom of the radiation
times an appropriate Jacobian factor. Then, a counter term C(®,;) has to
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be constructed such that is has the same divergence as d"re‘l One possibility

is to take dgreal in the kinematic limits that cause the IR divergences and
sum over these limits. Furthermore, the counter term should be analytically
integrable over d®,,4. Then, one can write

_ dUBorn dovirt
0—/d<I>n 10, —i—/d(I)n( 15, —i—/dCI)radC((I)nH))
dareal
+/d®n+1(d¢)n+l —C(®n+1)) (281)

This ensures that all terms are individually finite, and the phase space in-
tegrals can be numerically computed. Still, the IR divergence in the virtual
correction has to be calculated analytically and canceled by hand with the
divergence from the counter term. Luckily, the IR divergence in QED and
QCD factorizes into a part that is proportional to the Born process, which
is finite, and a second part that is the same for all processes [80,81]. Hence,
the IR divergence can be evaluated at NLO order once and for all, allowing
to be reused for other processes.

The canceling of IR divergences between virtual and real contributions
is guaranteed as long as IR safe observables are calculated. An observable
is considered IR safe, if it is insensitive to low energy effects that create
these divergences. An example for an IR safe observable is the sum of all
final state transverse momenta, since the sum does not change if extra soft
massless vector bosons are emitted.

2.3.4 Frixione, Kunszt and Signer subtraction

A method to deal with IR divergences in numerical calculations is the Frix-
ione, Kunszt and Signer (FKS) subtraction method proposed in Refs. [82,83].
A detailed review can also be found in Ref. [38]. For the sake of brevity, one
can define

deirt

do, ’

dO—Born

B(®n) =35

V((I)n) =

R<(I)n+1) =

(2.82)

In the FKS subtraction the phase space integral over the real contribution
R is split into multiple integrals. Each integral contains at most the IR
divergence corresponding to one final state particle becoming soft and the
same particle becoming collinear to another massless particle. Originally,
this was achieved by theta functions cutting the phase space into disjoint
parts that add up to the whole phase space. For numerical integrations it
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is advantageous to avoid non-continuous behavior in the integrand. Hence,
these theta functions were replaced by continuous functions.

First, one defines the singular regions. IR divergences coming from the
final state particle ¢ being soft or collinear to one of the initial state particles
are labeled i. The IR divergences originating from the particle ¢ being softly
emitted from the final state particle j or collinear to the final state particle j
are labeled ij. For each singular region, the functions S;(®,41) and S;;(®,+1)
are introduced with the properties

S Si+) Siy=1 (2.83)
% i

Thereby, the second sum contains both S;; and Sj; only if both final state
particles i, 7 give rise to soft singularities. Otherwise, only one of the two
terms is included in the sum, where the first index represents the particle
that leads to soft divergences, if any.

In order to single out the divergent regions, the newly introduced func-
tions \S; and S;; have to fulfill the properties

li . =4,
Jim (SZ + ;s”) Sims

ﬁhm SZ = 5im7
Em || k+
ﬂhm (S” + Sﬂ) == 5im5jl + 5il5jm7
km |k
ﬂhm Sij = O,
kaki
lim S; = 0. (2.84)
km |k

Then, the real cross section contribution can be split like

Each individual R; and R;; has at most a IR divergence for a single parti-
cle becoming soft or collinear to another particle. Thus, one can construct
counter terms easily for each individual R; and R;;. It proves useful to use
a specific parametrization in the phase space integral. The unique particle
giving rise to the IR divergence in R; or R;; is called the FKS particle. Its
momentum is k;. Then, the phase space integral is over the FKS particle is
factored

d®, ;= dd,d*k;J. (2.86)
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Now the FKS momentum gets parametrized further in two different ways.
For initial-state radiation (ISR), i.e. the phase space integral over R;, it is
parametrized as

k;izgk‘?r(l,\/l—y2cosgz5,\/1—y251ngz§,y>. (2.87)

In the case of final-state radiation (FSR), i.e. phase space integrals over
any of the R;;, it is parametrized such that

g:%, y—lg—z ¢ zz(ﬁx(Ei+/2j),1%}x(1§i+})). (2.88)

knJrl

Thereby, k; is the momentum of the particle that the FKS particle becomes
collinear to in the collinear IR divergence of R;;. This means, & is the energy
of the FKS particle normalized to half of the center-of-mass energy, y is
the cosine of the angle between the FKS particle and its emitter, and ¢ is
the azimuthal angle around the sum of the momenta k: and k; where the
arbitrary unit vector 7 defines a direction for which ¢ = 0. In this thesis and
also in the implementation in the POWHEG BOX, 77 is set to 17 = €,.

In this parametrization, the IR counter terms can be constructed from
R; and R;; in the infrared limits, i.e. £ — 0 and y — 1. If the particle
1 generates an IR divergence when it is collinear to the incoming particle
that is along the negative z axis, then one has to consider R; in the limit
y — —1 as well. The phase space integral over these limits take a generic
form that is proportional to the process without the additional radiation.
The integral over the FKS variables £, y and ¢ can be performed analytically
in D dimensions, to get the expression that has to be subtracted from the
virtual contribution V.

2.3.5 QCD factorization

This section explains how the initial state IR divergences can be handled. A
detailed explanation of the subject can be found in Ref. [84]. A cross section
onpo Wwith strongly interacting particles in the initial and final state consists
of the LO cross section 1,0 and virtual and real corrections

OA—NLO - &LO + 6Virt + é—real- (289)

Performing this calculation will raise the problem, that not all IR diver-
gences cancel. In particular, IR divergences originating from collinear radia-
tion of an initial parton cannot be canceled by virtual corrections. Figure 2.1



2.3. NEXT-TO-LEADING ORDER CALCULATION 45

Figure 2.1: Sketch for initial state collinear radiation, where an incoming
gluon splits into a collinear quark-anti-quark pair. The blob represents a LO
diagram of the process.

shows an example diagram that leads to collinear initial state radiation. The
collinear radiation leads to a particle entering the leading order subdiagram
with an energy £pJ, with ¢ < 1. Therefore, the IR divergence will be propor-
tional to 610(£pY). All IR divergences coming from virtual corrections are
proportional to 61,0(p3), since no energy can be lost due to radiation. Hence,
there cannot be any cancellation of these initial state collinear divergences.

Initial state collinear IR divergences only occur for strongly interacting
initial state particles. Due to confinement, they cannot exist as isolated
particles but only in bound states, called hadrons. Hence, cross sections &,
with initial state quarks or gluons do not represent real world observables,
but rather cross sections o involving colliding hadrons such as protons. In the
following, the discussion is reduced to the case with only one initial hadron
to allow for a shorter notation. The extension to two initial state hadrons
is straight forward. These hadronic cross sections are the convolution of the
partonic cross sections with PDFs f,(x) [66]

o= Z/dmfa(x)&a,mo(l‘)
= Z / dﬁfa($)(&a7Lo<$> + a-a,virt<x> + a'a,rezﬂ(I))‘ (290)

The sum over a runs over all partons for which the PDF is non-zero. Note
that it is possible that ¢, 10(%) = davit(z) = 0 for some parton a, if there
does not exist any LO diagram with a in the initial state, but ¢, ea(z)) # 0
for the same a.

In theory, each individual partonic cross section can be calculated sep-
arately in dimensional regularization to handle the IR divergences. Now,
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the real correction cross section leads to multiple divergences coming from
collinear and soft configurations in the initial state as well as in the final state.
Let G4 rearic(z) contain only terms with an initial state collinear divergence,
GarealFet+s(x) all other IR divergences, and all finite terms are collected in
Garealfin(®). Note that this also includes divergences originating from con-
figurations where a parton becomes simultaneously soft and collinear to an
initial state. Then, one can split off all IR divergences from the partonic
cross sections

o = Z / d$fa(x> [é-a,LO (I) + a-a,virt,ﬁn('r) + a-a,virt,ir(x)

+ 6a,rea1,ﬁn(x) + 5-a,rea1,IC(x) + a-a,real,FC—l-S ({L‘)} . (291>

Now, the cancellation works out as

é-a,virt,ir(x) + a-a,real,FC—i-S(I) - 07 (292>

leaving 6, rear1c(2) wWithout a counter part within the perturbative cross sec-
tions

7= Z / dz fo(z) [&a,LO (#) + Gairt,in () + Ga,real fin(2) + Oarealic (l‘)]
(2.93)

As it turns out, the initial state collinear divergence of the real contri-
bution can be factorized into the LO contribution 6, 1,0(z) times a universal
IR divergent factor P, (€) that only depends on the initial parton a and the
parton b entering the LO sub diagram with the momentum fraction £ of the
incoming parton (see Fig. 2.1) [80]

Ja ,;real, IC Z / dgpab Ub LO (53:) (294>
With this factorization one can write

/ defa (GaL0(®) + Farearic())
/ dz (Z fa(@)Garo(z / defa abLo(w)
/ dz <Z fa(@)Gar0( / defb@)Pba(g)&a,Lo(éx)). (2.95)
0 ab
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In the last line the summation indices a and b have been renamed such that
the LO partonic cross section carries the same index. The second term can
be written as

[ [ 46T poPu©susoter)
— /01 dz /01 d¢ /01 dxd(x — &x) %fb(m)%a(f)&a,w(fﬁ)
- /1 dy /1 i_x Zfb(x)Pba<§>a'a,LO(X)
[ [ > fix Pua( £ ) usot). (296)

In the last line the integration variables were renamed. With this the LO
contribution plus the initial collinear contribution becomes

/ dx Z fa Ua LO + a'a,real,IC (.Z'))

:Za:/o dx<fa(a:)+/x d%zb:fb(x)ﬂa(g)>&a,m(ﬂf)
_ Z /0 e FNO (1) 10(2) (2.97)

With this manipulation the problematic initial state collinear divergence
is absorbed into the PDF to define a new renormalized PDF

O, Z / Xy <X5Gb5(x—x)+73ba<§>>. (2.98)

Thereby, the renormalization is process independent since it only depends on
the universal factors Py,.

Similar to renormalization of UV divergences, the PDFs f,(z) have to be
regarded as unmeasurable bare distributions, which can only be determined
after absorbing the collinear singularity. Further, one can add additional
finite terms K, as long as they are in the same order in coupling constants
as Pup

f2¥0(x) Z / X hilx (xéabé(a;— )+7>ba< >+/cba(x>). (2.99)
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The choice of the finite term K fixes the choice of the factorization scheme.

The renormalized PDF's can be plugged into Eq. (2.91) while using the
fact that Py, + Ky, multiplied by either the real or virtual correction gives
terms of higher order and can be neglected in a NLO calculation. The renor-
malized PDF's will by definition cancel the initial state collinear divergence

to leave
= [l ey () - )]

X [&Q,Lo<x> + a-a,virt,ﬁn<x> + a-a,real,ﬁn<x) + a-a,real,IC (.T)]

= Z / dxfglb\ILO (I‘) |:a-a,LO (I) + a-a,virt,ﬁn (.T) + a-a,real,ﬁn ($)

- ; /O 1 df/cab@)a—b,m(&x)} (2.100)

JNEO represents a quantity that cannot be calculated perturbatively by

its very nature. In fact, there does not exist an accepted method, thus far, to
calculate it from first principles. In practice, one has to choose a scheme and
use experimental data to match the renormalized PDFs. Then, one can use
the experimentally determined PDF's to calculate other processes to make
predictions. This procedure only works because the divergent terms P, are
universal and do not depend on the specific process at hand. In dimensional
regularization, they take the form

Pa (5) = __71__ ab(§)7 (2101)

where Py, are the Altarelli-Parisi splitting functions [80]. A common factor-
ization scheme is the MS scheme in which

Kal€) = 52 (v — log 47) Pur(©). (2.102)

In numerical calculations, it is not practical to split G, rea1 () into its finite
and individual divergent parts. In the previous sections 2.3.3 and 2.3.4, the
addition of counter terms to handle the IR cancellation between virtual and
real corrections was discussed. The cancellation between initial state collinear
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divergences and PDF IR divergences can be handled in a similar way

d a,rea.
0= za:/dl‘fa(x> [/d(Pn—l—l(dfb;H_ll (l‘) - Ca(q)n—i-lax))
- / do, (d‘;qf () + dg‘&;““ () + / AP;aCo( P, w))]
_ NLO( dX NLO € x
_za:/dx [f“ Z/ (Pb“(x) +Kba(x))]
/ a%,, <%(m) + d‘;‘jT;:“(x) + / AD10aCa( @1, x))
+ /d(anrl <i§:7r_‘il (SL’) - Ca<q)n+17 QZ))]
d a,rea.
- [aarow [ [ s ( T @) = Col@in x>)
+ /dq)n <doc-1a§()m (JI) + %(l’) + /dq)radca(q)n—i-la l’))
d orn
- /dq)ndf(,Pab(f) + Ka(§)) Ibb (517)]
=3 / da fO(x) / d@nd‘;“g"m ()
+ /dfbn+1 (i(;a’ril (r) — Ca(q)n+1,$))

/ do,, (d djb““ (z) + / A®10qCa(Pry1,2) + / df%(&fﬁ))

Each individual line in the last step is finite on its own. Note that Cy (P41, )
is to be understood as a sum of counter terms that cancel each IR divergence,
including divergences coming from initial state collinear configurations. The
newly introduced term G,(&, ) is usually referred to as collinear counter
term. It consists of the terms that are absorbed into the bare PDF and is
dependent on the factorization scheme.

