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Abstract

The LHC (Large Hadron Collider) is a proton-proton collider that is used to advance our
knowledge of fundamental physical laws. To test predictions of the Standard Model of
particle physics, it is crucial to be able to simulate proton-proton collisions as precisely
as possible. Hence, fixed-order calculations in perturbation theory have to be matched
to parton shower programs. In this thesis, we discuss how parton-shower matching
can be performed for QCD and electroweak corrections. In particular, we discuss the
dimensionally regularized standard FKS (Frixione-Kunszt-Signer) subtraction scheme in
detail, we derive FKS for photon-radiation off fermions within mass regularization, and
we discuss the POWHEG method. Moreover, we discuss our C++ implementation of FKS
and the POWHEG method.
We use the POWHEG implementation to simulate the Drell-Yan process at NLO QCD
and NLO electroweak accuracy and perform parton-shower matching. We find that care
has to be taken to avoid large uncontrolled higher-order terms due to the vector-boson
resonance if QCD and electroweak radiation is generated. We use a resonance-improved
PowHEG method to avoid the uncontrolled higher-order terms. These terms can introduce
shifts in the measured W-boson mass of about 10 MeV. Hence, it is crucial to use a
resonance-improved POWHEG method to be able to match the W-boson mass measurment
with an accuracy of 10 — 20 MeV at the LHC.

Furthermore, we use our FKS implementation to implement a fixed-order NLO calcu-
lation for the process pp — W + jet. This implementation can serve as a first step for a

resonance-improved POWHEG implementation for V' + jet, where V' = W, Z-boson.






Zusammenfassung

Der LHC ist ein Proton-Proton-Beschleuniger, der benutzt wird, um unser Verstandnis
von fundamentalen physikalischen Gesetzen zu verbessern. Um Vorhersagen des Stan-
dardmodells der Teilchenphysik zu verbessern, ist es wichtig Proton-Proton-Kollisionen
so prézise wie moglich zu simulieren. Daher miissen fixed-order Rechnung in der Sto6-
rungstheorie mit Parton-Shower-Programmen gematcht werden. In dieser Arbeit dis-
kutieren wir wie Parton-Shower-Matching fiir QCD und elektroschwache Korrekturen
durchgefiihrt werden kann. Insbesondere diskutieren wir das dimensional regularisierte
Standard-FKS-Subtraktionsschema (Frixione-Kunszt-Signer), wir leiten FKS fiir photoni-
sche Abstrahlung von Fermionen in Massenregularisierung her und wir diskutieren die
PowHEG-Methode. Des Weiteren diskutieren wir unsere C++-Implementation fiir FKS
und die POWHEG-Methode.

Wir verwenden unsere POWHEG-Implementierung, um den Drell-Yan-Prozess auf NLO-
Genauigkeit fiir QCD und elektroschwache Korrekturen zu simulieren und das Parton-
Shower-Matching durchzufithren. Dabei stellen wir fest, dass man darauf achten muss
grofle nicht kontrollierte Terme hoherer Ordnung auf Grund der Vektorboson-Resonanz
zu vermeiden, wenn QCD und elektroschwache Abstrahlung generiert wird. Wir benutzen
eine resonanz-verbesserte POWHEG-Methode, um die Terme hoherer Ordnung zu vermei-
den. Diese Terme konnen zu Verdnderungen der gemessenen W-Bosonmasse um etwa
10 MeV fithren. Deswegen ist es wichtig eine resonanz-verbesserte POWHEG-Methode zu
verwenden, um die W-Bosonmasse mit einer Genauigkeit von 10 — 20 MeV am LHC zu
messen.

Des Weiteren verwenden wir unsere FKS-Implementation, um eine fixed-order NL.O
Rechnung fiir den Prozess pp — W 4+ jet zu machen. Diese Implementation kann als
erster Schritt fiir eine Implementierung der resonanz-verbesserten POWHEG-Methode fiir
V + jet dienen (V = W, Z-Boson).
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1. Introduction

The particle collider Large Hadron Collider (LHC) is used to advance our understanding
of fundamental physical laws. By discovering the Higgs boson in 2012 [1,2], the standard
model of particle physics [3-9] was verified experimentally. Furthermore, it is possible to
search beyond the standard model physics in proton-proton collisions at the LHC. Due to
the remarkable performance of the LHC, it is possible to perform precision measurements
for a large number of standard model processes. The Drell-Yan process [10] is an
important standard candle at the LHC. Furthermore, the pure leptonic final state is
very clean. Therefore, the Drell-Yan process can be used to measure standard model
parameters like the weak mixing angle [11,12] or the W-boson mass [13] with very high
precision. Since events are generated over the whole rapidity range, the Drell-Yan process
can be used to extract parton distribution function (pdf) [14]. It is also an important
background in searches for heavy gauge bosons W’ and Z’ in Beyond the Standard
Model (BSM) physics. Recent reviews can be found in references [15,16].

Since the LHC delivers large statistics for many standard model processes, the statistical
error is small and theoretical uncertainties should be always smaller than experimental
uncertainties. From a theory point of view, the Drell-Yan process is one of the simplest
processes at a hadron collider because only the initial-state partons can be the origin
of QCD radiation. To improve the theoretical uncertainties, higher-order corrections
in perturbation theory have to be included into the calculation. The next-to leading
order (NLO) QCD corrections were calculated in reference [17]. NNLO QCD corrections
were calculated in references [18-20] and are available in Monte-Carlo tools [21-26]. A
naive comparison of the coupling constants shows that a? ~ 0.01 and a ~ 0.01 have the
same order of magnitude. Therefore, electroweak (EW) NLO corrections [27-31] can play
an important role when we go beyond NLO in QCD. NLO EW corrections are implemented
in the tools HORACE [32,33], WGRAD/ZGRAD (28,29, 34, 35], WINHAC [36] and
SANC [37-41]. Also NNLO QCD corrections were combined additively with NLO EW
corrections [42]. A full calculation of O(aas) terms is not available, yet. However,
the dominant corrections of O(aa,) were calculated in [43,44]. Fixed-order NNLO
results were also combined with resummation results to predict the transverse momentum

distribution of the vector-boson in the region with small transverse momentum [45].
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1. Introduction

At hadron colliders like the LHC events consist of multi-particle final states due to
quark and gluon splittings and the subsequent hadronization. Fixed-order calculations
in perturbation theory, however, are ordered in the coupling of fundamental particle
interactions. It is only possible to calculate cross sections up to a few orders in the
coupling. For instance, NLO calculations include only one possibly soft or collinear
splitting. Hence, fixed-order calculations can be used to predict inclusive observables.
Moreover, large logarithms can arise at each order for more differential observables.
To obtain physical predictions, these logarithms have to be resummed to all orders in
perturbation theory.

A method to simulate more realistic events and resum the large logarithms is the
parton-shower approach. The parton shower starts from a LO process and additional
soft and collinear splittings are generated recursively until the hadronization scale is
reached. Parton showers use that matrix elements factorize in the limit of soft and
collinear radiation. Hence, a sequence of soft and collinear 1 — 2 splittings is added to
the LO event. However, splittings that are neither soft nor collinear are not included
properly in parton showers. Moreover, interference effects are neglected.

Many effort was put into combining parton showers with NLO calculations to obtain
realistic event samples with one possibly hard splitting. The main obstacle in combining
the two approaches is that parton showers include the first splitting in a soft and collinear
approximation. Therefore, double counting is encountered when we combine parton
showers and NLO calculations naively.

In the past years, two methods have been established to combine parton showers with
NLO calculations. The MC@QNLO method [46] subtracts parton-shower contributions
from the NLO calculation to avoid double counting. Whereas, the POWHEG method [47]
uses the NLO matrix element to perform the hardest splitting in a parton-shower way and
uses standard (pr ordered and vetoed) parton showers for all subsequent splittings. Both
methods overcome the double counting problem and have NLO accuracy. Only higher
order terms due to the resummation can be different. The NLO QCD corrections for the
Drell-Yan process were matched to parton showers within the MC@QNLO framework [46]
and the POWHEG framework [48]. The combination of EW and QCD corrections matched
to parton showers is available in the POWHEGBOX framework [49-51]. Parton-shower
matching at NNLO QCD level has also been achieved [52-54].

In the following, we use the POWHEG method to combine NLO calculations with
standard parton-shower programs and study the phenomenological effects for the Drell-
Yan process.

The standard POWHEG approach is usually used to combine NLO calculations in

QCD with parton showers. We also include EW corrections, because they can play an
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1. Introduction

important role in high-precision measurements at the LHC.

In the following we discuss the outline of this thesis. In chapter 2 we show that the
calculation of NLO observables is hindered by technical difficulties. For instance, the real
radiation and virtual part of the NLO cross section diverge. Since the structure of the
integrals is complicated, we have to integrate them numerically. To obtain a finite result,
we have to parametrize (regulate) the divergent structure of the real and virtual part, i.e.
we have to isolate the divergent pieces. The divergent pieces cancel analytically between
the real radiation and the virtual part. Hence, the rest can be integrated numerically.

Different subtractions schemes like Catani-Seymour [55] and FKS [56] can be used to
handle the divergent structures of observables at NLO. Standard subtraction schemes
use dimensional regularization because QCD calculations are done in this regularization
scheme. However, EW calculations often use mass regularization where fermion masses
serve as regulators. Hence, the standard subtraction schemes have to be modified to
incorporate mass regularization. In chapter 3 we give a full derivation of the FKS
subtraction for massless partons in dimensional regularization and we introduce FKS for
mass regularization in chapter 4. The results are also published in reference [57]. The
FKS subtraction scheme is well suited for POWHEG because both methods start from an
leading order (LO) process and add a splitting to it.

In chapter 5 we discuss parton showers and parton shower matching. In particular, we
discuss the POWHEG method and how we implemented it in a C++ code.

When QCD and EW radiation is simultaneously matched to parton showers with
POWHEG, care has to be taken. The standard FKS subtraction used in POWHEG splits
the phase space in different regions to handle all IR divergences properly. We find that
the standard FKS splitting can lead to large unwanted higher-order terms when we use
POWHEG to generate QCD and EW radiation simultaneously. To avoid the higher order
terms, we use ideas from reference [58] to take the s-channel resonance of the Drell-Yan
process properly into account. In chapter 6 we apply our POWHEG implementation to
the neutral-current Drell-Yan process and in chapter 7 we apply it to the charged-current
Drell-Yan process. The results are also published in reference [57].

In chapter 8 we discuss the process pp — W + jet and show that we can use the C++
implementation described in chapter 5 to calculate fixed-order EW and QCD corrections.
Therefore, our implementation can be used as a starting point for a resonance improved

parton shower matching as discussed in [58].
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2. NLO Calculations

The LHC is a particle collider that is used to study proton-proton collisions at /S =
7,8 and, 13 TeV center of mass energy. Hadron-hadron collisions include a large variety
of reactions. When there is only a small momentum transfer between the hadrons, the
hadrons themselves interact. For large momentum transfer, short distance effects become
more important, i.e. the constituents of protons interact with each other. The interaction
between the partons from both hadrons is approximately independent of the rest of the
proton. Therefore, we can describe the hadronic cross section for a proton-proton collision
as a convolution of a partonic cross section dé;; and parton distribution functions (pdfs)

fi(x). This is known as the factorization theorem. The hadronic cross section reads
1 1
do =3 [dar [ dan filan) fy(2) ds;. 2.1)
,J

The pdf f;(x) represents the distribution of partons ¢ with proton momentum fraction
z in the proton, i.e. p; = xF,, where p; denotes the parton momentum and P, the
proton momentum. The pdfs capture the long distance physics and are universal for all
scattering processes. The partonic cross section dd;; represents the cross section of the
interaction of parton 7 and j. It is independent of the properties of the proton.

We calculate the partonic cross section in perturbation theory. Calculating processes
at NLO in perturbation theory has been fully automatized in the recent years and is now
the new standard.

Compared to the LO cross section, the NLO process has two additional types of

diagrams:
1. Real radiation diagrams with one additional emission of a quark or a gluon,
2. Virtual 1-loop diagrams.

We write the squared real radiation matrix element multiplied with the flux as

1
Rpips = 27&|Mr|27 (2.2)

14



2. NLO Calculations

where p1, p2 denote the initial-state quarks and gluons and s, = 2k; -k is the Mandelstam-
s of the initial-state momenta of the real process. The virtual diagrams have the same
external particles as the born diagrams. Therefore, we have to add them to the born

matrix element before squaring. We find at NLO
My + My|? = [Mp> + 2Re(M,M}) + O(a?), (2.3)

where My is the LO and M, is the virtual matrix element. We define a LO function B

and a virtual function V in the following way
B = | My |? (2.4)
= o bl .

1
YV = —2Re(M,M;}), (2.5)
2sp

where s, = 2k - ko is the Mandelstam-s of the initial-state momenta of the born process.
The functions B and V include the flux factor and average over initial-state spins and sum
over final state spins. Using the definition (2.1), the NLO cross section can be calculated

via

ONLO = Z daq dzo d®y, f, (1) fp, (z2)(B+ V)+

p1,p2

+ Z /dxl dwy A1 fp, (21) fpo (22) Rpipas  (2.6)

P1,P2

where f,, is the pdf for parton p and ®,, is the n particle phase-space.

Virtual matrix elements contain ultra-violet (UV) divergences that have to be regular-
ized and handled by renormalization. In the course of this thesis, we assume that all UV
divergences are removed by renormalization.

After UV renormalization, infrared (IR) divergences connected to soft and collinear
particles remain. These singularities are present in the virtual as well as in the real
part. In physical quantities like cross sections, the singularities from the virtual and
real part cancel so that a finite result is obtained. At first, we show the origin of the
singularities. When a mother particle radiates a massless daughter particle (e.g. gluon)

with momentum & the propagator of the mother particle is proportional to

1 1 1

p+k2—m2 2p-k 2E,E,(1 — M cos9)’

(2.7)

where p is the momentum of the mother particle after the radiation. In the last step, we

expressed the momenta in terms of their energies Ej, E, and the angle 6 between the

15



2. NLO Calculations

two daughter particles. The factor M is defined as

ia m?
M=+"1=/1-—. (2.8)
b E}

When we integrate the squared propagator over the phase space, the gluon integration is

proportional to )

Ex(1 — M cos)?

dE) dcos 8 (2.9)

which is singular for soft radiation, i.e. Ej — 0. When the mother particle is also
massless (m = 0), the angular integration is singular for collinear radiation with cosé = 1.
In QCD calculations, dimensional regularization [59] (dim. reg.) is commonly used to
regularize IR divergences, i.e. matrix elements and integrals are calculated in d =4 — 2¢
dimensions. In dim. reg., the result for the integrated squared matrix element has % poles
which parametrize the singularities. When we combine virtual and real part, the result
is finite, i.e. all % poles cancel and the limit € — 0 can be used. In EW calculations,
however, mass regularization is often used. In the course of this section, we focus on
dim. reg. and discuss mass regularization in chapter 4.

The pole cancellation is a consequence of the KLN theorem [60,61]. However, a pole
due to collinear parton splittings does not cancel. We discuss this pole and the pdf

renormalization later in this section. The NLO cross section reads

o =010+ / dUreal + / deirtv (210)
n+1 n

where the integrals denote the integration over the n and n + 1 particle phase-spaces. In
general, we cannot integrate the virtual and real matrix elements analytically and we
cannot integrate them numerically in d = 4 dimensions because they diverge due to IR
singularities. The solution is to subtract the divergent parts of the matrix elements in
d = 4 — 2¢ dimensions and integrate the remaining finite part numerically, i.e. the cross

sections is given by

0 =0LO +/ [dUreal - dJA] +/ {do'virt + / dO'A] . (211)
n+1 n 1

The subtraction term do 4 has to be chosen such that the divergent part of the real cross
section is subtracted. The remaining subtracted n + 1 particle phase-space integral is
then finite and we can use numerical integration in four dimensions. The subtraction
term has to be simple enough that we can perform the one-particle phase-space integral

and add it to the virtual part. All divergent terms have to cancel between the virtual

16



2. NLO Calculations

part and the integrated subtraction term. Therefore, the remaining integral is also finite
and can be done by numerical integration methods. To show how a subtraction actually
works, we introduce a simple toy cross section. We assume that the real contribution to

the cross section reads

1 1
/ A0 = / /O AE ——g(B). (2.12)

In our toy calculation, the integration over the momentum of the radiated particle is
given by an energy integration only. The matrix element times Jacobian is given by
a function % which is analogous to the energy in (2.9) and an arbitrary non-singular
function g(E). The regulator ¢ is analogous to the d = 4 — 2¢ dimensions in dim. reg.
and is introduced here by hand. The integral is divergent in the limit ¢ — 0 if g is
not proportional to E. To extract the singularity, we subtract and add g(0). The cross

section is then given by

[ = [ [aB o) - 90+ 0] (2.13)

We can define the integrated subtraction term as

1
doa = g(0) Tite (2.14)
and calculate the one-particle phase-space
doa=g(0) [dE 2 = 40)"
[ doa=9(0) [4B Z = =900 (215)

which has a % pole. The subtracted real part is finite. Therefore, we can use the limit

¢ — 0. In terms of the subtraction term, the subtracted real cross section reads

/ doreal = / [doyeal — doa] + / /do’A. (2.16)
n+1 n+1 nJ1

The % pole in the integrated subtraction term has to cancel the singularity in the virtual
part. The most used subtraction schemes are the Catani-Seymour subtraction scheme [55]
and the FKS subtraction scheme [56]. We use the FKS subtraction in the following. A
derivation of the subtraction terms for the standard FKS subtraction in dimensional
regularization is given in chapter 3. All terms that have to be implemented in an
NLO calculation are summarized in section 3.4. Since EW calculations are traditionally
performed in mass regularization, we have derived the subtraction terms for FKS in mass

regularization. Our results are given in chapter 4.
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2. NLO Calculations

As mentioned earlier not all divergences cancel, when we combine the real and virtual
part in the hadronic cross section. The KLN theorem states that all IR divergences
cancel if we sum over all soft and collinear degenerate initial- and final-states. Since we
do not sum over all degenerate initial-states in the hadronic cross section, a collinear
divergence remains. We can absorb the remaining divergence into the pdfs. In dimensional

regularization the redefined pdf is given by

fo(@) = fp(@, pr)
Z/ <,MF>{P ('Z><i liF>+r }+O(a§), (2.17)

where p15 is the factorization scale, P,y is the regularized Altarelli-Parisi splitting function

in 4 dimensions, and )
=_E + log(4m). (2.18)

M| =

The factorization scheme dependent " piece is set to zero in the MS scheme which we
will use here. The factorization scale ppr separates collinear and non-collinear radiation,
i.e. regions where the matrix element can be approximated using splitting functions.
Below the factorization scale, we assume partons to be part of the hadron, i.e. the
factorization scale is the upper bound for the momentum scale of collinear splittings.
Large collinear logarithms due to the collinear splittings are resummed by the DGLAP
equations [62-64] that link the pdfs at different scales. Above the factorization scale,
parton splittings belong to the hard process and are not part of the incoming partons.
The scale could be chosen freely since it is an unphysical quantity and the physical
quantities at all orders cannot depend on it. At NLO, the dependence on the scale is
reduced but still present. Therefore, we choose ur to be equal to a scale of the process
to avoid large corrections.

The redefinition of the pdfs is similar to renormalization. We combine the infinite bare
pdf f,(z) with a singularity in order to get the finite physical pdf f,(z, ur). The pdfs
have to be extracted from experimental data. If we substitute the redefined pdfs into
(2.6), we obtain

onro = o) 460 4 USLpdf) +oP 10 (ai) , (2.19)
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2. NLO Calculations

where
U(b—H)) = Z dzy dzy dq)nfpl (xlqu)fIh (x% MF)(B + V)7 (220)
p1,p2
=+ Z /dxl dSUQ d(I)n+1fp (Scl,up)fp (mg,uF)RPIPQ (2.21)
plzpz

(pdf) - Z /d901 dzo AP, Fy, (21, por) fpy (T2, 117) B, (2.22)

pl:PZ
o P — Z /d$1 dao d®y, fp, (21, ) Fpy (22, r) B. (2.23)

P1,P2

In dimensional regularization, according to (2.17), we have (s. [65, chapter 3.6.4])

2 z X
By, ) = Y (1 ~in “F) [ Erisy (Zo). (224)

> f z
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3. FKS Subtraction Scheme

One way to handle the singularities for soft and collinear radiation in the real matrix
element is the FKS subtraction scheme [56]. It uses the plus-distribution prescription to
extract the singular parts of the matrix element. Its structure is similar to the simple
subtraction example in eq. (2.16). However, the plus distribution can only extract one
singular structure. Since the radiated parton can be collinear to different particles in a
general process, we cannot parametrize the whole phase space such that all singularities
are handled at once. It is the main idea of the FKS subtraction scheme to split the full
real phase space into regions with only one singularity and parametrize the phase space
in each region such that the singularity is at the boundary of the integration region. In
each piece we can then use plus distributions to extract the singularities. We will first
derive subtraction terms under the assumption that there is only one singular region.
We start with radiation from initial-state partons in section 3.1 and we continue with
final-state radiation in section section 3.2. We generalize these results by introducing
a phase-space splitting in section 3.3. In section 3.4, we summarize the final result, i.e.

what has to be implemented in an NLO calculation.

3.1. Initial-State Radiation

Our aim is to extract the singularities from the real part of the NLO cross section (2.21).
We start by using the FKS subtraction scheme for the Drell-Yan process q7 — ptp™.
This process is particularly simple because there is only initial-state radiation at NLO in
QCD. However, we write our findings in a general form and show later how to generalize
our results to more complex processes. In particular, we do not make any assumptions
about the explicit expression for the matrix element, i.e. we use a general real-emission
matrix element R and the born matrix element B. Note, that the flux is included in B

and R (cf. (2.2) and (2.4)). The d = 4 — 2¢ dimensional real phase space reads

A,y = (2m)4 5@ <$1K1 +aoKy—k—> p; (3.1)

> n dd 1pz dd*lk
=1

11 (2m)d=12p) (27r)d—12K0"

=1
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3. FKS Subtraction Scheme

where Ki, Ko are the momenta of the incoming protons, k is the momentum of the
emitted parton and the momenta p; are all other final-state momenta. The momentum
fractions of the interacting partons are denoted by x1 and x5. In the Drell-Yan case, the

final-state momenta p; are the muon momenta and k is the gluon momentum. We define

dll = (27T)d 5(d) (CElKl + l’QKQ — k- Z]h) dP, (32)
=1
d*'p;

o (2m)d=12p;

to simplify the notation. The real matrix element diverges when the momentum k

becomes soft or collinear to the beam axis, i.e. the initial state partons. We can rewrite

the momentum integration of the radiated parton & in spherical coordinates

d41k

() 1280 = Ko€' 7% (1 — y?) " (sin¢) "> d€ dy do, (3.4)

where y = cos 6 is the angle between the radiated parton and the beam axis, £ = \2/’“; is

the energy fraction (see (C.11)), and

(3.5)
1

r )
Next, we investigate the real matrix element. The collinear limit is approached for
y — £1 and the soft limit for £ — 0. For massless partons the singular structure from

the internal propagator reads @ We can extract this structure from the general

real matrix element by defining a regular function

9(&y) =EA - R (3.6)

that is not singular for y — +1 and & — 0. We can use the real phase space (3.1) and

the regular function g to rewrite the real cross section. We obtain

dé = d®, 1R = dlldédy deKoé 2 (1 — ) 1 5g(&,y) (3.7)
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3. FKS Subtraction Scheme

for the partonic cross section. By using the distribution expansions (see Appendix E)
1 1 1 log & )
1-2¢ 2
=——90 -] —2 @) 3.8
4—6

(1L,>++<1iy)+

(1= 9?7 == 0~ 9) + 80+ 9] +

oz 5 +0(e),

(3.9)

we can split the partonic cross section into a soft part, a collinear part, and a finite part,

i.e.
d6 = [P, 1 R]®) + [d®, 41 R 4 [dd,, R] LY 4 [dd, RV, (3.10)

The soft term reads
1 . _ 1
40,1 R)®) = dB,Ko (— 5 ) dolsing) # dy(1 = 4*) " 5g0),  (31)

where the real phase space reduces to a born phase space and an integration over the
radiation variables. This term includes also the soft-collinear singularity, i.e. a a% pole.
For the collinear part, we have two terms because the radiated parton can become
collinear to both initial-state partons. The collinear term for a radiation in z direction

(y =1) is given by

(coll,1) __
[d®,, 41 R)(MD = — 1] : :

Yy—

dgds [42_: (1)+ - (bg gu Ko(sin ) *g(¢,1). (3.12)

The second collinear part [d®,,, 1R~ for y = —1 is analogous. The finite part reads

(1iy)+ + <1iy>+] Kog(&y),  (3.13)

where we can use € = 0. The soft and collinear poles have to cancel with the poles

o, (fm) _ 1 I 1
A, R = d dfdyd¢<§>+

from the virtual corrections. However, finite pieces are included in [d@nHR](CO”’l),
[d®, 1 R](=D and [d®,,1R]®). In the following sections, we will extract those finite

terms.

3.1.1. Collinear Term

We start by investigating the collinear term. We focus on (3.12). The virtual correction

is integrated over the born phase space. To combine the collinear limit with the virtual
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3. FKS Subtraction Scheme

part, we have to rewrite the n + 1 particle delta function into an n particle delta function.
We introduce the integral over the pdf of the initial-state parton which flies in positive z

direction. The collinear phase space reads

dHy%1:(2ﬂﬂ6w)(xﬂl—{)Ki+aaK}——§:m>(HZ (3.14)
=1

where we combined the radiated momentum k = %f (1,0,0,1) in the partonic center of
mass frame with the partonic initial-state momentum.

We change the integration variables of the pdf and the real phase space into z; =
r1(1 =€) and € = £, (In the following, we omit the bar.) Since pdfs are defined only for
arguments between 0 and 1, we swap the order of integration and obtain 0 < x1 < 1 and

0 < & <1 —x; as integration regions. Therefore, the collinear cross section part reads
dz1 f (1, pp)[dPnya R] MY = — APy, dg(sin ) Ky
47¢ /1 logg) 1 ( 1 >
dz1d&6(1 — 21 — — =) - 1 3.15
« dry dgh(1 - m s>[2€ (). - (% J ! ({2 mr ) a6 1), (319)

where d®,, = (27T)d5(d) (x1 K1 + 22Ky — 37 pi) dP. Note that the plus distribution

acts on the theta function (s. section E.2). The next step is to evaluate the function

g(&,1). As discussed in section H.2, we can use spin-averaged splitting functions to write

the collinear matrix element as

4 826"
R= "Wl b ()B, (3.16)

/
ki-k P1py Sy

where pmp’l is the unregularized spin-averaged Altarelli-Parisi splitting function. The
splitting particles are denoted by the indices p; and p}. The factor i—’; converts the flux

factor of R to the flux factor included in B. The denominator reads

s
bk =¢1-y)7 (3.17)
and z is the momentum fraction of that particle

k=1-2k = z=1-¢ (3.18)
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3. FKS Subtraction Scheme

Therefore, we can write

R 4
9(&,1) = g2 (1 + )Py, (1 = &) B—p*
M 3.19)
32T % - (3.

EBy, (1 €)B.

Sr

When we use this limit in the collinear cross section part (3.15) and integrate ¢ in [0, 7]

(see Appendix C), we obtain

day f(z1, pp)[d®, 1 RN = 167 A, B

r e \¢ ¢ 1—¢
(3.20)
/ 275+4Eﬂ72+65,}‘76 . Lo i N .
where Ky = S ¥ (= R The unregularized splitting functions Pmp’l ind=4-—2¢
dimensions are given by [64]
5 14 (1-¢)?
Py(1-¢ =Cp (f) — Ef} , (3.21)
R 14 &2
P,y(1-¢&) =Cp ¢ —e(1-9)|, (3.22)
: 2(1 - )
Poq(1 =&) =TF [1— i_g } (3.23)
5 _ 1-¢ £
Pag(1 = &) =2C4 e 17_£+§(1—§) : (3.24)
We separate the O(e) terms in the splitting functions and write
P =P P (3.25)

Since the collinear term has the same structure as the pdf renormalization term (2.24),

we can combine them. The origin of the regularized splitting functions in the pdf
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3. FKS Subtraction Scheme

renormalization is the DGLAP equation [62-64]. They are defined as

Po(1—€) = Cp (H“_OZ) —cr(1+0-9) (¢) +50000  (20)
+ +

3 3
Pag(1 =€) :qu(l_f) (3.27)
Pyg(1 =€) :pqg(lff) (3.28)
1 ¢ 1
Pog(1 —€) = 2C, [(1 ~9(5) + gt -0 + 5O - TR (329
Thus, we can write
Pa(l-€) = P40 -0 () + o (3.30)

where we define vy, = %CF, Yog = %(HCA —4nsTR), and g = V49 = 0. We also define

Yp = Ypp- Using these expressions for the splitting functions, we find

8001 a1 = Oy (7o) TGl - s)] SNCET

where

o0 [() % (39

The pole in the first line of (3.31) has to cancel with a collinear pole from the virtual

+ b, (1— g)} . (3.32)

corrections. The second line contains finite contributions to the cross section. We can

introduce a scale () to obtain the same normalization as in [47].

Qg 1 2
dz1 fy(a1, pp)[d@n R) D = d@,Bday [ ﬂfp(l“lv#F)va (6 ~log Zf;)

+ o1 — a1 =€) fy (f_lg uF) 1igau - 5)] . (3.33)

where

N = ) <“2>€ (3.34)
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3. FKS Subtraction Scheme

The calculation for the limit y = —1 leads to an analogous result.

3.1.2. Soft Term

The next step is to investigate the soft term of the real cross section (3.11). It reads
(s) Ky 2\—1—¢ ; —2e
[d®n 1 RI™ = == d®ndy(1 —y7)" 7" do(sing)"g(0,y, ). (3.35)
We can use the eikonal approzimation of the real matrix element for massless partons

’~/\/lsoft|2 =4dra Z ( J Bl] (336)
]

(ki - k) (k; - k)
i#]
A derivation of this formula can be found in appendix H. The indices ¢, j run over all
particles with momentum k; that can radiate a gluon with momentum k. The case
1 = j is not included in the sum because this term is proportional to the parton mass
k? = 0. The color correlated born amplitude B;; is the born matrix element with the
color structure of the real matrix element. Details are given in (H.22). The momentum
of the radiated particle is parametrized by its energy fraction £ and the unit vector of

the 3-momentum, i.e.

sr(§) 7

k= YR (LR). (3.37)

We can immediately see that the soft matrix element (3.36) is proportional to £~2.

When we calculate g(&,y) this factor cancels. Therefore, we define

1

Fo VS| VIZpreoso (3.38)

2 | V/1—1y2sing

Y

where s is the born center-of-mass energy, and obtain

9(0,y) = dmag(1 — y*)og > o 1 __Bij, (3.39)
i \Mo

k)(kj - k)
i#]
where d;, means that this function is only non-zero if the radiated parton is a gluon.
Since the born matrix element cannot depend on the variables of the radiated particle,
9(0,y) has no soft divergence. However, there can still be a collinear divergence.

We have to integrate the soft cross-section term (3.35) over the angles y and ¢. The ¢
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3. FKS Subtraction Scheme

and y dependent part is given by

s 1 ke
L;j :/0 de(sin ¢) /_1 dy(1 —y2)sm. (3.40)

Since, the soft term (3.42) has a 1 pole, we need O() terms. Furthermore, I;; is singular

itself when parton ¢ and j are collinear to the gluon. Hence, I;; has a % pole and we write
1 . g g
Ly = gléjiv + I + el + O(?). (3.41)

The terms Iq;, and Iy contribute to the poles and they have to cancel with the poles of
the virtual diagrams. The term I, gives a finite contribution to the cross section. The
solution of this integral is given in Appendix F.