(2.103)

If both incoming particles give rise to IR collinear divergences, the pro-
cedure is analogous. In that case, one has two sets of PDFs, one for each
incoming hadron, and one needs two collinear counter terms.
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2.3.6 Observables at next-to-leading order

When calculating observables, it proves useful to reorganize Eq. (2.103).
Since all strongly charged particles are experimentally indistinguishable, one
has to include all processes where partons in initial or final state are replaced
by other partons. Here, only processes with one strongly charged parton in
the initial state will be considered. The POWHEG BOXorganizes the calculation
in a particular way as described in Ref. [38]. This section briefly reviews the
calculation organization adjusted to a single hadron in initial state.

Let f;, be all flavor structures that lead to non-zero amplitudes at LO.
Thereby, a flavor structure is a partly ordered list of particle flavor, where
the first two particles are the flavors of the initial state particles and the
other entries are the final state particles. Furthermore, two flavor structures
are considered identical if they only differ by a permutation of the initial
or final state particles. All virtual corrections must have a flavor structure
equal to one f, since at NLO, only the interference terms with LO diagrams
contribute.

In section 2.3.4, it was discussed how one can split the real correction Ry,
into individual contributions with isolated IR divergences Ry, ; and Ry, ;;.
This can be done for each possible flavor structure f, of the real correction

R=Y Ryp=)Y_ (Z Rii+ ZRM) =) Ra,. (2.104)
Ir i ij ar

fr

Here, the IR divergent regions a, are introduced. Each specific o, corre-
sponds to a real flavor structure f, and a parton becoming soft or collinear.
Additionally, each «, can be assigned to a LO flavor structure that the soft
or collinear limit of R, is proportional to. This LO flavor structure is called
the underlying Born flavor structure. It is also useful to introduce the nota-
tion of an underlying Born phase space point . For ease of notation, one
can also define ®,, := {z, ®, }. Then, let M*" be a mapping that maps ®,,
to the IR divergent phase space point «. is referring to

Do = M P, (2.105)

Now, the underlying Born phase space point ®° is defined as the phase

(e73

space point ®)" ; where:
 the soft vector is removed if «, specifies a soft divergent region,

o the two collinear momenta are replaced by their sum if «, specifies a
final state collinear divergent region and
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o the radiated parton is removed and the momentum fraction z is re-
placed by the momentum fraction after the radiation.

The same idea can be applied to the phase space point of the collinear counter
term which has an initial state collinear origin. One defines

&, =1{z,0,} = {£x,D,}. (2.106)

With this notation one can calculate the expectation value of an observ-
able O as

(0) = dw[ AP, f310(2)0(®,) (By, (®n) + V5, ()
> fae| [ams (@) + V)

b [d Y RO (OB R (Brr) — OB o, (B11)

ar€{ar|fp}

+ / de, > ADyq fNO (2)O(27)Co, (i)
ar&{ar|fo}

n / @, S [ defNO)0(®,)6, (€ B.) . (2.107)
ag€{aglfe}

Thereby, {a,|fy} is the set that contains all «,. that are assigned with the
underlying Born flavor structure f,, and o, describes all initial state collinear
regions that the collinear counter terms have to cancel. Often, the observable
O is a product of Theta-functions that determine a bin in a histogram.

2.4 Parton shower

Feynman diagrams can be split into subdiagrams to be evaluated individu-
ally and afterwards combined again. This offers the possibility to evaluate
common subdiagrams and reuse them in all kinds of processes. As discussed
in the previous sections, the branching of an off-shell quark into the same
quark with an additional gluon, ¢* — qg, gives rise to large amplitudes for
a soft or collinear gluon. This subdiagram is part of any real correction of
a process with a quark in the final state. The correction to the next order
contains a subdiagram where the quark undergoes the same branching again.
This correction would contain the subdiagram ¢* — ¢g twice, meaning it is
a product of two large quantities. The full calculation would consist of an
infinite series of nested ¢* — ¢g subdiagrams, which cannot be expected to
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be small. Another effect enhancing these large corrections is the proportion-
ality of the subdiagram ¢* — qg to the strong coupling g;. Since the QCD
is a non-Abalian gauge theory, g, increases with decreasing energy scale and
each branching introduces new smaller energy scale compared to the ones
involved before the branching. This behavior is shared with all subdiagrams
that contain IR divergences and also applies with lesser degree to IR diver-
gences coming from QED processes. Since the QED is an Abelian gauge
theory its coupling e decreases with lower energy scale.

In order to make sensible theoretical predictions for scattering processes
with strongly interacting particles in the final state, one has to take these
large corrections into account. Obviously, one cannot perform a straightfor-
ward complete calculation because it involves an infinite amount of Feynman
diagrams with an increasing number of final state particles. However, one
can use a procedure called the parton shower to simulate the endless branch-
ing using reasonable approximations [85-87]. A review of the field of parton
showers can be found in Refs. [88,89]. Parton showers are implemented as
event generators. Prominent examples are Pythia8 [44,45], Herwig7 [40,41]
and Sherpa?2 [42,43].

The parton shower is largely independent of the actual process at hand
and only depends on the number of strongly interacting final state particles.
In practice, a parton shower is used in Monte Carlo generators. The work
flow then consists first of calculating the hard process, meaning calculating
the cross section for the partonic process at leading order. Then, an event
is generated. This event consists of the momenta of all final state particles.
The precise momenta are generated randomly according to a probability
density. This probability density is given by the differential cross section
normed to the total cross section. Now, the parton shower is applied to
the final state momenta. Thereby, the branching of final state particles into
more final state particles is done iteratively to build a complex final state of
many particles to simulate actual observations in scattering experiments. At
each iteration in the parton shower a final state particle is replaced by two
branching products. The momenta of the branching products are once again
chosen randomly according to a probability density, which is a product of an
approximate amplitude of the branching and a Sudakov factor. The Sudakov
factor takes the virtual contribution into account which was not discussed
thus far.

After generating momenta according to the cross section of the hard pro-
cess at leading order, all final state momenta are on-shell as required from the
LSZ reduction formula. However, in order to enable branching the final state
particle 7 needs to have a virtuality Q? = p? — m?, otherwise the branching
is kinematically impossible. In fact, only particles in the final state after
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the showering process have to be on-shell since the hard process happens at
very small time scales, the uncertainty theorem allows for virtualities Q; # 0.
Therefore, the momenta of the final state particles of the hard process are
reshuffied before the parton shower to give them a virtuality. One has to
ensure that the virtualities Q? are much smaller than the scale of the hard
process Q2 ;. Otherwise, the matrix element for the hard process, in which
Q? = 0, would not be a good approximation anymore. Then, the show-
ering process can be done iteratively, where after each step the virtualities
are decreased until they fall under a cutoff threshold. Below the threshold,
non-perturbative effects of QCD take over.

The differential probability dP for a branching a — bc to happen is given
by

d real,a C
APospe = % (2.108)
LO

Thereby, doyeara—be is the differential cross section for the process in which
the final state particle a is replaced by its branching products b and ¢ and
opo is the LO cross section. In the collinear or soft limit, one can neglect all
Feynman diagrams in oyea1 q—bc €xcept the one which contains the branching
as subdiagram, because this is the diagram that diverges in this limit. Hence,
all interference terms can be neglected. In this limit, 0yea) q—be factorizes into

a, dQ?
Ovreal,a—bc = ULO%% a—)bc(Z)dza (2109)

where Q% = (py + p)?, 2 = Ey/(Ey+ E.) and P, .(2) are splitting functions
that only depend on the particle type of the particles involved in the splitting.
Hence, the probability is independent of the hard process or0.

This differential probability diverges for @* — 0, which makes it impos-
sible to interpret it as a proper probability. At each iteration step of the
parton shower the virtuality ), that is given to the branching particle a has
to decrease. The momenta of the branching products b and ¢ have to be
generated according to the probability density dPg. that some branching
happens with Q% but not with any other virtuality Q* > Q?

dPﬁrst(Qg) = deran(Qz)Pno bran( ?nax > Q2 > Qg) (2110)

Here, %, is a maximal virtuality that has to be much smaller than the
hard scale of the process. Probabilities for any further branching with a
scale below Q2 do not enter at this point, because they are considered in

later iteration steps.
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The probabilities of a particle branching and not branching have to add
up to one, since there is no other possibility

Poran(QF > Q% > @Q3) + Pro bran(@F > Q° > Q3) = 1. (2.111)
Further, the probability of no branching is multiplicative

no bran(Ql > Q2 > QQ) no bran(QQ > Q2 > Q:}) no bran(Q% > Q2 > Q?’))
(2.112)

These properties allow to reformulate the no branching probability by sub-
dividing the energy scale as

= (i/n)(Qhax — Q2) + Q2 (2.113)
then

Pno bran( I2nax > Q2 > QZ) = nh—>r{olo H 7Dno bran QQ > Qz > Qz+1)

= nlggo H 7Dbran Q > Q > Qz+1))
(2.114)

For a continuous probability function, Pyran(Q? > Q* > Q7F,,) becomes very
small in the limit n — oo and one can write it as exponential

nh—>m ( Pbran(QZ > Q2 > QH—I)) = exXp |:nh_>m ( Pbran(QQ > Q2 > Ql—&-l))]
(2.115)

This transforms the product into a sum in the exponent, which can be written
as an integral together with the limit

Q?nax dpbran (Q )
2 d@?

This is called the Sudakov form factor. Then, the probability density for a
branching a — bc is

Q2 ax d 2
dpﬁrst a—bc — dPa—>bc €xXp [ Z/ MdQQI

Pao bran (@2, > Q% > Q%) = exp [ / dQ2] (2.116)

dQ?

Qhax 2
= ;):_ dC?Q Pype(z)dzexp [__ Z/ dQ / Posbe(z />dZ,]'
(2.117)
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Now, one can generate additional radiated partons according to this prob-
ability density. After the first iteration, Q2 has to be set to the randomly
selected Q? of the previous iteration. If the generated Q2 falls below a thresh-
old Q2,,, one aborts the algorithm. Note that in practice Q? is often changed

to different order variables by a variable transformation.

2.5 POWHEG method

The previous section demonstrated how one can enhance a LO calculation
with a parton shower. Each order in the couplings is a polynomial in loga-
rithms of physical quantities, where the polynomial order increases with each
order in the coupling. The parton shower provides a method to resum the
leading logarithms of the higher orders. But one can do better. The next
step is to include all the terms in the NLO. This has to be done carefully,
since the NLO corrections will contain real corrections. These real correc-
tions are processes with an additional parton in the final state. Adding a
parton to the final state corresponds to the first step of the shower algorithm
which raises the problem of double counting. Therefore, events of a NLO
event generator have to be correctly interfaced with a shower algorithm.
One possible method is the Positive Weight Hardest Emission Generator
(POWHEG) method [37,38]. The main features of this method are the inde-
pendence of the specific shower algorithm, which has to be slightly adapted,
and the mostly avoidance of events with negative weights, which would have
no physical interpretation.

The strategy of the POWHEG method is to generate the first radiation
with full NLO precision. As a reminder, a normal shower would use the soft
and collinear limits of the NLO contribution in order to obtain the lead-
ing logarithms for the first radiation. In this context, first radiation means
hardest radiation in the sense that the first radiated parton has the largest
transverse momentum pr with respect to the direction of the splitting parton.
Each subsequent radiation is required to have a smaller transverse momen-
tum. For transverse momentum ordered shower algorithms this requirement
is easy to fulfill by setting the hard scale QQgarq to the transverse momentum
pr of that first NLO radiation. Angular ordered shower algorithms on the
other hand have to be adopted slightly. With these showers, the first radi-
ation does not have to be the hardest with the largest pr. One proposed
solution is to slightly modify the shower algorithm by implementing a veto
that prohibits the generation of radiations harder than the first with NLO
accuracy.

For the description of the POWHEG method, it is helpful to introduce
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the notation of absorbed the PDF's into the individual contributions they are
convoluted with

be((I)n) = beLo(x)be(‘I)n)v Vfb(q)n) = beLo(x)Vfb((I)n)v
Rar(q)n-i-l) = foiLo(m)Rar(q)n—i—l)v Car(q)n-i-l) = foiLo(x)Car((I)n—H)a
Gay(®1,€) = fa, 0 (2)Ga, (®n, £). (2.118)

For the POWHEG method the NLO formula for the expectation value of
an observable O Eq. (2.107) is rewritten to

(0) =) (0)y,,

fo
0), = / 18,0,(®,) By, (2,)

+ Y [ d®Y A, R, (Ri1) [Onst (@r41) — On(B57)],

ar€{ar|fp}
(2.119)
th(q)n> = be((ﬁn) + Vfb<¢n) + Z [d¢?;dca,.(¢n+l)]@nr:@"
ar€{ar|fp}
+ 2 A5 Re (Barr) = Ca (B} 7
ar€{ar|fp}
iy / {?G”‘-"(q)”@} : (2.120)
ag€{ag|fe}

Thereby, the notation [- - -]‘iﬁr:q}" is to be understood that such the phase

space point ®,,,, inside the square bracket is factorized into (®27, ®°r,) and

&2 is evaluated at ®,,. The measure d®’r, contains the appropriate Jacobian
factor such that

d®, . = dPidder,. (2.121)

Similarly, the notation [- - -]i)"jb" for the collinear counter term means that
the phase space point inside the squared bracket is transformed as

&, > &, = (2,9, = (£, D), (2.122)

and the transformed phase space point ®,, is evaluated at ®,,.
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Now, the POWHEG-Sudakov factor can be introduced, which is the NLO
accurate version of Eq. (2.116)

Afb <(bn7 pT)

=expq— Y /[dq)(r);d Ef nH)Q(k%"(‘I’nH)—PT)
b

are{ar|fy} )

@gr =P,

(2.123)

Here, k77 (®,,41) is a function of the phase space point @, and depends on
the divergent region «,.. It is the ordering variable and should be proportional
to the transverse component of the radiation momentum with respect to:

o the beam axis if the emitter is an initial state particle, or

¢ the 3-momentum sum of emitter and radiation if the emitter is a final
state particle.

It can be shown that Eq. (2.119) is equivalent to

= Z/d‘I)anb((I)n){On(@n)Afb((I)mp?m)—i_
fo

Ra ((I)n+1>

+ d®,,40,+1 (P,
Z d +1( +1) be(@ )

Afb<(I)n7 k%r)(g(kar - p$m)}
are{ar|fo}
(2.124)

up to terms that are in higher order than NLO. The first term in Eq. (2.124)
corresponds to all n-particle contributions to the observable since
Afb(q)n,p%““) is the probability of no radiation being produced above the
cutoff pi». The second term contains the contribution of the first radiation
because

Ra ¢TL (072 (07 min
S [ a0iOnn (@) T A (@ k00— ) (2125)
be(<I) )

arE{a'r‘fb}

is the NLO accurate version of the probability density Eq. (2.117) with which
a radiation in a shower algorithm is generated.

In order to implement Eq. (2.124), one generates an n-particle phase
space point ®,, and flavor structure index f, with a probability proportional
to d®,, By, (®,,). In practice, this is done using the hit and miss technique. If
the n-particle phase space point is generated, the first emission can be added.
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Therefore, one has to generate the hardest radiation variables a o, € {a,|fp}
with a probability proportional to

Rar ((I)n+1>

d(brad
be ((I)n)

AG (o, k77 )0(kT — 7). (2.126)
In this context hardest radiation means the configuration with the greatest

k5T (®,,41). Ultimately, this problem can be reduced to generate a value p7r
for each «,. € {a,|fp} proportional to

o ar ROér ((anrl) Q. B =
Afb ((ﬁnapT) = €Xp {_/ {déradme(kf (‘I)n-i-l) - pT):| :

(2.127)

Then the pair (p§, o) with the highest value for p7r is accepted for the event
and the radiation variables are built to yield k7" = p7". In order to generate
the value for p7”, one has to generate a random number 0 < r < 1 and solve
the equation

r = A5 (®y,p1) (2.128)

for pr.

Solving Eq. (2.128) is in general a time consuming task. To handle this
technical problem one can define an upper bounding function U(®,,q) such
that

R, (‘I)n+1):| =

be(q)n) , (2129>

v > |
and that the equation

= 8 @) = e { - [ OO0 (@) — )P )
(2.130)

is solvable in a more timely manner. By using the veto method, one can
generate a pr with the probability density A}‘; using A;‘;’U. Consequently,
one has to find the pr.x with A?;’U(pﬂmax) = 1. Then, one generates a
uniform random number 0 < r < 1 and solves

ar,U
o Afb (pr)

= b VT (2.131)
Af;7U(pT,maX)
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for pr. From this pr the radiation variables ®7, are built proportional to
the density

U(Pr)0 (kg (i) — pr). (2.132)
Now, a second random number 0 < ' < 1 is generated, and if
Ro (® 1) N =%, B
> {—“T s ] U(@er)™, (2.133)
be((I)n) d

the event is vetoed. In case of a vetoed event pr max is set t0 prmax = pr and
the procedure is started again from Eq. (2.131) with new random numbers
r,r’. Eventually, one either finds an accepted event, or the generated pr falls
below the cutoft prmin. In any case, the veto procedure stops and one gets
the radiation variables @07, or a rejected radiation for that a..

After this is done for each a, € {a.|f,}, the IR divergent region with
the highest k77 (®%7,) is accepted. If all radiations are rejected because each
region generated a pr < prmin, then the event is an n-particle event.

2.6 Deep inelastic scattering

This work focuses on the process referred to as DIS, which is traditionally
the scattering of an electron and a proton. The focus of DIS is probing the
inner structure of a hadron or nuclei with a high energy lepton. In DIS, the
incoming lepton interacts with a constituent of the proton via an exchange
boson of momentum ¢ (see Fig. 2.2). One selects the scattering events where
the exchanging boson has a high virtuality —¢®> > M32. This ensures the
validity of the perturbative QFT methods described in the previous sections
to obtain accurate predictions.

Throughout this work, momenta will be numbered as indicated in Fig. 2.2,
i.e. the incoming lepton will be called p;, the incoming parton ps, the out-
going lepton p3 and all outgoing partons are numbered from 4 onwards. The
momentum of the incoming proton is denoted with P. In the context of DIS,
kinematic variables are often defined as [90]

P29
Q> =—¢=—(p —p3)* >0, YpIs 1= -,
P1DP2
Q? Q?
g = —, A= . 2.134
P apyg 2paq ( )

Let x be the momentum fraction of the incoming proton that is carried by
the incoming parton p, = zP. Then, it follows

B
= —. 2.1
A= (2.135)
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Figure 2.2: Example of a Feynman diagram for electron-proton scattering.

At LO the partonic process will only have two particles in the final state.
From momentum conservation follows ¢ = p; — po, and hence A = 1, or
rp = x. If a radiated parton is added, one obtains in general A < 1, or
rp < .

The averaged spin and color summed squared matrix element at LO con-
sists only of the Feynman diagram depicted in Fig. 2.2, where the exchange
boson is a photon or a Z-boson. The contributions from Z-boson exchange
are suppressed by a factor 1/M2% for small Q? < M32. Hence, the first
approximation can be given by neglecting the Z-boson contribution, leav-
ing only one Feynman diagram to calculate. With the Mathematica tools
FeynArts [91] and FeynCalc [92-94] one obtains

, QY —20Q%s + 252

q Q* ’
where @), is the electric charge of the quark flavor g. One can easily see that
the squared matrix element diverges for > — 0. For small energy transfers
Q)?, the assumption that the electron scatters off of the constituents of the
proton does not hold up, and the idea to factor out a hard scattering process
breaks down. At small Q? the electron would interact with the proton as a
whole rather than the partons. This emphasizes the importance to impose a
lower cut Q%,, < Q? on the events that are to be described by this prediction.

IM,|* = 327%%Q (2.136)

2.6.1 Breit frame

When describing DIS, a popular reference frame is the Breit frame. It is
defined by the condition

2¢5P 4+ q = 0. (2.137)
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It is practical to choose a direction for the vector ¢q. This work uses
P2 Breit = EQ,Breit<1a 07 07 _1)7 4Breit = Q(07 Oa 07 1) (2]—38)

Any momentum ppeir With prreit@reit > 0 is labeled to be in the current
hemisphere, while momenta not fulfilling this condition make up the rem-
nant hemisphere. By defining observables using only the particles in the
current hemisphere, one can easily single out effects from the scattering pro-
cess from effects that occur due to the proton remnant. The proton remnant
is nearly collinear to the incoming proton and hence in the remnant hemi-
sphere. With all momenta being transformed into the Breit frame, commonly
studied observable is the jet broadening

Zh ‘pTh|
B.p =5 (2.139)
2>, |pal

The notation ), means the sum over all particles in the current hemisphere
and pry is the transverse momentum of p, with respect to q. Some more
common observables are the thrust variable with respect to the boson axis
7, the jet mass p and the C-parameter. They are defined as

T, 5. =1— M
’ Zh |ph|’
(Zh Eh)2 - (Zh ph)2
(2 Zh ‘ph’)2 ’
32w [Pallpr] cos? O

203, [pal)’

If the incoming lepton is along the positive z-axis and the incoming proton
along the negative z-axis, one can write the transformation matrix Ag.; as

(2.140)

Q +£ A G * i
°+q3 L @ Q Q ¢+¢ L @
__4q 1 0 __q
0 3 0 3
ABreit = 75 ¢ , (2.141)
_qo+q3 O 1 _qo+q3
_& ¢ & [/
Q Q Q Q

where ¢ is the boson momentum in the original frame. This transformation
matrix is a modified version of the one reported in Appendix 7.11 of Ref. [90].
The modifications take into account the different sign for ¢g,.;; and an arbi-
trary rotation around the beam axis. This transformation will transform the
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momenta

ABreit

w N = O
|
LHooo

(2.142)

ABreit

SO QR QY

1
C+¢ | 0
0 0
1 1

When doing a phase space integral in the Breit frame, one has to in-
clude a Jacobian factor for the transformation, despite Ag,eit being a Lorentz
transformation. Because Ag.;; depends on the momentum of the out going
lepton, its Jacobian determinant |Ap.ei| # 1. Instead, one finds

do, = 2yDISd(I)n,Breit7 (214?))

with pg,breit < 0, i.e. the outgoing lepton is restricted to the remnant hemi-
sphere.

2.6.2 2-particle Phase space

In this section, the phase space measure d®, is calculated. It will be referred
to as Born kinematics. All Born momenta and kinematic variables will be
denoted with barred variables to distinguish them from momenta associated
to the real correction. The starting point is

d*ps d*py
(2m)3E3 2(27)3E,

d®, = di 2m) 6 (B + P2 — D3 — Pa), (2.144)
with E, := |p,| and p; = ZP, where P is the incoming proton momentum.
Now, d3®p4 can be eliminated with the delta distribution, and the DIS vari-
ables defined in Eq. (2.134) can be introduced. This can be easily done in
the center-of-mass frame in which

e

p1 = 7(1,0,0, 1),
Do = ggu,o,o, —1). (2.145)
Then, one gets
d®, = L dvpdEsdesdgsé (Vs — 2E3), (2.146)

1672
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with

ps = E3(1, cos &3\/ 1— Egasiné'&\/ 1 —c3,¢3),

1—c¢ S
5 i3 QQ::§(1——QQ. (2.147)

= YDIS =

Hence, the phase space measure becomes

diUdeDISdCZ?,

d®, =
2 1672

(2.148)
Since the setup of two incoming particles along the z-axis is symmetric under
rotations around the z-axis, the differential cross section cannot depend on

d¢s. Hence, one can perform the integration over d¢s to get an extra factor
2.
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Chapter 3

Software implementation

This chapter describes the changes to the POWHEG BOX that had to be made
to generate DIS events. The POWHEG BOX is set up to handle hadron-hadron
collisions as they happen in the large hadron collider. The obvious difference
between DIS and hadron-hadron collisions is a lepton in the initial state
instead of the second hadron. The POWHEG method relies on the mapping
of the n+1 particle phase space ®,,,, of the real correction to the underlying
Born phase space ®,,. This mapping is done for each IR divergent region in
a generic way. In the implementation of the POWHEG BOX, this mapping is
inverted and the phase space point ®,,,; is built for a given n particle phase
space point ®,. This mapping is not unique. A specific mapping suited
for proton-proton collisions was chosen and impelented in the POWHEG BOX.
In particular, this mapping includes a mapping of the momentum fractions
T4 — x4 of the incoming partons, where in general 7. # z,. However, if
one of the incoming particles is a lepton, then this lepton has to carry the
whole momentum of the beam, i.e. Ziepton = Tiepton = 1. Another feature
of DIS is the divergent behavior for > — 0. Hence, experimental data will
incorporate a lower cut on the momentum transfer Q? that must be respected
in theoretical simulations. Since the POWHEG BOX generates the phase space
for the radiation based on the underlying Born phase space, it would be
efficient if the mapping would fulfill Q?> = Q2. If this condition is fulfilled,
one will not encounter the problem of needing to generate n-particle events
outside of the Q? boundaries in order to ensure that all n + 1-particle events
inside the boundaries can be generated or vice versa. The mapping between
underlying Born configurations and the real correction configurations do not
respect these conditions and have to be modified. This chapter shows how
the mapping can be modified to fulfill these conditions and which subsequent
modifications must be made to obtain a functioning event generator that
can be interfaced to a shower algorithm to obtain showered events at NLO

65
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accuracy.

3.1 POWHEG BOX

This section is a brief description of the functionality of the POWHEG BOX.
The detailed describtion can be found in Ref. [95]. The POWHEG BOX is split
into four stages. The first two stages are fixed order phases. In those stages
the phase space integral for the cross section is evaluated using Monte Carlo
integration. For this purpose, random variables, one for each unrestricted
dimension in the phase space integral, are generated. Then, these random
variables are mapped onto the n-particle phase space, for which the LO and
IR subtracted virtual corrections are evaluated. Three more random variables
are used to build the n+ 1-particle phase space on top of the n-particle phase
space to evaluate the real corrections together with their counter terms. The
first stage of the POWHEG BOX serves the purpose to optimize the importance
sampling of the random variables for the Monte Carlo integration. At the
second stage, the fixed order calculation is performed using the optimized
importance sampling. This calculation yields fixed order histograms and the
total cross section, that is used for the normalization of the later stages.