Plugging the result into (3.42), we find

5 2\ €
© _ _qq X (@m)° [p7
[d®, 1 R] e, = Fi 9 X

i#]

11 2%k - ks 4k9KY
— ) I
= o () e (2

+ (poles)

1 Q? Q*  ki-k;i w _ Tii
~log? X —log *-1 L 1, & finit
T T g0 T T 2 - (finite)
1
}28{, X
(3.42)
where ek
_ it

This term can be combined with the virtual contribution to the cross section because it

is only integrated over the born phase space and the pdfs.
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3. FKS Subtraction Scheme

3.1.3. Finite Term and Phase-Space Generation

All poles and finite contributions can now be combined with the virtual part of the NLO
cross section. The last step is to investigate the subtracted real cross section of (3.13).
Since the subtracted real matrix element is finite by construction, we can use the limit
d = 4 and obtain
- 1/1 1 1
d®, 1RV = do <> < > +()
[ n+1 ] n+12 £+ 1_y+ 1+y+

ég(& y6).  (3.44)

However, the function g depends not only on the radiation variables &, vy, ¢. It depends
on the real phase space ®,11 because the real matrix element depends on it. Our aim is
to construct a real phase space from the radiation variables £, y, ¢ and an underlying
born phase space, i.e. we have to find a mapping @11 = Pp11(Pn, &, y, 6).

This section describes how we can construct a real phase space from a born phase
space and the radiation variables £, y and, ¢. This phase-space construction will be used
when we generate events with the POWHEG method (s. chapter 5) where we generate
radiation starting from a born process. The description is based on [47].

The real phase space reads

Bk Bk
dd®, . = 27)*W | 1 K Ky —k, k; ntl 4
+1 ( 77) T1481 + T2 K9 +1— Z Z1_[ 27T)32]<?0 (27T)32k0+1’ (3 5)

where k41 is the momentum of the radiated parton. Our aim is to write the phase space
d®,1 in terms of a born phase space and radiation variables, i.e. we have to combine
the momentum k,4; with the initial-state partons within the delta function. We define

the total momentum of the initial-state partons and the radiated parton as
kot = 21 K1 + w2 Ko — kpy1. (3.46)

Next, we introduce a boost B that transforms the total momentum into a born like total
momentum, i.e.
ktot = 1K1 + 22K9 = Bk (3.47)

We require that the boost is chosen such that the rapidity is invariant. The new

momentum fractions Z; and Zs that we introduced have to be calculated. We assume
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3. FKS Subtraction Scheme

that the initial-state momenta of (3.45) are in their center-of-mass (CM) frame, i.e.

1 1
k+ = .731K1 = \ég 6 s k_ = l'QKQ = \gg 6 (3.48)
1 -1
The radiation momentum in this frame is defined as
1
L \/xlazgSf V1 —y?cos ¢ (3.49)
(a 2 V1 —y?sing .
Y
Therefore, we have
2-¢
b = Vx1zeS | —€v/1 —y2cos o (3.50)
ot 2 —&/1 —y?sin¢ .
—&y
Using (3.48), we find
V S 1 0
Kio= VIS C (3.51)
2 1120
+1
Plugging the momenta into (3.47), we obtain
2-¢ S
(3.52)

B —&V/1—y?cosp |
—&/T—¢%sing |
Ty _ T2

) T2

—&y
Since B is chosen such that the rapdity of kot is conserved, we find
T 2—&(1
Dz 278(14y) (3.53)
r1T2 2-§(1-vy)
(3.54)

Using the invariant mass leads to
Ty T2
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3. FKS Subtraction Scheme
Solving both equations for zi, Z2, we obtain

Frp = 210V T— € /Ziggiiﬁ. (3.55)

Therefore, we can rewrite the real phase space in terms of a born phase space and

radiation variables, i.e.

1 1 gmax  .gmax "N\ Bk
d /d A, :/d‘ /d‘ o)A (21K + 2oKo — Y ki | [ =
/0x1 | dep d®uyy = | d7y | d22 (27) 1Ky + ToKy — ) H%?(%)g
S

i=1 i=1
§
X T dedvdo
(3.56)
where we define
ki=Bk; i=1,...,n, (3.57)
and use that the momentum integration is boost invariant. Furthermore, we use
Chnir _ de dydo->5 (3.58)
@r32E ~ YU ‘

When we transform the integration variables x; 2 into 12, the Z1 2 integration is not
bound to the interval [0, 1] anymore. However, the interpretation of Z; 2 as born momen-

tum fractions requires a restriction to [0, 1]. Therefore, we use

BT (€, y) — T1)0(FE (€, ) — B2) = O(Emax(T1, T2,y) — €), (3.59)
where
Emax =1 —max { 2(1 * y)j% s
VA +ED2(1 - )2 + 16923 + (1 - y)(1 - 73)

(3.60)

2(1 - )73 } |
VA 321+ )2 — 16973 + (1 +y)(1 - 73)

This means that the maximal radiation energy is limited by the maximal energy of the

born initial-state momenta. We can write the phase space (3.56) as

1 1 1 1 _
/da:1 /dﬂ?g d(I)n_H = /da_j1 /di’g d(I)n d@radé(fmax(jl,fg,y) — f), (361)
0 0 0 0
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where the underlying born phase space is given by
_ L
dd, = (2m)*6™ <921K1 + Z2K5 — ; k> 1;[1 m (3.62)
and the radiation phase space reads

(4;)3 15_5 d¢ dy do. (3.63)

dq)rad =
The momenta k; are the final-state moment of the underlying born, i.e.

k;. (3.64)

M=

ktot =
1

<.
I

Since our goal is to construct the real phase space from the underlying born phase space,
we use the CM frame of 1K1 and T9K5 as reference frame for the construction of the
momenta. We can express the real momenta k4 and k_ in this frame in terms of the

momentum fractions, i.e.

1
VS x| 0 JE@aS x| 0
k= Y122 T and k= YT T2 (3.65)
2 1 10 2 Z2 0
1 1

The momentum of the radiated parton (3.49) is defined in the CM frame of k1 and k_.
Therefore, we have to boost the momentum into the CM system of 1 K7 and zoKs. To

do this, we construct a boost that boosts k4 and k_ into their CM system, i.e.

W)

Alky + k) = ( . (3.66)

0

and use the inverse boost to transform k. The boost is given by
T1xo +x129 0 0 Z1z0 — 2172
1 0 10 0
A (3.67)
1
0

- 24/T172%1 T2 0 0 0

T1x9 — x1x9 0 T1T2 + 122

We can now calculate the initial-state momenta and the momentum of the radiated

parton from the underlying born phase space. Concerning the final-state momenta, we
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3. FKS Subtraction Scheme

have to find a boost which connects the final-state momenta of @, with the momenta
of ®,,.
Since we choose ®,, such that it is given in the partonic CM system, the rapidity is zero

and its invariant mass is given by m? = z1Z2S. Using the boost A, we obtain

1

Koot = —§5€OS¢ z1225(1 — y?) (3.68)
1
Rlow = —5&singy/zmasS(1—y?). (3.69)

Since the rapidity is invariant under the boost that connects kit and l_ctot, we obtain

ki = 0. Using that the invariant mass is conserved, we find

B = 5y/mmaS (01— 32) + 40— )] (3.70)

Since the transverse components of Kot are zero in its CM frame, we need a transverse
boost that fulfills
ATktot = ];tot- (371)

There is more than one boost with properties. One possible choice is to use

coshny 0 —sinhny O coshnmy —sinhny; 0 0O
0 1 0 0 — sinh h 00
AT _ sinn7p cosn : (3‘72)
—sinhny 0 coshne O 0 0 10
0 0 0 1 0 0 01
where
inh £coso i (3.73)
sin = £cos .
" 52 Dsin” ¢+ 4(€— 1)’
sinhny = 5 sin ¢ 5 (3.74)
Using Ar we can calculate the final state momenta of ®, ;1 with
ki = AA;Yk; fori=1,...,n, (3.75)

where A is used to transform the real phase space into its CM system. We also have to
transform kit with A. This completes the construction of the initial-state FKS phase

space.
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3.2. Final-State Radiation

When a parton is radiated from a final-state parton, the matrix element has soft and
collinear singularities as well. In contrast to initial-state radiation, we cannot use the
beam axis as natural direction for the phase-space parameterization because the collinear
singularity would not occur at cos @ = 1. Here, we define the spherical coordinate system
in terms of the final-state particle momenta. In general, the matrix element has multiple
divergences connected to all possible emissions. In the following derivation, we assume,
as for initial-state radiation, that there is only one singularity which is connected to
the emission of a gluon from a quark. The general case is discussed at the end of this
section. We use the gluon as radiated FKS parton k& and the momentum p; of the quark
as basis for the coordinate system because there is no soft singularity connected to the
quark. In contrast to initial-state radiation, the anti-collinear singularity for cosf = —1
is not present in final-state radiation. We parametrize the momenta of the real phase
space in the center-of-mass frame of the incoming partons where the partons move along
the z direction. We construct another spherical coordinate system where p; defines the

z-direction, i.e.

o[
»
— O =

& (3.76)

30
I

This coordinate system is connected to the original system by a rotation, i.e. p; = Rp;-.

In this system, the radiated parton has the four momentum

1
P el . s, |cospy/1—y?
V= B0k = e | Y (3.77)
Y

where y = cos@ is the angle between the momenta k and p;. Therefore, the matrix
element has a collinear divergence at y = 1. Since the phase space integral is Lorentz

invariant, we can write the real phase space as

d 5(d) , n dd 1p1 dd*lk,/
d®,1 = (2m)%0 <q—Rk sz> 11 L oy 9y (3 20 (3.78)
where
q=x1K1 + xoK>. (379)
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We define

to remove the singularities from the real matrix element. We use the distribution

expansions (3.9) and

—€&

2
1 _ —1—¢ —
(1-y) 6

1
51— 1) + () +0() (3.81)
1 +
to split the partonic cross section into a soft, a collinear and a finite part, i.e.
d6 = [d®p 11 R]® + [dD, 1R + [d®,,, R, (3.82)

This splitting is analogous to the splitting for initial-state radiation in (3.10). The soft
term reads
o y2)—e

Ky (1 . 9
48, R]S = — a0, dydoy T Ging) Fg0p0) (389

where Ky is defined in (3.5). Note that this term contains a soft-collinear 6%—pole. The

soft limit and the integrals are the same as in the initial-state case in section 3.1.2. The

collinear term is given by

(AP, R]CD = — 1] € doKy F_E <1> ) (1°g5>+] 27¢ (sind) "% g(&, 1, ).
+

Y= € § §
(3.84)
The finite term reads
d®,, (fin) _ do,, 1 Ly 1 ] ]
A0,/ a(e) (1), erteno (3.85)

In the following sections, we will investigate the soft and collinear terms further.

3.2.1. Collinear Limit

In the collinear limit, the emitted parton flies in the same direction as the emitter, i.e.

NG

ER

=

bp= LA+ ) <1> , (3.56)

bj
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where j is the emitter, p; is its direction and §; ; are the momentum fractions. We define

the energy fraction of the mother parton as
=¢+¢ (3.87)
The collinear phase space reads

n dd— 1

dH‘ = (27 pr 5 +&)p; | 11 W- (3.88)

y—1 z=1 i
Z#J
Next, we also write the p; integration in spherical coordinates and obtain

Loodi g

(A, 1 RN = 1;[1 m dy; de; Kg(sin ¢;) (1 —y7)~°27°
i#]
x do(sin ¢)~% d¢ l 2- <§>+ _9 (1°§5>+] F(¢), (3.89)
where
F(§) = dggj (2m) 6D | ¢ — sz - ‘ﬁj 9(6,1,9) (3.90)
Z#J

contains the whole £ dependence. The collinear limit of g is given by the splitting function

(3.21) and the born matrix element

2 . _
s61.6) = €0 - T g, (25

16 R . _
= asﬂ :épqq <§£> B(¢),

(3.91)

where the born matrix element B depends on the energy fraction & of the mother particle.

Using ¢ instead of §; as integration variable, where §; = £ — ¢, we obtain

)i-2e 5@ | 4 s— 4 16maspu¢ & =
/d§ 5 f (271— q sz 2 Dj (5—5)8 qu(g) B(f),
2#]
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where we used energy conservation to restrict the integration range. In (3.89), we have

to apply the plus distributions. When we apply a plus distribution [f ()], we obtain

2 _
AELFE)), F(§) =~ agg > B(€)(2m)" 50 q—zpz e,

Z#J
1 o _ 1—2)"% . . [(E—
< 3B~ )EN(E) {9(5(1 R EP ("C,fﬂé:o} -
(3.93)
We can rewrite the z integral in the following way
/é —/dz[ (1—Z> o qu(l—z)}+ —qu (?)t /dsz z§
(3.94)

Using (3.93) in (3.89), we obtain

[y 41 RN = N d®,B = (T + lf F <H>] log &
c\e )l
2 (i - 2 o
+ quq (T)L:O <log§log % — log? f) } , (3.95)

+log %L — 275(€)
where we integrated over the azimuthal angle ¢, introduced the same normalization (3.34)
as in initial-state radiation, and calculated

1
7, = /dz (1) (1—2)"%2P,,(1—2)= —§CF + (2772 - 3) Crpe +O(e%), (3.96)
0 z + 2 3

£) = /Oéz <1°gfz)>+ (1= 2) 2P, (1 — 2) = (Z - Zlogf) Cr+0®).  (3.97)

In QCD, there are also processes with a gluon in the LO final state. When the gluon

splits into two quarks, we get an analogous contribution as for the ¢ — ¢g splitting. We
use the Py, splitting functions in (3.96) and (3.97) and obtain

2 1
I, = g Fny + ngETFTlf + 0(52) (398)
6 13
To(§) = §Trnslog€ — 1o Trny + O(e), (3.99)
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3. FKS Subtraction Scheme

where the factor ny is there because the gluon can split into ny quark flavors. A gluon
can also split into two gluons. However, this term cannot be calculated by substituting
ﬁ)gg because both gluons can become soft. In the above calculation we assumed that
parton k is soft and subtracted the divergence. When two gluons are in the final state,
we have another divergence for z = 1 in (3.96) and (3.97). We have to introduce FKS S

functions to handle the problem. Therefore, the calculation is postponed to section 3.3.1.

3.2.2. Soft Limit

Evaluating the soft term defined in (3.83) leads to the same result as for initial-state
radiation (ISR) in section 3.1.2 because we have to solve the same eikonal integral.

However, evaluating the soft limit of g(&, y, ¢) defined in (3.80) is more involved. Hence,
we describe how to implement ¢(0,y,¢). The soft matrix element in the eikonal limit
is given in (3.36). The momenta entering the eikonal factor cannot be parametrized
in spherical coordinates with the beam axis as main axis. We have to construct the
momentum of the gluon in a frame where the mother particle momentum points in an
arbitrary direction. When we take the soft limit, i.e. & — 0, the momentum of the
radiated parton approaches zero and the real phase space is equal to the born phase
space. However, the energy fraction £ of the momentum k is canceled in the eikonal
factor with the &2 factor which is used to regularize the matrix element in g. Therefore,
we have to use a momentum k = %k: which is parametrized in the angular FKS variables
y and ¢.

We start in a frame where the mother particle flies in z-direction. Mother particle
means here the particle which we have chosen to parametrize the phase space in terms of
FKS variables. Note that the particle from the real phase space, which is not soft, flies
in the same direction because the soft particle does not affect this particle. The four

momentum of the gluon is then given by

1

= /s V1 —1y2cos o
V=t e | (3.100)

Y

In a given born phase space ®,, the final-state particles do not fly in z-direction. Therefore,
we have to rotate &’ into the frame of the mother particle p,, on born level, i.e. we have

to find a rotation which transforms the mother particle from the frame where it flies in 2z
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direction to the frame of ®,,. The rotation matrix R has to fulfill

Pm = R\f (3.101)

—_ O =

where p,, is a given momentum from the born phase space ®,. To obtain the rotation

matrix R, we calculate the polar angle of p,, with respect to p,, = (6, 1)

z

cos Oy = L. (3.102)
P,

The azimuthal angle can be computed using’

fan ¢ — Im 3.103
angf) = ( . )
m

The rotation matrix is given by

1 0 0 0 10 0 0

R 0 co's Om  sSing,, 0 0 1 0 | 0 (3.104)
0 —sing, coso, 0 0 0 cosb, sinb,
0 0 0 1 0 0 —sinf,, cosb,,

Now, we can evaluate the eikonal factor and the matrix element using k and the born
phase space ®,,. The FKS g function for gluon radiation is similar to the ISR case in

(3.105), i.e.
ki - kj

= =~ BZ]'
RE)(k; - Rk)

9(0,y) = dmas(1 —y)drg > - (3.105)
ij i

i
3.2.3. Finite Term and Phase-Space Generation

As for the initial-state subtracted real cross section, we have to construct the real phase
space from an underlying born phase space and the FKS radiation variables &, y, and ¢.
The finite term in (3.85) is an integral over the real phase space d®,,11, where the FKS
parton is parametrized by the angle y and the energy fraction £. As for the initial-state
case, the phase-space construction is based on [47]. We construct the real phase space in

the center-of-mass frame of the initial-state partons, i.e.

q=11K1 + 29K5 = (¢°,0,0,0), (3.106)

n practice, it useful to use the function atan2 defined in C99, POSIX.1-2001 to calculate ¢.
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3. FKS Subtraction Scheme

where ¢° = /5. The real phase space is given by

o d3kn+1 - dgkl 5(4) A k’
A T 27r 32k0 H @m0 Z - (3107
z#] z#ﬂ
where we define
k=kpy1 + k‘j (3108)

because we consider that a born parton splits into two partons with momenta k,; and
k;. Our goal is to write the real phase space in terms of a born phase space d®,, and

parametrize the radiated particle with the FKS variables &, y, and ¢, i.e.
d®, 1 = Jdédydedd,, (3.109)

where J is a Jacobian that we calculate in the following and ¢ is an azimuthal angle. To
write the delta-function of the real phase space (3.107) in terms of the born momenta
k; in d®,,, we use boost invariance. Furthermore, the initial-state momenta shall not
change in the construction of the final-state radiation (FSR) phase space, i.e. z12 = Z12.

Therefore, we introduce a boost which fulfills

A(g—Fk —Fkrec) = q — Z (3.110)

2]

where the recoiling momenta are defined by

kree = Y ki, (3.111)
=1
i#j
ki = Ak; for 1 <i < mn,i# j and,
Ag—k)=q—kj. (3.112)

That this boost always exists can be shown by direct construction. Momentum conserva-

tion for the underlying born phase space implies

q= Z ];1@ = ]}j =q — Akrec- (3113)
=1
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Since the mother particle l;:j is massless, we have the condition
0=Fk? = (q— Mkrec)”. (3.114)

We use a boost in direction of ke and after a lengthy calculation, we obtain from (3.114)

the boost velocity
q2 ( rec + ‘krecD

= 3.115
/6 q2 ( rec + ‘krecD ( )
Using Lorentz invariance of the delta function and the momentum integration, we obtain
Phpr Bk Pk
A®,,41 = z ) ki 3.116
T 232k, (27r)32k:0 H (2r) 3%0( < Z ) (3.116)
1753

We can change the integration from d?’k:j to d3k because k; and k are connected by linear
shift. The integration over the emitted parton is most easily parametrized in spherical

coordinates

Chny s ¢d¢ deos i dg (3.117)
(@m)2kl,,  (dmpP- - CTEY '

where the angle 1) is the angle between k1 and k. The azimuthal integration ¢ can be

identified with the azimuthal integration in (3.109). The real phase space is then given
by

|l<:|2d|l<:|d(2

AP, = a )3§d§dco st do T H o 3%0 5(4( Z ) (3.118)

The momentum of the mother particle has the same direction as the momentum of

particle j in the underlying born phase space. Therefore, we can write

Bk = |k*d|kdQ (3.119)
Bk = |kj|*d|k;] A9, (3.120)

where the angular integration df2 is the same in both cases. Therefore, we only have to
change the radial integration of k to the underlying born momentum in order to write
d®,,;1 in terms of d®,,. Comparing (3.118) with (3.109), we have to find y(¢, k), k; (1), k)

and derive the associated Jacobian J in

2 _ _
v )35’ | deos v d|k| = J|k;|* dy d|k;]. (3.121)

40
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First, we derive y in terms of cos and |k|. We find that

L
21k o]

(3.122)

The length of the vector |k;| in terms of the angle ¢ and the length |k| is given by
ki 1> = [E? + k1] = 20k]|knsa| cos ¢, (3.123)

Using (3.112) we obtain
(a—kj)* = (¢ — k%)% — |K|” (3.124)

because we work in the center of mass frame with ¢ = (¢%,0,0,0). Hence, the new

integration variable is given by

e (RO b
| J|_ 2(]0 ’

(3.125)

For the Jacobian determinant of the transformation, we find

K2\
(ijl—zqo> ; (3.126)

where k? = 2|k;||kn+1|(1 —y). The term |k;| depends on 9. Therefore, we have to express

¢ k)2

J = =
(4m)? |k

it in terms of y and &.

First, we use that the energy of the emitted parton is given by

K, 1= g\f. (3.127)
The maximal energy of k41 is limited by the energy of the mother parton l%j. Since the

mother parton is massless, we find kO, ; < |k;], i.e.

M2
Emax =1 ———, (3.128)
where we defined the invariant mass M? as
M? =k2, = (¢° — k%)% — |k (3.129)
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In a frame, where the mother momentum k points in z direction, we have

sin v cos ¢
Kns1 =k, | sinesing (3.130)

cos Y

and

K]
—k?hLl sin v cos ¢
—kY  sintsing
k| — kD cosep

kj = (3.131)

The absolute value of k is given by
[K[* = [k;[* + (ki y1)? + 2k | ly- (3.132)
We use energy conservation to obtain a relation for |k;|, i.e.

Vs = kjl + kng1 + /M2 + (K], (3.133)

where M? is the invariant mass of the 4 momentum which recoils against k. We can

express M? also in terms of the underlying born phase space d®,, and obtain

2

M?=ki.=|> k| =(a—k) (3.134)
=1
I#5
Solving (3.133) yields
— M? — 2/skS
&y = 5 Vikni (3.135)
2(V's = k(1 =)
Using this in (3.126), we find
258 |k, 1
AP g = 1551 de dydo, 3.136
(a3 112~ €1~ 9) (3130
where 2
1 (1—€)s— p
i _ 2 =0)s (3.137)

K] s—M?  2-{(1-y)
The momenta kj 41 and k; are in a frame where the mother particle momentum points
in z-direction. Therefore, we have to rotate them into the frame of the underlying born

momenta. We can use the rotation (3.104) to do that. Finally, we have to boost the
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recoiling born momenta k; to the frame of k1, i.e.
ki = A1k, (3.138)

This completes the construction of the real final-state phase space from an underlying

born phase space and the FKS radiation variables £ and y.

3.3. Combination of Initial-State and Final-State

Singularities

A general matrix element has more than one singular region. However, the cancellation
of divergences with plus distributions as discussed in the previous sections works only if
there is only one singular region. Following FKS, we split the phase space into multiple

singular regions by introducing functions S;(®,+1) and S;;(®p11) that fulfill
Y S+ Si=1 (3.139)
i ij

The function S; corresponds to a region where parton ¢ is radiated from an initial-state
parton and S;; corresponds to the radiation of parton ¢ from the final-state parton j.

Introducing the S functions into the real partonic cross section leads to

d6 =dPp R =) d®p 1SR+ > d®n15;R. (3.140)
7 i

To achieve a phase-space splitting into regions with only one singularity, we require that

S; and S;; fulfill the following properties
e S; =0and S;; =0 if m soft and ¢ #m
e S; =0 if m is collinear to an initial state parton and ¢ # m
e S;j = 0 if m is collinear to an initial state
e S;j = 0if m and n are collinear and ¢ # m,j # ;i # 1,7 #m

If particles ¢ and j do not lead to a singular region in the matrix element, we can define
Sij = 0. The term ), d®,115R in (3.140) has only a singularity if parton i is soft or

collinear to an initial-state parton. Therefore, we substitute

g — Sig (3.141)
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n (3.6). For final-state radiation we can perform a similar substitution in (3.80), i.e
g — Sijg. (3.142)

The radiated parton can only be collinear to one final-state parton because otherwise
the underlying born matrix element would have singularities. Two collinear regions can
overlap only if a final-state particle flies in beam direction. We assume that there are
phase-space cuts to prevent this case. Therefore, the S functions are 1 in the collinear limit
and we do not have to change our previous calculation. In general, two soft singularities
can share one collinear singularity. If parton i is soft and it has also a collinear singularity
connected to parton j, this singularity is the same as for a soft parton j and a non-soft
parton ¢. This means that the sum S;; + Sj; has to be 1 in the collinear limit. We can
simply set S;; = 0 for i = ¢ because there is no soft singularity connected to a quark.
However, there is the three gluon vertex in QCD where we have to take both soft regions
into account. The consequences are discussed in section 3.3.1.

The soft limit is not so simple because a soft parton can be collinear to multiple partons.
Hence, a soft singularity has more than one contributing S function. Since the soft limit
is the same for ISR and FSR, all soft regions can be treated together and are combined
by (3.139). Therefore, the calculation also does not change.

Hence, the S functions only affect the calculation of the finite part. We obtain

[d®, 1R Zd¢n+1 (gl) l(l_lyi>++ (1iy2> ]& (&i» yir 91)5i(Prt1)

1 1
+Zd®n+1 (5@) (%])_,'_ gz (fz:%]y‘bu) ( n+1)

]

(3.143)

where y;; denotes the angle between parton 7 and j, y; denotes the angle between parton

1 and the beam axis and &; is the energy fraction of parton 3.

3.3.1. Choice of S functions

To be able to evaluate (3.143) numerically for each region, we have to specify the S
functions. The original FKS approach used 6 functions to split the phase space. However,
we choose smooth functions that are easier to implement [47,66]. First, we motivate
the form of the S functions by investigating eT™e™ — ¢ + ¢g which has only final-state

singularities. The two regions are Ss3 and Ss4. The limits of the S functions are 0 and 1.
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Therefore, we use the ansatz

Sy = y (3.144)

If the gluon (5) is collinear to the quark (3) (i.e. ys3 = 1), we have Ss3 = 1 and
consequently As3 — 0 and if the gluon is collinear to the anti-quark (4) (i.e. ys4 = 1), we

have Ss3 = 0 and As3 — 0o. We choose
1 — ys3

Asg = : , Asy = A (3.145)
— Y54

which fulfills
S5z + S54 = 1. (3.146)

If we want to extend this to more than two final-state regions, we choose

1
L Ay = (1 =) D (3.147)
I Yil
and find ) .
S = SR YR —— (3.148)
; ’ ;(1—?/2‘3’)2:“11%1) ;D(l—yij)
where D = [

Zl 1-y;;

If we have more than one potentially singular parton ¢, we have to introduce the energy
in S;; to fulfill S;; = 0 if m is soft and @ # m, i.e.

1

1+ A =EBE(1—yi)yY — 3.149
Y &5 i) %: EpEi(1 — yp) ( )
We define
dij = EiEj(1 = yij). (3.150)
For initial-state radiation, we write
S = (3.151)
i Ddl’ :
where /s
s
di = 7Ez(1 - yzz) (3.152)
and we extend D to ) )
D= —+ —_— 3.153
 di, % dp ( )
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We have
(k1 + kQ) -k = \/sE;, (3.154)
ki ki = \2[(1 — ), (3.155)
ki kj = EiEj(1 = yij), (3.156)

in the partonic center-of-mass frame which we can use to write d;/;; with invariant

i/ij
quantities. In case of the three gluon vertex, we have a soft singularity connected to both
gluons. Therefore, we cannot simply substitute Py, with Py, in (3.95). We introduce a

function A in S;; which ensures that only one soft gluon leads to a singularity

Siy = 8395 h( o = ) (3.157)
where h(0) =1, h(1) = 0 and h(z)+h(1—=z) = 1. The function A is 1 at the soft endpoint
because only one gluon can become soft. If both gluons would be soft, the gluon from
the born phase space would be soft and the matrix element would be divergent. When
we insert Py, in (3.96), we see that the integral diverges if z = % — 1, i.e. if the gluon
which is not the FKS parton is soft. Therefore, we need the property h(z) — 0 for z — 1
to get a convergent integral. The property h(z) + h(1 — z) = 1 ensures that the sum of
all S functions is one. We choose

h(z)=1-z. (3.158)

When we use h(z)Pyq in (3.96) and (3.97) we obtain

2
A ——CA (3 2 62) Cae + O(?) (3.159)
and
203
(&) = =5 Ca - —CA log & + O(e). (3.160)

So far we considered only one initial-state region. However, we can also split the initial-
state region d; into a part for an initial-state parton coming from the left dl(l) and one
coming from the right dl(r). We find

S ! + ! (3.161)
di a4 VE(L—yi)  VSEi(L+yi) '

)

We need this splitting when a real process has different underlying born processes. For
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instance, the process qg¢ — W™ ¢'q has two underlying born flavor configurations. The
final-state quark ¢ can come from an initial-state splitting ¢ — gq from both initial-state
quarks. Therefore, the underlying born processes are qg — W*q and gqg — WTq'. We
cannot use one singular region for both born processes because we have to use different

born matrix elements in the collinear limits y = 1 and y = —1.

Other choices

For NLO calculations, the explicit form of the S functions does not matter. However,
when FKS is used for parton shower matching, the choice of S function matters because
they define the type of radiation, i.e. if ISR or FSR is generated. In the POWHEGBOX

the following S functions are used because they are based on kr [47,67]:

di = E2(1 - y?), (3.162)
" = 2B2(1 F y,), (3.163)
E;E;

In the following, we use the same S functions as the POWHEGBOX.

3.3.2. Combining Soft and Virtual Limits

In this section, we collect all collinear and soft terms from the previous sections. To

simplify the notation, we define

i = 5CF if i = quark o J2Ck ifi=quark (3.165)
P = v )
%CA — %nfTF if 1 = gluon 2C, if i = gluon
13 _ 2 2 if i —
= (7 — 37 ) Cr if + = quark (3.166)
Z .
(%7 — %WQ) Cy— %?)Tpnf if ¢ = gluon

Furthermore, all v are zero if © does not denote a QCD parton. We start by collecting all

divergent parts. In (3.42), we found the divergent part

; 11 2k; - kj AR K
divi ) =~ L) 1
T; {82 e [log ( oz ) log ( ” )] } . (3.167)
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For collinear radiation, we found in (3.33), (3.95), (3.96), (3.98), and (3.159) the following

collinear part

gt — 1 (vﬁvﬁfj[%—v?log(i%)}). (3.168)

€ i—3

Hence, the divergent part reads

i O iv = iv
VI = day dag d®, f (@1, pp) f (22, pp)N 5> | QB+ Y T8, | (3.169)
27 o J
ij

where the normalization N is defined in (3.34). Using color conservation and the i > j

symmetry of the color factor, we find

. as
VI = day day Ay f (a1, pp) f (@2, pr)N 52 X

2w
11,3, 1|, & " Ok ky
X 557327i+g BZ:%—ZlOgTBU - (3.170)
=1 =1 1,)
i#]

Now, we state the finite parts of the integrated soft and collinear limits that contribute

to the cross section. The finite part of soft and collinear limits is given by

Vi — day day d®,, f (21, pr) f (2, MF)% OB+ QanB+ > TiiBij| - (3.171)
,J
i#j

The finite part of the soft end point in (3.42) is

T = %logQ Cj: —log Cj: log I;/@Olg - 7: ~ Li (x;”i 1) : (3.172)
where
zij=1— ’;k0:§ (3.173)
The finite part of the collinear end points in (3.33) and (3.95) are given by
Qin = —log g; (Y1 + 2] (3.174)

48



3. FKS Subtraction Scheme

for initial-state radiation and

n+2
Qfin = g {% — log o0 (% —; log \/g) +7; log 7 27; log 7 (3.175)

for final-state radiation.