In the third stage, the upper bounding normalization constant Nj is
estimated for each radiation region r and Born flavor structure f,. This is
done by evaluating the phase space integral at random points according to
the optimized importance sampling of the prior stages, such that

‘]TRT((I)H+1> r r

By (®,) < Np U'(®,11). (3.1)
The radiation region r is defined as r = 1 if the emitter of the radiation is
an initial state particle and r = nNemitter — Mightparton + 2 otherwise. Thereby,
Nemitter 15 the particle number of the emitter and nygnparton is the particle
number of the first light parton. The particle numbering is with respect to
the defined flavor structures in the implementation. They use the convention
that the first two particles in the flavor structure are the initial state particles,
the next particles are QCD singlets, then heavy quarks, and lastly massless
quarks where the radiation is the very last entry. Further, R™ and J" are
defined as

Rr(q)nﬂ-l) = Z Rar(q)n+l)> (3'2)
ar€{ar|fp,r}

where the phase space point ®,,,, is given by

B, = J ®,dédyde. (3.3)
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¢,y and ¢ are the FKS variables and will be discussed in detail in the next
section.

In the last stage of the POWHEG BOX, the final events are generated as
described in section 2.5. The generated events can then be used as input for
a Monte Carlo shower program to produce histograms using the showered
events.

3.2 Phase space generation

The phase space generation for the Born kinematics required by the
POWHEG BOX can be done manually by the user or automatically. Its gen-
eration is straight forward and does not cause any complications. The ad-
vantage of manually building the phase space by hand, as opposed to using
a generic method, is the ability to incorporate kinematic cuts already at this
level. In that way, the generation of unnecessary events that will not be
considered in the analysis is avoided. For DIS this is especially helpful since
the matrix element diverges for Q?> — 0. If no cuts are applied in the phase
space generation, then the optimization for Monte Carlo integration of the
phase space will increase the amount of points for low Q? values that would
ultimately be cut in the analysis.

The 2-particle phase space is already discussed in section 2.6.2. The phase
space point ®, has the three unrestricted parameters =z, ypis and ¢s. This
means, three random variables X; are mapped onto these kinematic variables
with the restrictions

low

up 1 up 2 2 2
Tp <Ip<Tp, Yp1s < Ypis < Yprgs Qiow < Q7 < Qyp- (3.4)
low

TR, T YSTS, Ubts, Qi @5 are input values that can be set for a specific
run. Note that

@Q* = Yp1sZ B Sheams» (3.5)

where Speams = 4Ebeam,1 Bbeam,2, With Eheam,i being the energies of the two
beams. Then, the Born momenta in the partonic center-of-mass frame are

V xBSbeams
2

V S eams
ﬁZ = xB2b (170707_1)7
— V ‘T S eams n . s
D3 = %(1, 2ypis oS P3, v/ 2yp1s sin ¢, 1 — 2yprs),

— V x S eams n . i
Ds = %(1, —+/2yp1s €08 @3, —\/2yprs sin @3, —1 + 2yps).  (3.6)

ﬁl = (1707071)7
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With three additional random variables { X712, XIad Xrad} the real cor-
rection phase space point ®3 has to be built. The mapping

(I)S — (i)%X{adaX;ad?X;ad) (37)

is dependent on the IR divergent region «,. The FKS framework for the
subtraction of the IR divergences is implemented in the POWHEG BOX. This
method uses the three variables &,y and ¢ to describe the momentum of the
radiation. Their meaning is different for ISR and FSR. Hence, one needs
two different mappings. In both cases, the goal is to express the measure

d’ps  d’ps  d’ps
2E3(27T>3 2E4(27T)3 2E5(27T

d®; = d E (2m)*6" (p1 + p2 — ps — pa — ps)

(3.8)

in terms of d®, and the three FKS variables. Without loss of generality, it is
assumed that ps is the momentum of the radiation, while p, is the momentum
of the emitter.

The FKS subtraction terms are dependent on the exact definition of the
FKS variables. In order to allow minimal modifications to the code, it useful
to use the exact same definitions. In particular, this means to perform the
phase space parametrization in the partonic center-of-mass frame.

3.2.1 Phase space for initial-state radiation
Firstly, the FKS variables for ISR are defined such that
\/g 2 2 &3
p5=€7(1,\/1—y cosg, /1 —y Smcb,y), (3.9)

where s = ZSheams is the partonic center-of-mass energy squared of the real
correction process. Further, the incoming momenta in the center-of-mass
frame are

P1 = ﬁ(laoaoa 1)7

S

[\3|§|L\3

pe = Y2(1,0,0,—1). (3.10)

Starting from Eq. (3.8), the integral over d®p, can be performed using
the delta distribution to yield

P4+ = —P3 — Ps: (3.11)
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The mapping to the underlying Born configuration should fulfill p; 3 = py 3.
It is important to note that the center-of-mass frames for the two configu-
rations are different since x # xg. The outgoing lepton momentum can be
parametrized in spherical coordinates

P3 = E3 (17 \/ 1- C% cos ¢37 \/ 1 - C% sin ¢37 C3>7
d*p3 = dEsdesdps F3. (3.12)

Then, the phase space measure becomes

1 EE
A®; = ———dz dBs des dgs de dy do Vs By 2§(Ey + By — By — By — Es),

8(2m)? 2 B,
S S
Ey=FE, = g, Ey=+/(p3+ps)?, E5:§§- (3.13)

Using the definitions of the DIS variables in Eq. (2.134) and the given
parametrization one obtains

= (\/75 — B3, —F34/1 — 5 cos ¢y, —E34/1 — 3 sin ¢y, \/75 - E3C3),

Q* = E5v/s(1 — c3),

Es(1+ ¢3)
:1——
YD1s \/g )
1 Vs
dE3des = dypis dQ* —— = dyps dQ? : 3.14
3dcs3 yois dQ 2E, yois dQ s(1 — ypis) + Q2 ( )

By substituting £3 and c3 with the DIS variables ypis and 2, one obtains

NG

E -
(I)S - mdx dyDIS dQ2 d¢3 dg dy d¢ Eié (f(sa Q27 Ypis, A¢7 5, y)) )
(3.15)

with A¢p = ¢ — ¢3. In order to factorize d®,, one has to eliminate either
dypis or dQ?. However, the equation f(Q2 ypis, Ad,&,y) = 0 would have
two solutions for Q? or ypis. This would make it impossible to perform the
factorization of

AP, = AP, dE dy do J. (3.16)

A solution is to introduce the DIS variable A and use the identity

1= /d)\é ()\ - 2?;). (3.17)
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As discussed in section 2.6, this also ensures A = xp/x. By plugging in the
parametrization, one finds

2p2q = syprs. (3.18)

Hence, one can write

d®; = ———dz dypis dQ* dps dé dy d¢ =

/s
32(2m)®
x5(f(s,Q?,yDIS,Aqs,g,y))dAa(A— Q2 ) (3.19)

SYDIS

By integrating over dQ? using the newly introduced delta distribution and
afterwards over d\ using the delta distribution with the function f as an
argument, the two branches are moved onto the X integration. Ultimately,
one obtains

3 YDIS

20 )dxdyDIsdAd¢3d§dyd¢—5(f(8,)\,yms,A¢,§,y))- (3.20)

3:

The next step is to integrate over d\ to eliminate the delta distribution. The
argument of the delta distribution is

f(s, A ypis, Ag, &, y) = 5

— (46 VAT =) (T = yois)yis cos A

(Ypis(1 = A) +1=¢)

1/2
-2yl ) = D+ (O - Do+ 02 +€9) ] @21
Solving for the zeros in A\ gives two solutions

1

Ay = N (£2€ cos ApV A+ 2(1 — €)(2ypis — £(1 +y))
+& (1 —y°) (1 — ypis) cos (2A¢) (3.22)
with
A=(1-3))"(1 - ypis)?
€2 cos? Ao + (2 €0 +9))2yois — (1 —y)yps +y + 1)) | (3.23)

(1—=92) (1 —ypis)
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In order to obtain these solutions, one has to square the equation
f(s, A\, ypis, Ap, &, y) = 0 twice. Hence, it is necessary to verify the solu-
tions, as signs may be lost in the process of squaring. The verification will
be done later. For now, one can proceed with the factorization of the Born
phase space. Therefore, one can reformulate the phase space measure using

dA
dAf(s, A, ypis, A, &, y) = m[é(A —A) = (A=Al (3.24)
with
D — (9f(8, >\7 YpIs, A¢7 57 y)
oA
s (5 cos Ap/A (1 — y2) (ypis — ydrs) + Aymis(1 — &y — (1 — A)QDIS))
T 4B\
\/EyDIS
5 (3.25)
The solutions A4 ensure that
E,+FEy=FEs+ E,+ Es. (3.26)

This allows to find a shorter expression for Ej,, rather than plugging in the
parametrization in Eq. (3.13). One finds

~—

Ey=-"—(1+ypis(l = As) =§). (3.27)

[ S

The last step before factorizing the Born phase space is the transformation

B dz B
x—)\:>dx— Sy (3.28)
Thereby, one has to carefully handle the integration limits. Since the x
integration goes from 0 to 1, the zp integration will be going from 0 to A
after the variable transformation. However, in the Born phase space the
integration of xp goes from 0 to 1. Since A < 1, one can extend the xpg
integration by supplying an according theta function

dx
dz = TB@(A — zp). (3.29)
Since the integration over A is still present, one can adjust the lower integra-

tion limit of A to xp to eliminate the extra theta function.
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If everything is put together, the phase space can be simplified to

d®; = mde dypis des dA d€ d¢ dy [6(A — Ap) 4+ 0(A — A)]
y 5ypisé
Mo (€1 + y) = 2) = € cos AN (T = 47) (T = yos)yors|
_ 3217T3 A, d\ dé do dy (5(h — M) + (A — A))
« Sypisé
A ’AyDIs(f(l +y) —2) = Ecos Ady/A (1 —¢?) (1 - yms)yms‘ 7

(3.30)

where § = BSpeams = AS is the squared partonic center-of-mass energy of
the underlying Born kinematics.

3.2.1.1 Validation of the solutions A\,

It was already hinted that the solving process for AL involves squaring of
roots. Hence, one has to investigate in detail the signs of both sides of the
equation. First, it is helpful to remember the physical limits of the integration
variables &, vy, ypis, A, g, which are

5;?/D187$B € [07 ]—]a Yy € [_17 1]7 A € [xB7 1] (331>

The solving for Ay starts with setting Eq. (3.21) to zero, which is equivalent
to

(1= Ayois + 1= €= y/ B+ 46y/X (1~ 52) (1~ yors) yors cos A, (3.32)
with
B = —2¢y (M\ypis +ypis — 1) + (A — Dyprs + 1) 2 + €2, (3.33)

The right-hand side of Eq. (3.32) is always positive as long as it is real,
which it has to be to satisfy the equation. With the restrictions on the
integration variables, it is easy to see that also the left-hand side is always
positive. Hence, squaring both sides will lead to an equivalent equation.
After squaring Eq. (3.32) and isolating the remaining square root one finds
the equation

Eypis(A+ Ay +y — 1) +2(1 — Nypis — &(y + 1)
= 26/ A (1 —9?) (1 — ypis) ypis cos Ao, (3.34)
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Figure 3.1: Plot of L(&,y, ypis, A) in two different scenarios with partly fixed
variables. The fixed variables are: y = 0.3, ypis = 0.8 and cos A¢p = —1 on
the left-hand side and cos A¢ = 1 on the right-hand side. The vertical black

line shows the zero of L(&,y, ypis, A).

Now, the right-hand side of Eq. (3.34) has the same sign as cos A¢, which can
be both positive or negative. The left-hand side can be positive or negative
as well. In order for Ay to be a solution to Eq. (3.34), it has to give the
left-hand side of Eq. (3.34) the same sign as cos A¢. One can quickly see
that the dependence of the solutions A1 (see Eq. (3.22)) on the sign of cos A¢
turns out as

At (cos Ap) = A_(—cos Ag). (3.35)
For the sake of brevity, it is useful to define

L(& y, ypis, A) = Eypis(A + Ay +y — 1) +2(1 — MNypis — {(y + 1), (3.36)
Further, let & be defined as

2yprs

_ , (3.37)
1 — yypis + ypis + ¥

€o

which is a zero in £ of L(§,y, ypis, A+). In fact, it is the only zero in & that
is greater than 0 and less than 1, and it fulfills

L<€07y7 Ypis, )\7) = 07 if cos A¢ > O,
L(g())ya Ybis, >‘+) = 07 if cos A¢ <0. (338)

In the case of cos A¢ > 0, one finds that

>0, if & <&,

‘ (3.39)
< 07 if 5 > 607

L(f,y,yDIS,)\—){
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while

L(&,y, ypis, Ay) <0 V¢ € (0,1). (3.40)

This means that A_ is the only zero of Eq. (3.21) if cos A¢ > 0 (see Fig. 3.1
on the right). In the other case of cos A¢ < 0, one finds (see Fig. 3.1 on the
left)

L(fa!/)?JDIS» )\7> <0 v£ € (07 1)7

>0, if &€ <&,
L(ga Y, YbI1s, )\+) { g 60

, (3.41)
<0, if &> &.

In other words, A_ is a correct solution for the whole range in &, while A,
is only the correct zero if & > &;. Since A, can only be a valid solution of
Eq. (3.34) when £ > &, in the soft limit of £ — 0, A_ is the only possibility.
The same holds for the collinear limit of y — —1. Hence, all IR divergent
kinematics can only be on the negative branch A_.

3.2.1.2 Integration limits of ¢

As already discussed before, the A integration is restricted to the interval
[zp,1]. This restriction can be shifted onto the ¢ integration. Therefore,
the dependence of the solutions A+ on ¢ has to be analyzed. The general
dependence Ay () is shown in Fig. 3.2. The graphs A_(§) and A (§) form a
closed loop, since A_(§ =0) = A1 (£ =0) = 1 and A\ (Emax) = A (Emax)- Emax
is the value for which the root of A+ becomes zero, hence both solutions must
be identical at this point. Either A_(&) or A, (§) has a zero at &. The closed
loop formed by AL (&) is intersected by the horizontal line at xp exactly two
times at Eow and &,p, With oy < &up. They are

2 (zp — 1) yois (2v/c|cos(AQ)| + ypis (xp(y +1) +y—1) —y — 1)

glow - y
d
= 2 (xp — 1) ypis (—2v/c|cos(A¢)| + ypis (zp(y +1) +y —1) —y — 1)
up — d )

d=—=2(y+ Dypis (2x5 +y — 1) +yois® ((y + D)*25 + (y — 1)?)
— 2ccos(2A¢) + (y + 1)?,

¢=(1-y*)rp(1 - yois)yois. (3.42)

The maximum value of £ can be calculated by setting the argument of
the root in A4 to zero. This yields

4yp1s

R4 2ypis +y + 1
R=+/(1+y(1—2yps))2—4(1 —42) (1 — ypis) ypis cos2(A¢). (3.43)

fmax -
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Figure 3.2: Dependence of the solutions Ay on &. In the depicted scenario the
sign of cos AP is negative. If the sign is positive, A, and A_ are interchanged.

One can picture the ¢ integration by following the closed loop formed by
A+ from Fig. 3.2. The integration starts at £ = 0 along the negative branch
A_, and one follows the loop until it intersects the horizontal line of zp. To
sketch the integration, one can write

I = /01 de /1 AN (@) = A) + (00— A,)]. (3.44)

Here, f(®3) is meant to be the whole integrand for the real correction to the
cross section including the matrix element and Jacobian factors. With the
definitions

fo(®s) = / A f(@3)5(0 — As) (3.45)

B

the & integral becomes

Emax, — Emax,+
= [ @+ [ dep @), (3.46)

gmin,-&-

where the integral limits max,—; {min+ and &max + depend on the other inte-
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gration variables

Clow, 1f cos A¢ > 0,
Smax,— = § Eupy  1f cos AP < OAA_(&max) < T3,
Emax, Otherwise,

c {gup, if cosAg < 0A M (Emax) > T8,
min,+ —

Emax, Otherwise,

Emax+ = Emax- (3.47)

Note that if cos A¢p > 0V A_(&nax) < g, then &nin 4 = &max 4+, since A4 is
not a valid solution in that case.

In the POWHEG BOX the £ integration is set up as an integration over a
€ from 0 to 1, where £ is mapped to the actual £&. Thereby, the soft IR
limit is at € — 0. In the case where one the negative branch is possible,
this is straight forward by implementing the mapping ¢ = fmax,,f . If both
A branches are possible, this map is not sufficient. Since the positive branch
does not contain any IR divergent kinematics, it can be attached at the
end of the negative branch. In case of both branches being possible, one
has Emax,— = &max+ = Emax. With the definition of A := &nax — &up, the

integration over £ becomes

Emax Emax
I = /0 dEf-(€) + / defo ()

Eup

Emax+AE Emax+AE
- /0 AEF()O(Emme — &) + /0 0 f (2 — O)O(E — Em).
(3.48)

Now, the two integrals can be combined into one. With the variable trans-
formation f € /Emax, Where §max Emax + AE, one obtains

[§ = /(; dégmax [f* (éémax)(a(gmax - gémax)
+f+(2€max - gémax)@(égmax - gmax) . (349>

3.2.2 Phase space for final-state radiation

For FSR, the starting point for the phase space measure is again Eq. (3.8).
The emitter is the 4th particle with momentum p,. Let the momentum sum
of the two outgoing partons be called k := py + p5. It is parametrized as

k= (k" k\/1— c?cos g, k\/1 — c2sin dg, keg), with k:= |k|,  (3.50)
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where k° = E, + E5. Then, one can integrate over k instead of py. Together
with the parameterization Eq. (3.50), the phase space measure becomes

2

1 k
d®; = dx &®p3 dk deg doy, d° S ) —p3—k
3= 5500 APy dk dex Aoy SN (p1+p2 —ps — k),
(3.51)
where
Es = |p3|7
E5 = ‘p5’a

In the next step, a rotation R is performed to align k£ along the z-axis
Rk =(k°0,0,k). (3.53)

To achieve this transformation, one can perform three successive rotations.
The first rotates around the z-axis by the angle —¢. The second rotation is
around the y-axis by the angle — arccoscg. The last rotation is the inverse
of the first rotation. This shifts the information of the azimuthal angle onto
the incoming particles and allows an independent spherical parametrization
of the final state particles in the phase space measure. Hence, the full rotation
is

R =R 'RyRy,
1 0 0 0
o 0 cos(¢r) sin(¢r) O
YTl 0 —sin(¢r) cos(dr) O |7
0 0 0 1
1 0 0 0
. 0 Ck 0 —/ 1-— Ci
Ry = 0 0 ] 0 : (3.54)
0 1—-c 0 Ch

Momenta in the rotated frame will be denoted with the upper label 9. The
incoming momenta in the rotated frame are

pgR) = %(1, —\/1 = G cos ¢y, —y/1 — ¢ sin ¢y, ¢x.),
P = \/75(1, \/1—c2cos gy, /1 — cisin gy, —cx). (3.55)
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With the variable transformations ¢ — —co and ¢p — ¢9, one obtains the
usual spherical coordinates in the rotated frame. This allows to express all
momenta in variables defined in the rotated frame, rather than the angles
from the original center-of-mass frame. Further, the momentum of the radi-
ation can be parametrized in spherical coordinated as

pgR) = F5(1,4/1 — 2 cos g5,/ 1 — cZsin s, c5). (3.56)

Note that ¢; and ¢5 are not the FKS variables. The phase space measure ®3
in the rotated frame is

A% = oo *pl™ dk dey dgy dEs des des Zgi
x 60 (p{ + pi = pf" — K®). (3.57)
The 3-vector component of the delta distribution is
6 (—pl — k) (3.58)
and can be easily eliminated by integrating over d?’pgR) yielding
py? = —k® = (0,0,-k) = E3=k (3.59)
This leads to
d®; = 25(13 ———dz dk dey dgp dE5 dgs des %
X 5(\/§—E—E4—E5),
E,= \/ k* + E2 — 2kEscs. (3.60)

At this point, the DIS variables need to be introduced
2
Q*=—(¢")" = - — p§?)? = (1 — c2) k5,

(R), (R)
14+c¢)k
yDIS—l_%—l—Q- (3.61)
b1 P2 Vs
Then, one can transform the integration variables
I — s(1 — ypis) + Q°
—= 2\/§ )
Cg = s(1 — ypis) — Q°
s(1 — ypis) + Q%
1
dk de; = dypis dQ? Vs = dypis dQ*—. 3.62
K dcy yois dQ 02 + (1 — ypis) Yois dQ 2% ( )
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The Q? integral can also be replaced by introducing A = Q?/ <2p§R) (R)>,

which works out as
dQ? = dX syps. (3.63)
The first FKS variable £ can be introduced with

By = \/;g. (3.64)
With all these transformations, the phase space measure becomes

3 523/DIS

d®
3 2F,

dz dypis dA dgy d§ des des

= 102470
Y 5(@ 1= yors(1 - ) - E) (3.65)
where

2E; = /5 (265¢(ypis (1 = A) — 1) + €2 + (1 = yois(1 — A))?). (3.66)

The last delta distribution is removed by integrating over A. The root g of
the argument of the delta distribution is

~yois (E(1+¢5) —2) +£(01 —Cs).

= s T ) ~2) 300
The additional Jacobian factor is
26(1+c5)(E—2)+ 42. (3.68)
Vsypis (§ (14 ¢5) —2)
After the \ integration, the phase space measure becomes
A%y = —— / dz dypis des d€ des d%#ﬁﬂ_l). (3.69)

The integration variables ¢; and ¢5 have to be transformed into the FKS
variables y and ¢. Their definitions are

_ P4 - Ps5
E,E;5’

¢ = arctanQ((%) . (f)5 X R), ((%) X (f)s X R)) R),
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where the second line is to be taken in the original center-of-mass frame
before the rotation R. A vector with a hat is meant to be normed & := a/|a].
With these definitions one finds

1 2(1—cs5)
R R R T
¢ = (¢5 — ¢ —m) mod 2T, (3.71)
which yields
22898 +1))°
T
do, = do. (3.72)

A last transformation © = zp/A¢ has to be done. Thereby, one has to
carefully handle the integration limits in the same manner as in the ISR case
dx
dz = —20(\y — z5). (3.73)
Ao
In contrast to the ISR case, the theta function cannot be eliminated by re-
stricting the £ integration. Consequently, one has to carry the theta function

along.
Ultimately, the phase space measure becomes
1
d(I)g = 2567(5 dJTB dyDIs d¢2 d£ dy dgb @()\0 — LL’B)

(1—-¢&)¢s
N2 =0 -y)2—-(2-E1 ~y))

1617T3 d®, d¢ dy dg O(\g — z5)
" (1 -&)¢&s
A2 =€l —y)2 - 2= —y)

X

(3.74)

3.3 Generation of radiation

This section shows the implementation of the radiation generation in the
POWHEG BOX and its modifications for DIS. The principles have been dis-
cussed in Sec. 2.5. Specifically, the choice of the upper bounding function
U(®¢r) and the ordering variable k%7 (®,,41) is not set yet. Their choice is

different for ISR and FSR, so those cases will be discussed separately.
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3.3.1 Generation of initial-state radiation

In the POWHEG BOX, the upper bounding function is

O‘suf%)
Usr(Praq) = N ——%, 3.75
isr(Pma) = N = ) (375)
and the ordering variable
S
ki = ————£2(1 — o), 3.76
with 5 being the underlying Born center-of-mass energy squared, and
1
as(kF) = (3.77)

bo In <I;\—%>

It is easy to see that k% diverges for & — 1. For the normal POWHEG BOX and
its mapping between the real phase space and the underlying Born phase
space, this is not problematic, because in this mapping the upper limit of the
¢ integration is strictly less than 1. However, in the mappings proposed in
the previous section for DIS kinematics this does not hold true. Therefore,

it is better to define a different function that is identical in the soft and
collinear limit.

3.3.1.1 Generation of ISR for DIS

The choice for the ordering variable is not unique. One possible choice is
very similar to the one in the POWHEG BOX

_ ¢ -y
41— &y?)

With this definition k% would still be divergent in the simultaneous limit of
¢ — 1 and y — £1. However, this limit is not in the phase space since the
maximum value of ¢ is strictly less than 1 for y — £1. The maximum value
k2% inside of the real phase space is

kr

(3.78)

max k7 = Z (3.79)

It it will be convenient to define the dimensionless variables

ke -

= =i e (3.80)
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and

1
Tmax ‘= Max”m = —. (3.81)

4

The intermediate goal is to generate a py proportional to

A (pr) —eXp[ / Utsr (®raa) O (kr — pr)dédyde| . (3.82)

Then, the veto method is used to get a value py that is distributed propor-
tionally to the Sudakov form factor. Therefore, the integral in Eq. (3.82) has
to evaluated. One can trade the integration over y for an integral over r,
which allows to eliminate the theta function by adjusting the integral limits.
Therefore, one can insert

- /0 Y s <r - H) (3.83)

and eliminate the delta distribution by integrating over y. With the roots

&2 —4r

@, (3.84)

Y+ = £
one obtains a lower limit for the £ integration of 24/r, since the square root

in Eq. (3.84) has to be real. The substitution leads to

1/4 9
“log AU (pp) = N/ dr d§/ dé a, rs)ﬁ%f)g

— 27N 1Mdr/ \/5 ™ m (3.85)

1/4
—87TN/ dr oc(

\/_\/1—2

x {K(2+\/F1_%) —F(%]Q%—ﬁ;_%)

22 )

V=3
—H(ﬁ;%uﬁ)}, (3.86)
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where F'(¢|m), K(k) = F(x/2|m), II(n; ¢|m) and II(n|m) are elliptic inte-
grals of first and third kind, respectively. They are defined as

¢
F(¢|m) = / (1 —msin?0)~/2d6,
0
K(k) := F(n/2|m),
¢
[I(n; ¢|m) = / (1 —nsin®0)~Y(1 — msin?6)"1/2,
0

II(n|m) := I(n; 7/2|m). (3.87)

Rather than trying to calculate the last integral of Eq. (3.86) and solve
z, = AY(pr) for pr with a random number z,, one can find an upper
bounding function for the integrand of Eq. (3.86) and perform a second veto.
Then, the integral can be calculated

—log AW (pr) < —log AW (pr)

1/4 4
:’ﬂ'Nﬁ dr—log(r)

i ylog (5)

N 45 log (55 4p2
:”b— log <A—§> log Lﬁ,) +log (ﬁ> . (3.89)
0 log (%) S

With a uniform random number x, € (0, 1), one can solve the equation
z, = AW (pr) (3.89)

for pr numerically and use the veto method twice to obtain a pr value that
is distributed proportional to the Sudakov form factor (Eq. (2.127)). The
first veto is used with the ratio of integrands from equation Eq. (3.86) over
Eq. (3.88). The second veto is done as described in section 2.5.