3.4. Final Result

In this section, we summarize all terms that have to be calculated in an FKS based NLO
calculation. The FKS cross section consists of multiple parts that have to be implemented

independently, i.e.

do = d:L'1 daTQ dq)nﬁ(l‘l, iL‘Q)(B + ]A/) + dl‘l d:L‘2 dq)n+1£(:L‘1, :L'Q)'ﬁ/

d d
+ dxidxs d@nfﬁ(xl/z, 1‘2)G1 + dzq das dq)njzﬁ(l'l, Z‘Q/Z)GQ, (3.176)
where d®,L(x1,x2)B is the LO part and

L= fi(z1, ur) fo(z2, 1F). (3.177)

The subtracted real part R is described in section 3.4.1. The virtual part Vis given in

section 3.4.2. Finally, the collinear remnant terms G1, Gy are described in section 3.4.3.

3.4.1. Subtracted Real Matrix Element

The subtracted real matrix element (3.143) reads

AP, LR =S de) LR+ del) R, (3.178)
ij i
where
. 11(1) <1> (1) © vz 2
i= =z | Si(®, S(1—y)R 3.179
&2 i+l 1—yi)s T+yi), ( +1)§( y) ( )
and
~ 1 /1 1 y
Rij = = <> S; <I>ff”) €2(1 — yij)R. 3.180
TG \&G ), (1_yij>+ 5 Bni1)6i i) ( )
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We have to implement the plus distributions in R; and 7A€ij in a numerical code.

We start by investigating d@g}rlﬁi. The real phase-space element is given by

Aol = dd, do?) (3.182)

rad?

where d®,, is an underlying born phase space and d® is defined in (3.63). Therefore,

rad
we obtain

dzy dzy ddY) LR, =

n+1
1 1 1 S 2 1
dz /da? /d@n/d d /d{
2(47r)3/0 o P Bl A
11 _ = o
T [Gi($17w2,¢n,§max[$17$17y]fay, ?) (real)
- Gi(jh Z2, ci)n: 0,v, ¢) (SOft)
- Gi(jh Z2, (i)na gmax[jla x1, 1]57 17 ¢) (collinear)
+ Gi(#1, To, P, 0,1, 0) (soft collinear)
1 _ _ = .
+ ﬂ log (gmax[xlu Z1, y]) Gi(mlu T2, (DTH O) Y, d)) (endp01nt)

—10g (émax[T1, Z1, 1]) Gi(Z1, T2, ©1, 0, 1, ¢)] }

+ term for (y = —1),
(3.183)

where &pax is defined in (3.60). The function G; is given by

Gi(jly f?) énu 57 Y, ¢)) =

T ) B, i) 5i(Bus) g6 w), (3184)

where s, = 21225, 212(Z1,2,y,§) are defined in (3.55), and g is defined in (3.6). Note
that we omitted the indices for the radiation variables because the radiation variables are
integration variables. The endpoint term arise from the region £ > &ax of the subtracted
soft end point which can be analytically integrated. The soft limit of g is given in (3.39)
and the collinear limit for splittings with a quark as born particle is given in (3.19). For

a gluon as born particle, we have to use the spin-correlated matrix element limit (H.25)
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in (3.19). The construction of the real phase space from an underlying born phase space

is described in section 3.1.3. Here, we give it in an algorithmic form:

function GENERATEPHASESPACEISR(®,, (712, k+, ki, Ja, ), &, Y, ¢)
x1,x2 = (3.55)
ki = (3.65)
kn+1 = (3.49)
A = (3.67)
Ap = (3.72)
kni1=A"Ykni1
fori=1,...,ndo
ki = A7k
end for
ke = Aky
fori=1,...,n+1do
ki = Ak;
end for
= o
return 1 (x1 2, k+, ki, knt1, J)
end function

Next, we investigate d@gﬁ?@ij. The final-state real phase-space reads

Aol = dd, do') (3.185)

rad ’

where d®,, is the underlying born phase space as before and d@fgg is defined in (3.136).
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Using the real phase space, we find

S 1 1 B 1 ol
dzy dwy B, LR, = /dxl /dxg dd, /dy de /dg{
0 0 —1 0 0

12/2 [Gij(xl, 22, @,y Emaxé, Y, ) (real)

— Gij(x1, 22, P,,0,y, ®) (soft)

— Gij(w1, 22, Pry Emaxés 1, 9) (collinear)

+ Gij(x1, 2, ®,,0,1, gb)] (soft-collinear)

+ 1_1y log (&max) Gij(azl,xg,(i)n,o,y,gb) (endpoint)

- IOg (gmax) Gij(xl) X2, (inv 07 17 ¢):| } )
(3.186)

where &max is defined in (3.128). The function G;; is given by

Gij(®n, &y, 0) = é]fl(ﬂ?l, pr) fa(w2, 1r)Sij9(€, y, @), (3.187)

where J is defined by (3.126) and (3.136) and g is defined in (3.80). The limits of g are
defined in (3.105) and (3.91). The real phase-space generation is described in section 3.2.3

and can be constructed with the following algorithm:

function GENERATEPHASESPACEFSR(®,, (71,9, k+, ki, Js, ), &, Y, )

M? = (3.134)
kO, = (3.127)
|k;] = (3.135)
k| = (3.132)

cos® = (3.123), (3.132)
Fons1 =(3.130)

k; =(3.131)

R = (3.104)

ki1 = Rhnin

k; = RE;

Free = q — kny1 — k;j
3 =(3.115)

A = Boost(kyec, )
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3. FKS Subtraction Scheme

fori=1,...,n;i# j do
ki = AU,
end for
J = Jsp, % (3.136)
return @, 1(Z1.2, k+, ki, kni1, J)

end function

3.4.2. Virtual Term
In section 3.3.2, we found the contribution
Vrks = V¥ + Vi, (3.188)

where VIV is divergent and defined in (3.170) and Vg, is finite and defined in (3.171).

We combine this part with the 1-loop contribution
PEoor — qgy dao £d®,V (3.189)

and obtain
dazy day d®, LV = Vpks + V1P, (3.190)

Due to the KLN theorem, all poles in Vpks have to cancel with poles in V1-1oop

3.4.3. PDF Renormalization Term

In (3.33), we found a finite contribution to the cross section that is a remnant of the pdf

renormalization. This contribution is given by

z

1 1 1 1 1
Z/dxl /dxg d(I)anll /dZ *fql (,,U,F> fq2(x2,up)
qi 0 0 1 z z

. 1 s log(1 — z) ~
0 F
: {(1 a Z)PCI&(H(Z) [(1 — z)+ log 05 2 ( 1—=z >+ - P‘lai‘ll(z) ~Tag (0
(3.191)

d
doydayd®, 2L (202 Gy =
z

where 150(2) is the unregularized Altarelli-Parisi splitting function in four dimensions
and P* is its O(¢) term in d = 4 — 2¢ dimensions (s. (3.21)-(3.24)). We introduced the
factorization scheme depend term r(i ¢ from (2.17). We have to sum over all possible

born initial-state partons ¢} in the splitting g1 — ¢} and choose the appropriate born
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3. FKS Subtraction Scheme

matrix element qul. Note that s is the Mandelstam variable of the born phase space ®,,.
The contribution G is similar to the term above. The only difference is that ¢; and g

change their role.

3.5. EW Corrections

When we calculate EW processes with a radiated photon, we can use the FKS subtraction
scheme with some minor changes. We have to change the splitting functions in the
previous calculation to the QED ones, i.e. Cp — Q%, Cp—0and Tp — ch, where Q)
is the charge of the fermions. We have to change (3.166) accordingly, where we replace

nyTr with ) Q?. In summary, we find

32 if 4 = fermion 2Q? if i = fermion
=2 VRS (3.192)
—52Q7 ifi=vy 0 ifi=r
;o {(123 — %7’[’2) Q? if i = fermion (3.193)
SBSQ ey
The analogon to the color factor in B;; is the charge. Therefore, we use B;; = —Q;0,Q 0B
where oy = +1 for incoming fermions and outgoing anti-fermions and oy = —1 for

outgoing fermions and incoming anti-fermions [68]. The color conservation is replace by
the charge conservation »; 0;Q); = 0. The form of Vpkg remain unchanged with these
substitutions. We use the DIS scheme for EW pdf renormalization as suggested in [69].

Hence, we have to use

1—-2 3 9452
DIS __
PDIS (Pff(z) <log - —4) = )+ (3.194)

in (3.191).
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4. FKS with Mass Regularization

The usual FKS subtraction, as derived in the previous chapter, uses dim. reg. to regulate
soft and collinear singularities. Since QCD calculations are usually performed in dim. reg.,
the FKS subtraction scheme can widely be used for NLO QCD calculations. However,
EW corrections are often calculated in mass regularization, where a fictitious photon
mass m~ and the fermion masses are used as regulators. Only terms that are singular in
the massless limit are kept and they have to cancel between virtual and real corrections.
Hence, these terms play the same role as the % poles in dim. reg..

Our aim is to use the FKS subtractions scheme for mass regulated EW corrections. In
the following sections we derive the FKS terms for mass regularization in a similar way
as in the previous chapter for dim. reg.. We restrict the derivation to photon radiation
off fermions because we will apply FKS to the Drell-Yan process in chapter 6 and to
pp — W3 in chapter 8. In section 4.3, we summarize what has to be implemented for an
NLO calculation. We also published the results of this chapter in [57].

We start with the partonic part of the real cross section (2.21), i.e. without pdfs,

Sni1 = dB, R = (2m)46H) <k koY )ﬁ ik
On+1 = +1/0 = (47 1 2~ R — Di ) .
" " ) 11 (2m)32E; (2m)32E

where k is an additionally emitted photon with mass m,, ki2 are the initial-state

momenta, p; are the final-state momenta, and
R = ! |IM ]2 (4.2)
T ogg ! ’

is the massive real matrix element. The massless squared matrix element contains
singularities which are connected to soft radiation. We introduce a fictitious photon mass
m~ in order to regulate those singularities. The massless matrix element is also divergent
for collinear radiation but those singularities are regulated by the fermion masses in the
massive matrix element. Since we are interested in the massless case, we expand the

cross section in the masses and keep only divergent and finite terms. To handle the soft
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4. FKS with Mass Regularization

singularities, we split the energy integration into a soft and a hard part, i.e.,

Gni1 = Gt + Ol (4.3)
The soft part is given by
“ d3k | M |?
Gopg =m6W (ki + k= p; | dP — 44
n+1 1 2 ;pz R<ap E 95 (4.4)
and the hard part by
Ghr = | d®n 1R, (4.5)
|k|>AFE
where dP = [[i%, % and AE is an intermediate soft energy scale that fulfills

m, < ALE.
We can use the eikonal (soft) approximation for the matrix element

(soft)j2 _ 2 y ki - k; 2

%,J

in the soft part (s. section H.1), where (s. section 3.5)

Mij = QiUinUj. (4.7)
We obtain
55— 47206® (ke 4 ko — S p | APBS™ M, &k pip 48
e T 1k = DM | E oy Y
i=1 i s d

The solution to the integral over the eikonal factor is given in section F.2. We obtain

AS « @
G = 73 A®aBY_ Mijlij — — d,BY Q7L (4.9)

iJ
i#j
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4. FKS with Mass Regularization

4(p; - pj)* AE? 1 2 m2
(p: - ;) 1 log2 i _ log E——|—210g2log Eg

4 E? 4
. [ i Dpj i " Dy DPi Dy 1 Di " Dj
—Lig [ 2EPi ) o [ PLPE ) o (1 — g}
2 (2E¢Ej> 8 <2EiEj> Og( 2B, E; ) T8 <2EE>

i J
7.‘_2
+2log?2 — 5 (4.10)

and

AAE? m?
I =271 4.11
W(og A 4E2> (111)

o

(Note I; # I;;). We can use charge conservation »_; 0;(); = 0 to simplify the soft part

further and arrive at

R « 1 m2 72
65,4 = 5 d@nB{ > 0i0;QiQ;Ti; + 3 > Q7 log? ﬁ — (2 log?2 — 6) > Q7
¥ ) ?
i#]

AAE? m?
2 7
+ EZ Q; <1og — %—log4 E) }, (4.12)

Y

where

ims 27 2E;E; 2EFE

Pi - Pj pi-pj| 1 Pi - Pj
—1 log (1 — = (41
o8 <2EiEj> °g< 2F;E, ) Toe <2EE ) (4.13)

In the following, we investigate the divergence structure of the hard cross section &7 P

1. 4(pi-pj)?, AE?
L-j(AE):§log (717)112771;]2) log - +210g210gp bj —Lig<pl pj)

The squared matrix element includes matrix elements with singularities connected to the
emission from different charged particles. Therefore, the hard cross section is divergent
in different phase-space regions. We want to split the real phase space in multiple regions
such that each region contains only one soft and collinear divergence. Therefore, we use
the FKS S functions introduced in section 3.3. After introducing the S functions in the
hard cross section, we use the invariance of the phase space integral under rotations to

choose different parametrization in every region r, i.e.

~h -
o = d®; .S, R. 4.14
fer = 2 [ AR SH() (4.14)
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4. FKS with Mass Regularization

We assume that the radiated photon is always particle n 41, i.e. r labels the regions and
Sy = Sp41, for r > 0.
First, we express the integration over the momentum of the radiated particle in terms

of its energy and angles and we obtain

@gzwz2mr ﬁm/
e i [ e

We obtain

(4.15)

where we introduced £ = %E and a = 2

My

7

o= [ far [fro0 (i3
i=1

a? &s  [Mnppa]?
1= g (41
) (8V4S 2s (4.16)
2AF

where &nin = 5 In the following we drop the superscript r for the phase space and

implicitly assume that the phase space is parametrized such that & is collinear to p,
respectively ky for y = 1. In section E.4, it is shown how to write the £ integration in

terms of a plus distribution:
5 4 n 1 1 2w 1 62 )
oy =y AP {5( k4 ko — k- sz) [ [dy [do (5) 8.5 1Ml
. = o J-1 Jo §/4+ 8
n 1 2 §2
6@ (ky + ky — " pi | log i / dy [d6S, | Mt ]? . (4a7)
i=1 -1 Jo 8 €50

We can use the eikonal approximation (4.6) for the matrix element in the second line.
Therefore, we have to solve the integral

ki-k

_47raZZ/dy 155, szmwnﬁ (4.18)

The integrand does not depend on ¢ because the factor &2 cancels the denominator of
the eikonal approximation. Furthermore, the denominator is invariant under Lorentz
transformations and we can evaluate the integrand in one reference frame. Therefore, we

can use that the sum of S functions equals to one. When we use the angular integral
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4. FKS with Mass Regularization

over the eikonal factor from section F.2, we obtain

I =—-8r%aB ZMmlog@k 5 +2ZQZ . (4.19)
i

We can use this result in (4.17) and obtain

n 1 1 2T 1 2
gl =mdPy W (/ﬁ +ky—k— sz) /Od§ /(%y Od¢ (€>+ s%yMnH?
r =1 -

2
d<I> nBlog 18E

ZMmlog(Qk 5 +QZQz . (4.20)
iséj

2

We investigate the term in the first line for initial-state radiation and final-state radiation

in the next sections.

4.1. Initial-State Radiation

The initial-state term in (4.20) is given by

n 1 1 27 1 2
b0 = 7 dPs® <k1 Nk — k- Zpi> /d§ /dy do () SoS M2 (4.21)
= 0 -1 Jo §/. 8

This term has only divergences for y — +1. Therefore, we split the y integration into

three parts
l.ye[-1,-1+¢]
2. ye[-1+4¢,1—¢
3. yel—eg1]

where € > 0 is a small number. We write
00 = 00,1 + 00,2 + 00,3, (4.22)

where the subscript labels the y region. The matrix element times Sy function is only
divergent in region 1 and 3. We start with evaluating the non divergent region 2 by
subtracting and adding the collinear limits of the matrix element, i.e.

_l_Ay—)l

602 = 602+ + 605 7 (4.23)
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4. FKS with Mass Regularization

N —1 Ay——1 . .
where 6924 = 602 — G, — 00,  is the subtracted cross section and

645" = dP/d§ (1> [5< ) <k1 ko —k— Zpl> S \MWP]
1+6 3 +

y—=+1
(4.24)
The matrix element in its collinear limit is given by [70]
Q2g? 2m2 )
mleeld 2z - P M (2p; 4.25
| n+1 | Z(pz k) ff( ) (pz ) | ( Z)‘ ( )
for initial-state radiation, i.e. the collinear limit is given by the born matrix element
times a splitting function Pry(x) = 1+x2 . The argument of the splitting function is the
ratio of energy that the emitting partlcle has after the emission z =1 — p— =1-¢&. The

k3

subtracted cross section is given by

—1 Ay—> 1
UO2+—0'02_U()2 — 0y
" 1
=ndP dy d§ d¢6(4) <k1 + ko —k— sz) <) X (4.26)
—1+e/0 i=1 £/ '

e {go<s,y,¢> (D)l 1,6) -

1 1(1_y)90(§>_17¢)}>

2 2

where we defined
1 (k1 - k) (ko -

0 :
$0(€9.6) = 52 LI S0l M 2 (4.27)

Since we do not evaluate the matrix element in its collinear divergences at y — =+1,
we can use the massless matrix element |AM? 11 2. When we perform a partial fraction
decomposition for the term #, we find that we can write the subtracted cross section

as
1 1 27 n
6072+:7rdP/dy /dg dps™® (kq—f—k:g—k—zpz') y
-1 Jo " Jo et

(2,21, - (),

90(£7y7¢)7 (428)
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4. FKS with Mass Regularization

where we used the limit ¢ — 0. We can combine the integral of the third integration

region y € [1 — ¢, 1] with the subtraction term 63?1

2T 1 n
Gos+ 68y = de/dg dy | do (£)+ 5® <x1(1 — K + 20Ky — Zpi> X

=1
L8 Qg lp () ami

2
8 2(p1 - k) (p1 - )1 | M (zp1)]°,  (4.29)

where z = 1 — £. The integrand is only singular at ¥y — 1 and not for y — —1. Therefore,
we can set € — 0 for the lower bound of the y integration. The only y dependent terms

are the p; - k terms and we can use the integral identities

2
_ 2 e L 2
/ dy— - 4 og 15 +Om), (4.30)
/d 7—ii+(9(m2) (4.31)
i (p1-k)2 Esmi s '

We obtain
1 27 1 n
JO3+Uy—>1 _—EdP/df do¢ () 5(4) x1(1—£)K1+$2K2—Zpi X
2 0 0 f + i=1

5+ Q 197 Ma((1 —€)x1K1)I2] , (4.32)

X lgo(&l,aﬁ) log L 1B

where we used that

Qig
(1- 5)

When we calculate the hadronic cross section

90(§,1,9) = EPf(1 = )My ((1 = &)1 K1) (4.33)

1 1
o = /dxl /d.%‘Q f(xl,up)f(xg,up)6, (4.34)
0 0
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4. FKS with Mass Regularization

we can use the integral transformation z; = (1 — §)z; to reduce the delta function and

the born matrix element to the born case. For an arbitrary function h(§, z1), we find

/Uhxl /Oég( ) 5 <x1<1—5>K1+x2K2—zpz> (& 21)Mu((1 = 21 K =

i=1
/d$1 1 xl() ECSM) <£U1K1 + oKy — ;&) h (f, 1$_1§) Mo (21 K1)
(4.35)

The upper bound of the £ integration has to be understood as a theta function under the

plus distribution. We can split the integration into two parts and obtain

d£< ) )= facs A€ (£(6) — 1(0)] - £(0) 11151

dé 7. (4.36)

where the second integral can be integrated analytically (s. section E.2). Using (4.35) in
(4.34), we find

1
/d!E1 [z, pr) (50,3 + 5’331) =

1 ‘731 1 £Pff(1—£) m%(l—ﬁ) T
- —Q7d®,B | d - 1 2
Ql / z <€) [ 1_5 og s + f(l—f’MF>’
(4.37)
where we used s = 1295, B1 = # and, we omitted the f(xq,up) part because it

remains unchanged. We obtain a similar result for the first region combined with the

other subtracted term, i.e.

o ) (57 -

ALY [€P =) omi(1 =)
- 7Q2d<1> B/dxg <§) [ ¢ log . +2

f (1:1:_2§,MF> .
(4.38)

The terms with the integral over £ have the same form as the pdf part of (2.19). Therefore,
we can combine them. However, we have to use different pdf renormalization terms
for mass regularization. The explicit form can be obtained from a comparision of the
calculation in dim. reg. and mass regularization because the cross section cannot depend

on the regularization procedure. One finds the following renormalized pdfs [30, eq
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4. FKS with Mass Regularization
(3.19)-(3.20)] 169, eq (5.1)]

(07 2 T 2
o) = fuerue) - 25 [az 1, (Z,uF){log wa()"‘rfv(z)}
2
m2

2
-9 fas g (L ){log (Prs(2)) <Pff<z><2log<1—z>+1>>++rff<z>}

(4.39)
and
i (x) = fw(a:uF—;qjq/dz SACYOE
{1og HE poy(2) — Pyg(2)(210g(2) + 1) + w(Z)} |
(4.40)
where
P = =2 a0t Py = O )

Therefore, we find

2
Fy(z1, pr) = 3/mdz f7< 7MF) {log M—ng,y(z) +rf7(z)}

+/xd fq( aMF) {log 5 (Prr(2)), — (Prs(2)(21og(1 —Z)+1)>++Tff(2)}
(4.42)
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4. FKS with Mass Regularization

as pdf renormalization term in (2.22) and (2.23). If we neglect the photon pdf in (4.39)

(as we will do in chapter 6) we obtain

1 1
Jgrpdf) + /Od:m /Odivz f(x1, pr) f(x2, pr) (60,3 + 5’3;1>

a o ! 1 T R
— _2—Q1 /dxl /dxg d®, f(xe, ur)B [ dz-f (,up> X

X { [<log2/§: - 1> <1iz>+ -2 (k)gl(l_—zz)>+] (1—2)Pss(2) + rff(z)}

3 2 3. m?
+f (@1, pr) (210gf - 2) —5log ff(:chuF) , (4.43)

after expanding the plus distribution according to (4.36), transforming & — 1 — z and
moving non-singular parts from the plus distribution to the test function. We get the
same collinear remnant for the pdf renormalization of second pdf f(x2, ur). We only

have to swap the indices 1 and xs.

4.2. Final-State Radiation

The final-state radiation part of (4.20) is given by
n 1 1 2t /1 ¢2
G =mdP6W (ki + ko — k=D p; /dg /dy d¢ () S M2 (4.44)
= 0 -1 Jo §)+ 8

and it is only divergent for y — 1. Therefore, we split the y integration region into two
parts

l.ye[-1,1—¢)

2. yel—e],
where ¢ is a small technical parameter. We write

Gy =61+ 602, (4.45)

where the last subscript labels the region. We add a zero to the cross section in region
two
Grp = Gy + 645" (4.46)
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4. FKS with Mass Regularization

. ~ N ~Ay—1
and define the subtracted cross section 6,4 = 6,2 — Uff 5, Where

n 2
Af{;”—de/dg dczS( ) 8D ky + ke — k= pi Srg—|/\/ln+1!2
£ ot 8
= y—1
(4.47)
The matrix element for final-state radiation in its collinear limit is given by [70]
2
M2 @y |p M M (e + K2 4.48
| +1 | (pr k’) ff( ) (pr'k) | ( )| ( )

i.e. the collinear limit is given by the born matrix element times a splitting function
0
_ 1+a: pioz—t‘ko’ i.e. the

Pyy(x) = . The argument of the splitting function is given by z =
ratio of the energy of the emitting particle before and after the emission. The phase-space

parametrization is chosen such that the radiated particle k is collinear with p, for y =1,
i.e. we can combine both momenta. When we evaluate the subtracted cross section, we
can neglect the masses in the collinear limit of the matrix element because y is always

smaller than one. We arrive at

Gy = de/dg gb (2>+ (1)+ 5@ <k1 + kg —k— im) 9-(&,9,9),

Ly i=1
(4.49)
where 1 E(pr k)
_ L 2
gT(Ea Y, ¢) - %2 Er S |M +1| (450)

When we combine the subtraction term with the first region, we obtain

yﬁl 1 1 2 /1
Or1+ 6,9 =mdP [d§ [dy [do | =) X
o J-17 Jo §/4

n 2
x [5“) (/q +ky —k — Zm) Sri!MnHQ] N (4.51)
Y

=1

Since the emitted particle k flies in the same direction as particle p, in the collinear limit,

we can use that

k+pr=(E+Er)<}>, (4.52)
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4. FKS with Mass Regularization

where p, is the direction of the emitting particle. Using this and the collinear limit of

the matrix element (4.48), we arrive at
1 1 e2m sy 1 n
Gon 697" = de/dg/dy/mﬁ () PO PR SR C TP Y [ I o
0 -1 JO § + 2 ﬁr

& Q¢* & m? Vs
8 o B [Pff (70e) - - k)} 'M” (2(“&") <p>>

We can use the integrals (4.30) and (4.31) to obtain

1 n
Gra + 605" = 87T3Q2adP/d§( ) S k1+k2—\f(§+§r)<A>—Zpi X
Dr

i=1
i#£r
1 e, (¢ : V3 i
T m S
— | =P 1 -— ” 4.54
s lgr (g ) e i 1 ( y ¢ +&) <p>> oy
Since there is an integration over F, in d P, we can write
1
dP x / de, &% (4.55)
0 4

where E, = 5,, 5-- We transform this integral according to & = €+ &, and obtain

2
cm+crw1 Q d<I> B{(lognzr—l>/d§

: Ny M2 2
d£§ [&Pff( §T> log s(& -6 & 2log fT] }’ (4.56)

where we used energy conservation. Solving the integrals leads to

m2

2 2 2
6r,1+67{/;1 _ 2 adq) B{ —lo gg My +f —§+2 <log2n 1> loggr}. (4.57)
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In total, we obtain

Gy = d®pq1 (2)+ (1iy>+ égr(&y,qﬁ)

o o 3 m: 2 5, 9 m?
- —Q:;do,B{—=1 -t ——=+4+211 —1]1 4.58
27_‘_@7" n { 9 og {28 + 37-( 9 + 0og 38 Ogg?" ) ( )

where we used (4.15) to construct a real phase space.

4.3. Final Result

As for the standard FKS subtraction in chapter 3, we collect all terms that contribute to
the NLO cross section.

Real Part We get the same subtracted real cross section (3.178) as for dim. reg..
1 1
or = /Odivl /Odim f(@1, pp) f (22, pr) %

X {Z % d<I>ff)+1 (;L 51 (1 _1 yi>+ + (1 iyiu (1 —y?)sRO

Tl (g), (3). 0 - yz-)sin(O)} - (459)

where R(®) denotes the massless real matrix element (s. (4.2)). All divergences are
subtracted by the plus distributions and S functions in this term. Therefore, the integral

is finite.

67



4. FKS with Mass Regularization

Collinear Remnant Also the collinear remnant for a fermion-fermion splitting is the

same as in dimensional regularization, i.e.

2 41 1
Tcoll,1 = _o@ /dﬂh /dJ?Q d®,Bf(x2, pr)x
2w Jo 0
1 x1 1—2z 2% 1 log(1 — z)
X /x?zf (Z,,UF> { > Pff(z) l(lOgs -1 (1 —z)+ -2 (1 . )+

+2 (1 i z)+ + irff(z)}

2 1 1
— _ﬂ /dxl /dxg d(pan(fEQ,HF)X
2 Jo 0

X /x;iz %f (?»MF) {(1 — 2)Prs(2) llOg ZZ% (1_lz)+ —2 (logl(l—_ZZ))J

(-2 + 2y | @0

where 7 specifies the pdf renormalization scheme. It is zero in the MS scheme and it
is specified in (3.194) for the DIS scheme. The term ool 2 is analogous to oeon1. We

only have to swap z1 and xo.

Soft-Collinear Endpoint Only the integrated soft and collinear terms are different.
Therefore, the conversion of a standard FKS implementation into an implementation
with mass regularization is simple because we only have to modify the endpoint and not
the plus distributions. The numerical value of the subtracted virtual part V is the same

as for dim. reg.. Only the composition of this term changes. It is given by

L @ .
V= %BQ + % %: Bijl—ij +V,, oop (4.61)
i)
where B is the born matrix element divided by the flux, « is the fine-structure constant,

and V1199 is the mass regulated virtual cross section. The charge correlated born matrix

element reads
Bij = —QinO'iO'jB, (4.62)

where Q); is the charge of fermion ¢ and o; = 1 for incoming fermions and outgoing anti-

fermions and o; = —1 for outgoing fermions and incoming anti-fermions. Furthermore,
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4. FKS with Mass Regularization

we introduce

(pz pj) . Di - Py
Zii = =1 1 2log 21 —L —
VTR g 8 4m7 +2log 2log 7t 75 E 2\ 2E,E,
Di * Pj Di * Pj L. o pipj
— 1 — 11 1 - — 71 — 4.63
08 <2EiEj> Og( 2B, E; ) T8 <2E1Ej> (4.63)
and
Q = Qsoft + Qinitial + Qﬁnal ; (464)
where
1 m2 7T2 S m2
_ 2 2 M; 2
Qsott = Z Q7 <—2 o2 + 2log” 2 — e log P 4EZ»2> ; (4.65)
i=all 7 o' 7
m? 2
2 99 my
- = — | 1 4.66
Qinal k%ale< 4E2 3" +2+ <Og2El%5 ) 0g4E2> 7 ( )

2
anltlal - Z Ql ( MTI - 2) . (467)

I=initial F

These terms contain logarithms of fermion masses instead of é poles. The same type of
logarithms exists in the virtual matrix element V1-1°P. Overall, all mass logarithms have
to cancel due to the KLN theorem and the remaining finite term has to be equal to the
dim. reg. result.

To check our results, we calculated the virtual parts of the Drell-Yan process explicitly
(s. Appendix B) and found the same logarithmic structure.

Since the standard FKS subtraction scheme uses dim. reg., it can be useful to calculate

the difference

= (B Q+ z; Bi; L‘j)dim_ o (B Q+ 2; Bi; Iij>mass o, (4.68)
i£] i#]

between dim. reg. and mass regularization. We find

Z 9 ( m? m? 1 2
A= q; B log—Q—flg ;—i-flog —2—1—24-
i=all Q Q 2 Q

m
— = Z Bi; log )2 5 log —
%#J

(4.69)
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4. FKS with Mass Regularization

Since only the soft-collinear endpoint changes, this result can be interpreted as con-
version rule between the finite part of the dim. reg. Vi_jo0p result and V,ln_loof’ in mass
regularization. We checked this explicitly for the W 4+ jet case. The same result was also
calculated in Appendix A of [71].
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5. Parton Shower Matching with
POWHEG

A typical event at a particle collider consists of many final-state particles. To predict
probabilities for inclusive observables, we calculate cross sections in fixed-order perturba-
tion theory. The perturbation theory is ordered in the coupling of fundamental particle
interactions. It is only feasible to calculate the cross section for a few final-state particles
and up to a few orders in the coupling. Furthermore, large logarithms can arise at each
order of the calculation for more differential observables. These logarithms have to be
resummed to all orders in order to obtain physical predictions. We call the process
which we calculate in perturbation theory hard process. To obtain a more realistic event
from the hard process, we have to add radiation and particle splittings. We have to add
radiation until the radiation is so collinear or soft that it is not resolvable anymore. For
QCD radiation, also hadronization comes into play for very soft and collinear particles
because the running strong coupling is not in the asymptotically free regime anymore.
In the previous chapters, we described how to calculate the hard process at NLO. In
the following, we illustrate how parton showers are used to obtain more realistic event
samples for LO hard processes. Furthermore, we discuss how NLO hard processes can be

combined to parton showers with the POWHEG method.