Once a p% is accepted, the FKS variables ¢ and ¢ have to be generated.
Generating ¢ is straight forward, since the integration over ¢ in AY)(py) does
not depend on it. The probability density of £ has to be proportional to the
integrand of Eq. (3.85). Since this integral is difficult to handle, it is practical
to use the veto method again. Therefore, the integrand is overestimated by

\/ : < ! (3.90)
(§ —4r) (£ — 4r) (2v/r —4r) (25 —4r) '

Next, the integrand is normed by providing the factor \/r to have

1 1
/M h ﬁ\/@ﬁ ") @ —an) " (3.91)




84 CHAPTER 3. SOFTWARE IMPLEMENTATION

A randomly generated £’ is obtained by solving

¢ 1
/M a \/F\/(2\/' —Ar) (26 —4r) K3 (3.92)

where z¢ is an uniformly generated random number in the interval (0, 1).
This leads to

¢ =a7 (L=2Vr) +2r. (3.93)

Lastly, it is checked if a new random number z, € (0, 1) fulfills

1
B \/ (2y/r—4r) (2¢'/r—4r)
Te > .

(3.94)

5/

(&' —4r)((§')*—4r)

If it does, a new & is generated until the inequality does not hold. Afterwards,
the last FKS variable y can be obtained from Eq. (3.84) by randomly choosing
either y, or y_. From the FKS variables together with the prior generated
Born phase space, the full @3 phase space can be built.

This implementation for the ISR generation is implemented using the flag
rad_iupperisr = 2, which can be set in the powheg.input file by adding
the line iupperisr 2.

3.3.1.2 Alternative generation of ISR for DIS

For DIS, only the incoming parton can contribute to QCD ISR. Hence, there
will only be a collinear divergence for y — —1. This can be incorporated
in both the upper bounding function and the ordering variable by defining
them as

L CVS(k’?F)
Utsk (Praa) = N—g(l o)
2 . _ &

The soft collinear limit of the ordering variable is

1 8€%(1 —
k% §—0,y——1 S€ (2 y) (396)

This is the same limit as before. Now, a p2 has to be generated using the
same steps as in the other method with the only difference being the different
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k2 definition. Again, it is useful to define the dimensionless ordering variable

ko &(1—-y)

il vy rurm (3.97)
with
Finax i= Max” = 1. (3.98)
This leads to
(-2
E—r)
dy = dr ?7(01__52’ (3.99)

with £ € (y/r,1) to ensure y € (—1,1). Then, the modified Sodakov form
factor becomes

—log A (py) = /UISR<(I)rad)@(kT — pr)dédyde

9N / as rS)
,

—9nN / : L ,(rs) o (% + 1) | (3.100)

Again, the last integral will be handled using the veto method by overesti-
mating the integrand using

log ( % . 1) . logz(%)

vr e (0,1). (3.101)

This leads to

—log AW (pT) —log AW (pT)

dr log (%)
PQT T by log (};—)

N 45 log (5 2
= Wb— log (A—i) log &Aj) + log (p—_T> . (3.102)
0

=7N

With this result, the p2 generation is carried out analogously to the previous
method.
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Similar as before, £ has to be generated proportional to the integrand of
Eq. (3.100). This time, no additional veto is necessary, since the integral is
easy enough. Firstly, the integral is normed

1
1
/ de _1 (3.103)
v (& —r)log (\/%—i-l)
Then, the generated £ is obtained by solving
¢ 1
/ d¢ = T, (3.104)
VP (§—T)log(\%+1)

with the uniform random number z¢ € (0,1). This yields

&= (Vr—r) (% + 1)% +r (3.105)

The FKS angle y can be obtained from Eq. (3.99) by using the generated

p2 and ¢'. Together with a random uniform ¢ € (0,27) the full phase space
with radiation can be built.

3.3.1.3 Selection of A\. branch

While building the real phase space for ISR, it turned out that the ratio
A = z/x can have two branches. In this context, £ and x represent the
momentum fractions of the parton from the incoming proton beam of the
Born and real phase space, respectively. If the procedure described above
generates a set of FKS variables {£, y, ¢} for which both branches are possible,
then the veto method has to adapted slightly.

In the last veto, it is checked whether a random number ' € (0, 1) fulfills

R, (®,01)] % % .
r' > {&} U(®er)~t. (3.106)
be ((I)n) d
If both branches are possible, the real correction is
Ro, (1) = Rar(q)jz_-i-l) + Rar(¢;+1)’ (3.107)

where <I>ff 11 is the phase space point that fulfills A\, = Z/2 and Ay is given

in Eq. (3.22). If an event is accepted with FKS variables {&,y, ¢} that allow

for both branches, then one of them has to be chosen. The probability for
the positive branch, which has Ay = z/x, is
Ra, (®p1)

Ro, (®yi1) + Ra, (1)

Consequently, the other branch is chosen with the counter probability.

(3.108)
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3.3.2 Generation of final-state radiation

For FSR, the real contribution can have IR divergences for ¢ — 0 (soft
limit) or y — 1 (collinear limit). Therefore, the upper bounding function
implemented in the POWHEG BOX is

as(k7)
Drag) = N—"——=, 3.109
Ursn(eat) = Ve =) 109
and the ordering variable k2 is defined as
Bo=e0-y) (3.110)

where s is the partonic center-of-mass energy of the real correction process.
The mapping from the real phase space to the underlying Born phase space
implemented in the POWHEG BOX has s = 5. In particular, s does not depend
on the FKS variables. The mapping for the DIS modification does not have
this feature. Instead in the DIS modification, one has

=5
_ 1-90 -y
yois(2 —€(1 —y))

In the soft or collinear limit Ay — 1 and hence s — §. Therefore, one can
modify the k% definition to

Ao =

(3.111)

k3 = 352(1 — ), (3.112)

since this does not alter the soft-collinear limit. Then, one only needs to
change all occurrences of s to 5 in the implementation, because 5 does not
depend on the radiation.
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Chapter 4

Phenomenological studies

This chapter shows the application of the POWHEG BOX implementation for
DIS. Therefore, two experimental setups were simulated. To obtain the pre-
dictions for the HERA and EIC experiments, the new NLO+PS generator
is interfaced with Pythia8. Pythia8 provides hadronization and beam rem-
nant effects, which are included in the presented studies. QED shower or
hadron decays are not included. This chapter in based on Ref. [1], in which
the results have been published. Unless explicitly stated otherwise, all events
have been generated using the ISR generation as described in Sec. 3.3.1.2.

4.1 DIS at the H1 experiment

In this section predictions obtained from the new POWHEG BOX implementa-
tion are compared to experimental data gathered from the H1 experiment
at HERA in Ref. [96]. In the study, collisions of electrons or positrons
with energy E. = 27.6 GeV and protons with energy E,; = 820 GeV or
E,» = 920 GeV were collected. This yields the center-of-mass energies
V51 = 301 GeV and /s = 319 GeV, respectively. For all three different
collision types, the reported integrated luminosities in Ref. [96] are e*p: /51,
Ling =30pb™1; e7p: /52, Ling = 14 pb™1; €T p: /53, Ling = 62 pb~!. The two
different data sets for the positron-proton collisions are combined by weigh-
ing the data with their respective luminosity. Then, the combined positron
data are merged with the electron data, where the two data sets are weighed
by the total cross section. The PDF set NNPDF30_nnlo_as_0118_hera [97],
implemented in LHAPDF v6.5.3 [98], was used. The renormalization and fac-
torization scales g and pp are both set equal to Q. Furthermore, only events

89



90 CHAPTER 4. PHENOMENOLOGICAL STUDIES

"H1 data —+— I I I I I " H1data ——
Pythia8 dipole (parton) +——<— Pythia8 dipole (parton) +——<—
© par 30 © par
10%0 L Pythia8 dipole —*— 4 10°° ¢ Pythia8 dipole —*— 5
Pythia8 Vincia —&— Pythia8 Vincia —&—
ep—e+X ep—re+X
o5 NNPDF30_nnlo_as_0118_hera o5 NNPDF30_nnlo_as_0118_hera
10 F pp=pp=Q 1 10° F pr=pe=Q
H1 data: [hep-ex/0512014] H1 data: [hep-ex/0512014]
T 420 B 3 o St = =
g 1020 F ™ n=0, (Q,) =14.9 GeV ¥ 3 1020 = n=0, (Q,) =14.9GeV |
o o
o | © — -
s Mﬁnﬂy (Qn) =17.7 GeV x w n=1, {(Q,) =17.7 GeV
w10 M T 100 e . 1
5 =(n=2, (Q,) =23.8 GeV s == 4==4==4= n=2, (Q,) =23.8 GeV
3 1010 ':.-H#-H-.-«_._. E s ot
2 ¢ * n=3, (Q,) =36.9 GeV Q1010 9= n=3, (Q,) =36.9GeV
o L.-.M'Hh n=4, (Qq) =57.6 GeV 1 . P n=4, (Q,) =57.6 GeV
10° ¢ E
100 o e L o) soscey e g s, (0 =806Gov
100 W 4
%"Hm n=6, (Q) =115.6 GeV n=6, (Q,) =115.6 GeV
10-5 L L L L L L L L 1 1 1 ) 1 1 1 1

0 02 04 0.6 0.8 1 1.2 1.4 1.6 0 01 02 03 04 05 06 07 08 09

Figure 4.1: Thrust distribution (left) and broadening (right) for different
bins in @, including hadronization effects for the dipole (red), and VINCIA
(blue) showers, and at the parton level (i.e. without hadronisation and beam-
remnant effects) for the dipole shower (magenta), together with the H1 data
of Ref. [96]. For a given Q-bin n, the average value of @ is denoted by (Q,),
and the corresponding curve is multiplied by a factor of 502" for better
readability [1].

fulfilling

14 GeV < @ < 200 GeV,
0.1< Ypis < 07, (41)

are included in the analysis. Additionally, an event is only accepted if the
energy of all particles in the current hemisphere is greater than ey, := Q/10.
This cut ensures infrared safety by removing events in which the current
hemisphere contains only soft emissions. A further constriction is imposed
on the longitudinal energy

40 GeV < > E;(1 — cosf;) < 70 GeV, (4.2)

where the sum runs over all detectable particles in the event.

Events, generated with the new POWHEG BOX implementation for DIS, are
interfaced with Pythia8 to obtain showered events. From these showered
events, the observables jet broadening B, g, thrust 7, g, jet mass p and C-
parameter are calculated and filled in histograms. The definitions of these
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Figure 4.2: Thrust distribution including hadronization effects for the dipole
(red), and VINCIA (blue) showers, and at the parton level (i.e. without
hadronization and beam-remnant effects) for the dipole shower (magenta),
together with the H1 data of Ref. [96], for the bins 14 GeV < @ < 16 GeV
(left), 30 GeV < @ < 50 GeV (middle), and 70 GeV < @ < 100 GeV (right).
The bands represent the 7-point scale variation of ugr and pupr by a factor
of two around the central value @) for the POWHEG results. The lower panels
show the ratio of the predictions to data [1].

observables are shown in Sec. 2.6.1. For the shower algorithm, the dipole
Pythia8 shower [99] and the default antenna VINCIA shower [100] are used.
Both shower methods leave the DIS variables @),z 5 and ypis invariant if QED
radiation is not taken into account. To illustrate the impact of hadronization
effects, a third set of histograms is created with the dipole Pythia8 shower
while disabling hadronization.

It is important to note that all event shapes are identical to zero for the
LO DIS process. They only become greater than zero if radiation corrections
are taken into account. This means, the current POWHEG BOX implemen-
tation can calculate event shape distributions only at LO accuracy which
corresponds to NLO accuracy for the DIS process.

In Fig. 4.1, the thrust and jet broadening is shown for various ()-bins. In
Figs. 4.2 and 4.3 the same event shape distributions are depicted for three
selected )-bins. The chosen (Q-bins are the lowest bin, 14 GeV < @ <
16 GeV, which is strongly dominated by the photon exchange, one ()-bin
containing the Z-boson mass and an intermediate ()-bin in between the before
mentioned ones. The uncertainty band for the showered results stems from
the 7-point variation of ur and pr. The agreement of data with generated
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Figure 4.3: Same as Fig. 4.2, but for the broadening distribution [1].

Ratio to Data
Ratio to Dat;

event including hadronization effects is good for the thrust 7, p. Especially
for low @ values, the distribution without hadronization effects deviates from
the data. For higher values of @), these non-perturbative effects become
smaller. For the jet broadening, the agreement between data and theoretical
prediction is worse. However, one can observe the same trend regarding the
impact of the hadronization effect that are more sizable for smaller values
of Q). For both the thrust and jet broadening, the scale variation is very
small for all @) values. Since all distributions are normalized, this behavior
is expected.

Fig. 4.4 shows the jet mass and C-parameter for all measured @Q-bins.
In Figs. 4.5 and 4.6, the same ()-bins are selected as for the jet broadening
and thrust before. The difference between parton shower with and without
hadronization follows a similar pattern as for 7, p and B, g. For small @)
values the prediction deviates from the data. The agreement improves with
higher () values, but one should note the large experimental uncertainty for
(@ values at the hard kinematic edge.

The inclusion of hadronization effects is critical to obtain sensible predic-
tions for experimental measurements. The influence of these non-perturba-
tive effects has also been discussed in Ref. [101] for the 1-jettiness distribution
that is very similar to the thrust variable.

4.2 DIS at the EIC

This section presents predictions from the new POWHEG BOX implementation
for the future EIC. In the previous section, the high experimental uncertain-
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Figure 4.4:
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Figure 4.5: Same as Fig. 4.2, but for the squared jet mass [1].
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Figure 4.6: Same as Fig. 4.2, but for the C-parameter distribution [1].

ties were mentioned. With the EIC, those uncertainties will be reduced due
to the much larger luminosity.

Electron proton collisions with beam energies F. = 18 GeV and E, =
275 GeV are considered. These values correspond to the maximal energies
that are currently aimed at. Both neutral current (NC) and charged current
(CC) results are shown. The generated events are restricted to

25 GeV? < Q% < 1000 GeV?,
0.04 < Ypis < 095, (43)

following Ref. [102]. For the EIC predictions the PDF set
PDFALHC15_nlo_100_pdfas [103] was used. This set includes constraints
on the proton structure gathered at the LHC.

In contrast to the H1 data from the previous section, jet and inclusive
distributions are shown here, where inclusive distributions are those in which
all parton momenta are integrated out. Hence, inclusive distributions should
not be modified by the parton shower, since they only depend on the lepton
momenta which are not touched by the parton shower if only QCD radiation
is considered. However, small deviations can be possible for low () values,
due to the reshuffling of momenta to introduce particle masses that are not
present at the fixed order calculation. The jet reconstruction is done using
the anti-k7 algorithm [104] for the parton momenta being in the lab frame.
Thereby, the R-parameter is set to R = 0.8, and jets are only considered if
they fulfill the restrictions on transverse momentum and pseudorapidity

US> 5CeV, [ < 3. (4.4)
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Figure 4.7: Distributions of Q? (left) and zp (right) for NC DIS at the
EIC with /s = 140 GeV and within the cuts of Eq. (4.3) at LO (orange),
NLO (magenta), and NLO+PS results, obtained with dipole shower (red) or
VINCIA (blue) Pythia8 showers. Hadronisation and beam remnant effects
are included in the NLO+PS simulations. Error bars indicate statistical
uncertainties, bands are obtained by a 7-point scale variation of ur and pg
by a factor of two around the central value ). The lower panels display the
ratios to the respective NLO results [1].

In Fig. 4.7, the distributions in Q* and z% for the NC cross section are
shown. The NLO correction to the Q? distribution is strictly negative and
becomes smaller for increasing @?. The NLO corrections to the x5 correction
has different signs for the low and higher x g values and becomes greater than
20 % for large values of 5. The NLO+PS result for both the Pythia8 dipole
and VINCIA shower are almost identical. They also agree very well with the
NLO result, since they do not modify the lepton momenta as stated before.
For the NLO and NLO+PS results, a 7-point scale variation is performed, by
varying the renormalization and factorization scales ur and pugp by a factor
2 around Q.

Fig. 4.8 shows the transverse momentum and pseudo rapidity of the hard-
est jet fulfilling Eq. (4.4). Since the momenta are in the lab frame, the trans-
verse momentum can be greater than zero even at LO, but it is limited by

' < @Q ~ 32 GeV. At higher order, p)' does not have this limit, since it can
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Figure 4.8: Distributions of pl* (left) and 73t (right) for NC DIS at the EIC
with /s = 140 GeV and within the cuts of Eqs. (4.3)—(4.4) [1].

take the recoil of additional radiation. Beyond the threshold p];’t > Qmax, the
NLO result is only LO accurate which explains the larger scale dependence
in that region. The NLO correction reduces the pJ:fft distribution, especially
for small p'. The additional parton shower amplifies the effect further. Be-
yond the threshold, the parton shower corrections become larger and reduce
the scale dependence considerably. The pseudorapidity has an asymmetric
shape around zero with more weight for 79** < 0. This corresponds to the
proton beam direction which carries more energy than the electron beam.
In addition, the NLO correction is asymmetric as well, and it becomes very
large for high values of |®|. Again, the parton shower enhances the NLO
corrections further, though to a smaller extend. Similar to the transverse
momentum distribution, the parton shower corrections are especially large
in the regions where the NLO result has a large scale dependence. The two
different showers agree very well except in the region 7®* < 1.8. In general,
the differences between the fixed order and NLO+-PS results are greater than
their 7-point scale variation.

Fig. 4.9 compares the two options for ISR generation described in Secs.
3.3.1.1 and 3.3.1.2. In the p* distribution below the threshold Pl < Qmay,
the two different options agree very well with each other. In the region with
low pi_ﬁt, the numerical difference between the different ordering variables and
upper bounding variables becomes small since in the soft-collinear limit p]Tet
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Figure 4.9: Distributions of pl* (left) and 73t (right) for NC DIS at the EIC
with /s = 140 GeV and within the cuts of Eqs. (4.3)—(4.4). For the red
line, ISR is generated as described in Sec. 3.3.1.2, while for the blue line,
the ordering variable and upper bounding function are as described in Sec.
3.3.1.1. The error bars are due to statistical uncertainties, while the shaded
areas stem from the 7-point variation.

approaches 0. Hence, it is expected that the two different options agree for
low pjfit Above the threshold, the difference becomes larger, and the behavior
is similar to the difference of the two shower algorithms in Fig. 4.8. The it
distributions for the two ISR methods agree within the uncertainties. They
deviate for large values of || similar to the different shower algorithms,
albeit to a much lesser extent.

The Q? and xp distributions of the CC are depicted in Fig. 4.10. While
in the NC channel both the photon and the Z-boson can be the exchange
particle carrying @2, in the CC channel the incoming lepton interacts only
weakly via the WW-boson with the proton constituents. Therefore, the cross
section in the CC channel is roughly three orders of magnitude smaller, and
the @Q? distribution does not rise as quickly with decreasing Q?, due to the
missing massless exchange particle. However, the NLO correction, which is
entirely due to QCD effects, does not affect the leptons either way. Therefore,
the relative NLO and parton shower corrections are identical between the NC
and CC channel in shape and numerical values for the inclusive distributions.

Fig. 4.11 shows the transverse momentum and pseudorapidity distribu-
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Figure 4.11: Same as Fig. 4.8, but for the charged current channel [1].
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tions for the CC channel. In contrast to the NC channel, the NLO corrections
are very small for low values of pj;t, but they become increasingly negative
in the intermediate region before the threshold. Additionally, the parton
shower effect is also very small below the threshold pJTet < Qmax and be-
comes comparable to the parton shower correction in the NC channel near
the threshold and beyond. The correction to the pseudorapidity distribu-
tions is similar between NC and CC channels. A notable difference is that
the NLO and NLO+PS corrections are more weighted towards higher values
of |7°| compared to the NC channel.
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Chapter 5

Summary and outlook

In this work, a new event generator is presented that is based on the
POWHEG BOX RES [105] enabling the generation of events for the DIS pro-
cess at NLO accuracy in QCD and their matching to a parton shower. The
theoretical foundation for any calculation in the field of high energy physics
is QFT. In the first part of this thesis, some basic concepts of QFT are sum-
marized. Additionally, a brief overview of the SM is given to form the basis
needed to calculate the DIS cross section. In the next sections, an outline
for the general strategy to obtain high precision results within the SM is
shown. The difficulties and tools to perform NLO calculations, the concept
of parton showers and their interfacing with NLO calculations are discussed.
The next section presents the DIS process and its special kinematic features.
The Breit frame is a particularly useful frame for processes like DIS that can
be reduced to a subprocess in which one of the incoming particles scatters
off of a virtual boson emitted by the other incoming particle.

Chapter 3 explains the changes to the POWHEG BOXthat are necessary to
account for lepton-hadron collisions. In particular, the FKS momentum map-
pings had do be adapted. The mapping between Born and real momentum
configurations for ISR, as it is implemented in the original version of the
POWHEG BOX RES, modifies both incoming particle momenta. This is only
sensible if both particles are understood as constituents of a hadron. For
FSR this problem does not occur, since the mapping implemented in the
POWHEG BOX conserves momenta of incoming particles in this case. However,
neither the ISR nor the FSR mapping preserves the DIS variables Q?, ypis
and zg. An alternative mapping for both cases is presented that does con-
serve the DIS variables and the incoming lepton momentum. This allows for
efficient phenomenological studies in which constraints on the DIS variables
are imposed. These changes to the momentum mappings led to a necessary
modification of the ordering variable in the ISR generation.
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In chapter 4, two phenomenological studies are presented. The first study
compares experimental data from the H1 experiment at HERA with the
generated events obtained with the new implementation interfaced with the
parton shower program Pythia8 [45]. The compared event shapes vanish at
LO DIS. Hence, calculating DIS with two partons in the final state will only
yield LO accuracy for those event shape variables. In order to improve the
accuracy by an order, one would have to implement DIS with two partons
in the final state as already as Born process. Then, the FKS momentum
mappings would need to be adjusted to handle the extra final state particle.
In their current state, they map from a two-particle final state to a three-
particle final state. It would be worthwhile to generalize the momentum
mappings to n particles in the final state at Born level and n + 1 particles
for the real correction.

The second study in chapter 4 shows theoretical predictions for the future
EIC. It was found that NLO corrections are sizable and impact the shape
of the Q? and zp dependence as well as the the transverse momentum and
pseudorapidity distributions of the hardest jet.

Apart from the already mentioned generalization of the FKS momentum
mappings, it could prove useful to do these mappings in the Breit frame
rather than in the center-of-mass frame. This would affect far more elements
of the POWHEG BOX than the current modification. For example, the counter
terms governing the IR divergence would need to be rederived in the new
frame of reference. Further, the FSR mapping would also encounter the
problem of two different branches similar to the ISR mapping.

A new family of parton showers designed for DIS and similar processes
was published in Ref. [106]. These showers achieve next-to leading logarithm
(NLL) accuracy rather than leading logarithm (LL) as in the parton showers
used in this thesis. It would be interesting to interface the new family of
parton shower to the new presented DIS event generator.

In summary, the newly developed implementation of DIS for the
POWHEG BOX is the first fully dedicated event generator to this process. It is
a useful tool to obtain theory predictions for the future EIC, and it provides
a starting point for more processes that share a similar kinematic structure.



Appendix A

Installation

First the POWHEG BOX RES has to be installed. It can be downloaded via svn
using the command?

$ svn checkout [--revision n] --username anonymous --password \
anonymous svn://powhegbox.mib.infn.it/trunk/POWHEG-BOX-RES

The argument [-revision n] is optional and specifies a particular revision
of the code. The extension for DIS works with revision 4036. After the down-
load is complete, change the directory to the downloaded POWHEG BOX RES.

$ cd POWHEG-BOX-RES
From here, download the DIS process

$ svn co --username anonymous --password anonymous \
svn://powhegbox.mib.infn.it/trunk/User-Processes-RES/DIS

If the DIS directory is not placed as a subdirectory in the POWHEG BOX RES
installation, the Makefile has to be adjusted accordingly by modifying the
line

POWHEGPATH=$(PWD) /. .

to the actual path. The process depends on LHAPDF [98], FastJet [107] and
Pythia8 [44,45].

The compilation of the code requires gfortran and g++. In particular, the
code was not tested with the Intel® Fortran Compiler. The POWHEG
executable is created by running the command make, and the Pythia8 inter-
face is created with the command make main-PYTHIA8-1hef. By modifying
the variable ANALYSIS, the analysis Fortran file can be selected.

LA POWHEG BOX guide can be found at https://powhegbox.mib.infn.it/
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To run the code, the user has to create a run directory. The run directory
has to contain the powheg. input file, a file with distinct positive integer num-
bers named pwgseeds.dat and the file main31.cmnd. The file powheg. input
contains the POWHEG BOX input parameters, while main31.cmnd contains the
settings for the Pythia8 shower. In the subdirectory parallel-runs, one can
find example versions for all the files together with a script run-parallel.sh
that will execute the code in parallel. The script will run eight processes in
parallel, and it will execute the grid optimization twice. These settings can
be adjusted by modifying the according variables. In any case, the executable
pwhg_main has to be called from the run directory. During the fourth stage,
the code will produce the event files named pwgevents-<N>.1lhe, with <N>
being the seed number if run in parallel, or pwgevent.lhe if the code is run
serial. To run the shower, main-PYTHIA8-1hef has to be called from the
directory containing the event files. The program automatically looks for the
file pwgevent.1lhe. If this file is not present, the filename has to be entered.
The created histograms will be saved as top files named pwgPOWHEG+PYTHIA8-
output-<N>-W<M>.top, where <N> is the seed number and <M> is the weight
number if multiple weights are specified.