5.1. Parton Shower

The parton shower is used to add radiation to the hard process. It starts from the hard
process and adds a sequence of 1 — 2 branchings. The kinematics of each splitting is
defined by the energy fraction z of one daughter and a scale ¢, for example the pZ or
the splitting angle 6. We call ¢ the evolution scale of the shower. In the following, we
choose t = p%. It is sometimes convenient to think of ¢ as the shower time although
it is not connected to time. The parton shower generates radiation ordered in ¢, i.e.
it generates first a splitting at ¢; and then a second splitting at to with t; > to. It
continues until ¢ reaches a scale where the radiation cannot be resolved anymore. To

specify the shower algorithm we define the Sudakov form factor A(t;,t.) which is the
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5. Parton Shower Matching with POWHEG

non-splitting probability between the initial scale ¢; and the end scale t.. We can obtain
the non-splitting probability between ¢; and an intermediate scale ¢ by splitting the

Sudakov into two pieces
Aty te)

At = 355

(5.1)

Since A(t;, t) is a survival probability, we can define a cumulative probability distribution
for a splitting in [t;,t] as
S(ti, t) =1—A(t;,t) (5.2)

and, therefore, the splitting density s(¢) for a splitting at ¢ is given by

d@:—%Am@. (5.3)

A recursive parton shower algorithm can be defined as follows
1. start at ¢;
2. draw a random number ¢ according to s(t) = — S A(t;, 1)
3. use t for a splitting
4. if t > t,, go to 1 with t; = ¢

To specify the Sudakov form factor we use
A(tla te) + S(th te) - 17 (54)

i.e. there is either one splitting in [t;,t.] or there is no splitting. We can rewrite the
splitting probability S in terms of the Sudakov form factor. We use that the cumulative
probability for a splitting at ¢ is given by the probability A(¢;,¢) for no splitting up to
scale t times the actual splitting probability p(¢). Since the splitting can happen at any

intermediate scale ¢ in [t;, t.], we have to integrate over all possible values for ¢, i.e.
t;
Sltiste) = [de At 0p(0). (5.5

The integral equation (5.4) is solved by

A(t;,t) = exp {— :&tfp@f)} : (5.6)
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5. Parton Shower Matching with POWHEG

To obtain the splitting probability p(¢) we use that the cross section for one splitting is
given by

dopy1 =doep(t)dt = d®, 1| Mppi]? = d®, | M, |*p(t) dt, (5.7)

where p includes the integration over the energy fraction z and the azimuthal angle ¢.

The matrix element factorizes for collinear radiation in the following way

dt
/d(I)n+1]/\/ln+1\2 = /d¢n|Mn|2%P(z) dz—, (5.8)
where P(z) is an Altarelli-Parisi splitting function and « is the coupling (s. Appendix H).

The splitting probability is given by

z4(t) o 1
p) = [ datpe) (5.9)

z_(t) 27 t
where z4 (t) are the kinematically allowed limits. So far we considered only one splitting
type. In reality, multiple splitting types are possible, e.g. ¢ — q@, ¢ — qg etc. Therefore,

we have to extend the Sudakov to
t; , 4+ o 1
Ag(ti,t) =exp | — zb:/tdt /Zfiz %?Pab(z) , (5.10)

where particle a splits into b. We can use a recursive algorithm to generate a value for
the evolution scale t. Once we have determined a value for ¢ from A, we can also draw an
energy fraction z from the exponent of A. The kinematics for FSR are fully specified by
t, z, and an azimuthal angle that is uniformly distributed. We can use a similar Sudakov
for ISR. However, we have to take the parton distribution functions into account because

their arguments change. Therefore, we have

fa(/2)
fo(z)

wo) = [ d: 2 Pu(?) (5.11)

The Sudakov form factor in (5.10) resums the leading large logs from the integral over

the parton splitting. Well known and widely used standard parton-shower programs are
PyTHIA [72,73], Herwig [74,75] and Sherpa [76].
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5. Parton Shower Matching with POWHEG

5.2. Matching a Parton Shower With an NLO Calculation

Since the parton shower relies on the factorization of the matrix element in the collinear
limit, non-collinear radiation is not described properly. We have to use higher-order
corrections for the hard process to describe the non-collinear radiation more accurately.
However, we cannot naively combine a NLO calculation with a standard parton shower
because the parton shower as well as the NLO matrix element contain the first radiation.
Therefore, we would count this radiation twice. Methods like MCQNLO [46] and
PowHEG [47] have been devised to combine an NLO calculation with parton showers
without double counting. In MC@QNLO the hardest radiation from the parton shower
is subtracted from the NLO calculation to overcome the double counting problem. A
disadvantage of this method is that it depends on the parton shower program. The
POwWHEG method avoids double counting by using the NLO matrix element for a first
shower like radiation. The scale of the radiation is then given to the parton shower
as starting scale. Therefore, POWHEG can be used with any pr-ordered vetoed parton
shower program. (Subtleties are discussed in section 5.5.5.) Both methods provide NLO
accuracy but they differ at higher-orders.

In the following we describe the combination of parton showers and NLO calculations
in more detail. This description is based on [77]. The fully differential cross section
for the hardest parton-shower radiation includes unresolved emissions and one resolved
shower emission, i.e.

dops = do, A(ti, te) + da](\I,DLSO), (5.12)

where the leading order cross section is given by do,, = Bd®,, and the emission cross

section da](\I,)LSO) = d®,, d®,,qRS). The factor RFS) = BS(t;,t) depends on the parton

shower program (cf. (5.5)). We go from LO to NLO by adding subtracted real corrections

R and virtual corrections plus the soft-collinear endpoint V to the hard process, i.e.
donro = d®,(B + V) + d®, d®,qR. (5.13)
By naively using the NLO cross section as do,, in (5.12), we obtain
ol = d®, |B+ V + d®aR| At te) + d®, ddq RS, (5.14)
When we expand the Sudakov, we find at NLO

Aol = dd, [B+V + dpak| - do, / d®aR"Y) 4+ d®, dPa RTY, (5.15)
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where [ d®,,q RF9) is a non-resolved term from the expansion of the Sudakov and we
find two terms for the resolvable emission. This equation includes the NLO real radiation
as well as the parton shower radiation. Hence, the hardest radiation is counted twice.
One way to avoid the double counting is to subtract R("S) terms from the real emission,

i.e.
doyyh = do, (B +V /d@radR(PS)> + @y ddpq [R — RP]. (5.16)

The terms RS in da}{}%do have the same structure as subtraction terms. Since da}{}‘ido
is not a physical differential cross section, a parton shower has be applied to obtain
physical distributions. Using do9%, as do,, in (5.12), we find at NLO that

dopganto = d®, d®aq(B + V) + d®,, d®yaq R. (5.17)

This procedure is called MC@QNLO [46]. One disadvantage of MCQNLO is that the terms
R™3) depend on the parton shower program. Therefore, one has to calculate dO’N for
a specific parton shower program.

The POWHEG method is another approach to parton shower matching. It is described

in detail in the following section.

5.3. POWHEG Method

It is the main idea of the POWHEG method to use a local NLO weight for a born
phase-space point and generate NLO accurate radiation with parton-shower methods. To
handle IR singularities in the NLO weight, we use the FKS subtraction scheme described
in chapter 3. It is convenient to use FKS because it starts, as the parton shower, from
a born phase-space. Therefore, it is naturally to write the NLO phase-space as a born

phase-space times the radiation phase-space, i.e.
d®, 11 =dd, dd,ag. (5.18)

Using (3.176), we can define the NLO weight by

B = f(x1, ur) f(@2, pr) B+ V) + 3 / Ao £\ up) f (@5, p)

Ra
1
+ de< #F)f(m’#F)iGl(Z)Jr dz f(x1, pr) f ( >i (5.19)

x2
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(a)

where a denotes all possible singular regions 7 and ij and x; /2 depend on the radiation

phase space. Using the NLO weight B, we write the NLO cross section as
donro = dq)nB. (5.20)

We use the real matrix element and the FKS S functions to define the POWHEG Sudakov

as

: MF)f(xga)qu)SaR
f(x1, pr) f(xe, ur)B

A(pr) = exp { / d@rad O(kS — pT)} , (5.21)
where kp should be equal to the transverse momentum of the radiated particle in the
collinear limit. This Sudakov is used to generate the first and hardest radiation. All
subsequent radiation can be generated by a pr ordered parton-shower program. Truncated
angular ordered showers can be used if a pp veto is introduced to the shower [78]. Using

(5.3) and (5.12), we can write the cross section for the hardest radiation as

V@S pp) f(25) ur)SaR
f(xl, NF)f(x% MF)B

. ol
dopow = d®, B [A( )+ Z Praa A . (5.22)

Using [47]

qu)radf(xl 7/~LF)f(a:§ ),uF)S R (@
Z f(z1, pr) f(z2, nr)B A(ky’) =

_ qu)radf(xl aMF)f(ZUga)»MF)SaR
g‘gT Z(S f(xlaMF)f(x%MF)B A(pT)

d
= d —Al(p
p‘%“]“)T dpr (T)

= 1- ApED),

we see that (5.22) has NLO accuracy because dopow = donro.-

5.4. Strong Coupling and Scales

It was shown in last section that the POWHEG method has NLO accuracy for infrared
safe observables. Furthermore, POWHEG resums large logarithms in leading logarithmic
accuracy (LL). Hence, it has the same LL accuracy as the parton shower that is used for
the POWHEG events. In order to achieve LL accuracy, we have to use /@% as scale for the

strong coupling constant «s and the pdfs in the radiation Sudakov [47]. If there are no
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more than three colored particles in a born process, POWHEG can achieve NLL accuracy

if the strong coupling constant

ay "t (k) = os(k7) <1 + %2(7]?%) K?g - 7:) Ca— gnfD : (5.24)

and 2-loop «; running is used [79]. The 2-loop running is given by

2 loop(ﬂ Tlf)

ol-loop (2 2 2
al1ooP (12 ) 17C% — (504 +3CF)nfl <1Og ”)] (5.25)

1 loop
W, ny) ll 2 11C4 — 2ny A2

and 19
T
Znp) = = (5.26)
(11C4 — 2ny)log %

b

The scale A is defined such that the strong coupling constant is equal to the strong

coupling constant from the pdfs at my, i.e.
aZ°(m%,5) = ab¥(m%). (5.27)

Newton’s method is used to find the solution A for the above equation. The scale A from
1-loop running is used as starting scale.

The POWHEGBOX uses a dynamic number of flavors in the running of «a;. For scales
larger than the bottom mass, five-flavor running is used, i.e. A = As. In the range
from m. to my, four-flavor running is used and, for u < m,, three-flavor running is
used. To get a continuous oy at the threshold masses, we use the matching conditions
as(mg,5) = as(mi,4) and as(m?,4) = as(mZ,3), i.e. we need different scales A, for the

low renormalization scale regions. Using the matching condition in the 1-loop running,

we obtain )
Qs (/JJQ, 4) 747 (528)
1Og A2
with by = 12—” We rewrite it in terms of the five flavor scale As, i.e.
1 1w 1. m? m?
——— = —log— 1 —1 5.29
(12, 4) by PAZ by B A2 Tty 08 A2’ (5.29)
where by = 12” . We can express this equation in terms of the coupling and find
1 1 1 1
(5.30)

0s(12,4)  as(12,4,A7)  ag(mi, 4, A2) as(mp,5)’
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where the couplings on the right hand side are evaluated with the five flavor scale As.

We can find an analogous relation for p = m, i.e.

SR S — ——— (5.31)
as(p2,3)  as(p?,4,A%)  as(m2,3,A2)  as(m?,4) '

Following the POWHEGBOX, we use the matching at 1-loop although the running is at

2-loop because the strong coupling «a; is almost continuous with the 1-loop matching.

5.5. Event Generation

Generating events with the POWHEG method consists of two parts. First, we have to
generate an underlying born phase space and a born flavor configuration. Second, the
hardest radiation has to be generated from the underlying born configuration. These two

steps are described in the following sections.

5.5.1. Underlying Born Events

First, we have to generate an underlying born phase-space. This phase-space point ®,,
is used as the basis for the radiation. It is conceptual equivalent to the LO process to
which we attach the standard parton shower programs. Here, we use the real matrix
element in order to generate the hardest (POWHEG) radiation from the underlying born
event. The born phase-space points are distributed according to the local NLO weight
B(@n). To generate born phase-space points, we use rejection sampling. At first we
have to find the maximum B™?¥ of B. This can be done by sampling B randomly, for
example, while we do a Monte Carlo integration to obtain the NLO cross section. We
then draw a random phase-space point ®,, and an uniformly distributed random number
u in [0, B™]. We accept this point only if u < B(®,) and reject it otherwise. The set
of all accepted phase-space points are then distributed according to B. Since it is not
feasible to do the integration over the radiation phase space in B for every underlying

born event, we rewrite the integrals in B as integrals over the unit cube, i.e.

1 1 1

/dfbgg (q)lg:g) = /Udyl /ody2 /Odyg Jaf(q)E:c)i(ylay%?/?)))a (5.32)
1 1 1 1

A2 f(2) = [dyn [dye [ s ) (5.33)
12 0 0 0
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where J,/, are the Jacobian determinants of the integral transformations. Using the

above equations, we can write

B 1 1 1
B [ay [dy [dy B, (5.34)
0 0 0

where

B = f(x1, pr) f@a, ne) B+ V) + 3 Jaf (@t ue) (@5 1p) R

0o (2 ) S ) SGa () + T ) f (Zoie ) SGalo). (5:39)
The new NLO weight B does not contain an integration anymore and is therefore better
suited for event generation. In the following, we argue that we can use B to draw born
phase-space points according to B. We use rejection sampling to generate a born phase
space ®, and three radiation variables § according to B. However, we only use the
born phase space and discard §. After repeating this procedure very often, the born
phase-space points are distributed according to B. In order to justify this, we first look
at generating one phase-space point ®,, according to B. After ®, is fixed we have to
perform a Monte Carlo integration over the radiation phase space in B, i.e. we draw
many random points for the radiation phase space. Then we proceed with the next born
phase-space point. When we use B, we draw a random born phase-space point and a
set of random radiation variables 3. Therefore, the difference is only the ordering of the
random variables. In the B case, the random radiation variables are ordered in ®,, while
in the B case they are not ordered. When we draw enough points, we could in principle
reorder the points to obtain the same result.

A further improvement is to implement a lazy evaluation of the virtual part of B. It
can be computationally expensive to evaluate the virtual corrections, therefore, we want
to avoid to evaluate them. We expect the virtual correction to be stable compared to the

born. Therefore, we try to estimate the virtual part by

Vest = FB. (5.36)

The constant F is the maximal ratio of ¥ and B. It can be determined when the maximum
for B is determined. We define

Best = B with V — Veg. (5.37)

Since Best > B, we can use it to reject a point without evaluating the virtual corrections.
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Every accepted point is then unweighted with B after calculating the virtual corrections.

To summarize, we state the unweighting procedure in an algorithmic form:

function UNWEIGHTING(®,,,Z, B™X)

u = random(0, 1)

V= Best(q)m{z)

. b

if u > 5o then
return rejected

end if

b= B(®,,7)
return rejected

end if

return accepted

end function

So far, we considered only one born flavor configuration for the underlying born process.
However, we usually have multiple born flavor configurations for a process at the LHC.
The Drell-Yan process, for instance, has the born flavor configuration uu — utpu™,
dd — ptp~ etc. We define B = >, Bfe, where f, labels the different born flavor
configurations. We generate underlying born events by generating a phase-space point
with B and picking a born flavor configuration with probability

Bfv

Ph = (5.38)

In practice, we divide the interval [0, 1] in f, pieces with length py,, draw a uniform
random number in [0, 1], and pick f; according to the piece where the random number
lies.

Using these methods, we generate a born phase-space point ®,, and a born flavor

configuration fj.

5.5.2. Negative Weights

Although the B function is positive in a perturbative regime, it is possible that the
integrand B can be negative in some regions of the radiation phase space. Consider for
example the Drell-Yan process qg — [T1~. There is a collinear remnant for the splitting

of a gluon to a quark. The collinear remnant contains a term

log &

G
7 ¢

[fg (&“F) EPgq(1 =€) = fy (@, nF) €Fgq(1 = &)l » (5.39)
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where x is the momentum fraction and £ the energy fraction of the radiated quark. Since
the splitting function Py, has no % pole, the subtraction term is zero, i.e. no subtraction
is needed, and the splitting function in the first term is just a number in the interval
[i, %] The ¢ integration has an upper bound &pnax = 1 — . We, hence, define £ = &ax T,

where Z is a number between 0 and 1. Therefore, equation (5.39) reads

G o log(i(1 — 2))f, (1—(133—95)@-) . (5.40)
When the argument of the pdf is small, (i.e. x ~ 0 and Z ~ 0), we obtain a large value
and multiply it by a negative logarithm. Therefore, the large negative value for the
collinear remnant can overcome the positive born matrix element. In total, we obtain
a negative integrand and therefore a negative weight of the event. However, when we
integrate over the radiation phase-space we obtain a positive weight.

Since one of the main features of the POWHEG idea is to obtain only positive weights,
we have to find a way to deal with those negative weights. The negative weights originate
from rewriting B as an integral over B to avoid a numerical integration over the radiation
phase space. If the contribution of events with negative weights to the total cross section
is small, we can ignore them. This is for example done in the Drell-Yan case. However,
events with negative weights can give substantial contribution to the total cross section in
other processes, e.g. pp — W + jet. One way to reduce the number of negative weights is
to at least mimic the integration over the radiation phase space by using a few sampling
points. If one weight is negative, other sampled weights can be positive and compensate
the negative weight. To do this consistently in a Monte-Carlo integration, we use the
method described in [80]. We write

/Oéxf(x) :/Oé:zf(x)—i—/;la:f(x) :/Oé$ {f(m)—kf(a:%—;)}. (5.41)

We sample two values for x in the Monte Carlo integration belonging to two separate
regions. However, it is not clear if two points are enough to significantly reduce the

ratio of negative weights. The generalization to more than one integration dimension is

/Oii:v f(z) = /Oiix;gf (:c%—;—l) . (5.42)

It is not a priory clear how many points are needed to reduce the number of negative

obvious, i.e.

weights to an acceptable level. Hence, one has to try different values to find the best

compromise between performance and accuracy.
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The integrand B consists of a part which depends only on the born kinematics and a
real radiation part. Therefore, it is possible to calculate the born and virtual part once

and then use the described technique for the radiation part.

5.5.3. Generation of Radiation

Having generated the underlying born process, we have to generate the hardest radiation
using the POWHEG Sudakov (5.21). As before, we introduce the region label o which is
an element of the set of all possible ¢ and ij regions in the Sudakov. We pick a region «
and generate radiation variables & for the hardest radiation. The radiation phase space
is a function of 7, i.e.

q)rad = q)rad (j) (543)

Using (5.3), we see that we have to sample a transverse momentum of the radiated parton

pr from the probability density
s(pr) = 3 [ 08 (#)Fad (6(950(2)) — 7] Alpr), (5.4

where
F@$ up) f(2S), up)SaR

f(xla ,UF)f(l'Q, IUF)B
According to the highest-bid method that is described in section D.4, we find a pr for

F, =

(5.45)

every region a with

Sa(pT) =/d<1>?ad(f)Fa5 (k7 (®raa(T)) — pr] Aa(pr), (5.46)

where

Balpr) = exp{ = [ 405 (2)Fub [15(25(2) — pr] | (547)

and choose the region with highest pr to generate the radiation. To generate radiation
variables Z that result in a given pp, we can use the techniques described in section D.3.
If pr is smaller than a minimal resolvable scale p?in, we do not generate radiation with
the POWHEG method. To sample pr according to (5.46) is not straight-forward, since we
cannot solve the integral in the Sudakov analytically. We introduce an upper bounding
function U® with

Fe <U® (5.48)

for the integrand. We solve the integral for U% and use the veto method that is described

in section D.3.1 to generate a pr. In the following we describe the generation for
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the different radiation regions. Note, that the next sections contain an application
of the methods described in section D.3 and section D.3.1. Hence, we only state the
region specific equations and calculations. Parts of the calculation can also be found
in [47, chapter 7] and [67, appendix C and D]. At the end of each section, we give explicit

algorithms that have been implemented in our computer code.

QCD Final-State Radiation

In case of final-state radiation we use an upper bounding function proportional to

the singular structure of the real matrix element. The Jacobian in (3.109) is

1
&(1-y)
proportional to £&. Therefore, we choose

as(k2)
U, y) = NI 5.49)
= Nedi—y) (
as upper bounding function (cf. [67, appendix C]) where N is a constant. The result
is independent of the actual upper bounding function. However, the performance of
the algorithms depends on the upper bounding function. In practice, we obtain N by
sampling {®,,, &, y, ¢} to find minimum N with U > F.

The transverse momentum of the radiated parton in the soft-collinear limit is given by

K= 21—y (2 +0). (5.50)

For the Sudakov form factor based on U, we find

gmax 1 ( 2 )
—log Apy(p%) = N [ dé¢ d¢ k
)= [ [ 1o g5 200 o
= 27N fimaxe g, sk
=<m 0 §0(E—\/p7/s) / T 61{:2 (5.51)
gmax 2
e 27TN dkT (]; ) log gmaX\/g 5
s ki N
where &pax = 1 — MT;{"C (s. (3.128)). Using the one-loop expression for the strong coupling
constant ) 110 AT
as(4?) = ———5v, by= — AR (5.52)

bo log (%Z) 127 ’
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the analytical solution of the integral in (5.51) is given by

2
ﬂ_N 2 2 XS log gmaxs 2 XS
—log Ay (p3) = b—& (fmax — pT) log 5?{‘2 log ]/)\22 —log ém% , (5.53)
0 § log % br

where the 0-function reflects an upper bound for pr and we have to introduce a lower
bound p?m > A. We use this Sudakov form factor in the veto method to generate a
value for ppr. For a given pr, we generate the variables &, y, ¢ according to a distribution
1 as(k%) 2 2
p(&y,¢) = N ——=06(kt — p7), (5.54)
A E(1—y)
where A is a normalization factor. We start by generating a value for £. Therefore, we

integrate over the angular variables and obtain

N1 20 58 o (k2
pe© = 7 [do [0 G505 - 3
T
5.55)
2rN 1 1 (
= 0(s¢> — p).

~ Abo log 1;\—2755

To generate a random ¢ according to p¢(§), we use an inverse transform sampling (s.

e.g. [81]). Using P¢(&max) = 1 for the cumulative distribution function, we find

Pi(e) = Ofis'pgs’)lb‘zg(g )> (5.50)
0g | Smax E

Therefore, we use £ = Pgl(u) and find

1 2 1 2
log € = u 108 &max — = log 2L | + ~log L (5.57)
2 s 2 s
where v is a uniformly distributed random number in [0, 1]. We can use
s
pr =58 (1-y) (5.58)

to obtain a value for y and generate ¢ uniformly in [0, 27] because the Sudakov does not
depend on ¢. To summarize the radiation generation, we write down pseudo code for the

algorithm:

function GENERATERADIATIONFSR
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P = Ehax
while true do
u = random(distribution = uniform in [0, 1])
P = solve(Ay (pF) = Ay (p®)u)
if p7 < (P™)?
return generate born like event
end if
&= (5.57)
y = (5.58)

¢ = random(distribution = uniform in [0, 27])

or no solution for p3. then

v = random(distribution = uniform in [0, 1])
. F
lf v < W then
return &, y, ¢
end if
P’ =p7
end while

end function

EW Final-State Radiation

EW final-state radiation is similar to the QCD case described in section 5.5.3. However,

we do not use a running coupling constant. Therefore, we have

TN« log2 ffnzxs
2 2

— log Ay (py) = (5.59)

We find

2y _ 2 2 _ 2 _ o PP\ _ 2
Av () = Au(p >u<:>pT—§maxsexp< \/10g (&) leogu>. (5.60)

In (5.55) only the normalization constant A changes. Therefore, we can use (5.57) to
generate a value for £ and (5.58) for y. The azimuthal angle ¢ is again distributed

uniformly in [0, 27).
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Alternative Forms of the Upper Bounding Function

s
29
determinant J of d®,,q (3.109) in the ratio #Z& in (5.21) can become large because

If the angle y between emitter and emitted particle is larger than the Jacobian

B
1 2
J o (2—5(1—3/)) (5.61)
which is singular for £ =1 and y = —1. In the singular case the FKS S function is zero

and, therefore, suppresses this limit. However, due to the region y < 0, the normalization
N for the upper bounding function U(&,y) is driven to large values. If we find such a
phase-space point while sampling the phase space to obtain a value for the norm N, the
event generation will be inefficient because most of the events will be vetoed because
SJTR < U(&,y). On the other hand, if we find such an event only during event generation
we can not apply the veto because % > U(&,y). If these events are rare, we can ignore
them because the contribution to the cross section is small. Alternatively, we can include

the large part of J into the upper bounding function, i.e.

_ sk LY
U(f’y)_Ngu_y) <1_§(1_y)> : (5.62)

Since we cannot solve the integral in (5.51) analytically, we use another upper bounding

function U’ with

., . N 1 ’
U'(&y) = 20—y (1_ 5(1_y)> > U, y)- (5.63)

We can use U’ to obtain values for py according to the veto algorithm. Once we have a
value for pp, we can go from U’ to U by drawing a uniformly distributed random number

between 0 and 1 and accepting the event with a probability of

U, y)

=« 2 . .
s = (ke (564)

p(&y) =
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The Sudakov form factor using U’ is given by

2
ng X gmax 1
—log Ay (p / 2 / ( kQ) (5.65)
p
p

s

gmax 1-
= + = +210g7+210 5.66
gmax p 1- Emax & ( )
émax (gmax >:|
log + log -1, 5.67
‘fmax [ 1- émax p2 ( )

where (k%) = \/ I and p= \/ (compare to [67, (C.10)]).

QCD Initial-State Radiation

We use a similar upper bounding function as in the final-state radiation case. We choose

B as(k2)
as upper bounding function and
_ S22y S 201 .2
=61y = 4(1_§)§ (1—y7). (5.69)

The PowHEG Sudakov (5.51) contains pdf ratios for ISR. In [82] it is shown that we
can nevertheless use (5.68) as upper bounding function. As mentioned in [47, section
7.4], it is possible that U is not a bounding function for extreme values of x; or xy. If
those phase-space regions give only a tiny contributions to the total cross section, we can

introduce a technical cut-off. From (3.55), we know that

%:1—5, s < S, (5.70)

where S is the center-of-mass energy of the proton system. This condition defines an

upper bound for &, i.e.

§ < Emax =1~ % <1 (5.71)
We, therefore, have
gmax 1 as k
—log Au(pp) = [ d¢ d¢ Ng(l( Z))wk% — p7)
(5.72)
fmax 1 s kQ
=2 [d¢ [dy dsbN(—Tl,e(k% - n7),
0 0 0 - y?)

§(1
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where we used that the integrand is even with respect to y. Since y > 0, we can change

the integration variable to k% using

1—¢k2

=4/1—-4 —+. .
y o (5.73)
The Sudakov form factor is then given by
13 ( ) 2 _%
max la k2 1-¢k
—log A = 27N [dE [dR2 2T () g T 5.74
where )
72 _ Sb §
T=31o¢ (5.75)
We swap the order of integration and perform the £ integration
as(k‘Q) Emax 1
—log Ay(p%) = 2xN dk2 d¢
4 pT ko Ja o VE-&)(E-&) (5.76)
s(k '
— 27N dk:2 a}i 1) 1(k2),
P T
where
2k%  2krp l<:2
E1 g = ——T 1+~ (5.77)
/ \F
72 _ Sb gmax
kT = R (5.78)
The integral I(k%) is given by
I(k’%) = 210g (\/gmax - fl + \/gmax - 52) - log (51 - 52) . (579)
Using
log (51 - 52) = 10@; (fmax - §2 - gmax + gl) (5 80)
= IOg [(\/gmax - 52 + \/gmax - 51) (\/gmax - 52 - \/gmax - gl)}
we can write
I(k‘%) — 10g \/gmax — 52 + \/fmax - fl (581)

\/gmax _52 - \/ max _‘51.
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The integral in (5.76) has a complicated form. However, Ay has the form of a Sudakov
form factor with one integration. Therefore, we can find an upper bounding function for

the integrand and use the veto method again. We notice that

log(§1 — &2) = log[(1 — &) — (1 — &)

(5.82)
=log (VI—& - vI—&)+log (VI—&+VI—¢)
and
log (VEmax — €1 + Vemax — &) <log (VI— & +V1-6&). (5.83)
Hence, we find an upper bounding function
I—-&+VI—& 1. k2+s 1, Ei+4s, -
I(k%) <1 v = —log L < —log - = I(k%). 5.84
() Slog Vi BTV = log T < o log T = (). (584)

The Sudakov form factor for the upper bounding function I(k%) is then given by

_ k2 E2) -
Clog Ay (p2) = 20N [ k2 2T) 2

2 D5 1)
Pr ki
EQ
v [1 (1 A2>1 A kQ] :
= ——— |log | log -5 | log = — l0g kA 5.85
bo kt ki + sb K2 =p2 (>5)
. 2 .
N| & log 3% ji2
SR TA_;Sblog OgAj—log—g .
bo logi—T2 bt

Again, we have to introduce a lower limit p2T7min > A? to ensure that the Sudakov form
factor is well defined. We use the veto algorithm to generate a value for pr.
function GENERATEPT2(p2T7maX)
P* = Phmax
while true do
u = random(distribution = uniform in [0, 1])
p# = solve(Ay (p7) = Ay (p?)u)
if p2T < p%min or no solution exists then
return
end if
v = random(distribution = uniform in [0, 1])
if v < ;ggz;; then
return p%
end if
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p* =p7
end while

end function

The log of logs in (5.85) can become large when p% is small because l;:% is usually a large
number. This can lead to numerical problems when we use (5.85) as argument of the
exponential function because we obtain numbers which are so small that they cannot be
represented as floating point numbers. To circumvent this problem, we have to transform
the equation which we have to solve in such a way that we do not need to evaluate an

exponential function. This leads to

~ 2
_ — N k2 + s log % 2
Ay (p?) = Ay(pPu = T log TA2 b log g A; + log p—2 =logu (5.86)
bo log &5 pr

Since pQT € [p% min? p?], we do not get numerical problems as long as

Pomin 5.87

For a given pp, we generate £, y, ¢ which are distributed according to

N ozs(k%)

ZW(W{?% — 7). (5.88)

p(&y,0) =

where A is a normalization constant. We use the inversion method [81] to generate a

value for £&. The cumulative distribution function with respect to £ is given by

log f(§) — log f(&min)

PO = Tog F{€m) — l08  (Emin)” (589)
where
f(£)=%fb%(£—1)+§2+2§+5 (5.90)
and
boin =61 =~ 2L 4 J 2 (1 " p%) < G (5.91)

2 2
f (&min) = 2, Z—Z (1 + if) (5.92)
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Solving P¢(&£) = u, where u is uniformly distributed random number in [0, 1], we obtain

2
k. (F_%T>
Sb Sb

§= T ) (5.93)
where )
F =exp (u log F(€mim) ) f (&min)- (5.94)

Using p% and ¢ we find

1=
[yl =4/1—4 . (5.95)

and ¢ is distributed uniformly in [0, 27). The algorithm to generate the radiation variables
is
function GENERATERADIATIONISR
p* = k7
while true do
p3 = GENERATEPT2(p?)
if no p% then

return generate born like event

end if
&= (5.93)
y = (5.95)

¢ = random(distribution = uniform in [0, 27])
u = random(distribution = uniform in [0, 1])
if u< % then
Yy=-y
end if
v = random(distribution = uniform in [0, 1])
. F
if v S m then
return £, y, ¢
end if
P’ =pr
end while

end function
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EW Initial-State Radiation

The difference to the QCD case described in section 5.5.3 is the coupling constant. The
Sudakov is given by (cf. (5.85))

Koo -
~log Ru(p}) = 22N [ i < 1083)
vz kp
, , (5.96)
:WQN 10g2~pT o2 T
2 k2 + sp k2. + sp
We find,
Arr(p2 Arr (2 2 7.2 s D 2
v(pr) = Au(p”)u < pr = (k7 + sp) exp og ER—— ogu (5.97)

5.5.4. Implementation

We implemented the POWHEG method in a C++ library. This library is similar to the
PowHEGBOX [67] framework but completely independent. Therefore, it can be used to
do a thorough check of the POWHEGBOX. The source code of the library is available at
https://github.com/lmcoy/mypowheg.