Appendix B

Input files

B.1 Runs for H1 data

The events used for the data in Sec. 4.1 where generated in three runs. The
powheg. input files are almost identical, hence for the last two files only the
difference to the first file is shown.

« Positron-proton run with /s = 319 GeV:

numevts 200000 !
ihl -11 !
ih2 1 !
ebeaml 27.6d0 !
ebeam2 920d0 ! energy
Qmin 1040

Qmax 250d0

xmin 0dO

xmax 1d0

ymin 0dO

ymax 1d0

g2suppr 200d0

number of events to be generated
incoming positron

hadron 2 (1 for protons)

energy of beam 1 (lepton)

of beam 2 (hadron)

I To be set only if using LHA pdfs

lhansl 275200

lhans2 275200 ! pdf set for hadron 2 (LHA numbering)

alphas_from_pdf 1
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renscfact 140 I (default 1d0) ren scale factor:
| muren = muref * renscfact
facscfact 1d0 I (default 1d0) fac scale factor:

I mufact = muref * facscfact

| Parameters to allow or not the use of stored data

use-old-grid 1 I If 1 use old grid if
I file pwggrids.dat is present (<> 1 regenerate)
use-old-ubound 1 I If 1 use norm of upper bounding

I function stored in pwgubound.dat, if present;
I <> 1 regenerate

ncalll 500000 I No. calls for the construction
I of the importance sampling grid

itmx1l 1 I No. iterations for grid

ncall2 10000000 I No. calls for the computation

I of the upper bounding
I envelope for the generation of radiation

itmx2 1 I No. iterations for the above
foldcsi 1 ! No. folds on csi integration
foldy 1 | No. folds on y integration
foldphi 1 I No. folds on phi integration
nubound 100000 ! No. calls to set up the

| upper bounding norms for radiation.
I This is performed using only the Born cross section
iupperisr 1

fastbtlbound 1

storemintupb 1

ubexcess_correct 1

storeinfo_rwgt 1 I store info to allow for reweighting

hdamp 0
bornzerodamp 1

I OPTIONAL PARAMETERS

withnegweights 1 ' (default 0).
I Tf 1 use negative weights.
flg_jacsing 1
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testplots 1 ! do NLO and PWHG distributions

xupbound 2d0 ! increase upper bound for

radiation generation

iseed 12 | Start the random number

generator with seed iseed

manyseeds 1 I Used to perform multiple

runs with different random

seeds in the same directory.

If set to 1, the program asks for an integer j;
The file pwgseeds.dat at line j is read, and the
integer at line j is used to initialize the random
sequence for the generation of the event.

The event file is called pwgevents-’j’.lhe

doublefsr O

Default 0; if 1 use new mechanism to generate regions
such that the emitted harder than the

emitter in FSR is suppressed. If doublefsr=0 this is
only the case for emitted gluons (old behaviour). If

1 it is also applied to emitted quarks.

If set, it strongly reduces spikes on showered output.

runningscales 1

channel _type 4 ! full NC = 4; CC = 3;
vtype 3 ! 1: photon exchange only, 2: Z exchange only,

3: photon+Z exchange

smartsig 1
nores 1

parallelstage 1
xgriditeration 1

flg dis_isr 1
flg dis_fsr 1
flg dis 1
btlscalereal 1
btlscalect 1
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softtest O
colltest O

novirtual O

py8QED 0O

pySmpi 1
py8had 2

py8shower 1

APPENDIX B. INPUT FILES

HEFH R R R
### Multiple weights (scale vars) #####
HERFHHAHHEFHBRFH B HAFH B R ARG H R AR AR RAH

rwl file ’-’

I If set to ’-’ read the xml reweighting info

I from this same file. Otherwise, it specifies the xml
I file with weight information

<initrwgt>
id=’1’>default</weight>

<weight
<weight
<weight
<weight
<weight
<weight
<weight

id=’2’ >
id=’3’ >
id="4’
id=’5’
id=’6’

>
>
>
id="7’ >

</initrwgt>
rwl_group_events
I reprocessing them together for reweighting

lhapdf6maxsets 10

renscfact=2d0 facscfact=2d0 </weight>
renscfact=0.5d0 facscfact=0.5d0 </weight>
renscfact=1d0 facscfact=2d0 </weight>
renscfact=1d0 facscfact=0.5d0 </weight>
renscfact=2d0 facscfact=1d0 </weight>
renscfact=0.5d0 facscfact=1d0 </weight>

10 ! It keeps 10 events in memory,

I Maximum number of lhapdf6 sets

I that it can keep in memory

Positron-proton run with /s = 301 GeV:

C...)

ebeam?2 820d0

C...)

! energy of beam 2 (hadron)
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+ Electron-proton run with /s = 319 GeV:

...
ihl 11 I incoming electron
...

B.2 Runs for EIC data

The NC data for Figs. 4.7 and 4.8 in Sec. 4.2 were obtained with the
powheg. input file:

numevts 200000 ! number of events to be generated
ihl 11 ! incoming electron

ih2 1 ! hadron 2 (1 for protons)
ebeaml 18d0 ! energy of beam 1 (lepton)
ebeam2 275d0 ! energy of beam 2 (hadron)

Qmin 5dO

Qmax 32d0

xmin 0dO

xmax 1d0

ymin 0.04d0

ymax 0.95d0

! To be set only if using LHA pdfs
lhansl 90200
lhans2 90200 ! pdf set for hadron 2 (LHA numbering)

alphas_from_pdf 1

renscfact 140 | (default 1d0) ren scale factor:
! muren = muref * renscfact
facscfact 1d0 I (default 1d0) fac scale factor:

I mufact = muref *x facscfact

| Parameters to allow or not the use of stored data

use-old-grid 1 ! If 1 use old grid if
I file pwggrids.dat is present (<> 1 regenerate)
use-old-ubound 1 ! If 1 use norm of upper bounding

I function stored in pwgubound.dat, if present; <> 1 regenerate
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ncalll 500000 ! No. calls for the construction
! of the importance sampling grid

itmx1 1 ! No. iterations for grid

ncall2 10000000 ! No. calls for the computation

! of the upper bounding
! envelope for the generation of radiation

itmx2 1 I No. iterations for the above
foldcsi 1 I No. folds on csi integration
foldy 1 I No. folds on y integration
foldphi 1 I No. folds on phi integration

nubound 100000 I No. calls to set up the

! upper bounding norms for radiation.

! This is performed using only the Born cross section (fast)
iupperisr 1

fastbtlbound 1

storemintupb 1

ubexcess correct 1

storeinfo_rwgt 1 ! store info to allow for reweighting
hdamp O

bornzerodamp 1

! OPTIONAL PARAMETERS

withnegweights 1 ' (default 0). If 1 use negative weights.
flg jacsing 1

testplots 1 I do NLO and PWHG distributions

xupbound 2d0 | increase upper bound for

| radiation generation

iseed 12 I Start the random number
| generator with seed iseed
manyseeds 1 I Used to perform multiple

! runs with different random

! seeds in the same directory.

I If set to 1, the program asks for an integer j;

! The file pwgseeds.dat at line j is read, and the

! integer at line j is used to initialize the random
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I sequence for the generation of the event.
I The event file is called pwgevents-’j’.lhe

doublefsr 0

I Default O; if 1 use new mechanism to generate regions
I such that the emitted harder than the

I emitter in FSR is suppressed. If doublefsr=0 this is

! only the case for emitted gluons (old behaviour). If
I'1 it is also applied to emitted quarks.

I If set, it strongly reduces spikes on showered output.

runningscales 1

channel type 4 ! full NC = 4; CC = 3;

vtype 3 ! 1: photon exchange only, 2: Z exchange only,
I 3: photontZ exchange

smartsig 1

nores 1

parallelstage 1
xgriditeration 1

flg dis_isr 1
flg dis_fsr 1
flg dis 1
btlscalereal 1
btlscalect 1

softtest O
colltest O

novirtual O

pySQED 0O
pySmpi 1
py8had 2
py8shower 1
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HHAH R

### Multiple weights (scale vars) #####

B L R L L I R A R R RIS ST R

rwl_file ’-’ ! If set to ’-’ read the xml reweighting info
| from this same file. Otherwise, it specifies the xml

! file with weight information

<initrwgt>

<weight id=’1’>default</weight>

<weight id=’2’ > renscfact=2d0 facscfact=2d0 </weight>

<weight id=’3’ > renscfact=0.5d0 facscfact=0.5d0 </weight>
<weight id=’4’ > renscfact=1d0 facscfact=2d0 </weight>
<weight id=’5’ > renscfact=1d0 facscfact=0.5d0 </weight>
<weight id=’6’ > renscfact=2d0 facscfact=1d0 </weight>
<weight id=’7’ > renscfact=0.5d0 facscfact=1d0 </weight>
</initrwgt>

rwl_group_events 10 ! It keeps 10 events in memory,

! reprocessing them together for reweighting
lhapdf6maxsets 10 ! Maximum number of lhapdf6 sets

! that it can keep in memory

The input file to obtain the CC data of Figs. 4.10 and 4.11 differs only
in one line compared to the one from the NC data.

...
channel type 3 ! full NC = 4; CC = 3;
(...

The comparison of the two ISR generation methods was conducted by
two separate runs, each covering a different () range, for both ISR methods.
This resulted in a total of four runs.

e ISR method 1 with high @:

numevts 100000 I number of events to be generated
ihl 11 I electron
ih2 1 I proton
ebeaml 18d0 ! energy of beam 1 (electron)
!

ebeam2 275d0 energy of beam 2 (proton)
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Qmin 20d0
Qmax 32d0
xmin 0dO
xmax 1d0
ymin 0.04d0
ymax 0.95d0

I To be set only if using LHA pdfs
lhansl 90200
lhans2 90200 ! pdf set for hadron 2 (LHA numbering)

alphas_from_pdf 1

renscfact 1d0 ! (default 1d0) ren scale factor:
| muren = muref * renscfact
facscfact 1d0 I (default 1d0) fac scale factor:

I mufact = muref *x facscfact

! Parameters to allow or not the use of stored data
use-old-grid 1 ! If 1 use old grid
use-old-ubound 1 !' If 1 use norm of upper

! bounding function stored in pwgubound.dat, if present

ncalll 100000 I No. calls for the construction
I of the importance sampling grid

itmx1 1 I No. iterations for grid

ncall2 300000 I No. calls for the computation

I of the upper bounding
I envelope for the generation of radiation

itmx2 1 I No. iterations for the above
foldcsi 1 ! No. folds on csi integration
foldy 1 I No. folds on y integration
foldphi 1 I No. folds on phi integration
nubound 100000 I No. calls to set up the upper

! bounding norms for radiation.

I This is performed using only the Born cross section
iupperfsr 1

iupperisr 1

fastbtlbound 1
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storemintupb 1
ubexcess_correct 1
storeinfo_rwgt 1 I store info to allow for reweighting

hdamp 0O
bornzerodamp 1

! OPTIONAL PARAMETERS

withnegweights 1 I If 1 use negative weights.
flg_jacsing 1

testplots 1 I do NLO and PWHG distributions
withdamp O

withsubtr 1

xupbound 2d0 I increase upper bound
I for radiation generation

manyseeds 1 I Used to perform multiple

I runs with different random

! seeds in the same directory.

I If set to 1, the program asks for an integer j;

I The file pwgseeds.dat at line j is read, and the

I integer at line j is used to initialize the random
I sequence for the generation of the event.
I The event file is called pwgevents-’j’.lhe

runningscales 1

channel _type 4 ! full NC = 4; CC = 3;
vtype 3 ! 1: photon exchange only,

! 2: Z exchange only, 3: photon+Z exchange
smartsig 1

nores 1

parallelstage 1
xgriditeration 1

flg dis_isr 1
flg dis_fsr 1
flg dis 1
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btlscalereal 1
btlscalect 1

softtest O
colltest O

S S s

### Multiple weights (scale vars) #####
S

rwl_file ’-’ ! If set to ’-’ read the xml reweighting

I info from this same file. Otherwise, it specifies

I the xml file with weight information

<initrwgt>

<weight id=’1’>default</weight>

<weight id=’2’ > renscfact=2d0 facscfact=2d0 </weight>
<weight id=’3’ > renscfact=0.5d0 facscfact=0.5d0 </weight>

<weight id=’4’ > renscfact=1d0 facscfact=2d0 </weight>
<weight id=’5’ > renscfact=1d0 facscfact=0.5d0 </weight>
<weight id=’6’ > renscfact=2d0 facscfact=1d0 </weight>
<weight id=’7’ > renscfact=0.5d0 facscfact=1d0 </weight>
</initrwgt>

lrwl_group_events 10 ! It keeps 10 events in memory,

I reprocessing them together for reweighting
lhapdf6maxsets 10 ! Maximum number of lhapdf6 sets

I that it can keep in memory

py8QED 0O

pySmpi 1
py8had 2
py8shower 1

e ISR method 1 with low @:

C...)

Qmin 5dO
Qmax 20d0
...
iupperisr 1

...
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o ISR method 2 with high Q:

APPENDIX B. INPUT FILES

...

Qmin 2040
Qmax 32d0
...)
iupperisr 2

...

e ISR method 2 with low Q:

C...)

Qmin 5dO
Qmax 20d0
...
iupperisr 2

...)
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