To use the library for a specific process, the user has to specify a list of all born
processes. For each born flavor configuration, the user has to attach all possible real
flavor configurations and their singular regions. Note, that a real process can be connected
to more than one underlying born process. An example is the W + jet process described
in chapter 8. For each born and real flavor configuration, the user has to implement
the matrix elements in four dimensions. Also the virtual part in dim. reg. or mass
regularization has to be implemented. Furthermore, a born phase-space generator is
needed. For born matrix elements that are divergent in certain limits, one also has to
implement cuts on the born phase space that render the LO cross section finite. An
example is the neutral current Drell-Yan process that is divergent at Q% = 0 due to the

photon exchange (s. chapter 6). In summary, the user has to implement:
e matrix elements (born, color correlated born, real, virtual),
e a born phase space generator and cuts,

e a list of all subprocesses and their singular regions.

An overview of the user interface is given in Appendix I.
When a process is implemented, the resulting program starts by integrating B over

the full phase space. The result is the NLO cross section of the process if no cuts are
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applied. We use VEGAS to perform the integration and store the grid to use it in the
event generation (s. Appendix D). This integration is also used to obtain values for
B™max and Vest- With these values at hand, we can start the actual event generation. All
unweighted events are written to an LHE event file [83,84].

In the following, we describe how LHE event files are generated with our implementation.
The particle flavors and momenta are directly available from the POWHEG method. The
parent-child structure of an event is determined by the FKS radiation region. However,
we have to include information about the color flow and resonances in the event file. It is
necessary to give the resonance structure to the parton shower because it should preserve
the resonance mass. Since the resonance structure is not available in POWHEG, the user
has to supply which leading order particles originate from a resonance decay. At NLO a
particle can be radiated from a decay product of a resonance. This particle has to be
included in the decay products of the resonance. Whether a particle was radiated from a
resonance daughter, is determined by the radiation region.

Furthermore, the color flow has to be included. We use that the LO color flow is unique
for Drell-Yan and W + jet. Therefore, the user can specify the LO color flow. However,
the NLO color flow is not unique for W + jet but we can generate it by starting from the
LO color flow and using the singular FKS regions. The radiation region determines the
mother particle and its color flow configuration is given by the LO color flow. Therefore,
we can extend the color flow by the color flow of the splitting. However, this procedure
has ambiguities. First, the FKS initial-state regions S; do not specify which initial-state
particle is the emitter. We use the radiation variable y to choose an emitter, i.e. we use
the particle which is more collinear to the radiated particle as mother particle. Second,
the color flow of the FSR splitting ¢ — gg is not unique. Hence, we choose the color flow
randomly in this case.

All particles are now fully specified and can be written into an LHE event file. However,
we have to notify the parton shower that the first radiation is already included in the
POWHEG events, i.e. the parton shower has to start its evolution at the POWHEG radiation
scale. The starting scale for the parton shower is specified event by event in the SCALUP
variable of the LHE format. Therefore, we have to store the radiation kp for every event

in this variable.

5.5.5. Matching a Parton Shower to POWHEG Events

Since the POWHEG method is independent of the parton shower, we can use any pr-
ordered parton-shower program. To study phenomenological effects, we use PYTHIA

8 [73] as an example for a parton shower. PYTHIA 8 can use LHE event files as input and
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it generates QCD and QED radiation. Results for Drell-Yan are shown in the following
sections. In the following, we comment on important flags for parton shower matching
with PyYTHIA 8.

PowHEG and PYTHIA 8 use pr related evolution scales. However, the exact definition

of the evolution scales differs. The simplest matching solution

1
1

TimeShower:pTmaxMatch

SpaceShower :pTmaxMatch

assumes that the evolution scales are the same and starts the shower evolution at the
POWHEG scale. Therefore, some phase-space regions can be double counted and some

other regions are maybe not counted at all. Furthermore, it is important to use the flag
Beams:strictLHEFscale = on

because PyTHIA 8 would ignore the POWHEG SCALUP scale in resonance decays and use
the kinematic limit if this flag is not set. Setting this flag is equivalent to implementing
the PYTHIA function UserHooks: : scaleResonance as recommended in [85].

To overcome the issue with different evolution scales, a PYTHIA 8 plug-in PowHegHook
[86] exists that starts the shower evolution at the kinematic limit and vetoes all emissions
with a POWHEG evolution scale above the scale of the hardest POWHEG emission. This
is possible because the POWHEG and PYTHIA 8 evolution scales are similar. Otherwise, a
truncated shower would be necessary [78].

In order to use the PowHegHook plug-in in presence of resonance decays, we have
to modify the code. The default PowHegHook does not apply any veto in resonance
decays. Hence, we have to modify the code such that vetoing is done in resonance
decays. Furthermore, PowHegHook has to calculate the POWHEG evolution scale after
each radiation and veto the radiation if the scale is larger than the POWHEG radiation
scale SCALUP. For ISR the POWHEG evolution scale is simply the transverse momentum
of the emitted particle. For FSR the POWHEG evolution scale is based on the transverse
momentum in the soft-collinear limit (5.50). Therefore, the POWHEG evolution scale for
FSR is given by

E;
k7 = (pi +pj)2§a (5.98)
J

where the index ¢ denotes the radiated particle and j the emitter after radiation. The
explicit changes in the code can be found in the POWHEGBOX implementation of the
neutral-current Drell-Yan process [51].

We use the following settings for the PowHegHook:
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POWHEG:nFinal = 1
POWHEG: pTdef = 1
POWHEG: QEDveto = 1
POWHEG:veto = 1
POWHEG:vetoCount = 10
TimeShower:pTmaxMatch = 2
SpaceShower:pTmaxMatch = 2
Beams:strictLHEFscale = off
Furthermore, we use
HadronLevel:all = off
PartonLevel:MPI = off

to disable hadronization and multi-parton interactions because we are only interested in
parton shower matching effects. To be consistent with our POWHEG implementation for

EW corrections, we disable the running of the electromagnetic coupling, i.e.

TimeShower:alphaEMorder

SpaceShower :alphaEMorder
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6. Neutral-Current Drell-Yan

The neutral-current Drell-Yan process pp — Z/v — ptpu™ is a standard candle at the
LHC. It can be used to extract pdf information and for precision measurements of the
weak mixing angle. It can also play an important role in searches for BSM physics because
new heavy gauge bosons Z’ could show up as peaks in the invariant mass distribution of
the leptons.

For all experimental analyses, it is crucial to have precise theoretical predictions. The
Drell-Yan process is one of the simplest processes at a hadron collider because of the
clean leptonic final state and QCD radiation can only originate from the initial-state
partons. Hence, the Drell-Yan process is known up to NNLO for QCD and NLO for EW
radiation. References are given in chapter 1.

In this chapter we apply the POWHEG method described in the previous chapter to the
neutral-current Drell-Yan process. In particular, we use the POWHEG method to combine
QCD and EW corrections. We published the results of this chapter also in reference [57].

The born matrix element consists of two Feynman diagrams, corresponding to photon
and Z-boson exchange. The virtual part of the partonic cross section for QCD [17] results
in the virtual 1-loop contribution (3.189), i.e.

o 2 3 Q"1 Q* 2 Q°

2
V="NCp|-5 —=—2log~*= —3log ~ —log? = — 8+ 2| B, (6.1)
o e ¢ s € s s

where we used the same normalization N = (45—‘2‘2)5 ﬁ as in (3.169). The finite part
is also calculated in Appendix B. Note that @ is an arbitrary scale that we will identify
with the renormalization scale.

Feynman diagrams for real radiation are shown in Figure 6.1. The real process contains
gluon radiation from the initial-state quarks and also an initial-state gluon splitting into
a quark-antiquark pair. In an FKS implementation, we need the color correlated born
amplitude to calculate the soft limit in (3.39) and (3.105). The color correlated born
matrix element is particularly simple for Drell-Yan because only the initial-state partons

have color charge. We find a global color factor Cr N for all real processes, i.e. the
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v/Z v/Z

q q
Figure 6.1.: Feynman diagrams that contribute to the real matrix elements of the neutral
current Drell-Yan process.

non-zero color correlated born matrix elements read
Bia = By = CphB. (6.2)

Using (6.2), we can show that the poles in (6.1) cancel with the real poles in the FKS
calculation (3.170).

The structure of the FKS subtraction scheme for QCD is particularly simple because
the QCD radiation can only be emitted from the initial-state partons. If the radiated
parton is a gluon (left in Figure 6.1), the gluon can arise from the initial-state quark
or the antiquark. If an initial-state gluon splits into a quark-antiquark pair (right in
Figure 6.1), the quark/antiquark enters into the Z/v vertex and the antiquark/quark
is the radiated real parton. The underlying born process of all real matrix elements is
unique. Therefore, there is only one singular region for the initial-state radiation. The
corresponding S function is equal to 1 by construction.

We used the implementation of the POWHEG method described in section 5.5.4 to
implement the Drell-Yan process. The real matrix elements are generated by the C++
output interface of MadGraph [87,88]. When the flavor configurations are passed to
our library, one always starts with a born process. We consider here the wu — u*p~
Drell-Yan sub process as an example. We have to connect the real process wu — up"g
to the born process and associate the singular region S5 to it (s. chapter 3). The code
automatically detects that the gluon can originate from both initial-state quarks and
adds the collinear remnants. Moreover, we have to add the real processes gu — u™ " u
and g — pp~@. Both have the same singular region S5. The interface of our POWHEG
implementation is discussed in Appendix I.

The structure of the EW corrections is more complicated because also the final-state

leptons can radiate photons. In fact, the final-state radiation is dominant. Due to the
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W/Z/~

—

—

W/Z/~ )

—

1 W/Z/y

[

'W/Z/'v

Figure 6.2.: Example Feynman diagrams for EW virtual corrections.

more complex singularity structure, we have to introduce three FKS S functions to
separate the singular regions. As for QCD we have one singular region S5 for initial-state
radiation and additionally the regions Ss4 and Ss3 for final-state radiation. Also the
matrix elements are more complex. The real radiation matrix elements are generated
with MadGraph and the virtual corrections are checked against reference [89]. The
virtual corrections contain loops with gauge bosons that become singular for on-shell
gauge bosons. A few example Feynman diagrams are shown in Figure 6.2. The treatment
of these singularities is described in section 6.1. EW corrections are usually calculated
with mass regularization. Using the results from chapter 4, we checked that we get the
same result for the FKS endpoint plus virtual part in dim. reg. and mass regularization.
Furthermore, we used implementations for the virtual amplitudes within dim. reg. and

mass regularization [90].

6.1. Details of the Calculation

In this section we comment on technical aspects of the the matrix element calculations

and the implementation of the process.

6.1.1. Complex-Mass Scheme

The propagator of a Z-boson is singular at ¢ = M?, where ¢ is the momentum of the
Z-boson and M is its mass. One way to include the Z-boson resonance and capture its
physics is to do a Dyson resummation of the self-energy, i.e. we use a geometric series to

sum self-energy contributions to all orders, i.e.

++ s Q +...
. 00

) L )
frmn — 5 63
q2—M3+i€§%(q2—M§+iE) q@? — Mg +ic— L (6.3)

where L denotes the 1PI (1 particle irreducible, s. e.g. [91]) contribution and My is the

bare mass. We can use the real part of L to define the renormalized particle mass by the
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condition M? — MZ — Re L? = 0. However, the imaginary part cannot be absorbed into

the definition of the real particle mass. We find

A
¢ — M?+ie—iZImL’

(6.4)

where Z is the wave-function renormalization constant (s. [91, chapter 7]). The squared

propagator is proportional to

1
(> = M?%)2 + (Z1m L(¢?))*’

(6.5)

i.e. the squared matrix element is not divergent at ¢> = M? anymore. The optical
theorem (see e.g. [91]) implies for the Z-boson self-energy that MT = —Z Im L(M?),
where I' is the total width. Hence, the squared matrix element is proportional to a

Breit-Wigner propagator )

(¢2 — M?)2 + M2I2

(6.6)

that is not singular at ¢> = M? but enhanced. However, we mix different orders in
perturbation theory by resumming the loops and this possibly spoils gauge invariance
[92,93]. The complez-mass scheme [94-96] is a consistent and universal scheme to handle
the finite width effects. It introduces complex gauge-boson masses at the level of the
Lagrangian, i.e.

py = ME —iMyTy. (6.7)

This also leads to a complex Weinberg-angle
12
cos? 0, = "W (6.8)

The complex-mass scheme is used in the calculation of all matrix elements. The complex-

mass scheme preserves the Ward-Identities.

6.1.2. Massless Fermion Approximation

The matrix elements are calculated in the massless limit because the masses are negligible
compared to typical energies at the LHC. In particular, the real matrix element and
the real phase space are generated under the assumption that quarks and leptons are
massless. Using massless leptons introduces artificial collinear singularities that would be
cut off by the physical lepton masses. The collinear singularities lead to an unphysical

enhancement of collinear photon radiation. These contributions are canceled due to the
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KLN theorem [60, 61] if collinear photons are treated fully inclusively. When we perform
a fixed-order NLO calculation, the requirements of the KLN theorem are not fully met
due to phase-space cuts on the lepton momenta. We would obtain corrections of the order
alog(my), where my is the fermion mass in a massive calculation [97]. To obtain an IR
safe fixed-order NLO cross section, we introduce a recombination of collinear photons

with leptons. We introduce the quantity
AR? = An® + A¢?, (6.9)

where An is the rapidity difference between a lepton and a photon and A¢ is the difference
of their azimuthal angles. If AR for a photon-lepton pair is smaller than a given threshold
(e.g. AR < 0.1), the photon and the lepton will be combined. The smaller AR the more
collinear a resolved photon can become. In this way all unphysical collinear photons are
recombined with leptons.

When we generate POWHEG events, we do not encounter very collinear photon radiation
because we use an inclusive NLO weight B and the radiation generation for QCD has
a lower cut off k" due to the scale Agop and the running coupling constant. In
principle, we do not need a cut-off for photon radiation because the Thompson limit of
the coupling «(0) is well defined. However, we do not have to generate photon radiation
at small k7 because this radiation is in the soft/collinear regime and we do not expect
any improvement by the POWHEG method compared to a parton shower. Therefore,
it is sensible to use a kI cut-off scale also for EW POWHEG radiation. Furthermore,
the hardest QCD radiation has typically k7 values much larger than our default cut-off
scale (k2")2 = 0.8 GeV?. We show in section 6.4 the independence of our results of
this technical cut off scale. When we combine QCD and EW POwWHEG radiation, the
hardest radiation is typically of QCD type because the coupling constant is much larger.
Therefore, it is unlikely to reach the k:l_}}in cut-off scale.

The parton shower, however, needs massive particles as input in order to correctly
generate the missing soft and collinear radiation. Hence, we use an on-shell projection
to introduce the particle masses on the POWHEG event level. In the rest frame of the

resonance decay into two muons the four-momentum of the resonance is given by

- (26E> , (6.10)

where F is the energy of the two massless muons with momentum +p. To obtain massive

four-momenta for the muons, we rescale their momenta by a factor A\ and find from
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energy conservation that

\/m% + A2p2 + \/m§ + A2p2 = 2F. (6.11)

Solving this equation for A\?, we find

2F? 16 B4 ’

Therefore, the rescaled four-momenta of the muons read

2 2.2
Ve AP (6.13)

P12 = o
AP1/2

We use the same rescaling for a resonance decay into two muons and a photon but we

solve the energy conservation equation for three particles numerically for A.

6.1.3. Numerical Integration

We use Monte-Carlo methods to integrate the cross section numerically. A brief overview
of Monte-Carlo integration and references are given in Appendix D. We used OpenMPI to
adapt the standard VEGAS algorithm such that it can run in parallel. Our implementation
can use several CPU cores and can run on multiple computers in a high performance
cluster. Since Monte-Carlo integration performs best when the integrand is flat, we
transform the integral such that the integrand is nearly flat. The Drell-Yan cross section

is proportional to a Breit-Wigner propagator defined in (6.6). We define the quantity

MTS
(S _ M2)2 +M2F2’

A(s) = (6.14)
where M is the Z-boson mass and I' is its width. The numerator is chosen such that it

is convenient in the explicit calculation. The cross section integration can be written as

1 1 1 1
o= /d$1 /dfm /da'(l‘l,l‘z) = /d!B1 /dl"z /d“yA(xleS)f(xl,xg,gj), (6.15)
0 0 0 0

where x1, z9 are the momentum fractions of the partons, the n particle phase space is
defined by the parameters ¢/ and f is a function containing the rest of the matrix element
and the pdfs. We transform the x; integral such that the Breit-Wigner is in the direction
of an integration variable 7 = x1x5. Furthermore, we swap the 7 and xo integration

and use a second transformation to restrict the integration ranges from zero to one. We
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obtain,

o= /0117' /0112 /d"yT +1(1__T7_)ZA(TS)f ((1 —T)z+T, (1—7-T)z+7-’g> . (6.16)

Our aim is to find an integral transformation that fulfills the differential equation

dr 1
dt — A(1S)

(6.17)

because this transformation cancels the Breit-Wigner peak in the integrand. We find

MT M? S — M?
T(t) = T tan (t) —+ ? p=— t = arctan TW (618)
Using this integral transformation and rescaling the integration to the unit cube, we
obtain . ) ) () ()
-7 T
o= dz/du/d” — A (x t,z,u,*>, 6.19
/0 0 4 21 (ty, 2) Flolt, 2) 21 (ty, 2) 4 ( )
where
2
— M
A = arctan + arctan T (6.20)
M
t, = Au — arctan T (6.21)
x1(ty, z) = 7(ty) + (1 — 7(ty))2. (6.22)

The Breit-Wigner in (6.15) is canceled by the Breit-Wigner in (6.19). Therefore, the new
integrand is flat compared to the original integrand and the Monte-Carlo integration
converges faster. In practice, we have to cancel the Breit-Wigner numerically because we

cannot split the matrix element in our calculation into f and A. Hence, we use

1

n _ n 1 . A
d"yf =d yK(Af)—dUm

(6.23)
in (6.19). If this method is used, most of the random points are sampled close to the

resonance. Therefore, one should be aware of this, if the integrand has other features

that are not close to the resonance.
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6.2. Parameters and Setup

The gauge boson masses and widths are [98]

myz = 91.1876 GV,  T'y = 2.495 GéV, (6.24)
mw = 80.385 GeV, Ty = 2.085 GeV. (6.25)

We use the Fermi constant, measured in the muon decay,
Gr = 1.16637 x 107> GeV 2 (6.26)

and the gauge boson masses to define the electromagnetic coupling constant. The

coupling, consequently, is defined by the effective coupling of the muon decay. It reads

V2GrME, (1 MVQV>
o = — .

- A2 (6.27)
Radiative corrections of the muon decay are already included in the coupling constant.
Large universal electroweak corrections (from the running of the coupling etc.) are already
incorporated into the LO results when we use the above definition. Hence, the remaining
electroweak corrections are minimized. This scheme is called G,-scheme. When we
transform the usual on-shell renormalization scheme with «(0) in the Thompson limit
into the G-scheme at NLO EW, we have to subtract the radiative corrections Ar to

muon decay from the vertex counterterm [99,100], i.e.

1
ct _gct
The coupling constant in the Thompson limit and in the G, scheme are connected by
a=a(0)(1+ Ar) + O(a?). (6.29)

The quantity Ar contains contributions from the change of «(0) to a(Mz). These
contributions are proportional to logarithms of the light fermion masses («(0)log m?c)
that cancel the logarithms from charge renormalization in the a/(0)-scheme. Contributions
from the W-boson self energy with a top-bottom loop are also included in Ar.

We use the following fermion masses as regulator masses in mass regularization, in

the on-shell projection of the momenta, and in the running of the strong coupling a; (s.
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section 5.4):

My, = 6.983 x 1072 GeV me = 1.2 GeV my = 173.07 GeV
mg = 6.983 x 1072 GeV ms = 0.15 GeV mp = 4.6 GeV
me = 0.510998928 x 1072 GeV  m,, = 0.1056583715 GeV  m, = 1.77682 GeV

As pdfs we use the NNPDF 2.3 pdf set. In particular, we use the NLO QCD + LO
QED PDF set with ag4(Mz) = 0.118 (ID: 244600) [101-103] interfaced with LHAPDF
6.1.6 [104]. We assume the DIS pdf renormalization scheme for EW corrections (s.
(3.194)). The POWHEG events are showered by PyTHIA 8.215 [73] without hadronization
and multi-parton interactions because we are interested in the details of the parton-shower
matching. We comment on the validity of this assumption in section 6.6. Concerning the
PyTHIA parton-shower matching, we use the PowHegHook plug-in described in section 5.5.5.
Furthermore, we use the PYTHIA internal NNPDF 2.3 QCD+QED NLO pdf set by using

PDF:pSet = 15

The event selection is done with Rivet 2.4.0 [105].

6.3. NLO Calculation

To validate our implementation, we compare the cross sections for different setups to
a fixed-order NLO calculation that uses the Catani-Seymour subtraction scheme [90].
Both implementations use the same virtual matrix elements. When we calculate NLO
distributions, we have to use recombination (s. section 6.1.2) and we cut on the real
radiation phase space. First, we apply only an invariant mass cut of m; > 50 GeV to
render the cross section finite. For EW corrections we set the recombination parameter
to AR = 0.1. Furthermore, we use a setup (setup2) with the same invariant mass cut
and the LHC acceptance cuts pr > 20 GeV and |n| < 2.5. Since the EW corrections are
rather small, we define a third setup (setup3) to enhance corrections. We use the same
acceptance cuts as before and increase the invariant mass cut to my > 85 GeV. The
recombination parameter is set to AR = 0.01. The EW corrections are larger because
we remove all events that are shifted from the Z peak to lower values of m; by FSR.
The lower recombination parameter AR leads to more unrecombined photon FSR and
enhances the correction at the peak. The results for all setups are shown in Table 6.1.
At LO, we find good agreement for all setups. The NLO results agree at the level of 1
per mill but show deviations which are larger than the integration error. The source of
these deviations is not resolved so far. There can be many reasons for the deviations,

e.g. numerical inaccuracies, underestimated Monte-Carlo errors, technical cut-offs etc.
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setupl setup2 setup3
[pb]
o POW  1662.49 +£0.02 759.15 £ 0.02 693.57 + 0.02
Lo FO 1662.66 £ 0.07 759.21 +0.03 693.59 + 0.03
AQCD POW 227.21 +0.02 63.21 =£0.03 65.34 = 0.02
NLO  FO 226.56 +0.15 62.50 = 0.10 64.82 £ 0.08
AEW POW  —-1335+£0.01 —13.73+0.01 —58.19 +0.01
NLO — FO —13.11£0.05 —13.61 £0.03 —58.02 4 0.04
setupl my > 50 GeV,AR =0.1
setup2  my > 50 GeV, pr(l) > 20 GeV, |n| < 2.5,AR =0.1
setupd  my > 85 GeV, pr(l) > 20 GeV,|n| < 2.5,AR = 0.01

)
Vs = 13 GeV, NNPDF 2.3 (ID: 244600)

Table 6.1.: Comparison of the LO cross section and NLO corrections. We compare results
from our FKS implementation (POW) with results from a fixed-order NLO
calculation (FO) that uses the Catani-Seymour subtraction scheme. Both
implementations use the same virtual matrix elements.

It is hard to determine the reason because we cannot compare subsets of the cross
sections (e.g. subtracted real emission, virtual plus endpoint) because the calculation in
Catani-Seymour and FKS are organized differently. Anyway, the deviations are so small

that they are not important for phenomenological studies at the LHC.

6.4. Phenomenology

In this section we investigate the phenomenology of the Drell-Yan process with a muonic
final state at the LHC with /s = 13 TeV. To render the cross section finite, we have to
introduce the cut

my > 50 GeV (6.30)

in the generation of POWHEG events, i.e. in B (s. section 5.3). This cut is necessary
because the photonic Drell-Yan LO cross section is proportional to 1/s at small s, where
s is the partonic center-of-mass energy. In general, the cuts should be as inclusive as
possible because a born event that fails the cuts could pass the cuts after real radiation.
Such a case is described in chapter 8 for W + jet production. However, the invariant
mass cut does not lead to these problems because ISR does not change the invariant

mass of the lepton pair and FSR only reduces it.
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PowHEGBoOx V1 PowHEGBOX V2 POWHEG

[pb]
oQCD 1891.2 + 1.0 1891.5 &+ 0.8 1890.8 + 0.7
OEW — 1661.0 £ 0.4 1663.5 &+ 0.6
OQCDxEW — 1888.9 + 0.9 1890.1 = 0.8

setup: my; > 50 GeV

Table 6.2.: NLO cross sections for /s = 13 TeV and my; > 50 GeV. These values are
obtained from POWHEG event generation.

The pure QCD POWHEG corrections are implemented in version 1 (V1) [48] and
version 2 (V2) [51] of the POwHEGBOX. EW corrections are only implemented in V2. A
comparison of POWHEGBOX cross sections with cross section obtained with our POWHEG
implementation in Table 6.2 shows good agreement.

We apply the phase-space cuts

pr > 20 GeV, (6.31)
ml < 2.5 (6.32)

to the muon momenta after showering with PYTHIA. These cuts are supposed to mimic
the acceptance cuts of ATLAS and CMS. We use the PYTHIA settings from section 5.5.5.
In the following, we compare distributions obtained with our implementation with results
from the POowHEGBOX.

The main feature of the my distribution is the resonance peak at My due to the
s-channel Z boson. In the following sections, we describe how the peak is changed due

to NLO corrections.

6.4.1. QCD Corrections

Since only initial-state radiation is present at NLO QCD, the real radiation does not
change the shape of the my; distribution. We use a fixed scale p = up = Mz. Since we
are interested in QCD corrections only in this section, we switch off the PyTHIA QED

shower by using the following flags:
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Figure 6.3.: Invariant mass spectrum of the muons. The results obtained with our
implementation (labeled by S9°f) are compared to POWHEGBOX events
(labeled by BOX) and fixed-order NLO results. Concerning PYTHIA, we
only apply the QCD parton shower. The lower panel shows the relative
corrections with respect to LO in percent. The shaded band shows the scale
variation for 2u and /2.

SpaceShower : QEDshowerByL = off
SpaceShower : QEDshowerBy(Q = off
TimeShower:QEDshowerByGamma = off
TimeShower :QEDshowerByL = off
TimeShower :QEDshowerByQ = off

The distribution my; is shown in Figure 6.3. We find good agreement between our
POWHEG implementation (labeled by S9f), the PowHEGBOX (version 2) and the fixed-
order NLO calculation [90] in the whole range of the my; distribution. The shaded band
in Figure 6.3 corresponds to a scale variation in the range Mz /2 < = pup < 2My, i.e.
the scale variation leads to a constant shift in the resonance region. In particular, there
is no feature in the distributions.

In contrast to the invariant mass, the additional radiation has a large effect on the muon
transverse momentum pr(u) because the muon system recoils against the additional jet.
In fact, the Z-boson and the muons can be highly boosted when a hard jet is radiated

from the initial-state partons. Figure 6.4 shows that the muon transverse momentum
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_POWHEG QCD + Pythia8 (QCD)
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(a) Transverse momentum distribution of the (b) Relative corrections with respect to the LO
muon. (w/o PYTHIA) result. The shaded area cor-
responds to scale variation in the range

Mz/2 < pu=pur < 2M 5.

Figure 6.4.: Muon pp for the leading order process without PyTHIA and the matched
PowHEG NLO process. The results obtained with our POWHEG implementa-
tion are labeled by S9¢f. For comparison we also show POWHEGBOX results
labeled by BOX. Concerning PYTHIA, we only consider the QCD parton
shower.

pr(p) is washed out due to the additional gluon radiation, i.e. the Jacobian peak is
washed out. At LO the muon system has no transverse momentum because the muons
recoil against each other. At NLO the muon system recoils against the radiated parton
and, therefore, its transverse momentum pr(2) is equivalent to the radiation pr. Large
values of pr(Z) are best described by the NLO matrix element. At small pr(Z) the
distribution is not described by the matrix element because the real matrix element is
divergent in this region. The leading soft and collinear logarithms, that make the NLO
matrix element divergent, are resummed to all orders by the parton shower. Therefore,
we obtain finite cross section results in the region of small pp(Z) when we use a parton
shower. Figure 6.5 shows that the cross section is finite in the small py(Z) region if we
use a parton shower or POWHEG. For large pp(Z) the parton shower underestimates the

cross section because it is based on soft and collinear radiation only.

6.4.2. Electroweak Corrections

The electroweak corrections induce larger corrections to the my shape than the QCD
corrections although the electromagnetic coupling is much smaller than the strong

coupling «;. Photon radiation leads to larger effects because photons can also be radiated
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Transverse momentum of the Z — u™ ™~ system recoiling against the radiated
jet for the leading order process with parton shower and the matched POWHEG
NLO process. The results obtained with our POWHEG implementation are
labeled by S9. For comparison we also show POWHEGBOX results labeled
by BOX. Concerning PYTHIA, we only consider the QCD parton shower.

109



6. Neutral-Current Drell-Yan

OWHEG EW + Pythia8 (QED)
T T ‘ T T T T ‘ T T

‘ T
—— LO (w/o Pythia) ~—— g%f BOX —— NLO

do/dmy [pb/GeV]

ULRLLL || ALY B Eeaa B o

8[%]
5

| |
60 70 80 90 100 110

my [GeV]

Figure 6.6.: Invariant mass spectrum of the Z — u™u~ system for the leading order
process without PYTHIA and the matched POWHEG NLO process. The
results obtained with our implementation (labeled by S9) are compared
to POWHEGBOX events (labeled by BOX) and fixed-order NLO results.
Concerning PYTHIA, we only apply the QED parton shower. The lower panel
shows the relative corrections NLO/LO corrections in percent.

from the final-state muons. In fact, the final-state radiation is dominant. Since we are
interested in EW corrections only in this section, we disable the QCD parton shower in

PyTHIA by using the settings:

Checks:event = off
PartonLevel :Remnants = off
SpaceShower:(CDshower = off
TimeShower :QCDshower = off

Figure 6.6 shows the my; distribution for EW corrections matched to a QED shower.
We find good agreement between our implementation and the POWHEGBOX over a
large range of my. The reason for the large corrections below the resonance peak is
that photonic final-state radiation reduces the invariant mass of the lepton system my;.
Therefore, the events are moved to lower values of my. Since the majority of all events
is at the peak, we see large relative corrections when events from the peak are moved
to smaller my;. Events with my > M, before radiation cannot compensate the loss at

the peak because their cross section is too small. The scale dependence of the NLO
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Figure 6.7.: Invariant mass of the Z — pu*pu~ system for different POWHEG cut-off scales
compared to the default cut-off scale k% = 0.8 GeV2.

distribution is almost the same as the LO scale dependence. Hence, the scale dependence
cancels in the relative corrections in Figure 6.6 and is not shown.

To validate the usage of massless leptons in the POWHEG event generation, we investi-
gate the effects of a small radiation cut-off scale (see section 6.1.2). Using a very small
cut-off scale, collinear radiation is enhanced and we find large unphysical corrections.
Figure 6.7a shows these unphysical corrections for several cut-off scales compared to our
standard value of k7 = 0.8 GeV?2. Large unphysical corrections are only present when we
set the cut-off scale as small as the electron mass. This shows that the massless lepton
approximation is valid for our standard cut-off scale. In Figure 6.7b, we see that the

unphysical corrections disappear once we use recombination.

6.5. Resonance Improvement

The FKS phase-space splitting used in POWHEG is not unique because the S functions
can be defined in different ways (see section 3.3.1). Only their collinear limit is uniquely
defined. The standard .S functions do not reflect the resonance structure of the Drell-
Yan process. Therefore, large higher-order effects can come about. To illustrate the
resulting effects, we consider a phase-space configuration with hard photon radiation. The
radiation is also considered not to be collinear to one of the muons or the beam axis. The
squared amplitude contains Feynman diagrams for initial-state radiation and for final-
state radiation. Therefore, the squared matrix element can be on-shell if the momentum
transfer Q% = (I + - + k)? = MZ or if the momentum transfer Q3% = (I+ +1-)* = M2.
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Figure 6.8.: Relative EW corrections in B for the invariant mass of the lepton pair. We
show results for different choices of the S functions, i.e. S9f, SM and S9.
Furthermore, the POWHEGBOX result is shown which agrees well with S,

The muon momenta are denoted by I+ and k is the momentum of the real photon.
Considering a phase-space configuration with on-shell FSR diagrams (Q3 = M%), the
ISR diagrams are suppressed because Q3 < M% In total, FSR dominates in this phase-
space configuration. However, the FKS S functions do not reflect the structure of the
matrix element. Depending on the specific choice of S functions, the ISR region can give
significant contributions to the NLO weight B. As shown in Figure 6.8, we find large
corrections for the standard FKS splitting S9°f (described in section 3.3) in the tails of the
invariant mass spectrum. Figure 12 in [30] shows that the purely weak corrections close
to the peak are small. Below the peak, photonic Drell-Yan contributions are important
but the coupling structure is not similar to the muon decay. Therefore, the GG, scheme
that is defined by muon decay (s. section 6.2) is not the best choice anymore. This leads
to corrections up to 5 % below the peak.

To minimize the effects of wrongly assigned phase-space regions, we split the squared
Drell-Yan amplitude in a gauge invariant way into a pure FSR term |Mgsg|?, a pure

ISR part [M;sg|?, and an interference term, i.e.

IMJ* = [Mpsr|* + IMisg|* + 2Re MrspMigg. (6.33)
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The FKS subtraction can be applied to all terms separately. The ISR term has only one
singular region and the corresponding S function is by construction one. The FSR term
has two singular regions, one for each muon. The interference term has the same singular
regions as the full process but either the ISR or FSR propagator can be on-shell. Hence,
there is no enhancement for ISR or FSR. Figure 6.8 shows that the physical decomposition
of the matrix element (labeled by SM in the following) reproduces qualitatively the
results shown in Figure 12 of [30]. This is expected because B (s. section 5.3) is an
inclusive quantity and, therefore, the large kinematic effects described in section 6.4.2 do
not contribute. Furthermore, Figure 6.8 shows a good agreement of our implementation
using S9°f and the POWHEGBOX when no radiation is generated.

We can also improve the FKS S functions such that they respect the resonance structure.
The general procedure is discussed in [58]. For Drell-Yan, the standard S functions
(labeled by S9°f) are given by

1
St = ————— 6.34
0 1+%+% ( )

for initial-state radiation and

1
Sfef — — — (6.35)
=
for final-state radiation (s. section 3.3.1). We use d; = ds3 and d_ = ds4 and the

definitions from section 3.3.1 for all d’s. We introduce Breit-Wigner propagators to reflect

the resonances within the S functions, i.e.

P 2
2,3 — .
(@3, — MZ) + T30

(6.36)

As before Q3 = I+ + [— + k is the FSR momentum transfer and Q2 = 4 + [_ is the
ISR momentum transfer. If we define the resonance improved S functions including the

Breit-Wigner factors as

1
SEes = (6.37)
P d, d,
and )
S = (6.38)
Py d dy’
R

the unique collinear limits are not changed because the ratios of d functions are either

zero or infinity for collinear radiation. Only non-collinear phase-space configurations are

113



6. Neutral-Current Drell-Yan

changed because the ratios of the d functions are of order O(1) in these regions. Consider
for example a phase-space configuration, that is equally split into ISR and FSR regions
with the standard S functions. The ISR region is given by

gres Py

= — 6.39
0 P+ Pj ( )

The separation between ISR and FSR, therefore, is determined by the on-shellness of the
Breit-Wigner propagators. The ISR S function is close to one if the ISR propagator is
on-shell and the FSR diagrams are highly off-shell. On the other hand it is zero if it is
the other way around.

In case of photon radiation, we can add the fermion charges to the Breit-Wigner
propagator to improve the FKS region separation further. That is, P, — QEPQ and
Py — Q%Pg) where @), is the quark charge and @); is the lepton charge. The corresponding
S functions are denoted by 57 in the following.

Figure 6.8 shows that introducing Breit-Wigners to the S functions reduces the large
corrections we found with the standard FKS splitting. When we use also the fermion
charges, we find very good agreement with the splitting at the matrix-element level into
FSR and ISR parts.

The large corrections we found for standard FKS are also present in the Sudakov.
Since the POWHEG method has NLO accuracy, these contributions have to cancel the
large corrections once we also generate radiation with the POWHEG method. The FKS
splitting, therefore, does not matter at O(«) when we generate POWHEG event samples
with pure EW corrections. Only higher-order terms can be induced because the POWHEG
method has NLO accuracy.

When we combine QCD and EW corrections, we always use the NLO weight B for
both types of corrections. But only the hardest radiation is generated with POWHEG, i.e.
QCD radiations win the highest-bid method most of the time. Hence, the cancellation

between the EW Sudakov and the large corrections in B is reduced.

6.6. Combining QCD and EW Corrections

To combine corrections from QCD and EW, we use an NLO weight B that includes real
and virtual corrections for QCD and EW radiation. In particular, we have to add the
finite terms of the 1-loop expressions and all subtracted real matrix elements for QCD
and photon radiation. Also pdf renormalization remnants for QCD and EW radiation
have to be taken into account. Furthermore, all radiation regions for QCD and EW have

to be taken into account.
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Figure 6.9.: Invariant mass spectrum for combined QCDxEW corrections with different
S functions. This plot shows results for LO (without parton shower) and
NLO results for S9 and SM. The lower panel shows relative corrections
with respect to LO.

Figure 6.9 quantifies the effect of different S functions. Since POWHEG generates only
the hardest radiation and the QCD coupling «; is much larger than the fine-structure
constant «, the hardest radiation is most likely of QCD type. Hence, contributions from
the EW Sudakov are small. These contributions, however, cancel the large corrections we
found for the standard FKS splitting in B for EW only. This cannot be the case for the
combined QCDxEW corrections. Figure 6.10 shows relative corrections for different S
functions with respect to the default S functions. The differences due to the different
S functions are reduced compared to the B result because the POWHEG emission of real
photons compensates part of the deviation. However, a percent-level distortion of the
resonance peak remains. Note an alternative solution [106] is described in chapter 7.

So far, we also switched off hadronization and multi-parton interactions (MPI) in
PyTHIA for performance reasons. Running PyTHIA with hadronization and MPI takes
16 CPU hours for 105 POWHEG events on the RWTH Compute Cluster. Figure 6.11
shows the same plot as Figure 6.10 but hadronization and MPI is enabled and we only
show results for S™ in comparison with S9f. The total runtime to produce this plot
with hadronization and MPI is approximately 2000 CPU hours on the RWTH Compute
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Figure 6.12.: Relative difference of EW corrections matched to a QED parton shower
and a fixed-order NLO calculation.

Cluster. If hadronization and MPI is switched off, the runtime reduces to about 30
minutes for 108 POWHEG events. Figure 6.11 shows that we obtain the same results when
we enable hadronization and MPI. Since all other curves in Figure 6.10 are similar to
Sdef and S™M, we do not expect changes in our results. Hence, using the PYTHIA settings

in section 5.5.5 is justified.

6.7. Influence of Different Matching Schemes in PYTHIA

In this section we investigate the differences between our default parton-shower matching
in PYTHIA (denoted by PowHegHook improved parton-shower matching) and the matching
without PowHegHook described in section 5.5.5 (denoted by simple matching in the
following).

Figure 6.12 shows the effects due to multi-photon radiation from the parton shower.
Our implementation agrees qualitatively with the results in Figure 12 in [30]. Especially
for large my;, we find small corrections. Furthermore, Figure 6.12 shows the effect of the
PowHegHook improved parton-shower matching compared to the simple parton-shower
matching.

The difference between simple matching and the PowHegHook improved parton-shower
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Figure 6.13.: Comparison of PowHegHook improved parton-shower matching and simple
parton-shower matching.

matching for QCD radiation is shown in Figure 6.13. Since initial-state radiation does
not change the invariant mass distribution, we do not find differences between the simple
matching and the PowHegHook improved partons-shower matching.

The effects of the mismatch of evolution scales for combined QCD and EW corrections
is shown in Figure 6.14. We find that the resonance peak is not changed. Only in the
low invariant mass tail, we find a difference of up to 2 %.

Since the evolution scale mismatch applies also to the resonance improved POWHEG

method, the ratio plot Figure 6.10 does not change for simple parton shower matching.
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simple parton-shower matching for combined QCD and EW corrections.
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7. Charged-Current Drell-Yan

The charged current Drell-Yan process pp — W+ — [Tv(I”v) is important at the LHC
due to its large cross section. It can be used to measure the W-boson mass with an
accuracy of 10 — 20 MeV [13,107-109].

The parameters of the standard model of particle physics (SM) are connected by
overconstrained relations. Hence, we can use measured parameters to test the validity of
the SM. Using a global fit, the W-boson mass can be determined with a better precision
than the direct measurement [110,111]. Therefore, it is important to measure my as
precisely as possible to test the validity of the SM.

Recently, the first measurement of the W-boson mass at the LHC was published in

reference [13,109]. The measured mass is given by
mw = 80370 £ 7(stat.) £ 11(exp. syst.) £ 14(mod. syst.) MeV, (7.1)

where the first uncertainty is statistical, the second uncertainty is the experimental
systematic uncertainty, and the third corresponds to the physics-modeling systematic
uncertainty. To obtain the W-boson mass, the POWHEGBOX (V1/svn rev. 1556) matched
to PYTHIA 8 was used. Since the modeling uncertainty dominates, better predictions for
QCD and EW corrections for the Drell-Yan process in POWHEG are necessary to improve
the W-boson mass measurement.

Furthermore, it is possible to determine pdfs [112] and measure the luminosity of the
LHC [113]. The charged-current Drell-Yan process is also a background in searches for a
heavy gauge boson W’.

Technically, the charged-current Drell-Yan process is similar to the neutral-current Drell-
Yan process. Therefore, it is known to the same order in QCD and EW perturbation theory.
References for the calculations can be found in chapter 1. The charged-current Drell-Yan
process including EW corrections is implemented in the POWHEGBOX framework [49,50].
In this chapter we apply the resonance improved parton-shower matching described in
the previous chapter to the charged-current Drell-Yan process. We published the results
of this chapter also in reference [57].

In our POWHEG implementation, we use the virtual matrix elements from [114] and
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7. Charged-Current Drell-Yan

PowHEGBOX V2 POWHEGBOX V2 cMPLX POWHEG NLO

[pb]
oLo 9562 £+ 1 9572+1 95594+1 9554 +1
oQCD 10986 + 1 10998 +£1 10987+2 10974+ 3
OREW 9628 £ 6 9545+1 95114+1 9507 +1
OQCDxEW - 10972 +1 10941 +£2 10926 £+ 3

setup: my, > 1 GeV

Table 7.1.: NLO cross sections for /s = 13 TeV and my, > 1 GeV. These values are
obtained from POWHEG event generation.

the real matrix elements were generated with MADGRAPH [87,88]. The elements of the
CKM matrix are used as global factors for the born process and the CKM matrix is set
to 1 in the calculation of the virtual correction. We use the following block diagonal

CKM matrix parametrization

Vad = 0.975, Vi = 0.222, Vi, =0,
Vea = 0.222, Vi = 0.975, Vi, =0,

i.e. we neglect mixing with third-generation quarks. All other parameters are the same
as for the neutral-current Drell-Yan (s. section 6.2).

The singular regions are similar to the neutral-current Drell-Yan case. The only
difference is that the final-state neutrino does not radiate photons and no soft/collinear
region has to be associated to the neutrino. Hence, we have only one ISR and one
FSR singular EW region. In Table 7.1, we list the inclusive cross sections obtained
with the POWHEGBOX implementation, our implementation and a Catani-Seymour
subtracted fixed-order NLO calculation [90]. We find a good agreement at the 1%o level
for the LO and QCD NLO cross sections between our POWHEG implementation and
the PowHEGBOX V2. The EW corrections show a large deviation due to a bug in the
virtual amplitudes in POWHEGBOX V2 (svn/r3175).! If we use the complex-mass scheme
implementation in the POwHEGBOX V2 (svn/r3175) (labeled POWHEGBOX V2 CMPLX),
the cross sections agree at the per mill level.? Hence, we use POWHEGBOX V2 CMPLX to
validate our implementation in the following.

As for neutral-current Drell-Yan, we use

plr > 20GeV  and |nf| < 2.5 (7.2)

! After private communication with the authors of the POWHEGBOX, the bug was fixed in POWHEG-
Box V2 (svn/r3344) and the complex-mass scheme is enabled by default.
2The complex-mass scheme is enabled by setting complexmasses=.true. in init_couplings.f.
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7. Charged-Current Drell-Yan

as LHC acceptance cuts. Furthermore, we use
PSS > 20GeV (7.3)

which is implemented as a cut on the neutrino. We use ur = u = My as factorization
and renormalization scales in the event generation.
A relevant observable for the determination of the W-boson mass is the transverse

mass myp. It is defined as
1 2)\ 2 _(1 L(2)) 2
mT2 = (ET( )—i— ET( )) — (pT( ) —i—pT( )) , (7.4)

where (Eéf))Q =m? + (ﬁq(f ))2 and ¢ denotes the neutrino and the muon.

The W-boson mass can be determined by comparing measured mr distributions to
template distributions, where template distributions are obtained by simulating events
with different values for myy .

We show the transverse-mass distribution for $9¢f and S™* (s. section 6.5) in Figure 7.1.
We also compare our results to the PowHEGBoOX V2. Figure 7.1 shows the POWHEGBOX
curve rescaled to the cross section we found with our implementation. We find a deviation
up to 3 per mill at the Jacobian peak when we compare the results for S and for S,
A similar difference was found in Figure 34 of [115], where POWHEGBOX results for QCD
and QCD+EW (both matched to Photos [116]) are compared. In [115], the difference is
attributed to missing O(asa) contributions in the POWHEGBOX QCD results. However,
the difference can at least partly be attributed to missing resonance improvements. In
the transverse-mass distributions, we do not find any differences if we use the simple
parton-shower matching described in section 6.7.

We cannot split the matrix element into gauge invariant subsets for ISR and FSR.
Furthermore, we cannot define S? unambiguously due to the W-boson charge. Therefore,
we study the myp distribution for the neutral-current Drell-Yan process where S? and
SM can be defined (s. section 6.5). Figure 7.2 shows that we find qualitatively the same
deviation for S as for the charged-current case. At the Jacobian peak, the deviation is
larger than for the charged-current because there are two radiating final-state particles.
The results for $9¢f and SM are similar at the peak, i.e. S can be used to resolve the
issue found in Figure 34 of [115].

During the completion of this thesis an alternative solution to using S™° was published
in reference [106]. Most of the radiation in standard POWHEG is ISR QCD radiation due
to the large coupling. The POWHEGBOX is modified to generate initial-state radiation
and final-state radiation separately. Therefore, the POWHEGBOX can generate up to two

122



7. Charged-Current Drell-Yan

POWHEG QCDxEW + Pythia8
L I T T

—
(==}
o

=
(=]

I

do /dmy [pb/GeV]

2.0
1.5
1.0
0.5

i
4

5[%)

0.0

[
]

-0.5
-1.0

—-1.5

-2.0

D
f=)
(=2
ot
-
(=)

75 80 85
my [GeV]

Figure 7.1.: Transverse-mass distribution for the charged-current Drell-Yan process. The
upper panel shows the differential cross section and the lower panel shows
the relative correction with respect to S9¢f for S and the POWHEGBOX.

radiated particles, i.e. an ISR parton or photon and an FSR photon. Furthermore, it
gives two radiation scales (ISR/FSR) to the parton shower. Figure 3 in [106] shows also
a b per mill distortion at my = my,. In the future, it would be interesting to compare
both approaches in detail.

The authors of [106] also determined My by fitting templates to the mp distribution.
They found that the distortion in Figure 7.1 leads to a shift in my, of about 10 MeV.
They also show that the myy masses obtained with different QED parton showers do not
agree on a level of about 10 MeV if no resonance improvement is used (i.e. S%f). This
discrepancy would contribute to the theory error. However, the myy masses agree if they

use the POWHEGBOX with up to two radiations.
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Figure 7.2.: Transverse-mass distribution for the neutral-current Drell-Yan process. The
upper panel shows the differential cross section and the lower panel shows the
relative correction with respect to S4¢f for §res, M S4 and the POWHEG-
Box.
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8. W-Boson Production at Large

Transverse Momentum

Gauge bosons like the W-boson are created frequently at the LHC. At hadron colliders
events are often associated with jets. As the cross section for pp — W3 production with
a hard jet is still large, it is an important process at the LHC. The W-boson recoils
against a jet from initial-state radiation. Therefore, the W-boson is highly boosted
and can lead to highly boosted charged leptons and neutrinos. Due to its large cross
section, pp — W production gives a large contribution to phenomenologically important
signatures of missing energy and charged leptons. Thus, it is an important background
for BSM searches.

Several experimental analyses from ATLAS and CMS investigate this process in
detail [117-120]. It is crucial to have theoretical predictions with high accuracy. The NLO
QCD corrections are available in [121-124]. Recently, the full NNLO QCD corrections
became available [125] and were compared to experimental data [126]. Furthermore, EW
NLO corrections are available in [127-130]. In [131], QCD and EW NLO corrections are
combined with the multijet merging approach at NLO [132-135]. Since the pp — Zj
process is similar, it is also known at the same order of perturbation theory as pp — W3
[136-140]. The parton-shower matching within the POwHEGBOX framework for QCD
radiation is published in [141].

Compared to the Drell-Yan process, new technical difficulties arise for the process
pp — W3j. The first step in a POWHEG implementation is to implement the NLO
corrections. We can use our library described in section 5.5.4 to implement FKS subtracted
NLO corrections. For pp — W3, the FKS method contains ingridients that are not needed
for Drell-Yan. For instance, W + jet includes born processes with external gluons and
real radiation processes can have multiple underlying born processes. In the following
sections, we describe the process specific parts that have to be implemented in order to
use the library described in section 5.5.4. Moreover, we discuss the aspects of the FKS
implementation that are not needed for the Drell-Yan process.

In section 8.4, we show NLO results obtained with the library described in section 5.5.4.

In section 8.5, we give an outlook for the POWHEG event generation.
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8. W-Boson Production at Large Transverse Momentum

8.1. Subprocesses

The production of a leptonically decaying charged vector boson W in association with

a jet has the following LO subprocesses:

wdj —Whg—1tuyg (8.1)
gu; — wt dj . 4] dj (8.2)
chj — W+ U; — l+ V] Uy (8.3)

where u; is an up-type quark of generation i, d; is a down-type quark of generation j, and
[ is a lepton. At NLO QCD we have to include real radiation diagrams with additional

gluon radiation and gluon splittings into quark-antiquark pairs. We find

gdj = W+gu (8.4)
gui = W7 gd; (8.5)
99 — Wt d;a; (8.6)
w;dj —Wtgg (8.7)
Qe dj — Wi i (8.8)
ar dj — W gy, (8.9)
gk ui = W djqp (8.10)
Gk ui — W dj gr (8.11)
w;dj — W g, qr (8.12)
G Gp = WFaid;  (qr # wi, dj) (8.13)

where ¢, is an up- or down-type quark of generation k and u;, d; are defined as for
leading order. The leptonic W-boson decay is implied. Note that the list of real processes
is not minimal, i.e. some processes are included in more than one of the above equations.
For example, the process u; d; — W+ @; u; is included in (8.9) and (8.12). Process (8.13)
is special because it does not originate from one of the LO processes by a splitting.
These processes correspond to qi Gx — ¢’ ¢ with W radiation, e.g. c¢ — W du. The
contributions of these processes are finite and can be generated with standard Monte-
Carlo methods. Since the matrix elements differ for ¢ # u;,d; and g, = w;, d;, we have
18 different squared matrix elements for real QCD radiation.

Since there are processes that involve splittings of gluons at born level, we have to use
the spin-correlated born matrix elements when we calculate the collinear limits of the

real matrix elements. The implementation of the spin-correlated born matrix elements is
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8. W-Boson Production at Large Transverse Momentum

more involved than the normal splitting functions. How the collinear limits are calculated
is detailed in section H.2.

For photon radiation, we find the following processes with real radiation

U; Jj - Wtgny (8.14)
gui — Wtd;~ (8.15)
ga?j - Wt U; Y (8.16)

We use MADGRAPH [87] to generate C++ code for the real matrix elements. The virtual
QCD and EW 1-loop contributions are taken from [130]. Concerning the parameters, we
use the same setup as for the Drell-Yan process (see section 6.2). In particular, the G,
scheme is used to define the couplings and the complex-mass scheme is used to introduce
the width of the W-boson in its propagator.

In an implementation of the FKS subtraction scheme, we need the color-correlated
born amplitudes in the soft-collinear endpoint (3.171) and the eikonal limits. In order
to find the color-correlated born amplitudes, we have to calculate the color factors of
NLO interference terms. Since only three colored partons are present at born level,
the color-correlated born amplitude is proportional to the born matrix element and
a global color factor. When a gluon is radiated from quarks, we find the color factor
CrN¢ (C’F — %C’A), where N¢ is the dimension of the SU(N¢), i.e. No =3, Ca = Ng¢,

2
and Cp = 1\27%01‘ When a gluon is radiated from a gluon in one of the interfering diagrams

and from a quark in the other diagram, we obtain %CFC' 'AN¢. The color correlated born
is defined as the born matrix element with the color factor of the real matrix element.
Therefore, we have to divide the born matrix element B by its color factor, i.e. CrNg,
and multiply by the color factor of the NLO process. The color correlated born matrix

elements read

B = (cF - ;cA) B (8.17)
C

Bis = Bos— TAB (8.18)

for ¢q¢ — ptrg and

1

By — (CF - 2CA) B (8.19)
C

By = Bis= TAB (8.20)

for g¢ — pvq and gqg — ptrq'. Note that B;; = Bj; and we do not need the diagonal
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Figure 8.1.: Two diagrams of the real process du — W+ u @ and their underlying born
matrix elements.

elements for massless particles. Components connected to particles which are not charged

under the SU(N¢) are zero, i.e. all elements except the ones above are zero.

8.2. Singular Regions

Since POWHEG event generation starts with a born process, we have to categorize the
real processes by their underlying born process. However, a process does not necessarily
have a unique underlying born process. For example the process du — W+ u @ has two
underlying born configurations: d g — Wta and du — W ¢g. The Feynman diagrams
are shown in Figure 8.1. The squared real matrix element has a singular region for two
collinear final-state quarks and a region for quark u close to the beam. Therefore, we
assign the S-functions S5y and Ss4 to the real process. When we start from a born
process, e.g. du — W g only the splitting ¢ — u@ leads to the real process. Therefore,
only this splitting is considered in event generation but we have to keep track of both
singular regions to be able to calculate the S functions and obtain a finite result. In
summary, we have to include all singular regions for possible splittings of born partons
when we add a real process to an underlying born process. Furthermore, we have to keep
track of all singular regions of a real process in order to calculate the S functions. This
was not an issue in the Drell-Yan case because all real radiation processes were associated
with a unique underlying born process.

Another difference to Drell-Yan is that we have to split the initial-state region into
two regions according to (3.161). This is necessary because a real process can have more
than one underlying born process. Since the matrix-element limits are proportional to
the born, we have to use the correct born that is determined by the singular region.

For example, consider the process gg — W' @d. The singular region for a collinear d
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8. W-Boson Production at Large Transverse Momentum

quark from ISR, i.e. y = 1, is connected to the underlying born d g — W % while the
anti-collinear case, i.e. y = —1, has the underlying born gd — W+ a.

8.3. Generation and Analysis Cuts

In contrast to Drell-Yan, W + jet contains a final-state parton that can become soft or
collinear to the initial-state partons already at LO. Therefore, the totally inclusive LO
cross section is divergent. To avoid the singular regions, we have to apply cuts that make
the cross section finite. How we cut depends whether we generate inclusive POWHEG
events or if we calculate well defined NLO quantities. First, we discuss the POWHEG cuts
and second, we discuss the NLO cuts.

When we generate POWHEG events, our aim is to generate inclusive event samples
and apply cuts in an analysis after showering, i.e. we cut only on the born phase-space
during event generation. To render the cross section finite, we nevertheless have to apply
a generation cut on the transverse momentum pp(j) of the jet. We also apply an analysis
cut on pr(j) of events after showering. Since the NLO radiation can increase pr(j) of
the underlying born phase space, it is possible that an event does not pass the generation
cut but would pass the analysis cut, if we use the same cut. Therefore, we have to choose
a generation cut that is much smaller than the analysis cut, to ensure that we do not cut
events that would pass the analysis cut. To justify the choice of a generation cut, we can
vary the cut and check if the results stay the same.

When we generate POWHEG events for W + jet at NLO EW accuracy, we also have to
include the process W+ because g7’ — W'+ is an underlying born process of the NLO
process qg — W'¢'7y. Since, due to the coupling, the cross section of the electroweak
process W+ is much smaller than the cross section of the QCD process W + jet, we
neglect this underlying born process, i.e. we set its NLO weight B to zero. However, we
have to add an ISR region to the process qg — W ¢’y to render the cross section finite.

When we calculate NLO cross sections, we also cut on the real phase space. For QCD
radiation, we have to introduce a pr cut for the jets. We have to require at least one
hard jet to avoid soft-collinear divergences. Furthermore, the process is divergent if both
final-state partons are treated exclusively in the collinear regime. Therefore, we have
to use an infrared-safe jet algorithm (e.g. anti-k; [142]) to combine collinear final-state
partons into one jet. Since only two partons are present, the jet algorithm simplifies to a
simple AR recombination cone, i.e. we recombine two partons if their AR distance is
smaller than a given threshold.

The NLO cuts for EW corrections are more involved than the QCD cuts. As for the

POWHEG event generation, we would have to include the W+~ process. However, we can
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8. W-Boson Production at Large Transverse Momentum

define cuts that remove those contributions. To guarantee the cancellation of infrared
singularities, we can use an infrared-safe jet algorithm for the QCD partons and the
photon [143-145]. If we apply the jet algorithm to partons and photons, the cancellation
of collinear singularities is ensured because the recombination is inclusive for a collinear
splitting. However, if a photon is recombined with a gluon, the gluon can be arbitrarily
soft and the matrix element would be divergent. We follow the pragmatic approach

described in [146] to ensure the consistent cancellation of singularities:

1. recombine a quark and a photon with AR < 0.1 and treat the recombined object
as QCD jet.

2. recombine partons (quarks, gluons) and photons with AR < 0.4. Treat recombined
object with photons as QCD jets if E,/FEjet < ztnr = 0.8.

Using this method, we can require at least one hard QCD jet to define a finite cross

section.

8.4. NLO Calculation

We use our FKS implementation to generate NLO distributions for the pr of the leading
jet. For simplicity we use a fixed scale y = up = My and a ppr cut on the jets

pr(j) > 10 GeV. (8.21)

Partons are recombined into a single jet if they are closer than AR < 0.4. The EW cuts
are implemented as described in section 8.3.

Figure 8.2 shows the transverse-momentum distribution of the leading jet for QCD
NLO corrections. Since we investigate the transverse-momentum distribution of the
leading jet, the results are similar to the results in Figure 9 of reference [130]. The NLO
QCD corrections become large at large transverse momentum. This effect is known as
giant K factor. The origin is a configuration where two hard jets are recoiling against
each other and the W-boson is soft, i.e. one can describe this configuration as dijet
production with soft W-boson radiation. The K factor is, therefore, enhanced by a term
of order o log?(p2./M2;) from integrating over the W-boson [147].

The EW corrections shown in Figure 8.3 are dominated by Sudakov logarithms of the
form alog?(s/M2,)(see [148] and references therein). We find corrections of the order of
10 — 20 % for large transverse momenta of the leading jet. As for the QCD corrections,

we find good agreement between our results and the results in Figure 9 of [130].
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Figure 8.2.: Fixed-order QCD NLO distribution for the leading jet. The lower panel
shows the relative corrections with respect to LO in percent.
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8.5. Outlook

The next step is to use our POWHEG implementation to match W + jet events to a parton
shower and examine the phenomenological impact of the matching. The QCD matching
is already implemented in the POWHEGBOX framework [141] and can be used to validate
the implementation. Furthermore, we expect that the QCD corrections coincide with
the fixed-order NLO distribution in Figure 8.2 for large pr. EW corrections are not
matched to a parton shower yet. Combining QCD and EW corrections for W + jet
events is more complicated than for Drell-Yan because the resonance structure is more
involved. To match the parton shower properly including resonance effects, we have
to implement the method described in [58] for the W + jet case. Once the W + jet
implementation is finished, it should be straightforward to implement Z + jet due to the
structural similarity of the two processes. The final goal would be to implement resonance
improved QCD+4+EW corrections for V + jet in the resonance-improved POWHEGBOX
framework because a well tested and maintained POWHEG event generator would be
publicly available and experimental collaborations could use it in their analyses. Our
independent implementation could be used to validate every part of the POWHEGBOX

implementation in detail.
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9. Conclusions

In this thesis, parton-shower matching including electroweak corrections is addressed.
On the technical side, the FKS subtraction scheme is reviewed in chapter 3 and the
parts that have to be implemented in an NLO calculation are given explicitly. Starting
from the default FKS subtraction scheme, we derive FKS subtraction terms for mass
regularization in chapter 4. We find that only the soft-collinear endpoint changes with
respect to default FKS in dimensional regularization. Hence, the actual subtraction does
not have to be changed in an existing FKS implementation. Only the endpoint function
that is combined with the 1-loop corrections has to be changed. Therefore, we derived a
conversion rule for 1-loop amplitudes calculated in mass regularization into the commonly
used dimensional regularization scheme. A similar result was found in reference [71].

In chapter 5 we review parton shower matching with the POWHEG method. We
give explicit algorithms for QCD and EW matching. Furthermore, we discuss the C++
PowHEC library that was developed during the course of this thesis. The library is used
to implement POWHEG for the Drell-Yan process but is extensible to more complicated
processes. The library serves the same purpose as the POWHEGBOX which is the standard
POWHEG implementation. Hence, the library can be used to validate the POWHEGBOX.
In particular, the EW implementation can be validated.

In chapter 6 and 7, we apply our POWHEG library to the Drell-Yan process and study
its phenomenology in the resonance region. In particular, we study QCD and EW effects
and combined QCD and EW corrections. We find that the standard POWHEG method
suffers from large uncontrolled higher-order terms for combined QCD + EW corrections.
The origin of the higher-order terms is the W/Z-boson resonance in the Drell-Yan process.
We show how the resonance can be taken into account properly and we quantify the
effect to be of the order of a few percent in the resonance region. This difference can
affect the determination of standard model parameters. For instance, the higher-order
terms can lead to a shift of a few MeV in the measured W-boson mass.

These effects were also found in [115] and an independent solution was published
in [106] during the completion of this thesis. It would be interesting to compare both
solutions in detail.

Furthermore, our POWHEG library can be extended to other processes. The natural
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9. Conclusions

next step is to implement the W + jet and Z + jet processes. In chapter 8 we show that
our library can be used to make fixed-order NLO QCD + EW predictions for W + jet.
This implementation could serve as a starting point for a future project in which the
phenomenology of W/Z + jet could be studied. Using the results one could validate the
QCD implementation in the POWHEGBOX and one would be able to implement and
validate EW corrections for W/Z+jet in the resonance-improved POWHEGBOX framework.
A QCD+EW implementation in the resonance-improved POWHEGBOX framework would

make them publicly available and they could be used by the experimental collaborations.
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A. Acronyms

BSM  Beyond the Standard Model
dim. reg. dimensional regularization [59]
EW electroweak

FSR final-state radiation

IR infrared

ISR initial-state radiation

LHC  Large Hadron Collider

LO leading order

NLO  next-to leading order

NNLO next-to-next-to leading order
pdf parton distribution function
QFT quantum field theory

SM standard model of particle physics

Uuv ultra-violet
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B. Virtual Corrections for Drell-Yan in

Mass Regularization

In this appendix, we calculate the virtual 1-loop contribution to the photonic Drell-Yan
process q7 — v — p . We start by evaluating the Born cross section. The Feynman
diagram is shown in Figure B.1.

We can write the partonic matrix element as
1

2

Hy, LM, (B.1)

where we average over initial-state and sum over final-state color and spin. The hadronic

tensor H*" includes the contribution from the initial-state quarks, i.e.
H" = dwaN, tr {fv"F17" . (B.2)

The leptonic tensor contains the photon momentum and the leptonic part of the Feynman

diagram, i.e.

v 1 v
LM = 47r04q—4 tr {pQW’*ply } . (B.3)
The cross section reads )
+
H,P1
q, kl
5
4, k2 W, D2

Figure B.1.: Born diagram for ¢§ — v — Il
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B. Virtual Corrections for Drell-Yan in Mass Regularization

where d®5 is the two-particle phase-space element and we inserted the flux. We can split

the phase space into a hadronic and a leptonic part by inserting

dQQ dd—lq
1) =1, B.5
o (27r)d_12q0 (q p1— ) ( )
where Q% = (p1 + p2)?. We obtain
2
ddy = dQ doh o), (B.6)

The hadronic one particle phase space is defined by

dd—l

m(%)dé(d)(k‘l + ko —q) (B.7)

doh =

and the leptonic two particle phase space reads

dd* 1p1 dd* lp2

ds@d) (g — py —
(2m)d-12p0 (27r)d_12p8(27r)6 (g —p1 —p2). (B.8)

dob =

Hence, the cross section reads

1 d@Q*  h o
do = d®} dPyH,,, L*. B.
’ 85N2 2m K (B.9)
Both tensors obey the relation
quH" = q, " =0. (B.10)

Since the leptonic part d®,L* can only depend on the four-vector g, we can deduce its

Lorentz structure to be
dPLLM = (¢°g" — q"q”)L(q?). (B.11)

Note that we can use this relation only for inclusive observables because we integrated

over the lepton phase space. Hence, the cross section reads

1 d@?
4o = o e 1 g L), (B.12)
From (B.11), we find
1 v
q2L(q2) = d—1 d(DIQLH Guv- (B.13)

138



B. Virtual Corrections for Drell-Yan in Mass Regularization

Using (C.11) and (C.13), we obtain

20 (47 \¢ (1—¢e)(1—¢
it =5 () a-aro-a (A0

Therefore, the cross section in 4 dimensions reads

o= 121;\% 6122252 AN H 0" . (B.15)
Using the identity (s. section C.3)
[ 506~ @00 = 515, (B.16)
we can write
Aot = 276(s — Q%), s =q¢* = (ky + k)2 (B.17)
The hadronic part is given by
g" H,, = —16mraNcs. (B.18)
In total, we find ,
dr e B19)

The only virtual QCD correction is the vertex correction in Figure B.2a and the
counter-term contribution in Figure B.2b. Hence only the hadronic tensor changes. In
the following, we use mass regularization to regulate infrared divergences and dimensional

regularization for the UV renormalization.

Vertex Correction The matrix element for the 1-loop vertex in Figure B.2a is given

by

MY = _gggug(pd)/ d?k a(kV)Y" Ky Fru(ks) ’ (B.20)
(2m)? [(k2 — k)? — X% [k — m3] [k? — m3]

where we neglected masses in the numerator because we only want to use them as

regulators, i.e. m < p. We also introduced the fictitious gluon mass A as regulator. This

is possible because we could also replace the gluon by a photon. In general, this is not

possible for non-abelian gauge theories. Note that we ignore the color factor at this point.
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B. Virtual Corrections for Drell-Yan in Mass Regularization

k1

ko

(b) vertex counter term

(a) vertex correction

Figure B.2.: virtual contribution to the NLO matrix element

The order a, part of the hadronic tensor is given by

d?k tr { B2 1 1y K b}
/ (2m)4 [(k2 — k) = N] [ — m3] [k — m3]
(B21)

guHY = g MUMGH = —ig?g2pt=9
We evaluate the trace in the numerator in d dimensions and find
tr{...} = —16(c — 1)(ky - 1(ek2 + (¢ + 2)% — sy - 1)
+ g(—sl ky 4 el? —2ky -1+ s) —eki(key-1+k3)), (B.22)

where we used s = 2k - ko, ¢ = —k1 — kg and k = [ + ko. The next step is to reduce the
integral to scalar integrals in a Passarino-Veltman [149] like way. To do this, we write

the denominator of the integral as
D = didpds = [12 = X*| [(ky = 1) = m3] [(ka + k)2 = m3)] (B.23)
We use now fact that we can rewrite the numerator in terms of d;. We find,

1
~2(k - D(k2 1) = 5 (dads — didy + (m3 — k3 — A?)dy)

— (k- 1)dy + (m3 — k3 — M%), (B.24)

2k -l =dy — kI —dy — N2 +m?, (B.25)
2k -1 =dz — k3 —dy — \* +m3, (B.26)
I =dy + )\ (B.27)
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B. Virtual Corrections for Drell-Yan in Mass Regularization

We do not replace the k; - [ term in (B.24) with (B.26) because it would lead to a term
which does not cancel with the denominator. Since we use the masses only as regulators,
we can neglect them in the numerator and set the external momenta k% and k3 to zero.
We will see later that this is justified. We obtain

guwHY = —ig°g;p

2 2 2(4—d)/ d’l 832(1—5)+
(

2’7T)d d1d2d3
8s(e—1) 8s(e—1) n 16s — 8se(e + 1) 4+ 16(c — 1) (k2 - l)+ (B.28)
dids dids dads
8(1+¢) 8(e— 1)]
+ i + i .

Introducing the basic scalar integrals Ag, By, Cp from Appendix G, we obtain

—2g? pte
#1672

gMVH{W l882(1 — 6)00(]{31, ko, A, m1, mg) + 88(6 — 1)Bo(—k‘1, )\,ml)

+ 88(6 — 1)Bo(k2, )\,mQ) + (168 — 888(8 + 1))30(—1’61 — kg,ml,mg)

+8(1 4+ €)Ag(N) + 8(e — 1) Ag(ma) + 16(c — 1) (2mp)*— /ddlk2 . l] .

Z'7'I'2 d2d3
(B.29)
To express the last remaining integral in terms of Ap and By we write
(27‘-/’1‘)47d /ddle -l _ (27‘-/’1‘)47(1 /ddk} k% _ k2 -k
im2 dodz ~ im? (k2 —m3) [(k1 + ko — k)2 — m7] (B.30)

= k3Bo(—k1 — k2, m1,m2) — ko, B*(—k1 — k2, m1,m2),

where we introduced the vector-like two point function B* defined in (G.16). Neglecting

mass terms we find

27 p)* 4 kel 1
( 7;/71)2 /ddl dzdg = 1 [Ao(mg) — Ag(my) 4+ sBo(—k1 — ko, ma, my)] . (B.31)

The hadronic tensor in terms of scalar integrals is given by

2e
gwH" = g%g2 1lé7r2 4(1-¢) {25200(/?1, k2, A, m1,ma) + 240(A) — Ao(ma) — Ao(ma2))

+ (28 + 3)830(—k1 — ko, myq, m2) — 28B0<—k1, A, m1> — 2SBo(k2, A, mg)}, (B.32)
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B. Virtual Corrections for Drell-Yan in Mass Regularization

where we used By(q, m1, m2) = By(q, m2, m1). Finally, we find

2 M%
51672

guHY = *g 4(1 —€)sx

s m? m3
x | Az — 2sCo(ky, k2, \,m1,m2) + 3log E —2log ﬁ —2log F (B.33)

Counter Term The contribution from the vertex counter term is given by

guwHY" = gP sy tr {F v Koy}

(B.34)
= 4s(1 — &)01g%p*.

We have to determine the renormalization coefficient d; from the (on-shell) renormalization
conditions. It follows from the Ward identities that 6; = 2 (s. e.g. [91]). Therefore, we

can use the renormalization conditions

[~i%a(p) + i(p — m)d; — z'am}p:m =0, (B.35)
d . . )
@ [—ZZQ(p) +i(p —m)doy — zém} - =0 (B.36)
to calculate 41, i.e.
5= 8 = S3n(p) (B.37)
Tk

The fermion self energy is given by

5 .9 47d/ d’q (¢ +m) (B.38)
( )

2T 2m)4 (g2 —m?)[(q — p)* = N

We use the Clifford algebra to rewrite the numerator and express the integrals as two

point functions

. dq —(2—d)f +dm
X2 =g ’“‘2 / (2m)d (g% — m?)[(q — p)? — A?] (B.39)
= — 1855 [(2 = d)7"Bu(~p.m, A) — dmBo(—p,m. ).

When we use (G.15) and (G.21), we find

1 1 2 A A
—Ag—kflogﬁ—f—flog@—ﬂog——210g——4 , (B.40)
2 7 p? 2 7 m1 ma

o

o1 =
! 4
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B. Virtual Corrections for Drell-Yan in Mass Regularization

where A, = % — g + log 47 and we split the fermion mass logarithms symmetrically.

Combining the counter term contribution with the vertex correction, we find

2 2 A by
lo —21 §10gm——2log——210g—
2 mp mo

2 AQ
<log — 4+ log — ) log —

1 m2 1 m2 S 4
“log? ~L 4+ “1og? 2 1 3log = — 4+ —7? B.41
+ 5 log” = + S log” == + 08 3 +3w,( )

Re(g HIY) = 48040&ch01:[ g

where we added the color factor and H = H{" + HY”. Since the UV pole cancels due to
renormalization, we state the result in four dimensions. Only logarithmic IR divergences

for A, m — 0 are left. These divergent logarithms have to cancel with logarithms from
real radiation. In total, we obtain

do 4o’ 9 O 3 m? 3 m3 A A
— = —=0(s — 1+ — — —log— — - log— —2log — — 2log —
102 3NCQ25(S Q ){ + 27TC’F[ 5 log 23 og 2 og 1 og .

2 AQ
<log — 4+ log —= > log —

1 71 2 4
+flogQﬁ—i—flog2@+310gi—4—|—f7r2
2 s 2 s 2 3

} (B.42)

as cross-section contribution from born and virtual diagrams.

We can also interpret the hadronic tensor as production of a massive photon. The
squared born matrix element is given by

1 dras
2 v
=—— g, H"Y = —= B4
Mo 4Ngg“ N¢ (B.43)
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B. Virtual Corrections for Drell-Yan in Mass Regularization

and the virtual matrix element in mass regularization reads

. 1
Vi = 2Re (M, Mp) = ToONZ Re(g, HY)
C
Qs 2 3 m% 3 m% A A
=2 — —log— — —log —= — 2log — — 2log —
2W0F|Mb|[ 310 — g log = — 2log o~ 2log -
2 2 AQ
— <log m + log m2> log —
S S S
SRS L L S SP RSP S ] e
—lo P — 1o —_— 0og — — —Tr .
2 %% 7 2 % gM2 3

In section 4.3, we define a conversion rule for virtual matrix elements from mass regular-

ization to dim. reg.. The conversion part for Drell-Yan reads

A1 m2 1 m2 1 m2 1 m2
_ 2 1 2 2 My 2 My
A = Cp|My|7| —2log 2 — ilog— ~3 log 2 + ilog el + 3 log 2

12
m2m?2 A2 2

-1 L2 og 2 444 — B.45

08— ogMQJr +5 | (BD)

where we replaced the charge by the color factor. The finite part of the virtual matrix

element contribution in dim. reg. reads

2
Vir = Vi — A = ;—;CF|M1)|2 ~ log? % +310g% — 8+

o (B.46)

which is the same result as in (6.1).
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C. Phase Space

C.1. Spherical Coordinates in n Dimensions

We define n dimensional spherical coordinates

T = 7rsin ¢gsin ¢ sin ¢g - - - sin ¢, 9,
) = 7 COS¢psin ¢y sin ¢ - - - sin ¢y, 9,
3 = 7 €OS ¢1 Sin ¢ - - - sin Pp—2,
(C.1)
Taoa = TCOSn 145G, gsindy_a.
Ip—-1 = T COs ¢n—3 sin ¢n—2a
Tn = 7 COS ¢y 2,

where ¢y € [0,27) is an azimuthal and all other angles ¢,, are in the range [0, 7]. The

determinant of the Jacobian is given by

n—2
| T(r, b0, {oi})| = "1 [T (sin )" (C.2)
i=1
We define
¢ = ¢n—37 (C?))
0 = op_o. (C.4)

The physical quantities in 4 dimensions can only depend on two angles. Therefore, we
can set all angles but two to zero. We choose the angles ¢ and 6 to be non-zero because

then vectors are similar to three dimensional vectors, i.e.

—

0n—3

. rsin 0 sin ¢
€r =

(C.5)

r sin 0 cos ¢

rcosf
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C. Phase Space

Since the physical quantities cannot depend on any angle except ¢ and @, we can perform

almost all integrations in the volume element. Using

n+l
/dd) sin ¢ = f ( i ) (C.6)
2

r(st)

we obtain

d¢0 /d d@ smqsz) = om /7"

The volume element for spherical coordinates in n dimension reads
/d”a:fr0¢)—27r ( /dr/dqﬁ/d@r" Lsin™=3 ¢sin™ 2 0f(r,0,¢), (C.8)
where f is an arbitrary function.

C.2. Integrating the Momentum in d-1 Dimensions
Using spherical coordinates and |k| = E, we find

k1
(2m)d-12E  (27m)d-12F

ET2dEdQq s, (C.9)

where

ﬁd—k’)
dQy_o =27 (d 3) sin?™* ¢sin? =3 0 dr dede. (C.10)
1—‘ a—9
2

Next, we can rewrite (C.9) as

. 5
dd*lk_ 81—52—5+4€7T—2+5

= dédyds o) (1— )¢ % sin % g, (C11)
1
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C. Phase Space

where we defined y = cosfy_3, £ = 2—\/E§ with £ € [0,1], y € [-1,1] and ¢ € [0, 7]. After

performing the ¢ integration, we obtain
dd—lE 81—52—5+4€7T—2+6

m =d&dy T(1—¢) (1 -y~ (C.12)

C.3. Phase-Space Identity

In this section we show that

05 (.2 2 0y _
/fif 5 (p —M)H(p)—2p0. (C.13)
To prove (C.13), we rewrite the delta distribution using p? = E? — 52
= /dE(S (v* - M2) 6(E) = /dE(S (E2 — 52 — M) 0(E). (C.14)

Next, we rewrite the delta distribution such that the argument depends on the integration

variable F only linearly. Hence, we obtain

oo 5(E— 52+M2>9 o 5(E+,/ﬁ2+M2)0 .
I1=|dFE E)+ [dE E). 15
o 2P+ M? B+ J4E P2+ M? &) (C.15)
Only the first integral is not zero, therefore, we obtain
=L (C.16)
©2E ‘

and (C.13) is proven.
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D. Monte-Carlo Methods

In this appendix we describe Monte-Carlo methods that are used to generate Monte-
Carlo events and are relevant for this work. A more detailed description of standard

Monte-Carlo techniques can be found in [81].

D.1. Rejection Sampling

Rejection sampling is a Monte-Carlo method to generate events according to a density p.

The algorithm for rejection sampling reads as follows
1. Sample a random point x from a uniform distribution.
2. Sample a random point y between 0 and the absolute maximum of p.
3. Accept the point x if y < p(x) otherwise reject x and return to step 1.

The points x are then distributed according to the density p(x).

This method is useful for event unweighting. The differential cross section do
parametrizes the probability for a specific phase-space configuration ®. The cross
section value do(®) is the weight for the phase-space point ®. We only accept a phase-
space point @ if y < do, where y is uniformly distributed random number between
zero and dopax. The accepted events are called unwetghted events and correspond to
physical events. We can improve the unweighting performance when we use a density
g that approximates do closely to sample phase-space points ®. The advantage is that
the number of rejected phase-space points is minimized. The rejection criterion is then
cg(P)y < do(®) where y is uniformly distributed random number in [0,1] and ¢ is a
constant that ensures cg(®) > do(®P) for all ®.

D.2. Monte-Carlo integration

To calculate cross sections we have to integrate higher-dimensional functions numerically.

The best way to perform the integration is to use Monte Carlo integration. Monte Carlo
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integration uses the fact that an integral can be approximated by

1 1 N
= /def(a;) ~ N;f(xi), (D.1)

where N is large and x; are uniformly distributed random numbers between zero and

one.

D.2.1. Importance Sampling

In order to improve a Monte-Carlo integration we can attempt to transform the integral

such that the integrand is flat

b 1

1= [dof@) = 1= [dysw)saw). (D2)
where J = cdl—; is the Jacobian determinant of the transformation. If J(y)f(z(y)) is flat
(i.e. J(y) < f(z(y))) the error of the Monte-Carlo integration is zero. Unfortunately, we
can only perform the transformation if we can solve the integral analytically. However, it
can be possible to find a transformation which makes the integrand flatter if we have at
least some knowledge about the function f. This procedure is equivalent to use random
numbers which are not distributed uniformly in [0, 1] because we transform the uniformly
distributed random numbers before using them in f. Since dz f(x) « dy regions where x
is large become large regions in y. Therefore, it is more likely to draw random numbers
in regions where f(x) is large. Since these regions are most important for the value of

the integral, this technique is called importance sampling.

VEGAS Algorithm

To find a good probability distribution for importance sampling, we would have to know
the structure of the integrand. The VEGAS algorithm [150,151] can be used to determine
a distribution without a-priori knowledge about the integrand. VEGAS uses a setup
phase, where integrand values are histogrammed and the resulting histograms are used
to refine the probability function. In order to be space efficient the algorithm assumes
that the optimal distribution is separable, i.e. p(Z) = pi(x1)p2(z2)...ps(xq). Hence,
the space efficiency is O(d) instead of O(2%), where d is the dimension of the integral.
The efficiency of the VEGAS algorithm depends on the validity of the assumption of a
separable integrand.

Monte Carlo integration can be parallelized efficiently because the sum in (D.1) can
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be split into multiple sums, i.e.

N Ny N N
Sflw) =D fl@)+ > fl@)+-+ D, flw), (D.3)
1=1 =1 i=Ni+1 i=Np_1+1

where N, = Zle N; and N,, = N. Each sum in (D.3) can be evaluated in a separate
computing thread independently from all other sums. Once all sums are evaluated, a
(master) thread has to collect all results from the other threads and combine them. We
improved the standard VEGAS algorithm such that it uses the Message Passing Interface
(MPI) [152,153] to distribute the evaluation of the integrand to n processes. Once
all evaluations completed, the master thread is responsible for refining the probability
function and calculating the integral value. Using MPI allows us to distribute the
evaluation to multiple machines. Hence, we could run our program on the RWTH
compute cluster by the IT Center of RWTH Aachen university.

D.3. Sampling Random Variables for Powheg Radiation

This section follows the discussion in [47] appendix A and [82] appendix C. A special
case of the veto algorithm can be found in [72] section 4.2.

We want to to sample random variables according to

F)AR(x)), (D.4)

where h(x), f(x) > 0 and

A(h) = exp {— / s F(x)O(h(x') — h)} . (D.5)

The integral in the exponential function makes it difficult to generate random numbers
according to this distribution because we would have to evaluate this integral for every
random number we generate. If this integral is not analytically solvable, we would have
to perform a numerical integration which is time consuming. Therefore, we have to find
a way to sample random variables without evaluating this integral explicitly.

We notice that we can write

() = S0 = [t oA Me)SHEx) ) (D.6)
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and use this as probability density. The cumulative distribution function is given by
h
Py = [ p(h) = Ah) ~ A©O). (D.7)
0
If we assume that the integral in the exponential function in A is divergent, we have
A(0) = exp {— / dix’ f(x’)} —0 (D.8)
and due to the exponential form of A, we have

lim A(h) = 1. (D.9)
h—00
We are now able to sample random numbers H according to the distribution p(h) when
we use the inversion method, i.e. we have to pick a uniformly distributed random number
u in the interval [0, 1] and solve

A(H) = u (D.10)

for H. The number H is distributed according to p(h). When we have generated a value
H, we have restricted x to a surface in the x space where h(x) = H. The probability to
sample H is given by

dA(h)

PUH) = =g,

- / Az f(x) A(H)6(h(x) — H). (D.11)
h=H

This is the sum (integral) of all probabilities on the surface h(x) = H. Therefore, the

contribution of one particular point x is given by a probability density proportional to
f(x)o(h(x) — H), (D.12)

where the factor A(H) is omitted because it does not depend on x. Therefore, we have

to sample x according to this distribution.

Example We use the function .
= — D.13
f(z,y) zy’ ( )

where z,y € [0, 1]. These functions are singular for x — 0 and y — 0. We choose

h(z,y) =y (D.14)
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to have a lower bound on z and y. We can solve the integrals in A analytically

1 1
A(h) = exp {— /dx /dy iH(azy — h)}
= exp{ /dx dy } (D.15)
= exp {—2 log? h} .
When we solve (D.10) for H, we obtain
H = exp{—\/—2logu}, (D.16)

where u is an uniformly distributed random number in [0, 1] as solution for H < 1. Now

we want to generate x,y according to

p(z,y) = *;yﬂxy—ﬂ), (D.17)

1 11 1 H
palz) = — /Odyycs(xy —H)= (1 - x) . (D.18)

The cumulative distribution function is

Py(z) = = log — (D.19)

From this we can obtain the normalization factor

1 H
- D.20
N log H ( )
Using the inversion method, we obtain a random number x by solving
Po(x) =us & o = H' 7“2, (D.21)

where us is a uniformly distributed random number in [0, 1]. The delta function in (D.18)
gives
y = H* (D.22)
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D. Monte-Carlo Methods

D.3.1. Veto Method

When we want to apply the method from the previous section, we have to solve (D.10) for
H. In order to do that we have to calculate the integral in (D.5) analytically. However,
this is often not possible. We describe in this section the veto method which we can use
to sample random numbers even if we cannot solve the integral analytically.

We have to find a function F'(x) for which we can solve the integral analytically. The

function F' has to be an upper bounding function of f, i.e.
f(z) < F(z). (D.23)
First, we sample random numbers according to the density
pr(x) = F(x)Ar(h(x)), (D.24)
where
Ap(h) = exp {— / A% F(x)O(h(x) — h)} . (D.25)

We use the sampled random numbers x only with a probability of % Therefore, the

probability for an accepted x is given by

hmax

po(x) = f)Ar(h(x)) = | dh Ap(h)I(h(x) = h)f(x). (D.26)

If x is rejected, we sample a new x’ with the constraint that the new h' = h(x’) is smaller

than h(x) from the rejected step. The probability for accepting the new x is

hmax

p1(x) :/ddﬂco dh Ap(h)d(h(xo) — h)(F(x0) — f(%0))
0 (D.27)

h / AF(h/) /
x/odh Ao D00 = W) ().

The first line is the rejection probability integrated over all possible values xy which may

have been chosen in the rejected step. The ratio

Ap(h')
Ap(h)

~exp {_ / A%l F(x) [0(h(x') — ') — O(h(x') — h)]} (D.28)

makes sure that the constraint h(x’) < h is fulfilled in the exponential in Ap. We can
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D. Monte-Carlo Methods

hmax

h(l‘) hmax

Figure D.1.: Integration area of the h, h’ integration in (D.31)

simplify the probability so that

/ AR’ 5(h(x) — 1) f(x) Ap(h')x
8 / o /Odh (F(x0) = £(x0))3(h(x0) = WO(' = WO~ hnas)  (D.29)
— po(x) [dhg(h)
h(x)
where
:/ﬂ%ﬁ%@—f@»&M@—h) (D.30)

When we write down the probability for two rejections in the same way, we obtain

p2(x) = po(x /d xo/d%l /dh /dh’ — h)(F(xq) — f(x0))
x 0(h(x1) = h')(F(x1) — f(x1))0(h" — h(x))0(h — B )0(h — hmax)-

(D.31)

The integration area for the h, A’ integration is shown in Figure D.1. Since the integrand
is symmetric in h <+ A/, the integral over the upper triangle has the same value as the
integral in the lower triangle. Therefore, we can integrate in (D.31) over the square and

multiply it with % to correct for the integration over the upper triangle. We obtain
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D. Monte-Carlo Methods

hmax ]2
p2() = () [ hgggm)] (D.32)

When we have more than two rejections, the probability has the same form as ps.

Therefore, we have

1 [ phmax "
Pn(%) = po(x)— l hdhg(h)l (D.33)

n! (x)

When we sum all contributions, we obtain

e hmax
pX) = Y- pulx) = F(X)Ar(A(x) exp{ hgf;gw}
n=0 x

— 16)Ap(h)exp { [ dB(hi0 — b NIFE) - fe)p (03
— re)exp {~ [ aa'8(h(x) - h(x)) 1)}

This shows that we sample variables x according to distribution (D.5), when we use the
described procedure.
To summarize, we present the algorithm which we can use to sample random numbers

x according to (D.5).

function VETOMETHOD

=0
hmax = sup{h|Ap(h) =1}
h = hmax

while true do
u = random(distribution = uniform in [0, 1])
H = solve(Ap(H) = Ap(h)u)
x = random(distribution = F(z)6(H — h(x)))
v = random(distribution = uniform in [0, 1])
if v < f;((?) then
return r

end if
h=H

end while

end function

The efficiency of this algorithm depends on the upper bounding function F(z). For
F(x) = f(x), the efficiency would be the best. Hence, the upper bound function F' should

be chosen as close to the function f as possible.
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D. Monte-Carlo Methods

D.4. Highest-Bid Method

The highest-bid method is described in [154, Appendix A.2] and [47, Appendix BJ. It is
usually the case that we have multiple competing real flavor configurations for the hardest
radiation. If we consider NLO QCD radiation from ¢ — Z, a gluon can be emitted by
one of the quarks or a gluon from the proton can split into one of the initial-state quarks.

The probability for the hardest radiation is then given by
Z fu(z HA (k& (x (D.35)

where ¢ and k label the possible regions (i.e. ¢ — Zg, g¢ — Zq and qg — Zq).
Hence, the Sudakov A;(k) is the probability that no parton with kr > k was emitted by
subprocess i. To generate events we have to pick a subprocess ¢ and a value for x.

We generate values xj according to the probability distribution

Ag(K (1)) fro () (D.36)

and choose for  the x; with the largest k%(x3). This procedure works because the
probability that x came from a subprocess i is given by the product of (D.36) and the

no-splitting probability for all other subprocesses, i.e.,

pi(z) = fi(z) ) x [T An(kr(2)) = fi(2) [ An(Kr(2)). (D-37)
n#i n

To obtain the total probability, we have to sum over the probabilities of the subprocesses
> i) ka HA (K (x (D.38)
k

which reproduces the probability for the hardest radiation (D.35).
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E. Plus Distributions

The plus distributions (-), are used to split an integration with singularities into a finite

and a divergent part. When we investigate, for example, the integral

1 x
- [t o

where f is a test function. We notice that the integral is divergent for e — 0 (if f is not
proportional to z in the limit z — 0). If we assume that we can express f as a power

series, we can rewrite the integral as

Zoo 0 anx
/d x1+5 /d xlte

1
-1 - ao E.2
:/dmganxnlxe—l—/dznl . (E-2)
0 — 0 x +€
n=1 N .
finite singular

Since the first term is finite, we can expand it in € = 0. The coeflicient ag of the power
series is equal to f(0). If we express the power series as f(x) and z~¢ as series around

e = 0, we obtain

I<€>—/Oiix£ffz—/03w2(_“wll[f<> FO)]+£(0 /dw:r e

n! T
n=

) log" z 1 (E.3)
=n§:jo o [ae () s -Lr00),

€

finite

where we integrated the singular part and defined

[dx 0@, 5@ = [drg@s@) - 50) (®.4

We rewrite f(0) using the J-function and we obtain

/dxx = f(z /d:): Lio% (10gm w)Jr - id(w)] f(x). (E.5)
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E. Plus Distributions

Therefore, the integral is split into two parts, a singular part that is proportional to %

and a regular term. Since we are interested in the limit € — 0, we find up to order O(1)

/dxa; =t /dw l() —75( )1 f(z). (E.6)

if f(x) has no poles in €. In the following we give properties of plus distributions and

how they can be modified.

E.1. Removing Non-Singular Parts from the Plus

Distribution

We assume that we have an integral

b
[z (f@)s@), te), (.7

where t(x) and f(x) are test functions and s(z) is a function which leads to a singularity

at x = a. When we use the definition of the plus distribution and add a 0, we obtain

/dxs ) — t(a /dacf +1f(a )t(a)—f(a)t(a)]/:()ixs(x). (E.8)

Combining the terms to plus distributions leads to

b b
[z (s(@)), f(@)ta) = ta) [da (@), S@). ()

The integration in the second term is independent of the test function ¢(x). Therefore,

we can perform this integration and define

I= /:()im (s(z)), f(z). (E.10)

If we reintroduce the dz integration in the second term, we obtain

b b b
/a dz (f(x)s(x)), t(x) = / dz (s(z)), f(x)t(z) I / da5(z — a)t(x) (E.11)
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E. Plus Distributions

E.2. Plus Distributions with Theta Functions

If we perform the variable transformation 2’ = (1 — £)z in the first integral of

1= [ [ac (&) st = | do [d€ L)lo(©) ~ 9(0), (E.12)

we obtain

I—/d /é€x21—f<

This is equivalent to

I:/(fix/ /05& (i)ﬂ(l—f—x’)liéf(ﬁf)g(ﬁ), (E14)

where the plus distribution acts on the 8 function. It is possible to combine the first term

) /dx /d{ lz (E.13)

with parts of the second term in (E.13), i.e

1= far [0 [ (55 0@ - 5@ - [ar [a Lrwgo). @19

The last term can be integrated analytically and yields

I= /dx /égl[f< /§> g(&) — ] /d;l?g 2')log(1 — a').

(E.16)

Forgetting the last term is a common mistake.

E.3. Distribution Expansion for the Collinear Singularities

The collinear term

I—/dy (1= %) f(y) (E.17)

has singularities at y = +1. To expand this term, we have to split the integration in two
parts because the plus distribution can only subtract one singularity at a time. We split

the integral at 0 because we want to use the fact that the term is even, i.e.

IZ/ély(l—y oy /dy (1—y 1‘5f(y)+/[)éy(1_y2)—1—€f(y)_ (E.18)

159



E. Plus Distributions

Each integral has only one singularity (at y = +1 or y = —1). We can substract the

singularity separately in each integral:

0 1
I= /_C}y L=y ) - F1)] + /Ody L=y ) - FOI+
D [dy (-7 4 5 [ay -y (m9)
0 -1

We rewrite the first line and combine the integrals in the second line because the integrands

are even, i.e.

0 1 e
I= / dym(l — ) [fy) — F(=1)

+/ 1+y)(1 — ") [F() - f(1)] (E-20)

+§[ /dyl—

In the first two lines we use a partial fraction decomposition to obtain terms in ﬁ and
T +y Afterwards we can combine all terms to obtain integrals from —1 to 1. (Note that
we have to use the variable transformation y = —y). We can solve the integral in the last

line analytically, i.e.

_ % /_ 11 dyl_ly(l — ) [f(y) — F(1)]

3 [ v ) - S (E21)
47 T%(1—¢)

We can expand the first two integrals in € and write the integrals with plus distributions

1 o 1\n oo™ .2
I:/_ldy{z(nlz) €”<1g1(1_yy)>+f(y)

and obtain

n=0
o 2
03 5 (1 B )>+ ) (.22)
—e 172 — €
- ﬁ(f_ ) oG y>+5<1+y>]}.
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E. Plus Distributions

Note that the definition of the plus distribution depends on the singular endpoint. The

singular point in the first line is ¥ = 1 and the singular point in the second line is y = —1.

E.4. Plus Distribution for Mass Regularization

We want to transform the expression

CL2
= /béxf <x2> %g(x) (E.23)

into an expression with a plus distribution (%L The quantity a is a regulator (e.g. the
photon mass), i.e. we are only interested in terms that are divergent for a — 0. The
lower integration bound is an intermediate scale with a < b. We are only interested in
singular terms for this intermediate scale. First, we write f as power series in g—z and g

as power series in z, i.e.

I—ZZan /dx (>2n1x

n=0m=0

2n
—ZZan ma2n/dxxm 1= 2”+Zanbo/dx <> 1

n=0m=1

(E.24)

To evaluate the integral in the first term of the second line, we have to investigate two

cases:
1.m—-2n#0
1 a2n _pm
a®" /dx g - (E.25)
b m —2n
2.2n=m+1 .
a™tt /bdx z~t = —a™ 1 log(b) (E.26)
Neglecting terms in a, b, and a?logb, we obtain
I=a R D I /dw 721 1 O(a,b). (E.27)

Using the same integrals as above for the second term, we see that we can write

Kad bm ap (G 2n
I=ap )y, —= — aoby log(b) — fbg Z - (b> + O(a,b). (E.28)

m=1 n=1
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We can neglect the last term if a goes much faster to zero than b. Next, we express the

remnants of the power series in terms of the original functions f and g. We can use

2

ao = f <Z2 = 0) , (E.29)

bo = g(0) (E.30)
and
ibm—/éxib xm_l—/éxil[b ™ —bo] = ilm(l> () (E.31)
m=1 m 0 m=0 " 0 m=1 x " ’ 0 x +g ‘

Therefore, we find

[=f <a2 _ 0) dz (1) o(z)— f (‘LQ _ 0) 9(0)log(h) + O(a,b).  (E.32)
0 +

22 x
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F. Integrating the Eikonal Factor

F.1. Angular Integration

We want to integrate the eikonal factor of the soft matrix element i over the angles of
the radiated parton in d dimensions. We have
ki - k;

b k) k) (1)

™ 1
Iy = [dosing) > [dy(1 -y
0 -1
where k; and k; are the momenta of the partons emitting the parton with momentum p.

F.1.1. Massless Partons

We parametrize the momenta of the partons such that the parton ¢ defines the z direction

of our coordinate system, i.e.

ki =k) = | 0o (F.2)

and parton j is in the ¢ = 0 plane

1
0g_
kj _ kjo 'd 3
Sin 92’]’
cos 0;;

The momentum of the radiated parton in spherical coordinates is given by

1
Oa—a
p=7"|sinfsing | . (F.4)
sin 6 cos ¢

cosf
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F. Integrating the Eikonal Factor

The eikonal factor in this parametrization is given by

ki - k; _ ki - kj (F.5)
(p-ki)(p-kj) kPRI (p°)2(1 — cos 0)(1 — sin By sin 6 cos ¢ — cos ;5 cos )’ '
where y = cos 6. The integration over the angles 6 and ¢ yields [155, appendix A]
o s . 2 Gij 1 — cos Gij
IZ] = *g 2F1 <1,1,15,COS (2>> W (F6)

where we use the standard notation for the hypergeometric function oF;. We have to

expand the hypergeometric function around € = 0. We use the integral representation

QFﬂLLl—em):F&:S)Aéwlz?;fé (F.7)

Since the integral is divergent for ¢ = 1, we use the plus distribution trick to separate the
pole. The hypergeometric function itself has no pole. The pole from the integral cancels

with the prefactor. We obtain

2Fi(1, 11— ei2) = - ! (1 —clog(1 — ) — £2Liy (“””1> +O(s3)>. (F.8)

— T —
We can express cos 0;; in terms of the momenta of the partons

ki k
2k KY

1
Tij = 5(1 + COSQij) =1
and we obtain

Iij = 27

(i—k@ﬂ—ﬂ@)—&Lh(x;gl)—%O@%). (F.10)

1
(p")?

Using identities for the dilogarithm, we can write

T 2 1 ki ks ko ks

Li ij _ T _ 2 i Rj Li DY
”(mf—J 6 2Og<%%9+_u<%%9+
1 I log (1— =] (F.11
o (5 s (1 i) a0

The benefit of the latter form is that the argument of the dilog is between zero and one

which makes it possible to use simple expansions for the numerical evaluation of the

dilog.
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F.1.2. Massive Partons

The eikonal factor for one massless and one massive parton is a bit more complicated.
We obtain

(p-ki)(p-m)  (p°)2k2(1 — cos ) (mO — |17 | cos Oim cos @ — |17 | sin O, sin 0 cos @)
(F.12)

The solution to the integral is given in [156] appendix B. The solution for two massive

partons is given in [157].

F.1.3. Soft Integral for Mass Regularization

We want to evaluate the integral

I; —/dy )1(k ol (F.13)

where k; and k; are four-momenta of massive particles. After introducing a Feynman

1 1 2m 1
ILi; = /d /d d¢p ——, F.14
! 0 ! 71y 0 ¢ (p- k) ( )

where p = xk; + (1 — x)kj. We choose a reference frame where

0
p= (2) - 8 . (F.15)

Defining the massless four momentum k with spherical coordinates in this frame, we

1 47 1
U—/da: /dy (o e = oy /Od:ch. (F.16)

Only an integration over the Feynman parameter is left. Using the definition of p, we

parameter, we have

obtain

obtain

47 1

1
Iz“ = /dl‘ .
T (k02 Jo (mf + mJZ — 2k; - k:j) 2+ (2k; - kj — 2mj2-)$ + mjz

(F.17)
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F. Integrating the Eikonal Factor

The integral which we have to solve has the form

1

L= [dx F.1
7 / a$2+bx+c Vb2 4ac/ [ar+A_ r+ Ay (F.18)
where we used a partial fraction decomposition and we defined
Vb2 -4
A, = Vb T dac (F.19)

2a

Performing the Feynman parameter integral we have

1 2a 2a
I;;i = ——lo 1+> —lo (1—!—)} F.20
J b24ac[ g( b—Vb% —4ac & b+ vVb? — 4dac ( )

This result can be reduced to

27 1 — Bij
(KO)2(k; - kj)ﬁz‘g 5118y

_ 2 (g M ) | o), (Fa21)
T2k k) \ B2k 2k i m; ‘

Iij =

m2m

where 8;; = 4/1 — & Zk )2 and in the last step we expanded the log around small masses.

F.2. Momentum Integral

In this section we calculate the momentum integral of the eikonal factor

o TR eem)
= /|k|<AE wi (pi-k)(pj - k)’ (F.22)

where k is the four momentum of the radiated particle and wy = 4/ |l’g|2 + A2, and p;, pj

are massive. This integral was solved in [158, section 7]. The result is given by

da(p; - pj) | 1 a’p? AAE?
lij = ———5~4 = log —5+ log +
K a?p? —p? 2 3 A2
1 — |d] u® +|d] : u — Ji\ 1™
lo Li L 1-— F.23
1 og? +| i + Lip < . + Lip . 0 (F.23)
u=p;
where - )
a T — T
PR (F.24)

2(ap) —pY)
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F. Integrating the Eikonal Factor

The factor « is defined by a quadratic equation

an? — 2a(p; - pj) + p? =0, (F.25)

0
where azzf > 1. In (4.8) in chapter 4 we need the expansion for small masses. Hence, we
expand the integral for 7 # j and small masses m; and m; and keep only the logarithmic
and constant terms. We start with the expansion of a. After solving the quadratic

equation we obtain the two results

o, = PRS2 = cos 9@‘2) + (1 — cos )] (F.26)
m;
Only the solution a4 fulfills the constraint we set on «. Therefore, we have
2|5 ||P5 (1 — cos 0,
o= 12175 1( . 00 0i5) > 1. (F.27)

m;

Note that cos0;; cannot be equal to one because this would mean that the two born

particles are collinear. The overall prefactor for small masses reduces to

alpi-pj)  (pi-pj) 1
= = (F.28)
acp; — pj am;

When we expand the arguments of the logarithms and dilogs, we obtain

1. 4pi-pj)?, 4AE%* 1. , m? , 41p;|? ,
Iij = zﬂ{Qlog s log —5— + 7 log” ¢ E2 +Lig |1 - m? + Liz(0)+
1 m? 2[pil |7
—Zlog? —L —Liy [1— J) —Lip(1)p. (F.29
18 152 wi-pp ) 2Dy (B2

To make the invariance of I;; with respect to an interchange i <+ j more obvious we use
the identity
1 1
Li2(1 — J)) = —5 log2 T — Lig (1 — ) (F30)
x

and obtain

1. 4(pi-pj)?, 4AE* 1. 5 m? . .
IZ] =21 {2 log QO]Q IOg )\2 - Z log 4E12 - Ll?(l) + L12<0)+

1M
1 mj 2|pi |5

——log? —% — Liy (1— 2 —Lip(1) p. (F.31)
(pi - pj)
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F. Integrating the Eikonal Factor
We can use the identity
2 el P PN .
(pi - pj) 2|ps 195

2

Pi - Py Pi - Pj Lo of Pipj ™
+ log —— |log|1— ==+=-]— =log — | — — (F.32
<2lpi\|pj!> 2pillp;l ) 2 2|pi |9y g 5

to obtain an argument of the dilog in [0, 1]. When we also remove the constant factor

from the argument of the mass logarithms, we obtain

1 4(p; 'Pj)2 AE? 1 9 m2 1 9 m? Di i
L. =2 —1 I I —*t _ 7] J 210021 ]
! ﬂ{2 Iz BT T4 R 1% TR any,

. [ pi-Dpj Pi - Pj Pi - Dj L. o Dpi-pj
~L ~1 log 1 - =
2 <2EiEj> o8 <2EiEj> o8 < 2EiEj> Tale <2EZ-E]->
2 m

where we used |p;| = F; in the massless limit.
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G. Scalar Integrals

When we calculate the virtual corrections, we always need basic scalar integrals which are

defined in [158]. We give some of these scalar integrals in certain limits in this section.

G.1. Scalar One Point Function

The scalar one point function is defined as

(2mp)* 4 1
Aalm) == [tk s

(G.1)

We can use a Wick rotation and integrate over euclidean d dimensional polar coordinates

to obtain
2\ T 2
2 2—d 1 m
Ag(m) = —m? | -2 r():Q— log 47 — log = + 1 .
o(m) m <47TM2> 5 me - ~vE + log 47 — log 2 + 1|+ O(¢)
(G.2)
G.2. Scalar Two Point Function
The scalar two point function is defined as
27T,u 1
Bo(p, m3, m?) / d% . G.3
(210,10 = T CEErr M
We introduce Feynman parameters to reduce By to an one dimensional integral
(2ﬂu)4fd /1 /1 d 1
Bo(g,A,m) = —F— [dz [dyd(z+ —1/dl7, G4
o(g, A,m) i )4 fdyolty—1) RN (G4)
where | = k +yq and A = 22¢% — 2(¢?> — m? + \?) + \2. We use
1 a dy (1\22
d . d
— = | B A I .
/d ‘AT < 2) (A> (G-5)
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to obtain
1 1 1 A
Bo(g, \,m) = (47p?)°T(¢) /dx ATE = - e + log 4w — /dx log 2 +0() (G.6)
0 0

small photon mass Neglecting A\? we have

log A = log z + log (:L‘q2 — ¢+ m2) (G.7)
1 A m2—q®  m?— g2 m2
dz log — = -2 — log + log —- G.8
/0 &2 ¢ 7 It (G8)
1 2 _ 2 2 _ 2 2
Bo(q,A,m):7—7E+log47r+2+m 5 4 logm 5 4 —logm—2 (G.9)
£ q q [
small masses
log A = logz + log k7 + log(—1) + log(1 — =) (G.10)
1 .
By(q,0,0) = g—7E+log4w+2—logE+m (G.11)

derivative for small photon mass The derivative of the scalar 2 point function is

given by

0 2 —x

1 ) 1
7 Bo(q? 2:—/ B A:—/d G.12
an 0(q a)\a m ) de 8(]2 og 0 T _:U(p2 o m2) + 22 + p2x2’ ( )

where we used that A\? <« m?. When we evaluate this for ¢> = m?, we obtain
0 1 1 x? 1 x
— Boy(q*, \,m? =—— /dmi—/dwi . G.13
oq? (@ m) P=m? m? |Jo 22+ %—22 o x2+ 7;\722 ( )
We can expand the first integral around 2‘1—22 = 0 because the remaining integral is finite.

The second integral is easy to solve because the numerator is proportional to the derivative

of the denominator. We obtain

0 1 A A
ai(ﬂBQ(q2, )\,777,2) q2:m2 = _W (].Og E + 1) -+ O (m> (G14)
after expanding in 7’1\1—22 = 0. We can use p? = pQ to arrive at
0 0 d¢? 2 A A
9 Bo(g®, A = 2 By(? A m? da :_Q A Q o()
3ﬂ 0(6] ) 7m)L:m an O(C] y Ay T ) P2 dﬁ i m 0g m + + m

(G.15)
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G.3. Vectorlike Two Point Function

The vectorlike two point function is defined by

(2mu)t= dy, EH
B* ) = /d . .1
(Q7 m17 m2 7/7T2 o m2 [(q + k) o m%] (G 6)

The integral B* has one Lorentz index and can therefore only depend on ¢*. Therefore,
it has the form B* = Bg*. When we contract B* with ¢*, we find

1
quB"(q,m1,ma) = B [AO(TT@) — Ao(m1) + (m3 —mi — ¢*)Bo(gq, ma, ml)} = B¢®.
(G.17)

Hence, we obtain

B*(q,mi,my) = o5 |Ag(mz) = Ao(ma) + (m3 — m} = ¢*) Bo(g.ma,mu) | ¢ (G.18)

2

derivative We now calculate the derivative of the vectorlike two point function, i.e.

0 A2 —m? 2
5y Dalpm ) = 5 [}j (o) — A) = = B, ma)
N —m? — p 0
+ ; (%ﬁBo(p,m )\)] (G.19)

When we evaluate this function at p = m, we arrive at

1

0
> |~ Ao(m) — 2m Bo(p,my)\)‘

m?2 op

'y “Bu(p, m, /\)‘ = +O(:)‘1>. (G.20)

p:m

op

We can use (G.2) and (G.15) to obtain

yfzm

2

0 1 1 m A
a}é'y "B, (p, m, )\)L:m =5 |z +vg — log 4w + logﬁ + 410g% +3]. (G.21)
G.4. Three Point Function
The scalar three point function is defined by
2mp) A= 1
Co(p1,pa, m3, m3, m? —(,/ddk .
o2 ) = (&~ i) [(h & p1)? — o] [k 4 p2)? — ]
(G.22)
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The three point function is in the limit m?, m3 < s is given by [159, appendix C]

11 m? m3 221 m? 1 m3 2
= —{—[log ™t +log 2 | log == — ~log? L — —log2 2 — Zx2} . (G.23
Re Cy 3{2<0gs +0g8>ogs 4og . 4og . 37r ( )
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H. Soft and Collinear Limits

In this chapter we investigate the soft and collinear limits of real emission matrix elements.
We find explicit results for the limits of the born matrix element and a factor that depends

on the splitting process. The limits are crucial ingredients of NLO calculations.

H.1. Soft Limit

We start with the radiation of a soft gluon from an initial-state quark (Figure H.1). The

matrix element reads

i — Fo +m

M= Mo(kl — ko)? —m3

Y gst u(ky)e), (k2). (H.1)

We can use the eikonal approzimation for a soft gluon (f, < F;) to see that the real
matrix element factorizes into the born matrix element and a process independent factor.

When we use Dirac equation (f —m)u(k) = 0 and {y*,7"} = 2g"", we find

]{71 . 6*(1432)

M~ ==

gstaMborna (H2)
where Mporn = Mou(kr). For an initial-state antiquark, we obtain with a similar

calculation

kl . 8*(k2)

M= 9s k1 - ko

Mborn- (H.3)

/{?2,,&

> M
k1 — ko @

Figure H.1.: Feynman diagram for soft gluon radiation from an initial-state quark

Y

k1
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k1

ko p

Figure H.2.: Feynman diagrams for initial-state gluon radiation in qqg — X

Obviously, we can us the same tricks for final-state radiation. With these equations we
can evaluate the soft squared matrix element for the Drell-Yan like process qg — X
where X is not charged under QCD (Figure H.2). When we neglect the color matrices,
we find

Meort|* =D g2e(p)en(p) | — K,k (— M ks )\Mb 2. (H.4)
SO - s<p klp k2p klp k‘gp orn

The evalutation of the color matrices is postponed to section H.1.1. After using the

polarization sum in an axial gauge

kun, +nuk,

>_en(k)eu(k) = —gu + === (H.5)
pol
where n? = 0, we obtain
2k1 - k m3 m3
2 2 1 K2 1 2 2
= — — ml|” H.6
[Miott|” = 95 [(kl k2 -p) (k1-p)? (k2 .p)2] [Mborm| (H.6)

The structure of the matrix element with gluon radiation from a gluon is more complicated.

From the Feynman diagram in Figure H.3 we obtain
M_Moc@ iz A V/\k_ m )\u_k,_ vigX (ke* H.7
= MG= 595 |9 (9+p)" +97(k—9)" + 9" (—k—p)|exlk)e(g),  (HT)

where p = g + k and color is again neglected. When we neglect the soft momentum k in

the numerator and use g - €(g) = 0, we find

g-e"(k)

M:gs g-k

Mborm. (H.8)
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Figure H.3.: Feynman diagram for the radiation of a gluon from a gluon

The structure of the matrix element is the same as for the radiation from quarks because
the wave length of the soft gluon is so large that it cannot distinguish between different
spins and the result is spin independent. The general form of the real matrix element

with soft gluon radiation reads

ki kj

2 _
Mo =470 2 G )k )

i#]

’-/\/lborn‘2 (Hg)

where k; and k; are massless born momenta and k is the gluon momentum. Note that
we have neglected color factors. We will calculate them later. Next, we investigate is the

radiation of a soft quark. When a quark with momentum k is emitted, we have
M = a(k)M’, (H.10)

where M’ denotes the rest of the matrix element. The squared matrix element for
massless quarks reads

Miu(k)a(k)Ma = MIEM,. (H.11)

Since k* o« E, there is an additional power of energy in the numerator compared to the

gluon emission. Hence, there is no soft divergence, since the usual factor % is canceled.

H.1.1. Color Factor

The color factor is not an overall factor if there is a more complex color structure in the
process. In this section we look at the color structure of a general process. The born

color part is shown in Figure H.4a and written as

MU OO (H.12)

col

where C' are the color states of the external particles, a; are the corresponding color

indices and M is the color structure of the diagram obtained with the usual Feynman
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;i

a; a;

(a) born level color structure of external parti-  (b) color structure of external particles with
cles radiation from parton

Figure H.4.: color structure of amplitudes. a; ...a, are the color indices of the external

particles and M., is the color structure of the diagram which we can obtain
with the normal Feynman rules.

rules. The color states are defined as

¢, incoming quark/outgoing antiquark

»I- . . . .

c outgoing quark/incoming antiquark

c.o— 1% going quark/ g antiq (H.13)
Xe incoming gluon

X5 outgoing gluon

where a = 1... N¢ for (anti)quarks and a = 1...(NZ — 1) for gluons. We study the

splitting of parton a;. The corresponding diagram is shown in Figure H.4b. We write the
matrix element as

Mazaiangd O G Col . C, C, (H.14)

where T is the color matrix of the vertex of the radiation, i.e.

tgai a; = quark
T(ZC = tgic a; = antiquark (H.15)

ifaidc a; = gluon
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Next, we can calculate the interference term for radiation from partons ¢ # j. We obtain

‘MZ] |2 — |:Mala2“.ai.“aj...anTicCalCa2 o CC L Caj o Cancd]

col col

col

X [ Mg @l Gy Cay . Cay o Cy . Ca, Gy (H.16)

_Mmag...ai...aj...an Malag...ai...aj...an * d dx
- col col a;at ajag

where we used that C,C% = 044 if a and « label the same particle. For the term where

i = j, we obtain

|Ml 1|2 — M9102:-Gi-.an [Ma1a2...oci.,_an]* d
co

col col a;cto;ce

— Malag...ai...an [Malag...zzi...an

col col

X {Cp for i = quark/antiquark (H.17)

Cy for i = gluon

We can use color conservation [160] to obtain

0= IMEP =3 | S IME P+ Cpmer o (e T ()
Y i
Therefore, we can write
STIMER = = 30 Cp Mt Mg (H.19)
i,j J
i#]
where Cy, = Cp for j = q,q and Cy; = Cy for j = g.
The soft matrix element including the color factor reads
| Mot | —4wa2&3- (H.20)
- 17 *
> ij (k’b ' k)(k] ’ k) !
1#]
where we defined the color correlated born amplitude B;; as
Bij = Mg yMia:y T, T 0, (H.21)

The born amplitude is denoted by My, 3}, where {a;} stands for all color indices of
external partons, i.e. {ar} =ai1...a;...a;...ap and {a}} = a1...04...05...a,. In
practice, we can calculate the color correlated born matrix element for simple processes

by dividing the born matrix element by its color factor and multiplying it by the real
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color factor of the interference terms. When we average over initial-state spins we have to
take the spins s+ from the real process. Also symmetry factors Ny, of the real process

have to be taken into account. We define

1 1 B
Neym (254 +1)(2s— + 1)dyd_ 7’

By = (H.22)

where d4 is the dimension of the color representation of incoming partons, i.e. d+ = N¢

for an incoming quark and d = (N2 — 1) for a gluon.

H.2. Collinear Limit

The discussion of the collinear limit is based on [161] and references therein. We consider
first the case of a collinear splitting of a final-state gluon p into p; and p;. We can use a

Sudakov decomposition for the final-state momenta, i.e.

K2 nH
Fo— gt kH - 2L H.23
pz zp + 1 P 2(pn)’ ( )
k2 nk
Fo= (1—2)pt— kM — & . H.24
pj ( Z)p 1 1 _22(1)”) ( )

The collinear direction is given by p* and n* is an auxiliary light-like vector. The vector
k| gives the transverse direction w.r.t. p and n (k¥ < 0,k; -p =k, -n = 0). The
collinear limit is approached if kﬁ — 0. The factor z corresponds to the energy fraction

of p; in the collinear limit. The collinear limit of the squared matrix element reads

8mag

‘M%ﬂl}lﬁ = pTMMVPHV(Z, kJ_), (H25)

where M, is the spin-correlated born matriz element and P, is a splitting function. The
spin correlated born matriz element is the born matrix element with open polarization

vectors e for the external gluon, i.e. the squared born matrix element reads
IMP2 = Mbe,eiMY* and MM = MPM™, (H.26)

where M* is the born matrix element without the gluon polarization vector. We can use

the completeness relation of the polarization vectors to write

M =" M Miel*el,, (H.27)

8,8’
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where M is the born matrix element with gluon polarization s. Explicit polarization
vectors are given in [162]. The splitting function for a gluon splitting into two gluons
reads [64,67]

z

v 1—2 v IR
p (z,k:l):2CA{—2[1 +Z] " +4z(1—z)kﬁkl}, (H.28)

where k| = k| /|k1|. The g"¥ part of the splitting function leads to a term proportional

to the squared born matrix element because gh*M,,, = —|M|?. We also find
VLT S Y pep— VBV (H.29)
o5 " 22(1 = 2)(pi - pj)
where we used (H.23), (H.24) and
pi-e= ki -e(p)+OK3), (H.30)
p-e(p)= 0, (H.31)
k= —2z(1—2)pi-pj. (H.32)

We can also calculate an explicit form for k. We rotate p; to a system where it points
in z direction. All momenta in this frame are written with a prime, i.e. p}, k| etc. We

can choose n'* = (1,0,0,—1) and we find

K, = , (H.33)

where p’ is the born momentum. After normalization and a rotation back to the original
system, we have an explicit form of k. For a final-state gluon splitting, the splitting

functions are given by [64,67]

z 1—2

—Z z

Py(aik) = 20a{- |5

Pz ki) = T [—g“” +42(1 -2 /%ﬁl%ﬂ : (H.35)

g —2(1—¢)z(1 — z)l%il%i} , (H.34)

When we integrate (H.25) over the radiation phase-space [163]

dk? dzd¢ 1

d(Pra = )
47 T4 2(1-2)

(H.36)
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we obtain <
gel
I=—-d%,g—M"™I1,,. H.
ad 4(27T)3 M M ( 37)
The solution has the following form
I = X g + Yp*p” + Zntn” + Uptn” + Vp“nt. (H.38)

When we contract I*” with all combinations of g"¥, p*, n* and write

P, = Agu, + BE'EY, (H.39)
we obtain . .
X=/d de/d<A B). H.4
/Z/ L) 4o (At T3 (H.40)
Using this in (H.37) leads to
8ra y
I =— d@radm/\/{'u (Xguy + anu'fll,) (H41)

because all other contributions are zero due to € - p = 0. We obtain

8T 8T 1
I= 2X = —dd,, 220 (A B) H.42

if we we use n = (1,0,0,—1) and, hence, n-e = 0. We can rewrite I in terms of the
Altarelli-Parisi splitting functions (3.23) and (3.24), i.e.

8mag

I= d@rad\MIQPTPgi(z). (H.43)

For ISR, one finds in 4 dimensions [164]

4(1 - 2)

P(z k1) = 2Ca Rk, (H.44)

—2g"" (122 +2(1 - z)) +

4(1 - 2)

PY(5k) = Cr it

_Zg/U/ +

(H.45)

and (H.43) also holds.

When we consider a quark that splits into a quark and a gluon, we have to define a
spin correlated born matrix element M,y with open spinor indices s, s’ of the quark, for
example

‘MP = Msus(p)ﬂs’ (p)M:/ = My = MSM:" (H46)
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In analogy to (H.25), the collinear limit reads

Sra
|M$LOJlrll|2 = T;MSS’PSS’ (Z) (H47)
The splitting functions Psy are independent of k; and proportional to ds¢ [55,64].

Therefore, we can use the spin averaged splittings functions to calculate the limit, i.e.

8mag ~

2 Py (2)| M. (H.48)

Mzl =
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I. Implementation

In this chapter, we show how a Drell-Yan born process and its QCD radiation is added

to the event generator. The user has to subclass the class
UserProcess :: Data

which stores all informations about the process. In particular, the user has to implement

the abstract functions

class Data {

//

protected:
virtual int ProcessInit (Config:: File &) = 0;
virtual void ProcessPrint () const = 0;

//
}s

In Processlnit, the user has to set the following member variables:

e MatrixElement to an implementation of the UserProcess: :IMatrixElement in-

terface,
e Params to an implementation of the standard model parameters FKS: : Param,
e cuts to an implementation of the UserProcess: : ICuts interface,
e hists to an implementation of the UserProcess: :Histograms interface,

e Scales to an implementation of the UserProcess: :IScales interface.

Furthermore, all subprocesses have to be added to the Process member variable which is
a list of FKS: :FlavourConfig. In the following section we show how to add a Drell-Yan

like process.

I.1. Adding a Process

In this section we add the processes uu — pu*p~ and éc — p*pu~ with QCD corrections.

First, we have to define the born flavour configuration
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std :: vector<FKS:: PDGList> born = {{-2,2,-13,13},{—4,4,—-13,13}};
We use the standard PDG codes to identify the particles. We also have to define the
color configuration for the LHE file

FKS:: ColorFlow colorl = {0, 501, 0, 0};
FKS:: ColorFlow color2 = {501, 0, 0, 0};

The user has to implement the interface UserProcess: : IMatrixElement which calculates
all matrix elements, i.e. born, real, and virtual matrix elements of all processes. Each
available born and virtual matrix element is identified by an integer number. Here, we

assume that the matrix element for wu — p*p~ is identified by 0. Hence, we have
int me_born = 0;

Next, we can define the actual flavour configuration, i.e.

FKS:: FlavourConfig fl(me_born, 0, colorl, color2);

where the second argument is not used. At NLO QCD, this process has only ISR
singularities. Since every real Drell-Yan process has a unique underlying born process,

we can use one singular region, i.e.
FKS:: RegionList rlist ;
rlist .push_back(FKS:: Region(4, 0));

As for the born and virtual matrix element, the real matrix elements are also identified

by integer numbers. We assume that the NLO matrix elements are identified by

int me_ real0 = 0; // u~ u —> mu+ mu— g
int me_reall = 1; // u~ g —> mut+ mu— u~
int me real2 = 2; // g u —> mut mu— u

The flavour configuration is given by

std :: vector<FKS::PDGList> real0 =

{{-2, 2, —13, 13, 21},{—4, 4, —13, 13, 21}};
std :: vector <FKS:: PDGList> reall =

{{-2, 21, —13, 13, —2},{—4, 21, —13, 13, —4}};
std :: vector <FKS:: PDGList> real2 =

{{21, 2, —13, 13, 2},{21, 4, —13, 13, 4}};

Next, we can add the NLO corrections to the process f1

fl . AddReal (me_real0, FKS::Type_t::QCD, real0, rlist , rlist);
fl . AddReal (me_reall, FKS:: Type t::QCD, reall, rlist , rlist);
fl .AddReal (me_real2, FKS::Type_t::QCD, real2, rlist , rlist);
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Note, that the second rlist argument specifies all singular regions of a real process. The
first rlist argument contains all singular regions that are connected to the underlying
born process. For Drell-Yan, the underlying born is unique and, therefore, there is no
difference between both arguments. For more complicated processes, the first rlist
could be a subset of the second singular region list (s. W + jet).

The specification of the subprocess is now complete and the flavour configuration £1

can be added to the list in UserProcess: :Data: :Process.
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